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The in situ alteration of Fe redox states in subsurface soils by bacteria, otherwise known as bioreduction, may play a key role in the
immobilization of hazardous redox active metals such as U, Tc, and Cr. The objective of this study was to characterize changes in Fe
mineralogy occurring in a subsurface soil as a result of biostimulation in order to evaluate the bioremediation potential of this approach.
Biostimulation was achieved by injecting glucose into the soil through a small well next to a sampling well. Cores taken from the sampling well were analyzed by variable-temperature 57Fe Mössbauer spectroscopy. Results revealed that biostimulation resulted in an overall loss of Fe from the system and major changes in the distribution of its oxide and oxyhydroxide mineral forms. Compared to the
non-biostimulated soil, the spectral components assigned to goethite were greatly diminished in intensity in the samples that had been
biostimulated, whereas the hematite component was appreciably increased. The Fe(II):Fe(III) ratio in the non-oxide phase (aluminosilicate clay minerals) also increased, indicating that the bioreduction processes in the soil also aﬀected the redox state of Fe in the
constituent clay minerals.
 2006 Elsevier Inc. All rights reserved.
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Intense eﬀorts are underway to remediate radionuclide
contaminated soils by stimulating the growth of indigenous
bacteria to promote the in situ immobilization of U, Tc, Cr,
and other harmful metals generated from nuclear power
and weapons production (Kukkadapu et al., 2001; Senko
et al., 2002, 2005; Petrie et al., 2003; Fredrickson et al.,
2004; Istok et al., 2004; North et al., 2004; Michalsen
et al., 2006). To stimulate bacterial activity in the sub-surface soils, a carbon source such as ethanol, acetate, or
glucose can be injected into the soil through a smalldiameter well. The reducing environment created by bacterial activity aﬀects all redox-sensitive constituents in the
soil, including the ubiquitous Fe-bearing minerals, and
impacts synergistic relationships among these minerals
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and the target radionuclides in the system. Iron is by far
the most abundant redox-active metal in the soil and cycling between Fe(II) and Fe(III) is a prominent factor
aﬀecting chemical processes in soils, especially where large
periodic changes in water contents occur (Ponnamperuma,
1972). The oxidation state of Fe thus provides a valuable
indicator of the redox status of the soil and greatly inﬂuences redox processes.
Among the Fe-bearing minerals in soils, the most common are aluminosilicate clay minerals and iron oxides or
oxyhydroxides (Schwertmann, 1988). The oxidation state
of structural Fe in the clay minerals alters the physicalchemical properties of their surfaces (Stucki, 2006) and
reducing environments greatly enhance the dissolution potential of the Fe oxides, which generally control the levels
of Fe in solution. The particular Fe oxide mineral phase
also inﬂuences the chemical behavior of other elements in
the system. For example, Dodge et al. (2002) reported that
when U is co-precipitated with maghemite, magnetite, or
goethite, the uranium species are oxyhydroxides and are
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2. Materials and methods
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The samples used were obtained from contaminated
and biostimulated subsoils at the US Department of
Energy (DOE) Field Research Center (FRC) at Oak
Ridge National Laboratory, Tennessee. These soils were
contaminated with varying amounts of U and Tc, among
other elements, over a period of more than two decades
and have been investigated through a series of singlewell, push-pull tests to determine the feasibility of using
in situ biostimulation as a means for radionuclide immobilization. Studies (Petrie et al., 2003; Istok et al., 2004;
North et al., 2004) found that indigenous Fe-reducing
bacteria responded to injection of electron donors (acetate, glucose, or ethanol) by catalyzing the reduction
and immobilization of U(VI) in the soil. The mineralogy
and redox state of Fe in the surrounding soil minerals
are believed to play an important role in this process.
In order to characterize these changes in the Fe minerals
more completely, parallel samples to those investigated
by Petrie et al. (2003) and North et al. (2004) were submitted to analysis by variable-temperature Mössbauer
spectroscopy. The samples selected were: (1) FWB302
taken from an uncontaminated background area; (2)
FWB032-01-05 taken from the contaminated subsoil
(without biostimulation) in push-pull well identiﬁed by
Istok et al. (2004) as FW32; and (3) FB45-01-42 taken
from the glucose biostimulated subsoil in a nearby well
labelled FB45 by Istok et al. (2004). The reader should
consult Petrie et al. (2003) and North et al. (2004) for
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further information about these samples. A limited number of analyses were also performed on cores removed
from wells labelled FW27, FW31, FW33, and FW34,
which were located near well FW32.
After sampling, care was taken to protect the samples
from the atmosphere and from signiﬁcant bacterial activity by enclosing them in Ar purged tubes at the site, then
freezing them to 77 K in liquid nitrogen (see description
by North et al., 2004). Samples were kept frozen until
used, then inert atmosphere techniques were used in order
to minimise changes in oxidation state during laboratory
handling (Stucki et al., 1984). No attempt was made to
dry or homogenize samples by grinding or extensive mixing; sub-samples were selected for study by manually
removing large (predominantly quartz) grains by eye under a N2 atmosphere. Samples were analyzed for Fe(II)
and total Fe using the 1,10-phenanthroline method of
Komadel and Stucki (1988), which, unlike the commonly
used Ferrozine method (Stookey, 1970; Lovley and Phillips, 1986), is reliable for the quantitative determination
of the diﬀerent oxidation states of Fe in both silicate
and oxide minerals.
2.1. Mössbauer spectroscopy
Mössbauer spectra were acquired in transmission
mode using a Web Research (Edina, Minnesota) spectrophotometer equipped with a Janis (Wilmington,
Massachusetts) Model SHI-850-5 closed cycle refrigerator
(CCR) cryostat. This cryostat is capable of reaching
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readily dissolved in concentrated HCl, whereas with lepidocrocite and ferrihydrite the uranium species resist dissolution. If U is co-precipitated with green rust, it is in
the U(IV) form. Upon exposure to air, both U and green
rust are oxidized rapidly, which converts green rust to
magnetite and remobilizes the U. Understanding how
the Fe minerals are aﬀected by biostimulation in soils
thus can give key insight into the behavior of targeted redox-active species. It also aids in the development of reliable theoretical models as valuable tools for predicting
the fate of U in contaminated soils. At present, the utility
of such models is marginalized because of the lack of
reliable information about the behavior of Fe minerals
in the system.
The purpose of the current study was to narrow that gap
by characterizing changes in Fe mineralogy occurring in a
biostimulated soil using variable-temperature Mössbauer
spectroscopy. The objective was to investigate how Fe minerals are aﬀected by biostimulation in the U-contaminated
soils. This is by no means a straightforward exercise, since
several Fe-containing phases could be present and a considerable fraction of the Fe could be of a poorly crystalline
or amorphous nature. The overall Fe concentrations are,
moreover, only about 5–6 mass % of the soil. These mineral
forms are, therefore, diﬃcult to identify by conventional
X-ray powder diﬀraction.
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Table 1
Temperatures at which magnetic hyperﬁne interactions are observed for
Fe oxides and oxyhydroxides as sextet lines in the Mössbauer absorption
spectrum (from Stevens et al., 1983; Murad and Johnston, 1987; Murad,
1988)
Iron oxide/
oxyhydroxide

