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ÀBSTRÀCT

Copper oxysalts are a common class of minerals thal have been considered

structurally anamalous. Some copper oxysalt structures have non-Cu

analogues, bu! many do not, and the reasons for this have been unclear.

The unique coordination environment of Cu2* is responsible for the

anomalous character of Cu oxysalts. À regular octahedral coordination

is unstable around Cu2* because of its degenerate de orbitat state.

Spontaneous electronic relaxation (octahedral distortion) lifts the

degeneracy, making distorted Cu-octahedra stable in structures. This is

the Jahn-TeIler effect. By considering the complete coordination of

Cu2*, the topology of Cu2* oxysalt structures is readily interpreted,

and similarities to non-Cu oxysalts becorne eviden!.

Nunerous studies have deaLt with only the local coordination

environment of Cuz', but this study also deals with the long range

structural effects of octahedral distortions e.g. ho¡+ distorled

octahedra fit into strucLures, and the geometricaL/chenical

consequences. Bond-valence analysis and mathematical simulation of

crystal structures (using ÐLS) rtere used to study the structural effects

of octahedral distortions. The Jahn-TelIer distortion provides a

geonetrically flexible coordination environment for Cu2*, resul!ing in a

wide variety of bond-valence distrÍbutions. This ftexibility creates

the potential for polymerization styles not possible t¡ith un-distorted

M2*-octahedra. Structural analyses show lwo fundanental structure



types: 1) structures that cân be constructed from regular coordination

poJ.yhedra, the arrangement of which can distort and accomodate the

Jahn-Te11er distortion; and 2) structures that can onLy be constructed

from very distorted coordination polyhedra. Isostructuralisrn is often

possible in TYPE I structures, because of their geometrically flexible

arrangements, Isostructuralism is not presen! in TYPE iI structures.

Jahn-TelLer distortions are often coupled through structural symmetry

by poJ.ymerization of Cu2*-octahedra. The resulting periodic electronic

relaxations (PER) occur as waveforms commensurate with transLational

symmeLry. Polymerization sLyIes control the type of waveform produced.

Thus Cu2* oxysalts can be understood by anal.ysis of the local ocLahedral

distortions and their influence on the long-range of structures.
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Chapter I

INTRODUCTION

1.1 cu2+ oxysÀLTs

Cu2* oxysalts are a common class of minerals in oxidizing environnents

associated with Cu-bearing suLfide mineralization. They can occur

toge!her with many other oxysalts under simiLar geochemical conditions.

However, Cu2. oxysalts have generally been considered as a class of

enigmatic structures that are sonehow different from other ninerals.

Cu2* oxysaJ.t mínerals are seldom isostrucLural rrith non-Cu2' oxysalts.

Synthetically prepared copper oxides with comnon structure lypes

(spinel,rutile) have structural details thai are always somenhat

unusual. The static Jahn-TeLler effect (described by Jahn & Teller,

1937), related to the locaL electronic structure of the Cu2* ion, is

undoubtedly responsible for the enigmaLic structurâI features of the

Cu2' oxysalts. Detailed explanations of the Jahn-Teller effect are

provided by Dunitz & Orgel (1957), Opik & pryce (1956), Orgel & Dunitz

(1957), Burdett (1980), Liehr & Ballhausen (1958), and Goodenough

(1963). A brief review of the Jahn-TeLLer effect is presented here, as

il applies to Cu2*. À detailed look at the local Cu2* environmen! t{,iII

be given in Chapter 4.
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1.2 l'HE ;IÀHN-TELLER EFFECT: iNTRoDUcfÐRY REI.ÍÀRKS

The Cu2 * ion has a degenerate ds orbital ground state when it is

surrounded by an octahedral ligand field, because of its half-filLed
d-orbitat (nigure 1.1a). This instability is removed by a spontaneous

el-ectronic relaxation that affecls the Cu-ligand bond Lengths. This

relaxation phenomenon is termed the Jahn-TelLer effect. The physical

expression of the electronic relaxation is usualì.y in the form of an

octahedraL distortion, l.tith shortening of four equatorial bonds, and

Iengthening of trlo co-Linear apical bonds (Figure 1.1b; f rorn here on it
is assumed that the equatorial bonds .refer to the 4 shortened bonds, and

lhe 2 apical bonds are the long co-linear bonds, abbreviated as (4+2)).

Ligand-field splitting associated vith the distortion shows a net

stabilization energy which represents the relaxation phenomenon (nigure

1.1c). Dislortions range from trans-elongated octahedra to the more

extremely distorted square pyramidal and square planar coordinations

(r igure 1.2),

Intuitively, one can understand why the long-range structural

properties of Cu2* oxysalts are considered unique. In most structures,

the coordination polyhedra are fair).y regular, and linkage of the

poìyhedra into a continuous sÈructure (with translational symmetry)

refLects this regularity. Considering the distorted Cu-poLyhedra, the

topological (and geometrical) details of a structure must be profoundly

influenced by Jahn-Tetler distortions as the Cu-polyhedra are translated

lhroughoul the unit cells of a strucLure.
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Figure_1.1: Degeneracy and Relaxation of ds state in Cu2. a) ground
s!ate electron orbital- pairs for Cu2', tiith one unpaired electrón; b)
octahedral Jahn-TeLler distortion of the Cu-ligand complex; c) enár9y

level splitting of d-orbitals, lifting the unstable degeneracy. --

N
Figure 1.2¡ Variations of Jahn-Tel]er Distorted polyhedra The four most

conmonly occuring configurations for copper: a) trans-elongated
octahedra, designated (A+2); b) square pyramidal; c) trigoñal

bipyranidal; d) square planar.

D
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1.3 PI'RPOSE OF THESIS

Despite the large amount of work aLready done on lhe details of the

local Cu2* environment in crystals, Liltle has been done to answer the

questions reLating to the long-range structural aspects of Cu2*

oxysaLts. This thesis will examine !he folLowing questions:

1. Why are some Cu2* oxysalts isostructural with non-Cu minerals or

synthetic compounds, whereas many olhers are structurally unigue?

What are the different fundamenlal roles of distorted Cu2-

poLyhedra in oxy sa i. t structures?

What are some features of the Locat Cu2* Jahn-Teller distortion

and how do they relate (if at aLl) to the Long-range properlies

of the structures?

4, What are the characteristic features observed in the long-range

aspects of these Cu2* structures?

Às a necessary part of this work, a formal structural classification of

the Cu2* oxysalts has aLso been completed,

1.1 DÀTÀ BÀSE

The Cu2. oxysaJ-ts considered here represent those structures which are

refined sufficiently well to render proper topoJ.ogíca1 information, and

give bond lengLhs accurate to s 10.02Â. The structures sludied are the

ninerals listed in Table 1.1. These structures will be dealt rlith in
detail because minerals probably represent the nost stable structural

substances. This study has incorporated as many nineraL structures as

')



possible from previous ref inements .in lhe

ref inernents of the author. ConverseJ.y, only

Cu2*-compounds have been studied for reasons of

5

I i !erature and present

a few of the synthelic

t ime.



TÀBLE 1.1

Cu2* Oxysalt Minerals Studied

FormulaMineral

Àrsenates:

Àgardite
Àr thur i te
Bayldonite
Clinoclase
Conichalcite
Cor nub i te
Euchroi te
Lanmer i te
Li roc on i te
Mixite
01i ven i te
Stransk i i te
Tr i ppke i te

Borates:

Bandyl i te
Henni I í te

Carbonates:

Azurite
Ca).Iaghan i te
Chalconatronite
Mal-ach i te
Roubault i te

0xychlor ides :

Àtacani te
BotalLackite
Ch)-oroxiphite
Er i ocha lc i te
Pa ra tac am i te

IodiÈes:

BeIJ-ingerite
Salesite

Molybdates:

ti ndgren i te

(Y,ca )cu6 (Às04 ) 3 (oH) 6 .3H20
CuFe2 (Aso4 ), (oH) z. 4H2o
Pbcu3 (Às0¡ ) z (oH) z. Hz0
cu3 (Àso4 )(oH)3
cacu ( Às04 ) (0H )
cu5(Àso4)2(oH)4
cu2 (Às04 ) (oH) .3H2o
cu¡ (ÀsO¡ ) ¿

Cu zÀl (Àso¡ ) (oH ) ¡ . 4H z0
Bicu6 (Aso4 )3 (oH)6 .3Hzo
cur(Às04)(oH)
zn zcu (Às0¿ )z
CuÀs 2 

* 304

cuB(oH)4cl
ca 2cu (oH ) a In(ou)¡] z

cus (c0 3 ) 2 (oH) 
2

Cuzl¡gz (co¡ ) (oH) 6. 2Hro
Na 2Cu (C0 3 ) 2 

. 3H 20
cur(co3)(oH),
cu2 (uo2 ) ¡ (co¡ ) zoz (ou) z.4Hzo

cu 2C1 (OH)s
cuzct(0H)3
Pb¡CuCI z (0H) zOz
CuCl2 . 2H 20
cu2(oH)3cl

Cu3(IOr)6.2H20
cu(io3 )(oH)

cus(uoo¿)z(oH)z

Reference

Àruga & uakai (1985)
Keller & Hess (1978)
chose & I,lan (1979)
This study
Quarashi & Barnes ( 1963 )
Ti l-lnans et aL. (1987)
This study
Har+thorne (1985a )
This study
Mere i ter & Preissinger(1986)
Toman ( 1977 )
KelIer et aL. (1979)
Pertlik (1975)

collin ( 1951 )
Nakai et a]. (1986)

Zigan & Schuster ( 1972 )
Brunton (1973 )
Mosset et aL. ( 1978 )
Zigan et a1. (1977)
Ginderow & Cesbron (1985)

Parise & Hyde ( 1986 )
Hawthorne ( 1985c )
Finney et aI. ( 1977 )
Harker ( 1935 )
Fteet (1975)

chose & I,lan ( 1974 )
Ghose & I,tan ( 1978 )

Hatlthorne & Eby ( 1985)



TÀBtE 1.1 - Continued

Mineral

Nitrates:

Formula

Cornetite cus(po¿)(oH)¡
. Libet.henite cua (p04 )(oH)
l.letatorbernite cu(Uoz) z(po¿) z.8Hzo
Pseudomalachite Cu5 (Po4 )z (OH)¿ .H zO
Re ichenbachi te (PPM )
OPM
Turquoise cuÀ16(P04)¿(0H)s.5Hzo
Hentschelite CuFe2 (Po4 ) , (OH) 

z

veszelyi te (cu, zn )3 (po4 ) (oH )r .2H 20

Sel en i tes:

Chalcomen i te CuSeo¡ . 2H z0
Derri ksi te cu4 (uo2 )(Seo¡ ), (oH)u

Silicates:

Cuproriva i !e CaCuSi¡Oro
Cuprosklodowskitecu(u02 ) 2Si 206 (OH) ,.6HrO

This study
Cordsen (1978 )
Ross et aI. ( 1964 )

Shoemaker et al. ( 1977a )
Ànderson et a]. (1977 )
Shoemaker et al . ( 1 981 )
Dresdner (1965)
S ieber ( 1985 )
Ghose et aI. ( 1974 )

Àsai & Kiriyama (1973)
Ginderov & Cesbron ( 1983 )

Pabst ( 1959 )
Rosenwe i g e Ryan (1975)
Ribbe et aL. (1977 )

Laughon ( 1971 )
Pozas et al. (1975)
Groat & Harlthorne ('1987 )
Evans & Ìfrose (1977)
Evans & Mrose (1977)
Hatlthorne (1984d)

HawÈhorne et al. ( 1988 )
Ginderow & Cesbron ( 1979 )
Zahrobsky & Baur ( 1968 )
Schaller ( 1903 )
l'fencherri & sabelli ( 1982 )
Varghese & Maslen (1985)
Kokkoros & Rentzeperis ( 1958 )
Giachovasso et aL. ( 1976 )
I'laclean & Ànthony ( 1972 )
Süsse (1972)

Reference

Buttgenbachite Cu r g Cl ¿ (N0 3 ) 2 (OH ) 3 z . 2H 20 Fanfani et al. (1973)
Li kas i te Cu3(OH)sNO¡.2HzO Effenberger (1986)
Gerhardite Cu2(0H)3N03 Bovio & Locchi (1982)

Phospha te s I

Dioptase
Kinoite

Papagoi te
Plancheite

CuSi0z(0H)z
Ca zCu zS i ¡0e (OH ) ¡

CaCuAIS i 206 (0H) 3

Cu¡sisozz(oH)¡.Hzo

Li tidion i te KNaCuSi¡0ro

Shattuckite Cus(SiO3)4(OH)2
Stringhamite CaCuSi0r'2H20

Sulfates:

An!lerite Cu3 (S04 )(OH)4
Àubertite cuÀL (so4 ) 2cI .14H20
Bonattite CuSO¡.3H20
Boothi te CuSo¡.7H20
Campigliaite Cu4un(SO4)z(OH)e.4HzO
ChalcanLhile Cuso4.5H20
Cha Ic ocya n i te CuSo¡
Chlorothi on ite K2Cu(So4 )clz
Connell-ite cursCl4(So4)(oH)¡z.3HzO
Cuprocopiapite cuFe4 * 3 ( SO¡ ) s (0H) 2.20H z0



Devillite cacu¡ (S04 )z (oH)o .3Hzo Sabelli & zanazzi (191.Zl
Dolerophan i !e cuz(so4)o Effenberger (1985b)
Guildite cuFe-3(so{)z(oH)'4Hzo chose & I,¡an (1978)
Kröhnkite Na2cu(S04 | z.Zïzo Hawthorne & Ferguson (19?5)
Ktenasite (Cu,zn)s(so4)r(oH)6.6H20 MelLini & MerLiño (1978)
Langite cuÁ(s04)(0H)e.2Hz0 centsch e weber (1984)
Li nar i !e pbcu(soi)(oH), Effenberger (1985)
ìtanmothite PbeCu¿À1Sb0z(0H)reCl¡(SO4)2 Effenberger (1985a)
Natrochalcite NaCu2(S04)z(Og).gzO Rumanova & volodina (1958)
Osarizawaite pbcuÀ]2(SO4)z(OH)s Guíseppetti e Tadini ('1 980)
Posnjakite cu¡(S0¡)(oH)6.Hro t'telLinl & I-terlino (i979)
Ransomite CuFe2*3(SO¡)¿.6HzO I.lood (1970)
Serpierite Ca(Cu,zn)4(so4)2(oH)6.3H20 Sabelli & Zanazzi ('1968)
Spangolite CueAl(SO¡)(OH)r2cl .3HrO In print (Hawthorne et al.)liroel,|olfeite Cu¡(SO¿)(oH)6.2HrO HaHlhorne & Groat (i985)

TÀBLE 1.1 - Continued

FornulaMineral

Cyanochroi te K2cu(s04 ) .6Hzo

Tellurites:

Balyakinite CuTeos
Teine ite CuTeoa.2H20

Vanadates:

Blossi te ûCu zV zOz
Finger i te Cur roz(vO¡)o
Lyonsite Cu 3Fe 4 (vO4 )6
McBirneyite Cu 3V20 s
Sengieri te Cu2 (Uo2 )2v20s.6H2o
Stoiber i te Cu5V2'501e
VoLborthi be Cu3 (vO4 )2.3HzO
ziesite ßCuzvz*sO?

Mixed Group oxysaLts:

Reference

Carapezza & Sanseverino
(1968)

Lindquist (1972 )
Ef fenberger ( 1977 )

Calvo & Faggiani (1974 )
Finger (1985 )
Hughes et aI. (1987 )
Shannon & Calvo (1972 )
Piret et aI. (1980 )
Shannon & CaIvo (1973 )
Kashayev 6, Bakakin ( 1968 )
Mercurio & Frit ( 1973 )

Cal.edonite PbsCuz(C0¡)(So¡)¡(cH)s Giachovazzo et aI. (1973)
Chalcophyllite Cur oAl z (ÀsO¿ )¡ (SO¡ )¡ (0H)zz.33HzO Sabelli (1980)
Fornacite pb2cu(cro4)(p04)(0H) cocco et al. (1966)
Schmiederite pb2Cu2(Seo¿)(SeO¡)(oH)¿ Effenberger (1986)
Vauquelinite PbzCu(Cro¡ ) (p04 ) (0H) Fanfani ç zanazzi ( 1969)
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1.5 PROCEDIJRES: EXPERIMENTÀL & DESCRiPTIVE

X-ray experimentaL work is supplementaL to the data base of structures

examined. Much of this study involves the graphical characterization of

previously determined structures, requiring analysis of Lhe slructures

by rnanual drawings and computer representation. The Distance Least

Squares method (Meier & ViIlager, 1969) of structural simulation was

used to examine the geometricaJ. effects of inposing specific polyhedral

distortions on particular structure types.

1.6 BOND-VÀtENCE NfiORY! BÀCKGROI,ND

Bond-valence theory is an irnportant parl of characterizing the

structuraL properties of oxysalt minerals. It is an expansion of

Pauling's (1960) electrostatic vaÌence principle (second rul.e) and the

idea of rnean bond strengths. The nean bond strength (ã) is defined as

the formal valence of the cation (z) divided by its coordination number

(v). Pauling's second rule states that "for the most st.able structures,

the surn of the nrean bond slrengths (p) around any anion nust be

approxinately equal to the magnitude of its formal valence, ¡5=p=lzl."

Brorln and Shannon (1973) formalized the concept of bond-length

bond-strength relat!.ons, in which deviations of individual bonds from

the average bond length correlate t{ith the devialions from the average

bond strengths. More simply, the longer a given bond is, the weaker it
is. Brown and Shannon (1973) formulated bond-Iength bond-sLrength

(n¡,-¡S) curves as the equation:

s=so(R/R'o)-N
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where s=individual bond strengths, R=the observed bond )-ength (Â),

so=Paulinqrs mean bond strength (5), and Rto and N are constants

derived from filting the bond-strength bond-length curve to a large

number of structures, subject to the constraint that the sums of t.he

bond strengths around bolh cations and anions are equal to the

magnitudes of their formaL vaLences. The resulting bond strengths mây

then be summed around all ions in a refined crystaL struclure, and the

resulling sums are equal (within a few %\ to the magnitude of the

fornal valences of the ions. Brown & Shannon (1973) also found that a

single curve of the form:

s=(n/no)-N

works well for al.l atoms of an isoelectronic series; again Ro and N are

conslants derived from a large number of crystâ1. structures. These

curves were of great immediate use in checking the correctness of

structures, assignment of hydrogen -bond i n g arrangements, examining

chemical and positional ordering, and examining formal valence s!ates.

Brown (1981) broadened the concept of bond strengths. They realized

that the universal curves represent the bridge between ionic and

covalen! ideas about bonding, because the mean bond strengths of the

ions in an isoelectronic series are a function of the valence of the

ion. Thus, Brown (1981) renamed individual bond strengths as bond

valences (bv), and defined the average bond strengths as Lewis

acidities for cations, and Lewis basicities for anions. Lewis base

strengths are best considered in terms of the complex oxyanions in

oxysalt structures, Resulting from these ideas is the valence-matching

principlel "For the nost stable s¡ructures to exist, lhe Lewis acid
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strengths nust nearly equal the Lerlis base strengths across the

acid-base network of a crystal structure. " This rule is closely

reLated to Pauling's vaLence sum ruLe, and both ideas work together in

consider ing inorgan ic structures.

Bond-valence relations have irnportant uses and serious imp).ications

for crystal structures. Many cor¡mon rock-forning nineral structures

significantly deviate from Pauling's simple model using nean bond

strengths and the second rule. However, considering these minerals in

terms of bond-valence theory, $e can understand the bonding

relationships in these structures. Distorlions in cation pol.yhedra

help satisfy the valence sum rule by providing variations in

bond-valences rlith the varying bond lengths.

It is obvious then, that bond-valence theory and lhe valence sum

rule are criticaL in understanding the structures of the Cu2* oxysalts,

because of the characteristic bond length variations in Jahn-Teller

(J-T) distorted polyhedra. The considerable variation in bond-valences

resulting from J-T distortions nust have a profound influence on the

connectivity of Cu2* oxysalts. One must consider the topotogical

conbinations that are compatible with the bond-valence distributions of

distorted Cu-polyhedra. The J-T distortions shouJ-d give rise to unique

bond-valence distributions in some structures, lirniting the possibility

of only Cu2* occurring in particular topol.ogical arrangenents. For

example:

1 , an oxygen bonded to three edge-sharing octahedra of regular

geometry cannot. bond to a tetrahedrally coordinated cation with
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a formaL valence >4 (bond vaLence sum on the oxygen would be

>>21 . However, this siLuation ís common in Cu2* sheet

structures, in which lhe apices of the longest (and rreakest)

bonds in the J-T distorled Cu-octahedra are linked to sulfate

groups,

2. because bond-valence relations impose bond length restrictions

on specific topological arrangements of bonds, some structures

require severe polyhedraJ. dis¡ortions. These distortions are

onLy possible r+ith caLions that undergo J-T effects.

This suggests why some Cu2* oxysalls have no non-Cu ana)-ogues, and why

other structures can take in both Cuz- and non J-T eLements. Cu2*

oxysalts without structural anaLoques may have a bond lopoLoqy that is
compatible only wiLh the extrene bond-vaLence distributions possibJ.e in

J-T distorted poJ.yhedra. Conversely, Cu2* oxysalt structures with non

J-T analogues should have a bond topology that alLows a more moderate

dispersion of bond-valences, possible with both J-T and non-J-T

cations. The principal theme of this thesis is to examine this

hypoLhesis.



Chapter II
X-RÀY STRUCN'RE REFINEI.IENTS

This chapter provides structural data that is supplementary to the rnain

body of the thesis. The resulting improvement in bond lengths and

polyhedral geometry will enhance the data base for detailed analysis of

Jahn-Teller effecEs on Cu2* polyhedra. The experinental procedures and

data generated by lhe experinents are given here; descriptions of lhe

structures are in Chapter 3.

2.1 EXPERIHENTÀL UE${ODS

The melhods used for data collection and reduction are the same for alL

refinemenEs, so the general procedure explained applies to all minerals

examined. Pertinent data for each mineraL is labulated and discussed

foJ.lowing the explanation of experimentaL methods.

2,1 .1 Data Collection

The crystals t,|ere mounted on a Nicolet R3m automaled 4-circle

diffractometer, equipped with a Mo-target X-ray tube and a graphite

crystal monochromator. Unit cell data were obtained by choosing

approximately 25 reflections fron a random-orienEaLion phi-axis rotation

photograph. These reflections Here automaticatly centred, and

real-space vectors corresponding to possible unit-celÌ axes tlere derived

from the centred reflections. Least-squares refinemen! of the

reflections produced Èhe uniË cell dÍmensions. Àn orienLation rnatrix

- tJ
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also resulted from the centring procedure, reLatíng lhe crystal axes to

the diffractomeber axes, and providing a reference frame for automatic

data collection.

inLensity data were collected using â B-28 scan in 96 sleps, wiLh a

scan range of 30-60o 20. X-rays rière generated at 50kV/30mÀ, and Here

measured at a variable scan-rate between 4.0o and 29.3olnín, depending

on an initial one second intensity count at peak centre. Backgrounds

r+ere measured for half the scantime, before and after each peak scan.

Tr{o check reflections were nonitored afLer every 46 measurements to

verify consistency in crystal a).ignment and x-ray source.

Empirical absorption corrections were done after each data

collection. Àpproximately 10 strong reflections, uniformly distributed

over the range 3o-600 20, lrere neasured on psi-axis rotations at 100

intervaLs for a fuIl psi-axis cycJ.e (termed a psi-scan). Crystal shapes

were modelled as an ellipsoid. The lengths of the principaL axes of the

ellipsoid were refined to minimize lhe merging R-index of lhe psi-scan

data. The intensity data were then corrected for absorption effects

using the refined shape of the crystaL, resulting in a mininum-naximum

transmi ssion value (nin-max).

The merged data were corrected for Lorentz, polarization and

background effects, and then reduced to structure factors ( lfo l).
Reflections with I>3.0d(i ) were classified as observed. À calculated

density is produced by specifying the cell conlents, giving an

absorption coefficient for the absorption correcLion.



2,1 .2 Structure Ref i nernent

ScatLer ing curves for neutral

coef f ic ients were taken fron

Libermann (1970 ) .

IE

atoms together !rith anornalous dispersion

Cromer and I'lann (1968) and Cromer and

1.

The sequence of refinement was as follows:

Input the heavy-atom positions, using coordinates of the previous

aulhors, Fix occupancies and isotropic temperature factors

(U=0.010). Use 3 or 4 Least-squares cycLes, which converge

rapi dJ.y (expected R, 20-25%l

The resuiting difference-Fourier densities are assigned to oxygen

positions (which should correspond to those of previous authors).

Fix the anion occupancies and isotropic temperature factors

(U=0.015), and refine lJith 3-4 nore cycles (expected R, 10%) . À

secondary extinction correction is also applied at this stage.

Refine 3-4 more cycles, using free-variable isotropic temperature

f actors.

Change to anisotropic temperature factors, and refine 5 more

cycles (R should be below 4.5%) .

If the R-index is loll enough, residual electron density on the

difference nap may represent hydrogen positions. Check the

geometry, and if plausible bonding conditions exist, refine the

hydrogen(s) with fixed isotropic temperature factors

(U=0.015-0.020). If the position(s) of the hydrogen(s) does not

converge, then fix lhe positional parameters and refine to see if
donor-acceptor H-bonding conditions renain acceptible, and if the

R-index drops.

2.

?

1.

5.



Àfter stage 5, approximately 15 least-squares cycles

and the structure t,¡ill be refined to convergence.

supplemen¡ary, as the inlention of these experiments

cation polyhedraJ. geometries.

The R-indices reported have the following definitions:

R(obs) = E ( lFo l_ lFc | )/¡ lFo I

and

16

have been used,

Stage 6 is

is to inprove

Rw (obs ) = [Ew(lFol-lrcl)2/¡wnor)t/2, w=l

Bond length/angl-e data are used to assign cation coordina!ion nunbers

and to confirm 0-0 and O-H...0 geometries for hydrogen-bonding.

Enpirical bond-valence calculations, using lhe parameters of Brotrn

(1981), were used to determine anion type (o,oH,Hzo) and to confirm

that the refined structures have acceplable structural arrangements.

Structure factor tables for each refinement are in Àppendix À.

2.2 MINERÀL STRUCflRE REFINEI.ÍENTS

2.2,1 Cornetite

Cornetile crystals from Mine de L'etoile, Katanga, are subhedral prisms,

sky bJ.ue, and 0.3-1.Omm in size. À crystal fragment tras cut and shaped

(by shaving the edges r¡ith a razor) to an etlipsoid 0.16x0.20x0.24nm in

size. The experimental data for cornetite is listed in Table 2.1. Unit

cell errors are of reasonable magnitude, and the cell obtained matches

that of Fehlrnann et aL. (1964). The psi-scan gave a good absorption

correction, and onLy 3 reflections were rejected during reduction of the

rarr data (Notet reflections in all refinements are rejecled only during

lhe initial data reduction process, and are eliminated due to bad



backgrounds or

compatible lri th

asymne!r ic pea k

the space group

shapes ) ,

assignment

Systerna t i c absences

(Pbca ) of Fehlmann et

tt

are

al.

TABLE 2.1

Perti nent Datâ for Cornetite

Unit Cell: a = 10.854(1)Â
b = 1a.0s3 (3 )

c = 7.086(2)
v = 1080.8(3),{3

Space Group : Pbca

Part of Sphere
Collected: l octant

dens. (calc ) = 4.149/cn}
dens. (neas) = 4.109/cn3

R(obs) = 3.93% ;

Nurnber of reflect ions used
in cel1 determination : 25
No. Reflections ColIected : 1882
No. Reflections Rejected : 3

ToLal observed lnol l>3,0oIi 1572
Total Unique Observed lrol : lz¡l

No. of psi-scan reflections : 10
No. of psi-scan measurements : 360
Àbsorplion corr. R-nerge : 1.43%
min-max:0.058-0.097
cell contents : 8[cu3(Po4)(oH)3]

Rw(obs) = 2.97%

(1964).

The refinement procedure converged smoothly to an R-index of 5.56%

with an isotropic rnodel, and all atom positions of FehLmann et al.
(1954) are confirmed. Àniso!ropic temperat.ure variables brought the

R-index down to 3.93%. No signíficant electron density renained in the

difference-Fourier nap; Ëhus no hydrogen positions were located. The

refined atomic coordinates and anisoLropic thernal parameters are listed

in Table 2.2. The resulting bond lengths and bond angles are given in

Tables 2.3 and 2.4, respectively. There are no najor structural changes
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TÀBLE 2.2

Àtomic (fractional) & Thermal Parameters for CorneLite

v z U(equiv)x

cu(1) 0.48100(6) 0.62'131
cu(2) 0.19409(6) 0.253sr
cu(3) 0.50041(6) 0.4521;
P 0.3800(1) 0.38541
0(1) 0.2590(3) 0.41011
0(2) 0.4211(4\ A.4726t1
0(3) 0.4896(4) 0.3s96t
0(4) 0.3499(4) 0.30341
0H(1) 0.ss64(4) 0.33901
0H(2) 0.1822G) 0,31241
0H(3) 0.5343(4) 0.5679i

(5) 0.1876(1
(6) -0.09707((5) 0.3908(1
1) 0.2070Q
3) 0.0857(6
3) 0.3246(5
3) 0.0812(s
3) 0.3415(6
3) 0.5449(s
3) 0.6470(s3) 0.2sso(6

0.012't
0.01 28
0. 01 21
0.01 1 4

0.016(
0.013(
0.016(
0.015(
0.011(
0.013(
0.013(

¿t
2l
2l
¿.ì

)

)

)

)

)

)

)

Àni sotropic Temperature Fac lor s

,tu(11) u(221 u(33) u(23) u(13) u(12)

cu(1) 102(3) 166
cu(2) 11s(3) 1s8
cu(3) 9s(3) 128
P 9s(7 ) 149
0(1) 79(17], 243
0(2) 121(18) 127
0(3) 103(18) 249
0(4) 1s7(19) 1'Ì3
0H(1) 110(18) 110
0H(2) 139(18) 145
0H(3) 118(18) 131

4t
?ì
3)
7')
22
19
22
20
18
'19

19

112
110
140

98
165
152
131
115
100
95

148

3) 10
3) -8
3) -22
7\ -9
20\ -11
19) 33
19) 13
20) 13
201 -22
19) s
19) -3s

) l¿
)0
,b
9) -10
t ) -b
8) 27
tì -5s) 4
6\ -23
8) 10

3) -29{
3) -38(
3) 8(
5) -8(
16) 17(
11], 8(
16) 1e(
17) -s2(
1s) 17(
15) -21(
16) 20(

)

)

)

)

)
)
)

i.u(ij) = u(ij) x'1 0a (Å'z)

from the structure deterrnination of Fehlmann et al. (1964), although

interpretation of the structure is significantly different.

The bond-valence scheme for cornelite (Table 2.5) shows an acceptable

dislribution of bond-val.ences. From the observed O-0 distances (in
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TÀBLE 2.3

Selected Bond Lengths (Å) of Cornetite

cu(1)- 0H(3) 1.923(4)
" -0(3) I.940
" - 0H(2) 1.984
" - 0H(1) 1.996
" - 0(2) 2.47Ð
" - 0(4) 3.087

cu( 2 )- o(a) 1.921(4)
" -oH(1) 1.9s2
" - 0H(2) 1.966
" - oH(2) 1.988
" - o(1) 2.679
" - o(3) 2,'134

cu(3)- oH(3) 1.92s(4\
" - 0(1) 1.930
' - 0H(1) 1.988
" - 0(2) 2.023
" - 0(2) 2.280
" -o(3) 2.821

<Cu(1)-0> = 2 .233

0H(3)- 0(3) 2.919(6)
' - 0H(2) 3.901
" - 0H(1) 2.830
" -0(2) 2.119

oßl - oH(2\ 2.726
" - 0(2) 3.843
" - 0(4) 3,229

0H(2)- 0H(1\ 2.602
" - 0(2) 3.460
" - 0(4) 3.960

0H(1)- 0(2) 2.815
" - 0(4) 3.657

<Cu (2 )-0> = 2,207

o(4) - oH(2) 2.831(6)
" - oH(2) 2.804
" -o(1) 3.s73
" - 0(3) 4.028

0H(1)- 0H(2) 2.871
" - oHQl 2.602
" - 0(1) 2.679
" - 0(3) 2.89s

0H(2)- 0(1\ 3.294
" -o(3) 2,726

0H(2)- 0(1\ 3.527
' - 0(3) 3,732

<Cu (3 )-O> = 2.163

0H(3)- o(1) 2.886(6)
" - o(2) 2.'119
" - o(2) 3.092
" - o(3) 3.543

o(1) - oH(1\ 2.679
" -0(2) 3.225
" - 0(3) 3.908

0H(1)- 0(2) 2,849
" - 0(2) 2.81s
" -0(3) 3.378

0(2) - 0(2) 3.116- - 0(3) 2,459

<O-O>Cu(1) = 3.223 <O-O>Cu(2) = 3.130 <0-0>Cu(3) = 3.055

p-0(1) 1.518(4) o(1) -o(3) 2.491(6)
P - 0(3) 1.532 o(1) - o(2) 2,522
P - 0(2) 1.s36 0(1) - o(2) 2.s22
P - 0(4) 1.s41 o(3) - o(2) 2,459

o(3) - o(4) 2.514
<P-o> = 1.532 o(2) - o(4) 

3:33]
<O-O>P = 2.501

H-bonding di stances

0H(1) - o(4) 2,712
oH(2) - o(3) 2,727
oH(3) - 0(1) 2.651

Table 2.3), the proposed scheme of hydrogen-bond i ng in Table 2.5 seems

vaLid. Coordination assignments of copper are based on topological

considerations, and differ from Fehlmann et al. (1954). lfith copper in

[6]-coordination, the structure is nore amenable to interpretation than

if copper is considered as [5]-coordinate (see Chapter 3 for structural



TÀBIE 2.4

Selected Bond ÀngIes (o) for Cornetite

(o- cu(1 ) -o)" (0- cu(2) -0 )" (0- cu(3) -0)"

oH(3)-0(3) 98.2(21
" -o(4) 81.4
" -0H(1) 92,5
" -0(2) 75.4

o(3) -oH(2) 88.0
" -0(4) 76.2
" -0(2) 120.8

0H( 2 )-0 (4 ) 100.3
" -0H(1 ) 81 .7
" -0(2) 101.4

0H(1 )-c(2) 71 .4
" -0(4 ) 89.7

<O-Cu(1)-O>= 90.2

o(2) -0(4) 1s2.7e\
0H(3)-0H(2) 173.8
o(3) -oH(1) 160.7

(o

0(4) -0(3) 118.8(2)
" -0H(2) 93. s
" -0H(2) 91 ,4
" -0(1) 100.6

0H(1)-0H(2) 94.2
" -0H(2) 82.4
" -0(1) 58.6
" -0(3) 74.2

0H (2 )-0 (3 ) 68.7
" -0(1) 88.9

0H (2 )-0{ 1 ) 96.8
" -0{3) 103.0

<0-Cu (2 ) -O>= 90.1

0(1) -0(3) 134.8(2)
o(4) -oH(1) 166.7
0H (2 )-0H( 2 ) 171.7

P - O)o

0H(3)-0(1) 96.e(2)
" -0(3 ) 94.7
" -0(2) 87.0
" -0(2) 94.0

0(1 ) -0H (1 ) 86.3
" -0(3) 109.3
" -0(2 ) 99.3

0H(1)-0(3) 8?.s
0H(1)-0(2) 90.6
" -0(2) 82.0

0(2) -0(2) 92.3
" -0(3) s8.3

<O-Cu( 3 ) -o>= 89. 9

0(2) -0(3) 148.7(21
0H(3)-0H(1) 17s.3
0(1)-0(2) 16'1 .4

0(1) - 0(3) 10e.e(2) o(3) - o(2) 106.6
0(1) - 0(2) 111.4 o(3) - o(4) 109.8
o(1) - o(4) 110.3 o(2) - o(4) 

133:g
<O-P-O> = 109.5

description). The resulting octahedral. geonetries are very distorted,

wilh an extrerne degree of Jahn-Tell-er distortion. Bond-valence criteria
neilher negate nor support these coordination assignments.
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TÀBLE 2.5

Bond-VaLences for Cornetite

cu(1) cu(2) cu(3) P

1.328
1.263
t.¿t I
1.249

H(1) H(2) H(3) Eo-2

0(1 )

oQ)
o(3)
o(4 )
0H(1 )

oH(2)
oH(3)

0.070 0.498
0.113 0.179,0.375
0.482 0.062 0.051
0.030 0.512
0.407 0.465 0,417
0.422 0.404,0.445
0. s08 0.505

0.20 = 2.096
= 1 .930

0.20 = 2.072
0.20 = 1.991
0.80 = 2.089

0.80 = 2,071
0.80 = 1.813

EM' 1 .962 1 .958 2.025 5.117 1.00 1.00'1 .00

Bond-vaLence val.ues for hydrogens are ideal contributions

2,2,2 Clinoclase

Clinoclase crystaLs from the Roughton cill loca1ity, England, rrere

provided by the Geological Survey of Canada, National Mineral

Collection, cataLoque number - 18291. CrysLals are prismatic, 0,S-1.Omm

in size, and dark greenish-bIue. À shaped crystal fragnent,

0.18x0.24x0.28mm in size, tJas used for x-ray analysis. Experimental

data for clinocLase are listed in Tab1e 2.5. The unit cell reported by

chose et aI. (1955) r¡as confirmed by the automatic cell determination

procedure. The psi-scan gave a merging R of 5.34%, and a sphericaL

correction of the rarc data gave transnrission values of min=0.020 and

max=0.042. The calculated cel-l density closely maLches the previously

determined value. Systematic absences confirm the space group (p2r/c)

assigned by Ghose et al. (1965).
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TÀBLE 2.6

Pert inent Data for Clinoclase

Unit Cell: a = 7.260(1)Å Number of refLections used
b = 6.45?6(7) in cetl determination : 23
c = 12.386(21
ß = 99.50(1)" No. Reflections CoIlected: 1979
v = 572.8(1),13 No. Reflections Rejected : 13

space Group : p2,/c i:::Ì 3lüil"3ri:ll"å'Î;iî'i lrtl
Part of Sphere No. of psi-scan reflections : 10
Coll,ected : 1 quadrant No. of psi-scan measurements : 332

Àbsorption corr. R-merge : 5.34
dens. (calc) = 4,41glcn3 min-max : 0.020 - 0.042
dens. (neas) = 4.339/cm3 ce11 contents : ¿lcu¡(¡so¡)(oit)¡]

R(obs) = 4.45% ; Rw(obs) = 3.81%

ÀlL atom positions of chose et al. (1955) are confirmed. The

refinenent procedure converged smoothly to a final R-index of 4.45% with

anisotropic tenperature factors. Hydrogen atons were not located

because of the J.arge final R-index.

Refined atomic and thernal parameters are listed in Table 2.7. The

bond lengLhs and angLes do no! differ significantly from Ghose et aI.
(1965), (tables 2.8 and 2.9). However, an interpretation of the bonding

does differ. Oxygen-oxygen distances involved in donor-acceptor

hydrogen-bonding (Iisted in Table 2,8) seem valid choices when

considering the bond-val-ence distríbutions that result. The OH(1)-O(a)

distance is not Listed by Ghose et al. (1965), and instead a OH(1)-O(1)

distance is proposed for H-bonding which does no! comply with the

bond-valence scheme.
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TÀBLE 2.7

Atomic (fractionaL) a Thermal Parameters for Clinoclase

x v z U(equiv)

cu(1 ) 0,2123
cu(2) 0.8'163
cu(3) 0.3869
As 0.3087
0(1) 0.4149
oQ) 0,1623
0(3) 0.1798
0(4) 0.4711
0H(1) 0.780(
0H(2) 0.1912
0H (3 ) 0. 1808

Àn i so'

*u( 11

1) 0.6400(2) 0
1) 0.3813(2) 0
1) 0.3s31(2) 0
1) 0.149e('1 ) 0
8) 0.0710(9) 0
I ) 0.3423 (9 ) 0
8) -0.0s31(9) 0
8) 0.221(1) 0

) 0.2034(9) 0
8) 0.s943(9) 0
8) 0.1670(9) 0

ropic Tempera tur

IJQT\ U(3

17059(8) 0.0177(3)
12742(81 0.0159(3)
41260(8) 0.0183(3)
179ss(6) 0.0142(2)
0738(s) 0.018(2)
1348(4) 0.018(2)
2130(41 0.016 (2 )
28s4(5) 0.019(2)
4780(s) 0.02sQ)
3221 (4) 0.017 (2 )
4106(s) 0.021(2)

Fâctors

) u(23) u(13) u(12)

cu(1) 246(5\ 1si(s)
cu(2) 227(5\ 151 (s)
cu(3) 227(5, 183(s)
Às 16s (4 ) 146(4)
0(1) 177(27') 193(28)
0(2) 201(27\ 161 (27)
0(3) 1ss(28) 130(26)
0(4) 179(28) 2s1 (31)
0H(1) 423(38) 181(30)
0H(2) 225Q8) 181(28)
0H(3) 252(30) 199(30)

133(4) 7(4\
132(4) -2{2\
149(4) -28(4)
120(3) -5(3)
171(26], 19 (23 )
183 ( 25 ) -11 {24)
112{27 

' 
0(22)

158(26) -39(23)
15s(27) s(23)
123Q3]. -20(22
188(27) -20Q4\

50(3) 10(5)
40(3) 0(4)
64(4) -42(5)
35(3) 0(3)
62(21', 49,23l.
41(211 -10(24)
53Q2) -25Q21
47 l22l 35(24].
94126\ 54(271
47(21]. -s(23)
s7(23) -36(25)

'tu(i j) = u(ij) x 104 (Â'?)

Copper coordination geometries are very sinilar to Ghose et aL.

(1965), and the interpretation of Cu(2) and Cu(3) in square pyramidal

coordination remains. However, Cu('1 ) has an acceptab).e octahedral

geometry, rather than square pyrarnidal. À lopological descriplion of

clinoclase (see Chapter 3) does not favour the assignnent of Cu(2) or



TÀBLE 2.8

Selected Bond Lengths (,{) of Clinoctase

cu(1)- oH(1) 1.895(6)
" - oH(2) 1.938
" - 0(2) 1.993
" - 0(3) 2.074
" - 0(4) 2.332
" - oH(3) 2.871

<Cu(1)-O> = 2.233

oH(1)- 0(2) 2.786(8)
" - o(3) 2.89s
' - 0(4) 2.994
" - 0H(3) 3.166

0H(2)- 0(2) 2.819
" - o(3) 2.646
" -o(4) 3.090
" - oH(3) 3.646

0(2) - o(4) 3.627
" - oH(3) 3.233

0(3) - o(4) 2.923
" - 0H(3) 3.338

cu(2)- 0H(3) 1.90s(6)
" - 0H(1) 1.906
" -oH(2) 1.9s7
' - 0(3) 2.016
" -o(2) 2.s18

cu(3)- 0H(3) 1.915(5)
" - 0(4) 1.97't
" -0(1) 2.000
" - 0(1) 2.033
" - oH(2) 2.2',12

<Cu(2)-0> = 2.060

oH(3)- oH(11 2,752(81
" - o(3) 2.829
" - o(2) 3.233

oH(1)- oH(2) 2.770
" - o(2) 3.129

0H(2)- 0(3) 2.646
" - 0(2) 3.142

<Cu( 3 )-0> = 2.040

0H(3)- 0(4) 2.836(8)
" -0(1) 2.9s0
" - oH(2\ 2.912

0(4) - o(11 z.ssq
o(4) - oH(2) 3.237
0(1) -o(1\ 2,s41
' - oH(2) 3.433

<O-O>Cu(2) = 2.991 <O-O>Cu(3) = 2,9'15

Às - 0(2) 1.669(5)
" - 0(4) 1.676

o(2) - 0(4) 2.783(8)
" -0(3) 2.726
" -0(1\ 2.731

0(4) - 0(3) 2.788
" -0(1\ 2.'160

o(3) - 0(11 2,739

- o(3) 1.70'1
<O-O>Cu(1) = 3.097

H-Bonding 0-0 Di stances

" -o(1) 1.704

<Às-0> = 1 .688

0H(1) - 0(4) 2,944
0H(2) - o(3) 2.822
0H(3) - 0(2) 2.803

<0-0>Às = 2.755

Cu(3) as octahedral. ÀIso, the

distortions much greater than other

sixth closesl J.igands would produce

observed octahedral coordinations.



TÀBLE 2.9

Selected Bond ÀngIes (o) for CLinocLase

(0- cu(1) -0)0 (0- cu(2) -0)"

oH(3)-0H(11 92.5Q\
" -oH(2) 175.8
" -0(3) 92.3
" -0(2) 92.9

0H(1)-oH(2) 91.6
" -0(3) 171.9- -0(2) 88.9

oH(2)-0(3) 83.s
' -0(2) 88.3

o(3) -0(2) 9'1 .4

(0- cu(3) -0)"

oH(1)-oH(2)
" -0(2)
" -0(3)
" -0(4)
" -0H(3)

oH(2)-0(2)
" -0(3)
" -0(4)
' -0H( 3 )

0(2) -0(3)
" -0(4)
" -0H( 3 )

o(3 ) -0(4)
" -0H( 3 )

o(4) -oH( 3 )

175 .4 (2\
91 .5
02 a

89. 6
80.4
91.6
82. s
92.3
96,'7

162.6
113.8
81 .2
82,9
83.3 0(2) - o(4)
162.4 ' - 0(3)

" - 0(1)

0H (3 )-0(4 ) 93.5 (2 )
" -0(1 I 172.7
" -0(1 ) 96.5
" -0H(2) 90.0

o(4) -o(1) e3.4
" -0(1) 153.3
" -0H (2 ) 99.0

0(1) -0(1) 78.1
" -0H(2) 86.7

o(1) -oH(2) 10s.6

(o - ¡s - o) o

112.6(3) o(4) - o(3) 111.3
108.0 " -0(1) 109.5108.1 o(3) - o(1) 

131=]
<0-As-0> = 1 09.4

TÀBLE 2. 10

Bond-Valences for Cl i noc Ia se

cu(1) cu(2) cu(3) Àà H(1)H(2) H(3) Eo-2

0.364,0,402 1.175
0.412 0.101 1.2'19

0(1 )
0(2)
0(3)
0(4)
0H( 1)
0H(2)
0H(3)

0.323 0.383
0.160
0.555 0.53s
0.485 0.459 0.187
0.050 0.538 0.520

1.183 0.14
0,432 I.258 0.10

0. 90

='1 .941
0.15 = 1.942

= 2,029
= 1.95
= 1.99
= I qq

0.8s = 1.99
0. 86

¿M-',l .98f 2.015 1.905 4.895 1.0 1.0 1.0

Bond-valence val-ues for hydrogens from curves of Bror¡n (1975)
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2,2.3 Euchroite

Euchroite from Copper CIiff, Montana, uas provided by the Geological

Survey of Canada, Na!ional MineraL Collection, calalogue number - 65222.

Stubby prismatic crystaLs, 1-5mm in size, are enerald green. À crystal

fragment was shaped to a form intermediate between a cube and a sphere,

with a síze of 0.28mm diameter, Experimental dala for euchroite are

listed in Table 2,11. The unit ceLl data agrees with that of Finney

( 1966). Data collection proceeded smoothLy r¿ith a good absorption

correction, and only 3 reflections were rejected. ÀJ.though this mineral

structure is non-centrosynnetric, only an octant of lhe reciprocal

sphere Has collected, because it was felt that no additional resoLution

was obtainable with a quarter sphere. Systematic absences confirm the

TABLE 2. 11

Pert i nent Data for Euchroite

Unit CeLl: a = 10.055(2)Â Number of reflections used
b = 10.506(2) in ceLl determination : 25
c = 6.103(2) No. Reflections ColLected : 118?
v = 6aa.8(3).{3 No. Reflections Rejected : 3

Total observed lr, I t>3.0øI: 1118
Space croup I P2t2t2t Total Unique Observed lf¡l : 1061

Part of Sphere No. of psi-scan reflections : 11
Collected : 1 oclant No. of psi-scan measurements : 396

dens.(car.c) = 3.47qlcm3 *l;:;::t:'o:3i;'--õi3;1" 
i 2'e6%

dens. (rneas) = 3.449/cm3 cell contents : 4lcu2AsO4(oH).3Hr0]

R(obs) = 3.73% ; nw(obs) = 3.57%

spâce group (P212121) assígned by Finney (1966).
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Structural refinement converged rapidly betow 8% upon refining aIL

aton positions corresponding to those of Finney (1966). The free

isotropic model refined to an R-index of. 4.6%, Ànisotropic refinenent

yieJ.ded one p).ausible hydrogen position at an R-index ot 3.'19%, Free

positional refinenent of the hydrogen failed. The hydrogen position was

fixed and two cycles of refinement were then done. Refinernen! gave a

good H-bonding geometry with a final R(obs) of. 3,'13%, The refined

atomic coordinaLes and thermal parameters of euchroite are listed in

TabLe 2. 12.

Bond lengths and bond angJ-es of euchroile are listed in Tables 2.13

and 2.14. The bond lengths of Cu(1) and Cu(2) show litlle change from

Finney (1966), but the ÀsO4 geonetry is significanlly different. The

mean <Às-0> distance is greaLer than Finney's, and his bond lengths

deviate nore from Èhe mean, The bond-valence sum on Às (TabLe 2.15) is

sliqhtly low, but the overall bonding arrangement proposed is good. The

0-0 dislances relevant to H-bonding differ from Finney (1966), and they

are supported by the bond-valence distributions in Table 2.15.

The coordínation number of Cu(2) r¡as originally considered to be [5],
but requires a new int.erpretation. Cu(2) is clearJ.y in very disLorted

octahedral coordination, rather than square pyrarnidal coordination

(Finney, 1966). The resulting topology is different (discussed in

Chapter 3), and establishes ne$, slructural relationships with several

other mi ne ra l. structures.



TÀBLE 2. 1 2

Àtomic (fractional) & Thermal Parameters for Euchroite

v z U(equiv)

Cu( 1 ) 0.2562
cu(2) 0.199s
As 0. 3906,
0(1 ) 0.3270
0(2) 0.3028
0(3) 0.s478
0(4) 0.3885
0H 0. 1s29
0w(1) 0.2789
ol,r(2) 0.0703
olt(3) 0.0668
H 0.058

1)
1)
/a
'7)
7)
b,
7)
b)
7)
7\
8)

-0.0087 (1

0.2492{.1
0.23582 (
0.1686(6
0. 1845 (6
0.1815(6
0. 3936 ( s
0.0663(6
0.4188(6
0.0s50(7
0.3110(7
0. 069

0.4585(2) 0.0174
0.6667 (21 0.0184

10.2176(2\ 0.0159
0.456(6) 0.019(
0.0032(1) 0.021(
0.18s(1) 0.019(
0.248(1) 0.020 (

0.709(5) 0.019(
0.639(1) 0.021(
0.2221) 0.029 (

0.2't6{1) 0.031(
0.691 0.020

3)
3)

)

)

)

)

)

)

)

)

Àn i so!ropic Temperature Factors

r.u(11) uQ2\ u(33) u(23) u(13) u(12)

cu(1) 200(s)
cu(2) 18s(5)
Às 159(4)
0(1 ) 219 (31 )
o(2) 224(31ì|
0(3 ) 16429',)
o(4) 212ß0')
oH 173Q9',)
o}¡(1) 217(3s)
0I.¡( 2 ) 2s8 (34 )
ow(3) 281(35)

5e(5) 162(41
51(s) 218(5)
53(4) 165(4)
50(30) 186(32
75(30) 219(34
97 (28) 209 (36
38 ( 24 ) 257 (37
95(28) 201(30
83(30) 235(34
70(33) 3s3(41
3s(37) 300(39

6

-10
J

-26
0

18

-14
1'l
I

-40
38

¿ì
s)
¿ì
27
21
29
25
29
27
35
38

-22(4'' -8 (3 )
32141 0 (4 )
s(3) -10(3)

-s3(27) -1sQ6)
-43(31) -32Q'1)
-19(25) 17(24)
-43(30) -20Q5)
-4(28) 6(23)

-46 (28 ) -31(24)
42ß6) -46(28)

-38(36) -52(31)

*u(ij) = u(ij) x 104 (Â'z )

2,2,4 Eiroconite

Liroconite from Cornwall, England, was provided by the Mineral

Sciences Division, National ttuseum of Natural Sciences, Ottawa,

catalogue number - 39859. Subhedral crystaLs, 0.5-2.0nrn in size, are



TÀBLE 2. 1 3

Selected Bond tengths (Â) of Euchroite

cu(1)- 0H 1.928(7) cu(2)- o(3) 1.918(?) Às - 0(2) 1.668(?)
" - o(2) 1.es21l " - ol,l(1) 1.960(?) " - o(4) 1.658(6)
" -oH 1.962(71 " -oH 1.994(6) "-o(3) 1.692rc:)
" - 0(1) 1.e96(7) " - o(1) 2.004(7) ', - o(1) 1.?38(7)
" - oI,t(2) 2.381(8) " - 0(2) 2.399(1)
" - 0¡,l(2) 2.491(8) " - otl(3) 2.806(8) <Às-0> = 1.692

<Cu(1)-O> = 2.118 <Cu(2)-O> = 2.180

- 0(2) 2.653(11) o(3) - oI,l(1) 2.768(1|1) o(2)-o(4) 2.791(sl
- o(1) 2.898 " - oH(1) 2.926 " -o(3) 2.702ßl
- oll(2) 3.241 ,' - o(2) 3,142 ,' -o(1) 2.7?8(10)
- ow(2) 3.062 ,' - ol,l(3) 3.297 o(4)-o(3) 2.711(91
- oH 2.9s4 of,l(1)- 0(1\ 2.897 " -o(1) 2.754(9)
- ow(2) 3.017 ,' - o(2) 3.32s o(3)-o(1) 2.772(10',,
- oI,t(2) 3.303 " - ol,r(3) 3.277
-O{1) 2.5'11 OH -0(1) 2,571 <O-O>Às = 2.761
- ow(2) 3.062 " - o(2) 2.653
-oI,l(2) 3.088 " -ol,r(3) 3.787
-0ll(2) 3.037 0(1) -o(2) 3.354
- 0I,l(2) 3.182 ol,r(3)- o(1) 3.208

H-Bonding Di stances

<0-0>Cu(1) = 3.005 <0-0>Cu(2) = 3.100

0r,¡(1)- 0(4) 2.643(111
0w(1)- 0(4) 2.676
oli(2)- 0I,¡(3) 2.708
0r{(3)- 0(3) 2.825

H - 0H 0,96
H...0(4) 1.'19

OH

0(2)

OH

o(1 )

bluish-green. À crystal fragment was ground into a sphere 0.32rnm in

diameter. ExperimentaJ. data for liroconite are Listed in Table 2.16.

The unit celL obtained agrees with that of Kolesova & Fesenko (1968). À

quadrant of the reflection sphere was collected, and the psi-scan data

yieJ.ded a very good spherical absorption correcLion (R-merge=1 .53%).

0nly five reflections were rejected during data reduction. SystemaLic

reflections indicate that the a-91ide may not be present because a

significan! number of h0L-reftections exist (18 refl-ections with I>3øi;
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TÀBLE 2. 14

SelecLed Bond Àng1es (o) for Euchroite

(0- cu(1) -o)"

0H -0(2) 86.3(3)
" -01¡(2) 86.7
" -0(1) 95.2
" -0Ì,¡(2 ) 97.0

0(2) -0H 98.0
" -0I,¡(2 ) 9s.3
' -0I^l (2 ) 8'1 .'1

0H -0(1) 81.0
' -0I,l(2) 89.1
" -0I,¡(2 ) 86.9

o(1) -ol¡(2) 87.4
" -0I,I(2 ) 89.5

<0-Cu-0> = 90.0

0}¡(2)-0I,¡(2) 17s.4
0H -0H 172.6
0(2) -0(1) 174.9

(0- cu(2) -o)" (o- ¿s -olo

0(3) -0w(1) 91.1(3) o(2) - o(4) 113.6(3)
" -0H 96.8 " - 0(3) 107.1
" -0I,l(3) 86,2 " -o(1) 109.3
" -0(2) 92.'1 o(4) -o(3) 111.1

ol¡(l)-oI,¡(3) 84.9 u - o(1) 107.9
" -0(1) 93.9 0(3) -o(1) 107.8
" -0 (2 ) 98.9

0H -0(1) 80.0 <O-Às-O> = 109,5
" -0 (2 ) 13,1
" -0I,¡(3) 102.7 oH - H...0(4) 158

0(1) -0(2) 98.8
" -0!l(3) 81.8

<0-Cu-0> = 90. 1

0(2) -0I.r(3) 176.2
0(3) -0(1) 166.5
0!r( 1 )-0H 169,2

and

for

3 reflections with I>10or). The violations are a ',borderline case,,

the need to change the symmetry.

The original space group assignment was used in this refinement to

see if the structure could be refined tiithout changes. The R-indices

dropped quite low using the starting model of KoLesova & Fesenko (1969),

and an anisotropic model gave a final. R(obs)=4.20%. This model is quite

sufficient for the purposes of this study, and further refinement of the

structure shall be left to publication outside the bounds of this

thesis. I{ith these factors in mind, the atomic coordinates and thermal

parameters are listed in Table 2.17.



