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Abstract

Secondary minerals, formed at low temperature, are the product of the oxidation of
primary sulphide ore bodies. The formation and mineralogy of oxidized zones, which
phases are stable and which are not, and how toxic heavy metals become incorporated
into the crystal structures of the constituent minerals have implications for the heavy
metal mobility in the environment and in the disposal of heavy metal and the

remediation of contaminated sites

This thesis presents an inverstigation of the the crystal chemistry of a suite of Cd,
Pb, Zn, Cu, Se and As oxysalt minerals from Broken Hill, NSW; the new mineral
species plimerite, nyholmite, liversidgeite and edwardsite, as well as gartrellite,
munakataite, osakaite and cadmian serpierite. Crystal structures were studied using
single-crystal X-ray diffraction data, in conjunction with the results from electron
microprobe analysis, powder X-ray diffraction, infrared absorption spectroscopy,
Raman spectroscopy and Mossbauer spectroscopy. The crystal structures are
classified according to the mode of polymerization of strongly bonded coordination
polyhedra: chains, sheets or frameworks. The chemical compositions of the minerals
and their stabilities are discussed in terms of a combinination of hierarchical ordering,

bond-valence theory and the valence-matching principle.

For the first time in natural minerals, extensive solid solutions involving cadmium
have been observed. Solid solutions between Cd and Zn (in nyholmite), Cd and Ca (in
serpierite), and Cd and (Pb+Ca) (in sampleite-lavendulan-zdenekite and conichalcite-

duftite) are examined.

The minerals examined in this study have implications for the mobility of heavy

metals in the environment and in remediation of heavy metal contaminated sites.
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Chapter 1. Introduction

1.1 General Introduction

The oxidized zone of the Broken Hill Ag-Pb-Zn deposit has had a long and
complex history which is reflected in the complexity of its mineralogy, a mix of
sulphates, carbonates, oxides, phosphates, arsenates, halides, silicates and native
metals (Birch 1999). This diversity arises from the vast bulk and chemical complexity
of the primary sulphides plus the long weathering history. Primary sulphides are rich
in Pb, Zn, Ag, Mn and Cu and contain significant amounts of As, Sb, Co, Ni, Se and
Cd, and small amounts of Sn, Bi, Hg, and U. Very few deposits offer such an
opportunity for the study of the crystal chemisty of such a wide variety of seconday
minerals.

Heavy metal mobility in the oxidized zones of ore deposits is governed largely by
the formation of the secondary minerals such as carbonates, sulphates, phosphates,
arsenates etc. Low-temperature minerals are also important for the transportation of
heavy metals from sites of heavy metal contamination to the biosphere. Geochemical
weathering processes acting upon mining and metallurgical wastes initiate the process
of transporting heavy metals from contaminated areas and redistributing them to
surrounding soils, streams, and groundwater (Fuge et al. 1993; Paulson 1997).

The crystal structures of complex oxysalt minerals are related to the stability,
occurence and distribution of the minerals. Knowledge of their crystal structures is
thus important for understanding the transport and re-deposition of heavy metals
during weathering and can lead to effective approaches to remediation of heavy metal
contamination in the environment, and aid in the development of reliable methods for
the disposal of heavy metal waste. A study of the behaviour of heavy metals in the
environment and the formulation of solutions to the environmental problems also
requires knowledge of the thermodynamic stability of the possible precipitating
phases, which can be estimated from their structural data (e.g., Chen et al. 1999).

In recent years, low-temperature minerals have received considerable attention
because of their importance to the environment. Recent research of the crystal
chemistry of heavy metals such as lead and uranium (e.g. Burns 1999; Krivovichev
and Burns 2000a; Li et al. 2000; Li et al. 2001; Brugger et al. 2003) has involved

investigation of the mechanisms of formation and the crystal chemistry of both



naturally occuring minerals and synthetically prepared compounds. The research has
in large part been driven by the role these elements play in the environmental
problems associated with the disposal of heavy metal and radioactive wastes and in
the remediation of contaminated sites. The crystal chemistries of heavy metals like
Cd, Cr, Se and As and their speciation in geochemical systems are however, less well
known. This may be due to their low concentration in the earths crust and the
resulting relative rarity of their minerals.

