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Introduction:  Secondary ion mass spectrometry 

(SIMS) offers a unique combination of in situ meas-
urements with sub-10 µm spatial resolution and preci-
sion that approaches that of conventional techniques 
without the need for mineral separation. SIMS meas-
urement of sulfur isotope ratios is a powerful technique 
for astrobiology and comprises applications such as the 
measurement of ∆33S and ∆36S values to identify mass-
independent fractionation (MIF) in small samples, frac-
tionations due to biological processes, or thermometry 
based on the partitioning of sulfur isotopes between 
two phases. The value of sulfur isotope ratios as 
biosignatures [1] and as indicators of changing plane-
tary habitability [2] has been clearly demonstrated in 
the study of early Earth environments. Compared to 
bulk techniques, the relatively nondestructive and in 
situ nature of SIMS, as well as its extremely high spa-
tial resolution makes SIMS especially suited to the 
study of extraterrestrial samples. 

The best precision and accuracy of SIMS analysis 
are attained if a standard of similar mineral phase and 
chemical composition is cast in the same mount as the 
unknown material [3]. Thus, suitable standards have to 
be found. In the course of evaluating a new suite of 
natural sulfide minerals to assess future standards, we 
obtained excellent grain-to-grain precision of ±0.3‰ 
(2SD) for chalcopyrite and pyrrhotite, and ±0.2‰ for 
pyrite (Table 1) using a 1.6 nA primary Cs+ beam that 
was focused to 10 µm diameter with Gaussian density 
distribution around the center (“deep-pit” conditions). 
Likewise, multiple δ34S measurements within single 
grains of sphalerite were within ±0.3‰. 

However, the best grain-to-grain precision for 
sphalerite after evaluating a set of eight different sam-
ples was ±1.7‰ (2SD, n = 20), and δ34S varies by up 
to 3.4% between individual grains of sphalerite. Thus, 
if only a single grain of sphalerite is analyzed by SIMS, 
the analyses of samples would seem precise, but could 
be significantly less accurate. 

The grain-to-grain variations in measured δ34S of 
sphalerite correlate with a large (18%) range in secon-
dary ion yield (Fig. 1). Furthermore, measured δ34S of 
sphalerite correspond with pit microstructures, ranging 
from smooth surfaces for highest δ34S values, to pro-
nounced ripples and terraces in analysis pits from 
grains featuring lowest δ34S values (Fig. 1). This rela-
tion between pit appearance and measured δ34S was 
observed in all sphalerite samples, including NBS-123. 

Previous studies have reported difficulties in ob-
taining a homogeneous sphalerite standard for SIMS 
(e.g. [4]) without further discussion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Relationship between secondary ion yield and 

δ34SRaw in 20 randomly oriented grains of BT-4 Balmat 
sphalerite. Measurements were performed in deep-pit mode 
(Gaussian primary beam). The analytical precision is ±1.7‰ 
(2SD, grain-to-grain), and δ34S correlates with secondary ion 
yield (R2 = 0.87). SEM images are 10 µm SIMS pits from 
two grains with higher and lower δ34SRaw values, showing 
smooth vs. rough SIMS pit morphologies that vary consis-
tently with orientation. 
 

Correlation between δδδδ34S and crystal orienta-
tion:  Crystal orientation determined by Electron 
Backscatter Diffraction (EBSD) shows that individual 
sphalerite grains are single crystals, and that crystal 
orientation varies from grain to grain. The 3.4‰ varia-
tion in measured δ34S between individual grains of 
sphalerite is attributed to changes in instrumental bias 
caused by different crystal orientations with respect to 
the incident primary Cs+ beam of the SIMS. Highest 
raw δ34S values in sphalerite correspond to a Cs+ beam 
parallel to the set of directions <uuw>, from [111] to 
[110], which are preferred directions for channeling 
and focusing in diamond-centered cubic crystals.  

