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Abstract—The crystal structure of amineral may be divided into two parts: (1) the structural unit, an array of
high-bond-valence polyhedra that is usually anionic in character and (2) the interstitial complex, an array of
large low-valence cations, simple anions, and (H,0) groupsthat isusually cationic in character. Interstitial com-
plexes link the structural units by weak cation—anion and hydrogen bonds into a continuous structure, and the
breakdown of a structure is usually controlled by the strengths of the weak bonds that link the structural units
together. The interstitial complex is (usually) acomplex cation and can be characterized by its Lewis acidity, a
measure of the electrophilic character of the complex. The structural unit is (usually) a complex oxyanion, and
can be characterized by its Lewis basicity. The interaction between the structural unit and the interstitial com-
plex can be examined using the principle of correspondence of Lewis acidity—basicity. If one examines a series
of structureswith the same structural unit, it isevident that the average coordination of the O atoms of the struc-
tural unit varies slightly from one structure to another, producing a range of Lewis basicity for this specific
structural unit. In this way, a specific structural unit can be stable over a range of Lewis basicity (i.e., over a
specific pH range). The formula of an interstitiadl complex may be written in the following way:

(MMEIMETIME (H,0)4(H,0)((OH) (H,0),} @+ 20+3¢=D+ where [n], [m], and [I] are coordination num-
bers; a, b, and c are the numbers of monovalent, divalent, and trivalent cations; d is the number of transformer
(H,0) groups; eis the number of (H,O) groups bonded to two interstitial cations or one interstitial cation and
one hydrogen bond; fisthe number of interstitial (OH) groups; and g isthe number of (H,O) groups not bonded
to any cation. The number of transformer (H,O) groups strongly affectsthe Lewisacidity of theinterstitial com-
plex, and the variation in Lewis acidity of a generalized interstitial complex can be graphically represented as
a function of the number of transformer (H,O) groups. Where the Lewis acidity of a generalized intertitial
complex overlaps the range of Lewis basicity of a specific structural unit, the principle of correspondence of
Lewis acidity—basicity is satisfied and a stable structural arrangement is possible. Detailed predictions of the
compositions of interstitial complexes are made for the uranyl oxide-hydroxy hydrate minerals. Thereisfairly
close agreement between the predicted ranges of interstitial complex and those observed in nature. A connec-
tion is established between the crystal structures of uranyl oxide-hydroxy hydrate minerals and the conditions
(log[ M**])/[H]?, log[ H,0]) at which they are stable. Structural units may be formally related by two types of
chemical reactions, one of which consumes H and the other of which consumes (H,0). By combining these
equationswith the law of mass action, an expression can be formulated that allows arrangement of the structural
unitsin log[ M?*]/[H]? - log[ H,O] space and cal culation of the slopes of the associated phase boundaries. The
result is an activity—activity diagram with the correct topology and arelative scale along each of the axes. The
general classes of polymerization of P, U, and D chainsin the structural units change systematically acrossthis
activity—activity diagram.

INTRODUCTION

Common rocks are made up of a small number of
rock-forming minerals, and we follow petrologic pro-
cesses through variations in the chemical composition
of the constituent phases. The key issue that allows us
to do thisis the fact that the rock-forming minerals are
stable over a wide range of temperature, pressure,

*This is the (slightly expanded) text of a talk given at a seminar,
“Crystallochemical Aspects of Isomorphism and Mineral Stabil-
ity,” at IGEM, the Ingtitute of Geology of Ore Deposits, Petrogra-
phy, Mineralogy, and Geochemistry, Russian Academy of Sci-
ences, Moscow, on November 13, 2002.

IThis article was submitted by the author in English.
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and/or chemical composition. The situation is rather
different for what we may call “complicated” rocks
(e.g., highly fractionated granitic pegmatites) and com-
plex materials of environmental interest (e.g., weather-
ing products of sulfide and uranium minewaste). These
materials are made up of a relatively large number of
phases, many of which are hydroxy-hydrated oxysalt
minerals. These minerals are not stable over a wide
range of ambient conditions; with small changes in
temperature, pressure, or activity of principal compo-
nents, these minerals do not usually modify their chem-
ical composition while retaining their bond topology;
instead, they break down to form new phases. This dif-



A BOND STRENGTH APPROACH TO THE STRUCTURE, CHEMISTRY, AND PARAGENESIS

ference in behavior is compounded by the fact that we
know far less about the factors that control their atomic
arrangements, chemical compositions, and stabilities
than for the (usually) more simple rock-forming miner-
als. This situation results primarily from the structural
complexity of the hydroxy-hydrated oxysalts. Simple
oxides (e.g., spinel, MgAl,0,) and oxysdlts (e.g.,
forsterite, Mg,Si0,) are susceptible to standard the-
oretical approaches of chemistry and physics, such
as molecular mechanics, molecular orbital theory,
and molecular dynamics. When dealing with
hydroxy-hydrated oxysalt mineras [e.g., athupite,
AITh[(UO,) {(UO,)5(PO,),(OH) O |, |(OH)3(H,0),4],
structural complexity and the difficulty in dealing with
(OH) and (H,0) groups preclude many of these stan-
dard approaches. From a mineralogical perspective,
thisis a very unsatisfactory situation, as the hydroxy-
hydrated oxysats constitute the bulk of the mineral
kingdom, and our inability to deal with them is perhaps
the major challengein mineralogy today. This situation
is exacerbated by the fact that many of these minerals
are important phases from an environmental perspec-
tive, and increased understanding of their behavior is
necessary to resolve many environmental problems.

PRELIMINARY CONSIDERATIONS

Detailed paragenetic studies (e.g., Bandy, 1938;
Fisher, 1958) have shown that there are well-defined
relations between chemical compositions of hydroxy-
hydrated minerals and their position in paragenetic
sequences. Maoore (1965, 1973) showed that this corre-
lation extended to structural arrangements in minerals,
leading to the development of structura hierarchiesin
minerals (Moore, 1975, 1982, 1984; Hawthorne, 1979,
1985, 1986, 1990; Burns, 1999; Hawthorneet al., 1996,
2000; Hawthorne and Huminicki, 2001), with the even-
tual intention of relating structural change to parage-
netic sequence. The uranyl oxide-hydroxy hydrate min-
eralscommonly form by oxidation and alteration/disso-
lution of uraninite in agueous solutions (Finch and
Murakami, 1999), and play a key role in determining
reaction paths of uranyl species in aqueous uranium-
rich environments. They are also important corrosion
products of UO, in spent nuclear fuel (Finch and
Ewing, 1992), and their properties may control ground-
water concentrations of U in contaminated soils (Buck
et al., 1996; Morris et al., 1996). These minerals are
difficult to study, asthey often hydrate or dehydrate and
alter with very minor changesin their ambient environ-
ment. Nevertheless, there has been significant progress
in the last five years in characterizing many of these
minerals (Finch et al., 1996; Burns, 1997, 1998a,
1998b, 1999b; Burns and Hanchar, 1999; Li and Burns,
2000a, 2000b) and related synthetic structures (Cremers
et al., 1986; Burns and Hill, 2000a, 2000b; Hill and
Burns, 1999; Li and Burns, 2000c).

Here, | will describe some of the progress made
toward dealing with the structure, chemical composi-
GEOLOGY OF ORE DEPOSITS  Vol. 45

No. 2 2003

89

tion, and paragenesis of hydroxy-hydrated oxides and
oxysdlts, focusing in particular on the uranyl oxide
minerals. This work can be found in more detail in
Hawthorne (1985, 1986, 1990, 1994, 1997) and Schin-
dler and Hawthorne (2001a, 2001b, 2001c, 2002a,
2002b).

BINARY STRUCTURAL REPRESENTATION

In the hydroxy-hydrated oxysalt minerals, there are
many different atom interactions, and their topological
and geometrical characteristics are important. This
makes these minerals very difficult to deal with from a
stereochemical and paragenetic perspective. However,
the same situation appliesto an atom: there are protons
and neutrons in a nucleus and numerous electronsin a
series of orbitals around that nucleus, all interacting in
avery complex manner. Nevertheless, we can till use-
fully consider an atom as a single unit with simple
properties such as size, charge, and electronegativity.
Hawthorne (1985) took this approach with a complex
crystal structure, dividing it into two components
(Fig. 1). The structural unit is the strongly bonded part
of the structure, and the interstitial complex is the
assemblage of (usually akali and akaline earth) cat-
ions, anions, and neutral groups that weakly bind the
structural unitsinto a continuous crystal structure. The
key issue hereisthat it is the weak interaction between
the structural unit and the interstitial complex that con-
trolsthe stability of the structural arrangement (Fig. 2).
Thus, we have developed a binary representation that
gives a simple quantitative model of even the most
complicated structure and alows us insight into the
weak bonding that controlsthe stability of the structure.
This being the case, we now need a quantitative way to
look at the interaction between the structural unit and
the interstitial complex.

BOND-VALENCE THEORY

Initial work in this area was done by Pyatenko
(1972) and Brown and Shannon (1973), with additional
work in particular by Brown (1981) and Hawthorne
(1992, 1994, 1997).

Bond Valence and the Valence-Sum Rule

Over thelast 30 years, it has been shown (Pyatenko,
1973; Brown and Shannon, 1973; Ferguson, 1974,
Brown, 1981; Brown and Altermatt, 1985; Brese and
O'Keeffe, 1991) that the strength of a chemical bond
can be expressed as a function of itslength. Despite its
simple formulation, this type of approach is quite
sophisticated. Burdett and Hawthorne (1993) showed
that this method of expressing the strength of a chemi-
cal bond is actually aform of molecular orbital theory,
parameterized on bond length (instead of on, for exam-
ple, electronegativity). Correlations between bond
strength and bond length in crystals have been parame-
terized for specific cation—anion bonds, in particular by
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Fig. 1. Partitioning of a complex crystal structure into two units, the strongly bonded structural unit (shown as shaded polyhedra)
and the weakly bonded interstitial complex (shown asindividual atoms and chemical bonds).

Brown and Shannon (1973), Brown and Altermatt
(1985), and Brese and O’ Keeffe (1991):

s = s[R/IRJ ™,
s = [R/IR]™, or s = exp[-(R-R,)/B],

where sis the bond strength in vu (valence units); Ris
the observed bond-length; and R, N, R;, n, and B are
constants characteristic of cation—anion pairs; values
for these constants were derived by fitting the equations
to alarge number of well-refined crystal structures such
that the sum of the incident bond strengths at any atom
was as close as possible to the formal valence of that
atom.

1)

Characteristic Bond Srength

Brown (1981) noted that the bond strengths around
aspecific cation in awide range of crystal structureslie

Structural
unit
The bonding interaction
between the structural
unit and the interstitial
complex is weak
Interstitia
complex

/

It 1s this weak interaction that controls
the stability of the structure

Fig. 2. Representation of the key features of the binary rep-
resentation of acrystal structure.
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within +20% of the mean value; this mean value is thus
characteristic of that particular cation. If the cation
only occurs in one type of coordination, then the mean
bond strength for that cation will be equal to the formal
charge divided by the coordination number; thus,
P (phosphorus) aways occurs in tetrahedral coordina
tion to oxygen and will hence have a mean bond
strength of 5/4 = 1.25 vu. If the cation has more than
one coordination number, then the mean bond strength
will be equal to the weighted mean of the bond
strengths in all the observed structures. Thus, Fe?*
occursin various coordinationsfrom [4] to [8]; the ten-
dency isfor [4]- and [5]-coordinations to be more com-
mon than [7]- and [8]-coordinations, and the mean
bond strength is 0.40 vu. The mean bond strength cor-
relates with formal charge and cation size, and values
for different cations vary systematically through the
periodic table.

Lewis Acid and Lewis Base Strengths

The mean bond strength of a cation correlates
strongly with its electronegativity (Fig. 3). Electroneg-
ativity is a measure of the electrophilic strength (elec-
tron-accepting capacity) of the cation. A Lewis acid is
defined as a species that can receive electron density
from another species. The correlation of characteristic
bond strength with electronegativity for cations indi-
cates that the characteristic bond strength is a measure
of the Lewis acid strength of the cation. Thus, we have
the following definition (Brown, 1981):

The Lewis acid strength of a cation may be defined
as the characteristic bond strength = atomic (formal)
valence/(mean coordination number).

No. 2 2003



A BOND STRENGTH APPROACH TO THE STRUCTURE, CHEMISTRY, AND PARAGENESIS

The Lewis base strength of an anion can be defined
in exactly the sameway, asthe characteristic strength of
the bonds formed by the anion. However, bond strength
variations around anions are much greater than those
around cations; in mineras, the strength of bonds to
O,—can vary between nearly zero and 2.0 vu. For exam-
ple, in apatite, Cas[(PO,);](OH), the bond strength to
the phosphate O atoms varies between 1.25 vu from the
[4]-coordinated P atom and 0.25 vu from the [8]-coor-
dinated Ca atom. With this range of values, it is obvi-
ously not useful to designate a Lewis basicity for oxy-
gen: the range of values is too great for a single pre-
dicted value to be useful. However, if we examine the
(PO,)* group as an oxyanion, each oxygen atom
receives 1.25 vu from the central P cation and needs an
additional 0.75 vu from other cations. In apatite, the
oxygen atoms of the phosphate group are [4]-coordi-
nated, and hence need an additional three bonds when
we consider the phosphate group as an oxyanion; this
givesavaluefor the additional bond strength needed of
0.25 vu for each of the oxygen atoms of the (PO,)*"
group. If this processis repeated for al (PO,)*~ groups
in minerals, we get a mean value of the characteristic
bond strength (and bond valence) required as 0.25 vu
with a spread of +0.10 vu; thisis a useful value for the
(PO,)* group. In this way, we can define the Lewis
basicity of an oxyanion. Tables 1 and 2 list Lewis acid-
itiesand L ewis basicities for some geochemically com-
mon inorganic cations and oxyanions, respectively.

