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ABSTRACT

Interaction of concentrated acidic uranyl-bearing solutions at initial values of pH of 2.5 and 4.5 with calcite at 25°C in an open
system results in formation of schoepite, becquerelite and wyartite-II. Interaction of similar solutions with calcite at 100°C results
in the formation of dehydrated schoepite after one day and becquerelite after two to three days. Concentrated basic uranyl-bearing
solutions in contact with calcite at 25°C in an open system produce uranyl-bearing calcite, wyartite-II, becquerelite and schoepite.
Uranyl tricarbonate minerals such as liebigite precipitate on calcite only in more highly concentrated basic solutions. The crystal
morphologies of almost all of these minerals were recorded on the calcite surface with an atomic force microscope (AFM). Red
crystals of becquerelite grown in acidic solutions are elongate parallel to [010], and the (001) face is defined by the [010], [110]
and [100] edges. The (001) face of pink crystals of wyartite-II grown in an acidic solution is defined by the [120], [100] and [120]
edges and has striations parallel to [100]. Under basic conditions, uranyl-bearing calcite precipitates as growth hillocks in the first
few minutes of the experiments. Green crystals of liebigite are attached to the calcite surface via their (001) or (010) faces. The
(001) face of pink-to-violet crystals of wyartite-II grown in basic solutions is defined by the [100], [110], [120], [230] and [010]
edges. Small red crystals of becquerelite grown in basic solution have a similar morphology to those grown in acidic solution. The
formation of wyartite-II is a result of high CO2 activity on the calcite surface, which provides the necessary low values of Eh. The
formation of schoepite on the calcite surface in Ca2+–(CO3)2– solutions occurs owing to favorable crystal-growth kinetics relative
to becquerelite and other uranyl-carbonates. On the basis of observations in the open system, formation of minerals on the calcite
surface is predicted for acidic and basic solutions in a closed system.
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SOMMAIRE

L’interaction de solutions concentrées acides d’uranyle à des valeurs initiales de pH de 2.5 et 4.5 avec la calcite à 25°C dans
un système ouvert mène à la formation de schoepite, becquerelite et wyartite-II. L’interaction de solutions semblables avec la
calcite à 100°C mène à la formation de schoepite déshydratée après un jour, et de becquerelite après deux ou trois jours. Des
solutions à uranyle basiques et concentrées en contact avec la calcite à 25°C dans un système ouvert produisent la calcite uranylée,
wyartite-II, becquerelite et schoepite. Les minéraux à uranyle tricarbonatés, tels la liebigite, se déposent sur la calcite seulement
où les solutions basiques sont davantage concentrées. La morphologie des cristaux de la grande majorité de ces minéraux a été
observée sur la surface de la calcite avec un microscope à force atomique (AFM). Les cristaux rouges de becquerelite germant
dans un milieu acide sont allongés selon [010], et la face (001) est définie par les arêtes [010], [110] et [100]. La face (001) de
cristaux roses de wyartite-II croissant dans un milieu acide est définie par les arêtes [120], [100] et [120], et montre des stries
parallèles à [100]. En milieu basique, la calcite uranylée se dépose en amoncellements de croissance dans les premières minutes
de l’expérience. Des cristaux verts de liebigite sont rattachés à la calcite sur leur face (001) ou (010). La face (001) de cristaux
roses à violettes de wyartite-II croissant dans un milieu basique est définie par les arêtes [100], [110], [120], [230] et [010]. De
petits cristaux rouges de becquerelite déposés dans un milieu basique ont une morphologie semblable à ceux que nous obtenons
d’une solution acide. La formation de la wyartite-II résulte d’une activité élevée de CO2 sur la surface de la calcite, qui fournit les
faibles valeurs nécessaires de Eh. La formation de la schoepite sur la surface de la calcite en solutions contenant Ca2+ et (CO3)2–

est possible grâce à une cinétique de croissance cristalline favorable par rapport aux cas de la becquerelite et des autres carbonates
uranylés. A la lumière des observations en système ouvert, nous prédisons la formation des minéraux sur la surface de la calcite
dans des solutions acides et basiques en système fermé.

(Traduit par la Rédaction)

Mots-clés: minéraux à uranyle, croissance de cristaux, calcite, surface.
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INTRODUCTION

The development and evaluation of strategies for the
long-term disposal of radioactive waste rely heavily on
understanding the behavior of naturally occurring radio-
nuclides. Uranium is the most abundant of the naturally
occurring actinides and is one of the most toxic ele-
ments. In the tetravalent state, uranium is highly immo-
bile; however, oxidation to U6+ results in the formation
of the highly mobile uranyl ion, (UO2)2+. The mobility
of the uranyl ion depends on its speciation at different
pH, temperatures and solution compositions. In the ab-
sence of oxy-anion groups, such as (PO4)3–, (SiO4)4–,
(SO4)2–, and humic acids, uranyl-hydroxy-hydrate and
uranyl-carbonate complexes such as [(UO2)3(OH)5
(H2O)5]+ and [(UO2)(CO3)]0 are the dominant aqueous
species. Uranyl-hydroxy-hydrate minerals are the most
common group of uranyl minerals, and the concentra-
tion of U in natural solutions strongly depends on their
stability. Here, we describe the results of in situ and
batch crystal-growth experiments of uranyl-bearing
minerals on the (104) calcite surface in the open system
CaO–Na2O–UO3–(CO2)–H2O at different values of pH.

