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Abstract

The speciation of arsenic (As) in a copper-chromated-arsenate (CCA) contaminated soil was investigated using micro-focused X-ray fluores-
cence (μXRF) and micro-focused X-ray absorption fine structure (μXAFS) spectroscopies to determine if and how the co-contaminating metal
cations (Cu, Zn, Cr) influenced the speciation of As. 15 μXRF images were collected on 30-µm polished thin sections and powder-on-tape samples
from which Pearson correlation coefficients (ρ) between As and various metal species were determined based on the fluorescence intensity of each
element in each image pixel. 29 μXAFS and two bulk-XAFS spectra were collected from depths of 0–20 cm (LM-A) and 20–40 cm (LM-B) to de-
termine the chemical speciation of As in the soil by target analyses of principal components with circa 52 reference spectra and linear least-square
combination fitting of individual experimental spectra with a refined reference phase list (32) of likely As species. Arsenic and metal cations (Cr,
Mn, Fe, Cu, Zn) accumulated in distinct, isolated areas often not larger than 50×50 µm in which the Pearson correlation between the elements was
strongly positive (ρ > 0.75). The correlation of As to Zn and Cr decreased from >0.9 to <0.8 and increased to Cu from ∼0.6 to >0.8 with depth.
Arsenic occurred predominantly in the +5 oxidation state. Abstract factor analysis and linear least square combination fit analysis suggested that
As occurred as a continuum of fully and poorly-ordered copper-arsenate precipitates with additional components being characterized by surface
adsorption complexes on goethite and gibbsite in the presence and absence of Zn. Precipitates other than copper-based ones, e.g., scorodite,
adamite and ojuelaite were also identified. The significant co-localization and chemical speciation of As with Cu suggest that the speciation of As
in a contaminated soils is not solely controlled by surface adsorption reactions, but significantly influenced by the co-contaminating metal cation
fraction. Future studies into As contaminated soil therefore need to focus on identifying the speciation of As and the co-localizing metal cations.
© 2008 Elsevier Inc. All rights reserved.

Keywords: μSXRF; μXAFS; Metal-arsenic co-localisation; Abstract factor analysis; Copper-arsenate precipitates

1. Introduction

Arsenic (As) is a highly toxic element that has been re-
leased into the environment by anthropogenic processes and
weathering of As bearing minerals [1,2]. Arsenic contamina-
tion occurs commonly in areas where metal contamination is
the prevalent problem due to the refinement of common par-
ent materials or the application of mixed metal–arsenic sub-
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stances (acid mine drainage, smelter wastes, pesticides, chro-
mated copper arsenate, aka CCA) [3–5]. The remediation strat-
egy of such sites is often targeted at stabilizing the more abun-
dant metal fraction, for example, by liming with dolomite ([Ca,
Mg]CO3), and thereby raising the soil solution pH [6]. The pH-
dependent sorption/desorption behavior of arsenate and other
oxyanions (CrO4, PO4, SeO4) is dissimilar to that of metals
with liming potentially causing desorption and mobilization
of As from variably charged soil surfaces. In well-aerated en-
vironments, As exists primarily as an oxo-acid, arsenate (as
As5+ = HnAsO(n−3)

4 = As(V) = arsenate), which adsorbs on
iron- and aluminium-oxide surfaces via ligand-exchange re-
actions resulting in the formation of predominantly bidentate
binuclear surface species [7–11].



Recently we have shown that Zn and arsenate form co-
precipitates of differing structures at pH 7 depending on the
density of goethite in solution [12,13]. Under mildly acidic
conditions, these precipitates re-dissolved after a 6-month ag-
ing period, suggesting that these phases were metastable [13].
Phosphatic minerals, including the subclass of arsenate min-
erals, contain PO4 and AsO4, which act as insular units in
Cu-, Zn-, and Pb-hydroxides [14]. Metal co-precipitation prod-
ucts containing As have to date been sparingly shown to exist,
but ferric-arsenate (scorodite) and arsenate-substituted jarosites
have been identified in naturally- and industrially-contaminated
environments, respectively [15,16]. Based on thermodynamic
calculations, Sadiq [17] suggested that in acidified soil environ-
ments, Fe- and Al-arsenates controlled As solubility, while at
high pH, Ca3(AsO4)2 controlled As solubility, highlighting that
pH mainly governs which ions become active in the sequestra-
tion of arsenic. In the companion paper of this manuscript [18],
As(V) was coordinated by Cu(II) rather than Al ions on gibbsite
at pH 7. On silica (pH 7), As(V) and Zn formed a koettigite-
like precipitate, whereas As(V) sorption complexes on goethite
(pH 7) in the presence of Cu(II) and/or Zn(II) could not be dis-
tinguished from the As(V) surface complexes formed in their
absence. The incorporation of AsO4 ligands into the structure
of metal-hydroxide precipitates or the coordination of AsO4
on mineral surfaces by co-contaminating metal cations are im-
portant reaction mechanisms by which As(V) can be immobi-
lized in the environment. While laboratory studies have shown
first row transition metals to form precipitates with As(V) on
goethite, it is unclear if such precipitates also form in conta-
minated environments with multiple metals, multiple mineral
surfaces, and multiple competing ligands (e.g., humic and ful-
vic acids). The objective of our study was to determine if and
how the solid-phase speciation of As in a copper chromated ar-
senate (CCA-) and Zn-contaminated soil was influenced by the
co-contaminating metal cations.

2. Materials and methods

2.1. Soil characterization

Soil samples from depths of 0–20 cm (LM-A) and 20–40 cm
(LM-B) were collected from a former timber/lumber treat-
ment site (shut down in 1953) near the University of Florida
(Gainesville, FL), and sealed into 5-L plastic buckets. The frac-
tions were analyzed for total metal ion content (HNO3 diges-
tion), soil pH (1:5 CaCl2), particle size distribution, organic

Fig. 1. (a) XRD patterns of LM-A and LM-B soil fractions. B = birnessite,
G = goethite, Gb = gibbsite, K = kaolinite, Q = quartz. (b) Bulk elemental
concentrations were determined from a total HNO3 acid digest.

matter content (loss on ignition, LOI), and cation exchange
capacity (CEC) (pH 7 and 5.5) [19]. The major primary and
secondary clay minerals were identified by bulk X-ray diffrac-
tion using standard procedures (ibid.). The results of the soil
characterization are summarized in Fig. 1 and Table 1.

2.2. Replenishment desorption study

A replenishment desorption study was carried out by sus-
pending ca. 0.30 g of either LM-A or LM-B soil in 30 ml

Table 1
Soil characterization

Soil pH % sanda % silt % clay OM (wt%)b CEC (pH 7)c CEC (pH 5)d Crystalline
componentse

LM-A 7.0–7.5 82 15 3 2.9 10.06 6.67 G, Gb, K, Q
LM-B 7.0–7.5 85 14 1 1.2 6.06 3.78 G, Gb, K, Q

a % sand, silt, and clay fraction determined from hydrometer readings after settling times in 80 mM hexa-metaphosphate of 30 s and 2 h.
b Determined by loss on ignition.
c Mg/Ca exchange at pH 7; units = meqc 100 g−1 soil.
d Acetate exchange at pH 5; units = meqc 100 g−1 soil.
e Bulk X-ray diffraction, λ = 1.5406 Å. G = goethite, Gb = gibbsite, K = kaolinite, Q = quartz.



