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Introduction 
 The interest in the trace Platinum Group 
Element (PGE) contents in common sulfides found 
in major world class PGE-Ni-Cu sulfide deposits 
has motivated several research groups to use 
modern analytical methods to address this problem. 
Particle Induced X-ray Emission (micro-PIXE) has 
been used to determine ppm quantities of PGE in 
sulfide minerals from the Sudbury, Stillwater, 
Noril’sk and Great Dyke deposits (e.g., Cabri et al., 
1984; Czamanske et al., 1992; Oberthür et al., 
1997). Little micro-PIXE data is published on PGE 
distribution in arsenides and sulfarsenides (e.g. 
Ryan et al., 1990). Recently, Electron Probe Micro 
Analysis (EPMA) has also been used for the 
analysis of trace PGE in sulfides, arsenides and 
sulfarsenides (Weiser et al., 1998; Gervilla et al., 
1998). The CSIRO-trace analysis package has made 
possible routine analysis of PGE in ore minerals by 
means of EPMA (e.g., Gervilla et al., 1998; 
Kojonen and Johanson, 1999; Gervilla and 
Kojonen, 2002).  The aim of our study was to 
analyze the same areas of different ore minerals for 
trace PGE using both micro-PIXE and EPMA. In 
this abstract we present the results obtained by 
these two techniques on pentlandite, nickeline, 
maucherite, löllingite and gersdorffite-cobaltite 
from the following localities: 1) Mimosa mine, 
Great Dyke, Zimbabwe (Weiser et al. 1998), 2) 
Stillwater Mine, Montana, USA (Cabri et al., 
1984), 3) Ronda and Beni Bousera Cr-Ni ores in 
Spain and Morocco (Gervilla and Leblanc, 1990), 
4) and arsenide-rich sulfide ores of the Vammala 
and Kylmäkoski Ni-Cu mines in Finland (Gervilla 
et al., 1998). 
 
Analytical techniques 
 Trace EPMA of pentlandite, arsenides and 
sulfarsenides.  Trace EPMA were done using a 

CAMECA SX50 instrument using the CSIRO-trace 
analysis package. The analytical conditions for 
trace analysis of PGE were: accelerating voltage 35 
kV, probe current 500 nA, measuring time 600 s 
(300 s for peak, 150 s for background on both sides 
of the peak); analysis lines Pt Lα, Pd Lα, Rh Lα, Ir 
Mα; analysis crystals LiF for Pt, TAP for Ir, PET 
for Pd, Rh. The statistical standard deviations (σ) 
calculated by the CSIRO-Trace program for these 
analyses were 9-13 ppm corresponding to a Limit 
of Detection (LOD) of 27 to 39 ppm, at 3σ = 
99.7%.  PGE metals were used as standards and 
measured with the same accelerating voltage as the 
sample but with a lower sample current (ca 10 nA) 
to avoid detector deadtime problems. The results 
were ZAF-corrected experimentally offline using 
the PAP correction procedure in routine electron 
microprobe analyses performed with the 
Quantiview software. The correction factors thus 
determined for pentlandite were 1.74 for Pd and 
1.86 for Rh, for Pd in niccoline1.67, for maucherite 
1.68, for löllingite 1.70 and for cobaltite 1.78. The 
Pt correction factor for cobaltite was determined as 
1.22, and was also used for correcting the Pt data of 
löllingite.   
 Micro-PIXE analyses of pentlandite.  The 
micro-PIXE analyses of pentlandite were done at 
the Scanning Proton Microprobe facility, 
University of Guelph, Department of Physics, 
Canada. The analytical conditions and data 
reduction employed were similar to those reported 
by Czamanske et al. (1992) for sulfides from the 
Noril’sk-Talnakh deposits.  Using 3 MeV protons, 
the current ranged from 3.75 to 6 nA and the charge 
was 2.5 micro-Coulombs (µC). The beam size was 
approximately 10x20 µm and the counting time was 
700 s.  The data were calculated using the GUPIX 
program (Maxwell et al., 1995). The LOD of Pd in 
pentlandite under these conditions is 4-7 ppm and 



