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ABSTRACT

Phosphate minerals are widespread and occur in many geological systems.
Although they are of minimal economic significance, they are environmentally important.
As paragentic mineral sequences of phosphates occur in complex systems, there is an
interest in evaluating changes in their crystal structure rather than just their chemical
variation for evolving systems. Studies have shown that there are relations between the
chemical compositions of hydroxy-hydrated minerals and their position in paragentic
sequences. Moreover, studies have also shown that there are relations between the
atomic arrangements of minerals to their position in paragenetic sequences, which has
lead to the development of structural hierarchy classifications of minerals (Moore
1965,1973). It is of interest to develop a comprehensive method of classifying hydroxy-
hydrated oxysalt minerals based on their structure in order to evaluate evolving systems
where not just the chemical compaosition but the structure of the minerals changes.

This new approach has been developed to look at the chemical compositions
and paragenesis of complex hydroxy-hydrated phosphate minerals from a crystai-
structure perspective. Combining a hierarchical ordering scheme for oxysait structures
with bond-valence theory and the valence-matching principle allows for the ability to
understand the factors that control the chemical compositions of interstitial complexes
and to predict which chemical compositions tend to be stable in Nature.

As phosphate minerals occur in a wide variety of environments, the focus of this
thesis has been on first classifying all phosphate minerals based on their crystal
structure. Minerals can be divided into (1) the structural unit, which is defined by strong
bonds between atoms, and (2) the interstitial complex, which links structural units into a
continuous structure. The interstitial complex is usually cationic and is characterized by

its Lewis acidily or electrophilic strength. The structural unit is usually anionic and is




characterized by its Lewis basicity. The valence-matching principle examines the
interaction between these structural components, and a stable structure forms when the
Lewis acidity of the interstitial complex closely matches the Lewis basicity of the
structural unit. Therefore, it is useful to develop a structural hierarchy classification of
complex minerals (i.e. phosphate minerals) based on the connectivity of polyhedra with
higher bond-valence (structural units). This structural classification scheme enables
investigations of structural interactions of different components within a mineral.

The Lewis acidity of a generalized interstitial complex {I™M", PIn2*, "*, (H,0)q
(H20)s (OH)s (H20)a} """ may be expressed graphically in terms of the coordination
numbers [m], [n] and [f] of the cations M of amounts a, b and ¢, the amounts of
transformer, d, non-transformer, e, and hydrogen-bonded, g, (H20) groups, and the
amount of (OH), f. The intersection of this function with the range of Lewis basicity of a
specific structural unit defines the values of the coefficients m, n, 1, a, b, ¢, d, e, fthat
are possible for a stable structure.

It has already been shown for the suifate and borate minerals that the range in
Lewis basicity for a structural unit corresponds to the range of pH over which a mineral
is stable. Thus a correlation can be made directly for the change in polymerization of
structural units as a function of pH. There is a reasonable correlation between the
average basicity of the structural unit and the pH of the parent aqueous solution. Thus it
is possible to make a connection between the details of a crystal structure and there
conditions of formation. Here, this approach has been applied to the phosphate
minerals, providing the groundwork for future work on paragenetic sequences of

phosphate minerals based on the details of a crystal structure.
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CHAPTER 1
Introduction

1.1 Premise

Understanding why anything occurs as it does in Nature has been a major
question for Science for the last few hundred years. Scientists are constantly
revising theories in order to explain what is going on, and use models to extract
information from our surroundings. In the geological sciences, the value of
minerals is important in all areas, from mining and economic development to
palecenvironmental investigation. The information tied up in minerals lays out a
foundation for Geology, whether it is on how to explore for copper or where the
most valuable gemstone is most likely to be found.

Far more is known about the compositionally simple rock forming minerals
than the complex hydroxy-hydrated oxysalt minerals such as the phosphates yet
there is much more information tied up in the complex minerals. For example, a
simple mineral such as quariz gives less information about its history than a
more complex mineral such as pyroxene or amphibole. Quartz, SiO», is
compositionally simple, and only minimal information can be derived from its
composition and structure. However, pyroxene is more complex. There are both
orthorhombic MgSiO; - FeSiO; (enstatite-ferrosilite) and monociinic pyroxenes
typically of the four-component system CaMgSi,Os - CaFeSi,Og - Mg,Si,Os -
Mg>Si2Os, and both the chemical compositions and the ordering of cations over
different sites in the structure are affected by their conditions of formation.

Studies of pyroxene structures at high temperature and pressure give information




about exsolution, solid solution, and phase transitions, and site populations
provide geothermometers and geobarameters (Deer et al.).

In the case of the even more chemically complex hydroxy-hydrated
oxysalt minerals [e.g., collinsite, Caz[Mg(PO4),(H20),]; vauquelinite,
Pb**2[Cu®*(PO4)(CrO4)(OH)], structural complexity and the difficulty in resolving
the (OH} and (H2O) groups preclude standard theoretical approaches to mineral
stability (e.g., thermodynamic calculations, molecular orbital or molecular
mechanics calculations). Moreover, additional issues arise when considering
complex minerals:

(1) What controls the details of their chemical composition? For example,
in collinsite and vauquelinite, why are the interstitial cations Ca, and Pb?*,
instead of K, or Na,? Why are there no (H,0) groups bonded to interstitial
cations and two interstitial (H20) groups associated with the structural unit? Why
are there two (H;0) groups not bonded to interstitial cations rather than one or
three (or any other number of) (H,0) groups?

(2) Such minerals are normally stable over a small range of external
conditions (e.g., Eh, pH, T, P} and are often associated with many (> 20) other
complex minerals of similar composition in some paragenesis. What factors
control their refative stabilities?

The principle topics in this thesis involve factors that control atomic
arrangement, chemical composition and relative stability of phosphate minerals.
The extended bond-valence theory and ideas developed by Hawthorne (19854,
1990, 1994, 1992, 1997), Schindler et al. (2002) and Schindler and Hawthorne

(2001a-c) can approach these questions from a structural perspective.



Common rocks consist of a small number of rock-forming minerals that will
adjust their chemistry (adjust chemical composition to accommodate changes in
bulk chemistry) and crystal structure (geometrically adjust to thermal expansion
and elastic compression) in response to changing conditions. These mineral
assemblages tend to reveal their history through changes in chemistry as a
function of progressive crystallization. However, non-rock-forming minerals are
typically formed in complex environments where their formation is dominated by
equilibrium processes. These are a large group of complex minerals where even
slight changes in environmental conditions can lead to their structure breaking
down. So when locking at complex minerals during progressive evolution of a
system it makes sense to monitor the progressive changes in the crystal
structures of the minerals.

Hawthorne (1993) points out the important steps taken in regards to
classification schemes for complex structural arrangements of minerals. Bragg
introduced the hierarchy classification for silicates based on the mode of
polymerization of the (alumino-) silicate part of the structure. Hawthorne (1993)
shows how this scheme can be compared with Bowen’s discontinuous reaction
series in igneous rocks (Fig. 1.1). The classification schemes parallel each other
in terms of progressive condensation of the tetrahedral component of the
structure. With progressive crystallization there is progressive condensation,
which in turn indicates that there is a relation between temperature and mineral
topology and stability (Hawthorne, 1993).

Moore (1973) took these ideas further by creating a paragenetic hierarchy

for pegmatitic phosphate minerals. The idea of creating a structural hierarchy
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Figure 1.1. Comparision between Bragg's classification of the silicate minerals and

Bowen’s discontinuous reaction series for igneous rocks (after Hawthorne
1992).



based on the polymerization of structural components in complex minerals helps
us to understand the implications that there is a relation in the connectivity of
these complex minerais forming at different temperatures, pressures and
compositions. Relating the structure and chemistry of complex hydrous minerals
in terms of bond-valence requirements to the environments in which they occur
and comparing them with rock-forming, high-pressure, high-temperature,

anhydrous minerals is the key to solving this problem.

1.2 Main ideas

Complex oxysalt minerals are widespread and occur in many geological
systems. In order to study minerals from complex environments, where the
emphasis is on the change in mineral structure, rather than chemical variations
with progressive evolution of the system, some type of structural hierarchal
classification scheme is required. Classifying mineral groups in terms of their
structure using a binary representation for even the most complex minerals, has
led to advances in stoichiometric predictions for complex hydroxy-hydrated
oxysalt minerals. The roles of hydroxyl and water in minerals are important
factors and will have an effect on mineral stability.

The development of a bond-valence approach to evaluate complex
hydroxy-hydrated oxysalt minerals from a crystal-structure perspective uses the
combination of a hierarchical ordering scheme with bond-valence theory and the
valence-matching principle to understand the factors that control the chemicai
compositions of interstitial complexes and gives the ability to predict what

chemical compositions tend to be stable in Nature. A framework is then




developed in which it becomes possible to predict the chemistry from the
structural characteristics of these minerals formed in complex low-temperature
environments. These fundamental observations may later be applied to all

aspects of mineral formation such as paragenetic sequences of minerais.

1.3 Phosphate minerals: hydroxy-hydrated oxysalts

Although phosphate minerals are only of minor economic value, they
occur extensively as primary minerals (e.g. in pegmatites) and as secondary
minerals in low-temperature hydrothermal environments. There have been
previous systematic classifications of complex oxysalt minerals which are
important for evaluating paragenesis of these minerals (Moore 1973, Hawthorne
1998). As paragenetic sequences of minerals occur in varied and often complex
systems, it is the ultimate goal to be able to evaluate the changes in the crystai
structures of the component minerals, rather than just their chemical
composition. To this end, a large part of this thesis will involve the formation of a

comprehensive structural hierarchy for phosphate minerals.




CHAPTER 2
Bond-valence theory and developments
2.1 Introduction
The approach developed here for evaluating crystal structures is one of an
a priori nature. Brown (1981) introduced the idea of using bond-valence to
investigate and predict the properties of complex solids and liquids. Hawthorne
(1992, 1997) has extended this theory to include hydrated-hydroxy oxysalt
minerals and introduced the importance of the role of water and hydrogen
bonding in these complex minerals. A great deal of empirical work has been
done calculating bond-lengths and atomic valences for crystal structures {(Brown
and Shanneon 1973, Brown and Altermatt 1985, Brown 1987, Baur 1972).
Schindler and Hawthorne (2001a, 2001b, 2001c¢) have used this approach and
taken these ideas further by developing a quantitative method for predicting
stable mineral structures. This method is applied to the phosphate minerals in
this thesis. The definitions and basic concepts of bond-valence theory and its

developments will be reviewed in this chapter.

2.2 Basic concepts of bond-valence theory

Bond-valence theory (Brown 1981) and its developments (Hawthorne
1985a, 1994, 1997) are used to consider structure topology and hierarchical
classification of structures. Bond-valence theory can be considered as a simple
form of molecular-orbital theory (Burdett and Hawthorne 1993; Hawthorne 1994,
1997) such that the idea of complex chemical bonding is simplified without a loss

of important information. The bond-valence curves of Brown and Shannon (1973)
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and Brown and Altermatt (1985) are commonly used when calculating bond-

valence tables.

2.2.1 Chemical bonding

Bond-valence theory begins with the atom, which for simplicity can be
considered as the most basic unit of matter to remain unchanged during a
chemical reaction. A crystal can be defined as a network of atoms connected by
chemical bonds. For most Earth materials, any path through this network
contains alternating cations and anions, and the total network is subject to the
law of electroneutrality: the total valence of the cations is equal to the total
valence of the anions.

The chemical bond can be defined as a bond between two atoms or
groups of atoms where the forces acting between them lead to the formation of
an aggregate with sufficient stability to consider it as an independent molecular
species (Pauling 1960). Atoms can be involved in five (ideal) types of bonds: (1)
ionic, (2) covalent, (3) metaliic, (4) van der Waals, and (5) hydrogen. Properties
of minerals can be systemized based on these types of chemical bonds (Table
2.1).

(1) lonic bonds usually form when electrons in the valence shell of an

atom are transferred to the valence shell of another so that they both
achieve an inert-gas configuration where the outer orbital is filled and

the atom resides in its lowest energy-state. lonic bonds result from the



TABLE 2.1. PROPERTIES BASED ON PRINCIPAL TYPES OF CHEMICAL BOND*

Property

Bond Type

lonic
{Electrostatic)

Covalent
(Etectron-shared)

Metallic

van der Waals
{Residual)

Bond strength

Mechanical

Electrical

Thermal
{melting point
=rm.p.;
coefficient of
thermal
expansion =
coef.)

Solubility

Structure

Examples

Strong

Hardness
moderate to
high, depending
on interionic
distance and
charge; brittle

Insulators (poor
canductors)
in the solid
state; melis and
solutiohs
conduct by ion
transport

m.p. moderate to
high depending
on interionic
distance and
charge; low
coef.

Soluble in polar
solvents to yield
solutions
containing ions

Nondirected;
gives structures
of high
cocrdination
and symmetry

Halite, NaCl:
Fluorite, CaF,;
maost minerals

Very strong

Hardness great
Brittle

Semi-conductors

m.p high; fow
coef.; atoms and
molecules in
melt

Very low
solubilities

Highly directicnal;
gives sfructures
of lower
coordination and
symmetry

Diamond, C;
Sphalerite, ZnS;
molecuies of Oy;
organic
molectles

Variable strength,
generally moderate

Hardness low to
Moderate; gliding
common; high
plasticity; sectite;
ductile; malleable

Good conductors;
conduction by
electron transport

Variable m.p. and
coef.; atoms in melt

Insoluble, except in
acids or alkalis by
chemical reaction

Nondirect; gives
structures of very
high coordination
and symmetry

Copper, Cu;Silver,
Ag; Gold, Au;
Electrum, {Au,Ag);
most metals

Weak

Crystals soft
and somewhat
plastic

Insulators in both
solid and liguid
state

Low m.p.; high
coef,; liquid
crystal
molecules in
melt

Soluble in organic
solvents to yield
solutions

Nondirected:;
symmetry low
because of
shape of
moelecules

Sulfur (weak
band); organic
compounds;
graphite (weak
bond)

* after Kiein and Hurlbut (1985)



Coulomb attraction of the excess charges of the oppositely charged
ions. The atoms of metallic elements contribute outer electrons easily,
whereas those of nonmetallic elements will accept electrons as they
approach one another to achieve a filled outer orbital and form a stabie
unit.
e.g. P([Ne]3sp?3p°) — P**([Ne]) + 5¢

O(1s°25%2p*) + 26" — 0% (15°25%2p%)
The amount of ionic character of a chemical bond depends on
the relative electronegativities of the elements, which is a measure of
the ability of an atom to attract electrons to itself (expressed in
dimensionless numbers) and is related to both the ionization energy
and eiectron affinity. Electronegativity increases across a period and
decreases down a group. Elements with low electronegativities are
electron donors and elements with high electronegativities are electron
acceptors (Klein and Hurlbut 1985). The greater the electronegativity
difference between two atoms, the greater the ionic character of the

bond between the two atoms.

(2) Covalent bonds share electrons (instead of donating or accepting

electrons} in order to achieve an inert gas configuration. In the case of
chiorine, it requires one electron to fill its outer orbital. Then it is highly
reactive and will combine with another chlorine to share an electron

pair between the two atoms, creating a strong bond between them

e.g -Cl:+.Cli L, :0l:Cl:

10




The number of covalent bonds can be predicted for an atom by
counting the number of electrons needed to obtain a stable electron
configuration.

(3) Metallic bonding involves atomic nuclei and nonvalence electron
orbitals joined by the electrical cloud of valence electrons that surround
the nucleus. So in the case of metallic bonding, many atoms share the
same electrons, the bonds may be considered fractional bonds. This
type of bonding is common for transition metals such as Cu, Ag and
Au. The bonding electrons hold the atoms together and the ability of
these electrons to transport heat and electrical charge leads to the high
thermal and electrical conductivity of metals.

(4) Van der Waals bonds are weak bonds that are involved in bonding the
more strongly bonded parts of a mineral structure together.

(5} The unique nature of hydrogen in affecting structure properties in
inorganic minerals is of interest here. Bonds involving hydrogen are
formed between a positively charged hydrogen ion and a strongly
electronegative atom such as oxygen to create polar bonds (Fig. 2.1a).
Polar bonds occur when two atoms with different abilities to attract
electrons are joined by a chemical bond. The positively charged
hydrogen atom will also form a weak bond to another electronegative
atom, called the hydrogen bond. A hydrogen bond is an intermolecular
attraction in which a hydrogen atom that is bonded to an

electronegative atom, and therefore has a partial positive charge, is

11




(b)

Figure 2.1. (a) If the electrons in a chemical bond are more strongly attracted to
A than B, the part of the molecule with A develops a slight negative charge,
while the B part develops a slight positive charge, creating a polar molecule.
The magnitude of these charges is dependant on the relative abilities of these

atoms to attract electrons (i.e. electonegativity). (b) The dashed lines show
hydrogen bonds.
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attracted to an unshared electron pair on another electronegative atom

(Fig. 2.1b). The atom forming the strong bond to the hydrogen is called the

donor atom, D, and the atom that receives a weak bond from the

hydrogen atom is called the acceptor atom, A (Fig. 2.1b). The strength of

hydrogen bonding is determined by the H A bond length and the D—H

"7 Aangle. For the minerals in which we are interested, oxygen is the

donor atom and (usually) the acceptor atom. The bond length between the

hydrogen atom and the donor atom is about 1 A. For a typical hydrogen
bond, the H "~ A distance is dependent on the nature of the acceptor
atom and is typically shorter than 3.2 A for an oxygen atom (Brown and

Altermatt 1985). Typical bond angles for D—H A are ~100 to 180° with

an average value of 165°,

As already mentioned, the degree of ionic versus covalent character of a
bond is dependent on the electronegativity difference between two atoms. Two
atoms with similar electronegativities that share electrons will stilt have a polar
character such that there is a skewed distribution of electron density towards the
slightly more electronegative atom, even thought the bond exhibits a primarily
covalent character (Fig. 2.1a). The polar nature of these bonds will also be
affected by the degree of electronegativity difference: atoms of lower
electronegativity are cations and atoms of higher electronegativity are anions.
These types of bonds will be considered when evaluating the low-temperature,

low-pressure surficial minerals such as the hydrated, hydroxy-oxysalt minerals
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examined in this thesis. The polar nature of (H,0) and (OH) strongly affects the

topological properties of the structure of a mineral.

2.2.2 Coordination number [CN]

The coordination number of an atom is the number of bonds formed by
that atom. Cations are coordinated by anions such that the centre of each anion
lies at the apexes of an (approximately) regular polyhedron and the cation lies
approximately in the centre of the coordinating polyhedron, e.g. P** coordinated
by four O* atoms will form a (PO4) group with P at the centre and O7 at the four
vertices of a tetrahedron. There are several ways that cation coordination can be
determined; (1) defining a minimum bond-valence for a bond: (2) determination
on the basis of any large gap that occurs in the distribution of interatomic
distances around a cation; (3) geometric arrangements.

Likewise, anions may also be considered as occupying the centre of a
coordinating polyhedron of cations. In the case of oxygen, the average

coordination in most minerals lies between [3] and [4].

2.2.3 Bond topology and its relation to Pauling’s rules

The foremost law of structure stability is one of electroneutrality; the sum
of the formal charges of all elements in a crystal is equal to zero. This rule leads
to strong chemical constraints for mineral compositions.

Bragg (1925) introduced the idea that atoms have a specific size and

coordination number and that minerals such as silicates are formed by
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polymerization of coordination polyhedra. Pauling (1929, 1960) developed these
ideas further into a set of rules for the behavior of complex ionic crystals:

(1) @ coordination polyhedra of anions is formed around each cation,
where the cation distance is determined by the radius sum, and the
coordination of the cation is determined by the radius ratio, which is the
relative size of the coordinating ions. Radios ratio = R4 (radius of
cation):Rx (radius of anion) e.g. the radius ratio for NaCl is Na* = 1.02
A (C.N. =8), CI'= 1.81A (C.N. = 6); therefore the radius ratio =
Rna+:Rei. = 1.02/1.81 = 0.56. There are lower and upper limits to the
radius ratio for the different geometries for various coordinating
polyhedra.

(2) the electrostatic valency principle states that the strength of the bond
from a cation to an anion is equal to the cation charge divided by the
cation CN; in a stable ionic structure, the formal valence of each anion
is approximately equal to the sum of the incident bond-strengths.

(3) The existence of shared edges and faces of polyhedra decreases
mineral stability. This effects cations of high valence and smalt CN,
and cation polyhedra with a radius ration close the lower limit for that
coordinating polyhedron.

(4) In a crystal with several types of cations, those cations of high valence
and small CN tend not to share edges or faces; if they do, the cation
and its coordinating polyhedron tend to distort in order to reduce

cation-cation repulsion.
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(9) The principle of parsimony denotes the tendency for crystal structures

to have only a small number of cation and anion sites.

These rules allow the following generalizations about the structure and
chemistry of an inorganic crystal;

(1) the formula is electrically neutral;

(2) (weak) predictions may be made of possible coordination number

based on the radius ratio;

(3) predictions can be made of mean bond-lengths by summing ionic radii.
Although these general rules can be applied to stable mineral structures, there
are some important considerations that are not addressed. For example, (1) why
do some chemical compositions occur and others don't, even though they are
electrically neutral? (2) What is the bond connectivity (topology) for a crystal with
a given stoichiometry? (3) For a given composition and bond connectivity, what
controls the site occupancy? Hawthorne (1992, 1994) has addressed these
questions, and the answers can now be considered further using additional
quantitative bond-valence considerations for different mineral groups (Schindler

& Hawthorne 2001a-c).

2.2.4 Bond strengths

The strength of a bond is the magnitude of the valence of the cation
divided by its coordination number (Fig. 2.2). According to Pauling’s second rule,
the strength measured in valence units (vu) of an electrostatic bond, p, is defined

as
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(POs4)
b.s.= 5/4 =1.25 vu

(a)

; M

(M @)
b.s.= 2/6 =0.33 vu

(b)

Figure 2.2. Bond-strengths in (PO4) and (M** ).
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p = cation valence / cation coordination number=Z/cn

e.g. Bond-strength of “P** = 5/4 = 1.25 vy (Table 2.2). For an ionic structure to
be stable, the sum of the bond-strengths around an anion must equal the
magnitude of the formal valence of that anion (Fig. 2.3).

2 P~ lzanionl

anion

2.2.5 Bond-valence relations

According to Pauling's second rule, the strength of an electrostatic bond is
defined as the formal valence of the cation divided by its coordination number:
the electrostatic valence principle states that the sums of the bond strengths
around cations and anions are approximately equal to their formal valences.
However, this rule is only a general approximation. Baur (1970) found that the
bond-strength sums around anions deviated by as much as 40%, and that
deviations from Pauling’s second rule correlate with variations in bond-lengths in
crystals. The variation in bond-strength has been characterized for specific
cation-anion bonds and the term bond-valence is applied instead of the term
bond-strength, used by Pauling, in order to distinguish between these two
quantities.

Brown and Shannon (1973) devised empirical bond-valence — bond-length
curves for specific cation — oxygen bonds. Brown (1981) determined that specific
cations from many different structures have bond-valences within ~ 20% of the

mean value; therefore this value is characteristic of that specific cation:
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TABLE 2.2. VAYRYNENITE, Mn*'[Be(P0O,)(OH)]: BOND-STRENGTHS (vu)®

M P Be H >

o(1) 173 5/4 2
173

0(2) 113 514 112 2

o(3) 514 112 0.2 ~2

O(4) 113 5/4 2
1/3

O(5) 1/3 1/2 0.8 ~2

172
3 2 5 2 1

“Bond-strengths according to Patling’s second rule.

TABLE 2.3. VAYRYNENITE, Mn*"[Be(PO,}(OH)]: EMPIRICAL BOND-VALENCES (vu)*

M P Be H s
o(1) 0.31 1.25 2.01
0.45
0(2) 0.33 1.19 0.52 2.04
O(3) 1.23 0.53 0.20 1.96
0(4) 0.36 1.30 2.06
0.40
o(5) 0.21 0.46 0.80 1.95
0.48
3 2.06 4.97 1.99 1.00

*Bond valences calculated using the curves of Brown & Altermatt (1985).
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3/4 vu 5/4 vu

A

20*=3/4 +5/4=8/4=2vu

Figure 2.3. The sum of the bond strengths around the anion must equal the
magnitude of the formal valence of the anion.
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characteristic bond-valence = atomic (formal) valence / mean coordination
number = Z / <CN>. Brown and Shannon (1973) used 417 crystals with well-
known structures to derive bond-valence — bond-length relations for the bonds
between oxygen and various cations using the requirement that the sums of the
bond-valences around these cations be equal to their valence. The relation is s =
(R/R,)™; where s = bond valence (in valence units, vu), R = bond-length (A), and
Ro and N are fitted constants. R, and N are parameters independent of the ionic
character of the bond and the cation coordination number. These resultant bond-
valences are related to the covalent character of the bond, and the sum around
each cation is within 5% of its formal valence. The bond-valence — bond-length
curves are useful in cases where the cation coordination is distorted: for
predicting positions of hydrogen atoms, to analyze for different oxidation states
and site occupancies, to calculate ionic radii, and to evaluate the accuracy of
crystal-structure determinations (Brown and Shannon 1973).

Brown and Altermatt (1985) revised the expression used for the relation
between bond-length (R) and bond-valence (s) using 750 atom pairs such that s
= exp[(R, — R)/B], where R;is the observed individual bond-length and R, and B
are constants for a given element. This algorithm is more advantageous than the
previous in that the variation in the B parameter between atom pairs is less than
that for N and R, can be fitted exactly for each cation environment (Brown and
Altermatt 1985).

Calculated characteristic bond-valences correlate well with observed

bond-lengths and other bond properties (Brown and Shannon 1973, Brown 1981,
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Brown and Altermatt 1985). If the interatomic distances are known, bond-
valences can be calculated from the curves of Brown (1981, 1988). If the
interatomic distances are not known, bond-valences can be approximated by the
Pauling bond-strengths. Calculated bond-valences for vayrynenite are compared
with Pauling bond-strengths for the same mineral in Tables 2.2 and 2.3. The
shorter the bond length between atoms, the higher the bond valence; likewise,
the longer the bond length between atoms, the lower the bond valence (Table
2.4). Essentially, bond valence is a measure of the strength of the bond between
a cation and an anion that depends on bond-length. The mean bond-valence
correlates with the formal charge and cation radius, and varies smoothly across
the periodic table (Hawthorne 1997).

These ideas involve an a posteriore approach to crystal-structure topology
such that the structures of the crystals must be known in great detail in order to
apply this method. In order to be able to predict any aspects of the crystal

structure, an a priori approach is required.

2.3 Lewis theory of acids and bases

The Bronsted (or Bronsted-Lowry) definitions of acids and bases are as
follows: an acid is a proton (H™ ion) donor, and a base is a proton acceptor. On
the other hand, G. N. Lewis developed a theory of acids and bases that is based
upon sharing of electron pairs. A Lewis acid is any substance (such as the H*
ion) that can accept a pair of nonbonding electrons to form a new bond. In other

words, a Lewis acid is an electron-pair acceptor or electrophile. A Lewis base
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TABLE 2.4. BOND-VALENCE VARIATION WITH BOND-LENGTH VARIATION

Bonds Bond-length (A) Bond-valence (vu)
P-0(1) 1.543(1) 1.25
P—0(2)b 1.553(1) 1.19
P-0(3) 1.540(1) 1.23
P~ 0(4) 1.520(1) 1.30
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is any substance (such as the OH" ion) that can donate a pair of nonbonding
electrons to form a new bond. A Lewis base is therefore an electron-pair donor
or nucleophile. A simple exampie is the formation of the hydronium ion (H30%)
from a proton, H" (no electrons), and water, H,O (which has electron pairs to
donate). The product is called an adduct or complex. When one substance
donates all the electrons for the bond, the bond is called a coordinate covalent
bond. In this example, H™ is the Lewis acid and H,O is the Lewis base.

All metal cations are potential Lewis acids because their positive charge
will readily attract electron pairs and they all have at least one empty orbital. The
hydroxide ion is an excellent Lewis base and so it will bind readily to metal
cations to give metal hydroxides.

The principal advantage of the Lewis theory is the way it expands the
number of acids and therefore the number of acid-base reactions. In the Lewis
theory, an acid is any ion or molecule that can accept a pair of nonbonding
valence electrons; A" ions form bonds to six water molecules to give a complex
fon.

AP*(aqg) + 6 HO(l) =Al(H,0)s* (aq)
This is an example of a Lewis acid-base reaction. The Lewis structure of water
suggests that the H,O molecule has nonbonding pairs of vailence electrons and
can therefore act as a Lewis base. The electron configuration of the AI** ion
suggests that this ion has empty 3s, 3p, and 3d orbitals that can be used to hold
pairs of nonbonding electrons donated by neighboring H-O molecules.

AP = [Ne] 3s° 3p° 3¢°
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Thus, the Al(H,Q)s*" ion is formed when an AI** ion acting as a Lewis acid picks
up six pairs of electrons from neighboring H>O molecules acting as Lewis bases
to give an acid-base complex, or complex ion.

The Lewis acid-base theory explains why BF; reacts with ammonia, NHs.
BF3is a trigonal-planar molecule because electrons can be found in only three
places in the valence shell of the boron atom. As a result, the boron atom is sp?
hybridized, which leaves an empty 2p; orbital on the boron atom. BF5; can
therefore act as an electron-pair acceptor, or Lewis acid. It can use the empty 2p,
orbital to accept a pair of nonbonding electrons from a Lewis base, such as
ammonia, to form a covalent bond. BF; therefore reacts with Lewis bases such
as NHj to form acid-base complexes in which all of the atoms have a filled shell

of valence electrons.

2.3.1 Lewis-acid strength of a cation

Using the Lewis definition of an acid, the Lewis-acid strength of a cation
can be defined as the distribution of the charge of a cation over its coordinating
bonds, or the characteristic mean bond-valence of a cation to its ligands. The
value of the Lewis-acid strength (characteristic bond-valence) is the cation
charge divided by the average coordination number of the cation. As already
discussed, the bond-valence around specific cations from a range of different
mineral structures have been found to vary within ~20% of the mean value, which
is charateristic for that specific cation. In the case where the cation has only one

coordination number; the mean bond-valence of that cation will be equal to the
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Pauling bond-strength. For example, $%* (sulphur) is found naturally occurring in
[4]-coordination in oxysalt minerals so the mean bond-valence is 1.50 vu. If the
cation occurs with more than one coordination number, then the mean bond-
valence is equal to the weighted mean of the bond-valences in all the observed
structures. An ideal mean bond-valence for Ca®" in octahedral coordination is
0.33 vu; however, calcium can occur in [5] to [12]-coordination, and the weighted
mean bond-valence (Lewis-acid strength) of Ca is 0.27 vu (Table 2.5).

As mean bond-valence is related to the formal charge and size
(coordination) of a cation, it varies accordingly throughout the periodic table
(Brown 1981). The mean bond-valence of a cation also correlates with
electronegativity, which is a measure of the cations electron-accepting ability.
Therefore, Lewis-acid strength is the measure of the electron-accepting ability

(electrophilic strength) of the cations.

2.3.2 Lewis-base strength of a simple oxyanion

The Lewis-base strength (characteristic mean bond-valence) of an anion
can be defined as the average bond-valence per bond received by that anion.
The bond-valence incident at an O% atom can vary significantly, based on the
type of bonds it forms with other atoms and depending on its coordination
number. [12]-coordinated Na will contribute 0.08 vu to an O atom, and
tetrahedrally coordinated S will contribute 1.50 vu to a coordinating O-atom.
Individual bond-valences have too great a range in value for the mean bond-

valence of simple anions to be of any reasonable use when predicting bond
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TABLE 2.5. LEWIS-ACID STRENGTHS (vu) FOR CATIONS OF GEOLQGICAL INTEREST*

Li
Be

Na
Mg
Al
Si

Cl
K
Ca

G.22
0,50
0.88
1.30
1.75
0.16
0.36
0.63
0.85
1.30
1.65
2.00
0.13
0.27

Sc
TP
Ti*
V3+
v
cr*
cré*
Mn?*
Mn®*
Mn**
Fe®
FeEH-
Co**

NiZ+

0.50
0.50
0.75
0.50
1.20
0.50
1.50
0.36
0.50
0.67
0.36
G.50
0.40
0.50

cu®
Zn
Ga
Ge
As
Se
Rb
Sr
Sn
Sh
Te
Cs
Ba
pp*

0.45
0.36
0.50
0.75
1.02
1.30
0.10
0.24
0.66
0.86
1.06
0.08
.20
0.20

* after Hawthorne (1997)
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valences in structures. It is therefore more practical to consider Lewis-base
strength in terms of complex oxyanions (Lewis bases) such as (POL* (Figure
2.4). In (PO.)*, each of the O* atoms receives 1.25 vu from the central [4]-
coordinated P**, atom and require an additional 0.75 vu from neighboring atoms.
If the O has an average coordination of [4], then the required bond-valence per
bond to the O atom (excluding the P-O) will be 0.75 vu / ([n} - 1) or 0.25 vu
(Table 2.8). The range of Lewis-base strength for each specific oxyanion is much

smaller, and therefore the prediction of bond valences is much more realistic.

2.3.3 Valence-matching principle

The valence-maiching principle states that simple structures are stable
when the Lewis-acid strength of the cation closely matches the Lewis-base
strength of the anion. In other words, a stable chemical bond will form between
two constituents that have matching properties. For example, the Lewis-base
strength of (PO4)* (0.25 vu) does not match the Lewis-acid strength of Na (0.16
vu), and Nas(POg) is not a mineral. However, the Lewis-base strength of (POL*
(0.25 vu) closely matches the Lewis-acid strength of Ca (0.27 vu) and calcium

phosphate, Cas(PO4)2, does occur as a stable compound.

2.4 Binary structural representation of complex minerals
One of the problems in dealing with mineral structures is the complexity of
the atom interactions; there are a large number of them, and their spatial

characteristics are important. However, the same situation applies to an atom:
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Bond-valence sum at the O-atom

125vu+0.75vu=2.0vu

~ Lewis-base strength of (PO,)*> based on an average
coordination number [4] for the O-atom:

0.75 vu I3 = 0.25 vu = average bond-valence per bond

Figure 2.4. Lewis-base strength of a complex oxyanion (after Hawthorne 1997).
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TABLE 2.6. LEWIS-BASE STRENGTHS (vu) FOR SPECIFIC

OXYANIONS OF GEOLOGICAL INTEREST*

(BOs)* 0.33
(SiOH* 0.33
(A0 0.42
(PO 0.25
(AsQ.)" 0.25

0.25
0.12
0.25
.17
0.17

* after Hawthorne {1927)
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there is a nucleus and numerous electrons, all interacting in a very complex
manner; nevertheless, we can usefully consider an atom as a single unit with
simple properties such as size, charge and electronegativity. The same approach
can be taken for complex minerals such that they can be divided into (1) the
structural unit, which is defined by strong bonds between atoms, and (2) the
interstitial complex, which links structural units into a continuous structure via
weak bonds (Fig. 2.5a). This binary representation makes dealing with the
complexity of atomic interaction in a mineral structure more simple (Fig.2.5b).
When this is done (Hawthorne, 1985a, 1986, 1990), a Lewis basicity can be
defined for the structural unit in exactly the same way as for a more conventional
oxyanion.

The interstitial components of a structure can usually be considered in a
simple additive fashion to produce an aggregate structure, the interstitial
complex, which can be characterized by its Lewis acidity. Thus a structure can
be factored into two components, and this enables the use the valence-matching
principle to examine the interaction of the structural unit with the interstitial
complex. It is worth emphasizing here that that the development of a binary
representation gives a simple quantitative model of even the most complicated
structure, and allows quantitative insight into the weak bonding between the
interstitial complex and the structural unit, interactions that control the stability of

the mineral.
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BINARY REPRESENTATION OF
COMPLEX MINERALS

: : : : : : : INTERSTITIAL

S e

A

VIVEINBIINRS

STRUCTURAL
UNIT:
[AI(PO,)(OH)(H.0)F

EXAMPLE: metavauxite
Fe?"(H20)[Al(PO4)(OH)(H,0)l
(a)
~ INTERSTITIAL COMPLEX
~ defined by Lewis acidity

i

(b)
Figure 2.5. (a) Binary representation of complex hydroxy-hydrated minerals and (b)
the valence-matching principle.
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2.4.1 Structural unit

Hawthorne (1985) considered the structural unit as a very complex
oxyanion with intrinsic characteristic properties, and defined it formally as an
array of strongly bonded polyhedra forming (usually) anion complexes (Fig 2.5a).
Here, the components that are part of the structural unit can be considered to

involve bond-valences greater than 0.33 vu.

2.4.2 Interstitial complex

The interstitial components are an array of large low-valence (alkali and
alkaline-earth) cations, simple anions (e.g. OH or CI') and (H20} groups that link
the structural units together (Fig 2.5a). In accord with the binary structurali
representation the interstitial components are considered as a single unit, the
interstitial complex, that typically has a net positive charge. The components of

the interstitial complexes involve bond-valences less than 0.33 vu.

2.5 Valence-matching principle for complex phosphate minerals

Using a binary representation of a complex mineral structure, a Lewis
acidity for the interstitial complex and a Lewis basicity for the structural unit can
be defined, and their interaction can be considered using the vatence-matching
principle.

Brown (1981} introduced the use of the valence-matching principle as a
useful method for indicating which acids are likely to bond to which bases and
what coordination number are needed for a good match in order to predict the

stability of chemical compounds. Here, this idea is applied to the interaction if an
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interstitial complex and a structural unit, with the intension of examining the
range of chemical composition possible for an interstitial complex, given a

specific structural unit.

2.6 Classification of complex phosphate minerals

In order to examine bond topology and chemical compositions of
structures (and mineral paragenesis), it is essential to have some sort of ordering
scheme when examining specific mineral groups. There have been some
attempts at classifying phosphate minerals and significant advances have been
made classifying other major mineral groups. Bragg (1930) classified the major
rock-forming silicate minerals according to the type of polymerization of (SI,ADO4
tetrahedra, and this scheme was extended by Zoltai (1960) and Liebau (1985); it
is notable that this scheme parallels Bowen's reaction series (Bowen 1928) for
silicate minerals in igneous rocks. Paragenetic studies have shown that there are
specific relations between chemical composition and the position of minerals in
paragenetic sequences (Bandy 1938; sulfates) and it has also been observed
that relations exist between mineral structures and their position in a pargenetic
sequences hence the development of structural hierarchies (Moore 1963, 1973).
Much insight can be derived from such structural hierarchies, particularly with
regard to controls on bond topology (Hawthorne 1983a, 1994), mineral chemistry
(Schindler and Hawthorne 2001a,b; Schindler et al. 2002) and mineral
paragenesis (Moore 1965b, 1973a; Hawthorne 1984, 1998; Hawthorne et al.

1987; Schindler and Hawthorne 2001c¢).
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Chapter 4 deals in great detail with the classification of phosphate minerals

based on the polymerization of the structural unit (after Hawthorne 1985, 1987).
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CHAPTER 3
Structural Aspects of Complex Oxysalt Minerals
3.1 Introduction

The most fundamental characteristic of a mineral is its crystal structure, a
complete description of which involves the identities, amounts and arrangement
of atoms that constitute the mineral. The physical, chemical and paragenetic
characteristics of a mineral should arise as natural consequences of its crystal
structure and the interaction of that structure with the environment in which it
occurs. A structural hierarchy is an arrangement of crystal structures that reflects
the systematic change in the character of their bond topologies. As the bond
topology is a representation of the energetic characteristics of a structure
(Hawthorne 1994, 1997), an adequate structural hierarchy of minerals should
provide the most useful basis for the interpretation of the role of minerals in Earth
processes,

Pauling (1929) makes the statement: “Why does aluminum fluorsilicate,
Al2Si04F3, crystallize with the structure of topaz and not with some other
structure? These questions are answered formally by the statement that in each
case the structure with the minimum free energy is stable. This answer, however,
is not satisfying; what is desired in our atomistic and quantum theoretical era is
the explanation of this minimum free energy in terms of atoms or jons and their
properties.” To this end, Hawthorne (1983a, 1985a, 1990, 1994, 1992, 1997),
Schindler et al. (2002) and Schindler and Hawthorne (2001a, 2001b, 2001¢)

have created a forum for these explanations.

36



3.2 Structural characteristics of oxysalt minerals

Hawthorne (1983a) proposed that structures be ordered or classified
according to the polymerization of those cation coordination polyhedra with
higher bond-valences. The bond-valence requirements of cations are satisfied by
the formation of anion coordination poiyhedra around them. A structure can
therefore be thought of as an array of complex anions that polymerize in order to
satisfy their bond-valence requirements; the most important linkages involving
the strongest bonds. Higher bond-valence polyhedra polymerize to form homo-
or heteropolyhedral clusters that constitute the fundamental building block (FBB)
of the structure. This FBB is repeated, often polymerized, by translational
symmetry operators to form the structural unit, which has already been defined,
the excess charge of which is balanced by the presence of interstitial species
(Hawthorne 1985a). The FBB consists of tetrahedra, triangles and octahedra as

the principle components.

3.3 Structural Classes based on the fundamental building block

The possible modes of FBB polymerization are (1) unconnected
polyhedra; (2) finite clusters; (3) infinite chains; (4) infinite sheets: (5) infinite
frameworks. Hawthorne (1992) described minerals based on tetrahdra and
octahedra as part of the FBB's that forms the structural unit. The phosphate
minerals consist mainly of structural units that have the composition [IM(T@4)pn]

and [M(T@4)2¢s] described by Hawthorne (1992). The different topologies of
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these polyhedra for the different possible modes of polymerization are briefly
reviewed below:

(1) Minerals of the unconnected polyhedra class are of the form
[M(Ta)on] and [M(T@4)20n] based on isolated (Mg) octahedra and
(T@s4) tetrahedra. These tetrahedra and octahedra are linked together
by large low-valence interstitial cations and by hydrogen bonding. The
(H20) groups play an important part in holding the structure together.
Typically the tetrahedral cations are coordinated by oxygen atoms,
whereas the octahedral cations are coordinated by (H,O) groups. in
this class of minerals the non-occtuded (H,O) groups form an important
hydrogen-bonding network that hold the structures together.

(2) Minerals with finite cluster structures considered are generally of the
forms [M(Ta4)@n] and [M2(T@4)2¢,] based on finite clusters (Mos)
octahedra and (Tq,) tetrahedra. Some of the possible types of finite
clusters of the stoichiometry [Ma(T@a)2¢.] (M = 3%, 2"; T = 5%, 6*) are
shown in Figure 3.1. These cluster arrangements have the maximum
number of anions, which have their bond-valence requirements
satisfied (Hawthorne 1983). In this case, each M-cation contributes,
0.5 or 0.33 vu and each T-cation contribute 1.25 or 1.5 vu. Considering
only clusters of the type where there are no linkages between
tetrahedra, then the ¢, anions shared between polyhedra will have an
incident valence between 1.58 and 2.0 vu. This is of interest when

considering the idea that the clusters that have the maximum number
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(@) [M2(T@4)206] (b) [M2(Tpa)20p7]

(C) [M2(T@4)20p5] (d) [M2(T@a)200]

Figure 3.1. The possible [Ma(T®a4)2¢n] clusters (n = 6,7,8,9) for which the bond-valence
requirements of ®, are most nearly satisfied (after Hawthorne 1983).
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of anions with their bond-valence requirement satisfied, will tend to
retain their stability in solution (Hawthorne 1983).

