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Abstract. Pyrrhotite is the main sulphide mineral of the rocks in question.
It occurs both as monoclinic Fe,Sg and as hexagonal variety ranging in composition
from FegS;, to Fey;Si,. Smithite — (Fe, Ni)yS;; — containing up to 1.2 wt. % Ni was
found to occur as exsolution product resulting from oxidation of monoclinic pyrrho-
tite. Nickel is usually connected with monoclinic pyrrhotite whilst its hexagonal
variety contains very negligible amounts of this element which cannot be detected
using electron microprobe method.

Pentlandite was found to occur here in two modifications: typical — low in
cobalt, and abnormal — containing much Co. The oxidation of primary cobalt-bearing
pentlandite resulted in its decomposition into normal pentlandite and thiospinel.
This decomposition was accompanied by exsolution of mackinawite. Sometimes this
process continued yielding cobaltic pyrite as final product. With decrease of tempe-
rature, pentlandite and (Fe, Ni) (Co, Ni),S, are locally formed as decomposition pro-
duct of monosulphide solid solution rich in Cu, Ni and Co, accompanied by exsolution
of talnakhite and pyritic phases.

Besides, the samples examined contained ilvaite and graphite formed during
substitution of titanomagnetite by graphite-siderite association.

METHODS OF ANALYSIS

Chemical analyses of the samples were carried out by means of electron
microprobe analyzer Cameca MS-46 using accelerating potential 20 kV,
beam current 140 pA, sample current for free ThO, 9.5 nA. FeS,, Ni, Co
and As standards were used. Counting time was in the range 80 to 100 sec.
Corrections for absorption of radiation and fluorescence were introduced

* Academy of Mining and Metallurgy, Institute of Geology and Mineral Deposits,
Cracow (Krakow, al. Mickiewicza 30).

23



as well as for the difference in atomic numbers between those of standards
and samples (Philbert, Tixier 1968). The precision of determinations of the
main elements in the analyzed minerals was found to be, on the average,
+1 relative per cent.

INTRODUCTION

The ore mineralization in question is connected with basic rocks of the
Basement of NE Poland. It is represented by magnetite and titanomagne-
tite, with ilmenite, minerals of spinel-hercynite series and ulvospinel se-
gregations, accompanied by ilmenite and less common haematite. Ilmenite
is sometimes altered into anatase. Corundum, siderite and hydrated iron
oxides were also found to occur.

The above mineral association is accompanied by dispersed sulphide
mineralization. The content of the latter minerals amounts to 0.5—1.5 vol.
per cent, whereby sulphide concentrations are from 0.5 to 5.0 mm in size.
They are generally represented by typical igneous paragenesis: pyrrhotite-
-pentlandite-chalcopyrite. Microscope examinations have shown that the
above minerals are accompanied by pyrite, marcasite, mackinawite, cuba-
1815('37 :)and, locally, graphite which was also observed by Siemiatkowski

1976). ;

RESULTS

Byerrhiobite

This is the commonest sulphide mineral, occurring in two generations.
The first of them is much more widespread and coexists with chalcopyrite
and octahedral pentlandite or occurs as separate, usually polycrystalline
aggregates. When examined using immersion technique, these grains dis-
play poly;ypthetic twinning and, often, lamellar structures resulting from
decomposition of solid solutions which are particularly distinct if observed
on etched surfaces. They are, most probably, decomposition products of
high-temperature pyrrhotite in T—X system into its low-temperature
hexag9m1 I monoclinic modifications or monoclinic pyrrhotite + smithit;e
(Fe, Ni)eSy; (Fig. 1). Moreover, pyrrhotite of the first generation often conta-
ins flame-shaped pentlandite inclusions reported for numerous ore depo-
sits (Rgmdohr 1960, Taylor and Wiliams 1972). As follows from microprobe
ana}ytmal data (Table 1), the composition of pyrrhotite of this generation
varies from Fems' to Feg.0351.00, corresponding to typical low-temperature
hexagona‘I pyrrhotite (FegSyo, Fe1051;, Fe;1S:, — Bennet et al. 1972). The
$tei‘med1ate ph;ases are represented by (Fe, Ni) S;.0¢ (smithite (Fe N )gS

aylor and Wiliams 1972), Fegg3S1.09 (typical monoclinic pyrrhotité Fe Sl;
?)I;?WF%M?MON-'— Fe9151.00. The commonest are compositions rang71n8g
pyrrﬁigtg e;mdl)o :rﬁ,t,goitzni éi& N1)0,88$}:11,00, corresponding to monoclinic
(FeorsS — Skinner et al. 1964) are iiiy sTcaI?:e eyl R S
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Fig. 1. A part of the Fe-S system at low temperature (after Taylor 1970, modified
after Kullerud 1968). All phases coexist with vapour

