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ABSTRACT

We introduce a crystal-chemical approach to the composition and occurrence of vanadium minerals. Here, the structure of a
mineral is divided into two parts: the structural unit with bonds of higher bond-valence, and the interstitial complex, [I™M *,
[lpg 2+, Upg 3+ (H0)g (H20)e (OH)] @ 2030+ "which connects the structural units to form a continuous structure. Average
coordination numbers of oxygen in structural units of vanadium minerals are in the range [2.75] to [4]. There are characteristic
ranges of average O-coordination numbers for specific structural units, and these values can be used to calculate the range of
Lewisbasicities of structural unitsin vanadium minerals. The characteristic Lewis basicities explain why someinterstitial cations
occur, and some do not occur, with a specific structural unit. Furthermore, the maximum and minimum number of interstitial
transformer (H,O) groups can be predicted. The occurrence of different states of hydration in vanadium mineralsis rationalized
via bond-valence theory. Here, Lewis basicities and effective Lewis acidities of structural componentsin vanadium minerals can
explain detailed structural changes during dehydration. The average basicity of astructural unit isindependent of the average O-
coordination number, and can be compared to structural unitsin minerals with different interstitial cations and hydration states.
With increasing polymerization, thereis adecrease in the average basicity of the structural unit. Examination of the conditions of
crystallization of vanadate minerals and synthetic phases shows that the average basicity of the structural unit correlates with the
pH of the environment of crystallization. The average basicity of agueous speciesin a solution correlates linearly with the pH at
the maximum concentration of the species in solution.
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SOMMAIRE

Nous adoptons une approche cristallochimique pour traiter de la composition et du mode de formation des minéraux de
vanadium. Pour cefaire, nous considéronslastructure d’ un minéral en deux parties: I'uniré structurale contient desliai sons ayant
une valence de liaison plus élevée, et le complexe interstitiel, [[™M *, (M1 24, Mg 3+ (H,0)q (H20)e (OH)f] @ 2043+ assure la
connectivité des unités structurales afin de former une structure continue. La coordinence moyenne des atomes d’ oxygéne dans
les unités structurales des minéraux de vanadium va de [2.75] a[4]. Il y ades intervalles caractéristiques de la coordinence de
I"oxygéne pour des unités structurales spécifiques. Ces valeurs servent a calculer I'intervalle de basisité de Lewis des unités
structurales. Labasisité caractéristique de L ewis explique pourquoi certains cationsinterstitiels sont incorporés et non pasd’ auitres,
avec une unité structurale spécifique. De plus, nous pouvons prédire le nombre maximum et minimum de groupes (H,0)
transformateurs interstitiels. Nous nous servons de la théorie des valences de liaisons pour expliquer la présence de différents
degrés d’ hydratation parmi les minéraux de vanadium. Les valeurs de la basisité de Lewis et de I’ acidité effective de Lewis des
composants structuraux rendent compte des changements structuraux au cours d’ une déshydratation. La basisité moyenne d’ une
unité structurale serait indépendante de la coordinence moyenne de I’ oxygéene, et se compare a celle des unités structurales de
minéraux ayant des cationsinterstitiels et des degrés d’ hydratation différents. A mesure qu’ augmente |e degré de polymérisation,
il 'y aune diminution de la basisité moyenne de I’ unité structurale. Un examen des conditions de cristallisation des minéraux
vanadatés et des phases synthétiques montre que |a basisité moyenne d’ une unité structurale est en corrélation avec I’ acidité du
milieu de cristallisation. La basisité moyenne des espéeces présentes dans une solution agqueuse montre une corrélation linéaire
avec le pH a concentration maximale de ces espéces en solution.

(Traduit par la Rédaction)
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INTRODUCTION

In a pioneering paper, Evans & Garrels (1958) ex-
amined the occurrence of vanadium mineralsin the ore
deposits of the Colorado Plateau. They used informa-
tion from vanadium-mineral paragenesis, vanadate syn-
thesis and polyvanadate anions in agueous solution to
assign stability fields to vanadium minerals on an Eh—
pH diagram. In the sedimentary rocks of the Colorado
Plateau, vanadium is transported primarily by ground-
water, and has the oxidation states 4+ and 5+ (Wanty &
Goldhaber 1992). There, the total concentration of V is
in the range 9.8-240 pwmol, and polymerized vanadate
species are not stable. Wanty & Goldhaber (1992) cal-
culated an Eh—pH diagram for vanadate anionsin a so-
lution with Vg = 10 wmol; the corresponding ions are
as follows: for V5*: VO, HVO,Z, HoVO4~, HVO,
and HVO,4*; for V4 VO?, VO(OH)*; for V3 V3,
VOH?* and V(OH),". Here, we use bond-valence theory
to establish aconnection between the structural arrange-
ments in vanadate minerals and their pH conditions of
crystallization.

THE CLASSIFICATION OF VANADIUM MINERALS

Evans & White (1987) developed a classification
scheme for vanadium minerals according to their crys-
tal-chemical character. They subdivided 119 vanadium
minerals into twelve different groups. (1) sulfides, (2)
species with isolated tetrahedra, (3) silicates, (4) spe-
cies with isolated vanadate chains, (5) square-pyrami-
dal (VO)%* species, (6) uranyl—divanadate (V,0g)%
layer complexes, (7) isopoly- and heteropolymolecular
complexes, (8) low-valence 81V -oxyhydroxides, (9)
anhydrous oxides, (10) vanadium bronzes, (11) alumi-
nous layer vanadates, and (12) vanadates of uncertain
type. Our particular interest concerns vanadium miner-
as formed from agueous solution, and these occur in
groups (2), (4), (6), (7), (10) and (11). The classifica-
tion scheme of Evans & White (1987) is similar to the
proposa of Hawthorne (1983) that mineral structures
be hierarchically ordered according to the polymeriza-
tion of coordinationswith higher bond-valences. In this
way, Hawthorne (1983) divided amineral structureinto
two parts: (1) polyhedra of higher bond-valence, which
form the structural unit, and (2) interstitial species, cat-
ions, (OH) and (H,0) groups, which occupy the inter-
stices between the structural units. In group (2) of the
scheme of Evans & White (1987), isolated [V O4]% and
[V207]* groups can link to other polyhedra of higher
bond-valence, e.g., (Cu¥*g), (Znps), (FE¥3*pg) and
(Mn%* @) (@: undefined ligand). In this work, we con-
sider only vanadate groups such as [V O4]% and [V,07]*
as structural units and treat all other cations as intersti-
tial components.
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SYNTHESIS OF VANADIUM COMPOUNDS
FROM AQUEOUS SOLUTIONS

Synthesis of vanadates by Norbald (1873), Manasse
(1887) and Ditte (1888) showed that polymerization of
(VOp) polyhedraincreases with acidification of the par-
ent agueous solution. Synthetic vanadium compounds
in the systems Na-V5—H,0 and Ca&2*-V5—H,0 have
been characterized by Baker (1885), Kiehl & Manfredo
(1937) and Marvin & Magin (1959), respectively. The
earliest work on polyvanadate anions in aqueous solu-
tion was done by Jander & Jahr (1933), Ducret (1951)
and Rossotti & Rossotti (1956); they gave detailed in-
formation on pH values and equilibrium constants for
different polymerization reactions in aqueous solution.
Pope (1983) reviewed the aqueous chemistry of
isopolyvanadates, and concluded that the species
[VO4]*, [HVO4]?, [HaVO,]~, [H3VO4], [V207]%,
[H3VO4], [HV207]%, [V3Oq]*", [V4012]*, [V10028]*
in various states of protonation, and [V O,]*, occur in
aqueous solution. Other reviews on aqueous
polyvanadate chemistry have been presented by Heath
& Howarth (1981), Pettersson et al. (1983, 1985) and
Tytko & Mehmke (1983).

