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Abstract

Very high concentrations of uranium (up to 4000 ppm) were found in a natural soil in the Dischma valley, an alpine region in
the Grisons canton in Switzerland. The goal of this study was to examine the redox state and the nature of uranium binding in the
soil matrix in order to understand the accumulation mechanism. Pore water profiles collected from Dischma soil revealed the
establishment of anoxic conditions with increasing soil depth. A combination of chemical extraction methods and spectroscopy
was applied to characterize the redox state and binding environment of uranium in the soil. Bicarbonate extraction under anoxic
conditions released most of the uranium indicating that uranium occurs predominantly in the hexavalent form. Surprisingly, the
uranium redox state did not vary greatly as a function of depth. X-ray absorption near edge spectroscopy (XANES), confirmed
that uranium was present as a mixture of U(VI) and U(IV) with U(VI) dominating. Sequential extractions of soil samples showed
that the dissolution of solid organic matter resulted in the simultaneous release of the majority of the soil uranium content
(>95%). Extended X-ray absorption fine structure (EXAFS) spectroscopy also revealed that soil-associated uranium in the soil

matrix was mainly octahedrally coordinated, with an average of 1.7 axial (at about 1.76 A) and 4.6to 5.3 equatorial oxygen atoms
(atabout 2.36 A) indicating the dominance of a uranyl-like (UO, ") structure presumably mixed with some U(IV). An additional

EXAFS signal (at about 3.2 A) identified in some spectra suggested that uranium was also bound (via an oxygen atom) to a light
element such as carbon, phosphorus or silicon. Gamma spectrometric measurements of soil profiles failed to identify uranium
long-life daughter products in the soil which is an indication that uranium originates elsewhere and was transported to its current
location by water. Finally, it was found that the release of uranium from the soil was significantly promoted at very low pH values
(pH 2) and increased with increasing pH values (between pH 5 and 9).

1. INTRODUCTION (ppm; Zielinski et al., 2006). Soil samples of the alpine Dis-

chma valley (Grisons, Switzerland) were found to contain

Natural uranium (U) concentrations in soils uncontami- very high concentrations of U (up to 4000 ppm U) raising

nated by mining activities or the application of phosphate fer- questions about the processes responsible for this
tilizers typically range between 0 and 1.5 parts per million accumulation.

In natural settings, U occurs in the hexavalent (U(VI)) or
tetravalent (U(IV)) oxidation states and forms a variety of
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under high pressure/temperature conditions (hence its com- of metals in organic matter-rich environments was observed

mon association with granitic rocks) and under atmospheric in which microorganisms use metals as terminal electron
conditions by chemical or biological processes. U(VI), which acceptors and the humic substances as donor or as an elec-
typically occurs as the uranyl cation (UO,>"), is more tron shuttle for anaerobic respiration (Lovley et al., 1996;
mobile relative to U(IV). The speciation of uranyl is strongly Gu and Chen, 2003; Gu et al., 2005; Grybos et al., 2007; Wall
depen-dent on geochemical conditions. Below pH 5, the free and Krumbholz, 2006). As a result of the inherent complexity
cation typically dominates. In the presence of complexing of these systems, the underlying chemical processes respon-
anions, various U(VI) species such as carbonates, sulfates, sible for U accumulation in organic-rich soils are still poorly
and phos-phates may form (Langmuir, 1978). At neutral to understood.

alkaline pH conditions, U(VI) can be retained in soil by Naturally-occurring high U concentrations in ground
adsorption to soil minerals or precipitation as U(VI) and surface water are documented in alpine regions (Owen
minerals such as uranyl hydroxide, or calcium uranyl and Otton, 1995; Deflorin, 2004) where the surrounding
phosphate (e.g., urano-phane). Further, uranyl is known to bedrock consists mainly of crystalline rocks that commonly
complex readily with or-ganic molecules such as acetate, contain trace amounts of U (Bernhard, 2005). Weathering
oxalate or humic acid (Haas and Northup, 2004), which processes mobilize U from the rock and transport it to the
might explain why high U con-centrations have been pedosphere where it accumulates in the soil. However, no
reported in humic-rich environments such as peats and bogs detailed characterization of the speciation of U in these
(e.g., Read et al., 1993; Owen and Ot-ton, 1995; Gonzalez et environments has ever been conducted, to our knowledge.
al., 2006). This correlation results from the fact that the The Swiss Dischma valley is unusual as a U-accumulating
humic and fulvic acids, which are the main components of alpine environment in that the U concentrations present at
aqueous organic matter (OM), are efficient at exchanging the site are sufficiently high to allow the spectroscopic study
protons with metals thereby forming aqueous complexes of U directly in the soil samples. The high concentra-tions of
(Stumm and Morgan, 1996). However, the detailed study of U found at this site raise questions about what the
uranium-humic or -fulvic acid com-plexes has not yielded mechanisms of the accumulation might be, if the uranium
structures due to the complexity of the organic compound originated from a natural source and why the accumulation
despite the use of powerful tech-niques such as X-ray occurred in this particular area. An important key to
absorption spectroscopy (Schmeide et al., 2003). In answering these questions is to identify the speciation (re-

addition, microbially-catalyzed reduction

Davos i ‘ 100 m
LN b 1)

. ""eo. S A4 \
Switzerland o 3
— 6‘2{,- + %

004 \ + .\_
% ] A1l %
¥, R
-.o...'. \ %.\
O N2\
% . K A
o". .‘c '\
: AN
U in top soils 2 N
+ <20 ppm % e
200 ppm % W
< e
1000 ppm V@
2000 ppm [
o '
) ‘-\eo L
' r \' O Y
‘1% . A3 '
.. \.o ." +

Fig. 1. Location of the four sampling areas (A1-A4) in the Dischma Valley, close to Davos (Grisons, Switzerland). Circles indicate the sample
location with their areas being proportional to U content. Overlapping circles of various diameters in the same vicinity reflect localized
hotspots of U and the variability in U concentration as a function of location.



dox state and chemical form) of U in the soil of the Dis-
chma valley.

2. MATERIALS AND METHODS
2.1. Sampling area

The study area is located in the Dischma valley in the
eastern part of the Swiss Alps about 10 kilometers south-
east of Davos (Fig. 1). The formerly glaciated valley is about
15 km long and its floor rises from 1600 to 2000 m. The
crystalline bedrocks belong to the Upper Austroalpine
Silvretta Nappe (mainly micaschists, amphibolites and
gneisses). The crests rise from the floor to about 1000 m on
either side of the valley through which the Dischma Riv-er
flows. The floodplain is mostly covered by gravel and wet
meadows whereas spruce forest and shrubs grow at higher
altitudes. The soils investigated in this study are near-sur-
face (0-50 cm depth) organic-rich, water-saturated soils
(histosols) of wetland sites (fens) or brown soils of alpine
meadows.

2.2. Sampling and sample preparation

Samples of soil, surface water and pore water were col-
lected during four sampling periods in October 2006, May
2007, October 2007 and July 2008. Two sampling strategies
were used. First, a series of small soil cores (SC) or samples
of soil surface were collected over the entire area of the val-
ley (samples SCa-SCo) and in-situ gamma spectrometry
measurements (see below) were obtained in order to con-
duct a survey of U content across the valley. Second, four
specific areas (A1-A4, Fig. 1) were targeted for more de-
tailed sampling that included larger soil cores (labeled C1-
C4 or E1-4), porewater (labeled PW1-4) and surface water,
which was intended to help unravel the mechanism of U
accumulation in the soil. Areas Al (samples C1, PWla,b,c,
El) and A3 (samples C3a, C3b and PW3) were characterized
by high organic content and poor drainage but were not
water saturated (they correspond to histosols) whereas A2
(sample PW2 and C2) was closer to the river and water
saturated and A4 (sample E4) was higher up the slope in a
brunisol area (Fig. 1). A map of sampling locations
including GPS coordinates is presented in the sup-porting
information (SI 1) of the electronic appendix.

