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o SCOPE AND CO\'TE:\'TS ’\Ieutron acuvanon a.nalyus has bcen

. ‘lcarned out to dctermlne the concentranons of P’d Ir, Pt. and Au

-i;\ coc:u\ating pyrrhot.itc -'-rhagne»tit.;-chalcopyntc -,-pen_,tlapdzte_ frorn‘
i 1, :
. deep rone ore of Slrathcona mine, Sudbury. The concentranon

L
proﬁlca of Pd Lr. and Au from duscmmated uulfxdc along thc 2750
- ‘ " .
- crou,-o.t of _thc mine were alao,measured_._ T .,"?. L e

-

- It haa becn‘ shown'that _the'cibmi'nant mode of décm‘rence‘

[

of thesc metals is uohd solunon in hout sulhde and oxxdc mmcrals at

average conccntranon ranges from l 5 p‘p.m. for Pt to 3 p p.b for

M i ) "L e
"".‘_'-{:.: . .

o I, 'Ihe du:nbuuon of thc noble- metala is cons:dcred in tcrms of

¢ )

%
-2

G,

i




. ) ‘
L ‘
L _ .
magmanc tcmpcraturc and subaohdus evcnts. . At magmatxc : ’
- -

tempcratures.' all four noble metals are, fou.nd\to fracnonatc Iaxrly /

strqngly :nm pyrrhotne solxd solutxon. at s;bsol:dua condx@ons. Pt
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 chalcopyrite, and pentlandite from th_c"r_.dccp

 ABSTRACT

The concent:rations of four noble metals, Pd, Ir, Pt,
and Au have been dete rmim:d by neutron activation on carecfully
scparated coexisting’'minerals - including pyrrhotite, ‘ma'gnc_titc.

-~

zone ore of the

] 9 T . ) . " . . k' - .
Strathcona mine, Sudbury. The proportions of Pt:Pd:Au:lIr are

approﬁcimatcly 500:25 0:10:1 with'avcr'agc cohccn‘tra'li'ona_"‘r"anging

‘from 1.5 p.p.m. for Pt to 3 p.p.b. for Ir. It has béen Qho'wn. that

~ metals is solid solution in host sulfide and oxide mincrals.,

at this concentration lcf'.'cl-ti:-.: Jdominant mode of cceudriréence of these

““The distribution of the noiaii: metals is considered in

terms of an initial high temperature event where fractionation -

between pyrrhotite solid solution and r.h-hghcti-tc has been of import-"

. . /
ance, and in terms of subsolidus events where distribution between

py.r’rho&ile. ‘.sol.i('l» solution and exsolved Chafcopfri(c bcldf.t"450°C a-nd'_ :

; .

pfr}hotitc solid solution and pentlandite below 300°C has affeccted -

noble metaldistribution. .. .

- .- . N
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- held in pyr,rhotiic solid solution. ' .V . S S

1

At magmatic temperatures, all four noble metals are

found to ffactionate falirly‘uti-ongly info pyrfhotité golid solution:

« o

dey26 Ptbyb AubySIrbyZ o

Thu largc fractlonatlon is probably due to t.hc lughly covalcnt bond

~

.type.of pyrrhdtitc solid solution..and the possibility of the noble metals

forming* TT-bonds v.nth chalcogen or pnigogen anions -isom'orphoua'ly -

- -

+ - "l‘
; ‘ .
S * ) -

" There is a general enrichment of Pd in pentlandite rela-

. tive to chalcopyrite . py‘r-rhoti,tc. and magnetite by ratios of 6, 13,

i

"

and 140 respcc.'ti‘vc'ly; Pt in éhalc;:spyripc relativie to p;o:n'tlandit'g, -

_ pyrrhotite, and magnetite by ratios of 9, 9, and 18 respe'ct'ij\fely;

L]

. Auin pcntlandite relative to~chal&opyrite._ pyrrhotite, and magnetite’

.

‘ by ratios of 3 11. and?.%rcspecuvely Because of the- stroag prc- '
ference of Pt for chalcopynte and Pd and Au for pentlandzte. it is

.concluded lha_t undcr subsohdus condluons these mctals a?xffune

from pyrrhonte solid solutzon at tcmperatures s:mtlar to thone at

which Cu ‘and N{cxaolve. probably 450 C or less. Grain boundary

'chﬂ'us:o.n processea whxch wo I“Sl 'prevaxl.,at these low tcmperatures

L

'/ are probably dominant, The’ennchmcnt of Pd and Au in. pentlandxte

is. also prbbably're!atéd-to the tr_ansitzon_ of ferrous iron from a high- .-

¥

to low-spin atate. .
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Concentration profiles for Pd, I‘l_', and Au measured

I~ along the 2750 level'crgss-cut include the border group of the

Irruptive. {mafic norit-e).‘ tht_:‘maﬁc' sub-_layer_.inéldd.ing. paft of the

Ly

. main zone ore, and the leucocratic sub-layer. The Ir profile in-" o \
: ' - - . . : Coas .
dicates that the Irruptive proper, the main zone ore, _and the deep T e
] ‘ - ) - B L ] ] . ] A‘. 7

zone ore represent three different intrusions. The Au profile sug- -
gests that secondary dispersion of Au due to intrusion of diabase
dike is likely. = . . T S .

The noble metal data fr'ofr.x the 2750 cross-cut do not

Froadcowen e

. isup‘port- a cosmogenic origin of the Sudbury cdpper-r_xickei-‘-sulfidg:_sf

" because the noble metals are not arranged in' a density sequence’

wiit Tt

£ \

' avéa;f from the center of 'thé'lrrup_tivre as required by the impact

 hypothesis, Further, the noble metal ratios of the sub-layer sul-

-,
“
-
L4
b4
-
E
H
"

-fid_es:.'.do not indiéat_e that t.hcy w.g.ré derived directly from the sidero<
- phylli'c-phane of a"di.ffcrcnti_ated meteorité.
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: ‘metal dcmand. the recovery from tlus area had made Canada the fxrst q'-

".;Buuhvcld Complcx outstnpped Sudbu"ry Russia for a long t:mc rankcd '

EATS I NIRRT
T e TR
L . —

' CHAPTER I

INTR ODUC TION

]
o

Mxmng of the mckcl copper depomta of the Sudbury chstnct

Ontano. bcgan in 188? The fu-st recogmzed platmum metal rccovery |

in_thé arc'a. hdwcver,- was in 1919, Becausc of thc mcreasmg plannumb

¥

pl-atinurn mcta'l produccr by 1936 : This sta.tua continued until' 1'95,6'

and 1957 when the South Afncan output from the deposuts of the

;)

. o _ ) s

in S:bcr:a that by 1961 ra.xscd the Russzan output to ﬁrst rank. Canada

has ranked third since t_hat time. | °

The total ;if-';)quéﬁoq of blatir_mm nie_'t_alé from Canada béfore

l.'_9.62 é’aérnmalmost cxéiuui\;cly ffpm ‘Sudbury, but since, _19627 the nickel-

' rcdpp'-zr.m_inc at Thompson, an'd,la-te_ly thc"similag-_ore body near Lynn A

Lake, Manitoba, have added a minor sum,

, tiurd but as thc Urahan placers became depleted deposxts were found - .
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_ In Sudbury, the tenor of the platinum metals are%cnerally. :
_ low, and they are recovercd only as trf.r--pr'od—uct.-'s-of the ﬁroduction'of |

'- nickél'and coppcr in contrast to the Bushveld u,'hcré the platinum

m:thla are the majpr' product, and copper and nickel are by;products.

b

Ol'hcr majorby-products are 8e1c'niur-n.: icllurium. gold, silvg'r..,cob'a“lt.

o . . '
T . !

and iron.

The first platmum mmcral d;scovcrcd in the Sudbury area

was thatvof a platmu.m d:aracmd’c at Verm:hon mine in 1885 'I'hc
L] - / .

mxncrpl was named spcrryhtc by Wells (18‘39) aftcr F.L. Spcrry, a

\

chr:.mist of the Canada Copper Co.. C.E. chhcncr 1solatcd two pal-

‘ladium bis'muthi'dcg‘ in 15}239 they v.er:;-—amcd by Hau.lcy and Berry
(1958)_:;:; mi’chcri_critc and froodite.- Unfortunately. thcrc has been_

v

little major pl'at'inum metal _résqarch'.sincc thén.

N The low 'tenqr,of the .mcltal'sl in the orc has traditionally "

-

’ . . .- e . Yoo o o T - g
_presented considerable analytical difficulty. Hence, their rclativ\i _ :

amounts, their abundances in various ore types and mineral phases

-are all indcfinitc.- Thc prdduction oi_‘thcse _n;ctais over a.lorig péri'dd
| :

' " of ycara can gavc an averagc ratxo for the mctals. although" Ihc ﬁgurcs

#

"~ from d’iﬁcrcnt workers ;_src rathc: :n‘consxstcnt.' Thexr abundanccs in-
' ‘various ore typcﬂ and mmcral phascs “was vcry poorly known\unt;l

' Hawlcy and cow.orkcrn (1951 1953) startcd analyzmg for thc metals,
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utilizing a fire-assay method with gold or silver as collectors..

L]

Their analy’sé&@d ozhly to the .'reiativc propo'rltions of the S .

plannum metals in the thrcc orc-bearing mmerals - pyrrhonte.

A T o e AT R TR AV I AR TR TR P
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chalcopynte. and pentland;tc. and did not at all mdzcate the abund- .
ances of thc_:_mdundual e_lcmcn_ts. 'I'he eﬁxmency of the collecung R
bead and the low Sensitiirity of thg:vnj.cthod itself limit thcxr' o
abupdaﬁCe 'dc_terr‘ninakion's. S . | . - - i
. In order to study the platinum metals, ‘methods with’ ’
- - . @ . ) |
" better reliability _and'sc'nsiti.vit-y are required. Cdlorimctry,‘_ atomic ;
* absorption, and neutron activation analysis meect these requirements’ -t
(see Table 1-3). . o T o .E
S b ] . o . . . 3 ) . ] - . . . o . E
Table 1-1. Senditivity lirits for platinumi’'metal.determination. by :
"7 " various t:chniqucg | ' " i
' T Sens:tﬂnty in ugm ‘metal per gm- sample P. pP. M. v
‘Techniques Ra [ Rh ['Pd Tos TJir * [Pt
- d-c arc emission. 10 f1o |0 fso. o . |50
npectrogvaphy A e T : . :
R ray spectrometry. ‘5 .18 -[10 Lo s s G

Neutron activation | "0.04 - = | 0.0005] 0.005| 0.00004| 0.015
-t Colonmetr:c . 0. 01 0. 07 0 04 ] 0.1 | 0. 1 S 0. 03

Atprmc absqrpt_ion" 3o, 3 0 2. 5 120 !

. . - i .o .
. . . .. ,

Al_’.ig:_r.'Crockebl. {1969), Hand'booi'('.ofCeocﬁemisiry: aiho:Pe'rkip'.Elmer'

“(1971) with a dilution factor of.1Q* -~ S
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Crocket'et _e}_l. (1968} developed a method for 'si}nultaneous determinaﬁon

‘of some noble metal‘s, including Au, Pt, Os, Ru, Pdr and Ir by neutron -

8, and Keaya and Crocket (!970). and Hsieh (1967)

apphcd the method to the aulhdc orcs 6!’ Sudbury Noblc metal'c‘on.tents_ _

- ranged m_ gencral from_ sAcveral p.p.m to less tha.n one p.p.b,

/

Ty

The method was applied to a _a_mdy_r of the npble me_tal" en-

h'ri_ch'mcnt trends in the S;Drath'cona mine - a new mine on the north

margin of the Sudbury basin, and to the distribution of the metals

between the major cbc:@.isting sulfides, chalcopyrite and pyrrhotite.

The major uncertainties in their analyses were the beta counting of gold

-

~and the single-channel gamma counting of iridium where a r_élativel%;’

e

large ér'ror could result from r'idiochc'rhiéal 't:onta‘mina'nta'. The large
ﬂuctuanon of the noble mctal contedt’ ;(n prohles across thc Strathcona

orebody also mdxcatcd tha.t samplxng was not adequate for a atudy of

[

: nob!e metal vanauon on thxs scale. =~ S ‘ ~

-

9,

It is generally acceptcd that the ruckel copper orea of/

the dif{c_éent mines in the Sudbury'dxstnct have. different plannum '

metal tenor.. As -uhowﬁ by ‘Keays and Crocket (1970), and ;Hsieh (1967)

these differences remain true within a single mine or even within
different mirﬁng_ atopés'. With such variances, the noble metal output

" does not have to follow the output.of the base metal closcly as pointed
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out by Mertie (1962). By mining ores of higher or lower ciontc'nt of the

.plagtirium metals, the oatput of tLhe noble metals may'b:e'régulétcd.

L

. . [ B .
i The Strathcona mine is an excellent deposit for such a ’
study. Its mining geology has Qgen studied by Cowan (1968) and its

petrology and some aspects of its geochemistry by Naldret‘t_\and Kulleru’d\

(1967). ‘Preliminary noble metal geochemistry was done by Keays and

Grocket (1970).  Continuing geological studies by Greenman (1970) and .~
Hewins {1971} have added greatly to our knowledge of the sublayer rocks.

In the prcsém \.;.'ork the use of a 1600 (‘:hanncl'gamma counting
- system with 3"'x3" Nal(Tl scjntillation and 30cm  Ge(Li) diode detectors

has made the determination of gold and iridium more accurate. The

counter also enables Au 99 determination of Pt through the Pths {(n,y)

Ptlgggg Au 99 rcaction. Platinum, iridium, and palladium are the

three platinum metals. chosen for study as well as gold which is included ©

because it is a m_ajor'by-produc{ reccovercd together with platinum group

rn.ctalsr.
In aci_ditiorx-;t_o‘\“;he two. maso}_ sulfide phas_cs‘s-tudiCd by Keays

‘ _an'd Crocicct (1970}, mag‘nc!itc and_pcn-tlandit_c—.'.‘l.rc also inco;pq}atcd in -

th:: p'rcsc n'-t. ;_)rogr;xrr;a; ‘I"hc study attqﬁxpt_s_ a gc‘ncti'c interpretation of the

partilién of the r‘m.b’lu_: rﬁctnls bctu;'cc'n the most _comm;on__Sudbury_'cbgpcr-I-"

'nic.kcl su'lfic_ic hﬁnéral_asscmhiagc - pyrrhotitc; cha.lco_pyr‘iu_:.‘r magﬁg-'

titc, and -pentlandite. 'Comp?_uitc_ chip ,sarhplcs were collected from the’
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2750 level cross-cut to provide an intérpretation_of the origin ofthg

copper-nickel sulfide.

oy

. . : ' : . : ; L4 \ .
_ _ o . - e
. . .. ks b

. L e e L . . . -‘"::{';\».N

‘
~
.
[
Ry
a
b
N - ~ . N )
. f
-,
‘ 28 .
&
o
3
. - 3 -
b o
— . l_
-~
.2 1
. H
. 4
R - -
‘. .
. !
-
LY
- A9 -
~
i
- B
- N
*
3
B
-
k]
N
N

TeWENY TR

1

3
2
<
>
5
-
~
}
3



]

. % " . ’: IR . lLu . D
e.‘_f.r{ - ] i )
: e GHARTER- 2. .
'GEOLOGY OF THE SUDBURY BASIN - -
. . - B | NN ’ ‘ '\;
'2-1. General Statement . o N :-:-j-‘_;_ o f
- ‘ S S
. The gencral geological setting of the Sudbury basin is
shown in figure 2-1, The rim of the basin is defined by a hoéﬁg*g' ’
-micropegmatite unit knpwn as the Nickel Irruptive. It outcrops-as

an oval ring 37 to 17 miles in d.i;met,er..'aq.ndll mile to 3._6‘mile‘s in

t

" width. " The outer part of the ring is norite, and the inner, ami'-;:ro-_

‘ pe‘grﬁ'a'_tité. with a faii-ly gra_da“tionaﬁl charig_e from one to the other.

'_inclupion_b,ea'ring-noriti; rock, which was termed by Souch et al. .(71969).

r . o
: L4

Below the norite is a d‘iséontinudua"layer of su

3

u, -
o 2

as the 'n_ub-lafé_:f. The‘agb-laye‘r'. and the associated offset dikes form

(54

lfide- and

3

7

thc.m_/o'st'fav'orat;!e. environments foy the pi.ckel-copper ciepoaits. Inside
. e : R ) . e ) . . vt

o
?

the Irruptive, :thé Whitewater series outcrop in c:ggé_entric oval rings.

'“{idc dikes of olivihc*’diabasc cﬁjt_ i'ndiscrirﬁinatcriy/tﬁrough the Nickel

Irruptive and the Whitewater series.
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and steeply. dipping fai.\lts cut across the north range bet,\}.'écn tﬁe Levack

-4 ‘ / . .
“ ] 9
- Extending ao.uthwcs_tward outside the bamen is an apparecntly

co'nfor_mablc scrics of stéeply southward dipping graywacke, acid and

/baaic volcanics of middl'c and ¢a’riy Precambrian age. To the north-

. . , el — ?-‘- "\._\ , . AN
western, the bz?r( is bounded by-Precambrian kranite and gnciss,
. - C. ’ ) '\ .- .

T oL : T
T[-e basin }.i,es_ncar the é't"x‘hct_ion of the Superior, Southern,
and Grenvilld st:u_cturél‘.provinécs. \Regi’onéﬂy it is divided by the

Ca;‘ncrdn Creck fault and the Ai}pbrt fault into the nérth and the south .

- . ~

“

1

ranges with a vertical.disp]ac_c_ment',u?hich exceeds 3 miles (Sou.ch'ct al.,

1969), "nox'-t'h side up relative to south. A series-pf ﬁ.brthcrly -trcnding

P

and Maclennan mines with an accumulated vertical displa‘cémcnt at
one- half miles, west side up relative to gzsst;‘.Thé Maclennan block
is thus the highcst'straugraphié segment of the Irruptive, and the -south

i

' ;;i_ngc the loweast.

-

2-2. The Nickel Irruptive = . L - a

e

The pftscnt ncar_sur'l’ace outer contact of the Irruptive
dips toward the center of the basin with weighted average dips for the .

.._ . . . o 0 L .. o . 1'. IV . '7 .
north and the south range about 40 and 60 respectively, In the south-
‘east and southwest corners, however, the dips are much steeper,,

. K . - ] ; . - o .

approaching vertical in the southwest and as much as 65 away from
the basin in the southeast. _The inner contact against the Whitewater

g:oq_p ralw:ayn. dips towards the centgr.
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The north and the south range 6{ the Irruptive are -
petrographically dissimilar, although they have been mapped as a ’
single stratigraphic group. Naldrett et al. (1970) discussed the cryptic
T ) / ¢

s : / :
variation and petrology of the Irruptive in detail. -
On the north range, the inner micropegmatite is a uniform

rock about 4500 feet thick cansisting of a_pproxirﬁafuly three. pzi.r;s

mic r'ograp_hi_c-intcrgrowth.tb one part plagioclase with minor augite,

.

biotite, hqrnble'ridc and secondary minerals. The. guter norite has two

distinct phases - 1500 fe‘ct,of‘.light. felsic norite and a thin Yut variable 2

. . ! . z
thickness of dark mafic norite. The latter was originally fregarded T -

. /-n .. . . . ‘ : ) . —.':
as a sub-layer member (Naldrett and Kullerud, .1967) but ecently ' e

‘ ‘ o o < <
“detailed study (Hewins, 1971) has ‘sh_ow-n it is part of the fmain Irruptive. 3’
Felsic norite is a coarse grained hypidiomorphic granilar rdck‘madc'_r s
up of two parts plag’iocla‘sc to one part hﬁcréthén and augite with ) §

interatitial micrographic intergrowth and mingt biotite, apatite,
B ’ . V ' ' ) s ." - t - ' * '
iron oxide and aulfide. The mafic noritfis i sscntially an ortho-

.pyroxenc-rich rock, variable in composition. ‘The contact between

b

these two units varies from transition:_il to relatively ab.rupt. An oxide-

rich gabbro v.'h.icht.oyér.lics the fcls;it.: éxoritc'. and separates it from the

- o :
—— :

micropégmalite contains ixp to eight picrcc'nt opague oxides, largely .
ulvospinel, and has an apatite-rich zonc in the central part. ‘

'
!
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On the south range, the inner micropegmatite has becn.

-

extensively mctamoéphosed with development of pronounced gneissic

foliation marked by the orientation of biotite. The outer norite consists

&

of two facies including the south range norite and the quaftz-rich norite.

The former is a medium to coarse grained rock gontaining plagioclase,

, : s, . o

hypersthene, augite, titaniferous magnctitef-. quartz, and hornblende.
N ) . ) . ! | Jl ) . . .. . N . “.“

as primary mmcrals\ but with extensive secondary alteration particular-

-

ly .'u'ralite and sct:ori_dary hornblende. ‘The quartz-rich naorite is similar

to the south range norite exgept for its high quartz 'c-ontcnt.. There
are trends of increasing quar._tz'content and decreasing grain size

towards the _ouicr m#rgin of the Irfuptive', The s'out_h range norite is
overlain by uppcf ‘-gabbro which is similar to the oxidc-riéh gébbro qf

Al 3

“the north range and grades upwards into micropegmatite..

The Irruptive has beén variouslly intcr.px_'-ctcd'a}s (1) a folded
diffcrentiated-sill, (2) a ring-dike complex,“and (3) a differentiated,

T e

funncl-ahabcd intrusion. - \ )

The differentiated-sill hypothesis was first proposed by

“Walker (1897) to explain the upward gradaﬁon from norite to micro-

' p'c"gmatitc. T.hc.h-ypdt,hcsis‘ redci.vcd much support from Coleman

.

(1905, 1913)-and Collins {1934, 1935, 1936, 1937). They considered

the Irrupive to have been intruded along t'hé unconformity _a.i the base

.
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i

of the Whitewater group, and the differentiation of magma in situ to

. have produced norite and micropegmatite with-contemporanéou'q

segregation of immiscible ‘sulfide liquid'é! to the base forming sulfide

!

,depdsits in [avdrablc' embayments or offsets. ‘Hawley (1962) favoured

this hy'pothesigr-b,t_:caus[c of its successful explana'ﬁon of the sulfide
deposits, . . = o

© Knight (1917, 1923), who was skeptical of the differentiated-

sill hypbthes'isbcééme the volume of the micropegn{étite i8 much in

excess of that to be expected from'differcntiatiq_n of an original gabbroic

rﬁggma. ‘suggested the multiple ring-'diké prothesis. 'I'he strongest

"“-»'_c'n'dcnccl' for this 'hypothesis was the fine‘gra,i:ned contact facies of

H

héfitc_.and mic rdpcgmatitc. the steep dips both at the southwest and

k..gouthca_,st'cnds of the I}ru_ptive'. and the 'lack~bf_'post-i'.ntruhive'foldin_g'.

e at]

Phemister (1925Y further suggested that the tranéif‘i_on ione, an oxide-

rich gaﬁbr‘o\on the north fangc and the upper gabbro on fhc‘ south
\ ' ' a . . .

¥
[

" range, was formed by the rﬁiﬁing of the two magmas, “This hypothesi's‘_-

TN

was later supported by Yates (1938, 1948) and Thomson (1956, 1969). -

These two schools do_‘m.inatcd geolo‘gical interpretations of

 the Nickel Ir ruptive until Wilson (1956) demonstrated that the Sudbury :
Irruptive is similar to the Bushveld complex and other Ibpol-.'z_th_s in

_ha'.ving i;&rd dipping surfaces and layéring,}which dips inward at a.'m_ore‘

gentle .a'ngle than'thé_ footwall rock.  This led to his further aﬁgge'stion:e:

VR RN
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that the ultramafic members are at dcc,pk*r_ levels, and that the -

presently exposed proportions of micropegmatite and norife are not

‘-ncccssnrily flcprcsehtative of true volumes. ‘Naldr.ctt'c_t al.- (1970‘}. :

presented a revised funnel-shaped intrusion model bascd'o;{ their
studies of petrographic texture, the phase layering of various rock- | o '

forming minerals, and the cryptic variations of the three cumulus -

mincrals - plagioclase, _hypérfsthc_ne. and augite. They arlgué_d that
the folding of the inside Whitewater series ii‘nplic;i a change of the shape

4

of the Irruptive from circular to oval. B R

L

‘The model of Naldrett et al. (1970) is shown in figure 2-2.
They suggested ’th.ét;a some‘wﬁat_ 's'ilica-xjic'h' ﬁaag_n-ia was emplaced, as a.

' .funnél—s.hapcd b'ody bencath the Onaping formation, After the intrusion,
aa.air.hi-la.tion of the roof rock took place, the quartz-rich nor'itc'fo‘rm'cd‘

around the margin and the south range norite accuinulatcd_'gravitaiiqnally.

'Diqturb:anccu dui:ing the suBscqucnt cooliné{ caused the remaining magma.

-

to intrude farther along the base of the bnaping formation -and gave .risc_.

'tc'n;a ‘peripheral sill-like body. Continuous fractionation bprodﬁlccd the

felsic norite and micropegmatite. Although the model accommodated.
atl 't_hc a’ppax"cnt coryt'rpv,ersi“cs' and received popularit?, it did not give a
satisfactory account of the 'ultramafic, layers at dcpih_ common to many
funnel-shaped layered intrusions, -~
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. Rb-Sr age determinations give 1. 70'b. y. for micrbpcgma- ,

tite, and_-betwéen 1.93 and 2.07 b. y, fir the south ;md_‘the north range B

. norite (Gibbins.and McNutt, 1972).

2.3. The Sub-layer

- to fine-grained, fnglun.io,n-rich and "eulfidc‘-bearing basic norite. -Thé

“inclusions are cither/of angular country rocks or a rounded suite of

)

!

A discnntinuou_s'layer of sulﬁde- and inclusi-bn-bearing
‘ a

ir

"noritic rock undcrlymg the Irrupuve and known as the sub lav,cer haa

bcen dcac\ubcd by Souch et al (1969).. Thgy divided the suB-lafé_r

cnv:ronment mto north range. aouth range. and offset dikes as shov«n

'm fzgurc 2 3.

S.  The north range environment is characterized by a medium-
R . Lo e
ultfam_afid and mafic rocks '_i‘n‘cludingp_c'ridot‘itc; pyroxenite, and gabbro. .

The silicate mineralogy of thematrix varies from .Augitc norité to

-

hypersthi:nc_ gabbro in the vicinity of the Strathconé-‘Fecuniis‘mincs

-

‘(Nald:rc'tt et al., 1971). ‘The basic norite may grade dﬂownwé.;ud into
finer grained sulfide bearing leucocratic sub-faycr bn_:cc.i'aslwhicﬁ contain’ -
abu'nda.nt footwall rock ihé‘lugibns and.afg the ﬁoﬁts-of the'ofé betwé‘cn

' Levack and Hardy mines. The _C6ntact of the Sub-léyc;‘,v.ritﬁ_th_c ovc.'rlyi'r.!g

-

-

norite is generally abrupt. -
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The south range e¢nviropment is similar to the north

petrologically and petrographically. The inclusions are also country

rocks or an exotic

of'-‘ noritic material and sulfide. The contact relation between the -.

sub-layer and the

- The offset, dikes are steeply dipping bodies tha’t‘project

dominant rock type is quartz diqritemhich gontai'ns quartz, plagioclase,

¢ - i

Jsuite, The matrix consists of varying amount
.. . L

!

main norite is very difficult to establish.

away from the outer contact of the I-rru;:iti\'rc as far as 8 miles. The
. : .. ] ' o S :

primary hornblende, and biotite: noritic rocks occur -occasionally.

-

" In contrast to the m‘ain'b_ody of the Irruptive, 'the.su.b-layer

is extraordinarily

rich in sulfide. ‘The. sulfideé is usually limited to the

matrix, ‘-and,n—m\}'v‘ary from a few to almost one hundred percent. The

(.Souc_h €t al., 1969).

| There

_orés, however, do not alter the proportions of the silicate 'mincra-ls

-

is no agreement on the age.relations between the

hnﬁb-layc(and the overlying main Irruptive. Isotopié agé- determinations.

that the a\il;-laycr is yom_ugc_r based on the petrological information from

the Strathcona mine which will be diacussed in the following chapter.

Dietz (1972) considered that it was fpfnicgi diring i meteorite imi:act

which trigger_ed" intrusion of the Irruptive.

/

R

have not yet 'yiclf.l‘chc}iablc' ages. Naldrett and Kullerud (1967) argued -

Vi Y
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2-4. The Ore Dci)oaits _ : T .
The close association of the Sudbury Gre deposits with
. N ! " . -

the sub-layer is very clear as shown in figure 2-3, although the genesis’ /” .

of the Sudbury ore deposits has lon‘g been a topic of controversy. The
- early workers {Bell, 1891; Coleman, 1905) thought that the o:;eg were

’ direct, iéiiﬂ- gray;itati.gnal -a.eg-reg.ati;ané fror_'n the mlai_n bodyt;)f ;h(‘:' E .
Irruptiv#. ' S.bmc o'_l'.thc"‘latcr wortccr_s (ﬁﬁwe, 191.4:jBateman. i?l?;}

_- Colli ns, 'Mo“or.e.; and Walk‘cr. 1929: Héwlcy. 1962)' bc;.lie'v;ed t.hat"the
ores wcre later mjectmns of sulﬁde ok sulfide- sxhcate mag;na,. others

C]

'(Dxckson. 1904;. K'ught. 1919 Wadke and Hoffman. 1924 Phemlster,

19 25) maintained that they formed from hydrothermal_solunons.