4-5 ppm for Rh and Ru.   
 Micro-PIXE analyses of arsenides and 
sulfarsenides. The micro-PIXE analyses of 
arsenides and sulfarsenides were done at CSIRO 
Exploration and Mining Laboratories, North Ryde, 
Australia (Sie at al., 1989; Ryan et al., 1990). The 
measurements were carried out with 10x15 µm 
beam areas.  Typical measurement time for a 6 µC-
integrated charge was 25 to 30 minutes. Count rate 
was kept below 3000 cps. The As concentrations 
obtained by EPMA were used to renormalize the 
data in order to make corrections for errors in beam 
integration, using a scaling procedure. Under these 
conditions, the LOD for Pd is of the order of 20 to 
30 ppm, and about 10 to 15 ppm for Rh and Ru.  
Two additional runs were made at 32 and 58 µC for 
about 3 and 5 hours, respectively, on two grains, 
using a lower beam current to minimize peak pile-
up (count rate <2K cps).  This reduced the detection 
limit down to ≈ 2 ppm for Ru and Rh and 2.5 ppm 
Pd. Ru and Rh have detection limits in the order of 
4 to 23 ppm, depending on the mineral, but were 
mostly not detected. The LOD for Pt was markedly 
higher (due to overlap with Bi), of the order of 330-
440 ppm. 
 EPMA of pentlandite using routine 
operating conditions.  Quantitative EPMA of 
pentlandite were done by wavelength dispersive 
spectrometry in two laboratories: CANMET and 
Geological Survey of Finland (GSF).  The JEOL 
733 electron microprobe at CANMET was operated 
at 20 kV, with a specimen current (cup reading) of 
20 nA. The following X-ray lines and standards 
were used: Fe Kα, Ni Kα and S Kα 
(Fe4.0Ni5.0S7.99Se.01, no.538), Co Kα (CoS2) and Pd 
Lα (metal). Counting time was of the order of 100 s 
for the minor elements, and raw data corrections for 
ZAF were applied. The CAMECA SX50 electron 
microprobe at GSF, using the Quantiview software, 
was operated at an accelerating voltage of 35 kV 
and probe current of 100 nA with metallic 
standards for Pd, Pt, Rh and Ir and the lines of Pd 
Lα on PET, Pt Lα on LiF, Rh Lα on PET and Ir 
Mα on TAP. The measuring time was 10 s and 
analyses corrected using the PAP correction 
procedure. The calculated LOD are 401 ppm for Pd 
and Ir, 489 ppm for Pt, and 450 ppm for Rh.  
 
Samples   
 Samples (MIM 309 and MIM 412) were 
selected from the Main Sulfide Zone at Mimosa 
Mine, Great Dyke, Zimbabwe, from a profile, 
which was previously analyzed for trace Pd in 
pentlandite, which ranged from 120 ppm to a 
maximum of 2922 ppm (Weiser et al., 1998). The 

pentlandite from the Mimosa samples has Pd 
ranging from 140 to ca 2000 ppm.  The sample SW 
from Stillwater is a sulfide concentrate with Pd 
ranging from 800 to 11200 ppm in pentlandite.  The 
arsenide and sulfarsenide samples LG-25, PF-37, 
JR10, JR12, AM-2B, consist of nickeline, 
maucherite, löllingite, cobaltite and gersdorffite 
from the Ronda and Beni Bousera chromite-nickel 
arsenide occurrences (Gervilla and Leblanc 1990) 
and samples V-11, K-304, K-306, K-308 and K-
312 from the Vammala and Kylmäkoski Ni-Cu 
mines (Gervilla et al., 1998) have Pd and Pt 
contents below 300 ppm and 1000 ppm, 
respectively, in the arsenides and sulfarsenides. 
 
Results 
 Trace Pd in pentlandite.  Trace Pd 
analyses of pentlandite from various PGE-Ni-Cu 
sulfide deposits are shown in Table 1. The 
correlation coefficient between all micro-PIXE and 
trace EPMA results with Pd concentrations from 
141 to 10928 ppm is 0.9966 (Fig. 1). Using Pd 
concentrations in the range 141 to 967 ppm, the 
correlation is 0.9894 (Fig. 2).  
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Figure 1. Plot of Pd in pentlandite only using values 
from 141 to 10929 ppm. 
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Figure 2. Plot of Pd in pentlandite only using values 
from 141 to 973 ppm. 



