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The uranium mine in Königstein (Germany) is currently in the process of being flooded. Huge mass of
Ferrovummyxofaciens dominated biofilms are growing in the acid mine drainage (AMD) water as macroscopic
streamers and as stalactite-like snottites hanging from the ceiling of the galleries. Microsensor measurements
were performed in the AMD water as well as in the biofilms from the drainage channel on-site and in the
laboratory. The analytical data of the AMD water was used for the thermodynamic calculation of the
predominance fields of the aquatic uranium sulfate (UO2SO4) and UO2

++ speciation as well as of the solid
uranium species Uranophane [Ca(UO2)2(SiO3OH)2∙5H2O] and Coffinite [U(SiO4)1−x(OH)4x], which are
defined in the stability field of pHN4.8 and Ehb960 mV and pHN0 and Ehb300 mV, respectively. The plotting
of the measured redox potential and pH of the AMD water and the biofilm into the calculated pH–Eh diagram
showed that an aqueous uranium(VI) sulfate complex exists under the ambient conditions. According to
thermodynamic calculations a retention of uranium from the AMD water by forming solid uranium(VI) or
uranium(IV) species will be inhibited until the pH will increase to N4.8. Even analysis by Energy-filtered
Transmission ElectronMicroscopy (EF-TEM) and electron energy loss spectroscopy (EELS) within the biofilms
did not provide any microscopic or spectroscopic evidence for the presence of uranium immobilization. In
laboratory experiments the first phase of the flooding process was simulated by increasing the pH of the AMD
water. The results of the experiments indicated that the F. myxofaciens dominated biofilms may have a
substantial impact on the migration of uranium. The AMD water remained acid although it was permanently
neutralized with the consequence that the retention of uranium from the aqueous solution by the formation
of solid uranium species will be inhibited.
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1. Introduction

In the uraniummine of theWismut GmbH near Königstein (Saxony,
Germany) the uranium production was achieved by leaching the
sandstone with sulfuric acid. As a consequence the geochemical nature
of the drainagewater of the deposit was changed leading to an increase
in sulfate and heavymetal concentration. For remediation purposes the
mine is currently in the process of being flooded since 2001. The
flooding water is collected and pumped out of the mine. It is treated on
the surface by a conventional water treatment plant. In small drainage
channels thick biofilms have formed and occur as gelatinous filaments
(Fig. 1a), described in the literature as “macroscopic streamers”
(Hallberg et al., 2006). Stalactite-like biofilms with a maximum length
of 45 cm were hanging from the ceiling of the galleries (Fig. 1b). They
consisted of a solid mineral basis whereas the most part appeared to be
mucilaginous.Minewaterwas dripping from the ceiling andpercolating
the biofilms. Pisarowicz and de Villa Luz (1994)was the first who called
the stalactitic form “snottite” on the basis of their appearance and
texture in the Cueva de Villa Luz (southern Mexico). Acidophilic Fe
(II)-oxidizing bacteria were contributing there as primary producers to
the bacterial community. In a recentwork Ziegler et al. (2009) described
snottites as a novel bacterial pyrite leaching community from the ‘Drei
Kronen und Ehrt’ field site in the Harz Mountains (Germany). The
bacterial diversity of the streamers and the snottites of the abandoned
underground uranium mine in Königstein is similar. As described by
Brockmann et al. (2010) the identification on the basis of 16S rDNA
sequences showedadominanceof Ferrovummyxofaciens, an acidophilic,
autotrophic, iron oxidizing bacteria, which belongs to the Betaproteo-
bacteria. Even in water samples from an open drainage channel of the
uranium mine, analyzed by fluorescence in situ hybridization (FISH)
and terminal restriction fragment length polymorphism (T-RFLP), a
dominance of these bacteria was found (Seifert et al., 2008).