(3) There are a large number of infinite chain structures possible for
minerals with a structural unit of the stoichiometries [M(Tg.)@n] and
[M2(T@4)20:] that can be created from FBB’s of tetrahedra and
octahedra. Hawthorne (1983, 1992) discusses some of these FBB
linkages that form various chains. Hawthorne (1992) pointed out that
even though there a fair amount of diversity in terms of topology for
M(T@a)@n] and [Ma(T@4)29,] type chains; the most common types of
[M(T@a)@n] and [Ma(T@a)2n] chains tend to be the simplest. The most
common chains for the phosphate minerais are discussed further in
Chapter 4,

(4) For the class of minerals with infinite sheets structure, it is seen that as
the structural unit becomes more polymerized the number of possible
types of sheets formed based on either corner-sharing, edge-sharing
or face-sharing octahedra with decorated tetrahedra becomes vast.
Some of the more common and important minerals of this class are
considered by Hawthorne (1992).

(5) The class of minerals based on infinite framework structures of (Mes)
octahedra and (Ty,) tetrahedra are more complex when considering
polymerization patterns in three directions. Again some of the more

prevalent minerals of this class are discussed in Hawthorne (1992).
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It can be noted that these various modes of polymerization alone are not
adequate in terms of defining mineral properties based on their crystal structure.
However, it is a useful bases for classifying mineral groups and to consider the
possible arrangements of structural units and determine which may be the most
common/stable based on their bond-valence requirements. The hierarchy
classification of the phosphates (Chapter 4) is based on these considerations of

Hawthorne (1983, 1992).
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CHAPTER 4

The crystal chemistry and structural hierarchy of phosphate minerals

4.1. Introduction
All phosphate minerals were systematically investigated and are classified

according to the general classification discussed in Chapter 3. This structural
classification leaves less onus on the genetic crystal chemistry of minerals.
Structural aspects are considered first, then paragenetic sequences and their
relations to the structural classification are c:onsidered (Chapter 5 and 6). The
classification and mineral descriptions presented here have been accepted for

publication (Huminicki and Hawthorne 2002).

| 4.1.1 Polymerization of (Pg,) ;md other (Tq,) tetrahedra

As already stated, bond valence is a measure of the strength of a
chemical bond, and in a (PQ,) group, the mean bond-valence is 5/4 = 1.25 vu.
The valence-sum rule (Brown 1981) states that the sum of the bond valences
incident at an atom is equal to the magnitude of the formal valence of that atom.
Thus any oxygen atom linked to a central P cation receives ~1.25 vu from that
cation, and hence must receive ~0.75 vu from surrounding cations. An oxygen
atom will unlikely link to two P atoms since it would receive, on average, 2 x 1.25‘
= 2.50 vu which would violate the valence-sum rule. Thus (PO4) groups that
polymerize to each other in a mineral (pyrophosphates) are rare with the
exception of three known phosphate minerals in which (PO4) groups do
polymerize [canaphite: Na,Ca[P,0-] (H20)4, wooldridgeite:

NazCaCu®"2[P;07]5(H20)16 and kanonerovite: MasMn?*[P30+c](H20)12], and
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polyphosphates are common among synthetic compounds (Corbridge 1985).
Therefore phosphates cannot be classified in an analogous way to silicates (i.e.
by the polymerization characteristics of the principal oxyanion).

The simple anions of a (PO4) group each require ~0.75 vu to satisfy their
bond-valence requirements. So any tetrahedral oxyanion with a mean bond-
valence of < 0.75 vy, including (AlQO4), (BO4), (BeOy) and (LiO,) groups will
satisfy the bond-valence requirements for an anion of the (POy) group. Moreover,
P--0 bonds in specific structural arrangements (dis£ortions) may have bond
valences somewhat less that 1.25 vy, raising the possibility that (PO,4) groups
might polymerize with (SiO4) groups (mean bond-valence = 1.0 vu). Phosphates

show all of these particular polymerizations, in accord with the valence-sum rule.

4.1.2 Polymerization of (Pg,) tetrahedra and other (Mg,) polyhedra

In oxysalt minerals, the coordination number of oxygen has most
commonly been found to be [3] or [4]. This being the case, the average bond-
valence (Lewis base-strength) incident at the oxygen atom bonded to one P
cation would be ~0.75/3 = 0.25 v or ~0.75{2 = 0.38 vu for other cation-oxygen
bonds. The most common non-tetrahedrally coordinated cations tend to be
divalent and trivalent cations (e.g. Mg, Fe**, Mn®*, Al, Fe*") in octahedral
coordination and monovalent (e.g. Na, K) and divalent (e.g. Ca, Sr) cations with
coordination numbers of [7] and greater. The average bond-valences involved in
bonds to these cations are M2 = 0.33, BIM* = 0.50, "M ™ = 0,14, M2 = 0.29

vu. Hence, (POy4) groups link easily to all of these cations, particularly in hydoxy-
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hydrated phosphates where hydrogen bonds commonly contribute an additional

hond-valence of between 0.1 and 0.3 vu to the anions of the structural unit.

4.2 The Structural hierarchy of phosphate minerals

This loose polymerization suggests that we should classify the phosphates
according to the types of polymerization of their principal coordination polyhedra
(structural unit), as suggested by Hawthorne (1983a, 1998) and discussed briefly
above. There are several possible ways in which (PQOas) may polymerize,
however, the most common ways tend to be restricted in terms of bond-valence
requirements and stability. The most common polymerizations in phosphate
minerals are between tetrahedra and tetrahedra, between tetrahedra and
octahedra, and between tetrahedra and large-;:ation polyhedra (i.e. {7]-
coordinated and above). Therefore, the phosphates can be divided into these
three principal groups according to:

(1) polymerization of tetrahedral and tetrahedra;

(2) polymerization of tetrahedra and octahedra;

(3) polymerization of tetrahedra and > [6]-coordinated polyhedra.
There is some overlap between these threelgroups such as the case with
minerals that contain both M** and M** in octahedra coordination. In this
situation, M** may be considered as part of the interstital complex rather than the
structural unit if both are present (also depends on connectivity). This is in accord
with the method of classification based on the part of the structure with higher
bond-valence. A somewhat arbitrary value of 0.33 vu has been assigned as the

minimum bond-valence requirement for bonding in the structural unit. Most other
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bonds with a bond-valence of less than 0.33 vu are considered to be part of the
interstitial complex.

The first group, involving polymerization of (PO,) tetrahedra and other
(Tyy4) tetrahedra (T = Be, Zn, B, Al, and Si}, is relatively small. They can be
characterized in terms of higher connectivity. The second group, involving
polymerization of (PO.) tetrahedra and (Mgs) octahedra, is very large. The
structures in this group are arranged according to Hawthorne (1983a) (Chapter
3) and similar to\the classification of the sulfate minerals given by Hawthorne et
al. (2000), according to the mode of polymerization of the tetrahedra and
octahedra: (1) unconnected polyhedra; (2) finite clusters of polyhedra; (3) infinite
chains of polyhedra; (4} infinite sheets of polyhedra; (5) infinite frameworks of
poiy}hedra. Likewise, within each class, structures are arranged in terms of
increasing connectivity of the constituent polyhedra of the structural unit. The
third group are characterized by polymerization of (PO,) tetrahedra and > [6]-
coordinated polyhedra. These structures can be considered to have (PQOs)
groups as there structural unit for the purpose of classification. Detailed chemical
and crystallographic information and references are given in Appendix A. in all
Figures, (PO4) groups are shown as dashe&-!ine-shaded, unless otherwise noted

in the Figure.

4.3 Structures with polymerized (PO4) and (T@4) groups
As noted above, (PO,) tetrahedra can polymerize with other (PO4) groups,
and with other tetrahedrally coordinated cations such as Be, Zn, B, Al, Li and Si.

However, in minerals, only the following polymerizations are observed: (POs)—
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(PO.4), (PO‘;)—(Bequ), (PO4)—(ZnQy4) and (PO4)—(AlO,). There are several minerals
containing both (POy4) and (Bgs) or (Siga) groups in which the different polyhedra
do not polymerize, however, minerals in which (PO4) polymerizes with (Bgs) or

(Sig,) groups are not reported.

4.3.1 Finite clusters of (PO4) and (Tg4) tetrahedra

Most of the minerals considered in this class (Table 4.1) contain
polymerized (PQg) groups; the other minerals contain (PO4) tetrahedra that
- polymerize with another type of (7¢4) group.

In canaphite, Na;Ca(H,0)4[P207], (PO.) tetrahedra link together to form
[P,07] groups in the eclipsed configuration. When viewed down [1 00}, the
structure consists of layers of (Nags) and (Cags) octahedra with intemittent
[P,07] groups inserted in between layers (Fig. 4.1a). The layers consist of
staggered chains of (Nags) octahedra that extend along a and are linked in the b-
direction by (Cags) octahedra to form a sheet of octahedral. Additional linkage
within the structure consists of an extensive network of hydrogen bonds involving
the (H20) groups of the (CaOs{H20}) and (NaOs{H20)s) octahedra.

In wooldridgeite, NGQCB(HQO)s[CU2+.2(P2O7)2(HzO)z](H20)2], [P207] groups
also occur in the ecli#sed configuration. A noteworthy part of the wooldridgeite
structure is the [Cu?"(P207)(H20)] chain (Fig. 4.1c) in which (Cugs) octahedra fink

by sharing one set of trans ligands (H;0) to forma 7 A chain (Moore 1970),

decorated by [P,07] groups, that extends along [101] (and {101]). Each chain is

flanked by a chain of corner-sharing (Nags) octahedra in which the Na—@—Na
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TABLE 4.1. Phosphate minerals* based on finite
clusters of (PO,) and (T®,) tetrahedra

Mineral Cluster Space Figure
group

Canaphite [P,0;] Pc 4.1ab

Wooldridgeite (P,0.] Fdad2 4.1c.d.e

Kanonerovite (P3040 P2.n 4.2a

‘Pyrocoproite” ** PO, - -

‘Pyrophosphate” ™ P,0, - -

*Arnhemite™ ** P,0, - e

Gainesite * [Be(PO,),] f4,/amd  4.2b
McCrillisite [Be(PO,),] 4 lamd  4.2b
Selwynite [Be(PO,),] l4famd  4.2b

* For isostructural minerals, the name of the group is
indicated by a * in this and all following tables;

** These names are used in the literature, but have not
been approved by CNMMN of IMA.
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Figure 4.1. (a) canaphite projected onto (100); (b) canaphite projected onto (001); (Ca®s):
4*-net-shaded, (Nags): shadow-shaded; (c) [Cu®*(P,0,)(H.0)] chain in
wooldridgeite; (d) wooldridgeite projected onto (010); (e) orthogonal sets of
[Cu®*(P,07)(H,0)] chains in wooldridgeite; (Cu**@): shadow-shaded, Na atoms:
small dark circles, (H;0): large shaded circles.
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linkage is through cis vertices and each (Nags) octahedron shares an edge with

a (Cugs) octahedron, and these chains are linked in the [101] direction into a
sheet by (Cage) octahedra (Fig. 4.1d). These sheets stack along the [010]
direction (Fig. 4.1e), with each sheet rotated 90° with respect to the adjacent
sheets.

In kanonerovite, NasMn? [P3010](H20)12, three (PO,) tetrahedra link
together to form a [P3010] fragment. All three (PO,) tetrahedra of this trimeric
group share one vertex with the same (Mn?*@g) octahedron (Fig. 4.2a) to form an
[Mn2*(H20)3P3010] cluster. (Nags) octahedra link by sharing vertices to form
clusters that link [Mn?*(H20)3P3010] clusters adjacent in the c-direction. All other
linkages involve hydrogen bonds emanating from the (H20) groups of the
[Mn?*(H20)3P3010] cluster and interstitial (H2O) groups.

In gainesite, Na-Zr,[Be(POu)4], and the isostructural minerals mccritlisite,
Cs2Zr:[Be(P04)4], and selwynite, Na;Zr[Be(POasl], a (BeQy) tetrahedron links to
four (PO,) tetrahedra to form the pentameric cluster {[BeP401s]- These clusters
are linked into a continuous framework through (ZrOs) octahedra (Fig. 4.2b).
Note that the Be and P sites in the gainesite structure are only half-occupied, and
in the tetrahedral-octahedral framework, tetrahedral clusters alternate with

cavities occupied by interstitial Na atoms.

4.3.2 Infinite chains of (PO.) and (Tg.) tetrahedra
The minerals in this class can be divided into two broad groups based on
the (bond valence) linkage involved in the infinite chains. Minerals of this class

are listed in Table 4.2.
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Figure 4.2. (a) kanonerovite projected onto (010}, [P304¢] trimers are (dashed-line
shaded) linked to (Mn**@s) octahedra (dot-shaded); these clusters are linked by
(Nags) octahedra (shadowed) and by hydrogen bonding involving (H20) groups
(not shown); (b) the finite tetrahedron cluster ([BeP:O+¢] pentamer) in gainesite,
linked by (ZrOg) octahedra (line-shaded); (BeOQ,): cross-shaded.
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TABLE 4.2. Phosphate minerals based on infinite chains of

(PO,) and {T®,) tetrahedra

Mineral Chain Space group Figure
Moraesite [Be,(PO,)(OH)} C2/c 4.3a,b
Vayrynenite [Be(PO,}(OH)] P2./a 4.3c,d
Fransoletite [Be,(PO,),(POL{OH}),] P2,/a 44ab
Parafransoletite [Be,(PO,),(PO,{OH}),] FT -

Roscherite [Be,{PO,);(OH),] C2/c 4.4cd
Zanazziite [Be, (PO ), (OH)e] C2ic 4.4c.d
Spencerite [Zn(PO,)(OH)(H,0)] P2./c 4. 4e f
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Moraesite, [Bea(PO4)(OH)J(H20)4, contains chains (ribbons) of (PO,) and
(BeOy) tetrahedra. The (POy) tetrahedra are four-connected and the (BeQO,)
tetrahedra are three-connected, and the resulting [Bex(PO4)(OH)] ribbons extend
along the c-direction (Fig. 4.3a). These ribbons form a face-centered array (Fig.
4.3b) and are linked by hydrogen bonds involving interstitial (H.0) groups.

Viyrynenite, Mn?*[Be(PO.)(OH)], contains chains of (PO4) and (BeOy)
tetrahedra extending in the a-direction (Fig. 4.3c). (BeQs) tetrahedra link by
corner-sharing to form a pyroxenoid-like [TO3] cha:lin that is decorated on both
sides by (PO,) tetrahedra to form a ribbon in which the (BeQy) tetrahedra are
four-connected and the (PO,) tetrahedra are two-connected. These ribbon-like
chains are linked by edge-sharing pyroxene-like chains of (Mn?"Og) octahedra
that also extend parallel fo the a-axis. The resulting structural arrangement
consists of modulated sheets of tetrahedra and octahedra (Fig. 4.3d).

Fransoletite and parafransoletite are dimorphs of composition
Cas[Bey(PO4)2(POs{OH})2](H20)4. The principal motif in each structure is a
complex chain of tetrahedra consisting of four-membered rings of alternating
(PQ,) and (BeQy) tetrahedra that link through common (BeOa) tetrahedra; these
chains extend in the a-direction (Fig. 4.4a).‘Viewed end-on (Fig. 4.4b), the chains
form a square array and are linked by [6}- and [7]-coordinated Ca atoms that
form sheets parallel to {001}, further interchain linkage occurs through H-bonding
involving (H,0) groups. The fransoletite and parafransoletite structures differ only
in the relative placement of the octahedrally coordinated Ca atom and the |

disposition of adjacent chains along their length (Kampf 1992).
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b) fransoletite projected

projected onto (001);

(

(d) roscherite projected onto

shaded) are only two-thirds occupied (by Al); Ca atoms

1

are omitted; (e) spencerite projected onto (010); (f) spencerite

down the a-axis; (c) roscherite projected down the c-axis;
(PO4) and (Zn0Q4) chains are

Figure 4 .4. (a) fransoletite projected onto (010); Mn®* atoms: circles:
(010); trivalent octahedra (trellis-

on'.

‘end-
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Roscherite and zanazziite are composed of very convoluted chains of
Beg, and (PQ,) tetrahedra extending in the [101] direction (Fig. 4.4¢; note that in
this view, the two chains appear to join at a mirror plane parallel to their length;
however, the plane in question is a glide plane and the two chains do not join at
this plane, they are displaced in the c-direction). The chain consists of four-
membered rings of alternating Begs and (PO4) tetrahedra linked through (PO4)
tetrahedra that are not members of these rings (Fig. 4.4c). These chains are

linked by (Al,[0)Os and (Mg,Fe®")Og octahedra that form edge-sharing chains

parallel to [110] and [1 10]; the octahedral chains link to each other in the [001]
direction by sharing frans vertices (Fig. 4.4d). The resultant octahedral-
tetrahedral framework is strengthened by [7]-coordinated Ca occupying the
interstices.

The structure and composition of these minerals is not completely
understood. Roscherite (Slavik 1914) is the Mn?*-dominant species and
.zanazziite (Leavens et al. 1990) is the Mg-dominant species. Lindberg (1958)
also reported an Fe®*-dominant species from the Sapucaia pegmatite, Minas
Gerais, that is currently unnamed. The situ._ation is complicated by the fact that
the original crystal-structure determination of roscherite (Fanfani et al. 1975) was
done on a crystal of what was later determined to be zanazziite with the ideal
end-member formula Ca;Ma4(Aly s7005.33)2[Bea(PO4)s(OH)s}(H20)4. Fanfani et al.
(1977) report a triclinic structure for roscherite that is Mn** dominant, i.e.
roscherite with the ideal end-member formula
CazMn? 4(Fe® g 5700.2a) (D) [Bes(PO4)s(OH)s(H20)2)(H20)4. Note that the trivalent-

cation content (Al1.a3 vs. Fe**ys7) and type are different in the two species, and
55



eiectroneu{rafity is maintained by replacement of OH by H,O: Fe** + T (vacancy)
+ 3 H,0 — AP*, + 3 OH. Whether the monoclinic — triclinic transition is caused
by the Mn** — Mg replacement or by the reaction noted above is not yet known.
Spencerite, Znx{Zn(OH)Y(H20){(PO4)]2(H20), contains simple linear chains
of alternating (Zn®a4) [@4 = O2(OH)(H20)] and (POs) tetrahedra extending along
the c direction {Fig. 4.4e) and cross-linked into heteropolyhedral sheets by (Zngg)
octahedra. These sheets are also shown in Fig. 4.4f, where it can be seen that
the (Zngs) octahedra share all their verticés with (Zn@p4) and (PO,) tetrahedra.
The heteropolyhedral sheets link solely via hydrogen bonding that involves one
{H,0O) group (not shown in Figs. 4.4e or 4.4f) held in the structure solely by

hydrogen bonding.

4.3.3 Infinite sheets of (PO4) and (Tg,) tetrahedra

The minerals in this class (Table 4.3) can be divided into two groups:
(PO4)-(BeOy) linkages, and (PO4)~(Zn0y) linkages.

Hydroxylherderite, Ca[Be(PO4)(OH)] and herderite, Ca[Be(PO4)F], are
isostructural; the structures of the first fwo were reported in different orientations:
P2+/c and P24/a, respectively. The sheet unit consists of (PO4) and (Be@y)
tetrahedra at the vertices of a two-dimensicnal net (Fig. 4.5a). Four—membered
rings of alternating (PO,4) and (Beg,) tetrahedra link by sharing vertices between

(PQ,) and (Beg.) tetrahedra; thus the sheet can be considered to be constructed

from chains of four-membered rings that extend in the [110] and [1 iO] directions
(Fig. 4.5a). These sheets stack in the c-direction (Fig. 4.5b) and are linked by

layers of [8]-coordinated Ca atoms. Note that the structure reported by Lager and
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TABLE 4.3. Phosphate minerals based on infinite sheets of (PO,)
and (Td,) tetrahedra

Mineral Sheet Space group Figure
Herderite [Be(PO,){OH)] P2./a 4.5a,b
Hydroxylherderite {Be(PO,)(OH)} F2./a 4.5a.b
Uralolite [Be,P,0,,(CH),] P2./n 4.5¢,d
Ehrleite [BeZn(PO,).{PO,{OH})] PT 4.5ef
Hopeite [Zn(PO,)] Pnma 4.6a,b
FParahopeite [Zn(PQO,)] T 4.6¢,d
Phosphophyllite  [Zn(PO,)] P2./lc 4.7a,b
Veszelyite [Zn(PO)(OH)] P2./a 4.7c,d
Kipushite [Cu*":.Zn(PO,),(OH),(H,O)] P2,/c 4 7ef
Scholzite [Zn(PO,}] Pbc2, 4 8ab
Parascholzite [Zn(PO,)] f2lc 4. 8cd
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Figure 4.5. (a) herderite projected onto (001); (b) herderite projected onto (010): (¢)
uralolite projected onto (010); (d) uralolite projected down the a-axis; (e) the
structural unit in ehrleite projected onto (010}, (PO4), (BeOys) (cross-shaded) and
(Zn0y) (trellis-shaded) tetrahedra share corners to form a sheet; (f) ehrleite
projected down the a-axis; Ca atoms: circles.
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Gibbs (1974) seems to have been done on hydroxylherderite rather than
herderite.

Uralolite, Cay[BesP3012(OH)3](H20)s, contains (POs) and (BeO.)
tetrahedra linked into a sheet (Fig. 4.5¢). Eight-membered rings of tetrahedra (P-
Be-P-Be—P—Be—-P-Be) link through common (PO,) groups to form chains that
extend along [101]. These chains link in the (010) plane via sharing of tetrahedral
vertices, forming three-membered (Be—-Be-Be and Be-Be~P) and four-

" membered (Be-Be-Be-P) rings. Interstitial [7]-c<50rdinated Ca atoms lie within

the eight-membered rings (in projection). The layers stack along the b-direction
(Fig. 4.5d) and are linked by Ca atoms (circles) and H-bonding; in this view, the
three- and four-membered rings are easily seen.

Ehrleite, Cag[BeZn(PO4)2(PC53{OH})](H20)4, has a very complicated sheet
of tetrahedra, both from topological and chemical viewpoints. There is one
distinct (BeQ4) tetrahedron and this links to four (P4) groups (Fig. 4.5e);
simitarly, there is one (ZnOs) tetrahedron and this links to four (Pp4) groups.
However, the (P@4) groups link only to three or two other tetrahedra. Fouir-
membered rings of alternating (POs) and (BeQy) tetrahedra fink through common
(BeQy) tetrahedra to form chains in the a-d{rection (Fig. 4.5e). These chains are
linked in the c-direction by four-membered rings of alternating (PO4) and (ZnOs)
tetrahedra to form additional four-membered rings (Zn—P-Be—P). The resultis an
open sheet, parallet to (010), with buckled twelve-membered rings (Fig. 4.5e) into
which project the H atoms of the acid-phosphate groups. These sheets stack
along the b-direction (Fig. 4.5f) and are linked together by [7]-coordinated and

[8]-coordinated interstitial Ca atoms.
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In hbpeite, Zn(H20)4[Zn(PO4)]2, kinked chains of (Znd,) tetrahedra extend
in the c-direction, and adjacent chains are linked by (POy) tetrahedra to form a
sheet paralle! to (101) (Fig. 4.6a). The (ZnQ,) tetrahedra are four-connected, but
the (PO,) tetrahedra are only three-connected; this difference in connectivity is
very important as it promotes structural linkage perpendicular to the sheet. A
continuous sheet with this connectivity requires unusual coordination numbers for
some of the simple anions of the sheet: for the (PO4) group, the anion.
coordination numbers within the sheet are [1], [2] x 2 and [3], and for the (ZnO,)
group, the anion coordination numbers within the sheet are [2] x 2 and [3] x 2.
Hence the sheet is quite corrugated, as can be seen in Figure 4.6b: the (ZnQy)
tetrahedra form a central layer and the (PQO,) tetrahedra form two outer (or
sandwiching) layers. The sheets are linked in the b-direction by (ZnO,{H.,O}4)
octahedra (Fig. 4.6b), the [1}-coordinated anion of the phosphate group forming a
ligand of the linking ¥'Zn cation. In parahopeite, Zn(H20)[Zn(PO4)l2, (PO.) and
(ZnO,) tetrahedra lie at the vertices of a 4* net to form a sheet in which (PQy)
tetrahedra link only to (ZnQ,) tetrahedra, and vice versa. Thus all tetrahedra are
four-connected, and all vertices (simple anions) are two-connected within the
resultant sheet (Fig. 4.6¢). These sheets aré paralle! to (101) and are linked in
the b-direction by (Zn02{H;0}4) octahedra in which the frans O-atoms belong to
adjacent sheets (Fig. 4.6d).

In phosphophyllite, Fe*(H,0)4[Zn(PO4)2, (PO4) and (Zngpa) tetrahedra
form a sheet (Fig. 4.7a) that is topologically identical to the [Zn(PO4)] sheet in
hopeite (Fig. 4.6a). These sheets are linked by (Fe®*0,{H20}4) octahedra, similar

to the linkage by (Zn0»{H,0},) octahedra in hopeite. However, in
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Figure 4.6. (a) hopeite projected onto (010); (b) hopeite projected onto (001); hydrogen
bonds are omitted; (c) parahopeite projected onto (010); (d) parahopeite

projected onto (001); (PO4): broken-line shaded, (ZnOy): grey-shaded, (Znes):
shadow-shaded.
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Figure 4.7. (a) phosphophyllite showing (PO,) and (Znegs) tetrahedral sheet; (b)
phosphophyliite projected onto (010); (c) veszelyite projected onto (001); {d)
veszelyite projected onto (100); (e) sheet of (POy) and (ZnO.) tetrahedra in
kipushite projected onto (100); (f) the structure of kipushite projected onto (001).
(Zn94): shadow shaded, (Znge): 4°-net-shaded, (Cu®@s): line-shaded.
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phosphophyllite, the O-atoms of the (Fe?*0,{H,0}.) octahedron are in a frans
configuration (Fig. 4.7b), whereas in hopeite, the O-atoms of the (ZnOx{H,0}4)
octahedron are in a cis configuration (Fig. 4.6b).

In veszeylite, Cu?2(OH)o(H20)[Zn(PO4(OH)], (PO4) and (Zngs)
tetrahedra occur at the vertices of a 4.8% net (Fig. 4.7¢) in which each type of
tetrahedron points both up and down relative to the plane of the sheet. Both
(PO,) and {Znps) tetrahedra are three-connected within the sheet, and (POy)
tetrahedra ana (Zno,) tetrahedra always alternate in any path through the 4.82
net. In the four-membered ring, the tetrahedra point uudd, and in the eight-
“membered ring, the tetrahedra point uuuudddd. The (Cu* gg) octahedra form an
interrupted [Mg,] sheet (Hawthorne and Schindier 2000, Hawthorne and
éokolova 2002) in which the vacant octahedra are ordered as dimers. The
sheets of tetrahedra and octahedra stack in the c-direction (Fig. 4.7d) with
hydrogen bonds (not shown) providing additional linkage between octahedra and
tetrahedra.

Kipushite, [Cu®"sZn(P0,)2(OH)s(H20)], contains (PO4) and (ZnOy)
tetrahedra that are arranged at the vertices of a 4.8% net (as occurs in veszelyite)
and link by corner-sharing (Fig. 4.7e, c.f. Fié. 4.7¢). (Cu*'@s) octahedra share
edges to form a sheet with ordered vacancies. It is; actually a sheet of the form
[Ms®12] = [Mp2ls with Ms = Cu?*s O, where O is a vacant octahedron; these
‘vacant octahedra’ share a face with a (POy) tetrahedron on one side of the sheet
of octahedra. Two of these sheets then link by sharing the apical vertices of their

(POs) tetrahedra with octahedron vertices of the adjacent sheet fo form a thick
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slab (Fig. 4.7f). These slabs stack in the a-direction and are linked by the (PO,)-
{ZnQy4) sheet through sharing of vertices between tetrahedra and octahedra.

In scholzite, Ca(H20),[Zn(POu)lz, (Zn0Qy) tetrahedra share pairs of
vertices to form simple linear chains parallel to the c-direction. Adjacent (ZnQ,)
tetrahedra are further linked by sharing vertices with a (PO,) tetrahedron, and the
(PO,) tetrahedra are in a staggered arrangement along the length of the chain.
Chains adjacent in the b-directi_on link through (PO4) tetrahedra to form a sheet
parallel to (100) (Fig.14.8a). In this sheet, the (ZnOy) tetrahedra are four-
connected and the (PO,) tetrahedra are three-connected. The bridging anions of
the chain of (ZnQ,) tetrahedra are three-connected; all other anions of the sheet
are two-connected except for the one-connected anion of the (PQOy) tetrahedron.
The fESl:I[ting sheet (Fig. 4.8a) forms quite a thick slab that is linked by two
crystallographically distinct octahedrally coordinated Ca atoms (Fig. 4.8b). In
parascholzite, Ca(H,0),[Zn(PO4)]z, the sheet of (PO4) and (Zn0,) tetrahedra
(Fig. 4.8c¢) is topologically identical to the analogous sheet in scholzite (Fig. 4.8a).
Scholzite and parascholzite are dimorphs, and the difference between these two
structures involves linkage of the sheets in the a-direction (Figs. 4.8b, 4.8d). The
details of the coordination of the interstitial Ca atoms differ in the two structures,
leading to a different arrangement of adjacent sheets that produces an
orthorhombic arrangement in scholzite and a monoclinic arrangement in

paraschoizite.
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Figure 4.8. (a) scholzite projected onto (100), showing three-connected (POy)
tetrahedra and four-connected (ZnOy) tetrahedra; (b) scholzite projected onto
(010); (c) parascholzite projected onto (100); (d) parascholzite projecied onto
(010). (POs): line-shaded, (ZnQ,): shadow-shaded, Ca atoms: small grey circles,
(H20) groups: large grey circles.
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4.3.4 Infinite frameworks of (PO4) and (T,) tetrahedra

The minerals of this class (Table 4.4) are again dominated by PO4-BeQy4
linkages. Only berlinite is different from this, but is the only structure with
polymerized (PO) and AlO4 groups.

Berlinite, [AIPO4], is a framework structure, topologically identical to the
structure of a-quartz. Both structures have the same space group, £321, but the
c:dimension in berlinite is fwice that of «-quartz in order to incorporate two
distinct types of tetrahedra, AlO4 and PO4.

Beryllonite, Na[Be(PQy4)], consists of a well-ordered framework of
alternating four-connected (PO4) and (BeQ,) tetrahedra arranged at the vertices
of a 6° net, with (POy) and (BeQy,) tetrahedra pointing in opposing direcﬁons
along the b-axis (Fig. 4.9a). This arrangement is topoloéically identical to the
tridymite framework. These sheets stack along the b-direction and share
tetrahedron corners to form four-membered and eight-membered rings (Fig.
4.9b). The resultant framework has large channels containing [6}- and [9]-
coordinated interstitial Na.

Hurlbutite, Ca[Bex(PO4)2], consists of an ordered array of (PO,4) and
(BeOQ,) tetrahedra in which all tetrahedra are four-connected and there is
alternation of (POs) and (BeQ,) tetrahedra in the structure. Viewed down [001]
(Fig. 4.9¢), the tetrahedra are arranged at the vertices of a 4.8? net with [7]-
coordinated Ca occupying the interstices; these sheets link along the [001]
direction by vertex-sharing (Fig. 4.9d).

Babefphite, Ba[Be(PO4)F], is a rather unusual mineral; it is an ordered

framework of (PO4) and (BeOsF) tetrahedra. Projected down the c-direction,
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TABLE 4.4. Phosphate minerals based on infinite
frameworks of (PO,) and (T®,) tetrahedra

Mineral Framework Space group  Figure
Berlinite [AIPO,] P3,2 -
Beryllonite [BePO,] P2.in 4.9ab
Hurlbutite {Be,(PO,),] P2./a 4.9c.d
Babefphite [Be(PO,)F] F1 4.9 f
Tiptopite [Bes(PO,)e] P8, 4.10a,b
Weinebeneite [Be,(PO,),(OH),] Cc 4.10¢,d
Pahasapaite [Be,yPs.Og4l 123 4.10e
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Figure 4.9. (a) beryllonite projected onto (010); (b) beryllonite projected onto (001); (c)
huributite projected onto (001); Ca atoms: circles; (d) hurlbutite projected down the ¢

axis; (e) babefphite projected onto (001); Ba atoms: circles; (f) babefphite projected
down the a-axis.
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tetrahedra are arranged at the vertices of a 6° net (Fig. 4.9e) with the tetrahedra
pointing (vuuddd). Projected down the a-direction, again the tetrahedra occur at
the vertices of a 6° net (Fig. 4.9f) but the tetrahedra point (vuuuuy). Both the
(POy4) and the (Begs) tetrahedra are three-connected, and the F anions are the
non-T-bridging species in the (Begy) tetrahedra. The interstices of the framework
are occupied by [9]-coordinated Ba.

Tiptopite, Ka(LizsNaq7Cap 70q 7)[Beg(PO4)s](OH)2(Hz0),, is isotypic with
the minerals of the cancrinite group: Ca:zNag[Als(Si04)s(CO3),:](H20), for the
silicate species. The (PO4) and (BeQ,) tetrahedra are arranged at the vertices of
a two-dimensional net (Fig. 4.10a) such that all tetrahedra are three-connected
when viewed down [001]. Prominent twelve-membered rings are arranged at the
vertices of a 3° net such that they two-connect four-membered rings and three-
connect through Six-membered rings. These sheets link in the ¢c-direction such
that all tetrahedra are four-connected and, projected down the b-direction, form a
two~dimehsionai net of four- and six-membered rings (Fig. 4.10b). The latter can
be considered as a 6° net in which every third row of hexagons have a linear
defect corresponding to an a-glide operation along ¢, i.e. double chains of
hexagons extending in the c-direction and i‘nterleaved by single {adders of edge-
sharing squares. Detéils of the rather complex relations between the interstitial
species are discussed by Peacor et al. (1887).

Weinebeneite, Ca[Be3(PO4):(OH).]1(H20)4, contains an ordered
framework of (PQ,) and (BeOy) tetrahedra; the (PO,) tetrahedra connect only to
(BeQ,) tetrahedra, but the (BeQ,) tetrahedra connect to both (PO4) and (BeQ,)

tetrahedra, the Be-Be linkages occurring through the (OH) groups of the
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Figure 4.10. (a) tiptopite projected onto (001); alkali cations: circles; (b) tiptopite
projected onto (010); (c) weinebeneite projected down the c-axis; (d)
weinebeneite projected onto (010); in both (c) and (d), 4.8° nets of tetrahedra link
in the a-direction through a (BeO.) group; (e) pahasapite projected onto (001);
Ca atoms: circles; Li and (H,0) are omitted.
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framework. Viewed down [100], the structure consists of alternating (PO,) and
(BeOy) tetrahedra at the vertices of a 4.8% net (view not shown). Projected onto
(001) (Fig. 4.10c) and viewed down [010] (Fig. 4.10d), the 4.8 sheets stack in
the [100] direction and link together through additional (non-sheet) (BeQy)
tetrahedra. Interstitial [7]-coordinated Ca is situated to one side of the large
channels thus formed, with channel (H,0) also bonded to the Ca.

Pahasapaite, Caslis[Be2sP2400s](H20)z5, has an ordered array of (PO.)
and (BeQy) tetrahedra arranged in a zeolite-rho framework, topologically similar
to the minerals of the faujasite group and related to the synthetic
aluminophosphate zeolite-like frameworks. Viewed along any crystallographic
axis, the structure consists of prominent eight-membered rings of alternating
(PO.} and (BeQ,) tetrahedra (Fig. 4.10e) in an |-centered (F-centered in
projection) array; they are connected along the axial directions by linear triplets of
four-membered rings, and to nearest-neighbor eight-membered rings through six-
membered rings. All tetrahedra are four-connected; (PQ.) tetrahedra link only to
(BeOy) tetrahedra, and vice versa. The structure has large cages (Rouse et al,
1989) and prominent intersecting channels (Fig. 4.10e) that contain interstitial Li,

[7]-coordinated Ca and strongly disordered (H,0) groups.

4.4 Structures with (Tg,) and (Mg¢) groups
As noted above, the structures within each sub-group are classified in
terms of the connectivity of the constituent polyhedra of the structural unit. The

nomenclature of Hawthorne (1983a) is used to denote the linkage: — denotes
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corner-sharing (e.g., M—M), = denotes edge-sharing (e.g., M=M), and = denotes

(triangular) face-sharing (e.g., M=M).

4.4.1 Structures with unconnected (PO,) tetrahedra and (Mg) octahedra
Phosphate minerals of this class are listed in Table 4.5. In these minerals,
the (PO.) groups and (Mgs) octahedra are linked together by hydrogen bonding.
In struvite, [Mg(H;0)s}[PO4], the (PO,) tetrahedra and {Mg{H20}s)
octahedra are linked solely by hydrogen bonding from the (H,0) groups bonded
to Mg directly to the anions of the (PQO4) groups, or by hydrogen bonding from the
interstitial (NH,) group (Fig. 4.11a). In phosphorréssierite,
[Mg(H20)s][PO3{OH)I(H.0), the phosphate group is an acid phosphate, one of
the phosphate anions being an (OH) group. The (Mg{H,0}s) octahedron
hydrogen bonds to the (Pg.) group, but there is also an interstitial (H20) group
that is held in the structure solely by hydrogen bonding (Fig. 4.1 1b), acting both

as a hydrogen-bond donor and as a hydrogen-bond acceptor.

4.4.2 Structures with finite clusters of (PO,) tetrahedra and (Myg) octahedra

Phosphate minerals of this class are listed in Table 4.5,

M-T linkage. In anapaite, Cag[Fez+(PO4)2(H20)4], two (PO4) groups link
to trans vertices of an (Fe” ps) octahedron to form an [M(TO4)204] cluster, where
M=Fe* T=P, and ¢ = (H20) (Fig. 4.12a). These clusters are arranged in open
layers parallel to (001) (Fig. 4.12b), and these layers are linked by Ca atoms and
by hydrogen bonding. The atomic arrangement in schertelite,

(NH4)2[Mg{PO3(OH)}2(H20)a], is similar to that in anapaite (and also the sulfate
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TABLE 4.5. Phosphate minerals based on unconnected (FPO.)
tetrahedra and (M®,) octahedra and finite clusters of {PO,)
tetrahedra and (M®,) octahedra

Mineral Structural unit Space group Figure
Isolated polyhedra
Strivite [Mg(H,0):J[PQ,] Pmn2, 4.11a
Phosphorrgsslerite [Mg(H,0)][PO,(OH)] C2/c 411b
Clusters
Anapaite [Fe*(PO,),(H,0),] P1 4.12a,b
Schertelite [Mg(PO,{OH},(H,0),] Phca 412¢c.d
Morinite [AlL(PO,).F,(OH)H,0),]  P2./m 4.12e,f
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Figure 4.11. (a) struvite projected onto (100); (b) phosphorrgsslerite projected onto
(100); (Mg{H20}s): shadow-shaded, hydrogen atoms: small grey circles, N (as
part of the (NH4) group): cross-shaded circles, O-atoms of interstitial (H0)
groups: large grey circles.
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Figure 4.12. (a) anapaite projected onto (001); (b) anapaite projected onto (010); (c)
schertelite projected onto (010); N: smali circles; (d) schertelite projected onto
(001); (e) morinite projected onto (001), Ca atoms: line-shaded circles, Na and

hydrogen bonds are not shown,; (f) morinite, showing the linkage of adjacent
clusters by intersiitial Ca atoms.
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minerals bloedite, Na[Mg(S0.4)2(H20).], and leonite, K2[Mﬂ2+(804)2(H20)4],
Hawthorne 1985b). The [Mg(PO3{OH}),(H,0).] clusters are arranged in a
centered rectangular array (Fig. 4.12c¢), with the projection of the tong axis of the
cluster parallel to the a-direction. The clusters are arranged in layers parallel to
(010) (Fig. 4.12d), and the clusters are linked by hydrogen bonding involving

(H20) groups of the cluster and interstitial (NH,) groups.

M—-M, M-T linkage. |n morinite, NaCay[AlL(PO,):F 4(OH)(H,0),], two
(Alps) octahedra link through one vertex to form a dimer, and (two pairs of)
vertices from each octahedron, cis to their common vertex, are linked by (POy)
groups to form a cluster of the general form [My(TO.).¢7]. These clusters are
arranged in a centered array when viewed down [001] (Fig. 4.12e). Adjacent
clusters are linked by 'Ca (Fig. 4.12f), ®INa in triangular-bipyramidal
coordination, and by hydrogen bonds. As shown by Hawthorne (1979a), this
[M2(TO4)207] cluster is the basis of a short hierarchy of phosphate minerals of
higher connectivity: minyulite, olmsteadite, hureaulite, phosphoferrite,

kryzhanovskite, melonjosephite and whitmoreite.

4.4.3 Structures with infinite chains of (PQy) tetrahedra and {Mos) octahedra
The minerals of this class are listed in Table 4.6. The topologically distinct

chains and their corresponding graphs are shown in Fig. 4.13.

