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Abstract Sulfide compositions with known Re, Os, Ir,

Ru, Rh, Pt, and Pd contents are synthesized to be used as

standards for noble metal analysis in solid solution in

sulfides. Major elements were added as metals and ele-

mental S. The noble metals, i.e. 35 and 60 ppm each, were

added as solutions by micro syringe. Following synthesis at

1 atm the sulfides were sintered at 1.5 to 2 GPa to obtain

pellets with theoretical density. Aliquots of the pellets were

analysed by isotope dilution ICP-MS for bulk Re and

platinum-group elements (PGE). The spatial noble metal

distribution was investigated with an ArF excimer laser

coupled to a single collector ICP mass spectrometer.

Sample homogeneity is shown to depend on the metal/S

spectrum and the major element composition of the sulfide,

as well as on more subtle factors like oxygen partial

pressure during synthesis, run temperature, and degree of

partial melting. The most homogeneous sulfide composi-

tion is a (Fe,Ni)1 – xS monosulfide with 5 wt % Ni and

1-sigma variations in 34S-normalized noble metal count

rates of <3.6%. Nearly as homogeneous is a pure Fe1 – xS

monosulfide with 1-sigma variations in 34S-normalized

noble metal count rates of <5.8 %. A Cu-bearing Fe1 – xS

monosulfide with 2 wt % Cu was found to be considerably

more heterogeneous, suggesting that Cu in solid solution in

monosulfides promotes noble metal heterogeneity. The

sulfide composition least suitable for the synthesis of noble

metal sulfide standards is NiS.

Keywords Laser-ablation-ICP-MS � Platinum-group

elements � Sulfide standard material � Pyrrhotite �
Piston cylinder

Introduction

The highly siderophile elements Re, Os, Ir, Ru, Rh, Pt, and

Pd (HSE) not only are economically valuable elements,

they also serve as geochemical tracers to understand

magma genesis in the upper mantle, mantle evolution, and

core-mantle equilibria during early Earth differentiation

(e.g. Bockrath et al. 2004a). In natural rocks, the HSE

occur to a large extent in solid solution in base metal sul-

fides, notably in pyrrhotite and pentlandite. In sulfide-poor

lithologies and in rocks unusually rich in platinum-group

elements (PGE), we also find discrete PGE sulfides and

alloys, PGE arsenides, and intermetallic compounds of the

PGE with Sb, Te, and Bi (Ballhaus and Stumpfl 1986;

Gervilla et al. 2002; Bockrath et al. 2004b; Miller et al.

2005; Helmy et al. 2007).

HSE concentrations in base metal sulfides typically are

in the low ppm to high ppb concentration range. Usually,

in-situ concentrations in sulfides are quantified with laser-

ablation inductively coupled mass spectrometry (LA-ICP-

MS; Huminicki et al. 2005). Compared with other in-situ

analytical techniques such as SIMS or PIXE (Ballhaus and

Ryan 1995; Cabri et al. 2003), LA-ICP-MS offers a number

of advantages, including cost efficiency, detection limits in
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the low ppb range under optimum conditions, the ability to

monitor 3D trace element distributions, and the capability

to discriminate between HSE in solid solution and HSE in

discrete micronuggets (e.g. Ballhaus and Sylvester 2000).

Disadvantages are the large spot sizes of >25 lm to ablate

a sufficient amount of material which require a minimum

grain size for a reliable analysis of 40 to 50 lm, plus the

fact that LA-ICP-MS is destructive. Hence, individual

analyses are not reproducible and the life time of standards

used for laser-ablation analysis is limited.

For this reason, most LA-ICP-MS laboratories now

synthesize their own standards for sulfide analysis. A

commonly used synthesis method is by nickel sulfide fire

assay (Date et al. 1987; Jackson et al. 1990; Jarvis et al.

1995; Chenery et al. 1995; Shibuya et al. 1998). In this

technique, a PGE-bearing rock is equilibrated with NiS and

a sodium carbonate/sodium tetraborate flux at superliqui-

dus temperature. A sulfide melt is segregated, and the

chalcophile and siderophile elements of the rock sample

are sequestered to the sulfide. After bulk noble metal

analysis, aliquots of the Ni sulfide button are used for laser

ablation analysis. Unfortunately, neither the major element

nor the trace element abundances in the sulfide can be

controlled well during sulfide collection, and the phase

relations of the quenched sulfide are also unpredictable.

Alard and Horn (pers. comm. 2006) report that their Ni

sulfide fire assay buttons crystallized two sulfides with

differing metal/S atomic ratios which we confirm here, and

this can lead to small-scale noble metal fractionations be-

tween the phases and impose a chemical heterogeneity on

the standard, as shown below. Another disadvantage is that

the high Ni content may cause isobaric interferences of
61Ni40Ar on 101Ru. This may complicate Ru analysis in Pd-

bearing samples where 102Ru cannot be quantified because

of interference with 102Pd.