BACKGROUND INFORMATION

Solubility measurements on schoepite, [(UO2)8O2
(OH)12](H2O)12, and becquerelite, Ca[(UO2)3O2(OH)3]2
(H2O)8, indicate that uranyl-hydroxy-hydrate minerals
have their maximum stability between pH 5.5 and 8.0
(Torrero et al. 1994, Casas et al. 1997). In fresh water
with high p(CO2) values, uranyl carbonate minerals pre-
cipitate from neutral to basic solutions. Less soluble
uranyl carbonate sheet minerals such as rutherfordine,
[(UO2)(CO3)], and wyartite, Ca[U5+(UO2)2(CO3)O4
(OH)](H2O)7, crystallize from neutral solutions, and
highly soluble uranyl di- and tricarbonates such as
zellerite, Ca[(UO2)2(CO3)2](H2O)5, and liebigite,
Ca2[(UO2)(CO3)3](H2O)11, crystallize through evapora-
tion of weakly to strongly basic solutions (Finch &
Murakami 1999). The concentration of (UO2)2+ in car-
bonate-rich groundwater with pH between 5.0 and 8.0
is controlled primarily by the presence of uranyl-hy-
droxy-hydrate and uranyl-carbonate sheet minerals. If
solutions with lower and higher values of pH are neu-
tralized through dissolution of carbonate minerals or
atmospheric CO2, these minerals precipitate and reduce
the overall concentration of (UO2)2+ in aqueous solu-
tion. More highly concentrated uranyl-bearing solutions
with pH below 5 or above 8 most likely occur in ura-
nium mine- and mill-tailings, in which they interact with
rock-forming minerals or barrier material. These inter-
actions change the chemical composition, pH and Eh of
the solution, and either uranium-bearing minerals pre-
cipitate or uranyl ions are adsorbed on the surface of
minerals or barrier material. In order to prevent contami-
nation of soil, surface water and groundwater close to

uranium mine- and mill-tailings, we need to understand
these chemical processes, particularly with regard to the
following issues:

(1) The possible paragenesis of uranyl minerals or
uranium-bearing minerals that precipitate from these
solutions on the surface of the solid.

(2) The chemical composition of these minerals and
the potential incorporation of other radionuclides into
their structure.

(3) The growth and dissolution processes of uranyl-
and U-bearing minerals, i.e., the change in kinetics of
growth or dissolution mechanisms with conditions in
solution (e.g., Eh, P, T, pH).

THE INTERACTION OF CALCITE WITH U6+-BEARING

SOLUTIONS: PREVIOUS WORK

Kitano & Oomori (1971) and Meece & Benninger
(1993) showed that U6+ is preferentially incorporated
into aragonite relative to calcite. Reeder et al. (2000)
reported that aragonite and calcite can coprecipitate with
up to 10000 and 1900 ppm U6+, respectively, from aque-
ous solution. Reeder et al. (2001) examined the incor-
poration of uranyl carbonate species into calcite at pH
values of 7.6 and 8.2, and showed that the dominant
mechanism of growth during coprecipitation of calcite
with (U6+O2)2+ is spiral growth on the (104) face of cal-
cite. The growth spirals form polygonal hillocks of four
vicinal faces that differ in orientation of their growth
edges and direction of growth. Uranyl carbonate is pref-
erentially incorporated onto those vicinal faces, which
are composed of an array of the (parallel and structur-
ally identical) growth edges [

–
441] and [48

–
1]. The ge-

ometry and surface or bulk symmetry relations of the
spiral-growth hillocks were described by Staudt et al.
(1994), Paquette & Reeder (1995), Reeder (1996) and
Reeder & Rakovan (1999), and the growth mechanisms
of the spirals were observed in situ by atomic force mi-
croscopy (Gratz et al. 1993, Teng et al. 1998).

Using extended X-ray absorption fine-structure spec-
troscopy (EXAFS), X-ray photoelectron spectroscopy
(XPS), and time-resolved laser-induced fluorescence
spectroscopy (TXRLFS), Geipel et al. (1997) and Yu et
al. (1998) showed that coatings of uranyl hydroxide and
uranyl carbonate form on the surface of carbonate min-
erals upon interaction with a uranyl-bearing aqueous
solution. Caroll et al. (1992) examined interactions at
the calcite – uranyl solution interface, and observed pre-
cipitation of an unidentified Ca–uranyl compound on
calcite; the morphologies of the crystals are different at
pH values of 4.3 and 8.0. Glatz et al. (2002) synthe-
sized becquerelite, Ca[(UO2)4O3(OH)4](H2O)2, and a
third unidentified phase, through interaction of an acidic
uranyl-bearing solution (at pH values of 4 and 6) with
calcite between 140 and 220°C. In a recent paper,
Schindler & Putnis (2004) described the growth of
schoepite on the (104) face of calcite, and showed that
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at constant temperature, the morphology of the schoepite
crystals changes with variation in supersaturation and
pH of the nascent solution.

URANYL OXIDE MINERALS IN THE SYSTEM

CAO–NA2O–UO3–(CO2)–H2O

The system CaO–Na2O–UO3–(CO2)–H2O system is
one of the more complicated uranyl–aqueous systems.
There at least seventeen uranyl-bearing minerals and
three synthetic uranyl-bearing phases that can crystal-
lize from aqueous solution (Table 1). Finch & Murakami
(1999) presented an activity–activity diagram for the
system CaO–UO3–(CO)2–H2O based on calculated and
estimated Gibbs free energies. The diagram included
only the more common uranyl-bearing minerals such as
rutherfordine, schoepite, becquerelite, fontanite,
sharpite and becquerelite, and indicated that the miner-
als with the largest fields of stability in this system are
rutherfordine, schoepite and becquerelite.

Construction of an activity–activity diagram

In order to visualize the occurrence of all uranyl-
oxide hydroxy-hydrate and uranyl carbonate phases in
the system CaO–UO3–(CO2)–H2O, one can calculate an
activity–activity diagram for log [Ca] / [H]2 versus log
[H2CO3] (Figs. 1a, 2a). The construction of such dia-
grams has been described in detail by Schindler &
Hawthorne (2001). All minerals and synthetic phases in
this diagram are related via different combinations of
the general equations

{M 2+
n interstitial complex}z+ = [(UO2)k

Ol(OH)m]z– + a(H2O) + b{M 2+}
↔ [1]
{M 2+

n+b interstitial complex}(z+2b) + [(UO2)k
Ol–a+b(OH)m+2a–2b](z+2b)– + 2bH+

{M 2+
n interstitial complex}z+[(UO2)kOl

(OH)m(CO3)n]z– + a{M 2+} + bH2CO3
↔ [2]
{M 2+

n+a interstitial complex}(z+2a)[(UO2)kOl+a
(OH)m–2b(CO3)n+b](z+2a)– + 2aH+ + 2b–a(H2O)

{M 2+
n interstitial complex}z+[(UO2)kOl

(OH)m(CO3)n]z– + bH2CO3
↔ [3]
{M 2+

n+a interstitial complex}(z+)[(UO2)kOl
(OH)m–2b(CO3)n+b]z– + 2b(H2O).