Since the microbial community thrives in high amounts in the AMD
water of the uraniummine the question is posed how theymay influence
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Fig. 1. Gelatinous filaments, so-called macroscopic streamers (a) in the AMD water, and stalactite-like snottites (b), hanging from the ceiling of the galleries.
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the immobilization of uranium in respect to their bioremediation
potential. It is known that biofilms can provide a sink for dissolved
heavy metals (Späth et al., 1998) due to the fact that the exopolymeric
substances (EPS), cell walls, cell membranes and cell cytoplasm can serve
as sorption sites (Flemming, 1995). Severalmechanisms of interactions of
microorganisms with radionuclides under aerobic conditions are known
as biosorption (e.g. Pons and Fusté, 1993), interactions with S-layers (e.g.
Merroun et al., 2005), bioprecipitation (e.g. Macaskie et al., 2000) or
microbial reduction of uranium(VI) (e.g. Abdelouas et al., 1998; Beyenal
et al., 2004). Some of these mechanisms have the potential for a
substantial retention of uranium. However, little is known about the
retention processes of heavy metals in a microbial community, such as
biofilms. In a recent work by Grossmann et al. (2007) uranium(V) and
uranium(VI) precipitates have been identified as microparticles in a pH
neutral multispecies biofilm indicating the reduction of uranium.
However, for the interpretation of retention processes in biofilms the
determination of the in-situ microbial metabolic processes is useful since
these metabolic processes are sensitive to metals and their speciation.
Changes of redox potential, pH and oxygen will have an effect on the
bioavailability of the metals in a complex manner. To characterize these
geochemical parameters for further interpretation, biofilms of the
uranium mine “Königstein” were studied on-site for the first time and
after sampling in the laboratory by redox potential and pHmicrosensors.
The usedmicrosensors are characterized by a sensor tip diameter of a few
micrometers, which allows pH and redox potential measurements of a
fine scale. With such measuring device chemical gradients have been
described in recent studies, performed in heterogeneous or homogeneous
natural environments (e.g. de Beer, 2000; Kühl, 2005; Krawczyk-Bärsch
et al., 2008; Revsbech, 2005). The results of the sensor measurements in
the uraniummine “Königstein” should provide an answer to the question
if uranium is immobilized in the biofilms as well as in the surrounding
water of the uraniummine under the ambient conditions and in the first
phase of the flooding process. Supporting methods are microscopy and
spectroscopy as well as thermodynamic calculations of analytical data for
the construction of a system for stability fields of uranium species.

2. Experimental

2.1. Sampling

Biofilm and water samples were taken from a gallery of pit 390 at
+50 m above sea level of the uranium mine, which was accessible
for inspections and sampling campaigns. Biofilms from the drainage
channel, the so-called macroscopic streamers, were sampled in
March 2010 in sterile 250 ml boxes, whereas the AMD water
samples were collected in sterile 1 l glass bottles for anion and
cation analysis. For EF-TEM/EELS studies snottites were removed
from the ceiling. They were fixed in-situ with 1% (vol/vol)
glutardialdehyde by mixing 0.6 ml glutardialdehyde (25% vol/vol)
with 14.4 ml AMD water, which was dropping down the snottites.
The fixed snottites were transported in a small (15 ml) tube for
further preparation in the TEM laboratory. The dropping water was
collected for analysis, too.

2.2. Water analysis

The AMD water from the drainage channel and the water, which
was dropping down the snottite-biofilm were sampled for analysis.
After the determination of the pH it was acidified and analyzed for
determination of the inorganic elements by Inductively Coupled
Plasma Spectrometry (ICP-MS) using an ELAN 9000 type ICP-MS
spectrometer (Perkin Elmer, Überlingen, Germany) and an AXIOM
type ICP-MS spectrometer (VG Thermo Elemental, Winsford, UK). The
anions were determined by Ion Chromatography using the IC-system
732/733 (Metrohm, Filderstadt, Germany). Total organic carbon
(TOC) was determined with the HT1300-TOC equipment (Analytik
Jena, Jena, Germany).

