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ABSTRACT
Microbially mediated reduction of Fe(III) in chlorite and biotite by Shewanella oneidensis MR-1 leads to a
significant reduction in sorption of both Cs and Sr compared to the abiotic systems. As seen in previous
studies, biotite is a more efficient sorbent than chlorite. Reduction of the mineral-associated Fe(III) causes
increased dissolution of both minerals and reduces the sites available for Cs and Sr sorption. As this
dissolution progresses it causes desorption of Cs and Sr from chlorite, but not biotite. Subsequent
exposure to air increases sorption due to precipitation of secondary Fe(III) oxyhydroxide minerals derived
from the Fe(II) released by bio-reduction. In contrast to successful bioremediation of redox active
elements, this study suggests that microbial Fe(III) reduction could enhance the migration of Cs and Sr
through phyllosilicate-dominated strata.
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Introduction

The radioactive isotopes of caesium and strontium (caesium-
137 and strontium-90) are high-yield fission products that
accumulate in nuclear fuel rods. They are a major component
of the radioactivity in spent fuel and in waste from spent fuel
storage ponds and fuel reprocessing plants, such as at Sellafield,
UK (Thorpe et al. 2012), and the Hanford Site, USA (McKinley
et al. 2007; Zachara et al. 2002). Cs-137 and Sr-90 are released
into the environment through planned discharges or accidental
releases (Renshaw et al. 2011) and, with have half-lives of
»30 years, they are hazardous in the environment for a few
hundred years after release.

In addition to direct exposure to these radionuclides in
water systems and near-surface sediments, Cs-137 can enter
the food chain due to similarities in its biogeochemical behavior
to the essential nutrient K (Hinton et al. 2006), and Sr-90 read-
ily exchanges for Ca in living organisms, e.g., in hydroxyapatite
(bone) (Handley-Sidhu et al. 2011; McKinley et al. 2007). Thus,
radioactive Cs and Sr will be present in high level nuclear
wastes (HLW) intended for interim storage and geological dis-
posal and their behavior in both near surface and natural envi-
ronments needs to be understood to safely manage HLW. In all
these environments, nitrate (NO3

¡) will be present as either a
co-contaminant from the wastes or as a pre-existing compo-
nent (e.g., derived from agricultural use).

Radioactive caesium, and strontium can be mobile in the
subsurface (Brookshaw et al. 2012). Remediation options for
these radionuclides rely on their sorption to pre-existing miner-
als or incorporation into newly formed secondary minerals

(Brookshaw et al. 2012), e.g., solid-phase capture of Sr in calcite
(Fujita et al. 2004), hydroxyapatite (Handley-Sidhu et al. 2011)
and Fe(III) oxide minerals (Ferris et al. 2000). However, such
Sr incorporation may be applicable only under constrained
geochemical conditions, such as high pH or elevated carbonate
concentrations (Thorpe et al. 2012).

Sorption, however, may offer immobilization under a greater
range of conditions, and is influenced by the reactive surfaces
available and the concentration of competing ions, in addition to
geochemical factors such as pH. A large body of research has
been undertaken over the past forty years regarding adsorption
of these radionuclides to different Fe(III) oxyhydroxides (Ferris
et al. 2000; Langley et al. 2009) and clay minerals (Bostick et al.
2002; Cornell 1993; Kemner et al. 1997). Phyllosilicates are ubiq-
uitous in near-surface sediments, and micas and chlorite are
present in varying amounts in the lithological environments
being considered for the siting of nuclear waste disposal facilities.

Their high surface area and negative surface charges mean the
phyllosilicate components of rocks and sediments can contribute
significantly to the removal of contaminants from solution; in gra-
nitic lithologies biotite will be the main sorbing phase and in many
rock types, including mature mudstones and altered basic rocks,
chlorite will be very important (Baik et al. 2003; Tsai et al. 2009;
Zachara et al. 2002). Thus, the importance of the relationship
between Cs and Sr and phyllosilicates has been well recognized,
and many studies have investigated the sorption behavior of these
radionuclides to clays such as montmorillonite (Bostick et al. 2002;
Lu and Mason 2001), smectites in general (Galambos et al. 2012),
illite and chlorite (Hinton et al. 2006) as well as micas such as
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muscovite and biotite (Cho and Komarneni 2009; McKinley et al.
2004; Meleshyn 2010; Stout et al. 2006; Taylor et al. 2000; West
et al. 1991; Zachara et al. 2002).

