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INTRODUCTION

Since their appearance on the Earth’s surface, cyanobacteria play key roles in the biosphere, particularly
in the areas of element biogeochemical cycling, mineral transformations and evolution, bioweathering, and soil
and sediment formation (Hazen et al., 2008; Hazen & Ferry 2010; Gadd, 2010). Biomineralization refers to the
processes by which organisms form minerals. Mineral precipitation mediated by microorganisms can be useful
to decontaminate polluted soils and waters (Cutting et al., 2010). In fact, bioremediation is the application of
biological systems to the clean-up of organic and inorganic pollution, with bacteria and fungi being the most
important organisms for reclamation, immobilization or detoxification of metallic pollutants (Gadd, 2010).

In the Ingurtosu mining district (Sardinia, Italy), harmful metals concentrations in waters of the Naracauli
stream, the main stream of the area, are abated by the seasonal bioprecipitation of hydrozincite, Zns(CO;),(OH)s.
Hydrozincite precipitation (Podda et al., 2000; Zuddas & Podda, 2005) is promoted by a microbial community
made up of a filamentous cyanobacterium (Scytonema sp.) and a microalga (Chlorella sp.). Hydrozincite could
be used in a controlled process to attenuate metal pollution in mining waters. Information on chemical and
environmental conditions that promote the biomineralization process and the role of bacteria on mineral
morphology is fundamental for the development of remediation strategies at contaminated sites. This work aims
to investigate the variables controlling the biomineralization process, and the hydrochemical factors that affect
hydrozincite precipitation.

STUDY AREA

The Ingurtosu area is located in south-western Sardinia (Italy). It is characterized by Palaeozoic rocks
forming a landscape of moderate relief and generally gentle slope. The Naracauli stream flows from Punta
Tintillonis at 552 m a.s.l. down to the west, to the Mediterranean Sea. Its pattern is structurally controlled, and
receives drainage from four tributaries: Rio Pitzinurri, Rio Sa Roa, Rio Bau, and Rio Sciopadroxiu (Pala et al.,
1996). The flow regime is typically torrential, with large flow variations between wet (from October to April)
and dry (from May to September) seasons.

The Ingurtosu Pb-Zn deposit (Sardinia, Italy) was exploited for about a century until 1968. Ore deposits
are classified as hydrothermal base-metal and industrial-mineral veins, some of which were among the most
important mining reserves of Sardinia. The main ore minerals were galena and sphalerite; chalcopyrite and pyrite
were present in small amounts. Gangue minerals were quartz and Fe-bearing carbonates (ankerite and siderite;
Cavinato & Zuffardi, 1948). Calcite and dolomite were locally found in the gangue. During mining activities, the
mining-related waste materials and flotation tailings (Fig. 1) were deposited near the flotation plants or along the
valleys, resulting in a large, downstream dispersion of contaminated materials.

MATERIALS AND ANALYTICAL METHODS

Water samples

Water sampling campaigns were carried out in the Naracauli stream catchment area from 2009 to 2011,
under different seasonal conditions. Locations of the water sampling stations are shown in Fig. 1. These samples
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comprise waters from the Naracauli stream (from NS-100 to NS-5300) and tributaries (D, F, G and H), waters
from the Ledoux gallery (E) and waters from tailings drainages (A, B and C). For the investigation of short-term
chemical variations in the Naracauli stream, at station NS-420 water sampling was performed over a 45-h period:
from h 20:00 to h 17:00 two days later (June 13 - 15, 2011; 14 samples). The station NS-420 was chosen because
it is the site characterized by the highest amount of hydrozincite precipitation in the Naracauli stream.
Temperature, pH, redox potential (Eh), electrical conductivity (EC), alkalinity and dissolved oxygen were
measured on site; water was filtered (0.4 pm, Nuclepore 111130), and acidified for metal analyses. Anions were
determined by ionic chromatography, and cations by ICP-OES, and/or by ICP-MS. To evaluate the accuracy and
precision of trace elements, the SRM 1643e and ES-L-1 standard reference solutions were used. The ionic
balance was always less than £10%. The computer program PHREEQC was used for equilibrium calculations
(Parkhurst & Appelo, 1999).
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Fig. 1 - Map showing the distribution of mining-related residues (grey areas), the flotation
plants (black rectangles), the stations where hydrozincite bioprecipitation occurs (green
ellipse), and the location of water (red and green circles) and solid (green circles) samples.

