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Abstract 

We applied three different LA systems (213 nm nanosecond solid state, 193 nm nanosecond excimer, and 

200 nm femtosecond laser) coupled to a quadrupole ICP-MS or a sector field ICP-MS, respectively, to the 

analysis of different sulfide minerals (pyrrhotite, chalcopyrite, and sphalerite). Ablation craters were 

investigated via back-scattered electron (BSE) images to compare the amount of melt produced, and 

fractionation factors were calculated to determine the degree of down-hole fractionation. Our results show 

significant differences in melting between the three LA systems . While samples show massive melting 

when using the ns systems, no melting has been observed utilizing the fs laser. Fractionation factors for a 

variety of elemental pairs indicate the absence of down-hole fractionation even at highest melt production. 

The extend of melting of different sulfide specimen is independent of melting temperatures of these 

materials. Although no down-hole fractionation has been observed, Fe/S fractionation as calculated from 

sensitivities deviate among pyrrhotite and chalcopyrite when applying the 193 nm ns and the 200 nm fs 

systems. Analyses of synthetic pyrrhotite with known PGE concentrations using the 200 nm fs LA system 

yielded moderately precise and accurate concentration data (3-4%; 4-14% 2SD) utilizing sulfide as 

external reference material. Application of NIST610 as reference material improved the precision to 1.4-

2.4% 2SD and the deviation from reference values to 5-7%. 

 

Introduction 

LA-ICP-MS is a nowadays widely available tool for routine in-situ analyses of a plethora of trace 

elements and isotope ratios in various matrices, not only limited to geological samples
1, 2, 3 

. Developments 
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in the recent years include improvement of mass spectrometers with higher sensitivity as well as LA 

systems with shorter wave and pulse widths (cf. Ohata et al, 2014
4
). One of the major advantages of 

shorter wave and laser pulse widths are decreases in laser induced matrix effects that are often associated 

with heating or even melting of a sample under the laser beam
5
. For conventional accurate and precise 

determination of trace elements in geological samples by LA-ICP-MS, the ablation behaviour of the 

sample and the reference material applied should be as similar as possible to minimize fractionation-

related inaccuracies.
 

 

Many studies described and tried to quantify chemical fractionation occurring during aerosol transport due 

to preferential redeposition and partial digestion in the plasma
6, 7, 8, 9

. To further investigate these effects is 

not the aim of this study. Additional fractionation might occur during the ablation process due to heating 

or even melting of a sample under the laser beam
10, 11, 12

. The process of ablation itself is widely discussed 

in the literature on LA fundamentals and includes phase explosion, spinodal decomposition and 

condensation of supersaturated vapour into particles
13, 14, 6

. 

 

Laser ablation (LA) systems with a variety of wavelengths have been applied in geosciences from 694 nm 

and 1064 nm in the earliest applications (cf. H. Longerich, 2008
16

. These wavelengths are useful for some 

bulk analyses while some minerals are poorly ablated, resulting in “catastrophic” ablation
17

. The today 

more common 213 nm ns Nd:YAG and 193 nm ns excimer lasers are more versatile due to their better 

absorption in most matrices. Both these systems operate at typical pulse widths of 4 to 5 ns
18

. Guillong et 

al. (2003)
19

 observed increasing particle size production with increasing wavelength for 193, 213, and 266 

nm ns solid state LA. Production of large particles affect elemental fractionation as the aerosol 

composition does not stoichiometrically represent the sample composition. Large particles also affect 

fractionation by incomplete decomposition and ionization in the ICP. In contrast to the pulse duration of 

ns lasers, fs lasers operate at <0.00015 ns, minimizing elemental fractionation due to shorter interaction 

with the sample, less thermal effects, and production of ultra-fine aerosol particles
20

. 

 

Few studies tried to quantify fractionation effects of sulfides applying femtosecond laser ablation. From 

earlier studies utilising nanosecond laser systems a strong melting of sulfides has been reported, leading to 

evaporation of S and possible fractionation of chalcophile and siderophile elements between the ablated 

sulfide and the produced sulfide melt. Melting of the sample under the laser beam requires matrix matched 

reference materials that experience the same degree of melting. 
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A variety of studies in over two decades investigated fractionation effects utilizing fs LA systems. Russo 

et al. (2002)
10

 observed no elemental fractionation for most elements in NIST 610 using an 800 nm fs 

laser. Poitrasson et al. (2003)
21

 compared ns and fs LA of glass, monazite, and zircon and observed much 

less elemental fractionation for Pb/U applying the fs system. They also investigated the resulting ablation 

craters and observed more obvious melting effects in ablation craters in NIST 610 produced by the ns 

laser compared to the fs system. Horn and von Blanckenburg (2007)
22

 investigated elemental and isotopic 

fractionation during fs LA of a variety of geological materials, including Fe-isotope fractionation in Fe-

sulfide. They report the absence of isotopic Pb/U and Th/U fractionation as well as elemental fractionation 

even with the application of non-matrix matched reference materials for calibration. Garcia et al. (2007)
11

 

studied elemental fractionation by fs LA of multi-component glasses as well as binary metallic and 

semiconductor samples. They observed strong interelement fractionation only during the first shots of the 

laser, but stoichiometric element ratios after this initial ablation phase. Glaus et al. (2010)
23

 and Diwakar 

et al. (2013)
24

 observed reduced fractionation of Cu and Zn from fs LA of brass compared to ns LA.  