31

TÀBLE 2. 15

Bond-Valences for Euchroi te

cu(1) cu(2)

01 0.407 0.397
02 0.462 0.135
03 0.5'15
04
0H 0.455,0.498 0.415
0I,r1 0.454
ol,r2 0.140,0.101
0I,¡3 0.053

H1 HW1 HW1 ' HW2 Hvl2' HW3 HW3, XO-2

1.08t
1 .282
1 .212
1 .282

= 1.88s
= 1.879

0.15 = 1.878
0.20 0.25 0.23 = 1,972
0.79 = 2.158

0.75 0.7'1 = 1,974
1.00 0.80 = 1.941

0.20 1.00 0.85= 2.103

xM-= 2.058 1.970 4.8s7 0.99 1.00 1.0 1.00 1.00 1.00 1.00

Bond-vaLence values for hydrogens are .f rom curves of Brown (19?6)

Bond lengths and bond angles of liroconite are listed in Tables 2.iB

and 2,19, The bonding geometry of the polyhedra are aLl slightty

nodified from previous work. The Às-O distances were quite torl in the

report of Kolesova & Fesenko (1958), with <Às-O> tess than 1.62Â. Thus

the bond-valence conditions of such a model were unrealistic, unl.ess

significant substitution by P is present. The bond-valence scheme

proposed (Table 2.20) includes hydr ogen -bond i ng that is based on the O-O

distances in Table 2.18. The bond-valence sums satisfy the bonding

requirements of aIl the atoms except O}l(1), which is slightly
underbonded. The interpretâtion of coordination number for Cu remains

the sane as the previous authors, and the topological interpretalion is

also unchanged (see Chapter 3).
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TÀBLE 2. 1 6

Pertinent Data for Liroconite

Unit CelI: a = 12.655(3)Â
b = 7.s62(2)
c = 9.8'1'1 (21
ß = 91 .28(21
v = 944.9(4)Â3

Space Group : 12t/a

Part of Sphere
Collected:'1 quadra n t

dens. (calc) = 3.05g/cm3
dens. (meas) = 2,93g/cn3

R(obs) = 4.20%

Number of reflect ions used
in cell determination : 25
No. Reflections ColIected : 3313
No. Reflections Rejected : 5

TotaI observed lro I I>3.0"I: 3208
TotaJ. Unique ObÄerved lro | : 1¡1¿

No. of psi-scan reflections:8
No. of psi-scan neasurements : 288
Àbsorption corr. R-ner9e : 1.53%
min-nax:0.033-0.065
Cell contents:4 [Cu2A] (ÀsO4 ) (OH)4 .4HzOl

; nw(obs) = 4,1'1%
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TÀBLE 2.'17

Àtomic (fractional) & Thermal Parameters for tiroconite

x v U(equiv)

cu(1) 0.53091(
Às 0.7500(0
À1 0.5000(0
0(1) 0.6435(3
o(2) 0.?4s5(3
0H(1) 0.s245(3
0H(2) 0.s412(3
ow(1 ) 0.6843(4
0I,¡(2) 0.6'109{4

) 0.7218(1) 0.77032(
0.s4s9(1) 0.5000(0
0.s000(0) 0.s000(0
0.4195(6) 0.4938(4
0.6743(6) 0.638?(4
0.s947(6) 0.6740(4
0 . 77s9 (6 ) 0 .922'1 (4
0.3792(8) 0.8394(6
0.9929(7J 0.6210(4

0.01 50 (2 )
0.01s7(2)
0.0104(s)
0.011(1)
0.017(1)
0.020(1)
0.017(1)
0.042(21
0.030 ( 1 )

An i sotropic Ternperature Factors

*u(11) uQ2) u(33) u(23) u(13) 12)U(

cu(1 ) 123
Às 151
Al 97
0(1 ) 127
0(2) 124
0H( 1 ) 189
0H(2) 14s
0I.l(1) 418
0I,l( 2 ) 349

3) 220(41 10?(3)
4) 19s(4) 12s(4)
9) 144(10) i1(8)
17) 194(19) 189(18
17) 253Q1l 125(1'1
19) 2s6Q2\ 113(17
18) 199/20). 16i(18
31) 460(34) 393(30
26) 339 ( 26 ) 223 Q1

46(
0(

-4(
11(

-ð I

-42
3'1

-21'l
2

16
t5
27
20

7 Ql -20Q)
-3(3) 0(0)
-6(7) -6(8)
-2(14\ -11 (15
13 (13 ) -2e(6
-4(14) -63('17
251141 18(1s
21(24]. 48Q1
i0(19) 100Q2

+.u(i j) = u(ij) x 10a (Âr)



TÀBLE 2.18

SeLected Bond Lengths (Â) of Liroconit.e

cu - 0H(1) 1.894(7) ÀL - 0H(1)x2 1.88 1(7) Às - O(1)x2 1.6s1(7)
" - 0H(2) 1.948(7) " - o(1) x2 1.960(7) " - o(21x2 1.681(?)
" - 0(2) 1.951(7) " - oH(2)x2 1.919(7)
"-0(2) 2.001(i) <Às-o> = 1.656
" - 0li(2) 2.535(8) <ÀI-o> = 1.912
" - 0I,¡(1) 2.759(8)

<Cu-O> = 2.181

0H(1)- oH(2) 2.817(11)
" -o(2) 2.890
" - 0Ii(2) 3.350
" - 0I,l(1) 3.044

0H(2)- 0(2) 2.80s
" - 0l¡(2) 3.531
" - 0lr(1) 3.609

0(2) - 0(2) 2.4'79
" - oI,¡(2) 3.216
' -ot¡(1) 3.497

o(2) - ol.l(2) 2.9s4" - ow(1) 1=931 g[]l _.i[1ì 

".lgïi:ái
<0-0>cu = 3.099 0I{(2) - 0H(2) 2.904(6)

0!r(1) - 0!¡(2) 2.786Q)

0H(1)-o(1)x2 2.70s(10)
" -o(1 )x2 2.670
" -oH(2)x2 2.681 o(1)-o(2)x2 2.709(9)
" -oHQ)x2 2.'117 o(2)-0(2) 2.'145

o(1\ -ou(2\x2 2,727 o(1)-o(1) 2.693
" -oïo)x2 2.723 o(1)-o(2\x2 2.734

<0-0>Al = 2.704 <0-0>Às = 2.712

Ðonor-Àcceptor H-Bonding Di slances
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(o- cu -o)o

oH(1)-0H(2) 94.3(3)
" -0l.r(1) 79,3
" -0(2) 95.7
" -ol.t(2) 93.3

oH(2)-ol,l(1) 98.6
" -0(2) 92.0
" -0l.¡(2 ) 103. 1

0(2) -0(2) 7't.7
' -0I,¡(2 ) 90.6

-0w(1 ) 94.3
o(2) -ol,t(2) 80.3
" -0I,¡(1) 79,3

<0-Cu-0>apical=89. 9

oH(1)-0(2) 1'11.'1
oH(2)-0(2) 169.2
ow(1)-oIi(2) 157.s

TÀBLE 2. 19

Bond Àngles (o) for tiroconite

(0- At -o)"
(o- Às -o) "

oH( 1)-o(1) x2 90.?(3)
" -o(1) x2 89.3(3)
" -oH(2)x2 89.2(3)
" -0H(2)x2 90.7(3)

o(1) -ott(1)x2 89.9(0)
" -oH(2)x2 90.1(3)

<O-Al-O>apical= 90.0

oH(1)-0H(1) 180.0
oH(2)-oH(2) 180.0
o(1 ) -0 (1 ) 180.0

0(1)- 0(1) 109.3(3)
" - 0(2)x2 110.3
" - 0(2)x2 108.8

0(2)- 0(2) 109.4

<0-As-0> = 109.5

TÀBIE 2.20

Bond-valences for Liroconite

Cu À1 Às H1 H2 HWI HW1' Hv¡2 HW2' EO2-

01 0.485(x2)¡ 1.337(x2)¡ 0.16 = 1.982
02 0.401,0.466 '1.242G2\, = 2.109
0H1 0.557 0.536(x2)¡ '1.00 0.15= 2.093
0H2 0.4't1 0.4s6(x2}i 1.00 . 0.09 = 2.026
oÌ,11 0.058 0.84 0.85 = 1.748
o¡.¡2 0.097 0.150.91 0.85= 2.00?

EM-= 2.050 2.972 5.158 1.0 1.0 1.0 1.0 1.0 1.0



Chapter III
À STRUCN'RÀL CTÀSSIFICÀTION OF CUT+ OXYSÀIT I,IINERÀLS

The structures of the Cu2* oxysalt minerals are described and classified

in this chapter using lhe method of Har¡thorne (1983). This approach

illustrates the structural símilarities and differences between the Cu

oxysaJ.ts and other oxysalts, regardl-ess of the Jahn-TelLer effect.

3.1 CLÀSSIFICÀTION CRITERIÀ

Using the ideas of bond-valence theory (Brown, 1981), Hawthorne (1983)

has devised a scheme for the structuraL classification of aII oxysalt

minerals, based on the polymerization of those coordination polyhedra

r+ith higher bond-valences. This method of classification is

hierarchicaJ., incorporating aIl the different chemical- groups of oxysalt

minerals (as listed in Table 1.1) and reorganizing them int.o a sensible

sLructural fornat.

Structural categories are arranged according to the increased

dimensionality of polyrnerization of the more tightly-bonded cation

polyhedra. In general, cations with Lewis acidities greater than 0.3

valence units (v.u. ) (coordina!ions s6 and charges >-Zl form

tightJ.y-bonded units. The categories of classification are:

f. isolated Polvhedra - structures involving no polynerization of

bhe cat ion polyhedra; hydrogen-bonds and weakly bonded

high-coordinatíon cations hold the strongly bonded polyhedra

together.
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2. Finite Clusters - poJ-ymerization of strongly bonded polyhedra

form finite cLusLers which are interconnected in the same way

the i solabed polyhedra.

3. Infiq!te Chains of Polyhedra - one dímensionaL

1'1

to

as

strongly bonded polyhedra, Iinked logether by

and interchain higher-coordinaLion cations

three-dimensional structure.

polymerizat ion of

hydr ogen-bond í n g

to forn a

lnfinite Sheets of Polyhedra - polymerization of strongly bonded

polyhedra in Èwo dimensions, the third dimension of bonding

consisting of hydrogen-bond i n g and weakLy bonding interlayer

cat ions.

Frameworks of Pol-vhedra - polyhedraJ. connectivity of strong bonds

in three dimensions, rlith void space possibly occupied by more

weakly bonded chenical un i ts.

Structures within the 5 main categories are arranged according to Èhe

degree of connectivity of their polyhedral units, and by increasing

structural complexity: eg. (1) groups of corner-sharing chains followed

by edge-sharing chains; Ql simpLe Cu-octahedral sheets, followed by

compJ.ex rnixed polyhedraJ. sheets, These latter subcategories are not

nade by Hawthorne (1985a, 1986), but they are convenient for the

description of this large farnily of inler-related Cu2* oxysalt

structures. The framework structures have been arranged into three

subgroups wilh polymerized structural components that resemble the other

structural categories. These subgroups allon for structural comparisons

riith the other rnajor cat.egories.

L



Many of the structural drawings presented in

done wilh the aid of STRUPLO, a plot progran by

3.1 shows the scheme of polyhedral shading

throughout this thesis. Coordinations of

3B

this cLassif ication we re

Fischer (1984). Table

used in the drawings

cat ions are given as

TÀBLE 3.1

Shading Scheme For polyhedral Drawings

There are two schemes of shading: 1) STRUPLo, l,¡ith lines;
2) patterned sketches. These tr¡o styLes are uáed together.

I. STRUPLO Shaded PoJ.y hecìra

1. t et ra hed ra

2. oc tahedra

I I . OLher Types of

h
M

A
@

Shading

''i:i;ål:î'å,?lr,u, a a
2. planar eroups - ;:ïå;;rî:: A I
'':::iåîi:Ë,ål:3'ïí ffi qm

æ MÊ<rðs/

superscripts to lhe lef! of M, À or T cations, or in square brackets.
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3,2 ISOIÀTED POLYHEDRÀ ÀND FINITE CLUSTERS

This is the smalles! structural group in the Cu2* oxysalt family; TabIe

3.2 lists the minerals invoLved, The structural delermination of

Àubertite (cinderow and Cesbron, 19?9) shows Cu2* in typicaL J-T type

coordination !rith 2long and 4 short Cu-O bonds. The isolated poLyhedra

are aIl linked by hydrogen -bond i n g from H20 groups (figure 3. 1 ) .

Interestingly, the chlorine Íon is not part of any coordination

TABLE 3.2

Isolated Polyhedra and Finite Clusters

Aube r t i te
Boothite
Cyanochroite
Henmi 1i te

CuAl ( S0¡ ) zCL 14Hz0
CuSo4.7H20
K2cu(S04).6H20
ca 2cu (oH )4 [s(oH) ¿ ] z

polyhedron.

Boothite is an end-member of the M2.SO4.7H2O series. The boothite

structure itsel-f has not been solved, but axial ratios and optical data

(Palache et al., 1951) show it to be isostruclural with the Fe-menber,

me).lanterite (Baur, 1964). The structure (nigure 3.2) is a simple

arrangement of layers of isolated tetrahedra and octahedra, aII hydrogen

bonded into a Iow-density, layered packing scheme. The substitution of

Cu for Fe and Co, without the first order J-T effect, is possible

because of the flexibility of the hydrogen -bond i ng scheme (Fe2. does

possess the weak second order J-T effect, but it is snall; discussed in

Chapter 4 ) .
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Àn oblique view down the a-axis;
large solid circles - chlorine;
medium solid circles - oxygen;
small open circles - hydrogen
banded octahedra - À13 *

open shaded octahedra - Cuz'
shaded tetrahedra - S6*

Figure 3.1: Structure of Àubertite.

Figure 3.2: M2*sO4'?Hzo Structure. (a) down the c-axis; (b) down the
b-axis; oxygens are solid circles, hydrogens are small ópen circles.
Notice the tet rahedral-oc tahedra 1 layeriñ9 on (100), and the compJ.ex

network of Hz0 and hydrogen-bondi ng
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CyanochroiLe is a naturaL analogue of the common Tutton Salt series:

Àt2M2*(x6to4).6H20. The M2* and X6* polyhedra are bonded by high

coordinated À- and HzO groups into a Low-density, Ioosely packed

structure (figure 3.3). As in booLhite, the geometry of the M2*

poLyhedron is very flexibLe, and allows the substitution of

Mg,Zn,Ni,Cu,Cd,l'ln,V,Fe and Co (Brown and Chidambram, 1969). Bond

lengths of the weakly bonded À- ions and hydrogen-bonds (from the Hzo

molecules) are flexible enough to alLow the M-site substitutions. The

A- site is [8]-coordínate in cyanochroi!e, but varies from [5] to [11]

in other Tutton SaLts (Baur, 1973), further attesting to the flexibility
of the structure.

Hennilite is the only member of the finite cluster category. ii is

an unusual borate compound, because the borate letrahedra are not

polymerized to one another. Hydrogen íons give large bond-valence

contributions to the tetrahedra and prohibit poì.ymerization. Figure 3.4

shorqs the loosely packed arrangement of isolated corner-sharing

tetrahedral-octahedral-teLrahedral trimeric clusters, held neakly

together by [8]-coordinate Ca2*. In fact, this structure is so loosely

packed t.ogether and fragile that it decomposes under an electron beam

analysis (Nakai, 1985). Nakai (1985) reports the Cu as square pi.anar

coordinated. However, the bond-valence sum on copper indicates a value

of 2.00v.u. when in very dislorted six coordination, and this

interpretation shows that sone polymerization is present,. Considering

the Cu in six coordination also reveals the similarity to the bloedite

group of struct,ures (Hawthorne, 1985b) , which consist of trimeric

cluslers held together by large highly-coordínated cations.
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Figure 3.3 : Structure of
viewed down the b-ax i s.

Cyanochroite. (a) a view down the c-axis; (b)
Circles are K. ions; HzO groups and hydrogens

are not shown.

Figure 3.4: Structure of Henmilite. (a) viewed down t,he c-axis, the
highly coordinated Ca cations (solid circLes) weakly hold the trímeric
clusters together; (b) an oblique view down the a-ãxis, showing the

loosely bound a r ra ngemen t.
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It is interesting to note that the tetrahedral cations found in this
group are usuaLly hexavalent. Harlthorne (1985a) noted !hat there are no

pentavalent or quadrivalent cations in the isolated or cluster type

polyhedral structures of his classification. Weak interpolyhedral

bonding can usually onLy satisfy the bond-valence requirenents of the

hexavalent cation tetrahedra, whereas, lower charged tetrahedral cations

require polymerization. HenmiLite is the obvious exception to this
trend, and is also unique for borate conpounds, which are usually

polymerized.

3.3 iNFINITE POLyHEDRÀL cHÀINs

3.3. 1 Corner-Sharino Chains

The mcst loosely linked chain structure is chalcanthite (nigure 3.5).

0ctahedra and tetrahedra share only tt.to corners each to form wavy chains

along the b-axis; HzO groups Link these chains together by

hydrogen-bonding. Because of the Iow connectivity of the octahedra, lhe

I'12*X6*04.2H20 series can accept Mg2* and Cr6* into its structure as well

as Cu2* and 56* (Baur & Rolin, 19121 . The Jahn-Te]Ier effect does not

linit substitution in this case.

The kröhnkite structure (r'igure 3.6) was refined by Har,rthorne and

Ferguson (1975). Hah'lhorne and Ferguson (197]'t then refined roseLite

ICa(l'lg,Co)Às042:2H20] and brandtite (the tfn-analogue), and found all
three ninerals to be isostructural. The lt2*T2Oa-chain (figure 3.6) is

apparentLy structurally convenient for Au2*(TO4)2.H20 minerals, and also

occurs in the faÍrfieldite and messelite series of structures
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À.

c.

B.

TÀBLE 3.3

Inf inite Polyhedral Chains

Corner-sharing (6M & aT) chains:

Chalcanlhi te CuSo¡ .5H20
Kröhnk i te Na2Cu(SO{ ) z.2HzOCuprocopiapite CuFe 4.3 (SO4 ) 6 (OH )2.20H20

6M-chains sharing edges with 3-aT:

Chalconatron i te Na2Cu(COr)2.3H20
chlorothi on ite K 2cu (So4 ) cl2

Edge-sharing 6M chaíns:

i. Without teLrahedra -
Eriochalcite
ChI or ox iph i te

ii. With tetrahedra -
Caledonite
Linarite
Schmieder i te
For nac i te
VauqueLinite

CuC I z 2H z0
Pb 3Cucl 2 (0H)202

Pb5Cu2(CO3 ) (SO¿ ) ¡ (OH) 
e

Pbcu (so { ) (oH),
Pb zCu z (Seo¡ ) (seo3 )(oH)4
Pb 2cu (cro4 )Aso4 (oH)
Pb2cu(cro4)(po4)(oH)

(Hawthorne, 1985a). The ocLahedral distortion found in kröhnkite is
repeated in the oclahedra of the roseLite and brandtite struclures,

aJ.though Ì'lg and Co do not exhibit the J-T effec!. This inLeresting

feature wiIl be dealt with in Chapter 5. Large interchain cations

provide structuraL support and linkage for the M2*TzO¡-chains,

The structure of cuprocopiapite has not been solved, but the cell
dimensions, symmetry, and composition (Berry, 1947) indicate that it is

ísostructural- with copiapite, Cu replacing Mg. The slruct,ure (Figure

3.7) shows Fe3t-octahedrat and SO4 -t et rahedra ). corner-sharing chains



Figure 3.5: ChalcanEhite Structure. (a)
H20 hold together the wavy corner-sharing

along b-ax is.

ffiffi

M
M

down [001]; (b) down [100] ;
te!rahedraL-octahedraL cha ins

%
wfr

%
wfr

Figure 3.6:. Kröhnkite Structure. (a) the Ì12*Tz0¡ chain viewed down thea-axis; (b) t¡e chains and linking interlayei cations, viewed down
[001], to illustrate t,he pãcking.
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hydrogen-bonded to isolated Cu-octahedra by H20 groups, Clearly, bond

length requirements at lhe copper site are flexible, as the H-bonding

netHork can buffer bond Iength variations from l.lg->Cu.

3.3,2 0ctahedlral Chains Edqe-Sharino With 8+.T-orouos

This small group is based on unique edge-sharing by J-T distorted

Cu-octahedra with complex oxy-anions. Chalconatronite (Figure 3.8)

couLd be categorized with corner-sharing chains, and chlorothionite
(figure 3.9) with the edge-sharing chains. The connectivity of croup B,

in TabIe 3.2, is therefore !ransitional between groups À and C.

Chalconatronite was originaLly described by t'fosset et al. (1978) as

having Cu in sguare pyranidal coordination, and this presented problems

in classifying the structure. Harlthorne (1986b) described the Cu rlith ä

very distorted [6]-coordination, which conveniently pJ-aces the structure

into the octahedral chain category. Chains of Na-octahedra weakly bond

the Cu-chai ns together.

Chlorothionite is an interesting structure. The Cu2* environment has

21ong and 2 short Cu-Cl bonds, and two short Cu-O bonds (Giachovazzo et

aL. 1976), and the oxygen edge shares an edge with the sulfate

tetrahedron. Figure 3.10 shows the edge-sharing t,e t rahedra l-oc tahedra l
group, and as suggested by the geometry, there is cation-repulsion

perpendicular to the shortened shared edge. The Cu-octahedra share

edges to form chains, and K* ions bond together lhe chains,



Fe-SO¡ polyhedraL chains and
isolated Mg octahedra H-bonded
toge¡her. Cu can replace Mg,
forming c uproc op i api te.

Figure 3.7: Copiapite Structure

[._ a _____rl

Figure 3.8: Chalconatronite Structure. Edge-sharing chains viewed donn
the c-axis; note lhe extreme octahedral distor!ion ánd shorter sharecl

edges; from Hawthorne 1985b,

T
b

J



Figure 3.9: ChlorothioniLe Structure. (a) edge-sharing chains viewed
obliquely down a-axis; (b) chains are viewed down the b-axis; K+ cations

weakly bond togelher the chains, from Giachovazzo et a1. (1977)

Figure 3.10: Geometry
diagrams

of Edge-sharing Tel rahedra I -0c lahedra I Group
f rorn Giachovazzo et aI. (977\
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3.3.3 Edoe-Sharino Cha ins

CuOs-chains WiÈhout TeÈrahedra :

Eriochalcite, soLved by Harker (1939), is a simp].e structure of

CuCI¿02 chains, heLd togelher by hydroge n-bond i ng from lhe apical H20

groups of the octahedra. Figure 3.11 shows the chains and H2O groups.

The octahedral connectivity is very similar to that of the

chlorothionite chains (rlithout tetrahedra, refer to Figure 1.8).

Chloroxiphíte was deternined by Finney et aI. '1g7?]¡ to consist of

sinple CuO¡Clz chains in a complex network of pb-polyhectra. Unlike

eriochalcile, the shared edges are along four short equatorial

oxygen-bonds, and tt{o CL form the Long apical bonds. Finney et al.
(1971) described the structure as sheets of pbO¡ and CuOa polyhe¿lra

parallel to (101), but the compJ.exity and irregular polymerization of

these "sheets" makes this description inconvenient. The description of

this structure, rlith sinply Cu-octahedral chains (Figure 3..f 2), is in

accordance r¡ith HaHthorne's (1985a) classification, and gives a better

understanding of the structure.

CuOs-chains Flanked by Corner-Sharing Tetrahedra:

This group of minerals is donÍnated by single edge-sharing chains of

CuO6 octahedra flanked by corner-sharing tetrahedra (alI shown in Figure

3.13). The chains are al] held together by e6z- ions of t8l to t10l

coordination. The type of connectivity betl{een the teLrahedra and

oct,ahedra, and the proportions of pb:Cu:T04, determine the type of
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Figure 3.11: Eriochalcite Structure. (a) simpte edge-sharing chains,
down [010], and apical Hao groups; (b) face-ðentreá packing-of the

chains down [001], heLd together by HzO.
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Figure 3.12: Chloroxiphite Structure. (a) simple edge-sharing
octahedraL chains and Pb atorns (circles), down [001]; (b) simple pãckinq

schene, r¡ith interchain Pb atoms, down [010]
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chains and the t,ray they are arranged in the structures. Figure 3.13a

shows the caledonite chain, wÍth SO¿ tetrahedra corner-sharing to tr.ro

apical bonds on the shared-edge of the (4+2) octahedra. The caledonite

chain has the lowest connectivity, and the packing scherne of caledonite

(figure 3.13b) is the least dense of this group of structures.

Linarite and schmeiderite (Effenberger 1987) are nearly

isostructural, and have their apical oclahedral bonds non-edge-sharing,

and bonded to T04 groups. The connectivity and structural rigidity of

the edge-sharing chain is increased from that of caledonite, because now

both the tetrahedral and octahedral groups share t!¡o corners (nigure

3.13c). Notice that the octahedra are canted along the chains to
accomodate linkage of the small.er TO¡ and TOa groups. The packing of

this chain type (Figure 3,13d,e) is different from caledonite. The

chains are more loosely packed than in caledonite so that fewer

Pb-atoms, relative to Cu, can be accomodated.

FornaciEe and vauquelenite are isostructural (Fanfani and Zanazzi

1968) and have the nost conplex chains in this group. The chain type

(Figure 3.'1 3f ) is a combination of the two previous chain types. The

T6*0a group shares a corner with the edge-sharing octahedra, as in

caledonite (rigure 3.13a). The T5*Oa group shares two corners with the

non -edge-sha r i ng octahedral vertices, as in linarite. The bond-vaLence

requirernents of the CuOe oxygens are conplex because of the nixed

charges of the letrahedral groups. The J-T distortion on the CuOs

polyhedra is unusual: a (2+2+21 arrangement occurs, rather than the
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(a) caledonite, the sinplest edge-
sharing chain; (b) caledonite, the
packing arrangement of the chains; \
(c) the octähedral chains of linarite;
these also occur in schrneiderite;
(d) packing arrangement of tinarite
chains; (e) schmeiderite chains
packed as in linarite, but with
1/2 trigonal pyramidal groups and
1/2 tetrahedra; circles in all
drawings are Pb-atoms.

o^o

Figure 3.13 - Edge-Sharing CuO5 Chains wit,h Tetrahedra.



Figure 3.13: Edge-Sharing CuO6 Chains vith Tetrahedra. (continued) (f)
complex corner-sharing arrangenent of letrahedra and edge-sharinq
octahedral- chains, seen in vauquelenite and fornacite; (g) packiñq

seheme of the complex te t rahedra L -oc tahedra I chains and pb atoms; Cr
tetrahedra are banded and open shaded tetrahedra are p; Unit cell of

vauquelenite is the solid line, and ceII of fornacite is dashed. Fanfani
& Zañazzí (1968) and Cocco et al. (1966) respectively.
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standard (4+2) distortion, and is probably a result of more complex

bond-valence requirements. The packing of the octahedral chains is less

dense than in linarite and greater than in caledonite as a result of the

proportion of Pb:Cu (ca).edonite->5:2; fornacite/vauquelenite->2:l;

Linarite/schmeiderite->1 :1). Figure 3.13g shows the arrangement of the

chains.

3.4 INFINITE POLYHEDRÀL SHEETS

The minerals of this category are listed in Table 3.4. These structures

are built from two-dimensional polymerizaLions, weakl-y bonded together

in the third dimens i on.

3.4,1 Edoe-Sharino Cu-Octãhedlral Sheets

FuIly occupieil Sheets:

This group of minerals is based upon edge-sharing sheets of copper

octahedra made with the structural buitding block: [UoXn Ø¡_n]; with

I'l=oc tahed ra Ily coordinated cation; X=conpjex anion; Ø=sirnple anion

(O-2,(OH)-,H20), as outlined by Hawthorne (19S5). The octahedral sites

are fully occupied. The series is built up by addition of SO¡

tetrahedra corner-sharing to the sheets. Àdjacen! sheets are bonded

together by weak hydrogen-bonds and interlayer cations. ÀII octahedral

sheets shoH the same corrugation pattern, illustrated in Figure 3.14.

The corrugation results from the requirement of J-T distorted octahedra

fitting into the ideal hexagona). close-packing layers of oxygen ions

(HCP). This will be discussed further in Chapler 7.
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TÀBLE 3.4

Inf inite polyhedraL Sheets

À. Edge-sharing Cu-sheets I,¡ith (6M4XnøB-n ) Buil.ding BIock:
(Cu-sheets in i-iii fulty occupïed)"

i. n=0; no tetrahedra -

BotalLacki te CuzCl(OH)¡

ii. n=1; tetrahedra on one side of sheets -

WroewoLfeite Cu4 (So4 )(oH) 6.2HroLangite cu4 (so4 )(OH) s .2H20
Posnjakite cu4 (So4 )(oH) 6.Hro
Spangol i te Cu6ÀI(SO4)(OH)rzCl .3HzO

iii. n=2; tetrahedra on both sides of sheets -

Gerhardi te Cu2 (0H)3N03
Canpigl iai te cu4¡4n(So4)z(oH)s.4HzO
Ktenasite (cu, zn )s ( so¿ ) 2 (oH )6 .6H zoDevillite CaCu4 (SO¿ ) z (OH)6 .3H20
Serpier i te Ca(Cu,Zn)¡(So¿)z(09)s.3HzO

iv. n=2; sheets are partially occupied -

Bayldonite pbCu¡ (Às0¿ ) z (OH) z.Hz0ChalcophyJ-J.ite Cur¿ÀIz(Às0¡)s(So4)s(OH)zz.33HzO

B. Mixed Polyhedral Sheets:

i. t e t rahedra L -oc tahedra 1

Cuprorivaite
Osarizawaite
GuiLdite
Ransomite
I'le ta torber n i t e

ii. Edge-sharing polyhedral

Sengierite
Cuprosklodowskite
Roubaultite
Turquoise
St!inghâmite
Likasite

corner-sharing sheets -

CaCuSi¿0ro
PbcuÀÌ2 (so r ) 2 (oH) 

6

CuFe' 3 (soa ) z (oH) . ¿¡¡zo
cuFe2*3(So¿)¡.6Hzo
cu(uo2)z(po¿)z.8Hzo

sheets -

Cu2 (U0 2 )2V20¡ .6H 20
cu(uoz ) 2si 206 (oH)2'6H20
cu2 (uoz ) 3 (coa ) (oH) r o. 5Hzo
cuÀ1s (Po¿ )4 (oH)8.5Hzo
CaCuSi0a.2H20
Cu¡ (0H) sNO¡ '2HzO



56

BotalLackite, an oxychloride, is the only structure of the series

wiLhout tetrahedral "appendages" to the sheets (n=0), Stacking of the

simple octahedral sheets is iLlustrated in Figure 3.15. The chloríne

ions form 3 of the 4 apical bonds to the Cu(1) and Cu(2) sites

(Ha$thorne, 1985c), and are acceptors of hydrogen -bond i ng from adjacent

sheets, holding the sheets together.

I,troewolf eite, langite, and posnajakite alL have SO¿ tetrahedra on one

side of their octahedral sheets (n=1). Figure 3.16a-c shows the subtle

structural differences of their sheet stacking arrangements. Langite

and vroewolfeite are true polyrnorphs. Posnajakite has no inEerlayer H20,

but is otherwise polymorphic with langite and posnajakite. ÀlÌ of their

octahedral sheeLs have 4 crystallographicalJ.y distinct Cu-octahedra,

with only 3 sites corner-linked to SO4 tetrahedra.

Spangolite is a more complex derivative of the M¡Xdz structure. It
is is hexagonal, owing to the arrangement of ÀIØs and chlorine positions

in the sheets, Figure 3.17a, Three Cu(1) octahedrâ link to the SO¡

tetrahedra, but the ÀÌø6 do not. Cu(2) has an octahedraL coorclination

with five Ø-groups and one chl-orine atom. Figure 3.17b shor,¡s that with

nixed polyhedral types in the sheet, a corrugation is stiII present,

Gerhardite is the onLy non-sulphate which falls into the [M¿xró6]

buiì.ding block series. It is the simplest structure of the n=2 group.

Nitrate planar triangles flank both sides of the octahedral sheets. The

sheets are cross-Iinked by hydrogen-bonds from the octahedra to the NO¡

corners, Figure 3.18. À synthetic polymorph has topologically identical

sheets, but ¡rhich pack differently to change the symmetry (Effenberger,

1983 ) .
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Figure 3. 14: Corrugated Cu-octahedraÌ Sheet
Corrugated octahedraL sheets as a result of Jahn-TeIler distortions

around copper imposing thenselves upon HCp Layers of anions

I
I

t<- b -__¡-l

Figure 3.15: The Botallackite Structure. Sirnple packing of the
oxychì.or i de-c opper sheets, and hydrogen bonding to chloride ions holdinq

the sheets together (dashed lines); from Hawthorne, 1985c.
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Figure _3.16: 0ctahedral Sheets of M¡Xóz structures. The stacking of
Cu4S04 (OH)6.nH2O polymorphs: (a) t,troewolfeite, from Har¡thorne & Grõat

1985; (b)Langite; (c) posnajakiLe. Hydrogen-bond i ng schenes proposed by
lhe authors are included (by dashed lines).
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Figure 3.'17: -The.SpangoJ-ite Structure. (a) viewed dotn hhe sheet, the
Àl0s octahedra (with small. circles) and CuØ s Cl-oc tahedra (unshadéd)

control the symnetry of !etrahedral linkage to the sheet; (b)
corrugation of Cuoe octahedra in sheets.

"*JFigure 3.18: The Gerhardite.structure. N03 triangles flank corrugated
octahedral. sheets on both sides. H-bonds from hydioxyl anions bonã to

N03 groups of adjacent shee!s.
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Serpierite, devilli!e, campígIiaite and ktenasite are subtle

structural variations r¡ith the ICu¿SO¿zØe] building block. Sulphate

tetrahedra corner-Iink !o both sides of the oclahedral sheets. These

structures are more loosely packed than gerhardite or the n=1 group,

because Hz0 groups and interlayer cations are present betneen the

octahedraL sheets. Structural differences between these copper

sulphates are compositionally dependent. Devi]lite and serpierite are

evidently a limited solid soLution series. In serpierite, Zn substitutes

at lhe Cu(1) and Cu(4) sites which do not link !o SO¡. This is evident

by the bond lenglhs around these sites, which deviate significantly from

characteris!ic J-T disLortions (SabelIi &. Zannazz!, 1969). The

substitution of Zn changes the geometry ot the octahedral sheet reLative

to devillile (nearly pure Cu). The trlo topologically identical sheeLs

Írust therefore pack differently (Figures 3.19a,b). Calcium ions

cross-link Èhe sheets by bonding to oxygens of the SO4 tetrahedra of

adjacent sheet s.

CampigJ.iaite is a more loosely paðked structure than devillite and

serpierite. There are morè H20 groups between the sheets. The Mn

polyhedra corner-Iink to Soa groups of only one sheet, and H-bond !o

(SO4) tetrahedra of the other (Figure 3,19c). More H20 groups and lower

interlayer connectivity results in a wider separation of the sheets,

relative to Figures 3.19 a,b.

Ktenasite is the most J.oosely packed of the n=2 copper suJ.phates.

isolated Zn(H20)6 octahedra are packed in between lhe sheets, and H-bond
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Figure 3.19:_ Copper-Sulphate Sheets of n=2 Group. The arrangements of
c opper -suJ.pha te sheets tl'ith respect to stacking styLes and !åtrahedra

. -positioning on the sheets. (a) serpierite; (b) dãvillite; both have
identical. sheets, but are packed.diffêrently, 

',ith Ca interÍayer cations(solid.circles) and H20 groups (open circléá) between the shËets. (c)
campigliaite, a wider sheet separation because of lower connectivity oi

Mn interlayer cations (curted dashes); (d) ktenasite, loosely pacied
sheets wilh isolated inlerlayer Zn-octahedra.
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B

Figure.3.20: The BayLdonite Structure. Gl 3/+ occupancy of Cu-octahedral sites; (b) looking obliguely down the shàetsl ì.ayer
corrugation is evident, J.arge circLes - pb2., snalL l H.-

Figure 3.21: Structure of ChaIcophyIIite. (a) Cu-¡l octahedral sheet.9/12 Cú occupancy, 1/12 AI occupancy at the cell origins, ÀsO¡ linked óntop of sheets in À sites, and on the bottom in f ãiteá; (bj cross-section of sheets, with s0¡ tetrahedra suspended in an H-úonáiné-nãt*orr.
betHeen the corrugated complex octahedral sheets.
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the sheets together. The separation of the sheets is the largest in the

n=2 series, Figure 3.19d. partial Zn substitution for Cu is suggested

by MelLini & Merlino (1978), because of bond lengths differing from the

usua.L J-T di stort ion arranqemènt.

The arrängenent of tetrahedral linkage to the octahedral sheets is

different for deviltite & serpierite, ktenasite and campigliai!e. This

is presumably a resul.t of sLacking requirements of the sheets, which is

in turn controi.led by the arrangement of the intertayer cations and Hz0

groups. Bond-vaLence requirements are a controlling factor in the

arrangement of interlayer cations, H20 groups and linking tetrahedra.

Variation in the anount of HzO between the sheets also affects the

tetrahedral arrangement and stacking style.

Bayldonite is relaLed to the ht¿xzóol buildÍng block, see Figure

3.20a. It has octahedral sheets with 3/4 cation occupancy, making Ma->ü3

and óo->Ø¡, The tetrahedral posi!ion is occupied by ÀsOa rather than

S0¿. In Figure 3.20b, one can see that pb2. íons are positioned betneen

the octahedral sheets in the same way as Ca in devillite (both Ca and pb

are in t8l coordination). HzO groups also link the sheets by

hydrogen-bonding.

ChaJ.cophyllite is a compLex octahedral sheet structure, further

removed from the n=2 structures than bayLdonite. The ocEahedral sites

are 9/12 occupied by Cu, and 1/12 by À1 (at the cell origin; Fígure

3.21a). AsO4 tetrahedra link to boLh sides of lhe sheets by sharing 3

corners face down over the cation vacancies (¡ sites on the top, B sites
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on the bottom), Figure 3.21b shows loose packing of the sheets, with

(SO¡) tetrahedra resting in an H-bonding network of H20 groups between

the sheets. Corrugation is present in this highly diversified type of

octahedral-!etrahedral sheet.

3. {.2 llixed Polvhedral Sheets

This category of two dimensional polyrnerizations is more structurally

and chemicalLy diverse. Polybedra of various coordinations are

incorporated into the sheets, rlith a variety of polymerization styles.

Corner Sharing Sheets:

Egyptian blue, synthesized by Pabst (1959), is synonymous with

natural cuprorivaite. It has an elegant structure made from groups of

four corner-linked silicate tetrahedra, further corner-linked tc each

other into a double tiered sheet, and yet further linked to CuO¡

square-planar groups (Figure 3.22\. The bonding within such a sheet is

quite strong. Calcium is lhe interlayer cation which bonds tbe sheets

together. Gillespite, BaFeSi¿010, is isostructural with cuprorivaite,

and has Fe in square planar coordination. Copper is much more stable in

this coordination than Fe, because the driving force for deviation from

holosymmetric octahedral coordination is stronger in Cu2* than in Fe2..

Consequently, cuprorivaite is more stable lhan gillespite (pabst, 1959).

osar izawa i te is a structural

illustrated in Figure 3.23a,b.

corner share into sheets,

corner-sharing S04 tetrahedra.

nember of the alunite group, and is

Corner-shar i ng trimers of octahedra

and are further Linked !o triple
The oclahedral bond lengths listed by
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Guisepetti & Tadini (1980) do not differentiate betÌ¡een the Cu and

(À1 ,Fe)3 
* cations. Therefore the copper is either disordered throughou!

the octahedral sites, making J.ocaJ. distortions in the crystaL structure
(r¡ith J-T distortions), or the symmetry of this sLructure is actual-Ìy

Iower wiLh ordering of Cu.

Guildite and ransomite are trro fundamentally related structures rlith

similar compositions, and occur together as products of a mine fire in

Jerome, Àrizona (tausen, 1929). The main components of !heir structures

are corner-sharing Fe3*-octahedral and SOa-tetrahedral chains, r,ith

building blocks: M(To4)202 and üz(TO¡)¿O¡ for guildite and ransomite

respectively (Figures 3.24a,b). The chains are cross-linked by

corner-sharing of Cu-octahedra and SOa-tetrahedra, forming Layers. The

style of linkage by Cu differs in the tr,ro sheet types, and is
illustrated in Figures 3.24c,d. Às in cuprorivaite, the Cu-octahedra

play a supportive role in the mixed polyhedral sheets, cross).inking the

nore dominan! structural subun i ts.

The Ias! of the corner-sharing sheets is the firs! of t,he

uranyl-layer series of minerals. Metatorbernite consists of

corner-sharing Poa-tetrahedra and U0s octahedra, forming lhe tightLy

bonded polyhedral layers seen in Figure 3.25a. The long and weak apical

bonds of copper octahedra corner-l i nk the urany I -phospha t e layers

together, playing the role of a weakly bonding interlayer cation. It is

for this reason that the Cu-uranyl layer minerals are not considered as

framework slrucLures.
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Figure 3.22: Structure of Cuprorivaite. (a) double tiered siLicate
sheets, with added structural. rigidity from the Cuo4 square planes; Cais the interlayer cation. (b) cornerlsharing between 4 tetràhedra-and

CuO4 Square p].anes.

Figure 3.23: Structure of osarizawaite. (a) viewed down the
corner-sharing polyhedra; (b) a cross seclional vierr of the

sheelsl (large circles - pb, small - H+).

sheets,
complex
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Eclge-Sharing Sheets:

The structures of sengierite and cuprosklodowskite are fundamentally

sirnilar. Edge-sharing is the type of connectivity within !heir

uranyl-layer sheèts, and Cu-octahedra play the role of interlayer

cations corner-Iinkíng the sheets toget.her. Figure 3.25b shows the

uranyl-silicate layer of cuproskJ-odowskite with predominant

edge-sharing, Figure 3.25c shows how Cu-octahedral dimers corner-share

their apical J.igands Hith VOs potyhedra in the schematically drawn

uranyl-vanadate J.ayers of sengieriEe. Sengierite belongs to the

carnotite group of minerals. In other carnotite-group structures,

Cu-dimers are replaced by Iarger interlayer cations (Ca and Ba).

Cuprosklodowskite is related to the sklodowskite 9roup, and Cu is
replaced by simiLar sized M2' cations in the other structures of this
group. ClearIy, copper is playing a supportive role in these

structures, and can be substituted by other cations which do not show

the J-T effect. This structuraL role is apparently quite flexible Hith

respect to bond lengths.

Roubaultite is somewhat different than the other uranyl-layer

structures because Cu-octahedra are part of the layers. In Figure

3.25d, we see rulile-type chains corner-linked to U0o and U03 polyhedral

doubLe-chains with edge-sharing carbonate groups. These complex layers

are linked together by H-bonds from Cu-octahedra to U-poLyhedra from

adjacent sheets (above and below).
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Figure 3.24: Structures of Guildite and Ransomite. (a) Fe-octahedral-
S0¿-tetrahedral chain of guildite; (b) Fe -oc tahedra lS0 ¡ -tet rahedra L
chain of ransomite; (c) c_oppe r octahedra crosslink the Fe-sulphate
chains into sheets along[OtO], in guiLdite; (d) the linkage of Fe-
sulphate chains into sheets along þ10], is different in rãnsornite.
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Turquoise is another complicated slructure. Close-packed oxygen

layers are parallel to (001), Figure 3.26a. Cu-octahedra with P04

tetrahedra, and ÀI-octahedra are found in alternating close-packed

layers. Edge-sharing À1-Cu-Àl octahedral trimers are cross-Linkêd into

a complex sheet by corner-sharing with ÀI-octahedra and P0¡ tetrahedra

(nigure 3.26). Fe substiLuting for À1 forms a solid soluLion series to

chalcosiderite, Dresdner (1964). Replacement of cu by zñ gives

faus!ite, but there is not a solid solution series between these

minerals.

Stringhamite is a very complex structure. Figure 3.27a shovs open

sheets of edge-sharing very distorted Cu-octahedra and Si0¿ tetrahedra,

cross-linked by square pÌanar CuOa. These sheels are linked across by

CaCz polyhedra, illustrated in Figure 3.2"ìb. The validíly of

considering cu{2) as a very distorted octahedron tias suggested by

Hawthorne (1985d) from bond-valence analysis. NeiLher an oclahedral or

square-planar coordination for Cu(2) simpJ.ifies lhe struclure of

s!ringhamite.

Likasite, illustraLed in Figures 3.28a,b, is an elegant structure

consisting of interlocking Cu-oc!ahedral chains forning a triple-Layered

sheet, flanked by corner-sharing N03 planar triangles. These

intricaLely connected sheets are bonded together by the H-bonds of

hydroxyls in octahedra to N03 triangles of adjacen! sheets.
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Figure 3.25: Uranyl-layer Structures (a) Metatorbernite, mixed uranyl-
phosphate layers (curl-dashed & dotted) bonded t.ogether by Cu-octaheãra(straight-dashed). and Hzo groups (circles) ; (b) -edge-shåring 

uranium
polyhedra (dashed) and siLicatè tetrahedra forrning-a tightli bonded
sheet in cuprosk).odowskite. (c) schematic uranyl-vanadate Iâyers,
corner-linked together by edgesharing dirners oi Cu-octahedra- in

sengierite. (d) edge-sharing Cu-octaheãraI chains (straight-dashed),
corner-linked to edge-sharing urany l-ca r bona te chains, iñ sheets of

roubauJ.títe; U-polyhedra curled dashes

o o
o



Figure 3.26: Structure of Turquoise. (a) À106 and CuOo/pO¿ poJ.yhedral
layers in a CCP array; notice the À1-Cu-À1 trimers; (b) !rimers are

linked into a complex sheet by. POa and A106; straight-dashed octahedra
are cu' curled dashes 

:iåuåå"å,'åi:liri:t."
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Figure 3.27: Structure of Stringhamite. (a) edge-sharing Cu(2)
octahedra and Si04 tetrahedra, and corner-sharing square pl_añar CuO¿,forning a conplex sheet; (b) Complex sheels are finfea Uy ða interlayér

cations.

. Figure 3.28t Structure of Likasite. (a) looking onto the
interconnected octahedral chainsr.N0s !riangles are vieied on edge; (b)
triple-layered sheets are cross-linked only-by H-bonds to NO¡ tríaÁqiãi.



3.5 STRUCNNES OF POLYHEDRÀL FRÀI'IEWORRS

This structure lype consists of three-dimensionaL polymerizations, and

can be classified into three categories, based on structural units

(with.in the frameworks) which are recognizably homogenous in their styLe

of connectivity. TabLe 3.5 lists these categories, which essentially

TÀBLE 3.5

Polyhedral Framenork Categories

À

B.

Frame!¡orks of Chains

Frameworks of Shee t s

Complex Oclahedral F ramewor k s

reflect the degree of anisodesmicity in the bonding networks.

3.5.1 CaÈeoory À: Framerorks of Chains

These framework structures have one-dimensional polymerized subunits as

their main structural conponents. They are listed in Table 3.6. Many

of the chain subuniÈs are related to each other, and some are identical

to the chains found in ninerals of the infinite chain strucLures (Part

3.3).
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TÀBLE 3.5

Category À: Polyhedral Frameworks of Chains

i. corner-sharing octahedra and 3*aT -
Bonatt i te CuSOr ' 3H 20
ti rocon i te cu2,\l(Àso4)(0H)4'4H20
Chalcomenite CuSeO3.2H20
Teineite CuTeo¡'2Hzo
Poi tevin i te (Cu,Fe*2,2n)S0¡'Hz0
Bandy] i te CuB(OH) 4Cl

iii. edge-sharing s*e" linked Èo single 3*aT -
CaIlaghan ite Cuzt'lgz(co¡)(oH)6.2H20
Stransk i i te zn2cu(4s04 )2
stoiber i te cusv2 * so 

10

iv. edge-sharing 6M chains Iinked to 3*¿T -

ii. edge-sharing sM

ti t idioni te
Ziesite
Blossíte
Kinoite

Iinked to poi.ynerized T0a -
KNaCuS i ¿Or o

ßCu zVzOz
cCu 2V 207
Ca zCu zSi ¡oa (oH) ¡

Cur (AsO4 )2
cu¡(co¡)z(ott)¿

ÀCu6 (x04 )¡ (0H ) s.3HzO
À=Bi ; x=Às
À=Y,REE,Ca; x=As
A=Y,Àl; X=Às
A=Y,REE; X=P

cu2 (Àso 4 ) (oH) .3H20

cu 2Às04 (0H)
cur(Po4)(oH)
cacu (¡so ¿ ) (os )

CaCuÀlS i zOs (OH)s
cu2(co3)(oH)2
cu3 (so i ) (oH )4

b. non-wallpaper mineraLs
Mammothite Pb6cu4Àtsboz (oH) r sCl¿ (SO¡ ) z

Chalcocyan i te CuSO¡
trippkei te CuÀs 2 

* 304

Lindqrenite cu¡ (Moo¡ )z (oH) z

a. wallpaper fami ly
Mixite Group

Mixite,
À9ardite,
Goudey i te ,
Petersi te,

Euchroite
0l i ven ite
LibeLhenite
Conichalcite
Papagoite
llalachite
Àn!ler i te

c. aPbOz-chains
Lamnerite
Azurite
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Corner-Sharing Chains :

Bonaltite consisLs of chalcanthite-type tetrahedral-octahedral chains

which are further polymerized by S0¡ tetrahedra sharing a third corner

Ìrí!h rhe octahedra of adjacent chains (r'igure 3.29). Bonattite and

chal.canthite belong !o the series: CuSo¡ nH¡0. These structures are

related by hydration-dehydration processes, which vary the connectivity

of the structures, and are described by Baur (1964,1968).

The solution of Liroconite by Kolesova & Fesenko (1968) is

topologically correct, although some of the bond lengths were inaccurate

(see Chapter 2). The structure consists of chalcanthite-type chains,

linked together by edge-sharing dimers of Cu-octahedra. The dimers

corner-link to À1-octahedra and ÀsO¡ tetrahedra (Figures 3.30a'b).

ÀIthough there is a component of edge-sharing, the main form of

connectivity is corner-sharing. The diners can be considered as a

single corner-sharing structural unit. 0nly the Long apical vertices of

the Cu-dinrers remain unshared, and lhe connectivity of liroconite is

greater than bonattite.

Chal-comenite, refined by Asai & Kiriyama (1973), was described wilh

squa re-pyram i da I Cu-sites (the longest apical Cu-O=3.144). Considering

the connectivity of the structure (in line with the classífication

scheme proposed), Cu2* is more convenien!ly described as [6]-coordinater

although bond-valence features for this structure do not favor either

coordination for Cu2*. Figure 3.31a,b illustrales the chalcomenite

structure r¡ith [6]-coordinate Cu. I t consists of corner-sharing

Cu-octahedral and SeOs-pyramidal chains (Cu-Se polyhedrat ratio 1:1),



/b

Figure 3.29: Structure of Bonattite.
(a) corner-sharing tetrahedraL-oc!ahedral chains along [100](b) further corner-linked along [001] into a network.

AB

Figure 3.30: SEructure of Liroconite. (a) chalcanLhite-type chains,
corner-linked to Cu-octahedral dimers (ruled shading); (b) viewed down

the te t rahedra L -oc tahedra I chains; from Kolesova & Fesenko (1968).
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l,lhich further corner-share bettJeen octahedra and Seo¡ pyranids of

adjacenl chains in the third dimension.

Teinite (Effenberger, 1977) has copper in square pyramidal

coordination, bu! for practical purposes is otherwise isostruchural rlilh

chalconenÍte. A sixLh Cu-O distance of 3.37Â, giving a bond-vaLence

strength of 0.018vu, is loo weak to be considered significanl. However,

to keep the relationship between chalcomeni!e and teinite clear, teinite

can be described r+ith the same topology as the former structure (Figures

3.31a,b), wiLh Cu in [6]-coordination. The difference belween the sixth

Cu-O dislances of the two structures represent variations in lhe amount

of Jahn-Teller distortion, presumeably due to lhe influence of different

cation sizes in SeO¡ and Te0a.

The poitenvenite structure has not been solved, but it is apparently

isosLructural. t{ith the kieserite group of s!ructures, according to

Hawthorne et al. (1987). The structure of kieserite consists of Mø6

vertex-linked chains which further polymerize in the third dimension

using all available verlices of the tetrahedra and octahedra (r'igure

3.31c). This is essentially the same style of interchain linkage as

chalcomeni!e (nigure 3.31a) except that (SeO¡) has one less vertex to

share, and therefore the octahedra of chalcomenite have one unshared

corner. I,le no[, realize lhe inportance of considering Cu as

[6]-coordinate whenever possible. I f copper in chalcor,renite/teiniLe is

considereci [5]-coordinate, the relationship to the kieserite group is

lost. The poitenvenite/keiserite structure represents the maxinum
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extent of connectivity for corner-sharing topologies, and is apparently

comfortable l{ith the J-T distortion in Cu-octahedra (assuned present).

Bandylite is a very interesting structure. It is tetragonal, which is

high symmetry for a Cu2* oxysalt, because the J-T distortion lends !o

reduce the symrnetry of poJ.yhedral assemblages. Bandylite was described

by Collin (1951) as a Cu-octahedral & boron-tetrahedral Layer struclure,

because of cleavage by the mineral into sheets on (001). However,

regardless of physical properties, bandylite is not a Iäyer structure.

I! consists of octahedral chains which are linked laterally by borate

teLrahedra into a network of paralleL chains perpendicular to (001)

(rigures 3.33a,b). This framework is one of maxinum connectiviLy. The

good cleavage on (001) is caused by the breakage of weaker Cu-Cl bonds

(apical), which are aligned perpendicular !o the cleavage directíon of

the shee t s.

Eilge-Sharing Square Pyranidal Cu2*:

Litidionite is isostructural with fenaksite, KNaFeSi¡0ro (Pozas et

a1., 1975). The structure (figure 3.34a) is made of tubular chains of

5iOa tetrahedra, crosslinked by square pyramidal CuOs-dimers and NaOz

polyhedra into a network. Potassium ions are in the large cavities of

the Si0¡ tubular chains.

Synthetic ßCuz"l zot, prepared by Mercurio-Lavaud & Frit (19i3), is the

mineral ziesite; synthetic azn2v2o7 (copaI & Calvo, 1972), and cCu2P2O7

(Robertson Â Calvo, 1967]., are isostructural with ziesite. The

structure has edge-sharing and corner-sharing chains of Cuo¡ square
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(a)corner-sharing chains of
cu-octahedra and To3-pyramids
in chalcomenile & teinite; and(b) Looking down the corner-
shar ing octahedral cha i ns,
r¿ith cross-I ink ing pyramids;
c) chalcomen i le-type corner-sharing
chains of kieserite, çith aII
polyhedral corners c onn ec t ed.

I
b

I

Figure 3.31 : The Chalcomenite & Kieserite

t<-c+l

Type Structures.

.ã.... O=Ctl o= Otr --r
Figure 3.33: Structure of BandyJ-ite. (a) corner-sharing octahedraJ.

chains, cross linked by borate tetrahedra; (b) J.ooking down the axes of
the chains, we see the highLy symmetrical arrangement with a high degree

of connectivity.
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pyramids linked !ogether by corner-sharing V2O7 diners (r'igure 3.34b).

This structure is based upon a disLorLed HCP arrangement, trith lhe

stacking direction down [00t1 16onu1 & calvo, 19121 , As a result of

HCP, the structure is more densely packed and the connectivity of

ziesite is higher than Iitidionite.

At 712o, ziesite reverts to blossite (cCu2V207 ) , a thor!vietiLe-type

structure. This transformation involves rotation of the Vzoz

tetrahedral pairs by 250. Consequently, the geometry of the square

pyramids is changed. Calvo & Faggiani (1975) report lhat changes at the

copper site involve significant reconstruction of !he bonds. HoHever,

Cu remains in five coordination.

Kinoite is an elaborate structure, l.,ith edge-sharing cuos-chains,

edge-sharing CaOs-dimers, and corner-sharing SiO¿-briners (nigures

3.35a,b). The CuOs-chains form the basic skeleton of the structure, and

the other polymerized units link them together into a framework. The

degree of po).yrnerizalion is increased from litiCionite and ziesite due

to a Large number of shared edges. Unlike the previous two minerals,

kinoite has no other structural anaLogue.

conplex Eitge-Sharing 5*6M Linked to Sing1e 3*aTl

These structures have nore complexity in their arrangements than lhe

previous group, although their degree of connecbivily does not differ

greatly.
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Fí9ure 3.34: Structures of Litidionite and Ziesite. (a) tubuLar SiO¡
chains, crosslinked by cuo5-dirners, !¡ith Na ions (smar.rer circtes) ãnã-nions (larger circles), in Litidionite; (b) Cuo5-chains, crosslinked by

V207 Çroups 1 in ziesite.

Figure 3.35: Structure of KinoiLe. (a) looking across the CuOs-chainsof square pyramids (straight dashes), crosslin[ed by CazOro octahedral
diners (curled dashes) i (b) vieweit down the axes-of õuOs-chains.

crosslinked by corner-sharinq SiOa-trimers.
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CaIJ.aghanite is made of contorted edge-sharing Mg-octahedral chains,

linked togeLher by edges to edge-sharing CuOs-square pyramidal dimers

(figure 3.36a). Carbonate triangles corner-share with adjacenL

octahedral chains. The face-centred packing arrangement (FCP) of the

spiralling octahedral chains, emphasized in Figure 3.36b, is common in

thè network chain structures (because it is a convenient way to pack

rod-shaped chains).

Stranskiite consisls of very distorted Cu-octahedra, sharing edges

with Zn0s-trigonal bipyramidal dimers, making staggered chains parallel

to [010]. These compLex chains are corner-linked by Às0¿ tetrahedra

(figure 3.37a), Àlternatively, !his structure may be classified as a

framework of Znos-Àso¡ rings (Zn-dimers and Às-telrahedra alternating),

illustrated in Figure 3.37b. Stranskiite is isosLructural rtith

cu3 (Po4 )z (Shoemaker et âI. , 1977) . In this synthetic isomorph, cu

assumes both octahedral and !rigonal bipyranidal coordinations.

CusVzOto, synlhesized by Shannon and Calvo ('1973), is also the new

mineral stoiberite (Sirnie & Hughes, '1979), Ils structure is a complex

arrangement of double octahedral chains parallel to (010), and chains of

Cu-octahedra and CuO5-trigonal bipyramidal dimers parallel to (001).

(vO¡ ) tetrahedra corner-Iink these edge-sharing chains together into a

densely packed network (Figures 3.38a,b). Cu(4) has an unusual (4+2)

coordination because the two longest bonds are gþ !o each other.
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Figure 3.36: structure of.CaLlaghanite. (a) staggered chains of Mg_

-::!?!:d:1 
(straight dashes), corñer-Iinked to CO:-Ëriansi"i-""a-"aöå_

sharing to cu20s-dimers (curled dashes); (b) viewed down the soiralÍinoMg-octahedral chains, r¡ith a face-centred packing ur.unqu*.ii (iãã '
pac k in9 ) .

Figure 3.37: structure of Stranskiite. (a) zig-zagginq chains of
3n19r-di^.rs. (straight dashes) and cu-ocrahedra (õurtáã aãrr,".i ãrãrsthe b-axis, ).inked by ÀsOa tetrahedra; (b) six-membered.ing- oi in-uñA

Às polyhedra, crosslinked by Cu-octahedra.



Figure 3.38: Structure of Stoiberite. (a) looking across double
octahedraL chains perpendicular to chains of trigonal bipyramidal dirners

and octahedra, with cross3.inking V0a !etrahedra; (b) a close packed
array of oxygens stacked on [101]; from Shannon & Calvo (1973).
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Edge-Sharing 6!'f-chains :

A Iarge numbei of Cu2* oxysalls in this structural group falL into

!he category of walLpaper structures (refer !o Table 3.6). The term

"wallpaper structures" rlas originally used by Moore & Àraki (1974) !o

describe several- oxysalt minerals made of edge-sharing octahedral chains

linked by triangular borate groups ínto polyhedral. netnorks. Wallpaper

structures may be drawn as idealized monomers (T0¡ or T0¿) and dimers

(octahedra) on to a 36 net, with the oclahedral chains perpendicuLar to

the ne!. wal,lpaper structures have a unit ceII repeat distance of 3Å

down lheir chains. The original definition has been generalized to

include frarnework chain structures that have uni! cell repeats of an

inlegral muttiple of 3Â. Figures 3.39a-g shon the framework Cu2*

oxysalt minerals which can be drawn as llallpaper structures. Figures

3.40a-g show the chain components which nake up these struct.ures.

The mixiLe group of minerals has the formula:

À2+3+Cu6(HxO4)¡(OH)s.HzO; where À=Bi, x=Às in mixite; À=Y,Ca,REE, x=Às

in agardite; À=À1,Y, X=Às in goudeyite; and A=Y,REE,Ca, X=P in

petersite. Àccording to Àruga and Nakai (1985), the charge inbalance

created by substitution oi A2* for À3t is baLanced by (0H)- for 0-2

substitution a! the tetrahedra). Iigands in agardite. Also, they report

that the H20 statistically occupies the apical octahedral positions in

the large open channe]-s (rigure 3.39a). I,lithout lhe HzO, Cu would be in

square pyramidal coordination, though strangely enough, the structure

could still be drawn as a tiling. These features are assumed to hold
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Figure 3.39: Cu Oxysalt Hallpapêr Structures.
(a) mixite group, circles are Àos polyhedra; (b) euchroite, curl-
dashed octahedra aE 1/4, slraight-dashed at 3/4, unshaded octahedra
at 1/2 and 0 heights, tetrahedra dotted, there is no edge sharing of
tetrahedra and octahedra; c) the walJ.paper framework foi oliveniÈe and
conichalcite, [8]-coordinate units not incl-uded; axes
for oliveniLe on the left, for conichaLcite on the right.



Figure 3.39: Cu2' oxysalt I,lallpaper St.ructures. (cl) papaqoite. circles
are CaOs polyhedra (e) rnalachite (f) antlärité
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---H

L
Figure 3.40: Chain Components of the I{allpaper Structures. (a) nixite

chain !ype; (b) clinozoisite-type chains-of idealized euchroite; c)
olivenite-group chain with Cu20s-dirner; (d) conichalcite type cúain.similar in connectivity to vauquelenité; (e) papagoite, rniiàA ¡t-cu'' oc¡ahedraL chains r+iÈh polymeiized SiO; teträh;dia tiÁting ctraini
together, ÀI-da shed, Cu-curled, from Hatithorne & Groat (19õG); (f)
nalachite double octahedral chains r¡it,h carbonate trianglesj g)

antlerite triple-chains with SO¡ tetrahedra.
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true for the whole mixite group. The À-cations are [9]-coordinate in a

tri-capped !rigonal prismatic arrangement. Because of the hexagonal

arrangement of the octahedral chains, only one of the apical bonds is

attached !o (xo4 ) tetrahedra, resulting in a unique

t et rahedra I -oc tahedra I chain (Figure 3.40a). The repeat distance of the

mixite wallpaper pattern paraIleI to the chain is 6Â.

Euchroite rias first described by Finney (1966) as a hydrated

derivative of the olivenite structure, with one octahedraf Cu(1) site,

and a square pyramidal Cu(2) site. The structure is better described

tiith cu(2) also in a J-T distorted octahedral coordination, because the

sixth Cu-O distance is 2.80Â (quite acceptable; see Chapter 2). It is

norl evident that euchroite has clinozoisite-type octahedral chains,

idealized in Figure 3.40b. The wallpaper representation made from the

idealized chains (Figure 3.39b) has a 9Â repeat distance. Idealizing

the structure shifts the position of neighboring octahedral chains

because of tetrahedral linkage requirements (the topology rernains the

sane). Therefore, the CCP packing arrangement of the ideaLized chains

is different from the actual distorLed structure shor¡n in Figures

3.41a,b.

0Iivenite and Iibethenite are part of lhe isostructural series:

6M5M(TO4)(OH); which includes adamite, zn2ÀsO4(OH), and andalusite

Àlz(sio4)0. Às in the mixite group, the substitution of M2t for I'f 3- is

compensated by (Ott)- tor O-2, except that the hydroxyl ion is part of

the Cu-octahedron. Figure 3.42a shows the tetrahedral-oclahedral

net$ork, and 5M sites. The repeat. distance of this wallpaper pattern is

6Â, The sM-o bonds are actually stronger lhat those in the octahedral



90

Figure 3.41: Structure of Euchroite. (a) distorted octahedral chains
(one unshaded for clarity) cross-Iinked by tetrahedra; (b) a distorted
packing arrangement viei¡ed dor¡n the octahedral chains (shaded) with

crosslinking tetrahedra.
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chains, but for convenience in underslanding the connectivity of the

structure, it is classified based on the octahedral chains. The

connectivily of the tetrahedra to the octahedraL chains (Figure 3.40c)

is different from those in conichalcite (nigure 3.40d). One can also

see how the trigonal bipyramidal Cu206 dimers link to the rutile-l.ike

chains. 0Iivenite possesses a slight monoclinic distortion, whereas,

its chemical anaJ.ogues are orthorhombic. Consequently, the two apical

oxygens of the Cu-octahedra in olivenite have different bond lengths,

whereas, the apical octahedral oxygens in the olher sLructures are

symmetrically equivalent. The octahedra in all the minerals of !his

group have (4+2) distortions. Since only the copper members possess the

J-T effect, the 4+2 distortion is an intrinsic property of this

structuraL arrangement.

