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ABSTRACT

Dissolution experiments on synthetic crystals of curite, Pb2+
3(H2O)2[(UO2)4O4(OH)3]2, were done in HCl–H2O solutions of 

pH 2.1 and 3.5, in doubly distilled water, in Sr2+–HCl–H2O solutions of pH 2.7 and 5.5, and in Na2CO3 solutions of pH 10.5 for 24 
h at 60°C. Examination by atomic force microscopy and optical microscopy reveals the formation of etch pits under near-neutral 
to strongly acidic solutions, and the formation of hillocks under strongly basic solutions. A new approach to the morphology 
of uranyl-oxide minerals is used to calculate the stability of edges and the morphology of etch pits and hillocks formed on the 
basal surface of curite. These calculations predict that the probability of occurrence of edges decreases in the sequence: [001], 
[011], [0kl], k < l, [0kl], k > l, [010]. Edges along the basal surface and of all observed etch-pits and hillocks are [001], [110] 
and [0kl], k < l, in agreement with the predictions. Etch pits formed at lower pH have lower relief and larger lateral extent than 
etch pits formed at higher pH, in accord with a decrease in stability of the edges with decreasing pH. Etch pits on the same basal 
surface have identical orientations, which violates the presence of a two-fold screw axis in the symmetry of the bulk structure. 
Cross sections of etch pits are characterized by steep edges and convex surfaces. A growth model of an etch pit formed in doubly 
distilled water explains this morphology by different rates of dissolution perpendicular to edges defi ned by right and left termina-
tions of polyhedron chains. Differences in the symmetry of etch pits formed in Sr2+-bearing and non-Sr2+-bearing solutions are 
attributed to a nonstoichiometric detachment of polyhedra in the absence of Sr2+ in the vicinity of the etch pits. The formation 
of hillocks under basic conditions and an increase in the density of etch pits with decreasing pH suggest that the formation of 
etch pits depends more on the degree of protonation of the basal face and its edges than on the degree of undersaturation of the 
solution with respect to curite.
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SOMMAIRE

Nos expériences de dissolution ont porté sur des cristaux synthétiques de curite, Pb2+
3(H2O)2[(UO2)4O4(OH)3]2, en contact 

avec des solutions HCl–H2O d’un pH de 2.1 et 3.5, de l’eau doublement distillée, des solutions de Sr2+–HCl–H2O à un pH de 
2.7 et 5.5, et des solutions de Na2CO3 d’un pH de 10.5 pour 24 heures à 60°C. Un examen par microscopie à force atomique et 
par microscopie optique révèle la formation de fi gures de corrosion en présence de solutions variant de presque neutres à forte-
ment acides, et la formation de monticules de croissance où les solutions sont fortement basiques. Une nouvelle approche à la 
morphologie des minéraux d’oxydes uranylés a été utilisée pour calculer la stabilité des arêtes et la morphologie des fi gures de 
corrosion et des monticules de croissance formés sur la surface de base de la curite. Ces calculs prédisent que la probabilité de 
former des arêtes diminue selon la séquence: [001], [011], [0kl], k < l, [0kl], k > l, [010]. Les arêtes le long de la surface de base 
et de toutes les fi gures de corrosion et les monticules de croissance observés sont [001], [110] et [0kl], k < l, ce qui concorde 
avec les prédictions. Les fi gures de corrosion formées à plus faible pH possèdent un relief plus faible et une étendue latérale plus 
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grande que celles formées à pH plus élevé, en accord avec une diminution de la stabilité des arêtes à mesure que diminue le pH. 
Les fi gures de corrosion sur une même surface de base font preuve d’orientations identiques, en violation avec la présence d’un 
axe hélical d’ordre deux comme élément de symétrie de la structure globale. Des coupes transversales des fi gures de corrosion 
seraient caractérisées par des arêtes raides et des surfaces convexes. Un modèle de croissance d’une fi gure de corrosion formée 
dans l’eau doublement distillée explique cette morphologie en invoquant des taux différentiels de dissolution perpendiculairement 
aux arêtes défi nies par les terminaisons droites et gauches des chaînes de polyèdres. Des différences dans la symétrie des fi gures 
de corrosion formées dans un milieu contenant le Sr2+ ou bien en l’absence de solutions contenant le Sr2+ seraient attribuables 
à un détachement nonstoichiométrique de polyèdres en l’absence de Sr2+ près des fi gures de corrosion. D’après la formation de 
monticules de croissance et une augmentation de la densité des fi gures de corrosion avec une diminution du pH, la formation 
des fi gures de corrosion dépendrait davantage du degré de protonation de la surface de base et ses arêtes que du degré de sous-
saturation de la solution par rapport à la curite.

 (Traduit par la Rédaction)

Mots-clés: curite, uranium, dissolution, microsopie à force atomique, valence de liaison, radionucléide, adsorption.

For this purpose, suitable information can be collected 
from batch-dissolution experiments and subsequent 
examination of the basal face of curite with a conven-
tional AFM.

Dissolution experiments in the presence of Sr2+ are 
of considerable interest because 90Sr radionuclides are 
products of the radioactive decay of spent nuclear fuel 
(Finn et al. 1996). Radionuclides will be immobilized 
either through incorporation into the structure of altera-
tion phases (Burns et al. 1997, 2004, Chen et al. 1999, 
2000) or through adsorption onto their surface. Burns 
& Hill (2000) and Burns & Li (2002) showed that Sr2+ 
can be incorporated between the sheet units in curite 
and becquerelite, and Cahill & Burns (2000) reported 
the structure of the Sr-containing mineral agrinierite. We 
will show here that adsorption of Sr2+ has a signifi cant 
effect on the dissolution process of the basal face of 
curite.

