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ABSTRACT

The crystal structures and chemical compositions of uranyl-oxysalt minerals (primarily with sheet structural units) are
interpreted in terms of the binary representation — bond-valence approach to the structure and chemistry of oxysalts. Thereisa
coherent relation between the average basicity of the structural unit and [CN;], the average number of bonds to oxygen atoms
of the structural unit from the interstitial complex and adjacent structural units. This relation allows calculation of the range of
Lewis basicity for specific structural units. The Lewis acidity of an interstitial complex is expressed graphically as a function
of the amounts and coordination numbers of monovalent, divalent and trivalent interstitial cations and the amount of interstitial
transformer (H20) groups. The range in Lewis basicity for a specific structural unit may also be expressed graphically, and 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. There arethree distinct types of interstitial (H,O) groups: transformer, non-transformer and
inverse-transformer. Inverse-transformer (H,O) groups accept three bonds from cations, other (H,0) groups and (OH) groups
of the structural unit. Their occurrence is rare and is limited to minerals with low bond-valence distribution factors. Detailed
predictions of the number of transformer, non-transformer and inverse-transformer (H,O) groups in the minerals of the meta-
autunite, uranophane, phosphuranylite, carnotite, zippeite and uranyl-hydroxy-hydrate groups (and synthetic analogues) are in
good agreement with the observed chemical compositions.

Keywords: H,O groups, uranyl minerals, bond-valence theory, acidity, basicity, valence-matching principle, structural unit,
interstitial complex.

SOMMAIRE

Les structures cristallines et les compositions chimiques des minéraux oxysels uranylés (surtout ceux ayant un module
structural en feuillet) sont ici interprétés en termes d’ une représentation binaire des compositions et des structures des oxysels,
et de leurs valences de liaisons. |l existe une relation cohérente entre la basicité moyenne de I’ unité structurale et [CN;], le
nombre moyen de liaisonsimpliquant les atomes d’ oxygene de |’ unité structural e provenant du complexe interstitiel et des unités
structurales adjacentes. Cette relation nous permet de calculer I'intervalle des valeurs de la basicité de Lewis pour certaines
unités spécifiques. L’acidité de Lewis d’un complexe interstitiel s’exprime graphiquement en fonction du nombre d’atomes
monovalents, bivalents et trivalents, et de leur coordinence, ainsi que du nombre de groupes (H,0) transformateurs interstitiels.
L’intervalle des valeurs de basicité de Lewis pour une unité structurale spécifiée peut aussi étre exprimée graphiquement. La
ou les distributions des valeurs de basicité et d’ acidité de Lewis se chevauchent, le principe de concordance des valences est
satisfait, et les détails des complexes interstitiels possibles peuvent étre dérivés. Il y a trois types distincts de groupes (H,0)
interstitiels: groupes transformateurs, groupes non-transformateurs, et groupes transformateurs inverses. Ces derniers acceptent
troisliaisons de cations, d’ autres groupes (H2O), et des groupes (OH) de I’ unité structurale. Leur présence est rare, étant limitée
aux minéraux ayant de faibles facteurs de distribution des valences de liaison. Des prédictions détaillées du nombre de groupes
(H20) transformateurs, non-transformateurs et transformateurs inverses dans les minéraux des groupes méta-autunite, urano-
phane, phosphuranylite, carnotite, zippéite et uranyl-hydroxy-hydrates (et leurs analogues synthétiques) concordent bien avec
|es compositions chimiques observées.

(Traduit par la Rédaction)

Mots-clés: groupes H,O, minéraux uranylés, théorie des valences de liaison, acidité, basicité, principe de la concordance des
valences, unité structurale, complexe interstitiel.
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INTRODUCTION

The mineralogy and geochemistry of U have
assumed considerable practical importance as society
has begun to cope with the environmental issues
arising from mining and milling of U ores and the
disposal of U-based radioactive waste. These issues
have led to a magjor increase in the amount of work
done on the structure (Burns 1999a, Burns et al. 1996,
1997) and paragenesis (Finch & Murakami 1999) of
uranium minerals. Burns & Finch (1999) presented
detailed reviews of most aspects of the mineralogy and
geochemistry of uranium, particularly with regard to
the resulting environmental implications. When dealing
with hydroxy-hydrated oxysalt minerals[e.g.,athupite,
AITh[(UO,){ (UO2)3 (PO4)2(OH)O} 2] (OH)3(H20)15],
Piret & Deliens 1987], structural complexity and the
difficulty in dealing with (OH) and (H,O) groups
preclude standard theoretical approaches to mineral
stability. Moreover, additional issues arise when
considering complex minerals: (1) What controls the
details of their chemical composition? For example,
why are there five (H20) groups in uranophane-beta,
[B1Ca(H,0)5[(UO,)(SIOs0H)],, but only one interstitial
(H20) group in kasolite, [E1Pb(H,0)[(UO,)(SiO4)], even
though both minerals contain cations in [8]-coordina-
tion? (2) Such minerals are normally stable over asmall
range of external conditions (e.g., Eh, pH, T, P) and in
many cases are associated with many (e.g., > 20) other
complex minerals of similar composition in some para-
geneses. What factors control their relative stabilities?

The approach developed by Hawthorne (1983,
1985, 1986, 1990, 1994, 1997), Schindler & Hawthorne
(20014, b, ¢, 2004) and Schindler et al. (2000) can
address these questions from a structural perspective. In
a recent paper, Schindler & Hawthorne (2004) applied
these ideas to uranyl-oxide-hydroxy-hydrate minerals.
Here, we develop a method to more accurately predict
the number and type of interstitial (H,O) groups,
and combine this with previously developed theory
to predict the nature of the interstitial complexes in
a wide range of uranyl-oxysalt minerals with sheet
structural units. Appendix A lists the definitions of
various terms pertaining to this general approach to
mineral stability.

A COMMENT ON MINERALS
VERSUS SYNTHETIC COMPOUNDS

It is generally not realized that there is an intrinsic
difference between minerals and synthetic compounds:
minerals crystallize in a system with alarge number of
components, whereas synthetic compounds have been
grown in chemical systems with a limited number of
components. As a consequence, minerals are able to
select the most appropriate components when forming,
whereas synthetic compounds must make do with
what the experimenter has provided them. As a resullt,
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synthetic compounds are commonly far more strained
than minerals; they generally show much higher devia-
tions from the valence-sum rule of bond-valence theory
(Brown 1981, 2002), and they can show very unusual
valence states and coordination numbersthat are forced
on the compounds by the limited chemical elements at
their disposal, e.g., K»$,0; (Stéhl et al. 2005), KCoO,
(Bernhardt & Hoppe 1994), K3[FeO,] and K3[NiOy]
(Bernhardt & Hoppe 1993). We are trying to understand
the factors controlling the chemical composition and
stability of minerals, and as far as we are aware, ours
is the only work that is attempting to do this from a
structural perspective. At the present state of affairs, it
is sensible to avoid highly strained structures until we
understand more about what is controlling the chemical
composition and stability of such complicated phases.
Thus we are tending to focus on minerals rather than
synthetic compounds at the present time, as we expect
some (highly strained) synthetic compounds to deviate
from our current findings.

HYDROGEN BONDING

Crystal-structure refinement of many uranyl-oxysalt
minerals has not resolved the location of the H atoms.
Where this is the case, we cannot define transformer
and non-transformer (H,O) groups (Schindler &
Hawthorne 2001a, 2004, Hawthorne & Schindler 2007)
and calculate the number of bonds from the interstitial
complex to the structural unit (Schindler & Hawthorne
20014, b, c). Hence, we can use only the small number
of uranyl-oxysalt minerals for which H-positions are
known. Table 1 lists uranyl minerals (1) that form in
agueous solution (i.e., below the critical point of water),
(2) that do not contain any disordered cations in their
interstices [except for boltwoodite, for which Burns
(1998a) presented an ordered model], and (3) for which
the hydrogen-bonding schemes could be unequivocally
assigned on the basis of local stereochemistry and bond-
valence requirements. Appendix B gives two examples
of how this was done.

BINARY STRUCTURAL REPRESENTATION

We can divide any complex structure into two
components: (1) the structural unit, the strongly bonded
part of the structure, and (2) the interstitial complex,
the assemblage of cations, anions and (H,O) groups
that weakly bind the structural units into a continuous
structure (Hawthorne 1983, 1985, 1986, 1990). The
constituents of the structure can be considered in a
simple additive fashion to produce aggregate sets of
properties (e.g., charge, Lewis basicity, Lewis acidity)
for the structural unit and the interstitial complex. We
may then use the principle of correspondence of Lewis
acidity and basicity (Hawthorne & Schindler 2007), a
mean-field equivalent of the valence-matching principle
(Brown 1981, 2002), to examine the interaction of the
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TABLE 1.

SELECTED URANYL OXYSALT MINERALS

Mineral Chemical composition Interstitial comptex’ Lewis [CN}, CDA Ref.
acidity
[vul [vul
Frameworks

Soddyite [(U0,),(8i0,)(H,0),] 0.20 040 008 1
Parsonsite {(UO,)PO,), "IPp? 2+lpp2t] 021 120 025 2
Moctezumite {(UO,)Te0,), " Pb*} 025 075 019 3

Sheets
Meta-ankoleite KI(UOL)(POI(D,0), {¥K(D,0), *{(D,0), “{(D,0),{D,0}}" 0.14 117 017 4
Sengierite Cu?",(OH),[(UO,),(V,0e)I(H,0)6 {9Cu,(R,0), BYH,0)o(H,0),(H,0) P OH )} 017 100 017 5
Boltwoodite KI(UO,)(SI0;0H)I(H,0) {TK(H,0), "I(H,0),(H,0),(H,0)e}" 017 117 020 6
Natroboltwoodite  Na[(UO,)(SiO,OH)}(H,0) {FINa(H,0), "(H,0),(H,0),(H,0)" 020 1.00 020 &
Cuprosklodowskite Cu?[(U0,)(Si0,0H)],(H,0), {WCUQ’(HZO)?‘5‘(H20)0(H O)Z(H 0), % 0.24 083 020 7
Kasolite H(UO,)SIO ) Pb?](H,0) {(H,0),PY(H,0)4(H,0),(H,0).,}° 017 100 017 8
Phurcalite Ca,[(U0,),(PO,),0,1(H,0), {FCa"'Ca(H,0),(H,0),(H,0),}* 0.24 112 025 9
Dumonite Pb?",[{(U0O,),(PO,),0,] {1Pb,(H,0), TI(H,0),(H,0),(H,0)*" 022 113 025 10
Upalite BIA(UO,),(PO,),(OH)OL(H,0), {PIAIH,0), FIH,0 1o(H,0)6(H,0),F 0.23 0.81 020 11
Rutherfordine [(UO,)(CO,) - 0.00 0.00 0.00 12
Johannite Cu?"(H,0),[M(U0,),(OH),(SO,),] {BICU?" (H,0),(H,0)(H,0),}** 0.20 0.86 0.17 13
Iriginite (U0, (PMo0,0H), (H,0)(H,0) {(H,0),P(H,0)4(H,0),(H,0).} 020 0.36 007 14
Schmitterite [M(UO,)TeO,)] 0.00 0.00 0.00 15
Guilleminite Ba(H,0),[(U0,),0,(Se0,),] {"1Ba(H,0), *(H,0)4(H,0)y(H,0) 1" 015 093 014 16
Marthozite Cu(U0,),0,(Se0,),1(H,0) {BICu(H,0), B(H,0),(H,0)(H,0),}1*" 020 071 014 17
Vandenbrandeite  [(UO,)Cu(OH),] 0.20 060 0.13 18
Uranophane Ca[(U0,)Si0,(OH)L,(H,0), {"ICa(H,0), "iH,0),(H,0),(H,0),}* 024 083 020 19
Natrozippeite Nagl(U0,)4(S0,),0:(0H),I(H0),,  {TNa®INa,(H,0), T(H,0)5(H,0),,(H,0), ¥ 0.17 090 0.14 20
Becquerelite Cal(U0,),0,(OH)HH,0), {FICa(H,0), P{H,0)6(H,0),{H,0) .} 0.22 0.63 0.145 21
Magnesiozippeite  Mg>[{U0,),(SO,)0,1(H,0) 5 {BMg(H,0), BI(H,0),(H,0)6(H,0) % 0.22 090 020 20
Zinczippeite n?"[(U0,),(S0,)0,1(H,0)s 5 {1Zn(H,0), BY(H,0)5(H,0)4(H,0) s 0.22 090 020 20
Cobaltzippeite Co™{(U0,),(S0,)0,l(H,0), 5 {F1C0(H,0), *UH,0),(H,0),(H,0), 5)2* 0.22 0.90 020 20
Autunite* Caf{U0,)(PO),(H,0),, {ICa(H,0), P(H,0), (H,0), (H,0),1* 0.25 066 0.17 22
Torbernite CuP[(UO,),(PO,)HH,0),, {“"JCu(H 0),%H O)O(H O)o(H,0)}" 0.20 0.83 0.17 23
Zeunerite U (UO,),(As0,),1(H,0);, {¥Cu(H,0), ”(H 20)6(H,0)6(H, 001" 0.20 0.83 0.17 23
Metatorbernite U [(UO,),(PO,),I(H,0), {FICu(H,0), BI(H,0)e(H,0)o(H 0)4)2‘ 0.20 0.83 0.17 23
Metazeunerite Cur[(UO,),(AsO,),1(H,0), {FICu(H,0), B(H,0)e(H, O)D(H O)A} 0.20 0.83 0.17 23
Curite Pb*,(H,0),[(U0,),0,(OH),1, {"9Pb ,(H,0), BiH,,0),(H,0 ) (H,0), 1° 021 113 024 24
Schoepite {(U0,),0,(CH),,}{H,0),, {(H,0)5(H,0){H,0)o(H, 0)12) 0.20 040 008 25
Roubaultite uP{U0,),(CO,),0,(0H),I(H,0), {¥CU,(H,0), F(H,0)4(H,0)(H,0)* 0.24 113 0276 26
Agrinierite Ko(Cag.a5570 ) [(U0,),0,(0H),L(H,0);  {FICaKIK(H,0),BYH,0),(H,0),(H,0)}* 017 122 0.18 27

Chain
Ulrichite CaCu”[(UO,)PO,),}(H,0), {Eicalcu®*(H,0), Fi(H,0),(H,0),(H,0)3*" 0.25 1.60 040 28
Demesmaekerite  Pb?,Cu? (OH),{(UO,)(Se0,),1,{H,0), {'Pb,lICu (H,0)B(H,0),(H,0), (H,0),P(OH),}* 0235 1.64 0.36 29
Derriksite Cu?* (OH)[(U0,)(Se0,),] {lcu POH) 017 1.50 0.25 30
Walpurgite
Orthowalpurgite [B*,0,{H,0)L(UO,}As0,),] 0.20 0.25 0.05 31
Deloryite Cu? (OH)[(UO,)(MoO,),] {9Cu, B OH) 0.17 1.20 020 32

Cluster
Bayleyite Mg,[(UO,)(CO;),)(H,0),4 {1, (H,0)1o M H,0)o(H,0),(H,0)e}*" 0.18 200 036 33
Swartzite {EIcaliMgl(UO,HCO,),HH,0);, {FICa Mg (H,0),P(H,0)4(H,0),(H,0)*" 0.18 2.00 0.36 34
Cejkaite BoINa,[(UO,)(CO,)] {**INa,}* 0.18 200 0.36 35
Andersonite Na,Cal(U0,)(CO,),(H,0)s 5 {¥INa,"Ca(H,0),"(H,0)4(H,0)s(H,0)0 551" 021 173 0.36 36
Grimselite K;Na[(U0O,)(CO,),l(H,0) (K PINa(H, O)I (H,0)o(H,0),(H,0)}*" 0.14 264 0.36 37

' Chemical composition of the interstitial complex with the cation [ M*', the different types of H,O groups in the following sequence:

transformer (H,0) group, (b) inverse-transformer® (H,0) group, (c) non-transformer (H,0) group bonded to M cations, and (d) non-

transformer (H,0} not bonded to M cations and the number of (OH) groups.

* Not stable in dry air.

(1) Demartin et al. (1992), (2) Burns (2000), {3) Swihart et al. (1893), (4) Cole et al. (1993), (5) Piret et a/. (1980), (8) Burns (1998a), (7)

Rosenzweig & Ryan {1975), (8)

Rosenzweig & Ryan (1977a), (9) Atencio et al. (1991), (10) Piret & Piret-Meunier (1988), (11) Piret &

Declercq (1983), (12) Finch et al. (1999), (13) Mereiter (1982b), (14) Serezhkin et al. (1973), (15) Meunier & Galy (1973), (16) Cooper &

Hawthorne (1985}, (17) Cooper & Hawthorne (2001

), (18) Rosenzweig & Ryan (1977b), (19) Ginderow (1988), (20) Burns et al. (2003),

(21)Burns & Li {(2002), (22) Locock & Burns (2003c), (23) lLocock & Burns (2003d}), {(24) Li & Burns (2000b), (25) Finch et al. (1996); (26)
Ginderow & Cesbron (1885), (27) Cahill & Burns (2000}, (28) Kolitsch & Giester (2001), (29) Ginderow & Cesbron (1983a), (30) Ginderow

& Cesbron (1983b),

Ondrus et al. {

{31) Mereiter (1982a), (32) Pushcharovsky et al. (1996), (33) Mayer & Mereiter (1986),
{2003), (36) Mereiter (1986e), (37) Li & Burns (2001a).

(34) Mereiter (1986a), (3

5)
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structural unit with the interstitial complex, and note
that it is these weak interstitial bonds that will control
the stability of the structure.

Lone-pair-stereoactive interstitial cations

Where present in uranyl oxysalt minerals, interstitial
Pb?* commonly has a stereoactive lone-pair of electrons
(e.g., Shimoni-Livny et al. 1998). Where such cations
are not lone-pair stereoactive, they show a distribution
of individual bond-lengths similar to that exhibited by
spherical cations (e.g., Ca?*, Sr?*) of identical formal
valence in the same type of environment. Where lone-
pair stereoactive, such cations typicaly show one to
four short bonds to anions arranged on one side of the
cation, and several long bonds to anions on the other
side of the cation, with room for the lone pair of elec-
trons to project into the space between the long bonds
emanating from the central cation. The short bonds are
always to O atoms 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
(H20) groups (or both). Figure 1 shows the lengths of
such bonds in uranyl-oxide and uranyl-oxysalt minerals
(data from ICSD 2007). In Figure 1, we have identi-
fied the two different types of bonds described above:
(1) those with bond valences in the range 0.45 to 0.65
vu (mean value = 0.50 vu); these bonds are always
approximately trans to the inferred position of the lone
pair of electrons; (2) those with bond valences in the
range 0.03 to 0.45 vu. Although there is some overlap

Fic. 1. Frequency of PbB(O,{ OH} ,{H20}) bond lengths in
uranyl-oxide and uranyl-oxysalt minerals. Type (1) bonds
(short, bond valence >0.45 vu, always trans to a stereoac-
tive lone-pair of electrons) are shown in black. Type (2)
bonds (long, bond valence <0.45 vu, usualy not transto a
stereoactive lone-pair of electrons), with a cut-off value of
~0.03 vu, are shown in pale grey.
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between the lengths of very short bonds (trans to the
lone-pair stereoactive electrons) and the shorter of the
remaining bondsin Figure 1, in any particular (Pb%* ¢p)
polyhedron with a stereoactive lone-pair of electrons,
there is invariably a distinct gap between these two
types of bonds.

According to our initia arguments (Hawthorne 1983,
1985, 1994, 1997, Schindler & Hawthorne 2001a), the
short strong Pb?*—O bonds should be considered as part
of the structural unit. The question then arises as to
how we treat the weak bonds involving these lone-pair-
stereoactive cations. By analogy with the H atom, which
shows astrong O—H bond involved in the structural unit
and a weak hydrogen bond emanating from the struc-
tural unit, we consider strong Pb2*—¢$ bonds (¢ = O,
OH, H,0) (and other |one-pair-stereoactive cations) as
belonging to the structural unit, and weak Pb?*— bonds
are treated in the same way as hydrogen bonds.

THE LEWIS BASICITY OF THE STRUCTURAL UNIT

The general formula of a uranyl-oxysalt structural
unit may be written as [(UOy)k O (OH)n, (TOK)n)], with
T = Si, P As®, Se*, Te*, Mo®", S8*. The average
bond-valence in these polyhedra is higher than 0.45
vu. This average bond-valence in cation coordination-
polyhedrais used as a criterion to distinguish coordina-
tion polyhedra that belong to the structural unit or to
the interstitial complex (Hawthorne 1983, 1985), and
the crystal-chemical classification of Burns (1999a) is
basically in accord with this criterion.

