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Abstract—Spatially resolved luminescence spectra from U(VI) co-precipitated at the (101�4) growth surface
of synthetic calcite single crystals confirm heterogeneous incorporation corresponding to the distribution of
structurally non-equivalent steps composing the vicinal surfaces of spiral growth hillocks. Spectral structure
from U(VI) luminescence at the “–” vicinal regions and featureless, weak luminescence at the “�” vicinal
regions are consistent with previously reported observations of enrichment at the former sites during calcite
growth. Luminescence spectra differ between the non-equivalent regions of the crystal, with the spectral
features from the “–” vicinal region corresponding to those observed in bulk calcite samples. Subtle spectral
shifts are observed from U(VI) co-precipitated with microcrystalline calcite synthesized by a different method,
and all of the U(VI)-calcite sample spectra differ significantly from that of U(VI) co-precipitated with
aragonite.

The step-selective incorporation of U(VI) can be explained by a proposed model in which the allowed
orientation for adsorption of the dominant calcium uranyl triscarbonate species is controlled by the atomic
arrangement at step edges. Differences in the tilt angles of carbonate groups between non-equivalent growth
steps favor adsorption of the calcium uranyl triscarbonate species at “–” steps, as observed in

0016-7037/04 $30.00 � .00
experiments. Copyright © 2004 Elsevier Ltd
1. INTRODUCTION

Where multiple attachment sites are present at a solid sur-
face, binding preferences may result in heterogeneous sorption
and incorporation of trace species in solution, including radio-
nuclides and other contaminants. If preferences for binding at
different sites contrast greatly, the overall interaction of a
dissolved species with the surface may depend strongly on the
distribution and availability of favored sites, and consequently
may lead to either enhanced or diminished uptake capacity. If
the distinct sites are spatially segregated at the surface, uptake
preferences may become discernible, and their study may pro-
vide insight to molecular models of metal interactions at the
solid-water interface.

Heterogeneous incorporation of trace U(VI) species has been
observed at the (101�4) surface of calcite (CaCO3) (Reeder et
al., 2001), the most common growth form as well as the perfect
cleavage. Unlike the heterogeneous interactions between con-
trasting edge and basal-plane sites of clay minerals, the source
of the differential incorporation for calcite has been associated
with the presence of distinct sites within structurally non-
equivalent growth steps on a single face but differing in their
orientation. With growth, differential incorporation between
the non-equivalent steps produces regions within the crystal
enriched and depleted in U (Reeder et al., 2001). The origin of
the different step orientations is a consequence of the spiral
growth mechanism, which has been observed to operate over a
wide range of calcite supersaturation conditions (cf. Gratz et
al., 1993; Paquette and Reeder, 1995; Teng et al., 1999). In
contrast to curving, circular step patterns seen on the faces of
* Author to whom correspondence should be addressed (rjreeder@
stonybrook.edu).
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some crystals, growth steps on the calcite (101�4) face tend to
parallel two dominant directions, resulting in polygonized spi-
rals, or growth hillocks. Owing to surface symmetry, steps
having similar atomic structure at their edges are segregated
into the vicinal surfaces composing the flanks of these shallow
microtopographic features.

Reeder et al. (2001) used synchrotron micro X-ray fluores-
cence mapping to demonstrate that the U(VI) distribution on a
calcite single crystal surface grown from a U(VI)-containing
solution is strongly enriched on one pair of vicinal surfaces
relative to the other, indicating that these steps favor U(VI)
incorporation. Although uranium concentrations observed in
the calcite depend on its concentration in the growth solution,
the magnitude of this differential uptake was typically a factor
of 2 to 6. This step-selective, differential incorporation effec-
tively yields different solution-solid partition coefficients for
U(VI) co-precipitation at different vicinal regions on calcite
and demonstrates that trace element partitioning is influenced
by the energetic and possibly mechanistic differences associ-
ated with attachment at different surface sites.

Similar step-selective uptake behavior is known for incorpo-
ration of divalent metals and several oxyanions at the calcite
(101�4) surface (e.g., Paquette and Reeder, 1995; Reeder, 1996;
Elzinga and Reeder, 2002). For divalent metals, which substi-
tute in the Ca site, a correlation between step preference and the
structure of adsorbed surface complexes has been proposed
(Elzinga and Reeder, 2002). No explanations have been pro-
posed to account for the differential uptake of U(VI) at the
calcite surface.

Our goal in the present paper is two-fold. We report new
observations from spatially resolved luminescence spectros-

copy for the non-equivalent vicinal regions of U(VI)-contain-
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ing calcite single crystals that support the heterogeneous incor-
poration and suggest differences not previously recognized. We
also present a model to explain the preferential incorporation of
uranyl carbonate species at the steps observed to be favored.