The te t rahedra L -oc hahedra 1 framework of conichalcite is quite sirnilar

to the olivenite group framework, and can be made into the sarne

wallpaper pattern by roLation of lhe actual arrângement. of octahedral

chains. Figure 3.42b shows the framework with t.he chain rotation

nechanism, and t.¡ith the [8]-coordinate Ca. Às shotin in Figure 3.43, the

CaoB polyhedron is equivalen! to the Cu20s dimers in olivenite. The

placemen! of these two type of polyhedra within their respective

frameworks probably controls the lopological differences of the trlo

frameworks. Tetrahedral atLachment to the octahedral chains is

identical to the vauquelenite chains (rigure 3.12f.1 , Horlever, the Ioller

proportion of 8Ca to 6Cu in conichalcite, relative to 8Pb:6Cu in

vauque).enite, makes for the higher connectivity of the polymerized

un i ts.
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Figure 3.42: Structures of 0livenite and Conichalcite. (a)
tet rahedra l-oc tahedra L framework of olivenite, riith CuOs sharing edges

to form dimers (shared edge dashed); (b) pol.yhedral framework of
conichalcite, r¡ith [8]-coordinate Ca between the chains of polyhedra.

Figure 3.43: EquivaLent Polyhedral Units. The eight coordinate square
antiprism is equivaLent to the CuzOe dimer (lwo edge sharing CuO5

trigonal bipyramids), as bo[h have I ligands.
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Conichalcite is isostructural with austinite CaznÀsO4 (OH)

(Povarennykh, 19721 , Ni-austinite (Cesbron et al., 1987), and the

duftite and descloizite groups are structurally very similar, differing

only in the coordination ât the Iarge calion sites. Thus, the general

structural formula: (7+8À<->5M)6M(T04)(0H) has a large variety of

chemistries trríth structural frameworks that are very símiIar, and seem

to be controlled by the identity of lhe A or sM cations. The

face-centred packing (nCe) arrangement of octahedral chains is presen!

in aLI of these structures.

Papagoite contains chains of alterna!ing À13* and Cu2'-octahedra.

Linking these chains together are rings of four Si0a tetrahedra, and

CaO6 polyhedra (Figure 3.40d). The idealized watlpaper representation

of papagoite (rigure 3.39e) has a repeat distance of 12Â. The unique

bond-valence features introduced by this structure are discussed in

Chapter 5.

I'lalachite was first recognized as a wallpaper structure by Moore &

Àraki (1974), (Figure 3.39f). However, this structure has never been

considered with bot.h Cu-sites in octahedral coordination. I{ith the

coordinalion of both Cu(1) and Cu(2) as six with J-T Cistortions, the

true wallpaper character of malachite is apparent. Double chains of

octahedra are corner-Iinked to one anolher and to carbonate triangles

into a network with a repeat distance of 3Â down the chains. The double

chains are seen length\iise in Figure 3.40f.
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Antterite is a wa).lpaper structure Hith a 6,4 repeat distance (r'igure

3.399). It consists of slrips of edge-sharing ocLahedral triple-chains,

corner-Iinked together by S0¡ tetrahedra. The details of the chains are

seen in Figure 3.409. Viewed down (102), in Figure 3.44, this structure

has a distorted cubic close-packed arrangement of oxygens (CCP).

I'lamnothite has a complex framework composed of euchroite-type chains

of Cu-octahedra (Figure 3.45a), crosslinked by ordered arrangements of

À13* and Sb5* octahedra (Figure 3.45b). I,Iithin this framework of chains

are isolated SO¡ tetrahedra and [9]-coordinate Pb2-. Effenberger

(1985a) described Cu(1) as square planar and Cu(2) an square pyramidal,

but indicated the presence of apically situaled anions in both

posiLions. Bond-valence sums on these apical anions include valence

contributions from copper, yet these bonds t,'ere not considered part of

the Cu coordinations. If Cu contributes to the bond-valence of anions,

then the anions should belong in lhe coordination of Cu. Both Cu(1) and

cu(2) should be considered in six coordination, with different degrees

of J-T distortion. The topological reJ-ationships to euchroite (and

cl inozoisi te ) are then evident.

Chalcocyanite and trippkeite are stoichiometrically and structuralLy

very simple minerals with a high degree of connectivity, Looking down

the axes of their rutile-!ype chains (Figures 3.46a,b) these structures

do not fit into the wallpaper family. ChaLcocyanite cannot be idealized

on to the 36 grid because the tetrahedral conneclion to the octahedra

prohibits such an arrangement. lrippkeite does not have monomers, and

it aLso fails to fit onto the 36 grid. Schaffarskite, FeÀs20a, is

isostructural with trippkeite (Fischer & Pertlik, 1975). Figure 3.46c,d
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Viewed down (102), the oxygen
array is a distorted variation of
cubic-close packing; the different
oxygen layers are indicated by circles.

Figure 3.44: Cubic-CIose Packing of Àn!lerite.

Figure 3.45: The Structure of Mammolhite. (a) Euchroite-type chains of
Cu-octahedra (sËraight dashes) crossLinked by À1 octahedra (curled
dashes); b) corner-Iinked network of Cu chains and ordered À1 & Sb

octahedra (Sb-straight dashes); Pb (circles) and SO¿ tetrahedra (dotted)
are within the framework cavities.
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shows the difference between the linkage of the complex oxyanions to the

octahedral chains in chalcocyanite and trippkeite. Trippkeite has a

higher degree of connectivity because each octahedral apical oxygen is

bonded to two (¡s0s) pyramids, but only one SOa telrahedra is linked to

each apical oxygen in the octahedra of chalcocyanite.

Lindgrenite (Figures 3.47a,b) consists of slrips of edge-sharing

octahedra, crosslinked by Moo¿ tetrahedra. Àlternate strips are canted

25o aJ.ong (100) , resulting in a comnensurately-modulated structure

(Harlthorne e Eby, 1985). This structure has a distorted HCP arrangement

of anions, bu! idealization of the structure resuLts in a shift to CCP

(n i gure 3.48a).

Lammerite is another modulated close-packed deriva!ive (Harrlhorne

1986a). Figure 3.48c,d shows oPbO2-type chains of Cu(2), crosslinked by

very distorLed Cu(1) octahedra, and Às0a !etrahedra. Às in lindgreniLe,

this structure has a distorted HCP array of anions, but idealization of

a single layer resuJ.ts in a shift to ccP (Figure 3.48b). This structure

is rnore densely packed than lindgrenite.

Àzurite is another structure based on dPboz-type chains. Zigan &

Schuster (1972) originaLJ-y described thè slructure wiih Cu(1) ín square

planar configuration, and Cu(2) in square pyramidaL coordination. I,ìith

Cu(2) in a very distorted octahedral coordination, the bond-valence sums

of azurite balance (Table 3.i). The resulting structure (nigures

3.49a,b) is very interesLing. aPb02-type chains of Cu(2) are packed

sonewhat Like M1-chains in pyroxenes. J-T distorted cu(2) octahedra
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Figure 3.46: Structures.of Chal-cocyanite and Trippkeite. (a) Iooking
down the rutile-type chains of cu-ocLahedra in chãicocvanite with hiqú
connectivity to S0a; (b) Iooking down octahedral chaini of trippkeitá.
with a high degree of connectivity to Às0¡ pyramids; c) viewi'nõ the

tetrahedral linkage to octahedral chains of CuSO¿; (di 2(ÀsO¡ ) pyramids
âre attached to each apical octahedral oxygen in trippkeilã.
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share an edge wilh CO3 triangles, C0¡ and square planar Cu(1) crosslink

the octahedral chains. Às l¿as the case for chalconatronite, considering

Cu ín octahedral coordination reveals the edge-sharing component rlith

Co¡.

3.5.2 Cateoore B: Frameíorks of sheets

Cu2- oxysalt structures made from polyhedral frameworks riith structural

subunits of polymerized sheets are Iisted in TabLe 3.8.

Cu-octahedral Sheets, Partially occupied:

Cornubite and volborthile have octahedral sheets with 3/4 occupancy

by copper, and the other 1/4 of the possible cation siLes are empty.

Holding together the sheets in cornubite are solitary AsOa tetrahedra,

all corners of lrhich link to adjacent sheets. Three corners Link to one

sheet, as in chalcophyllite (refer Fig.3.21a), and the remaining corner

to an adjacent sheet (Figures 3.50a,b). Votborthite has VzOi

corner-sharing dimers linking together the octahedraL sheets (Figures

3.50c,d). Both tetrahedra in each dimer share three corners with the

sheets, in the same way as in cornubite. The stacking sequence in

volborthite and cornubi!e is different. À1I vacant sites nust be

vertically superimposed in volborLhite, whereas, they are slaggered in

cornubi Le ( nigure 3,50b ) .

The formula Cus(PO4)z(0H)¡.H20 has three polymorphs: pseudomalachite

(PM) , reichenbachite (ppu) , and QPM, described by Shoemaker et
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Figure 3.47: Structures of Lindgrenite and Lamnerite. (a) lookinq down
the modulated oclahedraL sLrips of lindgrenite; (b) Iooking onto the

ociehedral strips,. with- linking MoO¡ teLrahedra, a distorted HCp array;c) modul-aled. polyhedral layers of Cu-octahedra and Às0¿ tetrahedra i'n'
lammerire; (d) looking onto the distorted Hcp array of ocEahedral. chains
and crosslinking polyhedra; lindgrenite drarings from Hawthorne & Eby(1985) Iamnerite trom Hawthorne (1986b)
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Figure 3.48: IdeaLized CCP in
CCP layer of IindgreniLe;

Hawthorne & Eby ( 1985 )

LindgreniLe and Lanmerite. (a) idealized
(b) idealized CCP layer of lammerite;
and Hat¡Lhorne (1986b) respectivety

Figure 3.49: Structure of Àzurite.
Cu(2) octahedral chains, crosslinked

triangular groups; (b) looking across
sharing between oc tahedr a

(a) tooking down the distorted
by Cuo¡ square-planar and COs

the aPbOz-cháins, showing edge-
and CO¡ triangles.

'--ora.--_----*]
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TÀBIE 3.7

Bond-Valences for Azur i te

Numbers in brackete are for Cu(2) in six coordina!ion,
cu(1) cu(2) c H o-2

ol .498 (x2) (.0s8) 1.33s = 1.833 (1.891)
02 .485,.150 1.321 ='l .95503 .478 1.362 .14 = f.980oÂ .472 (x2) .414,.447 ,79 = 2.214

1.942 1 .974 4.018 0.93
(2.032)

Bond-lengths used ôre fron zigan & Schuster' 1972.

Values obtaineil using equstions fEon BROWN. 1981,

aI.(1977a), Ànderson et aL.(1977), and Shoemaker et aI.(1981),

respectively. Shoemaker & Kostiner (1981) described the unique

ocLahedral patterns !¡ithin the shee!s of these structures, revealing the

topological differences between the polymorphs. The oc tahedra I -sheet

skelelons in Figures 3.51a-c sholl the relationship betrteen the sheets.

Distortion of the ideal anion arrangenents, with placenent of another

Cu-octahedron into lhe sheets, resuLts in the arrangements of Ehe three

polymorphs (Figures 3.52a-c ) . P0¡ tetrahedra corner-1ink above and

below the vacant areas left in lhe sheets. By observing that lhe sheet

vacancies are geometric outlines of the tetrahedra, it is apparent thät

the Jahn-Teller distortions have arranged lhemselves to accomodate

tetrahedraL linkage between lhe sheets. The tetrahedral-ocLahedral

layers are stacked differently in each polymorph, shorin for QPI'Í in

Figure 3.53.



tu¿

TÀBLE 3.8

Category B: Frameworks of Sheets

i. Cu-octahedraL shee!s (partially occupied) -

cornubi te cus(AsO4)r(oH)4
volborthite Cu3 (vo4 )z 3Hz0
Pseudomalach i te cu b (P0 4 ) z (0H ) ¡ . H z0
Reichenbachite '

QPM
Fingerite cur ro2(v04 )6
l.'fcBirneyite CuaVzoa
cornetite cu3 (P04 ) (oH)3

ii. fuIIy occupied sheets of Cu-ocLahedra -

Derri ksite cu4(uoz)(seo¡)z(ott)o
Shattuckite Cus (Sio¡ )r (OH) z

Plancheite Cussi B0z z (0H)¿'Hz0

iii. conplex sheets of mixed polyhedra -

Arthurite CuFez3*(ÀsO4)z(OH)z.4HzO
Balyakini te CuTeO3
Salesi te cu(I03)(0H)
veszely i te (cu,zn)3(Poi)(oH)s.2Hro
Dolerophanite cu2(s04)0

Fingerite, a recently discovered mineraL (Hughes & Hadidiacos, 1985),

has a franework consisting of open Cu-octahedraL sheets (rigure 3.54a).

crosslinked by VOr tetrahedra and CuOs trigonal bipyramids (r'igure

3.54b). The octahedral sheets have 5/7 cation occupancy, which is

unique among the Cu2* oxysalts. The arrangemen¡ of the vacancies within

lhe sheets is quite similar !o lhe octahedral skeLeton of PPM (Figure

3.51b). However, instead of filling another octahedral site, the

remaining Cu in fingerite goes into trigonal bipyramidal coordination

betl{een lhe sheet s .
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Figure 3.50: SLructures of Cornubite and volborthite. (a) packing of
3/4 occupied sheets in cornubite, r+ith vacancies staggered due t.o
tetrahedral connectivity; (b) te t rahedra L -oc lahedra I sequences in

cornubite; c) octahedral sheet of volborthiLe with vo¡ tetrahedra linked
only to vacancies; (d) stacking of volborLhite sheets, with V207-dimers

in vertical allignment with octahedral vacancies, fron Kashayev &

Bakakin, 1968.
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Cu¡VzOa was synthetically prepared by Shannon & Calvo (19'72]. , and was

Iater found to be a natural volcanic sublimate. I t was named

mcBirneyite (Christian & Hughes, 1986) , and is the lonest symmetry

structure of the series: M2*3V206, with M= Cu,Ni,Co,Zn and Mg. It has

an interesting structure composed of zig-zag octahedral sheets l4ith 3/4

cation occupancy (Figures 3.55a,b) that are corner-Iinked to VO4

tetrahedra in a way similar to cornubite. Figure 3.55c shows a dense

wallpaper-like arrangenen! of lhe close-packed sheets. tooking obliquely

down the sheets (Figure 3.55d) one can see a CCP array. This is the

only Cu2* oxysalt structure t.IiLh octahedral sheets that does no! shor,r

corrugalion. The zig-zag arrangement of the sheets in mcbirneyite

accomodates the J-T distortion of lhe octahedra by virLue of its

topology, which does not require a geomelricaI corrugation to attain

ax iaÌly elongated oc tahedra .

Fehlmann et a].(1964) described lhe structure of cornetite with Cu in

both 5 & 6 coordinations, and explana!ion of the structure seemed overly

complicated. However, refinement of cornetite (details in Chapler 2),

and re-description of the structure, with Cu aIl [6]-coordinate, shows a

more understandable polyhedraL arrangenent, The structure consisls of

edge-sharing octahedral chains of Cu(1) e Cu(2) along [001] , and

edge-sharing octahedral dímers of Cu(3) lhat share an edge wiLh PO¡

tetrahedra (rigure 3.55a). These components are cross-Iinked, by shared

edges along [010J , into complex potyhedraL layers (Figure 3.56b). The

layers are further corner-linked along [1001 to form a densely packed

framework of commensuraLely moduLated polyhedral layers (Figure 3.56c).

The modulation dírection is along [010] (shown by wavy arrows).



Figure 3.51: 0cLahedral Skeletons of PM Pol.ymorphs. Idealized
octahedral chains as polyhedral derivatives of octahedral sheets in (a)
PM, (b) PPM, and c) oP¡t i these skeleton-sheets are missing Cu(1) sites

which require severe geome!.t."t 
1å;l:rtions; 

from Shoemaker & Kostiner,



Figure 3.52: Structures
(b) eeu, c) Opt¿, with

accornodate linkage

of Pl'd, PPM, oPM. 0cLahedral sheets of: (a) eu;
sizable distortions. Notice their arrangements
to P0¿ tetrahedra, which outline the calion

vacanc i es .

Figure 3.53: Tet rahedra l/Oc tahedra ). tayer
te t rahedra l-oc tahedra I sLacking

Stacking The un i que
in QPM.
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FulIy Occupied Cu-Octahedral Sheets:

Derriksite is an elaborate sLrucLure conposed of Cu-octahedral

sheets, alternating with layers of obliquely running U-Se polyhedral

chains. Seo¡ pyrarnids corner-Link together the polyhedral Layers

(nigure 3.57 ) .

Shattuckite and pJ-ancheite are copper silicates with pyroxene- and

anphiboJ.e-like structures. Shattuckite has pyroxene-like silicate

chains which attach to both sides of a corrugated Cu-octahedral sheet

(Figure 3.58a). The tetrahedral-octahedral-tetrahedral J.ayers (t-o-t

sandwich) are held strongly togeLher by very distorted Cu-octahedra

(which share equatoriaL oxygens) forming a layered netlrork of polyhedra.

Plancheite has essentially the same style of !-o-t sandt{ich (nigure

3.58b), except that the silicate chains are amphibole-like double chains

(nigure 3.58c). Àlong with the solitary Cu-octahedra, H20 groups

further aid in Iinkage of the t-o-t sandwiches.

Complex Sheets of llixed Polyhedra:

Àrthurite is made of t-o-t Iayers Iinked together by soì.itary

Cu-octahedra, in an arrangement somewhat simiLar to shattückite (Figure

3.59a). However, the octahedral sheets are rnade of Fez0ro-dimers,

corner-linked together, giving sheets half occupied by caLions (figure

3.59b). Às0¡ tetrahedra share three corners with the sheet, and one

corner 1{ith cu-octahedra (Cu-octahedra Ìinking t-o-t layers). This

network is rather open, and the Hz0 groups bonded to Cu-octahedra aíd in



108

Figure 3.54: SLructure of Fingerite. (a) very distorted Cu-octahedra
make up lhe sheet of fingerite; (b) beLr¡een the octahedral sheets are

vO¡ tetrahedra (dotted) and !rigonal bipyramids of Cu (curled dashes); a
densely packed f rarnewor k structure.



Figure 3.55: Structure of.McBirneyite. (a) 3/a cation occupancy of
Cu3V2O6 octahedral sheet; {b) oblique view of the zig-zag sheei wiih vOotetrahedral linkage style like cornubite; c) densely-pacIed arranqement-of sheets and tetrahedra. in a framework;'(d) cubic Êròse-paclea airay ãr

anions, look ing down [120].
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Figure 3.56: Structure of Cornetite. (a) chains of Cu(1) and Cu(2)
octahedra (dashes) crosslinked by Cu(3) octahedral dimers (unshaded) &

PO¡ tetrahedra (dotted); (b) edge-sharing between Èhe diners and chains
along [010] to form complex layers; c) densely-packed modulated

polyhedral J.ayers. The modulation is commensurate with translational
periodicity aLong [010] (wavey arrow); 0nly the middJ.e poJ-yhedral ]ayer

b of octahedra is shaded for clarity.

Figure 3.5? : Structure
dashes), corner-linked

of Derri ks ite. Sheets
to cornerlinking cha ins

(curled dashes ) .

Cu-octahedra (slraight
SeO¡ (shaded) and UOs

of
of



Figure 3.58: Structures of Shattuckite and Plancheite. (a) shattuckite
rrith modul,ated t-o-t layers, crossl-inked by solitary and very distorted

Cu-octahedra (curled dashes); corner-Linking silicate chains are
pyroxene-like; (b) t-o-t ).ayers in plancheite, crosslinked by both Cu-
octahedra and HzOi (c ) amphibole-like sil-icate chains of pJ-ancheite.



linking the t-o-t l-ayers together.

linked to the Às04 corners.
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S!ronger equatorial Cu-O bonds are

Synthetic CuTeO¡ is synonymous with balyakinite. Balyakinite is a

complicated slructure of distorted 3+1 Te-o coordinations and Cuos

square pyramids which corner- and edge-share to form sheets parallel to

(001) , (rigure 3.60). Square pyramids share edges to form CuzOa dimers.

Àdjacen! sheets are corner-linked together into a framework,

Salesite has an elegant structure for such a simple stoichiometry.

DistorLed IOe octahedra corner-share to form sheets of 1lZ cation

occupancy (figure 3.61a). These sheets are corner-linked to ruiile-like

Cu-chains. The packing of the sheels and chains has a HCP arrangement

stacked on [100] (nigure 3.61b). Chain positions are staggered up the

stacking sequence, and I0o octahedra occupy the positions above a layer

of chains which are vacan! in I-sheets below the chains (Figure 3.61a).

Veszelyite is made of tlro iniricately polymerized types of sheets

(rigures 3.62a,b). Edge sharing Cu-octahedra form eight-rnembered rings

within their sheets. Zn and P tetrahedra alternate in corner-sharing 4-

and 8-membered rings, forrning tetrahedral sheets rr'ith half the polyhedra

in each ring pointing uÞr the other half pointing down (Iinking to

opposite octahedraL sheets). This type of tetrahedral sheet is found in

some franework silicates such as paracelsian and BeAlzSizOo, Ghose et

aI. (1974 ) . The linkage of the tetrahedral and octahedral sheets is

i llustraLed in Figure 3.62c,d.



Figure 3.59: S!ructure of ÀrLhurite. (a) t-o-t layers, crossLinked by
CuO6 octahedra (curted dashes); (b) corner-sharing sheet of Fe-

octahedral dimers, and accompanying corner-sharing Às04 tetrahedra.

Figure 3.60: Structure of Balyakinite.
(3+1) Te-polyhedra and Cu20B dimers within a conplex sheet.



Figute 3.61:
shee!, and

sequence of

Structure of Salesite. (a) IOs corner-sharing octahedral
edge-sharing Cu-octahedral chains (banded); (b) packing

the sheets and chains (HCe); Iodine octahedra have circles
in f i gure (b).



Figure 3.62: Structure of Veszelyite. (a) oclahedral sheet; (b)
tetrahedral sheet of alternating zn and Às cations; c) superposition of
corner-linking sheets in figures a,b; (d) cross sectional view of Iayer

Iinkage; (b) from Ghose et aI.1974.



Figure 3.63: Structure of Dolerophanite. (a) nixed polyhedraJ- sheetsof rutile-type chains, trigonal bipyramidaJ. dimers òf õu, and SOa
tetrahedra; (b) conichalcite-type chains, with CuzO¡ dimers attached;

forming dense sheets. are unshaded, and CuOs diners are dashed.
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Dolerophanite consists of rutile-type Cu-chains edge-sharing rlith

Cuz0¿ trigonal bipyramidal dimers to form mixed polyhedral sheets

(nigure 3.63a). S0¿ tetrahedra crosslink adjacent sheets by

corner-sharing wilh CuO¡ polyhedra, The SOa and CuOo chains of

dolerophanite (rigure 3.63b) are identical to those of conichalcite

(refer Figure 3.40d). Nole holl CuOs dimers fill the spaces between the

tetrahedral-octahedral chains to forn sheets. The trigonal bipyramidal

dimers have taken different sLructural- positions than in olivenite.

ConsequentLy, the connectivity between the tetrahedra and oclahedra is

different.

3.5.3 CaÈeoorv Ci ConÞlex 0ctaheilral Franerorks

This category is conposed of frameworks of octahedra that can be divided

into subunits other than simple chains or sheets. The minerals in this

category are in Table 3.9.

Zeolite-LÍke FraneYork6 :

Buttgenbachite and conneLile are isomorphous slructures made of a

rigid octahedral framework rlith Iarge cylindrical cavities (rigures

3.54a,b). I,¡ithin the channels are compJ-ex oxyanions which distínguish

the lwo end members: NO¡ for buttgenbachite, and SO¡ for connellite.

There is some degree of substitution of nitrate for su].phate groups in

these two minerals. Both structures have Cu sites at the cell orígin

wilh 0.5 cation occupancy, and due !o symmetry constraints this

Cu-octahedron does not shotl Jahn-Teller distortion. Connellite has a
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TÀBLE 3.9

Category C: CompLex Octahedral Frameworks

i. zeol i te like -
Butlgenbachite Cu r sCI4 (NOr ) z (0H )¡ z '2H ¿0
connÀ]]ite cur gcl¿ (S0¡ )(oH) s z 3Hz0
Lyonsit.e curFe4 (vo4 )6
Dioptase CuS iO r (0H) z

ii. spineÌ type -

Àtacani te cuzcl(oH)¡
Paratacami te cuz(0H)3cl

iii. octahedral dimers & trimers -

BelJ-inger i !e Cu3(IO3)6'2H20
Cl i noc lase cu3 (Àso4 )(oH)J
Cu-Barbosa1i te CuFe2PO4 z(OH)z 2Hz0

noveL [7]-coordinate cu(3) site, lçith the longest apical H20 group

jutting into the channels and H-bonding to S0¿ tetrahedra; the

wedge-shaped end pointing towards the cell origin. Buttgenbachite

reportedly has a square-planar coordinated siLe insLead of the

7-coordina!e po).yhedron in the isostructural connelite. Horlever ' it

seems reasonabLe that Cu(3) is pup-tent shaped (without lhe apical bond

towards the channel) rather than square-planar, because the framework

isostructural with connellite.

Lyonsite is an interesting Cu2* oxysalt mineral, riilh novel

Cu-coordination features, The structure consists of rings nade from HCP

oxygens of FeOs-V0¿ polyhedra (packed on 001), which form tubuLar units

(Fiqure 3.65a). These tubular polyhedral columns arè crosslinked by



Figure 3.64: Struc!ures of Buttgenbachite and Connellite. (a)
framework. of connellite, with 7-coordinate potyhedron (dashed) pointing
to\,rards the SO¡ tetrahedra; (b) buttgenbachite framework with Nò¡ planár
triangles in the channels, and a len[-shaped CuO5 polyhedron insieãã ði

CuOz.
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Figure 3.65: Structure of Lyonsite. (a) an elegant framework of FeO6
octahedral-Vo¡ tetrahedrat rings (Feoe dotted & dashed) . Regular shaped
Cu-octahedra on two-foLd axes occupy the centre of the columns (curled

dashes); (b) chains of lrigonal prismatic CuO6 connect âdjacent columns,
and face sharing Cu-ocLahedral chains f ill- the columns (trig. prisms

straight dashes).
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edge-shâring chains of 4+2-cis trigonal prisms of CuOs (Figure 3.65b).

The 4+2-cis polyhedron is very similar !o that of buttgenbachite.

lfithin the Lubular columns are chains of face sharing Cu(1) octahedra

(r'igure 3.65b). The Cu(1) octahedron does not exhibit the J-T

distortion. This position is reportedLy only half occupied (Hughes et

â1., 1987), suggested by stoichiometric considerations and unique

thernral vibrational data. Àdjacent Cu(1) sites are onJ.y 2.455Â apart,

and suggest tha! special conditions, such as positional disorder, are

necessary for stability, and are more favorable HiLhout the static

Jahn-TeIler dis!ortion.

Dioplase has an intricate framework of spiralling and winding

octahedral chains, corner-Iinked to Si s0l s tetrahedral rings which

occupy the large framework cavities (nigure 3.66a). Within the rings

are ordered arrays of H20 groups (figure 3.66b). The tetrahedral rings

stack along the diagonal of the unit celI. Ribbe et al, (1977)

considered Cu to be in [S]-coordination, but clearly the sixth Cu-O

bonds are within a reasonable distance, producing fairly regular-shaped

polyhedra. The interpretation of silicate rings within a franework of

CuO polyhedra is not realized when considering Cu as [5]-coordinate.

Spinel-Type Frameworks :

Àtacamite and paratacamite are polymorphs of boLallackite. Their

structures are radically different from bo!alIackite, and consist of

ocLahedral- frameworks that are essentially a spinel-type skeleton



Figure 3.56: Structure of Dioptase. (a) winding octahedral franework
HiLh silicate rings in cavities; (b) looking down on the silicate rings,

t'e see an orderrv uttunnuiliålo;ån!Í1 ntouot (open circJ-es are
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structure l,tithout teLrahedra. Àtacamile and paratacanite are only

subtley different, due to slight symmetry differences. The anions are

in CCP arrangement, seen from the perspective of cross-linked layers of

hexagonaJ. octahedral rings (nigure 3.57a). We can also view the

structure from the perspective of interpenetrating octahedral chains

(figure 3.67b) which can be considered as rod packings of half occupancy

in perpendicular directions. Àn oblique view of the framework (nigure

3.67c) shows structural corrugation of the layers parallel to (001), due

to prominent J-T distorLions. The higher symmetry of paratacamite

(hexagonal) is due to the geometrical requirements of 1/4 of. lhe

octahedra, which link together the layers alon9 (001). One-sixteenth of

the copper is constrained to adopt a non-distorted configuration of six

equal Cu-o bond lengths (al the celt origin). Three-sixteenths of the

Cu-octahedra have reverse (2+4) symmetry, also a result of symnetry

constraints. 0rthorhombic atacamite has onLy the nornal (4+2) J-T

distortions, because lhe lower symmetry alLows the electronic relaxation

of the J-T distortion throughout the structure. Figure 3.67d shows the

atacamite framework with a different distortion pattern from that of

paratacami te in Figure 3.67c.

0ctahedral Diners and Trirners:

Bellingerite consists of edge-sharing Cu-octahedral dimers and

solitâry Cu-octahedra, each surrounded by I05¡ I05 and i07 polyhedra to

form a framework (nigures 3.68a,b). The mixed coordinations of I5*

polyhedra lead to a low symmetry arrangement, because of the variability

in the style of polymerization.
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Figure 3,67: Structures of Atacamite and Paratacamite. (a) CCp array
of anions looking down hexagonal octahedrä1 layers tha! are crosslinked
by ocEahedra on symmelry elements; (b) rodpacking of distorted chains

with 1/2 cation occupancy in two direc!ions; (c) oblique view of
paratacamiEe with symmetrically constrained octahedraL sites at symmetry

elements (with circles); (d) atacarnite tramework with fulL (¿+ZJ ,:-t -

distorb ion in all octahedra.
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CLinoclase is a complicated sLructure made of edge-sharing CuOs-CuOs

dimers and edge-sharing Cu20B dimers corner-sharing together, and

corner-linked by Às0¡ tetrahedra into a complex polyhedral franework

(Figures 3.69a,b). Àlthough the [5]-coordinate polyhedra have nearby

sixth oxygens, the bond angles for octahedral coordination are extremely

distorted, and bond-valence contributions are niníma]. I,lith this in

mind, there is also no topologicaJ. advantage to describing the Cu as

oclahedral. The slructural linkage is compJ.ex, and quite differen! from

the rest of the oxysalts, whose polynerizations are readily described

and related to one another. Crystals of clinoclase cleave into sheets,

and there is a layered aspect to the polyhedral arrangemeni on [010].

The structure of a recently described mineral, nor+ called

hentschellite, has been solved by Sieber (1985), and is part of the

lazuLite-scorzalite-barbosalite series (Mg-41;Fe-ÀI;Fe-Fe respectìvely).

It has a Cu-barbosalite composiLion, with monoclinic symmetry (p2r/n) as

opposed to the tetragonal symmetry of barbosalite. The loss of

holosymmetric coordination around Cu2* is probably the cause of the

lowering from tetragonal symneLry in Fe-barbosalite. The structure

consists of face-sharing trimers of AI-Cu-À1 , densely packed into a

network by corner-sharing to each other and to P0¡ tetrahedra. Figures

3.70a,b show lhe complicated polyhedral arrangement of hentscheliÈe

along two di f ferent axes.



I solated Cu-octahedra
and edge-sharing dirners
surrounded by I -polyhedra
forming a f rarnewor k .

Figure 3.68: Structure of BeLlingerite.

Figure 3.69: Slructure of Clinoclase. (a) ç (b) two perpendicular
views of the dimeric franework; square pyramids have curled dashes,

octaheclra have straiqht dashes, telrahedra dotted.
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Figure 3.70: Structure of HenEschelite. (a) looking across the face-
sharing trimers (ne-Cu-re), Iinked by POa tetrahedra and corner-sharing
into a framework; (b) Iooking down on the trimers, notice the chain-like
array. The connectivity is nruch more complex than corner-sharing chains;

Fe-octahedra have straight dashes, Cu-octahedra have curLed dashes.
Several triners are blackened for emphasis.



128

3.6 suì,fr{ÀRY

Hhen considering the total connectivi!y of the Cu2- oxysalt structures,

by incorparating the full coordination of Cu2 *, one finds that these

structures are not enigmatic. Rather, there are many lopoJ.ogical

similarities between Cu2' oxysalts and non-Cu oxysalts, which vere not

previously evident. It is apparent that alI oxysalt strucLures afford

the same possibilities for description with heteropolyhedral.

representations. The features that give Cu2t oxysalts their unique

structuraL character wiII nor¡ be explored; starting with an in-depth

Iook at the Jahn-Teller distorLion around Cu2*.



Chapter IV

THE I'ÀHN-TELLER EFFECT ÀND LOCÀL CUz' ENVIRONI,IENT

4,1 À DETÀIEED EXPLÀNÀTION OF THE JÀHN-TELLER EFFECT

Distortions of Cu2'-ligand polyhedra are a small part of what is
predicted by the Jahn-Teller theorern. Jahn & Teller (193?) proposed a

general theoren for the distortion of molecular systems. The energy of

a distorted nolecule can be described by the power expansion series:

E(S¡) = Eo+ FiS¡++F¡,s?* å F¡¡¡S?+ ...

where S¡ is a coordinale of the molecule, along which we may describe a

distortion; E0 is the energy of the undistorted geonetry; the other

parameters F¡rii,i¡¡ are lhe energy derivatives (Aurdett, 1980). FiS¡

describes lhe first-order Jahn-TeIler tern involving orbital

degeneracy; (/2)Ei ¡S¡2 is the second-order Jahn-TeLIer !erm, involving

more subtle forces associaLed with spin phenomena of the electrons (F¡¡

is the vibrational force conslant); F¡ ¡¡ is lhe cubic anharmonicity.

It is the first-order Jahn-Teller term which is significant in this

discussion of Cu2' (with a ds orbital degeneracy).

Jahn & Teller (1937) showed that any non-linear polyatomic molecule

with an electroni.c orbital degeneracy is unstabJ.e, and must undergo

distortion. The dÍstortion is spontaneous, and relieves lhe molecule

of its instability by a lowering of symmetry that resuLts in orbital

energy splitting of the degenerate state. The deqenerate state

129
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necessariLy entails a symmetricaL coordination environment about the

central atom (in this case, a cation), This symmetrical ligand field

is unstable because of ics interaction with the unsymmelrical

electronic configuration (degenerate) of the central aton. In a Iinear

molecule, stability and degeneracy are simultaneously possibJ.e, and

distortion is not required. Hor,lever, for higher coordinations,

stability and degeneracy are not compaLible, and a spontaneous

di stortion occurs.

The Jahn-Teller theorem does not predic! the geometrical nature of

the distortion, nor its nagnitude. The configuration t.'ith the lowest

overall energy shouLd be the favored geometry of equiJ.ibrium (CoLton &

Wilkinson, 1972). In free noJ.ecuìes, the distortion is resonant, and

called the dynamic Jahn-Te1ler effec!. Resonance occurs because of the

unrestricted nature of free nolecules, with the bond lengths

conLinuall.y changing to esbablish an average state of IoÌ¡est energy,

ConverseLy, in crystalline soJ.ids, the most sLabIe configuralion is

usuaLly preserved in the static slate. This is called the static

Jahn-Teller effecl, and it is this forn of the Jahn-Teller theorem

which concerns our study of oxysaJ.t minerals. It is hereafter assuned

that reference to the Jahn-Teller effect is to the static Jahn-Teller

distortion.

DeEaiIs of the Jahn-TeLLer (J-T) dislorLion in Cu2t compounds are

readily understood rri'"h the use of ligand field theory. In a

holosymmetric octahedral ligand field, the d-orbital energies of lhe

cèntral cation are spli! inlo T2g and en levels (figure 4.1), due to

their inleraction r,lith the ligand field. Being of lower energy, the Tzg
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theorbital.s are more fuJ.ly occupied, and the eg orbitals receive

remaining d-elect¿:ons. There are tt\,o important points here;

1. 0ne en orbital is occupied by two (spin-paired) electrons, and

the other eg orbital is occupied by one electron.

The t$o eg orbitals are energe!icaJ.ly degenerate,

This means that a splitting of lhe eg orbiLals must resul! in a Lower

energy. Às the energy of the electrons in the spin-paired orbital

decreases wiLh an increase in cation-tigand distance tolrards !hat

orbilal, the energy of the electron in the singly-occupied orbital

íncreases rlith a corresponding shortening of the cation-ligand

distance. A net Lowering of ènergy results, and is the driving force

for the Jahn-TeIler distortion (the amount E-stabilizaLion in Figure

4.21 . The change in bond lengths resulls in a lowering of symmetry.

The symnetricaL configuration is thus of a higher energy than an

unsymmetrical configuration, and is hence unsLabLe rlith respect to
geometricaJ. distortion (which occurs sponLaneously). The instability

of ds degeneracy is lherefore removed by oclahedral distortion, because

of a net stabilization energy. This eg orbital splitting is secondary

to the general case of octahedral stabilizations (nigure 4.1). No net

stabilizations occur in the T2n orbitals because of balanced energy

shifts by the fuIly spin-paired orbitals. Minor secondary adjuslments

of the T29 orbital energies also occur, but are much J.ower in energy

than eg (not drawn to scale in Figure 4.1).

)

The nature of the distortion

but if we consider r+hich orbiLal

not predicted by the J-T theorem,

singly occupied, we can predict the

1S

IS
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Figure 4.1 : Octahedral Field Splittings. Orbital energy states for
different environments of ds transition-metal conplexes in: the

isolated ion; the non-degeneraEe complex; and the degenerate Jahn-
Teller di storted Cu2t complex.

Figure 4.2: Net Stabilization Energy in lhe eq orbitals.
The driving force for Jahn-Teller dis!órtion.
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type oi distortion. À half-fi11ed dx2-y2 orbital will cause less

shielcìing of the l-igands along the x- and y- axes, relative to the

z-axis. The equatorial Cu-Iigand bonds will- therefore conlract, and in

response to equilibrium requirements, the co-linear bonds along z wíII

proportionately IengLhen (called a (4+2\ distortion). ÀIternatively,

if the dz2 orbital is half occupied, the co-linear bonds along z are

less shielded, relative to dx2-y2, and the lwo bonds along z shorten.

The equatorial bonds simultaneously lengthen, and a compressed

octahedron is the result (termed 2+4'), Both of these J-T distortion

nodels are ideal tetragonal distorLions, represenled by lhe secondary

field splitting in Figure 4.1.

Opik & Pryce (195?) showed that (4+2) distortions have a marginally

greater stability than Q+41 distortions, due to their accompanying

second and third-order J-T terms (see equation 4.1). The rarity of the

(2+4) octahedron supports their conclusion.

For !etrahedraL ligand cornplexes (aIso of cubic symmetry), 1zg

orbitals interact direclly t.¡ith the ligands, and eg orbitals are

between lhe Ìigands (r'igure 4.3a). With Cu2*, degeneracy of the cubic

J-igand f ieJ.d is lifled by a tetragonal distortion of the tetrahedral

complex. The resulting field splitring is quite different from the

octahedral distortion (nigure 4.3b). HeLmholtz e Kruh (1952) report

tetrahedral coordination in cszcucl4. The tetrahedron is flaltened,

removing the 3-fold symmetry axis. rhis is called a t1 distortion by

Dunitz & OrgeI (1957). Miyahira & ohinshi (1956) established Ëhag
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c/a<1 in CuCrzO¡ (synthetic spinel), and is consístent with T1

flatLening of the CuO¿ tetrahedron (Dunitz & OrgeL, 1957). T1 & T2

(T2=elongated tetrahedraL) distortions are exclusive to certain

d-orbital sLates (Figure 4.4). No more wiLL be said about te!rahedral

J-T distortions of Cu2*, because no Cu oxysalt minerals (found so far)

have Cu2* in tetrahedral coordination.

Any transition-netal cornplexes with octahedral or tetrahedral

coordinations and half-filled d-orbitals should show the J-T effect.

High-spin Cr2* and Mn3*, and low spin Coz* and Ni2* show octahedral and

tetrahedraL distortíons. Mn3*, the most abundant of these cations in

mineralogy, has been weLl-recognized in more recent studies for

displaying the J-T distortion, e.9. Èloore & Àraki (1974), Dunn et al.
(1987).
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Showing the stmmetr¡cål rclat¡onsh¡p of ¡hc
dzy, dx¿ and dv¿ orbitals which fo¡m thc triply dcgencratc

tr orbital ¡n a tetrahedral complex.

*,å"0?i'ii,ä*":å í"",':,iïJjåiïfl.,'.",'""j: j:r:,ä'.,ïli;
c/ø < 1 (left) and c/ø > 1 (right). These distorrions may
be described as flattening or elongation ¡espectiv€ly of

the tetrahedron along an S¡ axis.

Figure 4.3: TeLrahedraL Ligand.FieLd Splitting from Dunitz & Orgel
(19s7)

Effcct of (a) a single elect¡on in the 4 orbital
(1, state), (b) a single hole in the r¡ o¡bital (îr statc)
on the stereochemistry of a tetrahedral complex. Only

' tetragonal distortions a¡e considered.

Fígure 4.4¡ Tr & Tz DisLortion Types from Dunitz & Orgel

dor d9

(r9s7)
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4,2 THE COORDINÀTiONS OF CUz+

Cuz * assumes a variety of coordination geometries in oxysalt mineraL

structures (nigure 4.5). A reaction path series is outlined in Figure

4.5, and is established throughout this chapler. Because minerals are

the mos! stable chemical compounds, lie must assume that the degeneracy

of Cu2* has been tifted in the oxysaì.t structures to a suitabLe degree

of equilibrium. RêcaII that the nature of the J-T distortion in

crystals is static, but lhe specific geometry of the J-T disCortion is

not prescribed. Às the orbiLal degeneracy is 1iÍted, Cu2* coordination

geometries need to conform to bond-val-ence theory and lhe

topologicat/geometrical constraints of the crystalline environment, The

driving force for polyhedral distortion must therefore operate r,lithin

slructural constraints.

Differentiating betrleen coordinations is usually based on simpJ.e

geometrical crileria and bond-vaLence lheory. However, lhe application

of both factors is no! alt,tays straigh! forl{ard. Recall, stringhamite

has lwo different copper positions which border on oclahedral and square

planar. Bond-valence sums on Cu(2) and 0(2) sugggs¡ that Cu(2) could be

considered as an extremeJ.y dis!orted octahedron, with the apical bonds

3.05Â in length (2x0.035v.u. contribuLed). However, Cu(1) has two

oxygens 3.38Â away from it, and these are too long to be considered

significant (only 0.02v.u. per apical bond), StranskiiLe and agardite

test the limits of bond length significance (around 3.15Â). Honever, as

in teinite, the assignment of octahedral coordinaLion with "bonds"

>3.20Â helps to relate the structure to another. The cutoff for
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l.'"-K-l\,
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(F) L= Ionges t bonds

M= niddle length
bon ds

S= shortest bonds

E= bonds of equal
length
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(E)
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Figure 4.5: Coordination Types for Cu2'. The varie!ies of Cu-
polyhedra, as derived from the regu3.ar octahedron, are presented as a
muJ.ti-path reaction series. (a) regular octahedron of six equai. bond

J.engths and a 6-axis; (b) tetragonalLy distorted (4+2) octahedron,
derived from a; (c) non-tetragonal (2+2)+2 distortion, non-

centrosynmetric, derived from b; (d) non-tetragonal 4+'1+1 distortion,
non-centrosymmetric, f rorn b; (e) square pyranidal. 4+1, derived from non-
tetragonal distortion of b; (f) trigonaL bipyramidal 2+3, derived from

eiEher b or e; (g) square-planar, 4 equaL bond lengths, exlreme
distortion of e (or b); (h) !etragonally distorted (2+4) (¡gy.rt.¡
octahedron, from a; (i) non-tetragonaLly dislorted 4+1+2 capped

octahedron, from d.
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incLuding very long apical bonds is somer¿hat arbitrary. Bond-valence

theory does no! support or deny the validity of including these longes!

bonds, because they are so rreak. Their significance Iies purely in the

better description of certain structures. If incJ-uding a distan! sixth

oxygen helps to relate lhe Cu2' struclure to another, it is significant.

If a sixth-nearest oxygen does not exist, then the cation is [S]- or

[4]-coordinate.

Bond angles atso play a role in delermining the coordination of Cu2*.

Bond angles in stringhamite, betr.leen the apical and equatorial oxygens

of Cu(2), allor¡ the assignmen! of octahedral coordinaLion

(02-cu-04=60,5"). Those in cu(f) stretch past the limits of

practicality (03-cu-02=53. 1 
o ) , making an octahedral coordination

unrecognizable and inconvenient. Cu(1) is therefore square pJ.anar.

Àzurite also strelches the limit of bond angles alloved for octahedral

coordination of Cu(2) (apical-equatorial-73.5o). Bond-valence theory

suggests that lhe apical bond to Cu(2) is significant, completing the

octahedral coordinatíon. Cu(1) in azurite has an oxyqen within 3.00Â of

its square planar coordination. But a bond angle of 48.1o (02-Cu-01 ),

and Iack of contribution to !he bond-valence sums, indicates that Cu(1)

is square planar.

Discriminating between trigonaL bipyramidal and square pyramidal

coordinations is discussed in part 4.2.2. Most of the Cu poJ.yhedra are

not borderiine cases. Bond angle and bond length data usually indicate

distinct coordination types, regardless of the J-T distortions

superimposed on the polyhedra.
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e,2,1 OcÈaheilral Coordinat íons

0ctahedral coordination is by far lhe most common type of Cu2 
*

polyhedron in the oxysalt minerals. Exampl.es of octahedral geometry in

Figure 4.5 are only some of the forms found in Cu-structures. Table 4.1

Lists geonetrical and related structural dala for alL symmetrically

distinct octahedra in the Cu oxysalLs. Many variations of (4+2\

distorLion are observed. In fac!, the ideal tetragonal distortion (the

model described by Figure 4.1) is very rare.

In the Cu2' oxysalt minerals, all bonds to Cu2* are fron O-2, OH-,

HzO, and CL-. There rrere no observed correLations between bhe type of

oxygen ligand and octahedral geometry, so no distincLions !,ere made

betlreen oxyanion types in Table 4.1. AIl bonds to Cl- are labelled.

The coding of the coordinations is based on bond lengths. 4+2 neans

that the short equatorial and longer apical bonds are in two distinc!
groups, each rlith bond Length variations <0.06Â. The other

coordinations are variations of !his basic type of J-T distortion.

4+1+1 means the apical bonds differ more than 0.11Â in Length, but are

stiII appreciably longer than the equatorial bonds. Bond groups within

parentheses (x+x) indicate bonds shich differ by 0.06-0. 11Â.. e9.

(2+2Ì+2 means the equatorial bonds are paired in ì.ength, and these pairs

differ 0.06-0.114. Numbers in square brackets Ix+x] designate

equatorial bonds which differ significantly in lengLh, but are stiIl
much shorter .than apical bonds. The column labelled A indicates

polyhedral distorLion, and lhe column BvS indicales the bond-valence sum

on Cu2*.
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TÀBLE 4. 1

Geometrical Paraneters for Cu2'0s 0ctahedra

Mineral Cu(S) Coordination <Cu-O> A BVS Other

(Â) (x103)
I soLated Polyhedral St ruc t ur es

aubertite
cyanochroiLe
Tut ton I s Salts
henni I i te

botallackite

wroewolfeite

J.angite

posnajakite

spa ngol i te

gerhardite

4+2 2.097 9.8 2.12
12+21+2 2.100 4,7 1 .97(2+2\+2 2.090 2.7 1.96

4+2 2.318 52.2 2.00

Chain Structures

Co
c

chalcanthite (1) 4+2 2,10'1
Ql 4+2 2. 109

krohnki te 4+2 2.215
cha Ic ona t ron i te 4+1+1 2.138
chlorothionite (2+2Cl)+2CI 2,430
er iochalc ite l2+2C!l +2CI 2.433
chloroxiphite 4+2CI 2.314
caledonite 4+ ( 1+1 ) 2.128
li na r i te 4+2 2.147
schmeiderite 4+( 1+1 ) 2.175
vauquel ini !e (1) IZ+Z)+Z 2,067

Ql l2+2) +2 2 .147
fornacite ¿+(1+1) 2.118

Sheet Structures

4+1+ 1CI 2.237
(2+2],+2CI 2,183
¿+(1+1) 2.13'1

12+2].+(1+1) 2. 135
(2+2],+1+1 2.143
(1+3)+1+1 2.146
(3+1 )+1+1 2,147
(3+1 )+1+1 2.142

4+1+1 2.135
4+2 2.123

(1+3)+1+1 2.112
4+1+1 2.190
4+2 2.117

(1+3)+1+1 2.152
4+1+'1Cl 2.188

4+2 2. 100
( 1+3)+1+1 2.119

4+ ( 1+1 ) 2.118

8.5 2.05 c
1'1 .8 2.14 C

12.9 2.14 c-M
12,8 1 .96 N

2,0'1 N-M
1 .95 N-M
I Ol

8.6 1 .92 N

16.6 2,06 c
19.2 1 .97 N

13.3 2,15 c*
8.7 1.88 c*

10.0 2,02 N

1 .95 N-!t
2,17 C-M't.1 1.85 N

9.4 1.91 N'17.8 2.08 N

16.9 2.06 N

17,6 2.07 N

16.3 2,03 N

11.2 1.98 N

6.9 1.91 N'10.5 2.09 N

26.0 1 .9s N

6.6 1.92 N

14.7 2.03 N

2.09 N

7 .4 2.05 C

10.5 2.04 N

6.0 1.90 N-M

o

o

o
o

o
o

2
J
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Mineral

Tab]e 4. '1 cont inued

Cu(#) Coordination <Cu-0> A BVS 0ther

serpierite

devi Il i te
1

3

4

5
6

campiglia i te

ktenasite

bay ldon i te

cha).cophyL J. i te

Mixed

gui ldi te
ransomi te
rne ta t orbe r n i te
sengierite
c upr os k lodow s k i t e
roubaul t i te
lurquoi se
str inghami te (21
likasire (1)

Q\
(3)

bonatLite
chalconenite
liroconite
ba ndy I i te
stranski it,e

(Â) (x103)
2.112 1.8 1.80 N zn o
2,115 11 .6 2.08 N

2.178 13.3 2.04 N

2.110 0 1.75 N Zn o
2.147 12.8 1.95 N

2,117 4.1 1.85 N

2.123 8.0 1.93 N

2.142 14.8 2.03 N

2.092 10.1 2,2't N

2.143 6.7 1 ,82 N

2,122 8.6 1 .95 N

2.137 8.5 1.87 N

2.122 14.0 2.16 N

4

2
J
4

( 1+3 )+2
(3+1)+(1+1)

(1+3)+2
6

4+2
(1+2+1)+(1+1)

(1+3)+2
(1+3)+(1+1 )

(3+1)+2
11+1+21+2

l2+21+2
(2+2) +1+1

l¿+ ¿ ) +¿
2+(1+3) 2.202 8.4 1.62 R *
1+2+1)+ 2.07'1 10.5 2.32

2.152 1.'1 1.85
2.147 10.0 1.90

N*
R*
N*

o
o
o
o
o

*O

+1)+(2+
1+31+(1+

Frameworks of Chains

4+2 2.108
4+1+1 2.220

(1+3)+'1+1 2.181
4+2CI 2.253

(2+2].+2 2,349

3.4 1.81 N Zn
9.0 2,01 N-M

11.2 2.10 c
5.9 2.1'l C Zn

12,1 2.0s c
10.1 2,04 c
12,4 1.96 N

3.8 2.08 N-M
10.0 1.94 c
20.3 2,33 4-u
15.8 2.06 N

13.2 2,04 C

10.9 1.96 N

2.9 1.48 C*
50.7 1.89 c
7.5 1 ,9'1 N-M

22.9 1,94 N-M
34.7 2.00 c

11.3 2.0'7 N

36.6 1.97 N

23.9 2.05 N

29.4 2,04 T
56.2 1,92 c

4+(1+1) 2,118
(2+2\+2 2.150
l2+2)+2 2.118
12+21+2 2,0'19
(2+21+2 2 .126

4+2 2,120
4+2 2.143

PoLyhedral Shee ! s

(2+2].+ (1+1) 2.078(2+2)+2 2 ,140
4+1+1 2.117
4+1+1 2,113
++¿ ¿. t33
4+2 2. 1 10

lZ+Zl+Z 2.183
4+2 2,313
4+2 2.113

4+1+1 2.188
4+2 2.240
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Mineral

Table 4.1 continued

Cu(# ) Coordination <Cu-O> A BVS 0ther

stoiberite

agardi te
euchroite

oliveniLe
libethenite
con ichalc i te
papago i te
malachi te

antlerite

manñìothite

(1)
(2)
(4)

(1)
()\
(1)
(1)

(Â) (x103)
(2+1+1)+1+1 2.200 26,0 1.99 N
(2+2],+1+1 2,168 20.1 2,02 N

12+21+(1+1)c i s2.151 10.7 1.91 N
(2+21+1+1 2,211 39.0 2.03 N-u

4+1+1 2.120 11 .7 2.068 N

4+1+1 2.179 21 .0 1.97 N
(3+1 )+(1+11 2,111 8.4 1,97 N

4+2 2,112 9.2 2.03 c-t't
(2+2],+2 2,113 5.9 1.93 N *
4+1+1 2.203 32.5 2.04 N-M

12+21+1+1 2.161 15.7 2.00 N

[2+(1+1)]+2 2,122 7.5 1.96 N

4+1+1 2.125 10.7 1.99 N-M
12+21+(1+1\ 2,101 8.9 2.0'1 N

4+2CI 2.453 1.88 C

4+1+1 2.140 17.0 2.07 N

12+21+2 2.083 9.3 2.23 C * o
4+2 2,121 13.7 2,13 4-M
4+2 2.116 10.5 2.04 C

4+1+1 2,104 9.5 2.09 N

4+2 2,217 40.5 1 .96 C

4+1+1 2,165 19.8 2.02 N

4+1+1 2.162 9.9 2.03 N

(1)
(21
(1)
Q')
(1)
Q\

chalcocyanite
trippkeite
I indgren i te (1 )

Q)
lanmeri te (1 )

(2)
azur ite Ql

fingerite

cornubi le

pseudomalachite

reichenbachite

OPM

mcbirneyite

Frameworks of Shee t s

4+2 2.143 8.1 1.82 C
(1+3)+1+1 2,128 8.8 1.94 N

4+1+ 1 2.168 26.9 2.08 N
(2+2)+1+1 2,178 29.5 2.10 N
(3+1)+1+1 2,122 11.5 2,02 N

l2+2)+2 2. 133 12.2 2.02 C-M
4+2 2.097 6 .2 '1 . 98 N

4+2 2.122 9.0 2,03 N

12+21+z 2,170 30.6 2.05 c
4+1+1 2.172 20.2 1.99 N

4+1+1 2.128 9,8 1,9't N
(2+2]l+2 2,20'1 27,5 2,01 C

4+1+1 2.175 26.0 2,03 N

4+(1+1) 2.122 10.1 2.01 N

12+21+2 2.180 17.3 1,92 c
(2+2].+2 2.080 5.3 2,12 c

4+2 2.200 25,9 2,02 c
4+1+1 2. 1 80 24 ,3 2.02 N

(2+2].+2 2,162 20.2 2.08 N

4+1+1 2.129 14,7 2.06 N
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Mineral

TabLe 4.1 continued

Cu(#) Coordination <Cu-O> A BVS 0ther

cornetite (1)
(2)
(3)

derr i ksi !e (1 )
Q)
(3)

shattucki !e (1 )
Q)
(3)

arthurite
salesite
veszeLyi te (1 )

Q)
dolerophanite (1 )

Frameworks of 0c t ahedra

connell ite (1a) 4+2CI
(1b) Q+2].+2cr(2al 4+ 1+1c1
(2b) [2+2] +1+1cl
(4) (2+2],+2 2.22'1 26.7(s) 6 2.250 0

buttgenbachite (1) 4+2 2,222 26,3(2, 4+ 2Cl(4) 4+1+1cI(s) 6 2.210 0
lyonsite (1) 6 2,044 0.5
dioptase 4+1+1 2.163 18.5
atacamite (1) {2+2) +zCI 2,247

Q) 4+1+1C1 2.185
paratacanite (1) 6 2,120 0

Q) 2+4 2.10'1 9.3(3) 4+2cI 2.245
(¿) [( 1+2)+1]+zcI 2,245

bellingerite (1) 4+2 2.123 13.3(2) 4+2 2,147 16.0
clinoclase (1) (2+1+1 )+1+1 2.184 24.0
hentschel i te 4+2 2.110 9 . 0

(Â) (x103)
4+1+1 2,233 36.3 1.96 N

4+1+1 2.208 25.6 1.96 N
(2+2l.+1+1 2,163 21 ,1 2,03 N

4+(1+1) 2,114 9.1 2.02 N

4+1+1 2.102 6.8 2.02 N
(2+1+1)+2 2.110 10.9 2,12 N

4+2 2.1'13 18.1 1.95 C
(2+2],+1+1 2,151 12.5 1 .91 N

(2+2)+(1+1) 2,191 31 ,2 2,19 N

4+2 2.146 14.2 1 .99 C

4+2 2,157 1 5. 0 1 .97 C

4+1+1 2,137 8,7 1.92 N
(2+2]l+1+1 2,168 15.7 1.87 N

l2+2)+2 2.153 15.9 2,01 c

1.97 C o
2.22 C o
2.17 N o
1.76 N o
1.89 c-M
1.19 **P o
1 .90 c-M
2.06 C o
1.95 N o
1.32 **P o
2.12 CP o
1.99 N

2.08 C o
1 .93 N-M o
1.70 ** o
1.91 R o
2.10 C o
2,01 N o
2.08 c
2.06 N

1.98 N

2,13 c

KEY for "other" coLumn: N=non-centrosymmetric; C=centrosymmetric;
T= tetragonal distortion; M=mirror pJ.ane; 4=equivalent equatorial
bonds; *=poor structural data; o=onission fron sLatistical plots;
**=symme!rically constrained position; zn=substitution by zn;
P=par t i a1 occupancy
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In the "other" column, letter codes designaLe the symmetry of the

octahedra, and other special features (see table key)' Fiqure 4.6 shows

how the symmetry codes relate to some of the different polyhedral

shapes. eg. (3+1)+2 octahedra nust be non-centrosymmetric (N). So must

(2+2l,+1+1, but it may have a mirror plane across the axis of the apical

bonds (lt-¡¡), 4+2 need not be (C) if all bonds differ from each olher

t,tirhin r0.06Â.

The rarity of the ideat (4+2) distortion may suggest that the J-T

effect is not a sufficient explanation for Cu2* coordination geometries.

Skeptics of lhe existence of the J-T effect in Cu2* compounds (ì{il]er et

al., 1973) suggest that it is only lruly present r+hen all six donor

sites are equivalent. MiLIer staLes,

Non-equivaJ.ent Iigands remove the degeneracy, and any
distortions occurring cannot be attributed to the Jahn-Teller
ef fec t.

Orgel & Dunitz (1957) suggest the contrary,

If the six Iigands are not idenLical, a "regular" octahedral
environment by definition is impossible, None the less, the
physical picture is unchanged a1lhough the eg orbitals are no
Longer strictly degenerate.

A plot of Cu-Oe bond Iengths (figure 4.7) confirns the latter statemer't.

ÀIthough O-2, OH- and Hzo bonds are randomly grouped in the plot, a

weII-defined bimodal- distribu!ion exists, and maxima are evident. The

bond length maxima are approximately 1.97Â and 2.43Â. There are

actua).ly lwo apical maxima (2.39Â and 2.47Â) with a gap in between, and

the average is 2.43Â. The equatorial populaLion is approximately twice

as large as the apical population, which is expected with the (4+2)

disLort ion rnodel.
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Figure 4.6: Possible Symmetries from CuOo 0ctahedra. The differen!
perspectives of these types of octahedral symmetry help to relate

various shapes of octahedra to the symmetry coding of the "Other" column
in Tab1e 4.1; note: the different shapes are arranged in a decending

order of symmetry, fron top left to bottom right.
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À correlation beLween <Cu-O>equaLorial vs <Cu-O>apical (rigure 4.8)

ilLustrates the equilibrium mechanism for J-T electronic relaxation. Às

the apical bonds Lengthen, the equatorial bonds shorten (although the

variation in apical bond lengths, Figure 4.7, is nuch grealer). This

correlation al-so complies t,lith bond-valence requirements on Cu2- (bond

lengths must adjust for proper bond-valence sums of 2). However, the

mechanisn of adjustment betlteen apical and equatorial bonds cännot be

attributed to bond-vâlence requirements. The octahedral distortion

operates rlithin the guidelines of bond-valence requirements in crystals,

but the driving force for distortion is controlled by the J-T effect

( from degeneracy to relaxation).

