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C

oal mine-associated acid mine drainage (AMD) is produced
when oxygenated water comes in contact with pyrite (FeS2) or
other iron sulfide minerals that are exposed during the mining
process (2). The sulfide moiety of iron sulfides (mostly pyrite;
FeS2) is oxidized via microbiological activities, yielding fluids with
low pH (generally ranging from pH 2.5 to 4.5) and high dissolved
Fe(II) and sulfate concentrations. Intrusion of these acidic and
Fe-rich fluids into surface waters often results in waterways that
are largely devoid of macrofauna and -flora, as the stream beds are
covered by Fe(III) (hydr)oxide phases (26). The primary and most
challenging goal of AMD attenuation is to remove dissolved Fe
from solution before the AMD reaches these surface waters.
A recently proposed strategy for removal of dissolved Fe from
AMD is to exploit the activities of Fe(II)-oxidizing bacteria
(FeOB) in “iron mounds” that result when AMD flows as a 0.5- to
1-cm sheet over the terrestrial surface (16, 59). The “sheet flow”
characteristic of the AMD facilitates aeration of the fluids, enhancing the activities of FeOB. The Fe(III) that results from
FeOB activities subsequently precipitates from solution, giving
rise to iron mounds, which are composed almost exclusively of
Fe(III) (hydr)oxide phases and may reach depths of tens to
hundreds of centimeters (59) and in which Fe may be sequestered before it reaches surface waters. However, as Fe(III) (hydr)oxide phases accumulate, diffusion of O2 into the sediments
may be limited, giving rise to anoxic regions of the iron mound,
and enhancing anaerobic activities at depths within the iron
mound (21, 36, 41, 45).
While anaerobic microbial activities (notably sulfate reduction) have been exploited for AMD remediation (4, 8, 22, 27), in
the context of iron mound systems, they may be considered detrimental to the overall goal of oxidatively precipitating Fe and
maintaining the Fe(III) (hydr)oxide precipitates. The most abundant anaerobic terminal electron acceptors in AMD-impacted
systems are sulfate and the Fe(III) (hydr)oxides. Anaerobic activities in iron mounds may lead to the reductive dissolution of
Fe(III) (hydr)oxides via the direct, enzymatic reduction of Fe(III)
by Fe(III)-reducing bacteria (FeRB) (equation 1) or by reaction
with sulfide produced by sulfate-reducing bacteria (SRB) (equation 2) (17, 46).
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4Fe(OH)3 ⫹ CH2O ⫹ 8H⫹ → 4Fe2⫹ ⫹ CO2⫹11H2O

(1)

2Fe(OH)3 ⫹ S2⫺ ⫹ 4H⫹ → 2Fe2⫹ ⫹ S ⫹ 6H2O

(2)

SRB activities may also lead to the concentration of iron sulfide
species at the terrestrial surface, in closer proximity to atmospheric O2, and pose a greater risk of acid production should O2
infiltrate the sediments (22, 28).
Anaerobic activities associated with AMD-impacted systems
remain somewhat nebulous. For instance, most cultured acidophilic FeRB reduce Fe(III) optimally in the presence of O2 (13).
SRB activity in AMD-impacted systems is well documented (e.g.,
4, 14, 21, 22, 27), but given the abundance of sulfate in these
systems, surprisingly few acidophilic or acid-tolerant SRB have
been recovered in culture (29). Strictly anaerobic SRB that have
been isolated from AMD-impacted systems fall into the genus
Desulfosporosinus (1, 29, 33, 60), and representatives of this genus
are frequently detected in anoxic regions of AMD-impacted systems (7, 23, 32, 55, 68). As such, Desulfosporosinus spp. may play
an important role in modulating the biogeochemical cycling of Fe
and S (e.g., equations 1 and 2) in AMD-impacted systems where
anoxic conditions are encountered.
The geochemical and mineralogical consequences of anaerobic
microbial activities [including the formation and identity of FeS
phases and transformations of Fe(III) phases] will exert considerable control over the susceptibility of those phases to subsequent
microbially mediated redox alteration and the long-term performance of iron mound systems if they are to be implemented as
AMD treatment strategies. In the present study, Fe-containing
mineralogical products and transformations that were induced
by a sulfate- and metal-reducing Desulfosporosinus species
(GBSRB4.2) (60) were evaluated under conditions associated with
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The mineralogical transformations of Fe phases induced by an acid-tolerant, Fe(III)- and sulfate-reducing bacterium, Desulfosporosinus sp. strain GBSRB4.2 were evaluated under geochemical conditions associated with acid mine drainage-impacted
systems (i.e., low pH and high Fe concentrations). X-ray powder diffractometry coupled with magnetic analysis by first-order
reversal curve diagrams were used to evaluate mineral phases produced by GBSRB4.2 in media containing different ratios of
Fe(II) and Fe(III). In medium containing Fe predominately in the ⴙII oxidation state, ferrimagnetic, single-domain greigite
(Fe3S4) was formed, but the addition of Fe(III) inhibited greigite formation. In media that contained abundant Fe(III) [as schwertmannite; Fe8O8(OH)6SO4 · nH2O], the activities of strain GBSRB4.2 enhanced the transformation of schwertmannite to goethite (␣-FeOOH), due to the increased pH and Fe(II) concentrations that resulted from the activities of GBSRB4.2.

