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Hinerals of secondary orisin.

Althougnh this thesis is conecerned mainly wi the
primary ore and gangue minerals of the Zeehan cre~bodies,
the zecondary minernls assoelated with the ores are dipe
cuased brieflys

Many of the secondery mineranls have not bheen ohservad
by the present author bulbt were recorded by Petterd in a
detaile? review of Tasmonian minerals (18910). The majority
of Petierd's identifications are regarde? so correct but
there are some examples whieh may be open to doubt. In the

absence of samples o the minerals in guestiony I1ittle can

be a~id on tha validity of these dentifications.

Ansleaite P ‘mﬂd

According to reports by Waller (1903) nnd Twelvebroes
and Ward (1910), anglesite was found in the oxidizmed zone
of both tha esst »nd west lodes of Hhe Susannite (Br tannia
Exte) Hine.

Petterd (1910) cuoted a communication from L. X. VYard
stating that anglesite had been found in this locality se
“elear, colourless, tabular erystals up to 2 inches iwn

lenzgth and l-ineh in depthm——",

Anmnaboereite i e .1
Annaboreite 513&qﬁ4)2‘sﬁgﬁ

The only report of annabergite in the Zeehan ares is
that of ¥illiams (1958), who identified 1t as o $-in conting,
due o ozidation, on two gpecimens of mickel ore from the

Central Balstrup Mine.
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Atseanite B , Cug(OH)BGI

Petterd {(1910) reported thot atecomite osoourred in
amall amounts in "nixed oxidized ore® in tho Zschan (neen
workings.
Aznrite Cu, (om) 2(C04)5

Copner carbonates are not comunon in the Jeehan ALy
and have been reported in bthe workings of only ‘two mincsm,
viz. Silver Stresm and Fahey's Tribute of the South Ying
workingg. —

taller (1903) fGescribed a lode southe-west of the main
Silver Streap workings cg consisting of "haolin, stentite
and qogaam,aluch atnined with ecopper carbonate®, hut did
net speeily wﬁeth@r the carbonate was agurite or malachite,
0¥ bBothe

A specimen (X.5176/7.227) of the gossanous moterial
fron Pahey's Tribute containg agurite in assoeistion with
malachite, covellite and ehaleocite.

Poattord (1910) included Zeehan in a list of the ocour-
reaces of agurite in Taeemania, but 3id not state any
specific loenlity at Zechon.

Bindheinite ?b2ﬂbgﬁﬁ(0gﬁﬂ)

Locording to Pobterd (1910}, bindheimite was known as
"eanory” or "picos® ore in the mining Tizlds of western
Tasmania. Petterd recorded thot bindhelimite occurred in the
pxidized mone of the Silver (Zechan) ‘ueen line.

Tilley (1891) recorded "eanary ore® at Dalstrup's ¥ine

{Manganese 111l): this was probably larcely bindheirite but
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may also have contained maossicot, a yellow lend oxide
which oceurred in some of the Yechan mines.

Lerarovrite _ AgCl-

Cerarpyrite wes an imporiant eonstituent ol veveral
ar-entiferous sossan Tormations in the Zeshan fisld. He
ports indicate that thess oceurred mainly in the centrsl
and eastern parts of the field, and the localities include
Srivester, Spray, Florence, Ubnah, Junetion, Balatrup's and
Zechan Jueen nineg, and the "Chloride Lode™ in the Colongl
Horth area.

The halide was oceasionally reported to bs 19 e bromian
variety of c&r&rﬁyri%aﬁgﬁhwa as embolite. This variety wos
reoordad at ﬁﬁ@ Sylvestar, Junntion and Zechan Jueen mines
and nenr Balstrup'ts Mine.

Hative silver wae often agsocisted with the halides in
theae cegsan formationa, and silver assays up to 24000 ozmg.
per ton were racoried.

Cerusaite | #00y

Cerussite was reported o be a consiituent of the 2R
idized gone of soveral ore-~bodies in the Zeshan ares.
Petterd {1910,7.40) recordsd that cernssite wos mined "in
fairly large quontities ... at the Silver (Zeshan) ‘meen,
Sylvesher, Aastrﬁl-anﬂ other minec at Zeehan «..". Tilley
{1591) and Jack {1963) r ported small amovnis at Balstrun's

#Mne {(Vangenese Hill).

o . 3

Snecimen No. 2160 from the Tasmanian Puseun collecw

tion, labelled "Lesdhillite, Silver (Zechan) Queen Mine,
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Zeohan®, has been identified as ceruvssite by means of X~ray

Fiffroatione.

Cervoniite Sh?}{)@(?)
Aecording to Petterd (1810), small susnititlies of cere

vantite were Tound at several of the silver~lend mines 8%
Zeehman. Although Tetter? does not give snecific 1“”“* tiesy
1% is likely thait the cervantite occurred at mines containing
a hizh proportion of anbirmony-bearins sul:hides in the ore
{(e.. 5oray, Grubb's) since cervantite is sn oxidation
nroduet of miner-le such as boulnaserite nnd hournonite. The
rolited minernl stibieoaite hos been repcried at the Spray
Mine (’etuerﬁ, 19?Gl\\\

Chnleoeite / Cugs

The only occurrence of chaleoelte noted in this obtudy

wag that 4n sogannous m terial fromw the South ling {Fahey's

Tribuate) workings. In this moterial s amount: of ne0-

+

sy eovelld

o
,.J..
“.)
fode
i
Sd
‘»13
o]
i
X,

ondory chrlcocite peour wi M1 e, azurite
and garthy iron oxides.
Covellite Cuts

o}

Covellite is a rare mner:l in the Zeehan dlsiriet,
havine been obgserved ss traee amounts only ln ores from zome
of the wmines in She eastern pardt of the aren. ALl of the
covellits oheerved ls probobly of secondory origin.

Bmell amounts of ecov:1llite are agsociated wisth chmleo-

cite in malachibe, agurite and gsrthy iron oxides from ho

South Zing (Fahey's Tribute) workinzs.

Traces of fine covellite hHove 2lsn been noted in
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ohaleovyrite from the Zeehan Pell and Oonaoh mines, in sreefie

.

tite from the 3pray ¥ine, and in tetrahedrite from the

Leghanweatern
Tnbold e ' A Ag{Br,C1)

See under "eernreyrite’ (p.228).

Syanaite AIB(PG4)(OH}6.6HEG
Seith (1822) reported on the comuositihn of 2 snecimen
of botryoidel evensite from the Mount Zeshan Mine. The
fellowing analysis wae pblished by Soith.
P?05 18.115
AIQ@W 40.197%
o 41.23%
Totterd {1910,0.70) also reforred to eveonsibe alb
%eahmﬁ, but zove no loecality debtails ooher thon stating

that it occovrred "o a lver-Tand lode with

E)
aphrlerite®. \
Goathite HF@O?

The livenite sosocn Tormatlons associnted witl. seversnl

s+

lodeg in The Zeehan arex sre presumed Lo coubtzin gpoetite
ea the main iron oxide ecovngtituent. The identisy of the
iron oxide hns not been investliombted in detail.

Several of these zossans returned hl

(up o 2000 ozs. of ailver per bon), with
in the form of cerargyrite, embolite sond native silver.

e eoveer sulihides

More rovely, coprper gnrbonstes rund oniery
are asgocinted wish the iron oxide.

The blaek botryoldnl variety of limonite known ea
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stilpnosiderite was recorded by Petterd (1910) as occurpying

-

at the Ceutral Balstruoe Mine {Austrs]l Valley), and is re-

sresentsd in the Teaomnnian Mugeum eoollection by a large

hand s ecimen (X.2350) from this loenlity.

G_sl&riﬁe ﬁnSG4¢7H?O
Pettord (1910) recorded the occurrence of goulnrite

-

2t the Comstock Mine, bul gove ne dedails of abundancee.

Tr s

Higincerite ﬂ?ul?dgiﬂﬂgﬁgﬁHpQ{?)

T I 5 - ’ Ay . - e = N . o ~ ]
Waller (1903,p.13) reperted the .resence of higj

£ 14 1

of sccondary orizin, at the Consioelk

Ll N

» dne snd deseribed it

as veenreing lo "amorshous masses associate’ with pyritie

OPBacsvassera@Xp0Ba? in the lower tunnel..s.".

/e

Cne specimen {X.1847) of hisincerite from thio looality
is represented in the Tasmanian Museur collectione.
Hydronagnesite \\ ”F»(’ )0\03 ) v 350

The only record of hydron

aibe in Sthe Kaahaﬁ T1ald

ig that by Pedterd (1910, ».97) who reported "solid, almost !

vt te, rodiatins bunches® of hydron site at The Comsboek

Bine,

L\.OWY‘ °'"1 nﬂ‘ S ?32{)

it 1 P

K

Jnh.ﬁrﬂ (1910,p.102) recorded thot kermesdibe hod besn
Ponrnd Pin exiremely lirited uoniiby impirnted in the
fractures of Jamesonite 2 the Britvish Zeehasn HMine®. As
deseribed earlier (p.19%) the mineral referred to as "jome-
sonite” ig, in fact, houlongerite. The nome "Britgh Zechan

L

¥ine® was somelinen vaed fovr the Hrnray Mines
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achite : . Cuﬁ(ﬁﬁ)¢(€03}
o Lo & 3
‘The occurrence of copper carbonates at Seehan has been

deseribed under "azurite'{p.127 ).