-

One group of recent workers (Naldrett and Kullerud,
1967; Cowan, 1968} impressed b§ the'ﬂintc'rnﬁix.cd nature of_the' ore )
bodies and the s.ub-la?er. ‘tl.mught that they wére post-“Irr‘uptive

injcctions of magmatié nul.f-i-de liquids. Dtetz 1972y, who was also
' 1mpresscd by thc mtcrmued nature,- suggeatcd that they were pre-

. . I . .
Irrupnvc and qx mzxmrc o} Apollo or dxffcrenuated antero:d and country

rocks. The noblc metal in!ormation from the pr_csent study providcs
. . : . R " ‘_‘ . ’ . 1 ] i
new information bearing on these mutually exélusive hypotheses.

Y

7
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. may be c-laﬁsi[icd_as rharginal”typés._ . The majdrity of the

' s . A
‘ . |-€? (\/ | N

Despite the different intcrpx,ietations'o_f the genesis of

19

. . * N . . ' . A .
the ores, the close association of the ore deposits with the sub-layer

allows a qimilaxj genetic claaaiﬁcaiion‘ for the dcpb_sits. This clas-
sification was attempted in the work of Souch et al. (_'1969). .and again

‘in Naldrett et al. {1971). . Following a review of the existing evidence,

parti.cula‘rly that of Ha’wlef ‘(1\9\\(‘)2), Naldrett (19.69.). ‘and S‘ouch_ g_f_ al.
(l9§9l'. a detailed genctic clbalssif:ifafio-n is .st_u'nmarizedhag faBIe}Z-I:
ﬁa_ldrcttn's.exp_crirnc“r';'ta‘l.work (1969) indicjates _tlhat the
émpl-.accmcnt témbcra‘.turc lof Lhc ore c_le-lc rcalses with ‘incrcasi:.fg copper
contcnt_-'with a miﬁimum- at_l QODOC. "f"
| lSVtmétu}aIl},"Lhﬁ abrth and the 30'9‘5 raﬁg_e depos..itz;
o |
rn‘:ir_gi-nal dcp.osi_ta occupy structural emBayrﬁen_ts'. form lenticular

or sheet-like ore bodies, and are arranged en echelon and more or -

-

less paratlel to the footwall contact. The off-set types, hbwéver, o
. occur as sheet-like, or pip_g-ll_ike steeply dipping bodies in.thc_quartz'

diorite beyond the margin' of the Nickel Irruptive..

Cowan {1967) and Souch _cia_l. (1969) fccognizcd two types

of cryptic metal zoning in the marginal deposits. .Copper, nickel, and -

[ R

'}.hc Cu./Ni 'r_atio increase to rds the footwall, but show little variation
'with depth. The off-sét deposits usually show mineral zoning with an |

" upper disseminated ore-bearing Quprtz diorite and a lower siliceous

zone rich in arsenides, bismuthides, noble metals, and secondary

" silicates,

M wiy v

I P O O R

RYTALITY
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The normal ore mincralogy at Sudbury is qlllitc simple.

I!t consists-_afmost entirely of pyrrhotite, péntlaﬁclit'é, and chalco-

pyrite with variable but closely associated magnetite. Cubanite may
- _— . |

become abundant in off-set deposits, but never in the marginal

environment. According to Hawley (1962), ar_scnidss and bismuthides
occur as minor minerals in the siliceous zones of the off-se¢t environ-

ment, and occasionally are encountcred in the south range but are never
3 : . ) . ) P .
‘reported in the north range. Secondary nickel minerals like millerite,
. ' . o V. : Lo
violarite are sometimes observed in the off-set and south range. B

environments but arc only reported as rare minerals in the north
: / . , _

.
1 Al
range.

. The gangue minerals in the marginal environments are
mainly primary silicates present in various mafic and ultramafic

inclusions and the noritic matrix.,” Secondary silicates, like epidote,

‘ chlorite, and po’ikﬂob’lasti{grccn and brown biptitc;\occur as-'rcaction
| rir.ns_a,rou;xd sulfides. The ganguc _mi'hcz"-_al ;\sscgﬁblzigcs in tﬁé_ lé:»ff_-set
_cnvi.ro:.';mcnt. ‘!‘.to\u-cvcr" are quite vari'ag)lé and_ .uﬂu.nifly. in.c;ludc quartz
and cnrbbna;é 'in;al(-!ditio.n to the Qccoﬁdary s'ilicatés'f
' Souch 9_521. {1969) cl.assificcllr the Sud:!_)ur'y érc inioiwo‘ gr-c')upe
and cighl_xﬁajor. :‘-ypes‘. - The two. groups are '(.l). .i:-lisscm‘inated slmllfidc,.-

and (2) ‘in.clua'ioﬁ:'bca‘ring sulfide ores. Disseminated sulfide fnal-ccs*gp

-

ws

e
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two~thirds of the production of the district, and comprises ,(ll)' sulfide

cinclusion material decreases. The distribution of the eight types

Cin

2.5, Rock Units 'Inécidc_.a.n'd Outside Ehc. Z\{ickcl'_lrr‘_;zptiv'c _

_made up-of, xun as}ce'nc.i‘ilng order, the Ondping formation, the ..On\_va;ih

‘between fragments in a cioscly packed inclusion'rock. The incluéiop

1

-

as blebs in’ qhartz diéritc known as ""buck-shot" ore, '(Z“)Eb.lebs i'rg_' gra'nit'e

breccia, (3) an interstitial phase in norite, and () discontinuous patches "

Wy v .

#

bearing sulfide ores comprise (1) gabbro-peridotite inclusion massive
sulfide (G.P.1.5.),.(2) contorted schist inclukion sulfide, (3) inclusion’

massive sulfide,. and a rare (4) massive 5u%lfide' with quartz diorite

blebs. Both the disseminated.and the inciﬁsion;bea:ing' sulfide ore s

1~y

may vary widely in appearance and grade into ma{saiv@: sulfide as the

o

in the three ‘unv:r-o'n_m‘énts_a—rp listed in decreasing order of abundance B
’ :' ) . - . - - . J.‘ . ; . [ . . ' L
table 2-1. . L . ' -

ne

. The rocks inside the basin comprisc’the Whitewater scries .

Joa

.ﬂ-ﬁni@:;.‘ and the Clﬁd:lmafojrd sandstone. o e I A
| The'Onaping forrmation has great lateral extent and _

e
Y

tremendous volume of alma.st_unsdrted_brccciq composed of {ragments o

r) !

-of various country rocks in a mainly dark, fine grained, carbonaceocus - e

'_rnatrfx* ch}sractcrizcd..b,y' ﬁumcroﬁs shdrd;liké fragmcnts aof devit_rrifi_éd'j

siltstone and slate of the overlying Onwatin slate. o

-

)
N
-

glassy material.

-

This grades upward througbﬁ-},m'ixed zone into the .~ "~ <

'
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e . There are two viéws on the o'rigin of Lhe {ormati'"on.
Thoms on (1956), Wlllxams (1956), and Stevenson (1972) think that it is

of volcamc ongm vnth fceder vents of the hasure typc Dz)ctz _(1964)

e

. uuggestcd a mctconte :mpact ongm wﬂ‘.h MOnapmg formatxon rcpre-
. v
¢

"-acntmg an accumulatxon of mater:al excavated by the 1mpact. ‘the

. /
quartzitc breccia reprea»cntmg_‘fallback bre‘ccxal. French (1968) presentcd

' sqm'e“pctro_grap‘}’\ic-._g:vide'nce and s'upportcdéthis_\ricw. l.ess, f:uniliar""

. . N ) - - ,, : B
* volcanogenic lcad-zinc-copper deposits occur at the contact ?vith the

c

,ovcrlyi_ngr.(.:)ny:.gtin slate.
‘The Onwafin slate is a fine grained carbonaceous, pyritic

argillite with local thinly laminated limestones and gﬂg:ts.~ It has a.

'thick't-xcpaﬁ'of at least 1000 feet. It is entirely wa'tc'rlain a.nd grades up-

- war’d mto thc Chclmsford sahdstone. v.hxch is' a carbonaccous sub-

| 'grayv.ackc and cons:dered by Bouma (1962) as a turbxd;tc bcd

~ . ’ J“

res

Thcre is no agreemcnt on thc age of-.thc Onapmg'for‘mation-. .

v

"W;llxams (1956). Thom son {1956) and Phcmxster (1956) concludcd :

'.lhat it was cocval mth s$0- callcd Keewann ~type volcamsm repreacntcd

\ by the Stobic forma:ion to the south of the basm. Scme workcrs argumg

. |
\namly on xsotopxc determmatxbns contend xhat 1t was Late Precambrxan

L

(1.4 b.vy., Fullagar et al., 971) in age. And Dzetz (1972} behe\ved xt

T

s —
‘ was fallback mzcrbbrccc:as of meteo?ire impact and slightly carhcr .

than the Ir ruptiv'e. -
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!

at 2.1b.y. ago_(l-"airt;airn ot al., 1963). . , o

0

- _an'd fcldspar (French, 1967, 1968)- gave this hy‘pbthcéis petrologi;al '

 and bctrog:'aphicgsl support.

. ments and mctm‘."olcnnic:l'qfthc?%outhcr

Qutside the basin, there are thick successions of H_‘)#bnian éedi- :

: /
Province to the south of t..{'xe basin,

AccordingtoCard E.;(Hutchinson'( 1972)/ they were deposited a—bo_,v./lt 2.3b.y.

ago. This succession faces south sfratigraphically and rangéa upwards
BN : ' _ ] '

~

from greenstone (Stobie fqrmatibn/ to a conglomerate (Ran%iey La}fc'
conglomerate) and anl ovgrlying'gﬁartzi‘ﬁl (Wanapitlciqu;;rt/;iitc]. They
_atri.kc cast‘-nonhcast and dip at/steep angles but rha'iﬁl‘y/'tfo the .nd;-thf
The scr'ics'_ha's'b‘cen intruded ylth,c Cop;pc:j Cliff ,rl'w_ol‘i;t'c and granftcl .

}
P

The Irruptive i bound to the north by A;.chcan granite

and quartz-plagioclase -_au'g-ite‘ gneisses. A belt about ten miles wide,

;-
v

!

- T VA ‘ ] : o .
occurs below the Irrupti%_c and around the basin, and contains shatter

cones (Guy-Bray et al.’..1966), with planar features in quartz and'l_dnfc

bands 'in biotite (Greenman, 1970). The former are developed around

lﬂc outer ;:o:‘nac‘l of ihg Irruptive a;nd cons‘idc?ed-dizlgnbstic of impact,
while tllm'l.attcr- Aarc gcpcratcd _ddring bIOth shock m.ct_.a'n"z.or;-)hirsm and |
‘tcctd‘niz_u.n (Bitncﬁ...'l‘?GB)._ _ | | |
‘2-‘6. Cosmogenic Ore. Hypothe s_.is

| Dicfz pos;ul#tcalin 1962 that."t.h.c Sudbury strhc.tul-'_c was N
an ancicnt mc-t'c‘or"'iti; .irrl:.pact scar. The disco;rcry of ;hdt-tcr c'ones

‘around the basin.(Guy-Bray ¢t al, 1966), and planar structuresinguartz

7

o

/




Based on this b?ckgrouud he postulated further in 1971

that the Sudbury nickel copper sulhde ores rmg'nt also be meteoritic

~ parenthoad.

. _.J"?-.

The .main points of his new hypothesis-are summarized

below and prcéehtcd'in figure 2-4:

L

Sudbury sumde depouts. P R

- a

' Ixnpact of a 4mameter ét;dbury "moon" probably-:m‘ ' ) R | _G‘
’ ~ < . .
Apollo asteroid 1.7 b.y. ago on 2.2 b.y. Hurom:n sedx-'

ments. . . o | / 7
.Hem_i'sp.hc.rical spreading of the imp@_ﬁét sh’c.)ckrw:avg'. crgati'ng:_ \ .
- . . : . S :
shatter c_o:}é_sl pointing towards ground zero. - - - b
-' Formation of-hn‘impébt"crat'cr af:out__-db '!q-a_ in diameter and’ <

4 km deep. Uphcéval of the country rock with simultaneous

emplacement of the sub-layer as the impacting bolide literally

L

, turrne-d‘ inside out and swept up the side walls of the crater. -

[ T !

The sub-laycr muast include sulfide of meteoritic origin- as : - ¢
. f . N . . .

well as qoﬁniry roc-k.tnclt whiph filled the concave swales in |

the crater wall and was injéctcd into spoke-ljké radial

tcixsion craékn. Thc irt.m-ni'c':kcl-'copper rich phase df'thé

) ' "1}
dxffercntmtcd bol:dc provided the parcntal aubstanccs {or thc

.

o
't




heat and static o[[loaaing of thef‘c‘ieep crust and upper mantle

26

Fallback into the crater of the Onaping microbreccias

as a sucvite.

Enﬁ_plécemqnt of the Irruptive melt rock guided. by the saucer -

shaped crater. The magma would result primarily from a

convéntional magmatism triggc‘r'cd at depth by the shock dccAay

oo

'
1

_ after the impact. Modi{iéat;ion‘of mégma compositio.n would

tesult from partial assimilation of shock-produced micro-

breccias of the Onaping Formation roof rocks.

Differentiation oif,thc Irruptive into micropegmatite and norite on

. gradual éoolinﬂ.

..Mod.ifi‘cation_of'thé crater's bowl-shaped form by collapse

over a magma chamber and by isostatic adjustments.

1




—
>, ’\f‘) e

et

. =
-
. 1
a
.-

( ,-“,J t'\. ;.“i

| Figure 2-4,

A-time scquence diagram of the dcvélc;ﬁment of the

Sudbury Basin by _astcroidal i_mpi\ct‘(a{ter'Diqtz-, 1972).
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. gh,_.:g'cncr.{xl r;xinij‘_rig geology, and meta} and mineral zoning; Keays |

: ::.a':id Clro‘ckct (1970) :;"ﬁ{;ﬁcd the noble metal _ciistribulion: Greenman

CHAPTER 3 .
~ GEOLOGY OF THE STRATHCONA MINE

b

3-1. Ge neral Statement

. ‘The Strathcona mine lies on the northwest rim of the basin

(figurc 2=1) Itis onec of thc_ newest mincg in the area. The under-

ground pre-production development started'in 1965 and partial

opc‘ra_tion _c'om.n"xcn‘cc‘d late 7196?l Q’ith flil']: prpdﬁction achic_gcd only
rh‘id-.l9'69. It is, by fa_::."thc largest p,x'-od‘ucing' m.inc 'owncd Sy

Fal'cl'onbridge':;\‘ickq‘:.l.h‘.‘ih:qu Lixﬁited‘in the area. _
| 'I'hc_ newncss of f;hc_: mine ‘allowd the ap_plicar.ioni of both

_traditional and modern investigations. Naldrett and Kﬁllcxfu~d.(l96?)'

‘studied ité silicate mineralogy and petrology; Cowan (1968) stadied

(19‘7.0) studied the petx'-.o]ogy'. ar_;dfnipcr"alogy of the féoiwa'll .brg‘cc-ias,K
,‘;n-d'}{‘c'\a‘-i-,-,ﬁ.(lF)?l) cxarﬁincd the r‘i-xafic"nori,ti‘c' and the sub-layer ,

rocks. The information accumulated has aided not only the develop- -
» w -y B ! oo . ' ’ .

_j
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'ment of the mine but also the understanding of the.regional geology of

- f

' the ‘Sudbulry ba;gin.("‘*
| The mineiig a-gypicail nbnf.h range mi'r‘m (sce Table 2.-1').
.lt.'ia cloa'ely asso;iated witﬁ the "sub"-la‘uycr (figu_i-c '2-'-5_) and has a typical
n-;ajor and _mino:f.ore n;si_rné:ralogy, gcner‘al_ sltrru'ctural control, ar;d-,r
cry_pti: zoning. ,D-ihse-xxainatce.&d.sulfi;ie is ;ﬁcmoa;important ore type
iraﬂlth;: u?p; r.portion of the mme w.ith. c;h:;.llc;:pyrifte-rich massive 3
-stri;:écr‘s incrcasé'.cio\;rnﬁ'_zlrds. N |
.'Ac«;ox.*d;ing' to_their'rc»lz‘i‘tion to thc host .r.ock. thg .oréﬁ E

are subdivided into three zqﬁe's- - ghc hangin'g-.\.\fra‘li ;onc. ‘the main.
-zone, and the deep zbnc. 'I'héy ar‘c ﬁirrxilar in‘gre niiner'alqg'y. but
different in metal content. ) ;I”here‘is xio alg-reemt.:nt sé far Qn- the origin
of_thc_‘th_ruqcl 6&: ”'zohc;. | |
3-2. The Rock Units -~ -~ = '

| | ' 'I'lllc-r_e .a.re four groups of lro.c.:k il;l the vicinity _of thé_
Stra‘ghcona‘-rﬁinc. ..‘I’hc_y are; in ;"sce;x_ding ;J-rdcr; thej‘l‘gr'anitic gnéiss'
E complcx, tbc sQ&_xltHwa:"drdi.p.ping aﬁb-la;yér‘. the Nickéel Irr;zﬁtive, 'aﬁd :

' t_he ?Imz‘ngcr d-i;c.cs.'\;'hiéh. éu£ th.rpugh all the ‘abow—: units. ‘I'he rgc':;ne_‘ra:l :
. .rclation; of the rock gni:s.arc'uhov}n in fi_g'ures 3-1 and 3-2.

s
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3.2-1. Graniﬁc Gneiss Complex

In the vic'ini';-,r' of the mine, the granitic gneiss complex

ia composed of an Archean tonalitic and mafic gneiss known as the

Levack comf)lcx of Superior structural provincc. Details of the
‘complex are discussed in Greenman's Ph. D. ‘thesis.

3-2-.2. The Sub-layer -

The Bu.b-laycr composéq two phases - the mafic' su.b-iayer

and the leucocratic .sﬁb;iayef as térmcd_by lercti et al. (1971).

The Iéucocrati_c sub-layer or gray breccia as termed by Greenman’

(1970} overlics the Levack complex while the mafic sub-layer overlies

the leucocratic sub-laye r.

-

The orc-—béar’ing gray _br_eccia is dike-like in character,

'has a metamorphic matrix textyre, and coatains most of the nickel-

copper pulfide ore of the mine. Based on the distribution of the

oxidqs%nd sulfides in the silicate matrix, Grcénman (1970) inter-.".

/’\

Y
N

! :
- . ot Vo . ) .
after the injection of the mafic sub-layer. Based on similarity in form

" preted the breccias as hex;inh been intruded in a fluidized state shortly
I ]

and cohwpos'tion with their counterparts i_n'g_he‘ hangiﬁg;will breccia,
the oxides, mdcs. and many of the inclusions were derived from

thc,,.m.a,{i'c.sul.)- ayer.

i

“ir




Cowan {1968} mapped the mafic s‘ub-layer as two scpara‘te'

units distinguished,on a basis of volume of xenoliths, Rock with
less than 30 percent xenoliths he termed xcnolithic norite or basic

norite, wheéreas rock with more than 30 percent xenoliths was called

hanging-wall breccia, Cowa.n grouped basic :ind-_r'nafic norite together

S

as dark norite. These terms contradict the genetic interpretation

of Hewins (I971) who dcr'nonstratcd,lt_hat the maflic norite is an 'integral -

’

part of the Ir uptive whilfé the xenolithic norite and h-anging-_wall breccia -

belong to a separate intrdsion. We will adapt the terms used by

S ' :

: .
Hewins.,

T'he‘m:atrixlof the hanging-wall breccia has beén more
.c;‘r';;l-e‘,sx.s altered and s't'ro_ngl)} mir_{cralizgq s‘o: Ljha’.t it con.é.t'itgtes a
E major. ﬁ;s.tio‘f t‘hc_c'hr;:. It is best dcv.e.logcd in cmbayrpcnts wherges .+
' i_hc 'Irzl'-upt,i.vr_: protrudcs -into the footwall rocks as shown pa'rtic;zla'r'lyr v
clealrly bn the:ZZSO level (figure 3-2).
The probe studies of Hewins (1971) indicate that the mafic
sub-'l:iyer is a scp}xr:;.te .intrus'ic-m .ffom the main Irruptive anci i‘s
. # A~
contam:natcd by ma!’:c nontc. Important evidence supportxng this
\ vmwpox‘nt is tha}t the basxc rocks in the mafic sub layer lack thc c:rypt:c
.vaATiation.show._n by- mafic no_x;itc. The avcrag¢ p_laglioc‘l'a;sf'e is more‘
- '.cal:;:i{ v'.-hc'rca-u- the pyroxenes arc more iron-rich.than thbsc ir; m_afi;:

. - . o . ’ - . ‘ . -
norite. The xenocrysts and anomalously magnesium-rich ortho-




3-2-3. The Irruptive

- morphic mafic norite according to whether pyroxenc is enclosedn

| plagioclase ﬁozkil_iﬁc'ally or forms hypidiomorphic gfanu'l.ar.'t'éx‘tu_nc

34
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pyroxene at the top of the lma.(ié{ sub-layer gabbro indicate that the

mafic sub-layer was contaminated by the mafic norite which is inter-

g prett-:d as a"bor.dcr grohp of the Irruptive.

j \ | ‘
Felsic norite is 1800/fcet thick in this area. Usually it

- . f . P

is a coarse-grained, light colored rock composed of 50 percent

subhedral, zoned plagioclase, 30 pt:.r'é'eht highly altered clino.-

pyroxene and c;rthopyroxcne. and 10 percent r'r{icr'd"t‘g,;-.aphic inter-

_ grdwth._ Sulfide is ’usually less than 2 percent ;.\.nd thus: the rock

‘is not a host of mineralization. ‘Light colored inclusions, mainly

. . " 4 e o ¥ . o} .
altered plagioclase, minor pyroxene and quartz; commonly form
10 percent of the lower part of the felsic rock, L

. ' L a
The underlying malfic norite is'a medium 'graihc.d,_ gray

toleack_c_olorcd roc.k' with a thickness varying from 0 to 400.fce

1

t.
The confa.ct with the overlying felsic norite can.be sharp or grada-
tional with intér-fingering lenses of the two phases. I_t' is composed

of 40 percent zoned piagiqclasc. 30 percent hypersthene, and 1 pcr.cénlt,‘

i

chnopyroxcg};. . It has been subciivided into A'poi'kilitic 'and.‘hy'pidio-.

-~

with it. The former passes up into the latter in all the sections .

studied by Hewins. '

e
i ey
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)

The felsic norite approaches a mesocumulate at
N . JRE

Strathcona becausc of the zoned. plagi_oclase: 1he'_hyp.idio.m'p.rphic and
. F - . . . ) c l’, < = ) I
‘the underlying poikiditic mafic. nbr_@te. on the other hand, are ortho-

cum ulates. The dccrc'as,i'n'g Fc/Fe'i-_Mg ratios and a cha'ng‘c in the’
ch'a.ractc_r’ of zoning in orthopyroxene with height indicate a change

o e . ]
+

from an,in situ c'r_ystzﬂliié'd border.to a poi}cilitic aﬁ;ud larg:el.y'-'
gravitationally :Qqcumulatédg;,hypidliomorph;'c -rﬁaﬁ'g 'norit_c. Both

‘cryptic variation.of Fe /Fe+Mg in orthopyroxene and cf203 in ortho-

pyroxenc and magnciitc sugge st that the mafic hloritc_',is a partof a j
s¢quence continuous with-the felsic/ gorite. Coa ’ ]
Hewins revised the funnel~shaped intrusion model of e

Naldrett in order to accommodate the mafic norite

2

“as an intéé\rél "
p.ba'.rt‘ of the l‘rruptiv_e.j }His‘;ch_iel is rcp'rod;xceﬂ xn figire -‘3',-3";, "
Pqikili.iic.ﬁ;tl;ic norite is co.n.ai‘dc'rcc;‘a'-bqr-de::-g;'ou'é foi_:rne_d By -

crystallization in"situ whilé‘hy-'pi_c-.’tiom.q-rphi.c‘_mafic no.rit:c:ié a later
grai;(itatio\rlxva\l.,,_a.ccqnﬁulaté in-a 'f{mncl—shapcd chan:nbtl:x". Fcisic norigc

was- _fo_r'me& byla‘:ra'pia éx:ys_tgl_liz_at'iqﬂ m '_:.'..s_»i,li cqfﬁrénmerﬁ"dgring B .

L1 - '

later resurgence of the magma. - ot

L
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3-2-4. The Diabnsaé, Dikes
? B

Thcre are. two typcs of diabase dzke at Strathcona - quartz

'_dzabasc and ohvmc dmbase These dikes cut through all the other

+

rocks and rcprcscnt the last stagc of 1gncous acl:thy and are post-,

~ore in agc. Olznnc dmbasc, datcd at 1.02 bs (Faxrbmrn ct al, 1960),-
‘) S
ia the younger of thc two typcn and cu,ts the quartz diabase dxke

I

‘__,g ' 'The quartz diabase is a mcdmm-vgrainc'd.‘ non-porbhyritié '

) -,:i-ock in which the. principal minerals are aiterc_:d laths of labradorite, .
- subhedral uralitized clinopyroxene, and about 2 percent quartz as ~ . '

interstices. - The dikes average 40 feet in width, have a sharp contact -

~

N T D TR T T AT TR TR AT T R T PR N TE e 3R
. . .

with the enclosing rack, and appear:to have some degree of grain \) -
s . gradation.
[ The olivine diabase is a fine-grained, porphyritic rock and
' is composed of 30 percent phenocrysts of labradorite and olivine set in
é. ' a fing-gra.incd i‘ntcrgranular matrix of.labradorité. augite, and opaque
: _oxides. .The dxkcs havc a var:ablc width from a fcw mchcs to a ma.:vmum
13

of 10° feet, Thcy are commonly strongly shcared and jointed, have a sharp
, contact with thc enclosing rocI-c, and a thin ch.illed margin.

{ 3-3. The Ore Zones " -
'I.'hc“Strathcona_orc bodics a::g: a seric; of ien_tic’ular sub-
- T « : - .
par;i.icl ore iehscs. -arrahgcd en eéhc’lon over 5 verticéxl_ extension’
. / - . ‘ - .
of 1800 feet and a strike length of 2600 feet (figure 3-1). These ore

£




By

the late gray 'gr'-anitic.brcccia and the deep zone is completcly;enéloaéd '
- . . _' C. : . ’ .. . - ‘

; 3pigcnera'l, tﬁc pentlandite and chalcopyrite content and the chal¢o-
B i : . / i ‘ - o . .

~3-3-1. The H'anging-wall'ZOnc ‘

38

lenses are ‘subdivided i;llto‘thc‘ha.ng.ini;‘-w‘all. the "rﬁain. and the deep

N . ‘ . TR on L R
- ...zone with.reapect to their relation to the enclosing rock. The hanging-
" wall 20_:;: iswenclosed entlfgly in xcnolithic norite and hanging-wall

breccia near the base of the Irruptive. The main zone is largely in

in the granitic gncis_s complex and lies up to. 1200 fc_et.;belqw'the base of

the !ri"u'pgtivg_,b
The major
o

of the Sudbury basin commonly consisting of 3/4 pyrrhotite, 1/4

ore mineralogy is similar to other deposits

4

pentlandite, chalcopyrite, and magnetite in variable proportions,

Pyrite /pentlandite ratio inc re‘ascjdownu}'érd paralle'l to the base of the - N

~Irruptive. The minor sulfide minerals include pyrite, millerite,

bornite, cubanite, and galena. Disseminated and inclusion massive

v o

sulfide are the major ore types.

The hanging-wall ore constitutes 10 percent of the ore °

reserve. The suifides occur as dissermninated blebs, composite grains, 7 .

and patches within the matrix of xenolithic norite and hanging-wall .

breccia. The ore bodies commonly océur in embayments aiong the

. strike and above nattcnirigs of the basc of the hanging_-wfli breccia.

1]
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" main zone and sulfides replace both fragments and matrix in the -

39

‘Alteration of the silicate gangue by sulfi_ﬁes is minor,’
but_ailic‘a.tcb enclosed in sulfides sometimes exhibit thin rqacti'bh
rims which suggest that minor amounts of water were -associated

with the sulfide phase. /

‘Pentlandite, which cxhibif.s.typicai net and flame structure

is interstitial to and rims the lgrger'p}rrhoii'tg: grains.'.' Chalcopyrite
which is usually less than 3 percent, mantlés_ .an_d embays both .

v [

.

L J o o _ .
pyrrhotite and pentlandite. The hanging-wall ore contains up to 15
percent rounded m;igﬁetitc grains which may contain up to .30 percent

oricnted ilmenite blades.: Pyrite, usually less than 2 percent, occurs °

il
-

as large grains cut by chalcopyrite or as small euhedra of reaction

origin (dean. 1-1968}._ )
3-3.20 Thc Mai;’\ Zior'lc | ’
| “The mair;'- zone rcpre’;scﬁts 70 percent of the c‘>rlc reserve.
'th sﬁllfid"c-s, coﬁmonly occuy ar-!-.cithc.r-ilrv\cliusion 'rnajs.sivc or- as .di_a“-y

4

' seminated sulfide-in the matrix of the gray granitic breccia.

