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Iron-oxide crystallinity increases during soil redox oscillations
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Abstract

An Inceptisol A-horizon from Hawaii was subjected to a series of reduction-oxidation cycles—14 d cycle length over a 56 d dura-
tion—across the ‘‘soil-Fe’’ [Fe(OH)3.Fe2+

(aq), logKo = 15.74] equilibrium in triplicate redox-stat reactors. Each reducing event simulated
the flush of organic C and diminished O2 that accompanies a rainfall-induced leaching of bioavailable reductants from the forest floor
into mineral soil. The soil contained considerable amounts of short-range ordered (SRO) minerals (e.g., nano-goethite and allophane)
and organic matter (11% org-C). Room temperature and cryogenic 57Fe Mössbauer spectroscopy showed that the iron-bearing minerals
were dominated by nano- to micro-scale goethite, and that ferrihydrite was not present. Over the four full cycles, fluctuations in Eh (from
200 to 700 mV) and pFe2+ (from 2.5 to 5.5) were inversely correlated with those of pH (5.5 to 4). Here, we focus on the solubility dynam-
ics of the framework elements (Si, Fe, Ti, and Al) that constitute 35% of the oxygen-free soil dry mass. Intra-cycle oscillations in dis-
solved (<3 kDa) metals peaked during the reduction half-cycles. Similar intra-cycle oscillations were observed in the HCl and acid
ammonium oxalate (AAO) extractable pools. The cumulative response of soil solids during multiple redox oscillations included: (1) a
decrease in most HCl and AAO extractable metals and (2) a transformation of SRO Fe (as nano-goethite) to micro-crystalline goethite
and micro-crystalline hematite. This may be the first direct demonstration that Fe oxide crystallinity increases during redox oscillations—
an a priori unexpected result.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

An array of Fe-oxides, ranging from short range or-
dered (SRO; e.g., ferrihydrite, Fe5HO8 Æ 4H2O) to long-
range ordered (e.g., well-crystallized goethite, a-FeOOH;
hematite, a-Fe2O3; or magnetite, Fe3O4), coexist in a given
soil because of kinetic constraints on mineral transforma-
tions and open system fluctuations in geochemical condi-
tions. These solids present reactive interfaces for sorption
and transformation of aqueous species. They are also sub-
jected to microbially catalyzed reductive dissolution (i.e.,
bioreduction) when molecular oxygen becomes depleted
in the presence of organic matter, which can result in solu-
bilization of bound constituents. Fe bioreduction rates are
controlled by oxide surface area (Roden, 2003) and ther-
0016-7037/$ - see front matter � 2005 Elsevier Inc. All rights reserved.
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modynamic solubility (Bonneville et al., 2004). Upon rein-
troduction of O2, FeII is re-oxidized rapidly, resulting in the
neoformation of Fe-oxides that can scavenge organic acids,
metal cations and oxyanions from the soil solution. Thus,
Fe redox transformations can have a profound influence
on soil biogeochemistry.

In many environments, such as rooting zones of wetland
plants (Flessa and Fischer, 1992; King and Garey, 1999) or
sediments in near-shore environments affected by bioturba-
tion (Aller, 1994), Fe oxidation state is subjected to tempo-
ral oscillations (Reddy et al., 1989; Van Cappellen et al.,
1998). Similarly, when upland forest soils undergo periodic
O2 depletion (particularly in soil aggregates) in concert
with rainfall, leaching of labile organic matter (OM) from
the forest floor can lead to dynamic oscillations in soil re-
dox status (Silver et al., 1999; Schuur and Matson, 2001).
These redox-dynamic environments typically have high
rates of biological activity and their geochemical influence
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extends into adjacent ‘‘redox-static’’ regions (Van Cappel-
len et al., 1998; Komada et al., 2004). Although iron is ob-
served to undergo repeated transitions between FeIII and
FeII in such systems (Aller et al., 1986; Van Cappellen
et al., 1998; Anschutz et al., 2000), the cumulative effects
of such cycling are not known.

In most soils, FeIII, in the form of kinetically reducible
(i.e., ‘‘labile’’) oxides, is the largest contributor to soil oxi-
dation capacity when O2 is absent (Kirk, 2004). Thus, soils
undergoing temporary oxygen depletion will be poised
within the pH–pE range corresponding to Fe reduction
as FeII accumulates in the soil solution or in mixed valence
oxides such as magnetite (FeIII

2FeIIO4). Upon re-introduc-
tion of O2, rapid precipitation of FeIII into hydrous oxides
ensues because of supersaturation. The incipient product
of FeII oxidation is expected to be short-range-ordered
(SRO) FeIII-oxides such as ferrihydrite, because such
hydrated solids typically exhibit low interfacial energies
of nucleation (Stumm and Morgan, 1996). When the oxi-
dation occurs under low dissolved oxygen (DO) conditions
and in the presence of organic acids, aqueous organic–FeIII

complexes can also form (Liang et al., 1993; Pullin and
Cabaniss, 2003) as well as disordered, organic-poisoned
versions of ferrihydrite (Rancourt et al., 2005). Under sus-
tained oxidizing conditions, Ostwald ripening is expected
to spawn a time-dependent increase in the degree of crystal
ordering of minerals that coincides with their diminished
aqueous solubility (Steefel and Van Cappellen, 1990).
Thus, current understanding suggests that oxidative super-
saturation of organic-rich soil solutions will favor initially
the formation of aqueous organic–Fe complexes and
amorphous solids (i.e., SRO Fe-oxides) rather than
well-ordered Fe-oxides. Subsequent onset of reducing
conditions can be expected to preferentially dissolve SRO
Fe-oxides, but also more crystalline varieties (e.g.,
goethite) to some smaller degree (Bonneville et al., 2004;
Roden, 2004). Thus, repeated redox oscillations are
predicted to promote the accumulation of SRO Fe-oxides
as they are the primary predicted products formed during
the oxidizing half-cycles.

The objective of this research was to assess the influence
of multiple Fe redox oscillations on the dissolution–precip-
itation behavior of Fe and on associated elements in a com-
plex natural soil system. A complete Fe redox cycle is
defined here to comprise the transition from FeIII to FeII

and back to FeIII. We postulated that consecutive Fe redox
cycles would result in long-term behavior that differed from
that observed in a single cycle, particularly with respect to
the relative predominance of Fe-bearing solids. Specifical-
ly, we hypothesized that oscillation in Fe redox status
would promote: (1) the accumulation of metastable SRO
Fe-oxides and (2) lead to progressively greater rates of Fe
reduction. The approach was to force systematic redox
oscillations on stirred soil suspensions while applying a
comprehensive geochemical sampling protocol. This ap-
proach has not been applied previously to the study of
Fe redox cycling.
2. Materials and methods

2.1. Overall approach

Prior methods for examining/describing redox-fluctuat-
ing environments include extrapolating from knowledge
of oxic and anoxic end-members (Cornell and Schwert-
mann, 1996), forcing intermediate redox conditions using
Eh-stat reactors (Patrick et al., 1973), documenting the bio-
geochemical changes during a single transition between
oxic and anoxic conditions (Patrick and Jugsujinda, 1992;
Brennan and Lindsay, 1998), making microscale field mea-
surements across the oxic/anoxic interface (Frenzel et al.,
1999; Zhang and Pang, 1999; Anschutz et al., 2000), or seg-
regating (spatially) oxic and anoxic regions to create an
identifiable interface (Roden et al., 2004). Our approach
is a variant of prior experimental designs employing alter-
nating anoxic/oxic atmospheres (Reddy and Patrick, 1975;
Aller, 1994; Caradec et al., 2004). We specifically target Fe
valence state transitions using a ‘‘soil-Fe’’:FeII (Lindsay,
1979) equilibrium model to define progressive Eh-triggered
additions of air during the oxidizing half-cycle and real-
time DOC measurements to define C additions during the
reducing half-cycles.

2.2. Soil selection

A soil was selected from a well-characterized climate gra-
dient on the island of Maui, HI that had shown documented
Eh fluctuations (based on field measurements) that span the
solubility range of several Fe-oxides (Chadwick and Chor-
over, 2001; Miller et al., 2001; Schuur and Matson, 2001).
The soil contains SRO mineral–organic complexes that
are characteristic of an intermediate (400 ka) weathering
stage in basalt-derived soils subjected to a humid climate
(Chorover et al., 2004). The A-horizon (6–13 cm) of the
Histic Placic Petraquept profile was doubled-bagged in a
low O2-permeable, 3-mil Sarenex inner bag and a 4-mil
polyethylene outer bag, flushed three times with ultra-pure
N2, packed on ice for transport to the lab and stored at 4 �C.
The full depth of the A-horizon was homogenized in a 5%
H2:95% N2 glove box and stored a 4 �C.

2.3. Initial soil characterization

Total and ‘‘labile’’ element concentrations were mea-
sured following Li-metaborate fusion (Hossner, 1996),
and 0.5 M HCl (Lovley and Phillips, 1986) and 0.1 M acid
ammonium oxalate (AAO) (Loeppert and Inskeep, 1996)
extractions. The HCl and AAO extractions were performed
at a 1:60 solid to solution mass ratio in 50 mL PPCO cen-
trifuge tubes for 2 h. Tubes were centrifuged for 20 min at
41,500 relative centrifugal force (RCF) and the supernatant
solutions were then analyzed using inductively coupled
plasma-mass spectrometry (Perkin Elmer DRC II ICP-
MS). An initial pH measurement was made on a saturated
soil paste (1:1 soil:solution mass ratio in 18 MX water). To-
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tal soil carbon was analyzed on a Shimadzu 5000A TOC
analyzer equipped with a Shimadzu 5000A-SSM solid sam-
ple module. Bulk mineral composition was assessed using
X-ray diffraction (XRD) on a Philips X’pert MPD diffrac-
tometer equipped with a spinning stage and X’Celerator
multiple strip detector with Ni-filtered Cu Ka radiation
at 50 kV and 40 mA. Quantitative analysis of Fe solids
was achieved using Mössbauer spectroscopy as described
in Section 2.7.

