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ABSTRACT: Indicators of reduction in soil (IRIS) devices are low-cost soil redox
sensors coated with Fe or Mn oxides, which can be reductively dissolved from the
device under suitable redox conditions. Removal of the metal oxide coating from the
surface, leaving behind the white film, can be quantified and used as an indicator of
reducing conditions in soils. Manganese IRIS, coated with birnessite, can also oxidize
Fe(II), resulting in a color change from brown to orange that complicates the
interpretation of coating removal. Here, we studied field-deployed Mn IRIS films where
Fe oxidation was present to unravel the mechanisms of Mn oxidation of Fe(II) and the
resulting minerals on the IRIS film surface. We observed reductions in the Mn average
oxidation state when Fe precipitation was evident. Fe precipitation was primarily ferrihydrite (30−90%), but lepidocrocite and
goethite were also detected, notably when the Mn average oxidation state decreased. The decrease in the average oxidation state of
Mn was due to the adsorption of Mn(II) to the oxidized Fe and the precipitation of rhodochrosite (MnCO3) on the film. The results
were variable on small spatial scales (<1 mm), highlighting the suitability of IRIS in studying heterogeneous redox reactions in soil.
Mn IRIS also provides a tool to bridge lab and field studies of the interactions between Mn oxides and reduced constituents.
KEYWORDS: birnessite, ferrihydrite, lepidocrocite, goethite, synchrotron X-ray absorption spectroscopy, rhodochrosite

■ INTRODUCTION
Redox reactions control the fate and transport of many
elements in soil, including several essential plant nutrients and
environmental contaminants.1 However, accurate measure-
ments of redox potentials in soil are often difficult to perform,
require expensive equipment, and/or fail to capture the spatial
and temporal heterogeneity in soil.2 Environmental redox
regimes are typically viewed from the perspective of terminal
electron acceptors, including oxygen, nitrate, manganese (Mn),
iron (Fe), sulfate, and carbon dioxide. For both Mn and Fe, the
oxidized forms are practically insoluble, while the reduced
forms are more soluble.3 Utilizing these redox reactions,
indicators of reduction in soil (IRIS) devices were developed
as a low-cost, in situ technique for observing reducing
conditions in soil.4−6 IRIS first used Fe oxides (ferrihydrite
and goethite) coated on a PVC pipe.7 Under Fe-reducing
conditions, the orange Fe coating reductively dissolves from
the device, revealing the white PVC underneath. This coating
removal is correlated with the extent and location of Fe
reduction8−10 and has been included as a criterion for
identifying hydric soils.11 Additionally, Fe IRIS devices have
been used to monitor sulfidic environments through the
formation of FeS, a sparingly soluble, black compound that
rapidly forms when hydrogen sulfide is present.12,13 To observe
Mn-reducing conditions, various iterations of dark brown,
birnessite coatings have been developed for IRIS,14−16 which
reductively dissolves under Mn-reducing conditions. Collec-
tively, these IRIS devices allow for low-cost spatial and/or

temporal monitoring for some of the most common redox-
sensitive elements in soils.
Manganese IRIS devices are of interest due to the relatively

high soil redox potentials at which Mn reduction occurs.
Nitrate, a plant nutrient and groundwater contaminant, can be
reduced under similar redox conditions as Mn oxides.
However, monitoring nitrate reduction in time and space is
complex, and Mn IRIS has been proposed as a proxy for
measuring nitrate reduction.17 Manganese IRIS devices are
also more sensitive to suboxic conditions than Fe IRIS due to
the higher soil redox potentials under which Mn reduction
occurs relative to Fe reduction.18 Studies in the field and the
laboratory have also shown that Mn coating removal occurs
more quickly than Fe coating removal.19−21 Manganese IRIS
may also be valuable in demonstrating reducing conditions at
locations where Fe reduction is unfavorable, such as calcareous
soils that can have higher redox potentials due to higher pH.16

While Mn IRIS devices can demonstrate Mn-reducing
conditions through coating removal, they can also accumulate
Fe oxides, hydroxides, and oxyhydroxides (hereafter simply
referred to as “oxides”) on the surface because birnessite can
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oxidize aqueous Fe(II).22 Precipitation of Fe oxides onto Mn
IRIS devices is relatively common where porewater Fe(II) is
present.15,23 This presence of oxidized Fe on Mn IRIS has been
attributed to the ability of birnessite to oxidize Fe(II)15

through the reaction

(1)

