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Abstract 

Si02 contributes ca.  75 wt% to the earth's crust. Free si l ica on earth, where water 
p lays a decisive role in rock forming processes, predominantly occurs as quartz. I n  
moon rocks, however, which have been formed under dry conditions, q uartz is a 
rarity, in place of it cristobal ite or tridymite occur.  - Sil ica minerals have crystal 
structures with open Si04-tetrahedra frameworks . lf they a re noncrysta l l ine the 
structure cons ists of random tetrahedral networks or of tetrahedra c lusters. The 
on ly exception from the tetrahedral crystal chemistry is stishovite whose structure 
represents a nearly closest packing of oxygen with si l icon in  octahedra l  coord ina
tion .  With the exception of the not well equi l ibrated structures of the tridymites and 
of coesite, trans-configuration of adjacent tetrahedra governs the structures . -
Crysta l chemical features are correlated with properties and transformation 
behaviour .  Structura l  incorporation of impurities via substitution and addition at 
interstit ies is d iscussed in contrast to submicroscopical inclusion of volati le and 
nonvolati le impurities . 

The members of the Si02 mineral family are systematically described : 

A) 

+ 

The crysta l l ine minerals stishovite, coesite, quartz with the microcrysta l l ine 
and water contain ing species chalcedony and quartzine, moganite, 
cristobalite, tridymites, cristobal ite/tridymite stacking polytypes, opal-C and 
-CT with the textured varieties lussatite and lussatine and melanophlog ite . 
Paramorphs of quartz after other si l ica minerals are mentioned . 
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B) The noncrystal l ine minerals opal-AG with the varieties precious and potch 
opal ,  opal-AN (hyalite) ,  lechätelierite with the species s i l ica fu lgurite and 
impactite . 

lntroduction 

Si02 contributes ca . 75 wto/o to the earth's crust. lt is the major constituent of rock 
forming minerals in magmatic and metamorphic rocks (s . CONDIE,  1 970) . Even a 
great part of minerals i n  sediments and soils is s i l icatic (s . SI EVER, 1 970) . - Free 
s i l ica on earth predominantly occurs as quartz, which makes up 1 2- 1 4  wto/o of the 
crust. lt should be noted, however, that enormous masses of not or scarcely 
sol id ified opal-AG and opal-CT occur at the ocean floors . Differently from rock 
forming processes on earth - where water plays a decisive role - s i l icatic bodies, 
which have been crystal l ized under hot and dry cond itions as e . g .  slag, g lasses or 
moon rocks bear quartz only as rarity and only if Na + , Ca2 + or  preferably Li + and 
Mg2 + were present d uring  crystal lization .  I n  these cases quartz can crystal l ize and 
persist well above its so called temperature of stabi l ity ( 1 1 40 K at ambient 
pressure) u p  to 1 300- 1 400 K (SCHULMAN et a l . ,  1 949; RIECK & STEVELS, 1 95 1 ; 
FLÖRKE, 1 955a) . Normally, however, cristobalite and tridymite represent the free 
s ilica in these bodies. 

Princioles of Si02 crystal chemistry 

With the exception of stishovite a l l  known si lica minerals have structures with 
ordered frameworks if they a re crysta l line, random networks if they are non
crysta l l ine g lassl ike (-AN),  or gel l ike clusters (-AG) of Si04-tetrahedra, shar ing a l l  
4 oxygen l igands with their's own k ind .  The structures have spacy interstities in 
the crystal l ine and voids in the noncrystall ine minerals .  In  the latter case even a 
certain number of nonbridging oxygen (Trennstel len) occurs. The volume demand 
of oxygen in  the elementary cel l  of the crystal l ine minerals is ca. 30 - 45 % .  
Stishovite, however, represents a nearly closest packing of oxygen with 6 8  % 
demand . 

Four sp3-hybrid orbitals of s i l icon in the coord ination tetrahed ron overlap with the 
two 2p  orbitals of oxygen, forming strong sigma-bonds (s. PAULING, 1 980) . Minor 
additional pi-bond contributions come from overlap of si licon 3d with the oxygen 
orbitals and explains the shortening of Si-0 bond length with increasing Si-0-Si 
bond angle ( HI LL & G IBBS, 1 979) .  The bond character is ca . 1 : 1  ionic to covalent. 
The d ifference of e lectronegativities of si licon and oxygen is ca.  1 .  7. This favours 
Si-0-Si bond angles of about 1 45 ° (O'KEEFE & HYDE, 1 978) .  The mean Si-0 bond 
d istance is 0. 1 6 1 - 0. 1 62 nm (Fig . 1 ) .  This short d istance ind icates high band 
strength (quartz 452 kJ/mole ) .  In combination with the 3-dimensional tetrahedral 
l inking it causes high elasticity (LEVIEN et a l . ,  1 980; compressibi l ity see D' AMOUR 
et a l . ,  1 979) and h igh melting temperature (cristobal ite at  ambient pressure 2000 
K ) .  lt explains the h igh act1vation temperature for reconstructive transformations 
in absence of chemical activation (quartz to cristobalite at ambient pressure ca.  
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1 400 K) and the stranding of these transformations - the monotropic character -
if energy is taken away from the system. The hardness of quartz ( 7  MOHS) and the 
h igh transformation- and devitrification-temperature of s i l ica g lass (ca. 1 400 K) are 
explained too by these crystal chemical facts. The d isp lacive transformations, 
however, are reversible and - with one exception at tridymite - cannot be frozen .  

a b 

c 

Fig .  1 :  Si l ica crystal chemistry; a) tetrahedron, b) octahedron, c) TRANS- a nd CIS
configuration of adjacent tetrahedra. 

The variabi l ity of the Si-0-Si band angle and the revolving of the tetra hed ra around 
their bridg ing oxygen accounts for the topological and displacive variabi l ity of the 
crystal l i ne frameworks and for the many members of the s i l ica minera l  family (Tab.  
1 ) . Stacking d isorder makes this family sti l l  more complex. 

