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Abstract
Norilsk sulfide ores are one of the largest known sources of Pd on Earth. Palladium in these ores is 

presented in platinum-group minerals (PGM) and base metal sulfides (BMS), especially in pentlandite 
[(Fe,Ni)9S8]. Although several studies demonstrated high concentrations along with heterogeneous 
distribution of Pd in pentlandites from Norilsk, the form of Pd in pentlandite has not been established. 
Here, we provide the first evidence for Pd incorporation in the structure of pentlandite from Norilsk ores 
using X-ray absorption near edge structure (XANES) spectroscopy, synchrotron-based micro-X-ray 
fluorescence (μXRF), and electron backscatter diffraction (EBSD). We present the first ever measured 
XANES spectra of Pd in pentlandite and atokite [(Pd,Pt)3Sn] as well as in other common Pd minerals. 
Divalent Pd in pentlandite was detected by XANES. The Pd spectra in pentlandite show no similarities 
with Pd spectra in PGM, metallic Pd, PdS, PdCl2, and PdSO4 which signifies that Pd incorporates into 
the lattice of pentlandite. Substitution of Ni by Pd in the lattice of pentlandite is supported by negative 
correlations shown by μXRF and electron probe microanalysis (EPMA) and complies with the previous 
studies. The additional EBSD study demonstrates a resemblance in cell parameters of the Pd-rich and 
Pd-poor parts of the pentlandite grains and reflects that Pd incorporation into the pentlandite structure 
does not imply any notable structure distortion. The combination of analytical techniques used in the 
present study demonstrates the great potential of these methods for understanding the mechanisms of 
noble metal incorporation into ore minerals.
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Introduction
Palladium, like other platinum-group elements (PGE), occurs 

as discrete platinum group minerals (PGM) or in base metal 
sulfides (BMS), associated with mafic intrusions (Godel et al. 
2007; Barnes et al. 2008) and komatiite flows (Keays et al. 1981; 
Lesher and Keays 2002). Pentlandite (Pn) among other base 
metal sulfides appears to be a principal host in most deposits. 
The highest concentration of Pd in Pn (up to 11.26 wt%; Kalugin 
et al. 2021) was reported from the Southern 2 orebody of the 
Talnakh deposit (Russia). The origin of Pd in Pn has been debat-
ed. Kalugin et al. (2021) attributed the high-Pd concentrations in 
Talnakh pentlandite to the influence of Pd-rich fluids. The Pd-rich 
pentlandite from the J-M reef ores, Stillwater deposit (Montana) 
contains up to 9.8 wt% of Pd, which is believed to be a secondary 
enrichment during the hydrothermal redistribution of Pd from 
the surrounding PGM (Li and Ripley 2006). Until recently, most 
works assumed based on experimental work (Kelly and Vaughan 
1983; Etschmann et al. 2004; Helmy et al. 2021), that pentlandite 

formed by exsolutions from monosulfide solid solution (MSS) 
in the non-altered magmatic sulfide ores. However, the partition 
coefficient of Pd into MSS is <0.2, thus the presence of bulk 
Pd in pentlandite requires an explanation (Barnes et al. 1997; 
Liu and Brenan 2015). Makovicky et al. (1986) showed that Pd 
solubility in MSS increases with temperature. Upon cooling, 
MSS rejects Pd and transforms into pyrrhotite and pentlandite, 
the latter of which can incorporate Pd. Some authors suggested 
that PGE are present in silicate liquid as clusters (Tredoux et al. 
1995; Helmy et al. 2020), and these clusters were captured by 
the sulfide liquid and incorporated into the MSS. Pre-nucleation 
clusters of Ir, Os, Ru, and Rh are present as metal-metal, metal-S, 
and metal-AsS complexes, but Pt and Pd form semimetal (As, 
Te, Bi, Sb) complexes (Helmy et al. 2013; Laurenz et al. 2013; 
Helmy and Bragagni 2017; Liang et al. 2022). The experimen-
tal work of Kitakaze et al. (2016) offers an alternative namely 
that of pentlandite having formed by peritectic reaction at high 
temperature between monosulfide solid solution (MSS) and a 
residual sulfide liquid. An example of this is the granular Pn that 
occurs at the contact between pyrrhotite (Po) and chalcopyrite 
(Ccp) and tends to be enriched in Pd at the contact with Ccp 
compared to the Pn in contact with Po (Dare et al. 2010; Mansur 
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