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ABSTRACT

This is the first detailed account of the copper sulfate posnjakite (Cus(SO4)(OH)g-H,0) coating cm-long
filaments of a microbial consortium of four cyanobacteria and Herminiimonas arsenicoxydans. It was first
observed onimmersed plant leaves and stalks in a quarry sump of the abandoned Yanqul gold mine in the
northern region of Oman; rock surfaces in the immediate vicinity show no immediate evidence of pos-
njakite. However, a thin unstructured layer without filaments but also containing the brightly coloured
turquoise posnjakite covers ferruginous muds in the sump. Although copper is a potent bactericide,
the microbes seem to survive even at the extreme heavy metal concentrations that commonly develop
in the sump during the dry season (Cu?*~2300 ppm; Zn%* =750 ppm; Fe2* ~ 120 ppm; Ni?* =37 ppm;
Criotal =2.5 ppm; Cl- =8250 ppm; and SO4%~ =12,250 ppm; pH ~2.6), thus leading to the precipitation of
posnjakite over a large range of physicochemical conditions. Upon exposure to the prevailing arid climate,
dehydration and carbonation quickly replace posnjakite with brochantite (Cus(SO4)(OH)s) and mala-
chite (Cuy(CO3)(OH),). To characterise and understand the geochemical conditions in which posnjakite
precipitates from undersaturated fluids (according to our thermodynamic modelling of the dominant
elements), waters from rainy and dry periods were analysed together with various precipitates and com-
pared with the observed field occurrences. The findings imply that posnjakite should not form in the
examined environment through purely inorganic mechanisms and its origin must, therefore, be linked

to the encountered microbial activities.

© 2017 Elsevier GmbH. All rights reserved.

1. Introduction

Situated in the Samail ophiolite (obducted continental crust) of
northern Oman, the abandoned Yanqul gold mine (23°40'40.79"N;
56°32'27.35"E) was established in a belt of mafic rocks (basalts)
that contain numerous Cyprus-type copper-rich volcanogenic mas-
sive sulfide (VMS) deposits (Fig. 1; Hannington, 1993; Galley et al.,
2007). Once the gold and copper production at the Yanqul deposit
ceased, the open pits collected occasional rain and ground waters
that had reacted with the relict metal sulfides of the surrounding
rocks. Onsetting ore mineral oxidation resulted in a strong acidi-
fication of the waters through the formation of sulfuric acid (e.g.,
Chavéz, 2000; Essalhi et al., 2011), thus intensifying further oxi-
dation and dissolution processes (industrially induced enhanced
gossan development in the open quarry) and mobilising significant
quantities of base metals. Drainage focused these acidic and metal-
laden fluids in the quarry sumps (lowest part of the mine), where

* Corresponding author.
E-mail address: pracejus@squ.edu.om (B. Pracejus).

http://dx.doi.org/10.1016/j.chemer.2017.06.001
0009-2819/© 2017 Elsevier GmbH. All rights reserved.

various mineralisation and/or dissolution processes occur continu-
ously, depending on strongly changing water availability during dry
and “rainy” seasons and large ambient temperature fluctuations,
respectively.

During a sampling campaign collecting waters and secondary
copper minerals, conspicuously coloured precipitates enveloping
centimeter-long microbial filaments were observed on the edge
of one of the mining sumps; we later identified these mineralised
coatings as posnjakite (Cuy(SO4)(OH)g-H,0). Similar turquoise
precipitates had previously been noted by the first author in inac-
cessible places of the same sump and in a Zambian copper mine
(Fitwaola mine) but had not been sampled. The detailed genetic
identification of the microbial consortium is subject of a separate
paper by Al-Ansari et al. (in preparation), but we report here that
up to 4 different cyanobacterial species plus Herminiimonas arsenic-
oxydans seem to be present.

