
SOME NEW OBSERVATlONS

ON MACKINAW1TE AND VALLERIITE

Russu"''''. - Vengono l'ft'li noti i risultati di WI eielo di rieerebe effettuate

llUll& mackinawite e l>ulla nlleriite di tampioni lipid pron'nienti, per la matkina·
wite, da BalalJ.geTO (Pieruollte), R.ullmelllberg (Han), Kavehorp (Bvez.ia.), Salamane>!

(Argentina), :MatOO~ler (TrallS\'aal), l.ada tou }lavrou (LimallOl, Cipro), Hellenic
Mining (Cipm); per la ,'a1lerii~, da Kal"eltorp, Balangero, La.l[ia ton Mavrou,

HeUeuie Mining, Loolekop (TraJIln'anl), MILno (Eretria, Grecia), SU:berget (B"e'
zia), While HOrlle (Yukon). Di queetll di~eussa coppi&. di minerali llODO ~tale do

finito Ie wrat.teril:ltiebo ottielle, II\. pllrllgelle!ri cd iI ehimillmo.
Caratlen.ticIH'1 ottiell,,: nell>\. <[wud lotlllitll dei ca~i In. lllaeki"'lwile IIi d13t1.n·

gue ehianunenlo d"llJ~ "llileriito. All 'o_rva~iollll in lute ritlelWl. Ia. maekullI.wite

prO/iOllla, nella pOiliziollo di millimo 118!lOrbimonlo, Ull polero di riflOAA!olle netlj~·

menle piil 0101'810 (qualltilati":lIllellle 4e,1 ± 2%) di quello della. "allerUle

(Ii ± 1,5%). II eolore di rifl_iolle corrispondelllO 1I bianeo-rosa. erema, piil
ehiaro del colore della pirrotilla lIella medesima polIuione. In eoudizioni analogbe

la ,·a1Ie.-iite prell'elila un colore di rin_ione bruno·giallo erema. A nicol' non
esattamenle illeroe.iati 1& maeltinawite mo;,lra, nella posisione diagonale piii ehiara,

nil oolore bianoo oon tonalit! giaJlo IimOlle brillanle, piii ehiaro del colore della
"a1Ie-dite netla medl'lllima poI5uioue (giallo bruno araneiato); nella. posil;olle pill
!leur&, la maell.inawite prCllllllla. un oolore l"emauurro aequamarilla (diaguOlftieo).
La dl1reua di 16'>'igatura della maellinawile e !lUperiore a quella della ealcopirite

e simile a ql1clla delll\. pentlandite, meul ro Ill- l"alleriite )ll'8lleuta dUTeu&. di 16'>'i·
gatura. nettamellte in/edore.

Pllrllgeaen: la maekillawite e Ia. "a1leriite si rim'eugono in quantitA rilevlluti
lIOprattutto a~socinto II ealeopirile, pirrotinlL, eub'Ulite, pOllllnndite, blenda e mll
gnolile. Sc elllrul1lue tuuno parte della stOlllSa 1l9llOcilizione paragonctiea, III maeki-

(.. ) '\l.ineralogi&eh'pelrographi8ehe.l Institut der Ullivertritiit - Berliner Str. 19,
Heidelberg (W-Gennally).

(.... ) Istituto di Mineralogia e Petrologia. deU'Unive:nritA. . Corso Garibaldi 9,
Padova (Italy) (Contralto di riee~a C.N.R. n. i't00329.05{J15.317l).
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nawite appare di torma7.ione pi" preo::oee, origin<l.t<lai sin per llrnilll:uncnto (ad e&. in

calcopirite) sill. per llQl(\llu1.iollO (di caleollirite e (Ii ultri millernli). L.... ,'aJlcriite ~

chiaramonte un minerale di sO!Ilituzionc \Mdil'II, lunge cU.I'itA, frntture e dirczioni

crilJtaIlogralicbe <legli altri eostituellti ad ClISl\. lUlIIOCinli, C!IIICnZilllrllento magnetite,

ealeopirite e pirrotina (Loolekop, Traull\'aalj While Horse, Yukon; l...axia tou
Mavrou. Ciplo).

C....III~: per quante riguarda la tompMizione ehimiea, la I'alleriite !d di·

IJlillgue dalla. mackinawite per la pr~llza <Ii noll~I'oli quantila d.i Cu e di idrooo

sidi qunli ){g(OU)., Fe(OH). e AI(on)." 1,,1 eompolJizionc della tliaekilULwile I'aria

fnt. (Fe, Ni, Co, Ou)I.X 8 0 (Fc, Ni, Co, eU)IU s. Non ~ @ieurHmellto aeeertabile

- tutte Ie fl.nnlilli !KIIlO slnte cffclhwtc con la llIierosol1dn. clcUrOllica - !Ill In
\'Rrmbilita della formula dlponlia relllmcnic d"lln natura non e>lattamenta stc·

ehiomelriea del minoraJe, oppure da UtI 1)()l!8ibile errore wlaJitieo. Ncll'e...entunlita

della. prima ipoteei, la \'ariabiliti pub e6K're aaeritta 8ia ad un eceeMO di Fe, Ni,

Co, en .sill. ad un diflllto di S. Tutla\';Il, ill base III dllti analitiei siDo ad oggi

dillpORibili, UCll6Wla delle dUll ipotesi 8etllbra Irovare sieura eonfenna. I dati 8pf!"

rimentali mostrano ill"_ un rapporto di illterdipelldclll.ll fra il eoutellulo ill Xi,

Co 0 Ou e Ill.. tomperatura di formaziollO: Xi c Co sembnlno aUIllOlltarc coo l'au·

montllro dclhL t.mnperatuTl~ tli forlJlHZiouc. La "allcriite 1m. formula gonomle

(Cu Pc 8.). Il. [Mg, Ca, Fe, Ni, Mil (OR),,] 710 [AI (Oli),,], do\"e 71. I'nna da 1,14
a 2,33 od In dll 0 II- 0,50. 1..11. formula reu }'e8.j· . 1,56 [Mg•.• AI".•(OH),,]- pro·
poata da EVA.'f8 & ALLMANN (1967) 6 AI.L.)uNN (1971) 11011 coineide cou i ri8u.\·

tali ana.litiei finora dispcllibili.

ZUSA)I;v!:SrAS8USG. - Au Hsud der Literalur wird die historiaehe Rut

wieklung der Erfol"llChung dor lHucrale Maekinnwit. uud VlIlleriit. besehriebell.

Eingehcll(] nOll wlter"ueht wurdcu die Mackillllll'it-Vorkollllllen "on Balallgcro/

Piedmout, Rammelabcrg/HllrZ, S,llamnllca/Argcntinicll, Mato09ter/'l'rau9I'aal, Hel·

lmlic Mining/ZJpenl aowie dio Yallcl'iit'Yorkomlllell 1'011 Eretria./Griechouland,

Loolol<op/SehwedCIl, BaIangero/Piedmont um) Hellenic Miuing/ZJpern.

Behandelt werdoo die opti!lthe Charakleristik, die MiuoralparagenCM'1l WId die

gelletiscl1e Illterpretierung, IIOwie das Problem dC!l llaekinawil4 alII geologiwlleB

Thermometer. Tnebesondere diskuliert "'ird die ehen'i,o,ehe Zusammenlletzung. Be

kannlc AnalYlleuergebuisse werdell mit Ilellon eigonenMikr<NiOnde-Analpen in
Verglcieh gesctzt IllLd di.skuliert.

Die nllgcJUoino }'ormcl tilr Mnekinllwit l'lChW<lukt. <lenmueh von:

(Fe,Ni,Co,Cu)I_J:S bi@ (FIl,Ni,Co,Cu)IUS,

Valleriit hat. die allgemeine }'OnJlel:

(On Fe s.> ... pig, Ca, "Fe, Xi, Co,:M1l (OR).] . lit [AI (011),],

wobei II \'on 1,14 bi9 2,33 ulld m 1'011 0 bill 0,50 "ariiorcn kalln.
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History.
Jl1adGi1l{/,wil e.

Mackill8.wite was first discovered in thc platinum-bearing nickeli
fcrous-pyrrhotitic basic and uJtrabllsic rocks of the Bushveld Complex
(Transvaal) by SCHNEIDERHORN (1929 b). SCHNEWERHOHN having spec
trographicaJly determined large quantities of Fe and Ni, and mode
rate quantities of Co, called the mineral of. Ullknown Ni-Fe mineral»
(Tab. I).

After RA:m>OlIR (1925, 1928) and SCHl'.'"ElDgRHOHN (1929 a, b) and
until 1963/64 (sec Tab. I) mackinawite in ore. deposits was referred
to as «valleriit.e ». Examples of such deposits include those listed in
Table I, as well as Kaveltorp, Swcd.en (Om-lA."-, 1933), Mount Isa, Au
stralia (GRONDIJS & ScnOUTEl'.', 1937), Keban-Maden, Turkey (MAU
CHER, ]938), Bolidell, Sweden (OD~[AN, 1941), Sudbury, Canada (HAW_
LEY, 1962), Aba Suwajel, Egypt (EL GORESY, 1964) and Norils'k and
l\1onehegorsk, Siberia (GEl'.'1CIK", 1971).

BIRKS et al. (1959) unequivocally demonstrated through electron
microprobe analyses of a «copper-iron mineral (mackinawite)>> that
an iron sulfide mineral - (Pc, Cu)S -, other than valleriite, occurred
within the chalcopyrite of tile. Mackinaw :Mine ores.

BEIlNER (1962) synthesized mackinl\,wite by immersing reagent
grMle metallic iron wire in saturated HzS-solution at 25"C and atmos
pheric pressure; however, based 011 X-diffraction studies, he gav~ it
the namc «tetrngonal iron sulfide ».

In 1963 Kouvo et aI. described mackinawite from several Finnish
ore bodies (seo Table I), but also gaye it t.he Ilame tetragonal iron sul
fide based on X-ray diffraction studies IUld wet-chemical, X-ray fluo
rescence and electron mieroprobe analyses.

EVANS et aL (1964) named the mineral mackinawire after tile type
locality Macklnaw Mine, Snohomish County, "Tashingtoll_

VaUeriite.

Valleriite was first described from Nya Kopparberg, Sweden and
analyzed by BLOM.STRAND (1870, cited by HINTZE, C.). PETREN (1898,
cited by SCHEIBE, R., 1899) discredited the mineral valleriite as a mix
ture of covellit.e, pyrrllOtite, spinel, hydrotalc, siderite and limonite.

RA~Il>OHR & ODMAN (1932) revived the name valleriite and, disre·
garding the presence of aluminium, magnesium (sodium and potassium
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oxides f) III the total chE'mical analyses, assigned it the fonnula
CU2Fe~S; . HILLER. (1939) proyided to first X-ray di.ffraetion data for
valleriite and assigned it the fonlluills CU:!FC-jS1 and C14FC4S1'
EVAl'>S et a!. (1962) provided the first unit cell data on yaiJeriite.
EVANS et al. (1964) provided additional X-ray powder diffraction and
unit cell data; however, the link of magnesium Ilnd alwnhlium hydro
xides with yalleriite as an integral part of the valleriite structure was
still discredited as COtTcspollding to a foreign mineral phase and the
mineral assigncd the formulas Cul"'e.~S~, CU2FeS~ and CU2Fe2S~,

Tn 1967, EVANS & ALLMANN for the fh'st tillle established that magne
sium and aluminium hydroxides are an integral part of the yalleriite
structure a,nd tha.t the structure of va.lleriite consists of an unusual
interleaving of brucite-like layet'S of [(Mg, AI)(OHfi] composition and
sulfide layers of [Fe, CuhS21 composition lind assigned it the fonnula
[(PCI.03Cl1<I.91)SJ . 1.'.2G [l\!gl).IISAlO.32 (OH)21.

Formation of Mackinawite and Valleriite.

Jllackinawite.