The Lewis basicity of the structural unit is defined
as the effective charge on the structural unit divided by
the number of bonds to the structural unit (Schindler
& Hawthorne 20014). To do this calculation, we need
to know (1) the effective charge on the structura unit,
and (2) the number of bonds required by the structural
unit from the interstitial complex and adjacent struc-
tural units.

The effective charge on the structural unit

We obviously cannot use the formal charge of the
structural unit, or structures with formally neutral
structural units could not exist (there would be nothing
linking them together). In almost all cases, neutral struc-
tural unitsare linked by hydrogen bonds from the (OH)
groups of one structural unit to anions of the adjacent
structural unit. From a bonding perspective, we can
regard the hydrogen bonds as transferring charge from
one structural unit to the next, imparting a polar char-
acter to the unit, which acts as a cation on the hydroxyl
side and as an anion on the side of the acceptor anion.
Thus we have to factor such transfer of charge into the
calculation of the charge of the structural unit. Such
transfer of charge can only involve cations that show
very asymmetric coordination (primarily H, with some
|one-pair-stereoactive cations such as Po?").
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Consider hydrogen bonds that link to anions of the
interstitial complex. Where such linkage occurs, there
is an overal transfer of charge from the structural unit
to the interstitial complex. Hence we define the effective
charge of the structural unit as the formal charge of the
structural unit as modified by the hydrogen bonds to the
interstitial complex, taking the average bond-valence
of a hydrogen bond as h vu. Let there be t hydrogen
bonds emanating from the structural unit, and let s of
these hydrogen bonds link to theinterstitial complex. In
this case, the charge of s hydrogen bonds is transferred
to the interstitial complex; the effective charge of the
interstitial complex becomes (Z + hs)*, and the effec-
tive charge of the structural unit is (Z + hs)~. At first
sight, the fact that the effective charge is a function of
s seems a problem, as we frequently do not know s.
However, we always know t (the number of hydrogen
bonds emanating from the structural unit), and Schindler
& Hawthorne (2001a) showed (see their Appendix )
that we can set s = t without adversely affecting the
operation of the principle of correspondence of Lewis
acidity—basicity (i.e., we may set the effective charge
equal to the modified charge, as both the Lewis acidity
of theinterstitial complex and the Lewis basicity of the
structural unit are affected in a similar manner). Thus
we calculate the effective charge of a structural unit
as the formal charge minus the number of hydrogen
bonds emanating from the structural unit multiplied by
the strength of those hydrogen bonds, h vu, where h is
usually set equal to 0.20 vu (Brown 1981, 2002). For
example, consider the structural unit in becquerelite,
[(UO)302(0OH)3]™. The formal charge of the structural
unitis 17, and there are three hydrogen bonds emanating
from the structural unit; hence the effective charge is
(1+02X%x 3y =16

The number of bonds needed by the structural unit

To calculate thisvalue, we need to be able to predict
details of anion coordination in astructural unit; we will
consider how to do this next.

The charge deficiency per anion (CDA): Schindler et
al. (2000) introduced a quantity that they designated as
average basicity, defined as the average bond-valence
per O atom contributed by the interstitial species and
adjacent structural units. This is an extremely impor-
tant quantity, as it correlates strongly with the average
O-coordination number of the structural unit, and
hence plays a crucia role in the predictive aspects of
our approach. However, the name “ average basicity” is
inappropriate as it implies that each atom of oxygen of
the structural unit receives on average only one bond
from the interstitial complex and adjacent structural
units; this is not the case, and the name was not meant
to imply this restriction. As indicated by its definition,
this quantity is the average bond-valence per atom of
oxygen required by the structural unit to satisfy the
principle of correspondence of Lewisacidity and Lewis
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basicity, and Hawthorne & Schindler (2007) renamed
this quantity the charge deficiency per anion, or CDA.
Aswewill see, the CDA of astructural unit is extremely
important, as it correlates strongly with the numbers
of bonds to those structural units from the interstitial
complex and adjacent structural units, and it is these
correlations that play amajor rolein a priori prediction
of structural features.

Calculation of CDA: CDA is a simple quantity to
calculate. It is the formal charge of the structural unit
modified by any charge transferred by the t hydrogen
bonds that emanate from the structural unit: (Z + ht)~,
divided by the number of O atoms in the structural
unit.

As an example, consider the structural unit in
becquerelite, [(UO,)30,(OH)3]~. The effective charge
is (1 + 0.2 X 3)” and the number of O atoms in the
structural unitis2 X 3+ 2+ 1 X 3 =11, the resulting
CDA = 1.6/ 11 = 0.145 vu. As we will see next, there
isaclose relation between the CDA of a structural unit
and the average O-coordination number. Note that in
becquerelite itself, the structural unit has a multiplicity
of 2 in the unit formula: i.e., [(UO2)30,(0OH)3] > =
[(UO2)s04(OH)6]>~. However, the CDA and the Lewis
basicity are not affected by this in that these quantities
have the multiplicity in both the numerator and the
denominator of their expressions, and hence it cancels
out in the calculation of these properties. Note, however,
that one must be careful with this issue when consid-
ering the numbers of bonds between the structural unit
and the interstitial complex for interstitial cations of
differing charge.

CDA and O-coordination number: Thereisacorre-
|ation between the CDA and the average O-coordination
number in borate minerals (Schindler & Hawthorne
20014, b). Thisis an extremely important relation, asit
allows usto predict the range in average O-coordination
number for a specific structural unit, and in turn, this
allows us to calculate the range in Lewis basicity of
that structural unit. However, Schindler et al. (2006)
showed that sulfate minerals containing octahedrally
coordinated divalent and trivalent cations behave
somewhat differently from borate minerals. Struc-
tural units involving M?* cations have higher average
O-coordination numbers than structural unitsinvolving
M 3* cations, as one would expect from the valence-sum
rule (Brown 1981, Hawthorne 1994, 1997). We may
consider this situation in more detail by factoring the
average O-coordination number into two terms; [CN] =
[CNg] + [cnin], Wwhere [CNg] isthe number of bonds per
anion received from cations of the structural unit, and
[CNip] is the number of bonds per anion received from
the interstitial complex and adjacent structural units.

CDA versus [CN;p] for uranyl-oxysalt minerals

Figure 2a shows the correlation between CDA and
[CNi,] for the uranyl minerals with sheet-, frame-
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Fic. 2. Thevariation of [CN;y] asafunction of the CDA of structural unitsin (a) uranyl-oxysalt minerals without cluster struc-
tural units, (b) in synthetic compounds without cluster structural units, and (c) in minerals and selected synthetic compounds,
including those with cluster structural units. The data for minerals are indicated with squares, data for anhydrous synthetic
compounds are indicated with circles, data for hydrous synthetic compounds are indicated with black circles, and data for
minerals and synthetic compounds with cluster structural units are indicated with black triangles.

work- and chain-structural-units of Table 1. In order
to establish the envelope for data at a higher value
of CDA, we carefully inspected interstitial hydrogen-
bonding in minerals with structural units of higher
CDA. For example, a structural unit with such a high
CDA occurs in ulrichite, CaCu?*(H,0)4[(UO,)(POy)2]
(Birch et al. 1988, Kolitsch & Giester 2001), in which
the structural unit [(UO2)(PO,)]* hasaCDA of 0.40 vu
(Table1). Theinterstitial complex in ulrichiteis{[€1Cal®l
Cu?*(H,0)2(H20)2}*, and [CN;y] is 1.60. This value
matches the proposed |ower envel ope of the data points
at higher CDA (Fig. 2a). It isapparent from Figure 2 that
[CNip] isthe salient parameter when trying to establish a
relation between the number of bonds per anion needed
by the structural unit and CDA.. If we wish to have any
predictive power, we need to be able to derive the CDA
value a priori, without recourse to a known structure.
The relation between CDA and [CN;n] shownin Figure
2a alows such a prediction.

There is an even more important issue associated
with Figure 2a. As well as predicting details of the
number of bonds required by O atoms in a given
structural unit, this relation also predicts the range
of possible numbers of bonds to O atoms in a given
structura unit. This range in numbers of bonds to the
O atoms of the structural unit reflects the range in pH
over which themineral isstable. Indeed, it isby varying
the numbers of such bonds to the structural unit that
the structural unit maintains its stability as the pH of
its environment changes. Furthermore, the relations
shown in Figure 2aallow calculation of the rangein the
number of bonds needed by a specific structural unit.
For a specific value of CDA, we derive the minimum
and maximum mean interstitial coordination-numbers.
Thus the number of bonds needed by the structural unit
isin the range ([CNj,] ™" —[CNi] ™) X the number of
anions in the structural unit.
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CDA versus [CNij] for synthetic

uranyl-oxysalt compounds

Figure 2b shows the variation in CDA of struc-
tural units as a function of [CN;,] values for selected
synthetic uranyl-oxide compounds (not considering

synthetic compounds with cluster structural-units)
where the determined structure is in agreement with
the criterialisted above. Table 2 lists the corresponding
synthetic uranyl-oxide compounds. Figure 2c shows
the correlation between the CDA of structural units
and the corresponding [CN;n] values for minerals and

TABLE 2. SELECTED SYNTHETIC URANYL-OXYSALT COMPOUNDS

Formula [CN],, CDA  H,Ototal  Structural Unit Ref.
PICSHUO,(HSeD,)(Se0,)] 1.31 0.15 0.0 Sheet 1
FIKIUO,)(Te,0){0H)] 1.13 0.15 0.0 Sheet 2
FIKHUO,)(HSe0,)(Se0,)1 1.13 0.15 0.0 Sheet 1
®IBa(H,0),1(U0,),(Mo0,),(H,0)](H,0) 0.57 0.10 3.0 Framework 3
BlPh(H,00(U0,),(10,),0,] 0.75 0.17 1.0 Chain 4
1P p (H,0)[(UO,),UC ,{OH)s(H,0)] 0.75 0.15 0.5 Framework 5
¥IPp[(UO,)0,] 2.25 0.50 0.0 Sheet 6
BSIAG,[(UO,)(Se0,),] 1.13 0.25 0.0 Sheet 1
BEAGIUO,),(10,),(10,),0,] 0.96 0.17 0.0 Chains 7
B30 s, [(U0,)(M0O,),(H,0),1 0.55 0.07 0.0 Framework 8
#ICs,(H,0)(UO,)(Mo0,),] 1.60 0.20 0.5 Sheet 9
s, [(U0,),(M00,),] 1.13 0.13 0.0 Sheet 10
BITLI(UO,)XTe0,),] 2.00 0.25 0.0 Sheet 2
T1(H,0)UO,),(Te,0,{0H)(Te,0,)[(H,0)  1.44 0.20 0.67 Sheet 2
FITI(V0,)(HSe0,)(Se0,)] 1.13 0.15 0.0 Sheet 1
FITI(U0,)5(104),0,] 0.80 0.10 0.0 Chain 4
BIK,HUO0,)(Mo0,)(10,),] 1.33 0.17 0.0 Sheet 11
BIKHUO,),00,),0,] 0.80 0.10 0.0 Chain 12
BSr[(H,0)[(UO,),(10,),0,] 0.75 0.17 1.0 Chain 4
FIRb,{(UO,)M00O,),}(H,0) 1.60 0.20 0.5 Sheet 13
PIRbI((UO,),(H0,),0,] 0.80 0.10 0.0 Chain 4
TIK(H,0)[(UO,)(SO,),(H,0)] 1.45 0.22 0.5 Sheet 14
IK,(H,0),1(U0,),(C,0,),] 1.00 0.13 2.0 Sheet 15
BE7INalOTI(H,0),[(U0,){Mo0,),], 1.96 0.29 0.38 Sheet 16
BINa(H,0),[(U0,}(M00,),] 1.20 0.20 2.0 Sheet 16
"Ca(H,0)[{U0,),0,(0H),](H,0) 0.73 0.19 2.0 Sheet 17
MG e(H,0),[(U0,),045(OH), 6] 1.27 0.26 2.36 Sheet 18
"INa(H,0)[(UO,),0,(OH);](H,0) 0.80 0.13 2.0 Sheet 19
EINE,(U0,),0,(0H), 1.36 0.22 0.0 Sheet 20
BOK (H,0)[(U0,),,06(OH),) 1.41 0.18 0.2 Sheet 21
BICs,(H,0),[(UO,),,0{0H),} 0.84 0.13 1.0 Sheet 22
gy (H,0),[(U0,),0,(0H),], 1.13 0.24 0.0 Sheet 23
TRb,[(UO,)s(M00,),(H,0),} 0.43 0.07 0.0 Framework 24
FICs(H,0)(UO,)(H,0)(UO,)(PO,).] 0.74 0.09 1.0 Framework 25
BIRb(H,0)(UQO,)(H,0)UO,),(PO,),1 0.70 0.09 1.0 Framework 25
BIK(H,OI(UO,)(H,00UO,), (PO, 0.56 0.09 1.0 Framework 25
TK,(H,0)[(UO,)(M00,),] 1.40 0.14 0.5 Sheet 26
BACs,(H,O)(VO,)NH,0)U0,),(AsO,),] 0.70 0.08 0.5 Framework 27
{{UO,)(H,0),(UO,),(As0,),1(H,0) 0.35 0.07 - Framework 28
[(UO,)(H,0)5(U0,),(PO,),1(H,0) 0.35 0.07 - Framework 29
¥IBa(U0,),(10,),0,1(H,0) 0.83 0.17 1.0 Chain 12
55Na, [{(UO,HSO,)) 2.50 0.39 0.0 Cluster 30
BISHOIMG(H,0),,[{UO,){CO,),)(H,0), 1.64 0.36 6.0 Cluster 31
BACs,[(UO,NCO,),I(H,0)s 2.82 0.36 0.75 Cluster 32
71, (UC,HCO,)] 3.27 0.36 0.0 Cluster 33
529N a, [(UO,)NCO,)] 1.91 0.36 0.0 Cluster 34
MIRD,(UO,)NO,),] 1.57 0.14 0.0 Cluster 35
EIK[(UO,)CO,),] 2.90 0.36 0.0 Cluster 36
B7INa(H,0LIUO,){SO,)] 2.22 0.33 0.33 Cluster 37

{1) Almond & Albrecht-Schmitt {2002a), (2) Almond & Albrecht-Schmitt (2002b), (3) Tabachenko et al.
(1984), (4) Bean & Albrecht-Schmitt (2001), (5) Li & Burns (2000a), (6) Cremers et al. (1986}, (7) Bean
et al. (2001a), (8) Krivovichev & Burns (2001), (9) Rastsvetaeva et al. (1999), (10) Krivovichev et al.
(2002a), (11) Sykora et al. (2002), (12) Bean et al. (2001b), (13) Khrustalev et al. (2000), (14) Niinisto et
al. (1979), (18) Jayadevan ef al. (1975), (16) Krivovichev & Burns (2003}, (17) Glatz et al. (2002), (18)
Burns & Li(2002), (19) Burns & Deely (2002}, (20) Li & Burns (2001b), (21) Burns & Hill (2000a), (22) Hilt
& Burns (1999), (23) Burns & Hill {2000b), (24) Krivovichev & Burns (2002}, (25) Locock & Burns (2002a),
(26) Krivovichev et al. (2002b), (27) Locock & Burns (2003a), (28) Locock & Burns (2003b), (29) Locack
& Burns {(2002b), (30) Burns & Hayden (2002), (31) Mereiter (1986a), (32) Mereiter (1986b), (33) Mereiter
{19886¢), (34) Cisarova et al. (2001), (35) Irish et al. (1985), {36) Anderson et al. (1980), (37) Hayden &

Burns (2002).
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synthetic phases, including data of mineralswith cluster
structural-units. It is apparent that some [CN;,] valuesin
phaseswith cluster structural-units are much higher than
in phases with chain, sheet and framework structural
units. These data are for minerals with (CO3)? groups
(green triangles) and are not in accord with the general
trend; the reason for thisis not clear.

It is further apparent that the [CN;,] values for
synthetic phases are, on average, somewhat higher
than for minerals. Many selected synthetic compounds
contain interstitial monovalent cations such as Rb, Cs
and TI* (Table 2), whereas many selected minerals
contain interstitial monovalent cations such asK and Na
(Table 1). The cations Rb, Cs and TI* commonly have
higher coordination-numbersthan K and Na, accounting
for the higher [CN;n] values for the corresponding
synthetic compounds. Note that the coordination
numbers given in the tables do not always correspond
to the values given by the original authors of the corre-
sponding papers on the structure. The criteria that we
used to derive coordination numbers are discussed in
detail by Schindler & Hawthorne (2001b).

Calculation of Lewis basicity of the structural unit

Consider becquerelite, [1Ca (H,0)4 [(UO,)3 O,
(OH)3]2 (H20)4. The effective charge of the structural
unitis[3 X 2—-2xXx2-3X1-hX 3] Xx2=32.
The CDA of the structural unit isthus 3.2/ [2 X 3 +
2+ 3] X 2=3.2/221 = 0.145 vu. From Figure 2, the
corresponding range in the number of bonds per anion
for this structural unit is [0.58] to [1.05]. Thus the
minimum and maximum possible numbers of bonds
from the interstitial complex to the structural unit are
0.58 X 22 =13 and 1.05 X 22 = 23.1, respectively.
This results in arange in Lewis basicity of 3.2/ 23.1
t03.2/13=0.14-0.25 vu.

THE LEWIS ACIDITY OF INTERSTITIAL COMPLEXES

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

(MM *, 1M 24, TIM 3% (H20)g (H20)e (H20); [@
(OH)g (H20)]@+ 20+ 31+

where M is any type of interstitial cation, d, e and f
denote the numbers of transformer, non-transformer
and inverse transformer (H,0) groups, and r denotes
the number of interstitial (H,O) groups not bonded to
interstitial cations.

The Lewis acidity of the interstitial complex is
defined as its effective charge divided by the number of
bondsfromtheinterstitial complex to the structural unit
(Schindler & Hawthorne 2001a). The effective charge
of the interstitial complex can be simply derived from
the formula given above: it isthe formal charge, a + 2b
+ 3c — g, as modified by the hydrogen bonds emanating
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from the structural unit, h X s, where h is the strength
of a hydrogen bond. In order to know s, the number
of hydrogen bonds emanating from the structural unit,
we need to know the structural unit to be considered.
At first sight, this requirement seems unnecessary, as
one might expect that the effective charge should be
affected only by the number of hydrogen bondsincident
to the interstitial complex. However, this view fails to
consider the effect of polarity of the structural unit.
Hawthorne & Schindler (2007) explained this in detail
for lizardite, [MgsSi4O10(OH),]°, where four hydrogen
bonds emanate from the structural unit to bond to an
adjacent structural unit. The charge transferred to the
adjacent structural unit must be considered in the calcu-
lation of the effective charge of the structural unit and
the (virtual) interstitial complex or the charge of each
is neutral and nothing would hold the layers together.
The formal charge of the (virtual) interstitial complex
in lizardite is the formal charge, 0.0, as modified by the
charge transferred by the hydrogen bonds emanating
form the structura unit, 0.20 X 4 = 0.80 vu. Thus the
number of hydrogen bonds emanating from the struc-
tural unit affects the effective charge of the interstitial
complex and must be considered in calculating the
Lewis acidity of an interstitial complex. The number
of bonds from the interstitial complex to the structural
unit may be counted from the above formula as the
number of bonds emanating from the cations, m X a +
n X b+ X c, plusthe number of bonds resulting from
the transformer action of H,O, d, minus the number
of bonds accepted by (OH) groups in the interstitial
complex, g X [q — 1], plus the number of hydrogen
bonds emanating from the structural unit, s.

Example: Consider the interstitial complex {[1Ca,
(H20)7 (H20)3}#* interacting with a structural unit
with three constituent (OH) groups. The interstitial
complex has seven transformer (H,O) groups, three
non-transformer (H,O) group bonded to Ca, no (OH)
groups, and no (H,O) groups not bonded to any cation.
The effective charge of theinterstitial complex is4 (the
formal charge of the interstitial cations) + 3 X 0.20
(the charge transferred by the three hydrogen bonds
from the structural unit) = 4.6*. The number of bonds
from the interstitial complex to the structural unit is 7
X 2 (from Ca) + 7 [from transformer (H-O) groups]
+ 3 (hydrogen bonds to the interstitial complex) = 24.
Thusthe Lewis acidity of theinterstitial complex is4.6
/24 =0.192 vu.

