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Owing to its high surface area and intrinsic reactivity,
ferrihydrite serves as a dominant sink for numerous
metals and nutrients in surface environments and is a
potentially important terminal electron acceptor for microbial
respiration. Introduction of Fe(II), by reductive dissolution
of Fe(III) minerals, for example, converts ferrihydrite to
Fe phases varying in their retention and reducing capacity.
While Fe(II) concentration is the master variable dictating
secondary mineralization pathways of ferrihydrite, here
we reveal that the kinetics of conversion and ultimate mineral
assemblage are a function of competing mineralization
pathways influenced by pH and stabilizing ligands. Reaction
of Fe(II) with ferrihydrite results in the precipitation of
goethite, lepidocrocite, and magnetite. The three phases
vary in their precipitation extent, rate, and residence time,
all of which are primarily a function of Fe(II) concentration
and ligand type (Cl, SO4, CO3). While lepidocrocite and goethite
precipitate over a large Fe(II) concentration range,
magnetite accumulation is only observed at surface loadings
greater than 1.0 mmol Fe(II)/g ferrihydrite (in the absence
of bicarbonate). Precipitation of magnetite induces the
dissolution of lepidocrocite (presence of Cl) or goethite
(presence of SO4), allowing for Fe(III)-dependent crystal
growth. The rate of magnetite precipitation is a function of
the relative proportions of goethite to lepidocrocite; the
lower solubility of the former Fe (hydr)oxide slows magnetite
precipitation. A one unit pH deviation from 7, however,
either impedes (pH 6) or enhances (pH 8) magnetite
precipitation. In the absence of magnetite nucleation,
lepidocrocite and goethite continue to precipitate at the
expense of ferrihydrite with near complete conversion within
hours, the relative proportions of the two hydroxides
dependent upon the ligand present. Goethite also continues
to precipitate at the expense of lepidocrocite in the
absence of chloride. In fact, the rate and extent of both
goethite and magnetite precipitation are influenced by
conditions conducive to the production and stability of
lepidocrocite. Thus, predicting the secondary mineralization
of ferrihydrite, a process having sweeping influences on
contaminant/nutrient dynamics, will need to take into

consideration kinetic restraints and transient precursor
phases (e.g., lepidocrocite) that influence ensuing reaction
pathways.

Introduction
Ferrihydrite is a common Fe(III) (hydr)oxide in soils and
sediments undergoing fluctuating redox conditions (1). Due
to its high surface area and intrinsic reactivity, ferrihydrite
serves as a dominant sink for numerous metals (e.g., As) and
nutrients (e.g., P). Ferrihydrite is also considered the most
(bio)available Fe(III) (hydr)oxide for dissimilatory iron-
reducing bacteria (DIRB) and thus greatly influences the
global cycling of carbon (2). A number of Fe-bearing phases,
encompassing a spectrum of reactivities and reduction
potentials, have been observed following the bacterial
reduction of ferrihydrite (3-6). Considering the importance
of Fe phases in nutrient/contaminant retention coupled with
the reducing capacity of Fe(II) species, Fe(II)-induced
mineralization pathways of ferrihydrite have environmental
implications for the fate and transport of both nutrients and
contaminants.