Petterd®s (1910) list

ianciude any oeourrences of

cob o

flagaicot wag recorded by Jetlend (19?@,p.773) aa

pecuriiag “ia limited quanbtlty al severul ol (heeses Zeehon

gilver=lead mines", but noe particenlar siney ﬁ@f&.Mﬂﬂu oned .
Bindhelmiste and “conary ore”

Aephan yueen and o

1051 ﬂﬂﬁ*l‘?d oxide’ was reporied

{uowb»gﬂery,’Tle). it is

uted at lesst parb of the materisls referved

roports. } ///
datlockite TRECL

Tae only renoet of matlockite ob Zesbhan is that Dy

Petterd {(1910).

Avcording to Yetlerd {p,113), mablocslte woas found %in

of n sreenlsh~grey colovr, aporently rare,
pred with wlze?d sulishide and corbonate oros of lead
at the Sylvester Hine"; aud “in small paitches of o hivasye

S T SR T SRRV > SR S
o onbans wdno, Zeehan.

yellow colour abl

at bhe Silver (Yagsanion) Crown Sioe, and

Yormed as the result of decompoesidon of prrite in the
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Mimetite Ph (; 4,30 )3
Himetite ocecurred ia oxidized ore fron the Susesnnite
(Britasnin Ext.) ¥ine and the Britannia Mine.

The mimetite found at the Susannite Vine was originally

Shought to be the laﬁﬂllll te v -ﬂrigﬁy known as susannibe,
hence the name of the mine. Iater it wes shown by

L. HeLeod {in Twelvetrees, 1901a) to be

We Yo Potterd and ¥.
campylite, a variety of mimetlite. Campylite was also Tound
at the Britannia Vine.

Some of the mimetite from the Britannia Mice was des
eribed by Twelvetreea (19C1b) as a new mineral, which he
called “petterdite”. However, anderson (1908) Tound 1%
he a variety of mimetite. Anderson suegtioned the chemical
snatysis published by Twelvesrees and published two further
analyaes, the mean of which is ghown below.

b0 T7+14%
ﬁSEQS 17.95%
?205 2504
¢l 2467
Plumbogunmite Pb3A13( OA)Q(JH)5.J20

Potterd (1901, p.139) recorded plumbogummite as having
been found "attached to portially decomposed grlena® at the
British Zeehan (Spray) Mine.

The only specimen of plumbogummite Trom Zeshan in th
Tasmanian Yuseun eollection is sopecimen no.X.2003, from the

Zeehan-Vontana Mine. The specimenconsists of galena which

hos been pariially altered to pyromorphite, which has, in
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Baler,

I

-~
s

The only reported oceurrence of wnyrolnaite in tha

i

Zechan Tield is st Bananese Hill, whevre 14 18 ancoeinted

T oy S ST VS Y AP i
with limonite in Stho manganiferou

From the oxidntion

to Patterd (1910),

ware other minor ocoonrrences in the Heohsmn aran.

. /
Peterd 3id rot name

4

of these o-her locnlisvion, but one

amall g-peimen (Xa3278) of wyromorphilte from tha

collect o

ng is mrebent din the Tasrmaninm

Potterd {ov. ei%.,$.139) algo recorded the opourvence

of the exleium=riech variaty of nyromorohita,nown ng nolyw

sphaerite , 2% the Sylveater
Silver Ag
Bative oilver of secondary orisin hrs honn reccrded

in the oxidized gones of sever 1 ore~bodies in the Zoehan

The cilvar GGO““Pﬁ in the lirontbe oosmgan Povmations

cerarsyrite snd erbolite, and

3 §ur bo PO0O oza. of milver rer ton)

i

Tormrbtions eorvying a8t lvor

yriunen have bosn ronorte? dn the un:
o

Uonah,
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Spray and Balatrup®s mines, ncar the Plorsnece Mine, and
in the Colonel Worth aren (Chloride Lode).

Stibiconite Sb30g0H(?)

3
Stibiconite was recorded by Petterd (1910, p.171} as
having been found in émall quantities in the Britiﬁh
Zechan (Spray) mine at Zechans
Yoltzite o | | IngB,0
Potterd (1910y p«197) recorded volitzite st the Silver
(Pasmpnien) Crown Mine as rare globuler and lapellar ine-

crustations.
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L 3w

An Anvegtigotion into the composthion of =t ari ba

1

from the Zeehan hag been node in an

o abtain

snformation on e oores and o

P - LIRS P . - 5 S e Fad . $ By o
see 17 Shere is any evidence of grQiants g
R [ P S ] x o . . - -
axinte® durins ition of The orep. 1 Esitig

porature date for other gulphide syobterns hiove nlco hean

P s g 3 . e ey o
com; red ’%H“’WWNWEL af the

3 oy oy b o 2
B e GT] e BUHBLeN e

The

teation of the aysten Ye - In = 5 in seclogical

g

Ty oy oy g . Y o - P v N BT TLVR, AT S L P
Shermonetry hes followed the exvevinenitaz’ work of Dullarud

(1953}, who ded the phase mix-errstal

> la I A
ng in the avate

ol - Yni. Tare pyrrhotibte wnd

aoh lerite have Torrged ia ermilibyiuvm, tho lron conbtent of

. & b NPT I S g ety
nhaleribe oan o used Hto doabte mine Yhe

sraure C‘U.

Formation of the arnlvileriis. of ntiestion of
this gyotern in geolozienl thermonebtry are provided hy the

alierud et. ol (195%5),

aeda (1956), Slwards and

ron (1957), Colemon (19%7), nson ((1960).

I

o

have algo baoen made Lo use the syshenm nyriigs-

as B Fes tnermometber where oryrerholtite '

o
1

@

- X e

1er soenree or oboant.  Bgemole

4

are Tonnd in

Temple (19%6),

1,
o

It is the

of interest
in the Zsehan ores, sines nyrrhotie occurs in only minor to

Ytrace amounts in sreg

et of
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the area and i aﬁsent elaowhere.

In this gtudy of the Zechan ores, the composition of
the sphalerile hns been investigated for all mines in the
arsa from which suitnble samples ecould he obtained. As
degeribed earlier in thisw thesis, the majority of sthe mines
in the Zeehan ares sre now inaccessible and most of the
gannles were, therefore, ¢ollected from the dumps of the
mines. Although 1t would be of interest 1o investizate the
variation in componition of sphalerite within individnal
ore hodies, this is not possible for the Zechan orves.

Growth zoning was observed in some specinmens of gphale

a

erite from the digirict, ut messurements of the iron content
were not made on these gpecimens.

Anolviieal methods gnd resultse.

The asamples of sphalerite were investigated by two
different methods, viz. electron=probe miero-analyeis and
Zezyoy powder diffraction.

The analyses with the slectron-probe micro-analysaer
were ¥indly earried out for the author by Mr. P. Schultz of
the Australian Minersl Development Laboratories, Adelaide,
South Australine. Rlemenss determined were iron, endmium
and pangonese. Hesulbs of these analyses are shown in
TPables 11. For these determinations the sanples ware gube
mitted as polished gections mounte? in cold-getiing polyester
regin, and the following notes on onalytienl technigque were

gupplied by FMr. Schults.
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The samples were used as received without carbon cont=
ing dome charging effects were experienced. The electron-
grobe was 1«5 microns in diameter, vrodveed by an scecele
erating voltage of 2%kV, nnd y¢e1d1mg a specimen currvent of
ﬁ © 35};}‘ »

In gach instance one accurate gpot analysis was mode
Tor Fe, (4 and Un, with several approvimate annlyses as
checks. Pure metals were u;aa as standerds and mops abe
gsorpbtion corrections were applied ta all volues quoted.

Values guote’ are acc uraﬁ@ vo 2304 of ,hm amount erﬁeﬂt‘

Oue obvioug dlsodvantage of the elestron-probe technique
uped In these measurenents is the renge of anslytical un-

nhalerite

AT

cartainty, but the total aprend of iron valuves in =
Trom Zeshan is sulficlently lorse for the method to gr@viﬂe
girniflcant resuiisg. The great advantage in whis method ig
the ability 4o carry out annlysen on extrenmely small cvantie
tieg of vntcv nly and in severnl of the Fechan samples
sphalerite is not sufTicie antly abundant to ensble analysis
by any other method.