The three types of soil samples collected were: (a) 15
small cores (SC) obtained by an Edelman drill with a diam-
eter of 5cm, drilled to depths between 20 and 40 cm; (b)
four (large) soil cores (C1, C2, C3a and C3b; diameter of
about 10 cm; 30-60 cm deep) obtained with a peat soil corer
(Buttler et al., 1998); (c) two cores (E1, E4) were obtained
with an Eikelkamp corer (diameter 8 cm, 15 cm deep).

2.2.1. Small and large core processing

Immediately after extraction the cores C1, C2, C3a and
C3b were cut into 5-10 cm long slices and placed in Ziplock ™
bags. This processing was performed under Ar gas flow to
prevent potential oxidation of U(IV). The bags were flushed
with Ar gas prior to sealing and cooled during the transport
to the laboratory. Slicing (into five 10 cm- or eight 3-6 cm

thick slices) and wet homogenization was carried out inside
a glove box in a N, atmosphere. Each slice was stored in a
sealed jar under anoxic conditions. SC cores were split into
equal size parts. Slices from C1-C3b and SC samples (ca.
100 g each) were dried in an oven at 105 °C for 24 h and soil
water content was determined by weighing before and after
drying. Dried soil was homogenized by removing large roots
and stones and ground up to a homogenous powder with a
ceramic mortar and pestle. This powder was used for total
digestion, sequential extraction, total organic carbon analy-
sisand U analysis by gamma radiation. Dry SC samples were
sieved to <2 mm prior to analysis.

2.2.2. Eikelkamp core processing

Cores E1 and E4 were cut into 5 cm slices in the field and
stored in plastic bags. In the laboratory samples were
freeze-dried, milled, and the powder obtained was directly
used for gamma spectrometry. A part of the sample was
ashed at 550 °C and then digested for plutonium (Pu)/amer-
icium (Am)- or for U analyses by alpha spectrometry.

2.2.3. Porewater sampling

To characterize the composition of pore water as a func-
tion of depth, five pore water samplers (“peepers”, Stein-
mann and Shotyk, 1997) were hammered into the soil down
to a depth of about 50 cm. The location of the pore water
samplers (PWla,b,c, PW2 and PW3) was close to the
location of the collected core samples (C1,C2, C3a, C3b)
(Fig. 1). The sampler consists of 20 compartments (20 mL
each) located every 2.5 cm with a membrane (0.2 um pore
size) on either side allowing the diffusion of ions from the
pore water into the compartment. The pore water sampler
was filled with de-gassed and deionized water, placed into
the soil and allowed to equilibrate for at least 3 weeks.
Immediately upon retriev-ing the samplers, 10 mL from
each compartment were col-lected with a syringe, filtered
(0.2 um polyethersulfone filter) and placed in a serum bottle
and the bottle sealed. Both the syringe and the bottle were
pre-purged with N, to main-tain anoxic conditions and
avoid the oxidation of analytes. Another 3 mL were placed
in a Falcon tube containing methanesulphonic acid (MSA)
for the subsequent analysis of cations, and 500 pL were put
in a micro centrifuge tube containing 15 pL of concentrated
HCl for the subsequent analysis of ferrous iron. The pH was
measured immediately (field pH-meter) in the remaining
pore water. Field dissolved oxygen measurements were
attempted but were not accurate due to rapid equilibration

with atmospheric O,.
Surface water samples were collected from mountain

streams near the sampling areas and from Dischma River.
All samples were transported to the laboratory cooled
and were stored at 4 °C until further analysis.

2.3. Analytical techniques

Total concentration of U, aluminum, phosphorus, iron,
calcium and manganese as well as some heavy metals (ar-
senic, cadmium, cobalt, chromium, copper, nickel, lead and
zinc) were measured by inductively coupled plasma optical
emission spectroscopy (ICP-OES; Perkin Elmer, Plasma
2000), with detection limits ranging from 0.005 to 0.02 mg/L.



Uranium was also measured by gamma spectrometry with
samples packed in a D5 (40 mL), SE 250 (250 mL) or well
geometry (5 mL) with HPGe detectors calibrated using a
multi-radio elements source (Saidou et al., 2008). Uranium-
238 was determined via 2**Th (63 keV line) and 2**Pa
(1001 keV line) with good agreement between the two lines.
Uranium-235 was quantified via its lines at 135keV,
165 keV and 205 keV. Radium-226 was obtained from the
residual of the 186 keV peak after subtraction of the >*°U
contribution. Finally, 231pg. the long lived daughter of
25U, was determined by its line at 300 keV. The uncertainty
of the gamma measurements was typically about 5%.

Plutonium analyses included microwave digestion of the
ashed soil samples, preconcentration of the actinides on a
calcium-oxalate precipitate, microwave digestion of the
oxalates, separation of Pu(IV) from trivalent cations on a
Eichrom TEVA extraction resin and purification (elimina-
tion of U and Th) on AG1x8 anion exchange resin. The fi-
nal electrodeposition gave the counting sources for the
alpha spectrometer (Canberra Alpha Analyst, PIPS
detectors).

Uranium concentration in water and in highly diluted
extracts from the sequential extraction was analyzed using
a kinetic phosphorescence analyzer (KPA-11; Chemchek
Instruments, Richland WA) which is specific for hexavalent
U (uranyl) and has a detection limit of 5 nM. HNO; was
added to all samples (total concentration 0.1 M) to prevent
U complexation with other solution anions. Total organic
carbon content was measured in dried homogenized sam-
ples with a CASUMAT 8-ADGE TC analyzer (Wosthoft,
Bochum, Germany), detection limit: 0.2 mg/kg. TOC in ex-
tracts and aqueous solutions was analyzed with a Shimadzu
TOC-Analyzer 5000, detection limit: 0.2 mg/L.

Pore water anions (NO;, $ O 2~ PO¥¥,NO )
were measured on a Dionex DX 500 (Sunnyvale, CA) ion
chro-matograph with an IonPac ASI12A column and a 30
mM bicarbonate eluent, whereas cations (NH,", N a
K T, Mg*, Ca?) were analyzed by with a
Dionex ICS 3000 ion chromatograph, a CS16A column
and a 30 mM MSA eluent (Fritz and Gjerde, 2009).

Phosphate was additionally analyzed spectrophotometri-
cally with a modified ascorbic acid method, based on Ames
(1966) and standard methods (APWA, 1998). The reagent
consists of a mixture of 1 mL of 100 mg/L ascorbic acid and
6 mL of 4.2 g/L. ammonium molybdate in sulfuric acid. The
sample (0.3 mL) and reagent (0.7 mL) are incubated at 55 °C
for 10 min and the absorbance measured at 820 nm with a
UV-2501 PC Shimadzu spectrophotometer.