High-specificity interactions between Cs and phyllosilicates can
offer relatively long-term immobilization of this radionuclide (Cor-
nell 1993). Cs may be sorbed to high affinity sites at the phyllosili-
cate mineral edges (Chang et al. 2011; Steefel et al. 2003), typically
forming very stable inner sphere complexes (Bostick et al. 2002).
Cs may also be taken up into the interlayer regions of swelling clays
such as montmorillonite, and dehydration of interlayers can make
this sorption highly resistant to desorption (Fuller et al. 2015). In
contrast, Sr typically retains its hydration sphere and forms outer-
sphere complexes at the solution-mineral interface (Sahai et al.
2000). These sorption mechanisms are sensitive to many environ-
mental factors including perturbations in pH, changes in ionic
strength, and the introduction of competing cations.

Bacteria are commonly present in the shallow subsurface.
Microbial metabolism can involve the reduction of nitrate as
well as a number of transition metals including manganese (as
Mn(IV)) and iron (as Fe(III)) contained within existing miner-
als. Microbial activity can change the geochemical conditions
such as pH (Thorpe et al. 2012) or lead to the formation of
reducing (Fe(II)) or oxidizing (nitrite, NO2

¡) species. Microbial
reduction of Fe(III) can also lead to the dissolution of Fe(III)
oxides and the precipitation or recrystallization of secondary
minerals (Fredrickson et al. 1998; O’Loughlin et al. 2007).

In the case of silicate minerals, there is evidence that micro-
bial reduction affects the structural Fe and results in a limited
amount of mineral dissolution (Brookshaw et al. 2013; Kukka-
dapu et al. 2006; Ribeiro et al. 2009). This will modify the surface
charge and possibly the microscale surface structure of these
minerals, altering the numbers and properties of surface sorption
sites. However, the interplay between these biogeochemical pro-
cesses and their effects on the sorption of Cs and Sr to biotite
and chlorite are currently not well understood. Biotite is a 2:1
phyllosilicate with layered structure comprising a sheet of silica-
oxygen tetrahedra (T) (with some Al) forming either side of a
sheet of octahedral cations (Fe(II), Fe(III), Mg and Mn) to form
a T-O-T layer; the T-O-T structures are joined by weakly
bonded interlayer K atoms. Chlorite is a 2:1:1 phyllosilicate com-
prising T-O-T layers joined by “brucite-like” layers of Mg(C
Al)-OH.

The present study is aimed at developing an understanding of
how the microbial reduction of Fe(III)-containing biotite and
chlorite, and subsequent re-oxidation scenarios, affects mineral
properties, and the impact that this has on the sorption behavior
of Cs and Sr. To develop a comprehensive understanding of the
fate of Cs and Sr in natural and anthropogenic systems, it is
essential to examine the coupled processes in microbe-(bio)min-
eral system that prevail in potential HLW environments.

Methods

Minerals

The minerals were supplied by the Excalibur Mineral Com-
pany, New York and sourced from Silver Crater Mine, Cardiff,
Ontario, Canada (biotite) and Michigamme, Michigan, USA
(chlorite). Biotite flakes were ground using an agate ball mill

and separated into different size fractions using a shaking sieve
stack. Biotite powder in the size range 180–500 mm was used in
these experiments. The powder may include particles of <

180 mm due to particle clumping because of electrostatic attrac-
tion between small flakes. Chlorite particles of < 100 mm were
used in the experiments. The compositions of the minerals
were determined by electron probe microanalysis (EPMA)
using a CAMECA SX100 instrument, operating at an accelerat-
ing voltage of 20 kV and a 20-nA beam current and using sili-
cate standards. The minerals were also characterized by powder
X-ray diffraction (XRD), using a Burker X’Pert diffractometer,
and the surface areas of the powder fractions used in the experi-
ments were determined by Brunauer-Emmett-Teller (BET)
analysis using N2 gas adsorption. Further details of the mineral
preparation and characterization have been described previ-
ously (Brookshaw et al. 2013).

Solution chemistry

The chemistry of the solutions was the same for all experi-
ments, unless detailed otherwise. These solutions were prepared
using distilled deionized water (18 V) and analytical-grade
chemicals. Solutions were buffered using 3 £ 10¡2 M final con-
centration 3-(N-morpholino) propanesulfonic acid (MOPS).
The pH of the buffer was corrected by dropwise addition of
10 mol l¡1 NaOH until it reached 7 § 0.1. MOPS buffer was
used in all experiments to prevent supersaturation conditions
with respect to carbonate phases (including SrCO3) (Thorpe
et al. 2012). Na-lactate was added to give a final concentration
of 1 £ 10¡2 M and acted as electron donor for microbial reduc-
tion in experiments containing bacteria.

