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Abstract

Ion-probe microanalysisand ion mapping by SIMS haveestablished thai submicroscopicppm-levelsof gold in arsenian pyrile
from Straiabound and Stratiformgold deposits are associated exclusively with As-rich growth bands: the gold is most probably
incorporated in solidsolution inarsenian pyrite via As-rich growth surfaces. Thenature of thecomposition-specific slainresulting
from oxidation of polished surfaces of pyrite-group minerals withpotassium permanganate solution (in 1:1 sulfuric acidIhasbeen
studiedby X-ray photoeleclron spectroscopy (XPS)andlaserionization massspectrometry (LIMS). Thesurface layers of stained
sections of arsenian pyrite and arsenopyrite contain three species of sulfur (disulfide, elemental S, and sulfate), and the proportion
of elemental S in surface layers of pyrite increases with As content of the substrate. The amount of Mn present in surface layers
is insignificant. Therefore, stain color is attributed to optical interferenceby a thin surface-layerof elemental S. Surface oxidation
of pyrile by potassium permanganate solution is promoted by As-for-S substitution; in this way. color development can be
correlated with the distribution of As and "invisible" Au.

Keywords: pyrite, "invisible" gold, arsenian pyrite. Au by ion-probe microanalysis, ion mapping by SIMS,surface oxidation of
pyrite. X-ray photoeleclron spectroscopy of pyrite. surface films.

SOMMA1RE

(.'analyse a la microsonde ionique et la "cartographic ionique" par spectrometrie de masse des ions secondairesout etabli la
presence de quantities d'or submicroscopiques a des niveaux du ppm. associees exclusivement aux /ones de croissance riches en
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2 THE CANADIAN MINERALOGIST

Asdans la pyrite arsenifere provenantde gisemenisd'or syn-sedimentaircset stratiformes.L'or serait lout probablementincorpore
en solution solide dans la pyrite arsenifere par le biais de surfaces de croissance enrichics en As. Nous avons etudic la nature de
la coloration revelairice de la composition dans les mineraux du groupe de la pyrile. resiiltai tie I'oxydaiion de surfaces polies
exposees a line solution de permanganate de potassium (dans I'acide sullurique 1:1). au moyen de la spectroscopic des
photo-electrons delogcs par les rayons X et par ionisalion au laser avec speclromctrie de masse. Les couches de surface lemies
developpees siir la pyrite arsenifere et sur I'arsenopyrite contienncnt trois especes de soufre. soient bisulfure, soufre elementaire.
et sulfate; la proportion du soufre elementaire dans lescouches de surfacede la pyrite augmenle avec la leneur en As du substrat.
Laquaniite de Mndans lescouchesde surfacecsl infime.C'esl donedire que lacouleurde celte lemissuredependd'une interference
optiquecauseepar unemince couchede soufreen surface. L'oxydation de lapyrileen surface parla solution de permanganate dc
potassium augmenle avec1c degrede [emplacement dusoufre parParsonic. Decetiefacon. ledeveloppement de lacouleurmontre
une correlation avec la distribution de I'arsenic et de l'or dit "invisible".

(Traduil par la Redaction)

Mots-cles: pyrile. or "invisible", pyrile arsenifere. analyse par microsonde ionique. cartographic des ions, spectrometrie de masse
des ions secondaries, oxydalion de surface, spectroscopicdes photo-electronsemis par les rayons X. films de surface.

Introduction

Gokl deposits hosted by sedimentary and volcanic
rocks characteristically have anomalous contents of As.
present as arsenopyrite, As-bearing pyrite, native As,
realgar, and orpiment. The content and spatial distribu
tion of As in pyriic associated with gold mineralization
were investigated systematically by Fleet el at. (1989)
and MacLean (1991). It was noted that arsenian pyrile
is associated with gold deposits that are siralabonnd and
stratiform and whose host rocks have not been metamor

phosed beyond middle low-grade conditions. Pyrite
grains from such deposits are commonly oscillatory
zoned in As content on a fine (micrometer) scale:
maximum As contents, in As-rich bands, attain 4 lo 8
wt.%, as determined by elcctron-microprobe analysis.
Oscillatory-zoned arsenian pyrile has been reported also
fromoilier parageneses (Burkart-Baumann & Ottemann
1971, Arnold 1981. references in Fleet el al. 1989). The
oscillatory-zoned microslruclures of arsenian pyrile
from golddepositswereinterpreted by Fleel elal. (1989)
as a growth feature and attributed to episodic fluctuation
in fluid composition during crystal growth.

The spatial variation in the content of As in pyrile is
resolved by surface staining of polished sections with a
solution of potassium permanganate in dilute (1:1)
sulfuric acid (Fleet el al. 1989). As confirmed by
eleciron-niicroprobe analysis, the color of a stained area
is proportional to its As content. This technique has
proven useful lo understand the complex history of
fluids associated with siralabonnd and stratiform gold
deposits; the slain commonly reveals an initial genera-
lion of Iramboidal or secior-zonecl pyrile, a phase of
very-fine-scale episodic variation in solution chemistry
resulting in a zonal stratigraphy, as in sphalerite of
Mississippi-Valley-type and epithermal deposits U'-g-
Barton et al. 1977, Barton & Bethke 1987), dissolution,

brecciation. replacement, and late overgrowths of As-
poor pyrite. Furthermore, MacLean & Fleet (1989) used
the surface staining procedure to show that the compaci
rounded pyrile grains in quartz-pebble conglomerate

gold ore from the Witwatersrand basin of South Africa
are indeed delrilal in origin, and thus provided further
evidence for a delrilal origin for this important class of
gold deposit.

