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abstract

The supergene alteration of cobalt arsenides produces various characteristic mineral assemblages 
including erythrite, pharmacolite, and other Ca±Mg±Co-bearing arsenates, which upon precipitation 
remove Co and As from natural waters. Their paragenetic relationships and stability conditions have 
not been investigated in detail. We present a detailed study on these assemblages, their successions 
and coexisting fluid compositions from the mining area of Wittichen, southwest Germany, where 
primary skutterudite and safflorite in granite-hosted barite-calcite veins are undergoing oxidation. 
Water analyses from the old mines, a semi-quantitative stability diagram and quantitative reaction 
path modeling are used to constrain their conditions of formation.

Cobalt- and arsenate-bearing solutions invariably precipitate erythrite first and hence buffer Co 
concentrations to very low values. Both during skutterudite or safflorite dissolution and erythrite 
precipitation, the fluid’s Co/As ratio decreases rapidly. Therefore, spherocobaltite (Co carbonate) is 
unstable in the presence of arsenate ions under most conditions.

The formation of various mineral assemblages precipitating after or simultaneously with erythrite 
strongly depends on Ca2+ and Mg2+ activities and pH. Small changes in one of these parameters lead to 
different mineral assemblages. These small changes are partly governed by fluid-host rock or fluid-vein 
mineral reactions and partly by the precipitation of the secondary arsenate minerals themselves. This 
complex interdependence produces the rich variety of mineral assemblages observed, which effectively 
serves as a very sensitive monitor of fluid compositions. Furthermore, the assemblages themselves are 
able to buffer the Ca-Mg-Co-As concentrations in the fluid to some extent and effectively immobilize 
both As and Co in close proximity to the ore deposit.
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introDuction

Cobalt is an important high-tech metal, which is gained 
primarily as by- or co-product from lateritic or hydrothermal 
Co-Ag mineralizations and “five-element veins”: Cobalt-Gow-
ganda, Ontario/Canada, Erzgebirge and Richelsdorfer Gebirge 
in Central Europe, Kongsberg and Modum/Norway, Bou Azzer, 
Morocco; Co-Cu mineralizations: Katanga, Democratic Republic 
of Congo (e.g., Dill 2010; Lefebure 1996; Gervilla et al. 2012) or 
metamorphic/metasomatic deposits: Black Bird District, Idaho; 
NICO, NWT/Canada; Haarakumpu, Finland; Skutterud, Norway 
(e.g., Slack et al. 2010). The principal non-oxide ore minerals 
mined for cobalt are sulfides like carrollite [Cu(Co,Ni)2S4] or 
cobaltpentlandite [(Co,Ni,Fe)9S8], sulfarsenides like cobaltite 
(CoAsS) or arsenides like safflorite [(Co,Fe,Ni)As2], and skut-
terudite [(Co,Fe,Ni)As2–3].

Weathering of ore deposits containing the above minerals 
potentially releases significant amounts of heavy metals, espe-
cially of Co, Ni, and As. These partially toxic elements can either 
reach the groundwater or be (partly?) fixed in or adsorbed to 
newly formed supergene mineral phases [e.g., for Co: erythrite 

or Co-bearing oxide/hydroxide minerals such as asbolane and 
heterogenite; Brown and Calas (2012)]. Accordingly, it is im-
portant to know exactly the supergene mineralogy developing 
in and around such ore deposits to be able to judge the environ-
mental impact of both natural weathering and anthropogenic 
heap leaching (e.g., Dold and Fontboté 2001; Álvarez-Valero et 
al. 2008; Valente and Gomes 2009; Dold et al. 2009). While Co-
Ni-Fe-bearing sulfides weather to produce various water-soluble 
sulfates (among which bieberite, the Co sulfate, is a very rare 
species) and hence are potentially hazardous to their environ-
ment, the oxidation of arsenides or sulfarsenides releases arsenate 
ions which lead—depending on other ions like Ca, Mg, or Fe in 
the weathering solution—to the formation of abundant second-
ary arsenates, the most common and important being erythrite 
[Co3(AsO4)2⋅8H2O]. Other species potentially occurring with 
erythrite are pharmacolite, picropharmacolite, and a large variety 
of other Ca-Mg-Co arsenates listed in Table 1. Interestingly, 
the association of erythrite with calcite is much more common 
than the occurrence of the Co carbonate spherocobaltite, which 
is only known from few localities worldwide, and which only 
in Bou Azzer (Morocco) and Katanga (Democratic Republic of 
Congo; e.g., from the Kakanda mine) occurs in larger quantities 
and centimeter-sized crystals (Fay and Barton 2012).* E-mail: markl@uni-tuebingen.de