It im int@?éﬂtin; o note that Adler and Barton (1963)
have reporbed that measuwroment m de by them o thoe ironm

nyhalerite, using the electron—prohe sochnique,

-3 3

vere accurate o 4“ of the nmount present, in the roange

15 4o 5% mole pervgent Fele No details of the nethod were

given in this ababreet report, but e, H.be Williams of the

Augtralian Bationnl Univerglity has recemtly aucceeded in
applying eorrvecsion procedures 56 electron~ rohe micro-analyces
of aphalerite and has advised the author{pers.comn) tha’ the
pajority of onalyses by the technicue can be auoted as

accurate to 34% of the amount present. The correctlon proce-

aures have been ouilined briefly by Williams, (1968).

I
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The results showa in Table 11 wereconuidered Lo he

sufTiciently interssting to warran® tha npelysis of Turther

ooples frmm the aren. Az it was nobt pussible Lo have
Further ﬁymlyﬁ@ﬁ esrried oun by the‘ﬂlecirﬂn-prﬁb@ method,
the Seray powder Aiffraetion meihod ﬁaﬁ ory; loyed.

#ulleend (1953), Skinner e% al. (19%9) and Skinner(1961)
hove demongtrated that aceurste mensuresents of the unite
cell edge of gphelerite provide sensitive mensuroments of
the compopi 5on. ianer {1961) reported? the following

relationship betwesn unit-cell edge and composition of

a = 5,4003 4+ -Q‘(JQ;(),QI_gﬁ X +0.00424 ¥ +0.00202 2
Uhere Xe- Y, and 2 are the contents of Fed, C45 and ¥nd

{in mole per cont

aphalerite (in Angotroms).
The unit-oell ed.e meoourements of sphelerite sanges

*

Trom Zechan have been made by t-king Feray powder 3iffraction

photogroche in e merss of 114.6pm. in dicmeter, using

monsaneae $1l%ered diron K radiotion. In each erse the valug
of 8, aaleulated for each of the lines messured were plotted
against the Helson and ﬂﬁlej funetion (Helsorn and Riley,
1945), and the curve extrapolsted to give tho uniteccll aﬁge
voline ot 18026, The wncertninty in these meacurements was
xﬁ.ﬂ&ﬁﬁﬁ, Hh 3ﬂ unecertninty being the dovinition obtained from
the numerical sverase of geveral messurencnte ﬁf-%Ha 3T

stographe
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TABLE 11.

Electron~probve micro-~anslyses of sphalerite, Zechan®*.

Mine Polished Element, weizht per cent = Feld

ﬁigﬁiﬁ“- _Fa Cd in ggieceﬂt
Oceana P.254 1.7 0.6 0.1 3.0 o
Oonah P.255 2.5 0.22  0.02 4.3 4
Austral
Valley P.256 0.5 0.5 0.2 0.9 |
Zechan | -
Bell P.258 5.0 0.3 0.01 8.5
Sunrige P.259 0.04 0.25  0.07 0.06 |
Sunrise P.221 . 1.5 0.25 <0.01 2.6
S3ilver ) -
“ing " PL260 11 0.25 0.03 1.9 =
Montana S.5L. P.261 11 {C.01 0,02 1.9
Tremanian ~
Crown P.262 3.1 0.4  0.04 5.4 [
dJunction P.263 .5 02 L0005 1.4 7
Ro. 4 Argent P.264 7.8 0.3 0.0% 13.4 g
Stormsdown  P.265 8.2 0.3  <0.005 14.0
3ilver
Stream P.266 13.3 .25 1.7 22.6 U
Comgtock P.267 112 8.2 G.15 19.1
Swansea P.268 1.6 0.27 {0.005 2.7/ -
T. L. E. P.269 543 0.3 0.6 9.1 1L
Spray P.270 7.7 0.27 .03 13.2 [

# Analyses by P. Sehultz, Australian Wineral Development
Laboratories, Adelaide, South Australia.
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The above relaticnship between unit-cell snd composition
denonstrates that the cell edge is dependent on the pressnce
‘not only of iron, bot also on other components in solid
gpolntions Therefore, in order to calculste the iron cmnteﬁf
from unit-cell elze measurements it is neecgssary to know at
least the cadmium and manganese eonteﬂﬁs. In the&e esloul-
ations it hos been assumed that the cadmiuwn and manganese
contents of the sphalerite samples are enuivalent to the
average values obitained from the seventeen eleciron-probe
annlyses. The average C4A5 velue is 0.24 mole per cent, and
the sverage ¥nS walue iz 0.31 mole per cent. Table 11
demongtrates that the cadmium content of sphalerite showg
little variation in the Zeehan area, but the variaticn in
manganese content is somewhat higher and iatroduces an
additional mnuzzé of error into the caleulations.

leasurements of the unit-cell edgez of eléven aphalerite
samples, and the calculated Fed walueg are listed in Tsable
12. The last two samples listed in Table 12, i.e. gpholerite
from the Comgtoek and Syray mines, have been included to
provide a compa-ison wiih the eleciron-probe micro-aralyscs.
Threse figures are shown for eaeh of these samples, these
"gsrs (1) the FeS value calculated on the basis of the average
values for cadmium and mangenese, (2) the Fel value cal-
culated nsing the aetu~l cadmium an? manganese values for
these samples measured by eleciron-probe {see Table 11) and

(3) the Fel value from electron-probe measurement (see Table

11). The two caleulated values for each sample are in

/
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reasonable agreemeht with the eslestron=-probve micro-
analyses, and are within the ronge of snalyticsl uncertainty
of the electreﬁnprnb@ mesgurenenia.

TADLE 12.
Hesgured unit-cell edce values and ealeulated iron contents

of gphalerite, Zechan.

Mine Corresponding Unit-cell Caleulated
Polished edce* (k) Fel, mole per
gsection . conte
numbere

Doric Pe333 54150 7.8

gylv&stef 1".32(7 5&4?63 20.6

Boss P.325 5.4180 15.6

Britannia / Pa332 5.4178 151

Stonchenge P.302 5.4130 4.6

- Grubhs ?5335 5&4145 7»9

Colonel '

Horth

(Tramway

Pormation) P.345 5e4132 5.0
Lespateh PL310 5«4150 3.0
Sweeney's B.368 5.4205% 211
. L2 ¥R
Comﬂtaﬂk PagﬁT 50@1?5 19@1(1707 ,1951 )
% o 3%

Sovay P.196 5.4175 12.3(15.8" 313.2" )

- o ' NP :

# Weasured to within = 0.00051.

aE Caleoulste’ waluve on basise of actual C4 and ¥n content

of these samplesg.

##%  Values obitained by electron-probe micro-analysis.
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Intervretation of resulis.

The variations in iros-content of ophrlerite in th
Zeehan ares may be interpreted by me ns of Pisure 3 (from
Sims snd Barton, 1961) in conjunetion with hhe theoretical
and exverimental work of Kullerud (1953, 19%9), Barton and

allerad (1958), and Sims and Barton (1961).

Sp+Po+L +V
SptL +V -1800

-SptPo+Py+L tV

Sp+Pytltv 1700
~ y

Sp+PytPotV

- ! Sp+ Troilite + v

1/°C
B 500
EXPLANATION
Sp = sphaterite
T~ : \ X
L Po = pyrrhotite ‘ Ja00

Py = pyrite
L = liquid {mostly sulfur)

- - - !
vV = vapor (mostly sulfur) 300

B <4200

VI YRS VA T WY WANE WO T TR AR TS WS WA VA (A SR SN WS WY OO W JNNN NN TN SN TS T SHA N N SN WA GO N G WO N 100
40 30 20 10
Mole percent FeS in sphalerite

TIGIHE 3. Compomition of sphalerite in enuilibrium with

ay Fe

various phases in ths system Fe - Zn - 5§ (from
Sime and Bartoi, 1961).

The fzetors controlling the irown content of

in exnilibrium with pyrite are (a) obther elements present
in the structuwrs of the gphelerite (b) total DrEasure
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(¢) temperature, snd (4) aectivity of sulphur.

In addition %o ifoﬁ, small ammuniﬂ of other elements
ray subgtitute for zine in spholerite. The most important
of these other elemenis are cadmium an! mangznese, bul
bismath, cobalt, eopper, golliwn, indiun, lexd, mercury,
molybdenum, silver and tin also may be capable of substite
uting for zinc. Previous invesiigations (e.g. Fryklund and
Fletcher, 19563 Sims and Barton, 1961) have shown that pure
samples of aphnlerite contain very low amounts of these
elerents.

According to Lullervd (1959), experimentsl work has

™

shown that the presence of 2 per cent or less of eadmium
and/or mangonese has no significant effeect on the solubility
of iron in spholerite.

The effects of total pressure, temperalure and activity
of gulphur are interrslated, and haove heen considered by
Sirs and Barton (1961). According 4o Simg and Borton, cale
culations hove shown that total pressure his lithle effect
on the ir.nm content of sphalerite inm equilibrium with pyrite
for o given temperature and activity of sulphur. IT these
conclusiong arg.eorrect, 1% cnn be sssumed thrt the variations
in iron content in sphelerite at Zeehan are dune to the
conbined effects of temporsture and setivity of sulphure.

