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a b s t r a c t

Highly alkaline (pH 12.2) chromate contaminated leachate (990 �mol L−1) has been entering soils below
a chromite ore processing residue disposal (COPR) site for over 100 years. The soil immediately beneath
the waste has a pH of 11 → 12.5, contains 0.3 → 0.5% (w/w) chromium, and 45 → 75% of the microbially
available iron is Fe(II). Despite elevated pH, a viable microbial consortium of Firmicutes dominated iron
reducers was isolated from this COPR affected soil. Soil pH and Cr concentration decrease with distance
from the waste. XAS analysis of soil samples indicated that Cr is present as a mixed Cr(III)–Fe(III) oxy-
hydroxide phase, suggesting that the elevated soil Cr content is due to reductive precipitation of Cr(VI) by
OPR
atural attenuation
r-speciation
r(VI) contaminated soils and groundwater

Fe(II). Microcosm results demonstrate the capacity of COPR affected soil to abiotically remove all Cr(VI)
from the leachate within 40 days. In air oxidation experiments less than 2% of the total Cr in the soil
was remobilised despite significant Fe(II) oxidation. XAS analysis after air oxidation showed no change in
Cr-speciation, indicating the Cr(III)-containing phase is a stable long term host for Cr. This work suggests
that reductive precipitation of Cr(VI) is an effective method of contaminant immobilisation in soils where

II) is p
microbially produced Fe(

. Introduction

Chromium is a widely used industrial metal extracted commer-
ially from the mineral chromite. Chromite ore is processed by
oasting with an alkali-carbonate at 1150 ◦C to oxidise insoluble
r(III) to soluble Cr(VI) which is extracted with water upon cool-

ng. Traditionally, limestone was added to the reaction to improve
ir penetration, and this “high-lime” process was the primary com-
ercial method of chromium production up to the 1960s [1].
lthough now superseded by lime-free processes, high-lime Cr
xtraction recently accounted for 40% of Cr production worldwide
1]. The process is inefficient, and is responsible for producing large
uantities of waste (600,000 t yr−1 in 2001 [1]) known as chromite
re processing residue (COPR). COPR from the high-lime process
s highly alkaline and typically contains 2–7% total chromium by
eight [2–4], and although much is unreacted insoluble chromite
re (i.e. Cr(III)), up to 30% can be in the oxidised Cr(VI) form [4].
ater in contact with COPR has a pH of 11 → 12, and can con-
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E-mail addresses: d.i.stewart@leeds.ac.uk (D.I. Stewart), i.burke@see.leeds.ac.uk
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tain up to 1.6 mmol L−1 Cr(VI) as the highly mobile and toxic anion
chromate [4].

Poorly controlled landfilling of COPR is a global problem [1,3],
and locally such sites can be major sources of pollution. Remedia-
tion of COPR legacy sites is challenging because they are often in
urban areas and date from times when COPR disposal was poorly
managed [5]. Traditional “dig and dump” remediation strategies are
costly due to the large volumes involved, and inadvisable due to the
risk of forming carcinogenic Cr(VI) bearing dusts [6,7]. In contrast
to the harmful properties of Cr(VI), the reduced Cr(III) form is an
essential trace nutrient in plants and animals [8,9], readily sorbs to
soil minerals, and (co)-precipitates as insoluble Cr(III) hydroxides
in neutral and alkaline environments [9,10].

In natural environments a number of chemical species are
known to reduce Cr(VI), including Fe(II), organic matter and sul-
phide [11]. In anaerobic soils Fe(II) is probably the most important,
as iron is abundant and microbial reduction of Fe(III) occurs as
anoxia develops [12–15]. Cr(VI) is readily reduced by oxidation
of Fe(II) [9], and as Cr(III) can substitute for Fe(III), the result-

ing Cr(III) is likely to be incorporated into iron(III) oxyhydroxides
[16]. However, such metastable iron oxyhydroxides can exhibit
high bioavailability [17] and thus Fe(II)/Fe(III) cycling may continue
in environments where microbial iron reduction can occur. Iron
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ycling is likely to be important at COPR sites as a broad range of
icrobes have adapted to allow them to respire and grow in high

H and metal contaminated environments [15,18–20].
This paper describes a site in the North of England where COPR

as been deposited next to a canal on the side of a valley and
lose to a river in the bottom [21]. It is of environmental con-
ern because water emerging from the waste pile, which enters
oth the groundwater and surface water systems, has an elevated
r(VI) concentration [21]. Previous investigations have found that
he anoxic soils beneath the waste have accumulated Cr [21,22].
hese studies suggest that microbially mediated reduction of COPR
erived chromate is naturally attenuating contaminant transport.
ere we use a combination of field investigation, microcosm
xperiments, microbial community analysis and X-ray absorption
pectroscopy to investigate the controls on geochemical trans-
ormation of Cr(VI) in COPR contaminated water as it enters
nderlying anoxic soil horizons.

