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ARTICLE INFO ABSTRACT

Keywords: A simple method for immobilizing powder samples was proposed to prepare calibration standards for the ana-
LA-ICP-MS lyses of bulk elemental compositions of solid samples by LA-ICP-MS. Upon mixing with epoxy resin, the
E;’E multielement doped powder was transformed into a stable and mechanically resistant target. Using this method,

a sulfide standard, RPSS (resin preserved silver sulfide), was developed that contains 47 different elements,
including PGE, chalcophile elements, siderophile elements, lithophile elements, and REE. The homogeneity of
most elements in the original sulfide powder pressed pellet and RPSS was better than 10% (RSD, one sigma) at a
microscale of larger than 24 pm. The mass fractions of most elements in the RPSS determined by LA-ICP-MS
analyses, calibrated against the pressed pellet, agreed well with that of solution ICP-MS analyses. This result
indicates no significant matrix effect between the RPSS target and the original powder pellet. The proposed
method is convenient for quickly preparing homogenous and stable solid powder standards for LA-ICP-MS
analysis. It is particularly suitable for the development of sulfide standards because it prevents them from

Resin preservation
Sulfide calibration standard

oxidation when exposed to air; thus, the target can be preserved for long periods of time.

1. Introduction

Measurements of the bulk elemental compositions and spatial dis-
tributions of trace elements in sulfides are very hot topic in analytical
geochemistry [1-6]. Elements in sulfides are not only economically
valuable but also play an important role in geology and environmental
geochemistry research [7-13]. For example, elements in magmatic or
hydrothermal sulfides serve as sensitive geochemical tracers, which
have been widely used to decipher magma genesis in the upper mantle
and mantle evolution [14], to understand the magmatic-hydrothermal
process in ore-genesis studies [2,6,11,13], and to indicate the thermo-
dynamic conditions of mineral deposits in geological research [8,10].

Laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) is a powerful tool for the in situ analysis of elements in sulfides
with contextual information [5,11]. However, this useful technique is
hampered by a lack of appropriate and well-characterized standard
reference materials for the analysis of sulfides. These urgently desired
sulfide reference materials should have good homogeneity on the
microscale and be abundant in element types, matrix-matched with
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natural samples, and suitable for long-period stable preservation. At
present, there are three major methods for the preparation of sulfide
reference materials: (1) synthesized minerals or compounds [15], (2)
vitrified materials [16,17,18,19], and (3) pressed powder pellets [17].
Several sulfide standards have been developed by different geochemical
laboratories for LA-ICP-MS analyses. For example, a cold-pressed pellet
sulfide standard, MASS-1, was synthesized by precipitating a sulfate
solution with an aqueous metal species [15]. A glass disk sulfide stan-
dard, STDGL2b2, was produced by fusing sulfides into a lithium borate
glass [16]. Three pellets of noble metal sulfide standards, (Fe, Ni);_ xS,
etc., were synthesized by sintering Fe, Ni, and Cu metal powders and
elemental sulfur under high pressure and temperature [20]. Among
these major protocols for the preparation of reference materials, syn-
thesized minerals or compounds require specific preparation conditions
and cumbersome processes [15,19]. Materials vitrified by fusion tend to
lose volatile elements [16,21], result in heterogeneous element distri-
butions from phase separations, or be contaminated by fluxing agents
[22,23]. Pressed powder pellets are a better choice because of their
simplicity and convenience.
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As a widely used procedure for sample preparation, pressed powder
pellets also have some defects, such as the use of binders [24-27] for
their immobilization, which may introduce contamination from binding
agents, and not using binders may result in a loss of the target stability
with time after pressure relaxation. For example, a powdered soil sample
was solidified as an immobilized target by mixing it with zinc oxide and
2-methoxy-4 (2-propynyl) phenol [28]. Recently, epoxy resin was
employed to prepare stable targets for powder samples [29-31]. The
silicate powder sample (500 mg) was shaped into a stable target by
mixing it with a glue solution of methyl methacrylate resin (1 ml) with
continuous stirring [32]. The introduction of a large amount of resin
inevitably dilutes the sample powder, which is not conducive to the
determination of the low-content elements. The remarkable difference
in physicochemical properties between the powder sample and the resin
makes its uniform distribution in the pellet very difficult. To overcome
these problems, the sediment powder is formed as a cohesive target by
impregnating it with spur low-viscosity epoxy resin [29,31].

