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Abstract Molecular-level understanding of soil Cu speciation
and distribution assists in management of Cu contamination in
mining sites. In this study, one soil sample, collected from a
mining site contaminated since 1950s, was characterized com-
plementarily by multiple synchrotron-based bulk and spatially
resolved techniques for the speciation and distribution of Cu as
well as other related elements (Fe, Ca, Mn, K, Al, and Si). Bulk
X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) spectroscopy revealed
that soil Cu was predominantly associated with Fe oxides in-
stead of soil organic matter. This agreed with the closest associ-
ation of Cu to Fe by microscopic X-ray fluorescence (U-XRF)
and scanning transmission X-ray microscopy (STXM)
nanoanalysis, along with the non-occurrence of photoreduction
of soil Cu(ll) by quick Cu L;,-edge XANES spectroscopy
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(Q-XANES) which often occurs when Cu organic complexes
are present. Furthermore, bulk-EXAFS and STXM-coupled Fe
L;-edge nano-XANES analysis revealed soil Cu adsorbed
primarily to Fe(Ill) oxides by inner-sphere complexation.
Additionally, Cu K-edge pu-XANES, L;,-edge bulk-XANES,
and successive Q-XANES results identified the presence of
Cu,S rather than radiation-damage artifacts dominant in certain
microsites of the mining soil. This study demonstrates the great
benefits in use of multiple combined synchrotron-based tech-
niques for comprehensive understanding of Cu speciation in
heterogeneous soil matrix, which facilitates our prediction of
Cu reactivity and environmental fate in the mining site.

Keywords Copper - XANES - EXAFS - XRF - STXM -
Mining soil - Molecular speciation - Radiation damage

Introduction

Soil Cu contamination as a side effect of mining activities is an
increasing concern as a result of the growing global Cu
demand (Elguindi et al. 2011). It is generally accepted that
molecular-level knowledge about chemical species of heavy
metals in soils will advance our ability to predict their reac-
tivities and environmental fates (Manceau et al. 2002;
Hesterberg et al. 2011). The capability and versatility of
synchrotron-based techniques in performing molecular-scale
speciation of soil heavy metals are well established (Manceau
et al. 2002; Brown et al. 2005). However, fully characterizing
the speciation of Cu in contaminated soils is challenging, as
many Cu absorbents, such as minerals (Fe oxides, Mn oxides,
clays, etc.) and soil organic matter (SOM), are often present in
a single soil sample. Previous molecular-scale studies mainly
focused on Cu-contaminated agricultural soils and concluded
that Cu was primarily associated with SOM rather than with
mineral sorbents (Flogeac et al. 2004; Boudesocque et al.
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2007; Jacobson et al. 2007; Strawn and Baker 2008, 2009).
Recently, laboratory-based sequential extraction analysis has
shown dominant association of Cu to soil minerals in some
mining soils (Favas et al. 2011). These contrasting results
highlight the need for further molecular-level characterization
of Cu speciation in mining soils to improve predictions of Cu
behavior in contaminated mining sites. Furthermore, soils are
heterogeneous assemblages of diverse soil particles of sizes
that typically range from <2-mm sand grains to nanometer-
sized clay particles; all of these particles are potential sites for
metal sequestration in contaminated soils, and thus, the distri-
bution and speciation of soil heavy metals vary on similar
spatial scales to those of the soil minerals (Hesterberg et al.
2011). Therefore, besides bulk lab and spectroscopic-based
soil Cu speciation, the microscale distribution and speciation
of Cu in mining soils also need further characterization.
Synchrotron-based Cu K-edge X-ray absorption near-edge
structure (XANES) and X-ray absorption fine structure
(EXAFS) spectroscopy have been widely utilized in soil sys-
tems to perform chemical speciation, as these two techniques
can provide average oxidation state and local structural infor-
mation (interatomic distances, coordination numbers, and
bond disorder), respectively (Liu and Wang 2004; Strawn
and Baker 2009). However, EXAFS cannot easily distinguish
the first shell of Cu—O from Cu—N due to similar backscattering
contribution of O and N (Shi et al. 2008). This is significant
because functional groups with O- or N-absorbing sites of SOM
are both possible neighbors in Cu-ligand structures likely pres-
ent in soils (Frenkel et al. 2000; Croue et al. 2003). In contrast,
Cu L;-edge XANES spectroscopy probes the dipole-allowed
Cu 2p—3d electron transitions, which is more sensitive to the
ligand field surrounding Cu (Yang et al. 2011) and can readily
distinguish between Cu—O and Cu—N metal-ligand bonds
(Shimizu et al. 2001). Compared to K-edge, Cu XANES spectra
at L;,-edge exhibits much sharper spectral features, which
results in advantages in characterizing soil Cu oxidation state
and bond valency (Schofield et al. 1995), especially for low-
abundance Cu species in contaminated soils. Therefore, a com-
bined application of Cu K-edge EXAFS and L; ,-edge XANES
provides a thorough measurement of bulk soil Cu speciation.
Bulk-XANES and EXAFS spectroscopy (approximately
millimeter level) represent the average speciation of heavy
metals in contaminated soils, which may thus obscure speci-
ation information of components present in low abundance.
Therefore, spatially resolved microscopic X-ray fluorescence
(u-XRF) and scanning transmission X-ray microscopy
(STXM) spectroscopy are increasingly employed in soil re-
search (Wan et al. 2007; Fittschen and Falkenberg 2011). The
u-XRF, coupled with 1-XANES spectroscopy, has been used
to investigate the distribution and speciation of soil Cu at the
micro-scale (Strawn and Baker 2008, 2009). This technique,
using hard X-ray beam (typically 5-20 keV), is suitable for
most metal contaminants and mineral elements (e.g., Fe, Mn,
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Ca, and K) (Strawn and Baker 2008, 2009). Although clays
greatly affect the distribution of Cu (Morton et al. 2001), clay
minerals contain primarily low-Z elements Al and Si that are
usually inaccessible to pu-XRF analysis. This limits studies of
the interaction of Cu with clays in soils using X-ray
microprobes. In contrast, STXM, using soft X-ray beam
(<2,500 eV), covers the energies of Al and Si K-edges and Cu
L-edges (Wan et al. 2007), making it ideal to investigate the
interactions of Cu with soil clays. Additionally, STXM,
coupled with XANES spectroscopy, has a high spatial resolu-
tion at the nano-scale (30~50 nm) (Wan et al. 2007; Lawrence
et al. 2012), which facilitates probing the nano-scale distribu-
tion and speciation of soil Cu. Consequently, a much deeper
understanding of the heterogeneous distribution and specia-
tion of soil Cu at micro- and nano-scales may be achieved by a
combination of p-XRF and STXM analysis.