I n  the crysta l l ine structures generally the favourable TRANS configuration of 
adjacent tetrahed ra is realized (Fig . 1 ) . The only known exceptions with mixtures 
of TRANS and CIS configurations are the tridymites (3/4 TRANS 1 /4 CIS) (FLÖRKE 
& NUKUI, 1 98 1 ; GRAETSCH & FLÖRKE, 1 99 1 )  and Coesite. CIS configuration 
deforms the tetrahedra into s l ightly strechted trigonal pyramids in tridymite . I n  
coesite i t  i s  responsible for an unusually high Debye-Wal ler factor o f  t h e  br idging 
oxygen in  the tetrahed ra chains which run along the c-d i rection (G I BBS et al . ,  
1 977; GE IS INGER et a l . ,  1 987) . 
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Fig . 2: Schematic 2-dimensional representation of chemical point 
defects in Si02 frameworks; broken l ine: hydrolytic, solid 
l ine: a lka l ine nonbridging oxygen; S: substitutional ,  1 :  
interstitial defect (FLÖRKE & MARTI N, 1 993 ) .  

lmpurity traces in silica minerals 

The influence of alca l i  ions and of water (chemical activation )  on formation and 
transformation of s i l ica minerals (e .g .  STOECK, 1 992) reflects the abi l ity of the 
structural frameworks to incorporate impurity traces as frame weakening defects . 
The random network of s i l ica glass is subjected to the same effect, however, it has 
not the stoichiometric l imitations , which a re necessitated by the crysta l l ine order. 
Therefore, the transition from pure s i l ica glass to si l icate g lasses with increas ing 
concentrations of foreign  components is fluid . A tendency of the crystal l ine s i l ica 
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minerals for sol id solution with their stuffed derivatives (e .g .  quartz/eucryptite, 
cristobal ite/carneg ieite, tridymite/nepheline) is not observed in nature (cf. PALMER, 
1 994) . 
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Fig. 3 :  Scheme of water species binding in and at Si02 frameworks; A :  strongly 
bonded, 81 : at outer surfaces, 82 : molecular water clusters i n  submicro
pores, C :  substitution of Si04 by (0H)4, 01 : surface si lanol, 02: si lanol 
g roups at nonbridging oxygen .  

O n e  mechanism o f  structural incorporation i s  the substitution o f  Si4 + b y  Ge4 + o r  
Ti4 + a t  smal l  extent. Much more important i s  the substitution b y  Al3 + or  Fe3 + 

(secondari ly by 83 + ) coupled with addition of Li, Na,  Mg at interstities . 

Less important is the coupled substitution of s i l icon by Al3 + and P5 + . Last but not 
least the formation of hydrolytic or alcaline nonbridging oxygens (F ig . 2) by 
incorporation of H20 or M20 (Li ,  Na, and in the open framework of cristobalite and 
tridymite a lso K, Rb,  and in the former even Cs) sha l l  be noted . The h igh mobil ity 
of these defects at comparably low temperatures accounts for activation of the 
reconstructive transformations as wei l  as for hydrolytic weakening a nd plastic 
deformation of quartz under stress at higher confin ing pressure (cf. N ICOLAS & 
POIRIER,  1 976) . 
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Al l  these mechanisms a l low the entrance of only traces into the crystal l i ne s i l ica 
structures . The concentration of nonvolatile impurities in quartz rarely exceeds 600, 
of protons 800 ppm Si. Higher values point to submicro-inclusions . Water can 
reach values up to 1 000 ppm Si and more if molecules or molecular c lusters are 
included . The models for entrance of water, as revealed by infra red spectroscopy, 
a re shown in Figure 3. The uncertainty of d iscrimination between structural incor
poration and microstructural inclusion goes back to the principal difficu lty to d iffe
rentiate by means of geochemical analysis between these defects of d imensional ity 
0 and 3 and their f luid transitions. Models for impurity entrance are shown in Figure 
4. Growth sector specific inequality is a function of growth velocity, increasing 
with increasing velocity. Therefore, proton concentrations in the < r > sector of 
quartz (sector beyond the {1 011 } faces) in many natural cases a re higher than in 
<z> sectors ({0 1 1 1 } ) .  The differences may d iffer i n  the same crystal from foot 
to head .  The tendency for impurity segregation followed by skeletal growth with 
impurity inclusion, increases with increasing supersaturation of the mobile mother 
phase. 

After the revol utionary march of the quartz osci l lator ,  the question after the nature 
of impurity traces more than ever presses for an answer.  lt is of fundamental 
importance for choice of benefication processes for uses as an ind ustrial minera l  
(JUNG, 1 992). 

Cristoba l ite i n  weil developed microcrystals from 10 years used s i l ica bricks had 
less than 1 wt . % of nonvolatile impurities . Natural cristoba l ite in its h ighly defected 
microstructure includes higher amounts .  Tridymites behave similarly (SCHNEIDER 
& FLÖRKE, 1 982; SEI FERT-KRAUS & SCHNEIDER, 1 984; SCHNEIDER,  1 986 ) .  