Fig. 2. Replenishment desorption study for LM-A and LM-B. Arsenic, Cr, Cu, and Zn were more labile in LM-B than in LM-A. Zinc appeared to be more labile
than the other metals, which suggests that it may have had a different (shorter) residence time or a different application history.

desorbing solution and shaking the suspensions for 20- and
30-min, 1-h, twice 2-h, and one 24-h period. After each shak-
ing period, the suspensions were centrifuged at 12,000 rpm
for 10 min and an aliquot was removed from each centrifuge
bottle for ICP analysis of As, Zn, Cu, Cr, Fe, Al, and Mn.
The choice of desorbing agents and their replenishment were
based on considerations reported elsewhere [20,21]. The des-
orbing agents were 0.01 M CaCl2, 0.25 M Na2HPO4, or a
0.20 M (NH4)2-oxalate/0.10 M ascorbic acid. The CaCl2 solu-
tion targets weakly bound or outer-sphere bound ions, the phos-
phate solution targets inner- and outer-sphere adsorbed AsO4

species, and the oxalate/ascorbic acid solution (a strong reduc-
ing agent used to convert amorphous Fe3+ (s) to Fe2+ (aq) and
form a chelate with ferrous iron) targets As associated with
amorphous Fe (and possibly Al) phases. Similar experiments
have been conducted by other researchers with similar treat-
ments and evaluations of their effects [22–26]. Each treatment
was carried out in triplicate with averaged results reported in
Fig. 2.

2.3. μSXRF and μXAFS data collection

Synchrotron-based, micro-focused X-ray fluorescence
(μSXRF) spectroscopy and micro-focused X-ray absorption
fine structure (μXAFS) spectroscopy experiments were con-
ducted at beamline 10.3.2 of the Advanced Light Source
(Lawrence Berkeley National Laboratories, Berkley, CA); the
beamline operation and configuration have been discussed else-
where [27,28]. This beamline provides a monochromatic beam
of hard X-rays whose spot size can be varied between 16 × 7
and 5 × 5 µm2 (H × V). For μSXRF, the sample was scanned
under this probe while fluorescent X-rays were monitored by
a 7-element Canberra Ultra LE Ge detector. For μXAFS data
collection, the energy was varied across the As K-edge, while
the sample remained fixed in the beam path at a point of interest
identified on a μXRF image. Energy calibration of the mono-
chromator was done using an arsenate standard (Na2HAsO4,
10 wt% in BN, As(V) K-edge taken as 11.874 keV at the in-
flection point). The samples were investigated either as 30 µm



Fig. 3. μX-ray fluorescence images from LM-A Map C using an (a) AsMnFe
and an (b) AsCuZn filter. Fourier transforms of spots marked 1–3 show a con-
sistent position of the first ligand shell and low amplitude second and higher
order shell peaks.

thin sections (embedded in 3M Scotchcast electrical resin), or
as powder films on Kapton tape. Both size fractionated and
un-fractionated powder samples were investigated. Size frac-
tionated samples were obtained by settling a predefined amount

Fig. 4. μX-ray fluorescence images from LM-A TS Map 2 using an (a) AsMn-
Fe and an (b) AsCuZn filter. Fourier transforms of spots marked 1–3 show a
consistent position of the first ligand shell and low amplitude second and higher
order shell peaks for Spots 2 and 3. The greater amplitude on Spot 1 suggests
the possible presence of a precipitated As phase.

of soil in 80 mM sodium hexametaphophate for 2 h following
standard procedures. A core of the settled out soil was then di-
vided into three sections by visual inspection and freeze-dried:



Fig. 5. μX-ray fluorescence images from LM-B sand using an (a) AsMnFe and
an (b) AsCuZn filter. Fourier transforms of spots marked 1–3 show a consistent
position of the first ligand shell and low amplitude second and higher order
shell peaks.

a sand only fraction (Sand), a sand-silt-clay mixture (SaSiCl),
and a silt-clay fraction (SiCl).

Elemental maps were obtained by scanning successively
smaller areas and regions of interest containing high fluores-

cence counts of As and other elements of interest (Figs. 3a,
3b, 4a, 4b, 5a, 5b, 6a, and 6c–6f). During a mapping run, the
energy of the beam was set to mid range (12.224 keV) of the
(subsequent) μXAFS experiment thereby enabling us to ob-
serve fluorescence signals of elements from potassium (K) to
As. The fluorescence yields were normalized against the inci-
dent intensity (I0) of the X-ray beam and the dwell time. Scatter
plots of the fluorescence counts between two elements were de-
rived from the fluorescence information contained in each pixel
of each map, and a linear Pearson correlation coefficient (ρ)

was calculated to evaluate the co-occurrence between two ele-
ments (Table 2, Fig. 6b). Between one and three suitable spots
for As K-edge μXAFS spectroscopy were selected per map.
Arsenic K-edge (11.874 keV) μXAFS data were recorded in
triplicate from 200 eV below to 750 eV above the edge en-
ergy.

2.4. Data analysis

All data were initially analyzed using WinXAS 2.1 [29] soft-
ware package. Individual spectra were background corrected
and normalized prior to averaging. The abscissa were converted
from energy to photoelectron wave vector units (k = wave vec-

tor number with units of ∼Å
−1

) by assigning the origin, E0,
to the first inflection point of the absorption edge. A cubic
spline function consisting of �seven knots was applied in a
linear least-squares fit over an average range in k-space (ca.
2–13 Å−1). Fourier transformation (FT) of the raw k3χ(k)

function was performed over a consistent region in k-space
(2.50–12.75 Å−1) and a radial structure function (RSF) was ob-
tained using a Bessel window function (β = 4, see Figs. 3c,
4c, 5c, and 6g). From comparison of the second and higher
order shell regions, RSF segments between 2.25 and 3.50 Å
(R + �R, uncorrected for phase shift) were Fourier back-
transformed to k-space for linear least-square combination fit-
ting against reference compounds [18]. Additional reference
materials (denominated in Table 3 by superscript d) were col-
lected at beamline 17C1 of the National Synchrotron Radia-
tion Research Centre (NSSRC, Hsinchu—Taiwan). Details of
this synchrotron facility and the beamline can be found else-
where [30,31]. The spectra were collected with either a 13-
element solid state detector (jaorsite and goethite-based sam-
ples) or a Kr gas purged Lytle detector (kaolinite and gibbsite-
based samples). At least three scans per sample were collected
and averaged. The data interpretation followed the same pro-
cedure as outlined in the companion paper to this publica-
tion.

2.5. Oxidation state analysis

The oxidation state of As in soil spectra was evaluated by
comparing the position of the inflection point obtained from
the first derivative of the absorption edge of soil XANES spec-
tra. Hereby it was noticed, however, that all spectra (including
bulk XAFS spectra) suffered from increasing radiation dam-
age as observed from sequential shifts of the inflection point
to lower energies. To quantify contributions to the spectra



Fig. 6. μX-ray fluorescence images from LM-B TS Map 2 using an (a) AsCuZn filter [42]. (b) The scatter plot between As and Zn counts suggests two regions of
As and Zn accumulation on the fluorescence map. (c and d) μX-ray fluorescence images of Mask 1 pixels using an AsMnFe and an AsCuZn filter identify Spot 1,
whereas (e and f) μX-ray fluorescence images of Mask 2 pixels using an AsMnFe and an AsCuZn filter identify Spots 2 and 3. (g) Fourier transforms of spots
marked 1–3 show a consistent position of the first ligand shell. The amplitude of the second shell moduli of Spots 1 and 3 suggest precipitated As phases.

from arsenite (H3AsO3) and sulfur-coordinated arsenic atoms
(e.g., As2S3), the first peak in the RSF, due to first ligand
shell backscattering, was Fourier back-transformed and lin-
early fitted with a combination of As–O and As–S backscat-
tering atoms extracted from RSFs of Na2HAsO4, H3AsO3, and

As2S3 reference spectra using beamline 10.3.2’s linear com-
bination fitting program (data analysis software available at
http://xraysweb.lbl.gov/uxas/Index.htm). The inclusion of more
than one fit component (i.e., oxidation state) required an im-
provement of the linear fit by 20 percent.