Using ion-probe microanalysis (secondary ion mass
spectrometry, SIMS). Cook & Chryssoulis (1990) dem
onstrated a positive correlation between the concentra
tion of As and "invisible" Au in arsenian pyrite.
"Invisible" gold is defined as gold present either in solid
solution or as particles below resolution by SEM in the
back-scattered electron mode. More recently. Griffin el
al. (1991) analyzed arsenian pyrite from the North Arm
epithermal Ag-Au deposit, in Queensland. Australia, for
in situ contents of Cu. Sb, Se. Ag. Zn. Pb and Mo by
proton microprobe. They reported that the spatial distri
butions of Cu, Sb and Se broadly correlate with As
content. However, the gold contents of the North Arm
arsenian pyrile was found to be below the levels of
detection by proton microprobe (20-25 ppm: Cabri el
al. 1991).

In the present paper, we use SIMS and elcctron-mi-
croprobe (EMP) analysis to show that the spatial
distribution of "invisible" Au in arsenian pyrite corre
lates with As content, as mapped by color staining and
EMP back-scattered election images. A more detailed
study of the distribution of "invisible" gold in pyrite
using ion-probe microanalysis and ion mapping by
SIMS is presented elsewhere (Chryssoulis & Weisener
1991). In addition, in this paper, the nature of the stain
resulting from surface oxidation of arsenian pyrite with
potassium permanganate solution is investigated by
X-ray photoeleclron spectroscopy (XPS) and laser-ioni-
zation mass spectrometry (LIMS). The XPS study leads
to interesting observations on the surface oxidation of
pyrite.

Samples and Analytical Procedures

Samples

All sampleswere taken from the mineraldepositsand
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mineral collections at the University of Western Ontario,
and included arsenian pyrite from the Agnico-Eagle
mine, Joutel, Quebec (samples 19560, 19567) and the
Fairview mine. South Africa (17359), As-poor pyrite
from the Home mine. Noranda, Quebec (2040) and an
unknown locality (394), arsenopyrite from Deloro,
Ontario (3388) and Zacatecas, Mexico (2486), and
lollingite from the LaRose mine. Cobalt. Ontario.

The geology and pyrite mineralogy of the Agnico-
Eagleand Fairview mineswere reviewed in Fleetel al.
(1989) and MacLean (1991). The Agnico-Eagle gold
deposit is a stratabound-stratiform body associated with
felsic pyroclastic, carbonate, and clastic sedimentary
rocks of the Gale Group of the Archean. Abitibi
greenstone belt. Gold is associated with a fine-grained
banded pyrite within an Fe-rich carbonate unit and with
coarse-grained poikiloblastic pyrite in a chloritic rock
adjacent to a diabase dike (Barnett et al. 1982). The
pyritewithinthe Fe-rich carbonate unit is arsenian. and
is characterized by elaborate optical microstructures
with fine-scale oscillatory zoning in As content. The
Fairview gold mine is located 12km east of Barberton
in East Transvaal, South Africa, and also is Archean in
age. Gold ore occurs as sulfidic reefs of disseminated lo
massive pyrite and arsenopyrite in concordant bodies
and discordant fractures in graywackes and shales of the
lower Fig Tree Group, and quartz reefs of discrete
quartz-filled fractures in the brittlequarizite horizon of
the Moodies Group (Wiggett et al. 1986). Pyrite from
the sulfidic reefs is arsenian and characterized by optical
microstructures even more elaborate than those of
arsenian pyrite from the Agnico-Eagle mine.

Grains of arsenian pyrite were selected by hand
separation from crushed samples under a binocular
microscope. Samples for SIMS analysis were prepared
as polished grains set in 25-mm-diameter blocks of
epoxy with up to 40 wt.% graphite added. Samples for
XPS analysis were prepared similarly in 18-mm-diame-
ter blocks. The LIMS analyses were made with standard
25-mm-diameler polished thin sections.

All polished blocks and sections were stained with a
solution o( KMn04 in 1:1 H2S04 before analysis by
EMP. SIMS. XPS, and LIMS" The stain solution was
prepared as required and applied drop-wise with a
stirring rod on cleaned polished surfaces. Some experi
mentation was required to find the optimum conditions
for staining, and treatment times typically varied from
30 seconds to 5 minutes. Stained sections were washed

in tap water to stop reaction and dried in an air jet. Stain
colors are most visible in air (i.e.. when the stained
surface is not in contact with water), and range through
orange, brown, red, purple, blue and white with increas
ing As content and treatment time (e.g.. sec below. Fig.
3a).

Secondary Ion Mass Spectrometry (SIMS)

The samples were analyzed using a Cameca IMS-3f

ion microscope for ''"Au, 75As, 56Fe and MS. All
measurements were made with a cesium primary beam
of about 500 nA at 14.1 keV while monitoring negative
ions. For ion-probe microanalysis, the area analyzed is
defined by a set of apertures in the secondary column.
All present analyses were made with an aperture of 60
|im. Ironand S weredetermined lo monitor instrumental
conditions during the analysis and for standardization.
SIMS has been usedroutinely toquantify the "invisible"
Au conlenl and colloidal-size Au in pyrite and
arsenopyrite (Cook & Chryssoulis 1990). Gold was
quantified using the external standardization procedure
(Chryssoulis 1990).Molecular ions were eliminated by
voltage offsetting: 180 V, fully open energy-slits for
microprobe analysis (Chryssoulis 1990) and 80 V,
One-tenth-open slits for imaging (Chryssoulis & Wcis-
ener 1991). With a 10-s counting time for Au, the limit
of detection in pyrite is0.4 ppm Au, with an accuracy of
about 10-15% (Chryssoulis et al. 1987). The SIMS
microprobe resultsare summarized in Figures la, b for
pyrite grains from the Agnico-Eagle and Fairview
mines, respectively.

