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ZzZoron

The occurrence of trace amounts of uranyl in natural
calcite has posed a long-standing problemin crystal chemistry
because of speculation that the size and shape of the
uranyl ion may preclude its incorporation in a stable lattice
position in calcite. This also defines an important
environmental problem because of its bearing on the
transport and sequestration of uranyl released from nuclear
facilities and uranium mining operations. Calcite is a
nearly ubiquitous mineral in soils and groundwater aquifers.
X-ray absorption spectroscopy and X-ray fluorescence
microprobe studies of uranium in relatively U-rich ~13 700-
year-old calcite from a speleothem in northernmost Italy
indicate substitution of uranyl for a calcium and two adjacent
carbonate ions in calcite. These new data imply that
uranyl has a stable lattice position in natural calcite,
indicating that it may be reliably sequestered in calcite
over long time scales.

Introduction

Uranium (U) is the most common radionuclide contaminant
in soils and groundwaters at DOE nuclear facilities and
uranium mining operations in the United States. Calcite is
nearly ubiquitous in soils and groundwater aquifers and could
play an important role in the transport and sequestration of
U in the environment. Hexavalent uranium (U%") in the form
of uranyl is the most common species of uranium in soils
and surface waters as well as oxic seawater and oxic
groundwaters; therefore, uranyl is the form of uranium most
likely to be incorporated in calcite precipitated in such waters.
The incorporation of the uranyl (UO,%") oxo-cation in calcite
has been along-standing problem in geochemistry, however,
because the size and shape of the linear uranyl moiety (O=
U=O0) are significantly different than those of the Ca?" ion
for which it may substitute in the calcite structure (1).
Chemical data from experimental and analytical studies
indicate that uranyl behaves as a dilute solid—solution in
both aragonite and calcite (1-9). In contrast, one study
concluded that U in planktonic foraminifera is not within
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the calcite lattice but resides either interstitially or within
organic material incorporated within the test (10). The solid—
liquid distribution coefficients [(U/Casoiia)/ (U/Caiiguia)] mea-
sured experimentally for uranyl in aragonite and calcite are
on the order of ~1-10 and ~0.01-0.1, respectively (1—4),
indicating that the structure of aragonite is more compatible
with uranyl substitution than the structure of calcite. Recent
X-ray absorption fine structure (XAFS) spectroscopic studies
of synthetic, relatively uranyl-rich aragonite and calcite have
shown that uranyl coordination in aragonite is similar to
that of the uranyl triscarbonato complex UO,(CO3)s* in
aqueous solution (9). This indicates that uranyl incorporation
from aqueous solution into aragonite requires no change in
coordination. Uranyl incorporation into calcite, however,
apparently requires change in coordination and may involve
local disruption of the calcite structure (9). On the basis of
spectroscopic studies of uranyl in synthetic calcite, it has
been suggested that there may be no stable structural
configuration for uranyl in calcite (8). The only published
high-resolution XAFS measurement for U in a natural calcite
to date is that for relatively U-rich calcite (~35 ug/g of U)
from a Tennessee ore deposit showing tetravalent U sub-
stituting in the Ca position (11). Direct structural measure-
ment of U coordination in calcite at natural concentration
levels (typically 0.1—10 ug/g of U) is difficult to obtain. New
XAFS and X-ray microprobe data were obtained recently for
another relatively U-rich (~360 xg/g of U) calcite from a
13 700-year-old speleothem deposit in the Vinschgau Valley
of northernmost Italy (12). These data, presented here, may
be representative of the location of uranyl in typical natural
calcites having lower U concentrations.

Experimental Methods

Experimental Setup. The relatively U-rich calcite examined
for this study (sample LAS-20) is from a 13 700-year-old
speleothem depositin the Vinschgau Valley of northern Italy
(12). The sample was prepared in three ways for X-ray
measurements at the Advanced Photon Source (APS): as a
powder for X-ray diffraction measurements, as a 100-um-
thick doubly polished thin-section for X-ray microprobe
measurements, and as a 0.5 x 2 x 3 cm block for XAFS
measurements. A bulk U concentration of 362 & 6 4g/g was
measured by isotope dilution a-spectrometry of the pow-
dered sample.

X-ray Diffraction. Powder diffraction measurements
performed at APS beamline 12-BM in transmission geometry
with monochromatic X-rays (wavelength = 0.6357 A) indi-
cated that the sample is >99.8% pure calcite.