 

Glaus et al. (2010)
23

 compared the ablation behaviour of pyrite and galena by ns and fs LA and found no 

fractionation of S relative to Fe for both systems. This is in contrast to observations by Gilbert et al. 

(2014)
5
 who reported significant fractionation of S relative to Fe applying ns LA and found a correlation 

between the extent of melting of the sample and S fractionation. They accounted this to the higher 

volatility of S relative to Fe, which has also been reported by Horn and von Blanckenburg (2007)
22

 for ns 

LA. For fs LA, Horn and von Blanckenburg (2007)
22

 reported no fractionation of volatile elements. 

Velásquez et al. (2012)
25

 observed no differences in Au and Cu concentration in pyrite using sulfide and 

NIST 610 as reference material applying fs LA. D’Abzac et al. (2013)
26

 analyzed Fe isotopes in oxides, 

carbonates and sulfides, namely pyrrhotite and pyrite. They attributed any elemental and isotopic 

fractionation to particle generation processes and not laser – matter interaction. They also reported 

elemental Fe/S fractionation to be different for different sulfide minerals. Vanhaecke et al. (2010)
27

 

analyzed PbS fire assay buttons for PGE and Au by fs LA and reported improved measurement accuracy 

with the use of fs LA compared to ns LA. 

 

Overall, the literature is divided as to if and how elemental and isotopic fractionation occurs during fs LA. 

For sulfides, limited data are available and no systematic study on the comparison of ns and fs LA on 

fractionation, measurement accuracy and precision applied to different sulfide minerals has been 

conducted so far. 
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Methods 

Within this study, three sulfide samples were analyzed: synthetic pyrrhotite (po) Fe1-xS
28

, natural 

chalcopyrite (ccp; CuFeS2) (sample 58-7H) and natural sphalerite (sp; ZnS) (sample 69RD(8-12)) (~5 

%m/m Fe) from hydrothermal black smoker samples
29

 .These minerals were selected for their different 

melting temperatures and for being among the most common sulfide minerals in ore deposits.  

 

A synthetic Ni-sulfide (NiS3
30

) was used as one of the reference materials and was included in 

investigations of melting effects on the ablation site. While po has a melting temperature of ~1050°C at 

this composition (39 %m/m S
31

), NiS already melts at ~800°C
32, 33

 and ccp at even lower temperatures of 

~550°C
34, 35

. In contrast, sp is reported to start sublimating at 1185°C instead of melting
36

. Vanhaecke et 

al. (2010)
27

 have shown that melting might occur even applying fs LA for PbS fire assay buttons with a 

melting temperature of ~330°C. 

 

The sulfide grains were embedded in epoxy resin and polished prior to analysis. Three different laser 

systems have been utilized: UP 213 nm ns Nd:YAG (PetroTectonics Facility, Stockholm University), 193 

nm ns excimer (PetroTectonics Facility, Stockholm University) and NWR Femto200 femtosecond laser 

(Biogeochemistry Department, Max Planck Institute for Chemistry, Mainz). Besides the different 

wavelength a major difference between the laser systems are pulse widths of 4 and 5 ns for the 213 nm 

and the 193 nm ns LA, respectively, and <0.00015 ns for the 200 nm fs LA
18

. The 213 nm and 193 nm ns 

LA systems were coupled to a Thermo XSeries 2 quadrupole ICP-MS while the 200 nm fs LA was 

operated with a Thermo Element 2 sector field ICP-MS. 

 

Melt production during ablation of sulfides has already been reported by Wohlgemuth-Ueberwasser et al. 

(2007)
28

, who showed a strong dependency on laser energy density. To verify melt production during 

ablation, 20 shots applying a 75 µm spot size with 3 and 7 J cm
-2

 with both systems the 213 and 193 nm ns 

LA have been produced. Previous studies have shown that energy densities between 3 and 7 J cm-2 are 

suitable for sulfide analyses (Wohlgemuth-Ueberwasser 2007
28

). Femtosecond LA requires much lower 

energy densities and significantly less material is ablated. Therefore, we applied energy densities of 0.14 

and 0.25 J cm
-2

 and 100 single shots to investigate ablation craters for melt production. The use of a low 

energy density supresses the formation of large particles that cannot be sufficiently ionized in the 

ICP
37

.The ablation craters were subsequently imaged using a Quanta FEG 650 ESEM with low vacuum, 