Bertel et al.

TABLE 1 HCl-extractable Fe(II) and hydroxylamine-HCl-extractable Fe(III) contents of uninoculated media and cultures of Desulfosporosinus sp.
strain GBSRB4.2 after 24 days of incubation
Mean (SEM) concn (mM) of the indicated form of Fe in:
Uninoculated medium

Inoculated medium after 24 days

Anticipated Fe(II):Fe(III)
ratio

HCl-extractable
Fe(II)

Hydroxylamine-HClextractable Fe(III)

Total extractable
Fea

HCl-extractable
Fe(II)

Hydroxylamine-HClextractable Fe(III)

Total extractable
Fe

1 Fe(II):0 Fe(III)
3 Fe(II):1 Fe(III)
1 Fe(II):3 Fe(III)
0 Fe(II):1 Fe(III)

38 (⫾2)
26 (⫾3)
11 (⫾2)
0.1 (⫾0.09)

1 (⫾0.4)
11 (⫾3)
30 (⫾2)
38 (⫾1)

39
37
41
38

25 (⫾1)
28 (⫾5)
11 (⫾2)
1 (⫾0.4)

1 (⫾0.7)
6 (⫾2)
10 (⫾3)
16 (⫾5)

26
34
21
17

a

Total extractable Fe represents the sum of HCl-extractable Fe(II) and hydroxylamine-HCl-extractable Fe(III).