Il should not be surprising thât the actual geomelries of

Cu2*-octahedra in oxysal! structures deviate fron the nodel of ideal

tetragonal distortion described in part 4.1. Structural symmetry and

bond-valence conslraints denand variability in the coordination

environment of Cu2'. À trictinic crystal slructure wilI not normaJJ.y

have an octahedron with tetragonal symmetry as the major feature of its

polyhedral J-inkage. Copper at the ce11 origin of a monoclinic structure

(usuaLty with synmelry C in Table 4.1) must have non-tetragonal

syrnmetry. (2+2)+2 distortions indicate different bond-valence

requirements aLong the 3 axes of an octahedron. Variations from

tetragonal J-T distortion must involve nore complex styles of orbital

splitting to remove the degeneracy' The variations observed in

octahedral geometry can be assembled into the reaction path series of

Figure 4.5. This pathway is a continuous series because of lhe wide
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Figure 4.7: OcLahedral (4+2) Bond Frequency Distributions. (a)
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sulfate tetrahedra (open); (b) distributions of octahedra not bonded to
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posilion of the maxima. Note: the bond length scale has three stages.

+70
luo
Ëso
o1ú40(,

f,. 30

8a 19O t.94 19A 2,O2 2.06 2.lO 2.15 2.2,1 227 233 249 2AS 2-St 257 2-¡5 2.75 2ßS 2-95



148

distribution in apical bond lengths, and the wide varialions observed in

bond angles and octahedral geometry,

It is also not surprising that there are no correlations betr¡een

bond-valence sums and octahedral geometry (or structure type). Each

unique strucLure has a different bond-valence environment around Cu2*,

to çhich the J-T effect must conform for structural stability.

Bond-valence requirements are not specific to styles of polyhedral

).inkage or particuLar coordination environnents, but apply to all
oxysalt structures.

The J-T distorted octahedron is apparently quite flexible in its

ability to assume a wide range of bond lengths. Figure 4.7 shows the

Iarge bond length variations possíb1e for Cu2', and Figure 4.8 shows it.s

only restrictions (equilibriun must be maintained between apical and

equatoriaJ. bonds). It is interesting to note that the position of the

apicaJ. bond length rnaximum (Figure 4.7) is heavily influenced by suJ.fate

structures. Àpparently, the bond length requirements of Cu-octahedra

tinked to sulfaLe tetrahedra are much more restricted than for other

groups. The rigid bond-valence requirements of suLfate tetrahedra are

responsible for the range of apical bonds observed (this rlill become

more apparent in Chapter 5). Therefore, there exists no true "most

stable" range of apical bond lengths, but rather a continuun of possibJ.e

distortions. Àpical bonds can extend beyond 3.15.t to form pyramidal and

square planar coordinations.



Figure 4.8: Àverage EquatoriaL vs. Àverage Àpical Bond Lengths
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À wide range of anguJ.ar disLorLions ín Cu2*-octahedra are possible

because of lhe long apical bond lengths. This fact is best understood

in Iight of Figure 4,9. Consider that apical anions are much farther

from Cu2* than equatoriaÌ anions. An apical anion is therefore able to

move "overtop" of the equalorial anion and stilL maintain a short

octahedral edge without additional anion-anion repulsíon (Figure 4.9b).

Such is not the case for reguJ-ar octahedra (figure 4.9a). in addition

to lhe short equatorial-apical edges, Cu-octahedra also have short

equatorial-equatorial edges. The short equatorial edge is formed by

oxygen overJ.ap as the equatorial bonds shorten due bo lhe Jahn-Teller

distortion, the force of which must be greater than anion repulsive

forces. These distorlion features, made possible by the Jahn-TeIl.er

effect, facilitale edge-sharing r.tith small T0¡ and T03 groups. Elements

t+ilhout the Jahn-Teller distorLion have anion repulsive forces which

prohibil the occurrence of extremely shortened edges.

In structures with low connectivity (caledoniLe, kröhnkite), lhe

geometrical requiremenis imposed on Cu-octahedra are nrinimal. The J-T

distor!ions in these octahedra are roughly equal !o the maxima of the

bond lengths in Figure 4.7, and fall at the centre of lhe dislribution

in Figure 4,8. Conversely, structures t,¡ith high connectivity

(cornetite, pseudomalachite) have Iarge and diverse octahedral

distortions. These Iatter structures test the timits of Cu2'

flexibility, balancing J-T forces with structural requirements. This is

supported by one of the few trends in Table 4.1. StrucLures with lower

connectivity have more simple octahedral coordinations, whereas, those

wi!h nore conplex connecLivies (network chains, dense octahedral sheets)
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Figure 4.9: Àngular Distortion Mechanism of the Cu2'-octahedron. (a)
regular octahedron, and lateral bond angle distortions are
restricted (arror+s); (b) angular dis!ortion is much easier
for apical bonds of J-T distorted octahedra; (c)
consequently, lhe ca!ion-cation distance between edge-
sharing polyhedra is shorter across the equatorial edges
(indicated by the bold Line-x) than across the apical-
equatorial edge in (d), rrith Ìarge angular distortion (boId
line-y). Cation-ca!ion repulsion should be greater in case
(c) than in (d).
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have very diversified octahedral bond lengths. Thus, fully occupied

octahedral sheets require diverse bond length patterns, because of lhe

geonetrical requirements of fitting dÍstorted octahedra into a layer.

When the sheets are 3/4 occupied, the octahedral geometries are simpler,

because lhe geonetrical requirements are less demanding for specific

bond lenglhs.

Shannon (1976) assigns a [6]-coordinaLe ionic radius of 0.73Â for

Cu2*. The binodal distribution of Figure 4.7 suggests that Cu2* is not

spherical, but is beLter represented by a prolaLe ellipsoid. The

maximum values of the bond ).eng!hs are 1.97Â and 2.43Å; subtracting an

average value of 1.36Â for (O,OH, HzO) in various coordinations, gives

ellipsoidal dirnensions of 0.61Å and 1.07Â, respectively. The equivalent

spherical value (weighted for the different bond frequencies) is 0.75Â,

).arger lhan Shannon's (1976) value ot 0.7-lÂ. This difference results

fron the different criteria to assign Cuz' coordinations, used here and

by Shannon ( 1976 ) .

The A parameter of TabLe 4,1 is the distortion index of an

octahedron, and is caLculated by lhe equation:

^=åå(+)'
from Hawthorne (1977), where I is the average bond length, ls is the

individual bond length, and the squared devialions are summed for aII

six bonds and then averaged. Correlations are not readily apparent

between A and the oLher parameters, except for <Cu-O> (Figure 4.10).
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Structures rlith very long apical bonds will have greater A and <Cu-O>

values, as predict.ed by the distortion theorem of bond-valence theory

(Brown, 1981 ) . The more conplex structures (with greater geometrical

demands on the octahedra) generally have longer apical octahedral

bonds, and have a greater number of high Á values, This is observed in

Figure 4.10, t,¡here the frarnework structures have a far greater number

of octahedra with J.arge Â val-ues than the non-framework structures.

Extrapolation to Á=0 in Figure 4.10 gives a bond J.ength of 2,084Â

(i.e. for an undistorled octahedron). This is equal to the Ro value

used by Brown and Shannon ( 1973 ) for the bond-valence curve of

[6]-coordinate Cu2*, and indicates that a holosymnetric CuO6 octahedron

wouLd have a bond-valence sum of exactly 2.00vu a! lhe central Cuz*

cation. This contrasts r¡ith the Ro value of 2.065Â used by Brown

(1981); this latter value gives a bond-valence sum of 1 .88vu for a

holosymmelric Cu06 octahedron with <Cu-o> = 2.084Â, and may be less

appropriaLe for use in minerals than lhe earlier value.

Significant devialions from the ideal bond-valence sum of 2.00

(t0.20V.u) usually have a reasonable explanation (referring to those in

TabLe 4 . 1 ) Qui te of ten , the struc turaL data are of poor accuracy

(marked tlith * in Figure 4.10) and the result is a large deviation in

lhe bond-valence suns. Some Cu-octahedra have a significant amount of

Zn substitution (marked zn), and this significantly affects the bond

lenqths of the oc tahedra .

High symmetry Cu2* positions in hexagonal. struclures prevent J-T

distortions from showing. In buttgenbachite and connellite, the Cu(5)
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Figure 4.10: Àverage 0ctahedral Bond Length vs. Distortion Index. The
Iine is fitted to the Iinear equation: y=rnx+b; where b=2.084Â; and
slope=m=0.004216. Framework structures have star symbols, and non-

framework structures are as solid circles.
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lies on a 6-axis, but has approximateJ.y 0.5 occupancy. Consequently,

lhe J-T effect is prevented from occurring by crystallographic

restrictions. The bond lengths are nuch Iarger than rnost <Cu-O>, due to

partial occupancy. Is there a dynamic J-T distortion within the

enlarged octahedral cavity of Cu(5), or is the J-T distortion dispersed

in different directions at different Cu(5) positions throughout the

structure, as a space-average of 2.25.4?

Lyonsite, although nob symmetrically constrained, shows partial

occupancy within a position of pseudo-hexa gona 1 symnretry (Cu( 1) ) . This

pseudo-symmetry is imposed by hexagonaJ-ly cJ.ose-packed oxygens. Lack

of J-T distorLion at Cu(1 ) indicales that this position is not an

ordinary site. Perhaps partiat occupancy of Cu2*, in siles of higher

symmetry, allows the coordination of Cu2* to be holosymmetric?

Paratacamite is a high-symmetry (hexagonal) polymorph of (the nearly

isostructural) atacamite. Cu(1) has six equaÌ bond ]engLhs of 2.11Â

and is on a 6-axis. However, this octahedron makes up only 1/16 of the

total nunber of octahedra in the framework. This low proportion of the

total structure is constrained to an electronically degenerate state.

Three-sixteenths of !he copper, Cu( 2 ) , has the rare (2+4 ) symmetry

(compressed octahedraL), and al-so lies on a high symmetry position.

ÀLthough this geometry is supposedly less stable than 4+2 (c f.. 4.1),

the difference in stability presumably is small enough across the whoLe

of the struct.ure for (2+4) to exist.
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Clearly, the undistorted Cu-octahedra are rare exceptions. However,

these anomalies show that equal bond lengths can occur in high symmetry

structures a! positions of low equipoint rank. Presurnably, the

increased energy caused by the electronic degeneracy is offset by

greater energetic advantages in lhe rest of the high-symmelry

structure.

4,2,2 Square Pvranids & Trioonal Bioyranids

Tab]e 4.2 lists all of the trigonal bipyranidal and square pyramidal

coordínations observed in Cu2* oxysalt minerals, together wi!h sone from

selectedsynthelic compounds. Square pyramidal coordinations (nígure

4.5e) are one extreme form of octahedral distorlion by the J-T effect.

StarLing with an octahedron, a singLe apical bond is removed fron Cuz*

aLong the z-axis (when the dx2-y2 orbital is half-occupied) and lhe

equatorial bonds shorten. This non-centrosymmetric distortion would

require a more conpJ.ex orbital splitting from that of Figure 4,1.

Square pyramids (spy) are the second most comnon Cu2* coordination in

oxysalt ninerals.

Trigonal bipyranidal (TBD) Cu2- (Figure 4.5f) must undergo an even

more cornplex field splitting from that of SPY, because of the drastic

departure from an oclahedraL arrangement, Allhough not first apparent,

SPY and TBD are closely reLated in their geonetries. The tvo

coordinations are drar¡n as plan vie!,s of their moLecular shapes (Figure

4.11), and in reference !o a stereonet (bold circLe). They are related

by a simple dislortion of lwo bonds (shoun by arrows). The ideal SPY

has I bond angles of 900, and 2 trans-equatorial bonds are 1800. Ideal
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TÀBLE 4.2

Parameters for Five Coordinate Cu-Polyhedra

MineraL (#) Strape <Cu-O> Â BvS

synthe! ic conpounds

"rino"r"s" e\ sPY ,låàr 'illå' ,.0,(3) sPY 2.039 3.6 1.91
Iitidionite SPY 2,092 12.0 1.81
callaghanite sPY 2.052 10.8 2,02
kinoite (1) sPY 2.016 3.6 2.03

Q) sPY 2.045 1o.o 2.oo
teinite SPY 2,031 5.4 1.99
mixite SPY 2.024 4.1 2,01
ziesite SPY 2.004 4.0 2.12
blossi !e SPY-TBD 2.058 13.9 2.05
balyakinite SPY-TBD 2.048 6.'l 1.93
sroiberite (3) TBD 2,029 4.4 1.99

( s ) rBD 2.010 3.6 2.08
doj.erophanite (21 TBD 2,025 3.0 1.99
fingerire (6) TBD 2.011 2.3 1.90
olivenire Ql TBD 2.018 1,7 1 .95
Iiberhenite Ql TBD 2.003 0.9 2.03

Cu¡Pz0o

CuSe0¡

(1 ) TBD
(2) TBD

TBD

2.005 1 .1 2.04
2.017 1.3 1.98
2.029 2,2 1.91

TBD have 3 angles of. 120o between Lheir equatorial bonds, 6 angl-es of

90o between equatoriaJ. and apical bonds, and one l80o angle between the

apical bonds, Àctual geometries rarely approach these ideal values in

Cu2t poLyhedra. Horlever, the trro can be differenLiated by noting that

equaLorial bond angles in TBD are closer to 120o, shiLe al1 those for

SPY are on average 90o.
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Because the TBD & SPY polyhedra are no! ideal, there must be a common

reference point for stereonet plobting of aIl the different geometries.

The following method relates lhe trro geometries most conveniently:

1. for SPY, the shortest equatorial bond is pLotted at lhe S pole,

and the next shortest bond is plotted near to the W pole, in the

hor izontal plane .

for TBD, Èhe shortest apical bond is pJ.otted at the S pole, and

the shortest equatorial bond is plotted near to the l,t pole, in

the hori zontal plane.

for both SPY & TBD, lhe longest bond cis to the S pole is made

the upward point ing bond.

I

Figure 4.12 shows stereonet plots of the SPY and TBD of Table 4.2.

The bond poles of the trlo types of poLyhedra form distinct zones. These

zones are spatially related to the bonds of the end member geometries in

Figure 4.11. Therefore, the distörtion mechanism in Figure 4.11 can be

appJ-ied to the plotted bond zones in Figure 4.12. However, !¡e do not

see a continuum of distortions between SPY and TBD, because of the

separation in bond angle zones. Perhaps an analysis of bond J.englh

variations betrieen TBD and SPY l\'ilI complement the angular

reJ-aLionships, and reveal a nore complete reaction series.

Projections of SPY and TBD sho!¿ bond length and bond angle relations

betneen these trlo polyhedra (rigure 4.13). Observing changes along the

path (outlined by the arrows), the longest boncls show a continuous

progression in Length, fron TBD -> SPY. The other four bonds become (on

average) shorter as r'ell, along with lhe changes in bond angles, froÍì

2.
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Figure 4.11: Views of the End-Member TBD and SPY Coordinations. (a)
Square pyramid; (b) Trigonat bipyramid; viewed slightly obliquely.

These trro similar coordination geomelries are rel-ated by a distortion
nechanism (dashed arrows) when they are viewed in the above orientation.
Their ).igands can be plotted with reference to ä stereonet, hence the

molecules are circled irith a stereonet.

Figure 4.12: SLereonet Plots of TBD and SPY Geometries. Stereonet
pLots of (a) Spy and (b) TBD, oriented analogously lo the end-member
geonetries. Bond angles are from polyhedra of Tab1e 4.2 Note how the

bond-pole zones are in the same positions as the ligands drawn in Figure
1.12. ÀIso note the distinct separation between the E-pole bond zone of

SPY and the lower E-bond zone of TBD.

P.

O
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120" -> 90o. However, the progression in bond Lenglh pa!terns is more

continuous than for bond angles, which show a definile break (in Figure

4,12l, , Therefore, either there exists an energy gap bet$een the

progression in bond angle changes, or the data set is too small and

inconclusive. The geometries shorrn represent a partial reaction path

series between TBD and SPY.

SPY have longer apical bonds than the longest bonds in TBD (Figure

4.13). Therefore, the A parameter is characteristically higher for SPY'

as shown in Table 4.2. The Cu2* ion is usually above the basal plane in

an SPY. Continued distortion of equatorial bonds in the basal plane,

away fron the apical anion, would result in the TBD geometry (via the

react ion path ) .

Blossite, the polymorph of ziesite, has a nore distorted SPY geometry

than ziesite. The bond angles sholr sinilarity to a TBD, but the apicaL

bond is distinctly SPY (hence the large A). Five-coordinate Cu2*

polyhedra in seLected synthetic conpounds also show these relationships

in between similar structures (listed in Tabte 4.2). CuSeO¡ (Hawthorne

et aI. , 1985) , the near isomorph of balyakinite, iLlustrates a subtle

change in geonetry for polyhedra transitional between TBD and SPY, when

Te is replaced by Se (Figure 4.13). Cu¡Pz0s is isostructural 1lith

sLranskiite. The extra Cu relaLive to stranskiite goes into the TBD

positions (rvhich are occupied by Zn in the nineral), and are regular in

shape.
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Callaghanite

2-22

CuSeO3
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lyakinlte

Figure 4.13: Reaction Pathway BetHeen TBD & SPy
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Figure 4.14: Reaction PaLh Between the Square Pyramid and 0cLahedron.
(a) square pyramidal Cu in teinite; (b) octahedral coordinat.ion cf Cu in

chalconenite; noLe the sinilar geometries between these tHo
coordinations. (c) square pyranidal Cu in mixile; (d) octahedral Cu in
agardite; these coordinations are geometrically very similar as well;

bond lengths in .4.
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lle have established that the TBD and SPY represent a partiaÌ reaction

path series. It can also be shown that the SPY is an extreme form of

J-T oclahedral distorlion, as lras suggested in the first paragraph of

this section. Figure 4.14 illustrates holr structuraLly similar minerals

can have octahedral and SPY counterparts in related structural

positions. Teinite has the SPY coordination, whereas chalcomeniLe has

the borderline case of octahedral (4+1+1) coordination. The bond angles

and bond lengths are very similar for the two Cu-polyhedra, regardless

of the sixth bond in chalcomenile. Mixite and agardite shot¡ the same

respective relationships, although under di f ferent strucLural

circumslances, These related structures represent an important look at

the fine Iine between [5]- and [6]-coordinations, and how neighboring

chemical groups may affect what coordina!ion is formed. Às suggested

before, the far end of the apicat bond length distribution (Figure 4.7)

represents the pathway of dislortion from [5] -coordination to [5]- and

[4 ] -c oord i na t i on s .

It is also possible that the TBD is a direct product of octahedral

disLorLion. rhis could happen by significant angular distortion of

equatoriaL bonds away from lhe remaining apical bond, as the sixth

apical bond is simultaneously removed. This hypothesis is not supported

by the same type of structural evidence as that for SPY in Figure 4.14.

Thus, it seems sufficient to propose the linear reaction series:

Oc tahedron ->Squa r e Pyramid->Trigonal Bipyramid. The square pyramid

forms the inLermediate link of the distortion pathrlay. Therefore, the

J-T effect is a potential continuum of electronic relaxation betlteen
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these three coordinations, and justifies the method of relaLing these

coordi nat i ons in Figure 4,5.

4,2,3 Souare Planar Cu2i

Oxysalt minerals lrith square planar Cu2* are Listed in Table 4.3. The

Cu2*-oxides are incLuded in Table 4.3 because they add to lhe data base

of square planar CuO¡ (tenorite from Âsbrink & Norrby, 1970;

parameJ.aconite fron O'Keefe & Bovin, 1978), although they are not

discussed in Chapter 3. It is interesting !o note that the bond-valence

sums in Table 4.3 are aII consistently below 2.0v.u., except for

cuprorivaite (which needs structural refinement). This suggests tha!

lhe equatorial bonds may not be able to statically shorten enough to

attain lhe ideal bond-valence sums. À dynamic J-T distortion could

TABLE 4.3

Square Planar CuOa

Mineral (# ) <Cu-O> BVS

cuprorivaite
azur i te
paramelaconite
stringhamite
tenor i !e

(Â)
1.910 2.12(1) 1.938 1.94
1.941 1.93(1) 1.945 1.91
1 .95 1 .87

poss ibly compensa¡e for this.
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Another point of interest is the lack of variation in bond lengths

within each square planar group. Bond lengLhs are either all equal, or

they are in two pairs. Square pLanar sites are often in posilions of

higher syrnmelry than ocLahedral sites. Considering these features' the

square planar coordination is mos! suiled !o higher symmeLry positions

in oxysalt structures. Four equal bond lengths in square planar Cu2*

may therefore represent an extreme case of J-T distortion, via the

tetragonal model- in Figure 4.1. Stringhamite has two cu positions, of

which one is octahedral, and the other is square planar. The borderline

nature between these two coordinations has already been discussed.

These coordinations suggest that the square plane can be a direct

product of an octahedron, because the implied dislortion mechanism

involves the simultaneous removal of tllo apical bonds (Cu on

centrosymmetric positions ) .

For the square pyramid to be an lntermediate coordinaLion between

l6l- and [4]-coordinations of Cu2*, lhe distortion must be

non-centrosymmetric. Àzurite may support lhe existence of SPY as an

intermediate in some cases. Às was said earlier, the square planar site

has a fifth oxygen within 3.00.Â. The environment of square planar Cu(1)

is therefore not. centrosymmetric, and nay be a transiLional coordination

betr¡een the SPY and the square plane. The reaction paLh of Figure 4.5

can be justified by these arguments,



4,2,4 Unusual Cu2+ Coordinations

This caLegory contains coordinations

transition meLals in general, and which

Cu2 
* oxysa).t structures (Table 4.4 ) .

that are very unusual

occur very i n frequently in
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for

the

The (4+2+1) polyhedron has one square pyramidal end and the other end

is wedge shaped, The latter end is referred to as pup-tent shaped by

Maclean & Ànthony 11972]. , ConnelLite apparently provides a uníque

opportunity for this coordination geometry. Bond-valence analysis

TÀBLE 4.4

Unusual Cu2* Coordinalions

mineral (l) shape BVS

connelli te (3)
buttgenbachite (3)
lyonsi te (2)

4+2+1
4+2-c is "pup-tent "
4+2-c i s trig-prism

2.02
>1.84

1.92

(table 4.4\ confirns lhe presence of aIl 7 bonds in Cu(3).

Isostructural. buttgenbachite is described as having square planar

coordination in its Cu(3) position (Fanfani et a1.., 1973), without all
three apical bonds. The difference of complex anion type r¡ithin the

channels of these two structures is responsible for the lack of lhe

longest apical bond in Cu(3) of buttgenbachite. Holrever, the octahedral

framework of both structures is the sanre, and it is therefore logical. to

assume that the remainder of the Cu(3) posigion in both structures is
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pup-tent shaped. The bond-valence sum on the Cu(3) position in

butlgenbachite is low for square p).anar coordination, and suggests that

the (4+2)-cis coordination is a valid assumption (which r¡ould increase

the BvS). Lyonsite disp).ays a very simiJ.ar coordination geometry, and

is termed trigonal prismatic. Bond-vaLence analysis supports this

coordination assignment by Hughes et al. (1987).

Figr:¡g 4.5i shows seven coordinate cu as a product of the (4+1+1)

octahedron. This distortion path seems logicaI, although there is a

lack of data to support the idea, Sinilarly, the (4+2)-cis coordination

can be considered a product of (4+2+1) coordina!ion, simp).y by loss of

the longest apical bond.

4.3 Str.f!.{ARY

lle have now reached the crux of lhe matter in reLating the local

environment of cu2. to its long-range crystalline environment, The

variety o! Cu-coordinations observed and their cLose rel-alionships

indicaLe the great flexibility of Cu2*. The Jahn-TeLLer effect provides

the driving force for this flexibility, in terns of both bond angles and

bond lengLhs. This feature provides lhe Cu2* polyhedron with t,he

potential to polyrnerize with other polyhedra in unique ways. The

folJ.owing chapters will discuss this flexible ion in terms of how the

long-range structural. features are controlled or influenced by t.he

Jahn-Teller ef f ect.



Chapter V

BOND-VÀLENCE FEÀNNES OF CU2+ OXYSÀLT STRUCTURES

It is noll esLablished that the Jahn-Teller effect provides a

geornetrically flexible environnent for Cu2*, allowing for a variety of

differen! bond-valence distributions around Cu2*. Therefore, the

potential for different topological combinations of Cu-octahedra and

other polyhedra is very grea!. This chapter explores the bond-valence

features which give Cu2* oxysalts their unique character, and focuses on

the questions:

do some Cu2* oxysal! structures have non-Cu analogues?

are some Cu2' oxysal! struclures unique?

5.1 BOND-VÀI,ENCE DISTRIBUTIONS

5. 1 .1 OcÈahedral Variations

Because of the Jahn-Teller (J-T) distortion, bond-valence (bv)

distributions around Cu2* are significantly different than for other M2*

cations in more reguJ-ar coordinations, The variety of bv distributions

around Cu2 
*-octahedra and reLated coordinations are ilLustrated in

Figure 5.1. In nost non-Cu2* oxysalt structures, the bv distributions

for octahedra do not vary appreciably (< 10.1v.u. ) from the ideal

Pauling (1960) bond slrengths. Because lhe J-T effect provides a

continuum of distortions, the bv distribuLions around Cu2* have a wide

ranqe of vaLues available for varying contributions lo poJ.yhedral

1. l,lhy

2. I,lhy
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Figure 5.1 : Bond-valence Distributions Àround 0ctahedra. Skeleton
models of the geomeLrical variations of an octahedron; average bond-

valence contributions are given at the end of each bond, with a
representative bond J-ength (in brackets); also Iisted for each

poì.yhedron are the range of bond lengths (in brackets) and bond-valences
observed for a particular octahedral geometry.
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linkages. It is this variation

octahedra, which provide unique

170

in bv distributions, relative to regular

possibi).ites for polymerization.

5,1 .2 es]yried!êtro¡- reêlurgE

Bond-valence sums (bvs) around Iinking oxygen anions are lhe deciding

factor for the lopologic combinations possible between cation polyhedra.

bvs on oxygen must approach 2.00vu. for s!ructural stability in oxysalts.

The oxygen coordination numbers in divalent metal oxysalts are usually

[3] and [4]. This "rule of thumb" limits the combinations possible for

linkage betr,reen regular ocLahedra and small complex oxyanions !¡ith high

cation charges ( scowhcacs ) .

There is a timit lo the lype of scowhcac that can poLymerize to lhe

octahedra. Figure 5.2 shows the polymerizations possible for adequate

bvs, together with the bv distributions that are involved.

Hydrogen-bonding doubles the nunber of polymeriza!ions alloned with

different scowhcacs, indicating the ever-important role of

hydrogen-bonding in oxysalt mineralogy. Restrictions on polymerization

wiLh regular octahedra are essentially the charge of the cation in the

scowhcac. C0¡ and Soa Çroups have higher bv contributions to the

linking oxygens than most scowhcacs, and lhey require lower

connectivities for structural stability. 0ctahedral sheets are usually

res!ricted to polymerization tlith scowhcacs of 1.00v.u. contributions

(i.e. silicate tetrahedra), unless cation vacancies are present within

the sheets. If the M2*-o bonds, which línk to the scowhcac, can

lengLhen enough, then T5* cation teÈrahedra can also polyrnerize to the
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Figure 5.2: Bond-valence Distributions in Regular 0ctahedra. These are
models of lhe variation in bond-valence distributions observed for
regular octahedra; !o the left are the basic types of polyhedral

linkage, lhe triangular groups are either T0¡ or TO¡ polyhedra; to the
right are rnodeLs of bond-valence distribulions around the linking oxygen

anions (solid circles), which pertain to lhe type of linkage on lhe
Ieft; the range of bond-valences for regular octahedra is 0.29-0.37v¡'
with minimal distortions; the symbol +2 indicaLes an octahedral cation
of +2 charge; H. is a hydrogen bond (accepLor); and the x-values are
types of complex oxyanion Hith hiqh cation charges' as follotlsi X1=

T3-0¡; x2=T4t0¡i x3= T¿-o{; x4=T5'04; x5=T6-041 the bond-val-ence sums
are listed for each unique bond-valence distribution' and indicate a

stable topology.
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sheets. f,tith SO¡ or CO3 Çroups, J.inkage to an oxygen in an octahedraL

sheet llould result in overbonding of the linking oxygen. Thus, these

complex anions are restricted to polymerizations with one or tlro regular

octahedra on a linking oxygen.

With the wide variety of bv combinations possible between apical and

equatorial bonds of edge-sharing Cu-octahedra, there is no connectivity

with regular octahedra that Cu-octahedra cannot achieve. Figure 5.3

shows the combinations of bond-valences for differen! linkages, which

are equivalent to those of regular octahedra in Figure 5.2. These

analogous bv conditions are what make it possible for isostructuralism

between Cu2* and other M2* compounds.

There are polynerizations unique to Cu2* oxysalt structures' and they

are a result of the weaker apical bond-valences. PoJ.yrnerization belween

Cu2*-octahedra and SO¡¡ NO3 or C0¡ grouPs can have-a greater degree of

connectivity than rrith regular octahedra. Recall the significant number

of Cu-octahedral sheebs tha! have S0¿ tetrahedrä attached to three

octahedra. This is possible because three weak apical bonds of lhe

octahedra are all linked to the sulphate lelrahedron (rigure 5.4). The

total bond-valence contribution from these three octahedra is less than

lhat from two reguJ.ar edge-sharing octahedra. The Iinkage between three

Cu-octahedra and one C0¡ or NO¡ pLanar !riangle is also made possible by

weak apical bond contribulions. For example, the polymerization in

malachite has a stable bv distribution around the linking oxygen (Figure

5.5). Two equatorial bonds and one rreak apical bond make contributions
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Figure 5.3: Bond-valences Àround Cu2*-octahedral Linkages. fhis is a
collection of bond-valence distributions and Iinkages for

Cu2*-octahedra; these linkages are equivalent in style to those for
reguJ-ar octahedra (nigure 5.2), although the bv values differ as a

result of the various combinations of equatorial and apical octahedral
bonds to the tinking oxyqen; codings are the sane as Figure 5.2.
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to the linking oxygen, along with !he carbonate triangle. Figure 5.6

shows a bond-valence arrangement in gerhardite that is very similar to

the Cu-sulphate sheet in Figure 5.4. Structures trith scowhcacs giving

bond-vaLence contributions greater than 1.30 v.u. are unique to Cu2*

oxysalts because of the obvious resLric!ions on bond-valences of the

linking anion. PoJ.ymerization beLween ttro regular-shaped edge-sharing

octahedra and a T6*04 tetrahedron (rigure 5.2b) requires some distortion

of the octahedral bond lenglhs, to prevent overbonding. However, the

same topology and bond-valence distribution is achieved in antl.erite

(r'igure 5.7), with the addition of hydrogen-bonding. 0verbonding is not

a problem with arrangements of this Lype using Cu2'.

Sone structures with both Cu2* and non-cu analogues shoH

isostructuralism because of flexibiliry in the bv requirements of the

polyhedral arrangement. The function of Cu2 
*-octahedra in some

uranyl-Iayer structures (discussed in Chapter 3) is essenLially that of

an interlayer cation. The interlayer cavities are flexible enough lo

accomodate [8-10]-coordinate cations as we11. The bond-valence

contributions of these highly coordinated cations to the oxygens in the

layers are approximately the sane as the linking apical bonds of

Cu2*-octahedra (around 0. 16vuJ.

The bond-valence arrangenents of some structures with a low degree of

of polymerization (discussed in Chapter 3) have the potential for

substitution beLlleen Cu and other octahedral cations. This structural

flexibility is possible because of the flexible nature of
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Figure 5.4: Bond-valence Distribution in a Copper-Sulphate Sheet. (a)
polyhedral fragnent of a Cu-octahedral sheet strucLure and cornerlinking
SO¿ tetrahedron; noEice that the three apical octahedral bonds (dashed)
are a!tached to the Linking oxygen (solid circle); (b) the bond-valence

disLribution of (a), with weak apical bond-valences.

BA

I = z.o+

B

Figure 5,5: Bond-valences in Part of the Malachite Structure. (a)
polyhedral fragment of the doubl-e-oc tahedra l- chains in malachite, wilh

the apical bonds (dashed) and the linking oxygen (so1id circle); (b) the
bond-valence distribution of (a), with trlo equatoriaL and one apicai.

octahedra bonds Iinked to a carbonate bond.
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D = 2.07

Figure 5.6: Bond-valence Distribution in Gerhardite, À polyhedral
fragment of gerhardite, the sheet of Cu-octahedra cornerlinked (soIid
circle) to a nitrale triangle (teft), with apicat bonds dashed; to the

right, the bond-valence distribution of the poJ.yhedral fragment, sirniLar
to tha! of Figure 5.5.

D = r. go

A

Figure 5.7: Bond-valences in Part of
edge-sharing oclahedra corner-linked

hydrogen -bond i ng as well (dashed), in
distribution

B

lhe Àntler i te Structure. (a)
to a sulphaLe tetrahedron, t,¡ith
antlerite; (b) the bond-valence
of (a).
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hydrogen -bond i n g conditions surrounding lhe octahedra. The H-bonds

buffer modifications in the bond-valences that result from changes in

the bond lengths of the oclahedra. Therefore, substitution is possible

between J-T distorted octahedra and non-distorted octahedra. Figure 5.8

shows the accomodation of regular M2*- and Cu2*-octahedra into a

structure, made possible by changes in H-bonding.

Considering the geometrical factors which influence polymerizalion,

recall that nany comnon rock-forming silicates (pyroxenes, amphiboles'

and micas specificalty) require significant geonetrical distortions in

their octahedra to accomodate lhe bond-valence requirements. The

geometrical distortions of Cu2*-octahedra are also quite varied (c f'

chapters 3 & 4). However, a feature which is nearly unique to

Cu2*-octahedra is edge-sharing with scowhcacs. The geometrical

fJ.exibility of cu2*-octahedra aIlows the apical bonds to deviate

significantly from 90o with equatorial bonds. The angular distortion

mechanism invoLved (discussed in Chapter 4) provides a very short edge

for sharing with scowhcacs, as do the already shortened equatorial edges

(a result of the J-T effect). Cu2. oxysalts rlith this edge-sharing

feature (nigure 5.9) have unique bond-valence distributions around the

linking oxygens of the shared polyhedraL edges. The bvs of the linking

anions are stable in !hese structures. Nesquehonite, MgCO3'3H20, is the

only non-Cu mineral that shows this special edge-sharing feaLure

( Ha!¡ tho r ne , 1986b) ,
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Figure 5.8: Bond-valences Around Flexible 0cLahedral Sites. To the
left is the bond-valence distribution around an Mg octahedron, and to

the right, around a Cu-ocLahedron; The changes in octahedral bond length
produce different bv contributions to the Iinking oxygens

(centrosynmetricaJ.J.y reJ.ated about t't2-) ; H-bonding conditions are
therefore also different, assuring that bvs of the anions are adequate.
H-bonds are dashed; O2- and H* sites are numbered in brackets; the data

are from the M(2) siges of the cyanochroite structure.
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Figure 5.9: Bond-vaLences in Unique Edge-Sharing Polyhedra. Bond-
valence distributions around unique edge-sharing polyhedral linkages ;

the polyhedra äre to the left, and the bond-valence patlerns are to the
rigl¡l; Iinting oxygens (l-arge solid circles) are numbered (in brackets);- 

scowhcacÀ->smáII open òircles; cu->large open circles; (a) the
arrangenent in chlorothionite, !¡ith K'-O bonds dashed; (b) the

arrangement of chalconatronite, with t$o carbonate sitesr one sharing an
edge with tt''o equatorial Cu-bonds, while the other shares an edge with

one apical and one equatoriaJ- Cu-bond; lhe hydrogen-bond i n g is idealizecl
ro 0.20vu; (c) the arrangement of azurite, with square planar Cu

included, the carbonate triang)-e shares an edge with one apical and one
equatorial bond; bhe bvs of alI the Iinking oxygens in these exanples

are adequate.



180

5,2 Stn'll'fÀRY

In observing the bond-valence characterislics of oxysalt structures' one

finds that the Jahn-Teller distortion of Cu2*-octahedra provides a wide

variabliLy of bond-valence distributions for Iinkage to other polyhedra.

This variability is unparaLleled in the M2*-octahedra of non-Cu oxysalt

structures. The variabiLity in bond-valence disLributions provides Cu2*

Hith the ability to polymerize to a higher degree with complex oxyanions

of higher cation charges (i.e. 56*, N5*, c4-). The adaptability of

Cu2*-octahedra to the bond-valence conditions of non-Cu polyhedra allo\4s

for isos!ructuralism wiEh non-Cu structures.



Chapter vI

DISTÀNCE LEÀST-SOUÀRES I-{ODELT.,ING OF CU2+ OXYSÀLT
STRUCN'RES

In this chapter, the Distance Least Squares nethod (DLS) is used to

explore long-range structural effects of local po).yhedral dislortions in

Cu2' oxysalts, and non-Cu analogue structures. Such calculations help

to ansr¡er the trlo key questions of this thesis:

i{hy do sone Cu2* oxysaJ-ts have structural analogues without Cu2.?

Why are some Cu2* oxysalts structuraLly unique?

5.1 TTIE DLS MEtrHOD

Usua)-Iy, a crystal strucLure has more unique inEeratomic distances than

structural parameters. Thus one can express the structural parameters

in terms of the interatomic distances. Given an initial structure

(modet), i! is possible to calculate the most plausible final structure

(target) by means of least-squares adjustments of inLeratomic distances

prescribed for the target structure. Meier & villager (1969) formalized

these ideas and wrote a computer proqram called DLS. The coordinates of

lhe nodet structure, reiined towards the final targetr represent an

idealized structure (with respect to lhe ideal bond lengths assigned by

the use r ) .

DLS operates on the basis of lhe minimization function:

R(x) = j*!þ¡ø-d¡rn,)]2

1.

)
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where: d¡(pr) is the prescribed interatomic distance (bond tength); d¡

(x) is the interalomic distance calculated fron the model-; and tr¡ is the

weight assigned to the prescribed bond lengths. The sum of n(x) is

calculated from all t.he distances specified within the smallest

polyhedral representation of the structure. Hence, using lhe nodel

structure with distances d(x), the atomic coordinates are shifted

successively by least-squares adjustments tot,¡ards the target structure

with bond lengths d(pr). The minirnization function is cai.led the error

equation (Meier & ViIlager, 1969). The final R(x) value represents the

degree of fit between the refined bond lengEhs of lhe model and those

proposed for the target.

Baur (1981) emphasizes the importance of proper weighting in DLS

refinement. The conventional method is !o rreight cation-anion

distances proportional to their Pauling (1960) bond strengths;

anion-anion distances are weighted much lower. This al-lows caLion

polyhedra to be flexible, and nakes the Heighted bonds proporlionaL to

the force constan!s within molecules. Baur (1981) suggests that a

properly weighted DLS calculation resembles a classical mechanical

model of interconnected springs, t{ith the function:

y =tuft-r"t2 @
where: r"= the equilibrium Iength; r= the sLressed length; k= the force

constant; and V= the total- potentiaL energy. V reaches a mininum by

the springs adjusting thenselves to minimize the polential energy.

SimiIarly, R(x) corresponds to the mininum potential energy of a system

of atomic springs, with weights equal to the force constants of their

equilibrium distances d(pr). Therefore, the DLS method is a model
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building technique using elasLically flexibLe coordination polyhedra

(Baur, 1981). À significant difference between the simple spring modeJ.

and DLS is that translational symmetry plays a profound role in

constraining lhe refinement process of DLS.

ÐtS is a very flexible prograrn, because is allows the user to

manipulate the modeL slructure tor¡ards the target in a variety of l.¡ays.

Cation ordering, pressure/!emperature effects, and par!ia1 structural

refinement have all been studied using DLS. Discretion by the user is

necessary because bond lengths, weigh!s, and control of unit ceII

parameters are left to the programmer to decide. A low R val-ue can be

meaningLess without proper use of the progran to achieve the desired

results; e.9. r constraining cell dimensions profoundly affects t.he

rnanner of atomic rearrangement, and thus the degree of fit R(x).

Manipula!ion of symmetry between the model and target is tricky, and

requires good judgement; e.9., if nodel symmetry is lowered, does one

still have a valid mechanism of structural rearrangemen!?

6.2 ÀPPLICÀTION TO CU2' OXYSÀLT STRUCTI'RES

6.2,1 The General Problem

By idealizing the geometry of polyhedra while mainlaining the topology

of the nore strongly bonded polymerized units, one can gain an

understanding of lhe structural effects of polyhedral distortion.

Therefore, !he effects of Jahn-Teller distortions can be well

characterized by using DLS. Bond-valence analysis is used in

conjunction vith DLS to understand the effects of (4+2)- distortions on

the bonding of several slructure types.
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Structures of Cu2* oxysalts rihich have non-Cu analogues are generalLy

not a mystery. The great flexibility of cation polyhedra \'¡ithin

sLructures that have a lol¡ degree of polymerization is obvious

(bond-valence constrainls are not strict). DLS is not necessary in this

case because the J-T distorted Cu2'-octahedra are readily substiluted

for by other elemenLs Hith more regular coordinations. However t sone

structure types require further study. For exampler the olivenite group

of structures alI have (4+21 distortions, but the minerals riithout

copper Iack the electronic driving force (J-T effect) for the (4+2)

distortion. The kieserite structure shows the same relationship. I,lhy

do the non-copper analogues have M2t polyhedra nhich mirnic the J-T

distortion? Polyhedral idealization using DLS wilL answer this

question.

Many Cu2* oxysaits are structural).y unique. The reasons for their

exclusiveness are often apparent soIeIy by bond-vaLence analysis

(non-distorted octahedra violaLe bond-valence rules within cerlain

topoJ-ogies), However, by studying some very distorted struclures with

DtS, and attempting to refine tot{ards a target' interesting results lead

to important c.onclusions about certain structures.

6.2,2 The ttethodl of Ànalvsis

To study lhe effects of large polyhedral distortions, it is necessary to

make the polyhedra regular and examine the resulting structural changes.

By studying the idealized structure, one can answer why distortions are

necessary in the real structure, using bond valence (bv) theory and

simple geometrical arguements. The general criterion is to ideaLize
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those poLyhedra which define lhe structural identity of the nineral in

terms of polymerization. The non-po).ymerized units (usually more weakly

bonding) are left to adjust freely in response to polyhedra çhich are

ideaLized. This is done by r¡eíghting the idealized polyhedra in the

least-squares process much more than the freely adjusting units.

Polyhedral idealization will cause a structure to expand and contract

in certain directions, in response to the changes in polyhedral shape

and volume. Therefore' ceIJ. parameters are allotied to freely adjust

Ìrith structuraL modificalions (within the constrainLs of symmetry).

Constraining the unit cel.I could result in stifling the idealization

process. Cell dinensions of the original model are input, and are then

ref ined as least-squares variables.

Figure 6.1 outlines the program steps taken for structural

idealization. Model input is data from the real structure which will be

siri fted tortards the !arget structure. Àtonic coordinates of

symmetrically unique atoms are acconpanied by their symmelrically

related atons within lhe smallest polyhedral representation of the

structure, Each x,y,z coordinate of a symmetrically dependen! atom is

coded with its symmetry relation to the unique atom. This procedure

fixes lhe symnetry of the structure within the program' and lhe coding

remains constant throughout execution. Interatonic distances t,tithin the

polyhedral arrangement are.listed as pairs of atoms, and a target bond

length is given to each atom Pair.

The target input delernrines how the model sil-L be nodified. Bond

lengths for ideal polyhedra were chosen from Brown & Shannon (1973)t and
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MODEL I NPUT

1. atomic coordinates
2. cell parameters
3. atomic distances of

the smallest unit of
nolyhedral a r rangemen t

4. symmetry coding
for dependent atoms

TÀRGET I NPUT

1. assign bond
l eng t.hs throughoue
âsymmetric unit

2. assign weights to
each bond length

3. Iet ceII parameters
va ry

PROGRÀM EXECUTION

I - 12 cyc les
to convergence

OUTPUT
REFINED TO TARGET

1. coordi nates
2. ceIl parameters
3. bond lengths
4. R value

Figure 5.1: Flowchart of bhe DtS Program Parameters and operation
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represen! ideal bond-valences. The Cu-O bond length of 2.084Â

represents zeto octahedral distortion and an ideal bond-valence

(established in Chapter 4). This value is in agreement with Brorin &

Shannon (1973), and is used for DLS. oxygen-oxygen distances are 2'[1

of cation-anion distances for octahedra, and 2c0s35.24o of cation-anion

distances in tetrahedra.

I{eights assigned to idealized polyhedra were initially set equal to

Pauling's (1960) bond strengths. However, if structures resist

ideaLization lrith lhese starting weights, then the polyhedra which

deviale most fron their ideal are weighted higher. Usually, R(x) grows

and indicates lhat there is sone inherent structural resistance to

idealization. Anion-anion distances are usually weighted belween 0.1

and 0.3 of the strongest bond-valences. Non-ideaLized polyhedra are

characteristically weighted below 0.1 of the strongest weighted

distance. Ca!ion-cation distances are initially weighted <0.05, and if

the distance refines to an unacceptably Ìow leveÌ, then the weighl is

increased to prevent cation collisions (if necessary). Each unique bond

length for !he targe! input is assigned a corresponding weight.

Refinements of 8-10 cycJ.es are usualLy sufficient for convergence,

unless the structural changes are not realistically possible. R values

below 0.01 indicate that the refinement has proceeded tlithout

significant structural problems. R vaLues above 0.01 indicate tha!

idealization is incomplete in the st,rictist sense, and â compromise tlas

reached between the atoms in competiEion for space.



Occasional).y, the final coordinates refLect a

higher than lhat of the sLarting structure. The

Iowered. Raising of symmetry can be expecled,

idealization can make certain atoms equiva).ent on

r¡here they were originally distinct.
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symmetry which is

symmetry cannot be

because po lyhedr a I

a symmetry elemen!

Refined structures have bond-valence relations which require

examination. Às rrelI, there are atomic distances r¡hich ofLen violaLe

the accepted l irni ts.

Isostructural members usually have identical symmetry, and the

correlation between their DLS input files is 100%. That is, one member

can be idealized using the other member's bond Iengths e.9. libethenite

refined towards ideal andalusiLe. However, if a struclure is nearly

isostructural with another mineraL (psuedo-or !ho rhomb i c olivenite and

orthorhombic libethenite), the degree of compatibility betHeen the tHo

carì be tested by simulation of the slruclures' Refinement can be

towards the actual (non-ideal) struclure of the related mineraÌ using

the bes! approximation of true bond lengths lhat the user has available.

This procedure verifies the applicability of DLS to the structural

series being s tud i ed.

If a structure resists idealization (R will not converge), then the

structure is either incorreclly nodeled, or it is of the type lhat

cannot be idealized rlithout modification of topoLogy (upon which lhe

identity of the s!ructure is lost). Àfter testing and ruling out lhe

former possibil-ity, graphical analysis of the structure should confirm

that the structure cannot be idealized.
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5.3 DLS I.IODELING OF RELÀTED STRUCN'IRE TYPES

6.3.1 The 0livenite Grouo

The ol-ivenite group consists of olivenite cu2(Aso4)(0H), libethenite

cuz(Po4)(oH), adamite zn2(Àso4)(oH), and andalusite AI2(si04)0

(structuraL data of adamite from Harlthorne, 1976; and of andalusite from

I{inter & Ghose, 1979), This isostructural group has a structure of

edge-sharing octahedral chains cross-Iinked by tetrahedra into a

framework (discussed in Chapter 3). It witl be shown here that a (4+2)

disLortion is inherent in the octahedra of this structure type. The

Cu-members have a more pronounced distortion, because of the J-T effect.

Because the non-cu members do not possess the J-T effec!, a DtS study is

used to analyse why their ocLahedrô are not more regular in shape.

The first appLication of DLS to this structure series was to lest lhÈ

compatibility betHeen olivenite (eZr¡n' ß=90") and the other fully

isostructural members (Pnmm) during structural simuLations. The a- and

b-axes of libethenite are reversed to conforn to the rest of the

nembers. 0livenite was refined !owards libethenite target values, and

visa versa, using structuraL data from Toman (197?) and Corsden (1978)

respectively, Àppendix B1 lists lhe outpul for all refinenents of the

oLivenite group, and these first two simulaLions are labelled "olivenite

towards libelhenite" and "libethenite towards olivenite".

The ß angle was not aLLowed to vary in monoclinic olivenite, which

keeps the structural changes in this nineraL as similar as possible !o

changes in lhe olher members, CeII dimensions from the simulated

struclures of oLivenite and libetheniLe closely match the dimensions of

the actual target structures (Table 6.1). The degree of fit between
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struclures ís acceptable within the limits of the

words, lrhen a non-idealized structure is simulated,

!o the degree of fit obtainable by the program

target input is only an approximation to these

TABLE 6.1

CelI Dimensions of the 0livenite Group

a (.{) b(Â) c (Â) volumeÀctuaI Structures:

0Iivenite
tibethenite
Adamite
Andalusite

DLS Sinulations:

OIivenite towards Libethenite
Libelhen i !e togards Olivenite

DLS Idealizations:

Olivenite
Libethenite
Àdamite
Àndalusite

8.615 8.240
8.384 8.062
8.304 8. s30
7 .'t98 7.903

8.254 8. 194
8.614 8.263

'1 .791 8.109
7,974 7,7't4
8. 135 8.200
't .694 7 .626

5 . 953 422.6
s.881 397 . 5
6.047 428.3
5. 557 342 . 5

5.852 395 .8
s.916 421 .1

5.848 369. 5

5.815 360.5
5.872 391 .7
s. 382 3'1 6. 0

values ) ,

Àfter being satisfied lhat the structures of this series behave the

same t.,ay to DLS simulations, Ehe structures were then idealized. The

four and six coordinate polyhedra (franework components) are weighted !o

their Pauling (1960) bond strengths, and given ideal bond lengths of the

particular cation anion bonds (Às-0=1.68Â; p-o=1.537Â; etc. ). The
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[5]-coordinate dimeric poJ.yhedra are given 1ow weights, a1]orling then to

freely adjust to frarnev¡ork idealizations. Refinement oulputs are

labelted "MineraI Idealized"; where mineral is the particular member

(Àppendix 81 ).

Ce11 dimensions of the idealized structures are significantly

different from lhe those of the actual ninerals (Table 6.1). structural

modifica!ions fron idealization are eviden! when observing the structure

before and after DLS refinemenl (rigure 5.2). ALthough the lopology of

the framework is maintained, the arrangement of oxygens and 5l'l cations

is visibly altered. During idealization, the apical anions of

Cu-octahedra in olivenite become symmetrically equivalent, thus making

the ideal olivenite structure orthorhonbic.

Rearrangement of 5M cations and framework anions' due to

idealization, has resulted in characteristic violations of accepted

interatomic distances in all members of the oliveniLe structure type

(Table 6.2). Three types of violations occur:

t. Bonds from apical octahedral oxygens to sM are too shorl

(labelIed as Trig-Bipmd in Table 6.2 under the symptoms colunn).

The 5M-o(1) bonCs are also too short (IabeIled as Trig-Bipmd).

Unshared corners of the tetrahedra.have moved too cl'ose to (OH)-

groups on the shared edges of the octahedra (labetIed !e!ra-oH

under symptoms column ) .

The unshared tetrahedral oxygens have also moved too close to

each other (o( 1)-o( 1 ) ; labelled as letra-tetra) ' representing

coll i sion between neighboring tetrahedra.

,)

J.



Figure 6.2: ÀctuaI and Idealized 0liveniLe Franet¡ork. (a) Distorted
octahedra of the oLivenite framework structure, and 5Cu (as circles);

(b) lhe idealized olivenite framework structure, with octahedral chains
rotated relative to the actual structure.



Àtomic Distance

Mineral

TABLE 6.2

violations in the Idealized

Atom Pairs in violaLion

0Iivenile Group

Violation Symptoms

0liveníte

Libethenite

Àdami te

Àndalusit.e

Numbers for the
olivenite; e.9.

5cu-o(1) =1.796(Â)
scu - o(4) = 1.841
scu-o(5)=1.830
0(1) -0H =1,992
5cu-o(1) = 1.81a
scu - o(4) = 1.818 (x2)
o(1)-oH =2.267
o(1) - 0(1)= 2.a30

szn - o(1) = 1 .875
5z¡ - oH = 1.877 (x2)
o(1) - oH = 2.20't
o(1) - o(1\= 2,48e

5Àt-o(1\=1.672
5At - o(4) = 1.737 (x2l
o(1) - oH = 2.09'1
0(1) - 0(11= 2.186

Tr ig-Bipmd
Tr i g-B i pnd
Trig-Biprnd
teLra - 0H

Trig-Bipmd
Trig-Bipmd
tetra - 0H

tetra - tetra

Tr ig-Bipmd
Trig-Bipmd
tetra - OH

tetra - tetra

Tr i g-B i pmd

Trig-Bipmd
tetra - 0i{

tetra - tetra

nade equivalent !o
¡ ¡q¡ ç6¡5dsn ( 1978 )

atoms from all nembers are
o(1) of Iibethenite ís o(3)

Ànother structural problem, due to ideaLization, is evident for aIl

rnembers of the olivenite group. fthen bond-valence tables are

constructed for the differen! members (Table 6.3), !heir bond-valence

(bv) dislributions are very similar, both before and after DLS

refinements. Bond-valence suns (bvs) for sM cations are beyond the

accepted ]evels of stabilíty, and the oxygen bvs show overbonding in all

sites except the shared octahedral edges.
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TÀBLE 6.3

Bond-Valence Tabl.es for the Idealized OLivenite Group

Before Idealizalion Af ter Idealization

OLIVENITE

'Bond lengths from Tornan, 1977

_ _____ _::111__ __::1:l __ _ _ _i:__ __ _t_ __ _:_9_:
O( 1) 0.405(x2)+ 1 .315 = 2. t26
o (21

o(4) 0.260 0,16? 1.102 0.20 -- I.729
O(5) 0.440 0.130 1.442 = 2.012 OLMNITE

l{. 2.085 1.902 5.018 1.00 cuÍ) cu(2) Às H ¿ o-,

0.491,0.409 t.158 = 2.058
oH 0.575 0.249,0,456 0,80 = 2.080

LI BElHEN¡TE

Bond lengths from Corsden, 19?8

cu(1) cu(2) P H Io-'?
O(1) 0.483,0.356 1.220 = 2.059
o(2) 0.450(x2)â 1,179 = 2.079
oH 0.503 0.429(x2)Þ 0.BA = 2.241

91 1 1 - 9 : l 1 1 1 I 3 lt- ! : l l l i I 3 li- l : l 3 l l : 3 lt- 2 ::1 -:'' " "
2.032 2.030 5.041 1 .00

. ÀNDÀLUSI TE

Bond lêngths frorì l,linler e chose, 1979

À1(1) Àr(2) si ¡ o-2

o(1) 0.598,0.511 1.034 = 2.143
o(2) o.s22lx2lùo.959 = 2.003
o(3) 0.636 0.61?(x2)¿- = 1.870
o{a} 0.639(x2)t 0.312(x2)i 1.00(x2\ = f.9sl

ttt' 2.902 3.023 3.993

ÀDÀMITE

o(1) 0.?01,0.491 1.2s0 = 2.442o(2) 0.346(x2)F 1.250 = 1.942oH 0.468 0.3a0(x2)Þ 0.80 = 1.948o(4) 0.646(x2)l 0.3a0(x2)¡ r.2so(x2)r o.zO = z.¿::
M' 2.952 2.052 5.OOO 1.00

ÀDÀMITE

Bond lengths from HaÍrhorne, l9?6

zn(l) z^l2l Às H t o-2

O(1) 0.430,0.3?l t.198 = 1.999o(2) 0.36?(x2)È t.308 = 2,042oH 0.398 0.382(x2)Þ 1.o = 2,162o(a) 0 . a 2 a ( x 2 \ 0 . 2 r 1 ( x 2 )J 1.233(x2)r = 1.868

M' 2.047 't .920 4.972 1 . OO

À¡TDÀLUSITE

ÀI(1) Àt(2) si t o-2

o(1) 0.928,0.625 1.004 = 2.ss7
o(2) 0.499(x2){' 1.004 = 2.OO2
o(3) 0,626 0.a99(x2)Þ = 1.624
9111-9:ll1i:3lt-9:il!!:3li-l:991!13)t =''"'

M' 3.73{ 2.986 4.016

zn(1) zn(2) Às H ¿ o-2

o(1) 0.6s0,0.474 1.240 = 2.364
o(2) 0.335(x2)È 1.240 = 1.910
oH 0.430 0.33s(x2)þ t.0 = 2.100

9 1 i l - 9: ! i l i I 3 lt 9 : ] 1 3 1 : 3 li 1 : 3 ! 3 1 : 3 ]= = = =: -'' " 
u

2.84Á 2.OO7 4.980 1 .00
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it is nog evident r¿hy a (4+2) octahedral distortion is required in

the olivenite group framework sLructure' idealization results in

crowding of the [5]-coordinate cation poLyhedra in the franework

cavities, causing overbonding of both sM cations and the associated

oxyqens, Therefore, !he characteristic 4+2 geomelry of Cu2* is

weLL-suited to this structure lype. Other cations must mimic the (4+2)

dislortion (without the J-T effect) to achieve structural stability.

Linits on the magnihude of distortions possibJ.e for other elenenLs

control their po!ential to crystallize in the olivenite structure.

These limits are not well-defined. Fe2* shows the second order J-T

effect, and should be a likely candidate for the olivenite structure.

6.3,2 The Kieserite Structure Grouo

The kieserite group of minerals (Table 6.4) has the general formula

6M2*(so4) H20, and is a structural subgroup of the !itanite group of

minerals (Hawthorne et 41. , 1987 ) , r+ith lhe formuLa

7À6M(TO¡)(o,oH,Hzo,F). The À-site is vacant in the kieserite subgroup.

The kieserile series contains the copper member poitenvenite, r¿hose

structure is unrefined. The kieserite structure !¡as discussed in

Chapter 3, It is suspecLed that this structural series contains an

inherent (4+2) octahedral distortion, because kieserite (the onJ-y

structure so far refined) has such a distortion paltern. KieseriLe has

four equatorial. bonds (ave.=2.030Â) and tno apical bonds (2.172Â) ; the

Iatter are HzO groups that corner-link the ocEahedra into chains along

t0011. Poitenvenite presunably has the same distortion, because of the



characteristic J-T effect of Cu2.. The relatively

this structural series is a flexible one, allowing

À-site occupancy. The reasons for an Mg-member
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simple f ramework of

rearrangement for

tô mimic the J-T

TÀBLE 6.4

Minerals structurally Related to Kieserite

Mineral Fo¡mula "(Â) b(Å) (Å') É(') sP.Gr.

(fron Hawthorne et a1., 1987)

Dç¡o¡nikite IN(SO4XHTO)I 6.839 7-582 7-474 117.85 C2/c

Gunningite [Zn(SOqXHzO)] 6.95(8) 7.586(s) 7.56(8) tts.9l(l) Czlc
'Kieserire [Mg(SO4XH2O)] 6'912(2) 7.62412) 7.6a2(2) tr7 7o(2) C2/c

Poitevini¡e [C(SO4XH2O)] 7.176\10) 7.42q1q 7.635(lo) tt6.1s(3) C2lc
Szmikire IMn(SO¡XHzO)I 7.12olt) 7.66qÐ 7 -766(t) tts.9s(r) C2/c

Szomolnokire [Fe2+(SO4XH2O)] 7.123 7.468 7.624 115.9 C2/c

distortion are a probl.em to be answer'ed wilh DLS.

Kieserite structural data was used as mode] inpu!. As the symmetry

for all the members of rhis series is C2lc, .we can assume that all the

struclures are equivalent to simulations using DLS. Target input for

the idealized structure and the refinement output are in Àppendix 82.

Idealization produced no polyhedral collisions. The R value (0.000015)

is essentially zero, indicäling that structural changes to idealiLy were

fully completed. Therefore, polyhedra in the kieserite structure can be

idealized without any geonetrical structural problens.

Bond-valence tables of the kieserite structure' before and after

ideatization (table 6.5) , shol{ interesting results. In the acEuaI
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structure, the bvs on the 0(3) apical bond deviates somewha! fron the

formaL valence. In addition, o(1) is close to being underbonded.