The Principle of Correspondence
of Lewis Acidity—Basicity

The definitions of Lewis acid and Lewis base
strengths lead to a specific criterion for chemical bond-
ing, designated by Brown (1981) as the valence-match-
ing principle. Here, | will refer to it as the principle of
correspondence of Lewis acidity—basicity:

Sable structures will form when the Lewis acid
strength of the cation closely matches the Lewis base
strength of the anion.

This is the chemical analogue of the handshaking
principle in combinatorial mathematics. As a chemical
bond contains two constituents, then the properties of
the constituents must match for a stable configuration
to form. We will consider three ssmple examples to
illustrate the operation of this principle.

Consider the composition Na,SO,. The Lewis acid-
ity of Nais0.17 vu (Table 1) and the Lewis basicity of
the (SO,) groupis0.17 vu (Table 2). The Lewisbasicity
of the anion matchesthe Lewis acidity of the cation, the
principle of correspondence of Lewis acidity—basicity
is satisfied, and Na,SO, isthe mineral thenardite.

Consider next the composition Na,SiO,. The Lewis
acidity of Nais 0.17 vu and the Lewis basicity of the
(SiO,) group is0.33 vu (Table 2). The Lewis basicity of
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Fig. 3. Variation in electronegativity as a function of the
characteristic strength of bonds for common cations (after
Brown, 1981).

the anion does not match the Lewis acidity of the cation,
the principle of correspondence of Lewis acidity—basic-
ity isnot satisfied, and Na,SiO, is not astable mineral.

Table 1. Lewisacid strengths (vu) for cations

Li 0.22 Sc 0.50 cu?* 0.45
Be 0.50 Tis* 0.50 Zn 0.36
B 0.88 Ti%* 0.75 Ga 0.50
C 1.30 V3t 0.50 Ge 0.75
N 1.75 Vot 1.20 As 1.02
Na 0.16 Crd* 0.50 Se 1.30
Mg 0.36 Crb* 1.50 Rb 0.10
Al 0.63 Mn2* | 0.36 Sr 0.24
Si 0.95 Mn3* | 0.50 Sn 0.66
P 1.30 Mn* | 0.67 Sb 0.86
S 1.65 Fe?* 0.36 Te 1.06
Cl 2.00 Fe3* 0.50 Cs 0.08
K 0.13 Co* 0.40 Ba 0.20
Ca 0.29 Ni2* 0.50 Pb2* 0.20

Note: Values taken from Brown (1981), except Pb2*, which was
estimated from several oxysalt mineral structures.

Table 2. Lewisbasicities (vu) for some mineralogically im-
portant oxyanions

(BOy)* 0.33 (CO9)%* 0.25
(SIO)* 0.33 (NOg)* 0.12
(AlO,)* 0.42 (VO % 0.25
(POy)* 0.25 (SO)* 0.17
(AsO,)* 0.25 (Cro)* 0.17
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Stable structures will form when the Lewis base
strength of the structural unit closely matches
the Lewis acid strength of the interstifial complex

Lewis
basicity
of structural
unit

\

Lewis
acidity
of intersfitial
complex

/

If these do not match,
a structure is not stable and cannot form

Fig. 4. The principle of correspondence of Lewis acidity—basicity.

Althupite
AITh[(UO,){(UO,)3(PO4)2(OH)O },](OH)3(H,0),5

| Structural unit |

Interstitial complex |

[(U0,){(U0,)3(PO,),(OH)0},1*| [{AITh(OH)3(H,0);5}*|

| Lewis basicity |

| Lewis acidity |

Fig. 5. The structura unit and interstitial complex for the complex uranyl oxide-hydroxy hydrate mineral althupite.

Consider next the hypothetical minera NaAlSiO,.
The Lewisacidity of Nais0.17 vu and the Lewis basic-
ity of the (AISiO,) group is 0.13%° wu (Table 2). The
Lewis basicity of the anion matches (approximately)
the Lewis acidity of the cation, the principle of corre-
spondence of Lewis acidity—basicity is satisfied, and
NaAlSiO, isthe minera nepheline.

We may extend this argument in principa to the
interaction between the structural unit and the intersti-
tial complex and restate the principle of correspon-
dence of Lewis acidity—basicity in the following way:

Sable structures will form when the Lewis acid
strength of the interstitial complex closely matches the
Lewis base strength of the structural unit (Fig. 4).

Consider the wuranyl minera  athupite,
AlITh[(UO,){(UO,);(PO,),(OH)O},](OH);(H,0);5, from
this perspective (Fig. 5). Although the chemical for-
mula is quite complicated, we may partition it into a
structural unit and an interstitial complex. The struc-
tural unit is a sheet of uranyl and phosphate polyhedra,
and the interstitial complex consists of the Al and Th
cations together with their associated (OH) and (H,0)
groups. If we can calculate a Lewis basicity for the
structural unit and a Lewis acidity for the interdtitial
complex, we can examine the interaction of the struc-

2The Lewis basicity of an oxyanion is its effective charge divided
by the number of bonds needed from the interstitial cation (see
discussion later in this paper). Assuming an anion-coordination
number of [4], the Lewisbasicity isthus 1/(4 x4 —4 x2) =0.13 vu.

tural unit and the interstitial complex using the princi-
ple of correspondence of Lewis acidity—basicity.

CALCULATION OF THE LEWIS BASICITY
OF THE STRUCTURAL UNIT

The Lewis basicity of the structural unit is the aver-
age strength of a bond to that structural unit from sur-
rounding interstitial complexes and neighboring struc-
tural units. The electroneutrality principle requires that
the bonds to the structural unit neutralize the charge of
the structural unit, and hence we can define the Lewis
basicity of the structural unit asthe charge on the struc-
tural unit divided by the number of bonds to the struc-
tural unit. Thus, what we need to know for this calcula-
tionisasfollows:

(1) What is the charge on the structural unit?

(2) How many bonds does the structural unit need
from the interstitial complex and adjacent structural
units?

The Charge on the Sructural Unit

We obviously cannot use the formal charge of the
structural unit here, or structures with formally neutral
structural units could not exist. Consider lizardite,
Mg;Si,05(OH), (Fig. 6). The structural unit of lizardite
is the sheet [Mg;Si,05(OH),]°. Sheets are linked by
hydrogen bonds from the (OH) groups of one sheet to
the bridging O atoms of the adjacent sheet. From a

GEOLOGY OF ORE DEPOSITS  Vol. 45

No. 2 2003



A BOND STRENGTH APPROACH TO THE STRUCTURE, CHEMISTRY, AND PARAGENESIS

bonding perspective, we can regard the hydrogen bonds
as transferring charge from one sheet to the next and
imparting a polar character to the sheet, which actsasa
cation on the hydroxyl side and as an anion on the sili-
cateside(see“+" and“~" signsin Fig. 6). Thuswe have
to factor the transfer of charge into the calculation of
the charge of the structural unit. Such transfer of charge
can only involve cations which show very asymmetric
coordinations (primarily H, with some lone pair—stere-
oactive cations such as Pb** and Bi**). If we take the
average strength of a hydrogen bond as ~0.20 wu
(Brown, 1981), lizardite will have 4 (the number of H
atoms per unit) x 0.20 (the strength of those hydrogen
bonds) = 0.80 vu transferred per unit. In the case of liz-
ardite, the cation side of the structural unit donates
0.80 vu and the anion side of the structural unit accepts
0.80 vu, and hence, in this particular case, there is no
overall transfer of charge.

Consider next hydrogen bonds that link to anions of
the interstitial complex. Where such linkage occurs,
thereisan overall transfer of charge from the structural
unit to the interstitial complex. Hence, we must define
the effective charge of the structural unit as the formal
charge of the structural unit as modified by the hydro-
gen bondsto theinterstitial 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 the intergtitial
complex. In this case, the charge of s hydrogen bondsis
transferred to the interstitial complex; the effective
charge of theinterstitial complex becomes (Z + hs)* and
the effective charge of the structural unit is (Z + hsy~.
At first sight, the fact that the effective chargeisafunc-
tion of s seemsto be a problem, aswe frequently do not
know s, whereas we aways know t (the number of
hydrogen bonds emanating from the structural unit).
However, Schindler and Hawthorne (2001a) showed
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 asimilar manner).

The Number of Bonds Needed by the Sructural Unit

First of al, we will examine how we may calculate
this number if we know everything about the structure
of interest. The total number of chemical bonds in a
structure may be calculated as the sum of the cation-
coordination numbers multiplied by the numbers of
those cations in the formula unit. Also, we may calcu-
late the number of bonds in the structural unit in the
same fashion. The difference between these two values,
the number of bonds in the structure minus the number
of bonds within the structural unit, is the number of
bonds needed by the structural unit. This calculation is
quitetrivial if we know the details of the coordinations
of the atomsin the structure. However, we want to pre-
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Lizardite
[Mg;Si,05(OH),]°

The hydrogen bonds transfer
charge from one sheet to the next,
imparting a polar character
to the sheet

Fig. 6. Representation of the crystal structure of lizardite,
showing the polar nature of the structural unit: dark gray,
octahedra; unshaded, tetrahedra; dark circles, H atoms; bro-
ken lines, hydrogen bonds. The acidic (+) and basic (-) parts
of the structural unit are indicated.

dict information about crystal structures, and in this
type of situation, we cannot know such details as anion
coordination in a structure or proposed structure a pri-
ori. We must be able to predict this information if we
want apriori analysis of crystal structures.

In order to predict details of anion coordinations in
astructural unit, we introduce anew property, the aver-
age basicity of a structural unit (Schindler and Haw-
thorne, 2001a), defined as follows:

The average basicity of a structural unit is defined as
the average bond strength sum per O atom contributed
by the interstitial species and adjacent structural unit.

Thisisavery easy quantity to calculate: itistheformal
charge of the structural unit modified by any chargetrans-
ferred by the t hydrogen bonds that emanate from the
structural unit: (Z+ ht)~, divided by the number of oxygen
atoms in the structura unit. For example, consider the
structura unit in becquerdite, [(UO,);0,(OH);]~. The
modified chargeis (1 + 0.2 x 3)~ = 1.6-, and the number
of O atomsinthe structural unitis2x3+2+1x3=11;
theresulting average basicity = 1.6/11 = 0.145 vu. As
we will see next, thereis aclose relation between the
average basicity of a structural unit and its average
oxygen coordination number. Note that, in becquer-
elite itself, the structural unit has a multiplicity of 2

in the unit formula i.e, [(UO,);0,(OH)], =

[(UO,)¢04(OH)s]*. However, the average basicity and
Lewis basicity are not affected by this in that these
guantities have such a multiplicity in both the numera-
tor and the denominator of their expressions and,
hence, it cancels out in the calculation of these proper-
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Fig. 7. Correlation between average basicity of structural units and the average coordination numbers of O atomsin the correspond-
ing structural units. The upper and lower border of the distribution are used to define the characteristic range in O-coordination num-

bers for a specific structural unit.

ties. Note, however, that one must be careful with this
issue when considering the numbers of bonds between
the structural unit and the interstitial complex for inter-
titial cations of differing charge.

DERIVATION OF THE AVERAGE OXYGEN
COORDINATION NUMBER
FOR STRUCTURAL UNITS

The bonds of the structural unit contribute most of
the bond valence required by the O atoms of the struc-
tural unit, and, hence, the average basicity is a measure
of the bond valence required by each O atom of the
structural unit from the interstitial complex. Thus, the
O atomsin astructural unit with alow average basicity
require only a small amount of bond valence from the
interstitial complex, whereasthe O atomsin astructural
unit with a high average basicity require more bond
valence from the interstitial complex. As the bonds of
the structural unit are strong and the bonds of the inter-
stitial complex are wesak, differences in average basic-
ity will have a greater effect on the number of intersti-
tial bonds than on the number of bonds within the struc-
tural unit; hence, there must be a positive correlation
between the average basicity and the mean coordina
tion number of the O atomsin the structural unit.

There is a correlation between the average basicity
and the average O-coordination number in borate min-
erals (Schindler and Hawthorne, 20014, 2001b). Thisis
an extremely important relation, as it allows us to pre-
dict 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. (2003) showed that the
sulfate minerals containing octahedrally coordinated
divalent and trivalent cations behave somewhat differ-
ently from borate minerals. Structural unitsinvolving M+
cations have higher average O-coordination numbers
than structural units involving M3* cations, as one
would expect from the valence-sum rule (Brown, 1981,
Hawthorne, 1994, 1997). We may consider this situa-

tion in more detail by factoring the average O-coordi-
nation number into two terms:

[CN] = [CN]g, + [CNJir, )

where su represents the O-coordination number involv-
ing bonds solely from the structural unit and in repre-
sents the O-coordination number involving bonds from
the interstitial complex and from adjacent structural
units. The variation of [CN];, as a function of average
basicity isshownin Figs. 7aand 7b for boratesand ura-
nyl minerals, respectively; it seems apparent that [CN];,
isthe salient parameter in attempting to establish arela
tion between O-coordination number and average
basicity. If we wish to have any predictive power, we
need to be able to derive the average coordination num-
ber of such O atoms a priori, without recourse to a
known structure. The relation between average basicity
and average O-atom coordination number in structural
units shown in Fig. 7 allows such prediction.