Although the role of microbes in mineralisation and mobilisa-
tion processes has been investigated for some time in the context of
almost any conceivable element (Walter et al., 1972; Pan-Hou and
Imura, 1981; Kretzschmar, 1982; Vuorinen et al., 1983; Wood and
Wang, 1983; Zierenberg and Schiffman, 1990; Anderson and Lovley,
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Fig. 1. Northern Oman with its coastal mountain chain is the host of an ophiolite system containing numerous volcanogenic massive sulfide (VMS) deposits within mafic rocks;
the Yanqul gold mine (asterisk; 23°40'40.79”"N; 56°32'27.35"E) belongs to these deposits. The green/olive-coloured regions reflect the distribution of mantle (ultramafic)
rocks, while the pink areas illustrate the spread of crustal (mafic) rocks. The map was produced with SimpleDEMViewer for Mac (version 4.4.9), ASTER GDEM data (product
of METI and NASA), QGIS (version 2.0.1-Dufour) under GNU General Public License, and the geological map of Oman (Béchennec et al., 1993).
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Fig. 2. a The blue water of the Yanqul quarry sump implies the presence of high concentrations of dissolved copper (plus other base metals; see analytical section); the pond
is approximately 300 m long. b Evaporating Cu-rich waters have left a green mm-thick and ~50 cm wide layer of secondary copper minerals rimming the Yanqul quarry
sump. c Decomposing plant stalks and leafs provide the substrate for microbial growth in the Yanqul quarry sump.(For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

2002; Douglas, 2004; Shuster et al., 2014; Jiang et al., 2015, 2017),
extreme habitats, such as the location described in this paper, shift
the boundaries of life into evermore unlikely settings for biogenesis
(origin of life) at ‘the interface of the pre-biotic and biotic worlds’
(Greenwood Hansma, 2010; Cleaves et al., 2011; Longo and Blaber,
2012; Lietal.,2013)and demonstrate that life must have influenced
the development of our “inorganic” early planet to a much larger
degree than previously assumed (Hazen and Ferry, 2010; Corenblit
etal., 2011).

The extreme habitats mentioned above include elevated tem-
peratures in marine hydrothermal systems (Pracejus and Halbach,
1996; Dekov et al., 2013), highly saline fluids (Oren, 1994), and
toxic environments rich in heavy metals (Bednar et al., 2005; Edraki
et al., 2005; Courtin-Nomade et al., 2009; Davies et al., 2011). Ele-
ments, such as copper and silver, are bactericides (Trevors, 1987;
Abinaya et al.,, 2016) and seemingly would inhibit microbial exis-
tence. A joint effect of the latter elements with highly acidic fluids
(acid mine drainage; AMD)would then render conditions for micro-
bial survival (and possible biomineralisation processes) even more
unlikely. Yet, the presence of posnjakite-coated cyanobacterial fil-
aments in the copper-laden acid mine drainage at Yanqul (and
probably elsewhere) attests to the fact that cyanobacteria, which
often live in alkaline to neutral waters (Brito et al., 2017; Genuario
et al., 2017), have indeed found ways of coping with this particular
stress — Little is known about their occupancy of acidic environ-
ments and even less about surviving copper toxicity.

Since extremophiles developed many strategies countering neg-
ative environmental effects (Averhoff and Miiller, 2010; Peeples,
2014),their respective habitats need to be thoroughly characterised
physicochemically and biochemically in order to better understand
biomineralisation and biomobilisation processes. Therefore, this
paper applies a broad multidisciplinary approach to show how the
posnjakite can precipitate from an undersaturated solution through
cyanobacterial activities. The findings may, on one hand, be useful
for AMD remediation (Diaz-Tenaetal.,2013; Pracejus and Moraetis,
2015)while, on the other hand, they may also shed light on environ-

ments mimicking early life forms on Earth or even extraterrestrial
conditions in which life might be harboured (Panda et al., 2015).

2. Methods
2.1. Sampling and sample treatment

The collected materials consist of two sample types:

¢ Biological substrates (decomposing plant matter submerged in
the quarry sump), on which the filaments were attached. The
sample was directly placed in a sterile plastic bag and then
detached from the main stem of the plant without contact to
hands or tools. On return to the lab, the sample was kept in the
fridge until its further handling.

