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ABSTRACT: Cadmium (Cd) is of environmental relevance
as it enters soils via Cd-containing phosphate fertilizers and
endangers human health when taken up by crops. Cd is known
to associate with Fe(III) (oxyhydr)oxides in pH-neutral to
slightly acidic soils, though it is not well understood how the
interrelation of Fe and Cd changes under Fe(III)-reducing
conditions. Therefore, we investigated how the mobility of Cd
changes when a Cd-bearing soil is faced with organic carbon
input and reducing conditions. Using fatty acid profiles and
quantitative PCR, we found that both fermenting and Fe(III)-
reducing bacteria were stimulated by organic carbon-rich
conditions, leading to significant Fe(III) reduction. The
reduction of Fe(III) minerals was accompanied by increasing
soil pH, increasing dissolved inorganic carbon, and decreasing Cd mobility. SEM-EDX mapping of soil particles showed that a
minor fraction of Cd was transferred to Ca- and S-bearing minerals, probably carbonates and sulfides. Most of the Cd, however,
correlated with a secondary iron mineral phase that was formed during microbial Fe(III) mineral reduction and contained mostly
Fe, suggesting an iron oxide mineral such as magnetite (Fe3O4). Our data thus provide evidence that secondary Fe(II) and
Fe(II)/Fe(III) mixed minerals could be a sink for Cd in soils under reducing conditions, thus decreasing the mobility of Cd in
the soil.

■ INTRODUCTION

Cadmium (Cd) is widely distributed in agricultural soils1 and
enters the food chain through crops,2−4 thus threatening
human health. Long-term Cd exposure causes malfunctioning
of the kidneys and liver, bone degeneration, and cancer.2 Even
though Cd input into agricultural soils via atmospheric
deposition, fertilizer use, and manure application has decreased
in the past years,2 elevated concentrations are still present as
Cd persists in soils.2,5 The main fraction of Cd in soils is sorbed
to soil particles6−8 or complexed by organic compounds9,10 and
biomass11 and can be mobilized from mineral surfaces by
competing divalent ions.12,13 A substantial amount of Cd in
agricultural soil is bioavailable to crops, and therefore
understanding and assessing factors that influence Cd mobility
is of major importance.
Cd associates with clays, Fe oxides, organic matter, sulfides,

and carbonates in a pH-dependent manner.8,13,14 In alkaline
soils, Cd not only sorbs to carbonate minerals but can also be
part of their crystal structure.15 Mixed cation carbonate phases
with the two mineralogical end members calcite [CaCO3] and

otavite [CdCO3] are common.16 However, most agricultural
soils have a pH from 5.0 to 7.5 with carbonates becoming less
important but Fe(III) (oxyhydr)oxides and clay minerals being
relevant for the mobility of Cd. Sorption of Cd to different
Fe(III) (oxyhydr)oxides has been investigated before.7,17−20 Cd
forms either inner-sphere complexes20 or is bridged to the
mineral surface via negatively charged organic molecules.9

Francis and Dodge found that Cd is more mineral-integrated
than surface-bound, since hardly any Cd was retrieved from the
exchangeable fraction of goethite minerals,21 supported by
other studies that have shown that Cd was stoichiometrically
coprecipitated with Fe(III) (oxyhydr)oxides.21−23

The mobility of mineral-associated contaminants is altered
during biotic and abiotic Fe redox reactions that form,
transform, and dissolve Fe minerals.12,24−26 Fe(III) (oxyhydr)-
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oxides are formed during chemical or microbiological oxidation
of Fe(II) at circumneutral pH.12,27 Different Fe(III) oxy-
hydroxides such as goethite, ferrihydrite, and lepidocrocite form
depending on the geochemical conditions.28,29 The identity of
the Fe minerals formed not only affects the type, amount, and
binding strength of adsorbing contaminants but also their
mobility during microbial Fe(III) reduction.24,30 In anoxic
environments, Fe(III) (oxyhydr)oxides are reduced and
dissolved during microbial Fe(III) reduction, thereby releasing
associated contaminants.24,31 However, the formed aqueous
Fe2+ might react with excess Fe(III) minerals forming mixed-
valent Fe(II)/Fe(III) minerals like green rust and magnetite
(FeIIFeIII2O4) or precipitate as Fe(II) phases (e.g., siderite or
vivianite).32−35 The formation of secondary Fe minerals can
resequester contaminants by sorption or coprecipitation.24,30

Changes in mobility of metal(loid)s (Cr, U, As, and others)
during microbial Fe(III) reduction have been observed36−39

and are most prominently discussed for arsenic in Southeast
Asia.40,41 Cd is also associated with Fe minerals, and it has been
shown before that in slightly acidic to pH-neutral soils, Cd is
mobilized as a consequence of Fe mineral dissolution.42