2.3. Microsensor measurements

Microsensor measurements were performed in the biofilms from
the drainage channel on-site and in the laboratory by using redox
potential and pH electrodes. For redox potential measurements a
miniaturized platinum electrode (Unisense, Aarhus, Denmark) with a
tip diameter of 10 μm was connected via a high-impedance
millivoltmeter to a reference electrode, a simple open-ended Ag/
AgCl electrode with a gelstabilized electrolyte. The redox microelec-
trode was checked for its function by different quinhydrone redox
buffer as described in Vilalta and Sabater (2005). After the
measurements the obtained values were corrected using a correction
factor after Stumm and Morgan (1996), which is dependent on the
temperature and the molar concentration of the electrolyte of the
reference electrode. Sensor measurements of the pH were performed
by a miniaturized conventional pH electrode from Unisense with a tip



3061E. Krawczyk-Bärsch et al. / Science of the Total Environment 409 (2011) 3059–3065
diameter of 10 μm. The pH electrode was connected via a high-
impedance millivoltmeter to a separate reference electrode as
described before and calibrated by using commercially available
buffers. The redox potential and pH sensors were fixed in a holder on a
motor-driven micromanipulator stage, connected with a motor
controller for a precise small-scale positioning and for automated
measurements in 50 μm steps within the biofilms. A number of
microprofilings were performed in the biofilm, starting the measure-
ments at the biofilm/water–air interface and becoming progressively
immersed into deeper zones of the biofilm towards the center.

For sensor measurements in the laboratory the biofilm samples
were positioned in a self-constructed rectangular flow cell with an
outer dimension of 121×42×15 mm. During the measurements the
AMD water was pumped through the flow cell in a closed circuit with
a flow velocity of 4 ml/min, simulating the condition on-site. In these
experiments the first phase of flooding of the mine was simulated by
increasing the pH of the AMD water to a neutral pH by adding 1 M
NaOH, while the water was pumped through the biofilm in a closed
circle under non-sterile conditions. The pH of thewater wasmeasured
twice the day during 95 h and was readjusted to 6.45–6.80 since it
decreased permanently b4. Redox potential and pH measurements
were performed in the biofilm and in the water after 20 and 95 h,
respectively. The experiments were limited by the duration of 95 to
exclude changes in themicrobial diversity of the sampled biofilms due
to the influence of environmental bacteria, which exist in the
laboratory. This process was described by Krawczyk-Bärsch et al.
(2008) when conducting experiments under non-sterile conditions in
the laboratory.
2.4. Energy-filtered Transmission Electron Microscopy (EF-TEM)

Different portions of the snottite, e.g. surface-near, central and
intermediate, were excised and processed further, following the
routine embedding protocol withminormodifications as described by
Lünsdorf et al. (2001). Samples were washed twice in 20 mM Hepes,
pH 7.2 for 5 min. Samples were dehydrated in an ascending ethanol
series (10, 30, 50, 70, 90, 100% for 20 min on ice; 100% for 15 min at
ambient temperature) followed by resin impregnation and polymer-
ization in ERL-resin (Spurr, 1969). 35 to 40 nm ultrathin sectionswere
electron spectroscopically analyzed with an in-column filter EF-TEM
(LIBRA 120plus, Zeiss, Oberkochen, Germany) at magnifications from
×4000 to ×50,000, with an energy-setting as described in Lünsdorf
et al. (2001).
2.5. Microscopical investigations of stained biofilm

For live-dead staining the biofilm (65 mg dry biomass) was
treated for 2 min in the dark with 20 μl of the red-fluorescent nucleic
acid stain, propidium iodide from Molecular Probes, Inc. (Eugene,
USA). The stock solution (1 mg/ml) was diluted before with the
factor 1:10 in PBS. The biofilm samples were counterstained with
300 μl of a dye solution of the DNA-binding fluorochrome 4,6-
diamidino-2-phenylindole (DAPI) for 60 min. The dye solution was
prepared before from a stock solution of DAPI (1.0 mg/ml) purchased
from Molecular Probes. For microscopical examinations a LEICA
Confocal Laser Scanning Microscope (TCS-SP2) was used, equipped
with a mercury lamp. Detailed views were performed with lenses
from LEICA (HCX PL APO 63×/1.20 W CORR). When excited with UV
at 351 or 364 nm, DAPI fluoresces in the blue to cyan range at 461 nm.
Whereas DAPI will pass through an intact cell membrane propidium
iodide penetrates only bacteria with damaged membranes (Wilson
et al., 1990). The fluorescence excitation maximum for propidium
iodide is 535 nm. It was excited with the 488 nm line of an argon–ion
laser.
3. Results and discussion