Evaporitic crusts of secondary sulfates and carbonates were col-
lected as well, because microbial remains, although anticipated,
could not be detected in the field. These materials were first air-
dried, then placed on a hotplate (over night at 50°C) to remove
further moisture, and embedded in an epoxy resin for the prepa-
ration of polished rock sections (Araldite; compare also Section
2.2 for additional information).

2.2. Optical and scanning electron microscopy (SEM),
microanalysis (EDS)

e Wet microbial filaments were cut off, placed on a microscope
slide, covered with a thin glass plate, and viewed in transmitted
light under a Zeiss Axioplan optical microscope.

e Araldite-embedded rock substrate blocks were cut to size,
ground, and polished on one plain with 1 wm diamond powder to
be observed in reflected light under the same microscope (neces-
sary to also identify small opaque mineral grains that could have
been important for the overall understanding of the mineralisa-
tion).
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¢ Dried filaments were mounted on an aluminium sample holder,
coated with carbon, and then inspected under the SEM (JEOL
Field Emission Scanning Electron Microscope JSM-77600F; 20
keV, 76 wA, working distance 8 mm, probe current 8 A).

e Geochemical spot analyses of the mineral coatings from the
microbial strands were performed with an EDS system (Oxford
Instruments; solid state detector, AZtech v. 2.0 software, INCA)
for their element composition.

2.3. Mineralogy (X-ray diffraction/XRD)

A sub-sample of the coated filaments was dried and placed on a
spinning single-crystal silicon sample holder in the X'Pert PRO X-
ray Diffractometer (Panalytical) used Cu-Ko radiation (1.54060 A).
The machine was set to 40 mA and 45 kV, and measured at a step
size 0f 0.0167°2V. The obtained mineral peaks were then evaluated
with the help of the “High Score Plus” software.

2.4. Hydrochemistry

Eh, pH, and temperature measurements were made with a
portable instrument (hand-held Mettler Toledo SG2) in the quarry
sump to identify the in-situ physicochemical parameters governing
precipitation processes in the metal-rich fluids. A portable pho-
tometer (LaMotte Smart 2 Colorimeter; Cr #3645-0.00-1.00 ppm;
Cu #3646-0.00-6.00 ppm, Fe #3648-0.00-6.00 ppm, Si #3664-0.0-
4.0ppm, Sulfate #3665-0-100ppm), direct titration (LaMotte;
Chloride #3643-0-max ppm), and colorimetric test kits (LaMotte
Mn #3588-02-0.05-1.00 ppm; Ni #7802-0.5-10 ppm; Zn #7391/02-
0-10 ppm) were used in the field, all chemical measurements were
repeated in the lab for improved analytical conditions. All tests are
laid out for sub-ppm- to ppm-levels (drinking water monitoring),
many samples had to be diluted fairly strongly prior to analysis.
Thus, an estimated additional analytical error of £10% could be
expected.

2.5. Experimental investigations

Mimicking field conditions in the quarry sump, a laboratory
experiment was conducted to determine the possibility of culti-
vating the collected microbes and precipitating posnjakite from
a Cu-carrying solution. In a sterile conical flask, 200 ml of the
sterilised Cu-rich fluid together with the palm fibers were first inoc-
ulated with the original sample. Then, the experiment was kept in
the lab on a slowly moving shaker to establish microbial growth on
the fibers for 3 months, after which it was transferred to a roof-top
position for a final sun exposure over 3 weeks. The experimental
conditions were as follows:

e Dissolving sterilised CuSO4-5H,0 in freshly produced distilled
water, a sterile solution of 2000 ppm Cu was prepared,

e High acidity (pH ~ 2.5) was attained through an addition of sul-
furic acid,

¢ The temperature in the laboratory was fairly constant at ~20°C,
while outdoor exposure of the experiment to the sun resulted in
temperatures of up to 42 °C,

e Slowly decomposing sterile palm wood fibers were the sole
source of nutrients and also served as substrate for microbial
filaments.