The flux and brilliance of X-rays produced from modern
synchrotrons greatly enhance the capacities of synchrotron-
based speciation of heavy metals in contaminated soils
(Manceau et al. 2002). However, radiation damage due to
high-brightness beam may also result in fast photoreduction
of organic Cu(I) complexes on the time scale of the XANES
measurements (Strawn and Baker 2009; Manceau and
Matynia 2010; Yang et al. 2011), thus complicating the inter-
pretation of soil Cu valency according to XANES fingerprint
analysis. Therefore, radiation damage should be considered as
a potential source of low oxidation state Cu in contaminated
soils where soil organic Cu(Il) complexes are present. As
radiation damage depends on the radiation dose received by
the targeted samples (Yang et al. 2011), quick XANES spec-
troscopy with reduced beam dwell time for each XANES
measurement should not only minimize radiation damage,
but also aid in diagnosing the occurrence of radiation-
induced spectral changes.

Taking one single mining soil from a long-term contami-
nated mining site as an example, the objectives of this study
were (1) to investigate the complementary molecular specia-
tion of Cu in the mining soil employing Cu K-edge bulk-
XANES and bulk-EXAFS and L;,-edge bulk-XANES; (2)
to reveal the micro- and nano-scale distribution and speciation
of soil Cu using u-XRF coupled with Cu K-edge n-XANES
spectroscopy and STXM with Cu/Fe L-edge and Al/Si K-edge
XANES spectromicroscopy, respectively; and (3) to determine
the extent of radiation-induced photoreduction of Cu by quick
Cu L, 3-edge XANES spectroscopy (Q-XANES).

Material and methods

Soil sample

The mining soil was collected at an abandoned Cu mine site in
Zhuji County of Zhejiang Province, China (120°22'33.0" E,
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29°36'39.1" N). This region is characterized by a subtropical
monsoon climate with annual average temperature of ~16 °C
and annual rainfall of ~1,335 mm. Mining activities began
onsite in the 1950s and ended more than 20 years ago. The
mining soil was classified as an Ultisol according to USDA
soil taxonomy (USDA 1988). According to our previous
study (Chen et al. 2006), the mining site has particularly high
Cu concentration, up to ~12,700 mg kg ' Cu. The soil sample
was collected from the surface horizon (0—20 cm) of a selected
representative area using compositing technique, air-dried and
then ground to pass through a 2-mm nylon sieve, homoge-
nized, and stored for subsequent analyses. The pH, cation
exchange capacity (CEC), the total organic carbon (TOC),
total carbonates, and total metal contents (Cu/Al/Fe/Mn) of
the soil were determined following the standard methods
recommended by the Chinese Society of Soil Science
(Lu 1999). Soil mineral composition was measured by XRD
(Rigaku D/MAX 2550/PC, Japan). The selected physico-
chemical properties of the mining soil are compiled in
Table 1. Notably, the soil chosen has low SOM content, which
represents typical feature of soils collected at mining sites
(Boularbah et al. 2006; Guo et al. 2011).

Cu K-edge bulk-XANES/EXAFS spectroscopy

The Cu K-edge bulk-XANES/EXAFS measurements were
conducted in ambient conditions at beamline BL14W1 at the
Shanghai Synchrotron Radiation Facility (SSRF), China. The
operating conditions of the storage ring in SSRF were
3.5 GeV and a maximum current of 300 mA. All the measure-
ments were collected under unfocused mode, with an estimat-
ed size of beam spot as ~3 mm, using a liquid nitrogen gas-
cooled double crystal monochromator using Si (311) crystals
and a harmonic rejection mirror. The soil sample (<0.04 mm),
Cu adsorbed on goethite (paste) and Elliot humic acid
(HA, wet), and Cu nitrate (liquid) were measured in partial
fluorescence yield mode using a four-element silicon drift
detector (Bruker’s XFlash® QUAD 5040, Germany). The
other Cu references, diluted with boron nitride (99.5 %, Alfa
Aesar, Ward Hill, MA), were collected in transmission mode.
All spectra were calibrated to the inflection point of Cu K-
edge at 8,979 eV, using a Cu foil measured in transmission

Table 1 Selected physicochemical properties of the soil used in the study

mode. Multiple XANES and EXAFS measurements were
averaged to obtain adequate signal-to-noise ratio and to verify
that radiation damage was not occurring over the time scale of
the experiment on the same spot for each sample. The XANES
data processing, including linear combination fitting (LCF)
analysis, was conducted using Athena (8.050), while EXAFS
data analysis were processed by Athena and Artemis (8.050)
(Ravel and Newville 2005). Further experimental details and
data processing are described in the Supplementary Materials.