Magnetic
ordering
temperature
(K)

Hyperﬁne
magnetic ﬁeld,
Bhf (T)

Temperature
(K) of
Mössbauer
spectrum

Hematite

955

51.8 at 295
53.5a, 54.2
53.3a, 54.2

298
77
4.2

Magnetite
Maghemite

850
743–985

49.2, 46.3, and 45.1
50.0
52.6
52.6

298
298
77
4.2

Goethite (well
crystallized)
Goethite
(poorly
crystallized)
Lepidocrocite
Ferrihydrite
(6-line)
Ferrihydrite
(2-line)

393

38.2

298

<77

50.0
50.6

77
4.2

<77
<77

45.8, 52.5
49.3, 50.0

4.2
4.2

<77

46.5

4.2

a

Above the Morin transition temperature.

Mössbauer spectroscopy of biostimulated sub-soils

sample temperatures in the region of 4.2 K without the
addition of cryogenic liquids. The sample temperature
was controlled with a Web model WTC-102 autotuning
temperature controller. Spectra were acquired into 1024
channels with a drive system operating with a triangular
waveform using a 57Co in Rh source of nominal strength
50 mCi (1.85 GBq) (Ritverc GmbH, St Petersburg,
Russia).
A 7-lm natural abundance Fe foil was used for velocity
calibration of the spectrophotometer and isomer shifts are
expressed relative to the center of the iron metal resonance.
Spectra at the various temperatures were initially interpreted according to the guidelines listed in Table 1, which reports generalizations from the literature regarding the
mineral(s) that will likely be observed at the various sample
temperatures.
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for calculating the hyperﬁne ﬁeld distributions (HFD).
The HFD of the sextet component was determined by
ﬁxing d, e, and line width and calculating the probability
(intensity · line width of the transition) for many incremental values of Bhf over the expected range for Fe oxides and oxyhydroxides. To further optimize the ﬁtting
procedure and to achieve internal consistency, the maximum probability values for Bhf were then entered back
into the site analysis routine to yield the results reported
in Table 2. Spectra illustrated in Figs. 2 and 3 resulted
from the site analysis method and the HFD are presented in Fig. 4.
3. Results and interpretation