20 kV and a CBS detector at the PetroTectonics Facility, Stockholm University.  
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For all three sulfide minerals and laser types quantitative ICP-MS analyses were conducted including the 

analysis of S, Fe, Ni, Cu, and Zn to verify any fractionation during ablation. Pyrrhotite was additionally 

quantified for Rh, Pd, and Pt with 10 analyses each for the three LA systems. Each spot analysis consisted 

of 30 s background (gas blank), 60 s ablation and 60 s wash-out applying a 50, 55 or 60 µm spot size 

depending on the apertures of the different LA systems. Instrumental and analytical details are given in 

table 1. Applying the 200 nm fs LA system, external standardization on NIST 610 was carried out with 

line analyses due to a strong intensity decrease with increasing crater depth
18

 due to poor sample-beam 

interaction (Supplement 1). 
108

Pd was used for NiS3 analyses to account for any possible contribution 

from 
65

Cu
40

O on the signal although Cu concentrations are negligible while 
105

Pd was used for NIST 610 

to avoid the 
108

Cd interference. 

 

 

Table 1: Instrumental parameters and analytical conditions of the LA-ICP-MS systems applied for 

quantitative analyses. 

  

Data reduction was performed off-line through the software Iolite
38, 39

, using the Trace_Elements_IS data 

reduction scheme
40

. For analyses applying NIST610 as reference material, Fe was used as internal 

standard (IS), while for NiS3 as reference material, S or Ni were used as IS. The corresponding data is 

referred to as NiS3(S) and NiS3(Ni). 

 

Fractionation factors have been calculated for different elements following the method of Fryer et al. 

(1995)
41

 by dividing the background subtracted counts per second of the second half of an ablation 

spectrum by those of the first half. Background cps are between 0.01 and 3% of the cps during ablation. If 
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no fractionation occurs the F.F. should be at unity. A 2-sigma outlier rejection has been applied to 

eliminate strong spikes, especially for Fe in NiS3, which shows a variation of 15-20% (3 to 6 data points 

rejected). 

 

Results 

Quantitative results 

Quantitative concentrations of Rh, Pd, and Pt in po reveal differences between the three LA systems 

applied as well as between the different internal standards and reference materials used (table 2; figure 1). 

The accuracy is expressed as percentage measurement errors. Precision or deviation from reference values 

(in percent) is calculated to evaluate the difference between measured and reported concentrations. 

Measurements of Rh concentrations with 213 nm ns LA give low measurement errors (<3.8%) and 

moderately precise (<9.4% 2SD) values using NiS3 as reference material and S or Ni as internal standard. 

In contrast external calibration with NIST 610 show very precise (4.0% 2SD) but inaccurate (>14.5%) 

results for Rh concentrations (figure 1 A). The latter is also true for Rh concentrations applying 193 nm ns 

LA, with high precision (4.4% 2SD) and high deviation from reference values (17%) using NIST 610. The 

high deviation from reference values might partly be attributed to poorly defined reference values for 

these elements in NIST 610. The use of NiS3 as reference material and S as internal standard provide 

lower precision (9.1% 2SD) but less deviation from reference values (<5.4%) while values for Rh 

concentrations with the use of Ni as internal standard are outside the uncertainty range of the published 

values for po, with a precision of 4.5% and a deviation from reference values of >24%. Analyzing Rh 

concentrations in po with 200 nm fs LA provides accurate and precise values independent of the external 

or internal standard applied. Deviation from reference values of 4.2 – 6.1% could be achieved with a 

precision of 3.0 – 3.5% 2SD with NiS3 as reference material and 1.1% with NIST 610 as reference 

material. 

 

 

Table 2: Concentration of Rh, Pd, and Pt in po obtained with the three different LA systems and the 

different reference materials and internal standards applied. Note that for NIST610 
105

Pd was used while 

for NiS3 
108

Pd. d. r. v. = deviation from reference values. n=10 for all analyses. 
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Figure 1: Concentrations of Rh, Pd, and Pt in po derived from the three different LA systems with application of NiS3 and NIST 

610 as reference materials and S and Ni as internal standards for NiS3. 

The values obtained for Pd concentrations in po are more variable with most analytical setups not providing accurate numbers. 

Analyses with 213 nm ns LA yield deviations from reference values of 13.5 – 35% while precision varies from 4.2 – 13.6% 2SD. 

Only analyses applying NIST 610 as reference material produce results that meet the published values within uncertainty. Results 

of 193 nm ns LA are matching the published values within uncertainty with all three standardization settings with deviations from 
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reference values from 7.6 – 10.1% and a precision of 6.1 – 7.9% 2SD. Application of 200 nm fs LA produced too high values 

with the use of NiS3 and too low values with the use of NIST 610 as reference materials. 

 

The application of 213 nm ns LA for the analysis of Pt concentrations in po provides accurate (3.6%) and 

moderately precise (4.9 and 9.1%) analyses using NiS3 as reference material. The values for Pt 

concentrations with Ni as internal standard are in this case less precise than with the use of S as internal 

standard. The use of NIST 610 produced precise (6.2%) but inaccurate values (11%) that do not meet 

published values within uncertainty limits. With 193 nm ns LA, precision is high and deviation from 

reference values is low with NiS3(S) (5% and 0.1% respectively), while values obtained with NiS3(Ni) 

and NIST 610 are far off the published values (table 2; figure 1 H). In contrast, 200 nm fs LA produced 

moderately accurate (2.7 – 7.3%) values with a precision of 2.1 – 6.7% 2SD with all three LA setups. 