Si02 mineral family 

" Minera l"  ind icates occurrence in nature, the phase may be crystal l ine or noncrys
ta l l ine,  and names are only g iven to minerals .  "Keatite" ,  therefore, is a misnomer, 
for this phase has never been found in nature and "si l ica-K" would be better. lt wil l  
not be treated here l ike other non-mineral si l ica phases (cf .  FLÖRKE & MARTIN ,  
1 993) . A deta i led treatment o f  si l ica minerals i s  given b y  FRONDEL ( 1 962) . A 
recent review of s i l ica knowledge is attempted by HEANEY et a l .  ( 1 994) , however ,  
th is  book suffers from the lack of  correspondence between the articles by the 
d ifferent authors . Table 1 l ists the hitherto known si l ica minerals.  lt incl udes 
enantiomorphs and displacive low/high polymorphs. lt should be noted , however, 
that at ambient cond itions no high-polymorphs of s i l ica minerals persist. - Agate is 
a si l ica rock with d ifferent constituent minerals (cha lcedonys, opals and others) .  
Other s i l ica rocks are quartzite, quartz arenite, d iatomite, porcel lanite, rad iolar ite, 
geyserite and chert (cf. FLÖRKE & MARTIN,  1 993; Tab .  1 .4 ) .  The petrogenesis of 
chert has been recently treated by KNAUTH ( 1 994) . 
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Table 1 :  The s i l ica mineral family 

Name Crystallinity/microstructure Occurrence on earth 

Crystalline mlnerals: 

Stishovite micro impect rocks 
Coesite macro to micro impect end metemorphic rocks 

Quenz macro to micro .generel 
lelt-/right-hended 
low-/high-p�lymorphous 
Chelcedo'!y CHLF micro/fibrous F - hydrothermel to diegenetic milieu 
Quartzine CHLs 

. . F + 
Mogenite • micronepidospheric volcanic milieu 

Cristobelite micro to mscro hydrothermel milieu, volcanic rocks 
left-/right-handed 
low-/high-polymorphous 
stecking disordered see Fig. 1 1  

veriations 

Tridymite mecro to micro like cristobalite, growth from den-
until now: dritic cristobalite nuclei 
5 high-polymorphs see Fig. 11 
3 low-polymorphs 
stecking disordered see Fig. 1 1  

veriations 

Crystalli�� opals micro hydrothermal to diagenetic milieu, 
Opal-C predominently cristobelitic/plety, messy silicic oozes et oceen floors 

.. 
Lussetine 0-CLF fibrous F -

Opel-Cl cristobalitic-tridymiticnepidospheric, messy 
.. 

Lussetite 0-CTLs fibrous F + 
Melenophlogite 

.. 
micro to mecro rare in hydrothermelly active milieu; 

moybe oltered to quonz 
Noncrystamne mmera1s: 

Opel-A hydrothermel to diegenetic milieu, 
„ 

Opal-AG gel-like Si02•nH20 clusters silicic oozes et ocean floors 
„ 

Precious o��I closest packing of isometric micro-spheres 
Potch opel irreguler accumulation of anisometric 

Opal-AN = Hyelite1 
spheres 
3-dimensional random tetrehedre network/ deposited from hydrothermel silicic 
botryoidel crusts or spheres with charecte- fluid on cool rock substrates or into 
ristic stress birefringence weter 

Lechätelierite11 3-dimensional random tetrahedre network, 
Silica impactite free of water meteorite impact 
Silica fulgurite lightning flash into silica rocks or 

auartz send 

Footnotes to table 1 : 
F 

§ 
§§ 

micro 

optical character of fibre axes 
contains H20, predominantly as SiOH 
contains H20 as SiOH and as molecular water 
contains guest molecules CH4, N2, C02 
hydrothermal silica glass 
pyrogenic silica glass, not sharply to distinguish from silicate rock glasses 
the individual crystallites cannot be resolved with the naked eye 
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Fig.  4: Principles of impurity d istribution in crysta ls.  
A: Structural incorporation ,  a )  at random, b )  growth sector specific, c)  
zonal ,  oscil latory at stationary, sporadic at nonstationary growth . 
B: Microstructural inclusion, caused by d )  skeleta l growth,  e) dend ritic 
growth, f )  accumulation and overgrowth, e . g .  in fissures . 
C :  Types of f luid inclusions (after NASH & THEODORE, 1 97 1 ) ,  L: l iquid , 
V: vapour, polygons : crystals .  

lt is interesting that the si lica mineral family encloses very few minerals which form 
macrocrystals (Tab .  1 ), however, very much microcrystal l ine and noncrysta l l ine 
members. Figure 5 shows a scheme of the fluid transitions of these states of 
crystal l in ity and noncrystall inity. 

A: The crystalline silica minerals 

Stishovite in  the earth 's crust is found in impact rocks (CHAO et a l„  1 962) . A 
review of h igh pressure behaviour of si l ica is given by HEMLEY et a l .  ( 1 994) . 
Stishovite crystal l izes in the rutile type (PREISI NGER, 1 962; SCLAR et a l . ,  1 962; 
SPACKMAN et a l . ,  1 987 ) .  Linder extreme p-, T-cond itions Si forms six sp3d2-hybrid 
orb itals and is octahedrally coord inated with oxygen .  The octahed ra share two 
opposite edges and two corners , forming a very close oxygen packing . lt not 
quenched on pressure release, it transforms beyond ca . 1 800 K into coesite . At 
ambient pressure it is metastable and transforms by heating at ca . 800 K into 
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noncrysta l l ine si l ica.  Contrary to the other si l ica minerals it is almost insoluble in 
d i luted HF, whereas its solub il ity in water is comparable with si l ica g lass (BOHM 
& STÖBER, 1 966 ) .  

Real-Crystal / Non-Crystal 

1 Real Macro-Crystal 1 
decreasing particle 

size 
increasing influence 
of particle surfaces 1Micro-Crystal 1 
increasing / 
structural 
disorder / 

Ordered 
decreasing structural 

order 
with 3-dimensional 
continous network 

of 
chemical 

main 
bonds 

Random 

Non-Crystal 

particles: solid: 

Gel/Fume Glass 

Fig . 5 :  Scheme of transition from the macro-crysta l l ine into the noncrystal l ine 
state . 

Coesite occurs in metoritic impact and in high pressure metamorphic rocks . lt 
crysta l l izes in its own structure type. Four-membered rings of tetrahedra in UD 
configuration are inter l inked by Si207 groups in CIS configuration to chains which 
run along the c-axis .  I n  b-d i rection these chains are l inked by Si207 groups in 
TRANS configuration .  The apparent Si-0-Si angle in the CIS groups is 1 80 °  which 
is a very improbable value (GIBBS et a l . ,  1 981 ) .  The Debye-Waller factor of the 
bridg ing oxygen is unusual ly high ind icating an average structure of domains with 
much better equi l ibrated tetrahedra configurations (GI BBS et a l . ,  1 977;  LEVIEN & 
PREWITT, 1 98 1  ) .  I n  d i luted HF it is much less soluble than quartz . The solubi l ity 
in water is s imilar to quartz (BOHM & STÖBER, 1 966) . 