MATERIALS AND METHODS
GBSRB4.2 growth. Desulfosporosinus sp. strain GBSRB4.2 is an acidtolerant, metal-reducing SRB isolated from iron mound sediments that
incompletely oxidizes glucose to acetate and CO2 coupled with sulfate
reduction (60). GBSRB4.2 is also capable of oxidizing H2 and lactate to
support growth under sulfate-reducing conditions (60). GBSRB4.2 was
routinely grown in a medium containing FeSO4 (40 mM), (NH4)2SO4 (10
mM), glucose (5 mM), MgSO4 (2 mM), Trypticase soy broth (0.5 g/liter),
vitamins and trace metals (64), and the pH of the medium was adjusted to
4.2 with H2SO4 (60). The medium was purged with N2, sealed, and placed
in an anoxic chamber where it was dispensed into serum bottles under an
atmosphere of 97% N2 and 3% H2. Serum bottles were subsequently
sealed in the anoxic chamber, so the headspace of the bottles contained the
same gas composition as the chamber. For experiments to examine the
effect of Fe oxidation state on the formation and transformation of Fe
phases, strain GBSRB4.2 was cultured in the medium described above,
with iron sulfate provided as either FeSO4 or Fe2(SO4)3. For the types of
media containing Fe(II), FeSO4 was added to media from an anoxic, filtersterilized stock solution (400 mM) to achieve the desired Fe(II) concentrations. For the types of media containing Fe(III), Fe2(SO4)3 was added
from a stock suspension (130 mM) in which the pH was adjusted to 4.0
with NaOH, resulting in an orange/brown Fe(III) (hydr)oxide precipitate.
Iron sulfates were added to media to achieve anticipated Fe(II):Fe(III)
ratios of 1 Fe(II):0 Fe(III), 3 Fe(II):1 Fe(III), 1 Fe(II):3 Fe(III), and 0
Fe(II):1 Fe(III), each with a total Fe concentration of 40 mM. Addition of
FeSO4 and/or Fe2(SO4)3 to the different media resulted in sulfate concentrations of 40 mM, 45 mM, 55 mM, and 60 mM in media amended with Fe
at Fe(II):Fe(III) ratios of 1 Fe(II):0 Fe(III), 3 Fe(II):1 Fe(III), 1 Fe(II):3
Fe(III), and 0 Fe(II):1 Fe(III), respectively. All cultures were incubated at
approximately 25°C, and uninoculated media served as negative controls.
Samples were periodically removed from cultures in an anoxic glove bag
and analyzed as described below.
Analytical techniques. To measure the pH of cultures, the samples
were placed in microcentrifuge tubes and removed from the glove bag,
and the pH was immediately measured. For sulfide analysis, 0.1 ml of
sample was preserved in 0.4 ml of 10% zinc acetate (anoxic) and subsequently quantified using the methylene blue assay (12). Fe(II) and Fe(III)
were extracted from solids using 0.5 M HCl and 0.25 M hydroxylamine in
0.25 M HCl, respectively (35). In Fe(II) and Fe(III) extractions, solids
were separated from the soluble fraction by centrifugation, and Fe(II) in
the supernatant was quantified by the ferrozine assay (63).
Characterization of Fe phases. When GBSRB4.2 cells had reached the
stationary phase of growth (24 days), the cells and associated Fecontaining solid phases were harvested by centrifugation, dried under
anoxic conditions, and characterized by powder X-ray powder diffraction
(XRD) analysis and magnetometry. Samples for XRD were placed in lowbackground quartz mounting disks, and analysis was carried out using a
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Phillips 3100 automated diffractometer using CuK␣ radiation scanning at
2⍜ of 2o to 70o, with an accelerating voltage of 40 kV at 35 mA. Intensities
were measured with a 0.02o step size and 1-s counting time per step.
Sample spectra were then compared to reference spectra to identify mineral phases.
The magnetic hysteresis properties of the Fe-containing phases were
analyzed using an alternating gradient magnetometer (AGM) (Princeton
Measurements Corp., Princeton, NJ). Samples were mounted to the AGM
probe using silicone grease that is weakly diamagnetic and is easily negated
by the sample’s stronger ferrimagnetic properties. Initial sample demagnetization was followed by application of a weak field (roughly 25 mT),
allowing for measurement of the initial slope (IS). IS roughly mimics the
magnetic susceptibility (), or how receptive a material is to a magnetic
field. Next, the magnetic field was increased stepwise to ⫾1.4 T to measure
a hysteresis loop, providing values for saturation magnetization (Ms; the
point at which the sample was magnetically saturated), saturation remanent magnetization (Mrs; the magnetic saturation memory held by the
sample upon removal of the field), and magnetic coercivity (Hc; the field
needed to return a sample magnetization to zero while in a magnetic
field). The samples were then demagnetized and exposed to another field
to measure the acquisition of the isothermal remnant magnetization
(IRM) of the sample. In this procedure, a positive field was applied to a
sample in 100-mT increments up to 500 mT, until remanent magnetization had been achieved. The magnetic remanent coercivity (Hrc; the field
needed to completely remove the sample magnetization upon removal of
the field) was measured by applying and removing a negative field in stops
until remanent magnetization (Mr) reached zero. Finally, 121 individual
partial hysteresis loops were measured. These loops were then used to
create a first-order reversal curve (FORC) diagram, using FORCOBELLO MATLAB code version 0.99c (69). A smoothing function of 2 was
used on all samples to build the FORC diagrams. FORC diagrams have the
advantage over major hysteresis loops in that they can better differentiate
the coercivity distribution within a sample. FORC diagrams also show the
degree of magnetic interaction between grains within a sample. Samples
were not mass normalized, since they were powdery and very small.

RESULTS

Growth and activities of Desulfosporosinus sp. strain GBSRB4.2
with different Fe(II):Fe(III) ratios. Extraction of Fe from the uninoculated media [containing various ratios of Fe(II):Fe(III)] using 0.5 M HCl and 0.25 M hydroxylamine-HCl in 0.25 M HCl [for
Fe(II) and Fe(III), respectively] revealed a small amount of Fe(III)
in the medium amended with FeSO4 [but no additional Fe(III)],
likely due to a minor amount of Fe(II) oxidation during solution
preparation (Table 1). When iron and sulfate were provided as
Fe2(SO4)3 [media containing 3 Fe(II):1 Fe(III), 1 Fe(II):3 Fe(III),
and 0 Fe(II):1 Fe(III)], Fe(III) (hydr)oxide precipitates formed
that were susceptible to reductive dissolution by hydroxylamineHCl (Table 1). Relatively crystalline Fe(III) (hydr)oxide phases
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AMD-impacted systems (i.e., initially low pH and high Fe concentrations).

Fe Transformations by Desulfosporosinus

containing anticipated Fe(II):Fe(III) ratios of 1 Fe(II):0 Fe(III) (A, E, and I), 3 Fe(II):1 Fe(III) (B, F, and J), 1 Fe(II):3 Fe(III) (C, G, and K), and 0 Fe(II):1 Fe(III)
(D, H, and L). The y axes show time (in days). Each value is the mean ⫾ 1 standard deviation (error bar).