Table 2
Matrices comparing elemental Pearson correlations (ρ) in maps from thin sections (TS) for LM-A and LM-B

TS Map 1 TS Map 2 TS Map 3

As Cr Cu Fe Mn Zn As Cr Cu Fe Mn Zn As Cr Cu Fe Mn Zn

LM-A
As 0.91 0.35 0.23 0.60 0.88 0.89 0.66 0.44 0.72 0.95 0.87 0.56 0.33 0.50 0.91 As
Cr 0.91 0.42 0.30 0.68 0.85 0.89 0.66 0.39 0.78 0.91 0.87 0.53 0.33 0.57 0.80 Cr
Cu 0.35 0.42 0.35 0.44 0.57 0.66 0.66 0.48 0.63 0.71 0.56 0.53 0.61 0.61 0.70 Cu
Fe 0.23 0.30 0.35 0.67 0.44 0.44 0.39 0.48 0.57 0.44 0.33 0.33 0.61 0.61 0.55 Fe
Mn 0.60 0.68 0.44 0.67 0.70 0.72 0.78 0.63 0.57 0.76 0.50 0.57 0.61 0.61 0.63 Mn
Zn 0.88 0.85 0.57 0.44 0.70 0.95 0.91 0.71 0.44 0.76 0.91 0.80 0.70 0.55 0.63 Zn

LM-B
As 0.80 0.63 0.70 0.60 0.93 0.49 0.96 0.27 0.28 0.78 0.75 0.71 0.15 0.28 0.72 As
Cr 0.80 0.63 0.58 0.58 0.76 0.49 0.43 0.65 0.55 0.55 0.75 0.55 0.13 0.32 0.55 Cr
Cu 0.63 0.63 0.55 0.52 0.68 0.96 0.43 0.24 0.24 0.73 0.71 0.55 0.16 0.23 0.54 Cu
Fe 0.70 0.58 0.55 0.67 0.68 0.27 0.65 0.24 0.78 0.39 0.15 0.13 0.16 0.16 0.14 Fe
Mn 0.60 0.58 0.52 0.67 0.59 0.28 0.55 0.24 0.78 0.36 0.28 0.32 0.23 0.16 0.22 Mn
Zn 0.93 0.76 0.68 0.68 0.59 0.78 0.55 0.73 0.39 0.36 0.72 0.55 0.54 0.14 0.22 Zn

Fig. 6. (continued)

2.6. Abstract factor analysis (AFA)

Abstract factor analysis (also known as principal component
analysis) as a means to describe large data [26,27,32,33] was
conducted on k3-weighted χ(k) spectra (2.50–12.75 Å) ob-
tained after Fourier back-transforming a segment of the RSFs
between 2.25 and 3.50 Å (R +�R, uncorrected for phase shift)
to k-space. In total, 31 spectra were analyzed [LM-A (n = 14)

and LM-B (n = 17)] using beamline 10.3.2 Principal Compo-
nent Analysis software (Table 4). This procedure involved the
reproduction of the data set (LM-A and LM-B) using abstract
(mathematical, nonphysical) factors, in which data points of ex-
perimental functions were reproduced as linear sums of product
functions (i.e., the abstract factors) [34]. Principal component
analysis (PCA) determines the number of abstract functions
required to describe the complete set of experimental spectra
(Figs. 7a–7c). Subsequently, target transformation analysis was
conducted to characterize the selected principal components
(PCs) (Table 3). Target transformation entails testing a known

reference spectrum by removing from it all signals that cannot
be described as a linear combination of the factors. The degree
to which this operation alters the original reference spectrum
is measured by a SPOIL value [27,35]. A high SPOIL indi-
cates that the reference being tested cannot be described as a
sum of the factors and is therefore not a plausible component
of the experimental data. Meaningful SPOIL values range be-
tween 0 and 4.5 and were subdivided into quality criteria of
excellent (0 � SPOIL < 1.5), good (1.5 � SPOIL < 3), and fair
(3 � SPOIL < 4.5) (ibid.). Target analysis was performed us-
ing two and three principal components, comparing references
meeting SPOIL � 4.5 and comparing SPOIL values for each
reference phase as a function of the number of principal compo-
nents used in the transformation. Degenerate reference spectra
with higher SPOIL values were eliminated, thus consolidating
a list of possible reference spectra for linear least-square com-
bination fit analysis (LLSF, Table 3).

2.7. Linear least-square combination fitting (LLSF)

Linear least-squares combination fit analyses (LLSF) were
conducted to reveal the composition of individual spectra us-
ing beamline 10.3.2’s linear combination fitting program. The
goodness-of-fit was evaluated by calculating a normalized sum-
square value of the fit involving the inclusion of the ith com-
ponent. In order for a second and third component/reference
spectrum to be considered, the fit had to improve by at least
20 percent [27]. Examples of the LLSF analysis for bulk LM-A
and LM-B spectra are presented in Figs. 8 and 11, respectively,
and selected μEXAFS spectra (RSFs shown in Figs. 3–6) are
presented in Figs. 9 and 10 (LM-A) and Figs. 11 and 12 (LM-
B). The complete LLSF analysis is presented in Tables 5 and 6.

3. Results

3.1. Soil characterization

The investigated soil originated from an Arredondo–urban
land complex with a taxonomic classification of a loamy,



Table 3
Summary of the target analyses with two PCs including a brief description of the reaction conditions and the As(V) bonding environment in each reference material
or sorption standard

SPOIL Reference Sorbent pH Equil. period ΓAs
a ΓCu, Zn

a As–M, MS CN R (Å)