The formation of maekinawite hafl been explained as follows:

I - by exsolution.

a) in chalcopyrite (in part oriented) (SCHl'£lDgRHOHN, 1929 h;
HAWLEY, 1962; EL Goagsy, 1964; AN'l'UN et al., 1966; SCHIDLOWSKI &
01".l'EMANN, 1966; RAo & RAo, 1968; Om-:NE1'TO, 1969; SARKAR, 1971);

b) from chalcopyrite (Fe-rich chalcopyrite) (l\'I.lLTON & MiLTON,
1958; Kouvo et aI., 1963; CLARK, 1966 b; RENSBURO & LrEBENBERG,

1967; RAO & RAo, 1968; SARl':AR., 1971);
c) hom chaleopyrrhotite in chalcopyt'ite exsolution bodies within

sphalerite (OONlBEN & Om.""Nb'7TO, 1964);
d) in pentlandite (in part oriented) (SClIl'.'ElDERHOHN, 1929 b;

P,\N,\GOS & RAMDOHR, 1965; RAMDOlIR, 1969);
e) from pentlandite (Ni·alld Co-penthmdite) (Kouvo et al., 1963;

R~Th'SBURO & IllEBENBERO, 1967);
f) from pyrrhotite (CLARK, 1966 b);
g) from cubanite (Kouvo et al., 1963; CLARK, 1966 b);
h) from complex Fe-Cu sulfide solid solution (BUERGER, 1935);
i) from other Cn-Pe or Pe-Ni minerals (CLARK, 1966 b).
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II - by replacement.

a) of chalcopyrite (in part oriented) (SCHOLTZ, 1936; CLARK,
1966 b; ItAO & RAo, 1968; GENKIN", 1971);

b) of pentlandite (ScHOL'rZ, 1936; CHAMBERLAIN & DELABIO,
1965; CLARK, 1967; VAUGHAN, ]969; PAPU)\,'"EN, 1970; GENKIN, 1971);

c) of intermcdiate pyrrhotite (CLARK, 1966 b);

d) of cubanite (in pa.rt oricnted) (EL GORESY, 1964; CHAMBER
LAIN & DELABlO, 1965; CLARK, 1966 b; O,mCNETTo, 1969);

e) of troilite (late-stnge troilite) (CLARK, 1966a:b; CLARK &
CLARK, 1968);

f) of millerite (SARKAR, ]971);

g) of other Cu-Fe or Ni-Fe minera.ls (CLARK, 1966 b);
It) of olivine (pseudomorphism) (G-ENKIN, ]971)"

IIr - primar·y crystaUization.

Kouvo et al. (]963) report the presence of single idiomorphic
macki.llllwite el'ystals 011 the walls of open tension cracks at Outo
kumpu, Finland to which they assign a primary origin.

Valleriite.

Valleriite is generally considered to form through tile replace
ment of:

a) pyrrhotite (onMAl\', 1933; ANTUN et al., 1966; RAMDOHR,
1969), sometimes in connection with the conversion of pyrrhotite to a
pyrite-mArcasite-carbonate assemblage (probably «intennediate pro
ducts »-earbonate) durillg carbonate metasomatism (RAO & RAO, 1968);

b) cubanite (ODi\lAN, 1933; R.AMDOHR, 1969; GEN"KIN, ]971) some
times in connection with dynamometamorphislll:

3CnFe-~S3 (cubanite) + 802 + nMg(OIIh--+

--+ 3[CuFeS2 . nMg(Ollhl (vulleriite) + Fe304 + 3802

(.AlOTUN et al., 1966);

c) chalcopyrite (OD:'IAN, 19:J3; SCHOLTZ, 1936; ANTUN et a1..
1966);

d) pcntlandite (00]'[0\1'<, ]933; SCHOLTZ, 1936; RAMDOHR, 1969);

c) mackinawite (Al-;TUN et al., 1966);
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f) magnetite (in pHrt oricnted and in part pseudomorphie)
(CHX1ttllERL,\IN & DELAIlIO, 1965; lLuwOHR, 1969; GENKIN, 1971);

g) serpelltine (CH,\"MIlERh\l" & DEl,,\BIO, 1965; R.Ull>OHR., 1969;
PAPUNE.'<, 1970) and apparently chlorite (AXTUN et al., 1966).

Mackinawite, valleriite aml serpentinization.

.A. lllUnbel' of authors, a.o. OD)IAN (1933), SCHOLTZ (1936), KORICH
(1964), CHAUIJERLAIN & DELAfHQ (1965), PA1\'A008 & RAi\IOOHR (1965),
ANTUN et al. (1966), RAMDOBR (1967), CJ,,\RK (1967, 1969), CLARK &
CLARK (1968), PAI'UNEN (1970) llnd GE"-'KTN (1971) relate the formation
of mackillawite to the serpentinization (early, illtcnnediate and late
stage serpentinization) of the host.-roek. According to SCHOTJrZ (1936,
p, 170) « ... [thc] di-;;tl'ibution rof IlHwkinawite] (1) within the sili
cates of the sparsely mincralized ore is apparently closely associated
with the degree of scl'pcntinizaticm:t. Serpentinization apparently en·
hances the formation of mackinawite through:

1. - The release of Ni, Fe, and Co through the breakdown, i.e.,
the eonversion of pl'imary Ni-bearing spinel to magnetite and the
bl'eak-down of olivine, and the release of Ni, Fe, Co, and Cu througll
the breakdown of I)rimary sulfides (SCHOLTZ, 1936; CHAMBERLAIN &
DELADlO, 1965; CLARK, 1967; RA"MDOHlt, 1967; CIJARK & CLflRK, 1968;
PAPU1\'EN, 1970; GENKIN, J97.1);

2.. The release of S through the brcakdown of pyrite, reduction
of pentlandiw (to metallic iron) b;r hydl'Ogen released during the ser
pentinization (FeS + rr~ ---+ Fc + H~S) and the breakdown of other
Cu-Fe 01' Fe-Ni minerals (coupled with the release of Fe, Ni, Co and
eu) (H.,n,lOOHR, 1967; CLARK & CL,\RK, J968; CLARK, 1969; PAPUl"EN",
1970).

Both processcs lire pnrported to be hydrothermal autometamorphie
in character (SCHOurz, 1936; PA;\iAGOS & RAMI>OHR, 1965; GENKIN", 1971);
according to GE."KIN (1971) alkaline solutions playa role.

The formation of mackinawite is purportedly nucleated by tile
l'cleased Ni and Co; according to CLARK & CLARK (1968, p. 265): «In
the great majority of natllral OCClll']'eUces ... mackin1l.wite has pro
ba.bly crystallized owing to its status as the only iron sulfide whieh

(') Author$' i1\!!'ertioll$.
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can accept considerable Ni (> 1 weight per cent) [and Co] into solid
solution at low temperatures (SOOC and below)...•. The formation of
mackinawite apparently requires more or less strongly reducing con
ditions and the presence of sulfur (with S-fllgacities lower than those
leading to the formation of troilite) (CBAYlJERL,HN &:; DELABIO, 1965;
CLARK & CL.-\RK, 1968; Cr.ARK, 1969).

As with mackioawitc. the fomtation of vallcriite may also be
closely linked to serpentinization (intermediate and late stage ser
pentinization) of the host rock (ODMAN, 1933; PASAOOS & R.!MDOHR,
1965; PAPUl\"El\', 1970; Gt:SKIN, 1971). According to PANAGOS & R .....M

DOUR (1965) and PAPUz,.~ (1970) syn- or post-tectonic processes in the
course of scrpentinizll.tion play a definite role in its formation and
its distribution; according to the latter author "allenite at Hitma,
Finla.nd apparently prcfcrs tectonicnlly disturbed ports of the serpen
tinite 1106t rock.

Chemistry.
Mackinawite.

Existing electron microprobe ana.lyses of natural mackinawite show
a gencral composition ranging from (Fe, Ni, Co, Culo."~ S to (Fe,
Ni, Co, CUk068 S; our anal;)'se6 provide a range of composition rang
ing from (Fe, Ni, Co, CUlo.t2\ S for mackinawite from Balangero, Italy
to (Fe, Ni, Co, Cuh.o~ S [or ma.ekinawite from ].[atooster, Transvaal
(Table Ill). BER:\'ER (196Z, 1964) synthesized mackinawite with a range
in composition from Fel.O~ S to Fel,Oi S. Today, it is still debated
whether the general fonnula (or maekinawite should read (Fe, Ni, Co,
CU)I+z S as first advocated by CLARK (1966/a and fh) or (Fe, Ni,
Co, Cu) S as advocated by BE&"EK (1962, 1964), EVANS et al. (1962,
.1964), TAKEl'iO (1965), E"ANS & Au»rANN (1967), and SPRINGER (1968).
The first assumption would entail the implication that macldnawite and
FeS (troilite) are not strictly pol)'morphs (CL.\RK, 1966 a, b; CLARK
& CI,,\RK, 1968); the second one, that ma.ckinawite is a tetragonal poly
morph of FeS (troilitc) (EVANS & Ar>LMANN', 1967; SI'RINOER. & SCHACH
NEIl.KoRN, 1967, eited by CL,\IlK & CLARK, 1968). Tlle range in COln

position, particularly, 11Owever, the variation in total metal content
depicted in thc microprobe analyses (Table lIT) suggests a degree of
non-stoichiometry which mayor may not be real (VAUOHA."', 1969).
BER.''EK (1962), e.g., reported a metal to sulfur ratio for synthesized
mackinawite of Fe+ + : S· = 1,02 ± 0,02, but attributed the small ex·
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cess of Fc to oxidation. Recently, 'fAYLOlt & FINGER (1971) attempted
to resolve the question of the lion-stoichiometry of mackillawite by
suggesting tha.t dcviations from stoichiometry in mackinawite may
bc accounted for by sulfur deficicncy rather tJlan a metal surplus
and proposed the general formula FeSI_J:'

RAlIrDOHR (1967, p. 243) indicated the possibility of a sulfur defi
cient structUl'c for mackinawite by writillg: «It is ... surprising to
see- that some layer lattice sulfides, such as mackinawite instead of
pyrrhotite (whieh represents a small decrease in S-contellt), alld val
leriite ... occur ... III the above [serpentinized alpine peridotite] en
vironment ».

KULLERUI) (1967) indicates that mackiuawite may not be a phase
in the pure J;'e-S system, impl;ring that ill Mder for mackinawite to
cl'ystaUize, t.he prCSCllce of small QlIuntitiffl of Ni lind/or Co in the
mackinawite structure are reQlIil'ed. This implication is refuted by
the work of BERNER (1962, ]964) and the analytical results of CLARK
& CLARK (1968) (See Table III). According to CL,~RK (1966 b, p, 335)
« ... it is evident that Ni, Co, (and Cu) are not essential constituents
of naturally occurring mllckinawite »,

CL,\RK & CLARK (1968) tentath'cly j}laccd mackinawite in the Fe-S
system with a. stabiJity field between 51,53 atomic % Fe and at tern·
pcratures below 135 ± 5"C at less than 1 atm. 1£ one, however, takes
the data of Bt;ItNER (1962, 1964), this field would have to be extended
down to 50,98 atomic % and up to 51,69 atomic 'fo Fe. At any rate,
this tentative T-X plot is based Oil the general formula FCI+>: S, i.e.,
on a cation: anion ratio consistently greater thlUl unity. The available
analytical data (Table Ill) do not conclusively support this fomlUla,
and thcrefore cannot support this T-X plot. Furthennorc, the trans
fonnation temperature data of mackinawite detennined by CLARK
(l966 b) and used in this T-X plot as wcll as thosc detennillcd by Kouvo
et al. (1963), TAKEKO (1965), PAPUNEN (l970), GE!\'KIN (1971), and
SARKAR (]97]) actually do not I'cflcct the uppcr stability limit of pure
maekinawite, but instead reflect the breakdown of mackinawite in
maekinawite-pyrrhotite·troilite (CLARK, 1966 b), mackinawite-chalcopy
rite-cubanite (-sphalerite), mackinawitc-chalcopyritc-pyrrhotite (-spha
lerite), mackinawite· chalcopyrite- pyrdlOtite- sphalerite, mackinawite
chalcopyrite (all 'fAKKW, 1965), and othcr maeki.nawite-sulfide assem
blages (L. A. TAYLOR, perSOIl. communication) (see also ¢ i\fackinawite
as a geologic thennometcr»).
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Va.ueriite.

Table IV shows the chcmical composition of valleriite from va
rious locfliities. The values for Mg, FE', Ca, Ni, l\IJ1, and Al obtained
from the literature, where the)' are reported as oxides, were recalculated
using the procedure outlined by E\'ANS & ALLMANN (1968). Magne.

sium, iroll, calcium, nickel, mangancse and cobalt were caleulated as
hydroxides from the bl'ucite-g1'Oup, i.e., as Mg(OHh = brucite,
E'e(OH)z, Ca(OH)2) = portlandite, Ni (OH)z, ~ln(OHh= pyrochroite,

and Co(OHh (STRUNZ, 1970).
Fa)· iron this may appeal' at first to be somewhat questionable.