Accumulation of such Fe oxides on Mn IRIS films appears as
an orange color, resembling an Fe IRIS film that had been
coated with synthetic Fe oxides, yet the Fe oxides are formed
in situ or “neoformed”. Extractions and spectroscopy have
confirmed that these orange-colored deposits contain
Fe.18,21,24 However, deposition of Fe on Mn IRIS films is
not universally observed: Stiles et al.16 did not observe any
orange staining on Mn IRIS films at a site where Fe IRIS did
not show coating removal. Others have reported relatively
minor orange staining on Mn IRIS.19 Fe staining has also
occurred on IRIS films after Mn-coating removal. Short-range
ordered Fe oxides have been observed on Mn IRIS in a soil
subjected to three different temperatures; however, Fe deposits
only appeared at the water table and after the Mn was
removed, suggesting oxidation of Fe(II) by oxygen.20 Fe oxides
have also been found on uncoated IRIS films adjacent to rice
rhizospheres, resulting in root-shaped Fe oxide deposits due to
the oxidation of Fe(II) by root radial oxygen loss.25,26

Past work has established that deposition of neoformed Fe
oxides on Mn IRIS films varies between and within soils, and
variations in colors formed on the IRIS film after deployment
suggest that complex geochemistry occurs on the surface. It is
crucial to better understand the fate of Mn and Fe on IRIS
films when used as passive sensors of reducing conditions and
as possible samplers of associated trace elements. To our
knowledge, a comprehensive understanding of the mechanisms
of coupled Mn reduction of field-deployed Mn IRIS and Fe(II)
oxidation has not been conducted. The objectives of this work
were, therefore, to characterize the spatial variability in Mn(III,
IV) oxidation of Fe(II), identify the resulting Fe(III) minerals,
and observe the mechanisms of how Mn(III, IV) is reduced
under field conditions by Fe(II). To accomplish these
objectives, we analyzed paddy field-deployed Mn IRIS films
with Mn and Fe synchrotron X-ray absorption spectroscopy
(XAS) at the millimeter scale (i.e., bulk scale), at the micron
scale coupled to X-ray fluorescence (μXRF) imaging, and via
SEM and XRD.

■ MATERIALS AND METHODS
Mn IRIS Films. Manganese IRIS films were coated using

published methods.14 Briefly, sodium lactate and potassium
permanganate were combined at a molar ratio of 6.7 and
stirred for 2 h. After centrifuging and washing, the solids were
dialyzed for 3 days. The Mn coating was applied to white, rigid
vinyl films (RVW1018, Coast to Coast Label, Fountain Valley,
CA).27 The films were cut to 7.5 cm × 30.5 cm.
Manganese IRIS films were placed into flooded rice paddies

at the University of Delaware.28,29 These 2 m × 2 m rice
paddies were densely planted with rice and were monitored
weekly for porewater chemistry using rhizon samplers and
were managed using alternate wetting and drying (AWD). The
soil (Ultisol/Acrisol) is an Elsinboro silty clay loam and had a
pH of 6.3 (1:1 water:soil) and organic matter of 1.5%
measured by loss on ignition. Mehlich-3-extractable Mn and Fe
were 140 and 306 mg/kg, respectively. Reducible Fe was

measured by sequential extraction, with 2.2 g/kg of short-range
ordered Fe oxides and 12.5 g/kg crystalline Fe oxides.30 The
soil reducible Mn was 180 mg/kg as extracted by 0.1 M
hydroxylamine hydrochloride and 0.01 M nitric acid.31

Porewater was collected every ∼7 days using a rhizon sampler
(1910, Soil Moisture Corp. Goleta, CA) and a vacuum syringe.
Rhizons were placed ∼15 cm below the ground surface and
were within 0.5 m of all IRIS films. Porewater was immediately
measured using calibrated probes for pH and redox potential
(Ag/AgCl electrode, values reported relative to the standard
hydrogen electrode). Reduced Fe was measured colorimetri-
cally using the ferrozine method,32 and porewater Mn was
measured colorimetrically after oxidation to permanganate.31 A
total of 108 IRIS films were deployed in 18 rice paddies during
the reproductive growth phase (six films per paddy). Each film
was installed into a 2.5-cm-diameter soil core hole so that the
top of the film was flush with the soil surface. The films were
installed at the beginning of a dry down cycle in part to study
how Mn IRIS reacted to changing redox conditions during dry
down. After 3 days, the water table reached the target depth of
15 cm, and the paddies were reflooded and remained flooded.
An IRIS film was removed from each flooded paddy every 2−4
days until all of the films were removed by 20 days. Iron
precipitation was observed on 99% of the films. Four films
(labeled 1−4, Figure S1 and Table S1) were selected for
further study using synchrotron radiation, SEM, and XRD
(described below). Selection criteria included selecting (1)
films with a range of exposure durations and porewater Fe and
Mn concentrations (Table S1), (2) films that contained areas
where Mn appeared to dominate, areas where Fe appeared to
dominate, and areas where Fe and Mn were mixed (Figure S1),
and (3) films that differed in patterns of Mn and Fe with
depth. Through the selection of these films, we aimed to
capture a wide range of conditions over which Mn and Fe
interacted in this system.