. Materials and methods

.1. Field sampling and sample handling

A 19th century COPR tip is located in the North of England. It
s in a glacial valley, through undifferentiated siltstone and mud-
tone, in-filled with alluvial deposits (Fig. 1a; see also [21,22]). A
hin layer of topsoil covers much of the tip, however to date no
hemical remediation strategy has been employed at the site. Soil
amples were collected in March 2009 from six boreholes in a line
way from the tip using a hand auger and 1 m core sampler (Fig. 1b
nd c). Water was taken from a standpipe in BH5 screened into
he COPR using a PVC bailer (BH5 dates from a 2002 commer-
ial site investigation, Fig. 1b). Samples were stored at 4 ◦C in the
ark in sealed polythene containers (XAS samples were stored at
80 ◦C in glass vials). Sealed containers with samples for microbial

ommunity analysis were stored anaerobically using AnaerogenTM

achets.

.2. Sample characterisation

Soil samples were characterised using X-ray powder diffraction
XRD), X-ray fluorescence (XRF), total organic carbon analy-
is, pH analysis, deionised water (DIW) soluble Cr(VI) content,
canning electron microscopy (SEM) and scanning transmission
lectron microscopy (STEM) using standard protocols [23–25] (see
upporting Information). Water chemistry was determined using
he standard methods below.

.3. Reduction microcosm experiments

Triplicate microcosms were prepared using 10 g of homogenised
oil from sample B2-310 and 100 ml of COPR leachate in 120 ml
lass serum bottles [22]. After sealing, the headspace was purged
ith nitrogen. A sterilised control was prepared by autoclaving soil
ith a nitrogen purged headspace (120 ◦C, 20 min) and filter ster-

lised COPR leachate added upon cooling. Bottles (incubated in the
ark at 21 ◦C) were periodically sampled aseptically for geochem-

cal analysis. During sampling microcosms were shaken and 3 ml
oil slurry extracted. Samples were centrifuged (3 min, 16,000 × g)
nd the water analysed for, pH, Eh and Cr(VI), and soil for acid
xtractable Fe(II).

.4. Geochemical methods
Eh and pH were measured using an Orion meter (pH calibrated
t 7 and 10). UV/VIS spectroscopy methods based on reactions
ith diphenycarbazide and ferrozine were used to determine aque-
dous Materials 194 (2011) 15–23

ous Cr(VI) and Fe concentrations using a Cecil CE3021 UV/VIS
Spectrophotometer [26,27], with standard calibrations performed
regularly. As a proxy for microbial available Fe [28,29], the percent-
age Fe(II) in the soil was determined after extraction by 0.5 N HCl
and reaction with ferrozine [30].

2.5. Oxidation experiments

DIW equilibrated with atmospheric O2 and CO2 was used as a
proxy for rain water in leaching tests that evaluated the potential
for Cr remobilisation. 500 ml conical flasks containing 10 g B2-310
soil and 100 ml DIW were left open to the atmosphere using a foam
bung, placed on an orbital shaker (150 rpm), and incubated in the
dark at 21 ◦C. Duplicate experiments were sampled periodically
over 60 days. At each sample point, 1.5 ml soil slurry was extracted
using a sterile syringe, and centrifuged (3 min 16,000 × g). The
supernatant was then analysed for pH, Eh aqueous Cr(VI) concen-
tration, and the soil pellet analysed for Fe(II) in solids, as described
above.

2.6. X-ray absorption spectroscopy (XAS)

XANES and EXAFS spectra were collected on station I18 at Dia-
mond Light Source, UK, from seven soil samples from below the
local water table and the B2-310 oxidation sample. Spectra were
compared to standard laboratory chemicals, natural chromite ore,
and amorphous Cr-hydroxide (precipitated by dropwise neutrali-
sation of CrCl3 solution using NaOH [31]). XANES and EXAFS spectra
were summed and normalised using Athena v0.8.056. Background
subtracted EXAFS spectra were prepared for selected B2 and B3
samples using PySpline v1.1, and were modelled using DLexcurv
v1.0 with improvement in R value used to measure fit (see S.I. for
details).