2.6. Thermodynamic modelling

Thermodynamic stability fields for solids and mine waters
according to measured field data were calculated and plotted with
the “Act2” module from “The Geochemist's Workbench” (version
8.0; Bethke, 2008). All observed concentrations from the dry and

“wet” seasons, 2013 and 2014, respectively, were included in the
initial models to identify interdependencies between dissolved
and mineralised species. In some cases, the thermodynamic cal-
culations showed mineral species that have not been detected in
the field, despite an extensive search that identified more than
50 secondary minerals. Thus, individual elements that led to this
predicted formation of such unsubstantiated minerals were sup-
pressed (excluded from the models) to match both field findings
and final models as far as possible; this will be further explained in
the modelling results section. The dissolved carbonate concentra-
tion was not measured but assumed to be close to that of normal
surface waters (10-3 Mol/l; Brookins, 1988).

3. Results
3.1. Field observations

Already on first sight at various Yanqul quarry sumps, it becomes
apparent that there must be a high mobility of copper (and
assumedly other base metals) in the deposit area. The brightly
coloured fluids optically stand out from the reddish brown oxi-
dised surrounding rocks (gossan; Fig. 2a). This observation is also
corroborated by a thin layer of blue-green precipitates along the
pond edges, which marks a prevalence of copper minerals (Fig. 2b).
On closer examination, the visited pond revealed extremely fine-
grained and turquoise-coloured mineralisations in conjunction
with decomposing plant stalks and leafs (Fig. 2c; compare also
Fig. 3a). It is important to note that well-structured precipitates
only occurred as coatings of cm-long microbial filaments, while
finest crystallites within an unstructured but slightly cohesive layer
(bacterial mat) without obvious filaments covers ferruginous muds
in the sump, producing the strongly tinted turquoise pond with the
typical posnjakite coloration.

The microscope shows fine crystallites rather than an amor-
phous mass on these filaments (Fig. 3b), either as a continuous
layer, isolated aggregates or individual grains (Fig. 3c). Although
most of the observed microbial strands appear as “spaghetti”-like
smooth filaments, there are occasionally fibers that exhibit short
thorn-like appendices (observed in the samples from both the pond
and one sample from a vug of the surrounding rocks; Fig. 3d and
e). Along with the filaments, a gelatinous substance resembling a
mineralised gel (relict of a microbial mat?) that binds several cell
structures was observed in the mentioned rock sample (Fig. 3f). A
similar but much thicker and much more solid biofilm (~3 cm),
which is also associated with Cu-precipitation, has been recov-
ered from a different mining site and appears to be typical for a
higher energy environment associated with running waters but is
not discussed here any further. Morphological details of the micro-
bial strands and the mineral coatings are presented in Fig. 4a-f.
Important to mention here is the fact that there seem to be at
least two kinds of filamentous organisms in the collected samples
with vastly different filament diameters: Most coated fibers have a
diameter of around 5 pm, while the finer ones (practically without
mineralisation) show only ~0.5 wm (compare Fig. 4a, c and d).

3.2. Composition of filament coatings

Mineral deposits on the bacterial strands and secondary precip-
itates on the rocks were analysed by X-ray diffraction (XRD) and
present a fairly simple mineralogy:

¢ Filament coatings are almost exclusively composed of posnjakite
(Cuyg(SO4)(OH)g-H,0), exhibiting a very clear and distinctive
spectrum; minor brochantite (Cus(SO4)(OH)g) and malachite
(Cuy(CO3)(OH);) are also present,
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Fig. 3. a The sampled material (compare Fig. 2c) clearly shows long microbial filaments. b Under the microscope, fine crystallites become visible that coat the microbial
filaments. c A polished section from the original sample shown in Fig. 3a, observed under reflected light and crossed polarisers. The microbial filament is clearly enveloped
by posnjakite. d Higher magnification of the quarry sump microbes show a number of filaments that have short appendices; few isolated fine crystallites are also visible,
observed under transmitted light. e A polished section of the rocks and precipitates from the edge of the pool contains the same microbial filaments with short appendices
(compare previous photo of Fig. 3d), observed under reflected light and crossed polarisers. f Some parts of the filamentous aggregates contained in the rocks show portions
of a gelatinous substance (microbial mat?) resembling a mineralised gel found in another location, observed under reflected light and crossed polarisers.

e Precipitates from rocks along the pool edges, on the other hand,
are dominated by brochantite and malachite, while only subor-
dinate posnjakite peaks exist.