Synchrotron μXRF and μXAS. Select areas of the films
were analyzed at the Stanford Synchrotron Radiation Light-
source (SSRL) at beamline 2−3. At this beamline, the incident
beam was focused to ∼2 μm, and the sample was mounted at
45° relative to the incident beam. Fluorescent X-rays were
measured using a vortex silicon drift detector mounted at 90°
relative to the incident beam. Manganese and Fe Kα and Kβ
fluorescence lines were the dominant fluorescent X-rays
measured. The sample was rastered across the beam using a
step size of 5 μm × 5 μm and a dwell time of 20 ms/pixel. The
incident beam energy was 7200 eV for μXRF imaging. Data
were processed in SMAK v2.0,33 and the X-ray fluorescence
spectra were refit using the PyMCA module in SMAK to
correct for potential interference between the Fe Kβ emission
line and the Mn Kα emission line.
At selected locations on the μXRF map, Mn microprobe X-

ray absorption near-edge structure (μXANES) spectra were
acquired to determine the oxidation state of Mn on the films.
The first inflection point of a Mn foil was calibrated to 6539.0
eV. The μXANES scans were performed in duplicate, and
spectra were averaged, normalized, and background-subtracted
using Athena v0.9.26. Linear combination fitting (LCF) was
used to determine the Mn oxidation state following the combo
method of Manceau et al.34 Using this method, the derivative
of the normalized and background-subtracted Mn XANES
spectra was fit using the following pure oxidation state
standards: ramsdellite (IV), birnessite (IV), manganite (III),
Mn2O3 (III), groutite (III), MnSO4(aq) (II), and tephroite
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(II).34 When performing the LCF, the fit was not constrained
to sum to 1 because the problem is mathematically
overconstrained. The proportion of each fit species was used
to calculate the fraction of each oxidation state present and the
Mn average oxidation state (AOS).
Bulk Mn XANES, Mn EXAFS, and Fe EXAFS Spectros-

copy, XRD, and SEM. Selected areas of the Mn IRIS films
were also analyzed at the National Synchrotron Light Source
(NSLS-II) on 6-BM (BMM) for Mn XANES, Mn extended X-
ray absorption fine structure (EXAFS), and Fe EXAFS
spectroscopy. Slits were approximately 1 mm × 5 mm,
although the width was adjusted to avoid excessive
fluorescence counts. Manganese XAS was performed using a
four-element vortex silicon drift detector, while Fe EXAFS
spectra were collected in transmission. The energy was
scanned from 200 eV below the edge to k = 15 Å−1 (Fe) or
k = 11.5 Å−1 (Mn), with steps of 0.05 Å−1 and an integration
time of 1 s in the EXAFS region. Three replicate scans were
measured and averaged prior to background subtraction and
normalization. Manganese XANES spectroscopy followed the
LCF method described for μXANES spectroscopy (above).
Manganese EXAFS spectra were extracted using an E0 of
6545.7 eV, which corresponded to the peak of the first
inflection point for Mn(II) adsorbed onto ferrihydrite (FHY).
Initial standards included a nonreacted (aboveground) section
of a Mn IRIS film and 2% by weight Mn(II) adsorbed onto
FHY. Linear combination fitting of the k3 weighted spectra
from k of 2−8 Å−1 revealed poor fits for many films. The
database of Manceau et al.,34 as well as samples of Mn(III)
coprecipitated in lepidocrocite35 and Mn(III) coprecipitated in
goethite36 were used to explore potential additional Mn
minerals to be added to the linear combination fitting (see the
SI for more details on these synthesized minerals).
Rhodochrosite (MnCO3) consistently fit well and was added
to the LCF and was later confirmed by SEM and XRD. Fe
EXAFS spectra were calibrated to 7112.0 eV for the first
inflection point of an Fe foil. The background-subtracted and
normalized spectra were fit using k3 weighting from k of 2−12
Å−1. Normalized Mn and Fe spectra for samples and standards
are available as text files in the SI. The standards used in the
fitting were 2-line ferrihydrite, lepidocrocite (LEP), and

goethite (GOE). X-ray diffraction (XRD) was performed on
sections of IRIS films using a Bruker D8 diffractometer (Cu
Kα1), with the 2θ angle scanned from 15 to 60°. The IRIS films
were directly analyzed without any preparation. Films analyzed
included a blank, uncoated film, a film coated with Mn, a film
where Fe oxides were dominant, and films where Mn EXAFS
LCF identified rhodochrosite. Films were imaged using a
scanning electron microscope (Apreo VolumeScope SEM)
after coating with platinum.