The majority of the results is situated in the field limited by composi-
tions Fe;Sg and FegS;; and by temperature 75°C, corresponding to stability
limit of smithite (Taylor 1970, Fig. 1). This corresponds to decomposition
of nickel-rich pyrrhotite into Fe,Sg and (Fe, Ni)gSn (smithite). It is sup-
posed that the grains showing compositions ranging from Fe(gsSi00 tO
Fep.0091.00 correspond to submicroscopic intergrowths of hexagonal and mo-
noclinic pyrrhotites, situated in low-temperature field of this mixture (Fig.
1). The Fe:S ratio exceeding 0.90 corresponds to the stability field of
low-temperature hexagonal pyrrhotite whilst 0.93 — enters the field of
troilite + low-temperature hexagonal pyrrhotite. The latter case could
correspond to microscopically observed intergrowths of hexagonal pyrrho-
tite and Ni-bearing mackinawite. Hexagonal structure of the latter pyr-
rhotite was revealed after etching using saturated chromate mixture
(Bennet et al. 1972).

X-ray investigations have confirmed the conclusions resulting from
chemical data (Table 2). The above described first generation of pyrrhotite
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Table 1
Chemical composition of pyrrhotite, determined by electron microprobe analysis
Weight %
No Atomic proportions
el 86 | Cor, | NIK) s g
48/A1 59.20 40.50 0.08 0.07 D00 e S 100
47/A2 58.53 41.90 0.08 0.07 100:03° | Bley.s:S1ico
39/1 58.89 39.97 0.14 0.07 99.00 | Feg.s551.00
39/2 59.83 38.97 0.08 0.07 98.80 | Fey.ssS1.00
39/8 60.96 39.23 0.13 0.12 1004 BEle 4 fie
39/11 60.27 37.67 0.13 0.15 98.22- || ElepiosSiioo
39/13 59.78 38.28 0.12 0.35 98{b 3 Bl Salce
39/15 60.83 38.27 0.16 0.18 99.44 | Feg.0:S1.00
39/16 59.42 39.52 0.14 1.19 100.27 | Fey gsNig 025100
38/2 57.26 41.59 0.14 0.56 99.55 | Feg.7oNig,01S1.00
38/3 57.73 41.56 0.15 0.56 100.00 | Fey.50Nig.0:S1.00
38/6 56.55 41.09 0.14 0.69 98.47 | Fey 7oNig.01S1.00
38/8 55.98 43.41 0.13 0.47 98.99 | Fey 74Nig.01S1.00
38/16 57.77 40.63 0.10 0.25 98.65 | Fep.ssS1.00
38/17 57.28 39.03 0.16 0.44 96.91 | Fey.gNig.01S1.00
38/19 57.23 39.97 0.15 0.45 97.80 | Feo.5Nig,0151.00
38/21 56.80 39.66 0.14 0.66 97.26 | Fey.oNi.01S1.00
38/23 56.86 39.77 0.16 0.47 97.26 | Feg.goNig.01S1.0
38/25 26.8 8 39.60 0.15 0.32 97.05 | Feg.gsNig.05S1.00
32/5 0.98 38.63 0.17 1.22 100.00 | Feg.o5Nig 65S; .00
_ 41/B1 60.30 39.70 0.08 0.07 100.00 | Fegs7S;.09
X 58.54 36.88 0.13 0.40 X — average value
S 1.623 1.495 0.338 S — standard deviation
V — coefficient of va-
v
o 3.57 84.50 riability (%)

was found to consist of both low-temperature modifications and smithite.
Since larger (Fe, Ni)yS;; grains are scarce, the presence of smithite is mani-
fested by' the existence of submicroscopic or similarly small segregations
qf this mineral within monoclinic pyrrhotite. This explains their interme-
diate composition between Fe;S; and (Fe, Ni)gSy;. Similar phenomena were
often obse_rv'ed by Bennet et al. (1972) who observed lamellar intergrowths
(c))ff ;ler?'?ﬁ?t}ln(lc p}grhgfctite ap<i1 smithite, or submicroscopic exsolution forms
1thite (pentlandite, violarite) loca i i

or of magnetic domain structures.) SR s i
% Thfet(})lbs?rvid fairly considerable differences in com

ite o e first generation can be explained by assumi i -
.tlon of s111cate—.oxide and sulphide I;)nel’ts, th}(’e lattglrlv%aghigozisfetgrvilgcgﬁn
1solafced spaces limited by non-sulphide minerals occurring in various pro-
portions. As follows from experimental data (Kullerud 1968) considergble
varlatlor_1s of Fg : S proportions could take place on cooling du’e to reactions
of sulphides with surrounding silicate phases. These processes were accom -
panied by low-temperature oxidation resulting in the formation of smithite.

position of pyrrho-
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} Besides, the pyrrhotite generation in question was cqmmonly subjected
to pyritization and, to much lesser extent, magnetlt}zatlon. Sqmehmes we
observe lamellar magnetite oriented concordantly with the main crystallo-
graphic directions of pyrrhotite. On the other hand, subsequent replace-
| ment of pyrrhotite by magnetite and siderite, accompanied by formation

of vermicular graphite forms, is but rarely observed.