Idealizing the structure has exaggerated lhe imbalance of bvs on both

0(1) and 0(3), Ì¡ith o(3) becoming significantly overbonded, and 0(1)

becoming underbonded. The 0(2)-0(3) distance of 2.780Â indicates that

lhe H-bonding potenlial is not significant).y affected by polyhedral

Before ->

TÀBLE 6.5

Bond-Val-ence Tables for Kieserite

________I:_________:_______!_______:_9:'
o(1) 0.391(x2)¡. 1.543(x2)¿ = 1.934
o(2) 0.373(x2)j t,eso{*z)lo.zo = 2.063
o(3) 0.285(x2)þ 0'.80(,<2)>= 2.172

M* 2.100 6.066 1.00

Mg S H E O-2

1î: o(2) 0.333(x2)J l.soo("2)lo.lr = 2.003
o(' ) 

-9:1311:3lF--=====--9:::l:2t 
> = 2' 326

M' 2 .000 6. 000 1 . 00

Bond-valence curves used from Brown (1981)
(bond lengths of actual kieserile from Hawthorne et a1. ' 1987)

rearrangements.

By ideal izat ion, the

conditions of both the

involved in H-bonding,

(4+2\ dislortion is removed, and the bv

corner-linking H20 groups and the anions not

become unstable. Conversely, íncreasing the
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magnitude of the (4+2) distorLion beyond that of kieserite octahedra

should bring the bvs of lhe anions closer to their formal valences.

Poitenvenite is thus a natural candidate for this s!ructure type.

Because the celL dimensions of poitenvenite are known, it should be

possible to predict the atomic coordinates of poitenvenite by refining

the kieserite model with DLS. When the nodel refines to the cell

dimensions of poitenvenite, the resulting atomic coordinâtes and bond

Iengths should be close to the target Cu-member (providing no atomic

coIl is ions occur).

The first refinement tofJards poiLenvenite involved the use of a

simple !arget approximation (Label.Ied "simple model" in Appendix s2).

Simple octahedral and tetrahedral distortions vere nodeled, using only

nine unique target bond Iengths. Bond-valence sums of this refinement

are quiLe acceptable (Table 5.6). The O(2)-o(3) distance (2.829Â) is

preserved for necessary H-bonding conditions. CetL dimensions (Table

6.6) are reasonably weLì.-rnodeLed for the a- and b-axes, but the c-axis

and ß angle are poorly represenled. Nevertheless, this quick and easy

refinement has meri!, shoning !hat larger (4+21 distortions are

geometrically valid in this strucLure type' and H-bonding conditions are

preserved. Therefore, rle can assume that poitenvenite has a "normaL"

(4+2 ) distortion.

À more elaborate attempt a! predicting the

produced results that are nol nuch better

(labelled "compLex model" in Àppendix 82).

distances rlere used (the rnaximum allowable).

structure of poitenvenite

than the simple model

Si xteen unique target

These extra di stances were
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TÀBLE 6.5

Bond-valence and CelL Data for ÐLS Towards Poi tenven

H

ite

Simple Model ->
Cu s

o( 1 )
o(2)
o(3)

0,443(x2
0.443(x2
0,'1 16(x2

h
íL
:L-

1.550(x2)¿ = 1.993
1.450(x2),1,0.',I4 = 2.033

0r.86(x2)_- = 1.952

2.004 6.000

CompÌex ModeL

S inpl-e
CompLex

'1 .428 c:
7 ,422 c:

8,428 ß:
7.639 ßi

i22.030
117.900

an attempt to control polyhedral tiltíng to achieve the correct cell

dinensions. À Cu-Cu distance of half the ).englh of the poitenvenite

c-axis t,las weighted high, thereby fixing the c-axis (Cu at, lhe cell

origin, anð c/2\. Thus, Cu-o rearrangetnents must involve polyhedral

tilting, because c is fixed. The resulting cell dimensions (TabIe 5.5)

are close, except for the a-axis. Polyhedral tilting is not fully

represented by the target distances, because the cell volume is not r¡eIL

reproduced.
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Bond-valence analysis shot.¡s that the structure creäted is acceptable

from a bondinq standpoint. The o(2)-o(3) distances (2.894Â) are

preserved for H-bonding, although other neighboring 0(2) atoms are

encroaching upon the H20 groups (other 0 ( 2 )-0 ( 3 )=2 . 521Å ) . This distance

may be too close, indicating possible collision of neighboring

octahedral chains. As the simple model duplicated the a and b axes, and

the nore complex model arrived close !o the brc and ß parameters, lhe

true structure of poitenvenite should be representable by DLS.

Somewhere betl{een the two target approximations, there exists a

compromise which represents the true poitenvenite structure.

6.3.3 The ChalcomenÍte - Teinite Structure

The lopological features of the chalcomenite and leinite structure are

discussed in Chapter 3, as are lhe relationships to lhe kieserite

slructure group. The cutoff belween octahedral and square pyramidal

coordinations in the chalcomenite s!ructure is based on topological

considerations. The extreme J-T dislortions in the chalconenite

structure should be removabie because of the similarity to the keiserile

structure (whose structure permits idealization of the oct.ahedra). The

idealized chalcomenite structure should therefore resemble the ideal

kieserile sLructure.

Sone important differences exist betl¡een the chalcomenite structure

and the kieserite structure, and they are related to the Se and Te

coordinations and connecLivity. Bond-valence anal.yses of chalcomenite

and leinite indicate that Se and Te should be considered as (3+3)

coordinate (Table 6.7]., The three J.onger bonds (approximately 3.18)
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greatly improve the bvs of Se and Te. The connectivity of the structure

is be!ter described rriLh T0¡ pyramids, because of the irregular shape of

the (3+3) coordination, Of course, the opposihe is true for the very

distorted (4+1+1) coordinations of Cu. The unshared corners of

Cu-octahedra are H20 groups, a result of the T0¡ group rather than T0¡

in kieserite. Therefore, the chalcomenite structure has a rnore conplex

arrangement of hydr ogen-bond i ng . The bond-valence distribution is more

diverse than in kieserite, and there are more unique oxygen atom

pos i t ions.

Structural differences from kieserite become guite evident after

idealization. Àlthough the geometricaL arrangenents of this structure

type seem to be the same as in kieserite, lhe bond-valence

characterisLics that resul! have differen! consequences (recall:

kieserite H-bonding ltas preserved), The program outpu! from

idealizations are in Àppendix 83. Ànalysis of o(4)-0(1)/o(3) distances

(>3.10Â) indicates that the H-bonding potential of H(5) atoms is

destroyed after idealization. The bond-valence conditions of the donor

and acceptor oxygens (Table 6.7) are thus profoundly altered from those

of the actual structures. 0(5)-O(5) distances remain abou! the same for

ideal chalcomenite, but this atom pair is farther away in ideal teinite'

resul!ing in the loss of o(5)-H(5) ''0(4) bonding. The difference in

teinite is presumeably due to the eifect of the larger Tea* atom as

cornpared with Sea 
* in chalcomenite. Às in the kieserite structure 

'

idealizaLion causes overbonding of the Hz0 group oxygens tha!

corner-1ink the octahedra together. SimilarIy, the oxygens of the T03

group becone underbonded, but moreso than in kíeserile. The lower
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TABLE 5.7

Bond-VaIence TabIes for ChaLcomeniLe & TeiniEe

T::::
CHÀLCOMENITE

i::::
CHÀLCOMENITE

cu se H4 H4' H5 H5 Z O-7

o(1) o.
o(2) 0. 1 .753

1 .683
2.413

o(3)
o(4)
o(s) 3(x2)f'0.10 O.92 o-92 = 2 -366

M

TEINI TE

TEINI TE

cu Te H4 H4' H5 H5' E o-2

o( 1) 0.333 1.240 x
o(2) 0.333 1.240,0.11 0.13 = 1.813
o(3) 0.333 1.240,0.11 X = 1.683
o(4) 0.333 1.00 I.00 x = 2.333

9ili9:l1l!:11È!:11---==.--====-::91-1:99-:'' 
606

l,r' 2.000 4.050 1.00 1.00 1.00 1.00

Bond-valence curves of Brown (1981) were used; bond lengths of
chalcomenite fron Àsai & Kiriayama (1973), and for teinite from
Ef fenberger (1971) .

25.24
40.465

449
2\

o
o
o
o(4) 0.423 0.75 0.73 0.09 - 1.993
o(5)0,163,0.028 0.11 0.81 0.91 = 2.021

M' 2.001 4.0s4 1.00 1.00 1.00 1-00

o(1) 0 0.25
o(2) 0.46 1.25
o(3i 0.45 1.22,0.13 o.26

0,0.
o(
o(
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charge of the Tat group, relative to T6. in kieserite, demands a greater

contibu!ion of H-bonding to oxygens of the T0s groups.

0ne can arrive at conclusions similar to those for the kieserite

structure type. The patterns of bvs are quite similar. The

chalconenite and teinite structures require the (4+2) arrangement for

proper bond-valence conditions at the anions. Bu! in addition, the

arrangement of the octahedra controls the more complex system of

H-bonding in this structure type. Distortion requirements on the

octahedra are more extreme than in kieserite, because of the H-bonding

requirements. Therefore, the chalcomenite and teinite structure HilL

allow only Cu2* rlith the J-T distortion. Perhaps Mn3* is a candidale

for substitution (rlith proper charge-balance at the T-group).

6.3.4 The Kröhnkite Grouo

The kröhnkite group of minerals have a structure based on isolated

chains of 6M2-(Tor)2ø buildinq blocks, discussed in chapter 3.

Octahedra of lhe different nembers have a (4+21 distortion, although

only kröhnkite contains Cu2. wiLh the J-T effect. This distortion

requirernen! is very interesting, because most structures rrith Iower

connectivity, having Cu2* and non-Cu analogues, are flexible enough to

permit both regular and distorted octahedraL geometries. The struclure

of the kröhnkite group is studied by idealization with DLS, in order to

find ou! why this loosely bonded arrangenent does no! accotnodate regular

shaped octahedra.
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Ideatization of the kröhnkite structure is not as straight forward as

the structure types previously described, because DLs is more suitabLe

for use !rith frameltork structures, Care must be exercised 1.rith

refinenent of non-frarnework structures' so that neighboring polymerized

units do not collide, simply by lack of control on the rearrangement of

weakly bonded sLructural units. Fortunately' interchain bonding uniLs

of the kröhnkite structure are l-arge-cation polyhedra rather than Hz0

groups (the latter would be too difficult to nodel).

The first idealization refinement was done without precautions for

polyhedral collisions between neighboring chains (labelled "without

restraint" in Àppendix B4), using kröhnkiLe as the model. structure.

Several major problems arise in this refinement procedure:

1. The OI.r - O(4) distance between octahedra and tetrahedra in

neighboring chains (1.753Â) indicates a collision has occurred.

The O¡,1 - 0(1) distance (2.508Å) betneen octahedra and tetrahedra

tlithin the same chains is too close, and suggesls another

collision.

Considering the bond-vaLence characteristics of kröhnkite, before

and after idealization (Table 6.8), the H-bonding conditions are

profoundly altered. ot'¡ - H(2) '0(4) is destroyed by polyhedral

collision, and olr - H( 1 ) ' 'o(1 ) is considerably shortened

(producing an unusually strong donor bond to 0(1)).

The Na* is more overbonded than in the actual structure, as are

Ol,l and O(2). 0(4) has become underbonded by the loss of

H-bondi ng.

7

L



TÀBLE 6.8

Kröhnkite Bond-VaIence Tables, Before/Àfter Idealization

Before DLS Refinenent

Na Cu S H1 H2 EO-2

01 0.14 1.55 0.26 = 1.95
o2 0.17,0.14 0.14 1.50 = 1.95
03 0.15 0.44 1.38 = 1.97
04 0.16,0,15 1.49 0.20 = 2.00
ow 0.19 0.49 0.74 0.80 = 2,22

M* 1.10 2.14 5.92 1.00 1.00

I deal izat ion I,¡ithout Resträints

Na cu S H1 H2 E O-2

Bond lenglhs before DLS from Hawthorne & Ferguson (1975);
Bond-valence curves used from Bror,ln (1981).

ct
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06
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2
2
2
1
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.00
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50

00
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33s

333

003

0
0

0
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I
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,0
26
,0
16

0.1
120
o.2
l+Þ
o.2

1.2

0

0

o.f
o2
o3
o4
ow

M+

In víewing the structure before and after ideal-ization (Figure 6.3), one

can observe the relative change in Na positions.t{'ith reference to the

chains (hence the overbonding of Na). One also sees that the distance

beLwéen tetrahedra and octahedra in neighboring chains has become

appreciably closer (dashed Iine for 0l,l - 0(4) distance).
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nigure 6.3: Kröhnkite, Before and Àfter Idealization. (a) before
idealization, the distcrted chains; (b) after idealization, the

neighboring chains are closer (dashed line), and the Na
cavity is smaller than in the actual structure.
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Roselite model data Has refined tor,lards the ceLl dimensions of

idealized kröhnkite to verify that the two structures are in fact

identical. In this procedure, t.he target bond lengLhs used for

kröhnkite are put into the roseLite program file. The simulation was

successful (LabeIled "roselite to kröhnkite" in Àppendix 84), and the

cell dimensions are nearly identical-.

Roselite Ì¡as !hen idealized in !he same unrestrained manner as

kröhnkite, bu! using ideal bond lengths for Mg-O' ca-O and Às-0.

Bond-val.ence tables for roselite before and after idealization (Table

6,9) indica!e that lhe bonding environnent of Ca2* does not change

significantly, unlike Na* in kröhnkite. It should be noted that bvs in

the non-ideaL roselite structure are far from ideal. bvs cf the anions

are made worse by idealization. Àlthough this struclure is the same as

kröhnkite, structural rearrangements are slightLy different in roselite,

because of the diffences in ideal target bond lenglhs used. Instead of

coll.ision with ol.l and O(4), lhese atoms nove away (>3'2Â). However' the

H-bonding to O(4) is stÍII destroyed. ALso' O(1) - O(3) = 2'497F

indicates !etrahedral collision within ihe chains, rather than !he

tetrahedral-octahedral coll i sions in kröhnk ite.

Roselite and kröhnkite rlere then idealized with structural

constraints. Extra target distances are used in these refinements, and

are inlended to prevent collisions in these non-framework structures

(output labelled "llith Conslraints" in Àppendix 84). The ol¡ - 0(4) and

ol,l - o(1) distances whích cotlided in kröhnkite (without restraint) were



TÀBtE 6.9

Roselile Bond-Valence Tabtes, Before/Àfter IdealizaLion

Before DLS Ref inement

Ca Mg/co As H1 H2 E o-2

01 0.315
02 0.244,0
03 0.27 4
04 0.240,0
ow 0.292

.232 0.262
0.374

0.368

1 .282 0.13
1 .200
1.178
1.218 0.18

0.8? 0.82

= 1.'Ì27
= 1 .938
= 1,826
= t.vt5
= 2.349

2.008 4.878 1 .00 1 .00

I deal izat ion !tithout Restraints

Ca uq/co Às H1 E O- 2

01 0 -246
02 0 .255 ,0 .2'12
03 0.291
04 0 .218 ,0.283or,¡ o.269

1.
0.333 1.
0.334 1.

t.
0.333

240 0.16
240
240
240

0.84
xx

1.00

= 1.646
= 2.100
= 1.86s
= 1.741
= 2.442

2.000 5. 000 1.00 1 .00

Bond lengths before DLS from Hawthorne & Ferguson (1977);
Bond-valence curves used from Brown (1981).

Heighled relalivel.y high at distances equal to the actual structure.

The OW - O(4) distance in roselite was also fixed to prevent separation.

Bond-valence analyses of the constrained ideal.izations (Tabte 6.10) show

significan! improvement in the bonding conditions of the atoms.

H-bonding t.o o(1) and o(4) is preserved, However, netr atomic collisions

are produced as a consequence of the structura] constraints preventing
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earlier colL i s ions ( 0ll o(1b) = 2.286F, ín kröhnkite; o(3) - 0(3)

TÀBLE 5. 1 O

Bond-Valence Tables for Constrained Idealizations

Kröhnkite

Cu S Hl H2 EO-2

o'1
020
o3
040
ow

0.153
.186,0
0.168

.126,O
0.244

'1 .500 0.27 = 1.923
.138 0.333 1.500 = 2.157

0.334 1.500 = 2.002
.192 1.500 O.24 = 2.058

0.334 0.73 0.76 = 2.068

1.207 2,002 6.000 1.00 1.00

Roselite

Ca ug/co H1 H2 t /ì- 2

01 0.262
02 0.250 ,0.303 0. 333
03 0.261 0.335
04 0. 161 ,0. 288
ow 0.245 0.333

.240 0.20 = 1.702

.240 = 2.126
,240 = 1 .836
.240 0.21 = 1.899

0.80 0.79 = 2.168

1 .770 2,002 5,000 1 ,00 1 .00

Bond-valence curves used from Brown (1981)

¿.JllA LÍt roselrte ,.

Àlthough the members of this struclure type behave somewhat

differenlly, a (4+21 distortion in the octahedra seems to produce the

most convenient arrangement of polyhedra. The (4+2) distortion provides
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a spatial balance betrleen required 0-H '0 geometries and the avoidance

of polyhedral collisions, it is interesting to note that the M(Toá)2

chains do not become ideally straight (in the geometrical sense) with

idealization refinements, because the large interchain cations, aLthough

weakly bonding, still exert a spaLial conLrol on the geonetry of the

chains. Straight chains r+ould radicaLLy aLter the bonding environment

of the larger cations.

6.4 DLS REFINEMENT OF T'NIOI'E STRUCTI'RE TYPES

Upon studying several structures which have unique topologies' it became

apparent that a few of them cannot be idealized to have regular

polyhedra. DLS idealization procedures wiLl not work on these minerals.

The program fails, and the Ieast-squares process will not converge.

This indicates that there are reasons for the unique nature of some Cu2*

oxysalt structures, other than just bond-valence constraints.

Jahn-Teller disLortions provide unique possibiLities for Cu-octahedral

topologies. Olher elements are not able to substituLe into the very

distorted octahedral sites, and regular octahedra would destroy lhe

toDol-oav of Ehe unique structures. The foLlowing exanpJ-es of DLS

represent a search for unique slructure types which require J-T

distortions.

6.4.1 La¡nmerite

Lammerite was the first structure tested with DLS !o determine its

topological response to idealization. Refinements with various target

input parameters were unsuccessful. Using bond lengths of greater or

lesser values than ideal dístances for Cu-O and As-O t+ere also



unsuccessful (in attempts to fit

arrangement ) . Àfter confirming

further attemp!s at idealization

conver9e.
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different sized poLyhedra into an ideal

that the inpuh f iJ.es r¡ere not flawed,

were made. The program still sould not

It !¡as suspected Ehat the commensuraLe modulation of cLosed-packed

polyhedral layers was responsible for Ehe properties exhibited during

DLS refinement. Graphical reconstruction of lammerite proved this

suspicion to be true, Hhen the octahedra are nade regular and the layer

rnodulation is flattened out, the tetrahedral sites are stretched well

beyond acceptable Iimí!s (Figure 6.4). Therefore, the tetrahedral

connectivity belween octahedral layers is made possible only by the

special arrangement of the distorted octahedra (which coupled together

form the modulation), It is the modulation which aIIows the tetrahedra

to !it into the places they occupy in lammerite. Other elements cannot

substitute into the }ammerite sLructure because they cannot achieve

equ i valent octahedral distorLions.

6,4,2 Lindorenite

Lindgrenite is another modulated Iayer structure, and is a logical

candidate for DLS analysis. The unique topology of this structure

suggests rhat Ít too may not allow idealization. However, upon using

the standard method of idealization, lindgrenite acquires polyhedra of

reasonably regular shapes. The R-vaLue (0.020, Àppendix B5) indicates

that the structure undergoes some resistance to !otal idealization, but

the polyhedra have only minute distortions. The presence of one atomic

violation (0(3)-0H=2.144Â) is however significant. Upon inspection of
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Figure 6.4: Lammerite Graphical Non-Idealization. Àn attempt at
graphical idealization of the polyhedra fails. As lhe octahedral chains
of Cu(2) are flattened out (shown by arrows) the letrahedra and Cu(1)
octahedra, between the ).ayers of Cu(2)-chains, are stretched out past

acceplable Iimits (dashed arrows).

Figure 6.5: Lindgrenite Structure Àfter Idealization Looking across the
modulated polyhedral layers, adjacent layers are too close (atomic

violation is dashed); the arrangement is otherrrise not significantly
differenl from the acLual structure,
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the strucLure before and after idealization (nigure 6.5) , there is

little difference in polyhedral arrangements and shapes. In the actual

structure, the OH- position (where the three octahedral apices neet) is
puckered in away froÍì the nearest tetrahedral apex. In the ideal

structure, !his distance is much shorter (o(3)-0H)' and is dashed in

Figure 6.5.

interestingly, the nodulation in lindgrenite is not removed by

idealization. The nature of this modulation must therefore be purely

topological, while tha! of lamnerite is geometrical as well as

topol.ogical.

Bond-valence analysis provides us with another clue as to tlhy lhis

Cu2t is unique (Table 6.11). The stable bvs in the actual structure are

a1!ered to much less stable conditions in the idealized arrangement.

Àlthough the o(3)-oH distance Q,767Ã) is preserved for H-bonding, the

anion bvs are made unstable as a whole.

Lindgrenite requires the (4+21 octahedral distortion because of

bond-valence requirements, and to prevent adjacent polyhedral layers

from getting too close. Perhaps the latter constraint could be

satisfied with some other distortion mechanism as we11, but lhe

bond-valence distributions of lindgrenite are best suited rrith (4+21

distortions, Other elements cannot achieve these distortion magnitudes;

however, zn seems to be able to approach Cuz* in its distortions.

Therefore, the bv conditions of a Zn-analogue rnay be sufficiently

stable.
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TABLE 6.11

Bond-Valence Tabl,es of Lindgrenite

Before Idealization

cu(1) Cu(2) Mo H E o-2

o(1) 0.459 '1 .s85 = 2.o4+
o(2) 0.129(x2\ 0.17s 1. ssz = 1.856
O(3) 0.501 1.402 0.15 = 2.053
o(a) 0.4'12(x2)t 0.114 1.426 = 2.012
oH 0.419(x2)i 0.42s'0.407 0.85 = 2.101

--;.--;:ã;õ------;:ili-----;:;Ë-;:õ;-

Af ter Idealization

cu(1) cu(2) Mo H E o-2

o( 1) 0.334 '1 .505 = 1 .839
o(2) 0.330(x2), 0.331 1.499 = 2.160
o(3) ' 0,338 1.Eoo 0.18 = 2.018
o(4) 0.344(x2Þ 0,331 1.513 = 2.188
oH 0.323(x2)i 0.334,0.333 0.82 = 1.810--;.--î:;;;------;:.il-----;:õi;-î:ã;-

Bond-valence curves used from Brown (1981); bond lengLhs
of actual Iindgrenite structure from Hawthorne & Eby (1985).

6;4.3 Chalcocvani te

GraphicaL analysis of chalcocyanite indicates that it canno! be

idealized into a wallpaper structure, The question arose as to whether

this structure can be ideaLized at all. Substitution by Zn to form

zincocyanite (Kokkoros & Rentzeperis, 1958), indicates that this

structure is not unique to Cu2*, although zincocyanite is very unslable
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in the presence of moisture. If the structure is not unique to Cu2*,

can it still have a topoLogicaLly restricted arrangement, like

tammer i te ?

Idealization r+ith DLS is possible (Àppendix B5). Therefore, we have

an explanation for the substitution by Zn. Bond-valence sums of the

ideal structure are better than values for the actual structure (TabIe

6,12\, However, they are still not acceptable as stable values for

oxysalts, because none of the anion bvs approach ideality. The

structure needs refinement, because the bvs of the actual mineral are

TABLE 5. 1 2

Bond-Valence Tables for ChaJ.cocyanite

Before Idealization Àfter Idealization

Bond lengths before DLS
bond-valence curves used

M' 2.000 5.000

from Kokkoros & Rentzeperis
from Br o!¡n (1981).

unacceptable.
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Figure 6.6: ChaJ.cocyanite, Before and After Idealization. (a) before
idealization of the t e t rahedra l-oc tahedra I framework, looking down the

rutile-Iike octahedral chains; (b) non-ideal octahedral chains and
cross-linking tetrahedra; (c) idealized polyhedral framework, with

rotation of the chains to produce coll-isions between neighboring chains
(shown with arrows' "":iåiå:n";å î:;|:f,]å,j:' 

idearized octahetrral
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Àlthough bond-valence characteristics are inconcLusive about the

stability of regular octahedra in the structure, inspec!ion of atonic

disLances reveals a problern with idealization. 0bservation of the

structure before and after idealizatíon (rigure 5.6) shows that the

octahedral chains have undergone significan! rotation due to oxygen

rearrangements. Consequently, the distance between apical oxygens of

neighboring octahedral chains is much too close (o(3)-0(3)=1.590Â).

Rotation of the chains is caused from making the octahedra regular, and

results in polyhedral collisions. The (4+2) distortion seens to be

necessary to prevent atomic collisions. Bond-valence analysis suggests

that the anions are not stabLe in an idealized octahedral arrangement'

but poor structural data prevents conparison of bv characteristics

bêtwèen the ideal and actual structures.

5.5 su,rMÀRY

llith application of the Distance Least Squares method' a nurnber of

important features in oxysalt mineralogy are revealed. There exist

structures which require (4+2) octahedraL distortions for the following

reasons:

1, Bond-valence distributions are more favorable with thè l4+21

distortion than with regular shaped octahedra.

2, certain hydrogen-bonding arrangenents are possible only rlith the

(4+2) distortion in the structure. Making the octahedra regular

deslroys the o(donor)-0(acceptor) distances needed for proper

bond-valence contributions by hydrogen to the anions.



218

3. Geomeirical limitations require a particular arrangement of. (4+21

octahedra. Idealizating these octahedra causes collision of

neighbor ing polyhedra .

4. Certain topologies require a specific arrangement of (4+21

octahedra. Removal of the distortion alters the topology of the

nore tightly bonded units, thus obliterating the identity of the

structure.



ChapLer VII

rHE ROTES OF CUz* IN THE LONG RÀNGE STRUCruRE OF OXYSÀLTS

The structural effecls that the Cu2- ion is responsibte for (t.¡ithin a

unique series of coordination geometries) have been discussed (Chapters

4-5). In this chapter, the fealures exhibited by Cu2* and the

Jahn-Teller distortion are considered in terns of lheir effects on the

long range properlies of the Cu2* oxysalls. À final sunmary of this

thesi s is also provided.

7,1 À GEOI.IETRICÀL CLÀSSIFICÀTION OF CU2+ OXYSÀLT }IINERÀLS

Chapters 5 and 6 have addressed the tno central questions of this

thesis:

Ì,lhy do some Cu2' oxysalt structures have non-Cu analogues?

Why are some Cu2* oxysalt structures unique to Cu?

liowever, in considering these questions, time allowed lhe detailed study

of only a small part of the known Cu2* oxysalt mineral structures. They

are now classified here in terms of their geonetrical properties wi!h

relation to Cu2* and lhe Jahn-Teller disLorLion. There are TI,¡o

FUNDAMENTÀL TYPES OF STRUCTURE I

I : Structures constructed from holosymmetric coordination polyhedra,

the arrangement of which is also fLexibLe enough to distort and

accomodate local Jahn-Teller distortion of lhe octahedra.

)

- 219
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betr: Structures (potyhedral connectivities) that can only

consLructed from very distorted coordina!ion polyhedra.

The lr,lo structure hypes extend beyond lhe scope of Cu2* oxysalt

minerals, Holrever, there are subcategories to structure type I which

are defined on lhe basis of lhe role(s) of Cuz* in the slructure, The

subcategories of structure type i are:

A: Structures flexible enough to accomodate Jahn-Teller distorted

octahedra and/or regular octahedra. These structures lack rigid

georneLrical. and/or bond-valence constraints on subsLitution at the

octahedral positions.

B: Structures which must have Jahn-Teller-type distortions for

structural stability,

MineraLs trith structure type II are those which resist idealization by

DLS methods or simple graphical analysis.

The cu oxysalt mineraLs are categorized according to the above

classification scheme, and they are IisLed in Table 7.1. The rationale

for deciding a structure type rlas developed from the results of chapters

5 and 6 (see sumnaries). There are three possible criteria for

assigning a struclure !o lype IÀ:

r) structural flexibilily can be a result of the buffering nature

of an elaborate and/or flexible hydrogen -bond i ng network (e.9.

chalcanthi!e)

Cu2. in a structure can play a supportive and/or minor role,

and is readity substituted for by other elements (e.9.

interlayer cation role in uranyl-Iayer struc!ures).

II,
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iii) certain topological arrangements aIlow for variability in

bond-valence distributions of lhe octahedra (provided the anion

bvs are satisfied), thus permit!ing regular or distorLed

octahedral poJ.ymerizations (".g. the equivaJ.ence of certain

linking models in Figures 5.1 and 5.2).

For structures of type IB, there are the following criteria:

i)

11)

bond-valence requirements impose constraints on the dislortion

of polymerized octahedra l-inked to certain complex anion

polyhedra (e.g. octahedral-Cu"'telrahedral-S sheet structures

are res!ricted to (4+2) distortions at linking anions).

sone hydrogen-bonding geometries require a particular

arrangement of distorted octahedra, which cannot be made

regular without deslroying the H-bonding arrangement. (u.9.

chalcomenite).

idealization of octahedra in a structure nay cause instabilily

in the bonding conditions of cations not involved in the

polyhedral connectivity (e,g. sM cation dimers in oLivenite)

idealization of octahedra may cause unrealis!ic atomic Aeometry

(e,g. atomic collisions, as in chalcocyanite).

1tr,

The criterion decided upon for each mineral s!ructure type is listed

in TabLe 7.1, The minerals studied in depth, or which are clear cut

exafiìples of slrucEure typer are marked with an asLerisk. The other

mineral structures are assigned their place by less thorough inspection'

Further study is necessary to more conclusively deternine the structure

type for minerals only briefly inspecLed.

iv)
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TÀBLE i.1

Geometrical Classi f icat ion of Cu2' Oxysalts

These minerals are classified according to their
type of structure, wifhin the subcategories of the lwo
structure types. The subcategories and cri!erion for
categorization are described in the text. The criterion used
are lisled in abbreviated form for each mineral structure, and
are coded as foLlows: Category IÀ - (i) HBF=hydrogen -bond i n g is
flexible; (ii) SMR=copper plays a supportive or minor strucLural
role; (iii) LÀB=the linkage arrangement altows both regu)-ar and
(4+2) 6s¡¿¡.¿ra; category IB - (i) BV=bond-valence constraints;
(ii) HBur=hydroge n-bond i ng is unflexible; (iii) DcB=disturbance
of caLion bonding with idealization; (iv) ÀC=aEonic co]lisions.
The minerals marked rlith an asterisk were studied in greater
detail than the rest, and represent more conclusive resulls.

STRUCTURE TYPE I : Structures Which Can Be Idealized

Category À - ceometrically fLexible Hithout constraints

Minerals Formula Criteria

(isolated polyhedra and clusters)

ÀuberLite
Boo th i te
Cyanochroite
HenmiLite

ChalcanLhite
Cuprocopiapi te
Eriochalcite

CUAI(S04 ) zCI 14Hz0 HBF
CuS0a'7H20 HBF
K 2cu( so4 ) .6Hzo HBF
ca zcu(oH)¡ [B(oH)o ] z HBF

(inf inite polyhedral chains)

CuS0¡ 5H¿0 IIBF
CuFea*3(S04)6(0H) 2 20H20 HBF,SMR
CuCl z . 2H z0 HBF

(inf inite mixed-type polyhedral sheets)

Guildite cuFe-3(S04)z(0H).4tlz0 sMR
Ransomite CuFez+3(SO4)4.6HzO SMR

Melatorberni te cu(uo¿)z(po¿)z.8Hzo sMR

Sengier i te Cu2(U02)zVzo¿'6H20 SMR

Cuprosklodowskite cu(Uo2)zSi2o6(OH)2.6H20 sMR
Turquoise cuÀl6 (Po4 )4 (0H) a'5HzO HBF, St'!R
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Minerals

Li t idion ite
ziesiLe
À r thur i te
McBirneyiLe
À!acamite
Pa ra tâcâmi t e

TabLe 7.1 continued

FornuLa Criteria

(polyhedral f rameworks)

KNaCuSi¿Oro LÀB
ßCuzVzoi LÀB
cuFe 2' 3Às04 

2 (oH)z.4Hz0 HBF,SMR
Cu ¡Vzo ¿ LÀB
Cu2Cl(oH)i tÀB
cuz (oH)3c1 LÀB

category B - Require (4+2) distortions for stability
( inf inite polyhedral chains)

Kröhnk i te Na2Cu(S0¿)2 2H20
Chalconalroni!e Na2Cu(CO3)z.3H2O
ChLorothion i te KzCu(SO4 )Cl2
ca ledon i te Pbscuz(co3)(so¡)¡(0u)e
Linarite PbCu(SO¡ )(OH) z

Schmiederite Pbcu(seo4 ) (0H) 
2

Fornac i te Pb2cu(cro¿ )Às01(oH)
VauqueJ-inite Pbzcu(cro4 ) (P04 ) (0H)

(inf inite poJ.yhedral sheets )

Botallackite
lvroewolfeite
Langite
Posnjakite
Spa ngol i te
Gerhardite
Campi gl ia i te
Ktenasite
Devillite
Serpierite
BayJ-don i te
Cha Ic ophy I1 i te
Cuprorivaite
Likasite

Cha 1c omen i t e
Teineí te
Poi tevin i te
Bandylite
Kinoite

BV,DCB
BV

BV,HBUF
BV,DCB
BV, DCB
BV,DCB

BV

BV
BV
BV
BV
BV
BV
BV
BV
BV
BV

BV,DCB
.33H20 BV,DCB

Àc
BV, HBUF

BV,HBUF
BV,HBUF

BV
BV
BV

cuzcl(oH)¡
cu4(s04)(oH)6.2H20
cu4 ( So4 ) (OH)e ,2Hzo
cu{(S04)(0H)s.Hz0
cu 6Àl (so4 ) (oH) r zc1 . 3H z0
Cu¿(0H)3N03
cu 4Mn ( so4 ) , (9¡1) 5.. 4H 20
(cu,zn) s (so4 ) 2 (oH) 6' 6H20
cacu4 (so{ ) z (oH) s. 3Hz0
Ca (Cu, zn )a (so4 ) 2 (oH) 6 

. 3H ro
Pbcus (Àso4 ) z (oH) z'HzO
Cur sÀl e(ÀsO¿ ) ¡ (S0¡ ) ¡ (0H) zz
CaCuSi¡Oro
cu3 (oH)sNOs.2HzO

( f rameworks of chains)

CuSe0¡ ' 2H z0
CuTeO¡ 2H 20
(cu,Fe * 2 ,2n )So¡ .Hzo
cuB(0H)4cL
ca zCuzSi g0¡ (oH)¿
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Mineral.s

stoiberite
Euchroite
0Iivenite
Líbethenite
Papagoi te
Malachite
Àntlerite
Manmothi te
Chalcocyanite
Trippkeite
Lindqrenite

TabIe 7.1 continued

Formula CriLeria

Cu5V2*s016 Bv
cu2 (Àsoi ) (ou) '3uzo BV,HBUF
cu zÀso4 (oH ) BV,DcB,Àc
cu2 (Po¿ ) (oH) Bv,DcB,Àc
CaCuAl-Si zOs (oH) : Bv
cu2 (co3 ) (oH) 2 Bv
cu3 (so4 )(0H)4 Bv
Pb6cuaAlSbo2 (oH) I oCI ¡ (So¿ )z sv
CuSO¡ BV'ÀC
cuÀs2'3or Bv
Cu¡(uoo¿)z(oH)z Bv,Àc

( frameworks of sheets )

* Cornubi te
* Fingerite

DoLerophan i te
sales i te
Derriksite
Shattuck ite
Plancheite
ClinocLase

STRUCTURE TYPE II :

* Stringhamite
Stranskiite

* Lammer i te
* Àzurite
* Pseudoma lac h i te
* Reichenbachite
* QpM* Cornetite

Di opta se

Cus(Às04)z(0H)¡
Curr0z(V0¡)o
cu 2 

(so{ )o
cu(ro3)(oH)
cu4(uo2)(seo¡)z(oH)u
cus(sio3)4(oH)2
CugSiaOzz (OH) ¿ Hzo
cu3 (Àso4 ) (oH ) 3

Structures That Cannot Be

CaCuSi0¡ 2H 20
Zn2Cu(Às04)2
Cu3 ( Aso4 ) z

cur(co3)2(oH)2
cus(P04)z(OH)¡.H20

cu3(Po4)(oH)3
cuSiOz(0H)z

BV
BV

BV, DCB
BV
BV
BV
BV
BV

Idealized
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TÀBLE 7.2

Struc tures StiIl En igmat ic

Class 1 : Struc!ures apparen!1y unique to Cu2-.

ChI orox iphi te
Roubaultite
Bonattite
tiroconi te
Blossite
callaghanite
Mixite Group
volborthite
Ve sze ly i !e
But tg en bac h i te
connelli te
tyons i te
Bellingerite

Class 2: Struc!ures rlith

Osarizawaite
Conichalcite
Balyakinite
Hentschelite

PbsCuClz(0H)zOz
cu2 (u02) ¡ (co¡) (ou) r o. SHro
CuS0¿ 3H z0
cu 2ÀL (Àso4 ) (0H ) ¿ 

. 4H z0
cCu 2V 207
Cu2ug 2 (CO3 ) (0H) 6. 2HzO
Àcu 6 (xo4 ) 3 (oH)6 .3Hzo
Cu3 (v04 ) 2.3H20
(cu, zn )s (Po4 ) (oH ) 3 .2Hro
Cur sCI¿ (N0¡ ) z (OH) s z 2HzO
Cur gCl¡ (SO¡ ) (OH) ¡ z. 3Hz0
Cu sFe 4 (v04 )6
cu3(I03)6.2H20

non-Cu analogues.

PbcuAl 2 (so4 ) 2 (oH) 
6

cacu (¡so ¿ ) (ou )

CuTe0 s

CuFe zP0¿ z (0H ) ¡' 2H z0

Many Cu2t oxysalt rninerals (Table 7.2) have structures that have not

been explained in terms of: 1) why the slructures are unique; or 2) r+hy

they are isostructural with non-Cu analogues, (labelled class 1 and

class 2 respectively), In otherwords, lhese structures do not yet fit

into the geometrical classification scheme put forth in Table 7,1.

Further sLudy of these minerals may reveal another role of the distorted

Cu2*-octahedron in structures. The methods used in chapters 5 and 5 for

determining the role of Cuz- in a particular structure may not be

sufficient !o ansrier lhe quesLions posed by these structures (table
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It must be stressed that the intentions of this classification are

not for the purpose of deveLoping an aII encompassing classification

scheme for oxysaLt strucLures. Such a scheme already exists and has been

applied to the Cu2' oxysalts. The assignment of fundanental structure

types shows horl Cu2'and the Jahn-Teller effect control the character of

a slructure in various ways, The distincLion between styles of

he te ropolyhed ra I connectivity in Table 7.1 (categories in brackets)

serves to outline the variety of roLes which copper plays in structures

!¡ith similar styles of connectivity, Às weIl, oxysalts wiLh markedly

different polyhedra). connectivity can possess the same fundamental lype

of structure, with respect to the role of Cu2*.

7,2 LONG RÀNGE N)ÀPTÀTION OF CU2+ DISTORTIONS IN STRUCN'RES

The reLationship between fundamental structure type and the role which

Cu2* is playinq in the oxysalt slructures has been established. It is

no!¡ necessâry to describe the mechanism whereby the long range periodic

structure adapts iLself to the Iocal Jahn-TelLer distortion of Cu2*

polyhedra.

'1 .2.1 Perioilic Electronic Relaxations as Waveforns

There are several geometrical feaLures associaLed r+ith specific styles

of potyrnerization between J-T distorted octahedra. Each of these three

wave-like features has its own unique identity' although collectively

they are all commensurate waveforms. These waveforms become evident by

inspection of the long range aspects of Cu2. oxysalt structures. The

three features are:
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Zig-zag octahedral chains with rutile-like connectivity.

Corrugated edge-shar ing octahedral sheets,

commensuratel.y-moduLated layers of nixed-type polyhedra (that is,

not j us! octahedra).

These three wave-Like structural unils (r'i9ure 1,11 are simple

nrodifications that have accomodated the local Jahn-Teller distorlion

into a long-range periodic structure. As copper octahedra are

polymerized throughout structures, their (4+2) distortions are coupled

across the shared edges (figure 7.2), I,lhen the coupled distortions are

repeated by translationaL symmebry operators, they form a commensurate

rlave pattern (rigure 7.3). The wave amplitude is perpendicular to the

direction of polymerization. The wave patterns represent an

acconodation of lhe spontaneous electronic reLaxation of Cu2*-octahedra

rlithin a periodicalÌy symmetric structure. The wave-like features are

now terrned "periodic electronic relaxation" (PER), and are a neans of

rnaintaining: (i) overall structural connectivity; (ii) Iocal electronic

equiJ.ibrium around Cu2*; (iii) and satisfaction of anion bond-valence

requirements.

7.2,2 Zio-Zao 0ctahedral Chains

We find the zig-zag form of PER in nany of the oxysalts with rutile-Iike

octahedral chains. zíg-zag PER is the most sirnple form of distortion

coupling, involving ampliludinal moduLation along a single direcLion.

Onj.y the octahedra are involved in the mechanism of distortion coupling

r+ithin zíg-zag PER. olher cation groups in these structures are

auxilliary to the zig-zag feature.

1.

.,

?



228

WW
WW
WWffiffiWW

LAT,ÍMERI TE

LI NDGRENI TE

Figure 7.1: Polynerized Waveforrns of Jahn-Teller Octahedra. The three
forms of periodic elecLronic relaxation: (a) a zig-zag pattern is seen
in the rulile-Iike edge-sharing octahedral chains of caledonibe); (b)
corrugation is pronounced in the edge-sharing sheets of distortion-

coupled Cu-octahedra, an oblique vierl shows the two-dinensional
propagation of the distortion wave; (c) successive layers of polyhedra

are modul-ated with a waveLength comnensurate fiith s!ructural
periodicity, on [001] in lammerite and on [100] in lindgrenite.



t)a

linkage
Mirror Plane shared edge þ-- ^ --l

Figure 7.2: Coupling of Octahedrat Distortions. a) trro distorted (4+2)
octahedra are syrnmetrically rel-ated by a mirror pLane; b) by

poJ.ymerization, the octahedra in (a) have their distortions coupled.

Figure 7.3: Periodic Electronic Relaxation by Polynrerization" I,lhen
coupled octahedral distortion is considered across the long range of a
structure a periodic waveform is produced, and is commensurate rtithin

structural symmelry,
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The presence of chain modulations Ís dependent on the specific

combination of edge-sharing between adjacent ocLahedra. An apical bond

nust be linked along the shared-edges for zíg-zag PER. Ordered

octahedraL chains with Cu2* and other elemenLs (e.g, À13- and cu2* in

papagoite) do not shoe the zig-zag PER, because the 4+2 distortions are

not. coupled, OctahedraL chains without apical bonds along the shared

edges do not show PER either, because again the distortions are no!

coupled (e.9, trippkeite with apical bonds perpendicular to the chain

direction; c f. chapter 3). The presence of apical bonds along shared

edqes is determined by bond-vaLence requiremenLs of the structure.

Dolerophanite is an example of zig-zag PER. The apical bonds are Iinked

to shared edges, necessary for bond-valence satisfaclion at the anion

which links Lo a sulphaLe tetrahedron. The amplitude of PER is

dependent on the magnitude of Jahn-Teller distortion. Minerals with

large apical distortions (e.g. mammothibe) show a greater amplitude of

zíg-zag PER than structures whose octahedral chains have lesser apicaJ.

disLor! ions (e.9. caledonite).

7,2,3 Corruoatedl 0cÈahetlral Sheets

ÀLt of the Cu2* oxysalts whose structures have edge-sharing

Cu-octahedral sheets (with bruciLe-Like Layers) possess corrugation in

lhose sheets. Brucite-tike sheets (consisting of regular-shaped

octahedra) are made from double-layers of hexagonally close-packed

oxygens, and they are flat (t.¡ithout corrugation). Introduction of a

(4+21 distortion ÍnLo lhe octahedra of an ideal brucite-like shee!
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causes corrugation, because perturbation of the ideaL HCP geometry

requires flexure of the anion layers to maintain periodicity. The

corrugation pat!ern must possess symmelry ' because of the periodic

nature of octahedrat polymerizations (with disLortion coupling) in

oxysalts. Therefore, sheet corrugation in Cuz* oxysalts is another form

of PER.

Periodic electronic relaxation is more conplex in octahedral sheets

than in zig-zag chains. The propogation directions of disLortion

coupling in the octahedra occur in two directions across the pJ.ane of

the two-dimensional sheet, ra!her than linearly along chains. This

produces an undulating oceanwave-like patLern when the octahedral sheets

are viewed at an oblique angle (nigure 7.1b). Às in zíg-zag chains,

only the octahedra are involved in the mechanism of corrugation; the

other polyhedra in such strucLures are auxilliary. I! is interesting to

note that this is the case even in framework struclures with corrugated

sheeLs (e.g. cornubite). The other polyhedral only link the sheets

together. Às we will see, such is not lhe case for framework sLructures

wiLh mixed type polyhedral modulation.

The specific pattern and symmetry of the corrugation are conLrolled

by the style of linkage between the axial bonds of the (4+2) octahedra.

I,then three axial bonds are linked together' they form areas of positive

relief (high points) on the side of lhe sheet with the linking oxygen

(refer Figure 5.4a). The pattern of triply-Iinked axial bonds lhat is

inposed on an octahedral sheet (by synmetry rules) determines the areas

of positive relief in the corrugation pattern. 0ctahedra whose axial

bonds are not linked to ttlo other axial bonds result in areas of ]ower
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relief on the sheet (low points). Therefore, the arrangernent of (4+2)

octahêdra nithin a sheet delernines lhe areas of the high and low

points, and thus the corrugation pattern of PER,

Corrugation patterns of octahedral sheets within fhe structures of

the IM¡Xn da-n]-series (HawLhorne & croat, 1985; discussed in Chapter 3)

can be described by their axial bond patterns (ene), Figure 7.4 shows

the ABP of a large portion of this series, superimposed on an octahedral

sheet. The solid circles represent high points (triple-junctions) where

either SO4¡ NO3¡ CJ. or H20 groups can link (compa!ible with bond-valence

arguements in Chapter 5). Thus, we see that the [M4xn Øe-n]-series has

substitution of n spatially cont.rolled by the ÀBP. The ÀBP of Figure

7.4 can be represented differently by showing the axial bonds without

the octahedra, and including the linking complex anions specific to the

different structures. This method (nigure 7.5) shor¡s the type of ÀBP

more clearly. Note t.hat adjacent rriple-junctions are on opposite sides

of a sheet. The ÀBP of posnajakite and langite (rigure 7.6a) and

serpierite-devillite (Figure 7.6b) have a higher degree of connec!ivity

betrleen the triple-junctions than those in Figure 7.5. Hov¡ever, the

nunber of non-tripJ.e-junclions is the same (some seen as solitary dashes

within rings of triple-junctions).

\n zíg-zag chains, lhe direcLion of propagation for lhe waveform of

PER lias along the chain. In octahedral sheets, the propagation vectors

can be seen by drawing lines from adjacent triple-junctions that are on

the sane side of the sheet. The propagation vectors (Figures 7.5 and

7.6) are eiLher 90o or 120o apart, and the combination of vectors for a

particular structure depends on the ÀBP.
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Figure 7.4: Àxial Bond Pattern of a Corrugated 0ctahedral Sheet Àn
axial bond pattern is superimposed onto an octahedral sheet. The axiaL

bonds are dashed, and the triple-junclions of axial connectivity have
solid circles, The lriple-junctions represent areas where H20 groups and

complex anions can J-ink, consisten! Hith arguenents of bond-valence
theory in Chapt.5. This particular pattern is found in s¡ructures of

the related minerals: bottal-Iackite, wroewolfeite, gerhardite,
campigliaite and ktenasile,
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Figure 7.5: ÀxiaL Bond Patterns of corrugated 0ctahedral SheeLs.
(shown without the octahedra) Linking complex anions are shown as
triangles: soLid triangles are on lhe lop side of the sheet, open

triangles are on the bottom side. Triple-junctions without triangles
represent areas where Hz0 or 0H groups are bonded. The follot.ting ÀBP

âre: (a) bottallackite; (b) wroewolfeite; (c) gerhardite, campigliaite
and k!enasite. Joining adjacent triple-junctions on the same side of

lhe sheet reveals the propagation veclors of PER. The PER vectors
(shown as arrows) are the same for (a), (b) and (c).



Figure 7.6: More Àxial Bond Patterns. These are the axial bond
pätterns of: (a) posnajakite & Iangite; (b) serpeirite & devillite. See
Figure 7.5 for explanation of pattern ru).es; solitary lines Hithin the
triple-junction rings represent octahedra that cannot bond to conplex
anion groups. The vectors of PER propagations are shown as arrows.
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In structures lhat have octahedral sheets with more than just Cu2',

or rlith cation vacancies, the axial bond palterns are different. There

are less triple-junctions, but the coupling of octahedral distortions

still results in a corrugation pattern. Because the Iinkage density of

axial bonds is different, there are nore possibi).ities for Iinkage to

complex anions (e.g, t$o octahedra linked to one To4 in 3/4 occupied

sheels, cornubite). The distribution of ÀIo5 oclahedra in the sheets of

spangolite and chalcophyllite conLrols the symmeLry of corrugation.

Disordered substitution of Cu2' into a non-Cu-octahedral sheet would

result in aperiodic modulations, because of random distortion coupling.

Cu-rich micas (if they exist) would be an interesting case for study of

this f eature.

7,2.4 Connensurate l,fodulation of uixeil-Tvpe Polvhedral Lavers

Commensurate modulation is a form of periodic electronic relaxation that

invoives both the distortion coupling of (4+2) octahedra and the linkage

of other polyhedra (nigure 7.1c). This type of PER is fundamentally

different from the olher two types. ln zig-zag chains and corrugaled

octahedral sheets, periodic waveforms are produced solely t,tith the

coupling of (4+2', octahedral distortions, whereas, the res! of the

structural components are not involved in the PER. In commensurate

modulation, all of the polyhedra in the structure are involved in the

modulation function. The combination of distortion coupling by the

octahedra and polyrnerization with olher polyhedra results in a periodic

waveform comnensurate with structural synmetry.
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In the Iatter two waveforms discussed, the propagation vectors of PER

are parallel to the polymerization direction of the octahedra, In other

words, the one- and two-dimensionaÌ styles oi polyrnerization form çave

propagations along one and two directions, respectively. I,lith

comnensurate modu).ation, lhe vector of modulation is not necessarily

parallel to the polymerization direction of the (4+2) octahedra.

Rather, the structures concerned are three dimensionaL polymerizations

with layered polyhedral arrangements, and lhe modulation is ridge-like

in one direction, t{ith the vector of PER perpendicuJ-ar to the ridges.

For exarnple, lammerite (rigure 7.1c) is a densely-packed layered

structure rlith a periodic waveform across the plane of the layers (on

tOOll). The crests of the ridge-like waveform are aLong the hinge axes

of the distortion coupled octahedral chains (aIong [1001), which are

perpendicular to the propagation vector of the modul-ation (along [010]).

very fet,l strucLures possess commensurate nodulation of poJ.yhedral

J.ayers, because this fealure requires the unique arrangetnent of

polyhedra with specialized octahedral distortion patterns. The

structures involved do not have analogue structuresr because their

polymerizations are only possible with copper. This is unlike the wide

variety of Cu2* oxysalts with similar zig-zag chain components or

octahedral sheets with similar corruga!ion patterns. Commensurate

nodulation has a unique character within each of the unique structures

that possess it.
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This section summarizes the main points of this thesis.

recalI hhe questions which have prompted this study:
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l,le must f irst

t. l,lhy are some Cu2' oxysalts isostructural rlith non-Cu2* mineraLs

or synthetic compounds, whereas, many others are structurally

un ique?

what are some features of the local cu2* Jahn-Teller distortion,

and how do they relate to the long-range properties of

slruc!ures?

I.lhat are the different fundamental rol-es of distorted

Cu2 
--polyhedra in oxysalt structures?

what are the characteristic features observed in the long-range

aspects of these Cu2* structures?

Similarities or differences between Cu2* oxysalts and olher oxysalts

firs! becarne apparent when the entire family of Cu2' oxysalts r¡as

described according to Harlthorne's (1983) classification of

heLeropolyhedrai connectivities, when the fuLl coordination number

around Cu2' is considered, the true styLe of connectivity between

Cu2*-polyhedra and other polyhedra in a slructure reveals the

relationship (or Iack of) with non-Cu2* structures.

By considering features of the local environment around Cu2*,

together Hith the l-ong-range characteristics of Cu2* oxysalLs, the

structural roles of Cu2' can be explained. Cu2- polyhedra exhibit a

wide range of coordination geometries. The Jahn-TeÌ}er effect is the

driving force for the large variation in bond lengths and angles of

)

L
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Cu2'-polyhedra (as a distortion series starting from a regular-shaped

octahedron). The Jahn-TelIer distortion makes possible a wide range of

bond-valence distribuLions aroundCu2'-octahedra. This variability

provides Cu2*-octahedra !¡i!h the means to polymerize to a higher degree

with conplex oxyanions of high cation charges, and is responsible for

certain topologies unique to Cu2* oxysalts.

Cu2*-octahedra can also have topologies !¡ith bond-valence

distributions that are similar to non-Cu2* oxysalts. Several factors

which result in isostructural (Cu2. and non-Cu) minerals are:

The buffering nature of a flexible hydr ogen-bond i ng netr¡ork on

the bond-valence requirements of octahedra.

Cu2* in a structure can play a supportive and/or minor role, and

is readily substituted for by other elements (e.9. interlayer

cation role in Layer structures).

Certain topological arrangenents allow for variability in

bond-valence distributions of the octahedra (provided the anion

bvs are satisfied), thus permitting regular ùr distorted

octahedral polymerizat ions.

The variety of tinkage roles of Cu2* is unparallel-ed by other

M2*-oclahedra, and is an important factor in understanding how the local

Cu2* coordination controls the long-range identity of oxysal!s'

Structural idealizaLion of polyhedra] distortions, using DLS, is

useful in understanding why some oxysalts require local (4+2) ocLahedral

distortions (as a means of attaining long-range stability); reasons for

the (4+2) distortíon are:

)

J.
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Bond-valence distributions are more favorable Hith (4+21

distortions than lrith regular shaped octahedra.

Certain hydrogen-bonding arrangements are possible only trith
(4+21 dislortions in the structure, and making the octahedra

regular destroys the O(donor)-O(acceplor) distances needed for

proper bond-valence contributions.

Geomefrical limitations require a particular arrangement of. (++2)

octahedra. IdeaJ.izating the octahedra causes collision ot

nei ghbor ing polyhedra .

Certain topologies require a specific arrangement of (4+2'l

octahedra. Removal of the disLortion alters the topology of the

more tightly bonded units, thus obliterating the identity of a

structure.

Cu2*-octahedra are naturally tailored to these (4+2) struclure !ypes.

The first three features are possible in both Cu2* and non-Cu2*

structures, but the last feature is Iimited to Cu2* oxysalts. The

ability of other M2*-octahedra to attain the required (4+2) distortion

(for structural stability) witl decide r,lhether or not a non-Cu2*

composition can be isostrucutral wi!h a Cu2--bearing oxysalt.

The Cu2* oxysaJ.ts are cLassified in terms of their qeometrical

properties, with respect to the roles that Cu2*-polyhedra play in a

strucLure. There are two fundamental structure ¡ypes:

1. Cu2* oxysalt structures which can be idealized, but often require

octahedral disLortions. Some of these structures have non-Cu2*

ana].ogues, but many do not, because of the unique character of

Cu2' and the Jahn-Teller distortion.
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of2, Cu2- oxysalt struclures which cannot be idealized, because

topological conslraints. These structures are unique to Cu2'.

Periodic electronic relaxation is the Long-range mechanism whereby

many oxysalt structures adapt to polymerizations of Cu2*-octahedra !rith

locat Jahn-Te11er dis!ortions. The types of periodic waveform produced

depend on the parlicular styie of polymerization, and they are:

One-dimensional distor!ions, giving zíg-zag octahedral chains.

Two-dimensional distortions, resuLting in corrugaLed octahedral

sheets.

3, Three-dimensional polymerizations combined with distortion

coupling, resuJ.ting in ridge-like waveforms cal-Led commensurate

nodulat i on .

I have therefore exptained how the Jahn-TelIer effect around Cu2*

controls structural identity, and holr structures adjust their long-range

polyhedral arrangements to adapt to lhe IocaL Jahn-TelLer distortions'

)



REFERENCES

Ànderson, J.B., Shoemaker, G.L., Kostiner, E. and Ruszala, F.À. (1977):
The Crystal Structure of Synthetic Cus(PO4)z(OH)¿, a Polymorph of
PseudonaLachile; Àrner. Min., v.62, p.1 15-121,

Àruga, A. & Nakai, I. ('1985): Slructure of Ca-Rich Àgardite; Acta
Cryst. , C41 , p.151-163.

Àsai, T. & Kiriyarna, R. (1973): Optical and Magnetic Studies of
CuSeO¡ 2H20 Based on the Refined Crystal Structure; BuLl. Chem.
Soc. Japan, v.46, p.2395-2401 .

,{sbrink, s. & Norrby, L.J. (1970): À Refinement of the crystal structure
of Copper(tr) Oxide with a Discussion of Some Exceptional E.s.d.'s;
Àc ta Crysl,, 826, p.8-15.

Baur, !.i.H. (1964):0n the Crystal Chemistry of SaIt HydraLes. III. The
Determination of the Crystal Struc!ure of FeSO¡'7H20 (MeIan!eriLe);
Àctâ Cryst. , v.17 , p,1167-1174.

Baur, i,r.H. ( 1981 ) : Struclure an¿l Bondinq in CrvstaIs. vol .I I . Academic
Press, 1981; Chapt. 15, Interatomic Distance Predictions for
Conputer Sinul-ation ot Crystal Structures; p.31-52.

Baur, tl.H. & RoLin, J.L. 11972\: Salt Hydrates. IX. The Comparison of
the Crystal SLructure of Magnesium Sulfate Pentahydrate with Copper
Sulfate Penbahydrate and Magnesium Chromate Pentahydrate; Àcta
Cryst. , 828, p.1448-1455.

Baur, W.H. (1973): Criteria for Hydrogen Bonding, II. À Hydrogen Bond in
the Edge of a Coordination Polyhedron Àround a Ca!ion; Àcta Cryst.,
829, p,139-140.

Birnie, R.I.l. & Hughes, J.M. (1979): Stoiberite, CusVz0ro, a New Copper
Vanadate from Izalco volcano, El Salvador, Central Ànerica; Amer.
Min., v.54, p.941-944.

Bovio, B. & Locchi, S. (1982): Crystal Structure of the Orthorhombic
Basic Copper Nitrate, Cur(OH)3NOr; Journ. of Cryst. and Spect.
Rsrch., v.12, No.5, p.50i-517,

Brorrn, c.M. & Chidambaram, R. (1969): The Structure of Copper Àmmonium
SuLfate Hexahydrate fron Neutron-Diffraction Data; Àcta Cryst., 825,
p.676-687.

Brown, I.D. (1976):0n the Geometry of 0-H"'0 Hydrogen Bonds; Àcta
Cryst., A32, p.24-31 .

-242-



243

Brown, I.¡. (1981):
Àcademic Press, 1981; Chapt. 14, The Bond-VaIence MeLhod: Àn
Empirical Approach to Chemical Structure and Bondíng; p.1-30.

Brown, I.D. & Shannon, R.D. (1973): Empirical Bond-S t r en g t h-Bond-Leng th
Curves for 0xides; Àcta Cryst. , A29, p.266-282.

Brorln, I.D. & Wu, K.K. (1976): Empirical Pârameters for Calculating
Cation-0xygen Bond VaLences; Àcta Cryst., 832' 1957-1959.

Brun!on, G. (1973): Refinement of the Callaghanite Structure; Amer.
Min., v.58, p.551 .

Burdett , J. K. : Nerl

Main Group Stereochemistry:

Calvo, C. & Faggiani, n. (1975):

0; Chapl. 5, Molecular Or
The Jahn-Teller Theorems;

bital Models of
p.64-88.

a Cupric Divanadate; Àcta Crys!., 831'
p.603-605.

Cocco, G., Fanfani, L. and zanazzí, P.F. (1966): The Crystal Structure
of Fornacite; Acta Cryst., À21, p.À47, part 5.24.

Collin, R.L. (1951): the Crystal Structure of Bandylite'
cu 2B 204c12 . 4H 20; Àcta cryst, , v.4, p,204-209.

Corsden, A. (1978): À Crystal-Structure Refinement of Libethenite;
Canad. Min., v.'1 6, p.153-157.

Cotton, F.A. & I,lilkinson, c. (1972\: Àdvariced Inorqanic Chemistrv. 3rd
e¡l. London: John Wiley & Sons, 1966; chapt. 26, Stereochemistry of
Ñþric cornpounds , p. 66 0-718 .