Oxysalt minerals found in the oxidized zones of ore deposits and in contaminated
sites are commonly found in complex parageneses that contain a large number of
complex minerals of several different chemical types. The factors that control the
relative stabilities of the minerals remain largly unknown, however, the paragenetic
sequences of minerals in such complex environments and their stabilities should be
related to the crystal structures of the constituent minerals (Hawthorne 1992 1998).

Structural investigations of secondary heavy metal bearing phases are important in
their own right and will also lead to a better understanding of the crystal chemistry of
these elements, and thereby may help to elucidate the mechanisms for their release,
transport and precipitation under natural conditions.

This study concentrates on the crystal chemistry of eight oxysalt minerals of Pb,

Cd, Cu, Zn, Se and As from the secondary zone of the Broken Hill deposit.

1.2 Crystal Chemistry

Evans (1966) defined crystal chemistry as "the study of the relationship of the
internal structure of a body to its physical and chemical properties. It aims at
interpreting the properties of any substance in terms of its crystal structure, and,
conversely, at associating with any structural characteristic a corresponding set of
physical and chemical properties.” The early development of crystal chemistry was
empirical in nature and resulted from the development of crystal structure analysis by
X-ray diffraction techniques by Max von Laue and W.H. and W.L. Bragg and in the
1920's and the work of V.M. Goldschmidt who analysed crystal structures in terms of
the stoichiometry of the compound, the observed interatomic distances, the relative
sizes of the component atoms and their polarization. Later in the 1930's, Pauling
introduced the concept of electronegativity to help account for varying degrees of

covalence in chemical bonds and showed the importance of chemical valence.



Although there has been recent substantial progress in applying quantum
mechanical techniques to minerals (e.g. Gibbs 1982; Gibbs et al. 1987; Gibbs et al.
2008), this approach is sometimes difficult to apply to mineral structures, which are
relatively complex and are composed of infinite periodic arrays of ions rather than of
molecules. The empirical approach, based on the concept of periodic structures
containing ions of specific size, charge, and coordination number, is still used by
invesigators. Pauling’s five rules, despite criticism as being an unrealistic model for
bonding in most solids (Pauling 1929, 1960), are, in various modifications, are still

being used today.

1.2.1 Characteristics of Cadmium

Cadmium, element 48, is the 49™ most abundant element in the earths crust and
exists in nature as seven stable isotopes and one radioactive isotope (Table 1) (Leland
and Nier 1958). The ground electronic configuration of the Cd atom is [Kr]4d'%5s.
Cadmium is a typical chalcophile element and thus has a strong affinity for sulphide
liquid phases and tends to accumulate in magmatic sulphides (Goldschmidt 1958).
Cadmium is found mainly as the sulphide mineral greenockite, however Cd does
frequently substitute for other heavy metals, like Zn and Pb, in sulphide minerals.
Small concentrations of Cd are frequently found in galena (PbS), the most common
Pb sulphide mineral and the most important lead ore, and in sphalerite, ZnS, the most
important zinc ore (Berry et al. 1983). Typically, this substitution occurs by
isomorphic replacement (replacement of a particular metal within the crystal lattice).,
Sphalerite, and a lesser extent galena, readily absorb Cd through isomorphous
exchange (Tauson et al., 2004, Tauson et al. 2005).

