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Abstract
Riparian soils are periodically ﬂooded, leading to temporarily reducing conditions. Diﬀusion of O2 through plants into the
rhizosphere maintains oxic conditions around roots, thereby promoting trace element fractionation along a redox gradient
from the reduced soil matrix towards the oxic rhizosphere. The aim of this study was to determine the distribution and speciation of arsenic around plant roots in a contaminated (170–280 mg/kg As) riparian ﬂoodplain soil (gleyic Fluvisol). The
analysis of soil thin sections by synchrotron micro-X-ray ﬂuorescence (l-XRF) spectrometry showed that As and Fe were
enriched around roots and that As was closely correlated with Fe. Arsenic contents of three manually separated rhizosphere
soil samples from the subsoil were 5–9 times higher than respective bulk As contents. This corresponds to the accumulation of
about half of the total As in the subsoil in Fe-enrichments around roots. The speciation of As in the soil was assessed by oxalate extractions at pH 3.0 as well as by X-ray absorption near edge structure (XANES) and extended X-ray ﬁne structure
(EXAFS) spectroscopy. More than 77% of the total As was oxalate extractable in all samples. XANES and EXAFS spectra
demonstrated that As was predominantly As(V). For the accurate analysis of the EXAFS data with respect to the bonding of
As(V) to the Fe- or Al-octahedra of (hydr)oxides and clays, all 3-leg and 4-leg multiple scattering paths within the As(V)O4tetrahedron were considered in a fully constrained ﬁtting scheme. We found that As(V) was predominantly associated with
Fe-(hydr)oxides, and that sorption to Al- and Mn-hydroxides was negligible. The accumulation of As in the rhizosphere
may aﬀect As uptake by plants. Regarding the mobility of As, our results suggest that by oxygenation of the rhizosphere,
plants attenuate the leaching of As from riparian ﬂoodplain soils during periods of high groundwater levels or ﬂooding.
 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Riparian ﬂoodplains are sensitive ecosystems that play a
key role in the transfer of nutrients and contaminants between surface and ground water (Kirk, 2004). Anthropogenic emissions from mining and smelting, agriculture and
industry have led to the accumulation of heavy metals
and arsenic in riparian ﬂoodplain soils in industrialized
regions worldwide. Even if the source of the contamination
has been eliminated, accumulated contaminants in ﬂood-
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plain soils may still represent a continuing risk for surface
and ground water quality (Kalbitz and Wennrich, 1998;
Lamers et al., 2006). In addition, they may also adversely
aﬀect soil fertility and ecosystem health through their uptake by soil organisms and plants and their transfer along
the food chain (Vink, 2002; Wijnhoven et al., 2006).
Arsenic is a redox-sensitive trace element and its fate in
the environment strongly depends on its oxidation state and
speciation. Inorganic As species usually prevail in soils, unless they were contaminated with organic arsenical pesticides. In oxic to mildly reducing soils, inorganic arsenic is
predominantly present as the pentavalent oxyanion
arsenate (As(V)) or the trivalent oxyanion arsenite
(As(III)). As-sulﬁdes may form in strongly reducing systems
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(Inskeep et al., 2002). As(III) is considered to have a higher
acute toxicity than As(V) (Penrose, 1974). Over the typical
pH range of soil solutions, arsenite (pK1 = 9.1, I = 0.1 M,
Martell et al., 1997) is mainly present as a neutral undissociated species (H3AsO3), while arsenate (pK1 = 2.8,
pK2 = 6.7, pK3 = 11.8, I = 0.1 M, Martell et al., 1997) is
present as a singly (H2 AsO4  ) or doubly (HAsO4 2 ) deprotonated anion. Laboratory studies demonstrate that Fe-oxides, Al-oxides, Mn-oxides, and clay minerals are eﬀective
sorbents for As(III) and As(V) in soils (Fuller et al., 1993;
Scott and Morgan, 1995; Goldberg, 2002; Violante and Pigna, 2002; Waltham and Eick, 2002; Foster et al., 2003; OnaNguema et al., 2005). While both As(V) and As(III)
strongly sorb to Fe-(hydr)oxides (Goldberg, 2002; Dixit
and Hering, 2003), As(V) more eﬀectively competes for
sorption sites than As(III) in the presence of anions such
as phosphate or silicate (Roberts et al., 2004). Because of
the high aﬃnity of As for Fe-(hydr)oxides (Pierce and
Moore, 1982), the cycling of As in ﬂoodplain soils is closely
related to the cycling of Fe.
Under waterlogged conditions, the microbial decomposition of organic matter leads to the depletion of O2 and
to the reductive dissolution of Fe-(hydr)oxides in soils
(Ponnamperuma, 1972). Adsorbed As(III) and As(V) are
concomitantly released into soil solution and As(V) gets reduced to As(III) (Masscheleyn et al., 1991; McGeehan and
Naylor, 1994; Onken and Hossner, 1996). While deeper soil
horizons may be permanently waterlogged and reduced,
ﬂuctuations of the water table closer to the soil surface
may cause the redox potential to vary between oxidizing
and reducing conditions. However, even under waterlogged
conditions, the diﬀusion of O2 through plant roots into the
surrounding soil matrix may keep the rhizosphere soil oxidized (Kirk, 2004). At the same time, transpiration water
ﬂow and diﬀusion lead to the transport of dissolved Fe2+
from the reduced soil matrix towards the roots. These processes result in the oxidation of Fe2+ and precipitation of
Fe(III)-(hydr)oxides on the surface of roots (Fe-plaque)
and in the surrounding oxidized rhizosphere soil (Otte
et al., 1995; Doyle and Otte, 1997; Caetano and Vale,
2002; Kirk, 2004). The redistribution of Fe between the soil
matrix and the rhizosphere also aﬀects the distribution of
As (Otte et al., 1995; Doyle and Otte, 1997; Hansel et al.,
2002; Blute et al., 2004; Liu et al., 2004a,b; Hu et al., 2005).
Studies on the sequestration of As in the rhizosphere of
plants grown in contaminated salt-marshes showed a significant enrichment of As in the rhizosphere soil around roots
and in Fe-plaque on the root surface (Otte et al., 1995;
Doyle and Otte, 1997; Caetano and Vale, 2002). Recent
synchrotron-based microspectroscopic studies showed that
the Fe-plaque of Typha latifolia (broadleaf cattail) and Phalaris arundinacea (reed canarygrass) was mainly composed
of ferrihydrite and minor fractions of goethite and siderite
(Hansel et al., 2001, 2002; Blute et al., 2004). Arsenic at
the root surface was found to be predominantly As(V) associated with the Fe-plaque, and Fe-plaque was suggested to
cause an attenuation of the As mobility (Hansel et al., 2002;
Blute et al., 2004). In the context of the irrigation of rice
ﬁelds in Bangladesh and West Bengal with As-rich groundwater and the potential accumulation of As in paddy soils,
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recent studies suggest that the formation of Fe-plaque on
the surface of rice roots reduces the As(V) transfer into
the paddy rice plants (Liu et al., 2004a,b, 2006; Chen
et al., 2005; Hu et al., 2005).
Previous microspectroscopic studies on the spatial distribution of As focused on the Fe-plaque on the root surface
(Hansel et al., 2002; Blute et al., 2004). In this study, we
investigated soil thin sections by micro-X-ray ﬂuorescence
spectrometry (l-XRF) to determine the distribution of
As, Fe, and Mn between the soil matrix and the rhizosphere
around roots in a contaminated riparian ﬂoodplain soil.
The extent of As accumulation in the rhizosphere was
quantiﬁed by the analysis of manually separated rhizosphere and matrix soil. To characterize the reactivity and
speciation of As in the rhizosphere and in the soil matrix,
we used oxalate extractions and X-ray absorption spectroscopy (XAS). For the determination of the sorption mode of
As in soils using extended X-ray absorption ﬁne structure
(EXAFS) spectroscopy, we developed a robust ﬁtting approach for the distinction between As(V) bonding to the
Al- and Fe-octahedra of Al- and Fe-bearing sorbents.
2. EXPERIMENTAL
2.1. Sampling site
The studied riparian ﬂoodplain is located at the river
Mulde near Muldenstein (Saxony-Anhalt, Germany). It is
subject to occasional ﬂooding (Brandt, 2003; Klemm
et al., 2005). The contamination at the site mainly results
from past mining activities 150 km upstream in the Ore
Mountains (Erzgebirge), where sulﬁde ores have been
mined for centuries for Ag, Pb, and Zn. The ongoing erosion and weathering of mine tailings and acid mine drainage still lead to substantial particulate and dissolved
contaminant loads in the Mulde and to the widespread contamination of adjacent ﬂoodplains (Klemm et al., 2005).
Following the centennial ﬂood of the rivers Mulde and Elbe
in summer 2002, a detailed monitoring has been performed
to determine the extent of the environmental contamination
along the two rivers (Geller et al., 2004). An extensive study
of the distribution and dynamics of contaminants in ﬂoodplains near Muldenstein has been carried out previously
(Brandt, 2003). The soil proﬁle studied in the present work
is located at about 15 m distance from the river close to
proﬁle #2 on transect #1 in Brandt’s report. The soil is classiﬁed as a gleyic Fluvisol according to the World Reference
Base for Soil Resources (FAO, 2006a,b). The vegetation is
dominated by perennial grasses (Calamagrostis epigejos,
wood small reed; P. arundinacea, reed canarygrass) and
ﬂowering plants (e.g., Cirsium arvense, creeping thistle;
Arctium minus, lesser burdock; Heracleum sphondylium,
hogweed; Artemisia vulgaris, mugwort; Urtica dioica, stinging nettle).
2.2. Soil samples
Bulk soil samples were collected in January 2004 from
three soil depths (0–15 cm, 20–40 cm, and 70–80 cm). The
samples were air dried, sieved to less than 2 mm, and stored
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in plastic containers in the dark for further analyses. Undisturbed samples for the preparation of soil sections were collected from two soil depths (10–15 cm and 40–45 cm) in
October 2004 using Kubiena boxes (8 cm · 6 cm · 5 cm).
Within 3 days after sampling, the undisturbed soil was frozen by immersion in liquid N2 and subsequently freeze
dried. The dried samples were embedded using LR White
resin (London Resin, Reading, UK) under vacuum and
subsequently cured for 48 h at 60 C in an 800 mbar N2
atmosphere. Sections of 300 lm thickness were cut using
a diamond saw. Polished sections were mounted on As-free
glass slides and ground and polished to 30 lm thin sections
(Labor Beckmann, Schwülper-Lagesbüttel, Germany). Due
to the lower organic carbon content of the subsoil, Feenrichments around plant roots could be visually discerned
from the soil matrix based on their rusty color. From an
undisturbed block of soil collected with a Kubiena box at
40–45 cm depth (total weight 157 g), 6.6 g of this Fe-rich
material (subsequently termed ‘‘rhizosphere soil’’) and
10.6 g of the matrix soil were manually separated. Subsequently, the rhizosphere soil, the matrix soil, and the
remaining soil material were homogenized and ball-milled
to <50 lm for further analyses. The element concentrations
in the total soil volume were calculated from their concentrations in the three isolates (rhizosphere, matrix, and rest)
and the weights of these isolates. The same procedure was
applied to two additional blocks of undisturbed soil collected in January 2004 using Kubiena boxes. These samples
were from 30 to 35 cm (total weight 239 g) and 45–50 cm
depth (total weight 179 g). At both sampling dates, the soil
proﬁle was dry and well aerated down to at least 1.5 m.