E\'ANS & AI>L)IAN'" (1968) were tIle first to suggest that ]'e+3 may sub

stitute for l\lg+2 in the brucite layer. SPIUI'GER (1968) was the first to
suggest that I"e+3 enters the hydroxide sublattice as }-'eO(OH) or
Fc(OHh replacing the AI+ 3. In both cases the suggestions were made

assuming that the overall composition for valleriite is [I·-'eCuSz] .
U2G[l\fg, AI, Fe(OH}!], and that AI+3 can substitute for :Mg+z. Both

assumptions, howevcr, are questionable. EVANS & ALL1I.IANN (1968) after
making the following assertion (p. 87): «It is well known that trivalent
aluminum ions cannot l'cplacc divalent magnesium ions in the brucite
crystal structure to any appreciable extent », then go on to propose that
«atom-far-atom substitution of AI+:! for Mg+~ in the :Mg(OHn, layer

[brucite layelo
] can readily take place if the [resulting] exccss positive

charge is compensated by interleaving other layers [sulfide layers] with
negative charge ». ALI.U,\NN (19U) shows this mechanism of compensa
tion in his valle.riite formula""" [Mg2AI(OH)(\]+ . [(Fe,Cu)4S4]-' A

survey of all lite vallcriitc analyses (see 'l'able I V), however, shows that
both formulas 14'1 proposed by EVANS & ALL).[AXN (1968) and ALLM:ANN

(1971) arc inconsistent with the range of composition found for val
Icriitc, and are applicable onl", in those speeial cases where an atomic
ratio of 2:\1g: 1 Al is given, as for example at Kaveltorp. In most

analyses, however, AI is only present in quantities insufficient to
make the substitution mechanism fcasible or is totally absent (see
Plates 1 & 8 and Table IV). Whether Fe enters the hydroxide sub

lattice in the trivalent or divalent state is also still open to question.
HARR.IS et al. (1970) reported the QCCUlTC.!lce of a «valleriitc-type»
mineral from Noril'sk, Siberia in wllich only Fe makes up the entire
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hydroxide subJattice as Pc(OHh. Indeed, the entrance of iron as }"e+2

into the hydroxide sublattice would actually conform more elosoly to
the concept of EVANS & ALL.\IANN (1968) - according to which this
sublaWee is bmcitic iJI eomp08itioll - and to the crystal-chemical
data. of STRUNZ (1970).

Again in conformance with tile cryst11l~chemical data of STRUNZ

(1970), we chose to enter 1.\l+~ in the vaJleriite structure as Al(OHh,
Le., as gibbsite-bayerite, and Al WllS calculated accordingly.

Accepting that iron cnters the valleriitc structure as 1"e+ + and
alwllinium as AI+3, the chemical ana.lyses of valJeriite (Table fV) in
dicate a general composition [CuJ:<"cS2 ], . n [Mg, Ca, Pc, Ni, Co,
i\In(OH:h . m [AI(OJ:l)a.], where n = 1,14 to 2,33 (2) and m = 0,00 to
0,50. The r<Ulge in valleriite composition and the 1a.rge number of
catiollS which can entcr the hydroxide subJattice indicated by the
above formula clearly illustrates that a rigid formula eannot be ap·
plied to this mineral (compare also p. 291, Nb in valleriite).

Optical properties.

Mackil1awite.

Table I shows the optical properties of mackinawite. Ma.ckin.awite
Wider reflected light, in air, has a pal,e creamy pinkish-white (like
pyrrhotite, but paler) (lightest position) to a light creamy gray with a
light lila-pinkish tint (mauve gray) colour (like sphalerite, but lighter)
(darkest position). Under oil immersion the colours remain essentially
the same, and are on1r slightly darker from a bright pale creamy pink
with a lila tint (much lighter than pyrrhotite) (lightest position) to a
creamy gl'ar with a pink-lila tint (much lighter than sphalerite) (dark
est position). Its bire.flectance is gcncrally high, the reflectivity chang
ing from about 42,1 ± 2% (.....~) to 26,4 ± 3% (..... Ro). The mineral
is very highly anisotropic. In air, under reflected light, and with
Nicols ± > its coJours range from a bright pale whitish yellow (more
whitish than valleriite) to a light greenish blue (almost aquamarine).
Under oil immersion the colours change from a bright whitish yellow
(very pale lemon yeUo\\") to greenish blue (almost aquamarine). '1'he

(.) Tho "ah",. n = 0,89 reported b)' BUOMSTRAND (1870, ctc.) :Uld ItAMOOHR &
(JOM-AN (1932) is not cOlLlji(\oro(\ beeausc of the rC!lorlGd prescliCc of K,O and
Na"O.
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colour change, under ~icols ±, [rom a bright pale whitish yellow to a
light greenish blue is eharacteristic Cor mackinawite only, providing
a diagnostic criterium to differentiate it optically [rom vaUeriite
(CHA~nn::RL.ux & DEL.\I110, 1965). Also, in its brightest position, with
the ~icols ±, mackinawite has a lemon yellow tint; valleriite has
a brownish-or81lge tint. The hardness of mackinawite is a pentlandite,
2: pyrrhotite, a.nd > chalcopyrite. Undulatory extinction is common.

VaUeriite.

'l'able 11 shows the optical properties of valleriite. Valleriite under
re.flected light., in air, varies in colour. This ,·ariability is particularly
prevalent at LaS-ia tou l\hwrotl and Hellenic l\lining, Cyprus. Gcne
rally, the colour changes f.·om a creamy gray (da.-kcr than sphalerite)
to a yeIJow.browl1 or bl·owll-ycllow (lightest position). Under oil im
mersi.on tlle colour varies considcrably. Va.lleriite is highly anisotropic,
its reflectivity rangi.ng from 17 ± 1,5% (..... RE) to 12,5 ± 1,570 (..... &0).
Its bireflectance is very high, the colours changing from 11. bright whit
ish yellow to a pale bluish green, in air and with the Nicols ±. Under
oil immersion tile colour rlUlb'eS from a bright whitish yellow to a
dark blackish·bluish gra;r (similar to sphalerite). Its hardness is
< chalcopyrite and « !).rrrhotite. Undulatory extinction is frequent.

Ore microscopic observations.

SAL.\MA~CA (ARGE.'iTIXA).

The parageuesis consists essentially of pyrrhotite, cnbanite, eh&1·
eopyrite Md sphalerite. The pyrrhotite contains small graillS of pent..
laudiLe and oceurs predominantly as largc plates; subordina.tely as
small grains along the cublulite/pentlalldite borders and as spindles
in cubanite. Sometimes the pyrrllOtite shows defonnation patterns and
subsequent reerystalli1.ution (Fig. 1 a). The cubanite oceurs as spindles
rmd also as flame-like bodies IIssociuted with IllMkinRwite in chalco
pyrite. 'fraces of vaJlcriite ILlong the borders chalcopyrite-gllJlgue are
also present. FraetUl·oo, elongated crystals of a gangue mincral show
cementation of tJ1e fractures by chalcopyrite, maekinawite, valleriite
aJld sphalerite. One sm.'l.lI flakc of molybdenite was observed in pyr
rhotite.
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Macki.ntl.wit.e is very abundant and shows t1:e following distribu-
tion:

In chalcopyrite, along tho border pyrrhotite-clJaleopyrite (Fig. 1 b);

III clmlcopyrite, aJong the border cubanite·ehaleopyrite (Fig. 1 c);
III cubanite, along the bOl"dcl' cubanit.e-clmlcopyrite (Fig. 1 d);
Ul chalcopyrite exsolved (f) ill sphalerite;
as spindles in chaJcopyrite (Pig. 1 e).

LurA TOU MAVROU AND HEl..LE.."<I() 1'flININ'G, CYPRUS.

Thc paragenesis of these two locaJities has been described in detail
by ANTUN et aJ. (1966). At Laxia tou Mavrou it includes predominantly
(in order of decreasing frequency) pyrrhotite, chalcopyrite, cubanite,
mackinawite, pentlandite, aud valleriite, with bravoitc, chrome-spinel,
oregouite, magnetite, maucherite1, limonite, gold, and graphite in sub
ordinate quantities; gangue minerals include serpentine, talc'. and
ankerite. At Hellenic Mining the paragencsis consists again predolilln.
antiy of cubanite, valleriit.e, chalcopyrite, pyrrhotite, pentlandite, and
mac.kinawite (in ol'del" of decreasing frequency), with «chromite »,
magnetite, oregollite, maudlel'ite, lillnaeite (Le., violarite), a Co-Ni-ar-

:Fig. 1-

a) Deformed 'uld p<LrtlJ" reerJ"stJ~l1i~e<:1 pyrrhotite. Right uppcr corner: ehll.leo·
p~·riUl. SaJlllluulell, Argentillll. Nicols::t, oil illllllorsioll, 180 X.

b) MackuUl-wite (dark) ending against j)"rrhotiUl (gra:i") in ehaleopJrite (light
graJ). s<nno pentJandite (white) in p~·rrhotitc. Black: holes. Salamanca, Argen
tina.. Parallel Nicol.i, oil immersion, 635 x.

c) Maekillawite (t1:trk) Ollding against cullanilo (graJ) ill chaleop~'rite (light
gra.J). SlllalllaJlca, Argentj"a. Parallel Nicols, oil iuuneuiOIl, 480 x.

d) Mackillawilo ("OT)· light graJ) ill cubauiUl (gray) at the bordor with chalco·
ppite (light gra.y). Sah~lllaJlC'L, Argentina. Par"llcl Nicols, oil immersiOll, 480 X.

e) M:l.eki.nawiUl 8pilullOl'l (dark) in ehnleo{lJ'ritll (light). &Ilalll:~llca, Arg61l.tina.
Para.llol Nicols, oil inlluersioll, 4.80 x.

f) Chalcopyrite (almost whiUl) and cha.lcOllyrrhotite (gray, with ehalcopyrite in·
elusions) ill pJ"rrhotiUl (light grn.J). Mlltoo~'er, TraH!waaJ. Plirallol Nicols, oil
immeuioll, ZOO X.

g) Vallerite replacing !:lpinol in umglletite. Dark gray: spinel; white WitJl porOol:
magl.le1iUli white to grayish whito around spinel CQ'8taJS: vallcriiUl (see also
Plato 4). I.AXllekop, Tr:1Il8'·<U11. Parallel Nicols, oil illUl.louion, 180 X.

,,) Valleriite (t1:lrk) replacing baddoleJite (dark gray, showing intenlal reflectiolls)
in magnetite (white). TAXllekop, Trallsvn"l. Pa-rallel Nicols, oil immersion, 676 x.
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senide, a C(}-arsenide, sphalerite, nieeolite, gersdorffite, ilmenire, gold,
gold-euprite, rutile, molybdenite, millerite, hellzlcwoodite, two platinoid
minerals, bornite, chaJeocite, pyrite, 1llld covellile in subordinate quan
tities; gangue minerilis include. sel'l>cntille, ehlol'ite, calcite, lievrite,
and s.apollite or talc.

The ore6 in boUt localities show considerable deformation, result
ing in the cataclasis of pyrrhotite, chalcopyrite (alollg the cubanite
lamellae), pellthl.lldite, ol'egonite, and nieeolite; the development or
pressul'C lamellae in pylThotit.e and ma.ckinawite, of undulatol'Y cx
tinction ill pyrrhotite and cubwlite, I\.lld of thc pseudocleavage of pyr
rhotite // (0001), and the partial recl'ysUlllizatioll of pyrrhotite.

At Laxia. t.ou Mavl'ou, mackiJlawitc occurs prcdomiiia.ntly within
the chalcopyrite and l>Clltlll11dite. At Hellcnie i\lining, the maekinawite
occurs in cubanitc as ,HI exsolutioll product (Fig. 2 c), in chalcopyrite
as a.n exsolution produet // (001), in pentlandite as a decomposition
product with the basal plat.e // (OOI, 010, 100) (Fig. 3 c), and III pyr
rhotite along the border p."rJ'hot.ite/pentlandite (Fig. 2 n.

"Fig. 2.

a) Maekilluwitc qlindle3 (llIcdiu", gr"r) along ChlllCOPJ"rile (while gra~') cuba·
nito (light gruJ) grain boundllric~, lind \'nlll'riite (dark graJ) replaeillg cu·

banile, chulcoPJrite lHal magnetite (me(]julli gra~·).I<RVl'ltorp, S"'OOell. Parallel
Nicols, oil inlJllcrsion, 430 X.

b) PJrrhotite (graJ, showing 111l..'OOhroism) awl cubauitQ (while gra.,·) with spindles
of pJrrhot.ite. Km'cltoql, SwOOcn. Pandlel i\"icols, oil immcrsion, 635 x.