; ' Replacement is a much more important feature in the

!

: : i . ) . T .','“. . -
breccia ore. Reaction'rims of hydrous minerals, including biotite,

—_—

chlorite, and epidote adjacent to sulfide patches and indicate the 3

presence of water at the time of n'ulﬁde'in_troductio;;_. " Small quartz:. .
calcite, .and epidote veinlets have been observed, althGugh they-are

.

* not common. - - e e

ey
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common mineral, but when contrasted to the hanging-wall zéne, it °

"323-3. The Decp Zone - o | K

[ '. ‘ - . . -. - . 40

b !
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‘Ihc rhai'n :f;oﬁe has‘ thc same rﬁincral.c:gy as the hanging-wall
zone, but the chalc;.op_yri'tc'r ‘coh-tc.;nt is higher, '~V¢.;inleis composed.o'f‘ .
80 pcrceinf chalcopyri}:c often occur adjz-xc‘ent to the f_ootwail of ‘th:e.main
zone. These lvei'nll‘cts may .rci).rcscr'lt a iat'g:r stage liquiﬁ fracﬁon' whiéh'

equil‘ibf'_igtcd' with a pyrrhotite-rich melt at around 700°C\a\nd v)lﬁch was

\

- expelled into fractures of the granitic gneiss complex., Magnetite is a
P . . -. . i B

-~

_contains few ilmenite blades. Minor pyrite occurs as cuhedra in

bands within m_alasivc' sulfides or as rounded grains enclosed in’
pyr rhot/ite. : ) . - S ' S

The deep zone comprises 20 percent of the mine teserves.

-

" The sulfides occur as arcuate, flat-lying, enf’é‘c-:hclon bands of massive
' . 0 . N 5 i ! - -

' veins in sharp contact with the hgst granitic'gneiss, and plunging as’

deep as 300 feet below the gr.;ayrgranri'tic breccia contact.
There is no evidence of replacement or alteration of the
granitic gneiss host rock. But the diporiéntation of the gneissossity

and the presence of roundéd rock fragments in granitic blocks indicate o

there was a certain degree of movement. {

As compared to the main zone, the deep zone has increased

~

- grain‘size and contains more magnetite ‘and chalcopyrite. Magnetite

is often locally concentrated into irregular bands up to 8 inches in

[




. fill fractures in the 'complc; w—hich»havc been altered to quartz- .

'/\ L 41

width ‘with individual euhedra averaging 0.5 mm in diameter. As in the
main zone, magnetite containa few ilmenite intergrowths.
. ’ . ? ' ’ Y , . ) )
Several minor millcfilé-bcaring "stringera occur below the

footwill‘uf‘ the decp zone in the granitic gneiss host. The stringérs
. T N

-

™

v

epidote with scattered coarse brown garnet and amphibole. They are
. . . - t

- L

' bclic'vcd_.(C'ow"‘aﬁ..' 1968) to ba'_vc been '[orrhéd’"'by late stage sulfide-

‘bearing fluids related to the formation of the m:}in'zo_ne ore;. Micro--

- . B ‘ . ) ] . . . .. . “ - .. " . ;
probe studies show that minute grains of unidentified platinoid minerals

are associated with these stringers. The unidentified minerals are '

S o oo ) . . 4
rich in“platinum and palladium as well as bismuth, tellurium, and
B Bc'l_cr}i'um.-‘-'An ‘ana-lysis B-,r Keays (1968) showed that'rlnilleritc st'ringer's.
_contained 11.4 p.p.m. Pd,
- ’ ) .\

3-4. Distribution of Metals ind Minerals in the Ore
o e o
3-4-1. Distribution of Nickel .

Pcnt‘landité-cbntainb about 35 percent nicke! while f)y‘rrhotite o

;

| and.chalcdpyriic usually contain less than l'percent. However, because
of the abundance of'p'y‘rrh‘ot'ite_, the ove:;;lll. coﬁtribﬁti‘on‘-of pyrrhotite-to

the production of nickcl:i-‘s"-'sr.ill.'sign-ificarit_. ‘Figurc 3-4 shows the

distribution-of nickel in thc'_su‘lfi'de ore. 'I'h_e‘cont"oura show a pronounced -

zoning. Values of nickel in the hanging-wall zome-are low, and uniform

w

and vary between 2.5 and 3,0 percent. : In c‘éntz‘-ast, nickel is st'rongl'y"

., ° ’ ‘ . -—‘-' - - . e - - ’ .‘ . :
\ . — . -
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__z—one‘duin the main zone a; ipdi-cated by thc'clolseliy bpach t;o.n,tours.-'

The value of nickel incf'cascs from-a minimum of 3. 0. pc.x.-cent adjacent.
to thg'-ha_nging-;val-l brccc“i:.x' t§ a maximum of 5 0 pg;-ce,nt atithe"- co'ntapt' o
Ltb t'he granitic -'g_nciss' n':oAmp-lc'x: The zoning is generally p:;rallel to the

basal contact.of the Irruptive, even where it forms embajmwnt‘s_o“r '

priojccts‘ back into the hanging-wall, The individu;;ml ore lenses do not /

[ L /

have a single characteristic nickel value and there is no zoning with ‘
. o ! . N ) . ' \
- respect to depth alone. . -, : \ . i o

i 'I'hc bulk of the deep zone is not 'strongiy zéne§ and the | _ R
nicrkelb value's \-rar.y from 4.0 ._tol.-l..S f)'cr;c-:'zt‘. O.rei lle'ns‘ea.‘tdwa.r'd's the
footwall of_-thc', 'dc_clsp :ioﬁé;,fa:;é stfo;ugly,"zoned and reach 6 pé;éent
maxi’njum" at tht_:nbasc.. The f_lécp .z'.oneland main zone-do not show a
coptinudus trend of nickel v.alucs,rhlcgwevc:;:. _Thc'former:has a mean
-of 4.4 pcrc'qnt’;md the la;tt'c"r_. 3.6 percent. Two suggestions were made
. (Coxr..;:in, "-196-38') .c;'n the q.rl';gin of thc'goning,' Onc was that the 'zéning is
produced by fr"ac:tion;ntion.of a' sulﬁde melt .mrolvingj‘down a thermal
: grasu.cni,, “The ‘c.;th‘cr w.;.fas t;_ia:t. it'iﬁ lprodu.cc.d by dﬂfus_ion of the r’néta!
throug_h a.rfx_.aqueous phase d;s(;“:i;itca with the éulfide melt. |
3-4-2, Dist.ribut_io_r_z'of.Cop:pcr_".. ' Ny .,,,,___..__._,7:

S ) .Coppcr is a'lmqu'i cxclusivcl.?r ‘corit-ai'r*cd iﬁ chz-zlcbqp.y'rite.
r!_lo thi\t. tho-: dis-tributi;:n of éo;ﬁp_ér' i.s .a!“ao‘jthe distribution of éha.lcg*r.
"pyritc'. Coppc::' di.s‘trib‘ut'io'h is -qrr;.atic but tllllcrc‘is a defilnlite tr.;:nd, |
of lin‘c‘xl-ca"siln'g coppcf t_av_va;ds tﬁé'fooiwa'll.

R . "-a._.-.-._r/
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Hanging-wall sulfidés contain less than i_pe r'c_cni copper,
I ,. _ e e _A..____.__...____lv__L__” R L

while those of the main and deep zone contain 1 to 3 percent with
local“highs' ;vgragin'g up to 4 percent due to chalcopyrite-_ric"ﬁ .
stringgtl'ls.‘ 'Thc'nv.cr'agc"Cu/N.i ratio in both the hér}ging;wall and the

main zone is 1/2 whilc in the deep zone it averages 171, -

. - . . . . ! 7{5}
" '3-4%3. Distribution of Cobalt

Cc;bal_t is contained exclusively in pcntlandite.' .The

aw.vera.gc Ni/Co ratios-are 15,7 in the hangi‘ﬁ_g-wall; 21. 6 in the _hain_
-zone, and 43.5 in the deep zone. The average Ni/_C;u'ira.tios‘_f_or S
pcntlanditc i_ﬁ'thc main zonc‘anq{,‘,‘thc deep zone are approximately

equal, 28.4 and 30.5 respectively. "It is only 15.8 in the hanging-

-

wall zone. \ e '
‘ AV . l'“ ' \\ ‘ ! | . . . ' -
3-4-4. Distribution of Héxagonal and Monoclinic Pyrrhotite. S .
' Tl - o w
Two types of pyrrhotite exist in the Strathcona mine

_i‘lf;t‘:lud.ing .a; high-m:.ignctic _s,usc‘cptib_le rno"noclizjaic. pj(‘rrhot..'i‘tc_ and :"

a low-mﬁgqéﬁlt:\%iaccbli‘blc hcxaglor.l.al pyrrhotite. Thc '_t’wo specicé
- vary in chemical c,qn;positioh. chagonai‘ pyr'r!'.motit'c\'\rfi.ak"a_com-?bfiiion
.l (Fe, i\li)gsl 0 withj N'-iVO. ‘,6.8-1 - 01 weight p?rét;nt while ﬁx'ohoclinic. )
.. i)yrrhotite' has a'com'pos.itil;_)r;' ._(Fe...le)_I‘SB‘with Nj 0. 35‘.—0. 50 wéight‘_v

¢

percent (Vaughan et al., 1971).




!
Thc distribution o;’ the two types in the three o;-e zones
-is shown in figure 3-5, Vx_-cprodv_tixceq !.'r-om (ﬁowan (1968)._. T;he distri-
butic_nf: of the_:_?.nex;;gonal-. PYr rhotite is loc'al-ly‘quité .variable which |
. makc's cont-ourin-g impos'sibl_c. but-when grgﬁp‘cdf ‘a_.cl,car ioning

appgarsr throughout. the orebody. ‘H'ex‘agonal pyrrhotite forms a ;

i -

and the deep zones.
K

e
gl

e .

“

pyrrhotite, the pyrrhotite grains are coarse and thc"pre contains a

higher proportion of magnetite. The pattern of distribution of these "

two types of pyrrhotite may suggest a variation in ‘origi_'na-l bulk -

cc.)mpositi.on of a‘.sulﬁd'e melt (Vdaughan gé;g._l. ' 1971').

small percentage in the main z.one.. but is high in the hanging-wall ' p

- 45°

In orec containing significant proportions qf hexagonal
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'CHAPTER 4

- EXPERIMENTAL
i _ o

4-1. Sample’ Préj)n'r:_ttion '
Two ngoups of samples were analy.z“cd in this rescarch,
They include massive sulfide ores from the deep zone ore to provide

mincral scparates for 5tud~} of ndblc_ metal partition and compbéite
chip samples from the 2750 level cross-cut to study noble metal -
variation in the major rock types of the Strathcona miné. o

.i ’ '

P ®

" 4-1-1. Mineral Separation
The locations of the samples collected from the deep ore

zone are shown in'figure 4-1. They belong to the same ore lense .

situated between section 22200E and 221-005 and at a depth of approxi-

mzstcly 2750 feet. The deep ore zone sulfides, as noted previously, .
" occur dominantly as veinlets injected in footwall gneiss and are

[

extremely heterogencous. Samples were chosen to provide as uniform

-mineral assemblages as possible and to avoid obvious cases of two
. " ' - . ) l :

generations of sulfides such as nearly monomineralic chalcopyrite -

&

(SR
-
A v
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veinlets cutting m;uisiyrc pyrrhbtitrc:b-.pcntlanditc—.chalco'pyrite. Pic,c‘es_

H
”

of about 3"x3"'x3" were taken for mineral separation and preparation
: : Lot S o i ¢
v N ] “ L
of polished sections which were used for point counting to estimatg .
3 . ' . : . o

modal minecral proportions.

~

.« The gencrhl téextures of the four goexisting min‘er:ilr:s_,.

. 'i'ncluding;, pyrrﬁo’titc. magnetite, chalcopy'rﬁi;c, and ;ﬂ:n;la‘nditchrc

shown in plate. 4-12 Cha'l(‘:op;;tit“c and most of\Pcntllandif_e- are granular

P R - . i

a and.‘arc rcadily scp;_;:.ible from pyrrhotite. _S-o.mé'pc_‘ntla‘ndi"te, however,

~occurs as thm rims around pyrrhot:lc (platc 4 2), or as lamcllac

1

,Ialong crystallo‘ﬁ;raphxc plancs in pyrrhot:te (plate 4- 3) and usually : . o
u . . ) ’ o

presents a pgohlem-m scpar:\hnnl. o R ®

S ' . : - ‘ o
s . A flow chartKLor the mineral separation is presented as

figure -j-—‘Z.I ‘ Co'mposit;:- grains in -1'1'19_ final separates were removed
by hand picking ‘u'ndcr_thc"b'inoculaf milc roscope 5o that, the final

. FR RS

mmcral scparates v»cr(: ncarly 100 pcrc&nt pare. Bccausc the vcry
: - - f

»
’

'fxne quolunon pcnﬁmm&;tc lamcllac in pyrrhontc cannot be rcmoved. R

‘a 9mall portmn of thc pyrrhot'tc Was gram mountcd‘ and po:nt countcd

P v i A

_to determine the modal pch«iﬁtagc o!"lamclldr__-pcntlanditc'.f Pyrrhotxte
. ' ' ! .o .

. L . . . : Lo = R )
‘noble metal values .were thenicorrected for, such pentlandite contribu-

A

tion.. - , . L _ : “
. . . . “
. a
5,
ks 13 2
< .
' - %
@ 8
S > / ° h}
i
¢ . + o [ . . )
< o N a e a T 3 '
- R .
) . fre, L.
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2
Plate 4-1. Gt.m:ral tc-ncturcs ‘of the four coexisting mmcrnlq - -
_— pyrrhotite f(!.;rk golden yol!o-a., upper), mag'lctztc. (s,rayi,.
_ o _ch‘alcopyntc (goldcn ycllow, lower), :md pcmlan(inc
. ‘ (ycllou.), ’{2-6 N P : _

.

Platc -2, Pcntlandnc {ycllow)’utcurs as thin : rims around
. - pyrrhmxtc (dark galdcn yellmv). ‘C:)Z

. -

-
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Plate 4-3., Pentlandite (yellow) occurs as 'lamellae along cry- '
“-stallographic planes in pyrrhotite (dark golden
- ', L . *.
* yellow), X52,
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4.-1-2.‘: Composite Chip Samples.

Chip _s‘a-'mplcé consiating of pieces -approximatcly' '2”x2"?

. - 2 ) .. - : - s,
and covering about 50 ft on both sides of the cross-cut were collect-

ed systematically at intervals of 50 feet. A shorter
# ) . ‘

_interval was taken if'warranted by chén'gé in rock type élong the’

cross cut. Each sample contained ten to cleven chips. which were

subscquently crushed and mixed prior to sulfide separation.

" The sulfide was first gr'avitational'ly goncc_ntraté_d by'

means of an cl'utri_a-tor (sce' Keays, 1*968__£or~diag'fém]'to yield a .

. heavy mineralfraction consisting of40-70 'perccn_t_' sulfide. The

rough concerirate was dried under an infra-red lamp and pyrrhotite

L
“

together with a very small amount of magnctite rémqvcd with a hand

ﬁjaghél. By rcpcatcldly pic;king up pyrrhotite and lclziving be'hind‘ the

.~

non<magnetics a pyrrhotite concentrate of 99 percent purity was -

"obtaincd.‘ - . R

. ‘based on measuring the de

e g —

4-2..Neutron _.é\c_th_ation Method
4_—2-l.'_Cencral'Sta,tcmc,n't S et
- . . ‘é ;:‘ ) ' . T

"Neutron activation i

a method of clemcnta.l,‘;inalysis

. fadiatio'n o{;-afprdduci of an (n,y) re-

w

action.  The activity A in disintegrations/sec induced in the sample

" from N target nuclei- oft“a‘-g.ivcn element c‘icpcndg on the.flux ¢ in

"
y -

53
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-

2, A ) P
" neutrons/cm /sec, the effective cross-section O of the activation .

. L 24 2 : : .
reaction iln barns { ] barnr10 " ¢m ), and the decay constant X in

gcc-l of the newly formed 'radionﬁc_lriac.' Thus,

o

A ;@(E)_O'(E);\I(!-c-}t) - . - 1)

— - ' - . . -

where the neutron flux and effective cross-section are functions

Fl

" of neutron energy.

The nuclear reactor is by far the most important source

. .-

of neutrons for activation purposes. It produces neutrons of a very .

wide energy réngc from 0. 001 ev to lSlMcv; includiné, Lhérmal,

é.pi'-thcrmal. and fast neutrons., Thermal neutrons are those which -

. _ . - ‘ : !
have 'rcach;-d'thprmaliéquilibr'ium with the medium and ‘have a Maxwell

.

velocity distribution with a peak at 0.025 ev. Epithermal neutrons .-

are, t.-hos‘r;.which have been partly modcrated but are not yet at
thermal cquilibrium with thc--mcdiu._m; " Fast ncutrons are-those

+

with energies greater than 0.5 _-M_cv.

. o . j o Co . i
- The effective. cross-section ¢r, according to Westcott's

— .
. 'S

- (1962) convention, is given in terms of a thc:;wm;ilrcrws-section

o, with correction for an epithermal component given by the . L,

>
by

s

" . relation,, -
Roranoh.

LI ' ' ' - -

(2
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a

where g and 8 are dzmcnsxonlcas factors (sec compxlatlon in

!

CRRP- 680 (1957) and AECL (1962) by Wcstcott) and ris a measure
of thc proporuon of epithermal to t_hcrmal ncutrons which varies

‘from rcactor to reactor and with position in the reactor.. In the
R ’ ) ¢ o ' ‘ . ' - .
McMaster Research Reactor the epithermal to thermal ratio is

S - o
0. 059 according to Tong (1971).

"

’I'ong also computcd thc neutron spcctrum of the McMaatcr .

- . . ' 3 - . . \' . ".
- Research Reactor for a total flux at ﬂxIO 'Ihbe spectrum is shown, \

i
&y

in figure 4-3. It is.pertinent to notc'that_thc_ epithermal part of the St

spcc'trum plays a significant role in the irradigﬁon of nuclides
N ' ' 197

with atrong epithermal resonance peaks such a;s Au.

© 4-2-2. Sample ar.nd Standdrd P_rcparaﬁo‘ns o ' ' w -
| Rri‘or to .irradia_i.tion t'hcy'éar'h—pllc' \;.-as .grO'qur.ld to powder " - /
in lé‘n-agatc m-or-ta-r under nc_'ctonc. to mi-r;uimizc po-ssfib,lefa‘elfr-
- s}_xi;:_ldin'g é'f!’écis d;té to sam.prlc 'inho_m‘qgcpei.ty. P_o'\;-:'dé'lrcd aami:lcs
_of 50.t0 2Q0 mgk—‘v;'_c‘rc vj._-cigliec.i: "'_in-to-_ 3 rﬁm OD x 2 mm I D, jquartz. .l /

i_lr{nboul,eé which were scdlcd with 'po‘lyc‘thylcné plugs.---
o Standard solutxons were prcparcd £rom Johnso;n. Mattbew

~ “and Mallory“"Spccpuru gold foil, palladium sponge;. ,'platinm sponge,.f- '

“

L and ammomum_chloro:ndat_e. Foll_owing the procedure of Crocket

a

'é"t-éi»(l‘.?f)‘)). gdld; .pallsaiu'm, and'iridiui*r:x were corbined into a nai_;:gl@f*
‘m in IM HC1 while -pl'altigum was pre'parcd ,sé‘pa:r.étcly. The final
concentrations of the flux nsonitor standard solutions were 0. 02438 mg/ml

. R ;o R . o
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Au, 0.4048 mg/ml Pd, 0.5665 mg/ml Ir, and 26.38 mg/m! Pt.
. The density of the solution was ;!ctefmincd"with a pyc;:omctcr.

. ~To prepare standarda_fc;r irradiation-ihe solutions were
,in-troduced into -wc.ighcd an;xpoulcls with a capillary pqucthyicne
pipctte. | After -rc\%'cighing ‘t'o obtni.'n_.ﬂ’)c weight of so&lution.- about

50 mg éf .i»‘ZO(.) to.~100 mesh quartz 1;<)~.a-.r4ie"1'l wla.:;j added to-_a_bsor;b the
aplu-t‘ign. 'I'hc arr‘xpoulcs. werqmthcn put m a .dryin;; oven at 650-‘70°'C.

. dricdlovq:_x_-nig‘ht.- and scaled with poh,'rcthylcnc pl'ug_é.

4-2-3. Irradiation’
~Table 4-1 prescnts the nuclear properties and producti'on“’-

factors for Pd, Ir, Pt, and Au. As sensitivity is dependent upon

- induccd activity, .t_hc nuclide'-wi'th_ the higl’_xcst’ yiclgi is the best for thé o

8

The quartr pov.der was prcparcd from cruahed quartz tubmg uscd for

ampoulcs 3. P _ ‘ : -
The produc'uon Iéciﬁ_r P.F. is defined as o A
| © p.F. =22 (hé"‘l‘fxr) L S (3) /
w [ : . . g . .
. ‘ ) ) . . _," ) ) }
!
The producuon factor of hrst daughtcr of 5pecxcs lis dcfmcd as |
: . . :
. : : - N 1 s J . =
P.F. = o3 {1+ 2 xlt:r - *"r'-**c 2-"‘) L (4)
o W )\rlz_ - Xllz . .

=]
]

!’r;u:-tion ahundéncé'of thc_ target nuclide

w = physical.atomic v.c:ght - . I
Mk 0. 693 /half- hfc of the. induced, radxonuchdc
\2' = 0, 693/half-hfc of the first daughtcr of species 1

o= xr radlat;on time -~ .- L oot
r- : . ) ) ‘ ) - ". :‘/ R ‘}i
o= effe'ctit?c cross-section
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: L : 109 . : 2 :
element concerned. Fdr this reason 9F’d, 19411-. and 199l:’t were.

used for the rcspccﬁvé'clcmcnts..., Dcspitc thlcl";some“"hat higher:yieid

4 192
{ ' Ir, ? Iris preferred bcca.use of thc convcmencc of the long hal.t'

life and its distinctivc gamma spectrum

D
Ko
' ¥
Samp lcs were irradiated for tcn to fourtccn days to

' : . 192 | . - .
produce sufficicnt K Ir and 9.?Au activities and cooled for four‘days

to z'-cc,igc_q.)lmqtri:"c activity. “Phey were then re-irradiated for tj.vclvé
hours to pro/c}.ucc -~ "Pd activity, and then cooled for six hours to _
" ) - ° ) 4- . .
P . . . 109 192
reduce Vsho,x‘"t-lwc_d activity. The saturation factors of _ Pd, ir,
199 . 98, o S R
" Au, and’ Au following this irradiation scheme allowed simultane-.
. ous l‘malyﬁin" of Pd, Ir, Pt, and An (fidure '3-4), ' - ‘ e : .

"=

4-2-4. Chemical Procedures

A ﬂow chai't of thc'proccdurcs is pres¢nted as figu-r(;' -}-5

Itisa modu’:cd schcmc for Crockct et al. (1969) Th‘é purification -

1’

stcps for Au. Pta. and Ir are largcly ormttca for the a.pplxcatmn o[

gamn&a-coun'ting wh.iéh' docs not requirc hi_gh ratlipchcmi'cal'purity._ L

Hov.cvcr._ p.:rxf:catxon with respcct to Fe in caae of Pd, and Ag in case R

l

of Ir is rcqmred for- thc long :rradzat:on pr_-nod a.da.ptcd in this rcsearch

The procedurca v.h;ch havc alrcady bccn dcscnbcd in dcta:l by Keays
' ! o

| (1@68) and'Croci{act c_til {1959), will only be prcscnted in stepwxse ‘ Y

fashion for continuity,

%
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4-2-4-1. Sample Procedures

. to the cruciBlc. add 2 8m of Na

: ZM HCl to transfer Au into the' HC1 'prhaﬂc and evaporate

: _'"off clhyi acetate.

onto'a Rexyn 201 (C1) anién cicchan'ge colqmn.'

"_Elutc Ir wxlh 120 ml of 6\{ HCI.

by ethyl acetate extraction.

62

Pipctte carrier solutions into a zirconium crucible

and carefully cvaporate to dryness under ';fxn infra-red

lamp.

' T_ransﬂ:r the irradiated éamplc.,from the quartz hmpouie

.

L)

2 2 a_nd 2 gm of \aOH

pc!lcts.' and fuse on a Mcckcr burner.

Dissolvé the fusion cake with distillcd'HZO and tlfg:.:;t with

aqua regia ar'_xd‘ conc. HCI to convert to chloride,compiexes.
’ . : R : o - .

" Dissolve the chlorides in 0.5M HCI containing 0. 004

moles of ceric ion per ml of solution and feed the solution.

Elute Pd and Au'with 120 ml thiourca in 0. IM HCI
solution.

Add concentratcd \H OH to dcstroy th:ourca and prec:puatc

' Pd and, Au as sulfxdcs

T

" Convert Pd andr“mi- sulﬁdes,to chlorides and separatg Au '

Ny . } . -

Contact the Au-acetate solution with an cqual volume of .-




10.

i1

12.

13,

14,

,to an a_lumu;mm' pulan;hct for counting.

. Take the purified Ir into 2M HCI solu.?.ionr___and reduce Ir to

. Procedurecs for St'andard' '

" inside. of the afmpoule with 6M -HC.I to ensure the complete

. . ! .
Add hyd'.roquino"nc'to r'_cdqg:c Au to the mctal,.wash

. - ' [
¢ . . i TR R [

-and transfer-intoca {)rcweighcd vial for counting.

Purify the Pd-HCl solution from step 8 by two Fe(OH),

o ! o o
_acavenges to climinate Fe acﬁvity broduced in the two

2}

wéc‘k irradiation Thc dctaxls of thc Fc(OH) scavengiﬁg'-

were. dcscnbcd in Chy: 3 M Sc thesia (1968)

. Take thc punhcd Pd into 1\( HCl solution and prcc:pxtatc v

'_ Pd thh 1. 5‘" dxmcthylblyoxxmc in cthanol D:ssolve.;- e

.o

rcprcc:p:tam—. 'uash and transfcr the Pd: d:m,;hw,tlglyomm t —

fF’urify_ Ir from step 7 with two AgCl scavenges to eliminate

Ag activity.

the mctal with Za powder. The Ir metalis washed and |
’ L. e, ’ ’ ' .

transferred into a-prcu-c'ig.hed vial for counting.

. . : ' . - n \n ‘ -
T )

Immerse the ampoule containing standard solution doped.

quartz pdwdér in aqua regia for 10 minutc"s‘, wash it

thoroughly with dzsullf_d H,0, and rcpq.:st Brca’k_-thc

Z

| ampoulc and cmptv, thc quartr pou.dcr intq 100 rnI beaker

v

conta:mng carrier solution’ for cqu:hbr,}\uon.' Wash th?‘

‘removal of the absorbed activity.

B




. ' . . . A s . "

. " - - N t ~ . . .

2. Purify the standard solution By putting it through ion
. ) R ' o LT,

exchange colamn following. the same procedures as for

" sample, :

3. Au, Pd, and Ir are scparated and precipitated by following

L o the s_arﬁe ,proccc_luff;s as for sample, -but;thc pui-ificatioﬁr

{ - "prpcedurcs ‘for-"‘fﬁ_‘rdi and.Ir are omitted. - ) .
“ 4.- - Pt standard is first equilibrated with carrjer and the solution .
‘ L s T o ] , _ - . :
“thus obtained is “c:onta'ct_cc_i'v.'i-.th cthyl acetate to extract Au - .
e 199, X 98 Ay e o
containing Au produced-from *  Pt(n,f). Auis pre-.’
- . e A e e ' -
7cipit‘!a,ted‘and transferred to preweighed vial for counting . .« -
. “as for sample. = o o S
4-2-5. Counfing and Calcdlation, ' "+ .

42541 ntatio: SR ' Lo -
~___/=3 \ Instrumcntatmr.] R ‘ - , e

.

} For beta, c;ounting a gas "flrb‘w Gciger'-'M—uel‘lher ‘counting tube

. P - . I R *
' with coincidence shielding was used. The detector had an average '/
,.|‘ ) . ] - L . o ‘7 . _ : . "-v - . . ‘.\ ‘L.“ ) 2 r
 backgruund of 2, 0 counts/min. dnd a window thickness 150 ugm/cm . .
Machine drift was monitored s}'ith_a_dranil.z_fﬁ standard source. Dead-
. tirfie corrections werc upnecessary for count rates up to 10,000
Y k¥ ) .' . e T . i o ‘i‘ ‘-_\' ) . N .
counts/min, e /> o o .
w e T w ’ ol A - ot -
o - .!-o cu . EE f . - K . : .- B
o N . , ) : . . .
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For gamma coung’ing.a Nuclear-Chi'cago' g\amma counting

4

65

-system utxhzmg, a wcll typi: 3"x3" \IaI(TI) scintillation dctector or a

'_25 cm Gc(L:) dlodc. an anlxlog ‘to d1gxtal converter, a 1600 channel

& \
3"
4

mémo.ry,' and a lclcty_pc pap‘cr prmt out was used throidghout the
rescarch.

