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Mackinawite, which is a copper-free tetragonal iron sulphide, is very commonly
identified as valleriite, which is a rhombohedral copper-iron sulphide (with
hydroxides of magnesium and aluminium) by the common ore-microscopic
methods. Detailed study of the ores from Madhan-Kudhan and Kolihan
Sections of the Khetri Copper Belt has shown that the mineral mackinawite
oceurs in a very insignificant amount in Madhan-Kudhan ores but it is a very
important minor constituent in the Kolihan ores.

Ore-microscopie, thermal and electron probe miero-analysis have been under-
taken to identify this mineral in the ores. As the mineral commonly occurs
as fine threads, streaks, flames and patches, it is difficult to isolate it from the
other minerals for X.ray analysis. Electron probe micro-analytical method
is the only one to determine specifically the presence of this mineral in the
Khetri ores and to distinguish it from valleriite. The results of the electron
probe micro-analysis of this mineral indicate that, besides iron (51-1%) and
sulphur (38-3%), cobalt (3-89) and nickel (6:99,) are present in the mineral
in appreciable amounts. A comparative table of global distribution and
composition of the mineral, described up till now, has been added. The
occurrence of both ex-solution and replacement types of the mineral and
its hardness have been discussed in relation to the composition of the
mineral, particularly due to two elements, nickel and cobalt, and a discussion
on the probable formula of the mineral has been initiated. The formula as
caleulated from its composition is found to be (Fey.ges Nigy1s C0g-g63)S-
The upper stability limit of the present mackinawite is determined to
be 225°t1°C.

InTRODUCTION

Mackinawite, which has frequently been mistaken as valleriite, was
reported first by Evans ef al. (1964) from Mackinaw mine, Snohomish County,
Washington. Blomstrand (1870) first described the existence of the mineral
-valleriite from Nya XKoppaberg, Sweden, and subsequently many workers
described the same mineral from various localities. Milton and Milton (1958)
in their study of ores of the Mackinaw mine described a sulphide mineral
identified with valleriite mainly based on the optical properties of the mineral.
Kuovo et al. (1963) described a new iron sulphide mineral which showed
optical similarity with valleriite from the Outokumpo mine, Finland. Evans
et al. (1964) gave a solution for the confusion between valleriite and the new
iron sulphide mackinawite. According to them the presence of these two
minerals can be confirmed by X-ray and/or by electron probe micro-analysis,
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as valleriite is a rhombohedral copper-iron sulphide [with hydroxides of
magnesium and aluminjum (Evans and Allmann 1967)] and mackinawite a
copper-free tetragonal iron sulphide. Takeno (1965a) also supported the
views of Evans et al. (1964) on the basis of his studies of mackinawite
from Kawayama mine, Japan. Later on Chamberlain and Delrabio (1965),
Schidowlski and Ottemann (1966) and Reinsburg et al. (1967) described the
occurrence of valleriite and mackinawite from different regions and confirmed
the presence of these two minerals by X-ray andjor electron probe micro-
analysis. Deshpande (1962) reported the occurrence of valleriite in copper
ores from Khetrii Rao and Rao (1968) discussed the occurrence of
both valleriite and mackinawite from the Koliban ores of Rajasthan but
their observations were based only on the optical properties of these two
minerals. Presence of mackinawite in the sulphide ores of Kolihan and
Madhan-Kudhan Sections of the Khetri Copper Belt, Rajasthan, has also been
reported by Mukherjee (1966, 1967a, b).

ORE-MICROSCOPIC STUDIES

The chief ore mineral assemblage of the Madhan-Kudhan Section is
chalcopyrite-pyrrhotite-pyrite-magnetite and that of Kolihan is chalcopyrite-
pyrrhotite-cubanite. Mackinawite is present in a very insignificant amount
in Madhan-Kudhan ores but it is an important minor constituent in Kolihan
ores. Mackinawite generally occurs as threads, streaks, flames and patches
and rarely as small grains within the host mineral. Its association with
chalcopyrite is more common than with cubanite and pyrrhotite. It is
strongly pleochroic as well as anisotropic. Its pleochroism is from pale
pinkish to pinkish grey, while its anisotropic colour varies from grey to dark
grey (when the nicols are completely crossed) and bluish white to sienna
brown with upper nicol 1° or 2° off the extinetion position. Mackinawite
shows high bireflectance which ranges from light pink to grey. It has a
marked cleavage in one direction parallel to the direction of elongation of
streaks and threads of mackinawite. Its hardness is higher than that of
chalcopyrite and slightly lower than that of pyrrhotite. On continuous
exposure to air mackinawite shows alteration to lepidocrocite.