Mössbauer spectra (Figs. 1–3) from samples at 298, 77,
and 4.2 K all consisted of a mixture of sextet and doublet
components arising from Fe(III) in iron oxides and oxyhydroxides (hereafter referred to as Fe oxides) and from
Fe(III) and Fe(II) in aluminosilicate clay minerals. The
spectral component assigned to Fe(III) in aluminosilicate
clay minerals could also partly correspond to low spin
Fe(II) from minerals such as pyrite. However, since this
mineral phase would not be expected to decrease under
the conditions of the present experiment, its possible presence would have no eﬀect on any of the conclusions from
the present study. Hyperﬁne ﬁeld distributions (HFD)
demonstrated the existence of multiple sextets of magnetically ordered components in the samples at each temperature (Fig. 4).
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2.2. Data analysis
Analyses of the Mössbauer spectra were performed
assuming Lorentzian line shapes. Speciﬁc site analysis
was carried out by initializing the iterative ﬁtting procedure with estimated values for the isomer shift (d), quadrupole splitting (D, doublet lines), quadrupole shift (e,
sextet lines), line width, component area, and magnetic
hyperﬁne ﬁeld (Bhf, sextet lines), then allowing the program to optimize the ﬁt to converge to a v2 value as
close to 1.00 as possible. Hyperﬁne parameters for the
doublet components obtained from the site-analysis
method were then used as ﬁxed values in the method
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Table 2
Mössbauer hyperﬁne parameters from radionuclide contaminated sub-surface soil before and after biostimulation with glucose
Soil treatment

T (K)

Peaks

Fe Ox. state

Hyperﬁne parameters

Non-biostimulated

298

Doublet
Doublet
Sextet 1
Doublet
Doublet
Sextet 1
Sextet 2
Doublet
Doublet
Sextet 1
Sextet 2

1
2

Doublet
Doublet
Sextet 1
Doublet
Doublet
Sextet 1
Sextet 2
Doublet
Doublet
Sextet 1
Sextet 2
Sextet 3

1
2
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d (mm/s)

Au

4.2

Biostimulated with glucose

298

77

4.2

n/a, not applicable.

1
2

1
2

1
2

1
2

D or e (mm/s)

Bhf (T)

Area (%)

v2

Fe(III)
Fe(II)
Fe(III)
Fe(III)
Fe(II)
Fe(III)
Fe(III)
Fe(III)
Fe(II)
Fe(III)
Fe(III)

0.27
1.05
0.43
0.36
1.14
0.52
0.54
0.37
1.15
0.51
0.46

0.58
2.82
0.10
0.70
3.14
0.99
0.01
0.73
3.12
0.09
0.13

n/a
n/a
51.1
n/a
n/a
47.5
53.3
n/a
n/a
49.5
53.7

81.9
9.2
8.9
37.0
7.9
52.4
2.7
32.5
5.7
55.6
6.2

0.98

Fe(III)
Fe(II)
Fe(III)
Fe(III)
Fe(II)
Fe(III)
Fe(III)
Fe(III)
Fe(II)
Fe(III)
Fe(III)
Fe(III)

