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ilLICATE MIFIERALS I An Overview

Christopher J. Duflin
146, Church Hill Road, Strtton, Surrey SM3 8I\iF

Silicates me the most conmon rock-forming minerals. Their hiermchical stractural ffrangement gives rise to
cottsideroble diversity: wer 25ok of all lototwt minerals se silicates. Their varied chemical ad pfusical
properties meut llwt tlrey lwve been exploited in mony ways, including the use of some as gemstones. This
pqnr is aimed at tlp mnteur mineralogist and explairu the classificmion of silicate minerals.

INTRODUCTION

Silicon (chemical symbol Si) is a Group 4 element in the Periodic Table and is estimated to be the second most
abundant terrestrial element (behind oxygen), comprising around 25.7 Vo by weight of the earth's crust. By
contra$t, it is the element which is sixth in terms of relative abundance in the universe as a whole, behind
hydroge4 heliurq oxygen, neon and nitrogen- It was first identified by Antoine Lavoisier in 1787, but was not
properly isolated in an amorphous state until the work of Gay Lussac in 1811. The name derives Aom the Latin
sder, which means flint. Classified as a metalloid, it has characteristics intermediate between metals and non-
metals (paaicularly in being a semioonductor ratler than a conductor).

Group 4 elements have a valency or combining power of 4 and silicon atoms c,ommonly form four covalent
bonds. Unlike the closely related Group 4 element carbon, silicon does not occur in the free state. However,
both elements can be involved in giant tlnee-dimensional latticeq for example diamond in the case of carbon
with its strong carbon to carbon bonds, and quartz (SiOr), which involves strong silicon to oxygen bonds. As a

result of these strong bonds, carbon atoms bond preferentially with other carbon atoms and also with elements
such as hydrogen and orygen to form the enorrnous diversity of organic molecules exploited in life processes,

but they only give rise to simple carbonates as rock-forming minerals. In contrast, silicon combines
preferentially with oxygen resulting in a wide range of silicate rock-forming minerals. Silicates are by far the
most abundant group of minerals in the earth's orust, contributing around 90% of its total. If a mineral's
chemical formula includes silicon and oxygen in any proportions, it is a silicate.

Silica (SiO2) is the only oxide of silico4 occurring mainly as quartz, chalcedony, agate and flint. All of the other
silicate minerals have various metallic cations, and sometimes some anions, accommodated within their crystal
lattice. They are built up from a basic SiO+ tetrahedron, with the silicon atom central to this structure. The
silicon atom is zurrounded by four divalent oKygen atoms at the corners of the tetrahedron. The central silicon
atom shares one of its four elecrons with each of the adjacent orrygen atoms. This helps to anchor the oxygen
atoms in place with strong dtectional covalent bonds (bonds based upon shared electrons). Further background
to the chemical principles discussed here can be found in Pearce & Woodbridge (1999).

Figure 1. Some representations of the SiO4 unit
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The SiOr units are sometimes represented by solid tetrah€dra. A silicon atom is aszumed to be in the centre of
the tetatredron and tle ox,vgen atoms at its corners. Figure 2 shows such a chain of tetmhedra linked through
tvro oftheir corners (i.e. each tetralrcdron sharing two oxygen atoms) as in an inosilicate pyroxenei e.g. augite.

Figure 2. Representation of thc singie silicate chain in augite

There is an overall charge of 4- on a SiO+ tetrahedron unit (Si witl a 4+ shargr and oxygen atoms each with a 2-
charge i.e. +4 -8 = 4), so the basic silicate unh of [SiO4]4' is an anion with forn negative charges. These
negalive charges are balanced by various metal cations such as sodium (Na), potassium (K), magnesium

MS1 and ferric iron (Fe$).

The basic silicate unit [SiO+] can exist in isolation CFig. 3), with its accompanying cations, but l, 2, 3 or 4 of t]e
oxygen atoms in a basic [SiO4] unit can be shared with other silicAe rmits (Sigs 4 and 5):

o
I

o - si-o
I

o

Figure 3. An isolated [SiO4] unit where no oxygen atoms arc shared wit]r other [SiO+] units
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Figure 4. A couplet where one oxygen atom is shared between 2 [SiO+] units.
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Figure 5. A chain where many [SiOa] units share two oxygen atoms.

In 2D sheet silicate and 3D framework silicate structuress three and four oxygen atoms in the SiOa unit are

shared with other SiO+ units.

Thus basic silicate srustures of islands, couplets, chains, rings, sheets or ttreedimensional frarneworks can

form and this is the stnrctural basis on which silicates are classified. These different silicate classes are

sumrnarised in Table 1 and iilustrated in Figure 6.
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CIass Common name General formula Si:O ratio Examples

Nesosilietrtes Island silicates SiO+ 1:4 Olivine; garners

Sorosilicotes
Couplet silicates Stzoz 1:3.5 Epidote group

Inosilicates Chain silicates SiOr or Siso:z 1:3 or 4:11

Clclosilicates Rine silicates Sie0rr l:3 Beryl; tourmalines

Phvllosilicates
Sheet silicates

Cornplex and
variable

1:2.5
{

Micas; clay minerals

Tectosilicates Framework silicates
Complex and

variable
l:2 Feldspars ; feldspathoids ;

zeolites; guartz

Table t. An outline classification of the silicate minerals

{eI (f)
Figure 6. Illustration ofthe different silicate classes: (a) isolated SiOo unit, (b) couplets,

(ci single and doubie chains, (d) 6 and 12 membered rings, (e) sheet and (f) framework silicates

As the number of strared oxygen atoms in a basic [SiO+] unit increases, so tlle ratio of Si : O will decrease and
this can be seen in Table 1.

Aluminiurq next to silicon and orygen" is the third most abundant element in the earth's cust (8 W and it plays
a v^ery importagl dualrole in silicate crystal chemistry. Not only can the Al3* function as a cation, ilongpide tile
F{ Fe'-, Mg'-; Itdn'" cations, balancing the charge on silicate tetrahedr4 but the aluminium can also rgplace
some of the silicon atoms in the basic SiOa tetrahedron resulting in the grouping tAloof-.

When an aluminium ion is surrounded by 4 o{ygen atoms (a co-ordination of 4) at the corners of a regular
tetrahedron (Alon)t, it occupies a very similar space to qSidn;* Note the diffdrent overall chargc on the (AIb+)t
compared to the (SiOa)+ resulting &om the different charges of Al 3* and Si *. fui ecra ndiharge (a metallic
cation) is tlerefore required to balance each (AtOa)s'unit present.

H
(b)

?
dr-o
(a)
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This special role of aluminium can be explained by looking at the ionic radii of various cations commonly found
in silicates (see Table 2).

Co-ordinatron Ion Ionic
radius (A)

4 sio* 4.26
4 s1 s+ 0.39

6 Al'* 4.54
6 Ti o" 0.61

6 Fe'* 0.65
6 Mg t* 0.7?
6 Fe t* 0.78
6 hdn t* 0.83

8 Ca'* r.r2
I Na* 1. 18

8- 12 Ba 7* L.42 - 1.61

8-12 K* 1.51 - 1.64
g-12 Rb* 1.61 - t.72

Table 2. Co-ordination numbers and ionic radii of various cations
(ionio radii from Shannoq 1976)

Table 2 shows that co-ordination is determined by the relative size of the cations. Ionic substitution in silicates
is common between elements which lie between the bold horizontal lines drawn in the table above. i.e. between
cations which, because of their size, have the same co.ordination in relation to oxygen, e.g. between Sia* and
Al3*, and also between Al3*, Ti4*, Fe3*, Mgz*, Fe2*and Mnz*.

The table strows in more detail how aluminium has this very special role in silicate crystal chemistry. Al3* is
small and similar in size to Sie, and both have a co-ordination of 4 with oxygen i.e. they form a basic
tetrahedral unit of [Al0a]t- *d 1siOn1+respectively. The size of the Al3* cation is such that it can also have a co-
ordination number of 6 with oxygen, with the aluminium in the ecntre of an octah€dmn and 6 oxygens at its
corners. In this case it has a somewhat larger ionic radius, as can be seen in the table, and behaves like Ti1 Fe3*,
Mgz*, Fe2* and IUn2*.

Aluminium can therefore assume a dual role in silicate crystals; it can form basic tetrahedral units with the Al
effectively replacing some of the Si and/or it can assume an octahedral arrangement bonding with oxygens in
neighbouring tetrahedra. Examples of this dual role of aluminium will be seen in later sections.

Details of each of the silicate classes are expanded below and examples of silicates from each class are given
with an indication of some of their chemical and physical properties. However, in a paper of this lengtlt,
examples can only be given to illustrat€ the different classes of silicates and a more comprehensive coverqg€ can
be found, for example, in An Introiluction to the Rock-Forming ljfrnerals by Deer, Howie and Zussman,
(1eez).
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1. FIESOSruCATES

The nesosilicates or *island silicates" are based upon isolated, individual SiOa tetrahedra. They are also
sometimes knovn as orthosilicates. Because each SiO+ tetratredron has an overall charge of 4-, as explained
prel.iously, positiveiy charge4 metallic cations are used to balance these charges. The size of the atom (atomic
radius) is one factor determining which metals can be incorporated into the structure. The arrangement of the
SiO+ tetrahedra and intervening cations is very close packed, generally leading to strong bonds, highq densrty
and higher hsrdness than the minerals in other siiicate classes. These properties also mean that nesosilicates

incorporate a considerable number of gemstones.

The Olivine Group

An illustration of the structure of oiivine (Mg,Fe)2SiOa is shown in Figure 7. Like most silicates its structure is
complex, but in Figure 7 one can see tle tetailedra corresponding to the (SiO4f units and the octahedra
conisponding to thJmetal ions Fe2* and Mg2+, each linked to 6 oxygen atoms at its corners.

Note: The octahedral sites Ml and M2 differ. M2 is a regular octahedroq while Ml is a larger distorted
octahedron. The Mg2* and Fe?* ions show no preference, but in the mineral monticellite, CaNIgSiOa,
the larger Ca2* occupies the M2 sites and tlte Mg'* the Ml sites.

Figure ?- Idealised illustr*ion of the structure of olivine projeaed on (100) (t{ein and Hurlburt, i993)

Iron and magnesium are both relatively abundant components of the earth's cnrst, have fairly similar ionic radii
(0.72 A for Mg2* and 0.78 A for Fe2*1, and are easily accommodated into the lattice. If every SiOq tetrahedron
has Mg2* associated with it, the chemical formula will be lv[g2Si0a (the mineral forsterite). On the other hand,

the mineral might contain all Fe2* and therefore have the formula Fe2SiOa (the mineral fayalite) These two
ininerals are the most common^ and end members. of the olivine group.

Because fuIg2* and Fe?- have similar ionic radii, it is possible for one ion to substitute directly for the other in the

crystal lattice. This is known as solid solution or isomorphism and the range of minerals formed is called a solid
solution series. The minerals intermediate between forsterite (often abbreviated to Fo) and fayalite (Fa) - (Table
3) are defined by their MdFe proportions, which are reflected in the optical properties of the mineral in thin
section. Continuous substitution of one ion for another also has implications for tlre crystallisation sequence of
these minerals from magma-

Table 3. Solid solution of iron and magnesium minerals in the olivine series

n
t,
n
I,

o/" M{* 10{l-90 90-70 70-50 50-30 30-10 10-0

Mineral Forsterite Chrysolite Hyalosiderite Ilortonolite Ferro-ho*onolite Fayalite

9/o FC* 0-10 10-30 30-50 50-70 7{l-90 90-100

-9- BMS Occasional Paper l{o 21



Manganese (ionic radius 0.334) can also zubstitute for iron and there is a solid solution series between fayalite
and tephroite (A&rzSiO4). Similarly calcium can zubstitute for iro4 magnesium or manganese, giving rise to the
mineral species monticellite (CalvtgSiOa), glaucocbroite (CaNdnSiO4) and kirschsteinite (CaFeSiO4). All of
these minerals belong to the olivine group, and share orthorhombic symmetry.

The olivine group minerals are most commonly associated with igneous rocks. Since the Si : O ratio in the
olivines is relatively low (1:4), they are characteristic of ultrabasic and basic rocks, which contain less than 45%
and 45-52yo silica by weight respectively. Dunite is a monomineralic rock consisting only of olivine (Fos2),
while olivine occurs with pyroxenes in peridotite rocks such as lherzolitg wehrlite and harzburgite. It is often a
phenocryst (a relatively largg early-formed crystal) in basic rocks such as basalt, dolerite and gabbro.

The olivines are relatively high temperature minerals. Being formed in conditions of high ttrermat energy, they
tend to be more easily broken down by weathering processes at normal temperatues and pressures than other
silicate minerals. For this reasorL whilst olivine may occur in sediments, it readily degrades to a range of clay
minerals and serpentine.

