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ABSTRACT

The crystal structures, chemical compositions and occurrence of uranyl-oxide hydroxy-hydrate minerals are interpreted in
terms of the combined binary-representation — bond-valence approach to oxysalt minerals developed by Schindler & Hawthorne
(2001a, b, c). A generalized interstitial complex can be written [[MM *, M 2%, 1IM 3%, (H,0) 4 (H20)e [ (OH)t (H20)] @*+20+3-0*,
where d is the number of transformer (H,0) groups, e is the number of non-transformer (H,O) groups, and g is the number of
interstitial (H,O) groups not bonded to any interstitial cation. The Lewis acidity of this interstitial complex can be expressed
graphically as a function of the amounts and coordination numbers of monovalent, divalent and trivalent interstitial cations and
the amount of interstitial transformer (H,O) groups. The range in Lewis basicity for a specific structural unit may also be ex-
pressed graphically. Where there is overlap of the Lewis acidity and Lewis basicity, the valence-matching principle is satisfied,
and the details of the possible interstitial complexes can be derived. Detailed predictions of the compositions of other complexes
are made for the uranyl-oxide hydroxy-hydrate minerals. Thereisfairly close agreement between the predicted ranges of intersti-
tial complex and those observed in Nature. A connection is established between the crystal structures of uranyl-oxide hydroxy-
hydrate minerals, and their chemical composition [molar ratio (MO) + (H,0) : (UO3)]. The type of interstitial cations and the
general classes of polymerization of P-, U- and D-type chainsin the structural units change systematically with log [M 2] / [H*]?
and [(MO)] + H,0] / [UO3)]. Structural units may be formally related by a chemical reaction that consumes two H* and one M 2*
cation. Combining this equation with the law of mass action, an expression can be formulated that alows arrangement of the
structural unitsin log [M 2*]-H space and cal culation of the slopes of the associated phase-boundaries. The result is an activity—
activity diagram with the correct topology and arelative scale along each of the axes. The general classes of polymerization of P-
, U- and D-type chains in the structura units change systematically across this activity—activity diagram.

Keywords: uranyl-oxide minerals, binary representation, bond-valence theory, activity—activity diagrams.
SOMMAIRE

Nousinterprétonslesstructures cristallines, |es compositions chimiques et les modes d’incidence de minéraux aoxyde uranylé
hydroxylé-hydraté en termes d’ une démarche combinée de représentation binaire et des valences deliai son telle qu’ appliquée aux
minéraux oxysels par Schindler et Hawthorne (20014, b, c). On peut écrire laformule d’ un complexe interstitiel généralisé sous
forme de [[MM *, [TM 2 [IM 3% (H,0)g (H20)e [9(OH)f (H20)g] @*28*3)*, dans laquelle d représente le nombre de groupes
(H20) transformateurs, e est le nombre de groupes (H20) non transformateurs, et g est le nombre de groupes (H,O) interstitiels
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non liés aun cation interstitiel. On peut exprimer |’ acidité de Lewis de ce complexe interstitiel graphiquement en fonction des
quantités de cations monovalent, divalent et trivalent et de leur coordinence, et du nombre de groupes (H,O) transformateurs
interstitiels. On peut aussi exprimer graphiquement I’intervalle de la basicité de Lewis pour une unité structurale en particulier.
Ouil y acorrespondance de’ acidité et delabasicité de Lewis, |e principe de correspondance des valences de liaison est satisfait,
et on peut ensuite dériver les détails des complexesinterstitiel s possibles. Nous fai sons des prédictions détail ées de lacomposition
des autres complexes présents dans les minéraux a oxyde uranylé hydroxylé-hydraté. Nous trouvons une correspondance
satisfaisante entrelesintervalles prédits pour les complexesinterstitiels et ceux quel’ on retrouve danslanature. Nous établissons
une connexion entre les structures cristallines des minéraux a oxyde uranylé hydroxylé-hydraté, et leur composition chimique
[rapport molaire (MO) + (H20) : (UO3)]. Letype de cation interstitiel et les classes générales de polymérisation des chaines de
type P, U et D des unités structurales changent de fagon systématique selon log [M?*] / [H*]? et [(MO) + (H20)] / [UOg]. Les
unités structurales peuvent ére formellement liées selon une réaction chimique entre deux H* et un cation M 2*, La combinaison
de cette équation avec laloi de |’ action des masses mene a une expression permettant |’ arrangement des unités structurales en
termes delog [M 2] et H, et un calcul des pentes des limites des champs de stabilité. 11 en résulte un diagramme activité—activité
ayant une topologie correcte et une échellerelative le long de chaque axe. Les classes générales des chaines de type P, U et D des
unités structurales changent de fagon systématique dans ce diagramme activité—activité.

(Traduit par la Rédaction)

Mots-clés: minéraux a oxyde uranylé, représentation binaire, théorie des valences de liaison, diagramme activité-activité.

I NTRODUCTION TABLE 1. MINERALS OF THE URANYL-OXIDE-HYDROXY-HYDRATE

GROUP

The uranyl-oxide hydroxy-hydrate minerals com-  yinerar Formula Ref.
monly form by oxidation and alteration or dissolution »
of uraninitein aqueous solutions (Protas 1959, Finch & "' (U000}, M
Murakami 1999), and play a key role in determining ~ ™metschoepite ((UO2),0,(OH) 2 ](H-Oo @
reaction paths of uranyl Specmsln aqueous uranium-rich vandendricsscheite PPy FIpb* ) (HLO)[(UO,),,04(OH), 1(11,0), 3)
environments. As a result, there has been significant ~ becquerelite YCa(H,0).[(U0,),0(0H); ], (H,0), @
progressin the last five yearsin characterizing many of =~ compreignacite TKA(H:0), [(UO;);0,(0H) ] (H.0), )
theseminerals (Finch et al. 1996, Burns 1997, 1998a, b,  fourmaricrite P (H,0),[(U0,),0,(OH),J(H,0), (6)
1999b, Burns & Hanchar 1999, Li & Burns 2000a, b)  richetite O, P 15 (H,0), [(U0:),,054(OHD, J(H0),, - (D)
and related synthetic materials (Cremers et al. 1986,  protasitc 1'"Ba(H,0),[(UO,),0,(OH),] )
Burns & Hill 2000a, b, Hill & Burns 1999, Li & BUrns  masuyite 1P (H,0),[(UO,),0,(OH),) )
2000c). ) curite Pk (IL,0),[(UO,),04(OI), (IL,0), (10)

HaWthOI’ne (1985, 1990, . 1997), SCh| ndl er & sayrile* [”sz'I(H:O),[(Uol)gob(OH)z] (11)
Hawthorne (2_00131 b, ¢) and Schindler et al (2000) have  sicendorfire B15(Ph* , Bag )(H,0),0[(U05),,0 (OH)J(ILO), (12)
been devel oping anew a_lpproach to consi der the struc- | jjiciice R4 (HLONI(UO,).0(OF).1(H.0), an
tures, chemical compositionsand stabilitiesof hydroxy- .. . K (Ca, Se)(H.OM(UO,0,(OH) L (1)
hydrated OXysalt minerals. This appromh isbased ona meta-vandendricsscheite  Pb™, [(UO,),,0,(0H),,](H,0), (15)
combination of a binary representation of structure _ SR e
(Hawthorne 1985, 1990, 1994, 1997) and bond-valence ™" CAUOIO(OMIILON, a
theory (Brown 1981, 2002, Burdett & Hawthorne 1993, ~ ¢« (Co.5a,F0 K MNaUOHO ORIELO; as
Hawthorne 1994)’ details of the current approach are metacalciouranoite (Ca,Ba,Pb*" K, Na){[(UO,)O,0H)}(H,0), (15)
developedin Schindler & Hawthorne (2001a). Here, we ~ clarkeite (NaCa)[(LO)O.OIDI(HLON,., (16)
consider the uranyl-oxide hydroxy-hydrate minerals  bauranoite Ba[(UOX0.0M]H.0), 5 s
(Table 1). We emphasize that this approach is still un-  vranosphaerite® [BI7[(UO,)O,(OH)] an
der development. At the moment, our principa inten-  spriggitc P [(UO,) 04 OM):I(H0)s (s

tion is to try and understand what factors affect the
stereochemistry, chemical composition and occurrence
of complex oxysalt minerals. Although we attempt to
predict certain features of these minerals, the intent of
this prediction is to further develop the theory rather
than to displace any of the current geochemical and ther-
modynamic approaches to mineral occurrence.

(1) Finch ef al. (1996); (2) Finch et al. (1998). Weller et al. (1999): (3) Burns
(1997), (4) Burns & Li (2002); (5) Burns (1998a), (6) Pirct (1985), Li & Burns
(2000b); (7) Burns (1998b); (8) Pagoaga et al. (1987), (9) Burns & Hanchar
(1999, (10) Taylor ef al. (1981), Li & Burns (2000a); (11) Piret et al. (1983),
{12) Burns (1999b), (13) Finch et al. (Unpublished); (14) Cahill & Burns (2000),
(15) Finch & Murakami (1999); (16) Finch & Ewing (1997): (17) Hughes ef al.
(2003); (18) Brugger et al. (2004)

* The structural unit is modified by strong Pb* O or Bi*"~O bonds resulting from
stereoactive lone-pair effects.
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PreLIMINARY CONSIDERATIONS

As much of the theory used here will not be familiar
to many readers, we give abrief introduction to some of
the more important ideas. The role of (H20) is of par-
ticular importance, and the reader is referred to
Hawthorne (1992) and Schindler & Hawthorne (2001a,
b, c) in this regard.

BINARY REPRESENTATION OF THE STRUCTURE

We can divide any complex structure into two com-
ponents: (1) the structural unit, the strongly bonded part
of the structure, and (2) the interstitial complex, the as-
semblage of cations, anions and (H»O) groups that
weakly bind the structural unitsinto a continuous crys-
tal structure. The constituents of the structure can be
considered in a simple additive fashion to produce ag-
gregate sets of properties (e.g., charge, Lewis basicity,
Lewis acidity) for the structural unit and the interstitial
complex. We may then use an extension of the valence-
matching principle (Brown 1981, 2002), the principle
of correspondence of Lewis acidity—basicity
(Hawthorne 1985, 1992, Schindler & Hawthorne
2001a), to examine the interaction of the structural unit
with the interstitial complex, and note that it is these
weak interstitial bonds that will control the stability of
the structure.

THE LEWIS BASICITY OF THE STRUCTURAL UNIT

The Lewis basicity of the structural unit is defined
as the charge on the structural unit divided by the num-
ber of bonds to the structural unit (Schindler &
Hawthorne 20014). To do this calculation, we need to
know (1) the charge on the structural unit, and (2) the
number of bonds required by the structural unit from
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Average basicity [vi]

Fic. 1. The average basicity of structural units versus the
average coordination-number of O referred to interstitial
bonds ([CN];n) for uranyl-oxide hydroxy-hydrate and
uranyl-oxysalt minerals.
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theinterstitial complex and adjacent structural units. The
charge on the structural unit isthe formal charge of the
constituent ions modified by charge transfer involving
hydrogen bonds emanating from the structural unit (see
Schindler & Hawthorne 2001a for details) and weak
bonds of lone-pair-stereoactive cations; this value is
called the effective charge. Schindler & Hawthorne
(2001a) showed that the prediction of the composition
of interstitial complexes is independent of the configu-
ration of the hydrogen bonds emanating from oxygen
atoms of the structural unit. This allows us to calculate
Lewis basicity and Lewis acidity without knowing the
configuration of the hydrogen bonds emanating from
oxygen atoms of the structural unit.

Calculation of the number of bonds to the structural
unitistrivial if we know the details of the crystal struc-
ture. However, we wish to predict information a priori
about the structure, and hence we need to predict this
information, which amounts to predicting the anion co-
ordinations in the structura unit. To do this, Schindler
& Hawthorne (2001a) introduced a new property, the
average basicity of the structural unit, which is defined
as the average bond-strength per O atom contributed
by theinterstitial species and adjacent structural units.
Thereis a correlation between the average basicity and
the average coordination-number of oxygen in borate
minerals crystallized from aqueous solution (Schindler
& Hawthorne 20014, b). In uranyl (and sulfate) miner-
ascrystallized from low-temperature agueous sol ution,
this correlation holds for the average O-coordination
number involving bonds solely from theinterstitial com-
plex and adjacent structural units, denoted [CN];, (Fig. 1)
(Schindler & Hawthorne, in press). Notethat in Figure 1,
the datadefine aband rather than asingleline. Aswell as
predicting a specific average number of bonds accepted
by an O atom of the structural unit, Figure 1 also pre-
dicts the range in the number of bonds accepted by an
O atom of the structural unit. Asdiscussed by Schindler
& Hawthorne (20014, b), thisrangein bonds per O atom
of astructural unit reflects the range in pH over which
themineral isstable, and allows calcul ation of therange
in possible Lewis base-strength for a specific structural
unit. A calculation of the Lewis basicity for a specific
structural unit is shown in Appendix 1.