M-T linkage. Beggildite, Na,Sr;[Al,(PO4)Fq], is a rare phosphate-

aluminofiuoride mineral. The structural unit consists of a chain of alternating
76



TABLE 4.6. Phosphate minerals based on infinite chains of (PO,)
tetrahedra and (M®,)} octahedra

Mineral Structural unit Space group Figure
Beggildite [AL(POF] P2./c 4.14a,b
Cassidyite [Ni(PO,),(H,0),] PT 4.14c
Collinsite* [Mg(PO,),(H,0),} Pt 4.14¢
Fairfieldite* [Mn*(PQ,),(H,0),] P1 4.14d
Messelite [Fe*(PO,),(H,0),] PT 4.14d
Childrenite* [AI(PO){OH),(H,0)] Bbam 4.15a,b
Eosphorite [AI(PO,)(OH),(H,0)] Bbam 4.15a,b
Jahnsite* [Fe™(PO,),{0H)], P2/a 4.15¢,d
Rittmanite [AI(PO,),(CH)], P2/a 4.15¢cd
Whiteite [AI(PO,),(OH)}, P2/a 4.15¢c,d
Whiteite-(CaMnMg)  [AI(PO,),(OH)], P2/a 415¢cd
Lun'okite [AI(PO,),(OH)1, Fbca 4.16a,b
Overite* [APQ,),{CH)], Pbca 4.16a,b
Segelerite [Fe3*(PO4)2(OH)] Pbca 4.16a,b
Wilhelmvierlingite [Fe™(PQ,),(OH)], Phca 4.16a,b
Tancoite [AI(PO,),(OH)] Fbch 4.16¢,d
Sinkankasite [AI(POL{OH}),(OH)] P1 4.16e,f
Bearthite [AI{PO,),(OH)] P2,/m 417ab
Brackebuschite * [Mn*(VO,),(OH)] FP2/m  417ab
Goedkenite [AI(PO,),{OH)] P2,/m 4.17a,b
Tsumebite [CU* (PO, SO, )OH)] P2,/m 4.17a,b
Vaugquelinite [CUF(PO)(CrO,)(OH)] P2.in 417¢c,d
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(a) (b) (c)

(d) (e)

Figure 4.13. The topologically distinct chains of structures with infinite chains of (PQOy)
tetrahedra and (Mge) octahedra. (a) the [M(TO4)gs] chain in baggildite; (b)
the [M(TQ4)2¢,] chain in the minerals of the collinsite and fairfieldite groups; (c)
the [M(TO4)@z] chain in the minerals of the childrenite group: (d) the [M(TO4),¢]
chain in the minerals of the jahnsite group; (e) the [M(TO.)20] chain in bearthite
(and the minerals of the brackebuschite group).
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(PQOy) tetrahedra and (AlO2F4) octahedra that is decorated by flanking (AIOFs)
octahedra attached to the (PO,) groups (Figs. 4.13a, 4.14a). The (PO,) groups
are three-connected and alternately point up and down along the length of the
chain. The chains extends along the b-direction (Fig. 4.14b) and are linked by [8]-
and [9]-coordinated Sr, and {7]- and [9]-coordinated Na. Bgggildite is the only
phosphate-aluminoflucride mineratl currently known.

The minerals of the collinsite, Cax[Mg(FPO,)(H20)2], and fairfieldite,
' Caz[Mn2+(PO4)2(H20)z], groups are both based on a general [M(TO4).9,] chain
that also occurs in the (non-phosphate) minerals of the kréhnkite,
Nag[Cu2+(SO4)(H2C))2], group. This chain is formed of alternating (M>"04{H20}.)
octahedra and pairs of (PO,) tetrahedra (Figs 4.14c¢,d), with the (H,O) groups in a
frans arrangement about the divalent cation (Fig. 4.13b). The repeat distance
along the length of the chain is ~5.45 A, and this is reflected in the c-dimensions
of these minerals. The minerals of the collinsite and fairfieldite groups are often
incorrectly grouped together as the fairfieldite group because they all have
triclinic symmetry. However, the interaxial angles in the two groups are
significantly different (see Appendix). Adjacent chains in both structures are
linked by [7]-coordinated Ca atoms and by ﬁydrogen bonding. The two structures

differ in the details of their hydrogen bonding (Figs. 4.14c.,d).

M-M, M-T linkage. Childrenite, Mn®"(H,O)[AI(PO4)(OH),], consists of
[Alps] chains in which (Algps) octahedra link through pairs of frans vertices. The
chains are decorated by (PQ4) groups that link adjacent octahedra and are

arranged in a staggered fashion along the length of the chain (Fig. 4.13c) to give
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Figure 4.14. (a) the [Al(PO4)F¢] chain in beggildite; (b) baggildite projected onto (100),
Ca atoms: black spheres, Na atoms: dotted spheres; (c) collinsite projected onto
(100}, (d) fairfieldite projected onto (100); Ca atoms: cross-shaded spheres,
hydrogen atoms: small dark circles.
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the general form [M(TO.)9;]. The chains extend in the ¢-direction in childrenite
(Fig. 4.15a) and are cross-linked by [6]-coordinated Mn?*, the coordination
octahedra of which form an edge-sharing chain in the c-direction. Viewed down
[001], the chains are arranged at the vertices of a primitive orthorhombic net, and
four adjacent chains are linked through one (Mn**@s) octahedra (Fig. 4.15b).

Jahnsite, CaMn®Mga[Fe* (PO4)2(OH)}(H20)s, consists of [Fe**@s] chains
of frans-comer-sharing octahedra that are decorated by bridging (PO4) groups to
give the geﬁeraf form [M ¥ (TO4).0] (Fig. 18d). These chains extend in the b-
direction and have a repeat distance of ~7.1 A, leading Moore (1970) to
designate these, and related, chains, as the 7 A chains. These chains are linked
in the a-direction by [6]-coordinated Ca (Fig. 4.15c¢) that form chains of edge-

" sharing polyhedra in the b-direction, forming slabs (Fig. 4.15d) parallel to (100)
that are linked by octahedrally coordinated divalent-metal cations and by
hydrogen bonding. In addition to the minerals of this group listed in Table 4.6,
Matsubara (2000) reports the Fe?* equivalent of jahnsite, ideally
CaFe®'Fe®5[Fe™ (PO4)2(OH)L(H20)s, but this has not been approved as a valid
species by the IMA.

Overite, CazMgz[Al(PO4)2(OH)]2(H20)3, and tancoite,
NazLiH[AI(PO4)2{(OH)], are both based on the {Ai(PO4)2(OH)] chain that is shown
in Figure 4.13d, and in both structures, this chain defines the ¢-dimension, 7.11 A
in overite and 7.03 x 2 = 14.06 A in tancoite. (Alps) octahedra link through one
set of frans vertices, corresponding to the (OH) groups, to form an [Algs] chain.

Adjacent octahedra are linked by pairs of (PO,) tetrahedra that point alternately

81



o

4+ —>

F 9
o
v

t+— T —Pp

(c) (d)

Figure 4.15. The crystal structures of childrenite and jahnsite; (a) childrenite prOJected
onto (100); (b) childrenite projected onto (001), (Alds): shadow-shaded, Mn?*
cations: cross-hatched cwcles (¢) jahnsite projected onto (001); (d)JahnS|te
prOJected onto (010); (Fe**®s): cross-hatched, Ca atoms: line-shaded gircles,
(Mn**®g) and (Mg®s): shadow-shaded.
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up and down the b-direction in overite (Fig. 4.16a) and the a-direction in tancoite
(Fig. 4.16¢). In overite, the chains are linked in the a-direction by [8]-coordinated
Ca to form slabs parallel to (010), the Ca linking to both tetrahedra and
octahedra. These slabs are linked in the b-direction by (MgO,{H,0},) octahedra
(Fig. 4.16b), and the resulting structure is strengthened by hydrogen bonds from
the (H2Q) groups, all of which are bonded to the interstitial Mg cations. In
tancoite, the chains are linked in the b-direction by [8}-coordinated Na and [5}-
coordinated Li, forming slabs péra[lel to (100) (Fig. 4.16c). These slabs are linked
in the a-direction by [8]-coordinated Na (Fig. 4.16d). In addition, there is a
symmetrical hydrogen-bond between two anions of adjacent (PO4) groups.

Sinkankasite, Mn?*(H.O)4[AI(PO{OH}AOH)](H20)s, is also based on the
[M(T@4)20] chain of Figure 4.13d, extending in the c-direction to give a repeat of
~7 A. However, it is topochemically different from the analogous chain in overite
and tancoite as one of the tetrahedron vertices is occupied by (OH), forming an
acid-phosphate group. The chains are linked in the b-direction (Fig. 4.16e) by
(Mn?*0,{H,0}4) octahedra to form a thick slab parallel to (100). These slabs
stack in the a-direction (Fig. 4.16f) and are linked solely by hydrogen bonds
involving the H atom of the acid-phosphate Igroup, the (H,O) groups of the
interstitial (Mn?*O4{H,0}4) octahedron, and interstitial (H.0) groups not bonded
directly to any cations.

M=M, M-T linkage. Bearthite, Ca;[Al(PO4)2(OH)], contains (Alps)
octahedra which share one set of frans edges with adjacent o.ctahedra to form an
[Alpa] chain. Adjacent octahedra are linked (bridged) by (PO,) tetrahedra in a

staggered arrangement on either side of the chain to form a decorated chain of
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Figure 4.16. (a) overite projected onto (010); (b) overite projected onto (001Y; (¢)
tancoite projected onto (100), Ca atoms: small 4*-shaded circles: (d) tancoite
projected onto (001), Na atoms: small 4*-shaded circles: (e) sinkankasite
projected onto (100); (f) sinkankasite projected onto (001}, Li atoms: large black
circles. Hydrogen atoms and bonds are omitted, (Algg): line-shaded.
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the general form [M(TO.),¢] (Fig. 4.13e). These chains are linked in the a-
direction by [10]-coordinated Ca (Fig. 4.17a). Viewed along [010] (Fig. 4.17b), the
chains resemble four-membered pinwheels: linkage in the c-direction is also
provided by interstitial Ca cations. A topologically identical chain, [M(TO4)20],
occurs in vauquelinite, Pb¥*,[Cu®* (PO4)(CrO4)(OH)]: however, there are two
symmetrically (and chemically) distinct tetrahedra in vauguelinite, (PO4) and
(CrOy) (Fig. 4.17¢). In vauguelinite, (CU2+(P5) octahedra form the [Mo,]-type
chain, (PO,) tetrahedra bridge vertices of adjacent octahedra in the chain, and
(CrQy) tetrahedra link to one vertex of the edge shared between adjacent
octahedra (Fig. 4.17c). The resulting [Cu2+(PO4)(CrO4)(OH)] chains extend in the
b-direction, and are linked in the a-direction and c-direction by [9]-coordinated
Pb?*. When viewed end-on (Fig. 4.17d), the chains resemble four-membered

pinwheels.

4.4.4 Structures with infinite sheets of (PQ,) tetrahedra and (M@g) octahedra

The minerals of this class are listed in Table 4.7.

M~-T linkage. The minerals of the olmsteadite,
KgFe2+4(H20)4[Nb2(PO4)4O4], group consist of (POy) tetrahedra and (NbQs)
octahedra at the vertices of a 4° plane net, linked by sharing corners to form a
sheet parallel to (100) (Fig. 4.18a). In the c-direction, the (PO4) groups link to
frans vertices of the (NbOs) octahedra, but in the b-direction, the (PO4) groups
link to cis vertices of the (NbOg) octahedra, and these cis vertices alternate

above and below the plane of the sheet in the b-direction. The sheets link in pairs
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Figure 4.17. (a) bearthite projected onto (001); (b) bearthite projected onto (010), (Alps):
shadow-shaded in (a) and 4*net-shaded in (b), Ca atoms: vertical-line-shaded
circles; (c) vauquelinite projected onto (100); (d) vauquelinite projected onto
(010). (CrQq4). square-pattern-shaded, (Cu®g); shadow-shaded (c) and 4*-net
shaded (d), interstitial Pb®* atoms: diagonal-line-shaded circles.
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TABLE 4.7. Phosphate minerals based on infinite sheets of (PO,) tetrahedra
and (M®;) octahedra

Mineral Structural unit Space group  Figure
Johnwalkite [Nb(PO,),0,] Pb2,m 4.18a,b
Olmsteadite* [Nb(PO,),0.] Pb2,m 4.18a,b
Brianite (Mg(PO,).] P2./c 4.18¢c,d
Merwinite* [Mg(SiO,),] P2./c 4.18c.d
Newberyite [Mg{PO,OH)(H.0).] Fbea 4.19a,b
Hannayite (Mg, (POL{OH}),] P1 4.19¢cd
Minyulite [AL(PO,),F(H,0).] Pba2 4.20a,b
Benauite [Fe*,(PO)(PO{OH})(OH),] R3m 4.20¢.d
Crandaliite [Al, (PO (PO{OH})(OH),] R3m 4.20c.d
Eylettersite [Al(PO (PO {OH}(OH)] R3m 4.20c,d
Florencite-(Ce)  [Al;(PO,){(PO,{OH})(OH)] R3m 4.20c,d
Florencite-(La)  [Al,(PO,HPO.{OH}OH),] R3m 420cd
Florencite-(Nd)  [AL(PO,)(PO,{OH})(OH),] R3m 4.20cd
Gorceixite [Al(PO){PO{OHNOH)] R3m 4.20c,d
Plumbogummite [Al,(PO,)(PO,{OH})(OH),] R3m 4.20¢,d
Waylandite [AlLy(PONPO{OHN(OH),] R3m 4.20c,d
Zairite [Fe®,(PO,),(OH),] R3m 4.20c,d
Gordonite [AL{(PO,),(OH),(H,0),] P1 4.21a,b
Laueite* [Fe3*(PO,),(OH),(H,0),] P1 4.21ab
Mangangordonite [Al,(PO,),(OH),(H,0),] Pt 4.21a,b
Paravauxite [AL(PO,),{OH}.(H,0).] P1 4.21a,b
Sigloite [AL{PO,),(OH),(H,0},] PT 4.21a,b
Ushkovite [Fel(PO,),(OH),(H,0),] PT 4.21a,b
Curetonite [AHPO){CH)] P2.in 4.21c,d
Kastningite [AlL(PO,),(OH),(H.O),] PT 4.22a,b
Stewartite* [Fe3*(PO,),(OH),(H,0),] P1 4.22a,b
Pseudolaueite [Fe**(PO,)(OH)(H,0)], P2.1a 422cd
Strunzite* [Fe**(PO,)(OH)(H,O)}, PT 4.23ab
Ferrostrunzite [Fe**(PO,)(OH)(H,0)], P1 4.23a,b
Metavauxite [AI(PO,)(OH)(H,O), P2./c 4.23c,d
Montgomeryite  [MgAIl(PO,)s(OH),(H,0)] C2/c 4.24a,b
Mitryaevaite [Al(PO,)(PO{OHN,F,(OH),(H,0)] PT 4.24¢,d




TABLE 4.7. continued

Mineral Structural unit Space group  Figure
Bonshtedite [Fe?*(PO,)(CO,)] P2/m  424ef
Bradieyite* [Mg(PO,)(CO,)] P2./m 4.24e f
Sidorenkoite [Mn*"(PO,)(CO,) P2./m 4.24e f
Bermanite* IMN* (PO, )(OH)], P2, 4.25a,b
Ercitite [Mn*(PO,)(OH)J, P2in  425ab
Schoonerite [Mn*Fe*,ZnFe*(PO,),(OH),(H,0),] Pmab 4.25¢.d
Nissonite [CU*Mg(PO,)(OH)(H,0),] C2lc  426abc
Foggite [AI(PO,)(OH),] A2,22  427abc
Earlshannonite  [Fe*(PO,)(OH)], P2./c 4.27de
Whitmoreite* [Fe*(PO,)(OH)I, P2,/c 4.27d.e
Mitridatite* [Fe3"(PO,).,0,] Aa 4.28a
Robertsite IMn3*(PO,),0.] Aa 4.28a
Arupite [Ni,(PO,),(H,0)] C2im  4.29ab
Vivianite * [Fe?(PO,),(H,0),] C2/m  4.29ab
Baobierrite (Mg, (PO,),(H,0),] Clc 4.29c,d
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Figure 4.18. (a) olmsteadite projected onto (100); (b) olmsteadite projected onto (010),
{NbOg): line-shaded, Fe?" atoms: line-shaded circles, (H20) groups: dot-shaded
circles; (c) brianite projected onto (001); (d) brianite projected onto (010), (MgOe):
shadow-shaded, interstitial cations: circles.
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by sharing octahedron corners to form siabs that incorporate the interstitial [8]-
coordinated K (Fig. 4.18b). These slabs are linked in the a-direction by [Me.]
chains of (Fe**gs) octahedra that extend in the c-direction.

Brianite, Na,Ca[Mg(PO.),] is a member of the merwinite group (Table
4.7) and consists of (PQ,) tetrahedra and (MgQOs) octahedral. The (PO4) groups
link to both the upper and lower corners of the octahedra (Fig. 4.18c¢) to form
- pinwheels (Moore 1973b) and the resulting sheet has a layer of octahedra
- inserted in between two layers of tetrahedra (Fig. 4.18d). These sheets are linked
in the c-direction by interstitial Na and Ca.

Newberyite, [Mg(PO3{OH})(H.0)s], consists of (P,) tetrahedra and
(Mgoe) octahedra and the two different types of polyhedra alternate on any path
through the; resultant network (Fig. 4.19a). The (PO,) tetrahedra point both up
and down relative to the plane of the sheet. Both tetrahedra and octahedra are
three-connected, and all one-connected vertices in the net are 'tied-off by H
atoms. Thus the (Pg4) group is actually an acid-phosphate group, (PO3{OH}),
and the three one-coordinated anions of the (Mggs) octahedron are (H20)
groups. Hawthorne (1992) used newberyite as an example of the role of H atoms
in controlling the dimensional character of a'structural unit. The sheets in
newberyite stack in the b-direction (Fig. 4.19b) and are linked solely by hydrogen
bonds. Newberyite undergoes a low-temperature crystal-to-amorphous transition
(Sales et al., 1993). When heated above 150°C, newberyite becomes
amorphous. With continued heating above 150°C, the amorphous phase

develops chains of polymerized (PO,) tetrahedra (up to 13 tetrahedra long), until
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Figure 4.19. (a) newberyite projected onto (010); (b) newberyite projected onto (001),
(Mges): line-shaded, H atoms: small dark-shaded circles: (¢) hannayite

projected onto (010); (d) hannayite projected onto (001), {(Ma®s): shadow-
shaded.
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at 800°C, erystalline Mg,P,0; forms. Heating under (unspecified) pressure
results in a phase of the form Mgs(PO3{OH}[P20](H20)45, the only known
crystalline phosphate containing two different phosphate anions (Sales et al.,
1993).

Hannayite, (NH4)2[Mga(POa{OH})4(H20)x](H20),,, consists of a sheet of
alternating (PO3{OH}) tetrahedra and (Mgegs) octahedral. Alternating tetrahedra
and octahedra connect to form an [M(TO.)¢,] chain. Pairs of these chains attach
- tog;ether by sharing corners between tetrahedra and octahedra to form ribbons of
the type [M(TO4)@s] that extend in the c-direction. These ribbons are linked in the
a-direction by [Mg(PQ.)29] clusters to form a sheet paralle! to (010) (Fig. 4.19¢).
These sheets stack in the b-direction (Fig. 4.19d) and are linked by hydrogen
bonds directly from sheet to sheet, and by hydrogen bond"s involving the

interstitial (NH,) groups.

M-M, M-T linkage. Minyulite, K[Al;(PO4),F(H,0).], contains a sheet
that is made up of [AlL(PO4)2F (H20)40,)] clusters that are topologically identical to
the [Al(PO4)2F 4(OH)(H,0)] clusters in moarinite (Fig. 4.12e). These clusters (Fig.
4.20a) link by sharing vertices between tetréhedra and octahedra. This
arrangement leads to large interstices within the sheet, and these are occupied
by [10]-coordinated K atoms (Fig. 4.20a); the sheet is parallel to (001). When
viewed in the b-direction; it can be seen (Fig. 20b) that each sheet consists of a
layer of tetrahedra and a layer of octahedra. The interstitia] K atoms actually lie
completely within each sheet and hence do not participate in intersheet linkage.

All (H20) groups of the structural unit occur on the one side of each sheet (Fig.
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Figure 4.20. (a) minyulite projected onto (001); (b) minyulite projected onto (010),
(Algg): shadow-shaded, H atoms: small dark-shaded circles, K atoms: larger
wavy-line-shaded circles; (c) crandallite projected onto (001); (d) crandallite
projected onto (010}, (Algs): shadow-shaded, H atoms: small dark-shaded
circles, interstital Ca atoms: larger dark-shaded circles.
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20b) and adjacent sheets are linked solely by hydrogen bonds.

A prominent feature in laueite,
Mn2+(H2O)4[F€‘3+2(P04)2(OH)z(HzO)z}(HzO)z, and the minerals of the laueite group
(Table 4.7) is the 7 A chain shown in Fig. 4.13c. (Fe3+cp5) octahedra link by
sharing vertices to form an [Mgs] chain that is decorated by flanking (PQ.)
groups, and the resuiting chains extend in the c-direction, giving a c-repeat of
~7.1 A (see Appendix A). These chains link in the a-direction by sharing one
quarter of the flanking (PO,) vertices with octahed;ra of adjacent chains to form
an [Fe3+2(PO4)2(OH)2(H20)2] sheet (Fig. 4.21a); note that the sheet is written with
two octahedrally coordinated cations, rather than as [M(TO4)@2)> because the two
octahedra are topologically distinct. In the resulting sheet, the (PQy,) tetrahedra
are three-connected. Note that there are two distinct octahedra in these sheets,
one of which is six-connected within the sheet, and the other of which is only
four-connected and has (H20) at two vertices. Another prominent feature of this
sheet is the [M(TO4)2¢,] chain (Fig. 4.13b) that extends from SE to NW in Fig.
4.21a. Thus the laueite sheet can also be though of being composed of
[Fe®(P04),05] chains that are linked by (Fe®*Os) octahedra. This occurrence of
two different types of chain in a more highly éonnected structural unit is a
common feature in minerals. These sheets stack in the b-direction and are linked
by (Mn2+Oz{H20}4) octahedra (Fig. 4.21b), and by hydrogen bonds involving the
interstitial (H,O) groups bonded to Mn2* and interstitial (H,0) groups held in the

structure solely by hydrogen bonds.
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Figure 4.21. (a) laueite projected onto (010); (b) laueite projected onto (001); (c)
curetonite projected onto (010); (d) curetonite projected onto (001), (Feps)
and (Alpg): cross-shaded (a,d) and 4* —net-shaded (c,d), Mn®* and Ba atoms:
diagonal-line circles (a,b) and 4*-net shaded circles (c,d), selected (H20) groups:
grey circles.
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Curetonite, Baz[Al2(PO4),(OH):F;], contains an [Al2(PO4)2(OH)2F,] sheet
(Fig. 4.21c) topologically identical to the analogous sheet in laueite (Figs. 4.21a).
Note that the formula of curetonite has previously been written as half the
formula unit given above, but that formulation ignored the fact that there are two
topologically distinct (Algs) octahedra in the structural unit. There is also
replacement of Al by Ti and (OH) by 0%, which can give local areas of titanite-
like arrangement within the sheet. The sheets stack in the b-direction (Fig. 4.21d)
and are linked by interstitial [10]-coordinated Ba. |

Stewartite, Mn2+(HZO)4{F83+2(PO4)2(OH)2(H20)2](H20)2, and
pseudolaueite, Mn2+(Hp_O)4[Fe3+2(PO4)2(OH)g(HgO)z}(H;_»O)g, are polymorphs of
laueite. Both contain [F83+2(PO4)2(OH)2(HQO)OP2] chains (cf. Fig. 4.130),' but the
way in which these chains cross-link to form a sheet is different from the
analogous linkage in faueite. In stewartite, there are three symmetrically distinct
(Fegs) octahedra in the 7 A chain, with coordinations ({OH},0{H,0}y),
{{OH}02{H20},) and ({OH},04) with multiplicities of 1, 1 and 2, respectively,
whereas in laueite, there are two symmetrically distinct (Fegs) octahedra in the 7
A chain, with coordinations ({OH}202{H0},} and ({OH},0.) with multiplicities of 2
and 2, respectively. However, the cross-!inkége of chains is different from in
laueite, as is apparent from the presence of [F83+(PO4)2(P2] chains in laueite (Fig.
4.21a) and only fragments of this chain in stewartite (Fig. 4.22a). These sheets
stack in the c-direction, linked by (an*OZ{HZOh) octahedra (Fig. 4.22b) and
hydrogen bonds involving (H;0) bonded to interstitial cations and (H.0) held in

the structure solely by hydrogen bonding. In pseudolaueite, the
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Figure 4.22. (a) stewartite projected onto (010); (b) stewartite projected onto (001); (¢)
pseudolaueite projected onto (001); (d) pseudolaueite projected onto (010),
(Fe™@s): cross-shaded, interstitial Mn?" atoms: diagonal-line-shaded circles,
(H20) groups: 4*-net shaded circles.
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[F62+2(P04)2(OH)g(HgO)Opz] chains condense to form a sheet (Fig. 4.22¢)
topologically distinct from those in laueijte and stewartite; Moore (1975b)
discusses in detail the isomeric variation in these (and related) sheets. These
sheets stack along the c-direction (Fig. 4.22d) and are linked by (Mn2+Oz{H20}4)
octahedra and by hydrogen bonds.

The sheets in strunzite, Mn**(H20)4[Fe (PO4)2(OH)(H,0)],, and
metavauxite, F62+(H20)5[A|(PO4)(OH)(Hzo)]Z, are built from topologically
identical [M(TO,)gs] chains. In strunzite, the 7 A chains extend in the c-direction
and cross-link to form an [Fe3+(PO4)(OH)(H20)]_ sheet (Fig. 4.23a) that is a
graphical isomer of the [Fe3+2(PO4)2(OH)2(HQO)2] sheet in stewartite (Fig. 4.22a).
These sheets stack in the a-direction (Fig. 4.23b) and are linked by
(Mn2+Og{H20}4) octahedra an"d hydrogen bonds. In metavauxite, the 7 A chains
also extend in the c-direction, and cross-link to form an [AI(PO4)(OH)(H,0)] sheet
(Fig. 4.23¢c). These sheets stack in the a-direction (Fig. 4.23d) and are linked by
hydrogen bonds emanating from the interstitial (Fe*[H,0) groups.

Montgomeryite, CasMg(H20)12[Al(PO4)s(OH),],, contains 7 A chains of
the form [M(T4)¢2] (Fig. 4.13¢) in which alternate octahedra are decorated by

two tetrahedra that attach to trans vertices (Fig. 4.24a) to give a chain of the form

[M2(TO4)ap4] that extends in the [101] direction. These chains meld in the [101]
direction by sharing flanking (POy4) groups to form an [Alz(PO4)3(OH)] sheet that
is parqlie! to (010) (Fig. 4.24a). These sheets stack in the [010] direction (Fig.
4.24b). The decorating tetrahedra of the 7 A chains project above and below the
plane of the sheet, and one Ca cation occurs in the interstices created by these

tetrahedra, being coordinated by four O-atoms of the sheet and four interstitial
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Figure 4.23. (a) strunzite projected onto (100); (b) strunzite projected onto {001),
(Fe¥@e): cross-shaded:; (c) metavauxite projected onto (100); (d) metavauxite
projected onto (001), (Algs): 4*-net-shaded, interstitial Mn®* atoms: diagonal-line-
shaded circles, (H20) groups: 4*-net shaded circles.
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Figure 4.24. (a) montgomeryite projected onto (010); (b) montgomeryite projected onto
(001); (c) mitryaevaite projected onto (001), [Als(P@4)4@12] sheet made of
[Ms(TO4)s¢17] fragments of the 7 A [M(TO,)] chain; (d) mitryaevaite projected
onto (100), (Alps): 4*-net-shaded: (e) sidorenkoite projected onto (100); (f)
sidorenkoite projected onto (010), (Mn?" pg): shadow-shaded, (COs3): triangles.
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(H20) groups. The second Ca cation links to four anions of the sheet, and shares
four interstitial (H,0) groups with an adjacent Ca that, in turn, links to the
adjacent sheet. Further intersheet linkage is provided by octahedrally
coordinated interstitial Mg that bonds to four interstitial (H,0) groups.
Mitryaevaite, [A!s(PO4)2(PO3{OH})gFZ(OH)z(HQO)s](HQO)s,s, has quite a
complex sheet that, nevertheless, can be related to other sheets in this group. An
important motif in this sheet is an [Ms(TO4)4p17] fragment (see blackened

fragment in Fig. 4.24c¢) of the [M(TO4)9] chain (Fig. 4.13c) that extends along ~

[120]. These fragments melds in the ~ [1 iO] direction through tetrahedron-
octahedron linkages to form a sheet (Fig. 4.24c) parallel to (110). The chain
fragments are inclined to the plane of the sheet, giving it a very corrugated "
appearance in cross-section (Fig. 4.24d). These sheets stack in the c-direction
and are linked by hydrogen bonds via inclined sheets of interstitial (H,0) groups
that do not bond to any cation.

Sidorenkoite, Na3[Mn**(PO,)(COs3)], and the other minerals of the
bradleyite group consist of (POs) groups and (M?*Qg) octahedra at the vertices
of a 4* plane net and link by sharing corners to form a sheet paraliel to (100) (Fig.
4.24e). This leaves two octahedron vertices that do not link to (PO,) groups;
these link to (CO3) groups that decorate the sheet above and below the plane of
the sheet (Fig. 4.24f). These sheets are linked in the a-direction by [6]- and [7]-

coordinated interstitial Na cations.

M=M, M-T linkage. Bermanite, Mn®*(H20){Mn>*(PO,)(OH)],, and

ercitite, Naz(H20)4[Mn* (PO,)(OH)],, are not formally isostructural as they have
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different space-group symmetries. but they contain topologically and chemically
identical structural units. (Mes) octahedra share pairs of frans edges to form an
[M@4] chain decorated with flanking tetrahedra that fink vertices of adjacent
octahedra (Fig. 4.13e). These chains extend parallel to [101] and link together by
sharing octahedral vertices to form an [M(TO4)@] sheet that is parallel to (010) in
bermanite and ercitite (Fig. 4.25a). These sheets stack in the p-direction and are
linked by (Mn2+Oz{H20}4) octahedra and by hydrogen bonds (Fig. 4.25b). The
interstitial linkage is somewhat different in ercitite. One Mn?* atom pius one
vacancy (space group P24) is replaced by two Na atoms (space group F24/m),
the Mn*" and O being ordered in bermanite and giving rise to the non-

centrosymmetric space group.

M=M, M-M, M-T linkage. Schoonerite,
[Mn'?*Fez*ZZnFe3+(P<j4)3(oH)Z(Hgo)T](Hzo)z, is a very complicated structure, and
its assignment to a specific structural class is somewhat ambiguous. Figures
4.25¢,d show the polyhedra and their connectivity. Inspection of Figure 4.25¢
indicates the sheet—like nature of the structure. However, this involves both
divalent and trivalent cations, and is further t;:omplicated by the fact that Zn is [5]-
coordinated. There are two prominent motifs within the sheet, an [Fe* 4] chain
of edge-sharing octahedra extending in the c-direction, and an [Fe®*
PIZn(PO4)2ps] cluster. These link in the a-direction to form a continuous sheet
(Fig. 4.25d) that is further strengthened by (Mn2+02{H20}4) octahedra occupying
dimples in the sheet. These sheets stack in the b-direction and are linked by

hydrogen bonds. Assigning the divalent cations as interstitial species results in a
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Figure 4.25. (a) bermanite projected onto (010); bermanite projected onto {001),
(Mn*@s): shadow-shaded: (c) schoonerite projected onto (001); (d) schoonerite
projected onto (010), (Znyps): [5]-coordinated, shadow-shaded,

({(Mn*",Fe** Fe*"}pq): cross-shaded, Mn** atoms: diagonal-line-shaded, (H20)
groups: 4*-net-shaded.
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finite-cluster structure, and this does not accord with the dense distribution of
polyhedra in the sheet arrangement of Figure 4.254. However, tl':is is a
somewhat arbitrary aspect of the assignment here. Another aspect that suggests
a sheet structure is the 7 A chain that extends in the a-direction: this chain
involves both Fe® and Fe?*.

Nissonite, [Cuz*Mg(P04)(OH)(H20)2]2(H20), consists of a thick slab of
polyhedra linked solely by hydrogen bonds. (Mggs) octahedra and (POy)
tetrahedra lie at the vertices of a 6° plane net (Fig. 4.26a); this layer,
[Mb(PO.)(OH)(H,0).], is topologically identical with the [Mg(PO3{OH})(H,0)3]
sheet in newberyite (Fig. 4.19a). However, the tetrahedra in newberyite point
alternately up and down relative to the plane of the sheet, whereas the tetrahedra
in nissonite all point in the same direction; hence these sheets are topologically
identical but graphically distinct, and are geometrical isomers (Hawthorne 1983a,
1985a). Edge-sharing [Cu2+208(OH)2] dimers link by sharing corners to form the
sheet shown in Figure 4.26b. The [Mg(PO4)(OH)(H,0),] sheets sandwich the
[CU2+203(OH)2] sheet to form a thick slab parailel to (100). These slabs link
through hydrogen bonds both directly and involving interstitial (H20) groups not
bonded to any cation (Fig. 4.26¢). |

Foggite, Ca[Ai(PO4)(OH)2](HZO), contains [Al(p4] chains of edge-sharing
(Alps) octahedra that extend in the c-direction and are cross-linked into a sheet
by (POy) tetrahedra (Fig. 4.27a). These sheets are parallel to (010), and are
linked by [8]- and [10]-coordinated interstitial Ca (Fig. 4.27b) and by hydrogen
bonds involving interstitial (H20) groups. The structure of foggite is closely

related to the pyroxene structure.
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Figure 4.26. The crystal structure of nissonite; (a) the [Mg(PO4)(OH)(H20),] layer
parallel to (100); (b) the [Cu?*,04(OH),] fayer parallel to (100); (¢) a view of the
[Cu*"Mg(PO.)(OH)(H20),] sheet in the b-direction, showing the [Cu?*,08(OH),]
layer sandwiched by two [Mg(PO4)(OH)(H,0),] layers. (Mgws): cross-hatched,
(Cu*@g): shadow-shaded, Cu®* cations: highlighted circles, H atoms: small black
circles, and O atoms of interstitial (H.O) groups: 4*net-shaded circles.
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d (e)
Figure 4.27. (a) fogga{e)prqected onto (010), (b) foggite projected onto (001); (c) foggite
projected onto (100), (d) whltmoreite projected onto (100); (e) whitmoreite
pmJected onto (010), (Alge): 4*-net shaded, (Fe? (Ps) cross-shaded, Ca atoms:
small 4*-net-shaded circles, (H20) groups: targer4 -net-shaded circles, Fe®*
atoms: large diagonal- llne-shaded circles.
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Fig. 4.27¢ depicts the structure of foggite projected onto (100), showing the M(1)-
like chains and their associated tetrahedra. Moore et al. (1975b) expressed the
relation as foliows:

Foggite [CaAlP205(0OH)s-Ca(H,0),

Px [CaAlL ®IT,0}-Ca T,

Whitmoreite, F62+(H20)4[F83+(PO4)(OH)]z. consists of a fairly densely
packed sheet of (PQ,) tetrahedra and (Fe* ¢g) octahedra parallel to (100) (Fig.
4.27d). Pairs of :Fe3+cps) octahedra condense to form edge-sharing [Fe® ,p1o]
dimers that occupy the vertices of a 4* plane net and link by sharing corners.
This results in an interrupted sheet of octahedra, the interstices of which are
occupied by (PO,) tetrahedra (Fig. 4.27d). These sheets stack in the a-direction,
and are linked by interstitial (Fe2+02{H20}4) octahedra and by hydroger; bonds
(Fig. 4.27e).

Mitridatite, Cas(HzO)s[Fe3+905(PO4)9](H20)3, has a sheet sfructural unit of
unusual complexity. (Fe**@g) octahedra share edges to form triangular rings that
are held together by & central (PO,) group that shares corners with six octahedra
(Fig. 4.28a). These clusters link by their corners linking to the mid-points of the
edges of adjacent clusters. The resulting intérstices are occupied by (PQ,)
tetrahedra that point in the opposite direction to the tetrahedra occupying the
centres of the clusters. These sheets are linked by [7]-coordinated interstitial Ca
and by hydrogen bonds involving interstitial (H,O) bonded to Ca and interstitial
(H20) groups not bonded to any cation. |

Vivianite, [Fe2+3(P04)2(H20)8], contains two crystaliographically distinct

Fe* cations octahedrally coordinated by (0,{H,0}4) and (O4{H20},), respectively.
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Figure 4.28. (a) The crystal structure of mitridatite projected onto (100); (Fe**gps):
shadow-shaded.
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Pairs of (Fe2+04{H20}2) octahedra share edges to form a dimer that is decorated
by two {POy) groups that each link to corners of each octahedron, forming an
[F82+2(PO4)2(P5] cluster. These clusters are linked in the c-direction by
(FeZ+02{H20}4) octahedra (Fig. 4.29a). These chains link in the a-direction (Fig.
4.29b) by corner-sharing between tetrahedra and octahedra to form sheets
parallel to (010). The sheets are linked solely by hydrogen bonds in the h-
direction (Fig. 4.29a).

Bobierrite, [Mgs(PO4)(H20)s], has a structure very similar to that of
vivianite. The sheets of octahedra and tetrahedra are topologically identical (Figs.
4.29¢,d), but the position of adjacent sheets in the b-direction is sufficiently
different that the hydrogen-bond linkage between the sheets differs from that in
vivianite. In vivianite, the hydrogen-bond linkages are at an angle to the plane of
the sheet (Fig. 4.29a), whereas in bobierrite, the hydrogen-bond linkages are
orthogonal to the plane of the sheet (Fig. 4.29c). These difference in the position
of adjacent sheets is reflected in the symmetries of the two structures: C2/m

versus C2/c.

4.4.5 Structures with infinite frameworks of (PO4) tetrahedra and (Mes)
octahedra
The minerals of this class are listed in Table 4.8. These are by far the

largest class of phosphate minerals.
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Figure 4.29. (a) vivianite projected onto (001); (b) vivianite projected onto (010); (c)
bobierrite projected onto (100); (d) bobierrite projected onto (010); (Fez"(ps):
cross-hatched, (Mg@s): shadow-shaded, donor-acceptor pairs for hydrogen
bonds are shown by dotted lines.
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TABLE 4.8. Phosphate minerals based on infinite chains of (P®,) tetrahedra

and (M®,) octahedra

Mineral Structural unit Space group  Figure
Kolbeckite [Sc(PO,)(H,0),] FP2./n 4.30a,b
Metavariscite* [A{PO,)(H,0),] P2.in 4.30a,b
Phosphosiderite [Fe*(PO,){H,0),] P2./n 4.30a,b
Strengite [Fe*"(PO,)(H,0),] Pbca 4.30c.d
Variscite* [AI(PO,)(H,0),] Pbca 4.30c,d
Kosnarite [Zr,(PQ,),] R3c 4.30e,f
Isokite [IMg(PO,)F] C2le 4.31a,b
Lacroixite [AI(PO.)F] C2lc 4.31a,b
Panasqueraite [Mg(PO){OH)] C2/c 4.31a,b
Titanite * [Ti(SiO,)0] C2/c 4.31a,b
Amblygonite * [AI(PO,)F] C1 4.31c,d
Montebrasite [AI(PO,)(OH)Y] cT 4.31¢c,d
Natromontebrasite [AI(PO,)(OH)] - 431¢,d
Tavorite IFe*(PO,)(OH)] - 4.31c,d
Cyrilovite [Fe*,(PO,).(OH)_] P4,2,2 4.32a,b
Wardite* [Al;(PO,),{(OH)_] P4.2.,2 4.32a,b
Fluellite [AL(PO)F,(OH)] Fddd 4.32c,d
Wavellite [AlL(PO,),{OH);(H,0),] Pernn 4.32ef
Augelite [AL{PO,){(OH),] C2/m 4,33a,b
Jagowerite * [AI(PO,)(OH), = 4.33c,d
Maricite [Fe*"(PO,)] Pmnb 4.33e,f
Kovdorskite [Mg,(PO,)(OH)(H,0)~] P2,/a 4.34a,b
Libethenite [Cu™,(PO)(OH)] Prnm 4.34c¢.d
Adamite* ICu®,(AsO,)(OH)] Pnnm 4.34¢c,d
Tarbuttite [Zn,{PO.,)(OH)] Pt 4.34ef
Paradamite* [Zn,(AsO,){OH)] P1 4.34e f
Mixite* [CU™,(ASQ,),(OH),] P8./m 4.35a,b
Petersite-(Y) [CU** (PO, ), (OH)] P&./m 4.35a,b
Brazilianite [Al;(PO,),{OH),] P2.In 4.35¢,d
Pseudomalachite  [Cu®.(PO,),(OH),(H,0)] P2./c 4.36a,b
Reichenbachite [CUZ,(PO,),(OH)(H,D] P2,/a 4.36¢,d
Ludjibaite [CU*(PO,),(OH),(H,0)f P11 4.36e,f



TABLE 4.8, continued

Mineral Structural unit Space group  Figure
Magniotriplite (Mg,(PO,)F] 12/a 4.37ab
Triplite * [Mn?",(PO,)F] Ric(?)  4.37ab
Zweiselite [Fe? (PO, )F] 121a (?) 4.37ab
Triploidite * [Mn?,(PO,)(OH)] P2./a 4.37c.d
Wagnerite [Mg,(PO,)F] P2,/a 4.37¢.d
Wolfeite [Fe?,(PO,)(OH)] P2./a 4.37c.d
Alluaudite * [Fe?(Mn,Fe Fe* Mg),(PO,).] 12/ 4.38a.b
Hagendorfite IMn**(Fe®* Mg, Fe*),{PO,),] 2/a 4.38a,b
Maghagendorfite  [Mn**(Mg,Fe® Fe*),(PO,).] - 4.38a,b
Quingheite 4.38a,b
Varulite [Mn*(Mn,Fe* Fe*),(PO,).] - 4.38a,b
Rosemaryite IMN*Fe*Al(PO,),] C2i¢ (?) 4.38c,d
Wyllieite * [ Al(PO,)] F2.in 4.38cd
Bobfergusonite [Mn*Fe®Al(PO,)] P2,/n 4.38ef
Ludlamite [Fe?,(PO,),(H,0),] P2./a 4.40a,b
Melonjosephite [(Fe* Fe*)(PO,)(OH)] Pnam 4.40¢,d
Bertossaite * [A(PO,(OH)], *aa 4.40ef
Palermoite [AI(PO,){OH}], Imch 4.40ef
Arrojadite* [Fe?",, Al(PO,),,(OH),] C2/c -
Dickinsonite [Mn?* ,AI(PO,)1,(OH),] C2/c -
Farringtonite [Mg4(PO,),] P2./n 4.41a,b
Beusite IMn#,{PO,),] P2./c 4.41¢c,d
Graftonite® [Fe*,(PO,).] P2./c 4.41¢cd
Bederite [Mn?*, Fe®, Mn®,(PO, )] Pcab 442ab,c
Wicksite [Fe®*, MgFe™(PO,),] Pcab 4.42ab,c
Aheylite [AL(PO,)(OH),] P1 4.42d.e
Chalcosiderite [Fe**{(PO,),(OH),] PT 4.42d.e
Coeruleolactite [AI(PO,),(OH),] P1 4.42de
Faustite [Alg(PO,).,(OH),] P 4.42d e
Planerite [Al(PO,),(PO,{OH}),(OH),] PT 4.42d e
Turquoise * [Alg(PO,),(OH)] =k8 4.42d.e
Leucophosphite*  [Fe®,(PO,),{OH)(H,0)] P2./n 4.43a,b,c
Tinsieyite [AL(PO,),(OH)(H,0)] P2./n 4.43a,b,c




TABLE 4.8. continued

Mineral Structural unit Space group Figure
Cacoxenite [Fe*,5(PO,),;Ox(OH), ] PB./m 4.44ab,c,d
Althausite [Mg, (PO,),{OH)F] Prima 4.45a,b
Hureaulite IMN*(POL{OH}),(PO,),(H,0)] C2/c 4.45¢cd
Thadeuite [CaMg,{PO,),(OH},] C222, 4450 f
Bakhchisaraitsevite [Mg-{(PO,),(H,0).] P2./c 4.48a,b
Kryzhanovskite IMN**Fe®,(PO,),(OH),(H,0)] Pbna 4.46¢,d
Phosphoferrite* [Fe®,(PO,),(H,0).] Pbna 4. 46c,d
Griphite [AFe™ Al (PO,),. Pa3 4.47ab,cd
Cornetite [CU™,(PO,)(OH).] Phca 4.47e f
Chiadniite Mg, (PO R3 -
Fillowite* [Mn#*,(PO,),] R3 -
Galileiite [Fe**,(PO,)] R3 -
Johnsomervifleite  [Mg,(PO,),] R3 -
Gladiusite [Fe®*,Fe*,(PO,)(OH),.(H,0) P2.Jn 4.48a,b,c
Lipscombite [Fe*Fe*,(PO,),(OH),] P4,2.2 4.48d e
Burangaite [Fe®' Aly(PO,),(OH),(H,0),] C2le 4.49a
Dufrénite [Fe®'Fe*(PO,),(OH),(H,0),] C2/c 4.49a
Natrodufrénite [Fe'Fe® (PO,},(OH)y(H,0),] C2lc 4.49a
Frondellite [Fe”'Fe® ,(PO,),(OH),] Bbmm 4.49b.c
Rockbridgeite* [Fe*Fe®* ,(PO,),(OH)4] Bbmm 4.49b.c
Barbosalite [Fe*(PO,}(OH)], P2./c 4.49de
Hentschelite [Fe**(PO,)(OH)], P2./c 4.49de
Lazulite* IAKPONOH)], P2.lc 4.49d e
Scorzalite [AI(PO)(CH), P2,/c 4.49d,e
Trolleite [AL(PO,),(OH),] 2/c 4.50a,b
Seamanite [Mn*,(PO)(B{OH},) (OH),] Pbnm 4.50c.d
Holtedahiite [Mg,,(PO{OHN(PO,):(OH)4] P31m 4.50e.f
Satterlyite [Fe*,(PO,),(OH),] P31m 4.50e,f
Triphylite* [Fe**(PO,)] Pbnm 4.51a,b
Lithiophylite IMn*(PO,)] Pbnm 4.51a,b
Natrophilite [Mn#(PO,)] Pbnm 4.51ab
Ferrisicklerite [Mn®* Fe*(PQ,)] Pbnm 4.51¢,d
Sicklerite* [Fe® Mn*(PO,)] Pbnm 4.51¢c,d
Heterosite* [Fe**(PO,)] Pmnb 451ef
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TABLE 4.8. continued

Mineral

Structural unit

Space group

Purpurite
Senegalite

Sarcopside

Bjarebyite*
Kulanite
Penikisite
Perloffite

[Mn*(PO,)]
[AL,(PO,)(OH),(H,0)]
[Fe¥5(PO,),]
[AlL(PO,),(O

AIQ(PO4)3(OH)

3B(F’OA)a(OH) al

Pmnb
P2.nb
P2,/a

P2./m
P2./m
P2./m
P2.im




M-T linkage. The minerals of the metavariscite, [Al(PO4)(H20),], and
variscite, [Al(PO,4)(H20).], groups consist of simple frameworks of alternating
(POq) tetrahedra and (Alps) octahedra. As there are equal numbers of tetrahedra
and octahedra, both polyhedra are four-connected, and hence two vertices of the
(Alps) octahedron must be one-connected. The local bond-valence requirements
of the anions at these one-connected vertices require that the anions be (H,O)
groups. When viewed down the c-direction, octahedra and tetrahedra occupy the
vertices of a 6° net, and Figures 4.30a, ¢ show two iayers of such neté. When
metavariscite viewed in the a-direction (Fig. 4.30b), the tetrahedra and octahedra
occupy the vertices of a 4.8% net. It can be noted that the one-connected vertices
of the octahedra project into the large eight-membered ring, which allows room
for the H atoms of the (H,0) groups at these vertices. When viewed down [100]
(Fig. 4.30d), variscite shows alternating tetrahedra and octahedral. As with
metavariscite, the one-connected vertices of the octahedra project into the large
cavities.