2. PREVIOUS STUDIES

Several studies have examined spiral growth on the calcite
(101�4) face and its relationship to metal uptake (e.g., Gratz et
al., 1993; Staudt et al., 1994; Paquette and Reeder, 1995;
Reeder, 1996; Teng et al., 1999; Davis et al., 2000). Over a
wide range of supersaturation conditions, growth spirals are
observed to exhibit a polygonized geometry governed by the
advance of predominantly straight step segments parallel to the
symmetrically equivalent [441�] and [481�] directions (Fig. 1).
Paquette and Reeder (1995) noted that the c-glide is the only
symmetry element of the bulk structure that is normal to the
(101�4) face and effectively operates as a mirror symmetry
element on a surface containing arrays of steps. Although the
c-glide symmetrically relates the [441�] and [481�] directions,
step edges parallel to either orientation but moving in opposite
directions are not symmetrically related. Consequently, two
pairs of equivalent vicinal faces typically compose the growth
spirals, but these pairs are non-equivalent (Fig. 1). Equivalent
steps and vicinal surfaces have been denoted by “�” or “–.”
Staudt et al. (1994) and Paquette and Reeder (1995) have
described the structural differences that distinguish the steps
and the kink sites within them.

Individual calcite crystals are composed of multiple growth
sectors, each exhibiting a heterogeneous distribution pattern
associated with growth spirals on the corresponding {101�4}-
type faces. Consequently, spectroscopic methods applied to
bulk samples (i.e., entire crystals or multiple crystals ground
into powder form) average over all uranium incorporated at
both the � and – vicinal regions. Such bulk information is
valuable, but it may not necessarily reveal differences in the
uranium residing in the distinct regions associated with the
non-equivalent vicinals.

In a previous study, we used extended X-ray absorption
fine-structure (EXAFS) and luminescence spectroscopies to
characterize U(VI) species incorporated into both single crys-
tals and polycrystals of calcite (Reeder et al., 2001). Results
obtained for luminescence decay kinetics for bulk powdered
samples of single crystals at 77 K revealed the presence of at
least two uranyl species in the bulk crystal, as demonstrated by
two exponentials with lifetimes 264 � 15 and 98 � 7 �s. Gated
luminescence spectra obtained for these long and short lifetime
populations were found to correspond to (1) a triscarbonate-like
species and (2) a spectrally red-shifted species interpreted by
Reeder et al. (2000) to have an equatorial coordination of five
oxygens. EXAFS spectra obtained from crushed and ground
samples of the single crystals were fit with two axial oxygens
at 1.80 � 0.01 Å, five to six equatorial oxygens at 2.36 � 0.02
Å, and approximately three carbons at 2.92 � 0.02 Å. The
equatorial oxygen shell, however, was equally well fit with a
split oxygen shell with path lengths at 2.28 and 2.43 Å, which
was consistent with (although not uniquely diagnostic of) mul-
tiple uranyl species.

In view of the evidence that more than one uranyl species

exists in the calcite single crystals, we considered it possible,
even likely, that their origin could be attributed to incorporation
at non-equivalent growth steps. Because these steps present
distinct coordination, they could induce subtle differences in
final coordination of incorporated uranyl species. In an effort to
identify any such differences, Reeder et al. (2001) examined
U L3 polarized XANES spectra in adjacent, non-equivalent
vicinals from several crystals (Fig. 10 in Reeder et al., 2001). A
distinct feature observed in the XANES spectra �10 eV above
the absorption maximum has been attributed to multiple scat-
tering in the dioxo unit (Hudson et al., 1995). As this moiety is
strongly dichroic, differences in the XANES spectra have been
associated with the orientation of the dioxo unit relative to the
polarization of the incident synchrotron beam (Hudson et al.,
1996). The XANES spectra for the uranyl-containing single
crystals failed to show any clear differences for the few orien-
tations examined (� and � to the c-axis). However, the failure
to identify differences in the XANES spectra does not preclude
the existence of different uranyl species incorporated at the
non-equivalent steps. Although this previous work identified
structural differences between non-equivalent surface steps
as the basis for the differential incorporation, no detailed
structural model was proposed to account for the observed
step preference. In part, this reflected a lack of direct infor-
mation about the surface complexes of uranyl sorbed at the
calcite surface. Because adsorption at steps is expected to
precede incorporation, step-selective incorporation may be
explained by differences in sorption preferences of the im-
purity between the steps. In other words, structural differ-
ences between steps may lead to favored sorption and sub-
sequent incorporation of impurities at one step relative to the
other.