Ferrihydrite is thermodynamically unstable with respect
to goethite, lepidocrocite, and hematite under oxygenated
conditions (1). The kinetics of ferrihydrite conversion, how-
ever, are slow in the absence of catalysts. Strong reductants
(e.g., cysteine) may induce interfacial electron transfer to
structural Fe(III), thus stimulating dissolution and subsequent
reprecipitation as a thermodynamically more stable phase
(7). Due to its strong reducing capacity, ferrous Fe induces
the dissolution and subsequent conversion of ferrihydrite
(6, 8-10). Under advective flow, we have consistently ob-
served the rapid and near complete conversion of 2-line
ferrihydrite-coated sand to goethite (minor product) and
magnetite (major product; 1.0 mmol Fe(II)/g ferrihydrite)
upon dissimilatory Fe(III) reduction within both a bicarbon-
ate buffered (10 mM) and an artificial groundwater medium
supplemented with 3 mM lactate (6, 11, 12). The secondary
mineralization of ferrihydrite occurs via a coupled biotic-
abiotic mechanism, involving the Fe(II)-induced conversion
of ferrihydrite to goethite and magnetite. The operating
secondary mineralization pathways following reductive dis-
solution of ferrihydrite at a given pH are governed principally
by Fe(II) concentration and flux (5, 6). With increasing initial
Fe(II) concentration, a mineral phase progression is observed
from unaltered ferrihydrite to goethite/lepidocrocite to
goethite/magnetite (see Supporting Information Figure S1).
The addition of as little as 40 µM Fe(II) (∼0.1 mmol Fe(II)/g
ferrihydrite) leads to the conversion of nearly half of the
ferrihydrite to goethite and lepidocrocite within 9 d. While
goethite precipitation occurs over a large Fe(II) concentration
range, magnetite accumulation is only observed at surface
loadings greater than 1.0 mmol Fe(II)/g ferrihydrite (derived
from aqueous concentrations exceeding 0.3 mM). Goethite
concentrations reach a maximum of ca. 40% (mol % Fe) but
are lower (ca. 25%) at Fe(II) concentrations (>1.0 mmol
Fe(II)/g ferrihydrite) conducive for magnetite precipitation.
Similarly, lepidocrocite concentrations peak at ca. 58% but
become negligible at high Fe(II) concentrations. Addition of
Fe(II) concentrations exceeding 1.5 mM do not alter the final
mineral secondary phases even though ca. 10% ferrihydrite
and 25% goethite are still present. Preservation of ferrihydrite
and lack of conversion to either magnetite or goethite suggests
that heterogeneous secondary precipitation on ferrihydrite
may result in a small fraction being occluded and thus not
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readily accessible for further reaction (6). Incomplete fer-
rihydrite reduction and conversion is consistently observed
both upon abiotic reaction with Fe(II) and via dissimilatory
iron reduction in the absence of a metal chelator (3, 5, 10,
11, 13, 14).

The factors influencing Fe(II)-induced secondary min-
eralization of ferrihydrite, however, remain elusive. Accord-
ingly, this research investigates geochemical controls on the
extent, rate, and mechanisms of abiotic Fe(II)-induced
transformation of 2-line ferrihydrite. The influence of pH,
Fe(II) concentration, and type of counterions (Cl, SO4, CO3)
on coupled and competing mineralization pathways is
investigated. While Fe(II) concentration is the master variable
dictating secondary mineralization pathways following re-
ductive dissolution of ferrihydrite, here we reveal that the
kinetics of conversion and ultimate mineral assemblage are
a function of competing mineralization pathways that are
also governed by pH and stabilizing ligands.

Materials and Methods
Synthetic Fe-Coated Sands. Two-line ferrihydrite, goethite,
and lepidocrocite were synthesized following the procedures
by Schwertmann and Cornell (2000) and coated on quartz
sand as described in detail previously (6, 12). After the Fe
(hydr)oxide was washed by either centrifugation or dialysis,
quartz sand was added to the suspension. The coated sand
was dried at 20 °C under convection while the mixture was
periodically stirred for 4 d and then resaturated with water
and heat sterilized. Both X-ray diffraction (XRD) and X-ray
absorption spectroscopy (XAS) verified the presence and
purity of the Fe (hydr)oxide phases. Surface area analysis
was conducted on a Beckman-Coulter SA3100 analyzer using
a single-point isotherm with N2(g) as the adsorbate on He
(24 h) purged samples. The surface area of the 2-line
ferrihydrite-, goethite-, and lepidocrocite-coated sand is 2.6,
1.0, and 0.80 m2 g-1, respectively. The uncoated Si sand has
a surface area of <0.1 m2 g-1. The concentration of Fe on the
sand is 10 mg g-1 (1 wt % Fe).