2.4. Redox reactor design

A redox-stat reactor system was designed and construct-
ed to control the Eh and pH of soil suspensions (Fig. 1).
The design is based on a modification of those reported
in Patrick et al. (1973) and Petrie et al. (1998). The lower
section of the Pyrex glass reactor contains a working vol-
ume of 600 mL and a water jacket for precise temperature
control. The upper section contains six Ace glass thread
connectors for probes and sampling. Redox conditions
are controlled by automated modulation of air and N2

gas flow to maintain set Eh values using three ORP control-
lers (Oakton Instruments, Vernon Hills, IL, USA). A con-
stant stream of ultra-pure N2 gas is delivered to the
reactors through a 4 M NaOH CO2 trap/humidifier. Care-
ful attention was paid to the design of the gas handling sys-
tem (using a series of regulators and flow meters) to ensure
that each reactor would receive additions of air and N2

based on reactor-specific Eh measurements, without influ-
encing the operation of the other replicate reactors. The
effluent gas from each reactor was routed through a series
of vessels containing base (1 M NaOH) to trap evolved
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Fig. 1. Schematic of the Fe r
CO2 (Zibilske, 1994; Majcher et al., 2000). The CO2 evolu-
tion results will be discussed in a forthcoming paper.

2.5. Redox oscillation experiment

2.5.1. Reactor operation
Soil suspension incubations were conducted in the ab-

sence of light using field moist soil at a solid (dry mass
equivalent) to solution mass ratio of approximately 1:11.
Field moist soil was transferred from 4 �C storage to the
glove box where it was suspended in 0.02 mM NaCl back-
ground electrolyte solution (prepared from deoxygenated
18.2 MX water) in a 2 L polyethylene (PE) bottle. The sus-
pension was shaken for 5 min and then the passed through
a 1-mm sieve to remove large rocks and particles. This pro-
cedure was repeated several times until an uniform slurry
was obtained. The slurry was then sealed in the PE bottle
and removed from the glove box. The slurry was shaken
just prior to transferring 500 mL to each of the reactors
in the order A, B and C. The mass of slurry added was
recorded, the reactors were sealed, and a stream of N2

gas was introduced to start the experiment, which was con-
ducted at 25 �C. The precise solid concentration was deter-
mined at each sampling point by oven-drying (110 �C) a
measured mass of the slurry for 24 h.

Several constraints were applied to isolate the cumula-
tive effects of multiple redox cycles. (1) A full oscillation
consisted of 7 d of Fe reducing conditions followed by
7 d of Fe oxidizing conditions. (2) On the second day of
each oxidizing half-cycle the pH was reset to 4.5 using
4 M NaOH or 0.5 M HCl. This was necessary to curtail
the acidifying effects of organic acid accumulation that
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affected Fe transformation rates over time in preliminary
experiments. (3) The rate of O2(g) addition during the oxi-
dizing half-cycles was controlled by setting a target Eh to
give FeII

(aq) concentrations of 1 lM in equilibrium with
‘‘soil Fe’’ (Fe(OH)3, assuming Kdiss = 15.74) (Lindsay,
1979). This required adjusting the Eh set-point as the pH
changed during the oxidizing half-cycle. (4) A supplemen-
tal C source (sucrose) was provided at the beginning of
each reducing half-cycle (excluding the first half-cycle) to
provide consistent initial aqueous C concentrations of
100 mg L�1. All reactors were operated for 8 weeks except
reactor C, which malfunctioned in the middle of week 7.

2.5.2. Reactor sampling scheme
The reactors were sampled on days 1, 4, and 7 of each

half-cycle. The sampling scheme included taking two
1-mL samples for centrifugal separation of dissolved sus-
pension constituents to <30 nm followed by ultra-filtration
to <3 kDa of one of the samples. An additional 1 mL sam-
ple was collected for immediate tracking of FeII and DOM
concentrations (<30 nm). Two 1.5 mL samples were col-
lected for archival purposes and one 0.5 mL sample was
collected for dry weight analysis. All sample vials were
flushed with N2 gas immediately before and after adding
the sample. Each sealed sample was transferred to the
95:5% N2:H2 glove box, opened and allowed to equilibrate
for 5 min before resealing. After this point samples were
opened only inside the glove box.

Samples for dissolved constituents were removed from
the glove box and separated by centrifugation in an Eppen-
dorf 5417C centrifuge with an F 45-30-11 rotor. Centrifu-
gal fractionation was accomplished assuming spherical
particle geometry and a nominal particle density of
2.72 g cm�3 for dispersed particles; the RCF and time re-
quired to achieve separation of particles <30 nm (30 min
at �18 k RCF) was calculated from Stokes’ law. The mean
particle density estimation is based on preliminary elemen-
tal analysis of soil colloids. Samples were returned to the
glove box where the supernatant solutions were removed
and acidified to pH 1 with trace metal grade 6 M HCl
(0.8% of sample volume; To et al., 1999). One of the super-
natant solutions from the centrifuged samples was passed
through a 3 kDa molecular weight cutoff (MWCO) Milli-
pore Amicon-Microcon YM-3 regenerated cellulose filter
using an Eppendorf Minispin Plus centrifuge. Since the
YM-3 filter apparatus did not seal tight enough to exclude
O2, ultrafiltration was conducted inside the glove box.

The pellets were resuspended in 0.5 M HCl and extract-
ed for 2 h at 7 rpm on an end-over-end rotator. This extrac-
tion targets the most soluble short-range-ordered (SRO) Fe
oxides (Kostka and Luther, 1994) and releases any ferrous
(Fe2+) bound to particle surfaces (Lovley and Phillips,
1986). The samples were centrifuged at 18 k RCF for
5 min, returned to the glove box for aspiration of the super-
natant solution, and the resulting pellet was resuspended in
a 0.2 M AAO solution with a final pH of 3 (the pH of the
AAO stock solution was adjusted to compensate for the en-
trained 0.5 M HCl in the pellet) for 2 h on a 7-rpm rotator.
Samples were then centrifuged at 18 k RCF for 5 min,
returned to the glove box, the supernatant solution was re-
moved and the resulting pellet was frozen. All collected
solutions were stored at 4 �C until analysis. Archival sam-
ples were frozen immediately after equilibration in the
glove box.

2.6. Chemical analysis

Redox-stat reactor pH and Eh voltages were logged con-
tinuously using a custom designed voltage amplifier/pro-
cessor that fed a signal to a data logger (B&B
Electronics, Ottawa, IL). Gel-filled pH (VWR scientific
products) and Eh (Omega, Stamford, CT) electrodes were
used because of their low electrolyte leak rates. All suspen-
sion solutions and HCl extracts were prepared similarly for
analysis of FeII using the ferrozine method (Stookey, 1970)
by UV–Vis spectrophotometer (Shimadzu UV-3101 PC).
Interferences in the measurement of FeII from colloidal
material or FeIII–ferrozine complexes (To et al., 1999;
Viollier et al., 2000; Washington et al., 2004) were identi-
fied by calculating the ratio of absorbance at 562 and
500 nm (A562/A500), which is ca. 1.9 for a pure ferrozine–
FeII complex, but decreases with increasing interference.
Solutions yielding A562/A500 < 1.8 were acidified (after the
ferrozine–FeII complex had formed at neutral pH) to pH
1.5 by addition of a small volume of 6 M HCl. This
acidification diminishes interferences but does not destroy
the ferrozine–FeII complex (To et al., 1999). The samples
were then centrifuged at 10 k RCF for 5 min, and re-ana-
lyzed. A set of standards was also subjected to this
acidification step. This restored the A562/A500 ratio to
>1.8, yielding a lower and more accurate FeII reading.
Total metal concentrations (Fe, Si, Al, Ti, K, Mg, Ca,
and Na) were measured via ICP-MS. Dissolved organic
carbon (DOC) measurements used to define sucrose addi-
tions were achieved by high temperature combustion and
subsequent infrared detection of CO2 on a Shimadzu
5000A TOC analyzer.

2.7. Mössbauer spectroscopy

Solid phase Fe mineralogical changes were assessed
using room temperature (RT, 22 �C) and liquid helium
temperature (LHeT, 4.2 K) 57Fe Mössbauer spectroscopy
(MBS). Three freeze-dried splits of the reactor soil material
were analyzed: (1) sample V3, native soil, frozen at �80 �C
immediately after the homogenation process (see Section
2.2). (2) sample 1A, archived slurry (frozen immediately
after sampling) from the first sampling point (day 1) and
(3) sample 8C, archived slurry (frozen immediately after
sampling) from the last sampling point (day 56) of reactor
B in the redox oscillation experiment.