STRUCTURE, OCCURRENCE AND MORPHOLOGY OF 
CURITE AND ITS SYNTHETIC SR-ANALOGUE

Curite has the general formula Pb2+
3+x(H2O)2[(UO2)4

O4+x(OH)3–x]2 (Li & Burns 2000). In its structure, the 
two crystallographically distinct U6+ cations are [6]- 
and [7]-coordinated by two apical uranyl O-atoms and 
four or fi ve equatorial (OH)– and O2– groups, respec-
tively (Li & Burns 2000, Mereiter 1979, Taylor et al. 
1981). The crystal structure of curite has space-group 
symmetry Pnam (orthorhombic) with a 12.53–12.58, b 
13.01–13.03 and c 8.39–8.40 Å. The variation in lattice 
constants are caused by different contents of Pb2+ in 
the interlayer, which are most likely balanced by the 
substitution (OH)– ↔ O2– in the structural unit (Li & 
Burns 2000).

Figures 1a and 1b show parts of a (100) layer in 
curite, in which the pentagonal- and tetragonal-bipy-
ramidal uranyl polyhedra share common edges and 
corners involving equatorial O2– and (OH)– anions. The 
apical U = O bonds are not involved in linkage between 
uranyl polyhedra, and point up and down into the inter-

INTRODUCTION

Uranyl oxide minerals are common constituents of 
the weathered zones in uranium mine and mill tailings 
(Abdelouas et al. 1999). They form in soils contami-
nated with actinides (Buck et al. 1996) and are likely to 
be common products of spent nuclear fuel in a geolog-
ical repository such as the proposed Yucca Mountain 
repository in Nevada (Finn et al. 1996, Wronkiewicz et 
al. 1996). Despite their environmental importance, our 
understanding of water – mineral – surface interactions 
such as crystal growth, dissolution and adsorption lags 
behind that for other mineral groups, owing primarily to 
the structural complexity of uranyl oxide minerals and 
experimental diffi culties associated with small crystals 
of poor quality.

In this paper, we examine dissolution processes that 
affect the basal surface of the common uranyl-hydroxy-
hydrate mineral curite, Pb2+

3(H2O)2[(UO2)4O4(OH)3]2 
as a function of pH and the presence of Sr cations in 
solution, and compare the observed etch-pit morphology 
with the predicted morphology calculated with the 
approach of Schindler et al. (2004a, b).

BACKGROUND INFORMATION

Pb2+-uranyl-hydroxy-hydrate minerals generally 
have a lower solubility than other uranyl-hydroxy-
hydrate minerals (Finch & Murakami 1999). Hence, 
dissolution experiments must be done either over a 
longer period of time or at elevated temperatures and 
pressures. Recently, dissolution processes for low-solu-
bility minerals have been examined in situ with a hydro-
thermal Atomic Force Microscope (HAFM, Higgins et 
al. 1998). Here, the kinetics of etch-pit formation, step 
retreat and formation of hillocks was observed from 
20 to 130°C and from 1 to 35 bar (e.g., Aldushin et al. 
2004a, b, Jordan et al. 2001). However, we focus here 
on the change in stability of edges and faces with pH, 
and on the presence of cations in solution (rather than 
on the kinetics of the corresponding surface-processes). 
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FIG. 1. (a) Polyhedron representation of the uranyl-hydroxy-hydrate sheet in curite. The polyhedron chains parallel to [001], 
[010], [012], [011] and [021] are highlighted in red, dark green, dark blue, brown and light blue, respectively; interstitial 
Pb2+ is indicated as green circles. (b) The polyhedron model of an etch pit showing the shift between adjacent layers and the 
different terminations of parallel chains of polyhedra in two consecutive layers. (c) A schematic sketch of layers and inters-
titial complexes in the (ab) plane; different orientations of the uranyl layers are indicated with blue and yellow blocks, and 
interstitial complexes are indicated by red blocks with blue circles; a two-fold screw axis parallel to a relates adjacent layers. 
(d) A polyhedron representation of the two different terminations of a [011] polyhedron chain (see text for more details).

stices. The additional Pb2+ atoms and (H2O) groups 
occur between the layers (Figs. 1a, b). Burns & Hill 
(2000) reported the structure of a synthetic Sr-analogue 
of curite, Sr2+

2.82(H2O)2[(UO2)4O3.82 (OH)3.18)]2 with 
space-group symmetry Pnam and Sr2+ in positions 
similar to those of the Pb2+ atoms in curite.

Morphology and occurrence

Curite is a common product of oxidation, dissolution 
and replacement of uraninite (Isobe et al. 1992, Finch 
1994). It is commonly associated with uranyl phosphate 
minerals, and several authors have proposed a genetic 
relation between these minerals (Frondel 1958, Deliens 
1977, Finch & Ewing 1992). Figures 2a and 2b show the 
typical morphology of synthetic curite crystals, a promi-

nent (100) face elongate along [001]. The edges defi ning 
the (100) face commonly have the indices [011], [0kl], k 
< l and [001]. Natural curite crystals are more elongate 
along [001], forming needles up to several millimeters 
long, and the (100) basal face is defi ned only by the 
[011] and [001] edges (Schindler et al. 2004b).