Solid samples

From 2009 until 2011, about 30 hydrozincite samples were collected at several sites in the Naracauli
stream (Fig. 1), under different seasonal conditions. The Fig. 2 shows some samples collected from station
NS-100 to NS-590, where hydrozincite consists of crusts with variable thickness and colour (white, ochre, green)
depending on the amount of iron-oxides and organic matter. Hydrozincite precipitates either on inorganic
substrates like stones (Figs. 2a and b) or on organic substrates such as roots (Fig. 2c), leaves and twigs (Fig. 2d).

Fig. 2 - Photos of some solid samples collected from station NS-100 to NS-590: a) and b) show hydrozincite
precipitated on stones; ¢) and d) show hydrozincite precipitated on roots and twigs, respectively.
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X-ray diffraction (XRD) analysis was performed using conventional 6-20 equipment (Panalytical) with
Cu Ko wavelength radiation (A = 1.54060 A). Elemental characterization of hydrozincite was performed on 0.5 g
of each selected sample by acid digestion (for more details see Medas, 2011). Microscopic surface features were
investigated using a scanning electron microscope (SEM QUANTA 200, FEI).

RESULTS AND DISCUSSION

Water geochemistry

The Table 1 shows the range of pH values, redox potential (Eh), electrical conductivity (EC), total
dissolved solids (TDS), and saturation index (SI) with respect to calcite in water samples collected in the
Naracauli stream catchment. Stream waters from Naracauli and tributaries, and waters from Ledoux Gallery
have pH values near neutral to slightly alkaline (6.3-8.4), suggesting a buffering effect of carbonate minerals.
Indeed, most waters are at equilibrium or slightly supersaturated with respect to calcite. Drainages from tailings
have different characteristics: waters at stations A and B show the lowest pH values (6.2-7.0), and are
undersaturated with respect to calcite. Waters at station C have pH values between 7.0 and 7.6 and are at
equilibrium with respect to calcite. Redox potential values (mainly between 0.40 and 0.52 V) indicate oxidizing
conditions. TDS varies significantly in the Naracauli stream catchment (0.3-2.8 g/l). The drainages from the
tailings (stations A and B) have the highest TDS values (1.2-2.8 g/l); conversely, waters from tributaries
(0.3-1.1 g/l) and Ledoux Gallery (0.4-0.5 g/1) show the lowest TDS values. Accordingly, the highest values of
TDS in the Naracauli stream are observed upstream of the confluence with the Rio Pitzinurri (see Fig. 1),
whereas TDS values decrease downstream due to dilution by less saline tributaries.

The Naracauli stream waters have a dominant Ca-Mg-sulphate composition, reflecting the composition of
tributaries, the interaction with tailings banked close to this stream, and inputs from stations A, B, and C (see
Fig. 1). Stations A and B, draining mine tailings, are characterized by waters showing a predominant Zn-sulphate
composition. Waters at station C (tailing drainage) have a Ca-Mg-sulphate character and lower Zn
concentrations, due to a different mineral composition in the waste dump, and because of the possible
precipitation of hydrozincite, the saturation limit of which is always exceeded in the water samples at station C
(Slhydrozincite in the range of 1 to 4).

Table 1 - Range of values of pH, redox potential (Eh), electrical conductivity (EC), total dissolved solids (TDS), and
saturation index (SI) with respect to calcite in water samples collected in the Naracauli stream catchment area.

Type pH Eh EC TDS Slarcite
[V] [mS/cm] [g/1]

Naracauli stream 6.9-84 0.39-0.62 0.72-2.19 04-1.6 00-1.0

Tributaries 7.0-8.3 0.40 - 0.54 0.50 - 1.60 03-1.1 0.0-1.0

Tailings drainages 6.2-7.6 0.44 -0.53 1.43-3.28 1.1-2.8 -2.0-0.5

Ledoux Gallery 6.3-8.1 0.44-0.46 0.69 - 0.86 04-0.5 0.1-0.6

The maximum Zn concentration in waters from the Naracauli stream catchment area attains several
hundreds of mg per litre, whereas Cd and Pb concentrations are in the order of thousands of pg per litre, despite
the near neutral to slightly alkaline pH values (6.2-8.4). Zn concentration in waters is positively correlated with
Pb, Cd, Ni and Co concentrations. The strongest correlation was observed between Zn and Cd, with a constant
Zn/Cd ratio (close to 100) among samples that could suggest the weathering of a relatively uniform composition
of sphalerite from tailings and mine wastes. Waters from tributaries show the lowest concentrations of
contaminants. The highest contents in harmful and toxic elements were observed in waters that drain flotation
tailings and mine wastes. Metals concentrations change under different seasonal conditions. The highest



PLINIUS n. 38, 2012

concentrations were observed under high-flow condition (October-April), probably due to the high runoff
through the tailings and to aqueous transport of these metals in association with very fine particles, i.e. < 0.4 pm.