‘ Table 2

Comparison of X-ray data for monoclinic and hexagonal pyrrhotite and smithite
with those of pyrrhotite examined

Sample Pyrrhotite Pyrrhotite Pen.tlan- Chal}mpy- Smythite
5 monoclinic hexagonal dite rite .
examined (Erd ‘et al.
(Bystrom (Harcourt | 1957)
CoK o 1945) 1942) (Harcourt 1942)
dA T iaas et ok men i g& a8 ] Bels A ssEr
115 6
9.8 1 l
5.86 3 5.15 4 5.75 0.5
5.27 2 5.29 2 5.29 ‘ 2
4.73 3 4.72 2 3.54 2
3.38b 1 3.34 2
300 1] 2.97 6
3 2.89 i |
o i 2 e
: 9 2.63 8
i:: 1 256 |6
2:46 4 2.45 1
2.25 2 2.26 1 |
2.066 b 10 2.067 8 2.062 10 }
1.87 4 1.88 1 1.856 10
1.78 1 T 10
157511 1
1.722 8 1.718 g
1.659 1 1.672 4
1.609d &3 1.603 4 1.612 4 |
1.566 415 15080 fli 4 1586 | 10
1.469 2 ‘ 1468 | 0.5
1.443 5 1.440 2
1.425 4 1.422 { 6 1.428 ) |
\ b — broad,
d — diffuse.

i i lly in siderite-graphite
The second generation of pyrrhotite appears locally ( ;
association replegacing metasomatically primary tltanomagr}et1te. ngels ag(ji
ilmenite grains thus formed preserve within tlltanomagn.etltg pseu Ec).r:lor‘p r:1
their primary position and only ilmenite displays ogldatlon to h}tanélll:ld
oxides. These processes are accompanied by exsolution of graphite ;
locally, ilvaite.
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Smithite (Fe,Ni)gSu

Larger scarce smithite crystals show typical optical properties (Nickel
and Harris 1971) i.e. display high reflectivity (42%) and distanctly higher
polishing hardness. Chemical composition determined by electron micro-
probe method (Table 3) corresponds to the formula proposed by Taylor

Table 3
Chemical composition of smithite determined by electron microprobe analysis
Weight %
No 7 2 SR DY Atomic proportions
FeK sufaiisKL . |\ #Cokel | NiKg
39/16 59.42 39.52 0.14 1.19 100.27 ¥'eq.56N10.0251.0
38/3 5743 41.73 0.15 0.56 00.00 | Fey.gNig.01S;.0
38/19 57.23 39.97 0.15 0.45 97.80 Feg.3:N1¢.0151.0
38/21 56.80 39.66 0.14 0.66 97.26 Fey.55Nig.01S1.9
38/23 56.86 39.77 0.16 0.47 97.26 Fey.55Nig.01S1.0

and Wiliams (1972) i.e. to (Fe,Ni)oS;; but not to Fe;S, as suggested by Erd
et al. (1957). Two generations of smithite were found in samples under
study. The first one is represented by crystals up to 0.X mm in size or
occurs as submicroscopic segregations at the boundaries of lamellae and
of magnetic domain structures in monoclinic pyrrhotite. The second gene-
ration was formed due to oxidation processes connected with replacement
of pyrrhotite by magnetite-siderite-graphite paragenesis.

As follows from chemical data obtained, nickel is connected either with
smithite or with monoclinic pyrrhotite-smithite intergrowths.

Pentlandite — M;S, — MS, series

This mineral is much less common than pyrrhotite, forming paragenetic
intergrowths with the latter, as well as with chalcopyrite and, sometimes,
cubanite. It is usually accompanied by mackinawite. Two vareities of pen-
tlandite were distinguished on the ground of microscope studies. The first
one displays typical optical properties of (Fe, Ni)S,, though contains se-
veral per cent of cobalt (Table 4). The second variety, called cobalt-rich
pentlandite (Phot. 1) exhibits pink colouration, distinctly higher polishing
h_ardpess and does not show typical pentlanditic cleavage. This modifica-
tion is developed in the form of irregular system of veinlets and lamellae
within normal pentlandite grains (Phot. 1 and 3). Exsolution process of
cobalt-Tich pentlandite from primary (Fe, Ni, Co),S, is accompanied by the
formation of mackinawite. Decomposition structures of pentlandite and
M;S, in talnakhite and mooihoekite were found too.

