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Abstract

The incorporation of impurity elements into minerals impacts their physical properties (e.g., 
reflectance, hardness, and electrical conductivity), but the quantitative relationships between these 
features and compositional variation remain inadequately constrained. Prior work has shown that 
gamma-enhancement of reflected light images represents a simple yet powerful tool to assess the 
compositional heterogeneity of single pyrite crystals, as it can enhance subtle differences in reflectance 
between distinct domains with different minor element concentrations. This study extends the gamma 
correction method to several other common Fe-bearing minerals, magnetite, garnet, wolframite, and 
tetrahedrite-tennantite, which all have far lower reflectance than pyrite. Gamma-enhanced optical 
images reveal clear variations in reflectance that are either systematic with increased minor element 
concentration, as the change in gray value on backscatter electron (BSE) images (in the case of mag-
netite, garnet, and tetrahedrite-tennantite) or contrasting (as in pyrite), yielding a convincing linkage 
between reflectance variation and compositional heterogeneity. Reflectance variation is an expres-
sion of the distribution of the average effective number of free electrons on the mineral surface that 
can re-emit light when excited by visible light. Gamma-enhanced images can reveal compositional 
heterogeneity in minerals such as wolframite where small atomic mass differences between substitut-
ing elements (Mn and Fe, in the case of wolframite) are virtually impossible to observe as a variation 
of gray values on BSE images. Results also demonstrate that Fe-rich domains in these minerals can 
be expected to have higher reflectance than Fe-poor domains whenever Fe is a major constituent. The 
greater reflectance is attributed to Fe ions having a greater effective number of free electrons than 
many other elements (e.g., Co, Ni, Si, Ca, Al, Mg, Mn, and As). This research highlights the utility 
of gamma correction as an inexpensive tool for routine evaluation of compositional heterogeneity in 
common Fe-bearing minerals, potentially obviating the necessity of a microbeam platform to correlate 
textures and composition.
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Introduction

Many minerals display variable compositions and deviate 
from ideal stoichiometry due to the presence of different levels 
of impurities induced by solid solution exchange reactions or the 
presence of discrete nanoscale mineral inclusions (e.g., Craig 
and Vaughan 1994; Cook et al. 2016; Ciobanu et al. 2019). Such 
variation can modify the physical features of minerals, such as 
reflectance, hardness, Raman spectra, and electrical conductiv-
ity, and may also significantly impact the behavior of a mineral 
during ore processing (e.g., Craig and Vaughan 1994; Abraitis 
et al. 2004; Buzatu et al. 2013; Galili et al. 2023). For example, 
arsenic-rich pyrite exhibits low conductivity, reflectance, and 
Raman band positions, whereas As-poor varieties have relatively 

higher corresponding features (Saager and Mihalik 1967; Abraitis 
et al. 2004; Zhu et al. 2020, 2021). In addition, systematic varia-
tions of physical features (reflectance, multispectral reflectance, 
and Raman spectra) have been observed as a function of com-
position (Craig and Vaughan 1994; López-Benito et al. 2017; 
Zhu et al. 2020, 2023; Berkh and Rammlmair 2022; Galili et 
al. 2023). Furthermore, distinct elements in the same mineral 
may yield varied physical features. In sphalerite, for example, 
Fe was suggested to affect Raman band positions at ~350 and 
300 cm–1 while Cd was assigned to related to a new band position 
at ~295 cm–1 (Babedi et al. 2019). Thus, some specific physical 
features of minerals have the potential to be used as effective 
tools to estimate variation in chemical composition without the 
need for costly and time-consuming electron microprobe analy-
sis. This type of method may thus represent a rapid, user-friendly 
approach to semiquantitatively assess the chemical composition 
of minerals on-site or in outcrop long before any laboratory-based 
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