In minerals, Cd usually appears in the formal valence state Cd**, which results from
the formal loss of the two Ss electrons, giving a 4d" closed shell configuration. There
have been 20 minerals described with essential Cd since the element was first
discovered in 1817. Six are sulphides and one is a selenide. Cadmium secondary
minerals are rare and result mainly from the weathering of Cd-bearing zinc minerals.
The secondary minerals comprise four oxides, four carbonates, four sulphates, four
phosphates and four arsenates and, apart from the carbonate otavite, all are each

restricted to one or two worldwide occurrences. Volcanic activity is a major natural



source of environmental cadmium release (Nriagu 1979) and volcanic sublimates
contain numerous rare phases with unusual chemical compositions, for example Pb-
As-Bi sulphosalts, Pb-As and Bi sulphohalides and As-, Cd-, TI- and I-bearing
sulphosalts from the active Mutnovsky volcano in southern Kamchatka, Russia
(Zelenski and Bortnikova 2005). Four of the known Cd minerals were described from
volcanic sublimates [burnsite, KCdCu;0,(Se0s3),Cly, cadmoindite, CdIn,S4,
kudriavite, (Cd,Pb)Bi,S4, tazieffite, Pb,yCd,(As,Bi)2,S50Cly] and a number of others

await characterization.

1.2.2 Characteristics of Lead

Lead, the 36th most abundant element in the earth’s crust (average concentration =
13 ppm), is a widely distributed lithophile element that is enriched (relative to the
mantle) in the continental crust (Rose et al. 1979). Lead has electronic configuration
[Xe]4}‘1450,’106s26p2 and exists in three oxidation states in nature, Pb(0), Pb(II) and
Pb(IV), Pb(Il) being the most common. Lead is found as a major element in a wide
variety of minerals.

The crystal chemistry and the relative stability Pb(II) minerals in the environment
is controlled largely by the stereoactivity of a lone 65> electron pair (Krivovichev
2003). In most Pb(II) mineral structures, the lone-electron pair is stereoactive and the
distribution of chemical bonds within the coordination sphere of the Pb(II) ion
becomes highly asymmetric in order to minimize the repulsive interactions between
lone-electron pair and bonding electron pairs (Sidgewick and Powell 1940). A
stereochemically active lone pair plays the role of an additional ligand and occupies a
volume approximately equal to the volume of an O anion. Gillespie and Nyholm
(1957) suggested that a lone pair of electrons occupies more space than a bond pair
thus leading to distortions of coordination polyhedra from regular shape, and the
general rule is that lone-pair-lone-pair repulsion > lone-pair-bond-pair repulsion >
bond-pair-bond-pair repulsion. Cooper and Hawthorne (1994) have suggested that the
presence or absence of stereoactive lone-pair behavior is to a large extent dictated by
the local bond-valence requirements of the surrounding anions. Shimoni-Livny et al.
(1998) found that lone-electron pairs were stereoactive for Pb(Il) coordination
numbers 2 to 5, but not for coordination numbers 9 and 10. For coordination numbers

6-8, the lone-electron pair may or may not be stereoactive. This was attributed to



ligands of higher coordination number compounds crowding the pair of electrons and
lessening their effect. The stereoactivity of the lone-electron pair is controlled by the
Lewis basicity of anions present in the structure (Krivovichev 2003). When Lewis
strength of coordinating anions is low (e.g. in carbonates and sulfates), coordination
of Pb(II) is more symmetrical and such phases tend to be less stable in the
environment. The greater presence of strong Lewis bases such as O and OH induces
high stereoactive behaviour of the lone-electron pair and such phases are usually more
stable in the environment. It is likely that there are limits on the range of Lewis base
strengths for which the lone pair is stereoactive, as has been found for TI" (Brown and
Faggiani 1990). Density functional theory calculations on PbO and PbS, which have
litharge and rocksalt type structures respectively, show that the formation of the
asymmetric electron density associated with the stereoactive lone pair is chemically

dependent on both the cation and anion (Walsh and Watson 2005).

1.2.3 Characteristics of Selenium

Selenium is the 66th most abundant crustal element (average concentration = 0.05
ppm). Selenium exists in four oxidation states in the natural environment; selenide
(Sez'), elemental selenium (SeO), selenite (Se4+) and selenate (Se6+). The electronic
structure of selenium in the ground state is [Ar]3d'*4s*4p”. Selenium resembles
sulphur in many of its properties and small concentrations of selenium are common
replacing S in ore minerals such as pyrite, pyrrhotite, chalcopyrite, bornite, galena
(Edwards and Carlos 1954) and sulphate minerals such as barite and jarosite.