 

Melting and fractionation 

Investigation of the ablation craters by SEM revealed the strongest melting with application of the 213 nm 

ns LA and less melting with the 193 nm ns LA. With 200 nm fs LA no melt could be observed around or 

inside the ablation craters. There are also strong differences in melting of the different sulfide specimens 

ablated with the highest melt production in NiS3 (figure 2), followed by po (figure 3) and ccp (figure 4) 

and least melting in sp (figure 5). The amount of melt correlates with the laser energy density applied, but 

not with the melting temperatures of the different sulfide specimen. The craters produced by 200 nm fs 

LA differ significantly from ns ablation craters and between the different sulfides. Ablation of po and ccp 

produced filament like structures that might be similar to those described by Russo et al. (2002)
10

 for glass 

ablation and which they attributed to non-linear self-focusing during the fs laser pulse. Ablation craters in 

sp are more comparable to those produced by ns LA with less rounded ablation pits but more sufficient 

penetration into the sample. NiS3 shows less controlled ablation with frayed crater rims and uneven 

structures within the ablation craters. 
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Figure 2: BSE images of ablation craters in NiS3 produced with (A) 213 nm ns LA and 3 J cm-2; (B) 213 nm ns LA and 7 J cm-2; 

(C) 193 nm ns LA and 3 J cm-2; (D) 193 nm ns LA and 7 J cm-2; (E) 200 nm fs LA and 0.14 J cm-2; (F) fs LA and 0.26 J cm-2. 
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Figure 3: BSE images of ablation craters in po produced with (A) 213 nm ns LA and 3 J cm-2; (B) 213 nm ns LA and 7 J cm-2; 

(C) 193 nm ns LA and 3 J cm-2; (D) 193 nm ns LA and 7 J cm-2; (E) 200 nm fs LA and 0.14 J cm-2; (F) fs LA and 0.26 J cm-2. 
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Figure 4: BSE images of ablation craters in ccp produced with (A) 213 nm ns LA and 3 J cm-2; (B) 213 nm ns LA and 7 J cm-2; 

(C) 193 nm ns LA and 3 J cm-2; (D) 193 nm ns LA and 7 J cm-2; (E) 200 nm fs LA and 0.14 J cm-2; (F) fs LA and 0.26 J cm-2. 
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Figure 5: BSE images of ablation craters in sp produced with (A) 213 nm ns LA and 3 J cm-2; (B) 213 nm ns LA and 7 J cm-2; 

(C) 193 nm ns LA and 3 J cm-2; (D) 193 nm ns LA and 7 J cm-2; (E) 200 nm fs LA and 0.14 J cm-2; (F) fs LA and 0.26 J cm-2. 

 

Calculated fractionation factors (F.F.) show strongest deviation from 1 (highest fractionation) for NiS3 

with application of 193 nm ns LA. F.F. are closer to unity with 213 nm ns LA and 200 nm fs LA. 

Elemental pairs that are significantly affected by fractionation are those including the PGE independent of 

the combination with Fe, Ni, or S (Figure 6). Although no melting could be observed for 200 nm fs LA, 

F.F. are generally not closer to unity than with ns LA. 
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NiS3 FF 213 nm ns 2SD FF 193 nm ns 2SD FF 200 nm fs 2SD 