Crystal orientation effects were also detected in ga-
lena. However, this effect is more cryptic as a result of 
the perfect cleavage along {110}. Crushed chips of 
galena are typically cube-shaped and likely to be pref-
erentially oriented, and crystal orientation effects on 
instrumental bias may be obscured.  
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Table 1 

Mineral n 
no. of 
Grains 

δ34SRaw 

average 
2 SD 

Chisel CuFeS2 16 4 0.14 0.26 
Anderson FeS 8 4 -2.94 0.32 
PO-1 FeS 8 4 -1.11 0.27 
UW-Balmat FeS2 15

4 
10 17.40 0.19 

Balmat PbS *) 10 5 -13.03 0.76 
Balmat PbS **) 12 4 -11.94 0.31 
NBS-122 4 4 -5.04 8.92 
NBS-123 5 5 14.47 1.56 
Kenoyer ZnS 15 15 -6.76 1.84 
BT-4 ZnS 20 20 12.10 1.71 
BT-4 ZnS† 20 20 13.23 0.70 
BT-4 ZnS‡ 40 20 17.09 0.54 
δ34SRaw values not corrected for instrumental bias 
*) 1st mount, grains randomly oriented 
**) 2 nd mount, grains oriented with [110] parallel to normal 
† shallow pit conditions (Köhler primary beam) 
‡ 13 kV primary ions impact energy 
 

Minimizing crystal orientation effects on in-
strumental bias:  We found that the negative impact 
of crystal orientation on analytical precision in 
sphalerite can be effectively minimized by either re-
ducing the depth of the analysis pits (e.g. Köhler pri-
mary beam, shallow-pit mode) or reducing the primary 
ion impact energy from 20 kV to 13 kV (3 kV primary 
accelerating voltage and 10 kV secondary accelerating 
voltage, Fig. 2). 

In the first approach using a low intensity (0.3 nA) 
Köhler illuminated primary beam with a diameter of 20 
µm, the depth of the SIMS analysis pits in sphalerite is 
reduced by a factor of 40 to about 0.1 µm. The result-
ing grain-to-grain precision in δ34S improves from 
±1.7‰ (2SD, n = 20) in deep-pit conditions (Gaussian 
beam) to better than ±0.7‰ in shallow-pit mode 
(Köhler beam, Fig. 2). 

In the second approach using a lower primary ion 
impact energy of 13 kV and a 0.4 nA primary beam 
with ~15 µm spot size, the grain-to-grain precision in 
δ34S in the same set of 20 sphalerite grains could be 
further improved to better than ±0.6‰. The depth of 
the analysis pits using 13 kV impact energy is 0.5 µm. 

Thus, with careful use of appropriate analytical 
conditions, the accuracy of SIMS analysis for δ34S ap-
proaches ±0.3‰ (2SD) for chalcopyrite, pyrite, and 
pyrrhotite with ~10 µm spot size, and ±0.6‰ for 
sphalerite with 15 µm spot size. The precision achieved 
in this study allows new applications for in situ SIMS 
analysis of sulfur-isotopes. Sulfur isotope measure-
ments by SIMS with ±0.3‰ precision in the sensitive 
mineral pair pyrite-chalcopyrite allow temperature es-

timates on 10 µm spots with an analytical uncertainty 
of about ±25°C for temperatures of 100-150°C. This is 
a significant improvement from previous studies that 
performed measurements of δ34S in chalcopyrite, pyr-
rhotite, and pyrite with ~25 µm spot size and an ana-
lytical precision of ~0.65‰.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Comparison of δ34SRaw values in 20 individual 

grains of BT-4 Balmat sphalerite using deep-pit and shallow-
pit analytical conditions (20 kV impact energy), and meas-
urements performed with a lower primary ion impact energy 
of 13 kV. The analytical grain-to-grain precision improved 
from ±1.7‰ (2SD) in deep-pit mode to better than ±0.7‰ 
using shallow-pit conditions. Reducing the impact energy to 
13 kV leads to a further improvement of the inter-grain pre-
cision to better than ±0.6‰. 
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