1') ?r:lCkilH~wite spindle (whilo grllJ) bClwel'lI two Cllbanitc gr,rius (medium and

dark gru)"); light graJ: ch>lle~llyrite. Ka"eltorl', Swetlen. Nicols ±, oil imlllers
iou, 200 X.

d) Vallcrillo (dark) in cuballite (cb), Ilwckinllwitc (m) ill eh,lIeOPFite, prrrhotite
(po) and gaugllo I'cilm (black). Hcllcuie Mining, C~·I,rus. Parallel Nicols, oil
immersion, 260 X.

e) Mnekillawile spiIHlles in eubanilo, bth ()f chalCOI'pit(', >;ornc ,·!,lleriite. Hellenie
Mining, Qrpru.'!. Nicols ±, oil illullersion, ~85 x.

!) Pentlundite grains (light. medium gray), Olle wilh mackinawite (white grllJ)

in p~'rrholite (medium gray). Hellenic Millil'g, Crprus. )lieols ±, oil immcrs·
ion, 285 X.

g) VaJloriite (dnrk gra)"> replaeillg eubllllite (light graJ) from grain boundary,
in chalcoJlJrito matrix. Somo prrrholite :lHd ",,,ckiullwite are also prooent.
IIolionie Mining, Cyprus. Parallel ~ieols, oil immersion, 260 X.

I.) Idem, Nicols ±, oil immersion.
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Vallcriitc ocellI'S at IJu,xia tou l'I1.>J.vrou in the following manner:

1. in chalcopyrite within (ractmes, in part Ol'icllted with (0001) II
(Ill) of chalcopyrite;

2. in clwlcopyritc replacing lamcllflr cubanite, ol'iellted with (0001) II
(lll);

3. in chalcopyrite, along the bordel' with FeS, CuF'eS2' chromitc, mag
netite, and gangue minerals;

4. in eubanite, I'eplacing it selectively Illong the bonier;
5. in pyrrhotite, within fraetur('s J.. (0001) with the l0001) of val

lel'ute I I to the (0001) of p,YlThotite;
6. in magnetite within fractures, similar to that fOUlld at [joolekop,

'l'rllllsvalil and \Vhitc Horse, Yukon;
7. a.long sulfide grain boundaries embedded in serpentine.

At Hellenic Milling, valleriitc oeems liS follows:

1. in chalcopyrite as an exsolution product II (Ill) of chalcopyl'ite;
2·. 1Il chalcopyrite replacing lamellar cubanitc;
3. 1Il chaJcopyl'ite through non·oriented repJacl'lllent.;
4. in pyrrhotite within fl-actures and through lion-oriented edgewise

(rim) replacement;

:E'ig. 3.

a) P~'rrhotite decompo~illg into .. intermt-diate productll ~ + IllUglletitej at Ih"
boulldar)' p)'rd,otiw-gallguo (black), some I"Ulleriite (grll)"), lIpbulerite (8) "lid

elmicopJril0 (whito). Saxlo<Jrget, Sw..,.lell. Parallel I\icolll, oil immcrsiolJ, ZOO X.
b) Valleriite fOlJlaeing ehaIC(}(JJ'rite (whit,,) at the border elJalcepJritc-gangne

(black). SoIllO sphalerite (distinct grn.,·) ill ]Jr~nt. Snxbergct, Swodcn. Pa·

rallol Niools, oil illU""I'siotl, ZOO X.
c) Valleriite (grHJ') ill frncl,ures und holes ill lllllglJetite (white gra),). White

Hor>fO, YUkOll. Parallel Nicols, oil jll"HcrsiOll, 180 x.
(1) Valletiito (,·cr.'· white or bluek in the cellt"r) replueillg dolomitic gallguo (St'c

a.l~ Plato 9). While Horse, Yukon. + Nicols, oil inl]nerlSioll, 180 x.

e) Penthuulilo with lllackillawilO itlr,!UlIiQHS (like ll'll'lllg<Jro) II (001)', ill a p)'r·
rhQ(ito-gaHguo matrix. H<Jllenic Milliug, Cyprus. Nieols ::t, oil i""uersion, ZOO x.

f) Vnlleriite \'ciulet. (gray) with eh'lleopyrite (white) in the serpentiue llllltriX.

Ba.lallgetO, Pi(!(lmOIlI. Paralld Nieolll, 170 X.
g) P,rrthot.lto (whitish gra,\'), penlliilHlite (white) and Ilwekillawito (gray). Some

,.,dleriite (v). nalatlgero, Piedllll>lIt. Pnrallel Nicols, 250 X.
Ii) :Magnetite (dark gr:~)'), pcut.lamlito (light gra)"} "lid lllllCkiH;lwite (gra,.r), native

Ni-Fo (white), Some \'alleriite i!:l a.loo pr"soll!. nl,,,~k: g'lllgUC. B:llilllgero, Pied·
llLout. Pnrallel Niools, 95 X,
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5. in pyrrhotite through replacement of ehaleopyrite lamellae;
6. in, cubanite through oriented mpJac('Illl'nt along the gra.in boundaries,

in part through decomposition and oxidation (CuFeS:! + Fe30~ +
+ valJeriite);

7. in pelltlandite within fractul'cs (pseudocleavage) II (111);
8. replacing Illaekillawite.

LITTI-,E CHIEF OR),; BODY, ~EW htPER1AL :MIKE, WIliTE HORSE, YUlI:ON.

The paragenesis consists essentially of magnetite, vll.lleriite, bor
nite, chalcocite and wittichcnite. Vlll1eriite oceurs predomimmtly in
fractures within the magnetite (J:<-'ig. 3 c). lts fonn of occurrence and
optical propel·tics arc similar to those of JJ()Qlekop. Frequently it also
replaces the gangue millcl'llls (Pig. 3 (l a.nd Plate 9).

RAMM~~1..s8EJW, lJ,mz, 'VEST GEIBfANY.

The paragenesis consists of sphalerite, galenll, p.yrite, chalcopyrite,
marclI.Sitc, pyl'dlOtite, magnetite, t.etrahcdrite, bourllonite, jamesonlte,
boulu,ngcrite, amI barite. Less common are: arsenopyrite, nat. bismuth,
bismuthinite, lhlllaeite, nat. gold, gudmundite, cuballite, molybdenite,
kobellite, electnul1, fl'eibergite, ma.cki.nawite, and wolframite. 'rho most
common gangue minerals include quart"" calcite, and dolomite.

The mackinawite is closcly associated with chalcopyrite lind pyr
rhotite. It is frequently idiomol'phie to subidiolllorphic and often shows
twinning (Fig. 4). Apparently its foonation resulted lllrgely through
pl'imary crystallil':at.ion; little or none resulted through tile replace
ment of other sulfides.

lIL\'rOOSTgU ('['II>\!'''SVAAL).

The minera.lization at 'Matoostel' is liquid-magmatic to pegma
titic according to RAMDOHR (1969), 'l'he observed paragenesis includes
principally p.yrrhotite, PCI1Ulwdite and ChlllcoPJ'ritc. The pyrrhotite
contai.ns numerous flame-like cxsolution bodies of pentlandite, and

l'ig. 4. - .Maekinawitc (twillllOO, ~'cllowish white all(l brown), kobcllite (blue·
gray), pyrit.e (grny) ill chalcopyrite matrix. R,"umllel~IJCrg, Gosl;lr/Harz. + Nicols,
oil imlller~iOll, 910 X.
}'igs. G ;llld 6. -MMkill;lwit-o (~'ellow;sh white 'Iud billo) alltl valleriite (blu.ish
groollislJ gray and ~r<.~Ul1Y J'cllow) ill ehn!eol)J'rito + pJ'rrholite matrix. Hett61lk
Milli.ng, OJ·prus. Nicols ±, oil immersion, 665 X.



Fig. 6.
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shows rim alteration into «intermediate products ». Single large grains
of pentlandite SllOW alteration to bravoite. Chalcopyrrhotite with orien
ted inclusions of chalcopyrite was also observed (Fig. 1 f). The maek
inawite observed here occurs onl)' in chalcopyrite, in part along the
borders chalcopyritejpentlandite. Traces of valleriite are also observed.

[jOOLEKOP (PALABORA, 'l'IlANSVAA1,).

Valleriite occurs predominantly in fractures within the magnetite.
It also rcplaces gangue minerals, such as spinel (Fig. 1 g) and badde
leyite (Fig. 1 It).

ERETRIA (GREF.c~;).

The paragenesis consists essentially of chromite, spinel, magnetite
and valleriite. Small relicts of magnetite, pentlandite and chalcopyrite
occur within the valleriite. The vallcriite occurs in association with
magnetite aJld a flaky gangue mineral.

ICWELTORP (SWEDE'N).

The ore deposit of Ka.veltorp belongs to the pyrite-chalcopyrite
group and is weakly metamorphosed according to RAUOOHR (1969).
The observed paragenesis includes mninly cubanite, valleriite, magne
tite, chalcopyrite, sphalerite and p)'lThotite. Valleriite is very abun·
dant and apparently replaces chalcopyrite (Fig. 2 a.), cubanite, spha
lerite. and magnetite. The valleriite occurs mainly around gangue mi
nera.l grains, frequently rhythmic alld in common association with a
flaky gallgue mineral. Magnetite occurs as large subrowlded grains
an.d as relict" within the valleriite. Pyn'hotite is observable subordi
nately as spindles in cnbanite near the border cubanitejpyrrhotite
(Fig. 2 b). 1\Iackinawite was also observed and occurs 1) in ehalcopyrite
aJOIlg the boundary cubanite-chalcopyrite and between recrystallized
cubanite grains (Fig. 2c) and 2) as spilldles in chalcop)'rite. Some
digenite and covellite were found as alteration products in the val
leriite-chaleopyritc assemblage.

SAXIlEROET (SWEDEN).

'l'he paragenesis includes principally sphalerite, cllaleopyrite, pyr
rhotite, valleriite, magnetite and galena. The pyrrhotite shows altera·
tion in pyrite and «alteratiou pl'oducts », plus magnetite (Fig. 3 a).
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Chalcopyrite frequently oecurs as I"ims along the bounduries sphale.
rite-pytThotite. Sphalerite is often present fiS spindles in the chalco
pyrite. Valleriite apparently repla.ces chalcopJ-'rite (Fig. 3 b) and pyr
rhotite; occasionally it occurs tog(~ther with nHlgnetite in rims along
the sphalerite-gangue or chalcop,},t'ite·gangue boundaries.

BAL.ANOERO (Pnm:\IONl', JTAlN).

The paragenesis includes predominantly magnetite, pentlandite,
mackinawite. a.nd valleriite. The magnetite is disseminated in patches
and nebulitie masses within the serpentine matri...... The pentlandite
oceurs commonly associated with maekiullwite and minor amounts o[
pyrrhotite and valleriite (Fig. 30). Two varieties of pentlandite arc
present, one of which appears tt) be more yellowish in eolour than the
other variety under reflected light. Acconling to ZUCCHETTI (1968)
this more yellowish pentlandit.e is a cobalt-l'ich vnriety. 'rhe mackin
awite occurs as irregular patches and fille intergrowths frequently
oriented along the el"ysw.llognlphic clil'cctiol1s (HI) of the peutlandite.

The vaJleriite forms ver'y small veinlets, on the order of 0,05UlIll
in thickness, in p.u't assoeiated with chalcopyrite along the rims of the
vein lets (Pig. 3 f). Valleriitc is a.lso presellt ill minor amounts in the
pentluuditc-mackinawite-p,}'l"l'hotitc asscmblage (Fig. 3 0), where na
tive nickel-irOll is also present (Fig. 3 h and Plate 10). Plale 10 SllOWS.
a series of scanning pictures, substantiati.ng the presenee of Ni, Fe,
Co and a. traee of Cll in the native Ni-F'e assemblage.

Mackinawite as a Geologic Thermometer.

bD~IAN (l933) stated that the association nnd tcxtlual relationsllip
of mackinllwite wit.h cubanite (mllckinawitc ends abruptly against
cubanile) points to a tempcratul'C of fOl'Jnation below 45O"C.

SCHOLTZ (.1936, p. 172) eoncluded the following with regard to the
formation lemperatur'c of mackinawite: «.... it appears to have de
veloped in the interval which elapsed between tile segregation of la
mellal" eubnnite (450"C) and the pr/..'Cipitation of minerals like niceo
lite, bomite and chaleocite ».