Ion mapping was used to determine the distribution
of Au and As within individual grains. Ion imaging was
performed by electronically rastcring the primary beam
overan areaof 250 x 250 [tin2. Images obtained on the
dual channel plate were captured by a Cohu solid-state
camera and processed by an image-processing system
developed at Surface Science Western. The size of the
cesium beam at 500 nA is 150 (Am, but the effective
spatial resolution in the resulting images is about 2 .um.
Other details on the present procedure of ion mapping
are given in Chryssoulis & Weiscncr (1991). Maps
showing thedistribution of l97Au and"S ions aregiven
in Figures 2b and 3c. In Figure 2b, the distribution of
"invisible" Au follows closely the very-fine-scale vari
ation in As distribution depicted in the back-scattered
electron image (Fig. 2a). Zones with high content of
"invisible" An (color-coded orange) in a 0.5-mm subhe-
dral grain of pyrite from the Fairview mine follow
growth zones of an earlier generation of euhedral
arsenian pyrile that has been overgrown by later Au- and
As-poor pyrite (Fig. 3c).

Eleciron-Microprobe(EMI')Analysis

The samples of pyrite used for SIMS analysis were
analyzed by EMP for Fe. S, As, Co, Ni, and Au using a
JEOL JXA-8600 Supcrprobe. operated at 20 kV, 50 nA,
with natural pyrite (Fe, S), arsenopyrite (As), synthetic
NiS (Ni). and pure Co and Au as standards. The precision
and reliability of the Au analyses were increased by
using the AuMa line. 100-s counts, and one spectrome
ter dedicated entirely to Au, thus eliminating the possi
bilityof crystal-positioningerror. The detection limit for
Au was estimated to be approximately 200 ppm, and
systematic analysis of the As-poor pyrite standard gave
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Fig. 1. Concentration ofAu versus As in arsenian pyrite byion-probe microanalysis; a)Agnico-Eagle mine (sample 19567), value
for two grains, one of which is illusirated in Pig, 2;b) Fairview mine (sample 17359). values for four grains, one ofwhich i
illustrated in Fig. 3b, and c) by electron microprobe (EMP) analysis. Fairview mine (sample 17359), single grain illustrate
in l-'ig. 3b.
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values consistently less than 100ppm. results compara
ble to those found by Cabri et al. (1989). Results are
summarized in Figures lc and 2a. Significant concentra
tions of gold (above 200 ppm) wereessentially limited
to the As-rich growth bands of the grain shown in
Figures 3b and 3c.

The Co and Ni contents of the pyrite samples wereas
follows: sample 19560: Co 0.05 wt.%, Ni not detected
(n.d.): sample 19567: Co 0.10, Ni 0.06; sample 17359:
Co 0.07, Ni 0.0-0.4; sample2040:Co 0.07. Ni n.d.and
sample 394: Co 0.05. Ni n.d. With the exception of a

single, very As-rich zone of the Fairview sample, the
spatial variations of Co and Ni do not seem related to the
variation in As content, and therefore these generally
low contents were considered to be insignificant in the
present context.

X-ray Photoeleclron Spectroscopy (XPS)

X-ray photoeleclron spectroscopy is a surface-sensi
tive technique that gives information on chemical state
and surface composition. The theory of XPS was
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a)

b)

Flo. 2.a) EMP back-scattered electron image, andb)corresponding ''"Au ionmap bySIMS
for arsenian pyrite from the Agnico-Eaglemine(sample 19567);see Fig. la.

reviewed by Briggs& Scab (1983) and Mclnlyre (1984),
and recent applications to pyrile includeJean & Bancroft
(1985). Ilyland & Bancroft (1989). and Mycroft et al.
(1990). Briefly, and following Ilyland & Bancroft
(1989). monochromatic X rays with energy F.x are used
toeject coreelccirons from surface atoms. Bymeasuring
Ihe kinetic energy (K.E.) of the electrons ejected from
the core, their binding energy (B.E.) in the surface layer
can be determined from

B.E. = Ex - K.E. (1)

Bindingenergy depends on chemical state: the 2-, 1-
(disulfide). 0. and 6+ oxidation slates of sulfur have
approximate binding energies of 161, 162.4, 163.8.and
169.0eV. respectively, varying slightly with chemical
combination. The number of electrons ejected from the
core is proportional lo surfacecomposition; hence, peak
areas in the energy spectrum (e.g., Fig. 4) reflect the
proportion ofoxidation (chemical) states occupied inthe
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FIG. 3a. Optical micrograph of arsenian pyrile grainsfrom Fecarbonate unit of Agnico-Eagle mine, slained willi K.Vln04 and
showing As-rich growth bands (purple). Scale liar is 0.1 nun.
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lie 3b. Arsenian pyrile grain from sulfidic reef of Fairview mine (sample 17359). Optical micrograph of polished section slained
with KMnOj and showing As-rich growth bands (purple, red). Scale bar is 0.1 mm.
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100pm

FlG. 3c.Arsenian pyrile grain from sulfidic reel of Fairview mine (sample I7359). Combined US (green) and
map obtained by SIMS: two small particles of metallic gold are labeled "Au". Scale bar is O.I mm.

'Au (yellow) ion
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Fig. 3d,Oplical micrograph ofstained arsenopyrite grain from Fairview mine showing colorcontrast. Scale baris0.1 mm
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analyzed surface. The thickness of the surface layer
sampled is less than about 50 A.

XPS measurements were made using a modified
Surface Science Laboratories SSX-100 X-ray photo-
electron spectrometer, with a monochromaiized AlA'a
X-ray source and a base pressure of 5 x 10 '' torr in (he
analytical chamber. The work function of the spectro
meter was adjusted to give a value of 83.90 ± 0.05 eV
for the Au 4/7/2 peak of metallic gold. The energy
dispersion was set to give an energy difference of 857.5
±0.1 eV between the Cu 2/;v; and Cu 3/> lines.
High-resolution narrow scans of the S 2/> and C l.v
regions were collected at 50 eV pass energy and a spot
size of 300 urn. Broad scans (0-1000 cV) were accumu

lated with a spot size of 600 pin and a pass energy of 150
eV, conditions that give poorer resolution of energy but
increased intensity. The positions of the sulfur lines were
corrected for the effects of surface charging by calibra
tion against the C l.v line (at 284.9 cV). The high-reso
lution scans were curve-fit using the software supplied
by SSL. The S 2p line is split by spin-orbit coupling into
a doublet, with components 2p}/2 and 2pll2. separated by
1.2 eV and having a theoretical peak-area ratio in the
energy spectrum of 1:1.95 (Scofield 1976). The S 2/>
spectra were curve-fit using 80% Gaussian. 2(rv<
l.orentzian peak shapes and the above energy separation
and peak area constraints. A Shirley background sub
traction was used. The results are summarized in Table

1 and Figure 4.

