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This research combined the use of selective extractions and
X-ray spectroscopy to examine the fate of As and Cr in a podzolic
soil contaminated by chromated copper arsenate (CCA). Iron
was enriched in the upper 30 cm due to a previous one-time
treatment of the soil with Fe(II). High oxalate-soluble Al
concentrations in the Bs horizon of the soil and micro-XRD
data indicated the presence of short-range ordered aluminosili-
cates (i.e., proto-imogolite allophane, PIA). In the surface
layers, Cr, as Cr(III), was partitioned between a mixed Fe(III)/
Cr(III) solid phase that formed upon the Fe(II) application (25-50%)
and a recalcitrant phase (50-75%) likely consisting of
organic material such as residual CCA-treated wood. Deeper
in the profile Cr appeared to be largely in the form of extractable
(hydr)oxides. Throughout the soil, As was present as As(V).
In the surface layers a considerable fraction of As was also
associatedwitharecalcitrantphase,probablyCCA-treatedwoody
debris, and the remainder was associated with (hydr)oxide-
like solid phases. In the Bs horizon, however, XAS and XRF
findings strongly pointed to the presence of PIA acting as an
effective adsorbent for As. This research shows for the first time
the relevance of PIA for the adsorption of As in natural soils.

Introduction

Chromated copper arsenate (CCA) compounds have widely
been used for more than six decades as very effective wood
preservatives, considerably expanding the lifespan of treated
wooden structures exposed to weather (1, 2). Arsenic and Cu
act as insecticides and fungicides, respectively, while chro-
mium is used to fix the active components to the wood matrix.
The fixation process is driven by the reduction of Cr(VI) to
Cr(III) by wood constituents, such as lignin and cellulose,
resulting in the formation of complexes between Cr and As
and lignin and between Cu2+ and lignin (2–4). However, due
to the risk of arsenic toxicity, the U.S. Environmental

Protection Agency (EPA) banned the use of CCA-treated wood
for residential purposes at the beginning of 2004 (5).

Numerous studies have shown that CCA components are
subject to leaching when the treated wood is exposed to
environmental conditions (6–8). The leaching results in
elevated As, Cr, and Cu concentrations in the soils adjacent
to the wooden structures (9–11). In addition, accidental spills,
leakages, deposition of sludge, and dripping from freshly
treated wood at wood preserving sites have led to local, often
severe contamination of the soil with arsenic, chromium,
and copper. The risks that these sites pose for surface and
subsurface waters have been recognized in the U.S. (U.S.
EPA Superfund program, www.epa.gov/superfund) and
elsewhere (12, 13). Only a few studies have investigated the
mobility and partitioning of CCA components at former wood
preserving sites (13–16) and none have combined the analysis
of the distribution of the CCA components in the soil profile
with direct identification of adsorbing solid phases.

Gustafsson and Jacks (17) added As(V) to B horizons of
podzolized forest soils and found that As(V) adsorption
patterns could best be correlated with the content of
ferrihydrite and proto-imogolite allophane (PIA) in the B
horizons, suggesting that reactive Fe and Al phases were
important adsorbents for As. Lund and Fobian (16) as well
as Bhattacharya et al. (14) both demonstrated the importance
of reactive Fe and Al phases in B horizon in podzolic soils
for the accumulation of As and Cr. Cr was also enriched in
surface layers containing organic matter.

The objective of this work was to identify soil components
that are relevant for the fate of As and Cr in a podzolic soil
contaminated by CCA using a combination of selective
extractions and X-ray spectroscopic techniques.

Experimental Section
Site Description and Sampling. The study was carried out
on a former drip pad of a wood preserving plant in central
Bavaria, Germany, where freshly impregnated wood had been
stored for fixation. The site is located in the humid-temperate
climatic region, with a mean annual temperature of 7.5 °C
and a mean annual precipitation of 750 mm. The drip pad
(69 000 m2) was in use from 1920 until 1994. The main wood
preservatives applied over this time period were chromium
salts (mainly CCA) and coal tar creosotes. The detection of
high chromate concentrations in the groundwater at the study
site in the mid-1980s initiated a one-time application of Fe(II)-
sulfate solution to the surface of the drip pad, aiming at
reduction and subsequent immobilization of chromate in
the soil. No records of the quantity of applied Fe(II) were
available.