RE."SIIUllG & Luan::-IllERG (1967) £avol' the origin of mackmawiw
through exsolutioll fl"om pelltlandite and chnlcopyl"itc below 5800C.
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H,\o & n,AO (1968) obserwd thRt maekinawite e:csolved later UI81l

exsolvcd orthorhombic eubRlIit.e and therefore must have exsolved at a
l.cmperature Illuch lower than 213"C (KtH..L£RUD, 1967).

CLARK (1969) through 8118101,,';0' \\;th a ehromian tetragonal iron

sulfide (er to Fe atomic ratio = 0,6 to 1,1) fonned through the cor
rosion of chromium steel by hot H2S at a temperature of 375'>C inti
Illates a formation temperature of chromian mackinawit.e well below
375"C.

T,\ICEXO (1965) first llUClllpt('d the use of mllekinll.wite as a ge0

logic thermometer by relnting the com!)Qsitiollal vA,riation to the trans

formation temperature of mackillllwite in mackinawite-sulfide assem
blages (hence-forth re.ferred to liS the «transformatiOll temperature of
maekinawite:t ell - see p. 289) determined in heatinl; ('xpel"iments. Tn

contrast to later IUlthors - who I'ely 011 the val'iation in the Ni, Co
(and Cu) content - he chose to relute the tnms[onnaiioll of ma.ckill

awite to its l"e-conu'nt (in wt. 'X), i.e., to the Fe-S ratio in its inner

structure.
CLARK (1966 a, b) was tIl\' first to relate tile transformation tempe

rature of mackinawite to the Ki, Co (and Cu) content, i.e., to the

'F'e-Ni+Co(+Cu) rat.io.
Beating experiments carried out b~' Kou\'o et al. (1963), Tu'ESO

(1965), CLARK (1966 Il, b), PAI'l'~~ (1970), GESKI~ (1971), and S"RKAR
(1971) revealed an upper stability limit for mackillllwite or transfor

mation temperature ranging from -135" ± 5°C to ...... 250" ± OO'C (see

Table \T).
Fig. 7 shows the relationship of the transfomlation t.eml>erature

of mackinawite to both the ,F'e(+Cr) content (in atomic %) and the
~i + Co(+ Co) content (in atomic 'ft;) based on the data. provided in
Table V. Tn contrast to TAKEXO (1965) who used weight %, we chose

atomic % as it 1) more clearly relates the role played by all of the
entions in the mackinawite composition and structure, 2) automatically
adjust.. aU analyses to 100 atomic 1'1" and 3) nllows us t.o direetly
plot ~"e(+ Cr) and ~i + Co( + Cu) against tempel'atme on the same
gl'aph; the problem of the non .....toichiomet.ry is reflected in the graph.

(0) 111 the literature lhe terlllS breakdown temperature nud (UIlI}Cr) slability
lilllit are also used.
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ltecl11culatillg the cation weight % to atomic % provided some diffi

culty with the mackinawitc analyses from Komol'i, Kawayama, and

Muskox as the published analyse!; only pJ'ovided information on the

cation traction. The arwlysqs for Komori alld M.uskox were recaJculated

45

A TOM % (F,,"(Cr))
45 47 48 49 50 5', . ....,'"350 ' ....,'"r=J,:...

;20 (F.·rCr)] """::"
' ....

Ni _Co·Cu.
'2:::,.',,/j 2M ............ m . ......... I» -..::'-ll.....·~ r .....

u 240 ,,~
0

(I) 2 ~ (6tN~

--- I~ ~~)I,
,t..

E ~' ..... (h)",'::-..

• -- - :(0 ,~
~ 200

(1)iti~ -. -. 1(I~i"
:m ...... --:.. "'~

----__ ~"" -'-.I.'" ~......... ":,~

'50 (F•• (C:/- - ---..=:::_~ --- i .....·-r--_ - .......... to
-._-~Ni·Co·Cu -;r"---- -

'20 ('J

9 , 7 6 5 4 J

ATOM % Ni"Co-Cu

2 o

I<'ig, i, - 'fClLt~.t.i,·o curve shOll'ilig the rclntiOtl~hil) between determined !r:UJsfor'
umtion t(l1npernlllrCol a.lld the Ni + Co + all and Te + (Or) coutcnt, of mnckiuawite
in Il,:'ckjun,wilo-sulfide assctllblagCll.

accepting a catioll-l1nioll ratio of 1:1 (TAKEXO, 1965; CHAMBERLAIN &
DELA.BIO, 19(5), 'rhe analysis for KaWIl,\'iltlHl was recalculated accepting

1) tlJat Ni, Co, and Cu Me absent or that the content of these cations

is negligible (TAKENO, 1965; Cr,AI1K, 1966 b), 2) a 58 weight % Fe-frac
tion (TAJU;l'\'O, 1965, Fig. 8) and 3) it Fe-S ,'atio of 1 :1, The plotting

of the t.l'iUlsforllllltion temperatm'('s of the various ffillckinawites from
Komori and Knwilyana (Japan), Outokllmpu, Hitma, and Ylojiirvi
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(Finland), Machinaw (Washingtoll, U.S.A,), and Muskox (Canada) aga
inst the atomic 'io of both Ni + Co( + Cu) and (Pe+ Cr) reveals that the
upper stability limit of mackinawite ll1creases markedly with increasing

substitution of Fe<+ Cr) by Ni, Co (and Cu), e,g. from ......135" ± 5"0
Ilt 51 ,5 atomic 'io Fo( +Cr) llnd zero (0) atomic % Ni + Co + Ou
to 285" ± 100'0 at ...... 42,5 atomic 70 l"c(+ Or) and ..... 9 atomic %
Ni+ 00+ Ou.

Although the quantity of Ni, Co, and Ou tlmt can enter into solid
solution increases in gener'al wit.h inerefl.<Jing temperature, this quan
tity is to some extent also detCl"millt.>d by the availability of those ele·

ments as well as by other physico-chemical conditions (OLARK, 1966 b,
1967, 1969), TAYLOR (person, COmmlUl.), e.g., reports a decrease in the
transfonnation temperature of mackillawite within mackinawite-sulfide
assemblages with increasing S-fugacities during heating experiments.

'I'AKENO (1965) int.imated that the range of mRckinllwite tr8.1lS
formation temperatures for eaeh local it,\', listed in Table V, is indica

tive of a dependency of the trullsfonnatiOll temperature on the du
ration of the heating. This, in turn, may indicate that the lower
transfonnation temperatures obtained from Fig. 7 are more realistic
g~logieally because of the time factor involved.

\Vith trllnsfonnatioll, the muekil1awite in the assemblage is appa
rently converted to hexagonal pyrrhotite and troilite (Kouvo et al.,
1963; TAk"ENO, 1965; CLARK, 1966 b; GENION, 1971; SARKAR, 1971).

The transformation temperature of Val1eriite.

According to 'l'AKE..'<o (1965), the trausfol1llation temperature of
vallet·iite is ~ 500"0; upon t.nlllsfol'lllatiol1, the nillel'iite is eOllvel·ted

to a phase the X-ray powdel'-diffl'aetiou patterns of whieh show some
identit.y with those of ft-ehulcopyrite.

YUNI> & KULLERUD (1966) place the t.ransformation temperature
of valleriito at ~ 450-'0, the tra.nsformation !'csult,ing in its conversion

to cha.leopyrite, water and one or more ~'lg, AI-bearing phllscs.
Iusw et al. (1970) placed the t.ransfonnatioll temperature of "al

leriite at somewhere between 600" and 650"0.
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PLATES 1-5.

Microprobe Scanning Picl'urcs

1. - 8a.."berget, Swollen' Vlllleriite replncing chalcopyrite in serpentiue. 'The sample
current (S.C.) picture clearly shows th(} fllbrie of tI,e valleriite orielltod with
tloo long direetion 1.. to tloe surfflce of the Chfllcopyritc. The >;canning pie·
tnre~ show the prerence of ~Ig "1Il1 Si along with Cu, Fe !lud 8. The
replaeellll"llt boundary is "er~' irreguhlr. 14 1'/ IF

2. Balangero, PiedlllOllt . Vnlleriite '-eilllet ill silic"te n".trix. B(\ljid\l!:l }'c, Gu
alld 8, tho scanning pictur(l;j show tile prcgeuce of Ni, ~Ig, Al and a. trace
of Cr. At tho boUOlll right corller the ":llleriite is l!ordcred by a "cilllet of
chalcopyrite. t2,,/#

3. - Balallgero, Piedmont, . Tho !'oJ! left. picture shows tho disposition of thc
mackinllwito and as;Klci,.ted minernls. Ni shows a strOllgly differentiated
distribution, whereas Co appe'lrs nol to han" b~1l affection by allY mobi·
lization. Cn shows a vory irrcglllnr distribution wilh 1l101)ilization aJong
fmeture". ]8 ,<I#

4. 1.001ekop, TraIlS\'aal Vallerii!e rcplaeillg an illioJllorphie spillel erJ'stal (ill
part ob~r\'able ill .Pig. 10) ill nl:'glle!ite. 'fho S.C. I)ielurc shows th'lt the
replaecmcilt ooeurs in purt. Il.loug the i"'perfcet e!Q<~vago dirootion (111) of
tho spinel. Tho '·'lilcriilo contains "Fe, Cu, S, "Ig and AI; tho lutter two wcrc
<1erinld from tho brCllktlowll of Ihe spiue1. lZ ,,/ #

fl•. l.oolekop, 1'rnnSl'nal . V:llleriite repla.eing "pillel ill a m:lgllotite 11l'ltrix. The
«e:wniug pietures again re"eal a. roplacement ill pari. alOllg the imperfoet
cleavage .lireetioll (111); the rcplaeemeut frout. is irrt>gular. Tho swnuillg
pictures for Ca., Nb and 0 point the proscuee of a ealei"u] niobate ll,e!usion.

]31<1 #
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PLAT};S 6-10.

Microprobe Scanning Pictllres

""..

7.

J..oolckop, TraIl8\':mJ - "ulleriit\! ffpparenll~- replucing 'Ill idiomorphio bad
deJeyite erySllll ill ,~ lllllgnetite lIIatrix (coml):lre Pig. I h). Tho original
idioll~orphie outli"e of the blldilele~·it.c ClilL best. bo wen ill the 8Wll.lling pic·
t.ure for .1"0. The hluldelcyite cont::IlIl.lj: Zr, Nb, Fo lUid lH, The \'IlHoriite
eOll\,:uIIs Cu, Fe, S, Mg, Al lind most inter(,'stiuglr Nb. 8/,1#

H(,'ll(,'llie Milling, Cnlrull, SeetiolL lOMI (Prof. R:1JlLtlohr's collection) - Val
leriite in a sulfide matrix, ]lredo,"inantl~' cuba"ite lllld e1uuooprrite. The
l!IC8nning piuuro for Co Ix>6t ron~llls the loe-ation of Ihe \·lI.lleriite. Th., valle-
riite ill au FO'riel, \'ariet,. ;nllomogene::ull ill eOllll)Qflition, with abulidaut

Ca. ,u,d liule ~;, Co and :\tg. J!) pi #

8.. Hellenic. Miniug, Cyprllll, SeetiOll 10601 . \'alleriite rrpluing euballite and
maekinawite il\ ehaleopyrilc. The !IotalIDing pieture for Ca clearly locatos the

\'alleriitej th066 for "i au\l Co locate lbe maekilUL1fite. Again the vaJ1eriite
sho1flJ au iuhonlOgelloous chemical comJlO6itioD like in Plate i. The nme.ki·
lla,1fite shows a high Ni and Co-C'Olltent, amI ;l truce of 011. The <lJ.·froo area
is pJrTbotite_ 20,.1#

9. - White HOrlle, Yukon . Valleriite in dolomitie matrUe <_ Ca, Mg and C.
lIe,uwing pieturea). Tile S.C. !,ictllre loeates t.he \·alleriile. Bellidee Cu, .f'e and
5, tho \'aJleriite conta.iull olily Alg Billi no ea :It lllL The lIeaulling picture
for .0. shows ",ore .0. tlUlIl 'let,uallr present, beeaullC the llIlmple was
eooWd wilh c:lrhon to nwko it. 1l1Ore conducti\'e. 16 pi#

10.. Bnlangero, Piedmoll! - Swrllling pictures of the native Ni·.!"e (Mlllpare
}'ig. 31.). 2;; ,..1#
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SOME N~:W OBSERVATlOXS ON MACKINAWITE:; AND VALI.£RllTE 2i5

PLATE 10.