Laser Ionization Mass Spectrometry (LIMS)

A LIMA 2A laser-ionization time-of-flight mass
spectrometer manufactured by Cambridge Mass Spec
trometry and equipped with multiphoton postionization
capabilities (MPI) was used to analyze the surface layer
of stained pyrite grains exhibiting color contrast. The
analytical procedure involves focussing the primary
Nd-YAG laser (266 nm) on a preselected area with the
help of the optical microscope attached to the sample
chamber, postionization of the desorbed neutral atomic
species with a second Nd-YAG laser, and analysis of
the ions by time-of-flight mass spectrometry. Chrys
soulis el al. (1992) discussed the mineralogical applica
tions of the LIMS technique. With a focussed primary
beam, the spot size is 2-5 pm in diameter. Pyrite grains
from samples 17359 and 17361 from the Fairview mine
were analyzed. A mass spectrum from one location in
sample 17361 is shown in Figure 5. and is typical of the
total of about 12 spectra acquired.

Results and discussion

Distribution of "invisible " gold

"Invisible" gold (as defined above) was found to be
generally below detection by electron microprobe

(EMP) in arsenian pyrite from the Agnico-Eagle and
Fairview gold deposits. However, a single fragment of
an arsenian pyrite grain from Fairview mine sample
17359.which shows prominent oscillatory zoning in As
content, with a broad outer margin of As-poor pyrile.
yielded consistently high Au contents, up to 1400 ppm
(Figs. Ic. 3b). Regions with significant Au values(>200
ppm) clearly correspond to As-rich growth zones.

These observations were elegantly confirmed by
ion-probe microanalysis and ion mapping by SIMS
(Pigs. I. 2b. 3c; see also Cook & Chryssoulis 1990.
Chryssoulis & Cabri 1990). For Ihe Agnico-Eagle
sample (19567). ion-probe microanalysis gave Au con
tents of 1 lo 27 ppm on Iwo grains. High values clearly
correlate with As-rich growth zones (Figs. la. 2b). For
the Fairview sample (17359), ion-probe microanalysis
gave Au values of 0.3 lo 1000 ppm on four grains. Again,
high values correlate With As-rich zones (Figs. lb. 3b.
c). There is no! a one-to-one correspondence between
the distribution of As, as presented in the micrograph of
the stained grain (F'ig. 3b). and the distribution of Au in
the ion map (Fig. 3c). This is partly because the latter
image is a composite one, and the background discrimi
nation varied slightly from one individual ion map lo
another. Also, as noted below, As-rich growth bands do
not always show high Au values. The grain from the
Fairview mine analyzed by EMP has Au contents of 0.5
to 1000 ppm by SIMS. These results are included in
Figure lb: from the good correspondence between this
figure and Figure Ic. they independently confirm the
reliability of the calibrations of both Au and As in the
ion-probe microanalysis by SIMS. Cabri el al. (1989)
similarly confirmed the calibration of Au and As for
Au-rich arsenopyrite from the nearby Sheba mine.

We did detect a few colloidal-size particles of Au
within the As-rich zones by ion mapping by SIMS
(Fig. 3c). However, the dispersed nature and even
dislribnlion of high Au values by SIMS in As-rich zones
point lo incorporation of much of the "invisible" gold
by solid solution within the pyrite structure. Dispersed
minute particles of colloidal-size Au (with panicle
diameters of, perhaps. 250 A) remains a possible
alternative explanation (Chryssoulis et al. 1987).
Regardless of iis precise physical form within arsenian
pyrite. incorporation of the "invisible" Au must be
closely associated with incorporation of theanomalous
contents of As. Following Fleet el al. (1989). the high
contents of As in arsenian pyrite appear to be present as
a melastable solid-solution of the type Fc(S.As):. Gold
could then be incorporated by attachment of either
monoatomic ions or ionized clusters of gold atoms al
sites of As-rich growth. Johan el al. (1989) suggested
that in arsenopyrite from the Massif Central, Au
substitutes for As1' occupying Fe sites, bin metastable
incorporation on As-rich growth surfaces is a more
probable mechanism of incorporation of Au in arsenian
pyrile.

Griffin el al. (1991) suggested thai Ihe intcrelement
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correlations they observed in As-rich pyrite from ihe
North Arm epithermal Ag-Au deposit are consisienl
with a physical mixture of pyrile. arsenopyrite and a
su:fosali phase rather than atomic substitution. How
ever, the intcrelemeni correlations of Griffin et al.
(19911 also are consisienl with substitution mechanisms,
and no other evidence for the existence of inclusions of

arsenopyrite and sulfosalts was presented intheir study.
Griffin et al. (1991) have misinterpreted the transmis
sion electron microscopy (TEM) observations of Fleet
et al. (1989). The 1100) planar faults reported in the
latter study are not evidence of lamellae of exsolved
arsenopyrite, nor can they be interpreted as growth
layers of arsenopyrite. RecentTEM study (unpublished
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Fit;. 4. X-ray photoeleclron spectroscopy (XPS) spectra-of S 2/> region of polished surfaces
stained with KMnO.,; a) As-poor pyrile (Home mine, sample 2040): b)arsenian pyrile
(Fairview mine, sample 17359); and. c) arsenopyrite (Zacateeas. sample 2486).

data) shows that {100) planar faults also arecommonly
present incertainsamplesof As-poorpyrile. Hence their
presence in arsenian pyrite is probably not relaied to As
content.