Experimental Procedures. Reactions were performed in
125 mL serum vials containing either ferrous chloride or
ferrous sulfate and 1.35 g of Fe(III) (hydr)oxide-coated sand
(1% Fe by weight) within anaerobic PIPES (1,4-piperazinedi-
ethanesulfonic acid) or bicarbonate (10 mM) buffer (pH 7.2).
The role of Fe(II) concentration and ligand type on secondary
mineralization was investigated by reacting 0.2 and 2.0 mM
ferrous chloride and ferrous sulfate with ferrihydrite. Kinetic
studies were performed by running a series of reaction vials
and sacrificing vials at each time point. Vials were equilibrated
and maintained at pH 7.2 under an N2 (PIPES) or 90%
N2/10% CO2 (bicarbonate) atmosphere and gently shaken to
minimize diffusion effects. Samples were extracted anaero-
bically using a sterile syringe and analyzed for pH and
aqueous Fe(II) concentration. All reactions were performed
in duplicate.

Sampling and Analysis. Aqueous concentrations of major
dissolved constituents and pH were measured as a function
of time. Production of soluble Fe(II) was monitored spec-
trophotometrically at 562 nm using the ferrozine assay (15).
Total dissolved Fe was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES).

Solids intended for X-ray absorption spectroscopic analy-
ses were dried in the anaerobic glovebox, mounted on a
Teflon plate, and sealed with Kapton polymide film to prevent
moisture loss and oxidation while minimizing X-ray adsorp-
tion. The speciation and structural environment of Fe were
determined using X-ray absorption spectroscopy (XAS) as
described previously (6). Briefly, a set of reference standards
for Fe (for more details, see ref 6) was utilized to perform
linear combination k3-weighted EXAFS spectral fitting using
the EXAFSPAK module DATFIT (16). Linear combinations of

empirical model spectra were optimized where the only
adjustable parameters were the fractions of each model
compound contributing to the fit. Fits were optimized by
minimizing the residual, defined as the normalized root
square difference between the data and the fit. The accuracy
of linear combination Fe EXAFS fits (qualitative and quan-
titative) was investigated previously (6). Fits are within (5
of actual mole percentages using the k-range 1-14 Å-1. The
detection limit for minor constituents is ca. 5%.

Mineral associations were obtained via high-resolution
transmission electron microscopy (HRTEM). Reacted Fe
(hydr)oxide-coated sands were embedded in LR white resin
and anaerobically sectioned on a microtome. Samples were
stored anaerobically and were only exposed to oxygen during
transfer (<1 min) to the high-vacuum sample chamber of
the TEM. Imaging and analyses were performed using a JEOL
2010 high-resolution TEM, which was equipped with a LaB6

filament as an electron source and operated at 200 kV with
1.9 Å point-to-point resolution.

Results
Role of Fe(II) Concentration. The impact of Fe(II) concen-
tration on the extent and rate of ferrihydrite mineralization
was investigated at 0.2 and 2.0 mM Fe(II) (∼0.67 and 6.7
mmol Fe(II)/g ferrihydrite) at circumneutral pH, concentra-
tions below and above the threshold required for magnetite
precipitation (∼1.0 mmol Fe(II)/g ferrihydrite), respectively.
Increasing the concentration of FeCl2 from 0.2 to 2.0 mM
results in a decrease in the extent of ferrihydrite transforma-
tion from 94% (6% ferrihydrite remaining) to 79% (21%
ferrihydrite remaining) after 132 h of reaction (Figure 1; Table
1). While the extent of ferrihydrite conversion decreases, the
rate of secondary mineralization substantially increases.
Within the first 2 h, ferrihydrite conversion increases from
16% to 70% by increasing the Fe(II) concentration from 0.2
to 2.0 mM (Figure 1). The rates of both lepidocrocite and
goethite precipitation are nearly an order of magnitude faster
at higher initial Fe(II) concentrations (Table 2). Yet, the extent
of lepidocrocite accumulation is lower at higher Fe(II) levels,
suggesting that continued lepidocrocite precipitation is
impeded by the formation of, or conditions leading to,
goethite and/or magnetite. Over time, magnetite continues
to accumulate seemingly at the expense of lepidocrocite;
concentrations of ferrihydrite and goethite are constant
following ca. 30 h of reaction (Figure 1). Reaction of 2 mM
FeCl2 with lepidocrocite-coated sand (192 h), however, does
not result in conversion to magnetite (see Supporting
Information Table S1), suggesting that Fe(II) reaction with
lepidocrocite does not result in structural conversion of
lepidocrocite to magnetite.