0.99 AsCuZnCr2O3
b α-Cr2O3 7.00 24 h As–Cu(#C) 4.2 3.21

As–Cu/Zn(#C) 1.1 3.39
1.04 AsCuCr2O3

b α-Cr2O3 7.00 24 h As–Cu(#C) 8.1 3.23
As–Cu(#C) 3.2 3.42

1.71 Scoroditeb n/a n/a n/a n/a n/a As–Fe(1C) 4.6 3.33
1.95 2 wAsZnGoe10 ppm

c Goethite 7.00 14 d 115.7 184.5 MS 9.9 3.08
As–Zn(2C) 2.6 3.28

2.29 12 dAs1Cu5Goe141 ppm
d Goethite 5.65 12 d 1.5 2.9 MS 12.3 3.09

As–Cu(#C) 1.2 3.23
As–Cu(#C) 0.5 3.38

2.5 24 hAsCuGoe1000 ppm
b Goethite 7.00 24 h 1.9 4.3 MS 12.1 3.11

As–Cu/Fe(1E) 0.4 2.85
As–Cu/Fe(2C) 2.1 3.29

2.53 CuZnAsPrecipb n/a 7.00 24 h As–Cu(#C) 3.9 3.22
As–Cu/Zn 1.1 3.38

2.55 12 dAs1Cu10Jar2940 ppm
d Jarosite 5.65 12 d 0.8 9.5 MS 12.3 3.09

As–Cu/Fe(1E) 0.3 2.78
As–Cu(#C) 1.2 3.23
As–Cu(#C) 0.5 3.38

2.57 24 hAsCuZnGib1000 ppm
b Gibbsite 7.00 24 h 2.4 4.3, 3.2 MS 12.3 3.09

As–Cu(1E) 0.3 2.82
As–Cu/Zn(#C) 1.6 3.25

2.58 24 hAs0.75Zn0.75Goe1000 ppm
e Goethite 7.00 24 h 3.8 3.6 As–Fe/Zn 2.5 3.29

As–Zn 2.2 3.44
2.69 CuAsPrecipb n/a 7.00 24 h As–Cu(# C) 5.6 3.23

As–Cu(#C) 2.4 3.39
2.81 24 hAsCuGib1000 ppm

b Gibbsite 7.00 24 h 2.4 5.6 MS 12.3 3.10
As–Cu(1E) 0.3 2.82
As–Cu(#C) 1.6 3.23

2.84 24 hAsCuZnGoe1000 ppm
b Goethite 7.00 24 h 2.7 4.2, 2.9 MS 10.9 3.11

As–Fe/Cu/Zn(1E) 0.3 2.84
As–Fe/Zn 1.6 3.28

2.94 Adamiteb n/a n/a n/a n/a n/a MS 14.0 3.19
As–Zn(#C) 6.4 3.37

3.17 12 dAs1Cu10Goe141 ppm
d Goethite 5.65 12 d 1.9 4.1 MS 12.3 3.09

As–Fe/Cu(1E) 0.3 2.78
As–Cu(#C) 1.2 3.23
As–Cu(#C) 0.5 3.38

3.17 Chalcophylliteb n/a n/a n/a n/a n/a As–Cu(#C) 5.4 3.32
3.32 24 hAsZnGoe10 ppm

c Goethite 7.00 24 h 12.2 48.6 MS 11.0 3.16
As–Fe/Zn(2C) 2.0 3.28

3.56 24 hAs0.25Zn0.25Goe1000 ppm
e Goethite 7.00 24 h 1.1 1.3 As–Fe/Zn(2C) 1.2 3.27

As–Fe/Zn(1C) 0.9 3.43
3.58 24 hAs2.5Zn2.5Goe1000 ppm

e Goethite 7.00 24 h 13.2 13.8 As–Zn(#C) 5.9 3.34
3.6 4 wAsZnGoe1000 ppm

c Goethite 7.00 30 d 2.5 3.0 MS 16.9 3.22
As–Fe/Zn(1E) 0.6 2.80
As–Fe/Zn(2C) 1.8 3.31

3.62 Ojuelaiteb n/a n/a n/a n/a n/a MS 17.0 3.16
As–Fe/Zn(1E) 0.9 2.77
As–Fe/Zn(2C) 2.5 3.34

3.63 24 hAs0.5Goe1000 ppm
e Goethite 7.00 24 h 1.24 n/a MS 12.6 3.11

As–Fe(1E) 0.2 2.87
As–Fe(2C) 1.7 3.28

3.67 24 hAsZnGoe100 ppm
c Goethite 7.00 24 h 3.3 11.3 MS 13.6 3.20

As–Fe/Zn(#C) 3.6 3.31
3.78 24 hAs1Cu5Jar2940 ppm

d Jarosite 5.65 12 d 4.4 24.8 MS 13.8 3.09
As–Fe/Cu(1E) 0.3 2.89
As–Cu(#C) 0.9 3.17
As–Cu(#C) 1.6 3.31
As–Cu(#C) 1.5 3.86



Table 3 (continued)

SPOIL Reference Sorbent pH Equil. period ΓAs
a ΓCu, Zn

a As–M, MS CN R (Å)

3.86 24 hAs0.25Goe1000 ppm
e Goethite 7.00 24 h 1.0 n/a As–Fe(2C) 1.5 3.28

As–Fe(1C) 0.8 3.47
3.87 12 dAs1Cu25Goe141 ppm

d Goethite 5.65 12 d 1.0 3.8 MS 13.0 3.11
As–Fe/Cu(1E) 0.2 2.87
As–Cu(#C) 1.0 3.20
As–Cu/Fe(2C) 1.2 3.32

3.97 Oliveniteb n/a n/a n/a n/a n/a As–Cu(#C) 5.5 3.26
As–Cu(#C) 1.2 3.47

4.07 4 wAsGoe1000 ppm
c Goethite 7.00 30 d 2.2 n/a MS 18.7 3.23

As–Fe(1E) 0.5 2.80
As–Fe(2C) 2.0 3.32

4.21 6 moAsZnGoe100 ppm
c Goethite 7.00 6 mo 20.5 34.3 MS 11.7 3.11

As–Zn(#C) 6.9 3.34
4.42 24 hAsGib1000 ppm

b Gibbsite 7.00 24 h 1.0 n/a MS 18.0 3.11
As–Al(1E) 0.4 2.72
As–Al(2C) 1.6 3.17

4.50 12 dAsJar2940 ppm
d Jarosite 5.50 12 d 13.6 n/a MS 14.0 3.03

As–Fe(1E) 0.9 2.86
As–Fe(2C) 2.3 3.22

a ΓAs, Cu, Zn = surface loading in µmol m−2.
b For greater detail see [18].
c For greater detail see [13].
d This study: samples collected at beamline 17C1 of the NSRRC using either a Kr-gas purged Lytle detector or a 13-element Ge solid state detector.
e For greater detail see [12].

Table 4
Principal component analysis of 29 μXAFS and 2 bulk XAFS (k3χ(k)) spectra following Fourier filtering of 2.25 to 3.50 Å (R + �R) from LM-A and LM-B

PC#a Eigenvalue % � eigenvalueb INDc NSS (tot.)d % � NSS (tot.)e Incl.

1
1 63.7 0.0102 0.3820 61.8 x

2 39.9 37.4 0.0067 0.1400 63.4 x

3 20.9 47.6 0.0053 0.0736 47.4
4 15.2 27.3 0.0042 0.0385 47.7
5 11.0 27.6 0.0033 0.0200 48.1
6 7.8 29.3 0.0027 0.0108 46.0
7 6.4 17.2 0.0019 0.0045 58.1
8 4.4 32.5 0.0013 0.0016 63.7
9 2.5 43.2 0.0010 0.0007 56.4

10 2.1 14.6 0.0002 0.0000 94.6

a PC# = principal component number.
b % � eigenvalue = ([(eigenvalue)i − (eigenvalue)ii ]/(eigenvalue)i ) × 100.
c IND = Malinowski indicator value.
d NSS (tot.) = normalized sum-square = ∑

((y − yfit)
2)/

∑
(y2), total refers to the sum of all points in all spectra.

e % � NSS (tot.) = ([(NSS(tot))i − (NSS(tot.))ii ]/(NSS(tot))i ) × 100.

siliceous, hyperthermic Grossarenic Paleudult [36]. Across the
upper 40 cm, circa 85 percent of the soil consists of sand-sized,
12 percent of silt-sized, and three percent of clay-sized par-
ticles (Table 1). Bulk-XRD analysis revealed that quartz and
kaolinite were the dominant crystalline soil components, and
the presence of micro-crystalline goethite and gibbsite was
suggested by low intensity peaks (Fig. 1a). The mineral com-
position and low organic matter content (2.9 vs 1.2 weight per-
cent; LM-A and LM-B, respectively) reflect a low cation ex-
change capacity (CEC) of the soil (Table 1). The CEC (pH 7,
10 vs 6 meqc 100 g−1 soil, LM-A and LM-B, respectively)
was directly related to the low OM content, which dropped
similarly by half from LM-A to LM-B. Circa 1300 mg kg−1

(ppm) Cu, 450 ppm Cr, and 880 ppm As were found in LM-A
(Fig. 1b). Concentrations of Cu, Cr, and As were about 75 per-
cent lower in LM-B than in LM-A. Total acid digests of the
soil fractions revealed that the soil also contained 700 ppm
Zn in LM-A and 170 ppm Zn in LM-B. The Fe content in
LM-A (14.6 ppt) dropped by 87 percent (1.8 ppt) in LM-B.
In contrast, the Al content (5.5 ppt in LM-A and 3.8 ppt in
LM-B) was more comparable with depth. The Mn content
was less than 100 ppm throughout the entire soil suggesting
that the XRD peak at ca. 24◦ 2θ was mostly due to kaoli-
nite and not birnessite (δ-MnO2). The soil solution pH was
between 7.0 and 7.5 as a result of CaCO3 applications to the
site.