2.7. Culturing of iron reducers

An alkaline (pH 9.2) growth media was used to culture a consor-
tium of Fe(II)-reducing anaerobes. Fe(III) citrate and yeast extract
were used as sole electron acceptors and donors (see S.I. for
details.). 5 mL of B2-310 soil in sterile growth media (20 g L−1) was
sealed into 10 mL glass serum bottles with nitrogen headspace. The
resulting culture was progressed repeatedly to obtain a viable con-
sortium. Precipitate colour change from orange to black indicating
Fe(II) production was confirmed using the method described above.

2.8. Microbial community analysis

Microbial DNA was extracted from B2-310 and the Fe(III)-
reducing culture. A 16S rRNA gene fragment (∼500 bp) was
amplified from each sample by polymerase chain reaction (PCR)
using broad specificity primers. The PCR product was ligated into
a standard cloning vector, and transformed into E. coli competent
cells to isolate plasmids containing the insert, which were sent for
sequencing (see S.I. for details). The quality of each gene sequence
was evaluated, and non-chimeric sequences were classified using
the Ribosomal Database Project (RDP) naïve Bayesian Classifier [32]
in August 2010 (GenBank accession numbers FR695903–FR695964,
and FR820910–FR820956).

3. Results

3.1. Ground investigation
Borehole B1 (Fig. 1b) penetrated a topsoil layer and encoun-
tered COPR waste at 55 cm but did not enter the underlying soil. B2
penetrated a thicker topsoil layer before entering COPR waste at
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ig. 1. (a) Sketch map of the site indicating the study area and the borehole locatio
n south western edge of the waste showing the new borehole locations, and (c) co

90 cm, grey sandy clay at 310 cm, and terminated in a gravel layer
t 365 cm. Subsequent boreholes B3 → B6 (in order of distance from
he waste edge), did not go through the COPR waste, but revealed
sequence of topsoil over brown sandy clay, then grey sandy clay,
nd terminated in the gravel layer. The pH of water in the COPR
BH5) was 12.2 and the Cr(VI) concentration was 990 �mol L−1

51.5 mg l−1 as CrO4
2−).
.2. Sample characterisation

The properties of COPR and soil samples are shown in Table 1,
nd full XRF analysis is presented in Table S1 (Supporting Infor-
m commercial site investigations undertaken in 2002 and 2007, (b) the study area
ual ground model along line of pseudo-section.

mation). The COPR sample (B2 190–210) contained 1.27% (w/w)
chromium, and 119.1 mg kg−1 of Cr(VI) was leachable with DIW
(see Stewart et al. [21] for full characterisation COPR leachate). The
soil samples from closest to the COPR contained between 0.3 and
0.5% (w/w) chromium (samples B2-310 and B2 320–340 from the
grey clay immediately beneath the COPR, and B3 150–200 and B3
200–240 from the topsoil immediately next to the COPR). Backscat-
ter SEM images of grey clay sample (B2-310) show it to consist of a

largely fine grained matrix, interspaced with angular quartz grains
(S.I., Fig. S1). The mean Cr-concentration within fine matrix deter-
mined by SEM microprobe was 0.46 ± 0.29% (w/w), consistent with
the bulk XRF analysis (0.34%, w/w) for this sample. The amount of
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Table 1
Soil composition.

Borehole Depth (cm) Soil type Total Cr
(mg kg−1)

Leachable Cr(VI)
(mg kg−1)

pH % Acid extractable
iron as Fe(II)

Major minerals
present

Water
strike

TOC (%)

B2 190–210 COPR waste 12,716 119.10 12.51 – Portlandite No 0.26
310 Grey clay 3436 6.65 12.16 53 Quartz, Kaolinite,

Albite
Yes 0.96

320–340 Grey grey 3946 4.54 12.51 45 Quartz, Kaolinite Yes 0.96
365 Grey clay 846 5.80 11.2 75 Quartz, Kaolinite,

Illite
Yes 0.50

B3 150–200 Topsoil 4890 8.76 4.31 4 – No 13.38
200–240 Topsoil 4321 1.45 7.03 5 – No 14.47
240–250 Brown clay 1431 0.89 7.96 5 Quartz, Kaolinite,