)

T. _ "'rhc N:u('rl)'de.zectof had the higher sensitivity, while the.

r

Ge(L.x) dctector h.zd hzghcr rcsolutmn. A__s“sépsitivity."was the rﬁaj'or

‘concern in this rescarch, most of thc samplcé were counted on the -
Nal(T}) detector.  The Ge(Li) detector was used for samplés with.

© . significant ;adidcontaminants, and in particular for low level Ir

R ' , : . .. 1llo |
~samples where long lived contaminants, particularly -~ Ag, were
I\_ ) . ) . ] ) - : - ) " ) .
signifitant.
- . ;
" $42-5-2. Evaluation of Photopeaks |
. . - ) RN T . " -

In the gamma spectrum obtained from ‘counting a mixture

° . . -. C H - . "
" of radionuclides only the highest energy photopeak.is {ree of inter -~

%

<

Compton continum. -In order to measurc the peak height df a single

K . B . . . . ' u -i‘ ‘ ‘ B o oL
: photbpcak, .'1‘ line cx;rapélatmg the continuousg spectrum unde _the‘ o

"photopc‘m rcg,n,on is dr.w.‘n as 5hown in hgure 4-6. "To E‘galg_a_tc thc‘

Y

arca  Between this base-line and th7 photopcak curve, Covell's (1959)

T

numerical method wasused. _ . I
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The background li_ne.' divides the photopeak into two areas, .
N and Q as shown 1n figure 4-6, Let the count rate measured in the
- L - . : s "
channel corresponding to photopeak maximum be a s the count rates;,
measured in ncighbbufing' chinncls to the left. of the axis 'bc“al., '-a.z.‘
.. an ana on‘th.é right side'_b_l. bZ' e br'i. fhc;n the 'are'a"N'cquals
" N=za+fFa+Eh-(ntlf2)a +b ) - o . (5)
: o . i, i _ n n o - ]
o ni=l i=1 ' ' -
The mean 5qx;arc_ deviation of this value is
a o :J Nt(n-3 /2 nt)/DMa +b ) . ©(6)
“and usually is less than 1% and thus-wili nblt .c_dn;rib,utc significantly "
‘to the :aﬁalytical crro_‘r-. - T S .;‘ -
- . . f . R " . . " -
S - 192, . 198
" Thé 316 kev and 412 kev.photopeaks of ? Ir. and ? Au

. ._ ""'.'" . . B ! r . : ) b . . R . - VJ- N
respectively were used for meagsurement of these elements, The
, 199 STV
158 kev radiation from ~Au was-used for determination of plati-
. . ) T . ‘ ' _' - . . . ) -
-num. Howeéver, the 158 kev radiation can be produced not only from

‘)th(n'm but also by the reaction, 9_,Au(2n.y).,_ The proceduires

b

o e ST ' 7 . T TS .‘ N LT ’ “.'“: P ‘.‘4\-.
for dctc;mina‘xiozx of platinum .radiation in the 158kev regionis  ° .
‘ illustrated in figurc#-"t‘_. ’ ”
: ﬁ‘ o
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Xisa sa_mfale e}pect'rum’ with a 412 kev photopeak from

o ST . ) o . . 1 7 e

198Au ra‘diation produced from the 9 Au(n,vy) 98‘Au process, and e
199 . |

158 kev and 208 kev photopa_aks frOm 99Au radiati'on_which is pro-

duccd from both 198 Pt(n,. - 199pt L, quAu nd l97___Au(2n,y) 199“‘&u

_proccéécé./ . Y is a pure Au standard .spcctru‘m with a'Jmajor 412 kev

photopeak from 198-}\11 radiation and minor 158 kev and 208 kev
S : R

.

p-ohotopeaks from tﬁe !Q.TAu(Zh \-)lggAu p?oc-ess ohly. If 'tﬁe 412 k-e“v |
photopcaks frorn both X and Y are sct equal, thcn the 158 kev or -
208 kewv phompcak due to Pt (that ig from the 198Pt(n,y') lggPtJ}—) 199
‘proccss) v.:ll “)e ,the photopcarc areca under X minus photopearc a.rea.‘

‘-n.

" under. Y as indicated 'by'the sha.d,cd area. As the 208 kev. photopcax '

-8 rather small, orxfy-_fhé_ 158 kev photopéak is Udw [o_r_ pl_atmum ‘

y

' mcasurem_cn;.- .
S B _ .\\\f .
oA Z 5-3, Decay Curw, Analw,sxs M ‘ _
| 109 N oy
: Actw:ty from Pd beta counnng was cvaluatcd by .

graphical analysis of a decay cgurvc. The main pu;posc'was to
" subtract any {bﬂg-livcd‘radirotontam'in:ints.

.. . J - ' N . . -

Pd samplos were uau‘}lly countc.d aoout 30 hours after

. . - Ii

the end q_f‘thc ir-radiat\io.n‘. ’I'he 22‘ minute’ Pd a.ctw:ty had already
‘ ‘ Ce ‘ o ‘ . 1109

decayed and, in most of the cases, the 13.5 hour Pd- decay could

| bc.'follo'v;'-cd for four or five h;alf'--livc_z'z_ before the activity from long- -
< . . -‘.» T . - T ’




/ P ‘ ~af
. ; ‘ 20 '
lived contamindnts-becpme significant. The long-lived activity was
* ) . . ) . . - P ) ) K3 o
. . 4 - - »
followed for one or two weeks and the activity extrapolate back’ »
graphically to to(timé when cognfing'stért‘éd)-and subtracted, . The
long_-li.'ve_:d contaminants were usually less than 5% _p'f the t6'£§1" : )
. . - =" . ! o ‘ 3 - - .
activity. o ) : R o T
There are t_hi':_:‘c other potential s@ufccs of error in the Pd '~
- o 109 e o235 o
determination. The first is Pd produced .from ‘U fission.’ -

" This interference is not sign‘i'fic__ani in sulfides '(Ci-oé:ket_, 1971). The

s

second is 12.9 hour ~ Cu., The similar half-lives make-it impossible” -

to resolve these nuclides by decay cd_rvg-an“aly'sis. ~The preéesent .
analytical scheme has a decontamination factor of at least 5x10° J( :
“-for Cu as determined by experiment. The specific cross sections -
} . ) . - A S S : : .
. : L 64 109 _ .
{(o"x percent isotope abundance) of ~Cuy and ° . Pd are similar, so:

o L -

. & .
that a 5x10 Cu/Pd ratio would introduce a maximum error of 17%.

[

‘Thus for a maximum Cu/Pd ratio of 10 ' as encountered in chz.xltco__-
Pyrite, a ,maxirh\im g:rré)ruof 2% could arise {rom th?s source. - The .

"third error involves sclf_adsorf)\ti}orr of bc'ta'parﬂ\c‘l;és in the counting:
“source. A calibration curve fgr_ beta adsorption as’a function of -

| .wctight of Pd dinicthylgltyoximétc is ;,;rcsg“ntcd in DAppc'ndi-ic A, Fora
- Lo k] : . N .\\ - . .- . . . ‘ .

chemical Yicld'(-iif_fcrc.m:(_:'-bét»{'cch sarﬁple" and _stapda:;'d of 10% or , =

\ L.

'less, this correction is negligible. S e N - T




N
2 5.4, Calculatmn

Knowmg the achnty of the sample a and the atandard

Ao from cxthcr a g&rnma 5pectrum or from beta decay curve analysis. "
: the chermcal yxeld of bot’h sample Y andlstandard Y, the we,%ght of

K

sample‘ irradiated m and th\c we:ght of me_tal in fhe standard M.

]
'A-.

LR

he mietal content C in p p b. in the sample can be calculated by the o

-

Bimple.re._latipn, L } . .
. . ) . N N - R ) - .
Mal.oY ‘9 St - . .
C_'z‘,'mﬁ‘y"xl_o Lo T . S )
L 3-2-6. Cb\rxt:rol of Aceuracy . . . i o
. - .- i '__' A . L '4. v JK . .
The natural var:ablhty of the noble metals is known to he
. 13"_86'and.samplc h_om‘oggncfty pr‘cs‘e.nts_ a major— problém for many

1

materials.  In this study two di_ffc{g.nt analytical p"rograLms_-'wé}re under- "

- taken. Firstly, for samples from the 2750 c_ross-cut;r/epres‘entiat'i.;ré: :
o averdgé: noBl'e.'metal values were 'ciesircd':.-so that natural variability
was a .péic‘ntially serious prohlem. -Therefore, each sample was.col- .

. Fo . . . T . ‘ . - " s T .‘ . - .' ) B 3 i . !
Icctcd to be*'rcpre‘sentativc of' a lafge area (appr.qxxmatcﬂ\-{s\o square .

feet} by takmg a Iarge numbcr of cths over thc desxred [ace 'An|
cxamrra.zon of the data in table 5-8 for the 2750 crosa-CUt mdxcates
< v . i
-that some sanpplcs-, _ p];lrtic_ulanly t.hoﬁ;: ‘char‘actcrizi“:d by:high noble

. - . . ' SN o - . T ' L ) c
metal“values, |yielded rather imprecise results, Inthese cases, L

N




R

. 5: ' LT d
where a significant measure of sample inhomogeneity existed
 despite the samplitig technique used, réplicate analyses {3 to 4)

wére necessary to cstablish the significance of average values.

L
a . .

“Secondly, mineral separates wery analysed to study noble metal -
partition. In this work sample preparatig')_n_\f_ariabil-ity, Ii.’.'afs-'a major. |
concern. Composite grains and very fine pentlandite jlamellae in

\ : .. 2 (] o .
~pyrrhotite were significant sources of variability. The former
wiere removed by hand picking under a binocular microscope, while
the latfer were estimated by point counting polished grain/mounts.-

- . . T - s o _" - -

" .Despite these precautions,’ ;.xp to 1% pentlandite may persist in = - :
‘ cha]cop_w,;ritc._ However, as partition of noble metals between pent-

1andite and chalcopyrite is always less "_than a factor of 10, crrors

from this source will not exceed 10%.
. . ' . . ]
3" The prc(':i's_ion obtained over the course of the study

is estimated by computation of a pooled variance (see Dixon'and

Ma._s.sé\,:. p 109) usiﬁg data for those 5amlp1cs for which rcp_li'c'atcv R

5

analyses were carried out.” This precision estimate is compared

i‘n 1:!'31(:" ‘:--_.?.‘\-.-iih'thaz reported by C‘rockq,t et al. {19.68) for r-cplica.te cl'e-_

‘terminations of'these metals {except Pt} on the standard rocks G-l

and. W-1, . ' I oo

i
.
o
—_\
L
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Table 4-2, Comparison of .Colefficicnt of Variation for the =
Determination of Pd, Ir, Pt, and Au in Strathcona-
Samples, G-1 and W-1 (%) ' C

g

‘ Samplc Ir;veétiga_xto:j Pd -.Ir;' f’t A_ul
St-rathcoh';fl ' ‘This s{udy .-21 24 30 16

G-l  Crocketetal. . 17 18 .27
Ww-1 K -C.;ro.ck'ct é’._'é_l_. T 1o 19 -~ '7’12

4

The comparison shows that the precision é¢rrors for Au and IT.

in the Strathcona .-sampi‘es_a.re,within the same range as G-+l and

. W-1, but for Pd are rﬁuch largc‘r. .As avery similar cﬁem-icalr

procedure was used, the highe'r error for Pd in the Strathcona

4] L}

samplés is probably related to factors other than chemical pro-

‘cedures. In particular, the fact that fairlfy‘lzrx;ge ranges of Pd

. i . ) " . R o
content are found in these sulfides may give rise to the larger

: - . ! : S : ‘ T .
precision errors observed for the Strathcona sulfide analyses. -

¥




CHAPTER 5 -

- DISTRIBUTION OF THE NOBLE METALS - o | Sy

>

5-1. Distribution of the Noble Metals bctv;'ceh Co.existing Cre

1

Minerals'from the Decep Zone Ore

S | _The deep _zbne-ofé was chosen for ‘this type of 'stu'dy’

]

because:

[
o

1} Four minerals, p)lrr'rho’tit_e -magnetite-chalcopyrite -pentlandite, '
are commonly found together in typical deep zone ore.

.:-?'.) Thc. highest Pt,‘PH, and Au values arc found.in the deep :},one :

: : ‘ . : R ' ' ' | o t}
3) Pentlandite occurs dominantly as.rim pentlandite surrounding
: _ 5 4o ‘ _ @t 1
. R . ) . l ) . . ‘ ‘
R pyrrhotite in sufficiently coarse aggregates to allow its separa-

ore.

tion as a discrete phase.
. . : I S

Further, as compared with.the main zone, the deep zone sulfide

i)

- minerals have an increased grain size and gontain more magnetite

v

and'chalcopyr‘itc- which fac’ilitai‘e'mincr'a_l' 5cpar:§'tion.

Pyrrhotite; magnct:i__tg, chalcopyrite, and pentlandite
i&'cré_ scpirated from six massive sulfide samples, three from stope .
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D-1,:two from stope D-2, and one from..stope D-4. They were analyzed

.for Pd, Ir, Pt, and Au. The samples are located near the.lov.-'t_:,st por -

- tion of the deep zone as shown in figure 4-1.

‘5-1-1, Modal Ar_\a-lysis of the Deep Zone Ores

“The massive sulfide ores from the three stopes were

polished and point counted to establish the modal percentage of the

o

"ore minerals. The modal data permit an _pstirﬁate of the propprtionjsr‘

3

of magnetité'and‘_pyrrhc}titc solid solution to be maHé and thereby to

i . . N

consider noble mctal partition at liguidus témperatures. . The 'rcs@s e

. o : . AR

care p::,ej:s_cn'tc;d as table' 5-1. The assay values for Cu, Ni, Fe, and S
‘ ! . ' c e . ’ N .

in the pertinent stopes were kindly provided by Falconbridge Nickel” -
Mines Limited.” Comparison of mineral modes dt':t'erminedkby Jpoin?
B :- * . " . . 3 . . -

counting and chemical assay are presented as table 5-2.. The compari-,
son provides a check on the point counting. ™ The disc repancics of'the
two independent estimations reflect in part the heterogencous nature:

of the ore -ming:r‘:sl' distribution in the decp zone ore stopes.

5-1-2. Paragenetic History of the Deep Zone Ore . . o

The paragcﬁctic ﬁstory of:thc Strathcona sulfide }gpincrals

has been deliberated on.in great detail by Naldrett and qulerud_(l?f_;?).-:
' . o St : A .

Kl

. T-hcly c‘orif:ludcd that all of the Strathcona ores were emplaced as a

. o - ) - - . O{ - f _
sulfide magma at a temperature above 1000 C. Oan cooling pyrrhotite

. ' ’ . ' A _' L >
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Table 5-1. Modal Analysis of Deep Zone Ore Stopes Established by Point . .
S Counting ' '
?‘ . . » :E - .
__Po. ' Mag. -  Cpy. Pn. Others
DlA* 78.8+1.1 . 4.940.6  8.240.7 . 8 0%0.7  0.1£0..

- 79.4%1.1 - 4.720.6  7.8%0.7  8.120.7 - . = °
Av. - 79.1xl.1 © 4.B2£0.6 8:0%0.7. 8.0£0.7 - 0,10, 1
DIB . 63.24¢1.5-  8.9£0.9 19.9£1.3  7.7£0.9 = 0.3%0.2

" W 64.9#1.05 © . B.320.9  18.2#¢1.2 - 8.240.9 _ - 0,30.2

Av. © 64,1£1.5  8.640.9 19.1%1.3  7.920.9 0.3£0.2.

) .’ | ) L ,‘ . _l‘ . . . | - ) 7 .v‘. | . \\ . | )
Stope D} Average . . T , o7 o - \\
| C o TIL6x1.8 . 6.6£1.0 (13.624.5  8.0s1.1 ° 0.280.2 -+ . -
D2A 74.32152  7.920.8  5.3£0.8'  9.520.8 ..

' 73.32£1.3 -10:4%0.9°  7.0+0.R° 8. 320.8

Av. . 73.881.3  9.1#0.9 . 8.240.8. 8.920.8
D2B " 77.181.6  2.920.6  8.0:1.0. 12,013
| C o 77.7£l60 . 1.820.5 7 9.3xl.1 xx:ﬁim.z_- 0.1%0. 1 |

Av.. ' 77.4%1.6°  2.3£0.6  8.6xl.1 © 116213 O.1x0.1 . -

) Stoac: D2 ﬁ\'cragc : ‘ : ' . . S ;
b 75:6£2.0 . .5.7:1.0- 8.4xl.4 10.2¢1.5  0.120.1
. . B . . . - i: . i
DsA’ 7 80.9£1.2  6.080.8  0.8£0.3  12.3x1d - 3
, B0.941.2  5.9£0.8.  0.92£0.3 . 12.321.1 - CE
| - : : T . < T L .
"Av. . 80.9%1.2  5.9£0.8  0.920.3  12.3%1.1
DB 54.5%1,7  15.841.2 2).6%l.4 7.120.9,  0.9%0.3 4
56.1%1. 7 .14.421.2 - 20.1#1.3 8709 . 0.720.3
Av, | 55.321.7 -15.1%1.2 20.821.4 . 7.9£0.9  0.820.3a
’ - : - ’ l‘ —_ ) 7 . ’

Sto'Ec'D-i :X#cr,a-i:q . : s . . :
68,1221 10.51.4 10,914 10.1x1.4  0.420.3 Lo,

“ The moual percentage of the same polished scclién.is determined by
replicate counts, about. 1000 pyints cover the whole . section area. - 2.

[ e
f 1



solid soliition and magnetite crystallized initially and persisted to at
: p _

I'cast.TOOOC.."‘ Miﬁbr euhedral p.-y"rite 'may have Eormcd as the fi-rs!t -

subsol_i&us_ ﬁhésé by cxs;'()lutibn frlom pyrrhotite i:clow. 6?SOC, i—!ow; .
éver, in'thc“..cie‘ép ore zlc-)nc such pyrite is extrémely rare. With <. L.
further-cooling cha]co.pyrite and‘opcntianditc exsolve from _pyr.rhotitc'.': °
: Thé, chal.-co.pyritrc ;:xsolut_ion ma'y have dccu’rrjcd* o:._;i_-r a wide tempt":r'a.-‘A

- B
. )
! o

ture r:ngc. fx}om_at lca'st"r'OD{-)Q to -}QO?C- dc{pcmdi.ng largi:!.)',upon.'ihe
_ K - - \ , o

coppgy content of the ‘pyrrhotite ‘solid solution. Pentlandite exsolution

occurs at t_é:mpcr_amrcs,t')clbw'BOOOC_ ?'nd.probébly' gignificantly lower,
-and ié'depcndent largclf upon the sulfur zontent olf thc_“lmélzt." The: PR

zn\c:}‘on of hzbh tcmpc atur!: he\cagonal PY rrhot:tﬁ‘o monochmc \'_‘ ;‘_'- Co

B . N - \

o

pyrrhot:tc ULCLI)‘:: 3ﬁppmrmtrtciy%{}0 C. o
. »

1 - T - A

Most of thc chalcopyntt_ probablw, C'(solv(.d from pyrrhotxte ."_o

: ‘ .
a

o ‘ é - '
- smlzd solut;oq below -130 C and oécurs as slivers- ‘ft thie -na.rbms of or

as lam_cll.fie or fine wisps,wit'nin pyrr_hotitc. d"xrlcr chalc‘opyntc
! ‘ s o o .

’ ' L . ua". © . ‘f . -
" masses represcnt either copper which never was in s_ohd- $olution
. L E L] - AT v !

¢ . ’ : T T . e P [T

: ‘u‘.:“nh.'py'r,rhbtitc or remobilized c"hnlcépyrite‘_. Both types of chalco-

]
r - .

pyrite are believed to exist in the deep zone ores. .
If the sulfur and nickel content of the pyrrhotite solid ’

1 -]

solution allowing for exsolution of chalcopyrite, are cstir‘na_%éd'by . ; V-

P t

* combining pyrrhatite and pentlandite as .a single phase’ the are _l:rom L




. - . L ' X 13
3:opcs f)'«l ') 2, and D- -i conta.ma 38 8 38 6 38 -}"’ sulfur and
- ]’ .
3. 87 -i 58 5. 28“'. mckcl respc;\ncly A plot.of- thesc values on
l

" figure 5 1 -cproduccd !’rom \Taldrctt and Kuilcrud (1967) showa that
Iz . ‘\ t

thcae hlgh sulfur pyrrhatite aohd solut‘mna wxﬂ not exsolve pentland.ltc _

~ :
RUN

) abovc 300 C. . /

*Crai'g et al. {1967) constructed the sd}:ccs‘sion of minerul
. Bical assemblages which would !_)u-_p,rodtﬁced by crystallization from"
Ci-Ni-Fe-S melts of various composition as a consequénce of de-

B4

crcn_ﬂing'!cmp;)ature.  The concentrations of Cu, S, and Ni in the -
ot ' ' ; : - . - SR N
L

_Pcr'tincnt' dccp zonce orc stopes égm b'c cstimatcd from the modél‘ data

A

of mblc 5- 2 and the composxtzons of hcxagon.‘:l and monochmc . _ - _

pyrrhoutc'and pcntland@te given by Vaughan ct al.. (1971) - The co’fn_-_-

.

positional estimates arc.presinted in table 5-3. E '
S - o [ e

If these values rkfp,;;cscnt thc.ori_ginnl 5ulﬁd_c',mi:l't'

AR

. L L ! . . . o 7. . ' - . ' . N -
co)ﬂbsi—tion. then crystallization from this melt would produce the,

3

minepdl assemblage pyrrhatite-cubanite-bornite-magnetite accord-

- {ng lcFCraig\ct al. (sulfur poor (<37.0%) anrd copper poor {<5%) mclt),
. V l ‘.- " l . '. . .-‘ .‘ . 7 J, :.‘ . : | l
However, bornite has never been observed in Strathcona mine. As
: avcrnrgé.-Cu in <357 it is vcryﬁhlikcly that'\,c}ialcopyritcr is a pfimary

o high tcmpcxamre phase so that pyrrhonlc aolxd aolunon plua magnct:tc : .

rcprcsent thc asscmblagc prcacnt at hxgh tcmpcrat"urc (approx:matcly

Tl o /
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_ Table S 2 Companﬂon of Mmcral Modcu Dctcrmmcd by Po:nt Countmg l_
and Chemical Asuay (xn v.cxght )

v!”. ‘) Iy .
. ~ | Pyrrhotite | Magnetite Chdlco'pyritc' " Pentlandite
§ ope Point Asspa Point A : Poxm Assa Point A
* “Count 27" | Cou; t 3‘aay Count ssay Count **7°%3Y
v 72 | 6 | 9 {5 11 7.5 |9
b2 7% 172 7| s 85| -9 |'n 10 |9
'3 . - L
. -\‘l ’ (
D4 69 | 70 10 e 12 9.5 {9 -
Tablc 5-3. Conccntratzonu of Cu, S, and \': in Pe\rhncm Dvcp Zone Orc.
- ~ Stopes :
: 'Plcfécnt Cu Percent S ‘ Pc'r_;cht Ni
Stope D-1 . 5.3 36,4 34
Stope D-2 . 3.1 - 36.8 Iy 4,1
Stope D=4 . 4.2 T2 4.2
' --':ﬁ\?c.;-age PRI . 36,1 3.9
NG 7 P =
- \\.\-\“
o B N _




1

700°C). These crit'erin'rc;quirc:t_}mt 'ihe priginal_'sulfur Conéchtrit&qn-

N

must have Bc@p,bctwcc’h 37.0 and 38.5% (with cop/plcr less than 5 o).

- ¢ . - . . ' . - "
The: lower sulfur contents of these stopes as indi’;atcd in table 5-3,

- -~

‘.thcrefqzré. cinn‘ét -repx"cscntﬂ thci,r origi-nal va!uch. A pésaiblé\ cxpiana -

v o
i .

tion. of the. lowcr sulfu; comcnt is that nulfur was lost to the footwall
|’-' L .

g:anin"c gneiss _corhplcx ‘aftc;_' cfr_\pladc;hi:nt of the sulfide melt. ' This is’

compa:iblé with the inc-“rc:a'sihk .t‘rend‘.of'_ aulfur-poor hcxé'gonal py‘-rrhét_i.tc;

¥

; u.uh rcspcct to thc lulfur nch monocli.mc pyrrhoutc towards the lowcst-'

—

pornon of thc dccp zone ore (Vaughan ct l'.". 197!). A nmphhcd

.m;ncral as scr’nbldgc suéccssionfro::h_C;a’.ig ct.al. . {1967} applxcablc K

to the-deep zone ore cqrﬁpoait_idns is presented as f§gurc _5-_2,..

. Based on these ;:on%idcra"tio_n‘k.- the distribution of'the

"npbleé mictals can be considered ifi terms of an initial high temperature:

e ‘WI:.

- event whc'rc' fractionation bctwcen py‘hrhontc .solid:solution and magnetite

Lo

a

hns been of u-nportancc. and in terms of subsolidus cvcnts whérc )
N :

parunon bctwccn pyrrhotite sohd solunon aﬂd chOIVGd chalcopyr:te

i . .
L . - .

and pgntla'riditc selow 450°C has oc_currcd'. For COﬁ.VCﬂiPﬁCC of pre-
R LI ' . ) . c T .

sentat®h, the subsolidus partition processes will be considered first.

4
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F:gure /2 A Sxmphﬁed Mineral Asaemblage Succcss:on Appl:cabl

to the Deep Zone Ores (after Craig gtal., 1967). \_/F




'5;1_-.'3,_.Evid§'th for the Osﬁc_girfchcc of\)qble Metal Partition at
Subsolidus-Temperatures __

. "I'a_bl‘c. 5. sives the abﬁhgia_nccs of the 'noble metals in co- .
) . ' - ’ A ) ‘ . . .l' - *
existing mineral phases. Table 5.5 gives the average noble metal
contents of fhc stopes :md figl_ui'c 5-3 is'a schematic presentation of
e
‘ R
/ Thcrc is an cnnchmcnt of Pd in pcgntlandltc wnth respect

. the data. Irom tab!c 5-5. "»‘ .

to chalcopyn!c. magnctttc and pyrrhontc by factors of 6 140, and, .

"13 dcspcctwoly IH 'partit‘:u.,lar-. thc Pd é,nrighmcnl in pcntlanditc re-.
1au-.c to pyrrhonte is found m cvcry sample analyzed Pt is en-. I

R

riched in chalcopyrite with‘ rcspcct tq, pc_ntl;_:.ndxtc. magncti_tc, and .
pyrrhotitc by-factors"'df 9. 18. and 9 rpspccnvcly A much ;;Jéakcr
-‘cnnchmem‘. of Ir'in c:h:ﬂcopyntc w:th rcspect to pcdtlandztc, magnetite;

and pyrrhoutc 'by factors of 3. 5 5. 7. and 5 3 rcspcctwelyu ob- .

- a'er"-fcd.‘ Final_ly. Au is cnriched in pentlandite with r-cspcct to '
chalc‘o'pryritc. ,ﬁ%agacfiie? and pyrr'hotitc by factors of 8, 28, and 11

rcspcctncly

o

0{ these partxuonu thc Pd cnnchmcm in pentlandxtc

A -
Y z

rclatwc to pyrrhoutc is pcrhapa moat axgmt’:cant. As. therc xs no

doubt that all pcntlanditc Pr:g:natcs by estIunon from PYrrhohte, . R

and as tfne lnghcst pouible tcrwperamrc at wh:ch thm exsolunon could
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Table 5 5. Avcragc \oblc Mctal Content of Dcep Zone Orc
- Stopes (p. P b ). -

-~ Po. ' a Ma‘g.. - Cpy. ¢ ° Pn,
Dt 4.85 3,09 - 9.42 - ..98.4
Au D2 10.05 _ - 2.80 15.0 = 38.4

DY - 277 11,0 - 351 ¢ 333

DI 171 14.5 348 1970 .
'pdtmz 243 2.7 442 2260°

D4 8 17.6 . 250 - 1970

DI .. L79 . 1.8 493  2.26
Ir D2 ,7L33 113, 9.49 C . L6

D4  0.67 0.57 . 6.27  2.04

DI 437 3720 . 2090 - .80l
. Pt.DZ 1020 657 2270, 1090

D4 1059 244> 18600 - 675
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. ™ . ) ' . . B - . . L. . . . .- _l
‘ . . g o . . .
,  have occurred 55 well below the liquidus temperature of this systemn,
. A ] - . . - - s - Fi

& -
v

it scnnﬁ ‘inc'st'apabi'c that the 13-fold enrichment
) _ R o

of Pd'i;n._pentlaz_'xdi-te

bcecurs by diffusion of thc metal ina systemn ‘conlai'ning only solid

-

PR .

" . phases. Likewise subsoli.dgs diffusion appears to be a very important’
'.'p:’-oc_éss in redistributing other noble meials. particularly Ad and Pt,

5-1-4. Noble Metal Parfition at Magmatic Temperatures

" The noble metal content of'pw,.r'r‘rhotitc solid solution at

A - .

y

magmatic temperatures can be estimatéd if it.is assurhed’that all

‘;icnt!ahdi'tc and'ch.alcopyri!tc were initially in solid solution) in pyrrho-
tite.” Thus by adding to the noble metal content of pyrrhotite the -
contribution from chaléop'yr_i_tc équ pcnl:_lahditc,'fwe'ightcd for their ¢

respective modal portons in the oré_. the 'ﬁoblcj: me tal content of

. 4

.pyrrhotite so!ixl_;S'c:lti_tion may be cstimated, We_can'*ih'c:'_u compare
this 'p_s!’imaied noble metal value f_o'r pyrrhotite solid solution with.

