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ABSTRACT

We have determined the amount of Ge, As, Se, Ag, Cd,
In, Sn and Sb present in solid solution in m6jor sulfides
such as bornite, chalcopyrite, galena, plrite, pyrrhotite and
sphalerite from three massive-sulfide deposits (Kidd Creek,
Geco and Mattagarni-Norita) and one carbonate-hosted
Pb-Zn-Ag deposit (Nanisivik). The analyses were per-
formed mainly by proton microprobe (down to levels of
- 7 to 20 ppm) and were corroborated, for concenfiations
above - 200-300 ppm, bY electron microprobe. Silver,
selenium and indium concentrations in sulfides from the
Kidd Creek deposit vary with ore type. In general, galena
and chalcopyrite are important Ag carriers, but sphalerite
is of secondary importance. Occasionally, pyrrhotite and
pyrite have also been identified as Ag carriers, but an evalu-
ation of their significance requires further work. Tin is an
important trace constituent in much of the Kidd Creek chal-
copyrite, as is arsenic in much of the pyrite. More accurate
material-balances may be obtained in future for elements
such as silver by combining tlre results of in situ trace-
element analysis of all major minerals with quantitative
mineralogy.

Keywords: trace elements, proton microprobe, Micro-
PD(E, electron microprobe, base-metal sulfides, Ge, As,
Se, Ag, Cd, In, Sn, Sb, Kidd Creek, Geco, Mattagami-
Norita, Nanisivik.
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So[,tMnIne

On a determind la teneur en Ge, As, Se, Ag, Cd, In, Sn
et Sb sous forme de solution solide dans les principaux sul-
fures, tels bornite, chalcopyrire, galbne' pyrite,tpyrrhotine
et sphalerite, provenant de trois gisements i sulfure mas-
sif Kidd Creek, Geco, Mattagami-Norita) et d'un gisement
Pb-Zn-Ag (Nanisivik), i roche-mEre carbonatde. Lc analy-
ses ont 6t6 effectu6es principalemetrt par microsonde pro-
tonique (seuil minimum - 7 A 20 ppm); celles qui accu-
saient une concentration sup6rieure i - 200-300 ppm ont
6t6 corrobor€es d la microsonde dlectronique. La concen-
tration en argent, sdl6nium ou indium dans les sulfures du
gisement de Kidd Creek varie selon le type de minerai. La
galbne et la chalcopyrite sont g6ndralement porteurs
d'argent importants, tandis que la sphal€rite est d'impor-
tance secondaire. Pyrrhotine et pyrite aussi ont parfois 6t6
identifi€es comme porteurs d'argent, mais leur dvaluation
n6cessitera une 6tude plus approfondie. A Kidd Creek,
l'6tain est un constituant-trace important de la chalcopy'
rite, comme l'est I'arsenic de la pyrite. Des bilans plus pr€cis
des mat6riaux pourraient 6tre obtenus en combinant iL la
mindralogie quantitative l'analyse in situ ds 6lEments-traces
dans les principaux min€raux.

Mots-cl^s: 6l6ments-trace, microsonde protonique, Micro-
PD(E, microsonde 6lectronique, sulfures des m6taux de
base, Ge, As, Se, Ag, Cd, In, Sn, Sb, Kidd Creek, Geco,
Mattagami-Norita, Nanisivik.
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INTRoDUCTIoN

The proton microprobe (Micro-PIXE technique)
was used to determine quantities of trace elements
in major sulfide minerals from some Canadian silver-
bearing Zn-Pb-(Cu) sulfide ores. The work report-
ed here is a follow-up of the encouraging earlier
results (Cabri et al. 1984a, b, Harris et al. 1984)with
this analytical technique, which is considered a
method complementary to already established
methods of quantitative mineralogical investigation.
The major objectives of this investigation are (a) to
demonstrate the credibility of the data obtained and
(b) to illustrate the usefulness of such data in quan-
titative mineralogy and mass-balance calculations in-
volving minor elements in massive-sulfide deposits
currently in production.

All but one sample analyzed came from massive
base-metal sulfide ores, mostly from the Kidd Creek
mine, Timmins, Ontario (Walker & Mann ard 197 4).
Whereas the major emphasis of this study concerns
the identification of the silver carriers, it is also of
practical importance to know more precisely the par-
titioning of selenium because of the deleterious ef-
fect of high concentrations of selenium in copper
concentrates.

SAMPLES

Kidd Creek mine

Thirty samples, consisting of twenty-five hand

samples and five drill-core samples, were studied.
The samples are considered to form a complete suite
representative of run-of-mine types of ore collected
in January, 1983, with mill heads uniformly about
250 ppm Ag for "C" ore and 30 ppm for "A" ore;
however, most of the samples are not precisely lo-
cated in the mine as they were taken from the rod-
mill feed belts.

Figure I shows the location of the five diamond-
drill-core samples and the geology in the vicinity of
the bornite zone on the 20@ level. The samples are
classified either as Zn-Pb-Ag-(Cu) "C" ore (mas-
sive, banded and breccia ores, North orebody), Cu-
(Zn) "A" ore (stringers, both North and South ore-
bodies), bornile zone (South orebody, Thorpe et al.
1976, Pringle & Thorpe 1980) or bornite-zone halo
(mainly massive chalcopyrite). This classification,
together with mineralogical descriptions, is followed
in Table l.

Mottagami-Norita

A + 100-mesh fraction of zinc concentrate
(14/03/ZnC) from the Mattagami and Norita mines
of Mines Noranda Lt6e, near Matagami, Quebec
(MacGeehan et al. l98l) was examined mineralogi-
cally. Sphalerite and chalcopyrite grains were selected
for analysis; no silver minerals were found.

Geco

A head sample (-4 mesh) from Noranda's Geco
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TABLE 1. RIDD CREEK MINE SAMPLES
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Number  Minera l -oqy :  macrosqop lc  Minera logy :  n ic roscop ic

nC" ore (massive, banaled anal breqcla ores)

83- l  Mass ive  coarae sp  w i th  t race  cp  and 9n .  Sp>>G>py>cp>casr  po ,  gn>asp.  Trace Ag found
r n  p o .

83-2  Mass lve  f ine-gra ined sp  w i th  py  bands.  Sp,  py>G>>cp,  po>>asp,  gn .  Traqe Ag founa l  in
po anal py.

83-3  l , lass ive  f lne-gra ined sp  w i th  py  brecc ia  Sp,  py>G>cp,  po>asp.  Trace t !  found in  sp ,  and
antl trace cp. Ag in  po ,  py  and G.

83-4  t {ass ive  sp  w l th  coarse ly  c rys la l l ine  Sp,  py>G>>>cp,  gn ,  asP.  Ag found ln  py  and G,
pyr i te  b lecc ia . and trace t! in sp.

83-5 Bandeal f ine-grained sp and py sith Py, sp>>G>9n>>po, cas>asp. Large areas of hi-Ag
coarse  gn  in  the  9p . t t>my?>>dy? in  gn .

83-7  coarse-g la ined gn  and py  w i th  mino !  Py>sp>G>>qn>>cp>cas,  asp .  Trace ! t  in  gn  and
s P .

83-9  c ranuLar  pyr i te  in  ncher tn .

py.

Py,  G>>sp>>cp, gn,  po.

83-10 F ine-gra lned pyr l te  w l th  d lssen lna ted  Py>>sp>>G,  gn '  cp>po '  asp .
sp .

83-L l  I ' i ne-gra ined pyr i !e  b recc ia  masaes w i th  Py ,  c>>gn,  po ,  asp .
recrys ta l l i zed  borders  o f  cub lc  c rys ta ls
and nlnor gn ln chelty rhyol-ite rith
disseninated sp.

83-13 E ' ine-gra ined pyr l te  b tecc ia  w i th  in le r -  Py>sp,  G '  cp>gn,  cas ,  po .  Trace Ag in  po ,  py
s t l t la l  spha ler i te  and t race  cp  and gn .  and cp .

83-14 Coarse-gra lned py  brecc la  w i th  minor  Py>>sp>>G,  9nr  cp .
i n t e r s t i t i a l  s p .

83- l -5  Mass ive  in te rmed ia te -gra ined py ! j . te  w i th  py>>sp>c>gn>caB.
th ln  quar tz  ve ins .

83-18 I ' fne-gra ined pyr l te  b recc ia  invaded Cp>py>>po,  c>sp.
around graln boundarj.es by cp and
n ino !  sp .

83-19 A l te rna te ly  banded l  (5m)  f ine-gra ined Cp>py>c>>sp>po,  cas .  Trace A9 in  po .
py and cp rith nlno! ap ln py bands.