Ballhaus and Sylvester (2000) synthesized sulfide stan-

dards by adding chloride solutions with 5 to 10 ppm Ir, Ru,

Rh, Pt, and Pd to synthetic Fe1 – xS. After drying the sul-

fides were equilibrated in SiO2 glass capsules in a piston

cylinder press at 900�C and 2 GPa to obtain one-phase

Fe1 – xS monosulfide aggregates with theoretical density.

Bulk compositions were analyzed with ICP quadrupole

mass spectrometry, and the spatial PGE distribution was

tested by checking 34S-normalized PGE count rate varia-

tions with LA-ICP-MS. These standards were widely used

for analysis of magmatic sulfides (Ballhaus and Sylvester

2000; Cabri et al. 2003) and for cross-calibration of sub-

sequently synthesized sulfide standard compositions (e.g.

Cabri et al. 2003; Mungall et al. 2005) but are now con-

sumed.

Cabri et al. (2003) and Mungall et al. (2005) synthesized

sulfide standards at one atm in SiO2 glass capsules, using

metallic Fe and elemental S mixtures doped with metallic

Ru, Rh, and Pd. After melting at 1205�C, absolute PGE

concentrations were determined by cross-calibrating

against the Ballhaus–Sylvester standards. Two more 1-atm

FeS standards were produced by Sylvester et al. (2005) and

Barnes et al. (2006), both with 30 ppm of each PGE and

Au. In both studies, emphasis was placed on thorough

homogenization, and therefore the synthesis procedure (at

1 atm in SiO2 glass) was interrupted by several episodes of

regrinding and mechanical homogenization. Noble metal

concentrations were subsequently analyzed by solution ICP

mass spectrometry (Sylvester et al. 2005) and by isotope

dilution mass spectrometry (Barnes et al. 2006). Spatial

homogeneity was tested with LA-ICP-MS.

A third method of standard preparation is by cold

pressing. Wilson et al. (2002) precipitated amorphous Fe–

Cu–Zn sulfides by reducing metal-bearing multi-element

sulfate solutions, then pressed the sulfide precipitates to

pellets to be used as laser standards. One of these standards

(USGS-Standard MASS-1) is reported to contain 50 ppm

each of Ir, Pt, and Au (Sylvester et al. 2005), in addition to

Ag, As, Bi, Cd, Co, Cr, Ga, Ge, In, Mn, Mo, Sb, Se, and V.

The only precious metal well analyzed to date appears to

be Au but was later demonstrated with LA-ICP-MS to be

distributed heterogeneously (Wilson et al. 2002; Yang et al.

2006; Lehner et al. 2006; Mungall et al. 2005). Perkins

et al. (1997) doped sulfide (sphalerite, galena, pyrite, and

marcasite) powders with multi-element (Ni, Zn, As, Se,

Mo, Ru, Rh, Pd, Ag, Te, Au und Bi) solutions and pressed

the powders to pellets using vinyl alcohol as a binder.

Homogeneity was tested with LA-ICP-MS and reported to

be between 5 and 10 relative percent. We do not have

experience with pressed powder standards but suspect that

they may have ablation characteristics different to sulfides

synthesized at high temperature.

This paper outlines the synthesis conditions most suit-

able for the preparation of homogeneous sulfide standards

for in-situ noble metal analysis. The study is motivated by

the fact that LA-ICP-MS analysis is destructive and that

standards are consumables. Hence, analysts are often

forced to produce their own sulfide standard compositions

with specific trace element spectra, depending on the

compositions of the unknowns. The compositions reported

here are (Fe,Ni,Cu)1 – xS monosulfides synthesized from

metals and elemental S. Re and PGE concentrations range

from 35 to 60 ppm per metal. We show that sulfide

homogeneity not only depends on the degree of mechanical

homogenization of the starting mixes and the sulfide

products (cf. Sylvester et al. 2005) but also on subtle fac-

tors like capsule material, synthesis temperature, oxygen

partial pressures during sulfide synthesis, and major ele-

ment composition of the sulfide matrix. For the first time,

we report how variations in laser beam diameter, laser

beam energy, and major element sulfide composition will
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affect the precision of noble metal analysis in sulfides. Our

most homogeneous sulfide compositions have variations in

Re and PGE concentrations of less than four relative

percent.

Synthesis of sulfide starting materials

The starting sulfide compositions were Fe0.9S, a (Fe,Ni)1 – xS

monosulfide solid solution with 5 wt % Ni, a (Fe,Cu)1 – xS

monosulfide with 2 wt % Cu, and a pure Ni0.95S sulfide.

All compositions were kept on the metal-deficient side in

order to enhance PGE solubility. Ballhaus and Ulmer

(1995) and Li et al. (1996) observed that the solubility of

PGE in Fe1 – xS-rich monosulfides increases with decreas-

ing metal/S atomic ratio, notably the solubilities of Pt and

Pd.