Biomineralization: X ray diffraction study and chemical analysis

The XRD patterns confirm the dominant presence of hydrozincite in the Naracauli samples with quartz as
accessory mineral. Patterns in the biomineral samples from the Naracauli stream show a peak broadening that
suggests a lower crystallinity of these materials compared to the reference sample (sample Geo obtained from
supergene Zn deposits, Malfidano Mine, Sardinia-Italy). This observation is in agreement with data previously
shown by De Giudici et al. (2009).

Chemical analysis on hydrozincite samples has shown that the Zn content is in good agreement with the
theoretical formula of hydrozincite (Jambor, 1964), notwithstanding the possible presence of other Zn-phases not
determined by XRD. Pb, Cd, and Ni are the most abundant metals following Zn. This result is in agreement with
previous observations showing that the precipitation of hydrozincite removes not only Zn from waters, but also
other metals such as Cd, Pb, Ni and Cu (Podda et al., 2000; Zuddas & Podda, 2005), and it is also consistent
with the decrease in metals observed in water along the Naracauli stream.

Biomineralization: morphological study by optical and scanning electron microscopy analysis

Biominerals are composite materials containing an organic matrix and nano- or micro-scale amorphous or
crystalline minerals (Gilbert et al., 2005). The Fig. 3a shows hydrozincite biomineralization observed by
Confocal Laser Microscopy. Cyanobacteria can be recognized as a series of attached cells, often fluorescent, that
result in filaments tens of micrometers long. The biomineralization consists of globules, external to the bacterial
cells, which attach themselves one to another to form sheaths (Podda et al., 2000). The Fig. 3b shows a
hydrozincite sample collected at the beginning of precipitation, whereas the Fig. 3¢ shows hydrozincite collected
several days after precipitation. In the first case, biomineral sheaths form a thin network that can be associated to
the initial stage of the development of the biofilm. In the second case a three-dimensional structure is observed,
that can be associated to the mature state of the biofilm. Larger magnification (Fig. 3d) shows that hydrozincite
precipitates around organic matter filaments forming globules.

At
false branching

Fig. 3 - a) Image collected by Confocal Laser Microscopy in the transmission mode. Biomineralization forms globules
external to the bacterial cells (by Podda et al. 2000, modified); b-g) Images collected by SEM; b: hydrozincite sample
collected at the beginning of precipitation; c: hydrozincite sheaths form a three-dimensional structure; d: hydrozincite
precipitates around organic matter filaments forming globules; e: a sheath section, showing how the biominerals
encrusts bacterial filament following its shape (yellow arrow); f and g: branches in the hydrozincite sheath are
indicated by the yellow arrow. These branches result from false branching of the Scytonema sp. h) False branching in
Scytonema sp. (by Margaret & Angela, 2007, modified).
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To investigate the bacterial control on the hydrozincite shape and to assess if environmental conditions
have any influence on biomineralization morphology, a morphological study was carried out on the Naracauli
hydrozincite (Medas et al., 2012a and b). The role of bacteria on the hydrozincite shape can be recognized in
Figs. 3e-g; the Fig. 3e shows a sheath section, where the biomineral encrusts bacterial filament following its
shape whereas in the Figs. 3f and g, the presence of a branch on the hydrozincite sheaths is clearly observed.
Scytonema sp. is characterized by its unique type of branching known as false branching (Fig. 3h). The filament
breaks up near a heterocyst and the broken end protrudes out of the sheath as a branch (Rajan, 2001). This
typical shape is preserved also after the bioprecipitation of hydrozincite around the bacterial filaments, as shown
in the Figs. 3fand g.

More detailed investigations were carried out on globules and sheaths, measuring the diameter
distribution in some hydrozincite samples collected in 2009 during different seasonal periods. Hydrozincite
samples collected in spring are characterized by globules having a diameter between 20 and 40 pm, with a mean
diameter of 30 um. In contrast, hydrozincite samples collected in late summer are characterized by few short-
length sheaths, whose globules show a greater variability in diameter. About 90% of globules measured range
between 30 and 80 pm, with a mean diameter of 50 pm. Considering influence of water flow, it was observed
that hydrozincite sheaths precipitated under low flow condition have more or less a constant diameter, whereas
under high flow conditions sheaths are very large and become thinner at the final ends.