were slowly added to 100 mL of 0.2 M Fe(NO3)3Æ9 H2O
solution without exceeding pH 8. When the pH reached
5.5, i.e., after addition of about 65 mL of 1 M KOH, the
titration was brieﬂy interrupted. Fifty milliliters of either
0.012 M Na2HAsO4Æ7H2O or 0.012 M NaAsO2 (molar ratio As/Fe = 4/100) were rapidly mixed to the freshly precipitated ferrihydrite before ﬁnalizing the titration with 1 M
KOH to pH 7. After the endpoint of the titration was
reached, the samples were centrifuged and the supernatant
decanted. The ferrihydrite was washed and centrifuged
twice using doubly deionized water (18.2 M Xcm, MilliQ Element, Millipore). Subsequently, the samples were
rapidly frozen by immersion of the containers in liquid
N2 and subsequently freeze dried. Reference samples for
As(III) and As(V) adsorbed to hydrous Al oxide (HAO)
were synthesized in analogy to As(III) and As(V) adsorbed
to ferrihydrite using Al(NO3)3Æ9H2O instead of Fe(NO3)3Æ
9H2O. Scorodite (FeIIIAsVO4ÆH2O) was synthesized by
adapting a method for the synthesis of variscite (Hsu and
Sikora, 1993). Thirty milliliters of 0.5 M Na2HAsO4 were
mixed with 50 mL of 1 M HCl and 100 mL doubly deionized water. Subsequently, 20 mL of 0.5 M FeCl3Æ6H2O were
rapidly added. The precipitate was aged for 9 days at 90 C
and then washed and freeze dried as described above for
ferrihydrite. The crystalline structure of the references was
veriﬁed by powder X-ray diﬀraction analysis (D4 Endeavour, Bruker AXS).
For analysis by Fe K-edge EXAFS spectroscopy,
ferrihydrite and goethite were synthesized according to
(Schwertmann and Cornell, 1991). Synthetic lepidocrocite
was kindly provided by Paul Borer, ETH Zurich, Switzerland (Borer et al., 2005).

2.3. Bulk chemical analyses
2.5. Collection and extraction of X-ray absorption spectra
The pH of the sieved soil samples was measured in
10 mM CaCl2 using a glass electrode. Powdered samples
<50 lm were obtained using an agate ball-mill. The content
of organic carbon was determined on powdered samples
using a CHNS Analyzer (LECO CHNS-932). Wax pellets
were prepared from the powdered samples (4 g of soil and
0.9 g of wax) and analyzed for total element contents by energy dispersive X-ray ﬂuorescence spectrometry (Spectro
X-Lab 2000). For the determination of oxalate extractable
element contents, 0.2 M oxalate solution with pH 3.0 was
prepared by adding 0.2 M (NH4)C2O4 to 0.2 M H2C2O4
until pH 3.0 was reached. In triplicates, 200 mg of soil were
weighed into 10 mL PE tubes and extracted with 10 mL of
oxalate solution (4 h, dark). After centrifugation (15 min at
3500g), the solutions were ﬁltered through 0.2 lm nylon ﬁlters and acidiﬁed with 1% (v/v) 30% HCl (Suprapure). The
extracts were analyzed by inductively coupled plasma—
optical emission spectrometry (ICP-OES, Varian VistaMPX).
2.4. Reference samples for X-ray absorption spectroscopy
For the preparation of reference samples of As(III) and
As(V) adsorbed to 2-line ferrihydrite, a method for the synthesis of 2-line ferrihydrite (Schwertmann and Cornell,
1991) was slightly modiﬁed. About 66 mL of 1 M KOH