However, prolonged reducing conditions caused pH changes
and resulted in a net-immobilization of Cd.42,43 The processes
occurring at different stages of Fe(III) reduction, the minerals
involved, and whether the formation of secondary Fe minerals
influences Cd mobility have not been investigated in detail yet.
Microbial Fe(III) reduction requires anoxic conditions and

an electron donor (e.g., organic matter),44 conditions which are
met in agricultural soils during rainfall, flooding, and runoff.
Burkhardt et al. have demonstrated the presence of Fe(III)-
reducing fermenters and Geobacter in anoxic enrichments of
Cd-amended soil suspensions.45 To our knowledge, correla-
tions between Cd mobility and changes in redox conditions,
pH, Fe mineralogy, and Fe speciation have been observed in
previous studies but have not been analyzed in combination
with a quantitative assessment of the presence and activity of
the physiological groups of Fe(III) reducing bacteria in the
same environment.
The objective of this study therefore was to investigate how

C bioavailability, redox conditions, and microbial Fe(III)
reduction in a Cd-bearing soil influence Cd mobility. In soil
microcosms, the water filled pore space (WFPS) was varied to
create either oxidizing or reducing conditions. Lactate and
acetate were amended as carbon sources to enhance metabolic
activity. Changes in Cd mobility over time were correlated to
Fe mineralogy and speciation, soil geochemistry, and 16S rRNA
gene copy numbers of total Bacteria and Geobacter spp.-type
Fe(III)-reducers.

■ MATERIALS AND METHODS
Soil Characterization. Soil was sampled in April 2012 from

the field site in Stutenkamm, Germany (N50,412073,
E11,554942), which contains approximately 1.1 μg of Cd g−1

of dry soil of geogenic origin (Table S1). The soil was dried at
room temperature, sieved (2 mm), stored in the dark at 4 °C,
and characterized with respect to grain size by sieving. The soil
water content was quantified by drying (105 °C). Soil pH was
determined after 24 h of incubation with 0.01 M CaCl2 at a
liquid/soil ratio of 2.5:1. Total inorganic carbon (TIC) and
total organic carbon (TOC) were determined from 60 °C dried
soil samples. For TIC quantification, dried soil samples were
acidified with HCl until carbonates were released followed by
NaOH neutralization. TIC was calculated from the amount of

NaOH used. TOC was quantified from decalcified samples.
Extractable organic carbon (OC) and inorganic carbon (IC)
were determined in duplicates by extracting 5 g of soil with
40 mL of 0.5 M K2SO4 (1 h, 25 °C, 150 rpm) and filtering the
soil extracts through Whatman 1573 1/2 cellulose filters,
followed by filtration through 0.45 μm syringe filters (Millex
HA filter, Millipore). For sequential Fe extraction, two times
0.5 g of soil were weighed into glass vials and extracted
sequentially with anoxic 0.5 M HCl (1 h, 25 °C, 150 rpm) and
6 M anoxic HCl (24 h, 70 °C) in the absence of O2 to prevent
Fe(II) oxidation.46 Samples were diluted in 1 M HCl and
stored anoxically until Fe speciation analysis. In order to
quantify heavy metals associated with poorly crystalline
minerals, soil samples of 1 g were extracted in duplicate with
10 mL of 0.1 M HCl (0.5 h, 25 °C, 150 rpm),47 followed by
filtration through Whatman #1 filters, stabilization with 1 mL of
65% HNO3, and analysis by ICP-MS and ICP-OES (see
below). Total cation, P, and S contents were extracted in
triplicate (0.25 g of soil, 1.8 mL of 37% HCl, 0.6 mL of 65%
HNO3) at 25 °C for 20 h, followed by 60 °C for 2 h, 75 °C for
2 h, and 100 °C for 5 h. Extracts were filled up to 10 mL with
deionized water and filtered through Whatman #1 filters.

Experimental Setup. Experiments were set up in duplicate
for each experimental condition and time point by weighing
45 g of air-dried soil into 58 mL sterile serum bottles. Bottles
were closed with butyl stoppers and transferred to an anoxic
chamber (N2), in order to extract the different Fe redox species
according to Porsch and Kappler.46 To create different soil
redox conditions, the WFPS was adjusted to either 70 or 100%
by adding anoxic, sterile deionized water (10.5 or 30 mL;
Millipore). For selected setups, the OC content of the soil
(21.0 ± 0.3 mg g−1 soil) was increased by adding 2.5 mL of an
anoxic stock solution containing 1 M Na-lactate and Na-acetate
each, followed by the addition of 8 or 27.5 mL of deionized
water to obtain a WFPS of 70 or 100%. The addition of
lactate/acetate corresponded to 3.3 mg of extra OC g−1 of soil,
resulting in a total OC content of approximately 24.3 mg g−1 of
dry soil in the organic acid-amended microcosms. Closed
bottles were shaken for homogeneous distribution of the water
and organic acids. Homogeneity was verified by determining
the water and 0.5 M K2SO4-extractable OC content in samples
from different locations of several bottles (data not shown).
The bottles were covered loosely with aluminum caps and
incubated oxically without shaking at 22 °C in the dark. Oxygen
entering the bottles rendered the 70% WFPS setups oxic. At
100% WFPS, the oxygen diffusing slowly into the water-
saturated soil is consumed rapidly by aerobic respiration,
leaving these setups mostly anoxic.48 Sterile deionized water
was added weekly to replace the water loss (determined by
weighing) due to microbial activity and evaporation.