All LHeT and RT 57Fe Mössbauer spectra were collect-
ed in transmission mode using a 10–50 mCi 57Co–Rh
source kept at RT. Freeze-dried powder samples were
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mounted in holders with 1.27-cm diameter windows and a
thickness as large as 0.64 cm to accommodate large vol-
umes of sample. In all cases, an amount of sample corre-
sponding to the calculated ideal absorber thickness that
optimizes the signal to noise ratio (Rancourt et al., 1993)
was used (�100 mg per holder). The ideal thickness is cal-
culated on the basis of the bulk elemental composition of
the dry powder and, with OM-rich samples, can require
as much as 500 mg or more of sample. With heterogeneous
samples such as the Hawaiian soils (<15% dry mass Fe), it
is essential to use the ideal absorber thickness, especially
with cryogenic measurements where the data collection
time is limited (by labor and cryogen costs) to approxi-
mately 1 d. The RT measurements had data accumulation
times of 1–2 wk.

All measurements were performed with a velocity range
of ±11 mm s�1 to ensure detection of any hyperfine split
patterns (i.e., sextets) from FeIII-bearing magnetically
ordered phases (esp., oxides and oxyhydroxides). All
Fe-bearing solid phases, including sorbed species, were
detected down to the typical detection limit of 0.1–1% of
Fe (or worse for some subspectral patterns and the smaller
signal/noise ratio spectra). Velocity (i.e., c-ray energy) cali-
bration was obtained using an enriched 57Fe foil at RT and
all center shifts (CSs) and peak positions are reported with
respect to the CS of metallic iron at RT. The transducer was
operated in constant acceleration mode and folding was
performed to achieve a flat background. The spectra were
not corrected for thickness effects (Rancourt et al., 1993).
The cryogenic measurements were performed in a He gas
flow type cryostat with cryogenic radiation shielding. Tem-
perature was monitored both at the He gas outflow port and
on the sample holder mount and did not rise above 4.5 K at
any time during data accumulation. This method is known
not to produce measurable temperature gradients across the
absorber dimensions (less than 0.1 K on 1/2 in.). The entire
setup is vibration isolated and tests showed no measurable
vibrational broadening on calibration standard peaks (less
than 0.001 mm/s on peak widths).

Mössbauer spectral fitting of all the RT and LHeT spec-
tra was performed using the Voigt-based fitting (VBF)
method of Rancourt and Ping (1991) for quadrupole split-
ting distributions (QSDs) and combined hyperfine field dis-
tributions (HFDs), as implemented in the Recoil software,
developed in Rancourt’s laboratory in collaboration with
ISA Inc. (http://www.isapps.ca/recoil). All VBF Möss-
bauer parameter definitions and a description of the rele-
vant notation are given by Rancourt and Ping (1991). All
errors in Mössbauer fitting parameters are two-SD (2r) er-
rors, as calculated by Recoil. In reporting quantitative
phase abundances or site populations it is assumed that
the Mössbauer recoilless fractions of all detected phases
or Fe-bearing components are equal, such that subspectral
areas (expressed as fractions of total spectral area) are
equal to the amounts of Fe (expressed as fractions of total
Fe) in the corresponding phases or components. This
assumption is expected to be valid at cryogenic tempera-
tures, and also to be a good approximation at RT with
dry samples (Lalonde et al., 1998; Rancourt, 1998).

2.8. Calculations

All aqueous and solid phase concentration values are ex-
pressed in units of moles per kilogram of dry soil to com-
pensate for small variations in suspension solid
concentration. During the reactor experiment, some soil
particles were deposited onto the upper portion of the reac-
tor vessel, effectively removing them from the bulk suspen-
sion and resulting in a minor (<4%) increase in the
suspension water content over the course of the experi-
ment. Suspension dry mass was determined each time a
sample was taken. Concentrations of analyte in the HCl
and AAO extracts were determined after correcting for
their concentrations in the entrained solution prior to
extractant addition:

½Fe�HCl ¼
½Fe�SHCl �MHCl sol’n � ½Fe�S<30 nm �M<30 nm

Entr’n sol’n

h i

MSoil

;

ð1Þ

½Fe�AAO ¼
½Fe�SAAO �MAAO sol’n � ½Fe�SHCl �MHCl

Entr’n sol’n

h i

MSoil

;

ð2Þ

where [Fe]S<30 nm, [Fe]SHCl, and [Fe]SAAO refer to the con-
centration of Fe (mmol kg�1 sol’n) in the <30 nm fraction,
HCl and AAO solutions, respectively. MHCl sol’n and MAAO

sol’n refer to the mass (kg) of HCl and AAO solution,
respectively. M<30 nm

Entr’n sol’n and MHCl
Entr’n sol’n refer to the mass

of entrained solution in the HCl and AAO extraction,
respectively. Concentration values (e.g., [Fe]HCl) have been
corrected for Fe mass in entrained solutions from the pre-
ceding step. The sum of the aqueous, HCl and AAO con-
centrations approximates the standard AAO extraction
(Kostka and Luther, 1994; Loeppert and Inskeep, 1996)
and is defined as:

½Fe�SRO ¼ ½Fe�<30 nm þ ½Fe�HCl þ ½Fe�AAO ð3Þ

Ionic strength (I) was calculated for each sampling point
from measured values of the major cations assuming Cl�

balances the cation charge. Fe2+ activity was then calculat-
ed using the Davies equation.

3. Results

3.1. Initial soil characterization

Selected physical–chemical characteristics of the soil
used in these experiments are presented in Table 1. The
mineral composition of the soil is dominated by SRO Fe
(primarily nano and microcrystalline goethite) and Al oxi-
des. Strong XRD patterns were observed for quartz and
anatase, along with weak patterns for other minor constit-

http://www.isapps.ca/recoil


Table 1
Selected physical–chemical characteristics of the soil

Soil classification Histic Placic Petraquept

MATa 16 �C (6–13 cm)
MAPa 3500 mm yr�1

Horizon Ag
Mineralogyb Major: quartz, SRO Fe and Al/Si-oxides (e.g.,

nano-goethite and allophane).
Minor: anatase, muscovite, hematite, ilmenite,
and kaolinite

pHoxic (1:1 soil:H2O) 4.3

Total soil HCl-extract AAO-extract

Major element chemistry (g kg�1 dry soil)

Si 130(10)c 0.200(5) 0.200(3)
Fe 111(15) 12.6(2) 42.0(24)
Ti 79.3(68) 0.40(6) 7.4(9)
Al 44.1(29) 3.7(11) 5.9(3)
C 107(4) n.d.d n.d.

a Mean annual temperature and precipitation (Schuur and Matson,
2001).

b As determined by XRD and Mössbauer analysis.
c Values in parenthesis are 95% confidence interval: 95% C.I. = t · (SD)/

(n0.5) presented in scientific notation (e.g., 5.0(15) = 5.0 ± 1.5).
d Not measured.
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Fig. 2. (A) pE (Eh) and (B) pH data at the time of sampling for all
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concentration in the reactor. The dashed line corresponds to the
equilibrium Fe2+ activity for ‘‘Soil-Fe’’ [Fe(OH)3] (Lindsay, 1979) at the
pH and Eh values shown for reactor A.
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uents. The relative elemental composition (oxygen free) of
the soil follows the order: Si > Fe > C > Ti > Al.

3.2. Iron dynamics

Reducing half-cycles were characterized by a decrease in
Eh, and increases in both pH and FeII concentration,
whereas the oxidizing half-cycles exhibited inverse trends
(Fig. 2). [FeII]<3 kDa (hereafter also termed ‘‘aqueous’’ FeII)
showed comparable trends between all replicate reactors
(Fig. 2C). Measured [FeII]<3 kDa values indicated aqueous
phase undersaturation with respect to ‘‘Soil-Fe’’ [Fe(OH)3]
during reducing half-cycles and oversaturation during oxi-
dizing half-cycles (Fig. 2C).

Values of [FeII]HCl showed similar fluctuations (illustrat-
ed by [FeII]<30 nm + HCl in order to facilitate discussion be-
low; Fig. 3) to the [FeII]<3 kDa data, but at higher
concentration. The FeII distribution coefficient (Kd) for
[FeII]HCl and [FeII]<3 kDa fluctuates inversely to [FeII]
(Fig. 4); fractional removal of FeII from solution exceeds
that removed from the solid phase during oxidizing half-
cycles. [FeIII]<3 kDa was never detected—indicating that
soluble FeIII–organic complexes are insignificant in these
systems—but considerable [FeIII]HCl was present (Fig. 3),
with maxima occurring during the oxidizing half-cycles.
The net effect of inverse oscillatory behavior in [FeIII]HCl

and [FeII]HCl resulted in [FeT]HCl maximums ([FeT]HCl =
[FeIII]HCl + [FeII]HCl) at the end of each reducing half-cycle
and an overall decrease in [FeT]HCl with time (Fig. 5). Fluc-
tuations in [FeT]AAO were of similar relative amplitude to
those in [FeT]HCl (data not shown) with peak values always
occurring during the reducing half-cycles. Summing
[FeT]<30 nm, [FeT]HCl, and [FeT]AAO provides a close approx-
imation to the one-step AAO extraction often used as a
proxy for SRO materials, termed [Fe]SRO (Eq. (3); Fig. 5)
(Kostka and Luther, 1994; Miller et al., 2001). Note that
[FeT]<30 nm is used instead of [FeT]<3 kDa because these selec-
tive chemical extractions were performed on pellets resulting
from the targeted <30 nm centrifugations. [Fe]SRO peaked
on the last day of each reducing half-cycle, and exhibited a
general decline over the course of the experiment.