There is an even more important issue associated
with Fig. 7. Aswell as predicting details of the average
coordination for O atomsin agiven structura unit, this
relation also predicts the range of possible average
coordination numbers of oxygen in a given structural
unit. This range of average coordination numbers for
the O atoms of the structural unit reflects the range in
pH over which the minera is stable. Indeed, it is by
varying the coordination numbers of the O atomsin the
structural unit that the structural unit maintainsits sta-
bility as the pH of its environment changes. Moreover,
the relations of Fig. 7 alow calculation of the range of
possible Lewis base strength for aspecific structural unit.

CALCULATION OF THE LEWIS BASICITY
OF THE STRUCTURAL UNIT

We define the Lewis basicity of a structural unit as
its effective charge divided by the number of bonds
required by the structural unit. Above, we showed that
each structural unit has arange of average O-coordina-
tion numbers and that we can derive thisrange from the
average basicity of the structural unit viaFig. 7. Thus,
we can calculate the corresponding range in Lewis
basicity for any structural unit.
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Example. Consider becquerelite,
7Ca(H,0),[(UO,);0,(0OH)5],(H,0),. The effective
charge of the structural unitis[3 X2 -2x2-3x1—
h x 3] = 1.6 (setting h = 0.20 wu, the average strength
of ahydrogen bond (Brown, 1981)). The average basic-
ity of the structural unit isthus 1.6/[2 x3 +2 + 3] =
1.6/11=0.145vu. From Fig. 7, the corresponding range
in O-coordination number for this structural unit is
[0.65]{1.05]. Thus, the minimum and maximum pos-
sible numbers of bonds from the interstitial complex to
thestructural unitare0.65x 11=7and 1.05x 11 =115
bonds, respectively. This results in a range in Lewis
basicity of 1.6/11.5to 1.6/7 = 0.14-0.23 vu.

(H,O) AS AN INTERSTITIAL SPECIES

Here, we examine the possible stereochemical
arrangements adopted by interstitial (H,O) and con-
sider its effect of moderating the Lewis acidity of the
interstitial complex.

Interstitial (H,O) Not Bonded to Interstitial Cations

Where (H,0) is not bonded to an interstitial cation,
it isusually involved in a hydrogen-bond network [this
is not always the case; (H,O) also may be occluded in
the structure, but this situation is fairly rare]. Where
involved in ahydrogen-bond network, the O atom of an
(H,O) group is usualy [4]-coordinated, with two O-H
(donor-hydrogen) bonds and two H---O (hydrogen-
acceptor = hydrogen) bonds. In this case (Fig. 8a), two
hydrogen bonds of strength v vu are incident at the
O atom of the (H,O) group. The bond strength require-
ments of the central O atom are satisfied by two O-H
bonds of strength (1 —v) vu. In order to satisfy the bond
strength requirements regarding the H atoms, each H
forms a hydrogen bond of strength v vu to another
(H,O) group or to an anion of the structural unit. Hence,
(H,O) groups not bonded to any interstitial cations nor-
mally do not change the strengths of the chemical bonds;
they merely propagate them through space. Thus, we
designate this type of (H,0) group as nontransformer
(H,0) and denote it by the subscript g, (H,0),.

Interstitial H,O Bonded to One Interstitial Cation

Let acation M bond to an anion S (Fig. 8b); theanion
S receives a bond strength of v vu from the cation M.
Consider a cation M that bonds to an (H,0) group,
which, inturn, bondsto an anion S (Fig. 8c). In the sec-
ond case, the oxygen atom of the (H,O) group receives
abond strength of v vu from the cation M, and its bond
strength requirements are satisfied by two short O—H
bonds of strength (1 — v/2) vu. To satisfy the bond
strength requirements around each H atom, each H
forms at least one hydrogen bond with its neighboring
anions. In Fig. 8c, one of these hydrogen bonds
involves the S anion, which thus receives a bond
strength of one-half what it received where it was
bonded directly to the M cation. Thus, the (H,O) group
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Fig. 8. (&8 An (H,O) group held in a structure solely by
hydrogen bonds; the O atom of the (H,0) group isan accep-
tor anion for two hydrogen bonds of valence v vu and a
donor anion for two H atoms; (b) the interstitial cation M
bonds to an anion S with bond valence v; (c) bond-valence
transformer effect of an (H,O) group: the anion M bonds to
an (H,0) group which, in turn, bondsto two anions S; thus,
one bond (bond valence = v wu) is split into two wesker
bonds (bond valence = v/2 vu); (d) the (H,0) group does not
act asabond-valencetransformer: two cationsM bond to an
(H,0) group, which, in turn, bonds to two anions S, which
thus receive the same bond valence as when each was
bonded directly to one M cation. Cation—oxygen bonds are
shown by broken lines, H bonds are shown as dotted lines,
and bond valences are in vu.

acts as a bond strength transformer, causing one bond
(bond strength = v vu) to be split into two weaker bonds
(bond strength = v/2 wvu); we designate this type of
(H,O) as transformer (H,0) and denote it by the sub-
script d, (H,0)g.

Interstitial H,O Bonded to Two Interstitial Cations

Consider next the situation where two cations M
bond to an (H,O) group, which, in turn, bonds to an
anion S (Fig. 8d). In this case, the O atom receives a
bond strength of 2v vu from the two cations and its
bond strength requirements are satisfied by two short
O—H bonds, each of strength (1 —v) vu. To satisfy the
bond strength requirements of each H atom, each H
forms at least one hydrogen bond with its neighboring
anions. In Fig. 8d, one of these hydrogen bonds
involvesthe S anion, which thus receives the same bond
strength (v vu) as where it is bonded directly to one
M cation (Fig. 8b). Thus, in this case, the (H,0) group



96

CINN

Fig. 9. (a) Two interstitial (Algs) octahedrasharing an edge:

{ Al,(H,0)5(H,0)(OH), }**; (b) the arrangement of bond
valences around an (OH) group in (a); the large unshaded
circleisan O atom of an (OH) group, H atoms are shown as
small black circles, and broken lines indicate hydrogen
bonds.

does not act as a bond strength transformer; we desig-
nate this also as nontransformer (H,0) and denoteit by
the subscript e, (H,O).

Interstitial H,O Bonded to Three Interstitial Cations

Consider next the situation where three cations M
bond to an (H,O) group, which, in turn, bonds to an
anion S (Fig. 8e). In this case, the O atom receives a
bond strength of 3v vu from the three cations and its
bond strength requirements are satisfied by two short
O-H bonds, each of strength (1 — 3v/2) vu. To satisfy
the bond strength requirements of each H atom, each
H forms (at |east) one hydrogen bond with its neighbor-
ing anions. In Fig. 8d, one of these hydrogen bonds
involves the S anion, which thus receives 3v/2 vu as
compared with v vu when it is bonded directly to one
M cation (Fig. 8b). Thus, in this case, the (H,0) group
acts as areverse bond strength transformer, increasing
the strength of the bonds between the cations and the
structural unit. This type of (H,O) is fairly uncommon
and isincluded for completeness.

MONOVALENT INTERSTITIAL ANIONS

In most minerals, theinterstitial components consist
of simple cations and neutral (H,0) groups. However,
some minerals contain interstitial anionic species
where the net charge of the interstitial species is nega-

(M ME M (H,0)4(H,0) U (OH)(H,0) ,
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tive. Of particular importance in this regard is the
monovaent anion (OH)~. The (OH) group is a very
polar anion and can act as a bond-valence transformer.
However, itsrole as a bond-valence transformer is very
different from that of (H,O). When it is an interstitial
species, the O anion of the (OH) group receives<1.0 vu
(usually ~0.8 vu) from its companion H atom and hence
requires=21.0 vu from the interstitial cationsto which it
is bonded. By definition, bonds involving interstitial
cations are weak, and this feature puts considerable
constraints on the occurrence of (OH) as an interstitial
species. The average bond valences for octahedrally
coordinated monovaent, divalent, and trivalent cations
are 0.17, 0.33, and 0.50 vu, respectively. For monova-
lent interstitial cations, this meansthat interstitial (OH)
must bond to (at least) six cations. This arrangement is
very crowded and occurs in halite-type structures; in
the open arrangements typical of interstitial environ-
ments, (OH) cannot occur with [6]- or higher coordi-
nated monovalent cations.

For divalent interstitial cations, (OH) must bond to
(at least) three cations to satisfy its bond-valence
requirements, and hence there must be a cluster of three
edge-sharing octahedra. It is very unusual to find such
a close-packed arrangement as an interstitial species,
presumably because of the space requirements of incor-
porating the (H,O) groups required to complete the
coordination(s) of the interstitial cations. Thus, (OH)
groups are unlikely to occur as interstitial species
where accompanied by divalent cations.

For trivalent interstitial cations, (OH) must bond to
two octahedrally coordinated cations. Thus, two (Alg)
octahedra linking through a vertex, edge, or face can
share one, two, or three (OH) groups, respectively.
Although the face-sharing arrangement may be
unlikely, the other two arrangements are compact and
may be compatible with the occurrence of an embed-
ding network of hydrogen bonds. Thus, we cometo the
conclusion that (OH) isunlikely to occur as an intersti-
tial species except with trivalent interstitial cations.
Consider two (Alg) octahedra linked through a shared
edge (Fig. 9a). Both anionsinvolved in the shared edge
are (OH), and their bonding is shown more explicitly in
Fig. 9b. The OH anion takes two very strong bonds
(0.5 vu) and transforms them into one weak bond
(~0.2vu). Also, it “absorbs’ two strong bonds, radically
changing the overal Lewis acidity of the interstitial
complex. In calculating the aggregate Lewis acidity of
interstitial species that include (OH), one can subtract
the charge of the (OH) group(s) from the charge of the
cations to get the net charge of the interstitial species
and allow for the reduction in the number of bonds to
the structural unit caused by the presence of (OH).

A GENERAL INTERSTITIAL COMPLEX
A general interstitial complex can be written as

(a+2b+3c—f)+

©)
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where M isany type of interstitial mono-, di-, and triva-
lent cation; [m], [n], [I], and [q] denote coordination
numbers; d denotes the number of transformer (H,O)
groups, e denotes the number of nontransformer (H,O)
groups bonded to two interstitial cations or bonded to
oneinterstitial cation and receiving one hydrogen bond
from another interstitial (H,O) group; and g denotesthe
number of (H,O) groups not bonded to any interstitial
cation; note that the different types of nontransformer
(H,O) groups al affect calculation of the Lewis acidity
of the interstitial complex in the same way. Intertitial
(OH) groups are bonded to more than one interstitial
cation.

The overal composition of a mineral may be
expressed in the general form

M(H,0)q.,  OH){[structural unit](H,0),, (@]

where the (H,0) and (OH) groups before the structural
unit bond to an interstitial cation and the (H,O) group
after the structural unit does not bond to an intertitial
cation. For example, becquerelite has the composition
Ca(H,0),[(U0,);0,(OH);],(H,0),, and four (H,O)
groups bond to interstitial Ca. The Ca atom is coordi-
nated by four interstitial (H,O) groups and three
O atoms of the structural unit. All interstitia (H,O)
groups bonded to Ca link only to one Ca atom, and
hence there are four transformer (H,O) groups. In
addition, there are four nontransformer (H,0) groups
that do not bond to any interstitial cation, and the
interstitial complex is written in its complete form as
{"ICa(H,0),(H,0),(0OH)(H,0),}**; i.e,d=4,e=0,
and g = 4. Here, there is no information about the num-
ber of ligands in the structural unit that bond to the
interstitial cation(s). Their number can only be derived
if the type and coordination of the nontransformer
(H,O) groups are known.

CALCULATION OF THE LEWIS ACIDITY
OF INTERSTITIAL COMPLEXES

Consider an interstitial complex containing a M cat-
ions of coordination number [m] and formal charge Z/a.
There are a x m bonds emanating from the interstitial
cations and there are d transformer (H,O) groupsin the
interstitial complex; hence, there are a x m+ d bonds
emanating from the {{MM,(H,0)4}* part of the intersti-
tial complex. The nontransformer (H,O) groups are
[4]-coordinated. They receive two bonds from cations
or act as hydrogen-bond acceptors, and, also, two hydro-
gen bonds emanate from their congtituent H atoms,
hence the role of nontransformer (H,O) groups is to
propagate bonds through space. Counting the bonds
from the interstitial complex to the structural unit, we
have the number of bonds emanating from the
{IMM,(H,0)4}% part of theinterstitial complex, am+ d.
The total number of bonds to the structural unit is the
number of bonds from the interstitial complex plus the
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Figg 10. An example of an interdtitia
{71Cay(H,0),(H,0)5}** complex. In the structural unit,
the central cations are indicated by large black circles and
the corresponding anions, by circles marked S; in the inter-
stitial complex, the interstitial (H,O) groups are shown as
large white circles, the hydrogen atoms are shown asH, the
Caatoms are shown as hatched circles, and hydrogen bonds
are shown as broken lines.

hydrogen bonds emanating from the structural unit that
bond to the interstitial complex: am+d+s.

We define the Lewis acidity of an interstitial complex
as its effective charge divided by the number of bonds
from the interstitial complex to the structura unit. Now,
we give ageneral expression for the calculation of Lewis
acidity. The Lewis acidity of the interstitial complex

{ [m] M;[ n]M §+[ I]M§+(HzO)d(Hzo)e(OH)f(HZO)g }(a+ 2b+3c—f)+
can be written as

(a+2b+3c-f+hxs)/[[mxa

(%)
+nxb+Ixc+d-fx(q-1)+s],

where h is the average bond valence of the hydrogen
bonds emanating from the structural unit.