The thermal metamorphism of impurl Hrnestones sees the reaction of dolomite with quartz to produce forsterite,
which may appear as green streaks in certain marbles. Fayalite is more commonly produced in regionally
metamorphosed iron-rich sediments.

Olivines are also known from stony nickel-iron meteorites called pallasites, to which they may contribute over
5070 by volume. In additio4 olivine has been discovered in the Nili Fossae region of Mars by means of Thermal
Emission Spectrometry (TES). This technique relies on measuring the infra red energy emitted by surface
materials as part ofthe Mars Global Surveyor Program ftIoefen et. aI. 2003).

The distinctively green-yellow gem variety of olivine is called peridot. This usually has a high Fo content (it is
generally reckoned that the best colours are achieved with less lhan l1Yo Fa in the crystal - fayalite crystals are
generally darker in colour). The old German term chrysofite (not to be confused with chrysotile asbestos) is still
occasionally used for light yellowish-green olivine gemstones.

The olivine group minerals vary in colour from light, through olive green to almost black. Crystallising in the
orthorhombic system, they have a white sfieak, a hardness of 6.5-7.0, vitreous lustre, conchoidal fracture, and
poor cleavage in two directions. The specific gravity varies with the dominant cation; forsterite's is 3.2 while
fayalitds is 4.3.

The GarnetGroup

Gamets are also based upon the SiO+ structural unit. In the case of this mineral group, however, some trivalent
ions are introduced into the crystal lattice. The SiO+ tetrahedra are still independent of each other, but they link
to trivalent ions which are arranged in an octahedral pattern. Divalent ions are also present in the latticg but
they are located in the interstices in the networlg each one being surrounded by 8 orrygen atoms. This means that
the general chemical formula is written as ,od*3S$r[Sioa]3. Here, A represents divalent ions such as calcium
Ca2l magnesium Mg2*, iron Fe2* and manganese lvfnt*, while B represents trivalent ions such as iror! Fe3*

aluminium Al3* or chromium Cf". This diversity of metallic cations obviously increases the number of possible

combinations and therefore mineral species.

The most common members of the garnet group are :

Grossular: Ca-Algarnet (CarAlz[SiO+h)
Pyrope : Mg-Al garnet (N{&AlrlSiO4})
Almandine: Fe.Algarnet (Fe:Alz[SiO+h)
Spessartine : Mn-Al garnet (lvl&AlzlsiOr]s)
Andradite : Ca-Fe garnet (Ca3Fe2[SiOa]3)

Uvarovite : Ca-Cr garnet (Ca:Crz[SiO+h)

Notice that in almanding iron is the divalent ion whilst in andradite it is the trivalent ion. This variable valency
is a property found in Transition Elements such as iron and chromium, for example. Iron erdsts in two forms,
referred to as ferrous iron (Fe2n) and ferric iron (Fe3) respectively.

In gamets A3B2(SiO4b where A and B refer to 8 and 6 coordinated cationic sites (see Table 2), the A sites are

occupied by large divalent cations, while the B sites house smaller trivalent cations" Because Caz" is a relatively

- l0 - BMS Occasional Paper No 21



large divalent cation, ga^rnets can be divided into those containing Ca2* [ugrandite where A=Ca] and those with
easily interchangeable divalent ions zuch as Mg", Fe'*, Mn'* andwith calcium absent - pyratspite

PYRALSPITE UGRANDITE
Pyrope MgrAl2Si3O12 tJvarovite Ca3Cr2SigOrz

Almandine Fe3Al2Sirorz Crrossular Ca3Al2Sigore

Spessartine Mrl3A12Si3O12 Andradite Ca3Fe2Si3O12

Table 4. Pyralspite and Ugrandite Gamets

The names PYRATSPITE and UGRATT{DITE serve as e:<cellent mnemonic aids for the names of these garnets!

Solid solution exists between the magnesium (pyrope), iron (almandine) and manganese (spessartite) end
members. By contrast the ugrandite gsrnets with calcium in the A sitg have limited solid solution between the
chromium (uvarovite), aluminium furossular) and iron (andradite) rich end members.

Gamets occur most frequently in metamorphic rocks. They ue typical of high grade regional metamorphic
rocks such as schists, gneisses and eologiteg which have formed under conditions of high temperature and
pressure. Within tlgse rocks they grow as new rninerals or porphyroblasts. Calcium-rich varieties, especially
grossular, may ocflr in thermally metamorphosed limestones (marble). Pyrope may be found in ultrabasic
igneous rocks such as the olivine-containing peridotite, dunite and kimberlite. Garnets are relatively stable under
conditions of chemical weathering and may be found in clastic sediments (gem gravels) as isolated heavy
rnineral grains, Under the right circumstances they may be concsntrated in environments such as the insides of
meander bends in mature river systems, forming placers.

A summary of the distinguishing features of the Garnet Group minerals is given in Table 5. All garnets belong
in the isometric class as cube-based crystals, are hard (7 to 7.5 on Moh's scale) and have a vitreous lustre. The
fracture is conchoidal (poor to good). The variations included in the table are most clearly reflected in the
specific gravity and colour of the mineral; the chromium, mflgnesium and iron contents are most significant in
this respect.

Mineral Composition Common form Typical Colour Specific
Gravity

Grosrular CasAlzISi04J3 Rhombdodecahedron Olive gr€en, orange or
colourless

3.5

Pyrope MerAlzlSi0+lg Rarely crystallised Dark red to ruby red 3.6
Almandine Fe3Al2[SiO4]3 Trapezohedron &

Rhombdodecahedron
Deep red through reddish
brown to brown

4.3

Spessartine Mn3Al2[Sio+h Rhombdodecahedron Orange, brown or pink 4,2
Andradite Ca3Fe2[SiO4J3 Trapezohedron &

Rhombdodecahedron
Black, brownish or yellowish
green

3.8

Uvarovite Ca.Cr"ISiool, Rhombdodecahedron Emerald green 38

Table 5. Distinguishing features ofthe more common garnet group minerals.

Rare members of the garnet group include (in alphabetical ordej calderite, goldmanitg hemitermieritg
hibschite, katoitg kimzeyitg knoningitg majorite, morimotoite and schorlomite, which is a titanium-rich
variety.

The hardness ofgarnets, their transparency, lack ofcleavage, high refractive index, colour variety and durability
make them good candidates for gemstones.

Titenito

Titanite is a titanium-rich nesosilicate which is also known as sphene. The SiO+ tetratredra in this case share
their oxygen atoms to form CaOz and TiO6 groupings within the crystal lattice, such that the chemical formula
becomes Ca,TiO(SiOa). The calcium may be partially replaced by strontium, barium (e.g. benitoite BaTiSi3Oe)
or the rare earth elements which have higher valencies (often 3 or 4). In these cases, the charges are
counterbalanced by means of trivalent iron and alurninium entering the position occupied by titanium. This
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gives rise to considerable variety with, for examplg keilhauitg also called yttrotitanite, containing sigrrificant
amounts of yttrium and cerium.

IVith a name derived from the Greek for 'wedge', sphene has a distinctively wedge,shaped, tabular crystal habit,
especially when seen in thin section. Ranging from green ttrough yellow and white to brown or black in colour,
its transparent to translucent monoclinic c'rystals have adamantine lustre, white streah conchoidal fractgrg a
specific gravity of3.5 and a hardness ofaround 5.

Sphene is widespread as an accessory mineral in igneous rocks, particularly coarse.grained acid and intermediate
rocks zuch as granites and syenites, where it is often the main titaniurn-bearing mineral. It may ocsur in
hydrothermal veins and is found in high grade metamorphic rocks such as schists and gneisseq as well as in
marbles. It survives as detrital grains in clastic sedimentary rocks.

Zircon

In zircorq ZrSiO4 the SiO4 tetrahedra have interspersed zirconium cations zuch that each is zurrounded by four
oxygen atoms. The zirconium is often partially replaced (generally up to 3%o) by the transition metal hafnium
(IIf); indeed zircons are the main source not only of zirconium, but also of commercial haftrium. Uranium and
thorium are radioactive contaminants whiclq as a consequence of their decay, cause the crystal structure of some
zircons (variety cyrtolite) to deteriorate (the process of metamiction).

Tl,re replacement of zirconium by other metals in the crystal lattice gives rise to a variation in several properties
of the mineral, including its hardness (range 6.5 to 7.5). Crystallising in the tetr4gonal system" it has a colourless
streah specific gravity of around 4.7 and an adamantine lustre.

As with gqTets, the combination of hardnesg diaphaneity (the degree of translucence), lustre, fire (ability to
disperse white light) and colour range make ztrcon a good gemstone : hyacinth or jacinth is a yellow to reddish-
brown variety, while jargon (also known as jargoon) is colourless to pale grey or yellow, siarlite is blue and
matanra is the coloudess variety used to resemble diamond. Zircons are sometimes heat treded in a variety of
ways in order to intensify or bring outtheir colours.

A common accessory mineral formed early in the crystallisation sequence of coarse-grained igneous rocks,
granites and pegmatites, zircon is quite resistant to weathering and niay be present as detrital grains in clastio
sedimentary rocks.

Topaz

Aluminium is the trivalent metallic cation found in topae,
ions. Its chemical formula is AlzSiO4(OH,F)2.

which also contains fluoride (F-) and hydroxyl (Olf)

Topaz crystallises in the orthorhombic systenr, usually with prismatic or tabular habit. With a hardness of 8,
coloudess stred vitreous lustre and colours rangrng fiom colourless to whitg yelloq orange, brown, pinlg
blues and greens, it is a popular gemstone. Like zircon, topaz is often heat treated in order to €nhance or change
its colour. It has a strong basal cleavage which is helpful in identifying broken pieces.

Topaz is most commonly found in acid igneous rocks (granites and their allies) and associated pneumatolysis
(where magmatic gases react with the surrounding country rock). Quite resistant to weathering, they may be
found as sedimentary clasts.

Staurolite

Staurolite, (Fe,MgZn)3a(Al,Fe)1s(Si,Al)eOasH2a, is a metamorphic mineral with a complex chemistry - it is an
iron aluminium hydroxide silicate. Named from stauros, the Greek for cross (Lockwoo( ZOO4), staurolite
commonly occurs as penetration twins at 60", and less commonly x 9A" to each otler. Brown to black in colour,
the monoclinic crystals have a white strealq hardness around 7.2, specific Savity of 3.8 and a vitreous lustre.
Staurolite is most cornmon in the schists tlat represent medium grade regional metamorphism of pelitic
sediments (which contain an appreciable arnount of aluminium as clay minerals).
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Aluminium silicates

A group of three aluminium silicates all have the same chemical forrmrla - AbSiO5, sometimes written
AlzO(SiO4). However, differences in the arrangements of the atoms in the crystal lattice lead to crystallisation in
different crystal systems. This means that the three minerals, andalusite, kyanite and sillimanite, are
polymorphs; andalusite and sillimanite are orthorhombic, while kyanite is riclinic.
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Figure 8. Pressure and temperature stability fields for the Al2SiO5 polymorphs
kyanite, andalusite and sillimanite (after Bell, P.M. 1963)

All tkee are metamorphic minerals but are stable in different temperature and preszure regimes (Figure 8).
Andalusite is most common in thermally metamorphosed rocks such as hornfels, but may also occur in low
grade regional metamorphic rocks. Kyanite and sillimanite are more t)rpical of high pressure regional
metamorphic rocks such as gneisses, with sillimanite replacing kyanite as tlte temperature increases.

The fact that sorne metamorphic minerals are stable only in fairly narrow pressrre and temperature regimes has
been useful in defining metamorphic facies. Each facies is defined and recognised by a distinctive association of
minerals. As long ago as 1893, George Barrow noticed that kyanite gave way to sillimanite with increasing
grade of metamorphism in his mapping of the Dalradian rocks of the Scottish Hightands. Later, in the area
alound Buchan, slightly to the north of Barrow'-s research areao it was noted that sillimanite was derived from
earlier andalusite crystals rather than kyanite.

The crystal structures of these polymorphs are interesting in that they show aluminium in its dual role (see Table
2), both as a catiorq Al-* surrounded by6 oxygen atoms, in an octahedral arrangbment. and replacing silicon at
the centre of a tetrahedron as (AlOo)''. Figure 9 shows a somewhat iddalised projection of sillimanite,
illustrating ,ipag chains of edge-sharing octahedra parallel to tlre c oris (on the left) and the preserce of AlOa
tetrahedra between the SiO+ tetrahedra (on the right).
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Figure 9. Idealised projection ofthe crystal structure of sillimanite with aluminium
present both as a cation and replacing silicon in some tetrahedra. @urnharq 1963)

One distinctive variety of .andalusite is the mineral chiastolite. This has cross-shaped patterns developed in the
mineral's cross-section. These patterns are due to the presence of carbonaceous or clay mineral inclusions
becoming ananged symmetrically within the body of the crystal.