The soil at the experimental site developed on 20-30 m
deep Pleistocene dune sand that was classified as a weather-
ing product of Keuper sandstones (18). In this region the
dominant soil types are dystric cambisols and podzols (19).
The depth to groundwater is approximately 4.5 m. A reference
profile outside the premises was clearly classified as a podzol.
Podzolic soils are characterized by an eluvial horizon,
depleted in Al and Fe, and an accumulation of Fe and Al
(hydr)oxides as poorly crystalline minerals in an underlying
B horizon that often has a reddish-brown coloring (20–22).
The soil profile at the drip pad was strongly altered by the
entry of creosote and exhibited a variable profile which made
the delineation of soil horizons impossible. The profile was
divided into seven distinct layers (H1-H7; Figure 1) based
mainly on visual and textural features. The upper centimeters
of the profile had a dark color and contained tar crusts and
tar lumps. Between 30 and 65 cm the soil exhibited a strong
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red brown color with crust-like, indurated structures. This
layer was thought to be equivalent to a podzol Bs horizon.
Below 110 cm the transition to the original sandy material
was complete. The drip pad was free of vegetation. The soil
texture consisted of medium to coarse sand (fraction of silt
and clay less than 1%). Bulk density increased with depth
and ranged between 1.5 and 1.7 g cm-3. Soil pH-values (in
0.01 M CaCl2) were moderately acid, ranging from pH 4.9 to
pH 5.8, and showed no trend with depth.

An experimental plot with the dimensions 280 by 400 cm
was divided into a grid consisting of 20 partial areas (80 ×
70 cm each). A composite sample of one layer was obtained
by manually sampling each of the 20 areas and thoroughly
mixing the soil material in a container. After sampling of one
layer the soil was manually removed and the next layer was
sampled in the same manner. The profile was sampled to a
depth of 200 cm. Composite samples at the reference profile
were taken from the Ae (10-30 cm) and the Bs (30-40 cm)
horizon. The soil samples were stored in sealed plastic
containers at 4 °C.

Soil Characterization. Total concentrations of As, Cr, Al,
and Fe in layers H1-H7 were determined in hot aqua regia
microwave digestion (23) and analyzed by inductively
coupled plasma atomic emission spectroscopy (Integra XMP,
GBC Scientific Equipment). The mineralogy of bulk samples
from layers H2 and H4 and from the uncontaminated
reference profile was determined by X-ray diffraction (XRD)
with a Philips X’Pert Pro XRD system operating in reflection
mode, using Co KR radiation. The diffraction patterns were
collected in the 2theta range between 7° and 90° with a 0.03°
step size and a scan speed of 0.002° s-1.

Selective Extractions. Reactive forms of Fe and Al and
associated fractions of As and Cr were characterized with
selective dissolution techniques. It is generally assumed that
oxalate mobilizes poorly crystalline Fe (hydr)oxides (e.g.,
ferrihydrite) and organic complexes of Fe (24), whereas a
dithionite extraction additionally includes more crystalline
iron phases, like goethite (25). For Al, oxalate extracts poorly
crystalline Al hydroxide phases (including interlayer Al-

hydroxy polymers), short-range ordered aluminosilicates (like
imogolite and PIA), and finally organic complexes of Al (24).
However, dithionite extracts predominantly Al3+ substituted
for Fe3+ in poorly and well crystalline iron oxides (26, 27).
Pyrophosphate is a selective extractant for organic complexes
of Al and Fe, but Kaiser and Zech (28) showed that
pyrophosphate can also extract some noncrystalline Al(OH)3.