Sampling. Entire bottles (duplicates) were harvested at
each time point (0, 2, and 6 weeks) and additionally after 4 and
11 weeks for the 100% WFPS setup amended with organic
acids. For sampling, bottles were closed with stoppers. The
100% WFPS bottles were centrifuged (13 min; 4000g). All
bottles were transferred into an anoxic chamber, where the
supernatant of the 100% WFPS bottles were decanted. A 2-mL
aliquot was centrifuged (13000g, 2 min) for analysis of organic
acids. The sequential Fe extraction was performed in the
glovebox, while samples for other geochemical and microbial
characterization were taken outside the glovebox. Approx-
imately 5 g of soil was frozen at −20 °C for molecular biological
analysis. As the formation of gas bubbles was observed in the
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100% WFPS microcosms, additional bottles were closed with
butyl stoppers, shaken, centrifuged, and analyzed for methane.
Molecular Biology Methods. DNA extraction and qPCR

quantification of total Bacteria and Geobacter spp. are described
in detail in the Supporting Information.
Analytical Methods. Total Fe(II) and Fe(III) were

quantified in triplicate using the ferrozine assay.49 Samples for
total ion analysis were extracted with 0.1 M HCl, diluted in 2%
HNO3 and analyzed by ICP-OES (PerkinElmer Optima
5300 DV). Samples for determining total ion concentrations
were diluted 2-fold in MQ water and measured with ICP-MS
(Thermo-Fisher XSeries2) and ICP-OES. TIC, TOC, and
K2SO4-extractable OC and IC were determined in duplicate as
described above for the original soil (VarioEL T/N analyzer
and HighTOC analyzer, Elementar, Hanau, Germany). Organic
acids in the supernatant of the 100% WFPS setup were
identified and quantified using HPLC (Shimadzu LC-10AVP,
Aminex HPX-87H column, 5 mM H2SO4 eluent, flow rate
0.6 mL min−1). Acetate, lactate, formate, and pyruvate were
analyzed with a refractive index detector (RID 10A, Shimadzu),
while butyrate and propionate were quantified by UV
absorption (SPD-M 10A VP, Shimadzu). Methane was
identified by gas chromatography (Varian CP-3800 Agilent,
USA). For X-ray diffraction (XRD), vacuum-dried soil was
ground in an agate mortar in an anoxic glovebox and
transferred onto a silicon wafer. Each measurement was done
oxically between 5 and 75° within 3−5 min to minimize
exposure to O2 using a bulk-XRD (Bruker D8 Discover XRD
instrument, Bruker AXS GmbH, Germany) equipped with a Co
Kα source. Spatially resolved elemental maps were acquired

using SEM-EDX mapping and evaluated for spatial correlation
using ImageJ50 as described in the Supporting Information.

■ RESULTS

Characterization of Stutenkamm Soil before and
during Incubation. The soil used for the present study
from the field site in Stutenkamm is sandy with approximately
4% clays and silts and 2% OC and contained ca. 12% Fe (w/w;
Table S1). It also contained Cd (1.1 μg g−1 of dry soil),
Ca (4 mg g−1 of dry soil), S (250 μg g−1 of dry soil), and Mn
(1 mg g−1 of dry soil; Table S1). During the incubation of
lactate/acetate-amended anoxic soil microcosms (100%
WFPS), the water phase turned turbid with a brownish color
accompanied by a smell characteristic for fermentation
processes. Additionally, gas bubbles were observed at the
soil−glass interface, and the presence of methane was
confirmed by gas chromatography (data not shown). Methane
was below the detection limit in the gas phase of oxic (70%
WFPS) and noncarbon-amended anoxic (100% WFPS)
microcosms.
The initial pH of the soil was approximately 6.3 for setups

without lactate/acetate and 6.45 for lactate/acetate-amended
microcosms (Table S2). In the absence of amended organic
acids, the pH did not change significantly during incubation of
the oxic microcosms, while it slightly increased to 6.7 in the
anoxic microcosms within six weeks. In lactate/acetate-
amended microcosms, the pH of the oxic soil increased to
approximately 8. In the anoxic setup, the pH first dropped
slightly to 6.3, before it steadily increased to approximately 7.6
toward week 11.