All compositions were synthesized from Fe, Ni, Cu

metal powders and elemental sulfur, following the proce-

dure of Ballhaus et al. (2006). The PGE were added as

chloride solutions and Re as a nitrate solution. To prevent

oxidation of the metals during addition of the PGE-bearing

acids, in particular of metallic Fe, the noble metal solutions

were added to the elemental sulfur fractions of each mix.

The sulfur powder was then dried at 60�C for several hours

until complete acid evaporation, and only then were the

base metal powders Fe, Ni, and Cu added and homoge-

nized with S.

After thorough homogenization in an agate mortar, the

starting mixes were sealed under vacuum in SiO2 glass

tubes. Prior to welding, the tubes and the sample powders

were repeatedly evacuated and flushed with Ar, to replace

all trapped air and prevent formation of undesired phases

like magnetite. Each sulfide composition was then reacted

stepwise at 200, 300, 500 and 900�C over about 30 h, to

obtain homogeneous, single-phase monosulfide crystals.

Since the reaction of metal powder with elemental S to

sulfide is highly exothermic, temperature should initially be

raised very carefully in small steps until all elemental S,

evident as brownish precipitates along the capsule walls, is

consumed. At no stage during sulfide synthesis should

temperatures rise above the solidus temperature of the

sulfide, in order to prevent partial melting.

Synthesis at 1 atm produces coarsely crystalline, loose

aggregates of hexagonal monosulfide crystals. These were

then ground for about 30 min in an agate mortar to grain

sizes around 10 lm. Subsequently, ~ 250 mg of each sul-

fide powder were reacted in a piston cylinder press at high

temperature (900–1200�C) and pressure (1.5–2 GPa) to

produce homogeneous, single-phase monosulfide aggre-

gates with theoretical density. Compositional heterogene-

ities that might have survived the 1-atm synthesis steps can

possibly be ironed out at this stage by intracrystalline dif-

fusion of noble metals in the sulfide lattice. Our experience

is that the sintering temperature should be as high as pos-

sible but should remain below the solidus temperature of

the sulfide composition, because partial melting may im-

pose PGE heterogeneity by causing the metals to frac-

tionate between crystalline monosulfide and sulfide melt.

The pure Fe1 – xS and the Ni-bearing (Fe,Ni)1 – xS mono-

sulfides were sintered at 1100�C and the Cu-bearing

(Fe,Cu)1 – xS composition at 900�C. These temperatures

are at least 50�C below the respective solidus temperatures.

From the pure NiS composition, we prepared two charges,

one at 880�C and another at 1200�C. Later BSE imaging

showed that the 1200�C charge was well above the solidus

temperature of NiS.

It was surprising to note how strongly the capsule

material influences noble metal distribution in the sulfides.

We have employed several capsule materials in common

use in high-pressure experimentation, including boron

nitride (BN), graphite, and MgO. Theoretically, all these

materials should be inert toward sulfide, however, in

practice all three imposed small-scale PGE heterogeneity.

For example, sulfides sintered in BN showed noble metal

heterogeneities of the order of 60% in 34S-normalized

count rate variations. Very often, individual laser spectra

showed PGE spikes that we attribute to discrete PGE

phases (cf. Ballhaus and Sylvester 2000). The same was

observed with sulfides equilibrated in graphite and in MgO

capsules. How and why these materials cause PGE heter-

ogeneity is not well understood, but evidently they lower

noble metal solubilities to a degree that discrete PGE

phases may precipitate.

Therefore, all subsequent sulfide sinterings were carried

out in SiO2 glass capsules. The capsules were prepared

from 6/4 mm outer/inner diameter SiO2 tubes, welded shut

on one side and sealed on the other by a 1 mm long

borosilicate glass plug. Borosilicate glass becomes plastic

at about 550�C and seals the capsule reliably against

atmosphere already during the heating phase of an exper-

iment, avoiding possible sulfide oxidation. So long as no

partial sulfide melt is present, the danger of capsule leakage

and sulfide loss is small.

After sintering, about one third of each charge was

polished for microprobe and laser-ablation analysis. The

remainder was kept for later Re and PGE bulk analysis by

isotope dilution (ID) ICP-MS.

Analytical conditions

The major elements Fe, Ni, Cu, and S were analysed by

electron microprobe (EMP) using natural sulfides as stan-

dards (cf. Table 1). Re and PGE distributions were tested

by LA-ICP-MS using an 193 nm ArF excimer laser cou-
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pled to single collector magnetic sector ICP mass spec-

trometer (Finnigan Thermo Element 2). The carrier gas

into which ablation took place was He. Compared to Ar,

He minimizes sample redeposition out of the aerosol and

stabilizes signal intensities (Eggins et al. 1998; Günther

and Heinrich 1999; Horn et al. 2001). Each standard was

analysed with about 20 laser spots, randomly distributed

across the charge.