THE LEwis AciDITY OF INTERSTITIAL COMPLEXES

A general formulafor an interstitial complex can be
written as follows:

(MM *, [V 24, TIM 3% (HR0)g (H20)e
(OH)f (Hzo)g] (a+2b+3c—f)+

where M isany type of interstitial cation, d and e denote
the numbers of transformer and non-transformer (H,O)
groups, respectively (Schindler & Hawthorne 2001a),
and g denotes the number of interstitial (H.O) groups
not bonded to interstitial cations.
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The Lewis acidity of the interstitial complex is de-
fined as its effective charge divided by the number of
bonds fromtheinterstitial complex to the structural unit.
The effective chargeis as shown above, (a + 2b + 3c —
f)*, asmodified by any hydrogen bonds emanating from
theinterstitial complex (Schindler & Hawthorne 2001a).
The number of bonds from the interstitial complex to
the structural unit may be cal culated from the coordina-
tion numbers of the cations and hydrogen bonds of the
interstitial complex: mX a+n X b+ X c+d—f X (q
—1) + s, where sisthe number of hydrogen bonds from
the interstitial complex to the structural unit. For sim-
plicity, wesetm X a+n X b+ 1 X ¢ =N (the total
number of bondsfrom theinterstitial cations) in thefol-
lowing sections. A calculation of the Lewis acidity of a
specific interstitial complex is shown in Appendix 1.

GRAPHICAL REPRESENTATION OF LEWIS ACIDITY
IN INTERSTITIAL COMPLEXES

We can represent the variation in Lewis acidity of
aninterstitial complex graphically with alittle judicious
simplification. First, we represent a single species of
cation; if there are more than one cation species present,
we may use the weighted arithmetic average of the sa-
lient characteristics (charge and coordination humber)
of these cations. Second, in cases where (OH)™ is
present, we can sum the charges of the cation(s) and the
(OH)~, and treat the complex asif it contained a cation
of the resulting net charge [i.e., M %" + (OH) — M 2*].
The remaining key variable in the interstitial complex
is the number of transformer (H,O) groups. Hence we
may show the variation in Lewisacidity asafunction of
the number of transformer (H,O) groups for specific
cation charges and cation-coordination numbers
(Fig. 2a). The Lewis acidity of the interstitial complex
decreases as the number of transformer (H,O) groups
increases, as the cation-coordination numbers increase,
and as the cation charge decreases.

We may now plot the range in Lewis basicity of a
specific structural unit on a graph that shows the varia-
tionin Lewisacidity of cation complexes (i.e., Fig. 2b).
Where the properties of the structural unit and the inter-
stitial complexes intersect, their Lewis acidity and
basicity match, and structures of those specific compo-
sitions are stable. Where the properties of the structural
unit and interstitial complexes do not overlap, the va-
lence-matching principleis not satisfied, and structures
of those compositions are not stable.

From Figure 2b, it isapparent that therangein Lewis
basicity determinesthetype of interstitial cation and the
number of transformer (H,O) groups. Let us consider
the structural unit of becquerelite, [(UO,)302(0OH)3],
with a formal charge of 17, three (OH)~ groups, and a
range in Lewis basicity of 0.14 to 0.23 valence units
(vu). The Lewis acidities of all possible stable intersti-
tial complexes must match this range, and we can for-
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mulate the following restrictions for interstitial com-
plexes with only one type of interstitial cation:

(™M * (H20)q (H20)e]*
0.14<(1+3h)/(m+d+3)<0.23

where h is the bond valence of the hydrogen bond, and
usually takesthe value 0.20 vu. For monovalent cations
in different coordinations (m), we can predict the pos-
sible range in transformer (H,O) groups and the pos-
sible coordination-numbers for the interstitial cations.
For cation-coordination numbers m > [8], the above
expression does not hold, and hence there can be no
minerals with interstitial monovalent cations of coordi-
nation number > [8]. Where m = [8], the expression
holds only for d = 0.5, and hence there can be no trans-
former (H,O) groups for [8]-coordinated monovalent
cations. Where m=[6], the expression holdsfor 0 <d <
2, and hence there can be 0 to 2 transformer (H,0)
groups for [6]-coordinated monovalent cations.

Fic. 2. (a) Variation in Lewis acidity with the number of
transformer (H,O) groups for different interstitial-cation
charges and coordination numbersfor ageneral interstitial
complex; (b) as (a), with the range in basicity of the
[(UO,)302(0OH)3]~ structural unit shown by the yellow
field.
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RUP URDUZPDRUP

H U™ um™

i

Fic.3. Top: theaniontopology of asheet structural unit with D-, R-, P- and U-type chains
and the topology code P3(UD)sR3. Bottom: different types of anion chainsthat occur in
uranyl-oxide hydroxy-hydrate minerals.

URANYL-OxIDE HYDROXY-HYDRATE MINERALS anion topology (net) of a sheet structural unit. The net
contains triangles, squares and pentagons, and can be

Burns et al. (1996) subdivided the uranyl-oxide hy-  constructed by stacking varioustypes of chainstogether
droxy-hydrate minerals on the basis of the anion topol-  (for details, see Burns et al. 1996). Miller et al. (1996)
ogy of their (sheet) structural unit. Figure 3 showsthe gave details of the various types of chains that they la-
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TABLE 2. DETAILS OF THE STRUCTURAL UNITS AND INTERSTITIAL COMPLEXES IN URANYL-OXIDE-HYDROXY-
HYDRATE MINERALS FORMED IN LOW-TEMPERATURE AQUEOUS SOLUTION

. . . chain average  range in Lewis
Mineral Formula structural unit sequence  basicity (vii) basicity (vu)
schoepite [(UO,),0,(0OH),,}(H,0),, [(UO,),,0,(0H),,]" P(UD), 0.08 0.11-0.20
becquerelite MCa(H,0),[(U0,),0,(0H),], (H,0), [(UO,),0,(0OH),]'~ P(UD), 0.145 0.14-0.23
compreignacite 7K ,(H,0);[(UO,),;0,(OH),1,(H,0), [(UO,);0,(0H),]"  P(UD); 0.145 0.14-0.23
billietite H0IBa(H,0),[(U0,),0,(OH),],(H,0), [(UO,);0,(OH)}  Py(UD), 0.145 0.14-0.23
rameauite K,Ca[(UO,),0,(OH),](H,0), [(UO,);0,(0H),]"  P(UD); 0.145 0.14-0.23
vandenriesscheite  Pb** MPb* | (H,0)[(UO,),,0(OH), J(H,0), [(UO,),,0,0H),,]* P, (UD),, 0.14 0.14-0.23
fourmarierite BIPH (H,0),[(U0,),0,(0OH),](H,0), [(UO,),0,(OH),}*  P,(UD), 0.19 0.15-0.23
agrinierite BIK,(PICa,Sr)(H,0)5[(UO,),0,(OH),], [(UO,),0,(OH),]'"  P(UD); 0.22 0.155-0.23
richetite I3, B 4P o (H,0)51 (U000, (OH),,1(H,0),, [(UO,),0,(0H),J  P(UD); 0.22 0.16-0.24
masuyite HIpp*(H,0),[(UO,),0,(0H),] [(UO,);0,(0H),J*  P(UD); 0.22 0.16-0.24
protasite WIBa(H,0),[(U0,),0,(0H),] [(UO,);0,(OH),}*  P(UD); 0.22 0.16-0.24
curite CIPb(H,0),[(U0,),0,(OH),J(H,0), [(UODOLOH)" (UDWU™, 024 0.17-024
sayrite ¥IPh*,(H,0),[(UO,);O(OH),] *[(UO,);0,(OH),]* P(UD)R, 0.244 0.17-0.24
wolsendorfite FUYPL™ Ba, J(H,0),[(UO,),,0,,(0H),1(H,0), *[(UO,),,0,5(OH),] " P(UD),.R, 0.29 0.175-0.24
spriggite B4pp? [(UO,)05(OH),1(H,0), [(UO,)O4OH),1*  (UD)R, 0.29 0.176-0.24

* The structural unit is modified by stereoactive lone-pair effects of Pb*": {"IPb?", and *'“'Pb*" in sayrite and wolsendorfite,
respectively, leading to average basicities and ranges in Lewis basicity of 0.189 and 0.15--0.236 and 0.27 and 0.17-0.235 vu,

respectively.

beled P, U, D, R and H, and Burns (1999a) described a
modified version of the U chainin curite, [abeling it U™.
Glatz et al. (2002) described the structure of synthetic
Ca(H,0)[(UO,)403(0OH),4] (H20), which contains a
modified variant of the U™ chain that we label U™. The
topology of asheet structural unit depends on the num-
ber, type and sequence of the different chains. The to-
pology of the sheet in Figure 3 can be described by the
code RUPURDPDRUP, which contains all information
regarding the number, type and sequence of the different
chains (Burns et al. 1996). However, in wolsendorfite,
Pb?*6.3Ba0.4[ (UO2)14019(OH)4] (H20)12, the topology
corresponds to a stacking sequence of 37 chains. Al-
though accurate, the resulting code is complicated, and
intuitive comparison with other topology codes s diffi-
cult. Here, weintroduce atopology code of general form
Py (UD)y Ry U™y U™y H for uranyl-sheet structural
units. The code of the topology in Figure 3 is
P3(UD)sRg3; that of wdlsendorfite is Pg(UD)2oRg
(Table 2). This code contains the number of different
chains in the topology of the unit cell, but not the se-
guence of the chains. However, this formulation makes
it easier to compare different codes of structural unitsin
minerals formed at different conditions. Future, more
detailed work will presumably focus on the more com-
prehensive representation of Burns et al. (1996).

Lone-pair-stereoactive interstitial cations

A common feature of uranyl-oxide hydroxy-hydrate
minerals is the presence of interstitial cations that can
have stereoactive lone-pairs of electrons, particularly
Pb?* and Bi®*. Where such cations are not lone-pair-
stereoactive, they show a distribution of individual
bond-lengths similar to that exhibited by spherical cat-
ions (e.g., Ca?*, Sr?*) of identical formal valencein the
same type of environment. Where |one-pair-stereo-
active, such cations typically show one to four short
bonds to anions arranged to one side of the cation, and
several long bonds to anions on the other side of the
cation, with room for thelone pair of electronsto project
into the space between the long bonds emanating from
the central cation. The short bonds are always to O at-
oms of the structural unit, and are trans to the
stereoactive lone-pair of electrons; longer bonds can be
to O atoms of a structural unit or to interstitial (H,O)
groups (or to both). Figure 4 shows the lengths of such
bondsin uranyl-oxide and uranyl-oxysalt minerals, tak-
ing the maximum bond-length as 3.30 A (~0.03 wu). In
Figure 4, we have identified the two different types of
bonds described above: (1) those with bond valencesin
the range 0.45 to 0.65 vu (mean value = 0.50 vu); these
bonds are always approximately trans to the inferred
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position of thelone pair of electrons; (2) those with bond
valencesin the range 0.03 to 0.45 vu. Although thereis
some overlap between the lengths of very short bonds
(trans to the lone-pair stereoactive electrons) and the
shorter of the remaining bonds in Figure 4, in any par-
ticular (Pb%* @) polyhedron, there is invariably a dis-
tinct gap between these two types of bonds.

According to our initial arguments (Hawthorne
1983, 1985, 1994, 1997, Schindler & Hawthorne
20014a), the short strong Pb?*—O bonds should be con-
sidered as part of the structural unit. The question then
arises asto how wetreat the weak bondsinvolving these
lone-pair-stereoactive cations. By analogy with the H
atom, which shows a strong O—H bond involved in the
structural unit and a weak hydrogen bond emanating
from the structural unit, we consider strong Pb?—g
bonds (and other lone-pair-stereoactive cations) as be-
longing to the structural unit, and weak Pb?*—¢ bonds
are treated in the same way as hydrogen bonds.