Graphical representation of Lewis acidity
in interstitial complexes

The various contributions to the Lewis acidity
(LA) described above may be combined into a single
expression:

LA=(@a+2b+3c—-g+hXxXys)/
(mXa+nXb+lXc+d-gXxX[g-1])
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Using this expression, we may represent the variation
in Lewis acidity of an interstitial complex graphi-
cally with a little simplification (Fig. 3). Consider an
interstitial complex with a single type of cation with a
single coordination number, e.g., [[MM * (H20)q (H20)e
(H20)¢ (H,0),]2*; the Lewis acidity is(L+ h X s) / (m
+ d). Ash, sand m are known [i.e., fixed for this one
example: h= 0.2, s=0, m= 8 (for example)], LAisa
simple function of d, the number of transformer (H,O)
groups (d=0, LA=1/8=0.125;d=2,LA=1/(8 +
2) = 0.100, etc.); see the single curve labeled BIM* in
Figure 3. The calculation may be repeated for different
values of m ([5], [6] and [8] in Fig. 3) to produce a
family of curves for monovalent cations, and similar
families of curvesfor divalent and trivalent cations. The
complete set of curvesin Figure 3 shows the variation
of Lewis acidity of a generalized interstitial complex
[(MIM *+, (MM 24, DM 3% (H,0)g (H20)e (H20)s [4(OH)q
(H,0),]@*+ 2+ 3 -1+ 55 a function of cation valence,
cation-coordination number, and the number of trans-
former (H,O) groups. Where more than one cation
speciesis present, we may use the weighted arithmetic
average of the salient characteristics (charge and coor-
dination number) of these cations in the calculation of
Figure 3. Second, in cases where (OH)~ is present, we
can sum the charges of the cation(s) and the (OH)-,
and treat the complex as if it contained a cation of the
resulting net charge [i.e., M 3* + (OH)~/ M 2*].

The Lewis acidity of the interstitial complex
decreases as the number of transformer (H,O) groups
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increases, as the cation-coordination numbers increase,
and as the cation charge decreases. We may also plot
the range in Lewis basicity of a specific structural unit
on a graph that shows the variation in Lewis acidity of
cation complexes (i.e., Fig. 3). Where the properties
of the structural unit and the interstitial complexes
intersect, their Lewis acidity and basicity correspond,
and structures of those specific compositions may be
stable. Where the properties of the structural unit and
interstitial complexes do not overlap, their Lewis acidity
and basicity do not correspond, and structures of those
compositions are not stable.

FACTORS CONTROLLING THE NUMBER
OF TRANSFORMER AND TOTAL NUMBER
oF (H,O) Groups

Hawthorne (1992) described the different roles of
(H20) groups in crystal structures, and drew a strong
distinction between (H,0) as part of the structural
unit and (H,0) as an interstitial species. In particular,
Hawthorne (1992) described the role of (H20) as a
bond-valence transformer in minerals, and Schindler
& Hawthorne (2001a) developed these ideas further. In
theinterstitial complex, (H,0) groups have two distinct
roles: (1) as transformer (coordination of O is [3]) or
inverse-transformer (coordination of O is [5]) (H20)
groups that affect the Lewis acidity of the interstitial
complex; (2) as non-transformer (coordination number
of O is[4]) (H20) groups whose role is to propagate

Fic. 3. The variation in Lewis acidity with the number of transformer (H,O) groups
for different interstitial-cation charges and coordination numbers for a general inter-
stitial complex; the range in Lewis basicity of the structural unit of becquerelite,
[(UO,)30,(0OH)3], is marked in grey; where the lines of variable Lewis acidity overlap
the range of Lewis basicity of the structural unit, the valence-matching principle is

satisfied.
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bonds from cations to anions that are too distant to
bond directly to the cation. Of course, transformer
and inverse-transformer (H-O) groups also propagate
bonds in the same way as non-transformer (H,0)
groups, but they have the additional transformer role.
In order to examine the factors affecting the amounts
of these types of interstitial (H,O) groups in uranyl-
oxysalt minerals, we will consider the sheet structural
unit: [(UO,)g0g(T?* 0y),]%, the cluster structural unit
[(UO2)3(TO4)4]%, and the different coordination envi-
ronments around an interstitial (H,O) group.

The structural unit [(UO,)gOg(T>*0,),] %
and transformer (H,O) groups

The CDA of this structural unit is 6 / 32 = 0.188
vu. Using this value, we may derive the range in the
number of bonds from interstitial cations, [CNjy], from
Figure 2a: 0.73-1.27. Thus on average, each anion of
the structural unit accepts 0.73 to 1.27 bonds from the
interstitial complex. The Lewis basicity of a structural
unit is defined as the effective charge divided by the
number of additional bonds required. As there is a
range in the number of bonds required (i.e., 0.73 to
1.27 per anion), the structural unit exhibits a range
in Lewis basicity: 6 /32 X 0.732to 6/ 32 X 1.27 =
0.14-0.24 vu. The valence-matching principle requires
that the Lewis acidity of apossible interstitial complex,
{ImIM *5 M 25, TIM 3% (H20)g (H20)e (H20) [9(OH)g]
(@+20+3c-9) ((, g, f are transformer, non-transformer and
inverse-transformer H,O groups, respectively), must
closely match this range. Thus the number of bonds
emanating from the interstitial complex, a X m+ b X
n+cXl+d-f-g X (g—1), must bein the range
(32 X 0.73) — (32 x 1.27) = 23-41.

Consider the interstitial complex {[€IM *5(H-0)} ¢*,
where a is the sum of the different types of (H,O)
groups in the structural unit. The number of bonds
emanating from the six octahedrally coordinated
monovalent cations, 6 X 6 = 36, is within the range
of bonds required by the structural unit, 23-40. Each
transformer (H20) group increases the number of bonds
to the structural unit by one. Hence, the interstitial
complex { (1M *¢(H,0)} & can occur with the structural
unit [(UO,)g0g(T°* 0,),]® where the interstitial cations
bond to 0-5 transformer (H,O) groups.

Consider next the interstitial complex {{6IM2*;
(H20)p}*. The number of bonds emanating from the
three divalent cations, 3 X 6 = 18, is outside the range
of bonds needed by the structural unit, 23-41. Hence,
the interstitial cations must bond to transformer (H,O)
groups in order to bring the number of bonds to the
structural unit within the range of that required by the
structural unit, 23-41. As each transformer (H,O) group
increases the number of bonds to the structural unit by
one, thisinterstitial complex must bond to a minimum
of 23— 18 =5 transformer (H,0) groups. If al ligandsto
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interstitial [6IM 2* cations are (H,0) groups, this results
in 18 X 2 = 36 bonds to the structural unit, still within
the range of 2341 needed by the structural unit.

Consider next the interstitial complex {[€IM 3%,
(H20)c}*. The number of bonds emanating from the
complexis2 X 6=12, well below the number of bonds
required by the structural unit, 23-41. The minimum
number of transformer (H,O) groupsrequired is23—12
=11, i.e., one less than the total number of ligands to
theinterstitial cations. Thustheinterstitial cations bond
directly to 12 transformer (H,O) groups. Additional
transformer (H,O) groups, not bonded directly to the
cations, may also occur, increasing the number of bonds
to the structural unit (and decreasing the Lewis acidity
of the interstitial complex), up to a maximum value of
41 — 24 = 17. Thus the general form of this interstitial
complex for this structural unit may be written as
{[IM 3*, (H20)15 (H,0)n} where 0 < N < 17.

The structural unit [(UO,)gOg T 0y),] &
and non-transformer (H.O) groups

Consider again theinterstitial complex {{IM*g (H,0)
4 6*. In addition to the required transformer (H,0)
groups, (H20) groups not bonded to interstitial cations
may occur as (usualy) non-transformer (H,O) groups
[which do not change the number of bonds from the
interstitial cations to the structural unit]. These (H,0)
groups distribute the bond-valence from the interstitial
cations to al potential bond-valence acceptors of the
structural unit. Within the interstitial complex, therela-
tively large number of cations ensures that the distance
between these cations will be relatively small (shown
diagrammatically in Fig. 4a), and hence the number of
non-transformer (H,O) groups around an interstitial
cation will be small because the ensuing closeness of
the (H2O) groups promotes hydrogen bonding among
adjacent (H,O) groups.

Consider next the interstitial complex {[eIM2*;
(H20)p} 8. A uniform distribution of the three interstitial
cations (Fig. 4b) results in greater space between these
divalent cations than is the case for six monovalent
cations (Fig. 4a). Hence in order to distribute the bond
valence from these cations to al bond-valence accep-
tors in the uranyl sheet, there must be more (H,0)
groups than is the case for monovalent cations in the
structural unit.

Consider next the interstitial complex {{€IM3*,
(H20)¢}8*. A uniform distribution of the cations
between the sheets (Fig. 4c) results in greater space
between cations than in the case of three divalent or
six monovalent cations (Figs. 4a, b). Hence, more
additional non-transformer (H,O) groups must occur
around an interstitial cation, distributing bond-valence
from transformer (H,0O) groupsto the eventual acceptor
anions.
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Distribution of interstitial cations around
the cluster structural-unit [(UO,)3(TO4)4] &

Consider an interstitial complex {[6IM3*5(H,0)} &*
between the clusters of a [(UO,)3(TO4)4]® structural
unit (Fig. 4d). It is apparent that the geometry of the
cluster structural unit results in a different distribu-
tion of bond-valence acceptors than the geometry of
a sheet structural unit. The number and distribution of
bond-valence acceptors in a cluster vary with the size
of the cluster, i.e., the number of polymerized cation-
polyhedra in the cluster. Furthermore, clusters have a
higher degree of freedom than sheets with regard to
possible distances between structural units. The number
of interstitial (H,0) groups thus depends on (1) the
distance between the structural units, and (2) the number
and distribution of bond-valence acceptorsin the struc-
tural units. As both factors vary more in minerals with
cluster structural units than with sheet structural units,
prediction of the number of (H,0) groupsfor structures
with cluster structural units will be far more difficult
than for structures with sheet structural units.

Coordination of an interstitial (H,O) group

Consider an interstitial transformer (H,O) group.
The (H20) group is [3]-coordinated, and the O atom
normally accepts one bond from an interstitial cation;
alternatively, it could accept one hydrogen bond from
an (OH) or (H20) group (Fig. 5a). However, the latter
case has not been observed yet in oxysalt minerals
(Schindler & Hawthorne 2001b, 2004). As discussed
above, a transformer (H,0) group bonded to an inter-
stitial cation may occur in the interstitial complex
{[BIM2*3(H,0)} 8* (Fig. 4b) and must occur in theinter-
stitial complex {{IM 3*,(H,0)} ¢*.

Figure 5b shows six possible coordinations of a
non-transformer (H,O) group. The (H,O) group is
[4]-coordinated, and the O atom can accept two bonds
either from two cations (1) or two hydrogen atoms of
(OH) (6) or H,O groups (5), or one bond from a cation
and one bond from a hydrogen atom of an (OH) (2) or
H>0 (3) group, or one hydrogen bond from an (OH)
group and one hydrogen bond from an (H,O) group
(4). Coordination (1) requires a short distance between
the interstitial cations and small bond-valences of the
M—(H,0) bonds. If the average bond-valence of the
M—(H-0) bond is, for example, 0.50 vu, the O atom of
the (H2O) group accepts 1.00 vu and could only accept
0.50 vu from each O—H bond. This O—H bond-valenceis
unusually small and would occur only for asymmetrical
hydrogen bond (e.g., Burns & Hawthorne 1994). Hence,
coordinations (1) and (3) are most likely to occur in
interstitial complexes of the type {[€IM *5(H,0).} ¢*
and {[BIM?*5(H,0),} 6* (Figs. 4a, b), whereas coordi-
nation (5) can occur in al three types of interstitial
complexes [{FIM*g(H20)4} 5, {{IM2*3(H,0)p} &*
and {[FIM3*,(H,0)} 6*]. Coordinations (2), (4) and (6)
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FiG. 4. Schematic of a [(UO,)gOg(TO4)2]% sheet structural
unit (grey rectangles) containing (a) six monovalent cat-
ions {[IM *¢}¢*, (b) three divalent cations {[8IM 2*3} &*,
and (c) two trivalent cations {[€IM3*,} & in the interlayers;
(d) sketch of cluster structural units with the composition
[(UO,)3(TO4)4]% and with two trivalent cations in the
interlayer; mono-, di- and trivalent cations are black, grey
and white spheres, respectively.

require that the structural unit contain (OH) groups.
Coordination (2) will more probably occur in {[&IM*g
(H20)3 & and {[8IM2*3(H,0),} 6" complexes rather
than in {{IM3*,(H,0)} ®*, whereas coordination envi-
ronments (4) and (6) can occur in al three types of
interstitial complex.
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Fic. 5. Possible coordinations of (H,O) groups (circle) by cations (black circle), other
(H20) groups or (OH) groups of the structural unit (grey rectangle; hydrogen bonds are
dashed lines); (a) transformer (H,0), [10; (b) non-transformer (H,0) groups, [40; (c)

inverse-transformer (H,0) groups, [90.

Closer inspection of coordinations (1)—(6) indicates
that the numbers of (H,O) groups required decrease with
the number of bonds accepted from interstitial cations
and H atoms from (OH) groups belonging to the struc-
tural unit. The total number of bonds emanating from
(H20) groups correlates with the total number of (H,0)
groups. Thus, coordinations (1), (2) and (6) [which
involve one (H,0) group] result in alower number of
hydrogen bonds emanating from (H,O) groups than
coordinations (3), (4) and (5) [which involve more
than one (H,0) group]. Hence, coordinations (2) and
(6) may dominate where there is a small number of
bond-valence acceptors around an (OH) group [where
the (OH) group and the bond-valence acceptors both
occur in the structural unit].

Schindler & Hawthorne (2004) showed that in
the case of uranyl-oxide-hydroxy-hydrate minerals,

less-polymerized sheet structural units contain fewer
interstitial (H,O) groups per interstitial cation than the
more highly polymerized sheet structural units. They
argued that the density of bond-valence acceptors is
lower in the less-polymerized sheet structural units
and therefore, fewer (H,O) groups are required in the
interstitial complex. Following the above argument,
coordination (6) (Fig. 5b) should occur more often
between less-polymerized structural units, whereas
coordination (5) should occur more often between more
highly polymerized structural units. This aspect will be
discussed in more detail below.

Figure 5¢ shows ten possible coordinations for an
inverse-transformer (H,O) group, in which the O atom
is [5]-coordinated. This (H,O) group rarely occurs in
interstitial complexes, but where it does, its O atoms
generally accept bonds emanating from three intersti-
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tial cations (1) or two interstitial cations and aH atom
[(2), (3)]. Coordinations (4) to (10) have not yet been
observed (Schindler & Hawthorne 2001b), but are
topologically possible.

Summary of factors affecting the amount
of interstitial (H20)

The number of (H,O) groups in an interstitial
complex depends on the following factors:

(1) The number of bonds required by the struc-
tural unit (Lewis basicity) and the number of bonds
emanating from theinterstitial complex (Lewisacidity);
these numbers determine the number of transformer and
inverse-transformer (H.O) groups.

(2) The number, size and distribution of the inter-
stitial cations; these factors determine the distance
between the interstitial cations and the bond-valence
acceptors.

(3) The number and distribution of the bond-valence
acceptors and the sizes of the polyhedrain the structural
unit; these factors also control the distance between
interstitial cations and bond-valence acceptors.

(4) The number of hydrogen bonds emanating from
the structural unit; their number control the number of
non-transformer (H,O) groups.

Note that these factors are not mutually indepen-
dent as

(5) The number of bond-valence acceptors and the
number of bonds required by the structural unit correlate
with the number of anions in the structural unit.

(6) The size and number of interstitial cations and
the number of (OH) groups in the structural unit corre-
late with the sum of the bonds emanating from the
interstitial cations and (OH) groups.

The size of the polyhedra and the distribution of the
bond-valence acceptors in a structural unit depend on
the chemical composition and degree of polymeriza-
tion (i.e. chains, sheets, frameworks) of the structural
unit. If one considers only structural units of similar
composition and degree of polymerization, the number
of (H20) groups around one interstitial cation should
depend principally on the number of anions in the
structural unit and on the number of bonds emanating
from the interstitial cations and (OH) groups of the
structural unit. Hence for minerals with similar struc-
tural units, the number of (H,O) groups per interstitial
cation should be dependent primarily on the number of
bonds emanating from the interstitial cations and (OH)
groups of the structural unit and the number of anions
in the structural unit.

Example I: meta-ankoleite versus metatorbernite

Figure 6a shows the structural unit in minerals and
synthetic phases of the autunite and meta-autunite
groups. Figures 6b, ¢ show the interstitial complexes
in synthetic deuterated meta-ankoleite, [[B1K (D%
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0)1[(UO2)(PO4)](D20),, Cole et al. 1993], and meta-
torbernite, [[F1CU%*(H,0)4[ (UO,)(PO4)] 2(H20)4, Locock
& Burns2003d]. Both minerals have the same structural
unit, but the bonding in their interstitial complexes is
very different. Synthetic deuterated meta-ankoleite
contains two large cations per formula unit: [8]-coor-
dinated K* bonding to five (D,0) groups and three O
atoms of the structural unit. One (D,0) group accepts a
hydrogen bond and a bond from K*, and another (D,0)
group accepts two bonds from two K* cations. Both
(D,0) groups are non-transformer groups (indicated in
Fig. 6¢), because the average bond-vaence from two
accepted bonds is similar to the average bond-valence
from the two emanating hydrogen bonds (see above).
The third (D,O) group (indicated in Fig. 6¢) accepts
two bonds from K* and one hydrogen bond, and hence
is an inverse bond-valence transformer.

There are six atoms of O in the structural unit (per
formula unit). The bond valence of the eight bonds
emanating from K* must be transferred to those anions
on both sides of the interstitial complex. However, the
number of bonds from K* exceeds the number of anions
per formulaunit, and therefore only afew (H,O) groups
per interstitial cation are required to transfer the bond
valence to the anions. If we do not consider the inverse
bond-valence transformer (H,O) group, there are only
two H,O groups per interstitial cation that can transfer
the bond valence to anions of the structural unit.

The bonding in the interstitial complex iscompletely
different in the structure of metatorbernite, [1Cu(H,0),
[(UO2)(PO,)]2(H20)4. Here, the small Cu?* cationisin
[6]-coordination and bonds to four (H,O) groups and
two anions of the structural unit (Fig. 6¢). These four
(H20) groups do not accept any other bonds and are
therefore bond-valence transformers. There are an addi-
tional four interstitial (H2O) groups that do not bond to
Cu?*. Each of these (H,0) groups accepts two hydrogen
bonds and denotes two hydrogen bonds. Hence, these
(H20) groups are non-transformer (H,O) groups.
Ten out of twelve anions in the structural unit accept
bonds from cations and (H,O) groups in the interstitial
complex. Considering the Jahn-Teller distortion of
the Cu?* polyhedra, the four equatorial bonds have an
average bond-valence of ~0.415 vu, and the two apical
bonds, an average bond-valence of 0.17 vu. Two apical
bonds point directly toward two anions of adjacent
structural units. This leaves 10 anions of the structural
unit as potential bond-valence acceptors involving the
equatorial Cu?*—O bonds. Hence, transformer (H,0)
groups occur as equatorial ligands, and additional non-
transformer (H,0) groups occur between the interstitial
cations in order to distribute the bond valence to the
remaining eight anions in the structural unit.

Example I1: fourmarierite versus becquerelite

Fourmarierite, [BIPb(H,0)4[(UO,)403(0OH)4], and
becquerelite, [1Ca(H,0)s[(UO»)s04(OH)g], have inter-
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stitial cations with similar coordination-numbers and
structural units with a similar number of (OH) groups.
However, becquerelite has eight interstitial (H,0)
groups, whereas fourmarierite has only four. Using the
factors above, we can now examine why becquerelite
has twice the number of interstitial (H,O) groups as
fourmarierite.

In fourmarierite, eight bonds emanate from the
interstitial cations, and there are four (OH) groups and
15 anionsin total in the structural unit. Hence, the ratio
of anions to bonds from cations and (OH) groups is 15
/ 12 = 1.25. Schindler & Hawthorne (2004) showed
that fourmarierite has a less highly polymerized sheet
structural unit than becquerelite (i.e., a lower density
of anions in the structural unit). Inspection of the
arrangement of (H,O) groupsin theinterstitial complex
of fourmarierite (Li & Burns 2000c) indicates that the
interstitial complex contains one transformer (H,0),
which bonds to one Pb?* (type 1, Fig. 54). There are
three different types of non-transformer (H,O) groups:
one bonds to two Pb?* (type 1, Fig. 5b), one bonds to
one Pb and accepts a hydrogen bond from an (H,0)
group (type 3, Fig. 5b), and one accepts two hydrogen
bonds from (OH) groups (type 6, Fig. 5b).

In becquerelite, the ratio of anions to bonds from
cationsand (OH) groupsis22/13=1.69. It hasamore
highly polymerized sheet structural unit than fourma-
rierite (i.e., a higher density of anions in the structural
unit). Inspection of the arrangement of the interstitial
complex in becquerelite (Burns & Li 2002) indicates
that all (H,O) groups are of the non-transformer type.
There are three different types of non-transformer
(H20) groups: (1) one (H20) group bonds to one Ca
and accepts a hydrogen bond from an (OH) group
(type 2); (2) three (H20) groups bond to Ca and accept
a hydrogen bond from a (H2O) group (type 3); (3) four
(H20) groups accept one hydrogen bond from an (OH)
group and one from a (H,O) group (type 4). Note that
the types of non-transformer H,O groups given in
brackets refer to Figure 5.