Ouartz is the stable si l ica mineral under ambient conditions (Fig . 6 ) .  A com
prehensive treatise of the mineralogy of quartz from alp ine shear fissures by POTY 
( 1 969) ,  which has not become widespread may be cited here, standing in for the 
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i nnumerable papers on quartz mineralogy, many of whictr"are cited by FRONDEL 
( 1 962) and JUNG ( 1 992) . The most important feature of its structure are hel ices 
with a repeat d istance of 3 tetrahedra along the c-axis .  The winding is left-handed 
with respect to usually crystal lographic setting in space group P322 and r ight
handed in P3 1 2 . Structural L-quartz turns the vibration plane of polarized l ight in 
the definition of BIOT clockwise and R-quartz counterclockwise. The d iscrimination 
of L- and R- with morphological arguments in the contrary sense sti l l  today causes 
serious confusion in literature (DONNA Y & LE PAGE, 1 978) . Six structural hel ices 
envelop channels with fourfold ( 14) and sixfold ( 16) oxygen coordinated i nterstitial 
sites. Polarity along the a-axes accounts for piezoelectricity and makes quartz a 
voltage-pressure transd ucer and frequency control ler. Tiny tuning forks of quartz 
oscil late in each electronic watch,  and in devices with analog-d igital conversion 
quartz e lements work as time keepers. 

T [K] 

2300' liquid ,' 
Crislo� r;:�I 

l 1300 vartz 

800 Lowf 
I 
I 

1 1 

Coesite 

1 1 

I 
! 

I 
/ 

I 

/ Stishovite 

/ I 
i 
1 1 1 

20 40 so eo 100 120 140 -P [102MPa] 
- = experimental 
- -- = extrapolated 
·- · -· = calculated 

Fig.  6 :  p-T d iagram of Si02 minerals; the borderl ine of tridymite to quartz and 
cristobal ite runs c lose to the temperature axis from ca. 1 200 - 1 800 K. 

The low/high transformation is rapid , reversible and not freezable.  At ambient 
pressure it takes place at 846 K.  The pressure dependence is + 26°  kba(1 (COHEN 
& KLEMENT, 1 967) . The transformation has premonitory character with increasing 
rotatory d isorder of tetrahedra in dauphine-twin positions with increas ing 
temperature (ARNOLD, 1 962; GRIMM & DORNER, 1 975; DOLINO et a l„  1 983) . 
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Table 2 :  Quartz gems 

Name 

Rock crystal 
Amethyst 

Smoky quartz 

Citrine 

Rose quartz 

Rosa quartz 
Blue quartz 

Rutile quartz 

Star quartz 
Milk quartz 

Ouartz cats aya 

Hawk eye 

Tiger eya 

Aventurine 

Agate 

Onyx 
Sard 

Sardonyx 
Cernelian 
Chrysoprase 

Prase 
Heliotrope 

(Bloodstone) 
Moss agata 
Iris or rainbow agate 

Jasper 

colour; appearance; origin of colour
"

; remarks 

Monocrystalline macroquartz, possibly twinned 

colourless; transparent 
violet different in different growth sectors or coloured in patches; transparent, 
translucent to milky opaque; Fe!Si + Fe(I) radiation activated colour centres; poly
synthetically microtwinned 
faint to dark smoky brown to black ("Morion"), frequently zonal or specky colour 
distribution; transparent, translucent, opaque; (misnomer "smoky topaz") (Al + e)(S) 
radiation activated colour centres 
yellow to yellowish brown with smoky cast; transparent; Fe(I) colour centres. Burnt 
amethyst yellow to yellow brown with reddish tints; transparent to translucent; Fe203 
precipitates; microtwinned like amethyst (misnomer "topaz") 
pale pink to deep rose red, purplish or lavender cast; transparent, translucent, milky; 
Ti(I) colour centres 
light rosa; transparent, translucent; (Al + P)(S) colour centres 
in reflected light milky- to lavender-blue, in transmitted light complementary yellowish 
to brown; translucent, opaque; Rayleigh-scattering at submicroscopical rutile needles 
colourless or smoky with radiating bundles or gratings (sagenite) of yellow to red or 
brown rutile needles; transparent 
asterism due to oriented precipitation of submicroscopic rutile needles 
white; opaque; scattering of light at minute flaws, pores and colourless inclusions 

Polycrystalline microquartz 

grayish green, reflecting a milky wafe of light; translucent; oriented inclusions of 
fibrous amphibole 
dark greenish blue, fibrous luster, banded; opaque; quartz impregnation of blue fibrous 
crocidolite asbestos 
yellow to yellow brown, fibrous luster, banded; opaque; quartz impregnation of 
oxidized crocidolite asbestos 
spangled green chalcedony; translucent; inclusions of scales of chromium-muscovite 
fuchsite 
banded, in reflected light gray to bluish gray or black, in transmitted light com
plementary brownish and white opaque; translucent and black or white opaque; 
translucent bands posess open porosity and are colourable by infiltration, white 
opaque bands are not colourable 
agate with alternating black and white bands, used for carving of cameos 
brown to red chalcedony; translucent; naturally coloured by infiltration with humic acid 
iron solutions and precipitation of iron oxide hydrates 
alternating reddish brown or red, black and white bands 
red chalcedony; translucent; dispersed Fe203 particles 
bright green chalcedony; translucent; dispersed nickel silicate hydrate. Plasma dark to 
dull green chalcedony; opaque to translucent; 
dispersed ferrous Silicates (chlorites, amphiboles) 
dark green to grayish green plasma with red spots of carnelian or jasper 

various coloured dendritic inclusions in translucent chalcedony 
specks of monochromatic colours in sard matrix changing by tilting the piece; Bragg
diff raction of light at periodic microstructural features 
varied red, yellow, brown and green chert; opaque; iron coloured impurities. 