As an example, let us consider the structure of
sayrite, Pb?*5(U02)s06(OH),(H20)4. If P?* were not
lone-pair stereoactive, we would write the formula of
sayrite as Pb2+2(H20)2 (HgO)z[(UOz)50§(OH)Q]. How-
ever, inspection of the stereochemistry of the Pb?* cat-
ion in sayrite (Fig. 5) shows that it is lone-pair
stereoactive. We may indicate this behavior by writing
the coordination number of Pb?* to indicate the number
of short and long bonds: *71Pb?*. As with H atoms of
the structural unit, we also include the cations as part of
the structural unit: [[771Pb2*»{ (H,0)2(H20)2} (UO,)506
(OH),] (Table 2). In order to calculate the effective
charge of the structural unit, we need to assign atypical
bond-valence to the short bond(s); inspection of Figure
4 shows that the value 0.50 vu, equivalent to a bond-
length of 2.41 A, is appropriate. Thus the modified
charge of the structural unitis4-+ 0.50" X 2 +0.20 X
2 =3.40". There are eighteen O atoms in the structural
unit, and hence the average basicity of the structural unit
is3.40/ 18 = 0.189 vu.

Average basicity versus [CN];y, for
uranyl-oxysalt minerals

Figure 1 can be used to calculate the range in Lewis
basicity of al uranyl-oxide hydroxy-hydrate structural
units; from this range in Lewis basicity, we can calcu-
|ate possible chemical compositions of interstitial com-
plexes. These chemical compositions can be compared
with the observed composition of uranyl-oxide hydroxy-
hydrate minerals, and also can be used to predict types
of anthropogenic radionuclide cationsthat can beincor-
porated in the interstices of uranyl-oxide hydroxy-hy-
drate minerals.

Table 1 lists the chemical compositions of all ura-
nyl-oxide hydroxy-hydrate minerals, and Table 2 lists
the corresponding structural units, their average basic-
ity, range in Lewis basicity, and the topology code of
their sheet structural unit. Table 3 lists the predicted
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ranges in coordination number and transformer (H,0)
groups per cation, together with what is observed in
minerals. Inthefollowing sections, wewill examinethe
interactions between the structural unit and the intersti-
tial complex, and predict the possible ranges in cation
charge, cation coordination-number, and the number of
transformer (H,O) groups. For the first few structural
units, we will go through the arguments in detail. For
the rest of the structural units, we will just focus on a
comparison between the predicted interstitial complexes
and those observed in minerals.

The structural unit [(UO,)305(0H)3]

The structural unit [(UO,)30,(0OH)3]* (Fig. 6¢) oc-
curs in becquerelite, [1Ca(H,0)4[(UO,)305(0OH)3]»
(H20)4, compreignacite, 'K 5(H,0)3[(UO2)302(OH)s]>
(H20)4, and billietite, [*1Ba(H,0).4[(UO2)30-(0H)3]»
(H20)3. The sheet (structural unit) can be described as
an arrangement of triangles and pentagons (Burns
1999a) with the topology code Ps(UD)s. The effective
and modified charges of the structural unit are both 1 +
3X 0.2=1.6vu (h=0.20 vu and s=t), and the number
of O atoms in the structural unit is 11. Hence the struc-
tural unit has an average basicity of 1.6/ 11 = 0.145 vu.
We may use this value of the average basicity, together
with Figure 1, to predict the minimum and maximum
value of [CN]jn: 0.65 and 1.05, respectively. There are
11 O-atomsin the structural unit; thus there are a mini-
mum of 11 X 0.65 =7 and amaximum of 11 X 1.05 =
11.5 bonds from the interstitial complex to the struc-
tural unit. Thisresultsin arangein Lewisbasicity from
16/115t01.6/7,i.e,0.14 to 0.23 vu. The valence-
matching principle requires that the Lewis acidities of
the corresponding interstitial complexes should beinthe
range 0.14 to 0.23 vu; thisrange is shown in Figure 2b.

Interstitial complexes with monovalent cations:
There are three hydrogen bonds emanating from this
structura unit, and therefore the range in bonds from
interstitial cations and transformer (H,O) groups to the
structural unitisfrom7-3t011.5—-3=4.0t08.5. This
means that interstitial monovalent cations not bonded
to transformer (H,O) groups must have coordination
numbers between [4] and [8.5], and those with coordi-
nation number lower than [4] [e.g., (Hz0)*] must bond
to at least one transformer (H,O) group. Considering
the variation in coordination numbers of monovalent
cations such as K*, Rb*, Cs* and TI*, we expect to find
all types of monovalent cations in minerals with this
structural unit.

The Lewis acidity of a monovalent cation in [8]-,
[7]- and [6]-coordination matches the range in Lewis
basicity of the structural unit with none, one and two
transformer (H,O) groups, respectively. If al (H2O)
groups were bonded to interstitial cations, a stable min-
eral with a monovalent [8]-coordinated cation could
have a maximum of 11.5 — [8] — 3 = 0.5 transformer
(H,0) groups per cation, and BIM *(H,0)¢_0.5[(UO,)20-
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Fic. 4. Frequency of Pb—(O,{ OH},{ H,O}) bonds in uranyl-
oxide and uranyl-oxysalt minerals. Type (1) bonds (short,
bond valence < 0.45 vu, trans to stereoactive lone-pair of
electrons) are shown in blue; type (2) (long, bond valence
> 0.45 wu, not trans to stereoactive lone-pair of electrons)
are shown in orange, yellow and green.

Fic. 5. The Pb site in sayrite, showing the coordination and
bonds; Pb?": red circle; O atoms: blue circles; color of
bonds denotes their length range: blue: < 2.40 A; orange:
2.40-2.70 A; yellow: 2.70-2.85 A; green: > 2.95 A.

Fic. 6. Polyhedron representation of
sheet structural-units in uranyl-oxide
hydroxy-hydrate minerals: (a)
[(UO2)403(0OH)4]* (b) [(UO2)10
Os(OH)11]*; (€) [(UO2)302(OH)3]*;
(d) [(UOZ)305(0H)21*; (€) [(UO2)s
Og(OH)]*; (f) [(UO2)506(OH)21*;
(9) [(UO2)14019(OH)4] ™.
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(OH)3] is the predicted chemical composition of such
minerals. The analogous result for 1M * is 0-1.5 trans-
former (H20) groups per cation. There is one mineral
containing this structural unit and with monovalent cat-
ions in the interstitial complex: compreignacite,
(MK 5(H20)3[ (UO,)302(OH)3] 2(H20)4; the number of
(H20) groups bonded to K* is in accord with the pre-
dicted values.

Interstitial complexes with divalent cations: The
most common coordination numbers for divalent cat-
ionsare [6], [7] and [8]. Interstitial complexes with di-
valent cationsin [6]-, [7]- and [8]-coordination and no
transformer (H,O) groups have Lewis acidities of 0.33,
0.285 and 0.25 vu, respectively. These values are larger
than the range in Lewis basicity of the structural unit
(Fig. 2b), and hence transformer (H,O) groups or hy-
drogen bonds from the structural unit are required to
reduce the Lewis acidity such that it falls within the
range in Lewis basicity of the structural unit. Consider
the case for [n]-coordination and six hydrogen bondsto
the interstitial complex. The total number of bonds di-
rectly involving the interstitial cations is written as N,
where N = [m] (the average coordination number of the
divalent cations) X b (the number of divalent cationsin
theinterstitial complex). Where the interstitial divalent
cations are bonded to d transformer (H,0) groups, the
corresponding Lewis acidity may bewritten as (2 + 6h)
/(N+d+6),orforh=0.2vu, 3.2/ (N+d+ 6) vu. For
the Lewis acidity to fall at the maximum of the rangein
Lewis basicity of the structural unit (i.e., 0.23 vu), then
3.2/ (N +d+ 6) must equal 0.23. For [n] =6and 7, N
will beequal to6and 7 (asb = 1), and d will be equal to
2 and 1, respectively; thus asimple [6]-, [7]- or [8]-co-
ordinated divalent interstitial cation must bond to amini-
mum of two, one or zero transformer (H,O) groups,
respectively. For the Lewis acidity to fal at the mini-
mum of therangein Lewisbasicity of the structural unit
(i.e,, 0.14 wu), 3.2/ (N + d + 6) will be equa to 0.14,
from which d = 11, 10 or 9. However, six, seven and
eight are the maximum possible values of d (Fig. 2b),
and thus a [6]-, [7]- or [8]-coordinated divalent cation
can bond to a maximum of six, seven or eight trans-
former (H2O) groups, respectively (Table 2). [Note here
that it is possible for the number of transformer (H,0)
groups to exceed the coordination number of the inter-
stitial cation. A hydrogen bond from a transformer
(H20) group can link to another (H,O) group not bonded
toaninterstitia cation; if the latter (H,O) group accepts
only this one hydrogen bond, it is also a transformer
(H20) group. Thus the number of transformer (H,0)
groups bonded to an interstitial cation cannot exceed the
coordination number of that cation, but the interstitial
complex may contain additional transformer (H,O)
groups involved only in hydrogen bonding.] There are
two minerals with only divalent interstitial cations:
becquerdlite, [1Ca(H,0)4[(UO2)305(OH)3] 2 (H20)4, and
billietite, [101Ba(H20)4[(U02)302(OH)3] 2(H20)3. Wedo
not know the number of transformer (H,O) groups in
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the two minerals, but we can predict that becquerelite
and billietite must contain 1 to 4 and O to 7 transformer
(H2O) groups, respectively.

Interstitial complexes with trivalent cations: The
trivalent cations possiblein thistype of environment are
octahedrally coordinated small cations (e.g., Al*, Fe3*)
and (usually) [8]- or [9]-coordinated REES (Y * and rare-
earth elements). Consider the case for [6]-coordinated
AlI®* or Fe*. If the cation is bonded to d transformer
(H2O) groups, its Lewis acidity may be written as (3 +
9h)/(d+6+9)=4.8/(d+ 15) vu. For the Lewis acid-
ity tofall at the maximum of therangein Lewisbasicity
of the structural unit (i.e., 0.23 vu), then 4.8/ (d + 15) =
0.23, from which d = 6. For the Lewis acidity to fall at
theminimum of therangein Lewisbasicity of the struc-
tural unit (i.e., 0.14 vu), then 4.8/ (d + 15) = 0.14, from
which d = 19. Thisrange in d values exceeds the coor-
dination number [6] (the maximum possible for AI%*),
and hence only an { Al(H,0)g(H20)o} 3" complex can
occur with this structural unit. This result may also be
seen directly by inspection of Figure 2b.

Interstitial trivalent cations can also occur if intersti-
tial (Algg) octahedra polymerize. Consider two octahe-
drathat link together: the bridging anions will receive
an incident bond-valence of ~0.5 X 2 « 1.0 vu, and
hence these anionswill be (OH)~rather than (H20). This
being the case, the interstitial complex may be written
as { Alx(H20)12-2t (OH)s} (G_f)+, with 4 X 3 =12 trans-
ferred hydrogen bonds. The Lewis acidity is (6 — f +
12h) / [(12 - 2f) X 2+ f+ 12] = (8.4 —f) / (36 — 3f).
Where f = 2, the Lewis acidity of the complex is 0.21
vu; wheref = 4, the Lewis acidity of the complex is0.18
vu. Thus the complex has the appropriate Lewis acidity
for f =2, 3 and 4. However, two octahedra cannot share
four anions, and hence f = 2 (edge-sharing) or 3 (face-
sharing) only are possible. Face-sharing of (Algg) octa
hedrais unlikely in an interstitial environment, and the
complex { Alo(H20)g_10(0OH)2} +* seems more likely.

For the REE, [ 7]- and [8]-coordination by (H,0) will
provide Lewisaciditiesin therange 0.14-0.22 vu. Form-
ing a dimer with f (OH) groups linked to two cations,
{ N Y3+2(H20)2N_2f (OH)¢} (ZN_f)+, givesthe Lewisacidity
as(8.4—1)/([2N—-2f] X 2+ 12 +1f)=(6-f)/ (4N-3f).
For N =[7], the dimer hasthe appropriaterangein Lewis
acidity for f =0, 1, 2 and 3; for N = [8], the dimer has
the appropriate range in Lewis acidity for f =0 and 1
(Lewis acidity = 0.15 vu). Thus {{Y 5(H,0)13(OH)} >*,
{11Y 2(H20)12(0H)2} #* and {I1Y 5(H20)11(OH)3} ** are
possible interstitial cation complexes with (OH)~
present. However, considering that the charge of the
structural unit is 27, {{7Y 5(H»0)12(0OH),} ** produces a
simpler formula.