Abiotic sorption experiments

Abiotic interactions between biotite or chlorite and Cs or Sr
were characterized in batch anaerobic experiments. The kinet-
ics of sorption of Cs (5 £ 10¡4 mol l¡1) and Sr (5 £ 10¡4 mol
l¡1) were studied in experiments with a 1:40 mineral to solution
ratio by weight. Aliquots of slurry sample were extracted via a
degassed syringe at 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 48 h and 96 h
after the contaminants were added. The samples were centri-
fuged at 16,160 g (Sigma Benchtop Microfuge) for 5 minutes,
and the supernatant separated for further analysis of cation
concentrations. The equilibrium sorption capacity of the min-
erals was studied in experiments spiked with a range of concen-
trations of Cs or Sr from 5 £ 10¡5 to 5 £ 10¡3 mol l¡1. The
experiments were sampled after 2 weeks (allowing sufficient
time for the reaction to reach equilibrium) and the concentra-
tions of Cs and Sr in the supernatant determined by ICP-MS.

Biotic sorption experiments

Batch anaerobic bottles were prepared with the same mineral-
solution ratio as for the abiotic sorption experiments. These
were equilibrated with Cs (5 £ 10¡4 mol l¡1) or Sr (5 £ 10¡4

mol l¡1) for at least 1 h before addition of bacterial cultures. A
new set of parallel abiotic experiments (‘without bacteria’) were
performed for direct comparison.

The Fe(III)-reducing bacterium S. oneidensisMR-1 was used
to reduce bioavailable Fe(III) in biotite and chlorite. The
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bacterium was cultured aerobically and at late log phase of
growth, aliquots were re-inoculated and cultured in defined
minimal medium under anaerobic conditions with lactate as
the electron donor and fumarate as the electron acceptor (von
Canstein et al. 2008). Cells were harvested by centrifugation at
5000 g for 20 min and washed twice in a 3 £ 10¡2 mol l¡1

MOPS buffer (pH 7). Washed cells were added to each experi-
mental bottle to a final optical density at 600 nm (OD600) of
»0.3. Suspensions were then incubated at 30�C in the dark.

After microbial Fe(III) reduction had peaked, and Fe(II) lev-
els had stabilized, selected treatments were re-oxidized. Tripli-
cates of each set of conditions were aerated by piercing the
butyl rubber stoppers of the bottles using wide needles and
injecting »20 ml of air via a syringe, daily. Triplicates of each
set of conditions were also amended by the addition of nitrate
(1 £ 10¡2 mol l¡1

final concentration) to stimulate oxidation
of Fe(II) coupled to denitrification.

The experiments were sampled at 0, 1, 4, 7, 14, 25 and
32 days. Approximately 0.7 ml of slurry sample was extracted
via a degassed syringe at each sampling point, and analyzed for
Fe(II), pH, Eh and cation concentrations.

Solution chemistry

Ferrozine analysis
At each time point an aliquot of the slurry was added to 0.5 mol
l¡1 HCl. After 1 h, an aliquot was added to ferrozine solution
(Stookey 1970) buffered to pH 7 and the OD562 measured to
quantify the amount of ‘bioavailable’ Fe(II) (Lovley and Phillips
1987). An excess of the reducing agent hydroxylamine hydro-
chloride (final concentration of 0.25 mol l¡1) was then added
to the sample and allowed to react for another hour. A further
aliquot was reacted with the ferrozine solution before measur-
ing the OD562, to give the total acid-extractable Fe.

pH and Eh
At each time point the pH and Eh of the slurry samples was
measured. Aliquots of slurry samples were shaken before the
measurements were made. The Eh measurements were carried
out within 1 h of the sample being obtained to prevent signifi-
cant changes due to aeration of the samples.

ICP-MS analysis
Aliquots of sample supernatants were added to 2% nitric acid
and analyzed by inductively coupled plasma mass spectrometry
(ICP-MS) on a Agilent 7500CX instrument for concentrations
of Cs or Sr, as well as concentrations of the major cations pres-
ent in the minerals: Si, Al, Mg, K, Ca, Fe and Mn.

Calculations
The distribution coefficient for each concentration of Cs or Sr
was calculated according to the equation:

Kd D ½Cs� 6 ½Caq� (1)

where Kd is the distribution coefficient (l kg¡1), [Cs] is the
amount of the contaminant sorbed to the solid (mmol kg¡1)
and [Caq] is the concentration of the contaminant in solution

(mmol l¡1) at equilibrium. The amount of Cs or Sr taken up by
the mineral was determined as the difference between the input
concentration and the concentration in solution in the sample
at equilibrium.