PREDICTION OF THE CRYSTAL MORPHOLOGY 
AND THE MORPHOLOGY OF ETCH PITS IN CURITE

The growth and dissolution of minerals with sheet 
structural-units are strongly controlled by the reactivity 
of the edges along the basal face (Rufe & Hochella 
1999). Schindler et al. (2004a) developed a new 
approach to evaluate the stability of edges on basal 
faces of uranyl-sheet minerals. They showed that the 
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occurrence of edges on basal faces depends on the inter-
action of the corresponding anion-terminations with the 
aqueous solution at different pH and degrees of super-
saturation. The degree of interaction between the anion 
terminations on an edge and the species in aqueous 
solution is controlled by (1) the number of kink sites 
and the chemical composition of the chains of polyhedra 
parallel to the edge, (2) the arrangement of the interstitial 
complexes, and (3) the displacement between adjacent 
layers. On the basis of these parameters, Schindler et al. 
(2004b) predicted the occurrence of edges on the basal 
faces of uranyl-sheet minerals and compared them with 
observations on minerals and synthetic compounds. 
They further used this approach to develop a mecha-
nism of crystal growth of uranyl-hydroxy-hydrate 
minerals such as schoepite, [(UO2)8O2(OH)12](H2O)12, 
becquerelite, Ca[(UO2)3O2(OH)3]2(H2O)8 and wyar-
tite, Ca[U5+(UO2)2(CO3) O4(OH)](H2O)7 on the (104) 
surface of calcite (Schindler & Putnis 2004, Schindler 
et al. 2004c).

Structural and chemical composition of chains of 
polyhedra in the curite sheet

Depending on pH and the composition of the 
ambient solution, anions on the surface will be proton-
ated or accept bonds from aqueous species such 
that they obey the valence-sum rule (Brown 1981, 
Hawthorne 1994, 1997). Protonation and acceptance of 
bonds from aqueous species are the results of interac-
tion of a surface anion with the aqueous solution. 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 aqueous solu-
tion) along a terminating chain of polyhedra parallel to 
a specifi c edge (Schindler et al. 2004a) . Chains with 
the lowest bond-valence defi ciency are chains in which 
the anions have the lowest interaction with the aqueous 
solution. An edge parallel to a chain with the lowest 
bond-valence defi ciency has the highest stability and 
most likely will occur on the fi nal morphology of the 
crystal or etch pit.

FIG. 2. (a) Synthetic crystal of curite with a prominent (100) face defi ned by the [001], [011], [100] and [023] edges. (b) SEM 
image of synthetic crystals of curite; the basal face is defi ned by the [011] and [001] edges.
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There are in some cases more than one type of 
polyhedron chain parallel to an edge (an exact defi ni-
tion of a polyhedron chain is given by Schindler et al. 
2004a). These different types of polyhedron chains 
are numbered 1, 2, 3... and plotted against their bond-
valence defi ciency. However, one only considers the 
lowest bond-valence defi ciency for a set of polyhedron 
chains parallel to the same edge and compares this 
value with the lowest bond-valence defi ciency of a set 
of polyhedron chains parallel to another edge.

Figures 3a and 3b show the variation in bond-
valence defi ciency (in valence units, vu) per unit length 
[vu/Å] of anions along different chains parallel to edges 
defi ning the (100) face of curite. There are two distinct 
polyhedron chains parallel to each edge, which means 
that the polyhedron chains “1” and “3” are identical 
through the translation period perpendicular to the edge. 
The bond-valence defi ciencies were calculated using 
the average bond-valence for [6]U–�, [7]U–�, and O–H 
bonds of 0.72, 0.58 and 0.80 vu, respectively. The values 
for [n]U–� were calculated from the average U–O bond 
lengths of Li & Burns (2000) using the bond-valence 
parameter for [6]U6+ and [7]U6+ from Burns (1999). The 
bond valence of the O–H bond is an average value in 
inorganic structures (Brown 1981).

Figures 3a and 3b indicate that a chain of polyhedra 
can have different bond-valence defi ciencies on its right 
and left terminations. This can be explained with the 
type and number of different anion-terminations on the 
left and right terminations of polyhedron chains. For 
example, the chain of polyhedra parallel to [011] has 
different left and right terminations, i.e., the left termi-
nation has in its repeat length the anion terminations 2 
� [6]U–O, 2 � [6]U–O–[7]U, and 2 � [7]U–OH, whereas 
the right termination has in its repeat length the anion 
terminations 2 � [7]U–O, 2 � [6]U–OH–[7]U, and 2 � 
[6]U–O–[7]U (Fig. 1d). Hence, there is a lower number 
of [m]U–� terminations on its right termination than on 
its left termination. This results in a lower bond-valence 
defi ciency along the right termination than along the 
left termination.

In Pnam, a two-fold screw axis parallel to [100] 
relates adjacent sheets by 180° rotation and translation 
by a/2 (Fig. 1c). Hence, left and right terminations of 
each chain of polyhedra chain occur along the same 
edge (Fig. 1b), and their different degrees of interac-
tions with the aqueous solution can be combined. 
Inspection of Figures 3a, b shows that the interaction 
of an edge with the aqueous solution increases in the 
following sequence: [001] < [011] = [0kl], k < l, [010] 
= [0kl], k > l.

Displacement between the sheets 
and arrangement of interstitial complexes

Schindler et al. (2004a) showed that any displace-
ment between layers in a uranyl-sheet mineral increases 
the interaction between an edge and aqueous species 

in solution. In curite, every second layer is slightly 
displaced along [010] relative to the fi rst layer (Figs. 1b, 
c), which may have only a minor effect on the stability 
of the edges. Schindler et al. (2004a) also showed 
that the arrangement of interstitial complexes in rows 
parallel to specifi c edges favors growth of the crystals in 
the same direction. In curite, the interstitial complexes 
are arranged parallel to the [001] edge, in accord with 
the common acicular habit of curite.

On the basis of the calculated bond-valence defi -
ciencies, the displacement between the layers and the 
arrangement of cations, the [001] edge should be the 
dominant edge on the basal face and etch pits, and 
edges such as [011] and [0kl], k < l, should terminate 
the elongate crystals and etch pits. This prediction is in 
agreement with observations on natural and synthetic 
crystals (see above, Figs. 2a, b, c, d, and Schindler et 
al. 2004a).