■ RESULTS
Film Descriptive Statistics. The average area of the ∼107

Mn films covered with Fe precipitation was 22% of the film
(standard deviation 16%). No significant trends in Fe
deposition over time were observed. The four selected films
for further investigation, hereafter referred to as Mn IRIS films
1−4, generally had more Fe precipitation on the film than
average and were exposed to Fe-reducing conditions (Table
S1). On average, porewater redox potentials, Fe(II) concen-
trations, and Mn concentrations ranged from 44 to 110 mV,
270 to 830 μM, and 320 to 580 μM, respectively (Table S1).

Elemental Mapping and Mn μXANES Spectroscopy.
Manganese IRIS film 1 showed Fe staining collocated with
reduction of Mn oxides (Figure S1). Areas dark brown in color
were termed “Mn-rich areas” and presumed to contain
predominantly Mn oxides. Orange deposits, termed “Fe-rich
areas”, were apparent in the scanned image of the IRIS film
(Figure 1A), and these deposits were verified to contain Fe
through μXRF imaging (Figures 1B and S2). However, even
areas where Mn was abundant showed amounts of Fe similar
to areas where Mn was no longer dominant (Figure 1D). In
Mn-rich areas (spots 1−4 in Figure 1C), μXANES spectra
revealed that Mn(IV) was the predominant oxidation state
(Table S2). The Mn amount was too limited in Fe-rich areas
for μXANES spectroscopy, but spots 5−7 located at the
interface of the Fe- and Mn-rich areas showed reduction to
Mn(III). All measured spots on Mn IRIS film 1 showed
negligible Mn(II).
Manganese IRIS film 2 showed a Mn-rich area adjacent to

an Fe-rich area, with an interface zone between the two that
appeared lighter in color (Figure 2A). The false bicolor plot

Figure 1. Manganese IRIS film 1 shows partial reduction of Mn oxides that coincide with Mn−Fe transition zones. (A) Image of films, with area
analyzed by synchrotron μXRF shown in the white rectangle. The scale bar is 5 mm. Full film shown in Figure S1. (B) Synchrotron μXRF false
bicolor plot showing the presence of Fe and Mn. Numbered locations were analyzed by Mn μXANES spectroscopy. The scale bar is 1 mm. (C)
Linear combination fitting of Mn μXANES spectra showing the proportion of oxidation states present at each location. Locations are generally
colored according to the dominant Mn oxidation state present. (D) Density correlation plot of pixels in panel B.
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showed low amounts of Fe in most of the Mn-rich area, while
the Fe-rich area contained both Fe and Mn (Figures 2B and
S3). In contrast, the interface area had less Mn than the Fe-rich
area (Figure 2D). The Mn μXANES spectra showed a
progression of Mn(IV) to Mn(III) to Mn(II) in the Mn-
rich, interface, and Fe-rich areas, respectively (Figure 2C and
Table S2).
Manganese IRIS film 3 appeared similar to Mn IRIS film 2,

although the interface area was less distinct (Figure 3A). The
false bicolor plot showed a stronger separation of Mn and Fe
than the other films, with the Mn-rich area dominated by Mn
and the Fe-rich area containing a mixture of Fe and Mn
(Figures 3B and Figure S4). This pattern is also evident in the
elemental density correlation plot, where the Fe-rich area has
much lower Mn amounts than the Mn-rich area, particularly
compared to the other IRIS films (Figure 3D). Note that the

smearing of the data toward the graph origin represents areas
on the film where the coating was abraded away during film
removal or microbially removed (i.e., white areas). While the
Mn-rich area was dominated by Mn(IV), the Fe-rich area was
dominated by Mn(II) (Figure 3C and Table S2).

Bulk Mn XANES, Mn EXAFS, and Fe EXAFS Spectros-
copy. Select locations on the four films were analyzed to
determine how Mn reduction was coupled with Fe oxidation.
Locations numbered 1 represent areas dominated by Mn
(Figure 4A). Other locations of interest included interface
areas between Mn- and Fe-rich areas (e.g., film 3, location 2),
Fe-rich areas (e.g., film 4, location 3), areas of mixed Mn and
Fe (e.g., film 2, location 3), and areas where the remaining Mn
appears light in color (e.g., film 4, location 4). At each location,
Mn XANES, Mn EXAFS, and Fe EXAFS spectra were

Figure 2. Manganese IRIS film 2 shows a nearly complete reduction of Mn oxides in the Fe-rich area. (A) Image of films, with area analyzed by
synchrotron μXRF shown in the white rectangle. The scale bar is 5 mm. Full film shown in Figure S1. (B) Synchrotron μXRF false bicolor plot
showing the presence of Fe and Mn. Numbered locations were analyzed by Mn μXANES spectroscopy. The scale bar is 1 mm. (C) Linear
combination fitting of Mn μXANES spectra showing the proportion of oxidation states present at each location. Locations are colored according to
the dominant Mn oxidation state present. (D) Density correlation plot of pixels in panel (B).