(e.g., goethite or hematite) are generally resistant to reduction in
hydroxylamine-HCl (35), but the results presented here suggest
that Fe(III) phases in the growth media were susceptible to nearly
complete reduction, due to smaller grain size and/or the poor
crystallinity of the Fe(III) (hydr)oxide phases (e.g., ferrihydrite or
schwertmannite). Total extractable Fe (the sum of HCl- and
hydroxylamine-HCl-extractable Fe) ranged from 37 to 41 mM,
and the desired Fe(II):Fe(III) ratios were generally achieved (Table 1).
Sulfide accumulated to a concentration of approximately 5
mM in all media inoculated with strain GBSRB4.2, regardless of
Fe(II):Fe(III) ratio, and no sulfidogenesis occurred in uninoculated controls (Fig. 1A to D). In cultures amended with 0 Fe(II):1
Fe(III), Fe(II) accumulation preceded sulfidogenesis (Fig. 1D),
suggesting that Fe(III) reduction partially occurred independently
of sulfate reduction (i.e., enzymatically). It is also notable that the
presence of Fe(III) [i.e., media amended with 3 Fe(II):1 Fe(III), 1
Fe(II):3 Fe(III), and 0 Fe(II):1 Fe(III)] appeared to delay the onset
of sulfidogenesis in comparison to medium amended with 1
Fe(II):0 Fe(III) (Fig. 1A to D), suggesting that Fe(III) may partially
serve as a competitive electron acceptor with sulfate. However,
with continued incubation in medium amended with 0 Fe(II):1
Fe(III), sulfate and Fe(III) reduction occurred concurrently (Fig.
1D), suggesting that the presence of Fe(III) does not completely
inhibit sulfate reduction by GBSRB4.2, despite the ability of
GBSRB4.2 to reduce Fe(III) (hydr)oxides enzymatically (60).
The pH of all GBSRB4.2 cultures increased over a period of 23
days, and no change in pH was observed in uninoculated controls
(Fig. 1I to L). The increase in pH of these cultures is attributable to
(i) consumption of protons associated with Fe(III) (hydr)oxide
reduction (equations 1 and 2), (ii) the conversion (equation 3) of
strongly acidic sulfate (H2SO4 ↔ HSO4⫺, pKa ⫽ ⫺3.0, HSO4⫺ ↔
SO42⫺, pKa ⫽ 1.99) to weakly acidic sulfide (H2S ↔ HS⫺, pKa ⫽
6.9, HS⫺ ↔ S2⫺, pKa ⫽ 14), and (iii) increased alkalinity associated with oxidation of organic carbon to CO2 (60).
SO42⫺ ⫹ 2CH2O ⫹ H⫹ → HS⫺ ⫹ 2CO2 ⫹ 2H2O
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(3)

After 24 days of growth, the pH of cultures containing 1 Fe(II):0
Fe(III) was approximately 5.5 (Fig. 1I), while the pH of cultures
containing 3 Fe(II):1 Fe(III), 1 Fe(II):3 Fe(III), and 0 Fe(II):1
Fe(III) had increased to approximately 6.5 (Fig. 1J to L), likely due
to the influence of Fe(III) reduction on the pH of the media (equations 1 and 2).
HCl-extractable Fe(II) concentration in cultures amended
with 1 Fe(II):0 Fe(III) decreased concurrently with sulfidogenesis
(Fig. 1A and E), and HCl-extractable Fe(II) concentrations remained constant in cultures amended with 3 Fe(II):1 Fe(III) and 1
Fe(II):3 Fe(III) (Fig. 1F and G). In cultures amended with 0
Fe(II):1 Fe(III), an initial increase in HCl-extractable Fe(II) concentration occurred, followed by a decrease in HCl-extractable
Fe(II) with continued incubation (Fig. 1H). No change in Fe(II)
concentration was detected in the uninoculated media (Fig. 1E to
H). The decrease in HCl-extractable Fe(II) in cultures amended
with 1 Fe(II):0 Fe(III), lack of increase in HCl-extractable Fe(II)
concentrations in cultures amended with 3 Fe(II):1 Fe(III) and 1
Fe(II):3 Fe(III), and decrease in HCl-extractable Fe(II) concentrations in cultures amended with 0 Fe(II):1 Fe(III) is somewhat
surprising, since strain GBSRB4.2 appeared to initially reduce
Fe(III) independently of sulfidogenesis (Fig. 1H), and sulfide was
produced in all cultures, which presumably would have reduced
Fe(III) to Fe(II) (17, 46). Indeed, black precipitates were observed
in all cultures, suggesting the formation of FeS phases. The lack of
HCl-extractable Fe(II) in the cultures suggested the formation of
FeS phases that were resistant to dissolution by 0.5 M HCl (e.g.,
pyrrhotite [Fe1⫺xS, where 0 ⬍ x ⬍ 0.2], greigite [Fe3S4], marcasite [FeS2], or pyrite [50, 61]). In cultures amended with 1 Fe(II):3
Fe(III) and 0 Fe(II):1 Fe(III), a decrease in hydroxylamine-HClextractable Fe(III) was observed (Table 1), suggesting that activities of GBSRB4.2 induced a transformation of Fe(III) (hydr)oxides to Fe(III) phases that were resistant to reduction by
hydroxylamine.
Solid-phase characterizations. After 24 days of incubation,
the solid phases in the uninoculated media and GBSRB4.2 cul-
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FIG 1 (A to L) Sulfide concentrations, 0.5 M HCl-extractable Fe(II) concentrations, and pH in uninoculated media (Œ) and cultures of GBSRB4.2 ()