Example. Consider the interstitial complex
{ICa,(H,0),(H,0), }** interacting with astructural unit
with three constituent (OH) groups (Fig. 10); we do not
know s, but we do not need to know s aswe can set s=
t(=3). The interstitial complex has seven transformer
(H,0) groups, three nontransformer (H,O) groups
bonded to Ca, no (OH) groups, and no (H,O) groups not
bonded to any cation. The effective charge of the inter-
stitial complex is 4 (the formal charge of theintertitial
cations) +3 x 0.20 =4.6". The number of bonds from the
interstitial complex to the structural unitis7 x 2 (from
Ca) + 7 [from transformer (H,0) groups] + 3 (resulting
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Fig. 11. (a) The Lewis acidity of ageneral interstitial com-
plex as a function of the number of transformer (H,O)

groups per cation. The lines shown are for interstitial cat-
ions with formal charges and coordination numbers shown
to the left of the plot. (b) Asin (a), with the corresponding
range in Lewis basicity of the structura unit

[(UO,)30,(OH);]™ marked by the shaded band.

from the hydrogen bonds to the interstitial complex) =
26. Thus, the Lewis acidity of theinterstitial complexis
4.6/26 = 0.177 vu.

Graphical Representation of Lewis Acidity

Thevariation in Lewis acidity of aninterstitial com-
plex may be shown graphically as a function of the
number of transformer (H,O) groups for specific cation
charges and cation-coordination numbers (Fig. 11a).
Obviousdly, the Lewis acidity of the interstitial complex
decreases as the number of transformer (H,O) groups
increases, as the cation-coordination numbersincrease,
and as the cation charge decreases. Figure 11a contains
al relevant information concerning variation in Lewis
acid strength of interstitial complexes. First, if more
than one cation speciesis present in an interstitial com-
plex, we may use the weighted arithmetic mean of their
salient characteristics (charge and coordination num-
ber). Second, in caseswhereinterstitial (OH) is present,

HAWTHORNE

we can sum the charges of the cation(s) and the intersti-
tial (OH) and treat the complex asif it contained a cat-
ion of theresulting net charge (i.e., M** + (OH)- = M*).

STRUCTURAL UNITS, INTERSTITIAL
COMPLEXES, AND THE PRINCIPLE
OF CORRESPONDENCE
OF LEWIS ACIDITY-BASICITY

The binary-representation approach factors a struc-
ture into a (usually anionic) structural unit and a (usu-
ally cationic) interstitial complex. We may usethe prin-
ciple of correspondence of Lewis acidity—basicity to
examine the interaction between these two compo-
nents. We have shown how each structural unit has a
range of Lewis basicity (controlled by variations in
coordination numbers of simple anions), and we have
seen how we can represent the variation in Lewis acid-
ity of aninterstitial complex asafunction of the amount
of transformer (H,0), the valence of the interstitial cat-
ion(s), and the coordination number(s) of those cations.
We may now combine these two representations of
basicity and acidity viathe principle of correspondence
of Lewisacidity—basicity by plotting therange of Lewis
basicity of a specific structural unit on a graph that
shows the variation in Lewis acidity of cation com-
plexes(i.e, Fig. 11b). Wherethe properties of the struc-
tural unit and the interstitial complexes intersect, the
principle of correspondence of Lewis acidity—basicity
is satisfied and structures of those specific composi-
tions are stable. Where the properties of the structural
unit and interstitial complexes do not overlap, the prin-
cipleof correspondence of L ewisacidity—basicity isnot
satisfied and structures of those compositions are not
stable.

Prediction of Transformer H,O Groups

The principle of correspondence of Lewis acidity—
basicity requiresthat the Lewisacidity of theinterstitial
complex lie within the characteristic range of Lewis
basicity for a given structural unit for a stable structure
to form. Thus, the range in Lewis basicity determines
the type of interstitial cation and the number of trans-
former (H,0) groups. We may express the Lewis acid-
ity of ageneral interstitial complex in terms of the num-
bers of transformer (H,0)4 and nontransformer (H,0),
groups, in an attempt to understand the mechanism
controlling the function and amount of theseintergtitial
components.

Consider a structural unit of formal charge 2-, four
(OH) groups, and a range in Lewis basicity of 0.17—
0.22 vu (Fig. 11b). The Lewis acidities of all possible
stable interstitial complexes must match this range,
and, thus, we can formulate the following restrictions
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for interstitial complexes with only one type of intersti-
tial cation from Eq. (5):

(a) {!™M;(H,0),(H,0)3 **

(©6)
0.17<2(1+2h)/(2m+d+4) <0.22,
(b) {""M* (H,0)4(H;0)3 * @
0.17<2(1+2h)/(n+d+4) <0.22,
(€) {"M¥(H0)y(HO)(OH) o

0.17<2(1+2h)/(l+d—-1%x2+4) <0.22

Thus, for mono-, di-, and trivalent cations in differ-
ent coordinations (m, n, 1), we can predict the possible
range in transformer (H,O) groups and the possible
coordination numbers for the interstitial cations.

Consider interstitial complex (a). For cation coordi-
nation numbers m > [6], the expression (6) does not
hold, and hence there can be no minerals with intersti-
tial monovalent cations of coordination number >[6].
Wherem=[6], expression (6) holdsonly for d=0and 1,
and hencethere can be 0-1 transformer (H,0O) groupsfor
two [6]-coordinated monovalent cations. Wherem=[5],
expression (6) holds for 0 < d < 3, and hence there can
be 0-3 transformer (H,0) groups for two [5]-coordi-
nated monovalent cations.

[5] )

Consider interstitial complex (b). For n =
expression (7) holdsfor 4 < d < 7; asthe maximum pos-
sible number of (H,O) groups coordinating a [5]-coor-
dinated cation is 5, then, for n = [5], interstitial comp-
lex (b) can have 4-5 transformer (H,O) groups. For
n = [6], there are 3-6 transformer (H,O) groups, changing
monotonically to 0 transformer (H,O) groupsfor n=[12].

Consider interstitial complex (c). For | =[6], expres-
sion (8) holdsfor 5 < d < 6, but the number of possible
transformer (H,0O) groupsis5 only [althoughd=6isa
numerically possible solution, one of the ligands to Al
must be (OH), and hence there cannot be 6 transformer
(H,O) groups bonded to 'M3*]. For | =[8], the number
of possible transformer (H,O) groupsisintherange 3-6.
Therewill be some stereochemical restrictions on these
numbers, as the ligands of 8!M?** that are not (OH) or
transformer (H,O) groups must be nontransformer
(H,O) groups(i.e., they must link to two BIM?3* cations).
Hence, the details of the (H,O) groups carry implica
tions as to the polymerization of the coordination poly-
hedra of the interstitial complex.

URANYL OXIDE-HYDROXY
HYDRATE MINERALS

The uranyl oxide-hydroxy hydrate minerals can be
ordered hierarchically based upon the anion topology
of their (sheet) structura unit (Burns, 1999; Burns
et al., 1996). Figure 12 shows the anion topology (net)
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Fig. 12. (8) The anion topology of a sheet structural unit
with D-, R-, P-, and U-type chains and the topology code
P3(UD)sR3; (b) different types of anion chains which occur
in uranyl oxide-hydroxy hydrate minerals.

of a specific sheet structural unit. The net contains tri-
angles, squares, and pentagons and can be constructed
from various types of chains. Miller et al. (1996) give
details of the various types of chains that they label P,
U, D, R, and H, and Burns (1999) describes amodified
version of the U chain in curite, labeling it U™, Glatz
etal. (2002) describe the structure of synthetic
Ca(H,0)[(UO,),0,(0H),](H,0), which contains a modi-
fied variant of the U™ chain that can be labeled U™. The
topology of a sheet structural unit depends on the num-
ber, type, and sequence of the different chains. The
topology of the sheet in Fig. 12 can be described by the
code RUPURDPDRUP, which contains all information
regarding the number, type, and sequence of the differ-
ent chains. However, the resulting code is complicated,
and intuitive comparison with other topology codes is
difficult. Here, | use a topology code of general form

P,(UD)R,,UJUJ H for uranyl-sheet structural units.

The code of thetopology in Fig. 12 is P;(UD)sR5. This
code contains the number of different chains in the
topology of the unit cell, but not the sequence of the
chains. However, this formulation makes it easier to
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Table 3. Minerals of the uranyl oxide-hydroxy hydrate group
Mineral Formula Ref.
Schoepite [(UO2)g04(OH)12](H20) 12 (1)
Vandenriesscheite EIPE2181 P (H,0)s[(UO,)10] O(OH) 11] (H20)e @
Becquerelite [1Ca(H,0)4[(UO,)30,(OH)3] 5(Hz0) 4 ©)
Compreignacite (1K 5(H,0)3[(UO,)30,(OH)3] o(H0)4 @
Fourmarierite [1Ph?*(H,0),[(UO,)40,(0H) 4] (H20), ©)
Richetite LR Pba 57 (H20)3[(UO,)15015(0H)15] (H;0)10 ©
Protasite [101Ba(H,0)3[(UO,)505(CH),] ©)
Masuyite [101Pp2*(H,0)4[ (UO,)305(0H),] )
Curite [91Ph2* (H,0),[(UO,)g05(OH)] (H,0), ®
Sayriter (91 pb>" (H,0)4[(U0,)s06(OH),] ©
Walsendorfite* (8151 Py ; Ba 4)(H;0)10[ (UO,)14016(OH) ] (H;0); (10)
Billietite [191Ba(H,0)4[(UO,)505(0OH)4] o(H-0) (11)
Agrinierite 8K ,(PICa, Sr)(H;0)s[(U0,)50](0H)3l, (12)
Metavandenriesscheite Pby &7 [(UO,)1006(OH) 111 (H:0) 5 (13)
Rameaviite K,Ca[(UO,)04(OH)g] (H20)g (13)
Calciouranoite (Ca, Ba, Pb*, K5, N&y)[(UO,)(O, OH)](H;0)s (13)
Metacal ciouranoite (Ca, Ba, Pb**, K, Na)[(UO,)(O, OH)](H,0), (13)
Clarkeite (Na, Ca)[(UO,)(O, OH)](H,0)o4 (13)
Bauranoite Ba[(UO,)(O, OH)](H50)45 (13

Note: (1) Finchet al. (1996); (2) Burns (1997); (3) Pagoagaet al. (1987); (4) Burns (1998a); (5) Piret (1985); (6) Burns (1998b); (7) Burns
and Hanchar (1999); (8) Taylor et al. (1981); (9) Piret et al. (1983); (10) Burns (1999b); (11) Finch et al. (2002); (12) Cahill and

Burns (2000); (13) Finch and Murakami (1999).

* The structural unit is modified by strong Pb?*—O bonds resulting from stereoactive lone-pair effects.

compare different codes of structural unitsin minerals
formed under different conditions. Future, more
detailed work will presumably focus on the more com-
prehensive representation of Burns et al. (1996).

Lone Pair—Sereoactive Interstitial Cations

Uranyl oxide-hydroxy hydrate minerals often con-
tain interstitial cations that can have stereoactive lone
pairs of electrons, particularly Pb** and Bi**. When
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. When
lone pair—stereoactive, such cations typically show one
to four short bonds to anions arranged to one side of the
cation and several long bonds to anions on the other
side of the cation, with room for the lone pair of elec-
trons to project into the space between the long bonds
emanating from the central cation. The short strong
Pb>*-O bonds should be considered as part of the struc-
tural unit; the question then arises asto how wetreat the

weak bonds involving these |one pair—stereoactive cat-
ions. By analogy with the H atom, which shows a
strong O—H bond involved in the structural unit and a
weak hydrogen bond emanating from the structural
unit, we consider strong Pb**— bonds (and other lone
pair—stereoactive cations) as belonging to the structural
unit, while weak Pb**—@ bonds are treated in the same
way as hydrogen bonds.

Consider the structure of sayrite,

Pb5" (UO,)s04(OH),(H,0),. If Pb** were not lone pair—
stereoactive, we would write the formula of sayrite as
Pb;" (H,0),(H,0),[(UO,);04(OH),]. However, inspec-
tion of the stereochemistry of the Pb** cation in sayrite
showsthat it islone pair—stereoactive. We may indicate
this behavior by writing the coordination number of
Pb?* to indicate the number of short and long bonds:

[1+7Ipp2+, Aswith H atoms of the structural unit, we also
include the cations as part of the structura unit:

[“PB2" {(H,0),(H,0),}(UO,)s0(OH),]. In order to
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Table 4. Details of the structural units and interstitial complexes in uranyl oxide-hydroxy hydrate minerals formed in low-

temperature aqueous solution

. Range
i ; Chainse- | Average . -
Mineral Formula Structural unit ;s inLewis
guence | basicity, vu basicity, vu

Schoepite [(UO,)g05(0OH)1,] (H,0)15 [(UO,)1,0,(OH)1,]° | P5(UD)g 0.08 0.11-0.20

Becquerdlite | [1Ca(H,0),[(UO,)30,(0H)3l,(H,0), | [(UO,):0,(0H) ]~ | Ps(UD)s 0.145 0.14-0.23

Compreignacite| K ,(H,0)3[(U0,)30,(OH)3l5(H,0)s | [(UO,)30,(OH)4l: | Ps(UD)s 0.145 0.14-0.23

Billietite [10Ba(H,0),[(UO,)30,(0H)3]5(H,0); | [(UO,)0,(0H)4: | Ps(UD)s 0.145 0.14-0.23

Rameavite K ,Ca[ (UO,)¢04(OH)e] (H,0)6 [(UO,);0,(0H) ]~ | P&(UD)s 0.145 0.14-0.23

Agrinierite BlIK ,(1¥1Ca, Sr)(H,0)s[(UO,)30,(0H)4l, | [(UO,)30,(OH)4l: [ Ps(UD)s 0.145 0.14-0.23

i + + 3

E/hag?:nn&ss- 191 P2 [81Pb2 (H,0)4[(UO,)10] O [(UO,)1006(OH)14] Py(UD)y; 0.14 0.14-0.23
(OH)11](H20)6

