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Crystal chemistry，SuPerlattice architecture and bondjng；

thermochemistry and phase equilibria；naturalo¢CurrenCeS，

geo¢hemistry and metaHogenesis

D．A．WEIGELI

Abstract Attemperaturesbelow300℃restrictedare？SOfmetastablesolidsolutionexist
inthebornite（bn）－Chalcopyrite（cp）－idaite（id）－nukundam1te（nk）areaofthe Cu－Fe－S system；

the solid solutionis pronounCedin the areas betweenid，bn and cp．The metastable
Phases ofthe solidsolutionarequenchablefromabove500℃to220℃；eXamPles observed

innaturalassemblagesformasaresultofkineticandenergeticeffectsandasanaccommo－

dationoftheGibbs／Goldschmidtphaserule・Theoccurrenceofphasesisconstrainedby
hydrothermalphaseequilibria．ThestatesofthesystemslnVOIvesmallcompositionaladjust－

ments which are dependent on solid state processes．Mineralphases exhibit slight varia－
tionsinstoichiometryallowlngties toexistbetweenthem．Anaccommodationnotedinna－

ture allowing covellite（cv）－nk－CP COlinearityis observedin experiments at150－250℃where

idcompositionsequilibratesothatthenk－CPtieconnects．Transitionmetal（e．g．，Zn）substi－

tutionoccurs atlow temperatures andchalcogenide（e．g．，As）substitution occurs at high
temperatures．Below220℃（thermalmaximumOfnon－StOichiometricchalcopyrite）and260－

270℃（wheretielineswitchreactionsoccurbetweenid，CVandcpproducingnk）the solid
solution areabecomesexpansivewidening toward cp；aS a reSult of sympathetic energetic

and kineticeffects anumber ofpolytypes appear．Thenk arearemains restricted at high
temperatures，Variablestoichiometryand solid solution withid and an．bn polytypesis ob－

SerVedat temperaturesbelow171－220℃．Athightemperaturesnonintegralsuperstructures

decompose tointegraltypes which areinvoIvedin tie－line switch reactions．Permissive

metastabilitybelow300℃isassociatedwith merged univariant equilibria and sustained by

non relativistic atomic statesin superlattices whichinfluence spectacular solubility varia－

tions．Lattice distortion and electronic statesindicated for these phases suggestthe pres－

enceofstrongbondingforces，imposedbyvacancysuperstructurenuclearinteractions，nOt

SpeCified by current theory．

Idaite exhibits2　0r3polytype and several polymorphous conditions；－12　polytype

phasesarerecognisedinthean．cp solidsolutionbetweenidandcp．CrystalsymmetryVar－
ies fromhexagonal（360℃：Cubic）innk，pSeudocubic／tetragonal（220℃：Cubic）inid to

Orthorhombic／tetragonalin an・Cp；these symmetry tranSformations correlate with
stoichiometry，metalvacancleSandoxidationstates（dependentonenvironmentofcrystalli－

zationhencethevarietyofnaturalpolytypes）．Changinglevelsofsiteoccupationandoxida－
tionstateresultindistortionofthebasicchalcogenidesubcellwithconcomitant superstruc－
tureand opticaleffects．Anew conceptof bond developmentisintroduced to explain ob－

served physicaland chemicalvariations－Chalcogenideligands are thought to be metallized；
especiallynotableinnonstoichiometric phases．Analogous chalcogenide phases from other

systemsarediscussedinterms oftheirmultielement phase equilibria and periodicelement

topology，　A restructured periodic table facilitates a better　understanding of

zonal／regionalmetallogenesis and multielement solid state phase equilibria applicable to

broad fields of scientific research．The occurrence of Au and t占ctonically zoned

chalcogenides－Semimetals（e．g・．，Ge anomalies attectonicinflections）with zonesintermedi－
ate Cu－Fe－S solid solution－metaStable solid solution（iss一mSS）series willprovide aninter－

estformineralexplorationandnaturalhazardmonitorlng．

Keywords：idite，bonding－forces，thermochemistry，SuPerlattice，metallogenesis
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Fig．l Summary of electron microprobe analyticaldata for the metastable solid solution polytype series；natu－

ralandsyntheticcompositions竿redepicted；nOteeSpeCiallythedifferencesincompositionalhiatusesforlowand
hi宮her temperature pPlytype serleS・

rNTRODUCT10N

Idaite superstructureS and polytypes belonglng

tothelow temperature bn－nk－id－CP Series（Fig．1）

arervery complex（for key to abbreviations used

SeeTablel）；VariationsareobservedbetYeentr？Pi－
cal and temperate climes．Variationln OPtlCal

properties frombn toid（Ro direction often pre－

dominates）and superstructure development are

consistent with the stepwise ordering of metal



Idaite－nukundamite－bornite－Chalcopyrite

Tablel Abbreviations for mineral and other terms
usedin text．

anil anilite

an．bn　　　　　anOma10uS bornite

an・CP al10malou、schalcopymte

bl．r．cv blueremalnlngCOVellite

bn bomite
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叩
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m

l Chalcocite

colusite

Chalcopynte

covelli愴

digenite

qurle始
enarglte

idaite

intermediate Cu－Fe－S solid solution

luzonite

mawsonlte

nukundamite

Pentlandite

py汀hodk

Pシrite

tennanhte

VaCanC享esmode11edonthebnlattice（chalcogenide
VaCanCleS are also noted to vary sympathetically

in individual analyses，e．g．，S for Cu）．

Experimental quenched（Frenzel1959；Czamanske

1974；Lee．e‥　al・1975；Weigel1978ms）and

metastablelntermediate phases are foundin na－

ture（Weige11978ms）；these are analogous to
metastable rhombohedral bn synthesised by

Morimoto＆Ku］lerud（1966）．

Electronic configurations expected for these

Phases indicate that Fermi－level rmgration

（metastability becomeslimited at energetically
lower Fermi－levels）must be criticalin the shrink－

age of the solid solution at temperatures above

140－220℃．Vacancy superstructures reduce nu－

Clear shielding，COnSequently nuclear processes are

thought to beinvoIvedin perched Fermi－level
metastability．　Stoichiometric high　temperature
polymorphsexistupto280℃（id）and500℃（nk）；
remnant raised Fermi－level areas remain between

bn and cp above these temperatures，Non－
stoichiometric bn　（Cu5＿ⅩFeS。．x）　and non－

stoichiometric cp（Cu1，．．XFeS25±Ⅹ）0ccur as experi－

mental quench products and as metastable relics

in nature．The model proposed for the wide－

SPread metastabilityis a mlgratlng temperature－

dependent Fermi－level constrained by the marglnS
Of the metal－Chalcogenide system．　High　Spln
metallised chalcogenide distortionin compound

Subcellsis effected by vacancies，Variable oxidation

StateS and other constraintsimposed by extreme
environments of crystallisation．Perched Fermi－

levels，PrOducedbysynergisticelectronic－nuClearin－
teractionswithinsuperlatticedomains，arereSpOnSi－

ble for differentlevels of metastability　and
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COmPlex polymorph－POlytype occurrenCeS between

2200　and25℃．Probabilistic nuclear combinational

effects are considered responsible for the abun－

dance of compound polytypesin the Cu－Fe－S sys－

tem（ca．105compoundtypesarepredicted；Ca．70－

80natural／syntheticmineralpolytypes areknown，
however，geOChemiCalequilibrium processesimpose
constraints onnaturaloccurrences）．

REFLECTED LIGHT OPTICS

The optical properties of the stoichiometric

end members of the metastable solid solution are

COnSistent with their crystal chemistry・Non－
StOichiometricintermediate phases exhibit aspects

Of their nearest neighbours with gradations be－
tweenpolytypes，e．g．，idanditspolytypes，areSimi－
lar except that phases nearer to bn are

brown／bronze while those closer to cp are

yellow／brown；POlymorphs areisotropic（compa－

rable to Ro－id）or hexagonal（nk－id solid solu－

tions）．Optical characteristicsin plane polarised

light andunder crossed polars can be resoIvedin
terms of wavelength spectra and the spectral－

reflectivitycurvesofLevy（1967）．Unusualoptical
anisotropISm，dispersion and unspecified scattering

are considered to be related to out－Of－Phase elec－

tronic wave quanta（polytypelociat＞46atomiC
％S and＞30atomiC％Cu exhibitincreased cell dis－

tortion and covalencyand superstructures；reduced

nuclear shielding affects electron wave functions）

interacting withlight quanta．

ldaite：Many opticalvariations are noted ac－

cording to stoichiometry（e．g．，Ramdohr1969）；
POlytypes which overlap with the bn metastable

SOlid solution，id，and　the nk polytype are

brown／bronze whilethe equivalent polymorphis

Orange－yellow／brown．Opticallyid polytypes ex－

hibitlon芦erWaVelength（＞5000Å）andloweren－
ergy emlSSlOn than nk（nkis expected to exhibit

higher crystal field energy differences）consistent
Withitslower thermal stability and metastability．