Illite
Yes 1.86

280–335 Brown clay 1511 0.46 7.76 37 Quartz, Kaolinite Yes 0.54
360–365 Grey clay 1379 0.46 7.83 31 – Yes 0.23

B4 240–270 Grey clay 336 0.60 6.58 68 Quartz, Kaolinite Yes 1.16
270–280 Grey clay 847 0.60 6.59 92 – Yes 0.25

B5 190–200 Brown clay 1599 0.74 7.2 60 – No 0.23
220–230 Grey clay 1278 0.89 6.62 89 – No 0.36
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B6 220 Brown clay 162 1.59

, Not determined; N.d., Not detected.

hromium in the soil samples shows a rough trend of decreasing
ith depth in B2 and B3, and of decreasing with horizontal dis-

ance from the waste pile (B3 > B4 > B6). These trends are reflected
n pH, with the samples closest to the COPR having the highest val-
es, which were above pH 12 immediately below the waste in B2.
he percentages of iron extracted by 0.5 N HCl present as Fe(II) in B2
oils from immediately below the waste were 45 → 75%, and values
ere similar throughout the grey clay layer. In the overlying brown

lay and topsoil layers percentages of iron extracted by 0.5 N HCl
resent as Fe(II) were more variable but generally increased with
epth. This suggests that Fe(III) reducing conditions develop rapidly
nder saturated conditions.

XANES spectra from a selection of grey and brown clay samples
aken from boreholes with increasing distance from the COPR all
acked the characteristic pre-edge feature associated with Cr(VI) at
994 eV [33] (Fig. 2). All XANES spectra indicate that Cr is present
redominately in the reduced Cr(III) form although minor amounts
f Cr(VI) (up to 3–5% of the total Cr depending on sample concen-
ration) may not be detected in XANES spectra [34]. The amount of

IW leachable Cr(VI) in the soil samples (Table 1) falls below this
etection limit, thus XANES and DIW leaching tests bracket the
mount of Cr(VI) within these soils at approximately 0.5–3% of the

able 2
XAFS model fitting parameters where n is the occupancy (±25%), r is the interatomic dis
actor (±25%), and R is the least squares residual.

Sample Shell n R (Å

B2 310–320 O 6 1.99
Fe(Cr) 2.9 3.06
Fe(Cr) 3.3 3.34
Fe(Cr) 3.3 3.99

B2 320–340 O 6 1.98
Fe(Cr) 3.1 3.07
Fe(Cr) 3.1 3.33
Fe(Cr) 3.1 3.97

B2 310 oxidised O 6 1.98
Fe(Cr) 3.1 3.06
Fe(Cr) 3 3.33
Fe(Cr) 3.4 3.99

B3 200–240 O 6 1.97
Fe(Cr) 3 3.07
Fe(Cr) 2.9 3.32
Fe(Cr) 3.1 3.93

B3 240–250 O 6 1.99
Fe(Cr) 3 3.07
Fe(Cr) 3 3.30
Fe(Cr) 3 4.02
5.64 N.d. Quartz, Kaolinite No 0.14

total Cr. Due to the suspected presence of freshly precipitated Cr(III)
hydroxides in these soils, estimates of Cr(VI) content from alkaline
extractions were excluded as significant method induced oxida-
tion of Cr(III) was observed in these samples [25]. Although XANES
spectra from many Cr(III) compounds are superficially similar, the
chromite ore spectrum has a distinct shoulder at approximately
6003 eV which is absent in the less crystalline Cr(III) hydroxide
spectrum. The spectra from the soil samples do not have this shoul-
der.

EXAFS spectra from selected samples were fitted with a shell of 6
oxygen atoms at 1.97 → 1.99 Å and refined to minimise R. The spec-
tral features beyond 2 Å were fitted with a further 3 shells of Fe(Cr)
backscatters at 3.06 → 3.07 Å, 3.30 → 3.34 Å and 3.93 → 4.02 Å, and
further refined (Table 2, n.b. Fe and Cr backscatters are indistin-
guishable in EXAFS modelling [35]). EXAFS and Fourier transformed
EXAFS spectra are shown in Fig. 3.