We can now summarize the factors that affect the
number of (H,O) groups in each mineral:

(1) theratio of the number of anionsin the structural
unit and the number of bonds involving interstitial
cations plus the number of (OH) groups in the struc-
tural unit;

(2) the degree of polymerization in the structural
unit;

(3) the coordination of theinterstitial non-transformer
(H20) groups; in fourmarierite, they occur in coordina-
tions (1), (3) and (6) (Fig. 5b), whereas in becquerelite,
they occur in coordinations (2), (3) and (4).

THE BOND-VALENCE DISTRIBUTION FACTOR, D

As discussed above, the ratio between the number
of anionsin the structural unit and the number of bonds
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emanating from interstitial cations and (OH) groups of
the structural unit dictate the number and types of (H,O)
groups in the interstitial complex. This ratio is desig-
nated the bond-valence distribution factor, D, because it
controls the number of (H,O) groups (in the interstitial
complex), which distribute bond-valence to the anions
of the structural unit. It is defined as follows:

D= (N A:&J) / [(N B:IC) + (N (OH):SU)] (1)

where NA is the number of anions (A) in the structural
unit (SU), NB!C is the number of bonds (B) emanating
from the interstitial complex (IC), and N )% js the
number of (OH) groups in the structural unit.

Important factors controlling the number of bonds
emanating from an interstitial complex are (1) the
number of (OH)~ groups bonded to interstitial cations,
and (2) the number of inverse-transformer (H,0)
groups. Both groups reduce the number of bonds
emanating from the interstitial cations, and therefore
both groups affect the number of interstitial (H,0)
groups. For each bond removed by the action of an
(OH) group or inverse bond-valence transformer (H,0)
group, an additiona (H,O) group (transformer or non-
transformer) may be required to distribute the bond
valence to the anions of the structural unit. In order to
compare the number of transformer (or total number of)
(H20) groups of interstitial complexes [with or without
(OH)~ or inverse-transformer (H,0) groups], we divide
the interstitial complex in two parts: (1) interstitial
(OH)~ and (H,0) groups, and (2) interstitial cations.
Next, we cal culate the number of bonds removed by the
effect of (OH)~ groups and inverse-transformer (H,0)
groups and subtract this number from the number of
transformer (or total number of) (H,O) groups. The
result is subsequently divided by the number of cations
in theinterstitial complex and given either as “the total
number of (H,O) groups per cation” or “transformer
(H20) groups per cation”.

Number of (H,O) per cation = {interstitial (H,0)
groups — (t —1) [UOH groups — inverse transformer
(H20) groups} / the number of interstitial cations (2)

Transformer (H2O) groups per cation = { transformer
(H,0) groups— (t-1) ["OH groups —inverse transformer
(H20) groups} / the number of interstitial cations (3)

We wish to emphasize here that the parameter D, the
coordination number of the (OH)~ groups, and the
degree of polymerization of the structural unit all can be
determined without knowledge of the hydrogen-bonding
arrangement. The number of inverse-transformer (H,0)
groups can be determined only if the hydrogen-bonding
scheme is known. However, these groups are rare and
wereignored for those mineralsin which the hydrogen-
bonding scheme could be not unequivocally determined
(see below).
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Negative numbers of transformer
and total number of (H,O) groups

The predicted numbers of transformer and total
number of (H,0) groups can be negative for a specific
mineral or synthetic phase, if there are more (OH)~
groups or inverse-transformer (H,O) groups than
transformer or total number of (H,O) groups. This
has the advantage that a negative predicted value of
transformer (H,O) groups can be used to predict the
number of inverse transformer (H,O) groups, because
aninterstitial complex rarely contains both, transformer
and inverse-transformer (H,O) groups. If the number
of transformer and total number of (H,O) groups is
negative, (OH)~ groups must occur in the interstitial
complex. These groups can be also predicted if one also
considersthe charge balance between interstitial cations
and structural unit.
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FiG. 6. (a) The structural unit in minerals and synthetic
phases of the autunite and meta-autunite groups. (b)
Interstitial bonding in the low-temperature form of meta-
ankoleite, K(D2®10)1[(UO,)(PO4),](D20)2; K atoms are
large grey circles, inverse transformer and non-transformer
(H20) groups are white and black circles, respectively. (c)
Interstitial bonding in metatorbernite Cuy(H20)4[(UO,)
(PO4)]2(H20)4; (POg4) groups are pale blue, uranyl polyhe-
draare yellow, (Cude) polyhedraare royal blue, hydrogen
atoms are grey circles, O atoms of (H,O) groups not
belonging to the (Cudyg) polyhedraarered circles, O—H and
hydrogen bonds are white and grey, respectively (figure
courtesy of Andrew Locock).

THE NUMBER OF (H,0) GrouPS
AND THE D FACTOR FOR SHEET STRUCTURAL UNITS

For the correl ation between number of transformer or
total number of H,O groupsand D, we again considered
minerals and selected synthetic phases that (1) form in
or from aqueous solution (i.e., below the critical point of
water and generally in damp, as distinct from wet, envi-
ronments), and (2) do not contain any disordered cations
in their interstices (except boltwoodite, see above). As
mentioned above, knowledge of the hydrogen-bonding
schemeis not required for the determination of the total
number of (H,O) groups and the parameter D. Hence
for the correlation between the | atter two parameters, we
also considered the chemical composition of minerals
where the hydrogen-bonding scheme could be equivo-
caly resolved. The names of the corresponding minerals
are marked with (*) in Table 3.
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For the correlation between D and the number of
(H20) groups per cation or the number of transformer
(H20) groups per cation, we cannot treat lone-pair
stereoactive cations (e.g., Pb?* and Bi3*) as part of
the structural unit, because the latter two param-
eters are expressed in terms of interstitial cations.
Also, we cannot consider uranyl-sheet minerals that
do not contain interstitial cations (e.g. schoepite,
[(UO2)g02(OH)12] (H20)12)-

For the correlation between D and the total number
of (H20O) groups, we did not consider any structural data
from highly hydrated minerals of the autunite, carnotite
and zippeite groups (e.g., autunite, torbernite, zeunerite,
marecottite). In the interlayer of these minerals, there
are additional layers of (H,O) groups that do not bond
to any interstitial cation (Locock & Burns 2003c, d,
Locock et al. 2004a, 2005, Brugger et al. 2003). Many
of these minerals are not stable in air and dehydrate to
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phases with a lower degree of hydration. For example,
Locock & Burns (2003d) and Locock et al. (2004a)
reported the occurrence of two or three possible hydra-
tion states for phases with the structural unit of the autu-
nite group [(UO,)(TO4)]~ (T = B, As) and octahedrally
coordinated divalent cations ((8IM 2*= Cu?*, Mg, Mn%*,
and Fe?*) intheinterstitial complex: octahydrates, deca-
hydrates and dodecahydrates. In this paper, we consider
only the structural data for the octahydrates, which
Gaines et al. (1997) and Finch & Murakami (1999)
listed as members of the meta-autunite group.

The total number of (H,O) groups per cation versus D

Figure 7a shows the variation in D as a function of
the number of (H,O) groups per cation for mineralsand
selected synthetic phases containing sheet structural-
units. The total number of (H,O) groups per cation

TABLE 3. OBSERVED AND PREDICTED CHEMICAL COMPOSITION OF SELECTED
URANYL-OXYSALT MINERALS WITH SHEET-STRUCTURAL UNITS

Mineral Observed chemical composition  Predicted chemical composition Ref.
Meta-autunite group
Meta-ankoleite BIK[(UO,)(PO)ID,0), PIMI(UO,)NPO)I(H,0), 1
Metazeunerite FICU[(UO,)(ASO,),(H,0) BICu[(UO,)ASO)1(H,0), 2
Metatorbernite BICu[(UO,)PO,)L(H,0) BICu[(UO,NPO)L(H,0)% 2
Threadgoldite* BIAOH)[(UO,)(PO,)1,(H,0), APIOHY(UO, PO L(H,0) 3
Metakahlerite* BIFe?' [(UO,)ASO,1,(H,0), BIFe* [(UO,)ASO L,(H,0), 4
Metakirchheimerite* FICo®' [(UO,)AsO,],(H,0) BICo* [(UO,)ASO,J,(H,0), 4
Metauranocircite () “Baf(U0,)(PO,),J(H,0), FIBa(UO,PO,),I(H,0), 5
Metauranocircite (Il) ®'Baf(U0,)(PO,),J(H,0) EI8a[(UO,{PO,),I(H,0), 5
Uranophane group
Uranophane "ICa(UO,)Si0,0H)],(H,0)s Ca[(U0,)Si04(OH)],(H,0), 6
Uranophane-beta* Ca [(UO,)(Si0,0H)],(H,0), EICaf(U0,)Si0,(OH),(H,0), 5 7
Boltwoodite TIK[(UO,)(Si0,0R)(H,0), VIK[(UO,)Si0,(OH)(H,0), 8
Natroboltwoodite ~ ®INa[(UO,)(SiO,0H)}(H,0), EINa[(UQ,)SiO4(OH)I(H,0), 8
Sklodowskite* BIMgI(UO,)(SI0,0H),(H,0) EIMg(UO,)Si04(OH)],(H,0), 9
Cuprosklodowskite *ICu[(UO,)(Si0,0H)],(H,0)s “ICU[(U0,)Si04(OH)],(H,0); 10
Kasolite PrIPH{(UO,NSIO)IH,0), BEIpR2 (U O,)SI0)(H,0), 11
Phosphuranylite group
Phuralumite* FIAL(OH),[(UO,),(PO,),(OH),] FIAL(OR),(UO,),(PO,),(OH),] 12
(H,0)10 (H,0)yq
Dewindtite* Blpp, PR {(UO,),(PO,),(OH)O], Blpp, MIPH{(UO,),(PO,),(OH)0], 13
(H,0)1, (H,0),
Upalite FIAI[(UO,),(PO,),(OH)OI(H,0), FIAI[(UO,),(PO,),(OH)O](H,0)q 14
Frangoisite(-Nd)*  FINd[(UO,),(PO,),(OH)O(H,0), FING[(UO,),(PO,),(OH)OJ(H,0)y 15
Dumonite "IPb[(U0,),(PO,),0,1(H,0), BIPb,[(UO,)5(PO,);0,1(H,0); 16
Higelite™ BIPb,{(UO,);(As0,),0,1(H,0); "Pb,[(U0,),(As0,),0,1(H,0), 17
Phurcalite BlcallCal(U0,),(P0,),0,l(H,0),  ®ICa"'Cal(U0,),(PO,),0,l(H,0), 18
Bergenite” FICa,*Ba,[(U0,),(PO,),0,l; ©1Ca,*Ba,[(U0,),(PO,),0.1 19
(H,0)6 (H,0)1a
Carnotite group
Francevilite* PIBa [(UO,),(V,0)KH,0)s PIBa[(U0,),(V,04))(H,0)s 20
Curienite* FIPB[(UO,),(V,04)1(H0)s EIPBI(UO,),(V,0.)1(H,0)s 21
Sengierite FICU,(OH),HUO,),(V,04)1(H,0); BICu,(IOH),I(U0,)(V,00))H,0), 22
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Zippeite group

Zippeite* PR [(UO,),(S0,),04(0HN(H,0),  T*IK,[(UO,),(SO,),0,(OH)(H,0), 23
Natrozippeite BEINa,[(U0,)(SO,),05(0H),] BEINa{(UO,)s(S0,),04(OH),] 23
(HZO 12 (HZO 15
Marecottite™ FIMg,[(U0,),(SO),04(0H)(H,0)zs *Mg,[(UO,),(SO,),05(OH)], 24

(H,0)55
Magnesiozippeite  “Mg[(UO,),(SO,)0,i(H,0);5 ®IMgI(UO,),(80,)0,1(H,0) 23
Zinczippeite BIZn{(U0,),(SO )0, }(H;0), 5 BZn[(U0,),(S0,)0,I(H;0), 23
Cobaltzippeite BICo[(U0,),(SO )0, HH,0), 5 BICo{(U0,),(S0,)0,)(H,0) 23

Uranyl-hydroxy-hydrates

Becquerelite MCaj(U0,),0,{0OH),1,(H,0) Caf(U0,),0,(0H)L(H,0), 25
Compreignacite* K, [(U0,);0,(0H),],(H,0), TIK,{(U0;);0,(0H)1,(H,0); 26
Fourmarierite* BIPK[(U0,),04(OH),I(H,0), BIPHI(U0,),0,(OH),I(H,0), 27
Protasite* 1I8a[(U0,),0,(0OH),I(H,0), BIBa[(U0,),0,(OH),I(H,0), 28
Masuyite* MIPBI(UO,);04(0H),)(H,0), "IPB(U0,),04(0H),}(H,0), 29
Curite 19Pb,[(U0,)0,(OH)J(H,0), "Pb (U0, )505(0H)1(H,0); 30
Sayrite* ¥IPb,[(UO,);04(0H),](H,0), ©IPb,[(U0,),04(OH),}(H,0), 31
Agrinierite MKEIK(CICa,S[(U0,),0,(0H),], MKEIK (EICa, SH)[(U0,),0,(0H),l, 32

(H,0)s (H,0),

Miscellaneous

Guilleminite 19Ba[(U0,),0,(Se0,),I(H,0), 18a[(U0,),0,(Se0,),I(H,0), s 33
Marthozite “ICyU[(U0,),0,(Se0,),1(H,0), BICuf(U0,),0,(Se0,),1(H,0), 34
Roubaultite BICU,[(UO,),(C0,),0,(0H)I(H,0),  “ICu,i(U0,),(CO,),0,(0H),] 35

(H,0)5
Johannite FICU[UO,),(OH),(SO,),}(H,0), FICUIUO,),(OH),(SO,),I(H,0); 36

*

structure not refined. References: [1] Cole et al. (1993), {2] Locock & Burns (2003d), [3}
Khosrawan-Sazedj (1982b), [4] Locock et al. (2004b), [5] Locock et al. (2005), [6] Ginderow (1988),
[7] Viswanathan & Harneit (1986), [8] Burns (1998a), [9] Ryan & Rosenzweig (1977), [10}
Rosenzweig & Ryan (1975), [11] Rosenzweig & Ryan (1977a), [12] Piret et al. (1979), [13] Piret ef
al. (1990), [14] Piret & Declercq (1983), [15} Piret ef al. (1988), [16] Piret & Piret-Meunier (1988),
[17] Locock & Burns (2003f), [18] Atencio et al. (1991), [19] Locock & Burns (2003e), [20] Mereiter
(19864d), [21] Borene & Cesbron (1971), [22] Piret et al. (1980), {23] Burns et al. (2003), [24]
Brugger et al. (2003), [25] Burns & Li (2002), {26] Burns (1998b), {27] Piret (1985), Li & Burns
(2000c), {28) Pagoaga et al. (1987), {29) Burns & Hanchar (1999), [30] Taylor et af. (1981), [31}
Piret et al. (1983}, [32] Cahill & Burns (2000), [33] Cooper & Hawthorne (1995), {34] Cooper &

Hawthorne (2001), {35] Ginderow & Cesbron (1985), [36] Mereiter (1982b).

increases with increasing D values, and the synthetic
phases and minerals are both in agreement with this
genera trend. Figure 7b shows the analogous data for
minerals, for which the linear trend can be described
with the following equation.

Total number of (H,0) groups=5.1D —2.17
R?=0.83,0=11 (4)
In order to test the quality of the regression parameters
refined, the observed number of (H,O) groups vaues
for minerals is plotted against the predicted values
(Fig. 7c). Closer inspection of the plot indicates that
approximately 70% of the data pointsfall into the range
of + one H,0 group from the one-to-one reference line
(shown as a shaded band), which indicates agood agree-
ment between observed and predicted number of total
H>0 groups in uranyl-oxysalt minerals.

We also show the total number of (H,O) groups per
cation as afunction of D, the bond-valence distribution
factor, where the latter parameter does not include the
number of hydrogen bonds emanating from (OH)~

groups in the structural unit (Fig. 8a). In Figure 8a, the
data for minerals both with and without (OH) groups
are distinguished, and it is apparent that predictions for
minerals with (OH) groups are systematically lower
than predictions for minerals without (OH) groups in
the structural unit. Hence the number of (OH) groups
in the structural unit must be included in the expres-
sion for D.

The linear equations and the corresponding linear
regression parameters for the plots of minerals with
structural units without ([5]) and with ([6]) (OH)~
groups are as follows:

total number of (H,O) groups = 4.88 D — 2.53;

R?=0.87, 0 = 1.00 (5)
total number of (H,O) groups=3.5D — 1.84;
R?=0.80, 0 = 0.96 (6)

Figure 8b shows the observed and predicted number of
(H20) groups per cation using equations (5) and (6).
Comparison of Figures 7c and 8b indicates similarly
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good agreement between the observed and predicted
numbers of (H,O) groups per cation. However, the
disadvantage with Figure 8b is that two different linear

Fic. 7. Variation in the number of (H,O) groups per cation
as a function of the bond-valence distribution factor (a)
for minerals (black squares) and selected synthetic com-
pounds (circles) with sheet structural units, and (b) for
uranyl-oxysalt minerals with sheet structural-units. (c) The
predicted versus observed total number of (H,O) groups
per cation in minerals using equation (4); the plus-minus
one (H,0) group spread from the one-to-one referenceline
isindicated as a grey band.
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equations must be used to predict the number of (H,0)
groups per cation.

Figure 8c shows the D values as a function of the
number of transformer (H,O) groups per cation for
uranyl-oxide and -oxysalt mineralswith sheet structural
units. A linear trend is apparent, and can be described
with the following equation:

number of transformer (H,O) groups
per cation = 3.90 D — 3.60;
R2=0.89, 6 =0.7 7

In Figure 8d, the observed numbers of transformer
(H,0O) groups per cation are compared with the
predicted values. Approximately 70% of the data points
fall into the range of plus or minus one (H,O) group,
which indicates good agreement between observed
and predicted number of transformer (H,O) groups
per cation.

PREDICTION OF THE NUMBER AND TYPE OF (H,0)
GROUPS IN INTERSTITIAL COMPLEXES

In earlier papers (Schindler et al. 2000, Schindler
& Hawthorne 2001a, b, c), we focused on possible
chemical composition of minerals; we did not include
data from synthetic compounds, as these form either
in a system with only one type of cation (where no
other possible interstitial cations are available) or
under extreme thermodynamic conditions. Here, we
do not consider data for synthetic uranyl-compoundsin
developing quantitative rel ations between structural and
chemical parameters. However, we test their predictive
capability with selected synthetic structures.

The correlation between [CN;,] and CDA for
minerals results in a band of data (Fig. 2a) that should
be representative of natural conditions, as it contains
data from uranyl minerals of awide range of chemical
composition (i.e., sulfates, phosphates, vanadates,
selenates and oxy-hydroxides). It gives well-defined
maximum and minimum values of [CN;] for struc-
tural units with CDA values between 0.05 and 0.40
vu. These values can be used to calculate the range in
Lewis basicity of all sheet structural-units. Using this
range in Lewis basicity, we can calculate the range of
transformer and inverse transformer (H,O) groups for
agiven interstitial cation.

The correlations between [1] the total number of
(H20) groups per interstitial cation and D, and [4] the
number of transformer (H,O) groups per interstitial
cation and D, allow us now to predict more accurately
the number of (H20) groups for a specific cation.

Recent determinations of the structures of uranyl-
oxysat minerals (e.g., Burns et al. 2003) have shown
that the chemical compositions of many uranyl-oxide
and oxysalt minerals were wrongly determined. Hence
we will only compare predicted and observed chemical
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(a) Variation in number of (H,O) groups per cation as afunction of the bond-valence distribution factor for mineralswith

sheet structural units without (OH)~ groups (circles) and for minerals with sheet structural units with (OH)~ groups (squares).
(b) The predicted versus observed number of (H,0) groups per cation in minerals using equations (5) and (6); the grey band
indicates + one (H,0) group from the one-to-one reference line. (¢) The variation in number of transformer (H,O) groups per
cation as a function of the bond-valence distribution factor for minerals with sheet structural units. (d) The predicted versus
observed total number of transformer (H,O) groups per cation in minerals calculated using equation (7); the + one (H,0)
group range from the one-to-one reference line is indicated as a grey band.

compositions of interstitial complexes where the corre-
sponding structure has been accurately determined. In
Table 3, we list selected uranyl-oxysalt minerals with
sheet structural units, their chemical composition,
and the predicted chemical composition based on the
coordination numbers of the interstitial cations. The
observed and predicted chemical compositions of the
interstitial complex are given as AM[structural unit]
(H20)n, where n is the number of (H,O) groups in the
interstitial complex. In Table 4, welist the observed and
predicted numbers of transformer (TR), inverse-trans-
former (INV) and non-transformer (NTR) H,O groups
for the selected uranyl-oxysalt minerals. No numbers
are given for the different types of observed interstitial
(H20) groups if the hydrogen-bonding scheme in the
structure is not known.