Both the SIMS and EMP data for the Fairview mine

TABLE 1. SULFUR 2p,: BINDING ENERGIES (PV) AND EITTED PEAK
WIDTHS (eV), AND TOTAL SULFUR 2p PEAK AREAS

PYRITE

Binding
Energy

PeaK

width'
Peak

Area

S 2p

Home nine. /2040: unstained 162.8 1.24 100.0

seainod

(clear, nctallic)
162.4

163.6
168.7

1 .00

1.00

1.00

27.6

51.1
21.0

stained
(bronze, brown)

162.6

161.7

168.2

169.0

1.00

1.00

1.00

1.00

19.6

59.9

2.5
18.0

Unlocatod, /J94: stained
(bronze)

162.7
16).7
169.0

0.94
0.94

0.94

21.3
58.5
20,1

APSEMIAW PVRITE

Fairview mine, /17359: stained
(very light)

162.4

163.7

169.0

1.00

0.90

1.00

7.5

72.0

20.6

ARSE1CPYRITE

Deloro, /3388: stained

(orange-purple)
162.5

163.6
168.7

1.25

1.25

1.35

25.9

49.5

24.6

Zacatccos. /24B6: stained

(red-blue)
162.6

163.6

16B.9

1.25
1.25
1.28

17.7
51.7

30.6

1 Full viSth at half =axi=ui

(Fig. I) reveal that whereas high Au contents always
correspond to high As. the converse correlation is not
universally observed. As-rich bandsdonotalways show
high Au values. Hence, recognizing that the oscillatory-
zoned microstructures of arsenian pyrite provide a
record of ore-fluid evolution, it is apparent that the
As-rich ore solutions were not invariably gold-bearing.

Colorstaining ofpyrite-group minerals with
potassium permanganate

The effects of standard microchemieal tests on poli
shed surfaces oforeminerals areconsidered at length by
Schneiderhohn (1952) and reviewed in Cameron (1961)'.
The present treatment of As-poor pyrite with potassium
permanganate leaves the polished surface either seem
ingly unaffected or witha clearmetallic, bronze or light
brown film, the precise result apparently being depend
ent on orientation of the grain section. Color mayappear
along grainedgesand fractures, especially ifgrain relief
is present. Arsenopyrite i.s very reactive to the stain
solution, exhibiting microstructures with strong yellow,
red and blue colors (Fig. 3d) thai reveal both crystal
lography features (twin lamellae,grain orientation) and
compositional zonation. Lollingite is either seemingly
unieactivc to the stain solution or rapidly tarnishes,
perhaps depending on grain orientation, but does not
develop colored microstructures. The S content of the
present lollingite sample was not determined, and we
have not investigated the effect of S-for-As substitution
on the response of lollingite to the stain solution.
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Fig. 5. Laser ionization massspectrometry(LIMS) spectrumobtained froman As-richband
inarsenian pyrite from the Fairview mine (sample 17361) stained withKMn04; a.m.u.
is atomic mass unit, and serves to identify resolved elements. Total ion intensity is in
volts, and the scale is linear.

Chemistry ofstained surfaces

The surface chemistry of pyrite-group minerals has
been extensively investigated by XPS because of its
importance to the benificiation of sulfide ores and
remediation of mine wastes (e.g., Brion 1980. Buckley
19S7. Buckley & Woods 1987, Hyland & Bancroft
1989, Richardson & Vaughan 1989, Mycroft et al.
1990). In particular, the presence of elemental S can
render the surface of pyrite grains strongly hydrophobic
during froth notation (see references in Buckley &
Woods 1987). Fe. Mn (weak), O, N (weak),Cand S were
present in the broad (0-IOOOeV) XPS scans Ofall ofthe
pyrite-group minerals investigated in this study(namely.
unstained As-poor pyrite. stained As-poor pyrile.
arsenian pyrile. arsenopyrite. and lollingite). Inaddition,
As peaks are present in the spectra of arsenopyrite and
lollingite.

Overall, the high-resolution scans in the region of the
S .!/> resonances revealed S 2pyr_ peaks at about 162.6.
163.7. and 169.0 eV (Table 1). calibrated against C Is;
these binding energies are presently assigned to sulfur
as disulfide (Si )."elemental S (S"j. and sulfate (S'").
respectively (Wagner et al. 1979, Hyland & Bancroft

1989. Mycroft elal. 1990). Lollingite (nominally FeAs:)
gave a poor S 2p spectrum, as expected, with only the
sulfate doublet resolved above background, andspectral
parameters for it are not reproduced here.

The assignment of the XPS binding energies at
163.6-163.7 eV (Table I) to elemental S rather than
polysulfide (or metal-deficient sulfide, cf. Buckley &
Woods 1987) is based on the reference spectra cited
above. It is supported by previous studies of the
oxidation of pyrite surfaces that reporl reaction to
elemental S rather than polysulfide in the presence of a
Strongoxidizing agent or strong acid (Buckley & Woods
1987. and references cited therein). Buckley & Woods
(1987) suggested that sample temperatures below 200 K
are required to prevent loss of elemental S in the
ultra-high vacuum of XPS. They proposed a procedure
for discrimination between elemental S and polysulfide
based on corresponding measurements at both low and
room temperatures. However, our SSX-1 (X) spectrome
ter was not equipped for low-temperature measure
ments. In the absence of low-temperature measure
ments, and recognizing that the binding energies in
question are on the low side of the range of values
associated with elemental S (163.6-164.1 cV). there
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FlC. 6. Schematic cross-section through surface of grain of
arsenian pyrite reacted withpotassium permanganate solu
tion (see text)", hatched area is dominanlly elemental S: As
indicates As-rich growth hand.

remains the possibility thai the dominant S species in the
stained surfaces is, rigorously, a very metal-deficient
polysulfide rather than elemental S.