Kosnarite, X[Zry(PQ4)3], contains octahedrally coordinated Zr. In
projection down [001] (Fig. 4.30e), (ZrQg) octahedra occupy the vertices of a 6°
net, and all octahedron vertices fink to (POQ tetrahedra, forming a block with
promihent interstices. These blocks stack in the c-direction and link by sharing of
octahedron-tetrahedron vertices (Fig. 4.30f), with [6]-coordinated X cations in the

interstices of the framework.

M-M, M-T linkage. The minerals of the amblygonite, LI[AI(PO4)F],

group and the phosphate members of the titanite group, such as lacroixite,
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Figure 4.30. (a) metavariscite projected onto (001); (b) metavariscite projected onto
(100}; (c) variscite projected onto (001); (d) variscite projected onto (100); (e)
kosnarite projected onto (001): (f) kosnarite projected onto (010). (Algpe): 4*-net-
shaded, (Zrgg): cross-hatched.
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NafAI(PO4)F], have topologically identical structural units. However, lacroixite is
monoclinic, whereas the amblygonite-group minerals are triclinic; because of
their topological identity, we use the unconventional space group C-1 to
emphasize the congruity of these two structures (Table 4.8). A key feature of
both structures is the 7 A [Ms] chain of corner-sharing octahedra that extends in
the c-direction (Figs. 4.31a,c). This chain is decorated by staggered flanking
- (PO,) groups that link the chains in both the a- and b-directions, a feature that is
- very apparent in an end-on view of the chains (Figs. 4.31b,d). The frameworks
are strengthened by interstitial alkali cations Na and Li in the minerals of the
amblygonite group and both Ca and Na in the minerals of the titanite group.
Cyrilovite, Na[Fe3+3(PO4)2(OH)4(H20)2] is @ member of the wardite group
(Table 4.8). The principal motif in cyrilovite is the [Fe**@s] chain that is decorated
by (PO.) tetrahedra arranged in a staggered fashion at the periphery of the chain
(the [M(TO.)@s] chain shown in Fig. 4.13c). These chains extend parallel to the a-
and b-directions (note the tetragonal symmetry) to form a slab of corner-sharing
octahedra and tetrahedra (Fig. 4.32a), tetrahedra on opposite sides of each
chain pointing in opposing directions along c. The tetrahedral vertices that project
out of the plane of the slab link to octahedra of adjacent slabs (Fig. 4.32a) to form
a framework that consists of successive layers of octahedra and tetrahedra along
the c-direction. [8]-coordinated Na occupies the large interstices in this
framework (Fig. 4.32b), and hydrogen bonds strengthen the framework.
Fluellite, [AI;(PO4)Fz(OH)(HZO)g](H20)4, is an open framework of corner-

sharing (POy) tetrahedra and (Algg) octahedra. The principal motif of the

framework is a 7 A chain of the form [M(TO4)@s] (Fig. 4.13c) consisting of
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Figure 4.32. (a) cyrilovite projected onto {001); (b) cyrilovite projected onto (100)
(c) fiuellite projected down [110]; (d) fluellite projected onto (010); (e) wavellite
projected onto (010); (f) wavellite projected onto (001). (F83+@5): Cross
shaded, (Algs): 4*-net shaded (c,d) and shadow-shaded (e,f).
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(AIF2{OH}(H20)3) octahedra linked through pairs of trans vertices (=F) and
decorated by (PO,) tetrahedra that link adjacent octahedra along the chain.
These chains extend in both the a- and b-directions (Fig. 4.32¢) by sharing (PQ,)
groups between chains extending in orthogonal directions (Fig. 4.32d). There are
large interstices within the framework that accommodate (H20) groups held in the
struciure solely by hydrogen bonds emanating from the (H20) groups bonded
directly to the Al of the structural unit.

Wavellite, [Af3(PO4)2(OH)3(|':'{20)4](H20), is an open framework of corner-
sharing octahedra and tetrahedra (Fig. 4.32e) with interstitial non-transformer
(H20) groups held in the interstices by hydrogen bonds. (Algps) octahedra share
one set of frans corners with each other to form [M@s] chains that are decorated
by (POy) tetrahedra bridging adjacent octahedra (Fig. 4.32e) to give chains of the
form [M(TO4)¢] extending in the c-direction (Fig. 4.13¢). These chains cross-link
in the a-direction by sharing octahedron-tetrahedron corners (Fig. 4.32f) with
undecorated [Algs] chains (i.e., the tetrahedra linked to these chains do not
bridge octahedra within the chain). The resulting framework (Figs. 4.32¢,f) has
large cavities that contain the interstitial (H,O) groups held in the structure solely

by hydrogen bonds.

M=M, M~T linkage. Augelite, [Al;(PO4)(OH)4], contains Al in both
octahedral and trigonal-bipyramidal coordinations. Pairs of (Alps) octahedra
share an edge to form [Al;¢+o] dimers that are oriented with their idng axis in the
b-direction. The dimers are arranged at the vertices of a centered orthorhombic

plane net (Fig. 4.33a), and dimers adjacent in the b-direction are linked through
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Figure 4.33. (a) augelite projected onto (001); (b) augelite projected onto (010); (c)
jagowerite projected onto (001); (d) jagowerite projected a few degrees away
from onto (010); (e) mari¢ite projected onto (100); (e) maricite projected a few
degrees away from onto (001). Legend as in Fig. 4.32.
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pairs of (POQ,) tetrahedra to form [Al(PO4)206) chains. The dimers are decorated
by (Algs) trigonal bipyramids that bridge pairs of vertices from each octahedron.
These (Algs) groups link to (POy) groups of adjacent chains to link them in the a-
direction. Viewed in the b-direction (Fig. 4.33b), the structure appears as layers
of dimers linked by chains of (PO.) and (Alps) groups.

Jagowerite, BaJAl(PO,){OH)), contains (Alps) octahedra that have
condensed to form [Alg4o] dimers that link by corner-sharing with pairs of (PQy)
tetrahedra to form [AL(PO,).¢¢] chains that extend along [110], and cross-link by :
shared octahedron-tetrahedron corners to form a sheet in the (110) plane (Fig.
4.33c). Viewed down [010] (Fig. 4.33d), the structure consists of (Alps) octahedra
and (POy) tetrahedra at the vertices of a 4% net, linked by sharing polyhedron
corners. The interstitial Ba ia [12]-coordinated, and occupies interstices between
the chains shown in Figure 4.33c.

Maricite, Na[Fe®*(P0O,)], is a dense-packed framework of (Fe**Oq)
octahedra and (PQ,) tetrahedra. Each (Fe2+05) octahedron links to six (PQ,)
groups to form what Moore (1973b) calls a “pinwheel’. The octahedra occupy the
vertices of a 3% net, and the resuiting sheet (Fig. 4.33e) is topologically identicai
to the [Mg(PQ4);] sheet in brianite (Fig. 4.18&:). These sheets stack along the a-
direction with octahedra from adjacent sheets sharing edges to form [MO4}-type
chains extending in the a-direction when viewed down [001] (Fig. 4.33f). [10]-
coordinated Na occupies interstices in the framework.

Kovdorskite, [Mg,(PO,)(OH)(H,0)s], consists of two distinct (Mgps)
octahedra that condense to form tetramers via edge-sharing, and these

tetramers are decorated by pairs of (PQ,) tetrahedra to form [IMga(PO4)ops]
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clusters. These clusters occur at the vertices of a 4* plane net and link togefher
by sharing octahedron-tetrahedron vertices to form open sheets parallel to (001)
(Fig. 4.34a). These sheets stack in the c-direction by sharing octahedron-
tetrahedron vertices (Fig. 4.34b) to form a very open framework that is
strengthened by extensive hydrogen bonding involving the (OH) and (H-0)
groups of the structural unit.

Libethenite, [Cu2+2(PO4)(OH)], is @ member if the adamite group (Table
4.8) (Hawthorne 1978) in which Cu®" is both [5]- and [6]-coordinated, trianguiar
bipyramidal and octahedral, respectively. Chains of trans edge-sharing (Cu?* @)
octahedra extend in the c-direction and are decorated by (PO,) tetrahedra to give
chains of the general form [Ma(TO4)2@4] (Fig. 4.34¢). These chains link in the a-
and b-directions by sharing actahedron-tetrahedron corners (Fig. 4.34d) to form
an open framework with channels extending in the c-direction. These channels
are packed with dimers of edge-sharing (Cugs) triangular bipyramids. Note that
this is also the structure of andalusite, [Al(Si04)O].

Tarbuttite, [Zn2(PO)}(OH)], is a member of the paradamite group (Table
4.8) (Hawthorne 1978b). (Zngs) bipyramids share edges to form a chain
extending in the b-direction: [Zng]. (PQ4) groups and (Zng3) bipyramids
alternate along a chain of corner-sharing polyhedra that also extends in the b-
direction. These chains link in the a-direction by sharing polyhedron vertices (Fig.
4.34e) to form a rather thick slab paraliel to (001). These slabs stack in the c-

direction (Fig. 4.34f) by sharing polyhedron edges and corners. Apart from the
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Figure 4.34. (a) kovdor(sk)ite projected onto (001); (b) kovdorskite rg?ojected onto (010),
(Mgys): shadow-shaded:; (c) libethenite projected onto (010); (d} libethenite
projected onto (001), (Cu™@s): cross-shaded, (Cu™ @s): shadow-shaded; (e)

tarbuttite projected onto (001); (f) tarbuttite projected onto (100), (Znps) and
{Zngs): cross-hatched.
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presence of both [5]-coordinated divalent cations, there is no structural relation
with the stoichiometrically similar libethnite, Cu2+2(PO4)(OH).

Petersite-(Y), Y[Cu2+6(PO4)3(OH)6](H20)3, is the only phosphate member
of the mixite group (Table 4.8). Cu®* is [5}-coordinated with a long sixth distance
to (H20). Six-member rings of corner-sharing alternating (PQ,) tetrahedra and
(Cu* ps) square-pyramids occur paraliel to (001) and link by corner-sharing to
form four-membered and twelve-membered rings of polyhedra (Fig. 4.35a). An
alternative description is as six-member rings occupying the vertices of a 5° net.
The layers of Figure 4.35a stack along the c-direction (Fig. 4.35b), and link by
edge-sharing between the (Cu® ps) square pyramids. In the cross-linkage of the
rings in the (001) plane, note how the (PO,) groups bridge épicai vertices of
square pyramids adjacent along the c-direction (Fig. 4.35b). The interstitial (H20)
groups occupy the channels of the twelve-membered rings, and interstitial Y
occupies the channels generated by the six-membered rings (Fig. 4.35a).

Brazilianite, Na[Al;(PO,)2(OH),], contains chains of edge-sharing (Als)

octahedra that extend in the [101] direction (Fig. 4.35¢). These chains are fairly
contorted as the shared edges are not in a frans configuration and hence a slight
helical character results. The chains are deéorated by (PO,) tetrahedra which link
next-nearest-neighbour octahedra, a rather unusual linkage that is promoted by
the helical nature of the chains (Fig. 4.35¢). Adjacent chains link by sharing
octahedron vertices with the decorating tetrahedra (Fig. 4.35¢,d). Interchain

linkage is also promoted by [7]-coordinated interstitial Na.
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Figure 4.35. (a) petersite-(Y) projected onto (001); (b) petersite-(Y) projected onto
(010), Y atoms: shaded circles, (Cu* ¢s) octahedra are shadow-shaded: (c)
brazilianite projected onto (001); (d) brazilianite projected onto (010), (Alpg):
shadow-shaded; Na atoms: shaded circles.
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=M, M-M, M-T linkage. There are three polymorphs of

[Cu2+5(PO4)2(OH)4(HZO)], pseudomalachite, reichenbachite and fudjibaite, and
their structures are all based on sheets of octahedra that are linked by (POy)
tetrahedra. The sheets of octahedra are somewhat unusual in that they are not
close-packed octahedra interspersed with vacancies (as is common in this type
of structure). In pseudomatachite (Fig. 4.36a), linear {Mp4] chains of octahedra
extend in the b-direction at z = % and %, and are linked by trimers of edge-
sharing octahedra packed such that there are square :interstices in the sheet. The
sheets stack in the a-direction and are linked by (PO4) groups that share two
vertices with each sheet (Fig. 4.36b). In reichenbachite (Fig. 4.36¢), the
arrangement of octahedra within the sheet is fairly irregular. It can be envisioned
as edge-sharing trimers of octahedra at (0 % z) and (*2 0 2) linked by edge-
sharing with dimers of edge-sharing octahedra at (0 ' z) and at (% % z) (Fig.
4.36¢). These sheets stack in the c-direction (Fig. 4.36d) and are linked by (PO,)
groups that each share two vertices with adjacent sheets. In ludjibaite (Fig.
4.36e), linear [My;] chains extend in both the b and c—directions, and link
together by sharing edges with an [Mgs] chain of corner-sharing octahedra that
extends in the c-direction. These sheets staék in the a-direction (Fig. 4.36f) and,
as with the other two structures, are linked by (PQ4) groups that share pairs of
vertices with adjacent sheets.

In the minerals of the triplite, [Mn**,(PO,)F], group (Table 4.8), (M%)
octahedra share edges to form [M?*,¢o] dimers (Fig. 4.37a) that share corners

with (PO4) tetrahedra to form slightly corrugated layers that are parallel to (010)
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Figure 4.36. (a) pseudomalachite projected onto (100); (b) pseudomalachite projected
onto (001); (c) reichenbachite projected onto (001); (d) reichenbachite projected
onto (100); (e) ludjibaite projected onto (100); (f) ludjibaite projected onto (001),
(Cu®*gg): shadow-shaded.
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Figure 4.37. (a) triplite projected onto (010); (b) triplite projected onto (100); (c)
triploidite projected onto (001); (d) triploidite projected onto (001), (Mnegs): line-
shaded, (Mngs): shadow-shaded.
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(Fig. 4.37a). These layers link in the b-direction by sharing corners between
tetrahedra and octahedra (Fig. 4.37b).

The minerals of the triploidite, [MnZ*Z(PO4)(OH)], group have divalent
cations in both octahedral and triangular bipyramidal coordinations. Pairs of
octahedra share an edge to form [M2+2(P10} dimers, and these dimers are linked
by sharing corners with both triangular bipyramids and (PQ,) groups, and by
sharing one octahedron edge with a tetrahedron (Fig. 4.37c). Triangular
bipyramids also form edge-sharing dimers, [M*,¢q), and chéins of corner-
sharing octahedra, triangular bipyramids and tetrahedra extend in the b-direction
(Fig. 4.37d). It should be noted that this is an extremely complicated structure,
and is not easily related to any other structure.

The minerals of the alluaudite, wyllieite and bobfergusonite groups are
topologically identical but are distinguished by different cation-ordering schemes
over the octahedrally coordinated cation sites in the basic structure. The principal
feature of each structure is a linear trimer of edge-sharing octahedra (Figs.
4.38a,c,e). These trimers link together by sharing edges to form chains of
octahedra in the (010) plane that are linked by sharing octahedron corners with
(POs) groups to form thick sheets parallel to'(010). These sheets link in the b-
direction by sharing corners between tetrahedra and octahedra (Figs. 4.38b,d,f).
The minerals of these three groups differ primarily in (1) their Al content, and (2)
the pattern of cation order over the trimer of edge-sharing octahedra. The
minerals of the alluaudite group contain negligible Al (Al,O3 < 0.10 wt.%), the
minerals of the wyllieite group contain moderate Al (ALO; ~ 3 wt.%), and

bobfergusonite contains far more Al than wyllieite (Al,O3 ~ 7.5 wt.%). In addition,
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Figure 4.38. (a) alluaudite projected onto (001); (b) alluaudite projected onto (100),
(Mn*@s): shadow-shaded, (Fe**gs): 4*-net-shaded: (c) wylliite projected
onto (010); (d) wyllieite projected onto (100), (Fe* @g): cross-shaded, (Alps):

4*-net-shaded: (e) bobfergusonite projected onto (010); bobfergusonite
projected onto (100), ({Mn**, Fe** Al}ps): shadow-shaded.
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there is a fourth (as yet undescribed) structure type with ~ 15 wt.% AlOs
(unpublished data). The differences in cation order in these three structure types
are summarized in Figure 4.39. In alluaudite, there is no Al, and hence Al is not
involved in the ordering scheme. There are only two distinct sites in the trimer in
alluaudite, and the pattern df cation order can vary from complete M2*-cation
disorder to complete Fe**~-M? order (Fig. 4.39a). In wyllieite, there are three
distinct sites in the trimer; Al is completely ordered at one site, and the other two
sites can vary from complete M**-cation disorder to complete Fe**—M2* order
(Fig. 4.39b). In bobfergusonite, there are two crystallographically distinct trimers
(Fig. 4.38c); Alis ordered in one trimer, Fe* is ordered in the other trimer, and
M** is disordered over the other sites. This picture is somewhat idealized, and
each structure-type may show minor ordering characteristic of one or more of the
other structure types. Moore and Ito (1979) discuss the nomenclature of the
aliuaudite and wyllieite groups in detail and propose a nomenclature based on
suffixes, but this has not been used very extensively.

Ludiamite, [Fe*"3(PO4)2(H,0)4] consists of (Fe*ps) octahedra that share
edges to form [Fe3+3q>14] linear trimers with (PQy) tetrahedra bridging between
adjacent octahedra in a staggered fashion on each site of the trimer:
[Fe3+3(PO4)2cp1o]. These trimers extend in the c-direction and link by sharing
octahedron corners (Fig. 4.40a). The crankshaft chains fink in the b-direction by
sharing octahedron corners and by sharing corners between tetrahedra and
octahedra '(Fig. 4.40a) to form a sheet parallel to (100). These sheets link in the
a-direction by sharing corners between (PO,) tetrahedra and octahedra (Fig.

4.40b). Note that the chains of octahedra shown in this figure are not completely
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Figure 4.39. Octahedral-cation-ordering patterns in a) alluaudite; b) wyllieite; c)
bobfergusonite; shadow-shaded octahedra are occupied by any divalent M**
cation, cross-shaded octahedra are occupied by Fe®*, line-shaded octahedra
are occupied by Al. In a) and b), the arrows indicate the range of possible
ordering within a single chain; in bobfergusonite c), there are two distinct
chains (shown here) in which the ordering is different (after Ercit et al. 1986b).
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Figure 4.40. (a) ludlamite projected onto (100); (b) ludlamite projected onto (010); (¢)
melonjosephite projected onto (010); (d) melonjosephite projected onto (001),
({Fe** Fe>}pq): cross-shaded:; (e) palermoite projected onto (001); (f) palermoite
projected onto (100), (Algs): 4*-net-shaded, Ca atoms: small shaded circles.
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edge-sharing; for every third octahedra, the linkage is by corner-sharing, as is
apparent by the change in direction of the top triangular faces of the octahedra
(Fig. 4.40a).

In melonjosephite, Ca[Fe*"Fe**(PQ,),(OH)], there are two
crystallographically distinct octahedra, both of which are occupied by equal
amounts of Fe** and Fe®*. One type of octahedron forms linear chains of edge-
sharing octahedra ({Meo,] of the rutile-type) extending in the c-direction. This
chain is decorated by (PO,) tetrahedra linking free vertices of adjacent octahedra
in a staggered arrangement, producing an [M(T¢4)] chain (Fig. 4.13e). The
other crystallographically distinct octahedron links to (PO.) tetrahedra to form
[M(POs)@.] chains. These [M(PO4)@4] chains link in a pair-wise fashion by the.
octahedra sharing edges, and the resulting structure consists of the two types of
chains, both extending in the c-direction and cross-linked by sharing octahedron-
tetrahedron and octahedron-octahedron corners (Fig. 4.40c). Viewed down the
length of the chains (Fig. 4.40d)}, the dimers linking the two [M(PQ4)@4] chains are
very prominent, and the key role of the (PO,) groups in cross-linking the chains is
very apparent. The interstices of the framework are occupied by [7]-coordinated
Ca.

In palermoite, SrLi[AI(PO,)(OH)ls, (Algs) octahedra condense by sharing
edges to form [Al@1) dimers, and these dimers share corners to form an [AL@s]
chain that extends in the a-direction. One pair of octahedron vertices in each
dimer is bridged by a (PQ,) tetrahedron to form an [AIg(PC4)(p5} chain (Fig.
4.40e); these chains link in the b-direction by sharing octahedron-tetrahedron

vertices. These chains are seen end-on when viewed in the a-direction (Fig.
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4.40f), cross-linked by (PO,) tetrahedra. The framework has large interstices that
are occupied by [8]-coordinated Sr and [S}-coordinated Li.

Arrojadite, KNa4Ca[Fez+;4Ai(PO4)12(OH)2], and dickinsonite, the Mn?*
analogue, are tediously complex structures, each with several partly occupied
cation sites, and the complete details of their structure exceeds our spatial
parameters. Moore et al. (1981) describe the structure as six distinct rods
(columns) of cation polyhedra decorated by (PO,) tetrahedra and occurring at the
vertices of a {6-3-6-3) and {6-6‘3-:3} net. Moore et al. (1981) also compare the
structure of arrojadite with wyllieite, but the relation to the general alluaudite-type
structures has not been explored.

Farringtonite, [Mgs(P0O,),], contains Mg in both octahedral and square-
pyramidal coordinations. As is common with [5]-coordinated polyhedra, [Mgps]
Square pyramids share an edge to form [Mg2tps] dimers, and the terminal edges
of this dimer are shared with (POy) tetrahedra to form a [(M@2(PO4)204] cluster
(Fig. 4.41a). These clusters are linked by sharing corners with (Mg®s) octahedra.
When projected onto (010), prominent [Mg(PQO4).¢,] chains are evident,
extending in the c-direction (cf Fig. 4.13h). These chains are bridged in the a-
direction by [MQZ(PO4)2cp4] clusters (Fig. 4.41b).

Beusite, [Mn2+3(PO4)2], and graftonite, [Fez+3(PO4)2], show unusual
coordination numbers for the divalent cations: Pip(1), IM(2), EI(3); perhaps as
a result, these minerals can accept considerable Ca at the M(1) site (Wise et al.

1990), and the fatter authors report a composition for Ca-rich beusite close to
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Figure 4.41. (a) farringtonite projected onto (001); (b) farringtonite projected onto (010);
(c) a layer of the beusite structure projected onto (100), (MgOs): shadow-shaded
(MgOs): line-shaded; (d) another layer of the beusite structure projected onto
(100), [7]- and [8]- coordinated polyhedra; shadow-shaded, [5]-coordinated
polyhedra: dark-shadow-shaded.
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CaFe**Mn(POy),. "'M(1) polyhedra share an edge to form a dimer: these dimers
occur at the vertices of a 4* net and share corners to form a sheet parallel to
(100) that is strengthened by (PQs) groups (Fig. 4.41 c). Pyroxene-iike edge-
sharing chains of M(3) octahedra extend in the c-direction and are linked by
chains of alternating (PO,) groups and M(2) square pyramids (Fig. 4.41d), and
these two types of sheet alternate in the [100] direction.

Wicksite, NaCaz[Fe2+2(Fe2*Fe3*)Fe2+2(PO4)5(H20)2], and the isostructural
bederite, DCag[an*gFe3+2Mn2+2(PO4)6(H20)2],, are complex heteropolyhedral
framework structures that may be resolved into layers parallel to (001). In
wicksite at z = 1/4, (Fe** ) and (Fe*¢s) octahedra share an edge to form
[M2¢10] dimers that are canted to both the a and b axes, and are linked by (PQ,)
tetrahedra to form the sheet shown in Figure 4.42a. Atz = 0, two (Fez“(pe)
octahedra share edges with an (Nags) octahedra to form an [Ms14] trimer that is
decorated by (PQy,) tetrahedra linking adjacent free octahedron vertices to form a
cluster of the form [Ms(Po4)205]. These clusters link by sharing of octahedron-
tetrahedron vertices to form the layer shown in Figure 4.42b. There are two types
of interstice within this layer. In the first type of interstice is the Ca site
coordinated by nine anions; in the second tybe of interstice are four H atoms that
belong to the two peripheral (H20) groups (Fig. 4.42b). The layers of Figure
4.42a and 4.42b link by edge-sharing between the (Fe2+(p5) [= M(1)] octahedron
of one sheet with the (Fe®* pg) [= M(3) octahedron of the other sheet (Fig. 4.42¢).
The relation between wicksite and bederite is as follows: the Fe**=Na=Fe?" triplet

In wicksite (cf. Fig. 4.42b) is replaced by the [Mn*"=00=Mn*"] triplet in bederite.
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Figure 4.42. (a) layer 1 of bederite projected onto (001), (b) fayer 2 of bederite projected
onto (001); (c) stacking of layers projected onto (100); (Fe* @¢): cross-shaded (a)
and 4*-net-shaded (b), (Mn**@g): shadow-shaded, Ca atoms: 4*-net-shaded
circles; (d) chalcosiderite projected onto (100); (ea) chalcosiderite projected onto
(001); (f) chalcosiderite projected onto (010), (Fe "pg): cross-shaded, (Cu? pg):
shadow-shaded.
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Chalcosiderite, [Cu2+Fe3+5(PO4)4(OH)8(H20)4], is @ member of the
turquoise group (Table 4.8). The structure contains trimers of edge-sharing
octahedra, two (Fe**pg) and one (Cu™s) octahedra that link by sharing corners
with (PO,) tetrahedra and other (Fe**ps) octahedra parallef to (100) (Fig. 4.424d).
This linkage is also seen in Figure 4.42e, with additional linkage between trimers
through corner-sharing with additional (Fe**@g) octahedra and (PO4) groups to
form a thick slab parallel to (001). Thes_e slabs stack along the c-direction (Fig.
4.42f) and are linked through bridging (PO,) tetrahedra. The structure is fairly
open to accommodate the extensive hydrogen-bonding associated with the (OH)
and (H20) groups of the structural unit. "

Leucophosphite, Kz(HgO)[F83+2(PO4)z(OH)(HzO)]g(HzO), and tinsleyite,
KQ(HQO)[A!Q(PO4)2(OH)(HzO)]z(HzO), are based on a prominent tetramer of
octahedra in which two (Fe*"0g) octahedra share an edge, and an additional
(Fe**0s) octahedron links to the anions at each end of the shared edge. Moore
(1972b) notes that the topologically identical cluster occurs in the sulfate mineral
amarantite. This cluster is decorated by four (PO,) tetrahedra to form an
[Fe3+;(804)4cp12] cluster (Fig. 4.43a). These clusters link by sharing vertices
between octahedra and tetrahedra to form a framework (Figs. 4.43b,c) with K in
the interstices. Inspection of Figure 4.43a shows that the decorated tetramer can
be regarded as a condensation of two [Ma(TOs)297] clusters (Fig. 4.12e), a group
that Hawthorne (1979a) showed is common as a fragment in several complex
phosphate structures. In fact,—when the structure is viewed down [100], it can be
considered as sheets of corner-shared [M2(TO4)23] clusters, similar to those in

the structure of minyulite (Fig. 4.20a).
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Figure 4.43. The crystal structure of leucophosphite; (a) the gFe3+4(PO4)4cp;2] cluster,;

(b) projected onto (100); (c) projected onto (010); (Fe**gg): cross-shaded, K
atoms: shaded circles.
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Cacoxenite, [Fe*"24Al(PO4)1706(OH)12(H20)24](H20)s1, surely has to
qualify as one of the more complicated of Nature's masterpieces. Moore and
Shen (1983a) identified two key FBBs in this structure. Pairs of (Fe**¢g)
octahedra share an edge to form dimers, and three dimers share octahedron
corners to form a ring that has a (PQ,) group at its core, linking to one end of
each of the shared edges in the clyster (Fig. 4.44a). The resulting FBB has the
form [Fes*s(PO4)(p24] and resembles the [Fe3+6(PO4)cpz4] group in mitridatite (Fig.
4.28). The second FBB consists of one dimer of edge-sharing octahedra with two
additional octahedra linked by sharing corners with each end of the shared edge
of the dimer. Four (PO,) groups each share two corners with octahedra at the
periphery of the cluster, and a fifth (PO4) group shares corners with three of the
octahedra (Fig. 4.44b). The resulting FBB has the form [Fe3+3Af(PO4)5(pg], and
has some similarities with clusters in melonjosephite (Fig. 4.40c) and
leucophosphate (Fig. 4.43a). These two FBAs polymerize by sharing polyhedron
corners to form rings consisting of twelve FB8s, each type alternating around the
ring. These rings are arranged at the vertices of a 3° net (Fig. 4.44c¢). The layer
shown in Figure 4.44c¢ repeats in the ¢-direction (Fig. 4.44d), linking by sharing
polyhedron edges and corners, with the addition of some linking octahedra, to
form a framework with extremely wide channels that are filled with (H,0) groups.

Althausite, [Mg4(PO,)(OH)F], and satterlyite, [FeZ+4(PO4)2(OH)2], have
their divalent cations in both [5]- and [6]-coordination, triangular bipyramidal and
octahedral. In althausite, {[Mq.] chains of trans edge-sharing (Mgws) octahedra

extend in the b-direction. These chains link in the a-direction by sharing corners
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Figure 4.44. The crystal structure of cacoxenite: (a) the [Fe3+6(PO4)cp24] cluster; (b)

the [Fe*"3AI(PO4)s¢q] cluster; (Fe*¢ ¢): 4*-net shaded, (Algs): shadow-
shaded.
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Figure 4.44. The crystal structure of cacoxenite; (c) the structure projected onto
(001); (d) the structure projected onto (010). Legend as in Fig. 4.44a,b.
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‘between tetrahedra and octahedra (Fig. 4.45a) to form a sheet parallel to (001).
These sheets are linked in the c-direction by sharing octahedron edges with
{(Mges) triangular bipyramids (Fig. 4.45b). In althausite, ~ 20% of the (OH) is
replaced by 0% and the excess charge is compensated by omission (i.e.,
incorporation of vacancies) of F.

In hureaulite, [Mn**5(POs{OH})2(PQ4)2(H,0)4], five (Mn**@g) octahedra
share edges to form a kinked linear pentamer that extends in the a-direction (Fig.
4.45¢). These pentamers occur at the vertices of a:plane centered orthorhombic
net and link by sharing corners (4 per pentamer) to form a sheet of octahedra
parallel to (001). Adjacent pentamers are also linked through (PQ4) groups with
which they share corners to form a thick slab parallel to (001). These slabs link in
the c-direction through corner sharing between octahedra and tetrahedra (Fig.
4.45d). There are fairly large interstices within the resulting framework (Fig.
4.45c), but these are usually unoccupied. However, Moore and Araki (1973)
suggest that alkalis or alkaline earths could occupy this cavity with loss of the
acid character of the acid-phosphate groups.

Thadeuite, [CaMgs(PO4)2(OH),, is a densely packed framework of (PQOy)
tetrahedra and both (Cags) and (Mg®s) octahedra. (Mg®s) octahedra share
edges to form chains that extend‘ in the c-direction (Fig. 4.45e). These chains are
decorated by (POy) tetrahedra that link octahedra along the chain, and also link
between chains in the a-direction. Interchain linkage also occurs by edge-sharing
with (Cags) octahedra (shown as ball-and-stick in Figure 4.45e). The resulting
layers stack in the b-direction (Fig. 4.45f) and are linked by (POy4) groups. In this

view, the more complicated nature of the chains of octahedra is apparent; two
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Figure 4.45. (a) althausite projected onto (010); (b} althausite projected onto (100),
(Mgos): line-shaded; (c) hureaulite projected onto (001); (d) hureaulite projected

onto (010); (e) thadeuite projected onto (010): (f) thadeuite projected onto (100),
(Mgs): shadow-shaded.
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single [M.] chains are joined by edge—sharing between octahedra, and these
two chains twist together in a helical fashion. Despite its common stoichiometry,
Ma(T@4)o, thadeuite shows no close structural relation with any other minerals of
this stoichiometry.

Bakhchisaraitsevite, Naz(H;gO)[Mgs(PO4)4(HzO)5](H20), is one of themost
complex minerals found in Nature. Pairs of (Mg@s) octahedra meid to form
[Mg2¢10] dimers which then link by sharing edges to form zig-zag [Mgoy] chains
that extend in the a-direction (Fig. 4.46a). The vertices of the shared edge of
each dimer link to (PO4) groups which also link to the corresponding vertices of
thé neighboring dimer in the chain, and chains adjacent in the b-direction link by
octahedron-tetrahedron and octahedron-octahedron corner-linkages, forming a
complex sheet parallel to (001). These sheets are cross-linked in the c-direction
by [Mgz¢10] dimers, leaving large interstices between the sheets (Fig. 4.46b).
Within these interstices are interstitial Na and (H20) groups: [5}- and [7}-
coordinated Na each bond to one (H,0) group and four and six O-atoms,
respectively, of the structural unit, and there is one interstitial (H,0) group not
bonded to any cations, but held in the structure solely by hydrogen bonds.

The minerals of the phosphoferrite group have the general formula
M(1)M(2)2(PO4)2X5, where the M ¢eations may be divalent or trivalent and X =
(OH), (H20); these minerals are isostructural, despite differences in both cation
and anion charges (Moore and Araki 1976, Moore et al. 1980). The currently
known species of this group are phosphoferrite, [Fe2+3(PO4)2(H20)3],
reddingite, [Mn®'3(PO,)2(H,0)s], landesite, [Fe*"Mn?2(PO4)2(OH)(H,0),], and

kryzhanovskite, [Fe3+3(PO4)2(OH)3]. A prominent feature of these structures is a
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Figure 4.46. (a) bakhchisaraitsevite projected onto (001); (b) bakhchisaraitsevite
projected onto (100); (c) kryzhanovskite/phosphoferrite projected onto (010); (d)
kryzhanovskite/phosphoferrite projected onto (100); (Fe®s): shadow-shaded.
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trimer of edge-sharing octahedra that is canted at about 20° to the c-axis (Fig.
4.46¢). These trimers link by sharing octahedron edges to form chains of en-
echelon trimers that extend in the c-direction. These chains link in the b-direction
by sharing octahedron vertices to form a sheet of octahedra parallel to (100). The
upper and lower surfaces of the sheet are decorated by (POy4) tetrahedra, and a
prominent feature of this decorated sheet is the [M2(TO4)297] cluster (Fig. 4.12e)
(Hawthorne 19793). These sheets stack in the a-direction, and link by sharing
~ octahedron and tetrahedron vertices (Fig. 4.46d). Moore and Araki (1976)
showed that single crystals of phosphoferrite can be transformed by heating
(oxidation-dehydroxylation) in air to single crystals of kryzhanovskite.

Griphite, CasFs[AzFe® Al (PO4)a4], where A = LizNasCasFe?*,Mn?*y, and
has triangular bipyramidal coordination, is rather complicated from both a
chemical and a structural perspective, and we could not write a satisfactory end-
member chemical formula; even the simplification of the above formuia produces
a substantial (~ 2%) charge imbalance. (AlOg) octahedra share all vertices with
(POy) tetrahedra, forming ~(AlOg)~(PO4)~(AlOg)~(PQ4)- chains that extend in the
a-, b- and ¢-directions to form a very open framework of the form [Alg(PO4)24]
(Fig. 4.47a). The (Fe*"Og) octahedron links to six (POs) groups by sharing
corners, and the resultant clusters link to a framework of corner-sharing (PQy)
groups and (CaOg) cubes (Fig. 4.47b). The triangutar bipyramids of the A cations
share corners to form a very irregular sheet centered on z ~ 0.82 (Fig. 4.47¢).
The thrée sheets of Figures 4.47a,b,c meld to form a very complicated
heteropolyhedral framework (Fig. 4.47d) (in which the A cations are shown as

circles for simpilicity).
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(e) (f)

Figure 4.47. (a) griphite layer at z ~ % projected onto (001); (b) griphite layer at z ~ 14
projected onto (001); (c) griphite layer at z ~ 0.62 projected onto (001); (d)
griphite structure projected onto (001); (Alpe): 4*-net shaded, {Cags): shadow-
shaded, (Fe* @g): cross-shaded, triangular bipyramids: line-shaded in (c) and
circle; (e) cornetite projected onto (100); {f) cornetite projected onto (001);
(Cu* @s): shadow-shaded, (Cu®*@s): cross-shaded.
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Cornetite, [Cu®"3(PO4)(OH)s], contains Cu* in both octahedral and
triangular bipyramidal coordinations. Pairs of (Cu®*@s) octahedra share an edge
to form [Cu® 2+ dimers that are inclined at ~30° to the b-direction (Fig. 4.47e).
Dimers adjacent in the c-direction show opposite cants and link by an octahedron
from one dimer bridging the apical vertices of the adjacent dimer to form serrated
ribbons that extend in the c-direction. These ribbons are linked by sharing
corners with (POy) tetrahedra, and edges and corners with(Cu2+cp5) triangular
bipyramids (Fig. 4.47%).

Gladiusite, FeZ+4Fe3+2(PO4)(OH)11(H20), is an open framework structure
with extensive hydrogen bonding. In the structure, (Fe**og) and (Fe**pg)
octahedra form [Mo,] chains of edge-sharing octahedra that extend in the c-
direction (Fig. 4.48a). Pairs of these chains meld by sharing edges to form
ribbons, and these ribbons link in triplets by sharing corners between octahedra
such that the plane of each succeeding ribbon is offset from the first (Fig. 4.48b).
The ribbons are further linked through (P@s) groups that share one vertex with
each ribbon (Figs. 4.48a,b). Figure 4.48c¢ illustrates the linkage between these
ribbons in three dimensions. The ribbons are inclined at ~ 45° to the c-axis and
are repeated by the b-translation to form a rbw of parallel ribbons centered on z =
0. Adjacent rows centered on z ~ % have the ribbons arranged with the opposite
inclination to the a-axis, and adjacent ribbons link by sharing octahedron vertices
(Fig. 4.48c). The resultant framework is very open, and the interstitial space is

criss-crossed by a network of hydrogen bonds.
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Figure 4.48. (a) gladiusi%g)projected onto (010); (b) in gladiusit(ee,)the linking of adjacent
pairs of chains to form a triplet of offset chains with linking (PO4) tetrahedra; (c)
gladiusite projected onto (001); (d) lipscombite projected onto (100); (e)
lipscombite projected onto (001), ({Fez+,Fe3+}cp5): shadow-shaded.
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M=M, M-M, M~T linkage. Lipscombite, [Fe* Fe™5(PO4),(OH)], is
somewhat of an enigma. Katz and Lipscomb (1951) appﬁed’thfs name to
synthetic Fe7(PO4)4(OH)4 with symmetry /4122 and a = 5.37, ¢ = 12.81 A. Gheith
(1953) used the name for tetragonal synthetic compounds varying between
Fe?*3(PQ4)4(OH)s and Fe3 5(PO4)s(OH)a. More recently, Vochten and DeGrave
(1981) and Vochten et al. (1983) gave the cell parameters of synthetic
lipscombiteas a=hH = 5.3020(5), ¢ = 12.8800(5) A. However, Lindberg (1962)
reported natural manganoan lipscombite with symmetry P42,2 and a=7.40, ¢ =
12.81 A. Vencato et al, (1989) presented the structure of synthetic lipscombite
with symmetry P4,2,2 and a = 7.310(3), ¢ = 13.212(7) A, in accord with the
results of Lindberg (1962), who seems to be the only person who has actually
characterized the mineral.