The sum of aqueous and HCl extractable FeII is often
used to quantify the total FeII released during Fe reduction
(e.g. Lovley and Phillips, 1986). The amount of aqueous
and sorbed FeII present in the reactor was determined by
summing [FeII]<30 nm and [FeII]HCl (Fig. 3). Rates of Fe
reduction and oxidation based on this summation averaged
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ca. 25 and 80 mmol kg�1
soil d�1, respectively. These rates did

not show any discernable intra-cycle or cumulative trends
over the course of the experiment (Fig. 6).
3.3. 57Fe Mössbauer characterization

At each collection temperature (RT or LHeT), samples
V3 (native soil) and 1A (day 1 of the redox experiment)
produced almost identical Mössbauer spectra. Conversely,
small but significant changes were detected in sample 8C
relative to 1A and V3; all spectra at a given collection tem-
perature contain the same spectral components, but the
amounts differ. In Mössbauer spectroscopy, each spectral
component corresponds to one Fe-bearing solid phase (or
mineral, if crystalline) or to a group of unresolved Fe-bear-
ing solid phases. In addition, assuming equal Mössbauer
recoilless fractions (Rancourt, 1998), the total spectral area
of a given component is proportional to the amount of Fe
in the corresponding solid phase(s).

3.3.1. Soil Fe mineral composition

In the RT spectra, five spectral components were resolved
(Fig. 7): (1) an FeIII quadrupole doublet (labeled Q)
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corresponding to FeIII in silicates, surface-complexed to
solids, and in all Fe oxyhydroxides that are superparamag-
netic (SP) at RT; (2) a low-spin FeII quadrupole doublet
(labeled Il) that is attributed to ilmenite (FeTiO3); (3) an
FeIII sextet (labeled mc-Hm) corresponding to micro-crys-
talline hematite; (4) a broadened FeIII sextet (labeled
mc-Gt) attributed to micro-crystalline goethite; and (5) a
partially collapsed FeIII ‘sextet’ (labeled b-Gt) that must
be due to a non-ferrihydrite-like Fe oxyhydroxide having
its SP blocking temperature near RT and that is attributed
to blocking-transition (‘RT-blocked’) goethite.

In the LHeT spectra, four spectral components were re-
solved (Fig. 8): (1) an FeIII quadrupole doublet (labeled Q0)
corresponding to FeIII in non-Fe-rich silicates and com-
plexed to solids such as OM; (2) a mc-Hm component that
has the same spectral area, within error, as the RT mc-Hm
component; (3) a goethite (Gt) component, that has a spec-
tral area equal to the sum of the spectral areas of the mc-
Gt and b-Gt components of the RT spectra, and that we label
mc + b-Gt; and (4) a partially collapsed FeIII ‘sextet’ (labeled
n-Gt) that is attributed to Fe oxyhydroxides having their SP
blocking temperatures near LHeT (‘LHeT-blocked’).

Taken together, the RT and LHeT spectra of the native
soil (Figs. 7, 8 and Appendix A) reveal a quantitative Fe sol-
id phase composition dominated by nano- and microcrys-
talline goethite, that includes significant micro-crystalline
hematite, no ferrihydrite, and only a small amount of FeII

present as ilmenite (Table 2). All the fitting parameters
are given in Appendix A (three different fitting models were
used for the RT spectra, see Section 3.3.2).

Assignment of the components in Table 2 are based on
synthesis of the RT and LHeT spectral interpretations and
by the known Mössbauer behaviors of the phases involved.
Quantitative assignments are based on Fit III-z of the RT
spectra (see Table A1) and are corroborated by informa-
tion obtained at LHeT (i.e., the separation of Q0 from
Q). Justification of each of the component assignments in
Table 2 follows: (Il) The ilmenite doublet gives rise to a
characteristic RT peak at 1.4 mm/s. Only epidote could



Table 2
Quantitative Fe mineralogy from Mössbauer analysis

Component ID Component description % of total
Fe

n-Gt Nano-goethite (SP at RT, LHeT-blocked) 39.0(10)a

mc + b-Gt Micro-crystalline and RT-blocked Gt 37.0(10)
Q0 Fe3+ surface-complexed and in silicates 12.5(8)
mc-Hm Micro-crystalline hematite 10.5(6)
Il Ilmenite 1.7(1)

a Values in parentheses are two-SD non-linear least squares fitting
errors, calculated by the gradient at the minimum method. All errors are in
scientific notation (e.g., 5.0(15) = 5.0 ± 1.5).
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also have such a peak but its low energy doublet compo-
nent would be detected and it is not. An Il component is
not resolved at LHeT because of spectral overlaps and
smaller signal/noise. No high-spin FeII components were
detected in any of the spectra, with a RT detection limit
of ca. 0.2% of total-Fe. (mc + b-Gt) This component is
clearly resolved as goethite at LHeT and can be further
divided approximately equally (50 ± 10%) into mc-Gt
and b-Gt in the RT spectra (see Appendix A). (mc-Hm)
The RT mc-Hm component has hyperfine parameters cor-
responding to micro-crystalline hematite (on the protohe-
matite–hydrohematite join) with crystallite diameters
�100 nm (Dang et al., 1998). This is confirmed by the fact
that the mc-Hm component at LHeT has hyperfine param-
eters corresponding to samples that have not undergone
the Morin transition (Dang et al., 1998). (Q0) This compo-
nent is directly resolved in the LHeT spectra and contrib-
utes to the Q component at RT. Unlike the Q component
of RT spectra, the Q0 component of LHeT spectra cannot
Table 3
Quantitativea Fe-bearing solid phase results from RT Mössbauer spectra

Sample Fite Q mc-Hm

Series-I fits

1A I-q 46.1(7)b,c 11.0(7)
V3 I-h 45.6(5) 9.7(6)
8C I-d 40.4(7) 12.4(9)

(8C-1A) �5.7(10)d 1.4(11)

Series-II fits

1A II-s 50.0(11) 11.3(6)
V3 II-k 48.3(11) 11.8(6)
8C II-g 44.6(11) 14.5(7)

(8C-1A) �5.4(16) 3.2(9)

Series-III fits

1A III-z 51.2(9) 10.5(6)
V3 III-o 49.6(11) 10.2(6)
8C III-L 45.4(16) 13.3(10)

(8C-1A) �5.8(18) 2.8(11)

a All results are expressed as % of total-Fe, assuming equal Mössbauer reco
b Errors (in parentheses) are in scientific notation (e.g., 5.0(15) = 5.0 ± 1.5).
c All errors are two-SD non-linear least squares fitting errors, calculated by
d Errors for sums and differences are calculated assuming statistical indepen
e The corresponding fits are those given in Table A1.
contain any contribution from Fe oxyhydroxides since all
known Fe oxyhydroxides are blocked (i.e., are not SP) at
4.2 K. (n-Gt) Natural nano-goethites (n-Gt) are SP at RT
(Van Der Zee et al., 2003), as are all ferrihydrite-like (Fh-
like) natural and synthetic Fe oxyhydroxides. The n-Gt
component has been predominantly assigned to nano-goe-
thite, as it has a similar behavior to the n-Gt components
seen in lake and marine sediments (Van Der Zee et al.,
2003) and since the only other candidate, ferrihydrite-like
coprecipitates, generally have much more developed sextet
features. If ferrihydrite is present, it is likely very minor as
only goethite-like particles are expected to have sufficiently
small blocking energies to have blocking temperatures near
LHeT. All of the synthetic and natural Fh-like precipitates
studied in Rancourt’s laboratory (Van Der Zee et al., 2003;
supplementary material, unpublished) have more devel-
oped LHeT sextet features than the n-Gt component. Note
that the n-Gt component can be calculated either directly
from the n-Gt component resolved at LHeT or as Q–Q0,
since this phase is SP at RT.

3.3.2. Changes in Fe mineral composition resulting from
redox oscillations

Quantitative Mössbauer results, corresponding to the
fits described in Appendix A, are given in Tables 3 and 4.
Since relatively small changes in bulk Fe mineral composi-
tion occur on redox cycling (redistributions of Fe of ca. 5%
of total-Fe) it is important to examine the possible system-
atic errors that can occur on fitting the Mössbauer spectra.
The spectral characteristics of the resolved components al-
low reliable identification of the corresponding Fe-bearing
solid phases, within the limits described above. The only
mc-Gt b-Gt mc-Gt + b-Gt Ilmenite

14.5(9) 28.4(5) 42.9(7) n/a
14.9(7) 29.8(4) 44.7(6) n/a
15.4(10) 31.8(6) 47.2(9) n/a

0.9(13) 3.4(8) 4.3(11)

20.4(9) 15.9(14) 36.3(17) 2.4(2)
20.9(11) 16.6(12) 37.5(16) 2.3(2)
22.9(11) 15.6(13) 38.5(17) 2.4(2)

2.5(14) �0.3(18) 2.2(24) 0.0(3)

16.9(9) 19.7(9) 36.6(13) 1.7(1)
18.1(9) 20.8(13) 38.9(16) 1.3(2)
21.9(13) 17.5(20) 39.4(24) 1.8(2)

5.0(15) �2.2(22) 2.8(27) 0.1(2)

illess fractions.

the gradient at the minimum method.
dence. This is an overestimate for the error in mc-Gt + b-Gt.