Sims and Barbton have glso ezleulsted theat at constant
tomperature within the pyrite-sphalerite stabllity Tield
(see Figure 3), an increase in the activity of sulpher by

two ordery of magnitude decreases the molseular percentage

of Fe3 in sphalerite by one order of maznitvde. Sims and
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Barton have peinted out thot since the renge iw composition
of Pel in sphalerite is only sbout cne order of magnitude
(39 mole percent at 594%C to about 3 mole percent at 200°C)
whereas the posgible ronge of activity of sulphur is mony
orders of magnitude, activity of sul hur is a very important
varieble in pyrite-sphe’erite assemblages.

The iron content of spholerite, forrmed in esudilibrium
#1th pyrite, provides a minimam tewieraiure of fTormaltion of
the syhalarif@»pyriﬁe assembl ges, when ﬁh@ FeS«Znd solvus
eurve {lower curve in Fisure 3) is used as = tempsrature
indicator. Similsrly a maximum tevrperature ls obtained by
&ainw the curve which shows the eomposition of aphalerite
@xlatlng in esuilibriuwm with pyrite + lisuid + vapour
(Figure 3). The actual termperature, within these limita,
at which the gphalerite~oyrite nssenmblage was formed, cannot
he specified without Purther knowledse resarding the activity
of gulphur alb tho time of formation.

The suestion of eguilibriwn betwesn pyrite ond sphal-
erite is clearly of eritiesl importance in she appliestion
of the system TFe-in-5 in geolosienl ,aevmoma*rg. Banilibrium
in natural miseral agoombleges is d1ffienlt o prove, but
it ig often aggumed for c¢oexieting rinerals.

Sime and Barton (1961) have suzzested thet iT sphalerite
ig deposited in tho presence «f an eerlicy gouorobion of
syrite, ﬁh&ﬂ the aphalerite Is in equilibrium with the

surface of the pyrite. The term "surface eqrilibrium® wog

noed by 3ims -nd Barton to deseribe vho oxtent of ecvilibrium
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hetween the minercls in sveh o situstion. Since it ig the

lesdite which isg in equilibrinm with the surface of the
pyrite, “he requirements Tor the arplication of the Fe-in=-3

system in geolozical thermomeiry would be satiefled.

The conventional interpretation cf the toxbtursl relatione

ghip between pyrito and gpholerite in the Zeshan area
indicates that the sphalerite occupies a later pogition than

pyrite in the parssenetic semuence. I this is zo, then the

derite would be in surface emnilibrium with the pyrite.

It ig essentinl that sufliclent pyrits was uresant for
rlerite to have bhocome szburnled —ith iron at the
semperature at whiech it wng deposited. Pyrite is noi ahﬁnﬂé
aat In 211 mines in the Zeehan aren, but care was tnken to
messure the iroen contont of only these sphe’erite sunples
conbaining assoeciated pyrite.
The sphrierite gnmples liste’ in Toble 13, vnd also

shown in Fimsure 4, have iron contents ranging from G.006 mole

(m

nercent Fed (Bunrise Mine) u. to 22.6 mole porcent FeS
{3ilver Stream Yine). Sims and Barton (1961, p.1230) have
reported thet the maximum arcunt of diron found in sgholerite
with pyrite ia synthetico ruang was 19.5 to 20.0 mole percegt
Fel at 620°C. The value of 22.6 mole @erc@ﬂi Fal for the

s

gamnlie from the 8iler Stream Mine is, iherefore, hisher

than She maximen Tigure pogaible for a pyrite-sphalerite

within She ranse of analyticsl uﬁceﬁ“ﬁinty.
Similorly the values of 26.6 and 21.1 mole percent Fef Tor

I TN gy S e A 2 P S - =
gphsTerite from Sylvegter and Sveevey's rmines are 21lizhtly
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niher than would ha expected bul are sgain wit in the range
of analytieal unacert dnty. The tem sratnres of formation of
these three samples are shown In Teble 13 as 520°C.

The tempzratures obinined from Fisure 3 for other
grwples are lesg spacifie, and show a conslderable ronze
hatween the meximum snd minimum temperaitures for each gphale
erise sample (es. sphalerite from the Britarnia Wine, cons
taining 15.1 mole percent Fel, could have formed &%.ﬁﬁy
temparature betwean 4950° and 74000, depending on the activity
of the sulphur.) The poasible temperaiure ranzes for the
various sanples are listed in Table 13. It muat, howevir,
be reslised that these tewmpera’ures are based on the measured

5 o £

yalues of Feld and

» 1T allowance were nmode Tor the mergin of

analytical uncertainty, the possible ron~es of Lemperainre

would be ilncresssed even furiher for each asmple. The une
coertzinty of the temperabture ‘aia is again Turther inere sed
by the siatement of Toulmin and Barton (1964, p.668) that

the FeB-2ZnS solvus curve of fullerud (1953) couwld be in error
and 4a in need of further imvestiszation. If this 1o s0,

Lnen Lthe “minimum"'tamyﬁratmrea ligbed 4in Table 13 could be

gubject to vevigion when Turther exrnsrimenial work ias

coreied ont For the TeS«dnd solvng.
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estimated tevperatures of formation of

Mine Polished  Fed contesnt  Hetimoted temperabure
section (mole mercont) of formation (OC)»
nnbor Minilvmam  Roxinuom

Oceana 2%4 - 180 608

Oonah 255 . 245 630

Aastral

Valley 256 . <100 560

Zeehan Bell
Sunrise
SJunrise
Silver Xing
Hontana Dal.
Tagsmanian
Crown
duncition
No. 4 Argent .
Stornadown
Silver Strean
Comgtogk
Swangen
Polinlie
Spray
Lorie
Sylvegter
Boms
Britannia
Stonchenge
Grubb's
Colonsl North
(Tromaay
Tormation)
Pespateh
Sweeney's

258
259
221
260
261

262
263
261
265
266
267
268
269
270
333
320
325
332
352
335

345
310
368

I3

L3

-t~ 0O Bl
.

. #

* 4 @

- Y e i
nd o AT AR O d L \D PO D MO P e W
[ 2 [ I 4

. s @

VOSSO IN I MO EE WOROUID WO

-k il DG S b

L

L

5.0
9.0
141

»

2

355
<100
130
155
155

280
125
460
475
620
580
130
376
455
550
620
505
420
255
340

265
370
620

680
400
595
590
590

640
570
T30
735
620
660
600
685
730
6585
620
730
740
630
675

635
655
620

* Hot corrected Tor pressure.
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Figure 4. Map of ZEEHAN AREA showing location of mines
and iron contents (in mole percent Fe S ) of sphalerite samples.
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The iron contents of the sphalerite exhibit a pattern
which ig generaily systematie with respect to the gecgraphie
loeation of the mwises (see Figzure 4), althoush there are
gome loecal irrepularitiosn. OSphalierite sgamiies from mines
in the weatern .art of the field (Silver Siream and Comstock
mineg ) are high in iron content, while sphalerite samples
from mineg in the northeesstern, esstern and nouthern mare
gins of ‘he Tield sre low in irowm content. The mines with

apha’erite contaising intermeliatbte volues are located in g

reszion occeupying the cenbtr-l part of the Tield and sxterding f

eastt bo inelude mines in the Jueen Hill-Argent Fleot ares.
The variation within %ﬁis region of intermediate values alaa
ghows a pattern whiech is generally systematic. The only
grhnlerite sample representing a mine within the Heenulirk
Grenite is Shet from Sweeney's Mine (located approximately

2 miles north~enss of Trial HUarbour). The iron content of
this sample was measured at 21.71 mole percent Fed.

Besause sach iron content does not, in most ¢nses, ine |
dieste » specific te eratare of formation bul ins ead
provides a range botween mavimum and a mimimsr values, 1t is
difficult %o interpret the resulits from the point of view of

temversture gradionts. The totsl poasid

¥

erabture of formabion for gpha erite

P

in the Zeehan saren ig

[t

1ﬂaa(sr less) up o 7@096, Fithout some knowlodire of pre—
ziling sulshur vapour presaunres 1% ig noit poseible to make
8, grecis;5§&ﬁeryreﬁ&%jen of the thermal pattern of the ores.

It is ueeful at this astege to consideor the work of
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MeWinatry and Kennedy (1957), Sims and Barion (1961), and
¥arkham {(1363).

He.finstry ond Kennedy (op.cit) siuvdied natursl minerel
agsonblages 1n the gystens Cu=le~8,; Feel=, Cu=Ag=~3, Phelged
anﬂ Ph-5b=3 and congtruciod phase dizgroms on the basia of
obsaerved sequences of miner 1 assemblages in various mineral
depogits. The phase diasromg of MeKingtry and Kennedy
demonstroted that the trend of crysiallimation of tuu minerasl

sgerblages waa indicstive of an incrense in the chemieal
potential of sulphur in the systems. Melinetry and Kennedy
augrested that the most ressonable explanation for this
would be 2 ginultaneous declise in both Semierature and
partial pressure of the sulphnr.