The450　Positionid polarisation colours resemble

the green hues associated with　the Re plane

POlarised direction；theyaresimilartointernalre－
flections and are considered to orlglnate from un－

SpeCified scatteringorfluorescence．

Inplanepolarisedlightidspectralinflectionbe－
glnS at Ca．4750A withmaximum emission at ca．
5000Å（basedondatafromLevy1967）．Thespec－
tralreflectivitycurvesfor・idare slgmOidal，Similar

to the．‘0range bornites’（Levy，1967）and the

PhotoemlSSlOn CurVeS Of some superconductors

（Sleight1988）．Anomalous dispersion and change
inopticslgnVariesfrom4700A to5700Åinthese－

ries renierite，．maW（5500Å）andid（5700Å）・
Optical emisslOn at　＞20000cm‾l appears to coin－

Cide withthe crystalfieldinfluence of CuE whereas
the effects of Feinteractionsinfluence nk emission
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Table2　Crystaland thermochemicaldatafor metastable solid solutionpolytype phases・

NtJKUNDAMITE IDAITE

Fomula：

CeuConlent：

Cu5．郎FeS‘．側●

Cu．叩Fe。．‘2S一．。

Cu5J托S‘j＊／‡

Cq．”Fe。．00S．．d

E：票監J
Cu，．。FeS．．，イ

Z三三0．6－0．66

UnivariantFreeEnergyData

bn－Cp－nk＝－41592．67＋49．5321TqK

nk－py－bnニー41856．29＋49．6858TK

nk－tV－py＝一49065．17＋61．7216TK

Fedig＋tV＋nk＝一41751．09＋5283TやK

bn＋CP十id＝－42479．47車19．3529TやK

AGOト一一一一Ca1．mole‾ls2（g）

…：namrdhydro山emalphase

綱繊：ambientnlydrothemaloverIap

小〟：Supergene
＄＄‡：Synthetic hexagonal

CけStdlography c。一11．171Å

もー3．768A

Hexagon山　　　　　　　　　打6mmm－P63／mmc

P3ml（1）

pseudocubic

も－5．30Å

Cu，FeS．■射

Cu3FeS，．7■

Cu”FeS”■

Cu3．2FeS，．7＃

Cu，．3Fe。．晶．9＃

Cu，．lFeS”＃

Cu2．舛FeS一＃

Cu，．。7Zn。．。2Fe5，．，1J

Z＝1，2－6＋

pseudocubic

も－5．26A
Fm3m

比的gOnd

も－5．30Å

C。－5．26Å

atlongerwavelengthS（loTerWaYenumbers）・
Nukundamite：TheanlSOtrOplCemissioniscon－
sidered to be＜5000A energetically higher than
the crossed polar emission exhibited byid
（＞57kcal）；inflection of the spectral1－reflectivity

CurVPS（Levy・1967）isin the range5000－6250Å；
maxlmum　ref－lectivities occur　atlonger wave－

lengths（5500－6000Å）than theid profile．The nk

PrOfileis similar to that of cv，aknown supercon－

ductor（Sleight，1988），andnotrelatedtocurvesat－
tributed to theid series．　The fact that nk ab－

sorbslight athigher energylevels（shorter wave－
1engths）indicates the occurrence of alarger band

gap，indicating a greater thermal stability com－

pared toid which exhibits alower absorptlOn en－

ergylevelandlongerYaVelengthpolarisation・
The enormous optlCal effects exhibited byid

POlytypesmaylnVOIve a superstructuregratlng，al－

thoughtheintense green polarisation colourS are
COnSideredduetocrystalfieldeffectsintheCuHre－

glOn Of thevisible．spectrum．The vacancy super－
structureis considered to contribute to thelevel

Ofopticalactivity．

Variationinopticalpropertiesisrelatedtolat－

ticedistortionof polytypes from bn toid and nk－

integral superstructures；distortion from cp to

ANOMALOUS

CHALCOPYRITE

Cul．5FeS2．5‡

Cul．75FeSZ．SS

Cul．一6FeS川‡

Cul．2FeSl，7■

CuFeSl．85＊

Cul．tFeS王，．5＊

Cul．，FeS2．Ⅰ＊

Cu川FeS2朋■

【Cul．8FeSl“一”■

－Cul．7FeS131】

Cul．92FeS2．㌔
Culj，FeS王．72事

Cul．61FeS王．”■

Cul．一5FeSl。9＊

Cul．6．FeSl．72■

Cul．。7FeSl．62■

Cul．65FeS2．四書

乙三3－4，6－8

OrthOrhornbic

も－7．7A
b。－7．8Å

C。－10．92A
Pmmn

ktmgonal

ANOMALOUS
おORNITE

Cu4FeS4．脚■

Cu5．5FeS5㌔
Cu－FeS4‡

Cu3．5FeS3．5‡

Cu5．5FeS5．㌔
Cu3．6FeS，．．＄

綱樟

Cu4．76Fe。．耶S。．｝6

Cu4．糾Fe‖2S4．05

Cu“3Fel．郁S4．刀

＃＃＃

Cu。．，FeS4S√

Cu。．2FeS4S√

Z＝Or＜16

吐けagonal

a。－10．92Å

C。－21．65±0．05Å

p父Udocubic

Celledge：

10．87＿10．91Å

an．cp andidinvoIves non－integral superstructures．

Thelevel of optical activity exhibited by the

POlytypesis greaterinlargeisotropIC SuPerStruC－

tures andless prominentinanisotropIC SuperStruC－

tures；OPticalactivityislessprominentin the tran－

Sition from orthorhombic to tetragonal symmetry．

SimilarlylnCreaSed metallic properties resultin re－

duced opticalactivity．Biaxialoptics areindicated

by someid crystals，Whichis consistent with the

Orthorhombic aspect observedin precession expo－

SureS andmicroscopIC SeCtions．

Optical characteristics of some of the poly－

types are as follows：

Te Kumi，New Zealand；46－48atomiC％S Cu32FeS3．7

R。－lightbrown R。－lightyellowbrown（air）
Anisotropism－intense green／yellow－greyish green

（450）
Origln：Submarine voIcanogenic hydrothermal

alteration／quenchproduct ofthebn－id series．

Fern HiJl，New CaJedonia；47－49atomiC％S

Cu3．12FeS3B8

Ro－．yellow／orange－brownRe－lightgreenyellow
Origln：retrOgrade metamorphic and／orlow tem－

perature alteration product of．Stratiform／



Idaite－nukundamite－bornite－Chalcopyrite

coJlわれはedわ　7bbZe g．

Supe相加C仙℃S

Density

g・cm・3
Habit

Cleavage

Hardness

Lust陀

En山dpy
AHOcd．mole‾1

298．150K

TnemalS血bil吋

hversionT

3C

integra1

4．53－4．6

hexagonalplates

pyramids／spiral

gmw也twins

0001匹血t

dd　＞CV

submetdlic

－metallic

－102598

－96122

525±250c

cp／nktie1710±200C

or4500C

3600C

CrystallisationT　　　　　220－370℃

（Hy血0山emal）

hexagond（111り

もー3．74Å

C。－乳16Å
Or山orhombic

も－7．朝Åb。－7．50A

c。－10．52Å

gA

血喝血
4．28

sphen6idal／parquet

twins－CpePltaXy

OCu山edralmimedc

Su血s
C－anS rO也hOn

twlnS

lll／124／001

indistinct一perftct

＜Cp　＞止＞bn
non－Submetdlic

－70335

－69867

3000±200C

260－2700C

id－CY－Cp／止
be reactlOn

380（DTA）－4000C（invtpt）
2200C

2200－3200C

もー5．39Å

C。－10．92Å

p鋸udocubic

も－5．4－5．58Å

2C－1．3A－3．1B

monh愴gra1

4．24－4．68

4．36－4．83

pdsm（100）

pymlIlid（101）

pmacoid

（〟m）

110／100／111

dis血cdYepnSmadc

－pOOr

＜Cp＞id元jw
Submeはlhc

－me血山C

－56756

－50200

nonintegm1

4．64

nonmehllic

－82112

－79992

220℃－290±300C　　　　　　750－1400C（4）

500－5500Csymtheticquenched370－5500C

（2）（3）（5）

220－2500C 220－3200C

（1）Sugakietal．（1981）；（2）Leeetal．（1975）；（3）Czamartske（1974）；（4）Brettetal・（1964）；（5）Weigel（1978ms）