The impact of Fe(II) concentration on the extent and rate
of ferrihydrite mineralization was also investigated at 0.2
and 2.0 mM Fe(II) using FeSO4 as the Fe(II) source (pH )
7.2). As observed for FeCl2, increasing the concentration of
FeSO4 from 0.2 to 2.0 mM decreases the extent but enhances
the rate of ferrihydrite dissolution and conversion after 132
h (Table 2; Figure 1). At lower Fe(II) concentrations, the rate
of lepidocrocite precipitation exceeds that of goethite,
allowing for an initially higher concentration of the former
(Table 1; Figure 1). Following ca. 30 h, however, the pro-
portions of goethite and lepidocrocite are equivalent and
further conversion is not observed. Increasing the initial
Fe(II) concentration to 2 mM results in an increased rate and
extent of goethite precipitation. Lepidocrocite is only detected
at 2 h, suggesting that the rate of lepidocrocite precipitation
and subsequent dissolution are also enhanced at higher
Fe(II) concentrations (Figure 1). We propose that lepi-
docrocite precipitation peaked and nearly completely con-
verted to goethite within the first 2 h. Addition of 2 mM
FeSO4 to lepidocrocite-coated sand (192 h) results in ap-
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proximately one-third conversion of lepidocrocite to goethite
(see Supporting Information Table S1).

As observed for lepidocrocite (for 2 mM FeCl2), goethite
accumulation halts upon the precipitation of magnetite
(Figure 1). Magnetite is not observed upon reaction of 2
mM FeSO4 with goethite-coated sand, indicating that the
decline in goethite levels is not a result of structural
conversion to magnetite (see Supporting Information Table
S1; ref 12).

Role of Ligands. Steady-state mineral assemblages fol-
lowing abiotic reaction of ferrous Fe with ferrihydrite are
impacted by ligand (Cl, SO4, CO3) type at circumneutral pH
(Table 1). Upon addition of 0.2 mM ferrous Fe, chloride favors
the conversion of ferrihydrite to lepidocrocite, while sulfate

supports both goethite and lepidocrocite (in equal propor-
tions after 132 h) (Figure 1). While the precipitation and
stabilization of lepidocrocite are diminished in the absence
of chloride, lepidocrocite is not completely converted to
goethite and instead the two iron hydroxides exist in equal
proportions. Following reaction of 2.0 mM ferrous Fe,
magnetite is observed regardless of the ligand present.
However, at higher Fe(II) concentrations, lepidocrocite is
only observed following 132 h of reaction in the presence of
chloride. In fact, magnetite concentrations continue to
increase at the expense of lepidocrocite, such that lepi-
docrocite is completely consumed within 9 d of reaction (see
Supporting Information Figure S1).

FIGURE 1. Rates of ferrihydrite (F) conversion to the secondary phases goethite (G), lepidocrocite (L), and magnetite (M) as a function
of Fe(II) concentration and ligand (10 mM PIPES, pH 7.2). Percentages ((5 mol %) were determined from linear combination fits of
k3-weighted Fe EXAFS spectra (k ) 1-14) with a detection limit of ca. 5%.

TABLE 1. Fe(II)-Induced Conversion of 2-Line Ferrihydrite as a
Function of Fe(II) Concentration and Complexing Ligand
Following 132 h of Reaction

mol % FeFe(II)
(mM) ligand ferrihydrite goethite lepidocrocite magnetite

PIPES Buffer
0.2 Cl 6 8 86 0
0.2 SO4 7 46 47 0
2.0 Cl 21 13 27 39
2.0 SO4 18 55 0 27

Bicarbonate Buffera

0.2 SO4 44 56 0 0
2.0 SO4 30 70 0 0

a 10 mM bicarbonate buffer.