Kyanite has the peculiar property of variable hardness. When scratched parallel to the long axis of the crystal
the hardness is around 4.5, but when scratched at 90" to the long axis the hardness is 6.5.

The distinguishing features ofthe aluminium silicates are given in Table 6.

Table 6" Distinguishing features of the aluminium silicate minerals.

Other Nesosilicates

The more common nesosilicates are dealt with above, but there is a large number of additional mineral species
belonging to this class. Sorne of the more interesting examples are tabulated below (Table 7) with brief
indications of their composition and formation.

Table 7. Features of selected nesosilicate minerals.
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Mineral Colour Streak Lustre Hardnesr Specilic gravity

Andalusite White, red, brown White Vitreous 7-5 3. 15

Kynnite Blue, grey, green White Vitreous 4.5-6.5 3.58

Sillimnnite White, brown, green White Vitreous 7.5 3.20

Mineral Confained elements Commsnts

Chloritoid Fe, Mg, M& Al, OH Regional metamorphic mineral
Datolite CU B, OH Pneumatolyfic mineral
Euclase Be, Al, OH Granites and pegmatites
Gadolinite Y, Fe, Be Granites
Howlite CU B, OH Sometimes classed as a borate
Humite Mg, Fe, F Metamorphic and hvdrothennal
Phenahite Be Hydrothermal
Thorite Th, U P egmatites, metarnorphic, hydrothermal
[Jranophane cqu Oxidation of wanium minerals
Willemite Zn Flydrothermal
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2, SOROSILICATES

Figure 10. Close-packed representation of the Si2O7 group

Also known as "couplet silicates" the sorosilicates are based upon pairs of SiO+ tetrahedra which are joined
together by sharing one oxygen atom. This changes the structure of the basic unit from SiOa to Sizoz which
means in tum that the Si:O ratio decreases from l:4,to 1:3.5. Since the shared oxygen now has both of its
negative charges fully satisfied by sharing electrons with two silicon atoms, the overall charge of the unit is
reduced to 6-. This means that the equivalent ofthree divalent cations af,e now required to balance the charge.

This is mostly accomplished using cations of the elements; Fe, Mg, I\ifn, Al, Ca or Ce. Aluminium is sometimes'
substituted for silicon. Relatively few minerals are sorosilicates.

Ilemimorphite

Hemimorphite, ZnqSt2Oz(OlIh.II2O, normally occurs as thin tabular crystals, but it can be massivg granular,

fibrous, mamillated or banded. Crystals are commonly white, but they can be yellowish-brown, greenish or
blue. It occurs in the oxidised portions of zinc deposits associated with galenq smithsonite, sphaleritg cerussite
and anglesite. Hemimorphite is named from the Greek prefix'hemi-, meaning ohalf', and morphc, nform'

literally ohalf-formn in allusion to the differences in crystal forms displayed on opposite ends of the c alds.

Hemimorphite was known formerly in USA as calaming while calarnine was formerly used in Britain as a trame
for smithsonite, zinc carbonate.

The Epidote Group

Epidote, Ca2{Fe3+,ADAl2O{SiO4XSizOt(OID, is a complex mineral containing both isolated SiO+ tetrahedra ard
SizOz units" Thesg and the ionic groups connect together parallel chains of AIOe and AlOa(OIf)2 octahedra.
Epidote minerals crystallise in two crystal systems : orthorhombic and monoclinic. The monoclinic species

shows the greater chemical diversity.

Epidote is generally found in high grade regionally metamorphosed rocks belonging to the eclogite-anphibolite
facies. It is produced as a consequence ofthe reaction between chlorite, calcite and quartz. The salient features

of the main epidote group minerals are summarised in Table 8,

Table 8. Selected characteristics of the main epidote group minerals

-15-Ir

Mineral Ions Crystal
system

Colour Hardness Specilic
Gravity

Zoisile Ca, N Orthorhombic White, grey, green 6-6.5 3.2-3.4

Clinozoisite Ca, Al Monoclinic Grey 6-7 3.2-3.4

Epidote Ca, AI, Fe Monoclinic Shades of green 6-7 3 .2-3.5

AIIanite Ca, Al, Fe, Cg, La, Y Monoclinic Black to brown 5.5 3.04.2
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Some ofthe less common epidote group minerals accommodate unuzual elements, including rare eaf,ths, in their
crystal lattices. For example, dissakisite contains lanthanum, androsite may contain niobiunq mukhinite contains
vanadium and hancockite contains strontium. Allanite, also known as orthite, often contains small amounts of
thorium and uranium making the mineral radioactive. Thulite is a pink manganzoisite found in Norway.

Although only discovered by Masai herdsmen in the Usambara Mountains of northern Tanzania in 1967,
tanzanite, a gem quality calcium- and aluminium-rich orthorhombic variety of zoisite, has become popular with
collectors. Still knorvn only from a single relatively small area" tanzanite is often heat treated to bring out the
deep blue and lavender colouring which is caused by traces of vanadium. One recently collected crystal weighs
over 3 kg (Anon., New Scientist, 2005).

The Melilite Group

The melilite group of minerals consists of Sizoz units together with AlO4 and MgOa tetrahedra arranged in
sheet-like patt€ms bonded together by Ca-O linkages. Calcium is present in each of the main members of the

Soup, but may be replaced by sodium in melilite itself. Melilite and akermanite both contain magnesiurn" while
gehlenite possesses some aluminium in the crystal lattice.

Melilite's chemical formul4 (Ca,Na)2(Al,Mg)(Si,Al)2O7, is interesting. The (Si,Al)rOzindicates the replacement
of some silicon atoms by aluminium atoms in the basic Si207 sorosilicate structure. The (Ca"Na)2(Al,Mg)
indicates that the overall negative charge of the silicate anion is balanced by a combination of Ca2* , Na*, Al 3*

and Mg2* cations, with substitutiop of the larger Ca2* cation by Na* and the smaller AI3* cdion by Mgz* (see
Table 2). The presence here of AI"", and its replacement of some Si atoms within the Sizoz struchlre, is another
example ofthe dual role that aluminium has in silicate structures.

Melilite is relatively common where basic magmas react with carbonate rocks, while the other members of the
group occrr in thermally metamorphosed siliceous limestones and dolomites.

Other metamorphic sorosilicate minerals

Lawsonite, CaAlzSizOz(OHh.H2O, is a hydrated calcium aluminium sorosilioate, bluish in colour, which is
found in high pressure, low temperature burial metamorphic rocks ofthe glaucophane schist facies. Purnpelyrte
an index mineral for the low temperature, low preszure prehnite-pumpellyite metamorphic facies, is named after
the famous American geologist, Raphael Pumpelly (1837-1923). It is a hydrated sorosilicate containing calcium
and aluminium and is most common in basalts which have been zubjected to burial metamorphism.

Vesuvianitq Cale(Al,MgFe)13Si1sO68(O,OH,F)1e, or idocrase (named from Vesuvius, where it was first
discovered) is rather peculiag in that it contains both SiO+ tetrahedra and Sizoz units. Because of the latter, it is
usually classified with the sorosilicates rather than the nesosi[6ateg the higher level oforganisation being taken
as significant. It is produced by the thermal metamorphism of impure limestones and includes a massive green
gem variety called californite. Other metamorphic sorosilicates include the calcium-containing rankinite and
tilleyite.
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3. INOSILICATES

The easiest way to imagine forming an inosilicate or chain silicate is to link the tetrahedra in a straight line. In this
way, each SiOa tetrahedron sharestwo oxyg€n atoms with its neighbours. The apices of the tetrahedra in these chains
all point in the sanie direction and the excess charges are balanced by cations such as Ca2* and vrg'r* These two ions
bind the chains together, the calcium being surrounded by eight orygen atoms and the magnesium by six. In terms of
chemical formul4 this type of single chain silicate consists of multiple Si2O6 units running parallel to the c-axis, and
includes the pyroxenes.

Double chain silicates include the amphiboles and consist of two identically oriented adjacent chains, linked by
shared orygens. This sharing of oxygen atoms at regular intervals along the length ofthe chain results in a structure
whose most simple unit is SiaO11. Adjacent paired chains are bonded together by means of a range of ions including
Caz* and Mg2*. Hydroxyl groups are also present in the structure and may be replaced by fluorini. Also, aluminium
may zubstitute for silicon.

The Pyroxenes

This mineral group consists oflinked SiOc tetrahedra such that they describe an alternating pattern, one tetrahedron
pointing left and then the next pointing right, along the length of the chain. Pyroxenes have the general formula
KY(Si,AI)2O6. Herq X consists of ions of Ca" N4 Fe and Mg, and occasionally ofZ4 Mn and Li. Ions of generally
saller radius are represented at Y. These include ions of Cr, Al Fe, Sc, Ti and V. The large number of potential
conrbinations of ttrese elements gives rise to considerable diversity in the group.

Pyroxenes typically possess cleavages whi-ch intersect at around 90" (8?" and 93o) and crystallise in the orthorhombic
ud monoclinic crystal systems.

(r) Orthopyroxenes

Tlre orthorhombic pyroxenes consist essentially of a solid solution series with MgzSizoe and Fe2Si2O6 as end
merrbers, corresponding to the minerals enstatite and fenosilite respectively. Older texts refer to the iron-rich
ordropyroxenes as hypersthene. Technically, this name has been abandoned in favour of fenosilitg but some authors
rend to use the t€rms interchangeably, or to use hypersthene for minerals with a composition intermediate between
c$tatite and ferrosilite. The picture of orthopyroxene diversity is complicated a liule by polymorphic changes that
ake place with changing temperatwes. For e:<amplg fenosilite changes to a monoclinic polymorph called pigeonite
a high temperatures, and enstatite changes to clinoenstatite

Egatite is typically white in colour, ranging to pale greys, browns and greens, with a pearly lustre on tle cleavage
$rfaces. Iron-rich (about 5-14%, varieties alter under weathering; the iron begins to separate into fine oxide and
ir-vdroxide films on the oleavage planes, giving them a metallic sheen. This process is called schillerisatioq and the
mallic sheen is referred to as a schiller structure. The product of this process is bronzite, a green or brown mineral
frund in basic and ultrabasic rocks such as gabbros and peridotires. Further alteration by hydration may give rise to
bestite or schiller spar which is usually associated with serpentinites. Enstatite itself is a common component of
'.rltrabasic rocks like pyroxenites, harzbwgites and picrites. As an early formed rnineral in basic magmas, it may be
loBcentrated as cumulate deposits in larger layered igneous intrusions such as the Bushveld and Skaergaard
Complexes. Effitatite is also known from stony and iron meteodtes, where it usually occurs with olivine in small

ryherical units called chondrules. In one class of meteoriteq the Enstatite Chondrites, magnesium-rich enstatite is by
frr the main silicate mineral, leading some authorities to suggest that they formed near the orbit _of Mercury. One
@dld green variety of enstatite, chrome-enstatite, is exploited as a gemstone.

Sah increasing iron content, the orthopyroxenes tend to become progressively more green and brown in colour. In
idition to their occurrence in basic and ultrabasic igneous rocks and meteorites, they are typical of high grade
qional metamorptuc rocks ofthe granulite facies.

(ii) Clinopyroxenes

Mos (gtrlo) of the monoclinic pyroxenes are part of a group that is most easily considered in terrns of a triple ion
nlid solution series; Fe can substitute progressively for Mg, as we have seen several times beforg but bottr ions can
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be replaced by Ce up to a value of 50%. This gives rise to the CaIvIgSrzOe - CaFeSizOe - Mg2Si2O6 - Fe2Si2Oe

system- The range of mineral species so produced is best illustrated on a triangular composition diagram. This is
effectively a graph with three axes but displayed two-dimensionally in the form of a triangle. The vertices of the
triangie are r€presented by 100% Mg2Si2O6 (clinoenstatite), 100% FqSizOo (clinoferrosilite)** and 100% CaSiOr
(wollastonite) respectively. The larger ionic radius of Ca means that cortinuous substitution of Mg and Fe by Ca in
the 50-100% Ca range does not take place, effectively cutting offthe top ofthe uiangle. The clinopyroxene field
therefore falls within the basal trapezium of the triangle (Figure 11). If a pyroxene (*) was analysed and found to
have a Mg:Fe ratio of 3:2 (i.e. 60:40) and an identical Mg:Ca ratio it would plot out witlin the box labelled augite in
Figure 11.
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Figure 1 1. Nomenclature and chemical composition of the main clinopyroxenes
(afrer Paldervaart and Hess, 1951)

Augite mnges from dark green through brown to black in colour with a greenish white streak, uneven fiacture and a
hardness of 5 to 6. In addition to C4 Mg and Fe it commonly contains Na and significant replacement of Si by Al.
An essential mineral in basic rocks like basalts, dolerites and gabbros, it is also found in some metamorphic rocks.
The small amounts of Ti found in augite are increased up to around 5% in titanaugite, whilst aegirine (acmite) is a
variety of augite enriched inNa and found in highly alkaline igneous rocks such as syenites and alkali granites.