Recently, Elzinga et al. (2004) examined the structure of
uranyl carbonate complexes sorbed at the calcite-water inter-
face using EXAFS and luminescence spectroscopies. These
in-situ studies examined the local structure of uranyl sorbed to
calcite powder from calcite-saturated solutions (pH 7.4–8.3)
over a range of total U concentrations. Although the calcite
saturation state used in these sorption studies was different
from those used in the studies characterizing U(VI) incorpora-
tion into single crystals during calcite growth considered here,
the solution speciation of U(VI) was similar in both systems.
Elzinga et al. (2004) reported that at conditions below satura-
tion with respect to uranyl hydroxides (�500 �mol/L uranium
in calcite-saturated solutions of pH 8.3) two uranyl surface
complexes are present at the calcite surface. Both species
resemble the calcium uranyl triscarbonate-like complex,
Ca2UO2(CO3)3(aq) characterized by Bernhard et al. (1996,
2001), which also dominates the U(VI) speciation in solution in
these systems. Subtle differences in the luminescence spectra of
these species suggest a difference in interaction with calcite
surface sites between both species, leading to (subtle) differ-
ences in the coordination of the carbonate groups in the equa-
torial O shell of sorbed U(VI), and possibly Ca atoms in
different positions with respect to the equatorial plane. Due to
the similarity in aqueous U(VI) speciation in the sorption study
of Elzinga et al. (2004) and the present study, it is likely that
U(VI) sorbs to growth step sites as a calcium uranyl triscarbon-
ate species, perhaps in several variants, before incorporation

into the calcite lattice during calcite growth.
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3. SAMPLES AND METHODS

3.1. Synthesis of Uranyl-Doped Calcite Samples

The uranyl-containing calcite samples discussed in this paper
were prepared during previous studies. Two different co-precipi-
tation methods were used to obtain finely crystalline powders and

Fig. 1. (a) Schematic of an idealized (101�4) growth face
a polygonized growth hillock. Vicinal surfaces are distinguis
during growth. The c-glide is perpendicular to the growth fa
vicinal faces at top labeled “�” and also in the vicinals at bot
equivalent to those in – vicinals. (b) Differential interference
a single growth hillock on a (101�4) face. Vicinal surfaces ar
the U distribution (as U L� count rate) on the (101�4) growth
(light shading) and depleted in the � vicinal region (dark sh
single crystals of calcite. New luminescence spectroscopic results
are reported for single-crystal samples. Although complete details
are provided in the original papers, we summarize the methods
used for uranyl co-precipitation with calcite here.

3.1.1. Method I: Microcrystalline U(VI)-Doped Calcite

The finely polycrystalline U(VI)-doped calcite samples were

the disposition of the two pairs of vicinal faces composing
he orientation of growth steps and their direction of advance
ymmetrically relates growth steps (dashed lines) in the two
led “–.” However, steps in � vicinals are not symmetrically
t image of a portion of an as-grown calcite crystal showing
d as shown in (a). (c) A synchrotron �-XRF map showing

the crystal in (b). Uranium is enriched in the – vicinal region
Modified after Reeder et al. (2001).
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taken from the study of Reeder et al. (2001). These were
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synthesized using a constant-addition method, in which solu-
tions of CaCl2 and NaHCO3 were delivered at a constant rate
using a dual-syringe pump to a stirred reaction vessel through
which water-saturated air was bubbled. After an initial period
of increasing saturation, the system attained a steady-state
calcite growth rate, characterized by constant pH (8.1–8.2),
with an estimated saturation index (SI) of 1.4 to 1.5. After the
steady state was reached, uranyl was added to give an initial
U(VI) concentration of 50 �mol/L, and the CaCl2 syringe was
replaced with one also containing a predetermined amount of
U(VI) to maintain a constant U(VI) concentration in solution.
The growth solutions were undersaturated with respect to
schoepite and rutherfordine. The finely polycrystalline calcite
product (as confirmed by XRD) was vacuum filtered, washed
repeatedly in deionized water, and dried at 50°C. The U con-
centration in the calcite was determined to be �725 ppm
(Reeder et al., 2001). This co-precipitation technique was re-
ferred to as method I in Reeder et al. (2001), and we retain that
terminology here.

