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aBStract

Native arsenic is an occasional ore mineral in some hydrothermal base metal deposits. Its rarity 
(compared to pyrite, arsenopyrite, galena, sphalerite, or chalcopyrite, for example) is surprising, as 
arsenic is a common constituent of upper crustal fluids. Hence, the conditions of formation must be 
quite special to precipitate native arsenic. An ideal location to investigate the formation of native As 
and to explore the parameters constraining its crystallization is the Michael vein near Lahr, Schwarz-
wald, southwest (SW) Germany. Here, galena, sphalerite, and native arsenic are the most abundant ore 
minerals. The two important ore stages comprise (1) galena-barite and (2) sphalerite-native arsenic-
quartz, the latter with a general mineral succession of pyrite → sphalerite ± jordanite-gratonite solid 
solution → galena → native As. The native arsenic-bearing mineralization formed by cooling of an at 
least 130 °C hot saline fluid accompanied by a reduction due to the admixing of a sulfide-bearing fluid.

Thermodynamic calculations reveal that for the formation of native arsenic, reduced conditions 
in combination with very low concentrations of the transition metals Fe, Co, and Ni, as well as low 
sulfide concentrations, are essential. “Typical” hydrothermal fluids do not fulfill these criteria, as 
they typically can contain significant amounts of Fe and sulfide. This results in the formation of arse-
nides, sulfarsenides, or As-bearing sulfides instead of native arsenic. Very minor amounts of pyrite, 
sulfarsenides, and arsenides record the very low concentrations of Fe, Co, and Ni present in the ore-
forming fluid. High concentrations of aqueous Zn and Pb lead to early saturation of sphalerite and 
galena that promoted native arsenic precipitation by decreasing the availability of sulfide and hence 
suppressing realgar formation.

Interestingly, native arsenic in the Michael vein acted as a trap for uranium during supergene 
weathering processes. Infiltrating oxidizing, U+VI-bearing fluids from the host lithologies reacted under 
ambient conditions with galena and native arsenic, forming a variety of U+VI (±Pb)-bearing arsenates 
such as hügelite, hallimondite, zeunerite, heinrichite, or novacekite together with U-free minerals 
like mimetite or anglesite. Some parts of the vein were enriched to U concentrations of up to 1 wt% 
by this supergene process. Reduced (hypogene) uranium phases like uraninite were never observed.
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introduction

Although arsenic is not a rare element in soils and upper 
crustal waters (e.g., Dudas 1987; Nordstrom 2002; Peters et al. 
2006; Drahota and Filippi 2009), native arsenic is a relatively 
rare mineral (<400 localities worldwide reported in https://
www.mindat.org in March 2019). However, in some types of 
ore deposits, it occurs in large quantities and samples up to 
dozens of kilograms have been recovered (e.g., Hösel 2003; 
Ondrus et al. 2003; Hiller and Schuppan 2008). Arsenic is a 
toxic metalloid, and some of its compounds are harmful to the 
environment and human health (e.g., Bowell et al. 2014; Mitchell 
2014). Therefore, numerous recent publications have studied the 
abundance, sorption behavior, biotic and abiotic mobility, and 

redistribution of arsenic at ambient conditions (e.g., Pierce and 
Moore 1982; Nordstrom and Young 2000; Mandal and Suzuki 
2002; Nordstrom 2002; Drahota and Filippi 2009; Amend et al. 
2014; Bowell et al. 2014; Bowell and Craw 2014; Mitchell 2014; 
Wu et al. 2017). However, at higher temperature, the behavior 
of arsenic is considerably less investigated and understood, 
although arsenic is a common element in various hydrothermal 
systems (e.g., Ballantyne and Moore 1988; Horton et al. 2001; 
Price and Pichler 2005).

Arsenic naturally occurs in six oxidation states (As-II, As-I, 
As0, As+II, As+III, and As+V), and forms various gaseous, aque-
ous, and solid species of different toxicity (e.g., Boitsov and 
Kaikova 1965; Sergeyeva and Khodakovskiy 1969; Pokrovski 
et al. 2013; Keller et al. 2014; Nordstrom et al. 2014). Thus, 
redox state and redox reactions play a crucial role in processes 
involving arsenic. Dissolved arsenic is present as As+V under 
oxidized and/or basic conditions, and as As+III under more 
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