The preparation method of the powder sample involving the use of
resin has not yet been applied to sulfide powder. Most importantly, this
method can effectively prevent the sulfide powder from oxidation when
exposed to air, especially ultrafine particles, which are usually less than
several microns in size, that are recognized as essential to produce
representative and homogeneous sample aliquots [33-36]. However,
due to the malleability of the sulfides, the pressed sulfide powder pellets
are very tightly packed, and cannot be impregnated with low-viscosity
epoxy resin.

In this study, a simple and novel method was proposed to prepare
sulfide powder standards for LA-ICP-MS analyses. Upon mixing with
epoxy resin, the multielement doped powder was transformed into a
stable target. This ready-to-use target can be polished multiple times to
ensure fresh sampling surfaces over long periods of time without
suffering from oxidation or damage. Using this method, a sulfide stan-
dard, RPSS (resin preserved silver sulfide), containing 47 different ele-
ments, including PGE, chalcophile elements, siderophile elements,
lithophile elements, and REE, was developed. The homogeneity and
bulk elemental composition of the RPSS were tested by LA-ICP-MS and
solution ICP-MS analyses, respectively. This standard RPSS can be used
not only for the simultaneous analysis of multielements in natural sul-
fide but also for studies of elemental fractionation behaviors among
different matrixes such as sulfide, silicate, and oxide during LA-ICP-MS
analysis.

2. Material and methods
2.1. Sample preparation

A simple and fast method was developed to prepare the sulfide
standard RPSS for LA-ICP-MS analysis (see Fig. 1). First, a multielement
solution was prepared by mixing 3000 pg of Fe, Cu, Zn, and Pb with
1000 pg of other single element solution standards: PGE, Au, Ti, V, Cr,
Mn, Co, Ni, Ga, Ge, As, Se, Y, Mo, Cd, In, Sn, Sb, Te, Re, Tl, Bi and REE
(1000 pg/ml, produced by Central Iron & Steel Research Institute,
China, commercially available); then, it was dried on a hot plate at
100 °C and diluted with 1 ml HNO3 (2% in v/v). Second, the prepared
multielement solution was doped into an aliquot of silver sulfide stan-
dard (6 g, powder, GBWO04415, produced by the Institute of Mineral
Resources, Chinese Academy of Geological Sciences). This multielement
doped powder was then ground for 4 h with a grinding mill (Retsch
MM400, Germany) to improve its homogeneity. Then, one aliquot of the
multielement doped powder was directly pressed into a pellet for a
contrast study (Fig. 1a). Another aliquot was fused to a pellet in a her-
metic vessel heater at 1200 °C for 1.5 min following the procedure of
Zhu et al. [17] (Fig. 1b). A third aliquot (0.5 g) was mixed with epoxy
resin (1 ml, EpoThin™ 20-3440-032, Buehler, America) in a 5 ml round-
bottomed plastic centrifuge tube. Before solidification, the powder-resin
mixture was centrifuged for 10 min at 4000 rpm in a centrifuge (Xiangyi
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Fig. 1. Schematic diagram of sample preparation procedures and images of
prepared samples in this study. (a) pressed pellet, (b) fused pellet, and (c) RPSS.

TDZ-5-WS, China). The powder was quickly deposited on the bottom of
the centrifuge tube during centrifugation. Part of this prepared sulfide
standard, referred to as resin preserved silver sulfide (RPSS), was cut and
polished for solution ICP-MS and LA-ICP-MS analyses (Fig. 1c). Five
batches of RPSS and three aliquots of powder pressed pellets were
digested in HNOg3 by the traditional bomb method for solution ICP-MS
analysis. The sample decomposition procedure was as follows: (1) Ten
milligrams of sample was placed in an in-house PTFE-lined stainless-
steel bomb [37], to which 2 ml of HNO3 was added. (2) The sealed
bomb was heated to 100 °C in an electric oven for 24 h. (3) After cooling,
the bomb was opened and evaporated to dryness at 80 °C on a hotplate.
(4) The residue was transferred to a polyethylene bottle and diluted to
20 g by the addition of 2% (v/v) HNOgs. A reagent blank solution was
simultaneously prepared in the same way.

2.2. Instrumentation

The morphology of the fused pellets and RPSS was studied using
scanning electron microscope (SEM) images at the State Key Laboratory
of Geological Processes and Mineral Resources, China University of
Geosciences (GPMR, CUG), Wuhan, China. The images were collected by
a Zeiss Sigma 300 FESEM under the following analytical conditions:
Magnification = 355-7380 X, working distance (WD) = 7.8-19 mm, and
electronic high tension (EHT) = 10, 15 kV.