Arsenic K-edge X-ray absorption near edge structure
(XANES) and extended X-ray absorption ﬁne structure
(EXAFS) spectra were measured at the X-ray absorption
spectroscopy (XAS) beamline at the Angströmquelle Karlsruhe (ANKA, Karlsruhe, Germany). The ring was operated at 2.5 GeV with a beam current of 130 mA. For the
reduction of the higher harmonics, the Si(1 1 1) monochromator was detuned by 35% using a software-controlled
monochromator stabilization. The energy resolution of
the Si(1 1 1) monochromator at the As K-edge was approximately 2.3 eV. This resolution did not allow to resolve
sharp features in the XANES region, but was suﬃcient
for EXAFS analysis (Foster et al., 2003). The monochromator was calibrated using an Au-foil (ﬁrst maximum of
the ﬁrst derivative of the Au L3-edge XANES spectrum
at 11919 eV). Powdered soil samples were mixed with a
small amount of polyethylene powder and pressed as 13mm pellets. The pellets were analyzed at room temperature
in ﬂuorescence mode using a 5-element Ge solid state detector. Powdered reference samples were diluted with polyethylene powder and prepared as 13-mm pellets for analysis in
transmission mode. Three scans were collected from soil
samples and 2 scans from references. Each scan took about
90 min. Extraction of normalized XANES and EXAFS
spectra from the raw data was performed using the software
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code Athena (Ravel and Newville, 2005). The E0 was determined from the maximum of the ﬁrst derivative of the measured signal. Normalized spectra were obtained by ﬁtting a
ﬁrst order polynomial to the data up to 30 eV below the
edge and a second order polynomial to the data from
150 eV to 450–500 eV above the edge. EXAFS spectra were
extracted using the Autobk algorithm implemented in
Athena (Rbkg = 0.8; k-weight = 3, spline k-range from
0.5 Å1 upwards). For shell ﬁts, Fourier-transformed EXAFS spectra were extracted over k-ranges from 3 to 11.5–
13.5 Å1, using a Kaiser–Bessel apodization window (window parameter = 2.5).
Fe K-edge EXAFS spectra of reference samples and one
rhizosphere soil sample were collected using the same setup
as for As K-edge measurements. The monochromator was
calibrated using an Fe-foil (maximum of ﬁrst derivative at
7112 eV). For the references, E0 was obtained from the
maximum of the ﬁrst inﬂection point. The XANES spectrum of the rhizosphere soil sample appeared distorted by
pinholes in the sample pellet (Manceau and Gates, 1997),
resulting in a shift of the maximum of the ﬁrst derivative
to a value below the eﬀective E0. The E0 for this spectrum
was therefore ﬁxed to the one of ferrihydrite. EXAFS spectra were extracted from the experimental data using the
Autobk algorithm (Rbkg = 0.9; k-weight = 3; k-range 0.5–
10.5 Å1). Fourier transforms were calculated over the krange 2–10 Å1 using a Kaiser–Bessel apodization window
(window parameter = 2.5).
2.6. XAS data analysis
The As K-edge EXAFS data were analyzed by shell ﬁts
on the Fourier-transformed EXAFS signal (k-range 3 to
11.5–13.5 Å1, r-range 0.8–3.6 Å) using the software code
Artemis (Ravel and Newville, 2005). Theoretical single
and multiple scattering EXAFS paths were calculated from
the structure of scorodite (Kitahama et al., 1975) using
FEFF 8.2 (Ankudinov and Rehr, 2000). In the analysis of
spectra of As(V) reference samples and of soil samples
(which contained mostly As(V)), we considered As–O and
As–Fe single scattering (SS) paths and multiple scattering
(MS) paths within the As(V)O4-tetrahedron with at most 4
legs. A SS As–Al path was calculated by replacing Fe by
Al in the scorodite structure. Three types of MS were included into ﬁts: triangular As–O–O (MS1, 3 legs, degeneracy = 12), collinear As–O–As–O (MS2, 4 legs,
degeneracy = 4), and non-collinear As–O–As–O (MS3, 4
legs, degeneracy = 12). Due to the distortion of the
As(V)O4-tetrahedron in scorodite (Kitahama et al., 1975),
FEFF calculations resulted in 4 individual As–O single
scattering paths, 6 two-fold degenerated MS1 paths, 4
MS2 paths, and 6 two-fold degenerated MS3 paths. In test
calculations, we used all individual paths for one speciﬁc
type of MS and calculated their composite EXAFS signal
ﬁxing the Debye–Waller parameter (r2) and E0 of all paths
to 0.005 Å2 and 0 eV, respectively. We then used each individual path to ﬁt the composite signal by adjusting half
path length R, Debye–Waller parameter r2 and energy shift
E0 while ﬁxing the degeneracy to the theoretical value (12
for MS1, 4 for MS2, and 12 for MS3). These tests showed
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that using the path whose half path length was closest to the
average half path length of all individual paths resulted in
the most accurate ﬁt for the average half path length, r2
and E0. Thus, for all shell ﬁts, we used the As–O, MS1,
MS2, and MS3 path whose half path length was closest
to the average half path length of all individual paths of
the same type of scattering. While the degeneracies of the
MS paths were ﬁxed to their theoretical value, their half
path lengths were expressed as a function of the SS As–O
half path length assuming an ideal tetrahedron. Thus, the
half path lengths of the paths MS2 and MS3 were set to
twice the As–O SS half path length,pand
the half path length
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
of the MS1 path to 1.8165 (=1 + ð2=3Þ) times the As–O
SS half path length.
The Debye–Waller parameters for the MS paths were
constrained by considering the correlation between the
lengths of individual legs (Hudson et al., 1996). Because
the collinear As–O–As–O path (MS2) involves twice the
same O atom, the ﬁrst As–O–As half path length and the
second As–O–As half path length (each equal to the As–
O SS distance) are fully correlated. Therefore, we deﬁned
the r2 for the half path length of the MS2 path to be four
times the r2 of the As–O SS path. In contrast, the non-collinear As–O–As–O path (MS3) involves two diﬀerent O
atoms. Therefore, the ﬁrst As–O–As half path length and
the second As–O–As half path length were assumed to be
uncorrelated. Consequently, the r2 for the half path length
of the MS3 path was deﬁned to be two times the r2 of the
As–O SS distance. Assuming that the lengths of the As–O
and the O–As leg of the triangular As–O–O (MS1) path
are not correlated, their contribution to the r2 of MS1 half
path length equals half the r2 of the As–O SS path. However, because also the O–O leg contributes to the r2 of
the MS1 path, we assumed the r2 of the MS1 path to be
equal to the r2 of the As–O SS path.
For shell ﬁts of As(III) adsorbed to ferrihydrite, only the
triangular As–O–O MS path was considered. While its
degeneracy was ﬁxed to the theoretical value of 6, its r2
was assumed to be equal to the r2 of the As–O SS, and
its half path length was adjusted.
Linear combination ﬁts (LCF) were performed on the
soil EXAFS spectra over the k-range 3–11 Å1 using the
reference spectra of As(V) and As(III) adsorbed to ferrihydrite as proxies for soil As(V) and As(III), respectively. For
LCF, the EXAFS data were extracted using the same E0
(11,871 eV) and Autobk spline k-range (0.5–11.5 Å1) for
all spectra. The sum of the ﬁtted fractions was not constrained and no energy shift was included in the LCF. Because the energy resolution (2.3 eV) of the Si(1 1 1)
monochromator used for this work was relatively low and
because LCF on the XANES spectra is more strongly affected by small diﬀerences in energy calibration (<0.2 eV)
than LCF on the EXAFS data, we did not assess As oxidation state based on LCF of the XANES spectra.
2.7. Micro-X-ray ﬂuorescence spectrometry
The spatial distribution of As, Fe, Mn and other elements in soil thin sections from the topsoil (10–15 cm)
and the subsoil (40–45 cm) was analyzed by micro-X-ray
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ﬂuorescence (l-XRF) spectrometry at beamline 10.3.2 at
the Advanced Light Source (ALS, Berkeley, USA) (Marcus
et al., 2004a). Soil sections were mounted in a 45 angle to
the incident beam, and the ﬂuorescence signal was recorded
in a 90 angle using a Ge 7-element solid state detector.
Mapping for As and Fe was carried out at either 12,985
or 12,500 eV incident photon energy using a beam size of
20 · 20 lm2 and step sizes of 15 lm in the x- and y-direction. For the distribution of Mn in the topsoil, an additional map was collected at 7012 eV incident photon
energy (100 eV below the Fe K-edge) at the same spatial
resolution and step width. For the subsoil sample, the Mn
Ka intensity was recorded at 12,985 eV incident photon energy. The scatter plot of the Mn intensity versus the Fe
intensity for all pixels of the subsoil map exhibited a sharp
lower limit which linearly increased with Fe intensity, indicating that leakage of Fe Ka ﬂuorescence into the Mn channel was proportional to the recorded Fe signal. Therefore,
the Mn signal of each pixel was decontaminated by subtracting a constant fraction of the recorded Fe signal of
the respective pixel. This fraction was determined graphically from the scatter plot of the Mn intensity versus the
Fe intensity.
3. RESULTS AND DISCUSSION
3.1. Characterization of the soil proﬁle
Bulk soil properties and total and oxalate extractable
contents of Fe, Mn, Al, and As are listed in Table 1. The
soil is acidic throughout the proﬁle. In the year 1996, soil
pH values at this site were between 5.8 and 6.0 down to
120 cm depth. The groundwater level was at approximately
80 cm depth and was regulated by a weir 600 m downstream (Brandt, 2003). In 2004, when soil samples were collected for this study, the weir was open and the
groundwater table at both sampling dates was below the
maximum proﬁle depth of 150 cm. The soil pH value of
4.3 in our sample from 70 to 80 cm depth (Table 1) might

Table 1
Physicochemical properties and total and oxalate extractable
contents of As, Fe, Mn, and Al in the soil samples from three
sampling depths
Sampled soil horizon

Ah

Blc

Blc2

Depth (cm)
pH (CaCl2)
Org. C (g/kg)
Sand/silt/clay (g/kg)

0–15
5.5
87.5
200/580/220

20–40
5.7
48.4
170/580/250

70–80
4.3
7.8
270/580/150

Total (mmol/kg)
Astot
Fetot
Mntot
Altot

3.38
674
14.0
1956

3.66
712
14.1
2542

2.22
539
11.5
2378

Oxalate extractable (mmol/kg (% of total))
Aso
3.29 (97%)
3.31 (91%)
221 (33%)
197 (28%)
Feo
Mno
10.8 (77%)
12.4 (88%)
Alo
241 (12%)
133 (5.2%)

1.80
95.7
3.77
29.3

(81%)
(18%)
(33%)
(1.2%)