A typical laser ablation spectrum reduced to some ele-

ments is shown in Fig. 1. Isotopes recorded were 34S, 60Ni,
63Cu, 99Ru, 101Ru, 102Ru, 103Rh, 105Pd, 106Pd, 108Pd, 185Re,
187Re, 189Os, 190Os, 192Os, 191Ir, 193Ir, 194Pt, and 195Pt. One

sweep for these masses took about 1 s within which each

isotope was counted four times. Each spectrum consisted of

60 to 80 sweeps on the sample, preceded by ~ 40 sweeps on

the gas background. The first 10 to 20 s of a laser spectrum,

in Fig. 1 from 56 to 74 s, were discarded. Interferences

with argides may affect the isotopes 101Ru (61Ni40Ar),
103Rh (63Cu40Ar), and 105Pd (65Cu40Ar), but are so minor

that they can be ignored. We verified this by ablating pure

Ni and Cu metal for apparent 101Ru, 103Rh, and 105Pd

concentrations with the same conditions as the sulfides.

Apparent 101Ru count rates on metallic Ni, hence assign-

able to 61Ni40Ar, were 197 cps or <0.001% of the Ni sig-

nal, 105Pd count rates on metallic Cu assignable to
65Cu40Ar were 725 cps or <0.001% of the Cu signal, and

apparent 103Rh count rates (63Cu40Ar) were 1380 cps or

0.002% of the Cu count rates. Thus, for a sulfide with 5 and

67% Ni (Table 1), the argide contributions to 101Ru are <1

and ~7 cps. For a sulfide with 2% Cu, the contributions

from Cu argides to 105Pd and 103Rh are ~15 and 28 cps,

respectively. These count rates are well within gas back-

ground.

All count rates were normalized to 34S and the average S

content of each sulfide as determined by microprobe (Ta-

ble 1), then averaged over a laser ablation spectrum. By

normalizing to 34S, time-dependent drifts in count rates,

evident in the negative slopes of the laser spectra (Fig. 1),

are largely eliminated.

Noble metal distribution

In Fig. 2, we show the 34S-normalized count rates of the

isotopes 101Ru and 195Pt, representative for all other noble

metal isotopes. The figure allows assessing sulfide homo-

geneity. Our most homogeneous sulfides are the Fe1 – xS

und (Fe,Ni)1 – xS compositions followed by the (Fe,Cu)1 – xS

composition. The NiS composition is very heterogeneous.

The error bars on each average reflect fluctuations in the Ar

plasma and changes in the amount of material sequestered

to the plasma, i.e. scattering in absolute count rates in

Fig. 1, and are thus instrument-related.

Sample homogeneity can also be expressed numerically

as the deviation of each average from the mean of all

ablation spectra, calculated as one sigma relative standard

deviation (RSD) in percent. Note that these RSD do not

include the errors displayed in Fig. 2, since these errors are

thought to be related mostly to plasma and variations in

aerosol supply to the plasma. Results under optimum

conditions for each investigated sulfide are as follows: The

Fe1 – xS composition, sintered at 1100�C and 2 GPa and

analyzed with a laser energy of 7 J cm–2 and a 60 lm spot

size, shows one sigma RSD of 3.5% for 101Ru, 2.2% for
103Rh, 2.3% for 105Pd, 2.7% for 185Re, 4.1% for 189Os,

5.1% for 193Ir, and 3.5% for 195Pt. This sulfide composition

Table 1 Major element compositions (in wt %) of monosulfide

phases of the four starting sulfide compositions (Fe,Ni)1 – xS,

(Fe,Cu)1 – xS, Fe1 – xS, and Ni1 – xS, as determined by electron

microprobe. The NiS composition quenches out two sulfide phases

with different metal/S atomic ratios (see text). Averages of n analyses

per phase with 1-sigma standard deviations

(Fe,Ni)1 – xS (n = 20) (Fe,Cu)1 – xS (n = 20) Fe1 – xS (n = 19) NiS (n = 10) Ni6 – xS5 (n = 10)

Fe 55.4 ± 0.20 58.2 ± 0.16 60.5 ± 0.25 0.01 ± 0.01 0.01 ± 0.01

Ni 4.72 ± 0.04 0.01 ± 0.01 0.01 ± 0.01 63.6 ± 0.40 66.9 ± 0.49

Cu 0.01 ± 0.01 2.15 ± 0.04 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01

S 39.1 ± 0.29 38.3 ± 0.23 39.1 ± 0.23 35.1 ± 0.38 31.4 ± 0.49

Metal/S (at%) 0.88 ± 0.01 0.88 ± 0.01 0.88 ± 0.01 0.99 ± 0.02 1.16 ± 0.04

Fig. 1 Laser ablation spectrum of the (Fe,Ni)1 – xS sulfide composi-

tion showing 34S and three representative noble metal isotopes.

Portion of the spectrum quantified marked by horizontal arrow.