Similar to the construction of activity–activity diagrams
for borate and uranyl-hydroxy-hydrate minerals
(Schindler & Hawthorne 2001, 2004), these (and varia-
tions of these) general equations do not take into account
the number of interstitial (H2O) groups. Furthermore,
we did not consider variation in the valence states of
uranium in the structural unit for calculation of the
boundary lines in the topology diagram. However, in
later diagrams, we indicate minerals containing uranium
in different valence states.

From the law of mass action, we may write the fol-
lowing relations for all equations:

log [M2+] / [H]2 = log K (1)

log [M2+] / [H]2 = a / b log [H2CO3] + log K (2)

b [H2CO3] = log K (3)

We do not know log K, and hence the calculated values
are only on a relative basis. However, the slope of the
boundary between stability fields is given by either a /
b, 0 or b (which we do know), and hence we can con-
struct an activity–activity diagram with the correct to-
pology. Figures 1a and 2a show the stability fields of
the structural units and indicate the corresponding min-
erals and the chemical compositions of the structural
units.

Minerals with U4+ and U5+, such as ianthinite,
[U4+

2(U6+O2)4O6(OH)4 (H2O)4](H2O)5, wyartite,
Ca[U5+(U6+O2)2(CO3)O4(OH)](H2O)7, and wyartite-II
(unpublished) can only be stable at low redox potential,
where U4+ and U5+ ions are stable in aqueous solution
[Eh must be below 0.20 eV for U5+; Langmuir (1978)].
Let us consider a hypothetical three-dimensional activ-
ity–activity diagram with the change in Eh in the third
dimension. In this diagram, parts of the stability fields
of the structural units of ianthinite, wyartite and
wyartite-II will be at lower Eh than the stability fields
of structural units with only U6+ present. For example,
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becquerelite and wyartite are related via the chemical
equation:

Ca(H2O)n[(UO2)3O2(OH)3]2 +2[H2CO3] + Ca2+

↔
Ca2(H2O)n[U5+(UO2)2(CO3)O4(OH)]2 + 2e-
+ 4H2O

The corresponding Nernst equation is

Eh = E0 + 0.05916/2 log {[H2CO3]2 [Ca2+]} [4].

In a three-dimensional phase diagram showing log
[M2+] / [H+]2 versus log [H2CO3] and versus Eh, the
corresponding slope of the boundary between the sta-
bility fields is

log [H2CO3] = Eh/0.05916 – E0/0.05916 [5].

Projecting this boundary line in a two-dimensional dia-
gram showing log [M2+] / [H+]2 versus log [H2CO3]
would result in a straight line parallel to the log [M2+] /
[H+]2 axis. This line and all other boundary lines be-
tween stability fields of structural units containing U6+

and U5+–U6+ are shown as dotted lines in Figures 1a
and 2a.

EXPERIMENTAL

Growth of uranyl-bearing minerals on the calcite
(104) surface was examined after batch or in situ ex-
periments using a Nanoscope III multimode scanning-
probe microscope and a Dimension 3000 atomic force
Microscope, both from Digital Instruments. The in situ

experiments were done in a fluid cell from Digital In-
struments. The calcite samples were freshly cleaved
from a block of optically clear Iceland spar. The in situ
experiments were free-drift: after injection of the solu-
tion into the fluid cell, the fluid flow was stopped while
the images of the growth or dissolution experiments
were recorded. The general scanning modes were con-
tact and tapping.

Crystal-growth experiments of uranyl-bearing
minerals in acidic solutions

The experiments were done with different molar ra-
tios of uranyl nitrate or uranyl acetate. The concentra-
tions of the uranyl salts varied between 1.5 and 100
mmol L–1. Depending on the concentration, the starting
pH of the uranyl nitrate solutions was approximately 2.5,
and that of the uranyl acetate solutions, approximately
4.5. In the batch experiments, 30 mg of calcite (freshly
cleaved from Iceland spar and crushed) was washed in
distilled water and brought in contact with 5 mL of the
solution. The size of the calcite crystals was approxi-
mately 3 � 3 [the (104) surface] � 2 mm. All batch
experiments were done at 25°C in an open vessel with
contact times between 2 and 7 days. At the end of each
experiment, the pH was 5.5–6.0 for uranyl nitrate solu-
tions and 6.0–6.5 for uranyl acetate solutions.

Crystal-growth experiments of uranyl-bearing
minerals in basic solutions

The experiments under strongly basic conditions
were done with different molar ratios of uranyl nitrate
and Na2CO3, Ca(OH)2 or CaCl2–Na2CO3. The concen-
trations of uranyl nitrate were 0.5, 1, 5, 10 and 50 mmol
L–1. The molar ratios of uranyl nitrate : Na2CO3, uranyl
nitrate : Ca(OH)2 and uranyl nitrate : CaCl2 : Na2CO3
were in all cases 1 : 4, 1 : 2 and 1 : 2 : 3, with maximum
concentrations of 50 mmol L–1 (UO2)(NO3)2, 100 mmol
L–1 CaCl2, and 150 mmol L–1 Na2CO3. At the begin-
ning of each experiment, 30 mg of freshly washed crys-
tals of calcite was brought into contact with 5 mL of the
corresponding solution in an open vessel. The starting
pH was in all cases between 9.5 and 10.5, and the final
pH was between 7.5 and 8.0. All batch experiments were
done at 25°C with contact times between 2 days and 3
months.