Sims and Barton (op.cit), in a deteiled study of
mp%a}eriﬁewbﬁarinﬁ agsemblages in ores from the Central
City digirict of Colopra’o, showed the prosence of a correle
ation between Ivon content of the sphalerits and the gonal
arransemnsnt of tho ores in the area. Although Sims and
Barton were also denling with sphﬁzeritewpyrite aggenbloges
giving o eonsiderabl:z ronge of termperanture for ea eh sphale
erite gamile, they were able to place more restriciive
1imlts on these ranges by conplider-tion of other ;1rﬁrﬂ]9
sresent in She assowmblages, and aloo hy some messurerents of
terpapnsiores of formetion from £lnid inclusions in the

sphalerite. The uressence,in many sarples of Leraantlte which

K

N

to place an uvpper

hae o meltindy point of 640 C, was used

e o . ) ‘
1irit of 640°C on the temperature of formstion of the
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sphelerite In these samples. By consideration of the dige
goeintion curve for the enargitetennantite +82 reaction,
Sime and Bartonm were able to place Turther rostrictive lirdits
op sare of the temperature ranges and were also sble to ob-
tain infarmation on preveiling sulphur activity. This dige
gocistion curve provides the zpproximsite relationships
between temperature and activity of sulphur for the ensrzitew
tennantite reaction. Where thé pyritensﬁhaiariﬁa assenblages
were accompanied by enargite or tennantite, the possibvle
terperature range provided by the pyrite-sphnlerite assemblage
waé reduced by congidaration of the ensrgite-~tennantite curve.
As a result of their investigations, Sims and Barton concluded
that the spha&érite in the Central City digtriet was deposited

0&, in the inner

over z termperature range of approximately 620
zone, 10 approximately 15000; at the margins of the outer
zone, and they also inferred a decrease in activity of sulphur
fromw the central to outer zzmes&r/

Markham (1963) studied sulphide mineral assemblages in
the ores at Mount Lyell, Tasmania, and suggested that the
trend of crystallization of the assemblages @ag oneg of de~
clining sulphur vapour pressure and terperaliure.

The work of Helinstry and Lennedy, Sims and Barton, and
#arkham should be considered when making an inleryretation
of the variation in composition of sphalerite in the Zeeghan

digtrict. The mogst reasonable interpretaticn is that the

]

decrense in iren content of the sihalerite, from west to

eagt, was controlled by a simultansous decline in both

terperature and activity of swlphur. -
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A much more letailed investigation of the variations
in eomposition of splwmlerite ff&m the Zechan aren ig at
vrasent b@iﬁﬁ carried oub by ¥r. K. L. ¥Filliams of the
fngtralian National University. Hr. ¥illiasme is employing
the electron=probe an? otomic abaorption techniques znd is

yolying corepection procetures to obbain regulis of greater
accuracy than those nuoted by the pregent author. Although
Mr. #11lisms' study i not yet complete, the resulss to
date have apparently confirmed tho overall patiern domone
strated herein (pers. comm. ¥X.L.¥W.)s It is anticipated thatb
Mre Wi114 ama'r@ﬁﬁltg will provide a more dotelled pattern

and could lead to inberesting geochemiezl consideraticns.
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Iroce slements in sphalerite

There is no apparent corrvelation between the iron
content and cadmium or manganese contents of the sphalerlte
in the Zechan arco.

Ihe solubility of cadmiunm and mongonese in gphalerite
both increase with increasing temperatures, nnd approximate
correlations between iron and manganege have beoen demone
gtrated by FPryklund and Pletcher (1956, Star Wine in Coeur
d*Alene district, Idaho) ard Sims and Barton (1961, Central
City district, Colorado). Bdwards (1955) showed that the
eadniun content of sphnlerite Tfrom Broben HAll, NeS.¥W.,
decreasses with increasing 2ine conteunl.

The eaﬂminm content of the Zeshan aphalerite is
essentially uniforn {(sce Pigure 5)e The manzanese content
is generslly low and ghows 1ittle varistion, with the
exeeption of sphalerite From the Silver Sireom Brd TaL.E.
Wines (see Figure 6). It ecan, therefore, bo concluded that,
with the possible excepiion df mangonese in the Silver Siream
and T.L.E.. sphalerite, cadnium and manganese A4id net
reach eqrilibrium concentrations and the distribution of
these elements in sphelerite in the ares wos not controlled

hy terperatura.
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Other sulnhide nminsral assgemblazes

As described above, Sims and Barton (1961) used the
melting point of tenuantlite (64600) t0 place an upper limit
on the tewmperature of Tormation of assenblages of sulchide
minerala contoininglennantite. The melting §aint-0f
tﬁtrﬁhedrite\ig givenp by Werniclh and Benson (1957) as 5550C,
but it 12 not known to what extent this figure varing as 8
result of substitution of slements such ss iren, zine snd
silver in the tetrahedrite lattice.

It world normslly Eé diffieuls to rule out the posgibe
ility that tetrahedrite or 4 anantite could have crystallized
from a sulphide melt. Sims and Emrton regmfﬁeﬂ the OCCUT=- -
rence of t@nnén%it@ in the form of well=dnveloped erystals
projecting into vu~hs ag evilence that the tennantite in
the Central City dlsitriet, Colorado, formed below 640?@.
Tetrshedrite is common as a minor constituvent in ore aamples

from the majority of the mi&;@ in the Zeehnn are~, but it

b
&

not possible to preclude the possibillity of selidifiesntion
from & melt. Dr. #. L. Barkham, of the Univeraity of Hew
South Wales, has informed the aubthor (persm. comsm.) that
tobrehedrite in gam les of ore Trom Broken Hill, H.S.9.,

whow: no textural evidence of melting, yel ihese ores are

23

generally accented as having Tormed sbove 600°C (Edwarda,
19563 Kullerund, 1959).

It would, Ehérefare be dangerous o attempt Lo place
limits on the possible terperatures of formation of Zeehan

ores on the beois of the melting point of tetrrhedrite,
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Temperature data for other sulphide minernl assemblages
have slsc been consitered, to see 1f 1t is possible %o
define more precizely the temperatures of formotion of the
heehan ores. Host of these consideraitions have not pro=-
vided satisfnctory information, fDT’?GHSéﬂﬁ which are dige
cusaed below.

Clark (1959, 1960) reported Shat exyeri@@n%al worl in
the Fe - As -~ 3 gygtem haw gshown thal the maximum tempersture
for gtability of the assembloge arsenopyrite-vyrite is
491°»i»1206. Above this temperature, pyrrhotite ls produced
according to the resetion arsenopyvrite + pyrite - pyrrhotite
+ liguid. Thg assembl&gé argencpyrite = pyrite has dboen
obhserved in démples from several of the mines represented
in Teble 13 and Fipure 4, viz. Comstock, Sylvester,
Britennia, Spray, Oonzgh, Stormsdown and Zeehan Bell nmines.

Comparing the temperature given by Clark with the

T~
posaible temporature ranges in Table 13 for the pyrite-
gphialerite assemblages, an upjer limit of 4910 I 12% would
be possible for all except the Comutoek and Sylvester oresa,
for which there ic a seriocus conflict. The pyrite-aphalerite
agaenblrze i%ﬁiﬁ&ﬁéa s pussible temperature range of 580°
- 660°C for the Comstoek Fine sphelerite (19.1 mo'e percent
Fall), an? a terperature of ap roximately 620°C for the
Sylvester Mine sphalerite (20.5 mole jercent Fei). There
18 no Lextursl evidence of inatebility in these arsenopyrite—
pyrite amsenblages {eg. no reaction rims of pyrrhoctite were

obgerved). According Lo the cunventlional interpretation of
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“the textural relationships between.the minerals, Arsenc-
pyrite and pyrite Tormed approximately contemporanecusly,
with sphalerite being later in the parazenetic se uence.

The reasons for the conflich between bhe temperature
data provided by the Fe~iZn-S and Fe - Ag - 5 gystems are
not clear. The experimentsl work of Clark (on.cit) showed
that ineressed confining pressure resulied in only =
relatively asmall rise in the upper temperature ol atability
of the arsencopyrite - pyrite assemblase. The effect of
othar elements, such as cobalt, nickel, hismuth or antimony,
has not been investigated and could pos-ibly provide a
pnrtial explanation for the difference in the temperatures.

The analytical uncertainty in the iron anslyses of the
Zgehan sphnlerite samples may acceunt for st least a part of
the observed difference in tem, erstures. If allowsnce is
made for the state” uncerininty of £30% in the electron—

T
probe micro~analyses, then the minimum possible temperature
for the Comsitock sphalerite is 48000, Tor a volue of 14.4
mole percent PeS. Butbt in view of the close agreement between
the rlectron- robs result and the unit-cell mes uremcnt
(mee Table 12) it is unlikely thet the trae irom content is
as low as this.