3.1.2. Method II: Single-Crystal U(VI)-Doped Calcite

The calcite single-crystal specimens were also taken from
the study of Reeder et al. (2001). The crystals were grown
using the modified free-drift procedure described by Paquette
and Reeder (1995). Solid (NH4)2CO3 was allowed to decom-
pose at room-temperature within a sealed reaction vessel con-
taining a 0.01 mol/L CaCl2 solution. Carbon dioxide gas dif-
fused into the solution, providing a nearly steady-state source
of dissolved carbonate (�8 mmol/L total CO2). The solution
pH initially rose to 7.5 to 7.8 and remained nearly constant for
periods up to two weeks, with an estimated calcite saturation
index of 0.6 to 0.8. After the first appearance of crystals, U(VI)
was added to the growth solution to give an initial concentra-
tion of 40 �mol/L. Growth was terminated after �2 weeks,
over which time rhomb-shaped calcite single crystals (�1 mm)
formed on vessel walls and substrates provided. This method
requires the use of a background electrolyte (NH4Cl) at an ionic
strength of 1.75 mol/L. Final calcite crystals described in this
paper were found to contain average U concentrations of 225
ppm, although the U distribution is heterogeneous as described
below. This procedure for growing U(VI)-doped calcite single-
crystals was referred to as method II in Reeder et al. (2001),
and that terminology is used here.

Water-clear single crystals of calcite (method II) were re-
covered from the substrates after �13 d, rinsed in deionized
water, and allowed to dry. Crystals having visibly flat (101�4)
faces were selected for differential-interference contrast (DIC)
and fluorescence spectroscopy imaging. DIC imaging revealed
the presence of polygonized growth hillocks as observed in
previous studies (cf. Paquette and Reeder, 1995). Individual
calcite crystals were sectioned parallel to the (101�4) face of
interest, with the as-grown surface exposed. Sections were
mounted on high-purity silica glass disks. The resulting 30- to
50-�m-thick sections retained the growth microtopography,
thereby allowing positioning of the incident light spot over
different regions of the growth hillocks.

A selection of hand-picked single crystals were also ground
to a fine powder for luminescence and EXAFS spectroscopy.

Crystals were ground in acetone in a pestle and mortar and
resulting powders were dried at room temperature. We refer to
these as bulk calcite samples.

The high ionic strength of the solution used for growing the
single crystals (method II) poses difficulties for simulation of
the aqueous uranyl speciation. Ion activity coefficients deter-
mined using extended Debye-Huckel models are generally not
accurate above ionic strengths of 0.5 mol/L. Reeder et al.
(2001) simulated the aqueous uranyl speciation in two calcite
growth solutions of ionic strengths 0.5 and 1.75 mol/L. For
the I � 1.75 mol/L growth solution, which corresponds to the
single crystals considered here, Reeder et al. (2001) used the Pitzer
formulation as adapted by Felmy and co-workers in the program
GMIN (Felmy, 1995; Felmy and Rai, 1999). However, interaction
parameters for the Ca2UO2(CO3)3(aq) species were not available
for this simulation; hence this species was excluded, with the
result that the UO2(CO3)3

4�(aq) species was predicted to account
for � 98% of the aqueous U(VI). Kalmykov and Choppin (2000),
however, experimentally determined the Ca2UO2(CO3)3(aq)/
UO2(CO3)3

4�(aq) molar ratio over the ionic strength range
0.1 to 3.0 mol/L. Interpolating their results for I � 1.75 mol/L,
we calculate that the molar ratio in the growth solution is
�25.3. Hence the Ca2UO2(CO3)3(aq) species dominates over
the UO2(CO3)3

4�(aq) species by an order of magnitude in this
growth solution. As a further addendum to Reeder et al. (2001),
we note that their simulation for the I � 0.5 mol/L solution
accounted for the neutral Ca2UO2(CO3)3(aq) species using the
stability constant proposed by Bernhard et al. (1996) (log �213 �
26.8, I � 0 mol/L), with activity coefficients of charged species
calculated using the Davies equation. Subsequently, Kalmykov
and Choppin (2000) and Bernhard et al. (2001) have reported
stability constants of log �213 � 29.8 and log �213 � 30.55
(both I � 0 mol/L), respectively, for the Ca2UO2(CO3)3(aq)
species. Despite uncertainty about a suitable activity coefficient
for this neutral species, these larger stability constants make it
likely that the Ca2UO2(CO3)3(aq) species dominates over the
UO2(CO3)3

4�(aq) species, which was previously predicted to
dominate in the 0.5 mol/L growth solution.