Bertel et al.

tures were dried in an anoxic environment and characterized by
XRD and magnetometry. Analysis of the solid phases from uninoculated media by XRD suggested that the predominant mineral
in all cases was schwertmannite (Fig. 2B, D, and F), a poorly ordered Fe(III) (hydr)oxysulfate [general formula Fe8O8(OH)6SO4 ·
nH2O] that is often encountered in AMD-impacted systems (5,
6, 58). XRD analysis of the solid phases recovered from the
GBSRB4.2 cultures that were amended with 1 Fe(II):0 Fe(III) suggested the presence of mackinawite (FeS) and greigite (Fe3S4), a
ferrimagnetic FeS phase (Fig. 2A) (50). Cultures amended with 3
Fe(II):1 Fe(III) also contained mackinawite and greigite, but the
spectrum had broader, less defined peaks, suggesting that these
FeS phases were poorly crystalline in comparison to those observed in the cultures amended with 1 Fe(II):0 Fe(III) (Fig. 2A and
C). In cultures containing 1 Fe(II):3 Fe(III) and 0 Fe(II):1 Fe(III),
the predominant mineral phase identified by XRD was goethite,
with minor mackinawite peaks (Fig. 2E and G), suggesting that the
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DISCUSSION

Formation of magnetic FeS phases. SRB activities may yield
mackinawite and greigite at circumneutral pH (3, 24, 25, 49), and
the current study shows the formation of greigite under geochemical conditions representative of some AMD-impacted systems.
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FIG 2 X-ray diffraction spectra of the solid phases recovered from GBSRB4.2
culture containing 1 Fe(II):0 Fe(III) (A), uninoculated medium and
GBSRB4.2 culture containing 3 Fe(II):1 Fe(III) (B and C, respectively), uninoculated medium and GBSRB4.2 culture containing 1 Fe(II):3 Fe(III) (D and
E, respectively), uninoculated medium and GBSRB4.2 culture containing 0
Fe(II):1 Fe(III) (F and G, respectively). A quartz signal attributable to the
sample mounting slide is indicated by the black arrow in XRD spectrum D.
Data used to construct the reference spectra of greigite, mackinawite, goethite,
and schwertmannite are from The American Mineralogist Crystal Structure
Database (18).