Identification of uranyl-bearing minerals
on the surface of calcite

After in situ or batch experiments, the uranyl miner-
als were scraped from the calcite surface and analyzed
by X-ray powder diffraction with a Philips PW3040
diffractometer. The minerals were also examined by
scanning electron microscopy (SEM) and semi-
quantitative chemical analysis with a JEOL JSM–6300F
microscope and an EDAX system from Oxford Instru-

FIG. 1. (a) Activity–activity diagram of log [Ca2+] / [H]2 ver-
sus log [H2CO3] for uranyl-oxide minerals in the system
CaO–UO3–(CO2)–H2O. Possible sequences of minerals
developed during interaction of acidic uranyl-bearing solu-
tions with calcite at 25 and 100°C are indicated by broken
arrows. Initial and final values of pH for the experiments
are given on the left and at the top of the diagram. (b) AFM
images of in situ crystal growth of schoepite in an acidic
uranyl nitrate solution with an initial pH of 2.5 (Schindler
& Putnis 2004). (c) AFM image of a single crystal of
schoepite formed on the (104) surface of calcite after a
three-day batch experiment with uranyl acetate solution of
initial pH 4.5 (Schindler & Putnis 2004). (d) AFM image
of rows of elongate crystals of becquerelite along [010]
formed at 100°C in uranyl nitrate solution. The (001) faces
of the crystals are defined by the [010], [100] and [110]
edges. (e) AFM image of a single crystal of wyartite on
calcite formed in a one-week batch experiment in uranyl
acetate solution. (f) AFM image of single crystals of an
unidentified phase formed during evaporation of uranyl
acetate solution in contact with calcite.
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ments. Thermogravimetric analysis of the material was
done with a Firma Mettler instrument. The surface of
each calcite crystal was also examined by SEM and by
reflected-light microscopy.

Most of the uranyl oxides can be clearly distin-
guished by their color and fluorescence. Schoepite and
dehydrated schoepite crystals are usually yellow,
wyartite and wyartite-II are violet to pink, ianthinite is
violet, and andersonite and liebigite are green and show
fluorescence. In Nature, becquerelite crystals are usu-
ally yellow. However, synthetic becquerelite on calcite
(identified as becquerelite by scraping the orange-red
crystalline material from the calcite surface and charac-
terizing it by X-ray powder diffraction) appears orange
to red on the calcite surface. Moreover, we could select
specific areas on the (104) calcite surface with one par-
ticular phase. We scanned these areas with the AFM and
obtained three-dimensional images of the crystals. The
AFM images show much better resolution of crystal
faces and striations on crystal faces than SEM images.
The crystal habits and forms of crystal faces were then
compared to the morphology of crystals from mineral
samples or to drawings of crystal morphologies from
the literature.

GROWTH OF URANYL-OXIDE MINERALS ON CALCITE

UNDER ACIDIC CONDITIONS

Acidic uranyl-bearing solutions are usually under-
saturated with respect to uranyl minerals. If these solu-
tions come into contact with calcite, calcite begins to
dissolve. This dissolution increases the pH of the solu-
tion and results in supersaturation with respect to ura-
nyl minerals (Schindler & Putnis 2004). This process
can be divided into three steps:

(a) Step 1: dissolution of calcite and increasing pH:

CaCO3 + 2H+ ↔ Ca2+ + H2CO3 [6]

H2CO3 ↔ CO2 (aqueous) + H2O [7]

CO2(aq) ↔ CO2 (gaseous) [8]

(b) Step 2: polymerization of the aqueous (UO2)2+-bear-
ing species to form more highly polymerized species:

3(UO2)2+ + 5(H2O) ↔ [(UO2)3(OH)5]+ + 5H+ [9]

(UO2)2+ + HCO–
3 ↔ [(UO2)(CO3)]eq + H+ [10]

(c) Step 3: crystallization through polymerization of the
aqueous species to form minerals (e.g., schoepite):

8[(UO2)3(OH)5]+ + 14H2O ↔
3[(UO2)8O2(OH)12](H2O)12 + 8H+ [11]

Contact of acidic uranyl acetate solutions (initial pH =
4.5, final pH in the range 6.5–7.0, initial concentrations
10–100 mmol L–1) with calcite in an open system for
one week at 25°C normally results in the formation of
schoepite, becquerelite and wyartite.

The type of speciation depends on pH and the con-
centration of (H2CO3), i.e., the amount of dissolved
CaCO3. Schindler & Putnis (2004) calculated for the in
situ experiments the distribution of aqueous species for
uranyl nitrate and uranyl acetate solutions by extrapo-
lating the amount of dissolved H2CO3 via the observed
changes in pH. Their calculations showed that in the first
few minutes of the in situ experiments, the uranyl-hy-
droxy-hydrate aqueous species (98% of all species) are
dominant over the uranyl carbonate species (maximum
2% of all species). However, the activity of uranyl car-
bonate species increases with increasing dissolution of
calcite during the long-term batch experiments.

Formation of schoepite on calcite
under acidic conditions

Schindler & Putnis (2004) showed that in the first
few minutes of contact between acidic solutions and
calcite, schoepite precipitates on the surface of calcite.
Contact of calcite with strongly acidic uranyl nitrate
solutions (initial pH = 2.5, final pH = 5.5) results in
precipitation of schoepite, together with a large amount
of X-ray-amorphous material. Figure 1b shows AFM
images of the formation of a fine-grained layer on the
calcite surface (upper images), on which small crystals
of schoepite appear six to ten minutes after injection of
the solution into the fluid cell (lower images; for de-
tails, see Schindler & Putnis 2004).