Figure 1. K2SO4-extractable OC, IC, and organic acid concentrations during incubation of Stutenkamm soil with either 70 or 100% WFPS in the
presence or absence of amended lactate and acetate. OC and IC are presented per gram of dry soil for time points 0, 2, and 6 weeks (mean ± range,
n = 2). Extractable OC is shown for microcosms without amendment (a) and for microcosms with amended lactate and acetate (b). Extractable IC is
shown for microcosms with amended lactate and acetate (c). Organic acid analysis of the supernatant for the 100% WFPS microcosms with
additional lactate and acetate after 0, 2, 4, 6, and 11 weeks of incubation (d). Lactate, black; acetate, gray; propionate, white; other organic acids were
below the detection limit and are not shown (mean ± standard deviation, n = 2).
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Changes in (In)Organic Carbon and Organic Acid
Concentrations during Incubation. Microcosms without
lactate/acetate amendment contained initially ca. 0.1 mg g−1 of
dry soil K2SO4-extractable OC, which increased by 0.05−0.1
mg g−1 of dry soil in both the oxic and anoxic setups within six
weeks of incubation (Figure 1a). In the lactate/acetate-
amended microcosms, approximately 2 mg of K2SO4-
extractable OC was initially present per gram of dry soil
(Figure 1b). In the oxic setup, the extractable OC decreased
below 0.5 mg g−1 of dry soil already within two weeks, while in
the anoxic microcosms, the extractable OC first increased to 2.6
± 0.1 mg g−1 of dry soil and then dropped to 0.9 ± 0.3 mg g−1

of dry soil within six weeks.
Lactate/acetate-amended microcosms contained initially less

than 0.03 mg K2SO4-extractable IC, which increased to 0.19 ±
0.06 and 0.34 ± 0.02 mg IC g−1 of dry soil in oxic and anoxic
setups within two weeks, respectively (Figure 1c). Extractable
IC in microcosms without added lactate/acetate remained
below the quantification limit throughout the experiment (data
not shown). The soil TIC content (3.1 ± 0.5% w/w, Table S1)
did not change significantly in any setup before, during, and
after incubation (data not shown).
To determine the fate of the added acetate and lactate in the

anoxic microcosms, organic acids were quantified in the water
phase (Figure 1d). Initially equimolar concentrations (approx-
imately 7.5 mM) of lactate and acetate were determined in the
supernatant (Figure 1d). Within two weeks, lactate disappeared
completely, while acetate concentrations increased 10-fold and
approximately 20 mM propionate was present. Both acetate
and propionate remained constant for another two weeks and
decreased after 11 weeks to levels below the quantification limit
(0.25 mM). No formate, pyruvate, and butyrate were detected
throughout the experiment (data not shown).

Cell Numbers of Total Bacteria and Geobacter spp.
16S rRNA Gene Targeted. Quantitative PCR was used to
estimate total Bacteria and Geobacter spp. cell numbers. Initially,
total Bacteria accounted for approximately 109 16S rRNA gene
copies g−1 of dry soil in all setups (Figure 2). The number of
Geobacter spp. cells was approximately 100-fold lower than the
number of total Bacteria. Over a period of six weeks, 16S rRNA
gene copy numbers of total Bacteria and Geobacter spp. did not
change significantly in nonamended oxic microcosms (Figure
2a). In lactate/acetate-amended oxic microcosms, total 16S
rRNA gene copy numbers increased from 9.0 × 108 ± 2.3 × 107

to 1.4 × 109 ± 2.8 × 107 cells g−1of dry soil, while Geobacter
spp. decreased from 3.2 × 107 ± 8.3 × 105 to 2.5 × 107 ± 9.5 ×
105 cells g−1 of dry soil (Figure 2b). For the anoxic setup
without lactate/acetate, total 16S rRNA gene copy numbers
decreased from 2.3 × 109 ± 2.3 × 108 to 1.4 × 109 ± 3.7 × 107

cells g−1 of dry soil, while Geobacter spp. remained constant
(Figure 2c). Total 16S rRNA gene copy numbers did not
change in the lactate/acetate-amended anoxic microcosms in
contrast to the Geobacter spp. 16S rRNA gene copy numbers,
which increased from 5.0 × 107 ± 5.6 × 106 to 1.1 × 108 ± 4.8
× 106 cells g−1 of dry soil after six weeks (Figure 2d).