83-22 Partly tarnished cp with trace bn and Cp>>py>c, sp, cas. Trace A9 found in py and
sp cu !  by  f ine-gra ined py  bands.  cp .

83-24 Gn veLn in  coarseLy-banded f ine- .g ra inea l  Py>sp>>gn,  c ,  po ,  cas>asp.  Trace Ag- l i ch  t t>dy
sp and py. found ln gn.

83-25 Mass ive  gn .  cn>>py>ep>po>c,  cp>asp.  Ag- r ich  t t>a ly  found in

nAn ore  (s t r ingers )

83-6  I ' i ne-gra ined sp  w l th  py  nroset tesn  to  py>>c>cp,  gn>asp.  Trace Ag in  py .
1 @ .

83-8  Coarse-gra ined sh iny  r rc leavabLer t  py  w i . th  Fy>c>>sp>cp>cas,  aep,  po .
Erace sp .

83-12 Coarse-gra ined py  b lecc la  w i th  t race  py>>c>>gn,  sp>po,  cp .
in te rgranu lar  gn .

83- l -6  Coarse-gra lned py  nroset tesn  to  L  cm py>>c>cp>po>asp.
w i th  cp  ve in le ts  in  f l .ne-gra ined b lack
nat r i x  (283L0 s tope,  near  bo ln i te  zone) .

83-1?  Coarse ly -d lssemlnated  granuLar  py  w i th  py>>c,  cp ,  sp .
cp  s t r ingers  ln  c t r lo r l t i c  rhyo l i te .

83-21  F ine-gra ined banded cp  in  dark  rhyo l i te .  Cp>>G>po,  py ,  qas .  Trace e tn  f lne ly  d isseBina ted
ln  the  cp .

83-23 Mass lve  coarse-gra ined cp  w i th  euhedra l  Cp>) )py ,  c>cbt ,  cas ,  monaz i te?
aLb i te  c lys taLs  to  8  M (L622 L  s tope) .
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TABLE I Continued
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Born i te  zone ha lo

83-20 coarse-gra inea l  cp- ln - rhyo l i te  s ! r inqer
ore  w l th  t race  d lgsen lna ted  sp .  163! .  M
s iope,  nea!  bn  zone.

a3-26 Mass ive  cp  marg j .na l  to
e  r 0 0 . s ' .

S3-27 Mass ive  cp  lmed l ia te ly
zone i  DDn 2295 Q LO7t .

83-30  s t ! inger  cp  ln  rhyo l i te
DDH 2299 Q 66.5 , .

cp>>c>>stn,  asp,  sp.  Trace t t  in  G.

Cp>>G>sp>nk?, PY.

cp>>G>scn/kes,  gP>PY.

G>>cp>py.

bn zonei DDH 2295

ad jacen!  !o  bn

near  bn  zone;

Born i te  zone

83-28 St r lnger  qp

8 3 - 2 9  M a s s i v e  c p
2 2 9 9  Q  5 4 t .

z o n e i  D D H  2 2 9 5  @  1 1 3 ' .

z o n e  w i t h  ! ! a c e  b n i D D H

Cp>>G>>bn>naw,  s tnd t

C p > > b n ,  c > d i > c o l > t n .

py>cr l ,  and t race  nn .

T r a c e  e n ,  c r L ,  b o h ,  c v ,  e u '

in  bn

i n  b n

A b b r e v i a t i . o n s  u s e d 3  a c  a c a n t h j . t e ,  A g  n a t l v e  s i L v e r ,  a s p  a r s e n o p y ! i t e '  . b n  b o r n i t e ,  b o h
bohdanor icz i te ,  cas  cass iger i te ,  cb t  coda l ! i te ,  c lu  c laus tha l i te ,  cp  cha lcopy ! i te ,  co l  co lus i le ,
c r1  ca l ro l l i te ,  cv  covet l l . te ,  d l  d lgen i te ,  dy  dyscras i !e ,  en  enarg i te '  eu  euca l r i te ,  G gangue '

9 n  g a L e n a ,  k e s  k e s t e r i t e ,  m i w  m a w i o n i t e ,  n i  m a c k i n a w i ! e 1  m y  m i a r g y r i _ t - e . ,  n n  n a u m a n n i t e '  p o

i y r r - n o f i t e ,  p y  p y ! i t e ,  s p  s p h a l e r i t e ,  s ! n  s t a n n i t e ,  s t n d  s t a n n o i d i t e ,  t n  t e n n a n t i t e ,
t t  te t rahedr i te

mine in the Manitouwadge mining camp, Thunder
Bay mining district of northwestern Ontario @riesen
et al. 1982) was prepard for analysis of chalcopyrite,
sphalerite, pyrrhotite and pyrite; no silver minerals
were observed.

Nanisivik

Sphal6rite grains from a hand sample of ore from
the Nanisivik zinc-lead deposit, near the northern
tip of Baffin Island, N.W.T. (Clayton & Thorpe
1982, Olson 1984), were analyzed because $phalerite
is known to be a silver carrier in that deposit (McIn-
tyre et al. 1984).

ANelvrrcel TECHNTeUES

Ore microscopy

Polished sections (3 cm in diameter) were prepared
for all the samples and carefully examined
microscopically. Grains of chalcopyrite, galena,
pyrite, pyrrhotite and sphalerite, free ofinclusions;
were selected and sawed from the sections as 2-4 mm
cubes. These essentially monomineralic cubes were
reset in araldite, together with appropriate synthetic
standards (Table 2), to make new 2.5-cm-diameter
polished sections so that all suitable grains of a
selected sulfide were located in one section. The new
sections were, once again, carefully re-examined with

TABLE 2a. X-RAY LINES AND STANDARDS USED E.OR ELECTRON-MICROPROBE ANALYSES

MINERAL A q L q Sbtq
X- ray  l ine

SeKo ZoKo F e K c  C d L a  I n L c  S n L q

Galena (PbrAg)  S

S p t t a l e r i t e  . ( z n r A g r I n ) S

P y r i t e  n

Chalcopyri te

B o r n  i  t e

& e t a L  F e  ( S , S e )

( z n , E e ) s  ( z n , F e ) s  c d s  ( z n r A g r I n ) s  -

Cu4 (FerZn) 55g
-  cu4Fe5  ( s , se )  I

o r  F e  ( S , S e )

w e r g n e o - 1 n  t r a c e - e l e m e n t  c o D t e n t s  a n d  c a l c u l a t e d  " h o m o g e n e x t y '  v a l u e s  ( t n  p a r e n t n e s e s )  l o r
t t t e s e  s y n t h e t . i c  s t a n d a r d s  a r e  a s  f o l - l o l r s !  ( F b , A g ) S 3  0 . 4 0  w t E  A 9 ( 0 . 7 8 ) ,  F e ( S , S e ) :  0 . 1 7  ! r t t
S e ( 0 . 6 6 )  i  ( z n , A 9 , I n ) S :  0 . 1 1 4  w t B  A g ( 0 . 4 6 )  ? n d  0 . 1 1 9  n t g  I n ( 0 . 3 9 ) i  c u a ( F e , z n ) q s R 3  0 . I 5  w t B
z n ( 0 . 4 0 ) i  C u 4 F e q ( S , s e ) a : 0 . 1 5  w t A  S e ( 0 . 5 5 ) .  ( Z n , F e ) S  h a d  5 . 4  w b t  F e .  t h 6  f o l 1 o w - i n - g  s t a n d a r d s
w e r e  u s e d  f o i  b - a c k g r o i n d  c o r r e c t i o n s :  P b S ,  Z n S  a n d  ( Z n , ! ' e ) S ,  p y r i t e  ( E l b a ) ,  C u 4 F e 5 S B  a n d
Cu5E'eS4.

me!a l

( Z n r A g r l n ) S  n
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TABT.E 2b. X-R"AY LINES AND STANDARDS USED EOR MICRO-PXXE ANALYSES

X-!ay l i .nes
S e K d

t37

l . l lneral  AgKo InK o

GaIena (Pb,Ag) s

S p h a l e r i t e  ( Z n , F e , A g , I n ) S
g e !  l e s *

Pyr ite g e e  a l l s c . r

C h a L c o p y ! i t e  ( Z n , F e , A g , I n ) S
a n d  b o r n i t e  s e r i e g

Fe(S,Se)

"  ( Z n , F e , A g  , 1  n )  S
ser ies

F e ( S , S e )  o r  ( z n , F e ' A 9 ' I n ) s
cu4Fe5 (s rse)  8  ser ies

r S e e  d i s c u s s i o n .  T ! a c e - e l e n e n t  c o n i e o t g
s t a n d a r d s  a r e  g i v e n  b e L o w  T a b L e  2 a ,  a s
s t a n d a r d s  u s e d  f o r  b a c k g r g u n d  q o l r e c t i o n s .

f o r  t h e s e  s y n t h e t i c
r e l 1  a s  t b e  l i s t  o f

the ore microscope and an SEM in order to locate
inclusion-free areas for the proton-microprobe ana-
lyses.