The M : S ratio in pentlandites under stud i
; ¢ y varies from 0.70 to 1.
(’I"able 5) l.e. considerably exceeds the reported data for natural pe?ltllal%lSz
dites (0.9'0—1.20, Knap et al. 1965). Such deficiency of cations, when com-
pared with the formula MyS,, cannot be explained in terms of normal
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Table 4
Chemical composition of pentlandite and its decomposition product — thiospinel
electron microprobe data
No g Weight % s Atomic proportions
Fek ,| SK, | NiK,|Cok, (FezCoyNiz)zsy::

32/1 23.86 | 33.00 | 33.13 7.62 | 97.61 | (Fe;.3:C01.0:Nis.25)7.5858.00
32/1 11.87 | 36.26 | 25.30 | 23.74 | 97.17 | (Fe;.50C0z.85Nig.05)7.4055.00
32/2 13.78 | 36.93 | 27.95 | 19.11 97.717 | (Fey.71C05.95Ni3.31)7.2758.00
32/3 28.43 31.92 34.77 4.88 | 100.00 | (Feq.09C0yg.67N1iy.76)9.5258.00
32/4 12.34 | 38.95 | 26.69 | 21.65 98.23 | (Fe1.47C05.44Nis.61)5.525s.00
38/1 7.00 43,46 21.08 28.40 | 100.00 | (Fep.74C0s.55Nis.1)5.7158.00
38/5 13.40 | 41.43 | 28.46 | 15.04 | 98.33 | (Fey.4C01.55Nis.01)6.085s.00
38/15 | 29.42 | 34.80 | 28.87 5.81 98.90 | (Fe.85C00.73N13.63)s.2155.00
38/18 | 28.53 | 33.72 | 29.47 7.11 98.83 | (Fe3.90C00.9:Ni3.52)5.6558.00
38/20 | 27.99 | 33.97 | 29.40 7.02 | 98.38 | (Fes.25C00.00Nis.78)5.4755.00
38/22 | 29.56 | 34.13 | 3021 6.16 | 100.06 | (Fes.45C00.76N1s.77)s.5455.00
38/24 29.60 | 31.13 | 29.02 6.36 96.61 | (F'e4.37C00.96N14.08)9.4158.00
39/17 31.52 | 33.46 | 28.61 5.96 99.55 | (Fey.35C00.78N13.74)8.8553.00
39/18 32:22 36.09 27.08 4.58 99.97 (Fe4.oxc00.55N13.28)7.s4ss.oo
40/2 10.31 | 42.19 | 23.22 | 20.92 | 96.64 | (Fe1.15C05.16Nis.41)5.6955.00
40/3 28.24 | 34.49 | 35.07 1.87 99.67 | (Fes.76C00.24N14.45)8.4458.00
40/4 16.92 | 43.90 | 23.71 | 14.83 99.36 | (Fey.77C01.47N15.36)5.6058.00
40/5 22.59 | 37.17 | 29.40 8.33 97.49 | (Fes.79C00.05N13.46)7.255s.00
40/6 TIE10 Sl 4159050270 22T 98.48 | (Fey.29C05.3:N1.37)5.9655.00

x 2151 | 36.76 | 28.06 | 1224 | 98.38 | = —average value,
s 8700 i1i4.32 v 43.844 058,12
v 4051 | 11.84 | 13.70 | 66.35

s — standard deviation,

v — coefficient of variabilty (%).

pentlandite structure. The ratio M:S =9:8 (Table 4( 32/3, 38/24) can be
due to the presence of heazlewoodite admixture (Kullerud 1968). Ac-
cording to Knop’s et al. (1965) data, the M : S ratios up to 7.2 :8 can be
considered as attributable to pentlandite. However, further decrease of
this ratio (Table 4 and 5) can be explained only by assuming the presence
of thiospinel phases. This is particularly distinct in the analysis 38/5
(Table 4), corresponding exactly to the formula M;Ss.

Further decrease of the discussed ratio (38/1, 40/2, 40/4 — Table 4)
suggests the presence of phases of MS, type. A.II the analyses in question
were carried out within microscopically light-pinkish exso@u’uqns showing
distinctly higher hardness than formed simultapeously thlospmel phases.
It should be also emphasized that these inclusions of hard mineral are
regular in shape what is characteristic of the phases of MS, type. All the
minerals in question do not contain determinable amounts of arsenic (using
microprobe technique). )

Geochemical relations between sulphur and metallic elements during
transformations of M,Sg into M;Ss were investigated by means of correla-
tion analysis of data on pentlandite population examined (Table 6). Nega-
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Table 5§

Fe : Ni, Fe: Co, (Fe + Ni) : Co, M : S ratios and the values of spinel coefficient ¢
pentlandites and their decomposition products

No | Fe:Ni | Fe:Co (Fe + Ni) : Co M:S t
32/1 1.02 3.29 6.50 0.95 0.4733
32/ 0.49 0.53 1.59 0.93 0.5333
32/2 0.52 0.76 2.23 0.91 0.5766
32/3 0.86 6.10 13.21 1.19 —0.1733
32/4 *“ 0.0 0.60 1.79 0.85 0.7267
38/1 0.35 0.26 1.00 0.71 1.0966
38/5 0.49 0.94 2.85 0.76 0.9733
38/15 1.07 5.31 10.29 1.03 0.2533
38/18 1.02 4.22 8.38 1.08 0.1233
38/20 1.00 4.21 8.41 1.08 0.1767
38/22 1.05 5.04 9.81 1.07 0.1533
38/24 1.07 *4.85 8.80 118 —0.1367
39/17 1.15 5.55 10.35 111 0.0500
39/18 1.22 7.29 13.25 0.98 0.3867
40/2 0.46 0.52 1.63 0.71 1.1033
40/3 0.85 15.67 34.17 1.06 0.1867
40/4 0.76 1.20 : 2.81 0.70 1.1333
40/5 0.81 2.85 6.37 0.90 0.2567
40/6 0.51 0.51 1.51 0.75 1.0133