Cu L; ,-edge bulk-XANES spectroscopy

The Cu L; »-edge bulk-XANES spectra of inorganic Cu ref-
erences (CuO, Cu, Cu,0, Cu,S, and CuS) were collected at
the Spherical Grating Monochromator (SGM) beamline 111D-
1 of the Canadian Light Source (CLS) in Canada (Regier et al.
2007). Cu L;-edge spectra of Cu(Il) acetate, Cu phthalocy-
anine, and the mining soil were collected at the Soft X-ray
beamline 4B7B at the Beijing Synchrotron Radiation Facility
(BSRF) in China instead of the SGM beamline of CLS, to
avoid radiation damage of organic Cu(Il) complexes due to its
high beam intensity (~10'? photos/s) compared to beamline
4B7B (~10® photos/s) in BSRF (Yang et al. 2011). The sizes
of beam spot at the SGM beamline of CLS and Soft X-ray
beamline of BSRF were set to be ~30 um and ~1 mm,
respectively. The energy ranges and steps of the scans for
Cu L ,-edge XANES spectra were set following our previous
study (Yang et al. 2011). Powder soil sample (<0.04 mm) and
all the Cu references were mounted on the double-sided
conductive carbon tape for the measurement of Cu L; ,-edge
XANES spectra in ambient temperature. All the spectra were
collected in total electron yield (TEY) mode and scanned at
least twice. Good reproducibility of the repeated successive
measurements indicated that photoreduction of inorganic and
organic Cu(Il) compounds did not occur. The pressure was
kept below 1x1077 Torr during the measurements due to
UHV requirements of the beamline; to avoid sample
chamber contamination, the Cu adsorption references
(on goethite and HA) that contained liquid water were
not measured with this technique. Further data process-
ing is described in the Supplementary Materials.

Soil type pH (1:2.5) TOC® (%) CEC®(cmolkg™') T-Cu®(gkg ') T-AI(gkg™") T-Fe(gkg ') T-Mn°(gkg ') Mineral composition

Ultisol 5.87 0.55 5.35 5.08

10.2 121 13.0

Quartz, kaolinite,
clinochlore,
muscovite

Total organic carbon content
® Cation exchange capacity
¢ Total Cu/Al/Fe/Mn contents
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p-XRF/XANES microanalysis

The p-XRF/XANES experiments were conducted in ambient
conditions at SSRF beamline 15U. Monochromatic X-rays
with 10 keV photon energy were generated by a Si (111)
crystal monochromator and focused to a measured spot size
of 5x5 um? using a Kirkpatrick—Baez mirror system. A thin
soil section (~60 um thickness) was mounted on the seven-
axis sample stage under the observation of a microscope. A
selected sample area (0.350%0.075 mm) was scanned in step
size of 5 um, and fluorescence signals of Cu, Fe, Mn, K, and
Ca were selectively acquired with the dwell time of 1.5 s using
a one-element Si drift detector (Vortex-EX, SII
NanoTechnology Inc.). Immediately after XRF mapping, im-
age processing of the pu-XRF spectra for each individual
element was performed using Igor Pro 6.0 software (IGOR)
and then Cu K-edge p-XANES spectra were collected on
interesting spots observed in IGOR. Due to detection limits
(estimated as ~4,000 mg kg "), only Cu hot spot 1 but mod-
erate spot 2 and spot 3 succeed in spectrum collection. Three
scans were averaged to produce a merged spectrum with
acceptable signal-to-noise ratio for further analysis. Further
experimental details and data processing are described in the
Supplementary Materials.

STXM nanoanalysis

X-ray imaging and spectromicroscopy were carried out at the
CLS using the STXM microscope at the spectromicroscopy
beamline 10ID-1 (Yang et al. 2011). Soil microaggregates
(<0.04 mm), sieved from the mining soil, were dispersed in
Millipore water and then deposited onto a silicon nitride
window (thickness 100 nm, Norcada Inc.). After air drying,
the mounted soil sample was transferred to the helium-filled
chamber for STXM measurements in ambient temperature.
Sequences of images (i.e., stacks) based on spatially resolved
X-ray transmission were collected at the Cu and Fe L-edges
and the Al and Si K-edges and converted to optical density
images by normalization using the incident flux through a
region of the silicon nitride window devoid of soil particles.
The quantitative Cu, Fe, Al, and Si component maps were
generated following the procedures reported by Dynes et al.
(2006), using previously reported reference spectra
(Hitchcock et al. 2009; Lawrence et al. 2012). Further exper-
imental details and data processing are described in the
Supplementary Materials.

Diagnosis of radiation damage effect by Q-XANES
spectroscopy

The occurrence of radiation damage depends on the radiation

dose received by the targeted samples under X-ray exposure,
which can generally be estimated by beam intensity. In this
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study, the observation of soil Cu(I) species (see “Results”) and
the possible association of photo-reducible Cu(II) humic acid
complexes in the mining soil made it important to assess the
potential for radiation-induced Cu(II) reduction to determine
whether the observed soil Cu(I) was a true chemical species
rather than an artifact from radiation damage. This is especial-
ly important in our experiments because Strawn and Baker
(2008) found that radiation damage induced photoreduction of
organic Cu(Il) complexes to Cu(I) in a contaminated soil
during p-XANES measurement with similar X-ray beam in-
tensity (~10'" photons/s) to our u-XANES experiment at 15U
beamline of SSRF with beam intensity of ~10'" photons/s.
Our recent study indicated that a reduction of beam intensity
could minimize or eliminate photoreduction of organic Cu(Il)
complexes (Yang et al. 2011). Therefore, we utilized a quick-
scan mode (20 s) instead of normal scan (5 min) for Cu L; »-
edge XANES measurements (Q-XANES) at the CLS SGM
beamline. Each quick scan decreased the radiation dose by
about ~15 times compared to normal scan. If we put each
quick and normal scan in the same time scale, the beam
intensity for each quick scan should be ~10' photons/
s calculated from the beam intensity of normal scan
(~10"? photons/s). Such Q-XANES spectroscopy gained
comparable X-ray intensity to 1-XANES experiment at 15U
in SSRF, which makes diagnosing radiation damage effects
possible to measure by gradual spectrum changes in succes-
sive scans.

For the SGM measurements, the mining soil was mixed
with Millipore water and deposited onto Au-coated Si wafers,
air dried, and examined by Q-XANES at the Cu L-edge.
Nineteen successive quick scans were conducted on the same
spot of the mining soil to collect the Q-XANES spectra in the
TEY mode. The size of beam spot, the energy range, and step
size for each scan were kept the same as the normal XANES
measurement at this beamline (see “Cu L;,-edge bulk-
XANES spectroscopy” section for details). Further data pro-
cessing is described in the Supplementary Materials.