COORDINATION AND CHARACTERISTIC BOND-LENGTHS
IN VANADIUM MINERALS

Evans (1969) surveyed the crystal chemistry of va
nadium minerals and examined the types of (V ¢p,) coor-
dination polyhedrathat they contain. Shannon & Calvo
(1973a) discussed the bond-length variation of tetrahe-
drally coordinated V5 and calculated a grand mean
V50 bond length of 1.72(1) A. Schindler ez al. (2000)
discussed bond-length variationin (V3+0,), (V4*O,) and
(V3*0,) (n =5, 6) polyhedra. For (V4*0,) and (V>*O,)
(n=15, 6) polyhedra, the bond-length distributions show
distinct populations that were used to define vanadyl,
equatorial and trans V-0 bonds. Schindler et al. (2000)
used these definitions to define different coordinations
of V in the form of the notation [a + b + ¢], where the
sequence of numbers gives the number of vanadyl (a),
equatoria (b) and trans (c) bonds, respectively. Thus,
the coordination [2 + 2 + 2] indicates that there are
2 vanadyl, 2 equatorial and 2 trans bonds.

PoLYMERIZATION IN VANADATE MINERALS

Schindler et al. (2000) examined which linkages
[vanadyl-vanadyl, vanadyl—equatorial, vanadyl—trans,
equatorial—equatorial, equatorial—trans and trans—trans)
of (VOp) polyhedraare possiblein terms of permissible
bond-valence sums, and which linkages actually occur
in minerals. These linkages were denoted as [MVZ —
vOp — [MVZ, where [n] denotes the coordination, (e.g.,
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Fic.1. Structural unitsin selected vanadate minerals. (a) Divanadate chainsin rossite with edge-shared [5]-coordinated polyhe-
dra. (b) The tetravanadate chain in which V is in [6]-coordination. (¢) Two [**\V/>*polyhedra share common edges in the
carnotite structure (marked with crosses). (d) The [V 1002g]®~ group in pascoite, with ten condensed (V Og) polyhedra. (€) The
[V2*V5*1,040] group in the structures of sherwoodite and K7(AsV 14040(H20)12. In (a), (b) and (d), the V atoms are indicated

by large white circles.

[1+4+1]or[2+ 3]), b isthe type of bond between
vanadium and oxygen (v: vanadyl, eq: equatorial, :
trans), and Z is the valence state of vanadium (4+ or
5+). For example, the notation of the linkages in the
[VOg3] chain of rossite, Ca(VO3),(H20)4 (Ahmed &
Barnes 1963) would be *4v5 —, O,, — 1*4v5* and
[+4yS— O, 123V (Fig. 1a). These terms denote
linkage through a common O-atom between equatorial
bonds from V5* in [1 + 4]-coordination, and linkage
through a common O-atom between an equatorial bond
from V5*in[1 + 4]-coordination and from V5" in[2 + 3]-
coordination, respectively.

Furthermore, Schindler er al. (2000) showed that,
from 132 possible combinations of binary ["\V/Z —,0p,—
[nv/Z |inkages, only 26 occur in minerals. They argued
that one reason might be that many V4* and VV°>* miner-
als occur as secondary phases in the oxidation zone of
rocks containing V3* minerals. Under these conditions,

5+ is the most stable oxidation state for vanadium, ac-
counting for its dominant role in the crystal chemistry
of vanadium minerals.

Typical binary linkages involving V3" occur in
pascoite, CagV 10028(H20)16, Which contains isolated
heteropolyhedral [V 190.g]® decavanadate polyanions
(Swallow er al. 1966). Here, ([1*4*1v5*QOg) and
(12+2+Av5+*Qg) polyhedra link by equatorial—equatorial,
vanadyl—equatorial and trans—trans bonds (Fig. 1d).
Another heteropolyhedral polyanion, [AIV5t V4,
O40]%, occurs in the structure of sherwoodite, Cays
[AIV14040] (H20)25 (Evans & Konnert 1978; Fig. 1e).
In the center of the polyanion, an (AlQOg) octahedron is
surrounded by two (14 1\/4+*Qg) bipyramids and twelve
(12+2+Av5+Qg) polyhedra. Here, the polyhedraare linked
by the rare binary linkages [1+4*1v4* — O, —[2+2+2\/5+
and [+ 4 _ O, — [272+2/5* The layer structure of
carnotite, Ko(UO,)2(V20g)(H20)s3, is built from edge-
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sharing ([l+4]V5+On) pyrami ds, [1+4]V5+_eqogq_[1+4]v5+’
connected by (UO7) polyhedra (Appleman & Evans
1965; Fig. 1c).

The natural vanadium bronzes may be classified ac-
cording to whether the layers contain connected tetra-
vanadate chains, divanadate chains or combinations of
thetwo (Evans & Hughes 1990; Figs. 1a, 1b). Examples
are hewettite, Ca(VOi16)(H20)6 (tetravanadate +
divanadate chains; Evans 1989), corvusite, (Ca,Fe)
(V8020)(H20)3 (tetravanadate chains; Evanset al. 1994),
and shcherbinaite, V,0s (divanadate chains;, Hughes &
Finger 1983). These are characterized by linkages be-
tween vanadyl—trans, equatorial—trans, equatorial—
equatorial and trans—trans bonds of [2+31\/5+ [2+2¢2y/5+
[1+4+1]y/5* and [1+4+1/4* coordinations.

GENERAL CRYSTAL-CHEMICAL CONSIDERATIONS

Synthesis of vanadium compounds in agqueous solu-
tion, characterization of polyvanadate species in ague-
ous solution, and examination of vanadium—mineral
parageneses give information on the conditionsin which
structural units in vanadium minerals are formed. The
classification scheme for vanadium minerals, examina-
tion of V-O bond-length variations, and the types of
coordination polyhedraand binary linkages give details
about the structure and composition of structural units
in minerals. From these considerations emerge the fol-
lowing questions:

(1) Can we predict the pH value at which a vana-
dium mineral was formed, when we know the chemical
composition and bond topology of its structural unit?

(2) Why doesthe coordination number of vanadium
change from [5] and [6] to [4] with increasing basicity
of the parent solution?

(3) What controls the number of H,O groups and
the type of interstitial cationsin a structure?

(4) How does the structural unit respond to hydra-
tion and dehydration?

In order to answer these questions, we have to de-
fine specific bond-valence parameters for the structural
units and the interstitial cations. These parameters are
characteristic bond-vaence, Lewis-acid and Lewis-base
strengths, Lewis acidity and average basicity.