Note that the graphical approach of Figure 2b can
still be used for interstitial complexes with (OH)™.
Consider the complex {INM 3*5(H,0) 155 (OH)s} 60+,
We may rewrite the “cation” as { M(OH)y,} G2+, =
LG22+, This manipulation has also removed (OH)~
from the coordination polyhedron of the M cation, and
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thus the coordination number of L has decreased by d/2.
Hence we may rewrite the complex as { NG+,
(H20) 1207 )%, Consider the case for f = 2: the com-
plex reduces to { PIL 2+,(H,0)g} ** = {PIL 25 (H,0) 4} 2*,.
From the section on divalent interstitial cations, the
Lewis acidity of such acomplex isgivenby 2/ (N +f)
=2/ (5+4) =0.22 vy, the value cal cul ated above from
the composition of the complex.

For REE interstitial cations in [8]-coordination that
do not bond to interstitial (OH)~ groups, Table 2 and
Figure 2b summarize the predicted numbers of trans-
former (H2O) groups.

The structural unit [(UO2)1006(OH)11] %

The structural unit [(UO,)1006(OH)11]% (Fig. 6b) is
known only in vandendriesscheite, [P1Pb?* [BIPb2*) 57
(H20)s5[(UO2)1006(OH)11] (H20)e. Its anion topology
can be described as an arrangement of triangles and
pentagons (Burns 1999a) with the topology code
Py(UD)13. The effective and modified charges of the
structural unitare3 + 11 X 0.2 =5.2". The average ba-
sicity of the structural unitis5.2/ 37 = 0.14 vu, and the
corresponding predicted range in [CN];, is 0.60-1.00
(Fig. 1). This results in a minimum of 22 and a maxi-
mum of 37 bonds from the interstitial complex to the
structural unit. The corresponding range in Lewis
basicity isthus from 5.2/ 37 t0 5.2/ 22 = 0.14 t0 0.23
vu (Fig. 7a). The predicted chemical compositions of
all compatibleinterstitial complexes are summarized in
Table 3.

Interstitial complexes with monovalent cations: In-
spection of Figure 7a indicates predicted interstitial
compositions similar to those for the structural unit
[(UO,)305(0OH)z] Y (Fig. 2b). This can be seen also if
we cal cul ate the required number of bonds per monova-
lent cation: there are a minimum of 22 and a maximum
of 37 bonds from the interstitial complex to the triva-
lent structural unit, respectively, and theinterstitial com-
plex propagates eleven hydrogen bonds that emanate
from the structural unit. Thus, the minimum and maxi-
mum number of bonds per monovalent cation are (22 —
11)/3=3.7and (37 —-11) / 3=8.7, respectively. Asfor
the structural unit [(UO,)302(0OH)3]*, we predict a co-
ordination number of [8.5] or lower for monovalent in-
terdtitial cations.

Interstitial complexes with divalent and trivalent
cations: This structural unit has a net charge of 3~ and
hence requires 1.5 divalent cations or 1 trivalent cation
intheinterstitial complex. The maximum and minimum
number of bonds from interstitial complexes with only
divalent interstitial cations can be calculated from the
expression5.2/(d+N+11)=0.14vuand5.2/(d+ N
+11) = 0.23 vu, where N is the sum of the coordination
numbers of the 1.5 constituent divalent interstitial
cations. Consider first the case for divalent cations of
coordination number [n]. The aggregate coordination-
number [N] can be written as N = n + n/2. Substitution
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into the above equation gives the expressions 5.2(d + n
+n/2 + 11) = 0.14 and 0.23 vu, respectively. These ex-
pressions simplify to 2d + 3n = 22.6 and 52.2, respec-
tively. For possible coordination-numbers [6] to [10],
the values of d can be calculated for the minimum and
maximum values of the L ewis basicity to givetherange
invaluesof din each case (selected values are shown in
Table2): d=2t06,1t07,0to 8, 0to 9 and O to 10,
respectively, for [n] =6, 7, 8, 9, 10. Vandendriesscheite,
[IPp2* BIPH2*, 57(H20)6 (UO2)1006(OH)11] (H20)s, con-
tains the interstitial complex {[9IP?* B1Pb2* 57(H20)1
(H20)s} withN =13 and d = 1, thusits Lewis acidity is
5.2/13+ 1+ 11 =0.21 vu, matching the predicted range
in Lewis basicity.

For trivalent cations, the equations predicting the
range of d, the amount of transformer (H,O) groups per
cation, areasfollows: 5.2/ (d+ N+ 11) =0.14 and 5.2
/ (d+ N+ 11) = 0.23 vu, where N is the coordination
number of the trivalent interstitial cation. These equa-
tionsreduceto d + N = 11.6 and 26.1, respectively. For
N = [6], [7], [8], [9], the predicted ranges of d are as
follows: 6, 5t0 7, 4 to 8, 3 to 9 per interstitial cation.

The structural unit [(UO,)403(0H)4%

The structural unit [(UO,)403(0OH)4]% occurs in
fourmarierite, [¥1Pb2*(H,0), [(UO,)403(0H)4](H20)2
(Fig. 6a). Its anion topology is identical to the anion
topology of the neutral structural unit in schoepite,
[(UO2)g0(0OH)12]°, and can be described as an arrange-
ment of triangles and pentagons (Burns 1999a) with the
topology code P3(UD)g. The effective and modified
charges of the structural unitare2+4 X 0.2=2.8". The
average basicity of the structural unitis2.8/15=0.19
vu, and the corresponding predicted range in [CN]in is
0.80 to 1.20 (Fig. 1). This results in a minimum of 12
and a maximum of 18 bonds from the interstitial com-
plex to the structural unit. The corresponding range in
Lewis basicity is from 2.8/ 18 to 2.8 / 12 = 0.155 to
0.23 wu (Fig. 7b). The predicted chemical compositions
of al interstitial complexes are summarized in Table 3.

Restrictions on the chemical composition of possible
interstitial complexes: The maximum and minimum
numbers of bonds from an interstitial complex can be
calculated from the relations 2.8 / (d + N + 4) = 0.155
and 2.8/ (d + N + 4) = 0.23 vu, where N is either the
sum of coordination numbers of two monovalent cat-
ions or the coordination number of a divalent cation.
The maximum vaue of (N + d) is 14, and hence the
average coordination number of two monovalent inter-
titial cations cannot exceed [7]. The minimum val ue of
(N + d) iseight, and hence [6]-coordinated divalent cat-
ions (N = 6) must bond to aminimum of two transformer
(H20) group (d = 2) and [ 7]- to [9]-coordinated divalent
cations can bond to a minimum of one and a maximum
of 57 transformer (H,O) groups, respectively.

In fourmarierite, [F1Pb2*(H»0),[(UO2)403(0H)4]
(H20), the [9]-coordinated Pb?* cation bonds to two
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(H,0) groups. We do not know if these (H,0) groups  The structural unit [ (UO,)303(0OH),] %

are transformer or non-transformer; however, the range

in (N + d) values allows both possibilities. For trivalent The structural unit [(UO,)305(OH),]? (Fig. 6d) oc-
cations, (N + d) must be between 12 and 21, and hence  curs in richetite, 1M, [B4Pp%* g 57(H,0)2; [(UO,)18018
[6]- and [8]-coordinated cations must occur withminima  (OH)12] (H20)10, protasite, 19Ba(H,0)3[(UO2)303
of 6 and 4 transformer (H,0) groups, respectively. (OH),], masuyite, 1OPh2*(H,0)3[ (UO,)3:03(0H),], and

TABLE 3. PREDICTED AND OBSERVED TRANSFORMER (H,0) GROUPS IN INTERSTITIAL
COMPLEXES OF URANYL-OXIDE-HYDROXY-HYDRATE MINERALS

Predicted transformer
(H,0) groups

Structural unit Interstitial complex Mineral

[(UO,);0,(OH).1™ Fiv* d=0-3
Upm*: d = 0-2.5 {MK,(H,0),)** compreignacite
B d = 0-1
CIpM2 d=2-6
MM d=1-7 {"Ca(H,0)}* becquerelite
o2 g = 0-7 {"9Ba(H,0),2* billietite
OM d = 6
M d = 4-8

[(Uoz)mos(OH)n]s_ Bip*: d =0-3
BIpM* d = 0-1
EIpM2t d = 2-6
Bipf2t d = 0-8 {8IPp2* BIPp2* | (H,0):}** vandenriesscheite
B d =6
B o = 4-8
[(UO,),04(OH),I* Bip*: d = 0-1
BIpf*: not possible
BIM*: g = 2-6
EIpf2 o = 0-6
BIM2 d = 0-5 {9Pb(H,0),}** fourmarierite

[(UO,);0,(0H),1* Fip*: d = 0-1
BIM*: not possible
BIp2: d = 2-6
BIp2: d = 0-5
MOIp2* of = 0-3 {"IPH?*(H,0),} masuyite
{"Ba(H,0),} protasite
Bipg*, Bipg2t d = 0-1 {BIK, ®Ca(H,0):}*" agrinierite
BipM3 d=8,f=2,d=86
BpI3* o = 4-8

[(UO,)s04(OH) 1™ BipM* d=0
BIp*: not possible
BN d = 2-6
N2 o = 0-3
M. d = 04 {9PD?",(H,0))" curite
O d=8,f=2
[B]Mﬂb: =

[(UO,)s05(OH),1* AL
BIpf*
CIVES
Bipp 2+,
FIpg2*:
BIpg3:
Bp g3+
(U0,)1,046(OH)I™  BIM™ d =
[(UO,)s05(OH),J* M2 not
M2 d =
B2 d =

Hon

[IPb* J{(H,0),(H0)2} sayrite

nnonwon

aaaoaa® o

[[2»6]Pb2+] {“"”sz*s )
B1Ba, 4(H,0)01 "2 wolsendorfite
{B4Pb?,(H,0),}** spriggite
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agrinierite, [BIK 5(19Ca,Sr)(H,0)s[ (UO,)303(0H) ). Its
anion topology can be described as an arrangement of
triangles and pentagons (Burns 1999a) with the topol-
ogy code Pg(UD)s, and its effective and modified
chargesare 2 + 2 X 0.2 = 2.4~. The average basicity of
the structural unit is 2.4/ 11 = 0.22 vu, and the corre-
sponding predicted rangein [CN];, is0.90 to 1.35 (Fig.
1). The minimum and maximum numbers of bondsfrom
the interstitial complex to the structural unit are 10 and
15, respectively. The corresponding range in Lewis ba-
sicity isfrom2.4/15t02.4/ 10, i.e,, 0.16-0.24 vu (Fig.
7¢). The predicted chemical compositions of al inter-
stitial complexes are summarized in Table 3.
Restrictions on the chemical composition of possible
interstitial complexes: The maximum and minimum
number of bonds from an interstitial complex to the
structural unit can be calcul ated from the expression 2.4
/(d+N+2)=024vuand2.4/(d+N+2)=0.16 w,
where N is the sum of the coordination numbers of two
monovalent cations or the coordination number of adi-
valent cation. The resulting rangein (N + d) bondsis 8
to 13, from which we can directly predict the possible
interstitial cations and the corresponding number, d, of
transformer (H,O) groups. The average coordination
number of two monovalent cations cannot exceed [6], a
divalent octahedrally coordinated cation must bond to
one transformer (H,O) group, and divalent cations of
higher coordination ([7] to [12]) cannot bond to trans-
former (H,0) groups. In richetite, 1M, [84Ph?*g s,
(H20)21[(UO2)18015 (OH)12] (H20)10, protasite, [19Ba
(H20)3[(U0,)305(0H),], and masuyite, [*IPb?*(H;0)3
[(UO2)305(0OH),], we do not know the exact number of
transformer (H,O) groupsin the interstitial complexes.
However, on the basis of the predicted range of (N + d)
bonds, the interstitial cations [2Ba?* and [19Ph?* can
bond to 0 to 3 transformer (H,0) groups. For richetite,
the situation is complicated by the fact that the current
formula bears a positive charge of 6.4*. However, con-
sidering the presence of [F(Mg?* + Fe**) and [EIPb?*,
the former should bond to 2 to 6 transformer (H,O)
groups, and the latter should bond to O to 5 transformer
(H20) groups, the former value is in accord with the
observed number (4) of (H,O) groups bonded to
Bl(Mg?* + Fe*). In agrinierite, [BIK,(°Ca,Sr)(H,0)s
[(UO,)303(0H),]», there are 25 bonds emanating from

Fic. 7. Variation in Lewis acidity with the number of trans-
former (H,O) groupsfor different interstitial-cation charges
and coordination numbers for a general interstitial com-
plex; the range in basicity of the different structural units
areshown by theyellow fields, and by the bluefieldswhere
short Pb?* bonds are included in the structural unit:
(8) [(UO2)302(0OH)s]*; (b) [(UO2)1006(0OH)11]3"
(¢) [(UO2)403(OH)4]%  (d) [(UO2)303(0OH),]*;
(e) [(UO2)g0g(OH)6]®:  (f)  [(UO2)s06(OH)2]*;
(9) [(UO2)14019(OH)4] ™~
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the interstitial complex, and thus 12.5 of these bonds
are accepted by each [(UO,)303(0OH),] % structural unit.
Asthe maximum number of bonds to the structural unit
cannot exceed 13, the interstitial complex should not
contain more than one transformer (H,O) group.