Fig. 7. Principal components of 29 μXAFS and 2 bulk XAFS (k3χ(k)) spectra
following Fourier filtering of 2.25 to 3.50 Å (R + �R) from LM-A and LM-B:
(a) PC1 and PC2, (b) PC 3 to 5, and (c) co-added PCs as indicated. (d) Scatter
plot of coordination number (CN) versus radial distance (R) for the reference
phases identified with target analysis. Points with CN < 1 and R ∼ 2.80 Å are
edge-sharing coordinates, points with CN > 10 and R ∼ 3.10 Å are multiple
scattering coordinates. The coordinates of reference phases with low SPOIL
values show 4 to 8 metal neighbors near 3.2 and 1 to 3 metal neighbors near
3.4 Å. With increasing SPOIL value the coordinates shift toward lower CN
suggesting an increasing number of adsorption complexes rather than poorly
ordered precipitates or fully precipitated phases.

3.2. Replenishment desorption study

Arsenic, Cu, Cr, Fe, Al, Mn, and Zn desorbed increasingly
from soils in LM-A and LM-B with increasing aggressiveness
of the desorbing agents (Fig. 2). The lability of As, Cu, and
Zn was generally greater in LM-B than in LM-A. Zinc was the
most labile ion and was almost completely removed in the ox-
alate/ascorbic acid treatment from LM-A and LM-B after the
application of 6 pore volumes. The CaCl2 solution removed less
than 5 percent As from the soil surface, whereas Na2HPO4 re-
moved circa 50 percent As from the soil, suggesting that As was
bound primarily as inner-rather than outer-sphere complexes.

Fig. 7. (continued)

The combination of NH4-oxalate/ascorbic acid removed ca.
90 percent As from the soil and corroborated inner-sphere com-
plexation of As. An increase of Fe and Al in solution suggested
that Al and Fe bearing solid phases were dissolving during this
treatment possibly contributing to the increased release of As,
Zn, Cr, and Cu.

3.3. μSXRF

Micro X-ray fluorescence (μSXRF) images taken from thin-
sectioned and powder-on-tape samples from the 0–20 (LM-A)
and 20–40 (LM-B) cm depth fractions showed strong co-
localization of As with Cr, Mn, Cu, and Zn and to a lesser de-
gree with Fe. Pearson correlations (ρ) between elements were
determined only from maps of thin-sectioned samples to min-
imize false-positive correlations, i.e., thickness effects induced
from radially displaced particles prominent in some powder-on-
tape samples. Between 0–20 cm, As correlated decreasingly to
Cr ≈ Zn � Cu ≈ Mn > Fe (Table 2). Arsenic–Cr and As–Zn
correlations were �0.80 throughout the upper 20 cm of soil. In
contrast, ρAs–Cu was only 0.56 and ρAs–Fe was only 0.33. Sur-
prisingly, ρAs–Mn of 0.60 was similar to that of As–Cu and circa
twice as high as ρAs–Fe. The correlation of Mn to Cr, Cu and
Zn was on average 0.68 ranging between 0.44 (Cu) and 0.78
(Cr), suggesting that the high correlation between As and Mn
in LM-A may have been due to the presence of these metals.



Fig. 8. Sequential linear least-square combination fit of the Fourier back-
transformed bulk EXAFS spectrum from LM-A: (a–d) fits using between one
and four fitting components, (e) radial structure function of the LM-A bulk
spectrum and its fit corresponding to the four-component fit illustrated in (d).
SS = sum-square = ∑

((y − yfit)
2)/

∑
(y2), SAV = sum-absolute value =

∑
(|y − yfit|)/

∑
(|y|).

Between 20 and 40 cm (LM-B), As was correlated decreas-
ingly to Cu ≈ Zn > Cr > Fe ≈ Mn; ρAs–Cu increased to 0.75,
while the ρAs–Cr and ρAs–Zn decreased to 0.70 and 0.80, respec-
tively, from being �0.80 in LM-A. High ρAs–Mn observed in the
LM-A soil fraction decreased to ca. 0.38 at 20–40 cm depth,
which was comparable to the As–Fe correlation at this depth
(ρAs–Fe = 0.37). Pearson correlations of Mn to Cr, Cu, and Zn
fell to 0.40 in LM-B, which was comparable to the As–Mn cor-
relation (ρAs–Mn = 0.38), again suggesting that As correlating
to Mn may have been by association with one or all of these
metal cations.

On thin-sections and powder-on-tape samples alike, the flu-
orescence intensity from As was not uniform over any area,
but rather, increased in discrete areas often not larger than
50 µm in diameter, suggesting that As accumulated prefer-
entially in some areas over others. In such discrete areas,
ρAs–Cr, Cu, Fe, Mn, and Zn exceeded 0.80 indicating strong posi-
tive co-localization of the co-contaminating metal cations in
regions of As accumulation. Such areas could indicate the pres-
ence of co-precipitates or conversely an area of high surface

Fig. 8. (continued)

site availability such as an amorphous Fe, Mn, or Al hydrox-
ide allowing As, Cu, Zn, and Cr to adsorb (Figs. 3–6). The
presence of precipitates was suggested in some cases by the
increased amplitudes of the Fourier transform (FT) magnitude
in the RSFs between 2 and 4 Å (R +�R, uncorrected for phase
shift), whereas in many other cases, the magnitude of the FT
peaks over the same range suggested surface adsorption com-
plexes. Identifying variability among areas of As accumulation
was achieved by masking and replotting linear elemental corre-



Fig. 9. Linear combination fit of Spots 1, 2, and 3 on LM-A Map C (Figs. 3a and 3b) showing the fitted k3-weighted χ(k) function (a, c, and e) and the corresponding
RSFs (b, d, and f). The dashed lines in (a), (c), and (e) outline the absorption envelope of each experimental spectrum.

lations of varying slopes in scatter-plots of fluorescence signal
between two elements (e.g., Figs. 6a–6f). In this way, diversity
among As hot and softspots was achieved and thus could be
further investigated with μXAFS spectroscopy (Fig. 6g).

3.4. Oxidation state

The oxidation state of arsenic in the soil was predominantly
(>96 percent) 5+, indicating the presence of As(V). This ob-

servation was supported by linear combination fits of isolated
and Fourier back-transformed first ligand shells, and was in
good agreement with the soil’s physical characteristics (sandy
texture, a lack of inundated conditions and a well-aerated soil
profile). Linear combination fits of isolated and Fourier back-
transformed first ligand shells indicated that at most 5 and 3 per-
cent As(III) and As2S3 (orpiment), respectively, were present
in LM-A and LM-B. However, reduction of As(V) to As(III)
could have been an artifact of the irradiation by X-rays across



Fig. 10. Linear combination fit of Spots 1 and 2 on LM-A TS Map 2 (Figs. 4a and 4b) showing the fitted k3-weighted χ(k) function (a and c) and the corresponding
RSFs (b and d). The dashed lines in (a) and (c) outline the absorption envelope of each experimental spectrum.

the As K-edge, which is known to induce photo-reduction at
times. This was indeed observed for the two bulk spectra of
LM-A and LM-B, whose edge-jumps successively decreased in
energy with repeat scans despite being mounted with adhesive-
free Mylar films. The inflection point of the absorption edge for
As(V) has been measured at ca. 11.874 keV [37], but the inflec-
tion point in the μXAFS spectra consistently occurred between
11.870 and 11.872 keV, suggesting photo-reduction of As in the
X-ray beam.