-4

thc-mcnsurcd-noblc,me'ta'!-jx;pncc:ntrat.io.ﬁ 1'n f:naf;ncu'tc to.evaluate

Partition between pyrrhotite solid:solution and magnetite at - magmatic

tcmpcrd'_tixrci; . The results are shown in table 5-6)and achematically
.‘ o - ) o » - -”' . .- - ) . .
:presented in figure 5-4. L .,

" All four noblé metals 5:_'6 scen to fratt'ifaﬁétc;ratﬂcr
strongly into pyrrhotite; Pd by 26; Pt by 6, AubySsandirby 22— —— ——

@

[

-
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' pc'ntl.arriditc"and'chalcopyritg.i and Pt between peatlandite ‘and magné— LR

__cussed in chapter 6. e

'
{

the 955 level. The next strongest corrclations are for Au between
. . . e . ) * .

_ landite is the major sulfide _compohént.. ‘Small aiin_qghts of magnetite

are occasionally present. . BN e A

i i -

5 -5, Corrclatmn of thc \oblc quls in Cocmsung Mmcral Pa:rs
¢ a Correlanon cocf!xc:cnta for noblc mctal parnuon bctwefch

¥ “ . . . 1. . : R 3 ?. . - -
mmcral pa:rs were calcu!atcd for all the dccp zonc ore samplc:s usmg

L - Y.

-~

"hc data from tablc 5. -i The c'ocfﬁéignta are pr.cncntgd-i'n"t_z_;blcfs_-?,

Ly

B

_ The strongcst corPélationu‘*arc‘ for Au b’t_etwec‘h'pdw‘}rrhotitc' T
hY B ) . " N ‘.' - /\\ . ' . . A .' s . - . )

and mag'nctiti:.' Au between rhag_nctitc and chalcopyrite, and Au be- T

tween pentlandite and magnetite; thc-‘cbrrclafioné are sign.ifii:ant; at-

i) . . y .

oo : EE T . q P

.. .- . . -

tite; thcag-coé;‘claﬁons éfcfs,igh'ificaﬁt at thc 90%_-18#91 Pd betv-ecg

2 -~
oy o

i chalg.opyntcn and magncntc is strongly cor rclated nega.twely at the

fa . . n
. - . -

95% significant lgvel; The intc :prctation‘ of th_cse corrclationg is dis~
. . r . . 3 ' - . .

aR.

= . . - - a

t

- l- N ' -
j' ’ - . .04' . . . ) E

5.2, Dia;ribution of Noble Mectals in bisscminatéd'Sﬁlfs_d;s._from the

I D Main Rock T)'pcs of thc Stnathcona Mine S

| . .-,/»-1,_

- 1 . -

and the 5ub-layjer a,gd varic,s from lc_su‘-than oric percent i'n' the' Irruptive«

. -
a

to more t‘han ﬁ-v_é' perccht in ihé éub-layer r'ock' uniis.‘ In felsic

[

_norite pyrite is ;‘;hc major sulfxdc componenb wh11c in maflc noratc .
TR ’ ‘ E '
and thc. underlying sub-layer i'qcks .pyrrh’otitc with less ‘than 1% pent--
d _ L . "? o_ ' . . .V B - . . .. ’ o9
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(2750 level which:cuts all of the major rock units rom thc_f;:l'aicnorité -

LRI

To study the diaseminated sulfide,. a cross-cut on the

N 1 .
a. . - . . o "y -

-
of thc Irrupnvc to thc decp zone ore in the {ootv.all gramnc gneiss

i,

complex was chosen. A loml of 21 chxp aamplcs were collcctcd along

© the leng'th of thc 2750 cross-’cut.- _ 'Phc.f_-sulﬁdc was écparatcd.,_from the

.
30

| s:l;calc ma.terml and co-1ccntratcd magncncally to yxcld a pyrrhontc .

. - ~ ,; I_- .
._'"concentxatc of 9-9%;iurj,ty. The analytical A{ults' fot- Pd,- Ir and Au’y-

arc.-’ﬁfc#%nxg'd in té:?lc 5-8 and figure S-S Pt was too low t'o.'tl.:e mea-
lqré‘tj' in these saﬁpics;'

As indicatc& in ‘figurc '5"-5. tHerc’iQ -a very latge variatipn
:n noble. mgtal conccntr.atzons through the prohlc Pd varics bv,.r _a—‘ :

factor of up to 30 Irby a factor of 13, and Au by 30. ,; -
| }-Iowcvct,nf u.-c'grot;p tﬁe g'oc,k um_ts ac_cordin.g‘ tothe

m;j;r _int_‘rus‘i'\{_c_'evéhm wl;ic'h they. f'eﬁri.:gent (aftc’r:Grc.ér._\;;an.l 1979

at;d Hewins, ‘19?,1) -thc.;n 'thc/ average noB’le mctél ;:on?:c:n'tr.atio‘ns can -

be usefully c'ompared' Threc mam rock umu recognized xncludc

(1) the lrrup 7e with the. mahc nonle regarded as thc "chxl%'\border '

Bfoup. (2) ! xenoht}uc nontc and hangmg-wall brcccxa which re-

" intrusion régarded as posi-l'su'b-layer. _ T v

prcscnt a pout Irrupuvc mtrrw:on. and(3) the footwall gray brecc:a |
. .o = B . .
and qulf’idc in the g_.ranitic_ gneiu comp_lcx— w}uch represent a separ;te

W

b
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.On calcu!l. ting the average value and atandard deviation
for Pd,-Ir and Au in these units, it is found that orﬂy Ir is characterized

by statistically different average values: 8. 644.4 p.p.b. _in‘r'nafic‘ norite,

'26.3213.2 p.p.b. in the mafic sub-layer, and 12.329.1 p.p.b. in the
_ o , o o : &
' !odltwa_llk gray breccia and the associated sulfide in the ‘gr'anitic gneiss

. complex. In the case of Pd'and Au average values for thesc units were

. ) B , - - . . -' . . .

found not to differ significantly when tested by:an F test.” ‘These cal - -
culatjons indicate that the Ir concentration profile in the mafic sub-layer |

can be differentiated from that of the Irruptive and foc'),twall'g:a)'r breccia -
and sulfide in a statistically significant manner. R o
Positive evidence that Au is sensitive ,tg'sccond'ary'mobiliz'a-

tion is the distribution pattern formed at the boundaries of a quartz dia-

banc dike intrusion. The intrusion tends to dispc‘t_'sc Au away from the

. -

dike forming a low in the concentration profile at the dike margins
(sce Figure 5-3). ' _  , P - B
: . L . ,-' ' . - e . . .
J !
N i
] ¥
7 - -
1 ‘)




 CHAPTER 6 T

"DISCUSSION SO

. 6-1. Occurrence of the Noble Mctals- -~ o S

A

'l'he ‘n;)bl-q fnqt-al? maf occ.ur as ceiiscfétc: mig'crals of their '~
. own or as iméuriﬁeﬁ in other minerals.. HiO\:_L'i.n'g to Mt}ie'faqt' that no
indi'vﬁidua.'l noble .mefal..rnin_c ral has _yet‘ been idcntit’i_ed in the primary
’ _:pyffhotitc-rﬁagnétite-ghalco.;;yritc-pcnltlandi.tc assemb.l.age (Cowan,

1'96?)'in Strathcona mine, it is concluded that‘most'of‘th‘e no‘ble metals
L. ‘ . ’ ‘ Y . . e

am w3y
4. . Ry
Vel oy

occur as impuritfes of the major sulfide minerals. Itis. gcnerally re-
- cognized that impurities may be incorporated into minerals in thrce

.ways including solid solution, ,soli‘d or liquid inclusions, ‘and adsor_bcc_i
fxlms (Bcthke nnd Barton. 1971). Thc oc'currcncé of noble in’etahi in solid

' solunon in Sudbury copper mckel sulﬁdes was suggcated by Hawley (1962}. '

S
d

"and Cowan (1967). Razm et al. (1965) appcalcd to-solid solution or ad- _

j .
sorbed films 9! the plat.mum metals as. the dormnant mode of occur- -

rente in the Mcrcnsky Reef of the Bushvcld Complcx ‘
| [ 4

6-1-1. Solid Solutj ! _ |
~ Krauapf (1967) dehncd a sohd uolunon as one in v.hxch the

3

aohd rcsemblca a hqmd solution in that zt remains. homogcncous when its-

kS
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components are varied over a‘certain range of fomposition. It ias -

Ithcr,eforc' thcorciically possi"‘t':lc‘-l.hat' the homogencity of distribution

rovide a test of solid

R /e . . - ' .
.solution. In order to make this test a min/ral concentrate of very . -
high purity has to be prepared. It was'shl&\#n in 4-2-6 that some

ks

‘of a trace constituent™n a host mineral will

) . . . ~ } o - . ; . . . . .

error always results {rom impurities inirnmer&l concentrates and
from analytical error, Therefore, to t st the homogeneity of a
metaludisftrribution;by means of direct a alysis is impi'actical.

6-1-1'-1.. l.La'ttic_cl S.qbatitl;t-n‘ion | j’ | . ) o i -
| ‘ Ani_alte-rnaﬁ\;e is t; test wh{fcthcr"ghc __distribu’t_ion‘ ofa
minor consﬁtﬁént S?th‘cen t\;.-o, cdcxﬁnt-ihg ph:i'scr': obeys H::m-'y' s
dilute aldlt’x’tion,liv.f.' ‘ S | . | .; N
K K;eﬁi (19611 has ;hou}n thdt the subati:ution of tx?ace

elcment A foL.a common major component B oI two coexxaung phaaes

i
c of (A. BIM typc ahd B of (A B)N ty'pc can be exprcssed as:

-

- ’ . - N
< .x:u-_.xp M\A?

- _a B, BM
iox@yP °i’A BN T .
“'xA’-xk YA’ B"A Ag o

w,h;:?e X and X a'rc'tb'é molc IraCﬁ035 of A in phases adnd p

A B
a ' AM '
respecuvely. AA ctc. are ach\nty coeﬁ’ic:entu. _and )\A ctc. are

-

absolutc acﬁvzhes. lf we let A reprencnt a trace clemcnt KJ\ denotes .

" the term éontaining'_nbsolu'te activ,i!_:ics and Ky‘thc -'Nti".i_w Coﬂul‘:“’“ts"

=

»
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'whc_rc-b.q&h K terms _depend on Pand T when the ﬁtandard' 8tatc,i;s

_ aﬁeci{i'cd. then eyaation (i) can be simplificd to:

F

a c : ‘ﬂ. —iir
X x%i-xPy -
. A A . . . .. t

5 ¥ A —% - ke, (2)
Xp UXOX, | |

a

- . . X ”
U Heary's Law is obeyed, K, in_cons‘tant, and —2 is a function of -
pressurc and temperature only. Uaually th%apphcs whcn thc conccn-
“tration of A is" véry' low. Aa all the measured noble metal concen-

L -

‘trations are at the p. p.m. level or lowcr. it i’saquitc likely that :hcy_ 1

_ exhibit Henry's Law behaviour. Furthermore, -as all six samples
: . o o ‘,.-"“' .. . D - -.\. R o . i -

were collected from-thc‘s;ahfnc oré lense wit‘hin 30" of eLac‘h other ver-""

.t'.
b

' ucally. it is h;tghly probablc that all wcrc aubjccted to a nearlf zdcnucal _
chperatu;c andf,prcsaure r§'g:mc. Thus, xf it follows. that a plot of the
concen:ratiéh o-iﬂf.' aii élement.‘i'n chch'of two cacmsnng phascs should

y’xcld a strmght line uhich extrapolates to the ongm if chry s; Law be- .
hav_;_our ‘applies. . lf this ia thc case then we mfcr that the element is held L

in_gol’id‘;solutio"n by'lattice substipxtion in each of thc 'two'phas_es._

'I'he partit:idd of four ctements between, four coexistiln_g

By

-

phnua gives 24 part:non coefnc:cntn. Thefstatistical test for the cor- i

-

‘ rclanon of cach pair was given.in table 5- 7 a.nd thc test for whethcr '

. thc regression line pa[,nses thrﬁﬁ?gh th’c-ongm-u given 4m Appendix c. -

Y B ;,‘. . /;)

- H ) . . PR
. o L | . : . e
R ; 1 . . ' . -
R
. B e / .
. LI . /o B
o : ) " T :
/ -
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O

Six of thc 24 dutrzbuuon cocff1c1cnts are ngmﬁcant at the |

]

‘}(I!=~ prOJab:hty lcvel ahgjof thcsc five havc rcgneas:on 1mes which -

S
-~

pass through the or:gxn‘mth 99 "o probablhty, hI'hew,r include-Au between

'p-,'rrhontc and magnetitc. Au bctwecn chalcolpyriic and rriaignctite. Au

between pcntland:tc and mngncutc and Au bctwecn pcntlandxtc and

chalcopyruc as well as Pt bctwecrs pentlandxtc and ma.gncnte. The

plots are hfmwn in hggrc 6-1' 6- 2 and 6 3 and suggcst ‘that Au is in
solid solution in all fou:; mmerala studxcd

| .For the mineral assi.:mblagé undcr'consid;ration .it secr;u;;i -

l""that sample latncc aubnntunon may not bé the only ﬁechamam whercby

o

noblc metal tracc consnments are ujr:o.rporatcd into solids. Two of
‘thc gmm.:ral‘s.. pyrrhotite and chalc-opynte, ﬂre_-known to form deféct
af-rgcturéﬁ ch‘aracterizc'd"by‘rlattjce ;'acancigﬁ. and t.l':ere-fc;éé it is
.";.c.'céaﬁaﬁ.' to consi_dér models in .wfxich la.'t.tibc'é.vacancic'a are ltaken in_to_'
;cco?nt .Alaé.- ‘simple ‘l.a.tt.i'c&c 'subs‘titution_.woulc.i" not lead to negati\ié B v
hncar corrclaﬁon ‘as dxsi:laycd by the’ parutxon of Pd bctwccn chalco-
byntc a.nd_magnctiu:'. Thc:‘cforc. it is suspcctcd that cert.am othcr

mcchanisind"havé caused a_departurc from thc constraints of Hpn_ry s .

Law.
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6-1-1-2. Inducetd Lattice Vacancies

IS ST

Mclntire (1958, 1963) has shown that if substitution-df an
| 3 | . . o : - |
i . - v : 1Y
clement in a structure nccessitates the formation of vacancies, the
. . . - ' ?

'parti‘tion coefficient vﬁll not follow Henry's Law. T_hc formation .of 3

_ vacanc;es in a sohd phauc is rcquxrcd to neutrahzc the ‘charge ;hs-

\ , .‘:'.:f»,
parity causcd by the substitution of an altcrvalcnt element, or bw, the

imcrstiual 'substx'tution of any clcmcnt. Vac'ancies are known to.form-

™~ -

in sulfxdc,s duc to tracc clcmcnt uubst:tuhon an& thctr cffccts havc bccn

¢ ’ i : &

‘J-_

. ahown to be s:mxlar u-rcspectwc of tv,pc of bondmg*{K\rogcr. 1964; and
, | _

R

 Wagner, 1952). - . o

' MclIntire's theoretical development.is 'nurhmari'_'zcd as

-

-

. follows:
- Assumec that a bivalent ionic rni_c:rtoc:o's'np;im::rxt'.qﬂu3 substitutes in a normal
=A‘l site and fofnis_ a subs_titutiénal defect in a univalcrit:_crrystallinc
* solid S of type A A,. . Electrical ngutrality is maintained by * * .~
7 N - e _ 7 . ‘ . (3
“3(1)-"' "20%. %10 - P b

*

1

whcrc ns(?) is thc number of A3 iona subsntunng in thc A ~position in

S"Tafnd'ri;i ‘and"ﬂ" are-the numbcra of A and Az vacancies in S,

&
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Bascd on these assumptiona, MclIntirc has showrp'that - '
v S oS o s . oo
.2 X x K, L
: 1) °719 M . ) : . t . =
e o (L N F
R S Xy o . )

; and xm 20 K(P £ U

where X, is the mole fraction of A ions substituting at the A

31y 17 0he male frachion of By l

site in S and xi‘ is the mole frj&cn'on of A; ions in a liquid (L) o ' 3

cc;cxisting with S. Xis and Xzs ) ai-c the mole _{sactions of '\‘r:ic‘ant _',- ’

:Al and A sxtes. rcapcctwcly. /

: . ' - . -

fls -, ,- .-0 ‘:A‘.Vr. -. .. . } '. . . B l- | -

By combining cq'uati‘oxi_-‘ (4), /(5). and (6), we get ' . . |
T3 Y - ) o Ny
L Li/2 = | Sl
_X3 _ (K +K4X33 | - _ S
Aasumc that-thc cxprcu-ion foi*‘i'thc distribution o!’ clements between a '

solid and a hcimd; as dcrwed by Mclnﬁrc. is 3190 valid for clcment 3
. ’ ‘s
e dxs‘trxbuung bctween two sohd phises « and ﬁ Thc“ '-‘qu"‘““’“ (7)
bccomps’ : ) SRR e !
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.  Rearrange cquati‘oh {8) to the form: ;! . A ‘
. a - k . Lq‘.. s o ; ot
X " : K - X L K-
, i2 a U5 o By
) (""B)’"- e (X, + ;'.-;c-,—) i A (xi + = ) (9)
- x.'.'. : 4 4“-, xVxh - s
3 . . 1 . lﬂ ‘f’ » .
y i n,_x..a oo . X 5 “‘-\0. .
. & 1 a 20 o
et EETE Nt : - . 1o
* x sl x - .:"’o- . 4 , -‘_u _F.' .
' i 10 o 1 , .o . P ) N
. . : _-‘{'3. ) . -. .; . ‘ .~ -‘f:
Bl . . o Y o - . - .

¢

Thun. :f a phane g‘ontmns mduced vacancacs, the ra;io of ‘( /‘{ w:ll

i -
[ . N
.

iné.rca‘ﬁsc _a'u X, i‘nc reases, lf x ﬁ rcm:nns constant lhcn the plot

» W . K L

vnll result in q nu-:nght line uhcrcas 1}')( K varies a cuquilincar?

o trcﬁd wtll bc','pr’odut:cd'.- .The eQu:’xtion assumes that the 'c-ha"rge is o e

ba!ancrd nnly By :nducad va,c:mcies ~and that couplcd sub.sutuuon

AR
2 .

is mngmhcant F'urthcr. thc dxstr;bution of- onc aclcmcnt is aaaumed . S
not to be a!’h:ctcd by anothcr. SRR :Jr o T

L)
N .

' '}_-

ke . Thc correlanon cocfﬁc:ents of X /'*(Bversus \ “jhc,rg a. )

q.

" 3“d p can bc any o!' thc four cocxntmguphancs, have bcnn ca.lculated

-t N 3 -
;" P g . ‘v . \_’

S - The 1mprovemcnt of the’ coréclation coc(hc:cnts !'or thm sohd aolut:on
7 modcl as cdmpgrcd to thosc calcula&cd accordmg to thc latncc sub- S Ly

' ‘stituion-‘-model may bc u‘:cn’-in Labl-c.ﬁ-l Thosc mgnd;cant at thc

& .
Y

i 90,‘« probabthty levcl or hxghcr are underlmcd.a _ o °
» ., / v - . ‘.
= ‘ ‘l'he ublc s‘ho\ys that none of the COrrciauon coéffxc:cnta o

of Au is sigm[xcantly :mprovcd by ;hc mduccd vacancy modcl whercas

1Y

R those of lr, Pt, and Pd are mudh higher.' In case e of lr.‘tgcrcasc in

~ i
. , ) . !
L e 3 § ¥
B ,
L . Al .
Lo
Ty p [ v 2
L . 1
e - . . l
. 5 " '
' &z . .t
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Tanle b-i. Comparison of MNolle Metal Carcelation Coellicients for Different

. SolidSo!uuq‘Qljﬂoh

' -
]
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,cocffn:acnta arc scen m alf five pairs mclud.mg pyrrhoutc or chalco-

[

_ py;-itc: in case of Pt only four pairs arc.higher; in cagc of E?d. lhrce

pairs are hi___g‘u‘::_ while two pairs are lower, but the fegative’ correla-

- -

R - ‘ - 2 L . -
- tion of Pd between magnetite and chalcopyrite as interpreted by lattice
substitution model becames positive and significant at'over 90% level
as ‘in!.érprct}:d' by assur'ning 'th:s.t chalcopyrit“c i:‘onla_ins'_induclg_d ‘vacancies.

r
‘I'he companaon of thc noblc metal correlanon cocff:c:enta

for simple l'a;t'icé". substitution model a_nd induced vacan *f‘mcdc‘l"‘w th -

.’,““ * ) : . ' u“.

How us to cnvisagc thclr\:

t

- . i ) 3
" : f 3 L .. S,
- pyrrhotite 6r chal%nte containing vacancies

state ‘of g:xi':.:ténce; The high coéfficients of A

. -

in lattice substitution oy

\
v

Al T
e

model and;d'_c;: reasing cocfficient in induced va ancy model sqggcsté
that simp!c Iaui'c'cf'nubstimtion is the most fc¥sible sblid solutio_n model

for Au.. "I'hc Iov. coc!f:cxcnts of Ir in lattx /L] subsutuhon modci. lm- .

| -

proved coéfficienin in. induced vqcaacy' r dcl with cuhcr pyrrhot:te A

or chalcopyntc contmmng vacancied, :md the most common +4. _

omdauon state support that mdu cd vacnncy is thc most fcaszblc modcl

Ydr»lr. ’I'he rathcr vamable beha iou\ of Pt‘and_Pd ™may bc the -rc'sults‘

L

" of c:thcr !he:r h:gh conccmratmns whxch allow the :nlcrfcrcncc of othc/r

cations to become nigni!i_cam. or alterna_tivel_)_' their forrham_p_n of b‘onds
with Sc,j: Te, or As isomdrphou;sly hcld' in pyr_i-hotitc or chalc‘opyriter.

. . .
- ) ) . . ~ X
N 1 - - . . .
v . . .
: ) .
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T 6-1-2, h(ihcraldjgy ‘
/ L ’

" The compounds of these four noble metals found in nature
can be grohpcd into ;‘nqia.ll'ic and non-metallic minerals (Parthe, 1971).

The native platinum. métalq and their alloys are ufually found as dis;

v .

seminations in ultramafic rocks as represented by Urals of the

,U’.V_S..S.‘.R. or plaéérs‘ ﬁcrj'vcd frc-)m‘t_hcm 5ucl'1'au;£i’.n tﬁc- Tul#mécn
River d;s_g,'ict. Canlada.. and t}/m C.hca.co arca 6f Columbi{sﬂ._, Mcta..lli;: |
gold is 'wi&’cly dist!:.ivbu.tc'd émd. gcqcrally fou.nd in plac'cr's, hﬁl_rotﬁi;rnial_
ciglposit's-associatcd with a;:idié ign"éou; intrusio.ns;l or in é'rccn'sto'nc_

. .__.. e o , T ‘

belts,
Non-m‘lctall.ic hobl-c-‘mct.'al r.nin‘cra-l:is are usually fo_und>in‘._
n.aturé. as chﬂéo’égnﬁdcu 'an.d.pr.li.ctic‘i.cs u‘s‘ually alssdéi#fcd.. with copf)cr- |
nickel sulfidcq' such,;s”i.n tgc Rull.!tcnl‘acfg Bfiis.trict of ‘S.gurth Afrricar.
l‘t.hc Npril'sk-Ta_lnakh .'-u'evnl c;f:tﬁé U.Q.S. R, an;l thé Sﬁdhury diatric_t
of?anario_. Canada. o B
H .In' t'-hc‘ Sudbury area, three Platirium‘minc__ra._ls have gccn

.

‘ confirmed; Thc?_ arec froodite, deBiZ;'michc_i-léritc‘(Pd, Pt)’fe(Bi,SB);
2 All of.t.ht.:'m come from off-set deposits.

and sperrylite, PtAs
Froodite and michenerite are fogmg"t associated with nickel arsenidc_zs

. - -

in the.siliceous mincral zone of the lower levels ol_' the Frood mine.

Sperrylite was fi::at discovered at Vermilion mine, but the most common .

" .
. .
! : -

A
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" association is at the Frood mine with nickel arsenides, The association

of arsenides .and pla'timirn mincrals with s.ccondary silicates, quartz, o

and carbonates in the off-set environment contrasts rather sharply

»

/ with the more common pyrrholitc-magnctitcQqhalcopyritc -pe'ntlandi'te'

‘ nsacmblagc of the north and south range cnvxronment v.hcrc discrete
: | _
platinum mclal mincral'_s' arec apparently a‘pscnt_; Arsenides are mo‘st
. . . ’ . ! " . - ) . ‘I : ) b : -
abundant in the off-sct environment and to a lesser extent are present
‘along the south range environmcnt. but never have been reported in
thc north range dcposzts {Hav.lcy, 1962)

M:llcntc atnngcrs occur in the foot“all gramt:c gnexss

' cemplcx of Strathcona mine. -—:!'—hcy usually havc a wxde altcratmn

band (Cov.an, 1967), and according to Graham (1964). crystalhzcd

at a tcmpcral‘.urc abovc 380 .C from a rcla.nvc‘ly lron-—poor-;_sulfur-‘.

nch ﬂuxd conw:mng high propommna .of copper and mcn:el.. Graham

bcl:cvcd that thcy rcprcscntcd a latc stage mmcrahzanon related

'\

to the l'o__r\mation of the main zone ore. Cowan (!9‘67) rcportcd that

these stringers containcd minute unidcnt:(ted minerals rich in Pt_, i

-

Pd, Bz. Te, andSc. - S " L

Keays (1968) nnalyzcd some Strathcona sumdes for arscmc.i

His data aFre reproduced in table 6-2. . B C ]

.

Lo
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Tablc 6-2. Arsenic Ciontcnt of Strat(\cona Sulfides

| Ne. of Lo T
y 3 Analyses Range (p.p.m.) Average {p.p.m.)
Pyrrhotite 5 o 2.3-46 - . 19,8
" Chalcopyrite * 5 3.6-530 127

The data indicate that'arsenic is enriched in chalcopyrite relative to

py,rfhotitc by a factor of 6, Pd._.Ir. and Au contents for these sarﬂples
. v ) '. N . ‘ . l . . - [
were also determined and the results indicated a strong correlation

”

~of As with Pd. The qrschic content is ﬁn‘:n‘tlandi_tcl. unfortunately it = -

was not determined.

~On the basfu of minc raidgy, _natural as sociation,' and

-

: laboratory mformanon, it appears that the nobIc metals in Strathcona

. are associatcd pnmanly v.'xth S, Sc. Te, As, Shb, and Bh

Thc parnuon of nohlc mctals bctwccn thc ma;or orc

‘ 'minc'.r.al::s will be nffcctcgi mainly by temperature, prcfssur.e. m_tgr.a'.t'ion

Lo

of anions and the bond character of the host mihcrals'. ‘

6-2-1. Temperature: and Prcss'u'r'i: _
Fro?‘ﬁ”équﬁtion (2), we know that tcrhpcr_‘a_turc and pressure

- - : o . ’ ’I 0 : ’ 7. : .
affect the distribution coefficient by'dc'tcgmipipg the value KX"_ -,_Aq all




the samples were collected from one ore lense, the temperature
and pressure cffcéts on the distribution cocfficient are considered

 aegligible, . o : . ‘ - ., o .

6-2-2. Anion Concentrations |

Platinum chalcogcni.dcs' occur in nature as braggite,

“x

(Pa, P:S)S;.codpc.ritc, PtS; and moncheite, 'P't'-l'cz. Palladi‘u'm .
i‘ch;xl'crogcnid,cs occur in nature as vysot_skit.c, PdS; ocosterboschite, |

(Pd, Cu) : merenskyite, F’d.’l"cZ

JSegs : and kotulskite, \PdTe. Iridium

" does not form a chalcogenide of its own, Usually it occurs in other
p!:ﬁihum metal chalcogenides as a solid solution such as.in erlich-

manite, (Qs.!r.Rh.-Bu,Pd)Sz and laurite, (Ru.Ir,Os)Sz. Thus it is

inferred from mineral occurrences that the most stable valence states

- of Pt, Pd, and Ir under typical n_atiaral _c'o‘hdilions éu’c +2, +2, and +4

rt:upc‘cA_ti_s;"'c'ly._
Gold docs not form a st:;'bl'c ‘aulfidi:, in nature (Krauskopf,
1967!;5 imt does form stnblc.-iﬁtcrnﬁctall.i.c compbuﬁds'-sa:"ﬁh tellurium

'auc-it.as krennérite, Au3'1'c5.a'nd'c'alavgritq. ‘.A“TCZ-

. b-2-2-1. Sulfur

" The stability of the ndlﬁldc sgi:cies can be related to a

reaction of the kind, L
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2Pt( s)¢5, = ZPiS(s) - / Ty
* where the equilibrium constant K is a function of temperature and
. ”, . ! '

pressure. As the cffect of pressure is negligible at Strathcona, )

APSYy S | . : : L
(P) P - - S ‘ S
s, 2 - o

e ‘ ' ! .
... where h_r is the cquilibrium constant at temperature T and unit solid. - -

ph:mc activities are assumed. F‘rcc encrgies of the—reaction PtS

. l .

and Ir253 at various tcmpcraturus can be computcd fro,m
i w

s oq_r';A_m'rlog'Hc_:'r A r) o .-('1-3)

--“hcrc AGT is :hc {rece c.ncrgy of the rcaction at tcmpcraturc T T‘.i-mc
.cac!’f:cmnts ;\._B andé fo;' these rcactionls are givenin I\ubaschcwskx

- c_xil_ 7(!967).‘ __Thcsq.v_al\"xhéa ar_crnqt ava_ilablc for the .rc;cnﬁq of PdS. Thcy
‘ar c.A therefore roughly eistir_:'w.;c'd‘ by u_si.n:g-.AH. ;nq AS at 25°C .Iro.m |
M;"Don';ldiand Cobble (1962} and Kubaschc‘wskli 5&3_@_ (1967) from thc‘-_

: !
~equation

lhat xu, asaummg ne:thcr AH nor 58S vary w:th tcmpcrature.. :
"The equxlibr:um consta.nt can bc rclatcd to the [rcc energy of the

*x_'ea‘ction by

8G = -RTInK IR | L C A2
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.Combining ecquations (12) and (15), we have
b.Gr‘=-RTlnfl— = RTIn ! : ; | ) o "jr (16}
T S . - _ N
. 52 4 : . U .
7 _ _ QG.-I. i .
- ‘ S of = . ’
’and 7 log s Z.3RT o (17} .