There are 129 minerals known that contain essential selenium (Back and
Mandarino 2008). Twenty-eight are selenium oxysalts, of which thirteen are pure
selenites and three contain two anionic groups; the selenate sulphate, olsacherite,
Pb,(Se®*04)(SO.), the selenate selenite, schmeiderite, Pb,Cua(Se**03)(Se® 04)(OH)s,
and the sulphate selenite, munakataite, PbZCuz(Se‘”Og)(SO4)(OH)4.

1.2.4 Characteristics of zinc

Zinc is a relatively common element in the earths crust; its crustal abundance is

~80 ppm. Approximately 185 Zn minerals have been described (Back and Mandarino



2008). Zinc has electronic configuration [Ar]3d'%4s*. Zn** has a complex crystal
chemistry, a result of its lack of a crystal-field stabilization, high polarizability,
chalcophilicity, and a tendency towards highly covalent, hybridized sp3 bonds. In
minerals, Zn** is found in 4-, 5- (trigonal bipyramidal and square pyramidal) and 6-
coordination and occurs in mixed coordination in a number of minerals. The Zn**
cation has a strong tendency to adopt a tetrahedral coordination as the filling of the d
orbitals leaves the 4s orbital and the three 4p orbitals available for hybridization to
form four tetrahedral bond orbitals. Since the d'® configuration affords no crystal field
stabilization energy, Zn”* exhibits few of the characteristic properties of the transition
metals and instead displays crystal-chemical tendencies similar to smaller [4]-

coordinated cations such as Si, Al, Be, Li and Fe’*.
1.2.5 Characteristics of copper

Copper, element 29, is the 20™ most abundant element in the earths crust and
exists in nature as two stable isotopes, %Cu and 65C, and numerous radioisotopes.
Copper has electronic configuration [Ar]3d'%4s'. Divalent copper commonly occurs in
a variety of coordinations; six-coordinated octahedral and trigonal-prismatic, five-
coordinated square-pyramidal and triangular-bipyramidal, and four-coordinated
square-planar geometries (Eby and Hawthorne 1993). The most common coordination
for Cu®* in mineral structures is octahedral. Unlike most other octahedrally
coordinated small- and medium-sized (0.53-0.83 A) divalent and trivalent cations,
nearly all Cude (¢: 02', OH, H,0) octahedra in minerals and synthetic inorganic solids
are stongly distorted away from holosymmetric symmetry. This distortion, in which
one axis of the octahedron is either elongated or compressed, is due to due to the
electonic instability of the d configuration of Cu** in an octahedral ligand-field, as
indicated by the Jahn-Teller theorem (Jahn and Teller 1937) which states that

"any non-linear molecular system in a degenerate electronic state will be unstable
and will undergo distortion to form a system of lower symmetry and lower energy
thereby removing the degeneracy".

Eby and Hawthorne (1993) have shown that there is a very strong bimodal
distribution of Cu-¢ (¢: 02', OH, H,0) distances in Cu* oxysalt minerals with

maxima at 1.97 and 2.44 A and populations near the ratio 2:1. This may reflect an



ideal stable axially elongated [4+2]-distorted geometry, with an equatorial bond
length of 1.97 A and an axial bond length of 2.44 A. Bond valence arrangements will
perturb these values such that the mean equatorial bond length will decrease and the
mean axial bond length will increase so that the sum of bond valences around each
ion will equal the magnitude of the ions formal valence (Brown 1981). The dispersion
of axial bond lengths is greater than equatorial bond lengths due to the “softer”

interaction at longer bond distances (Dunitz and Orgel 1960).

1.2.6 Characteristics of Arsenic

Arsenic is the 35™ most abundant element in the earth’s crust. It occurs primarily
as the anion, dianion Aszz' or sulfarsenide anion AsS” in sulfur-containing minerals
such as arsenopyrite, FeAsS, lollingite, FeAs,, realgar, AsS, and orpiment, As,S;3
(Vaughan 2006). It can also occur as a minor component in pyrite (FeS,). Oxidation
of primary As bearing sulphides results in a large number of secondary arsenic
minerals.