Table 4
Quantitativea Fe-bearing solid phase results from LHeT Mössbauer
spectra

Sample Fitd Q0 mc-Hm mc + b-Gt n-Gt

1A n 12.5(8)b,c 11(2) 39(3) 37(2)
V3 ee 12.2(8) 9(2) 46(2) 33(2)
8C nn 14.1(9) 10(2) 41(2) 35(2)

a All results are expressed as % of total-Fe, assuming equal Mössbauer
recoilless fractions.

b Errors (in parentheses) are in scientific notation (e.g.,
5.0(15) = 5.0 ± 1.5).

c All errors are two-SD non-linear least squares fitting errors, calculated
by the gradient at the minimum method.

d The corresponding fits are those given in Table A2.
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other uncertainties arise from fitting non-uniqueness and
fitting tradeoffs (Rancourt, 1998). For these reasons, we
concentrate on the higher signal/noise ratio RT spectra
and report the results from three different fitting models
(I, II, and III, see Table A1). Model-I does not include
the small ilmenite doublet but is otherwise identical in its
assumptions to model-II. Model-III includes the ilmenite
doublet and allows more freedom in describing the spectral
shape of the b-Gt component than does model-II. This
acknowledges that dynamically broadened spectra corre-
sponding to SP particles near their blocking temperatures
can be rather complicated and are not necessarily well rep-
resented by static HFDs (Rancourt, 1998).

The fit qualities increase in the sequence I < II < III,
with typical reduced chi squared ranges of ca. 5–7, ca. 2–
4, and ca. 1.5–2.0, respectively (see Table A1). Despite
some systematic differences between fitting model results
(Table 3), the decrease in Q component of �5.8 ± 0.9%
of total-Fe (one-SD error, series-III fits) is robust, as is
the corresponding increase in the mc-Hm + mc-Gt + b-
Gt component taken as a whole. The LHeT results (Table
4) show the Q0 component not to change significantly on
redox cycling, implying that the significant change in the
(RT) Q component must be due to a decrease in n-Gt.

3.4. Metal partitioning

Dilute HCl and AAO extractions are designed to dis-
solve poorly crystalline minerals (Kostka and Luther,
1994). In general the intra-cycle responses of Si, Al, and
Ti were attenuated in comparison to Fe, and they showed
minor peaks at the end of the reducing half-cycles (Figs. 9
and 10). Similar to the case for Fe, [Al]HCl and [Al]SRO de-
creased over the course of the experiment (Fig. 10). How-
ever, [Ti]HCl was observed to increase with time, whereas
little trending was measured for [Ti]SRO (Fig. 9). The
sequential extractions (HCl followed by AAO) yielded
relatively consistent [M]AAO: [M]HCl ratios over the course
of the experiment for Fe (1.1 ± 0.1, SD), Al (0.5 ± 0.1),
and Si (0.6 ± 0.2); but Ti (15.0 ± 4.6) exhibited a strongly
decreasing trend because of the marked increase in [Ti]HCl

over the course of the experiment (Fig. 9A). Soluble silica
([Si]<3 kDa) increased from less than 1 mmol kg�1
soil to 16,

15, and 40 mmol kg�1
soil (reactors A, B and C, respectively)

at the end of the experiment, with only minor increases
in [Si]HCl and [Si]SRO (data not shown). This most likely re-
flects steady state dissolution of soil silicates, although con-
tributions of reactor vessel glass can not be ruled out.

4. Discussion

4.1. Solid phase Fe speciation

Mössbauer analysis of the soil reveals an Fe mineral
assemblage that is dominated by goethite (Gt) particles
ranging in size from nanometer (ca. 10 nm) to microme-
ter-scale (100’s of nm). The conspicuous absence of ferrihy-
drite in this soil is intriguing, as rapid weathering of
volcanic debris has often been thought to produce consid-
erable ferrihydrite (Parfitt et al., 1988; Shoji et al., 1993),
especially at intermediate-aged weathering stages in humid
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systems (Chorover et al., 2004). Previous identification of
ferrihydrite in similar volcanic soils (e.g. Chorover et al.,
2004) was based on non-Fe-specific techniques (e.g.,
XRD, FTIR, dissolution kinetics) or by using Mössbauer
spectroscopy at only 298 and 77 K (Parfitt et al., 1988)
and thus, it is plausible that if both RT and LHeT Möss-
bauer had been used for characterization, what was previ-
ously identified as ferrihydrite would be better described as
nano-goethite (Van Der Zee et al., 2003). The native soil
nano-goethite phase identified by MBS contains a similar
magnitude of Fe (ca. 43 g kg�1) as the initial AAO extrac-
tion of the soil (42 g kg�1; Table 1), implying that nano-
goethite is solubilized by an AAO extraction.

Although the HCl extraction indicated the presence of
FeII at ca. 5 and 1% of total-Fe in samples 1A and 8C,
no high-spin (non-ilmenite) FeII is detected in the Möss-
bauer spectra. Oxidation of FeII during freeze drying has
been reported (Murad and Cashion, 2004), but it is
generally assumed to be negligible if anoxic procedures
are followed carefully (Murad and Cashion, 2004), as they
were in the present study. If the [FeII]HCl was indeed oxi-
dized during the freeze drying process, that would explain
the lack of high-spin ferrous in the RT Mössbauer spectra.
To test this hypothesis, quadruplicate samples of the reac-
tor slurry were split into two groups in a 5% H2:95% N2

glove box, one group was extracted with 0.5 M HCl and
the other group was frozen, freeze-dried in accordance to
methods used for Mössbauer analysis, and then extracted
with 0.5 M HCl. Freeze drying led to a 41 ± 7% (95% Con-
fidence Interval) reduction in the recovery of [FeII]HCl, rel-
ative to the wet slurry (data not shown), which implies that
sample 1A would still contain ca. 3% of the total-Fe as
[FeII]HCl. Assuming equal recoilless fractions in the RT
MBS, the limit of detection is ca. 0.2% of total-Fe. It is pos-
sible that Fe(II) complexed to dry OM (the most likely
form of [FeII]HCl after freeze-drying) may have a signifi-
cantly smaller RT recoilless fraction than Fe in mineral sol-
ids; RT recoilless fraction determinations of Fe sorbed to
dry OM have not been determined previously. In LHeT-
MBS, where all recoilless fractions must be equal, the
signal/noise of the spectra are not as good as at RT. There-
fore, a high spin ferrous doublet as large as 3% of total Fe
could be present, but such a doublet is not obviously need-
ed (i.e., not statistically required in that many other fea-
tures of the resulting residual would be as large as the
ferrous peak that one could include). The quantitative re-
sults of Table 2 are based on RT only, where non-ilmenite
ferrous is not detected. This non-detection can only mean
either: (1) high-spin ferrous does not exist in the sample
or (2) it has an anomalously small recoilless fraction rela-
tive to all other Fe-bearing phases detected (or some com-
bination within the 0.2% limit). If reason (2) is correct, then
all the conclusions of Table 2 are nonetheless correct except
that one must interpret ‘‘total-Fe’’ to mean ‘‘total-detected-
Fe’’ (i.e., having a normal recoilless fraction).

4.2. Iron redox cycles as a biogeochemical forcing function

Fe redox cycles were used as a sinusoidal forcing func-
tion to perturb the biogeochemistry of the soil suspension.
The use of a sinusoidal forcing function, comprising a con-
stant frequency of oscillation, contrasts with the step or
pulse forcing more commonly used (Gotoh and Patrick,
1974; Patrick and Henderson, 1981; Quantin et al., 2001;
Zachara et al., 2001) to study biogeochemical parameters
(i.e., a single change in redox status from oxic to anoxic
or vice versa). Repeating sets of two week cycles compris-
ing a 7 d reduction period followed by 7 d of oxidation
were employed to represent temporally dynamic redox con-
ditions in humid forest soil environments (Silver et al.,
1999; Schuur and Matson, 2001). Similar oscillations, albe-
it at different frequencies, may be characteristic of near
shore sediments (Aller, 1994). Temporally dynamic systems
are characterized by persistent disequilibrium; chemical
and biological characteristics associated with the onset of
reducing or oxidizing conditions may persist until the next
half-cycle is initiated.
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4.3. Fe redox cycle evaluation

4.3.1. Eh, pH, and Feaq
II considerations

The observed oscillations in FeII concentration, Eh, and
pH (Fig. 2) are consistent with the reduction reaction for
labile Fe-oxide (e.g., Lindsay’s ‘‘Soil-Fe’’):

FeðOHÞ3ðsoilÞðsÞ þ 3Hþ þ e� ¼ Fe 2þ
ðaqÞ þ 3H2O

log Ko ¼ 15:74 ðLindsay; 1979Þ ð4Þ

where three moles of H+ are consumed/produced per
mole of Fe reduced/oxidized, and aqueous phase pH is
buffered by other proton producing or consuming reac-
tions including the oxidation of carbon (coupled to Fe
reduction), the reduction of molecular oxygen (coupled
to Fe oxidation), proton adsorption–desorption, and
accessory solid phase dissolution–precipitation. The Eh

range employed in this study is consistent with fluctua-
tions observed during weekly Eh measurements in the field
(Schuur and Matson, 2001). The concomitant fluctuation
of pH is similar to that observed when an intact soil is
subjected to oxic or anoxic conditions (data not shown).
With respect to Lindsay’s ‘‘soil-Fe’’, the reactor FeII

activity oscillated between undersaturation during the
reducing half-cycles and oversaturation during the oxidiz-
ing half-cycles. (Equilibrium saturation is indicated by the
dashed line in Fig. 2.)