Contact of calcite with the more weakly acidic ura-
nyl acetate solution (initial pH = 4.5, final pH = 6.5)
precipitated schoepite of a higher crystallinity than

FIG. 2. (a) Activity–activity diagram of log [Ca2+] / [H]2 ver-
sus log [H2CO3], showing the chemical composition of the
structural units and the possible sequence of minerals de-
veloped during interaction of basic uranyl-bearing solu-
tions with calcite at 25°C (arrows). The initial and final
values of pH for the experiments are given at the top and
bottom of the diagram. (b) AFM images of growth hillocks
of uranyl-bearing calcite on calcite. (c)–(f) AFM images of
uranyl-oxide minerals on the calcite surface formed in
highly concentrated basic uranyl-bearing solutions (50
mmol L–1). (c) Single crystals of liebigite in two different
orientations: left, with the (001) face parallel to the surface
of calcite; right, with (010) face parallel to the surface of
calcite. (d) Elongate crystals of wyartite. (e) A pile of small
crystals of becquerelite. (f) Schoepite crystals with the
(100) face parallel to the surface of calcite (Schindler &
Putnis 2004).
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schoepite formed in uranyl nitrate solution over the same
period of time (3 days). Figure 1c shows an AFM im-
age of a typical idiomorphic crystal of schoepite on the
calcite surface, formed after three- to seven-day batch
experiments with uranyl acetate solutions (Schindler &
Putnis 2004). Interaction of calcite with the same solu-
tions at 100°C resulted in the formation of dehydrated
schoepite (only in the first 24 h), and we did not ob-
serve any epitactic growth of dehydrated schoepite crys-
tals on the calcite surface.

Formation of becquerelite on calcite
under acidic conditions

Formation of becquerelite on the (104) calcite sur-
face was not observed during in situ AFM experiments.
Three- to seven-day batch experiments at 25°C with
uranyl acetate solution result in the formation of small
amounts of becquerelite on calcite. Figure 3a shows a

fine-grained precipitate of wyartite-II (violet) on top of
becquerelite (red) after a one-week batch experiment.

The occurrence of only becquerelite on calcite can
be observed after a three-day batch experiment at 100°C,
in which the earlier-formed dehydrated schoepite is
completely transformed into becquerelite. Figure 1d
shows an AFM image of rows of slightly elongate crys-
tals of becquerelite formed on the surface of calcite. In
Nature, becquerelite crystals are usually elongate paral-
lel to [010], show striations on the (011) face parallel to
[010], and their (001) face is defined by the [010], [110]
and [100] edges (Palache et al. 1944, Schindler et al.
2004a, b). Close inspection of the AFM images shows
that these morphological features are also observed on
becquerelite crystals grown on the (104) surface of cal-
cite: the crystals are elongate parallel to [010], they have
striations parallel to [010], and the edges [010], [110]
and [100] define the (001) face (Fig. 1d).

FIG. 3. Images taken with a reflection microscope: (a) wyartite (violet) and becquerelite (red) formed under acidic conditions.
(b) Uranyl-bearing calcite (brown), becquerelite (red), schoepite (yellow) and liebigite (green) formed under basic conditions.
(c) Fine-grained precipitate of wyartite formed under basic conditions, with an oxidized yellow core that subsequently forms
in air. (d) Becquerelite (red) with liebigite (green) formed under basic conditions.
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Formation of wyartite-II on calcite
under acidic conditions

Wyartite-II is observed on the calcite surface after
three- to seven-day batch experiments at 25ºC with ura-
nyl acetate solutions (Fig. 3a). There are two different
types of wyartite-II growth under acidic conditions: (1)
a fine-grained violet precipitate on becquerelite
(Fig. 3a), and (2) small pink single crystals on calcite.
In the first case, AFM examination of the violet precipi-
tate did not resolve any single crystals with well-defined
morphologies. Figure 1e shows an AFM image of one
of the pink single crystals of wyartite-II on calcite. The
angles between the edges defining the (001) face indi-
cate the occurrence of the [120], [100] and [110] edges
(Fig. 4c). The (001) face is further characterized by stria-
tions parallel to [100] (Fig. 1c).

Formation of an unknown
uranyl-carbonate phase on calcite

Partial evaporation of a uranyl acetate solution re-
sulted in crystallization of an unknown greenish phase
on calcite. The amount of material was too small for
identification by X-ray diffraction, and the crystals
do not exhibit a well-defined morphology (Fig. 1f).
Formation during evaporation of a weak acidic solution
indicates that this phase is presumably one of the highly
soluble uranyl dicarbonate phases that are typical prod-
ucts of evaporation of near-neutral uranyl-bearing solu-
tions (e.g., Allen et al. 1995).

Sequence of formation of the observed phases
under acidic conditions

Arrows in the activity–activity diagram (Fig. 1a)
indicate the possible sequence of crystallization of

FIG. 4. (a) The structural unit in wyartite, with pentagonal bipyramids of U6+ (yellow) and U5+ (red). The carbonate triangles,
which share edges with the U5+ pentagonal bipyramids, are omitted for clarity. (b) Calculated bond-valence deficiency per
unit length [vu / Å] of anion terminations on chain terminations parallel to the edges [010], [100], [110], [120], [230] and
[210]. (c), (d) Observed morphologies of the (001) face of wyartite crystals formed under acidic and basic conditions on
calcite. The colors of the edges correspond to the colors in Figure 4c.
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phases observed at 25 and 100°C under acidic condi-
tions. Formation of becquerelite before wyartite-II is
suggested by growth of wyartite on becquerelite or by
replacement of becquerelite by wyartite-II (Fig. 3a).
However, the exact sequence of the formation of these
minerals remains unclear because we could not un-
equivocally determine if the observed single crystals of
wyartite formed before or after the formation of
becquerelite.

GROWTH OF URANYL-OXIDE MINERALS

ON CALCITE UNDER BASIC CONDITIONS

Yellow-brown uranyl-bearing calcite precipitated
shortly after contact of a basic solution with calcite
(Fig. 3b). In contact with calcite, uranyl-bearing solu-
tions prepared with uranyl nitrate and Na2CO3 quickly
became supersaturated with respect to uranyl-bearing
calcite, and we observed in situ growth of uranyl-bear-
ing calcite on calcite. Some of the solutions with (UO2)
(NO3)2, CaCl2 and Na2CO3 were (presumably) already
supersaturated with respect to uranyl-bearing calcite,
and the latter precipitated even before the solution came
into contact with calcite.