Arsenic has electronic configuration [Ar]3d'%4s*4p°. The five valence electrons
allow As to exist in four different oxidation states: (-III), (0), (III), and (V), however,
oxidized As(IIl) and As(V) are the most widespread forms in nature. Arsenic shows a
diverse chemical behavior and will bond readily to a wide variety of ligands. More
than 300 arsenic minerals are known to occur in nature (Back and Mandarino 2008).
Base-metal arsenates are exceptionally widespread in the oxidized zones of sulphide
orebodies and are derived from the common mineral arsenopyrite (FeAsS) or from
less common species such as lollingite (FeAs2) and arsenic-containing sulphosalts.
Secondary As minerals display a wide range of stoichiometries and are frequenly
being involved in complex solid solution series (Gaines et al. 1997).

A large number of secondary As minerals have been found in highly contaminated
soils, stream sediments, industrial sites and mine tailings (Drahota and Filippi 2009),
in particular oxides, arsenates, sulphoarsenates, sulphoarsenites. (e.g. arsenolite,
claudetite, scorodite, arseniosiderite, pharmacosiderite, yukonite, karnkite, symplesite,
amorphous ferric arsenate/pitticite, beudantite, mimetite, schultenite, haidingerite,
hornesite, pharmacolite, picropharmacolite and weilite). Structural data is available
for most of the environmentally important secondary As minerals, and solubility and

thermodynamic data have been reported for many.



1.3 Solid solution in Minerals

An important factor in understanding the crystal chemistry of minerals is the
nature of atomic substitution or replacement. Natural minerals are rarely pure
stoichiometric compounds and frequently exhibit replacement of one of more cations
or anions by other ions. In many cases these substitutions can be quite extensive and
the mineral may be considered a solid solution.

A solid solution is a set of solid mixtures having the same two (or more)
components, which crystallize in the same structural arrangement, but in which the
composition and lattice parameters progressively change in a systematic manner
(Galwey 1967). In binary solid solution systems, the composition varies from the pure
substance A through all possible compositional ratios A:B to the pure substance B.
The atoms in an ideal solid solution are randomly dispersed over the available lattice
positions (disordered); however they may undergo a crystallographic transformation
known as an order-disorder transition and display a regular arrangement with respect
to each other (ie. become ordered).

A distinction is usually drawn between convergent and nonconvergent ordering
(Thompson 1969). In the former, two or more crystallographic sites can become
related by symmetry when their average occupancy by different atoms becomes the
same (Putnis 1992). The ordering characteristically gives rise to a reduction in
symmetry at a discrete phase transition. In contrast, the sites over which
nonconvergent ordering occurs can never become related by symmetry even if their
occupancies are identical-a degree of site preference by different atoms is retained at
all temperatures and pressures because of some fundamental differences in local

coordination or bonding.

1.4 The Stability of Minerals

The stability and solubilities of secondary oxysalt minerals are of considerable
importance for understanding the mobility of heavy metals in the environment and
their concentration in groundwaters. Since the discovery of X-ray diffraction,
crystallographers have attempted to elucidate the fundamental factors that determine
why a crystalline compound adopts a particular structure rather that another. That the

behaviour of crystals of minerals and inorganic compounds is governed by some



empirical rules was known from the early work on crystal chemistry by W.L. Bragg,
V.M. Goldschmidt and others. The most rigorous constraint on possible chemical
variations in crystals is the rule of electroneutrality, which states that:

“the sum of the formal charges of all the ions in a crystal is zero”.

Early ideas on the size of atoms, their coordination and polymerization into
coordination polyhedra were refined by Pauling, who proposed five rules, based on
the electroneutrality principal, governing the geometries of ionic crystals (Pauling
1929, 1960).

The strength of the bonds formed by a cation was defined by Pauling (1929) as

“the strength of an electrostatic bond in an ionic crystal is the formal valence of
the cation divided by its coordination number”.