0.29
1.08
0.47
0.37
1.17
0.54
0.55
0.38
1.18
0.52
0.44
0.52

0.64
2.84
0.08
0.69
3.02
0.09
0.03
0.74
3.11
0.66
0.01
0.05

n/a
n/a
51.7
n/a
n/a
46.7
53.2
n/a
n/a
49.6
53.4
46.5

68.2
16.6
15.2
51.1
17.5
17.2
14.1
48.2
12.6
18.4
17.2
3.6

1.38

1.39

1.72

1.19

1.31
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Fig. 1. Mössbauer spectrum of FRC background sub-surface soil from
well FW302, without biostimulation, at 298 K, including components
from curve ﬁtting using a site analysis algorithm. Relative peak areas:
Fe(III) doublet, 85.8%; Fe(II) doublet, 9.2%; Fe(III) sextet, 4.9%.
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Fig. 3. Mössbauer spectra of FRC contaminated sub-surface soil from
well FW032, after biostimulation with glucose, at 298 K (A), 77 K (B), and
4.2 K (C), including components from curve ﬁtting using a site analysis
algorithm. Hyperﬁne parameters are given in Table 2.
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Fig. 2. Mössbauer spectra of FRC contaminated sub-surface soil from
well FW032, without biostimulation, at 298 K (A), 77 K (B), and 4.2 K
(C), including components from curve ﬁtting using a site analysis
algorithm. Hyperﬁne parameters are given in Table 2.

The Mössbauer spectrum at room temperature (Fig. 1)
of the background soil material (FW302) revealed relative
peak areas for hematite to be about 4.6% and of Fe(II) in
the phyllosilicate phase to be about 9.2%, with the remaining area attributable to Fe(III) in the phyllosilicate and
non-magnetically ordered Fe oxide phases such as goethite.
Spectra (not shown) from wells FW27, FW31, FW33, and

Fig. 4. Hyperﬁne ﬁeld distributions (HFD) from Mössbauer spectra of
FRC contaminated sub-surface soil from well FW032, before (A–C) and
after (D–F) biostimulation with glucose, at 298 K (A and D), 77 K (B and
E), and 4.2 K (C and F).

Mössbauer spectroscopy of biostimulated sub-soils
Table 3
Total Fe and Fe(II) contents of contaminated soil before and after
biostimulation

No biostimulation
Biostimulated with
glucose

mmol/g
sample

% of total
Fe

mmol/g
sample

wt% of
sample

0.070
0.093

6.87
11.07

1.024
0.841

5.72
4.70
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FW34 revealed similar low amounts of hematite in their
Mössbauer spectra. A relatively low hematite content thus
appears to be the general trend throughout the soils of the
study area and others (Kukkadapu et al., 2006; Michalsen
et al., 2006) reported similar results.
Chemical analysis of the contaminated soil (Table 3)
showed that biostimulation decreased the total Fe content
of the sample from 1.024 mmol Fe/g sample (5.7 wt%) to
0.84 mmol Fe/g sample (4.7 wt%) and increased the Fe(II)
content from 0.07 mmol Fe/g sample (6.87% of total Fe) to
0.093 mmol Fe/g sample (11.07% of total Fe). Results from
the 4.2 K Mössbauer spectra showed similar values with
the Fe(II) component increasing from 5.7% to 12.6% of
the spectral area (Table 2).
The fraction of Fe giving sextets increased progressively
with decreasing temperature in all cases. In situ biostimulation clearly invoked further signiﬁcant alterations in the
spectra, indicating transformations in the Fe oxides and
changes in oxidation state of the structural Fe in the aluminosilicate clay mineral. These results will now be described
in more detail according to the recording temperature.

co

Includes both Fe oxide and aluminosilicate clay mineral phases.
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Total Fea

Fe(II)