The formation of uranyl-bearing calcite can be ex-
pressed by the equation

yCa2+ + x[(U6+O2)(CO3)3]4– + y–2x(CO3)2– ↔
Cay(U6+O2)x(CO3)x+y [12].

Here, aqueous uranyl tricarbonate [(U6+O2)(CO3)3]4– is
the predominant species under strongly basic conditions
(Langmuir 1978). Figure 2b shows two AFM images of
growth hillocks of uranyl-bearing calcite on the calcite
surface. Such growth hillocks normally form in more
highly supersaturated solutions by two-dimensional
nucleation (Land et al. 1997, Teng et al. 1998). Because
of massive precipitation of uranyl-bearing calcite shortly
after interaction of the solution with calcite, we never
observed in situ growth of a uranyl oxide mineral di-
rectly on the surface of calcite. As shown in Figure 3b,
uranyl oxide minerals formed in some cases below a
crust of uranyl-bearing calcite. Uranyl oxide minerals
may have formed earlier than we actually observed them
with optical-reflection microscopy, and we cannot de-
termine the relative timing of crystallization of the ura-
nyl oxide minerals under basic conditions.

In basic uranyl-solutions with low concentrations of
uranium (5–10 mmol L–1 uranyl nitrate), wyartite,
becquerelite and schoepite formed in one to three weeks.
Basic solutions with uranium concentrations up to 50
mmol L–1 uranyl nitrate resulted in a similar range of
time for the formation of liebigite. AFM images reveal
the presence of other uranyl tricarbonate minerals on
the calcite surface, but there is always an insufficient
amount of these phases present for them to be identified
by X-ray powder diffraction when mixed with domi-
nant wyartite, becquerelite and schoepite.

All experiments were done in an open system where
the solution was exposed to the atmosphere. Simulta-
neous precipitation of uranyl-bearing calcite (equation
[9]) and absorption of (CO2) from the atmosphere (equa-
tions [4]–[6]) result in a decrease of pH from 10 to 8.0–
8.5. If one assumes similar values of pH on the surface
of calcite as in the bulk solution, all the above-listed
uranyl oxide minerals started to form in the pH range
8.0–8.5. The final pH of the solution was in all cases
between 7.5 and 8 (approximately three weeks after
contact time).

Formation of liebigite under basic conditions

Greenish crystals of liebigite formed on the calcite
surface in highly concentrated uranyl-bearing solutions.
Because liebigite fluoresces an intense blue-green un-
der short- and long-wave ultraviolet radiation (Vochten
et al. 1993), assemblages of liebigite crystals could be
located on the calcite surface using optical reflection
microscopy and an ultraviolet light source. Figure 3b
shows liebigite (green) with schoepite (yellow),
becquerelite (red) and uranyl-bearing calcite (brown);
Figure 3c shows liebigite with becquerelite on the cal-
cite surface.

AFM images indicate that the morphology of
liebigite crystals that grew on the calcite surface re-
sembles that of synthetic single crystals that grew slowly
in solutions of similar chemical composition (Fig. 2c;
Mereiter 1987). The AFM images also show that
liebigite crystals have various orientations on the cal-
cite surface. The image on the left shows an epitactic
growth of liebigite crystals on calcite (or on an earlier-
formed uranyl oxide phase that is now concealed by the
overlying liebigite). On the basis of angles between the
faces, the crystals grew parallel to [001] with the (001)
face attached to the surface (Fig. 2c). In the image on
the right, the crystals grew with their (010) face parallel
to the surface.

Formation of wyartite-II under basic conditions

Wyartite-II shows two different types of growth
mechanism on calcite: (1) precipitation of a fine-grained
violet powder, and (2) growth of pink to violet single
crystals. Figure 3c shows a fine-grained violet precipi-
tate of wyartite with a yellow core. In air, the size of
this yellow core increases with time and is consistent
with slow oxidation of U5+ to U6+. Gauthier et al. (1989)
identified the final product of this oxidation process as
yellow schoepite and dehydrated schoepite. AFM im-
ages on the border between the yellow core and the vio-
let rim indicate that neither oxidation nor transformation
of wyartite into schoepite affects the surface topogra-
phy at a nanometer scale. Figure 2d shows an AFM
image of elongate crystals of wyartite. On the basis of the
angles between the edges, the (001) face is defined by
the [100], [110], [120], [230] and [010] edges (Fig. 4d).
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Formation of becquerelite and schoepite
under basic conditions

Again, becquerelite appears orange to red on the
surface of calcite (Figs. 3b, d). Individual crystals of
becquerelite are only observed in three-week batch ex-
periments. Figure 2e shows an AFM image of a pile of
small crystals of becquerelite; the crystals have a mor-
phology similar to that of the larger crystals of
becquerelite formed under acidic conditions at 100°C
(Fig. 1d). Schindler & Putnis (2004) showed that
schoepite crystals formed under basic conditions in
three-week batch-experiments have a different morphol-
ogy than crystals formed under acidic conditions in one-
week batch-experiments (cf., Figs. 2f, 1c). Schoepite
crystals grown on the surface of calcite (or an earlier-
formed phase) also show a different epitactic growth
under basic conditions than under acidic conditions:
crystals formed under acidic conditions grow with their
basal (001) face parallel to the (104) calcite surface (Fig.
2f), whereas crystals formed under basic conditions
grow with their (100) face parallel to the (104) calcite
surface (Fig. 1c; Schindler & Putnis 2004).

Sequence of formation of the observed phases
under basic conditions

Arrows in the activity–activity diagram (Fig. 2a)
indicate the sequence of phases predicted to crystallize
at 25°C under basic conditions. However, with optical
and AFM observations, we could only verify the fol-
lowing observations:

(a) Uranyl-bearing calcite precipitates in the first
few minutes of interaction;

(b) Liebigite forms only from more highly concen-
trated uranyl-solutions;

(c) Wyartite, becquerelite and schoepite begin to
form when the pH drops below 8.5.