EXPERIMENTAL

Synthesis of curite

Following the procedure of Li & Burns (2000), 
curite was synthesized by combination of 20 mL of a 
0.1 mol L–1 uranyl acetate solution and 20 mL of a 0.1 
mol L–1 Pb(NO3)2 solution, and subsequent heating at 
220°C for two weeks in Tefl on Parr bombs. The X-
ray powder-diffraction pattern of the well-crystallized 
product did not indicate the presence of any phases 
other than curite.

Dissolution experiments

In the dissolution experiments, we combined 70 
mg of single crystals of curite with 50 mL of doubly 
distilled water. Solutions with pH values of 3.5 and 
2.1 were prepared by adding drops of a 6 mol L–1 HCl 
solution (uncertainty in pH values is ±0.1). Weakly and 
strongly acidic solutions containing Sr were prepared 
by combining 70 mg of curite crystals with 70 mL of 
a 0.50 mol L–1 SrCl2 solution and with drops of a 6 
mol L–1 HCl solution. The initial values of pH of these 
solutions were 5.5 and 2.7, respectively. A dissolution 
experiment under basic conditions (pH = 10.5) was done 
by combining 70 mg of curite crystals with 50 mL of 
a 0.1 mol L–1 Na2CO3 solution. After the dissolution 
experiments, the pH values of all solutions were similar 
(±0.5) to the initial pH values. In order to form etch 
pits, it was necessary to heat all solutions in Tefl on Parr 
bombs at 60°C for 24 h. Afterward, the crystals were 
washed in distilled water, dried in air and mounted for 
atomic force microscopy.

Atomic-force microscopy

After the dissolution experiments, the (100) surface 
of curite was examined with a Nanoscope III and 
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a Dimensional 3000 atomic force microscope from 
Digital Instruments. The surface was scanned with 
a standard silicon nitride (Si3N4) contact-mode tip 
in air. In order to verify that the contact mode and 
scanning direction did not affect shape and orienta-
tion of the etch pits, we invariably scanned an area at 
least twice in orthogonal directions. The AFM images 
were subsequently analyzed and modified with the 
software package of Digital Instruments. Images taken 
in defl ection mode were modifi ed with the FLATTEN 
and  PLANEFIT procedures, which correct the images 
for sample tilt, linear and oscillating drifts. Images in 
defl ection and height mode were also modifi ed with the 
zoom option of the AFM software.

RESULTS

Figure 4a shows an AFM image of three charac-
teristic etch-pits on the (100) surface of curite after 
dissolution in water. Figures 4b and 4c show in more 
detail the morphology of two of these three etch-pits: 
different colors indicate different depths. The crystal-
lographic orientation of the etch pits is indicated in 
Figure 4d, which shows that the edges [001], [011] 
and [0kl], k < l defi ne the morphology of the etch pits. 
The latter edge makes an angle of 51° with the [001] 
edge, which indicates that the edge is parallel to [012]. 
We did not assign any [uvw] indices to the edge at the 
lower right of the etch pit because of its rounded shape. 

FIG. 3. (a), (b) Calculated bond-valence defi ciencies of the left and right forms of termina-
tions on polyhedron chains parallel to the edges [001], [010], [011], [012] and [021].



 THE DISSOLUTION OF CURITE 421

The morphology of the etch pits changes with depth. At 
greater depth, only [011] and [0kl], k < l, edges defi ne 
the morphology of the pits, whereas the length of the 
[001] edge increases with decreasing depth.

Dissolution in solutions of pH 3.5 and 2.1

Figure 5a shows an AFM image of etch pits on the 
(100) face of curite after 12 h contact time with a solu-
tion of pH 3.5. The pit is slightly more elongate in the 
plane of the crystal surface than the etch pits formed 
in water. The angle between the [001] and [0kl], k < l, 
edges on the right termination (the deeper part of the 
etch pit) is now 57°, which indicates that both edges 
are parallel to [011] (Fig. 5b). The left termination of 
the etch pit is more rounded than the right termination. 
However, straight edges parallel to [011] and [056] 
may be assigned to parts of the curved termination. The 
length of the [001] edge increases with decreasing depth 
of the etch pits, similar to etch pits formed in water.

Figure 5c shows an AFM image of an etch pit on 
the (100) face of curite after contact with a solution of 
pH = 2.1. The elongate etch-pit is defi ned by rounded 
edges parallel to the elongation, and is terminated by 
[001] edges. The depth of the etch pit is nearly constant, 
indicating no change in morphology with decreasing 
depth (Fig. 5d). The angle between the rounded edges 
and the [001] edge is approximately 75°.

Comparison of the morphology of the etch pits 
indicates that the angle between the [001] and [0kl], k 
< l, edges on the deeper side of the pits increases from 
51° to 57° to 75° with decreasing pH of the solution. 
Furthermore, the length of the [001] edge at the upper 
layer of the etch pit increases with decreasing pH (Figs. 
6a, b, c, right).

Cross sections of etch pits

Figures 6a, 6b and 6c show sections of etch pits 
formed in doubly distilled water and at pH 3.5 and 2.1, 

FIG. 4. (a) AFM images in height mode of etch pits formed on the curite (100) surface in water. (b), (c) The morphology of the 
etch pits, with different depths indicated with different colors. (d) The orientation of the etch pits in relation to the crystal 
morphology and the [uvw] indices of the edges.
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FIG. 5. (a), (b) AFM images in height mode of etch pits on the curite (100) surface formed in an HCl solution of pH 3.5, showing 
the change of their morphology at different depths, and their orientation relative to the crystal morphology. (c), (d) AFM ima-
ges in height mode and cross-sections of etch pits on the (100) surface of curite, formed in an HCl solution of pH 2.1, showing 
the change of their morphology at different depths, and their orientation in relation to the morphology of the crystal.

respectively. These cross-sections were taken parallel 
to the [010] edge (which is approximately parallel to 
the elongation of the etch pits). In the cross-section of 
the etch pit formed in doubly distilled water, the sides 
are very asymmetrical. A steep edge at one side of the 
pit reaches a pronounced maximum depth close to that 
edge. Toward the center of the pit, it shallows rapidly 
with a convex surface and eventually merges with the 
surface (Fig. 6a, left). At pH 3.5, the leading edge of 
the pit is still steep, but the bottom of the pit is broader, 
the pit shallows away from the bottom less rapidly, and 
it has a slightly concave surface as it shallows (Fig. 6b, 
right). At pH 2.1, the bullet-shaped pit is shallower than 
the etch pits formed at higher pH; the bottom of the pit 
is fl at and extends across almost the complete width of 
the pit (Fig. 6c, left).