' ) (S) : substitutional, (1) : interstitial. 
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• 30_50 
• 50_50 
• 60-80 

Fig . 7 :  Map of anomalous biaxial character due to inequivalent Si site occupation 
by substitutional Fe in amethyst (Bladveld ,  Namibia) cut paral le l  (000 1 ); A :  
axial angles 2 V  (dots ) ,  B :  traces o f  optical p lanes ( l ines) in  d ifferent g rowth 
sectors, C: plate in the PLM, polars partly crossed , BT: sectors with 
polysynthetic submicroscopic brazi l-twinning,  left out for measurement; 
langest edge of object 3 cm (G IESE, 1 983) .  

Twinn ing i s  a frequent feature, predominantly after the dauphine-law (L-/L- o r  R-/R
after [00. 1 )  or the brazi l- law (L-/R- after { 1 1 20} or of mixtures of both .  lts 
inf luence on growth and properties of amethyst was ana lyzed by RÖLLER ( 1 99 1 ) .  
Ouartz has a d istinct cleavage after { 1 OT1 }  (cf. FRONDEL, 1 962) which i s  rather 
spectacular in  hydrothermal or pegmatitic veins (FLÖRKE et al„ 1 98 1  ) .  Ouartz is 
the on ly crystal l ine si l ica phase which is artificia l ly g rown - manmade after JUNG 
( 1 992)  - in  large crystals with a worldwide production of ca . 2 kt/anno.  

The gern varieties of monocrystal l ine quartz are l isted in  Table 2 .  The co lour 
varieties amethyst, citrine, rosa , rase and smoky quartz owe their beauty intr insic 
trace element defects, which by activation with ionizing radiation prod uce co lour 
centres (cf.  LEHMANN & BAMBAUER, 1 973) .  Radioactivity is the natural source 
for this radiation . The amethyst centres are produced by Fe, substitutin g  S i ,  
coupled with charge compensating addition of Fe at 14- interstities (20 - 1 00 ppm 
Si  as a rule ) .  S imi lar Al-concentrations with compensat ing Li and Na at 14-
interstities lead to smoky quartz centres . 
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Fig.  8: Twisted aggregate of quartz 
crysta ls with tessin habit; hyd ro
thermally grown in 0 .01  n aqueous 
NaOH solution at 670 K, 35  M Pa by B. 
MARTIN (Bochum);  long edge 30 mm. 

Both types of centres are paramagnetic defects, measurable with electron-spin
resonance spectroscopy ESR (SCHNADT & SCHNEIDER, 1 970; WEIL,  1 984; 
SI EBERS, 1 986; PANKRATH, 1 988) .  Ouartz without Fe or less than ca . 50 ppm Si 
cannot be coloured by radiation and represents true rock crysta l .  The depth and 
shade of co louration in  smoky quartz increases with the ratio Li/Al ppm Si .  With 
values above 0. 1 5 the smoky colour becomes visible and changes with increasing 
values from l ight to dark brown (JUNG, 1 992) .  Growth kinetics 

'
produce inequal 

d istribution of co lour centres with in  the crysta l .  The concentration is h igher in  < r > 
than in < z >  sectors ( in  smoky quartz up to ca . the factor 2 ) .  Add itional inequal 
d istributions of Al or Fe at the 3 structural equ ivalent Si  sites occur in  these 
sectors . Both inequal ities increase with increasing velocity of growth (BARRY et a l . ,  
1 965; SIEBERS, 1 986; PANKRATH, 1 988) .  Whereas the g rowth sector inequal ities 
cannot be equa lized by tempering, it requi res lang d istance d iffus ion,  the site 
inequal ities can be offset by tempering ,  for this requ ires only next nearest 
neighbour hopp ing .  The activation energy for Al is at ambient pressure ca . 2 1 0 -
290 kJ/mole and at 200 MPa confin ing pressure ca . 230 - 440, depend ing on Li 
or Na dominance ( PANKRATH , 1 988; PANKRATH & FLÖRKE, 1 994) . The site 
inequal ity causes anomal biaxial character (BARRY et a l . ,  1 965)  with values 2V of 
e . g .  2 - 1 0 ° for amethyst . In  the case of biaxial character, prod uced by elastic 
deformation ,  the optical planes are rather i rreg ularly oriented , whereas in  the case 
d iscussed here they are oriented (F ig .  7 ) .  

The zoned , speckled and cloudy distribution o f  co lour shade in  amethyst a n d  smoky 
quartz - on condition of equal,  colour centre activating ,  rad iation dose - is d i rectly 
correlated with the concentration of Fe or Al defects (SIEBERS, 1 986; PANKRATH, 
1 988; JUNG,  1 992) . The reasons for the d ifferences in  colour intensity may be 
systematized as follows : 
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1 )  Temporal decrease in supersaturation of the mother solution resu lts in  
decrease of  defectiviness from foot to head and from inside to outs ide of the 
crystal ,  accompanied by decrease of reflection of white l ight at inner 
surfaces and increase of equal ity of impurity segregation and colour centre 
d istribution.  Cleavage products after { 1 011 }  e . g .  heal into misshapen 
crysta ls with a predominant pair of opposite { 1 011 }  faces . 

2) Change of geometry of growth space, cleaving, breaking and deformation 
of the g rowing crystal changes the flow dynamics of the mother solution and 
the an isotropy of transport of matter, accompanied by change of d istortion 
of c rysta l habit with d ifferences between ind ividuals of different mutual 
orientation in the growth space . 

3 )  Fluctuations in supply, composition and physico-chemical state of  the 
mother solution due to geodynamic events is associated with zonal 
d istributions of irregular zone breadth . 

4) Rhythmic segregation during stationary growth causes zonal d istribution with 
microscopic pseudoperiodically spaced zones . 