Carapezza, M. & Sanseverino, L.R. (1968): CrystaJ.lography and Genesis of
Double Sulfates and Their Hydrates. II. Structure, Powder Pa!tern
and Thermoanalysis of Cyanochroite, rzCu(S0¿ ) z' 4Hz0; Miner' Petrogr.
Àcta, v. 14, p.23-37 ,

Cromer, D.T. & Liberman, D. (1970): Relativistic Calculation of
Ànomalous Scattoring Factors for N-rays; J. Chem. Physcs., v'53,
p.1891-1898.

Croner, D.T. & Mann, J.B. (1968): x-ray Scattoring Factors Computed from
Numerical Hartree-Fock Wave Functions; Àcta Cryst. r A24, p.321-324,

Dresdner, H.C. (1965): DeterminaEion and Refinement of the crystal
structure of Turquoise, cuÀl5(Po4)¿(0H)a'4H20; zeit. für Krist.,
v.121, p.87-113.

Dunitz, J,D. & Orgel, L.E. (1957a): Electronic Properties of Transition-
MeLal 0xides-I , Distor!ions Fron Cubic Symmetry; J. Phys. Chem.
Solids, v.3, p.20-29.



244

Dunn, P.J,, Peacor, 0.R., Ramik, R.À., Su, S. and Rouse, R.C. (1987):
Franklinf urnaceite, a Ca-Fe3 *-l'ln3t-Mn2- zincosilicate Isotypic llith
ChloriLe, From FrankIin, Nen Jersey; Àmer. Min,, v,72, p.812-816.

Effenberger, H. (1977): Verfeinerung der Kristall.struktur von
Synthetischem Teineit, CuTeO¡.2H20; TMPM, v.24, p.28'1-298,

Effenberger, H. (1985a): The CrysLal Structure of Mammothite,
Pb6cu4Àlsbo22(oH) r¡CI¡(S0¿)zi TMPM, v,34, p.279-288.

Effenberger, H, (1985b): Cu2o(SO4), Dolerophanite: Refinemen! of the
CrystaL Structure, with a Comparison of IOCu(II)¿] Tetrahedra in
Inorganic Compounds; Montash. für Chemie, v,166, p.921-931 ,

Effenberger, H. (1986): Likasite: Revision of the Chemical Formula and
Redetermination of the CrysLal Structure; N. Jb. Miner. Ilh., v.3,
p.101-110.

Effenberger, H. (1987): Crystal Structure and Chernical FormuLâ of
Schmiederite, Pb2cu2 (oH) 4 (seos ) (seo¿ ) , t,lith a Comparison to
Linarite, Pbcu(oH)2(s04); Min. Pet., v.36, p.3-12.

Evans, H.T. & Mrose, M.E. (1977): The Crystal Chemistry of the Hydrous
Copper Silicates, Shattuckite and PlancheiLe; Àmer. Min., v.62,
p.491-502.

Fanfani, L,, Nunzi, A., Zanazzí, P.F. and Zanzari, À.R. (1973): The
Crystal StrucLure of Buttgenbachite; Mineral. Mag., v.39, p,264-270.

Fanfani, L. & Zanazzí, P.F. (1968): The Crystä1 Slructure of
Vauquelenite and the Relationships to Fornacite; zeit. für Krist.,
v.126, p.433-443.

Fehlnann, M. & Ghose, S. (1964): Direct Deternination of the Crystal
Slructure of Cornetite, Cu3P04(OH)3, by the Monte Carlo Method;
Journ. Chen. Phys., v,41, p.1910-1916.

Finger, L.W. (1985): Fingerite, CurrOz(VO¡)6, a NeH Vanadium Sublimates
from Izalco VoLcano EL Salvador: Crystal StrucLure; Àner. Min. ,
v.70, p.197-199,

Finney, J.J, (1966): Refinement of the Crystal Structure of Euchroile,
cuz(Aso4)(0H).3H20; Àcta cryst. , v,21 , p.437-440.

Finney, J.J,, Graeber, E.J., Rosenzweig, A. and Hamilton, R.D. (971],:
The Structure of Chtoroxiphite, Pb3CuO2(OH)zClz; MineraJ-. Mag.,
v.41, p.357-361,

Fischer, R. (1984): STRUPIo. A PLotprogram for Crystal Structure
Illustrations.

Fischer, R. & Pertlik, F. (1975): Verfeinerung der KristallsLruktur des
Schafarzikit,s, FeSb20a; TMPM, v.22, p.236-241 .



245

Fleet, M.E. (1975): the cryslaL Structure of Para!acamite, cu2(oH)3cl;
Ac ta Cryst., 831, p.183-187.

cenLsch, M, & f,leber, K, (1984): Structure of tangite,
cu4[(oH)ulso¿] zttro; Àcta cryst., C40, p.1309-1311.

Ghose, s., Fehlmann, M. and Sundaralingan, M. ('1 965): The Crystal
StrucLure of Clinoclase, Cu3AsO4(OH)3; Àcta Cryst., v.18, p.777-786.

chose, S., Leo, S.R, and lran, C. (1974): Structural Chemistry of Copper
and zinc MineraIs. Part I. Veszelyite, (Cu,zn) zZnP0¡ (0H)3 2H20: À

Nove1 Type of Sheet Structure and Crystal Chemistry of Copper-Zinc
Substitulion; Amer. Min., v.59, p.573-581.

chose, S. & }lan, C. (1974): StructuraL Chemistry of Copper and Zinc
MineraIs. I1. Stereochemistry of Copper (II) and rodine (V) in
Bellingerite, cu(Io3)z 2Hzoi Acta Cryst., 830, p.965-973.

chose, s. & I,¡an, c. (1978): salesite, cul03(0H), and cu(I03)z'2H20i A

Comparison of the Cryslal Structures and Their Magnetic Behavior;
Àmer. Min. , v.63, p.172-179.

chose, S. & Iian, C. (1979): Structural Chemistry of Copper and Zinc
MineraIs. vI . Bayldonite, (Cu,Zn)3Pb(Aso4)2(0H)2: À complex Layer
Structure; Àcta Cryst., 835, p.819-823.

Giachovazzo, C., Menchet!i, S. and Scordari, F. (1973): The Crys!al
Struciure of Caledonite, Cu2Pbs(SO4)¡CO¡(0H)6; Àcta Crys!., 829,
p. 1986-1990.

Giachovazzo, C., Scandale, E, and Scordari, F. (1976) : The CrysLaL
Structure of Chlorthionite, CuKzClzS04; zeit. für Krist., v.144,
p.226-237 ,

Ginderow, P.D. & Cesbron, F. (1979): The Crystal Structure of Àubertite,
ÀlcucL(s04)2.14H20; Àcea cryst., 835, p.2499-2502.

Ginderow, P.D. & besbron, F. (1983): Structure de la Derriksite,
Cu4(uO2)(SeO¡)z(oH)6; Àcta Cryst., C39, p.1605-1607.

Ginderow, P.D. & Cesbron, F. (1985): Structure de Ìa Roubaultite,
Cu2(UOz)s(co¡)z0z(0H)2 4H20; Acta Cryst,, c41, p.654-657.

Goodenough, J.B. (1964): Jahn-TelIer Ðistortions Induced by Tetrahedral-
Site Fe+2 Ions; J. Phys. Chem. SoIids, v.25, p.151-160.

copal, R. & CaLvo, C, (9721: Crystal Structure of rZn2Y2C7; Can. J.
Chem. , v,51 , p.1004-1009.

croat, L.A. & Hafrthorne, F.C. (1987): Refinement of lhe Crystal
StrucLure of PapagoíEe; TMPM, v.37, p.89-96. wefg

Giuseppetti, G. & Tadini, C. (1980): The Cryst.al Structure of
0sarizawaite; N. Jb. Miner. Mh., v.9, p.401-407.



246

Harker, D. (1936): The Crystal Structure of Cupric Chloride Dihydrate'
CuClz.2Hz0i zeit für Krist., v.93, p.136-145.

HaHthorne, F.C. (1976): À Refinement of the Crystal Structure of
Adamitel Canad. Min., v.14, p.143-148.

Harlthorne, F.C. (1983): craphical Enumeration of Polyhedral Clusters;
Acta Cryst. , A39, p,724-736,

Hanthorne, F.C. (1985a): Towards a Structural Classification of
Minerals: The 6MrTzøn; Mineral-s. Àmer., v,70, p.455-473,

Hawthorne, F.C. (1985b): Refinement of the Crystal Structure of
Bl.oedite: structural SimiLarities in the [6u(at6o], z6n] Finite-
Cluster MineraLs; Canad. Min,, v.23, p.669-674,

Hawthorne, F.C. (1985c): Refinenent of the Crystal Struc!ure of
Bolallackite; MineraI. Mag., v.49, p.87-89,

Halrthorne, F.C, (1985d): The Crystal Structure of Stringhamite; TMPM,
v.34, p.15-24.

Hat{thorne, F.c, (1986a): Lammerite, cu3(Aso4)2, a Modulated Close-Packed
Structure; Àmer. Min. , v.71 , p.206-209.

Hawthorne, F.c. (1986b): Slructural Heirarchy in 6M¡3TyØz ìvlinerals;
Canad. Min. , v.24, p.625-642.

Hawthorne, F.C. & Eby, R.K. (1985): Refinement of the Crystal Structure
of Lindgrenite; N. Jb. Miner. Mh., v.5, p.234-240.

Hawthorne, F.C. & Eby, R.K. (1n prinl): The Crystal Slructure of
Spa n gol i !e .

Hatithorne, F.c., Ercit, T.S. and Groat, t.À. (1986): Structures of Zinc
Selenite and Copper Selenite; Àcla Cryst. t C42, p.1285-128'l '

Hawthorne, F.C. & Faggiani, R. (1979): Refinement of lhe Structure of
Descloizite; Àcta Cryst. , 835, p.71'l-'120.

HaHthorne, F.C. & Ferguson, R.B. (1975): Refinement of the Crystat
Structure of Kröhnkite; Àcta Cryst.,831, p.1753-1755.

!¡alrthorne, F.C. & Ferguson, R.B. (1977],: The Crystal Structure of
Roselite; Canad. Min., v.15, p.36-42.

Hâ!¡thorne, F.C. & croat, L.À. (1985): The Crystal SLructure of
I.lroewolfeite, a MineraL r.]ith Icu4(ott)e(so¡)(Hro)] sheets; Amer.
Min., v.70, p.1050-1055.

Hawlhorne, F.C., Groat, L.À., and Eby, R.K. (in print): The Refinenent
of the Crystal Slruclure of ÀntLerite..



24'1

Har¡thorne, F.C., croat, L.À. and Raudsepp, M, (1987): Kieserite,
ug(sor)(HzO) , a TiLanite-Group Mineral; N. Jb. Miner. Àb., v.157,
p.121-132.

He).mholtz, t. & Kruh, R.F. (1952): The Crystal Structure of Cesium
ChLorocuprate, Cs2CuCI4, and the Spectrum of lhe ChLorocuprate Ion;
J. Amer. Chem. Soc., v.74, p,1176-1181.

Hughes, J.M., Starkey, S.J., Malinconico, M.L. and Malinconico, t.L.
(1987): Lyonsite, Cu3Fe4(V04)6, a Ne\., Fumarole Sublimate from Izalco
Volcano E1 Salvador: Descriptive Minera).ogy and CrystaJ. StrucLure;
Àmer. Min., v.72, p.1000-1005.

Jahn, H.À. & Te11er, E. (1937): Stability of Polyatomic llolecules in
Degenerate Electronic States, I - orbital Degeneracy; Proc. Royal
Soc., Sec.À, v,161 , p.220-236.

Kashayev, A.A. & Bakakin, v.v. (1958): Crystal Structure of Volborthile
cui (0H)2v207'2Hzo; DokJ.ady Àkad, Nauk USSR, v.181, p.967-969.

KelLer, P. & Hess, H. (1978): Die Kristallstruktur von Àrthurit,
cuFe2 [(H20)4 | (ott) 2 | (esor) r] ; N. Jb. Miner. Àbh., v.133, p,291-302.

Keller, P., Hess, H. and Dunn, P.J, (19i9): Ðie Ladungsbianz für eine
Verfeinerte Kristaltstruktur von SLranskiit, zn2Cu(ÀsO4)z j TMPMr
v.26, p.167-1'14.

Kokkoros, P.A. & Rentzeperis, P.J. (1958): the Crystal Slructure of the
Anhydrous Sulphates of Copper and Zinc; ÀcLa Cryst., v.11,
p.361-364.

Kolesova, R.v, & Fesenko, E.G. (1968): Ðeternination of the Crystal
S!ructure of Liroconite, Cu2Àl[¡sO¿](og)4.4H20; Soviet Phys. -
Cryst. , v.13, No.3, p.324-328.

Laughton, R.B. (1971): The CrystaJ. SLructure of Kinoite; Àmer. Min.,
v.56, p.193-200,

Liehr, À.0, & BalJ.hausen, C.J. (1958): Inherent ConfiguraLional
instability of 0ctahedral Inorganic Cornplexes in Eg Electronic
States; Ànnals of Physics, v.3, p.304-319.

Lindqvist, O, (1972'): The Crystal Structure of CuTeo¡; Àcta Chem.
Scand., v.26 , p.1423-1430.

McLean, I.l.J. & Ànthony, J.W. (972]. : The Disordered, "ZeoIite-Like"
Structure of ConneJ.ite; Àmer. Min., v.57, p.426-438.

Meier, t,l.M. & VilLiger, H. (1969): À Fortran Conputer Program for the
teast-Squares Refinemen! of Interatomic Distances, Program Manualo;
26 pages.

MeIIini, M. & Merlino, s. (1978): Ktenasite, Ànother Mineral r+ith
[(cu,zn)z(oH)¡o]- octahedral sheets; zeit. für Kris!., v.147,
p.129-140.



Mellini, M, & Merlino, S. (19?9): Posnajakite: [Cur(Ott)s(gzO)O]
Octahedral Shee!s in its SLruclure; zeit. für Krist., v.149,
p.249-257.

I'lercurio-Lavaud, D. & Frit, M.B. (1973): Structure crisLalline de la
variele Haute Temperature du Pyrovanadate de Cuivre: ßCuzV20?; C.R.
Àcad. Sc. Paris, v.277, p.1101-1104.

Mereiter, v,K. & Preisinger, A. (1986): Kristallstrukurdaten der
Ìrismutminerale Àtelestit, t'lixit, und Pucherit; Ànz. der 0stchn'
Akad. der Wiss., math.-natl.,s. KIasse, v.123, p.79-81.

MilJ.er, P.T., Lenhert, P.G. and Joesten, M.D. (1973): The Crystal and
Moiecular Structure of Tr i s ( telra isopropylnethylenediphosphonate ) -
copper(II ) Perchlorate rriLh Comments on the Jahn-Te11er Effect;
Inorg. chem. , v.12, No.1, p.218-223.

Miyahara, S. & Ohnshi, H. (1956): Cation Arrangement and Magnetic
Properties of Copper Ferrite-Chromite Series; J. Phys. Soc. Japan,
v. 11 , p.1296-1291 .

I'toore, P.B. & Àraki, T. (1974): PinakioJ.ite, M92Mn3'02[tso3]; I.lart{,ickite'
Mg (¡'tg,Ti )o Isos] ; ]lightmanite, Mgso(oH) s IBo¡] nHzo: crystal Chemistry
oi Complex 3-Â l,raJ.lpaper StrucLures; Àmer. Min., v.59, p.958-1004.

Mosset,4., Bonnet, J.J. and Galy, J' (1978): Structure Cristalline de
la Chalcor¡atronite Synhhetique: Na 2Cu (CO 3 ) z ' 3H z0 i zeit. für Krist.'
v. 148 , p, 165-117 .

Nakai , I . (1986) : Henmilite, ca2cu(oH)4 [B(0H)4] 2, a Neh' Mineral Fron
Fuka, Okayama Prefecture, Japan. I i ' crystal Structure; Àmer. Min. ,
v.71, p.1236-1239,

O'Keefe, M. & Bovin, J.O. (1978)l The Crystal Structure of
Paramelaconite, Cu¿0s; Àmer. Min. ' v.63, p.180-185.

Öpik, u. & Pryce, M.H.L. (1957): Studies of the Jahn-Teller Effect I. À

Survey of the SLatic Problem; Proc. Royal Soc', À238, p,425-447.

Orgel, L.E, & Dunitz, J.D. (195i); Stereochemistry of Cupric Compounds;
Nature, v.179, p,462-465,

Pabs!, À, (1959): Structures oÍ Some Tetragonal Sheet Silicatesl Àcta
cryst. , v.12, p,733-739.

PaLache, C., Berman, H. and Frondet, C.: The Svstem of Mineraloqv.
VoI .II. 7th ed. Nelr York: John Wiley & Sons' 1951; p.504-505.

Parise, J.B. & Hyde, B,G. (1986): The Structure of Àtacamite and its
Relationship to Spinel; Àcta Cryst. , C42, p,1277-1280.

PauIing, L.C.l The Nature of the Chemical Bond. III.ed. Ilhaca, New

York: CorneII Univ. Press, 1960; Chapt. 13' Structure of Complex
Ionic Crystals, sec.6, p.543-552.



249

PertIik, F. (1975): verfeinerung der Kristallstruktur von Synthetischem
Trippkeit, cuÀs204; TMPM, v.22, p.211-217 ,

Piret, P., Declercq, J.P. and I,¡auter-Stoop, D. (1980): Struclure
Crista]Line de la Sengierite; BulI. Mineral., v. 103, p.176-178.

Povarennykh, A.S,: Cr
York: Plenum Press

Quarashi, M.M. & Barnes, l,l.H. (1963): The Structures of the Minerals of
the Descloizite and Àdelite coups: Iv-Descloisite and Conichalcite
(part2) The Structure of Conichalcitel canad. Min., v.7, p.561-577.

Ribbe, P.H., Gibbs, G.v, and Hamil, M.M. (1977): À Retinement of the
Structure of Ðioptase, Cu6[Si601rJ 6HrO; Amer. Min., v.62,
p.807-81 1 .

Rosenzweig, A, (1975): Refinement of the Crystal Slructure of
Cuprosklor*skite, cu[(uo2) z(sio¡oHz].6Hzo; Àmer. Min., v,60,
p.448-453.

Ross, M., Evans, H.T. and Àppleman, D.E. (1964)l Studies of the
Torbernite Minerals (¡¡ ): rhe Crystal Structure of Meta-Torbernitei
Amer, Min,, v.49, p.1603-1621.

Sabetli, C. (1980): The CrysLaI Structure of Chalcophyllite; zeit. für
Krist., v.151, p.129-140.

Sabelli, c. (1982): campigliaite, cu4Mn(So4)z(oH)6.4H20, a New Mineral
from Carnpiglia Marittinra, Tuscany, ILa1y, II. Crystal Structure;
Àner. Min, , v.67, p.388-393.

Sabelli, c. & T,anazzí, P.F. (1972): The Crystal Structure of Devil.tite;
Àcta Cryst . , 828, p.1182-1189.

Sabell-i , C. & Zanazzí, P.F. (1968): The Crystal SLruclure of Serpierite;
Àcta Cryst. , 824, p,1214-1221 ,

Shannon, R.D. (1976): Revised Effective Ionic Radii and Systematic
Studies of Interatomic Distances in Halides and Chalcogenides; Acta
Cryst. , A32, p,151-761 .

Shannon, R.D. & Câlvo, C. (972\: Crystal Structure of a New Form of
Cu¡Vz0a; Can. Journ, Chem., v.50, p.3944-3949,

Shannon, R.D. & Calvo, C, (1973): Crystal Structure of CusV20lo; Acta
Crys!. , 829, p.1338-1345.

Sieber, N.H.I,l., TilImans, E. and I'ledenbach, O. (1987): Hentschelite,
CuFez(P04)z(0H)2, a NeH Member of the LazuliLe Group, and
Reichenbachite, cus(P04)z(oH)¿, a Polynorph of Pseudoma Lach i te , Two
Nelr Copper Phosphate Minerals from Reichenbach, Germany; Àmer. Min.,
v.72, p.404-408.



250

ofShoemaker, G.t., Ànderson, J.B. and Kostiner, E. (1977a): Refinemen!
the crystal Structure of Pseudomalachite; Amer' Min., v'62,
p. 1042-1048.

Shoemaker, G.L., Ànderson, J.B. and Kosliner, E. (1977b): Copper(li )

Phosphate; Àcta Cryst. , 833, p,2969-2972.

Shoenaker, G.L., Ànderson, J.B. and Kostiner, n. (1981): The crystaL
sLructure of a Third Polynorph of cus(Po4)z(oH)¡; Amer. Min., v'66,
p. 169-175.

Shoemaker, c.L. & Kostiner, E. (1981) : polymorphism in cus (Po4 ) z (oH)¡ ;
Amer. Min., v.66, p.'176-181.

Süsse, P. (19'Ì2): crystal structure and Hydrogen Bonding of copiapite;
Zeit.. für Krist., v.135, p.34-55.

Tillmans, 8., Hofmeister, I,t. and PeLitjean, K' (198i): Cornubite'
Cus(ÀsO4)z(0H)¡, First Occurance of Single Crystalsr Mineral
Description and Crystal Structure; 8u11. GeoI' Soc' Finland 57,
Part 1-2, p.119-127 ,

Toman, K. (977): The Symmetry and Crystal Structure of 0livenite; Àcta
Cryst., 833, p.2628-2531.

Varghese, J.N. & Maslen, E.N. (1985): Electron Density in Non-IdeaI
Metat Complexes. I.Copper SuIphate Pentahydrate; 841, p.184-190.

I,lân, C., chose, S. and Rossman, G.R. (1978): Guitdite, a Layer Structure
with a Ferric Hydr oxy-Sul pha !e Chain and its Optical Àbsorp!ion
Spectra; Amer. Min., v.63, p.478-483.

Winter, J.K. & chose, S. (1979): Thermal Expansion and High Temperalure
Crystal Chemistry of the A1zSi05 Polynorphs; Àmer. Min., v.64,
p.573-586.

l,lood, M.M. (1970): The crysLal structure of Ransomite; Àmer, Min., v.55,
p729-73a.

Zahrobsky, R.F. & Baur, W.H. (1968): On the Crys¡al Chemistry of Salt
Hydrates. v, The Determination of the Crystal Structure of
CuSO¿ 3HzO (Bonattite); Àcta Cryst., 824' p.508-513.

Zigan, von F. & Schuster, H.D. (1972): Verfeinerung der Struktur von
Àzurit, cu3(oH)z(co¡)r, durch Neutronenbeugung; zeit. für Krist.,
v.135, p.416-436.

Zigan, von F., Joswig, W. and Schuster, H.D. (1977'l: Verfeinerung der
struktur von Malachit, Cu2(OH)zCO¡, durch Neutonenbeugung; zeit. für
Krist., v.145, p,412-426.



Àppenilix À

STRUCruRE FÀCTORS OF X-RÀY REFINEMENTS



À,1 CORNETITE

085ÉRVÉO AIIO CATCULÀTIO SIRUCIURI FACIORS IOR CORIiTIITT

fl K L ¡0F0 loFc ll x L l0t0 l0Fc tl K L l0t0 t0Ft

l8I6?1 598 tlo I5t¡ 5?l J 2 t {77 {Á5

2I I ?8t tÄt l I ?zt tÁ6 t ? I ò18 a?7

5I I t69 lr llt I ?81 ?t? Á 2 9lß t0¡

198 180 t87 I 1 9t88 J88 1 Jr 203228

t98 5ö{ 512 2l 1?8t lot 2 39 l6t lot

0t0 I {7ó {J7 r l1?a0 t6s I3 r lI5 Jll

ll0 8 t2r t20 l2 9 {28 tJt I I Izit 22{

210 I ?09 lt7 2 2 9 t?l r8s 5I9 s60 5t9

J l0 8 a05 56t

N r Ll0t0toFc fl r Lt0t0 loFc

0r9?{8zJó t!9t6út56

l¡?2¡??JJ 0ó9J07 1?3

?¡9251 ó2 l69290Jll

J{9t9t59i ?ó9{95t?t

159170 89 lóf 2¡{t?{

259 l{t0 r6I{å2{19

3r925S255 tr9?J0 168

159170 1r J79?882{0



253

0EstnviD Âtio caLculnlt0 snl]cIURE rÁcr0Rs FoR toÀrìElltt

H ( tt0F0tofc H f Ll0f0toÉc

2 0 0lJ?s 1339

¡ 00r7l 5lJ

ó00798795

800525S1?

t0 0 0??71 ??51

l?002152{{

lr00'l 6Jt

2 t 0lr5llt:l

{t0718768

610?r28?7rJ

t0 l0tJ?J7{

r? l0l5r1528

0?0Jfl155

2 Z 0 2t76 72Ai

{ 2 0r8J0t793

¿ ? 0258825å{

I Z 01rt2 1760

1220{25{80

ri?022r2J5

2I0r0?{ 950

r I 03?0Jll85

6J09r09lt
8J0{JJ{7t

l0J0 ¡r7 l0ò

t?l0t00t08
lr l0 85 l 9

0{08908I?

2 l 0 lJ6l t2

I { 01819rÌ8t

ör081t050

8 | 0?t5åzJ?t

t0t07?9t{8
lt {0?00 lJz

2 5 01858 lró2

{ 5 0lrotl420

650åI5ö{t
8 t 02021 ?0å2

t050¿01 Á2?

t2 5 01t28 lt2(

l{50ó12¿00

0 ó 0l7lll¡tz

2 ô 020ót20tl

{ó0{¿€{t9
8ó0?1Á105

l0ó0 951 9lt

l2¡0590597

lt¿0329?8S

2t0ó12ó18

r 7 0ltå9 l{95

6 t 02Jlr??9J

I t 0l?28tzlz

t070250?tJ

l2t02¿l 258

0 € 0l58tlólr

28055rÍ?
{ I 0z¿l{2?J9

6I0t¡st1808

88 0?29 ll{

1080705729

lz80{9651J

l{80185 7J

2 r 0lô09 l6Jl

t90708701

ór015595t

r0r0s{r512

t290887877

0 l0 0 2l9l 22{t

I l0 0 tto 159

6 t0 0 ?0r 2r0 0 l8 0 21t ?{8

8 r0 0 ó51 ó29 ? l8 0 Jr9 tzt

l0 l0 0 r{29 llr0 { l8 0 7t8 7l{

2 1l 0 ß28 lt89 6 l8 0 l5t tJ?

{ ll 0 722 73t ? t9 0 688 681

611 0189 l8 tr9 0 t5ó t80

8ll 0 892 890 I I I 7'l 7Jå

l0ll 0 {92 52r 2 r r l]5 160

t? lt 0 ?lt 17¡ I r r 8t] 858

0 t2 0 lt{s ll{7 ¡ I I 2{7 202

2 t? 0 ?012 205s s r l 2r2r ?071

{ l? 0 {18 {lt 6 I I t2?2 t2rt

ó12 0 ?99 l?0 7 t I r{9 782

I 12 0 156! t551 I r r r0r5 106ò

l0 t? 0 {77 1¡8 I l ¡ r8l 116

l? 12 0 ?tr ¡¡t r0 I r ó1r 6ls

1 lJ 0 l{t8 t{t9 t ¡ 5ll 502

óß 0 520 5lå t{ ¡ I lt8 ltJ

I0 ß 0 ¿ló Ä0? l5 I I 29? l0r

0 l{ 0 lJ08 llrt 0 2 I 2r5 170

2ll 0 ¿ó¡ 710 121920 92?

I t{ 0 óI9 691 2 2 I tj{o lJ[!

6l{ 0 2ll 262 J ? I 7ß r0l

I t( o !5J :It I ? I 2t02 2t0B

t0 t{ 0 700 n9 : ? I JÁ0 J{?

2 tt 0 9?l l0t5 ó ? t t?ló l7{5

{ t5 0 228 t86 r 2 I t08l lotJ

615 0lJ8 l3t I ? I ¡19 I9A

8t! 0 {tJ l{1 9 2 t t51 {]l

0 tô 0 t{{7 l l t0 2 I l8t ul

Ila 0 2 2t0 12 2 r l:r t79

t ló 0 9{t 95Ì l{ 2 r 199 188

I l7 0 ¡¡8 7¡{ lJ ? I 2t¡ 26à

ó l7 0 fl{ t?l I J I 1505 t:30

2 J t?17¿?10å

JJl28{295

13l2JIt08

53 r 213 l9t

óJllJl {5

7JlJl9J02

8t1505{92

9Jr8ò3905

l0Jtt6!9J7

llótóó61

r?J t 81l 9r9

¡r3t3¡2 I{5

15JrJt6Jtz

0 { tlå0ó¡ó09

I I t ßre N07

2tl2{527r

3ltó2(aro

{rlJltt{0

5{r{92{S8

ó { tl0{1 t02{

I { tt005 l0Jl

8{ I tó7 llt

9{l?ó7?r7

r0{18å88r2

llrrlt2Jrt

12{rr¡lló?

lJrt60t58¡

l{{ r t60 I

l5 r1255 ll5Á

l5 t 2J5 119

1518588{0

55t2J92t8

ótlls{ltú

85r2 23r



254

065tRVt0 Ât0 cALcl]LAltD StRllctufft factoRs f08 c08tìtI t

8 ( Lt0F0toÍc H x tl0t0 loFc

95t {t9å

l0 ! tl T 1090

5 t tö7 lí

l¿ 5 ¡tî 5?l

0 ó rr88tt85l

lól{12{0I

? ó r20r5?00¡

lòt9199{0

ró1755¡tl

3ót1283¡J

tól{86{90

8ölll8??5

1Ät?8828{

l0ò l53l 5{t

It ó t681 7t¡

l?ótó?lúIl

lJól¿1óó?0

l T l lll0Í¡r

2 7 l lortt02t

¡7t200?03

t 7 t ¡r8t ll85

77ltJ¡{Jl

8¡tJJtJ0ò

9¡tó{0ó17

l0 I | ô8572¡

lltltSö{58

¡?71685ó9t

Itrl{00{06

081t9ó39J

?8r258?r0

J I l1089 lr02

l8l{0tt78

ó 81u2 {å6

t8l28JJoJ

881J2?t09

t0 8l t?8 a8

lt 81r53 t{

t?8t270220

llSt?7ò2t?

l9 rltoólJls

2 9 I170ólA8?

l9rtrot92

{91ô16á25

trlflJ956

órt510522

891?7021{

99r5t2520

l0 1t 8ó5890

llrt?882r7

12917ó5755

I l0 I 2?{ ?lt

2 t0 I ô9t 7r2

I l0 I 20r 202

{ l0 I lst¡ 1599

5 l0 I 555 559

ó l0 l 787 807

I l0 I 268 221

910 I Jn J70

r l¡ I ltJ ¡2(

? It I 566 5t5

3ll I r8? 980

5ll I 8t8 l9¡

óll I 8]2 819

7 I r2r 7ll

8 I8?J 82{

9ll l {10 {rJ

l0 lt ¡ {t2 (5t

ll lt I J2{ t0É

l?ll I tî? t{

0t2 I òu a?7

I r? I 500 505

} 12 I JJA JO5

{ l? I 16} r8l

5l? I l7l 25

612 I tö5 t18

8 12 r 300 108

9 r? l r6t 19¡

12 l? I l?t 2ól

2IJ ¡ ¡?? ]?O

511 r ó89 r0r

Il] I 455 ôt5

9 tl I ?98 ?75

l0 13 I 519 {{t

? 11 I Só{ 561

I l1 l 3ól 591

{ lt r Il0{ Il28

J lr I ?80 2óó

6 l{ I ò81 ú7J

7 lr I 815 812

9 I t2ó u5

l ls I 522 551

I l3 r t8¡ t9t

{ ts I 159 ?¡8

5 ¡5 I 258 2ó2

6 ls I 2{0 2{{

815 I {75 {!{

9 15 r lró 121

0 lå I ó0J ¿Jt

I tó I 51{ 5?I

2 lå I l{t J{6

J tå I 5{7 550

1 tó I SÁl 5áJ

ó ió r r0l 272 7 I 2 ll58 lltl

7tó I i6t lt? 8 t 2 á5? ós0

I r¿ l 505 52ò t0 I ? J5J Jt9

I ll I l¡6 185 t? I 7 771 ??t

ól¡ I218 l8t tJ I ? ó 591

I ll I ?t0 2{0 t{ I z 75t tó8

0lg t 120 t 0 ? ? 150 897

2ls I l?2 JJl t 2 12t0t 2t2t

ll8 I rr8 {¡t I ? ? la} 180

5t8 I l¡5 l7l I ? 2 {{l t{g

ót0 I l0? 22t ¿ ? ? 185 t?J

tl? I ¡?9 {lJ 7 2 ? l9{ 218

?t? I tol tÀ{ I ? 2 {27 7

I 19 l ?J5 ?05 I ? ? ll2¡ lltg

{Ir I t0J l8l l0 ? ? 219 {

0 0 2 t380 tyt ll 2 ? 9tl 965

l0 2 20r rt8 t2 2 ? 26J 25{

2 0 2 ry? ltr9 lJ 2 2 261 28ó

I0 ??20az?sr l3 2 2071 2096

{02r71 {02 2J?ô89ó5J

5028J980r J¡?557 55J

ó0285885{ {J2528 50J

7 0 2t680 158ó 5 J 2 str 5t?

I0 zl3óólJt3 6I2lô88 168?

9 0 ?1227r2{8 ¡ l2 810 88J

t002157 ll7 8J?507506

0z9t7??t 9¡?5t?5t7

ß 0 2 lló2 l3rô lr r ? t2ró tJol

l l2lJ7s?J l?JzJ873Ú

2 l z tJl? t26r lJ 3 2 ??{ 7t5

3 l 2 ß0r tJú9 l{ I 2 lt8 Jår

{ I ? ò0r 587 0121922 Irit

s l2llltlÍ7 I I ? 207¡ z03l

ó12Àl?5t5 2t2l?8{91



255

085t8Vt0 Á|l0 cittlltAltD stSlJctuRt FAcT0Rs t0R c0FNtItIt

B X tl0Í0tolc H K t¡010 lolc H K. Lt0F0toFc I ]( L l0F0 lotc N K Lt0r0 loFc

t{?Á57ó?9

112?J0219

tt2$t317

ót289t900

7 { 2tóJlló??

8t2599ó01

t0 1772t 12t

ll { ? l r ltoJ

12 l2 (20 t9t

IJt2200r95

llt2lr{?0ó

152ó3{ór0

?t29llrot

J52{98{)t

5 t ?1500J(71

ô5257ó57{

8S2218?t7

ts?ôó0åtl

r0522t6295

125275J73t

lt52lI¡tÅ5

lt522r5 lJt

0ó2 t]9 ll7

I6 2llt 715

26275r7lS

3 ô ?t?otl?08

{¿2518501

:62{Jt{t?

ó6216rlBt

7 ô 2l{02 ll99

Êó2t55t6t

9ó2816S21

l0ó2{19tts

ll¿2S19562

l2ó2¡8tt87
l Ì 2l{82 r{

?r2l{0 82

J 7 ?27952159

{ 7 210årlo8l

5r2{58{{8

å¡2 Z(00

7 7 2l0råló9?

8t2Jt¿tt8
9725ó8Ä08

lr7?898891

ltt2ó51 ó75

08??tI 5

r 8 2rÁ0ól¿l{

2I2l]9?l{0t

t823å5J57

{8?390r09

9825t050{

782J07308

I8?8lt8lS
9I2t9{tt9{9

10822{1 190

ll 02?2? l9l

l92{82t5å
2i728t2tO
I9 2l58tlt¡s

192tsttsl
5 9 21207 l2l2

792¡7llr2
8t?t9l 802

9r2å ó50

t0925t95ó0

ll 92 2?5 115

rJ92¡0Á501

0 l0 ? 1?9 ?40

l l0 ? 597 t8¡

I l0 2 t52Á l55f

I l0 2 {59 {{5

510 2 tó5 tJ

t l0 2 ltz{ l2¿8

I l0 2 ?lt t8¡

t l0 2 t9J l8?

l0 t0 2 lot 30{

12 10 2 ?lJ zlJ

I 2 8tá 8?0

Jlr ? Jí t2l

I ll 2 2ll ltt

5 lr 2 lilo ll07

aÍ 2 ¡81 815

t 2 3t2 J(l

I ll 2 Jls J50

9lt 2 J?I ?98

ll ll 2 {lt la?

0 12 2 l?0ó l?{0

I l? z tz8! l¡lr

2 l2 2 JlJ lr0

I 12 2 8r7 799

I l2 2 52J 512

¿ 12 2 {5S 170

7 12 2 258 2tJ

I 12 2 53? {86

ll t2 2 ll5à ll{t

I ll 2 5¿ llå0

2 lJ 2 25t 210

Jß 2 5?? 50?

s ll 2 {s5 {{s

ó tJ 2 ól? ó13

t lt 2 t09 2ól

8ll 2 ?lr ?8Ä

? lI ? 315 5!8

l0 lt ? t80 l{t

ß 2 3 t?t

0 lt ? ?tr l9J

Ill2 25ô 281

?l¡ 2 ?07 rtl

JÍ ? óå: ð{?

r 11 2 2t2 t9{

ó lr 2 ?01 20)

I l{ 2 86? 8t1

8 tt z 2ó0 l0?

t rl ? J56 t22

I l! ? ó0J 610

?15 ? 185 6

3 t5 2 589 519

{ l5 2 782 288

5 15 ? 70J 610

6t5 ? l0l J]l

7 t5 Z lra I89

I t5 ? Jî¿ J89

r 15 2 Jò0 t9t

0 t6 ? 5tó 558

Ilö ? t9r Jß

2 ló ? 5tÁ 5?8

J 16 ? 686 ¿ó9

{ 16 2 2?J ló6

5tó 2 J?? Jll

ó rö 2 2r2 205

I tr ? {åt tt8

? l7 ? 2r5 l¡0

r 17 ? 7t8 r09

{ lt ? t89 t?t

5 ll 2 !0¡ !01

717 2 5ór 5{7

I l8 2 ò86 ó81

2 t8 Z 28i' 212

I l8 2 27t J05

{ l8 2 ?17 158

3 lB 2 29t 258

rrJ56t5{r

? I ll2s5r?87

¡ r 3 r0l0 l0ll

{ r 31099 lrJl

5l J l{l¡ til2

ól38Jr 85á

7lJ8sò880

slJt¡{7t7

l0tJ2l?110

llll2?9Jot

l?1J990982

l{lll002t6

0 2 Jl65J1627

2?r715 l

t21625610

52J91¡9{2

ó2ll8tltz

7 ? I ló5: lô98

8?r6BJÄ81

9217åÀ¡{8

r02J5l8{9¡

llzJ2ll 189

122l{9t{ô{

ß?l{9J{9i

r ¡ 322J1 ?r80

23t8t0850

t3J8J08t5

tJt 0 l¿7



l0r¿¡tttg
9¿l¿9Elt¿

z¿¿l lç¿I t t 9

lSt t¿9 1I9
9rsr ¿$t i I t

9S¿¿¿0r¿t 1f
¡¿ t¿l r 1¿

¿ nrrtt
80ts¿rr¿¿t
rô1 8¿r l¿
¿tózL6rz6

¿t8¿sg!¿8

LJ¿ 601 r¿t
¿rçllttti ¿ 9

08¿ ¿11 l¿ç
tt9rr9t¿t
t¿ll tI t ¿ ¿

SSlt¿¿Itr ¿ r

)¿r8tlt¿0
s¿ltó'tt
tç t0¿tt
808 I08rt¿¡
ottslltt
tåI¿tIrr0r
Içç¿1ç}I8
¿ltt¿tlt9
1¿¿¿tat¿t I s

Itotttå ì r l

¿ótó¿ttIt
011t ¿1 t I ¿

r0¿t It{r t I I

¿0ç9s)t0)l
ç ¿tIt0zl
8¿¿t 9r¿r t 0lr

I r l¿1r t 0 0t 8001 0z0I I tI 0

¿¿l 98t r 0 å t0) 10' I Ít 0t

9t¿ ¿¿¿ ! 0I ó02 ¿t¿ 1 6

¿ast ¿9çt t 0 r Î¿t ¿tr I Ir I

l¿l Äql r 0 t z¿1 Î?t Í ¿

9t¿ tò¡ r 0 ç çtç 00ç I ç

I01 19¿ l0 t 80I t8¿ l trr
8¿ nt r 0I 060t990tI 1l¿

¿ç¿ 16¿ ) 0 ¿ ¿9¿ Ît¿ I trr
ls8 rç8 I 0 I 8I¿ ¿9¿ I ¿t 0t

9¿L¿ 95¿ | 0 0 t8t tÁl I ¿t ó

¿0r trt I 8t r Itç åát I ¿I 8

It¿ 8¿¿ t 8tI t8 8EI t ¿tt

99¿ 9ð¿ I 8t ¿ tçç t¿ç I ¿r l
lSl t0' I st 0 ¿a) 0¿r I ¿t ¿

0s¿ tot I ¿t I ¿ç¿ 0¿¿ I ¿t ¡

tçÎ 0¿t t ¿r r ô¿9 t09 I ¿t 0

I¿¿ rÅr I ¿t¿ oft 99) I I

ô8r tgt I ¿tr 9!1 ¿t9 I ¿

¿I1 9¿¿ I 9l ¿ ¿Ä1 t9) I rr I

8¿ç ç0s r 9rr t¿8 ¿!8 I ç

9¿t ¿tt I rrr Iç9 u9 I I

¿?t å¡ç I 9t I 998 ¿98 t ¡t I

10¿ ltz I9r¿ ¿f8 8 I ¡t¿

Ilt ts) I9tI 09¿ 8¿¿ I llI
¡8ç 88ç I çt 9 llt ç¿t I 0t ¿r

8rr 80) I çt ç tt¿ 9lt I 0r II

98t Îçt t 9¡ I ¿t, ¿¿t I 0t a

89| rç' I Sr | 81S ¿8ç I 0t ¿

1rç ó¿ç I |t6 lt¿ t!¿ I0tI
ç18 ¿68 I I ¿t¿ lll I0rs
¿çr ¿r¿ I ç 99ç Alç I0l'
ççt t¿¿ I I ll¿ tç¿ I0tI
¿91 6l| I ¿ ¿¿8 It8 I OI¿

Ît¿ az¿ I 0r I

SEtI9Itt¿¡
IÀIç¿¿IóTI

lç1 861 1ó0t

89¿çt¿IAó

6168I¿168

r9rl9t1á¿

tltfftt¿ç

ót¿9¿¿tór

0¿1 ¿tr1¿ ¿

oslrAtI 1a I

t¿l 9ç¿18tr

¿18 1t8 1g0I
s9 r¿t1BÀ

llt¿çtt88
¿¿l olt 189
89¿ 8¿2 18C

òt9 s09 18Ì
tlls¿It8¿
1lôr0å180

06t99t1¿0I

¿ót0|çt¿å
l8l¿8tt¿8
8tç0¿ct¿¿

rll 911 r¿9
?á¿88¿I{S

ll9 $9 1¿ t

ôól¿6ç1¿1

0ç!t It t ¿ r

î08 t¿8 19It

ô¿¿0g¿IIl¡

¿8t¿0lI90t

00)tot19ó

¿rr9trt98

f9ltsllt¿
0I 9lItI9I
¿101 ¿tor 1 9 ç

9 ¿1¿l¿t I t

88t8ç)1rf
00rtótt9¿
l0¿rf¿I9t
r)¿8¿tt90
!9I 66t tç¿t
9åts9ztç0t

r1ß rlç 1ç 6

sl¿It¿tr8
ó¿?899fç¿

IltLttçI
çåttòt1ç¿
0t'lç$t1ç I

¿¿tß9tttlr
t9¿Î¿ttr
st¿0¿lIttr
llçÀ¿ç1)0r

¿01 ççrtls
óót ¿trr
81ôîtatt9
?!t ¿r1 llt
rçü9|å1rt
t0¿¿a9trt
1t0tlr0rt t I

9l0z 9t0¿ I r 0

s0¿ç9¿lttr
9lr ¿¿r 1f ¡l

Iot 861 1r 0l

llçô¿çIt6
t4981¿t18

9II¿¿IIIç

99¿

3Ìlllru0l !0J suûmll lulìllfluts ollvlnl'ìvl otv 0lÄ8tssI]

ljol 0l0ll r H ]l0t0lort Ì [



257

08s¿fivt0 álr0 lallulAlt0 sIRUc¡uRt tÁcT0as toR coRll lrt

I ( [ l0l0 toFc t1 K L t0¡0 toFc

l0J{{??{75

lll(2J9?t2

lJ3{750?5J

0 { {18t0 l8J0

¡ {r t72 l¿l

2{{ó105î5

J { {18591880

{ttt0¡å7ó

5{ { 551 5i8

7{{?$219

8{{{ólrgt

1l I l?13 l2lå

l0{|79t7t8

r¡ {ts505t8

l2{{¡3?t20

ßr{{95512

t 5 {l?7zl?81

? 5 I r8{rt8óó

J S { t7t7 lStJ

{5r215 189

s5{159 52

t5{88?88t

85{85J818

t5tJ8r38t

tr5{196 122

l?5{8t88á{

lJ5tJJ6¡18

0ór88t887

l6{4596ót

?ó{ó0J5t{

{ôtJ50JJ2

5ô{t09508

,¡{J0229t

8ótt2tò96

r6{4U{28
¡0ô{¿lJ3?5

1ló{{?tu5
12ótl8llos
lt{6llú21
Jtt3l8292
r r r l0l7 l0?¡

5 7 I1262t?85

ó7{ 801 806

7l{205210

87{fio{18
97rJ97JîÁ

l0rt25ó10?

lt7t55t5t0
08t 178 ló?

l8 tl2lór??8

z8 { å51 ó5J

l8 t 5ß 5?¿

t8{860SÄ0

ó[t8l¡sl]
701{7Sts8

88{ó5tó82

98{?8ó2å8

t08{tîl 88

ll I {1rJ9 09

128r325?8S

l9 {totó1077

2itl1tt36
J9{ó55¿9?

rî{5?551{
5 t {1289 l2J8

ó9{2{2275

89{(5?{7J
99{l59tst

lt9{{t3{{l

12tltsrt3t

0 l0 { l{0t t{lá

I¡0 I ?8? $S

¡ l0 { ?r{ t68

{10 { 5?î 580

¿l0 t y{ tól

7 l0 { 829 820

I l0 { ?0J ?06

l0 l0 { ll?0 05

rlr I ló0 9t

2ll ¡ 5t9 5?9

J lt I 9?9 gJl

{ ll I 59ó ô0J

ó ll { Jlg Jlú

7 { {17 J92

8lt I ló5 ló0

l0 { 219 219

I12 I {t0 fi8

? l? ( tJt ¡53

r 1? { ¿02 59{

I t? { l?0 l{8

ål2 { ótt 6Ï

I l2 1 {9r {8(

I ¡2 { l0{l loJl

Ilt I r0 ?r0

? lt { 177 175

Jß I 99{l0l0

{ lJ r 8Jl 828

s l3 i 28ò ?72

ó lJ I 667 6{7

7 t¡ | 921 88{

I lJ I 3{ð ?88

IN { ??? ?2r

0l{ r 8óJ 8ß I2 5 276 ?5t

ll{ t t65 r50 9 2 9 t07 t0¡

2lt r 152 t67 r0 2 3 ?85 2Áô

5lr r ?28 25? 2 5 558 5

5 ll r 296 ?80 tJ ? 5 1J5 9?0

rlr r ?r7 ?rJ I J 5 3å2 tlr

8l¡ r r?5 lg7 ? I5 tó7 r92

2 l5 r r05l r0r{ I J I ó2ó a{7

l15 I195 71 { I5lot Jit

5 t5 { 100å 985 5 I 5 8{¿ 856

tlt { Itr 7 7 J 5 { {8r

0tö t {?r {18 I J 5158 t8?

Iló { 5r2 5Jô J S 282 ?J0

2 ró r 321 ?8ò r? I 5 367 J18

ó16 ( ?82 ?51 0 { 5 J79 t22

lt? { 7r8 r70 r 15 ált ó01

{17 { 6?8 ð0t ¡ t 5 8t7 85{

0t8 r JÉJ JJt { I t Jt9 lt2

I I 5l7lt¡7I9 5 t 5 207 ?lt

5l!7{t7r5 7t582t8lI

tt5t7l¡òz st5l78 8t

7r5J{9 12t 9{S{ t5¡

8t5t{?{78 l0 t 5 {08J9l

915t00tt000 l5 5 992 98t

ll ¡ 5t99 t93 2552?92?J

lJ l:518 5lJ ttt{rtt?s

0?523r l9J r55350359

¡25{80t5ó ór5218 l8t

225?0r22J 75560t¿18

l?t5?8{8t €55200 ló5

{25812809 ?55229256

5259ß97J 12S5lå5 107

¿ ? 5 5{8 527 0 ó 51150 ll58

7?5181 500 16598tt72



258

!85€RVíO AIi9 CAtIlJLâ¡IO SIRUCIURI FACIOflS TOR CÛR|iÈIIII

I K tl0f0 l0tc ll K tl0f0to¡c H K Ll0f0 lotc

?ó557Jú00

1659r098r

5ó580t186

7 ó 5159t1607

8ó5t?550?

9659ò{17?

t0ó 5 ?Jî 220

175?9{25r

J75òó0ó

{7518ô??0

57569t702

7¡5ó?tóló

8t 5195 199

107519t102

lrt5 JJ02

12t52A8297

085281 r29

1852ó7278

r I 51059 1088

685{2Jr{

t85ó?0 :

88519ól(8

185tó5 8I

05J5ót{l

1952ó{?51

215258 lJ¡

J95l0rJot

I r 5{Á6 16ú

595872888

ó 9.5 t8l 208

¡955r751t

¡lI5t0838r

0 r0 t ¡0ð r22

? l0 t {28 1ó{

I l0 r t¿5 192

5 l0 t 5î2 600

å l0 3 27ó ?5{

7 l0 5 712 70ö

I l0 5 12ó Jt7

r lt 5 l169 80

2lt J J0ó ?80

I lt 5 ?J9 l¿8

sll 5168 ó0

ò l1 5 269 207

lll t 2 699

l0u 5 ?lt l9J

0 t2 3 ?lL 2t5

l 12 5 {97 {81

3 l2 S J!5 l7l

I t2 3 223 227

l lJ 3 899 905

2lJ 5l¡5 8å

! lJ s 22t lzt

5 lJ 5 t58 S5t

ò lJ 5 {10 {lt

tlJ 5 t Jtl

I tJ 5 251 219

0 l{ J 22? 199

2 lt 5 318 ??r

Jll 5 ó87 ó

Ill5 ¡{3 fió

5Í 5 2ó¡ 272

Á lr 5 ,0ó lB9

r l5 5 2r5 ?t?

? lt 5 ?67 ?át

r 15 5 å?l ¿17

I l5 5 29J 213

I lÁ 5 19ô ?¡l

? lå I ??5 120

{ lå t t8{ ll5

I l7 5 òJ7 ó{J

00t8128¡?

t0¿JtJ?80

2 0 ól?r0t?0t

t0¿{86512

1065{Î 5?g

r0år88?00

ó0É{ótll8

,0ó889911

80ó útzl

90ô){07ll

100870J7{2

ll 0 ó707 ó78

120ó¡???96

2l6h?Z67t

Jlólrr{0?

{ró€85r0l

5l ólzJ8 I?6?

0låJ7?6ll

l0 l6 5?8572

ltlóJlr?88

12 ló?15 Îs

02ó?01 2t?

l2ó79r80ó

22ò555555

3?åJ2¡3tl

l2úó0tót7

52ó?t8 8l

ó2ú({5Í7

1752v2?i

82ó8Ir85å

92ó59?592

r{ x Ll0t0 lotc N I Il0F0 lofc

r0 2 ò Jl? J{8 0 ó ólJt8 llJz

ll ?ó 10?J99 lóó5r7579

l2?ó z2t 2Jt ?¿ó807808

rl6 5lr 5lå å ó ó 251 ?3t

?Jó¡50 ¡ Iå6U¡J8t

I3 ó1289r?8r B 6 6 525 tlZ

r 3¿95À9r0 9662882á{

5ló8lt8r? l0óó {t2 {{{

ó 3 Al0J¡107r l7 ó 882 858

I t ó {50 ß7 t 7 ô12{ót2]l

8lórJ9{t{ 57óÍ55t{

tJólrr{57 å7¿t67506

l0 l ó 3l0 tr5 ?ró15åtóJ

Il 3 ó ?81 ?8t l0 I ó {{ó {?7

¡? r ó ?5J 276 t 8 ó108t¡05?

0 { ôt{?1J97 2 S 61195tl9t

I { Al0l9 l0J9 J I ó 7t0 7lJ

r{ôtút 0 ¿8óJt9tt6

6{òå1rå79 88Á91ó90t

7ró500rBú lîÉ{J0J98

8ró!{7t?r 296ô80å76

9{67?J78t t96ó8tåS5

It{ó 75r 15ò 5túC8{9lJ

lr ¡t 582598 ótó Ió5227

t5óó7Jó5t 81ót?2781

? 5 6 05 lrJl 10 9 ó {Sl r78

3 t ó ó9J 715 0 I0 ó 12Jt l??ó

{ 5 6 156 rJt ll0 ó 2{9 llt

5 S ó rr8 569 210 ó 28{ J27

ó 5 ó 7ó? 769 Jl0 ó t71 992

r 5 6196 t'7 tt0 6 t05 0

8 5 å 255 29t ó10 ó 202 2ll

9 5 6 ¿å8 ó55 710 ó 9?9 90J

ll t 6 Jll J22 810 ó ¡2ô ]lr



2s9

0!stß!]t0 A[0 cALclJLÂIt0 stRUcIUÊt factois ¡08 c0Rriû,]a

N K L l0t0 10Fc ti f t l0F0 lofc lr x Ll0¡0 lotc H K Il0t0totc H ( Ll0F0 lofc

r 7I3ll JJ9 0t2 r Jó{ r{l J ] I ó?2 å{t

2l1ts? 716 rr2 7 2t0 ?6î { J I ?25 t08

J 7 7 l?6 217 2l? t lór J10 5 J I t20 tú7

s t 7 ?1ó ¿1? Jt2 7 ?00 210 ó I8 St8 598

ó 7 t ?00 tJr tl? 7 218 ?lr 7 J I516 ß9

7 7 t r0r 25å ll3 I J{0 ]tá I J I70¡ ó9r

I7 7 {r5 0 213 ? 51A 581 0 { 8l2l2t?r5

I7 7 202 l9t 0Í 7 850 821 I { I78t 7t9

0877ó9tó0 008{8r 185 2t86t7Át{

t8t 2àt zts ?088J1 86t Jt8129Jlo

2 812!l tZ? J 0 8|7Jl?01 { t 8 {28 {t?

l8 ¡ J?t J¡t {089 9t1 5{8ll9 165

587tôl¡23 508201 8t 6{8{69{52

7I7l8t t7ó ó 0 8 5l0 57t 1{ I {0ó J9¡

I I7 ?18 tst r 0 8llr]ll{t 8 t S {38 t{8

9871ô9 ò¡ 808l]ó117 t58t87 187

l9t Jor¿a 908toJ589 258r295t1

?9ls6?5¿5 l l 8{?t 9 I583St Jt?

J9?t6å 52 2r8?{8??9 l:8{gZt8l

r97172 98 318877908 5tt97J9t2

óI7288¡ 118J6tl ô5IJJI 297

r9t2óô2tr 51 8t80789 75I{:8{

89¡7Jró97 ól Sltryl 0ò8 Jt¿t70

010 7 3t9 J89 8l B l8? 189 I ó I172 (0t

210 ¡ ó ólJ 0 2I229 ?51 ? 6 8lt9 ltJ

110 I {rt J8r r 2 8t028 1026 J ó 8 ??3 277

510 7 t9r 2J9 2 ? I ?68 25t 7 ó I ô52 6J¿

610 t 18t r78 { ? I291 ?9J I 7I ó9{ ó¡9

710 ¡ t00 J5ó r z 8 ?00 98 ? 7 € 2JJ 2J0

llt r zfl Jro a ? I2ór 2{l J 7I ó76 655

2lt 7 s8r 551 8 2I2ól 291 { 7 8 t75 tll

Jll 7 259 2ó? 1? I766 t85 ó ¡ 8188 tJl

tlt 7 óå0 å]l I I I J3t 120 7 7I JÎó tå7

ólt 7l7l l5l 2 J Izlt 251 0I8lltz lßJ

2ll Å ¡9r ?ll

3lt 6 80å 812

Ill ó t{0 2

5ll ó 166 2J

å ¡r 6 7{r 715

8 ó t7{ l0

0 t2 ¿ 859 850

I l2 É 33t t28

212 6 l9t 171

I 12 t ó{{ 625

5l? r 2{t ?78

ó l? ó ó9t 68J

7 12 ó 30ó lt8

2 r3 Á ?0r 270

Jt] ¡ ó67 652

I ll ó 2r? ?97

5ll ó Jl{ t52

ól] ù 6?8 59{

0 t{ ò t08 {ll

2 rr ó 315 ?s9

Ill ó 185 lt2

5 lt ó 221 19ó

I l5 ó 28J 2t7

2 lt ó {78 {tJ

I t: ¿ Jll lto

¡l759ttî0

2 t t l3l2 lt00

{178908¿t

6172{t27S

71725228t

9l7 t{8 {{9

l0 l7t6{ IJJ

0 2lt20tt70t

l275l9S0r

? 2 71017 l0J0

l ?7 701 708

517loJJlr

,2¡JloJ07

8?7J09?tl

102? {86 152

lJ7 5{?8

2J7?Jó2¿7

t37?0!2Jr

ó37tS5550

7J7 t8l |l?

8!785J866

9l7 3fi lr?

IOJIJ6IJÁJ

0r755t519

r { 7170 l7J

{tt(Ír{r
ó17r52{å6

7{72J8zJt

l0{7506522

1575?r5?t

2571t2 g5

5571 9¡

ó57186 182

85tJ{0J?0

957J65J
l0s7$?{rt
0ó7?¿r28r

2ó7{79{7?

tót?2t?{9
{ ó 7lt9Á1202

56r 187 168

ó6¡9S9980

7Å717{55!



260

A,2 CLINOCLÀSE

08stRvE0 A|i0 cAlcùtntÊ0 slfiucIUflt fAcIORs FoR cLIi0tLAsE

H X t l0F0 lotc ri K t l0F0 lofc

I ¡ 15 2ó0 261 -5 I 15 ? 121

2 I lt ?29 zlJ -t 3 It t07 ?l

-5 2 15 205 207 -l J 15 221 ?08

-r 2 r5 ?12 286 -2 I 15 375 J8l

-J 2 15 Á?¡ 619 -l 3 15 l7r lå2

't 2 15 53S :{l 0 l 15 t6î 155

0 2 ¡5 5t7 5ló I I 15 559 522

2 ?15 108 I 2I15 J8t J¡r

J 2 l5 Jol Jlo -J I lS 3{8 r52

f K Ll0F0toFc fl ( tl0t0 lofc H f tl0t0 loÍc

-l I It it? {28

0 ¡ 15 2rr ?l?

-5 0 ló 20ó l9l

-J 0 ló t70 l

-2 0 la 200 158

-l 0 lô {l{ 385

0 0 tó 2t0 205

l 0 16 712 ó85

1 0 l¿ 50{ 186

-5 I r¿ 175 l7J I 2 tô 2t2 190

-{ I la 2{0 ?t{ -J J 16 182 188

-J I ló 180 l)? -2 J ló 98 t8

-2 l 16 9l l{ -t J ló t12 lît
-l I tô 128 21ó -J I l7 tol l0l

0 I 16 l]l 127 -l l lt ?tr 21t

I r lá 178 lò8 0 I 17 182 ltô

? r 16 ll¡ ll3 -l 2 l7 ó2t 5tó

-t 216 l2l ú



,t¿09¿Il¿
lll9qtr¿t
0rl 111 l¿r-
rll ç¿1 I ¿1-

t91tr¿t-
9t1 ltl r ¿S-

0sÌ9ilr¿9-
t ¿zr l9 ¿

0¿¿80¿It9

çåt 0¿1 t9ç
Içt¿¿tt91
alttçtt9z
t0¿ 9å9 l9t
ç9t0 t90
t09 1¿9r9F

stI 06tt9¿-
0t¿t8zI9t-
¿0s0¿çI9r-

tIzçrzl99-
t¿t 8ô t9l-
9¿t8çttt9
t0¿tÄIIç1
¿I ç8 Iç¿
çr¿tÎ¿tçl
lot ¿ô tç0
80t tó tçt-
s¿l¿nls¿-
8I¿¿I¿ISI.
$l¿srrtr-
ll¿tt¿¡sg-
¿¿l¿qrlgt-
ç¿¿9t¿tç8-

6ó¿t8¿tr8

ó8 ¿t Il¿

t8ts9tfÌ9
0t¿ôz¿ltq
$trriIrI
z 8 t'1
188 ltt I r¿
8tt¿9rtrl
t¿9¿9çtr0
8'r 011 I tt-
çr¿8tzrr¿-
¿81 96¡ I It-
D¿r¿¿trs-
t9l?8tlr9-
19¿t9¿It8-

¿9I 0çI I tó-
lll¿rIrt6
¿¿ ¿Îtr18
99t ¿ç1 II¿
¿çç0¿çt1?