activities of GBSRB4.2 enhanced the transformation of schwertmannite to goethite.
To evaluate the magnetic characteristics of the solid phases in
GBSRB4.2 cultures and uninoculated media, first-order reversal
curve (FORC) diagrams were constructed for the solid phases recovered from incubations. FORC diagrams of the solid phases in
uninoculated media amended with 3 Fe(II):1 Fe(III), 1 Fe(II):3
Fe(III), and 0 Fe(II):1 Fe(III) (identified as schwertmannite by
XRD) exhibited high levels of noise typical of weakly magnetic
Fe(III) (hydr)oxides (Fig. 3B, D, and F) (20) such as schwertmannite. Hc values determined for FORC diagrams of the solid phases
produced in GBSRB4.2 cultures amended with 1 Fe(II):0 Fe(III)
and 3 Fe(II):1 Fe(III) were higher than those of cultures amended
with 1 Fe(II):3Fe(III) and 0 Fe(II):1Fe(III) (Fig. 3A, C, E, and G).
The FORC diagrams of the solid phases recovered from GBSRB4.2
cultures amended with 1 Fe(II):0 Fe(III) and 3 Fe(II):1 Fe(III)
exhibited moderately high concentric contours that were similar
to FORC diagrams of greigite-bearing sediments (Fig. 3A and C)
(51). This FORC pattern suggests single-domain greigite grains
(51). These two samples also had the highest Mrs and Ms values of
all samples measured. Because similar amounts of each sample
were analyzed, the higher Mrs values confirm the presence of the
strongly ferrimagnetic mineral greigite, identified by XRD. With
increasing Fe(III) content [i.e., cultures amended with 3 Fe(II):1
Fe(III)], a diminished FORC greigite signal was observed, corresponding to the more poorly crystalline greigite XRD pattern (Fig.
2C). In GBSRB4.2 cultures amended with 1 Fe(II):3 Fe(III) and 0
Fe(II):1 Fe(III), FORC diagrams (Fig. 3E and G) exhibited scatter
similar to the respective uninoculated media. Similarly high levels
of noise have been reported for goethite (␣-FeOOH), and this has
been attributed to the high coercivity (Hc) and low-saturation
magnetization (Ms) of goethite (51, 54).
A ratio of the Mr values taken at 500 mT and 1.4 T showed that
saturation had been achieved in all but one sample (saturation
ratio [S-ratio] values of 0.99), suggesting the presence of lowcoercivity minerals, such as greigite and schwertmannite. In the
sample obtained from the GBSRB4.2 culture amended with 0
Fe(II):1 Fe(III), complete saturation was not achieved (S-ratio
value of 0.46), suggesting the presence of a high-coercivity mineral, such as goethite. Goethite generally requires a very high field
to fully saturate, due to its high coercivity (20). It was anticipated
that magnetic saturation would not be fully achieved in the
GBSRB4.2 cultures amended with 1 Fe(II):3 Fe(III) because XRD
identified the presence of goethite (Fig. 2E). The critical singledomain size for hematite is 15 m (19). Since goethite and hematite are weakly magnetic materials, they are likely to have similarly
large critical single-domain grain sizes. The grains obtained from
the GBSRB4.2 culture amended with 0 Fe(II):1 Fe(III) were
roughly 10 to 12 m as measured by scanning electron microscopy (SEM) (not shown), and thus likely superparamagnetic and
not single domain in size. In addition, the minor amount of
Fe(II)-bearing minerals (e.g., mackinawite) in the sample and
small sample size may have masked the high-coercivity goethite
signal.

Fe Transformations by Desulfosporosinus

Greigite appears to form via the maturation of mackinawite,
which is metastable with respect to greigite (34, 43, 44, 50, 52, 56).
Greigite is more resistant to dissolution than mackinawite under
acidic conditions (50, 61), and a decrease in 0.5 M HCl-extractable
Fe(II) occurred in GBSRB4.2 cultures amended with 1 Fe(II):0
Fe(III) (Fig. 1A), suggesting that mackinawite was initially formed
in the cultures and transformed to greigite with continued incubation. The exact mechanisms of, and optimal conditions for
greigite formation from “amorphous” FeS or mackinawite remain
unclear (50). Greigite is a Fe(II)- and Fe(III)-containing mineral
phase, so it has been suggested that some oxidant [e.g., O2 or S(0)],
is necessary for mackinawite transformation to greigite (34, 44, 50,
52, 56). However, the transformation of mackinawite to greigite
has been reported in the absence of oxidant and may be enhanced
by low pH and/or excess sulfide (24, 50, 67). While the possibility
of mackinawite-Fe(II) oxidation during XRD and magnetic analyses cannot be completely discounted, the samples were dried and
stored under O2-free conditions prior to analysis and were not
exposed to air for more than 2 h during these analyses. Low levels
of Fe(III) present in greigite-containing cultures (Table 1) may
have served as an indirect oxidant to enhance mackinawite transformation to greigite.
While Fe(III) may act as an indirect oxidant and enhance the
formation of greigite from mackinawite, the results presented here
suggest that abundant Fe(III) inhibits greigite formation. Greigite
is a product of SRB activity in the presence of dissolved Fe(II) (24,
25), but pyrrhotite (Fe7S8) is the major FeS product of SRB activities in the presence of hematite [Fe(III); ␣-Fe2O3], perhaps due to
interactions between sulfide and Fe(III) surfaces (39). Marius et al.
(38) found that neutrophilic SRB activity in the presence of Fe(II):