3.1. Thermodynamic calculation

Analysis from the dripping water of the snottites and the drainage
channel water showed high uranium concentrations of 59.51 mg/L
(2.50×10−4 M) and 10.4 mg/L (4.37×10−5 M), respectively (Table 1).
The analytical data of the drainage water was used for the calculation of
the predominance fields of different uranium species in the pH–Eh
diagram for the U–S–O–H–C system at 15 °C by using the geochemical
speciation code “Geochemist's Workbench” Version 8.0.8/ACT2 Version
8.0.8. Bymeans of the equilibriumspeciationmodel the speciation of the
uraniummetal can be determined, and changes in the concentration of
the various species with changing conditions of redox potential, pH,
temperature, ionic strength, and solid mineral phases can be related to
changes in the behavior of themicrobes. The default data base usedwas
the thermo.dat accompanying the code, supplemented by the most
recent NEA database for uranium (Guillaumont et al., 2003), and
by solubility data for Uranophane (Nguyen et al., 1992), Soddyite
(Gorman-Lewis et al., 2007), Na-Compreignacite (Gorman-Lewis et al.,
2008), Boltwoodite (Clark et al., 1998), Na-Boltwoodite (Nguyen et al.,
1992), Meta-Schoepite (Guillaumont et al., 2003), and Haiweeite (Chen
et al. (1999). The theoretical predominance fields of solid uranium
species under the ambient condition found in the AMD are clearly
defined in two geochemically different areas: The first area is
characterized by a redox potential of approximately b300 mV and a
pH, which varies between 0 and 7.4. Assuming reducing conditions, the
formation of the uranium(IV) mineral Coffinite [U(SiO4)1−x(OH)4x]
waspredicted. The secondarea is characterized byapHN4.8 and a redox
potential≤960 mV and is dominated by the calcium bearing uranium-
hydro-silicateUranophane [Ca(UO2)2(SiO3OH)2∙5H2O]. SinceHaiweeite
was included in the thermodynamic calculation the predicted stability
field for this phase replacedmost of the field for Uranophane. However,
as described in Chen et al. (1999) Uranophane is more stable than
Haiweeite undermost geochemical conditions and therefore frequently
found in nature. Due to this fact it seemed more informative to use the
stability field of Uranophane for our studies.
3.2. Microsensor measurements

In our studies the formation of solid uranium phases in the
biofilms and in the AMD water was theoretically proved by plotting
redox potential and pH values into the thermodynamically calculated
pH–Eh diagram for the U–S–O–H–C system. Sensor measurements of
the redox potential and pH were performed for this purpose on-site
within themacroscopic streamers and in the snottites as well as in the
drainage water and in the water dripping from the snottites.
Microprofilings started at the biofilm/water–air interface of the
snottite, which was fixed in a self-constructed holder. The first
measuring point was depicting a redox potential of the water of
728 mV±10 mV, which was confirmed by separated measurements
in the collected AMDwater. Measurements in the drippingwater from
the snottites showed similar values of a redox potential of 718 mV±
8 mV. As soon as the electrode penetrates into the snottite the redox
potential got stabilized showing a value of 802±9 mV. Finally, in the
center of the snottite a high redox potential of 834±10 mV was
detected. Redox potential measurements performed in the macro-
scopic streamers of the drainage channel showed higher values in the
center of the biofilm of 921±17 mV. High redox potentials in
biofilms, which are dominated by acidophilic Fe(II)-oxidizing bacte-
ria, are in general not unusual. Fe(II)-oxidizing bacteria are known for
its ability to use ferrous iron compounds at potentials of up to
+700 mV and above (Rawlings et al., 1999). The pH of the
macroscopic streamer and the snottite was very low (1.9–2.2). In
comparison, the pH of the dripping water of the snottites and the pH



Table 1
Mean concentration of cations and anions in the AMD channel water and in the water
dripping from the snottites. Sample campaign March 2010.