Both ex-solution and replacement types of mackinawite are found in the
Kolihan ores while only the ex-solution type is found in the Madhan-Kudhan
ores. In all cases the ex-solved streaks and flames of mackinawite are essen-
tially found within the chalcopyrite host. The ex-solution type of mackina-
wite is characterized by the occurrence of clear-cut streaks of mackinawite
oriented regularly along one (Fig. 1), two (Fig. 2) or three crystallographic
directions of chalcopyrite. Occasionally, flames of ex-solved mackinawite are
found to develop on either sides of fractures in chalcopyrite and to follow its
crystallographic planes (I'ig. 3). Streaks of mackinawite in all cases cut
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cubanite lamellae (both isotropic and non-isotropic cubanite ex-solved within
chalcopyrite) at an angle (Figs. 1 and 2) suggesting its later age of formation
than cubanite. Cubanite lamellae, on the other hand, cut across the twin
lamellae in chalcopyrite (Fig. 4). This indicates that ex-solved streaks of
mackinawite formed after the development of twinning in chalcopyrite
{Mukherjee 1968).

Fra. 1. Streaks of mackinawite (datk grey) T, 2. Streaks of mackinawite (dark grey)

ex-solved in two crystallographic planes of
chalcopyrite (host) and cutting the cuban-
ite ((h) ex-solved in chaleopyrite at an
angle. w23,

ex-solved in one crystailographic direction
of chalcopyrite (host} and enr thin lamellae
of cubanite (Cb) ex-solved within chalen-
pyrite. 28,

¥ic. 3. Flames of mackinawite devel- Fic. 4. Cubanite lamellae (Cbh) cutting

oped on either side of the fracture (dark) in
chaleopyrite and occurring as ex-solution
flames following two erystalographic planes
of chalcopyrite host.  x 107,

across twin lamellae (light grey) in chalco-
pyrite (host). 133,
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Replacement type of mackinawite is encountered only in the Kolihan
ores. Vein, guided, marginal and fracture fillings are the typical replacement
textures exhibited by mackinawite. Vein and guided replacements (Fig. 5)
are restricted only within the chalcopyrite. The marginal type of replacement
is evident from (@) irregular patches and threads of mackinawite replacing
chalcopyrite and pyrrhotite along their grain borders and (b) small weed-like
threads of mackinawite replacing chalcopyrite, cubanite and pyrrhotite along
their contact with the gangue minerals.

N

Fic. 3. Guided replacement as evident from the replacement of
chaleapyrite (host] by threads of mackinawite along the former’s two
crystallographic planes. x 240.

ErectroY ProBE MICRO-ANALYSIS AND THERMAL STUDIES

As mackinawite generally occurs as very fine threads, streaks, flames and
patches, and as there is every possibility of its contamination with the asso-
ciated sulphides, so it cannot be separated as individual mineral grains for
X-ray or chemical analysis. Hence electron probe micro-analysis is the only
means for determining its composition. The scanning pictures obtained from
electron probe micro-analysis clearly reveal the presence of Fe, S, Ni and Co
in it. This strongly suggests that the mineral is mackinawite and nothing
else. The scanning pictures of a single grain of mackinawite (Fig. 6) within
chaleopyrite are shown in Fig. 7. On the basis of semi-quantitative electron
probe analysis of three inclusions of mackinawite within chalcopyrite its
average composition is found to be—Fe (51-1%,), S (38-3%,), Co (3-8%,) and Ni
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Fre. 6. Single grain of mackinawite
(Ma) (with high relief) filling in fracturc
in the chaleopyrite (host), gangue (G).