Bond-valence theory

Brown (1981) defined the characteristic bond-
valence of a cation as the average bond-valence around
that cation in a wide range of crystal structures. The
characteristic bond-valence of a cation correlates with
its electronegativity. Electronegativity is a measure of
the electrophilic strength of the cation, and the correla-
tion with characteristic bond-valence indicates that the
latter is ameasure of the Lewis-acid strength of the cat-
ion. Thus, Brown (1981) defined the Lewis-acid
strength of a cation as its characteristic bond-valence,
and the Lewis-base strength of an anion as its charac-
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teristic bond-valence. From this emerges the valence-
matching principle: stable structureswill form when the
Lewis-acid strength of a cation closely matches the
Lewis-base strength of an anion.

Lewis basicities of structural units

Hawthorne (1985) introduced the idea of defining
the structural unit as a complex (usually) oxyanion and
theinterstitial speciesasacomplex (generally hydrated)
cation. This binary representation of acrystal structure
(Hawthorne 1990, 1992) allows examination of the in-
teraction between a structural unit and the interstitial
specieswith the valence-matching principle. Hawthorne
(1997) described aschemeto calculate Lewis basicities
of structural unitsin minerals.

An example: Hewettite, Ca(V016)(H20)s (Evans
1989), contains the structural unit [V [51V,046]%.
Calculation of the Lewis basicity requires knowledge
of the coordination numbers of the cations and anions
in the structural unit. The coordination number of a cat-
ion is given by the type of (VOp) polyhedra, and the
average O-coordination number can be calculated from
the structural data, or predicted if no structural data are
available. Inthe structural unit of hewettite, the average
coordination number of Ois[3]. Thus, thereare 16 X 3
= 48 bonds in the overall crystal structure that involve
O-atoms of the structural unit. Within the structural unit,
there are 34 bonds: 6 X 4 bonds occur in the (V5*Og)
polyhedra, and 2 X 5 in the (V>*Os) polyhedra; there
are no hydrogen bondsin the structural unit. To achieve
a mean anion-coordination number of [3], the number
of additional bonds required from outside the structural
unit is 48 — 34 = 14. The Lewis basicity of a structural
unit (Hawthorne 1997) is defined as the charge of that
unit divided by the number of bonds required by that
unit to achieve its ideal coordination of O: for
[V [81V,0,6]%, the Lewis basicity is 2/14 = 0.143 vu.
This Lewisbasicity does not match the Lewis acidity of
Ca (0.27 vu), and therefore the structure contains inter-
stitial H,O groups that act as bond-valence transform-
ers (Hawthorne 1992).

The transformer effect of (H;0) groups

Hawthorne (1992) described the different possible
roles of (H,O) groupsin crystal structures, and drew a
strong distinction between (H,0) as part of the struc-
tural unit and (H,0) as part of the complex interstitial
species. Evans (1939) designated the role of (H,0) as
“to coordinate the cations and thereby effectively sur-
round them with a neutral shell which increases their
radius and enables their charge to be distributed over a
greater number of anions’. Hawthorne (1992) described
therole of (H,0) as abond-valence transformer in min-
eras, and showed that interstitial (H,O) can, in some
cases, be quantitatively predicted on this basis. How-
ever, Hawthorne (1992) did not consider all possible
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stereochemistries involving (H»0), and a brief recon-
sideration of thisissue is necessary.

Let a cation, M, bond to an anion X (Fig. 2a); the
anion X receives a bond-valence of v valence units (vu)
from the cation, M. Consider another cation, M, that
bonds to an (H,O) group, which, in turn, bonds to two
anions, X (Fig. 2b). In the second case, the O-atom re-
ceives a bond-valence of v vu from the cation, M, and
its bond-valence requirements are satisfied by two short
O-H bonds of vaence (1-v/2) vu. To satisfy the bond-
valence requirements around each H atom, each H forms
at least one H bond with its neighboring anions. In

(a)
s
(b)
R "’2®
N\
M O--—%—-
7>
&

//
M O

Fic.2. (a) Aninterstitial cation, M, bondsto aligand, X, with
bond valence v vu. (b) Bond-valence transformer effect of
an (H,O) group: a cation, M, bonds to an (H,O) group
which, in turn, bondsto two anions, X; thus one bond (bond
valence = v vu) is split into two weaker bonds (bond va-
lence=v/2 vu). (c) The (H,O) group does not act asabond-
valence transformer: two cations, M, bond to an (H;0)
group, which, in turn, bonds to two anions, X, which thus
receive the same bond-valence as when each anion was
bonded directly to one M cation.
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Figure 2b, one of these hydrogen bonds involves the X
anion, which thus receives a bond-vaence of one half
what it would receive were it bonded directly to the M
cation. Thus the (H,O) group acts as a bond-valence
transformer, causing one bond (bond valence = v vu) to
be split into two weaker bonds (bond valence = v/2 vu).

Consider next the situation where two cations, M,
bond to an (H,0) group, which, in turn, bonds to two
anions X (Fig. 2c). Here the oxygen atom receives a
bond valence of 2v vu from the two cations, and its
bond-valence requirements are satisfied by two short O—
H bonds, each of valence (1-v) vu. To satisfy the bond-
valence requirements of each H atom, each H forms at
least one H-bond with its neighboring anions. In
Figure 2c, one of these H bonds involves the X anion,
which thus receives the same bond-valence as when it
was bonded directly to one M cation (Fig. 2a). In this
case, therefore, the (H,O) group does not act as abond-
valence transformer.

The valence-matching principle

As we have seen above, the valence-matching prin-
ciple allows us to examine the quantitative interaction
between the structural unit and the interstitial speciesin
complex minerals.

An example: Let us again consider hewettite. The
bond valence of the Ca—(H,0) bond is Z/cn = 2/7 =
0.286 vu, where cn is the coordination number of the
cation. Each (H,0) is bonded to only one Ca atom, and
hence each (H,0) group acts as a bond-valence trans-
former. Each O—H bond has a bond-valence of (2 —
0.286) / 2 = 0.857 vu, and therefore, each H atom needs
0.143 vu from a hydrogen bond to satisfy its bond-va-
lence requirement. From this calculation, it is apparent
that each H,0 group linked to only one Ca atom trans-
forms the Ca—H,O bond (0.286 vu) into two weaker
bonds (0.143 vu). In the hewettite structure, Cais
bonded to six H,O groups and one O atom of the struc-
tural unit. Thus, the number of bonds from Ca to the
structural unitis6 X 2 +1 =13, and the effective Lewis
acidity of the[Ca(H,0)s0] groupis2/13=0.15vu. This
number closely matches the Lewisbasicity of the struc-
tural unit, asrequired by the valence-matching principle,
and hewettite is a stable mineral.