Ferrous iron was determined using a colorimetric
method described by Serensen (1982) with ferrozine as
complexing agent. A solution of ferrozine [3-(2-pyridyl)- 5,6-
bis(4-phenylsulfonic acid)-1,2,4-triazine] was prepared at 1
g/L in 50 mM HEPES at pH 7.0. Anoxic acidified (pH 2)
samples were analyzed for Fe(II) by mixing 15 pL of sample
with 1485 pL of ferrozine solution. The absor-bance at 562
nm was measured with a UV-2501 PC Shima-dzu
spectrophotometer.

2.4. Sample characterization

X-ray diffraction (XRD) analyses of different homoge-
nized samples of Cl were carried out on powder with a
SCINTAG XRD 2000 diffractometer based on methods de-
scribed by Adatte et al. (1996).

Soil samples were dissolved completely using a three-step
microwave digestion procedure developed for organic-rich
sewage sludge by Lutz (2002) using a high performance
microwave (Microwave Laboratory Systems). Briefly, 100
mg of dried and homogenized sample were mixed first with 4
mL of HNO; (65%) and 4 mL of H,0O, and the first
microwave digestion step (all steps were carried out at 100 °
C) was started followed by the second, which involved the
addition of 2 mL of HF (48%), and finally the third with the
addition of 20 mL of H3;BO; (4.5%). The final extract was
diluted with MilliQ water to 100 mL and analyzed for U, As,
Cd, Co, Cr, Cu, Mn, Ni, Pd, Zn, Al, P, Fe and Ca.

2.4.1. Sequential extraction

Dried, homogenized powder from the various slices of
core C3a was subjected to a sequential extraction method
optimized for the quantification of actinides bound to an
organic-rich soil (Schultz et al., 1998) to determine the soil
fraction to which U is bound. Additionally total U was
measured by complete digestion of the same samples as de-
scribed above. All reaction steps were done in duplicates in a
solution of 50 mL. Table 1 summarizes the reactants and
conditions for each step. The procedure was initiated with 2-
g samples and after each extraction step, samples were
centrifuged, supernatants filtered and solid residues were
washed with 50 mL deionized water. In all filtrates and in
the water wash U was measured by KPA.

2.4.2. Uranium release

The release of U from a wet homogenized soil sample
from core C3a (2 g from a depth of 17 cm in a 30 mL sus-
pension) was investigated in the presence of oxygen as a

Table 1

Sequential extraction procedure applied for each 2 g (dry weight) sample in 50 mL reactant (Schultz et al., 1998).

Step Soil fractions Used reactant Procedure

1 Exchangable 0.4 M MgCl, Shaken for 1 h; centrifuged at 8000 rpm for 20 min
2 Organic matter 5-6% NaOCl See (1); the procedure was repeated 3 times”

3 Carbonate 1 M NaAc in 25% acetic acid Shaken for 2 h; centrifuged at 8000 rpm for 20 min
4 Fe-/Mn-oxides 0.04 M NH,OH=+HCI; pH 2 shaken for 5 h; centrifuged at 8000 rpm for 20 min
5 Total H,0,, HNO; HF, H3BOj; (concentrated forms) Microwave digestion

The high TOC content of the samples required several repetitions of the procedure (until the liquid phase was transparent and of the same

color as the NaOCl).



Table 2

Standards prepared for XAS analysis. U(IV) standards were treated under completely anoxic conditions.

U(IV)-humic acid U(VI)-humic acid

U(VI) adsorbed to smectite at pH 5 Colloidal UO,

+4
Addition of U(IV) solution® Addition of U(VI)Ac
to humic acid® to humic acid®

Suspension, pH adjusted to 6.8 Solution, pH adjusted to 6.6 Solid

U redox state +6 +6

Preparation/origin

Phase

+4

XAS experimental data as obtained
from A. Scheinost, FZD

# Solid UO,, prepared by biogenic reduction of U(VI) acetate was dissolved in 10 M HCI.

® Pahokee peat humic acid as obtained from IHSS (International Humic Substances Society) was dissolved in N, purged MilliQ.

function of pH. Each experiment was performed in tripli-
cate. The soil was suspended in either MilliQ water (ad-
justed to pH 2, 5, 7, or 9 by addition of 1 N HCI or
NaOH) or in Dischma river water (pH 8). Dischma water
contained 0.7 uM U and trace levels of phosphate and
Fe(II). All soil suspensions were placed on a shaker for 3
weeks. At time intervals, the pH was measured and subsam-
ples (2mL) of the suspension collected, filtered (0.2 um
polyethersulfone filter) and analyzed for U(VI) by KPA.
Note that the solution obtained from the extraction at pH
9 is used for the dialysis experiments and XAS analysis as
discussed below. Thus, it will be referred to subsequently.

2.4.3. Bicarbonate extraction

To quantify the U(VI) and U(IV) content in the soil, a
bicarbonate extraction was performed under anoxic condi-
tions as described by Zhou and Gu (2005) and Burgos et al.
(2007). Wet homogenized soil samples at various depths
from two cores (C1 and C3a) were split each into two parts.
One part, 1.8 g (in C1 duplicates of soil) was handled in the
anaer-obic chamber (95% N,/5% H,) and treated with
anoxic 1 M NaHCO; in Falcon tubes. The samples were
placed in a sha-ker and vigorously stirred for 1 week.
Subsequently, the sus-pensions were filtered (0.2 pm
polyethersulfone filter) and the

filtrate analyzed for U. Another fraction was subjected to
microwave digestion as described above to obtain total U
by ICP-OES. The amount of U(IV) present in the soil was ob-
tained by difference between total U and U(VI).

2.4.4. Dialysis to enrich aqueous uranium complexes

The above-mentioned pH 9 extract was a translucent,
brownish solution containing high concentration of dis-
solved organic carbon. Natural organic matter (OM)
consists mainly of large molecular size (500-5000 Da) humic
and ful-vic acids (Stumm and Morgan, 1996). We sought to
separate U bound to these large organic molecules from
other (smal-ler-sized) forms of U by a dialysis method. Two
milliliters of the extract solution (350 mg TOC/L) were
added with a needle into dialysis bags (slide-a-lyzer 2 kDa
molecular weight cut-off (MWCQO) Dialysis Cassettes)
placed into glass jars containing 500 mL of electrolyte (0.1
M NacCl). One sub-set was handled under oxic and the other
under anoxic con-ditions (solutions were purged with N,
and stored in an anaerobic chamber). Since OM is known to
have both oxidiz-ing and reducing properties (Scott et al.,
1998), the solutions were either purged with H, for 1 h or 20
pL of 0.01 M dithio-nite (Na,S,04), which is a strong
reducing (Ey = —666 mV) agent was added to the OM (Ey =
400-800 mV; Blodau
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Fig. 2. Concentration profiles of Fe(II), sulfate, U(VI), and pH value over depth in the porewater sampler (PW 3).



et al., 2009; Stuyk and Sposito, 2001) into the slide-a-lyzers.
After 7 days, 20 pL U(VI) were added to obtain 0.1 mM
final concentration. After another week, a 500-uL sample
were re-moved from inside and outside the cassettes (for U
analysis) and replaced by 500 pL of bicarbonate (0.25 mM
final con-centration). Again after 1 week, samples were
removed from inside and outside the slide-a-lyzers and
analyzed for U and TOC.