To further investigate the co-localisation of Cr at the nano-
scale, STEM analysis was carried out on sample B2-310. Dark field
STEM imaging identified fine-grained aggregates amongst coarser

grained material (Fig. 4). EDX point analysis shows Cr and Fe
co-localisation in the fine-grained region (Fig. 4A, point 1; EDX
spectrum 1 in S.I. Fig. S2). Bright field TEM imaging (Fig. 4B) con-

tance (±0.02 Å for the first shell, ±0.05 Å for outer shells), 2�2 is the Debye–Waller

) 2�2 (Å2) R % gain

0.011 49.2
0.013
0.010
0.014 30.1 38.7
0.011 42.9
0.017
0.020
0.022 28.1 34.5
0.010 42.9
0.014
0.020
0.022 28.2 34.2
0.010 43.3
0.018
0.012
0.016 30.4 29.9
0.010 40.9
0.011
0.011
0.026 30.6 25.1
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(e)
ig. 2. Normalised chromium K-edge XANES spectra collected from soil samples
nd synthetic standards. Arrow indicates a distinctive curve inflection present at
003 eV in the chromite ore spectra.

rms that the Fe and Cr containing material consists of 5–10 nm
ized particles. STEM-EDX elemental mapping of this area (Fig. 4)
hows Cr (K� X-rays) localised with Fe in the fine grained region, Al
nd Si are localised in the surrounding larger particles. EDX point
nalysis of a crystalline Fe-rich particle (Fig. 4A, point 2; EDX spec-
rum 2, Fig. S2) and a Si and Al rich particle (Fig. 4A, point 3; EDX
pectrum 3, Fig. S2) confirmed the lack of Cr in these regions.

.3. Reduction microcosm experiments

The microcosm experiments investigated the interaction of

OPR leachate with Fe(II)-containing grey clay from below the
aste pile (sample B2-310). The initial pH value of microcosms
as 12.2, while the corresponding sterile control had an initial pH

alue of 12. The pH in all microcosms decreased over about 20 days
Fig. 3. Chromium K-edge EXAFS spectra collected from selected soil samples (left)
and corresponding Fourier transformations (right). Dashed lines represent model
fits produced in DLexcurv v1.0 using the parameters listed in Table 2.

before levelling off at 11.7 (Fig. 5). At the first sample point (∼1 h)
the aqueous Cr(VI) concentration had dropped from the leachate
value of 990 to 788 ± 14 �mol L−1, and Cr(VI) was subsequently
removed from solution over the first 30 days in all microcosm
bottles. The concentration of Cr(VI) in the corresponding sterile
control was 822 �mol L−1 at 1 h and Cr(VI) was also completely
removed from solution by 14 days. At the first sample point 36%
of the 0.5 N HCl extractable iron in the microcosms was present
as Fe(II), and by day 4 this had dropped to 30% at the same time
as most of the Cr(VI) was removed (788 → 257 �mol L−1). Percent-
age 0.5 N HCl extractable Fe as Fe(II) then remains within error of
the 4 day value. The percentage of the 0.5 N HCl extractable iron
in the sterile control as Fe(II) was 45% with no significant change
during the experiments. Eh values at the first sampling point were
−77 ± 10 and −65 mV for the active microcosms and sterile control,
respectively, and decreased very slowly to −135 ± 40 and −185 mV
at 83 days. Aqueous Fe remained at between 2 and 10 �mol L−1 in
all microcosms throughout the duration of the incubations.

3.4. Microbial community analysis

The 62 16s rRNA gene sequences obtained from B2-310 soil

were assigned to 9 different bacterial phyla (confidence thresh-
old >98%) with approximately 10% left unassigned. Three phyla
were dominant, with 52%, 19%, and 16% of sequences assigned
to Proteobacteria, Firmicutes and Bacteriodetes, respectively (S.I.,



20 R.A. Whittleston et al. / Journal of Hazardous Materials 194 (2011) 15–23

Fig. 4. TEM images and corresponding STEM-EDX elemental maps of B2-310 soil. (A) Dark
500 nm); (B) Higher magnification bright field TEM image of fine-grained area highlighte
o

F
e
o

f aluminium (K˛ X-ray energy), iron (K˛), silicon (K˛) and chromium (K˛).
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ig. 5. Microcosm experiments; (�) aqueous Cr(VI); (�) pH; (�) % of 0.5 N HCl
xtractable Fe as Fe(II) in soils. Error bars are one standard deviation from the mean
f triplicate experiments. Sterile data not shown.
field TEM image with locations of point EDX measurements, marked 1–3 (scale bar
d in (A), rotated 90◦ (scale bar 100 nm). STEM-EDX maps of elemental distribution