Results
Cu K-edge and L; ,-edge Bulk-XANES analysis

The Cu K-edge and L;,-edge bulk-XANES spectra of the
mining soil and references are shown in Fig. 1. The main peak
(peak 1) at around 8,995 eV resulted from the Cu 1s to 4p, and
4pyy electron transitions (Fig. 1a) (Strawn and Baker 2008).
Splitting of this main peak, arising from anisotropic symmetry
of Cu(Il) compounds (Jahn—Teller distortion) (Liu and Wang
2004), resulted in two different inflections corresponding to
peak « and peak [3, as indicated in the first derivative spectra
of soil Cu in Fig. S| provided as Supplementary Material
(SM). The energy separation and intensity of the peak « and
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Fig. 1 The Cu K-edge (a) and
L;,-edge (b) XANES spectra of
the mining soil and Cu references.
Red line and black line of the
mining soil represent Cu K-edge
pu-XANES and bulk-XANES
spectra of the mining soil.
Spectral peaks of interest are
marked by vertical dashed lines
and labeled from / to 2 in (a) and
from 4 to D in (b)

Normalized absorption

L cu(n

Cu(OH),
. phthalocyanine

Normalized absorption

CuO,
Cu,(PO,),
CuNo,), cu_
Cu(lII) 3,5-diisopropyl-
salicylate hydrate
CuO
Cu(ITy Ads.on Geothite
Cu(Il) Ads. on Elliot HA Cu(NO,)
32

oil pi-XANES

— Mining s
"‘\-\._\_\_\_\___

: Cu(ll) acetate
N

“'/A: ¢

Mining soil bulk-XANES
Mining ?cil

8970 8980 8990 9000 9010 9020 9030 9040

Energy (eV)

peak 3 depend on molecular composition and coordination,
which has been used for qualitative soil Cu speciation (Strawn
and Baker 2009). Energy separation of peak « and peak {3 of
soil Cu almost matched to that of Cu(Il) adsorbed on goethite
and Elliot HA rather than Cu(Il) 3,5-diisopropylsalicylate
hydrate, Cu(NO3),, Cu3(POy),, CuSO4, Cu(OH),, CuS,
Cu,0, Cu, and CuO (Fig. S1 in SM). This suggested Cu(Il)
adsorbed on Fe oxides and soil organic matter were probably
the end members of Cu in the soil. Another feature (peak 2) at
about 8,980 eV was only observable in Cu, Cu,S, and Cu,O
references, but not in the soil spectrum, suggesting only Cu(Il)
in the mining soil. Furthermore, according to the best LCF
results of soil bulk-XANES spectra (Table 2 and Fig. S2 in
SM), the majority of Cu was present as Cu(Il) adsorbed on
gocethite (81.0 % of total Cu), whereas a minor fraction of Cu
existed as Cu(NO3); (16.7 % of total Cu) that may be a proxy
for outer-sphere Cu complexes, along with a trace amount of
Cu as Cu,S (2.3 % of total Cu).

Cu L;,-edge XANES spectra were used to probe the
associated covalent ligands and the oxidation state of soil Cu

925 930 935 940 945 950 955 960 965 970
Energy (eV)

(Fig. 1b). Two main sharp peaks were resolved from 930.7 to
932.2 eV (peak A, Ls-edge) and from 950.9 to 951.9 eV (peak
B, L,-edge) for Cu(Il) references, and from 933.5 to 934.6 eV
(peak C) and from 953.5 to 954.6 eV (peak D) for Cu(0)/Cu(l)
references, respectively. Peaks A and B of the Cu(Il) refer-
ences were due to the transitions of Cu 2p3,, and 2p;,, to Cu
3d° unoccupied states, respectively, while peaks C and D of
Cu(0)/Cu(I) references arose from the transitions of Cu 2p;,
and 2p, > to Cu 3d'%4s unoccupied states, respectively (Grioni
et al. 1989). Peak A of all the Cu(II) compounds with oxygen
ligand, resolved at 930.8~931.2 eV, is located at the lower
energy side of that for Cu(II) phthalocyanine with Cu—N bond
at 931.9 eV (Fig. 1b). Similar behavior was also observed in
the peak B which was resolved at 950.8~951.1 eV for refer-
ences with Cu(II)-O bond and at 951.5 eV for Cu(ll) phtha-
locyanine (Fig. 1b). These shifts of edge peaks for Cu(Il)
compounds to higher energy were interpreted as the decreased
electronegativity of the bonding ligand in the order O < N
(Shimizu et al. 2001). The occurrence of peak A in the
reference spectra of Cu,O and Cu,S was attributed to CuO

Table 2 Linear combination ]
fitting results of Cu K-edge Soil

Goodness of fit

Percentages of targeted components

XANES showing the relative

percent (standard deviation) of R factor Cu ads. on goethite (%) Cu(NO3); (%) Cu,S (%)
each Cu species in the bulk soil

and soil microaggregate of Cu hot Bulk soil 0.001 0.157 81.0+6.3 16.7+4.8 23+£79
spot 1 Cu hot spot 0.002 0.234 422420 - 57.842.2
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impurity (Grioni et al. 1989), which probably also accounted
for the spurious pre-edge peak of CuS observed in this study,
but absent in a previous study reported by Grioni et al. (1989).
For the mining soil, the presence of strong peak A at 930.9 eV
and peak B at 950.9 eV in the Cu L;,-edge bulk-XANES
spectra indicated the dominance of soil Cu(Il) (Fig. 1b), con-
sistent to Cu K-edge bulk-XANES analysis (Fig. 1a). The
energy positions of these two peaks in the soil spectra were
consistent with references with Cu(Il)-O bonding (Fig. 1b),
which implied Cu(Il) probably mainly binds to soil compo-
nents through Cu—O rather than Cu-N and Cu-S bonds.
Moreover, two small peaks were observed at 933.9 and
954.1 eV in the Cu L;,-edge bulk-XANES spectrum of the
mining soil (Fig. 1b). These two peaks almost matched peaks
C and D in Cu(0)/Cu(I) references, which suggested the pres-
ence of some Cu species with low valency in the mining soil.