The bulk elemental compositions of the pressed pellet and RPSS were
measured by an ICP-MS instrument (Agilent 7700, a quadrupole spec-
trometer with a single detector, Agilent Technologies, Tokyo, Japan) at
GPMR, CUG. The solution was introduced into the spectrometer by a
MicroFlow nebulizer (0.10 ml/min, PFA) and a double-path spray
chamber. The instrument was tuned to obtain good signal intensities for
Li, Y, Ce, and Tl while keeping the CeO*/Ce™ and Ce?*/Ce™ ratios below
1.2%. Instrument drift correction was performed by using indium as an
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internal standard. The mass fraction of indium was independently
measured beforehand by using the standard addition method since it
was contained in the sample. The detailed instrument parameters are
given in Table 1.

The homogeneities of the pressed pellet, fused pellet and five batches
of RPSS were tested at GPMR, CUG, with an LA-ICP-MS instrument,
which consists of an excimer 193 nm laser ablation system (Geolas 2005,
MicroLas, Gottingen, Germany) and an Agilent 7500a ICP-MS (a quad-
rupole spectrometer with a single detector, Agilent Technologies,
Japan). The instrument was optimized for maximum sensitivity for Ag™
while keeping the ThO'/Th™ ratio below 0.5% and the U/Th* ratio
close to 1 using NIST SRM 610. All measurements were carried out using
time-resolved analysis in fast, peak jumping mode. Each spot analysis
consisted of 25 s of background and 40 s of sample acquisition. Helium
was used as the carrier gas and argon as the make-up gas. NIST SRM 610
and the pressed pellet were used as external standards for calibration,
usually bracketing five samples in a run. Silver was used as an internal
standard for drift correction and ablation yield normalization. LA-ICP-
MS data reduction was performed using custom software (ICPMSData-
Cal) [38]. More details on the instrument parameters are given in
Table 1.

3. Results & discussion
3.1. Sulfide powder pellets prepared by press

The grinding method has been commonly adopted for the prepara-
tion of single- or multielement doped powder standards [33-35,39].
Fig. 2 shows the effect of grinding time on the analytical precision of LA-
ICP-MS of the pressed pellet. The analytical precision was expressed as
the relative standard deviation (RSD, one sigma) of all %’ Ag-normalized
ablation spectra. The results show that the obtained relative standard
deviation (RSD, one sigma) was within 15-25% for most of the inves-
tigated elements after 30 min of grinding. This does not meet the
requirement of our practical analysis. In contrast, the obtained relative
standard deviation (RSD, one sigma) was decreased to less than 10% for

Table 1
Analytical parameters for solution nebulization and laser ablation ICP-MS in this
study.

Laser ablation system parameters

Laser type 193 nm ArF excimer laser/COMPexPro
Laser pulse width 15 ns

Fluence 7 J/cm?