Fourmarierite | [IPb?*(H,0),[(UO,),05(0H),](H,0), | [(UO,),05(0H)]>  |P5(UD)g 0.19 0.15-0.23

. . 2—

Richetite [6] M)[(8.4] Pb8_57 (H20)31[(U02)18018 [(UOZ)303(OH)ﬂ PG(UD)5 0.22 0.16-0.24
(OH)12(H20) 10

Masuyite 0P+ (H,0)4[ (UO,)305(0H),] [(UO,)304(0H),]> | Ps(UD)s 0.22 0.16-0.24

Protasite [10Ba(H,0)3[(UO,)305(0H),] [(UO,)3;05(0H),]* | Ps(UD)s 0.22 0.16-0.24

Curite (91Pb3" (H,0),[(UO,)g05(OH)el (H,0); | [(UO)05(OH)gl® | (UD)g(U™s| 0.24 0.17-0.24

Sayrite [ pb§+ (H,0),4[(UO,)s06(0OH),] *[(UO,)s06(OH),]* | P4(UD)gRs 0.244 0.17-0.24

.. . + * 14—

Wolsendorfite | g1 (Pbg_z Bag.1)(H,0)1[(UO,) 14 Oso [(UO,)140:9(OH),, Ps(UD),,Rg|  0.29 0.175-0.24

(OH)4(H20);

* The structural unit is modified by stereoactive lone-pair effects of Po2*: [1+ 71pph2* and [2+ Bpp2* in sayrite and wélsendorfite, respec-
tively, leading to average basicities and ranges of Lewis basicity of 0.189 and 0.1?5—0.236 and 0.27 and 0.17-0.235 vu, respectively.

calculate the effective charge of the structural unit, we
need to assign a typica bond valence to the short
bond(s); the value 0.50 vu is appropriate. Thus, the
modified charge of the structural unitis4-+ 0.50" x 2 +
0.20- x 2 = 3.40~. There are eighteen O atoms in the
structural unit, and, hence, the average basicity of the
structural unit is 3.40/18 = 0.189 vu.

Average Basicity versus [CN];,,
for Uranyl Oxysalt Minerals

In Fig. 7b (Schindler and Hawthorne, 2003a), the
datafor average basicities above 0.33 vu are rather scat-
tered for (as yet) unknown reasons. However, the band
of data in Fig. 7b gives well-defined maximum and
minimum values of [CN];, for structural units with
average basicities between 0.00 and 0.33 vu. In this
range, Fig. 7b can be used to calculate the range in
Lewis basicity of al uranyl oxide-hydroxy hydrate
structural units. The chemical compositions of all ura-
nyl oxide-hydroxy hydrate minerals are listed in Table 3,
and the corresponding structural units, their average
basicity, their range in Lewis basicity, and the topology
code of their sheet structural unit are listed in Table 4.
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The predicted rangesin coordination number and trans-
former (H,O) groups per cation, together with what is
observed in mineras, are given in Table 5. In the fol-
lowing sections, we will examine the interactions
between the structural unit and the interstitial complex
and predict the possible ranges in cation charge, cation
coordination number, and number of transformer (H,O)
groups. For thefirst structural unit, I will go through the
argumentsin detail. For the rest of the structural units,
I will just compare the predicted interstitial complexes
with those observed in minerals.

The Sructural Unit [(UO,);0,(OH);]-

Thestructura unit [(UO,);0,(OH),]'~ (Fig. 13c) occurs
in  becquerdlite,  7/Ca(H,0),[(UO,);0,(OH);],(H,0),;
compreignacite,  "K,(H,0);[(UO,);0,(OH);],(H,0),;
billietite, [19Ba(H,0),[(UO,);0,(OH);],(H,0),, agrin-
ierite, BIK,(PICa,  Sr)(H,0)5[(UO,);0,(OH)5],;  and
rameavite, K,Ca[(UO,),0,(OH)s|(H,0). The sheet
(structural unit) can be described as an arrangement of
triangles and pentagons (Burns, 1999a) with the topol-
ogy code P4(UD);. The effective and modified charges
of the structural unitareboth 1 +3 x0.2=16vu (h=
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Table5. Predicted and observed transformer (H,O) groupsin interstitial complexes of uranyl oxide-hydroxy hydrate minerals

Structura unit Predicted transformer (H,O) groups Interstitial complex Minera

[(UO,)30,(0OH),]* {lM*:d=0-3 Compreignacite
IM*:d=0-25 {[IK5(H,0)3} ?*
BIM*:d=0-1
Blm*, FIM2* - d = 01 {[BK ICa(H,0)s} + Agrinierite
EIM2*:d=2-6
M2+ d = 1-7 {[MCa(H,0),} 2
[10I\M2*+ . d = 0-7 {[1Ba(H,0),}%* Billietite
ElM3*:d=6
[BIM3*:d=4-8
[(UO2)1006(OH)11]* [bM*: d=0-3
BlM*:d=0-1 {CIpp?*EIPR?* ) ((H,0)s} 3 Vandenriesscheite
[6]M2+ :
[8]M2+ .
[6]M3+ :
[8]M3+ :
[(UO,),05(0OH) 1> {lM*: d = 0-1
[8IM* : not possible
ElM2*:d=2-6
[BIM2*:d=0-6
FIM2*: d=0-5 {¥IPb(H,0),} > Fourmarierite
[(UO,)305(0H),1* {lM*: d=0-1
[BIM* : not possible
EIM2*: d=2-6
[BIM2*:d=0-5
[10p2+: d = 0-3 {[10Pp?*(H,0)3} Masuyite
{[191Ba(H,0),} Protasite

o 0 0 Qo

EogT

BIM3*:d=8,f=2,d=6
BIM3*: d=4-8
[(UO,)g0g(OH)g]® BIM*:d=0

[BIM* : not possible
BIM2+: d=2-6

BIM2*: d=0-3

[(IMZ:d=0-4 {[{1PbZ" (H,0),} 6+ Curite

BIpm3*:d=8,f=2
BIM3*: d=5-8
[(UO,)s06(0OH) 1+ BlM*:d=0-1
BIM*:d=0
BIM2+: d=2-6
BIM2*: d=04

M2+ : d=0-3 2

[1+7 Pb2+ {(H,0)5(H,0),} Sayrite
Bm3:d=8,f=2
[BIM3*: d=4-8
[(UO,)14019(0OH) ™~ BlM*:d=0-1
(6IM* : not possible
eIM2*:d=2-5
M2 : d=0-3 [2+EIpp2+){ 184 b2, BB ,(H,0)0} 112+ | Wolsendorfite

BIM3*:d=8,f=2
BIM3*: d=4-8
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Fig. 13. Polyhedral representation of sheet structural units in uranyl oxide-hydroxy hydrate mineras: (a) [(UO,);0,(OH)3]™;

(d) [(UO»)305(0H), 1% () [(UO,)g04(OH)41%; (F) [(UO,)s06(OH)11*; (G) [(UO,)1406(OH),41' .
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0.20 vu and s = t) and the number of O atoms in the
structural unit is 11. Hence, the structural unit has an
average basicity of 0.145 vu. We may use this value of
the average basicity, together with Fig. 7b, to predict
the minimum and maximum values of [CN];,: 0.65 and
1.05, respectively. There are 11 O atoms in the struc-
tural unit; thus, there are aminimum of 11 x 0.65 =7
and a maximum of 11 x 1.05 = 11.5 bonds from the
interstitial complex to the structural unit. Thisresultsin
arangein Lewisbasicity from 1.6/11.5t01.6/7=0.14—
0.23 vu. The valence-matching principle requires that
the Lewis acidities of the corresponding interstitial
complexes should be in the range 0.14-0.23 vu; this
rangeis shownin Fig. 11b.

Interstitial complexes with monovalent cations.
There are three hydrogen bonds emanating from this
structural unit, and, therefore, the range in bonds from
interstitial cations and transformer (H,O) groups to the
structural unitisfrom7—-31t0 11.5-3=4.0-8.5. This
means that interstitial monovalent cations not bonded
to transformer (H,O) groups must have coordination
numbers between [4] and [8.5]. Considering the varia-
tion in coordination numbers of monovalent cations
such asK, Rb, Cs, and Tl, we expect to find al types of
monovalent cationsin mineralswith this structural unit.

The Lewis acidity of a monovalent cation in [8]-,
[7]-, or [6]-coordination matches the range in Lewis
basicity of the structural unit with no, one, or two trans-
former (H,O) groups, respectively. Thus, if all (H,O)
groups are bonded to interdtitial cations, a stable minera
with a monovalent [8]-coordinated cation would have a
maximum of 11.5 — [8] — 3 = 0.5 transformer (H,O)
groups per cation, and *IM*(H,0) o 5[(UO,);0,(OH);]
is the predicted chemical composition of such miner-
als. The analogous result for ["IM* is 0-1.5 trans-
former (H,0O) groups per cation. There is one mineral
containing this structural unit and having monovalent
cations in the interstitial complex: compreignacite,
IK,(H,0)5[(U0O,);0,(0OH;],(H,0),; the number of
(H,0) groups bonded to K is in accord with the pre-
dicted values.

Interstitial complexes with divalent cations. The
most common coordination numbers for divalent cat-
ions are [6], [7], and [8]. Intergtitial 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 in Lewis basicity of the structural
unit (Fig. 11b), and, hence, transformer (H,O) groups
or hydrogen bonds from the structural unit are required
to reduce the Lewis acidity such that it falls within the
range of Lewis basicity of the structural unit. Consider
the casefor [N]-coordination and six hydrogen bondsto
the interstitial complex. When the interstitial divalent
cationisbonded to d transformer (H,O) groups, the cor-
responding Lewis acidity may bewritten as (2 + 6h)/(2d +
N+ 6—d), or, for h=0.2wu, 3.2/(N+ d + 6) vu. For the
Lewis acidity to fall at the maximum of the range in

HAWTHORNE

Lewis basicity of the structural unit (i.e., 0.23 vu), then
32/IN+d+6)=023. ForN=6and 7, d =2 and 1,
respectively; thus, a simple [6]-, [7]-, or [8]-coordi-
nated divalent interstitial cation must bond to a mini-
mum of two, one, or zero transformer (H,O) groups,
respectively. For the Lewis acidity to fall at the mini-
mum of therangein Lewisbasicity of the structural unit
(i.e., 0.14 vu), 3.2/(N + d + 6) = 0.14, from which d =
11, 10, or 9. However, six, seven, and eight are the max-
imum possible values of d (Fig. 3b), and thus a [6]-,
[7]-, or [8]-coordinated divalent cation can bond to a
maximum of six, seven, or eight transformer (H,O)
groups, respectively (Table 2).3 There aretwo minerals
with only divalent interstitial cations: becquerelite,
[7ICa(H,0),[(UO,);0,(0H);],(H,0),, and hillietite,
9B a(H,0),[(UO,);0,(0OH),],(H,0);. We predict that
becquerelite and billietite must contain 14 and 07
transformer (H,O) groups, respectively.

Interstitial complexes with mixed monovalent and
divalent cations. There is one mineral with both
monovalent and divalent interstitial cations: rameavite,
K,Ca[(UO,)c0,(OH)¢](H,0),. Rameauite contains two
[(UO,);0,(OH);]™" structural units; hence, there are a
maximum of 2 x 11.5 =23 andaminimum of 2 x 7 =14
bonds from the interstitial complex to the structura
unit. Thereare 2 x 3 = 6 hydrogen bonds from the (dou-
bled) structural unit to the interstitial complex, and,
thus, the maximum and minimum numbers of bonds
from interstitial cations and transformer (H,O) groups
to the structural unit(s) are23-6=17and 14-6=8
bonds, respectively. For an interstitial complex of the

form { ™M} MM2+(H,0),... }**, there are (2m+ n + d)
bonds to the structural unit, and hence the valence-
matching principle requiresthat 14 < 2m+ n+d) < 34.

From thisexpression, all possibleinterstitial complexes
of this type may be predicted.

Interstitial complexes with trivalent cations. The
trivalent cations possible in an interstitial complex are
octahedrally coordinated small cations (e.g., Al, Fe’*)
and (usually) [8]- or [9]-coordinated REES (Y and rare-
earth elements). Consider the case for [6]-coordinated
Al or Fe**. If the cation is bonded to d transformer
(H,O) groups, its Lewis acidity may be written as (3 +
9h)/2d+ 6 + 9 —d) = 4.8/(6 + d + 9) vu. For the Lewis
acidity to fall at the maximum of the range of Lewis
basicity of the structura unit (i.e., 0.23 vu), then 4.8/(6 +
d + 9) = 0.23, from which d = 6. For the Lewis acidity
tofall at the minimum of the range of Lewis basicity of
the structural unit (i.e., 0.14 vu), then 4.8/(6 + d + 9) =

3t is possible for the number of transformer (H,O) groups to
exceed the coordination number of the interstitial cation. A
hydrogen bond from a transformer (H,O) group can link to
another (H,O) group not bonded to an interstitial cation; if the
|atter (H20§ group accepts only this one hydrogen bond, it is also
a transformer (H,O) group. Thus, the number of transformer
(H,0O) groups bonded to an interstitial cation cannot exceed the
coordination number of that cation, but the interstitial complex
may contain additional transformer (H,O) groups involved only
in hydrogen bonding.
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0.14, fromwhich d = 19. Thisrange in d val ues exceeds
the coordination number [6] (the maximum possiblefor
Al), and, hence, only an { AI(H,0)(H,0),}** complex
can occur with this structural unit. This result may also
be seen directly by inspection of Fig. 11b.