CompLEX INTERSTITIAL CATIONS
A general interstitial complex can be written as

(Mg +, (g 24, WAg 3% (H0)g
(H20)e [9(OH); (@r2o+3e-h*

where M isany type of interstitial mono-, di-, and triva-
lent cation, d denotes the number of (H»O) groups that
act as bond-valence transformers (i.e., split one M—-O
bond into two weaker M—H,0—-O bonds), e denotes the
number of (H,0) groups bonded to two interstitial cat-
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ions or bonded to one interstitial cation and receiving
one hydrogen bond from another interstitial (H,0)
group. The (H20) groups denoted by d do not act as
bond-valence transformers, and there is no splitting of
an M-O bond. To distinguish these two types of (H,O)
groups, we namethefirst transformer (H,0) groups and
the second non-transformer (H2O) groups. We do not
differentiate between non-transformer (H,O) groups
bonded to two M cations and those bonded to one M-
cation and receiving one hydrogen bond from another
(H20) group. The (OH) groups in the last position are
theinterstitial (OH) groups; they must bond to morethan
oneintergtitial cation, and usually occur only with triva-
lent interstitial cations (e.g., REE: rare-earth elements).
Oxygen atoms of the structural unit that are directly
bonded to interstitial M cations are not shown in this
general formula; their number isthe difference between
the coordination number of the cation and the number
of ligands listed in the general formula. For example,
the interstitial complex [["'Ca(H20)q(H20)e]%* has d
transformer (H,O) groups, e non-transformer (H,0)
groups and no (OH) groups. There are (n — d — ¢) O
atoms of the structural unit that are bonded to the inter-
stitial cation. The number of bonds from the interstitial
[ *5 1M 2, U1 3 (Ho0)g (H20)e 14(OH)y] 23
complex to the structural unit can be written asfollows:

3 bonds= (am +bn+cl)+d—f(qg—1)

Thus, the number of bonds from the interstitial com-
plex [BlCa2+(H,0)2(H,0)4], which has two transformer
(H20) groups, four non-transformer (H,O) groups and
no (OH) groups, to the structural unitis0+8+0+2—
0=10.

The effective Lewis acidity of a complex can be
defined asits charge divided by the number of bondsto
the structural unit: (a + 2b + 3¢ —f) /[(am + bn + cl) +
d —f (g — 1)]. For example, the effective Lewis acidity
of the [[BICa(H,0)2(H20)4]%" complex is(0+ 2+ 0-0)
/(0+8+ 0+ 2-0)=0.20 vu. Examples of interstitial
(MM *4 A2, T3 (H20)a (H20)e [ (OH)y] (@230
complexesin Ca-vanadates arelisted in Table 1, together
with their effective Lewis acidities and the Lewis ba-
sicities of the corresponding structura units.
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Comparison of the effective Lewis acidities and
Lewisbasicities of calcium vanadatesin Table 1 shows
them to be amost equal within specific structures. This
isthe case because we have calcul ated these parameters
from the observed structural data. This approach is ex-
tremely useful in understanding the structural roles of
all the different components of the structural unit and
the interdtitial species. If we wish to predict aspects of
structure using this approach (e.g., in the absence of
structural data), we need to predict some of the compo-
nent parameters in these calculations. Thus Hawthorne
(21985, 1990, 1997) showed how interstitial cation chem-
istry and degree of hydration can be predicted with a
fair degree of success by using predicted (rather than
observed) mean coordination numbers for O. The first
approach (i.e., using observed coordination numbersfor
O-atoms) is used herein order to examine more closely
the details of the structural units and interstitial com-
plex cations in vanadate minerals.

STRUCTURAL UNITS IN VANADIUM MINERALS:
CooRDINATION NUMBERS OF OXYGEN

The key factor in the calculation of Lewis basicities
is the average coordination number of O in the struc-
tural unit. This coordination number depends on the to-
pology of the structura unit, and on the type and number
of the interstitial components that are bonded to the
structura unit. For example, we should expect that the
average O-coordination numbers of a structural unit in
sodium vanadates are higher than those in the corre-
sponding calcium vanadates because (1) Na—O bonds
have lower bond-valence, and therefore more Na cat-
ions can coordinate O-atoms of the structural unit, and
(2) for aspecific structural unit, the number of monova-
lent interstitial cations is twice the number of divalent
interstitial cations in the corresponding Ca structures.
For example, the average O-coordination number for
Cay[V207](H20), (Konnert & Evans 1975); for [VO3],
it is [4] in munirite, Na[VO3](H20)189 (Bjérnberg &
Hedman 1977) and [3.2] in metarossite (Kelsey &
Barnes 1960); for [V 1002¢]®, it is[3.67] in Nag[V 1002]
(H20)18 (Durif er al. 1980), and [3.5] in pascoite,

TABLE 1. Ca-VANADATE FORMED IN AQUEOUS SOLUTION: THE INTERSTITIAL
[Cay,(H,0)(H,0).(OH)]®* COMPLEX, ITS EFFECTIVE LEWIS ACIDITY (<la®>), AVERAGE
COORDINATION NUMBER OF OXYGEN ([cn®] ) AND LEWIS BASICITY (Ib) OF THE STRUCTURAL UNIT

[MCa,(H,0)4(H,0),(OH)I**

Compound Formula complex <la®> [vu] [cn°] Ib [vu]
synthetic Ca,[V,0,](H,0), [McafiCa(H,0),(H,0)(OH),]* 0.23 3.6 0.23
Metarossite Ca[(VO,),](H,0), [®'Ca(H,0)(H,0),(OH)J** 0.22 3.2 0.22
Rossite Ca[(VO,),](H;0), [®ICa(H,0)5(H;0),(OH)o]** 0.18 35 0.18
Pascoite Cay[V,00,](H,0),7 [MCay(H,0)17(H,0)o(OH),I** 0.16 3.5 0.16
Hewettite Ca[V;0,6)(H,0); [MCa(H,0)s(H,0)o(OH)o** 0.15 3.0 0.14
Melanovanadite ~ Ca[V,0,0)(H,0)s [MCa(H,0)s(H,0)o(OH)o** 0.17 3.0 0.17
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TABLE 2. CHARACTERISTIC RANGES OF AVERAGE COORDINATION NUMBERS OF OXYGEN (cn®) IN
STRUCTURAL UNITS OF VANADIUM MINERALS

Structural unit <cn®> Examples Formula Reference
VO, J* [2.75]-[3.75] schubnelite  Fe[VO,](H,0) Schindler & Hawthorne (1999)
vanadinite Pb,[VO,],Cl Dai & Hughes (1989)
V,0,1* [2.5]-[3.7] ziesite Cu,[V,0,] Hughes & Brown (1989)
chervetite Pb,[V,0,] Shannon & Calvo (1973b)
VO, [3.2]-[4.0] metarossite  Ca[VO,](H,0), Kelsey & Barnes (1960)
munirite Na[VO,](H,0), Evans (1988)
Polyvanadate cluster ~[3.4]-[3.6] pascoite Ca,[V,005](H,0),7 Swallow et al. (1966)
sherwoodite  Ca, s[AIV,,0,4](H,0),, Evans & Konnert (1978)
V-bronze minerals ~[2.8]-[3.2] metahewettite Ca[V,0,s](H,0)s Qurashi (1961)
grantsite Na,Cap,[Vs0sl(H,0), Weeks et al. (1964)

Cag[VloOZ,g] (H20)17 (S\Na”OW etal. 1966) In addition
to this major difference, the O-coordination number of
the same structural unit also varieswith the character of
the complex interstitial cation.

Examination of structural units in vanadium miner-
als shows that (1) the average O-coordination humber
in the structural unit does not exceed [4], and (2) struc-
tural unitsin minerals have characteristic ranges of av-
erage O-coordination numbers (Table 2). Notethat some
synthetic materials exceed this range of coordination
numbers [e.g., Na;V207(H20) with a mean O-coordi-
nation number of [4.56]].