Table S2). When this soil was incubated in an alkaline Fe-reducing
media a microbial consortium was cultured that survived repeated
progressions. The 16s rRNA gene sequences recovered from this
consortium were dominated by the phylum Firmicutes (91% of the
47 sequences), with just 2% assigned to Proteobacteria and 7% left
unassigned (S.I., Table S3). Of the Firmicutes sequences in this con-
sortium, all were found to be members of the Clostridiales order
with representatives identified to genus level that were also found
in the original soil sample, such as Anaerobranca and Tissierella.

3.5. Oxidation experiments

An aqueous suspension of soil sample B2-310 was oxidised for
60 days with deionised water in equilibrium with atmospheric O2.
After 14 days of oxidation 1.5% of the total Cr within the soil was
remobilised as Cr(VI) and no further remobilisation occurred for

the remainder of the 60 days experiment (Fig. 6). The % of 0.5 N
HCl extractable iron that was Fe(II) decreased, the Eh increased
from −37 ± 15 mV to +202 ± 33 mV, and aqueous Fe decreased
from 31 ± 23 �mol L−1 to 11 ± 2 �mol L−1 over the course of the
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ig. 6. Air oxidation experiments; remobilisation of Cr(VI) to solution as a percent-
ge of total Cr (�); pH (�); % of 0.5 N HCl extractable iron as Fe(II) (�). Error bars are
he range of the duplicate experiments.

xperiment. The pH dropped rapidly from an initial value of 11 to
ust above 8 after 4 days, and then remained steady about this value.

. Discussion

.1. Ground model

Data from the six boreholes advanced during this project were
sed to further develop the existing ground model for the site
Fig. 1c). They confirm COPR waste has been placed directly over
he alluvial soils and then covered with topsoil. The relationship
etween the brown clay and the COPR indicates that it is made
round that was placed after COPR tipping. The grey clay, which
as absent in B6 closest to the river, is thought to have been the

urface layer prior to COPR tipping. The gravel layer is part of the
lluvial deposits that underlie the entire site. Data from a confi-
ential commercial site investigation conducted in 2007 (locations
hown in Fig. 1a) support the proposed ground model, and reveal
hat the alluvial deposits are ∼8 m thick. A hydrogeology study in
pril 2009 [36] revealed that there is a perched water table in the
aste just over 2 m above the underlying water table in the allu-

ial deposits, and that the underlying flow in the alluvial deposits
s roughly south-westerly from the valley side towards the river.
ogether, the local lithology, the perched water table and the direc-
ion of underlying flow indicated that water flow from the COPR tip
s initially downward and then towards the river roughly along the
seudo-section in Fig. 1b.

.2. Distribution and speciation of Cr in soils

The general trend in the borehole data (Table 1) is that the Cr
oncentration in the soil decreases with distance from the waste.
he variation in the Cr content of samples from B4 and B5 is
ounter to the general trend, but this may be attributed to non-
niform flow of contaminated water as it migrates away from the
ip. Furthermore, B4 and B5 are slightly offset laterally in oppo-
ite directions from the line of the pseudo section (Fig. 1b), and
hus may have received slightly different influent water. The trend
an be explained either by transport of waste particles into the
oil or by interaction with a plume of Cr(VI) containing leachate.
r(III) in COPR is found predominately in unreacted chromite ore
articles [4,21,37]. However, XANES analysis suggest that Cr is
resent in the soil predominately as a poorly crystalline Cr(III)

hase (Fig. 2). EXAFS spectra from samples close to the waste
lso lack the spectral features characteristic of chromite samples
there are no sub peaks at K = 5.1 and 8 Å−1, Supporting Information,
ig. S3) and the coordination environment is inconsistent with
dous Materials 194 (2011) 15–23 21

chromite Cr–Fe bond distances [38–40] (Supporting Information,
Table S4).