Changes in Fe and Cd Geochemistry during
Incubation. In order to determine the effect of microbial
Fe(III) reduction on Cd mobility, we followed the speciation
and quantity of extractable Fe and Cd (Figure 3). Both 0.5 M
HCl- and 6 M HCl-extractable Fe(II) and Fe(III) were
quantified to account for poorly crystalline and crystalline Fe
fractions, respectively (Figure 3a−d).46,51,52 Initially, 6−10% of
the total Fe in the soil belonged to the poorly crystalline Fe
fraction (8−9 mg Fe g−1 of dry soil; Figure 3a,b), which
increased to approximately 20% during Fe(III) reduction in
anoxic setups with lactate/acetate (Figure 3b). No change in

Figure 2. Number of total Bacteria (gray) and Geobacter spp. (white) per gram of dry soil present during the incubation of Stutenkamm soil. 70%
WFPS microcosms in the absence (a) and presence of additional acetate and lactate (b) and 100% WFPS microcosms in the absence (c) and
presence of additional acetate and lactate (d). 16S rRNA gene copy numbers were quantified after 0, 2, and 6 weeks. Asterisks indicate whether the
mean of the gene copy numbers at the beginning of the experiment are significantly different from the mean after incubation using the unpaired t test
at a 95% confidence interval (* for P < 0.05, ** for P < 0.01, and *** for P < 0.001). Mean ± range, n = 2.
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the amount of poorly crystalline Fe was detected in any other
setup.
When analyzing the Fe redox speciation, we found that in

anoxic microcosms with additional lactate/acetate, Fe(II)
increased from 0.5 ± 0.2 to 2.9 ± 0.3 mg g−1 of dry soil
after two weeks and reached its maximum after six weeks with
10.4 ± 0.5 mg g−1 of dry soil (Figure 3d). In anoxic microcosms
without additional organic acids, poorly crystalline Fe(II)
increased from 0.4 ± 0.1 to 2.2 ± 1.2 mg Fe(II) g−1 of dry soil
only after six weeks (Figure 3c). In the oxic microcosms, Fe(II)

increased within the first two weeks from 0.28 ± 0.01 to 0.88 ±
0.10 and to 0.73 ± 0.12 mg Fe(II) g−1 of dry soil in the
nonamended and organic-acid-amended setups, respectively,
and decreased thereafter (Figure 3c,d).
The initial amount of 0.1 M HCl-extractable Cd was between

0.66 and 0.72 μg g−1 of dry soil (Figure 3e,f). In anoxic
microcosms with amended lactate/acetate, HCl-extractable Cd
decreased to 0.26 ± 0.02 μg g−1 of dry soil after four weeks and
remained at this concentration throughout 11 weeks (Figure
3f). In anoxic setups without additional organic acids, the HCl-

Figure 3. Amount of poorly crystalline Fe (a,b), poorly crystalline Fe(II) and Fe(III) (c,d), and poorly crystalline-mineral-associated Cd (e,f), per
gram of dry soil during incubation of Stutenkamm soil with either 70 or 100% WFPS in the presence (b,d,f) or absence (a,c,e) of additional lactate
and acetate. Poorly crystalline Fe (a,b, gray) is given in % of total Fe. Poorly crystalline Fe(II) (black) and Fe(III) (white) (c,d) are given in mg g−1

of dry soil. Poorly crystalline-mineral-associated Cd (e,f, gray) was extracted with 0.1 M HCl and is given in μg g−1 of dry soil. Microcosms without
additional organic acids were analyzed after 0, 2, and 6 weeks of incubation, while 100% WFPS microcosms with supplemented lactate and acetate
were analyzed after 0, 2, 4, 6, and 11 weeks of incubation. Asterisks indicate whether the mean of the values (Fe(II) and Cd) at the beginning of the
experiment is significantly different from the mean after incubation using the unpaired t test at a 95% confidence interval (* for P < 0.05, ** for P <
0.01, and *** for P < 0.001). Mean ± standard deviation, n = 4.
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extractable Cd decreased to 0.47 ± 0.02 μg g−1 of dry soil after
six weeks (Figure 3e). In the nonamended and lactate/acetate-
amended oxic microcosms, the amount of HCl-extractable Cd
decreased in the first two weeks to 0.57 ± 0.08 and 0.49 ± 0.03
μg of Cd g−1 of dry soil and increased again after six weeks to
0.64 ± 0.02 and 0.65 ± 0.03 μg of Cd g−1 of dry soil,
respectively. Total Cd did not change over the course of the
experiment (data not shown).
Changes in Fe Mineralogy during Incubation. Evalua-

tion of the soil Fe mineralogy by sequential Fe extraction
showed that before incubation the soil contained approximately
7% poorly crystalline Fe with mainly Fe(III). After incubation,

anoxic, carbon-amended soil microcosms contained ca. 10%
poorly crystalline Fe(II)-containing minerals (e.g., siderite and
vivianite) and ca. 8% poorly crystalline Fe(III) minerals (e.g.,
ferrihydrite) (Figure 3b,d). Extraction of these anoxic micro-
cosms after incubation using 6 M HCl indicated the presence of
ca. 55% crystalline Fe(III) minerals (e.g., goethite or hematite)
and ca. 27% crystalline Fe(II)-containing minerals. Mixed-
valent Fe(II)/Fe(III) mineral phases (e.g., magnetite) could be
present in both fractions. Unfortunately, XRD analyses did not
reveal the identity of the Fe minerals since the diffraction
patterns were dominated by clays and silicates (data not
shown).