5 )  Face specific non-equi l ibr ium incorporation of  impurities causes d ifferent 
colours and hue in different growth sectors, e . g .  citrine colours in the < c >  
sector in a broken and healing amethyst. 

6) Dauph ine-twinning causes macro to submicro intergrowth of sectors or 
s l ices with different colour centre concentrations. Brazi l-twinning is of no 
pr imary influence. 

The specification and distribution of water is treated for quartz from metamorphic 
rocks and from other environments by MEI NECKE ( 1 993 ) .  Fluid inc lusions in q uartz 
(F ig .  4c ) are mainly composed of H20,  C02, N2 , CH4 and NaCI ( POTY, 1 967; 
MULUS, 1 987) . 

Chalcedony CHLF and Ouartzine CHLs• the microcrystal l ine fibrous _guartz varieties, 
consist of submicroscopical L- and R-lamellae after the 1 0 1 1 lattice sl ice 
(GRAETSCH et a l . ,  1 987; GRAETSCH, 1 994) . The very abundant chalcedony CHLF 
microscopically consists of fibres with length fast optical character .  lt is the 
constituent mineral of fl int ,  chert and agate . In  flint and chert the fibres are 
microspherul itic and randomly oriented . In  agate the white opaque horizontal layers 
consist preferably of granular microquartz, whereas the translucent layers consist 
of radiating spheru l ites of chalcedony CHLF• which have developed by d igestion of 
the formerly opal-C . This had been deposited from a l iquid mother phase following 
the earth's g ravity. The microstructure of these layers may contain some res idual  
opal ,  it cannot be infiltrated by aqueous solutions. Wal l  l in ing layers, which during 
their deposition from the mother f luid d id not fol low the gravity, have a micro
structure of encountering parabo loidal fibre bundles of CHLF• which started from 
spherul it ic nuclei at the outer boundary surface of the layer .  Under the mic roscope 
at c rossed polarizers the parabo loids show wrinkle banding (Runzelbänderung; 
BERNAUER, 1 927) due to systematic rotation of the c-axes of the i nd iv idual  
microcrystal l ites around the fibre d i rection (a-axes) .  This phenomenon,  for which 
the reason is not yet known, is not correlated with the twisted growth (Quindel )  
of q uartz macrocrystals, where the ind ividual crysta ls are of the same ha ndyness 
( Fig . 8 ) .  The microstructure of the wall l in ing layers can be infi ltrated by solutions . 
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Visual ly they appear translucently blue-gray in the reflected and brownish in the 
transmitted light. High hardness and toughness, together with high purity, makes 
these layers a valuable ind ustrial material .  Trials for syntheses have failed yet . 
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Fig . 9 :  X-ray powder diffractograms of at left: quartz, cha lcedony, quartzine, 
moganite; arrows ind icate additional weak reflections d ue to pseudoperiodic 
stacking of L- and R-lattice s l ices of quartz structure; at r ight : opal-AG, opal
CT, opal-C, cristoba l ite C0, tridymite L3-T 0; intensity scaled to equal  h ights 
of the first reflection .  

Quartzine CHLs with length slow optical character of fibres occurs i n  agate layers 
between wal l  l in ing CHLF layers in fibre bund les with a characteristic plait pattern 
on microscopical inspection (MARTIN,  1 99 1 ) .  

A description o f  these microcrystal l ine quartz species, which are characterized by 
smal l ,  however,  decisive water contents , is g iven by MARTI N ( 1 99 1 ) ,  FLÖRKE et 
a l .  ( 1 99 1 ) ,  GRAETSCH ( 1 994) . A broad variety of microstructural features, l ight 
scatter ing and colour ing inclusions produces the gern varieties of microcrystal l ine 
quartz (Tab .  2 ) .  
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Moganite with lepidospheric aggregates of length slow optical character forms 
dense translucently g ray or friable white masses . Only the latter consist entirely of 
moganite whereas the former masses conta in  admixtures of chalcedony. lt occurs 
in ignimbrites at SW Gran Canaria (FLÖRKE et a l . ,  1 984) . The crysta l structure 
represents a new type in the group of systematically twinned lto-structures . One 
L- and R- 1 01 1 lattice sl ice each of the quartz structure are intergrown in the unit  
ce l l .  Thereby they are characteristica lly distorted , forming a tetrahedral Si- lattice 
site in the twin plane which does not exist in the quartz structure (MI EHE & 
GRAETSCH, 1 992;  GRAETSCH et al . ,  1 994a, b ) .  Mogan ite has been postu lated to 
occur widespread (HEANNEY & POST, 1 992) .  however, this goes back to a 
confusion with the simi lar stacking faults of quartz (GRAETSCH, 1 994) as e . g .  in 
the Brewster bands of amethyst crysta ls, causing diffuse rods in the reciprocal 
lattice paral le l  r * 1011 and r * 0111 (RÖLLER, 1 99 1 ) .  In cha lcedony and quartzine 
these fau lts have high density and produce by their interaction a pseudoperiodic 
repeat. The X-ray patterns therefore show weak additional reflections which were 
fi rst described by GRAETSCH ( 1 985) (F ig .  9 ) .  The small  amounts of water in 
moganite, l ike in cha lcedony are mainly bound as s i lanole g roup water ( Fig . 3 ) .  

Cristobalite occurs on earth in the ground mass and i n  vesicles of  volcanic rocks , 
in dend ritic aggregates as devitrification in obsidians, in pyrogenical ly alte red quartz 
rocks and in the crusts of fulgurites. X-raying reveals that natural cristobal ites are 
stacking d isordered . lt is the low pressure high temperature mod ification of Si02 
( Fig .  6 ) .  The structure can be derived from the zincblende type with Si occupying 
the Zn and Si positions and oxygen between them. The Si04-tetrahed ra are al l  in 
TRANS configuration with each other (Fig . 1 ) .  Sheets of rings of 6 Tetrahedra ( 6T) 
in up-and-down (UD) position ( 6T u0-rings) are stacked in para l lel orientation in a 
3-sheet sequence ABC. The framework has large interstitial cages wherein trace 
elements with rather large ionic rad i i  (e . g .  Cs + ) can be incorporated . The displacive 
low-high transformation is rapid , reversible and - though in ordered cristobal ite it 
has a hysteresis of ca. 20 K - cannot be frozen (Fig . 1 1 ; FLÖRKE 1 95 7 ) .  The 
missing of suitable macrocrystals prevents precise determination of properties and 
the discussion of consequences from the enantiomorphy. 