VOIcanogenicbn．

Pilou，New Caledonia；Cu5．37FeS；．6－Cu3，6FeS4．7

Ro－Pinkbrown Re一greybrown

Anisotropism－greenish／grey

Origln：low temperature nk polytype，COmPOSitions

approachS－deficientid polytypes；OCCurS after cp

intergrownwithcv；relicid occurs as a precursor

betweencp and nk－CV．

Great Barrierlsland，New Zealand；Cu3．07Zno．02FeS3．91

R。－brownishyellow R。－lightgTeenishyellow
Origln：SuPergene alteration product after

hydrothermalsubvoIcanicplPe bn．

Ok Tedi，Papua－New Guinea；Cu2．98FeS4，02

R。－red／brown Re－lightgreen／yellow
AnisotropISm－greenish yellow

Origin：lowtemperature／latehydrothermalaltera－

tionofporphyrybn．Nkoccurs as overgrowthson

symmetricid（2polytypes）－CP ePitaxial／lamellar

intergrowthS；nkis enveloped by stoichiometric cv

shrinkage rims（260℃）；lower temperature bl・r・CV

replacesid－Cp．
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Panguna，BougalnVilLeIsland．

ⅠId：R。－brown／yellow Re－grey／brown

Anisotropism－greenish／grey

Fine orientedintergrowthswithpolytypeII

I Cu33Fe。B3S3B7；48atomiC％S

IsotropICPOlymorph of the sulphur－deficientid

polytypes；

Yellow／brown（＝R。id）；anOtherisotropic

POlytypeislightbrown
Origln：incongruentdissolutionproductsafter

porphyrybn；SupergeneOVerlapwithlatewan－

lnghydrothermalconditions・

Undu，Fiji；Cu5FeS－Cu5．6FeS65

Nk：R。－pink／red－brown Re－lightbrown／grey

AnisotropisT：green－grey／yellow－grey
Origin：marmeSubvoIcanichydrothermal（220－320℃）
intergrownwithpy，CVandluz・

Yauricocha，Peru；COeXistinghydrothermalid and
nk

IId，aSSOCiatedpolytypes arelistedinTable2・

Cu3FeS。一Ca．1％As substitution

R。－yellow／brown R。－lightgreenishyellow
AnisotroplSm－intenseyellowgreen
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Origin：Symmetricalepitaxial／mimetic／lamellar

intergrowthswithcp，an．CP，CV andnk（an．bn re－

actionseriesnotobserved－reStrictedquenchprod－

ucts occur）；hydrothermal（220－320℃）・incongru－
entdissolutionreactionproductafterhightempera－
ture bn（300－700℃insupraporphyrypipes）
Ⅱ　Nk，Cu5．66FeS6．66

R。－pinkredTbrown／darkbrown R。－brown－

grey

Anisotropismgrey－yellow／green

Origln－aS euhedral crystalsintergrown with
an open space advancedargillic assemblage cv，Py，

enargite－luzonite，barite（220－350℃）；nk also ocT
curs asareactionproduct（aftercv，Cp，id，an．CP，

an．bn」260－270℃；the quench phases often exhibit
rims）within the vein andin the bn wall assem－

blage．Cvintergrown withid and nk decrepitates
at ca．270℃，COnSistent with tieline switch reac－
tions．

CRYSTAL CHEMISTRY：　lMPLICATJONS FOR

ARCHITECTURE，　　PHASE EQUILIBRIA AND

METALLOGENESIS

Metastable solid solution superstructures are

COmPOSitionally dependent；they disappear at high
temperatures as a result of disordering

（polymorphic transitions）or decompositioninto
COmPOunds withintegral stoichiometrlC StruCtureS．

Variation of superstructure architecture appears

to affect thelevel of optical activity ratherthan

COlour properties．

Variable statistical occupation of super－

structured vacancies and associated oxidation state

disproportionation of higher oxidation state
cations areinvoIvedin symmetry distortion
（chalcogenideligands are stabilised by meta1－

1isation）．The concept of bondingis reduced to a

levelofatomicwelding，With truebondingonly oc－
Currlng between cleavage andlattice planar rows．

Nonintegralatomic relationships suggest that de－
PartureS from relativistic states may sustain

metastability andinfluence mass enhancementin

metallized chalcogenideligands．

The symmetry translations of subcellunits of

POlytypes，tWinnlng and preferred orientation are

responsible for much ofthe ambiguty relating to

thestructureofidandnk，e．g・．，thelll＊aspeCt Of

idis hexagonala）：3．74A c。：9．16Å（cf．quenched
rhombic metastable bn；Morimoto　＆　Kullerud

1966）．Comparable multielement polytype series

SuitablefortopologlCalresearchinclude：germanite－

idaite－Sulvanite－hemusite－nekrasovite－COlusite；

mawsonite－Chatkalite－rhodostannite－hexastannite－nk－

eplgenite；　kesterite－StammOidite－regnOlite－briartite－

sakuraite－renierite－en／luz－id．

MULTJELEMENT POLYTYPE TRANSITl0N METAL

CHALCOGENIDE．SERIES PHASE EQUILIBRIA－

GEOCHEMISTRY－METALLOGENICIMPuCATJONS FOR

NUKUNDAMrTE・ANDIDArTE SERIES

In considering the multi－element analogues of

these phases（transition metal substitutes：Ⅴ，Zn，

Ga，Ge，Ag，In，Sn，Sb，Bi；Chalcogenide substi－

tutes：As，Se，Te）one soon realises that thecom－

Plexityrequires modification ofthemethods of de－

plCtion．In this respectitis suggested that the

Symmetry－arrangement Of the periodic table of ele一

ments be modified to accommodate ties and solid

solution areas between transition metals and

Chalcogenides etc．The solid state phase equilibria

exhibitedbycomplex multi－element systems can be

visualized as strings with attachedinterphase ties

and solid solution series．Interphase ties are ar－

ranged along the strlngS Which splral across the

tranSitiongroupsofacurvedperiodictableiaperi－

odic compound phase diagram（a tabular section

of chalcogenidemineral phases）is depicted sche一

maticallyin Fig．2．

Hydrothermalphaseequilibria（Fig．3）require

COmPlex construction but they are usefulin that

they relate directly to natural processes，SequenCe

and zonation．Between these two depictions an

atomic accorrmodation of the phase rule takes

Placeinthecoexistenceofdisparatemultiphaseas－

semblages．Substitutional polytype（1－2　atomiC
％）shifts allow ties to connect phases which

would otherwise be considered metastable，e．g．，bn

lS Often intergrown with／or contains

COteCtic／exsoIvedinclusions of rチre element con－
tainlng Phases　（e．g．，renierlte，argyrOdite，

sakuraite，　briartite，　COlusite，　Wittichenite，

goldfieldite，Au，gallite，etC．Often favour bn over

CP and other phases which precipitate atlower

metalaqueousion／aH＋quotients，Fig．3）．Asare－

Sult of progressive H＋metasomatic reactions with

silicate wall rocks，increasing Metal／aH＋aq．ra－

tiosin solution concentrate the rare phases with

bnwhichnormallyprecIPltateSin response to high
aMetal／aH＋ratios．

NumerOuS SuCCeSSive phases precIPltatein re－

SPOnSetOH十metasopatic（e・g・，Py－CP－bn－COl）or

aciddissociationreactlOnPaths（complexPyClicse－
quences and phase zonation arise from slmultane－

0us　Peritectic／cotectic reactions）across phase

boundaries；intersections of the latter－triple，

quaternary－quintuple（etc・）poirttSOCCurWhereup
to five or more phases co－PreCIPitate，e．g．，bn－nk－

en－tn－Py（Fig．3）．

The periodic paradigmlS Particularly striking

when one considers zonation and paragenesisin

magmatic－COnStrained hydrothermal metalliferous

Ore deposits．　Periodic grouplngS Of　mineral

phases，grOuped according to their constituent ele一

ments and the string concept，eXhibit occurrence

groupings（parallels occur at a regional scale，
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Fig．2　Quasi periodic classification of ore minerals according to Mendelev periodicity and their occurrencein

hydrothermalrpineraldeposits・Tielinesareschematic；they wouldbe expectedto fan tolimits according toin－
Variant，univarlant and divariant equilibria．

Weigel　＆　Kobe，1993）with zonation and

Paragenetic trends observed as time－SPaCe eVentS

in ore deposits fromleft to right across the
scheme（Fig．2）．Telescopingtrends appeartofo1－

low diagonal tielines fromleft to right；depth－
Surface egress zonation exhibits similar trends，

ComplexCordilleran typeintruPive deposits（e・g・，
Butte［Weeds1912］and YaurlCOCha［Weigeland

Kobe1993］）exhibit a wide succession of zon？S

and parageneses（left side phases predominateln
Fig．2）right across the curved periodic table
stringsfromV（colusite）to Te（goldfieldite）With

influencesrelated to rareensialicele竺ent COnCen－
trations（e．g．，germanlte，gallite，reniente）to man－

tle derived transuranic decay products（Te－Bi－Pb）

OCCurrlng・Similarly continental mrgin／island
arcporphyryto epithermalgold deposltS eXhibit a