2.5. Synchrotron XAS measurements

2.5.1. Sample preparation

Samples from core C3b, several synthetic standards and
an oxic pH 9 extract from sample C3a (17 cm) (see U re-
lease experiment above) were prepared for XAS analysis:
Core C3b was collected in the field, stored in a N, flushed
glovebox, and sliced and loaded onto sample holders within
30 h of collection. Samples in the holders were then stored in
N, filled air-tight jars, transported to the beamline and the
measurements initiated within a day of preparation. No
oxidation or beam damage was observed on a selected
sample that underwent several XANES data collection in
rapid succession (quick XANES). Standards and their prep-
aration or origin are shown in Table 2.

2.5.2. Measurements

Uranium Lyj-edge (17,166 eV) X-ray absorption spectra
were collected at the superXAS beamline at the Swiss Light
Source (SLS). The optics of the beamline consist of a water-
cooled Si(111) double crystal monochromator between two
Rh-coated mirrors; one for beam collimation and the other
for focusing and rejection of higher order harmonics in the
monochromatic beam. The energy of the monochromator
was calibrated to K-edge of Zr metal foil (17,998 eV). The
EXAFS spectra were recorded in fluorescence mode using
a 12-element Ge solid-state detector. Several scans were
averaged to improve the signal-to-noise ratio for the EX-

AFS data (from ~3 scans (for references) to ~8 scans
(for samples)). The collected EXAFS data were automati-
cally deadtime-corrected during measurements.

2.5.3. Data processing and evaluation

Data reduction and processing were carried out using
two software packages: IFEFFIT (Newville, 2001) and
WinXAS (Ressler, 1998). After correction and background
subtraction, the energy was converted to photoelectron vec-
tor wave units (Ao ~1) by assigning the ionization energy of
the U Ly-edge, Ej, to the first inflection point o§ the
absorption edge. The k>-weighted y (k) functions were Fou-

rier-transformed between 2 and 12 A" using a Bessel win-
dow function with a smoothing parameter of 4. An R-range

of ~1-3 A" was considered for data fitting. The amplitude
reduction factor, SZO, was found to be 1.0 by fitting a UO,
standard measured at the same beamtime as the uranium
samples. This parameter (S%) was, thus, held at this value
(1.0) for all of the fits.

A multi-shell approach was employed for data fitting.
Non-linear least square curve fitting was performed on the
Fourier transforms (FTs). All single-scattering (SS) and
mul-tiple-scattering (MS) paths modeled in the fits were
based on the theoretical model compounds (UO,, 7v-
UO3, Uo 2CO3, CaU(PO4)2, N a 4(U02)(CO3)3 and
Ca(UO,),(SiO30H),) and derived from FEFF 8.0 (Rehr et

al., 1991).
For the first shell, the coordination number (CN), the

parameter o° of the Debye—Waller factor and the bond length
(R) were allowed to vary. In the fitting procedure, S(z) was fixed
to the previously determined value of 1.0 and all other param-
eters [number of atoms (N), inter-atomic distance (R),
parameter ¢, and the energy shift (Eg)] were considered as
variables to be determined. In the case of a split equatorial
shell (observed only in the U(VI)-humic standard), ¢* of
the two shells were constrained to be the same value to avoid
correlation problems between N and 6. In the case where the
data allow fitting intermediate- and long-range order, the MS
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path U-0O,,~U-0,,~U (4 legged axial path at 180°) was in-
cluded in the fits as described previously (Allen et al., 1996;
Hudson et al., 1996). The shift in the threshold energy, Ey,
was allowed to vary as a global parameter but was con-
strained to be the same value in the different shells.

A preliminary scan of micro XAS on the soil core sam-
ple C1 (20 cm depth) on the U Ljj-edge at the micro-XAS
beamline at SLS was obtained with an incoming energy of
17.5 keV and a beam size of 3 um (hor) x 2 um (vert). Pixel
size was 3 x 3 pm.

3. RESULTS
3.1. Pore water composition

The composition of the porewater as a function of depth
was fairly uniform in the samples collected. A nota-ble
exception is sample PW3 for which many analytes,
particularly the cations, showed a peak at a depth of 40-45
cm (see supporting information, SI 2). This suggests
potential seepage of groundwater from below at that loca-
tion. To summarize, concentrations of main compounds in
all analyzed porewater samples, calcium (Ca®") ranged from
400 to 3000 uM and potassium (K ), which had a similar
depth profile as Ca®", ranged from 40 to 150 pM with the
exception for PW2 for which K ranged from 200 to 600
M. Sodium (Na™) concentrations ranged from 200 to 1000
UM and there was little variability as a func-tion of depth in
each profile. Phosphate concentrations were low throughout
the profiles as they ranged from 1 to 5 uM. pH values did
not vary considerably as a func-tion of depth and were near
neutral for PW2 (pH 6.5-6.9). However, for PW3, the pH
decreased from a value of 6.5 near the surface to a minimum
of 5.3 at depth (Fig. 2). The organic carbon content (TOC)
in the pore-water was generally high (10 to 180 ppm) and
varied strongly both within the profiles and as a function of
loca-tion, without a clear trend. Overall, the concentration
of U in porewater was low and ranged from 0.01 to 0.3
uM ( Fig. 2). There is a decrease in sulfate and an in-crease
in Fe(II) with increasing depth whereas the concen-tration
of U remains relatively constant (Fig. 2). This result suggests
that reducing conditions are established in the soil around
15 cm and below, which is consistent with the detection of
sulfide in the deepest samples (data not shown).
Interestingly, however, there is a clear transition at around
42 cm that is also visible in the data for other cations and
anions (Fig. SI 2). We suggest that subsurface lateral
seepage of (ground) water, rich in Fe(IT), SO4>~, U(VI), Ca?
T KT.Cl and POS2 ata depth between 40 and 45 cm
accounts for this phenomenon.

3.2. Soil characterization

The deeper soil cores investigated in this study are histo-
sols of wetlands (fens). Additional samples of near-surface
soils were taken from brown soils of alpine meadows or
from dark brown to black organic-rich soils (histosols) of
water-saturated spots within the alpine meadows over a
large area of the valley (SI, Fig. 1).

3.2.1. Soil composition

Plutonium (239+240Pu), 241Am, and '*’Cs were measured
in the soil profile of El to get an indication of whether the
soil column has been disturbed. These artificial radioiso-
topes are of exclusive atmospheric origin and were intro-
duced in the early 1960s as result of the fallout of
atmospheric nuclear bomb tests and in 1986 following the
Chernobyl reactor accident. Because of their historical ori-
gin, 137Cs and Pu are used as indicators for whether a soil
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Fig. 4. Uranium and organic matter association. (a) Association
between U and TOC in 21 core samples collected along the
Dischma valley (see map; SI Fig. 1). (b) Uranium (upside down
filled triangle) and TOC (filled circle) content in the soil profile of
core C3b.
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has been mixed vertically. Both elements are strongly en-
riched in the Dischma soil at a depth of about 8 cm
(2.8 mBg/g and 80.2 mBg/g of Pu and '*’Cs, respectively)
and decrease rapidly with increasing depth to reach the
detection limit at a depth of 20 cm (Fig. 3). Additional
137Cs measurements in soil profiles C1 and C3a showed a
similar pattern (data not shown). These results suggest that
137Cs and Pu were introduced into the soil at a specific time
and that the soil column has not been significantly
disturbed by anthropogenic activities since. Gamma
spectrometry of various radioactive compounds in core
El (27-32cm depth) gave the following results: U
(via 2*Th; 63keV line): 88890 Bq/kg; **°U (134, 165,
205 keV lines): 4319 Bg/kg; 2*U (186 keV line): 4322 Bq/
kg; **°Ra (186 keV line; expressed in % of 2¥U): <1%;
231pa (300 keV line; expressed in % of *>U): 3.9%. The U
in the soils has a natural isotopic composition inasmuch
the observed ratio of >*®U/**U of 20.6 (El; 27-32cm
depth) is in agreement with the natural abundance of these
two isotopes (ratio 24U/2¥U = 21). The virtual absence of
238.235-daughter isotopes such as >*’Ra and **'Pa indicates
that U has been transported to the Dischma soil relatively
recently since we would expect the decay over geologic time
to produce daughter isotopes in-situ.