It is also pos ible that the confliet of temperature
data ig portly explained by the observation of Toulmin an?
Barton (1964, p.668) ithat the FeS - Zn3 solvus curve may be

in erroyr snd in nee? of further calibration.

Attempts have been made by sowe workers to use "unmixing®
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temperatures of solid solutirns to set lower limits o the
temperatures of fTormation of the minersl assemblages cone
cerned. The assemblage sphalerite~chalcopyrite hoa often
been uged in these estimates of minimum temperatures of
formation. Buerszer (1934) carried out heating experiments
with samples of sphalerite from Binghsm Canyon, Utah, and
reported that the temperature of unmixing of chalecopyrite
from the sphalerite for these mamples was in the range
3500 - 406°%C. The presence of evsoluticn bodies of chaleow
pyrite in sphalerite is sometinmes uged to indicate that the
sphalerite was deposited at a temperature of st least 36003
(eg. Biwords, 1954).

Edwards (1954), Lyon (1959) and Bdwards and ILyvon (1957)
have reported on hesting experiments on ore frorw Pine Vale,
Queensland, and the Aberfoyle ¥ine, Rossarden, Trsmenia. In

e
the experiments on the ore from Pine Vnle, where choleo~
pyrite, bornite srd tetrshedrite ovccur in oriented exaolution
interzrowths, samp'es of the ore were homogenized by heating
for about 100 hours at 4$OQ‘~ 50000. Edwards sand Lyon founﬁ 
that the originsl leamellar btextures could bhe reproduced
only by eooling the homogcnize? ore rapidly. I slower
cooling was allowed, nn ejulgranvlar mossic of ehﬂléopyrite
~at tetraheirite resulted. The oriszinsl btextures were Obe
tained only by quéﬂchirg from 450°C to below-?ﬁﬁoﬂ, and
Edwards and lyoun coneluded that the mineralizing fluids

. , e)
wore introduced at a temperature of at least 500°C and cocled

. b Q * . x P .
t0 abonrt 250°C in a matter of minutes. Similar heating
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experiments were performed by Bdwerds and Lron (1957) on
ore from the Aberfoyle Hine. This ore contzine exscolution
intersrosths of choleopyrite, stonnite and sphalerite, and
the resulls of heaiing experiments were interpreted as
indieating that these sulphides ware deponited at a temper-
ature of about QQOOC and cooled rapidly to less than. 400°C.
According to Bdwsrds and Lyon this rapid chilling caused
the unmixing of the solid solutions to be arrested.

The conelusions of Bdwnrds -nd Lyon Tor the Pine Vnle
nnd Aberfoyle ore hsve recently been disputed hy Brett(1964),
who has csrried oul extensive conitrolled cooling experiments
on go0lid solutions in the system Cu - Fe -~ 3. Brett h&a'
Gem0nstratedrin these axperimeﬂta that exsolmﬁion lamellae
can form by slow ag well as by rapid cooling. .ﬂ0¢0Tﬂinﬁltb
Brebtt, care should he taken in the interpretation of temp-
eratures of formation of minersl assemblages on the bwsis of
rehomogenization experiments. Brett (p.1268) states that “
"eongitering the d4ifficulties in inﬁerﬁrmtati@ﬁ of resulis,
the only g@ﬁtharﬁpmetric information that can result from
_such,rehémogemigatimn experiments is a minioum temperature
of formﬂ;ion,fﬁﬁtﬁin@d by homogenizing 1amellae‘®ithin
gingle grains”. |

he only winersl nsgsemblases present in the Zechan ores
‘éﬁowimg exsolution reletionships, for »hieh unrixing temp-
éfaiure duta exist, are the asasemblages choleopyrite~ aphal-

erite and ch-leopyrite - stannite. The former is o widew

4
Z

spresd assemblage, and the latter occurs ot the Donzh ¥ine
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and in the nearby Clﬁrkefs Lode of the Zeehan jjueen Hine.
As mentlioned above, Buerver (1934) reported the unmixing
temperature of ehrleopyrite from sphalerite as 350 - 400%¢.
According to Fdwards (1954) the unmixing $emperature of
chaleopyrite from stannite is 5006°C, These fipures could
represent minimum temperatures of Tormation for the nsgem-
blages concerned, and as guch, they would not conflict with
the temperstures obi-ined from the pyrite-sph-lerite assem-
blages. But in vier 07 the experimental wa:% of Brett (op.
eit) it would be unwise to attempt to pluce reatrictive
lirits on the pyrite -« sphalerite tempernture dnta by use

of these un-ixing tem eratures.



Conclusions concerning temperatures of Tormation.

It is appar@nt that there is no suitable geologieal
thermometer 10 enable Adctermination of temperatures of
formation of the Zeehar ores. Although annlyses of the
aphalerite heove shown gignifiecant voriations in the iron
content, temperntures indicated by the pyrite-sphelerite

asgenblages are nol of any quantiitntive use in esmtablishing

terperature trends.

| The only other sulphide asgenblare to pruvnﬂ@ usefal
information on the temperatures of formstion is the arseno—
pyrite-gyrise assewbl-ge. This mincral pair places an
upper imit of apiroximately 500 %¢ on the temperature of
formation of muny of the ore~bodies in the Zeehan FTigld.

I the work of MeXinstry and Kennedy (1957), Sims and
Barton (1961) and Msrkham (1963) ia considered whin inter—
creting %h@ conditions under which these ores were Fformed,
it i possible to make the 1“0]?1.0w:1mh sug-astlionsg came@rﬁiﬁg'
the oreste

1. Spholerite in the western part of the Zeehan area

formed at temperatures in the viecinity of 5GGOC
and at moderate sulphur vapour preﬁsufe.

2. The decrease in iren content of the aphalerite

from vest 30 engt was controlled by o decline in

both tempoerature of forvation and svlphur zaetivity.

3. The deposits in e Zeshan Tield were formed from
solution which wove? enstwards Trom the granitie

bhody.
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It should be emphagized that thle interpretation, al=
thongh considered %o be geolopieally and chermicslly resnsone
able, must be regarded sz tentative. Furliher exverimental
information reg:rding 1 varicus mineral asgsemrblsges is
rejuired before a more stisfactory interpretation is pPOsg-
ible. Further knowledge of the famatinite-tetrahedrite
digsoeistion curve could be particulsrly useful. Sims and
ﬁartﬂm {1961) were nble to use the enargite~tennantite
relationship successTully =2nd it is possible tﬁnt a gimilar
treatmenﬁ of the corresponding famatinite~tetrahedrite
reiatiomshz would assist in a better awwroxlmqtion of the
temperatures and activity of sulphur during formation of
the Zeehan ores. PBarton and Toulmin (1964) have regorted
that preliminary work on the variation of the fugzeity of
the sulphur with temperatures for the myu m tetrahedrite—
famatinite, by means of the slectirum-taranish method, has
yielded promigin: resulig. The relations hi; s have not yet
been published as Barton and Toulmin ceonsidered that further

investigation was re nired before publication.
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SULPHUR I30TOCE COUuPOLRTTION

Introduetion

In recent yesrs the applications of isotope siudies in
ore genesls have received considerable attention. In part-
icular, sulphur isotopes have been widely used as o tool in
the investigation of the origin of many sulphide mineral
day093ts, and in several cases sul hur isotope studies have
proved useful in differentiating between opposing theories
on the orvigin of the deposits concerned.

Professor #. L. Jensen, of Yale University, has kindly
car:ied out analyses 6f the sulphur isotopic composition of
several sarples of ore from the Zeehan district.

Before tﬁ@ results of thege analyses are di@cusaeé, a
briel summary of the basic principles of sulphur isotore
atudien is presented.

The Isotopes of interest in the study of ore deposits

632 and 534, since these are the most abunlant izotopes

are
of sul hur. Variations in the relative abundances of these
K N - I . o r-32 034 42

two isotopes can be disoussed in terms of S57°/8°% ratio
values, or in terms of 85‘534 per mil (%.) values. The 85‘34’
values represent variations from a stendnrd value, according
to the followinr relztiocnship.

E)S34(%o) = (834/332)_§§mp1a - (334/332)stan6%r§ b4 103
(33§/532) standard

The standasred vsed in almost 2ll sulphur isotojne shtudies
is troilite from the Canyon Diablo meteorite, with a ratio

@32 fus
yalue of a3 334 = 22,220 and 8834 = 0.00% (Ault and Jensen,
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W

1962). The value of 05% = 0.00f01s also generslly aceepted

a3 representing the average composition of terrestrial
sulphur (Yacnamsrs and Thode, 1950).

The observed variations 1ﬁ relative proportions of 332
and 334 in various sources in nature are shovn in Pigure 7.