3.2. Hyperspectral Fluorescence Imaging

Fluorescence spectra and images were acquired using a
“push-broom” style microscopic imaging system based on a
Carl Zeiss, Inc. Axiovert 135TV microscope, with the sample
at room temperature. Samples were excited with �1-mW ver-
tically cylindrically focused 457.9-nm light from a Coherent,
Inc. Innova400 Ar� laser which is delivered by a NA � 0.6 40x
LD Achroplan objective. The resulting epifluorescence signal
was collimated with the same objective and passed out of the
microscope. Residual excitation light was removed with a
Kaiser Supernotch holographic filter centered at the Ar� laser
line. The fluorescence light was re-imaged on the 50-�m slit of
a Kaiser Optical Systems Holospec f/2.2 spectrometer equipped
with a broadband visible holographic transmission grating and
imaged with a Roper Scientific LN2-cooled CCD camera. Each
5-s integrated shot of the camera recorded frequency and y
spatial information. X spatial information was acquired by
stepping a Cell Robotics motorized sample stage. Frequency
spectra were corrected to compensate for wavelength-depen-
dent reflectivities of all components in the optical train using a

white-light source as reference. Instrument control and data
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acquisition were performed using custom-written software rou-
tines.

4. RESULTS AND DISCUSSION

4.1. Hyperspectral Fluorescence Imaging of Uranium
Distribution in Calcite

The fluorescence microscope was used to characterize the
U(VI) present in the adjacent, non-equivalent vicinal regions of
calcite single crystals that had been examined previously using
�-XRF, XANES, and luminescence (the latter in bulk samples
only; Reeder et al., 2001). Room-temperature spectra for the �
and – vicinal regions from two crystals are shown in Figure 2.
The luminescence signal from the – vicinal regions is clearly
more intense than that from the � regions (Fig. 2). While
relative luminescence yields are not known, this difference in
intensity is consistent with the higher concentration of U(VI) in
the – region as documented by �-XRF (Fig. 1). Peaks charac-
teristic of uranyl are well-resolved in the spectra from U(VI)
incorporated in the – vicinal regions, whereas spectral features
from U(VI) in the � vicinal region are either strongly sup-
pressed or absent. This suggests that not only does the concen-

Fig. 2. Spatially resolved luminescence spectra obtained
single crystals (crystals G and H) at room-temperature.
tration of incorporated U(VI) differ among the � and – regions,
but that there are structural differences between the uranyl
species incorporated in the � and – regions as well.

In Figure 3 the spatially resolved room temperature spectrum
from the – region is compared with the low-temperature (�77
K) luminescence spectra of uranyl incorporated into calcite and
aragonite (a metastable polymorph of CaCO3) reported in pre-
vious studies (Reeder et al., 2000, 2001). As noted by Reeder
et al. (2001) the spectrum of U(VI) incorporated into bulk
calcite (i.e., multiple, powdered single crystals of the method II
calcite) is red-shifted relative to the uranyl triscarbonate species
observed in aragonite (Fig. 3). The uranyl spectrum from the
method II calcite actually contained spectra from two species:
the first having a spectrum identical to that found in aragonite
and the second a shorter-lived species. The spectrum of this
second species can be revealed most clearly by observing the
luminescence spectrum from light emitted only at short times
following the excitation flash. The spectrum for the uranyl-
doped calcite synthesized differently (the method I calcite) is
red-shifted even further relative to the method II calcite
(Reeder et al., 2001) (Fig. 3). The uranyl species giving rise to
all of these spectra were interpreted as based on uranyl
triscarbonate-like species, ranging from a relatively undis-

e � and – vicinal regions of two U(VI)-containing calcite
turbed liebigite (Ca2UO2[CO3]3) structure for uranyl in arago-
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nite to a distorted local structure with bent and partially de-
tached carbonate groups (five coordinate equatorial geometry)
in method I calcite. The spatially resolved spectrum from the –
vicinal regions closely matches the spectrum of the bulk
method II sample, with only slight differences in the intensities
of the secondary peaks (Fig. 3). This is expected inasmuch as
the same material is used in each sample, the difference being
only that the spatially resolved spectrum probes the U-rich
vicinal region only whereas the bulk powder sample includes
all regions of many similar crystals. It was not possible to
determine decay kinetics for the single crystal luminescence,
and hence our present results cannot confirm or rule out the
presence of multiple species in the – vicinal region.