Tridymites occur in similar environments, and in most cases they have developed 
from dendritic cristobal ite nuclei , fol lowing the nucleation-growth scheme g iven by 
FLÖRKE & NUKUI ( 1 988) .  From hydrothermal transport tridymite crysta l l izes prefer
ably in tabular crystals . However, even ideally hexagonal looking c rystals with 
smooth surfaces and sharp edges are highly defected in their i nterior (NUKUI  & 
FLÖRKE, 1 987 ) .  Analogous to the derivation of the cristoba l ite structure, the 
principle of tridymite structure may be derived from the wurtzite type . Sheets of 
6T u0-rings are stacked in a 2-sheet sequence AC' . The apostrophe ind icates that 
the C-sheet is in antiparal le l  pos ition to sheet A (cf. FLÖRKE, 1 967) . The frame
work has open channels wherein preferably Na and K traces can be incorporated . 
The Si207 groups, which are l inking the sheets , are in CIS configu ration .  The 
structure, therefore, with respect to bonding requirements is much less balanced 
than the cristobal ite structure and requ ires at the formation the presence of charge 
screening protons or  alcal i  ions. Tridymites undergo complex displac ive transforma-
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tions as a consequence of their del icate stabi l ity (F ig .  1 1  ) .  Phase relationsh ips and 
X-ray powder patterns of tridymites are treated by GRAETSCH & FLÖRKE ( 1 991  ) .  

F ig .  1 0: Tridymite (CIS- )  stacking fault i n  cr istobalite 
(TRANS-) sequences, schematic (GRAETSCH ,  
1 994) . 

Cristobalite-Tridymite stacking polytypism is provoked by the c lose structural 
relationsh ips (analogous to cubic-hexagonal closest packing polytypism 
JAGO DZI NSKI ,  1 954, 1 964) . Du r ing growth or transformation stacking fau lts of 
the tetrahedral sheets form in  cristobal ite and tridymite ( Fig .  1 0) ( FLÖRKE, 1 955a;  
SCHNEIDER & FLÖRKE, 1 986) . 3-sheet and 2-sheet sequences i ntergrow at  
random and in  varying thicknesses (FLÖRKE et  a l . ,  1 990) . 

Stacking d isorder changes a l l  properties and especia l ly the low-high transformation 
behaviour (F ig .  1 1 ) .  Therefore, one has to d iscriminate thoroughly between ordered 
and d isordered cristoba l ite and tridymite (C0, C0 and T 0, T 0) .  Terms l ike "tridymite 
S" or " meteoritic tridymite" and "tridymite M" or "terrestrial tridymite" a re 
misslead ing  and red undant synonyms for T 0 and T 0 respectively . 
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Fig.  1 1 :  Displacive polymorphism and stacking polytypism of cristobal ite and 
tridymite; a )  on heating,  b) on cool ing,  c) decreasing with increasing stacking 
d isorder, d )  gradual,  e) on quenching to 77 K,  f) under stress; stacking 
disorder: w = weak, m =medium, s =streng . 

Crystalline opal1 , opal-C and opal-CT, produce X-ray patterns with rather diffuse 
interferences (Fig . 9) ( FLÖRKE, 1 955b;  JONES & SEGNIT, 1 97 1 ;  FLÖRKE et al . ,  
1 990, 1 99 1 ; GRAETSCH, 1 994) . They differ with respect to the degree of cristo
bal ite/tridymite stacking disorder.  Opal-C conta ins ca . 20 - 30 % tridymitic 
sequences . No extended domains of prevai l ing cristobalitic or tridymitic sequences 
exist (GRAETSCH ,  1 994) . The pattern is rather similar to strongly disordered syn
thetic cristobal ite C05 . In opal-CT a ca . 1 :  1 mixing of 3- and 2-sheet sequences 
prod uces X-ray patterns which are distinctly different from the opa l-C pattern 
( Fig .  9 ) .  

Opal-CT crystal l izes in submicroscopic platelets forming lepidospheric dense 
aggregates without preferred orientation .  The birefringence is very weak or a lmest 
not recogniceable. In postvolcanic environments, however, opa l-CT which had been 
deposited from a fluid mother phase, frequently forms botryoidal crusts of radiating 
spherul ites which develop into an  encounter microstructure of paral le l  fibrous 
bund les and length slow optical character .  I n  this cases the birefringence is d istinct. 
For 

„
this microstructural variety the name lussatite (opa l-CT Lsl should be used 

( FLORKE et a l . ,  1 975,  1 976, 1 99 1 ) .  

Al l  so-ca l led "common" opals fal l into this category . 
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Opal-CT is a main component of si l icic oozes at the ocean floors. Opal-C crysta l
l izes in submicroscopic platelets which are aggregated into piles . lt is preferably 
found in horizontal layers of agate. The birefringence is weak and undu latory. lf  
microscopical ly vis ib le fibres are developed , their  optical character is length fast. 
This is the case when the piles are in rather good mutual orientation .  The name 
lussatine (opal-CLF) should be used for this variety (GRAETSCH, 1 994) . 

Both, lussatine and lussatite, show anisotropic smal l  angle X-ray scatter ing (F ig .  
1 2) (GRAETSCH et  a l . ,  1 994b) .  Due to the varying microstructure, the c rystal l ine 
opals conta in  varying amounts of non-structural water. The predominant part of it 
is �olecular H20 (mol ) ,  trapped in the pores of the microstructure (LANGER & 
FLORKE, 1 974, GRAETSCH, 1 994) . 