3.5. Abstract factor analysis

Abstract factor analysis and linear least-square combina-
tion fit analyses were conducted after Fourier-filtering 2.25 to
3.50 Å from each of the experimental RSFs to k-space and k3-
weighting each χ(k) spectrum. The minimum number of prin-
cipal components (PCs) required for reproducing the 31-spectra
data set could not be assessed from the IND criterion [34], be-
cause no local minimum within the first 10 PCs was observed.
Visual inspection of the PCs (Figs. 7a and 7b) showed that sig-
nal amplitudes of PCs 3–5 were 2–6 times lower than that of
PCs 1 and 2, reflecting the diminishing contributions from suc-
cessive components to the co-added PC spectrum (Fig. 7c). We

calculated the marginal improvements of the total goodness of
fit (NSS-tot., Table 4) to note how each successive PC improved
the NSS (tot.) and observed that PCs 1 and 2 improved the fit
equally by circa 62–63 percent, whereas PC3 and subsequent
PCs improved the fit by only 47 percent. Target analysis for ref-
erence phases (n = 52) conducted with two and three selected
PCs showed that the list of likely As solid phases remained un-
changed with the inclusion of PC3, but decreased their SPOIL
values. This corroborated the effect observed from co-adding
PCs 1–3 (Fig. 7c) that PCs at and above 3 were not significant.

Target analysis from transformations using two principal
components showed that the excellent criterion (SPOIL < 1.5)
was met by CuAsCr2O3 and CuZnAsCr2O3, two copper-
arsenate precipitates with and without structural Zn conforming
to the average bonding environments of clinoclase [38]. These
two copper-arsenate species have a similar distribution of metal
atoms around As at circa 3.2 and 3.4 Å, but the associated CN
numbers are circa twice as high in the Zn-free, CuAsCr2O3

precipitate (Fig. 7d, Table 3). The magnitude of the coordi-
nation numbers and the distribution of metal cations around
As(V) suggest that the nature of As(V) species in the data set
overall are precipitated or poorly ordered precipitated species.
Scorodite and a precipitated zinc-arsenate phase on goethite,



Fig. 11. Sequential linear least-square combination fit of the Fourier back-
transformed bulk EXAFS spectrum from LM-B: (a–d) fits using between
one and four fitting components; (e) radial structure function of the LM-A
bulk spectrum and its fit corresponding to the four-component fit illustrated
in Fig. 8d. SS = sum-square = ∑

((y − yfit)
2)/

∑
(y2), SAV = sum-absolute

value = ∑
(|y − yfit|)/

∑
(|y|).

2 wAsZnGoe10 [13], had SPOIL values <2. Scorodite was not
expected to be a likely reference phase as it is not stable at neu-
tral to alkaline pH [17] due to the transformation of scorodite to
ferrihydrite [9]. In the 2 wAsZnGoe10 reference material, As(V)
has 2.6 neighboring Zn atoms at 3.28 Å. In this sample, the next
nearest metal neighbors are Zn atoms as the surface loading
of this sample (115.7 µmol m−2) significantly exceeded mono-
layer coverage (5.6 µmol m−2) of As(V) in 10 ppm goethite sus-
pensions at pH 7 [13]. With increasing SPOIL value, the num-
ber of adsorption complexes (ACs) increased from 33 percent
(SPOIL < 3.0) to 58 percent (3.0 > SPOIL < 4.5) while the
number of intermediate states between adsorption complex and
precipitate, or poorly ordered precipitates (POPs) diminished
from 17 to 12 percent (SPOIL < 3.0 vs 3.0 < SPOIL < 4.5, re-
spectively). Sixty-six percent (8 out of 12) of the references
identified as “good” (SPOIL < 3.0) were either ACs, POPs
or precipitated (P/M, M = mineral) phases of As with Cu in
which the average As–Cu distance occurred at circa 3.20 and
3.40 Å similar to the two excellent reference phases. References
identified as fair (3.0 < SPOIL < 4.5) were dominantly As(V)
adsorption complexes on goethite prepared in the presence of

Fig. 11. (continued)

Zn with As–Fe/Zn distances of circa 3.30 ± 0.04 Å suggestive
of bidentate binuclear complexes. Interestingly, the As(V) sur-
face complex on jarosite (NaFe3[SO4]2(OH)6), which shows
circa 2 Fe atoms at 3.22 Å is also identified as a “fair” refer-
ence phase. The similarity of the As–Fe radial distance and CN
to many of the copper-arsenate reference phases would suggest
that its SPOIL value should be higher, however, its MSAs–O–O

occurs circa 0.06 Å below that of POPs or ACs of As(V) with
Cu (3.03 vs 3.09 Å, respectively) and furthermore does not have
contributions from other Fe atoms near 3.40 Å. The absence of



Fig. 12. Linear combination fit of Spots 1 and 2 on LM-B Sand (Fig. 5) showing the fitted k3-weighted χ(k) function (a and c) and the corresponding RSFs (b and d).
The dashed lines in (a) and (c) outline the absorption envelope of each experimental spectrum. No viable fit could be determined for Spot 3 in Fig. 5.

jarosite peaks in the XRD pattern (Fig. 1a) suggests that this
particular reference may represent overall next nearest metallic
(Cr, Fe, Cu, or Zn) neighbors at circa 3.2 Å rather than As(V)
sorbed on jarosite.

3.6. Linear least-square combination fit (LLSF) analysis

Out of 31 spectra, all but 10 spectra could be fit linearly with
the available reference phases identified during target analysis.
The sum-square (SS) error of the ten unfitted spectra ranged
from 0.104 to 0.28 or in four cases could not be ascertained
at all. Of the 21 fitted spectra, three reference spectra were re-
quired to linearly fit each experimental spectrum with average
sum-square values of 0.015 ± 0.009 (LM-A) or 0.034 ± 0.015
(LM-B) (Tables 5 and 6). In five cases, four reference spectra
were used to fit the spectra, ensuring that each additional com-
ponent lowered the SS error by at least 20 percent [27]. In these
cases, the fourth component contributed at least eight percent
to the experimental spectrum.

The bulk speciation of As(V) in LM-A (0–20 cm) showed
that the spectrum was compose 55 percent of the AsCuZnCr2O3
reference phase, 17 and 8 percent of the 12 dAs1Cu5 Jar2940 ppm
and 12 dAs1Cu10Jar2940 ppm reference phase, respectively, and

12 percent of scorodite (Figs. 8a–8e, Table 5). Each of the four
components lowered the sum-square (SS) error by circa 56 per-
cent. The two Cu–As(V) co-sorption complexes on jarosite
formed at pH 5.5 are indicative of poorly ordered copper-
arsenate precipitates, in which As(V) is coordinated by Cu
atoms at 3.21, 3.38, and 3.78 Å (Table 3). This bonding envi-
ronment is most closely related to the average coordination en-
vironment of As(V) in clinoclase [38] and is also similar to the
coordination environment of As(V) in the mixed copper/zinc-
arsenate precipitate (AsCuZnCr2O3) on eskolaite (α-Cr2O3).
The presence of scorodite was unexpected but suggests that the
soil may have been highly acidic in the past and that scorodite is
slowly dissolving (and redistributing) under the current neutral
to alkaline pH conditions.