method. Hematite would appear, therefore, to be the Fe
oxide that is responsible for this magnetic hyperﬁne structure. The rather broad distribution in magnetic ﬁeld values
(Fig. 4A) further suggests that the hematite has variable
levels of crystallinity and/or Al substitution.
Biostimulation caused an overall decrease in the total Fe
content of the sample (Table 3), but increased the Mössbauer spectral intensity of the sextet component relative
to the doublets at 298 K (Table 2; compare Figs. 2A and
3A). Biostimulation, therefore, preferentially dissolved
the Fe phase that was non-magnetically ordered at this
temperature and/or converted some of the non-magnetically ordered Fe phase into a magnetically ordered phase. The
HFD (Fig. 4D) revealed, in fact, that the magnetically
ordered phase is better organized than prior to biostimulation, with a single dominant probability at Bhf = 52.0 T,
corresponding to a reasonably well deﬁned hematite
(Table 2). Biostimulation, therefore, apparently increased
the amount of hematite and possibly improved its
crystallinity.
The intensity of the Fe(II) doublet (its higher velocity
component clearly resolved at about 2.6 mm/s) also
increased from about 9.2% to 16.6% of the total absorption
intensity as structural Fe in the aluminosilicate clay mineral
became more reduced by bacterial activity. Biostimulation thus altered both the Fe oxide and aluminosilicate
phases.
Notice, further, that the relative intensity of the Fe(II)
doublet varies with temperature (Table 2). Such variations
may arise from diﬀerences in the recoil-free fractions of absorbed c rays by the various Fe(II) and Fe(III) components. Spectra at the lowest possible temperature are
normally preferred in making this calculation because
any diﬀerences in recoil-free fraction will be at a minimum.
The recoil-free fraction for Fe(II) is normally lower than
that for Fe(III) in similar structures, which should cause
the relative area of Fe(II) to Fe(III) to increase with
decreasing temperature. Interestingly, the opposite was
found in the current study. The reason is probably the consequence of the recoil-free fraction of poorly crystalline Fe
oxides (which contain much of the Fe(III) in these samples)
being lower than that of the aluminosilicate minerals
(which contain the Fe(II)).
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3.1. 298 K
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The Mössbauer spectrum of the non-biostimulated subsoil at 298 K (Fig. 2A) was dominated by a Fe(III) doublet,
with secondary peaks due to Fe(II) and a magnetically ordered Fe(III) component (Fig. 4A). The Fe(II) is assigned
to structural sites in aluminosilicate phases. The magnitude
of its quadrupole splitting allows elimination of the presence of signiﬁcant amounts of solvated Fe2+ in cation exchange sites. The sextet component arises from Fe(III) in
magnetically ordered Fe oxide phases and the Fe(III) doublet represents both Fe(III) in the aluminosilicate phase
and in Fe oxide phases that are not magnetically ordered
at that temperature.
The existence of a sextet at room temperature is normally indicative of the presence of hematite, magnetite, and/or
maghemite (Table 1). The magnetic hyperﬁne ﬁeld distribution (HFD) (Fig. 4A) revealed the most probable Bhf value
to be 51.4 T and the quadrupole shift was 0.28 mm/s
(Table 2). Passing a magnet through the sample failed to
scavenge any mineral particles, so maghemite and magnetite were considered unlikely, although small amounts
could have been present but evaded detection by this

3.2. 77 K
Cooling the non-biostimulated sample to 77 K generated considerable sextet structure with two distinct components, which were clearly visible in both the absorption
spectrum (Fig. 2B) and the HFD (Fig. 4B). The dominant
sextet was at Bhf = 48.4 T and is assigned to goethite because this hyperﬁne ﬁeld, as well as the other hyperﬁne
parameters (Table 2), are within the range reported for
Al-substituted goethites (e.g., Golden et al., 1979; Goodman and Lewis, 1981; Murad and Schwertmann, 1983).
The weaker sextet in Fig. 2B was at Bhf = 53.1 T and is
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At 4.2 K the sextet pattern in the non-biostimulated soil
was dominated by one goethitic component (Figs. 2C and
4C). The hematite, though still visible, was only a minor
feature. At this temperature, all of the Fe oxides should
be magnetically ordered, so Figs. 2C and 4C provide a clear
view of the distribution of Fe among the various possible
phases, revealing that the Fe oxides accounted for about
60% of the Fe in the non-biostimulated sample and goethite comprised over 90% of the Fe oxide (Table 2). The
hematite phase accounted for about 6% of the total Fe
and the aluminosilicate phase for about 38%. About 18%
of the Fe in the aluminosilicate was in the Fe(II) state.
The HFD for the non-biostimulated sample shows little
probability in the range 45–47 T, indicating little if any ferrihydrite in this sample.
A comparison of the relative intensities of the goethite
component at the diﬀerent temperatures also gives an
impressive example of how the magnetic order of this mineral increases with lower temperatures. At 298 K, the goethite spectrum is collapsed under the central doublet and
thus is indistinguishable from other non-magnetically ordered Fe phases, including Fe(III) in the aluminosilicate
clay minerals. At 77 K, peaks could be assigned positively
to the goethite phase, but its total abundance was unclear
because of the possible presence of a disordered Al-rich
fraction that remained as a doublet in the Mössbauer spectrum at that temperature. At 4.2 K, however, all of the Fe
oxide components show magnetic hyperﬁne structure and
the goethite phase is clearly evident (Figs. 2C and 4C).
Studies of soils and subsoils by Mössbauer spectroscopy
which exclude measurements at or near 4.2 K (e.g., Zachara et al., 2004; Kukkadapu et al., 2005) are, therefore,
limited in their ability to diagnose correctly the Fe oxides
in the system.
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3.3. 4.2 K