Table 6

Linear correlation coefficients and parameters of regression lines
calculated for pentlandite population examined and for M,S,

Correlation 7 a ‘ b

Fe—S —0.793 45.054 —0.394
Fe—Ni 0.673 21.30'5 0.314
Fe—Co —0.958 31.447 —0.893
Ni—Co —0.819 60.809 ==1,731
Co—S 0.735 31.776 0.392
Ni—S —0.818 62.439 ~0:922
t—Fe --0.862 29.722 —17.614
t—S' 0.670 33.413 6.761
t—Ni = 0.170 31.303 —6.909
t—Co 0.798 5.161 15.119

t — spinel coefficient,

r — linear correlation coefficient,

Y = a + bx — equation of regression line
(T +y+2) = MaS,t + MSy(1 — ¢). ;

tive correlation coefficients M—S for Fe and Ni iti
= i { T 1 and positive for Co (Table
g)e(linglcaﬁg that exsolution orf.thlospinel phase from pentlandite is de‘germi:
i v 1a1g'h Co content. This conclusion is confirmed by positive values
correlation coefficients only for the pairs t—s and t—Co. As follows from
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these data, during decomposition of pentlandite accompanied by exsolution
of mackinawite nearly all the Co present is incorporated into M;S,; whilst
the majority of Ni enters into mackinawite (Table 8). As follows from
comparison of correlation coefficients and of parameters of regression line
(Table 6), Fe and Ni tend, in the presence of Co, to occur in the divalent
form. This tendency is expressed much more distinct by Fe and Ni, both
in the presence of Co and relative to spinel coefficient. Divalent form of
iron is also favoured in the presence of Ni (Table 6). It is thus concluded
that the formula of thiospinel exsoluted from pentlandite can be expressed
as follows: (Fe, Ni) (Co, Ni),S,. Consequently, iron is supposed to occur in
divalent form, cobalt mainly as Co** whilst nickel both as Ni?* and Ni®*.
This corresponds to a mixture of thiospinels FeCo,S,, NiCo,S; and FeNiS,.
Taking into account the distribution of cations in thiospinel structures
(Table 7) and the results of regression analysis (Table 6) it is concluded
that Co occurs mainly in octahedral positions, Ni — both in octahedral and
tetrahedral ones whilst Fe enters essentially tetrahedral sites of spinel
structure.

Table 7
Observed distribution of cations in thiospinels and pentlandites

Compound Octahedral site | Tetrahedral site Authors
FeCo,S, 2Co3+ (?) Fe2t (?) Rajamani and Prewitt
1975

CoCo0,S, 2Co*+ Co*+ Vaughan et al. 1971
NiCo,S, 2Co8+ Ni2+ Knop et al. 1968
FeNi,S, Fe?+ + Nid+ Nis+ Vaughan et al. 1971
NiFe;S, Ni¢t +iFedt Kes Vaughan et al. 1971
NiCogSg Co + Ni Co + Ni Knop, Ibrahim 1961
(Fe, Ni)ySg 3/4 Fe + 1/4 Ni Fe + Ni Knop et al. 1970

The commonest mechanism of formation of thiospinel consists in de-
composition of pentlandite into Ni-mackinawite + pentlandite .-i- (Fe, Ni)
(Co, Ni),S,;. The latter mineral sometimes alters into cobalt-rich py}‘lte.
This oxidation series corresponds to that of pyrrhotite which was described
previously.

It is supposed that there is another, less common, mode of forma‘gion
of thiospinel. It consists in decomposition of monosulphide solid solution,
enriched in Cu, Ni and Co into talnakhite (mooihoekite) oF pentlandxt(_e a5
+ (Fe, Ni) (Co, Ni);Ss. Because of coexistence of pentlandite and pyrltoe-
-like phase this decomposition is possible at temperature bfelow 300°C
(Kullerud 1968). This process is but rarely observed microscopically, being
not accompanied by by segregation of mackinawite.

Mackinawite

This mineral is usually associated with pentlandite, being less common
among decomposition products of pyrrhotite. In the latter case it occurs at.
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the boundaries of pyrrhotite and haycockite crystals. I.n.general, it forms
lamellar exsolutions products resulting from decomposition of cok'Jalt-.nch
pentlandite and consisting of Ni-mackinawite, pentlandite and’ thxosp_mel.
Usually mackinawite is rich in Ni and low in Co (Table 8). This confirms
our earlier conclusion that M+3 positions in thiospinel are occupied essen-
tially by Co+3 and to lesser extent by Nit8 whilst iron occurs mainly in
divalent form.