Gypsum (CaS04-2H;0), although occasionally seen in some vugs
of the materials described above, has neither been detected in these
samples nor in the filament coating (this observation is important in
the context of the mineral formation order). However, upon further
increased evaporation of the sump fluids, cm-sized gypsum laths
begin to coat submerged rocks and mud until these are more or less
covered completely.

The geochemical microanalysis (EDS; Table 1) of the posnjakite
filament coatings shows a composition dominated by copper (Cu),
oxygen (0), and sulfur (S) with minor additions of silicon (Si) and
aluminium (Al) and rarely some iron (Fe); hydrogen (H) cannot be
measured by the instrument. Since carbon (from carbonates) was
also not analysed by EDS because of the C-coating of the samples,
excess Cu relative to S (~1/3 more Cu) when compared with the
structure of pure posnjakite, may be explained by an admixture of
malachite (XRD analysis confirms small amounts).

Table 1
Microanalysis (EDS) of microbial filaments; the structural formula was omitted (for
comments refer to text); all values in wt.%.

Analysis # Cu* (0] S Al Si Fe Sum
1 60.2 33.1 4.7 0.1 0.7 0.5 99.3
2 63.1 313 4.6 0.5 04 0.0 99.9
3 62.4 31.7 59 0.0 0.0 0.0 100.0
4 59.6 34.5 52 0.4 0.3 0.0 100.0
Average 61.3 32.7 5.1 0.3 0.4 0.1 99.8

The attempted calculation of the structural formula to confirm
the mineralogy XRD analysis again showed an overabundance of
copper, which may be attributed to the presence of brochantite
and/or malachite as mentioned above. Since the posnjakite crys-
tallites are very fine-grained and therefore highly reactive, the
vacuum in the SEM sample chamber (together with the electron
beam energy) may already suffice to start a dehydration of this
mineral, resulting in the formation of brochantite or intermediate
compounds.

Although there is a high abundance of other base metals in the
pond from which the posnjakite precipitated, the mineral does
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Fig. 4. a A striated leaf acts as base for the microbial filaments; SEM picture. b The enlargement shows the topography of the filaments and the partial Cu-rich coating; SEM
picture. c The SEM picture displays two types of filaments with strongly differing diameters. Cu-rich precipitates cover filaments and occupy interstitial spaces; the frame
relates to Fig. 5d. d Enlargement of previous SEM image. e Cu-rich precipitates on smooth microbial strands. f Cu-mineral aggregate on microbial strand.

not accommodate any of these in its structure. Iron, seen in one
analysis, may have precipitated as a fine hydroxide particle but is
generally not observed in these precipitates. The low silica values
might be attributed to the microbial cell membranes, since vari-
ous organisms utilise this element to increase the rigidity of their
cell-walls (Engel, 1953; Holzapfel and Engel, 1954; Heinen, 1965;
Walter et al., 1972; Juniper and Fouquet, 1988), while aluminium
could be an artefact from the sample preparation.

3.3. Hydrochemistry and associated precipitates

The water sampling and testing during the dry season of May
2013 and after a prolonged wet season in April 2014 produced
strongly varying geochemical characteristics of the collected flu-
ids (Table 2) with highly elevated base metal, silica, sulfate, and
chloride levels as well as a high oxidation potential together with
the fairly low pH of 2.57 in the dry period. The following wet sea-
sonreplenished the pond and diluted the respective components to
much lower values. However, when element abundances of the two
seasons are compared (Fig. 5), it is evident that not only a dilution
occurred between the two sample sets but that further precipita-
tion reactions must have selectively reduced the concentrations of
some of the elements, in particular, those of Cu?* and FeZ*,

Table 2
Yanqul mine water samples collected during dry season in May 2013 and after
prolonged wet season of April 2014. Local surface water analysed as background
information showed Eh 62 mV, pH 9.03 (typical for the region), slightly elevated
concentrations of 1.3 ppm Cu, and <0.0 ppm Fe; for analytical precision see methods
section.