Figure 4. Scatterplots of EDX maps representing different elements in the 100% WFPS Stutenkamm soil with amended lactate and acetate during
incubation. For each pixel position, a data point is created by the gray values in two images, representing the local concentration of a certain element,
serving as coordinates. The number of pixels with a certain combination of contents of the two respective elements is indicated in the color scheme
at the bottom. Horizontal and vertical clusters in the 2D histogram indicate regions on the sample wherein one element is independent of the other.
Clusters with a positive slope, in contrast, represent regions on the sample wherein both elements are associated with each other (i.e., correlate). Cd
is plotted versus Fe (a), Ca versus Fe (b), and Cd versus S (c). The difference in element correlation was determined at the start of the experiment
(0 weeks, left column) and after six weeks of incubation (6 weeks, middle column). Different clusters of particularly high correlations that appeared
after six weeks of incubation were selected in the maps to create a mask of the corresponding pixels (backmapping). The contribution of these areas
to the Cd/Fe scatterplots is shown in the right-middle and -bottom images, which indicate corresponding correlations between three elements. The
red and blue arrows indicate the contribution of Ca and S, respectively, in the Cd/Fe scatterplot, and the area highlighted with a black circle does not
correlate with any other element other than Cd and Fe.
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Cd Distribution and Elemental Correlations in Soil
Aggregates. Since the presence of minor mineral phases in
the soil was superimposed by dominating silicate and clay
minerals in XRD, and since the identification of changes in the
Fe mineralogy using Mössbauer spectroscopy was not feasible,
as a change in Fe mineralogy of at least several % of the total Fe
in the soil is necessary for reliable detection, we analyzed
elemental correlations using spatially resolved elemental
distribution maps (EDX). This allowed for the simultaneous
analysis of thousands of individual soil aggregates regarding
their elemental composition. An exemplary SEM image of a soil
sample and the corresponding element maps are shown in
Figure S1. The 2D histograms derived from the EDX elemental
maps visualize correlations of Cd with Fe, Ca with Fe, and Cd
with S. The 2D histograms were determined in lactate/acetate-
amended 100% WFPS before and after 6 weeks of incubation
(Figure 4).
Initially, a major fraction of Cd correlated clearly with Fe

(Figure 4a, left). This is indicated by a high number of pixels
along a slope or the diagonal of the 2D histogram, which is
equivalent to a high number of particles with Cd concentrations
that vary correlatively with the concentrations of another
element. After six weeks of incubation, the main fraction of Cd
still correlated with Fe; however, the distribution pattern had
changed (Figure 4a, center). A new Fe/Cd cluster appeared
after six weeks that showed a high pixel count, indicating that a
large fraction of Cd was associated with Fe (Figure 4a, right,
green region circled in black). This region did not correlate
with any other element (i.e., vertical and/or horizontal
distribution patterns in the 2D histogram). Additionally, two
more very minor (low pixel) Cd fractions were detected that
correlated with different Fe fractions. One was located in the
lower Fe region (Figure 4a right, red arrow) and correlated
with Ca (Figure 4b), though the extent of the Ca−Cd
correlation was minor throughout the experiment (Figure S2).
Another minor Cd region correlated to a broader Fe region
(Figure 4a right, blue arrows) and colocalized with S (Figure
4c).
Backmapping the regions where Cd initially did not correlate

with Fe to other elemental plots showed that Cd correlated
highly with Al. The correlation between Al and Cd increased
slightly after six weeks (Figure S3). Cd also correlated initially
to a minor extent with Mn but not anymore after six weeks of
incubation (Figure S3d). Scatterplots of Cd, Mg, and K did not
show any significant changes in correlations between these
elements during incubation (Figure S3).