CHARACTERISTIC RANGE OF LEWIS BAsicITY
OF A STRUCTURAL UNIT

Hawthorne (1997) calculated the Lewis basicity of a
structural unit by specifying an ideal coordination num-
ber for O; the result is a specific Lewis basicity for the
structural unit. However, vanadates exhibit a range of
O coordination numbers (as do other minerals), suggest-
ing that a specific structural unit exhibits a range of
Lewis basicity. This observation is in accord with the
fact that a minera is stable over a range of pH, rather
than at aspecific single value. If we use the range of O-
coordination numbersin a structural unit (Table 2), we
can calculate the range of Lewis basicity for this struc-
tural unit in minerals. According to the valence-match-
ing principle, the effective Lewis acidity has to match

TABLE 3. STRUCTURAL UNITS IN VANADATE MINERALS WITH RANGES OF
AVERAGE COORDINATION NUMBER OF OXYGEN (<cn®>), AVERAGE BASICITY,
RANGE OF THE LEWIS BASICITY, AND NUMBER OF TRANSFORMER (H,0)
GROUPS FOR "ICa, ¥ICa and ®Na

unit <cn®> average Lewis basicity Number of transformer H,O
(minerals) basicity [vu] [vu] groups per cation

(VO,)* 2.75-3.75 0.75 0.27-0.43 MCa: 0

(V,0)*  25-37 057 0.22-0.42  MCa: 0, 1,2, ¥Ca: 0,1

(VO,» 32-40 033 0.14-022  Ca: 2-7, ®iCa: 1-6, ®Na: 0, 1
(AV,0,0)* 34-36 023 0.17-0.20  Ca: 3-5, ¥iCa: 24, ®Na: 0
(V1Op)™ 3.4-36  0.21 0.15-0.17 7ica: 5-7, PICa: 4-6, INa: 0, 1
(V0,00 2.8-3.2 0.20 0.14-0.21 Ca: 3-7, ®iCa: 2-8, ¥INa: 0, 1
(V0o 2.8-32  0.125 0.12-0.20  "Ca: 3-7, MCa: 2-8, ®Na: 0, 1, 2

closely the Lewis basicity; thus a stable structure oc-
cursif the average effective Lewis acidity of an intersti-
tial cation complex isin the range of Lewis basicity of
a given structural unit. The characteristic ranges of
Lewis basicities for different structural units are listed
in Table 3.

OcCcURRENCE OF INTERSTITIAL CATIONS
IN VANADIUM MINERALS

Applying the valence-matching principle to vana-
dium minerals allows us to systematize the effective
Lewisaciditiesof [[Ma*,Maz2+, U3+ (H,0)g (H20)e
[d(OH);] complexes that match the range of Lewis ba-
sicity of a specific structura unit.

Vanadium minerals with isolated [VO4]>~
and [V,07]* groups

For these structural units, the valence-matching prin-
ciple requires that the effective Lewis acidities of the
cation complexes are in the range 0.22-0.43 vu
(Table 3). Thus, the corresponding interstitial com-
plexes cannot contain
* monovalent cations with coordination numbers
greater than [4], or
» divalent cations with coordination numbers greater
than [9].

For example, an interstitial complex that contains a
monovalent cation in octahedral coordination has a
maximum effective Lewisacidity of 0.17 vu. Thisvalue
does not match the range of Lewis basicities of isolated
[VO,]3 and [V,07]* groups, thus we should not ex-
pect a vanadium mineral to exist with [VO4]% or
[V207]* asthe structural unit and a[6]-coordinated in-
terstitial monovalent cation. Possibleinterstitial species
are divalent cations in [4]- to [9]-coordinations and
trivalent cations with coordination numbers higher than
[6]. On the basis of the valence-matching principle,
these constraints predict that such compounds as Cag
(VO4)30H (Kutoglu 1974) and Ca(V,07)(H20),
(Konnert & Evans 1975) are potential vanadium miner-
als, whereas such compounds as Nag(V O,) and K3(V Oy)
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(Olazcuaga et al. 1975) are not potential minerals. Va-
nadium minerals with [V O4]3 or [V,0;]* as structural
units normally occur with such interstitial cations as
Po?*, Cu?*, Fe**, Mn?*, Zn, Fe**, Bi and Y (Table 4).

Vanadium minerals with more highly polymerized
(V,0,) structural units

The Lewis basicities of more highly polymerized
structural units, such as [VOs]~, [AIV14040]°,
[Vloozg]e_ [V4Olo]2_ and [V6016]2_1 are in the range
0.12-0.22 vu (Table 3). The valence-matching principle
predictsthat the following cationswill occur in the cor-
responding [[Mar+, M2ty U3+ (H,0)g (H20)!
(OH);]@2b+3c+ interstitial complexes:

* monovalent cations with coordination humbers [5],
[6] and [ 7] and maximum numbers of transformer (H,0)
groups (d) of 3, 2 and 1, respectively;

» [8]-coordinated monovalent cations with no trans-
former (H2O) groups (d = 0);

» monovalent cationsin [4]-coordination with amini-
mum of one transformer (H,O) group (d > 0);

» divaent cations in [6]-, [7]- and [8]-coordination
with minimum numbers of transformer (H,O) groups
of 3, 2 and 1, respectively.

 trivalent cations only with interstitial (OH) groups,
with coordination numbers[8], [10] and [12], and with
minimum numbers of transformer (H,O) groups of 6, 4
and 2, respectively.

Examples: (1) An interstitial complex with a triva-
lent REE-cation in [10]-coordination would have an ef-
fective Lewis acidity of 0.30 vu without transformer
(H20) groups. Thus, it requiresaminimum of four trans-
former (H,O) groups to give an effective Lewis acidity
of 3/ (2 X 4) + 6 =0.21 vu that fallswithin the range of
Lewis basicity (0.12—0.22 vu) of the more highly poly-
merized structural units.

(2) Aninterstitial complex with Al in [6]-coordina-
tion would have a minimum Lewis acidity of 0.25 vu
without interstitial (OH) groups. Thus, there must beone
(OH) group for each Al intheinterstitial complex. This
interstitial (OH) group must be bonded to at least two
Al atoms in order to satisfy its own bond-valence re-
quirements. The incident bond-valence sum at the O
atom could be 0.6 + 0.6 + 0.8 = 2.0 vu (0.8 vu is contrib-
uted by the H-atom). The charge on the [[(®Al,
(H20)4(H20)e(OH),] complex isnow: 2 X 3*—2 X 1~
= 4*, and the valence-matching principle requires that
six of the ten remaining ligands are transformer (H,O)
groups. Thiswould result in an effective Lewis acidity
of 4/ 12 + 6 = 0.22 vu, matching the Lewis basicity of
the highly polymerized structural units.

(3) An interstitial complex with a [7]-coordinated
divalent cation would have a Lewis acidity of 0.29 vu
without transformer (H,O) groups. This Lewis acidity
does not match the range of Lewis basicities of highly
polymerized structural units (0.12-0.22 vu). The va-
lence-matching principle requires that the maximum
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effective Lewis acidity of the interstitial [[/Ca(H,0)q
(H20)(OH)g]?* complex is 0.22 vu, which (for a diva-
lent cation) meansthat 9 < (7 + d) < 17. Thus the [7]-
coordinated divalent cation requires a minimum of two
transformer (H,0O) groups, resulting in 7 + 2 = 9 bonds
to the structural unit. Vanadium minerals with higher
polymerized structural units normally occur with large
interstitial cations such as Na, Ca, K and Ba (Table 4).
For some structural units in vanadium minerals
(Table 3), we calculated the required number of trans-
former (H,O) groups for interstitial complexes with M
= [ICa, [BlCa and [®INa. For the higher polymerized
structural units, these calculations show the following
features:
» Naiscoordinated by fewer transformer (H-O) groups
than Cg;
* interstitial complexes with Ca always contain the
minimum number of transformer (H,O) groups.