The sorption behavior was modelled with a Langmuir sorp-
tion isotherm:

½Cs� D ab½Caq� 6 1C a½Caq�
� �

(2)

where a relates to the affinity of sites for the contaminant (l
mmol¡1), and b is the maximum number of sorption sites
(mmol kg¡1). The data were plotted to give a straight line and a
regression line was fitted. The parameters were estimated from
the regression line, with the slope giving 1/b and intercept of
the line with the Y axis, 1/ab (Fetter 1999). The Langmuir dis-
tribution coefficient, Kdl, was calculated using:

Kdl D ab (3)

Results and discussion

Mineral characterization

The powdered minerals were confirmed to be monomineralic
Fe-rich biotite (phologopite) and chlorite (clinochlore) by XRD
(Brookshaw et al. 2013). The compositions of the two minerals
(as weight percent, wt%, major cations) are shown in Table 1.
The mineral fractions used in these experiments had relatively
similar surface areas (9.02 m2/g for biotite and 6.43 m2/g for
chlorite) allowing comparison between experiments with the
two minerals.

Sorption analysis

The kinetics of the sorption of Cs and Sr by biotite and chlorite
were determined in batch abiotic experiments, and compared
to previous work. In these experiments, pH remained stable
between 7 and 8, and the ionic strength of the solutions was
0.055 mol l¡1 and 0.057 mol l¡1 for Cs and Sr experiments,
respectively. In all four treatments, there was an immediate ini-
tial uptake of Cs and Sr (Figures 1A, 1B), with >85% and
>70% of the maximum sorption to biotite and chlorite,

Table 1. Biotite and chlorite compositions (wt% oxide), determined by EPMA.

Biotite Chlorite

Wt% Number in formula unit Wt% Number in formula unit

SiO2 39.472 3.000 22.703 2.6
TiO2 2.197 0.126 0.164 0.014
Al2O3 10.945 0.490 20.09 2.712
Cr2O3 0.01 0.000 0.019 0.002
MgO 13.349 0.151 5.452 0.931
CaO 0.007 0.001 0.013 0.002
MnO 0.528 0.034 0.247 0.024
FeO 17.109 0.950 38.409 3.296
Na2O 0.441 0.032 0.056 0.012
K2O 9.323 0.452 0.015 0.002
H2O 1.014 8.021
Fe2O3 0.069 0.383
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respectively, occurring within 4 h after spiking. This was fol-
lowed by continued slow sorption over the remainder of the
experiment. Biotite was found to be the more efficient sorbent
compared to chlorite, with the partitioning of 65% of the added
Cs and 49% of the Sr to the solid phase over a period of 72 h,
compared to the sorption by chlorite of 19% of the starting Cs
and 19% of the starting Sr concentration over the same period.

In sorption isotherm experiments, the pH remained stable
and did not exceed pH 8. The ionic strength of the solutions
ranged from »0.055 mol l¡1 to 0.06 mol l¡1 for Cs and from
0.057 mol l¡1 to 0.075 mol l¡1 for Sr. Isotherms for the equilib-
rium concentrations of Cs and Sr in relation to the calculated
concentrations on the solid show nonlinear (L-shaped) sorp-
tion of the contaminants to the minerals (Figure 1C). In all
treatments, the greatest percentage sorption occurred at lower
concentrations of the contaminants, suggesting saturation of
the high affinity sorption sites of the mineral and continued
sorption to lower affinity sites. The decrease in sorption rate
may also be due to a diffusion process, rather than an electro-
static sorption process (Cornell 1993; McKinley et al. 2004).
The distribution coefficients calculated at each concentration of
the contaminant are plotted in Figure 1D. There is a decrease
in the distribution coefficient with increasing starting concen-
tration, consistent with previously observed trends (Tsai et al.
2009).

The Langmuir sorption isotherm provided a good fit to the
experimental data (with R2 values above 0.95, Table 2). The fast
sorption in the first 4 h followed by continued slow sorption
over the remainder of the experiment reinforces the likely pres-
ence of at least two sorption sites on both minerals, a high affin-
ity and a low affinity site. The values for a (calculated using
Equation 2 detailed in Methods) for biotite were similar for Cs
and Sr (1.19 l mmol¡1 and 0.97 l mmol¡1 respectively) indicat-
ing that the affinity of the sorption sites in this mineral taken as
a whole (without differentiating between different sites), was
similar for both the monovalent and divalent contaminants
studied.

The greater sorption of Cs to biotite compared to Sr is
explained by a greater sorption density of Cs (67 mmol kg¡1)
than Sr (31.6 mmol kg¡1). In contrast, sorption sites in chlorite
have a greater affinity for Sr (1.18 mmol¡1) than Cs
(0.47 mmol¡1), but sorption was much lower than in biotite
due to a significantly lower site density (7.3 mmol kg¡1). The
values of these parameters were used to estimate the distribu-
tion coefficients (Kdl) for Cs and Sr partitioning to the two min-
erals (Table 2). These calculated Kdl values were similar to the
Kd values for the experiments at contaminant concentration of
5£10¡4 mol l¡1, indicating that the sorption processes at this
concentration are representative of the sorption behavior over
the range of concentrations studied.

