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Tetravalent Uranium in Calcite 
N. C. Sturchio, M. R. Antonio, L. Soderholm, S. R. Sutton, 

J. C. Brannon 

X-ray absorption spectroscopy and x-ray fluorescence microprobe studies of 
35-million-year-old calcite from a Mississippi Valley-type zinc ore deposit 
indicate substitution of tetravalent uranium for divalent calcium. Thus, tet- 
ravalent uranium has a stable location in calcite deposited under reducing 
conditions. This result validates uranium-series dating methods (including ura- 
niumllead dating) for ancient calcite and shows that calcite provides a sink for 
uranium in deep groundwater aquifers and anoxic lacustrine and marine basins. 

Trace amounts of U are lu~own to occur in 
calcite. This occui-sence is the basis for the 
U-series age detei~ninations of ancient cal- 
cites (I). It is used as a marine paleoenviron- 
mental and diagenetic indicator (2) and may 
influence the transport behavior of U in 
groundwater aquifers (3). However, the loca- 
tion of U in the structure of calcite is prob- 
lematic. Dissolved U in most natural waters 
generally occurs in the hexavalent oxidation 
state (U6-) as the relatively large divalent 
uranyl ion (U0,'-), which is too large for 
regular lattice sites in calcite (4, 5). Uranium 
in the tetravalent oxidation state (U4+) is 
generally considered to be relatively immo- 
bile because of the extremely low solubility 
of uranous phases (4). In addition, a direct 
structural measurement of U coordination in 
calcite at natural concentration levels (typi- 
cally 0.1 to 10 has been difficult to 
obtain. 

To help elucidate the geochemical behav- 
ior of U in natural systems, we examined 
35-million-year-old spar calcite having a rel- 
atively high U concentration [5 to 35 parts 
per million (ppm)] from a Mississippi Val- 
ley-type zinc ore deposit (6). We made x-ray 
absorption and x-ray fluorescence measure- 
ments of U in samples of this calcite and in 
U-rich reference materials, using synchrotron 
radiation (7). 

The x-ray absoiption near-edge structure 
(XANES) spectra of the sample and the U4+ 
reference conlpound have indistinguishable 
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peak edge energies of 20,952.4 t 0.3 and 
20,952.2 1 0.3 eV, respectively, whereas the 
U6- reference conlpound has a peak edge 
energy of 20,954.3 t 0.3 eV (Fig. 1). These 
spectra indicate that U in the sample is dom- 
inantly tetravalent. 

The series of sharp peaks in the radial 
distribution function that is obtained by Fou- 
rier transform of extended x-ray absorption 
fine structure (EXAFS) spectra shows that U 
occupies a regular and well-defined crystal- 
lographic site in the calcite sample (Fig. 2). A 
nlultishell model (Table 1) in which U sub- 
stitutes for Ca in the calcite structure corre- 
sponds with the experimental data (Fig. 2). 
There is one important difference between 
the environment of Ca in calcite and the 
environment of U in this calcite sample. In 
calcite, the first coordination shell of 0 about 
Ca forms an octahedron with a Ca-0 radial 
distance (R) of 2.36 A (5). The 0 coordina- 
tion about U in the calcite sample, however, 
is best fit with two shells: one at 2.21 A and 
one at 2.78 A. The more distant shells, in- 
cluding a U-C, shell at 3.26 A, a U-Ca, shell 
at 4.02 A, and a U-Ca, shell at 4.98 A, have 
radial distances that are indistinguishable, 
within error, from the corresponding shells 
about Ca in calcite (Table 2). 

The EXAFS data are well fit with one 
coordination environment, ruling out the 
presence of multiple oxidation states or de- 
fect environments. The radial distribution 
filnction shown in Fig. 2B and the coordina- 
tion shell radii listed in Table 1 are inconsis- 
tent with the occussence of U as U6+ in the 
uranyl ion because of the absence of the 
characteristic strong backscattering peak 
from 0 at about 1.8 A. Furthermore, these 
data are inconsistent with the occurrence of U 
within inclusions of uraninite (UO,) or coffi- 
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nite (USiO,) because of the absence of the 
strong U - 0  and U-U bacltscattering peaks 
that would be present at about 2.32 to 2.36 
and 3.83 to 3.86 A, respectively, in EXAFS 
spectra of these phases (8, 5). 

The splitting of the first 0 coordination 
shell about U in this calcite sanlple is also 
recognized in other U-bearing nlinerals (Ta- 
ble 2). In minerals containiilg U4-, charac- 
teristic U - 0  distances are 2.2 to 2.3 and 2.5 to 
2.8 8, (5-11). In contrast, U-bearing minerals 
that contain U6+ as the uranyl ion have char- 
acteristic U - 0  distances of -1.8 and 2.3 to 
2.5 A (12), which are not obseilied in our 
calcite sample. Two statistically indistin- 
guishable; best-fit models are consistent with 
our EXAFS data: one in which there are four 
atoms of 0 at 2.21 A and hvo atoms of 0 at 
2.78 A, giving a mean U - 0  distance of 2.40 
A, and one in which there are three atoms of 
0 at each distance, giving a mean U - 0  dis- 
tance of 2.50 A. A mean U - 0  distance of 2.40 
A agrees with the size of the Ca2+ site in 
calcite, where the Ca-0 distance is 2.36 A. 
The mean U - 0  distance in each best-fit mod- 
el is consistent with the range of known mean 
U - 0  distances in other uranous phases (2.36 
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Fig. 1. (A) Normalized U L2-edge EXAFS spec- 
trum for the calcite sample, measured in fluo- 
rescence mode. (B) XANES portion of this spec- 
trum, along with XANES spectra for well-char- 
acterized reference compounds of U 4 +  
[(U4-P,W,oOll,)11-] and U6+ [(U6+02)2+] in 
1 M HClO, media. The calcite XANES spectrum 
(lower solid line) has an edge energy indistin- 
guishable from that of the U 4  reference (up- 
per solid line), which is 2 eV lower than that of 
the U6- reference (dashed line), indicating that 
U in the sample is dominantly tetravalent. 

to 2.49 A) but is substantially greater than 
this range in uranyl-bearing phases (2.1 to 2.3 
A) (Table 2). 