Melanophlogite is a very rare s i l ica mineral with a porous tetrahed ra framework
structure (poros i le) and CH4, N2 or C02 as guest molecules (templates) in the 
structural cages (G IES et a l . ,  1 982; GIES, 1 993) . They can be driven out by 
heating ,  whereby the hydrocarbons are partly decomposed and leave black residues 
behind (therefrom the name) . lt forms in mil ieu of hydrothermal activity at very low 
pressure in  d ifferent geological settings (cf. GRASSELI Nl-TROYSI & ORLANDI ,  
1 972 ) .  

Paramorphs of  quartz are reconstructive transformation pseudomorphs after coesite 
(SCHREYER, 1 99 1 ) ,  cristobalite, tridymite and melanophlog ite (cf. FLÖRKE, 1 959) . 
The spherul itic chalcedony of horizontal agate layers is microcrystal l ine paramorphic 
after opal-C or -CT wherein it has been nucleated at random (FLÖRKE et a l . ,  1 99 1 ) .  
The d igestion of opa l by quartz must not be complete in  any case . I n  cherts , 
deformed remnants or wei l  preserved paramorphs of this kind can be frequently 
found .  

B:  The noncrystalline silica minerals 

Opal-AG with its microstructural varieties precious and potch opal has a gel-l ike 
microstructure, consisting of submicroscopical Si02 .nH20 spheres with diameters 
of about half of the wavelengthes of visible l ight. The interstities of the sphere 
packings are enriched with water (LANGER & FLÖRKE 1 974) . lts X-ray pattern is 
shown in Figure 9. In precious opa l the spheres are homometric and c losest 
packed . Cubic packing with many hexagonal faults is the rule.  In potch opal the 
spheres a re heterometric and therefore irregulari ly packed . The ordered sphere 
packings act as diffraction lattice for visible l ight,  producing the bri l l iant d isplay of 
monochromatic colours for which opal is famous (SANDERS, 1 968) . Vol ume parts 
with coherent packing in themselves but with different mutual orientations prod uce 
the a rrangement of specks of colour. The irregular packing in  potch opal reflects 
and scatters l ight.  In remission,  therefore, they occur b lu ish-gray and in trans
mission yel lowish-brown . Traces oftransition elernent impurities, especia l ly of iron, 
may mod ify the colour by absorption .  
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Fig . 1 2 : Smal l-a ng le X-ray scattering of opal-CLF ( lussatine) at r ight (F = d i rection 
of fi bre orientation ) ,  of potch opal-AG middle and opa l-AN (hyalite) at left; 
Cu Ka (N i-filtered ) .  

I n  precious opals l ight scattering at the boundaries and interstities of the spheres 
prod uces the mi lky vei l ing  of colour d isplay. lt reflection and scattering of l ight are 
suppressed by non-wavelength-specific absorption,  the opals - precious or potch -
are cal led "black" . Col loidal iron sulphides are assumed to produce this opaque 
absorption (cf .  LEECHMAN, 1969 ) . 1 

O pal-AG forms by floccu lation when colloidal  hydrous s i l ica suspensions percolate 
through water-permeable clays or a lteration products of volcanic rocks which fi lter 
oft the s i l ica spheres from the water (JONES & SEGNIT, 1 969 ) .  Due to its parti-
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1 am very grateful to Dr. Vera M. F .  HAMMER, Wien, who made me aware 
of the language problems in the description of opal appeara nce. The term 
" i ridescent" means the d isplay of a colour spectrum which changes relatively 
to the position of the observers eyes. " l r idescence" add it ional ly comprises 
the selective scatter ing of l ight, and that the shine or sh immer of surfaces 
is associated with a play of colours . "Opalescent" means ir idescence 
assoc iated with blue-whitish (mi lky) scattering of l ight .  I n  al l these terms , a 
variety of l ight-phys iological sensations is - not very p recisely - tied with 
physica l f ind ings .  The German language knows the term " i r isieren " ,  mean ing 
to sh immer ( in  German "sch i l lern " )  in the colour d isp lay of  the rainbow. 
"Opaleszenz" ,  "opaleszent" and "opa leszieren" means to ftpossess or 
produce a shimmer l ike opal by scattering of l ight " .  



cu late microstructure opa l-AG prod uces isotropic small angle X-ray scattering ( Fig .  
1 2 ) (G RAETSCH, 1 994) . This is  a criterion for d iscrimination from opal-AN. 

Opal-AN (Hyalite) is a water contain ing si l ica glass with a continuous 3-dimensional 
network of tetrahedra.  - With small deviations in the half-maximum breadth of the 
diffuse band at about 4 Ä, the X-ray pattern of opa l-AN is a lmost identical with that 
of opa l AG (AN: 8 . 5 °  20Cu-Ka, AG: 9 ° ) .  Water is bound predominantly as si lanol 
group water H20 (SiOH) at nonbridging oxygen in the network. Opal-AN d oes not 
produce smal l  ang le X-ray scattering ( Fig .  1 2 ) .  

l t  forms botryoidal crusts i n  vescicles o r  at fissures and clefts o f  volcanic rocks or 
l ittle spheres in c rater lakes if a fluid aqueous si l ica solution is quenched ( FLÖRKE 
et a l . ,  1 974, 1 985 ) .  Due to the formation process hyalites a re of very high purity 
with respect to nonvolatile traces. 

Lechätelierite comprises the varieties silica-fulgurite, formed by l ightning strike on 
quartz sands or s i l ica rocks, and silica-impactite orig inating from si l ica melts 
produced by meteorite impact . The lack of distinct stoichiometry makes the 
boundary between lechätel ierites and si l icate glasses flu id . l t  may be arbitrari ly 
drawn at ca . 3 mol % of nonsil ica components . Under this premise lechätel ierites 
are very rare minera ls .  
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