Spodumene may be found in association with other Li-rich minerals in igneous rocks such as granite pegmatites. Its
chemical composition is LiAlSi2O6 and some enornous (l2m long) crystals have been reported. Two gern varieties
of spodumene are known. Kunzite (Conklin 1987), named after the famous rnineralogist George Frederick Kunz
(1856-1932), self taught gem expert forTiffany & Co. and prolific author, is transparent and distinctively pink to
lilac in colour. Hiddenitq a much rarer mineral, is green in colour and strongly pleocluoic (when viewed from
different directions, the crystal shows colour intensity variation), presenting specific problems for gem cutters.

Jadeite, Na(Al,Fe3*)Si206, is the least common of the two minerals that are included in jade (the other is nephrite).
Usually green in colour, it has a white streak and hardness of 6.5. A highly omamental stone with deep cultural
significance, it is most famously known from China and Central America (e.g. Larfer 1912; Levy and Scott-Clark
2001). Crystallising in temperatures ranglng from 600oC to 1200oC and pressures of between 1000 and 2500 MN/m2
it ocours in conditions of low grade metamorphism in the blue schist facies.

**However, clinoferrosilite is best thought of as 1Fe2*,Mg;2SirO6 with an iron content of 90-10070.

augite * ferroaugite

Subcalcic augite Subcalcic ferroaugite

pigeonite
Intermediate

pigeonite
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Omphacite, (Ca,NaXMg,Fe,Al)Si2O6, is a high pressur€ green clinopyroxene with greenish white s;treak and vitreous
to silky lustre found in eclogites, kimberlites and some blue schists.

Rarer and more unusual clinopyroxenes include johannsenite and kanoitq both of which contain M4 kosmochlor
(containing Cr), jervisite (containing Sc) and the vanadium-containing natalyite.

Thc Pyroxenoids

This is a group of triclinic minerals which share a general chemical formula of XSiO3 and are often classed together
(although some tetds include them in the pyroxenes). Whereas the linked tetrahedra in the pyroxene chains al*"ys
rcpeat their pattern of orientation every 3 units, r€peat pattems are found every threq five or seven units in
plnoxenoids, depending on the individual mineral.

Tollastonite (CaSiO3), named for William H. Wollaston (1766-1828), namesake of the Geological Sociery's
Wollaston Medal, is both the most famous and most abundant pyroxenoid. It is formed through the solid state
rcaction of calcite with quartz (with the evolution of carbon dioxide) in the metamorphism of impure limestones, or
rtere limestones have been contaminated with magmatic Si during metasomatism. Typically white in colour with a
colourless streak and a hardness of 5 to 5.5, it breaks with a splintery to uneven fracture and may fluoresce. There is
dso arare high temperature polymorph called parawollastonite.

-Larimat'', the trade name given to a translucent sky blue rock from the Bahamas and Dominican Republic, is mostly
composed of the pyroxenoid pectolite. Herg single and double tehahedra alternate along the length of the chain.
Calcium atoms are each co-ordinated with eight orygens (as in wollastonite), but Na also enterJinto the latticg
gvi"g a chemical formula of NaCa2SlO(OlD. Pectolite may crystallise from intermediate magmas, occasionally
being found in nepheline-syenites, but is more typically found as a hydrothermal mineral in cavities within basic
igneous rocks.

There are tiree Adn-containing pyt'oxenoids, all found in metasomatic or metamorphic manganese ore bodies.
Rhodonitg Cal\{n4sis0ri, has a distinctive rose pink colour, after which it is named. It is generally distinguished
from bustamite and pyroxmangite on the basis of optical properties.

The Amphiboles

Linking of two adjacent chains of SiO4 tetrahedm gives rise to a double chain whose repeating unit is Sr+Orr.
-{djacent double chains are bonded laterally to each other by means of a wide range of possible ions. The general
brnnrla for the group can be written as XY2Z5(Si,AI,Ti)8O22(OII,F)2 You can see from this that the Si ian be
replaced by Ai or even Ti in some circumstances, and that hydroxyl (OH;' ions enter consistently into the crystal
lutice. Larger ions such as Ca2* and Na* are usually represented Uy >q wlite Y may be represenied by ions oithe
elements Na, Cq Fe, Li, Mn, Al,- Ti and occasionally even Zry Ni or Co. A wide range of ions can also be
represented at Z, including Fe'*, Fe2*, I\dnF, IvIn3*, Ti4* and cf*, Li*, and Al3*. since X v 

"ia 
Z canberepresented

b.v ions of varying charge, it follows that substitution of one ion by another may require coupled secondary
sbstitutions in order to maintain the overall charge balance within the lattice. This means that the amphiboles show
an enormous diversity of chemical composition. Like pyroxenes, they can be subdivided by crystil system into
orthorhombic, monoclinic and triclinic groups, onto which can be superimposed aspects of chemical composition.
.{mphiboles, like pyroxenes have a typical cleavage. In this case the two cleavages intersect at around 55o and this
can sometimes be used to differentiate them from pyroxenes. Nomenclature of the group has been defined by the
LVIA Subcommittee on Amphiboles (Leake et al. 2004)

(r) Orthorhombic amphiboles

These are the Fe- urd Mg-rich minerals of the anthophyllite group. Some species, such as ferroholmquistite, may
enen contain Li. Anthophyllite, IvIgTSisO22(OI{h, which forms a series with ferro-anthophyllite, Fe7SisO22(OlI)2, and
the closely related gedrite (with Al substituted for some of the Si) are metamorphic and metasomatic mineials.
.{nthophyllite may form by retrograde metamorphism (metamorphism taking place under conditions of lower
rcmperatures and pressures than the original phase of metamorphism) of earlier thermally metamorphosed rooks, or
by metamorphism of Mg-rich dolomitic limestones or basic igneous rocks to schists and gneisses. It is brown in
mlour with a grey streak and hardness 5.5 to 6. It may crystallise into long radiating fibres which can be used as
asbestos in refractory cements.
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(iD Monoclinic amphiboles

(a) Cunmingtonite series

Cummingtonite is a dark grey to green/brown mineral with white strealq silky to vitreous lustre and a hardness of 5
to 6. It is commonly found in amphibolites, high grade regional metamorphic rocks produced by aheration of basic
igneous rocks. This mineral has the formula, Mg7SisO22(OII)z and is the orthorhombic dimorph of anthophyllite.
Cummingtonite forms a series with the iron rich grunerite FezSisO2z(OHh, which is the monoclinic dimorph of ferro-
anthophyllite. Small amounts of Mn can replace some of the Fe and Mg in the crystal lauice giving rise to l\rkr-rich
varieties such as tirodite.

(b) Tremolite series

Minerals in this series conform to the formula Ca2(MgFe2)rlSirOo;1OgF)2, where the relative quantities of Fe and
Mg vary considerably. If L4g predominates the mineral is tremolite, whereas in ferroactinolite the Fe is dominant
Aotinolite is the intermediate form. Increasing the Fe content darkens the colour of the mineral and increases the
specific gravity. These minerals are found in thermally and regionally metamorphosed rocks, particularly hornfelsed
impure limestones and the greenschists produced from basic and ultrabasic igneous rocks. The solid state reaction
between dolomitg quartz and water yields tremolitg calcite and carbon dioxide.

Tremolite may crystallise as fine fibres forming asbestos. Some forms, often called Mountain Cork, Mountain
Leather and Mountain Wood have a felt-like appearance. Nephrite, one of the two minerals combining to form jade,
is a variety of actinolite.

(c) Eornblende series

Hornblende is known in both igneous and metamorphic rocks. It is a common constituent of intermediate rocks such
as diorites and syenites, but can also be found as an acc€ssory mineral in granites and basic rocks like basalts and
dolerites. Metamorphism of igneous rocks may give rise to hornblende gneisses, schists and amphibolites.
Hornblende shows oonsiderable colour variation (from black, through various greens to brown), forming prismatic,
translucent to opaquc crystals which break with an uneven fracture.

Hornblende has the ratler complex forrnula (Na,K)&rCaz(Mg,Fe2*,Fe$,Al)j(Si6-7Al2.lO2zXOII,F)2. This clearly
indicates that a wide compositional diversity exists. Indeed, hornblende is now largely a useflrl field identification
terrn as analysis of mineral chemical composition reveals a suite of closely related minerals which are distinguished
largely on the basis of optical properties. Deer, Howie and Zussman (1992) have shown that the series can be
conveniently considered as being derived from tremolite. Thus, introduction ofNa and replacement of one Si by Al
gives rise to edenite and ferroedenite, whilst the replacement of both Mg and some Si by Al rezults in tschermakite.
Pargasite and ferrohastingsite are Mg- and Fe-rich members respectively of the homblende series. Kaersutite is a Ti-
rich mineral closely related chemically to hornblende and found in alkaline igneous rocks such as trachytes,
trachyandesites and nepheline-syenites.

(d) Nkali amphiboles

Glaucophane and riebeckite are two closely related minerals, both of which are distinctively blue with a blue to grey
streak Riebeckite is the more Fe-rich of the two with the formula Na2,Fe32+,Fq3*1SirO2;1Ot1r. A fibrous form of
the mineral, crocidolite, is a significant source of commercial *blue" asbestos. Riebeckite occurs in granites and
syenites, and is a component ofthe famous Rubislaw Granite of Aberdeen. Glaucophang
Na2,Mg,A12(Si8O22XOtDz, is an index mineral for the glaucophane schist or o'blueschist" facies typical of burial
metamorphism and retrograde metamorphism of eclogites. Crossite has an intermediate composition betuieen
glaucophane and riebeckite, while arfredsonite is Na-rich.

(iii) Triclinic amphibolcs
Aenigmatite, Na2Fe5"TiSi6O2s, has, as its name suggests, been diffrcult to classify, having been at various times
included in the pyroxenes and the amphiboles. Its black triclinic crystals are known from alkaline volcanic rocks
zuch as phonolites and trachytes and their plutonic equivalents, syenites.
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4. CYCLOSUCATIS

Cyclosilicates, or ring silicates, are formed by several tetrahedra being linked together and then closed to form a
ring. One subgroup consists of three SiO4 tetrahedra linked in such a way that each shares two oxygen atoms
with its neighbours, forming a 6-membered ring. This means tlat tle ring structure has the chemical formula
Sir0g and an overall charge of 6-. Alternatively, rings may be composed of four or six interlinked SiO4
tetrahedra. In the iatter case a structure whose formula is Si5O1s results with an overall charge of 12-. In each
case, the sharing of oxygen atoms by adjacent tetrahedra reduces the Si:O ratio to 1:3. Aluminium may
srbstitute for silicon in each of these arrangements, and the cations which most commonly balance the charges
include Fe2*, Fe3", Mg2* and Ca 2*. The more unusual elements berylliunr, lithium, boron and fluorine are also
present in some cyclosilicates.

Rings with Three-Sioq Tstrahedra

Benitoite

This is a barium titaniuur silicate, BaTiSlOe. The triangular arrangement of the three
interlinked SiOr tetrahedra rezults in trigonal crystals. For some time benitoite was confirsed
with sapphire, with which it shares a distinctive blue colour. Benitoite has no cleavagg a
hardness of 6 to 6.5 and is transparent to translucent. This combination of characteristics
makes it a good gemstone. It fluoresces pale blue under ulra-violet light.

Rings wift Four-SiOc Tetrahedra

Axinite

(Ca,Fe2n,Adn)3A12(BO3XSi4Or2XOH). Here, four SiOa terahedra link to form an 8-membered
Sr+Orz ring. Separate rings and adjacent hydrated BO3 groups are bound together by means of
iron, aluminiurn, magnesiur\ manganese and calcium ions. Solid solution series exist with the
iron- magnesium- and rnanganese-rich end members feno-axinitq magnesio-axinite and
manganaxinite respectively. Tinzenite is an intermediate mineral containing manganese and
iron. These differences in chemistry are reflected in colour and specific gravity variation.
Axinite most commonly occurs in thermally metamorphosed limestones with rnstasomatic
introduction of boron.