Individual one gram samples of oven-dried soil material
were extracted with 100 mL of 0.2 M ammonium oxalate at
pH 3 (29) and with 50 mL of sodium dithionite-citrate-
bicarbonate (30), respectively. Concentrations of As, Cr, Al,
and Fe were determined by inductively coupled plasma
atomic emission spectroscopy (Integra XMP, GBC Scientific
Equipment) and will be subscripted by an o (oxalate) and d
(dithionite) for the respective extractant. Dithionite-soluble
Fe concentrations were also determined in the soil samples
from the reference profile. For a more detailed investigation
of layer H4, the layer corresponding to a podzol Bs horizon,
1 g of air-dried soil material of this layer was extracted with
100 mL of 0.1 M pyrophosphate (31). Si concentrations in
oxalate and Al and Si concentrations in pyrophosphate
(subscript p) extracts were determined by flame atomic
absorption spectroscopy (SpectrAA-20, Varian).

If possible, only polyethylene (PE) bottles and equipment
were used. PE bottles for long-term storage of extracts were
cleaned with 1 vol % nitric acid (suprapur) prior to usage.
Digests and extractions were carried out in three replicates.
All extracts were membrane filtered (0.45 µm cellulose acetate
or nylon) prior to analysis.

X-ray Spectroscopy. Arsenic and Cr bulk X-ray absorption
(XAS) data on unmanipulated H2 and H4 materials were
collected at the Advanced Photon Source, Argonne National
Laboratory, Beamline 13, GeoSoilEnviroCARS. Micro X-ray
fluorescence (XRF) maps of H2 and H4 were collected at
Beamline 10.3.2 of the Advanced Light Source, Lawrence
Berkeley National Laboratory. Micro-XRD patterns of H4 were
collected using the same beamline and were converted to
d-spacing using an γ-Al2O3 standard spectrum and the
processing program FIT2D (32). Routine data processing (pre-

FIGURE 1. Concentrations of Al, Fe, As, and Cr mobilized in aqua regia digests (total) and selective extractions.
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edge subtraction, normalization, and extraction of the EXAFS)
was done in ATHENA (33). Shell-by-shell EXAFS fitting was
conducted using Feff7 and SixPACK (34). Along with the
reported single scattering paths, the three multiple scattering
peaks associated with the As(V) tetrahedron were included
in all fits. Fits were conducted in k3 weighted R space (1-6)
using a k3 weighted Kaiser-Bessel window and a k range of
4.2-12.5.

Results and Discussion
Total Concentrations in the Soil Profile and Mineralogy.
The analysis of total elemental concentrations showed a
significant enrichment of Fe, As, and Cr in the top two layers
of the contaminated soil (Figure 1). Below 65 cm the
concentrations decreased substantially. The Fe profile was
unusual for a podzolic soil but could be explained by the
application of Fe(II) that had been oxidized in the surface
soil and precipitated in situ, most likely as Fe(III) (hydr)oxides.
The Al profile with its peak concentration in layer H4 reflected
the podzolic nature of the soil and confirmed that this layer
was equivalent to a Podzol Bs horizon.

Total concentrations of Fe and Al phases were too low
and/or amorphous to be identified by XRD (detailed XRD
results in Supporting Information). However, XRD data
indicated the presence of the clay minerals illite and kaolinite
in the layer H4 and the Bs horizon of the reference profile
and showed that the contaminated profile and the reference
profile were very similar with respect to their mineral
composition.