■ DISCUSSION
Stimulation of Microorganisms in Soil Microcosms

under Different Incubation Conditions. The incubation of
Cd-bearing soil under oxidizing (70% WFPS) and reducing
(100% WFPS) conditions with or without lactate/acetate
amendment stimulated different physiological groups of
microorganisms to metabolize and/or grow in the individual
microcosms. Under oxidizing conditions and in the absence of
lactate/acetate, aerobic bacteria were expected to utilize the low
amount of bioavailable carbon present.53 However, if growth is
taken as an indicator for activity, these microorganisms were
not very active in the microcosms as evidenced by constant 16S
rRNA gene copy numbers and stable extractable IC
concentrations within six weeks of incubation. Extractable
OC increased slightly, probably due to a slow mobilization of
OC from non-K2SO4-extractable OC pools and/or by cell lysis

and release of cellular organic molecules.54 In contrast, aerobic
microbes in lactate/acetate-amended oxic microcosms used the
added organic carbon for growth, as evidenced by lower OC
concentrations and increased 16S rRNA gene copy numbers
after incubation. Decreasing Geobacter spp. 16S rRNA gene
copy numbers showed that the oxic incubation conditions were
not favorable for anaerobic Fe(III) reducers.
In microcosms incubated under reducing conditions without

lactate/acetate addition, Fe(III) reduction occurred as indicated
by increasing Fe(II) concentrations over six weeks of
incubation. Aerobic bacteria were probably not active under
O2-limited conditions.53 The conditions applied in these
microcosms (anoxic, no C amendment) were not favorable
for significant cell growth, as evidenced by decreasing total
Bacteria 16S rRNA gene copy numbers. However, cell lysis can
cause an increase in extractable OC, allowing fermenters or
Fe(III) reducers to perform direct or indirect Fe(III)
reduction.55 It was shown previously that Fe(III) reducers do
not compete successfully with fermenters at low concentrations
of bioavailable organic carbon,55 supporting our results of
decreasing 16S rRNA gene copy numbers of Geobacter spp. in
the anoxic setups without lactate/acetate amendment.
In contrast, the addition of bioavailable carbon, i.e. lactate/

acetate, to reducing microcosms enhanced the growth of
Fe(III)-reducing bacteria as indicated by an increase in
Geobacter spp. 16S rRNA gene copy numbers. Fermenters
were also active as evidenced by the formation of the typical
fermentation products acetate and propionate in accordance
with increasing extractable OC and IC after the first two weeks
of incubation. The newly formed and initially present acetate
can be used by methanogens explaining the presence of
methane in lactate/acetate-amended microcosms. Additionally,
acetate can be used as an electron donor by Fe(III)-reducing
Geobacter spp.,44 evidenced by increasing Geobacter spp. 16S
rRNA gene copy numbers. Fe(III) reducers were also able to
reduce more crystalline Fe(III) phases56 as the fraction of
poorly crystalline Fe increased in anoxic microcosms amended
with lactate/acetate.

Alkalization during Organic Carbon Oxidation and
Consequences for Carbonate Mineral Formation. During
incubation of organic carbon-rich soil, OC is metabolized via
oxidation or fermentation to HCO3

−, which usually causes an
initial drop in pH as protons are released.53 However, CO2 is
expected to degas from solution, releasing hydroxyl ions and
explaining the observed overall increase in pH in our
microcosms. In the lactate/acetate-amended oxic microcosms,
CO2 was produced rapidly, and the water phase was too little to
take up all the formed HCO3

−, causing CO2 to degas and the
pH to rise even more quickly.57 In contrast, fermentation is
slower and produces intermediate short-chained organic acids
and less CO2,

53 which is reflected by a slower and lower
increase in pH in the lactate/acetate-amended anoxic micro-
cosms.53 Under these conditions, Fe(III) oxyhydroxide mineral
reduction releases hydroxyl ions that react with the protons
released during fermentative production of CO2, which
dissolves as HCO3

− in the water phase. In anoxic microcosms
without lactate/acetate, the pH of the soil only increased by 0.4
units, as mainly Fe(III) reduction occurred. An increasing pH
under reducing conditions in soils was also observed
previously.58

Because of the high increase in pH and IC, we expected the
precipitation of carbonate minerals, which are considered a
main, but instable sink for Cd.59 Mixed carbonate mineral
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phases including calcite [CaCO3], magnesite [MgCO3], siderite
[FeCO3], and otavite [CdCO3] could potentially form in
Stutenkamm soil as all of the necessary cations are present
(Table S1). However, the amount of these minerals was too
low to be detected by XRD or by acidic extractions, suggesting
that carbonate was not an important mineral for Cd
sequestration.
Minor Association of Cd with Carbonate and Sulfur

under Reducing Conditions. During anoxic incubation of
Stutenkamm soil with lactate/acetate amendment, Cd concen-
trations decreased in the 0.1-M-HCl-extractable metal fraction.
This shows that Cd was sequestered in soil mineral phases that
were not soluble in 0.1 M HCl. The immobilization of Cd
under reducing conditions has been attributed to sequestration
by carbonates and sulfides.43,58 We conclude that in our study
carbonates play a minor role for the sequestration of Cd under
reducing conditions as supported by TIC analyses and the weak
correlation of Ca and Cd observed in the EDX maps.
Nevertheless, a minor increase in the correlation of Cd, Ca,
and Fe during six weeks of incubation showed that some Cd
was transferred to a Ca and Fe rich phase that could potentially
be a mixture of Ca- and Fe-carbonates.
Reducing conditions not only stimulated Fe(III) reduction