Sorption during microbial reduction

Sorption of Cs and Sr to biotite and chlorite was studied in
experiments where S. oneidensis MR-1 was added to mediate
the reduction of mineral-associated Fe(III). Increase in the Fe
(II) percentage of the extractable iron, accompanied by a signif-
icant decrease in Eh (from 60 § 27 mV to¡150 § 34 mV (bio-
tite) and from 100 § 2 mV to ¡185 § 7 mV (chlorite)), shows
that significant bioreduction occurred in treatments where the
bacteria were added (Figure 2A). To understand the impact of
the bacteria on contaminant behavior, contaminant sorption is
examined in the context of the consequential microbial Fe(III)
reduction and resulting solution chemistry change; experiments
were conducted with and without bacteria.

After an initial instantaneous sorption of Cs to biotite and
chlorite, slow sorption of Cs continued until day 7. In that
time, there was no difference in the concentrations of Cs in
treatments with and without bacteria despite significant
changes in solution chemistry due to microbial reduction (sig-
nificant decrease in Eh and notable increase in pH, also accom-
panied by a rapid increase in acid-extractable Fe(II)). Sustained
Fe(III)-reducing conditions were established in treatments with

Figure 1. Concentrations of Cs and Sr in solution in experiments with (A) biotite and (B) chlorite in abiotic experiments. In adsorption isotherms (C) each point represents
the average of triplicate measurements with error bars giving the standard error for the measurements. Calculated Kd values (D) in relation to the starting concentration
[C0] (the X-axis is shown as log10 of [C0] for ease of viewing of the data).
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added cells of S. oneidensis between 14 and 25 days, and the
maximum Fe(II) percentages were recorded as 92 § 2% in bio-
tite and 86 § 3% in chlorite. During this stage of reduction, Eh
levels were typical for Fe(III)-reducing conditions (¡70 mV to
¡225 mV) and pH remained relatively stable, with little differ-
ence between the pH in experiments with and without added
bacteria. During this period there was slow continued removal
of Cs in experiments with biotite with no difference between
treatments with and without bacteria (0.14 mmol l¡1 Cs
remained in solution in both on day 25). There was no further
Cs sorption to chlorite in treatments containing bacteria (Cs
concentration remained 0.40 mmol l¡1 throughout this phase)
while, interestingly, some further slow removal of Cs was
observed (from 0.40 mmol l¡1 on day 7 to 0.35 mmol l¡1 on
day 25) was observed in the uninoculated treatments with this
mineral. No significant increase in Fe(II) was observed after
day 25, suggesting the end of microbial Fe(III) reduction had
occurred by day 25.

Initial instant Sr sorption by both minerals was followed, on
day 7, by detectable desorption of Sr in experiments with bacte-
ria, although this latter process was not a feature of the experi-
ments without bacteria. During the 14–25-day sustained Fe(III)
reduction phase, no further sorption of Sr was observed in bio-
reduction treatments, but there was continued slow removal of
Sr by the minerals in the experiments without bacteria.

After 32 days, sorption of Cs to biotite in the presence of the
added bacteria did not differ significantly to that in systems
without the microbial inoculum (with Kd32 of 90.7 l kg¡1in
experiments with bacteria and 130.9 l kg¡1 in uninoculated
controls). In contrast, sorption of Cs to chlorite was actually
lower in experiments with added bacteria (Kd32 D 6.9 l kg¡1)
compared to the equivalent uninoculated treatments (Kd32 D
14.5 l kg¡1). No further sorption of Sr to biotite had occurred
in experiments without bacteria (Kd32 D 36 l kg¡1), yet in all
other experiments there was desorption (inoculated biotite:
Kd32 D 21 l kg¡1; uninoculated chlorite: Kd32 D 4.54 l kg¡1).
Indeed, greatest desorption of Sr occurred in experiments with
chlorite where bacteria were present, and all of the initial
sorbed Sr was desorbed by the end of the experiment (day 32).
In the experiments containing Cs and Sr during bioreduction
of Fe(III), in all cases the apparent distribution coefficients at
day 32 were lower than those for the equivalent abiotic experi-
ments without bacteria.

Whereas there were no significant differences between the
amount of Cs and Sr adsorbed to chlorite, biotite showed
greater affinity for Cs than Sr. This points to differences in the
Cs sorption sites available on the two minerals studied. The
nonlinear distribution of Kd values further supports the likely
change of the dominance of sorption sites as low-number,

Table 2. Langmuir sorption isotherm parameters.