86¡08lIIt
9rltçô¿lt r r

¿tçt08 t 1t
tç8 t88 lt¿
0tó róott I I

l9t8¿ttt0
ó06róÁt1t-

rç¿09¿¡1¿-

9r0t¿lott 1t-
olt0lllît-
t6s$sIIç-
t9ô0rót19-

IA¿18¿I1¿.

0¿1 1!1 I t8-
19r t81 I tó-
¿¿t s8t I ¿ú

t¿zå0tIz8
l$tIçr¿9
6t889tt¿ç
881 ç¿1 l¿r
01ç0lll¿1
r8çlI¿9tt ¿ z

Î¿ßtór9tt ¿ I

t9¿tÎ¿r¿0
tsEIt9I¿t ¿ t-

r9r 8à t¿z-
otslart¿1-
ór¿rÀó¡l I ¿ i-

¿rsörtt¿g-
tStt¿tt¿9-
tot¿ótr¿8-
r0¿0¿¿t¿ó-

óllrç¡tIó
Á0tt¿rtl¿
11¿¿I¿¡r9

rt88r¿ttr
¿t ¿8 t I t

ç990r¿rt¿

I0 tgçr r I I

8S ç8 rt0
t8t0|¿ttt-
ç¿ç89trtz-
/¿ó1çó¡I1-

fil¿0lttr-
l¿E0¿stts-

99¿¿t¿tl9-

!1¿ót¿rr¿-
StttgtIrS-
erl 0lrtlÄ-
?8 00t06t

8tfÌtr0st
9¿1 t0' 0 8z

tSlitç080
¿llcn0¿9
1ßl¿9t0(s

¿t¿¿sz0¿'

1¿1 0ç¡ 0¿1
¿rI¿lt0¿¿
llç81ç0¿t
tç 08 09ß
¿lr01t09r
0¿tott09t
t9ts8r0?¿
s¿¿i¿¿011

¿¿8 It809ô
lltl9t0ç8
081 ¿¿1 0çt
¿9|çti0çç
¿1880809r

01t¿tt0ß1
¿901 s0 0 ß z

atl ¿01 0çI
ç¿ 80t0ló
fitÎtt0i8
r0¿toz0t¿

9I1 ç?t 0 r9
tÎ¿10¿0'ç
0¿¿ 861 0tt
sóÌ ó81 0i1
8t órst0 l ¿

çå å0t0tl
lot¿ ost¿ 0 

' 
0

Ió 001 0tó
¿ôtt0¿0I8

Iott¿t011
19t ¿tI 0t9
I t8 01ç
89ötÁ80tr

llla8!011
s01lçltr0 I z

¿¿tt890tI
98 0¿ó

t¿ Ì8 0¿8
09 0¡ 0¿9
l ¿0I 0¿ç

0ll sll 0¿t
Ì11 r¿I 0¿1
¿ç¿ti¿0¿z

99ttót0¿r
¿¿60880¿0

ilt8It0I8
I0l t 0I ¿

8ç¿09¿0r9

¿çt ç¿1 0tt
ßç¿I 98 0I t

¿9Zr¿¿¿t0 t I

ó1¿¿ otr¿ 0 I ¿

ft ¿ç 0II
rócagt000I

18tr8t00å

OI¿çI¿OO8

06¿t¿t00¿

8998tt009

9çtIçÎIt0 0 ç

8)ZS1¿00t

¿å0r t80I 0 0I
óç¿¿¿r¿¿0 0 ¿

t¿sors00r

L9¿

lsvll0rillr r0l stollvl 3unt3n8ts olvllìllvt ori 0l^Blsso

ll0r 0r0r 'r ) H lr0t 0l0t 'ì I n



262

o8stfivEo ati0 cALcULAItD sInucIUflE fnc1035 F{]R cUti0ctÂst

fl x rr0r0t0Fc H x tl0F0 l0rc H x rt0F0 loF[ f1 l( L¡0F0 loÍc it x Lt0f0toFc

3tth126t?
Itt702709
åTlJJtltl
-28r12{ 88

-l 8l 16rlt2

08127!tol
l8t?¿227J

2ål7l¿rJ?
J8l lå8 199

t8l29l 29t

0912{9280

-1002190J61

-902t22397

-80221222t

-7022832ó2

-ó 0 2t228 l2J5

-s029?rt7l
-r 02 {01 {18

-J0?795791

-z 0 21t2 768

-l 02 5t 20

0 0 2 9s7 l0tt

102{ólt3å
2 0 zl0 l0t5

l0 2t2{7 l25l

{ 0 21517r59l

802201 20t

1022t322i

802å79ó5?

-t0 l2lu ll3

-8 l2 582 581

-7 127958t0

-!12ó80717

-rt?82t8

-1 12182 183

-2 12882 8?5

-ll2{l8Jss
I12661 588

2l ?215 l1?

Jl2Jzl 292

tt2¿22622

51270t75J

6 I 2 Í5t t222

7l2l0lllt
8l25Jt521
-922lrJ156

-82? 9l l¡

-7??lotlJt
-ô22u5rJ5
-t2??óJ280

-t2215! ¡8

-l 2 ?ó99 ¡88

-r226t5602

t22tJt 9t

?2255{t80

r222i87t5
t 2 2l02 ll8

122?11 !77

b22 9? u

1222t1 212

822IJî125
-rJ2 89 19

'8J210029{

-7J2189200

-tJ2ltJlll
-rJ26ßó27

-tt2 0tJo

-2J2t75t5?

-ll2{09!19

0t?59óó0t

tl?7?8ó81

2I2lJî ltó

JJ2JtSló9

ll250t5?t

¿J257tól(

7l? 99 l{0

8J2¡10{lJ

-9 l2 zrJ?t¡

-8t2102 ót

-llzt¡5 lto

-ú12òól 68?

-5{25305t2

-rr23ö0$0

-l{2¿ll6{l

-2{2¿{5 r

-tt22t0711

0l?{t0{7ó

tt2212205

?t2885855

J{257t559

r{ 2981 181

51217020t

á{2Jr?t27

¡{?torl29

8{219óll2

-85210921'

-l 5 ? 6t0ò{8

-ót2 99 l0?

-552887907

-t52713?0t

-25 2t51 t?À

-l 5 2 Z8¡ 282

t52?23??? 082182 lt7

25?tå{tII ?82193t92

¡ 5?2ò92ó2 ¡8?175 l8?

t52lJlJró r8?¡¡tJl8

55258r60å 092 8r 9t

ó!28869Jt -ttlllt t5

85?52?509 -tlr10t 99

-t622?5 l -6 I I ll9 t00

-6 å 2 265 258 -5 I J îÁ9 990

-5 ò 2 208 209 -{ I J 231 ?50

-J 6 2 r9l 7r2 -J I I t52J lt70

-? 6 2 5rt 5t7 -2 I 3 óll 58?

-l ó ? r52 rst -l I r {2å {}I

0ó2r5Il¿¿ 0lrzzr?71

l6?{t6{t5 I l¡500501

Jt2159350 2r!flt889

| å?219?85 tl¡7t868r

56?25{?51 tlt5055r9

7ó?{?t{$ st tót2ó70

-¿72 93 ßl 6ll10 8ó

-57?]l{tJr 7ll5 530

-{7?ß8 l5l 8lJlt2 lls

-3t?295?68 9lSlJtr?ó
-2 I 2 t5? t08 -t 2 5 ?56 ?55

07 226729t -82I l8t 16?

r722?6?10 -7 ? J ó{tó6{

27215:t5l -521ó21 ó27

3?2{90r70 -r2Jt7r578

t 12 tLt 20 -J Z Ill0ól08S

572Jóó3tó -2Z t?Jl 23l

ó 7 ? 99 6{ -l 2 t ?J?t 22?l

-¡ I ? l2l lJå 0 ? l l 2 lt?s

-2 I2l3t 9ó I ? 3lJî¿ l¡å2

-l 8? 88 lll 22J509t¡7



ç0tatr|ç1-
0?80ó8tçt-

0lz16ztçt-
r8t 061 tt9-
rçsltçìç¿-
ta¿ ¿01 rt8-
lll¿srr|8
9ç¿rç¿t|¿
ófls¿ttt9
8t9¿t9,tß
6Z¿¿r¿ti'
0ó¿¿0tttl
$tç0ttt¿

¿r 0å t I r

¡9 r¿itt t 0

8xI 9I1I' t r-

¿lÙ9tllt r z-

8r80t8itt-
¿ç ¿a llt-
lt9¿ltrrs-
r9tt|ttt9-
tol 8¿rt!¿-
tlnrrS-

r¿1 ¿91 ttÁ-
t¿rtflr1¿
I¿¿ÁO¿IIq

99¿¡lZttr
ç8¿ 8t8 lII
¿çç08çt1¿

t¿¿99¿tIt
8¿t90tt10
r1¿¿t¿ttt-
0¿s¿f0rl¿-

9¿1 ð¿?|l'-

8ó1 ogt tt ç-

ô9t¿çttt9-

lll ¿$ ] 1¿-

t¿¿t¿¿t1ô-

tot¿llr¿6

¿ö ¿ó r¿8
l9råçrr¿ç
8t¿D¿t¿t

00¿ ¿ì¿¿

¿ltlstÌ¿¡

8 18 r¿0

109 IItt¿t-

ó8r0rçr¿¿-

öö tt¿t-
ç ¿Îtr¿r-
ç01 8å ì¿9-

98 Í¿tt¿8-

t)¿ìs¿r¿ó-
ç¿t9¿llló

¿¿¡90tlI9

t8lçsrrÌç
¿tri rtr
tltl 9trl I I f

¿901 ¿tl¡ t I ¿

St¿|ttl

1¿ó¿0at¡0

ots8tç)r¡-
¿91 q¿tlt¿-

ç9?t0¿ìt1-

¿ I ö9ll t I t-

9r¿ç9¿rtq'

¿ötç8Irr9-

8å9 r89 I t¿-

¿tf t¿Î ìt8-

6t1 8St) l6-
ó¡rr0¿tI0r-
¿çr8!r'0ó
òt¿98¿108

tot0¿tr0¿
69¡t 0 t r 0I
989tò9r0r

t' ç¿ t01
tçÎ 0¿l t 0¿

nórtóòrt 0 t

r¿r¿1902' 0 0

8?t¿'r|¿! 0 r-

0r¿rt8 r 0 ¿-

ríl ¿t t 01-

9¿¿9r¿t0F

s8çs¿lt0s-

9Sr¿tlt09-
r¿ 9ú t0¿-
08¿t¿¿t08-

¿lln9t0ô-
l¿t0¿tt00I-

9t flt18t
l9r 1¿I 18¿

'l¿ 
¿¿¿ 18 ¡

¿¿¿0t¿t80

Á1991?I8t-

1r¿t¿¿I8¿-

s0çôtçI8I-
rç1 881 tAt-
ì¿s¿¿çr¿9

¿ç¿¿5¿t¿t

fot80tt¿1
rÄ9 I89 1¿¿

¿¿s05rt¿t

nr tql 1¿ 0

¿t¿ôt¿t¿t-
SotlIIt¿¿-
¿ì0t ¿0rI 1¿ 1-

¿9¿88¿1¿S-

t¡¿á¿¿tr¿
¿¿z6121r9

t¿Î 0¿t I9e
t0ç00tt9t
trçt¿çI91
I¿rf8tI9¿
61¿888t9l

t9¿1¿¿1t0

180I ¿90I 19 t-

98)14i19¿-

z8I ¿tÎ 191-
9ItIt|19S-
¿l I¿ 199-
68t ¿81 19 ¿-

¿t¿90¿tt¿

¿l¿¿t¿Içç

)8rç¿ttç)
¿0¿t8tIçt
t9çr¿çtç¿
8rr80ttçI
¿tl çö1 tç0
0$t8ttçI-
s8lt0¿1ç¿-

¿slz8t1s1-

ó1¿9t¿t9r-

¿0t00tIss-
ó0r¿0ttç9-

OOIIOITç8.

çt¿ól¿tt¿

ó$ssrltt
¿0 8a t'¿
98 90ttrI
0sçots1t0

0l)Eot1 t I-

¿ô1 ott 1t ¿-

lrççlçt|1-
ô¿ç9¿ç1rt-

9óltStrtt-
80rl¿rttt-
¿tI çtI 1t Å-

9¿¿¿1¿tt8

9t¿8¿¿ttl
¿t 0ó tt9
¿1å10ütts

¿¿t¿¿iltt
¿tr008t1t
89¿I 1¿11 11¿
¿¿8004f1t

tá¿¿8¿1t0

ó0tltt11t-
0t0t¿90tt t ¿-

llr¿tr¿¿l I t-

8IIr9trlÌ-
ßq ¿îltt 1s-

0 9çt 119-
8t ¿lt1t8-
¿|9 1¿l I ¿¿

BtI¿$tz8
6Í çlt 1¿ ¿

8¿¿¿1¿r¿9

tgróllI¿ç
8llrltI¿t
18¿9t8t¿t

ço 7

rsvË0Inl uo.J slol]vJ lSnlSnuls 0ll!rlìStvJ 0rlH 03¡81s80

3l0r0l0t ì ) H JJ0t0J0t I ; H



08åsåô9tt

óó9¿¿¿911

¡90I 0l 9 t I

¿8SS8S9t0

tóI ç8I 9t ¡-

t¿t ¿tl 9I ¿-

sçItts 9 t 1-

tó't8¿tIt I t-

çtt|0'9Iç-
s¿80¿8919-

t¿¿ìó¿9rt-
0¿ls¿tttó-
t8t869908

10tç0t901

t9r9fl909
I¿Iì¿I'Oç
tr¿rlt¿rI0 

'
Ztlu90t

/¿lllr¿t9 0 ¿

t69¿¿rt0l
si8 1t8 t00
89¿¿ ?r¿¿ r 0l-
¿rll 88ll I 0 ¿-

9t8¿88901-

tt¿11¿90r-

çôs¿¿å90s-

t988t8909-

801 IIt90¿-
0t9009î08-

I$0¿t900t-
{8t9ôtç8t
Itfå¿tsE¿
t¿r¿Dt8t
t9t¿ç|ç80

I8I 9átS8l-

9¿tt¿Iß8¿-

ß1¿tgzS8t-

¿tr Issr-
zrçl¿ss¿t
tst ótl 9¿r
1¿¿¿t¿ç¿t

8çr8||ç¿¿
t9t99ts¿I
0llò ç¿t-
1¿¿8t¿ß¿¿-

ó9 6tIlal-
1¿1 0r1 q ¿s-

¡Ît99tq¿9-
9 9¿¡ç19

9r¿ô9tß9t

Ifl09rçtr
¿Ìç0tçg9f
l9¿85¿gtt
16¿¿8¿S90

t6t8ótç9t-

'¿tt9Ig9¿-
8!1 Stl!91-
¿0tî¿tt9s-
rçr¿9tç99-

9TIIOIçç¿

0r¿E¿sçI
t8rf8tççt
ç1¿¿¿¿çç0

¿ú¿srzss¿-

8¿1 81tçç1-

a8t¿6tççt-
t¿¿Ìr¿sçç-

1çIttrç99-

¿¿IS6tçS¿-

¿Àr ¿çtß-
¿a¿¿s¿çt¿

¿8 ó8 çrç
¿ì¿tt¿slt
¿8tt¿tst¿
t88¿r8Srl
g¿l ìçr0
9lrlafltr-
ofi99tç|¿-
Ät¿8r¿çr1-

ç¿ 9rttt!-
08 8A 9tS-
8¿l 0¿l tt9-
¿lr06lqr¿-
¿¿lI çr8-
8¿¿ ¿Sró-
9t¿0t¿çt8
rstt?t9l¿
¿8¿88¿tt9

t¿ó0¡tt1ç
¿çs¿¿sçtt

srl rlrrII
tror¿rotç I ¿

r89r¿9SIr
$ ót çt0
98tr¿tç1¿-

It¿8ç¿S1t-

stt0¿çç1ç-

zt8áI8çt9-
t9¿¿¿¿çl¿-

8å¿t8¿çt8-

òI¿tt¿çtÁ-
s rútç¿8

9ÛAotß¿¿

t¿Î ¿¿tß ¿9

sòÎ rals ¿ç

r09 l¿9s¿t
0t 0891 s z I

109¿r9cz¿

r89g¿çs¿t

809¿9ç920

!8¿¿8¿ç¿r-

0r¿ 001 I ¿¿-

ç0t t¿î ç ¿1-

t80r 00II ß z t-

l0¿ó¿¿t¿9-

It¿t¿¿ßt¿-
0s¿I'¿s¿8-

zgtt8¿918

tò¿tst¿
¿81 0¿1 çt9
llr¿¿9ßIç
¿¿lc8t9tr
t8I¿tzstl
|tò 100I ç I ¿

¿T¿}I¿SII
¿ÄztotçI0

¿9r8å)t¡I-
!¿1 txç I¿-

rö1 ¿0rs I t-

¿0¿89rçIl-

¿1I¿¿ttlt-
¿t89Z8Stt-

ç89t89St8-

r 96tçr0t-
ntz¿tt8t
t¿¿10¿t8l

tfi8ttt80
98tt¿tt8t-
0)lcç)t8¿-
¿6¿ 0t1 l8t-
08II1Iì¿ç
88¿8ÄZl¿|

t¿ltrtt¿¿
¿n¿0tt¿I
¿8I 0åt t ¿0

0!çlzgt¿t-
¿¿t ¿!1 t ¿¿-

¿tz9szt¿1-

¿tI¿¿ttlr-
¿çll9lt¿9-
¿ tt9t
)0t$I)9t
tllólfrrt
0à¿lott9z
¿9¿ç1ót9t

ftÎ 0 tt0
çr¿l¿¿ttt-
oltt(lt9¿-
Iô 8Á t9r-
ç¿tt¿t|11-
I9I¿çITç¿
tç ¿¿rtç9
¿n!0ttçt
rzlg tsl
¿0n¿0¡tr g I

sSslôttç¿
Ir¿tÎ¿lsI
0t8¿08tç0

óç9otslçI-
99çt¿SrçZ-

Jlot0l0tI ¡ ll 3J0t0l0It t N llot0J0t ì t tì tjor 0l0I'ì I N 3l0r 0J0t 1 r fl

þ97.

3sliìJ0)Ill uoi s|0llvr lsmtn8ls oltutnll9l onH 0lÁNls80



265

0¡st8vÊ0 fir0 cßLc|jlArt0 srßllcIURt FAcIoRs [0R cLIlioctAst

fi x t l0F0 loFc t1 ( L l0F0 lofc

51657455î

tló9ú?9ó8

7l á {99 8

8l6l{î158

-8 2 4 181 t72

-ózó 88 72

-t2ólt6 l5J

-{2t16å{Ár

-J2Al50 92

-22¿(ó{{3á

02b2t0227

22620tn6

t2ó2?32t5

5261ô8t{S

82àl3t 7

-8J ó lt8 1{2

-7Jó 9t 100

-óJó25t?J5

-5 1å391 J90

-{¡ô{r8r79

-JIó¿åJåAO

-2 1å t?5.tJ¡

-lJó 9S ó5

0 t¿?81 28¡

lló7Ìó801

2JóJ15TJI

JJó t¡98

{tó50s501

5J å lt3 lÄ9

a¡¿s65s52

t1t20820{

8¡ól9Jl78

-8{ó{9{{89

-7 I ó t0{ 102

-6{61{5{?ó

-5{ó{rår5l

-{rôt07{00

-lró{32{27

-2rå8J08tl

-t r å107Jlllt

0tåó2Jôtl

rt¿tjz{37

2tù8tr8ts

{{6tó7t{0

3l t t?6 llJ

6{ôlsJD0

7{óll{102

-85612?lJ7

-75ó129J27

-6568á28t{

-556J02 112

-{5¿8tJ8{0

-1 5 6ó6{ A{¡

-25å2J62J8

l3ó509t2ó

?só 150 lr5

J¡ó?l8Z5S

{5ó7Jtllt

s5óJ65tå?

a 5 óó71 ó50

75¿t0{10t

-t¿612{ 9å

-5áôJ?8¡1ó

-róó5t{5só

-2ôá¿2t618

-lóól?ôl{r

0óó 2rl 25t

2Áót2tllt

l6ålrr165

5ó63?{r?8

ó6ó18¡2r2
-ó76?0tt8I

-57ór5rl?2

-2rót85t7?

076?5925J

176?0r180

?7ólt5 lr¡

J76?t¡216
-!8ó?t720¡

-?8å15{ßl

-r 8át35 ll2

08t2{6??{

l8óÍJD?

28ó29JJoS

-9 l7l9rl9t

-8rtl89J8r

-6 l7ór{Åtl

-5 l?925898

-r I 7 ltto lJt9

-1 17 07308{

-2 I tòtJó82

-1 17210209

0171200 l2?t

ll7?8É?98

2l tltolll9?

r1759¿59t

SlTl lD

úIrllS$l

7l7 t lI7

81710 17

-927215 l8r

-827Ztr2lB

-7277St7å5

-67t7t??t0

-t?r59259t

-{2755¡550

-t2)8J¡8Í

-2 212507?5?t

-l?1599ó10

0 2 r?J292Jt{

r27 r¿2 ló7

??7lt8 ll0

3?7ò 5

t27J7tt76

52rlr8Jls

a?r B5tá

t ?t 261 2$

g2t522sIt

-8r7J lt8

-7J7ll7 156

-6J¡598åll

-5Jr88{86J

-{ J 7l!?tlJ90

-rtr58858r

-23786t888

-r¡7t?{t35

03701J8t7

2 J 7t{25 lt5l

J 57 J?7 llJ

{J77llá81

517?07 180

ôJ7{8({ró
-6{¡ll¡lll

-5{7Jlt32?

-3{rt68t8l

-2t733óJ9á

-tt7l?3t{5

0lt¿{7ót9
l{7JroJá9
2 t I 7b0 71t

Jrr20t2
5(7 88 r?

at7t2{ ól

7t7ltJ st

-8571Ì8 1¿l

-¿5tJ08292

-55719á180

-{57J28t?l

-¡57{{6{{t
-?57119r28

-l 57?9rJzt

057t22 t

1572t22¡J

2 5 71ó1 ¡8r

t572J22r2

t5719ô¡18

tór28sztt
-¿¿I u0 lot

-tó7ztJ2{t
-ró718À18{

-J¿tr90r9l
-2ó79039t0

-ló 7219 192

0ór9{2tJt
2ô71ó5207

J¿727å2¿l

(ó7180 178

5ó ¡ 208 lrt

-5?7J9óJt8

-r77ú$ôt5



266

oBslRvtt Al0 CALcULAIE0 srn|JcrusE fÂcr08s f08 cL l0lLAst

H K Ll0l0 loFc H x tl0F0 loFc lì r( Lt0F0 loFc H x Llot! loFc t1 K Ll0F0 l0Fc

-ttr2{32Jt
-277{8t181

-ttt2{J?53
077{0rJ92

277610ó20

J77105 llt
ttttSlJtó
-r87rt8{31

-287188t7t

08tt7tts?
18t302302

-t08u028¿

-808t00 {t

-r08202 ltt
-408s9{sÁó

-508{0{{01

-{O8J¿SJó5

-l 0It0?7 l0t0

-2082r92¡t

-l 0 81905 lr¡J

00885r861

l08t{ót8l
2 08 8å1 87ó

J08818022

508387tr81

ô08tottål
80819t163

-tl8ó?t6?0

-8 l82J¿2{2

-7t855t5{9

-¿18 87 ó9

-5 l8 JÁt ttJ

-ll8?5r2{5
-¡ls{Itfl9

-?¡82å7?¿5

-l t8lJz ll¿

018ôt9t2l

I I 8llt9 l176

2t8ÁÁ7ó60

¡l8Jl9¡!5

{1872tr08

518¡65ról

¿lSlJtJ{0

? l8l¡9 l2r

8l8l5r Í0

-9 2I lll 9t

-828 88 83

-Á28 8l ??

-528Nótzt

-{28129!t{

-J28l8tlgt

-l 2 8ó{7 ó7ó

028?08221

128J98t20

?28220?0J

128168 l7l

{ 28193 l8I

5 Z 8102 ll8

ó2810ålJó

-938JIr119

-8 1818? rú5

-7J82t723ó

-5J0 t?5 lrô

-tt8207288

-J382J2239

-?3825t2J{

-1 J 8 J23 t28

038198 185

IJSllt3!t

JJ€ll] rS

{J82Ír92

t38??82t8

á38 95 t?{

7l8 tå6 I]l

-sr8 90 58

-t(8r18Dt

-6{8{ót{t{

-5 r 8210 192

-r{822t?31

-J{86å0ô80

-l I 81080f09t

0r8{0¡t08

l{829{Jß

2{85?95r9

Jt8tso556

5(8J6r¡70

ól8l?5 l{0

-7 S85ll 30t

-658?{t?t9

-5 5 8J08 ]lt
-r58127 86

-3501ól{80

-2582tt252

058JlzJlt

15 0161 802

258{llßt

I58{å2t9l

1587?2tr8

s58l7tt8t

Ásr20rl95

-ró8tr820t

-lóg?Jl 2{l

-?ó8178 ll9

-l 68ó78¿7t

0ó8{8t{81

låst90¡9¡

2å8{tt{5t

lù8t7521ò

568t7tIr8

-578 9ó ¡11

-{¡82r52t0

-378 9l {0

-?78torrlJ

0 7I rJt t

2t87t6Zlt

-l 8828ù Zlt

-rl9lr¡tJ8

-8 192t7 25r

-ll9llJt{ó

-ö192822ó2

-5 l9 22r 210

-{19{J9{ló

-?19190 192

-lt1?82J00

019??{zlJ

I rllJo lzJ

Jr9289290

II?t95t18

5l9llålJl

6l ?511 58å

tttl08 75

-9293{SJ3t

-829t02S08

-6217 7t3

-529 l{21

-22958059t

-l 2îtt5 lst

029t8570?

l29tll 991

22988?925

3297998t5

t29¡t?stJ
ó?9?9028r

,2r?0ó228

-8¡9t9t389

-tt972t7tJ
-óJt?Jl??{
-tJrr7Jt7ú
-rJ9t{0stz
-rJ9l{tlst
-ll9t8rl8?

0r92502tó
2J9l9ll8ó
ll958Só08

tJ957lSùt
tl9{ólr5r
¿J9I8J7t8
-Bt9 t05 l0¿

-7t9lJztJt
-å{tlsò3s9
-5{9tt{Jr8
-Jtt2¿2277

-2 t 9205 190

-ltt?lî2

lt9r0l 2

2tr$9t8€
¡t9¡9S199

{t1200208

st9299298

ótt 170 ltô



811 8¿l tI I I

$t 8st tIt 0

¿It ¿st Ìr I r-

t89 ró9 It I ¿-

t9¿ ç9¿ tI 9 1-

0!t tlr rr t t-

t¿¡ t¿I II I ß-

1¿r 8¿t nç z

r9t ¿It lt s I

fÎ¿ ¿1¿ ç 0

r nt lrs r"

091 lll rr ç t-

s8¿ 18¿ ç r-

8¿t I11 tI ç 9-

0 z¡t trI I

8Ct tll Il I Z

¿$ tóÎ tÌr I

8 ott llr 0

lós 109 t r-

óÍ 1|1 r ¿-

r¿ 88 r r-

ß91 ltr Ir r r-

9Z¿ 80¿ lt t q-

8fl 99t nI I

st l ltt t

ÎaÌ çst Il I I

Aö¿ t|l II T ¿

ró9 6ó9 lt I I

rg8 tç8 It I 0

Î¿t ¿ô ¡t I t-

009 0¿l lt I t-

Ä28 9ôl I l-

1'I ¿¿I II T ç.

ogt Á9c I9-

¿s¿ 8t¿ II ¿-

|9¿ 9t¿ I8-
tðt 9¿r ¿ I

¿?¿ $¿ II¿ I

ó9¿ ôS¿ lI ¿ I

¿81 0¿r ¿ I

OIl 8¿T II ¿ ¿

19' r9t ¿ I

ô¿î 8¿9 II ¿ 0

19ó 9tó II ¿ t-

9O9I 19II II ¿ ¿.

8ll tçÎ ll¿ t-

8ç9 ¿q9 tI ¿ t-

I¿t 9n It ¿ ç-

91¡ 9¿t Ir ¿ 9-

¿01 s¿Î II ¿ ¿-

9¿¿ t{¿ Il¿ 8-

8óI 9¿f lII I

¿b ¿9t lt1z

¿çt çt9 It I I

8S¿ 
'ç¿ 

II I 0

8rr nr I l-

trr 8¿r t ¿-

ló ¿6 r l-
9r¿ 09¿ rr I l-

9çS ç9ç I9-

101 I01 Ì¡ I r-

9¿¿ ó8¿ lt ¡ 8-

ta l0l 0t¿ t

ts¿ 69¿ 0I ¿ 0

¿¿ t¿r 0t ¿ r-

În 801 0t ¿ ¿-

8l llr 0t I 1-

8Sr )9r 0t I I

6çt 98¡ 0t î 0

l¿t 0$ 0l t l-

08ç ¿93 0l 9 1-

EÎ| 9¿t 0t 9 r-

¿ç9 ¿99 0t ç S

IçI çII OI ç 
'

tr9 ö8ç 0t ç I

ß9¿ t¿¿ 0r s ¿

5¿5 Áß 0Iq I

5r! r¿t 0r ç 0

ålt 9r1 0I ç I-

!¿r ¿Ît 0I ç z-

ró¿ 8g¿ 0l I î-

¿0tÌ 0 t 0t I s-

8ff lll 0lI9-
09t 891 0t I t-

9¿¿ ¿9¿ 0l t I

¿ó¿ Ì8¿ 0t r I

fçî ttl 0t t ¿

çaç 98ç 0t r I

¿9t 0 0tt 0

¿9 îßÌt 0t r l-

1 00t 0¡ t ¿-

rrrr 0ö0I 0r r 1-

8¿l ¿¿t 0I ì t-

tÄ ¿8 0lt 9-

s¿' 08t 0l 
' 

¿-

¿1I ¿¿t 0t I 9

ç01 ç0t 0¡ r ç

19 î 0rt r

0¿t 9ót 0t I I

9Zt 81t 0r I ¿

r¿f ¿¡l 0r t I

8¿r 8$ 0rI0

¿¿r ¿'l 0t I ¿-

ç lÁr 0l t 1-

9te 8¿s 0t I ß-

n¿ 8)¿ 0I I ¿-

ççt ó't 0t ¿ ¿

8¿t alt 0t ¿ 9

!n 9lt 0r¿ t

ó6 ó0t 0t¿ I

ItI À 0t¿ 0

t9¿ aç¿ 0t ¿ I-

96¿ 8t¿ 0t ¿ 1-

9tz ¿t¿ 01 ¿ t-

9çr 8çI 0r z 9-

¿ ¡0¿ 0I ¿ ¿-

t¿I 1ó 0I ¿ S-

LL¿ IL¿ OI I I

9|¿ 8l¿ 0I I S

ç¿¿ 9¿¿ 0I I t

IBç ÁçC OI I 1

¿II ¿I' OII ¿,

I 1¿¿ 0rt I

ó61 88t 0I r 0

18r rç¿ 0I r r-

¿rt I 0l I z-

¿ó8 ¿ç8 0t I t-

¿ir t9r 0t I t-

a¿rI 99tI 0t I t-

08¿ 08¿ 0f I 1-

Iot l 0t I ¿-

0?l ¿ 0t t 8-

8¿ç S9t 0r 0 I

Ì¿t ó 0t0I
¿t¿ 1¿z 0l 0 l

tot å81 0t 0 I

¿ì¿ 9t¿ 0t 0 ¿

ó09 8åt 0I 0 I

óål t6t 0I 0 0

lI tÉI 0I 0 I-

¿91 ç¿I 0Ì 0 ¿-

l¿¿¡ ¿¿¿I 0t 0 I-

ô¿1 S¿1 0I 0 r-

lt¿ t0¿ 0t 0 9-

¿0¿ a0( 01 0 ¿-

¿0t tot 0I 0 8-

llt ¿tl 0t 0 ó-

ç8 tó ò¿¿

III¿}Ió¿I.
¿ltt¿t6lt-
¿$¿lla9t
¿¿ì99tÁ91

sól¿¿rå9¿

1ô1 0ótô r r

0!t rll 690
çn0¿t69t-
ìtÎ Î¿t a 9¿-

t¿ ¿9t-
¿Îtr9I¿9t-
8nflta99-
¿0t0nò8t
0l¿t¿¿6s1

ç¿l ¿81 ôç¿
ó9t¿ç|¿çt
Ió¿¿6¿6çI-

ç¿1 9tI 6ç¿-
9¿¿9¿¿rqÌ-

00¿(0¿óçç-

0Ä 8 óç9-
9¿t8trót¿.

L9Z

l5ullolit'ìl uoj sr0lSvJ lunt3lìuls 0 mlfl 0tiu 03ô81s80

lr0l 0r0ll x H ]lot8l0ll ) f



268

0EstRvtD All0 cALluláIr0 slRlJcÌuRt ¡ACI0RS foR fttr0tLAs€

fl x r. l0f0 loFc H x L l0F0 loFc

z ó l?2 lll

! ¿ lt l9t ?01

-2 7ll 9l tó

0,ll t2l ¡8t

-7 0 12 210 207

-¿ 0 12 út{ ó?t

-5 0 12 ?lt 222

-l 0 l? 271 2¿l

-J 0 l? 186 200

-2 0 l2 {07 8

-l 012 87 {5

0 0 t2 Á1ó 688

I 0 12 898 88?

2 0 12 l¡1 135

3 0t2 8 0

{ 0 l? ¡71 t¡J

-8 I 12 555 5tó

-7 I 12 tst tsl

-¿ I 12 t82 170

-5 t 12 l8¡ 162

-J I l? llt l2ó

-2 I 12 lst Jå0

-l I t? 586 561

0lt2 88 Jg

I I 12 2{9 Zts

2 t l? {15 t28

3 I t2 5?2 5J2

I I t2 l¿7 ló0

5Il? å ó!ù

¿ I r? t3t 129

-5 2 12 l3l tó5

-2 2 12 28t 299

-t 2 L2 221 2t3

0 2 t2 ,t5 2S8

I 2 l2 t8l l8J

2 2 t2 l2t t27

J 212 90 l2ó

t 2t2 l2t t0

-7 ! t2 92 lot

-ó Jl? 9g 7l

-t J 12 ,03 t07

-2 J t2 t0å lÁ

-t I l2 2{5 2J9

I I t2 108 Jot

2 I 12 ltl r83

J ¡ l2 25J 216

5 3 l2 257 ?6t

-a I 12 t{8 Jst

-t I 12 20? 2{0

-J tl2 92 80

-? I l2 ?lt 208

-l I 12 lot t9

0 I 12 507 502

I { t2 ót0 ¿00

3 r 12 522 519

{ I12 206 l$

-5 5 t2 152 lt5

-t 5 12 190 lt8

-J 5 12 122 l2I

-2 5 ¡2 J?l Jl9

-l 5 lz J{6 J{0

l512 lot î5

2 5 12 {tt r80

I 5 l2 525 5t2

-t 6 12 t59 tJó

-r ó t? t0ó It
-2 6 ¡? ¡tó låJ

-l ú t2 llJ îJ

0 ó l? 506 189

I612 Jfl J2l

-6 I lJ 8 ó9¡

-5 I lJ 3?? Ï3

-t I l¡ 52ó 5S0

.t I lt l?a ll2

-2 I l! l8t llt

-l Il] sot {8s

O I IJ IJ8 I]J

1 I IJ JI5 JJI

? I lt Jlr t52

¡ I l3 t?r 139

r I l¡ óó{ ó81

5 I lJ ?31 ??t

-7 ? lJ ¡lJ t22

-ó 2 t3 2ó? ¡{8

-t 2 lJ 558 58á

-l 2 lJ 80r 8lt

-2 2 l3 799 79J

-t 2 tJ 591 S6t

0 2 lJ 989 t¿2

¡ ? lJ ?02 l7¡

? 2 ll l0Á2 1061

I 2lt r?ò 90

{ 2 rJ l7t I72

5 2lJ Í8 l{0

-7 I lJ 170 l9J

-ó ¡ tJ 719 r8r

-5 r tJ 20r 2lJ

-r J lJ t8t 50J

-J J ll l1¡ r79

-t I lJ 288 Zå7

I J lJ l{t t{ò

2 J lJ J0å r?5

J Jt3 lot 5t

I 3 lJ ó?9 ó89

-5 { tJ 150 153

-( r IJ ?r1 ?)7

-2 r ll Jlo Jol

-l r lt rzt 05

0 I lJ 153 r79

2IlJ 2 228

I I 13 195 tó5

-5 5 ll ?0r ??5

-{ ¡ t¡ ?10 ?17

-? 5 r! ?57 2

-1 5 lJ zez 281

I 5 ll J15 J08

-2 ó lt lr{ ?81

-r ó lJ 25ó 22{

, 0 t{ tJt {18

-5 0 ll 9 t25

-t 0 ¿29 ó7J

-! 0 lt 8t8 912

-? 0 lt lJ2l lJ0{

-l 0Í 27s 261

0 0 lr r87 !å8

I 0l{ 2¡6 zJl

2 0ll toJ 17

J 0 t{ 157 l{6

{ 0 9t 87

-7 IÍ r5J r27

-á rÍ {51 tlt

-5 r r{ 7J? 750

-t I l{ ó6ú 0

-l I ll l5l 160

-z Iß t0! t2å

-l I t{ l2g r08

0 I lr 820 71î

2 I r{ 55t Í10

I I lt ?8t 2¡l

{ I lt Jot J06

-J ?tl 208 2?8

-? 2 l{ 285 28t

0 2l{ r¡6 15t

I 2l{ 9r 2t

2 2lt 109 9t

r ?t{ ll5 ll
-ó I l{ 289 J02

-5 I la J6t J68

-¡ I lr ?J? 258

-I Ill l{J lt?

-2 I l{ l1¡ l{8

0 I lt {lJ {0J

2 J lr 270 2òr

r J lt l6t ltó

-5 I lt 20! 22J

-{ { lt {îJ 502

-I r l1 {90 {9ó

-? { lt 83t 8lt

-l r l{ 29ó 270

0 { 1( t67 t¡t

l rlt ts l0l

-J : lt t6J ll5

-l 5 11 l8¿ l¿!

0 tl1 t 58J

I5t{ 9{ J0

-ó I l5 l2r ltt
-s I t5 190 l9?

-? I lr r{t 3¡9

-¡ I t5 25t 25ô

0 I tt l{2 ltó



269

À.3 EUCHROITE

oBsfIÍtD tfD c¡tc0tÁt¡0 slr0cn¡t tÀcto¡s tot tocflotl¡

¡ I l, l0¡0 lolc I r [10t0 lotc I I tl0r0 l0tc ¡ t tl0t0 lo¡c B t f, t0¡0 l0rc

{51 ¿29t6l 0tt{{6{tE 008 106 rot

55t 10? ll? trl tEt t96 t 0t316tot

551135 lll 2f rt?0 lll ¡0t158t{6
06?l2tl22 ttl9t 9E 0tt¡ôtt6l
l6l t9 65 {?r161 163 tlE f 3r{

16126t?56 lErl25 lt6 2tt? 259

361??t2?0 2Etl6tl59 rtr281 260

l6rl35t?0 tEtt99 IEE {lt20tr98
55t 183 160

5l8ll{116 {3ü29E29¡

02El{5 135 0{E125 l¡0

l¿E2r{239 ltE?52229

¡2E51{5¡0 2{E¡ l6t

0tEl{9t¡l 3{E109 90

1¡t3{t¡r5 05Et{Î t?t

218 262 2tù l5t222t¡3
¡38¡01 296 ?5EtEs 165



¿6¡lô¿tlt
90llt¡0¡t I ¡

ô8¿16¿t¡9

69¡09ettç
6Ùt09trl
¡99rfl9tt ¡ I

ftt90!tl¿
lûrNtt¡Ì
tge'l¿t¡0
3Ì¡r8tt0,l
¡t9¡t!l0tl
60¡ SI0¡l
l¡ll9tt0n
18 8S t00t
199 

'99 
I06

t9 r0I
l1 9S t0¿
l¡ ts t09
t9tsllt09
9'¿!9?¡0t
tg'tgrtrr 0 t

tgl¿9tt0¿
8901 ¿8 I0l
e0¿ tôt 0 lt l

¿tr 901 0 tÌ t

r¿¿ 9¿¿ 0 ìr I

t9¿ t9¿ 0 rr 0

690 9¡t 0 9

6t¿ ¡Ì¿ 0 Êt t

6 8 0 I

çl lg 0 [r¿

l t 0 $I
!U 6tr 0 ¿¡9

0!t ô!t 0 zt ì

9 69t 0 et I

I ç 0 etI

699 ç 0 ¿t¿

¿¡r 691 0 ¿¡ I

IIô 9ô0 0 ¿¡ 0

nt t 0Iô
60t s 0 rr¿

0rg ¿tt 0 tr 9

6I¿ O¿¿ O I¡ 9

glt ¿lr 0 r¡ t

l 6 0 rrI
001 ¿r9 0 0l 0t

$¿ ô9¿ 0 0lI

l8¡ ¿6¿ 0 0t I

'¿¡ 
¡ 0 0l¡

00f 8l¿ 0 0r I

80t )lr 0 0t ç

lrr ¡¡9 0 0t t

ç ¡ 0 0t0

0s ¿0t 0 0t¿

90¿ ¿0¿ 0 0r r

ç?c ¿tr 0 0r 0

0?¿6æ08ô

¡!t¿!t06s
909t6ç0ôl

II¿tSg069

00r88t0ô9

061 69¿06t

lllrfl08t
¡I'0¡06¿
¿r9 !06t
tgt09f0s0t
69¿19¿0st

¿ll 6110tc

0r À9 0t¡
IgttÐ099
t¡t6 08t
INIt'I0gt
tt8¿'908?
ß¿0t¡091
8¡0¡990t0I0

99t0çt0tII
9l¿¿0¿0¿01

l 0¿t0t6
6 tlt0ts
8ô 96 0lt
t08r080t9
099¿t90¿t

NII¡IOIO I }

9t0l 9t0r0 t I

3¿' t0l 0t¿
r¿l 8n0l¡
egl 6lt09ul
9ô tE 09

9¿0¿te090t

t¿¡¿t¿09t
t6l 90¿0 98

t9¿99¿099

ç8t08t099

¿90t¿tot0 9 t

I tgt09t
00¡61109¿

l8l 6tl 09t
0g¿0r¡090

0l¿9¡¿09sI

0 tgt09¿t
¡9 9¿ 0î¡l
¿0t16¡090t

¿¿lrr¿09t
nl$r099
0$ln0ç¡
0¡01 6t0f0 ç I

8nllt01,
tgll99 0I t

ttt0tÀ0tt
99 et 0ç¿
9t eo't0 t ¡

¿6 68 0t¿t
tgt9900t01

89 tt 0t6
00,06t0t¡
tgtt9¿0r¡
19¡99À0lt
t¡0t0tt

9ll¡n0tt
99St¡t0lt
19 ont0l ¡

09¿t99ft0 t I

9Sr¿$0t0 t 0

08 98 0tt¡
00t9t¡0t¡l

'91 
09t 08 tI

6919¿ttt0l
Nt'69t0t6
8lll9t0¡¡
ot¿t90¿t0 t 9

98n6Êtr0 t I

not¡90t0 t t

6¿t0¡t0¡t
l¡t89t0t¿
c¡99690tt
96 ¡ 0¿

ç 6t¡0a¡¡
6¿98¿90ttl

!0 96 0ttr
9l 9 t 0 ¡ 0I

¡ 80r0¿6

¿199¡90¿8

9ll 90902t

ll t6 0¿t
llll 9' 0 t t

16 l 0¿t
l 9çç0¿¿

¡çttet0¿l
16¿¡6t¿t0 ¡ 0

091 ¿t¡0tI
ôl¿¿'l0t
¡0tnt0t3l
09tt800IIt
08t0$0¡0t
llr99t0tô
t¡t99¿0t8
ottstt0tt
!¡ t9tr019

9¡rç¡t0t9
¿rt6 0tì
toa¡6¡0tN
6¡t6990tt
llllslt¡0 I I

$t99t00tl
6'lç$00
¿ôltot000l
0r¿æ¿00t

?E89¿6009

0¿ 6t 00t
llll çl9l 0 0 t

0t¿

3J0r0¡0rr r r c¡or0¡0t1 t g c¡ot 0r0r 1 t I c¡ot0¡0r1 t I c¡ot0¡0t1 r B

r¡i08sr0t 80¡ st0¡cr¡ tE0¡c0¡¡s ú¡¡t1ûc'ìrc fif (rÄ8¡s80



271

orstNlD ¡lrD c¡tc0[ÀlID sl¡0c108¡ t¡ctots tor r[c¡r0 t

[ ( rl0l0 lotc ¡ r l, t0t0 l0tc ¡ I ú1010totc E I t t0t0 l0fc ¡ f !, $t0 lo¡c

IIr?I 2tr

l0tlr0tl08
lll I t62 lto

ß11¡t5tot
l{ltl00t09
02rl?t109
I I l u{0 llli
211506566

t?19{99r9
r2l59t5¡r
521252 106

5tt{2Et{t
t2t{?0{92
E2t{?550t

92 t 611 6l!

l02tlt¡20t
lr2120t!?2
ß2¡lt8{t0
u!tt5t¡t0
lttt52 105

tSl t{t0
t3lEstt59
ttt 6t5t

5¡r3t0t¿6
6¡t16ll50
1tttrot66
ttt¿Í2216
9¡l{?tr29
l0 l1E5 68

ltl I t39 159

Ittl tE t9

lttl2Sr¡tr
0{r369tEo

I(tt96 t

ttl{ t¡ü

ll Irsl 9ll

{{tlE{{1?
5{t19t2{5
6{t1t9t!8
ttlt5936t
ttl2StI
9{tSEtst8
l0{t t6 110

{tlEE20l
1?{t26t215

lt{1350¡51
05r rt

t5l{0{3El
2515t6525

t S lt?oE1t90

l5¡2 ¡82

55tlltl
651ur{ll
t5tfl{t{8
65lO{{t6
951t¡t2it
l05t2t?t9t
ll 51168 r{E

l?51l¡t2¡t
t¡5125û2
0 61ül lt?

¡6tt8682¡
26 t {ô1 50t

tStE¿9tt6
{51{Et{9t
551It6 1f5

6612t6 t

T61 6?ü

E6lt252l2
98t{6ù{6?

t06t¿19¿r8

Il 6l ?t9¿ll

t¡6rlt2 lt

0? t5ll slt

Irlt9tl
2tt6t6 r

ttlt?tE55
rtltEE{52
5ttlgE2r3
6r1¿15210

ttl6?26E1
8rl198 19?

911!?l¡8?
l0fll t3r

11 1¡ l{t t3l

t¿lll It6

0Ett09t?l
ttlSô360r
ttrlt5 6

3tlt956lt
{tl 32t5

5t1120?2E

6lt?16??9

?61rr5rúr
Et1zru225

tt¡ott6r
l0E I t55 1

ltElllttlt
09t 6t 5¡

l9lt2{tll
l¡t E$l¡

t9t5 551

{ 912{E zll tt? ! ll{ l?t

5I l lto ll3 6l? I t05 flg

6 9128¡ l'9 ?12 I 150 l{E

191t9& {lE El2 t 2l0 ¡ll

t 9l ¡l¡ l9l lt3 I ¡51 I

9 9l I¡r 2?9 ¿ß I ¡92 19{

l0 9I t¡t ?¡? Ill ¡ 2Et tll

ll I I l3r ll0 {lt r t2e llt

010 I t6E 159 t l¡ r ltg t9¡

I l0 r tE2 ¡9? 6lt I 2E3 2ü

2 t0 t 22t 221 0 l{ r 256 2t9

I l0 I ¡19 155 I l¡ l ?56 2{0

I t0 I {68 {15 t l{ I t25 108

5r0 I 161 ßl rl{ I nt ?2t

6 t0 I lt? tgl I ¡l I 3tt 195

I l0 r ??? 2r9 0 0 I u86 1229

Elo I ?{t t5l l0 2 9?{ E5ô

910 t 2s9 266 2 0 tl¡E{1159

l0 t0 t zlE l!& 3 0 t {6 2ô

0lt I {31 {¡t t 0 ?16t2 l5!E

lI l20t ßr t 0 2 {01 {tt

2ll 1529 !68 6 0 2 ôt {r

lll r i2{ 325 r 0 2lt6 lr2

{ll l3l{ ?99 [ 0 t t98 209

51r l t8 $3 I0 2 {9E 50r

6ll I ?E5 2t{ t0 0 2 6t{ r0l

r1r I r05 t2r 0 r tzl 5?9

tlt l ¡r3 t?6 l2 0I {52 ¡

9ll l l8t tEl 13 0 215¡ 150

0u t 39l {06 012 300 296

ll2 I335 t¡r l I I t59 Sot

lu r 9l ¡09 2l ¡ tfl 0

I t? I {t5 (00 I I t ltzt l0ll

tlz I t00 tol { ¡ t t52 l{6



272

08s¡Irt0 ¡ID cÀ!,c0t f0 st¡0ct0tt t¡ct0ts f0t ¡0ctt0Ilt

I I ¡, l0¡0 l0ic I I t10¡0ro¡c I t tt0¡0 lolc I r ü10i0 10!c x f,, l0¡0 to¡c

5I2 ¡5Ítt

5 I 21156 lrf0

tlt53f5t2
8l2tn$Et
Sltlrtt
l0 12t63 l
lLt222t261

t2 l226tZl{
ßr1lE6tr5
0 2 2ttt5 1656

l I 210{0 l0{0

2t? 8?Er

¡12699051

t222t9228

52216lt1t
6229{09?!

1122ü25?,

ll25956lr
t2222t210

l02lß0 lE0

22¡30u0

1222lot t5

ll 2t 6t 5t

0!?50t{E0

132{0tt{l
2t25{t5
¡32glE9ll
{t2t2{6t9
¡ I 2105E l06E

6¡ttgJE9t
ltttttEgl
tt2tEt t

9tt{05$9
r0¡tt5lfl5

Il32tot109

12321{t159

l¡ltt¿t2?J
0t2t65 159

l{2ltE$¡
2{t{t{{9!
t{2tô{2fE
{ { 210?? l0lô

s¡t65{68t
6{t3 t¡t

ltt¿582{E
E{2t06309

9{rr {t0

l0t26E0r09

l¡t2{60{?9
l2 I 2 366 ¡62

Itt¿¡26 s?

t52619650

252sttstt
t5! 1 t60

{st{{9{tt
55290EtSt

65t5tt526

l5tt90ut
t52I15¡2r
t5tt00t06

1052¿66260

1l 520{{2t
lt522{{251
0 6 2lt{tt8¡{

l6 2l?90 l2t6

tl2s 9t5

l6t 029t

t6t sr 56

56?{10{11

6621r8t80

t62t¿2{¡0
962J12 5

106???t2¡{

ll 62193 ß1

t26? lt 61

0?2{{t{tt
tltt{2 3

?12122 liÍ
112¡9620{

{?2{ö2{8r
5t259Et9t

6r25235ll
trt6106$
lrrllfflt
9t2?{ü2¡t
l0r2 59 EE

ltr2It n

12r1 0 lt¡

0t216ü16!

ttt {{0!

2t2tr{t99
3ü219921r

(t?613665

5E212¡130

6E?2933t0

182231 t¿6

8E¿t¿0 {

9Et3163ô6

l0t2629620

lltl360t5ô
t9¡ll?t{t
29r 9¡60

39?!0?t0?

l9z3lt311
t9259E606

69?2E629?

?9?¡3t299

892 !t

99??56263

t09?n8205

010 ¡ tE3 185

I l0 2 610 591

210 ? 50¡ 5l{

¡ l0 ? ¡{0 J56

¡ l0 I l¡2 I28

t l0 ? tEl 196

5 t0 ¡ 29{ ?tE

r l0 ? 109 toE

910 2 2r0 ¡r5

0ll 2 30{ 2!t

I t¡ I 6t5 63t

2l¡ ? 160 ¡90

¡ ll ? 2{¡ 2{9

{ ll ? 210 ?6t

5ll 2 369 181

6U 2 J00 tlE

f ll 2 {05 {0J

tll t I lt{

0l¿ I 6E t3

I 12 2 299 eEt

2t2 ? tr5 ll(

I l¿ I 116 t61

{ t? 2 ¿9¿ ?85

5l? 2 2E6 2

612 2 lrô I5l

tl? 2106 nf

ll¡ ? fi ?¡

z ti 2 t¡E t?t

I It I {61 {El

¡ t3 2 2?E 26?

t l3 2 326 t?l

0r{ 2 3(0 {

I t¡ 2 310 ¡01

tt{ 2 116 ll9

Il( 2l$ lrE

t0t5!ô50t
20¡r8t 2

r03{ll(01
{035t061t

50363E6{5

603 66 ¡5

f0t2?E2¡{
E03{5t{
90tt?tt86
l00tt5ül6t
120¡?lt?¿l
lt0ttt¡26$
0tI{05r90
Itt5l{510
Il399tC?E

tltlgt?91
tlt6ri66E
5l¡ 160 l8t

6tt t169

1t¡6106?t

E r¡5!9 I

9t¡ti8lt6
l0¡3ß0 l9t

Ittü¡ t

It I llll 128



273

oBst¡r¡D ¡tD c¡tc0[À1¡D sn0ct0t¡ t¡cf08s t08 r0crß0tn

8l l, r0¡0 l0tc I f [10t0totc ¡ f It0t0 l0rc [ [ [t0t0 l0rc I f tl0¡0t0ic

l¡l¡lt?lit
0tl?292t0
¡2t{t6{?{
12tls6E¡9
rl3lEotE6
{23t29 ?

52t5t0str
6? I t29 l¡E

l2¡ r29 ll0

t2tt9tt00
92t{5t{5E
u23 tI

lt2¡tlttN
lt2Il lsr

Itt29t280
23¡{0t{{{
¡l¡56i5{3
ttl{t5505
513¡9t399

6tl¡rt$f
lll¡lt¡i¡
Elt65866t
9t¡ltstoE
l0 I I ltt 202

$32í2
l2¡Jtzl¡rE
0{t E8 9t

I{t¡$3tE
l{lEot t

t{!rztt?t
{{3stt5{6
5{ltss{81
6t¡ 0t{2

t{t211 2t8

E{3S1855r

9131 2l{

l0 I t26225¡

I t 3 l{9 tr9

12{3 t20?

0535¡95¡E

153519526

253?9lut
¡5tt5tt52
{5t601 6{0

55t159ll¿
553t6t165

t5138t390

r5¡{0t{2t
ti¡t{¡125
tl 5t 195 lgt

lt5¡ 150 155

06t{3t(31
t5¡5?E500

26t6t2610

35tstf5ôl
{6t t t

t6tttg352
663?f82E9

?6310t105

E532tt26t
95¡36t$51

t06rt2¡ul
llôtlll l

0t¡lltlt?
Irr 2r¡t
¿tl{28{¡{
tft{!{{t9
{tlt{t2t6

61t { ¡96

1?3lü2{6
Er35r{500

913 Ù 96

t0 13 t5{ r5t

lt?32t6283

0t¡ ?6 102

lEt{6({5t
2t3569$6
Stll lzt

{E3t¡3rS{
5rr¡99¡09

Stt E¡?0

ItSt!62?t
Ert¡96{09
9E¡206?0?

l0Et26tl¡¡
09t26ô?6¡

¡9ttot¡01

.2 9 ¡ OE {r¡

¡9r116tlr
{31{!l{20
t9¡ t¡5 l¡r

69tl{¡t{l
l9t21r¿s5
E9tztlZ?t
9t¡2{??¡E
010 I {6t t6?

110 3 l{r ltz

? l0 3 t03 390

I l0 I {06 t15

( t0 I ¡t¡ 321

510 I 2 I

610 3 195 229

r t0 ¡ 2{6 ?33

9t0 3l l6t

I I130 101

?Í 3 3?8 33E

¡ll 3 219 ??9

{ll ! ?5 {9

rll 3 ¿lE t6t

6ll 3 29{ 30¡

?ll ¡ 93 95

E ll I 3{r 128

0l? ¡ 206 20f

I l2 3 29t ?92

? rt I ¡ll 3J2

{ l? 3 {?? {05

5le r ?13 lE{

5n r IEI 166

0 l¡ 3 29E ¡EÎ

I t1 t 221 Z'¿Z

2l! I {{3 r3J

¡l¡ 3 170 l

{ lt ¡ t9¿ ?EJ

0 0 ll08t1095

t 0 { tßl ltt?

¡01¡6?36'
{ 0{Jol 320

60t62?629

l0{{{t{50
80{511 5

90t t6 19

100t 96 8?

ll0{2t{2¡l
t20{l lt3

0t{185t8t

lt{lEtl1l
21{t05Erg

3t{5{!526
{f{t!!315
5l{90ô9ll
6r{t{533E

7¡t¡5{t5{
tt{t6?36t
9¡{2{9?20

t0t{2rt?19
It{ll8 116

t?¡{¡!93E0
02{lltlr0
t2{2E02E1

22{62t6
¡2{{2¡{lI
{¿{?{trEr
52t600t
62{l2llst
?t{t2¿t?t
rt{ll{ 15

92{S¡t516

102{291 ltt

ll 2 {609612

t?2{?0¡115

0r{ 90 It

llrlsstE¡
?ttE05E26

3t{$1 l5E

ttt{t651,
5319S09¡?

5t{26tt8t
rl{{lt¡96
8t{t3lt10



274

olst¡ÎtD ¡¡D cÁl,c0t¡ltD 5 0ct0u ¡Áctots ¡0r ¡0c¡t0¡Ìr

I ¡ [10¡0 lo¡c ¡ I tt0¡0¡otc I f tl0t0 lo¡c I r tl0i0totc I ( ú10t0 l0tc

99t 32t0

t0 I { 2¡¡ 2¡E

ll¡{2{923¡
12 I { 2t5 ¡{2

0t{tgttgt
I I { lt0l lt55

¡t{r90?9{
rrtes6¡01
{{{ l?9 l5{

5t{2t{293
¡tt5t{5E9
?{{{0rlla
E{{53tslt
9r{ 51 ?5

l0t{120fio
ll{{2(6¿tt
05{Î?t1¿5

lst5¡ô501
25tt{t{t5
r5t?&169
{5{totßt
55{ 9tlt
55t{06¡9t
t5{{6r{6t
t 5{ 1 ?

95{2tô290

t05tlt6t2¡
06{¡0{319

t6{tgt196
¡6{6625f9
l5tl8r{9t
{6t6¡2 lN

56{ tlto
¡t{ 9¡10

?6tl?5¡26
t6{195t05
9¡{{093E6

t06tltgt
ll5{ttg{{t
0t{ 60 ¡¡

tt{ 5t t2

2tt5¡(610
t?{{05{3t
{l.l{gt{8{
51{61¡628

6r¡16E161

?rt2r¡n5
Ef t 261 265

tr{t ,lt

t0 1{ 2$2??

0t{2$2lt
t E {691 100

2Etl tgl

ll{190tt6
tt{11¡t
5tt?5ltEt
6r{trot2?
tl{2{tt56
tt{tor506
9t{llttr6
09 {t?l t¡l

l9 t261 2t{

t9{t5f!ô6
t9t sltE

59{{r0{96
6tt ¡tot
rrttrt{10
tSt ttIS

99t139t29

0 t0 { 209 200

I l0 { t62 2{3

t 10 I {¡2 {rr

I l0 I 2{l 2{9

I l0 | 312 160

t10 { 308 i

610 { t{1 l5t

r t0 I ll2 rE5

810 ( 96 82

lll | 8t 9¡

?ll { 2fi ?2{

¡ 1l { {36 {¡¡

t ll { t{i 3{3

ttl ,{ 3r9 3lt

6ll { 75 5l

012 I l0: 98

I 12 I {8r {6t

212 { t6t ¡81

! l? I 2l{ ¡t8

{u ( lJ2 ll?

512 ¡ ?01 IEt

013 { 3ß 3lr

¡ t3 I rf6 26E

l0tt{tl{0
20569t10¡

t05 t5 E?

105¡{5¡s0
505{6t{65
6052t92{0

t052 220

t05t00291

t0t?Ît2tf
t005 llll

0510 u

0153E0¡81

I15139t5E

2ls2l{?t9
Jl5llttr9
It501 {26

515 96 E6

6t528t¿95

1t 5l{6 l{0

6t5¡28306

9t5285t92

t0 I5 t29 l3?

lltS¡l8Jl{
0?t 9? r0{

l2t 9¡ 9?