Comparing the spectra at 4.2 K for the non-biostimulated soils (Figs. 2C and 4C) with those that had been biostimulated (Figs. 3C and 4F) revealed that biostimulation
caused dramatic changes in the Fe mineralogy of this subsurface soil. The ﬁrst important diﬀerence was that the
sextet pattern at 4.2 K was much less intense than in the
non-biostimulated sample (from about 56% of the total
area to about 39%; Table 2; compare Figs. 2C and 3C).
These values are in excellent agreement with the analytical
data (Table 3) which showed that about 18% of the total Fe
was lost as a result of biostimulation. Apparently the phase
lost was almost entirely goethite.
Second, a prominent splitting was introduced into the
outermost peaks of the sextet (Figs. 3C and 4F), which resolved into two distinct HFD components; with Bhf = 49.6
and 53.4 T, and into a third, less obvious sextet with
Bhf = 46.5 T. Before biostimulation the goethite peak dominated the HFD at 4.2 K, with a minor contribution from
hematite (Fig. 2C and 4C). The magnetic hyperﬁne ﬁeld
for goethite at 4.2 K is 50 T; which compares well with
the observed value of 49.6 T. The Bhf value for hematite
in the biostimulated sample is 53.4 T, but the quadrupole
shift (e) is still negative, revealing that the hematite phase
failed to undergo the Morin transition.
Third, the small sextet with Bhf = 46.5 T could be ferrihydrite (Murad and Schwertmann, 1980). Note that, in
contrast to the other common Fe oxide minerals, ferrihydrite has a highly disordered structure, which is related to
that of hematite but with some vacant Fe sites and some
of the O replaced by H2O. This mineral exhibits no magnetic hyperﬁne structure at 77 K, but, if present, at 4.2 K
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assigned to hematite in accordance with the room-temperature spectra.
In the biostimulated sample, the intensity of the goethite phase was much lower than in the non-biostimulated
sample, and at the same time the level of the hematite
phase increased (compare Figs. 2B and 3B). This increase
was greater than seen in the results at 298 K, indicating
that not all of the hematite showed magnetic hyperﬁne
structure at room temperature, and that this phase contains a range of particle sizes and/or diﬀerent levels of
Al substitution. The HFD of the biostimulated sample
(Fig. 4E), like the non-biostimulated sample, also contained two general maxima. Unlike the non-biostimulated
sample, however, the hematite phase with Bhf = 53.1 T
was more dominant in the biostimulated sample
(Table 2).
Biostimulation increased the Fe(II) doublet at 77 K
from 7.9% to 17.5%. (Table 2) These values diﬀer slightly
from those observed at 298 K, but are within the errors
expected for statistical uncertainties in the curve ﬁtting.

Fig. 5. Eﬀect of temperature on relative area of sextet component
tentatively assigned to ferrihydrite in biostimulated sub-surface soil.

Mössbauer spectroscopy of biostimulated sub-soils
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4. Discussion
Biostimulation with glucose resulted in a loss of Fe from
the soil, as evidenced by the total Fe contents. This decrease
could be accounted for entirely by an overall decrease in the
Fe oxide components. The aluminosilicate structures, on
the other hand, seemed to remain intact and their Fe(II):Fe(III) ratio increased, indicating that these clay minerals
were involved in the redox processes associated with biostimulation. The loss of Fe also involved major changes in the
relative levels of the various Fe oxide mineral forms. Biostimulation caused a large decrease in the level of the goethite
component, accompanied by an appreciable increase in the
amount of hematite and the possible generation of a small
residual quantity of ferrihydrite.
An interesting comparison can be made between the
present results from in situ biostimulation and those
reported by Kukkadapu et al. (2006) from a laboratorybased ex situ study of the biotransformation of Fe in a soil
sample from the same site as that used in the present investigation. Kukkadapu et al. (2006) reported that goethite
and phyllosilicate were the major Fe-containing phases
and that Fe(III) in both mineral types was partially reduced
by the bacteria. Goethite reduction, however, was enhanced in the presence of the electron shuttle anthraquinone-2,6-disulfonate (AQDS). To this extent their results
bear a close relationship to the present ones. In contrast
to the present experiments, however, Kukkadapu et al.
(2006) observed no dissolution of Fe and found no transformation product from goethite, although they speculated
the presence of a surface-associated phase on the residual
goethite. They detected no formation of hematite, although
a minor hematite component (accounting for 5% of the
Fe) was present in their samples.
One question that arises concerning the present experiments is the extent to which the observed results might
be the result of a natural variation in the Fe mineral speciation rather than showing the eﬀect of biostimulation. In-