Rh/Fe 1,21 0,44 1,41 0,29 0,92 0,15 

Pt/Fe 1,22 0,44 1,49 0,22 0,94 0,13 

Pd/Fe 1,22 0,53 1,38 0,27 0,88 0,18 

Rh/S 0,98 0,14 1,22 0,34 1,07 0,12 

Pt/S 0,99 0,19 1,31 0,39 1,10 0,12 

Pd/S 0,98 0,09 1,16 0,11 1,03 0,10 

Rh/Ni 1,00 0,16 1,18 0,29 1,09 0,10 

Pt/Ni 1,01 0,21 1,27 0,35 1,12 0,11 

Pd/Ni 1,00 0,08 1,12 0,10 1,05 0,09 

Ni/S 0,99 0,04 1,03 0,03 0,98 0,04 

Fe/S 0,84 0,24 0,88 0,18 1,18 0,23 

Ni/Fe 1,23 0,53 1,24 0,28 0,84 0,18 

ccp FF 213 nm ns 2SD FF 193 nm ns 2SD FF 200 nm fs 2SD 

Cu/S 0,95 0,03 0,89 0,05 1,01 0,03 

Cu/Fe 1,01 0,04 0,97 0,02 0,99 0,01 

Zn/Cu 1,08 0,15 1,12 0,28 1,00 0,17 

Zn/Fe 1,09 0,17 1,10 0,27 0,98 0,16 

sp FF 213 nm ns 2SD FF 193 nm ns 2SD FF 200 nm fs 2SD 

Zn/Fe 1,05 0,22 0,96 0,14 0,84 0,29 

Zn/S 0,98 0,03 0,97 0,04 0,88 0,26 

Fe/S 0,94 0,18 1,02 0,13 1,05 0,40 

po FF 213 nm ns 2SD FF 193 nm ns 2SD FF 200 nm fs 2SD 

Rh/Fe 1,08 0,04 1,08 0,07 1,05 0,04 

Pt/Fe 1,05 0,07 1,08 0,14 1,07 0,06 

Pd/Fe 1,04 0,05 1,04 0,12 1,07 0,07 

Rh/S 1,02 0,10 1,03 0,10 0,96 0,07 

Pt/S 0,99 0,13 1,03 0,14 0,97 0,06 

Pd/S 0,99 0,10 0,99 0,11 0,98 0,04 

Rh/Ni 1,09 0,08 1,12 0,15 1,00 0,33 

Pt/Ni 1,06 0,08 1,13 0,20 1,02 0,36 

Pd/Ni 1,05 0,07 1,09 0,20 1,03 0,33 

Fe/S 0,94 0,07 0,95 0,08 0,91 0,07 

Ni/S 0,95 0,08 0,81 0,52 0,99 0,13 

Fe/Ni 1,00 0,07 1,04 0,16 0,96 0,32 

NIST FF 213 nm ns 2SD FF 193 nm ns 2SD FF 200 nm fs* 2SD 

Rh/Fe 1,08 0,16 1,05 0,05 n.a.  n.a.  

Pt/Fe 1,09 0,15 1,00 0,07 n.a.  n.a.  

Pd/Fe 0,97 0,19 0,98 0,06 n.a.  n.a.  

Fe/Ni 0,95 0,07 0,98 0,02 n.a.  n.a.  

Fe/Cu 0,92 0,12 0,97 0,02 n.a.  n.a.  

Fe/Zn 0,83 0,18 0,99 0,06 n.a.  n.a.  

Cu/Zn 0,90 0,11 1,02 0,04 n.a.  n.a.  
Table 3: Fractionation factors calculated for available element pairs following Fryer et al. (1995). n=10 for all analyses. 
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Figure 6: Fractionation factors for the different sulfide specimen analyzed with the three LA systems. 

 

Discussion 

A couple of factors need to be considered when evaluating the measurement accuracy and precision 

obtained by LA-ICP-MS of PGE as well as other trace elements in sulfide minerals. These include the LA 

system utilized, the reference material and internal standard applied and the interaction of the laser beam 

with the sample, which might result in elemental fractionation. 

 

Melting and laser induced elemental fractionation 

Earlier contributions assigned fractionation during sulfide LA to melting of the sample under the laser 

beam
15

. This is supposed to lead to the evaporation of the more volatile S relative to metals. Additionally, 

Page 14 of 24Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Jo
ur

na
lo

fA
na

ly
tic

al
A

to
m

ic
S

pe
ct

ro
m

et
ry

A
cc

ep
te

d
M

an
us

cr
ip

t



a melt produced during ablation might fractionate chalcophile elements in the generated melt, depleting 

the aerosol in these elements. We chose three PGE of which Pt and Pd have low sulfide / sulfide melt 

partition coefficients (<1) and Rh with a partition coefficient >1
42

. Therefore, Pt and Pd could be depleted 

in the aerosol during melting as response of LA, while Rh could be enriched. Highest fractionation should 

be expected for those sulfide samples with the lowest melting T and ablation with the LA system that 

produces largest amounts of melt. In contrast to this, the absence of melting should produce F.F. around 

unity. 

 

Largest amounts of melt have been produced within this study by LA of ccp and NiS (melting T of 

~550°C and ~800°C, respectively) applying the 213 nm ns LA, with slightly less melting occurring with 

application of 193 nm ns LA (Figures 2 and 4). Fractionation factors allow for a quantitative evaluation of 

the influence of melting on the fractionation of trace elements relative to the applied internal standard as 

well as major elements to each other. The F.F. of ccp for Zn/Cu and Zn/Fe are around unity with large 2-

sigma uncertainties (Figure 6). These large uncertainties can be attributed to the low Zn concentration in 

ccp (< 0.1 %m/m
29

). F.F. for Cu/Fe are at unity while Cu/S vary for the three different LA systems. They 

deviate most significantly with application of the 193 nm ns system compared to the 213 nm ns and the 

200 nm fs system. If melting would be the controlling factor for the fractionation observed here, then the 

deviation from unity should be highest with utilization of the 213 nm ns system. No melting has been 

observed with use of 200 nm fs LA and F.F. in ccp are at 1 for all elemental pairs. 

 

NiS3 experienced approximately the same degree of melting under the two ns LA systems, and no melting 

with the fs LA (Figure 2). According to this, F.F for fs LA are at 1 within uncertainty. Although melting is 

more extensive with application of the 213 nm ns system compared to 193 nm ns system, F.F. deviate 

stronger from unity with 193 nm ns LA. PGE/Fe (Rh/Fe, Pt/Fe, and Pd/Fe) show strong fractionation with 

F.F. of 1.38 to 1.49 (Table 3). This can be related to the low Fe concentration in NiS3 with 350 µg g
-1

 
30

. 