AMD channel water
[in mg/l]

Dripping water of snottites
[in mg/l]

Na 22.3 20.1–23.1 36.1 31.9–37.7
Mg 11.8 11.4–12.3 19.5 19.0–20.4
Al 16.8 16.6–17.2 61.1 60.2–61.4
Si 15.6 15.2–16.1 24.5 24.2–25.3
P b0.01 b0.01 b0.01 b0.01
K 13.9 11.9–14.5 10.4 10.1–10.6
Ca 122 119–126 170 167–176
Cr b0.05 b0.05 0.2 0.19–0.21
Mn 3.73 3.69–3.8 9.55 9.4–9.9
Fe 20.7 20.2–21.5 290 284–296
Co 0.14 0.14 0.642 0.635–0.647
Ni 0.31 0.30–0.31 1.06 1.04–1.10
Cu b0.01 b0.01 0.092 0.09–0.094
Zn 6.45 6.43–6.51 17.78 17.4–18.0
As b0.01 b0.01 0.0365 0.0358–0.0368
Sr 0.747 0.742–0.76 1.15 1.14–1.16
Cd 0.0563 0.0552–0.06 0.358 0.356–0.36
Cs b0.006 b0.006 b0.01 b0.01
Ba b0.01 b0.01 b0.001 b0.001
Pb 0.273 0.269–0.275 0.185 0.17–0.191
U 10.5 10.4–10.6 59.51 59.1–60.6
Chloride 26.9 26.6–27.8 43.1 42.5–43.3
Nitrate b2 b2 b2 b2
Phosphate b5 b5 b5 b5
Sulfate 767 761–771 2053 2020–2100
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of the AMDwater of the channel were characterized by a higher pH of
2.56±0.1 and 2.86±0.1, respectively.

The results clearly showed significant differences between the
geochemical parameters of the biofilms and the waters, indicating
that biofilms have built up their own microenvironments. In these
microenvironments the bioremediation potential of biofilms will
change with redox potential, pH, and oxygen. For estimating the
bioremediation potential of the studied biofilms, the results of the
redox potential were plotted together with the pH into the calculated
pH–Eh diagram for the U–S–O–H–C system. As shown in Fig. 2, the
plots appear in the area of aqueous solution, indicating that an
aqueous uranium(VI) sulfate complex exists under these conditions in
UO2
++

Coffinite

UO2SO4
Uranophane

Fig. 2. ph–Eh diagram for U–S–O–H–C system at 15 °C. Eh and pH values, measured
within the macroscopic streamers (●) and within the snottite ( ), were plotted into
the diagram as well as data of the AMDwater of the channel (○) and the dripping water
from the snottites ( ). Each of the plots is located in the field of aqueous uranium(VI)
sulfate complexation.
the biofilms according to the thermodynamic calculations. The same
result was achieved by plotting the redox potential and pH values of
the AMD water and the dripping water of the snottite into the
diagram. In fact, a highly mobile aquatic uranium sulfate species
UO2SO4(aq) was determined in the AMD water by previous time-
resolved laser-induced fluorescence spectroscopy studies (TRLFS) by
Arnold et al. (2011).

3.3. Energy-filtered Transmission Electron Microscopy (EF-TEM)

However, due to the complexity of biological systems the possibility
of the retention of uranium, e.g. by polymers of the extra cellularmatrix
of the biofilm, should not be excluded until further studies have been
proved. EF-TEM offers the possibility to systematically study and
analyze the ultra structure and elemental composition of nanoscale
mater by electron energy loss spectroscopy (EELS). For this purpose
snottiteswere used, beingmost suitable for the EF-TEMpreparation due
to their consistency. In different cross sections individual bacterial cells
of F. myxofaciens with a dimension of approximately 600 nm in length
and 400 nm in width were observed as the dominant microorganism.
Between the single cells small crystallized precipitates (40 nm in
diameter) were observed as clusters in the cell's vicinity. These colloids
were not observed in the open water channels, the so-called voids,
where nutrients from the AMD water infuse into the biofilm to the
microorganisms and their metabolites and exudates are released
(Stoodley et al., 1994). Further precipitates were observed to be
associated with the bacterial cell surface. Ultra structural and EELS
analysis, shown in Fig. 3 revealed characteristic thin-layered electron
dense deposits on the bacterial surface (Fig. 3, a–d),mainly composed of
iron and oxygen (Fe-L3max: 708.7 eV, Fe-L2max: 722.5 eV; O-Kmax:
738.5 eV). The occurring process is described in Kirby et al. (1999) as
the result of a biologically catalyzed rapid oxidation in acidic waters
following the equation:

Fe2+aqð Þ+ 0:25O2 aqð Þ + Hþ
aqð Þ⇔Fe3+aqð Þ+ 0:5H2O ð1Þ

The process is microbiologically driven by the activity of the Fe
oxidizing bacteria, which gain their energy from the proton gradient
across the cellular membrane and subsequent iron oxidation. They are
promoting the oxidation and precipitation of iron in AMD waters
resulting in the remediation of acidic mine drainage waters (Hallberg
and Johnson, 2003). Meta-stable and poorly crystallized Fe mineral
phases, mostly schwertmannite (Fe8O8(SO4)(OH)6) with additional
jarosite (KFe3(SO4)2(OH)6) and/or goethite (FeOOH) may form as
precipitates dependent on the water pH (2–4) of the acid sulfate rich
water (España et al., 2005, Ziegler et al., 2009). In the present case no
K+, NH4

+ or Na+ as relevant cations of jarosite could be detected in
the snottite by EELS. Similarly sulfur (with its SO4

2−
fingerprint) could

not be detected, which gives evidence that sulfur is only a minor
constituent of the iron–oxy-precipitates although analysis of the
water, which was dropping from the ceiling and penetrating the
snottites, showed a sulfate concentration of approximately 2400 mg/l
(Table 1). We assume that in the determined mucilaginous part of the
snottite the formation of jarosite has not yet taken place. In respect to
the high concentration of uranium in the dripping water of the
snottites and in the AMD water of the drainage channels the capacity
of uranium in the snottites was recorded by EELS from adequate
electron dense precipitates, associated to the bacterial surface or
adjacent to the biofilm/water–air interface. But never uranium
ionization intensity peaks of O- and/or N-edges (O4.5=93.5 eV;
N5=714.0 eV; N4=754.5 eV; Reimer et al., 1992) could unequivo-
cally be observed within the instrumental detection limits. As shown
in Fig. 3(e) electron-dense matter, deposited on the cell surface, is
mainly detected as iron compound. U–N45-characteristic ionization
edges were not recognized. However, analysis by TEM/EELS did not

Unlabelled image


Fig. 3. Ultrastructure of the snottite surface-proximate biomatrix and its elemental characterization by EF-TEM. (a) Cluster of autochthonous bacteria, some of which (circles) have
been chosen for EELS analysis. (b, c, d) Ultrastructural detailed views framed by the measuring aperture, which indicate the areas of measurements. (e) Corresponding EELS spectra,
colored green, black and red, according to the colored circles in (a). EELS-Atlas reference spectra of Fe and U are shown in blue and dark-yellow.
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provide any microscopic or spectroscopic evidence for the presence of
uranium immobilization within the investigated biofilms.