Cs Sr

Mineral a (L mmol¡1) b (mmol kg¡1) R2 Kdl (kg L
¡1) Kd

a (kg L¡1) a (L mmol¡1) b (mmol kg¡1) R2 Kdl (kg L
¡1) Kd

� (kg L¡1)

Biotite 1.19 67 0.95 76.36 54.95 0.97 31.6 0.99 30.77 22.18
Chlorite 0.47 18.8 0.99 8.82 6.61 1.18 7.3 0.97 8.19 4.79

a,�
Distribution coefficient for the median concentration of 5£10

¡4
mo l

¡1
.

Figure 2. Cs and Sr behavior in microbial reduction experiments: (A). Fe(II) concen-
tration as a percentage of the total acid-extractable iron; (B). Cs remaining in solu-
tion in experiments with biotite and chlorite in the presence and absence of
bacteria; (C). Sr remaining in solution in experiments with biotite and chlorite in
the presence and absence of bacteria; (D). pH evolution during the experiments.
Each point represents the average of triplicate measurements and the error bars –
the standard error. The phases of microbial reduction, as discussed in the text, are
highlighted: dark grey– early Fe(III) reduction; pale grey– sustained Fe(III) reduc-
tion; medium grey– no further reduction.
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high-affinity sites became occupied at greater contaminant con-
centrations (Barnett et al. 2000), but sorption to high number,
low-affinity sites continued. The typically observed sorption of
Cs to high affinity edge sites on biotite surfaces (Tsai et al.
2009) may have prevented significant desorption due to the
presence and activity of bacteria. The lack of bacterial-stimu-
lated desorption further suggests that stable inner sphere com-
plexes were formed at these sites. The marked difference in
behavior of Sr compared to Cs is consistent with a less “secure”
sorption process occurring in these systems, likely adsorption
by the formation of outer sphere complexes (Sahai et al. 2000).

Our results suggest that, surprisingly, Cs and Sr sorption to
biotite and chlorite was not affected by the changes in the
chemistry of the solution due to microbial Fe(III) reduction
(such as an increase in pH (Thorpe et al. 2012). Bacteria may
provide biosorption sites on the added biomass, but this effect
was not observed in additional control experiments containing
just biomass and no mineral substrate. Both the physical pres-
ence of the bacteria and biogeochemical processes such as
microbially mediated Fe(III) reduction appear to lead to the
observed differences between experiments with and without
bacteria. The unexpected result was the neutral or deleterious
effects on Cs and Sr sorption.

Organic matter associated with respiring bacteria has been
shown to modify the sorption properties of biotite and chlorite
(Bellenger and Staunton 2008). However, these authors
observed enhanced sorption of Sr to phyllosilicates, unlike the
decrease in sorption observed in the present study. Conversely,
decreased sorption of Cs during microbial sulphate reduction
has been attributed to bacteria physically blocking sorption
sites on minerals (West et al. 1991), but a more recent study
suggested that microbial activity, rather than the physical pres-
ence of bacterial cells, was responsible for the lower sorption
seen in experiments with respiring bacteria (Russell et al.
2004). Microbial Fe(III) reduction potentially directly modifies
the mineral structure and disrupt layer charges which could
alter the site density and affinity for the contaminants, causing,
for example, desorption of outer-sphere complexes from low
affinity sites.

Evolution of solution chemistry

In Figure 3 are shown the concentrations of the cations that
may be involved in mineral equilibration, microbial mineral
reduction and cation exchange processes, (Si, Al, Ca, K, Mg, Fe,
and Mn), associated with the different treatments at 0, 4, 14
and 25 days. Their release in solution is considered in the con-
text of cation location within the mineral structure to under-
stand the effect of microbial Fe(III) reduction on the stability of
the different mineral layers and infer the potential effects on
mineral charge and distribution of sorption sites.

The mineral present and its treatment affected the concen-
tration in the aqueous phase of cations representative of the tet-
rahedral layer (Si) and the octahedral layer (Mg). Greater
release of Si (significant at the 5% confidence level based on
triplicate sample measurements, p < 0.05, 3), Mg and Mn (p <

0.001, 3) occurred in the experiments with biotite compared to
those with chlorite, the former being more labile in the experi-
mental solutions (Brookshaw et al. 2013). The concentrations

in solution of the octahedral cation Mg (both minerals) and in
biotite, the interlayer cation K, increased as the experiment pro-
gressed due to mineral equilibration with the solution (seen in
experiments both with and without bacteria). Of great impor-
tance is the observation that microbial reduction of the Fe(III)
in both minerals caused a significant increase in the aqueous
concentrations of both Mg and K compared to the equivalent
uninoculated controls (in all cases, p < 0.05, 3); this can be
directly related to the destabilization of the O layer and cation
exchange in the interlayers due to microbial reduction of Fe
(III) in this layer.