Spot size 24, 32, 44, 60 pm

Laser frequency 8 Hz

Number of shots 400 per analysis

Blank acquisition time 25s

ICP-MS operation parameters

Solution nebulization
Agilent 7700

Laser ablation
Agilent 7500a

Sample introduction mode
ICP-MS instrument

Forward power (W) 1350 1350

Plasma gas flow (1/min) 16 15

Auxiliary gas flow (1/min) 1 1

Carrier gas flow (I/min) He: 0.7

Nebulizer gas (I/min) Ar: 0.7

Makeup gas flow (I/min) Ar: 0.6 Ar: 0.5

Spray chamber Scott double-pass type (2 °C)
Sample uptake rate (ml/min) 0.15

Dwell time per isotope (ms) 10 60

Detector mode Dual Dual

Isotopes 34g, 47Ty, Sly, 53Cr, 55Mn,%Fe, %°Co, °°Ni, ®°Cu,

66Zn, 69Ga, 73Ge, 75AS, 7853, 89Y, 95M0’ 101Ru, 103Rh,
105Pd, 107Ag, 111Cd, 1151]‘1, 1188[1, 12lsb, 126Te, 139La,
140Ce, 141Pr, 146Nd, ISZSm’ 153Ell, 157Gd, 159Tb,
163Dy, 165H0, 166E1’, 169Tm, 172Yb, 175Lu, 185Re,
18908, 193Ir, 195Pt’ 197A11, ZOSTL ZOSPb, ZOQBi
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most of these elements after 240 min of grinding. This level of analytical
precision is acceptable for LA-ICP-MS analysis. The result demonstrates
that a sufficient grinding time is important for improving the homoge-
neity of elements in the sulfide powder. It is generally believed that the
increased grinding time reduces the average size of the powder particles,
which subsequently increases the homogeneity of the pressed pellet.
However, this was not the case for this study. Compared to that of the
original powder, the size of the ground sulfide powder particles after
doping with a multiple-element standard significantly increased (see
Fig. 3). This can be attributed to the good malleability of sulfides, which
causes many small sulfide powder particles to merge into larger particles
during grinding. Therefore, the improved analytical precision with an
extended grinding time is due to the improved homogeneity distribution
of elements in sulfide particles, which is not related to a change in the
particle size.

Fig. 4a shows typical time-resolved signals of S, V, Fe, Co, Cu, Zn, Ru,
Rh, Pd, Ag, In, Eu, Os, Ir, Pt, Au, and Pb during line scanning analysis of
the pressed pellet. The line scanning ablation mode was used with a spot
size of 32 pm, a line scanning speed of 16 pm/s, and a repetition rate of 8
Hz at a laser fluence of 7 J/cm?. The excellent smooth and stable signals
of S, V, Fe, Co, Cu, Zn, Ru, Rh, Pd, Ag, In, Eu, Os, Ir, Pt, Au, and Pb
further suggest the homogeneous distribution of elements in the pressed
pellet. Fig. 5a shows the analytical precision of the spot ablation ana-
lyses of the pressed pellet. The analytical precision is presented as a
percentage as the relative standard deviation (RSD, one sigma) of all
107 Ag-normalized ablation spectra, which can numerically represent the
homogeneity of each element based on the assumption that Ag is ho-
mogeneously distributed. The RSD values for most elements in the
pressed pellet were below 10% at a spot size larger than 24 pm, a
relatively small spot size for in situ LA-ICP-MS analysis. The results of
the spot ablation analyses show that the pressed pellet is homogeneous
under the high spatial resolution of the microscale. These results suggest
that the obtained sulfide pressed powder pellets in this study are suitable
for use as external standards for LA-ICP-MS analysis. The main problem
with the sulfide pressed powder pellets is that they are easily damaged
from oxidation and hydrolyze in air. Therefore, they can be used for only
a short period and have to be kept in a special container.

3.2. Sulfide pellets prepared by powder fusion

Fig. 6a shows the SEM images of the sulfide pellets prepared by
powder fusion. It can be seen from the image that there are some small
silvery white nuggets in the sample. This phenomenon indicates that the
sulfide powder had phase separation and formed nuggets during fusion.
Fig. 5b shows the analytical precision of the spot ablation analyses of the
fused pellet. Except for S, Mn, Co, Ni, Se, Pd, Cd, Te, Sm, Pt, Au, and Pb,
the RSDs for the elements are higher than 20%, indicating their poor
homogeneity. Therefore, sulfide pellet preparation by fusion results in
heterogenous distribution of some elements, which cannot meet the
requirements for microanalysis of multi-elements.

3.3. Powder pellets prepared by centrifugation in resin

Fig. 6 (b and c) shows the SEM images of the sample surface and
ablation crater in the RPSS. The surface of the RPSS shows clear
smoothness and cohesion features. The ablation crater presents a round,
regularly shaped wall and flat bottom without fractures around it. As
seen in Fig. 6d, there are many melted ejecta (e.g., large droplets)
around the laser crater. The observed large droplets are formed by
molten material ejection, as a result of hydrodynamic sputtering. This
observed melting phenomenon suggests that thermal processes are the
dominant mechanisms of RPSS ablation in ns-LA. The morphology of the
RPSS shows that the original powder was transformed into a uniform
target. Since the target contains a certain amount of epoxy resin as the
binder, it should retain the strength and stability of the resin to a certain
extent [29-31]. In LA-ICP-MS, this kind of epoxy resin has been widely
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Fig. 2. Effect of grinding time on the analytical precision of LA-ICP-MS in the pressed pellets; analytical precision was expressed as the relative standard deviation
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Fig. 3. (a) SEM images of the original powder GBW04415 and (b) the powder doped with multielement after grinding for 4 h.