In the following sections, wewill compare predicted
and observed chemical compositionsfor minerals of the
meta-autunite, uranophane, phosphuranylite, carnotite
and zippeite groups. For the meta-autunite group, we
will show in detail how the possible cations and the
number of transformer (H,O) groups and the total
number of (H,O) groups can be predicted reasonably
accurately for a specific structural unit.

THE META-AUTUNITE GROUP

The meta-autunite group has the general formula
M#*[(UO,)(TO4)]2(OH)(H20)n with T = As, B, zin the
range 1-3, m= 0,1 and n in the range 2-10; this group
contains over 26 mineral species of diverse chemical
composition, and has been investigated in detail by
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Locock & Burns (2003d), and Locock et al. (2004a,
b, 2005). Figure 6a shows the corresponding structural
unit [(UO,)(TO,)] ™. It contains US* in [6]-coordination
and (TO,) tetrahedraarranged in a checkerboard pattern.
The effective charge of the structural unit is 2-, and the
number of O atomsin the structural unitis12. Hencethe
structural unit has a CDA value of 0.17 vu. We may use
the values of CDA, together with Figure 2a, to predict
the maximum and minimum values of [CNjy]: 0.66 and
1.17, respectively. There are twelve atoms of oxygenin
the structural unit; thus there are a minimum of 12 X
0.62 =8 and amaximum of 12 X 1.17 = 14 bonds from
theinterstitial complex to the structural unit. Thisresults
in arange of Lewis basicity from2/14=0.14t0 2/
8 = 0.25 vu. The valence-matching principle requires
that the Lewis acidities of interstitial complexesin the
minerals of the meta-autunite group should be in the
range 0.14-0.25 vu; this range is shown in Figure 9a
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Interstitial complexes with monovalent cations

Inspection of Figure 9a indicates that interstitial
monovalent cations must bond to inverse-transformer
(H20) groupsif theinterstitial cation hasa coordination
number higher than [7]. For example, the low-temper-
ature form of meta-ankoleite (Table 1) contains the
interstitial complex with (81K, and hence the interstitial
cation must bond to at least one inverse transformer
(H20) group. We can now use the linear equations [1]
and [4] to predict the total number of (H,O) groups
and the number of transformer (H,O) groups. For
an [8]-coordinated monovalent cation and the meta-
ankoleite structural unit, D = NV / (N'Cg + NSV qy),
=6/8=0.75, and the predicted total number of (H,0)
groupsistherefore5.1 X 0.75—2.7 = 1.1. The predicted
number of transformer (H,0) groupsis3.9 X 0.75—3.6
= —0.7; the negative value means that there are more
inverse-transformer (H,0) groups or (OH)~ groupsthan
transformer (H,O) groupsintheinterstitial complex. An
inverse-transformer (H,0) group ismorelikely to occur

TABLE 4. OBSERVED AND PREDICTED NUMBER OF TRANSFORMER (TR),
INVERSE-TRANSFORMER (INV) AND NON-TRANSFORMER (NTR) (H,0)-GROUPS
IN URANYL-OXYSALT MINERALS WITH SHEET-STRUCTURAL UNITS

Observed Predicted
Mineral Chemical composition Ref.
TR INV NTR TR INV**NTR
Meta-autunite group
Meta-ankoleite EIK[(UO,)PO)D,0), [V 2 0 1 1 1
Metazeunerite BICUIU0,)(ASO,)],(H,0), 4 0 4 4 0 4 2
Metatorbernite BICU[(UO, (PO (H,0), 4 0 4 4 0 4 2
Threadgoldite* BIAIOH)[(UO,)(PO )1, (H,0), nd. nd. nd. 5 0 4 3
Metakahlerite* CIFe®' [(UO,)ASO,],(H,0), nd. nd. nd 4 0 4 4
Metakirchheimerite*  ©ICo* [(U0,)As0,],(H,0), nd. nd. nd. 4 0 4 4
Metauranocircite (H,1) “Ba[(U0,)(PO,),I(H,0); nd. nd. nd. 2 0 3 5
Uranophane group
Uranophane ICa[(UO,NSI0,0H)]L(H,0), 1 0 4 15 0 25 6
Uranophane-beta* BICa [(UO,)(SI0,0H)],(H,0), nd. nd nd 1 0 25 7
Boltwoodite VIK[(UO,)(SI0,0H)(H,0), 0o 1 0 0 1 1 8
Natroboltwoodite FINa[(UO,)(Si0,0H)}(H,0), 0 1 0 0 05 2 8
Skiodowskite* FIMg[(VO,)(Si0,0H)L(H,0), nd. nd nd. 2 0 3 9
Cuprosklodowskite  ©ICu[(UO,)(Si0,0H)},(H,0), 2 0 4 2 0 3 10
Kasolite 2*IpL{(UO,)(Si0,)}(H,0), o 0 1 0 1 X 1
Phosphuranylite group
Phuralumite* BIAL(OH),[(UO,)(PO,),(OH),IH,0),, nd. nd. nd. 6 0 4 12
Dewindtite* Blpp IPB[(U0,)(PO,),(OH)OL,(H,0),, nd. nd. nd. 2 0 7 13
Upalite BIAI[(UO,),(PO,),(OH)OI(H,0), 6 0 1 5 0 4 14
Frangoisite(-Nd)* PING[(UO,}4(PO,),(OH)OI(H,0), nd. nd nd. 3 0 3 15
Dumonite PR, [(UO,),(PO,),0,)(H,0)s 2 0 3 2 0 4 16
Hiigelite* BIpp [(UO,),(As0,),0,HH,0), nd. nd. nd. 0 0 5 17
Phurcalite BicallCa(U0,),(PO,),0.)(H,0), 3 0 4 1 0 5 18
Bergenite* ¥Ica,®Ba,[(U0,),(PO,),0,l:(H,0).s nd. nd nd. 0 1 12 19
Carnotite group
Franceviliite* PIBa[(UO,),(V,0)(H,0)s nd. nd. nd. 2 0 3 20
Curienite* FIPB(UO,),(V,04)HH,0)s nd. nd. nd. 2 0 3 21
Sengierite BICU,(OH),[(UO,),(V,04)](H,0)s 4 0 2 4 0 5 22
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Zippeite group
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Zippeite* 733K [(U0,),(50,),0,(0H)|(H,0), nd. nd. nd. 0 1t 5 23
Natrozippeite B8Na [(UO,)s(50,),0(0H),](H,0),, 0 0 t2 3 0 12 23
Marecottite* BIMg,[(U0,),(S0,),0,(0H)],(H,0), nd. nd. nd. 125 0 10 24
Magnesiozippeite BIMg[(UO,),(S0,)0,](H,0)5 6 3 0 05 3 0 3 23
Zinczippeite BIZn{(U0,),(S0,)O,HH,0);5 6 3 0 05 3 0 3 23
Cobaltzippeite BICo{(U0,),(S0,)0,](H,0), 4 3 0 05 3 0 3 23
Uranyl-hydroxy-hydrates
Becquerelite MCal{U0,),0,(0H)],(H,0), 4 0 4 3 0 3 25
Compreignacite* TIK,[(U0,),0,(0H),1,(H,0), nd. nd. nd. 1 0 5 26
Fourmarierite* “EFPp[(U0,),0,(0H),}(H,0), nd. nd. nd. 1 0 3 27
Protasite* MIBa[(U0,),0,(0H),](H,0), nd. nd nd. 0 0 2 28
Masuyite* PIPLI(UO,),0,(0H),I(H,0), nd. nd. nd. 0 0 2 29
Curite MIPL (U0, ),0(CH)I(H,0), o 2 0 0 1 4 30
Sayrite* FIPb,I(UO,)0(CH),I(H,0), nd. nd. nd 0 0 4 31
Agrinierite VIKEIK(PICa, Sr[(UO,),04(0H),1L,(H,0); 1 31 0 2 1 32
Miscellaneous
Guilleminite MIBa[(U0,),0,(8e0,),1(H,0), 3 0 0 15 0 3 33
Marthozite BICU[(UO,),0,(Se0,),J(H,0), 4 0 4 5 0 4 34
Roubaultite ¥ICU,[(UO,),(C0,),0,{0OH )L]I(H,0), 4 0 0 2 0 4 35
Johannite BICU{UO,),(0H),(S0,),}(H,0) 4 0 4 3 0 3 36

* structure not refined. ** predicted from equations [4} and [7]. References: [1] Cole et al. (1993), [2]
Locock & Burns (2003d), {3] Khosrawan-Sazedj (1982b), [4] Locock et al. (2004b), [5] Locock et al.
{2005), [6] Ginderow (1988), [7} Viswanathan & Harneit {1986), [8] Burns (1998a), [9] Ryan & Rosenzweig
(1977), [10] Rosenzweig & Ryan (1975}, [11] Rosenzweig & Ryan (1977a), [12] Piret et al. (1979), [13]
Piret et al. (1990), [14] Piret & Declercq (1983), [15] Piret ef a/. (1988), [16] Piret & Piret-Meunier (1988),
[17] Locock & Burns (2003f), [18] Atencio et a/. (1991), [19] Locock & Burns (2003e), [20] Mereiter
(1986d), [21] Borene & Ceshron (1971), [22] Piret ef al. (1980), [23] Burns et al. (2003), [24} Brugger et
al. (2003), [25] Burns & Li (2002), [26] Burns (1998b), [27] Piret (1985), Li & Burns (2000c), [28] Pagoaga
etal (1987), [29] Burns & Hanchar (1999), [30] Taylor et al. (1981), [31] Piret et af. (1983), [32] Cahill &
Burns (2000), [33] Cooper & Hawthorne (1995), [34] Cooper & Hawthorne (2001), [35] Ginderow &

Cesbron (1985), [36] Mereiter (1982b).

with an [8]-coordinated monovalent cation than an (OH)
group, because the O atom of an (OH)~ group must
bond to at least eight [BIM*cations in order to satisfy
its bond-valence requirements. Hence, a stable struc-
ture with a monovalent [8]-coordinated cation has the
predicted chemical composition [EBIM(H,®10)4 o[ (UO,)
(TO4)](H20)1.0, Which is in good agreement with the
observed composition of the low-temperature form
of meta-ankoleite. A [9]-coordinated interstitial cation
occursin synthetic Cs,[(UO,)(PO4)]2(H20)s (Locock et
al. 2004b). Using equations [1] and [4], the predicted
chemical composition of an interstitial complex with a
[9]-coordinated monovalent cation is [PIMy(HAY10), ¢
[(UO,)(PO4)]2(H20)1.5. The hydrogen bonding scheme
of Cs,[(UO2)(PO,4)]2(H20)s was not unequivocally
determined, but there are no transformer and at least two
inverse-transformer (H,O) groups. Hence, its chemical
composition iseither Csy(HP10),[(UO,) (PO4)]2(H20)3
or CSQ(H2[510)3[(U02)(PO4)]2(H20)2, in reasonable
accord with our predictions.

The Lewis acidity of a monovalent cation in
[7]-coordination matches the rangein Lewis basicity of
the structural unit of the meta-autunite-group minerals
with no transformer (H,O) groups. For a [7]-coordi-
nated monovalent cation, D = NSY, / (N'Cg + NV ) =
6/7=0.86; the predicted total number of (H,O) groups
is5.1 X 0.86—2.7 = 1.7, and the predicted number of

transformer (H,0) groupsis 3.9 X 0.86 — 3.6 = -0.25.
Thus, a stable mineral with two monovalent [7]-coor-
dinated cations has the predicted chemical composition
[IM2(H20)0[ (UO2)(TO4)](H20)2.

Locock et al. (2004b) showed that the monova-
lent cations Na“, K*, Rb*, Ag* and TI* substitute for
(H20) in minerals and synthetic compounds of the
meta-autunite type. Furthermore, they showed that al
cations occur in [7]-coordination, despite differencesin
ionic radii. None of these minerals were included in the
correlation between D and the number of (H,O) groups
per cation, but their general chemical composition
IM(H,0)3[(UO,)(TO,)] (T = As>*, P) isin accord with
our predictions. Note that in the low-temperature form
of meta-ankoleite K(H,0)3[(UO,)(PO,)], K is ordered
and in [8]-coordination, whereasit is disordered and in
[7]-coordination in the room-temperature form.

Another monovalent cation is the complex cation
(H30)*, which usually has a coordination number of
[3], corresponding to the number of hydrogen bonds
emanating from the complex cation. In order for (Hz0)*
to have a Lewis acidity that overlaps the range in
Lewis basicity of the structural unit of meta-autunite,
it has to link to from one (0.25 vu) to four (0.14 wu)
transformer (H,O) groups. Using equations[1] and [4],
the predicted total number of (H,O) groupsis 7.5 for a
[3]-coordinated cation, and the number of transformer
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Fic. 9. Variation in Lewis acidity with the number of transformer (H,O) groups for different interstitial-cation charges and
coordination numbersfor ageneral interstitial complex; the range of basicity of the different structural units are shown by the
dotted lines: (a) autunite, [(UO,)(POa)]2%", and carnotite, [(UO,)2(M20g)]%; (b) uranophane, [(UO2)SiOs(OH)]™; (c) kasolite,

[(UO2)(Si04)1*; (d) dumontite, [(UO2)302(PO4)2]*".

(H20) groups is 4.2. The resulting predicted chemical
formula is (H30)+(H20)4[(U02)(TO4)]2(H20)4, which
does not agree with the compositions of chernikovite,
(H30)"[(UO,)(PO,)I(H-0)3and trégerite, (H30)[(UO,)
(AsO4)](H,0)3 (Fitch et al. 1983, Morosin 1978).
However, the (H30)* group is disordered in the intersti-
tial complex [in the same fashion asK*, Na*, Ag*, TI*,
Rb*, (NH4)*], which might be an explanation why fewer
(H20) groups are required to distribute bond valence
from the cation to the anions of the structural unit.
Tetrahedrally coordinated monovalent cations such
as Li have a Lewis acidity of 0.25 vu, and thus 0-2
transformer (H2O) groups are needed to reduce the
Lewis acidity of interstitial [ILi such that it falls into
the range of Lewis basicity of the structural unit. The
maximum number of transformer (H,0) groupsisthree:
1/ (4 + 3) =0.14 vu. The predicted total number of
(H20) groups for a [4]-coordinated cation is 5.5, and
the number of transformer (H,O) groups is 2. Thus,

the predicted chemical composition is Li(H20),[(UO,)
(TO4)](H20)35, in reasonable agreement with the
composition of synthetic Li(D20)o[(UO2)(AsO4)(D20)4
(Fitch et al. 1982), and Li(H,0)o[(UO2)(PO4](H20)4
(Locock et al. 2004b).

Interstitial complexes with divalent cations

The most common coordination numbers for diva-
lent cations are [6], [7] and [8]. Interstitial complexes
with divalent cations in [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 of Lewis basicity of the meta-
autunite structural unit (Fig. 9a), and transformer (H,0)
groups are required to reduce the Lewis acidity such
that it falls into the range of the Lewis basicity of the
structural unit. Consider the case for [N]-coordination.
If the interstitial divalent cation is bonded to d trans-
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former (H2O) groups, its Lewis acidity may be written
as2/(2d+N—d)=2/(N+d) vu. For the Lewis acidity
to fall at the maximum range of the Lewis basicity of
the structural unit (i.e.,, 0.25 vu), then 2/ (N + d) =
0.25. For N = 6, d is equal to 2; thus an octahedrally
coordinated divalent interstitial cation must bond to a
minimum of two transformer (H,O) groups to concur
with the valence-matching principle. For the Lewis
basicity to fal at the minimum of the range of Lewis
basicity of the structural unit (i.e., 0.14 vu), then 2 /
(N + d) = 0.14, whence d is equal to 8; however, six
is the maximum possible value of d (Fig. 9a8). Thus an
octahedrally coordinated divalent cation must bond to
amaximum of six transformer (H,O) groups to concur
with the valence-matching principle.

The predicted total number of (H,0) groups and the
predicted number of transformer (H,O) groups from
equations [1] and [4] for minerals with adivalent octa-
hedrally coordinated interstitial cation is 7.5 and 4.2,
in excellent agreement with almost all minerals of the
meta-autunite groups containing those types of cations,
e.g., metatorbernite, Cu?*(H,0)4[(UO2)> (PO4),]
(H20)4, metazeunerite, Cu?*(H,0)4[(UO,)2(As04)4]
(H20)4 (Locock & Burns 2003d), metakahlerite,
Fe?*(H20)4[(UO2)(ASO4)]2(H20)4, and metakirch-
heimerite, Co**(H20)4[(UO2) (AsO4)]2(H20)4 (Locock
et al. 2004a) (Tables 3, 4).

Locock et al. (2005) showed the existence of two
modifications of meta-uranocircite: |: P1Ba[(UO,)
(PO4)]2(H20)7, and 11: Ba[(UO,)(PO4)]2(H20)s. The
two major differences distinguish these structures: in the
structure of meta-uranocircite |, (1) (Badbg) polyhedra
do not share common edges, and (2) one interstitial
(H20) group does not bond to Ba (Locock et al. 2005).
The structure of meta-uranocircite |l hasfully occupied
9IB&2* and (H,0) sites (Khosrawan-Sazedj 1982a).
On the basis of [9]-coordinated Ba, the predicted
chemical composition of both meta-uranocircite modi-
fications is [FIBa[(UO,)(PO.)]2(H20)s, in reasonable
agreement with the observed chemical compositions
(Tables 3, 4).

Meta-autunite was not considered in the above
correlations, but the predicted chemical composition of
[1Ca](UO,)(PO4)2](H20)6 is in good agreement with
the observed chemical composition.

Interstitial complexes with trivalent cations

The trivalent cations possible in this type of envi-
ronment are octahedrally coordinated small cations
(e.g., Al, Fe*") and (usually) [8]- or [9]-coordinated
REE (Y and rare-earth elements). Consider the case for
[6]-coordination of Al or Fe*. If the cation is bonded to
d transformer (H,O) groups, its Lewis acidity may be
writtenas3/ (2d + 6 —d) = 3/ (6 + d) vu. For the Lewis
acidity to fal at the maximum of the range of Lewis
basicity of the structural unit (i.e., 0.25 vu), then 3/ (6 +
d) = 0.25, whence d is equal to 6. For the Lewis acidity
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to fall at the minimum of the range of Lewis basicity
of the structura unit (i.e., 0.14 vu), then 3/ (6 + d) =
0.14, whence d is equal to 15. This range of d values
exceeds the coordination number [6] (the maximum
possible for Al), and hence only an [Al(H20)4(H20)¢]
complex can occur with this structural unit [unless
there are additional (H,O) groups not coordinated to
Al and where the O atom has a coordination number
of [3] only]. This result may also be seen directly by
inspection of Figure 9a.

This situation can change if interstitial (Aldg) octa-
hedra polymerize. Consider two octahedra that link
together. The bridging anions will receive an incident
bond-valence of ~0.5 X 2 = 1.0 vu; hence these anions
will be (OH) rather than (H20). This being the case, the
interstitial complex may be written as [Aly(H20) 12
(OH){]®N*, and the Lewis acidity is (6 —f) / [(12 — 2f)
X 2+f]=(6-1)/ (24 — 3f). Where f = 2, the Lewis
acidity of the complex is0.24 vu; wheref = 4, the Lewis
acidity of the complex is 0.17 vu. Thus the complex
has the appropriate Lewis acidity for f= 1, 2, 3 and 4.
However, two octahedra cannot share four anions, and
hence f = 1(corner-sharing), f = 2 (edge-sharing) or f
= 3 (face-sharing) only are possible. Face-sharing of
(Aldg) octahedra is unlikely in an interstitial environ-
ment, and the complexes [Alx(H20)g_10(OH)]>* seem
more likely.

If there are no (OH)~ groups in the interstitial
complex, the predicted total numbers of (H,O) groups
and transformer (H,O) groups from equations [1] and
[4] are 13(1) and 7.7(0.9), and the predicted chemical
compositionisAl(H20)g[ (UO,)(TO,)]3(H20)s. If thereis
only one (OH)~ group per Al intheinterstitial complex,
D =12/ (6 + 0) = 2, and the predicted values for the
total numbers of (H,O) groups and transformer (H,O)
groups are 7.5 and 4.2, respectively. The predicted and
observed values of total (H,O) and transformer (H,0)
are the number of (H,O) or transformer (H,O) groups
minus the number of bonds reduced by action of intersti-
tial (OH)~ groups and inverse transformer (H,0) groups.
Taking this fact into account, the predicted chemical
composition is Al(FIOH)(H,0)s[(UO2)(TO4)]2(H20)a.
This prediction isin good agreement with the composi-
tion of threadgoldite, Al(IIOH)[(UO,) (PO4)]2(H20)s, in
which Al bonds to four (H,O) groups (Tables 3, 4).

