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coupled with the inferior feed material
reduced CH,4 emission from plant-D.

The lowest rate of CH4 emission dur-
ing a day was observed in the early
morning hours at 6.00 am, when the
ambient and slurry temperatures were
lowest (Figure 2). Emission rates were
observed to be highest (12.45 and
9.04 g m~h™") during early afternoon at
2.00 pm. Diurnal variation of CH, flux
was more pronounced in the slurry
pit compared to the exposed area of a
plant.

The results of the study revealed that
changes in seasonal and diurnal tem-
perature atfect CH, emission from biogas
plants to the atmosphere. Methane emis-
sion was maximum around 2 pm during
summer months, and decreased to a
minimum around 6 am during winter
months. Taking into account the exposed
surface areas around the floating gas
holder in a 85 m® biogas plant (1.63 m?)
and slurry pit (30 m?), the annual contri-
bution to global CH,budget from a cattle

dung-fed biogas plant, a toilet-linked
biogas plant and the slurry pit would
amount to 104.6 kg, 50.9 kg, and 667.9kg
respectively.
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Pyrrhotite inclusions in sphalerite

Barton and Bethke', while discussing the
nature of chalcopyrite inclusions in
sphalerite wondered, ‘... why we have
not observed pyrite blebs of similar ori-
gin forming in a Cu-deficient environ-
ment...?" In this communication, we
report the presence of pyrrhotite blebs in
sphalerite from the Rampura—-Agucha
Zn-Pb sulphide deposit in Rajasthan.
The Rampura—Agucha deposit is a sedi-
mentary exhalative type of deposit hosted
by graphite—mica—sillimanite schist>. The
predominant country rocks are granite
gneiss and garnet-biotite—sillimanite
gneiss with intercalated bands of calc-
silicate rock and amphibolite. The mineral
assemblages in the country rocks suggest
upper-amphibolite facies metamorphism
at peak P-T conditions of about 6.2 kb
and 650°C (Pradeep Kumar, T.B.,
unpublished; Sharma®). The rocks also
underwent intense deformation, mani-
fested by the tight mega- and meso-
scopic folds* and numerous microstruc-
tures in the ore and rock sections’.
Independent equidimensional beads
and chains of ellipsoidal beads of pyr-
rhotite are found in sphalerite of Ram-

pura—Agucha. This phenomenon is
comparable with the chalcopyrite disease
in sphalerite". The present communica-
tion discusses the nature of pyrrhotite
beads in sphalerite. Polished ore slabs
were studied in reflected plane polarized
light and polished thin sections were
studied in transmitted plane polarized
light.

Sphalerite in Rampura—Agucha is
classified into three types: (i) sphalerite
in contact with iron-sulphide minerals
(pyrite and/or pyrrhotite); (ii) sphalerite
not in contact with iron sulphides and,
(iii) sphalerite veins.

Only type-2 sphalerite includes blebs
of pyrrhotite. Pyrrhotite occurs in two
forms: (i) in association with pyrite,
sphalerite and galena, and (ii) as inclu-
sions in sphalerite.

These inclusions occur in two forms:
(i) equidimensional inclusions within
single grains of sphalerite (Figure 1 cand
d), and (ii) chains of ellipsoidal beads
along grain boundaries (Figure 1 a,b and
d), which, in three dimensions, look like
a grain of sphalerite covered with small
beads of pyrrhotite. In other words, they
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resemble a ‘sphalerite cell’ carrying nu-
merous small ‘parasitic cell’ of pyr-
rhotite on the surface.

Sphalerite has a bluish-grey colour and
an average reflectivity percentage
of 17.8. No internal reflections were
observed. In transmitted light, with
increasing Fe content the colour of
sphalerite changes from yellow to red
and brown, and opacity increases. Pyr-
rhotite is pinkish-yellow and strongly
anisotropic in reflected light, whereas it
is opaque in transmitted light. When the
polished thin sections were studied, it
was found that surrounding each of the
pyrrhotite inclusions in sphalerite, there
is a yellow-coloured area due to low Fe
content, gradually changing to brownish-
red colour due to high Fe content away
from the inclusion. The chemical compo-
sition of the inclusions and sphalerite
around these inclusions is given in Table
1. It can be seen from the data that
sphalerite is deficient in sulphur ions
relative to total Zn and Fe, while pyr-
rhotite contains excess sulphur. The
relative deficiency of sulphur can be
either due to vacant anion sites in the
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Table 1. Chemical composition of sphalerite and included pyrrhotite
Grain no. Spot® Zn Fe S Fe +Z (n) xin (Zn, FehS.
Sph/L/3 45.74 6.23 47.28 51.97 0.91
Sph/L/2 45.39 5.9 48.09 51.29 0.94
Sph/L/1 33.56 16.54 49.3 50.1 0.98
Po/L 1.4 47.01 51.49 48.41 1.06
1 Po/M 0.98 46.78 52.09 47.76 1.09
Po/R 6.05 41.82 51.95 47.87 1.09
Sph/R1 45.8 5.56 47.92 51.36 0.93
Sph/R/2 45.7 5.79 48.04 51.49 0.93
Sph/R/3 45.68 5.86 48.05 51.54 0.93
Sph/L/3 45.04 6.16 48.09 512 0.94
Splv/L/2 45.19 6.07 48.17 51.26 0.94
Sph/L/1 45.28 6.02 48.32 513 0.94
2 Po 1.72 46.67 51.01 48.39 1.05
Sph/R/1 41.28 10.18 47.92 51.46 0.93
Sph/R/2 438 6.1 49.45 499 0.99
Sph/R/3 44.92 6.43 48.12 51.35 0.94
Splv/L/4 44.29 7.23 48.2 51.52 0.94
Sph/L/3 43.95 6.13 49.61 50.08 0.99
Splv/L/2 45.27 5.89 48.59 51.16 0.95
Sph/L/1 45.05 5.77 48.79 50.82 0.96
3 Po 1.85 46.79 51.2 48.64 1.05
Sph/R/1 45.81 5.57 48.01 51.38 0.93
Sph/R/2 45.74 5.63 47.92 51.37 0.93
Sph/R/3 45.52 5.77 48.11 51.29 0.94
Sph/R/4 45.33 5.86 48.13 51.19 0.94
4 Sph/Inc!® 433 7.41 48.38 50.71 0.95
5 Sph/Barren®  43.87 6.14 49.44 50.01 0.99