used in the preparation of accessory mineral sample targets. The resin-
preserved silver sulfide shows a good strength and mechanical resis-
tance. For example, we found that it was difficult to cut it into pieces
with a small steel blade. In the process of cutting, the target did not
break into pieces. Therefore, we believe that this target is homogenous
and mechanically resistant for microsampling-based solid sample anal-
ysis techniques, such as LA-ICP-MS. This target can be polished to expose
new sample material for repeat use, which is not always possible for
pressed powder pellets because they may suffer from damage from
pressure relaxation or composition change due to oxidation in the air
(see Fig. S1). Therefore, the stability of the RPSS over time is much
better than that of the pressed pellet. The proposed resin preservation
method is very simple and convenient for the consolidation and long-

term preservation of powder samples and is also suitable for the prep-
aration of other powder samples, such as various accessory minerals and
oxides.

The homogeneity of the elements in the RPSS was tested by line
scanning and spot ablation LA-ICP-MS analyses. Fig. 4b shows typical
time-resolved signals of some elements during the line scanning analysis
of the RPSS (with resin blank). For the resin blank, nearly all the ele-
ments show no significant signal intensities increase as compared with
the gas blank, which indicates that the contamination contribution from
the resin to the powder is insignificant and negligible. The time-resolved
signals of most elements in the RPSS remained smooth during scanning
ablation, showing their homogeneous distributions. Fig. 5¢ shows the
analytical precision of the spot ablation analyses of the RPSS. The RSD
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Fig. 6. SEM images of (a) the fused pellet and the (b) surface, (c) ablation crater, and (d) melted ejecta of the RPSS.

values for most elements in the RPSS are below 10% at a spot size larger
than 24 pm, which shows that the RPSS is homogeneous under the high
spatial resolution. It can be seen from Fig. 5 that the homogeneity of the
fused pellet is very poor, while the homogeneity of the pressed pellet and
RPSS is much better. However, it should be noted that the homogeneity
of the RPSS is slightly worse than that of the pressed pellet. There are a
few possible reasons for this. One is that centrifugation may cause
settling of the denser particles to the bottom and leaving less dense
particles near the top of the pellet (see Fig. S2), which could slightly
reduce the vertical homogeneity of the pellet at a certain extent. The
second is that the sample was diluted by resin, resulting in a lower mass
fraction of elements. Therefore, the analytical sensitivity of the RPSS
was lower under the same analytical conditions. For example, the
average signal intensity of Ag in the powder pellet was ~4.4 x 10% cps,
while that in the RPSS was ~1.5 x 108 cps. The third is that the resin in
RPSS may cause matrix effects due to the changes of sample ablation
efficiency, particle transport efficiency and aerosol ionization properties
in ICP torch. Although the homogeneity of the powder sample becomes
slightly degraded due to the addition of the resin, the homogeneity of
the resin preserved sample (RPSS) is still very good (RSD below 10%
under the high spatial resolution at the microscale) and can fully meet
the requirements for microanalysis. In conclusion, the poor homogene-
ity of the fused pellet cannot meet the requirements of microanalysis,
while the pressed pellet has good homogeneity but it cannot be reused
for a long time. Only the resin preservation method can not only
maintain the homogeneity of the original powder but also make the
sample stable enough to be reused for a long time, which is an ideal
method for the preparation of sulfide powder. After resin preservation, a
cohesive, mechanically resistant, and homogenous target was readily
obtained, which can be used as an ideal test target or calibration stan-
dard for microsampling-based analyses, such as LA-ICP-MS.

3.4. Bulk elemental composition of the RPSS

The mass fraction of each element in the RPSS and pressed pellet
analyzed by solution ICP-MS are given in Table 2. As the mass fraction of
S could not be accurately measured by ICP-MS after sample digestion by
mineral acid, it was not reported in both samples. The mass fraction of
Os in the pressed pellet and Rh, Pd, Os, Ir, Pt, and Au in the RPSS were