The F.F. for PGE/Ni and PGE/S are close to 1 with application of the 213 nm ns and the 200 nm fs 

systems, while the F.F. with utilization of the 193 nm ns system results in strong fractionation. While 

Rh/S, Rh/Ni, Pt/S, and Pt/Ni have F.F. around unity within uncertainty, Pd/S and Pd/Ni do not. It needs to 

be noted that uncertainties on the PGE/S F.F. calculated for NiS3 are significantly larger than those for the 

same element pairs in po. This might be attributed to a more heterogeneous distribution of the PGE in 

NiS3 compared to po. Although F.F. reflect the fractionation between elemental pairs, its uncertainty is 

strongly related to the homogeneous distribution of the corresponding elements in the analysed sample. 

Large uncertainty for PGE F.F. in NiS3 might therefore be related to the heterogeneous distribution of the 

PGE within this matrix. To verify this possible heterogeneity we calculated the 2SD for the two PGE 
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containing matrices NiS3 and po (table 4), which shows for the 193 nm ns LA highest variation with 7.3 

and 12.3% for NiS3 and 1.8 to 3.4% for po. Analyses with the two other LA systems reveal less 

significant heterogeneity in NiS3 but still stronger heterogeneity than in po. 

 

This heterogeneity in trace element distribution in NiS3 can also be observed in the ablation spectra 

(Figure 7). Arrows 1 to 5 mark time slices of the spectra where intensity, especially for Rh and Pt, vary 

significantly. In contrast, spectra of po are generally flat (Figure 7 D to F) only showing spikes in intensity 

for Ni (arrow 6) reflecting the heterogeneous distribution of Ni in po. Variations in PGE generally 

correlate with variations in major elements and can be attributed to variation of aerosol produced and / or 

transported to the ICP-MS (arrow 7). 

 

 

Figure 7: Ablation spectra in intensity (cps) versus time. (A): NiS3 with the 200 nm fs LA; (B): NiS3 with the 193 nm ns LA; 

(C): NiS3 with the 213 nm ns LA; (D): po with the 200 nm fs LA; (E): po with the 193 nm ns LA; (F): po with the 213 nm ns LA. 

Arrows “1” – “5” point to heterogeneities in the PGE distribution in NiS3. Arrow “6” shows the heterogeneous distribution of Ni 

in po. Arrow “7” points to an intensity spike at the start of ablation which is not attributed to heterogeneities as all elements are 

affected, but reflects differences in ablation and / or transport efficiency during ablation. 

 

 

For po melting is less pronounced than for  ccp and NiS, and sp is least affected which corresponds to the 

melting / sublimation T of 1050°C and 1185°C, respectively. Nevertheless, there seems to be minor 

fractionation of PGE/Fe as well as slight fractionation of PGE/Ni for the ns LA systems. PGE/S F.F. are at 

1 for all three laser systems. The F.F. for Ni/S for po with the 193 nm ns system is distinctly <1 and shows 

Page 16 of 24Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Jo
ur

na
lo

fA
na

ly
tic

al
A

to
m

ic
S

pe
ct

ro
m

et
ry

A
cc

ep
te

d
M

an
us

cr
ip

t



large uncertainties which can be attributed to the low Ni concentration in po of around 88 µg g
-1

 and its 

heterogeneous distribution with a 2 SD of >10%. 

 

The F.F. only accounts for fractionation effects during ablation while deepening of the crater. 

Nevertheless, there might be fractionation between elements that occur throughout the ablation process, 

yielding F.F. at unity. Most F.F. calculated within this study are around 1 which does not support 

observations of Garcia et al. (2007)
11

 who described interelement fractionation during the first shots of the 

laser, but stoichiometric element ratios after this initial ablation phase which then would produce F.F. that 

deviate from 1. Investigation of element ratios over the complete time of ablation do not show any 

elemental fractionation at the start of ablation for any of the three LA systems. To further investigate the 

relationship between melting and fractionation, we calculated Fe/S ratios for po and ccp from the 

background subtracted counts per second (Table 5). The Fe/S ratio is by a factor of 2 higher applying the 

213 nm ns LA compared to the 193 nm ns LA system for po as well as for ccp. This means that either the 

response for Fe is higher or the response for S is lower with the use of 213 nm ns LA. To further evaluate 

this, we calculated the sensitivity for Fe and S from 213 and 193 nm ns LA and 200 nm fs LA for po and 

ccp (Table 5). For the 213 nm ns LA system the sensitivity is similar for S and Fe for both sulfide 

matrices, reflected in S po/ S ccp and Fe po/ Fe ccp ratios around 1. It should be noted that melting for 

these two matrices occurred to about the same extend (figures 3 and 4). S po/ S ccp and Fe po/ Fe ccp 

ratios from 193 nm ns LA deviate strongly from one with 0.5 and 0.6, respectively. This means that S and 

Fe are equally affected by a process that influences sensitivity, which in this case cannot be the volatility 

of S. 200 nm fs LA produces Fe po/ Fe ccp ratios close to 1 and S po/ S ccp that strongly deviate from 1 

(1.8), although no melting has been observed. This fractionation of S between different mineral specimen 

cannot be explained yet and needs further systematic investigation. The overall difference in sensitivity of 

the 200 nm fs LA compared to the ns LA systems is related to the lower energy density used producing 

less amount of aerosol as well as to the use of a sector field MS (Element 2) with different dwell times and 

partly different isotopes analyzed, compared to the XSeries 2 quadrupole ICP-MS utilized with the ns LA 

systems. 