DISCUSSION

The most surprising result of our experiments is the
formation of wyartite-II on the surface of calcite.
Wyartite-II is not common, but our experiments show
that it forms easily during interaction of acidic and ba-
sic uranyl-bearing solutions with calcite. The stability
of U5+ is restricted to Eh values below 0.20 eV
(Langmuir 1978). One would expect Eh values in the
range of 0.6–1.0 eV to occur in a solution in contact
with the atmosphere over a longer period (a week or
more) (Faure 1998).

The reduction of U6+ to U5+ in solution was presum-
ably caused by the ongoing dissolution of calcite and
the resulting higher activity of CO2 (aqueous) on the
calcite surface than in the near-surface part of the solu-
tion. On the basis of the chemical composition of the
solution, this seems to be the only reasonable explana-
tion for the occurrence of Eh values below 0.20 eV and

the subsequent stabilization of wyartite-II. The corre-
sponding redox reaction might be expressed by the fol-
lowing equation:

2[(UO2)3(OH)5(H2O)5]+

+ 2Ca2+ +3H2O + 2CO2
↔ [13]
Ca2(H2O)14[U5+(UO2)2
(CO3)O4(OH)]2 + ½O2 + 6H+

In this reaction, 2(H2O) decomposes into O2 and 4H+ in
order to provide the required electrons for the reduction
of U6+.

Occurrence of schoepite
under acidic and basic conditions

Another surprise was the formation of schoepite on
the calcite surface under acidic and basic conditions,
because Schindler & Putnis (2004) showed that at a pH
value of 6.5 and a concentration of 0.016 mmol L–1 Ca2+

(produced by the dissolution of calcite), the solution is
supersaturated with respect to becquerelite and
schoepite by � = 1018.05 and � = 13.77, respectively. In
the experiments under basic conditions, the activities of
the Ca2+ and carbonate species were naturally very high
because we used combinations of Na2CO3, CaCl2 or
Ca(OH)2 as the starting chemical reagents. Hence, one
might expect fontanite, Ca[(UO2)3(CO3)2O2] (H2O)6,
and sharpite, Ca(UO2)6(CO3)5(OH)4(H2O)6, to occur
with becquerelite and uranyl-bearing calcite. Schindler
& Putnis (2004) argued that kinetic effects control the
formation of schoepite versus becquerelite. This is in
accord with our crystal-growth experiments on calcite.
Schoepite precipitates shortly after contact of an acidic
solution with calcite at 25 and 100°C, whereas
becquerelite forms only in long-term batch-experiments
at 25°C or in two- to three-day batch-experiments at
100°C. Hence, schoepite is less stable under the condi-
tions of our experiments than becquerelite (or other Ca–
uranyl–carbonate minerals), but the kinetics of its crystal
growth favor its precipitation relative to becquerelite or
other uranyl carbonates.

PREDICTION OF PARAGENESES IN THE CLOSED SYSTEM

CAO–NA2O–UO3–(CO2)–H2O

The occurrence of schoepite, becquerelite, wyartite-
II, liebigite and uranyl-bearing calcite in an open sys-
tem CaO–Na2O–UO3–(CO2)–H2O at 25°C enables us
to predict which kind of minerals would form in the
analogous closed system using the activity–activity dia-
gram shown as Figure 1 and equations [4]–[6].

Acidic conditions

In a closed system, there is no CO2 (aqueous) ↔ CO2
(gaseous) exchange, which would result in a saturated
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solution with respect to carbonic acid (H2CO3) under
acidic conditions. The dominant aqueous species under
these conditions would most likely be H2CO3 and
HCO3

–, the uranyl-hydroxy-hydrate and the uranyl car-
bonate species. Furthermore, a high activity of H2CO3
will cause further dissolution of calcite (Faure 1998):

CaCO3 + H2CO3 ↔ Ca2+ + 2HCO3
– [14].

In contrast to an open system with the equilibrium CO2
(aqueous) ↔ CO2 (gaseous), the possible result in a
closed system will be a solution supersaturated with
respect to calcite. The degree of supersaturation would
also depend on the type and amount of precipitated ura-
nyl-bearing phases in the first few minutes of the reac-
tion between the uranyl solution and calcite. However,
the activity of aqueous {CO2} and carbonic acid will be
much higher in a closed system than in an open system.
Because of the activity of [H2CO3]o, the change in com-
position of an acidic solution in contact with calcite does
not follow the arrows in the activity–activity diagram
(Fig. 1a). One would expect that the composition of the
solution would be somewhere in the lower right corner
of the activity–activity diagram. Therefore this chemi-
cal composition would favor the formation of minerals
such as fontanite, sharpite and rutherfordine. Because
of its favorable growth-kinetics, one would further ex-
pect precipitation of schoepite. These considerations are
in agreement with the synthesis of rutherfordine in a
closed system at elevated CO2 pressure at 100°C
(Vochten & Blaton 1999).

Basic conditions

If a uranyl nitrate + Na2CO3 solution of pH = 10
comes into contact with calcite in a closed system, cal-
cite would dissolve because of the undersaturation of
the solution with respect to calcite:

CaCO3 ↔ Ca2+ + (CO3)2– [15].

In a closed system, there is no dissolution of CO2 from
the atmosphere, and therefore the pH of the solution
should not decrease in the same way as in an open sys-
tem. Hence, the change in chemical composition of the
solution will not follow the arrows in the activity–activ-
ity diagram (Fig. 2a). The chemical composition of the
solution will be in the upper part of the activity–activity
diagram. Depending on the initial concentration of ura-
nium, we would expect precipitation of phases such as
uranyl-bearing calcite, urancalcarite and perhaps
wyartite-II, becquerelite and synthetic Ca[(UO2)4O3
(OH)4](H2O)2.