Rings with Six-SiOr Tetrahedn

BcrYt

This is a beryllium aluminium silicate with the chemical formula Be3A12(SiQ)6. Six SiO4
tetrahedra link to form a l2-membered Si6O1s ring. Aluminium and beryllium lie befwe€n
adjacent rings such that the Al is surrounded by six orygen atoms and the Be with four in zuch
a way as to link adjacent rings both lareraily and vertically in the crystal lattice
(see Figure 12).

Figure 12. Beryi stucture as projected on its pinacoid. (Milovsky & Kononoq 1985)
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Four rings of six SiO+ tetrahedral units forming rings can be see4 while the large black circle
r€presents the aluminium and the small black circles the beryllium atoms. The whole
axrangement resembles a honeycomb slnrcture and results irr transparent to transfucent
hexagonal crystals.

Beryls have a conchoidal fracturg white streah specific gavity 2.6-2.9 and a hardness of 7.5
to 8. The presence of a wide range of trace elements carrses much variation in colour. This
factor makes beryl a versatile gemstone, of which the following qpes are recogrrised :

Aquamarine:
Emerald:
Goshenite :

Heliodor:
lVlorganite :

blue
green
colourless
yellow
pink

Beryllium is not easily accommodated into the lattice of otler silicates. Beryl and the variety
Tu -mar|ne 

are igneous mlnerats which crrystallise from residual .ugrr"tL fluids, usuauy
fonning in wgs (cavities lined with minerals which are different to those in the immediate
surroundings; an old Cornish mining terrr), druses (cavities lined with minerals which are the
same as those in the immediate surroundings) and granite pegmatites. Beryls are also found in
metamorphic rocks such as schists and marbles. Emeralds are typically founO ln biotite schists.

Cordieritc

MgAlaSi5O13. : A mineral characteristic of thermally metamorphosed peliteq cordierite is also
known_from high grade gneisses and even some granites. It zurvives well as a sedimentary
clast. Ilexagonal Sieore rings are linked via aluminium and magnesium ions. Crystailising in
thg grtqorhombic system, cordierite has a white streak, specific gravity of 2.3 and hardnesi of
7-7 '5. hs vitreous lustrg transparency and singie poor cleavage 

"rat " 
it a gemstone candidate-

Indes{ iolitq the gern variety, occurs in a range ofblues and viotet.

The Tourmrlins Qroup

(see Nicholsoq 20o4, for more details). In this case, a series of Si6orr rings are stacked on top
of each other and interlayered with triplets of triangular BO3 units" A-string of atternatini
sodium and hydroxyl (OH) ions run up the centre of each staclq nanfiea by lithium]
magnesium and aluminiumions. Iron and manganese ions are located dovm the oqter margins
of the stack (see Figure 13). This arrangem€nt gives rise to the rather bewildering foniuta
Na(Mg,Fe,Mrqli" Al)3A16[ S ie0 rs](BO3):(OH,F)4.

- - ->42

o
Al, Fe3+, Mn3*

Part of the structure of tourmaline projected onto to {0001)
(Keine and Hurlburt, 1993)

Figure 13.
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Tourmalines are piezoelectric. This means that when a crystal is heated or compressd different
electrical charges form at opposite ends of the crystal. Most examples are hemimorphic, which means
that in doubly terminated crystals, the top of the crystal has a different shape from the base.
Tourmalines are typical of skarn deposits, usually formed when late stage residual magmatic fluids
react with adjacent limestone country rocks. They are also found in granite pegmatites. In
luxullianite,a striking rock from Cornwall, granite minerals such as biotite and feldspars have been
completely or partially replaced by pneumatolytic tourmaline. The salient features of some tourmdine
minerals aro given iu Table 9.

Table 9. Features of minerals belongrng to the tourmaline group.
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Mineral Chemistry Colour Diaphansify Comments

Elbaite Li, AI Various Transparsnt Hemirnorphic.
Narned by colour, e.g.

Indicolile (blue), Rab ellite (red), l'erdelite
(ereen)

Schorl lttq Fe, Al Black Opaque Hernimorphic * top of crystal different shape
to bottom

Dravite Fe, Mg, Al Brown Translucent to
opaque

Hemimorphic

Avite Ca, Mg, Fe Green
to

black

Transparent to
translucent

Flemimorphic

'21
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5. PHYLLOSILICATES

These are the "sheet" silicates. You can imagine how a sheet is formed if you vizualise several of the double
chain structures of the amphiboles laid down adjacent to each other, and then being joined by the sharing of
oxygen atoms. In this way, rings of tetrahedra become linked together in a single plane which, when viewed
iom abovg has a tessellated pattern. This means that one of the orygen atoms in each tetrahedron is free and
pointing away from the sheet, while the other three oxygens are shared with adjacent tetrahedra, This reduces
the Si:O ratio down to l:2.5. Adjacent sheets are then bonded to each other by layers of cations together with
dher ions, elements and molecules which are associated with them. Since relatively weak ionic chemical bonds
re used here, the sheets are prone to separation from each other. This often makes the final mineral fairly soft
i-eenerally hardness I to 3) and gives it a platy app€arance with perfect basal cleavage. In spite of this,
phyllosilicates are very resilient, and are resistant to c,hemical weathering and metamorphic changes. This makes
6em common in igneous, metamorphic and sedimentary environments. Phyllosilicates show enormous diversity
rnd include the comrnonest silicate mineralg the clay rninerals, as well as the micas and serpentine group
minerals.

Micas

Tbe micas consist of sheets of tetrahedra which are joined together in six-sided rings. This gives repeated units
of (Si,Al)2 05. All of the free, unshared oxygen atoms project from the surface of the sheet in the same direction.
The immediately adjacent sheet has its unshared oxygen atoms projecting from the opposite surface. As one
sheet is laid on top of another, six different zuperimposition patterns are possible by rotational transformations in
60o increments. As further sheets are added, each again with different possible orientations, a unit cell is
constructed with ong two, three or more composite layers. Cells consisting of two layers commonly crystallise
in the monoclinic syster4 while three-layered unit cells result in trigonal crystals. The layers of cations and
associated neutral atoms and molecules intervening between the sireets generally contain a wide diversity of ions
including Na*, K*, Ca2*, Fe2* and Fe3*, Mg2* and Otf amongst many others. dach sheet of tehahedra has 

" 
net

nqative charge which is balanced by the intervening cation layers.

The general formula of micas can be written as X2Ya5Z3O2e(OgF)a where :

X is mainly Il Na or C4 but could also be 84 Rb, Cs, etc.
Y is mainly Al, Mg or Fe, but could also be lrdn, Cr, Ti, Li, etc.
Z is mainly Si or Al but could potentially be Fe3* or Ti.

Ifthe number of Y ions is 4, then the mica belongs to the di-octahedral class, whereas if Y is 6, the mica is tri-
ocahedral. The compositions ofthe most common micas can be summarised as follows (Table 10).

l: Dklctahedral
I *rica X Y 7r Colour
,i Muscovite
,;

K2 Al+ Si6N2 White

Paragonite K, Al+ SieAlz White

Glauconite (K, Na)1-2 lFezu,IvIs,Al)+ Si7-7,6A11-0.4 Green

t Tri-octahedral
ii 1|Iica X Y 7r Colour

Phlogopite K2 (MgFe'*), si6Al2 Brown

Biotite K2 (Mg, Fe'*,Al)6 si64Al2; Black

Zinnwaldite K, &i, Fez*,Al;, Si6-7A12-1 Brown

ll t epidolite Kz (Lr,Al)u Si6-5Al2.3 Pink

Table 10. Cornpositions ofthe rnore common micas.
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Around 40 mica species have been recognised. Muscovite, naned from Moscow, the type locality, is usually
white in colour, but chromium impurities make it a distinctive green, forming fuchsite. Muscovite is a late $tage
mineral in magmatic crystallisation, meaning that it is most commonly found in acid igneous rocks such as

granites and pegmatites. It is also a common constituent of metamorphic rocks zuch as schists and gneisses,

where it is often responsible for the foliated metamorphic fabric. Like all micas it survives w€athering, erosion,
transportation and deposition very well. Being platy, micas tend to behave hydrodynamically as much smaller
grains than they actually are. They are often the last clasts to settle out of the water column, forming a fine
dusting over the top surface ofthe bed- Their perfect basal cleavages, all aligned together in one plane, mean
that the rock will break cleanly along a flat bedding surfrce. This is why micaceous sandstones make good
flagstones.

Biotite can be diffrcult to distinguish from phlogopite since both are dark brown to black in colour. They are end
members of a solid solution serieq with biotito being the more Fe-rich. Consequently, biotite is found in acid
and intermediate igneous rocks and regional metamorphosed rocks. Phlogopite, on the other hand, is less

comrnon, being found in ultramafic igneous rocks such os peridotites and kimberlites, and metamorphosed Mg-
rich (dolomitio) limestones.

Glauconite is more or less conlined to marine sediments, where it may be a primary mineral, especially of
greensands, or diagenetic (related to post-depositional changes) in origin. Glauconite is sometimes classified
with the clay minerals.

Lepidolite is the most cornmon Li-bearing mineral, containing between 3.3Vo and 7o/aLizO in the crystal lattice.
It is largely confiqed to granite pegmatites where it is usually found in association with other Li-rich minerals
(e.g. amblygonitg spodumene and zinnwaldite).

Table 10 shows that K* is the most common inter-layer cation. It may, however be replaced to some extent by
Na*, giving rise to paragonite, or by Ca 2* (accompanied by an increase in Al) forming margarite, xanthophyllite
or olintonite. The cleavage sheets of these minerals are less elastic than those of regular micas such as muscovite
and biotite, often resulting in their being called "brittle micas". All three are generally found in metamorphic
rocks strch as schists, or metasonatically altered limestones.

Stilpnomelane is a low grade metamorphic mineral which is relatively rich in Fe and Mn. Pyrophyllite consists
of t'wo sheets of linked tetrahedra enclosing a cerrtral sheet of octahedrally co-ordineted Al. Not all of the
available sites are occupied by Al, however - some are empty. This makes the layers electrically neutral so no
further cations are needed to restore balancg giving a formula of Al+(SieOzoXOI0c. Talc is structurally very
close to this arrangement, exoept that Al is replaced by Mg glving Mge(SirOzoXOlDr. This is a low grade

metamorphic mineral which is uzually white in colour, with dull to pearly lustrg a hardness of I and a greasy

feel. It commonly pseudomorphs other minerals and is the main constihrent of soapstone or steatite, being
exploited both as an ornamental stone because of the ease with which it can be carved, and for a wide range of
industrial and domestic uses (e.g. talcum powder, filler, thermal and electrical inzulator etc.).

Chlorite - general formula (Mg,Al,Fe)p[(Sr,Al)eOzo](OF0ru - variously classified with the micas or clay
minerals, actually refers to a group of minerals which can be difficult to isolate and distingrrish from each other.
They are common in low grade regional metamorphic rocks, such as the Dalradian chlorite schists, greenschists.

as hydrothermal alteration products of igneous rocks, or associated with clay minerals in sediments. They are

often white or green in colour, but the hue varies with composition. Kiimmererite, for example, varies from
brilliant lavender to deep crimson depending on the Cr content. Chlorite sometimes forms inclusions in quartz
crystals. If the chlorite grows as a coating on the crystal surface and then the quartz undergoes a second period
of growth, enclosing the film of chloritg a phantom crystal is formed - one in which an earlier *ghost" crystal
outline can be seen. Chamositg a browrq Fe/Tv{g-rich mineral is also part of the chtorite group.

Serpentines

The serpentine grcup minerals consist of a stack of silicate sheets with intervening layers of Mg(OIf)2 units.
These latter units consist oftwo sheets ofoctahedrally co-ordinated hydroxyls, sandwiching a central layer of
Mg. The Mg(OIIh has no overall charge. It is an arangement found in the naturally occurring hydroxide
mineral called brucite, a fairly conrmon alteration product of periclase. For this reasorL the intervening layers of
Mg(OI{h units are usrally referred to as brucite layers. The Mg can be replaced to some extent by Fe, gving
rise to a suite of minerals" most of which are distinguished by their optical properties. The best known
s€rpentine mineral is chrysotile, which is commonly found in veins crystallising with a silky, fibrous habit.
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Chrysotile is an asbestiform rnineral. Like most of the serpentines, it shows polymorphism, with some varieties
crystallising in the monoclinic system (clinochrysotile) while others are orthorhombic (orthochrysotile).
Lizardrte, on the other hand, is hexagonal. The Fe-rich serpentine minerals include antigorite, with its
orthorhombic polymorph, parachrysotile.

The serpentines most commonly occur as the alteration products of ultrabasic igneous rocks zuch as dunites and
peridotites. The minerals are commonly green" but range through yellow and brown to black. They have a white
streah hardness 3 to 4. 5, specific gravity of 2.2 to 2.6, and, dependrng on the forrq silky or waxy lustre.