Podda et al. (2000) described hydrozincite biomineralization as an epicellular biomineralization,
considering that under natural conditions microorganisms are characterized by electronegative surfaces that can
bind Zn*'. Simultaneously, the CO, fixation from dissolved HCO™ and release of OH™ during photosynthesis
lead to the shift of carbonate species equilibrium. This process results in a local oversaturation with respect to
hydrozincite around the bacteria. The following reactions were proposed:

HCOj; + H,O « (CH,0) + OH + O, (photosynthesis)
HCO5 + OH > COs> + H,0
2CO5* + 5Zn*" + 6H,0 > Zns(CO5),(OH)s + 6H'

An in vitro investigation (De Giudici et al., 2007), using cyanobacteria and water collected at Naracauli,
showed different morphological and crystallinity characteristics between natural and in vitro-formed
hydrozincite. For a significant hydrozincite precipitation to happen in vitro the presence of live cyanobacteria
was required while cyanobacterial lysate or cyanobacterial exopolymers did not induce an effective hydrozincite
biomineralization. These observations suggest a clear control of the Scytonema sp. both on hydrozincite
precipitation and biomineral morphology in response to different environmental conditions. De Giudici et al.
(2009) confirmed that Naracauli hydrozincite is a Biologically Controlled Mineralization (BCM), and revealed,
by NMR analysis, the presence of peaks from organic biopolymers, most likely exopolysaccharides (EPS). It is
in fact known that many cyanobacteria, including Scytonema sp., produce mucilaginous external layers (Li et al.,
2001) mainly made up of EPS. EPS has been shown to protect against solar radiation, dehydration, and
phagocytosis and is a key component of biofilms, helping in maintaining their structural integrity (Phoenix &
Konhauser, 2008). EPS filaments are clearly visible in SEM photos of Naracauli hydrozincite (see Figs. 3d, e,
and g).

The composition and quantity of bacterial exopolysaccharides can change depending on natural
conditions (De Carvalho & Fernandes, 2010). Taking into account the potential benefits and detrimental side
effects of biominerals, they conspicuously appear to parallel those afforded by EPS (Phoenix & Konhauser,
2008). For example, Phoenix et al. (2001) revealed that mineralized bacteria, isolated from the Krisuvik hot
spring (Iceland) have a marked resistance to UV compared to non-mineralized bacteria. Biomineralization is
useful to attenuate the harmful wavebands of UV radiation and, simultaneous bacterial photosynthesis is not
interrupted. The larger diameter observed for hydrozincite biomineralization collected in late summer can be
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ascribed to a difference in the production of external mucilage sheath by cyanobacteria colonies in response to
stress conditions (Li et al., 2001).

Another control exerted by Scytonema sp. on the biomineralization is revealed by variations of
hydrozincite morphology as a function of the water flow. All hydrozincite sheaths precipitated under low flow
conditions have more or less a constant diameter, whereas under high flow conditions sheaths become thinner at
the final ends. Purevdorj et al. (2002) showed that hydrodynamics influences structure and behaviour of the
biofilms. In fact, biofilms grown under turbulent flow form filamentous streamers. The observed differences in
hydrozincite shape can be ascribed to the influence of hydrodynamics on the structure of the biofilm and,
consequently, on biomineral shape.

Variations in water geochemistry and optimum conditions of bioprecipitation

To investigate the variations in water chemical characteristics induced by hydrozincite precipitation, Zn
content, alkalinity, pH, and hydrozincite SI have been plotted against distance in the part of the Naracauli stream
where biomineralization occurs. Fig. 4a shows that Zn concentration decreases continuously from station
NS-100 to station NS-590. This behaviour is the result of: i) the precipitation of hydrozincite, and ii) the dilution
effect caused by the inflow of seep water (station C, see Fig. 1) characterized by high alkalinity and poor
concentrations in zinc, as compared to waters from the Naracauli stream. Specifically, alkalinity in the Naracauli
stream waters decreases from station NS-100 to station NS-170 (Fig. 4a) because of hydrozincite precipitation;
between station NS-170 and station NS-330 the alkalinity increases because of alkaline seepage water (station
C); further downstream alkalinity decreases because of hydrozincite precipitation. Increase in pH, observed in
Fig. 4b, can be ascribed to the photosynthetic process due to the presence of cyanobacteria that releases OH in
solution (Zuddas & Podda, 2005). In general, the highest quantity of bioprecipitation occurs at stations NS-420
and NS-590, accordingly, the highest values of hydrozincite SI are observed at these sites (Fig. 4b).
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Fig. 4 - Variation in Zn concentration, alkalinity, pH and hydrozincite SI in waters where
hydrozincite precipitates. Values from station C are also indicated.