Dissolution in weak acidic 
and strong acidic SrCl2 solutions

Figure 7a shows an AFM image of a large etch-pit 
formed in 0.50 mol L–1 SrCl2 at pH 2.7. The etch pits 
are defi ned by the [011], [0kl], k < l and [001] edges, 
and the ratio of the lengths of the edges is similar at 
different depths of the pit. The boundaries of the etch 
pits resemble the boundaries of the faces on which 
they occur. However, the [001] edges are only partly 
developed, and one of the edges parallel to [001] is 
much shorter than the other (Fig. 7b). The bottom of 
the pit is fl at over ~80% of the width of the pit, and the 
leading edge of the pit is steep but shallows away from 
the bottom with a slightly concave surface (Fig. 7c).

Figure 7a shows (in a small white frame) small 
etch-pits between the large etch-pits. These etch pits are 
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FIG. 6. Left: Cross sections of etch pits formed (a) in doubly distilled water, (b) in an HCl solution of pH 3.5, and (c) in an 
HCl solution of pH 2.1. Right: the corresponding etch-pits and the orientation of the cross sections in relation to etch-pit 
morphology (black lines).

elongate parallel to [001], are defi ned by a straight edge 
on the right side and by curved edges on the left side 
of Figure 7d, and are very shallow, with a maximum 
depth of 10 unit cells (~12.5 nm) (Fig. 7d). Their 
morphology and the morphology of etch pits of inter-
mediate size suggest that the small etch-pits are most 
likely the earliest growth-stage of etch pits formed in 
SrCl2 solution at pH 2.7. Scans of a surface treated with 
a weakly acidic SrCl2 solution of pH 5.8 showed very 
few etch-pits; only three were found on the crystal, and 
their morphology is similar to that of etch pits formed 
in acidic solution of pH 2.7.

Dissolution in a 0.1 mol L–1 Na2CO3 solution

No etch pits were observed after submersion in a 0.1 
mol L–1 Na2CO3 solution. Instead, we observed elongate 
prismatic hillocks parallel either to [011] (not shown) 
or to [023] (Figs. 8a, b). Atomic force microscopy and 
refl ected-light microscopy did not show unequivocally 

if these hillocks are products of swelling or precipita-
tion. The hillocks on the (100) surface of curite are 
defi ned by [011], [0kl], k < l and [001] edges, and the 
upper terminations of the hillocks are rounded (Fig. 8b). 
The height of these hillocks averages 20 nm, and their 
maximum height does not exceed 100 nm.

DISCUSSION

All etch pits and hillocks on the (100) surface of 
curite are bounded by the [001], [011] and [0kl], k < l 
edges, in agreement with our predictions. The occur-
rence of the [001] edge on surface features from the 
experiments in doubly distilled water and at pH 3.5 is 
restricted to the upper parts of the etch pits, where there 
has been more extensive lateral dissolution than in the 
deeper parts. This fact implies that during growth of 
etch pits parallel to the (100) surface, the rate of disso-
lution perpendicular to the [011] and [0kl], k < l edges 
is larger than that perpendicular to the [001] edge, in 
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accord with the observed bond-valence defi ciencies at 
all three edges. Hence, the [001] edge becomes larger 
with continued growth of etch pits parallel to the surface 
of the crystal. Figures 6a, 6b and 6c (right) show that 
with increasing protonation of the edges, the [001] edge 
becomes dominant, and the [011] and [0kl], k < l edges 
fi nally disappear, again in agreement with our predic-
tions. The [011] and [0kl], k < l edges are still present 
at pH 3.5, but do not develop under more strongly 
acidic conditions, at pH 2.1. The degree of protonation 
and thus the interaction of the edges with the solution 
increases rapidly between pH 3.5 and pH 2.1.

Comparison of small and large etch-pits formed in 
the SrCl2–HCl experiment indicates the differential 
development of edges during growth of the pits (Fig. 7). 
The [011] and [0kl], k < l edges defi ne the morphology 
of the large etch-pits, but do not occur in smaller etch-
pits. This situation is in contrast to the [001] edge, which 
exists from the earliest stage of growth (on one side of 
the pit). This observation suggests that the [011] and 
[0k < l] edges form during lateral growth of the etch 
pit. Furthermore, the general occurrence of edges on 
the etch pits does not seem to vary with change in pH. 

Both observations must be related to the presence of Sr 
in the solution, a topic to be discussed below.

Dissolution rates perpendicular to edges and sheets

Dislocation defects induce strain energy in crys-
tals, which is the energetic driving force for etch-pit 
formation. An etch pit involves both the formation of 
a deep hole and the spreading of stepwaves from the 
boundaries of the etch pits (Lasaga & Lüttge 2001). The 
spreading rate of a stepwave depends on the dissolu-
tion rate perpendicular to each edge, which can be 
expressed by either the retreat velocity of steps with 
identical heights or the lowering of the surface versus 
an unchanged reference-point on that surface. Here, the 
area of the upper layer of an etch pit (in [�m]2) may 
indicate the general stability of an edge, and the depth of 
an etch pit (in [nm]) may express the change in relief of 
an etch pit versus its surrounding surface. This change 
in relief depends on the ratio between the lowering of 
the surrounding surface and the growth of an etch pit 
perpendicular to the basal face.