Speciation of the Solid Phase by Sequential Extractions.
Dithionite-extractable Fe concentrations, similar to the total
Fe concentrations, decreased from top to bottom in the profile
and were dramatically higher than the oxalate-soluble fraction
(Figure 1). In contrast, the dithionite-soluble Fe concentra-
tions in the reference soil showed a typical podzol profile of
enrichment in the Bs horizon (41 ( 4 mmol kg-1) compared
to the Ae horizon (1.1 ( 0.2 mmol kg-1). This observation
strongly suggested that the unusual Fe profile at the study
site was caused by the Fe(II) application which must have
led to the precipitation of large quantities of Fe-containing
compounds in the upper soil layers. In contrast, in the H4
layer, oxalate-extracted Fe was more than 90% of the
dithionite-extractable Fe (Figure 1) and both oxalate- and
dithionite-soluble concentrations were similar to total Fe
concentrations indicating that in this layer Fe was predomi-
nantly present as poorly crystalline ferrihydrite. Therefore,
layer H4 seemed to reflect the Fe geochemistry of an
unaffected podzol Bs horizon for which Feo:Fed ratios of 0.8-1
are characteristic (25).

Chromium showed an extraction pattern similar to Fe
with dithionite extractability far exceeding that of oxalate in
layers H1-H3. However, dithionite mobilized only ap-
proximately half of total Cr concentrations indicating a Cr
pool present in the upper layers that was not accessible with
selective extractions. Chromium entered the soil as Cr(VI)
dripping off the freshly impregnated timber or as Cr(III)
leached from the treated timber that was stored on the drip
pad. The application of Fe(II) introduced an abundance of
effective reductant for Cr(VI) (35, 36) probably leading to the
precipitation of a poorly crystalline Cr-substituted ferrihydrite
[(CrxFe1-x)(OH)3] (37, 38). In contrast, the amount of Cr
extracted by oxalate and dithionite were very similar and
equaled total concentrations in layer H4 indicating that Cr
was almost completely existent as a poorly crystalline phase
or associated with such a phase (e.g., ferrihydrite).

Oxalate-soluble, dithionite-soluble and total Al concen-
trations all showed a maximum value in layer H4, with
oxalate-soluble Al being roughly equal to total As concentra-
tion and dominating dithionite-soluble Al by a factor of 4.
The excess of oxalate-extractable Al in H4 implied the

dominance of short-range ordered aluminosilicates, e.g.
proto-imogolite allophane (PIA), that are known to occur in
podzol Bs horizons (39, 40). PIA contribute significantly to
the anion adsorption capacity in Podzol B horizons due to
their high point of zero charge (41, 42). Further evidence for
the existence of PIA in layer H4 was provided by the 2.3
molar ratio of inorganic Al to inorganic Si (Supporting
Information, Table SI 1), which was within the range of the
expected molar ratio of soil PIA of 2-3 (31, 43).

Apart from layer H4, As concentrations measured in
selective extractions were considerably lower than total As
concentrations (Figure 1) implying a significant pool of As
not associated with metal (hydr)oxides. However, like the
Fed/Feo and Crd/Cro ratio, the Asd/Aso ratio was greater than
1 in H1 and H2, suggesting that As might to some extent be
associated with Fe and/or Cr in these layers. In H3 and H4,
oxalate mobilized significantly higher concentrations of As
than dithionite. Based on the similarity between the behavior
of Al and As, we initially hypothesized that As adsorption
onto PIA exerts a dominant control on As speciation in layer
H4. To the best of our knowledge this would be the first
report of specifically PIA-type phases controlling As speciation
in a natural system.

X-ray Fluorescence Mapping and X-ray Absorption
Spectroscopy of H2 and H4. Bulk Cr XANES spectra of the
H2 and H4 fractions indicated that Cr was in the Cr(III)
oxidation state in both layers (spectra shown in the Sup-
porting Information). Figure 2 shows the tricolor XRF map
of the Cr (green), Fe (red), and As (blue) distribution in H2
and H4. The large green particles in Figure 2A indicated areas
with significant concentrations of Cr and minimal concen-
trations of Fe or As and showed the morphology of fiber-like
organic detritus. The largest of these, located in the lower