A survey of the U and TOC soil content across the
valley shows that there is an association between the
two parameters (Fig. 4a): high U content always corre-
sponds to high organic matter content. Furthermore,
the cores that were analyzed for both U and TOC as a
function of depth show a clear correlation between U
and TOC content (cores C3b and C3a in Figs. 4b and
5, resp.) but no obvious correlation between U and phos-
phate, Ca or Fe (Fig. 5). Moreover, the U and TOC dis-
tribution pattern varies even within one sampling area as
the U and TOC content increases as a function of depth
in one core (C3a) and decreases in another (C3b) (Figs.
4b and 5). Nonetheless, high U is consistently associated
with high TOC content.

U concentrations in the soil range between 25 and 4000
ppm. Table 3 shows the concentration range of some
elements in dried soil sample profiles of C2 and C3a. In
addition to carbon, main elements in the soil, as measured
by ICP-OES after total digestion of the core slices are Ca,
Al, Mg and Fe (Table 3, Fig. 5). Silicon was not measured,
but considering the local geology, expected to be a main
component. A survey of main and trace elements over the
profile of core C3a are presented in the supporting informa-
tion (SI 3) of the electronic annex.

Table 3

Range of selected elements in the soil cores C2 and C3a (metals measured by ICP; TOC by TOC analyser); data are in weight-% of dry mass.
Core TOC Ca Mg Al Fe U

C2 nm 3-11 0.5-1.5 2445 0.7-1.3 0.1-0.4
C3a 31-38.5 9-14 1.3-24 0.3-2.2 0.7-0.8 0.05-0.2

nm, not measured.
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Fig. 6. Uranium release after sequential extraction of a soil core
(C3a) as a function of depth. Extraction reagents/ steps are: MgCl,
(easily exchangeable U), NaOCI (organic carbon-bound U), Na-
acetate, (carbonate-bound U), NH,OHxHCI (U bound to Fe- and
Mn oxides) and microwave digestion to dissolve the sample
completely and determine total U. Error bars refer to range of
duplicates.

XRD measurements (core C1; data not shown) revealed
that the primary minerals present in the Dischma soil reflect
what is typically found in similar carbonate-free, alpine
environments: quartz, albite, plagioclase, microcline, micas
(especially muscovite) and phyllosilicates.

3.2.2. Soil extractions

Sequential extraction of U as a function of depth in core
C3a revealed that the majority of U (95-98%) is released
when the sample is reacted with NaOCI (Fig. 6), which is
thought to oxidatively dissolve the organic phase. Thus,
this result suggests that U is associated with organic matter
in the Dischma soil. However, we cannot exclude the possi-
bility that NaOCl oxidizes a reduced form of U and causes
the release of U(VI) independently of organic matter. It is
noteworthy that the first extraction step — MgCl, under oxic
conditions — did not oxidize and release U. Thus, if U is
present in its reduced state, it is stable enough to remain re-
duced under oxic conditions.

The stability of the U bound to the soil was investigated
under oxic conditions at various pH values (2-9). Uranium
and TOC release along with pH were monitored over
21 days. The effect of pH on U and TOC release is evident
from Fig. 7. Little U release was observed following the
equilibration of soil in oxic MilliQ water (0.03 umol/g soil)
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1.0 0,
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Fig. 7. Release of U and TOC from Dischma soil samples (C3a;
17 cm depth; mean values and standard deviation of triplicates)
after 21 days of reaction with MilliQ water at oxic conditions at
different pH values. Reference soil sample, to which solely MilliQ
water was added, showed a pH of 6.5 and 0.02 mM U were released
(data not shown).

after 21 days (pH 6.5) (data not shown). In the pH range of
5-9, a direct correlation was observed between the equilib-
rium pH and the concentration of released U and TOC,
inasmuch as at pH 5, 7 and 9, 0.44, 0.94 and 1.93 mmol
TOC/g soil and 0.01, 0.11 and 0.29 pmol U/g soil were re-
leased, respectively (Fig. 7). The rate of U release is greatest
initially (85% of total released by 4 days) but there is con-
tinuous release up until 21 days (data not shown). The cor-
relation between released TOC and U was highly significant
(Spearman’s correlation: 0.97) for pH values 5, 7 and 9,
suggesting that TOC and U are released at the same time
and thus are associated. In contrast, at lower pH values (pH
2), U release is comparable to that at pH 9 (0.27 umol/g vs.
0.29 umol/g) whereas the TOC release is relatively low. This
indicates that, in the latter case, U is re-leased from the solid
phase without dissolution of organic matter — probably by a
proton exchange reaction.

Finally, the mobilization of U from a soil core (C3a) was
tested using a bicarbonate solution (1 M) under anoxic con-
ditions. A large fraction (51-100%) of the total U in the
samples was mobilized and thus presumably present as
U(VI). The calculated difference between total U and an-
oxic bicarbonate-extracted U(VI) reveals that U(IV) con-
tent ranges between 0% and 49% with no correlation with
depth and high variability in dependence of the location of
core extraction (Fig. 8). Control samples from the same
cores treated solely with MilliQ water under oxic and an-
oxic conditions released little U (<0.1 umol/L; data not
shown).

3.2.3. Dialysis of soil extract

The pH 9 extract from a depth of 17 cm in core C3a was
dialyzed through a 2000 MWCO membrane to remove
small molecules and trap the OM that was released from
the soil. Two treatments were carried out in parallel: the ex-
tract was oxidized by equilibration with atmospheric O, or
reduced by H, purging or dithionite amendment. Subse-
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extraction (core Cl, black squares) and C3a, white squares) and
compared to data from XAS spectroscopy (core C3b) using
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respectively.

quently, U(VI) was added to the inside of the dialysis cas-
sette. The results (Table 4) clearly show that U is retained
inside the dialysis cassette by association with organic mat-
ter (>80% of the initial) and strongly suggest that OM from
Dischma soil has a high affinity for U(VI). A control with a
humic acid reference retained within a dialysis cassette
shows that the majority (>97%) of U diffuses out of the
dialysis cassette until equivalent concentrations are reached
inside and outside the cassettes (Table 4). Differences be-
tween oxic and anoxic treatments were not significant. The
subsequent addition of bicarbonate (0.1 M) into the

Table 4

Uranium concentrations (LM) inside the dialysis cassettes before
and after bicarbonate treatment in presence and absence of organic
matter. The initially added U concentration was 100 uM in the
cassettes.