In experiments without bacteria, there was no significant
change in the concentration over time of Fe and Mn in solution.
Mn in biotite was approximately twice as labile as that in chlorite
(1.3% of the biotite-associated Mn dissolved compared to

Figure 3. Comparisons of cation concentrations for different treatments at time
points 0, 3, 14 and 25 days. Error bars represent the standard error of triplicate
measurements.
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0.3–0.6% of the chlorite-associated Mn). The concentrations of
Fe in solution were similar for the two minerals when related to
the amount of Fe available in each mineral, but very low, sug-
gesting most of the reduced Fe remained associated with the
solid phase (sorbed to the minerals or as structural Fe). In
experiments with bacteria, microbially mediated Mn(IV) reduc-
tion and Fe(III) reduction led to a significant increase in the
solution concentration of Fe and Mn, with maxima detected typ-
ically on day 14 in both minerals. Microbially mediated metal
reduction enhanced the release of Mn two-fold compared to the

abiotic controls. In experiments with both minerals where bacte-
ria were added, soluble Fe was an order of magnitude higher
than in the equivalent abiotic experiments on days 4 and 14, but
represented less than 0.1% of the Fe available in the bulk mineral
(less than 0.12 mmol l¡1, and typical concentrations recorded by
Ferrozine extraction were 100 mmol l¡1), indicating that most of
the reduced Fe remained sorbed to the mineral or locked within
the mineral structure.

The Ca concentrations in different experiments can be cor-
related with the type of contaminant present, but is not affected

Figure 4. Cs and Sr behavior during reoxidation. (A and B) Fe(II) concentration as % of total extractable Fe during oxidation of biotite and chlorite respectively. (C and D)
Cs concentrations in solution normalized to the concentrations in abiotic controls (where a value of 1 shows that both concentrations are equal, < 1 shows that there is
less Cs in solution in the experiment compared to the abiotic control, and > shows that there is more Cs in solution than in the abiotic control). (E&F) Sr concentrations
remaining in solution, normalized to concentrations in the abiotic controls. The bars represent the average value and the error bars the standard error of triplicate
measurements.
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by the type of mineral present or the presence of bacteria. The
solution concentrations of Ca in experiments with biotite and
Cs (0.097–0.277 mmol l¡1) exceeded the amount of Ca avail-
able in the biotite based on EPMA results (»0.033 mmol l¡1;
see Table 1), suggesting the dissolution of secondary Ca-con-
taining mineral such as calcite (that may have been present as a
microscopic, minor impurity in the experiments). Significantly
higher concentrations of Ca were detected in all experiments
with Sr (0.602–0.867 mmol l¡1 and 0.650–1.031 mmol l¡1 in
experiments with biotite and chlorite, respectively). These Ca
concentrations are higher than the maximum Sr concentrations
used in the experiments; however, the majority of the added Sr
remained in solution. This suggests that, whereas Sr may
enhance the dissolution of Ca-containing minerals, removal of
Sr from solution is controlled by the stable mineral surfaces
present (biotite and chlorite) and not an exchange/incorpo-
ration interaction with another Ca-containing mineral.

Re-oxidation experiments

After maximum levels of microbial Fe(III) reduction were
revealed on day 25 (Figure 1A and Figures 4A, 4B), one set of
the biominerals were oxidized by addition of air, and another
set by the addition of nitrate, as shown by the grey box on
Figure 4. Oxidation of Fe(II) in the acid-extractable fraction
occurred in both biotite and chlorite. The Fe(II) concentrations
at the end of the experiment (56.2 § 56.2% and 49.7 § 1.8%,
respectively) are not significantly different from the Fe(II) con-
centrations in the acid-extractable iron in the respective miner-
als in the uninoculated controls (p > 0.05, open symbols on
Figure 4A). These concentrations are also very similar to the
starting Fe(II) of the acid-extractable iron in the minerals, sug-
gesting that only the bioreduced Fe(II) was re-oxidized by the
addition of air.