FIG. 7. (a) AFM image in defl ection mode, of an etch pit formed in a SrCl2–HCl solution of pH 2.7. (b) The orientation of the 
etch pit in relation to crystal morphology, and the morphology of the pit at different depths. (c) The cross section perpendi-
cular to [001]. (d) AFM image in height mode showing the morphology and orientation of small elongate etch-pits framed 
in a white square box in (a).
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For each sample, we examined etch pits on different 
areas of different crystals in order to collect a represen-
tative set of data. Data were excluded for etch pits that 
show intergrowth or occur along steps or terraces (e.g., 
Fig. 5a), because these factors would have changed the 
growth of an individual etch-pit. The lateral area and the 
depth of an etch pit were determined by examination of 
two orthogonal cross-sections and plotted against each 
other (Fig. 9a).

Figure 9a shows the correlation between the dissolu-
tion rates perpendicular to edges (area) and the change 
in relief of the etch pits (depth) formed in the different 
experiments. It is apparent that at higher pH (i.e., lower 
degree of protonation), the change in relief of an etch 
pit (versus the surrounding surface) is greater, whereas 
at lower pH (i.e., higher degree of protonation), the 
dissolution rate perpendicular to an edge is greater. This 
phenomenon can be observed also in the cross-sections 
of the etch pits formed in distilled water and at pH 3.5 
and 2.1 (Figs. 6a, b, c), where the different ratios of 
depth to lateral dimension are apparent.

The change in lateral dimensions and relief is a 
result of the differences in interaction of the edges with 
aqueous species at different pH. At high pH, the degree 
of protonation of the edges is lower, and their general 
stability is therefore higher than at lower pH. The higher 
stability of an edge at high pH prevents lowering of the 
surrounding surface, which increases the relief of the 
etch pit. Hence, the higher relief of an etch pit at high 
pH expresses a high ratio between the growth of an etch 
pit perpendicular to the sheet and the lowering of the 
surrounding surface.

We also observed a higher density of etch pits on 
curite surfaces that have been treated with solutions 
of higher acidity; e.g., HCl: pH 2.1. The equilibrium 
constant for the dissolution reaction of curite has not 
been determined, but solubility measurements of uranyl-
hydroxy-hydrate minerals indicate higher solubilities 
under strongly acidic and strongly basic conditions 
than under weakly acidic and weakly basic conditions 
(e.g., Torrero et al. 1994, Casas et al. 1997). However, 
 hillocks instead of etch pits form on the surface of curite 
in strongly basic solution. Dissolution experiments on 
the basal face of becquerelite, Ca[(UO2)3O2(OH)3]2(H2
O)8, showed similar results: at similar degrees of under-
saturation, etch pits form under strongly acidic condi-
tions, and hillocks form under strongly basic solutions 
(Schindler et al., in prep.). These observations suggest 
that the formation of etch pits on the basal surfaces of 
uranyl-oxide minerals depends more on the degree of 
protonation of the terminations on the basal face and its 
edges than on the degree of undersaturation with respect 
to the mineral. However, increase in etch-pit density 
with decreasing pH may be also a result of a higher 
degree of undersaturation with respect to curite. This 
would be in agreement with the general observation that 
the formation of etch pits correlates with the degree of 
undersaturation in solution (e.g., Lasaga 1983).

Dissolution rates in aqueous SrCl2–HCl solutions

There is an interesting correlation between the 
dissolution rates perpendicular to edges and to the 
sheet for etch pits formed in an aqueous SrCl2–HCl 
solution at pH 2.7 (Fig. 9b). The small etch-pits have 
nearly identical areas but vary in depth. This behavior 
contrasts with that of the larger etch-pits, which vary 
in both area and depth (Fig. 9b). At the earliest stage 
of growth, etch pits of equal lateral dimensions thus 
grow perpendicular to the sheet until they reach a 
critical depth, at which they extend laterally with only 

FIG. 8. (a) AFM images in defl ection mode, of hillocks on 
the (100) surface of curite formed in an Na2CO3 solution 
of pH 10.5. (b) AFM images in height mode, of the hillocks 
showing details of their morphology. (c) the orientation of 
the hillocks with respect to the crystal morphology.
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also has space-group symmetry Pnam and where a two-
fold screw axis and a mirror plane are perpendicular to 
its prominent (001) face. The dissolution of barite has 
been studied extensively because of its precipitation in 
pipes during offshore exploration for oil. In situ AFM 
observations show that triangular etch-pits with a lateral 
dimension of ~1 �m and a depth of one half of a unit 
cell form on the (001) surface in the fi rst minutes of 
contact with pure water (Risthaus et al. 2001, Becker et 
al. 2002). Furthermore, etch pits in consecutive atomic 
layers have orientations that are symmetrically related 
by the two-fold screw axis. Moreover, the triangular 
etch-pits have two equal sides symmetrically related 
by a mirror plane. Optical examination of etch pits 
formed over a longer period indicates that they are 
rectangular in outline (upper micrometer range) and 
that these etch-pits display plane-group symmetry mm2 
(Honess 1927).

The morphology and arrangement of etch pits 
formed on the (100) face of curite in doubly distilled 
water show none of these symmetry elements; they do 
not have mirror symmetry, and etch pits at different 
heights on the surface invariably have the same orienta-
tion (Figs. 4, 5, 10a). We have never observed etch pits 
with opposite orientation (i.e., symmetrically related by 
the two-fold screw axis) on the (100) surface of curite. 
Considering the dissolution experiments without Sr, 
only the etch pits formed at pH 3.5 have nearly identical 
angles between the [0kl] and [001] edges, a requisite for 
mirror symmetry perpendicular to [001] (Figs. 5a, b). 
The morphology of small and large etch-pits formed in 
an aqueous SrCl2–HCl solution invariably shows mirror 
symmetry perpendicular to [001] (Figs. 7b, 10c). The 
morphology and orientation of the hillocks do not show 
any indication of a two-fold screw axis parallel to the 
a axis or of a mirror plane perpendicular to the b and 
c axes (Fig. 8).