STRUCTURAL CHANGE DURING DEHYDRATION:
A BoND-V ALENCE APPROACH

Table 2 lists the ranges of O-coordination numbers
typical of structural unitsin vanadium minerals; we have
calculated the corresponding ranges of effective Lewis
acidities for interstitial [[Mas *, Mg 2+, Uag 3+ (H,0)q
(H20), [4(OH)] &+20+3c-0)* complexesin vanadium min-
erals with different types of structural units. Now, we
show how the structures of vanadium minerals respond
to dehydration where the effective Lewis acidity of the
interstitial complex changes. Structural changein vana-
dium minerals can be rationalized using Lewis basici-
ties and effective Lewis acidities.

Rossite, metarossite and Ca[VO3];

Inrossite, Ca[V O3] (H20)4 (Ahmed & Barnes 1963),
the average coordination number of O is[3.5]. Cacula
tion of the Lewis basicity of the structura unit gives
0.18 vu. Caiscoordinated by five H,O groups and three
O atoms of the structura unit. Two H,O groups are
coordinated by two Ca atoms, and the transformer ef-
fect of H,O is not operative; hence the effective Lewis
acidity of the [[BICa(H,0)s(H-0),] complex is2/ (3 X
2+ 2+ 3) = 0.18 vu, which matches the Lewis basicity
of the structural unit (Table 3). In the transformation of
rossite to metarossite, Ca[V0O3](H20), (Kelsey &
Barnes 1960), a (longer) equatorial V—O bond in rossite
transforms to a (shorter) V=0 vanadyl bond in
metarossite (i.e., a coordination change from [1*4Vv5* to
[2+3\/5*), This change in vanadium coordination is in-
duced by a change in the coordination number of the
corresponding O-atom, and the average O-coordination
number in the structural unit decreases from [3.5] to
[3.2]. Thisresultsin an increase of Lewis basicity from
0.18 to 0.22 vu, and Ca is coordinated by three H,O
groups and five O-atoms of the structural unit. Once
again, two H,O groups are coordinated by two Ca at-



THE COMPOSITION AND OCCURRENCE OF VANADIUM MINERALS

oms, resulting in an effective Lewis acidity of the
[BICa(H,0)(H20),0s] complex of 0.22 vu. This
matches with the Lewis basicity (0.22 vu) of the struc-
tural unit, and metarossite is a stable compound
(Table 3).

Further dehydration of metarossite would form (syn-
thetic) Ca[V O3], (Bouloux et al. 1972), in which the
interstitial [[®Ca(H20)o(H20)o(OH)g] complex has an
effective Lewis acidity of 0.33 vu. In Ca[VO3],, both
V5 atoms occur in [2 + 3]-coordination, and the mean
O-coordination number is[2.7]. Thusthe structure can-
not respond by transformation of equatorial to vanadyl
bonds because there cannot be more than two vanadyl
bonds per V5 atom (Schindler ez al. 2000). Figure 1
shows the divanadate chain of the structural unit of
rossite and metarossite. There are three different crys-
tallographically independent O atoms: two O atomsthat
belong to vanadyl groups (V=0), and one O that links
three [2 + 3]-coordinated (VOs) polyhedra through
equatorial bonds. Here, the structural unit responds to
change of the individual O-coordination numbers and
bond-valence requirements with variation of the equa-
torial bond-lengths (i.e., a redistribution of bond va-
lences inside the [2 + 3]-coordination polyhedra).
Schindler et al. (2000) examined the individual bond-
length distributions of [1 + 4], [2+ 3] and [1 + 4 + 1]
coordinations of VV5*, and showed that thereismore than
one maximum in the equatorial bond-length distribution
for each coordination. They suggested that thisvariabil-
ity in equatorial bond-lengths is characteristic of
(V5*0y) coordinations representing different degrees of
interaction between O(dw) and V(dw) orbitals. Thus,
characteristic variations in individual bond-lengths of
V5*0,, polyhedra can balance local bond-valence re-
quirements caused by different effective Lewis acidi-
ties and geometries of the interstitial cation complexes.

Hewettite and metahewettite

In hewettite, Ca[V ¢O16] (H20)7, the number of inter-
stitial H,O groups can vary between six and nine
(Qurashi 1961); its space group is P2/m, and only the

TABLE 4. CHEMICAL COMPOSITIONS OF SEVERAL
VANADIUM MINERALS WITH STRUCTURAL UNITS OF
DIFFERENT DEGREES OF POLYMERIZATION*

Minerals with [VO,J* and Minerals with more highly polymerized

[V,0,]* groups structural units
vanadinite Pb*4[VO,];,CI rossite Ca[VO,](H,0),
descloizite ZnPb*[VO,(OH)  munirite Na[VO,](H,0),
volborthite Cu*4[VO,],(H,0); barnesite Na,[Vg0,6](H,0)5
pucherite Bi[VO,] grantsite Na,Cay[Vs016l(H-0)s
stoiberite Cu?';0,[VO,], bannermanite  Na[VgO,s]
wakefieldite-(Y) Y[VO,] fernandinite Cap[VsO0,0](H20)10
ziesite Cu,[V,0,] straczekite (Ca,KBa)[VsOxl(H,0)s
blossite Cu*,[V,0,] hummerite K;Mg[V,0026](H,0)46
chervetite Pb*,[V,0;] huemulite Na,Mg[V;00.el(H;0)z4

* after Evans & White (1987)
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| attice constants were observed to vary with the number
of H,0 groups. If the number of H,O groups drops be-
low six (~5.5), there is a discontinuous transition to a
new structure with space group A2/m. The new phase,
metahewettite, has the structural formula Ca[VeOs¢)
(H20)3. Use of the valence-matching principle explains
the mechanism of this discontinuous phase transition in
the following way. In hewettite, the Lewis basicity of
the structural unit is 0.14 vu. Theinterstitial Caatom is
coordinated by six transformer H,O groups and one O
atom, and hence has a Lewis acidity of 0.15 vu. The
L ewis-base strength of the structural unit approximately
matches the Lewis-acid strength of the interstitial spe-
cies, and thus the hewettite structure is stable. If the
coordination of Ca changes from six transformer H,O
groups + one O atom to (for example) four transformer
H>0 groups + three O atoms of the structural unit, then
the effective Lewis acidity increasesto 2/ (2 X 4 + 3)
= 0.18 vu; the Lewis acidity of this [[/Ca(H20)4(H20)o
(OH)q) interstitial complex does not match the Lewis
basicity of the structura unit, and thusthe structural unit
will respond to increased dehydration by forming anew
arrangement with the appropriate Lewis basicity.