'l'AIJLE I. - Oplic(ll P,'operlies of Mackil1awite,

l,ocm.litJ Rcflcetil'ity HircflCdlluec AllisotropJ HardllCIII Author Miueral
~nm6 Used

grocn
orange,.1

lIigh (> Ilrnllliite)

I'crl' high; in nir: liko I high
pyrrhotito; lIorlllal there-
to, under oil hlllll,: Iiko
6plmlerite

IlAMDOllllC102t1) I c,;iu llool~lIielit

uOlltimmuare!l
Minoral illl
KU]ltcrkie!lt (')

rMMDOIlIIC1H28) Ic'E~ im
l{upfcrkionCt )

c ulIbckalllltC8
:"i·~·c,grl': t (')

S<::lIN t:IDl:llIOIIl'l
(1020 a)

55 IlCntllllldite
> ehaleOlll'rite

ext remelJ high:
I,ure white to dark

Ilxeeptlollully high:
bright )'ollow wilh rOlln
tiut to dull dllrk grn)'
(fIOmowhtlt like 8phfller\'
10; (hlrkor thall ehromi·
to); undor oil hUIl1.:
biliek ill ono dirootlon

air imm. oil,!
'/= 1,515,

37% 25%
33 23
33 23

'!':lIgllllld:
gll~t I..ol'ell,
Cornwllll;
NorwlIy:
Sutiljolma, Wn.dda
"llIM, 8klll'daleu
(1{IlMjord), Herir'
:\.Iiue (KAtjord,
lllmloen), BjQrkAllCll
(Ofotentjord);
811'0doll:
K Ill'ehorll, '1'1111'1~rg,
"tl'hilihorg;
Soutlo·A frlco:
Vlukfolilein
( Jl UBI cu ullrg-l)i~tr.,

Trlllllll'lIlll),
Witll'lIl,eurllnd;
SW·Afrien:
Otjozonj;l'llti, Gorob

!lu,hl'old,
Trlllll\'llll[

Sulltjchnn, Norway

(') cuu as rot ulldefitlod mineral ill elmlcop,nlte t. CO) « 'ore-mineral in ehaleopyrite t. (0) CllukllO\\'1l Ni·Fo-orO·lIIiucralt.



(coni_ Table I)

Lo<mJity

McrCllsky Roof,
Rustellburger·
Distr_, BlUIh..eld,
TrallSvaa.!

Reflootivity Birefleetnnee

extremely high: rosa yel·
low

Ani~trop~-

vcry high

Hardness Author

SCIl.~EIDEItUOUN
(1929 b)

Mi.lleral
Name Used

« ullbokauntes
Ni·FeoMllloral :.

(')

Orange CoUllty,
Vermont Copper
District

strong: palo yellow with I bright
rosa tint (2" pyrrhotite)
to dull gra~', somewlmt
bluish

eo; graphite BUEIWEJl. (1935) lor valleriite.

East Griqualalld &
POlldoll\.nd,
South-Africa

orange filter 18%
to 42%

strong: bright pinkish
croom to gray; bright
p)\low to gr:~y (with
blui8h tint)

extreme, intenso; + Ni
cols: bright cream to
dark mottled stool gray;
+ Nicols _ 50: bright
pinkish cream to bluo
gray

< chalcop~'rite SCHOLTz (1!J36) « ,-alleriite:.

Mackinaw Mine,
Shollotnish County,
WAAhillgton

Sudbury, Canada

extraordinarily strong

8trong: pale yellow (Ugh
wr and brighter than
surrounding chalcopyrite)
to mauvish gray (dis
tinctly darker thnn p~'r

rhotite); bright yellow to
blue grll~'

extraordiunrily strong MIIJrON & 10( valleriite.
Mull'O)'/ (1958)

H,\WL£Y (1962) 1« \-allcriito:.

Outokwnpu,
Ylojii.rvi,
Varislu.hti & Mijhko,
I1oDlantlli, }'inland

C·) or wlkno"-n Ni·}'6-rnineral •.

,-ery strong; in air: gray I \'er~' strong; in air: gray
to reddish to reddish (undulatory

extinction common)

> pyrrhotite
< Co-peutlandite

Kouvo et al.
(1963)

• tetragonal
irol1 sulfide.
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1
(COllt. TlIbl~ I)

l-owlity Refloeth'ity Biretlcetullce AniSOlropy Hardlle;t.$ AUlhor

-
I Ali.llonti

Name Used

rlOjiirvi, l'inland > valleriile lIuong in air and under
oil iml1l.; + Nil'.. -;
blui~b white 10 brown

VIIN"
load):

(60 Kram
52 ± 3

CI""KK (1966 b) mnckim.\\";lc

LiZllrd, CorJLII"u..l1

BUllhvold, lllllill,,'a
&. l.oolekop,
South·Africa.

e! I'J'rrhotito

> \"a11eriitc; opt~

lIigll = neg,; sign
of pha8& ditter, _
= ~trollgIJ' poll-

~tI'Otlg; piuk 1,0 grllY

modcntlo 10 hlKh; lighl
to I,illk grllY

lIInrkcd; bluish while 10 I 5!! pJ-rrhot.ite
durk gruy

high; while to black
(with llill of n, Naka·
murfl I,lnto and ,,-ilh
+ Nicols)

Ql.AKK (1061)

Ilr-N$IIUIlO &
LIIQIJ;NBr.HO
(1961)

llIMkinawitc

nuu:kirrKwi!e

Kolihan, Rl~juthan,
Indin

lightM position;
> chalcopyrile
dark08t pOllit.ioll:
< pyrrhotite

high; creluny hrowli 10
grllY

lIlrOllgj + Nieols
8ieHlm loroll"l1 to dark
grnyillh blue

< e.hlllcol)yrile &.
pyrrhotite; IlIkelO
good poli~h

IlAo &; R.rr.o
( 1!l68)

"mekill.~,yite

Miun do Abee~edo,

Vinllllie, Portugal
> '-al1oriitej
37,3% to 40,2%
nt.589nm_

Il10dorl1l0: hrowni~h tint
(in Ilir & undor 011 hnm,)
ill 0110 dirOl'liOll

violent; + Nit.:
while 10 u1lrk
+ Nic,-l 102·;
\\'hito 10 brown

grl'y,
gral' ;
blui8h

> "II11oriilo CI.AItK (1060) CelirOlllillll
U1nc-kiullwito::.

VAVOIIAN (1069) ICluekolill.1I
1llllekillflwilo :.

Vlak~onl,ein,

TrlllllJ\'IUll

Bi.ughblnull, India

Vlakfonte.in:
33,8 ± 11,1% fit
589 IUn.
(Outokwllpu:
37,1 ± 5,1% at
589 11m.)

19·41 ± 0,5% llt
530 !JIll.

(Photocell, carbo·
rUlldwll standlU"d,
l..eilt. green filter)

,-ory 1I1rongj in air: I ertmnJlI 10 dark grays
brownish c.TOOm to brown
grllY; undor 011 imm.;
groen.iah crOOlll 10 dark
Itrlly browll
Vlllkfonle.in: 22,2% nt
5119 nm.
(OutoklllllIJU; __ 11·12'1"
at 689 nlll,)

illtCllllQ: gruyit,h.pink to
pirrkillh·~ray

VHN; 94·181
(VllI.kfonlein)

« I'yrrhotite
> cllllleO]lyrlto
I~lkcll good l)o1i81o

SAltXAl1 (1071) lllnek;nllw;tc
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(COllI. T/lblil J)

,
!Mality Refleetivity ,\nlllOtrolly Birertcc:tlUlcC Illlr/IJlc~ J

I ,
AUlhor Mineral

Nnme Used

MlttQo~tcr,

Trnll~\'Rnl

l.AJl:ia tou Mavrou,
1,lmulIOl, Cypru~

lleilellieM illillg,
CYI)rU&

lightC8t po;iiUoll:
42,0 ± :?,l% (")
darkcst JlO8ilion:
24,5 ± ],1% both
in air at 546 11m,;
grCCli filtcr

high; in nlr: \'CI")' pille
erClllllY 1I111'pink 10 ercn·
"')' light grny wilh lila
I illt ; under 011 hum,:
light crOlliny Ilinkilth Hill
to erOllillY grlly wilh ilia
tilll

high; III IIlr: pAle pink
ildl whilo (lighter than
Ilyrrholite) to vor,. light
lil:l pillki~h grllY; ulldcr
011 hUIlL.: \'cry pilio pitlk_
I~h whilo (milch Ilghll.'r
Ihull p)'rrhotiIO) 10 crQlI
Illy grny wilh pll~kllth lila
tint

hlah; ill IIlr: l)Rlo pink
;.'Ih while (Illightly light·
cr thlln pyrrhotite) 10
"cry pilio lJlullth grlly

\'or,V high, ill air: bright
whili8h 'cllou to gr(lCn·
11th hluc (aquamariIlO);
ulldcr oil iJl1Itl.· bright
w1liti8h ~·cl1o'" to greell
18h bluc; bolh air &, oil:
+ Nicol8 -
,'ory 1I1g1l; III air: bright
1,"11' 10mOIl·)·cll()\,·lsh whi
te to blull with greenish
tint (with Nicols wm·
plololy er08!lOd: bright
lemon·yellowish while -+
grl.'cnillh bluish gral' -+
grOCllllth blue -+ blue
with Krccuish tint -+
KHlellish bluish gra.)' with
Ilin tint, lite.); Wider oil
imlll.: bright whilo with
"cry 1,:.10 IOIllOIl yellow
tlllt to bluo with green
Ish tint i both 8.ir &, oil:
+ Nicols-

"ery high; in air: grcelL'
I",h bluo to bright lemon·
)'cllow whito (rnueiL whit
er thn.ll ,·j.l1criito)

E!!! pyrrhotite



'r,\{Jl,~; II. - Optical ProperUrs of 'Vallerii/e.

LOClllity

Nya Kopparberg',
Swedell

Reflecti .. it.y Bir~flootllJlee

III Ilir: briKht yellow(~o

lour 10lle bctwOOll ebal·
e<lllyrite and pyrrhotite)
10 (hlui.h) gl'lly witb
bluiJIh tOll8

AnlSOlrOlly

white to bluish gray or
wbite 10 yellow

IInrdu088 Author

l~loIDOIlI\. &.
OI)W",N (193:l)

Miueral
Nnme Used

"llllorilto

Mu.vro, };retria,
G"""

IUllo yellOW to deep I eXlremc
erCllt1ly brown

"cry ell.·llt; dirty orl\.lIge I vcr)' gtrong
yellow white 10 blue gray

}:V,4.I;8 ot Ill.

( 19(4)

PANAOO8 &
Rul;OOlll\.
(1965)

\'II11orlite

vlliloriite

lot lI3kox lntrUllion,
Oanoda

c l.AJ:io. tou Mavrou
( L,1of.) t IUld
c HellOllie :M illing
(H.M.», Cypnl'

!lot meawreo:l, but
very low, in Ihe
lllImo rangol\.ll gra
phite

I •.M.: roflooth,jly
and wlour \'Rr1
oonsiderlibly

extreme under higb po
wer: en'flmy (dull) bron
w to puqlle

L. M.: < llln.ekill/lwile
/lntl Krl'llhite; under oil
hum.:
0: light gray brown to
darker KrIlY rOlll\. ,'Iolot;
El: blul~h j{rn.v to durk
I(rn.y.
II.M.: 011 hum.: 0:
brown·brow" red toward3
yellow or ,-iolot; E:
llIudl darker: gray to
IJlu.igh townrdll ink blue

exlreme: while 10 bron·
~c, remaining much I.he
ll<11lle only ICM IntOrlltC
IInder ineolllpletlJly erO&
~ed Illeol"

VIIN (50 g.load):
30; I'ory poor pol·
hhing hardness,
"howillg I>Cmimat·
to "urfaco despite
nil offorta to pol·
i.llh

ClIAillll:IIL.UN &.
DCld.llIO (HIM)

ASTUS cL Ill.
(11166)

1'l~lloriilO

\'ul1orlite



\·ll.lleriite

Mineral
Nnmo U,cdJ UltrdUCll3 LAuthor

t(l I - I RE.'lSUUJ((I &.
J~IUlt:lil8'Jl(J

(1967)

AnillOtropyLO~illity I RefJeeti"ity C l3lrefll'~tlUlee I

I _ I _ I..ery light broliU
gr3)' bronze

(eollt. TI.blt; II)

Kollhan,
Rn.jll3th.llll,
Indhl

lightest posi' iOIl:
,.., 30%
darkest poaition:

10%

at roug: brownish gray
10 dnrk gruy

strong vcry lWft;
om LItke!!
poll,h

""'d
go..