Elec t ro n- microp ro be on a ly ses

A Materials Analysis Company (MAC) model 400
electron microprobe was used to obtain the iron con-
tent of the sphalerite and the antimony content of
the galerta as well as to verify the proton-microprobe
results, wherg applicable. For quantities above the
detection levdls by electron microprobe, we were able
to either conlirm the proton-microprobe results or
to reject them owing to contamination from adven-
titious inclusions below the surface of the polished
section.

All the analyses were performed at 25 kV, with
exception of the galena analyses, which were carried
out at 20 kV, according to analytical procedures
described by Cabri & Laflam:ne (L976). The X-ray
lines and gtandards used are listed in Table 2a. Raw
data were rEduced with a locally modified version
of EMPADR VII (Rucklidge & Gaspanini 1969).
The standards were tested for homogeneity accord-
ing to the homogeneity test of Buseck & Goldstein

TABLE 3. CALCULATED DAPIIIS OF X-RAY PRODUCTION

eleBeot
Uatl ix al  abaorbe! Penet lat ion

thicknese (!n) alepthr ( !n)

(1969), in which a standard is considered homogene-
ous if f/ <l (H : S/2o", where S is the measured
standard-deviation and o" is the minimum standard-
deviation, V\, or the square root of the mean
counts).

Proton-microprobe analyses

The Heidelberg proton microprobe (Bosch et al.
1978, Cabri et al. 1984a, b, Harris et al. 1984)was
used. All analyses were done at 4 MeV with different
thicknesses of Al absorbers placed in front of the
Si(Li) detector: 350 pm for chalcopyrite, bornite, pyr-
rhotite and pyrite, 750 pm for sphalerite, and 1050
pm for galena. In spite of deep penetration of the
protons at 4 MeV, the resultant higher count-rate was
deemed to have justified the choice. Table 3 lists
penetration depths for 9090 X-ray production for

CChTENIRANON PFM

FIG. 2. Least-squares fits of proton microprobe data for
Ag- and In-bearing ZnS standards.

(n
FaSe PbS

Se ZnS
S e  ( Z n , F e )  S
Se Fes
Se FeS,
Ag Pbs-
Ag Zng
A 9  ( Z n , A e )  S
Ag FeSt
A9 fes-
Ag CuFeS,
ln PbS-
In ZoS
I n  ( z n r F e )  S
In FeS2
Io FeS

1 0 5 0
7 5 0
7 5 0

1050
7 5 0
750

3 5 0

1 0 5 0
7 5 0
7 s o

350

J I

3 3

4 9
4 9
4 A

4 4
4 1
4 9

4 9
3 9
4 4

rcalculated f ,or 908 x-!ay ploduct ion at 4 rev
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some elements of interest in different matrices, cal-
culated with a program of Dr. K. Traxel (Univer-
sity of Heidelberg). The majority of analyses iook
about 25 minutes each with a beam current of about
150 pA.

The analyses were planned and conducted using
similar procedures to those described by Cabri et al.
(1984a). Thus, synthetic standards were used
whenever possible to provide trace-element-free
background counts as well,as experimental data for
known trace-element concentrations. In the case of
sphalerite, synthetic (Zn,Fe, In,Ag)S standards were
used (Fig. 2). Details on the synthesis procedure for
these standards are given by Mclntyre et al. (1984).
The procedure eventually selected for caliulating
trace-element concentrations is discussed below
(wder Determination of If).

The accuracy of the proton-microprobe results was
verified, wherever possible, by analysis of precisely
the same area with the electron microprobe. The pre-
cision of the proton-microprobe results was obtained
by repeated analyses at different points within the
same grains. Analyses of different grains of the same
sample give an indication of trace-element
homogeneity with an implied precision.

Pxr Dare Colr,rctroN aNn
DATA PROCESSING

The daxa were collected on-line in Heidelberg onto
a hard disk and then transferred onto floppy disks
for reading at Guelph. The continuum background
was suppressed from both the model spectra and the
data by the top-hat digital-filter technique (Schamber
1977), enabling us to avoid any assumptions about
the functional shape ofthe background. Integrated
areas (intensities) of characteristic X-ray peaks in the
PIXE spectra were obtained using a nonlinear least-
squares fitting program implemented on a MINC
ll/23 computer. Each peak was represented by a
Gaussian whose'height was a variable of the fit; the
centroid and width of the kfr Gaussian correspond-
ing to energy Eo fteV) were determined by the rela-
tionships

(x)r: Pr + P2E&

dr:Pt  + P4Ek

TSLE 4. N VALUES FROM STANDAMS

" l : i $ a  

( u u 4 ! e 5 r 5 ' s e j 8  ( z n ' s e ' r n ' A s ) 5  t r D ' A s ) u  r e ( 5 ' b e l

( C u ' l ! ' A g )  4 F e 5 S g

which are inherent in the physics of the spectrome-
ter. The parameters Pt to Po were variables of the
fit. In each case, separate fits were done for the
energy region containing the strong lines of FeKa,
S, CuKe, I or ZnKa,0 and the two regions con-
taining, respectively, SeKcu, 9, AsKa, 0 and AgKo,
S' y B'2, In-iKo, CclKa, SnKc.

The resulting intensities were converted to concen-
trations using the expression

Y(Z,M)=HC,I(Z,M)e" exp(-trrx)ot (3)

derived from a recent study of data-analysis tech-
niques in thick-target PIXE (CampbelJet al. 1983).
In equation (3), Y(Z,M) is the intensity of a par-
ticular characteristic X-ray (e.9., Kcx) from a trace
element Z of concentration Cz in a known matrix
M; it is quoted for a standard proton-charge inci-
dent on the specimen. The quantity I is the integral
of X-ray production along the proton path and thus
involves the ionization cross-section, the stopping
power of the matrix for protons, the matrix at-
tenuation of the emergent photons, fluorescence
yields and X-ray branching ratios. It was computed
using the data-base recommended by Campbell e/
al. (1983), with the exception that the more accurate
'ECPSSR' cross-sections of Brandt & Lapicki (1981)
were used. The exponential in (3), the attenuation
factor of the aluminum foil, was calculated using the
known thickness and the attenuation coefficients
recommended in (3); e,, the relative efficiency of the
detector, was calculated from the nominal 3.0-mm-
thick silicon crystal. The quantity H incorporates
those factors that are common to all X-ray energies
and all matrices, i.e., the solid angle of the detec-
tor, fundamental constants and the fixed correlation
between number of protons incident on the target
and the number of counts actually recorded by a
rotating vane Rutherford backscattered-beam moni-
tor. The approach taken here was to determine H
from results obtained with a variety of synthetic stan-
dards.

ANALYTICAL RESULTS

Determination of H

Table 4 shows the values of H observed by sub-
stituting the standard daIa, i.e.i known concentra-
tions, measured X-ray intensities per unit proton
charge and computed I(Z,NI) values in equation (3).
There is considerable variation, 2o ! l2s/0, and it is
greater than expected from counting statistics and
errors in I(Z,M) (see later). However, electron-
microprobe studies indicate that the distribution of
Ag and In in the Cu-Fe-Se standards is not
homogeneous, allowing us to eliminate two of the
three extreme points. It was decided to adopt the

( l )

(2)

Se

Ag

I D

0 . 0 3 4 3

0 . 0 3 1 3

0 . 0 3 9 6

0 . 0 3 4 1

0 . 0 3 5 4 *  0 . 0 3 9 7

q . 0 3 9 0 *

r D e l l v e d  f l o m  l e a g t  E q u a r e 6  f r t  ( F i g .  2 ) .



result on In in sphalerite since this element clearly
is homogeneous (slightly more than the Ag) and since
the ratio of X-ray intensity to concentfation was
derived from an extensive suite of synthetic stan-
dards, six in all, with In concentration ranging from
0.011 to 0.119 wt.Vo; these results are shown in
Figure 2. The resulting value of H is 0.0390, as
obtained from a least-squares fit of the In data.