Interstitial trivalent cations can also occur if intersti-
tial (Algg) octahedra polymerize. Consider two octahe-
dra that link together: the bridging anions will receive
an incident bond valence of ~0.5 x 2 = 1.0 wu, and,
hence, these anions will be (OH) rather than (H,0).
This being the case, the interstitial complex may be

written as { AL(H,0),,_»(OH)}®™" with4 x 3 = 12
transferred hydrogen bonds. The Lewisacidity is(6 —f +
12h)/[(12 = 2f) x 2 + f+ 12] = (8.4 —f)/(36 — 3f). When
f =2, the Lewis acidity of the complex is0.21 vu; when
f =4, the Lewis acidity of the complex is0.18 vu. Thus,
the complex has the appropriate Lewis acidity for f = 2,
3, and 4. However, two octahedra cannot share four
anions, and hence only f = 2 (edge-sharing) or 3 (face-
sharing) are possible. Face-sharing of (Alg,) octahedra
isunlikely in an intergtitial environment, and the com-
plex { Al,(H,0)q_,o(OH), }** seems more likely.

For REEsS, [7]- and [8]-coordination by (H,O) will pro-
vide Lewisaciditiesintherange0.14-0.22 vu. If two poly-
hedralink to form adimer with f(OH) groups each linked

to two cations, { MM’ (H,0),y_(OH)} """, the

Lewis acidity is (8.4 —H)/([2N-2f] x2 + 12 +f) = (6 —
/(4N — 3f). For N = [7], the dimer has the appropriate
rangein Lewisacidity for f=0, 1, 2, and 3; for N =[8],
the dimer hasthe appropriate rangein Lewis acidity for
f =0 ad 1 (Lewis acidity = 0.15 wvu). Thus,
{1Y,(H,0),5(0H) }>*,  {Y,(H,0),,(OH,}*,  and
{"Y,(H,0),,(OH);}*~ are possible interstitial cation
complexes with (OH) present. However, considering
that the charge of the structural unit is 2,
{"IY,IH,0),,(OH), }** produces a more stoichiometri-
cally ssimple formula.

Notethat the graphical approach of Fig. 11b can still
be used for interstitial complexes with (OH). Consider
the complex { MM (H,0),,_(OH)}®~ " . We may
rewrite the “cation” as {M(OH),,} £~ "2 = LE~"?",
This manipulation has also removed (OH) from the
coordination polyhedron of the M cation, and thus
the coordination number of L has decreased by d/2.
Hence, we may rewrite the complex as

(NS (1,0, 41", Consider the case
for f = 2: the complex reduces to {"*'L3" (H,0),}* =

{1S1L2+(H,0),} 5" . From the section on divalent intersti-
tial cations, the Lewis acidity of such a complex is
given by 2/(N - f) = 2/(5 + 4) = 0.22 vu, the value cal-
culated above from the composition of the complex.
GEOLOGY OF ORE DEPOSITS  Vol. 45
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The Sructural Unit [(UO,),,04(OH),,1*

The structural unit [(UO,),,0,(OH),]*~ (Fig. 13b)
occurs only in vandenriesscheite,

Ulpb2+ Pl (H,0)5((UO,),004(OH) I(H,0),.  Its
anion topology can be described as an arrangement of
triangles and pentagons (Burns, 1999a) with the topol-
ogy code Py(UD),,. The effective and modified charges
of the structural unitare 3+ 11 x 0.2 = 5.2". The aver-
age basicity of the structural unit is 5.2/37 = 0.14 wu,
and the corresponding predicted range in [CN];, is
0.60-1.00. Thisresultsin aminimum of 22 and a max-
imum of 37 bonds from the interstitial complex to the
structural unit. The corresponding range in Lewis
basicity is thus from 5.2/37 to 5.2/22 = 0.14 t0 0.23 vu
(Fig. 14Q). The predicted chemical compositions of all
interstitial complexes are summarized in Table 5.

Restrictions on the chemical composition of possi-
ble interstitial complexes. For monovalent cations,
there are aminimum of 22 and amaximum of 37 bonds
from the interstitial complex to the trivalent structural
unit, respectively, and the interstitial complex propa
gates eleven hydrogen bonds that emanate from the
structural unit. Thus, the minimum and maximum num-
ber of bonds per monovalent cation are (22 —11)/3=3.7
and (37 — 11)/3 = 8.7, respectively, resulting in a coor-
dination number of [8.5] or lower for monovalent inter-
dtitial cations.

This structural unit has a net charge of 3~ and, hence,
requires 1.5 divalent cations or 1 trivalent cation in the
interstitial complex. The maximum and minimum num-
bers of bonds from interstitial complexeswith only diva-
lent intergtitial cations can be calculated from the expres-
sons5.2/(d+N+11)=014wand5.2/(d+ N+ 11) =
0.23 vu, where N is the sum of the coordination numbers
of the 1.5 constituent divalent interstitial cations. Con-
sider first the case for divalent cations of coordination
number [n]. The aggregate coordination number [N] can
be written as N = n + n/2. These expressions simplify to
2d + 3n=22.6 and 52.2, respectively. For possible coor-
dination numbers [6]-{10], the values of d can be calcu-
lated for the minimum and maximum values of the Lewis
basicity to give the range in vaues of d in each case
(selected values are shown in Table 2). Vandenriess-

cheite, ”'Pb2 1 P, (H,0)6[(UO,) 1gO4(OH), I(H,0)s,
contains the interstitial complex

{®'Po2+ ¥ Pplt (H,0),(H,0)s} with N=13and d = 1;
thus, its Lewis acidity is 5.2/13 + 1 + 11 = 0.21 wy,
matching the predicted range in Lewis basicity.

For trivalent cations, the equations predicting the
range of d, the amount of transformer (H,O) groups per
cation, areasfollows. 5.2/(d+ N+ 11) =0.14 and 5.2/(d +
N + 11) = 0.23 vu, where N is the coordination number
of the trivalent interstitial cation. These equations
reducetod + N = 11.6 and 26.1, respectively. For N =
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[6],[7],[8], and[9], the predicted ranges of d are asfol-
lows: 6, 57, 4-8, and 3-9 per interstitial cation.

The Sructural Unit [(UO,),0,(0OH),]*

The structural unit [(UO,),0,(OH),]*>~ occurs in
fourmarierite,  1'Pb2*(H,0),[(UO,),05(OH),](H,0),
(Fig. 13c). Its anion topology is identical to the anion
topology of the neutral structural unit in schoepite,
[(UO,)40,(0OH),,1°, and can be described as an arrange-
ment of triangles and pentagons (Burns, 1999a) with
the topology code P;(UD),. The effective and modified
charges of the structural unitare2+4 x 0.2 =2.8". The
average basicity of the structural unitis2.8/15=0.19 w,
and the corresponding predicted range in [CN];, is
0.80-1.20. Thisresultsin aminimum of 12 and a max-
imum of 18 bonds from the interstitial complex to the
structural unit. The corresponding range in Lewis
basicity is from 2.8/18 to 2.8/12 = 0.155-0.23 wu
(Fig. 14b). The predicted chemical compositions of al
interstitial complexes are summarized in Table 5.

Restrictions on the chemical composition of possi-
bleinterstitial complexes. The maximum and minimum
numbers of bonds from an interstitial complex can be
calculated from the relations 2.8/(d + N + 4) = 0.155
and 2.8/(d + N + 4) = 0.23 vu, where N is either the sum
of coordination numbers of two monovalent cations or
the coordination number of adivalent cation. The max-
imum value of (N + d) is 14, and, hence, the average
coordination number of two monovalent interstitial cat-
ions cannot exceed [7]. The minimum value of (N + d)
iseight, and, thus, [6]-coordinated divalent cations (N = 6)
must bond to a minimum of two transformer (H,O)
groups (d = 2) and [7]- to [9]-coordinated divalent cat-
ions can bond to a minimum of one and a maximum of
5-7 transformer (H,0) groups, respectively.

Infourmarierite, P'Pb?*(H,0),[(UO,),05(OH),](H,0),,
the [9]-coordinated Pb** cation bonds to two (H,0)
groups. We do not know if these (H,O) groups are
transformer or nontransformer; however, the range in
(N + d) values allows both possibilities. For trivalent
cations, (N + d) must be between 12 and 21, and hence
[6]- and [8]-coordinated cations must occur with min-
ima of 6 and 4 transformer (H,O) groups, respectively.

The Sructural Unit [(UO,);05(0OH),]*

The structural unit [(UO,);05(OH),]> (Fig. 14d)
occurs in richetite,
léJMx[&A] Pbg;? (H,0)3,[(UO,)50,3(OH),](H,0),0; pro-
tasite, "9Ba(H,0);[(UO,);05(OH),]; and masuyite,
10IPb2+(H,0);[(UO),);0,(0OH),]. Its anion topology can
be described as an arrangement of triangles and penta
gons (Burns, 1999a) with the topology code P4(UD)s,
and its effective and modified chargesare2 + 2 x 0.2 =

2.4~. The average basicity of the structural unitis2.4/11 =
0.22 vu, and the corresponding predicted range in
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[CN];,,150.90-1.35. The minimum and maximum num-
bers of bonds from the interstitial complex to the struc-
tural unit are 10 and 15, respectively. The correspond-
ing range in Lewis basicity is from 2.4/15 to 2.4/10 =
0.16-0.24 vu (Fig. 14c). The predicted chemical com-
positions of all interstitial complexes are summarized
in Table 5.

Restrictions on the chemical composition of possi-
bleinterstitial complexes. The maximum and minimum
numbers of bonds from an interstitial complex to the
structural unit can be calculated from the expressions
24/ d+N+2)=0.24vuand 2.4/(d + N + 2) = 0.16 vu,
where N is the sum of the coordination numbers of two
monovaent cations or the coordination number of a
divalent cation. The resulting range in (N + d) bonds
is 813, from which we can directly predict the possi-
ble interstitial cations and the corresponding number,
d, of transformer (H,O) groups. The average coordi-
nation number of two monovalent cations cannot
exceed [6], a divalent octahedrally coordinated cat-
ion must bond to one transformer (H,O) group, and
higher coordinated divalent cations ([7]-[12]) can-
not bond to transformer (H,O) groups. In richetite,

M, *PogE; (H,0)5,[(UO,),50,5(0H) ] (HL,0),0; pro-
tasite, [19Ba(H,0),[(UO,);05(OH),]; and masuyite,
[101pp2+(H,0),[(UO,);05(OH),], we do not know the
exact number of transformer (H,0) groupsin the inter-
stitial complexes. However, based on the predicted
range of (N + d) bonds, the interstitial cations '1Ba?*
and /Pb>* can bond to 0-3 transformer (H,O) groups.
For richetite, the situation is complicated by the fact
that the current formula bears a positive charge of 6.4+,
However, considering the presence of /(Mg + Fe?*)
and 8IPb, the former should bond to 2—6 transformer
(H,0) groups and the latter should bond to 0-5 trans-
former (H,0O) groups, theformer valueisin accord with
the observed number (4) of (H,O) groups bonded to
(Mg + Fe?*).

Therangein (N + d) bonds for a trivalent cation is
12-20; thus[6]- and [8]-coordinated cations must bond
to a minimum of 6 or 4 transformer (H,0) groups,
respectively.

The Sructural Unit [(UO,);O4(OH),]%
The structural unit [(UO,)sO5(OH)6]* (Fig. 13e)

oceurs in curite, ' Pb;" (H,0),[(UO,),0(OH),|(H,0),,
and its anion topology can be described as an arrange-
ment of triangles, sguares and pentagons with the
topology code (UD),(U™),. The structural unit has
effective and modified chargesof 6 + 6 x 0.2 =7.27, an
average basicity of 7.2/30 = 0.24 vu, and a range of
[CN];, of 1.00-1.45. The minimum and maximum
numbers of bonds are 25.5 and 43.5, respectively, and
this corresponds to a range in Lewis basicity of 0.17—
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0.24 wu (Fig. 14d). The predicted chemical composi-
tions of al interstitial complexes are summarized in
Table 5.

Restrictions on the chemical composition of possi-
ble interstitial complexes. For the Lewis acidity of the
interstitial complex to fall within the range of Lewis
basicity of the structural unit, 7.2/(N + d + 6) = 0.17—
0.24. The resulting range in possible values of (N + d)
is 24-38, where N is the sum of the coordination num-
bers of six monovalent cations or three divalent cations.
First, let us consider the case for monovalent intertitial
cations. For monovalent cations not bonded to any trans-
former (H,O) groups, the average coordination number
must fall within the range (24-38)/6 = [4]{6.3]. The
presence of transformer (H,0) groups decreases these
coordination numbers (by [1] per transformer (H,O)
group per cation). Hence, only low coordination hum-
bers (i.e., ~[6] or less) are possible for monovalent
interstitial cations. Now, let us consider the case for
divalent interstitial cations. The average coordination
number must fall within the range (24-38)/3 =[8]{12.7],
and the presence of transformer (H,O) groups
decreases these values; thus, divalent interstitial cations
with coordination numbers [6], [7], [8], [9], and [10]
have 2-6, 1-6, 0-5, 04, and 0-3 transformer (H,O)
groups, respectively. Following the same argument for
trivalent interstitial cations gives the following result:
[6]-, [7]-, [8]-, and [9]-coordinated cations have 6, 57,
4-8, and 3-9 transformer (H,0) groups, respectively.

Curite has the interstitial complex

{Pp2* (H,0),(H,0),}¢*. Our prediction above sug-
gests 04 transformer (H,O) groups per PIPb>* cation,
for atotal predicted range of 0-12 transformer (H,O)
groups, the observed value of O transformer groups is
within the predicted range.