Because comparison of the spectrum from U(VI) incorpo-
rated in the � vicinal region is hindered by the lack of distinc-
tive features, we have applied hyperspectral imaging to identify
spatial-spectral differences. Figure 4 shows spatially resolved
hyperspectral fluorescence imaging results obtained from a
representative single-crystal calcite grown in a uranyl-contain-
ing solution. The background in Figure 4 is a bright-field image
of the corner of a single calcite crystal containing adjacent
non-equivalent vicinal surfaces labeled � and –. Overlaying
the bright-field image are the results of a principal components
analysis (PCA) from the hyperspectral fluorescence imaging in

Fig. 3. Spatially resolved luminescence spectrum from
(crystal G) compared with spectra obtained from bulk sam
calcite (synthesized by two different methods). See text f
al. (2001).
RGB false colors. Representative spectra from the two regions
are shown in Figure 2 (Crystal G). The PCA procedure used to
produce the RGB image will be described in a forthcoming
communication. Briefly, the first three principal components,
representing � 98% of the variance in the data, were generated
using the PLS_toolbox software package from EigenVector
Research (Manson, WA). The principal components targeted
both the changes in shape and structure between the two spectra
shown in Figure 2 for crystal G. Red, blue, and green regions
were identified by large numbers of pixels with similar scores
in two of the three principal components. There exists a sharp
division between the red and blue groups corresponding to the
� and – vicinal regions. The green group corresponds to “off
crystal” signals. Pixels not falling into one of these groups are
not colored and represent areas such as cracks, crystal defects,
and crystal edges.

The RGB map shows that differences in the spectral signa-
ture coincide exactly with the non-equivalent vicinal regions.
Micro-XRF had previously shown that these same regions have
different U concentrations, resulting from differential incorpo-
ration. The present results demonstrate that there are differ-
ences in the local coordination environments of U(VI) incor-
porated in the � and – vicinal region as well. Such differences
must be associated with processes at the non-equivalent steps
associated with growth of the different vicinal regions, and

icinal region of a U(VI)-containing calcite single crystal
U(VI) co-precipitated with polycrystalline aragonite and
nation. Spectra from bulk samples taken from Reeder et
the – v
ples of
hence imply a different mechanism for U(VI) burial in the �
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and – growth steps. Uranium L3-edge �-XANES spectra re-
ported by Reeder et al. (2001) failed to reveal any difference
between the non-equivalent vicinal regions, suggesting that
XANES is not sensitive to the differences that may exist.

We also used the confocal nature of the luminescence mi-
croscope to perform depth studies in the – vicinal region using
spatially resolved luminescence imaging. This confirmed that
the species responsible for the fluorescence is not limited to the
surface alone. The luminescence is effectively collected from a
spot measuring �1 �m in the x, y dimensions and having a
height of �5 �m (z dimension corresponding to depth within
crystal). The overall fluorescence intensity is sensitive to the
probe depth within the crystal, although the shape and location
of the peaks in the spectra are the same. The surface of the
crystal was defined as the point at which the scattered light to
the microscope eyepieces appears as the sharpest line focus. As
the objective focuses the laser light deeper in the crystal, the
fluorescence intensity increases by a factor of �4 by 40 � 1
�m into the crystal. Focusing deeper into the crystal beyond
this point shows a monotonic decrease in fluorescence ampli-
tude; by 120 � 1 �m, the amplitude of the fluorescence has
dropped back to the level that it was at the surface. As no
corrections were performed to account for scattering, penetra-
tion, and other effects upon the depth profiling, these results
should be considered qualitative, but suggest that the species is

Fig. 4. Light microscope image of a portion of a U(VI)-containing
calcite single crystal with an as-grown (101�4) face exposed (back-
ground). Superimposed on the image is the result of a principal com-
ponent analysis of spatially resolved hyperspectral images (see text for
explanation). Different spectral components correspond with the � and
– vicinal regions on the (101�4) face.
present in the crystal to a depth of at least 120 �m. The
presence of the uranyl species to this depth is consistent with
the synthesis procedure employed: steady-state growth of cal-
cite single crystal seeds was achieved before addition of uranyl
carbonate to the growth solution. Crystals were removed from
the vessel 13 d after addition of U. A thickness of 120 �m of
U-containing calcite yields an average linear growth rate of �1
Å/s, which is consistent with previous growth rates reported
using this method (Paquette and Reeder, 1995). Therefore, the
U(VI) in these samples (which contributes to the observed
luminescence and X-ray absorption signals) occurs as an im-
purity incorporated in the calcite overgrowth of a U-free seed.

4.2. Sorption Model for the Differential Incorporation of
U(VI) Between Non-Equivalent Step-Edge Sites

The differential uptake of U(VI) between the � and – vicinal
regions of the calcite (101�4) growth surface is similar to the
behavior exhibited by several other metal species and oxyan-
ions showing distinct preferences for the different step types on
this surface (e.g., Staudt et al., 1994; Paquette and Reeder,
1995; Reeder, 1996; Hemming et al., 1998). However, no
unique step preference has emerged, and different metals and
oxyanions exhibit preferences for different steps. Like U(VI),
the oxyanions borate and arsenate also exhibit a preference for
step edges associated with the – vicinals (Hemming et al.,
1998). In contrast, sulfate and selenate exhibit a preference for
step edges of the � vicinals (Staudt et al., 1994).

