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abStraCt

,PSXULWLHV�DQG�FU\VWDO�GHIHFWV�ZLWKLQ�WKH�VHPLFRQGXFWLQJ�EXON�RI�D�PHWDO�VXO¿GH�LQWURGXFH�HQHUJ\�
levels within the forbidden bandgap. These levels in turn control semiconducting type and local electrical 
SURSHUWLHV�ZLWKLQ�VLQJOH�DQG�PXOWL�SKDVHG�VXO¿GH�DVVHPEODJHV��+HWHURJHQHLW\�LQ�VXO¿GH�VHPLFRQGXFWLY-
ity linked to these impurities can lead to p-n micro-junction formation and potential distributions near the 
surface that may alter redox reactivity. Secondary gold ore genesis via a micro-galvanic effect related to 
heterogeneity has in the past been hypothetically linked to such micro-junctions. Understanding these 
UHJLRQV�DQG�WKHLU�LQWHUDFWLRQ�ZLWK�ZHDWKHULQJ�ÀXLGV�LQ�WKH�UHJROLWK�IRU�H[DPSOH�UHTXLUHV�ODUJH�VFDOH�
imaging of potential distributions associated with near-surface micro-junctions and correlation with 
the responsible elemental distributions. Here we investigate the existence of micro-electronic junctions 
LQ�D�PL[HG�VXO¿GH�DVVHPEODJH�XVLQJ�VFDQQLQJ�ODVHU�EHDP�LQGXFHG�FXUUHQW��/%,&��DQG�FRUUHODWH�WKHP�
with pyrite-chalcopyrite interfaces mapped using combined energy-dispersive spectroscopy (EDS) 
and wavelength-dispersive spectroscopy (WDS) on an electron hyper-probe. Junctions in a natural 
DVVHPEODJH�DUH�SRVLWLYHO\�LGHQWL¿HG�IRU�WKH�¿UVW�WLPH�
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introduCtion

Semiconducting metal sulfides such as pyrite, galena, and 
FKDOFRS\ULWH�DOO�SRVVHVV�XQLTXH�HOHFWULFDO�SURSHUWLHV�WKDW�GHSHQG�
not only on crystal structure but also heterogeneity in minor 
and trace level impurities (Pridmore and Shuey 1976; Abraitis 
et al. 2004). These impurities introduce discrete energy levels 
into the forbidden bandgap [global minima in energy difference 
EHWZHHQ� WKH� FRQGXFWLRQ� EDQG� �&%�� DQG� YDOHQFH� EDQG� �9%�@�
some of which radically alter electrical properties (Sze 1985). 
The resultant electrical properties of the bulk and surface of 
pyrite are intimately linked to impurity and defect concentra-
tions and importantly, their textural fabrics (Pridmore and Shuey 
�������%URNHQ�ERQGV�DQG�ORZ�FRRUGLQDWLRQ�VXUIDFH�VLWHV�GXH�WR�
conchoidal fracture for example can lead to bandgap narrowing 
�%*1���LQYHUVLRQ�OD\HUV��%URQROG�HW�DO���������DQG�KHWHURJHQHRXV�
HOHFWULFDO� SURSHUWLHV� DFURVV� WKH� VXUIDFH� �&KDQGUD� DQG�*HUVRQ�
�������%DQG�VWUXFWXUH�FRQVWDQWV�LQFOXGLQJ�WKH�GHQVLW\�RI�VWDWHV�
and position of the conduction and valence band edges and their 
energy or bandgap can all vary within a single sulfide phase. 
On top of this variation are the shifting electron and hole Fermi 
levels due to ionized impurities. Absolute band positions close 
to the bandgap minimum for a range of common metal sulfides 
are given in Figure 1a relative to vacuum and Standard Hydrogen 

Electrode (SHE). 
In sulfides, an excess metal cation corresponds to a sulfur 

deficiency resulting in an electron free to conduct if its level is 
within a lattice thermal energy k%T�DZD\�IURP�WKH�&%�HGJH��c26 
meV at room temperature). This is termed an n-type or donor 
OHYHO�ZLWK�WKH�RSSRVLWH�GXH�WR�DQ�DFFHSWRU�OHYHO�FORVH�WR�WKH�9%�
edge, being a p-type or acceptor level (Sze 1985). Extrinsically 
n- or p-doped materials conduct charge via their majority carrier, 
i.e., electrons or holes, respectively (Sze 1985). In nature, the 
types of impurities present and their heterogeneities are largely 
GHWHUPLQHG�E\�WKH�VXOILGH�IRUPDWLRQ�VHTXHQFH��VXEVHTXHQW�GLD-
genesis as well as any metamorphic activity and weathering. 
Pyrite being the most abundant sulfide appears in a wide range 
of geological settings including hydrothermal, igneous, and 
sedimentary. Each setting in turn influences the overall habit, 
LPSXULW\�OHYHOV��DQG�WKHLU�KHWHURJHQHLW\��/DUJH�HW�DO���������)RU�
example, large impurity gradients or even elemental zonation are 
often associated with hydrothermally altered rims. Zoned pyrites 
DUH�FRPPRQ�LQ�PDQ\�&DUOLQ��DQG�%HQGLJR�W\SH�JROG�GHSRVLWV�
DQG�WKH�VXEMHFW�RI�QXPHURXV�VWXGLHV�LQFOXGLQJ�WKRVH�E\�/DUJH�HW�
al. (2009), Fleet et al. (1993), Fleet and Mumin (1997), Craig et 
DO����������DQG�'HQ�%HVWHQ�HW�DO��������� Importantly, one can 
easily construe regions within sulfide ores where p- and n-type 
materials butt one another forming p-n micro-junctions. Indeed, 
impurity segregation in zoned pyrites resulting in neighboring 
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