The Sructural Unit [(UO,)s04(OH,)]*+
The structural unit [(UO,)sO4(OH),1*+ (Fig. 13f)

occurs in sayrite, VPR (H,0),[(UO,)sO«(OH),]
(ignoring stereoactive lone-pair effects), and its anion
topology can be described as an arrangement of trian-
gles, squares, and pentagons (Burns, 1999a) with the
topology code P,(UD)gRs. The structural unit has effec-
tive and modified charges of 4.4-, itsaverage basicity is
4.4/18 = 0.244 vu, and the predicted range of [CN];, is
1.0-1.45. The minimum and maximum numbers of
bondsfrom theinterstitial complex to the structural unit
are 18 and 26, respectively, corresponding to arangein
Lewis basicity from 4.4/24 to 4.4/18 = 0.17-0.24 vu
(Fig. 14e). The predicted chemical compositions of all
interstitial complexes are summarized in Table 5.

Restrictions on the chemical composition of possi-
bleinterstitial complexes. The maximum and minimum
numbers of bonds from the interstitial complex can be
calculated from therelations2.4/(N + d + 2) = 0.24 and
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2.4/(N+d+2)=0.17 vu, where N is the average coor-
dination number of four monovalent or two divalent
interstitial cations, respectively. Therangein (N +d) is
thus 16-24. As a result, the average coordination
number of four monovalent cations can vary between
(16-24)/6 = [4] and [6]. The presence of transformer
(H,O) groups will decrease these values accordingly.
Thus, [6]-coordination with no transformer (H,O)
groupsisthe most likely option for monovalent intersti-
tial cations. For interstitial cations, the average coordi-
nation number is in the range [8]-{12] for no trans-
former (H,O) groups. Thefollowing coordination num-
bers can occur with the associated ranges of
transformer (H,O) groups per cation: [6], [7], [8], [9],
and [10] with 2-6, 1-5, 04, 0-3, and 0-2, respectively.

As noted above, sayrite has lone pair—stereoactive
Pb’* as its “interstitial cation,” and the strong Pb**-O
bonds must be included as part of the structural unit:

[ 7PB* (UO,)s04(OH),]°. As shown above, the aver-
age basicity of this modified structural unit is 0.189 vu,
and, hence, the minimum and maximum values of
[CN];, are 0.80 and 1.25, respectively. The number of
O atoms in the structura unit is 18, and thus the mini-
mum and maximum number of bonds to the structural
unit are 18/1.25-18/0.80 = 14.4-22.5, respectively. The
effective charge of the modified structural unit is O (the
formal charge) +0.2 x 2 (due to hydrogen bonds) + (2 —
0.5) x 2 = 3.4-. Hence, the range in Lewis basicity is
3.4/22.5-3.4/14.4 = 0.15-0.236 wvu, respectively
(shown in darker shading in Fig. 14e). There are 2
(hydrogen bonds) + 7 x 2 (weak Pb**-O bonds)
between structural units, with a mean Lewis acidity of
0.21 wu; this falls within the Lewis basicity range for
this structura unit and, thus, the lower limit for trans-
former (H,O) groups is zero. For the Lewis acidity to
fall above the lower range of Lewis basicity (i.e,
0.15wvu), 0.21 x 16/ (16 +d) = 0.15, fromwhich d < 6.4.
Thus, the allowed range of transformer (H,O) groupsis
06 per structural unit, and the observed value of
2 transformer (H,O) groups (Table 5) lies within this
range.

The Sructural Unit [(UO,),,0,o(OH),]'*

The structural  unit  [(UO,);40,4(OH),]'*
(Fig. 13g) occurs in wolsendorfite,
B 4Pb’, M Bag (H,0),[(U0,),,0,5(0H),1(H,0), (ignor-
ing stereoactive lone-pair effects), and its anion topol-
ogy can be described as an arrangement of triangles,
squares, and pentagons (Burns, 1999a) with the topol-
ogy code P4(UD),,R,. The structural unit has effective
and modified charges of 14 + 4 x (0.2 = 14.8~ (ignoring
stereoactive lone-pair effects for Pb**), an average
basicity of 14.8/51 = 0.29 vu, and a range of [CN];, of
1.20-1.65. Thisresultsin aminimum of 61 and a max-
imum of 84 bonds to the interstitial complex, and the
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rangein Lewisbasicity isthus0.175-0.24 vu (Fig. 14f).
The predicted chemical compositions of al intertitial
complexes are summarized in Table 5.

Restrictions on the chemical composition of possi-
ble interstitial complexes. For the Lewis acidity to fall
within the range of Lewisbasicity of the structural unit,
then 14.8/(N + d + 4) = 0.175-0.24. The possible range
in (N + d) is 54-80, where N is the sum of the coordi-
nation numbers of 14 monovalent cations or seven diva
lent cations. For the case where there are no trans-
former (H,O) groups, the average coordination number
of 14 monovalent cations must be between [4.0] and
[5.7] and that of seven divalent cations between [8.1]
and [11.4]. It is apparent that possible interstitial com-
plexes cannot contain just monovalent cations, irre-
spective of the presence or absence of transformer
(H,0O) groups (except perhaps for [6]-coordinated cat-
ionswith no transformer (H,O) groups). For divalent cat-
ions, awide range of coordination numbers are possible.

Wolsendorfite has one Pb?* cation that is lone pair—
stereoactive, and other Pb** cations that are not lone pair—
stereoactive. Thelone pair—stereoactive Pb?* hastwo short
bondsto the structural unit, which must thus be written as
[2*6IPb?*(UO,),,0,4(0OH),]'%; the resulting interstitial

complex is  {B131(Pbg; Bag,) (H,0)o2)(H,0)y0.51 1,
where d- and etype (H,O) groups are considered
together; i.e, d+ e = 0-2, g = 10-8. The modified
charge of the structural unit 14-+0.5* x2 + 0.2 x4 =
13.8~ and the number of O atoms in the structural unit
is 51; hence, the average basicity is 13.8/51 = 0.27 vu.
Theresulting rangein [CN],, is 1.15-1.60, and thus the
minimum and maximum numbers of bondsto the struc-
tural unit are 58.7 and 81.6, respectively. The effective
charge of the structural unit is 13.8-, and hence the
range in Lewis basicity of the structural unit is 0.17—
0.235 vu (shown in darker shading in Fig. 14f). For an
[8]-coordinated divalent cation, Fig. 14f predicts 04
transformer (H,O) groups per interstitial cation, and the
interstitial complex in wdlsendorfite lies within this
range.

109

POSSIBLE OCCURRENCE OF RADIONUCLIDES
IN URANYL OXIDE-HYDROXY
HYDRATE MINERALS

We are how in the position to predict the occurrence
of radionuclide isotopes in interstitial complexes of
uranyl oxide-hydroxy hydrate minerals. These cations
are most likely monovalent, divalent and, trivalent cat-
ions such as Cs, K, Sr and actinides such as Ac, Am,
Cm, Bk, Cf, Es, Fm, and Lr. On the basis of the above
arguments, we expect that monovalent cations such as
Csand K will most likely occur with structural units of
low average basicity (i.e., <0.22 vu). Thisisthe casein
synthetic K5[(UO,),,04(OH),] (Burns and Hill, 2000a)
and Cs;[(UO,),,0,(OH);](H,0); (Hill and Burns,
1999) in which the corresponding structural units have
averagebasicitiesof 6.8/37=0.18 vu and 5.6/44 =0.13 w,
respectively.

Interstitial complexes with divalent radionuclides
such as Sr should occur with al structural units, and they
do not require any transformer (H,O) groups. For exam-
ple, Burns and Hill (2000b) synthesized the Sr analogue
of curite, S, 44(H,0),[(U0,),0,(0H);1,(H,0),, in
which the interstitial complex {!1%ISr, ¢,(H,0),(H,0),}
does not contain any transformer (H,O) groups. Triva-
lent actinides occur generaly in [6]- to [10]-coordina-
tion. This means that they can occur in interstitial com-
plexes of al uranyl oxide-hydroxy hydrate minerals,
but, depending on their coordination number, they must
bond to additional transformer (H,0) groups (Table 5).

AN ACTIVITY-ACTIVITY DIAGRAM
FOR URANYL OXIDE-HYDROXY
HYDRATE MINERALS

We can calculate an activity—activity diagram for
log[ M>*]/[H]?> (M = Ca, Ba, Pb**, K,, Na,) versus
log[ H,0O] for al structural units in uranyl oxide-
hydroxy hydrate minerals and synthetic compounds
(Figs. 153, 15b). The construction of such diagrams has
been described in detail by Schindler and Hawthorne
(2001c). All minerals in this diagram are related via
combinations of the general equations:

{ M? interstitial complex }*[(UO,),O,(OH),J* + a(H,0) + a{M>*}

~—— { M2, interstitial complex }@*22*[(UO,),0 , (OH),,]* 22~ + 2aH*, [1]

{ M? interstitial complex }#[(UO,),O0,(OH)]* + a(H,0) + b{M?*}

—{M ﬁ: » interstitial complex } @+ 224[(UO,), O, _ a4 s(OH) 4 22 2517+ 2~ + 2bH*, [2]

{ M? interstitial complex }#[(UO,),0,(OH),]* + aM**

~—— {M?%_ interstitial complex }@*22*[(UO),O, , J(OH)_1a]@* 2 + 2aH", [3]

{ M2 interstitial complex }2[(UO,),0,(0H),J* + a(H,0)

—{ M? interstitial complex }#[(UO,) O, _ s(OH) 4 221*- [4]
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Fig. 15. (a) An activity—activity diagram: log[ M2*]/[H] versus log[ H,O] for selected uranyl oxide-hydroxy hydrate minerals. The

diagram has been calculated without considering different types of interstitial cations (e.g., Pb>*, Ca) or the possible influence of
Eh, and stereoactive lone-pair effects are not considered. The corresponding average basicity of the structural unit isgiven in paren-
theses. (b) The genera occurrence of the structural units in the activity—activity diagram with the corresponding ranges in Lewis

basicity.

These genera equations do not consider the number
of interstitial (H,O) groups because their number varies
with the type of M cation(s) in the interstitial complex
or with dightly different temperatures during crystalli-
zation. For example, the structural units in schoepite,
metaschoepite, and dehydrated schoepite have the com-
position [(UO,)sO,(OH),,] (Finch et al., 1996; Weller
et al., 1999; Finch et al., 1998). All three minerals can
be synthesized in agueous solution at similar values of
log[ M?*]/[H]? but at dightly different temperatures.
Hence, they have overlapping stability fields, despite
their different numbers of interstitial (H,0) groups.

From the law of mass action, we may then write the
following relations for all equations:

log[M**1/[H]? = a/blog[H,0] + logK,  [1]
log[M*1/[H]? = logK, 2]
alog[H,O] = logK. [3]

We do not know logK , and hence our calculated values
are only on arelative basis. However, the slope of the
boundary between stahility fieldsis given by either a/b,
0, or alog[ H,0] (which we do know), and, hence, we
can construct an activity—activity diagram with the cor-
rect topology. The activity of [H,O] is 1 in water and,
therefore, does not affect the stability of minerals
grown in agueous solution. However, we can use the
activity of log[ H,O] in order to understand how the
degree of polymerization of the structural unit and the

chemical composition of the interstitiadl complex
change with the amount of (H,O) in the structural unit
(see below). Figures 15a and 15b show the stability
fields of the structural units and indicate the corre-
sponding minerals and compounds, the average basic-
ity and chemical composition of the structural units,
and the corresponding range in Lewis basicity.

Average Basicity and pH

Schindler et al. (2000b) and Schindler and Haw-
thorne (2001c) showed that, in reactions of the type

[BKO(OH)|* + XH* ~—= [ByO,_x(OH) ., (] @ %~ [5]
and
[ViOnI* + 2XH* ~— [V4On 5@~ + XH,0  [6]

the average basicity decreases in the forward reaction;
i.e., anincreasein pH favorsformation of the structural
unit with a higher average basicity. Because reactions
[5] and [6] also apply to the formation of aqueous spe-
ciesin solution, the average basicities of structural units
and agqueous species correlate with the pH of the solu-
tion. This emphasizes that the pH controlsthe crystalli-
zation of minerals via condensation of the principal
species in solution.

Equations[1]-{3] aresimilar to Egs. [5] and [6], and
thus we expect that formation of structural units with
higher average basicity isfavored by anincreasein pH.
This indeed the case: the average basicity of structural
units increases with increasing log[ M>*]/[H]* (i.e,

GEOLOGY OF ORE DEPOSITS  Vol. 45

No. 2 2003



A BOND STRENGTH APPROACH TO THE STRUCTURE, CHEMISTRY, AND PARAGENESIS

with increasing pH or increasing activity of [M*];
Fig. 15a). Hence, average basicity correlates with
increasing Pb**/U% in uranyl oxide-hydroxy hydrate
minerals, and thus can be used as an indicator of the
degree of weathering of primary uraninite.

Schindler and Hawthorne (2001c) showed that
borate structural unitsrelated via

[BOn—y(OH)p 1 2y1* = [BLOr(OH)]* + Y(H,0), [7]

have similar average basicities. Moreover, they
observed that changes in average basicity are much
smaller relative to changes involving structural units
related viaequations[5] and [6]. Equation [4] issimilar
to equation [ 7], and so we expect similar average basic-
ities in the corresponding structural units. Thisisagain
the case: the structura units [(UO,),0,(OH)s]'~ and
[(UO,);,0,(0OH),;]*~ have average basicities 0.133 and
0.127 wu; the structural units [(UO,),0;(OH),]* and
[(UO,),,05(OH),]>~ have average basicities 0.183 and
0.186 wvu; and the structural units of schoepite,
a-[(UO,)(OH),], and B-[(UO,)(OH),] have average
basicities 0.08, 0.10 and 0.10 wu, respectively
(Figs. 153, 15h).