but also allowed the reduction of sulfate to sulfide by sulfate-
reducing microbes.53,60 At a pH above 7 as present in the
anoxic lactate-/acetate-amended microcosms, hydrogen sulfide
(H2S, pKa 6.9) dissociates into HS−,53,60 which reacts with
Cd2+, forming CdS.43,58,61 Such a process is indicated by the
EDX maps, wherein sulfur correlated weakly with Cd after six
weeks of reducing conditions. However, although the
correlation between Cd and S within this cluster was present,
we expect only minor amounts of Cd to be bound to S since
this cluster only consisted of a limited number of pixels. In
summary, our results show that the immobilized Cd is
associated to a minor extent with carbonate and sulfide
minerals and the formation of other minerals must be
responsible for Cd immobilization.
Redistribution of Cd to Crystalline Mineral Phases. A

small fraction of Cd correlated initially with Mn, potentially Mn
oxides (Figure S3). Under anoxic conditions, Mn(IV) oxides
are microbially reduced similar to Fe(III) oxyhydroxides44

releasing associated Cd as evidenced by the absence of a
correlation in the Cd and Mn elemental maps after six weeks.
This suggests that a small pool of Cd was released from Mn
oxides and that the formed Mn(II) phases did not bind Cd.
Prior to incubation, Cd was mainly associated with Fe and Al,

suggesting that Cd was partly sorbed or coprecipitated with
Fe(III) minerals and clays. During oxic incubation, 9% Fe(II) of
poorly crystalline Fe was formed within two weeks, indicating
the activity of Fe(III) reducers that thrive in anoxic soil
microenvironments.58 The increase in Fe(II) correlated with
neither an increase in pH nor carbonate formation, but with a
decrease in extractable Cd. This indicates that shifts in Cd
mobility are directly influenced by Fe(III) reduction and the
formation of new Fe mineral phases as postulated among others
by Zhang et al.62

After six weeks of anoxic incubation, the correlation of Cd
and Al had slightly increased, suggesting that mobile Cd2+ ions
diffused into the layers of swelling clays that are fully submersed
in water in these setups.63 Additionally, in the Cd/Fe 2D
histogram, a new cluster appeared (black circle in Figure 4a)
that corresponded to pixels wherein Cd correlated with Fe but
not with other elements. This suggests that the respective Cd-

enriched mineral phase could be an Fe oxide mineral with some
incorporated Cd. Although XRD analysis failed to provide
evidence for magnetite formation in our microcosms due to the
high background of silicates and clays, magnetite is a potential
candidate for an Fe oxide formed in our anoxic, carbon-
amended microcosms, since this mixed-valent Fe(II)/Fe(III)
mineral often forms during Fe(III) reduction.12,33−35,64

Magnetite was shown to sorb Cd2+ 12,65 and incorporate Cd2+

in its mineral structure.22,23 According to the Fe extraction data,
a minimum amount of 40 mg total Fe(II) g−1 of dry soil was
present after six weeks of anoxic incubation with lactate/acetate
(data not shown). A theoretical estimation assuming that half of
that Fe(II) (20 mg, 0.36 mmol) is present in the form of
magnetite suggests that approximately 83 mg of magnetite
could form per gram of dry soil, since stoichiometric magnetite
contains 1 mol of Fe(II) per mol of magnetite. Assuming
further that one Cd2+ ion replaces one tetrahedral Fe(III)23 in
every 100th magnetite unit (equals 3.6 nmol of magnetite,
which is the same amount for Fe and hence Cd), we can
estimate that approximately 0.4 mg of Cd could have been
incorporated into magnetite per gram of dry soil. This is
approximately 1000 times more than the amount of Cd that
was actually removed from the fraction extractable with 0.1 M
HCl and therefore can explain at least a large part of the Cd
sequestration during Fe(III) reduction in our anoxic soil
microcosms.

Environmental Implications. In the present study, we
provide evidence that under reducing conditions the activity of
fermenting and Fe(III)-reducing bacteria redistributes Fe-
associated Cd into a more stable Fe mineral phase, most
probably magnetite, and only to a minor extent into sulfides
and carbonates. Magnetite is more stable than Fe(II), Ca(II),
and Cd(II) carbonates, which are dissolved easily upon
acidification or reoxidation of soils.12 Nanocrystalline and
biogenic magnetite is applied successfully in metal remediation,
and current research focuses on environmental applications for
magnetite.65−67 In the present study, we show that secondary
Fe-phases formed during microbial reduction of Fe(III)
minerals could potentially result in a net immobilization of
Cd, removing Cd from the bioavailable fraction of the soil. We
suggest to further investigate the redox-cycling of Fe and
specifically the role of magnetite in the removal of Cd in soils.
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