For REE in [7]- and [8]-coordination, transformer
(H20O) will provide Lewis acidities in the range
0.14-0.25 vu. From a dimer with f (OH) groups and a
coordination number N, the Lewis acidity is (6 —f) /
([2N=2f] X 2+f)=(6—"f)/ (4N = 3f). For N =[7],
the dimer has Lewis acidity for f = 0, 1, 2 and 3; for
N = [8], the dimer has the appropriate range of Lewis
acidity for f = 0 and 1 (Lewis acidity = 0.15 vu). Thus
[[1Y 5(H20)13(0H)]%", and [[Y 5(H20)12(OH)2]*" and
[[71Y 5(H20)11(OH)3]* are possible cation complexes
with (OH). However, as the charge of the structural
unit is 27, [[1Y 5(H,0)15(OH),]** produces a stoichio-
metrically simpler formula
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The D value for one trivalent cation in [7]-coordi-
nation is 1.71, and the predicted values for total (H,0)
per cation and transformer (H,O) per cation are 5 and
3, respectively. For the dimer [[7Y 5(H20)12(0OH)2]*,
the numbers of (H,O) groups and transformer (H,O)
groups are 12 and 7.4, respectively. Hence, the predicted
chemical composition is [1Y ;,(H,0)7(OH),[(UO,)
(TO4)]4(H20)s.

THE URANOPHANE GROUP

The minerals of the uranophane group are based on
[(UO,)SiOs(OH)]~ sheets that contain (U%*¢;) pentag-
onal bipyramids and acid [(SiO3(OH)] groups (Fig.
10a) [except kasolite, which contains SiO, groups].
The pentagonal bipyramids form edge-sharing chains
that are connected by (Sid,) tetrahedra. There are two
distinct types of sheets in the structural units of the
uranophane-group minerals: uranophane, uranophane-
beta, boltwoodite and sklodowskite are based on the
[(UO2)(SiO30H)]~ sheet, whereas kasolite is based
on the [(UO,)(SiO4)]% sheet. The (OH)~ groups are
located at the free apices of the (Sid,) tetrahedra and
form hydrogen bonds to interstitial (H,O) groups. The
anion topology of the uranophane structural unit can be
described as an arrangement of triangles, squares and
pentagons (Burns 1999a).

The CDA of the structural unit [(UO,)SiO3(OH)]~
is(L+h)/6=12/6=0.20 vu (using h = 0.20 vu).
Using Figure 2a, we may derive the corresponding
minimum and maximum values of [CN;,]: [0.80] and
[1.30], respectively. We may now use these values to
calculate the range in Lewis basicity. The minimum
and maximum numbers of bonds from the interstitial
complex to the structural unit are 4.8 and 7.8, respec-
tively. The corresponding minimum and maximum
values of the Lewis basicity of the [(UO,)SIO3(OH)]~
structural unitare 1.2/ 7.8 =0.15and 1.2/ 4.8 = 0.25
wu, respectively; thisrange of Lewis basicity is marked
on Figure 9b.

For monovalent interstitial cations, [5]-, [6]-, [7]-
and [8]-coordinations are predicted to be possible.
Using equation [7], the predicted numbers of trans-
former (H,O) groups are 0.3, 0.3, —0.7 and -1,
which means that [7] and [8]-coordinated monovalent
cations must bond to more inverse-transformer (H,0)
groups than transformer (H,O) groups. Considering
also the predicted total number of (H,O) groups,
possible compositions of minerals are [°IM *[(UO,)
SiO3(OH)](H20),, M *[(UO,)SiO5(OH)](H20)2,
[7IM *(H2[¥10)1[(UO2)SiO3(OH)](H20); and [EBIM*
(H2¥10)1[(UO,)SiO3(OH)]. These predictions are in
good agreement with the observed chemical composi-
tions of boltwoodite, [TK (H,P10)[(UO,)(SiOz0H)],
natroboltwoodite, [eINa(H,P1O)[(UO,)(SiOz0H)]
(Burns 1998a), and synthetic Cs-substituted bolt-
woodite, [91C(UO,)(SI0:0H)] (Burns 1999b) (Tables
3, 4).
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For divalent cations, [6]-, [7]- and [8]-coordinations
are possible, and the predicted compositions of the inter-
stitial complexes are M2 (H,0),[ (UO,)SiO3(OH)]»
(H20)3, [M?*(H20)1 5[ (UO,)SiO3(OH)]2(H20) 2.5,
and [8]M2+(H20)1[(U02)SiOg(OH)]2(H20)2_5. Minerals
with divalent cations are cuprosklodowskite,
[1Cu?*(H20)2[ (UO2)(SiOs0H)]2(H20), (Rosenzweig
& Ryan 1975), sklodowskite, [BIMg[(UO,)(SiOz0H)]»
(H20)6 (Ryan & Rosenzweig 1977), uranophane
[ICa(H,0)1 [(UO,)(SiO30H)]2(H20)4, (Ginderow
1988), and uranophane-beta, [F1Ca[(UO,)(SiOs0H)],
(H20)s; the number of transformer (H,O) groups was
not determined for sklodowskite and uranophane-beta.
Except for uranophane-beta, the differences between
the predicted and observed values of the total number
of (H2O) groups do not exceed one (H,O) group per
cation (Table 3).

The structural unit [(UO,)(SiO4)]% hasa CDA value
of 2/ 6 = 0.33 vu. The corresponding minimum and
maximum values of [CN;,] are [1.30] and [1.84] (Fig.
2a), and the minimum and maximum numbers of bonds
to the structural unit are 7.8 and 10.8, respectively. The
resulting range in Lewis basicity is 0.185 to 0.25 wu,
and thisis shown for [(UO,)(SiO4)] on Figure 9c. Using
equations [41] and [7], the predicted composition of a
mineral containing a [8]-coordinated divalent cation is
[BPh(H,®10)1[(UO,)(Si04)] (H20)1, in good agreement
with the observed composition of kasolite, [>*¢1Pb
(HA%0)o[(UO,)(SIO4)](H20)1-

We are now able to answer the question why
uranophane-beta, F1Ca[(UO,)(SiOs0H)]2(H-0)s, has
more (H,0) groups than kasolite, [EBIPb[(UO,)(SiO,)]
(H20). The D value in uranophane-betais 1.2, whereas
it isonly 0.75 in kasolite. In order to transfer the
bond valence from the interstitial cation to the anions,
uranophane-beta must contain more non-transformer
(H20) groups than kasolite.

THE PHOSPHURANYLITE GROUP

The structural unit of minerals of the phosphura-
nylite group is the sheet [(UO,)3(PO4)2(0O,0H),]™ that
contains (Pd,) tetrahedra, and (Ud+) pentagonal bipyra-
mids and (Udsg) hexagonal bipyramidsintheratio2: 1
(Fig. 10b). The anion topology of the sheet consists of
triangles, squares, pentagons and hexagons. These anion
sheets can be further distinguished by the orientation of
the phosphate tetrahedra (Burns 1999a, Locock & Burns
2003e). In addition, phosphuranylite, KCa(H30)3[(UOy)
{(U02)3(PO4)202} 2] (HzO)g (Demartin et al. 1991),
or Ca[(UO2){ (UO,)3(PO4)2(OH)2} 2] (H20) 12 (Piret
& Piret-Meunier 1991), and althupite, AITh*[(UO,)
{ (UO,)3(PO4)2(OH)C} 5] (OH)3(H20)15 (Piret & Deliens
1987), contain U%* in the interlayers that link adjacent
[(UO,)3(PO4)2(O,0H)]™ sheets via equatorial bonds.
The resulting structural units of phosphuranylite and
athupite are formally frameworks, with the general
composition [(UO,){ (UO,)3(PO4)2(OH,0)}]™ and
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therefore are not considered here. There are three
different compositions of sheet structural-units with
dlightly different ranges in Lewis basicity:

[(UO2)3(PO4)2(OH)2]* (0.14-0.25 vu)
[(UO2)3(PO,)2(O)(OH)]* (0.15-0.26 wu)
[(UO2)3(TOs)05]*, T= R AS*;  (0.16-0.25 vu)

The structural unit [(UO,)3(PO4)2(OH)2]%> occurs in
phuralumite, the structural unit [(UO,)3(PO,),O(0H)]*
occurs in dewindtite, upalite and francoisite-(Nd),
and the structural unit [(UO,)3(TO4)204]* occurs in
dumontite, phurcalite, bergenite and hiigelite (Table 3).
The Lewisbasicity range of the [(UO,)3(P(As)04),05]*
structural unit isshown in Figure 9d, which indicatesthat
the cations [4]_[6]M+, [5]_[10]M2+, [7]—[10]M3+ and {[6]M3+
(OH)}?* can be compatible with the structural unit if
they bond to a specific number of transformer (H,O)
groups. Monovalent cations with coordination numbers
higher than [6] can also occur if they bond to a specific
number of inverse-transformer (H,O) groups.

Table 3 showsthat differences between total numbers
of (H2O) groups per cation observed and predicted from
equation [1] do not exceed one (H,0) group per cation.
In the case of phuralumite, [SIAI,(OH)4[(UO,)3(PO4)-
(OH)2](H20)10, the predicted total number of (H,O)
groups isidentical with the observed number of (H,0)
groups. In the reported structures of dumontite and
hiigelite, the coordination number of the Pb?* cations
can be assigned as either [7] or [8]. However, the
observed total number of (H,O) groups per cationis2.5,
and agrees well with the predicted numbers of either 3.0
and 2.5 for cations in [7]- or [8]-coordination, respec-
tively (Table 3). For upalite and phurcalite, the predicted
numbers of transformer (H,O) groups per cation are
smaller than the observed values, but the differences do
not exceed one (H,0) group per cation (Table 4).

THE CARNOTITE GROUP

The minerals of the carnotite group contain the struc-
tural unit [(UO,)2(V20g)]%, an anion sheet with (UO,)
pentagonal bipyramids and (V>*Os) square pyramids.
The (V5*Os) square pyramids share common edges and
form a[V,0g] dimer that shares corners with dimers of
edge-sharing (UOy7) pentagonal bipyramids (Fig. 10c).
The anion topology can be described as an arrangement
of triangles, squares and pentagons (Burns 1999a). The
[(UO2)2(V20g)]% structural unit hasa CDA value of 2/
12 =0.17 vu, which resultsin arange in Lewis basicity
of 0.14 to 0.25 vu. This range, the number of anions
and (OH) groups in the structural unit, and the effective
charge of the structural unit, are identical to those for
minerals of the meta-autunite group (Fig. 9a). Hence,
predictions of cations, transformer and total numbers of
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(H20) groups are identical with the predictions for the
minerals of the meta-autunite group (see above).

The range in Lewis basicity for the structural unit
[(UO2)2(V20g)]> (0.14-0.25 vu) requires that monova-
lent cations with coordination numbers higher than
[7] must bond to inverse-transformer (H2O) groups.
This may be the case in carnotite, K,[(UO5)2(V20g)]
(H20)3, and margaritasite, (Cs,K)2[(UO2)2(V20s)]
(H20), (n = 1-3) (Gaines et al. 1997), in which the
large cations K and Cs normally occur in coordination
numbers higher than [7] . The predicted composition
for monovalent cations with coordination numbers
(8], [10] and [12] are FIM(H,¥0)1[(UO2)2(V :0s)]
(H20)1, BIM(HLPI0)3[ (UO,)2(V 208)] (H20)0 and 1AM
(H2®I0)s[[(UO2)2(V208)] (H20)0, respectively.

The compositions of only three minerals of the carno-
tite group have been determined on the basis of struc-
tura data: francevillite, [91Ba [(UO,)2(V20g)](H20)s,
curienite, [BIPb[(UO,),(V20g)](H20)s , and sengi-
erite, 1F1Cuy(OH)2(H20)4[(UO2)2(V20g)] (H20),. For
francevillite and curienite, the predicted compositions
of the interstitial complex, [F1Ba(H,0),[(UO2),(V20s)]
(H20)3 and B1IPb(H20),[(UO,)2(V20g)](H20)3, are in
good agreement with the observed compositions. For a
[6]-coordinated cation such as [®ICu?* in sengierite, the
possible interstitial complex can be calculated without
or with (JOH) groups. In the first case, the predicted
composition is [B1Cu(H»0)4[(UO5)(V20g)] (H20)s.
In the second case, four transformer (H,O) groups
are required by the interstitial complex because each
('OH)~ group reduces by two the number of bondsfrom
[B1Cu?* to the structural unit. Hence, the predicted chem-
ica composition iS[6]CUz([4]OH)Q(H20)4[(U02)2(V208)]
(H20)s, in reasonable agreement with the observed
composition.

THE ZIPPEITE GROUP

The structures of the zippeite-group minerals
contain topologically identical sheets in which uranyl
pentagonal bipyramids link together by sharing edges
and vertices to form chains that are cross-linked by
sulfate tetrahedra (Fig. 10d). Burnset al. (2003) showed
that the symmetries and chemical compositions of the
uranyl sheets are not identical for all members of this
group. There are three different sheet structural units
with similar ranges in Lewis basicity:

[(UO2)4(S04),05(0OH)]* (0.14-0.25 vu)
[(UO,)g(S04)405(OH)3] > (0.14-0.25 vu)
[(UO2)2(S04)0,]* (0.15-0.25 vu)

The structural unit [(UO,)4(S04),03(0OH)]*~ occurs
in zippeite, [73¥K3[(U02)4(S04)203(0H)] (H20)3
(Burns et al. 2003), and marecottite, [FIMga[(UO,),4
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Fic. 10. Structural units in selected uranyl-oxysalt minerals. Uranophane: orange: (SiO,) group, yellow: uranyl polyhedron.
Phosphuranylite: turquoise: (PO,4) group, yellow: [8]-coordinated uranyl polyhedron, fuschia: [ 7]-coordinated uranyl polyhe-
dron. Carnotite: fuschia: (VO,) group, yellow: [7]-coordinated uranyl polyhedron. Zippeite: dark blue: (SO,4) group, yellow:

[7]-coordinated uranyl polyhedron.

(804)203(0H)]2(H20)28 (Brugger et al. 2003). The
calculated range in Lewis basicity indicates that
[7]-coordinated monovalent cations are possible if they
bond to one inverse-transformer (H,O) group, whereas
three [6]-coordinated divalent cations must bond to
at least 3.5 transformer (H,O) groups. The predicted
chemical compositions are as follows: zippeite
(733K 3(H2l510)[(UO2)4(SO4)205(OH)] (H20)s; mare-
cottite, 1M g3(H20)12.5[(UO2)4(SO4)203(0OH)]
(H20)10. Brugger et al. (2003) described the paragenesis
of marecottite and magnesiozippeite at severa locali-
ties, suggesting that marecottite dehydrates to magne-

siozippeite. Hence, the data for marecottite were not
considered in the correlation of Figure 7c, even though
its composition is in good agreement with the genera
trend of uranyl oxysalt minerals.

The structural unit [(UO,)g(S04)405(0OH)3]>~ occurs
in natrozippeite, [66INas[(UO,)g(S04)405(0OH)4]
(H20)12, and its Lewis basicity indicates that monova-
lent cationsin [6]- and [ 7]-coordination can occur in the
interstitial complex without bonding to any transformer
(H20) groups. The predicted chemical composition on
the basis of the average coordination number of Na
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is [66INag(H20)3[ (UO2)g(SO4)405(OH)3] (H20)12, in
reasonabl e agreement with the observed composition.

The structural unit [(UO,)2(S0,)0,]% occurs in
magnesiozippeite, zinczippeite and cobaltzippeite,
(IM(H20)3[(UO2)2(S04)O;] (H20)05 with M = Mg, Zn
and Co?* (Burns et al. 2003). The predicted chemical
composition for a [6]-coordinated divalent cation is
[BIM(H,0)3[ (UO5)2(S04)O2] (H20)3, which shows good
agreement between the predi cted and observed numbers
of transformer (H,O) groups (Table 4).

THE URANYL-HYDROXY-HYDRATE GROUP

Schindler & Hawthorne (2004) have examined the
predicted and observed chemical compositions of inter-
stitial complexes in uranyl-hydroxy-hydrate minerals.
However, their predictions were based on CDA versus
[CNin] (Fig. 2a). Predicted compositions of interstitial
complexes were given with a possible range of trans-
former (H,O) groups. Here, we are now able to predict
more exactly the number of transformer (H,O) groups
and total number of (H,O) groups.

For uranyl-hydroxy-hydrate minerals, the total
numbers of (H,0O) groups per cation predicted
from equation [1], are in good agreement with the
observed values (Table 3); the largest difference is for
becquerelite (Table 3). For curite, [9Pb2*5,,(H,50),
[(UO2)4O04+x(OH)34]2, the predicted number of trans-
former (H,O) groups per cation is —0.35, which is
equivalent to one “reduced” bond for three cations.
Three divalent cations cannot occur with (OH)~ groups
in the interstitial complex because of the charge of the
[(UO,)g0s(OH)6]® structural unit. Hence, the divalent
cations must bond to one inverse-transformer (H,0)
groups, and the predicted chemical composition is
BIPL2*5(HoI0) [(UO2)404(OH)3] 2(H20)4 (Table 4).

MISCELLANEOUS URANYL-OXYSALT MINERALS

For the selenate and carbonate minerals of this
group, the predicted and observed values for the total
number of (H,O) groups per cation and the number of
transformer (H,O) groups per cation show good agree-
ment (Tables 3, 4). However, closer inspection of the
predicted and observed valuesindicates that more (H,O)
groups are predicted than are actually observed. The
reason for this could involve the size of the (Se03)%
and (COs)% triangles and the number of anions in the
structural unit. These triangles are the smallest of all
oxyanion groupsin the structural units of uranyl-oxysalt
minerals, and fewer non-transformer (H,O) groups are
required in comparison to minerals with larger anionic
groups [e.g., (PO4)° and (SiO;0H)3].

The structural data for fontanite, Ca[(UO,)3(COs3).
07](H20)6 (Hughes & Burns 2003) were not included
in the data of Figures 7b and 8c. Thus, we can test the
applicability of our regression model by comparing
the predicted and observed number of (H,O) groups
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per cation. In fontanite, there are 14 anions in the
phosphophyllite-type structural unit, and Ca is in
[8]-coordination, bonding to six (H-O) groups and two
O atoms of the uranyl groups. Hence, the bond-valence
distribution factor, D, is 14 / 8 = 1.75. The predicted
number of (H,O) groups per cationis 7, in good agree-
ment with the observed value. Theinterstitial hydrogen
bonding, and hence the number of transformer (H,0)
groups, were not unequivocally determined. However,
O-0 distances between (H,O) groups indicate the
occurrence of at least two transformer (H,O) groups;
the predicted number of transformer (H,O) groups is
3, in good agreement with this value.

The sheets of polymerized uranyl and selenate poly-
hedra in guilleminite, 19Ba[(UO,)305(Se05),] (H20)s,
and marthozite, 1CU[(UO,)30,(Se05),](H-0)g, have
the same anion topol ogies as the sheets of polymerized
uranyl and phosphate polyhedra in the minerals of the
phosphuranylite group. However, the geometry and
bonding in the selenate group differ significantly from
those in the phosphate group, and we discuss separately
the chemical composition of guilleminiteand marthozite.
Therangein Lewis basicity of the [(UO5)30,(Se03),]*
structural unit is 0.14-0.25 vu. Hence divalent cations
in [6]-coordination must bond to 26 transformer (H,0)
groups, and the interstitial complex in marthozite,
{leICu(H,0)5(H-0)4} %*, is in accord with this value.
Divalent cations in [10]-coordination must bond to 0-1
transformer (H,0) groups, and the interstitial complex
in guilleminite, {Ba(H»0)15(H,0)3}?*, is in accord
with this value.

SUMMARY

Structures and chemical compositions of uranyl-
oxysalt minerals with sheet structural units have been
investigated in detail. The following correlations
between structural parameters and chemical composi-
tions have been devel oped:

(1) the CDA (Charge Deficiency per Anion) of the
structural unit correlates with the range in coordina-
tion numbers of the O atoms in the structural unit
([CNinl);

(2) the bond-valence distribution factor, D, corre-
lates with the number of (H,O) groups per interstitial
cation in the interstitial complex;

(3) the bond-valence distribution factor, D, corre-
lates with the number of inverse-transformer and
transformer (H,O) groups per interstitial cation in the
interstitial complex.

Correlation (1) has been used to calculate a charac-
teristic range in Lewis basicity for a structural unit in
a uranyl-oxysalt mineral. The range in Lewis basicity
and correlations (2) and (3) have been used to predict
the chemical composition of interstitial complexes in
minerals of the autunite, uranophane, phosphuranylite,
carnotite, zippeite, uranyl-hydroxy-hydrate and “ miscel-
laneous” groups of uranyl minerals. These predictions
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included (1) the type of interstitial cations in the
interstitial complex, (2) the number of (H,O) groups
per interstitial cation, (3) the number of transformer,
non-transformer and inverse-transformer (H,O) groups
per interstitial cation.