The range in (N + d) bonds for a trivalent cation is
12 to 20; thus [6]- and [8]-coordinated cations must
bond to a minimum of 6 or 4 transformer (H,O) groups,
respectively.

The structural unit [(UO2)gOg(OH)e] &

The structural unit [(UO,)gOs(OH)g]® (Fig. 6€) oc-
cursin curite, [Q]Pb2+3(H20)2[(U02)303 (OH)G](HQO)]_,
and its anion topology can be described as an arrange-
ment of triangles, squares and pentagons with the to-
pology code (UD)g(U™). The structural unit has
effective and modified chargesof 6 +6 X 0.2=7.27,an
average basicity of 7.2/ 30 = 0.24 vu, and arange in
[CN]in of 1.00 to 1.45. The minimum and maximum
number of bonds are 25.5 and 43.5, respectively, and
this corresponds to arange in Lewis basicity of 0.17 to
0.24 vu (Fig. 7d). The predicted chemical compositions
of al interstitial complexes are summarized in Table 3.

Restrictions on the chemical composition of possible
interstitial complexes: For the Lewis acidity of the in-
terstitial complex to fall within the range of Lewis ba-
sicity of the structural unit, 7.2/ (N + d + 6) must bein
the range 0.17 to 0.24. The resulting range in possible
values of (N + d) is 24 to 38, where N is the sum of the
coordination numbers of six monovalent cations or three
divalent cations. First, let us consider the case for
monovalent interstitial cations. For monovalent cations
not bonded to any transformer (H,O) groups, the aver-
age coordination-number must fall within the range (24
to 38) / 6 = [4] to [6.3]. The presence of transformer
(H20O) groups decreases these coordination numbers (by
[1] per transformer (H,O) group per cation). Hence only
low coordination-numbers (i.e., ~ [6] or less) are pos-
siblefor monovalent interstitial cations. Now let us con-
sider the case for divalent interstitial cations. The
average coordination-number must fall within therange
(24t0 38) / 3=[8] to [12.7], and the presence of trans-
former (H,0) groups decreases these values; thus diva-
lent interstitial cations with coordination numbers [6],
[7],18],[9] and [10] have2t06,1t06,0t05,0to4 and
0 to 3 transformer (H,O) groups, respectively. Follow-
ing the same argument for trivalent interstitial cations
gives the following result: [6]-, [7]-, [8]- and [9]-coor-
dinated cations have 6, 5to 7, 4 to 8 and 3 to 9 trans-
former (H2O) groups, respectively.

Curite has the interstitial complex {[¥1Pb?*3(H,0)q
(H20)2} %*. Our above prediction suggests 0 to 4 trans-
former (H,0) groups per [9Pb?* cation for a total pre-
dicted range of O to 12 transformer (H,O) groups; the
observed value of O transformer groups is within the
predicted range.
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The structural unit [(UO,)s0e(OH),]+

The structural unit [(UO,)s06(OH)2]* (Fig. 6f) oc-
cursin sayrite, TP 5(H,0) 4[ (UO,)s0g (OH),] (ignor-
ing stereoactive lone-pair effects), and its anion
topology can be described as an arrangement of tri-
angles, squares and pentagons (Burns 1999a) with the
topology code P4(UD)gRs. The structura unit has ef-
fective and modified charges of 4.4, its average basic-
ity is 4.4/ 18 = 0.244 vu, and the predicted range in
[CN]inis1.0to 1.45. The minimum and maximum num-
bers of bonds from the interstitial complex to the struc-
tural unit are 18 and 26, respectively, which corresponds
toarangein Lewis basicity from4.4/24t0 4.4/ 18 =
0.17 t0 0.24 vu (Fig. 7€). The predicted chemical com-
positions of al interstitial complexes are summarized
in Table 3.

Restrictions on the chemical composition of possible
interstitial complexes: The maximum and minimum
numbers of bonds from the interstitial complex can be
calculated from the relations 2.4 / (N + d + 2) = 0.24
and 2.4/ (N +d + 2) = 0.17 vu, where N is the average
coordination-number of four monovalent or two diva-
lent interstitial cations, respectively. Therangein (N +
d) isthus 16 to 24. As aresult, the average coordina-
tion-number of four monovalent cations can vary be-
tween (16 and 24) / 6 = [4] and [6]. The presence of
transformer (H,O) groups will decrease these values
accordingly. Thus[6]-coordination with no transformer
(H20) groups is the most likely option for monovalent
interstitial cations. For interstitial cations, the average
coordination-number is in the range [8] to [12] for no
transformer (H,0) groups. The following coordination
numbers can occur with the associated ranges of trans-
former (H,0) groups per cation: [6], [7], [8], [9], [10]
with2t06,1t05,0to4,0to 3, and 0to 2, respectively.

As noted above, sayrite has lone-pair stereoactive
Pb?* as its “intergtitial cation”, and the strong Pb?>*—O
bonds must be included as part of the structural unit:
[(+71Pb2*,(U0,)s06(0OH),]°. As shown above, the aver-
age basicity of this modified structural unit is 0.189 wu,
and hence the minimum and maximum values of [CN];,
(Fig. 1) are 0.80 and 1.25, respectively. The number of
O atomsin the structural unit is 18, and hence the mini-
mum and maximum number of bonds to the structural
unit are 18/1.25 to 18/0.80 = 14.4 to 22.5, respectively.
The effective charge of the modified structural unitis0
(the formal charge) + 0.2 X 2 (due to hydrogen bonds)
+(2—-0.5) X 2=3.4". Hencetherangein Lewis basic-
ity is 3.4/22.5 to 3.4/14.4 = 0.15 to 0.236 vu, respec-
tively (showninblueonFig. 7€). Thereare 2 (hydrogen
bonds) + 7 x 2 (weak Pb**—O bonds) between struc-
tural units, with a mean Lewis acidity of 0.21 vu; this
falls within the Lewis basicity range for this structural
unit and hence the lower limit for transformer (H,0)
groups is zero. For the Lewis acidity to fall above the
lower range of Lewisbasicity (i.e., 0.15 vu), 0.21 X 16
/(16 +d) = 0.15, from which d < 6.4. Thus the alowed
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range of transformer (H,O) groups is O to 6 per struc-
tural unit, and the observed value of 2 transformer (H,0)
groups (Table 3) lies within this range.

The structural unit [ (UO2)14019(OH)4] **~

The structural unit [(UO,)14019(0OH)4]** (Fig. 6g)
occurs in wélsendorfite, [B4Pb%*g, [BBag 4 (H20)10
[(UO2)14019(0OH)4] (H20). (ignoring stereoactive lone-
pair effects), and its anion topology can be described as
an arrangement of triangles, squares and pentagons
(Burns 1999a) with the topology code Ps(UD)2Rg. The
structural unit has effective and modified charges of 14
+4 X 0.2 = 14.8 (ignoring stereoactive lone-pair ef-
fects for Pb?*), an average basicity of 14.8 / 51 = 0.29
vu, and arangein [CN];, of 1.20to 1.65. Thisresultsin
a minimum of 61 and a maximum of 84 bonds to the
interstitial complex, and the range in Lewis basicity is
thus 0.175 to 0.24 vu (Fig. 7f). The predicted chemical
compositions of all interstitial complexes are summa-
rized in Table 3.

Restrictions on the chemical composition of possible
interstitial complexes: For the Lewis acidity to fall
within the range of Lewis basicity of the structural unit,
then 14.8/ (N + d + 4) = 0.175 to 0.24. The possible
rangein (N + d) is 54 to 80, where N is the sum of the
coordination numbers of 14 monovalent cationsor seven
divalent cations. For the case where there are no trans-
former (H,0) groups, the average coordination-number
of 14 monovaent cations must be between [4.0] and
[5.7], and that of seven divalent cations, between [8.1]
and [11.4]. It is apparent that possible interstitial com-
plexes cannot contain only monovalent cations, irre-
spective of the presence or absence of transformer (H,0)
groups, except perhapsfor [6]-coordinated cations with
no transformer (H,0) groups. For divalent cations, a
wide range of coordination numbers is possible. The
structural unit [(UO,)e0g(OH)2]® has similar average
and Lewis basicities (Table 2). The predicted chemical
compositions of the interstitial complex are identical to
those of the structural unit [(UO5)14019(OH)4]**
(Table 3), and are not discussed any further here.

Wélsendorfite has one Pb?* cation that is lone-pair
stereoactive, and other Pb?* cations that are not lone-
pair stereoactive. The lone-pair stereoactive Po?* has
two short bonds to the structural unit, which must thus
be written as [[2*81Pb2* (UOy)14019(OH) 4] *%"; the result-
ing interstitial complex is {813(Pb?*5,B &g 4) (H20)0-2
(H20)10-g} 1+¢*, where d- and e-type (H,0) groups are
considered together;i.e, d+e=0-2,g=10to 8. The
modified charge of the structural unit 14+ 0.5" X 2 +
0.2~ X 4 = 13.87, and the number of O atoms in the
structural unit is51; hence the average basicity is13.8/
51 = 0.27 vu. The resulting range in [CN]in (Fig. 1) is
1.15 to 1.60, and hence the minimum and maximum
numbers of bondsto the structura unit are 58.7 and 81.6,
respectively. The effective charge of the structural unit
is 13.87, and hence the range in Lewis basicity of the
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structural unitis0.17 to 0.235 vu (shown in bluein Fig.
7f). For an [8]-coordinated divalent cation, Figure 7f
predicts O to 4 transformer (H,O) groups per interstitial
cation, and theinterstitial complex in wolsendorfitelies
within this range.

GENERAL COMPOSITION OF INTERSTITIAL
CoMPLEXES IN URANYL-OXIDE
HyDprROXY-HYDRATE MINERALS

Figure 8 shows the correlation between the average
basicity and the minimum and maximum Lewis basici-
tiesin uranyl-oxide hydroxy-hydrate minerals, together
with the average Lewis acidity of interstitial complexes
containing only K*, Ba?*, Pb?*, Ca?*, Cu?* and Al®*.
Each diagram also indicates the average Lewis acidity
of each interstitial cation in uranyl-oxysalt minerals.

Interstitial complexes with only K* as an interstitial
cation have Lewis aciditiesfrom 0.14 to 0.17 vu in ura-
nyl-oxysalt minerals (Schindler & Hawthorne, in press).
The maximum Lewis acidity occursonly if K* bondsto
one reverse bond-valence-transformer (H,O) group. In
this way, interstitial complexes with K* and without
reverse bond-valencetransformer havearangein Lewis
acidity from 0.14 to 0.16 vu; thus, these interstitial com-
plexes occur most likely with structural units that have
average basicity less than 0.22 vu. This observation for
all types of uranyl-oxysalt structures closely matches
our predictions for uranyl-oxide hydroxy-hydrate min-
erals (Table 2). Moreover, K* should be able to be an
interstitial cation for any structural unit with an average
basicity of less than or equal to 0.22 vu.

The above predictions for uranyl-oxide hydroxy-
hydrate structural units indicate that interstitial com-
plexes with only [8]- to [10]-coordinated divalent
cations do not require any transformer (H,O) groups
(Table 2). However, inspection of Figure 8 shows that
the average Lewis acidity of [83Pb?" and ["9Ca?" are
higher than the range in Lewis basicities for all struc-
tural units with average basicities smaller than 0.29 vu,
respectively. How is this possible? Schindler &
Hawthorne (2001a) showed that the Lewis acidity of an
interstitial complex can be reduced by the transferred
bond-valence of hydrogen bonds emanating from the
structural unit. Because uranyl-oxide hydroxy-hydrate
structural units of low average basicity involve a large
number of hydrogen bonds, the corresponding intersti-
tial complexes (with B31Pb?* and [731Ca2*) do not re-
quire additional transformer (H,O) groups.