January 2012 Volume 78 Number 1

Fe(III) ratios of 15 Fe(II):1 Fe(III) yielded FeS phases with higher
magnetic susceptibility than lower Fe(II):Fe(III) ratios, though
more detailed characterization of the FeS phases was not conducted. The results presented here provide evidence that abundant schwertmannite-Fe(III), which would be expected in some
AMD-impacted systems, inhibits the formation of greigite by SRB
activity.
Schwertmannite-to-goethite transformation. Activities of
the acid-tolerant Fe(III)- and sulfate-reducing bacterium
GBSRB4.2 enhanced the transformation of schwertmannite to goethite in media amended with 1 Fe(II):3 Fe(III) and 0 Fe(II):1
Fe(III). GBSRB4.2 has previously been shown to couple H2 oxidation to the reduction of Fe(III) (hydr)oxides in the absence of
sulfate under non-growth conditions (60), and current work is
focused on evaluating the ability of GBSRB4.2 to exploit Fe(III)
reduction for growth. While Desulfosporosinus species have been
shown to enzymatically reduce Fe(III), GBSRB4.2 is notable
among the acidophilic/acid-tolerant Desulfosporosinus species in
its ability to reduce metals (1, 33, 47, 53, 62, 65). Previous work
illustrated that under conditions approximating the in situ chemistry of an iron mound system [abundant Fe(III) and sulfate],
GBSRB4.2 reduced Fe(III) and sulfate concurrently under nongrowth conditions (60). However, GBSRB4.2 reduced Mn(IV)
and U(VI) to the exclusion of sulfate reduction (60), suggesting
that concurrent Fe(III) and sulfate reduction was attributable to
the similar energetics of Fe(III) and sulfate reduction (Gibbs free
energy of the reaction [⌬G°r] ⫽ ⫺75 kJ mol⫺1 and ⫺47 kJ mol⫺1,
respectively; values calculated from reference 15) compared to
more thermodynamically favorable electron acceptors Mn(IV)
and U(VI) (⌬G°r ⫽ ⫺189 kJ mol⫺1 and ⫺126 kJ mol⫺1, respec-
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FIG 3 (A to G) FORC diagrams of the solid phases in GBSRB4.2 cultures amended with 1 Fe(II):0 Fe(III) (A), 3 Fe(II):1 Fe(III) (C), 1 Fe(II):3 Fe(III) (E), and
0 Fe(II):1 Fe(III) (G) and uninoculated media amended with 3 Fe(II):1 Fe(III) (B), 1 Fe(II):3 Fe(III) (D), and 0 Fe(II):1 Fe(III) (F).

Bertel et al.

Fe8O8(OH)8⫺2x(SO4)x ⫹ 2H2O → 8␣-FeOOH ⫹ SO42⫺ ⫹ 2H⫹
(4)
Under acidic conditions, the transformation of schwertmannite
to goethite may occur over periods of several years (5, 30, 40),
while at circumneutral pH, the reaction may occur over periods of
100 days (57). Recent work by Burton et al. (10, 11) has suggested
that Fe(II) enhances the schwertmannite-to-goethite transformation, with the Fe(II)-enhanced reaction occurring over periods of hours. XRD revealed that schwertmannite was the
dominant Fe(III) phase in uninoculated media containing 3
Fe(II):1 Fe(III) and 1 Fe(II):3 Fe(III), and it appears that minimal schwertmannite-to-goethite transformation occurs at
pH ⬍ 5 (10). The lack of Fe(II)-induced schwertmannite transformation at low pH indicates that the reaction is dependent on
Fe(III) phase-associated Fe(II), and at low pH, Fe(II) tends to
remain in solution (10). The transformation of schwertmannite to goethite may be enhanced at low sulfate concentrations
(31), so SRB activities could enhance this reaction via consumption of sulfate. However, given the sulfate concentrations
in the different media (ranging from 40 to 60 mM), the amount
of sulfidogenesis (approximately 5 mM) would not lead to significant depletion of sulfate.
It appears that microbially induced transformation of schwertmannite to goethite would not occur without the increased pH
that resulted from the Fe(III)- and sulfate-reducing activities of
GBSRB4.2 (equations 1, 2, and 3). Subsequently, increased pH
facilitated the Fe(II)-enhanced transformation of schwertmannite
to goethite. Burton et al. (9, 10) have suggested that FeRBmediated transformation of schwertmannite to goethite may facilitate the activities of SRB via the formation of a less thermodynamically favorable terminal electron acceptor (TEA) (goethite)
than schwertmannite (equations 5 and 6; goethite and schwertmannite Gibbs free energy of formation [⌬G°f] from reference 37;
All other ⌬G°f values are from reference 15).
H2 ⫹ 2␣-FeOOH ⫹ 4H⫹ → 2Fe2⫹ ⫹ 4H2O
⫹

(5)