Structural model of etch pits formed 
in water at pH 5.0

The occurrence and development of an edge depend 
on its interaction with the species in solution, which 
correlates with the bond-valence deficiency of the 
corresponding chains of polyhedra (Schindler et al. 
2004a). The asymmetry of the etch pits indicates that 
symmetrically related edges develop differently, i.e., 
their corresponding chains of polyhedra have different 
bond-valence defi ciencies. Right and left terminations 
of a chain parallel to the same edge differ signifi cantly 
in bond-valence defi ciency. We showed above that right 
and left terminations occur on two adjacent layers along 
the same edge. Hence, one would expect triangular etch-
pits to have opposite orientations where displaced by an 
odd number of half-unit-cell displacements. However, 
this is not observed on the (100) surface of curite, an 
observation that seems to violate the crystallographic 
symmetry of the curite structure.

FIG. 9. (a) The variation in depth [nm] versus the variation in 
the lateral dimension [�m2] for etch pits formed in water 
(blue circles), in an HCl-solution of pH 3.5 (red triangles 
pointing up), in a SrCl2 solution of pH 2.7 (light green 
triangles pointing down), and in an HCl solution of pH 
2.1 (brown squares). (b) The same correlation as in (a), 
but only for etch pits formed in a SrCl2–HCl solution of 
pH 2.7.

minor growth perpendicular to the sheet (relative to the 
surrounding surface).

SYMMETRY ELEMENTS AND STRUCTURAL MODELS

Prior to the widespread use of diffraction methods, 
the symmetry of etch pits was used to determine 
the symmetry of minerals (e.g., Honess 1927). The 
structure of curite has space-group symmetry Pnam: a 
two-fold screw axis is perpendicular to the basal face, 
and a mirror plane is perpendicular to the c axis. Which 
symmetry can we expect for etch pits grown on the 
basal face of curite?

In order to answer this question, we have to consider 
at fi rst a mineral with a similar arrangement of symmetry 
elements perpendicular to one of its prominent faces. 
A good example is barite, BaSO4, where the structure 
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Right and left terminations of chains of polyhedra 
on the surface layer control the orientation(s) of the 
etch pits. This is indicated in a cross-sectional model 
of an etch pit (Fig. 10b), where green and red blocks 
indicate chains of polyhedra of left and right termina-
tion, respectively. The right termination of a polyhedron 
chain along the [011] edge has a lower bond-valence 
defi ciency than the corresponding left termination (Figs. 
3a, b). During dissolution of the surface layer, the disso-
lution rate perpendicular to the chain with the left termi-
nation is higher than that perpendicular to the chain 
with the right termination. Hence, the etch pit grows 
more rapidly perpendicular to the [011] and [0kl,], k < 
l edges with left-terminated chains of polyhedra (Fig. 
10b). The retreat of the surface layer produces a major 
kink-site between itself and the layer beneath. Hence, 
chains of polyhedra with right terminations in the 
layer beneath can be more easily attacked by aqueous 
species than the corresponding chains of polyhedra with 
left terminations, because the upper layer protects the 
latter polyhedra from attack by the species in solution. 
Continuous growth of the etch pit would result in a 
steep edge at the side involving the right termination 
of the layer and a convex surface with a high number 
of steps on the side involving the left termination of 
the layer. The slope of the convex surface on the left 
termination of the layer depends on the dissolution rate 
perpendicular to the edges, and hence depends on pH. 
For example, the higher rate of dissolution at lower pH 
produces steeper edges on both sides of a fl at bottom 
of the etch pit, whereas at higher pH, only one of the 
edges is steep (Figs. 6a, b).

On the basis of this dissolution model, we assigned 
left and right terminations of the polyhedron chains 
to different edges at the surface layer of the structural 
model of the etch pit (Fig.10a). The assignment of left 
terminations of the [011] and [0kl], k < l polyhedron 
chains is not only in agreement with the observed 
cross-sections, it also explains the rounded and less well 
defi ned edges on the rounded side of the etch pit.

The edge pits formed in aqueous SrCl2 solutions 
also show only one orientation, and their cross-sections 
show steep edges and convex surfaces (Figs. 7a, b, c). 
Hence, the proposed model is also in agreement with 
the morphology and orientations of the etch pits formed 
in the presence of Sr2+.

Non-stoichiometric detachment of polyhedra or 
groups of polyhedra

If polyhedra or groups of polyhedra detach stoichio-
metrically from a surface (such as in barite, Risthaus 
et al. 2001), the etch pits should obey the plane-group 
symmetry of the bulk structure. Thus, etch pits on 
the surface of barite show the symmetry of the bulk 
structure (Risthaus et al. 2001), except where inner-
sphere complexes modify the stability of certain edges. 
The asymmetrical etch-pits observed in experiments 

without Sr2+ do not follow the symmetry of the bulk 
structure, which suggests a decrease in the symmetry 
of the surface structure during dissolution. The lower 
symmetry of the surface structure is most likely the 
result of a change in the chemical composition of the 
edges, which may be caused by non-stoichiometric 
detachment of their polyhedra (Pb�n, {([6]UO2)�4} and 
{[7](UO2)�5} polyhedra; �: undefi ned ligand).