Clay minerels

Clays are sedimentary grains of particle size <0.002mm. Many of these particles may be clay minerals which
are best summarised as hydrous layer aluminosilicates. They are called aluminosilicates because Al commonly
srbstitutes for Si in the tetrahedral stnrcture, and hydrous because OH groups are important interlayering
components. Structurally, clay minerals are made up of sheets oftetrahedra and sheets of octahedra iiote{
together to form a layer. The tetrahedra are linked together to form a hexagonal pattern with the vertiginal
oxygen directed to t}re certre of the layer. 

^The 
octahedral sheet consists of two planes of close-packed orygen

ions with cations such as Al3*, Fe3* and MgF occupying the enclosed octatredral co-ordination site.

Clay mineral classification depends on the types of layer involved. A combination of one tetrahdral and one
oaahedral sheet is known as a l:1 layer. If an octahedral sheet is sandwiched between two tetrahedral sheets, a
2:l layer is produced. Further diversity is introduced by differences in the ways in which the sheets are stacked
on top of each otheq and the nature of the interlayering components. If replacement takes place between ions of
a particular charge with those of a different charge anywhere in the layer (e,g. trivaient A1 for tetra,oalent Si, or
divalent Mg for trivalent Fe) electrostatic neutrality is lost and the sheet becomes charged. The role of the
interlayered chemicals is to balance the charges onlhe sheets. Interlayered eomponents include cations such as
K-, Na* and NHa*, hydrated cations (usually Mg2*, Ca2*, or Na*), 

-or 
single *hr"tr of hydroxide octahedrat

groups. One of the simplest of these latter components is brucitg Mg(OIDz, as mentioned above, but Al(OlI)3
(gibbsite) may also be involved. X-ray diffraction analysis is an essential tool in clay mineral identification.
Most clay minerals are white to grey in colour, sometimes with other tints. They have a dull lustre, a hardness of
I to 2 and a specific gravity ofbetween 2 and 3,

Kaolinitg named ftom Kao-Ling in Jianxi Proviacg Chinq has the formula Alz(Si2O5XOIt4. Ir is the most
common of tlte kaolinite group of clay minerals and is generally formed by the weathering or hydrothermal
aheration of feldspars, feldspathoids and certain other silicate minerals. Slightly carbonated warers cause the
degradation of , say, orthoclase feldspar as follows : water + carbon dioxide + orthoclase gives rise to kaolinite +
silicic acid + potassium carbonate. The massive China Clay deposits of the St Austell region of west Ccrnwall
are believed to have been produced as the result of deep-seated hydrothermal alteration of granite. Kaolinite is
an important mineral in the manufacture of porcelain and fine bone china because it retainJ its white colour on
firing. It is also used extensively as a filler and to increase the gloss on paper. Closely related minerals in this
_eroup include dickite, nacrite and halloysite.

The smectites are 2:1 layered clay minerals with very low charges on the composite sheets, Ieading to extensive
use of hydrated cations in the interlayers. This gives the minerals the ability to expand and contract as water and
some organic molecules are gained or lost from the crystal lattice respectively; they are sometimes referred to as'erploding' clays. One application of this property is in medicine as a treatment for diarrhoea. Montmorillonite,
'rith the complex formula (Ca,Na)0j(Al,Mg)2SiaO16(OID2.nH2O is one such mineral, a major constituent of
bentonites (the weathering product of volcanic ash), which are important components of the slupry used to cool
the drill bit in the oil industry. Other minerals in this group include saponitg beidellite, hectorite and sauconite.

Clay minerals ofthe illite group show 2:1 layers with non-hydrated cations in the irterstices. As a consequ€nce,
they have a chemical formula which is closely similar to many of the micas; indeed, they are sometimes rlferred
to as clay-grade muscovite solely on the basis ofgrain size. Phengite also occurs in this group.

!'ermiculite gives its name to a group of clay minerals which are closely related to the smectites. They have 2:l
la,vering with intervenilg brucite sheets. Their name, from the Latin foi 'to breed worms', refers to their strange
ability to qrf,oliate when rapidly heated. At t€mperatures above 870oC, water in the crystal lattice vaporisJs,
causing expansion of the mineral and separation along the cleavage planes; increases in volume of up to 3000%
ae possible. This gives rise to a vefy lightweight material with excellent thermal and acoustic insulation
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properties. It is also used to clean up spills of toxic chemicals. Vermiculite is a weathering and hydrothermal
alteration product of biotite and other micas.

Sepiolite and palygorskite (sometimes known as attapulgite) are non-swelling clays with a fibrous structure.
Prehnitg an index mineral for the prehnite-pumpellyite facies of low grade regional metamorphisrq is also
known in igneous rocks. It has the ohemical formula Ca2Al(AlSlOroXOlI)2.
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Chrysocollq (Cu,AI)2H2Si2O5(OH)4.nH2O, a weathering product of copper ore bodies,
colouration and white to blue-green streak. Amorphous (non-crystalline) in structure,
that at high temperatures, it is composed of SiaO16 sheets.
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6. TECTOSILICATES

Th tectosilicates or framework silicates are characteristically made up of SiOq+ tetrahedra which share each of their
srygen atoms with an adjacent tetrahedral unit. This results in a 3-dimensional framework of interlinked units. kr
es ptrest forrq this gives rise to an Si:0 ratio of 1:2, orpr_essed as the mineral quartz and other forms of silica. Al3*
b easily substituted for the Sia*, howeven, gtving an AlOa5- tetrahedron . The tetrahedral unit now has a charge of 5',
rher than 4- as was the case with the nesosilicates. A range of cations is needed to maintain electrochemical
rrbility, thus giving rise to a diverse group of minerals.

Thc Feldspars

ihc feldspars are t}te most abundant minerals in the Earth's crust. Common to all igneous rocks etrcept for some
s&rabasic and rare alkaline rockq they are an important tool in igneous rock classification, They are also known
iom a wide range of metamorphic roc*s and although easily weathered to clay minerals, survive rapid erosion and
Scposition to become clastic components of mostly axenaceous sedimentary rocks zuch as arkosic sandstones (e.g.
Trridonian sandstone). They may also gtow within sediments as neq relatively low temperature diagenetic
uirerals.

Essentially, the feldspar strucfire is based upon four interlinked tetrahedrq two of which have their apical O atoms
soiuting upward, and two are pointing downward. This gives a unit of composition AlSi3Os. These units are then
lbted to form a chain-like arrangement the individual chains then being linked laterally to fonn a framework.

Orthoclase

KAlSisOr

$anidine

Anorthoclas$

IrAlSisOr Andesine Bytownite

Anorthite

CaAl2SrrOt

Oligoclase Labradorite

Eure 14. Solid solution in the feldspars. The base line represents variation in the pl4gioclase feldsparg while the
line on the left represents the high temperature alkali feldspars.

tb common substitution of Al3* for Sia* at the centres of the interlinked tetrahedra means tlat a range of ions is
rmgloyed to bring overall electrochemical stability to the unit, One way of writing the general formula for feldspars

)21
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is XA{1-2ySi6-2yOs. This shows that Al may comprise up to 50% of the tetrahedral sites. Since the difference in
charge between Al and Si is l*, this must be reflected by variation in the accompanying cations (most commonly
Ca*, Na* and K), signified by X in the general formula. Thus, where two Al and two Si atoms are present, Ca2+
will be used to balance the unit, whereas eitherNa* or K* could be used ifthere were one Al and three Si atoms.

The easiest way to consider the feldspars is as mernbers of two linked solid solution series, also known as a ternary
system, As indicated above, Na* or K* can be freely substituted for each other. This gives a solid solution series
v/ith NaAISLO3 and KAlSbOs as end members. These are the alkali feldspars. Alternatively, there may be a range
of substitutions between NaAlSi3Os and CaAI2Si2Os, glving rise to the plagioclase feldspars. The relationship
between these three end-member compositions and their intermediates in the ternary system is illustrated in Figwe
14.

(r) The Plagioclase Feldspars

As can be seen in Figure 14, the plagioclase feldspars range in composition from NaAlSirOr (Albite - Ab) to
Cad2Si2Os (Anoahite - An) with a range of intermediates. The minerals in this series are usually described in terms
of their An molecular percentage, The six constituent minerals are thus albite (0-10% An), otigoclase (10-30%),
andesine (30-507o), labradorite (50-70%), bytownite Q0-90%> and anorthite itself (90-100%). These gradational
changes in composition also give rise to variation in physical properties. All crystallise in the triclinic system, but
tlere are small changes in the angles between the cleavage planes (decreasing from 86o24' in albite to 85"50' in
anorthite). Similarly, as calcium has a higher atomic mass than sodium (40 compared ts Z3), the specific gravity of
the mineral gradually insreases from 2.60 in pure albite to 2.77 in pure anorthite. This is accompanied by changes in
the optical properties of the mineral, notably the refractive index. All plagioclase feldspars show a vitreous lustre
which dulls with weathering.

Variations in chemistry also affect the melting ternperatures of the plagioclase feldspars; anorthite melts at around
1550oC while albite melts at around 1100'C. Anorthite, a Ca-ric[ high temperature feldspar forms early in the
crystallisation history of a m4gma and is more typical of basic igneous rocks such as basalts and gabbros. The lower
temperaturg Na-rich albite is a later-stage crystal more tlryical of acid igneous rocks zuch as grauites and rhyolites.
Extraction of calcium by crystallisation of An*ich feldspars enriches the remaining melt in sodium, leading to the
formation of progressively more Ab-rich feldspars- If there is insuffrcient time for the early formed crystals to react
with the melt, zoned plagioclase crystals may be formed. These have An-rich cores surrounded by concentric layers,
often picked out by tiny inclusions, of progressively more Ab-rich composition. Zaned orystals ofthis type re quite
common in granitic plutons, such as the Dartmoor Granite. Feldspars closer to tlte centre of the An-Ab
compositional range, such as andesine, are t5pical of intermediate igneous rocks such as andesite and trachyte.

Twinning is common in the feldspars. The plagioclase series all show a type of rwinning which is named after albite.
Twin laws define the sum of the various components of twinning notably t}e amount of rotation needed to bring the
two parts of the twinned crystal together and the position of the trvin axis in relation to the twin plane. Twinning on
the Albite Law typically results in thin (usually much less than lmrn) parallel sheets of the mineral being stacked on
top of eaoh other. The mineral sheets or lamellae are all of the same composition, and contac't each other along the
010 direction (a side pinacoid). This is an example of repeated, lamellar or polysynthetic trvinning. The twinned
layers can sometimes be discerned as parallel lines on the surfaces of the mineral faces, as well as the cleavage
surfaces.

Plagioclase feldspar crystals are usually white to grey in colour, but often are tinged with blug red, yellow or green.
The hardness ranges from 6 to 6.5 and the fracture is uneven.

Labradorite shows a distinstive iridescence or schiller often referred to as labradorescence. This consists ofa play of
colours, especially obvious on cut surfaces, as liglrt is diftacted across the cleavage and twin planes within the
cry$tal. The colours involved are violets, blues, greens, gold, yellows, orange and occasionally reds. Spectrolite is
the trade name given to a variety of labradorite with a particularly vibrant play of colours. It was discovered in
Finland in 1940 during the building of a defence line in World War II. Labradorite itself was first discovered in
l77O by a Moravian missionary on the Isle of Paul, Labrador (part of Newfoundland). It is particularly common in
largely monominerallic stratiform masses called anorthosites.
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ONigoclase may be sold as a semi-precious stone. Sunstone, also known as aventurine-feldspar, is so-called because

mlusions of haematite or sometimes goethite produce flashes of red within the crystal. Varieties of moonstone may
dso be oligoclase (although it is more commonly a mixture of albite and orthoclase) and is sometimes distinguished
s baving a property known as adularescence. This closely resembles labradorescence, although purists argue that
rb play of light moves over the body of the tansparent stone in adularescence as a floating milky sheer\ while
biradorescence is a zurface sheen conJined to opaque minerals.

Sooe feldspars are triboluminescent; on striking one specimen against another, a flash of light is produced. This

rrooess is not fully understood^but may be due to the storage of electrons, which have been ejected by the

wuing garnma radiation of {f decay, in lattice defects. A small mechanical shock is then sufficient for these

cbdrons to overcome their energy barrier and cascade down to their ground state. Alternatively, asymmetrical
;r-rsals may unde'rgo separation of negative and positive charges on fracturing. Charge recombination results in a
i'dr of liglrt as the discharge ionises the surrounding air. The effect was first recorded by Francis Bacon (1605) who
Ericed tlat a glow was produced when he chopped up blocks of cane sugar at night.