Humic acid-free
reference

U inside the cassettes Soil extract pH 9

Oxic Anoxic Oxic  Anoxic

803+125 859+7.6 28 23

Before NaHCO;
addition

After NaHCO; 14.05 13.38 nm nm
addition

nm, not measured
* Mean values from samples treated anoxic by addition of
dithionite or by addition of H,.
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Fig. 9. Uranium Lj;;-edge XANES spectra of different core sample
(C3b) in comparison with synthesized standards of known U redox
state: U(IV) and U(VI) synthetic samples prepared in presence of
humic acid (U(IV)-HA and U(VI)-HA, respectively). The vertical
arrow indicates the shoulder associated with U(VI) and the
horizontal arrow shows the slight edge shift characteristic of
U(VI) as compared to U(IV). The Dischma samples fall in between
the two lines indicating a mixture of valences.

dialysis cassettes containing Dischma OM resulted in a loss
of U from the cassette both at oxic and anoxic conditions
(Table 4) indicating that bicarbonate has a higher affinity for
U than both oxidized and reduced Dischma OM.

3.2.4. X-ray absorption spectroscopy

3.2.4.1. XANES. The redox state of U in samples from dif-
ferent depths of soil core C3b was analyzed by X-ray
absorption near edge structure (XANES) at the U Lyj-edge.
The presence of the uranyl-characteristic shoulder at about
17,185 eV was observed in all samples as well as in the
U(VI)-HA standard (Fig. 9) strongly suggesting that U in
core C3b occurs predominantly in the hexavalent state. The
location of the white line slightly to lower ener-gies in the
samples relative to the U(VI) standard also points to the
presence of some U(IV). Linear combination fits of Dischma
soil XANES with spectra of a U(IV)-HA and a U(VI)-HA
compound as references confirmed that U(VI) is the
predominant redox state of U in the soils (Fig. 8).

3.2.4.2. EXAFS. Uranium Lj-edge EXAFS spectra (k*
weighed) of the samples from C3b are displayed in
Fig. 10 along with the corresponding Fourier transforms
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(FTs). Uranium concentration in core C3b ranged from 50
and 345 ppm as measured by y-spectroscopy. The EXAFS
spectra are similar for all samples with a large oscillation
between 3 and 6.5 A~! followed by a small one from 6.5
t09.5 A~! for the various depths indicating that the binding
of U to the soil does not significantly vary with depth. A
qualitative comparison of a sample EXAFS spectrum with
those of standards — U(IV) as colloidal UO, and U(VI) ad-
sorbed to smectite — as well as a peat humic acid reacted
with U(VI) or U(IV), is shown in Fig. 11. Qualitatively, it
is readily apparent that the soil sample spectrum is signifi-
cantly different from that of the UO; species due to the ab-
sence of the U-U shell at about 3.73 A and to the shift of

2 3
R+ AR (A)

Fig. 10. Experimental k>-weighed uranium Ly;; EXAFS for all core samples C3b (top) and their corresponding Fourier Transforms (bottom).

the first FT peak to higher R that are typical of UO, and
U(IV), respectively. In contrast, the soil sample spectrum
resembles that of the U(VI) humic acid standard, suggest-
ing that U may be bound in a similar fashion to both the
sample and the U(VI)-HA standard.

EXAFS spectra of the samples and the U(VI)-humic acid
standard were fitted with parameters (coordination number
(CN) and inter-atomic distance (R)) obtained from several
known U(IV) and U(VI) compounds (Loopstra et al., 1977;
Viswanathan and Harneit, 1986; Miller and Taylor, 1986;
Dusausoy et al., 1996; Finch et al., 1999; Lo-cock et al.,
2004). The first two shells of the FT spectra could be fitted
reasonably well with parameters derived
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Fig. 11. Uranium Ls-edge k*-weiged EXAFS data (top) and the corresponding Fourier transforms (bottom) of one core sample (C3b,
collected at 20 cm depth; bottom spectra) compared to four references: colloidal UO, (UO;, top), U(IV) humic acid standard (U(IV) HA),
U(VI) adsorbed to kaolinite (U(VI) ads), U(VI) humic acid standard (U(VI HA).

from U(VI) compounds (mainly B-uranophane (Ca(UO,),
SiO5(OH),-5(H,0)) and uranyl carbonate (UO,CO3) con-
sisting of two-oxygen coordination shells. The first is a two-
oxygen axial shell that typically has an inter-atomic distance

of 1.79 “A. The second is a six-oxygen equatorial shell with
inter-atomic distances ranging from 2.1 to 2.3 A . In the
samples considered, U-O,, distance was deter-mined to be

between 1.76 and 1.77 A with a CN varying be-tween 1.6
and 1.8 atoms. The equatorial U-O distance (U-O.q) ranges

from 2.33 to —2.38 A with a CN between 5 and 6 atoms
(Table 5, Fig. 12). The number of axial oxygen is a function
of the U(VI)/U(IV) ratio in the samples indicating that 80—
90% of U exists in the uranyl-like hexavalent state (Fig. 8).
Although the precision of the data can be influ-enced by
certain factors, such as X-ray radiation, they cor-respond
very well with results from XANES. They are also in the
same range as results obtained by bicarbonate extrac-

tion of the core C3a which was collected in close vicinity to
C3b (Fig. 8).

Similarly, the U(VI)-reacted peat humic acid standard
could be adequately fitted with the uranyl carbonate and -
uranophane models (Fig. 12). However, the equatorial
oxygen atoms are at shorter distances as compared to the
samples (Table 5). Moreover, in comparison to the soil
samples spectra, the U(VI)-HA standard lacked significant
peaks at distances greater than that of the second U-O shell,
suggesting that the soil samples contains an additional
ligand not present in the standard. In order to fit this addi-
tional intermediate-range structure, sample spectra were fit-
ted with several U bearing structural models. The best fits
were obtained by considering the contribution of two Si
backscattering atoms at a distance of 3.14 A’ for samples
close to the surface (0-5 cm). The U-Si shell distance is typ-
ical of a uranophane-like structure; however, the first oxy-
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Structural EXAFS parameters (inter-atomic distances (R), coordination number (N), ¢? and E, of soil samples from core C3b in different
depths as well as a soil extract at pH 9 from core C3a, and the U(VI) humic acid standard. The values in parentheses are the fit-derived one-

sigma uncertainties in the last reported digit.

Sample Shell R(A) N o (A) Ey (eV) Residual (%)

C3b U-O, 1.76(4) 1.6(2 0.0003(1)

0-5cm U-Oq 2.35(4) 5.1(2 0.008(3) 2.23) 7.6(2)
U-Si 3.08(2) 1.1(4 0.008(3)

C3b U-O,, 1.75(8) 1.7( 0.0003(5) —0.8(2) 6.7(4)

10-15 cm U-O 2.33(5) 5.0( 0.008(04)

C3b U-Oy 1.76(3) 1.6( 0.0004(1)

15-20 cm U-Oq 2.36(2) 5.1( 0.009(3) 1.4(4)" 7.7(4)
U-Si 3.14(1) 0.9( 0.008(5)

C3b U-Oux 1.77(3) 1.8( 0.0002(3) 2.009)° 4.4(3)

20-25 cm U-Oq 2.38(2) 4.6( 0.009(56)

C3b U-O,, 1.77(1) 1.8( 0.0002(1)

25-32cm U-O,q 2.37(1) 4.8( 0.002(2) 1.4(3)" 12.3(2)
U-P 3.51(1) 2.3( 0.003(2)

C3a pH 9 U-O, 1.77(5) 1.6( 0.0006(3) 2.502)° 6.5(5)

Extract U-Og, 2.38(6) 5.3( 0.007(1)
U-P 3.50(1) 2.0( 0.006(4)

U(VI)-HA U-O, 1.74(3) 1.9( 0.001(4)
U-Oyq: 2.19(1) 3.4( 0.003(2) 3.8(5)" 9.6(3)
U-Ocn 2.38(4) 3.8( 0.003(2)*

* All similar parameter correlated with.
# Parameters correlated for the same fit.

gen distances in the soil samples are shorter than the -
uranophane structure (1.82 A’ and 240 A", respectively, for
O,x and Oy). In contrast, spectra for deeper soil samples
(25-32 cm) are best fitted by accounting for three phospho-
rus backscattering atoms at an inter-atomic distance U-P of
about 3.50(1) “A. Thus, U in deep location in the soil (25-32
cm) present a structural behavior close U phos-phates such
as CaU[PO4], Mg[UO,PO,),, and Na[UO, PO,]. No third
shell fitting was possible for samples between the top and
bottom layer of the profile (Table 5).