3.4. Simulation of the flooding process

Since the uranium mine is currently in the process of being flooded
the local geochemical conditionsare changing stepbystep causedby the
inflow of water and the closure of the galleries. The pH of thewater will
probably increase, accompaniedby adecrease of the redoxpotential and
oxygen concentration. In laboratory experiments the first phase of
flooding was simulated by rinsing samples of macroscopic streamers
with neutralized AMD water, which were positioned in a flow cell. The
results showed that the neutralization of the AMD water has a
significant effect on the redox potential of the biofilm. The primarily
measured redox potential of 921±17 mV in the center of the biofilm
decreased to 565±5 mV and 433±5 mV after 20 and 95 h, respective-
ly. However, the pH of the biofilm rested acidic, showing 2.8±0.1 and
2.9±0.1 after 20 and 95 h. The results, which were plotted into the
calculated pH–Eh diagram for the U–S–O–H–C system (Fig. 4), indicated
once again that the biofilm is still depicted in the field of aqueous
uranium(VI) sulfate complexation. Measurements of the water showed
a redox potential of 480±23mV after 20 h and 373±5 mV after 95 h.
Although the pH of the water had been adjusted to a neutral pH twice
the day the pH of the water decreased to 4.1±0.1 and 4.3±0.1 after 20
and 95 h, respectively. Experiments, which were performed without
biofilms, did not show a decrease of the pH of the AMD water after its
neutralization. Thus it can be assumed that the biofilm has an effect on
thepHof theAMDwater. Probably, themicrobes of the biofilmare using
different pH homeostatic mechanisms to maintain the intracellular pH.
As described in Baker-Austin and Dopson (2007) the highly imperme-
able cell membrane of acidophiles is limiting the influx of protons into
the cytoplasm. Additionally, intracellular mechanisms of the cytoplasm
may buffer molecules sequester protons with the consequence that
excess protons are removed from the cytoplasm by active proton
pumping as described in Michels and Bakker (1985). Also, efflux
systems (i.e. H+ ATPase, antiporters and symporters) are possible. They
are supporting the release of protons, identified in the sequenced
genomes of the Ferroplasma type II and Leptospirillum group II, which

image of Fig.�3
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Fig. 4. Calculated ph–Eh diagram for U–S–O–H–C system at 15 °C. Eh and pH data of the
macroscopic streamers (●) were plotted in comparison to the AMD solution (○) before,
20 and 95 h after the increase of the pH of the AMD water.
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have been analyzed in an AMD biofilm from Iron Mountain, California
(Tyson et al., 2004).

3.5. Staining experiments

Biofilm samples were stained with propidium iodide and DAPI
before and immediately after the laboratory experiments, which were
performed to simulate the first phase of the flooding process. The
microscopic examinations of the samples by CLSM revealed that at the
end of the experiment more than 50% of the bacteria fluoresce in the
blue to cyan range at 461 nm, when excited with UV at 351 nm. This
high proportion of DAPI stained bacteria indicates a natural stationary
growth phase, which was determined 95 h after the neutralization
experiments of the AMD water.

4. Conclusions

The results reveal that an immobilization of uranium in the
biofilms as well as in the flooding water can be excluded for the most
part in the uranium mine “Königstein” under the ambient conditions.
Thermodynamic calculations and the plotting of the measured redox
potential and pH into the pH–Eh diagram for the U–S–O–H–C system
indicate that an aqueous uranium(VI) sulfate complex exists in the
flooding water. Assuming, that the biofilm water will show a similar
chemical composition, aqueous uranium(VI) sulfate complexation can
be assumed in the biofilms, too. Since the uraniummine is currently in
the process of being flooded the geochemical conditions will change
by the inflow of water and the consequent increase of the pH of the
flooding water. For an estimation of possible changes taking place
during the first phase of the flooding process, laboratory experiments
were performed, in which the pH of a flooding water sample was
increased during 95 h in flow cells, filled with macroscopic streamers.
A monitoring of the pH showed that the pH of the flooding water
remained acid although it was permanently neutralized. We assume
that the F. myxofaciens dominating biofilms have an effect on the
acidification of the flooding water by using pH homeostatic
mechanisms for example. As a consequence a bioremediation or
immobilization of uranium in the biofilm as well as in the flooding
water is prevented in the first phase of the flooding process. According
to thermodynamic calculations a retention of uranium from the AMD
water by forming solid uranium(VI) or uranium(IV) species will be
inhibited until the pH will increase to N4.8. An upscaling of the
laboratory results to the long-range situation in the galleries of the
uranium mine during the flooding process is impossible due to the
complexity of the geochemical parameters occurring in the uranium
mine. However, it is expected that during a later phase of the flooding
process the underground situation will change anyway, e.g. increase
in pH, decrease of redox potential and reduced availability of oxygen.
The modified geochemical condition may probably lead to a change of
the microbial diversity. Consequently, the retention of uranium from
the aqueous solution by the formation of a solid uranium species can
be assumed.
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