TABLE 2. Minimum Initial (0 to 2-5 h) Precipitation Rates of
Secondary Fe Phases upon Fe(II)-Induced Conversion of
2-Line Ferrihydrite as a Function of Fe(II) Concentration and
Complexing Ligand

0.2 mM 2.0 mM

Cl SO4 Cl SO4

mol Fe s-1

lepidocrocite 5 × 10-06 2 × 10-05 2 × 10-05 3 × 10-06 b

goethite 3 × 10-07 4 × 10-06 2 × 10-06 2 × 10-05

magnetite nda nd 1 × 10-06 1 × 10-07

mol Fe m-2 s-1

lepidocrocite 1 × 10-09 5 × 10-09 6 × 10-09 8 × 10-10

goethite 1 × 10-10 1 × 10-09 7 × 10-10 6 × 10-09

magnetite nda nda 4 × 10-10 4 × 10-11

a nd ) not detected. b Rate underestimated; maximum conversion
prior to first sampling.
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In contrast to the impact of Fe(II) concentration on the
extent of ferrihydrite conversion, the ligand does not impact
the extent of ferrihydrite conversion following 132 h of
reaction. The rates of ferrihydrite secondary mineralization,
however, are a function of the ligand, being slower for chloride
relative to sulfate, as noted for the precipitation of both
goethite and lepidocrocite (Figure 1; Table 2). The influence
of ligand type on the rate of goethite precipitation is a function
of initial Fe(II) concentration (Figure 1; Table 2). Similar to
lepidocrocite, the rate of goethite precipitation is ap-
proximately an order of magnitude slower in the pres-
ence of chloride relative to sulfate at low Fe(II) concentra-
tions (0.2 mM). Conversely, at higher Fe(II) concentrations
(2.0 mM), the rate of goethite precipitation is an order
of magnitude faster for FeCl2 than for FeSO4. The rapid
accumulation of goethite at the expense of lepidocrocite,
however, decreases the rate of magnetite precipitation in
the presence of sulfate (Table 2). Both ferrihydrite and
goethite decline as magnetite levels increase, suggesting
that some ferrihydrite is still accessible for conversion (Fig-
ure 1).

Addition of 10 mM bicarbonate alters the rate and
operating secondary mineralization pathway upon ferrous
sulfate reaction with ferrihydrite. Regardless of Fe(II) con-
centration, lepidocrocite precipitation is not observed fol-
lowing 5 d of reaction in the presence of bicarbonate (Table
1). Reaction of 0.2 and 2.0 mM ferrous sulfate with ferrihydrite
results solely in the accumulation of goethite. While lepi-
docrocite may have been a precursor for goethite precipita-
tion but was completely consumed following 5 d of reaction,
we did not observe conversion of lepidocrocite-coated sand
to goethite upon addition of Fe(II) in the presence of
bicarbonate (see Supporting Information Table S1). Although
magnetite is observed in the absence of bicarbonate upon
reaction of 2 mM ferrous sulfate with ferrihydrite, in the
presence of bicarbonate magnetite precipitation is inhibited
(Table 1). Additionally, the rate of ferrihydrite conversion
declines in the presence of bicarbonate. Upon addition of
0.2 mM Fe(II), 93% of ferrihydrite undergoes reductive
dissolution and secondary mineralization in the absence of
bicarbonate, while only 56% is transformed with bicarbonate
(10 mM) present after 5 d of reaction.

Role of pH. The extent of magnetite precipitation varies
as a function of pH (Figure 2), consistent with the reaction
stoichiometry for ferrihydrite reaction with Fe(II).

Increasing the pH to 8 induces nearly complete conversion
to magnetite upon reaction of 2 mM ferrous chloride with
ferrihydrite after 5 d of reaction (Figure 2). Similarly, an

increase in pH to 8 reduces the Fe(II) concentration required
for magnetite precipitation by more than an order of
magnitude (Figure 2). Conversely, at pH 6, magnetite does
not precipitate within 5 d of reaction.