Figs. 9 and 10 show the linear fit results of the three selected
spots on Map C (Fig. 3) and of Spots 1 and 2 on Map 2 of
the thin section (Fig. 4). Visual inspection of the experimental
χ(k) functions on Map C and TS Map 2 show that phase and
amplitude functions are discrepant among the sampled spots,
which is well reflected in the differing shapes and modulations
of the corresponding FT magnitudes and imaginary phases, re-
spectively, in the RSFs. For example, LM-A Map C Spot 2 has
an amplitude function (see dashed outline) that distinctly culmi-



Table 5
Linear least-square combination fit results for μXAFS spectra collected from the LM-A (0–20 cm) depth fraction

aC1–4 = components 1–4.
bSS = sum-square = ∑

((y − yfit)
2)/

∑
(y2), SAV = sum-absolute value = ∑

(|y − yfit|)/
∑

(|y|).
cExcluded from fit statistics at the bottom of the table.

Table 6
Linear least-square combination fit results for μXAFS spectra collected from the LM-B (20–40 cm) depth fraction

aC1–4 = components 1–4.
bSS = sum-square = ∑

((y − yfit)
2)/

∑
(y2), SAV = sum-absolute value = ∑

(|y − yfit|)/
∑

(|y|).
cExcluded from fit statistics at the bottom of the table.

nates near 8 Å−1, whereas Spots 1 and 3 on the same map have
lower amplitudes and broader absorption envelopes with a faint
beatnode near 6.5 Å−1 (Figs. 9a–9f). The reference phases used
for fitting the bulk- and μEXAFS spectra in LM-A underline
the precipitated nature of As(V) in the upper 20 cm of this soil

as suggested by PCA earlier (vide supra). On average 63 per-
cent of all references used to fit spectra collected from LM-A
were composed of As and Cu co-sorbed or precipitated phases
suggesting that Cu is involved with sequestering As(V). The
remaining 37 percent were composed of different As(V) sur-



Fig. 13. Linear combination fit of Spots 1–3 on LM-B TS Map 2 (Fig. 6) showing the fitted k3-weighted χ(k) function (a, c, and e) and the corresponding RSFs
(b, d, and f). The dashed lines in Figs. 10a, 10c, and 10e outline the absorption envelope of each experimental spectrum.

face complexes on goethite in the presence of Zn, As(V) sorbed
on jarosite or of mineral phases such as adamite or ojuelaite
(Fig. 14a).

Linear fit results of the bulk As spectrum from LM-B
(20–40 cm) suggested that it was composed of three simi-
lar copper-arsenate phases (0.37 12 dAs1Cu10GoepH 5.5, 0.24
12 dAs1Cu5JarpH 5.5, and 0.10 AsCuZnPrecip) comprising 71 per-
cent of the spectrum and 19 percent As(V) adsorption com-
plexes on gibbsite (Figs. 11a–11e, Table 6). In these three

copper-arsenate reference materials, As(V) is coordinated by
Cu atoms at the goethite and jarosite surfaces or was homo-
geneously precipitated (AsCuZnPrecip). Copper atoms near
3.20, 3.30, 3.38, and 3.80 Å are indicative of a clinoclase-like
coordination environment for As(V) (Table 3). In contrast to
LM-A, it should be noted that the bulk speciation of As(V)
in LM-B appears to be less mineralized/precipitated, however,
the strong tendency of As(V) to be coordinated by Cu also
applied to LM-B. In addition, the main second shell peak of



Fig. 14. Scatter plots of coordination number versus radial distance summarizing the linear least-square combination fit analysis for LM-A (a) and LM-B (b). The
copper-arsenate species, which are the most abundant phase over the top 40 cm, have a distinct distribution of metal cations near 3.2 and 3.4 Å around As(V).
Arsenate adsorbed on jarosite has a similar CN:R coordinate to the copper-arsenate species. Arsenate surface species on iron oxides, have similar coordination
numbers, but greater radial distances separating them from the copper-arsenate species. Mineral species of As with Fe or Zn can be distinguished by significantly
larger CN.

the LM-B bulk RSF has distinct left- and right-hand shoulder
features (Fig. 11e) suggesting contributions from next nearest
neighbors at shorter and longer distances than the main con-
tribution near 2.78 Å (R + �R, uncorrected for phase shift).
The left-hand shoulder feature is fitted by 24 hAsGibpH 7.0 con-
tributions (RAs–Al ∼ 3.15 Å), whereas the right-hand shoulder
is accounted for by Cu contributions at and above 3.38 Å.

Figs. 12 and 13 show the linear fit results of the selected
spots on the “LM-B Sand” map (Fig. 5) and map 2 on the thin
section (LM-B TS Map 2, Fig. 6). The depreciation of the good-
ness of fit for spectra from LM-B is readily apparent from the
increased amplitude of the residual χ(k) functions and the dis-
crepancy among the experimental and fitted Fourier transform
magnitudes. The increased error appears to be associated with
the lack of a specific As(V) coordination state, possibly with
manganese (Mn). In Fig. 5a, As in spot 3 is strongly correlated
with Mn (purple colored spot) and a similar correlation to Mn is
apparent for Spot 1 in Fig. 6a. The lack of a fit result for Spot 3
in Fig. 5a and the single component fit result (0.87 AsCuCr2O3)
of Spot 1 in Fig. 6a suggest that we are missing a distinct
coordination environment of As(V), possibly with Mn, but de-
finitively with another constituent that has a short interatomic
As-metal distance. This could also be seen from the unfittable
RSF of spot 3 in Fig. 5a. Our confidence in the goodness of fit
for the fitted spectra remains high though, because the modula-
tions of the experimental and fitted imaginary phases coincided
well, suggesting that the FT magnitude discrepancies in the pre-
sented RSFs were largely “cosmetic” in nature, i.e., the phase
functions are met, but not the amplitude functions. Both phase
and amplitude functions vary among the spots selected on map
“LM-B Sand” and on map “LM-B TS Map 2” highlighting
changes in the average coordination environment of As(V) on
hot and soft-spots a few 100 µm apart. Despite the impression
of the linear fit result for the bulk EXAFS LM-B spectrum that
the average As speciation is less mineralized/precipitated, the
number of isolated spots with precipitated As(V) was larger.

On average, 60 percent of all reference spectra used for lin-
ear fitting in LM-B were of either mineralized or precipitated
As(V) species, with the remaining 40 percent being evenly dis-
tributed among ACs and poorly ordered precipitates (POPs). On
average 75 percent of all references used to fit spectra in LM-
B were composed of either fully precipitated or poorly-ordered
copper-arsenate precipitates highlighting the role of Cu in the
sequestration of As(V) at this depth (20–40 cm). The remain-
ing 25 percent were respectively composed of As(V) surface
complexes on goethite in the presence of Zn, surface adsorption
complexes on gibbsite and jarosite or of mineral/precipitated
phases such as adamite and adamite-like precipitates (Fig. 14b).