When we assume Fe reduction/oxidation is coupled to
carbohydrate mineralization/oxygen reduction, the associ-
ated proton flux is reduced from three moles (as shown
in Eq. (4)) to two moles. Using this approximation of
two moles of protons for each mole of [Fe2+]<3 kDa, we cal-
culate that the total moles of protons consumed/produced
during Fe reduction/oxidation was in excess (ca.
80 mmolc kg�1 soil) of measured pH shifts and known base
additions. {One should note that a large portion (>70%) of
the redox-active FeII resides within the operationally de-
fined HCl-extractable pool (i.e., [FeII]HCl). [FeII]HCl likely
comprises Fe2+ ions adsorbed to surface hydroxyl sites
and thus, as a first approximation, the proton flux resulting
from fluctuations in [FeII]HCl is balanced by the two moles
of proton adsorption–desorption necessary to maintain
surface charge balance.} This excess proton flux suggests
significant buffering by other soil processes such as mineral
dissolution–precipitation or adsorption–desorption reac-
tions. Accessory mineral dissolution at low pH was appar-
ently not a major factor contributing to proton
consumption during the oxidizing half-cycles as aqueous
phase metals (e.g., [Al]<3 kDa) actually decreased at low
pH. Rather, proton sorption–desorption at particle surfac-
es appears to be the principal source of pH buffering in this
experiment. Proton buffering of a similar magnitude has
been measured for Hawaiian soils of equivalent age (Chor-
over et al., 2004). These basaltic soils contain a high density
of weakly acidic functional groups that apparently repre-
sent an effective buffer against the large proton flux that
accompanies Fe cycling.
Aqueous FeII concentrations are a primary metric for
evaluating the consistency of Fe redox cycles. Three prior
experiments were deemed ‘‘unsuccessful’’ based on irregu-
larities in this parameter and this motivated operational
changes such as routine pH adjustment during the oxidiz-
ing half-cycles, normalization of DOC concentrations at
the beginning of the reducing half-cycles, and ‘‘soil-Fe’’
equilibrium-based Eh targeting (see Section 2.5). In this
experiment aqueous FeII concentrations were reasonably
constant between cycles (Fig. 2C). The small variations ob-
served cannot be attributed to the amount of C added, the
pH at the start of the reducing half-cycle, or other opera-
tional parameters (data not shown). Rather, they likely re-
sult from minor variability in gas-flow rates, mixing rates,
etc. between individual reactors.

4.3.2. Solid phase Fe distribution and mineral ripening

Distinct differences in Fe recovery by HCl and AAO
extraction during the reducing and oxidizing half-cycles
illustrates, perhaps more directly than before, the in-
crease/decrease of extractable iron content with Fe reduc-
ing/oxidizing conditions (Quantin et al., 2002). According
to Fig. 3, there is a portion of [FeII]0.5 M HCl that is not oxi-
dized under the experimental conditions; baseline
[FeII]<30 nm + 0. 5 M HCl values return to ca. 20 mmol kg�1

by the end of each oxidizing half-cycle. The FeII oxidation
rate was greatest immediately following the addition of air
into the reactors, tapering to below 1 mmol kg�1 d�1 by the
end of each oxidizing half-cycle. This is probably due to a
depletion of readily oxidizable FeII.

Despite the expectation that rapid oxidation of FeII would
result in precipitation of poorly crystalline (HCl-extractable)
FeIII solids (Stumm and Morgan, 1996), production of some
fraction of non-HCl extractable FeIII solid is also apparent
(Fig. 3). For example, [FeII]<30 nm + 0.5 M HCl decreases from
ca. 170 mmol kg�1 at the end of the first reducing half-cycle
(day 7, reactors A and B) to ca. 20 mmol kg�1 at the end of
the first oxidizing half-cycle (day 14, reactors A and B). If
all of that FeII were oxidized to an HCl-extractable phase,
then an increase in [FeIII]<30 nm + 0.5 M HCl of ca. 150
mmol kg�1 would be observed. However, the measured in-
crease is 100 mmol kg�1, or 66% of the total FeII oxidized.
Furthermore, the amount of [FeII]<30 nm + 0.5 M HCl generat-
ed during reduction can not be completely accounted for by
that lost from [FeIII]<30 nm + 0.5 M HCl. For example, the
initial increase in [FeII]<30 nm + 0.5 M HCl of 50 (reactor B)
or 85 (reactor A) mmol kg�1 over the first reducing half-
cycle is incompletely matched by the corresponding decreas-
es in [FeIII]<30 nm + 0.5 M HCl of 30 (reactor B) and 40 (reactor
A) mmol kg�1. Thus, while the HCl extraction is thought to
probe the most labile Fe oxidation/reduction products, non-
HCl extractable solids—produced during the oxidizing half-
cycles and consumed during the reducing half-cycles—are
important contributors to the short-term dynamics of our
system.

All reactors show a slight downward trend in
[FeIII]<30 nm + 0.5 M HCl over the course of the experiment
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(Fig. 3B). This trend is more evident when the AAO
extractable mass is included, e.g., [FeT]<30 nm + 0.5 M

HCl + AAO (Fig. 5B). This sum, termed [FeT]SRO henceforth,
shows peaks at the end of each reducing half-cycle, similar
to [FeIII]<30 nm + 0.5 M HCl. It is known that FeII can in-
crease the rate of Fe-oxide dissolution in the presence of
oxalate (Sulzberger et al., 1989). [FeII]AAO was not mea-
sured, but based on the known volume of [FeII]HCl remain-
ing in the pellet, entrained FeII concentrations during the
AAO extraction ranged from 70 to 700 lM, peaking at
the end of the reducing half-cycles and following the gener-
al sinusoidal trend exhibited by [FeII]HCl. This is within the
range that (Sulzberger et al., 1989) found to accelerate
FeIII-oxide dissolution in the presence of oxalate. Since
these entrained FeII concentrations span an order of mag-
nitude, it is likely that part of the observed increase in total
AAO extractable Fe during the reducing half-cycles is due
to FeII-oxalate promoted dissolution. However, this does
not explain the overall trend of decreasing [Fe]SRO as the
experiment progressed. Entrained FeII concentrations,
while increasing greatly during each reducing half-cycle, re-
turn to baseline values (ca. 70 lM) during each oxidizing
half-cycle (data not shown). Furthermore, regression of en-
trained FeII concentration vs. AAO extractable Fe gave
poor correlation (R2 = 0.3) below 200 lM entrained FeII.
Above this value, the correlation is improved only slightly
(R2 = 0.5).

The decrease in [Fe]SRO over the course of the experi-
ment suggests that the kinetically labile FeIII-oxide pool
is being depleted. This refutes our initial hypothesis that
oscillations in Fe redox status would promote the forma-
tion and retention of metastable SRO Fe-oxides. These
wet chemical results are strongly supported by Mössbauer
analysis of sample 1A (day 1) and 8C (day 56) from reactor
B (Table 3 and Fig. 7). Using three different fitting models,
the decrease in n-Gt (which is highly correlated with AAO
extractable Fe, see Fig. 7 and Section 4.1) is consistent at
5.8% of total Fe (Table 3) while the absolute value of that
Fe component varies from 33 to 39% of total Fe. The de-
crease in n-Gt as measured by Mössbauer spectroscopy is
equal within error to the difference in [FeT]SRO of 6.4%
of total Fe (Fig. 5). The Mössbauer results also reveal that
Fe removed from the n-Gt component is transferred to the
mc-Hm and mc-Gt components in roughly equal amounts
(Table 3).

We propose that these redox cycles that induce alternate
dissolution and precipitation of FeIII solids, accelerate the
Ostwald ripening process, promoting the formation of
mc-Gt and mc-Hm over n-Gt. Comparable physico-chem-
ical fluctuations have been used to accelerate the room tem-
perature synthesis of dolomite and magnesite at the
expense of their metastable counterparts (Deelman,
1999). Deelman (2001) argues that when formation of both
metastable and stable mineral phases are possible thermo-
dynamically, alternate dissolution and precipitation of the
metastable phase will favor formation of the more stable
phase. The mechanism whereby redox oscillations promote
the formation of crystalline Fe-oxides at the expense of
their SRO precursors may have its origins in the disequilib-
rium condition where FeII is sorbed at FeIII mineral surfac-
es. This condition has been shown to expedite the kinetics
of mineral ripening. For example, recent work has shown
that FeII sorption to synthetic ferrihydrite promotes its ra-
pid transformation to goethite (Hansel et al., 2003;
Williams and Scherer, 2004; Pedersen et al., 2005). The rate
of transformation may then result from the intensity
(time · concentration) of FeII reaction with SRO FeIII oxi-
des, which in the present case is enhanced by redox
oscillation.