therefore result from oxidation processes that occurred
after the weir had been opened and the previously waterlogged subsoil was exposed to air. The humus-rich topsoil
Ah horizon is of uniform color and extends to 20 cm depth.
It is sharply separated from the underlying subsoil Blc horizon. The ﬁrst few cm of the subsoil are compacted and the
root density in the subsoil is markedly lower than in the Ah
horizon. The clear separation between Ah and Blc horizon
and the compaction of the ﬁrst few cm of the Blc horizon
may result from agricultural use of the site before 1980.
All soil samples have silt loam texture. Within the soil proﬁle, however, also sandy layers were present reﬂecting the
alluvial origin of the soil material. Fluctuations in the water
table and occasional ﬂooding result in redoximorphic features in the subsoil (>20 cm). Blackish Fe/Mn mottles occur
in the soil matrix, while massive concentric Fe-enrichments
with reddish to yellowish color are present around plant
roots. Especially around large roots, a blackish rim is sometimes present between the root and the reddish-yellowish
Fe-enrichments, indicating the presence of Mn-oxides closest to the root surface. In the topsoil, redoximorphic features are less strongly developed and masked by the color
of the soil organic matter. From the Ah horizon to the
Blc2 horizon, the oxalate extractable contents of Fe, Mn,
and Al decrease (Table 1). The soil is contaminated with
As and other trace elements such as Pb, Cu, Cd, and Zn
at levels far above geogenic background concentrations.
The As concentrations reported in this study (Table 1) compare well to concentrations of 3.43 mmol/kg at 0–17 cm
depth, 4.97 mmol/kg at 17–37 cm depth, and 2.07 mmol/
kg at 37–100 cm depth reported in a previous study for
the size fraction <63 lm (Brandt, 2003). According to the
latter study, As contamination extends to at least 2.7 m
depth. At 0–15 cm depth, As is almost completely oxalate
extractable (Table 1). At 70–80 cm depth, oxalate extractable As accounts for 80% of the total As. The lower oxalate extractable fraction at that depth may be due to the
lower total As content (Table 1), assuming that the soil
material contains some As in recalcitrant primary minerals
and that the content of these phases does not vary greatly
with proﬁle depth.
3.2. Element mapping in the soil matrix and the rhizosphere
by l-XRF
To determine the sequestration of Fe, Mn, and As between the soil matrix and Fe-enrichments around plant
roots in situ, thin sections prepared from undisturbed topsoil (10–15 cm) and subsoil (40–45 cm) were analyzed by lXRF. The distribution of As, Fe, and Mn around a root
channel in the subsoil is depicted in Fig. 1. Note that the
root itself is not visible, because freeze drying led to shrinking of the roots to small fragments. The root channel is located at the top left corner and is oriented perpendicular to
the section (Fig. 1). Fe is clearly enriched up to a distance of
about 1 mm around the root, but can also be observed at
lower concentrations in the soil matrix. In contrast to Fe,
Mn is only enriched in concretions close to the root surface.
Arsenic is clearly enriched around the root channel compared to the distant soil matrix and its distribution closely
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Fig. 1. Distribution of As, Fe, and Mn around a root in the subsoil (40–45 cm depth). The light microscope image (top left) shows the Feenriched rhizosphere extending about 1 mm from the root channel, which runs perpendicular to the section in the top left corner (white area).
The As, Fe, and Mn maps were recorded at an incident photon energy of 12,985 eV (white corresponds to zero counts per pixel, white-black
scale covers intensity range accounting for 95% of cumulative counts of all pixels). As and Fe are enriched around the root channel. Highest
concentrations are found at about 0.5 mm from the channel surface. Mn is enriched in concretions close to the channel surface.

matches the distribution of Fe around the root channel.
The highest As and Fe concentrations occur at a distance
of about 0.5 mm from the root.
In Fig. 2, the distribution maps for As, Fe, and Mn
around a root in the topsoil are shown. In this thin section,
a root channel extents from left to right almost in the plane
of the section. At the left side of the section, the root channel was cut at a ﬂat angle (white oval area in light microscope image). Like in the subsoil, Fe is highly enriched
around the root and As closely follows the distribution pattern of Fe. The highest enrichment of As and Fe is observed
in a sharp front away from the root channel, in agreement
with the distribution observed around the root channel in
the subsoil. An area enriched in Mn is observed between
the As/Fe-enrichment front and the root channel surface,
like in the subsoil.
3.3. Total and oxalate-extractable As, Fe, Mn, and Al in the
rhizosphere and Fe speciation by EXAFS spectroscopy
While the elemental distribution maps (Figs. 1 and 2)
indicate that As is highly enriched around plant roots in
close correlation with Fe, the l-XRF data do not allow

for an accurate quantiﬁcation of the degree of As, Fe,
and Mn accumulation in the rhizosphere. The low content
of organic substance in the subsoil and the formation of cemented Fe/Mn-enriched crusts around plant roots allowed
manually separating the Fe-enriched soil around plant
roots (rhizosphere soil) from the soil matrix (non-rhizosphere soil). The total and oxalate extractable contents of
As, Fe, Mn, and Al in such isolates obtained from an undisturbed soil sample collected at 40–45 cm depth are listed in
Table 2. The total contents clearly reﬂect the general ﬁndings from the element distribution maps (Figs. 1 and 2):
Both Fe and Mn are enriched in the rhizosphere soil. More
than nine times higher As concentrations were found in the
rhizosphere than in the bulk soil, in qualitative agreement
with the element distribution in the subsoil thin section
(Fig. 1). Based on the Fe contents of the bulk soil (Febulk),
the rhizosphere soil (Ferhizo), and the matrix soil (Fematrix),
we estimated that the rhizosphere soil accounts for about
9% of the mass of the investigated undisturbed soil sample
(Febulk = R · Ferhizo + (1  R) · Fematrix, R being the mass
fraction of rhizosphere soil). Based on this estimate, about
72% of the total As in the investigated soil block (total mass
157 g) was calculated to be contained in the Fe-enriched
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Fig. 2. Distribution of As, Fe, and Mn around a root in the topsoil (10–15 cm depth). The light microscope image (top left) shows the Feenriched zone around a root channel, which runs almost in the plane of the section. At the right side of the slide, the channel was cut at a ﬂat
angle (white oval area). The As and Fe maps were recorded at 12,985 eV and the Mn map at 7012 eV incident photon energy (white
corresponds to zero counts per pixel, white-black scale covers intensity range accounting for 95% of cumulative counts of all pixels). Arsenic is
closely associated with Fe near the root channel. The highest concentrations are observed in a rim at some distance from the channel surface.
A large Mn-concretion is located close to the root channel.
Table 2
Total and oxalate extractable contents of As, Fe, Mn, and Al in soil
material from 40–45 cm depth (bulk), the manually separated Feenriched rhizosphere soil and the soil matrix
Sample

Bulk

Total (mmol/kg)
3.66
Astot
487
Fetot
Mntot
11.8
Altot
2221

Rhizosphere

Matrix

33.5
1383
40.7
1699

1.30
398
7.54
2279

Oxalate extractable (mmol/kg (% of total))
3.23 (88%)
29.7 (88%)
Aso
Feo
116 (24%)
860 (62%)
6.67 (57%)
33.6 (83%)
Mno
Alo
23.5 (1.1%)
30.7 (1.8%)

1.00
40.1
3.04
27.2

(77%)
(10%)
(40%)
(1.2%)

rhizosphere. From two blocks of undisturbed soil collected
in January 2004 from 30 to 35 cm (total mass 179 g) and
45–50 cm depth (total mass 239 g), As contents of 22.9
and 16.1 mmol/kg were determined in the Fe-enriched rhizosphere, in comparison to bulk As contents of 4.3 and
3.4 mmol/kg, respectively. Thus, the As concentrations in
these samples were about ﬁve times higher than in the bulk
soil. Assuming that the Fe-enriched rhizosphere soil

accounted for 9% of the total soil volume, rhizosphere As
was estimated to account for 48% and 42% of the total
As in the investigated soil volumes, respectively. Thus, the
data suggest that a substantial fraction of As in the rooted
subsoil is associated with Fe-enrichments around plant
roots. However, the calculated fractions are associated with
considerable uncertainty due to the limited soil volumes
studied. On the other hand, the results clearly demonstrate
that As concentrations in the rhizosphere may largely
exceed bulk As contents in the soil.
Only 10% of the Fe in the soil matrix was oxalate
extractable (Table 2), indicating that most Fe is contained
in primary minerals, clay minerals, and crystalline Fe-(hydr)oxides. In contrast, most of the Fe in the rhizosphere soil
was oxalate extractable, suggesting Fe enrichment in readily
soluble Fe(III)-(hydr)oxides. In Fig. 3, the Fourier-transformed EXAFS spectrum of the rhizosphere soil is compared to the reference spectra of lepidocrocite, goethite,
and ferrihydrite. The diﬀerences in the second shell peaks
of the reference phases are due to the diﬀerent numbers
of corner and edge-sharing Fe-octahedra in their structure
(Manceau and Combes, 1988; Waychunas et al., 1993).
The EXAFS spectrum from the rhizosphere soil closely
resembles the ferrihydrite spectrum, indicating that ferrihy-

FT (magnitude)
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aluminum oxide (HAO) exhibits a second maximum
around 11890 eV. This feature is also present in published
XANES spectra for As(V) adsorbed to gibbsite or bayerite
(Foster et al., 1998; Arai et al., 2001; Ladeira et al., 2001;
Manning, 2005). Compared to the spectrum of As(V) adsorbed to ferrihydrite, the spectrum of scorodite is more
structured in the extended XANES region and its white line
is reduced in height, in agreement with published spectra of
As(V)-sorbed goethite and scorodite (Foster et al., 1998).
With respect to these diﬀerences, the spectra of the soil samples most closely resemble the spectrum of As(V) adsorbed
to ferrihydrite.