Dete r m inat io n of co ncent rations

Substitution of the known H, the relevant I(Z,N[),
and the X-ray intensities derived from the least-
squares procedure, gave the concentrations listed in
tabular form. Computer tests were done to ensure
that, over the observed ranges of trace-element con-
centration, the relation of X-ray intensity to concen-
tration is linear, or, in other words, that the matrix
behaves consistently for small variations in trace-
element concentrations; no departures from a linear
response were predicted or found.

In those cases where there was no visible evidence
for an element in a particular spectrum, the tables
state that its concentration is below the minimum
detectionJimit (MDL). Synthetic blanks were used
in ascertaining the values of the MDL for some of
the specimens. Where the relevant peak is not per-
turbed by overlap with others, the MDL was esti-
mated simply as three standard deviations of the con-
tinuum count in the region normally occupied by the
peak. However, matters are less straightforward
where peak overlaps occur; an example is the limit
for Snr(o where Ag is present, since the AeKg,t
arrd KB'r lines straddle the SnKo energy. In this
case, standards of silver-bearing sphalerite were used
to measure Ihe AgKg/Ka intensity ratio; then the
AgKB intensity for a given specimen was deduced
by multiplying the observed Ko intensity by this
ratio; finally this deduced Agl(B intensity was sub-
tracted from the measured intensity in the
A9KP + SnKo region and the remainder, if any,
assigned to Sn-l(a; by carrying statistical errors
through this procedure, an estimate of either the
uncertainty, or the MDL, for Sn could be made.

Estimotion of errors

The high degree of linearity of the indium and sil-
ver X-ray intensity yerszJ concentration for the
sphalerite standards (Fie. 2) suggests that systematic
errors in the measuring equipment are small.

The uncertainties shown in the tables are tne
statistical errors in peak areas given by the spectrum-
fitting procedure. The computer program calculates
an error matrix whose diagonal entries are related
to the parameter errors o(Po), where d(Pe) is equal
to epp; provided that the fit is good. Since the
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reduced chi-squared values were found to be gener-
ally close to 1.0, this approach is valid. The error
in peak area is calculated directly from these
parameter errors by the program.

Errors arise in the derivation of the expressions
I(Z,M) for a thick-target matrix because the data-
base used, although good, is not perfect. However,
these errors will be minimized since all values of
I(Z,NI) are, in effect, used relative to the correspond-
ing value for InKcu X rays in sphalerite. For exam-
ple, the data-base cross-section for In in the range
of 3 to 4 MeV may be a few percent high (Campbell
et al. 1983) compared to realily, but those of the
neighboring elements Ag, Cd and Sn would be
similarly high, so that the errors would, to some
extent, cancel. The same is true of errors in attenu-
ation coefficients; however, since Iypically p/p
equals 10-20 qn2g-t, these would be small given the
low values. For relatively lighter trace-elements, e.8.,
Zn, Se and As, the cafcellation is likely to be less
effective, and the attenuation coefficients are a fac-
tor of ten greater; it is difficult to estimate the
associated errors, but they are unlikely to exceed
lOVo.

Comparison of the proton-microprobe results with
those from the electron microprobe (in cases where
the latter exist) gives some indication of the real
uncertainties. For example, in 20 out of 2l grains
of sphalerite, Cd is lower in the case of the proton
microprobe, the relative difference being 9.490. The
concentrations are high (-3000 ppm), so that
statistical and fitting errors are at the l-290 level;
hence there is real evidence of a l09o di'screpancy
between the two techniques, but no reason to at-
tribute this to either one in particular. In contrast
to this example, that of Ag in galena shows much
larger discrepancies occurring with both signs; their
mean magnitude is 29%0, but their overall mean is
almost zero. This would either indicate poor statis-
tics in the electron-microprobe data or specimen
inhomogeneity.

Mnvpnelocrcal RESULTS

Golena

(, Kidd Creek
The only trace elements detected are Ag, Se and

Sb (the Sb data determined with the electron
microprobe only). Eight samples of "C" ore galena
have a mean of 638 ppm Ag with a range from 87
to 1167 ppm. One sample of "A" ore galena has 446
ppm Ag. Precision for two grains was found to be
better than + 3Vo but increased to + 33 Vo for a third
grain. Correspondence between proton- and electron-
microprobe results for Ag is good, except for the
grains in the sample with poorest precision (83-ll,

PROTON-MICROPROBE ANALYSIS OF TRACE ELEMENTS IN SULFIDES
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TABLE 5. SUMMARY OE' DATA FOR KIDD CREEK SPHALERITE,
CHALCOPYRITE & PYRITE

ncn oRE NAN ORE ZONE
HALO

se ppn 181 (110-292,  l4 l  t  n .d .  [1 r l  ] .44  l I l  t  n .d .  I l ]
A s  p p m  9 0  ( 2 5 - 3 0 8 )  t 7 1  ;  n . d .  [ 8 ]  n . d .  [ 2 ]
C d  w t . E  0 . 3 3 ( 0 . r 4 - 0 . 6 3 )  t 1 5 l  O . 2 2 , O . 3 5 1 2 )
rn  ppm 629 (61- -2059)  t9 l  ,  n .d .  [6 ]  29 ,L35121

spha ler i te  spha ler l te  epna le l l te
I I5  sanp les l  [2  sanptes ]  [1  smple ]

1 0 8  [ ] - l
J D  L I I

0 . 1 8  t 1 1
3 6 2  t r l

15 samptes l  t4  B i lp les l  [4  sanp les ]

A s  p p d  n . d .  [ 6 ]  n . d .  [ 4 ]  n . d .  [ 4 ]
s e  p I m  1 3 8 ( 1 0 r - 1 9 2 )  l 3 l  t  n . d . [ 3 ]  2 s 3 ( 7 6 - 5 4 2 ' )  t 4 l  5 0 6 ( 8 3 - 1 3 0 8 )  t 4 ]
A s  p p n  1 0 4 7  ( 2 2 4 - L 5 7 9 ' t  1 6 \  1 r 2  ( 3 0 - 1 9 7 )  [ 4 ]  3 6  ( 2 5 - s 7 )  [ 3 ]  t n . d .  t l l
l n  ppm 248(L2-4r4 ,  ts l ,  n .d .  l l l  442(2 '10-747,  t | " l  463  (5 -1085)  t4 l
s n  p p m  v a l l a b l e  ( s e e  t e x t )  v a r l a b l e  ( s e e  ! e x ! )  6 6 3 ( 2 1 0 - 1 3 4 5 ) t 4 l

pyr l te pyr lce
14 smDles

237 (54-4L5 ' ,  [12 ]  r  n .d .  [2
n . o .  t b l

2 1 6 ( 3 6 - 7 r 0 )  t 6 l

[ ryr l  Ee

ppn
ppn
ppn
ppn
ppn
ppn

As
Se
Ag
I n
Sn

20 (14 -27 ' t  [ 4 ] ;  n . d .  I r 0 ]
s e e  l e x t  [ 4 l t  n . d . [ L 0 l

n . d .  [ 1 4 ]
s e e  l e x t  t 2 l t  n . d l . t l - 2 1

6 6  ( 1 8 - 1 4 9 )  [ 4 ]  t n . d l .  t 2 1
n . d .  [ 6 ]
n . d .  [ 6 ]
n . d .  [ 6 ]

536  t 1 l
282|L1
n . d .  I l l
n . a l .  [ 1 ]
n . d .  t l l

F e  a n a l y s e s  a r e  b y  e l e c t r o n  n i c r o p r o b e r  C d  a n a l y s e s  b y  e f e q t r o n -  a n d
prolon-nlcroprobe anal the resc by ploton microprobe.
n .d .  o  no !  de tec ted  a t  lhe  ca lcu la ted  MDL.  MDL (ppm)  €  3  o  f ,o r  p ro lon
m i c l o p r o b e  a r e :  e p h a l e r i t e  s e ( 4 3 ) '  A 9 ( L 2 ) ,  I n ( 1 6 ) i  c h a l c o p y r i t e  z n ( L 2 8 ) '
A s ( 1 7 ) '  s e ( 1 3 ) ,  A g ( 1 0 ) ,  I n ( 1 3 ) '  S n ( 1 7  w i t h  n o  A g  p r e s e n t ,  o t h e r w l s e
v a ! t a b l e )  i  B y r i t e  z n ( 9 1 ) ,  A s ( 9 ) ,  s e ( 7 )  ,  A g ( 7 1 .  I n ( 1 0 ) ,  s n ( 1 1 ) .

Appendix, Table I). Concentration of antimony, as
expected, correlates well with that of Ag.