H2 ⫹ 0.25Fe8O8(OH)6SO4 ⫹ 3.5H → 2Fe ⫹ 0.25SO4
2⫹

2⫺

⫹ 3.5H2O

(6)

For equation 5, ⌬G°r equals ⫺39 kJ/mol H2, while for equation 6,
⌬G°r equals ⫺62 kJ/mol H2. Under this scenario, when schwertmannite is abundant, FeRB are able to couple oxidation of elec-
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tron donors with schwertmannite-Fe(III) reduction to the exclusion of SRB activities. With the increase in pH and Fe(II) that
accompany FeRB activities (equation 3), a schwertmannite-togoethite transformation is induced. Subsequently, the poor bioreducibility of goethite facilitates SRB activity (9, 10). This has been
supported by depth- and Eh-dependent transitions within sediments from schwertmannite-rich material in upper regions of
sediment columns and goethite-rich material in lower, morereducing regions (9, 10). Indeed, in these studies, goethite and FeS
phases (identified as mackinawite) were colocalized within the
sediment columns (9). The work presented here supports this
hypothesis and also suggests that SRB activities are not only facilitated by the schwertmannite-to-goethite transformation but that
the activities of a Fe(III)- and sulfate-reducing bacterium induce
the transformation.
Environmental implications. Under conditions representative of AMD (i.e., initially low pH, high Fe concentrations), anaerobic microbial activities [i.e., Fe(III) and sulfate reduction] may
lead to two major mineralogical (trans)formations: (i) the formation of the ferrimagnetic mineral phase greigite under conditions
of high Fe(II):Fe(III) ratios and (ii) the transformation of schwertmannite to goethite. A goal of anaerobic AMD treatment systems (e.g., anoxic limestone drains) is to minimize Fe(III) formation, while precipitating Fe(II) and other metals as sulfide phases
(4, 8, 27, 22). In these Fe(III)-free systems, greigite may be an
important product of SRB activities. The magnetic properties of
FeS phases resulting from SRB activities may be used as a diagnostic tool to evaluate the performance of anaerobic AMD treatment
systems (42) or for the selective recovery of metals (e.g., Cu, Ni,
Pb, and Zn) that adsorb strongly to ferrimagnetic FeS phases (66).
Furthermore, greigite represents a more stable iron sulfide phase
that will be more resistant to oxidation and regeneration of acidity
should O2 be introduced into the sediments (28, 50).
In iron mound systems (16, 59) that contain abundant Fe(III),
greigite formation is likely to be diminished. In this context, the
Fe(III)RB- and SRB-induced schwertmannite-to-goethite transformation will exert significant control on the geochemistry of
AMD-impacted systems. FeOB activities in iron mounds, while
oxidatively precipitating Fe, lead to further acidification of AMD,
enhancing the solubility of Fe3⫹ and limiting the effectiveness of
Fe removal. Anaerobic activities may enhance the stability of
Fe(III) phases after they have been precipitated in iron mound
systems. Goethite is less soluble than schwertmannite (log solubility product [Ksp] ⫽ 1.4 and 18, respectively [6, 48]), rendering it
less susceptible to dissolution under acidic conditions. Furthermore, since goethite is a less thermodynamically favorable TEA in
comparison to schwertmannite (equations 5 and 6), the microbially mediated transformation of schwertmannite to goethite
would render the goethite-associated pool of Fe(III) more resistant to further microbial reduction and consequently, enhance the
stability of Fe(III). Despite the potential for reductive rerelease of
Fe resulting from SRB activities in iron mound systems, it appears
the SRB activities may enhance the stability of Fe after it has been
oxidatively immobilized in iron mound systems.
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tively; values calculated from reference 15). In medium amended
with 0 Fe(II):1 Fe(III), initiation of Fe(III) reduction and pH increase preceded sulfidogenesis, but subsequently, the two processes also occurred concurrently (Fig. 1D, H, and L). The onset of
sulfidogenesis after incomplete reduction of Fe(III) may be attributable to the formation of goethite, which would likely be more
resistant to bioreduction than schwertmannite (9, 10). Taken together, these results suggest that Fe(III) reduction by GBSRB4.2 is
a result of enzymatic Fe(III) reduction and reaction of Fe(III) with
biogenic sulfide.
GBSRB4.2 appears to mediate two chemical changes that facilitate the transformation of schwertmannite to goethite: (i) production of Fe(II) via enzymatic reduction of Fe(III) and via the
reaction of Fe(III) with biogenic sulfide, and (ii) neutralization of
acidic fluids. Schwertmannite is metastable with respect to goethite, and the schwertmannite-to-goethite transformation
(equation 4, with nH2O neglected) is enhanced by high pH (5, 57).
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