The structure of the [VO1g]%~ group in metahewet-
titeis unknown, but we can predict its structural change
by analogy with the similar change in rossite-meta-
rossite. Qurashi (1961) reported that the dehydration
process in hewettite is easily reversible; thus we can
exclude a change in the connectivity of the (VO,) poly-
hedra or a change in the gross coordination numbers of
V5*, because both changes would require breaking of
bonds (i.e., areconstructive transformation). The maxi-
mum effective Lewis acidity of the [[1Ca(H,0)3] com-
plex cation is 0.20 vu, and decrease of the average
O-coordination number from [3] to [2.75] would in-
crease the corresponding Lewisbasicity of the structural
unit from 0.14 to 0.20 vu. Thus, we can predict what
happens to the individual V coordinations in hewettite
when the mean coordination number decreasesfrom [3]
to [2.75]. Asin rossite and metarossite, decrease of O-
coordination numbers results from transformation of
longer equatorial bonds to shorter vanadyl bonds: thus,
for dehydration of hewettite to metahewettite, we ex-
pect a transformation from [1+4+1y/5+ or [1+4y5+ tg
[2+2+20\/5+ or [2+31\/5* respectively.

AVERAGE BAsiCITIES OF VANADATES AND THE pH
RANGES oF THEIR STABILITY FIELDS

Average basicity of a structural unit

Table 3 shows that the Lewis basicities of the more
highly polymerized structural units in vanadate miner-
als are similar; thus, the range of Lewis basicity of a
structural unit cannot be used to compare the composi-
tion of the structural unit with conditions of crystalliza-
tion. Werequire aparameter that is characteristic of only
one specific structural unit and is independent of the
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type of cation or the dehydration state of the mineral.
Thus, we introduce here the notion of the average ba-
sicity of a structural unit: The average basicity of a
structural unit is defined as the average bond-valence
sum per O atom contributed by the interstitial species
and other structural units.

For example, all structures with [[®V O3]~ units have
in common the charge of the unit, the number of O at-
oms and the coordination number of V. There are no
hydrogen bonds from one structural unit to another
structural unit, and thus the charge of the unit isthe sum
of bond valences from the structural unit to interstitial
components. The average basicity istherefore the charge
/ number of O atoms = 1/3 = 0.33 vu. If H atoms occur
in the structural unit, they will effectively decrease the
charge of the structural unit in the following way. Each
H atom requires, on average, 0.20 vu from a H bond.
The sum of the bond valences required from the H bonds
must be added to the charge of the structural unit. This
is apparent when we consider that we count only bonds
of higher bond-valence in a structural unit. Hydrogen
bonds can connect different structural unitsor arelinked
to interstitial H,O groups. The necessary 0.20 vu of the
H bond can be provided by O atoms of H,O groups;
however, as shown above, each H,O group itself re-
quires the same bond-valence for their H bonds; thus,
only O-atoms of the structural unit can provide the nec-
essary 0.20 vu. As an example, the [H,V 100,5]* group
has an average basicity of (4 +2 X 0.2) / 28 =0.16 vu.
Different average basicities for (VOy) structura units
arelisted in Table 3.

The system CaO-V°*,05-H,0

Marvin & Magin (1959) examined the system CaO—
V5,05 -H,0 between 20 and 90°C and assigned the
phases to stability fields on a pH-T diagram (Fig. 3).
With decreasing pH and increasing polymerization of
the (V5*0,) polyhedra, the average basicity of the struc-
tural units decreases from 0.75 vu for an isolated
[V5*O4]3 unit to 0.125 vu for the [VO16)> bronze
layer units. The increase of average basicity from acid
to neutral environments corresponds to depolymeriza-
tion from the layer structures of the natural bronzes to
isolated groups of heteropolyanions (pascoite) or iso-
lated divanadate chains with [2 + 3]-coordination
(rossite) (Fig. 3). Further increase in average basicity
from the [2 + 3]-chain occurs by depolymerization of
the chain to form isolated [[V5*,07]* groups (Fig. 3),
and also involves achangein coordination number of V
from [5] to [4].

Depolymerization of the [2 + 3]-chain without
change in V coordination number would produce iso-
lated (VOs) polyhedra with [2 + 3]-coordination in
which the equatorial bonds have a bond-valence of 0.65
vu and require 1.35 vu additional incident bond-valence.
Assuming amaximum of [4]-coordination for the equa-
torial O atoms, each bond to an interstitial cation must
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have a bond-valence of 0.45 vu. The valence-matching
principlerequiresasimilarly large Lewis acidity from a
cation, and thus the 0.45 vu requirement can be satis-
fied only by high-valence cations (e.g., U* in carnotite,
Fig. 1c), and not by univalent or divalent cations such
as Na or Ca. Thus, depolymerization to isolated
[V207]* and [VOy4]% structural units requires a change
in coordination number of vanadium.

Evans & Garrels (1958) formulated a set of equa-
tions for polymerization processes in agueous solution
using the chemical data of Jander & Jahr (1933) and
Ducret (1951):

2[VO4* + 4H* = [V,07]* + 2H,0 )
2[V207]4_ +4H* = [V4012]4'_ + 2H,0 2

5[V4012]* + 8H* = 2[V100,]% + 4H,0 (3)

[V1002g]% + H* = [HV1004]> 4

[HV10026]% + H* = [H2V1002] " (5

[H2V10026]* + 4H" = 5[V50s]*nH;0(s)

+ (3-n)H0 (6)
[V20s]*nH,0O(s) + (5-n)H0
+2H* = 2VO," + 6H,0 @)
12
A Cay(VO,),- Ca(OH), 0.75 vu
a - Ca .

10 3 4), - Lal 2

9‘ | Pyrovanadate

g | Cay[V,0,](H,0), 0.57 vu
g 7 — Metavanadates
'§ 6 — Rossite [VO,]"  0.33 vu
% 5 Pascoite,s‘ Hewettite

4 [V10Ous] [VeOyl* 0.125 vu

0.21 vu
3 Polyvanadate
2 —
[V205](H,0),

T T T T T T 1
20 30 40 50 60 70 80 90

Temperature [ °]

Fic. 3. The CaO-V,05—H,0 system as a function of T and
pH (Marvin & Magin 1959). The average basicities of the
structural units (Table 3) are listed beside the correspond-
ing minerals.
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Other polyanion groups were described by Pettersson
et al. (1983, 1985), who showed that with pH decreas-
ing from 11 to 1, the following major and minor
polyanion species occur in agueous solution: (40 mmol
[V], 0.6 mol NaCl): [HVO4]?%, [V207]%, [HV.0,]%,
[V4013]%, [HV4013]%, [V401a*, [Vs0us]™, [HV207]%,
[H2VO4]™, [V10026]%, [HV10026]%, [H2V10026]
[HsV10026)%, [VO,*]. Some polyanion structures in
agueous solution are not directly comparable to the
structural units in minerals (e.g., [V4O012]* versus
[VO3]~ in rossite). In general, with acidification of an
aqueous solution, the average basicity of polyanions
decreases with protonation of terminal O atoms or with
increasing polymerization of the polyanion species.