Lepidocrocite

Goethite

Ferrihydrite

3.5. Shell ﬁtting of the EXAFS spectrum of As(V) adsorbed
to ferrihydrite

Rhizosphere

0

1

2

3

4

5

6

r(Å)
Fig. 3. Fourier-transformed Fe K-edge EXAFS spectra of references and rhizosphere soil (not corrected for phase shift). The
dashed vertical lines at 1.5, 2.65, and 3.05 Å indicate the approximate positions of peaks arising from the backscattering contributions of ﬁrst shell O, second shell edge-sharing Fe, and second shell
corner-sharing Fe, respectively.

drite was the dominant Fe species in the rhizosphere soil
sample. This ﬁnding is in agreement with previous studies
(Hansel et al., 2001, 2002) and with the high fraction of
oxalate extractable Fe in the rhizosphere soil (Table 2).
Most As in the rhizosphere and the matrix soil was extracted by oxalate, suggesting that it was predominantly
associated with poorly crystalline Fe-hydroxides (Wenzel
et al., 2001). Alternatively, As might also be adsorbed to
Al- and Mn-(hydr)oxides (Arai et al., 2001; Goldberg and
Johnston, 2001; Goldberg, 2002; Foster et al., 2003; Beaulieu and Savage, 2005). However, considering the molar
amounts of Fe, Mn, and Al extracted from the rhizosphere
soil relative to the molar amount of extracted As (Table 2),
it is likely that ferrihydrite and other Fe(III)-(hydr)oxides
were the dominant sorbents for As in the rhizosphere. In
order to corroborate this interpretation, we used As K-edge
XANES and EXAFS spectroscopy to characterize the oxidation state and speciation of As in the soil samples.
3.4. Speciation of As in soil samples by XANES spectroscopy
In Fig. 4, the XANES spectra of (A) reference compounds and (B) bulk soil samples are shown. The reference
spectra of As(V)- and As(III)-compounds diﬀer in the position of their white line (11870.2 eV and 11873.5 eV, respectively). The white line positions of the spectra collected on
soil samples closely match the white line position of the
As(V)-references, indicating that As(V)-compounds dominate As speciation in the soil samples. The spectrum of
As(V) adsorbed to ferrihydrite resembles published
XANES spectra of similar reference materials (Cancès
et al., 2005). In contrast to the spectrum of As(V) adsorbed
to ferrihydrite, the spectrum of As(V) adsorbed to hydrous

Because of the similarity of soil XANES spectra with the
spectrum of As(V) adsorbed to ferrihydrite (Fig. 4), the EXAFS spectrum of this reference was used to set up a ﬁt model
for soil EXAFS spectra. Preliminary ﬁts showed that 2 Fe
atoms could be ﬁt at an As–Fe distance of 3.3 Å. In studies
on As(V) sorption to ferrihydrite, goethite, lepidocrocite, and
hematite, this distance has been assigned to bidentate As(V)
sorption complexes in which the As(V)O4-tetrahedron shares
corners with the apices of two edge-sharing Fe octahedra
(Waychunas et al., 1993; Fendorf et al., 1997; Foster et al.,
1998; O’Reilly et al., 2001; Farquhar et al., 2002; Arai
et al., 2004). Because of the strong correlation between Debye–Waller parameter and coordination number of the As–
Fe path, the As–Fe coordination number was ﬁxed to 2 in further ﬁts of the spectrum of As(V) adsorbed to ferrihydrite,
i.e., to the coordination number of the predominant bidentate corner-sharing complex. These ﬁts are shown in Fig. 5.
Respective ﬁt parameters are listed in Table 3. The ﬁt including only the As–O and As–Fe single scattering paths (Fig. 5,
spectrum a) deviates from the experimental data in the lower
k-range (peak between 4 and 5.5 Å1) and does not match all
details of the second-shell peak in r-space (2–3.5 Å). In previous studies, triangular As–O–O multiple scattering was included to improve the quality of shell ﬁts (Foster et al.,
1998; Morin et al., 2002; Paktunc et al., 2003; Sherman and
Randall, 2003; Beaulieu and Savage, 2005; Cancès et al.,
2005). In the present study, we considered all three types of
3- and 4-leg MS within the As(V)O4-tetrahedron using a fully
constrained ﬁt model (see Section 2 and Table 3 for details).
As shown in Table 3, the sequential addition of the triangular
As–O–O (MS1), the collinear As–O–As–O (MS2), and the
non-collinear As–O–As–O (MS3) path each led to an incremental decrease of the R-factor (normalized sum of squared
residuals). Since the MS paths were added without increasing
the number of adjustable parameters, also the reduced v2
(Stern et al., 1995) decreased, suggesting that the ﬁt model
eﬀectively improved. In Fig. 5, it can be seen that both the
match to the EXAFS spectrum in the k-range 4–5.5 Å1
and the Fourier transform in the r-range 2–3.5 Å improved.
On the other hand, the addition of the MS paths did not substantially aﬀect the ﬁt results for the As–O and As–Fe SS
paths (Table 3).
In order to assess the sensitivity of EXAFS ﬁts for distinction between As(V) bonding to Al- and Fe-octahedra, we also
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0-15 cm

normalized absorption

normalized absorption

As(V)-FH
As(V)-HAO
Scorodite

As(III)-FH
As(III)-HAO

11850

11890

20-40 cm
70-80 cm

rhizosphere
matrix

11850

11930

11890
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11930
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Fig. 4. (A) As K-edge XANES spectra of reference samples. The references include As(V) adsorbed to ferrihydrite and hydrous Al oxide
(As(V)–FH and As(V)–HAO, respectively), scorodite (FeIIIAsVO4ÆH2O), and As(III) adsorbed to ferrihydrite and hydrous Al oxide (As(III)–
FH and As(III)–HAO, respectively). The vertical dashed lines at 11870.2 and 11873.5 eV indicate the approximate positions of the white lines
of As(III)- and As(V)-compounds. Short vertical bars mark speciﬁc features in the reference spectra. (B) As K-edge XANES spectra of soil
samples from 0–15 cm, 40–45 cm, and 70–80 cm depth and of rhizosphere and matrix soil isolated from an undisturbed block of soil from 40–
45 cm depth.
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Fig. 5. Shell ﬁts (open dots) of the EXAFS spectrum of As(V) adsorbed on ferrihydrite (solid lines) are shown in (A) k-space and (B) over the
r-range of the second shell and multiple scattering contributions. Paths used in the ﬁts (in addition to As–O) are: (a) As–Fe, (b) As–Fe + MS1,
(c) As–Fe + MS1 + MS2, (d) As–Fe + MS1 + MS2 + MS3, and (e) As–Al. Corresponding ﬁt parameters are listed in Table 3.

ﬁtted the spectrum of As(V) adsorbed to ferrihydrite with an
As–O and an unrealistic As–Al SS path. Surprisingly, this ﬁt
was far better than the one using the As–O and As–Fe SS
paths, both in terms of its match to the experimental data
in the lower k-range and in r-space as well as in terms of its
R-factor (Fig. 5, spectra a and e, Table 3). The ﬁtted As–Al
distance of 3.14 Å is similar to distances of 3.11–3.14 Å reported for As(V) adsorbed to hydrated c-Al2O3 (Arai et al.,
2001; Arai and Sparks, 2002). Thus, a better ﬁt to the spectrum of As(V) adsorbed to ferrihydrite was obtained with
Al than Fe as second neighbor atom. This eﬀect could lead
to erroneous conclusions with respect to the speciation of
As(V) in unknown samples based on EXAFS analysis. The

reason for this misleading ﬁt result is demonstrated in
Fig. 6, which shows the combination of the As–Fe and multiple scattering EXAFS signal as well as its individual components compared to the EXAFS of the As–Fe and the As–Al
path alone. Multiple scattering contributes signiﬁcantly to
the EXAFS signal in the lower k-range, explaining the
improvement in the EXAFS ﬁt achieved by its addition
(Fig. 5, spectra a–d, Table 3). Comparing the signal of the
As–Fe or the As–Al SS path to the combination of the As–
Fe SS and the MS paths shows that in the lower k-range,
where the EXAFS signal from the second shell is most intense, the As–Al path yields a better ﬁt to the combined signal
than the As–Fe path alone (Fig. 6, spectra e and f, respec-
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Table 3
Shell ﬁts of the spectrum of As(V) adsorbed to ferrihydrite using single- and multiple-scattering paths
Rb (Å)

r2c (Å2)