Selenium cannot be detected at low levels in
galena, because of overlap from the PbZe X-ray line;
the MDL is calculated to be about 500 and 700 ppm
for proton and electron microprobes, respectively.
Only one sample of galena from the "C" ore has
high Se values (83-ll, with an averagE 1367 ppm).
The other samples, however, gave values just above
or at the MDL; this indicates that the true level of
Se in Kidd Creek samples is probably at least a few
hundred ppm.

(it) Nanisivik
Three galena grains were analyzed. One has a

measurable Ag content (l 18 ppm). The Ag MDL was
calculated to be 29 ppm at 3o.

Sphalerite

(i) Kidd Creek
Besids the ubiquitous presence of Fe and Cd, vari-

able quantities of Se, Ag and In were detected in 22
sphalerite grains from eighteen samples (15 of "C"
ore, 2 of "A" ore, and one bornite-zone halo).
Though there is overlap, sphalerite from "C" ore
samples typically contains more Fe, Se, Ag, Cd and
In (Table 5) than sphalerite from "A" ore or from
the bornite-zone halo. Careful note should be made
that a significant number of samples have statisti-

cally no detectable Se, Ag or In; these are not
included in the calculation ofthe "average" values
(Table 5).

Reproducibility of the proton-microprobe results
was tested by arialysis of two areas for five grains
and three areas for two grains. Cadmium and indium
gave very reproducible results, suggesting a
homogeneous distribution of these elements. For Cd,
the maximum spread is - 390; for In it is + 670 for
low values (33 ppm) and drops to t 190 for higher
values (2000 ppm). Selenium reproducibility is
+ 2090 for about I l0 ppm and for Ag, lhe reprodu-
cibilify is J 6.8V0 for about 300 ppm. One sphalerite
grain, however, has a heterogeneous distribution of
Ag, with three analyses giving 72 ppm, not detected
and 125 ppm.

(it) Mattagami-Norita
Five sphalerite grains were found to contain vari-

able quantities of Cd and In (Appendix, Table II).
Selenium (387 ppm) was only found in one grain,
whereas a different grain contains 19 ppm Ag.
Selenium and Ag were not detected in the other
grains. The proton- and electron-microprobe results
for Cd are within l09o of each other in the worst
case.

(ii, Geco
Seven sphalerite grains from three different sam-

ples also contain variable quantities of Cd and In
(Appendix, Table II). Silver and Se were not detected



in any grain. As for the Mattagami-Norita sphal-
erite, the correspondence between proton: and
electron-microprobe values is very good.

(iv) Nonisivik
One of three grains analyzed contains Ge (86 ppm)

and Se (149 ppm), besides the Ag and Cd found in
the other two grains (Appendix, Tabte II). Indium
was not detected in any grain.

Chalcopyrite

(i) Kidd Creek
Variable quantities of Zn, Se, Ag, In and Sn were

measured in sixteen samples (6 of "C" ore,4 of "A"
ore, 4 of bornite-zone halo and 2 from the bornite
zone). The results for samples from the first three
types of ore are summarized in Table 5 and were
obtained by first averaging the results of the num-
ber of grains analyzed for each sample. Table 6 lists
the samples analyzed more than once; either more
than one grain or more than one analysis per grain.
Data for the two samples of chalcopyrite from the
bornite zone are also given in Table 6.

t4L

Zinc in chalcopyrite is difficult to determine
because of a relatively high detection-limit (128 ppm)
coupled with the possibility of adventitious inclusions
of sphalerite. Some Zn values were easily attributed
to sphalerite inclusions if Cd was also detected,
whereas others were also ascribed to sphalerite inclu-
sions where results could not be confirmed with the
electron microprobe, even though the concentrations
by proton microprobe were above the MDL for the
electron microprobe. The reliability of Zn concen-
trations in the range between 128 and -200 ppm is
uncertain; nevertheless, a majority of the samples
have no detectable Zn.

The Sn content of the chalcopyrite is also difficult
to determine because the SnKcr peak coincides with
the AgKp peak and because the Ag content in these
samples is highly variable. However, Sn may well be
present in all the chalcopyrite grains because con-
centrations as low as 15 ppm have been measured
for Ag-poor grains. High contents of Sn (up to 1345
ppm) have also been found in samples of the bornite-
zone halo, and confirmed with the electron
microprobe.

The results for Se, Ag and In, reported in Table

PROTON.MICROPROBE ANALYSIS OF TRACE ELEMENTS IN SULFIDES

TABLE 6. CONTENT OF SELENIUM, SILVER AND INDIUM IN CIIALCOPYRXTE
I'ROM KIDD CRBEK

L21 !.L4
L 25 rl-4
114 J l4
L l-2 i l-4
r 0 5 r t 3

92!L4
98 114
99!L4

195 i l4
1 8 6 t 1 7

2 1 0  r l  5
2  t0  i l4
1 5 6 i 1 5

2081 t  5
204 iL  5
2 0 0  1 l ?

b o r n i t e  z o n e  t r a L o

n C n  o r e
65:5- I
83-3  2
8 3 - 1 8  ( D )  2
n ? - t  n  t F \  I
83-18  ( r ' )  2
8 3 - 1 9  ( D )  I
8 3 - 1 9 8  I
83- r9  (F)  J  r -
e ? - l q r F t  l 1

8 3 - r 9  ( F )  2
8 3 - 2 2  ( D )  l
83-22(E) 1
8 3 - 2 2  ( F )  2

! r A ' o r e
8 3 - 2 r  J  r
8 3 - 2 r  t  r
8 3 - 2 r A  2
83-23 l -
8 3 - 2 3 4  L
8 3 - 2 3  ( F )  L
83-23 G ' )  2

83-26
83-27
83-27
s3-27
83-3  0
8 3 - 3 0
83-30
8 3 - 3 0

n . d .
24!L6

3 3 6 t 2 9  0 . 0 4 1 0 . 0 r
325!2a  0 .03J0.01
4 1 6 1 3 5  0 . 0 5 1 0 . 0 1
3 9 4 ! 2 8  0 . 0 4 1 0 . 0 1
4 0 4 ! 2 A  0 . 0 4 ! 0 . 0 1
4 0 5 r 2 8  0  . 0 5 1 0 . 0 1
4 1 5 t 1 8
4 6 3 r 3 0  0 . 0 5 i 0 . 0 1
2 ' 1 8 ! 2 5  0 . 0 2 1 0 . 0 1
3 L 2 ! 2 5  0 . 0 4 ! 0 . 0 1
3L2x25 n .d .

258!27  n .d .
255* .27  n .d .
276t34  n .d .
5 1 3 1 2 4  0 .  0 4 ! 0 . 0 1 ,
4 7 3 ! 3 9  0 . 0 4 1 0  . 0 1
5 0 1 t 3 2  0 . 0 4 ! 0 . 0 1
4 6 7 r 3 1  0 . 0 5 J 0 . 0 1

6 2 4 ! 3 4  0 . 0 5 1 0 . 0 1
5 6 1 r 3 3  0 . 0 5 1 0 . 0 1

1 0 7 4 1 4 3  0 . 1 1 r 0 . 0 1
1 1 1 9 t 4 2  0 . 1 0 1 0 . 0 1
L o 6 2 ! 4 2  0 . 1 1 1 0 . 0 1
n . d ,  n . d .
n . d .  n . d .

l 9 t l 5  n . d .
n . d .  n . d .

3 2 7  ! 2 ' 1  0 . 0 4 1  0 . 0 I
2 9 A x 2 6  0 . 0 2 1 0 . 0 1
22Lt23  0 .031 0 .01
L 9 4 t 2 L  0 . 0 2 1 0 . 0 1

n . d  .

n . d .
n . d  .

L569t42
I  589 !42

2L7 xLg
I  9L  118
264!23

1536 i57
1 3 3 6 1 5 2
l4  65r54
L 4 7 2 ! 3 L
1411153
L260t52
LO49t47
l-16 l-150

33!2
2 3 r 1 1
3 5 r 1  0

I  62r l  8
169 r l  I
LA7 !25
15 l r l5

0 . 1 7 1 0 . 0 3
0 . 1 9 r 0 . 0 3
0 . 0 4 r 0 . 0 2
0 . 0 3 r 0 . 0 2
0 . 0 3 i 0 . 0 2
0 . 1 9 r 0 . 0 3
0  . 1 7  1 0  . 0 3
0 . 1 7 i 0 . 0 3
0 . 1 7 i 0 . 0 3
0 . 1 6 i 0 . 0 3
0  . 1 , 3 i 0 , 0 3
0 . L 2 1 0 . 0 3
0 . 1 4 ! 0 . 0 3

n .  d .

0 . 0 3 1 0  . 0 2

0 , 0 3 1 0 . 0 2

n . d .