Table 1. Palladium analyses of pentlandite from the 
Great Dyke and Stillwater by micro-PIXE and EPMA 
(using different analysis conditions). 

 Micro-
PIXE 

TRACE 
EPMA 

EPMA 
CANMET

EPMA
GSF 

Sample Pd ppm Pd ppm Pd wt% Pd wt.%
MIM 309 grain #53 353 418 0.03 0.01 
MIM 309 grain #54 853 914 0.08 0.06 
MIM 309 grain #55 396 487 0.04 0.03 
MIM 309 grain #56 967 973 0.10 0.09 
MIM 309 grain #57 810 807 0.07 0.05 
MIM 309 grain #58 1909 2045 0.18 0.18 
MIM 309 grain #59 861 950 0.09 0.06 
MIM 309 grain #60 1172 1241 0.11 0.09 
MIM 309 grain #61 593 694 0.06 0.04 
MIM 309 grain #62 255 280 0.03 0.01 
MIM 412 grain #1 319 419 0.05 0.02 
MIM 412 grain #2 259 310 0.03 0.01 
MIM 412 grain #3 284 353 0.03 0.02 
MIM 412 grain #4 440 499 0.03 0.03 
MIM 412 grain #5 302 360 0.03 0.02 
MIM 412 grain #6 265 357 0.03 0.01 
MIM 412 grain #7 307 369 0.02 0.02 
MIM 412 grain #8 253 292 0.03 0.04 
MIM 412 grain #9 141 181 0.02 0.01 
MIM 412 grain #10 265 298 0.02 0.01 
SW grain #1 4671 4343 0.53 0.47 
SW grain #2 5700 6217 0.58 0.53 
SW grain #3 2476 2820 0.24 0.23 
SW grain #4 2250 1926 0.24 0.22 
SW grain #4 repeat 2262 n.d. n.d. n.d. 
SW grain #5 11204 n.d. 1.13 n.d. 
SW grain #6 3443 3723 0.36 0.33 
SW grain #7 789 955 0.10 0.08 
SW grain #8 9701 10929 0.98 0.92 
SW grain #9 4316 4863 0.45 0.39 
SW grain #10 2918 3064 0.31 0.26 
n.d. = not determined 
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Figure 3. Plot of trace Pd in the 25-300 ppm range 
determined in arsenides and sulfarsenides. 

Table 2. Palladium analyses of arsenides and 
sulfarsenides using micro-PIXE, and trace-EPMA. 

micro-PIXE EPMA Trace
Sample / grain Mineral Pd LOD Pd LOD
LG-25 / 6-1c Nc 18 16 42 24 
LG-25 / 9-3a Nc 18 18 27 24 
LG-25 / 10-3b Nc n.d. 16 42 24 
JR-10 / 16-4 Nc 19 17 37 24 
AM-2B / 39-1a Nc 70 24 84 24 
V-11 / 17-1a Nc 44 21 48 24 
V-11 / 18-1b Nc 149 20 172 24 
V-11 / 21-3 Nc n.d. 24 52 24 
K-306 / 30-1a Nc n.d. 30 32 24 
K-306 / 31-1c Nc 30 27 25 24 
K-306 / 32-1b Nc n.d. 28 40 24 
K-306 / 33-2a-1d Nc n.d. 27 43 24 
K-312 / 46-1a1 Nc n.d. 27 30 24 
K-312 / 49-1a1 Nc n.d. 26 25 24 
K-308 / 29-2b Nc n.d. 28 48 24 
LG-25 / 7-2a Lo n.d. 21 60 24 
LG-25 / 8-2b Lo n.d. 26 36 24 
LG-25 / 11-4a Lo 30 22 41 24 
LG-25 / 12-4b Lo 29 24 53 24 
PF-307 / 36-1 Lo n.d. 23 36 24 
PF-307 / 37-2a Lo n.d. 25 53 24 
JR-12 / 2-1b Mch 64 38 50 24 
JR-12 / 3-1c Mch n.d. 39 32 24 
JR-10 / 14-2 Mch 18 16 25 24 
JR-10 / 15-3 Mch n.d. 16 35 24 
AM-2B / 40-1b Mch 58 21 82 24 
V-11 / 19-2b Mch 117 19 166 24 
V-11 / 20-2a Mch 97 24 138 24 
V-11 / 22-4a Mch 103 23 138 24 
V-11 / 23-4b Mch 92 22 82 24 
K-308 / 24-1a1 Mch 119 22 161 24 
K-308 / 25-1a2 Mch 95 22 128 24 
K-308 / 27-2a1 Mch 91 23 119 24 
K-308 / 28-2a2 Mch 83 21 116 24 
K-304 / 44-1b1 Mch 265 24 291 24 
K-304 / 45-1b2 Mch 241 22 307 24 
K-306 / 34-2c-1e Gd n.d. 21 41 22 
K-306 / 35-2d-1f Gd n.d. 20 28 22 
K-312 / 47-1b1 Gd n.d. 21 45 22 
K-312 / 48-1b2 Gd n.d. 23 39 22 
K-304 / 41-2a Cob n.d. 20 37 22 
K-304 / 42-2b Cob n.d. 20 43 22 
Abbreviations: Nc=nickeline, Lo=löllingite, Mch=maucherite 
Gd=gersdorffite, Cob=cobaltite; n.d.=not detected. 
 