Units Dry Season 2013 Wet Season 2014
pH 2.57 451
Eh (mV) 573 343
T (°C) 34.9 27.8
S04%~ ppm 12,250 575
- ppm 8250 280
Cu?* ppm 2280 7.2
Zn** ppm 750 75
Sid+ ppm 167.5 15.45
Mn?* ppm 150 25
Fe2* ppm 117 0.3
Ni2* ppm 37 1
Criotal ppm 2.5 0.02

Monitoring an evaporating fluid sub-sample from the dry sea-
son in the laboratory (at the in situ measured temperature) also
substantiates the idea of a relatively strong sulfate decrease at
the end of the dry season (such conditions are not shown for
this context). Similar to what was already observed along the
edge of the sump, gypsum also crystallised in the evaporating
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Fig.5. When compared with the dry season, the concentration of dissolved elements
measured in the fluids of the wet season, has dropped significantly.

dry-season fluid as the main mineral phase after the initial iron
hydroxide precipitation. Only when the solution had almost com-
pletely dried up, further minerals appeared with a final mixture that
did not contain posnjakite but rather chalcanthite (CuSO4-5H,0)
and Cu-pentahydrite ((Mgg 49Cug 41 Mng ggZng g2 )SO4-5H,0) as the
Cu-carrying phases, while halotrichite (FeAl,(SO4)4-22H50) and
alunogen (Aly(SO4)3-17H,0) concentrated remaining iron and alu-
minium in the final sulfates.

3.4. Experimental posnjakite precipitation

The conducted experiments with the cultured cyanobacteria
from Yanqul corroborate that posnjakite precipitation is highly
substrate- and organism-specific: Relatively few coarse cyanobac-
terial strands developed the same coating as in the field (Fig. 6a),
while the abundant finer cyanobacterial filaments, as well as the
palm wood and the glass walls, were completely free of precip-
itates. Upon sun exposure, all filaments are easily identified as
cyanobacteria through their prolific oxygen production (Fig. 6b).
Herminiimonas arsenicoxydans plays no role in this setting (its
short rod-shape cells would not aggregate into the observed large
filamentous cell structures). It may, however, benefit from the Cu-
reduced environment around the cyanobacterial cells.

3.5. Thermodynamic modelling

To improve our understanding of the microbe-mediated pre-
cipitation of posnjakite (Cuy(SO4)(OH)g-H20) from undersaturated
fluids, we modelled the components on an inorganic basis and at the
conditions observed during the dry season in 2013, when the micro-
bial assemblage was collected (Table 2; Fig. 7a and b; Bethke, 2008),
as well as for the “wet” season in 2014. However, the physicochemi-
cal conditions in the dry season, during which the filament coatings
were collected, offer more clues to the precipitational environment

of posnjakite than those of the “wet” season, because the respective
mineral stability fields are larger due to the much higher concen-
trations of the dissolved metals; the “wet” season is not considered
further.

Arsenic, which can be a significant accessory element in some
sulfide deposits, does not play an important role in the exam-
ined Cu-rich system (only one small mineral sample containing
scorodite — FeAsO4-,H;0 - has been observed so far in this location).
Therefore, we excluded Cu-sulfarsenates, such as arsentsumebite,
arthurite, chalcophyllite, gartrellite, leogangite, and parnauite from
our modelling considerations (Frost et al., 2011).

Since iron plays an important role in the examined systems, its
stability is examined first for the displayed acid to intermediate pH
range (0-6; Fig. 7a). Initially, and without considering dissolved Cu
and Cr, oxic environments dominate with relatively large stability
fields for dissolved iron sulfate species (FeSO4" and FeSOy(,q) and
hematite (Fe;03)), while pyrite (FeS;) covers the reducing space. If
Cu and Cr species were also included in the model, additional fields
for delafossite (CuFeO, ) and chromite (FeCr,04) would appear over
large parts of hematite and iron sulfate stabilities. However, there is
no evidence for the formation of these minerals in Yanqul, despite
an extensive search in the field, probably indicating retardation
processes. Thus, these minerals are excluded from further con-
siderations. The water, from which the microbial assemblage was
collected, plots close to the boundary with FeSOy(,q) within the
hematite stability field, indicating the ongoing precipitation of iron
oxides/hydroxides that is corroborated by field and laboratory evi-
dence.