RAo &. RAG
(1968)

"ltllcrllic

Norll'ak/
W-Sibcrlll,
HUllIln

11I0derllto: light gray to
durk blui.llh grlty (with
dlstln~t blul,h eoIour ill
contrll3t 10 magnelito)

oJistinet: light )'cllow tc
roodish pUrJlle

JUNIUS et al.
(1970)

,'nllerillo·type
mineral

BnJn.lIgoro,
Pioomont., J taly

Kaveltorp, Swoden lightest IlOllition:
16.5 ± 10/0 (")
darkest IlO8itioll:
11.5 ± 0.5% ooth
ill ll.ir at 546 !lin;
grt.'Cll filter

high; III air: browuish
tall to gray (1~lrnOtlt like
tho lJl)f1lel1t111o gangue);
under oil illllll.: light t.tlll
colour to llghttllrty gray

high; hl uir: ereumy
grny (leIlll bluish Rnd
Llnrker 1I,un the udjoi·
nlng IlplHllerite) 10 yel
10wlsh·bei,ll'e browlJ; un
dor 011 irJIIIJ.: poueil load
colour to belgo yollowlsh
brown (Il- sJulde darker
thun In lIir)

"ery high; in lIir:
bright (') brOllse yellow
to bluish grl~y whllo;
under oil il1lll1.: bright
bronze )'ollow to pencil
lead colour (highly undu
latory oxtineUolI; ,light
bluish tiuge)

..ery high; In n.ir:
bright (.) whitish yel·
low tc vcry lIghL bJu.l,h
green; under oil illllJl.:
bright whitiSh ycllow t.o
almOllt black; ulldulltlory
I!xtiuciion

< ehlllcopyrite

Thill
publication

vltlleriite

(') bright __ lumlneeeeDt. (I) d~ermlnlXl with tilo l..cltl: MPV; lII.lIntlard: SrTio.-ny = 17.5</0.
"



1
(COllI. Table IJ)

l..oelliity Rcfleelil'ity BirctlcetHnce Allisolropy Hanlneu Author Mineral
Name U8l;:d

l.oolekoll,
Trlln8Yllal

MIIVlO, Eret-rill,G._

SIU:berget, Sweden

lightMt IJOBitiou:
17 :!:: 1.5% (t)
darkest. POSiUOll:
13,5 :!:: 0,5% boli>
In air at 546 nm;
green filler

high; in uir: crelll1lY
wldlll g.uy (liltlo grny·
er thnn lIIugllollle) 10
palo browlIl,h hOlloy yel·
low; under 011 hnm.:
c.renmy gray (dearly
darker thlln 1llllgneUte)
to brownillh hOllo! yel.
low

high; ill nir: Jiglll.brown.
ish orllilgo )'ellow (light,.
or in colour utul more
yellowish !.lUlU vullerlito
trom SlIlI:borgot 1I1id Kfl,'
vollorp) to I'cr,' liKhl
bluish gmy; Illalo.r oil
iUlIn,: \'ery lillht beige
ydlow 10 light blue gruy

hillh; in nir: dnrk lflny
(tlnrker IluuI Ilplmlcrilo)
to belgo or bro\\'ni~h

)'ello\\'; under oil inun.:
dirl)' brOlVnish beillO 10
I·CT.V !lurk blnckiHh or
drub brown

I'err high; in nir:
bright whW,h honey yel·
low to pille bluJah gra.y
white; ulllier oil inun.:
bright whllish hono)' yel
low to very dark grn)'
with bluillh lint; highly
undulatory extindion

I'cr)' high; in nir:
brighl "cllow wilh brow,)'
iHh lint (like tiger O)'eIl;
1Il0ro yellow th:Ul val,
lerilto from Saxbcrget
IlUd l':uveHorp) to vcry
light blue gm)'; under
oil imlll,: bright whitish
beigo ~'ollow to light
bluish grn)'; undulatory
uxlillctioll

vcry high; In air: bright
I'/llo whitish "ellow to
"er,\' pale bluish green;
under oil iuun.: bright
palo dirty wbitish yel
low to dark blllckish
IfTIlY (almilllr to sphalo
rilO ullder oil imlllerslon)



1

~

t
~

",
•

(cod. Table 11)

Locality

)AU;& tou Mavrou,
Lima.sol, Cyprus

lIellenie Mining,
C)'prul!

I.ittla Chief
Ore-body,
New Imperial Mine,
While Hor*.",
Yukon

Refledi,'ity BirefleetJlJ,ce

high; in a.ir: lilll'llinkisll
oli"c-brown (much dark
er than CublUlile) 10
bluish gray; nnder oil
illl",.: lila..-pinkish olh'e
brown (much darker than
cubllnite) to dark grny

high; in air: crelllny
yellowish brownish grny
with orange pink ti.nt
to light bluish gruy; un
der oil imlll.: pale crOll
my brO"'lIish grny with
pink (rosn) tint (dnrker
IJ'IUI pyrrhotito) 10 dftrk
browniyh blue-grny

high; in nlr: c.rcIlJllY
bluish gra,yillh whilo to
crcumy yellowish brown·
ish whito; llluler 011
1m",.: dirty dltrk whi·
tisl, grar with blulijh
tint to pnle yoUow brown

high; in air: pale gray·
i811 whito to bright yel·
I.w
high; ill air: croo",y
pale brownl')l yellow to
crctllny blu;,h grll)'; U/l'

der oil Imm.: IIUIUV6
blllckillh grn)' to \'ery
light yellow brown

AuhllllrOII)'

\'I)r)' high; in IlJr: bright
whitish yellow to paJe
bluo-"rOOllillh white; un
der oillmm.: bright whit
ish yellow with ora.nge
Ilut 10 blui,h white-grny

\'ery high; in air; bright
whitish yellow to yellow·
illh gre~lllish white with
grllyl,h tint (110 bi~ lighter
thnll pyrrhotite); under
oil iUlIn.: bright whil.l.8h
yollow to yollowish bhlish
greenl,h Il'rn.y

\'err high; in uir: very
lillie yellowi,h bluil:lh
greenish while to bright
whitish yollow; undor oil
iUlIlI.: bright, whitish yolo
low 1.0 yellowish blulsll
gray white

very high; III lIir; olivo
brownish grn.r to blu1ll11
gray

very high. ill a.ir; bright
whitish yellow with
broll'nlllh tint. 10 bluish
groonlsll whitish grfty;
under oil il1llll.; bright
whitisl! yellow 10 bluish
A'r(l(:nlsh whitish gray;
undubitory exlinelion

lInrdnellll

« Ilyrrhotite

Author Mineral
Namo Useu



BINKS III III. (1959)<5

TABL~ 111. - JUacki'lIuwile Composition (ill weight %).

Locality I Fe Ni I Co Cu [-o,-""I--s-""l-T-o-t'"-~I----A-'-t1="-'-~~~I='=t/=S-R=.=ti~O

I
"

51·58~llleki.llaw Mine, Snoho
mish Co., Washingtoll

Outokumpu, Fi,Jiand 55,94 8~6 I OJ4~

I
O,OD

Serpontinite 56,35 8,17 0,37 0,05

ldiomorphie Crysttlls SS,9::!:::! O,5±O,2 0" <0,',.
w/Illagnetite&; eubllllite 6O,O::!::2
1n ehllleollyrite & 55,1±2 5,O±O,a <0,2 I

<0,5
euballito 53,1±2 5,4::!::O,3 < 0,2 <0,5
UopllleLng Co-pent.lnndite - 1,9±O,2 IO,7::!::1

Yliijiirvi, Filll11Ud liS,2::!::2 0,2 0" < 0,1,.
J,\ chalcopyrite 1i4,7::!::2 0" 0,2 < 0,1,.

Gadoni, Haly S!i,36 - - 0,34 & 1,011

~1'lekinll,W Mino, 81l0ho- 53±5 3,I±O,5
mish Co., Wnshington

Musko" Intrusion, Canada i)'i±5 2,3±1 1,5±1

Komori, Japan 52,t ,j,6 1,0· ......2,0

Witwatenrrand, 8elllll1illg 9,'16 0,65
SoUIiI·Afriea Picture

311,211
311,00

!lU,as

!l~:t: ..

Scanning
Pielure

100,00
100,00

Kou\'o ('I lIl. (1963)

OONltIl(N & OMr_~t:'I"T()

(1964)

~;\I,I,NII llt 111. (19M)

CII,I,)IUr.JlI,,I,IN & J)CLJ.Il!O

(19611)

'r.u.:y.so (1966)

SClIlI)LOWIIK I &: OTrUI,l,NN

(11166)

1,046
1,056

1,050

1,050

\,000



(CQ1~1. Table Ill)

IM/S RatioAuthorTot.l\1sc,Cuc.Nip,Locality
, , , , , , , ,

YlOjiirvi, l"iulaud - 0,2 0,2 - - - - CLARK (1966 a, 0) -
LizanJ, Cornwall - .... 7-9 0,1-0,8 - 0,1-0,8 - - CUICK (1967) -
Ylojiin-i, Finland fi4,82 - - - - 35,18 100,00 CLARK &. CLARK (1968) 1,058

64,80 - - - - 35,20 100,00 1,057
64,95 - - - - 35,05 100,00 1,064
64,91 - - - - 35,09 100,00 1,062

Oul{)kulIlpU, Pinlauu 52,7 1,0 7,9 0,' - 35,7 98,3 SPRINGER- (1968) 0,998

Dneko!l, Buah\'eld, 56,8 4,5 J,2 - - 35,5 98,0 1,006
Soutll-Mriea

.f'rood 'MillC, Sudbury, 52,4 7,6 - 1,3 - 35,2 96,5 0,994
Cnl1ad(~

Pain bora, Soulh-Afriea 55,2 6,3 9,1 9,4 - 34,7 96,7 1,023
Kaveltorp, Swedcn 58,8 2,1 1,' 1,0 - 35,6 99,' 1,026

VlakfOIlt,cin, Tr~lllljVaal, 38,1 )8,7 3,3 - - - - VAUIlIIAS (1969) -
Soulh-Afriell

Outokumpu, .Fiulnnd 52,1 1,8 5,9 - - - - -

Mina. do AbllS8Cdo, Pre601l1 ....0,5·1,3 - - _7-9::!::l Present - CIJ.KK (1969) .-.1,0-1,1
Villhailt, Port.ug'll



(cQnl. Table III)

Loealit.y I F,
I Ni _I Co

1 "" I
c,

I s I 'fotal I Author I MIS Ratio

Hiturll, Finlund
,

51,6 6,66 0,56 - - 35,8 100,6 PAl'UN&.'< (1970) 1,049
57,4 6,82 0,50 0,04 - 35,0 99,8 1,056
51,6 6,6' 0,40 0,03 - 34,6 99,3 1,068

Outokumpu, }'inland 60,29 5,63 6,99 - - 33,21 100,12 TAYU)1t & FuwFJt (1971) 1,151
(0,869 after
refinement)

Sillgbbhulll, India 54,74 7,99 0,30 0,57 - 35,63 99,23 SAlIKAR (1971) 1,019
54,35 8,01 0,4\ 0,69 - 35,76 99,28 1,012

Bal:Ulgero, Piedmont, 57,6 ' - 1,3 0,3 - 35,9 !n,S This publication 0,921-,'
Italy

Rallllllel!lberg, Hurz, 62,43 0,02 0,08 0,88 - 36,23 99,6' 1,003
We8t-GernuUI~' 62,69 - 0,10 0,10 - 36,01 99,56 1,009

SalllJllallW, ArgentilHl 53,58 2,38 7,60 0,77 - 36,19 100,52 1,009
53,36 1,18 8,07 0,15 - 36,48 100,« 0,997

M,atooster, Trall\IVmll, 57,01 6,91 0,16 1,00 - 36,25 101,4-2 1,025
South·Africa. 56,59 7,H 0,28 1,,18 - 36,21 101,46 1,024-

Hellenill Mining, Cyprus 57,5 0,6 5,5 6,1 - 36,6 100,3 0,994-
51,9 6,S ',S 0,3 - 36,1 100,5 0,993
50,1 1,5 2,1 6,' - 36,3 100,0 ],003



TABLE IV.

Valleriite Composition (in weight %).