DE0d

R-factore

Red. v2f

4.05
2

1.69
3.31

0.0026
0.0103

13.3

0.0222

96

As–O
As–Fe
MS1g

4.07
2
12

1.69
3.31
3.07

0.0026
0.0116
0.0026

13.1

0.0194

84

Fe + MS1 + MS2

As–O
As–Fe
MS1g
MS2h

4.06
2
12
4

1.69
3.31
3.07
3.38

0.0026
0.0116
0.0026
0.0103

13.4

0.0171

74

Fe + MS1 + MS2 + MS3

As–O
As–Fe
MS1g
MS2h
MS3i

4.03
2
12
4
12

1.69
3.31
3.07
3.38
3.38

0.0025
0.0113
0.0025
0.0102
0.0051

13.7

0.0149

64

Al

As–O
As–Al

4.03
2

1.69
3.14

0.0026
0.0060

13.7

0.0166

72

Al + MS1

As–O
As–Al
MS1g

4.06
2
12

1.69
3.16
3.07

0.0026
0.0077
0.0026

13.4

0.0212

92

Al + MS1 + MS2

As–O
As–Al
MS1g
MS2h

4.08
2
12
4

1.69
3.15
3.07
3.38

0.0026
0.0085
0.0026
0.0105

13.6

0.0214

93

Al + MS1 + MS2 + MS3

As–O
As–Al
MS1g
MS2h
MS3i

4.07
2
12
4
12

1.69
3.14
3.07
3.38
3.38

0.0026
0.0084
0.0026
0.0105
0.0052

13.7

0.0197

86

Fit

Path

Fe

As–O
As–Fe

Fe + MS1

Na

The ﬁtted spectra are shown in Fig. 5 and contributions from individual paths are compared in Fig. 6. The number of adjustable variables was
6 and the number of independent datapoints 18.4 in all ﬁts.
a
Degeneracy (coordination number for single scattering paths), uncertainty for As–O ± 0.29–0.35, values in bold were ﬁxed during shell
ﬁtting (see text for details), amplitude reduction factor S 0 2 ¼ 1.
b
Half path length (inter-atomic distance for single scattering paths), uncertainty for As–O ± 0.003–0.005 Å, for As–Fe ± 0.023–0.027 Å, for
As–Al ± 0.019–0.033 Å.
c
Debye–Waller parameter, uncertainty for As–O ± 0.0005–0.0006 Å2, for As–Fe ± 0.0026–0.0031 Å2, for As–Al ± 0.0022–0.0039 Å2.
d
Energy shift constrained to same value for all paths in ﬁt, uncertainty <±1.5 eV.
P
P
e
Normalized sum of the squared residuals of the ﬁt (R = (data-ﬁt)2/ data2).
f
2
Reduced v (Stern et al., 1995).
g
MS1 = triangular As–O–O MS path, degeneracy = 12, R = 1.8165 · RAs–O, r2 ¼ r2As–O .
h
MS2 = collinear As–O–As–O MS path, degeneracy = 4, R = 2 · RAs–O, r2 ¼ 4  r2As–O .
i
MS3 = non-collinear As–O–As–O MS path, degeneracy = 12, R = 2 · RAs–O; r2 ¼ 2  r2As–O .

tively). In the higher k-range, the As–Fe path better matches
the combined signal (As–Fe + MS). However, because the
contribution from the second shell to the EXAFS decreases
with increasing k-value, paralleled by an increase in experimental noise, the As–Al path overall yields a better match
to the combined signal (As–Fe + MS) than the As–Fe path
alone. However, if all three MS paths were added to the ﬁt
using the As–Al path, the quality of the ﬁt deteriorated and
became worse than the respective ﬁt with the As–Fe path
(Table 3). Thus, MS paths need to be included in EXAFS ﬁts
in order to diﬀerentiate between bidentate corner-sharing
As(V) bonding to Al- or Fe-octahedra based on the goodness
of the ﬁt. A similar conclusion was drawn in a previous study
(Beaulieu and Savage, 2005), though without testing the ﬁt
model on EXAFS spectra of reference samples. We also

tested our ﬁt model on the spectrum of As(V) adsorbed to hydrous aluminum oxide (HAO) (ﬁts not shown). In this case,
the ﬁt with the As–Al path was clearly better than the one
with the As–Fe path, with or without addition of the MS
paths. This suggests that if MS is ignored in ﬁts of EXAFS
spectra of samples with unknown As(V) speciation, it is more
likely that contributions from Fe second neighbors are misinterpreted to result from Al neighbors than vice versa.
3.6. EXAFS spectra of As(V) adsorbed to hydrous aluminum
oxide, scorodite, and As(III) adsorbed to ferrihydrite
The reference spectra of As(V) adsorbed to HAO, scorodite, and As(III) adsorbed to ferrihydrite are shown in
Fig. 7 (spectra g, h, and i, respectively). The correspond-
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Fig. 6. Interference of single and multiple scattering paths used to ﬁt the second shell of As(V) adsorbed to ferrihydrite. (A) Comparison of
the spectra of single and multiple scattering paths in k-space and (B) in r-space. (a) As–Fe path, (b) triangular As–O–O path (MS1), (c)
collinear As–O–As–O path (MS2), (d) non-collinear As–O–As–O path (MS3), (e) combination of As–Fe + MS1 + MS2 + MS3 (solid line)
compared to the As–Fe path (open dots), (e) combination of As–Fe + MS1 + MS2 + MS3 (solid line) compared to the As–Al path (open
dots). The paths As–Fe and the MS paths are from ﬁt ‘‘Fe+MS1+MS2+MS3’’ and the As–Al path from the ﬁt ‘‘Al’’ reported in Table 3.
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Fig. 7. (A) EXAFS spectra (solid lines) and shell ﬁts (open dots) of soil and reference samples. (B) Fourier transform magnitudes (solid lines)
and shell ﬁts (open dots). (C) Imaginary parts and magnitudes of the Fourier transform in the r-range 2–3.5 Å (solid lines) and shell ﬁts of the
imaginary part (open dots). Samples: (a) Soil 0–15 cm, (b) soil 20–40 cm, (c) soil 70–80 cm, (d) rhizosphere soil 40–45 cm, (e) matrix soil 40–
45 cm, (f) As(V) adsorbed to ferrihydrite, (g) As(V) adsorbed to hydrous aluminum oxide, (h) scorodite, (i) As(III) adsorbed to ferrihydrite.
Parameters of the shell ﬁts are reported in Table 4.

ing ﬁt parameters are listed in Table 4. The spectrum of
As(V) adsorbed to HAO was ﬁt in analogy to the spectrum of As(V) adsorbed to ferrihydrite. The As–Al distance of 3.21 ± 0.03 Å compares to As–Al distances of
3.19 ± 0.05 Å (Ladeira et al., 2001) and 3.16 ± 0.03 Å
(Foster et al., 1998) reported for As(V) adsorbed to gibbsite. For scorodite, the coordination number of the As–
Fe path was ﬁxed to the crystallographic value of 4.
The ﬁtted As–Fe distance of 3.38 ± 0.01 Å corresponds

to reported values (3.36–3.37 Å) from EXAFS and Xray diﬀraction analyses (Kitahama et al., 1975; Foster
et al., 1998; O’Reilly et al., 2001; Paktunc et al., 2003).
The As–O distance of 1.79 ± 0.01 Å for As(III) adsorbed
to ferrihydrite is typical for As(III) coordinated to 3 O
atoms, and the As–Fe distance of 3.38 ± 0.04 Å is similar
to the dominant distance of 3.40–3.41 Å previously
reported for As(III) adsorbed to ferrihydrite (Ona-Nguema et al., 2005).
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Table 4
Structural characterization of As in the soil samples and in reference compounds by shell ﬁtting in r-space using theoretical paths
Rb (Å)

r2c (Å2)

DE0d

R-factore

As–O
3.93
As–Fe
1.92
MS1 + MS2 + MS3g

1.69
3.34

0.0023
0.0113h

13.8

0.0141

14

Soil 20–40 cm

As–O
3.99
As–Fe
2.07
MS1 + MS2 + MS3g

1.69
3.36

0.0025
0.0113h

14.5

0.0240

15

Soil 70–80 cm

As–O
3.82
As–Fe
1.85
MS1 + MS2 + MS3g

1.69
3.34

0.0028
0.0113h

13.5

0.0205

11

Rhizosphere 40–45 cm

As–O
3.69
As–Fe
1.67
MS1 + MS2 + MS3g

1.69
3.33

0.0024
0.0113h

13.7

0.0146

37

Soil matrix 40–45 cm

As–O
3.90
As–Fe
2.07
MS1 + MS2 + MS3g

1.69
3.32

0.0024
0.0113h

13.2

0.0158

6

As(V) on ferrihydrite

As–O
4.03
As–Fe
2i
MS1 + MS2 + MS3g

1.69
3.31

0.0025
0.0113

13.7

0.0149

64

As(V) on HAO

As–O
4.12
As–Al
2i
MS1 + MS2 + MS3g

1.69
3.21

0.0023
0.0098

12.4

0.0104

381

Scorodite

As–O
3.79
As–Fe
4j
MS1 + MS2 + MS3g

1.68
3.38

0.0022
0.0070

12.3

0.0283

808

As(III) on ferrihydrite

As–O
As–Fe
As–O–O

1.79
3.38
3.17

0.0046
0.0100
0.0046k

18.5

0.0385

27

Sample

Path

Soil 0–15 cm

Na

3.07
1.00
6j

Red. v2f

The ﬁts are shown in Fig. 7.
a
Degeneracy (coordination number for single scattering paths), uncertainty for As–O ± 0.26–0.47, for As–Fe/Al 0.6–1.0, values in bold
were ﬁxed during shell ﬁtting, amplitude reduction factor S 0 2 ¼ 1.
b
Half path length (inter-atomic distance for single scattering paths), uncertainties are 0.01 Å for As–O, 0.02–0.04 for As–Fe and As–Al.
c
Debye–Waller parameter, uncertainties for As–O are 0.0005–0.0010 Å2, values in bold were ﬁxed during shell ﬁtting.
d
Energy shift constrained to same value for all paths in ﬁt, uncertainties 0.1–1.8 eV.
P
P
e
Normalized sum of the squared residuals of the ﬁt (R = (data-ﬁt)2/ data2).
f
2
Reduced v (Stern et al., 1995).
g
Multiple scattering paths MS1, MS2, and MS3 fully constrained (see text and Table 3 for details).
h
Fixed to value obtained for As(V) adsorbed to ferrihydrite.
i
Fixed to coordination number of bidentate corner sharing complex.
j
Fixed to theoretical values.
k
Constrained to equal r2As–O :