Figure 3. Manganese IRIS film 3 shows a nearly complete reduction of Mn oxide in the Fe-rich area. (A) Image of films, with area analyzed by
synchrotron μXRF shown in the white rectangle. The scale bar is 5 mm. Full film shown in Figure S1. (B) Synchrotron μXRF false bicolor plot
showing the presence of Fe and Mn. Numbered locations were analyzed by Mn μXANES spectroscopy. The scale bar is 1 mm. (C) Linear
combination fitting of Mn μXANES spectra showing the proportion of oxidation states present at each location. Locations are colored according to
the dominant Mn oxidation state present. (D) Density correlation plot of pixels in panel (B).

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c00161
Environ. Sci. Technol. 2023, 57, 6530−6539

6533

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00161/suppl_file/es3c00161_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00161/suppl_file/es3c00161_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00161/suppl_file/es3c00161_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00161/suppl_file/es3c00161_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c00161?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c00161?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c00161?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00161/suppl_file/es3c00161_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c00161?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c00161?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c00161?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c00161?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c00161/suppl_file/es3c00161_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c00161?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c00161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


collected, although in some locations, insufficient Fe or Mn
was present to perform LCF.
Manganese XANES spectra LCF revealed a partial reduction

of Mn(IV) where Fe was apparent (Figures 4B and S5 and
Table S3). On film 1, locations 1 and 2, both in Mn-rich areas,
had Mn predominantly as Mn(IV). Location 3 had a mixture
of Mn(II) and Mn(III). Film 2 was similar to film 1, although
locations 3−5 were dominated by Mn(II). Both films 3 and 4
strongly resembled film 1, with Mn-rich areas containing
Mn(IV), while other locations containing a mixture of Mn(II)
and Mn(III). On film 3, location 2, located at the interface
between the Mn-rich area and the Fe-rich area, contained a
higher proportion of Mn(III) than all other locations.
Linear combination fitting of Mn EXAFS spectra followed

two different approaches. First, the simplest model fit consisted
of a nonreacted Mn IRIS film and Mn(II) adsorbed onto
ferrihydrite. Note that despite performing adsorption anoxi-
cally, the Mn(II) partially oxidized to Mn(III) during

adsorption, resulting in an AOS of 2.23. This model adequately
predicted the Mn EXAFS spectra for Mn-rich locations, finding
that these locations could be completely modeled by the
unexposed Mn IRIS film (r ≤ 0.12, Figure S6 and Table S4).
This model fit poorly for areas where Mn XANES spectra
revealed reduced Mn (r = 0.32 to 0.65). For these locations,
additional Mn minerals were considered (see the Materials and
Methods section), and rhodochrosite (MnCO3) consistently
outperformed other minerals. Including rhodochrosite into the
LCF improved the fits for locations with reduced Mn (r ≤
0.20, Figure S6 and Table S4). For locations with reduced Mn,
similar percentages of rhodochrosite and Mn(II) adsorbed to
ferrihydrite were observed. The presence of rhodochrosite was
confirmed by XRD and SEM (Figures S7 and S8) at several
locations on different films where EXAFS spectra identified
rhodochrosite.
Fe deposited on the Mn IRIS films was predominantly

ferrihydrite, but lepidocrocite and goethite were also evident

Figure 4. (A) Manganese IRIS films analyzed by Mn XANES, Mn EXAFS, and Fe EXAFS spectroscopy. Numbered rectangles denote the locations
measured using a 5 mm × 1 mm beam (to scale). Films 3 and 4 each show two regions of an entire film that were analyzed. The full IRIS films are
shown in Figure S1. The scale bar shown in white is 10 mm. (B) Mn XANES spectral linear combination fits for locations shown in panel A.
Locations are colored according to the dominant Mn oxidation state present.
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(Figure S9 and Table S3). Linear combination fitting of Fe
EXAFS spectra found that ferrihydrite ranged from 31 to 88%
of the Fe (average ± standard deviation: 65 ± 20%, n = 10).
Lepidocrocite and goethite comprised 17 ± 11 and 19 ± 15%
of the Fe, respectively. The proportion of Fe minerals was
compared to the Mn average oxidation state (Figure 5),

revealing a positive correlation between Mn AOS and
ferrihydrite (p = 0.01) and a negative correlation between
Mn AOS and lepidocrocite (p = 0.03) and goethite (p = 0.12).
At low Mn AOS, there is some evidence of a nonlinear
relationship, with some locations having higher lepidocrocite
or goethite than predicted by the linear fit. However, there are
insufficient data to develop a nonlinear model.