¥ic. 7. Scanning pictures for (a) Fe, (b) 8, (¢) Ni, (d) Co of the big grain of
mackinawite shown in Fig. 6. %71 p.
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(6-9%). which corresponds well with the composition of mackinawite reported
so far from different parts of the world (Table I). Moreover, the formula cal-
culated (taking S as 1-00) from the composition of the present mackinawite is
found to be (Feg.g55 Nig.115 Cop ge3)S-

For thermal studies, specimens containing mackinawite were cut into 2”
cubes and were repolished. Each of the cubes was then sealed in pyrex
glass tubes (completely vacuum) and each tube containing the cubes was
heated in the furnace at different temperatures ranging from 125°41°C to
225°41° C for the duration of one hour. After heating, the specimens were
taken out from the tubes and examined under the ore-microscope. It was
found that at 225°+£1° (' mackinawite shows changes in its pleochroism
and anisotropism closely resembling those of pyrrhotite. This temperature
vepresents the upper stability limit of mackinawite of this area.

Discussiox

The diagnostic optical properties and the results of electron probe micro-
analysis clearlv establish the presence of mackinawite in the sulphide ores of
the area under discussion. The index of hardness of mackinawite which is
higher than that of chalcopyrite apparently contradicts the observations of
Chamberlain and Delrabio (1965) and Rao and Rao (1968) according to
whom mackinawite is softer than chalcopyrite. In fact, the hardness of
mackinawite is dependent upon its chemical composition, specially on the
contents of Ni and Co (Schidowlski and Ottemann 1966). The high Ni
and Co contents in the mackinawite of this region as compared to the (o
and Ni contents of mackinawite reported by Chamberlain and Delrabio
(1965—Table I) readily explain the higher hardness. Many of the earlier
workers were of the opinion that mackinawite is of ex-solution origin, while
others were in favour of its replacement mode of occurrence. The authors
have now found the occurrence of both ex-solution and replacement types
of mackinawite in the ores under study. The occurrence of oriented
intergrowths of streaks and flames of mackinawite within chalcopyrite clearly
signifies its ex-solution mode of origin. On the other hand, the occurrence of
mackinawite as irregular veins and threads along the erystallographic directions,
grain borders and fractures of different sulphide ore and gangue minerals
(discussed earlier) clearly points to its replacement mode of origin. The
occurrence of irregular threads of mackinawite along crystallographic planes
of chalcopyrite had been explained by Chamberlain and Delrabio as due to
variation in the mechanism of ex-solution rather than selective replacement.
But in the ores studied by the authors, besides guided replacement, the macki-
nawite also shows marginal and fracture filling tvpes of replacements, which
cannot be explained as selective replacement due to variation in the mechanism
of ex-solution. However, the authors are of the opinion that further evidences



TaBLE I

Table showing the composition (in wt %), formula and upper stability limit of mackinawste reported from different parts of the world

(Fe-+-Ni+-
. . . Co): 8 Formula (taking  Upper stability
Locality Fe Ni Co S Ni+Co atomic S as 1-00) limit Reference
ratio
1. Mackinaw mine, U.S.A. 6315 31105 - 34+4 31 1-114:1 (Feg.gs Nig.g4)S 165° C* Evans et al. (1964) Composition
(average) L .
2. Muskox Intrusion, Canads .. 55%5 2:3¢1 1'541  Present (% not 3-8 210° C* Chamberlain and dEefﬁ’gEed by
calculated) Delrabio (1965) e
3. Xomori, Japan 52-1 56 1-0-2-0 ’ 6:6-7-6 200° C-230°C* Imai and Fujiki
(1963)
4. ’ » 50-4 74 0-38 31-8 7-78 ”» » Composition
5. Outokumpo, Finland 52-4 76 0-34 32:6 7-04 (la‘gc,.91 Niso.13 ~ 250° C* Kuovo et al. (1963) nged by
09-007) .
6. . ,, 56 828 0-42 35-29- 87 1-046: 1 245° Ct " analysis
7. » » 56-37 8-18 0-37 35-08 8-55 1-056: 1 ~ 250° C* s
8. Witwatersrand, S. Africa .. Present (%, not 9-462 0-65 Present (9, not 10-112 ? Schidowlski and
calculated) calculated) Ottemam (1966)
9. Kawayams, Japan » - - . 147° C* Takeno (1965b)
10. Lizard, Cornwall . 79 1000-8000 . 1 (Fe Ni Co); 158 < 250° Ct Clark (1966, 1967) > 0353051_&23 by
ppm A
11. Ylojarvi, Finland ,, 02 02 " 0-4 140° C} " EM.P.A.
12. Singhbhum Copper Belt, 49-8 70 4-1 39-6 111 225°t1°C§ Sarkar (1967)
Bihar, India
13. Khetri Copper Belt, Raja- 51-1 89 3-8 383 10-7 1-043: 1 {Feg.086 Nip-118 225°t1°C Mukherjee (1967a) Average compo-