Frondel (1958) and Finch & Ewing (1992) showed 
that the enrichment of Pb in corrosion rinds of uraninite 
is caused by the preferential loss of U to groundwater. 
The preferential loss of U, i.e., preferential detach-
ment of U-polyhedra, would explain the observed 
asymmetrical etch-pits on the surface of curite. The 
corresponding dissolution of curite could be written as 
the following reaction:

Pb2+
3(H2O)2[(UO2)4O4(OH)3]2 + x(10H2O) → 

Pb2+
3(H2O)2[(UO2)4–xO4–x(OH)3]2 

+ x{(UO2)3(OH)5(H2O)5}+ 
+ x(5–2x) H+ + x(H2O)  [1]

Occurrence of symmetrical etch-pits in the presence of 
Sr2+ cations in solution indicates that such change in 
chemical composition of polyhedron chains or inter-
layer is affected by adsorbed cations on the surface. 
These adsorbed cations could control the detachment 
of uranyl polyhedra through bonding to O atoms of 
their uranyl groups (as proposed by Schindler et al., 
in prep.).

The role of Sr2+ during dissolution

In order to understand the role of Sr2+ during dissolu-
tion, we have to consider the following points:

(1) Curite crystals formed in a Pb2+-containing solu-
tion show point-group symmetry mmm and are elongate 
along [001];

(2) In the bulk structure of curite, interstitial Pb2+ 
are arranged in rows parallel to [001];

(3) Crystals of the Sr-analogue of curite (formed in 
a Sr2+-containing solution) show point-group symmetry 
mmm and are elongate along [001];

(4) In the bulk structure of the Sr-analogue of curite, 
interstitial Sr2+ atoms occur at similar positions to Pb2+ 
in curite; i.e., they are also arranged in rows parallel 
to [001];

(5) In contrast to etch pits formed in HCl and H2O 
solutions, etch pits formed in a Sr2+-bearing solution 
display plane-group symmetry m, and their morphology 
is defi ned by a prominent [001] edge;

(6) Recent dissolution-experiments on the basal 
face of becquerelite, Ca[(UO2)3O2(OH)3]2(H2O)8, in 
different electrolyte solutions show that etch pits are 
elongate parallel to the rows of cations in the bulk 
structure (which contains the cation of the electrolyte 
solution) (Schindler et al., in prep).
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These facts suggest that
(1) The formation of etch pits on the basal surface of 

curite in a Sr2+-bearing solution is strongly controlled by 
the presence of Sr2+ on the surface of the basal face;

(2) The growth of crystals and etch pits is controlled 
by the arrangement of cations on the surface of 
uranyl-bearing minerals with sheets of polymerized 
uranyl-polyhedra.

Formation of hillocks under basic conditions

Aldushin et al. (2004a, b) observed hillocks on the 
basal face of sheet-silicate minerals (“apophyllite”, 
biotite, phlogopite) during dissolution in an acidic 
solution. They interpreted the hillocks as a result of 
swelling during the release of interstitial cations from 
the interlayer. They argued that the swelling is a result 
of replacement of interstitial cations by (H3O)+ and 
the subsequent protonation of terminal O-atoms of the 
silicate sheet to form silanol groups. On the other hand, 
Kalinowski & Schweda (1996) attributed such swelling 
to the occurrence of “hydroxy interlayers”. On the basis 
of in situ HAFM (Hydrothermal Atomic Force Micro-
scope) observations on hillock growth on the basal face 
of “apophyllite”, KCa4[Si8O20(F,OH)](H2O)8, Aldushin 
et al. (2004a, b) showed that the formation and spread 
of hillocks increase with decreasing pH, and suggested 
that protons promote the formation of hillocks.

On the basal face of curite, hillocks form under basic 
conditions, whereas etch pits form in neutral, weakly 
and strongly acidic solutions. Recent dissolution-experi-
ments on becquerelite showed that hillocks also occur 
under neutral and weakly acidic conditions, whereas 
etch pits form only in strongly acidic solutions. In the 
case of uranyl-hydroxy-hydrate minerals, the formation 
of etch pits versus hillocks is favored by increase in the 
degree of protonation of the surface species. As stated 
above, neither AFM nor reflected-light microscopy 
could show unequivocally if the observed hillocks on 
the basal surface of curite are products of swelling or 
precipitation.

SUMMARY

Dissolution experiments on single crystals of curite, 
followed by AFM examination of the (100) surface, has 
given signifi cant insight into the mechanisms of disso-
lution in uranyl-oxide-hydroxy-hydrate minerals. Etch 
pits formed in distilled water and in HCl–H2O solutions 
of pH 2.1 and 3.5 have lower relief and larger lateral 
dimensions at lower pH. Both changes in morphology 
indicate a lower stability of edges at lower pH, which 
suggests that different degrees in protonation of edges 
are the primary control on the dissolution rate of edges. 
The orientation of etch pits is controlled by the right and 
left terminations of chains of polyhedra on the surface 
layer, but the occurrence of only one orientation violates 
the presence of a two-fold screw axis in the symmetry 
of the bulk structure. The asymmetrical outline of the 
etch pits in the experiments without Sr2+ may be due to 
the non-stoichiometric detachment of uranyl polyhedra 
from the basal surface of curite. Dissolution experiments 
in an aqueous SrCl2-bearing solution at pH 2.7 result in 
higher-symmetry etch-pits, which resemble the outline 
of the basal face of the curite crystals more clearly than 
the etch pits formed in solutions without Sr2+. This 
observation shows that the presence of potential radio-
nuclides in solutions could infl uence the dissolution 
rates of edges on the surface of uranyl minerals. The 
formation of hillocks under basic conditions indicates 
either a different mechanism of dissolution or process 
of precipitation than that operating at acidic conditions. 
The general occurrence of edges on etch pits and hill-
ocks formed during dissolution are in agreement with 
the predictions of Schindler et al. (2004a).
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