■ DISCUSSION
Fe Precipitation on Mn IRIS. Iron oxide precipitation on

Mn IRIS devices can readily occur when Fe(II) is present in
porewater. In this work, Fe precipitation occurred on most Mn
films, although the distribution of Fe precipitates was
heterogeneous (Figure S1). Even on small scales of <1 mm,
the concentration of Fe and the Mn AOS varied substantially
(Figures 1−3), making comparisons with porewater Fe, Mn,
redox potential, and pH extremely difficult. In previous work
under laboratory conditions, Mn IRIS exposed to solutions of
0.05, 5, 100, or 500 mg/L Fe(II) all accumulated Fe, but only
the 500 mg/L treatment was noticeably and uniformly
orange.24 The authors also observed that the steady state
was reached in ∼1 day, indicating that Fe(II) oxidation by Mn
IRIS is a relatively rapid process. The Fe(II) porewater
concentrations in our work ranged from 20 to 35 mg/L Fe(II),
lower than the 500 mg/L reported by Dorau and Mansfeldt24

that resulted in an orange hue. However, Fe(II) concentrations
in their experiment were not maintained throughout the
exposure period since they report that Fe(II) “presumably
auto-oxidized (by O2) within 24 h.” Regardless, the presence of
orange deposits on a Mn IRIS device indicates that substantial
amounts of Fe(II) were present in the porewater due to Fe-
reducing conditions. For the purposes of the Hydric Soil
Technical Standard,11 Fe precipitation on Mn films should be

interpreted as evidence of reducing conditions because Fe
reduction occurs at a lower redox potential than Mn reduction.
Laboratory studies of Fe(II) interactions with birnessite

have shown similar patterns of mineral formation to those
described here for Mn IRIS. When 1 g/L hexagonal birnessite
was reacted with 20 mM Fe(II) under anoxic conditions, short-
range ordered Fe oxides were initially observed, with
lepidocrocite detected after 2 h of contact time and goethite
detected after 6 hours.37 Birnessite was completely dissolved
after 2 days.37 In a column study, natural birnessite led to the
precipitation of iron oxides and the release of Mn(II), although
the release rate varied.38 In diffusion-limited reactors, birnessite
oxidized Fe(II) primarily into ferrihydrite with lesser amounts
of lepidocrocite and goethite.39

The neoformed Fe oxides on Mn IRIS present a valuable
tool for studying (trans)formation dynamics and porewater
interactions of Fe oxides. The formation of Fe oxides is often
studied under laboratory conditions to enable careful
manipulation of the experimental conditions and to allow
retrieval of the reaction products. Such studies are rarely
performed at field sites, yet new approaches such as Si wafers
have been used to capture Fe oxides in field settings.40

Manganese IRIS can form Fe oxides under natural conditions,
and these Fe oxides can be easily retrieved. Such Fe oxides are
strong adsorbents of many contaminants and nutrients.41 The
use of Mn IRIS to study neoformed Fe oxides has already
shown that these minerals adsorbed and/or incorporated
arsenic, phosphorous, manganese, organic matter, and lower
amounts of chromium, zinc, and vanadium.24,42 Because the
neoformed Fe oxides are more representative of Fe oxides
formed in situ than synthetic Fe oxides, we posit that Mn IRIS
devices could be developed into passive samplers of solutes
including As in natural environments. Note that the diversity of
natural environments may result in the formation of additional
Fe minerals on Mn IRIS, such as jarosite, schwertmannite,
akageneite, feroxyhyte, and magnetite. Mn IRIS can also be
used to study in situ Fe(II)-induced transformation of
ferrihydrite to more crystalline phases such as lepidocrocite,
goethite, and magnetite.43,44 While Mn(II) can catalyze the
transformation of ferrihydrite into more crystalline phases,
transformation occurs more rapidly in the presence of Fe(II).37

Here, we found that the proportion of ferrihydrite was
negatively correlated with Mn AOS (Figure 5), both of
which are controlled by Fe(II). This suggests that areas of the
film with more exposure to Fe(II) resulted in more complete
reduction of Mn and more transformation of ferrihydrite to
higher-ordered phases. These findings show that Mn IRIS can
be used to map the variability in reducing conditions that arise
due to physical and chemical complexity within a soil profile.