Wide range ofparagenesis and zonation across the

CurVed periodic scheme，i．e．，right side phases pre－

dominate at higherlevelsin epithermalAu zones；

e．g．，Wafi River，Papua－New Guinea（unPublished

reports by Weigel）a zoned auriferous　Calc－

alkaline caldera complex containlng a mOlybdenite，

Sn－tetrahedrite，Ⅴ－termantite，enargite，COlusite，

StannOidite core zone enveloped by successive Cu－

Pb－Ag－As zones which include bournonite－

Seligmanniteandboulangerite－COSaliteseries．

IslandarcepithermalAudepositsarelesscom－
Plex；idis rarely observed as disseminations after

bn，Withits orlgin thought to result from wanlng

acid hydrothermal alteration overlapplng With

Supergene PrOCeSSeS PrOduced by rapid upliftin

relatively young aCtive tectonic reglOnS，e．g．，Lihir

Island（unPublishedreportsbyWeigel）・
ComplexmineraloglCalsequences are also seen

incontinentalandoceanicmarg！nsWhich surcome

to crusta1－Plate rotation with consequent mantle

transuranicinfluences，e．g．，at the marglnS■of the

Tasman protocontinent of the SW Pacific

Archipelag0－the Fji Metallotect and the

CoromandelMetallotect（Weigel＆Kobe，1993）of
the North Island of New Zealand－Where

Chalcog・enide distributionis tectonically zoned and

SuCCeSSive plate rotation and operung Of spheno一

grabensisevidenced byseparate fault－bounded Te，

Ge and Se zones．Regionalstructuralzonation of
Chalcogenides，Semi－metals and mantle
radiogenic pairs（e．g．，P／S，Bi／Te，

Ga／Ge，etC．）suggestthatmonitoringof
mentsin natural waters could be▲uSeful

quake prediction．Adjacent passively

metallotects often contain an order of

less gold（in Northern New Zealand the

influenced

As／艶
these ele－

for earth－

subducted

magnitude

variation

is　3，000－30，000　tonnes total Au mobilised by
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Fig．3　Predicted hydrothermal phase equilibria for

Cu20－FeO－As203－H2SO4－H2S－H20　system at　300℃，log
aAsOH4－．aH＋　＝　－11；log aH20　＝　0；log aH2S　＝　2；

based on thermodynamic data from Helgerson（1969），
Knight（1977）and Weigel（1978ms）．The nk activity
SPaCeisboundedbytwo triple points（en－CV－nk andcv－

nk－Py）and one quintuple point（en－nk－py－bn－tn）．

hydrothermalreactions）whichis often associated

with polytypes discussedin this paper（Sulphides

associatedwithAuexhibitsevereetchingeffects）．

MULTIPHASE CHALCOGENJDE HYDROTHERMAL

SOLUBILITY DATA

Multi－element polytype phases exhibit struc－

tural similarities（Levy1967；Wang1976；Weige1
1978ms），e．g．，maW，a。＝5．38A pseudocubic，germa

nite＝5．29A stibioluzOnite＝5．28Aid＝5．26A．They

Varyfrompolytypetopolytypeaccordingto struc－

turaltranslations of commOn Chalcogenide subcells
and moreimportantly hydrothermal chemical

phase equilibria．・Itisin this respect that discus－

Sion ofequilibriaandincongruent dissolution proc－

esses thatareresponsible forpolytype seriesleads

us to anotherimportant problem　－irreconcilable

differences shown by multiphase chalcogenide

hydrothermalsolubilitydata．

Calculated metal and simple metal sulphide

hydrothermalsolubilities appear to obey mass ac－

tionlaws，and naturalsolubility and mass balance

COnStraints can be reconciled．Ⅰn contrast thereis

a1－20rder ofmagnitude differencein molalmetal

SOlubilities observed between predicted and experi－

mental solubility data for multielement metal

Sulphide phases．Prior tothe work of Crerar＆

Barnes（1976）difficulties occurred when attempts

Were made to reconcile this solubility data with

metalzonationin ore deposits，maSS balance data

andthe occurrence of daughter phasesin fluidin－
Clusions．According to H．Barnes（pers．comm．）

neterrorsinheat capacity／entropy modelderived

equilibrium constants are up to　±71og units．

Consequently the author revised（Weigel1978ms）

hydrothermalmutualsolubilitiesforphasesappear－

1ngin the Cu20－FeO－H2SO4－H2S－HCl－NaCl－H20sys－

tem（hydrothermalphase equilibriaafter Helgeson

1969）Calculatedby takinginto account differences

bettveen experimental（Crerar＆Barnes1976）and

entropy／heat capacity modelled triple point

SOlubilities at300℃（1－3molalNaCl）；SOlubilityer－
rorsareca．1．00rderofmagnitudelower thanex－

perimentaldataforFeandca．1．50rdersofmagnl－

tudelowerthanexperimentaldataforCu．Theim－

PrOVementSin the accuracy allow us to reconcile

Observationsmadeonnaturalassemblages；the dif－

ferencesin solubility data appear to be based on

fundamentalprocesses relatingto thelaw of mass

action．The fact that Cu solubilities are more

PrOne tO errOr PrObably relates tolattice effects

Where Cuions are more commOnly subject to
StrOngforces．

Therevisedsolubilitydataforthenk－CV－pytri－

Ple polntindicates that the m∑metal　＝　m∑S

locusisconsistent with advanced argillic alteration
equilibria whereas the m∑metals－m∑Slocus for

the bn－CP－Py aSSemblageis consistent with phyllic

and／or potassic wall rock equilibria；advanced

argillicfluidsareconsiderablyundersaturatedinre－
SPeCttObnhencethedevelopmentofidpolytypese－

riesinthesezones．In terms of fO2／pH variables

Where sulphide univariant boundaries are close

m∑metaland m∑S areimportantin determinlng

mineralogy，but when　univariant boundaries are
notcoevalfS2eXertS aStrOngCOntrOloverminera1－

Ogy．M∑Fe＝m∑Sloci always occur at higher

PHlevelsthan m∑Cu＝m∑Sloci．Incongruent Cu

dissolutionis related to advanced argillic equilibria

andincongruent Fe dissolution occursin periph－

eralanddistalpropyliticzones（po，pent，CPaltera－

tion；temPerature dependent zonation effects are

Observedfromthe an．cp．ss to theiss）．

Theimportant univariant／invariant equilibria

to considerin relation to theincongruent dissolu－

tionphenomenonis thecp－bn－nk－PylnVariant point

estimated to be at171℃．Thelocation of the tie

line switch reactionis ambiguous because the

univariants merge atlow anglesin the area of
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Pemissivemetastabilitybelow300℃；COlinearrela－
tlOnSarefavouredatlowtemperaturesbetweencp－
nk－CV．

CRYSTAL CHEMISTRY AND SOuD STATE PHASE

EOUILIB剛A

The structuralformula ofidis thought to be
2Cu2＋Cu＋Fe3＋［As3‾S2‾］。by analogy with data from

Vaughan＆Burns（1972）for germanite whichhas

a denslty Of　4．29gm．cm‾3，（after Dana）［cf．

id＝4・28grp・cm‾3］・SubstitutionofAsforSinthe

idaitelattlCe（hydrothermal）allowsfor equilibrium

coexistence of cp and nk below300℃．Id（Ctゎ＋Ⅹ

FeトXS．）－thelowtemperaturepolytypeformula－

exhibits extensive metastable solid solution atlow

temperatures（＜220℃）with anomalous cp，bn

（＜75－140℃）andnk（＜171℃）as．aresult．ofsや－
Wiseincongruent dissolutionreactlOnS；narrOWrruS－

Cibility gaps atlimltlng Surface compositions are

the result of arrested reaction．Non－StOichiometry

andmetastabilityln termS Ofthephase ruleis ob－

served below171－140℃（an．bn－id－an．CP－bl．r．cv／nk－

id－CP－CV COeXistence）；metaStable hightemperature
POlytypes are preservedas aresult ofquenching．

At higher temperatures the solid solutionis
limited toid andits polytypes，Cp andits
POlytypes，and bn andits polytypes（including

quenchablephases）；nkisnotinvoIvedin the solid

SOlution abov9171℃・In calc－alkalinelgneOuS
rocks magmatlC Sequentialcrystallisation of metal

SulphidephasesisindicatedacrosstheCu－Fe－Ssys－

tem fromiss－PO，lSS－CP，iss－bn，iss－bn－CP tO bn－CP

（Weigel＆Kobe1993）・An・bnandan・CPOCCur．竺S
quenchproducts．Nkoccursasafumerolicpreclpト

tate（Clark1970）whichis consistent with the ex－

perimental data of Roseboom＆Kullerud（1958）．

The occurrence of the other polytypes are the re－

Sult of post magmatic processes as evidenced by

globular sulphidesintergrown along phenocryst
growth zones with glass ovoids and silicate

microcrysts．A break down of textures toangu－
1arinterstitialintergrowths occurs as a result of

hydrationandalterationbelowthepo－Py－S（liquid）－

S（vapour）invariantat790℃（Weigel1978ms）；the

ParageneSisindicates retention ofCuionsin resid－
ualsilicate melt octahedralsites（after Burns1970

andFeiss1978）．Similarbutdistinct hightempera－
ture globular sulphide／0Ⅹide textures and