deed, considerable local variations in hematite:goethite
ratios in soils have been reported over distances of a few
centimeters (e.g. Childs et al., 1978). However, as noted
above, specimens from non-biostimulated cores from the
Oak Ridge site have been studied using Mössbauer spectroscopy both by ourselves and others (e.g. Kukkadapu
et al., 2006; Michalsen et al., 2006), and in every case the
hematite level was either low or undetectable. The high level of hematite in our present biostimulated specimen is
thus unlikely to be the result of simply a natural variation
in composition of the original soil, although this possibility
cannot be completely excluded.
Further corroboration that the changes in properties between the unbiostimulated and the biostimulated samples
were induced by microbial activity is found in a study by
North et al. (2004), who conducted a parallel investigation
of samples from the same sediment cores as the present
study. Using wet chemical extractions, they observed a
doubling of the reduced Fe content, similar to that reported here in Tables 2 and 3. They found further that microbial communities also showed large diﬀerences before and
after biostimulation that could be attributed directly to
the change in Fe oxidation state (North et al., 2004), namely, a quantitative increase in genetic sequences of Fe-reducing bacteria was observed in parallel soil samples. The
geochemical diﬀerences observed between soil samples were
also supported by visual observations: unstimulated samples always had the same reddish brown color, whereas
the biostimulated samples were darker brown to green.
The changes in Fe mineralogy observed in the current
experiments are contrary to those that generally occur in
soils, where the conversion of hematite to goethite, rather
than vice versa, is a common phenomenon (Schwertmann,
1971, 1984). What then are the reasons for the present
results?
Some insight into the processes involved can be obtained
by considering the mechanisms by which hematite, goethite, and ferrihydrite are formed in soils. This was
discussed in detail by Schwertmann (1988) who demonstrated that the form of Fe that is precipitated from soil
solution is controlled by the concentration of the inorganic
forms of Fe in solution. If the solubility product of ferrihydrite (@10 38) is exceeded, this is the form that is precipitated; otherwise, goethite (solubility product @ 10 42) is the
mineral formed. In contrast, hematite is formed via an
internal rearrangement and dehydration within ferrihydrite
aggregates rather than by precipitation from solution.
Hematite thus can only form if ferrihydrite is precipitated
ﬁrst (Murad and Schwertmann, 1986).
Both Al and organic matter in solution inﬂuence the
nature of the Fe oxide that is precipitated. Complexation
with organic matter decreases the activity of inorganic
Fe; the solubility product of ferrihydrite is prevented from
being exceeded, and goethite is formed. To illustrate this,
Schwertmann (1988) described root channels in reddish
palaeosols as often showing a radial zonation of Fe distribution and speciation, in which a bleached (Fe deﬁcient)
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it will have parameters similar to those given in Table 2 for
sextet 3. The relative area of this sextet also increases with
decreasing temperature from 77 to 4.2 K (Fig. 5), thus providing further evidence that this feature could indeed be
due to ferrihydrite.
And fourth, the eﬃcacy of bacteria as in situ reducers of
Fe in soil aluminosilicate clay minerals was made clear by
the increase in Fe(II) content from 5.8% of total Fe to
12.6% after bioreduction. This extent of reduction of structural Fe is suﬃcient to yield large diﬀerences in the surface
chemistry of the constituent clay minerals. Among the possible impacts of this change in the redox status of the aluminosilicate clay minerals are an increase in cation
exchange capacity, decrease in speciﬁc surface area,
increase in cation ﬁxation capacity, decrease in swelling, increased potential for nitrate reduction, increase in surface
pH, and enhanced degradation of organics (Stucki, 2006;
Stucki and Kostka, 2006).
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5. Conclusions
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tion was rapid, 60% of the Fe being reduced within one
day and only a further 10% over the following three years.
They reported that magnetite was the initial product in
their experiments, but it was unstable and was subsequently transformed into ferrous hydroxyl carbonate. The striking diﬀerence between those results and the ones from the
present study indicate that the mechanisms of bioreduction
of Fe oxide minerals in soils is extremely complex and requires considerable additional eﬀort in order to achieve
even a basic understanding of the processes involved.
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Biostimulation has a marked eﬀect on the Fe mineralogy
of subsurface soil. Once dominated by goethite, the subsoil
after biostimulation contained about equal amounts of
goethite and hematite, but the total Fe oxide content was