0  .  0 3 1  0 . 0 2
b o l n i t e  z o n e
E3:Z--T- 387rj47
8 3 - 2 8  2  4 3 8 3 ! 5 0
83-29 I 278011"41"
83-29 2  3L24!L44

0 . 0 8 1 0 . 0 2  2 3 ! L 2
0 . 0 6 1 0 . 0 2  2 6 x L L
0 . 1 2 s 0 . 0 3  n . d .
0 . 1 2 1 0 . 0 3  n . d .
0 . 1 4 s 0 . 0 3  n . d .
n . d .  3 4 1 1 3
n . d .  2 5 1 1 1
n . d .  l 8 t l l
n . d .  2 8 ! l l

0 . 4 0 1 0 . 0 3  5 5 3 ! 3 4
0 . 4 6 i 0  . 0 3  4 9 6 1 3 3
Q , 3 3 1 0 . 0 3  n . d .
0 . 3 6 1 0 . 0 3  4 a ! I 2

I  ?  5 1 2 5
L323!2a
L 2 9 6 x 2 A
l -305 i28

83!  14
7  6 ! L 4
8 5 1 1 4
89 114

n  . d  .  = n o t a t  t h e  c a l c u l a t MDL.

a r e  S e ( 1 3 ) ,  A 9 ( 1 0 ) ,  I n ( 1 3 ) .
g  3  o  a r e  s e ( 0 . 0 5 - 0 . 0 4 , ) ,  A g ( 0 . 0 3 ) ,

P E p r o t o n  n i c r o p l o b e i  M D L ( B p n )  @  3 o
E - e l e c t r o n  m i c r o p r o b e i  M D L ( r t g )

r n ( 0 . 0 2 ) .
Fa len theses  h igh l igh t  nu l t ip le  ana lyses  on  the  same gra in .
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TABTE 7, TRACE-ELEMENT CONCENTRATIONS OF PYRITE FROM KIDD CREEK

t rCn ore-
d J - I  I

83-2 1
8 3 - 3  I
83 -4  L
8 3 - 5  t
8 3 - 7  1
8 3 - 9  2
83-r . l  1
8 3 - 1 3  1
8 3 - 1 4  1
8 3 - 1 5  L
83-22 L
83-22 I
83-22 2
83-22 3
83-24 L
8 3 - 2 5  4

rrArr ore
E3:6- 1
U 5 - d  I

83 -12  I
8 3 - 1 6  I
8 3-17 l "
1 3 - 2 3  L

borni te zone

3 0 8 1 8 2
2 L 6 ! 7 0

n . d .
n . d .
3 3 3 4 ! 8 2
* * *

n . d .

n . d .
* * *
n . d .
n . d .
n . d .
n . d .
n . d .
n . d .
n . d .

n . d .
n . d .

n . d .
n . d .
n . d .

hal-o

0 . 0 5 1 0 . 0 1
0 . 0 4 r 0 . 0 1

0 . 0 8 1  0 . 0 1

.

:

.

L I4 !L2  n .d .
5 4 ! 1 2  n . d .

n . d .  L 4 1 9
n . d .  2 4 ! L 0
3 5 1 1 1 0  n . d .
2 5 3 1 L 5  n . d .
L56 tL2  n .d .
4 0 5 1 5 4  n . i l .
1 0 3 1 4 0  2 7 ! 2 !
I 6 8 t L 2  n . d .
284 !49  n .d .
L l 4 r 3 4  6 L ! 2 2
64L !2L  n .d .

5 5 t  3 L  n . d .
6 9 1 3 5  n . d .

3 2 5 1 L 0  n . d .
4 L 5 1  3 8  n . d .

1LOt67  60 !24
511  t l -  18 rL0

1 4 0 1  1 3  n . d .
r 5 2 r 4 5  3 6 1 8
204 !39  149 i30

3 6 1 I 0  n . d .

57 r ! 57  283136
F00 r54  282 !37

20 r  8
*Lo l  I
n . d .
n . d .
n . d .
n . d .
n . d .
n . d .
*151  8
n . d .
n . d .

* * 3 4 1 1  2 0  n . d .
4 l t l 0  n . d .
6 8 1  L L  n . d .

8 1  I  n . d .
n . d .
n . d .

0 . 3 1 1  0 . 0 2
0 . 0 7 i  0 . 0 1
u .  u € a  v .  v r

0 . 0 4 1  0 . 0 1

2 2 x ! 0
n . d .

n.  a l

2 8 6 6 1 8 0
1 5 0 5 J 5 7

623!39
245!25

n . i l .
n . d .

8 3 - 3 0  2

-  n . d .

-  n . d .
-  n . d .
-  n . , d .
-  n . d .

-  n . d .
-  n . d .n . d .

n . d .
n . d .
n . d .

n . d .

n . i l  .
n . d .

r o tne r  Py rx te  g ra l ns  xn  samp le  con ta l n  na t l ve  Ag  l nc l us l ons ;  * * see  t ex t  t o r  c l e t a l J . s i
* * *Zn  concen t ra t i on  a t t r i bu ted  t o  subsu r f ace  spha le r i t e  i nc l us i ons .
n.d.Enot.  detected at  calculate i l  MDL.
P = p r o t o n  m i c r o p r o b e ;  M D t  ( p p m )  @  3  o  a r e  z n ( 9 1 ) ,  A 6 ( 9 ) ,  S e ( 7 ) ,  A g ( 7 )  a n d  S n ( L l ) .
E = e l e c t r o n  m i c r o p r o b e ;  l { D L  ( ! r t . 8 )  0  3 o  a r e  Z n ( 0 . 0 2 ) ,  A g ( 0 . 0 3 )  a n d  S n ( 0 . 0 2 ) .

6, give an indication ofthe reproducibility (precision)
and of the homogeneity of the trace elements in the
chalcopyrite matrix by multiple analyses for four
different grains. Indium (t0.6 to +2.6)0/o, closely
followed by Se (0 to x.7)t/o, are more homogene-
ously distributed (more reproducible) than Ag, whose
reproducibility ranges from x.2t/o (at 1468 ppm) to
a high of x.3lo/o (ar 26 ppm).

Also of interest is the restricted range of values
obtained for different grains of the same sample, in
cases analyzed aI a different time in a different
polished section. The largest variation in Se concen-
trations between different grains of a sample is
al59o (83-21); for Ag it is less than the +3190
obtained for four grains in sample 83-30 and for In
it does not exceed +30v/o (83-22),

Finally, Table 6 also lists results of the electron-
microprobe analyses of the same areas as were ana-
lyzed with the proton microprobe. Where the elemen-
tal concentrations are above the electron microprobe
MDL, there is good correspondence between both
sets of data for the majority of cases.

(ii) Mattagami-Norita
Two chalcopyrite grains were analyzed and found

to contain variable quantities of Zn, Se, Ag, In and
Sn (Appendix, Table III). The Zn concentrations are
quite high, but most must be real since they are con-
firmed with the electron microprobe. Selenium con-
centrations show little variation, in the 400 to 500
ppm range, but there is a marked but consistent
difference in the Ag and In content of the two grains.
The Sn content is low.

(ii, Geco
Two chalcopyrite grains were analyzed and found

to contain variable concentrations of Z\, Ag and In;
Se and Sn were not detected (Appendix, Table III).
TheZn found in sample 1, grains I and2, however,
is probably due to subsurface inclusions of sphalerite
because it could not be confirmed with the electron
microprobe. Silver appears to be homogeneously
present at the 130-ppm level; the In concentration
is in the 40 to 80 ppm range.
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TABLE 8. BLECTRON MICROPROBE DAIA OF
SN- AND AG-BEARING PYRITE

1

5

't

8

A n a r y s e a  q o n e  o n  ! e - p o t r s n e q  s a m p l e  g  2 5  k v r 0 . 0 5 0
tranp f ,or 100 sec uslng Elba pyl l te for backglounal,
( Z n r F e . A g , l n ) S  f o r  A g ,  C u r F e S n S a  f o r  S n .
r n . d .  -  n o t  d e t e c t e d  ( M D L - 0 . 0 3  t o r  A g  a n d  O . O 2  f o E  s n r .

4)rite

(i) Kidd Creek
Trace elements, including one or more of Zn, As,

Se, Ag and Sn, were found in the 21 samples
examined (14 of "C" ore, 6 of "A" ore and I of
bornite-zone halo, Table 7). Variable quantities of
As, usually a few hundred ppm, were measured in

all but rwo samples oI pyrite. Selenium is generally
not present in quantities above the detection limit,
where found; "C" or,3 pyrite averages less Se than
"A" ore pyrite (Table 7).