ParageneSeS OCCur in West Coast N．Z．

titanomagnetite sands and Central N．Z．VoIcanic

Plateaulgnimbritesindicating higher temperatures
Of eruption and the provenance of the sands．

NukundamiteiヲStOichiometric（metal ratios
are almostinvarlant）at high　temperatures
Whereasthelowtemperaturecompositionstrendto－

Wardsulphurdeficientidpolytypes；gradationalas－

SOCiations are noted optically between nk and cp．

The nk structure resemblesthe cv subcell（Cu6S，

after Yund1963），COnSequently Cu5FeS6－Cu55FeS5

83

has been favoured as a structural formula．The

long range basalrepeats（3C）are equivalent to2

CVCells；theformulaCu5・5FeS・5isconsistentwithe千一

perimental′一Phase and theoretical thermodynaImC

data．Derivation of hydrothermalphase equilibria
indicates　that Cu5Fes6is metastable；natural

hydrothermaloccurrences are almost always over－

grown by Cu5．5FeS6．5．The anisotropy of the struc－

tureisrelatedtoplanarlayeredrepeatingunits（S－

Slinkagesareweakforces）of（Cu2Fe）Swithinter－

VeningmetalS4tetrahedra；Fe replaces ca．2／30f

OneCuatomin2／30f thecv unit cell．Thelong

range ordering of the subcellis related to Fe site

OCCuPanCy；the superstructure approachesintegral

metalratios．Id，however，eXhibits a subcell占truc－

ture．similartocpwith2Cuatomsfillingl／2the
Fe slteSin the cp unit cell．Meta1－metalinterac－
tionsinnk（Sugakietal．1981）aresimilartoFe皿－

Fe皿interactionsin cubanite（Vaughan　＆　Burns

1972），Chargetransferdisproportionation processes

relate to the model of metallised chalcogenide

ligandsdiscussed elsewherein this paper；this con－

CePtWOuldexplainthenonintegralFe／Cucellra－

tios and the metallic character compared toid

Which exhibits covalency asindicated by optics，
hardness andits reduced cell dimensions．Various

metalinteractions areimportantin determinlng
properties ofthe polytypes；the nk3C superstruc－

ture relates to Fe site occupancy between planar

layersandtetrahedralinterstices whereasidexhib－

itsan8A superstructurewhichrelates tometalva－

Cantlayersinthebnparentlattice．

Idaite andits polytypes（e．g．，marine voIcan0－

genic occurrenCeS and experimentally quenched

Phases）arelesscommonasmonomineralicprecipi－
tates and replacements．CommOn OCCurrenCeSln
epitaxialassociation with cp are related to struc－

tural similarities and compatibility with the an．cp

Series．Intermediate phase superstructures tend to

be non－integral，eXhibit a greater degree of

metastability andlower thermalstability thaninte一

gTalend members；Stable phases after occur at

the marglnS Of the s．S．phase space．

Some polytypes are polymorphous；OPtlCally

distinct phases exhibit similar compositionalvaria－

tions，e・g・，the Te Kumisubmarine／voIcanog？nic
id polytype（anisotropic）and the PangunalSO－

tropicid are compositionally similar（Fig．1）．

OtherpolymorphsareknoYn：（i）p警eudocubicao
＝5．26Å，8A，POlymorphicISOtrOPIClnVerSion at2

20℃．（ii）tetragonala。コ5．26A c。＝10．46A，40

℃　experimental dissolution product after bn

（Utgarte＆Burkin1977）．

Several metastable quenchable phases are

known to occurin the phase space between bn

andidpolytypesathightemperatures；theyareob－
SerVedin advanced argillic assemblagesin nature．

These polytypes differ from thelow temperature

an．bn series（Fig．1）in that they exhibit a re－

Stricted range of composition and they can　be
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Synthesised as quench products of hightempera－
ture reaCtions，e．g．，Cu4FeS42－Cu3．6FeS3B quenChed

from3900and500℃respectively（Lee et al．1975）

and Cu55FeS53（Czamanske1974）．A wider range

of compositions from　500－550℃　between those
quotedinLee et al．（1974）and Czamanske（1974）
have been synthesised by the author．　The

metastable quenchable an．bn solid solutionis re－

Stricted at high　temperatures；above　250℃it
Shrinksto anareamidwaybetweenbn－id－nkexhib－

iting a compositional range of ca．5　atomiC％．

Themetastable solid solution becomes more appar－

ent below220℃　where theid solid solution ex－

Pands toward cp．12　polytypes of　the non－

StOichio血etric chalcopyrite series are recognisedin

nature（Weigel1978ms）；3phases from the series
have been quenched from　500－550℃；Cul．5FeS2．4－
Cul．75FeS2．5－Cul．46FeS2．46．

STRUCTURE AND CHEMJSTRY OF THE POLYTYPES

Polytype symmetry translations areinherently

COmPlex relating to superstructure vacancies and

consequent strong force effects（includingJahn

Teller－Variable oxidation states，d4，d7，d81evels of

metalions and non specified forces relating to the

vacancy controlled superstructures）whichimpose

SpaCe COnStraints on the alloyed chalcogenide

framework．MigrationofFermi－levelseffectdiffer－
entlevels of metastability，i．e．，the occurrence of

polytypes，POlymorphs，thermal stability and opti－

Calproperties．Lowered Fermi－1evels resultinin－
creasedstabilisation；Variationinopticsareinsym－

pathy with theselevels．More stable phases ex－
hibit higher energy emissions，e．g．，theincreaslng
wavelengthsofcross－POlaropticalemissionfor the
series stannite－maW－id（metastabilityincreasesin

thedirectionofincreasingwavelength）．Direct al－

teration of hightemperature stable compounds to
metastablepolytypesiseffectedbystructuralsimi一

larities whereas structural differences and kinetic

obstacles atlow temperatures often resultin the

occurrenceofnon－integralreactionintermediatesu－

perstructures．The direct alteration ofhighbn to
id and／or an．cp polytypes occurs above　220℃

（Weigel1978ms）；the volume reduction of ca．11％
is balculated and consistent withthe extent of cra－

quele shrinkngetextures．Thelowtemperaturere－
actionintermediate trends are bimodalin response

to a　2－SteP Surfacelimiting kinetic model
（Dutrizac＆MacDonald1974）．Other polytypes

existin natureas a consequence of quenching and

overgrowthpreservation．The phase synthesised by

Frenzel（1959）isprobablyakin to these and simi－
lar to the rhombohedral metastable bn polytype

synthesisedbyMorimoto＆Kullerud（1966）．

Jdaite Pofytypes：Many polytypes　and

polymorphicformsofthisphaseexist，theformula

Cu3十ⅩFelAXS4is only preferred atlow temperatures

because nkis stoichiometric and does not take

partin themetastablesolid solutions at hightem－
PeratureS．Conclusions based on electron－PrObe，

OPtlCal and X－ray dataindicate　that several

polytypes exhibit derivativeintegral and non－

int串gralsuperstructureswithtranslations based on

Cu2＋　vacancies and statistical variation oflattice

Sites．Transition metalandlinked chalcogenide va－
cancies are the result ofincongruent dissolution of

cp－bn，　quenChing，　hydrothermal oxidation，

SuPergene OXidation and dissolution．Idaite exhib－

its　microdomains of optical variabilityincluding

Parquet，mimetic andlamellar twins which are

also associated withpolymorphicinversion at220
℃andepitaxialintergrowths ofcp and an．cp．

X－raydatahasbeenreported asfollows：

1．Fm3m，pSeudocubic／tetragonal－Cu3FeS4；ao

＝5．26A superstructure　8a＝42Å（Weigel，

1978ms）．Sampleisnaturalhydrothermalincon

gTuent dissolution product of bn from

Yauricocha，Peru；COntains ca．1％　As；adja－

cent barite fluidinclusion filling temperatures：

220－320℃，decrepitation peaks for associated
sulphides：140－270℃，260－300℃．Refined single

crystallattice dimensions measured across the

recIPrOCal centre bywayof64integralsuper
structurelattice rows：a。＝5．30A c。＝5．26A

tetragonalcf．renierite：a。＝10・60A co＝10・54

Å（afterT．LeBihaninLevy，1967）．
2．tetragonala。＝10．52A c。＝10．72Å（Wang1976）・

3．tetragonala。＝5．26A co＝10．46Å；40℃synthetic

alteration product of bn（Utgarte＆Burkin，
1977）．

4．hexagonal a。＝3．90A c。＝16．95Å（Frenzel1959）

hightemperaturesyntheticquenchphase・

Idaiteis considered to be metastable（it exhib－

its greater thermal stability than non－integral

polytypes but hydrothermal phase equilibriaindi－

catemutualexclusion byphaseswithstablelarger
subcells）on the basis of thermochemical data，

residuality（occurrenceasanalterationproductis
almostubiquitous）anditspositionlngintheCu－Fe－