only about two-thirds as much as before. Biostimulation
also resulted in an increase in the fraction of the Fe in
the high spin Fe(II) form, which is presumably in aluminosilicate minerals. This increase was greater than that which
results from a decrease in the overall Fe content of the soil
as a result of the removal of oxide components and indicates that reduction of Fe(III) to Fe(II) in the aluminosilicate clay mineral framework was also induced by
biostimulation. The ratio of doublets at 4.2 K attributable
to Fe(II) and Fe(III) in the aluminosilicate increased,
respectively, from 0.18 in the non-biostimulated sample
to 0.26 in the biostimulated sample.
The transformation of goethite to ferrihydrite then
hematite as a result of biostimulation may be highly significant in the context of understanding the long term eﬀects
on the chemistry of U at these sites. If U precipitation occurs simultaneously with hematite formation, then the nature of the chemical association between these components
will, to a large extent, determine the geochemical stability
of the reduced U species. Obtaining this information
should be a fundamental research priority.
The importance of variable-temperature (4.2–298 K)
Mössbauer spectroscopy in this work cannot be over
emphasized. This is the only technique able to give good
information on the Fe speciation in these complex mineralogical specimens in their natural forms. The ability to
examine this entire temperature range is critical because
components such as ferrihydrite can only be detected with
conﬁdence at the lowest temperature. Because these analyses were conducted on relatively small sub-samples (a few
hundred milligrams), much larger numbers of specimens
need to be investigated in order to determine the likely effects that could arise from natural geological variability in
samples from contaminated sites such as the DOE-FRC at
Oak Ridge.
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zone immediately around the root is followed by a goethitic
zone, which is free of hematite, before reaching the unaffected hematitic soil. Similarly, in soils formed in temperate
climates from hematite-containing parent materials, the
hematite disappears and is replaced by goethite, lepidocrocite, and/or ferrihydrite (Campbell and Schwertmann,
1984). In contrast to organic matter, the presence of Al
in solution suppressed the formation of goethite in vitro,
although Al-substituted goethites commonly occur in soils.
The results from the current experiment can, therefore,
be understood only in terms of an initial dissolution of a
large fraction of the original goethite as a result of biostimulation. This was then followed by reprecipitation of predominantly ferrihydrite, which was subsequently
transformed to hematite. Incomplete reprecipitation explains the net loss of Fe oxide from the system. The presence of only a small amount of ferrihydrite in the
biostimulated soil suggests that the rate of ferrihydrite
transformation to hematite was faster than the rate of ferrihydrite reprecipitation and/or the transformation step
from ferrihydrite to hematite was almost complete at the
time of sampling. Generally ferrihydrite and hematite are
not found together in soils, because the rate of formation
of ferrihydrite, which is determined by the rate of Fe release from (primarily) silicate minerals, is slower than the
rate of transformation of ferrihydrite to hematite (Schwertmann, 1988). This appears also to be the case in the biostimulated soils.
The soil may, however, still be in a state of transition
and further changes in the Fe speciation might be expected
in future years. For example, Fey (1983) reported that in
soils containing both hematite and goethite, hematite is reduced faster than goethite. The creation of a reducing environment might be expected to lead to preferential
reduction of hematite to Fe(II), thereby increasing the fraction of Fe as goethite, which may also form by Fe(II) reoxidation if the conditions are appropriate. With increasing
time the present soils might, therefore, be expected to show
a decrease in the hematite level as a result of subsequent
dissolution and recycling. With increasing levels of organic
matter from bacterial residues, some regeneration of goethite may also occur.
In order to understand systems such as the one in the
present experiments, sampling over periods of many years
is imperative so that the consequences of changes in microbial activity on the mineralogical forms of Fe oxides can be
fully evaluated. Since the Fe mineralogy has a major eﬀect
on the chemistry of the pollutant elements whose control is
the reason for these experiments, the availability of such
information to scientists developing models for predicting
the long-term chemistry of pollutant molecules, such as
U in sub-surface soils, is essential.
Kukkadapu et al. (2005) recently reported the bioreduction of a mixture of ferrihydrite and akaganéite (b-FeOOH) by Shewanella putrefaciens under anoxic conditions
with lactate as electron donor and anthraquinone-2,6disulfonate as an electron shuttle. They found that reduc-
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