Mn Reduction by Fe(II). Manganese reductive dissolution
can occur both biotically and abiotically. Biotic Mn reduction
is presumed to be the dominant removal mechanism under
Mn-reducing conditions, although Scott et al.23 were unable to
identify organisms or DNA present on exposed films. Because
birnessite is a relatively strong oxidant under environmental
conditions, abiotic reductive dissolution is possible. Romero et
al.45 showed that Mn IRIS can be reductively dissolved by
dissolved sulfide but not dissolved organics. Ferrous iron can
also reductively dissolve birnessite as shown in 1. Thus, the
presence of reduced porewater constituents can lead to Mn
coating removal over timescales of interest.
Birnessite is well-known to oxidize Fe(II). In laboratory

experiments, increased Fe(II) concentrations increased rates of

Figure 5. Correlations between the Mn average oxidation state and
proportion of Fe minerals for locations shown in Figure 4A.
Ferrihydrite (FHY) was the predominant mineral, although the
fraction of FHY decreased with decreasing Mn AOS, resulting in
higher fractions of lepidocrocite (LEP) and goethite (GOE). The
vertical dashed line indicates the starting AOS for the Mn IRIS film.
*p < 0.05; **p < 0.01.
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birnessite reduction, but the reaction slowed as pH increased
toward neutral.37,46 Similarly, reactors with more MnO2
resulted in more Fe(II) oxidation.47 The fate of the Mn
oxides in the presence of Fe(II) can vary. In diffusion-limited
reactors, birnessite AOS reduced from 3.9 to 3.1, and this
reduction was more substantial in reactors with less Fe(II)
added.39 The authors hypothesized that Mn(II) was associated
with the mineral rather than had diffused away from the
mineral. In anoxic experiments without Fe, the interaction of
birnessite and Mn(II) formed feitknechtite (β-Mn(III)OOH)
through comproportionation at low Mn(II) concentrations
(≤600 μM) and manganite (γ-Mn(III)OOH) at high Mn(II)
concentrations (600−4000 μM).48 In laboratory experiments,
birnessite oxidized As(III) through two-electron transfer
reaction, resulting in Mn(II), which later formed Mn(III)
through comproportionation.49 In our work, we observed
extensive reduction of Mn in some locations, with Mn AOS
falling below 2.5 (Figure 5). While we observed Mn(III) in Mn
XANES spectra (Figures 1−3 and 5), Mn EXAFS spectroscopy
did not reveal the presence of any Mn(III) minerals such as
feitknechtite or Mn(III) substituted into iron oxides (Table
S4), perhaps due to the relatively high percentage of Mn(III)
in the synthesized birnessite (35%, Table S3). Thus, much of
the Mn(III) may still be present as birnessite but with a lower
average oxidation state, since birnessite can contain appreciable
amounts of Mn(III).50 Note that the Mn(II) adsorbed to
ferrihydrite standard also contained some Mn(III), with an Mn
AOS of 2.23. Additionally, the fate of Mn(II) in soils can vary
from reactor experiments with synthetic minerals due to the
presence of other dissolved constituents, making direct
comparisons between field and laboratory results difficult.
This work provides evidence for the fate of the reduced Mn

after dissolution from birnessite, particularly for disequilibrium
systems such as IRIS in soils. If the Mn(II) diffused away from
the IRIS film and did not interact with the remaining minerals
on the IRIS film, the Mn AOS would be expected to remain
near 3.6�the value of a Mn IRIS film not exposed to reducing
conditions (Figure 6). Instead, we observed lower Mn AOS in
all locations where the Mn IRIS film exhibited a color change.
In such locations, both bulk XANES and μXANES spectros-
copy showed Mn on the IRIS film was predominantly Mn(II/
III) (Figures 1−3C and 4B). This suggests that the reduced
Mn either adsorbed onto other minerals or formed reduced
Mn minerals. Because oxidized Fe was present with reduced
Mn, adsorption of Mn(II) onto ferrihydrite is possible.37

However, we observed poor linear combination fits of Mn
EXAFS spectra when considering a model with only the
nonreacted Mn IRIS film and Mn(II) adsorbed onto
ferrihydrite for locations with reduced Mn, indicating a missing
Mn(II/III) component (Table S4 and Figure S6). Addition-
ally, the adsorption capacity of ferrihydrite for Mn(II) is ∼0.04
mol Mn(II)/mol ferrihydrite,51 which assumes no other
competing sorbates and places an upper bound on the amount
of Mn(II) that could be adsorbed by ferrihydrite given 1, in
which 1 mole of Mn(II) is formed for every 2 moles of Fe(II)
oxidized (orange dashed line on Figure 6). The μXRF and
μXANES spectra show that, despite the decrease in Mn AOS,
the concentration of Mn can exceed the theoretical adsorption
capacity of ferrihydrite, indicating Mn is likely precipitating as
another reduced Mn compound (Figure 6). The Fe-rich areas
in the μXRF images also show Mn remaining, although 1−4
orders of magnitude in Mn removal is apparent (Figures
1−3D). Of the Mn(II) minerals examined for the Mn EXAFS