4. Discussion

4.1. Data in perspective

Arsenic occurred mostly as As(V), which is in good agree-
ment with the sandy, well aerated soil profile, the absence of
water-logged conditions, and the typical application of As2O5
[39]. The sandy texture of the soil (82 percent sand) and low
clay content (3 percent) was indicative of a soil with low spe-
cific surface area and consequently a small number of reactive
surface sites likely confined to isolated regions where Fe- or
Al-hydroxides (e.g., ferrihydrite and gibbsite) coat sand-sized
grains or other mineral surfaces. Elevated As fluorescence sig-
nals observed in some areas of μSXRF images could be at-
tributed to the precipitation of As with other metals, foremost
with Cu, or to regions of high surface site availability from
amorphous Fe- and/or Al-oxides where As, Cu, Zn, and Cr ac-
cumulated. The principal component and target analyses and
linear fit results of the bulk and μEXAFS spectra suggested
that both possibilities applied in this soil. In some cases, As
occurred as distinct Cu-arsenate precipitates (e.g., LM-B TS
Map 2 Spots 1 and 3 and LM-B TS Map 3 Spot 1), whereas in
numerous other spots, As(V) appeared to be in association with



Cu(II) as poorly ordered precipitates on gibbsite, jarosite and/or
goethite. Indeed, copper-arsenate species comprised more than
60 and 75 percent of reference materials used for linear fitting
LM-A and LM-B μEXAFS spectra, respectively (Fig. 14). The
remaining 40 and 25 percent could readily distinguished into As
surface complexes on goethite in the presence of Zn cations and
mineralized As species (e.g., adamite and scorodite). Hereby, it
could be noted that in LM-B the mineralized or precipitated
species all had adamite-like structure [12,13]. Furthermore,
As(V) sorption on gibbsite-like phases was more prominent in
LM-B than in LM-A.

The apparent role of Cu in the sequestration of As(V) may
be explained by the higher thermodynamic stability of Cu–
arsenates (logKs = −35.1, Cu3(AsO4)2·2H2O) than for exam-
ple Zn–arsenates (logKs = −27.5) [40]. At pH 7.0, 10–15 µM
of AsO4 and Cu in solution will form clinoclase-like precipi-
tates, whereas more than 400 µM of Zn and AsO4 are required
to form hydrated koettigite, Zn3(AsO4)2·2.5H2O. Mineral sur-
faces can hereby considerably lower the energy required for
precipitate formation. We have recently shown with Zn and
arsenate that functional groups on goethite can act as nucle-
ation sites for adamite and koritnigite precipitates, and have
observed similar behavior with Cu and arsenate on kaolinite,
jarosite, and goethite promoting the precipitation of clinoclase-
like phases [18].

Despite the strong indication of Cu sequestering As(V)
into copper-hydroxy arsenate complexes, caution should be
applied with making overly quick conclusions about which
metal cations are indeed responsible for the sequestration of
As(V). The local coordination environment of As(V) (and other
metal cations) is controlled by the underlying anion layer struc-
ture [41]. In the surface adsorbed or two dimensional state,
the proximity of next nearest metallic neighbors to As(V) be-
tween 3.25 and 3.50 Å are dependent on the specific metal-
metal bonding arrangements of the sorbent. For example, in
the companion paper of this manuscript, we have highlighted
that the average As–Al distance on gibbsite is shorter than the
average As–Fe distance on goethite due to the greater inter-
atomic Al–Al distance in gibbsite and the subsequent greater
distance between apical Al–O atoms forcing the bidentate-
binuclear AsO4 surface complex closer to the Al metal centers
[18]. In the heterogeneous environment of a soil environment,
however, there is nothing that precludes the possibility of a sim-
ilar arrangement to become possible between Al, Fe, Mn, Cu,
and Zn atoms. Furthermore, precipitated As(V) species bound
as link units into metal-hydroxide structures have longer and
shorter As-metal distances which are not necessarily associa-
ble with a particular surface adsorption complex, but exist in
corner-sharing modes to single metal centers, two, three or four
edge-sharing metal centers and or corner-sharing metal cations
(e.g., clinoclase). Arsenate adsorbed on jarosite provides a sim-
ilarly “misleading” coordination environment by coordinating
to two Fe atoms with a mean RAs–Fe of 3.23 Å (Fig. 14). The
absence of jarosite peaks in the XRD pattern suggests that
the 12 dAsJarpH 5.65 reference material proxied for As–Cu com-
plexes, however, we can neither be sure that amorphous jarosite
is not present, particularly as the presence of scorodite in the

LM-A bulk EXAFS spectrum suggests that this soil may have
been strongly acidic (pH < 4) in the past. Consequently, the
confidence with which we can point at a specific metal or pair
of metals to be responsible for sequestering As(V) is lower
than our ability to define the average local coordination envi-
ronment of As(V) into precipitated, poorly ordered precipitates
or surface adsorption complexes based on the magnitude of the
coordination number (amplitude function) and the associated
radial distance(s) (phase functions) of the next nearest neigh-
bor(s). Distinct metal neighbors could only be ascertained if
it was indeed possible to selectively remove individual metal
constituents from a heterogeneous material. This is, however, as
Fig. 2 and many other sequential extraction studies have shown,
practically impossible.

4.2. Environmental aspects

Traditionally there have been three CCA formulations (A, B,
and C) in which the elements Cu, Cr(VI), and As(V) were
applied as solutions to the wood. The percent content of the
mixtures is distributed on average into ca. 20 percent CuO, 35
to 65 percent CrVIO3, and 16 to 45 percent As2O5, thus CCA
formulations contain more Cr than As than Cu [5]. This dis-
tribution is exactly opposite to the total concentrations of Cu,
Cr, and As found in LM-A or LM-B (Fig. 1). Balasoiu et al.
[25] showed that for mechanical mixtures of soils ranging from
highly mineral soils to highly organic soils, the ratio of total
Cu:Cr:As retained in the soil after sequential extraction was
similar to the initial application ratio of Cu, Cr, and As. One
possibility for explaining the soil’s Cu:Cr:As ratio is that the
treated wood retained more Cr than As or Cu. Upon applica-
tion to the wood, Cr(VI) undergoes reduction to Cr(III), which
tends to precipitate as Cr(OH)3 s [5]. Independent μXANES
investigation of Cr’s oxidation state in these soils failed to pro-
vide conclusive evidence due to rapid radiation damage (beam-
line X-26A, NSLS, Brookhaven National Laboratories, Upton
NY, USA). An alternative explanation might be that As and Cr
(oxyanions) were leached in greater proportion from the soil
than copper. Chromate and arsenate adsorption complexes on
variably-charged surfaces have lower stability with increasing
pH, suggesting that the remediation strategy of increasing pH
to stabilize Cu (and Zn) may have lead to increased As and Cr
desorption and leaching.

5. Summary and conclusions

Arsenic sorption in metal-contaminated soils does not oc-
cur exclusively on the surface sites of clay minerals and Fe-
or Al-oxy(hydroxides). Our study has demonstrated that co-
contaminating metal cations Cu, Zn, and Cr, but particularly
Cu influence the type of As(V) sorption complexes formed in
soil. Target analysis and LLSF results suggested a significant
(63–75 percent) sequestration of As(V) by Cu(II) with a general
tendency of As(V) to occur as precipitated or poorly ordered
precipitates, rather than surface adsorption complexes on Fe
or Al oxides. Fifty years after the closure of the CCA treat-
ment site where these soils had been collected, the broad spec-



trum of sorption states suggests that As sorption complexes are
metastable, and that liming may have promoted the loss of some
As and Cr from the upper 40 cm of the soil profile. Future stud-
ies of this and other metal-contaminated soils may wish to look
at fewer regions of interest over even smaller areas, but expand
the spectroscopic investigations to the metal cations suspected
of complexing AsO4. Given the sandy nature of the soil, column
leaching tests lend themselves to study the movement of As, Cu,
Cr, and Zn through the soil profile. In combination with bulk
and micro-focusing techniques, leaching and re-partitioning of
As in the lower layers could thus be explored.
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