The structure reported by Vencato et al. (1989) consists of face-sharing

chains of (Fe**¢s) and (Fe* g) octahedra that extend inthe [110] and |1 10]
directions (Fig. 4.48d,e). These chains link by corner-sharing between octahedra
of adjacent chains, and also by sharing corners with (PQy) tetrahedra. Because
of the 43 symmetry, the structure consists of tayers in which the face-sharing
chains extend only in a single direction, and.adjacent layers that are related by 4,
symmetry have the chains extending in orthogonai directions. A single layer is
shown in Figure 4.45e, in which all the chains extend along [110] and are linked
within the layer by rows of bridging (PO.4) groups. Note that in the face-sharing
chain, two of the three symmetrically distinct octahedra are partly occupied.

The minerals of the burangaite, Na[FeZ*Als(PO4)4(OH)G(Hzo)g], group

contain a trimer of face-sharing octahedra that is a feature of several basic iron-
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phosphate minerals (Moore 1970). An (Fe®*gs) octahedron shares two frans
faces with (Alps) octahedron to form a trimer of the form [Ms@12] (the h cluster of
(Moore 1970). This trimer is corner linked to two (Alps) octahedra and two (POy)
tetrahedra to produce a cluster of the general form [M5(TO.)2918]. This cluster
polymerized in the c-direction to form a dense slab by corner-sharing between
(Algs) octahedra and by corner-sharing between octahedra and tetrahedra. This
slab is oriented parallel to (100) (Fig. 4.49a) and adjacent slabs are weakly linked
in the [100] direction by additional (Alpg) octahedra thai share corners with both
tetrahedra and octahedra. The resulting framework has large interstices that are
occupied by [8]-coordinated Na that is bonded to two (H20) groups. Note that
Moore (1970) gave the formula of the isbstructural dufrenite as

Cag sFe* Fe5(POs)(OH)s(Hz0),, which is'in accord with the requirements for an
end-member composition (Hawthorne 2002). However, both Moore (1984) and
Nriagu (1984) incorrectly list the formula of dufrénite as
CaFe*§(P0s)4(OH)s(H20),; this formula has a net charge of 2*. Van der
Westhuizen et al. (1990) reported electron-microprobe analyses for dufrénite, but
many of the resultant formulae are incompatible with the dufrénite structure.

The minerals of the rockbridgeite, [Fe? Fe4(P0,)3(OH)s], group are also
based on the A cluster, but the mode of linkage of these clusters is very different
from that in the minerals of the burangaite group The face-sharing trimers link by
sharing octahedron corners to form chains of octahedra that extend in the b-
direction (Fig. 4.495). Chains adjacent in the a-direction are linked by [Ma(TO4)@s]

clusters and (POq4)} groups that link to two adjacent trimers and two
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(d) (e)
Figure 4.49. (a) burangaite projected onto (010), (Alge): 4*-net-shaded, (Fe*gs): cross-
shaded, Na atoms: shaded circles; (b) rockbridgeite projected onto (001); (c)
rockbridgeite projected onto (100); ({Fe2+,Fe3’*}(p6): cross-shaded; (d) barbosalite

projected onto (001); (e) barbosalite projected onto (100), ({Mg,Al}ps): shadow-
shaded .

155



[Ma(TO4)@s] clusters, forming complex sheets paraltel to (001). When viewed in
the a-direction (Fig. 4.49c¢), the very layered aspect of the structure is apparent,
layers of octahedra alternating with layers of tetrahedra.

The minerals of the lazulite, [MgAI(PO4)2(OH).], group contain the A
cluster, a trimer of face-sharing octahedra, that is characteristic of several basic
phosphate minerals. An (Mges) octahedron is sandwiched between two (Algs)
octahedra, and the resulting trimers are arranged at the vertices of a 4% net and
extending in the [110] direction (Fig. 4.49d). Adjacent trimers are linked by
sharing corners with (PO,) groups, and when viewed down [001], the structure
consists of layers of octahedra and tetrahedra. When viewed down [100] (Fig.
4.49¢), it can be seen that the trimers of adjacent layers are canted in opposing
direction, thereby promoting linkage of each (POu) tetrahedron to four different
trimers. The resulting arrangement is quite densely packed.

Trolleite, [Als(PO4)3(OH)s], is a very dense structure with some similarities
to the structural arrangement of the minerals of the lazuiite group (Table 4.8).
There are two prominent chain motifs that constitute the building blocks_ of this
structure. There is an [AI(PO4)p3] 7 A chéin (Fig. 4.13c) that extends in the c-
direction (Fig. 4.50a), giving the 7.1 A repeat along the c-axis. There is also an
[AI(PO4)@4] chain that assumes a very contorted geometry (Fig. 4.50a) so that it
has the same repeat distance along its length as the [Al(PO.)@a] chain to which it
is attached by sharing octahedron faces. These rather complex double-chains
link in the b-direction by sharing vertices of the tetrahedra of the [Al(P04)cp3]

chain with the octahedra of the [AI(PO4)@4] chain {Fig. 4.50a). These slabs repeat
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Figure 4.50. (a) trolleite projected onto (010); (b) trolleite projected onto (100),
(Algg): 4*-net-shaded; (c) seamanite projected onto (100); (d) seamanite
projected onto (001), (Mn**@g): 4*-net-shaded ; (e) holtedahlite projected onto
(001); (f) holtedahlite projected onto (010), (Mgys): shadow-shaded .
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in the a-direction in a very complex manner. As shown in Figure 4.50b, these
stabs meld by sharing octahedron-tetrahedron vertices between adjacent
[Al(PO.)93] chains to form a thick slab: [AK(PO4)cp4]—[AI(PO4)<p3]-[AI(F’O4)cp3]—
[AI(PO4)p4] that constitute one-half the cell in the a-direction. The thick slabs link
by sharing octahedron vertices between [Al(PO4)@4] chains to form a very dense
framework.

Seamanite, [Mn**3(B{OH}4)(PO,)], is a mixed phosphate-borate mineral
based on chains of (Mngs) octahedra which consist of free-sharing [Ma@12]
trimers that link by sharing octahedron edges to form an [Ms@1q] chain that
extends in the c-direction (Fig. 4.50¢). The rather unusual [Map1s] trimer is
apparently stabilized by the (Be4) group that spans the apical vertices of the
edge-sharing octahedra (Moore and Ghose 1971). Additional linkage along the
length of the chain is provided by (PO,) tetrahedra that link apical vertices on
neighboring (Ms) octahedra such that the (PO4) and (Boy) tetrahedra adopt a
staggered configuration on either side of the [M(Bp4)(PO4)@s] chain. These
chains condense in pairs by sharing both octahedron-octahedron and
octahedron-tetrahedron vertices to form columns, seen end-on in Figure 4.50d.
These columns link together in the a- and b-directions by sharing vertices
between tetrahedra and octahedra, with additional linkage involving hydrogen

bonds.

M=M, M=T, M-T linkage. Holtedahlite, {Mg12(PO3{OH})(PO,4)s(OH)e),
contains dimers of face-sharing (Mgs) (Fig. 4.50e). These dimers link by sharing

edges to form ribbons that extend in the c-direction and contain (POs{OHY})
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tetrahedra that link to all three ribbons (Fig. 4.50e). These channels link in the a-
(and b-) direction by sharing octahedron corners and by sharing octahedron
corners with bridging (PQ,) tetrahedra (Figs. 4.50e,1).

The minerals of the triphylite-lithiophyllite, sicklerite-ferrisicklerite and
heterosite-purpurite groups all have structures that have the ofivine
arrangement. [MOy] chains of edge-sharing (LiOg) or (NaQs) octahedra extend
parallel to the a-direction (Fig. 4.51a,c,e) and are decorated by (Fe*" Mn**Oq) or
. (CXOe) octahedra (I3 = vacancy). These decorated chains are linked in the b-
direction by sharing octahedron corners with (PO,) groups, although such
“iinkage" is not effective when the decorating octahedra are vacant (Fig. 4.51e);
in this case, the chains link to other chains above and below the plane (Fig.
4.51f).

l.et us consider the Fe end-members of each group:

triphylite Li Fe?* (POy)

ferrisicklerite  (Li,0) (Fe®,Fe)(POy)

heterosite mi Fe** (PO
As all three minerals have the same structure, the ranges in chemical
composition for triphylite and heterosite are i_iFe2+(PO4)—
(LiosCos)(Fe® o sFe®.5)(PO.) and ClosLios(Fe™ o sFe0.5)(POg)— OFe®(PO,),
respectively. Ferrisicklerite is an unnecessary name for intermediate-composition
triphylite and heterosite. Similarly, sicklerite is an unnecessary name for

intermediate lithiophyilite and purpurite.
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(e) (f)
Figure 4.51 (a) lithiophylite projected onto (100); (b) lithiophylite projected onto (010),
(Mn** g): dark-shadow-shaded, (c) ferrisicklerite projected onto (100); (d)
ferricsicklerite projected onto (010); ge) heterosite projected onto (001); (f)

heterosite projected onto (010), ({Fe

Fe*"}ps): shadow-shaded, (Ligs): line-
shaded, vacancies: squares.
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Senegalite, [AlL(PO,4)(OH)s(H,0)], contains Al in both triangular
bipyramidal and octahedral coordinations. (Alps) and (Algs) polyhedra share an

edge to form a dimer, and these dimers link by sharing corners to form a

[®'AI®Alpg] chain that extends in the [101] (and [101}) direction (Fig. 4.52a).
These chains are decorated by (PO.,) groups that link them to form a slab parallel
to (010). These slabs stack in the b-direction, and link by sharing tetrahedron-
octahedron and tetrahedron-bipyramid corners (Fig. 4.52b). This framework is

fairly open, and the interstices are criss-crossed by a network of hydrogen bonds.

M=M, M-M, M=T, M~T linkage. Sarcopside, [Fe?*3(PQ,).], is chemically
similar to the minerals of the graftonite group but is structurally more similar to
the structures of triph}liteJithEophyllite and its derivatives (Table 4.8). When
viewed down [100] (Fig. 4.53a), the structure consists of a sheet of cormner-linked
octahedra at the vertices of a 4* net, and further linked by edges and corners
with (POy,) tetrahedra. When viewed down [010], the structure consists of trimers
of edge-sharing octahedra linked into a sheet by sharing corners with (PO,)
groups (Fig. 4.53b). Sarcopside usually contains significant Mn®*, but assuming
complete solid-solution between graftonite énd beusite, it seems that sarcopside
is a polymorph of graftonite. |

In bjarebyite, BaMn2+2[Al2(PO4)3(OH)3}, and the minerals of the bjarebyite

group (Table 4.8), pairs of (Algs) octahedra link by sharing edges to form dimers,
| and these dimers link together by sharing corners to form a chain of the form
[Algq], intermediate between the corner-sharing [Algs] chain and the edge-

sharing [Alps] chain (i.e., [Alpg] = 2 [Al@s s]). Octahedra that share corners are
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Figure 4.52. (a) senegalite projected onto (100); (b) senegalite projected onto (010); (c)
senegalite projected onto (001), (Algs): 4*-net-shaded.
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Figure 4.53. (a) sarcopside projected onto (100); (b) sarcopside projected onto (010),
(Fe* ps): cross-shaded; (c) bjarebyite projected onto (100); (d) bjarebyite
projected onto (001), (Algs): 4*-net-shaded, Mn®* atoms: larger shaded circles,
Ba atoms: smaller circles.
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also linked by a flanking (PQ,) tetrahedron, similar to the linkage in the chain of
Fig. 4.13c. The cis vertex of each octahedron also links to a (POy) tetrahedron to
give a chain of the form [Al(PO4)3(OH)s]. These chains extend in the b-direction
(Fig. 4.53c) and are linked in the a-direction by [6]-coordinated Mn* and by [11]-
coordinated Ba (Fig. 4.53d). Kulanite and penikisite were originally reported as
triclinic (Mandarino and Sturman 1976, Mandarino et al, 1977). However, Cooper
and Hawthorne (1994a) showed that kulanite is monoclinic (and is isostructural

with bjarebyite). It is probable that penikisite is also monoclinic.

4.5 Structures with large-cations and (Pg,) groups

These structures are considered separately since they can be considered
as having either a [(PO4)] structural unit or a neutral [M™(PO4)] structural unit
(Table 4.9) . In the case where the structural unit is defined based on a bond-
valence of greater than 0.33 vu then the large cations such as Ce** in [8]-
coordination would have to be considered as part of the structural unit because
the bond-valence is 0.375 vu. However, since 0.33 v is a rather arbitrary cut off
value, in order to be able to consider a binary structural representation, the large
cations can also be considered as the interstitial part of the structure.

Xenotime-(REE), (REE)(PO,}, and pretulite, Sc(PO,), belong to the
zircon, Zr(SiQy), group. The larger trivalent cation is coordinated by eight O-
atoms in an arrangement that is known as a Siamese dodecahedron (Hawthorne
and Ferguson 1975). These dodecahedra link by sharing edges to form chains
that extend in the b-direction (Fig. 4.54a). These chains are linked in the c-

direction by (POy) tetrahedra that share an edge with a dodecahedron of cne
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TABLE 4.9. LARGE-CATION PHOSPHATE MINERALS

Mineral Formula Space Group Figure
Xenotime group
Pretulite Sc(PO,) 4famd 4.54a.b
Xenotime-{Y) Y(PO,) t4lamd 4.54ab
Xenotime-(Yb) Yb(PO,) 14lamd 4.54ab
Monazite group
Brabantite CaTh(PO,), P2, 4.54c d
Cheralite-(Ce) Ce(PQ,) P2.in 4.54¢cd
Monazite-(Ce) Ce(PO,) P2./n 4.54cd
Rhabdophane group
Brockite Aa 4.55a,b
Grayite Th(PO){H,0) 6,22 4.55a b
Ningyoite U,(PO,),(H,0),_, P222 4.55a,b
Rhabdophane Ce(PO,) P6,22 4.55a,b
General
Archerite K(PO.{OH},) 142d 4.55¢d
Biphosphammite (NH,)(PO,{OH]},) 142d 4.55¢c,d
Brushite Ca(PO,{OH})(H,0), la 4.56a,b
Churchite-(Y) Y(PO,)(H,0), 21a 4.56a,b
Ardealite Ca,(POL{OH})S0,)(H,0), Ce 4.56¢c,d,e
Dorfmanite Na,(PO,{OH})(H,0), Pbea 4.57a,b,c
Monetite Ca(PO,{OH}) Pmna 4.57d
Nacaphite Na,Ca(PO,)F = 4.58a,b
Arctite (NasCa)CasBa(PO,)F, R3m 4.58¢,d
Nabaphite NaBa(PO,)(H,0), P2.3 -
Nastrophite NaSr(PO,)(H,0), F2,3 -
Lithiophosphate [Li;(PO)] Pecrmin 4.59a,b
Nalipoite NaLi,(PO,) Pmnb 4.59c,d
Nefedovite Na;Ca,PO,),F 4 4.60a,b
Olgite NaSr(PO,) P3 4.60c,d.e
Phosphammite (NH,),(PO,{OH}) P2./c 4.67a,b
Vitusite-(Ce) Na,Ce(PO,}), Peaz, 4.61¢c
Stercorite Na(NH}(PO,{OH})(H,0), = 4.62a,b
Natrophosphate Na,(PO),F(H,0).4 Fd3c2 4.62¢
Buchwaldite NaCa(PO,) Pn2,a 4.63a,b
Olympite LiNay(PO,), Pcrmn -
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Figure 4.54. (a) xenotime-(Y) projected onto (010); (b) xenotime-(Y) projected onto

(001}, (c) monazite-(Ce) projected onto (010}, (d) menazite-(Ce) projected onto
(100). (REE®7): shadow-shaded.
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chain and a vertex with a dodecahedron of the adjacent chain, forming a layer in
the (100) plane (Fig. 4.54a). These layers stack in the a-direction by edge-
sharing between dodecahedra of adjacent layers to form dodecahedral chains
orthogonal to the layers. Hence the zircon structure is tetragonal (Fig. 4.54b).
Monazite-(REE), (REE)(PO.), is a dimorph of xenotime-(REE). In this
structure, the larger trivalent cation is coordinated by nine O-atoms in a rather
irregular arrangement. These polyhedra link by sharing edges to form chains that
extend in the b-direction (Fig. 4.54¢). The chains are finked in the c-direction by
(PO,) tetrahedra that share edges with polyhedra of adjacent chain to form a
layer parailel to (100) (Fig. 4.54c). These layers stack in the a-direction by
sharing edges between the ({REE}Os) polyhedra to form rather staggered chains
that extend in the [101] direction (Fig. 4.54d). The monazite structure
preferentially incorporates the larger light REEs whereas the xenotime structure
preferentially incorporates the smaller heavy REEs (Ni et al. 1995): this is in
accord with the difference in trivalent-cation coordination numbers in these two
structure-types, and is also in accord with Sc(POy) crystallizing in the xenotime
(zircon} structure (as pretulite) rather than in the monazite-type structure.
Rhabdophane, Ca(P0,), contains Ce coordinated by eight O-atoms in a
dodecahedral arrangement. These dodecahedra polymerize by sharing edges to
form chains that extend in the a- and b-directions (Fig. 4.55a). These chains link
in the c-direction by sharing edges with (POs) tetrahedra to form sheets paraliel

to (100) and (010) (Fig. 4.55a). These sheets interpenetrate in the a- and b-
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Figure 4.55. (a) rhabdophane projected onto (010); (b) rhabdophane projected onto
(001}, (REEgy): shadow-shaded; (c) archerite projected onto (100); (d) archerite
projected onto (001); (Kgpg): shadow-shaded.
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directions (Fig. 4.55b) to form a framework with large hexagonal channels
extending parallel to the c-axis.

Archerite, K(PO,{OH},), and biphosphammite, (NH,)(PO,{OH),), are
isostructural. In archerite, K is [8]-coordinated by O-atoms that are arranged at
the vertices of a siamese dodecahedron. These dodecahedra share edges to
form a chain in the b- (and a-) directions, and adjacent chains link by sharing
edges with (POy,) tetrahedra (Fig. 4.55¢) to form layers parallel to (011) and
(101). These layers meld by sharing edges (i.e., mutually intersecting) to form a
framework (Fig. 4.55d) that is topologically identical to the framework in xenotime
(Figs. 4.54a,b), although geometrical distortions result in a lower symmetry
arrangement in archerite (/42d) as compared with xenotime (f4+1/amd).

Brushite, Ca(H;0)2(PO3{OH}), and churchite, Y(H20)2(POy), are
essentially isostructural, although Curry and Jones (1971) report the space group
la for brushite and Kohlmann et al. (1994) report /2/a for churchite. The large
cation is [8]-coordinated with the bonded anions in a dodecahedral arrangement.
The dodecahedra share edges with the (P@4) tetrahedra to form chains that
extend in the [101] direction (Fig. 4.56a); these chains are a common feature of
large-cation structures, and occur in gypsun'i and other Ca-sulfate minerals.
These chains link in the [101] direction by s'haring edges between (Cagyg)
polyhedra of adjacent chains, and by sharing of vertices between (Pg,)
tetrahedra and (Cags) dodecahedra, forming a dense sheet parallel to (101) (Fig.
4.56a). These sheets stack in the b-direction linked solely by hydrogen bonds

(not shown in Fig. 4.56b).
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Figure 4.56. (a) brushite projected onto (010); (b) brushite projected onto (001); (c)
ardealite: one layer projected onto (010); (d) ardealite: the next layer projected
onto (010); (e) ardealite projected onto (001), (Cags): shadow-shaded.
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Ardealite, Caz(H20)4(PO{OH})(SO,), is an intriguing structure in that P
and S seem to be disordered over the two symmetrically distinct tetrahedrally
coordinated sites (Sakae et al. 1978); presumably, the acid H atom is locally
associated with the (P,) tetrahedra and hence shows analogous disorder. In the
synthetic analogue, each of the two Ca atoms is coordinated by six O-atoms and
two (H2Q) groups in a dodecahedral arrangement (as is the case in brushite).
Chains of (Cags) and ({P,S}¢4) polyhedra are formed by edge-sharing between
the two types of polyhed;a, chains that are topologically identical to the
corresponding chains in brushite (Fig. 4.56a). These chains extend along [110]
(Fig. 4.56¢) and [001] (Fig. 4.56d), forming thick slabs that resemble the slabs in
brushite (cf. Figs. 4.56b,e). Intercalated between these slabs are sheets of [8]-
coordinated Ca and tetrahedra (Fig. 4.56e), and the structure is held together by
a network of hydrogen bonds, the details of which are not known.

Dorfmanite, Nay(PO3{OH})(H,0),, contains Na in both [9]- and [6]-
coordination. (Na@s) polyhedra occur at the vertices of a 6% plane net and link by
sharing corners (Fig. 4.57a) to form a sheet that is decorated by (Pg) tetrahedra.
(Nags) octahedra share edges to form chains that extend in the c-direction and
are finked in the b-direction by the (Ppg) groﬁps (Fig. 4.57b) that decorate the
underlying sheet of Fig. 62a. These two sheets stack in the a-direction (Fig.
4.57¢) and link through the (Pgy) groups.

Monetite, CaH(PO,), contains Ca in both [7]- and [8]-coordination, and the
polyhedra share edges to form chains that extend in the é—direction. These
chains are linked in the b-direction by sharing edges and vertices of the (CaOp)

polyhedra with (Pg4) groups (Fig. 4.57d). These sheets link in the c-direction via
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Figure 4.57. (a), (b) dorfmanite sheets projected onto (100); (c) dorfmanite projected
onto (001); (Na@s) and (Nagg): shadow-shaded; (d) monetite projected onto
(001); (Cagy): shadow-shaded, (Caws): line-shaded.
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corner-sharing between (CaQ,) polyhedra and (Pg4) groups. Catti et al. (1977a)
have carefully examined the evidence for g symmetrical hydrogen-bond in
monetite. In space group P1, one of the three symmetrically distinct H-atom sites
lies on, or disordered off, a centre of symmetry, and another H-atom is
statistically distributed between two centrosymmetric positions. In space group
P1, the first H-atom is displaced slightly off the pseudo-centre of symmetry, and
another H-atom is either ordered or disordered. Cattj et al. (1977a) propose that
- the crystal they examined is a mixture of domains of both P1 and P1 strhcfure.

Nacaphite, Na,Ca(PO,)F, contains six octahedrally coordinated sites, four
of which are each half-occupied by Ca and Na, and two of which are occupied
solely by Na. Two {(CayNay,)Og] and one (NaQOs) octahedra link to form an
[M3@14] trimer, and there are two such symmetrically distinct trimers in this
structure. The trimers link in the (100) plane by sharing corners (Fig. 4.58a), and
the resultant sheet is braced by (POy) tetrahedra that link three adjacent trimers.
The sheets stack in the a-direction (Fig. 4.58b), and are linked by edge-and face-
sharing between trimers and by corner-sharing between (PO4) groups and
trimers of adjacent layers. This nacaphite structure is related to the structures of
arctite, quadruphlite (Table 4.13) and several alkali-sulfate minerals (Sokolova &
Hawthorne 2001).

Arctite, (NasCa)CasBa(PO,)sF, contains one [12}-coordinated Ba, one {71
coordinated Ca, and one [7]-coordinated site occupied by both Na and Ca. The
(Ca0y) and ({Na,Ca}0;) polyhedra link to form trimers (Fig. 4.58¢), and these
trimers link in the (001) plane to form a sheet. These sheets stack in the ¢-

direction, the trimers linking to form truncated columns paralle! to the c-direction:
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Figure 4.58. (a) one layer of nacaphite projected onto (100); (b) two layers of nacaphite
projected onto (100); (c) two layers of arctite projected onto (001); (d) the

stacking of layers along [001] in arctite, ({Na,Ca}g,): shadow-shaded, Ba atoms:
dark circles.
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the resuit is a thick slab parallel to (001). The (BaOy,) icosahedra form g
hexagonal array paralle! to (001) and are linked by corner-sharing with (POy)
groups in an arrangement that is also found in the glaserite (and related)
structures. This layer is intercalated with the thick slabs to form the rather
densely packed arctite arrangement (Fig. 4.58d).

Nabaphite, NaBa(PO,)(H,0)s, and nastrophite, NaSr(PO4)(H,0)s, are
isostructural. Their cation positions have been iocated but the (PO.) groups show
extensive orientational disorder. There is one Na site and one Ba(Sr) site; the
former is octahedrally coordinated and the latter is [9]-coordinated with the
anions in a triaugmented triangular-prismatic arrangement. Baturin et al. (1981)
note that nastrophite dehydrates easily ‘in air', and the (PO4)-group disorder may
be associated with incipient dehydration.

Lithiophosphate, LisPO,, consists of a framework of (LiQ4) and (PO,)
tetrahedra. From a geometrical perspective, it could also be classified as a
member of the class of structures with polymerized (TO,4) groups {ie., a
framework structure of the types listed in Table 4.4). However, because of the
low bond-valence (~0.25 vu) of the (LiOy4) groups, we have chosen to classify it
as a 'large-cation’ phosphate. (LiO,) and (PO4) tetrahedra are arranged at the
vertices of a 3° plane net (Fig. 4.59a) and fink by sharihg corners; each (POy)
group is surrounded by six (LiQg4) groups, and each (LiO4) group is surrounded by
two (PO,) groups and four (LiO4) groups. Both types of tetrahedra point both up
and down the c-axis and link between adjacent sheets that stack in the c-

direction (Fig. 4.59b).
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Nalipoite, NaLi,(PQ,), contains octahedrally coordinated Na and
tetrahedrally coordinated Li. From a geometrical perspective, nalipoite could be
classified as a structure involving polymerization of tetrahedra. Conversely, it can
be classified as a large-cation structure from a bond-valence perspective, as the
bond valence of “ILi-0O is only 0.25 vu. We adopt the latter approach here. The
(PO4) and (LiO4) tetrahedra occur at the vertices of a (6.3.6.3)(3.6.6.3) net: all 3-
rings consist of two (LiQ,) tetrahedra and one (PQy) tetrahedron, and the 6-rings
show the sequence (Li-Li-P—Li~Li~P). The resuit is a layer of tetrahedra paraliei
to (100) (Fig. 4.59¢,d) in which chains of corner-sharing (LiOg) tetrahedra extend
in the a-direction, and are linked in the b-direction by (PO,) tetrahedra.
Tetrahedra point along + ¢, and layers of tetrahedra meld in this direction to form
a framework. Octahedrally coordinated Na occupieé the interstices within this
framework.

Nefedovite, NasCas(PO4)sF, consists of [8]-coordinated Ca and both [7]-
and [10}-coordinated Na. The (Nag1o) polyhedra share apical corners to form
chains that extend in the c-direction (Fig. 4.60a) with (PQ,) tetrahedra linked to
half of the meridional vertices. The (NaOy7) polyhedra share apical corners to form
chains extending in the c-direction, and the individuai polyhedra share corners
with the (Na@qo) polyhedra, each bridging adjacent polyhedra along each chain
(Fig. 4.60a). These chains are linked in the (001) plane by (Cags) polyhedra. The
decorated (Na@+q)-polyhedron chains have a square pinwheel appearance when
viewed down [001] (Fig. 4.66b), and they are surrounded by a dense edge-

sharing array of (NaO-) and (Cags) polyhedra.
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Figure 4.60. (a) nefedovite projected onto (100); (b) nefedovite projected onto (001);
(Nagn): dark-shadow-shaded, (Cags): light-shadow-shaded; (c) (SrO12)-
icosahedron layer in olgite projected onto (001); (d) the (Sr,NaQ40)B(NaO;)-
polyhedron layer in olgite projected onto (001); (e) the stacking of layers along
[001] in olgite; (SrO+,) icosahedra: dark-shadow-shaded, (NaO1g): dark-shaded,
{NaQg): cross-shaded.
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Olgite, NaSr(PQ,), contains one [12]-coordinated site occupied by Sr (+
Ba), one [6]-coordinated site occupied by Na, and two [10]-coordinated sites
occupied by both Sr and Na. The Sr site is situated at the vertices of a 3° plane
net and is icosahedrally coordinated: adjacent icosahedra share edges to form a
continuous sheet parallel to (001) (Fig. 4.60c) that is decorated by (PO,)
tetrahedra that share edges with the icosahedra. The [10]-coordinated Sr, Na
sites share corners to form a sheet paralie! to (001) (Fig. 4.60d). The [10]-
. coordinated polyhedra each have six periphéral anions, one apical anion along
+c and three apical anions along —c (obscured in Fig. 4.60d). (NaOg) octahedra
are embedded on the underside of this sheet, sharing faces with the (Sr,NaOyp)
polyhedra, and only one octahedron face is visible in Fig. 4.60d (except at the
edges of the sheet). This sheet is also decorated with (PQy) tetrahedra. These
two types of sheets stack alternately in the c-direction (F ig. 4.860e).

Phosphammite, (NH,),(PO3{OH}), consists of isolated (P@4) groups
linked by hydrogen bonds involving (NH,) groups. Khan et al. (1972) show that
there are five oxygen atoms closer than 3.4 [1, but give a persuasive argument
(based on stereochemistry) that there are only four hydrogen bonds from the
(NHy) group to the coordinating oxygen atoms. Consequently, we have drawn the
‘large-cation’ polyhedron as an {(NH4)O4} tetrahedron (Figs. 4.61a,b). The
{(NH4)O4} tetrahedra occur at the vertices of a 6° net, linking to adjacent
{(NH4)O.} tetrahedra by sharing corners. The (PO3{OH}) tetrahedra link to the
{(NH4)O4} tetrahedra, bridging across the six-membered rings of {(NH;)O4} |

tetrahedra (Fig. 4.61a). The resultant layers link in the c-direction by corner-
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Figure 4.61. (a) phosphammite projected onto (001); (b) phosphammite projected onto
(010); ({NH4}Oq4): shadow-shaded; (c) vitusite-(Ce) projected onto (001); (d)
vitusite-(Ce) projected onto (100), (REEQs): shadow-shaded.
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sharing between both {(NH4)O,} tetrahedra, and between {(NH4)Q4} and
(POs{OH}) tetrahedra (Fig. 4.61b).

Vitusite-(Ce), Na;Ce(PO.),, is a modulated structure, the substructure of
which is related to the glaserite structure-type. The substructure contains two [8]-
coordinated REE sites and six Na sites, two of which are [6]-coordinated and four
of which are [7]-coordinated, together with four distinct (POq4) groups. The typical
unit of the glaserite arrangement is a farge-cation polyhedron surrounded by a
‘pinwheel of six tetrahedra. In vitusite-(Ce), this unit is present (Fig. 4.61c), but is
perturbed by edge-sharing between the large-cation polyhedra. The layers of Fig.
4.61e stack in the a-direction by linkage between (PO,) groups and the large-
cation polyhedra. The structure is modulated in the a-direction, producing 5a, 8a
and 11a modulations; the 8a modulated structure seems to be the most common,
and was that characterized by Mazzi and Ungaretti (1994). The modulations
involve displacements of some O-atoms of the structure such there are changes
in the targe-cation coordinations from those observed in the substructure.

Stercorite, (NH4)Na(Hzo)g(Pog{OH})(Hzo), consists of octahedrally
coordinated Na that polymerizes by sharing trans edges to form an [Nag,] chain
that extends in the b-direction and is decorafed by acid (P@,) groups that share
vertices with the octahedra and are arranged in a staggered fashion on each side
of the chain (Figs. 4.62a,b). All ligands not involving (Pg,) groups are (H,0)
groups, /.e., (NaO{H.O}s). Chains are linked in the a- and c-directions by a
complicated network of hydrogen bonds (Ferraris and Franchini-Angela 1974)
involving the interstitial (NH,) group and an interstitial (H,O) group that is held in

the structure solely by hydrogen bonds,
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Figure 4.62. (a) stercorite projected onto (001); (b) stercorite projected onto (010); (c)

natrophosphate projected onto (001). (Nags) and (Nags): shadow-shaded, (NH,):
small black circles.
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Natrophosphate, Na;(PO,).F(H.0)e, contains octahedrally and
tetrahedrally coordinated Na. Six (Na@s) octahedra share edges to form a
compact cluster of the form [Nas®13] (Fig. 4.62¢). At the centre of this cluster is
one F atom that is coordinated by six Na atoms: the remaining anions of the
cluster are either [2]- or [1]-coordinated and hence are (H20) groups. The (PQy)
groups do not link directly to these clusters, but link to (Na@,) tetrahedra that also
bridge adjacent clusters (Fig. 4.62¢c). The [4]-coordinated site is only half-
occupied (as required for electroneutrality) by Na, and is also half-occupied by
(H20), giving rise to the rather unusual stoichiometry (for such a high-symmetry
mineral).

Buchwaldite, NaCa(PQ,), contains three unique Ca atoms, each with a
coordination number of {8], and three distinct Na atoms with coordination
numbers of [7], [6] and [9], respectively. The (CaQsg) polyhedra share edges to
form two distinct chains that extend in the a-direction (Fig. 4.63a). These chains
link in the c-direction through (NaOy) polyhedra and (POy) groups. The (Ca0g)
polyhedra share both edges and vertices with (PQy) groups to link in the b-
direction (Fig. 4.63b), further linkage being provided by (NaO,) polyhedra to

produce a densely packed structure.

4.6 Apatite-related structures

The minerals with apatite-like structures can be considered similar to the
iérge cation structures and are listed in Table 4.10. The apatite group minerals
typically have exstensive chemical variation which has an effect on the apatite

structure (Elliot 1994, Hughes et al. 1989, Rakovan and Hughes 2000, etc.). The
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Figure 4.63. The crystal structure of buchwaldite; (a) projected onto (010); (b) projected
onto (001). (Ca0g): shadow-shaded, (NaO,): line-shaded.
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TABLE 4.10. MINERALS WITH APATITE-LIKE

STRUCTURES.
Mineral Formula
Alforsite Ba.(PO,),Cl
Belovite-(Ce) Sr;NaCe(PO,),;(OH)
Belovite-(La) SryNaLa(PO,).F
Carbonate-fluorapatite Ca,(PO,,CO,),F
Carbonate-hydroxylapatite ~ Cay(PO,,CO,).{OH)
Chiorapatite Cag(PO,),(CIF)
Fluorapatite Ca(PQ,),F
Hydroxylapatite Ca;(PO,),(OH)
Pyromorphite Pbs(PO,),Cl
Strontiumapatite SrCa,(PO,)F,

185



general formula is, A5(70,):Z, where typically A = Ca, Sr, Pb, Ba: T = P, As, V
and also Si, S, and possibly CO5: Z = OH, F, CI, and possibly COs, Only apatite-

like structures containg P are listed in Table 4.10.

4.7 Silicophosphate structures

The silicophosphate (and related phosphate) minerals are a small group of
extremely complicated structures are not described here, as their complexity
requires extensive illustration. For completeness, these minerals are listed in

Table 4.11.

4.8 Hexavalent-uranium phosphate structures

The hexavalent-uranium phosphate minerals are important and
widespread uranyl-oxysait minerals. Their structures and behaviour are
dominated by the crystal chemistry of the (U®*0,)** uranyl group; they have been
described in detail by Burns (1999) in a similar manner to this current

classification scheme.
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TABLE 4.11. SILICOPHOSPHATE STRUCTURES

Name Formula Space group
Attakolite CaMn*Al,(SIOL{OH}(PO,),(OH), C2im
Clinophosinaite  Na,Ca(SiO,)(PQ,) P2lc
Harrisonite CaFe®(Si0,),(PO.), R3m
Lomonosovite NagTi*",(S,0,)(PO,)0, PT
Polyphite Na,;Ca;MgTi,(S1,0,),(PO,).04F Pt
Quadruphite Na,,CaMgTi*,(Si,0,),(PO,),0.F, P1
Sobolevite Na,,(Na,Ca),(Mg,Mn*")Ti* (5i,0,),(PO,).0,F,  P1
Steenstrupine  Na, ,Ce,Mn*Mn*Fe,Zr(Sis0,e),(PO,)(H,0),  R3m
Vuonnemite Na; Ti*Nb,(Si,0,),(PO,),0,(OH) PT
Yoshimuraite Ba,Mn,TiO(Si,0,}(PO,)(OH) P1
Benyacarite (H,0,K), TiMn*,(Fe™ Ti),(PO,)s(OH),(H,O},, Pbca
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CHAPTER 5
A bond-valence approach to the chemical composition and occurrence of
complex minerals
5.1 Binary structural representation of complex minerals
As already discussed, complex minerals can be divided into (1) a

structural unit, which is defined by strong bonds between atoms, and (2) an
interstitial complex, which links structural units into a continuous structure by
weak bonds. By using this binary representation, a simple quantitative model can
then be used to calculate the Lewis acidity and L.ewis basicity of the interstitial
complex and the structural unit of complex oxysalt minerais (Hawthorne 1985,
1986). The valence-matching principle can then be applied to evaluate mineral
stability via the weaker bonding between the structural unit and interstitial

complex. Definitions are listed in Appendix B.

5.2 Role of (H,0) and (OH) in complex oxysait minerals

When dealing with structural aspects of a mineral, the question of why
some minerals are hydrated and others are anhydrous and the amount of
hydration in a mineral is very important. The nature of H-bonding in (H20) and
(OH) groups will affect mineral behavior in different ways, depending on where in
the mineral structure the (H,0) and (OH) groups are Ioéated as the amount of
water it contains and where in the structure the water is located will affect the
structural arrangement of a mineral. Hawthorne (1992) initially described the

possible roles of (H.0) and (OH) groups as either part of the structural unit or
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interstitial qompiex. The H' cation is typically [2]-coordinated, but can also have
higher coordination numbers. As already discussed, there is a spontaneous
distortion of the H” coordination toward one strongly electronegative (donor)
atom (such as O%*)to form a strong bond, and away from another electronegative
(acceptor) atom to form a weaker (hydrogen) bond (Fig. 9.1a). The commonly
assigned bond-valences are as follows: D-H = 0.80 vu, H-A = 0.20 vu (Brown
1976).

Hawthorne (1992) shows different bonding schemes for H-bearing groups
(Fig. 5.1). éoth (OH) and (H20) groups are polar and the Lewis-base part of each
of these groups have high bond-valence requirements (1.2 vu and 0.4 vu for
(OH) and (H20), respectively) (Fig. 5.1.a,b) in order to satisfy bond-valence
requirements of the donor oxygen (valence sum at the donor should be 2.0 vu).
The opposite is the case with the Lewis-acid parts of the groups, where the
required bond-valence is relatively weak (less than 0.33 wu). Therefore, the
Lewis-base part of the group can belong to the structural unit, whereas the
Lewis-acid part of the group is too weakly bonded to be considered as part of the
structural unit. The very asymmetric nature of the D~H and H-A interactions in
(OH) and (H20) plays a major role in dictating the dimensional polymerization of
the structural unit and will prevent the polymerization of the structural unit in

specific directions.
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Figure 5.1. Bond-valence (vu) distributions for the H-bearing groups in minerals:
(a) (OH) (b) (H20)° (c) (H30)" (d) (Hs502)" (after Hawthorne
1992).
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5.3 (H20) as an interstitial species

Hawthorne (1992) described the different roles of (H20) groups in crystal
structures, and drew a strong distinction between (H,0) as part of the structural
unit and (H20) as an interstitial species. In particular, Hawthorne (1985, 1992)
described the role of (H20O) as a bond-valence transformer in minerals, and

Schindler and Hawthorne (2001a) developed these ideas further.

5.3.1 Interstitial (H,0) not bonded to interstitial cations

When (H20) is not bonded to a cation of the interstitial complex, it typically
behaves as part of a weakly hydrogen-bonding network [rarely it will occur as
occluded (H20)}. The O atom of the (H,0) group is usually [4]-coordinated, two
(D-H) bonds from two hydrogen atoms and two hydrogen (H-A) bonds from two.
other hydrogen atoms (Fig. 5.2a). Let the two hydrogen bonds to the O atom of
the (H20) group have an incident bond-valence of v vu each. The incident bond-
valence requirements (2 vu) for the O atom are satisfied by the two O-H bonds of
the (H20) group that each have a bond-valence of 1-v vy, together with the two
hydrogen bonds: 2(1-v) + 2v = 2 vu. The hydrogen atoms of the (H20) group
therefore each require an additional bond-valence df v vu by forming a bond to
an anion of the structural unit or another (H>0) group to satisfy the bond-valence
requirements of 1 vu per H atom; v + (1-v) = 1 vu. The strength of the bonds are
not changed in this arrangement, the bond-valence is merely propagated through

space by the (H20) group. These (H,O) groups are called non-fransformer (H20).
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Figure 5.2. The role of water in complex oxysalt minerals (after Schindler &
Hawthorne 2001a).
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5.3.2 Interstitial (H.0) bonded to one interstitial cation

If a éation M bonds to an anion, S, of the structural unit, the S anion will
receive v vu from that cation (Fig. 5.2b). if a cation M bonds to an (H20) group
that bonds to an S anion, the O atom of the (H20) group receives a bond-valence
of v vu from the M cation and requires two O-H bonds with a bond-valence of (1-
vi2) vu each; v + 2(1 - v/2) = 2, To satisfy the bond-valence requirements at the
H atoms, each H atom forms one or more hydrogen bonds with surrounding
anions. if the H atom bonds to one S anion, then the bond valence to S will be
half of the bond valence from the M cation to the O atom of the (H20) group,
effectively transforming the strength of the initial bond: hence this type of (H20) is
called a transformer (H;0) group. This type of (H,0) group acts as a bond-
valence transformer, causing one bond (bond valence = v vu) o be split into two
weaker bonds (bond valence = v/2 vu). These types of (H20) groups will strongly
affect the Lewis acidity of the interstitial complex.
Example: For PIFe?" in the interstitial complex, the Lewis acidity would be the
charge divided by the coordination; 2/6 = 0.33 vu. However, if FIFe?* is
coordinated by six transformer (H,QO) groups, then the Lewis acidity becomes

2/(6 x 2) = 0.17 vu (Fig. 5.3).