Discussion
Reaction of ferrous iron (as ferrous chloride) with 2-line
ferrihydrite-coated sand results in the precipitation of
goethite, lepidocrocite, and magnetite following 5 d of
reaction at circumneutral pH (Figure 1; ref 6; Supporting
Information Figure S1). Upon initial reaction of Fe(II) with
ferrihydrite, two competing reaction pathways ensue involv-
ing the reductive dissolution and conversion of ferrihydrite
to either goethite or lepidocrocite. The formation of lepi-
docrocite and goethite occurs via Ostwald ripening of
ferrihydrite (1). Iron(II) adsorption and electron transfer to
structural Fe(III) enhances the dissolution rate and subse-
quent reprecipitation as a thermodynamically more stable
phase. Lepidocrocite is observed as large (several microme-
ters) single-domain, tabular crystals having minor levels of
ferrihydrite at crystal edges (Figure 3a,c). Goethite precipitates
are dominantly observed originating from the ferrihydrite
surface (Figure 3b). Upon goethite nucleation and growth
from the ferrihydrite surface, Fe(II) sorption on the active
goethite crystal face may allow for electron transfer through
the goethite crystal and subsequent oxidation of Fe(II) on
the goethite surface. Green rust (both soluble complexes and
discrete precipitates) is commonly observed as a precursor
to both goethite and lepidocrocite upon oxidation of Fe(II)
solutions (17-19) and also as a secondary phase upon abiotic
Fe(II) reaction and dissimilatory reduction of ferrihydrite
(20). Green rust, however, was not observed in this study,
suggesting that either precipitation of lepidocrocite did not
proceed through a green rust precursor or that its residence
time was shorter than the timing of our analysis.

The rate of lepidocrocite precipitation and dissolution is
a function of Fe(II) concentration and ligand type, which
subsequently influences the ensuing reaction pathways
(Figures 1 and 4). Stabilization of lepidocrocite relative to
goethite in the presence of chloride has been reported
previously (17), and indeed we observe more extensive
precipitation and longer residence times of lepidocrocite at
high Cl concentrations, thus minimizing ferrihydrite conver-
sion to goethite. In the absence of chloride, however, the
precipitation of goethite is equal to (0.2 mM Fe(II); 0.67 mmol
Fe(II)/g ferrihydrite) or greater than (2.0 mM Fe(II); 6.7 mmol
Fe(II)/g ferrihydrite) that of lepidocrocite (Figure 1). Lepi-
docrocite is commonly found associated with goethite in
noncalcareous soils (1). Lepidocrocite is, however, thermo-
dynamically unstable with respect to goethite (1), and thus
lepidocrocite may serve as a precursor to goethite formation.
The transformation of lepidocrocite to goethite has been
observed in both acidic and alkaline conditions (21, 22).
Correspondingly, the precipitation of goethite appears to
form at the expense of lepidocrocite, especially at high Fe(II)
concentrations in the absence of chloride (Figure 1). Fur-
thermore, goethite precipitates are observed in suspension
adjacent to lepidocrocite (Figure 3a). In fact, while reaction
of Fe(II) with synthetic lepidocrocite does not result in
substantial goethite precipitation upon reaction with both
0.2 and 2.0 mM FeCl2, one-third of the lepidocrocite is
converted to goethite at high Fe(II) concentrations in the
absence of chloride (see Supporting Information Table S1).
Accordingly, at higher Fe(II) concentrations (in the absence
of Cl), lepidocrocite may rapidly convert to goethite and
consequently may not be observed at longer reaction times
(Figure 4).

The addition of bicarbonate favors the conversion of
ferrihydrite to goethite (Table 1), yet it hinders the conversion
of lepidocrocite to goethite upon addition of 2.0 mM FeSO4

FIGURE 2. Influence of pH on magnetite precipitation upon reaction
of 0.2 and 2.0 mM FeCl2 with ferrihydrite-coated sand for 5 d.