Bystrom and Wilhelmi (1951) and Zachariasen (1954) and others applied the
concept to vanadates, borates, uranates and silicates and showed that the bond
strengths are inversely related to the bond lengths. Donnay and Allmann (1970)
developed these ideas into the concept of bond valence. Deviations from Paulings
second rule led Baur (1970) to observe that an effective charge balance is achieved by
adjustments in the cation-anion bond distances, that is, by distortion of the cation-
centred polyhedra. By correlating bond lengths to bond strengths, Baur’s extended
electostatic valence rule allowed prediction of bond lengths more accurately from
empirically derived parameters.

This approach did not work well for very distorted environments, which led
Brown and Shannon (1973) to model the length of a bond to its strength with the
expression

s =(Ro/R)™
(where s is the strength of a given bonded interaction with length R) and to develop a
set of empirical bond-strength bond-length curves. The regression constants Ry and N
were determined for the individual bond lengths observed for a large number of
crystal structures with the constraint that the sum of the strengths of the bonded
interactions reaching each cation and anion in a structure is equal to its formal
valence. Brown and Shannon (1973) found the expression to be capable of modeling
bonded interactions for a wide range of materials, ranging from predominately ionic
to predominately covalent, and found a correlation between bond valence and the

covalent character of a bond.



The most widely used expressions for the dependence of bond valence on bond
lengths is:
s=exp [(Ro—R)/ B] (Brown and Altermatt 1985)

where s is the bond-valence in vu (valence units), R is the observed bond-length, and
Ry, and B are constants characteristic of specific cation-anion bonds. Empirical
paratameters have been calculated for a large number of cation-anion pairs by Brown
and Altermatt (1985) and (Brese and O’Keeffe 1991). The concept of bond valence
has found wide applicability in solid-state chemistry and provides a powerful method

for the prediction and interpretation of bond lengths in crystals.

Paragenetic studies (e.g., Bandy 1938, Fisher 1958) have shown that there are
well-defined relations between chemical compositions of hydroxy-hydrated minerals
and their position in paragenetic sequences. Common rocks consist of a small number
of rock-forming minerals that are stable over a wide range of conditions (pressure,
temperature, pH, etc.) (¢f- Hawthorne 1992). In response to changing external
conditions these minerals adjust their chemistry but retain their structural integrity ie.
the topological details of their bond networks do not change very frequently. The non-
rock-forming minerals commonly occur as constituents of complex geological
environments; highly fractionated pegmatites, weathering zones of sulphide ore-
bodies, etc. These are characterized by the presence of a large number of complex
minerals, often of several different chemical types (e.g. arsenates, phosphates,
silicates, oxides and sulphates), which are stable over a very limited range of external
conditions. In response to even small changes in ambient conditions, rather than
change their chemistry, many adjust their structure ie. break down to form new
minerals, often closely related in structure. Hence Moore (1973) and Hawthorne
(1979) have suggested that the crystal structures of minerals in complex geochemical
environments should be related to the paragenetic sequences of the minerals. Little
however is known about the factors that control the atomic arrangement, chemical
composition and stability of these minerals.

Hierarchies of mineral structures, based upon structural connectivity, are a means
to organize complex and diverse structures into a cohesive framework. They can be
the basis for understanding the linkages between the paragenetic sequences of

minerals and the crystal structures of the constituent minerals. Bragg (1930) classified
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the silicate minerals based on polymerization (SiOy) tetrahedra and this scheme was
generalized to polymerized tetrahedral structures by Zoltai (1960) and Liebau (1985).
Similar hierarchical classifications were developed for the aluminium hexafluoride
minerals (Pabst 1950; Hawthorne 1984) and the borate minerals (Christ 1960; Christ
and Clark 1977).

A classification based on chemical-structural criteria developed by Moore (1984)
for the phosphate minerals was based on the polymerization of divalent and trivalent
cation octahedra, a scheme that was also able to encompass some sulphates, arsenates,
vanadates etc. However, this scheme has the disadvantage that it focuses on specific
chemical classes of compounds. More adequate classifications of phosphate minerals,
based on the polymerizations of octahedral-tetrahedral coordination polyhedra, were
developed by Hawthorne (1979) and Moore (1980).