Ssystem（thenk－Cptielinere9uiresstoichiometric
variationsinid for stable coexIStenCe）．

Idaite fromFernHill，is restrictedin composi－

tion（Fig・1）andsimilarto the sulphur deficient
POlytypes from Cerro Huemul　and Te Kuml

（Weigel1978ms）；the Fern Hilloccurrenceis con－
sidered to relateto an overlap between retrograde

reglOnal metamorphism and supergene effectsin

anareasubject torapiduplift．

Supergene alteration of hydrothermalbn from

GreatBarrierIs．is typicalofthelow temperature
polytypeserieswithnarrowmiscibilitygaps and a
reaction series to stoichiometricid．The Te Kumi
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an．bn polytypes exhibit variable compositions（cf．

synthetic quenched types）in association with a

Sulphur deficientid polytype（a submarin？
hydrothermal alteration／quench product－quaSI

Supergene effects result from seawater encroach－

ment）．

The Panguna and Ok Tedipolytype series ex－

hibit wide compositional gaps；the Ok Tediidis

StOichiometric while the Panguna polytypes extend

toward nk andid polytypes and polymorphs sug－

gestlng an OVerlap between wanlng hydrothermal

and emerglng SuPergene prOCeSSeS．This phenome－

nonis also observedin geothermalwells（unpub－

1ished report by Weigel）andin Cenozoic

epithermalgold deposits．

Degrees of metastability are exemplified by

non－integral superstructure polytypes which are

less stable thanintegral types，and varylng de一

grees of thermal stability exhibited by the

metastable polytype series：an．bn　－　75－140℃
（Brett＆Yund，1964）；nk，id polytypes　－171℃
（Weigel1978ms）；id－an．CP POlytypes　－　220℃
（Weige11978ms）．The quenchable an．bn solid solu－
tionis restricted compositionally between S－

deficientid polytypes and ca．42atomic％Sin bn
（quenchable from above220－550℃）．Id exhibits a

polymorphic transition at220℃　and a maximum
thermalstabilityofca．280℃（products：bn－CP±nk）．

Id and cv react at ca．260℃　to produce nk；id

and cp react at270℃producingnk．
Nukundamite：The occurrence of nk under

hydrothermalconditionsislimited by geochemical
environments and hydrothermal phase equilibrla．

Its occurrenceis constrained byits activlty SPaCe

locus（Fig．3）intheCu20－FeO－As203－H2SO。－H2S－H20

SyStem．Arsenite activlty COnStraints severelylimit
the occurrence of nkin hydrothermalore deposits；

e．g．，at300℃aquintuplepoint（nk－Py－bn－en－tn）is
Predicted for the condition aAsOHl．－aH＋＝10‾11，

aH2S＝10‾2while at higher arsenite activities the

nk spaceis replaced by en－tn．Atlower arsenite

activities the nk spaceis bounded by　3　triple

POlntSinvoIving py，CV and bn．0Ⅹidative and H＋

metasomaticprocesseslimit the preservation of nk

（Cu5■5FeS6・5）andpreferentialcv－PP－tnrePlacementis

Predicted；id and CuSFeSS aCtlVlty SPaCeS do not

exist under predicted hydrothermalconditions．At

low temperatures cv－nk－CP COlinearityis predicted．

Thelimited occurrence of nk can be attributed

to progressive oxidativetrendsin surficialenviron－

ments．In terms of predicted aqueous phase

equilibria（Weige11978ms）in the Cu20－FeO－H2SO。－

H2S－H20system at25℃，CV PreCIPltation progres－

SivelyovertakesnkprecIPitationforprogressivede－

CreaS？Sin aH2S（by1－30rders of magnitude）・
ReactlOn trends for the bn－idincongruent dissolu－

tion seriesin troplCaL Climes approach nk；

SuPergene nk from Pilou，New Caledonia replaces

stoichiometric cp．　Adjacent to cp，nkis

intergrownwithid and variesin composition from
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Cu5．5FeS；．5　tOWard tropical supergeneid polytypes

（cf．Panguna）arld sulphurdeficientpolytypes．

Hydrothermalnk appears as Cu5．5FeS6．5Whereas

OVergrOWn tyPeS from deposits prone to quenching

approach Cu5FeS6（e．g．，Undu　mine，Fji where
Cu5FeS6CryStals are overgrown by nk and further

overgrownby cv－luz）．Thus，limited solid solution
OCCurS at hightemperatures whereas atlow tem－
PeratureS COmPlete solid solution occurs between

id，an．bn and nk（Weigel1978ms；Ottemann＆

Frenzel1979）．Hydrothermal nk exhibits splral

growth twinnlng，rOtation about the c－aXis on OOOl
and a　300　increment of rotation．　Coarse

arborescentintergrowths and hexagonal plates

With plnaCOid，PrlSm and pyramid forms occur
and crystals quenched from above theinversion

temperature（ca．360℃）exhibitlamellar twinning．
Cell dimensions derived from refined calibrated

powder－CameraX－raydataare ao＝3．768Å，Co＝

11．171Å；the a。Parameter tranSlates to a。Cubic

of5．30Å，Diffractometer tracesindicate depressed

and split basalpeaks andlong range ordering of

thesubcellreflectionsisindicatedbyaseriesofre－

flections from6．03to20．79A．

Zerolevel precession X－ray eXPOSureS Of

hydrothermalnkinaPnivariantassemblage（nk－Py－

PV－1uz）fromUndurmne，Fiji，indicatethe follow－
1nglattice dimensions：

鮎＝3．81±0．01Å　Q＝11．26±0．06A

SuPerCel1－3c
cell－Cu338Feo．62S4

Nukundamiteand cvareuniaxialpositive，mOr－

phologlCally similar and possess the same primitive

lattice types，but they appear to differin space

group configuration as a result of superlatticein－

fluences．

Nonstoichiometric－AnomalousChalcopyriteSolid

Solution Series：The an．cp solid solution extends

fromid to cp and toward bnin the Cu－Fe－S sys－

tem；COmmOnly adjacent to cpitvariesbyabout5

atomiC％constituent elementsinthe vicinlty Of the

bn－CP and cp－id ties．The stoichiometric variability
is ascribed to extreme environments of

CrySta11isation and solid state phase rule adjust一

ment（vein assemblages containing this phase ex－

hibit equilibration features）．Maximum　thermal

stability commOnly occurs at ca．220℃where this

Phasedecomposestobn＋pp（aDTAendotherpI
was noted between2000　and　220℃）whereasln

SOme eXPeriments chalcopyrlte Segregations ap－

Peared above230℃；decomposition to bn－CP OC－
curred at320℃．An．cp has been synthesised at
500－550℃in evacuated sealed tubes，and has

quench compositions varylng from Cul．5FeS2．4tO Cul，75

FeS2．5．Theschapbachite一matilditepolytypeseriesex－

hibits similar subcell dimensions（Ramdohr1969）

and symmetry tranSformations to those exhibited
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by an－CP and the metastable solid solution series

（orthorhombic／tetragonalinverts toisometric at

about225℃）．
In the specimens studied from supra－POrphyry

PIPeS fromYauricocha，an．CP OCCurSin association

With acid hydrothermal alteration products of an

earlybn－dge－CPStageandahighdjur，bnandbar－
iteveinas弓emblage equilibrated withawallassem－

blagecontainlngan．CP，id，bl．r．cv，nk，Cp，dge，djur

and barite．An．cp varies optically from anid－like

phase（Cul・9FeS2・7）to．a cp－like（Cul・1FeS2・15）phase
which varleS ln Subcell dimensions

fromca．5．4to5．58Å　with alarge non－integral

Orthorhombic／tetragonal superstructure．Median

compositional data approach Cul．5＋ⅩFeS2．5－Ⅹ（e．g．，

Cul・6FeS2・4）・An・CPeXhibitsabrownish－yellow．meta1－
1iclustre with a distinct cleavage；tWinnlng Of

rhombic crystal mosaics about the c－aXisis ob－

servedin precessionX－ray eXPOSureS．Twelve dis－

tinct polytypeP have beenidentified（Weigel
1978ms），Varylng from Cu2－ⅩFeS3－Y（id　－like

polytypes with smaller celldimensions than the cp

side ofthe series e．g．，Cul．8FeS2．7－Cul．6FeSl．7）to Cu．．l

FeS2．15．Atfirstsight，SinglecrystalX－raydatain－
dicateatetragonalcellwiththefollowinglatticedi－