X-ray Fluorescence Mapping. X-ray microprobe scans
were performed at APS beamline 13-1D using a doubly
focused, monochromatic X-ray beam from APS undulator A.
The X-ray energy was set to 17.3 keV (well above the U L3
edge) with adouble-crystal Si(111) monochromator, adjusting
the undulator gap to give maximum intensity at that energy.
The X-ray beam was focused to 5 um x 5 um using
Kirkpatrick-Baez mirrors, which also provided harmonic
rejection. The sample was rastered across this beam in 20-
um steps. At each position, fluorescence intensities for Ca
Ko, U Lo, and Sr K, were collected using a 16-element Ge
solid-state detector.

X-ray Absorption Spectroscopy. Fluorescence XAFS
measurements at the U L; absorption edge (17166 eV) were
performed at the Materials Research Collaborative Access
Team (MR-CAT) (13) beamline 10-1D at the APS at Argonne
National Laboratory. Incident X-ray energy was selected by
using a double-crystal Si(111) monochromator. The undu-
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FIGURE 1. X-ray fluorescence map of calcite sample LAS-20 (12),
showing U concentration as a function of position. The U
concentration is normalized to that of Ca to account for changes
in thickness of the sample.

lator was tapered to reduce the variation of the incident
intensity to less than 15% over the scanned energy range.
X-rays of higher harmonic energies were rejected by reflection
from a Rh mirror. Incident X-ray intensity was monitored
with a N-filled ion chamber, and the filtered (3 absorption
lengths of Sr) fluorescent X-ray intensity was monitored with
an Ar-filled ion chamber in the Stern-Heald geometry (14);
linearity tests (15) indicated less than 0.3% nonlinearity for
a 50% decrease in incident X-ray intensity. Ten 2-min XAFS
scans were collected at each of six different locations on the
sample to minimize possible radiation-induced changes. No
time-dependent change in the XAFS data was observed,
indicating the absence of detectable radiation damage to
the sample.

The UWXAFS package (16) was used to analyze the XAFS
data. The program FEFF7 (17) was used to construct the
theoretical model on the basis of the crystallographic atomic
positions of andersonite (18). The error analysis and the
goodness-of-fit parameters were calculated by the fitting
routine FEFFIT (19). The theoretical models are built from
the scattering paths of the photoelectron (created by the
absorption of an X-ray) from the first few neighboring shells
of atoms about the U atoms in the sample. The structural
parameters determined in afit to the data include the number
of atoms in a shell (Ngegen) about the absorbing atom and the
distance (R) to that shell and the mean-square displacement
(6® of the distance between the absorbing atom and the
neighboring atom for a single scattering path of the pho-
toelectron.

Results and Discussion

X-ray Fluorescence Mapping. Results from the X-ray fluo-
rescence (XRF) mapping indicate that the U concentration
in a portion of the calcite varies from about 80 to 500 ppm
and is fairly homogeneous at the 100-um scale (Figure 1).
There is no evidence for U-rich inclusions at the scale of the
beam spot size (5 um). These XRF data are consistent with
the occurrence of U in a dilute solid—solution within the
calcite.

X-ray Absorption Spectroscopy. The X-ray absorption
spectra of the calcite sample and the uranyl nitrate hexahy-
drate [UO,(NO3),-6H,0] reference compound have indis-
tinguishable peak edge energies at 17167 eV (Figure 2),
indicating that U in the sample is dominantly hexavalent.

The XAFS data and best-fit model are shown in Figure 3.
The presence of peaks between 1 and 4 A in the magnitude
of the Fourier transform (FT) of the XAFS data show that U
occupies a regular and well-defined crystallographic site in
the calcite sample (Figure 4). The two largest peaks in the
magnitude of the FT (appearing at 1.0—2.2 A in the FT)
correspond to the two axial oxygen (Oax) and approximately
four (3.8 & 0.4) equatorial oxygen (Oeq) atoms of the uranyl,
with a U—O, distance of 1.80 + 0.01 A and a U—Ogq distance
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FIGURE 2. Normalized X-ray absorbance for U L, edge showing
XAFS for U in calcite sample LAS-20 (solid) and for uranyl nitrate
hexahydrate reference compound (dashed). The similarities in energy
and intensity of features A (white line at 17167 eV), B (shoulder at
17178 eV), and C (at 17202 eV) indicate that U is present as UO*"
in calcite.
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FIGURE 3. XAFS y(k)k? data (open circles) and best-fit model (thick
line) for calcite LAS-20.
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FIGURE 4. XAFS data (open circles) and best-fit model (thick line)
are shown at the top of each figure for calcite LAS-20. The magnitude
(A) and real part (B) of the Fourier transform of y(k)k? are shown
separately. Under the data and best-fit model, the individual
contributions to the model for each scattering path are shown. The
data were processed by using Ak =2.0—105 A-tand AR=1.1—
3.9 A. A Hanning window was used in the Fourier transform with
a full sill width of 1.0 A~ The data and Fourier transform ranges
resulted in 17 degrees of freedom and 3 independent points in the
fit.