Silver and Sn were rarely found (only in "C" ore)
but it is not clear, at l)resent, whether the Ag con-
centrations obtained are due to solid solution or
adventitious inclusions. Very small quantities of Ag
(10-20 ppm) were formd in three samples, one of
which also contains 22ppm Sn (Table 7). Though
the grains analyzed were very carefully checked to
be free of inclusions, two of the three samples are
known to contain other pyrite grains containing
inclusions of native silver (Table l). The third sam-
ple also contains suctL inclusions, but only in pyr-
rhotite. It is, therefot'e, not unreasonable to view
these results with extreme caution. The interpreta-
tion of the Ag and Sn (:oncentrations observed in the
fourth sample (83-22)' is, however, more complex
(Tables 7, 8).

A detailed re-examination of the Ag- and Sn-
bearing pyrite grain in sample 83-22 wilh a JEOL

0 . 0 5
0 . 0 5

0 . 1 1
0 . 0 5
0 .  0 4
n . d . r
n . d .

0 . 0 3
0  . 0 3
0 . 0 3
0  . 0 4

0 . 4 0
0 . 4 1

0 . 2 5  l 0  n . d .
0 . 2 9  l 1  n . d .
0 . 3 6  L 2  n . d .
0 . 4 0  1 3  n . d .
0 . 3 2  1 4  o . d .
0 . 2 6  L 5  n . d .
0 . 1 3  L 6  n . d .
0 . 2 2  I 7  n , d .
0 . 3 8  1 8  n . d .

Ftc. 3. SEM micrograph of pyrite sample 83-22, Kidd Creek. The light grey areas
are Sn-rich and white areas are chalcopyrite inclusions. The numbers refer to elec-
tron microprobe spot-analyses (Table 8). Scale bar: 100 pm.
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733 superprobe-SEM and the electron microprobe
revealed that Sn-rich areas (up to 0.40 wt.9o) and
fewer Ag-rich areas (up to 0.13 wt.Vo) occur in this
pyrite as irregular patches (Frg. 3). This sonfirma-
tion on the nature of the Sn and Ag distribution
demonstrates that both the Sn and Ag occur as a
solid solution and not as possible submicroscopic
inclusions of minerals such as stannite, cassiterite or
native silver. Also of interest, most of the Sn-rich
zones were found to be Ag-free at the detection levels '
of the MAC electron microprobe (Table 8).

(i, Geco
Six pyrite grains from 4 samples give variable

amounts of As; both grains of one sample are Se-
bearing, and one grain contains 217 ppm Cu, which
could be due to a subsurface inclusion of chalcopyrite
(Appendix, Table IV). The following elements were
not detected (with MDL at 3oin ppm): Ag(8), In(17)
and Sn(18).

Bornite ond pyrrhotite

(t) Kidd Creek
Only two grains of bornite were analyzed; both

are from the same sample (83-29) and were found
to contain high Se values: 7253 ppm or 0.8490 and
6710 ppm or 0,71t/o by proton and electron
microprobes, respectively. The MDL (ppm) for other
tracs elements in those grains are: Ag(l l), In(I6) and
Sn(19); none of these was detected in either sample.

Only two pyrrhotite grains proved suitable for
analysis; most of the pyrrhotite grains are too thin
or contain inclusions of native silver. Of these two
grains, one has a Se concentration of 462 ppm
(sample 83-16), the other (83-25) has no Se detected
with an MDL of l0 ppm. No other trace elements
were detected.

(ii) Geco
Two pyrrhotite samples were analyzed; one of

these contains some Ag. Three different spot-
analyses on this pyrrhotite grain yielded 2l ppm, 70
ppm and '(not detected". The other sample has no
detectable Se(MDL l0 ppm), As(12), Ag(7), In(8)
and Sn(9).

DrscusstoN

As pointed out by Fleischer (1955), it is very
difficult to predict isomorphism in sulfides simply
on the basis of ionic or covalent radii or using a
similar approach, sqring to the complicated nature
of bonding in sulfides. Thus, modern crystal-
chemical studies dealing with minor elements in sul-
fides apply appropriate a$pects of crystal field,
molecular orbital or band theory to knowledge of
the crystal structure in attempts to explain their

presence (Vaughan & Craig 1978). Because most
trace-element data for sulfides in the literature are
based on bulk analyses of uncertain reliability, the
present results will be discussed from an analytical
rather than a theoretical point of view.

Silver

Silver concentrations were measured in galena,
sphalerite, chalcopyrite, pyrite and pyrrhotite, but
not in bornite. The presence of silver in galena from
New Brunswick ores is already well documented by
electron microprobe: for Caribou [0.102 (n.d. - 0.66)
wt.Vo, MDL:0.04901 by Jambor & Laflamme
(198), for Brunswick Mining & Smelting [0.084 (n.d.
- 0.60)wt.9o, MDL:0.035901 by Owens (1980) and
for Heath Steele [0.148 (n.d. - 0.9) wt.9o,
MDL :0.05901 by Chen & Petruk (1980). It is,
therefore, not surprising that Ag was measured in
all Kidd Creek samples analyzed. Results suggest that
Ag content, though variable from sample to sample
in galena, is within analytical precision (- x.33t/o).

Sphalerite, however, is not widely recognized as
aAg carrier (Cabiet al.l984b); highAgvalues had
recently been reported for Nanisivik sphalerite
(Mclntyre et ol. 1984) and these are now confirmed.
About half the grains of Kidd Creek sphalerite ana-
lyzed contain Ae (25-308) ppm, with an MDL of 12
ppm. The average value is 42ppm Ag (taking "not
detected" to be 0) or 45 ppm Ag (taking "not
detected" to be th MDL, i.e., 6 ppm). There was
an insufficient number of multiple analyses to deter-
mine whether the Ag distribution within individual
grains is homogeneous, but it is variable from sam-
ple to sample.

Whereas chalcopyrite was considered to be a Ag
carrier for a long time @leischer 1955), it has only
recently been proven to be so (Harris et ql. L984).
A recent review (Amcoff 1984) suggests that whereas
part of the Ag content of complex base-metal sul-
fide ores is "connected with'chalcopyrite", "the
correlation in Cu,/Ag ratios is to a large degree
masked by the higher silver contents associated with
galena". Thus, the proton microprobe is the ideal
tool to determine the Ag content of chalcopyrite.

There is still the problem of surface Ag2S tarnish
(Chen ef al. 1980), which may account for reports
in the literature of some high contents of Ag for so-
called "green" chalcopyrite (Cabri & Harris 1984).
The chalcopyrite grains analyzed in this study were
carefully examined to avoid cases with such surface
contamination by Ag. Whereas chalcopyrite appar-
ently is a significant carrier of Ag in the Kidd Creek
samples, confirming the suggestions of Thorpe el a/.
(1976), it also appears to be $o in other massive sul-
fide deposits, as shown by the few determinations
on Mattagami-Norita and Geco samples.

Except for bulk analyses (Fleischer 1955), Ag has
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not yet been shown to occur in pyrite. As reported
above, 10-20 ppm Ag was found in three pyrite sam-
ples from Kidd Creek, but further work is required
to ascertain that the Ag content is not due to adven-
titious subsurface inclusions of, say, native silver.
Kidd Creek sample 83-22, which also has a high Sn
content, contains a lesser amount of Ag that does
not correlate with the Sn, except insofar as all Ag-
bearing areas also contain Sn. Further study ofthis
sample of pyrite is also required.

Though few grains of pyrrhotite were analyzed,
the low Ag content$ measured in multiple analyses
of one Geco pyrrhotite suggest that pyrrhotite may
also be a Ag carrier in massive-sulfide deposits. It
is interesting to note that the two bornite grains from
Kidd Creek contain no Ag (MDL l1 ppm), in con-
trast to the electron-microprobe results of Thorpe
et ol. (1976) on other bornite grains from the bor-
nite zone (1200 level), which showed I .2 wt. Vo Ag.

Selenium

Selenium was found, in variable quantities, in all
sulfides examined from Kidd Creek (galena,
sphalerite, chalcopyrite, pyrite, pyrrhotite and bor-
nite). Selenium also occurs in sphalerite and chal-
copyrite from Mattagami-Norita, in sphalerite from
Nanisivik, in sphalerite and pyrite from Geco, bur
not in chalcopyrite (MDL 15 ppm) and pyrrhotite
(MDL 10 ppm).