Cu K-edge bulk-EXAFS analysis

The EXAFS spectra of Cu K-edge (Fig. 2) were further fitted
to theoretical scattering paths to provide more details on the
soil Cu speciation. The Fourier transformed (FT) spectra of
organic Cu compounds all contained two peaks at relatively
long distance (3.0~3.5 A) (Fig. 2b), and these peaks
were considered to arise from the multiple scattering
effects of Cu—O—C groups in soil organic Cu complexes
(Karlsson et al. 2006). The lack of these peaks in the soil Cu
spectrum qualitatively excluded organic Cu species as major
components (Fig. 2b). The soil Cu FT spectrum was similar to
Cu adsorbed on goethite, and their fitting results show very
similar scattering paths (Table 3). Cu—N backscattering pairs,
although indistinguishable from Cu—O pairs using EXAFS,
were neglected based on the Cu L;,-edge XANES analysis

Fig. 2 The k*>-weighted Cu K- a
edge EXAFS spectra (a) and the
corresponding Fourier transforms
(FT) (b) of the mining soil and the
selected Cu references. Solid line
and red dotted line represent the
experimental and fitting spectra,
respectively; the red dashed box
indicates the spectral regions of
interest

k' (k)
Transform Magnitude

(Fig. 1b). The first shell of soil Cu was coordinated with four
equatorial O atoms and one axial O atom with average Cu—O
distance of ~1.96 and ~2.24 A, respectively (Table 3). Similar
first shell structure was also found for Cu adsorbed on goethite
(Table 3). The results of soil Cu agreed well with a previous
study where the average distances of 4.5 (+ 0.63) equatorial
and 1.09 (£ 0.60) axial Cu-O pairs were ~1.96 and ~2.29 A
for Cu adsorbed on goethite with similar TOC content
(~0.55 %) (Alcacio et al. 2001). Beyond the first Cu—O shell,
the second shell could be modeled with 1.0 Cu/Fe
atoms at ~3.04 A and a third shell with 1.0 Fe atoms
at~3.21 A. This result for our soil Cu complex is quite similar
to those for Cu adsorbed on goethite with 1.0 Cu/Fe
atom at ~3.07 A and ~1.38 Fe atoms at ~3.28 A (Table 3). Cu
and Fe were both reasonable as the second shell backscatter-
ing atom of soil Cu, as higher shell Fe neighbors cannot be
easily distinguished from Cu because of similar backscattering
amplitudes (Parkman et al. 1999). Furthermore, we interpreted
the third shell neighbor atom to be Fe atom because the
average distance of Cu—Fe pair with ~3.24 A was much longer
than the reported Cu—Cu distances (2.93~3.07 A) (Peacock
and Sherman 2005). This long interatomic distance of Cu—Fe
pair also accorded with the previously reported average dis-
tance (3.17~3.41 A) of Cu-Fe pair for Cu adsorbed to Fe
oxides (Alcacio et al. 2001; Peacock and Sherman 2005;
Kumpiene et al. 2011).

pu-XRF/XANES microanalysis

The p-XRF map of soil microaggregates demonstrated the
heterogeneous distributions of Cu, Fe, Mn, Ca, and K in the
mining soil at the micro-scale (Fig. 3). For Cu, one hot spot
(spot 1) and a few moderate intensity spots (spot 2 and spot 3)

Cu(ll) Ads.
on Elliot HA

]
- 1
]

P 4

i Puin) 3,5-diisopropyl-
b alicylate hydrate

Cu(NO,),
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Table 3 Fitting results of Cu K-edge EXAFS of Cu adsorbed on goethite
and in the mining soil

BS? CN® R°(A) M (A%) AES(eV) x*R)F
Cu ads. on goethite
Cu—O¢q 48 1.95 0.003 1.57 2.724 (0.016)
Cu—O,x 1# 221 0.006%
Cu—Cu/Fe 1% 3.07 0.006%
Cu-Fe 138 3.28 0.01¢
Mining soil
Cu—O¢q 48 1.96 0.003 1.10 2.433 (0.006)
Cu-O,, 18 224 0.006%
Cu—Cu/Fe 1% 3.04 0.006°
Cu-Fe 1# 321 0.018

? Backscattering atoms

® Coordination number

¢ Atomic separation distance
9 Debye-Waller factor

IFit residual

€ Factors were fixed

Fig. 3 Distribution of the selected elements (Cu/Fe/Mn/K/Ca) in the
thin section of the Cu mining soil sample determined by p-XRF
mapping at the micro-scale. Pixel size is 5 pm. The total map area is
0.35x0.075 mm?>. Hot spot regions are marked by white boxes and
labeled from 7 to 3

were found in the map with sizes ranging from a few to tens of
micrometer, which indicated that a significant fraction of Cu
was concentrated in isolated particles. The overlapping of Cu/
Fe signals at these particles (spots 1, 2, and 3) sug-
gested a close correlation of Cu to Fe oxides in the soil
microaggregates (Fig. 3). Further regression analysis between
the intensities of Cu and Fe indicated at least two distribution
patterns which could be described by separate regression
equations (Egs. I and II, Fig. 4a). The majority of soil Cu
highly correlated with moderate Fe intensities less than ~40,
000 counts (Eq. I, R*=0.59), compared to the region with high
Fe intensities ranging from ~40,000 to ~110,000 counts
(Eq. II, R*=0.40; Fig. 4a). This suggested that Cu was mainly
associated with Fe oxides and such association mainly oc-
curred in the soil particles with moderate Fe contents in the
mining soil. The correlation of Cu and Mn was considered to
be relatively lower (R>=0.43, Fig. 4b) because the two ele-
ments were co-distributed in the spots 1 and 2 but had no
correlation at spot 3 (Fig. 3). Consistently, the majority of high
Cu counts (>1,000) correlate with low Mn counts (<500), as
indicated by the red line cycle area in Fig. 4b. K is used as a
proxy for clay minerals in u-XRF studies (Strawn and Baker
2008); the Cu hot spot 1 only correlated to moderate K
fluorescence and had no correlation to the spot with the
highest K counts (Fig. 3). There was also a relatively low
regression coefficient R> (~0.18) between K and Cu intensi-
ties (Fig. 4c). Therefore, clays appeared not to be the major
sink of Cu in the soil microaggregates. Similarly, Cu hot spots
were separated from the regions with significant Ca counts
(Fig. 3), consistent with a rather low R* (~0.003) for the
regression equation between the intensities of Cu and Ca
(Fig. 4d). This indicated that soil Cu was not associated with
soil minerals containing Ca.