FIGURE 2. XRF elemental maps of Fe (red), Cr (green), and As
(blue) in layers (A) H2 and (B) H4. (C) Inset from B left showing
just Fe (red) and Cr (green), (D) Inset from B right showing just
Fe (red) and As (blue).
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center of the image, showed wood-like grain structure. The
reconstruction of the bulk Cr H2 spectra using a linear
combination of standards of Cr-containing phases (cf.
Supporting Information) showed that only Cr0.25Fe0.75(OH)3

and Cr in CCA-treated wood contributed significantly, 22
and 77%, respectively. These results supported the XRF
observations and the results from the selective extractions,
viz. a significant fraction of Cr in the upper soil layers
associated with a recalcitrant phase and the existence of
mixed phase ((CrxFe1-x)(OH)3) precipitates. In contrast, Figure
2B shows that in H4 while there were still some Cr-only
regions (green areas), there were no large Cr-only particles
like those seen in H2. The dominant yellow color in Figure
2C indicated that Fe and Cr were closely associated. While
quantitative interpretation of XRF images is difficult, the
decrease in Cr-only particles (green areas) from H2 to H4
and the corresponding increase in regions of Cr associated
with Fe again supported the results from the sequential
extractions that Cr was more associated with Fe in H4 than
in H2.

Figure 2A also shows that As in H2 was associated with
Fe (purple areas) but also with Cr in some of the wood
particles (fiber-like blue-green particles). This matched well
with the sequential extraction data which indicated that in
the upper layers there was an As fraction associated with Fe
and a fraction not extractable with either oxalate or dithionite.
In H4, there were also regions of collocated As and Fe (Figure
2B), e.g. pinkish purple areas in the left center and lower left,
but there were also significant portions of As not associated
with Fe or Cr, e.g., blue regions in upper left quadrant Figure
2B and in Figure 2D. Unfortunately, due to technical
limitations of the beamline used it was not possible to map
Al or Si. However, it is reasonable to assume that grains that
were free of significant concentrations of K, Ca, Ti, Cr, Mn,
or Fe (all observable) were dominated by either Al and/or Si.

Micro-XRD data collected from layer H4 showed peaks
characteristic of PIA, specifically 1.38 Å, 2.23 Å, and 3.33 Å
(Figure 3). The XRD peaks in the area 2 pattern were broad,
as expected for the amorphous PIA (21, 44). The peaks in the
area 1 pattern were sharper indicating some degree of
microcrystallinity, but were still diagnostic for PIA, especially
the 1.38 Å peak which is present in all the allophane type
minerals and not in any of the other likely minerals such as
Fe-oxides, gibbsite and quartz (21, 44). The absence of peaks
at higher d-spacing, up to 16 Å, in either particle implied that
these particle had minimal long-range order. The three
additional peaks found in the area 1 pattern were charac-
teristic for ferrihydrite. This was likely due to presence of the
overlapping Fe-containing grain that can also be seen in
area 1, Figure 2D.

Vertically expanded views of the H2 and H4 As XANES
spectra are shown in Figure 4 (full spectra along with a
Na3AsO4 standard in the Supporting Information). The edge
position of both spectra was indicative of As(V) which was

consistent with results showing that As is predominantly
leached from CCA as As(V) (6, 45). Differences in the spectra
revealed that the average speciation of As changed from H2
to H4. The H4 spectra was similar to those published by Arai
et al. (46) of As(V) sorbed on γ-Al2O3, supporting the
hypothesis that As was associated with Al in this layer. Figure
5A, B, and C show the Fourier transform EXAFS data from
the H2 and H4 and the corresponding fits from Table 1. The
best model fit for layer H2 was obtained using the A model
which is a bidentate binuclear complex between As(V)
tetrahedron and two Fe octahedra with the distances shown
in Table 1. The As-O and As-Fe distances in Table 1 matched
very well with those previously reported for As bound to Fe
(hydr)oxides (47). They were also very similar to the distance
expected from an As-Cr backscattering pair present in As
bound in CCA-treated wood (4). Substitution of Cr for Fe in
the H2 fits produced similar fits, allowing the possibility of
As bound to either Fe or Cr. Therefore, the EXAFS data
supported the hypothesis that extractable As in the H2
fraction was most likely bound to Fe while also allowing that

FIGURE 3. Micro-XRD patterns collected from layer H4 (areas 1
and 2 of Figure 2B and D). Peaks characteristic for PIA are
indicated by *.