 

The effect of melting on the sensitivity ratios is less pronounced with application of the 213 nm ns LA 

although the amount of melting is higher. This implies that melting is not responsible for different 

sensitivities or F.F. that strongly deviate from 1 with the 193 nm ns LA. Other factors might contribute to 

the quality of data produced with the 193 nm ns LA systems, which produces some low measurement 

accuracy data for the PGE (Figure 1), high F.F. (Figure 6) and strong differences in sensitivity between po 

and ccp. One reason might be a less controlled ablation or interaction between laser beam and sample. 
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Nevertheless this has not been observed by Wohlgemuth-Ueberwasser et al. (2007)
28

 applying a 193 nm 

ns LA. The 193 nm ns system applied within this study is equipped with a two-volume cell with control of 

the movement of the ablation cup by a magnet. It needs further investigation on how this magnet might 

influence the behaviour of metals in the aerosol. 

 

 Table 4: Homogeneity of PGE in NiS3 and po applying Ni as IS. 

 

 

Although melting occurs with ns LA, no effect can be observed for enrichment or depletion of the PGE as 

would be expected from their different partition coefficients sulfide/ sulfide melt. A possible explanation 

might be that melt is not only observed around the crater rim but also on the bottom of the crater. During 

ablation solid sulfide and generated sulfide melt on the crater bottom are ablated simultaneously and 

different partitioning behaviour of the PGE as well as S and Fe are irrelevant. 

 

 

Table 5: Fe/S ratios and sensitivities for Fe and S for the different LA systems. 

 

Choice of the internal standard 

The internal standard applied for LA-ICP-MS must fulfil some important criteria. First, the element 

should be abundant enough to be analyzed at high measurement accuracy and precision within the 

reference material applied as well as in the sample analyzed. Secondly, it needs to be homogeneously 

distributed in reference material as well as in the sample, as during data processing (e.g. with Iolite) the 

heterogeneity of the internal standard is not accounted for. Third, it should have approximately similar 

concentrations in the reference material and the sample as strong differences in concentration between 
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reference material and sample might affect the measurement accuracy of analyses. Additionally it should 

have similar volatility and first ionization potential as the analyte as well as the same extent of 

fractionation. 

 

For sulfides usually major elements are used as internal standard, which may be Zn
43

, Fe
44,25

, S
45

, or Ni
30

. 

Most sulfides do not contain abundant Zn, limiting its use as internal standard to the analyses of sphalerite 

and wurtzite. In contrast, the most common sulfides pyrite, pyrrhotite, pentlandite, chalcopyrite and, to a 

lesser extent, sphalerite contain abundant Fe. The downside of the application of Fe as internal standard 

are the 
40

Ar
16

O interference on 
56

Fe
25

 and the availability of reference materials containing sufficient Fe. 

Many labs produce their own NiS fire assay buttons to apply as reference material which has generally 

low Fe concentrations
46, 47, 30

. Gilbert et al. (2013)
30

 reported a Fe concentration of 350 µg g
-1

 in NiS3, 

significantly differing from Fe-sulfides and / or chalcopyrite and sphalerite. Nevertheless, there are sulfide 

reference materials available that contain abundant Fe (e.g. MASS-1, 15 %m/m
48

). The effect of the ArO 

interference on 
56

Fe can be limited by either use of 
57

Fe as the analyzed isotope or tuning of the mass 

spectrometer to low oxide production rates. Additionally, this interference would affect reference material 

and sample in the same way as long as Fe concentrations are in the same concentration range for both 

materials. 

 

Most sulfides contain S in the concentration range of 30 to 55 %m/m, making S an ideal candidate for 

application as internal standard. Sylvester et al.(2001)
49

 evaluated the interference of 
16

O
18

O on 
34

S and 

found it to be ~1%, derived from air and equally affecting all sulfides. Wohlgemuth-Ueberwasser et al. 

(2007, 2014, 2015)
28, 50, 29

 agree with these findings and did not observe any O interference on S relative to 

the high S concentrations of the samples, producing reasonable values for S and a variety of trace 

elements in different sulfide matrices and in cross analyses of different reference materials by tuning the 

mass spectrometer to oxide production rates of ThO/Th <0.5%. Nevertheless, Gilbert et al. (2013)
30

 

reported high and variable oxygen interferences on all S isotopes. They applied Ni as internal standard, 

deriving the Ni concentration in Fe-sulfide from LA-ICP-MS utilising an in-house borate glass reference 

material (STDGL2b-2
51

) which contains 441 µg g
-1

 Ni. Nickel concentration in Fe-sulfide was found to be 

48 µg g
-1

 (<3% 2SD), significantly lower than Ni concentration in NiS3 (70.5 %m/m).  