(ii) The Alkali Feldspars

Onboclase is the most common of the alkali feldspars with the chemical formula KAlSisOs. A relatively late-stage

lin€ral in the magmatic crystallisation sequence, it is an essential mineral in acid and intermediate igreous rocks
rrh as granites, granodiorites, syenites and their fine-grained equivalents. It is also cornmon in metamorphic rocks
rrh as gneisses and, like plagioclase feldspar, may be abundant in feldspathic sandstones such as arkoses.

ffioclase and other alkali feldspars can be quite diflicult to distinguish from the plagioclases in hand specimens,

hrrfug a similar hardness (6), colour (white through strades of red and orange to brown), streak (white), diaphaneity
ropaque), lustre (vitreouq becoming dull on weathering), specific gravity (around 2.5), habit (commonly tabular
s1gal$, and fracture (conchoidal to uneven). Orthoclase crystallises in the monoclinic system, however, and lacks

fu sdations produced by polysynthetic twinning in plagioclase. Twinning in orthoclase is simple and conforms to
fu Carlsbad, Manebach and Baveno Laws.

l&tada is a low temperature, orthorhombic form of orthoclase described from the Adula Mountains of Kanton
TEssin, Switzerland. A specific variant of this mineral is valencianite, known only from the Valencia Mine in
lkico. Moonstone (a name also given to some varieties of albite, see above) is a semi-precious variety of adularia
cih a distinctive play of light over lhe surface (adularescence). Often white to grey in colour, blue varieties, such as

66e from Sri Lanka are very popular. Murchisonite, a red variety of orthoclase with a distinaive yellowish-golden

hurrre, was named after the famous Victorian geologist, Sir Roderick Impey Murchison, and originally discovered in
Triessic conglomerates near Exeter.

lGcrocline is a low-temperature triclinic polymorph of orthoclase found in acid igneous rocks such as granites and

pegmatires. Varying in colour from greyish white througft pink to light red there is also a highly distinctive deep

grccn variety called amazonite. Microcline very commonly shows repeated twinning on the albite and pericline laws.

Smetimes both types of trvinning may be present at almost 90o to each other, giving rise to a distinctive cross-

ilching or "tartarf' patt€rn.

knhite is a name given to intergrowths of potassium feldspar (orthoclase or microcline) with subsidiary Na-rich
:iryioclase (usually albite). Colours vary from almost colourless through white, pink, light-brown to a gfeen which
s almost as intense as that of amazonite. The name is often modified by the addition of a prefix describing the ease

r,&t which the mineral layers can be discerned: in macroperthites they can be seen with the naked eye, in
uicroperthites microscopic examination is required, whilst in cryptoperthites the association can only be inferred

ion x-ray diffraction studies. If albite is the predominating mineral phasg then the specimen is referred to as an

rip€rthite.

Snidine is the high temperature polymorph of orthoclase and is stable above around 900oC (orthoclase is stable from
rumd 500oC to 900f, while microcline is the stable form below about 500f). The differences between the tluee
pi-rmorphs relate to the degree of randomness in the distribution of Al and Si atoms. With decreasing temperature,

fu arrangement of these atoms becomes increasingly ordered, leading in turn to the development of lower order

,r1sal symmetry (monoclinic symmetry at high temperatures and triclinic at lowternperatures).
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Anorthoclase is intermediate in composition between the high temperature end members of a NaAlSi3Os-KAlSi3O8
(Albite - Sanidine) solid solution series. It generally contains between 10% and 36% Na and is found, often as
phenocrysts, in high temperature Na-rich volcanic rocks.

Larvikite is a rock mainly composed of anorthoclase and exhibits a blue schiller. It is named from the Norwegian
town of Larvik on the Skagerrak, about 100km south of Oslo. This rock is well known as a facing stone on British
banks and other commercial premises and is often sold under the names Emerald Pearl and Blue Pearl, referring to
its darker and lighter forms.

More unusual and uncommon feldspars are sometimes produced by the replacement of Il Na or Ca by other
elements. For e€mplg celsian (named after Anders Celsius, 17Ql-1744, the Swede who dweloped the Celsius
temperature scale) is a barium-rich feldspar (BaAl2Si2Os) found in metamorphic aureoles around igneous intrusiong
while hyalophane is intermediate in composition between celsian and orthoclase. Rubicline ((Rb,K)AlSLOr) is a
rubidium-rich variety of microcline. Buddingtonite consists of plagioclase feldspar which has been altered by
contact with ammonia-rich waters, Kokchetavite is a very high pressure hexagonal polymorph of orthoclaee found
as microscopic inclusions in garnets and pyroxenes in high grade regional mstamorphic rocks in Kaeakhstan.

The Feldspathoids

The feldspathoids are silica-poor in comparison to the feldspars, and are typical ofundersaturated igneous rocks *
those crystallising from magmas which are rich in alkalis but relatively poor in silic4 such that &ee quafrz does not
occur (e.g. alkali basalts, phonolites, syenites). The Al component of the mineral is correspondingly high; the Al:Si
ratio is commonly up to I : 1 in feldspathoids, whereas it is more usually l:3 in feldspars. AlO4 and SiO+ tetrahedra
are linked together in rings which are then connected vertically to forrr a three-dimensional framework. The central
cavities of the rings are occupied by a range of monovalent (Na*, K+, Cs) or divalent (Ca2-) cations, and
occasionally anions (Cf, S", SOo"). Alignment of the cavities through the structure gives a much more open
framework than is the case with the feldspars, and leads to a lower specific gravity (generally in the range 2.2 ta 2.6,
as opposed to 2.5 to 2.7 in most feldspars). Feldspathoids are subdivided into three groups, based upon the structure
ofthe rings oftetrahedra and their subsequent interlinking.

(r) The Nepheline Group

Minerals in this group are characterised by rings made up of six linked tetrahedra, tkee of which point upwards and
three dowtrwards. The irterconnected central cavities form channels which run parallel to the c-a:<is of the crystal.
The presence of cations within the cavities distorts the framewor$ however, much as happens when the high
temperafire polymorph of tridymite (see below) collapses on cooli.g. These distortions m€an that Na* ocoupies the
larger channels and K* the smaller channels within the structure. A pure NaAISiOa nepheline can be manufactured
artificially and is useful in the ceramic and glass industries. Naturally occurring nephelines have a formula close to
(Na,K)AtSiO+ and are usually whitish grey to brown with oc.casional tints of other colours- Nepheline crystallises in
the hexagonal system and is sliglrtly softer than the feldspars ftardness 5.5-5, as opposed to 6), although it has a
similar white streak and conchoidal fracture. Further points of difference to the feldspars are the possession of poor
cleavage, and o&en a distinctive greasy lustre. Eleolite, from the Greek for oil, is sometimes used to describe
rnassive dark accumulations with a prominent greasy lustre, usually associated with syenites.

(ii) The Sodalite Group

Mnerals in this group have, in addition to hexagonal rings of six interlinked tetrahedra" square four-membered rings.
Minerals of the sodalite group have the formula NasAl6Si6O2aCl2, with sodalite, named from its high sodium content,
being the most common representative. The channels within the crystal lattice intersect to form very large cavities,
accommodating a wider range of ions and reducing the speoific gravity to around 2.2. Sodalite itself is commonly
dark blue in colour and is often carved as a semi-precious stone. The variety of sodalite called hackmanite
fluoresces orange in LWultraviolet light. The mineral itself also changes to a raspberry colour when exposed to SW
UV, a phenomenon known as tenebrescence.

Other closely related minerals in this group include the Na-and Ca-containing hauyne, nosean (which generally lacks
Ca) and lazurite. The latter mineral (Na"Ca)sSi6Al6O24[(SO4]S,Cl,(OH)12, an important component of the rock
known as Lapis Laeuli, has a long pedigree (over 6000 years) as a semi-precious stone used in jewellery. Brilliant
blue in colour with splashes ofviolet and greeq it has a dull to greasy lustre, bright blue streak and crystallises in the
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a$ic system. It is commonly associated with pyrite and calcite crystals in contapt metarnorphic aureoles around
granitic intrusions.

R,ather more unusual minerals in this group include the recently discovered (1993) tsaregorodtsevite from the Urals,
Se Be-containing tugtupite from Greenland, and the Ca-rich bicchulite and kamaishilite, both described from Japan-
Cancrinite [(Ca,Na)6(COs)r.r.r][Naz(H2O)r](Si6Al6O2a) effervesces with hydrochloric acid as a consequence of the
cartonate within its lattice; it is found in plutonic igneous intrusions (e.g. nepheline syenites).

Thc Zeolites

-lxel Frederick Cronstedt (1722-l|,65), a Swedish mineralogist who famously discovered the chemical element
ri&el in the mineral niccolitq found in 1756 rhat, on heating the mineral stilbite lost water. He used the term
'zcolite', from the Greek for 'boiling stone', to describe this feature.

By contrast to the feldspars, which are made up of interlinked SiOo+ and Aloas' tetralrcdra arranged in fiour-fold
@s, the zeolites are based upon a wide variety of linked rings of tetrahedra. The rings may contain 4, 6, 8 or 12

Earahdr4 often arranged in various combinations. Analcime contains 4- wtd 6-fold rings of tetahedra, for example,
riile chabazite contains 4-, 6- and 8-fold rings, and gmelinite contains 4-, 6-, 8- and l2.fold rings. These
rrangements result in a much more open lattice framework than is true for either the feldspars or the feldspathoids.
S.acked 8- and l2-fold rings in the crystal lattice gives rise to open channels and cages of different dialneters within
fu stnrsture. These voids form sites occupied by large balancing cations such as Na*, K*, Ca2* and Ba2*, as well as
pcrnitting the accommodation of larger groups such as water, or the ions: NII+*, CO32'and NO3-.

Tbe presence of remarkably uniform channel systems within the crystal lattice gives rise to a number of striking and
mmercially exploited properties in this mineral $oup. Water can enter and leave the system repeatedly without

"h"rgrg the volume of the crystal lattice. This contrasts with the situation in certain clay minerals. This is also true
dresident ions held within the channels; free movement ttrough, into and out of the lattice is permitted, dependiog
o the electro$atic fields within the channels and interactions with other channel molecules (i.e. pore diameter is not
te only constraint on ion mobility). This leads to wide-ranging powers of adsorption and the possibility of exchange
d ions between the mineral and surrounding fluids. Furthermorg occrlpancy of the channels by molecules with
ryccific size ranges opens up the prospect of zeolites being used as highly selective catalysts. These properties have
rrh potential in terms of commercial application and have led to the development of over 150 synthetic zeolites
rin the first was designed and produced in 1948. As a consequencg natural and synthetio zeolites have been
.4loitd for a wide range of uses including mineral detergerts, refrigerantq means of treatment of ndioactive
Ecs, municipal water treaffirents, water softeners, chemical sieves, catalysts and as pet fitters (high water
*orption and odour control),

Tb zeolites can be divided into a number of groups based upon structure. Minerals in the natrolite group have a
cbblike anangement of four-fold rings of tetrahedra in AlrSiroro units resulting in the formation of acicular
pisnatic crystals. Natrolite itself (NaoAhSLOr0.2I{2O) is Na-rictr, while the Na is replaced by Ca in scolecite.
lbolite is virtually intermediate in composition between the fwo. Natrolite is orthorhombic while scolecite and
dite are both monoclinic, although all three are colourless to white minerals with a white streak, vitreous lustre,
oochoidal fracture and two cleavages. Hardness ranges from 5 to 5.5 (softer than feldspars and feldspathoids)" and
fu specific gravity, as in most zeolites, is reduced to around 2.2 dueto the open, somewhat cavernous framework of
fu cr-vstal lattice. Closely related minerals include thomsonite, gonnardite and the Ba-containing edingtonite.

@zite group minerals contain six-fold rings of tetrahedra stacked in pairs which are then arranged in a spiral
ricase.like fashion. Crystallising in the trigonal system, chabazite is commonly clear or white in colour, but may
bdph yellow, orange, reddish or even brown. Usually rich in calcium - chabazite-Ca:
C{ALSsO24). l3H2O is known to have Na-, K- and even Sr-rich varieties. Closely related minerals include the Ca-
cirl sillhendersonite, gmelinitg levyne and erionite.

Lutome Baz(Na,KCao.5)(AlsSi11O32),l2IIzO, and related minerals (e.9. phillipsite, gismondine, garronite) are
d rry of a notwork of fourfold and eightfold rings of tetrahedra. Harmotome itself is Ba-rich gismondine and

t@ite are both rich in Ca, while phillipsite comes in Ca-, Na- and K-rich varieties.

E*adhe-Ng (NgCao.s,K)r[Alesiz?Oz].-2aHzQ and its relatives (e.g. stilbite, epistilbitg fenieritg brewsterite)
a3orqlos6d of sheets oftetrahedra joined togetler by widely spaced oxygen bridges. The internal channels af,e too

.r /r
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small to allow much ionic movement, reducing the microporosity of the minerai and making it relatively
impermeable. One unusual occurrence of heulandite is as a replacement mineral for apatite in dinosaur bone.