*Sph, Sphalerite; Po, Pyrrhotite; L, Left-hand side of grain; R, Right-hand side of grain, number
proportional to distance from centre of Po. Grain no. 1 is intragranular inclusion and grain nos 2
and 3 are intergranular inclusions.
"Average composition of sphalerite with and without pyrrholite inclusion. “Analyses using
Energy Dispersive Spectrometer at Department of Earth Sciences, IIT, Bombay.

sphalerite structure and/or due to addi-
tional cations in the interstices. The addi-
tional sulphur in pyrrhotite is known to
be dissolved sulphur in the lattice’. Fur-
ther data show a gradational boundary
between sphalerite and pyrrhotite inclu-
sions. This is so in the case of intra-
sphalerite blebs as well as inter-sphalerite
blebs.

Barton and Bethke! attributed the oc-
currence of blebs and beads of chalcopy-
rite in sphalerite to replacement. The
vein and sea-floor massive sulphide de-
posits which they studied were formed in
the temperature range of 200—400°C, and
have not been subjected subsequently to
higher temperatures. Bourtnikov ef al.%
suggested that the chalcopyrite inclu-
sions are produced by replacement as a
result of interaction of sphalerite with
solutions that carry both iron and copper.
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However, there remain unanswered ques-
tions as to why no other associated
mineral is replaced and what could be the
source of metals in such secondary solu-
tions.

In the present case, had the pyrrhotite
beads been exclusively within the
sphalerite grains, it is possible that they
were cognetic. As most of the beads are
sticking to the surface of sphalerite grains,
a post-sphalerite process might be res-
ponsible for the formation of the beads.
This observation led Bourtnikov efal’to
attribute possibility of solid-state diffu-
sion of Fe through and out of the
sphalerite structure and nucleation of
pyrrhotite under metamorphic condi-
tions.

On the average, barren sphalerite
contains 0.57% Zn and 1.06% S in ex-
cess and 1.27% less Fe compared to

sphalerite with pyrrhotite inclusions.
This compositional difference may sug-
gest that during metamorphism, iron in
sphalerite got re-equilibrated with iron in
neighbouring iron-sulphide minerals.
Where no iron-sulphide minerals were in
contact with sphalerite, it got rid of ex-
cess iron, which nucleated to form pyr-
rotite.

In most of the metamorphic reactions
that take place at elevated P-T condi-
tions, mass transfer takes place among
the solid phases participating in the re-
actions. These reactions often lead to the
formation of new phases or products as
well as transformations within single
phases. As transfer of matter in the solid
phase is the slowest process in heteroge-
neous reactions constituting the overall
metamorphic process, solid-state diffu-
sion plays a major role. For example, the
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d

Figure 1.

e

Pyrrhotite beads and bead-chains in sphalerite. a, Chain of ellipsoidal beads in

reflected light; b, Bead-chains in reflected light; ¢, Bead-chains in transmitted light. Note the
yellow colour of sphalerite around the beads where iron is less; d, Single bead in reflected light;
e, Single bead in transmitted light. Area around the bead is yellow due to less iron content. Po,

Pyrrhotite; sph, sphalerite.

rate of oxidation of a metal sulphide
mineral during metamorphism is deter-
mined by the coefficient of diffusion of
the diffusing component. Since poly-
crystalline material is involved in meta-
morphism, the theory of diffusion should

describe the transport of matter in the
body of the mineral grains as well as
along grain boundaries. A factor that
governs the possibility of solid-state
diffusion as the process of formation of
pyrrhotite blebs is the diffusion coeffi-

cient of Fe in sphalerite structure at ele-
vated temperatures of the order of 600°C.
Though this process assumes importance,
studies in solid-state diffusion mecha-
nisms that operate during metamorphism
are few.
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