Based on Pauling's second rule (Pauling 1929) which states that the sum of the
bond strengths around an anion is approximately equal to the magnitude of the
valence of that anion, Hawthorne (1983) proposed that that structures of oxide and
oxysalt minerals may be classified based on general stoichiometries that are written in
terms of the strongly bonded coordination polyhedra, thus defining structural
elements by bond-valences rather than by chemistry. Hawthorne (1985) used this
hypothesis to develop a hierarchical classification and description of minerals
structually based on octahedra and tetrahedra. The possible classes of cluster
polymerization are (1) unconnected polyhedra; (2) finite clusters; (3) infinite chains;
(4) infinite sheets and (5) infinite frameworks. This approach has been used to
produce a hierarchical scheme for a large group of oxide and oxysalt structures
(Hawthorne 1985, 1986, 1990, 1994; Eby and Hawthorne 1993).

A combination of a binary representation of structure and bond-valence theory has
been used to interpret the relationships between structure stereochemistry, chemical
composition, occurrence and stability of complex hydroxyhydrated oxysalt minerals,
which crystallize from low-temperature aqueous solutions (Schindler and Hawthorne
2001 and references therein). An oxysalt mineral structure can be divided into two
parts, a structural unit and an interstitial complex (Hawthorne 1985). The structural
unit is an (usually anionic) array of strongly bonded polyhedra and the interstitial
complex is an array of weakly bonded (usually cationic or neutral) species. The

structural unit and the interstitial complex are characterized by their Lewis basicity
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and Lewis acidity respectively ie. the affinity of each component to donate or to

accept electrons (Brown 1981). The Lewis-acid strength of a cation can be defined as:
the characteristic bond-valence = atomic (formal) valance/mean coordination-

number

where the mean coordination number is derived from a large number of crystal

structures containing the relevant cation. The Lewis-base strength of an anion can be

defined as the characteristic strength of the bonds formed by the anion.

The interaction between these two components can be examined using the
valence-matching principle (Brown 1981):

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

For a structural arrangement to be stable, the Lewis acidity and basicity of the
constituent parts must match. This approach gives an insight into mineral stability, as
it is the weak interstitial bonds that will control the breakdown of the structure. The
valence-matching principle can also be used to examine the controls on the nature of
interstitial cation chemistry in minerals. Minerals with different structural units often
have contrasting interstitial-cation chemistry, a result of the matching of the acid and
base strengths of the interstitial cations and the structural unit.

The roles of H,O groups are of particular importance in understanding the
interaction of the interstitial complex with the structural unit, and H,O groups play a
key role in moderating the Lewis acidity of the interstitial complex such that it
matches with the Lewis basicity of a specific structural unit (Schindler and Hawthorne

2001).
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Chapter 2 Experimental

2.1 Sample acquisition

This study is based on natural mineral specimens from the Kintore and Block 14
Opencuts, Broken Hill collected between 1986 and 2001. All specimens were
obtained from private collections. The studied specimens (type specimens) of
plimerite, nyholmite, liversidgeite and edwardsite have now been deposited in the

collection of the South Australian Museum.
2.2 Single-crystal X-ray Diffraction

The technique of single-crystal X-ray diffraction was used as the method of crystal
structure analysis in this research. A recent text on the method is Blake et al. (2009).
To be suitable for single crystal X-ray diffraction data collection a crystal must be of
suitable size and quality. Potentially suitable crystals for X-ray data collection were
examined using a polarizing microscope. Those considered to be most suitable were
mounted on glass fibres, using oil or grease, and data were collected using one of four

CCD (charge-coupled device) diffractometers (Burns 1998):

1. A Nonius KappaCCD diffractometer at the Research School of Chemistry,
The Australian National University, Australian Capital Territory. Data reduction
and unit cell refinement were carried out using the Denzo and Scalepack and HKL
Scalepack programs (Otwinowski and Minor 1997, Otwinowski et al. 2003)
Gaussian integration absorption correction, based on the crystal size and indexing

of faces, was applied (Coppens 1970).