The p-XANES spectrum was only successfully collected at
the Cu hot spot 1 instead of moderate intensity spot 2 and spot
3 of the soil microaggregates due to detection limit (Fig. 1a).
Compared to the soil Cu K-edge bulk-XANES spectrum, a
new shoulder peak (peak 2) was resolved at 8,980 ¢V in the p-
XANES spectrum of the hot spot 1. This peak was consistent
with that of Cu(0)/Cu(I) references (Cu, Cu,0, and Cu,S) in
Fig. 1a, indicating the presence of soil Cu species with low
oxidation states. Further analysis of the corresponding first
derivative spectra suggested Cu,S was one of the most possi-
ble low valency Cu species in the mining soil, as clearly
demonstrated by the well alignment of peak vy in soil p-
XANES spectrum to that of Cu,S spectrum (Fig. S1 in SM).
Furthermore, another characteristic peak (peak (3) of the hot
spot 1 was well aligned to that of Cu,S in Fig. S1 (in SM).
These confirmed that Cu,S existed in the soil, in agreement
with the bulk-XANES analysis at Cu L;>-edge, as indicated
by the alignment of peaks C and D between soil spectrum and
that of Cu,S (Fig. 1b). However peak « of the hot spot 1 in
Fig. S1 (in SM) was absent in the spectra of Cu,S, but present
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in soil Cu, Cu adsorbed on goethite, and humic acid, in
addition that peak 3 seems partly being included in peak ('
(Fig. S1 in SM). All these results suggested that the hot spot 1
was a mixture of Cu,S and Cu adsorbed on Fe oxides and/or
humic acid. Further LCF analysis of the soil u-XANES spec-
trum indicated the most likely Cu species were Cu,S and
Cu(Il) adsorbed on goethite in Cu hot spot 1 isolated from
the mining soil. The best fitting results indicated that Cu,S,
accounting for 57.8 % of total Cu, dominated in the Cu
species, but Cu(Il) adsorbed on goethite only had a percentage
of 42.2 % of total Cu (Table 2).

STXM nanoanalysis

The nano-scale spatial distributions of Cu, Fe, Al, and Si in the
mining soil were probed by STXM. Significant chemical
heterogeneity occurred in the mining soil at the nano-scale
(Figs. 5 and S3 in SM). Cu was highly concentrated in two
spots (spots I and II) of the targeted microaggregates (Figs. 5a
and S3a in SM), while Fe, Al, and Si were present throughout
the soil (Fig. 5a, b). Fingerprint analysis of the Cu L;-edge
XANES of spot I indicated the dominance of Cu(Il) in the soil
as evidenced by the strong main peak (L;-edge) in the spec-
trum of soil Cu (Fig. S4a in SM), although the relatively high
noise in the soil Cu spectrum limited further identification of
other Cu oxidation state (Fig. S4a in SM). The Fe L; »-edge
XANES spectra of different spots in the microaggregates
indicated the presence of both Fe(Il) and Fe(IIl) in the soil
(Fig. S4b in SM), with the majority of iron present as Fe(III)
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oxides (Fig. 5¢). The overlapping of Cu and Fe(III) (Fig. 5c),
rather than Al and Si (Fig. 5a), in the two Cu hot spots further
confirmed the dominance of Cu associated with Fe oxides,
especially Fe(Ill) oxides. This was also supported by the
highest correlation of Cu to the total Fe (»=0.768) and much
higher correlation of Cu to Fe(IIl) (»=0.757) compared to Cu
to Fe(Il) (r=0.627), Si (r=0.589), and Al (»=0.570)
(Table 4). Furthermore, Si correlated well with Al in the
investigated microaggregates (»=0.973), consistent with alu-
minosilicate minerals present (Table 4). Fingerprint analysis
of Al and Si K-edge XANES spectra of the Spot IV in the
microaggregates (Fig. S4c, d) suggested muscovite was the
targeted clay, which agreed with bulk soil XRD results
(Table 1). In addition, the co-distribution of Cu, Fe(Ill), Al,
and Si occurred in spot III (Fig. 5a—c) with moderate Cu
concentration, in agreement with relatively high correlation
of Cu-Si (r=0.589), Cu—Al (r=0.570), Fe(IlI)-Si (»=0.728),
and Fe(IlT)-Al (»=0.664; Table 4). This might be the result of
an association of Cu to Fe(III) oxide coatings of muscovite in
the mining soil.

Quick-XANES diagnosis of radiation damage on soil Cu

Nineteen successive quick scans on the same spot of the
mining soil at Cu L-edge gained almost the same Cu Q-
XANES spectra which exhibited insignificant change in the
intensities of Cu(Il) peaks at 930.9 eV (peak A, L3-edge) and
950.7 eV (peak B, L,-edge) (Fig. 6). Furthermore, there was
no significant variation in the intensity of Cu(I) peak (peak C)
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a CuAlSi

c Cu Fe(lll) Fe(ll)

Fig. 5 Distribution of Cu/Fe/Al/Si in the interested region of the mining
soil determined by STXM at the nano-scale. Panels a, b, and ¢ represent
the overlapping of Cu/Al/Si, Cu/Al/Fe (total), and Cu/Fe(III)/Fe(I) map-
ping in the interested region, respectively. Spots of interest are indicated
with red dashed circles and are labelled /-/V/

at 933.9 eV among these soil Cu Q-XANES spectra (Fig. 6).
Additionally, the peak features in these Cu Q-XANES spectra
of the mining soil collected at SGM beamline in CLS (Fig. 6)
were similar to those collected at the soft X-ray beamline in

Table 4 Correlation coefficients () from pairs of optical density (OD)
values from different elements within maps of the mining soil
microaggregates analyzed by STXM

Si Al Fe(III) Fe(II) Fe(total)
Cu 0.589 0.570 0.757 0.627 0.768
Si 0.973 0.728 0.700 0.757
Al 0.664 0.655 0.689
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Fig. 6 The selected Cu L;-edge XANES spectra of the mining soil under

19 successive fast scans. The listed numbers (1 to 19) represent the 1st to
19th scan (S7 to S19)

BSRF (Fig. 1b) where photoreduction of organic Cu(Il) com-
plexes did not occur during Cu L; ,-edge XANES measure-
ment as result of low beam intensity of ~10® photons/s (Yang
etal. 2011). Therefore, we conclude that radiation damage did
not occur in these Cu Q-XANES measurements of the mining
soil, and instead a low oxidation state Cu species (most likely
Cu,S) is present.