The disulfide S 2pdoublet in the XPS spectra clearly
reflects disulfide groups from the unoxidized substrate
of the pyrite specimens (Table I, Figs. 4. 6, Hyland &
Bancroft 1989, Mycroft et al. 1990).This appears to be
confirmed bytheabsenceof reduced species of sulfurin
the spectrum of lollingite. However, on this basis, the
disulfide S 2/> doublet in the spectra of the arsenopyrite
(Table I. Fig. 4) is unexplained, but could represent
reorganization of ligand atoms in near-surface layers
following preferential leaching of As (see Buckley
1987).

The sulfate present in the spectra may have been
adsorbed from the stain solution, with evidence again
from the spectrum of lollingite. However, it could also
be a final product of the step-wise oxidation of the
substrate (sec Brion 1980. and below).

The dominant elemental S component of the surface
layers is clearly a product of the oxidation of disulfide
(S|~) and sulfarsenide |(AsS)v] in the substrate. On
pyrile surfaces, the yield of elemental S increases with
As-for-S substitution, as is well illustrated by the
progression of spectra from unstained As-poor pyrite to
stained As-poor pyrite and stained arsenian pyrite (Table
I. Fig. 4). Arsenic-for-S substitution appears to promote
the surface oxidation of pyrite by potassium permanga
nate solution. We were not able to investigate the
correlation of elemental S with As content within
individualarsenian pyrite microstructuresbecauseof the
limited spatial resolution of XPS (300 urn in this study).

Sporadic development of color along the edges of
As-poor pyritegrains is readilyattributableto the greater

proportion of broken bonds there, which would tend lo
promote oxidation of the substrate (<;/. McKibben &
Barnes 1986). For arsenian pyrile and arsenopyrite. there
is sonic progression of color development with reaction
lime, bin with protracted exposure, all surfaces become
corroded.

As discussed above, we did not observe compelling
evidence for polysulfide species in the XPS spectra.
Polysulfides were reported by Mycroft et al. (1990) as a
result of the electrochemical oxidation of pyrile surfaces
in near-neutral aqueous chloride electrolytes at 600 to
700 mV (re. at redox conditions equivalent to those of
some aerated surface waters). Redox potentials were not
monitored in the present study, but for oxidation with
permanganate, they would have been somewhat higher
than in the electrochemical study of Mycroft el al.
(1990). Higher redox potentials might explain the
absence of intermediate products of oxidation in the
present study. Hamilton & Woods (1981) studied the
electrochemistryofpyrite as a functionof pH inaqueous
solution. They reported that yields of elemental S are
higher at lower pll. and that elemental S oxidizes lo
sulfate above 800 mV. Thus, partial oxidation to sulfate
could haveoccurred in the present stainingexperiments,
leaving the origin of the surface sulfate component
questionable.

In general, the oxidation products of pyrile surfaces
are only approximately consistent with equilibrium
stability of the solid phases and dissolved species at
room temperature (see Mycroft et al. 1990). which are
familiarlydepicted in Pourbaix (Eh-pH) diagrams (e.g.,
(lands .V: Christ 1965). This is because oxidation ol sullidc

species to sulfate is complex, with numerous potential
intermediary oxidation states, some of which involve
rate-controlling steps. Also, for surface oxidation, the
reaction rate is expected to decrease when film thickness
reaches a few thousand angstroms as the transport of
reactive species through the film becomes rate-control
ling. Buckley & Woods (1987) noted thai a thin
surface-layer of sulfur (considered to be polysulfide)
effectively passivaicd pyrite from attack by acetic acid.
Whereas elemental S is an important product of oxida
tion with permanganate, and polysulfide appears by
electrochemical oxidation (Mycroft et al. 1990). ele-
nicnlal S is not an important product of oxidation of
pyrite when it is exposedto air (Brion 1980, Buckley &
Woods 1987).Il appears that a strong oxidizingagentor
strong acid may be required for the formation of
elemental S (</. Buckley & Woods 1987). causing
oxidation to be initially rapid but later inhibited by the
build-up of film thickness. In thepresent microchemical
procedure, it is unlikely that the drop of permanganate
solution equilibrated with thepartially oxidized surface
of pyrile. The permanganate appears to have been
reduced lo MnO;; the half-cell potentials for Mir"
species are substantially above those forS"species (see
Carrels & Christ 1965).

Ihe present application of LIMS was preliminary.
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Only Na. Al. K. Ca. Fe and Mn (trace) are present in the
LIMS spectra of positive atomic species of stained
arsenian pyrite from ihe Fairview mine (Fig. 5). How
ever, this study serves to illustrate the extraordinary
sensitivity of this technique, becauseNa. Al. K.and Ca
wcie almost certainly sorbed from the wash solution (lap
water i. The dominant Fe signature in ihe LIMS spectra
reflects surface Fe atoms from Ihe surface oxidation of

the pyrile substrate.

Origin ofthe slain color

Our study of ihe chemistry of polished surfaces
stained with potassium permanganate solution was
directed to an understanding of the nature of the
characteristic color of the stain. This is possibly aitrib
uiable to a chroniophore substance (e.g., a Mn species),
but this explanation seems to be precluded by the wide
ran;e of colors observed. Alternatively, the colors could
be attributable to a surface film causing oplical interfer
ence. This explanation seems to be favored because the
characteristic colors are analogous lo the first-order
colors nf optical interference. The active film might then
be either MnO. precipitated from the stain solution or a
product of the surface oxidation of the substrate.