Table 8

Comparison of chemical composition of mackinawite from magnetite rocks in NE
Poland with those from S Africa and Finland

Weight % g
Locality = % 5 < ] s Mo Formula
Vlakfontein
South Africa 38.1 33 18.7 60.1
Transval *
Outukumpu,
Finland 52.0 5.9 18 59.7
Outukumpu,
Finland ** B398 052 541 0.3 58.7
Ylojsevi,
Finland 6322 1F 0% 0.2 63.7
56.74 3.0 3.55 |35.03 |63.29 | (Fey.03C00.05Ni0.05)1.0351.0
Magnetite
rocks from | 41.63 5.0 16.64 |35.60 | 63.17 | (Feg.67C00.08Nig.26)1.0151.0
NE Poland

* After Vaughan (1262).
** After Kouvo, Vuorolainen and Long (1963).

Another type of mackinawite is connected with hexagonal pyrrhotite.
It contains up to 17 wt. % Ni and up to 5 wt. % Co. Its origin can be connec-
ted with decomposition of Ni-rich hexagonal pyrrhotite in the stability
field of low-temperature hexagonal pyrrhotite and troilite (Fig. 1). Macki-
nawite often contains minute pentlandite inclusions. This transformation
would proceed at temperature below 170°C which' is the upper stability
limit of mackinawite (Takeno et al. 1970). During this process nearly total
amount of Ni and Co, liberated from pyrrhotite would enter mackinawite
structure. This decomposition could be contemporaneous with previously
described process of decomposition of cobalt-rich pentlandite. 3

When examined using ore microscope, mackinawite displays strong
bireflection ranging from grey to pinkish-yellow-gray in air. Its reflecti-
vity is higher than that of mackinawite from Singhbum (Sarkar 1971) and
similar to this reported by Vaughan (1969) i.e. amounts to 45—25%. Polis-
hing hardness of mackinawite in question is slightly lower than that of
pyrrhotite and higher than that of cubanite and haycockite. This is not in
accordance with the data of Kuovo et al. (1963). Similarly, nickel-rich mac-
kinawite from Vlakfontein (Vaughan 1969) seems to show lower hardness,
no matter of rather close optical properties and chemical composition. This
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may be due to higher Co content in our mackinawite when compared with
that of Vlakfontein (Table 8). Polishing hardness of the latter would be
similar to that of Singhbum (Sarkar 1971), showing slightly different colou-
ration. Consequently, the hardness of mackinawite depends on its chemical
composition (Vaughan 1969, Clark 1970). In this respect the mineral under
examination is most similar to that of Vlakfontein (Table 8), no matter of
very high Co content in the former.

Cobaltiferous pyrite

Pyrite is widespread in sulphide associations in question, though occurs
in rather subordinate amounts. It forms two generations. The older is re-
presented by isolated medium-crystalline aggregates. Some grains display
zonal structure, manifested by variable hardness and colour. When com-
pared with pure FeS,, cobaltiferous pyrite shows lower reflectivity and
hardness. Besides, it exhibits distinct brown-orange colouration, being
much less common that normal pyrite.

The second generation is connected mainly with pyritization of pyrrho-
tite. This process developed at the boundaries of grains and along fractures
in pyrrhotite. Secondary pyrite, associated with siderite and graphite and
replacing titanomagnetite was also observed.

Table 9
Chemical composition of pyrites from NE Poland determined by electron microprobe
analysis
Weight % \ e .
No = > omic proportions
FeK, | SK,| NiK, |Cok, |
39/3 47.42 53.07 0.07 0.09 100.49 | Feq.03Ss.0
39/5 42.84 52.27 1.08 3.00 9919 | Feg.04C0q.06N1¢.0252.0
39/10 | 46.67 | 53.99 | 0.20 0.13 | 100.99 | Fey.09(Ni, C0)p.01Ss.0
38/7 | 46.05 | 51.94 | 0.42 0.11 | 98.52 | Fey.oNi, C0).01S2.0
38/10 | 44.40 | 55.00 | 0.07 0.55 | 99.95 | Fe.3C0p.0152.0
38/11 44.37 56.53 0.07 0.14 101.04 | Feg.00S:.0
38/12 | 41.38 | 54.715 | 0.07 2.46 | 98.59 | Fey.§:C00.055s.0
38/14 | 39.90 | 52.87 | 0.07 55610 | 19828 | 'Ke s s7C0p1155.0
£ 44.13 53.80 0.256 1.499| 99.68 | * — average value,
s 1.599 1.660 1.516 s — standard deviation,
v 3.62 2.90 7101.13 v — coefficient of variability (%).