The Fig. 5 shows the relation between Zn*"/CO;* molar ratio and the SI with respect to hydrozincite. The
Zn*"/CO;* values in waters collected from March to November 2009 varied from 1 to 2100. The lowest values,
between 1 and 10, were observed in May and June at sites where hydrozincite was more abundant (NS-420 and
NS-590) and hydrozincite SI reached the highest values. After heavy rainfall, Zn®"/CO;* values in the Naracauli
stream waters increased up to 400 in spring and up to 2100 in autumn. Contrastingly, hydrozincite SI values
decrease after rain events. This behaviour can be explained taking into account the effects of runoff flowing into
the stream: high runoff carries high Zn contents which are leached from the mining-related wastes, and the acidic
contribution of rain water causes the decrease in carbonate ions. Moreover, the Fig. 5 shows inverse relation
between pH values and Zn®>'/COs* molar ratio, probably reflecting a higher Zn mobility at lower pH. The
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highest pH, the highest values of hydrozincite SI, and lowest Zn*"/CO,> values were observed in waters
collected at stations NS-420 and NS-590 in late spring.
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Diel cycles in dissolved metals concentrations in the Naracauli stream

Diel cycles in dissolved Zn, Co, Ni and Mn were found to occur in a selected station along the Naracauli
stream. The highest change in concentration was observed for Zn: the difference between the minimum (3 mg/1)
and maximum (4.7 mg/l) Zn concentrations is 1.7 mg/l (about 35%). The minimum values occurred at h 17:00
and maxima between h 02:00 and h 05:00. The timing of diel cycles in Co and Ni is very similar to that for Zn,
but the ranges of Co and Ni concentrations are much smaller than Zn. Increased nocturnal concentrations could
result from a combination of geochemical and biological processes. Considering the relations among
temperature, pH, and Zn contents, temperature and pH would seem to be the parameters that control variations in
Zn concentration. Water temperature shows a well defined diurnal cycle. Maximum water temperature was
observed between the h 13:00 and h 17:00. Water temperature varies due to change in air temperature and
incident solar radiation. The pH values vary between 7.7 and 8.1; the highest values were observed during the
sunny hours and the lowest during the night or early morning. The diel pH cycle derives from photosynthesis
(predominant during the day) and respiration (predominant during the night). Obtained results may be explained
by adsorption-desorption reactions (onto colloids, carbonates, bacterial surfaces and biofilms) and/or different
rates of mineral precipitation between the morning and the night time. Diurnal metal cycles should be taken into
account to evaluate environmental conditions, potential risks and cleanup of contaminated sites.

CONCLUSIONS

The innovative approach of this work was to combine geochemical and mineralogical investigations with
biological information, specifically on the structure and development of biofilm under different water chemistry
and flow conditions. Information on variables that control the biomineralization process is fundamental for the
development of bioremediation strategies. This work will lay a solid foundation for designing future
bioremediation methodologies for waters influenced by mining activities. In fact, the obtained results suggest
that bioprecipitation of hydrozincite could be applied to attenuate metal pollution in mining environments where
water acidification do not occur. According to field observations, correlated with speciation and equilibrium
calculations, the optimum condition for hydrozincite precipitation occurs in late spring of rainy years, when the
hydraulic regime in the stream reaches stationary conditions, and SI with respect to hydrozincite, and pH reach
the highest values, in agreement with the higher stability of the hydrozincite solid phase in contact with slightly
alkaline waters. Concomitantly, Zn*'/CO5* molar ratio reaches values close to I, indicating that kinetic
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processes have a role on the hydrozincite biomineralization process. Conversely, heavy rain events occurring in
late spring appear to inhibit biomineralization, likely due to the decrease in the SI values resulting from the
dilution effect of rain water.

The microbial inoculation together with the alterations and control of hydrochemical parameters may be
an attractive approach for in situ bioremediation providing the achievement of the necessary conditions for
hydrozincite precipitation are achieved.

Future research should be performed to verify if diel cycles are affected by seasonal conditions, and to
clarify microbiological seasonal dynamics in the Naracauli stream, specifically the conditions that favour
Scytonema sp. predominance, together with an appropriate understanding of microbe-metal-related reactions.
This information will help to assess the best conditions to develop bioremediation techniques, and could allow
for optimization of the biomineralization process by controlling the physico-chemical conditions of the
contaminated area.
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