spectra fitting, rhodochrosite provided a drastic improvement
in fit, showing similar fractions of Mn(II) adsorbed to
ferrihydrite and rhodochrosite (Table S4 and Figure S6).
The presence of rhodochrosite was verified by XRD and SEM
(Figures S7 and S8). Rhodochrosite (MnCO3) is sparingly
soluble (Ksp = 2.60 × 10−11),52 requiring relatively low
concentrations of carbonate adjacent to the film where Mn(II)
concentrations are locally elevated. Because of this, rhodo-
chrosite is the dominant Mn(II) mineral phase in neutral to
alkaline anoxic environments.53,54 Geochemical modeling has
found supersaturation of rhodochrosite in rice soil incubations,
particularly under neutral to alkaline pH.55,56 Note that the soil
was flooded during IRIS film deployment, and the slightly
acidic soil pH moved toward neutral in porewater or slightly
alkaline, providing sufficient pH conditions for rhodochrosite
formation. The presence of a dense rooting system by rice also
provided elevated CO2 due to root respiration, providing a
source of bicarbonate to the system. Moreover, rhodochrosite
is also formed by Mn-reducing bacteria because Mn(III/IV)
reduction coupled to carbon oxidation produces bicarbonate
and consumes protons.57−60 Collectively, the data suggest that
the introduction of birnessite and Mn reduction in the flooded
rice paddy can result in local areas of elevated porewater
bicarbonate, pH, and Mn(II) that results in the formation of
rhodochrosite.
Of practical interest when interpreting Mn IRIS, most of the

Mn is removed under reducing conditions regardless of the
exact mechanism. We did not focus on locations where
substantial reductive dissolution occurred because insufficient
Mn remained to perform Mn XAS. In the μXRF work, Mn
signal intensity decreased by 1−4 orders of magnitude in the
Fe-rich areas relative to the Mn-rich areas (Figures 1−3D),
demonstrating that Fe(II) can effectively remove large
quantities of Mn from the film. Reductive dissolution of Mn
is likely also occurring through Mn-reducing bacteria, which
would encourage the precipitation of rhodochrosite, partic-

Figure 6. Conceptual model of Mn reductive dissolution on Mn IRIS
films. Locations in the upper right corner labeled “Initial” are Mn-rich
locations characteristic of an initial Mn IRIS film. Oxidized Mn can be
(1) reductively dissolved from the film, which would decrease Mn
concentration at constant Mn AOS unless (2) reduced Mn adsorbed
to ferrihydrite and/or (3) reduced Mn reprecipitated on the film as
rhodochrosite. The solid black line indicates the Mn AOS for an
initial film. The dashed orange line represents the sorption capacity of
Mn(II) on ferrihydrite of 0.04 mol/mol assuming that 1 mol of
Mn(II) produced 2 mol of ferrihydrite and no competing sorbates.
Actual films demonstrated all three mechanisms as shown by black
dots, which are locations where μ-XANES spectroscopy was
performed.
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ularly if plant roots are present. If rhodochrosite remaining on
the IRIS film is measured by chemical extraction or XRF, the
reduced Mn present on the film could be incorrectly
interpreted as birnessite and a lack of evidence of reducing
conditions. Rhodochrosite has also been reported to undergo
relatively rapid oxidation in the presence of goethite into
groutite under oxic conditions,61 so the fate of rhodochrosite
may vary if redox conditions vary. However, note that in the
conditions encountered in this work, even in locations with
reduced Mn present on the film, Mn concentrations were often
substantially lower than in areas without reduced Mn (Figure
6). Furthermore, large sections of the films were white,
indicative of complete removal of the Mn coating. Whether
this occurred directly through reductive dissolution of Mn or
through a two-step reductive dissolution of Mn by Fe(II) and
then reductive dissolution of Fe is unclear. Regardless, we
recommend that practitioners of Mn IRIS consider areas of Fe
precipitation to be taken as evidence of reducing conditions
analogous to Mn coating removal.
The extensive spatial heterogeneity observed on all films

highlights the potential use of IRIS to better understand the
kinetics of redox reactions in soils. While we expected biotic or
abiotic removal of the Mn coating, we observed some locations
where neither occurred, perhaps due to a zone of oxygenation
due to preferential flow paths connecting the surface to the
subsurface. In other areas, Fe precipitation was evident as
Fe(II) reduced birnessite, precipitating as ferrihydrite.
Continued exposure to Fe(II) likely further reduced birnessite
and transformed ferrihydrite into lepidocrocite and goe-
thite.43,44 The fate of Mn(II) varied, perhaps due to local
differences in biogeochemistry, with some Mn(II) diffusing
away from the film, some adsorbing onto ferrihydrite, and
some precipitating as rhodochrosite. In other locations, no
coating was present due to a complete reduction of metal
oxides from the film. Studying such variability requires
obtaining spatially resolved data, which IRIS is particularly
well suited to provide, perhaps in combination with other
spatially resolved measurements of biogeochemistry.62 While
the fate of birnessite can vary depending on specific porewater
chemistry, this work describes several mechanisms and
demonstrates the use of Mn IRIS to study the transformation
and fate of birnessite under field conditions.
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