The finding by Elzinga et al. (2004) that the U(VI) sorption
complexes at low coverage on calcite are calcium uranyl
triscarbonate-like species, similar to the dominant aqueous
species in the growth solution, allows us to propose a model for
the preferential attachment of U(VI) species at the step edges
on the – vicinal faces on the calcite (101�4) growth surface. No
structural difference occurs in the flat terrace portions within
the non-equivalent vicinal surfaces; consequently, differences
in uptake preference are interpreted to be related to the struc-
ture and coordination in step edges. The differences in structure
between the � and – growth steps, both parallel to �4�41�,
have been described in detail elsewhere (Staudt et al., 1994;
Paquette and Reeder, 1995; Hemming et al., 1998). The most
important distinction between the � and – steps is the orien-
tation of CO3 groups, which is controlled by bonding to Ca
atoms and their positions (Fig. 5). In the bulk calcite structure,
all CO3 groups are co-planar. Exposed at the � steps, however,
the CO3 groups are oriented so that their leading edges are
tilted down, toward the lower layer. In the – steps the orienta-
tion is opposite, with exposed edges of CO3 groups tilted up
and pointing away from the lower layer. In both steps, succes-
sive CO3 groups along the step edge are alternately rotated
180° around the c-axis, but the fundamental distinction in their
tilt direction remains the same.

In the Ca2UO2(CO3), unit, all CO3 groups have bidentate
linkage with the central uranium atom, resulting in three distal
oxygen atoms, one from each group (Fig. 5 top). Each calcium
atom also has linkages with two equatorial oxygen atoms from
different carbonate ligands. The interaction of this uranyl spe-
cies at either growth step should be controlled by coordination
of the CO3 ligand(s) and the Ca atom(s) in the equatorial plane
of the complex with similar coordinating ligands exposed in the

step edge. In particular, a CO3 ligand of the complex is likely
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to coordinate at a step in a way that preserves the existing CO3

tilt orientation in that step, as shown schematically in Figure 5
(bottom). This orientation is controlled by the positions of
nearest Ca atoms. We note that the linkage between Ca atoms
and CO3 groups in the Ca2UO2(CO3)3 complex and that within
the calcite structure at either step edge is topologically similar
(Fig. 5 top), although in the latter structure Ca is not within the
plane of the CO3 group. In this model, we consider that this
coordination (because of the topological similarities) forces the
tilt of the Ca2UO2(CO3)3 complex to conform with the tilt
existing at the corresponding step. It is worth noting that the
alternation of CO3 group rotational orientation (by 180°) sug-
gests that every other site along a step edge is suitable for this
coordination by a Ca2UO2(CO3)3 complex.

Figure 5 (bottom) illustrates the proposed orientations of
Ca2UO2(CO3)3(aq) species coordinated in the � and – steps. If
this model is correct, we see clearly that steric constraints favor

Fig. 5. (a) Structure model of a (101�4) layer of calcite wit
on spiral growth hillocks. Ca2UO2(CO3)3 species, as they
orientations at each step type (� and –) in which the bond to
to the (101�4) growth face looking along growth steps of th
(represented here as triangles) exposed at the different step e
is controlled by the CO3 tilt angle, so that it conforms with n
to be hindered at � steps because of interference of an axial
incorporation are favored at – steps, which agrees with obse
coordination at the – steps and hinder coordination at the � steps.
In the Ca2UO2(CO3)3 complex, the axial oxygens are oriented
perpendicular to the CO3 ligands within the equatorial plane. In
the � step, the lower axial oxygen interferes with atoms in the
lower layer. Assuming no relaxation, this configuration results in
unrealistically short O-Oax and Ca-Oax distances of �1.6 and
�1.3 Å, respectively. Consequently, we conclude that sorption of
uranyl is sterically hindered in the � step.

In contrast, the tilt of the Ca2UO2(CO3)3 complex in the – step
results in the lower axial oxygen being displaced away from
neighboring oxygens, thereby allowing multidentate attachment at
this step without steric hindrance. Therefore, we suggest that the
Ca2UO2(CO3)3(aq) species interacts more favorably with the –
steps, which should result in preferential incorporation in the
associated – vicinal surfaces. This is in agreement with the obser-
vation of increased incorporation in the – steps.