Vanadium minerals

Evans & Garrels (1958) examined the occurrence of
vanadium minerals in the ore deposits of the Colorado
Plateau, and assigned them and other (VyOy) anion
groupsto stability fieldson an Eh—pH diagram (Fig. 4a).
They assigned the mixed-valence natural-bronze struc-
tural units [V475*g050]% (corvusite, Evans et al. 1994)
and [V45,0,9]% (melanovanadite, Konnert & Evans
1987) to more reduced conditions and higher pH-values
than the corresponding V>* bronzes. The average ba-
sicities for [V475*g0x]% and [V4%*,040]% are 0.10
and 0.20 vu, respectively (Table 3, Fig. 4b). Mller et
al. (1991) synthesized an [AS*V > 1,V 4,0.40]~ group
at pH 4.6; this group is structurally identical to the
[AIV 14049]* group in sherwoodite. Thus, we assigned
sherwoodite (with an average basicity of 0.23 vu) to the
pH range of 4.0-6.0 and under more reduced conditions

10
-
L - 9 a
Navajoite ~ ’"'lof ( )
08 ¥205-3H,0 Lnosy Dheri
ric
L Hewettite dqflo,,
CaV50|5-9H70 Poscoite ~
06} s 0 IO~
n VO % _(Carnotite) S~
° (Rauvite)—(Tyuyamunite) S~
2041 5-VALENT
w Corvus/xé’/
I Rossite
02 AVALENT / Caly0:£H;0
Paramont /(gurnotlle)
ik (Tyuyamunite
. roseite VO, N }evk:r?udntz”’ UpV;0p-8H:0) |
C i Duttonite
~ Ddloresite VO(OH):\
Mo Sirplotite
"*‘9' CaV0g-5H,0
dch.n ~
10

FiG. 4.
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than pascoite. In Figure 4b, the average basicities 0.57
and 0.75 vu are those from [V,07]* and [VO4]%, re-
spectively (Table 3), and are arranged in the Eh—pH dia-
grams on the basis of the experimental work of Marvin
& Magin (1959). These structural units do not occur in
minerals formed in aqueous solutions at the Colorado
Plateau. They occur in minerals like vanadinite,
Pb?*5(VO4)3Cl (Dai & Hughes 1989), and descloizite,
ZnPb?*(VO,4)(OH) (Hawthorne & Faggiani 1979),
which are normally formed in an alkaline environment
(pH = 8 £ 1) at higher temperature. Figure 4b shows a
strong correlation at high and low Eh-values between
the average basicities of the (VyOy) structural unitsand
the pH ranges of the corresponding minerals.

Evans & Garrels (1958) found carnotite, K5[(UO,),
(V20s)](H20)3 (average basicity = 0.17 vu), in the acid,
as well in the akaline, environment of the Colorado
Plateau (Fig. 4a). Langmuir (1978) confirmed the ob-
servation of Evans & Garrels (1958), and showed that
carnotiteis stable over pH—Eh ranges of 4.5-8 and 1.0—
0.0V, respectively. He showed further that, depending
on the partial pressure of CO,, the minimal solubility of
carnotite is between pH 6 and 8.Thisinformation shows
that, independent of pH, mineralslike carnotite can pre-
cipitate only where small concentrations of the corre-
sponding ions [i.e., (UO)?* and (VO4)3] occur in
solution.

PoLyYVANADATE ANIONS IN AQUEOUS SOLUTION
Evans & Garrels (1958) assigned vanadium miner-

astodifferent stability fields on an En—pH diagram with
the help of vanadium-mineral parageneses and thermo-

1.0
0.8 7

0.6 1

Eh (volts)

1
1
5
pH value

(a) Aqueous equilibrium diagram for vanadium, showing the stability regions of various vanadium minerals (Evans &

Garrels 1958). (b) The corresponding average basicities for the structural units of the minerals (see also text).
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dynamic data of vanadate complexes in aqueous solu-
tion. Presuming that crystallization proceeds via con-
densation of the principal speciesin solution, correlation
of the average basicities of agueous species and their
occurrence emphasizes the connection between the pH
of the environment of crystallization and the structural
units in the resulting minerals.

The aqueous chemistry of vanadate complexes has
been examined extensively. Pope (1983) reviewed the
agueous chemistry of isopolyvanadates. The occurrence
of an agueous species at a specific value of pH depends
on the total concentration of the element in solution and
on the type of electrolytic medium. Here, we consider
theresults of polyvanadate analyses by Pettersson ez al.
(1983; pH range 1-10, 0.04 mol [V], 0.6 m NaCl solu-
tion) and Tytko & Mehmke (1983; pH range 6-16, 0.1
mol [V],0.5 M NaCl). Table 5 lists the aqueous species
and the pH at which they achieve maximum concentra-
tion in solution; the average basicities of the speciesalso
are listed. Thereis a strong linear correlation between
the average basicity of the species and the pH value at
maximum concentration of that species in solution
(Fig. 5), in accord with our general contention.

AVERAGE BASICITIES OF STRUCTURAL UNITS
AND Eh—pH V ALUES OF THEIR ENVIRONMENT
OF CRYSTALLIZATION

The example of carnotite showsthat extremely stable
minerals can occur over alarge range of pH, and that
the average basicity of their structural unit cannot be
uniquely related to conditions of crystallization. Thisis
obvious if we consider that the formation and stability
of minerals depend not only on the pH value but also on
the concentration of the elementsin solution. However,
comparison between the occurrence of polyvanadate
anions in aqueous solution and the parageneses of va-

average basicity [vu]

0.0

pH value

Fic. 5. Average basicities of synthetic [V yOn] species in
agueous solution as a function of pH at maximum concen-
tration of the speciesin solution.

THE CANADIAN MINERALOGIST

nadium minerals (Evans & Garrels 1958) showsthat the
type of agueous species (its degree of polymerization
and average basicity) is a primary control on the crys-
tallization process of vanadium minerals.

At lower Eh-values, there is also a correlation be-
tween the average basicity of a structural unit and the
pH of its environment. Here, further examination of
mineral — agueous systems is needed to better under-
stand how Eh affects the characteristics of structural
units.

CoNCLUSIONS

Calculation of ranges of effective Lewis aciditiesin
vanadium minerals with specific structura units shows
that we can predict the type and coordination number of
interstitial cations and the number of transformer (H,0)
groups. In addition, using bond-valence theory, we can
rationalize structural changes in vanadium minerals
during isostructural dehydration: structural changes are
characterized by lengthening and shortening of V-O
bonds in the structural units. This approach takes us
another step toward understanding how Nature com-
bines different structural components in minerals. Av-
erage basicities of structural units and aqueous species
correlate linearly with the pH-value of their formation
or their maximum concentration in solution, respec-
tively. We show that thisisa so truefor mineralsformed
under more reducing conditions in aqueous systems
from 20 to 100°C.

TABLE 5. AVERAGE BASICITY (<bS>)
FOR SYNTHETIC VANADATE ([V,,Op))
SPECIES WITH THE pH-VALUE OF
THEIR MAXIMUM CONCENTRATION
(PH™) IN AQUEOUS SOLUTION

Species pH™ <bS>
Vo= 16.0 0.75
[HVO, > 12.2 0.55
[V,0;1+ 12.2 0.57
[V.O.I* 11 0.46
[HV,0,* 9.5 0.45
[HV,O,.]> 9 0.40
[VsO4s™ 7.25 0.33
V.0 1" 7.25 0.33
[V1oOu6l® 5.8 0.21
[HV,,04> 48 0.19
[H,V10058]* 32 0.16
[HaV10058 2.7 0.13
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