The selenium distribution between Kidd Creek ore-
types shows some interesting trends. Average Se
values for chalcopyrite and pyrite (calculating grains
with no detected Se as 0) increase from ',C" ore (69
and 6 ppm) to "A" ore (253 and 44 ppm) to bornite,
zone halo (606 and 282 ppm) to bornite zone (3540
ppm in cp only). This appears to be the opposite of
the trend for the average Ag concentration in chal-
copyrite, which decreases from "C" ore (1047 ppm)
to "A" ore (123 ppm) to bornite-zone halo (27 ppm).
Recalculating the average Se values for chalcopyrite
and pyrite using grains with no detected Se as 7z the
MDL gives: "C" ore Q2 aad l0 ppm), "A" ore (253
and 45 ppm); for Ag values in chalcopyrite, recal-
culation gives 28 ppm Ag for the bornite-zone halo.
Because the MDL is so close to 0, there is no signifi-
cant difference in the methods of averaging.

Selenium partitioning between Kidd Creek sulfides
is difficult to evaluate because few coexisting grains
(i.e., from the same sample) were analyzed. Galena
could be the principal Se carrier for "C" ore, but
the high detection-level impedes the quantification
of this type of information. The next highest carrier
of Se is sphalerite, followed closely by chalcopyrite.
The least amount of Se occurs in pyrite.

Indium

Indium concentrations were meaflred in nearly all

samples of sphalerit,l and chalcopyrite from all
deposits except from ltlanisivik (MDL 16 ppm). The
latter finding is understandable, since Mclntyre e/
ol. (1984) reported - I ppm In by SIMS analyses.
Indium was not detected in galena (MDL 3l ppm),
pyrite (MDL l0 ppm), pyrrhotite (MDL 8 ppm) and
bornite (MDL 16 ppm). In those samples from Kidd
Creek and Geco, in which sphalerite and chalcopyrite
coexist, there appears to be partitioning. Indium is
much higher in sphalerite than in chalcopyrite.
However, overall, levels of In are higher in chal-
copyrite than in sphalerite. Though there is overlap
of ranges of values between the different types of
sample, there is an ap'parent increase of In concen-
tration in chalcopyrite from "C" ore to "A" ore
to bornite-zone halo (Table 5).

It is also worth noting that no correlation exists
between In and Ag in sphalerite. This was unex-
pected, as Mclntyre et al. (1984) were able to syn-
thesize homogeneous (Zn,Fe,In,Ag)S only by using
the coupled subslitution Ag+ +I13+ :22n2* in a
dry system. This lack of correlation may imply that
Ag or In solid solution in sphalerite is partly or
wholly interstitial, rather than substitutional as it is
in the synthetic equivalent.

Tin

Tin concentrations were only found in chalcopyrite
from Kidd Creek and Mattagami-Norita and in only
one Sn-rich pyrite sample from Kidd Creek. As dis-
cussed above, Sn may well be present in all Kidd
Creek chalcopyrite, btrt is difficult to quantify in the
presence of high Ag values. Tin was not detected in
galena (MDL 33 ppm), sphalerite (MDL 18 ppm),
pyrrhotite (MDL 9 ppm) and bornite (MDL 19 ppm),.
nor was it detected in any of the 6 Geco chalcopyrite
grains analyzed (MDn- 17 ppm).

The lack of Sn in the Geco chalcopyrite is in con-
trast with the findings of Banerjee (1972) who, on
the basis of electron-microprobe data on 5 chal-
copyrite grains, concluded that chalcopyrite from
Geco contains a mean value of 0. l09o Sn. Three spot
analyses were reported on each of the 5 chalcopyrite
grains and gave between 0.08 and 0.1590 Sn. How-
ever, Banerjee's analyses also revealed Pb in all
grains analyzed (range from 0. I I to 0.32t/o Pb), sug-
gesting that the samples that he examined need re-
evaluation.

CoNcrusrolts

This study has confirmed the value of the Micro-
PIXE technique in increasing our knowledge of
trace-element distributions in sulfide minerals in a
quantitative manner. Whereas many more samples
need to be analyzed for mass-balance calculations,
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the data obtained so far permit the following gener-
alizations.

Chalcopyrite and, to a lesser extent, sphalerite
have been indentified as important Ag carriers. This
should be taken into consideration in mass-balance
calculations of ore from massive-sulfide deposits.
Solid solution of silver in pyrite, particularly from
Kidd Creek, is not identified as a significant factor,
but more work needs to be done on this aspect. Solid
solution of silver in pyrrhotite is another new find-
ing that requires further evaluation. Whereas Se com-
monly substitutes for S in sulfides, it has been
demonstrated that the high Se content of Kidd Creek
chalcopyrite, together with an unknown quantity in
galena, are probably the major sources of Se in "A"
ore, rather than the numerous selenides known to
occur in the deposit (Thorpe et al. 1976), Further,
the significance of Sn solid solution in chalcopyrite
should also be considered in any calculations involv-
ing Sn recovery since one cannot ascribe all the Sn
solely to cassiterite.

Finally, it may be predicted that future mass-
balance calculations, based on proton-microprobe
analysis of a statistically significant number of sam-
ples, could be done by fust establishing the mean
trace-element contents of all the major minerals, then
ascribing the balance to the rarer minerals that com-
prise the ore assemblage for individual zones of a
particular deposit. This will still require careful and
detailed quantitative mineralogical studies, such as
those of Petruk & Schnarr (1982), but will also result
in more precise quantification. This approach, of
trace-element analysis by both broton and electron
microprobes, will be particularly useful for trace ele-
ments such as Ag, which are usually distributed in
such a large number of different minerals (Cabri et
al. 1984b).
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TRACE ELEMENT CONTENT OF SPHALERIIE FROM
MATTAGAMI-NORITA, GECO AND NANISIVIK
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TABLE III. TRACE-EtEMENT CONTENT OF CHALCOPYRITE FROM MATTAGAMI-NORITA AND GECO

a l n
N o .  P

L A - t 2 ! 3 - t O
l 6 1 r  r 3 2 9
L983  134  1
L4041315
4058  ! 49  5
443L !478

0 . 3 4 1 0 . 0 2
0 . 2 3 r 0 . 0 2
0 . 1 8 r 0 . 0 2
0 . 1 9 1 0 . 0 2
0 . 2 0 1 0 . 0 2

0 . 0 7 1 0 . 0 2
0  . 0 6 1 0  . 0 2
0 . 0 6 r 0 . 0 2
0 . 0 5 1 0 . 0 2

n . d l .
0 . 0 4 1 0 . 0 2
0 . 0 4 r 0 . 0 2
0 . 0 3 1 0 . 0 2
0  .  0 2 1 0  . 0 1

n 2 L ! L 2
28!L6
n . d .  *
n . d . *

n . d . *

Nor I ta 387  1 I9
497 tL9
4  L I r l 9
572rr9
479!L9

521  i 33
5 l  9  130
528  13  3
4A6t32

25 tLA
? q t  + ? n

369!28
3  58  129
343!28

59 t l  8
? a r l  (

6 8 t 1 5
44xL4
50 r  I 5
3 9 i I 5

I
2
2
2
2

Geco-1

- I
- z
- z
- 2

P E p r o t o n  m i c r o p r o b e i  M D L  p p n  O  3 o  a r e  z n ( 1 3 1 ) '  S e ( 1 5 ) ,  A g ( 1 I ) ,  I n ( 1 0 ) '  S n ( 1 7  i f  n o  a g
present)  .
E = e l e c t r o n  m i c r o p r o b e i  M D L  ( ! r t . E )  @  3  o  a r e  z n ( 0 . 0 2 ) ,  A 9 ( 0 . 0 3 ) ,  I n ( 0 . 0 2 ) .
*h igh A9 content  increases Sn MDL up to 1A? pFm in some cases.

TABLE IV. PROTON MICROPROBE DATA
F'OR PYRITE I'ROM GECO

I  8 9 1 1 1 2 8  n . d .
2 236tLO5 n.d.
3  n . i l .
I  n . d .
2  n . d .
3  3 0 8 1 1 0 8  0 . 0 3 1 0 . 0 1

n . d .  1 3 4 1 1 5
n . d .  L 2 9 ! L s
n . t l .  1 3 5 1 1 5
n . d l .  1 3 1 t 1 5
n . d .  1 2 3 r L 5
n . d .  1 3 0 i 1 5

5a&p1e Graln Aa (pp$) l 'e (ppa,

I  I  n . d .  n . d .
L  3  6 3 1 1 0  n . d .

n . d .
n . d l .

4  I  5 1 i 1 0  3 7 t l l
4  1  93 i11  32 t9

M p t  ( p F m )  g  3 0  a r e  A s ( 9 ) ,  S e ( 8 ) .

2  1  6 5 ! 1 0
3 t 32t9