The most useful criteria in sulphur isotope studieg of

mineral deposits are (a) the total s;read 0?%5334 values
shown by the sulphide minerszls in a given dep sit of aroup
of related depomits, snd (b) the difference between these
o534 values and the ferrestrial average of Ss3t & 0o »

IT the sul hide minsrzls from a deposit exhibit a
narrcw renge qf(8334 values With an averasze clogse to
8334 2 Ofo o tﬁis i3 normally regarded as good evidence of a
magmatic hydrothermal origin for the depositjde.e. the deposth
is regarded ss having been deposite? frow hydrothermal
solutions of magmatic origin (Jensen, 1959). Such an origin
would involve a homogeneous source of sul;hur, and aveile
able evidence sugcests that the processes leading up to the
formation of fthese ores do not cause significant fraetion-
ation of sulphur isotopes between the sulphide minerals

(Anlt and Rulp, 1960).
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Sulphur of Hvdrothermal origin

Sulphates from Evaporite Deposits

Sulphates from Volcanoes & Hotsprings

Sulphates from Sea Water

Sulphides from Meteorites

= Sulphides from Mafiec Igneous Rocks

e Sulphides from Acid Igneous Rocks

]
|
Hydrogen sulphide of Volcanic Origin ——

Sulphur dioxide of Volecanic Origin %

Native sulphur of Volcaniec Origin x A = Avérage Value

‘Native sulphur of Biogenic Origin

Hydrogen sulphide of Biogenic Origin

Sedimentary sulphides

Sulphide of Hydrothermal Origin

.80 22.00..é0 . .)+I0 ‘.6?‘.8l0 .23..0(.) ..20l .)-;O
532/53'0-

20 %0 .50

21.00

FIGURE 7. Sulphur isotope variations in nature. Compiled by Tupper (1960).
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“34 yolves g often Inddicative of

A broad spreand of 03
a bilogenic origin, with the sulphides having been deposited
a8 the result of reduction of aoluble sulphates Lo insol=
vhle sulphides by the action of sulp-ate « reducing havterisa
Beperimentsl worh by severnl grouzs (e.z. Thode el nl.,
19513 Jones b al., 1956; Feely and <ulp, 1957; Harrison
and Thode, 1958) has demonstrsted that froctionation of the
gulphoer igsotopes takes place Auring reduetion of sulphetes

by the bhacteri- LDegulphovibrio degulphuricans. During this

reduction, which inveolves a change in valance of sulphur
from + 6 to - 2, the lighter isotope (332) is concentrated
in the smlphiﬁe phage, leaving the sulphate enriched iﬁ 334~
The litérature on sulyhur isotopes iz srxtensive and

for comprehensive sceounits of the cavees of fractionation

of ﬁuiphur iEOtO?éS nnd the interpretation of sul.hur 150-
topic composition of minersl deposilts, the resder is roeferred
to Jensen (1959, 1962), Ault (1959), Aslt =nd Kulp (1960),

and Stoanton (1960).
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Hegultlg
Of the fourieen samples analyse? for the =suthor by
Professor Jensen, iwelve were selected from mines in the
Zeehan field and two from mines in nearby rs zted areas.
One of these two samples wng collected from Swesney's itine,
withih the Heemaskirk Granite, and the other from Mayne's

Hine, which is gitueted sonth~west of the Zeehan Tield nnd

ig a ghort distance south of the southern margin of the
Heenmskirk Gronite. The twelve samples fror the Zeehan field

were selected to provide a re-sonable geographic coverage
of the field, and also to provide analyses of the sulphur
isotopes in several different nvlphide minersls.

The results of the ~nalyses are shown in Table 14 nnd

are presented diggrammatic-lly in Tigure 8.
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TADLE 1

20Y

Sulphur isotopic composition of ore minernls, Zechan. #

dJample o, #*#

Mine

Hineral

5537 (%)

X.5239

X.2587
X.4911
X5251

5198
Ko 5205
E5210
X.5221
T.5226
X.5252
X+3162
X.5283

Comgtoeck
AP 1
Swanaen
Oonah

Soray
Montana Bele
Gceana
Zeehan Dell
Silver Hing
Ho.2 Argent
Stormadown
Grubh's
Hayne's

Sweaney's

Sphalerite

13
”n

Stannite
Boulsngerite
Gnlens

i3
Pyrite
Galens

"
t’ vrite
Golena
Pyrite

Sphalerite

+6+9
~0a7
+6..5
+1.5
+4.9
.
+1.2
+1.7
+2.2
+1e%
+Te3
+71
+5 .8

+15.1

*

LR

Iasotope annlyses by M.L. Jensen, Yale Univergity.

Tasnanian Yuseunm accession nunbers.
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Interpretation of results

The analyses do not show any correlation between
sulphur isotopic content snd mineral speclies, nor is there
any apiarent relaticmship with the host rocks for the mines
concerned. Similarly there ia no congistent velaticnship,
ag Tar as can be judged, with probable term_eratures of

formatien. The onalyses witl h_8334

values of the order of
+ 5% 5 OY greater, represent mines located in the westesn
anil south-western part of the area, but this is not a cofe
gistent feature asince the T.L.EB. ﬁin@ (8334 = =0.T% ) is

also located in this region.

The tetal gpreasd of 8“34 values for the samples is
- 3.5 to + 11.1No, with an average value of + 3.7%.. Thisg

range is considerably grester thon would be expectad for
deposite of magmatic hydrothermal origin in necordance with
the idens discussed by Jensen {1959)}. A

If the snalysis for 3weeney's Hine is exeluded the
range hecomes - 3.6 t0 + T.15%., Tor which ths average is
+\2.8ﬁo. This range is still sorewhat greater thon would be
expected for deposits formed by sulphur dorived from a homo-
geneous source, ns required for a megmatie hydrothermal
origin. Depogits formed by such a process are not expected
t0 show varistions greater thon approximately 5% frow the
zero velue.

dlany of the Zeehon snalyves are well w%thin the range
of O. 00 * 5%, snd it iz suggested that vhe ores represented

by zhese analyses were fermeﬂ by normal mﬁgmv"ic hjﬂruslermnl
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vroecesses with the sulphnr having been derived from a homo-

g&@@ug source, such as the upper mantle, by selective vola-
tization. The analyses outside this ranse are enriched in
334, w-ich strongly suggests comtmminmtien by a source rich
in sulphates |

The sulphur isotope analyses can, therefore, be interw
preted as indicating that the sulphur in theae ores was
derived from two sources. If this is so, the most likely
explanation would be that sediments, containing sedimentary
sulphate, were nssimilated by the magma durins emplacement
of the Heemskirk Granite, and that the sulphoate was reduced
to sulphide durlng the assimilation process.

The ﬁatg/uf Tudge and Thode (195C) and Sakal (1957) has
ﬁamanatraﬁ@ﬁ that reduction of sulphate to sulphide at
temperatures in excess of 500°C will rcavse very little frac-
tionation of ihe sulphur isvtopes. Figure 3I(from Savai 1957)
illustrates the deerease in the fractionation factor with
incressing temperabure.

According to the above hypothespis, the sulphur of mage
matic origin would have become contaminated by sulphur from
a sulphato-rich source, gliving rise 1o the ohserved variat-
ions im5$34valu@s,

There are, however, alternative interpretations which
epuld be made for the apalyses. Tt eould, for exémﬁle, he
ﬂ?ﬁﬂ@ﬂ.tﬁ&ﬁ the analyses indieate that the ores in the

Zeehan Tleld are unrelated to the Heemskirk Granite, in

view of the analysis of 4+ 15.1% from Sweeney*s Wine compared
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erature for S /304&. (From Sakai, 1957).
with + 7.1%0 a8 the highast8$34 value fror the Zechan field.
Anothey alﬁefnativa interpretation would be that most of the
ores in the western and south-western part of the Zechan |
"1eld are related to the Heemskirlk Granite whereas those in
the eastern part of the Tield are related to some other sources

The first of thewe interpreitations is not fawoured by
34

s

the anthor hecaune severazl samples show an enrichment in &
by nmore than 5% This sugsests that ihese ores contain some
smalphur derived, as expl-ined above, from a sulphate-rich
BOUYCE.

It is not possible to conclusively reject the second

-
% b,

alternntive, but it is congidered to be less litely than
the hypothesis outlined ahove. One factor not in favour of
two completely separate sources for the ore d-posite is the

minerslogleal zoning of the ores with respeet to the
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Heemgkirk Granite, as described in a gubsequent section.
The systematic pattern shown in the iron contents of the
sphalerite (as Aiscussed in the previous section) also
suggests a relationship with the granits body. |

Independent evidence which agsistg in the interpreta-
tion of the origin of the sulphur is provided by recent
work of membaers oF the Department of Geophysics, Ausirnlian
National Yniversity. This work has bheen concerned with the
eompogition and orizin of the Heemsuirk Granite, and will
be outline? in two fortheoming papers by Brooks and Comp-
gton (in press) and Heler and Brooks (in press). The
imvestigationa of the granite have involved field mapping,

/

g@trﬂlmgieal/stuﬂies, and measurements of the Rb, 3Sry, Th
and U aum;o&iﬁiomﬁ. ¥r. C. Brooks has informe? this author
(Pﬁrﬂ; eomm. ) that the combined data of these two papers
atrongly suggest thottwoe periods of setivity were involved
in the formatien of the granite. According to the %haarieé
propesed by the shove suthors, the Tirvst phase of the mapma
wag accoryanied by incorpeoration of Precambrian sedimends,
but the second phene was 2 more normal magmatic Intrusion,
with far less accompanying volatiles than the fipat phase,
and 214 not iavelve significant agsimilation of erustal
materiol.