Diameter of the laser beam 60 lm, laser energy 11 J cm–2, laser

frequency 8 Hz
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crystallized minute amounts of magnetite in addition to

monosulfides, mostly concentrated along monosulfide grain

boundaries, but we found no evidence that magnetite influ-

ences PGE homogeneity or adversely affects sample abla-

tion. We attempted to avoid magnetite by adding traces of

boron nitride to the metal-sulfur mixtures to capture oxygen,

but as noted above in relation to capsule materials this led to

greatly enhanced small-scale Re-PGE heterogeneity.

The Ni-bearing Fe1 – xS sulfide composition, sintered at

1100�C and 2 GPa and analyzed with 11 J cm–2 and

60 lm, shows one-sigma RSD of 2.9% for 101Ru, 2.7% for
103Rh, 2.6% for 105Pd, 2.2% for 185Re, 3.6% for 189Os,

2.7% for 193Ir and 3.0% for 195Pt. Compared with previous

standards (Date et al. 1987; Jackson et al. 1990; Jarvis et al.

1995; Chenery et al. 1995; Shibuya et al. 1998; Jorge et al.

1998; Alard et al. 2000; Wilson et al. 2002; Cabri et al.

2003; McDonald 2005; Sylvester et al. 2005), our Fe1 – xS

and (Fe,Ni)1 – xS sulfide compositions are among the most

homogeneous compositions synthesized to date.

In contrast, the Cu-bearing sulfide composition shows

larger variations. With a 60 lm spot and a laser energy of

5 J cm–2, 14 consecutive ablations yielded one-sigma RSD

of 9.5% for 101Ru, 6.8% for 103Rh, 5.1% for 105Pd, 8.1%

for 185Re, 9.9% for 189Os, 7.3% for 193Ir, and 4.8% for
195Pt, i.e. variations about twice as large as in the Ni-

bearing monosulfide. It seems that Cu, unlike Ni, tends to

enhance PGE heterogeneity in FeS-rich monosulfides.

Among the major elements (Table 1), Cu also is the least

homogeneously distributed metal in monosulfides.

The pure NiS composition returned the most disap-

pointing results. A charge sintered at 880�C and 1.5 GPa

yielded one-sigma RSD (16 spectra) of 17% for 101Ru,

13% for 103Rh, 68% for 105Pd, 13% for 185Re, 13% for
189Os, 12% for 193Ir, and 60% for 195Pt. Another charge of

that same bulk composition, equilibrated at 1200�C and

2 Gpa at superliquidus conditions, was slightly more

homogeneous. With a 60 lm spot and 5 J cm–2 laser en-

ergy, one-sigma RSD were 17% for 101Ru and 103Rh, 13%

for 185Re, 18% for 189Os, 17% for 193Ir, and 20% for 105Pd

and 195Pt. With higher laser energy (13 J cm–2) RSD de-

crease but the degree of homogeneity of the Fe1 – xS sul-

fide, and especially the (Fe,Ni)1 – xS monosulfide

composition, is not nearly reached. NiS seems to be an

unsuitable matrix for a sulfide-PGE standard. Later

examination by BSE imaging revealed that the charge was

completely molten and that it quenched out two nickel

sulfide phases (Fig. 3), a stoichiometric NiS and a non-

stoichiometric Ni6 – xS5 compound with x < 0.1.

Optimum conditions for noble metal analysis

in sulfide matrix

Having established the degree of homogeneity of each

sulfide composition, we then optimized the conditions to

Fig. 2 34S-normalized count

rates (*1000) of the isotopes
101Ru and 195Pt, of 20 ablation

spectra taken from the Fe1 – xS,

(Fe,Ni)1 – xS, (Fe,Cu)1 – xS, and

Ni1 – xS sulfide compositions

(a–d). Error bars are 2 sigma

variations about the weighted

means and reflect the scatter in

the laser spectra evident in

Fig. 1. All spectra taken with a

60 lm, 11 J cm–2 laser beam at

8 Hz
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analyse Re and the PGE in sulfide matrix. Parameters

tested include diameter of the laser beam or spot size and

the laser energy. The spot size, in lm, determines the

amount of ablated material. Spot size variations allow to

determine the scale at which chemical PGE heterogeneities

(if any) occur. The laser energy, in J cm–2, influences both

the amount of material ablated and the temperature at the

ablation site. Depending on the thermal conductivity of the

target material, it determines whether or not the laser beam

will trigger melting. The laser frequency, another param-

eter of potential significance, was not varied but set to

8 Hz.

Typical ablation craters produced are shown in Fig. 4.

With an energy of 3 J cm–2, the laser produces well-de-

fined craters with sharp rims, near-constant depths, and

clean crater peripheries (Fig. 4a). Judging from the BSE

image, the energy distribution across the beam must be

near-uniform. At this low energy, deposits of ablated

material at the crater rim are minimal but inside the crater

we note a network of elongate crystallites with smooth

surfaces, reminiscent of a film of sulfide melt rapidly

quenched after the laser was turned off. Higher energies

produce more strongly frayed crater rims and more sig-

nificant degrees of melting, evident by sulfide melt droplets

ejected from the crater and deposited around crater

peripheries (Fig. 4b and c). Figure 4 c and d show two

craters produced with the same energy but on different

sulfide compositions. These images reveal that partial

melting not only depends on the laser energy but also on

the melting point of the sulfide, in that the (Fe,Cu)1 – xS

composition with the lower melting point shows more

extensive melting than the refractory (Fe,Ni)1 – xS com-

position.