4.3.3. Solubility product analysis
Lindsay and co-workers (Schwab and Lindsay, 1983;

Brennan and Lindsay, 1998) have argued that metastable
equilibrium is maintained, even over short times in dynam-
ic systems such as soils, by poorly ordered transitory
phases. They suggest that FeII activity is controlled by
mixed-valence amorphous Fe-oxides (MVA Fe-oxides)
with solubility relations that resemble hydrated-magnetite
(Schwab and Lindsay, 1983). Under the assumption of
metastable equilibrium, the stoichiometry of mineral spe-
cies controlling FeII activity may be inferred from the slope
of the data plotted as [pE + pH] versus [log (Fe2+) + 2 pH].
While equilibrium with an FeIII mineral (e.g., goethite)
yields a slope of �1, magnetite (FeIIFeIII

2O4) gives a slope
of �0.67. Linear regression of data compiled from all three
of our replicate reactors yields a slope of �0.66 and an
intercept of 13.6, also consistent with the MVA Fe-oxide
model (Fig. 11). Although only a relatively small mass of
MVA Fe-oxide would be required to control Fe2+ solubil-
ity, no direct evidence (i.e., TEM or spectroscopic data) in
our study or in prior studies (Schwab and Lindsay, 1983;
Brennan and Lindsay, 1998) documents their presence.
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Furthermore, the activities of Fe2+ and H+, and therefore
the slope of the best fit line in Fig. 11, are also affected
by Fe2+ adsorption–desorption equilibria, which can be
represented by:

BSAOH + Fe2þ
ðaqÞ $B SAO AFeþ + HþðaqÞ ð5Þ

where BSOH is a particle surface hydroxyl group. Surface
adsorption of Fe2+ would diminish Fe2+

(aq) and the associ-
ated displacement of protons would decrease pH. When
plotted on Fig. 11, surface adsorption of Fe2+ would pro-
duce a larger (less negative) slope than a corresponding sce-
nario in which no adsorption of Fe2+ occurs. Thus,
adsorption–desorption of Fe2+ could buffer the aqueous
phase response to FeIII-oxide dissolution–precipitation giv-
ing rise to the non-unity slope in Fig. 11 that previously has
been attributed exclusively to MVA Fe oxides. Because of
this ambiguity regarding the impact of surface adsorbed
Fe2+, standard thermodynamic predictions that redox-
dynamic soils are in equilibrium with mixed FeII–FeIII sol-
ids must be interpreted cautiously.

4.3.4. Fe reduction/oxidation rates

Our initial hypothesis was that multiple Fe redox oscil-
lations would result in increased rates of Fe reduction as
microbial communities became more adapted to the specif-
ic oscillating conditions of the experiment. However, we
found that Fe reduction rates, inferred from the rate of in-
crease in [FeII]<30 nm + 0.5 M HCl, were similar during each
reducing half-cycle (Fig. 6). Not all solid-phase FeII miner-
als are solubilized by the 0.5 M HCl extraction (e.g., mag-
netite is not extracted; Kostka and Luther, 1994), and thus
if non-HCl extractable FeII minerals exhibit dissolution–
precipitation dynamics in these experiments, then the
reported Fe reduction and oxidation rates could be under-
estimated. However, the only FeII mineral detected by
MBS was ilmenite (FeTiO3); magnetite was not detected.
Furthermore, although [FeII]AAO was not measured rou-
tinely, separate studies with this soil indicated that all
detected [FeII]AAO could be accounted for by entrained
[FeII]HCl (data not shown). Thus, the Fe reduction rates
are a reasonable approximation, whereas the Fe oxidation
rates are likely underestimated; mass-balance (Section
4.3.2) and Mössbauer (Section 4.1) data provide clear evi-
dence that non-HCl extractable FeIII-oxides take part in
dissolution–precipitation dynamics in this system.

Because we placed rather strict geochemical constraints
on the Fe redox cycles (see Section 2.5), the similarity of Fe
reduction rates throughout the course of the experiment
could reflect control by physico-chemical conditions rather
than by adaptations of microbial catalysis. It may also be
that the sampling frequency (1, 4, and 7 d after initiation
of an oxidation or reduction half-cycle) was insufficient
to resolve rate dynamics that were operative at shorter time
scales. Nonetheless, the initially high Fe oxidation rates in
the first day of all oxidizing half-cycles followed by their
subsequent decrease are consistent with aqueous FeII and
pH control.
4.3.5. Solid phase behavior of Al, Si, and Ti

The degree to which the major framework metals (Fe,
Al, Si, and Ti) are altered by redox cycling is of consider-
able importance to soil structure and nutrient availability.
While values of [Fe]HCl and [Fe]AAO exceed those of any
other metal, [Al]AAO:[Fe]AAO and [Ti]AAO:[Fe]AAO are con-
sistently 0.3 and 0.4, respectively, throughout the experi-
ment; thus, redox cycling impacts the structural stability
or ‘‘lability’’ of Al and Ti bearing minerals. The relative
consistency of the molar ratio of Fe:Al:Ti of ca. 2:1:1 de-
spite intra-cycle fluctuations in [Fe]AAO, [Al]AAO, and [Ti]AAO

suggests a common source. SRO Fe and Al are abundant in
these soils, Fe-Ti primary minerals have been noted in Hawai-
ian basalt (Golden et al., 1993) and ilmenite has been detected
in this soil (FeTiO3) by MBS (Figs. 7 and 8; Table 2). Oxida-
tion of FeII in the presence of Al is known to produce
mixed Fe-Al solids, such as aluminous goethite (Fey and
Dixon, 1981). The highly collapsed pattern of the LHeT
Mössbauer spectra is indicative of Al-substituted goethites
and may also indicate Ti substitution as well. Although,
Ti substitution is more commonly observed in hematite
(Trolard et al., 1995), Ti-bearing goethites have also been
reported (Fitzpatrick et al., 1978; Tessens and Zauyah,
1982). Metal–organic complexes, which are known to be
prevalent these types of soils (Chorover et al., 2004), may
also play an important role in regulating the composition
of HCl and AAO extractable Fe, Al and Ti.

5. Conclusions

Two week cycles in redox status (across the ‘‘soil-Fe’’
reductive dissolution boundary) over an eight week period
produced pronounced intra-cycle changes (reducing vs. oxi-
dizing conditions) in aqueous and HCl extractable FeII and
FeIII, as well as HCl and AAO extractable FeT, Al, Si, and
Ti. After four cycles, several cumulative effects were also
apparent, the most prominent being an increase in the crys-
talline-character of Fe-minerals, quantified on the basis of
both wet chemistry and Mössbauer spectroscopy. Möss-
bauer data indicated the transformation of (Al-bearing)
nano-goethite to micro-crystalline (mc-) hematite and mc-
goethite. This transformation is reflected macroscopically
in the time-dependent decrease in [Fe]SRO over the course
of the experiment. An observed concomitant decrease in
[Al]SRO may indicate significant Al-substitution within
SRO Fe-oxides.

These results indicate that some geochemical features of
Fe redox cycling become apparent only after several consec-
utive redox cycles. In environments that are subjected to
variations in redox status, the frequency of redox shifts
may influence soil mineral transformation. Intermittent peri-
ods of anoxia are commonly thought to cause a depletion of
[Fe]SRO via reduction and removal due to leaching, thus
enriching the remaining soil in crystalline Fe-oxides by mass
balance (e.g. Miller et al., 2001). Here we have shown that re-
dox oscillations that span the Fe reduction/oxidation thresh-
old can promote the direct conversion of SRO material into
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more crystalline forms (e.g., goethite and hematite) with no
Fe removal, thereby providing an alternative pathway for
mineral transformation during pedogenesis. Our experi-
ments were conducted in closed systems and thus represent
an end member scenario with no leaching.
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Table A1
Fitting and calculated Mossbauer parameters for the RT spectra
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(MC/ch)

Phase Delta-0

(mm/s)

Area

(MC.mm/s)

Epsilon-0

(mm/s)

p (%)

1A I-q 8.53094* Q 0.3689 1.057 n/a 49.3*
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52.9

mc-Gt 0.37* 0.418 �0.582 100*
b-Gt 0.527 0.285 0.315 100*

1A III-z 8.53094* Q 0.3665 1.174 n/a 39.1*
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mc-Hm 0.356 0.241 �0.0971 47.7*
National Research Initiative Competitive Grant No.
2003-35107-13663 from the USDA Cooperative State Re-
search, Education, and Extension Service; National Science
Foundation Grant No. DEB-0212245; and The Pennsylva-
nia State University BRIE (IGERT) Grant No. DGE-
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Appendix A

See Tables A1 and A2.
DELTA or z

(mm/s)

Sigma

(mm/s)

Chi-2-red

(epsilon-1)

ÆCSæ
(mm/s)

ÆEpsæ
(mm/s)

Æzæ or ÆQSæ
(mm/s)

SD

(mm/s)

0.881 0.272 5.8 0.3689 n/a 0.716 0.277

0.555 0.165

3.38 0.085 0.3499 �0.0933 3.251 0.196
3.138 0.197

2.315 0.556 0.37* �0.156 2.315 0.556

0* 0.502 0.617 0.27 0.401 0.303

0.866 0.252 6.8 0.373 n/a 0.717 0.262

0.549 0.146
3.402 0.079 0.3599 �0.1001 3.266 0.195

3.151 0.189

2.304 0.579 0.37* �0.199 2.304 0.579
0* 0.493 0.619 0.271 0.395 0.299

0.874 0.255 4.7 0.3742 n/a 0.7197 0.263
0.556 0.149

3.374 0.098 0.3637 �0.0948 3.232 0.223

3.091 0.223
2.257 0.579 0.37* �0.208 2.257 0.579

0* 0.499 0.647 0.281 0.398 0.301

0.94 0.328 3.28 0.367 n/a 0.717 0.317

0.578 0.219

0.773 0.082 1.031 n/a 0.773 0.082

3.369 0.092 0.366 �0.1064 3.225 0.227
3.088 0.232

1.895 1.122 0.37* �0.166 1.937 1.048

0* 0.411 0.585 0.364 0.328 0.248

0.89 0.306 3.6 0.3695 n/a 0.723 0.299

0.57 0.192
0.754 0.094 1.034 n/a 0.754 0.0939

3.381 0.0996 0.377 �0.115 3.201 0.273

3.045 0.28
1.58 1.102 0.37* �0.556 1.654 0.986

0* 0.365 0.476 0.259 0.291 0.219

0.95 0.324 2.17 0.3684 n/a 0.726 0.314

0.589 0.216

0.764 0.104 1.037 n/a 0.764 0.104
3.362 0.109 0.379 �0.1098 3.179 0.288

3.017 0.301

1.46 1.114 0.37* �0.582 1.558 0.971
0* 0.356 0.527 0.315 0.284 0.215

0.911 0.314 1.88 0.3665 n/a 0.702 0.305
0.571 0.214

0.781 0.083 1.016 n/a 0.781 0.0829

3.379 0.083 0.356 �0.0971 3.253 0.194

(continued on next page)