of 2.41 £+ 0.01 A, respectively. Beyond these two shells, there
is a signal from a shell (appearing at 2.2—3.2 A in the FT)
containing approximately four (4.3 &+ 2.7) C atoms with a
U—C distance of 3.51 + 0.04 A. Next, there is a signal from
a split Ca shell. Our best-fit model for the XAFS data has the
six Ca atoms found in calcite split into two shells with
approximately two (2.3+0.4) calcium (Ca;) atoms with a
U—Ca; distance of 3.78 + 0.03 A and approximately four
(3.74£0.4) calcium (Caz) atoms with a U—Ca, distance of
4.01+0.02 A.
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TABLE 1. EXAFS Model Parameters for the Calcite Sample
LAS-20 (12)

path R®  Ngegen ARR) 62(R) AK (eV)©
U—Calcite
U—0Oax 1.78 2b ARy % AEy
U—0O¢q 241 N AR, 0% AE
u-C_ 3.69 N3 AR4 0'23 AEz
U—0Oax1—Oax2 355 2b 2AR; 20%; AE;y
U_Oaxl_u_oaxl 3.58 Zb ZARl 20’21 AEl

U*OaX]_*U*Oaxz 3.58 2b ZAR]_ 20’21 AE]_
U—Cal 3.96 Ny ARs 024 AE,
U—-Caz 396 6— N4 ARg 024 AE,

aThe initial path length. » These values were not varied in the fit.
¢ Energy shift of the photoelectron.
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FIGURE 5. (A) Diagram showing calcite structure about a Ca?" ion.
(B) Diagram showing the local structure of uranyl incorporated into
calcite that is consistent with the XAFS data. The numerals 1 and
2 indicate O¢q and Oax atoms, respectively.

The model described above (Table 1) and shown in Figures
3 and 4 is in good agreement with the XAFS data and is
consistent with the uranyl ion substituting for one Ca and
two carbonate ions in the calcite structure. Calcium in calcite
(Figure 5A) is coordinated by six O atoms at 2.36 A. Each of
these O atoms is a part of a carbonate group with a C atom
at 3.21 A, and there are six neighboring Ca atoms at 4.05 A.
According to our model (Figure 5B), uranium in calcite is
also coordinated by six O atoms, two of which are the Oa
atoms of the uranyl leaving four (3.8 + 0.4) O¢q atoms that
are each a part of a carbonate group with four (4.3 £2.7) C
atoms at 3.51 + 0.04 A and there are a total of six Ca atoms
at 3.78—4.01 A from the U atom.

The distances to the neighboring shells and their mean-
square displacement values of atoms determined for U in
calcite (Table 2) are similar to those found for Ca in calcite
and also to those found in other uranyl coordination
environments. The best-fit values for the U—0Oxshell distance
(1.80 £+ 0.01 A) and mean-square displacement (0.002 + 0.001
A?) in the calcite sample are consistent with other reported
values for the U—0O4 distance (R = 1.78—1.81 A) and o2
(0.001—0.004 A?) (8, 9, 20—22). The best-fitvalue for the U—Ogq
shell mean-square displacement (0.006 + 0.002 A?) is also
consistent with other reported values (0.003-0.010 A2?) (8, 9,
20—22). The best-fit value U—O¢q distance in the sample (2.41
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TABLE 2. Best-Fit Values for XAFS Model of Calcite Sample
LAS-20 (12)?

02 AE
path Ngegen R(A) (102 A  (ev)
U—Calcite

U—Oxx 2 1.80+001 241 61415
U—Ocq 38404 2414001 6+2 7.8+10
u-c 43+27 351+004 7+11 7.8+10
U—Oax1—Oaxz 2 361+002 5+1 61+15
U—Oaxi—U—Oax1 2 3614+002 5+1 6.1+15
U—Oaxi—U—Oaxz 2 3614002 5+1 61+15
U—Cay 23+04 3784003 7+4 78+1.0
U—Ca; 37404 4014002 7+4 78410