5.3.3 Interstitial (H,O) bonded to two interstitial cations
If two M cations bond to an (H,0) group in which each H atom H-bonds to
an S anion, then the O atom of the (H,O) group receives 2v vu from the two M

cations (Fig. 5.2d). Therefore, the O atom requires (1-v) vu from each of the O-H

193



s
0
0
.
.O
“

Lewis-acidity
= effective charge / no. of bonds
=32"/(6x2)=0.19 wu

Figure 5.3. Schematic diagram showing the effect of transformer (H,O) groups on
Lewis-acidity.
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bonds ofthe (H20) group; 2v + 2(1-v) = 2 vu. The bond-valence requirements of
each of the H atoms of the (H,0) group are satisfied by each H forming one or
more hydrogen bonds with neighbouring anions. If a H atom forms one bond to
an S anion, then the bond-valence would be v vu. In this case, the incident bond-
valence is the same as the inititial bond-valence, and therefore the bond-valence
is not transformed. This type of (H20) group bonds to two interstitial cations and

does not act as a bond-valence transformer; it is a non-transformer (H20) group.

5.3.4 Interstitial (H,0) bonded to three interstitial cations

If there are three M cations bonded to an O atom of an (H20) group, then
the incident bond-valence is 3v vu at the O atom (Fig. 5.2e). The O atom will
require (1-3v/2) from each of the O-H bonds; 3v + 2(1-3v/2) = 2. Each H atom will
require 3v/2 vu from a neighbouring anion. In this case, the transformed bond-
valence will actually increase from the cation bonds of the interstitial complex to
the S anions of the structural unit; this is called a reverse-transformer (H20)

group.

5.3.5 (OH) and monovalent anions as interstitial species

When an interstitial species, the (OH) group generally bonds to two
trivalent interstitial cations (Schindler and Hawthorne, 2001a). Thus it accepts
two bonds from the interstitial cations and forms only one bond from the
interstitial complex to the structural unit (or less commonly to another anion of the

structural unit). Essentially, (OH) groups act as bond-valence absorbers; they
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decrease the net charge of the interstitial complex and also affect the number of
bonds from the interstitial complex, which, in turn, affects the Lewis acidity of the

interstitial complex.

5.4 Hydrogen bonding from the structural unit

Schindler and Hawthorne (2001a) considered the different possible
hydrogen-bonding scenarios from the structural unit to an interstitial complex of
chemical composition M**(H,0), (Fig. 5.4). In the first situation (Fig 5.4a), there
are four bonds from the interstitial complex to fhe structural unit and there are
two transformer (H0) groups, so the interstitial complex shown in Fig. 5.4a can
be denoted as {FIM*(H,0),(H,0)}**. Following the method of determining the
number of bonds from the interstitial complex to a structural unit for a general
interstitial complex (above), the number of bonds from the interstitial complex
reduces to 2 x 1 (contributed by the M cation) + 2 (contributed by tﬁe transformer
(H20)4 group) = 4 bonds.

In the next scenario, a hydrogen of the structural unit hydrogen bonds to
an interstitial (H,0) group bonded to an interstitial cation (Fig. 5.4b). One
interstitial (H20) group is not a transformer (H,0) as. it bonds to the M cation and
is & hydrogen-bond acceptor. The chemical composition for this interstitial
complex can be written as {ZM*(H,0)1(H20):}** and will have 2 x 1 (contributed
by the M cation) + 1 (contributed by the transformer (H20)q4 group) = 3 bonds
- from the interstitial complex to the structural unit. Inspection of Fig. 5.4b shows

that this is not the number of bonds actually seen if this initial calculation is used.
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(b)

]

{MIM** (H20)2(Ho0)0}" {MM* (H20)4(H20)1}**

(d)

LCI

{FIMS* (H20)2(H,0) o} {MM**(H20)2(H20)0}*"

(e)

LCI

{"IME (H20)2(H20)}*" {MM** (H20)2(H20)o}*"

Figure 5.4. Different possible configurations of hydrogen bonds emanating from the
structural unit (after Schindler and Hawthorne 2001a): (a) no hydrogen bonds
from structural unit; (b) one hydrogen from structural unit bonds to a non-
transformer (H20), of the interstitial complex; (c) one hydrogen bond from one
structural unit to another; (d) one hydrogen bonds from the structural unit to
an (H20) that does not bond to the interstitial complex; (e) one hydrogen bond
from the structural unit to a non-transformer (H,O) group not bonded to an
interstitial cation; (f) two hydrogen bonds from the structural unit to and (H,0)
group not bonded to an interstitial cation (Schindler and Hawthorne 2001a). M
cations are shown as green circles, O atoms and H atoms of (OH) and (H,0)
groups are shown as red and black circles respectively, hydrogen bonds are
shown as dotted lines.
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Schindler and Hawthorne (2001a) showed that a term, s, where s is the number

of bonds from the structural unit, must be added to the original calculation for the
number of bonds from an interstitial complex {laxm+bxn+cxl)+d-(g- 1)
X f+s).

In the situation where there is a hydrogen from one structural unit to
another structural unit, the number of bonds from the interstitial compiex is four
but the number of bonds to the structural unit is now five, the bonds from the
interstitial complex to the structural unit plus the hydrogen bond from the
adjacent structﬁraf unit (Fig. 5.4c). This means that the number of bonds from the
interstitiai'complex to the structural unit may be different than the number of
bonds incident at the structural unit.

In the next situation (Fig. 5.4d), there is a hydrogen that hydrogen-bonds
to an (H20) group that links only by hydrogen bonding to the next structural unit.
This (H20) group can be considereduto transform the hydrogen bond from one
structural unit to the next, splitting one hydrogen bond into two hydrogen bonds
with half the bond-valence (Fig. 5.4d). A structural unit will receive six bonds in
this situation,

If there is a hydrogen atom of the structural unit that hydrogen bonds to an
(H20) group that already accepts a hydrogen bond from a transformer (Hx0)
group (Fig. 5.4e), then it becomes a non-transformer (H20) group and the
number of bonds to the structural unit is five (Fig. 5.4e). However, if this (H20)

group doesn't receive another hydrogen bond, it will be a transformer (H,0)

group.
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In the last scenario (Fig. 5.4f), there are two hydrogen bonds from two
hydrogen afoms of the structural unit that bond to an (H20) group that would
otherwise be occluded (not bonded to anything) (Fig. 5.4f). However, this (H.0)
group is a non-transformer group as the hydrogen bonds are propagated through
the (H20) group to the next structural unit without any change in the bond
valence (or number of bonds) and the number of bonds to the structural unit is
six.
5.5 A generalized interstitial complex

Schindler and Hawthorne (2001a) wrote a general interstitial complex as

{[m] M +a {n] M b Upg 3+c (H20)y (H20 )o 1] (OH)y (H.0 )g}(a+2b+3c—f)+

where M is any type of interstitial monovalent, divalent and trivalent cation, d
denotes the number of transformer (H,O) groups, e denotes the number of non-
transformer (H20) groups bonded to two interstitial cations or bonded to one
intergtitial cation and receiving one hydrogen bond from another interstitial (H20)
group, fdenotes the number of interstitial (OH) groups of coordination humber
[q], and g denotes the number of (H20) groups bonded to no interstitial cations.
The number of bonds from the interstitial complex to the structural unit can be
written as follows: |

. Numberof bonds =(axm+bxn+cxi)+d-(q- 1)xf
5.6 Structural unit and effective Lewis basicity

If the structural unit is considered as a very complex anion, then a Lewis-

base strength can be calculated for the structural unit. The effective Lewis-base
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strength (Lewis basicity) of the structural unit is the effective charge of the
structural uﬁit divided by the number of bonds from the structural unit (Schindler
and Hawthorne 2001a). The effective charge of the structural unit is the formal
charge of the structural unit as modified by the hydrogen bonds emanating from
it, taking the average bond-valence of a hydrogen bond as h vu. Thus a structural
unit with a net formal charge of Z~ and with ¢ hydrogen bonds from the structural
unit to acceptor anions in the interstitial complex has an effective charge of 7,
modified by ‘loss’ of (h x t)” (from the hydrogen bonds) to become (Z + h x ty".
Likewise, the effective charge of the interstitial complex (or the anionic side of a
polar structural unit) is supplemented by this influx of bond valence: (Z+hxt)
The Lewis basicity is the effective charge divided by the overall number of
interstitial bonds (i.e., bonds from the interstitial complex plus the hydrogen

bonds from the structural unit).

5.7 Interstitial complex and effective Lewis acidity

The interstitial complex is characterized by its Lewis-acid strength (Lewis
acidity). The effective Lewis acidity of an interstitial complex is the effective
charge of the interstitial complex, as modified by the hydrogen bonding, divided
by the number of bonds emanating from the interstitial complex (Schindler and
Hawthorne 2001a). Thus for the general interstitial complex given above, the
Lewis acidity can be written as

(a +2b+3c—f+hxt)/[mxa+nxb+lxc+d—f/(q—-1)+t]
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where ¢ is the number of hydrogen bonds emanating from the structural unit.

5.7.1 Graphical representation of the Lewis acidity of a general interstitial
complex

The variation in Lewis acidity of an interstitial complex can be represented
graphically as a function of its variable constituents (Fig. 5.5). The Lewis acidity
of the interstitial complex decreases as the number of transformer (H20) groups
increases, as the cation-coordination numbers inérease, and as the interstitial-

cation charge decreases.

5.8 Average basicity of a structural unit

Hawthorne (1985) calculated the Lewis basicity of the structural unit:
however, the mean coordination number for the anions of the structural unit
needs to be specified using this method. An average oxygen coordination of [3]
or [4] is not appropriate for all mineral groups. There is a variation of O-
coordination in different minerals. If all aspects of the interstitial complex are to
be predicted, then it is not useful to use the observed mean O-coordination.
Schindler and Hawthorne (2000a) developed a method to predict the average O-
coordination number in borate minerals. Schindler et al. (2000) defined the
average basicity of a structural unit as the average bond-valence sum per O-
atom contributed by the interstitial species and other structural units. This is the
modified charge of the structural unit divided by the number of oxygen atoms in

the structural unit, where the modified charge is the formal charge of the
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LEWIS ACIDITY [vu]

Lewis Acidity as a Function of the
Composition of the Interstitial Complex
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Figure 5.5. The Lewis acidity of a general interstitial complex as a function of the
number of transformer (H»O) groups per cation. The lines indicate the formal
charges and possible coordination numbers for the components of an
interstitial complex.
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structural unit as modified by transfer of charge involved in the hydrogen bonds
emanating from the structural unit (i.e., 0.20 vu per average hydrogen-bond).
Example: the structural unit of anapaite is [Fez*(P04)2(H20)4]4‘. The modified
charge is (4" + 0.2 x 8) = 5.6” and the number of O atoms in the structural unit is
12; the resulting average basicity = 5.6/12 = 0.467 vu. The average basicity is a
measure of the bond valence required for the stability of the structure: Schindler
and Hawthorne (2001a) showed that it correlates with the average coordination

number of oxygen for borate minerals.

5.9 Derivation of the coordination number of oxygen for structural units
Average basicity has been defined by Schindier and Hawthorne (2001a)
as a measure of the average bond-valence required by each O atom of the
structural unit (from the interstitial complex and adjacent structural units).
Schindler and Hawthorne (200133 showed that there is a positive correlation
between the average basicity and the mean coordination number of oxygen in
borate minerals (Fig. 5.6). The data defines a band rather than a single line, in
accord with the observation that a specific structural unit usually exhibits a range
of mean coordination numbers for its constituent O atoms in different (but
structuraily related) minerals. As well as predicting a specific average
coordination number for O atoms in a given structural unit, Figure 5.6 also
predicts the range of possible average coordination numbers of O atoms in a
structural unit. Where a specific structural unit occurs in a series of minerals, the

O atoms of the structural unit show a range of mean coordination numbers, As
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Average Basicity vs. Average Coordination
Number of Oxygen Atoms in the
Structural Units of Borate Minerals

4.5

Average O-coordination number

2.0 1 1 1 T ) T 3 1 T
010 015 020 025 030 035 040 045 050 055 060

AVERAGE BASICITY [vu]

Figure 5.6. The correlation between the average coordination number of oxygen
in the structural unit and the average basicity for different borate structural
units (Schindler and Hawthorne 2001a).
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discussed by Schindler and Hawthorne (2001b), this range of average
coordination numbers reflects the range in pH (and other parameters) over which
the mineral is stable. Change in O coordination number is the way in which a
specific structural unit maintains its stability as the pH of its environment
changes. Moreover, Figure 5.6 allows the calculation of the range of possible

Lewis basicities for a specific borate structural unit.

5.10 Importance of a priori prediction

This a priori method of determining average oxygen-coordination number
is an important step in the development of a predictive model for mineral
structure. In order to be able to completely predict a mineral composition that is
possible for specific structural unit, a priori determination of the average O
coordination number is required. Figure 5.6 allows this prediction for a specific
structural unit using the correlation of average basicity with the average O
coordination. The following examples will consider borate minerals and the
development of this method for phosphate minerals wili be discussed in Chapter

6.

3.1 Binary structural representation and the application of the valence-
matching principle
According to the valence-matching principle, if the Lewis basicity of a

structural unit closely matches the Lewis acidity of an interstitial complex, then
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the minera{ may be stable (Fig. 5.7). Using this premise, it is then possible to be
able to predict:

(1) the possible interstitial chemical composition of an interstitjal complex

(2) the coordination numbers of the interstitial cations

(3) the number of transformer (H,0) groups

For a structure to be stable, the Lewis acidity of an interstitial complex must
overlap the range of Lewis basicity of a structural unit. The range of Lewis
basicity of a specific structural unit may be ploted on a graph of the variation in
Lewis acidity of generalized interstitial complex (Fig. 5.8). Where the properties
of the structural unit and the interstitial complex intersect, the valence-matching
principle is satisfied and structures of those specific compositions are stable.
Where the properties of the structural unit and interstitial complexes do not
overlap, the valence-matching principle is not satisfied and structures of those
compositions are not stable.
Example: Consider the borate structural unit, [B4Os(OH)s]* (Schindler and
Hawthorne 2001b). The steps to determine the possible interstitial chemical
composition are as follows: (1) calculate its average basicity, (2) determine the
range in coordination of O atoms in the structural unit, (3) calculate the
corresponding range in Lewis basicity. The modified charge of the structural unit
is (2 + 0.2 x4) = 2.8 thus the average basicity is 2.8/9 = 0.31 vu. From Fig. 5.6,
the range of average O coordination number is 3.4-3.8. The range in Lewis-

basicity is 2.8/[(3.4 x 9) — (2 x4 + 2 X 3 + 4)] to 2.8/[(3.8 X 9) — (2 x 4 +2 X 3 + 4)]
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Figure 5.7. Overview of mineral stability based on the valence-matching principle.
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Lewis Basicity Range for the Borate
Structural Unit [B,O5(OH),J*
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Figure 5.8. Variation in Lewis acidity of a general interstitial complex as a function of
the number of transformer (H20) groups for mono-, di- and trivalent cations in
[5]-, [6]- and [8]-coordination, with the range in Lewis basicity 0.17-0.22 vu
(Schindler and Hawthorne 2001a).
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or 0.17-0.22 vu (Table 5.1). From Fig. 5.8, the composition for possible interstitial

complexes will fall within this range (Table 5.2).

5.11.1 Prediction of interstitial (H,0) groups

Figure 5.8 indicates that the range in Lewis basicity determines the type of
interstitial cation and the number of transformer {H20) groups. Consider a
structural unit with a formal charge of 27, four (OH) groups and a range in Lewis
basicity from 0.17 to 0.22 vu (Schindler et al. 2002). The Lewis acidities of all
possible stable interstitial complexes must match this range. Thus the following
restrictions may be applied for interstitial complexes with monovalent interstitial
cations:

{73 (H20)s (H20)e}>* 017 <2(1 + 2h)/ (2m + d + 4)< (.22
For monovalent cations in different coordinations (m), the possible ranges in
n'umber of transformer (H.0) groups and the possible coordination numbers for
the interstitial cations can be predicted. For cation coordination numbers m > {61,
the above expression does not hold, and hence there can be no minerals of this
type with interstitial monovalent cations of coordination number > [6]. When m =
[6], the expression holds only for d = 0, and hence there can be no transformer
(H20) groups for [6]-coordinated monovalent cations. When m = (8], the
expression holds for d = 0-2, and hence there can be 0-2 transformer (H20)

groups for [5]-coordinated monovalent cations.
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TABLE 5.1. DETAILS OF THE [B4O5(OH)4]* STRUCTURAL UNIT*

. Average Structure Mg = o Average Oxygen Lewis-basicity
Structural Unit Basicity Ivu] Type BB = A CN Range Range [vu]
[B.Os(OH),J* 0.31 cluster 2024 3.4-3.8 0.17-0.22

TABLE 5.2. THE [B,Os(OH),J* STRUCTURAL UNIT: PREDICTED AND OBSERVED

INTERSTITIAL COMPLEXES**
Structural Lewis-basicity Predicted Interstitial Observed Interstitial Mineral
Unit Range [vu] Complexes Complexes
[BLOs(OH)”  0.17-0.22 {F(H,0)1.5(H20 )28 2
{7 (H20)0.2(Hz0)0.4} > {®INa- 33Nao 67(Hz0)(H20)4}™  Tinacalconite
{FM (H20)0.4(H20)os) 2 {FINas(H,0)o(H.0)s)" Borax
{7 (Ho0)o(Hz0)0) 2

{ By, not possible
P (H20}5.6(H;0)0.5)""
{‘”M”(H 0)1.5(H20)o.51*"
" (H50)0.4(H20)o.s)"
P (H20)6(H,0)o(OH) "
{7 (H,0)57(Ho0)oi
PN (H20)4.8(Ho0)0.0)>"

{*'Mg(H;0)4(H,0):(H,0)}*"  Hungchaoite

*Schindler and Hawthorne (2001a)
**Schindler and Hawthorne (2001}
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CHAPTER 6

Predicting mineral stability based on bond-valence relationships:
Application to phosphate minerals

6.1 Characterization of structural units in phosphate minerals

Schindler et al. (2000) and Hawthorne et al. (1996) considered structural
units in vanadate and borate minerals as consisting of polymerized Vo,
(V*,) and (B@a), (Bys) polyhedra, respectively. The corresponding average
bond-valences in those polyhedra are between 0.66 and 1.25 vu, and are higher
than the maximum bond-valence for interstitial cations (i.e., a trivalent
octahedrally coordinated cation, 0.50 vu). In the case of the phosphate minerals,
bonds with the highest bond-valence are ¥P%*—0 bonds at 1.25 vu. The next
highest bond-valences are 0.50 and 0.33 vu for P\ % and EIp2* cations,
respectively. Schinindler et al. (2002) considered structural units as anionic
polymerized co;nplexes of (804) and (Me,) polyhedra, with the minimum average
bond-valence between a linking O-atom of a sulfate tetrahedron and an (Mo,)
polyhedron > 0.30 vu. Phosphate minerals have similar structural characterstics
as sulfate minerals and can be considered in a similar manner. The identification
of the structural unit for the minerals of the first major group involving
polymerization of (PO4) groups and other (Ts) groups is straightforward. The
tetrahedra that polymerize with (PO,) are considered as part of the structural unit.
The minerals of the second major group with structural units consisting of (PO4)
groups and other (Mgs) octahedra, a more flexible approach is used to

distinguish which cations are considered as part of the structural unit. The M
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cations in Qctahedral coerdination with higher bond-valences (2 0.33 vu) that
polymerize with (PO,) are considered as part of the structural unit. If both EIpR*
and ®'M** cations polymerize with (PO4), only the M®* cation is considered as
part of the structural unit. However, if only M** cations polymerize with (PQy),
then they are considered as part of the structural unit. Similar to the sulfates, the
structural unit of a complex phosphate may be written as [M**(PO4)up,] or
[M2+n(PO4)kcp,,]. In the case of the third major group of large-cations, the (POy4)
groups are considered as the structural unit. Below, various examples are
considered.

(1) Spencerite, Zna[Zn(OH)(H20)(PO4)]2(H20), contains Zn?* in both
tetrahedral and octahedral coordination. There are simple linear chains of
alternating (Znga) [@4 = Oz(OH)H,0)] and (PO4) tetrahedra, with average
bond-valences of about 0.50 and 1.25 vu, respectively. These tetrahedral
chains are cross-linked into sheets by (Zngs) octahedral that involve a
bond-valences of approximately 0.33 vu (Fig 4.4e, f). The (Zngs)
octahedra share all vertices with (Zng,) and (PQy) tetrahedra. The sheets
link solely via hydrogen bonding that involves one (H,0) group held in the
structire only by hydrogen bonds.

(2) Laueite, an*(H20)4[Fe3+2(P04)2(0H)z(Hp_O)2](H20)2, and the minerals of
the laueite group (Table 4.7) have the 7 A chain shown in Fig. 4.13c.
(Fe¥*ps) octahedra link by sharing vertices to form an [Mws] chain that is
decorated by flanking (PQO4) groups. These chains meld in the a-direction

by sharing one quarter of the flanking (PQ,) vertices with octahedra of
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adjacent chains to form an [Fe3+2(PO4)2(OH)2(H20)2} sheet (Fig. 4.21a). In
the resulting sheet, the (PQ,) tetrahedra are three-connected. Note that
there are two distinct octahedra in these sheets, one of which is six-
connected within the sheet, and the other of which is only four-connected
and has (H;O) at two vertices. Laueite can also be considered a sheet
composed of [Fe**(P04)20;] chains that are linked by (Fe**Os) octahedra.
These sheets stack in the b-direction and are linked by (Mn2+02{H20}4)
octahedra (Fig. 4.21b), and by hydrogen bonds involving the interstitial
(H20) groups bonded to Mn?* and interstitial (H20) groups held in the
structure solely by hydrogen bonds.

(3) Brushite, Ca(H,0),(PO3{OH}), is considered as part of the large-cation
group. The large cation is [8]-coordinated with the bonded anions that
share edges with the (Pg,) tetrahedra to form chains. These chains are a
common feature of large-cation structures, and occur in gypsum and other
Ca-sulfate minerals. These chains link by sharing edges between (Capg)
polyhedra of adjacent chains, and by sharing of vertices between (P®4)
tetrahedra and (Cags) dodecahedra. These are linked solely by hydrogen

bonds (Fig. 4.56a,b).

6.2 Polar character of the structural unit
There are numerous structures that have structural units with a neutral
charge and, according to the binary structural representation, there would be no

way the structural unit could be held together. Schindler et al. (2002) recognized
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that this problem needed to be dealt with if this ex’cehded bond-valence approach
is to be of general utility. Schindler and Hawthorne (2001a, 2001b) considered
hydrogen bonds from a structural unit to the interstitial complex as modifying the
effective charges (and hence, effective Lewis basicity and acidity) of these
components. However, this approach is not sufficient to characterize how neutral
structural units link together, as there is a spatial characteristic of such hydrogen
bonding that must be incorporated into the mechanism.

A good example of a mineral with a neutral structural unit an.d hydrogen
bonding between structural units is lizardite, [Mg3Si.Os(OH)4]. The t—0 sheets in
lizardite are held together by hydrogen bonds between the (OH) groups of the
octahedral layer and the bridging O-atoms of the tetrahedral layer in the adjacent
t-o0 sheet (Fig. 6.1a). The structural unit (i.e., the -0 sheet) has an effective
positive charge on the (OH) side and an effective negative charge on the O
(bridging) side. Therefore, the t~o sheet has pofar character, which promotes
linkage between the formally neutral structural units. This idea of structural
polarity is very useful when taking into account neutral sulfate and phosphate
minerals.

A structural unit of a phosphate mineral may be written as
{Mz"(HzO)n(OH)m(PO‘;)k]. Similar to the lizardite structure, there is an effective
positive charge on the [(M(H20),(OH)m)]*™* component and an effective
negative charge on the O-atoms of the (PO4)* group. In the [M(H,0),(OH)J*™*
component of the structural unit, the constituent (H;0) and (OH) groups donate

hydrogen bonds to the (PO:)*” component of the structural unit, either directly or
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Figure 6.1. (a) polar character of the structural unit in lizardite, [Mg3Si;O5(OH)4]; (b)
acidic and basic parts of the structural unit in a phosphate mineral; H
atoms: small dark circles, Oxygen atoms: large red circles (after Schindler et
al. 2002).
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via the interstitial complex. The (PO4)*” component of the structural unit accepts
bonds only from the interstitial complex and or other structural units. The
[M(H20),(OH)m]*™* component of the structural unit is acidic and the (PO4Y*
component of the structural unit is basic. The Lewis acidity of an interstitial
complex depends on the average bond-valence of hydrogen bonds emanating
from the acidic component of the structural unit. In order to calculate these
average bond-valences, we must examine the bonding geometry in the acidic

components of structural units.

6.2.1 Example of polarity in phosphate minerals

For a structural unit with divalent cations in the acidic component of the
structural unit, the divalent-cations typically occur in octahedral coordination and
contribute 0.33 vu to the linking O-atoms of the (PO4)* group. Such O-atoms
receive 1.25 vu from the P-O bond and requires an additional 2 - 1.25 — 0.33 =
0.42 vu from the interstitial complex (Fig. 6.1b). An O-atom of an (M**ps)
octahedron which does not link to an (PO,)* group requires an additional 2 —
0.33 = 1.67 vu. This large additional bond-valence can be supplied eithef {1) by
aftaching two H atoms to form an (Hz0) group, or (2) by attaching one H atom to
form an (OH) group, combined with polymerization of (M**s) octahedra. If all
such (H20) groups are transformer (H,O) groups then, the constituent O-atoms
do not receive any bonds from the interstitial complex. Hence, the characteristic
bond-valence of the hydrogen bonds emanating from the structural unit in these

phosphate minerals is 0.33 /2 = 0.17 vu (Fig. 6.1b).
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Example: Leucophosphite, K(HZO)[Fe3*g(OH)(HgO)o(HZO)(PO4)2] has the
structural unit, [Fe3+2(0H)(HZO)O(HZO)(PO4)2]'. There is one non-transformer
(H20) group and one (OH) group in the acidic component of the structural unit
{F93+2(OH)(H20)0(H20)]5“ and the basic part of the structural unit is [(PO4),]%.
The hydrogen bonds from the (H,0) and (OH) groups have, on average, bond
valences of approximately 0.20 vu, An average bond-valence of 0.20 vu is used,
although Schindler et al. (2002) showed that values of 0.17 and 0.25 vu are more
éppropriate for hydrogen honds of (H,0) groups where the structural unit is
[(SO4)]. However, the non-transformer (H.0) groups will not have an effect on
Lewis acidity. The formal charge of the structural unit is 1" and so the effective
charge of the structural unitis 1 x0.20 + 1 = 1.2".The composition of the
interstitial complex is {¥K(H.0)}* and there are 8 bonds from the K atom, and 2
bonds from each H atom, which equals 12 bonds emanatipg from the interstitial
complex plus there is the hydrogen bond emanating from the acidic component
of the structural unit. Thus, there are thirteen bonds involving primarily the O-
atoms of the basic component of the structural unit. The resulting effective Lewis

acidity is 1.2/ (8 +2x2 + 1) = 0.1 vu.

6.3 Lewis acidities of interstitial complexes in phosphate minerails

The phosphate minerals have been divided into the three major groups:
(1) those with polymerization of (PO4) and (TO,) groups as structural units, (2)
those with complex [M **(H,0),(OH)»(PQ.)d groups as structural units, and (3)

those with (PO,) tetrahedra as the structural unit and > [6]-coordinated polyhedra
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as the interstitial complex (Chapter 4). Tables 6.1 and 6.2 list compositions and
Lewis acidities of interstitial complexes in selected secondary phosphate
minerals with structural units [(PO4)] and [M** (H20)(OH)m(PQ4)4, respectively. A
number of these minerals are shown in Figure 6.2. This figure shows a ‘classical’
paragenetic sequence of phosphate minerals. The approximate temperature
ranges are shown, where the dashed line at 200°C indicates where in the
sequence (H>O) groups become a stable part of the mineral structure (i.e.
bonding to transition metal cations). There are many crystal structures of
bhosphate minerals in which the interstitial hydrogen bonding is not resolved. In
these cases, stereochemical constraints were used to determine the probable

interstitial hydrogen bonding.

6.4. Calculation of Lewis acidities of interstitial complexes associated with
[W*(Hzo)n(OH)m(P(54)k] structural units

Hawthorne (1997) described a method for calculating the Lewis acidity for
a complex cation (interstitial complex), and Schindler and Hawthorne (2001a)
modified this method by including the hydrogen bonds from the structural unit
and accounting for the charge-transfer involved. The Lewis acidity of an
interstitial compiex, {™M" "IV IV (Hy0)a(H20)e(OH){H20)51 203 0*  can be
defined as the effective charge of the complex divided by the number of bonds
contributed by the complex, and can be written as

(a+2b+3c—f+hxs)/[mxa+nxb+lxc+d—fx(q—1)+s]
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TABLE 6.1. SELECTED PHOSPHATE MINERALS WITH [(PO.)] STRUCTURAL UNIT WITH
AVERAGE BASICITY OF 0.75 vu; STRUCTURAL UNIT; INTERSTITIAL COMPLEX: LEWIS
ACIDITY (LA); AND AVERAGE O-ATOM COORDINATION OF INTERSTITIAL COMPLEX (CN

Mineral Structural Unit Interstitial Complex LA [vu] CNiy
Pretulite [(POL)] sy 0.375 2
Xenotime-(Y) [(PO.)] iy 0.375 2
Xenotime-(Yb) (PO {Ehypy® 0.375 2
Rhabdophane [(POL) {Flee)™ 0.375 2
Cheralite-(Ce) (PO {Ficey®™ 0.375 2
Monazite-(Ce) (PO {Fice)* 0.375 2
Churchite-(Y) [(POL)] {BY(H,0),)*" 0.3 25
Nabaphite [(PO)] {*INa®Ba(H,0)s(H,0)** 0.167 4.5
Nastrophite (PO {*INaPISr(H,0)4(H,0%)>*  0.167 45
Lithiophosphate (PO M iy 0.25 3
Nalipoite (PO, {OINQFIL )% 0.214 35
Olgite (PO} {BNal"Igr 0.187 5.2
Vitusite-(Ce) (PO {®Na,flce)® 0.214 3.5
Buchwaldite (PO {TINaPlca)* 0.196 3.8
Olympite (PO {MILiFINa ) ® 0.176 2.8
Alforsite (POl {#BaFich 0.23 3.25
Apatite (PO {Felcag(oHy 0.24 3.2
Belovite-(Ce) (PO, {7 ¥5rFINaPICe(OH)) 0.24 3.2
Belovite-(La) (PO {Flsr,PING®ILa(OH)} 0.24 32
Chloroapatite (PO {FAca ey 0.27 2.75
Fluorapatite (PO {7Aca,FFy 0.27 275
Fluor-chlor-apatite (PO {Facas(®F cij} 0.27 275
Fluorpyromorphite (o) {7 App Ik} 0.27 2.75
Hydroxylapatite [(PO.) {T¥ICas(OH) 0.25 3
Hydroxyl- (PO {FAphe(OH)) 0.25 3
Oxyapatite [(PO.)s {tca,0) 0.25 3
Pyromorphite (PO {72ppLlop 0.27 2.75
Stronitumapatite (PO {751 BiCa,PIF} 0.25 3
Strontium-chlorapatite  [(PO,)] {TAsr,Ploiy 0.25 3
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TABLE 6.2. THE SECONDARY PHOSPHATE MINERALS* (after Moore 1973)

‘neral Structural Unit Interstitial Complex AB[vul CNg, CNyz Class
. Phosphate minerals based on (Tg,) chains
oraesite [Be(POL)OH)(H0);] {(H:0))° 014 26 071 sublb
'_ yrynenite [Be(PO,)(OH)] {Mn}** 0.44 18 14  sublb
?5scherite [Be4(PO,)s(OH)s] {Ca™Mn® 5(H,0),(H,0),} ' 0.57 153 1.8  sublib
nazzite [Bey(PO4)s(OH)s] {FlcaPMgs(H,0),) " 0.57 153  1.267 sublib
ansoletite [Bex(PO4),(POS{OH},] {Cas(H:0)" 0.4 1625
- érafransoletite [Bex(PO,4)(PO{OH})] {Cag(H:0)3°" 0.4 1.625
encerite [Zn(PO)OH)(H,0)] Zn4(PO,L)a(OH),(H,0)s 0.43 1.67
| Phosphate minerals based on (Tt,) sheets
rderite [Be(PO)(OH)] {Fcay 044 18 18  sublb
droxylherderite  [Be(PO,)(OH)] PFlcay® 044 18 18  subllb
slolite [BesP301(OH)s] {Can(H0)* 0.31 1.46
_Efpeite [Zn{PO)] Zn3(PO4)2(H20)s 20.25
ﬁ'}frahoraeite [Zn(POL)] Zn3(PO,)a(H20), 20.25
Phosphate minerals based on (T,) frameworks
’fyuonite [BePO,] {INa)* 025 2 1.75  subllb
é_rlbutite [Be(PO.),] Mcap 025 2 0.875 sublib
}inebeneite [Bes(PO,)2(0H)) {Ca(H,0). " 0.24 1.3
: Phosphate minerals based on isolated tetrahedra and octahedra and finite clusters of tetrahedra and octahedral
“apaite [Fe* (PO,)o(H,0)] {Cap* 0.3666 2
rinite [AL(PO,)F ((OH)(H,0),] {Flca,PiNay* sublib
Phosphate minerals based on infinite chains of tetrahedra and octahedral
Jgildite [Al(PO4)F] (g, BN g, subllb
ssidyite - [Ni(PO,)2(Hz0)2] {Flcay 048 18 2 sublib
-;.linsite* IMa(PO4)2(H20)] {Mlcay™ 0.48 1.8 18  subllb
_ffﬁeldite* [Mn® (PO4);(H;0).] {Mlcag® 048 18 1.8  sublb
sselite [Fe™ (PO4)2(Hz0)z] {cay™ 0.48 1.8 1.8  sublib
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\BLE 6.2. continued

_;neral Structural Unit Interstitial Complex AB[ve] CNg, CNy Class
rildrenite* [A{PO,)(OH),(H,0)] {Mny®* 040 2 143 sublip
sphorite [AI(POL)(OH):(H;0)] {Fep” 040 2 143  sublb
sarthite [AI(PO,)(OH)] {Ca}* 0.4888 167

; Phosphate minerals based on infinite sheets of tetrahedra and octahedral

srdonite [Al(PO4)2(OH)x(H:0),] {Mg(H,0)s(H,0).1%" 0.266 2167 1.33  subl
ueite* [Fe* (PO, )2(OHY(H,0),] {Mn** (H,0)4(H20)2)%* 0266  2.167 1.33  subl
éangangordonite [AL{PO4)2(OH)(H20)2] {Mn> (H0)4(H.0)5* 0.266 2167 1.33 subl
gravauxite [AL(PO,)o(OH),(H0)2] {Fe* (H20)u(H.0).)* 7 0.266 2167 1.33 subl
Jloite [AL(PO4)2(OH)L(H,0),) {Fe (H,0):(OH)(H,0),}% 0266 2167 125 subl
hkovite [Fe® 2(PO4)2(OH)(H,0)5] {Mg(H;0)4(H.0)F" 0266 2167 1.33 subl
_'fawartite* [Fe> 2(PO4)2(OH)o(H20),] {Mn?* (H,0)4(H,0),)" ' 0266 2167 1.33  subl
“eudolaueite [Fe 2 (PO4)o( OH)a(H20)2] {Mn% (Hy0)a(Hz0)21* 0266 2167 1.33 subl
“unzite® [Fe® 3(PO4)2(OH)(H20)s] {Mn**(H,0). % 0266 2167 1.33 subl

Ef_rrostrunzite [Fe® 5(PO4)2(OH)2(H,0)5] {Fe® (H,0))*" 0266 2167 1.33  subl
' [Fe* 3(P04):0,] {9 a,(H,0)* 0.286 214 0.93 subl
IMn**3(PO,);05] {%9Ca,(H,0),1* 0286 214 093 subl
'jntgomeryite [IMgAL(PO,)s(OH)s(H,0)4] {10800, (H,0)5(H.0)e* 0.325 206 144 sublib
Phosphate minerals based on infinite frameworks of tetrahedra and octahedral
;tavariscite* [AI(POL)(H20),] - 0.133 233 067 subl
sphosiderite  [Fe*(PO,)H,0)4] - 0133 233 067 subl
angite [Fe* (PO (H;0)) - 0.133 233 067 subl
iscite* [AI(PO,)(H,0).] - ‘ 0133 233 067 subl
“orite [Fe* (PO, )(OH)] oy ' 024 22 14  subl
icophosphite®  [Fe™,(PO,),(OH)(H0)] {FIK(H,0)5(H.0)}" 0.16 23 12 subl
sleyite [Al(PO4)(OH)(HL0)] K (H 0N 0.16 23 08  subl
zhanovskite [Mn®' Fe¥ ;(PO,)s(OH)(H0)] ~ 0073 272 04  subl
‘angaite [Fe? Als(PO4)s(OH)s(H-0):] {*'Nay 0.125 258 075 subl
Ténite [Fe*Fe™5(PO,)(OH)(H0).  {FiCa)® 0.125 258 058  subl
rodufrénite [Fe?'Fe*s(PO.)(OH)(H0)]  {¥Na)* 0.125 258 075 subl
ndeliits [Mn2*Fe® ,(PO.)5(OH)s] - 0059 276 03  subl
kbridgeite” [Fez+Fe3*4(PO4)3(OH)5] - 0059 276 03 subl
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ABLE 6.2. continued

ineral Structural Unit Interstitial Complex AB[wu] CNs, CNp Refs.
jarbosalite [Fe® (PO,)(OH)L. {Fey** 0.24 22 08  subl
antschelite [Fe** (PO OH) {Cup 024 22 08  subl
dlamite [Fe? s(PO)(Hz0)4] - 013 283 067 sublla
ireaulite IMn® 5(POS{OHY)2(POL)s(H.0)]  — 010 28 04  sublla
1osphoferrite* [Fe"5(P0u)s(H20)3] - 0109 291 055 sublla
ardite* [Al3(PO4)2(OH)4] {"Na(H0)o(H0),}" 015 25 1 sublib
igelite [AlL{PO,)(OH);) - 0.086 271 043 sublb
. azilianite [Als(PO4)2(OH)4] - {MNay 015 25 0917 subllb
lermoite [AIPO,)(OH)]4 ] {BlslLj )4 0.24 22 11 sublib

[AL(PO,)s(OH),] {"1Ba®Mn,)® 0.44 18 173  sublb

-arebyite”

Subdivision |. Ligand Addition, Alkali-leached Products, Oxidation of some Metals

Subdivision Il. Ligand Addition, No Oxidation of Metals
a. Derivatives of primary transition-metal phosphates

b.  Hydrothermal products derived from amblygonite-montebrasite, beryl, etc.
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Figure 6.2. A ‘classical’ paragenetic sequence of phosphate minerals. The approximate
temperature ranges are shown in pink. The dashed line at 200°C indicates
where water is stable as part of the structure, bonded to transition metal
cations (after Moore 1973).
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where h is the average bond-valence of the hydrogen bonds emanating from the
structural unit.

Example: brushite has the interstitial complex {[SlCa(Hp_O)g} and the structural unit
[PO3(OH)J; the (OH)-group hydrogen-bonds to the interstitial complex, so £ = 1
and s = 1. There are two transformer (H,0) groups bonded to Ca of the interstitial
complex. There are no non-transformer (H,0) groups, no (OH) groups and no
occluded (H,0) groups in the interstitial complex. The effective charge of
interstitial complex is 2 (the formal charge of the interstitial cations) + 1 x 0.20"
(the charged transferred by the s hydrogen bonds to the interstitial complex) =
2.27. The number of bonds from the interstitial complex to the structural unit is 8
(from Ca) + 2 [from transformer (H20) groups] + 1 (from the hydrogen bond to the
interstitial complex) = 11. Therefore the Lewis acidity of the interstitial complex is

2.2/11 = 0.20 vu.

6.5. Lewis acidity of interstitial complexes associated with [(PO,)] structural
units

The average Lewis basicity of the (PO4)* oxyanion is considered to 0.25
vu assuming an oxygen coordination of [4]. Following the valence-matching
principle, the interstitial complexes should héve Lewis acidities close to 0.25 vu.
Fig. 6.3 shows the freque.ncy of Lewis acidities of interstitial complexes in
phosphate minerals with isolated (PO,) groups as their structural unit (Table 6.1).
Here, the Lewis acidities range from 0.167 to 0.375 vu with maxima at 0.25, 0.27
and 0.375 vu, The highest Lewis acidity (0.375 vu) occurs where each O-atom of

the (PO,) group receives, on average, two additional bonds from the interstitial
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Frequency of Lewis Acidity for Selected Phosphate
Minerals with [(PO4)]3' as their Structural Unit
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Figure 6.3. The frequency of Lewis acidity for selected phosphate minerals with [(PO.)*
as the structural unit.

225



complex. The minimum Lewis acidity of an interstitial complex (0.167 vu) occurs,
on average, where two O-atoms of the (PO,) group receive five additional bonds
and two O-atoms receive four additional bonds from the interstitial complex.
Interstitial complexes with Lewis acidities of 0.25 and 0.27 vu result in average
numbers of additional bonds to O of [3] and [2.75], respectively (Fig. 6.2). If
Lewis acidities occur between 0.27 and 0.25 vu, the corresponding

average numbers of additional bonds to O of the (PO4) group is between 2.75
and 3. There is also a Lewis-acidity maximum at 0.375 vw, which corresponds to
an average additional number of bonds to O of the (PO4)* group of [2]. For
example, an interstitial complex with a Lewis acidity of 0.20 vu: there are ten
interstitial bonds to four O-atoms of one (PO4) group, which results in an average

O-coordination of (10 + 4) / 4 = [3.5] (Fig. 6.4).

6.6 Average O-coordination numbers in phosphate minerals with
M (H20)n(OH)m(PO ) ™30 structural units

In order to calculate the Lewis basicity of the structural unit, the average
O-atom coordination number is required. When considering the correlation
between the average basicity and the average O-coordination for the purpose of
predicting interstitial complexes, it is the weaker bonds of this complex that are of
interest. Considering the bond-valence (average basicity) required for the
structural unit, the bonds required can come from either the interstitial complex or
from a neighboring structural unit. Thus, it is of interest to determine the average

O-coordination from the interstitial compiex CN;, to the structural unit to examine
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Frequency of Oxygen Coordination Number for the [(PO 4)]3' Group
in Selected Phosphate Minerals
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Figure 6.4. Average additional coordination numbers of oxygen in the (PO4)* groups of
selected phosphate minerals with [(PO4)]> as the structural unit.
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the correlation for the average CN and average basicity. This correlation is
shown for selected phosphates minerals in Figure 6.5 (Table 6.2). The values
used for these graphs can be calculated if the number of interstitial transformer
(H2O) groups is known.