In general, pyrite contains more Co than Ni (Table 9). Somgtimes we
observe a deficiency of cations relative to sulphur content. This may be
due to incomplete filling of cationic positions during transformation of
thiospinel lattice into pyritic one, accompanied by remoyal_of mck.el‘ out-
side reacting minerals. Such interpretation results from distinct deficiency
of nickel in analyzed pyrites when compared with Ni content in thiospinel.
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SUMMARY

Characteristic decomposition series were found to occur in sulphide
associations examined. In general they are connected with oxidation under
moderate temperature conditions.

Pyrrhotite. There are two decomposition series originated from
high—%emperature hexagonal pyrrhotite (hex hTpo), rich in nickel and low
in cobalt:

— Ni hex hTpo — Ni-mackinawite + hex low-temp pyrrhotite,

— Ni hex hTpo — monoclinic pyrrhotite + smithite — Ni greigite (and
other possible thiospinels).

Pentlandite. In this case two decomposition series were also found
to occur. The first of them would be connected with monosulphide solid
solution (MSS) rich in Cu, Ni and Co and the second — with oxidation of
cobaltiferous pentlandite:

— Cu, Ni, Co — MSS —> talnakhite (mooihoekite, haycoockite) + pen-
tlandite + (Fe, Ni) (Co, Ni),S; + (Fe, Co)S,,

— Co-pentlandite— pentlandite + Ni-mackinawite +(Fe, Ni) (Co, Ni),S,.

Co-pyrite. This mineral is probably the product of sulphurization
of thiospinel accompanied by removal of Ni.
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Henryk KUCHA, Adam PIESTRZY NSKI, Witold SALAMON

BADANIA GEOCHEMICZNO-MINERALOGICZNE MINERALOW
SIARCZKOWYCH ZE SKAL MAGNETYTOWYCH
POLNOCNO-WSCHODNIEJ POLSKI

Streszczenie

Gléwnym mineratem siarczkowym w omawianych utworach jest piro-
tyn. Wystepuje zar6wno w odmianie jednoskosnej Fe;Sg jak i heksagonal-
nej o skladzie od FegS;y do Fe;;S;,. Ponadto stwierdzono obecnosé¢ smythitu
(Fe, Ni)yS;; zawierajgcego do 1,2% wag. Ni i wydzielajacego sie¢ w procesie
utleniania pirotynu jednoskos$nego. Obecnosé niklu zwigzana jest najczes-
ciej z pirotynem jednosko$nym, natomiast w odmianach odpowiadajacych
sktadem atomowym pirotynowi heksagonalnemu zawartos¢ Ni jest z re-
guly mniejsza od granicy wykrywalnosci na mikrosondzie elektronowej.

Pentlandyt wystepuje w dwéch odmianach: typowej — z matg domiesz-
kg kobaltu i anomalnej — z wysokg zawartoscig Co. Pierwotnie istniejacy
pentlandyt kobaltowy wskutek utlenienia rozpadt sie na pentlandyt nor-
malny i thiospinel. Rozpad ten polgczony jest z wydzielaniem si¢ mackina-
witu. Niekiedy koncowym wynikiem procesu utleniania jest utworzenie
sie pirytu kobaltowego. Pentlandyt i (Fe, Ni),(Co, Ni),S; moga tez powsta¢
w wyniku rozpadu (przy spadku temperatury) roztworu statego mono-
siarczkéow bogatego w Cu, Ni i Co. Proces ten polaczony jest z wydziela-
niem sie talnakhitu i faz odpowiadajgcych pirytowi.

W badanych preparatach stwierdzono ponadto wystepowanie ilwaitu
i grafitu, powstalych w toku zastepowania tytanomagnetytu przez asocja-
cje grafitowo-syderytowa.
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OBJASNIENIE FIGURY

i iski 70, zmodyfi-
. 1. Cze§é ukitadu Fe-S w niskich temperaturach (v_vedlug Taylora 1970, :
gl k:;:vana na podstawie Kulleruda 1968). Wszystkie fazy wsp6lwystepuja z parg

OBJASNIENIA FOTOGRAFII

Fot. 1. Elektronowy obraz absorpcyjny pentlandytu z lamelkowymi produktami od-
mieszania (Fe, Ni);(Co, Ni),S;. Pow. X 460 ; :
biate — piroksen, spekania w pentlandycie, jasnoszare — pirotyn, ciemnoszare — pen-
tlandyt z widocznymi jasnoszarymi lamelkami (Fe, Ni)(Co, Ni),S,

Fot. 2. Rozmieszczenie FeK . Pow. X 460
Fot. 3. Rozmieszczenie CoK . Pow. X 460
Fot. 4. Rozmieszczenie SK . Pow. X 460

Fot. 5. Rozmieszczenie NiK . Pow. X 460

Xenpux KYXA, Adam MECTIIHHCKHH, Buroasd CAJTAMOH

TEOXUMUYECKO-MUHEPAJIOTUYECKHUE UCCITENOBAHMUS
CYJIib®HUOHbIX MUHEPAJIOB U3 MATHETUTOBBIX TOPHbBIX
NMOPOJi CEBEPO-BOCTOYHOH MOJIbLIH