 

We analyzed Ni in Fe-sulfide from a similar batch (po = 8a; Gilbert et al.(2013)
30

 used 8b
28

) applying 

NIST 610 as reference material and Fe as internal standard, as S in NIST 610 is too low. Utilisation of the 

193 nm ns LA yielded a concentration of 110 ± 22 µg g
-1

, the large variation probably related to the 

magnet that controls the ablation cup, influencing Ni as well as Fe as the internal standard in the aerosol. 
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Application of the 200 nm fs LA gave a Ni concentration of 103 ± 9 µg g
-1

. With the 213 nm ns LA a Ni 

concentration of 87.7 ± 9 µg g
-1

 (10.3% 2SD) was obtained. Since the F.F. as well as the measurement 

accuracy determined as low deviation from reference values produced with the 213 nm ns LA show most 

reliable results, we used the Ni concentration yielded from this system for further calculations for all three 

LA systems. It should be noted that the uncertainty on the internal standard concentration does not 

propagate into the data processing using Iolite. Nickel was then applied as internal standard and NiS3 as 

reference material (NiS3(Ni)). The resulting concentrations for Rh, Pd, and Pt are given in table 2 and 

figure 1. Rhodium and Pt concentrations correspond to published values for 213 nm ns and 200 nm fs LA, 

but not for 193 nm ns LA. As Pd and Pt concentrations for 193 nm ns LA are also not matching published 

values this might again be attributed to the magnet regulating the ablation cup. Palladium does not accord 

to published values for all three LA systems. The use of S as internal standard produces generally more 

accurate and precise concentration data for Pd and Pt with 213 nm ns LA, and comparable measurement 

accuracy and precision with 200 nm fs LA, although it should be noted that precision is underestimated 

with NiS3(Ni) as the heterogeneity of the internal standard is neglected. This excess uncertainty would 

also apply for natural sulfides, where Ni is often heterogeneous distributed with up to 20% 2SD
29

. 

 

Role of the external standard in ns- and fs-LA-ICP-MS 

To evaluate matrix effects we applied NIST 610 as reference material for PGE analyses in po with all 

three LA systems (table 2, figure 1). The 213 and 193 nm ns LA analyses yield too low concentrations that 

deviate from published values for Rh and Pt concentrations (figure 1 A, B, G, and H) and coincide for Pd 

concentration within uncertainty (figure 1 D and E). Concentrations derived from 200 nm fs LA are highly 

accurate and precise for Rh and Pt, but are significantly low for Pd (figure 1 C, F, and I). The higher 

precision achieved for Rh and Pt with NIST 610 as reference material can be attributed to the more 

homogeneous distribution of these elements in NIST 610 compared to NiS3. The deviation for Pd might 

be explained by the heterogeneity of Pd in NIST 610 with published values ranging from 0.96 to 1.41, 

with a value of 1.1 µg g
-1

 used within this study. A value closer to the upper reported concentration of 1.41 

would shift the concentration upwards and match published values of po. Overall most accurate and 

precise concentrations for po could be obtained by 200 nm fs LA and application of NIST 610 as 

reference material. No matrix effects have been observed for fs LA. 

 

Conclusions 

1. No melting of any of the analyzed sulfides has been observed with application of fs LA in contrast 

to ns LA. 
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2. Most F.F. are around unity for all three LA systems. Elemental fractionation is not related to 

progressing ablation and deepening of the ablation crater. 

3. Large uncertainties on F.F. can be assigned to the heterogeneous distribution of PGE in the 

corresponding sample and not to down-hole elemental fractionation. 

4. Fe/S fractionation as evaluated by sensitivity of S and Fe in po and ccp is not observed from 213 

nm ns LA, but from 193 nm ns LA and only S is affected in fs LA. As melting is highest with 213 

nm ns LA, this fractionation cannot be attributed to melting. 

5. Sulfur is an appropriate internal standard for ns LA-ICP-MS of sulfides as its concentration is in 

the same range for most sulfide specimen. Nevertheless, O interferences need to be avoided by 

tuning of the mass spectrometer to low oxide production rates. Due to the differences in S 

sensitivity among different minerals specimen with the 200 nm fs LA, Fe would be the 

recommended  internal standard for this system. 

6. Matrix effects in fs LA are negligible and Rh and Pt analyses show highest measurement accuracy 

and precision with application of NIST 610 as reference material. For the analysis of all PGE 

(including Os, Ru and Ir), sulfide reference materials are still necessary as to our knowledge no 

silicate reference material exists that contains Ru and / or Ir in concentrations above the detection 

limits usually reached by LA-ICP-MS and only one silicate reference material with Os (AGV
52

). 
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