Thig theory for the origin of the granite mass is com-
patible with the sulphur isotope data and provides o
mechanisn for the derivation of sulphur from two sources.

If this theory is correct, then it indicates thnt the ores
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of the Zechan Ticld are genetically relétted to the fipet
ﬁhasé of the granite masna.

Another approach which provided sone further evidence
an the origin of the gulphur ise the selenium content of the
gulphides. Thig is discussed in the Tollowing sectione.

A digeoumssion of the gulphur lsotopic cowmponsition of
she Zeehan ores would not be complote without some reference

to isotopic snalyses of other ores from the west coast

s

egion in Tasmania. Dr. ¥. Solomon, of the University of
Tasmania, has kindly supplied the aubthor with unpublished
éulp&ar>i$aﬁape analyses of ores fron the fount Iyell,
Renison Bell, and Hosebery deposits. These analyses were
ear-ied out by ProfTessor Jensen, and ranges éf5334va1u@3
and the respective average veluss are ghown in Table 15,
The renge and averaze of the Zeshan analyses are included
for comparison. | |
¥ile it is not possible to discuss $hese resulis in
detall without going well beyondl the secope of this thesis,
it is nevertheless, interesting to note that there is an
varent tendeney Tor all sulphide deposits in western

]
e 1 L] 'l ¢ ., L3
Tasmenia to show an snrichment in 33§. Thig is of pardticuleor

ap

interest in view of the possibility thet more than one $ype
1 7 e
of origin is represente? by thesae deposits. Wherean the

Renison Bell cassiterite-pyrrhotite ores are accepted as
marmatie hydrothernal, ths origins of the ¥ount Lyell copper

ores and the Hosebery galens-sphalerite ores are not clear.
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Summary ol sulphur isotopic composition of ores from

wogtern Tarmanise.

Locality dinerals Range of5$34 Ho. of Average
analysed values(Fo ) analysges 534(po)

ount Pyrite, = 2.8 %0 18 + 4.6
Lyell sphalerite, + 8.6
chaleopyrite,

vornite

Henlison Pyrrhotite, + 2.2 to 10 + 6.3
Bell

ﬂ"gi%e,gﬁleﬂa + 8.1

Rousebery Spﬁalerite + 9.2 to ~11 +11.7
chaleoyyrite, +13.8
galena,pyrite

Zeehane Bee Toble 1w ~ 3.6 to 14 4+ 3.7

Heemsl: rk +15.1

Recent iavestigeiions by Dr. M. Solomon (University of
Tagmania) and Dr. N. L. Markham (University of Hew Sonth
Wnles)suggest thet these ores may be, at least in rord,
related to Combrian voleanic setivity (Sﬂl@maﬁ, 19643 S0lo=
mon and Elms, 19653 Harkham, psra. comn).

Purther work is needed 4o explain the apporently cone

2] .
@i&t@n% sarichment io 844 in the ores in wegtbern Tosmanise
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SUTLPARTR: SV LHERNTUTUM RATIOS

Blwerds and Carlos (1954) investigzated the selenium
content of ores from many mineral provinces in fustralia
and included in their results are fTour analyseés from the
Zeehan and Heemskirk areas. It is of intereat to briefly
review some nspects of the work of Blwards and Carlog, =nd

bo digeuss the selenium conbtent of the %Zeehan ores, since

do

the Stde ratios offer o possible correlstion with the

gul hur igotope analysese
The primery objeetive of the work by ¥dwards snd Carlos
wag Lo test the use of SiSe ratios as 3 method Tor dige

ting ishing sulphide mineral doposits of hydrotharmal

/
/

erizin from those of gedimentary origin. Goldschmidt znd
Stroek (1935) had Tound that pyrite of sedimentary origin
had 8:8e ratiocs of the order of 200,000 or more, while

pyrite of hydrothermal origin had a S:8e ratio of 10,000

Goldgeneidt and Streek (1935) and Goldsehmidt (1958)

have explained th-i the low gelenium content of sedimentary

A

4
H

pyrite is ‘ue to the breakdown in the portnership between
sulphur and selenium Auring the weathering cycle. The

selenivm content of uses water is very low, since most of

the selenium is precipitoted with bottom sediments. Hinerals

guch 28 2y sum an? anhydrite in

very little melenium.
Tdwards and Carlos (apQ eit,) measured the sulphur and

gglenium contenta, and ecsleulnted the S:Se pati
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sulphide minerals from various Australian minersl deposits.

i

nd Carloos

h

As a result of their investigabions, Edwards -
concluded that a high selenium content, with & 5:8e ratio

of the order of 10,000, is positive evidence of hydrothermal
origin. A low gelenium conbent, giving high S:Se retios,

wog considered by Hiwards and Carlos to be indicgtive of
sedimentary origin; bub, according to Edwarde and Qarlos;
hydrothermal sulphide deposits could be low in selenium
content 1if formed in a meleniumepoor province. 7The results
of ¥illiams and Byers (1934) are in essential agreement with
these conclusions.

I% should be noted that the pyrite depcsits at Hairne,
South Ausﬁralié, were found to have S5:8e ratics ranging from
9350 1o 13,400 Tor pyrite samp’'es and from 20,600 to 37,400
for samples of pyrite-pyrrhotite concentrate. On the basis
of these results Edwards and Carlos coneluded thnt the Nalrne
depoalts are of hydrothermal oriein, but it is menerally
congidered that these deposites are of sedimentary origin
(Skinner, 1958; Mirvams, 1965).

The four analyses reporied by Hdwards and Carlos for
the Zeehan - Heemskirk resion are listed in Table 16. T ree
of the analyses represent sulphide minerals from mines in
the Zechan leld and the fourth referg 10 & sample of pyrite

from the Heemskirk Groapitea.
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TABLE 16.
Sulphur and selenium eontent of ore minerals,

Zeehan and Heemskirk (Bdwards and Carlos, 1954).

72

Mineral Locality 8(%) Se() 158

»

Spnalerite Swansea WMine 29.77 0.000% 59,940
Stannite Oonah Mine 27.76 0.0019 14,600
Boulangrerite Spray Mine 17.82 G.0008 22,275
Pyrite Heemakirk Granite

(precise locality

not stated) 31.75 —

The S:5e ratics of the stannite from Oonah Mine and
baulanqerite’from Spray Mine are compatible #iﬁh the
expected values for hydrothermsl ores, but the ratio for
sphalerite from Swansea ¥ine is not conelusive. The sel-
enium content of the pyrite sample from the Heemskirk
Granite was below the level of deiection for the methoﬂ.em~
ployed by Eiwarda =2nd Carlos. This sumple was reported to
consist of "a number of loose cubes of pyrite encrusted with
minute erysials of ecasssdlerite® and hed such obvious mage
matie associstions th-t Edwards and Carlos coneluded that
the Heemskirk area represented a selsnium-peor province.

It is interesting to compare the S:iSe ration in Table 16
with the sulphur isotope analyses in Table 14. Although
the némber of samp'es ig lirited there is a ¢lear correlation
. between the two mets of data. The J:8e ratio of the pyrite

; . 4 .
from the Heemskirk Granite and the 533 value of sphalerite
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from Sweeney's #ine, within the granite, are both incom—
patible with the respective expected values for sulphur
nf magmatic origine. |

therezs Edwards wnd Corlos interpreted the low selenium
content of thisz pyrite as indicating an associrztlon with a
gelenium=~poor provinece, the 8834 value of the gphalerite
sample stroogly suggeﬂt$7thét”the gulphur in thisa pyrite
and the sphalerite hag been deriﬁéﬁ%lmrgeiy froin sedimentary
sulphate by the processes oublined in the previous section.

34

On the same basic the S:Se ratio and the 53°7 wvalue
of the sphelerite from Swanges [fine both zugzest n mixture
of magmatic and gedimentory sulphur.

It can,/%herefare, be gaild that the sulghur igctope
analyses and the sulphur - selenium znzlyses of ores in the

Zeehan and Heemskirk areas sre in good agreement and provide

E M

supporting evidence for theories on the origin of the
gulptur in the ores.

These regulte indicate thot S:8e ratios of ore minerals
may bhe of more value in studies on the origin of cre deposits
than has been previously zeknowledsed. However, ihe above
results also emphrsise that eare is needed in the inter-
pretaticn of S:8%e ratiovs. Tt would obviously be interesting
to have both sulphur isctope and sulphur-selenium analyses
carried cul for a comprehensive snd representative suite
of sul hide samples from the Meemakirk Granite. Such a

projeet could provide further information of the validity of

the ideas expresse? in this and the previous section.