2

* Univariant cquzhbrm for the reacnon of sulfur vapor thh a mctal to

- . .b e

producc a nulf:dc are computcd from (17) and prcaentcd as f:gurc

The magnitude of fg'  values in equilibrium with the decp .
'zo.'u::>r¢ can be estimated from the sulfur fugacity data of Naldrett
' {1969). for 'liquids in the Fe-5-0O system.- The average composition.

+

- of the deep cune ore, ;is;'ésti:_i'mtc:i' ffo:ri iable.5-2 takin"g all copper and

.nickcl_:'u iron, in:' Fe 62, 6"?,‘ S= 35 S,v. and 0=1. 9"' The logfs
. . 2 .

values apphcablc to the dccp .-,onc orc at tcmpcraturcs of 1, 200 '

.l 120 andl 05:0 C -are: ~l -1.8, and_-Z.’3 rcspecnvcly.v

By takmg all copper and mckcl as iron a.nd thus ncglcct-

ing thc cffcc' of ¢ ppcr and mckcl on tcmperature, Naldrctt (1969)

LS

su_ggealqd 1045 as the minimum cmplacgment tcmpcr_aturc of

. - o o

a‘véragc Strathclona aulffide, Hc stated that ni.;:kcl'hi;.s little or ‘

modification of up to 40°C. A minimum cmplasemcnt tcmpergtuye for the
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ideecp zb;mc ore is thuq put at IODSOC. The trend of.sLiHur va-por i‘n

. ) - : L - .
equilibrium with the deep zone ore is extrapolated 50 C above and -

s

below this téemperaturc to allow for uncertainties and variation of-

. cb'ppcr content in the ore. / :
o - .'l'hc, plo,l indicatcs that f S
2

zonc ore is not in excess of that rcquxrcd to stnbxhrc ‘Pt as PtS

in cquilibrium. with thc deep -

and Ir as lr".’:S3 but can stab:hzc Pd as PdS ‘ ' ' ‘ .

Gold sulfidc is not atablc in nature and there is no ava1l-

able, thcrm'odfnamic informa,tion on AuS;' Gold may be st-abi_lizcd in
sulfides by bonding with Te which itself is iaornorphpusly substituted -

L . ]

o

. ' Metal Partitions
Since sclenium and—_tcllur;ium’ are sirnilar to sulfur,

their behaviour in mineral formation pr})c.c'sncsis determined largely
" by sulfur (Chizhikov and Shchastlivyi, 1966). The threc elements have

the same ;lructurc_'of the outer electron shelis:

SO T 2 6, 2 4

sulfur IsZZs p 35 p

‘ . 2 6, 2 6glO, 2 4

selenium - lsZZa P 3 tf 4s .
| | Sz, 26 2610 24102, 2 3 |
tellurium  ls 2s p 3s . pd [5sp oy




" However, the polarizability will increase with the number of clectron
eihcllls {from sulfur to tellurium, T able 6-3 gives some .o{ their
Ph):sifal properties.’ : S S

Tnblg;-n_ia«}. Phnyl'nic:\l Propertics of the Chalcogens

-

Cerment Radiue in_ & lonization | Electro- -
©F ¢ ' Atomic |lonic Covalent Pofential{ev) | negativity
Sufur 1,64 | 1.82 | .05 | 875 | 25
Selenium “1.16 . 1.93 1.14 - 8,19 ‘ 2.3

- - Tellurium 133 | 2.1 136 - 719 2.1

VIr-'s thf: ;sc_rics Sul{uf—sclcniumftclluriUm there is a 'régular lincn.;.a'sc in
,}hé atomic, ionic. and covalent ra_dii‘,and a decrecasc in ioni_r.ation'
potcnl‘ia_i nnd clcctr.orxvc:tg:\_givityr . |
Sclcr.xiumvia'isomorphousllf iﬁg.;)'rpo_ratct‘i in slulfi.dc minc‘rﬁl_s

But unlike sulfur it coﬁihincs‘only with hca\;ry cluémcrl\tls. Selenium, in
ancral rdocu not form ore of comﬁcrc:al gradc and is rccovcrcd

as a by -product fro-nlx;maﬁy sulfide ores (c. g. Sudbury). \thn
combined with hcmy clt;mcnts. xt duplays an aff:mty for thc clcments

Fe-Zn- Co-‘h-CL Hg Bx-;\g -Pb increasing frorn Fc to Pb accordmg to

Sindceva (19.59}.




The sclenium contents of some sulfide minerals from

!'o:._n_- copper-nickel sulfide dcpo:;.ité are summarized in.table 6-4.
It is clear that the peochemical affinities suggested by Sindeeva are

]
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" followed. In order of increaaing Se enrichment, the mincral sequence ]

2 o o ‘ . e
is pyrrhotite, pentlandite, and chalcopyrite. Hawley (1962) found ~
that among the common Sudbury sulfide minerals chalcopyrité is the
best host for Sc and that as a gcncfal_lrcnd.r the scouth range ~su,1f'idés :

tend to be higher in selenium content than north range sulfides.

Of lhc‘ four noble mét.alsh. Pt and Ir folléaw the selenium

s
.

‘enrichment trend closely with inc rcasin,g‘__coh'écntration in pyrrhotite-

pcmixandiic'-chalcopyri‘l’é.- Possible explanations of this correlation

arc that:
1) Pt and Ir form ‘)oncsprcfcrcmmlly with Se relatwc to S. .
2) Ptand Ir may nubsututc prcfcrenually for Cu (rclatwe to 1\1

or Fe} while Se bonda more ,str‘ongly Wlth Cu than docs S.
. : ' - - - : .

. - B L . 7 l . .
The atomic radii of tellurium, as shown in table 6-3,
R . - . . ‘ t

“are much Iargcr thzin sulfur so-that telluriuni tends.to substitute

e

uOmorphoualy mto ‘the sulfide latucc Only at hxgh tempe rature. -

i

.and of course w:ll cxsolve wnh decrcasmg lcmpcraturc. o

v
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In éoppcr-higkcl sulfide dc‘pon':its tellyrium shows a

trend of cnr‘ichmcnt in the f.'?l"lowing mineral hcquencg (table 6-5): )
-.'pyr"-hao"“c"c}"ﬂc""yritc7pcntlnnditc_ : -

B

Shchérbina (19 37} eatablished thc-follov."ing' mc‘tal scries

of mcrcaslng affinjty for lellunum Cu Pb-N: Bi-Hg- Ag ~Au. We

n

4 '7
thcrcforc expect that thc phasc most cnnchcd m tcllx{num pent- ‘

landite, ghpuld alsb be enriched i'n_l Au. This is Pbsf:rvc.,q for thc

: Str’ath‘con; data. The Iq.;z\'t‘)x:,ichmént of Au in pcn'tl-:;ﬁdité'maybc due in |
part to'tht..““_stroﬁ‘g b‘?ndi:n:g bctwcen-ﬁ)‘agd_"fc. | |

Finally, t_l%lic‘ 'q_éc'u'fréncc ar.ff}'oé';m'c' PdBi,, michenerite

(Pd, Pt)‘!‘c{Bi.Sb) and npcrryiitc F"t.A:s‘,-a in 'Srudb”ury sulfides indicates
. . ‘ ' oo

that the ndhla 'v*.ehla aro "trongl, wdr re ted with the P“isogéna s

T
LI

clcmcnts As pomtcd out by Cabri {197 Z). in m:chcncnte Pd)Pt
- TCP‘BI*Sb _and B:»Sb Thxs obscrvauon/ suggcsts t,hat Pd and Pt .

A correlatc wuh Tc. Bl, a.nd Sb in thc decrcasmg ordcr Tc>Bx>'>Sb

and that Pd has a strongcr fﬁnily for thcsc clements than Pt‘. ' L

PR
“ !

Pt in atrongly cerrclatcd with As wh:ch is indicated. by thc occur-

"

. rence of '_ﬂpcrrylitc Pt'AsZ, : S
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Tablc 6-4 Comcnt of Sclcmum {p. p. m. ) in Orc Mxncraln of IR L
Ccrtain Coppcr-\xckcl Sulhde Dcposxts o :

-

L -
i a

" Depasit Pyrrhotite Cha.lcdp:-iritc Pentlandite  Magnetite
" Monchegorsk . 10.36 % 7 L20-108 - 22.24° | oo :
" Pechenga - . 7-89 . - 12100 12.90 . -io

Norillak . 40-82 . 7 32-136 7 35600 3

'sadbury. SRR 12 63 U 40.97 0 . BS i all

'_ Af:cr Yuahko Zakharova (1903) _'T - j ) S T

Tabic 6 5. Contcnt of Tcllunum (p. p m. ) in Ore Mmcrals of
' > Cer;axn Loppcg-\:ckcl bul{xdc Dcpos:ts : : .

Deposit -~ - Pyrrhoutc Chalcopyrnc Pentlandite Magnetite

Mornchegorsk - ‘trace~-4 - - - 1- 8 . not detected -

CqR) e B 288, -
T A
Pechenga '  tface-34 . ttacc-lﬁ ~ Ttrace-50  l~--
o I C) PR R £ I S Y R
¢ L . B v o ’ ' ooty /';/-
- .Noril'kk . 10.28 - 10-36° . . 8-60 © ‘trace
S o an 3 I 3% - S
-‘ Q:Ulcr -Yunhkev Zakharrova (1963) T . e
Average contents of tclhzr:ui'n {n mmcrals are gwen m parcnthcscs
‘..u * ,\ £ ;“' . L *
- o - - ) o 1
' . . ’ -
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b-2-3. Metaljligand Bonding

n mxponam property of thc noble® mctaln ks their strong
~ { ST

tendency to form;tpvdﬁdnt bonds as rcﬂcctcd, in‘thcifr qc_c_:urrencc as

chalcogepides and pnictides. Noble metal oxides, fluorides, and = .
- . ir N .
. . .- . Lo It ' L
silicate/s never occur in nature. This tendency is inherent.in their.
) . B ‘o' N . . . .. ' ’ R
electyonic configuratians which provide increascd-stability in com- _ -
L

. binytion wuh the ‘métailoidf clements (Burns, 1970). -In order to e
- understand this behaviour, a brief discuslsion of molecular orbital

theory (ol\lowa.

-'6-2--,3-1 . Mo!ccalar Orbatals ' : - _ o !

ALt

Thc cndrgy levels of the ﬂve nd’#pnc Em-l)s, and three p~ L "'-"E‘

o‘rbitals drc .ve.ry atmslar. In forming a compound wnth octahcdral

: coordxnanon thc mpgle (n%l]s. three (n-i-l)p. and two cg orbitals
/

of a transition’ rnctal are vacated and hybndu.c to Iorm 8ix :?\ 5P /\ .
hybr:d orb:tals whxch pro;cct along the cartcs:an axcs.. Ihcse -
orbitals pvcrlap thh filled orbxtdls bclongmg to six. hgands in | /-

\\f\! octahcdra! coordmauon to form bonchng o molecular orbltals a.nd

N . . / : .
“8ix. antibondmg o molccular orbxta!a. Thc bondiﬂ'g .moh‘:cular‘orbztalsq

rcprescnl the ma.xlmu:n ponitwe ovcrlap bctwccn symmetnc wave

funcnona nnd arc more stahle than uncom‘bmed mdwxdual metal and

o
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e U _ ] ' Y
iigmd Mcnmc orh:tnl‘:s. 'I"hc tz group orb:ta-ls p.ro;ﬂc_cting between,

‘iﬁf‘

the hgand atoms may c:lhcr remain qon-bondxng or form Tr-molv.cular '
3 | | ‘ _2
orbuals with the hgnnd The cncr;,y rclanons of Kc+ in an octahcdrnl
site wjith aix ligands whiph do not form Tr bonds arc shown in figure
r ‘ . ‘ < F

6-5. The molecular orbital has much more of the character of the
atomic orbital nearcst in coergy. The diagram indicates that six

: - ] . ~ s / : - T . .
¢ molecular orbitals have more of thie character of ligand orbitals
_ SRV ) . - ' . /-\\ /.l . ’ i
than of méetal orbitals. ! Thds eléctrons occupying these orbitals -
§ | S y ;
will.be mainly ligand clectrons, but clectross occupying the anti-

' bdndi'ng molccuia'r orbitals will be pf'cdomiham‘.ly/mc.tal_elcc‘troﬁs.

Electrons in t)g Orbitals will be all metal clectrons if there is no
.\. ) ' Fi o .
TT molecular —Orbi.t:sls.
. N

6-2-3-2, Formation of Tr Bonds |
o ' 'I'bc non-boﬁdfﬁg clectron p.ﬁrs of t,hc'tzg orbitals of
the mcta! ion in octahcdr.ﬂ sitcs tend to overlap w'ith'ccr;ain por- ‘ .

d orbitals of thc hgands to iori‘n‘ﬂ' molccular bonds. _Fd;ma{tion?cff

~ bonds "nod:hcn the energy level d:agram of figure 6- 5. The

iccl dcpcnds on thc cncrgy of the hgand ‘lTorbxtnlS relativeto ‘hc

.metal o;-bitals :md whcther the lxga‘nd‘ﬂ' orbitals are fxllc:d or

i

'empty.
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The epergy"scparation.or aplit between non-bonding

-

group orbitals and the antibondipg cg- group orbitals is called

”?.30 in octahedral coordination,
When ligand 1T orbitals are leas é}ablé than the metal

lZB orbitals and are unoccupied, clectrons in _thé metal tZg orbitals

. will overlap with the ligand TTorbitals to form YT bonds, incrcase the

.Ao and'thug gggéi‘li;c .thc mctal tzg_o;b.i-m!zll:‘ 'Ihzs sit’uation‘_happcns.
when lx;ar.:Sitiép metals c’ncouﬁt‘cr S, Se, Te, P, As. ‘ang Sb. Whizn'”
ligar:\d'!'l"ort;ilzx-ls are -mbrc‘st:;bic" than thg metai t‘zg‘.orbitals ;nd are."r
!illq:d.l the 6irgrla;;ping ‘bg;\—\.;ccir.l‘ thc metal tzé-arbitala 'uritﬁ'tllxc ligand

'rr orbitals uj'i.ll dec realse-Ad.. 'u;'tst.abilizc the 'rl'nctalltzg.ﬁrbit'a_ls. and

“thus no Trbonds can form. -_ ‘}'hiéfhapApcns when the t-ra.rlxsitic;n elements

cncou;’nc:r O‘ax;\d I-‘-. | :

" Bond _slrcngth_may be incréancd by tflc forn.iat.i.qlnjof - !

1) borxds bcw.ccn thc mctal tzglelcctr.cm! ‘pairs and va'ca.nt‘l"l‘ orbitals

in acccptor lq.,ands auch as 8, Se, Tc. P, Aa..a.nd Sb (Burns and-

‘_F)f‘?- .' 1967). 'l'hc rcsult is an mcrcaac"m A aﬁd was 111u5tratcd
by the dats for lhc +2 state of transxt:on metai sulfides and oxxdes '

‘(Georgc and McClurc. 959) ~The numbcr ofTT bonda wh;ch can
’form dcpcnds on the numbcr of cléttron pairs in the tZg non-bonding
group a_vailabtlc.;'.’Ihelxron._mckel copp‘cr.- and noble metal species

concerned which poueu thc-nec:asary electromc ‘configuration to -

form TT honda, are listed in table 66,




Tnblc 6 6. Electronic. Conf:guratxon Necessary to Form 7T Bondsa

in an Octahcdral Site

‘Species | o o : Conf:guranon ‘\Iumbcr of ét;nfla o
" Righ-apin Fe'” and et )" (e )" o
.‘LOIT"'f'sP_ih éefz and (;Z.o+3' - .(I 23)6 | . 3
Hig\h'-sipiln Co+2:-and N1+3 S . | ( ) (e ). - _ : 2
l:o;.v-s?in Coh?' ;nd_NitB - _. | . . (t?.g'-) (CE) — -3 |
nitd pate, Pl Al £ 2 | :
Iar,x_-d"Cu‘Fz B | " ) _(tz"g) (cg) . _ 3
Low‘f-'npix; Iri’j . | SRS _(fzg)b' .3 |
'.,mf-:apiq:r” oo “29'5' AP R

-

This table will provide a. guide to the partition of noble metals

LS

betwegn Mﬁh—tcmpcraturc pyrrhotite solid solution and_ magnctite.’ ,

6233 ThcvalucOIA L R - ) ‘ ;
k. : ’ .

'l'hc valuc of A is'a rcﬂecuon of thc bond strcngth be- '

tween the metal ion and ‘the surroundmg hgands. :




}-\'céording to Gray (1965), thc value of A deééndn on a -

anumber of variables, the most important being the gcomcfry_p{ the .

com‘f:lex. thc nature of tfu: ligé\nd. the charge on the central rﬁctal

-

jon, and the pnnczpal quantum numbcr n of thc d valence orbitals.
1) Gcomctry of thc Complc:
The total aplit;ing decreases as follows: . .

'Square planar = Octahedral Tetrahedral
- L3a B V- ..0.45 A

L o o - o

The tetrahedral splitting is sma‘llcst because thc d orbitals.

vt

are not involved’in strong 1T bonding. - S

!

2) Nature of the I..;g:md thc"b"pe‘ctrocht:i:'nicai Series o

Thxs senea rcprcscnts the ordcrmg of hganda in terms of

their abnhty to uplxt o anubond ‘and TV bond d molecular orb:tals.

The scries corrclatcs rcauonably well with thc Tr-bondmg

~abtlity of the hgand ‘l'hc ;,ood ﬂ-acccptor hgands. whxch are

'."cnpablc of formmg strong mctal to hgand TTbondmg, ‘cause

L3

. . < ‘
largc sphumg. whereas: thc good-'rl’-donor I:gands, whxch are

' A.dapablc of for'mi'n'g ,st:ong- lig:md to mclal Tl‘bondmg. cause
..lmall spl:tung. Unfor:unately such a series is not av;t:lablc‘

for' the dmcuasion of ch@lcogcns a.nd pmgogcns '
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) Chargc on the Central Metal Jon
. 4. . - : .. . . . ,
A ' In'corhpilcxcs containing ligands that are- not good TRacceptors,

2

o 4 increases with increasing rpoaitive chargé on the céntra_l
mct'a.l»:ion. In compif:;ccé cbntai.t‘jﬁng gooa 'll'_r;accc'ptor ligarox‘r.i.s.
an incrc.asc in poéi.tiirc'—-char‘gc on the cehtrai metal does not

" secm Io b‘e aceo_rh'p‘a.nied by :‘f substaﬁtial.iﬁcrcasc- in 4.
4} Pr:nc:pal Qp:mtum '\Kumbcr of thc d Valcncc Orbitals
-In an a'nalogous scrics of complexcs. thc valuc of a increases .

Awith nin thc d orbitals by-30°,-'a for each series (Cotton .:_md . ,
. o . s IR "

'wnkmaon. 1962)..

<

-

The vnluo of Aor Hg:nd field : r{‘nh:ahon cncrgy (V )

can be rélatcd to total bond-cne.rgry (VT) ac;ordmg to ‘\Iock_olds

~
a

- {1966) by the rclanon.
v L V_+ v S ' ‘ (18)
- T V ‘_’I : N ; _ .- o
> where V is the covalent contribution a.nd VI ia the ionic’ contribution.
: r\hckcl (1970) has shown tha§ thc cncrgxca qf V and VI dcc:-case
'Bhghtly through thc series FeSZ-COS -‘wxsi v«hercas thc values of
'V increascs rather sharply in weak field (crystal f:cld} and decrease
. l . ’
sharply in strong hcld (hgnnd hcld), thcreforc. the rclatwe order of o

" -

bond strengths are dominatcd ’oy the W; term.
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. Duc to the fact that & increascs with n in the ¢ orbitals

by 307 for cach_sc'ric's whercas \.'-c and VI orily change slightly,

' it is anticipated that the dominancy of'V'B term to the bond strength

is preatly enhanced in casc of the noble metals. There is no informa-

a
o
e

tionon the value-of & of the second and third transition metal series ™
with pnictide or chalcogenide as ligand, but as thcgst'abilization has
the ¢ffect of depressing the .encrgics of the tZg d-electron orbitals "

~and'thas results in mixing'with.the Aigand orbitals, it is reflected
' ' 1 . . P ..

‘in the degree of T7-bonding (Burns a han, 1970). An example

“of this from the present-data is demonstrated if section §-3.

6-3. High Temperature Partition -

“The deep zonc/Bulfide wak emplacedlat a tcmpcratm:f:_

abo:.ré iOOSOC.-‘ ’I'hc cofnp aition of thc. _éulh mclt is that of point

- P in hgurc 6 6 and thc varmnon of\log fs' and log IO with the
. . S, 5

‘.'componmon of lhc melt :s shown in hgu &-7. It has been argucd by

Naldrett (1969) that once the aulf:dc oudc hqmd collcctcd as a large

pool, the syslem was closed to both oxygcn and suifu;-.. On cons:dcrmg

. )

thc crystalhzauon history of thc mclt. howcver. the ComPOﬁtion P will
not reach tht. pyrrhoutc -magnetite cotectic lmc unlcas pyrrhonte u.xth

highcr than 60 6% Fe can be cryntall:zcd The Fe content of thc iron-

rich h_cxagonal pyrr_hot:tc is only 60. 1%. It is thcrcforc concluded that ) .- :

~

/ S ) .'_ -




Wt percent Fe

@

-Figure 6-6, Liquidus Relations in a Portion of the Fe-5-0 System -

‘ B (.‘aftcr__'Nrnltlirctt_. 1969). o A
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20%5S )
20%0
- 60%Fe
---- '---fsz‘_
----- foz
N
DA e e s S
20%S 25 ~. 30 -3 40%S
B,O_f‘@fe S " Wt percent' S ' . 60%Fe
Figure 6-7. Variation -in l'ogfs and logf with Compqsitibn ofm

| B A -
{ron Sulfide-Oxide Liquid at 1200°C (after Naldrett, 1969).
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‘_;hcl ox?gcn and sulfur content of the Q:I'iginal melt muét be I‘migh-c.r than

(those inferred from the prc-.-scnt ﬁodal analysia'..l ‘ : . |
Afsume a melt with higher o;‘ygcn and sulfur content P’

is at itsklic';uidun F!cmpcramrc.{l 14_60(.‘.). 'On cooling, -pyrrhotitg will

'cryamllizc and the rcmain‘ing liquid will -Bccomc cnr’ichcd";m oxygen

antil its cc;mposnt:On rq{achcs the pyrrhonlc magncﬁtc cotect:c line,

Magncutc w:ll start to crystalhzc at this pomt and thc rcs:dual liquid-

will move down the cotectic line 'towards the tcrn.ary pcf:tccnc As

thc rcsi.dual iiquid rﬁovcn dowﬁ 'thc' co.tcctic' line and is cm’-ichcd,in\ -

1ron. it'will react wuh lhc carly formcd pyrrhontc causing it also.

‘to bccnmc ennchcd in 1ron | Thc hqu:d will havc sohd:hcd complctcly '

v.hct; it reachcs ‘the pomt on the cotectic conncctmg magnctﬁc and

point P .

i .-Tﬁe'rcforc". in l:_;rrm‘! o{_high t_cmpcra't{lrc proceés a;:d;

, anuummg that the uystem r‘cmalncd cIoscd to the n.obl‘c' mctéls. their

' rparutxon would be bcfv.ccn pyrrhoutc sohd soluuon and magnetztc

Vaughan ct al al (19?2) rcportcd the prescnce o! two dm-

. .hnct types cf pyrrhonlc At Strathcona - monocl:mc pyrrhotite (Fc S )

and hcxagonal Pyrrhon!c (chswi MODOCth PYfrthntc ;” fc”“ '

magncuc bctv.cen 200° and 20: C Accordmg to phaue cquzhbr:um

studxcs of ,th: synthet:c pyrrhotlte system (Arnold 1969 “Taylor, 1970).
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the scp'aration of these ph;scu'bé{:usa below 300°C. Above this ‘
tcmpcraturc; according to Ward (1970), a high temperature hexagonal
type of continuously variaahléi'éompoésition—'('f-rom---Fe'S- to-the pyrite

=

solvus) exists in which the iron vacancies are in a.state of more or

ss random disorder, and diffusion of iron vacancies is very rapid.

The interlocking texture of monoclinic and hexagonal pyrrhotite as _ °

-

shown imﬂlat_c 6-1 makes the magnetic sepa{ration'of Lhégic two "
- ,phas_gs inipqss'iblc and hence the partition of the noble }pctal ‘betweén

thcm uaa not atuchcd

Magncnte m octahcdral and granular and has a gcneral

formulnrc' Zi-’c 30

: "c'+2 i n a tclrahcdral s:te,q'md Mg..Zn,. :

\!n a'\d lcss oftcn Ti and Ni- may-substitute for :t Fc xs in an’

octahcdral sxtc and Al, Cr._Mn 3.' and v rn.;w submtutc for it (Mason

and Bcrry.‘ 196&). Hawlcy (1962} rcportcd the presence of Mn, V.

-Cr, Ti, Mg. Al Ni, Co, and Cu in Sudbury magnctxtc Among tHcsc R

L]

metals Co and Ag are prcscnt only in traces w}ulc ’\h and Cu. may be

duc to thc prcacncc of mmutc sulfide :nclusxons, L ' ) ' o .
T . * ""
Diadoclﬁq,‘.'subqtitution, in, wl’uch i trace element ion
proxies for a major ion in the crystal, is depcndcnt- largely upop-

: iﬁ_riic size and scédndly. ‘on clcctroncgatw:ly Emp:ncally, the

substitution is not common betwéen clements. whose ionic radn dszcr
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by more than 1.5‘7'3. ,:l"ablc 6-7 gives the ionic size and elec'trané.gati#ity i
- $2 A3 e e
of Fe' , Fe ~, the ions which usually substitute for them, and the
pertinent noble metal ioni fo.r“compa'r-i‘adrjt.-,

. ) e
It is poss:blc. from the pomt of view of ionic radms, :

that lr,f..‘ replaccn -F‘c._. xn six- fold coordr‘nanon. nnd that Pd 2 e-

o3 : - L .
placcn Fc in four fold coordmahon ‘But from thc point of view of

clgctroncgalnzty. we scg a trcnd that all«khc mctal mns (tablc 6 7)

f‘w a
¢

-nhzch rcplace ironin magneutc havc clcctroncga‘nv:ty smaller than
. i . -

iron. This observational trend aug;_.,ests that thc vcry elcctronega;wc

’
-._, : '

noble mclals vnll not be mcorporatcd mto the magncntc crystal structurc B

rcgardlcsa of lhc:r su;mblr :omc s:zcs.

*

- u o

The Fe-O bcmd m magncntc has a largc wmc componcnt.

- 3 . -
-

wmlc the F‘c-S bondmg in pyrrhohtc is prcdommamly covalent Tahlc
6-8. gwcs thc charactcr of- bondzng bctwccn anion sulfur and oxygcn and

'°¢-a'ti?h_i_ron. nickcil capper. ;md thc noblc mctals computcd from thc

': 'cm.pii"i'ca.l rclM’ion ‘(Pau!ing.__}9i}0) ‘. : ) o P , o
= . S =X - W . . .- . (19)
Py .lfa (X,A ),C,B)HXA \{B?' A P . . _ ,
7. Co B . r" ' T e . . . -

"'“here P is pcrccntagc of ionic charactcr -of‘thc‘.bo'nd. _and_XA-XB _ '. o o

is the clectroncganvzty d:f‘crcnca betv.ecn 1ons A and B grvcn by
%

g Piul_ing. Tablc 6 9 gwcs the covnlent radii of thesc metals.