Locality Ou Fe S Al Mg Oa OH Ni Mn Insol. Total Author Formula,

Aurora Mine, Nya Kopparberg,
Sweden

Nya Kopparberg, Sweden

17,77

17,77

14,32

26,34

26,34

24,03

22,54

22,54

24,96

2,73
(5,16)(1)

2,73
(5,16)

3,46
(6,,54)

6,34
(10,51 )

6,34
(10,51)

11,61
(19,25)

0,1'!
(0,25)

0,18
(0,25)

15,82

15,82
( (10,77»(2)

22,78 2,81

91,72 CO) BLOMSTRAND (1870; cited by
[87,35] HINTZE, ] 904) (0)

91,72i(5) RAMDOHR & ODMAN (1932) (6)
[94,24 ]

104,02
[91,96]

[CUO,SO FeI,20 82] . 0,89 [Mgu,sa CaO,OIFeO,l5 (OH)2]' 0,29 [AI (OH)a1

Same as above

[CUO,69-x Fel,3l-y 82]' 1,23 [Mg(0 H )t]· 0,33 [AI (OH)sJ

Aurora Mine, Nya Kopparberg,
Sweden

Kaveltorp, Sweden

Loolekop, South-Africa

Kaveltorp, Sweden

Palabora" South-Africa
Oarbonatite

Phoscorite

Eretria, Greece

Hitura, Finland

18,67

17,6

18,6

22,0

21,6

21,0

23,4

17,5

21,47

21,2

20,0

29,5

21,0

30,9

27,4

24,3

30,55

29,0

22,31

21,4

21,6

23,3

23,4

22,2

22,4

22,6

21,32

23,0

3,22
(6,09)

4,29
(8,1)

4,50
(8,.5)

4,2
(7,94)

0,1
(0,19)

0,4
(0,76)

1,4
(2,65)

3,13
(5,9'1)

n.d.(3)

10,78
(17,87)

9,77
(16,2)

9,65
(16,0)

11,5
(19,07)

10,1
(16,75)

9,4
(15,59)

10,7
(17,74)

107
(17;74)

6,89
(11,42)

n.d.

0,66
(0,93)

1,21
(1,7)

0,93
(1,3)

21,78
( (12,16»

22,81
((12,2»

22,80
( (10,8»

19,30

22,07

20,13

19,89

20,9'8

20,29
( (10,20»

0,23

0,08
(0,10)

1,75

1,8

3,3

100,72
[101,34]

100,08
[100,2]

102,58
[101,3]

102,20
[102,2 ]

102,77
[100,2]

104,33
[104,2]

101,79
[100,4 ]

103,38
[102,4]

98,50
[95,72]

HILLER (1939) (0)

EVANS et al. (1964)

SPRINGER (1968)

PANAGOS (1967)

PAPUNEN (1970) (')

[CUO,87-x Fel,13-J' 82].1,33 [Mgo,96l CaO,036 Muo,003 (OH)2]. 0,34 [AI(OR)a]

[CUO,84-x Fel,l6-y 82] . 1,30[Mgo,93 Cao,07 (0 H)2]' 0,48 [AI (OH)3]

[CUO,93-xFeI,07-y82]· 1,25[Mgo,91 CaU,06 (OH)2]' 0,50[AI(OR)3]

[CUO,96 F el,04 St]' 1,14[Mg(OH2)]· 0,43 [AI (OR)a]

[CUO,98 FeI,02 82] . 1,69 [MgO,67 Feo,33 (OH)t]· 0,01 [AI (OR)o]

[CUO,95 FeI,O;; 82] . 1,61 [Mgo,78 FeO,22 (0 H)2] . 0,02 [AI (OH)s]

[CUI,05 Feo,95 8t ]· 1,53 [lUgo,82 FeO,I8 (OH)2] . 0,15[AI (0 H)3]

[CUO,77 Fel,23 82], 1,27[Mgo,67 Feo,aa (OH)2]' 0,35[A I (OH)a]

N oril 'sk, Western Siberia

Eretria, Greece

Loolekop, South-Africa

Kaveltorp, Sweden

Balangero, Piedmont, Italy

Hellenic Mining, Cyprus

20,0 ± 0,5

20,31

20,16

16,75

13,9

15,9

43,8 ± 0,5

30,18

21,20

30,68

26,7

30,0

20,3 ± 0,5

21,80

21,33

22,13

19,6

21,0

3,9'1

3,64

1,07

6,07

11,42

11,21

15,13

9',00

0,11

15,85

22,07

23,99

19,89

26,20'

18,6'2

0,10

0,08

0,05

tra,ce

0,08 0,27

99,95 HARRIS et aI. (1970)
[84,1±4]

104,44 This publication

101,82

100,71

102,71

104,00(7)

[CUO,94 FeI,06 82] . 1,27 [Mgo,7:l3 Feo,26;; Nio,o '2 (OH)2] ·0,43 [AI (OR)a]

[CUO,9;; Fe 1,0f> 82] . 1,51 [MgO,934 Feo,oua Nio,003 (0 H)2] .0,41 [AI (OR)a]

[CUO,7U Fel,24 82] . 1,69 [Mgo,788 ];'eo,210 Nio,002 (OR)2]

[CUO,72 FeI,28 82] . 2,33 [Mgo,876 CaO,004 FeO,I20 (OR)2] . 0,06 rAl (OR)a]

[CUO,77 Fel,23 8t ]· 1,67 [MgO,551 FeO,437 Muo,007 Nio,002 COO,003 (OH)2]

(') Number in brackets indicates the, oxide reported in the literature.
(2) Number in double bra<lkets indicates OH as H 20 reported in the literature.
(3) n.d. indicates uot determined.
(4) PAPUNEN repo'rts 0,01 wt. % Co.
(") BLOMSTRAND and RAMDOHR & ODMAN reported 0,28 wt. % K 20 and 0,6,2 wt. 0/0

Na,O.
(0) Iudicates wet-chemi<la,l analysis.
C) 0,13 wt. % Co was detected.
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290 .E. II. SCHOT, J. O1"T£lIA:":", P. OllE."ETTO
-~

Genetic interpretation.

It is evident from the relaliYely low transfonnation temperatures
of mackinawite a.nd its paragenetie relationship to eubanite (Figs. 1 c,
2tJ, 2c) as well as from the pa.ragenetic relationship of valleriite to
cubanile and mackill&wile, that both mftckinawite and valleriite are
rclatively low temperature minerals. At Llxia tou Muvrou and Hel
lenic Mining, Cyprus, vaJleriite on the one hand replaces eubanile,
a.nd is replaced b~' eubanile (HI the otller hand; this points to forma
tion tempel'atures of -25O"C (Axl'u~ et al.. 1966) (using Fig. 7, a
temperature of ......19O"C to 24O"C was obta.ined). At the same two lo
calities valleriile subordinately replaces mackinawite; here maekinawite
apparently formed before valleriitc. GEXKIN (.1971), however, reports
the CQCxistenee of mile-kills-wile with wl11eriitc at Nonl'sk and Monche
gorsk in whieh valleriite apparently fonuoo before maekinawile; there,
lllackill8.wite rims border valleriite pseudomorphs after magnetite.

In this study. mackinawite was observed to have formed as follows:

1. predominantly through exsolutioll (at least ill part COIUlected with
reerystlllli1.8.tion) within chalcopyrite /lnd cubanite, e.g., Salamanca,
ArgcntlJllL; l\liltooster, 'l'nlllsvlilll, lind ul.xia touMavrou and Hel
len..ie Mining, Cyprus (Figs. 1 e and 2 c);

2. through replacement of chalcop)'rite and pentlandite, e.g., Balan
gero, Italy, and Hellenic Mining, C~'prus (Fig. 3 {] & 3 e and
Plate 3);

3. through primary crystallization (4), e.g., Hammelsberg, Gennany
(Fig. 4).

Valleriite was observed to ha"c fonned thus:

1. predominantly through replacement (rim) of chalcopyrite, euba
Ilite, magnetite, sphalerite, pyrrhotite and mackinawite, e.g., Sax
berget, Sweden; I(aveltorp, Sweden, lind Laxia tou Mavrou a.nd
Hellenic Mining, Cyprus (Figs. 2 fl, 2 c, 20, 2 It, 3 b and Plates
1 & 8);

(.) One lIlay llitferentill.te here belweeu syngenetie primary erylllalliution
whieh apl)lIrcnLly a«OWlt. (or the euheo.lral maekiua...ite at Rammebberg, Ger
IDDUy alld 6J1igenelie primary erystalliution whieh ll~untlJ for the idiomorphie

mlLCkirul.wito eD"stals dcp<t!lited in open U!Il!lion erlleke aL OUlokumpu (KouvO,
]fl{i3).
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2. through replacement of the following gangue minerals:
a) spinel and baddeleyite, e.g., l~oolekop, Transvaal (Figs. 1 h & 1 9

and Plates 4, 5 & 6);
b) scrpcntinc, e.g., Kaveltorp, Sweden; Laxia tou Mavrou and Hel

Icnic l\Iining, Cyprus, and Balangero, Italy (Fig. 3 f and
Plate 2);

c) c.hlorite, e.g.• Luxia tou i\Javrou and Hellenic 'Mining, Cyprus;
d) dolomitic gangue miueral, e.g., White Horse. Yukon (Fig. 3 d

and Plate 9) (here. the simultaneous erystalli:r..ation of dolomite
and valleriite ofFers Rllother genetic explanation);

3. through deposition in fracture zones, e.g., Loolekop, TrRluwaal;
Eretria, Greece; L~a.xia tou 1lavrOll and Hellenic l\lining, Cyprus,
!Lnd White. Horse, Yukon (Fig. 3 c).

Val1c.·iit.e typically occurs along fractures, (pseudo) cleavage pia·
nes, and along the gmin houndaries of the minerals it replaces, where
as maekinawite occurs almost always within a. sulfide grolU1dmass,
frequently along the cleavage directions of the sulfides it replaces and
along t.he grain boundaries between adjoining (alld apparently reo
crystallized) sulIide minerals (Fig. 2 c), The mode of oecurrence of
both minerals points to a connection of their genesis with tectonic and
recrystallization, i. e. dYlllunometaJllorphic proceSSC6. Serpentini7.ation
can play a role.

Particularly intenlStillg are somc of the obscl'va.tions madc. in con~

nectioll with the prevailing physico-chemical conditions and the repla,
cement mechanism COllnected WitJl the replacement origin of vallcriit.c.

The apparent replacement of baddeleyite (Zr02) by valleriitc
(Plate 6 & Fig. 8) indicates that the formation of valleriite may be
connected with alkaline hydrothermal solutions; GE.'\"KIS (1971) already
pointed out the role of alkaline antometamorphic hydrothermal solu
tions in the fonnation of \'alleriite. The mobilization of Nb from the
baddeleyite into the valleriite supports t-his interpretation; microprobe
analysis (simulwlcollS point·sellll for Nb and S) proved the coexistence
of Nb and S. Micropl'obe analysis showed, furthemlOre, that the val
leriite contains -16 wt, % Nb; the baddeleyite was shown to contain
-0.8 wt. % :Nb. Plate 6 reveals that NbH (ionic radius = 0,70 ii)
probably substitutes for Cu+: (ionic radius = 0,72 il) and Fe+2 (ionic
radius 0,74 X) in the \'a1leriite structure. U this obsen..ation is correct.
it signifies the possibility of a "'ide range valency exchange.
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Regarding the replacement mechanism, Plate 2 shows the repla.
cement o[ serpentine by "aIJeriite in which Mg, Al and Ni were ap
parcntly derived [rom the. brcakdown of the serpentine (Ni is present
only in traces in t,hc valleriitc; cOmpRI'e the analysis for Balangero,
Table IV). Plates 4 and 5 show thnt in the replacement of spinel
(i\fgO . AJ~03) by "alleriite the 1tlg and AI are derived from the spinel
and that in addition to the solutions having been a1kalinc hydrothermal,
they must have been Cu- and S·bca.ring. In contrast thereto is the
observation shown ill Plate 1, whcre Cu and S were mobiti,..oo away
from thc replaced chalcopyrite in COllnection with substitution by 1tfg
and 8i (.....8 wt. % Silo Plates 4 and 5 show furthermore, that the re
placement of the spincl by valleriite proceeds along the pseudoclea
vage plMes of the spincl. Plate 5 1\180 shows tlmt, in this ease, no Nb
was mobilized for incorporation into vallel'iitci instead i\Tb is hound

to Ca, perhaps as a calciwn niobate. Plates 1 lind 8 show that val·
lerHte need not nccC$8.rily contain AIH in its hydroxide lattice. Plate 8

also shows, that with an AI-beariug mineral nearb;r, physico-chemieal
conditions were not favorable Cor the mobilization oC the AI from this

mineral into the valleriite during its fonnation.
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