This is not the case for interstitial complexes with
[6]-coordinated divalent and trivalent cations such as
Cu?* and AI®* (Fig. 8). To match the ranges in Lewis
basicity of the corresponding uranyl-oxide hydroxy-
hydrate structural units, interstitial complexeswith Cu?*
must contain one to two additional transformer (H,0)
groups, and interstitial complexes with Al must contain
four to six transformer (H,O) groups per interstitial
cation.

1615
OCCURRENCE AND SOLUBILITY

Uranyl-oxide hydroxy-hydrate minerals are the most
important products of corrosion of UO, in spent nuclear
fuel (Finch & Ewing 1992), and their properties may
control groundwater concentrations of U in contami-
nated soils (Buck et al. 1996, Morris et al. 1996). The
occurrence and paragenesis of these minerals are af-
fected strongly by the chemical composition and pH of
the groundwater. Hexaval ent uranium bonds strongly to
two O atoms, forming the linear (UO,)?* uranyl cation
(Burns et al. 1997). In the absence of F, the uranyl ion
is the dominant U species in groundwater at pH values
below 5. Frondel (1958) gave the first comprehensive
summary of their paragenesis, and Garrels & Christ
(1959), Finch & Ewing (1992) and Janeczek & Ewing
(1992) characterized the role of these minerals as alter-
ation products of uraninite. Reviews of the crystal struc-
tures of uranyl-oxide hydroxy-hydrate minerals were
given by Smith (1984) and Burns (1999a), and details
of their paragenesis were given by Finch & Murakami
(1999). Table 4 lists structural units, average basicities,
and the topol ogy-codes of the (sheet) structural-unitsfor
related synthetic compounds.

Occurrence

Frondel (1956, 1958), Finch & Ewing (1992) and
Finch & Murakami (1999) showed that vanden-
driesscheite, Pb2+1_5[(U02) 1006(OH)11](H20)11, and
fourmarierite, Pb?[(UO,),03(0H)4] (H20)4, format the
earliest stage of alteration of Pb-bearing uraninite. With
increasing alteration, the following Pb?*-minerals form
in the outer rim of altered material: richetite, My Pb% g 57
[(UOg)lgolg(OH)lz] 2(H20)41; masuyite, Pb2+[(U02)303
(OH)2](H20)s; sayrite, Pb?*5[(UO,)s0g(OH)2] (H20)a;
curite, Po%3[(UO,)g0g(OH)g] (H20)3; and wolsendorf-
ite, Pb?*6,Bag.4[(UO2)14019(OH)4] (H20)12. Frondel
(1956) suggested that this sequence of ateration is due
to preferential loss of U to groundwater and enrichment
of radiogenic Pb. Finch & Murakami (1999) argued that
this alteration does not necessarily require a high con-
centration of Pb in solution.

Solubility

Solubility measurements on uranyl-oxide hydroxy-
hydrate minerals (e.g., Casaset al. 1994, 1997, Vochten
& van Haverbeke 1990, Sandino & Grambow 1995)
show maximum stability of uranyl-oxide hydroxy-hy-
drate mineralsto be in the pH range 5.5 to 8, in accord
with the conclusion of Langmuir (1978) that uranyl
minerals have maximum stabilities between pH 5 and
8.5. Finch & Ewing (1992) and Casaset al. (1997) stated
that the stability of uranyl-oxide hydroxy-hydrate min-
erals increases from schoepite, [(UO2)gO2(OH)12]
(H20)12, to becquerelite, Ca[(UO2)30,(OH)s]2(H20)s,
and to the Pb?*-uranyl-oxide hydroxy-hydrate minerals.
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THE URANYL-OXIDE HYDROXY-HYDRATE MINERALS

AN AcTiviTY=AcTIVITY DIAGRAM
For UrANYL-OxIDE HYDROXY-HYDRATE MINERALS

In order to visualize the occurrence of different ura-
nyl-oxide hydroxy-hydrate phases in the U%*-bearing
aqueous system, one can calculate an activity—activity
diagram for log [M 2] (M 2+ = C&?*, Ba?*, Pb?*, K,
Na*,) versus pH value for al structural unitsin uranyl-
oxide hydroxy-hydrate minerals and synthetic com-
pounds (Figs. 9a, c). The construction of such diagrams
has been described in detail by Schindler & Hawthorne
(2001c). All mineralsin this diagram are related by the
genera reaction:

{M?Z interstitial complex}#

[(UOL), O (OH) % + a(H0) + b{M 2%}
{M2*,,interstitial complex} @2bH+
[(UO2)k O—arb (OH)me2a-op] @20~ + 20H*

(1]

in which a and b can be any integer.

This general reaction does not consider the number
of interstitial (H,O) groups because their number varies
with the type of M cation(s) in the interstitial complex
or with dlightly different temperatures of crystallization.

From the law of mass action, we may write the fol-
lowing relation for reaction [1]:

pH =—-a/2blog [H,O] + -4 b
log K — 1 log [M 2*] (1)
Uranyl-oxide hydroxy-hydrate minerals generally form
in dilute aqueous solutions in which the activity of
[H2Q] isvery closeto one. In this case, the law of mass
action simplifiesto

pH =1 log K — ¥4 log [M 2] 2
We do not know —4 log K, and hence our calculated
values are on arelative basis only. However, the slope
of the boundary between all stability fieldsis—V2 (which
we do know), and hence we can construct an activity—
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activity diagram having the correct topology. If b is
equal to zero in reaction [1], the two minerals are re-
lated via the reaction

{M 2+, interstitial complex}
[(UO2)« O (OH)m]* + a(H20)

= (2]
{M 2+ interstitial complex}
[(UO2) Or-a (OH)m+2a*
The corresponding law of mass action becomes
log K = alog [H20O] 3

and both structural units occur in the same field of sta-
bility in an activity—activity diagram with log [M?*] ver-
sus pH. Figures 10a and ¢ show the stability fields of
the structural units and indicate the corresponding min-
erals and compounds, the average basicities and chemi-
cal compositions of the structural units, and the
corresponding ranges in Lewis basicity.

Average basicity and pH

Schindler et al. (2000) and Schindler & Hawthorne
(2001c) showed that, in reactions of the type

[Bi On (OH) ] + XH* > [By Opy (OH)m 1] @~ [3]
and

[VkOn& + 2xH = [V Onad @+ xH,0  [4]
the average basicity decreases in the forward reaction,
i.e., anincreasein pH favorsformation of the structural
unit with a higher average basicity. Because reactions
[3] and [4] aso apply to the formation of aqueous spe-
ciesin solution, the average basicities of structural units
and aqueous species correlate with the pH of the solu-
tion. The pH thus clearly controls the crystallization of
minerals via condensation of the principal species in
solution.

TABLE 4. SELECTED STRUCTURAL UNITS OF SYNTHETIC URANYL-OXIDE HYDRATES:
AVERAGE BASICITY, LEWIS BASICITY AND THE CHAIN SEQUENCE

Structural unit chemical composition average range in Lewis chain Ref.
basicity [vu] basicity [vi]  sequence
[(UO,),0,(0OH),]" Blph? ) (H,0),[{UO,),0,(OH):}(H,0), 0.13 0.11-0.20 P(UD), (1)
[(UO,),,0,(0H),,]* Cs,(H,0),[(U0,),,0,(0H) 5] 0.13 0.11-0.20 P(UD), )
[(U0,),,U0,,(OH)(H,0),]* Pb**,(H,0),[(U0,),,U0,,(OH)(H,0),] 0.15 0.14-0.23 Framework  (3)
{(U0,),04(OH),]* Ca(H,0)[(UO,),04(OH),}(H,O) 0.19 0.15-0.23 U 4)
[(UO,),,O(OH), ™ K [(UO,),,0(OH),|(H,O) 0.18 0.15-0.23 P(UD), (R, (5)
[(UO,),0,(0H),]" St 5,(H,01[(UO,),0,(0OH),],(H.0), 0.24 0.175-0.24 {UD){U™), (6)
[(U0,)0,]* PP[(UO,)0,] 0.5 0.21-0.28 R (N

(1) Li & Burns (2000a); (2) Hill & Burns (1999), (3) Li & Burns (2000c); (4) Glatz er al. (2002); (5) Burns & Hill

(2000a), (6) Burns & Hilt (2000b), (7) Cremers ef al. (1986).
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Reaction [1] is similar to reactions [3] and [4], and
so we expect that formation of structural units with
higher average basicity isfavored by anincreasein pH.
This indeed is the case: the average basicity of struc-
tural units increases with increases with pH as well as
with log [M ?*] (Fig. 9a). Hence, average basicity corre-
lateswith increasing Pb?*/U®" in uranyl-oxide hydroxy-
hydrate minerals, and aso can be used as an indicator
of the degree of weathering of primary uraninite.

Schindler & Hawthorne (2001c) showed that borate
structural units related by the reaction

[Bk Ony (OH)WZy]a_ A
[Bk On (OH)m]* + y(H20) [5]

have similar average basicities. Moreover, they ob-
served that changesin average basicity are much smaller

4 pH-value
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relative to changes involving structural units related by
reactions [3] and [4]. Reaction [2] issimilar to reaction
[5], and so we expect similar average basicities in the
corresponding structural units. This is again the case:
the structural units [(UO,)14019(OH)2] ¥~ and [(UO,)¢0s
(OH),]® have the same average basicity, 0.29 wu, the
structural units [(UO,)40.(0H)s]*™ and [(UO,)1,0;
(OH)13]® have average basicities 0.133 and 0.127 wu,
the structural units [(UO,)403(0OH)4]? and [(UO,)100s
(OH)g]®> have average basicities 0.183 and 0.186 vu, and
the structural units of schoepite, a-[(UO,)(OH),] and
B-[(UO,)(OH),] have average basicities 0.08, 0.10 and
0.10 vu, respectively.

Lewis basicity, average basicity and pH

For the uranyl-oxide minerals, the minimum and
maximum Lewis basicities of a structural unit increase

Range in Lewis basicity [vu]
\
\
\
\
\

FiG. 9.

log [M]J?*

(a) An activity—activity diagram: pH versuslog [M 2*] for selected uranyl-oxide hydroxy-hydrate minerals. The diagram

has been cal culated without considering different types of interstitial cations (e.g., Po®*, Ca) or the possible influence of Eh,
and stereoactive lone-pair effects are not considered. The corresponding average basicity of the structural unit is given in
brackets; (b) the correlation between average basicity and the range in Lewis basicity for al uranyl minerals; (c) the genera
occurrence of the structural units in the activity—activity diagram with the corresponding ranges in Lewis basicity from

Figure 9b.
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with increasing average basicity (Table 2): the minimum
and maximum Lewis basicities increase from 0.14 to
0.23 vufor the structural unit [(UO5)1006(OH)11] %~ (with
an average basicity of 0.14 vu) to 0.175 to 0.24 vu for
the structural unit [(UO2)14019(OH) 4]~ (with an
average basicity of 0.29 vu). Hence, minimum and maxi-
mum Lewis basicities of an uranyl-oxide hydroxy-
hydrate structural unit correlate with pH and log [M ]
(Fig. 9c).

Chemical composition of interstitial complexes
as a function of log [M?*] and pH

Figure 10 shows the activity—activity diagram with
the composition of the corresponding interstitial cations
in uranyl-oxide hydroxy-hydrate minerals. We know
that the minimum and maximum Lewis basicities in-
crease with increasing pH and log [M 2], and therefore
we expect that interstitial complexes containing only
more highly coordinated monovalent cations (e.g.,
[7-101K *y would occur (in the activity—activity diagram)
at lower pH and lower log [M 2*]. This is indeed the
case: the only interstitial complex with exclusively
monovalent cations occurs with the structural unit
[(UO,)30, (OH)3]~ (in compreignacite), which occurs
at low log [M 2*] and low pH (Figs. 10c, 11). Interstitial
complexes containing more highly coordinated monova-
lent cations, e.g., { Kt (Ca,Sr)1(H,0)05} (agrinierite)
occur at moderate log [M ?*] and moderate pH, and there
are no interstitial complexes with monovalent cations
at high log [M 2] and high pH.