The Cr(III) coordination environment in all samples with EXAFS
analysis was fitted with 6 oxygen atoms at 1.97 → 1.99 Å, indicat-
ing octahedral Cr–O coordination. Further shells of Fe(Cr) atoms at
distances of 3.06 → 3.07 and 3.30 → 3.34 Å from the central Cr atom
are characteristic of the edge and double corner octahedral shar-
ing geometries present in Cr(III) substituted iron oxy-hydroxides
[17,35,41,42]. The presence of an additional shell of backscatters at
3.93 → 4.02 Å could indicate that single corner sharing geometries
are present in surface precipitation of �-CrOOH on hydrous ferric
oxides [41]. �-CrOOH also has a Cr–Cr edge sharing bond distance
of 3.06 Å [41]. Therefore the Cr(III) coordination resolved by EXAFS
analysis of soil samples can be best described as that of a poorly
ordered Cr–Fe–OOH precipitate containing both incorporated and
surface precipitated Cr(III). This interpretation is supported by the
STEM analysis of B2-310 soil (Fig. 4), which found that Cr was asso-
ciated with 5–10 nm sized Fe-rich particles. Identification of this
mixed Cr(III)–Fe(III) oxy-hydroxide phase indicates that chromium
in soils receiving water from the COPR waste is not the result of
transport of chromite particles from the waste, and therefore, is
most likely the result of in situ reduction of Cr(VI) from the con-
taminated groundwater by reaction with Fe(II).

4.3. Reduction of Cr(VI) in microcosms

The microcosm experiments show that soil from B2-310 is capa-
ble of removing Cr(VI) from the COPR leachate. Cr(VI) reduction
was observed in both sterile and non sterile microcosms indicating
that the reaction was abiotic (Fig. 5). At pH values greater than 6 the
most likely abiotic removal mechanism is reduction to Cr(III) by soil
associated Fe(II) followed by precipitation [11]. The percentage of
Fe(II) in the 0.5 N HCl extractions reduced slightly during the incu-
bation which is compatible with Fe(II) being consumed by reaction
with the Cr(VI), although the overall change is within the measure-
ment error. This minor reduction in Fe(II) during Cr(VI) removal is
consistent with the calculated Fe(II): Cr(VI) ratio of 20–30:1 present
in these experiments.

4.4. Capacity for Fe(III)-reduction in alkaline soils

Bioreduction of Fe(III) oxides is commonplace in water saturated
soils containing organic matter. The elevated pH and Cr(VI) condi-
tions existing at this site provide additional challenges to microbial
respiration. Despite this, a relatively diverse microbial community
was characterised from soil B2 310. Many of the sequences in this
community are best database matches to bacteria isolated from
studies of high pH tufa and soda lake environments [43,44], as well
as unidentified sequences from other COPR affected environments
[5,21].

The isolation of a community of microorganisms capable of
Fe(III) reduction from B2-310 soil clearly shows that this soil con-
tains indigenous microorganisms capable of iron reduction. Around
40% of the 0.5 N HCl extractable Fe present in B2-310 soil is Fe(II),
despite the constant exposure to a Cr(VI) flux for over 100 years,
which indicates that there must be a mechanism for replenishing
Fe(II) within this soil. Taken together, these facts strongly suggest
microbial iron reduction is responsible for the Fe(II) present in the
soil and, by implication, is indirectly responsible for the reductive
precipitation of Cr(VI). The relative dominance of the Firmicutes
sequences in the consortium extracted by growth in alkaline Fe(III)-
citrate media (S.I., Table S3), when compared to the population from

the original soil, suggests that members of this phylum are respon-
sible for the Fe(III) reducing capacity. The indigenous population of
B2-310 soil did not induce Fe(II) accumulation in soil microcosms at
pH 12 where soil organic matter was available as an electron donor



2 Hazar

(
p
s

4

w
i
i
a
p
o
[
d
f
i
o
t
X
t
s
t
s
r
e
d
p
a
o
b
v

4

c
b
w
t
w
i
d
C
a
r
C

s
t
a
N
h
t
l
a
i
s
p
t
c
r
i
t
m

[

2 R.A. Whittleston et al. / Journal of

∼1% TOC, Table 1), indicating that the microbial mechanism for
roducing the Fe(II) at high pH is either slow or was not reproduced
uccessfully in these homogenised systems.