Lewis Basicity, Average Basicity, and pH

For uranyl oxide-hydroxy hydrate minerals (Table 4),
the minimum and maximum Lewis basicities of a
structural unit increase with increasing average basic-
ity. The minimum and maximum Lewis basicities
increase from 0.14-0.23 wvu for the structural unit
[(UO,),00,(OH),, 1> (with an average basicity of
0.14wu) to 0.20-0.29 wu for the structura unit
[(UO,)40,4(OH),]'* (with an average basicity of
0.29 vu). Hence, minimum and maximum Lewis basic-
ities of a uranyl oxide-hydroxy hydrate structural unit
correlate with pH and log[ M?*] (Fig. 15b).

Change in Topology of the Structural Unit with
Increasing log[ M?*]/[H]?> and log[ H,O]

Figure 16 shows the activity—activity diagram with
the codes of the anion topology of the corresponding
structural units. The structural unitsin a-[(UO,)(OH),],
B-[(UO,)(OH),], and Pb[(UO,)0,] are the only struc-
tural units which contain only H and R chains. These
chains contain U%* in [8]-coordination or in [6]-coordi-
nation. All other structural units contain a combination
of P U, D, R, U™, and U™ chains, and the correspond-
ing average coordination numbers of U are between
[6] and [7] (Fig. 16). In thisgroup, structural unitswith
ahigh amount of [H,0] and at low log[ M**]/[H]?> have
P,(UD), topology, structural units at moderate val ues of
log[ M**]/[H]? have either U™ or P,(UD), topology,
and structural units at high values of log[ M**]/[H]?
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have (UD)(U™), topology. The situation is different in
structural units with less [H,0]: a low values of
log[ M?*]/[H]?, they contain a high ratio of P to (UD)
chains, whereas at high values of log[ M?*]/[H]?, they
contain low ratios of R to (UD) chains. The explanation
for this is straightforward: U, D, U™, and U™ chains
contain triangles, which are not occupied by U®* cat-
ions. Hence, the corresponding structural units have
lower packing densities of uranyl polyhedra (i.e., a
lower degree of polymerization). Transformation of a
structural unit with a high degree of polymerization to
astructural unit with alow degree of polymerizationis
always favored by increasing activity of [H,0O]. Fur-
thermore, the arrangement of chains with triangles in
the layer structural units results in [2]-coordinated
O atoms that link two (U¢;) polyhedra. These O atoms
receive (on average) 2 x 0.54 = 1.08 vu from the two
[""U+—~O bonds and require an additional 0.92 vu; this
bond valence can be only contributed by an O—H bond,
which means that [2]-coordinated O atoms almost
always involve an (OH) group. Thus, structural units
with a high ratio of (UD), U™, or U™ chains to P and
R chains have a lower degree of polymerization and a
higher number of (OH) groups; their formation is
favored by anincreasein the activity of [H,0], and their

stability fields occur at higher activities of log[ H,O]
on an activity—activity diagram (Fig. 16).

Theincreasein R, U™, or U™ chainswith increasing
log[ M?*]/[H]? results in a decrease in the average
coordination number of U%* from [7] to [6] (Fig. 16).
Burns et al. (1997) showed that {(UO,)@,} polyhedra
more commonly share corners than edges with other
uranyl polyhedra. This means that increasing [61US*
reduces the number of edge-shared polyhedra and
dlightly reduces the degree of polymerization of the
structural unit. In turn, this depolymerization reduces
the sum of bond valences from the U cations to
O atomsin the structural unit and increases the average
basicity of the structural unit. Furthermore, the ratio of
(UO,)* to (OH) groups in structura units decreases
withincreasing log[ M>*]/[H]? (Fig. 15b). Thisreduces
the sum of bond valences from U®* cations incident at
O atoms, again resulting in an increase in average
basicity.

We can summarize structural changes in the activ-
ity—activity diagram as follows:

(1) Depolymerization through change from P to
(UD) or Rto U™ or U™ correlates with adecreasein the
(UO,)**/(OH) ratio and is favored by increase in [H,0]
activity. This process changes only slightly the average
basicity (and hence the range of Lewis basicity).

(2) Depolymerization through decrease in the coor-
dination number of U® and increase in the
(UO)*/(OH) ratio is favored by increase in
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Ps(UD)y,R,

[6.65]

(UD)gU",

P,(UD)gRs, [6.75]

[6.8]

P3(UD)g, [7]
U™, [6.75]

P3(UD)s, [7]

H[8]

P3;(UD)g, [7]

Fig. 16. The chain-stacking sequences of the corresponding anion topologies in the activity—activity diagram. FW indicates frame-
work. Three examples are shown to the right: the anion topology in synthetic Pb2+[(U02)02] (top), curite (center), and schoepite
(bottom). The average coordination number of U is shown in square brackets.

log[ M2*]/[H]?, and results in an increase in average
basicity and in the range of Lewis basicity.

Chemical Composition of Interstitial Complexes
and the Topology of the Sructural Unit

The occurrence of interstitial cations in minerals
depends on the range of Lewis basicity of the structural
unit and on the mole proportion of (H,O) in the struc-
tural unit (Figs. 15a, 15b). We also know that the mole
proportion of (H,O) in the structura unit is related to
whether the structural unit has Py(UD)s—P,(UD), or

P,(UD);Rs—~(UD),Ug topology (Fig. 16). Figure 17
summarizes thisinformation and al so indicates the cor-
responding ratios of the number of uranyl groups and
(OH) groups in the structura unit. It is apparent that
Pb?* cations only occur with structura units of topol-
ogy P4(UD)s and with (UO,)/(OH) > 1. There are three
notabl e differences between the occurrence of Pb** cat-
ions with the more highly polymerized structural units
P,(UD)s, P,(UD)Rs, and Py(UD),,R, (Fig. 17, left side)

and with the less highly polymerized structural units
P,(UD), and (UD),Ug :

(1) Pb** isdisordered over more than one site in the
interstices of the more highly polymerized structura
units (masuyite, richetite, wolsendorfite).

(2) As aresult of stereoactive lone-pair behavior,
Pb?* occursin more distorted environmentsin theinter-
stices of the more highly polymerized structura units
(sayrite, wolsendorfite).

(3) None of the minerals with more highly polymer-
ized structural units have yet been synthesized.

These three points suggest that the geometrical fea
tures of structural unitswith P;(UD), topology may bet-
ter match the size and coordination number of (Pb**@,)
polyhedra and therefore such compositions are more
easily synthesized.

Figure 17 shows that alkali and alkaline-earth cat-
ions occur only in minerals with structural units of
P4(UD); and P,(UD);R; topology. They only occur
with less highly polymerized structural units of U™ and

(UD)sUg topology in synthetic compounds (Table 5).
However, more highly coordinated monovalent cations
No. 2
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occur with structural units of P4(UD)s and P,(UD)gRs
topology in minerals and synthetic compounds. The
reason for this becomes apparent when we consider that
the corresponding interstitial complexes have more cat-
ions than interstitial complexes with divalent cations
only and the corresponding structural units have a
higher density of bond-valence acceptors than struc-

tural units with Py(UD), or (UD),Ug topology. Hence,

interstitial complexeswith alkali and alkaline-earth i so-
topes as products of nuclear fission will occur with
structural units of P¢(UD)s topology rather than with
structural units of P;(UD), topol ogy.

SUMMARY

(1) A minera structure can be divided into two
parts: astructural unit and an interstitial complex.

(2) Theinterstitial complex isan array of large low-
valence cations, usually monovalent anions and (H,0)
groups, that is usually cationic in character and is char-
acterized by its Lewis acidity, a measure of its electro-
philic strength. The structural unit is usually an anionic
array of strongly bonded polyhedraand is characterized
by its Lewis basicity.

(3) Interaction between these two unitsis subject to
the principle of correspondence of Lewis acidity—basic-
ity: for astructural arrangement to be stable, the Lewis
acidity and Lewis basicity of its constituent parts must
match.

(4) The Lewis basicity of the structural unit can be
moderated by change in the coordination numbers of its
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Ps(UD)s Po(UD),, P;(UD)g log[H,0]

Fig. 17. Schematic of the general occurrence of Pb** and
akali and alkaline-earth cationsin structural units of miner-
as with different layer topologies and different ratios of
(UO,)/(OH). The arrows indicate the possible sequence of

changein structural units during weathering processes with
increase in log[ M>*]/[H]?; (UO,)/(OH) ratios are shown.
The horizontal line indicates a change in the coordination
number of U from excl usively [7]-coordinated in
Pg(UD)s, Po(UD), , and P3(UD)g to [ 7]-{6]-coordinated in
(UD)qUg", P4(UD)gRs, and Pg(UD),,Rs. The occurrence of
stereoactive lone-pair electronsin Pb>* isindicated by LP.

constituent simple anions, subject to the valence-sum
rule. Thus aspecific structura unit isstable over arange
of Lewis basicities.

(5) A general interstitial complex can be written as

(a+2b+3c-f)+

{""M ML M (H,0)4(H,0). P (OH)(H,0) 4 ,

where [n], [m], [I], and [q] are coordination numbers;
a, b, and c arethe numbers of monovalent, divalent, and
trivalent cations; d is the number of transformer (H,0)
groups; e isthe number of (H,0) groups bonded to two
interstitial cations or one interstitial cation and one
hydrogen bond; f is the number of interstitial (OH)
groups; and g is the number of (H,0) groups not
bonded to any cation.

(6) A transformer (H,O) group takes a chemical
bond and splitsit into two weaker bonds, thereby alter-
ing the effective Lewis acidity of the constituent cation.

(7) The number of transformer (H,O) groups in an
interstitial complex has a strong effect on its Lewis
acidity, and the variation in Lewis acidity of a general
interstitial complex can be graphically represented as a
function of the number of transformer (H,O) groupsin
the complex.

(8) The effective charge of a structural unit is
defined as the formal charge of the structural unit as
modified by the hydrogen bonds emanating from it.
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(9) The average basicity of a structural unit is
defined asthe effective charge divided by the number of
O atomsin the structural unit.

(10) The average basicity correlates with the mean
number of bonds from the interstitial complex to the
O atoms of the structural unit. This correlation defines
aband that allows prediction of the range of the average
O atom coordination number (by which the structural
unit responds to small changes in pH while remaining
stable).

(11) The range in Lewis basicity of the structura
unit may be calculated from the maximum and mini-
mum values of the mean number of bonds from the
interstitial complex to the O atoms of the structura
unit. The maximum and minimum coordination num-
bers are multiplied by the number of O atoms in the
structural unit to give the minimum and maximum
numbers of bonds required from the interstitial com-
plex by the O atoms of the structural unit. The mini-
mum and maximum numbers of bonds required by the
structural unit from theinterstitial complex are the min-
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imum and maximum total numbers of bonds minus the
number of bondswithin the structural unit. Therangein
Lewis basicity of the structura unit is its effective
charge divided by the maximum and minimum num-
bers of bonds required by the structural unit from the
interstitial complex.

(12) Where the Lewis acidity of ageneralized inter-
stitial complex overlaps the range of Lewis basicity of
a specific structural unit, the principle of correspon-
dence of Lewis acidity—basicity is satisfied and astable
structural arrangement is possible.

(13) Application of this approach to the uranyl
oxide-hydroxy hydrate minerals shows that there are
significant restrictions on the chemical and structural
details of the interstitial complexes.

(14) The Lewisbasicities of some structural unitsdo
not allow certain types of cationsto occur asinterstitial
components.

(15) The overlap of Lewis basicity and acidity
required for structural stability by the principle of cor-
respondence of Lewis acidity—basicity leads to an
explanation and prediction of the number of trans
former (H,O) groups in the interstitial complexes of
these minerals. These predictions can be precise or
imprecise, but in all cases, they are accurate.

(16) Structural units of uranyl oxide-hydroxy
hydrate minerals may be formally related by two types
of chemical reactions, one of which consumes H and
the other of which consumes (H,0).

(17) Combining these equations with the law of
mass action leads to an expression that allows arrange-
ment of structural units in log[ M**]/[H]>-log[ H,O]
space and calculation of the slopes of the associated
phase boundaries. The result is an activity—activity dia-
gram with the correct topology and a relative scale
along each axis.

(18) Structural units of similar topology occur in
contiguous fields of the activity—activity diagram, and
the general classes of polymerization of B, U, and
D chains in the structural units change systematically
acrossthisactivity—activity diagram. Depolymerization
through changefrom Pto (UD) or R to U™ or U™ chains
correlates with decreasing (UO,)**/(OH) ratio and
increasing [H,0] activity. Depolymerization through
decreasing coordination number of U and increasing
(UO,)**/(OH) ratio is favored by increasing
log[ M?*]/[H]?, and results in an increase in average
basicity and in the range of Lewis basicity.

(19) In accord with the principle of correspondence
of Lewis acidity—basicity, the details of the intertitial
complexes show systematic variation across the activ-
ity—activity diagram. In highly polymerized structura
units, interstitial Pb%* tends to be disordered over more
than one site. Moreover, Pb** tends to exhibit stereoac-
tive lone-pair behavior in more highly polymerized
structural units.

HAWTHORNE

(20) The average basicity of structural unitsin ura-
nyl oxide-hydroxy hydrate minerals varies only in the
range 0.08-0.29 wu, in accord with the small range of
pH (5-8) over which almost al of these minerals have
their maximum stability. The details of the interstitial
complexes in these mineras are in accord with this
observation: monovalent cations are favored by moder-
ate pH, divalent cations are favored by higher pH, and
trivalent cations do not occur under any conditions.
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