FIGURE 4. As XANES spectra of H2 and H4, vertically ex-
panded.

FIGURE 5. Fourier transform EXAFS data from layers H2 (A) and
H4 (B, C) and corresponding fits from Table 1.
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the nonextractable fraction of As could be that associated
with CCA-treated wood debris.

In contrast, the H4 spectrum was fit well by model B which
is a bidentate binuclear complex between an As tetrahedron
and two Al octahedra, Figure 5B and Table 1. This Al shell
appeared at ∼3.2 Å which fits within the range of As(V)-Al
bond distances previously reported: 3.1 Å on γ-Al2O3 as
bidentate-binuclear complex (46), 2.6 Å on γ-Al2O3 as a
binuclear-monodentate complex (48), 3.19 Å on allophane
(44), and 2.54 Å in natural soil samples (49). While the
extraction data, the micro-XRD and the EXAFS fitting all
pointed to the binding of As to PIA in H4, the binding of As
to Fe(hydr)oxides cannot be ruled out by the EXAFS fits. As
seen in Figure 5C, the fit to H4 is slightly improved by
including both binding modes, i.e. model A and B. The relative
contribution of the two binding modes were estimated based
on the coordination numbers in Table 1 and were ∼75% As
bound to Al and ∼25% As bound to Fe. These data strongly
supported the hypothesis that As was primarily associated
with PIA type minerals in the H4 layer, while accounting for
the Fe-associated As observed in Figure 2D.

Conceptual Model for the Behavior of As and Cr in the
Sampled Soil. The selective extractions indicated that the
major sorption capacity of the soil is located within the upper
65 cm (layers H1-H4). The application of Fe(II) and
subsequent formation of mixed Fe(III)-Cr(III) minerals
immobilized chromate and at the same time increased the
content of soil adsorbents in the upper soil layers. However,
a large fraction of the Cr in H2 appears to be bound to organic
phases, e.g. CCA-treated wood debris. This pool of Cr appears
to be the most stable phase. Cr that was not retained in
upper soil layers was adsorbed to amorphous Fe minerals in
the layer that corresponded to a podzolic Bs horizon (H4).

Arsenic entered the soil either by dripping of surplus CCA
solution, leaching from the treated timber during storage or
associated with CCA-treated wood debris. Arsenic in the CCA
formulation is in the As(V) state and the As XAS data
confirmed that As has maintained its oxidized state. Free
arsenate reaching the soil was either adsorbed to Fe and/or
Fe-Cr phases or was leached into deeper layers. The
difference between extractable and total As concentrations
and the observation of organic particles with significant As
and Cr concentrations in the XRF mapping imply that a large
fraction of As is associated with CCA-treated wood or other
organic debris. This wood-associated pool constitutes a
significant and still active source of As that will likely continue
to leach slowly for an extended period of time. Deeper in the
soil profile, the podzolic B horizon with its high concentration
of Al in the form of high sorption capacity PIA is concentrating
downward moving arsenate. Below this horizon (>65 cm)
the sorption capacity of the soil decreases considerably.
Therefore, As and Cr that are leached beyond this depth will
most likely be transported into the groundwater. The
sampling of groundwater (depth approximately 4.5 m below

the ground surface) over a period of 10 weeks in 2004 (50)
showed elevated Cr concentrations (50-330 ppb) but only
low concentrations of As (<12 ppb), suggesting that for the
time being the podzolic B horizon is providing an effective
barrier for As. This research contributes to the understanding
of the environmental fate of CCA-derived As and Cr in soils
and strongly suggests that PIA materials are relevant for the
adsorption of anions such as arsenate in natural soils.
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