2 Values without uncertainties were constrained to the value listed.

+0.01 A) is comparable to that for uranyl having 6 equatorial
oxygens (2.43 A) (23), such as for the uranyl triscarbonato
aqueous complex, which has three carbonate ions bonded
in bidentate fashion symmetrically about the uranyl equato-
rial plane. Despite this similarity in U—O¢q bond length, the
best-fit value for the number of equatorial oxygens about
uranyl in the sample is 3.8 + 0.4, which is consistent with
bonding of four carbonates in monodentate fashion about
the uranyl equatorial plane. Furthermore, the best-fit value
for the U—C distance in the sample (3.51 + 0.04 A) is much
larger than the typical U—C distance for carbonates with
bidentate bonding to uranyl (2.9 A) (23) but more similar to
the Ca—C distance in calcite (3.21 A) in which all carbonates
have monodentate bonding to Ca. Attempts to model our U
XAFS data with bidentate bonding of carbonates to U resulted
in significantly poorer qualities of fit, leading us to prefer the
model inwhich uranyl substitutes for Cawith local relaxation
of carbonates.

The proposed substitution results in net charge excess
around the uranyl site of +4 because of the two missing
carbonate ions. This charge excess could be compensated
by a coupled, nonlocal substitution such as 5Ca?* = UQ;*"
+ 4Na*, which is consistent with our XAFS data and the
elevated concentration of sodium (337 ug/g) in this calcite
(12). The absence of the carbonate ions must create a
significant defect in the local calcite structure; however, it is
not clear how this might be accommodated. Substitution of
water or hydroxyl for the missing carbonate may be possible.
The U XAFS data do not allow determination of the exact
substitution formula. The split U—Ca shell (approximately
two Ca; atoms at a shorter distance of 3.78 A and ap-
proximately four Ca, atoms at 4.01 A) is not surprising. The
two Ca; atoms are most likely those nearest in the adjacent
(104) planes that relax toward the uranyl position (Figure
5B) because of the displaced carbonate groups. The remaining
four Ca, atoms are at about the same distance from U (4.01
A) as the Ca—Ca distance in calcite (4.05 A).

Summary

Our XAFS results for the incorporation of uranyl into natural
calcite differ significantly from those reported recently for
uranyl-rich synthetic calcite (8, 9). The synthetic calcite has
an Ogq coordination number of five, suggesting two bidentate
linkages and one monodentate linkage with carbonate ions
in the equatorial plane (8, 9). However, our best-fit results
for the natural calcite indicate four monodentate linkages
with carbonate ions in the equatorial plane, which is
essentially the same coordination as Ca in calcite (Figure
5A,B). The total first-shell O coordination of the U™ in our
natural calcite sample is 6-fold, the same as Ca in calcite,
rather than 7-fold as reported for U8+ in synthetic calcite (8,
9). No U—Ca backscatter was detected in the synthetic calcite,
indicating either multiple or disordered sites for uranyl (8,



9). This is not the case for the natural sample that we
examined, however, where six Ca atoms occur in a split shell
having an average U—Ca distance (3.93 A) similar to that of
the Ca—Ca distance in calcite (4.05 A). The splitting of the
O and Ca shells and the 4-fold coordination of the U—C shell
are consistent with our model of substitution of uranyl for
Cain calcite, with U%" substituting for Ca and O, substituting
for the nearest carbonate ions in the adjacent (104) layers
(see Figure 5).

The excellent agreement between the best-fit model and
the XAFS data indicates that uranyl occupies a relatively stable
position in this calcite. Uranyl in rapidly grown, synthetic,
uranyl-rich calcite (8, 9) is apparently more likely to reside
in defects or other, more disordered sites than that identified
here. Our results for this 13 700-year-old natural calcite
indicate either that natural calcite grows slowly enough to
allow for ordering of incorporated uranyl during growth or
that structural transformation of initially disordered uranyl
in calcite may occur over a long time (8). Petrographic
evidence indicates that this calcite formed by recrystallization
of uranium-rich aragonite (12), for which our XAFS mea-
surements also showed U®*. This mechanism of formation
(in a closed system) could explain the relatively high uranyl
concentration by inheritance from the aragonite. The rela-
tively high uranyl concentration of the precursor aragonite
reflects its precipitation from uranium-rich groundwater
circulating through crystalline basement rocks (12).

The stable position of uranyl in relatively uranyl-rich
natural calcite, identified by analysis of our XAFS data, may
provide a resolution to the problem of the location of trace
uranyl in calcite. Further XAFS studies of uranyl-bearing
natural calcite from a variety of contrasting geochemical
environments are recommended to test the general ap-
plicability of this result. If the position of uranyl in natural
calcite is generally as described above, calcite may provide
a stable host for dispersed U®" over geological time scales,
which is a result that has important bearing on the envi-
ronmental fate and transport of aqueous uranyl.
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