2Fe(OH)3 + Fe2+ ) Fe3O4 + 2H2O + 2H+ (1)
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to lepidocrocite-coated sand (Supporting Information Table
S1). The “goethite-favoring effect” of carbonate upon oxida-
tion of Fe(II) in solution is well-documented (1, 23-25). The
proportion of goethite relative to lepidocrocite increases as
the ratio of CO2:O2 increases (1, 25). Goethite preference and
subsequent lepidocrocite inhibition may be due to control
of the spatial arrangement of the [FeO3(OH)3] octahedral and
suppression of nucleation of lepidocrocite in the presence
of carbonate (24). Correspondingly, while goethite and
lepidocrocite are both found within noncalcareous soils,
lepidocrocite is absent in calcareous soils (1).

Following Fe(II) (>1.0 mmol Fe(II)/g ferrihydrite) reaction
with ferrihydrite in the absence of carbonate, magnetite
precipitation ensues (pH ≈ 7) (Figures 1 and 4). Interestingly,
a mere one pH unit deviation from 7 either enhances (pH
8) or inhibits (pH 6) magnetite precipitation (Figure 2).
Previously, magnetite precipitation was not observed fol-

lowing abiotic reaction of Fe(II) with ferrihydrite at con-
centrations high enough to induce siderite precipitation (10).
Consistent with our findings, however, the authors propose
that low pH conditions, a consequence of proton dislocation
following Fe(II) sorption, may be responsible for the lack of
magnetite precipitation (10). Upon reaction of Fe(II) with
ferrihydrite, magnetite precipitates are observed, existing as
large, multidomain cubic crystals with ferrihydrite fringes
(Figure 3e). The formation of magnetite has been attributed
to a structural conversion of ferrihydrite, induced by Fe(II)
sorption and electron transfer to structural Fe(III) within
ferrihydrite (3, 5, 20, 26, 27). Magnetite, being an inverse
spinel, consists of Fe(II) in octahedral sites and Fe(III) in
both tetrahedral and octahedral coordination (1). The
presence of tetrahedral Fe(III) at the ferrihydrite surface has
been proposed previously (28-30), yet its existence is not
universally agreed upon (29-34). The nucleation of magnetite

FIGURE 3. Transmission electron microscopy images of ferrihydrite, goethite, lepidocrocite, and magnetite following reaction of ferrihydrite
with 0.2 (a,b) and 2.0 mM (c-e) FeCl2 (pH 7.2). (a) Juxtapositioning of lepidocrocite, goethite, and ferrihydrite. (b) Goethite laths originating
and growing out of ferrihydrite. Inset illustrates the interface between goethite and ferrihydrite. (c) Goethite flanking lepidocrocite. (d)
Goethite twin with a ferrihydrite core. (e) Multidomainic magnetite crystal with ferrihydrite fringes. Scale bars equal 100 nm, except for
the inset (b) scale is 50 nm.

FIGURE 4. Conceptual model depicting the secondary phase transformation of ferrihydrite as a function of Fe(II) concentration and ligand
(circumneutral pH). dissln ) dissolution; re-ppt ) reprecipitation. Rates for each conversion are reported in Table 2.
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may, in fact, be contingent upon the availability of surface
tetrahedral Fe(III), thus explaining the heterogeneous dis-
tribution of magnetite on the ferrihydrite surface (6).

Goethite and lepidocrocite concentrations are lower at
Fe(II) levels (>1.0 mmol Fe(II)/g ferrihydrite) conducive to
magnetite nucleation and precipitation (Figure 1, Table 1).
The conversion of lepidocrocite to magnetite in the presence
of 0.1 M FeSO4 solution (35) and in alkaline media has been
suggested previously (36). Similarly, oxidation of Fe(II) in
aerated solutions at pH 11 initially results in both goethite
and magnetite, but goethite production ceases at early stages
of oxidation, seemingly through the transformation to
magnetite via a lepidocrocite precursor (36, 37). The mech-
anism proposed for lepidocrocite transformation to mag-
netite involves the adsorption of Fe(II) species and interaction
with the surface of lepidocrocite, similar to that proposed
for the conversion of ferrihydrite to magnetite (36). However,
we do not observe formation of magnetite following reaction
of 2 mM Fe(II) with either goethite or lepidocrocite at
circumneutral pH (see Supporting Information Table S1).
Furthermore, high-resolution imaging of the surface of
goethite (12) and lepidocrocite indicates no signs of magnetite
nucleation (Figure 3). We have previously observed the
inhibition of goethite precipitation by magnetite following
dissimilatory reduction of ferrihydrite under advective flow
(6). Upon magnetite nucleation, the dissolution/reprecipi-
tation of ferrihydrite to goethite may decline as a result of
magnetite’s lower solubility and subsequent scavenging of
Fe(III) (i.e., a decrease in Fe(III) activity).