‘c

1' ¢ ‘:‘
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Tablc/b-?.' lonic Size and.E'I-lcctr_oncgativit'y of Some Pertinent

o . Elements

ir

S

low -r-‘f:--'Céordimtion‘ Ionic Radius g : Elqclroncgativity(l) _

A 3 sy L
A~ easac om0 T

‘i <6 N, 0.85(2)
At e : - 0:53(3)
e e
Y Rt M.
wr 6 0.65(M.S.
| I - . ' - 6 , . 0.73{5)?
WE e os
e T 0.49(3)
MnoT - 6. O, £‘>.5(.-3')H.'s.
S2e - o

pa? . asa. - 0.6M3
R SRR % -1 E
‘ ZhZ* l .4 L 70.5-‘.‘3'(3) o

a7

() Pauling (1960} 'sQ.. square plan;f
© (2} Ahrens (1952) - - H.S. high-spin

N Shanno'n 5and'Pr'c€-itt (1969)

'
i

oy -

2.4

1.5

1.6

"_1;8'

2.2,

1.2 -

1.5

1.8

2.2

' "z.z

1.6
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Tabllc‘ 6-8. Char_acter_ of Bqnding

Bond Type

Fe-S

Ni-S

Cu-5

Pd-5'

Ir-S

[

X

X

A

0.7

0_‘3
0.3

0.3

1.6
1.3

1.3

1.3

1.1

B ' Amount of lonic Character (53) .
12.9
12.9.
0.9
. 5.1
5.1
-5.1
- \ L6
s
37.4
34,7
26.8
.26.8 -
26.8

21.8

135




, a3

Table _6-.9'.l-Coval'énl Radii in-& _

Tg&_trahcdra

Cu- Au

1.35 1,50,

: Qcmhcdral-’

ket owt? ittt opdt et att

1,23 139 1,30 132 131 131 140

- - Square Radii, : .
242 ¥2 43 ' - oo -
Ni'T Pd T Pt Au. . A

1.39 1.31 131 1.40 -

After Evans (1964)
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T \ o

The concept of characlcrxsuc covalent radii :5 ‘lubj(.Ct

{(IJ a num‘)cr of qu:\hhcan.cma.' The Izrst ia that the covalent radxus
of an ntom. ‘unhkc its xon‘xc rndzu;, c‘annol be mtcrprctcd as 1mp1y-
.:“g.l'o a ﬁpht-tc. T"mc covalc'\t radii ar; suitable for calculauon of .l.“. :
atomic ci‘mt-am:cu v.hxch ax;c joined by < covalcnt bonds ‘ 'I'hc ;econd
is' that the bonci lcnglh dc.p;:ndw upon bond numbcr. 'l’hc bond lengths
of Pd-5, Ir-S.,P! S. and Au—S. if thcy cver form. arc dcﬁmtcly .
smmlljerl thzm 1ho-*.c prcd:ctcd {rom covalent: radii bccausc of the
'posa:hzln.y o‘ t'ornung two or thrcch' bo-\ds in addznon to the o
honds {t_ablc' f"-(s). ‘ Thc !hzrd qui‘lxt’xcatmn in that v#c have t.o ‘con- L
'axdcr resonance not only bctv-ccn covalcnt bonds. of difx'ercnt bond
numbcr but also .bch\cen covalcn.t and xomc b(:;nds A; was gn-q.:\.',.iov.zslg.,f
. shaown, thcslc metals. still haw.c 5- l3n. xﬁnic character (ﬁ;iblc 6-8),. l.:'u't
lusu:.:lly this ci’lcct will’ re sult 1.n less than 0.1 contf._action. The
fourth qualsf:cauoq is-that }hc ‘bond lcngth depcnds also on the state

of hybndnauon although the differences are rather small. | Takmg B

"inm account lhcsc qunhﬁcnuons, ‘we can scc thnt*thc noblc_mctﬁi‘la

will not havc d:f.fxculty in ga:ng into the pyrrhotxtc structurc
’ !

'l’hc unjvarnnt ethbraga for the reactmn of sulfur

vapor wzth thc mcml (I:gurc 6-4) mdxcatc that the sulfur fugamty

n

in cqml:brium wnh thé prcsent mineral aucmblage is not hzgh cnough

"to stabil'fzc Pt and Ir. - Thc observation that Pt and Ir are cnnched
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in pwjrrhotilc solid ndlution with rcspcct_to magnetite by factors of

| . ) L

'6 and ?. rcspectwcly conf:rmu that thesc two metals are atab:hrcd .
' -‘m pyrrhotite aomchow. Thc explananon is probaﬂ)ly twofold c:ther o

"-thc sulfur fugacny was much highcr at the time .of- cmplaccmcnt or

.the noble mctalu bond prcfcrcnualty vmt‘h Sc. 'I'e. or As whxch are

x

mcorporated :aomorphously v.xth hngh cffxcxcncy into thc pyrrhotxtc

= ‘
structure. ‘ , S a '
. X . Jl - M - B

a -

'I"wc; lincs of. cvidcnc“c suppori thc first 'iac'»ifnt.‘ -Fix:gjtlly‘. _ " s '
z;s dlucuucd in section .5 l-... thc‘ Quliur co?xtcnt to gix’re.#he p‘r,,é'ser_x_t
l-.mxncral anacmblage has ta be hxghcr than 37 0% 1ﬁstcad of the obr- ‘7
sc rvcd 36 1% u!uch v.ould crystall:rc bormté at h;gh. tcmpcramrc

: Sccondl), as Just dzscuuscd thc ongmal sulfur content in thc melt

,munt ‘be h:ghcr than the m!’crrcd value from the prescnt modal '
¥

'analysu in order lo crystalhzc pyrrhontc ynth lcss than 60 6%

~

Fe v.!'uch is commonly found in the dc¢P zone ore. , o | o
,—J “

It is hkcly thnt Pt and Ir ‘bonded more rcadxly with éulfu.r .

in thc pyrrhotilc structurc at thc hxghcr aulfur fugacxty pi-evaxhng at
. rhiSh lcmpcrnturc; Prc!’crential bondmg with Se, Tc. or As iso-

. ‘morphously mcorporatcdg in the p;,'rrhoutc structure may also bcxa‘n‘
lmpbrum factor in acc‘ountang for the obncrvcd Pt and Ir conccr.a-tra— |

‘tionsa'in ghi, ‘mineral. . It may be particulnrly pcrtingnt in the ._c_ase

" of Au which forms no ! stabic sulfg'h-el. . o




. . — . . a ) . "
An element ‘will select that particular crystal structure.

for which the net cohesion is a maximum. Neét cohesion is defined

as the diﬁe rchcc'bctwcen the promotidn energy -61’ a specific el_cctron _
h ] N o
c’onﬁguratmn nccdcd to combmc and the hondmg energy rclcaacd '

aftcr thc combinauon (Parthc. 1971) CAs thc eleclromc conhgura.r.i.on'

._of the noble mctlals lcadnx to 'c_ovalent bo.nding:'and a tendency 16 I,oflr;; a
o .h'un-'\bcr of Tr bonds. 'ghqséemctala‘v}ill go prc;.;fc.rént‘ilally i'h;o‘”th.c mo_rrc
- ?:'E'j_‘f:%;._vilcritpyn-'b.olite_c E'}}stal. st'é};ctufc~fq.:-n:ing njmltib!c Bond# witrl.'x‘_ :
' n‘ul'l'gr; g;lenin;."tci'luriuméf arscmc ” The .prc.s‘efnt datg ir;dicate o
| that a!l'!.'b'ur: noble rﬁctdls' ar.é-' "fx;;xction:;t;:d rather sl:trrongly into pyrrhdtitq‘

IR
relative. to magnctitc - Pd by 26 Pt by 6 Au by 5, and Ir by 2,

hali

Thc iracuonanon ratxon of the noble mctals between pyrrhontc and =

magncutc dcpcnd on the conccntrauons o! not. only suliur but also

| ’f-’lcmum.? tcnunu;n. and arsenic, and £hc:r ‘rc:spccnve afhmty to s ;
i_h-cnc anions. ) )
I li.ioth-lr- and ‘P?_. wcrc .n"ta!-:i‘lizédl,;fi aulfidcs' their usu‘aj_ii -
fmncrnlogxc occurrcncc m natu;'e' mdu‘:atc that Pt pchers +2 state -

e . [ +2 .
. wlulc Ir. prcfera a +~4 state. 'I'ablc 6-4 showa tha{ Pt' < can Iorm_
h -lhrcc'IT bonds v.hzlc Ir forms only two in add:non to the six- 0'
| _bonds. ‘I'he number of 'I'T bond rcflccl‘s that Pt has a largcr 5 than

Ir .'md there{ore should cn‘rxch in the pyrrhontc phasc morc strongly\

than Ir. Th.ia-prcd;ctxdn is compatiblle with thé pr.escnt.a.nalyrt:calr_

. Ll
L
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>

data whc’r::'Pt is c"nrirchcd in py’rrhogi‘tc relative to mag‘n;ctitc by a
f#c(o; of 6 as comparcd with 2 for Ir. ‘The a‘pplicati.on of ligaha
: f.'-.cld-af.abili.r.;.ltit'm t.:ncrg,y to 1:;i"..c'r_lict the f_p'nrt.iu'q:n o.l‘ the noblc. metals:
at'hi:gh tcmpcraturcé 'shoﬁld b_c'x.-no;-c succ:cﬂﬂfx:xl .i{rwc have a_bc_;ttcr

'knowlcdgc of thci'r_s,iabilizhtioﬁ encrgies and the chemical states

in pyrrhontc.- . ; : .

Exccpt for Pch a.nd IrTc, thc noblc mcta] chalcogcmdes ‘
\ .
have chf!'crcnt crystal’ structurcs lhan pyrrhoufc (H\.&hgcr, 1968). T

At hzgh tempcramre, hmn.cvcr. thc iron vacancies in pyrrhoutc are in
| ; . LT .”, :

S a 5tate of more or less random ‘disorder and d:ff.xs:on of the vacanmqs ‘

is very rapid. The property that c‘auon vacancies move Irccly from

-2

-

.one interstice to another v:xth a relatxvely low cncrgy ol’ actwat:on.

-

is likely to absorb the strain induccd in thc strucmrc by the soluuon

of noble m_etala,‘ évcn-up to !'airly bigh conc;nt;agions. X Whethcr
i o L _
thc very large Iracnonabon of Pd into pyrrhotxtc-rclativc to magne-

. tite is due to the combmcd cffcct of bondmg wn.h sulfur and the

lirmlanh; of ntructurc of Pch and Pyrrhotxtc is prescntly a matter.

i

C_’f spéculatio'n.

6-4. Partinon in Subsohdus Exsoluuon

Thcre is lcss mformahon about the me_ch_anism of the
parntxon of tracc clc*ments undcr sugghdua condzt:ons. The present

, - |
n'alytlcal data strongly mdxcatc that subsohdus proccsses are very

ey .- - _r" -

I ' (O _'-_‘ - ‘- ’ v

-
J
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i .
effective in redistribution of the noble metals.  To explain this, we

. - . ¥ . ' : ’
‘need to understand the interaction of the trace elements with respect’

to the nuclea'tion. grov;c.;tl;l. ,n;nd kinet.ic.s of th;: host phaaﬁs_ (Yund b
and McCallxator; 1970) A‘lthough thc_ faét that the Strat‘hcona ;halco-—
pyrite cxuolvcd Irom pyrrhontc at 450 C or less and pentlandite at
300 c orl lcas :s \a.cll cambhshcd thcre is no mIormatio%Iabout _

their nuclcnuon, grovnh and kmcucs And as a conscquencc.

qu:mlitativc evaluanon of thc noble metal rcuponsc to thcae processes

N
ety

Cis 1mposublc. ‘But from a qunhtatwc point of view, the causes of
T d.iffnnion are bchcved to bc due to- rchcf of latncc atram. gr;in

| boundary diffusion, and transition of spxp ata!;,g:_.;’.‘._ -

6-4-1, Rcl:c{of Lalncc Stram

thn pyrrhoute solid sol:ut:idn crystal_lizcs at.h.ig‘hi tcrp-
'pcramrc. small amounts of Se, Te. .-'md As can dissolve in thc
pyrrhoutc :somorphous!y .At high tcmpcra.turc pyrrhonte has a
dxuorde)r‘cd latucc in whxch thc rate. of vacancy dxt'fusxon is hxgh
This propcrty-:cndn to absorb the lach stram caused by thc in-
'cox'poratxon of these amo.ns, .as well -as other catmns But as thc

L

icrﬁp‘ératnrc lowers, the dxﬂuuxon rate will decrease accordmg tor

.thc gcncral rclatmn o e ' o ‘ .
D‘:DocR. S o S (20},

- ) [




: a2

where D is diffusion cocfficient, and D_andQ are constants for = | o
' fixed' tcmpcramfc ‘I' but vary.with cdmpositi_o'n.‘ _Condit,and Birchcnz;ll
(1960) found that thc iron dxifunon cocfhc';cm in pyrrhoutc between -

350 -and 697 °%c mcrcascn with mcrcaamg iron dcf:cxt

-

'l'hc dcc rease of thc diffusion rate is a reflection of the
| utrcngthcnmg of thc cryntal atructure As thc lattice ,s't'ra.in 'caused:

y thE 1mpunncs tcnda to build up. the xmpunt:ca scgrcgate to gram
boundanca bccausc of interaction forccs (Luckc and Detert, 9:7)

b

and actually difﬁme"out.of the host phasq.- : ‘ o -
;--n;., critical nh@d to initiate this type of ex=. '

solution may be’ reachcd at d.lffcrcnt tt;:mpcra.tures for vario‘uﬂ elcm;:ﬁts'

dcpcndzng on thc:r rcapccuve dxrccuonal bondzng wnh sulfur or other |

anions rcplacing smlfur xsomorphously in the structurc An "cxampl'c

-

-

of hou thm stram can anae is 1lluatratcd in ngurc 6. 8

o
{

Pyrrhotxtc has a hcxagonal latt;cc at. h:gh tempcraturc A

i’

while PtS is tetragonal. ‘l'hc two lattices are mutually correlatwc

-l;y twisting pariillcl'tq Ilhc a' axis. Thc clbngation of thc anion

Lo

"octahedron in’ pyrrhotuc in such that Lhc cahon isin squarc-pla\nar

‘coordination wh’lc lhc amon xs surrounded by a dcformcd tctrahcdron

df‘foﬁr cationn wh.ich correnponds to thc structarc of PtS (Jclhnck
1957) Jellmck bchcvcd that thu typc of gicformauon‘can be achzevgd'

by transxuon of Fc +2 from hxgh- to low spin state.

-u‘__
—
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6-4-2. Grain Boundary Dx{[usxon

. Accordmg_to rubaschewski and Hopkms (1967) d:.ifuszon

]

often involves two different mecchanisms dcpcndxng on tcmpc ratures.

At high temptrature lhc di(funon is dommantly transgranular while

r

.

- oat low.temperature it is asnocuatcd -u.xth grain boundary process

144

Thc occurrcncc of pentlandite as rims around pyrrhontc may mdxcate

that thc laltcr mcchamsm is opc rative in the cxsolunon o{ pcntlandue

| undc,r 300 C. Thc high concentratmn of Pd-in pcntlandnc mdxcatcs

that it is also mvolved in grain boundary dxffua:on procéssés.
g

_'6-4 -3. Cauon Spin-state 'I‘ranszhon oy

_ ' 42, o
: Magnctic susc‘cpubxhty mdxcatcs that Fc in pyrrhont_e

is in a hlgh sp}n atate while Fc ¥ in pcntlandnc is at low- spm statc. '

Thc c:’:sdlution of pcntland;tc Irom pyrrhontc thus involves a tran-

uition of -I-"c trom tugh- to low- spin. statc. Shannon and Prc\ntt
. : >

2
(1969). gave lhc xomc radius of Fe ') for ‘high=and low=spin statcs

as 0. 77x and 0. 6lx respccnvcly A ZO"'q conlr‘acnon is thus in-

. o . - +2
- volved. As po'mtcd out by .)'cllmek (1937). the transition of ;“c '

: Irom hxgh- to lov. -8pin rcaulls in thc clongation of the anion

octahedron in pyrrhontc to auch a degrec that cations form square=

: N -
planar coordination. Both pa’“ and Aq can form clcctromc con-

ﬁguratibns of dsp'2 hylt;ri;iization_ and thus giire squarg-planar co-

v .

.
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this prcdiclio’n.‘
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S

rdmatmn. That is to say, when a phanc contammg hx&-spin iron

coc’:usts vnth a phanc conlatmng low~ apm iron," and Au +3 tend

Py

to go into thc phaoe contammg low spin iron p Icr'entially._ The

'cnnchrncnt of lhcsc two mclals in pcmlandne is compaublc with -

[}

<

6-5. Thcrmal Ei!cct of D:kc Intrumon on Noblc Metal Pi-ofiles

Thc conccntranon proﬁlcn of f:gure 5-5 indicate’ that the

LY

mtrunon o[ a quartz diabase dike dwpcrses Au away frqm the dike

‘ a'nd"fdi'rns a' low in thc conccntratxcn prof:le. but at the same t:mc

causes no obacrvablc cffect ior Pd and Ir. "I'hésc cffccts are prpb-

-~ N e:{ )
ably due 1o the hcat el'fcct ol’.thc dmc. ' '

hd T

Shcwrnoq'(l963) notcd that whcn a purc mctal conta:nmg‘_-

: tfat‘:c-amountu of a éolutc is ahncalcd in a tcmpcraturc gradxcnt. .

»

'thc thcfmal diffusion of the solutc up the thcrmal gradicnt is opposed

“is useful for cons:dcrauon of thc prcscn

‘medium, e ascnt'ially ‘pyrrhotite,

! L
_by a vacancy concentration gradlcnt down thc ,the‘rmal gradient. In

EE i * i

the case of Zn and I-"c. the two cffccts— Just c:mccl out and cause no

change of the solute concentrauon wh;le in the case of Au there ;9, a

. : - : \ ' ‘
i

net flux of vacancies from the hotter to the coldcr regwn caus;n;,

the Au conccntrat:on to hcreasc in 'f.hc coo,lrcr reg:on. Thxs modcl

t cﬁ‘S’C“in that _th'e dif!ustop_

1 —

is a dcfect structure.

- ) - o . -

\vﬁ-ﬁ.‘h "



Anw pyfrhotim c'ontaain.a_»yacancic’a ,whiclj diﬂ'uac at high

rate at }ugh temperamre. it :p lxkcly thal lhc intrusion of the d.labase

dike would reactivate thc daflumén of thc vacancica in pyrrhoutc

- -

1

'and cauue Au to dxf!’uae dcfu.n thc lhcrmal gradu:nt and lhus away from®
thc heat source.” Thc d.:ffumtm of Au co‘uld be grcatly actclc‘ratcd by

a amall amount of aqucous ﬂmd dcnvcd !’rom both thc dlke and thé

) . JI}'- ) ‘ / b Rty
hang:ng-wall brcccm T . .

d
. Pd and Ir arc relnnvely msenaznve to the mtrusxon of -

\

thc dubaac dikh.; Thc 1mphcanon'(rom Shcwmon s observations

ii"that Lhcnc rnct'alu rcscmblc Zn anlec in that thc d:f{ua:on effects
- .‘ N . . q . - *
of solute and vacanciea have just ca_ncdlcd out and cause no net'd
. V . - .; . = . S | - ' - : - ot
‘concentration change.
b~ 6 'I‘he Ongm of the SuU:dcs R o : g S

The origin o[ thc Sudbury sulhdcs has long bccn a topxc'. ’

4 L

of com‘fovcrs)‘._ Howcvcr,_ it is clcar that tJ'lc Sudbury ore -dcpasxts F

are a'l_\'vayu a"s'sociata_:d thh the aub layer rocks (fxgurc 2 3) Im-
L e -+ o B
prcucd by the mlermu‘.cd nature of-thc ore bodu‘:s and thc sub layer,
Naldrcu,nnd Kullcru’d (1967) thought that: thcy were post ~Irruptive °
; _ Iy |
lnjcctiorw of magmatic sulfxdc hquxds dcnvcd from decp scatcd .

% ¢

ultramafic ~,'1.ny¢‘rs. Dietz (1977—). on tb"—‘ othcr hand Buggcstcd that

u

P




"
o

1hc\, mc“re prc Irruptivc and rcprcncmcd a m:xturc of aulhdcs from

a sbock mcltcd du’fcremtﬂcd astcro;d and countr\, rocks Thcsc
two hypothcncn are dnucuased 'bsulow cm a bauis of\&hq noble metal

.da.ta, parucularl', !hc mctal prohlea acrok.n’ thc 2750 cross-cut and °

Y -
]

. ) . ’ 1 : :
2 cbmpanson of-Sudbury noblc mctal rauos “with those of other rock.
2 : .

types aﬁd'mctcgritca... .r\lso m"crcn;cs on thc thcrmal lustory of the

‘ Irruptive are considered in the light ol‘thc ir-{evcrsiblc lattice
. . - M ° - b N . O f

©

expansion of pentlandite,

.

-
>

6-6-1, Concentration Pr‘ofglc‘s from the 2750 Cross-cut

The conccntﬂlhon profg\les shown in figure 5-5 reveal - -

Y

“

tha! the {anauon of Au :\nd Pd wuhm each 11tholo§,:c group inter-

sccted Bw, the 2:50:cross—cut is vcry \), A stausucal F test

a
L -

c xphc nly mdxcalcu that ndnc of thcsc groups havc avcra;.,e Au or

. . /

- Pd valuca whxch are ngm{:cantly d:f!’crqnt. Ir,‘ on thc othcr hand,

doéa‘pann thc I tcst and has s;gmizcantly different average values
. -

for cach group B. fy p p b. for maf:c no:ntc. 26 3 p p.b. for mafic

[\

"~ sub- laycr and !3 0 p cp b. for lcucocrauc sub 1aycr. . N Thc largc

vari ations of Au and Pd are, duc. in pa.r,t, to s_ubsolidus ;cdistribu‘n‘.x,qn_

-

as mdxcalcd by their strong canChmcnt in pcmlandxtc.- and, in thc

. "
L

case of ."A_u, thcrmally mduccd m;grat;on re aulung from :‘ﬁfruszon of
young diabase dikcn.-’:ﬁ; Y R e

l47""’a|

t o1

2,
-
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As Ir has sig'niflic.an!ly'diffcrcnt avc.rage values for each

K . _
htholobxc group, and as there m no ev.idchc.c for redistributi_bﬁ of Ir
by- subs‘olidgu‘,..qr other proc,cu.. itis suggcst‘cd that these dxffcrcnccs

' arcduc to-idifft’:r'lé:n‘t ';;:i..'erggc Ir ‘contcnw‘qf .thrcc different intruslxp_ns. -

) (mafié norite, ma(i‘c sub-layer, ;n_nd .lAcu.co,cra'tic gub-laycr) as sug- '.'
gcstcd by-Grccnman :md chzna The firsi i.ntrunion was the Jr:'u.[;'rtliye

i
’ propcr u.hosc xmtm!ly crystall:scd sulf:dcs. rcprcscntcd by thc

pyrrhotite of thc bordcr mcmbcr of thc mafic norité», have an avcragc
. ’

Ir comcm of 8.6 p.p. b, 'l'hc 5ccond was the m;'un zone sulfxdes
;aﬁoc:alcd thh maﬁc sub- iaycr thh an average Irr content of 26. 4 .
P- P-lb; ."ahd ihc third anc; thc !ast mt‘rasron was thc deep zone sulfzdes
"associated with l-t:ucrocrt‘a_tic su:b-'l:iycr or gray breccia with an average

_ Ir content of 13.0 p.p. b,

e -Accor-ding 10 Hewins (1971), §thé ma!’ic norite.h:is two members —
po:kxhuc and hyp;d:omorph:c mahc norite, - The former is a border

mcmbcr and thc laltcr rcprcscnts granm'loral accumulatc In t'r_xe |

ncct:on acrosa thc 2?50 lcvcl. thc bordcr group is 360 feet. thxck a.nd
v
| All of the analy;z.cd samplgs :

only the uI::_p 30 ;r[cct is 'hypi'didmér}"h_‘c'
w.(.!!"(.: collcc.!éd {rom the Porikﬂ{‘ic‘maﬁc' norite.

|

~ - ‘
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o i | N o
G'ri:c‘.‘nlnnd (1970} observed that in the diffcrentiated

Great Lake Dolerite (Tasmania) Ir decreased systematically

. {rom carly mafic dolerite {0‘.;25 p.p.b.) to late gijanbphyré-(o. 006 |,

- . .

p.p.-b.). If this trend is g‘canall‘y applicabl'c to diffcrg:ntiatcd.'

layered gabbroic rocks, a possible explanation of the different It

values is that they arc :nﬁéri:cd from a differentiated layered

‘sequence at depth with the carli¢st or mafic sub-layer being derived

'r,ion_'o'! noblc metals in'tcrrcstr".al' rocks

|
i
o

fr_on::-,car!icst sulfides highest in Ir content.

6-6-2. Irﬂ'phcauons of N‘ctal Ratms ‘with Spccml Rcf-.ronce to thc

Cosmogecnic Ore Hypothcui 8

';\\oauming-th\at the type | Ccurbonaceous chondrites repre-
"sent the most primilivc rﬁatcrial of our solar qystcm (Mason, 1960:_ -

.

Fish ct al. , 1360; F}.mg\too:l 1‘361 1962) ;md that thc carth was formcd

by accretion and fra.ctxo'mano": of th.s typf- of material, the fracnona—

4

and ores can be intcrprctcd

by compa.rmg with mctal ratios in mctcoritcs._ In thc' primary

'fr'ac-tipniation of the cnrlh to form the core the na’olc mcta!s ucrc in
a reduced state and largely concc'ntratcd as a group in t'his. mcta!,h_c

Fe-Nicore.’ In the proccns of formmg'thc' crust, two major types of .

‘magma are jnvolvcd includin an cxtrcmcly w:dcspread primordial |

FREY
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pasz;ltic ma-gmi and a _scco;ndafy g.ranit.ic magma rcs;_r.ictcd to '
_arc.as of orogcne;-;in“‘alnd extensive; -mcIam'or.plhi‘um. _ 1t isl t'hé_rcfore
'pch:ncnt;to compa.rc _ridhl'c' metal ratios of the various iithplogi‘c‘_
groups of Straih'c;;’nfx with _mctc;ﬁitcn, taken as _thc be st ava.li‘lablt':
'.rcprcacnu ives ol' pr:m:uvc.'qnfract‘.o'natcd mat.crial_ Qn‘thc one hand
'and avcr.\gc ban:c rocks on thc othcir As Dictz Suggésicﬂ._thc
Sadbur) :mlf:dn.n ccmld b;:!‘dcrivlcd frém a dxffcrcnnatcd aslte,rom

- :_conmimng both chalcop_hyll:c '_phaScs 5upplymg Cu and S, and a

. s:dcrophw,ll:c pknsc 5upp15mg tbe noblc mctals - It i,s alsc mtcresting :

_Lo,con.aidc-' \»Hcthcr thc otra!hcona noblc rm.tal rauos are compatxblc

with .;u'cfh a hypothésisl The rclcva.nt data ‘are presented in tadle 6-10. = \,

Tablc 6-10. Companson of ‘\oblc \h:ml R_aﬁoé for Strathcona 'Splf_‘id_c_s,

e ',‘

Basaluc Rocks and Mc!eonus

-’

Roc‘k Unit ar Pd - Au ‘V_Referi:nc"c
Mafic".;\'orilc S . '- I - 488 © 0.320 This work o

' Ma!i.cf';ub-layfcf.:, . I :}03 0.124 ' o -

" feucocratic Sub-layer oy 4,98 0.7020 % oo
Ullrarﬁafic K- ‘ - . .1 - 3.29 “"0..4_58 'A("_Zrockct & Chyi (1972)

| Basic ':}.r}‘d -Iﬁ!qrma—c‘tlﬁ'atc Rocks - ll"' 15 A.'i.-“T o Crocke;_g_ al (197’) |
C.::';r!.‘-lc.)‘n:‘u‘:ci")us‘Chon‘d_riic's_ ! 1,03 0,288 T

|, fron Meteorites . A 1z e.325 " S
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It is clear from the tablé that the average sub-layer T

~

- noble metal ratios are very stm:la.r to those of mahc norite which

a

is consldcred to be of mngmanc ongm. JThc mahc norite and the
uubQIaycrl noble mclal ratios are much more similar to uitramaf;ca
than to carbo'\accouﬁ chondnlcn. or iron mct;orit'cs‘. If the noble
m.cta'lln_ rpunl be derived from the u:dcrophylhc ph'mc of a chf-
{c.rcn'!:atcd_ meteorite, then tHc‘rc\_}nukl\hnvc bc\cn alﬁgocc:ss causing
an enrichment ci’jpd. _.Vol;\ti_li}.ation is the mqst iikc1§ procc'ss_‘to ‘
have ch;mg.,cd mctal r:xuos rclatw ‘-;) pa.rcntal n;\atcr:al 1mmcdzatc1y
‘a!tc; impact. Hou.cvcr. the bmhng pom:s of Pd I.r,- ,and Au, 'which
are 3980 C. 3300 C and 2970 C rcspcctncly.. suggcst thaﬁ di:ff‘

’ .fcrcnual loss of thc metals should ificrcase in the sc:ju.s

.Au)Pd)!:. Thc_r-"éforc'.ﬁl one cxpccts Aullr ;md Pd/Ir ratios s_mallcr_:
than in the ";f\ctcontes. vnth thc cf"cct bcxng Iargcr for- thc :ﬁu/ir
rati;). Obyiougly\. lh\c data do not fit thm moda,l “rbe obscncd

" trend indica(cu_ t'n.al. vul;tilir,;\t}on_‘cannot “be responsible for Pd _cnr‘ic'n-ﬁ
cvﬂ. awith rcupcct to Ir in the Strathco'na‘ -slubla‘yc"r. 's'tl]l!.'idcs. '

As rcquxrcd by D;ctz s hypothcms of metcontxc parcnt-

o~
N

' hood.'lﬁc di‘s:ribu’tion of the sub- Im,cr componcnts .'hculd rcﬂcct

rav;tanonal f:cld Thc rcf_o‘r‘c .