In mordenite, (Naa,CqKz)+(AleSla0Ox).2811aO, five-fold rings of tetrahedra form chains which are laterally
interlinked in a number of ways. Larger channels within the structure are bounded by l2-fold rings of tetrahedr4
while in the closely related dachiardite they are forrred by lO-fold rings.

Zeolites are formed almost exclusively by the alteration of other rninerals and rocks. They commonly form at
temperatures which are less than 250"C in aqueous environments within a wide range of geological oontsrts. The
original rock types are usually basic volcanics, zuch as basalts nnd tuffs and hyaloclasites, whose constihrent
minerals are rich both in Si and alkali cations like Ca2*, Na* and K*. Percolating groundwater may react with
volcanic glasses firrming smectite clay minerals. Now charged with alkaline earth cations, the pore water percolates
down to the water table where zeolite crystallisation takes placg either in cavities or replacing glassy material. Thus,
zeolites are common occupants of vesicleq often growing inwards from the walls as spectacular crystals, or
completely filling the cavity, forming amygdales. Parent rock type appears to have an influence on t}re species of
zeolite formed; phonolitic and tephritic tuffs mostly alter to phillipsite, while rhyolitic rocks result in clinopilolite,
chabazite and mordenitg amongst others. It also app€ars that a coarse zeolite zonation takes place with increasing
depth. Indeed, the "Rule of Cornu" (Cornu, 1908) suggests that zeolites appear in order of increasing degree of
hydration with falling temperature of crystallisation"

Zeolites, especially analcime and heulandite, are also known as diagenetic minerals in sedimentary rocks. Bedded
zeolite deposits containing clinoptilolitq chabazitg phillipsite and analcime are known from evaporate sequences in
playa lakes contaminated by vitric ash from nearby wlcanicity. Phillipsite and clinoptilolite are also known &om a
wide range of deep sea sediments, probably due to the reaction of sea water with zubmarine volcanic debris. They
are also known frorn very low grade metamorphism ('zeolite faoies"), especially of igneous rocks, as alteration
products along fractures and faults in igneous rocks, and as late-stage minerals in the crystallisation of pegmatite
veins.

The features ofthe rnore important zeolite minerals are summarised below in Table 11.

Table I 1. Salient features of the more importanl zeolite minerals

Further information on zeolites can be obtained from Wilson, Dyer and Enamy (2003 and 2005) and details of recent
changes to the nomenclature of zeolites can be found in the IMA Report (Coombs et al, 1998).

Forns of SiHca (SiOr)

(i) Crystalline silica

Quartz consists of SiOa tstrahedra linked together such tlrat each of the oxygen atoms is shared by an adjacent
tetrahedron, glving an overall chemical formula of SiO2. A three-dimensional framework is constructed consisting
of a series of laterally co$iguous helices. Each turn of the spiral takes up 4 linked tetrahedra. The helices may be
coiled to the right or to the left, giving rise to the property of optical isomerism, as well as the possibility of riglrt-
and left-handed crystals. Adjacent helices are linked togefher in groups ofthree resulting in the trigonal shape ofthe
quartz crystal. The helical arrangement precludes the development of cleavage planeg restricts the symmetry
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Colour Streak Lustre Hardness Specific
gravity

Analcime Cubic White/grey/tinted trVhite Vitreous 5-5.5 3.2
Chabazite Trigonal White/srey/tinted White Vtreous 4-5 2.0-2.2
Phillinsitc Monoclinic White/yellodred White Vitreous 4-4.5 71

-..2

Heulandite Monoclinic White/ereylvanous White Vitreous to pearly 3.5-4.0 2.1-2.3
Laumontite Monoclinic Colourles#white White Vitreous to dull <4,0 2.2
Mordenite Orthorhombrc Colourless/white White Vitreousl silky/p e arly 4-5 2.1
Nntrolite Orthorhombic Clear/white/tinted White Vitreous to dull s-5. 5 2.2
Stilbite Monoclinic Pink/white/tinted White Vitreous to pearly 3.5-4.0 7'.|
Thornsonite Orthorhombrc Clear/white/vellow White Vitreous 5-5.5 2.2-2.4
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.rrgrs to those ofthe trigonal systenr, and rezults in a strongly conchoidal fracture. a$rE is almost ubiquitous in
uas of its occurrence. It is a late-stage crystallisation product of silica-saturated magmas and so is an essential
liral of acid igneous rock such as granites, microgranites and rhyolites. It may also occur in intermediate igneous
s*s $ch as diorites. Pegmatites and mineral veins commonly contain quartz crystals. Extrernely resistant to
rr*ering it persists as clasts in a wide range of sedimentary environments, and is a fairly coilrnori cementing
@al, especially in arenaceous rocks. It is also coillmon in metamorphic rocks. In addition to the properties

ion€d above, quartz crystals are transpnrent to translucent, have a vitreous lustre, white sfeah a hardness of 7 , a
Trific gavity of 2.66, and often have striations developed on tlte prism faces.

ifz crystals show considerable variation in colour, leading to the recognition of a number of varieties, especially
r fu jewellery trade. Amethyst is a lilac to purple variety whose colour is due to smatl amounts of Fe3* as an
qrir-r. Yellodorange citrine is also due to iron impurities. If amethyst is heated to 550oC, it is converted to
lubc bw treatrnent with radiation will reverse the change. Heat-treated stones can be identified by their reddish
rr- nd are sometimes presented as "Madeira'' or "Golden" topaz, a mineral to which it has no relationship at all.
F,c $artz has, as its name suggests, a distinctive hue, which may be produced by the presence of traces of
mirm The colour may fade on exposure to light, but is restored by moistening the crystal. Smoky quartz is an
c,i'-{ich variety which has been exposed to radiation of some kind (natural or nnn induced); in somi cases the
q:slts can become almost blacl gMng rise to the variant known as morion If larger crystals of rutile are present
diin the quartz crystal ('Venus hairs"), the mineral is referred to as rutilated quartz. Aventurine quartz contains
5re, play spangles of mica or sometimes haematite or chloritq giving rise to a green colour. Mlky quartz has a
&d.v white appearance due to the presence of inclusions of numerous tiny gas bubbles. If the milkiness is
rycrficial, the crystal may be refened to as quartz "en chemise". The completely clear, transparent, colourless
'dety of quartz has long been knov,'n as rock crystal.

hr dition to coloured varieties, quartz also exists in trvo polymorphic forms : alpha-quartz and betaquarta. The
fur, also known as low-quartzi has trigonal symmetry and is stable at normal pressures and temperatures below
frt - it is the normal, rock crystal type of quartz described above. Beta-quaxtz or high-quartz, howeveq has
Egonal symmetry and is stable between temperatures of 573'C and 870oC. The two minerals are interconvertible,

ryanied by slight energy changes and twisting of the bonds between adjacent tetrahedra. Two frrther SiO2
go$mrphs also have alpha- and beta- varieties. Beta-tidymite consists of a sheet-like, open network of SiO+

' dra arranged in six-membered rings (glving rise to hexagonal symmetry), with their apical O atoms pointing
$:naely upward and downward. Betacristobalite has a similar structure to beta-tridymitg except that verticatly
d.srd sheets of six-membered rings of intedinked tetrahedra are offset from each other by rotation tkough 60'.
naqrryta tridymite and cristobalite are all found in high temperature volcanic rocks. A $rmmary of the salient
d&lres of the polymorphs of SiO2 is given below (Table 12).

hcnl Crystal system $pecific gravity

Trieonal 2.65

b Hexagonal 2.53
Tridvurite Monoclinic 2-26

bTridvmite Hexagonal na,
L./-/-

Cristobalite Tetragonal 2.32
Lrr Cristobalite Cubic 2.20

f,irtc IVlonoclinic 3.01
*"- ' lyite Tetragonal 4.28

E(svnthetic Tetragonal 2.50
ktite Orthorhombic unknown

Table 12. Diagnostic features ofthe polymorphs of SiO2

0nri" is a high pressure polymorph of SiOz which was synthesised in 1953 by the transformation of quartz when

+.td to pressures of 2000 NIWm'and temperatures up to l700oC. Shortly afterwards (Chao et al., 1960) the
G.l was discovered in the sheared Coconino Sandstone of Meteor Crafer, Arizon4 togethen with another high
plnre polymorph, stishovite (Chao et al., 1962>. Coesite has since been identified in kimberlites. It consists of
fu-mbered rings of interlinked tetrahedra bonded into tight chains. Stishovite is a particularly dense, high-
[Fatureformof SiOz.
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Seifertite is a high density, high pressure polymorph of SiO2 which is shortly to be fomnally named by the IMA
(International Mineral Association) as a valid mineral species. It was originally discovered by x-ray diffraction
studies of dense quartz grains in the ldartian Shergotty Meteorite of Bihar, India, and has since been identified in
further meteorites of Martian origin.

Chatoyant quartzes are those in which light is reflected in fine vertical luminescent bands. For examplg tiger's eye
is a pseudomorph of quartz and decomposed crocidolite, yellow to brown in colour with a silky lustre. Falcon's eye
is a name usually reserved for quartz pseudomorphs of unweathered crocidolite. The absence of weathering gives
the stone a bluish to blue-black colour. In cat's eyg amphiboles are pszudomorphed by the quartz, resulting in a
greenish-grey colour. Each of these minerals has the same physical properties as quartz itself,

(ii) Cryptocrystallinc silica

Cryptocrystalline materials consist of minute crystallites that can be seen neither with the naked eyg nor easily with
the aid of a microscope. Chalcedony is the general name given to the fibrous varieties of cryptocrystalline quartz.
Named after the ancient Greek town in Asia Minor, it has a white strealg hardness 6-7, specific gmvrty of 2.59-2.61,
vitreous to greasy, silky or wary luslrg and unwen, splintery or conchoidal fracture. The colour varies
considerably; prase is green due to the presence of actinolite inclusions; chrysoprase, also gree4 contains Ni as a
trace element, carnelian is red to reddish-browq as is sard, possessing inclusions of haematite; bloodstong plasma or
heliotrope are dark green to greenish-blue in colour (usually due to inclusions of chlorite or amphiboles) with blood
red spots (iasper).

Jasper itselfis dense and opaque, and coloured red yellow or brown by the presence of iron oxides. Although not
valid as a mineral species, various types ofjasper are recognised, largely acoording to colour, provenance or internal
patt€ming. Creolitg for example, is a red and white banded fornr, while quetzalitztli is a translucent green coloured
form (due to the presence of Cr-rich inclusions of muscovite) from Guatemala" and wilkite is a yellow, pink, purple
and green form from Willow Creek in Idaho.

Agate is a generally banded type of chalcedony filling vesicles within basic lavas. The banding is due to concentric
centripetal growth of minsal layers into the void from the cavity walls. Again, a wide range of popular, commercial
and local names has been developed for different varieties of agate. Onyr consists of alternating black and white
bandq whilst in sardonyx the bands are brown and white. Fire agate is iridescent, due to inclusions of goethite and/or
limonite, Patterns within the banding of agates give rise to nam€s like moss agatg tree agate, orazfr lace agate and
landscape agate.

Opal (from the Latin opalus, meaning precious stone) is a hydrated form of arnorphous silica (SiO2.nII2O). The
lyater content usually varies from SVoto lE/o but may comprise up to 30% of the mineral in some cases. The water
is useful in that it allows the detennination of the temperature of formation of the mineral within the host rock. The
hardness ofthe mineral is reduced, usually to around 5.5, by the water content, as is the specifrc gravity (generally
around 2.2 to 2.4). Common opal has the characteristic opalescence (hazy appearance like water to which a few
drops of milk have been added), but it is the iridescent play of colours over a white surface which typifies precious
opals. This is due to the diffraction of light within uniform, closely-packed, regularly spaced microscopic (25
microns in diameter) silica spheres within the body of the stone. Strangely, common opal shows no such play of
colours. Once again, there is a plethora ofcolloquial and trade names for individual stones based upon the range of
colours exhibited and, of course, their provenance. Thug there are (amongst many others) forcherite (a yellow
variety with inclusions of realgar and orpiment), hydrophane (a variety that becomes translucent or even transparent
when immersed in water), milk opal, fire opal, aad honey opal. Opal is precipitated from Si-rich groundwater and
hydrothermal fluids. Colourless opal is a component of hot spring deposits and deep-sea precipitates.

Chert is the name given to drlq usually grey to black chalcedony found as either massive or stratiform bodies in
rocks. Flint is a term generally restricted to (usually) grey and darkish brown to black nodular chalcedony found
particularly in chalk.
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