Chemical composition of synthetic compounds

Synthetic compounds crystallizein achemically re-
stricted system, and the resultant arrangements of atoms
are restricted by what chemical species are available
during crystallization. In some cases, the arrangements
that result may be relatively unstable; they may show
exotic coordination-numbers or large deviations from
the valence-matching principle. For this reason, the ar-
guments developed here are likely to work better for
minerals than for synthetic compounds, as natural sys-
tems are more likely to have the optimum interstitial
cations available for uptake. Nevertheless, examination
of synthetic compounds from this perspective, and com-
parison with analogous natural systems, may give sig-
nificant insight into less stable arrangements of atoms.

Consider synthetic Pb?*[(UO,)O,] (Cremers et al.
1986); the predicted range in Lewis basicity for the
structural unitis0.21 to 0.28 vu. The valence-matching
principle requires that the Lewis acidity of the intersti-
tial complex matches the range in Lewis basicity. The
Lewis acidity of the interstitial complex {[9Pb?*}2* is
0.22 vu; this value matches the range in Lewis basicity,
and thus Pb[(UO,)O,] is a stable compound.

Next, consider synthetic Ca(H,0)[(UO,)403(0OH)4]
(H20), (Glatz et al. 2002). Its structural unit hasarange
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inLewisbasicity of 0.15t0 0.23 vu, and the Lewisacid-
ity of Ca* is 0.275 vu (Brown 1981). The interstitial
complex may bewritten as{ [81Ca(H,0)(H,0)1(H,0)1},
and there are thus eight bonds from the interstitial com-
plex to the structural unit. There are also four hydrogen
bonds emanating from the structural unit, and hence
there are twelve bonds accepted by the structural unit
from the interstitial complex and adjacent structural
units. The effective charge of the interstitial complex is
2.8", and the resulting Lewis acidity is 2.8 /12 = 0.23
vu. The Lewis acidity overlaps the range of Lewis
basicity of the structural unit (at its maximum value),
and hence Ca(H,0)[(UO,)403(0H)4](H20) is a stable
compound.

(a)

pH-value

log [MP*
(b)

Interstitial complex composition
0 {(H0):2}

{(H:0)0}

1. (mcss(Hzo)s)a‘

{*Pby s(H0)a(H0)a F**

2 {FTPb,P'Pbq 57 (H0)s(H;0)s ¥

3, {7'Ca(H;0)4(H;0). ",
{7K;(H;0),(H;0)
{"'Ba(H.0).)*

{ K:Ca(H,0) }**

4. {"Pb,(H.0)F"

5. K (H0)F

{F'Pb(H.0):(H;0); }**
{"Ica(H,0).1"

6. M, 5™ P Pbg 5,(H;0)24(H20); Y
{PIK,(®ICa,Sr)(H,0)5}*"
{"IPb(H,0):}*"

{I'Ba(H,0):)*

7. {1, 54(H20)2(Hz0)2}"
{'Pby(H;0):(H;0):)*

8. {FPb;(H;0)}

(Na z,b

9. {™*PPbs ,*'Bag 4 (H,0)+(H,0), }*
{*“IPbs(H,0):}*

Fic. 10. (a) The activity—activity diagram pH versus log
[M?*]; the numbers denote the interstitial complexes
occurring under these conditions and are identified in (b);
(b) the composition of the interstitial complexes; minerals
areindicated in bold, synthetic compounds areindicated in
normal font. The numbersincrease with increasing pH and
log[M?*]. Theinterstitial complexesarewrittenin theform
{IMM, (H20)g+e (H20)g} as d and e are not known indi-
vidually for most minerals.
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Change in topology of the structural unit
with increasing log [M?*] / [H*]2 and molar
proportion of (MO) + (H,0) / (UO3)

The stability of phases as a function of pH and log
[M 2*] can be also represented in a one-dimensional
activity diagram with log [M 2*] / [H*]? as the only pa-
rameter (Fig. 12). The structural units occur in the same
sequence along the axis log [M 2] / [H*]? asin the ac-
tivity—activity diagram of pH versus log [M 2] (Figs.
10, 11).

The one-dimensional activity diagram gives us now
the opportunity to introduce a compositional parameter
in the second dimension. This parameter is the ratio
between the molar proportion of (MO) and (H,0) of the
structural unit and the molar proportion of (UO3), i.e.,
the molar ratio [(MO)+(H20)] : (UOs3). We can under-
stand this relation if we consider that the degree of po-
lymerization of a structural unit depends on the charge
per polyhedron[i.e., themolar ratio (MO) : (UOs)], and

log [M*")/[H]?
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the number of (H,O) and (OH) groups per polyhedron
[i.e., the molar ratio (H20) : (UO3)].

Figure 11 shows this activity—composition diagram
with the codes of the anion topology of the correspond-
ing structural units. The structural units in a-[(UOy)
(OH)2], B-[(UO2)(OH),] and Pb[(UO,)O;] are the only
structural unitsthat contain only H and R chains. These
chains contain U%* in [6]- or [8]-coordination. All other
structural units contain acombination of P, U, D, R, U™
and U™ chains, and the corresponding average coordi-
nation-numbers of U+ are between [6] and [7] (Fig. 11).
In this group, structural units with a high molar ratio
[(MO) + (H,0)] / (UOs3) and at low values of log [M 2]
/ [H*]2 have P3(UD) topology, structural units at mod-
erate values of log [M 2*] / [H*]? have either U™ or
P3(UD)g topology, and structural units at high values of
log [M %] / [H*]? have (UD)s(U™) topology. The situ-
ation is different in structural units with a low molar
ratio [(MO) + (H,0)] / (UO3) and at low values of log
[M 2] / [H*]% they contain a high ratio of P to (UD)

R, [6]

P.(UD),,R,, [6.65]
(UD),R., [6.67]

P,(UD)gR,, [6.8]

(UD)sUmg, [6.75] ————>

P,(UD),,R,, [6.9]

H

P3(UD)g, [7]

Ps(UD)s, [7] U [6.75]

3

FW, [6.8]

S OGgO0gOCU OGO

El

Ps(UD)s, [7]

Py(UD),,, [7]

Ps(UD)s, [7] Py(UD)e, [7]

P4(UD)g, [7]

G
> ﬁ?ﬁ%ﬁgﬁé 3 KD
H, 18]
R, [6]

Molar ratio (MO)+(H,0)/(UO,)

Fic.11. Theactivity—composition diagram log [M %] / [H*]? versusthe molar ratio [(MO) + (H20)] / (UOs). The chain-stacking
sequences of the corresponding anion topologies; FW indicates framework; three examples are shown to the right: the anion
topology in synthetic Pb?*[(UO,)O] (top), curite (center) and vandendriesscheite (bottom). The average coordination number

of U is shown in square brackets.
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chains, whereas at high values of log [M 2*] / [H*]?, they
contain a low ratio of R to (UD) chains. The explana-
tion for thisis straightforward: U, D, U™ and U™ chains
contain triangles, which are not occupied by U8 cat-
ions. Hence, the corresponding structural units have
lower packing densities of uranyl-bearing polyhedra
(i.e., alower degree of polymerization); astructural unit
with ahigh degree of polymerization hasasmaller molar
ratio [(MO) + (H,0)] / (UO3) than astructural unit with
a low degree of polymerization. Furthermore, the ar-
rangement of chains with triangles in the layer struc-
tural units results in [2]-coordinated O-atoms that link
two (Ue7) polyhedra. These O atoms receive (on aver-
age) 2 X 0.54 = 1.08 vu from the two [1U%*—O bonds,
and require an additional 0.92 vu; thisbond valence can
be only contributed by an O—H bond, which means that
[2]-coordinated O-atoms almost alwaysinvolve an (OH)
group. Thus, structural units with a high ratio of (UD),
U™ or U™ chainsto P and R chains have alower degree
of polymerization and a higher number of (OH) groups,
i.e., ahigher molar ratio of (H20) / (UO3) (Fig. 11).

Theincreasein R, UM or U™ chains with increasing
log [M 2*] / [H*]? results in a decrease in the average
coordination-number of US* from [7] to [6] (Fig. 11).
Burnset al. (1997) showed that { (U8 O,)p,} polyhedra
more commonly share corners than edges with other
uranyl polyhedra. Increasing [91US* thus reduces the
number of edge-sharing polyhedra and slightly reduces
the degree of polymerization of the structural unit. In
turn, this depolymerization reduces the sum of bond
vaences from the U cations to the O atoms in the
structural unit and increases the average basicity of the
structural unit. Furthermore, theratio of (UO,)?* to (OH)
groups in structural units decreases with increasing log
[M 2*] / [H*]? (Fig. 9c). This decrease reduces the sum
of bond valences from U®* cationsincident at O atoms,
again resulting in an increase in average basicity. The
mechanism of incorporation of [F1US* polyhedra was
also recently discussed by Brugger et al. (2004).

We can summarize structural changesin the activity—
composition diagram as follows:

(1) Depolymerization through change from P to
(UD) or R to U™ or U™ correlates with an increase in
the molar ratio [(MO) + (H20)] / (UO3). This process
changes only dightly the average basicity (and hence
the range in Lewis basicity).

(2) Depolymerization through decreasing coordina-
tion-number of U®* and increase in the (UO,)%* / (OH)
ratio is favored by increase in log [M 2] / [H*]?, and
results in a significant increase in average basicity and
in therange in Lewis basicity.

Chemical composition of interstitial complexes
and the topology of the structural unit

In Figure 12, we show a sketch of the activity—com-
position diagram with log[M 2*] / [H*]? versus the mo-
lar ratio [(MO) + (H,0)] / (UO3), which indicates the
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type of interstitial cation in the interstitial complexes,
the type of topology of the structural unit, and the cor-
responding ratios of the number of uranyl groups and
(OH) groupsin the structural unit. What isilluminating
in Figure 12 is that structural units with a higher value
of the molar ratio [(MO) + (H0)] / (UO3) occur only
with interstitial Pb?* cations, whereas structural units
with alower value of the molar ratio [(MO) + (H,0)] /
(UOs) and at low log [M 2*] / [H*]? occur generally with
interstitial alkali and alkaline-earth cations. In particu-
lar, interstitial complexes with monovalent cations in
synthetic compounds and minerals occur only with
structural units with alow molar ratio [(MO) + (H,0)]
/ (UOg).

It is apparent that Pb?* cations occur only with struc-
tural units of topology Ps(UD)s and with (UO,)%*/(OH)~
> 1. There are two notable differences between the oc-
currence of Pb?* cations with the more highly polymer-
ized structural units Ps(UD)s, P4(UD)gRs and Ps(UD)2,
Rg (Fig. 12, left side) and with the less highly polymer-
ized structural units P3(UD)e and (UD)eU™e: (1) Po?* is
disordered over more than one site in the interstices of
the more highly polymerized structural units (masuyite,
richetite, wolsendorfite, spriggite); (2) as a result of
stereoactive lone-pair behavior, Po®" occurs in more
distorted environments in the interstices of the more
highly polymerized structural units (sayrite,
wolsendorfite, spriggite). These two points suggest that
the geometrical features of structural unitswith P3(UD)g
topology may better match the size and coordination
number of (Pb?*e,,) polyhedrathan do other topologies.

Figure 12 shows that akali and akaline-earth cat-
ions occur only in minerals with structural units of
Ps(UD)s and P4(UD)gRs topology, and only occur in
synthetic compounds with less highly polymerized
structural units of U™ and (UD)gU™s topology (Table
3). However, more highly coordinated monovalent cat-
ions occur with structural units of Pg(UD)s and
P4(UD)gRs topology in minerals and synthetic com-
pounds. The reason for this finding becomes apparent
when we consider that the corresponding interstitial
complexes have more cationsthan interstitial complexes
with divalent cations only, and the corresponding struc-
tural units have ahigher density of bond-valence accep-
tors than structural units with P3(UD)g or (UD)sU™g
topology. Hence, interstitial complexes with akali and
alkaline-earth interstitial s as products of nuclear fission
will occur with structura units of Ps(UD)s topology
rather than with structural units of P3(UD)g topology.

Molar proportion of (H,O) in the structural unit
asa fraction of log [M 2*] / [H*]?