. inérii:\l or"dénsity difIércnc‘cﬂ inag

thc matcnal nhould be arrangcd wuh increasing dcnsxty nv-ay from

~

hc ccntc’r o{ thc Sudbury basin wuh thc heaviest matcnal closest to

A
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the 'footw:ull. AN thc-‘cdn_cchtration cffect is proportional to mass o

we expect th:\: l'nc c{fcct v.ould be larhcr and 'u:arly equal for Au

“

and Ir and smaller for Pd. T‘hc concentration grad:cnls of the
three metals arc shown in table ‘6-11 where the concentration of
cach metal is normalized to the value in mafic noritc and where -

T
l

- atomic weights are akcn rclauvc to Pd. The avc'ragc concentra-

tion for each lithologic unit is computcd from the data in tablc 5-8.

Table 6-11 ..C'on,ccnt‘rat.ion gradiént‘s' of Pd, Ir, and%A\i in

S ' | o .
/Mafic Norite and the Sub-layer Units
R S - L
Flement - Atomic Wi, . Mafic Mafic ", i Leucocratic.
' “Ratio  ~  Nofrite: °  Sub-layer Sub-layer

.,

e
.

1,00 A NI U SR a—

1,80 - 1,00 3,07 " 51+

Incroaning
atomic wit,
e
-

>
z

i

o1 - noeo. Lm o7 3

2 ' _ - o Tow;'ards'-thc ‘Footwall

b
L4l

-~

v |
F:rs:ly. lhc t\blc shows c}ca.rly Lhat only Au mcreascs in concentr =~

Pd sho»ua a rc\r.-rsc. trcnd in mafxc stxb;
|. 1

layer while Ir sho“s a ‘Largc rcvcrsc tr‘rnd in. lcucocratxc sub- layer

'~t.on towarda the” Iomwan

-
-

. »-""
S
v

& i ' n
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‘o

Sccondly, if the c-onCcntralioanf!c‘cl is proportional to mass, the
’ . . . : ' " : i

relative increase in concentration of Au and [

should b-c.grcnlc'._r lha:_h 'i.h.\t of Pd which is obviously not the case.

!

'I'hua. there do not appear to be a

.

sis of mctcor:uc hvpcrvclocny cmplaccmcnt

r to“'ard the footwall

g .
ny aspccls b?‘-noble

of aulhdcs C‘cn‘. cd

di:‘cCtly-from siderophyllic phascs ol' thc meteorite as a feasible

model for distribution of the noble metals.

3

Phe . . ) . ' . ) j . .
6-6-3. Pentlandite Irreversible Expansion

‘nificant im-plicano':s on the th.crmal history o

PO

(N

bc(wccn"l-SO and 200 C from 10 0—-3X m 10

.Of thc ccll pnrnmclcr is due to m:grat:on o!' i

“to tct'rahcdra! sites in pcntlandi:c (K nop ot n‘l

: ‘"bc prcvcntcd by prcssures of up 10 2'Kb. It

;’&

A very intci’csting c;ipcri;ncni performed by Knop ct al.

l‘?b:) on th«. thcrm.\\l ;_xpann:on of thc pentlandite lauic':i: has sig-.

¥ the sab laycr_-;prcq.

Knbp ct al. ‘_"dcrn-onst'ratc'd that ﬂnlural pcntlanc‘:tc whcn hcatcd w.ull
: undcrgo an 1rrc'. 'rm")lc 1ntticé'cxpnn5ion o!’ 0.57: at tcrriperatu_r,c_s

100}? 'fhc cﬁpansiop, _

L

ron from’ octahcd'al _

1970) and ca.nnot

was also shov.n by

‘Knop et al. (19631 that no tmca cle cnts 1ncorporatcd in thc

. - | . A * .
. : H : : ..
. . Lo - i
o .

Y
ro !
+ -y
. -

' pcntlnnd:tc sﬂ-ucturc -nll dccreasc thc cell parnmct_crj.

»

‘metal ratios for Strnthconn aubla\,cr rocks v..hxch supporl thc h-,pothc-
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. o All Sudbury pcnllanduc analyrcd by \aldrctt (19 61} have

ccll paramcters bcluccn 10. 036 and’ 10 054 X It is therefore
concluded that ;his low. paramctcr must mean that Sud&iur',.r,pcm—

landite was never exposcdto temperatures in excess of 150°C .
;{i‘no that its exsolution from PYyr rhqtis‘c probably occurred below

7 this temperature. : L -

" -

Basecd on this argument, we can sce that redistribution

’ . -

‘of the foble mctals must be a"c.cbmplishcd by low temperature dif- -

e,

- fusion or hydrothcrmal solutions but, not remobilization. Further--
. more, thiﬁ afgum‘ént supports’ thc hypothesis that the 'coppcr-ni;;kcl'
uu'u‘cs of the sub -layer orcs “crc cmplaccd :lftcr thc Irruptnc oo

Ior thc thzc’n !rruptwc would u'xdoubtcdly heidt the’ several hundrcd j

“feet of undcrlyang sub laycr up to- ..';,vcry high. te_mpcramrc

1

. -7. Economic Aspects o i ‘ , T
R , . - . . . * : . . - .

‘The noble m'ctn'la...ir'cf:;covcrcci as b.y.-prﬂoduc-ls. from. thc_-
mlclt.n;\‘of coppc. l-mck-cvl ﬂoal:\tio.n'conccnlratcs obt:;incd'from the .
Sudbary orc.s. “This rqscarch suggcqts tha.t thc Pt!Pd ratxo should“ -
C.[o:scly {ollow t“c C':.x!\x rano if the Pd cnr:c};mem 1;1 pen:hndxte
and ij.t_cnr‘ic‘hnicﬁl'in chalcopy‘rlit_'c l::p;ply to .thc mine as a whole.

-
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Almost all coppcf is oblaincd'lfrom c'l";nlcopyri‘tc' and the
" bulk of the nickel frdm pcntlandiu:. Equal arﬁdun!s_pf chalcopyrite

and pcmla-\d:tc producc approximatcly cqui.l.a'mpunts of copper and
nickel. Ta_king_th:s app'ox;:“atzo-\ ‘and calculatmg accordmg, to the

]
: cLa

relation = s S : ' : )

pr ‘W Cpﬂ I

_CpY p‘ _pn ot rv CCu--\x ' B ' | (21)’
W W - ‘Pt . o
cpy PR o, . IR

we have that the conc‘cntr‘_a'tio'n of Ptin coppcr-—niékel co'n'c':éntratc

C(,u g approximately c_:'quala the wc:ght o!' chalcopyruc ‘r’v cpy times

Pt
‘conccn:fation of Ptin chdlcogyr;tc C py plus weight of pcntlandlte

i I

W times conc'cntrnt:on o!’ Pt in pcntla."-ditc, C‘;., Bascd on thc
pno i ‘ |

§
data of t:mlc 5,

the averag,c Pt co'mcntrat:o't in chalcopyntc

. (Lclct ng t,hc 13600 p p. . samplc as‘:t g:annot-rcp.reseni an oxcrall '
av cra;,c) :md pcntlnnd te are computed as 2180 p.p-b. apd 889 p.p.b. l
'i'¢5?CC11\ cl‘,. and ;wcrn"c Pd conc-cmran'ohs in pcnllandltc an§

o éh-:_xl::o;_:q-rilc nre. compu:cd as ZO:O P- p b. and 360 p. p: b. rcspe_crti\"cr-

s

TN akuﬁ, the ("ul\x v.c;ght rauo as 1:1 and_uhing
y Y | . .

equa{ioﬁ (?.l}, the Pt conccmrat:on in col»"':'"—r mckclconccmratc L F

a

. _c.'m be calculatcd as,

lxzwonxsso 3060

141! B /
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Pd concentations and Pt concentrations for other Cu/Ni ratios can,

: - b : S ; _
similarly be calculated and the results are presented in table 6-12.

o

: . : A g
Table 6-12. Pt and Pd concentrations in Cu-Ni concentrate predicted

from Cu/Ni Ratios (p.p.b.) s

) Cul/Ni - Pd . Pt _Pt/Pd
a3 1640 1200 . 0.73"
| 1/2 1500 a3i0 T 0.87
- 2100 1530 - 1.26
2 9301850 " 1eB.
3 790-‘ L1850 - 2.34

Acéorﬁing to Hawlcy'(l‘*ﬁ"\ productxon from all of the Sudbary ores,

a\cragcd over fro'n 194”-195: 5,15(.5 4b aPr., -HF' Pd and 13 P combmcd

. .

Rh, Ru, and Ir Thm corrcspondq to a Ptlpd rat;o of 1. 2\;,’ The

Cu/ \1 ratio for thc same pcnod was cﬁnmau‘d at 0, 920. 'I"hc prcscnt _

analyucu, if aqsumcd to rcprcscnt ou.rall a'-cra;_,t. Sudbury ore, '_ /_
would givc a Pt!?d rauo of 1.18 for a Cu/\x ratio of O 926, 'I'ms

‘ 'clom.- agrccmcm with actual produ'ction data indicates that the
, l

o

_suggcstion that the Pt/Pd rauo should closcly follow thc Cu/Ni ratio

in a copper-aickel c_o,nccntratc. is, in general, valid.

e




W

_cuApfzgj‘,ﬁ'w

CONCLUSIONS -

Pd, Ir. Pt. :md Au are prcncnt in co’ppcr_-nickcl 5ulf_i&cs

. . r . ‘ . -
in very small quantities and dc_) not form pnma.ry cryatallmc phases

..., in the Strathcona mine. They may occur in 5olidlsol{1tion. as

" Ynclusions or adsorbed films. . o ‘ S

To prove :th:n the noble 'n_u;tals are in solid solunon e

in l'r'c p*mc.pal rnmcral pha ses -.p_yrrhotitc. magncutc. chalco-
. _ A

pyntc. .md pcnuand;tc - thcxr partition b;-twcén coexisting ph:nxsels'
‘wa.n-tc'n_qd u;- c_!ctermmc if chlrw, s dxlutc solution Law was obcycd

' t:Jr if the ob‘nc;vcd partitions could be cxplaincd b.-,- induced vatancies
due to altervalent bubsumuon or ;nters:itial-su‘xbstimtion.‘ Al—t,hb\igh_
_t':o.n_cluuio‘ns are tc.gt._nivc and nced to be subst&fiat;:_cl by further

analytical data, the p,?cs_cnt'__data. suggc sts that 3011d soluti'on in host -

xoe .

T

sulfides a_ccotxms !or the dominant mode ‘of occurrcncc of thcsc trace

- -
- . . '

{
mctala in thc Strathcona ores. . ,

j’.
Sulfur fugac:ty in cquxhbrmm with the ore ‘which is. L

- . Lo
-

‘infcrr'cd f‘rom thc p:cscnt m]ncral modal anﬁl,yﬁis, :I.nd thc thcrmo-
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The cc:npulal:(‘)n md:cnlvd t‘m. Pd. umld he stabitized as sulfide but

‘ nit‘.cn_:d to aid i a qu‘alillmwc intcrpretation of noblc metal partition.

. cra-r}. L bonds c;m for

- Pn\go;,cn anions. Tma cxplams why thesc. metals ar

:iw,-namxc’dhm of some Pd, Pt and Ir -;ul"xdcn were used to cvaluatc ‘

e

.

whether the sulfides were, !i’.:z".)il;i‘.’.cd Ly the prevailing sulfar fugacit',r.

Pr ;\mr’ Ir CO\Hd onl*, bhe Mabxh. cd as *mlfu‘c o ‘hu uulfur Eu;,ac;ty B ' \

‘!

were uumcwh.\: highcr }.an the pruic'u mft_rrcd .a}-{zc. ;
The gcoch;émicnl-nff:nizics_ of lhc noble mctals for Se,

Te, As, Sb, and 31 and thc Sudbury lnt-nmrl :‘m-wralo"%' were ¢on-
[n B '

o . .
i 1

l

&

Pt :md Ir foilow the - sclcnium cnrichmcnl trend closely with increasing -~ -
concentration in the order Py rrhotxtc-pc‘ntlanditc-}:ha_lcopyri:c; “"Be- -

cause of the strong bohding between Au a'nd Te, pcntland:te shoua, ) ]

<

Efﬁic&*mcnt m hoth 'I'c and’ Au. Th{: platmmti -ﬂ;-wfralog*, of [Sudbury

Buggcqu that ‘) P a.-ul Pt corrclalc with Te, Bl, and Sb in thc o o

dt':Crc:tsmg, order 'I'c} :»Sb and that Pd hna a strong,t.r a.{fm:ty for

thesce clcme-na than Pt. and 2) Pt ntrongly corrclatt_a j.'rith_ AS. _ o
) Molc"cular o-'bual ‘thecory ;m‘xcate.s that strong multiple A

kY M

"z"\ bctwct:n_ noble mctnl catxo'u; and chalcogen of

: f

c c.,nnchcd in
s"i--'.
In an :(‘cal casc. thc ordcr of enrich- |
. \, . K

to the total numbcr of* c’andTT bonds when their -

chalcogL mdca and pmcudc E

~

mcm c:m be rcl:n.cd

bonding 'cha:acmr is of the samc covalcncy. S
. : i, _

N
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At high lcmperaturc. the noble metals fractionate rdther

~

s_trpnglw, mto pw,rrhotnc sohd solunon rcL:nwc to magnectite: Pdby

26, Pt 'by' 6, Au by 3, and Tr 'by Y Upon cooling below liquidus

tcmpcraturca-thc kcochcmxcal history of the

nobic.mc_tals appears to be

closely refated to phase transforrnatlons and olhcr proccsscs affecting

pyrrhotil'fé. In pnrticulnr. some chalcopyntc and all pcntla'nditc .

: . e
cxsolxc fro'r pyrrhohtc sohd so]uuon at tcmpcraturcs below 450

E

~and 300 C rcspcctwcly ccausc of- thc sfrong prcfcrence of Pt for

chalcopyntc and Pd and Au for pcmlandnc.

n. is c,qncluded that

thesce mctals diffuse from pyrrho.:tc at tcmpc ratures sxmxlar to -

- thosc at which \: and Cu cxsohcd Graxn boundary d1ffu5:on pro-

CCHﬂCS uh;ch u.ould prcv:ul at thcsa low Igmperaturcs are probatily

‘ _domina.nt Thc cnnchmc-u of Pd. aﬂd Auin puntlandnc is also probably'

- r'cla!cd 10 thg tr;m'nuoq of fcrrous iron from a high- 5p1" to a lo.w.-spin

state. Tl*crc can ‘be little doubt th'xt the present’ noblc metal parulions

bctuccn -m.lf:dcs were esmbhshcd by diffusion at relatively I_ow tem-

. . o .- .
_ peratures,. p-obably in the rangc -eSO to 150 C.

Iy

Conccmrat:on promcs ‘for Pd Ir and Au taken altong the -

\-

2750 cro'ﬁs-cm mcludcd thc bordcr broup of Lhc Irrupnvc {mafic nori}c).

the mnf;c sub law,cr mcludmg part o

sub-layer.. Pd and Au are hxghly vanablc ;.md,f..hci':_- 'avcra.gc-vzglugs .

™

°

{ the main zonc ore, and lcucocranc

’

T

-~




- - -
-y

o

also cvident.

L]

L. V.’f_ l

. Ior the !nrc- m:s;or u'utﬁ are not
:5[‘(‘0!“.‘.;\.’}"'““;!'3. ian of, A\z duc- to intrusion o‘r
L]

The ¢ oncent ration.p

1

ids

the lrruptite p*opc ' the main zonc ore. and thc'

.

‘rcp:‘cn‘cm L‘xr«,c t.hffurcm nlrumonn.

;J‘,'r:'hmi:c.'

.or
1

by the mickel zoning and giistribglion of huc:sgonal

“

A cosmogenic orwm of lhc ‘Sudburw, coppcr mckcl

reasons: 1) the no‘:lc mcta!s are not 3rr‘mgcd in

. do not indic.ﬂ‘c th:u the noblc mctals v-cre dcrwc

,'CuINt ratio & due to

away from the center of thc Irruptw as rcqmrcd by the mcteonh.

impact hypo:_hem-a. 2) thc noblc met

[

Dh‘,lhc ph.mc of a d;f{crenu:ltcd rncu:ontc <hrcctl

.that the irrcvcrsiblu cxp_:ms

that the sub-layer must bc.pos!-lrrppii\‘e.

-4

from coppcr mckcl flotation, conccnt

'

~ T Thc noblc_ mctnls

o

o

-u:l.timig;xll\; djfferent. - Some
SE

This concluqmn is -iupoortc-d

160

A,

6

- . .

diabase dikes 18

rofild of Ir gave averagces for the y

three major units which u."crc statistically different supgesting that

deép zonc ore

.

;md moqochn

The noble, mctal data frqm 2750 cross-cut 4o not suppurt

5u1 fides fo r “two

a. dcns:ty uquc"cc

3

aL ratias of thm sub-layer bu}ﬁdcs

e

d from ths: Sldt ro-

y. Itis also noted

ion of pcntlnnduc coll pardmetcr indicates.

I B e -’.

‘.n_S_ﬁdhury arec: rccovc redas by-p-roduct‘s

3

'rcscarch 5u1.,g5~,!515 that the Pt!?d r:\uoe snovid cl

" and chalcop‘,rnc rcspect

.

ively.

4

the fact thzn. Pd :md Pt a{re enr

-

rate smelting. Thc prcsant

oqcly Iollov. the

-u:hed in p'cntlandite
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SELY-ABSORPTION OF . Pd BETA RADIATION
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APPENDIX A - | |
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Self-absorption ig proportio,nal to the thickncss’of'thc .

©o8spurce nnd Lon-cqm_mly a san1plc v.xt'n }ugnq:r chcm:cal ‘1eld may’

,-

- i - .

bc m:pc.-ctc,ri to ha-'c an 1pparent1~, lowcr spcmfxc actwaty duc to thxs

* ' “

.\
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effect, A calibration curwve is dc_tcrmihed by using radioac_nvc. o Pd

3

as tracer and is used to correct for thisieffect. The procedui¢ for

P"'“P*"r-‘lwn of the sources_is a's follows: G LR

_— .
————al

Irrad::xlc abou Grvu,

D

_of Pd

W

. ' o v
b . " + .

standard soluuon contaxmng 1. Owi?mg

————

T

pd‘/m'l-' !o.r‘E-‘. héurs']and’-cool fof' 12: hou'rs. ;.'\‘r'ashrt'hc'ir‘radi“atcrdi_"

so!ut'on out ol’ the ampoulc mto a '100ml bcakcr \’-'Ith 1\1 HCI and

—___7__

dilute to SOmmﬁr;‘- -

f thl- 5olunon mto e,x/h \ﬁ)f Sevcraf Pd

carrier %Dluutms contazmnf, d1f[crunt wm[.,hts of Pd Wrarm on a hot )

platc to ML_D!?(‘

N

_ glyoxzmc in. th:\nol

n

1

Prucxp

v

x\‘.atc Pd u.xth 5 to lOml of 1 5":, chmcth;yl—_. ‘

.+

dm«m!vc thc prccxmtatc thh aqua rcg,xa,_convert

¢

"o

N
s

“to chloride, and repeat ;hc prccipitation - Transfer thc Pd d1mcth‘;1‘

’

glyoximate éﬁ!o'.SOm'l ccqrri‘l'u'g'c tu'{ms. wash twice with ethanol._.

N ‘ . 7-'_




1 - . -
.\\_ . -, _'-

thc salt slov-l*,‘ 'Mth an mfra red hcat lamp -
Ry . ‘

2

glyoxxmatc laycr. Dr
. .,

U el ) p_‘

- and weigh to determinfe the chemical‘yicld. -

C Figure All sphows the percentage of activity with respect

Lo . . . .- . . .. . T
to a carrier-free source (i.e. 3 carrier-{ree source set at -10!33,'9). '

'y

~

RN . ™~ i : . ) - . ‘ ' :
plotted ;{& a fu_nctiop"of weight of Pd. Inthe present research, about - ¥
: - ‘ . . ) . RN o o '
Smg Pd .uaa usual‘.y taken for Lhc carr:cr. ’l‘herefoi-e. a 20% chemical

-

)rcld dr‘fcrcncc bctu.ccn samplc and smndard v.ould producc ;about 2" '

-

error if no cor;cction for s_'c!f-abs,orpt:on was ’applwd.
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. NEUTRON FLUX ATTENUATION .~ -~ '
. '\- ‘ | ‘ ' . A . | ‘ . . ' : k] —
RN e Nculi'dn activation is B'ascd_'on the assumptxon— that both
R | B

. ua.mplc and standard are u‘radzatcd by the same ncutron fl,ux 'l'h:s

- L Y x f - -
. -

is ncarly 3usuhcd u.hcn thc samplc sizc 15 small or contams ms1g—

- nificant amoufts of clcmcnts havmg largc absorpnon cross sections.

o

| Connidc‘rablc error canbe introduccd if the sample and 5tandard (are i
7/

not :rrad;atcd by the samc cncrgy spcctrum of ng:utrons. /

-

Two xmportam fdcturs causce changcs of thc cnergy - ) “

i

spcctrum of thc ncutrons on penctratmg the matcrml - seli absorpu‘on -
and hardc'ung of the ncutron flu.x. \ Thc dxstorhon of the ”spcctrum is

largely ,ca.uscd by the former.

-

. : . - L
Self absorpuon inc rcasca with the mass of sample matcrmal

irradxated and with the proport:on of clements vnfh-h.igh _absorptio_t}

cCross sccuons in thc mntcrzal being u'rad:a;ed There are two ways

to ;edncc the crror mtroduccd by this cffcct (Rokovi‘é’. 1970): 1) Prb—-

-

d 1n such a manncr so tha

paring samplc and standar t thc-: st:}f-absorption

Tow
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effcet :iavthfr same for both standard and sa@}c. and ) uﬁinﬁ, an internal

sitandardgnethord, : o : ;o ) ' oo
- . A ) ¢ ) . - . . N - C .

, o 1 the neutron flux is coming from only one direction *
\ . . ' : : : -
‘through a laygered sample with thickness X, the peutron flux after
Jpaﬂﬁl'}}, throug h t e snmplc Qis related to thc/’or-igin:il flux @, by the
[N : s . (o]
. - , — . . . -

r rpl;\iion {Rokovic,.l‘ﬂqﬂ,}: o _ .. o . S o

' CXEN d0) | | - Cy

¢/ =¢ 11 .':1)1 L _ e (1)

_—_— o o T : . : :

. -

. where N, 18 num}.)'cr o(\t:prgct nuclei of the i-th nuclide in 1 ecm™ of .
5amplc and . (o') is its a‘m’orphon cross .s'éction'. This simple equation

.-
Sl ” L

cannot bc uacd to corrcct fo:‘ sdf abSOrpuon of a non-,La-y-crcc! sample

o

and for thc c:wc of a ncutron ﬂuw: from mort, than one d-xrccncn..

N - . . . . - 1 . . L .
 Equation (1), 'hod:.c\-cr, does gwc an cshmatc of the 'maximum ‘neutron
-n . . l . . . y . - - , . 3 l - .//‘
.absorption by samples’ contained in“quartz ampoule and irradiated by

»
v

_an isotropic neutron flux.

Among ‘the four mmcra'l,s analysed, the la cs(absdrp_tipn'

6?’C u‘_(t"f\é :
: . B3 S d v
mmerai co-\lams 3- 6"' Cu which is 69 Z"' Cu; the nuclide has an

o! the Aicutron flux occurs in c:hsq ot’ chalcopy

Ty

L _ : . . S . 3
. absorption cross ‘scction. o'a,;f‘*-" barns) As.1 cm’ of chalco-

v ;
.3 P

'pyntc uc:ghs 4. -Lgm.

s | - 23% o
420, 346x0. 692x6. oﬁxlo ‘3.98x10;l
~ 63:54 - 59,981




s ;*-x.;

T

v.hcrc the atoml{. \\clghl of Cu = 63, 5-\igm:/m61c.thc.;Avqgrad.c';'}?éﬁr_:xb'e;f :

= 6.02x10°) at-omalmqlc.. R S S
- . "" ne ) . y ) P
. ... _For a quartz ampoule with an inner diameter of Z mm, the
ratio 079 _calculated from () is, LT
R - g ' 21 DY RS (N A
-0.2x9.98x107 x4.7x10 . -9.38x10 -0, 00938
N 0/ = . N . e ‘ = e o
1 : K : )
) T T 0.9914 . e -
gwmg a maxxmum absorpuon of . about 1%, Thi.a type of cz;rbr '-due _t_o'
,sc.l{-abuprpt:on oi' thz, matn:\ matcrml is much smallcr in case of
LA . S - S ST - - ¥
R
pyrrhoutc, ma ncntc, and pcntlandxtc. ThL se mmerals do n‘ot :

.,“,‘ .

contam szgmhcant amounts of clcmems with high-a.bso;ption cross

scctions. . ) -
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. APPENDIX C

v

- 'I'EIST FOR WHETHER THE REG‘?. ESSIO\ LI\EZ P}‘\SSES THROUGH

THE ORIGLN' L

» &

oy : ‘ S - B

“I'h:s ‘test is dcscnbgd m "Scichtifii: Method in Anilysi's—-

of Scdxmcnts" by Gnif:ths (1"0:). BP- 446 447 Assume Y dcter-

}

rnmauons arc normally and mdcpendcntly dwtnbutcd around theu-

. '
IS

rcspcctwc mcan in thc radgc & X v;xlucs used for rcgrcssxon and

-can bc dchnc..d by lhc lgncar Lquauon
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Confidence limits at the 997 level were used for tﬁ-.c present -
- 7| . . ‘
calculations, . . Xy .
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~ The statastxc t is d:strxbutcd as Studcnt‘s t vnt
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Thc rcgrcsmondmc passcs through tht: orzgm \mth 99
probability if this ingcrval xncludcs zero.
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. SENSITIVITY LIMITS FOR Pt
'.,f. ‘ | Lo “’- S ) - . - ' Sy
. - Pt is determzncd ,,by counting the 158 KcV -radiation of’
.19 | - ' .
9Au produced in thc rcactzon aqapt (n.y} 199 E—) 199Au.-~ Se_nsxr

tivity calculat‘xon's must. bowcvcr. cona:dcr the mterfcrmg react:on

gAu(2ny} 99' . 7

By

We ‘consider fzrut thc case for no mterfercnce from Au.

@
bl

calculatxng the mxmmum detectablc concentratxonc as,_

. AW ),_z' " Sl x-yf" ‘ 27ir
e U T -

where the terms in thc exponcnnal are de{mcd’ah in’"equation (4), p. 57.

and A rmmmum dctectable— acthty = 10 dls in tbc ‘158 KcV rchon

198, T | ’
W physzcal atomu: wcxght of Pt : .,

i ‘ - .

?¢ = neutron-'ﬂux = lOnnlcm /sec..

]

H

L reaction cross .aectxon for '198pt‘ with neutrons. ‘
. a = fraédona.l a.ton;nc abuﬁdanc; of' 98151 : ’
- . N= AVOgadro Numbcf ‘ |
| w = sample wezght = 100 mg. g
ti;'mir::.'adxatlon ume = 14 days . )

" For these co:}m.w-aﬁ C. the. mimmum detectablc activity i's‘ 0.12:ppb.
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P
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" To take account of the- xnterference from Au we no&Q the

follovnng two condxnona _ (l) by expcrxmcnt.,we cstabhsh that for
' c e
pur‘c gold apcctra about 30"’. of thc total radxanon is in. thc 158 KeV-

¥
4

w
* -

1 199
regtom(i c. Comp;on f:‘om _SBAu plus the (Zn y), contnbutxon from 199_Ai.1) )

T md (2) we rcqmrc tha.' a rmmrnum o( 25% of the total-.radmtmn m the

1 ' P
158 KcV regmn bc due to 99Au produccd from Pt in order that a statxs-

t.icalh} sigmftcant»aubtractmn of thc gold mter{ercnce can be made (refer
ubEra _
- q"—"j"‘ . " )
‘ to Fig 47 P 68‘) Theac condxnanu permit about 30 d/s in the 158 KeV
' ) ~197 198
regton frOm gold due to the rcacnons . Au (n y) Au (Compton pornon)

- 197 : ' 198 .
‘ plus 9 ~Au (Z',ﬂ Au (interfc‘rcnce), which in turn allow a total ? Au .

‘ activtty of.about 100 dls Thm. in turn. corresponds to a gold concen- s

_,tratzon of 0 0034 ppb and a PtlAu Fatio of 0. 1210 0034 35.°

| Gold conccntrauons in the Strathcona cross -cut samples

| A 3
a&cfagé

S

ppb. Theré(ore‘, as a 35/1 rano of PtIAu is ri:qulred the

minimum effcctive Pt concentratwn needed for meaaurement is appro-

nmatcly !75 Ppb. It ia 'noted that—the;lowcst reported Pt value in the  , ,
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