CRYSTAL MORPHOLOGY AND PH

Schindler et al. (2004a, b) developed a new approach
to calculate the stability of edges on basal faces of ura-

nyl-sheet minerals. They showed that the occurrence of
edges on basal faces of uranyl-sheet minerals depends
on the interaction of the corresponding anion-termina-
tions with the aqueous solution at different pH and de-
grees of supersaturation. The structural parameter and
chemical composition of the chains of polyhedra paral-
lel to the edge, the arrangement of the interstitial com-
plexes, and the shift between the layers control the
degree of interaction between the anion terminations on
an edge with complexes in aqueous solution. Schindler
& Putnis (2004) used this approach to explain the
change in morphology of schoepite crystals grown on
the calcite surface under different conditions (Figs. 1c,
2f).

The change in crystal morphology of uranyl-sheet
minerals with change in pH of the nascent solution can
be also observed in AFM images of wyartite crystals
formed under acidic and basic conditions (Figs. 1e, 2d,
4c, d). However, the wyartite sheet is much more com-
plicated (both in composition and structure) than the
schoepite sheet. It contains pentagonal bipyramids with
U6+ and U5+ in [7]-coordination (Fig. 4a) and carbonate
triangles that share edges with the U5+ pentagonal
bipyramids (Burns & Finch 1999). The different chains
of polyhedra in the wyartite sheet have distinct chemi-
cal compositions, and thus they interact differently with
aqueous solutions. Hence, it is more difficult to predict
the occurrence of edges with a change in pH or super-
saturation for wyartite and wyartite-II than for schoepite.
However, we want to show briefly how the factors dis-
cussed above can still be used to explain and predict the
general occurrence of edges on the basal face of wyartite
and wyartite-II crystals. Details of this structural ap-
proach to the morphology of uranyl-sheet minerals can
be found in Schindler et al. (2004a, b).

Structural parameter and chemical composition
of chains of polyhedra in the wyartite sheet

On a surface, anions such as (OH)– or O2– bond to
fewer cations than the corresponding anions in the bulk
structure. The valence-sum rule (Brown 1981,
Hawthorne 1994, 1997) requires that the sum of the
bond valences incident at an anion must be equal to its
valence. Depending on pH and the composition of the
nascent solution, anions on the surface will be proto-
nated or accept bonds from aqueous species. Protona-
tion and acceptance of bonds from aqueous species are
the results of an interaction of a surface anion with the
aqueous solution. Thus, the higher degree of protona-
tion or the higher the number of accepted bonds, the
higher the interaction of the anion with the aqueous so-
lution. The degree of protonation and the number of
accepted bonds depend on the type of anion and on the
number of bonds from the cations in the bulk structure
to this specific anion. The higher the initial protonation
and the more cations that bond to an anion, the lower
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the additional bond-valence the anion requires through
protonation or acceptance of bonds from aqueous spe-
cies. One can express the interaction of anions at an edge
with the aqueous solution by their bond-valence defi-
ciency (calculated for no interaction with the nascent
solution) along a terminating chain of polyhedra paral-
lel to a specific edge. Figure 4b shows the variation in
bond-valence deficiency per unit length [vu / Å] of an-
ions along different chains parallel to edges defining the
(001) face of wyartite and wyartite-II. In these calcula-
tions, we only considered the bond-valence deficiency
of equatorial anions, which are ligands of the pentago-
nal bipyramids.

Chains with the lowest bond-valence deficiency are
those chains in which the anions have the lowest inter-
action with the aqueous solution. The corresponding
edge has a high stability and will most likely occur on
the final morphology. Inspection of Figure 4b shows that
a chain parallel to [010] has the lowest minimum in
bond-valence deficiency and that the minimum in bond-
valence deficiency increases from chains parallel to
[110] and [120], to chains parallel to [100] and [230], to
chains parallel to [210]. Based on these minima, one
expects that edges such as [010], [110] and [120] should
always occur on the final morphology of the (001) face.

Shift between the sheets and arrangement
of interstitial complexes

Schindler et al. (2004a, b) showed that a shift be-
tween layers in uranyl-sheet minerals increases the in-
teraction of anions at the edge with the aqueous solution.
However, inspection of the wyartite structure shows that
there is no shift between the layers. Moreover, Schindler
et al. (2004a, b) showed that the arrangement of inter-
stitial complexes in rows parallel to specific edges fa-
vors growth of crystals in that same direction. In
wyartite, the interstitial Ca atoms are arranged parallel
to the [100] edge. Hence, one would expect preferred
growth of wyartite crystals parallel to this edge.

Comparison with the observed morphology
of wyartite

Based on the minima of bond-valence deficiency of
the chains (Fig. 4b) and the arrangement of the intersti-
tial complexes, one would expect wyartite and wyartite-
II crystals to be elongate parallel to [100] and with a
(001) face defined primarily by the [100], [110] and
[120] edges. This is exactly the case: crystals formed
under both acidic and basic conditions are elongate par-
allel to [100], and the morphology of the (001) face is
mainly defined by the [100], [110] and [120] edges
(Figs. 4c, d).

CONCLUSIONS

Interaction of acidic and basic uranyl-bearing solu-
tions with the (104) face of calcite in an open system at
25°C results in formation of uranyl minerals on the cal-
cite surface. The crystallization sequence schoepite →
becquerelite → wyartite-II occurs under acidic condi-
tions; the crystallization sequence uranyl-bearing cal-
cite → liebigite → wyartite-II → becquerelite →
schoepite occurs under basic conditions. On the basis
of these observed sequences, we can predict the occur-
rence of minerals expected if acidic and basic solutions
come in contact with calcite in a closed system at 25°C.
These would be schoepite, fontanite, sharpite and
rutherfordine under acidic conditions, and uranyl-bear-
ing calcite, urancalcarite and perhaps wyartite-II,
becquerelite and synthetic Ca[(UO2)4O3(OH)4](H2O)2
under basic conditions. Finally, we show that the occur-
rence of observed edges on the (001) face of wyartite-II
crystals is in accord with the new approach of Schindler
et al. (2004a, b) to explain the morphology of uranyl-
sheet minerals.
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