Other geometries can be envisioned for coordination of a
Ca UO (CO ) species, at both step and terrace sites. These are

corresponding to the four growth step orientations observed
n the liebigite structure (Mereiter, 1982) are shown in the
is similar to that along the respective step. (b) View parallel

– types. Here, the different tilt angles of the CO3 groups
evident. If the orientation of sorbed Ca2UO2(CO3)3 species
eighbor Ca positions, then adsorption of the species is seen

with layers below. Consequently, adsorption and subsequent
(VI) distributions.
h edges
occur i
pology
e � and
dges are
earest-n
2 2 3 3

likely to be monodentate linkages, however, to avoid interac-
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tion with the weakly reactive axial oxygens. Nevertheless,
uranyl species sorbed in different coordination geometries are
likely. Furthermore, our model does not preclude incorporation
at the � steps despite the hindrance we describe, and the low
but measurable U concentration in the � vicinal regions dem-
onstrates some uranyl incorporation.

The luminescence results suggest that multiple uranyl spe-
cies are present in the bulk calcite, and at least one of these
species differs from the Ca2UO2(CO3)3(aq) species. Our model
describes the initial coordination at the steps associated with
adsorption. Subsequent addition of Ca and CO3 during growth
eventually traps some of the sorbed uranyl, which gradually
becomes buried within the bulk. In our model, it is unlikely that
attaching Ca atoms and CO3 groups could maintain ideal reg-
istry with the calcite structure and also complete the coordina-
tion around the incorporated uranyl species without local dis-
ruption or rearrangement, which is consistent with earlier
reported EXAFS data of U(VI) incorporated into calcite show-
ing a poorly ordered local coordination around U(VI) impuri-
ties (Reeder et al., 2000, 2001). Distortion of the geometry of
the U(VI) adsorption species, including changes from bidentate
to monodentate ligation with CO3 groups, is possible during
final entrapment. The EXAFS results reported earlier (Reeder
et al., 2000, 2001) show that U(VI) incorporated into the calcite
structure has a five-fold equatorial O shell, indicating a (partial)
break-up of the exclusively bidentate coordination of CO3

groups in the equatorial O shell of the triscarbonate complex as
this species becomes incorporated.

Our findings suggest that the final coordination of uranyl
incorporated into calcite depends on several factors associated
with the reaction sequence encompassing initial adsorption
through burial during growth. The distribution and availability
of favorable binding sites at step edges are clearly important,
and these may easily differ according to the synthesis method
and details of the growth mechanism. The finding of a different
coordination geometry of U(VI) in natural calcite by Kelly et
al. (2003) also suggests that kinetic factors or aging effects
could be important. Residence time of uranyl species at surface
sites as well as the rate of Ca2� and CO3

2� addition during
growth could also be influential. This may mean that multiple
uranyl species should be expected to occur when co-precipi-
tated with calcite.

5. CONCLUSIONS

This study characterizes the structural and compositional
heterogeneity involved in U(VI) incorporation in the calcite
(101�4) growth surface using spatially resolved luminescence
spectroscopy. Incorporation of uranyl is strongly favored at the
growth steps that compose the – vicinal surfaces of spiral
growth hillocks, resulting in a heterogeneous distribution
within the bulk crystal. Additionally, peaks characteristic of
uranyl are well resolved in the luminescence spectra from
U(VI) incorporated in the – vicinal regions, whereas spectral
features from U(VI) in the � vicinal region are either strongly
suppressed or absent, indicating a structural difference between
U(VI) species incorporated in the � and – regions as well. The
luminescence spectra from U(VI) in the – vicinal region match
those observed for U(VI) in bulk samples, but differ slightly

from spectra obtained from U(VI) co-precipitated with micro-
crystalline calcite via a different method, indicating that syn-
thesis method and/or growth conditions affect the U(VI) incor-
poration mechanism. The preference for U(VI) incorporation at
the – vicinal faces can be explained by preferred attachment of
the calcium uranyl triscarbonate species at the step edges in the
– region. The difference in atomic arrangement of carbonate
groups at the � and – step edges results in much less steric
hindrance during adsorption of the calcium uranyl triscarbonate
complex at the – sites as compared to the � sites. Therefore,
U(VI) adsorption is favored at the – steps, which may explain
the observed preferred uptake of U(VI) in the – steps as
compared to the � steps during crystal growth. The results of
this study indicate that multiple uranyl species are to be ex-
pected when co-precipitated with calcite, and that the overall
U(VI) speciation may vary with synthesis conditions and site
availability.
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