2. A Nonius KappaCCD diffractometer at the Institut fiir Mineralogie und
Kristallographie, Universitdt Wien, Wien, Austria. The intensity data were
processed and corrected for absorption with the Nonius program suite DENZO-

SMN (Otwinowski and Minor 1997, Otwinowski et al. 2003).
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3. A Bruker APEX II KappaCCD diffractometer at the Institut fiir Mineralogie
und Kristallographie, Universitat Wien, Wien, Austria. The data were reduced and
corrected for Lorentz, polarization, and absorption effects and the unit cell was

refined using the Bruker program SADABS (Bruker 2006).

4. An ADSC Quantum 210r detector using synchrotron X-ray radiation at the
PX1 Beamline, Australian Synchrotron, Clayton, Victoria. The data reduction was

carried out with the imosflm (Leslie 1992) program.

Normalized structure factors (E) were calculated from the intensity data. These are
distributed differently in centrosymmetric and noncentrosymmetric structures. A
mean [E*~11 close to 0.968 may indicate a centre of symmetry, and a value close to
0.736 the absence of a centre of symmetry (Wilson 1949; Howells et al. 1950; Karle
et al. 1965). The use of statistical values is, however, not always reliable and if based
only on the stronger intensities may be strongly biased toward a noncentrosymmetric
indication (Marsh 1981). Also, the contribution of one or more heavy atoms in a
centrosymmetric structure to the overall scattering may result in an acentric
distribution of values of IE*—1| (Hargreaves 1955; Snow and Tiekink 1988).
Determination of the Laue symmetry and space group was completed using the
programs XPREP (Bruker 1997) or WinGx (Farrugia 1999). The space group was
considered to be conclusively determined when the structure model both agreed with
the X-ray diffraction data and was chemically reasonable. Structure solution, by direct
methods (Giacovazzo 1980; Woolfson 1987) or Patterson methods (Patterson 1934),
and refinement, by full-matrix least-squares techniques, were carried out with the
SHELX97 program package (Sheldrick 1997a, 1997b) using atomic scattering factors
for neutral atoms taken from the International Tables for Crystallography (Wilson
1992).

The bond valence concept (Brown 1981) and the parameters of Brown and
Altermat 1985) and Brese and O’Keeffe (1991) were used for the identification of
OH" and H,O groups in the crystal structures and to support the validity of the refined

structural models.
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2.3 Electron-microprobe analysis

The chemical analyses in this study were obtained on a CAMECA SX51 electron
microprobe, operating in the wavelength-dispersion mode, at Adelaide Microscopy,
The University of Adelaide. Data were reduced using the ¢(pZ) method of Pouchou
and Pichoir (1985). Accelerating voltage, specimen current and beam diameter were

selected based on the stability of each mineral under the electron beam.

2.4 X-ray powder diffraction

Powder X-ray diffraction was used for refinement of the unit cell parameters.
Powder X-ray diffraction data were obtained using a 100 mm Guinier-Hédgg camera
using Cr Ko radiation (A 2.28970 A) and silicon (NBS SRM 640a) as an internal
standard. The Guinier-Hégg films were scanned using an Epson film scanner, and the
powder-diffraction profile over the 26 range 10 to 90° were extracted using the
program SCION IMAGE (Palmer 1997) and Universal-Si-Calibration, a macro
function based on IGOR PRO 4.0 (WaveMetrics Inc., 2000). The unit-cell parameters
were refined by treating the whole powder pattern with the Le Bail profile-fitting
method (Le Bail et al. 1988; Hunter 1998).

2.5 Other instrumental techniques

Other instrumental techniques that were used in this research were Fourier
Transform (FTIR) infrared spectroscopy and Raman spectroscopy for the verification
of molecular water content and identification of chemical groups such as PO,, AsO4
etc. Mossbauer spectroscopy was used for determination of the Fe**/Fe’* ratio in

plimerite.
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