sthan, India

v00-063

sition of three
samples deter-
mined by
E.M.P.A.

§ Upper stability limit determined by Sarkar (1967).

* Upper stability limit determined by Takeno (1965b).

t Upper stability limit determined by Kuovo ef al. (1963) by heating in air.

1 Upper stability limit determined by Clark (1966a, 1967).
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from the phase relations of mackinawite in the Cu-Fe-S system are to be looked
for before coming to any final conclusion regarding the mode of origin of
mackinawite.

An intensive study of the composition of mackinawite reported so far
from different localities of the world (Table I) clearly indicates that Fe and S
are the two major constituent elements of mackinawite and Ni and Co may
be present in it in variable amounts. In fact, within its composition 15 wt
% of Fe can be replaced by Ni and Co (Springer and Schachnerkorn 1967).
Springer and Schachnerkorn (1967) and Birks e al. (1959) suggested that a very
small amount of Cu can be present within mackinawite. But a review of
the published analytical data on mackinawite (vide Table I) and the results
obtained by electron probe micro-analysis of mackinawite from Khetri ores
strongly favour the contention of the authors that the insignificant amount of
Cu encountered by Springer and Schachnerkorn and Birks ef al. is due to the
contamination of mackinawite with other copper sulphide ore minerals and in
reality copper is entirely absent in it. Considering the composition of macki-
nawite of this region and the generalized formula—(Fe, Ni, Co)S and
(Fe, Ni, Co);4.S as suggested by Sarkar (1967) and Clark (1967) respectively—
it is quite probable and it adequately justifies the formula of mackinawite to be
(Feg.ggs Nig-118 Cogeges)S, as calculated from its composition from the Khetri
ores.

Takeno (1965b) found that mackinawite, from many localities, decomposed
on heating in vacuum at temperatures ~ 135° C to ~ 245° C (vide Table I)
and he suggested that the upper stability limit of this tetragonal iron sulphide
is dependent on the Fe content and is not directly influenced by the substi-
tution of Fe by Ni and Co. Thus Takeno postulated that mackinawite is
stable with a wide range of cation : anion (i.e. Fe : S) ratio on either side of
stroichiometric FeS. Clark (1966b) and Berner (1964) did not support this
conclusion of Takeno. They observed that the tetragonal mackinawite has a
cation : anion ratio which is consistently greater than unity (Table I) and the
same ratio has been found in the case of mackinawite from Khetri Copper Belt.
To be more precise, if the variation in cation : anion ratio of mackinawite is as
limited as suggested above, then Takeno’s contention that the upper stability
limit of this mineral is directly related to Fe : S ratio is not tenable because of
the fact that Fe : S ratio of mackinawite would only reflect the degree of substi-
tution of Fe by Ni and/or Co. Accordingly Clark (1966b) suggested that the
upper stability limit of this mineral is broadly related to Ni and Co contents,
i.e. (Fe4-Ni-+Co) : S ratio, and increases markedly with increasing substitution
of Fe by these two elements. He further experimentally verified that the
upper stability limit of mackinawite rises from 135°+5°C for Fe;_ .S to
200° —250° C for mackinawite with 89 wt 9, or slightly more Ni and
Co. In the light of the foregoing discussions and from the composition,
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(Fe-+Ni+Co) : S ratio and high Ni and Co contents (10-7 wt 9,) of the
mackinawite of this area, its observed upper stability limit which is determined
to be 225°+1° C appears to be quite reasonable.
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