The XPS and LIMS studies clearly show that Mn is
present in only trace quantities in ihe surface layers of
the pyrite-group minerals investigated, and therefore a
Mn compound could not be responsible for the charac
teristic colors. However, elemental S is prescnl in
qui ntity at the surface, and moreover, the amount
preseni on pyrite surfaces is proportional to As-for-S
substitution. This correlation is quite significant, be
cause it links color development with the distribution of
As and "invisible" Au. The surface oxidation of oscilla

tory-zoned arsenian pyrite by potassium permanganate
solution is depicted schematically in Figure 6. which
shows the preferential leaching of Fe and As. oxidation
of disulfide to elemental S. which remains as a film with

thickness proportional lo the As content of the immedi
ate substrate, and the irregular etched interface between
the substrate and surface film,

FVorn the theory for interference by Ihin films in
reflection (e.g., Heavens 1965), interference colors for
white light in normal incidence are given by:

mX = 2/tt/cosQ. (2)

where m is order, X is wavelength (color), d is film
thickness, n is index of refraction of Ihe film, and t*> is
angle of incidence: Ibis expression ignores the effects of
differential absorption and assumes that the indices of
refraction increase in Ihe sequence air < film < pyrite
(Le., nm < n < /i|lv„|C). Hence, color development is
related (o thickness of surface film, and first-onicr colors
require a film thickness of elemental S of only about 0.2
p.m This thickness is similar to the depth of etching

estimated optically from cleaned slained surfaces. The
color of the stain is observed to fade when the surface is

welted with water. This phenomenon is reversible and
must be related to additional interference associated with

the air-water interface. The progressive (nonreversible)
fading of the stain color when exposed to air over a
period of several days is readily aitribuiable to aging of
the surface film of elemental S. possibly by hydrolysis
or oxidation to sulfate (see Brion 1980. Buckley 1987).
Final confirmation of the interference-related nature of

the stain color was obtained by a simple experiment with
arsenopyrite. When a slained polished surface was
allowed to fade through aging and then lightly wiped
with a new scalpel blade, the surface became streaked
with lower-order colors. Clearly, the scalpel blade
scoured and scratched the surface film, removing (or
reorganizing) ihe outer aged layer and causing variation
in thickness.

Finally. XPS does not probe beyond the outer 30 to
50 A of the sample surface, yet the present explanation
for stain color requires a film thickness of elemental S
of about 2000 A. The disulfide component in the XPS
spectra men must represent isolaled particles of unoxi-
dized substrate within the surface layer or a very
irregular interface between the substrate and surface
layer, much more irregular than that depicted in Figure
6.

Acknowledgements

We thank Y. Moelo and D.J. Vaughan for construc
tive reviews. R.F. Martin and F. Makovicky for editorial
assistance. I.J. Muir for helpful discussion. R.L. Barnett
for assistance with eleclron-microprobe analysis. J.
Forth for polished sections. NSERC for financial sup
port (operating grant to MEF), and Surface Science
Western for instrument time.

REFERENCES

Arnold. M. (1981): Cristallogenese el geochimie isoiopique
de la pyrile: apports a la mctallogcnc.se des amas sulfures
associes a un volcanismc sous-marin. Annates de I'Kcole
NalionaleStiperieure de GeologicAppliance etde Propec-
tion Miniere de Centrede Recherches Petrographit/ues et
Gcochiinii/iies(C.N.K.S.)et des Laboratoiresdes Sciences
de la Tare de I'UniversiteNancy IFrance). Sciences de la
Terre. Mem. 40.

Barnett, E.S., Hutchinson. R.W., Adamcik. A. & Barnett,
R.L. (1982): Geology of the Agnico-Eagle gold deposil.
Quebec. In Preeambrian Sulphide Deposits (R.YV. Hutchin
son. CD. Spcnce & J.M. Franklin, cds.). Geol. Assoc. Can..
Spec. I'ap. 25. 403-426.

Barton. P.B..Jr. & Bbthke, P.M.(1987):Chalcopyritcdisease
in sphalerite: pathology and epidemiology. Am, Mineral.
72.451-467.

& ROEDDER, E. (1977): Environment of ore

Downloaded from https://pubs.geoscienceworld.org/canmin/article-pdf/31/1/1/3435339/1.pdf
by Geological Society London user
on 04 December 2018



Id Till:CANADIAN MINERALOGIST

deposition in the Creede mining district, San Juan Moun
tains. Colorado. III. Progress toward interpretation ol the
chemistry of Iheore-forming fluid for Ihe OH vein. Peon.
Geoi.12. 1-24.

Brioos. D. & Skah. M.P. (1983): Practical Surface Analysis.
John Wiley and Sons. New York.

Brion. D. (1980): Etude par spectroscopicde pholoelecironsde
la degradation siiperl'icielle de FeSi. Ciil'eS;. ZnS el I'bS a
I'air el dans I'eau. Appl. Surface Sci. 5. 133-152.

Buckley. A.N. (1987): The surface oxidation ofeohaltilc. Aitst.
J. Chem. 40, 231-239.

& WOODS, R. (1987): The surface oxidation of pyrile.
Appl. Surface Sci. 27. 437-452.

Burkart-Baumann. I. & OTTEMANN. J. (1971): Arsenliihrende
Pyrite mil Bravoit-ahnlichcnSiriikiuren.Mineral. Deposita
6. 148-152.

Cabri. L.J.. Chryssoulis. S.L.. Campbell, J.L. & Teasdai.e,
W.J. (1991): Comparison of in-silu gold analyses in arse
nian pyrile. Appl. Geochem. 6. 225-230.

De Vh.lii.rs. J.P.R.. Laii.am.mi;. J.H.G. &
Buseck. P.R. (1989): The nature of "invisible" gold in
arsenopyrite. Can. Mineral. 27. 353-362.

CAMERON. E.N. (1961): Ore Microscopy. John Wiley & Sons.
New York.

Chryssoulis. S.L. (1990): Quantitative trace precious metal
analysis of sulphide and sulpharsenide minerals In SIMS.
In Secondary Ion MassSpectrometry SIMS VII (A. Ben-
ninghoven. CA. Evans. K.D. McKeegan. ILA. Slorms &
11.W. Werner, eds.). John Wiley and Sons. New York
(405-408).