The ionic radius of U4+ in octahedral 
coordination is 0.89 8, (13). Divalent ions 
such as Zn2+, Mn2-, and Cd2+ have ionic 
radii that range from 0.74 to 0.97 A and can 
be accommodated readily in the calcite stmc- 
ture (5, 14). The principal ciystal-chemical 
difficulty with the substitution of U4+ in 
calcite is achieving a local charge balance in 
the calcite lattice. A tetravalent ion in the 
Ca2+ site is uadercoordinated. A coupled 
substih~tion (for example, 3Ca2- -, U" + 
2Naf)  may be involved. Such substitutions 
are not inconsistent with our EXAFS data, 
but these data do not allow us to identify the 
exact substitution mechanism. 

Sodiunl is a common impurity in calcite 
and may be incorporated at defect sites to 
nlailltaln the charge balance 111 the substitu- 
tion Ca2+ + 2Nat (15) The range in con- 
centration of Na required to account for the 
substihit~on lnechanlsln proposed above is 1 
to 7 ppm, on the basis of the range of mea- 
sured U concentration in the calcite sample. 
Measuring such low Na concentrations is not 

Fig. 2. (A) The k3-weighted U L2-edge EXAFS 
data, ~ ( k ) ,  for the calcite sample (solid line) and 
the best-fit multishell model (dashed line) as a 
function of wave vector k in reciprocal ang- 
stroms. The data were fit from 2 to 10 kl, 
with parameters described in Table 1. (6)  Fou- 
rier transform (FT) of the EXAFS data (solid 
line), yielding a radial distribution function in 
angstroms from the absorber atom (uncorrect- 
ed for phase shift). Strong peaks in the FT are 
labeled for the corresponding atomic shells 
used in the multishell model (dashed line). 
These data are consistent with substitution of 
U4+ for Ca21 in the calcite sample. 

possible using conventional microprobe tech- 
niques (including electron, ion, and synchro- 
tron x-ray fluorescence microprobes). The 
calcite precipitated from a brine, so it may 
have a high Na concentration in addition to 
the well-documented, highly saline fluid in- 
clusions (16); these features could mask the 
small variation in Na concentration that 
might correlate with U concentration. 

Calcite from the locality where our sam- 
ple was taken has aqueous fluid inclusions 
with homogenization tenlperahlres ranging 
from 60" to 100cC and salinities ranging from 
7 to 22 weight % (NaC1 equivalent) and has 
rare inclusions of liquid hydrocarbon and bi- 
tumen (16). The presence of sulfide minerals 
and hydrocarbon inclusions indicates a reduc- 
ing environment, consistent with the presence 
of U4- in the calcite sample. Comparison of 
the U!Ca molar ratios in reducing, saline 
groundwaters and brines (for example, 10-8.0 
to 10-6.4) (1 ?) with that of our calcite sample 
(-lop') indicates that U4+ is preferentially 
incorporated into calcite in such environ- 
ments. In contrast, U6- as the uranyl ion is 
generally excluded from calcite (2, 18). 

The mapped U concentration in a portion 
of the calcite sanlple varies from about 5 to 
35 ppin and is fairly uniform at the 1 0 0 - ~ n l  
scale (Fig. 3). Assuming that this calcite pre- 
cipitated from a fluid in which U concentra- 
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Fig. 3. X-ray fluorescence microprobe map of U 
in a I-mm-by-I-mm area of the calcite sample, 
showing contours of U concentration in parts 
per million. This distribution is consistent with 
the substitution of U in the calcite structure 
and is inconsistent with inclusions of distinct 
U-rich compounds. 

Table 1. Multishell best-fit parameters for U EXAFS 
of calcite sample. N, coordination number; R, radial 
distance; u2, Debye-Waller factor. 

Shell N R (A) u2 (A2) 

U-0 3.4 t 0.8 2.21 t 0.02 0.0004 ? 0.0021 
U-0 2.8 ? 0.9 2.78 ? 0.03 0.0004* 
U-C 6 i  3.26 t 0.06 0.006 t 0.004 
U-Ca 6 t  4.02 t 0.09 0.022 t 0.010 
U-Ca 67 4.98 t 0.06 0.005 10 .003 

'Parameter fixed equal to the  best-fit value for the first 
U - 0  shell, ?Parameter fixed dur ing  refinement to 
reduce the number  of fit parameters. 
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7, C2793 (1997). 
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vides insight into the geochemical cycle of 
U in deep groundwater aquifers and anoxic 
lacustrine and marine basins. The incorpora- 
tion of U into calcite as Ue tives a poten- Coaxial Nanocable: Silicon 
tially stable host for dispersed U over geo- 
logical time scales. Carbide and Silicon Oxide 
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