The good agreement between observed and predicted
values of the different types of (H,O) groups show that
the ideas devel oped by Hawthorne (1985, 1990, 1997),
Schindler & Hawthorne (20014, b, ¢, 2004) and in this
paper are fairly successful in understanding aspects of
the stereochemistry and chemical composition of the
interstitial complexes of uranyl-oxysalt minerals.

ACKNOWLEDGEMENTS

We thank Andrew Locock for Figure 6c, two anony-
mous referees and Editor Robert F. Martin for their
useful and perceptive comments on this paper. FCH
thanks Rod Ewing for suggesting this study and for
encouraging its completion. MS thanks the Deutsche
Forschungsgemeinschaft for an Emmy Noether Fellow-
ship. This work was supported by a Canada Research
Chair in Crystallography and Mineralogy and a
Discovery Grant to FCH from the Natural Sciencesand
Engineering Research Council of Canada.

REFERENCES

ALMOND, PM. & ALBRECHT-ScHMITT, T.E. (2002a): Hydro-
thermal syntheses, structures, and properties of the new
uranyl selenites Ag,(UO,)(Se03),, M[(UO,)(HSeO3)
(Se03)] (M = K,Rb,Cs,Tl) and Pb(UO,)(Se0s),. Inorg.
Chem. 41, 1177-1183.

ALMOND, PM. & ALBRECHT-ScHMITT, T.E. (2002b): Expand-
ing the remarkable structural diversity of uranyl tellurites:
hydrothermal preparation and structures of K[UO,Te,Os
(OH)], Tl5[(UO,)2(Te0s(OH)] (Tex0g)*2(H,0), beta-
TI2[UO2(TeOs)z] and Sra(UO2(TeOs)2)(TeOs)z, Inorg.
Chem. 41, 5495-5501.

ANDERSON, A., CHIEH, C., IrisH, D.E. & TongG, J.P.K. (1980):
An X-ray crystallographic, Raman, and infrared spec-
tral study of crystalline potassium uranyl carbonate,
K4UO,(CO3)3. Can. J. Chem. 58, 1651-1658.

ATENCIO, D. NEUMANN, R., SILVA, A.J.G.C. & MASCARENHAS,
Y.P. (1991): Phurcalite from Perus, S&o Paulo, Brazil, and
redetermination of its crystal structure. Can. Mineral. 29,
95-105.

BEAN, A.C. & ALBRECHT-ScHMITT, T.E. (2001): Cation
effects on the formation of the one-dimensional ura-
nyI iodates Az[(UOz)3(|03)402) (A = K,Rb,Tl) and
AE[(UO,)2(103)2,0,](H20) (AE = Sr,Ba,Ph). J. Sol. State
Chem. 161, 416-423.

BEeaN, A.C., CampaNA, C.E., KwoN, O. & ALBRECHT-SCHMITT,
T.E. (2001a): A new oxoanion: (10,)% containing I(V)
with astereochemically activelone-pair in the silver uranyl

THE CANADIAN MINERALOGIST

iodate tetraoxoi odate(V), Ag4(U02)4(|03)2(| 04)202 J. Am.
Chem. Soc. 123, 8806-8810.

BEAN, A.C., RUF, M. & ALBRECHT-ScHMITT, T.E. (2001b):
Excision of uranium oxide chains and ribbonsin the novel
one-dimensional uranyl iodates K,[(UO,)3(103)40;] and
Ba[(UO,),(103)20,](H20). Inorg. Chem. 40, 3959-3963.

BERNHARDT, F. & HoppE, R. (1993): Daserste Oxoferrat(l): zur
Konstitution von K3[FeO,] und K3[NiO,]. Z. Anorg. Allg.
Chem. 619, 969-975.

BERNHARDT, F. & HoppE, R. (1994): Das erste Oxocobaltat des
Typs A2Co(11)O,: K,CoO, = Ky4(OCo0,Co0). Z. Anorg.
Allg. Chem. 620, 586-591.

BIRCH, W., MUMME, W.G. & SEGNIT, E.R. (1988): Ulrichite: a
new copper calcium uranium phosphate from Lake Boga,
Victoria, Australia. Aust. Mineral. 3, 125-131.

BORENE, J. & CEsBRON, F. (1971): Structure cristalline de
la curiénite, Pb(UO,),(VO4)225H,0. Bull. Minéral. 94,
8-14.

Brown, 1.D. (1981): The bond-valence method: an empirical
approach to chemical structure and bonding. In Structure
and Bonding in Crystals Il (M. O'Keeffe & A. Navrotsky,
eds.). Academic Press, New York, N.Y. (1-30).

BrowN, 1.D. (2002) The Chemical Bond in Inorganic Chem-
istry. The Bond Valence Model. Oxford University Press,
Oxford, U.K.

BRUGGER, J., BURNS, P.C. & MEISSER, N. (2003): Contribution
to the mineralogy of acid drainage of uranium minerals:
marecottite and the zippeite-group. Am. Mineral. 88,
676-685.

BuURNSs, P.C. (1998a): The structure of boltwoodite and impli-
cations of solid solution toward sodium boltwoodite. Can.
Mineral. 36, 1069-1075.

BurNs, P.C. (1998b): The structure of compreignac-
ite, Kg[(UOz)302(OH)3]2(H20)7. Can. Mineral. 36,
1061-1067.

BurNs, P.C. (1999a): The crystal chemistry of uranium. In
Uranium: Mineral ogy, Geochemistry and the Environment
(PC. Burns & R. Finch, eds.). Rev. Mineral. 38, 23-90.

BuRrNs, P.C. (1999b): Cs boltwoodite obtained by ion exchange
from single crystals: implications for radionuclide release
in anuclear repository. J. Nucl. Mat. 265, 218-223.

BuRrNs, P.C. (2000): A new uranyl phosphate chain in the struc-
ture of parsonsite. Am. Mineral. 85, 801-805.

Burns, P.C. & DEELY, K.M. (2002): A topologically novel
sheet of uranyl pentagonal bipyramids in the struc-
ture of Na[(UO,)40,(0H)s](H20),. Can. Mineral. 40,
1579-1586.



THE STEREOCHEMISTRY AND COMPOSITION OF URANYL-OXYSALT MINERALS

Burns, P.C., DEELY, K.M. & HAYDEN, L.A. (2003): The
crystal chemistry of the zippeite group. Can. Mineral. 41,
687-706.

Burns, P.C., EWING, R.C. & HawTHORNE, F.C. (1997): The
crystal chemistry of hexavalent uranium: polyhedron
geometries, bond-valence parameters, and polymerization
of polyhedra. Can. Mineral. 35, 1551-1570.

BurNs, P.C. & FiNcH, R.J. (1999): Uranium: Mineral ogy, Geo-
chemistry and the Environment (P.C. Burns & R. Finch,
eds.). Rev. Mineral. 38.

BURNS, P.C. & HANCHAR, J.M. (1999): The structure of
masuyite, Pb[(UO,)303(0OH),](H,0)s, and its relationship
to protasite. Can. Mineral. 37, 1483-1491.

BURNS, P.C. & HAWTHORNE, F.C. (1994): Structure and hydro-
gen bonding in preobrazhenskite, acomplex heteropolyhe-
dral borate. Can. Mineral. 32, 387-396.

Burns, P.C. & HAYDEN, L.A. (2002): A uranyl sulfate cluster
in Nayo[(UO2)(S0O4)4](SO4)223(H20). Acta Crystallogr.
C58, 121-123.

Burns, P.C. & HiLL, E.C. (2000a): A new uranyl sheet in
K[ (UO2)1008(0OH)g) (H20): new insight into sheet anion-
topologies. Can. Mineral. 38, 163-173.

Burns, P.C. & HiLL, F.C. (2000b): Implications of the synthe-
sisand structure of the Sr analogue of curite. Can. Mineral.
38, 175-181.

Burns, P.C. & L1, YAPING (2002): The structures of becquer-
elite and Sr-exchanged becquerelite. Am. Mineral. 87,
550-557.

BURNS, P.C., MILLER, M.L. & EWING, R.C. (1996): U* miner-
as and inorganic phases: a comparison and hierarchy of
structures. Can. Mineral. 34, 845-880.

CaniLL, C.L. & Burns, P.C. (2000): The structure of agrin-
ierite: a Sr-containing uranyl oxide hydrate mineral. Am.
Mineral. 85, 1294-1297.

CISAROVA, L., SKALA, R., ONDRUS, P. & DRABEK, M. (2001):
Trigonal Nay[UO,(CO3)3]. Acta Crystallogr., Structure
Reports Online E57, 32-34.

CoLE, M., FITcH, A.M. & PRINCE, E. (1993): L ow-temperature
structure of KUO,PO4¢3D,0 determined from combined
synchrotron radiation and neutron powder diffraction mea-
surements. J. Nucl. Chem. 5, 519-522.

COOPER, M.A. & HAWTHORNE, F.C. (1995): The crystal struc-
ture of guilleminite, a hydrated Ba—U—Se sheet structure.
Can. Mineral. 22, 1103-11009.

CoOPER, M.A. & HAWTHORNE, F.C. (2001): Structure topol-
ogy and hydrogen bonding in marthozite, Cu*[(UO,)3
(Se03), O7](H20)6, a comparison with guilleminite,
Ba[(UOz)g(Se03)202] (H20)3. Can. Mineral. 39, 797-807.

495

CREMERS, T.L., ELLER, P.G., LARSON, E.M. & ROSENZWEIG, A.
(1986): Single-crystal structure of lead uranate(V1). Acta
Crystallogr. C42, 1684-1685.

DEMARTIN, E., GRamaccioLl, C.M. & Pirati, T. (1992): The
importance of accurate crystal-structure determination of
uranium minerals. I1. Soddyite (UO,)(SiO4)*2H,0. Acta
Crystallogr. C48, 1-4.

DEMARTIN, E., VIELLA, V., DONZELLI, S., GRAMAccCIOLI, C.M. &
PiLaTi, T. (1991): Theimportance of accurate crystal struc-
ture determination of uranium minerals. I. Phosphuranylite
KCa(H30)3(U02)7(PO4)4O4°8H20. Acta Crystallogr. B47,
439-446.

FiNcH, R.J., COOPER, M.A. & HAWTHORNE, F.C. (1996): The
crystal structure of schoepite, [(UO2)sO2(OH)12] (H20)12.
Can. Mineral. 34, 1071-1088.

FincH, R.J., CoOPER, M.A., HAWTHORNE, F.C. & EwING, R.C.
(1999): Refinement of the crystal structure of rutherfor-
dine. Can. Mineral. 37, 929-938.

FiNcH, R.J. & Murakawmi, T. (1999): Systematics and para-
genesis of uranium minerals. In Uranium: Mineralogy,
Geochemistry and the Environment (P.C. Burns & R.
Finch, eds.). Rev. Mineral. 38, 91-180.

FitcH, A.N., BERNARD, L., Howg, A.T., WRIGHT, A.F. &
FENDER, B.E.F. (1983): The room-temperature structure
of DUO,ASOsC,4D,0 by powder neutron diffraction. Acta
Crystallogr. C39, 159-162.

FircH, A.N., FENDER, B.E.F. & WRIGHT, A.F. (1982): The
structure of deuterated lithium uranyl arsenate tetrahydrate
LiUO,AS04(D,0),4 by powder neutron diffraction. Acta
Crystallogr. B38, 1108-1112.

GAINES, R.V., SKINNER, H.C.W., Foorp, E.E., MAsON, B.,
ROSENZWEIG, A., KING, V.T. & DowTy, E. (1997): Dana’s
New Mineralogy (8th ed.). John Wiley & Sons, New York,
N.Y.

GINDEROW, D. (1988): Structure de I’ uranophane alpha,
Ca(U0,),(SiO30H)25H,0. Acta Crystallogr. C44,
421-424.

GINDEROW, D. & CESBRON, F. (1983a): Structure de la demes-
maekerite, szCUs(&Og)a(U02)(OH)6‘2H20. Acta Cl’yS-
tallogr. C39, 824-827.

GINDEROW, D. & CESBRON, F. (1983b): Structure de la der-
riksite, Cus(UO,)(Se03)2(OH)e. Acta Crystallogr. C39,
1605-1607.

GINDEROW, D. & CESBRON, F. (1985) Structure de la roubault-
ite, Cup(UO,)3(CO3),0,(0OH),(H20)4. Acta Crystallogr.
C41, 654-657.

Gratz, R.E., L1, YAPING, HUGHES, K-A., CaHILL, C.L. &
BurNs, P.C. (2002): Synthesis and structure of a new Ca
uranyl oxide hydrate, Ca[(UO,)403(0OH),](H20),, and its
relationship to becquerelite. Can. Mineral. 40, 217-224.



496

HAWTHORNE, F.C. (1983): Graphical enumeration of polyhe-
dral clusters. Acta Crystallogr. A39, 724-736.

HAwTHORNE, F.C. (1985): Towards a structural classification
of minerals: the V'M'VT,db, minerals. Am. Mineral. 70,
455-473.

HawTHORNE, F.C. (1986): Structural hierarchy in VIM!' Ty,
minerals. Can. Mineral. 24, 625-642.

HawTHORNE, E.C. (1990): Structural hierarchy in [IMITO,
minerals. Z. Kristallogr. 192, 1-52.

HAWTHORNE, F.C. (1992): The role of OH and H,0 in oxide
and oxysalt minerals. Z. Kristallogr. 201, 183-206.

HAWTHORNE, F.C. (1994): Structural aspects of oxides and
oxysalt crystals. Acta Crystallogr. B50, 481-510.

HawTHORNE, F.C. (1997): Structural aspects of oxide and
oxysalt minerals. In Modular Aspects of Minerals (S.
Merlino, ed.). Eur. Mineral. Union, Notes in Mineralogy
1, 373-429.

HAWTHORNE, F.C. & SCHINDLER, M. (2007): Understanding
the weakly bonded constituents in oxysalt minerals. Z.
Kristallogr. (in press).

HAYDEN, L.A. & Burns, P.C. (2002): A novel uranyl sulfate
cluster in the structure of Nag(UO,)(SO04)4(H20),. J. Solid
Sate Chem. 163, 313-318.

HiLL, FE.C. & BUrNs, P.C. (1999): The structure of a synthetic
Cs uranyl oxide hydrate and its relationship to compreig-
nacite. Can. Mineral. 37, 1283-1288.

HuGHEs, K.A. & BurNs, P.C. (2003): A new uranyl car-
bonate sheet in the crystal structure of fontanite,
Ca[(UO5)3(COs5)205] (H20)s. Am. Mineral. 88, 962-966.

INTERNATIONAL CRYSTAL STRUCTURE DATABASE (2007):
Fachinformationszentrum, Karlsruhe, Germany.

IrisH, D.E., PURSEL, R., TAYLOR, N.J. & TooGoop, G.E.
(1985): Rubidium tetranitratodioxouranate(V1). Acta Crys-
tallogr. C41, 1012-1013.

JAYADEVAN, N.C., MUDHER, K.D.S. & CHACKRABURTTY, D.M.
(1975): The crystal and molecular structure of potassium
diuranyl trisoxalate tetrahydrate. Acta Crystallogr. B31,
2277-2280.

KHOSRAWAN-SAZEDJ, F. (1982a): The crystal structure of
meta-uranocircite |1, Ba(UO,)(PO4)226H,0. Tschermaks
Mineral. Petrogr. Mitt. 29, 193-204.

KHosrAWAN-SAZEDJ, E. (1982b): On the space group of thread-
goldite. Tschermaks Mineral. Petrogr. Mitt. 30, 111-115.

KHRUSTALEV, V.N., ANDREEV, G.B., ANTIPIN, M.YU., FEDO-
SEEV, A.M., BUDANTSEVA, N.A. & SHIROKOVA, I.B. (2000):
Synthesis and crystal structure of rubidium uranyl dimo-
lybdate Rbo,UO,(M00,),¢(H,0). Z. Neorgan. Khim. 45,
1996-1998.

THE CANADIAN MINERALOGIST

KoritscH, U. & GIESTER, G. (2001): Revision of the crystal
structure of ulrichite, CaCu?*(UQ,)(PO,)2#4(H20). Min-
eral. Mag. 65, 717-724.

KRIVOVICHEV, S.V. & BurNs, P.C. (2001): Crystal chemistry
of uranyl molybdates. V. The structures of M,[(UO,)s
(M004)7(H20)2] (M = Cs,NH4). Can. Mineral. 39,
207-214.

KRIVOVICHEV, S.V. & BURNS, P.C. (2002): Crystal chem-
istry of rubidium uranyl molybdates: crystal struc-
tures of Rbg[(UO2)(M004)4], Rbs[(UO2)20(M004)4],
Rb,[(UO2)(M004),], Rb2[(UO2)2(M0O4)s] and Rb,
[(UOQ)B(MOO4)7(H20)2]. J. Solid State Chem. 168,
245-258.

KRIVOVICHEV, S.V. & BUrNs, P.C. (2003): Crystal chemistry
of uranyl molybdates. VIII. Crystal structures of NagTl3
[(UO2)(M0O4)4], Nagz«Tl34x[(UO2)(M004)3]a(H20)6+x
(x = 0.1), NagTls[(UO,)(M0O4)3]2(H20)3 and Nap[(UO,)
(M004);](H20)4. Can. Mineral. 41, 707-719.

KRIVOVICHEV, S.V., CAHILL, C.L. & BURNS, P.C. (20028): Syn-
theses and crystal structures of two topologically related
modifications of Csp[(UO2)2(M0QOs)3]. Inorg. Chem. 41,
34-39.

KRIVOVICHEV, S.V., FINcH, R.J. & Burns, P.C. (2002b):
Crystal chemistry of uranyl molybdates. V. Topologically
distinct uranyl dimolybdate sheets in the structures of
Na[(UO2)(M00Os);] and K2[(UO2)(M0O4),](H20). Can.
Mineral. 40, 193-200.

L1, YAPING & BuUrNs, P.C. (2000a): Synthesis and crystal
structure of a new Pb uranyl oxide hydrate with a frame-
work structure that contains channels. Can. Mineral. 38,
1433-1441.

L1, YAPING & BURNs, P.C. (2000b): Investigations of crystal-
chemical variability in lead uranyl oxide hydrates. I.
Curite. Can. Mineral. 38, 727-735.

L1, YAPING & BUrNs, P.C. (2000c): Investigations of crystal-
chemical variability in lead uranyl oxide hydrates. I1.
Fourmarierite. Can. Mineral. 38, 737-749.

L1, YAPING & BuUrNs, P.C. (2001a): The crystal structure of
synthetic grimselite, K3zNa[(UO,)(CO3)3] (H20). Can.
Mineral. 39, 1147-1151.

L1, YAPING & BurNs, P.C. (2001b): The structure of two
sodium uranyl compounds relevant to nuclear waste dis-
posal. J. Nucl. Mater. 299, 219-226.

Locock, A.J. & Burns, P.C. (2002a): Crystal structures of
three framework alkali metal uranyl phosphate hydrates.
J. Solid State Chem. 167, 226-236.

Locock, A.J. & Burns, P.C. (2002b): The crystal structure of
triuranyl diphosphate tetrahydrate. J. Solid State Chem.
163, 275-280.

Locock, A.J. & Burns, P.C. (2003a): Structures and synthe-
sis of framework Rb and Cs uranyl arsenates and their



THE STEREOCHEMISTRY AND COMPOSITION OF URANYL-OXYSALT MINERALS

relationship with their phosphate analogues. J. Solid State
Chem. 175, 372-379.

Locock, A.J. & BUrns, P.C. (2003b): Structures and syntheses
of framework triuranyl diarsenate hydrates. J. Solid Sate
Chem. 176, 18-26.

Locock, A.J. & Burns, P.C. (2003c): The crystal structure of
synthetic autunite, Ca[ (UO,)(PO4)]2(H20)11. Am. Mineral.
88, 240-244.

Locock, A.J. & Burns, P.C. (2003d): Crystal structures and
synthesis of the copper-dominant members of the autunite
and meta-autunite groups: torbernite, zeunerite, meta-
torbernite and metazeunerite. Can. Mineral. 41, 489-502.

Locock, A.J. & Burns, P.C. (2003e): The crystal structure of
bergenite, anew geometrical isomer of the phosphuranylite
group. Can. Mineral. 41, 91-101.

Locock, A.J. & Burns, P.C. (2003f): The structure of hiigelite,
an arsenate of the phosphuranylite group, and its relation-
ship to dumontite. Mineral. Mag. 67, 1109-1120.