. &Cabri. L.J.11990): Significance of goldmineralogi-
Cal balances in mineral processing, Trims. Inst. Min. Mclall.
(Sect. C: Mineral Process. Exlr. Metall. I 99. CI -CIO.

& Salter. R.S. (1987): Dircci determination of
"invisible" gold in refractors sulphide ores. In Proc. Int.
Symp. onGoldMetallurgy - Refractory Gold1(R.S. Sailer.
D.M. Wyslouzil&G.W. McDonald.eds.). I'ergamonPress.
New York. (235-244).

Stowe, K.G.& Reich. F. (1992): Characterization of
Composition of mineral surfaces b\ laser-probe microana
lysis. Trans. Inst. Min. Mclall. (Seel, C: Mineral Process.
Extr. Metall.) 100, CI-C6.

& WEISENER, C.G. (1991): Quantification and imaging
of submicroscopic Au in ore minerals by SIMS. InSecon
dary Ion Mass Spectrometry SIMS Vlll(A. Benninghoven.
K.T.F. Jansscn. J. Tiimpner & II.W. Werner, eds.). John
Wilev and Sons. Chichester, U.K. (517-520).

"invisible gold" in Ihe common sulfides. Can. Mineral.28.
1-16.

In 11. M.I-.. MacLean. P.J. & Barrier. J. (1989): Oscillato
ry-zoned As-bearing pyrite from strata-bound and strati
form gold deposits: an indicator of ore fluid evolution. In
The Geology of Gold Deposits: The Perspective in 1988
(R.R. Kcays. W.R.H. Ramsay & D.I. Groves, eds.). Econ.
Geo!.. Manogr.6. 356-362.

Garri.ls, R.M. it Christ, C.L. (1965): Solutions. Minerals,
andEquilibria. Harper & Row. New York.

Griffin, W.L., Ashley, P.m.. Ryan, CO., Sin. S.H. & Suter.
G.F.(1991): pyritegeochemistry inihe North Armepither
mal Ag-Au deposit. Queensland. Australia: a proton-
microprobe study. Can. Mineral. 29, 185-198.

Hamilton. I.C. & Woods, R. (1981): An investigation of
surface oxidation of pyrile and pyrrholite by linear potential
sweep vohammetry../. Eteciroanal. Chem. 118. 327-343.

I lEAVENS, O.S, (1965): Optical Propertiesof Thin Solid Films.
Dover. New York.

Hyland, M.M. & Bancroft, G.M. (1989): An XPS siudy of
gold deposition al low temperature on sulphide minerals:
reducing agents. Geochim. Cosmochim. Acta 53. 367-372.

Jean. G.E. & Bancroft, G.M. (1985): An XPS and SEN! siudy
of gold deposition at low temperatureson sulphide mineral
surfaces: concentration of gold by adsorption/reduction.
Geochim. Cosmochim. Acta 49.979-987.

Joiian. /... Marcoux, E. & Bonnemaison. M. (1989): Arseno
pyrite aurifere: modedesubstitution deAudanslaslruclure
de 1-eAsS. CM. Acad. Sci. Paris 308. Ser. II. 185-191.

MacLean, P.J. (1991): Characterizationof Pyritefrom Gold
Deposits. Ph.D. thesis. University of Western Omario.
London. Ontario.

& Fleet, M.E. (1989): Detrital pyrile in die Witwaters-
randgold fields of South Africa: evidence from truncated
growth banding. F.con. Geoi. 84. 2008-20! I.

Mi Imyri . n.n 11984): Modern methods of surface analysis
ami microanalysis. InEnvironmentalGeochemistry (M.E.
Reel, ed.). Mineral. Assoc. Can.. Short-Course Handbook
10. 169-195.

Ml Kiiiben. M.A. & Barnes. ILL. (1986): Oxidation of pyrile
in low temperature acidic solutions: rate laws and surface
textures, Geochim. Cosmochim. ActaSO, 1509-1520.

Mycroft, J.R.. Bancroft, G.M., McIntyre, n.s.. Lorimer,
J.VV. (V. Hill, I.R. CI990): Detection of sulphur and
polysulphides on elecirochcmically oxidized pyrile sur
faces by X-ray phoioeleelron spectroscopy and Raman
spectroscopy./ Eteciroanal, Chem. 292.139-152.

Cook. N.J. & Chryssoulis. S.L. (1990): Concentrations of Richardson, S. & Vauoiian, D.J. (1989): Arsenopyrite: a

Downloaded from https://pubs.geoscienceworld.org/canmin/article-pdf/31/1/1/3435339/1.pdf
by Geological Society London user
on 04 December 2018



ARSENIAN PYRITE FROM GOLD DEPOSITS 17

spectroscopic investigation Of allered surfaces. Mineral. (1979): Handbook of X-ray Photoeleclron Spectroscopy
Mag. 53, 223-229. (G.E. Muilenberg, ed.). Perkin-Elmer Corp.. Eden Prairie.

Minnesota,

SCHNEIDERHOHN, H.11952): lirzmikroskopisches I'raktikum. E.
Schweizerbart'schc Verlagsbuehhandlung, Stuttgart, Ger- Wicoett, U.S.A..Brink. W.C.J.&Vorsier.M.A.(1986):The
many. Fairviewgold mine. Barbertongreenstone bell. InMineral

Deposiis of Southern Africa 1 (C.R. Anhaeusser & S.
So iiEi d.J.H.(1976): Hanree-Slatersubshellphotoionization Maske. eds.). Geol. Sac. S. Afr.. 169-179.

cross-sections at 1254 and I486 eV. J. Electron Speclros.
Related Phenoin. 8. 129-137.

Received November 7. 1991. revised manuscriptaccepted
WaCNBR. CD.. RlOGS, W.M., Davis. L.E. & Moulder, J.F. March 21. 1992.

Downloaded from https://pubs.geoscienceworld.org/canmin/article-pdf/31/1/1/3435339/1.pdf
by Geological Society London user
on 04 December 2018