Laser energy also influences the 34S normalized count

rate ratios. In Fig. 5, we show count rates ratios for three

representative isotopes (101Ru, 103Rh, 195Pt), measured on

the most homogeneous (Fe,Ni)1 – xS and the more hetero-

geneous (Fe,Cu)1 – xS compositions. Each data point in the

diagram is the average of 15 to 20 consecutive ablations.

The isotopes were selected according to their partitioning

behaviour between monosulfide and sulfide melt; Ru as an

element highly compatible with monosulfide, Rh as a

moderately compatible element, and Pt as an element

highly incompatible with monosulfide. Thus, if during

ablation partial melting occurs in the sulfide target, these

elements would be expected to fractionate according to

their monosulfide–sulfide melt partition coefficients.

Fig. 3 Backscattered electron image of the Ni1 – xS composition

melted at 1200�C and 2 GPa. Two NiS quench phases with different

metal/S ratios in dendritic intergrowth, a near-stoichiometric NiS

(dark) and a slightly S-deficient Ni6 – xS5 phase (bright)

Fig. 4 BSE images of ablation

craters produced with variable

laser energies. a–c 3, 9, and

13 J cm–2 on the (Fe,Cu)1 – xS

composition, and d 13 J cm–2

on the (Fe,Ni)1 – xS

composition. Degree of partial

melting (see text) increases with

laser energy and melting point

of the sulfide. All craters

produced with 20 shots and

laser beam diameters of 60 lm
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There is indeed energy-dependent isotopic fractionation.

With increasing laser energy, all PGE/34S count rate ratios

decrease. Possibly, increasing the laser energy not only

promotes sulfide melting (Fig. 4) but also selective sulfur

degassing and perhaps sample oxidation, resulting in an

energy dependent shift in the PGE/34S ratios as observed in

Fig. 5. In the more heterogeneous (Fe,Cu)1 – xS composi-

tion, the trend is somewhat masked by compositional het-

erogeneities but none the less present. Fortunately though,

the 34S-normalized count rate ratios, i.e. 34S-normalized

count rates of noble metal isotopes divided by each other,

are not strongly energy sensitive (Fig. 6). Hence, although

target melting does occur in the sulfide target even at low

to moderate laser energy, no significant relative noble

metal isotopic fractionations can be resolved, and no ele-

ment fractionation is noted according to monosulfide–sul-

fide melt Ds. Apparently, solid and liquid sulfide are

ablated and ionized so efficiently and so rapidly that no

significant PGE fractionation can occur.

The influence of the spot size on the relative errors is

displayed in Fig. 7. The graph shows the averages of about

20 ablations with laser beam diameters of 25, 35, 60, and

120 lm. Laser energy was kept constant at 5 J cm–2.

Representative for all isotopes, we present the 34S-nor-

malized count rates of 185Re, 189Os, and 195Pt, measured on

the (Fe,Ni)1 – xS and the (Fe,Cu)1 – xS sulfide run products.

Evidently, the effect of increasing the laser beam diameter

is to enhance analytical precision, by increasing the abla-

tion rate and integrating small-scale Re-PGE hetero-

geneities.

Analysis of standard compositions with isotope

dilution-ICP-MS

Os, Ir, Ru, Pt, Pd and Re abundances were analysed by

isotope dilution with an online analyte/matrix separation,

using a quadrupole ICP mass spectrometer at the Univer-

sity of Leoben. Details of the analytical procedure are gi-

ven by Meisel et al. (2003). The samples were digested in

aqua regia in a high-pressure asher (HPA-S Anton Paar,

Austria). Re, Os, Ir, Ru, Pt, and Pd were determined with

isotope dilution, and element concentrations were calcu-

lated from isotopic ratios. Because Rh is monoisotopic, Rh

concentrations had to be calculated from the other PGE

count rates obtained during the on-line separation on the

cation exchange column. Os concentrations were deter-

Fig. 5 Effect of laser energy on

the 34S-normalized count rates

of the isotopes 101Ru, 103Rh, and
195Pt (all *1000), averages of 14

to 20 spectra from the

(Fe,Ni)1 – xS a and (Fe,Cu)1 – xS

b sulfide compositions. Error

bars are 1 sigma variations

Fig. 6 Effect of laser energy on

the 34S-normalized count rate

ratios of 101Ru/195Pt, averages

of 14 to 20 spectra from the

(Fe,Ni)1 – xS a and (Fe,Cu)1 – xS

b sulfide compositions. Error

bars are 1 sigma variations
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mined by isotope ratio measurements following Hassler

et al. (2000) and Meisel et al. (2001).