3.7. Speciation of As in soil samples by EXAFS spectroscopy
The EXAFS spectra of the soil samples together with
model ﬁts are shown in Fig. 7, the corresponding ﬁt parameters are provided in Table 4. In analogy to the ﬁnal ﬁt of
As(V) adsorbed to ferrihydrite, all three types of multiple
scattering within the As(V)O4-tetrahedron were included.
For the As–Fe path, the Debye–Waller parameter was ﬁxed
to the value obtained for As(V) adsorbed to ferrihydrite,
while the coordination number was optimized in the ﬁts.
The ﬁtted As–O distances of 1.69 ± 0.01 Å are typical for
adsorbed As(V) and As(V)-bearing minerals, as seen for adsorbed As(V) and scorodite. In contrast, As(III)–O distances are higher, as reﬂected by the As–O distance of
1.79 Å for As(III) adsorbed to ferrihydrite (Table 4). Thus,

the As–O distances ﬁtted to the soil spectra suggest that As
in the samples is mainly As(V). For all studied soil samples,
good ﬁts were obtained using an As–Fe path. Using an As–
Al path instead resulted in ﬁts of signiﬁcantly lower quality.
If an As–Al path was ﬁt in addition to the As–Fe path, the
residual v2 of the ﬁt increased, and the ﬁt returned unrealistic As–Al distances and coordination numbers. Thus, we
conclude from the EXAFS spectra that As(V) in the studied
soil samples is predominantly associated with Fe-bearing
phases and that bonding to Al-oxides or Al-octahedra at
the edges of clay minerals is negligible. This interpretation
is in agreement with the close correlation of Fe and As in
the element distribution maps (Figs. 1 and 2), with the
interpretation of the oxalate extractions (Tables 1 and 2),
and the comparison of the XANES spectra from soil samples
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with those of As(V) adsorbed to ferrihydrite and hydrous
aluminum oxide (Fig. 4). These ﬁndings compare to the results of a recent study on As speciation in a soil contaminated with lead arsenate (Cancès et al., 2005) in which the
authors concluded that most As(V) was adsorbed to Fe(hydr)oxides rather than Al-(hydr)oxides or clays.
In the shell ﬁts, we focused on the distinction between
As(V) binding to Al- and Fe-bearing phases. Due to the
similarity of their scattering amplitudes, distinction between
Fe and Mn second neighbors located at the same distance
from the absorbing atom would be diﬃcult. However, reported As–Mn distances for As(V) adsorbed the birnessite
and vernadite cover the range from 3.15 to 3.22 Å (Foster
et al., 2003; Manning et al., 2002). These As–Mn distances
are signiﬁcantly shorter than the As–Fe distance of As(V)
adsorbed to ferrihydrite and the As–Fe distances ﬁtted to
the soil spectra (Table 4). In k-space, the shorter As–Mn
distances of As(V) adsorbed to hydrous Mn oxides result
in a pronounced beat pattern at about 7 Å1 (Manning
et al., 2002; Foster et al., 2003), which is absent in the spectrum of As(V) adsorbed to ferrihydrite and in the soil As
spectra (Fig. 7). Thus, the EXAFS data show that As(V)
adsorption to Mn(IV)-(hydr)oxides is quantitatively not
relevant, in agreement with the lack of As–Mn correlations
in the element distribution maps (Figs. 1 and 2).
The As–O distances and coordination numbers obtained
for soil EXAFS spectra indicated that most soil As was
As(V) (Table 4). In order to estimate the fraction of As(III)
in the soil samples, we performed linear combination ﬁts
(LCF) over the k-range 3–11 Å1 using the spectra of
As(V) and As(III) adsorbed to ferrihydrite as proxies for
soil As(V) and As(III) (Table 5). One-component ﬁts based
on the spectrum of As(V) adsorbed to ferrihydrite indicated
that only the soil from 70–80 cm depth and the rhizosphere
sample contained signiﬁcantly less than 100% As(V). For
these two samples, addition of the spectrum of As(III) adsorbed to ferrihydrite substantially improved the ﬁts, as
judged by the decrease of the R-factor by 10% or more (Table 5). Examination of the Fourier-transformed LCF spectra of the other soil samples showed that addition of the
As(III) reference also led to a visually better match of the
experimental spectra in the r-range of the ﬁrst shell As–O
signal with respect to both magnitude and imaginary part.
Thus, even though the respective As(III) fractions were
associated with considerable uncertainty and did not cause

a substantial decrease in the R-factor (Table 5), they may
nevertheless indicate that these samples contained traces
of As(III). At the time of soil sampling, moisture in the soil
proﬁle was low and the soil was aerated. As(III) oxidation
on partially Mn substituted Fe-oxides (Sun et al., 1999) or
Mn-oxides (Oscarson et al., 1983) as well as As(III) co-oxidation with Fe(II) (Roberts et al., 2004) are expected to
promote rapid As(III) oxidation during the aeration of previously reduced soil. It is therefore likely that soil As at the
time of sample collection was predominantly As(V). However, we cannot exclude that further As(III) oxidation during soil drying and soil storage at room temperature.
Within experimental uncertainties, the As–Fe distances
and coordination numbers obtained for the soil As spectra
match the respective values of As(V) adsorbed to ferrihydrite (Table 4). On the other hand, it is still remarkable that
the As–Fe distances of all soil samples were consistently
higher than for As(V) adsorbed to ferrihydrite (Table 4).
Considering the low As(III) fractions in the soil samples
(Table 5), the seemingly longer As–Fe distances cannot be
explained by As(III) adsorbed to ferrihydrite. On the other
hand, the ﬁtted distances approach those of amorphous ferric arsenate (3.36 Å) (Paktunc et al., 2003) or scorodite
(3.38 Å, Table 4). The As–Fe distances of soil As spectra
might thus indicate that a fraction of the As(V) is present
as ferric arsenate-type surface precipitate (Paktunc et al.,
2003, 2004). While As(V) adsorbed to ferrihydrite in the
rhizosphere is formed by the concomitant oxidation of ferrous iron and As(III), the reference ferrihydrite with adsorbed As(V) was synthesized by hydrolyzing ferric iron
and adsorbing As(V). Interestingly, As–Fe distances of
3.36 Å were reported for As(V)-sorbed lepidocrocite obtained by the oxidation of As(V) sorbed green rust (Randall
et al., 2001). Thus, the As–Fe distances observed for the soil
samples might reﬂect partial formation of ferric arsenatetype surface precipitates during the concomitant oxidation
and precipitation of As(III) with Fe(II). To the best of
our knowledge, however, no As–Fe distances have been reported for As(V) sorbed to Fe(III)-(hydr)oxides synthesized
via the oxidation of Fe(II) and As(III) containing solutions.
Alternatively, ferric arsenate-type surface precipitates
might also form during the aging of As(V) adsorbed on ferrihydrite (Waychunas et al., 1993; Jia et al., 2006). No
transformation of adsorbed As(V) was found at pH 8 over
reaction times up to 7 weeks (Waychunas et al., 1993; Jia

Table 5
Soil As oxidation state from linear combination ﬁts (LCF) of soil EXAFS spectra over k-range 3–11 Å1 using reference spectra of As(V) and
As(III) adsorbed to ferrihydrite
Sample

Soil 0–15 cm
Soil 20–40 cm
Soil 70–80 cm
Rhizosphere
Matrix
a
b
c

Only As(V)a

As(V) and As(III)b

Fh–As(V)

R-factor

Fh–As(V)

Fh–As(III)

R-factorc

100%
101%
93%
92%
98%

0.0142
0.0388
0.0509
0.0190
0.0245

99%
100%
90%
89%
98%

3%
7%
13%
13%
4%

0.0139
0.0375
0.0460
0.0137
0.0242

(±1%)
(±2%)
(±2%)
(±1%)
(±1%)

c

(±1%)
(±2%)
(±2%)
(±1%)
(±1%)

One-component LCF based on spectrum of As(V) adsorbed to ferrihydrite.
Two-component LCF based on spectra of As(V) and As(III) adsorbed to ferrihydrite.
P
P
R-factor = (data-ﬁt)2/ data2.