Example: laueite, {(Mn® (H20)4(H20)2}{Fe**2(PO4)2(OH)o(H20)5], Mn?* is
coordinated by four (H.0) groups and two O-atoms, providing4 x2 +2 =10
bonds to the structural unit. There are also 6 weak hydrogen-bonds emanating
from the structural unit for a total of 10 + 6 = 16 bonds. There are 12 oxygen
atoms in the structural unit, so the interstitial complex donates 16/12 = 1.33
bonds per O-atom of the structural unit.

The average O-coordination of structural unit CNg, can be calcuiated in a
similar way. Example: The structural unit in laueite is [FeS*z(PO4)2(OH)2(H20)2]-2-‘;
there are 2 x 6 bonds from Fe**, 8 bonds from P, 2 strong bonds involving (OH)
and 4 strong bonds involving the (H,0) groups for a total of 26 bonds in the
structural unit. There are 12 oxygen atoms in the structural unit, so the average
CN within the structural unit, CNy, is 26/12 = [2.16]. The total average oxygen
coordination in laueite is CNjy + CNs,=1.33] + [2.16] = [3.49] = CN

The charge on the structural unit is 2" and there a 2 hydrogen bonds from
the (OH) of the structural unit plus 4 additional hydrogen bonds from the 4
transformer (H20) groups of the interstitial complex for a total of 6 bonds

involving hydrogen with an average bond valence of 0.2 vu. Thus the effective
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Average Oxygen Coordination Number vs. Average Basicity
- for Selected Phosphate Minerals
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Figure 6.5. Average coordination numbers of the interstitial O-atoms as a function of
average basicity in selected phosphate minerals with [M**(H20),(OH),»(PO4)]
structural units.
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charge is 2+ (6 x 0.2) = 3.2". The average basicity is 3.2 divided by 12 (no. O-

atoms in the structural unit) or 0.266 vu.

6.7 Average O-coordination numbers in sulfate minerals with
[V (H20),(OH) (S04 ™2 structural units

Schindler et al. (2002) showed a similar correlation for the sulfate
minerals. Fig. 6.6 shows data for phosphate and sulfate structural units with
octahedrally-coordinated trivalent (red triangles) and divalent (green triangles) M
cations and other suifate structures (blue triangles). The distribution of data
shows that O-atoms in structural units containing M** cations (mainly Fe®*) have,
on average, lower coordination numbers than those in structural units with M2
cations.

These differences in the average O-coordination number of structural units
containing trivalent and divalent cations, respectively, can be understood better
by considering the average basicity of the structural unit as a function of the
average O-coordination number involving bonds inside the structural unit, CNg.
For structural units of similar average basicity, those containing M>* cations have
lower average coordination numbers than those containing M?" cations. Fig. 6.6
shows the average basicity as a function of the average O-coordination number
in the structural unit calculated from the interstitial bonds (CNing), i.e., the number
of bonds to the structural unit divided by the number of O-atoms in the structural
unit (note that CN = CNg;, + CNjy). This correlation shows that the number of

incident bonds depends on the average basicity not on the degree of
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Average Oxygen Coordination Number vs. Average Basicity

of Selected Phosphate and Sulfate Minerals
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Figure 6.6. The average O-atom coordination number of the interstitial complex as a
function of average basicity of selected phosphate and sulfate minerals with a
structural unit of the form [M**(H20),(OH)»(PO4)4] (sulfate data from Schindler et
al. 2002).
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polymerization of the (M *'@s) polyhedra. This is to be expected, as the O-atoms
of the (SO4) groups [and not of the (M ¢s) groups] are the principal bond-

valence acceptors in [M*(H20),(OH)(SO4)4] structural units.

6.8 Average O-coordination numbers in borate minerals

As already discussed in Chapter 5, Schindler and Hawthorne (20014,
2001b) showed that there is a correlation between average basicity and average
O-coordination number, CN, for structural units in borate minerals (assuming an
average hydrogen bond-valence of 0.20 vu) (Fig. 5.6). The structural units
consisted only of the polymerized (V**g,), (V**®,) and (Bgps), (B@4) polyhedra.
Therefore, in borate minerals, the structural units contain only B cations; these
are isovalent but can adopt two coordination numbers, [3] and [4]. This difference
in coordination of B causes differences in the average B—O bond-valence: 1.0 to
0.75 vu. The value CNg;, does not change with average ba;icity in borate
structural units; it is almost always [2]. This is surprising, as one might expect
that O-atoms in structural units with a higher proportion of ®IB to have lower CNy,
values than those with a higher proportion of “/B. However, Schindler and
Hawthorne (2001b) showed that ¥IB : BB correlates with the average basicity;
thus, increasing the average bond-valence of B-O bonds by increasing the
proportion of P!B is balanced by decreasing average basicity. As CN correlates
with average basicity and CNg is approximately constant, CN,, varies in a similar

way to CN as a function of average basicity (Fig. 5.6, and 6.7). In both

232




Average Oxygen Coordination Number vs.
Average Basicity of Selected Borate Minerals
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Figure 6.7. The average O-atom coordination number of the interstitial complex as a
function of average basicity of selected borate minerals (data from Schindler et
al. 2002).
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correlations, the bands of data approach the maximum O-coordination numbers

[4] and [2], respectively.

6.9 Average basicity versus CN;, in phosphate, sulfate and borate
structural units

Comparison of Figs. 6.5, 6.6 and 6.7 shows that the bands of data have
similar slopes at lower average basicity but different slopes at higher average
basicity. Unlike the relation for borate structural units (Fig. 5.6 and 6.7), the band
of cfata points for phosphate and sulfate structural units (Fig. 6.6) does not
' approach any maximum value of CNy. The reason for this is structural units of
phosphates, sulfates and borate minerals with high average basicity have similar
average O-coordination numbers, CN; however, CNy, is lower in sulfate minerals
than in borate minerals. Hence, more interstitial cations bond to O-atoms of
structural units in sulfate minerals than is the case in borate minerals. in
phosphate minerals the average CN;y decreases with increasing average

basicity.

6.10 Prediction of interstitial complexes in phosphate minerals

The maximum and minimum Lewis basicities can be calculated if the
average basicity is known for a structural unit. Figure 6.5 shows the range in the
average oxygen coordination of the interstitial complex (CN;y) for structural units
with a specific average basicity. Therefore, the maximum and minimum Lewis-

bascities can be calculated.
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6.10.1 The structural unit [M™(PO,)(OH)(H,0)]"™ (M = Al, Fe*")

Example: For the structural unit [AI(PO.)(OH)(H.0): the first step in predicting
the interstitial complex is to determine the average bascity as already discussed.
Average basicity = [(charge + hs) / (no. of O-atoms)] = (1"+0.2x3)/6 =0.27 wu.
From Figure 6.5 the average oxygen coordination range of the oxygen to the
structural unit {{CNindmax and [CNindmin} can be determined: [CNindmax = 1.6 and
[CNindmin = 1.1.

The Lewis basicity range for the structural unit [FAI(*PO,)(OPH)(2H,0)],
can be calculated from the maximum and minimum 0Xygen coordination
numbers to the structural unit. The Lewis basicity is the effective charge of the
structural unit divided by the number of bonds to the structural unit. The effective
charge for the structural unit [PAI(MIPO,)OPHYPH,0),is (17 + 0.2 x 3) = 1.6,
The maximum and minimum number of bonds to the structural unit are: Bondsmay
=1.6 x6 =9.6; Bondsyi, = 1.1 x 6 = 6.6. Thus Lewis-bascitynax = 1.67/6.6 = 0.24
vu; Lewis bascitymin = 1.67 /9.6 = 0.17 vu. Fig. 6.8 shows the variation in Lewis
acidity of a general interstitial complex as a function of cation charge, cation
coordination number, and the number of transformer (H20) groups, with the
range of Lewis basicity of the [M** (OH)(PO4)(H.O)J” structural unit marked by
horizontal broken lines. Where the Lewis-acidity curves intersect the range of
Lewis basicity of the structural unit, the valence-matching principle is satisfied
and a stable structure can form. For interstitial monovalent cations with
coordination numbers [9] and above, the curves do not intersect the range of

Lewis-basicity of the structural unit, and monovalent cations cannot occur. For
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coordination numbers [8] to [5], a monovalent cation can occur with 0, 0-1, 0-2
and 0-3 transformer (H20) groups present, respectively (Fig. 6.8). Divalent
interstitial cations, *IM?* can occur with 2-6 transformer (H,0) groups. For
divalent interstitial cations, ®IM?* is possible if it does not bond to any anion of
the structural unit (e.g., if it occurs as isolated [V 2*(H,0)q] or [M
?*(H20)n(OH)m]*™* groups), and hence it is possible with 4-6 transformer (H20)
groups, M is possible with 78 transformer (H.0) groups. The following
interstitial complexes are found in nature {PIM2*(H,0)4(H,0)2}%";
{EIMP* (Ha0)3(OH)(H20)21"; {PM*(H20)a12"; {FIMR*(H,0)62* (Table 6.3).

These predictions show the possible variations in chemical composition of

the interstitial complexes.
6.11 Occurrence of interstitial-cation composition

The question of why certain interstitial cations occur in some minerals and
not in others can now be addressed with greater confidence. Consider the
minerals listed in Table 6.4. Why does {Caz}** occur as the interstitial cation for
the structural unit [M(TO4).¢.]* instead of {Nas}** or {K.}** (e.g. collinsite,
Cax[Mg(PO4)2(H20)2])? Why do {Sr2}** and {Pb,}** occur as the interstitial
cation for the structural unit [IM(TQ4),0]* instead of a four monovalent cations,
which would satisfy the electroneutrality principle? These questions can be
answered by applying the valence-matching principle such that for a structural
arrangement to be stable, the effective Lewis acidity of the interstitial complex

must match the Lewis-basicity range of a given structural unit.
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TABLE 6.3. PREDICTED AND OBSERVED INTERSTITIAL COMPLEXES FOR THE
STRUCTURAL UNIT [M™ (PO, OH)(H,0)™

Predicted Interstitial Complex

Observed Interstitial Complex (mineral)

M (Ho 0o}

(M (H0)0. 4

{7 (Hy0) 4 6(H20)20F"
P (Ho0)p e}

IV (Hy0)2. 487

{BIMg® (H,0)4(H20).3*" (Gordonite)
{FIMN?* (H,0)4(H20)2)" (Lausite)
{FIMN?* (H20)a(H-0.}* (Mangangordonite)
{PFe® (H,0)4(H.0).)*" (Paravauxite)
{FIFe® (H,0):(OHYH.0).}* (Sigloite)
{FIMg™ (Ho0)4(H,0)1" (Ushkovite)
{EIMn** (H,0)4(H,0%}" (Kastningite)
{FIMN* (H,0)4(H,0).F" (Stewartite)
{OMR® (H,0)4(H,0)2}%" (Pseudolaueite)
{EIMn®" (H,0)4" (Strunzite)

{FFe® (H,0),)*" (Ferrostrunzite)

{FIFe®(H,0)e)*" (Metavauxite)
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TABLE 6.4. INTERSTITIAL-CATION COMPOSITION OF SELECTED
PHOSPHATE AND SULFATE MINERALS

Mineral Name Interstitial cation Structural unit
Cassidyite {Ca}* INi(PO.)o(H,0),]*
Collinsite {Ca 1" [Mg(PO.)a(Hx0).)*
Fairfieldite {Ca™ [MN(PO4)2(H20Y,1*
Messelite {Cag* [Fe* (PO)o(H0)*
Goedkenite {8r}*" [A(PO.)o(OH)]*
Tsumebite {Pb}™ [CU(POL){(SONOHY*"
vauquelinite {Pby™ [CU(POYSONORY*
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Example: Consider colfinsite, ®'Ca[®Mg(*P0O.)o(PH,0).], with a known structure
and known hydrogen-bonding scheme. The range in lewis-basicity is the
effective charge of the structural unit divided by the range of bonds from the
interstices to the structural unit. As the structure is known, the specific value for
the Lewis basicity (rather than the range of Lewis basicity) can be calculated.
The average oxygen coordination is 3.4, and the total number of bonds needed
for coordination of O-atoms of the structural unit = 3.4 x 10 = 34. The number of
bonds within the structural unit [PIMg(*PO,),(P(H,0),] is 6 x 1 +4x2+2x 2 =
18; thus the number of external bénds required = 34 - 18 = 16. The effective
charge is 4"+ (0.2 x 4) = 4.8". Therefore, the Lewis basicity would be 4.8/ 16 =
0.3 vu.

The Lewis acidity, can also be calculated from the known structure: 4.8 /
(8 + 8) = 0.3 vu. Therefore, the Lewis acidity of the interstitial complex matches
the Lewis basicity of the structural unit and the structure is stable. From table 2.5
the Lewis basicity is close to the characteristic Lewis acidity of Ca (0.27 vu),
whereas Na and K have Lewis acidities of 0.16 and 0.13 vu, respectively and will

not form a stable linkage with the structural unit of collinsite.
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CHAPTER 7
Review

7.1 Summary

There have been significant advances toward developing a predictive (a prior)
method based on the crystal structure of minerals to determine relative mineral stability.
An important development is the binary representation of the structures of complex
minerals. All complex minerals can be represented in terms of fwo components. This
binary representation allows evaluation of relative mineral stabilities in terms of the
interactions of the component parts of the structure. The development of a bond-
valence approach to evaluate complex hydroxy-hydrated oxysalt minerals from a
crystal-structure perspective uses the combination of a hierarchical ordering scheme
based on this binary representation with bond-valence theory and the valence-matching
principle to understand the factors that control the chemical compositions of interstitial
complexes. This approach provides the ability to predict what chemical compositions
tend to be stable in Nature. A framework is then developed in which it becomes possible
to predict the chemistry from the structural characteristics of these minerals formed in
complex low-temperature environments. These fundamental observations may in the
future be applied to all aspects of mineral formation such as paragenetic sequences of
minerals.

Some observations that stem from this approach and lead to a better
understanding of the factors that control the atomic arrangement, chemical composition

and relative stability of complex phosphate minerals are:

(1) The most common polymerizations are based on coordination polyhedra of

higher bond-valence in phosphate minerals are between tetrahedra and
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tetrahedra, between tetrahedra and octahedra, and between tetrahedra
and large-cation polyhedra (i.e. [7]-coordinated and higher). Therefore, the
phosphates have been divided into these three principal groups: (a)
structures with (POy) groups and other (T®,) groups as structurai units; (b)
structures with complex [M*"(H20),(OH)m(PO4)] structural units; and (c)
structures in which (POg) groups as structural units polymerize with > [6]-
coordinated polyhedra.

(2) The range in Lewis basicity of any phosphate, sulfate or borate structural unit
can be determined via a combination of average basicity versus CN and
average basicity versus CN;;.

(3) The calculated range in Lewis basicity for a specific structural unit gives
information about the general composition of possible interstitial
compiexes. Where the Lewis acidity of a generalized interstitial
complex overlaps the range of Lewis basicity of a specific structural unit,
the valence-matching principle is satisfied and a stable structural
arrangement is possible.

(4) Application of this approach to complex minerals shows that there are
restrictions on the chemical and structural details of the interstitial
complexes. The Lewis basicities of some structural units do not
allow certain types of cations to occur as interstitial components. The
overiap of Lewis basicity and acidity required for structural stability by the
valence-matching principle leads to an explanation and prediction of the
number of transformer (Hz0) groups in the interstitial complexes of these

minerals.
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7.2 Future Work

At this point, it is possible to rationalize and predict the stoichiometry and
structural characteristics of paragentic mineral sequences and compare changes of
progressive sequences of crystaliization for rock-forming minerals to those of non-rock
forming minerals in terms of crystal structure.

There are several issues to consider in terms of paragenetic phosphate mineral
sequences. It has already been shown that there is a connection between the mode of
polymerization of the principal polyhedra and the crystallization sequence for non-rock
forming minerals. There is also evidence that this is the case for complex hydroxy-
hydrated minerals such as the phosphate minerals. It has been shown that there is
correlation between the average basicity and the mean coordination-number of O-
atoms in the structural unit for low-temperature chemically complex minerais. This
correlation defines a band that allows prediction of the range in average coordination-
number of the O-atom. Previous work on sulfate (Schindler et al. 2002) and borate
(Schindler and Hawthorne 2001a-c) minerais has also shown that it is within this range
that the structural unit responds to changes in pH while remaining stable.

Future work should involve further characterization and classification of complex
non-rock-forming mineral groups; the evaluation of mineral-surface
reactions/interactions; and determining mechanisms for geometric crystal distortions
and substitution of chemical elements in terms of bond-valence requirements for
complex hydroxy-hydrated oxysalt minerals. As the phosphate minerals occur in more
varied conditions, there are other factors that have to be assessed such as
temperature. However, the structural hierarchy that has been developed for phosphate
minerals lays the ground work for future work on paragenetic sequences of phosphate

minerals based on the details of their crystal structure.
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APPENDIX A. DATA AND REFERENCES FOR SELECTED PHOSPHATE MINERALS

Mineral Name Formula a (A) b (&) ¢ (A) o {°) B(°) vy (A) Space Ref.
Group
Abenakiite-(Ce) Na(Ce,Nd,La)(SO,)(Si0,)4(PO,)s(CO,)s 16.018(2) a 19.761(4) 90 80 120 R3 (1)
Aheylite Fe?' Alg(PO,),(OH),(H,0), 7.400(1) 9.896(1) 7.627(1)  110.87 115.00 £9.96 PT (2)
Aldermanite MgsAl (PO, ) (OH)L,(H,0)., 15.000(7) 8.330(6) 2.660{1) Q0 30 50 P (3}
Alforsite Ba(PO,).Cl 10.284(2) a 7.651(3) 90 80 120 P6.,/m (4)
Alluzudite (Na,Ca)[Fe*(Mn* Fe? Fe* Mg),(PO,),] 12.004(2)  12.533(4) 6.404{1) 80 114.4(1) 90 C2ic (5)
Althausite Mg,{PO,),(OH)F 8.258(2) 6.054(2)  14.383(5) 90 90 90 Pnma (6)
Althupite AITh(UO,)[(UO,)5(PO),O(0H)L(OH)(H,0),s  10.853(3)  18.567(4)  13.504(3) 72.6(0)  68.2(0) 84.2(0) PT (7)
Amblygonite LI[A{PO)F] 5.060 5160 7.080 102.9 107.5 97.9 F1 (8)
Anapaite Ca,[Fe? (PO,),(H,0),] 8.477(1) 8.816(1) 5898(1)  101.64(3) 104.24(3)  70.76(4) P71 (9)
Archerite K[H,(PO,)] 7.427(2) a 7.048(2) 80 90 ey 42d (10)
Arctite (NasCa)CagBa(PO,),F, 14.366(9) a 14.366(9) 28.6(0) 28.6(0) 286(0) R3m (1)
Ardealite Ca,(POL{OHN(S0,)(H,0), 5721(5)  30.992(5) 6.250(4) 80 117.3(1) 90 Ce (12)
Arrcjadite KNa,CaMn?,Fe?  Al(PO,),,(OH), 16.526(4)  10.057(3)  24.730(5) 90 105.8 90 C2ic (13)
Arupite Ni,(PO,),{H,0}, 9.889 13.225 4.645 90 102.41 90 2im (14)
Attakolite CaMn™AL(SIO,{OH}{PO,),(OH), 17.188(4)  11.477(8) 7.322(5) 90 113.8(0) 90 C2im (15)
Augelite [ALPO,(OH),] 13.124(8) 7.988(5) 5.066(3) 90 112.3(0) 90 C2im (16)
Autunite Cal{UO,)(PO),(H,0% 015 7.027 a 20.790 90 30 90 14/mmm (17)
Babefphite Ba[BePQ,F] 6.889(3)  16.814(7) 6.902(3) 90.0(0)  90.0(0) 90.3(G)  F1 (18)
Bakhchisaraitsevite Na,Mg.(PO,),(H,0), 8.3086(8) 12.006(1)  17.486(2) 90 102.01(1) 90 P2.Jc (19)
Barbosalite Fe®'[Fe*" (PO, {OH)], 7.250{20)  7.460(20)  7.490(20) 90 120.2(85) 90 P2.Jc (20}
Baridite Mg, (PO, ), {H,0), 10.085(2)  13.390(3) 46713(9) 90 104.96(3) 90 C2im (21)
Rariosincosite Ba(V*"OPOQ,),(H,0), 9.031(8) a 12.755(8) 90 90 90 PAlnmm  (22)
Bassetite Fe*[(UO,)(PO L, (H,0), 6.98(4) 17.07(4) 7.01(7) 90 90.53(1) 90 PZJm (23)
Bearthite Ca,Al(PO,),(OH) 7.231(3) 5.734(2} 8.263(4) 90 112.6(1) 90 P2./m (24)
Bederite Cay(Mn*,Fe® ,Mn*,)(PO,)s(H,0), 12.559(2) 12.834(1) 11.714(2) 90 ad a0 Pcab (25)
Belovite-(Ce) Sr,NaCe(PO,),(OH) 9.664(0) a 7.182(0) a0 90 120 =k} (26)
Belovite-{La) Sr,NalLa(PO,),F 9.647 a 7.170 90 80 120 F3 (27