Results are given in Table 2. We note that the element

concentrations added by micro syringe, i.e. 60 ppm Re and

each PGE in the Fe1 – xS sulfide and 35 ppm in the

(Fe,Cu)1 – xS and (Fe,Ni)1 – xS compositions, are reproduced

rather well. This shows that during synthesis no significant

element loss happens at any stage. Os and in part Pd tend to

show greater variations among the aliquots analyzed, perhaps

indicating some element-specific heterogeneities in the bulk

sulfides. Note though that the RSD of the 34S-normalized

laser count rates of 189Os and 105Pd are not systematically

higher than those of the other noble metal isotopes. Rh

proved to be problematic because Rh in solution appeared to

be unstable and tended to precipitate with time. Therefore,

only a few aliquots could be analyzed for Rh.

Discussion

Sylvester et al. (2005) emphasized how important careful

mechanical homogenization is to obtain chemically homo-

geneous sulfide standards. With this study, we show that the

major element composition of the sulfide, the synthesis

conditions, and the capsule material in which sulfide syn-

thesis takes place are equally important parameters.

Sulfide synthesis conditions

Sulfides are best synthesized from the elements. This per-

mits the noble metals to be added as solutions, which is

more precise than addition as metal powders or as other

crystalline compounds. The solutions should be added to

the elemental sulfur fraction before the major metals are

added. If the acids come in contact with sulfide or the base

metals from which sulfides are synthesized they will cause

oxidation, adding oxygen to the charge and ultimately

stabilizing in the run products undesired phases like mag-

netite.

The numerous mechanical homogenization steps rec-

ommended by Sylvester et al. (2005) do not guarantee

homogeneous sulfides. Our sulfide compositions, with

only one mechanical homogenization between 1-atm

synthesis and sintering at high pressure, are at least as

homogeneous. We recommend that the sulfide run prod-

ucts be sintered at high pressure before being used as laser

standards. One-atm sulfides can be highly porous espe-

cially if they were synthesized at high S2 fugacity (low

metal/S bulk ratio), whereas natural sulfides usually have

theoretical densities. Sintering at high pressure ensures

that both standard and unknown have similar densities.

Differences in ablation behaviour due to matrix effects

can thus be minimized.

Fig. 7 Influence of the laser

beam diameter on the 34S-

normalized count rates of the

isotopes 189Os, 195Pt and 185Re

(*1000), averages of 14 to 20

spectra from the (Fe,Ni)1 – xS

a and (Fe,Cu)1 – xS b sulfide

compositions. For laser beam

diameters <60 lm the 1 sigma

variations tend to decrease with

increasing spot size, implying

that no heterogeneities exist on

a scale larger than 60 lm

Table 2 Bulk noble metal contents of the Fe1 – xS, (Fe,Ni)1 – xS, and

(Fe,Cu)1 – xS sulfide compositions listed in Table 1. Rh analysed with

solution ICP-MS, all other elements with isotope-dilution ICP-MS

(see text). Absolute uncertainties expressed as 1 sigma errors, number

of determinations per element per sulfide composition given in

brackets

Sulfide Ru (ppm) Rh (ppm) Pd (ppm) Re (ppm) Os (ppm) Ir (ppm) Pt (ppm)

Fe1 – xS 59.9 ± 2.8 (16) 57.2 ± 7 (5) 60.4 ± 2.8 (16) 61.0 ± 1.7 (16) 71.9 ± 2.8 (4) 63.4 ± 3.2 (16) 60.2 ± 1.9 (16)

(Fe,Ni)1 – xS 35.1 ± 2.7 (7) 34 (1) 34 ± 2 (7) 34.2 ± 0.5 (7) 36.9 (1) 32.3 ± 0.6 (7) 32.3 ± 0.9 (7)

(Fe,Cu)1 – xS 36.7 ± 1.5 (8) 35.7 ± 8.6 (4) 41.2 ± 4.8 (8) 38.1 ± 1.2 (8) 46.6 ± 2.3 (3) 31.9 ± 1.4 (8) 33.8 ± 1.2 (8)
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Influence of major elements on sample homogeneity

At least as important for homogeneity is the major element

composition. For example, the concentration of vacancies

on the metal sublattice of sulfide should be high because

PGE substitution in sulfide is promoted by a high vacancy

concentration (Ballhaus and Ulmer 1995; Li et al. 1996;

Ballhaus et al. 2001). Therefore, sulfides to be used as

standards should always be synthesized with a slight (5–

10 mol%) sulfur excess in the starting mix. The cation

spectrum also plays a role. Our most homogeneous com-

positions are the pure Fe1 – xS and the Ni-bearing Fe1 – xS

monosulfides. Cu in (Fe,Cu)1 – xS, in contrast, appears to

promote noble metal heterogeneity, possibly because Cu

itself is not so well soluble in FeS-dominated monosulfide

solid solutions as Ni (Ballhaus et al. 2001). In nature, the

Cu content is one of the factors driving exsolution and

recrystallization of high-temperature multi-component

(Fe,Ni,Cu)1 – xS monosulfide, and this could also impose

PGE heterogeneity. We could not verify exsolution struc-

tures in our (Fe,Cu)1 – xS composition, however, in view of

the modest quenching rates achieved with piston-cylinder

presses (about 20 s to <100�C) and the enormous reactivity

of sulfide upon cooling (Ballhaus and Ulmer 1995;

Etschmann et al. 2004) exsolutions on a sub-micron scale

are likely to be there.