 
 The trace contents of Rh were also 
analyzed by micro-PIXE and EPMA, but only a 
few points were above the LOD: MIM 308 grain 58 
had 67 ppm Rh by PIXE and 110 by EPMA, SW 
grain nos. 1, 3, 4, 6, 7, 8 and 10 had 13, 30 24, 32, 
38, 27, and 10 ppm, respectively, by PIXE, but 
were not detected by EPMA, whereas grain 9 had 
53 ppm Rh by PIXE, 37 ppm by EPMA. Ru was 
only analyzed by micro-PIXE and was detected in a 
few grains: MIM 309 grains 54, 59, had 47 and 10 
ppm, respectively; MIM412, grain nos. 2, 7, 7, and 
10, had 9, 11, 22 and 9, respectively; and grains 1, 
3, and 7 (sample SW) had concentrations of 10, 18 
and 12 ppm, respectively. 
 Trace Pd and Pt in arsenides and 



sulfarsenides.  The results of micro-PIXE and 
EPMA trace analyses of nickeline, löllingite, 
maucherite and gersdorffite-cobaltite are shown in 
Table 2 and Figure 3.  The contents of Pd and Pt 
are, in general <300 ppm, and in many cases near 
the LOD of both methods.  The results are plotted 
only for analyses above the LOD (Fig. 3).  The 
correlation coefficient for the micro-PIXE/EPMA 
analyses shown in Figure 3 is 0.9718, which is 
slightly lower than that of the corresponding 
pentlandite analyses. Pd was analyzed by micro-
PIXE in nickeline (7 to 149 ppm), in löllingite (8, 
29, 30 ppm) and principally in maucherite, with 
values ranging from <24 to 307 ppm. The Pt values 
are, in most grains, below LOD by both methods, 
however, sample PF-307/37-2a shows 703 ppm by 
micro-PIXE and 206 by EPMA, and cobaltite from 
samples K-304/41a and b, also show 717-1031 ppm 
by PIXE and 838-133 ppm by EPMA.  
 Ru and Rh were detected by the micro-
PIXE technique above their LOD in an erratic 
manner for the minerals analyzed.  Ru was 
measured in nickeline (4 to 23 ppm) and löllingite 
(9-18 ppm); Rh was found in single analyses in 
löllingite (6 ppm) and cobaltite (14 ppm).  
 
Summary and conclusions 
 The two techniques used show good 
correlations of 0.9966 and 0.9864 for Pd in 
pentlandite, for ranges from 141 to 10929 and 141 
to 967 ppm, respectively.  This is so despite the fact 
that different volumes were analyzed and it is 
difficult to ensure that exactly the same areas were 
analyzed. The correlation for Pd in arsenides and 
sulfarsenides is lower at 0.9718.  Comparison of Pt 
results in arsenides and sulfarsenides do not agree. 
However, the EPMA data suggest that the principal 
carriers of Pt are nickeliferous löllingite and 
cobaltite; which also carry some Ru and Rh 
(detected by micro-PIXE in a range of 9 to 67 ppm 
in pentlandite grains from Mimosa and Stillwater).   
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