Discussion
Soil Cu sequestration by Fe(I1l) oxides

The investigated Cu-contaminated mining soil contains
quartz, kaolinite, clinochlore, and muscovite according to
XRD data analysis (Table 1). The possibility of crystalline
Cu minerals in the soil can be eliminated due to their absence
in XRD measurements. Instead, the dominant species present
is the association of Cu with Fe oxides: this is consistently
observed at the molecular level via both bulk spectroscopy
(Cu K-edge bulk-XANES and bulk-EXAFS) and micro-/
nano-scale microscopy (U-XRF and STXM). Similar peak
features between soil Cu and Cu adsorbed on goethite oc-
curred in the Cu K-edge bulk-XANES spectra (Figs. 1a and
S1 in SM) and the FT of bulk-EXAFS spectra (Fig. 2), in
agreement with the highest correlation of Cu to Fe in the
micro-scale u-XRF (Figs. 3 and 4) and nano-scale STXM
analysis of the mining soil (Fig. 5b and Table 4). LCF analysis
of soil Cu bulk-XANES spectra estimated 81 % of Cu in the
soil adsorbed on Fe oxides (Table 2). Consistently, fine fitting
of soil Cu bulk-EXAFS spectra revealed the coordinated Fe
atoms at the second and third shells (Table 3), which accorded
with the previous reports on Cu sorbed to Fe oxides under
different pH value (Parkman et al. 1999; Peacock and
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Sherman 2005). Therefore, Cu mainly adsorbed to Fe oxides
by inner-sphere complexation in the soil. This generally
agreed with the low content of SOM, but high concentration
of Fe in the mining soil (Table 1), because Fe oxides are the
second most important soil sorbent for Cu (behind SOM)
(Vega et al. 2006). Although it is known that SOM has an
affinity for coating Fe oxide minerals, Cu may also form
ternary complexes bonding to both SOM and Fe oxides
(Alcacio et al. 2001; Strawn and Baker 2009); this is unlikely
in the mining soil according to the lack of multiple scattering
Cu—C-O EXAFS features in the soil FT spectra (Fig. 2b). This
was also supported by the absence of Cu photoreduction for
this soil using successive Q-XANES measurements (Fig. 6);
organic Cu(Il) complexes are very sensitive to photoreduction
when exposed to high-intensity X-ray beam (Strawn and
Baker 2008; Manceau and Matynia 2010; Yang et al. 2011).
These results for a Chinese mining soil are quite different from
previous findings that Cu(Il) was mainly complexed with
SOM in contaminated agricultural soils (Jacobson et al.
2007; Strawn and Baker 2008, 2009). Such discrepancy may
mainly arise from the much higher SOM content in previous
studies (2.2~75 %) compared to our soil (~0.55 %) since it is
known that low SOM content facilitated Cu to adsorb on
mineral surface (Alcacio et al. 2001; Strawn and Baker 2009).

Mn oxides, Ca minerals, and clays, although potential sinks
of'soil Cu (Strawn and Baker 2009), were not important in the
Cu speciation of our mining soil. The u-XRF analysis indicated
that a minor amount of Cu may be associated with Mn oxides,
possibly because Mn oxides generally coexist with Fe oxides
as ferromanganese nodules in soils (Manceau et al. 2003).
However, little Cu was sorbed to minerals containing Ca in
the mining soil based on the p-XRF analysis (Figs. 3 and 4).
Muscovite clays rich in Al and Si were observed in STXM
mapping (Fig. 5a, spots III and IV); a lack of both Cu and
Fe(IIl) signals in the spot IV suggested that the muscovite
without Fe(IIl) oxides adsorbed little Cu, while the co-
distribution of Cu and Fe(III) in the sport 3 indicated muscovite
with Fe(Ill) oxides could adsorb Cu (Fig. 5c). This further
refines the bulk and micro-scale measurements that showed
Cu association with Fe(Ill) oxides rather than clays; in fact,
clays with Fe oxide coatings could be an important Cu sink.
This also probably accounted for the u-XRF results of the Cu
hot spot 1, which only had moderate K fluorescence, but did
not correlate to the spot with the highest K counts (Figs. 3 and
4). In the mining soil, Cu was mainly associated with
Fe(III) oxides rather than Fe(Il) oxides (Fig. 5¢), and such
Fe(III) oxides were distributed as isolated particles (spot I
and spot 1) or as coatings on clays (spot III) according to
the STXM analysis (Fig. 5).

Overall, the bulk, micro, and nano-scale speciation all
confirmed that Cu is associated with Fe oxides rather than
SOM and clay minerals in the mining soil, although only
one soil sample was analyzed in detail by multiple
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synchrotron-based techniques over a range of spatial
scales. These results strongly imply a natural sequestration
of Cu by Fe oxides in the mining site. As Cu stability may
be sensitive to redox changes due to reductive dissolution
of Fe(Ill) oxides, engineering measures (e.g., good drainage)
are needed to keep oxic soil conditions for Cu sequestration at
the studied mining site.