Locock, A.J., Burns, P.C., DUKE, M.J.M. & FLYNN, T.M.
(2004b): Monovalent cations in structures of the meta-
autunite group. Can. Mineral. 42, 973-996.

Locock, A.J., Burns, P.C. & FLYNN, T.M. (20044): Divalent
transition metals and magnesium in structures that contain
the autunite-type sheet. Can. Mineral. 42, 1699-1718.

Locock, A.J., BURNs, P.C. & FLYNN, T.M. (2005): Structures
of strontium- and barium-dominant compounds that con-
tain the autunite-type sheet. Can. Mineral. 43, 721-733.

MAYER, H. & MEREITER, K. (1986): Synthetic bayleyite,
Mg[UO,(CO3)3]*18H,0: thermochemistry, crystallogra-
phy and crystal structure. Tschermaks Mineral. Petrogr.
Mitt. 35, 133-146.

MEREITER, K. (1982a): The crystal structure of walpurgite,
(UO,)Bi404(AS04),#2H,0. Tschermaks Mineral. Petrogr.
Mitt. 30, 129-139.

MEREITER, K. (1982b): Die Kristallstruktur des Johannits,
Cu(UO,)2(0OH)2(S0O4)2#8(H,0). Tschermaks Mineral.
Petrogr. Mitt. 30, 47-51.

MEREITER, K. (1986a): Synthetic swartzite, CaMg[(UO,
(CO3)3]A192H,0, and its strontium analogue, SrMg[UO,
(CO3)3]A192H,0: crystallography and crystal structures.
Neues Jahrb. Mineral., Monatsh., 481-492.

MEREITER, K. (1986b): Structure of caesium tricarbonato-
dioxouranate(V1) hexahydrate. Acta Crystallogr. C44,
1175-1178.

MEREITER, K. (1986¢): Structure of thallium tricarbonato-
dioxouranate(V1). Acta Crystallogr. C42, 1682-1684.

MEREITER, K. (1986d): Crystal structure refinements of two
francevillites, (Ba,Pb)[(UO,),V,0g]*5H,0. Neues Jahrb.
Mineral., Monatsh., 552-560.

497

MEREITER, K. (1986€): Neue Kristallographische Daten Uber
das Uranmineral Andersonit. Anz. Osterr. Akad. Wiss.
Math. Nat. 3, 39-41.

MEUNIER, G. & GALy, J. (1973): Structure cristalline de la
schmitterite synthétique UTeOs. Acta Crystallogr. B29,
1251-1255.

MOoRrosIN, B. (1978): Hydrogen uranyl phosphate tetrahydrate,
a hydrogen ion solid electrolyte. Acta Crystallogr. B34,
3732-3734.

NINISTO, L., TOIVONEN, J. & VALKONEN, J. (1979): Uranyl(VI)
compounds. Il. The crystal structure of potassium uranyl
sulfate dihydrate K,UO,(SO4)2(H20),. Acta Chem. Scand.,
Ser. A 33, 621-624.

ONDRUS, P., SKALA, R., VESELOVSKY, F., SEIKORA, J. & VITTI,
C. (2003): Cejkaite, the triclinic polymorph of Nas(UOy)
(CO3)3 —anew minera from Jachymov, Czech Republic.
Am. Mineral. 88, 686-693.

PAGOAGA, ML.K., APPLEMAN, D.E. & STEWART, J.M. (1987):
Crystal structures and crystal chemistry of the uranyl oxide
hydrates becquerelite, billietite and protasite. Am. Mineral.
72,1230-1238.

PIRET, P. (1985): Structure cristalline de la fourmariérite,
Pb(UO,)405(0OH),*7H,0. Bull Minéral. 108, 659-665.

PIRET, P. & DECLERCQ, J.-P. (1983): Structure cristalline de
I"upalite AI[(UO,)30(OH)(POy)2] (H20)7. Un exemple de
macle mimétique. Bull. Minéral. 106, 383-389.

PIRET, P., DECLERCQ, J.-P. & WAUTERs-STOOP, D. (1980):
Structure cristalline de la sengiérite. Bull. Minéral. 103,
176-178.

PIRET, P. & DELIENS, M. (1987): Les phosphates d' uranyle et
d’aluminium de Kobokobo. IX. L athupite AITh(UO,)
[(UO,)30(0OH)(PQO4),]2(OH)3215H,0, nouveau minéral;
propriétés et structure cristalline. Bull. Minéral. 110,
65-67.

PIRET, P., DELIENS, M. & PIRET-MEUNIER, J. (1988): La
francoisite-(Nd), nouveau phosphate d’ uranyle et de terres
rares; propriétés et structure cristalline. Bull. Minéral. 111,
443-449,

PIRET, P., DELIENS, M., PIRET-MEUNIER, J. & GERMAIN, G.
(1983): La sayrite, Pby[(UO,)s0(0OH),]*4H,0, nouveau
minéral: propriétés et structure cristaline. Bull. Minéral.
111, 443-449.

PIRET, P. & PIRET-MEUNIER, J. (1988): Nouvelle déter-
mination de la structure cristalline de la dumontite,
sz[(UOz)gOz(PO4)2]‘5H20 Bull. Minéral. 111, 439-442.

PIRET, P. & PIRET-MEUNIER, J. (1991): Composition chimique
et structure cristalline de la phosphuranylite, Ca(UO,)
[(UOZ)3(OH)2(PO4)2]2‘12H20. Eur. J. Mineral. 3, 69-77.

PIRET, P., PIRET-MEUNIER, J. & DECLERCQ, J.P. (1979): Struc-
ture of phuralumite. Acta Crystallogr. B35, 1880-1882.



498

PIRET, P., PIRET-MEUNIER, J. & DELIENS, M. (1990): Compo-
sition chimique et structure cristalline de la dewindtite,
Pb3[H(UO,)30,(POy)2]2. Eur. J. Mineral. 2, 399-405.

PUSHCHAROVSKY, D.YU., RASTSVETAEVA, R.K. & SARP, H.
(1996): Crystal structure of deloryite, Cuy(UO,)[M0,0g]
(OH)e. J. Alloys Comp. 239, 23-26.

RASTSVETAEVA, R.K., BARINOVA, A.V., FEDOSEEV, A.M.
& BUDANTSEVA, N.A. (1999): Synthesis and crystal
structure of a new hydrated caesium uranyl molybdate
Cs,U0,(M0Q4)2(H20). Dokl. Akad. Nauk 365, 68-71.

ROSENZWEIG, A. & RyAN, R.R. (1975): Refinement of the
crystal structure of cuprosklodowskite, Cu[(UO,),
(SiOz0H),]*6H,0. Am. Mineral. 60, 448-453.

ROSENZWEIG, A. & RyaN, R.R. (1977a): Kasolite, Pb(UO,)
(SiO4)*H20. Cryst. Sruct. Commun. 6, 617-621.

ROSENZWEIG, A. & RyaN, R.R. (1977b): Vandenbrandeite
CuUQO,(OH),. Cryst. Sruct. Commun. 6, 53-56.

RyaN, R.R. & ROSENZWEIG, A. (1977): Sklodowskite,
MgOe2UO32Si02°7H,0. Cryst. Struct. Commun. 6,
611-615.

SCHINDLER, M. & HAWTHORNE, F.C. (2001a): A bond-valence
approach to the structure, chemistry and paragenesis of
hydroxy-hydrated oxysalt minerals. |I. Theory. Can. Min-
eral. 39, 1225-1242.

SCHINDLER, M. & HAWTHORNE, F.C. (2001b): A bond-valence
approach to the structure, chemistry and paragenesis of
hydroxy-hydrated oxysalt minerals. Il. Crystal structure
and chemical composition of borate minerals. Can. Min-
eral. 39, 1243-1256.

SCHINDLER, M. & HAWTHORNE, E.C. (2001c): A bond-valence
approach to the structure, chemistry and paragenesis of
hydroxy-hydrated oxysalt minerals. I11. Paragenesis of
borate minerals. Can. Mineral. 39, 1257-1274.

SCHINDLER, M. & HAWTHORNE, F.C. (2004): A bond-valence
approach to the uranyl-oxide hydroxy-hydrate minerals:
chemical composition and occurrence. Can. Mineral. 42,
1601-1627.

SCHINDLER, M., HAWTHORNE, F.C. & BAUR, W.H. (2000):
A crystal chemical approach to the composition and

THE CANADIAN MINERALOGIST

occurrence of vanadium minerals. Can. Mineral. 38,
1443-1456.

SCHINDLER, M., Huminickl, D.M.C. & HAwWTHORNE, F.C.
(2006): Sulfate minerals. |. Bond topology and chemical
composition. Can. Mineral. 44, 1403-1430.

SEREZHKIN, V.N., CHUVAEV, V.E., KovBa, L.M. & TRUNOV,
V.K. (1973): Structure of synthetic iriginite. Dokl. Akad.
Nauk SSSR 210, 873-876.

SHIMONI-LIVNY, L., GLUSKER, J.P. & BEck, C.W. (1998):
Lone pair functionality in divalent lead compounds. Inorg.
Chem. 37, 1853-1867.

STAHL, K., BALIC’—ZUNIC’, T., pa SiLva, F., ERIKSEN, K.M.,
BERG, R.W. & FEHRMANN, R. (2005): The crystal structure
determination and refinements of K»S,0;, KNaS,0; and
Na,S,07 from X-ray powder and single crystal diffraction
data. J. Solid Sate Chem. 178, 1697-1704.

SwiHART, G.H., Gupta, PK.S., SCHLEMPER, E.O., BACK, M.E.
& GAINES, R.V. (1993): The crystal structure of moc-
tezumite [PbUO,](TeOs3),. Am. Mineral. 78, 835-839.

SYKORA, R.E., McDANIEL, S.M., WELLS, D.M. & ALBRECHT-
Scamitt, T.E. (2002): Mixed-metal uranium(V1) iodates:
hydrothermal syntheses, structures and reactivity of
Rb[UOZ(CrOy) (105)(H20)], Az[UO(CrO,)(103)7] (A =
K,Rb,Cs) and Ko[UO,(M0Oy,)(103),]. Inorg. Chem. 41,
5126-5132.

TABACHENKO, V.V., BaLAsHOV, V.L., KovBa, L.M. & SER-
EZHKIN, V.N. (1984): Crystal structure of barium uranyl
molybdate Ba(UO,)3(M004)4(H20)4. Koordinatsionnaya
Khimiya (Coordination Chemistry, USSR) 10, 854-857
(in Russ.).

TAYLOR, J.C., STUART, W.I. & MUMME, L.A. (1981): The crystal
structure of curite. J. Inorg. Nucl. Chem. 43, 2419-2423.

VISWANATHAN, K. & HARNEIT, O. (1986): Refined crystal
structure of B-uranophane Ca(UO,),(SiO30H),¢5H,0.
Am. Mineral. 71, 1489-1493.

Received September 28, 2005, revised manuscript accepted
November 15, 2008.



THE STEREOCHEMISTRY AND COMPOSITION OF URANYL-OXYSALT MINERALS

APPENDIX A.

Bond valence: a measure of the strength of a bond,
which varies with the corresponding bond-length. The
bond valence, s, may be expressed as a function of
bond length, R, in the following way: s = exp {(Ro —
R) / b}, where Ry and b are constant characteristic of
cation—anion pairs.

Characteristic bond-valence: the formal valence of
acation or an anion divided by its mean coordination-
number. The characteristic bond-valence of an oxyanion
is its formal charge divided by the mean number of
bonds to the oxyanion. For example, an O atom of
an (SOy4) group is, on average, [4]-coordinated, which
meansit receivesthree bondsin addition to that from the
central Satom; thus, there are, on average, twelve bonds
to the oxyanion, and its characteristic bond-valence is
2/12=0.17 vu.

Lewis acid strength (Lewis acidity): the character-
istic bond-valence of a cation; the Lewis acidity of a
cation correlates with its electronegativity.

Lewis base strength (Lewis basicity): the character-
istic bond-valence of an anion or an oxyanion.

Valence-matching principle: The most stable struc-
tures will form where the Lewis acidity of the cation
closely matches the Lewis basicity of the anion or
oxyanion.

Structural unit: the strongly bonded part of the
structure; it is usualy anionic, but can be neutral or
cationic.

Interstitial complex: the weakly bonded part of the
structure, consisting of large low-valence akali and
alkaline-earth cations, (H,O) groups and monovalent
anions such as (OH)~ and CI~.

Binary structural representation: interstitial complex
and structural unit are each considered as single compo-
nents, whose interaction can be examined using the
valence-matching principle.

Transformer (H,0) groups: (H,O) groups in which
the O atoms accept only one bond from a cation (inclu-
sive of hydrogen bonds). Hence, they receive only one
bond but propagate two hydrogen bonds, i.e., they split
one bond into two bonds. This effect transforms the
higher bond-valence of one cation—+H,0) bond into the
lower bond-valences of two hydrogen bonds.

499
GLOSSARY

Non-transformer (H,O) groups: (H2O) groups in
which the O atoms accept two additional bonds from
cations (inclusive of hydrogen bonds). Hence, they
receive two bonds and also propagate two bonds (i.e.,
they do not transform bonds). Non-transformer (H,O)
groups propagate bond-valence to acceptor O atoms of
the structural unit.

General formula of a mineral: this indicates the
interstitial complex and the structural unit, and is
written as follows:

{[mIM *, 11IM 2%, IV 3% (H,0)4
(H20)e [V(OH)} E20+3-0* [M 2+ (H,0);
(OH); (SOg)*2*3¢0- (H,0)q

where d is the number of interstitial transformer (H,0)
groups, e is the number of interstitial non-transformer
(H20) groups, f is the number of interstitial (OH)
groups, and g is the number of interstitial (H,O) groups
that do not bond to interstitial cations.

Effective charge of a structural unit: the formal
charge plus the amount of bond-valence contributed to
the interstitial complex from hydrogen bonds of (H,O)
and (OH) groupsin the structural unit. For example, the
formal charge of the structural unit [Fe?*(H20)4(S04)2]%
is 27, and there are eight hydrogen bonds emanating
from the structural unit; thus, the effective charge of the
structural unit is (2 + 8h)~, where h is the bond valence
of the hydrogen bond. The corresponding interstitial
complex must have the same effective charge with an
opposite sign.

Charge deficiency per anion (CDA) of the structural
unit: the effective charge of the structural unit divided
by the number of O atoms in the structural unit.

Effective Lewis basicity (Lewis basicity) of the
structura unit: the effective charge of the structural
unit divided by the number of bonds from the struc-
tural unit.

Effective Lewis acidity (Lewis acidity) of an inter-
gtitial complex: the effective charge of the interstitial
complex divided by the number of bonds emanating
from the interstitial complex.
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APPENDIX B: DERIVATION OF HYDROGEN-BOND ARRANGEMENTS

Many crystal structures of uranyl-oxysalt minerals
have no details of the arrangements of hydrogen bonds
in their structures because of the difficulty in locating
the H atoms among such heavy scatterers as U. For our
work, we need the arrangement of hydrogen bonds in
each structure as they play such an important role in
affecting the stability of specific chemical composi-
tions. As a result, we have derived the arrangements
of hydrogen bonds in some uranyl-oxysalt structures
by crystal-chemical argument in order to have the data
relevant to our ideas of structure stability. Here, we
present an example of the determination of hydrogen-
bond arrangements from stereochemical considerations.
All H,O-O and H,0-H,0 distances less than 3.2 A
were examined in terms of potential hydrogen-bond
acceptors (excluding pairs of anions that are edges
of coordination polyhedra), and both hydrogen-bond
donors and hydrogen-bond acceptors were identified.

Phurcalite: Caz[ (UOz)g(PO4)202] (H20)7

The bond-valence table for phurcalite (Table A1)
indicates the bond-valence sums around the O atoms
of the structure, exclusive of bond valences resulting
from hydrogen bonds. Inspection of the bond-valence
sums around the anions allows identification of the
(H20) groups by their low incident bond-valence (sums
>> 1 vu); these anions are labeled (H20)17-3 in the
table. Note that (H,0),5 accepts two bonds from Ca,
(H20)17, (H20)19, (H20)20, (H20)21 and (H20)23 accept
one bond from Ca, and (H,0),, does not bond to Ca.

TABLE A1. BOND-VALENCE TABLE (vu) FOR PHURCALITE,
Cazf(UO,}(PO},0:1(H0),

u(t) U@) U@y P()  P@2) Ca(l) Ca@2 Sum
o(1) 1.60 0.22 1.82
0(2) 1.58 1.58
03) 1.68 1.68
0(4) 1.62 012 174
0(5) 1.59 0.18 1.77
0(6) 1.54 0.16  1.80
o7} 070 063 059 1.92
0(8) 055  1.20 1.75
0(9) 0.35 055  1.21 2.11
0(10) 064 064 068 1.96
o(11) 041 038 1.21 2.00
0(12) 021  0.46 1.18 1.85
0(13) 0.46 1.21 029 196
0(14) 0.53 1.34 1.87
o(15) 3.23 033 036 192
0(16) 136 048 1.82
(H,0),, 032 032
(H,0),5 022 019 041
(H,0)1 0.33 0.33
(H,0) 0.30 0.30
(H,0),, 032 032
(H,0);, 0
(H20)2 026 026
Sum 549 594 596 498 496 204 202

Let us consider the hydrogen bonds about each (H,0)
group in turn.

Coordination of (H,0)17: (H20)17 has six anions
closer than 3.2 A. Three of these pair with (H,0),7 to
form edges of coordination polyhedra; O(2) and O(3)
are in the right arrangements to be hydrogen-bond
acceptors, and (H,0),, (at a distance of 2.772 A) isa
potentia hydrogen-bond interaction.

Coordination of (H20)1s: (H20)15 is bonded to
two Ca atoms and has eight anions closer than 3.2
A. seven of these pair with (H,0)1g to form edges of
coordination polyhedra; O(12) and O(15) arein theright
arrangementsto be hydrogen-bond acceptors, and hence
(H20)15 is a non-transformer (H,O) group.

Coordination of (H20)19: (H20)19 has eight anions
closer than 3.2 A. Four of these pair with (H,0)19 to
form edges of coordination polyhedra; O(4) and O(6)
are in the right arrangements to be hydrogen-bond
acceptors, and (H,0),, (at a distance of 2.727 A) isa
potentia hydrogen-bond interaction.

Coordination of (H20)20: (H20)20 has five anions
closer than 3.3 A. Two of these pair with (H,0)4 to
form edges of coordination polyhedra; O(2) is in the
right arrangement to be a hydrogen-bond acceptor,
and (H,0)2 (at a distance of 2.723 A) and (H,0)3
(at adistance of 2.875 A) are potential hydrogen-bond
interactions.

Coordination of (H20)21: (H20)2; has six anions
closer than 3.2 A. Three of these anions pair with
(H20)19 to form edges of coordination polyhedra;
two of the four O atoms are in suitable positions to
be hydrogen-bond acceptors. All close (H,0) groups
form edges of coordination polyhedrawith (H,0),1, and
hence there are no hydrogen-bond donors. Thus (H,0)21
is atransformer (H.O) group.

Coordination of (H20)2: (H20)22 has five anion
neighbors within 3.2 A, none of which are edges of
coordination polyhedra. The O(8) anion has an incident
bond-valence of 1.75 vu, and can accept a hydrogen
bond from (H20),. The remaining (H20)17, (H20)19
and (H,0)4 are potential hydrogen-bond interactions.

Coordination of (H20)23: (H20)23 has six anions
closer than 3.2 A. Three of these pair with (H,0)23 to
form edges of coordination polyhedra; O(3) and O(14)
arein an appropriate arrangement to be hydrogen-bond
acceptors, and (H,0)40 (at a distance of 2.875 A) isa
potentia hydrogen-bond interaction.

We now need to determine the donor—acceptor
relations for (H20)17, (H20)10, (H20)20, (H20)22 and
(H20)23. This may be done by considering the patterns
of interactions that lead to reasonable bond-valence
sums at the relevant anions, with the constraint that
(H20)22 is not bonded to Ca, and hence must both accept
and receive hydrogen bonds. Two typical arrange-
ments are shown in Figure A1. Note that although the
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Fic. A1l. (a), (b) Possible donor—acceptor relations for some of the (H,O) groups in phurcalite; (H,0O) groups are shown as
white circles with the enclosed number denoting the identification number of the group, dotted lines show donor—acceptor
anions joined by a hydrogen bond, the arrows denote the direction from donor to acceptor, T denotes a transformer (H,O)
group, and NT denotes a non-transformer (H,O) group. Note that the numbers of transformer and non-transformer (H,O)
groups are the same in each arrangement.

assignment of specific donors and acceptors is made in
Figures Ala and A1lb, the numbers of transformer and
non-transformer (H,O) groups is the same. Thus for
phurcalite, we assign three transformer (H,O) groups,
three non-transformer (H,O) groups and one non-
transformer (H,O) group not bonded to any cations:
{ Cap(H20)3(H20)3(H20)1} -