3.2.4.3. Micro XAS. A preliminary scan of a single soil sam-
ple (C1) using micro-XAS shows that U is not homoge-
neously distributed in the soil (map: supporting
information, SI 4 in the electronic appendix). Clusters with
higher U concentrations are surrounded by areas with lower
U content.

4. DISCUSSION

The Dischma soil contains up to 4000 ppm U which is, to
the best of our knowledge, the highest ever reported natural
concentration of U in soil. It is known that elevated concen-
trations of U occur in several geological units of the Alps,
such as the metamorphic rocks of the Grisons, which are
likely the primary source for observed U anomalies (Mittem-
pergher, 1972; Surbeck et al., 2006). The isotopic composi-
tion of U in Dischma soils indicates that it originates from
natural sources. In addition, the separation of U from its
daughter isotopes in the Dischma soils points to the leaching
of U by ground or surface water from a source rock. Indeed,

streams and seepage feeding the sampling areas contained
small but measurable concentrations of U (0.12-0.39 uM)
and about 10 nM U was measured in the Dischma River.
Additionally, an extensive survey of U content in ground
and surface water in the Canton Grisons (Deflorin, 2004) re-
vealed widespread presence of low U concentrations
throughout the region. The investigators suggest that weath-
ering processes release U from alpine crystalline rocks con-
taining trace amounts of this radionuclide (Deflorin, 2004).
We assume that these low amounts could be retained and
accumulated in the valley soils by mechanisms discussed in
the following.

In our study, we tackled the question of the nature of U
binding to the soil including its speciation and oxidation
state. The two plausible mechanisms which might be respon-
sible for U immobilization and enrichment are reduction of
U(VI) to U(IV) followed by precipitation of UO, (which
could be expected due to reducing soil conditions) or the
com-plexation of U(VI) with ligands. Because of the high U
con-tent found in the Dischma soil, we were able to carry
out X-ray absorption spectroscopic (XAS) measurements on
soil samples, which allowed us to obtain structural
information about the U binding in the soil. This is the first
time that U Ly; XAS analysis was conducted on field
samples derived from a site undisturbed by anthropogenic
inputs.

4.1. Redox state of uranium in Dischma soil

The porewater profile of the Dischma soil shows
decreasing sulfate and increasing Fe(II) concentrations as a
function of depth (Fig. 2) hence suggesting that below a
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Fig. 12. Uranium L3-edge Fourier transforms EXAFS data and
fit. Solid lines represent data; dashed lines represent fits. (1) C3a
soil sample (17 cm) extract at pH 9, fit with UOj3_(5) C3b sample of
the profile (25-32cm), fit with U(VI) phosphate. (3) C3b top
sample of the profile (0-5cm), fit with U(VI) silicate. (4) U(VI)
humic acid standard and fit with UOs.

certain depth (about 15 cm; Fig. 2) reducing conditions are
established. In addition, microbiological investigations
indicate that the sulfate- and iron-reducing bacteria present
in the soil are able to reduce U(VI) to U(IV) (data not
shown) through direct (= enzymatic) and indirect redox
processes (Wall and Krumholz, 2006). Thus, U(VI) reduc-
tion can be expected in this environment. Several methods
were applied to identify the oxidation state of U in the soil.
Bicarbonate extraction was used successfully in previous
studies to quantitatively distinguish between U(VI) and
U(IV) (Zhou and Gu, 2005; Burgos et al., 2007). The results
obtained in our study indicated that most of the U (51—
100%) was present as U(VI) in the soil (Fig 8). This was
confirmed by XANES spectra due to a shift of the white line
of sample spectra to higher energies relative to the U(IV)
standards and to the appearance of the uranyl-char-
acteristic shoulder in the spectra (Fig. 9). Linear combina-
tion fitting of the XANES spectra shows that U in core
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C3b is a mixture of U redox states which consists mainly
(>81%) of U(VI) (Figs. 8 and 9). While there is more vari-
ation in the fraction of U(IV) as a function of depth for the
bicarbonate extraction (0-49%) than for the XANES (0-
19%), the two measurements were obtained from separate
cores (C3a and C3b). Similarly, U redox states of two cores
(Cl and C3a) treated in the same way (by bicarbonate
extraction) but collected from different sampling areas vary
even more significantly (Figs. 1 and 8). In general, U con-
centration and speciation show a high degree of heterogene-
ity as it was encountered repeatedly throughout our
sampling area which is readily apparent in Figs. 1 and 8.
Analysis of EXAFS data obtained as a function of depth
in core C3b confirms the findings presented above. The first
two shells can be fitted with parameters from any octahe-
dral U(VI) compound in which U displays two axial oxy-

gens at about 1.76 £+ 0.01 A’ and five to six equatorial

oxygens at about 2.35 + 0.03 A (Table 5). This result sug-
gests that U EXAFS in the soil are dominated by those two

shells, which are characteristic of the hexavalent U cat-ion,
uranyl. Interestingly, there is no evidence of a U-U shell at
3.76 OA, which is commonly considered to be typical of the
presence of the tetravalent U mineral UO, (Schofield et al.,
2008). However, the absence of a distinct U-O shell at about
235 A’ that is typical of the U(IV) oxygen shell does not
preclude its presence. It is simply too close to the U(VI)-Ocq
shell for the fitting to distinguish between the two. Thus, the
EXAFS fits are compatible with the pres-ence of a mixture
of U(VI) and U(IV) with U(VI) being more prevalent. The
absence of the U-U shell clearly shows that U(IV) is not
present as mineral uraninite (UO;), which would be the
expected form of reduced U in the environ-ment (Abdelouas
et al., 2000). However, sorbed forms of U(IV) have been
reported previously (Kelly et al., 2008). Since only relatively
small amounts of U(IV) were found in the soil despite
reducing conditions at higher depths, we suggest that the
binding of U(VI) to solid organic matter might prevent its
(biological) reduction. This was suggested by Burgos et al.
(2007) and Haas and Northup (2004) who found that
abundant organic matter inhibits U(VI) reduc-tion by
microorganisms presumably due to the change in redox
potential associated with the complexation of U(VI) or to
the kinetically limited release of U(VI) from the complexes.