In the copper stability diagram, dissolved species also spread
over large portions of the shown pH range (Fig. 7b). Cu?* dominates
here, while the monovalent and strongly temperature dependent
CuCl,~ (<28°C it becomes unstable in the wet season scenario) is
less important at lower oxidation potentials but still above sulfide
stabilities, where covellite (CuS) and chalcocite (Cu,S) appear (in
the field, the conditions are far too oxic and would not favour their
precipitation). Dissolved Fe and Cr were omitted from this model
for the same reasons already outlined above. At slightly oxidis-
ing conditions, native copper (Cu) forms above the sulfate-sulfide
boundary but is soon replaced by cuprite (Cu,0), while malachite
(Cuy(CO3)(0OH),) develops at higher oxidation potentials; neither
cuprite nor native copper were observed in the field. Plotting the
water sample of 2013, it manifests itself well within the Cu?* stabil-
ity field, which means that there should not be any ongoing copper
sulfate (i.e., posnjakite) precipitation.

Unfortunately, thermodynamic data for posnjakite (Cus(SO4)
(OH)g-H,0), brochantite (Cus(SO4)(OH)g), and many of the other
possible secondary copper sulfates (antlerite = Cu3SO4(OH)4, lan-
gite/wroewolfeite = Cu4S04(0OH)s-2H,0, redgillite/montetrisaite
=CugS04(0OH)19-H,0) were not available for our modelling
(Fatyanov et al., 2000; Bowell and Parshley, 2005; Hammerstrom

Fig. 6. a Experimentally produced posnjakite coating on cyanobacterial filament. b Oxygen production on cyanobacterial strands is easily observed in the many air bubbles

that formed after the experiment was exposed to direct sunlight.
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Fig. 7. a Thermodynamic modelling for Fe in the Yanqul mine sump during dry season 2013; standard P (1.013bar), sampling T=35.0°C, assumed concentra-
tion [H,CO3/HCO3~]=10-3 Mol/l; measured concentrations: [Fe?*]=10-3%6 Mol/l, [Mn?*]=10-3%4 Mol/l, [Zn?*] = 10292 Mol/l, [Ni?*] =105 Mol/l, [SiO(aq)] = 10-3* Mol/l,
[CI-]1=10-1%1 Mol/l, [SO4%~] =10-187 Mol/l. Although measured, Cu and Cr were not included in this model (see text for explanation), while Mn, Ni, Zn, Si did not have an
effect in the shown pH range. Blue stability fields represent dissolved species, light brown fields denote minerals. This diagram was produced with the subroutine Act2
from “The Geochemist’s Workbench 8.0” (Bethke, 2008). b Thermodynamic modelling for Cu in the Yanqul mine sump during dry season 2013; standard P (1.013 bar),
sampling T=35.0°C, assumed concentration [H,CO3/HCO3~]=10-3 Mol/l; measured concentrations: [Cu?*]=10"242 Mol/l, [Mn?*]=10-3>4 Mol/l, [Zn?*]=10-292 Mol/l,
[Ni?*]=10->49 Mol/l, [SiOz(aq)] = 1034 Mol/l, [Cl-]=10-16! Mol/l, [SO42~ ] = 1017 Mol/l. Although measured, Fe and Cr were not included in this model (see text for explana-
tion), while Mn, Ni, Zn, Si did not have an effect in the shown pH range. Blue stability fields represent dissolved species, light brown fields denote minerals. This diagram was
produced with the subroutine Act2 from “The Geochemist’s Workbench 8.0” (Bethke, 2008). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

et al., 2005; Laux et al., 2005; Pluth et al., 2005; McDonald and
Chao, 2007; Lattanzi et al., 2008; Orlandi and Bonaccorsi, 2009),
but most of these minerals were neither found in the field nor
formed in experiments. Nevertheless, according to Zittlau et al.
(2013), the brochantite stability field largely overlaps with the field
of malachite and it can be assumed that the stability of posnjakite
is somehow similar to that of brochantite (compare compositions);
the discussion below will follow this reasoning.