Finch & Ewing (1992) recognized that in secondary
uranyl-oxide hydroxy-hydrate minerals, the molar pro-
portion of [MO] (M = divalent cation) increases and the
molar proportion of (H;0) decreases with increasing
degree of weathering of uraninite (Fig. 13a). In a ura-
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nyl-oxide hydroxy-hydrate structure, the molar propor-
tion of MO is related to the molar proportion of (H,0)
by the general equation

M 25 [((MUO2),Om(OH)y] + M 2 —
M 2+a+1[([7]UOz)nO,mz(OH)k_z] + 2H* [6]

in which the coordination number of U®* does not
change, and the molar proportion of (H,O) decreases
via replacement of two (OH)~ groups by two O% an-
ions. From this equation, the molar proportion of MO
(M = K*y, Cs*,, Sr?*, Ba?*, Ca®*, Mg®, Fe?*, Pb®)
should correlate inversely with the molar proportion of
(H20) in the structural unit. Thisisindeed the case: the
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molar proportion of (H,O) decreases with increasing
molar proportion of (MO) (Fig. 13b). The data show an
inverse linear correlation at lower molar proportion of
MO:

molar proportion of MO = -0.87(4) X molar
proportion of (H,0) + 0.37(1), R2=0.98 4.

The data for synthetic Pb[(UO,)O] do not follow this
linear correlation, which might indicate an exponential
correlation:

molar proportion MO = 0.94(6) exp [-8.8(8)
x molar proportion of (H,0)], R2 = 0.94 [5].

Ps(UD),R; 3.5|LP (UOy?*: (OHY
s(UD);;R5 : 2 log [M2+]/[H]2
(UD);R, [3.0 LP N
P,(UD);R; |25 LP
AT TT ——— (UD),U™, [133 —
/ A
1.3 [71ys+

1.0

T‘\ 1.0

|

Po(UD)yy 7

0.91

Pb2*

0.92

Ps(UD)s

Molar ratio

T~

0.80

!

0.66
P,(UD);

[(MO)+(H,O)/UO;]

-

Fic. 12. Schematic of the general occurrence of Pb?" and alkali and alkaline-earth cationswith structural units of minerals[with
different layer-topologies and different values of the ratio (UO,)/(OH)] asafunction of log [M 2*] / [H*]? and the molar ratio
[(MO) + (H20)] / (UO3). The arrows indicate possible sequences of change in structural units during weathering processes,
with increase in log [M 2] / [H*]% Pb?*-bearing minerals are indicated by green lines, alkali and alkaline-earth minerals are
indicated by orange lines; (UO,) / (OH) values are shown in blue. The horizontal line in the center of the figure indicates a
change in the coordination number of U®* from exclusively [7]-coordinated in Ps(UD)s, Po(UD)1; and P3(UD)g to [7]-{6]-
coordinated in (UD)sU™s, P4(UD)gRs and Ps(UD)2:Rs. The occurrence of stereoactive lone-pair electronsin Pb?* isindicated

by the letters LP.
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The exponential decrease in the molar proportion of
(H20) at higher molar proportions of MO is a result of
depolymerization of the structural units through de-
crease in the average coordination-number of U%* from
[7] to [6]: the average coordination-numbers of US* are
~[7] in minerals with lower molar proportion of MO,
but exponentially decrease from [6.67] in spriggite,
[6.65] in wolsendorfite and [6.75] in curite to [6] in
Pb[(UO,)O;]. This exponential correlation between the
molar proportions of MO and (H,0) suggests the fol-
lowing relation:

M 2 ([(MUO,),Om(OH)] + aM 2+ —
M 2+a+1[([6](U02)nO|] +m+k—I

(H20) + 2| — 2m—kH* [6].

Variation in interstitial (H2O)
with the topology of the structural unit

The number of interstitial (H2O) groups varies with
the type of interstitial cation, with the type of structural
unit, and with the Lewis basicity of the structural unit.
In order to see the influence of the type of structural
unit on the number of interstitial (H,O) groups, we re-
strict our consideration to cations of similar Lewisacid-
ity. For the uranyl-oxide hydroxy-hydrate minerals, the
important interstitial divalent cations are Ca?*, Pb?",
Ba?* and Sr?* (Table 1). The topology of the structural
unitisrelated strongly to the molar proportion of (H,0)
in the structural unit, and hence we might expect a cor-
relation between this value and M 2* / (H,0), the ratio
of the (Ca?*, Pb?*, Ba?*, Sr?*) cations to the number of
(H20O) groupsin theinterstitial complex (Fig. 13c). The
corresponding plot shows two different inverse linear
correlations. the more highly polymerized structural
unitswith ahigher number of either P or R chains occur
with interstitial complexes of lower M 2* : (H,0) ratio
than the corresponding structura units with a higher

Fic. 13. (a) Compositions of Po?*-uranyl-oxide hydroxy-hy-
drate minerals as a function of molecular proportions of
H,0 and MO (M = Pb?") (after Finch & Ewing 1992); (b)
the variation in the molar proportion of (H20) in the struc-
tural unit and the molar proportion of MO. The latter value
was cal culated without considering the molar proportion of
(H20) in the interstitial complex. Data for minerals are
shown asfilled circles, datafor synthetic phases are shown
as white triangles; (c) the variation in molar proportion of
(H20) in the structural unit and the MO/(H,0O) ratio in the
interstitial complex. Thelesshighly polymerized structural
unitswith more U, D or U™ chainsthan O and R chainsare
shown as white circles, and the more highly polymerized
structural units with more P and R chains than U, D, and
U™ chains are shown asfilled circles.

molecular proportion of "MO"

"MO"/(H,0) ratio in the interstitial complex
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number of U, D, U™ and U™ chains. The reason for this
is the same as that for the occurrence of monovalent
cations. more highly polymerized structural units con-
tain ahigher density of bond-valence acceptors (mainly
uranyl—oxygen atoms), and therefore the corresponding
interstitial complexes require ahigher number of (H,0)
groups in order to distribute the bond valence emanat-
ing from H atoms of the structural unit.

We may summarize the following points regarding
the relation between the topology of the structural unit
and the composition of interstitial complexes:

(8 Structural unitsin synthetic phasesand minerals
with more P or R chains than (UD) or U™ chains have
more (i.e., ahigher density of) bond-valence acceptors.
Thus, they occur with interstitial complexes that con-
tain monovalent cations and that have a low value of
the [M 2* / (H,0)] ratio (M?* = Ca2*, Pb?*, Sr?*, Ba™).

(b) Structura units with R and U™ chains have
higher ranges in Lewis basicity than structural units
containing only P and (UD) chains. Hence, the Lewis
acidities of the corresponding interstitial complexes
must match the higher Lewis basicities of these struc-
tural units, and hence the interstitial complexes cannot
contain monovalent cations only.

SUMMARY

(1) Theideasdeveloped by Hawthorne (1985, 1990,
1997) and Schindler & Hawthorne (2001a, b, c) are
fairly successful in understanding aspects of the stereo-
chemistry and chemical composition of the interstitial
complexes of uranyl-oxide hydroxy-hydrate minerals.

(2) Structura unitsof uranyl-oxide hydroxy-hydrate
mineralsmay beformally related by two types of chemi-
cal reactions, one that consumes H* and the other that
consumes (H,0).

(3) Combining these equationswith the law of mass
action leads to an expression that allows arrangement
of structural unitsin pH —log [M 2*] space, and calcula-
tion of the slopes of the associated phase-boundaries.
The result is an activity—activity diagram with the cor-
rect topology and arelative scale along each axis.

(4) Thechangeinthetopology of the structural units
can be indicated in an activity—composition diagram
with log [M 2] / [H*]? versus the molar ratio [(MO) +
(H20)] / (UOg). Structural units of similar topology oc-
cur in contiguousfields of the activity—composition dia-
gram, and the general classes of polymerization of P, U
and D chains in the structural units change systemati-
cally across this diagram. Depolymerization through
change from P to (UD) or R to U™ or U™ chains corre-
lates with increasing molar ratio [(MO) + (Hx0)] /
(UO3). Depolymerization through decreasing coordina-
tion number of U®* and increasing (UO,)?* / (OH) ratio
isfavored by increasing log [M 2*] / [H*]?, and resultsin
anincreasein average basicity andintherangein Lewis
basicity.
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(5) In accord with the valence-matching principle,
the details of theinterstitial complexes show systematic
variation across the activity—activity diagram with pH
versuslog [M2*]. In highly polymerized structural units,
interstitial Pb?* tends to be disordered over more than
one site, and tends to exhibit stereoactive lone-pair
behavior.

(6) The average basicity of structural unitsin ura-
nyl-oxide hydroxy-hydrate mineralsvariesonly over the
range 0.08 to 0.29 wvu, in accord with the small range of
pH (5 to 8) over which almost all of these mineralshave
their maximum stability. The details of the interstitial
complexesin these minerals are in accord with this ob-
servation: monovalent cations are favored by moderate
pH, divalent cations are favored by higher pH, and triva-
lent cations do not occur under any conditions.
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APPENDIX 1: CALCULATION OF THE LEWIS BASICITY OF THE STRUCTURAL UNIT

The structural unit of curite, TP 3(H,0),[(UO,)s
OB(OH)G](HQO)L is [(UOQ)BOg(OH)G]B_.

The charge of the structural unit = 6.

The number of hydrogen bonds emanating from the
structural unit = 6.

The average bond-valence of a hydrogen bond, h, is
0.20 vu.

The bond valence emanating from the structural unit
as hydrogen bonds =6 X 0.2 vu.

The effective charge is equal to the bond valence
required for charge balance: 6 + 6 X —0.2 = —7.2 wu.

The number of oxygen atomsin the structural unit =
30.

The average basicity is the effective charge per O
atom in the structural unit = 7.2/ 30 = 0.24 wu.

[CN];, is the range in number of bonds per O atom
accepted by the structural unit, 1.00-1.45.

The range of number of bonds accepted by all O at-
omsin the structural unit: 30 X 1.0—30 X 1.45,i.e., 30
—435.

The range in Lewis basicity is the effective charge
divided by minimum and maximum numbers of bonds
to the structural unit = (43.5-7.2/30) = 0.17-0.24 vu.

The Lewis acidity is the effective charge / number
of bonds emanating from the interstitial complex.

The valence-matching principle statesthat the Lewis
acidity must closely match the Lewis basicity, i.e, the
Lewis acidity must be in range cal culated above for the
Lewis basicity: 0.17 < Lewis acidity < 0.24 vu.

The number of possible bonds emanating from the
interstitial complex is the number of bonds involving
the interstitial cations (N) plus the number of trans-
former (H20) groups (d) plus the number of hydrogen
bondsfrom the structural unit to theinterstitial complex
(and back to the structural unit) (t=6) =N +d + 6.

Thus the Lewis acidity can be expressed as 7.2/ (N
+d+6).

Asthe Lewis acidity must obey the valence-match-
ing principle, 0.17< 7.2/ (N + d + 6) < 0.24 vu.

Three (of many) possible examples of interstitial
cation species are given below:

Example 1: Six 6IM *

The number of bonds involving the interstitial cat-
ions= N = 6 (the number of interstitial cations) X 6 (the
average coordination-number of those cations) = 36.

From the arguments developed above, the range in
Lewisbasicity constrainstherangein Lewis acidity via
the valence-matching principle:

0.17<7.2/ (36 +d +6) <0.24 = 0.17
<72/ (42 +d)<0.24w.

The maximum value of d, the number of transformer
(H20) groups, is given by the minimum bound on the
Lewisacidity: 0.17<7.2/ (42 +d). Henced < 0.35, and
thus the maximum value of d = 0 (as d cannot be nega-
tive).

Thusan interstitial complex of six [eIM * cationswill
contain no interstitial transformer (H,O) groups.

Example 2: Three [BIM 2*

The number of bonds involving the interstitial cat-
ions=N=3 X 8=24.

The range in Lewis basicity constrains the range in
Lewis acidity:

0.17<7.2/(24+d+6) <0.24=0.17
<7.2/(30 +d) < 0.24 wu.

Themaximum valueof disgivenby 0.17=7.2/(30
+ d). Hence dmax = 12.

Theminimum vaueof disgivenby 0.24=7.2/ (30
+ d). Hence dp,in = 0.

Thus an interstitial complex of three [8IM 2* cations
will contain 0-12 interstitial transformer (H,O) groups.

Example 3: Two [6IM 3+

The number of bonds involving the interstitial cat-
ions=N=2 X 6=12.

The range in Lewis basicity constrains the range in
Lewis acidity:

017<7.2/(12+d+6)<0.24=0.17
<7.2/(18 +d) < 0.24 wu.

Themaximum valueof disgivenby 0.17=7.2/ (18
+ d). Hence dmax = 24; however, two [6]-coordinated
cations can only link to 12 (H,O) groups, and thus the
practical value of dmex is 12.

Theminimum valueof disgivenby 0.24=7.2/ (18
+ d). Hence dmn = 12.

Thus an interstitial complex of three [8IM 2* cations
will contain 12 interstitial transformer (H,O) groups.