4.2. U binding to Dischma soils

There is ample evidence of the association of U with or-
ganic matter in Dischma soil. First, U concentrations
across the valley show a substantial association with TOC
content (Fig. 4a). Furthermore, U content is also correlated
to TOC content as a function of depth in soil cores
(Fig. 4b). These (qualitative) indications of U — organic
matter association were confirmed quantitatively by
sequential extraction. In this experiment, the majority
(95-98% of total) of soil U was released by oxidation by
NaOCl, which is known to oxidize organic matter effi-
ciently. The simultaneous dissolution of U and OM sug-
gests the association of the two compounds. Further
evidence supporting U binding to OM is provided by the



concomitant release of organic carbon and U after treat-
ment of the soil at pH 5, 7 and 9 (Fig. 7). At neutral and
alkaline pH values, both organic carbon and U are released
from the soil, suggesting a direct association of the two
compounds. Finally, U(VI) (added as uranyl cation) is re-
tained in a dialysis cassette by binding to high molecular
weight aqueous Dischma organic matter obtained by pH 9
treatment of the soil (Table 4). This result suggests that
Dischma OM has a very high affinity for U. In contrast,
U(VI) diffuses out of the cassette in the presence of bicar-
bonate that outcompetes OM for U or in the absence of
aqueous organic matter (Table 4).

The presence of high U concentrations in histosols or
wetlands has been reported previously (e.g., Gonzalez et al.,
2006, up to 600 ppm; Owen and Otton, 1995, u p t o 3000
ppm). In the majority of the cases, U mines or mine tailings
(Pfeifer et al., 1994; Owen and Otton, 1995; Scho™ner et al.,
2008; Sobolewski, 1999), or phosphate fertilizers (Zielinski et
al., 2006) were main sources for U input. How-ever, another
study considers a similar situation by which high U
enrichment (up to 1000 ppm) occurs in a peat bog (which is
located close to a natural U mineralization), where it is
accumulated due to complexation and retention by carboxyl
functional groups (Read et al., 1993). Similarly, Vandenhove
et al. (2006) found a strong positive correla-tion between U
and soil organic matter when introducing U(VI) into
different types of soil samples indicating that U binds to the
organic matter.

However, none of the above-mentioned studies sought
spectroscopic evidence to support hypotheses on the nature
of U binding to soils. Because of the very high natural U
concentrations present in Dischma, we were able to per-
form EXAFS measurements and obtain information on the
structural U coordination. The comparison of EXAFS
spectra of the samples and standards (Figs. 10 and 11) re-
vealed that soil samples and the U(VI) humic acid standard
have similar U coordination. While the first two shells of the
EXAFS spectra suggest that U occurs as a uranyl com-
pound (Table 5), the third shell could be an indicator of the
binding environment of UO,™.

Even before considering the third shell, the U-Oq shell
distance suggests that uranyl is bound within organic com-
plexes. In Moll et al. (2003), the U-O,q distance was found

to decrease with increasing pH (2.43 A’ at pH 24 and 2.36

‘A at pH > 5) when uranyl was equilibrated with glyc-onate
or hydroxybutyrate (Table 6). This observation was

interpreted as a strong indication of the formation of a
(chelate) complex between uranyl and either organic com-
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pound and the shortening of the bond attributed to the
binding of the equatorial oxygen at the alpha hydroxyl po-
sition in ligand. Thus, the similarly short U-Oq distance
identified in the Dischma samples (Tables 5 and 6) is consis-
tent with association of U(VI) with organic compounds.

A weak third shell at about 3 A" (uncorrected R + OR on
the FT spectra) indicated that U is bound to a light element
such as phosphorus, sulfur, silicon or carbon (for which we
expect inter-atomic distances with U between 3.0 and 3.6

°

A ) that usually show only a weak spectral contribution
when measured at the U Lyj;-edge because they are weak

photo-electron backscatterers (Thompson et al., 1997).
Coordina-tion of U with organic substances was
investigated by EXAFS in several studies (e.g., Denecke et
al., 1998; Moll et al., 2003), but the complexes considered
typically involve well defined organic model compounds
with limited and known functional groups such as
triacetatodioxourani-um(VI) (NaUO,((CH3;COOH);) or
U(VI) glycolate (Table 6). In the above-mentioned studies,
U-C binding character-istics were determined and the U-C
distance found to vary between 2.8 and 3.2 A depending on
the organic compound and the pH value. This U-C shell
was interpreted to repre-sent bidentate coordination of
carboxylate ions to uranyl (Table 6; Denecke et al., 1998). In
contrast, natural organic matter is a mixture of many
organic compounds with numerous and uncharacterized
functional groups. Schme-ide et al. (2003) investigated
complexes between humic acid and U(VI) by XAS but the
fits focused only on the first two coordination shells
presumably due to difficulties in fitting higher shells.
Because humic acid contains numerous func-tional groups
such as carboxylic and phenolic groups, destructive
interference among the shells could account for the minimal
intermediate-range structure observed. Thus, in the
Dischma samples, we did not identify specific coordination
to C moieties but we found R values for the third shell (3.08
and 3.14 “A) that were consistent with Si and (3.50(1) A" )
with P indicating the presence of light ele-ments around U
complexes (Fig. 12). These R values are not consistent with
binding of U(VI) to mineral surfaces such as goethite or
clays precluding the presence of such species in significant
concentrations (Redden et al., 2001; Hennig et al., 2002).
Phosphate is known to complex organic material (e.g.,
Paludan and Jensen, 1995) and some phosphate was found
in the soils (up to 28 pmol/g; Fig. 5) and in the porewater
(1.6-7.1 umol/L in PW3). A possible explanation for the
presence of a P shell in these organic-rich samples is the for-
mation of ternary complexes by which the positively

Table 6
Comparison of U-O distances (axial and equatorial) and U-C obtained in from several literature studies.

U-O, (A) U-O, (A) U-C (A) References
UO2(Gly),>, pH 8 1.80 2.37 3.25 Moll et al. (2003)
U(VI) in hydroxy-butric acid, pH 4 1.78 245 2.84 Moll et al. (2003)
UO0,CO; 1.74 2.44 2.93 Finch et al. (1999)
NaUO,((CH3;COOH)3) 1.76-1.78 2.29-2.48 2.89 Denecke et al. (1998)
UO,(C¢H;5(CO0)), 1.77 2.29-2.42 2.86 Denecke et al. (1998)
Uo*" 1.76 2.40 Moll et al. (2003)
U(VI) humic acid 1.78 2.39 Schmeide et al. (2003)




charged uranyl bridges the negatively charged phosphate
and the predominantly negatively charged groups of the or-
ganic material. The existence of such complexes was previ-
ously suggested by Paludan and Jensen (1995) and Schnitzer
and Khan (1972). However, the technique brought to bear
on this problem (i.e., U EXAFS) does not allow the detailed
investigation of the structure of such complexes in Dischma
soil. A preliminary micro-XAS anal-ysis of these samples (SI
Fig. 4) indicated a heterogeneous distribution of U with
areas of high U concentrations (hot-spots) as well as a
diffuse U background supporting the hypothesis that several
species may be present. Further mi-cro-XAS investigations
are planned in the future.

5. CONCLUSIONS

We found that U from natural sources accumulates in the
Dischma soil and originates away from the soil itself suggest-
ing transport by water. Various experiments revealed that U
was bound to soil organic matter rather than to mineral
phases and was present primarily in the hexavalent state.
Some fraction was also present as tetravalent U which occurs
as different structure as the mineral UO,. We conclude that U
is directly bound to the soil organic matter with a possible
contributing species being an organophosphate/silica com-
plex. The U enrichment in the Dischma valley could be con-
strued as an environmental risk because a change in soil water
conditions (e.g., by the application of fertilizers or the drain-
age of the peat soil for agricultural purposes) might lead to
the release of currently bound U.
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