4. Interpretation and discussion

Examining the element concentrations of the wet and dry sea-
sons, Fe2* and Cu?* clearly stand out with a depression in the overall
line pattern for the wet season when the sump waters cooled and
were diluted by the influx of rain/ground water (compare Fig. 5).
This means that precipitation effects were more effective than dur-
ing extreme hot climatic conditions, which seems to be surprising
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in view of the high metal concentrations. However, with respect
to iron, such deposition may already be triggered by a temper-
ature drop, as observed right after the low pH sample returned
to the cool lab (~20°C), where iron hydroxides quickly started to
flocculate from the fluid (reflecting a high Fe?* load, despite the
fairly high Eh of the field). Hematitic red muds (Fe;0s3-rich) also
bear witness of a widespread precipitation on the quarry floor
(earlier than gypsum formation). The copper depression seen in
Fig. 5 for the wet season, on the other hand, may indicate more
suitable conditions for the microbes to thrive and, thus, a higher
metabolic activity with the linked posnjakite precipitation. Having
seen that posnjakite coats microbial filaments and covers the sur-
face layer of the chemical sediments in the pond at conditions that
should favour dissolved copper species (particularly Cu2*), while
it is only present in traces along the edge of the mine sump where
brochantite-malachite-dominate, it is obvious that posnjakite must
be a metastable precursor to brochantite in the Cu-S-H,0 system,
before ageing sets in (Marani et al., 1995; Zittlau et al., 2013).

Therefore, the prevailing (bio-)physicochemical conditions
seem to very tightly control this fairly limited mineral association.
This impression is supported by the observations of Watanabe et al.
(2003), who described mineralised cyanobacterial mats (although
different species) carrying various copper minerals, such as wood-
wardite (CugAly(SO4)(OH);2-2-4H,0), dioptase (CuSiO,(0OH); ), and
shattuckite (Cus(SiO3)4(0OH),), in a completely different geochemi-
cal environment. These minerals precipitated from solutions which
contained much less Cu (~1% when compared with the fluids
at Yanqul), probably much higher silica levels (seeing the two
siliceous compounds) and, judging from the reported pH between
6.0 and 6.6, much lower sulfate concentrations (Si and sulfate were
not reported, but a high sulfate content would have reflected sulfide
oxidation processes delivering H,SO4 into the waters and rendering
them much more acidic).

The fact that relatively large quantities of gypsum (CaSO4-2H,0)
were observed bothin the field and in the evaporating fluid from the
dry season (in the lab), initially points to competing systems of Ca,
Cu, and Fe sulfate formation (natrojarosite (NaFe3(SO4),(OH)g) was
also found on a quarry surface well above the present water level).
If Ca (and Fe) consumed all SO42- in the pond, posnjakite would
not develop. However, field evidence shows that gypsum disap-
pears from the diluted waters of the wet season while, as mentioned
above, posnjakite seems to preferentially form during the wet sea-
son (probably microbially stabilised during the dry season within
the sump). Thus, SO42~ may partially be swapped between gypsum
and posnjakite, effectively buffering the sulfate concentrations.

Among some 40 secondary minerals that have been identified
from the Yanqul mining site (and a few more from other locations
in northern Oman), posnjakite is a very rare mineral phase that has
only been observed in association with microbial growth, while
there is not much evidence so far for microbial activity in most of
the other products (except for iron oxihydroxides). Viewed in this
context, posnjakite precipitation under the climatic conditions of
Oman only seems to commence through microbial support.

5. Conclusions

At present, we cannot exclude Herminiimonas arsenicoxydans
from a possible participation in the mineralisation process by
supporting the main “players” while gaining metabolic products
(oxygen, nutrients) from the cyanobacteria in parallel; comparable
relationships have been observed by Stuetz et al. (1996 and others.
However, there is not yet any evidence for an involvement of this
bacterium in the posnjakite formation and we conclude that it is the
cyanobacteria that force posnjakite precipitation. These microbes

also have a considerable potential for mine effluent remediation,
especially in fluids with lower Cu concentrations.
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