mensions：a。＝5．39A c。＝10．92Å；PreCeSSionexpo－

Sures of twinned mosaics indicate an

orthorhombic／pseudotetragonalsubcell：ao＝7．74A

b。＝7．52A c。＝10．92Å（equivalent to a　5．45Å

pseudocubic cell）．Refined X－ray POWder camera

dataindicate an orthorhombic cell，SPaCe grOuP

PmmnWiththefollowlngdimensions：a。＝7．67Ab。＝

7．82A c。＝10．92Å．Long range ordering observed

inpowderpatternsconfirmsthe superlattice archi－

tectureindicated by precession exposures．Single

crystalsupercellreflectionsoccurringlntWinnedre－

lation to the subcellindicate the followlng

superlatticedimensions：ao＝10．32A bo＝24．67Åco

＝21．84A whichisanonintegralsuperstructurecon，

sonant to metastability and the decomposition at2

20℃to phases withintegralstructures．

The Nonstoichiometric Anomalous Bornite

Metastable Solid SoJution Series：Homogeneous

anomalous bornite metastable polytypes have non－

integralsuperlatticesresultingfromrandomextrac－
tion of ordered metal（and linked metal－

chalcogenide species asindicatedbycovariant ana－

1ytical data and climate／latitudinal／altitudinal－

dependentincongruent reaction schemes）1ayers

fromtheparentpolytype，COntrOlledbylowTsolu－

tion kinetics．These superstructures change with

timeorvarylngPhysicochemicalconditions tointe－

gralpolytypes withlimited stoichiometries・Some

ofthenaturallowTintergrowths（bn－CP±id±djur

±anil±cc±cv±an．cp±etc）appear to result from

solid state decomposition of an．bn polytypes while

other intergrowths relate to incongruent

reaction／alteration；low TunmiⅩingintergrowths

often occurin porous oxidised ores while

homogeneous S rich polytypes occurinimperme－

able ores．Exothermic reactionsinvoIvedin ad－

Vancedoxidationareexpected topromote decompo－

sition of the an．bn metastable solid solutions．

The optical properties of the polytype mem－

bers ofthean．bn metastable series vary considera－

bly owlng tOlattice translation and distortion

Which areinfluenced by syrrmetry environment

（cubic－tetragOna1－0rthorhombic）．X－ray dataindi－

Cate that cell volumes are reduced compared to

bn．Anisotropic darkbrown an．bn polytype adja－

Cent tOid－CPlntergrOWths from a oxidised占ubma－

rine voIcanogenicdepositin Northland，N．Z．had a
celledge－10．87A andanindexed tetragonalfit：ao

＝10．93A c。＝21．63A．A yellow／brownisotropic

an．bnpolytypefromasupergeneassemblageoccur－

ringina sub／voIcanicpipe deposit，Great Barrier

Island．（Cu。．2FeS4－Cu。．5FeS。）had a celledge－10．91

A andindexedtetragonalfit：ao＝10．92Åco＝21．70

A．Theindexedlinesindicate that、the　2　phases

arestructurallydifferent and theyindividually pos－

Sess different space group configurations．

The thermalstabilitylimits of an．bn appear to
range from75℃（Brett＆Yund1964）and140℃

（Yund＆Kullerud1966）forasolidsolutiPnarea
extending from bn－nk－id to cp with extenslOnS tO－

Wardfuknchilite（Ottemann＆Freヮze11979）・Low
T reaction controlled surfacelimitlng COmPOSitions
are responsible for narrowmiscibility gaps（Fig．

1），differentfromtherangeofcompositions exhib－

ited by thehighTquenchableanbn solid solution．
At higher temperatures，Changesin the bn struc－

turepreventthedevelopment／preservationofreac－
tionlntermediates．In hydrothermal examples

above the bn－inversion（220℃）reactionintermedi－

ates are not observed between bn andits altera－

tion products；quenCh products are preserved by

Stablephase overgrowths．

Many of the so called‘anomalous bornites’

arein fact sub－microscopIC domain and epltaXial

intergrowths（relatedtothelowtemperaturestruc－
ture of bn which exhibits alternatlng SPhalerite

and antifluorite domains，Koto＆Morimoto，1975）

of bn－Cp－an．CP－id－nk－CV－anil－djur－etC．；When heated

above230℃thesedec？mPOSeinto bnTCP－nk・The
low T bnmiⅩed－domaln StruCture aPPearS tO be

susceptibletodifferentialreplacementandincongru－

ent dissolution（cf．cp which does not behavein

thesamemanヮer）・Athightemperaturespreserva－
tion of reactlOnintermediatesIS nOt COmmOn．

Quenchcompositionsobservedinadvancedargillic
and submarlne VOIcanogenic assemblages exhibit

limited compositional variability from the S－

deficientidpolytypetoCu4FeS4－Cu3．6FeS4tOCu5FeS4．5；

themiscibilitygapsaremoredistinctinhighTas－
semblages．Reaction trends are betweenid－bn and

an．cp．Approximatelimits of the quenchable solid
solution based on experimental data（Lee et al．

1973；Czamanske1974；Weige11978ms）from370－
550℃（and from naturalassemblages220－350℃）
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areasfollows：Cu5，5FeS5．3－Cu。FeS。－Cu3．5FeS3．5－Cth．6FeS3，。．

Themiscibility gapln the highT．an．bn serriesis

Closetostoichiometricbn，butbelow220℃itm享－
gTateStOhigherSstackinglevelsaccordingtoenv1－
ronment．

EPILOGUE，　　CONCLUSLONS AND FUTURE

PERSPECTIVES

It has been shown that variationin chemical

and physicalproperties of the metastable solid s0－

1ution polytype phasesin the bn－CP－id－nk part of

the Cu－Fe－S system are related to crystal chemiS－
try and bonding effects．In some cases wave－

lengths of emission correlate with bonding effects；
SOme WaVelengths of emission correspond to con－

Stituent element crystalfield energleS－　Often ex－

PreSSed by theion which controIsthe symmetry

Of the subcell．Compounds which exhibit higher
thermalstabilities have higher energy optlCalemiS－
sions than similar metastable polytypes（especially

those with non－integralsuperstructures），e・g・：in

the series：Stannlte（isoPtannlt？，hexastannlte），
maw，id．Crossedpolar optlCalemlSSionsexhibitin－

CreaSlngWaVelengthanddecreasedenergyinthedi－

rection of decreaslng thermal stability．Polytypes

With comparativelylarger subcells exhibit metallic

properties whereas corresponding polytypes with

smaller subcells exhibit nonmetallic characteristics

（covalencyln StOichiometric types；atOmic metal－
chalcogenide alloysin non－StOichiometric types）．

Quantification of optical anisotropism willlead to
a better understanding of the chemiStry of these

and other anisotropIC COmPOunds，e．g．，the green

OpticalanisotropIC effects observedin most of the

lower symmetry highS polytypes from nk toid
（emission wavelengthincreases across　the series

whichincludes their S deficient polytypes）to the

an．cp polytypes with high　Cu／Fe ratios．
Analogous tointernal reflections，and still visible

under plane polarisedlightinid，these hues are
COnSideredtobeeffected byafundamentalscatter－

ingphenomenon and／or fluorescence．The concept

Of covalence would seem to preclude thelatterin

id because the reduced cell dimensions suggest

that electronic quanta are severely constrained by

nuclear effects；the superstructureis thought tobe
invoIvedin the unusualopticalemission．
The correlation observed（Sleight1988）be－

tweenmetastability（Variouslevels of metastability

correlate with different perched Fermi－levels）and
SuPerStruCtureSin superconductorsis relevant

Whenconsideringthesepolytype series．Phasesex－

hibiting meta1－metalinteraction and vacancy con－

trolled superstructures could be prepared by

quenching andincongrtlent dissolution．　The

metastableproducts are expected to exhibit higher
energy Fermi－levels than stable polytypes；long
range ordering of vacancy defects willincrease
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molecular distortion and obviate covalent effects