absent due to the lack of appropriate measurements (marked with “-).
The sample was silver sulfide, hydrochloric acid was not used in the
digestion process to prevent the formation of a large amount of silver
chloride precipitation in the solution. Thus, this digestion method
without hydrochloric acid may not dissolve and stabilize some PGEs in
solution, in particular Os, Pt, and Au, so the mass fractions of these el-
ements cannot be accurately determined. The mass fraction of most el-
ements in the RPSS measured by LA-ICP-MS analyses are within 10% of
that of the solution ICP-MS analyses (Fig. 7). By statistical analysis of
linear regression fitting between the results of LA-ICP-MS and ICP-MS
(Fig. S3), it is evident that they have a good correlation with a good-
ness of fit R? of 0.9955, which shows that they can be accurately
matched. Thus, the mass fractions of elements in RPSS from LA-ICP-MS
measurements calibrated against the pressed pellet are accurate. In
addition, as shown in Table 2, the mass fractions of elements in RPSS are
about 75% of those in the powder pellet. This systematic bias might be
caused by the presence of the resin in RPSS, which diluted the sample.
The presence of resin may cause some matrix effect during LA-ICP-MS
analysis, which cannot be corrected by internal standard normaliza-
tion. For example, the obtained accuracy of Co, Zn, As, and Te was worse
than 10%. In contrast, the accuracy for most of the other elements were
better than 5%. Therefore, the proposed method for the preservation of
powder samples with resin still keep the matrix of the prepared target
matched to the original powder. The sulfide standard RPSS that we
developed can be used as a potential calibration standard for the anal-
ysis of solid sulfide samples by LA-ICP-MS. When RPSS is used as a single
point calibration standard, the analytical precision and accuracy can be
evaluated by the data listed in Table 2. Because of the lack of appropriate
measurements from solution ICP-MS, the mass fractions of Rh, Pd, Ir, Pt,
and Au in the RPSS from the LA-ICP-MS analyses cannot be verified by
comparison with that of the solution ICP-MS analyses. During the
analysis of RPSS by LA-ICP-MS, the pressed pellet was used as an
external standard for calibration. Different signal intensities of elements
in pressed pellet and RPSS were obtained by changing the ablation spot
size (32 pm, 44 pm and 60 pm). Through linear regression fitting, it was
found that the signal intensities of PGE and Au had a good correlation
with that of the internal standard indium (Fig. 8). The slope of the fitting
line representing the elemental relative sensitivity (relative to the in-
ternal standard In) was consistent in powder pellet and RPSS, indicating



W. Yang et al. Spectrochimica Acta Part B: Atomic Spectroscopy 178 (2021) 106124

Table 2

Mass fractions of the pressed pellet and RPSS by solution ICP-MS analyses.
Element Pressed pellet RPSS

ICP-MS (n = 3) ICP-MS (n = 5) LA-ICP-MS (n = 260)
Mass fraction (pg/g) RSD (%) Mass fraction (ug/g) RSD (%) Mass fraction (ug/g) Precision (1 s, %) Accuracy (1 s, %)

Ti 113 1.73 80.6 2.89 88.0 11.1 9.18
A 89.6 1.51 67.0 3.38 69.5 6.84 3.73
Cr 148 1.77 115 5.64 121 5.44 5.22
Mn 55.1 2.01 41.4 1.85 38.4 3.84 7.25
Fe 453 10.3 360 8.94 369 8.44 2.50
Co 34.7 1.74 26.0 1.54 23.1 6.99 11.2
Ni 54.1 1.90 43.7 2.59 41.4 9.15 5.26
Cu 168 3.32 125 8.43 120 7.75 4.00
Zn 133 8.81 94.6 4.56 83.7 7.65 11.4
Ga 38.4 2.49 29.6 1.43 28.4 2.69 4.05
Ge 9.98 11.8 7.38 2.75 7.33 9.79 0.68
As 65.1 6.98 47.4 2.08 53.9 6.04 13.7
Se 95.6 8.31 67.5 3.22 72.0 12.5 6.67
Y 45.5 1.39 35.5 1.59 33.9 4.24 4.51
Mo 114 3.36 74.9 2.54 71.5 5.38 4.54
Ru 99.3 6.94 63.5 2.81 69.3 6.90 9.13
Rh 107 6.73 - - 78.0 4.78
Pd 109 1.63 - - 79.8 7.44
Ag 758,285 6.52 617,460 2.21 620,202 8.17 0.44
Ccd 97.5 5.35 55.4 2.58 54.6 10.1 1.44
In 52.1 1.67 39.5 1.99 39.5
Sn 55.5 1.59 35.8 1.48 35.9 3.67 0.28
Sb 91.6 3.06 66.0 10.3 68.0 3.78 3.03
Te 90.6 5.20 65.8 2.68 81.5 6.67 23.9
La 36.1 1.59 27.3 1.29 27.7 4.15 1.47
Ce 35.0 1.60 26.3 1.25 26.8 4.10 1.90
Pr 34.4 1.82 25.9 1.25 26.3 4.26 1.54
Nd 35.2 1.60 26.4 1.29 27.2 5.19 3.03
Sm 35.1 1.62 26.5 1.22 26.8 4.85 1.13
Eu 35.7 1.61 27.2 1.27 27.8 3.83 2.21
Gd 37.6 2.00 29.2 1.38 28.8 4.00 1.37
Tb 40.1 1.59 30.2 1.37 30.6 3.33 1.32
Dy 41.6 1.63 32.3 1.49 31.7 3.90 1.86
Ho 43.2 1.67 33.4 1.50 32.8 3.23 1.80
Er 44.6 1.67 34.2 1.62 33.8 3.66 1.17
Tm 45.4 1.74 33.8 1.57 34.5 3.26 2.07
Yb 46.1 1.44 35.1 1.61 35.1 3.36 0.00
Lu 47.0 1.64 34.5 1.57 35.6 2.94 3.19
Re 38.4 4.76 28.9 1.13 29.7 4.10 2.77
Ir 105 6.45 - - 74.8 3.82
Pt 101 6.59 - - 68.2 6.12
Au 100 4.38 - - 93.7 6.04
Tl 57.9 2.41 43.6 2.05 44.4 3.71 1.83
Pb 415 3.12 307 13.1 297 10.3 3.26
Bi 95.5 2.58 70.4 2.85 71.1 2.80 0.99