APPENDIX A continued

Mineral Name Formula a(A) b (A) ¢ (A) o (°) B(® v (A) Space Ref.
Group
Benauite HSrFea*a(F’OA)Q(OH)6 7.28 a 16.85 90 90 120 R3m (28}
Benyacarite (H,0,K), TiMN® (Fe* Ti),(PO,),(OH),(H,0),,  10.561(5)  20.585(8)  12.518(2) 90 90 30 Pbca (29)
Beraunite Fe? Fe® (PO ),(OH).(H,0} 20.646(5) 5129(7)  19.213(5) 90 93.62(7) 90 C2ic (30)
Bergenite Ba[(U0,),0,(PO,),1(H,0), . 22.32 17.19 20.63 90 93.0 90 F2./c (31)
Berlinite [AKPO,)] 4.943(0) a 10.948(0) 90 90 120 P3,2 (32)
Bermanite MnZ M (PO, )OH)LL(H,0), 5446(3)  19.250(10)  5.428(3) 90 110.3(0) 90 P2, (33)
Bertossaite CaliL]AIPO,)(OH)], 11.48(1) 15.73(2) 7.23(1) 90 9g 90 I*aa (34)
Beryllonite Na[BePO,] 8.178(3) 7.818(2)  14.114(8) 90 90 90 P2.in (35)
Beusite (Mn? Fe?"),(PO,), 8.757(3)  11.381(4) 6.136(1) 90 99.1(0) 50 P2.ic (36)
Biphosphammite  (NH,)H,PO, 7.514(0) a 7.539(1) 90 90 90 Z2d (37)
Bjarebyite BaMn,AlL(OH),(PO,}, 8.930(14) 12.073(24)  4.917(9) 90 100.2(1) 90 P2.im (38)
Bleasdaleite (Ca,Fe™L,Cu™y(Bi,CU")(PO,).(H,0,0HCl),,  14.200(7)  13.832(7)  14.971(10) 90 102.08(8) 90 C2im (39)
Bobfergusonite Na,Mn2 ,Fe*Al(PO,), 12.776(2)  12.488(2)  11.035(2) 90 97.2(0) 90 F2.in (40)
Bobierrite Mga(PO,),(H,0), 4.867(1)  27.926(8)  10.067(3) 90 105.0{0} 90 c2ic (41)
Baggiidite SrNa,AL{PO,)F, 5251(3)  10.464(5)  18.577(9) 90 107.5(0) 90 P2./c (42)
Bolivarite AL{PQO,)(OH),(H,0), Amorphous - - - - - - (43)
Bonshtedtite Na,Fe?(P0,)(CO,) 8.921 6.631 5.151 90 90.42 90 P2./m (44)
Brabantite CaTh(PO,), 6.726(6) 6.933(5) 6.447(12) 90 103.89(3) 90 P2, (45)
Bradleyite Na,Sr(P0,)(CO,) 9.187(3) 5.279(1) 8.707(2) 90 90 90 P2. (46)
Brazilianite NaAL{PO,},(OH), 11.233(6)  10.142(5) 7.097(4) 90 97.4(0) 30 F2.n (47)
Brendelite Bia*FeS*OZ(OH)(PQ) 12.278(2} 3.185(1) 6.899(1) 90 111.0{0) 90 C2/m {48)
Brianite Na,Ca[Mg(PO,),] 9.120(3) 5198(2)  13.370(4) 90 90.8(0) 90 P2.0c (49)
Brockite (Ca, Th,REEXPO,)(H,0) 6.98(3) 8.98(3) 6.40(3) g0 oG 90 Aa (50}
Brushite Ca(PO,{OH})(H,0}, 5812(2)  15.180(3) 6.239(2) 90 116.4(0) 90 Ja (51)
Buchwaldite NaCa(PO,) 20.397(10)  5.412(4) 9.161(5) 90 50 90 Pn2.a (52)
Burangaite Na,F e ,Al,(PO,)e{OH),(H,0), 25.099(2) 5049(1)  13.438(1) 90 110.9(0) 90 c2/c (53)
Cacoxenite Fe,s(PO,)1;06(OH},,(H,0), 27.559(1) a 10.550(1) 90 90 120 PB,/m (54)
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Mineral Name Formula a(A) b(A) ¢ (A) o (%) B (%) v (A) Space Ref.
Group
Canaphite CaNa,P,0,(H,0), 5.673(4) 8.480{10)  10.529(5) 90 108.13(6} 90 Fe (55)
Cassidyite Ca,[Ni{PO,),(H.0).] 5.71 673 5.41 95.83 107.36 104.58 PT (56)
Chalcosiderite Cu™Fe™(PQ,}(OH),(H,0), 7.653(4) 7.873(4) 10.190(4) 67.6(0) 89.2(0) 84.9(0) PF1 (67)
Cheralite-(Ce) Ce{PO,} B.747(2) £.960(2) 6.453(1) 90 103.7(0) a0 P2,/n (58)
Chernikovite (H.O){UO,)(PO(H, 0, 7.030(6) a 9.034(8) 80 g0 30 P4lnmm (59)
Childrenite Mn* [AI(PO,){OH},(H,0)] 10.395(1) 13.384(1) 6.918(1) g0 90 g0 Bba?2 {60)
Chladnriite Na,CaMg,(PO,), 14.867(2) a 42.595(4) 80 90 120 R3 (81
Chlorapatite Ca,(FPO,),Ci 9.620{1) a 8.776(1) 90 20 120 P8./m (62)
Churchite-(Y) Y{PO,}{H,0), 5.578(1) 15.006(3) 6.275(2) 90 117.8(0) 90 [2ia {(83)
Clinophosinaite Na,Ca(Si0,)(PO,) 7.303(2) 12.201(5) 14.715(4) 90 91.9 a0 P2le (64)
Coconinoite Fe® ,AL{UO,)(PO,),(SO)(OH),{H,0),, 12.50 12.97 23.00 90 106.6 a0 C2lc (65)
Coeruleolactite CaAl(PO,)(OH),(H,0), - kxistence dubious - - ~ - g (2)
Collinsite Ca,[Mg(PO,),(H,0).] 5.734(1) 6.780(1) 5.441(1) 87.3(0)  108.6(0) 107.3(0y PT {66)
Corkite PbFe®,(SO)(PO,)(OH), 7.280(1) a 16.821(1) 90 90 120 R3m (67)
Cornetite Cu** PO, (CH), 10.854(1) 14.053(3) 7.086(2) a0 80 90 FPhca (68)
Crandallite CaAly (PO, ),(OH)(H,O) 7.006(15) a 16.192(32) 90 g0 120 R3m (69)
Crawfordite Na,Sr(PO,)(CO,) 9.187 6.707 5279 90 90 80 P2, (70)
Curetonite BaAl(PO,)(CH)F 8.977(2) 12.564(4) 5.223(1) =ld) 102.2(0) 30 P2.in (71
Cyritovite NaFe™,(OH),(PC,).(H.0), 7.3255(4) a 19.328(2) 80 90 90 F4.2,2 {72)
Deloneite-(Ce) NaCr,3rCe(PO,).F 9.51 a 7.01 90 a0 120 P3 {73)
Delvauxite CaFe® (PO,),(OH)e(H,0), 4 Amorphous - - - - - - {74)
Destinezite Fe®,(PO,)(SO,)(OH)(H,0), 9.570(1) 8.716(1) 7.313(1) 88.7(0)  107.9(0) 83.9(0) FT (75)
Dewindtite Pb**,[H(UGC,);0,(PO.),L{H,0)., 16.031(6) 17.264(6) 13.605({2) 90 80 90 Bmmb (78)
Dickinsonite (Na,Ca}s(Mn,Fe,Mg),,Al(PO,},(QH), 24.940(6) 10.131{4) 16.722(2) 20 105.6(0) 90 A2la {77)
Diitmarite (NHMg(PO,)(H.D) 5.606 8.758 4788 90 90 90 Pmn2, {78)
Dorfmanite Na,(PO,{OH}(H,0), 16.872(9) 10.359(4) 6.599(3) 90 90 90 Fbca (79)
Drugmanite Pb*,Fe*H({PQ,},(OH), 11.111(5) 7.986(5) 4.643(3) Q0 80.4(0) 90 P2./a (80)
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Mineral Name Formula a (A) h(A) c(A) a {°) B (%) vy (A) Space Ref.
Group
Dufrénite Fe?' Fe®,(PO,),(OH)4(H,0), 25.840(20) 5.128(3) 13.780(10) 90 111.2(1) 90 C2le {81
Dumontite Pb*,[(UO,),(PO,),0,1(H,0), 8.118(6) 16.819(8) 6.283(3) 90 109.0{0) a0 P2./m (82)
Earlshannonite Mn*[Fe* (PO, ) (OH)].(H,0), 9.910(13) 9.669(8) 5.455(9) 80 93.585(9) 90 P2.lc (83)
Ehrieite CayZnBe(PO,),(PO,OH)(H,0), 7.130(4) 7.430(4) 12.478(9) 94.31(%) 102.07(4) 82.85(4) PT (84}
Englishite Na,K,Ca, Al s(PO,)5(OH);(H,0). 38.43(2) 11.86 20.67 30 111.27 90 A2/a (85)
Eosphorite Fe*'[AI(PO,)(OH),(H,0)] 10.445(1} 13.501(2) 5.970(30) a0 80 90 Bba?2 (86)
Ercitite Na[Mn** (PO )(OH)](H,0), 5.362(5) 19.89(1) 5.362(5) 80 108.87(8) 80 F2./n {87)
Evansite Al(PO)(OH)(H,0), Amorphous - - - - - - (43)
Eylettersite (Th,Pb)_AlL(PO,,SiO,}L,{OH), 6.99 a 16.70 90 g0 90 R3m (88)
Fairfieidite Ca,[Mn?(PO,),(H,0),] 5790(10)  6.570(10)  5.510(10) 102.3(2)  108.7(2) 80.3(2) PT (89}
Farringtonite Mg,(PO,), 7.596(1) 8.231(1) 5.077(1) g0 94.1(0) a0 P2,/n (90)
Faustite ZNAl(PO,) (OH),(H,0), 7.419(2) 7.629(3) 9.805(3) 89.17(2) 69.88(2) 64.98(2) FT (91)
Fermorite Ca,Sr(PO,),(OH) 9.594(2) 9.597(2} 6.975(2) 90 90 120(0) P2.im (92)
Ferrisicklerite Li(Fe®* Mn*)(PO,) 5.918 10.037 4798 30 90 90 Pmnb (93)
Ferrostrunzite Fe”[Fe** (PO )(OH)(H,0),(H,0), 10.23(2) 9.77(3) 7.37(1) 89.65(16) ©8.28(12) 117.26(16) PT (94)
Fillowite Na,CalMn”,(PO,), 15.282(2) a 43.507(3) 90 90 120 R3 (95)
Flarencite-(Ce) CeAl,(PO,),(OH), 6.972(2) a 16.261(6) a0 80 120 R3m {96)
Florencite-(l.a) LaAl(PO,),(QH), 6.987(2) a 16.248(6) 90 a0 120 R3m {97)
Florencite-(Nd) NdALL{PO,),(OH), - - - - - - - (98)
Fluellite Al (PO )F,(OH)(H,0), 8.546(8) 11.222(5) 21.158(5) 90 90 a0 Fddd (99)
Fluorapatite Cag(PO,).F 9.367 a 5.884 80 90 90 F6,/m (62)
Fluorcaphite CaSrCa,(FO,),F 9.485 a 7.000 90 90 120 FB, (100)
Foggite CalAl(PO,){CH),J(H,O) 9.270(2) 21.324(7) 5.180(2) 90 90 g0 AZ2,22 (101)
Francoanellite KzAls(PO{OH})(PO,),(H,0},, 8.690(2) a §2.271(13) 90 a0 120 R3¢ (102)
Francoisite-(Nd) Nd[{UO,},(PO,),C{OH)](H,0), 9.298(2) 15.605(4) 13.668(2) 90 112.8(0) 30 P2.lc {103)
Fransoletite Ca,[Be,(PO,),(PO{OH})LI(H,0), 7.348(1) 15.052(3) 7.068(1) 90 96.5(0) a0 P2,/a (104)
Frondellite Mn*Fe® (PO, ),(OH), 13.89 17.01 5.21 90 90 a0 B22,2 (105)
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Mineral Name Formula a(A) b (A) c(A) a (%) B (%) v (A) Space Ret.
Group
Furongite Al(OH)LI(UO,) (PO, )] (H,0)s 17.87 14.18 12.18 67.8 77.5 79.9 PT {106)
Gainesite NaKZr,[Re(P,0,] 6.567(3) a 17.118(5) 90 a0 90 14, /lamd {107)
Galileiite NaFe® (PO,). 14.98 a 4166 80 90 120 R3 (108)
Gatehouseite Mn?* (OH),(PO,), 9.097(2) 5.693(2)  18.002(10) 90 90 90 P2,2.2, (109}
Gatumbaite CaAl,(PO,),(OH), 8.907(2) 5.085(2)  10.764(3) 90.68(8) 99.17(8)  90.17(8) FP2m (110)
Girvasite NaCa,Mg,(PC,),[PO(OH)I(CO)(OH),(H,0},  6.522(3)  12.250(30) 21.560(20) 90 89.5(0) ely P2.lc (111)
Gladiusite Fe™ Fe* (PO, (OH},,(H,0) 16.950(2)  11.650(1) 6.2660(6) 90.000(4) P2./m (112)
Goedkenite SH{APO,),(QH)] 8.45(2) 5.74(2) 7.26(2) 90 113.7(1) 80 F2.im (113)
Gorceixite BaAl(PO,)(PO,OH)(OH), 7.036(0) a 17.282(0) 90 90 120 R3m {114)
Gordonite Mg[AL(PO,),(CH),(H,0),1(H,0),(H,Q), 5.246(2)  10.532(8) 6.975(3)  107.5{0)  111.0(0) 722(0)  PT (115)
Gormanite Fe?",Al{PO,},(OH)s(H,0), 11.76(1) 5.10(1) 13.57({1) 80.68(8) 99.17(8)  90.17(8) PT (116}
Goyazite SrAL(PO,),{OH),(H,0) 7.021(3) a 16.505(15) 90 90 120 R3m (117)
Graftonite (Fe?" Mn?' Ca),(PO,), 8.910(10)  11.580(10)  6.239(8) 90 98.9(1) 90 P2 ic (118)
Grattarclaite Fe*,0,(PO,) 7.994(4) a 6.855(4) 90 90 120 R3m (119)
Grayite ThCa(PQ,),(H,0), 6.957 a 6.395 80 80 120 P6,22 (120)
Griphite Na,Cag(Mn,Fe? Mg),,LiAls(PO,),.Fs 12.205(8) a a 90 90 80 Pa3 {121)
Hagendorfite (Na,Ca)[Mn®(Fe*" Mg, Fe*"),(PO,).] 11.92 12.59 6.52 90 114.7 90 C2lc (122)
Haigerachite KFe® ,(PO,{OH},}s(PO{OR}),(H,0), 16.95 8.59 17.57 g0 80.85 90 C2lc (123)
Hannayite Mg5(NH,),(POL{OH}).(H,O)s 10.728 7.670 6.702 97.87 96.97 104.74 PT (124)
Harrisanite CaFe*(Si0,),(PO,), 6.248(1) a 26.802(7) 90 20 120 R3m (125)
Heneuite CaMgs(CO,)(PC,),(OH) B.311(1)  10.843(1) 8.676(1) 95.0(0) 93.4(0) 101.000)  PT (126)
Hentschelite Cu*Fe®,(OH),(PO,), £6.984(3) 7.786(3) 7.266(3) 90 117.68(2) 90 P2.in (127)
Herderite Ca[BePO,F] 9.800 7.680 4800 90 90 90 2./a (128)
Heterosite Fe'(PO,) 5.830(10)  9.760(10)  4.769(5) 90 90 90 Pmnb (129}
Hinsdalite Pb*'[AL(OH),(PO)(SC,)] 7.028 a 16.789 90 20 120 R3m {130}
Holtedahlite M,,(PO{OH})(PQ,)s(OH), 11.203(3) a 4.977(1) 90 00 90 P31m (131)
Hopeite Zn,(PO,),{H,0), 10.597(3)  18.318(8) 5.031(1) 90 80 90 Pnma (132)
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Mineral Name Formula a (A) b (A) c{A) o (°) B (%) v (A) Space Ref.
Group
Hotscnite Al(PO NSO NOH),, 11.29(6) 11.66(6) 10.55(7) 112.54(5) 107.52(5) 64.45(5) FT {133)
Hureaulite Mn>,(PO,{OM}),(PQ,),(H,0), 17.594(10) 9.086(5) 9.404(5) a0 86.67(8) 90 C2lc (134)
Hurlbutite Ca[Be,P,0;] 8.306(1) 8.790(1) 7.804(1) 20 89.5(0) 90 P2./la (135)
Hydroxylapatite Ca(PO,);(0OH) 9.418 a 6.875 9% 90 120 PB,/m (62)
Hydroxylherderite ~ Ca[BePO,(OH)] 9.789(2) 7.661(1) 4.804(1) 80 90.02{1) 90 P2,/a (136)
[sckite CalMg(PO)F] £5.909 8.746 8.518 80 112.2 80 Alla (137)
Jagowerite Ba[Al(PC,)(OH)], 6.04%(2) 5.864(3) 4.971(2) 116.51(4)  86.06(4) 112.593) PT (138)
Jahnsite CaMnMg,[Fe*(PO,),{OH)1,(H,0), 14.940(20) 7.140{10) 5.930(10) 90 110.16(8) a0 P2la {139)
Jahnsite-(CaMnMn} CaMn*Mn*,Fe,(PQ,),(OH),(H,0), 14.887(8) 7.162(7) 9.966(6) 90 109.77(5) 90 P2la (140)
Johnsomervilieite  Na, Ca;Mg,g(Fe*" Mn®),4(PO,) 15.00 a 4275 90 90 120 Hex (141)
Johntomaite BaFe™,Fe® ,(PO,),(OH), 9.199(9) 12.359(8) 5.004(2) a0 100.19(6) 90 P2.im (142)
Johnwalkite KMn*,[Nb(PO,),0,](H,0), 7.516(4) 10.023(8) 6.502(4) 80 a0 a0 Pb2.m (143)
Juonniite CaMgSc(PO,),(OH)(H,0), 15.03 18.95 7.59 90 30 90 Pbca (144)
Kanonerovite MnNa,P,0.,H.0),, 14.71(1) 9.33(1) 15.13(2) 90 89.8(1) 90 P2./n {145)
Kastringite Mn(H,O)[AL(CH),(H,0),(PO,)LKH,O)}, 16.205(1) 10.504(1) 7.010(1) 90.38(1) 110.10(1) 71.82(1) PT {146)
Keckite CaMn*",Fe* (PO,){OH),(H,0), 15.02 7.19 19.74 90 110.5 80 P2 /a (147)
Kingite Al (PO,),(OH),(H,0), 9.15(1) 10.00(1) 7.24(2) 986 93.6 93.2 T (148)
Kintoreite Pb™Fe®,(PO,),{OH)(H,0) 7.331T) a 16.885(2) 90 a0 120 R3m (149)
Kipushite [Cu*,Zn(PO,),{ OH)s(H,0) 12.197(2) 9.156(2) 10.667(2) 80 96.8(0) 90 P2.c (150)
Kolbeckite [Sc{PO)(H,0),] 5.418 i0.25 8.893 20 90.7 90 P2,in {151)
Koninckite Fe*(PO,)}H,0), 11.95 a 14,52 90 80 g0 Tetragonal (152)
Kosnarite KZr,(PO,), B.687(2) a 23.877(7) 90 0 120 R3c (153)
Kovdorskite Mg,{PO,)(OH}H,O), 10.350(40)  12.800(40) 4.730(20) g0 102.0(5) 90 P2./a (154)
Krasnovite BaAl{PO,)(OH).(H,0) 8.938 5.669 11.073 90 a6 a0 PnnalPnnn (155)
Kribergite Al;(PO,).(SOHOH),(H,0), 18.13(3) 13.5(2) 7.50(1) 70.50 117.87 136.58 =5 (133)
Kryzhanovskite Mn?'Fe® ,(PO,),{OH),(H,0) 9.450(2) 10.013(2) 8.179(2) 80 S0 90 Pbna {156)
Kulanite BaFe*,AlL(PO,),{OH), 9.014(1) 12.074(1) 4.926(1) 90 100.48(1) 80 P2.Jm (157)
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Mineral Name Formula a(A) b (A) ¢ (A) a (%) B (%) vy (A) Space Ref.
Group
Lacroixite Na[Al(PO,)F] 6.414(2) 8.207(2) £.885(2) 80 115.5 80 C2lc {158)
Landesite Fe¥Mn®,(PO,),{OH){H,0), 9.458(3) 10.185(2) 8.543(2) 90 80 90 Pbna (159)
Laueite Mn#'[Fe™,(PO,},(0H),(H,0),](H,0),(H,0), 5.280 10.660 7.140 107.8 111.0 711 F1 (160)
Lazulite MglAI(PO ) (CH)], 7. 144(1) 7.278(1) 7.228(1) 90 120.5{0) a0 P2.ic (161)
Lehnerite Mn*[(UO,)(PO,)L(H,0) 7.04(2) 17.16(4) 6.95(2) 20 80.18 80 P2.in (162)
Leucophosphite K[Fe™ ,(PO,),{OH)(H,0))(H,0), 9.782 9.658 9.751 90 102.24 90 F2.in (163)
Libethenite Cu®,(PO,)(OH) 8.071(2) 8.403(4) 5.898(3) 90 90 90 FPnnm {164)
Lipscombite Fe” Fe™,(PO,),(0OH), 7.310 a 13.212 a0 90 80 P4,2,2, (165)
Lithiophosphate Lio(PO,) 10.480(3) 6.120(2) 4,.9266(7) 90 90 80 Pnma (166)
Lithiophyilite LiMn®(PO,) 8.100(20)  10.460(30) 4.744(10) 90 a0 90 Pmnb (167)
Lomonosovite Na,Ti*",(Si,0,)(P0,)0, 5.440 7.163 14.830 99.0 106.0 a0 P1 (168)
Ludjibaite Cu”(PO,),(OH), 4.445(1) 5.873(1) 8.668(3) 103.6(0) 90.3(0) 9a3.0(0y PT (169)
Ludlamite Fe? . (PO,),(H,0), 10.541(10) 4.638(8) 9.285(10) a0 100.7(1) 90 P2.la {170)
Lulzacite Sr,Fe®Fe?,AlL{PO,),(CH),, 5.457(1) 9.131(2) 9.769(2) 108.47(3)  91.72(3) 97.44(3) FT (171)
LUneburgite Mg3B,(OH){PO,).(H,O) 6.347(1) 9.803(1) 6.298(1) 84.5(0)  106.4(0) 96.4(0)  PT (172)
Lun'okite Mn*,Mg,[AI(PO,J,(OH},(H,0), 14.95 18.71 6.96 80 90 80 Pbca (173)
Machatschkiite Cag(AsO,)(AsO4{OH}L(PO,}H,0).5 15.127(2) a 22.471(3) a0 90 120 R3c (174)
Maghagendorfite Na[Mn*MgFe* (PQ,),] - - - - - - - (175)
Magniotriplite Ma,(PO,)F 12.035(5) 6.432(4) 9.759(2) 90 108.1(0) 90 i2la (176}
Mahlmoocdite FeZr(PO,),(H,QO), 9.12(2) 5.42(1) 19.17(2) 30 94.8(1) 20 P2.jc {177)
Mangangordonite  Mn*[AL(PO,),(OH),(H,0)](H,0), 5.257(3) 10.363(4) 7.040(3) 105.4(0)  113.1(0) 78.7(0y  PT {(115)
Manganosegelerite  Mn*Mn?Fe*(PO,),{OH)(H,0), 14.89 18.79 7.408 80 80 g0 Phca (178)
Maricite NaFe®(PO,) 6.861(1) 8.987(1) 5.045(1) a0 90 90 Pmnb {(179)
Mcauslanite Fe* ALH{PO,),F(H,Q) 4 10.055(5) 11.568(5) 6.888(5) 105.84(6) 93.66(6) 106.47(5) FT (180)
Mccrillisite NaCs[BeZr,(PO,),J(H,0), , 8.573(2) a 17.28(2) 90 90 90 4, /lamd {181)
Melkovite CaFe™Hg(M0O,),(PO,}H,0). 17.46 18.48 10.93 90 94.5 a0 Mono {182)
Mélonjosephite Ca[Fe™ Fe*(PO,},(OH)] 9.542(1) 10.834(1) 6.374{2) 30 g0 80 Pbam (183)
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Mineral Name Formula a (A) b(A) ¢ (A) a (%) B (%) v (A) Space Ref.
Group
Messelite Ca,[Fe(PO,),(H,0),] 5.95(2) 6.52(2) 5.45(2) 102.3(4)  107.5(4) 90.8(2) PT (184)
Meta-ankoleite K(UO,)(PO,)(H,0), 6.994(0) a 17.784(0) 90 90 90 P4ince (185)
Meta-autunite Cal(U0)(PO,)L{H,0). 6.960(10) a 8.400(20) 90 90 90 Pdinmm  (186)
Metaswitzerite Mn®*,(PO,),(H,0), 8496(3)  13.173(3)  17.214(4) 90 96.7(0) 90 P2./c (187)
Metatorbernite CUP'{UO,{PO,)L(H,0), 6.972(1) a 17.277 80 00 90 P4in (188)
Meta-uranccircite  Ba[(UQ,)(PO,),(H,0)s 9.789(3) 9.882(3)  16.868(3) 80 80 89.9(0) P2/a (189}
Metavanmeerscheite U{OH),[(UO,),(PO,)(OH),J(H,0), 34.18 33.88 14.074 90 90 90 Fddd (190)
Metavariscite [AI(PO)(H,0),] 5.178(2) 9.514(2) 8.454(2) 90 90.35(2) 90 P2.in (191)
Metavauxite Fe (H,0)[Al(PO,)(OH)(H,0)],(H,0), 10.220 9.560 6.940 90 97.9 90 P2.lc (192)
Metavivianite Fe*,(PO,),(H,0) 7.840(10)  9.110(10)  4.670(10)  95.0(0) 96.9(0)  107.7(0) PT (193)
Meurigite KFe™(PO,)s(OH).{H,0), 20.52(4) 5.249(6)  18.26(1) 90 109.27(7) 90 C2/m (194)
Millisite NaCaAl,(PO,),(OH)4(H,0), 7.00 a 19.07 90 90 30 P4,2.2 (185)
Minyulite KIAL(PO,),F(H,0),] 9.337(5) 9.740(5) 5.522(3) 80 80 90 Pba2 (196)
Mitridatite Ca,[Fe®,(PO,),0,l(H,0), 17.553(2)  19.354(3)  11.248(2) 90 95.84(1) 90 Aa (197)
Mitryagvaite Alg(PO,),(POL{OH}),F,(OH),(H,0)5(H,0}, 6.918(1)  10.127(2)  10.266(2) 77.036(3) 73.98%(4) 76.272(4) FT (198)
Monazite-(Ce) Ce(PQ,) 6.7902(10)  7.0203(8)  6.4674(7) 90 103.38(1) 90 P2.in (199)
Monetite CaHi{PO,] 6.910(1) 6.627(2) 6.998(2) 96.34(2) 103.82(2) 88.33(2) PT (200)
Montebrasite LI[AKPO, HOH)] 8.713(1) 7.708(1) 7.019(1) 91.31(1) 117.93(1)  ¢1.77(1) C7T (8)
Montgomeryite Ca,MgAl(PO,)(OH},(H,0),, 10.023(1)  24.121(3) 6.243(1) 90 81.55(1) 90 C2ic (201)
Moraesite [Be,(PO,){OH)(H,0), 8.553(6)  12.319(6) 7.155(8) 90 97.9(1) 90 C2le (202)
Moreauite AL{UO,)(PO,),{OH),(H,0),, 23.41 21.44 18.34 90 92.0 90 P2./c (203)
Morinite Ca,NaJAlL(PO,),F (OH)(H,0),] 9.454(3)  10.692(4) 5.444(2) 90 105.46{2) 90 P2.im (204)
Mrézekite Bi**,Cu®*,{OH),0,(PC,).{H,0), 9.065(1) 6.340(1)  21.23%(3) 90 101.6(0) 80 P2./n (205)
Mundite AOH)[(UO,)5{OH),(PO,),1(H,0)s 5 17.08 30.98 13.76 90 90 90 Pmen (206)
Mundrabillaite (NH,),Ca(PO{OH},(H,0) 8.643 8.184 6.411 90 98.0 90 P2im (207}
Nabaphite NaBa(PO)(H,0), 10.712(1} a a 90 90 90 P23 (208)
Nacaphite Na(Na Ca)(PO,)F 5.3232(2) 12.2103(4)  7.0861(2)  90.002(1) 89.998(1) 89.965(1) PT (209)
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Mineral Name Formula a{A) b (A) c(A) a (%) B (") v (A) Space Ref.
Group
Nahpoite Na,H[PO,] 5451(1)  6.847(2)  5473(1) 90 116.33(8) 90 P2.im (210)
Nafipoite NaLi,(PO,) 6.884(2)  9.976(4)  4927(2) 90 90 90 Pmnb (211)
Nastrophite NaSr(PO,)(H,0), 10.556(1) a a 90 90 90 P23 (212)
Natrodufrénite NaFe?Fe™,(PO,),(OH),(H,0), 2583 5.150 13.772 90 111.53 90 Cole (213)
Natromonlebrasite  Na[AI(PO,)(OH)] 5.266 7.174 5.042 112.3 97.70 6713  PT (214)
Natrophiiite NaMn?*(PO,) 10.523(5) 4.987{2) £6.312(3) 9G 90 g0 Pnam (215)
Natrophosphate Na,(PO,),F(H,O)g 27.712(2) a a a0 80 a0 Fd3c2 (216)
Nefedovite Na,Ca,(PO,),F 11.644(2) a 5396(1) 90 90 90 4 217)
Newberyite [Mg(POL{OH}H,0),] 10.215(2)  10.681(2)  10.014(2) 90 90 90 Pbca (218)
Niahite (NH,)Mn#(PO,)(H,0) 5.68 8.78 4.88 90 90 90 Pmn2, (219)
Ningyoite (U,Ca,Ce,Fe),(PO,),{H,0)._, 6.78 12.10 6.38 90 90 90 P222 (220)
Nissonite Cu?",Mg,(PO,},(OH),(H,0): 22523(5)  5.015(2)  10.506(3) 90 99.62(2)  ©0 Colc (221)
Olgite NaSrPO,) 5.565(2) a 7.050(3) 90 90 120 P3 (222)
Olmsteadite KFe?',(H,0),INb(PO,),0,] 7.512(1)  10.000(3)  6.492(2) 90 90 90 Pb2,m (223)
Olympite LiNa,(PO,), 10.143(1)  14.819(3)  10.154(5) 90 90 90 Pemn (224)
Orpheite HePb?,0ALo(PO,)15(SO)s(OH) so(H,0)- 7.016 a 16.730 90 90 120 R3m (225)
Overite Ca,Mg,[APO,),(OH)L,(H,0), 14723(14)  18.746(16)  7.107(4) 90 90 90 Pbea (226)
Pahasapaite CatgLig[Be P, Oecl(H,0)s 13.781(4) a 13.783(1) 90 90 90 13 (227)
Palermoite STLLIAIPO,)(OH)], 11.556(5)  15.847(7)  7.315(4) 90 90 90 Imcb (228)
Panasqueiraite Ca[Mg(PO,)(OH)] 6.535(3)  8.753(4)  6.919(4) 90 112.33(4) 90 C2le (137)
Parafransoletite  Ca[Be,(PO,),(PO{OHN,I(H,0), 7.327(1)  7.686(1)  7.081(1)  949(0)  96.8(0) 1019(C) AT (104)
Parahopeite Zn,(PO,),(H,0}, 5768(5)  7.550(5)  5.276(5)  93.42 91.18 9137  PT (229)
Pararobertsite Ca,Mn®,(PO,},0,(H,0), 8.825(3)  13.258(4)  11.087(3) 90 101.19(4) 90 P2./c (230)
Parascholzite CazZn,(PO,),(H,0), 17.186(6)  7.413(3)  6.663(2) 90 95.4(0) 90 12lc (231)
Paravauxite Fe{AL(PO,),{OH),(H,0),){H,0).(H,0), 5.233 10.541 6.962 106.9 110.8 72.1 PT (232)
Parsonsite Pb,[(UO,)(PO,),] 6.842(4)  10.383(6)  6670(4)  10126(7) 98.17(7)  86.38(7) PT (233)
Paulkellerite E">i3’+2FE—.‘:H(F’OZ,}OE(OH)2 11.380(3) 6.6680(3) 9.653(3) 90 115.3(0) a0 C2le (234)
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Minerat Name Formula a(A) b (A) c{A) o (%) B (%) v (A) Space Ref.
Group
Penikisite BaMg,Al(PO,),(OH), 8.999 12.069 4.921 90 100.52 80 P2.J/m (235)
Perloffite BalMg,Fe®,(PO,),(OH), 9.223(5) 12.422(8) 4.995(7) 90 100.39(4) 90 P2./m (236)
Petersite-(Y) YCU™(PO,),(OHI(H,OY, 13.288(5) a 5.877(5) a0 90 120 FE./m (237
Petitjeanite Bi**,(PO,),O(0H) §.798 7.250 6.866 £8.28 115.27 110.70 F1 (238)
Phosinaite-{Ce) Na,;Ca,Ce[5:,0,,)(PO,)., 12.297(2) 14.660(3) 7.245(1) a0 90 80 P22,2, {239)
Phosphammite {NH,},(PO,{OH}) 11.043(6) 8.700(3) 8.031(4) 20 113.4{0) g0 P2,/ {240)
Phosphoeiienbergite Mg, (PO, )s(PO{OH}),(CH), 12.467(2) a 5.044(0) S0 90 120 F6,me (241
Phosphoferrite Fe™ (PO, (M,0), B.660(30)  10.060(30) 9.410(30) g0 90 90 Pen? (242
Phaosphofibrite KCu*'Fe® 5(PO,),{OH),,(H,0),, 14.40 18.76 10.40 90 90 20 Pbnm {243
Phosphogartrellite  Pb™Cu*'Fe*(PQ,),(0OH,H,0), 5.320 5528 7.434 57.61 69.68 70.65 =5} (244
Phosphophyllite Zn,Fe*(PO,),(H,0), 10.378(3) 5.084{1) 10.553(3) 90 121.14{2) 20 P2.jc (245
Phosphorrésslerite  {Mg(H,O).}(PO,{OH})(H,0} 6.60 25.36 11.35 90 a5 a0 Cale (248
Phosphosiderite [Fe*(PO,)(H,0),] 5.330(3) 9.808(4) 8.714(5) 90 90.5(1) 30 F2.in (247
Phosphovanadylite  V**,P,0,,(OH)s(H,0)., 15.470(4) a 15.470(4) a0 a0 80 143m {248
FPhosphuranylite KCa(H,0),(UO)[(UO,),(PO,),0.1,(H,0)q 15.899(2) 13.740(2) 17.300(3) 90 30 g0 Cmem (249
Phuratumite AIZ[(UOZ)S(F‘O.q}Q(C)H)Q](OF~J)4(HZO)10 13.836(6) 20.918(6) $.428(3) 80 1i2.44 90 P2.la (250
Phurcalite a,{{U0,),0,(PO,).](H, O) 17.415(2) 16.035(3) 13.598(3) 90 a0 90 Pbca (251
Planerite Al(PO.),(PO,{OH}}L,(OH),(H,0), 7.505(2) 9.723(3) 7.814(2) 111.43 115.56 68.69 P1 {2}
Plumbogummite Pb™AlL(PO,),(OH)5(H, ) 7.039(5) a 16.761(3) 90 20 120 R3m (130
Polyphite Na,,Ca;MgTi* (Si,0;),(PO,):05F; 5.412(2) 7.079(3) 26.560(10) 95.2(0) 93.5(0) 93.1(0) A (252
Pretulite Sc(PO,) 6.589(1) a 5.806(1) 90 90 a0 [4famd (253
FPrzhevalskite Pb{UO,)(PO)]{H.0), 7.24 a 18.22 a0 80 g0 Tetra (254
Pseudo-autunite Ca,[(UO,),(PO,),J(H,0) 6.964 a 12.85 80 90 120 Hexa (255
Pseudolaueite Mn?'[Fe*™{(PO,)(OH)(H,0),(H,0)(H,0), 9.647 7.428 10.194 90 104.63 90 F2./a (256
Pseudomalachite ~ Cu®,(PQ,),(OH), 4.4728(4) 5.7468(5) 17.032(3) 90 91.043(7) 90 P2.lc {257
Purpurite Mn*(PO,) 4.780 9.680 5819 90 90 90 Fbnm {258
Pyromorphite Pb.(PO,),CI 9.977(1) 8.976(1} 7.351(2) 20 90 120 P8yim (259
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Mineral Name Formula a (A) b(A) c{A) o (%) B (%) v (A) Space Ref.
Group
Qingheiite Na,NaMn* ,Mg,AL(PO,), 11.856(3) 12.411(3) B.421(1) a0 114.45(2) 90 P2./n (260)
Quadruphite Na,,CaMgTi" (Si,0,),(PC,),0.F, 5.4206(2) 7.G846(2) 20.364(1) 86.89(1) 94.42(N) 88.94(1) ™ {209)
Raadeite Mg (PQ,),(OH), 5.250(1) 11.647(2) 9.655(2) a0 85.94(1) 90 P2.in (261)
Reddingite Mn*"5(PO,),(H,0). 8.750(20) 10.173(8) 9.580(20) 80 30 90 Pcmb (262)
Reichenbachite Cu™(PQ,),(OH), 3.186(2) 10.684(2) 4.481(1) 90 92.31(1) 80 F2./a (263)
Renardite Pb* (UC,)[(UO,),0,{PO,).I(H,0) 15.9 17.6 13.8 a0 90 80 Bmmb (264)
Rhabdephane Ce(PO,)(H,0) 7.055(3) a 6.439(5) 90 a0 120 F6,22 (265)
Richellite CayFe™, (PO Je(OH),,(H,0), Amarphous - - - - - - (266)
Rimkorolgite Mg;Ba(PO,)(H,0), 12.829 8.335 18.312 90 90 90 Pemm (267}
Rittmanite Mn®*Mn* Fe®,JAI(PO,),{OH)1,(H,0), 15.01{4) 6.89(3) 10.16(3) 90 112.82(25) 90 P2./a (268)
Robertsite Ca,[Mn* {P0O,),0,]{H,0}, 17.36(2) 19.53(5) 11.30(3) a0 96.0 30 Aa (269)
Rockbridgeite Fe”Fe™ (PO,),(OH); 13.873(12)  16.805(9) 5172(4) 80 920 ¢ Bbmm &N
Radoelicoite Fe™(PO,} 5.048(3) a 11.215(8) 30 80 120 R3,21 (270)
Roscherite Ca,Mn* [Be,P;0,,(OH),XH,0), 15.874(4) 11.854(3) £.605(1} g0 95.35(3) 80 C2lc (271)
Rosemaryite NaMn”Fe*Al(PQ,), 11.977(2) 12.388(2) 6.320(1) 90 114.45(2) g0 F2,in (272)
Sabugaiite Al[UO,},(PO{OHN(PO,);1(H,0)46 19.426 $.843 §.850 90 96.16 20 C2/m (273)
Saléeite Ma[{UO,)(PO,)1{H,Q},, 6.851(3) 19.947(8) 9.896(4) 90 13517 90 F2./lc (274}
Sampleite NaCaCu®',(PO,),CI(H,0). 9.70 38.40 9.65 90 a0 90 Crth {275)
Samuelsonite BaCayFe™ AL(OH),(PO,),, 18.495(10) 6.804(4) 14.000(8) 90 112.8(1) 90 C2im (278)
Sanjuanite AL(PO, (S0 )(OH)(H,0), 11.314(11) 9.018(9) 7.378(7) 93.07(1y  85.77(7) 10586(7) PT (133)
Sarcopside (Fe™ Mn?* Mg),(PO,), 6.019(0) 4.777(0) 10.419{1) g0 91.0(0) 30 P2./e (277)
Sasaite Alg(PO)5(OH)(H,0)a5 06 10.75 15.02 46.03 90 90 90 e s (278)
Satterlyite Fe* (PO,)(OH) 11.361 a 5.041 90 a0 120 F31m (279)
Schertelite (NH,),[Mg(PO,{OH}),(H,0),] 11.49(2) 23.66(8) 8.62(1) 90 90 90 Pbea {280)
Scholzite CazZn,(PO,),H,0), 17.149(3) 22.236(2) 6.667(1) 90 90 90 Phc2, (281)
Schoonerite Fe*,ZnMn*(PQ,),(OH),(H,0), 11.119(4) 25.546(11) 6.437(3) 90 a0 90 Prmab (282)
Scorzalite Fe® [AI(PO)(OH)], 7.15(2) 7.31(2) 7.25(2) 90 120.7{1) 90 P2,lc 20)
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Mineral Name Formula a (A) b (A) ¢ (A) a (%) B () v (A) Space Ref.
Group
Seamanite [Mn?*,{B{OH},){(PO,{OH),] 7.8231(9) 15.1405(14) 66999(7) 90 90 90 Pbnm (283)
Segelerite Ca,Mg,[Fe’ (PO,),(OH)],(H,0), 14.826(5)  18.751(4)  7.307(1) 90 90 90 Pbca (226)
Selwynite NaK[BeZr,(PO,),](H,0}, 6.570(3) a 17.142(6) 90 90 90 ljamd  (284)
Senegalite Al(OH),(PO,)H,0) 7.675(4)  9.711(4)  7.635(4) 90 90 90 F2.nb (285)
Serrabrancaite Mn*(PO,){H,0) 6.914(2)  7.468(2)  7.364(2) 90 112.28(3) 90 Calc (286)
Sicklerite LiMr*(PO,) 4.794 10.063 5.947 0 90 90 Pbnm (287)
Sidorenkite Na,Mn*'(PO,){CO,) 8.997(4)  8.741(2)  5163(2) 90 90.16(4) 90 P2./m (288)
Sigismundite BaNa,CaFe™ ,Al(PO,),{OH), 16.406(5)  9.945(3)  24.470(5) 90 10573(2) 90 Calc (289)
Sigloite Fe[AL(PO,(OH)(H0)I(H.0)(OH)(H,0),  5.190(2)  10.419(4)  7.033(3)  105.00(3) 111.31(3)  70.87(3) PT (290)
Sincosite Ca(V"0),(PO,),(OH),(H,0), 8.895(3) a 12.747(2) 90 90 90 Pafnmm  (291)
Sinkankasite (M (H,0) {AI(PO,{OH}),(OH))(H,0), 9.590(2)  9.818(2)  6.860(1)  108.0(0)  99.6(0) 98.9(0) PT (292)
Smrkovecite Bi**,0(PO,)(OH) 6.954 7.494 10.869 90 107.00 90 P2 Jc (293)
Sobolevite Na,;Na,MgTi*(81,0,),(PO,),0,F, 7.078(1)  5.411(1)  40618(10) 90 93.2(0) 90 P1 (294)
Souzalite MgAL(PO,)(OH)s{H,0), 11.74(1) 5A1(1)  13.58(1) 90.83(8) 99.08(8)  90.33(8) PT (116)
Spencerite Zn(PO,),{OH),(H,0), 10.448(3)  5.282(1)  11.208(3) 90 116.73(3) 90 P2 /c (295)
Spheniscidite {(NH,)Fe®,(OH)(PO,),(H,0), 975 9.63 9.70 90 102,57 90 P2,in (296)
Springcreekite BaV**,(PO,),(OH)s(H,0) 7.258(1) a 17.361(9) 90 90 120 R3m (297)
Stanékite Fe**Mn”(PO,)0 11.844(3)  12662(3)  9.989(3) 90 105.93(2) 90 P2./a (298)
Stanfieldite Mg,Cay(PO,), 22.841(3)  9994(1)  17.088(5) 90 99.6(0) 90 C2/c (299)
Steenstrupine-(Ce} Na,,Ce,Mn**Mn*Fe” ,Zr(Siy0,5),(PO,},(H,0);  10.460(4) a 45.479(15) 90 80 120 R3m (300)
Stercorite Na(NH,)H[PO,}(H,0), 10.636(2)  6.919(1)  6.436(1)  90.46(3) 97.87(3) 109.20(3) PT (301
Stewartite Mn”[Fe™,(PO,),(OH)L(H0)L)(H,0),(H,0),  10.398(2)  10.672(3)  7.223(3)  90.10(3) 109.10(2)  71.83(2) FT (302)
Strengite [Fe*'(PO,)(H,0),] 10.05 9.80 8.65 90 90 90 Pcab (303)
Strontiowhitlockite  SryMg(PQ,)s(PO{OH}) 10.644(9) a 39.54(6) 80 90 120 Rac (304)
Strontium-apatite  Sr,Ca,(PC,)F, 9.630 a 7.220 90 90 120 Pe, (305)
Strunzite Mn**[Fe* (PO,)(OH)(H,0)L,(H,0), 10.228(5)  9.837(3)  7284(5)  90.17(5) 98.44(5) 117.44(2) PT (308)
Stravite (NH,)[Mg(H,0)][PC.] 6.941(2)  6.941(2)  11.199(4) 90 80 90 Pmn2, (307)
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Mineral Name Formula a (A) b (A) ¢ (A) a (%) B (%) v (A) Space Ref.
Group
Svanbergite SIAL(SO,)(PO,)(OH),] 6.890 a a 606 60.6 60.6 R3m (308)
Swaknoite Ca(NH,),(PO5{OH}),(H,0) 20.959 7.403 6.478 90 90 90 Cm——  (309)
Switzerite Mn?",(PO,),(H,0}, 8.528(4)  13.165(5)  11.812(4) 90 110.05(3) 90 P2./a (310)
Tancoite Na,Li[A{PQO ),(OH)H 5.948(2) 14.088(4} 14.065(3) a0 90 aG Pbech (311
Tarenakita K,AL(POL{OH))L(PO,),(H,0),, 8.703(1) a 95.050(10) 90 90 120 Fic (312)
Tarbuttite Zn,(PO)(OH) 5.499 5654 6.465 102.85 102.77 86.83 P1 (313)
Tavorite Li[Fe** (PO, }(OH)] 5.340(2)  7.283(2)  5.110(2)  109.29(2) 97.86(3) 106.32(3) AT (314)
Thadeuite CalMg,{PO,),(OH), 6.412(3)  13.563(8)  8.545(5) 90 90 90 C222, (315)
Threadgoldite Al(UO,)(POIL(OHNH,0), 20168(8)  9.847(2)  19.719(4) 90 110.7(0) 90 Cate (316)
Tinsleyite KIAL{PO ),(OH)(H,O)](H,0) 9.499(2)  9.503(2)  9535(2) 90 103.3(0) 90 P2./n (317)
Tinticite Fe™,(PO,),(H,0J 7.965(2)  9.999(2)  7.644(2)  103.94(2) 115.91(2) 67.86(2) T (318)
Tiptopite K,NaCaLiy[BeP,0..(OH),1(H,0), 11.655(5) a 4692(2) 90 90 120 Pe, (319)
Torbernite Cu2+{(UOZ)(P04)]2(HZO)B 7.06 a 20.5 90 g0 a0 Mimmm (320)
Triangulite AL(OH),[(UO,(PO,)L{H,0) 10.39 10.56 8.82 10125 10958 113.4 PT (321)
Triphylite LiFe?'(PO,) 4.704 10.347 6.0189 90 90 90 Pbnm (322)
Triplite Mn?*,(PO,)F 12.065 6.454 9.937 90 107.1 90 2/c (323)
Triploidite Mn* (PO,)(OH) 12.366(1)  13276(2)  9.943(2) 90 108.2(0) 90 P2 Ja (324)
Trolleite AlL(OH),(PO,), 18.894(5)  7.161(1)  7.162(2) 90 99.99(2) 90 12ic (325)
Tsumebite Pb?,[CU#(PO,)(SO,)(OH)] 7.85 5.80 8.70 90 1115 90 P2.im (326)
Turquoise CUZ'Alg(PO,},(OH)5(H,0), 7410(1)  7.633(1)  9.904(1)  68.42(1) 6965(1)  65.05(1) AT (327)
Ulrichite CU™[Ca(UO,)(PO,)I(H,0). 12.790(30)  6.850(20) 13.020(30) 90 91.0¢1) 90 C2im (328)
Upalite Al [(UO,),0(0H}PO,),IH,0}, 13.704 16.82 9.332 90 1115 90 P2./a (329)
Uralolite Ca,[Be,(PO,),(OH):I(H,0), 6.550(1)  16.005(3)  15.969(4) 90 10164(2) 90 P2.Jn (330)
Uramphite (NH)(UO,)(PO,)(H,0), 7.022(0) a 18.091(0) 90 90 90 P4incc  (331)
Uranccircite Ba[(UO,)(PO,)1,(H,0) 7.02 a 20.58 90 90 90 Pdincc  (332)
Uranospathite AH[(UO (PO 1(H,0)s0 7.00 a 30.02 90 90 90 Pa,in (333)
Ushkovite Mg[Fe™,(PO,),(OH),{H,0),1(H,0),(H,0), 5.3468(4) 10.592(1)  7.2251(7) 108.278(7) 111.739(7) 71.626(7) PT (334)
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Mineral Name Formula a(A) b (A) c{A) o (%) B (%) vy (A) Space
Group
Vanmeerscheite  U(OH),[(UQ,),(PO,),(OH),I(H,0), 17.060(50) 16.760(30)  7.023(3) 90 90 90 P2.mn
Variscite [AI(PO,)(H,0),] 9.822(3)  8.561(3)  9.630(3) 90 90 90 Pbca
Varulite (Na,Ca)[Mn?*(Mn,Fe?, Fe?),(PO, )] 11.99 12.64 6.51 90 114.64 90 Calc
Vashegyate Pb?,Cu?*(CrO,)(PO,)(OH) 10, 7?3(3) 14.971(5)  20.626(8) 90 90 90 Pna?,
Vel PLY ICuT (PO NSO OH)] 12.754(5)  5.808(8) 0.E62(3) 90 54.58(3) 60 P2 i
Vauxite Fe?AL(PO,)L(OHL(H,0), 9.13 11,59 6.14 98.3 92.0 108.4 PT
Vayrynenite Mn'[Be(PO,)(OH)] 5.4044(6) 14.5145(12) 4.7052(6) 90 102.788(8) 90 P2./a
Veszelyite CU?, (PO )OH),H,0), 9.828(3)  10.224(3)  7.532(2) 90 103.18(2) 80 P2, /e
Viitaniemiite NaCaAl(PO,)(OH)F, 5.457(2) 7.151(2) 6.836(2) a0 108.36(3) 80 FP2.n
Viséite Ca,6AL(SI0,)e(PO),0,F(H,0),, 6.89 a 18.065 90 90 120 R3m
Vitusite-(Ce) Na,Ce(PO,), 14.091(4)  5357(1)  18740(3) 90 90 90 Pca2,
Vivianite Fe?,(PO,),(H,0), 10.021(5)  13.441(6)  4721(3) 90 102.8(0) 90 12/m
Vachtenite Fe? Fe ™ {(UO,)(PO ) L(OH)(H,0)1s1s 12,608 19,990 9.990 90 102.52 90 Mono
Voggite Na,Zr(PO,)(CO,)(OH)(H,0), 12.2612)  6.561(1)  11757(2) 90 116.200) 90 12im
Vuonnemite Na,, Ti*Nby(Si,0,),(PO,),0,(OH) 5.4984(6)  7.161(1)  14.450(2)  92.60(1) 9530(1)  90.60(1) PT
Wagnerite Mg,(PO,F 11.957(8)  12.679(8)  9.644(7) 90 108.3(2) 90 P2./a
Wardite NaAl,(OH},(PO,),(H,0), 7.030(10) a 19.040(10) 90 90 80 P4.2,2
Wavellite Al{OH),(PO,),(H,0)s 9.621(2)  17.363(4)  6£.994(3) 90 90 90 Pemn
Waylandite (Bi,Ca)Aly(PO,,Si0,),(OH), 6.983(3) a 16.175(1) 90 90 120 R3m
Weinbeneite Ca[Be,(PO,),(OH),](H,0), 11.897(2)  9.707(1)  ©633(1) 90 95.76(1) 90 Ce
Whiteite-(CaFeMg) CaFeMg,[Fe® (PO,),{(OH)1,(H,0), 14.90(4) 6.98(2)  10.13(2) 90 113.1149) 90 P2la
Whiteite-(CaMnMg)  CaMn?Mg,AL(PO,),(OH),(H,0), 14.842(9)  6.976(1)  10.109(4) 90 112.59(5) 90 P2la
Whitlockite CagMg(PO,)(POL{OH)) 10.350(5) a 37.085(12) 90 90 120 R3c
Whitmoreite Fe?[Fe™ (PO,)(OH)L,(H,0), 10.00(2) 9.73(2) 5471(8) 90 938(1) 90 P2l
Wicksite NaCa,Fe? ,MgFe®(PO,), 12.895(3)  12.511(3)  11.634(3) 90 90 90 Pbca
Wilhelmvierlingite  Ca,Mn,[Fe®(PO,J,(OH)L,(H,0) 14.80(5)  18.50(5) 7.31(2) 90 90 90 Pbca
Woifeite Fe®,(PQ,)(OH) 12.319 13.230 $.840 90 108.40 90 P2./a
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Mineral Name Formula a(A) b (A) c (A} o (%) B{°) v {A) Space Ret.
Group
Woodhouseite CaAl (PO (SO,)(OH), 5.976(2) a 16.235(8) 90 90 120 R3m {361)
Wooldridgeite Na,CaCu?,(P,0,),(H,0)4, 11.938(1) 32.854(2) 11.017(1) 90 90 90 Feld2 {362)
Wycheproofite NaAlZr(PC,),(OH),{H,0) 10.926(5) 10.986(5) 12.479(8) 71.37(4)  77.39{4) 87.54{(3) PlorPT (363)
Wyllieite Na(Mn* Fe™)(Fe Fe® Mg)Al(PO,), 11.868(15) 12.382(12) 5.354(9) 90 114.52(8) 80 P2./n {364)
P PRI Ca, e DT T, 5VO; 5.35(4) 55435 SRR TV N R Ty R Ree eI i (354}
Xenotime-(Y} Y{PO,) ©.895(1) a 6.0276(8) 1y 20 90 14, Jamd {(199;
Kenatime-(Yb) YbPO, 6.866(2) a 6.004(3) a0 90 80 4, famd (365)
Yingjizngite K,Ca(U0,},(PO,).(OH)(H,O) 15.707 17.424 13.692 90 90 g0 Bmmb (368)
Yoshimuraite Ba,Mn, TiO(Si,0, PG, )(OH) 5.386(1) 6.989(1) 14.748(3) 89.98(1) 93.62(2) 95.50(2y PT (367)
Zairite Bi(Fe™ Al),(PO,),(OH), 7.015(5) a 16.365(15) g0 90 120 R3m (368)
Zanazziite CaMg,[Be,P,0,,(CH),J(H,O), 15.874{4) 11.854(3) 8.605(1) 90 95.3(0) 90 C2le {369)
Zwieselite Fe, (PO, F 11.998(3) 9.890(3) 6.489(1) 30 20 107.7(0)  f2/a (370)

References: (1) McDonald et al. (1894), (2) Foord and Taggart (1998), (3) Harrowfield et al. (1981 ), (4) Hataetal. (1979), (5) Moore (197 1b}, () Romming and Raade {1980),
(7) Piretand Deliens (1987), (8) Groat et al. (1990), (9) Catti et al. (1979), (10) Ono and Yamada (1991), (11) Sokolova et al. (1984a), (12) Sakae et al. (1978}, (13) Moore
et al. (1981), Merlino et al. (1981), (14) Buchwald (1990), (15) Grice and Dunn (1992), (16} Araki et al. (1968), (17) Potenza (1858), (18) Simonov et al. (1880), (19)
Yakubovich et al. {2000}, Liferovich et al. (2000b), (20) Lindberg and Christ (1959}, (21} Yakubovich et al. (2001), {22} Roca et al. {1997}, Pring et al. (1999), (23) Vochten
etal (1984), (24) Chopin etal. (1993), (25) Galliski et al. (1999), (26) Borodin and Kazakova (1954), (27) Pekov etal. (1 996), Kabalov etal. (1997), (28) Walenta et al. (1996),

(29) Demartin et al. (1983}, Demartin et al. (1997), (30) di Cossato et al. (1989a), Fanfani and Zanazzi {1967a), (31) Piret and Deliens (1981), (32) Ng and Calvo (1976),

(33) Kampfand Moore (1976), {34) von Knorring and Mrose (1966), (35) Giuseppetti and Tadini (1973), {36) Steele etal. (1991). Wise et al. (1980}, (37) llyukhin et al. (1995},

(38) Moore and Araki (1974c}, (39) Birch et al. (19989), (40) Ercit et al. (1986a), (41) Takagi et al. (1986), (42) Hawthorne (1982), (43) Garcia-Guinea et al. {1985), (44)
Khomyakov et al. (1982), (45) Rose (1980), (46) Sckolova and Khomyakov (1992), (47) Gatehouse and Miskin (1974), (48) Krause et al. (1998¢), (49) Moore (1975a),
Alkemper and Fuess (1988}, (50) Fisher and Meyrowitz (1962}, {51) Curry and Jones {1971 }, (52) Ben Amara et al. (1983), (53) Selway et al. (1997), (54) Moore and Shen
(1983a), (55) Rouse et al. (1988), (56) White et al. (1967), (57) Giuseppetti et al. (1989), (58) Hughes et al. (1983), (39) Atencio (1988}, (60) Giuseppetti and Tadini (1984),
{(61) McCoy et al. (1994), (62) Hughes et al. (1980), (63} Kohimann et al. (1994), (64) Krutik et al. (1980), {65) Young et al. (1966), (66) Brotherton et al, (1974), (67)
Giuseppetti and Tadini (1987), (68) Eby and Hawthorne (1989}, (69) Blount (1974), (70) Khomyakov et al. (1994), (71) Cooper and Hawthorne (1994b), {72) Cozzupoli et
al. (1987), Cooper et al. (2000), (73) Khomyakov et al. (1998), Rastsvetaeva and Khomyakov (1996), (74) Cech and Povondra (1979), (75) Peacor et al. (1899), (76) Piret
etal. (1990), (77) Moore et at. (1981}, (78) Mrose (1871), Carling et al. (1995), (79) Catti et al. (1977b), (80) King and Sengier Roberts (1988), (81) Moore (1970), (82) Piret
and Piret-Meunier (1988), (83) Peacor et al. (1984), (84) Hawthorne and Grice (1987), {85) Dunn et al. (1984b), Moore (1976), (86) Hansen (1960), Hoyos et al. (1993), (87)
Fransolet etal. (2000), (88) van Wambeke (1972), (89) Fanfani et al. (1970b), (90) Nord and Kierkegaard (1968), (91) Kolitsch and Giester (2000}, (92) Hughes and Drexler
(1891), (93) Alberti (19786), (94) Peacor et al. {1983), (95) Araki and Moore (1981), (96) Kato (1990), (97) Lefebvre and Gasparrini (1980), (98) Milton and Bastron (1971),
(99) Guy and Jeffrey (1966), (100) Khomyakov et al. {1997), (101) Moore et al. {1975b), (102) Dick and Zeiske (1998), (1G3) Piret et al. (1988), (104) Kampf (1992), Kampf




etal. (1892), (105} Lindberg (1949), (106) Shen and Peng {1981), (107) Moore et al. (1983), (108) Olsen and Steele {1997), (109) Pring and Birch (1993, (1 10) von Knorring
and Fransolet (1977}, (111) Sokolova and Egorov-Tismenko (1990), (112) Liferovich et al. (2000a}, Sokolova et al. (2001), (113) Moore et al. (1975a), (114) Radoslovict
and Slade (1980), (115) Leavens and Rheingold (1988), (116} Sturman et al. (1981a), (117) Kato (1971), Kato (1987), (118) Calvo (1968}, (119) Cipriani et al, {1897}, (120
Dooley and Hathaway (1961), (121) Rinaldi (1978), (122) Fisher (1 956), (123) Walenta and Theye (1999}, (124) Catti and Franchini-Angela (1 §76), (125) Grice and Robert:
(1993), (126) Romming and Raade (1986), (127) Sieber et al. (1987), (128) Paviov and Belov (1957), (129) Eventoff et al. (1972), (130) Kolitsch et al. (1999b), (131) Rommin
and Raade (1989), (132) Hill and Jones (1976), (133) de Bruiyn et al. {1989), (134) Moore and Araki (1973), (135) Bakakin et al. (1974), (136) Lager and Gibbs (1974), (137
Isaaks and Peacor (1981), (138) Meagher et al. (1974), (139) Moore (1974), Moore and Araki (1974a), (140) Grice et al. (1990), (141) Livingstone (1980), (142) Kolitscl
et al. (2000), (143) Dunn et al. (1986), (144) Liferovich et al. (1997), (145) Popova et al. (2001), (146) Adiwidjaja et al. (1999), Schluter et al. (1999), (147) Miicke (1979)
(148) Kato (1970), (149) Kharisun et al. {1997), Pring et al. {1995}, (150} Piret et al. (1985), (151) Hey et al. (1982), (152) van Tassel (1968), (153) Brownfield et al. (1 993)
Sljukic et al. (1969), (154) Ovchinnikov et al. (1980), (155) Britvin et al. (1986), (156) Moore (1971a), Moore and Araki (1976), Moore et al. (1980), {157) Cooper anc
Hawthome (1994a), (158) Lahti and Pajunen (1985), Pajunen and Lahti (1985), Fransolet (1989), (159) Moore et al. (1980}, (160) Moore (1965a), (161) Giuseppetti anc
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APPENDIX B. DEFINITIONS

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

Characteristic bond-valence: the formal valence of a cation or an anion divided
by its mean coordination-number. The characteristic bond-valence of an
oxyanion is its formal charge divided by the mean number of bonds to the
oxyanion. For example, an O-atom of an (SOg) group is, on average, [4]-
coordinated, which means it receives three bonds in addition to that from
the central S atom; thus, there are, on average, twelve bonds to the
oxyanion, and its characteristic bond-valence is 2/ 12 = 0.17 vu.

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

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

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

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

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

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

Transformer (H;0) groups: (H20) groups in which the O-atoms accept only one
bond from a cation (inclusive of hydrogen bonds). Hence, they receive
only one bond but propagate two hydrogen bonds, i.e., they split one bond
into two bonds. This effect transforms the higher bond-valence of one
cation-(HzQ) bond into the lower bond-valences of two hydrogen bonds.

Non-transformer (H20) groups: (H20) groups in which the O-atoms accept two
additional bonds from cations (inclusive of hydrogen bonds). Hence, they
receive two bonds and also propagate two bonds (i.e., they do not
transform bonds). Non-transformer (H,O) groups propagate bond-valence
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to acceptor O-atoms of the structural unit.

General interstitial complex:

{[m}M+a [n]M 2+b ury 3*'C (H20)g (H20), IQI(OH)f}(a‘*Zb'*?lC-f)*L (HZO)Q
where d is the number of interstitial transformer (H,O) groups, e is the
number of interstitiai non-transformer (H,O) groups, fis the number of
interstitial (OH) groups, and g is the number of interstitial (H,O) groups
which do not bond to interstitial cations.

General structural unit;
[M* (H20); (OH); (PO >
where x is the number of cations in the structural unit, / is the number of
transformer (H,O) groups in the structural unit, and j is the number of (OH)
groups in the structural unit

Effective charge of a structural unit: the formal charge plus the amount of
bond-valence contributed to the interstitial complex from hydrogen bonds
of (H20) and (OH) groups in the structural unit. For example, the formal
charge of the structural unit [Fe*"(H,0)a(SO4)2]% is 2~ and there are eight
hydrogen bonds emanating from the structural unit; thus, the effective
charge of the structural unit is (2 + 8h)™, where h is the bond valence of
the hydrogen bond. The corresponding interstitial complex must have the
same effective charge with an opposite sign.

Average basicity of the structural unit: the effective charge of the structural
unit divided by the number of O-atoms in the structural unit.

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

Effective Lewis acidity (Lewis acidity) of an interstitial complex: the effective
charge of the interstitial complex divided by the number of bonds
emanating from the interstitial complex.
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