NiS seems to be an unsuitable matrix for a PGE sulfide

standard. Ni–S sulfides do not seem to have the flexibility

in terms of metal/S ratios as Fe-dominated monosulfides.

Therefore, if the bulk metal/S ratio does not match exactly

the stoichiometry of a particular Ni sulfide, several phases

with different metal/S atomic ratios will crystallize,

potentially causing noble metal to fractionate between the

phases. FeS-based bulk compositions, in contrast, will

usually crystallize only one Fe1 – xS phase with flexible

metal/S stoichiometry, so long as atomic metal/S is be-

tween 1 and about 0.88. We consider this to be an

important result and recommend not to use NiS fire assay

buttons as laser sulfide standards.

The form in which noble metal heterogeneities occur,

whether as patchy distributions in solid solution or as

discrete PGE sulfides or alloys, is uncertain. Laser ablation

spectra of heterogeneous sulfides frequently display dis-

crete PGE peaks, and therefore, we tend to favour discrete

PGE phases. Note though that no discrete PGE phases were

identified in BSE images even in the most heterogeneous

sulfide compositions, despite careful search.

Influence of capsule material on sample homogeneity

Whenever a charge was sintered in boron nitride or

graphite capsules, we noted much enhanced noble metal

heterogeneity compared to sulfides sintered in SiO2. Evi-

dently, there is a reaction between these substances and

sulfide at run conditions, and this reaction lowers Re-PGE

solubility. Major elements and the metal/S atomic ratios

are unaffected. The only reasonable reaction we can

imagine is reaction with oxygen, since both BN and

graphite are highly reducing compounds and would tend to

extract any oxygen present in the sulfide. However, if this

is correct it would imply that crystalline sulfides contain

significant quantities of oxygen in the lattices. More

importantly, it would mean that oxygen in solid solution in

sulfide may be a factor that influences the solubility of

noble metals in base metal sulfides.

Melting under the laser beam

Partial sulfide melting seems unavoidable even at low laser

energies, despite the short wavelength of the excimer laser.

For noble metal analysis, melting is not necessarily a

problem. We do observe systematic shifts in 34S-normal-

ized noble metal count rates with increasing laser beam

energy (Fig. 5) which may be related to melting and

selective sulfur outgassing, but this effect disappears if we

divide 34S-normalized noble metal count rates by each

other (Fig. 6). The implication is that crystalline sulfide

and sulfide melt are ablated to about the same extent.

Nonetheless, every effort should be made to minimize

sample melting. Whenever crystalline sulfide coexists with

sulfide melt, there is the danger that chalcophile elements

with very large or very small monosulfide–sulfide melt

partition coefficients (D) may fractionate between the

phases, resulting in systematic PGE heterogeneities that

will depend on both the laser energy and the magnitude in

the Ds. It is advised, therefore, that standards and sulfide

unknowns have similar compositions and are analyzed with

the same laser energies and laser frequencies, so that ele-

ment fractionations by partial melting may cancel each

other.

Conclusions

1. Synthesis of noble metal standards in sulfide matrix

for destructive laser-ablation ICP-MS analysis is not

difficult if a few principles are observed. In addition

to careful mechanical homogenization, other factors

important for standard homogeneity are the major

element matrix and the synthesis conditions. Sinter-

ing at high pressure is important to ensure that

standards and sulfide unknowns both have theoretical

densities.

2. Controlled sulfide synthesis, preferably from metals

and elemental sulfur, is superior to standard production

by segregating NiS sulfide melt from a HSE-bearing
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silicate melt (NiS fire assay). The noble metal abun-

dances in sulfide, especially if they are added as

solutions via microsyringe, can be controlled more

precisely than by fire assay collection. Fe-dominated

monosulfides are more flexible with respect to atomic

metal/S stoichiometry than Ni-rich monosulfides.

Therefore, FeS-dominated sulfide charges can be

quenched to a single crystalline Fe1 – xS phase over a

much wider metal/S range than NiS-dominated sulfide

compositions. Noble metal heterogeneities by small-

scale quench redistribution between phases with vari-

able metal/S stoichiometries can thus be avoided.

3. Our synthetic Fe1 – xS and (Fe,Ni)1–xS monosulfide

compositions are among the most homogeneous noble

metal sulfides synthesized to date. Moreover, they are

the only standards reported in the literature that con-

tain Re in addition to the PGE.

4. The sulfides will be used as noble metal standards for

LA-ICPMS analysis. Aliquots can be made available

upon request.
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