Mass fractions of Rh, Pd, Ir, Pt, Au in the RPSS were absent due to a lack of appropriate measurements (presented with “-).

ICP-MS/LA-ICP-MS

Fig. 7. Comparison of the bulk elemental compositions of the RPSS between LA-ICP-MS and solution ICP-MS analyses.

that the matrix effect between RPSS and pressed pellet for the deter- calibrated mass fractions of Rh, Pd, Ir, Pt, and Au in RPSS from the LA-
mination of Rh, Pd, Ir, Pt, and Au can be corrected by using In as an ICP-MS analyses can be used as information values.

internal standard. Therefore, the mass fractions of these elements in

RPSS could be calibrated by using the powder pellet as external standard

combined with In internal standard normalization. As a result, the
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Fig. 8. Signal intensities of PGE and Au versus the internal standard indium
between the pressed pellet and the RPSS by LA-ICP-MS analyses.

4. Conclusions

In this study, a simple and convenient method for the preparation of
homogenous and stable solid powder samples that are suitable for bulk
elemental composition analyses using LA-ICP-MS was proposed. Powder
samples can be easily transformed into a stable and mechanically
resistant target by mixing them with epoxy resin. The homogeneity of
the resin-preserved target was obtained by grinding the original powder.
This method for consolidating the powder target does not require long-
time curing under critical conditions. The obtained target can be
repolished to maintain fresh sample material for repeated use over long
periods, which is not always possible with pressed powder pellets
because of damage or oxidation upon exposure to air (see Fig. S1),
especially with sulfide and ultrafine particles. Using the proposed
method, other powder samples, such as various accessory minerals and
oxides, can also be prepared for microsampling-based analytical tech-
niques such as LA-ICP-MS.

A preliminary sulfide standard, RPSS, containing 47 different ele-
ments, including PGE, chalcophile elements, siderophile elements,
lithophile elements, and REE, was developed by our method. The ho-
mogeneity of most elements in the RPSS was better than 10% (RSD, one
sigma) at the microscale. The bulk elemental composition of the RPSS
determined by LA-ICP-MS analyses, calibrated against the pellet pressed
from the original powder, agrees well with that obtained with solution
ICP-MS analyses. These results show that there is no significant matrix
effect between the RPSS target and the original powder. The RPSS is a
potentially suitable sulfide calibration standard for quantitative bulk
elemental composition analysis by LA-ICP-MS. When RPSS is used as an
external standard in LA-ICP-MS analysis, an advantage is presented over
solution ICP-MS for difficult to digest elements e.g., PGEs and Au in a
high Ag matrix. Furthermore, the preliminary standard RPSS can also be
used for studies of element fractionation behaviors among different
matrixes such as sulfide, silicate, and oxide during LA-ICP-MS analyses.
Further studies will focus on the investigation of the RPSS target for
isotope ratio analysis by using laser ablation multiple collector ICP-MS.
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