The oxidation of the minerals by aeration led to increased
removal of Cs and Sr in all experiments, as can be seen by the
decrease in the concentration of these contaminants from day
25 to day 32 (Figures 4C–F). This indicates that O2-driven oxi-
dation increased the sorption capacity of these systems (e.g., by
precipitation of secondary insoluble oxides) compared to both
the uninoculated experiments and those where reducing condi-
tions were maintained; for example, by the formation of sec-
ondary Fe(III)- and Mn(III/IV)-oxyhydroxides. Indeed, the
addition of air was accompanied by a significant decrease in
the solution concentration of both Fe and Mn from day 25 to
day 32 (Table 3) (pmax < 0.05, 3 for Fe in all treatments, and p
< 0.001, 3 for Mn).

No enhanced removal of Cs or Sr was observed when re-oxi-
dation was caused by nitrite released from the microbial reduc-
tion of nitrate; the concentrations of Cs and Sr remained
comparable to those in experiments where Fe(III) reducing con-
ditions were maintained. In experiments with biotite, there was
no significant difference (at the 5% level) in the Fe and Mn aque-
ous concentrations before and after oxidation via addition of
nitrite. Interestingly, in chlorite, nitrate oxidation was associated
with a decrease in the aqueous concentrations of Fe and Mn, sig-
nificant at the 1% level (p < 0.01, 3). As no significant increase
in the sorption capacity of this system was observed, it is unlikely
that this decrease resulted from the formation of secondary,
potentially sorbing, phases. Instead, the addition of nitrate may
have caused cation exchange leading to sorption of Fe and Mn
from the aqueous phase. However, since the solution concentra-
tions of Fe(II) and Mn (II) were so low compared to the concen-
trations of the competing cations (Figure 4), such an exchange
process did not lead to a significant change in the concentration
of Cs or Sr in these experiments.

Conclusions

The sorption of Cs and Sr onto biotite and chlorite reveals fast
sorption to high affinity, high density sites and slower sorption
to lower affinity, lower density sites. Microbially mediated
reduction of Fe(III) associated with biotite and chlorite is
extensive but leads to either no change or less sorption of Cs
and Sr than abiotic systems. For Sr, the initial sorption is fol-
lowed by desorption if bacteria are present. The trends seen do
not correlate with significant changes in pH, and are unlikely
to result from any physical effect due to the presence of bacte-
ria, such as the blocking of sorption sites. Instead, microbially
mediated Fe(III) reduction appears to cause significant mineral
dissolution (including greater loss of Fe, Mg, Mn and K from
the minerals than in bacteria-free conditions), which alters and
removes the types of sorption sites available for Cs and Sr
contaminants.

For example, a simple change in the mineral charge may have
caused desorption of outer-sphere complexes of Cs and Sr from
the basal planes of chlorite or Sr from biotite. The re-oxidation
of the samples (by air) increases the sorption capacity of the sys-
tem, probably through the formation of secondary Fe(III)
and Mn(III/IV) oxyhydroxides, whereas complete oxidation of
acid-extractable Fe by the addition of nitrate does not a detect-
able change in the solution concentrations of Cs and Sr. Micro-
bial metal reduction is an important remediation strategy,
imm-obilizing redox-active contaminants. However in the

Table 3. Mn and Fe concentrations at day 25 and day 32 (ICP-MS).

Biotite C Air Chlorite C Air Biotite C Nitrate Chlorite C nitrate

Cs Sr Cs Sr Cs Sr Cs Sr

Fe (25) a 11.1 (0.7) b 10.5 (0.3) 33.0 (2.3) 34.7 (5.7) 13.9 (4.7) 8.4 (0.6) 43.9 (2.2) 69.1 (29.9)
Fe (32) 4.8 (0.1) 3.6 (0.2) 6.7 (0.7) 9.3 (4.2) 14.1 (3.6) 8.0 (0.7) 23.0 (1.9) 18.5 (3.4)
Mn (25) 29.6 (1.0) 29.0 (1.1) 9.8 (0.1) 9.5 (0.2) 24.3 (0.1) 25.1 (0.7) 10.0 (0.1) 10.2 (0.3)
Mn (32) 14.9 (1.1) 14.0 (0.2) 2.3 (0.2) 2.2 (0.4) 25.1 (0.4) 26.1 (0.2) 8.0 (0.2) 7.3 (0.2)

aCation concentration for Fe or Mn at day 25 or 32 (shown in brackets).
bResults shown as mM concentrations with standard error in brackets.

GEOMICROBIOLOGY JOURNAL 213



microbe-mineral systems examined here, Cs and Sr contamina-
tion is not retarded by microbial reduction activity. This reinfor-
ces the need for examination of coupled systems relevant to
radionuclide behavior in subsurface environments. In particular,
a further understanding of the mechanisms by which microbial
Fe(III) reduction in key minerals such as biotite and chlorite
affects their sorption properties is needed to make the large body
of information on sorption processes relevant to environmental
studies, and useful predictive models for complex wastes.
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