Table A1 (continued)

Sample Fit BG
(MC/ch)

Phase Delta-0
(mm/s)

Area
(MC.mm/s)

Epsilon-0
(mm/s)

p (%) DELTA or z

(mm/s)
Sigma
(mm/s)

Chi-2-red
(epsilon-1)

ÆCSæ
(mm/s)

ÆEpsæ
(mm/s)

Æzæ or ÆQSæ
(mm/s)

SD
(mm/s)

52.3 3.137 0.194

mc-Gt 0.37* 0.386 �0.036 100* 2.216 0.755 0.37* �0.0361 2.217 0.753
b-Gt 0.572 0.452 0.338 100* 0.353 0.354 (�0.468) 0.572 0.173 0.412 0.283

V3 III-o 11.8627* Q 0.3733 1.433 n/a 55.2* 0.821 0.297 1.99 0.3733 n/a 0.701 0.284
44.8 0.551 0.181

il 1.022 0.0365 n/a 100* 0.776 0.037 1.022 n/a 0.776 0.037

mc-Hm 0.3676 0.295 �0.1052 46.7* 3.394 0.086 0.3676 �0.1052 3.245 0.221
53.3 3.115 0.219

mc-Gt 0.37* 0.524 �0.188 100* 1.977 0.841 0.37* �0.188 1.982 0.829

b-Gt 0.567 0.601 0.248 100* 0.351 0.262 (�0.256) 0.567 0.159 0.373 0.229

8C III-L 7.54081* Q 0.3757 0.829 n/a 37.6* 0.911 0.321 1.51 0.3757 n/a 0.704 0.302

62.4 0.581 0.216
il 1.022 0.0335 n/a 100* 0.776 0.093 1.022 n/a 0.776 0.093

mc-Hm 0.3708 0.243 �0.0999 49.5* 3.366 0.105 0.3708 �0.0999 3.202 0.259

50.5 3.041 0.266
mc-Gt 0.37* 0.401 �0.262 100* 1.681 1.018 0.37* �0.262 1.721 0.945

b-Gt 0.593 0.321 0.256 100* 0.345 0.218 (�0.188) 0.593 0.191 0.356 0.201

Note. All fits performed using the Voigt-based fitting method of Rancourt and Ping (1991) with the Recoil software developed in co-author Rancourt’s laboratory. All

fitting and calculated parameters are as defined in by Rancourt and Ping (1991). *This parameter frozen or constrained during fit. Lorentzian half widths at half maximum

(HWHM) of all elemental Lorentzians in all elemental doublet and sextets were all frozen at the (twice) Heisenberg value of 0.097 mm/s. All delta-1 couplings between CS

and z (or DELTA) were taken to be zero. All line-1 to line-2 area ratios in all (distributed) elemental doublets were taken to be 1. All line-2/line-3 and line-1/line-3 area
ratios in all (distributed and symmetric) elemental sextets were taken to be 2 and 3, respectively. All epsilon-1 couplings between epsilon and z (in a HFD) are taken to be 0,

except for the b-Gt spectral component where it is allowed to adjust. BG = backbround level, in mega-counts per channel (MC/ch). phase = assigned spectral component,

as described in the text. DELTA = the center (or position) of a Gaussian component in the quadrupole splitting distribution (QSD) of a given doublet spectral component.
z = the center (or position) of a Gaussian component in the hyperfine field distribution (HFD) of a given ‘sextet’ spectral component. sigma = the Gaussian SD width of a

given Gaussian component of a given QSD or HFD. p (in %) is the weigt factor for a given Gaussian component in a given QSD or HFD. ÆAæ signifies the average of the

absolute value of A. Æzæ is the average magnitude of the hyperfine field (expressed as an excited state Zeeman splitting, in mm/s) in a given HFD of a given sextet spectral
component. ÆQSæ is the average magnitude of the quadrupole splitting in a given QSD of a given doublet spectral component. ÆEpsæ is the average magnitude of the slave

distribution of quadrupole shifts (epsilons) associated to a given HFD of a given sextet spectral component. SD is the standard deviation width of a given distribution

(QSD, HFD, or slave distributions) chi-2-red is the reduced chi-squared value for the fit: chi-squared divided by the number of degrees of freedom. It has an ideal value of 1
for a correct model. All center shifts (CSs, delta-0, ÆCSæ) are given with respect to the CS of metallic Fe at RT.

Table A2
Fitting and calculated Mossbauer parameters for the LHeT spectra

Sample Fit BG

(MC/ch)

Phase Delta-0

(mm/s)

Area

(MC.mm/s)

Epsilon-0

(mm/s)

p

(%)

DELTA or

z (mm/s)

Sigma

(mm/s)

A-2/

A-3

A-1/

A-3

Chi-2-red

(epsilon-1)

ÆCSæ
(mm/s)

ÆEpsæ
(mm/s)

Æzæ or

ÆQSæ
(mm/s)

SD

(mm/s)

1A n 1.54766* Q0 0.495 0.0462 n/a 100* 0.796 0.409 n/a n/a 2.08 0.495 n/a 0.804 0.393

mc-Hm 0.493 0.0424 �0.0993 100* 3.547 0.09 2* 3* 0.493 �0.0993 3.547 0.09

mc + b-Gt 0.471 0.146 �0.118 48.3* 3.347 0.077 3.04 4.98 0.471 �0.118 3.232 0.229

51.7 3.124 0.268

n-Gt 0.66 0.1355 0.21 100* 0* 2.14 2* 3* 0.66 0.21 1.708 1.29

V3 ee 1.2492* Q0 0.495 0.0377 n/a 100* 0.765 0.371 n/a n/a 1.77 0.495 n/a 0.77 0.36

mc-Hm 0.493 0.0283 �0.093 100* 3.549 0.069 2* 3* 0.493 �0.093 3.549 0.0688

mc + b-Gt 0.468 0.141 �0.114 50.3* 3.341 0.0778 2.76 4.45 0.468 �0.114 3.228 0.232

49.7 3.113 0.275

n-Gt 0.699 0.1022 0.22 100* 0.8 1.76 2* 3* 0.699 0.22 1.54 1.16

8C nn 1.1326 Q0 0.494 0.0403 n/a 100* 0.777 0.384 n/a n/a 1.86 0.494 n/a 0.783 0.371

mc-Hm 0.496 0.029 �0.0918 100* 3.564 0.069 2* 3* 0.496 �0.0918 3.564 0.069

mc + b-Gt 0.473 0.116 �0.1161 47.8* 3.36 0.082 2.8 4.5 0.473 �0.1161 3.277 0.233

52.2 3.201 0.292

n-Gt 0.795 0.1011 0.36 100* 0.01 2.1 2* 3* 0.795 0.36 1.68 1.27

Note. All fits performed using the Voigt-based fitting method of Rancourt and Ping (1991) with the Recoil software developed in co-author Rancourt’s laboratory. All fitting and

calculated parameters are as defined in by Rancourt and Ping (1991). *This parameter frozen or constrained during fit. Lorentzian half widths at half maximum (HWHM) of all

elemental Lorentzians in all elemental doublet and sextets were all frozen at the (twice) Heisenberg value of 0.097 mm/s. All delta-1 couplings between CS and z (or DELTA) were

taken to be zero. All line-1 to line-2 area ratios in all (distributed) elemental doublets were taken to be 1. All epsilon-1 couplings between epsilon and z (in a HFD) are taken to be 0.

BG = backbround level, in mega-counts per channel (MC/ch). phase = assigned spectral component, as described in the text. DELTA = the center (or position) of a Gaussian

component in the quadrupole splitting distribution (QSD) of a given doublet spectral component. z = the center (or position) of a Gaussian component in the hyperfine field

distribution (HFD) of a given ‘sextet’ spectral component. sigma = the Gaussian SD width of a given Gaussian component of a given QSD or HFD. p (in %) is the weigt factor for a

given Gaussian component in a given QSD or HFD. Line-2/line-3 and line-1/line-3 area ratios in all (distributed and symmetric) elemental sextets are denoted A-2/A-3 and A-1/A-3,

respectively. ÆAæ signifies the average of the absolute value of A. Æzæ is the average magnitude of the hyperfine field (expressed as an excited state Zeeman splitting, in mm/s) in a given

HFD of a given sextet spectral component. ÆQSæ is the average magnitude of the quadrupole splitting in a given QSD of a given doublet spectral component. ÆEpsæ is the average

magnitude of the slave distribution of quadrupole shifts (epsilons) associated to a given HFD of a given sextet spectral component. SD is the standard deviation width of a given

distribution (QSD, HFD, or slave distributions) chi-2-red is the reduced chi-squared value for the fit: chi-squared divided by the number of degrees of freedom. It has an ideal value of

1 for a correct model. All center shifts (CSs, delta-0, ÆCSæ) are given with respect to the CS of metallic Fe at RT.
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