Characterization of soil Cu(I) by XANES

Fingerprint analysis of peak 2 in the Cu K-edge p-XANES
spectrum of the mining soil revealed the presence of low
oxidation state of Cu(l), probably as Cu,S, in the mining soil
(Fig. 1a, b), which was distinguished from the absence of
visible peak 2 in soil Cu K-edge bulk-XANES spectra that
suggested the soil only contained Cu(Il) species (Fig. 1a).
Previous study indicated that soil Cu(I) observed in micro-
probe experiments may be radiation-damage artifacts as a
result of X-ray-induced photoreduction of Cu(Il) to Cu(I) in
organic Cu(Il) compounds or Cu(Il) complexes with SOM in
contaminated soil (Strawn and Baker 2008; Manceau and
Matynia 2010). Recently, we found that photoreduction of
organic Cu(Il) complexes during each Cu L; ,-edge XANES
measurement mainly resulted from the high radiation dose,
which highly correlated with beam intensity (Yang et al.
2011). With comparative beam intensity at SGM beamline
(10"°~10"" photos/s) to 15U beamline (~10'® photos/s), 19
continuous repeated Q-XANES measurements on the same
spot of the mining soil obtained the same Cu L;,-edge
XANES spectra without any significant change in the inten-
sities of Cu(Il) peaks (peak A, peak B) and Cu(I) peak (peak
C) among these scans (Fig. 6). These results are in contrast
with our previous study in which radiation damage of organic
Cu(Il) complexes gradually reduces Cu(Il) peak intensity, but
enhances Cu(I) peak intensity after long-term successive nor-
mal scans at this beamline (Yang et al. 2011). As Cu L; »-edge
Q-XANES spectroscopy highly reduced scan time (20 s)
compared to normal scan (5 min) at this beamline, each Cu
Q-XANES spectrum of the investigated mining soil could
minimize radiation damage to the maximum extent at the
current level of the beamline instrumentation. Therefore,
radiation damage is unlikely to be responsible for Cu(I) in
our Cu L3 ,-edge Q-XANES spectra, and the Cu p-XANES
spectrum of the mining soil should be free from beam-
catalyzed photoreduction.

The best LCF results of soil Cu K-edge 1-XANES spectrum
in spot 1 consisted of Cu,S (57.8 % of total Cu) and Cu
adsorbed on goethite (42.2 % of total Cu) (Fig. 6b); this is also
in agreement with the fingerprint analysis of soil u-XANES
derivative spectrum (Fig. S1 in SM). Although Cu K-edge -
XANES spectrum was only successfully collected at one Cu
hot spot 1, the LCF results of soil 1-XANES spectrum were
also qualitatively verified by soil Cu K-edge and L;,-edge
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bulk-XANES results. Indeed, soil Cu bulk-XANES analysis at
K-edge and L-edge both indicated the presence of Cu,S in the
mining soil (Table 2 and Figs. 1b and S2a in SM); meanwhile,
LCF analysis of soil Cu K-edge bulk-XANES spectrum
showed Cu adsorbed on goethite (81.6 % of total Cu) domi-
nated in the mining soil (Table 2 and Fig. S2b in SM). Because
soil Cu bulk-XANES analysis provided averaged Cu speciation
information of targeted sample area at millimeter (1~3 mm)
spatial scales, this may be more representative of Cu speciation
in the mining soil. Therefore, this study strongly suggested the
true presence of Cu(l) as Cu,S enriched in some isolated
microaggregates of the mining soil, although Cu, mainly pres-
ent as Cu(Il), primarily sequestrated by Fe oxides in the bulk
soil. Favas et al. (2011) also found that a certain amount of Cu
existed as primary sulfides, as well as a primary Cu—Fe oxide
association in mining soils subjected to selective chemical
extraction. As Cu,S is widely distributed in Cu mining sites
(Todd and Sherman 2003), it is reasonable to infer that Cu,S
probably existed in Cu sulfides of the mining soil fractionated
by selective chemical extraction. The highly localized Cu,S
(57.8 %) in isolated microaggregate of the mining soil suggests
that this phase may play an important role in speciation and
solubility in certain microsites of mining soils even when the
general sequestration of Cu by Fe oxides in the bulk soil
dominates. Such mismatch of Cu speciation between soil
microsite and bulk soil is consistent with the recent “soil
microreactor concept” proposed by Hesterberg et al. (2011)
who argue each soil microsite may behave as unique micro-
or nanoreactor for soil contaminants, and thus, microscale
understanding of soil chemistry is necessary for predicting
contaminant reactivity and environmental fate in soils.
Additionally, the detection of soil Cu(I) in the bulk L-edge
measurements highlights the higher sensitivity of bulk-
XANES spectroscopy at the Cu L-edge than the Cu K-edge
to characterize the oxidation state of soil Cu. This agrees with
the high intensity of the dipole-transition (Cu 2p—3d) peak in
the Cu L;,-edge XANES spectra compared to that of Cu K-
edge XANES spectra in which Cu 1s—3d transition is dipole
forbidden (Shimizu et al. 2001; Solomon et al. 2005).

Conclusions

In this study, although only one soil sample was investigated,
new molecular-level evidence of general Cu sequestration by
Fe oxides in contaminated soil over a range of spatial scales
was obtained using multiple complementary synchrotron-
based bulk and microscopic techniques. The high degree of
localization of Cu,S in soil microagreggate by n-XANES
analysis, distinguished from bulk soil Cu speciation, sug-
gested the uniqueness of Cu transformation involving S cy-
cling in certain microsites of the mining soil. Considering the
microscale heterogeneities in soil with unique chemical

microenvironments, we foresee future wide application of
spatially resolved techniques (u-XRF, u-XANES, STXM,
etc.) for speciating heavy metals in contaminated soils, al-
though radiation damage due to brilliant microfocus X-ray
beam should be considered and monitored. The widely
established impact of sulfur on heavy metal speciation through
forming metal sulfide (e.g., soil Cu,S found in this study) calls
for high-sensitivity detection capacity of S in heavy metal-
contaminated soils during p-XRF and STXM mapping.
Finally, the higher sensitivity of XANES spectroscopy at Cu
L-edge compared to the K-edge suggests further potential
application of 3d transition metal L-edge XANES capabilities
to probe heavy metal speciation in the contaminated soils.
Overall, while this study, taking a single mining soil as an
example, demonstrates the great advantages of using com-
bined multiple synchrotron-based bulk and microscopic tech-
niques in characterizing Cu distribution and speciation in
contaminated soil, further examination of many soils with
these techniques is required to fully understand Cu behavior
in the soils of mining sites.
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