(±2%)
(±3%)
(±3%)
(±2%)
(±2%)

Distribution and speciation of arsenic around roots in contaminated ﬂoodplain soil

et al., 2006). However, based on X-ray diﬀraction analysis
and infrared spectroscopy, adsorbed As(V) on ferrihydrite
was found to partly transform into ferric arsenate at pH
3–5 and over 2 weeks of aging at room temperature (Jia
et al., 2006, 2007). Thus, the As–Fe distances observed in
the soil samples (Table 4) might indicate that concomitant
oxidation of Fe(II) and As(III) and adsorption of As(V)
onto precipitating ferrihydrite are followed by the partial
transformation of adsorbed As(V) to a ferric-arsenate type
surface precipitate.
3.8. Inﬂuence of the plant roots on the speciation and
distribution of As
The element distribution maps (Figs. 1 and 2) and the
contents of As in manually separated rhizosphere and matrix
soil (Table 2) clearly show that As in the studied soil is highly
concentrated in the Fe-enrichments around the plant roots.
From the correlation of As and Fe in the element distribution maps, the oxalate extractions (Tables 1 and 2) and the
analysis of the XANES and EXAFS data (Figs. 3, 4, 7 and
Table 4), we conclude that most soil As was As(V) associated
with ferrihydrite. Recent studies on the speciation of As in
Fe-plaque of P. arundinacea, T. latifolia, and Oryza sativa
also showed that most As was associated with ferrihydrite
(Hansel et al., 2002; Blute et al., 2004; Liu et al., 2006).
The reported As(III) fractions (18–29%) were higher than
those determined in the present study (Table 5), which may
be attributable to permanently waterlogged conditions in
the investigated systems. In contrast, the riparian ﬂoodplain
soil studied in this work is only periodically ﬂooded and was
well aerated at the time of sample collection.
In the investigated ﬂoodplain soil, rusty Fe-enrichments
extending into the soil around plant roots were clearly visible. Blackish Mn-concretions were sometimes observed
close to the root channel surface. Localized Mn-enrichments close to the surface of root channels were also visible
in the element distribution maps collected on thin sections
from the subsoil and the topsoil (Figs. 1 and 2). In agreement with these observations, a study on Fe/Mn-concretions around roots of salt marsh plants showed that
Mn-enrichment occurred closer to the root surface than
Fe-accumulation (Caetano and Vale, 2002). The element
distribution maps (Figs. 1 and 2) show that As is closely
correlated with Fe-enrichments around root channels, but
not with Mn-concretions. These trends are in agreement
with studies on the sequestration of As in layered Fe/Mn
crusts of marine nodules (Marcus et al., 2004b) and in
Fe/Mn layers of lake sediments (Müller et al., 2002), which
report a strong correlation of As with Fe, but not with Mn.
The preferred association of As with Fe-oxides may reﬂect
a higher adsorption aﬃnity of As for Fe- than for Mn-oxides. However, the accumulation of As with Fe(III)-(hydr)oxides is more likely controlled by other factors, including (i)
the stability ranges of Mn- and Fe-oxides and the dominant
As oxidation state under variable Eh and pH conditions
(Masscheleyn et al., 1991), (ii) the kinetics of Mn, Fe, and
As oxidation reactions, and (iii) the spatial gradients in
dissolved O2, Fe2+, Mn2+, As(III), and As(V) between the
reduced soil matrix and the O2-releasing surfaces of roots
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under waterlogged conditions. Already mildly reducing
conditions lead to the reductive dissolution of Mn-oxides,
while As(V) and Fe(III)-(hydr)oxides are still stable (Masscheleyn et al., 1991). Thus, As(V) released from dissolving
Mn-oxides may readsorb to Fe-oxides and other soil minerals in the soil matrix. At the same time, Mn2+ may be transported towards roots either by diﬀusion or by advective
water ﬂow caused by the transpiration of plants. The slow
homogeneous oxidation of Mn2+ with O2 and the catalytic
oxidation of Mn2+ on Mn-oxide surfaces (Hem, 1981;
Stumm and Morgan, 1996) explain the formation of Mnrich nodules near the surfaces of root channels. Under more
reducing conditions, the reductive dissolution of Fe(III)(hydr)oxides and the reduction of As(V) to As(III) lead to
an increase of the dissolved concentrations of Fe2+ and
As(III) in the reduced soil matrix (Masscheleyn et al.,
1991). By diﬀusion and transpiration water ﬂow, dissolved
Fe2+ and As(III) are transported towards plant roots. Because the oxidation of Fe2+ with O2 proceeds more rapidly
and at lower redox potential than the oxidation of Mn2+
(Stumm and Morgan, 1996), Fe-oxides already precipitate
at lower O2 partial pressures and further away from root
channels than Mn-oxides. At the same time, the oxidation
of As(III) to As(V) may be catalyzed by the oxidation of
Fe2+ (Roberts et al., 2004) or by traces of Mn coprecipitated with Fe(III)-(hydr)oxides (Sun et al., 1999). Coprecipitation of As(III/V) with freshly forming or adsorption to
already existing Fe(III)-(hydr)oxides may prevent further
As(III) diﬀusion towards the root surface and its oxidation
and uptake by discrete Mn-oxides.
From the total As contents in hand-picked rhizosphere
and matrix soil from three undisturbed blocks of subsoil
material, the fraction of As associated with Fe-enrichments
around roots was estimated to account for 42%, 48%, and
72% of the total As in the studied soil volumes. While further analyses are needed to reliably quantify the As fraction
in the rhizosphere, our results suggest that about half of the
total As in the subsoil may be associated with Fe-enrichments around root channels. For plants grown in salt
marshes, the fraction of As associated with the rhizosphere
(including rhizosphere soil, Fe-plaque, and root tissues) in
the topsoil (<20 cm) was reported to range from 3% to
19% of the total As (Otte et al., 1995; Doyle and Otte,
1997). Since the subsoil at our site was cemented by Feenrichments around root channels, the separation between
rhizosphere and matrix soil may have been more accurate
than in the latter studies, partly explaining the higher fractions of As associated with the rhizosphere. In addition, differences in root density will strongly aﬀect the extent of As
sequestration into the rhizosphere. We did not attempt to
isolate rhizosphere and matrix soil in an undisturbed topsoil sample, because the higher organic carbon content
and root density compared to the subsoil prevented to visually distinguish rhizosphere and matrix soil. However, the
element distribution map collected around a root in the
topsoil (Fig. 2) suggests that Fe and As are also enriched
around roots in the topsoil.
At the studied site, the vegetation is dominated by
perennial grasses and ﬂowering plants. Thus, roots in the
subsoil may exist for several years, allowing the formation

5818

A. Voegelin et al. / Geochimica et Cosmochimica Acta 71 (2007) 5804–5820

of massive Fe-enrichments extending up to several mm into
the soil matrix. At the same time, the roots also increase the
organic carbon content in the rhizosphere (Marschner,
1995). During a severe ﬂood, the vegetation may be covered
with water, leading to a decrease or stop of O2 supply to the
roots and the partial dissolution of the Fe-(hydr)oxides.
However, such situations are rare. More likely, roots and
the organic substance in the surrounding rhizosphere will
become decomposed once the respective plant dies. Under
waterlogged conditions, this will result in the reductive dissolution of Fe-(hydr)oxides and the release of Fe(II) and
As(III/V). We therefore assume that the observed As- and
Fe-enrichments may persist for several years, but that the
dissolution of old Fe-enrichments under waterlogged conditions and the simultaneous formation of new ones lead to a
continuous redistribution of Fe and As within the rooted
subsoil.
3.9. Implications for the bioavailability and mobility of As in
ﬂoodplain soils
In the riparian ﬂoodplain at Muldenstein, we ﬁnd that
high concentrations of As are accumulated in the subsoil
rhizosphere. The l-XRF analyses show that Fe and As
are also strongly enriched around plant roots in the topsoil
(Fig. 2). Because root density in the subsoil is much lower
than in the topsoil, plant As uptake from the topsoil is
likely more relevant than from the subsoil. Numerous recent studies showed that the formation of Fe-plaque on
the surface of rice roots leads to the sequestration of As
and to a reduction of the As transfer to the rice shoots
and grains (Abedin et al., 2002a,b; Liu et al., 2004a,b; Chen
et al., 2005; Hu et al., 2005). These studies were either carried out with plants grown in nutrient solution (hydroponic
studies) or with homogenized soil (pot experiments). Pot
experiments with homogenized soil may approximate the
conditions in annually puddled and homogenized paddy
soils. In riparian soils and constructed wetlands, however,
the accumulation of As and Fe in the rhizosphere may persist over several years. The association of As with Fe-(hydr)oxides in the rhizosphere and the Fe-plaque may
reduce the availability of As for plant uptake. On the other
hand, the massive accumulation of As close to the plant
roots might also increase the uptake of As by plants relative
to the same soil with a homogeneous As and Fe distribution. Thus, the spatial distribution of As and its association
with Fe-(hydr)oxides in the rhizosphere should be considered in studies on the As-uptake of plants grown in natural
and constructed wetlands.
Studies on vegetated and non-vegetated salt marshes
showed that higher levels of As were accumulated (or retained) in vegetated plots (Doyle and Otte, 1997). From
studies on the sequestration of As into the Fe-plaque of
wetland plants, it was concluded that this process may lead
to a substantial attenuation of As and that disruption of the
vegetation might promote reductive As remobilization
(Hansel et al., 2002; Blute et al., 2004). In the ﬂoodplain
at Muldenstein, we estimate from our results that about
half of the As in the rooted subsoil is associated with Fe(hydr)oxides enriched in the rhizosphere. If the extent of

As sequestration is similar in the topsoil, roughly half of
the As in the rooted soil depth is sorbed to Fe(III)-(hydr)oxides in the rhizosphere. Thus, plants growing at the site
may limit the mobility of As under waterlogged conditions.
If the vegetation is impaired or removed, the O2 supply to
the soil during periods of high ground water levels or ﬂooding will be reduced or stopped. The reductive dissolution of
Fe-(hydr)oxides in combination with As(V) reduction to
As(III) might then lead to leaching of As from the soil proﬁle. These processes must be taken into account for the
management of contaminated riparian soils.
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