As ferrihydrite becomes unavailable for reaction, further
precipitation of magnetite is reliant upon the dissolution of
goethite (SO4) or lepidocrocite (Cl) to supply ferric iron for
crystal growth on the ferrihydrite surface (Figure 1). The rapid
conversion of lepidocrocite to goethite in the presence of
sulfate decreases the rate and extent of magnetite ac-
cumulation (Table 2). The enhanced rate of goethite pre-
cipitation may be due to the rapid accumulation and
conversion of lepidocrocite prior to the initiation of magnetite
nucleation in the absence of chloride. Conversely, in the
presence of chloride, the inhibition of lepidocrocite conver-
sion to goethite allows for enhanced rates of magnetite
precipitation (Table 2). We propose that this difference is a
result of the higher solubility of lepidocrocite relative to
goethite allowing for enhanced rates of magnetite crystal
growth. Specifically, while ferrous iron and pH are the solu-
tion variables controlling magnetite nucleation (reaction 1
above), ferric iron must also be considered for crystal growth
(reaction 2).

Thus, lepidocrocite and/or goethite dissolution and subse-
quent Fe(III) activities may also contribute greatly to the
crystal growth of magnetite upon exhaustion of reactive
ferrihydrite surface sites (Figure 4), explaining the decline in
goethite/lepidocrocite concentrations following magnetite
nucleation (Figure 1; Supporting Information Figure S1).

In the presence of 10 mM bicarbonate, magnetite
nucleation and precipitation is inhibited regardless of Fe(II)
concentration (Table 1; Supporting Information Table S1).
Similarly, the precipitation of magnetite following dissimila-
tory reduction of ferrihydrite is a function of the carbonate
concentration in the medium (3, 5). While magnetite is
observed as a minor phase in an atmosphere of N2:CO2 with
a ratio of 90:10, increasing the CO2 proportion to 20% results
in complete inhibition of magnetite precipitation (5). High
bicarbonate concentrations may impede the structural
conversion of ferrihydrite to magnetite as a result of aqueous
complexation of Fe(II) or by minimizing site accessibility
through bicarbonate sorption on the ferrihydrite surface (5).

Conversely, we observe extensive magnetite precipitation
following the reduction of ferrihydrite under advective flow
in a bicarbonate-buffered (10 mM) medium (equivalent
Fe(II) and bicarbonate concentrations to this study) (11).
The removal of bicarbonate ions via solute transport may
therefore relieve the inhibitory effects of carbonate sorption
on ferrihydrite or diminish localized zones of elevated
bicarbonate resulting from microbial respiration.

Secondary mineralization pathways following reaction of
Fe(II) with ferrihydrite are complex and involve an interplay
between a number of geochemical factors and competing
Fe(II)-induced mineralization pathways (Figure 4). Lepi-
docrocite may be transient in most environments, yet it may
play an important role in dictating the operative mineraliza-
tion pathways of ferrihydrite. While the initial precipitation
of goethite (especially in the presence of Cl) and magnetite
is contingent upon Fe(II) reaction with ferrihydrite, the
stability (i.e., residence time) of lepidocrocite appears to poise
the system with respect to either goethite or magnetite.
Regardless of Fe(II) concentration and ligand type, ferrihy-
drite is nearly completely consumed (82-94%) within 132 h
of reaction. Considering the rapid and nearly complete
conversion of ferrihydrite upon addition of even minor (ca.
40 µM) Fe(II) concentrations, the availability and/or long-
term reactivity of ferrihydrite within mature environments
is questionable.
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