.5. Soil oxidation experiments

During oxidation of B2-310 soil only a small amount of Cr(VI)
as remobilised (Fig. 6) despite the increase in Eh and decrease

n the percentage of 0.5 N HCl extractable iron as Fe(II) indicat-
ng that soil oxidation occurred. This minor remobilisation may be
ttributable to either desorption of Cr(VI) or oxidation of Cr(III). The
H drop observed during soil oxidation can be attributed to both the
xidation and the hydrolysis of Fe minerals, which consume OH−

45], and the development of a carbonate buffered system due to
issolution of atmospheric CO2. As CrO4

2− adsorbs strongly to sur-
aces at pH values below 8 [46], measurement of the concentration
n the aqueous phase will have slightly underestimated the amount
f Cr(VI) in the system. However the amount of Cr(VI) present in
he soil after oxidation for 60 days is too low to be detected by
AS (Fig. 2). Also the EXAFS spectra from the oxidised experimen-

al sample is fitted best by the same 3 shell Fe(Cr) model as the other
oil samples. This indicates that the majority of the Cr remains in
he same coordination environment in the solid phase. This is con-
istent with the work of others who have shown that Cr(III) is not
eadily reoxidised in air alone [47]. Mn oxides are known to be more
ffective oxidising agents for Cr(III) [48], but this is not an imme-
iate concern at the study site as any Mn-oxides present would
robably have been reduced during the development of microbial
noxia that resulted in Fe(II) accumulation in soils [12]. The lack
f reactivity suggests that once Cr has accumulated in the soils
eneath the waste, it is in a form that is resistant to remobilisation
ia air oxidation.

.6. Implications for managing legacy COPR waste sites

For the site reported here, the presence of a layer of Fe(II)-
ontaining sandy clay beneath the waste seems to have two
eneficial outcomes. Firstly, it acts as an aquitard reducing the
ater flux from the waste into the aquifer below. Instead, con-

aminated water at this site is directed to surface discharge,
here there is at least an opportunity to intercept and treat

t (currently much of the water from the COPR drains into a
itch along the southern boundary; Fig. 1a). Secondly, reaction of
r(VI) with soil associated Fe(II) within the clay layer produces
Cr(III)–Fe(III) oxy-hydroxide precipitate that is resistant to oxic

emobilisation, significantly reducing the downward migration of
r(VI).

The presence of a Fe(II)-containing soil beneath the waste may
eem fortuitous and site specific in nature, but it appears to be
he result of a common metabolic process in soil microorganisms
nd is driven by natural soil organic matter. At a COPR site in
ew Jersey [49] it was observed that a anoxic, organic-rich soil
orizon directly beneath the waste also prevented Cr(VI) migra-
ion from the COPR into underlying aquifers. It therefore seems
ikely that reductive precipitation of Cr(VI) by soil associated Fe(II)
lso occurred at that site. Site investigations of COPR contam-
nated land should therefore determine the redox state of the
ubsurface below the waste and assess if Fe(II)-containing soils are
resent and can act as natural “reactive barriers” for Cr(VI) con-
aminated water. In addition, even where unfavourable oxidising
onditions exist, populations of alkali and Cr(VI) tolerant Fe(III)-

educing bacteria are often present [22] and it may be possible to
nduce in situ microbial Fe(III)-reduction (e.g. by addition of elec-
ron donors) to produce Fe(II) in the soil, and thus attenuate Cr(VI)

igration.

[

[
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5. Conclusions

Cr(VI) is migrating with water from the legacy COPR tip into the
underlying soil layers. Chromium is accumulating in these soils pre-
dominately in its reduced Cr(III) form within a mixed Cr(III)–Fe(III)
oxy-hydroxide phase which is resistant to air oxidation. The soil
directly beneath the waste is sub-oxic, with a substantial propor-
tion of the microbial available iron as Fe(II), and it contains an
indigenous microbial population capable of reducing iron from
Fe(III) to Fe(II). Thus this study suggests that Cr(VI) derived from
the highly alkaline COPR can be effectively sequestered in the soil
beneath the waste through reduction by microbially produced soil
associated Fe(II), and this results in co-precipitation as Cr(III) within
a stable Fe(III) oxide host phase.

Supporting information

Supporting online material provides further details about exper-
imental procedures and 16 s rRNA sequence analysis (Sections 1–4),
as well as a detailed tables of XRF analytical results (Tables S1),
phylogenetic assignments (Tables S2 and S3), B2-310 soil sam-
ple backscatter SEM image (Fig. S1) and EDX spectra from STEM
analysis (Fig. S2). The EXAFS spectra and coordination structure of
chromite ore are also given (Table S4 and Fig. S3).
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