PeszwowMme

['71aBHBIM CYJb(MUAHBIM MHHEPAJOM B HCCAELYyeMBIX MOPOJAax SBJSETCH
nupotuH. [IpuCyTCTBYeT OH B ABYX BHAOU3MEHEHHBIX (OpPMaX: MOHOKIMHHOM
Fe;Sg ¥ rekcaronajbHoi ¢ coctaBom ot FegS;) 10 Fe;;S;,. KpoMe sToro obua-
pyxeno npucyrcreue cmutnta (Fe, Ni)gS;;, B KoTopom comepxkures 1o 1,2%
o Becy Ni. CMUTUT yYBOJHSIETCSl B TeUeHHe NMpolecca OKHCIEHUsT MOHOKJIHHHO-
ro MUPOTHHA. [IPHCYTCTBHE HUKe/s CBS,AHO Yallle BCEIO C MOHOKJIHHHBIM MH-
DOTHHOM, B TO BpeMs KaK B BHJIOU3MEHEHHfX, KOTOPHIX COCTaB OTBeYaeT IO
aTOMHOMY COCTaBY TeKCaroHaJbHOM NHPOTHHY KoaH4ecTBO Ni B OCHOBHOM
MeHbllle TPaHUIBl 0OOHAPYHKEHUS TTPU MOMOLLH 3JIEKTPOHHOTO MUKPO30H/A,

ITeHTIaHAMT TPUCYTCTBYET B JBYX BUAOU3MEHEHHUSX: THUIMUYECKOH C He-
GosbIIOi TpUMechlo Kob6asibTa, ¥ aHOMaJsbHOH, ¢ Gosbumoi npumechio Co.
Ko6anbTOBbIY NEHTIaHAUT, MPUCYTCTBYIOWMHA B HCXOAHOH NOPOJiE, H3-3a OKH-
CleHus pacnajicsi Ha NEeHTJIAHAUT HOPMaJbHBIA M THOLIMHMHEIb. DTOT pacran
CBA3aH C BbIJEJEHHEM MaKMHaBUTAa. VMIHOrJa KOHEYHBIM pe3yJabTaTOM Mpo-
ecca OKHCJIEHUs fABJseTca o6pasoBanue KoGaabTOBOrO NMUpUTA. I1eHT aHIuT
u (Fe, Ni);(Co, Ni),S; MOryT Tox)e 06pa3oBaThCs B C/IeACTBUHE pacnaja (mpi
OOHMIKEHUH TEMNEPATYPLI) TBEPIOro PaCTBOPA MOHOCY/IbLMHAHBIX COeJHHEeHHM
6oratoro Cu, Ni u Co. IT0T npouecc cBAsaH C BblJeJeHHeM TaJbHAXUTA
1 a3 COOTBETCTBYIOLIHX MHUPHUTY.

B wusyuaembix npenaparax oGHapysKeHO TOxKe NPHCYTCTBHE WJbBAMTA

u rpaduTa, KoTopbie 06pa3oBaNUCh BO BpeMs MOACTABJIEHHS THTAHOMATHETH-
Ta CHAEPHUTOBO-TPAGUTOBON accouualmes.
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OB'bSICHEHUME K PUTYPE

@ur. 1. Yacrb cucreMbl Fe-S B Hu3KHX TeMmneparypax (mo Tafnopy 1970, usmenennas no
Kyanepyny 1968). Bee basbl npucyTcTBYIOT COBMECTHO ¢ MapoM

OBBbACHEHUS K ®OTOTPAGUIM

®oro. 1. DneKTPOHHOMHKPOCKONIHYECKHH 006pa3 abcopOuuy NeHTNIaHANTa ¢ TOHKHMH TJIACTHH-

YyaTbIMH NpoAyKTamu otienenusi (Fe, Ni);(Co, Ni),S,. ¥Besn. X 460
Genble — NUPOKCEH (TPelUHHBbI B TEHTAAHAHTE), CBET/NO-CEPble — NHPOTHH, TEMHO-CEPLIE ==
NMEHTJAaHAHT, B KOTODOM BHJHBI CBCTJIO-cepbie TOHKHe maacTHHKH (Fe, Ni);(Co, Ni).S,

®oro. 2. Pacnpenenenue Fe. Ypea. X 460
®oro. 3. Pacnpenenenne Co. Ypes. X 460
doro. 4. Pacnpesnenenne SK. YBea. X 460
Doro. 5. Pacnpenenenne Ni. Ysen. X 460
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Phot. 1. Electron absorption image of pen-
tlandite containing exsoluted lamellae of
(Fe, Ni),(Co, Ni),S;. Magn. X 460
white — pyroxene, fissures in pentlandite, light-
-grey — pyrrotite, dark-grey — pentlandite with
light-grey lamellae of (Fe,Ni)i(Co, Ni).S,

Phot. 4. SKu image. Magn. X 460 Phot. 5. NiK image. Magn. X 460
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