Which are responsible forlocalising electronic re－

glmeS．Itisinteresting that phases within com－

Plex assemblages exhibit variationsin composition

in what can bedescribed as a molecular accomm0－

dation ofthe phase rule．Variationsin phase rule
ObligationsaremorenoticeableathighT，Whilevi0－
1ations are more common atlow T；aCCOmmOda－

tions affect assemblagesless than the effects of T

dependent metastability．Metastable assemblages
thatpersistintermsofgeologiCaltimeexhibitcom－

positional adjustments　（associated with

CryStallisation and hydrothermal reactions；

POStCryStallisation solid state substitution and sur－

face absorption）so that constraintsimposed by

COnCePtS Of　the phase rule are obeyed，e．g．，

hydrothermalid from Yauricochais S－deficient

with ca．1％As as a chalcogenide substitute（cf．
low Tid which cont，ains transition metal substi－

tutes）allowingdivariantties between the observed

PhasPS．CV－nk－id－Cp（upto5phasepcoexistfnclose

PrOXIPlty）・　Equilibrium attalnmentln the
YaurlCOCha exampleisindicated by simultaneous

duplicatedparagenetic sequences，bn－djur－an．CP and

CV－nk－Cp－idin each of adjacent wall and vein sys－

tems．

Atlower temperatures metastability becomes

Permissive because of the energetic similarities of

univariant assemblages（invariant points become

difficult to define）thusCryStallisatlOn90nditions
and hydrothermal phase equilibria arelmPOrtant

in determinlng final assemblages．The complex
ParageneSis associated with polytype seriesin ad－

vanced argi11ic subvoIcanic hydrothermal／

SuPraPOrPhyry／epithermal Au and submarine

VOIcanogenic environments commOnly contains a

PerSistent Au component and a suite of rare ele一

ment（Mo／U／V／W／Bi／Ge／Re）phases；these
elements act as sympathetic oxidantsin combina－

tion with theincongruent dissolution equilibria．

The overlap betweenlate stage advanced argillic

VOIcanogenic hydrothermal processes and

SuPergene alterationin tectonically，aCtive reglOnS

producesmiⅩed enigmaticmineralassemblages（＜

75－220℃）similar to those foundin submarine

voIcanogenic sediment／seawaterinterface assem－

blages containlnglow temperature hydrothermal

phases．Theimbalance between predicted and

PrOVen Or eStimated Au reservesin the reglOnal

metallotectsinvestigated for variationsin polytype

ChemistrylntermS OftheAucycleis probably ac－
counted for bylow temperature sinks（e．g．，the

earth’s oceans and sedimentary andlow tempera－

ture epithermal deposits）．Mention has also been

madeofthepossibleapplicationofrareelementas－
SOCiationsofthepolytypeseriestoearthquakepre－
diction，however，it should be stressed that further

detailed studyof the metamorphic geochemistry of
veins attendant to maJOr faults would shedlight

On the chemiStry of sequesteredions and species
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星空・左叢慧1謂訝霊霊慧盈ec漂霊霊凱慧精霊慧／無用崇。謡慧電鵠笥l
immersion；magnification x1260・Sample from Youricocha，Peru・Contact between the altered bn wall asPemT
blage and the advanced argi11ic vein assemblage；nkisintergrownin optlCal continulty With stoichiometrlC CV
and苧eeded off cp／an・CP Segregation－Shrinkage－reaCtion surface overgrowths toid－Cp epitaxial／lamellar
twinlntergrOWths pseudomorphic after bn；CV－nk partially pseudomorphsid－CplntergrOWths・Within veins the cv－

nk－Py univariant assemblage occurs withformer bn crystals exhibiting various states of dissolution and replace－

ment，CP－id relics occurintergrown with cv／nk．

releasedbycrustalfailure．

This paper explains some of the diverslty Of

POlytype crystalchemistry of theid－CP－bn area of

the Cu－Fe－S system．Variations observedin na－

ture aretheresult ofthermally dependentkinetics；

Serendipitous energetic constraints and

crystallisation environment．Stepwise stoichiometric

variable series atlow temperatures have surface

limitingmiscibility gaps which are wider and re－
stricted at temperatures above140－220℃，e．g．，

Pangunalow T an．bn variesin composition from
bn to anid polytype with alimitingmiscibility

gap at43－45atomiC％S．Thelow T reaction

PathS are sensitive to climatic changes；in tropICal
climes，SuPergene alteration products exhibit

higher Cu／Fe ratios and reaction paths trend to
higherScontentswhiletemperatesupergeneassem－
blagesareshiftedtowardlowerCu／Feratios and

lowerScontents．Similarlylow temperaturehydro－
thermal reaction paths are distinct，trending to－

wardcpandid；and hence the occurrence of both

lowTand hydrothermalpolytypes／polymorphs of

these phases．However，nkis the exception being

stoichiometric at hightemperatures and composi－
tionally variable below171－220℃；POlytypes trend
towardid and bn．

Conceptual depiction of phase equilibria for

multielement analogues of the metastable Cu／Fe

chalcogenide polytype series as a strlng Of ties

SPlrallingacrossthetransitionrowsofacurvedpe－

riodic table andinvoIving connections with the

chalcogenides，aPPearS aS a POWerful model of

multielement solid state phase equilibria．

Transition grouplngS Of analogous phases，aS de－

Picted by the model，eXhibit trends parallel to

those observedin naturalore deposit zonation and

also those observedin reglOnal metallogenic prov－

inces．It can be shown，aPrlOri，that environment

Of crystallisation relates directly to the symmetry

of polytypelattices；distortion of subcell units

mustinvoIve significantinteraction／displacement

oftheouterlimitsofchalcogenideunits．Highlydis－
torted subcells exhibit metallic tendencies，Whereas

isotropIC COValentinfluences areless metallic・

Transition metalperiodicity and associated crystal

ChemiCal trendsin the polytype series appear to
provide a window ofunderstanding to the subtle

nature of atomicinteraction at the molecularlevel．

Vacancy controlled superstructuresin polytypes

will provide animportant research focus for
atomiC structure resolutionin the future．

Polytypephases onthe Cu＞Fesideofthe bn－

id tie exhibit nonorthogonal／rhombic／hexagonal

distortion．Structural anisotropyis related to



IdaiteTnukundamite－bornite－Chalcopyrite

SuPerStruCtureS Which persist parallel to the c－
axis．Cu electronic contribution to the distortionis

obviouslyimportant（Jahn－Tellereffects）but other

effects declared by vacancy superstructureS SuCh

as nuclear orbitaland quenchimposed strains are

PrObably equally asimportant．Phases on the

Fe＞Cu side of the id－bn tie exhibit

Orthog？nal／rhombic／tetragonal distortion with
isotropIC SuPerStruCtureS．Degeneracy of orbitals

developed by specified electronic states relates to

latticedistortion．However，the theorylSlackingln

that descrlPtlOn Of the molecular states needed to

SPeCify nuclear／electronic wave－SPatialparticlein－

teraction（non specified strong forces not ac－

countedfor byJahn－Teller effects）．The metallised

Chalcogenideligandis a satisfactory model for

ligand一metal distributionin superstructured metal

Sulphidepolytypesinthatitwouldaccountfornon－

integral supercell metal ratios，pOSSible nuclear

Orbital／charge influence on electronic／light
quanta andlocalised（lFL）analytical covariation

between transition metal and chalcogenide ele一

ments．The concept of an alloyed atomicligand
mayrequlreSOmetheoreticalmodificationbutita1－

lows fora realisticperceptlOn Ofmolecular crystal

StruCture．Further progress　inCrystal structure

modelling willbe made when analytlCalmicrobeam
diameters are reduced to the sub－

micron／angstrom range．Analyticalsubtleties for
POlytype superstructure series at the10－110Å

range willprovide veryimportant dataleading to

realistic molecular crystalmodels when considered

in terms of changlng perCePtlOnS Of atomic theory

PrObablyin conJunCtion with a unified theory．

Atomicscalecrystallography should becomeanim－
POrtant area Of research althoughanother aspect
Of the symmetry of baryon force fieldsin

metastable superstructuresis the effect of non－

integral charge distribution and parlty Violations

Whichpromotenonrelativisticphenomenonsustain－

lng metaStability andinfluenclng maSS enhance一

ment ofchalcogenideligands．

Important COnClusions arislng from research

PreSentedin this paper are：

1．Natural polytype variation relates to environ一

ment of crystallisation．In all cases complex

Phase coexistenceis by an accommodation of the

Phase rule after chemicalequilibration．The nk－CP
tieisconstrainedbysubstitionalaccommOdationef－
fects（400℃　＋Cu／As／Zn／Mo／Re≡171－320℃

Cu／Sn／Ag／Sb／As／Bi／Te）and the occurrence
of2invariantpoints（171－450℃）．

2．Translation of polytype symmetry relates to
subce11reduction and distortion under theinfluence

Of strong forces and superstructures which affect

levels of optlCal activity．Chalcogenide deficiencies

are statisticallylinked to metal nonstoichiometry

andthe metallisedligands which are mobilisedin

alterationreactions．Integralsuperstructuresex－

hibit polymorplC tranSitions at high　T；nOn－
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integralsuperstructures are quenchable from high
T and decompose on heatlng tOintegral types．

Polytype superlattices exhibitisotropIC，anisotropIC

and splral symmetry　－　thelatter being non－

integralinfluenced by rotational twinnlng．NonT

integralstructures are metastable relative tointe－

gTal types．Variable atomiC states and distortion

areindicated bylevels of metastability and

POlytypeabundance；SeVeraltypes of strong forces

areinvoIvedinlattice distortion．Atomic proc－
esses are thought to be more heuristic than previ－
OuSly realised．

3．Prograde（H十　metasomatic）and reversed

（acid dissociation equilibria）parageneses contain－

lng metaStable solid solution polytypes are con－

trolled by heat source equilibria and consequently

distal parageneses are a useful guide to cryptlC

Ore ZOnation；these can be modelled on the basis

Of hydrothermalphaseequilibria．Discrepanciesin

SOlubility data for multielement chalcogenide

Phases appear to requre a revision of the

hydrothermalmass action relation to＿take account

Ofcluster concepts andnonspecified strongforces．
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