¡?563t6{{
¡2$190201

t25lot 9r

52t6?3636

625I?t 9t

?25i¡¿335

825{ltltr
9¿5111 t0

10 I t202 $9

lt?t 6t 9t

0¡5t{¡zil
l3s5t{st¡
? 3 5101 $05

t35t0{l0l
{¡556t566

5l5lE li
6¡5 9t t3t

ft5l{6 5

ttS l z

ct521221t

l03tt¡lts3
ll352{3?'9
0{5!6E?65

I { 5 166 ll5

2{55655{1

t{5?{8226

5t5{86511

6{5t93 116

l{5192ßl
E{5?t{255

9{516Er51

t0{5101 106

055?lr2?0

tttt¡ttlt
2t530¡{¡
t5510¿ l

{55t?¡¡¿t
5rtI'l15t
6t5¡¡tt{0
E55¡6¡t6t
955'66túl
105tt2{t?0

055 6t 5E

lô51{lI{5
26550¿511

t652tt2
{652{t¿19

s65520 1

ô6t i8 rr

t6529E296

1652{fzJt
96512{ 9E

1065$tr59



275

08s![ÍtD ¡ID Cltc0[¡t[D sttoct0I¡ ¡¡crots t0¡ rrcm0Ilß

r r t, ¡0t0 t0rc ¡ I t l0¡0 to¡c

I t 5 53t 5l¡ tll 5 9 2

2 t t tEt 2¡6 t 5119 199

I I 5 Z3t 2(0 012 5 t00 291

{?t138tt¿ 006¡953t6

5?5 t2 tzl t06t5t¡{t
6t5196 l9t 20652651t

1r5 9 lü 306?{{r
It5161 2{0 {06{l{{80
9t5lgElgE 506ntt8t
0t51{llto 606119rrl

lü51?{l0l f 061t2 ll{
2t528029r E062¡t236

tt5t39!10 906210 195

rE5lot 91 1006 59 t2

5E5{ ßl 0161i9t9{
6E¡fr{llt lt6{0t{lt
tlSltrl{t 2tô5fl5t¡
tt! ttr8 tl6l6tt8t
095160fit ttô{0E{0t
l95 {209 516{?t{t9
,95tofll0 ô162{l 151

t95llE109 tt6ßt 2

tts122226 tt6290¿80

595310 t 9ltt?t2t{
69519¿llt l0 1ôt tts

tt5 9t !9 0261t6u{
lt0 5 t¿5 2u t 2 ô 59t 5tô

210 5 zfl 1ll 2 r 6 l8o tst

tlo S ltt ¡0? t 2 6102 t6

tl0 5 209 llt I16 t05 lot

sl0 5lrt flg 5 2 6 2n 0

011 5 t00 6f 6 ¡ 6 rf6 ¡06

l s {05 lll I t 6 652 661

lll 5l{ô 2(9 I t 5 {n ¡91

E I [1010r0lc I r tl0r0 l0ic I f t 10¡0 l0tc

9¿6lEtt80

0t6t53{51

t36tzl{11
236i {0{

3t6¿5325E

{¡6t¡6359
t¡6365t16
6t6{12{rf
r¡610{ll0
tr6335t¿3

936?56?25

0{63{9¡50

l{6 66 t9

2tô{t9t?6
3{66086¿r

t{6293293

5{6r ¡

6{6tEg¿06

1{6103 6r

r{615{150

9{621{¡u
0t6lü1 l6t

ttô¿1526{

250525509

356tß318
t56{f6¡91
5t629?zEt

556lfzltl
r561¡ s9

t561t6?
f66t6055t
266 tl9(
306110 99

{56110 lof

566t6ll5l
666?55?s2

166t05¡!{
866315309

0r660561E

t?6¿r0?5t

¿r6392 l¡l
3?6ÍtfE?
{?6¿10¿t{

5?626526{

6?6?99¡01

r7618{169

0661?5 180

lð6 tl r?

?E636t¡6¡

3E6{13{l{
ts6zzt212
rE6eoEt9E

686tt?llr
l96lô3 lto

?96?99¡0?

39E20¡180

l96l?3 l¡9

596t8tllt
010 6 18 t?

l t0 6 ¡¡t 320

210 6 ?9t ¿8E

l0?l?0t05

20r3lr¡lr
¡0rtgt201
t01?Jt2${
t0tt50351

6013t{U{
t0t2¡{t¡6

E0ttü166
0rt{65{6{
ttl2l?2t0
2r11t 12

{rtt15299
6ltl5{159
ttrr5tl53
02t t{ !9

ltl t0 90

?trto2
3??t!0t8E

{?13803t6

5Z1ZlZZ01

6211E8r91

?21l3Et¿{

E2r t{9 130

0l?{5t{55
l3tr6dlE5
III EE EI

{¡?3lE3
rSrlsEl{l
63f 92 106

fltrzftto
0{tl{0flt
l(t 9r l

?{1¿522s{

I{lIl 195

tt12z9zlÌ
5{rI¿t2¡t
6tt2t8r95
r{l2t{2tE
05r{6t(55
Itr 23{6

tSrlllltS



216

À.4 LIROCONITE

0tstRvto ANo cÁLcurAttD sr8utfuÊE FAct0RS Ê0R R0c0l rt

H f Ll0F0 lolc lr x t¡0F0 lofc ll K Ll0F0 l0Fc il x L l0r0 toFc H x Ll0F0toFc

2 I l0 12{ Jt?

{ r l0 J58 ¡{t

ó { l0 5t7 5t5

I { l0 12r t28

l0 a l0 26J 2ó2

-9 5 l0 Jrt J68

-7 5 l0 100 2J

-5 5 l0 18ó ¡75

-r 5 l0 8r2 789

-l : t0 t29 tJå

I 5 l0 t3t 108

J 5 l0 285 291

5 S l0 ?89 787

7 5 l0 5ó7 Sf0

-t ó t0 lJ3 lzr

-2 ó l0 5t7 tJ

0 ú l0 t2? ll7

2 ô10 ó9 8r

ó ¿ l0 t3t {19

-l 7 l0 l9t tål

I t l0 t2t t07

I 7 r0 200 ¡ó9

-r0 Iu Jlo ?¡l

-8 I ll ó01 óll

-¿ lll 87 s5

-{ I lt Jót lå5

-2 I ll J00 J02

0 I ll 109 922

{ I ll J{å Jrl

6 I lt lló lll
I Ill óJl å

l0 I lr 20J 180

-9 
'u 

¡79 tú5

-7 211 ll7 13t

-5 2lt 96 58

-t 2 lt t67 l5l

-r 2 lt Jol 305

I2tl l0l ]05

J 2Í 81 75

5 2lt llr 92

I 211 l7t lt?

I 2lt ?59 2S0

-t0 Ill 107 50

-8 3 ll 2ll r89

-ó J lt 2s8 2r5

-t J l1 ó82 á81

-2 3ll 295 28ó

0 I l1 187 190

2 ¡ ll lr2 188

I J t26 8?å

ó J 3t? ltz

I 3 ll t66 l{8

-t I tL 2t[ 757

-5 { ll 8lJ 8J0

-l I ll 570 5sr

-l Itl 12] lot

I tll 70 2t

J { lt 7s6 ?8?

5 ( ll 761 tól

7 I ll t8{ tó3

-ó 5 2ó2 2rg

-l 5 lr JoJ 126

-2 5ll lzJ ltt

0 5 ll {úl {lt

2 5lt 1? 9l

{ 5u ¡?0 Jtl

-l ô ll ll? 8l

-t ¡u 578 5åt

I ¿ ll ató ó06

J ó ll lll t30

-8 0 12 s?r s82

-6 0 12 5ró 526

-t 0 12 5r7 3tó

-? 0 l? 585 ¡?l

0 0 12 7J? t52

2 0 t2 t5å 79{

{ 0 l? 557 5út

6 0 l? {l? r75

I 0 l? 202 l8?

-7 I l? t70 :t0

-5 I 12 519 5t5

-l I 12 151 {8r

-t I l? {{? lló

l l 12 55r 5r¿

J I12 ll] l2l

t I 12 lso t{ó

7 I l? :0r 52ó

-8 2 l2 ?11 lî2

-ó 2 l? Jló {05

-t 2 l? 58r 59r

-2 ? lz 859 8ó7

0 ?lz 3 ¡8¡

2 212 ]lt 3lt

I 2 l2 ttó r5t

å ? l? ó6? ó(9

I 2 tZ 5t7 312

-t 3 12 l0ó 92

-! 3 12 r50 tó5

-l ¡ t? 512 {99

I I 12 t52 lS5

s 3 12 ó28 ó12

7 I l? 55t 55t

-ó { l? {12 tJ9

-4 \ t2 22i 229

-z I 12 t0{ {53

0 r t2 ?t7 lr2

2 { 12 t{9 {{0

I tt2 2n 218

-r 5 12 130 î9

l 5 l? å18 ó¡¡

I 5 12 ll0 {87

-ó I 13 r85 158

-r r lr 5?8 5ll

-2 l l3 221 t89

0 I ll irs {lt

z I t3 190 188

I I 13 {0ó 391

-5 2 lt 3rt J55

-l 2 IJ {lú {{t

I ? lJ l?l ll7

I 2 tt 7t7 271

5 ? ll {52 1{9

0 3ß 370 59t

z 3 l3 2lt l8r



277

0sstRvl0 A[0 cátcutâlto sInljcIURE FAcI0Rs t0å LIRûc0|iItt

li I tlS[lSC: t{ K t l('i{l ¡tt0 ll lt L l{¡0 l0ft ll I t lôtúlÒ{l lì x I lôto lôrl

20072t8S{

{00JÍ2ó7
ß00t¡r ó0

8 0 0268J2Ì1ó

l0 0 0l0rr1200

¡20019520t

l{ 0 0 195 l

lò00 981 9i7

I I 02051 zllJ

I l0loJl tll
5l0lt7 85

t t 0102t l0l9

9101725 1799

ll 1023{227

lJt0{7tt76
l5 l0 t85 t

ll¡0ó0¡592
020JltJJt
z20255JJJ

t 2 018t0 19J9

t20{5J50å

8?0t{0 61

t020Jt93
12 2 0lJt8 lJ5J

ll 20lJl J99

tò20 9t 87

I J 0lll0 1030

3 ¡ 0 t51Á låúå

5 J 019{r20lr

tt0l52 l5l

t¡0rst{t2
It30rît515
lJ ¡ 01095 l !

tJJ0l07 Á¡

173015?17{

0 t 01588 l¿15

210t052å0

{ t 0ó81 ú72

ó{0ll0 16¿

I { 0l?25 lzåJ

t0{0206222

l?{0J?8¡{r

l{{0l2llJ9

tú{0518518

I 5 0ll0rl?ló

350 ó7 {J

55015?18ó

7 50ó21 ót8

9 50 78I 81t

ll 50 9ó 7J

l550{{7t25

060502518

2ó0 Á8 3:

{ó0å0tÁll

óó016ll5t

I ¿ 0 ltr llÁ

l0ó0(05{22

12ó0tó0{

lró0 72

It0{8r50t

170771 ¡9t

rr0sl8t28
r70{3lt!ù
970162t5S

¡l 70527525

lJ70{16{06

2805?05

{802852t9

¿80t20(?Á

880152106

1080t{0{ll
r90??J190

J90 9t 9l

590 ó5 53

190?07205

9 9 0 lzt llå

? t0 0 {05 t95

{t0 0 2ói z

òr0 0 6 llr

-ló115J0508

-t{ll2r{188
-12 I I ?027J7

-10 I r sl55r5

-8 I tl{52 IÍr
-ólllzJlJ7
-{ I llJ9llt09

-?1t202289

0l11825 l9{9

2ll88t960
I I ll9lå19J0

óllt0058t
8ll800ors
l0 l r8?79

t2 I I r22r39

l{ 11¡?7 ßJ

lór1285281

-1721206 182

-1S?1505{18

-ll 2 r {80 {r0

-lt?ltîtl8l
-72r?9982{

.5 2 l lt¡ó l{8¿

-]2llltltotö

-l?tt08 t

I ? ttr9rlt8?

32t80{85Ì

52r8988t2

7?lr0lJJ¿

9?lò086?J

ll 2 t å16ó89

ll 2l {17 t79

t5 2 tllJ lll

172 t l{7 l3l

-lól r ?07 191

-lrtlloEJl¡

-l?lr5{23!?

-t03t5t05t¡

-851{?5{t{

-órr89{8J6

-{519t89t0

-2 J ll60tLó00

0lltsr{98

2 ¡ tl0?l 8tr

r3l?róJ5¡

6Jlt7{ó

8Jró0tólr

l0 lr {l¡{t6

t?lll2rJ2ô

lllr?01 ¡97

lóll!7¡{ót
-t5{l tó 88

-lJ{rt?lJl6

-ll{172J¡30

-9{lår9660

-ltlt0? ?2

-t{l8J 27

-J { l 1655¡Á15

-trt76085?

III7l

J{12852ål

5 r ll09JllJI

¡ I r l08t 1ll5

9r159 52

lll I tt3 lót

IJIIJSIJ¿5

15rló!1 t{?

-r{5trJ8t?5

-l2 5l l{l ll8

'l05l5t{5¡s

-8!17ú 15

-6518808?5

-t5t55{5ó3

-251700?0J

05rr2tl2l

2rl ós{8

i 5 I t0l0 l07l

¿5185ô8?0

85r 86 80

l05lJ6ll55

t25l¿ó2ór5

Í5l2 2tJ

-lJ6l{{Jt?t

-9ó1?2221J

-7ó1r8J989

-5 ó I 5l ll¡1

-tó12r0?t8

-l 6t 77 ll

l¿r9J{980

J ó ll{29t49J

5ór{20 J



278

OESIRVTO AJiI) CALCULATTO SIRUCIUFE fACIORS FO8 LIROCOTIIE

H ( Ll0t0toFc H x Ll0t0toFt

7¿ I171 lô5

961å51 ó7Á

llÁ18{J8ó8

lJó12502tJ

-l2tl¡8r215
-1071172 186

-8t I l{3 l¡s

-å 7 I t006 1020

-{717ó 58

-27r1t8t81

0rt2¿029{

z ? 11029ton

{?¡t0ô 80

órll9åtll
87t18&16ó

l0tlBl988{
lzT l tJ8 lJo

-tl 0l ót2 ó{0

-981srJ55t

-58lzlt2{5
-381t80799

-l 8l870r0z

!8179 9t

581{0t382

¡8190J916

î8r 84 58

-8 911?l l

-{ 9l180 l5l

4 9 l t0J2 1028

0912ót250

29190 87

Itl9J 97

ó9lt978lS
t9l¡9tJtó

-5 l0 I 2?t ?t8

-3 l0 r 20t 289

-l l0 I lzJ lzt

I l0 I 28t 261

J l0 I J0ó Jlo

5 l0 I lÁ0 t09

-tó0211¡l{0

-1{02183 l7¿

-12 0 2ló?? f589

-10022t523¡

-80?5J5{î9

-ó028r9r0l

-r 0 2 J02ó 308¡

-20?8ró915

002JIll9{
202 82 å0

{ 0 221552170

ó02r9889¡

802192205

100229{J25

l? 0 2ll8l1227

l{02817808

-It12507517

-15 l2lll 1ó

-lJl?tJt7l7
-lll?8]6851
-r I 2l0zr loJr

-r129J8918

-s I ?l¡?tl¡?ó

-r l2lt06 lt82

-l 12901 8

I I 2 1690 l5t2

I I 2 tSStt{17

5122tÁ52J0n

7l2l8tI?á

9129959SS

lll2 9ú 102

tJ t 2 98t l00s

15 l2??l ?J0

¡7 l2t5Ätóî

-¡ó228 8ól

-lt22 t0 t9

-t2 22 62 l9

-t0 12 225 222

-g z 2 7?19 2331

-ô22J¡óJóI

-t22t07296

-222156 16

0 2 229552?7t

2 2 2 7]0 202t

t 2 21100 llSl

¿2221922t

I2 218{9 190¡

l0 2 2183 l0{0

t2?2 8¡ 80

lt?2$Jrrr

1622810816

-r5¡?t2r508

-ll !? lot 8l

-9 l2 8SI 5

-7 I 2 l{97 l53t

-5J2555522

-tJ2t5ól{{

-lJ?Jîls01

I I 2?{¡0 Z{20

J3?21r296

5322å8zJS

7 3 2 971 1005

9t287987J

lll?J08t(0

ItJ2l8?192

15t2{{!{{2

-ló r 2l ló7

- {2J17J00

-12t289790r

-8t 2671 661

-ô{ 2271 290

-1 I 2llgt 1fi8

-7l'221t252

0r2168t65

2 t 2197 169

r { ??0622099

ó{2 79 9J

l0{2{92t95

l2{2Áá2¿79

l{{23¡JJót

-1552?2{?0ò

-rJl2ó8t6:l

-ll 5?rJt 7lJ

-¡5219{21?

-5 t ? l{rr 1129

-3 5 2l21Jl?7?

-t32226?¿1

tt2l8tt6t

3 5 ? 9Ì5 l0??

3 5 2l?J8 lt?2

¡52ll5Jl2

ll 5 ?{t8{t8

ll 5 z ?tl ?lt

t552u7301

-lró2 8J 8l

-t2Á2?lL 712

-t062l{8tts
-8623t9J?t

-ú62182 IJs

-{ó2192 l8r

-2å2óå5ú75

0ó2{29 8

?ó? 100 llá

{ó22t5 lå(

ó62{¿0{15

tó2t{9{Ät
1062195 lîl

12ò? ll0 106

lt62216Zt{
-lt72ll2 l0l

-ll 7z 86 9l

-97250t{8I

r72t5S{ll
-5 72 rJo 109

-J7221t20J

-l 72 6{2ó{S

lr?toló29
Jr22t?25t
tr218 {r

r1232ò51¡

97257Å575

lt7?zótr251

tJtz¡3ólló
-10 8 23f8 118

-88?25t2?2

-692211 189

-{8210t108

-282t7ó{8¡

082zfl28S

282{t0{{i



279

OESERVTO ANO TALCULAIII) SIRUCIURE FACIOßS TOR L¡fl{]COI¡TI

H X Ll0t0 loFc r1 x Ll0F0 loFc Í x tr0F0 loFc B ( Ll0r0roÍc li ( t10F0r0Ft

å82t0ò{?l
88 2 r99 l8l

1082?952t1

-?9220821Á

-792lJl 88

-592157 ll7

-t92102 5t

-l 9 ? 2r0 28t

r922fl237
J12180 l9l

592 9? t2

t92lot 8{

9922t22r{
-{ l0 2 t2r 78

-z l0 2 t5t 129

0 l0 2 2{5 222

? l0 2 J5{ JzJ

I l0 2 IrJ 16l

-l¿lJ{87t5ó
-12 I l5t55rS

-t0 l J58062{

-8 l J9llfló
-ó I J2J8 IIJ

-tlJlJ2 ó9

-? I 3 l8t5 Ir{¡

0l J20?{2013

?tJt02 lt7

rlr2t2339
613ó2ró52

8l tl00ó10t5

l0 IItlll0B
t2 lJSls tsJ

l{l¡2J8208
l¿1t525528

-lt2t t8 59

-ll 2JlJ8 lJt

-ll 2J 506t9t

-92t2t22rr

-72JJ70J70

-52J ó2 {t

-1 2J50{ 5ll

-l 2 326J 3{2

1239888r?

l2tlot 18

521t80(á8

7 2 Jl0tl 1059

92J 60

lt23l29t3t

152t{0tJ99

l7?Jlltl00

-16 lI{69$9

-l{Jt559515

-t2 lJ{85tl8

-l0Jl2J2 l8?

-8 I3u50t¡¿8

-Á3J1l2r

-{ J J1228 120Á

-2 1J J08 2ó¡

0I11007 951

?J38t585t

I J tt??5 l??8

ó J l2l1 2{t

sJlt28t51

t0J J 5Il 5lÀ

12JJ85?810

lóJl t25 los

-15rlr(t?25
-l¡{r7tJtá5

-lllt 7¿ ó8

-9tt t, ?8

-7 | JltotlJ20

-: I Jt5S0t5ó3

-JtJ70275t

-l{32ó2?19

I I J1010 lrot

I r J1758 lTtl

sttTút785

t{lrJ¿lúl

9{32óJ2)8

u { 310óö10t9

ß{ 3 {{9 15¡

15tJ107t00

-t{rJ{58r)ó

-t05tJr{3¡J

-85JlotJol

-ó53811 8JJ

-t5l6t óó

-25¡r28{2ó

0tt62ló0å

2 5 tr55tl590

t53 9t l0r

ô53u9{rS

85J722 l{5

t05566970?

125J2102?l

l{ s l 2?J zli

-ll 6l rJ? r08

-9óJ7Å9r1l

-7óJ 57 50

-5ó3 ¡{2 ll3

-J6378ùlî9

-l ô 3l5lslt72

róJ2082t6

tól16{157

5òlå15ó19

rò19¡2982

tótJ9t{02

lró32t{2,t

l3óJ]l8J58

-tz73l{0 I0l

-t075t]o9t0

-ôrl r90 159

-{7J2?I?83

-? ? J llt6 J9

07It?JJ0{

?7It75t7l

t73?C2 108

ó7t658ASÉ

8 r 1 55¡ 
'?

127t285 108

-lt 81219 ?J8

-981?7 ?

-78ttttrt8

-t83590582

-t8l rJ 57

-tIJ20t J

t8¡ó5t6t2

l8tó6tò50

5 81ll2 l]8

t8ll07$6

98¡zJS2r0

ll 0t511 595

-89J1ó1 108

-ó93ó80ó61

-{9J382¡3t

-2ît2202

0 9l lot llå

2tJ79¡795

t 9Jtol 289

89J 139 18t

-J l0 J ?22 20t

-l l0 I 589 5

J l0 I 259 270

-tó0t9ååî2J

-lr0{ t2 ?t

-120{25t251

-100{Á20å5{

-8 0 I lt50ró89

-¿0r€r7893

-{ 0 1t552t{sr

-?0t 2t0 ll8

0 0 I1998?020

2 0 {1358 136r

t0{ 82 107

ó 0 {l3ltll92

I0I?0r¿2060

t00t9 9r2

l?0{tJ9 155

lr0rt0ð7J8
160{5 588

-17 I r {2{ (08

-r5 I r å07 591

-lJ l t¿01 ó0t

-lllr57?590
-1 I r J?rJl7

-7 I tl?0{122s

-5 lt{06t02
-J t ll?Jr1592

-l I tlll5to{l

I ltî21 îJ?



0t8t¿8stq
lASOAçç}I

Îffr îI S l l-

09r¿l9gr1-

00I 1¿¿ ç lt-
IÁI¿9IçI¿-

¿0ó1¿óçrå-

¿8tt0ççtrr-
tott¿tçt -

9E ¿ çrgr-
ç8¿0¿tç1

tI ¿8 St¿l
st ¿8 st0r
8¿0It90tç 18

tó99t¿Et9

¿TI¿óItTT

99 99 St¿
t¿9r¡¿rs l0
tlç¿]çst¿-
t¿I 1¿1 çt r-

t01 ISt9-
r¿8ô08sr8-

88t g$ s 1 01-

ç¿tr8rßl¿l-
¿01 0rl ç 1 rI-

grzót¿ç19r-

0¿ ¡ô t¿çl
¿¿t tç¿tr
8S¿09¿t¿ll

8¿ 89 ç¿6
0Irtltç¿¿
róß¿0992ç

t8 9r ç ¿ I

ò¿t IçZl

80tItIç¿l-
t¿t89ts¿l-
lr0r 0rs ¿ s-

¿Itrtlç¿¿-
19 89 ç¿ö-

9rt1llq¿fl-
0¡1 rs¿çr-
t8¿ 001 ç l9l
98 1 çtrr
10¿II¿çI¿I

råtç8t9l0l
9 t lllr ç I8
9tr¿¿¿ç19

Á20rç8çIì

0¿tt9tçt¿
ç8çr¿¿9ts l0
¿8I¿ìIçI¿.
800t 99å ç I t-

0ç880s9r9-

1t8ó¿¿çt8-

lól¿ólll0l-
tÎç9ßSI¿l-

8tt t6I 9l tl-

8Ä¿90lgl9l-

çt¿ ç1¿ I 0l ¿

a ç6t t 0r0

9çÍ r8t r 0l ¿-

r¿tó8rt6¿

0 091 tól

ts Ä0ltôl

6t¿0I¿'öt

8ç¿ó9¿tól-

1S¿tç¿röt-

0ó å0ttà9-

t¿t rll I å ¿- 0¿l ¿ll l I ll
¿1¿StZ tI0t Ir¿¿lIsll
t¿¿¿0¿t89 ¿óó18¿rla

tr 89 )8) ó8?ç¿9tç¿

tó¿ì¿¿r8¿ 8çl otltsç
I 0 tg0 8882ç8tçI

ç81 ¿¿1 I I ¿- lfil 9EÌl ì ç I

9ö t8 t8r- 0róIçórçI-
¿r¿ Ît¿ I I9- tlt9¿rrSç-
ü¿ ¿¿ , I 0t- 8¿rI r t t s ¿-

Eflti¿t L 10¿t0¿Içó-

r¡ttlttlÁ 8¿¿8I¿rEll-

1çrtçrt¿¿ 9¿ I¿l I ç lI-

88C08St¿9 ç¿l 019 t S Sl-

¿ô¿!0rr¿I 0l¿¿0¿rtlI
¿¿¿ ¿ I I r llç¿¿9rr0l
¿r rî r¿r- 998 Ig8rt8
lçcççs t ¿ I- ¿¿t889r19

I¿1 SItt¿ç- ¿9 Z¿ tti
tÄ ç¿rl¿¿- 99q0!s)l¿

0s¿ 99¿ r ¿ ô- stII r¿11 l I 0

8¿1 lSt!¿lþ Z¿ f0Ìt'¿-
¿çr 1!r rr¿l ¿8 ô0t''t-
r0) ¿0t r I 0l 9lî 8Ä¿ l l 9-

t9ç¿rçt98 tstftt l r 8-

18tç¿tt9t ItIl9ttt0¡-
9tçtstr9¿ ç8 16 

''¿F
ì0988ç |t0 t¿ ó? rlll-
otl 9lt l I ¿- á8t 90s I I çl

t8¿ 9¿¿ r 9 l- ¿lå IA8 | I 1l

!8S 98ç r 9 9- Z¿t ¿ri t l ll

9tI 291 t18- 8ç9q89tl¿

t¿t9 t?0l- z¿t|ttlI¿
8rl ¿¿1 r I ¿t- t69t 10¿I I I t

Itol 9¿01 I I t
0t¿9¿¿ltl
I¿SSrtlF
8¿ól¿¿ótt 11-

0tstloçtr 1ç-

rosSrstt¿-
¿ t9Ittt-
lç¿8?¿lt¡r-
çsl 99¿ t 1tþ
tç 0¿I t I çI-

tl¿çìzr¿91

¿óss0?)¿tr

¿¿01 ¿sol I ¿ ¿I

ó0tt¿l'¿01
0t lSlr¿8
10 SÀ¿It ¿ 9

0ç¿¿ ¿çt¿ ì ¿ r

t8 ¿trrz¿
¿¿¡¿¿rr¿0

t9t¡ ¿0 
' 

¿ ¿-

t98¿ 90óZ t ¿ t-

¿8IçtZr¡9-
tål¿0¿i¿8-
699 0?9 I ¿01-

ôç11 0l1tI z ¿t-

t¿I|ÀIl¿'I-
6L¿L¿Zt¿Ît-

|Erósrrtsl
s03t0çlttI
ô9 ¿6 tlll
ò00I¿00rt r ó

tÎ 0¿ rI¿
¿t8t 1¿02 t I I

¿át¿ì¿i1t

082

lLth0t0dn 801 sSollvl lbnlJnSls 0llvïllul oiru 0llulsg0

]]0I 0.10t I x H 3J0I 0J0lì r ¡l



281

08st8lJt0 Alr0 cAlcutart0 srRljtrut€ FA 0ñs FoR LlRocolirrE

lt x tr0t0 lotc H x L l0t0 loFt fl K Ll0F0 lotc H x Ll0l0 loFcH X Ll0Í0 l0lt

10 ólrá7 llJJ

6 0 6tJ5rlt28

80Á 04?I

ioo¿sszsrz

t20t9t79¡6

l{0ó757755

-15 I á386J7?

-lJ16575568

-ltl¿898917

-tt ò185 l{t

-7tót10tJ8

-5 I ¿Al9ó21

-J I 618{5r8rt

-ll6 58 16

I I ó1t3{ll8l

J1óll2Jlt

5l ó15ótl5t?

tl6¡00600

9t6llt699

l1 l ó 192 r90

lJltSoJSlt

15 I ß29028{

-l{2ållå27å

-122 ¿l{0 15å

-10 z ó l{1 ¡10

-8 2 ó15$t57J

-t2r{0J{23

-{2å ll2 ll{

-?2651J555

0 2 ó 2715 272Á

22ó7?5800

{2óZJ8Z0?

¿ 2¿555 18(

0 2 ó10?2 l00l

7 r 5ll02 lt08

9{5ótSúll

ltt5 ¡J 6{

lJ{5!08301

l5t5Á 6J{

-t{55122J10

-1255t2J 5

-105381082r

-ó556{tó52

-r55{28t2J

-255819871

055t7tt7r

25S680ô02

{ 55?{l 7J{

¿55t36{3t

8553t8t58

1055 á5 5r

l255{85tg9

5 5 16{ tól

-l¡å 5 5ål 5{t

-ll¿5la¿llt

-9ó3278?8ú

-7ó58{08?5

-5 ó 51062 l0t8

-Jó5tzt{17

-ló527t?ó0

tó5t:2{lJ

J A 5lt ll70

5åSJåS365

lô5lltlzt

9ót2t62rt
ll ó 5?{5 l{?

l3ó5r70{s5
-t0?5 ¡¿ 8?

-8t5l9t2l?

-Átt7{272t

-{75t9t¡?5

07!Jå0t61

2t5 l 8t5

t755075Jt

ó75l8tl8t

875lotJ?l

1075t¡8{2{

-985Á25619

-7S5 ó8 ¡7

-585? Jls

-385tó2136

-lI580¡799

185t0?{0t

¡85tó7tót

r 85207 188

785åå8á68

98Sr08J0Á

-¿ I5172 172

-295ó8Jó80

095{tt{08

29S 89 5

t95177 l8J

ó 95ó71 ó57

-lå0ó 6t tt

-12 0 ól{56 l!02

-t00ô8208Js

-80ôlsJl87

-ó06ô70ó7?

-{ 0 ¿20¿l 207{

-? 0 ó 2090 20t?

00óóßó8?

?0¿571 52J

t0 ? 6 t0l¡ t0t8

1226175 l¿5

lrztl0SJl{

-13!óó586?]

-t]JóI?0 9]

-ltlå500517

-rl6t8r?89

-7 ¡ 61r05 ll22

-5 1ó 7{l t

-tJò6t0572

-l 3óJ09 1]2

r3 ót5?5 1502

tJ6tllJtl

7ló 69 t5

I I 61180 1l7l

ll l6 {{l ll7

l1 ló 87 ît

15J610 15

-lt1al8t212

-12 I ó ó95ó93

-10{6l9tl8r

-8 I ó l5l r{2

-6{6?I0?2?

-{{691t92J

-2{ó81980t

0{òòît700

?{ó¿{ló{0

Ir¿? 9J0

6{ó7287J7

10{ó5ò8598

12{ó59J60t

lr{óJlt292

-¡35óll9{J6

-ll 5 ¿ 599 Sot

'95å10ó 60

-55ô55t5(2

-J 5 ó llt{ 50

-l ! 6 18? 5

l5t16¿t55

J5óó28619

55Á985980

756{59llr

95616rt68

ll 362{0??ò

$5åót96$

-tzú6??{?06

-t0óó??l 20r

-s6óJ?r3ó9

-óóÁ105 l0

-tóó 88 9t

-26ó30ã28å

06ólr{Jro

2óól0l {z

¿óó27t278

8ú615ól¿r

-ll 7å2{7210

-97ó{2{{1:

-77áS0r{88

-57ô19ó20¡

-r7ó208?00

-l¡ó:88578

lIór02ó8{

l7óJ7tlóó

57¿ lô0 lJo

7tó3t5J62

tr6tol{00

-0862ß20Á

-ó8ó{08J90



282

I]BSTRVTO AllD CALCUINT$ SIRIjCIURÉ IACIORS FOR I.IROCOIIIII

H K Ll0F0 lotc H f Ll0F0 loF[

-t86 t0 Jr

-28¿Jtr288

08å27å251

?8ó40J{00

{8ó 1{ 88

á8óJ08J00

88621J2Í

-5ró 8t 53

-1 9¿ ll8 t9

-l 9ót9l 158

t9ól{tllt

J9ó2ll zlt

59ó 9t

.t?ltrJî711

.10 l7 {89 r92

-8 I ll0l8 102å

-6 l? 102 ll¿

-tl792t9]l

-2 l7 0 {23

017126ål?¡9

21759t6t8

r17ó{tôs8

ótt5r250t
I t 710?ó1001

l0t75t{5{?
l2 t 7tol 298

l7 t6S lt6

-ls27l{tlJo
-13?7 tt8 l¿l

-ll 2t2s5258

-92tt9J{78

-727{52t¿7

-527171 1¿0

-¡278t?88J

-t2t t29 126

12 7 81{ 8

t27{l{{tJ

t27555556

9?7 5t20

ll z rlJo lJz

ll 27212 197

-fiJt290269

-l? t7 {r3 lî9

-10J7z5t2

-8 17 uó ll0

-ór7t78{t2

-( I t 90ttoll

-2Jt{{ú{15

237J22t07

tlrr5rt{t

óJ7Jsllt8

l0Jl20Jl7l

12J758{5¡ú

-llt759857ú

-lltt 90 7I

-9{72{5251

-7{r29tJ08

-5 { 7l¡0?1078

-l{7{lr{Jt

-lt7r2r{t?

tt728tJ08

J{7r¿l?59

5r 7801 807

7t729S21J

ll{71??sl6

lJtT{8?lt5

-1257 79 A8

-105t28?2Á8

-85tJ88 19t

-å57I18?9t

-?57{6J{58

05tÁ85Á75

?5r t59 168

(5t16å170

ó5t ól J6

Itr Ì750

1057?5{?58

.ltót{79t68

-9å78078r7

-7ó7 l{00

-56r1?r?lJ

-J67{tJ{?r

-l å 71002 189

lót512stt

5t7r{7r52

7á79?r999

9ó718rr95

lló7 8t tl

-10 175J9 Sl'

-87t151 N0

-67r255268

-(t?t{9t{t

-277810827

0t7srJ5l0

{tròó{?01

ó7I51650{

877{5¡rtó

-70r25t2ll

-t878?880{

-38 7171 1ót

l87lú?l{9

¡87t5?7J2

SStJ J

7871J0 lS0

-?1?lólll5

2?r5l95ll

-r{ 08 t76 15r

-t?0 8lló 80

-t0 0 8 291 t01

-8 0 8175{ t7n

-ó 0 81018 1070

-t08 99 lto

-208 ?J 2l

0 0 8l¡rJlò95

2 0 817ótlrlö

{081Áó155

60t2t7 l8r

I0 81068 1067

t0 0 8l?t9¡?ll

120855t51?

lt08Jll15?

-tJl8ll0 98

1118510528

-9 l E lt? ltó

-7 r 81313 1305

-5 l8 9t 8l

-J185555å9

-r r825r222

l r tl5t9 155t

JlSl¿ó788

5r85¡ó5ò9

7r8 t2 29

1t8¿S0é12

ü 18¿61 6rJ

l3 l8 ?97 l0r

-lt28 79 ll9

-r2?880r801

-1028a0?62?

-828 70 ór

-ò2 8!77 175

-{ z 8l0lll0ll

-2 2 8106rlotö

028róó(ö0

228S7{822

r2t905878

ó2895ú9ö0

828rot19ó

1028{59{73

1228Jôt318

-lJJ8Jll¡r7

-11 J885r83{

-938 95 8?

-rJ82åt265

-5J8{09t05

-J J 8ll{tll55

-tJ8l80J9r

IJ8{79l|l

tJ828627J

5I81300tJ06

7¡8¿19588

9J8r2lJt?

lllS 7t 7?

lIJ8tS5580

-r2{81?lll8

-10{8t57Jó5

-8 I S 82t 818

-ó r 8168 157

-tt8 t85 183

-2t8ó0tót5

0{88t9857



l¿¿ 27,¿ 0t J 0

80t 8åt 0r t ¿-

86¿ ¿ò¿ 0t t r-

t6r 0ðt 0r r 9-

a9 8å 0lt 8-

'tI 
6ç1 0t t 0t-

¿¿t ¿8r 0t I r¡

ótg 8|! 0r I a

98 86 ÒIt ¿

¿|¿ ôt¿ 0r I s

ota ¿16 0r I I

t¿¿ fi¿ 0rI r

ll¿ åt¿ 0t I r-

)01 98t 0l I l-

¿8? ¿t9 0t I c-

¿s8 t98 0r I ¿-

8t ç8 0tt ó-

toz t9I 0t I -

t89 át9 0t ¿ 0r

ç¿¿ 8t¿ 0r ¿ I

ltl ¿19 0r ¿ 9

98' ç8r 0I ¿ t

9¿0t l¿ot 0t ¿ ¿

tç6 ¿tò 0t ¿ 0

Itl 8n 0t ¿ ¿-

9 !!r 0r ¿ r-

8!0t ô10r 0t ¿ 9-

lt¿ çt¿ 0r ¿ 8-

!8t 0 0t ¿ 0t-

t6¿ ¿¿¿ 0t I tr

¿¿| 0¿t 0I I ó

¿1S Zx 0rr ¿

0ç9 tc9 0l I ç

¿0| 0át 0t I t

¿t9 619 0I I I

0s1 ç9I 0t I I-

888 088 0t I 1-

9t ¿6 0tt s-

l!¿ ¿ 0t I (-

91r rçl 0t I ó-

I 091 0t I ¡t-

0¿¿ ¿ò¿ 0t 0 ¿t

t8t llt 0t 0 0l

¿¿9 ç99 0t 0 I

1t6 å1ó 0r 0 I

19ç t9ç 0r 0 t

Itq 8tç 0l 0 ¿

tl' ôrt 0I 0 0

18S 106 0t 0 ¿-

¿q8 198 0t 0 t-

¿0ç ç¿Ì 0l 0 9-

T¿ ¿8 {)IO 8.

D¿ 0?¿ 01 0 0t-

¿¿9 Í0¿ 0t 0 ¿t-

¿lt9¿ta8I

ç990ó9ô8t-

It¿9¿¿ó¿9

Irl 8¿1 ó¿r

t8|0ót6¿¿

¿81 8!tö¿0

6ç ¿¿ å¿¿-

8ç1 1 ó¿r-

lî|¿gÌó¿9-

r¿9ç89ó9ç

¿08 lt8ô9t

ìç¿s9¿ò9I

[ll çç¡ ô 9I-

¿t9 9 ð 91-

ç91 ¿¿¿ ¿ 9t-
ô¿t¿t¿ótl-
ôrrlttóç8
a¿ 9ó óç9
rI8!¿86tt
00r |ô1 á30
l¿trrìós¿-
gç¿9ì¡ôçt-

1¿ ç9 óç9-
¿8 0¿ ó18-
I ótióç0r-
rç ó¿ ótrI
8tl16lótó
st9¿t9ót¿
t¿ tol¿|ç
9lI 6tIó|1
08t99ró|I
!¿É860ôtt-

B|¿tç¿tll-
¿1 0II¿'ç-
8rççtçó'¿-
çAç88çá}ó.

ßtl ¿r1 óttF
8) t8 óI¿t
8tI 0 ót0I
l9¿89¿ó18

¿OI¿¿IáI9

ct¿çt¿6It
9¿t0çfó1¿

098 188å 10

¿9tlgrát¿-
|åtl8r6tt-
1ó t¿ró19-
¿01 À[9618-

rçl 8$ ó I 0l-

ß 09IAt¿I-
ôÎitç|a¿tI
OOI 9A ó¿á
1t¿92¿à¿r

ç9t8çrt¿s
g¿9t89ô¿1

ß¿ t8 ò¿f
ç0¿¿ó¡á¿t-

lrrosró¿1-
¿l9a¿96¿ç-

ltl ¿ç1 ó¿ ¿-

0ll¿|tó26-
SIII¿Ió¿II-
I¿¿8¿¿¿¿rþ

t6ç¿¿ßót¿I

'lzr9¿ót0t
¿$ ¿)l ó I0
¿¿¿90IóI9

tz8¿t8ótI
s6iç9rót¿
9tç)çsôt0
I8ç9çSôI¿-

t¿¿0¿¿6I¡-

ç8It0¿ar9-

08t60'ór8-

9n ttI ô l 0I-

I¿çOTç6I¿I-

0¿¿r8¿88ì

¿sÎ ¿çr 88¿
9t ¿å 880
991 061 I gZ-

lÄl¿¿¿88r-

r¿1r2009-

¿¿z0lt8¿l
10t¿ß8tt
l¿tßçt8¿1
9çI 0lI 8¿¡
t0ç0¿ç8rt-
rtr óó1 8¿t-
I8)ç0C8¿S-

tå t¿I 8¿¿-

s0ì06t890I

¿ ¿ 899
lls0tÊ89t
8C!¿tS89¿

¿8 t89¿-
18t 891 891-
z¿r89t€99-

9t¡¿ll898-
I l8 g90r-

I9l ç¿l 8g tI

90cç0t8çô

¿8¿ 801 8S¿

68 89 8çS
9Ar9Iç9S1

It89S88çl
0I¿8t¿8çt-

¿¿1 ¿91 8çS-

çå8 1¿88 ç ¿-

0t1 ç¿1 B çó-

lIr ç¿ 8s -

tål 00¿8 t¿t
61¿ç|¿8t0r

¿tçr¿ç8t8
t9|t9|8tt
¿¿t ¡lI 8ll
9t9 Iot8 t ¿

3J0t0l0t l , ri llotûJorl x H 3l0t0r0t r ) H 3J0r0l0tt I H 3t0t0l0lt x H

tB¿

Itlri(]loull 801 s8013!l lulll3lìuls 0llul¡]]vt otv 0l^$sso



Àppendix B

PROGRÀI.I OUTPIN

The program output is lisled in fuLl for only the first refinement

(idealized olivenite) . The rest of the output is abbreviated to

include: starting and final atomic parameters; starling and final cell

dimensions; number of 1.s. cycles; the final R-index; and interatonic

distances r¡ithin the asymmetric unit.



8.1 THE OLIVENITE GROUP
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xy
cu(1) 0.s000 0.s000
cu(2) 0.8617 0.3?53
P 0.7673 0.7s16
0(1) 0.3406 0.2607
o(2) 0.8571 0.9111
o(3 ) 0.8979 0.5162
0H 0.3't62 0.6029

Li bethon i !e Idealized

Starlinq Àtornic Paraneters FinaI Àlomic Parameters

11i
0.5000 0.s000 0.2449
0.8945 0 .3495 0. 0000
0 .'t 432 0 . 7369 0. 0000
0.3614 0.2766 0.22+1
0.8393 0.9057 0.0000
0.8789 0.s963 0.0000
0.3333 0.5987 0.0000

Number of L.S. CycJ-es = 9
Final R-index = 1.67%

Àlom Conversions for
Tables in Chapter 6

cu(1)=cu(2) cu(2)=cu(1)
0(1) = 0(a) 0(2) = 0(2)
0(3) = 0(1)

z

0.2507
0.0000
0.0000
0.2112
0. 0000
0.0000
0.0000

Unit Cell Ðata

Start ing ce11(Â) a:8.052
Final CetL (Â) ai 7.774

Final Inleratonic Distances
Within the Asymmetric Unit

ôtrt
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xy
zn(1) 0.36s3 0,3642
zn(2) 0.5000 0.0000
Às 0.2498 0.2438
0(1) 0.104 0.104
o(2) 0.424 0.148
o(3) 0.231 0.360
oH 0.393 0.127

Adamite Idealized

Starting Àtomic Pa rane te r s Final Àtomic Parameters

1ti
0.3511 0.398s 0.5000
0. s000 0 . 0000 0.2s31
0 .2363 0. 2636 0. 0000
0 .0798 0. 1 295 0 . 0000
0.4132 0.1s75 0.0000
0.2255 0.3765 0.2336
0 .4099 0. 1 608 0 . 5000

o. sõoo
0.2526
0.0000
0.000
0.000
0.223
0. s00

Unit Cell. Ðata

Starting CeIf (Â) a: 8.304
Final Cell (Å) a: 8.135

Final Interatonic Distances
I,li lhi n the Àsymmetric Unit

b: 8. 530 c : 5. 047
b: 8.200 ci 5.872

Number of L.S. Cycles = 9
Final R-index = 1.38%

Àtom Conversion for
Tables in Chapter 5

0(3) = 0(a)
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Andalusi te ldealized

Start ing Àtomic Parameters

117
A1 (1) 0.0000 0.0000 0.2419
Àt(2) 0.3705 0.1391 0.5000
si 0. 2460 0 .2s20 0 . 0000
0( 1 ) -0.0754 0. 1371 0.5000
0(2) 0.603 0.0997 0.5000
0(3) 0.423 0.3629 0.5000
0(4) 0.2305 0.1339 0.2394

unit CeL1 Data

SLart ing Cell(Â)
Final Ce]L (Â)

FinaI Àtomic Parameters

1I
0.0000 0.0000 0.2498
0. 3607 0. 1 109 0 . 5000
0.2353 0.2374 0.0000

-0.080s 0.1575 0.5000
0. 5778 0. 1 199 0 . 5000
0.4181 0.3428 0.5000
0.2204 0.1155 0.2474

'7 .'198 b: 7.903 c: 5.557
7 .694 bi '1 .626 c: 5.386

Final Interatomic Distances
Iii thi n the Àsynrnetric Unít

Nunber of L.S. CycLes = 7

Final R-index = 0.82%

Àtom Convers i ons for
Tables in Chapter 6

ÀL(1)=À1(2) ÀI(2)=À1(1)
o(1) = 0(2) 0(2) = o(1)
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01i ven i te Idealized Tollards Libelhenite

Startinq 0livenite Pa rame te r s

1I:
cu(1) 0.1180 0.6376 -0.0172
cu (2 ) 0. s000 0 . s000 0. 2500
Às 0.2495 0.2626 -0.0103
o(1) 0.10s 0.398 -0.050
0(2) 0.420 0.368 0.006
oH 0.603 0.634 0.475
o(4) 0.21'1 0.6s8 0.260
o(5) 0.746 0.354 0.283

FinaL Libethenite Parameters
(x- and y-axes reversed)

111
cu(2) 0.6316 0.1126 0.0005
cu(1) 0.s000 0.s000 0.2500
P 0.2571 0.2614 -0.0004
0(3) 0.3839 0.1209 -0.0002
0(2) 0.3626 0.4183 0.0000
0H 0.6351 0.5893 0.5000
0( 1 ) 0.6ss4 0.2s51 0.2837
0(1) 0.3443 0.7449 0.2827

Unit CeII Data

Olivenite cell (Â) a:8.615 b:8.240 c: 5.953
Libethenite cell (Â) a:8.194 b:8.254 c: 5.852

(x- and y-axes reversed)

Final I nteralomic Di stances
lfithin the Asytnmetric Unit

Number of L.S. Cycles = 7

Final R-index = 1.16%
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Li bethen i te Idealized Tonards 0livenite

Starting LibetheniLe Parameters FinaI Olivenite Parameters
(x- and y-axes reversed)

111 :v_1
cu(1) 0.5000 0.5000 0.2s07 cu(2) 0.5000 0.s000 0.2488
cu(2) 0.8617 0.37s3 0.0000 cu(1) 0.3916 0.8?31 0.0000
P 0.7673 0.7515 0.0000 Às 0.7569 0.7548 0.0000
o(1) 0.3406 0.2607 0,2112 o(4) 0.2603 0.3609 0.2319
o(2) 0.8671 0.9111 0.0000 0(2) 0.9256 0.8575 0.0000
oH 0,3't62 0.6029 0.0000 0H 0,5780 0.3575 0.0000
o(3) 0.8979 0.6162 0.0000 0(1) 0.61s1 0.8942 0.0000

Unit Cell DaLa

Libethen i te CeII (Â)
0livenite ceIl. (Â)

FinaI Interatomic Dislances
lli thin the Àsymmetric Unit

a: 8.052 b: 8.384 c:5.881
a: 8.614 b: 8.253 c: 5.916
(x- and y-axes reversed)

Number of L.S. Cycl.es = 9

FinaL R-index = 2.23%
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8,2 THE KEISERITE GROUP

Kei ser i te idealized

Starling Àtomic Parameters Final Àlomic parameters

lti:
Mg 0.0000 0.5000 0.0000 0.0000 0. s000 0.0000
s 0.0000 0.1549 0.2500 0.0000 0,1749 0.2500
o(1) 0.1761 0.044? 0.3943 0.1684 0.070? 0.4028
0(2 ) 0.0915 0.2676 0. 1491 0.1061 0.2791 0. 1585
0(3) 0.0000 0.6353 0.2s00 0.0000 0.6125 0.2500

Unit CelL Data

Starting CelI(Â) a: 6.912 bi '1 ,624 c: 7.462 ß= 11'1 .7o
Final CelL (,4) a:6.756 b:8.138 c:7.550 ß= 116.9"

Final InteraLomic Distances
Within the Àsymmetric Unit

Number of L.S. Cycles = 9
Final R-index = 0.001%
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Keiserite Idealized Towards Poitenvenite: À Simple Model

Mg

s
0(1)
0(2)
0(3)

S!arting Àtomic Parameters

lti
0.0000 0.5000 0.0000 Cu
0.0000 0.1549 0.2500
0.1761 0.0447 0.3943
0.0916 0.2676 0.1491
0.0000 0.63s3 0.2s00

Final Àtomic Paraneters

lt1
0. 0000 0. 5000 0 . 0000
0. 0000 0 .1672 0. 2500
0.1845 0.0509 0.3846
0.0727 0.2788 0. 1s02
0 . 0000 0. 6708 0 . 2500

unit cell Dâtâ

Starti ng CelI(A) ai 6,912
Final ceLt (Â) a:6.756

F i nal. I n teratomic Di stances
llithin the Àsymrnetric Unit

7 .624 ci 7,462 ß= 117 .7'
8,138 c: 7.550 ß= 122.0'b:

Nunber of L.S. Cycles = 9
Final R-index = 0.07%
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Keiserite Idealized Towards Poitenvenite: À Complex ModeL

Starting Àtomic Parameters

i1
M9 0.0000 0.5000
s 0.0000 0. 1s49
o(1) 0.1761 0.0447
0(2) 0.0916 0,2676
0(3) 0.0000 0.63s3

FinaL Àtomic Parameters

lIi
cu 0.0000 0.5000 0.0000

0.0000 0.1694 0.2s00
0.1710 0.0577 0.4032
0.1083 0.2871 0.1635
0.0000 0.6918 0.2s00

7 .624 c: '1 .462 ß= 117 .7'
8. 138 c: 7.550 ß= 11'1 ,9'

Nunber of L.S. Cycles = 11

Final R-index = 0.37%

z

0.0000
0.2s00
0.3943
0. 1491
0 .2500

Unit CeIl Data

Starting Cefl(Â) ai 6.912
Final CelL (Â) a: 6.756

Final Interatomic Distances
I.¡ithin the Àsymmetr ic Unit

b:
b:
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8.3 THE CHÀLCOMENITE/TEINITE STRUCTURE

Chalcomen i te Ideal ized

Slarb ing Àlonic Parameters Final Àtomic Parameters

1Ii
'1 .0000 0.8815 0.7500
0.7695 0.6315 0.947't
0. ?71 1 0.7981 0.816s
0.s735 0.6315 0.0084
0 .2289 0. 9650 0. 683s
0.9265 0.8946 0.5084
0.9274 0.1315 0.7849

Number of L.S. Cycles = 9
Final R-index = 0.02%

11
Cu 0.9809 0.8458
Se 0.'l'113 0.6089
o(1) 0.7s6 0.719
o(2) 0.s29 0.514
o(3) 0.234 0.941
o(4) 0.949 0.7845
o(5) 0,792 0.0s85

o. ;ì¿o
0. 9s73
0.772
0. 0295
0.644
0.356
0.690

Starting CelI (Â)
Fi nal Ce1l. (Â)

Final, Interatomic Distances
Within the Àsymrnetric Unit

unit cell Data

a: 6.664 b: 9.156 c: 7.369
a: 8.299 b: 7.897 c:8.236
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1r
Cu 1 .0307 0.8440
Te 0.7894 0.6105
o(1) 0.740 0.713
o(2t 0. s21 0.619
o(3) 0.224 0.93s
c(4 ) 0.935 0.787
o(5) 0.787 0.0s2

Teinite Idealized

Starting Àtomic Parameters Final ALomic Parameters

1Ii
0.9975 0.8652 0.7400
0.7804 0.6243 0.9642
0.7699 0.7872 0.8092
0.s670 0.6245 0.0205
0,2251 0.9431 0.6708
0.9280 0.8s48 0.s00s
0.922't 0.1119 0.7518

z

0.7011
0.9738
0.742
0.043
0. 633
0 .449
0.670

Unit Cell Da!a

Start ing Celi(Â)
rinat CeIl (Â)

Final InEeratonic Ðistances
Within the Asymmetric Uni!

6.634 b: 9.597 ci 7.428
8,354 b:8.047 c:8.350

o¡ otlt

!lrr
.lrt
i! otl,

Number of L.S. Cycles = 9
FinaL R-index = 0.01%
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8.4 THE KRöHNKITE GROUP

Kröhn k i te Idealized: Without Restraints

Starting Atomic Parameters

111
cu 0.0000 0.0000 0.0000
Na 0.5714 0.1247 0.2099
s 0.237s 0.1179 0.s445
0(1) 0.0038 0.1725 0.4874
0(2) 0.2911 0.0573 0.7844
0(3) 0.2319 0.042s 0.3322
0(4) 0.438s 0.1923 0.5617
0v¡ -0.1685 0.1343 -0-0487

unit cell DaEa

FinaI Àtomic Parameters

111
0 . 0000 0. 0000 0. 0000
0.5932 0.1354 0.233't
0.269s 0.1167 0.6002
0.0324 0.1840 0.5604
0.2858 0.0438 0.8166
0.2458 0.0s90 0.3561
0.5155 0.1802 0.6643

-0.1880 0.1439 -0.0909

12.656 c: 5.517 ß=108.3o
12.888 c: 5.314 ß=107.5o

Sta rt i ng CeII (Â)
FinaI Ce11 (Â)

b:
b:

a: 5. 807
s.194

Final InteraLomic Ðistances
lfithin the Àsymmetric Unit

Number of L.S. Cycles = 13
Final R-index = 1 .04%
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RoseI i !e Idealized ToHârds Kröhnkite

Start i ng Atomic Paramelers Fi nal Àtonic Pa rame le r s

1ti
0 . 0000 0.0000 0. 0000
0.5867 0.1354 0.2291
0.2612 0.1 159 0.5982
0.0279 0.1821 0.554s
0.2850 0.0434 0.8158
0.2479 0.0577 0.3560
0.5114 0.1802 0.6607

-0.1852 0.1445 -0.0877

12.898 ct 5.617 ß=107.4'
12.887 c: 5.320 ß=107.5"

xyz
M9 0.0000
ca 0.5518
Às 0.2161
0(1) -0.0s78
o(2) 0.2810
o(3) 0.2368
o(4) 0.4382
0I,¡ -0 , 1846

0.0000 0.0000
0,1216 0.2307
0. 1204 0.5669
0.1739 0.4974
0.0531 0.8384
0.03s2 0.3423
0 . 2060 0. 5719
0.1386 -0.0353

Cu
Na
5

unit cell Data

Start inq Cei.l(Â) a: 5.80f
Fina] cell- (Å) a: 5.199

Final Interatomic Distances
I,¡ithin fhe Àsymmetric Unit

b:
b:

Number of L.S. Cycles = 9
Final R-index = 1.05%
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Rosel i !e Ideal-ized: Withoul Restraints

Start inq Àtomic Pa rane te r s

1r1
0 . 0000 0 . 0000 0. 0000
0.5618 0.'1216 0.230'1
0 .21 61 0 . 1204 0. s669

-0.0578 0.1739 0.4974
0.28'10 0.0531 0.8384
0.2368 0.0352 0.3423
0.4382 0.2060 0.5719

-0.1846 0.1386 -0.03s3

Unit Cell Data

Start ing Cei.1(Â) a : 5.801
Final Ce 1L (Â) a:5.375

Final Interalomic Distances
!¡ithin lhe Àsymnetric Unit

Final Àtomic Parameters

x

0. 0000
0 . s189
0 .217 4

-0.0876
0. 2887
0.2622
0 . 4102

-0 .0959

0.0000
0.1313
0. 0957
0. 1 345
0.0380
0.0'148
0.1960
0.1541

z

0.0000
0. 1667
0.5481
0 .4898
0 .81 79
0.333s
0. s509
0.0124

I
Mg

Às
o(1)
o(2)
o(3)
0(4)
0I,¡

b:
h.

12.898 ci 5,61'7 ß=10'1 .4o
13.220 c: 5.585 ß=102.8o

¡t¡t

.¡rt

o l.l
!ltt!r¡t0ltt

Òlrt.rr¡olrtoltt .1.,.t.t

Number of L.S. Cycles = 13
F inal R-index = 1.02"Á
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Cu 0. 0000
Na 0. 5714
s 0.2375
o( 1 ) 0.0038
oQ\ 0.29'1 1

o(3) 0.2319
o(4) 0.438s
o!¡ -0.168s

Starting Ce11(Â)
FinaL CelL (Â)

0 . 0000 0. 0000
0 .1247 0. 2099
0.1179 0.5445
0. 1725 0.48'14
0.0573 0.7844
0.0425 0.3322
0.1923 0.5517
0 . 1 343 -0. 0487

Unit Cell Data

Kröhnk i te IdeaLized: With Restraints

Starting Àtomic Pa ramete r s Final Àlomic Parameters

111
0 .0000 0.0000 0 . 0000
0.5698 0.1343 0.2056
0.221s 0.1081 0.5850

-0.0352 0.1524 0.5568
0.2888 0.0429 0.8187
0.2297 0.0448 0.3552
0.4089 0.1930 0.6027

-0.1500 0.1509 -0.0545

12.656 c: 5.517 ß=108.3'
12,768 c: 5.314 ß=103.6'

ili

b:
b:

5.807
5.381

Final Interatomic Distances
Within the Asymmet.ric Unit

Number of L.S. Cycles = 13
Final R-index = 1.16%
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Rosel i te Idealized: tlith Restraints

Mg 0.0000
Ca 0.5618
Às 0.2151
o(1 ) -0.0s78
o(2) 0.2810
o( 3 ) 0.2368
o(4 ) 0.4382
or,r -0. '1 846

SLarting CetI (Â )
FinaI CeIl (Â)

0 . 0000 0. 0000
0.1216 0.230'1
0. 1204 0. s669
0. 1 739 0 .497 4

0.0531 0.8384
0.03s2 0.3423
0.2060 0.5719
0. 1386 -0.03s3

Unit Cell Data

Starting Àtomic Parameters

iIi
Final Àtomic Parameters

111
0 .0000 0 . 0000 0. 0000
0.5105 0.1395 0.1487
0.2s4s 0.092s 0.5s90

-0.0548 0.1442 0.4692
0.2951 0.0296 0.8217
0.2952 0.0146 0.3424
0.4898 0.1824 0.6007

-0.086s 0.1535 0.0008

12.898 c: 5.617 ß=107.4'
13.417 ct 5.712 ß=107.2o

Number of L.S. Cycles =
Final R-index = 1.2'l'Á

5.801
5.17 4

Final Interatomic Distances
Within the Àsymmetric Unit

13

ol¡t.l¡r
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8.5 LINDGRENITE & CHÀLCOCYÀNI TE

Lindgreni te Idealized

St.art ing Àtomic Parameters Final Àtomic Parameters

111
0.0000 0.0000 0.0000
0 .8848 0 . 0929 0. 4731
0.4592 0.1507 0.849?
1.0031 0.2288 0.4'138
0.6'172 0.07s2 0.0743
0.5203 0.1394 0.5343
0.1264 0.1213 0.8s45
0.2239 0.0339 0.3871

14.023 c:5.608 ß= 98.5'
14.303 c: 5.209 ß=105.2"

X

cu(1) 0.0000
cu(2) 0.8638
Mo 0.4559
o(1 ) 0.980
o(2) 0.651
0(3) 0.ss3
0(4) 0.14s
0(s) 0.132

v_i
0.0000 0.0000
0.0939 0.4870
0.1546 0.87'12
0.2234 0.436
0.0918 0.101
0.1299 0.594
0.1130 0.873
0.0306 0.341

Unit CeII Dala

Starting CelL (Â )

Final ce l1 (Â) b:
s.394
5.lt¿

Final Inleratomic Distances
},¡ithin the Àsymmetric Unit

xo !r tl
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Chalcocyan i te Idealized

SLart ing Àtomic Parameters

11
cu 0.000 0.500 0.000
s 0.185 0.2s0 0.445
0(1) 0.141 0.250 0.755
0(2) 0.375 0.2s0 0.439
0(3) 0.129 0.069 0.307

Unit CeLl Data

Final Àtomic Parameters

1I1
0.0000 0.5000 0.0000
0.1613 0.2500 0.5364
0.1587 0.2500 0.8s72
0.3269 0.2s0 0.4340
0.0798 0.0450 0.4273

Starti nq CelI (.t ) a:8.390
¡'inal cel1 (Â) a: 8.40'1

Final Interatonic Distances
Within lhe Àsymmetric Uni!

Number of L.S. CycLes = I
Fina1 R-index = 0.03%


