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Abstract. The present paper records the occurrenceof framboidalpyrite and algal pyrite in
the Mussoorie phosphorite deposit. The significance of organic matter and sediment
composition have also been discussed. The petrographic and analytical data indicate the
dominant role of organic matter in the formation of pyrite. It is concludedfrom the textural
study of pyrite that framboids have formed earlier in the sediment and subsequently the
euhedral pyrite nucleated on them, gradually increasing in its abundance.
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1.

Introduction

The marine, black Mussoorie phosphorite, intercalated with bedded black chert and
carbonaceous shale, is the lower most unit of the Lower Tal Formation in the
Dehradun district (Valdiya 1980). The samples for analysis were collected from the
outcrops and underground mines of Maldeota phosphorite deposit (figure 1). The thin
section study, reflected ore-microscopy and the x-ray powder diffraction results
indicate that the chief phosphatic minerals are collophane, francolite and apatite in
association with dolomite, calcite, quartz, pyrite, uraninite and organic matter.
Chemical analysis of different varieties of phosphorite samples was carried out in order
to understand the role of organic matter. Pyrite, phosphorite and organic matter are
found closely associated with each other. The textural configurations of phosphorite
represent a "primary fabric" (Patwardhan 1980).

2.

Pyrite framboids in phosphorite

Occurrences of globular pyrite, previously understood as fossilized bacteria and named
in American literature as 'framboid', have received considerable attention from earlier
workers. Framboids are tiny aggregates of pyrite crystals generally between 1-100/x in
size and commonly arranged in a linear or concentric pattern.
Pyrite framboids are recognized in the Mussoorie phosphorite. They are generally
spherical to sub-spherical in shape and vary in size from 1-150/~. Framboids are found
frequently arranged in linear fashion (figure 2), rarely concentric, but are also
commonly scattered in phosphate-organic matter (figure 3). In reflected light, pyrite at
certain places exhibits the algal appearance and is designated as 'algal pyrite' (figure 4).
These interesting features, although not common, certainly indicate the bio-chemical
origin of the deposit.
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Figure 1. Location map showing the distribution of various phosphorite deposits in
Mussoorie Syncline, in the Dehradun district (after Geological Survey of India 1981).

Figure 2. Pyrite framboids showing a linear arrangement (reflected light).
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Figure 3. Pyrite framboids scattered in phosphate-organic matter (black). Note the
development of crystal face (reflectedlight).

Figure 4. "'Algalpyrite,"note the structural peculiarities. (reflectedlight).

Other than framboids, pyrite also appears as well developed idioblastic crystals
(figure 5), in thick and thin bands, interbedded with phosphate-organic matter which
often show cross bedding. Pyrite has been commonly observed to grow symmetrically
with textural configurations of phosphorite i.e. concordant layers of pyrite intergrown
with stromatolites, oolites and pellets etc. Secondary veins of pyrite up to a maximum of
one cm thickness are also fairly abundant in the deposit. The concentration of pyrite in
phosphorite is generally very small rarely reaching up to 10 ~.

3.

Origin of framboids

In spite of the similarities in the morphological characters of framboids (Love 1957;
Love and Amstutz 1966; Basu 1978), there is no generally accepted theory of their
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Figure 5. Idioblasticpyrite crystalsscattered in phosphate-organic matter (reflectedlight).

origin. Some workers believe in the organic origin of framboids (Kalliokowski and
Cathles 1969) while others support the inorganic hypothesis (Berner 1969; Farrand
1970; Riskard 1970; Kribek 1975; Sunagawa et al 1971).
Since framboids are reported both from sedimentary and volcanic rocks, it is possible
that there may be more than one mode of their origin. The chemical synthesis of
framboids and their discovery in hydrothermal deposits and igneous rocks (Steinike
1963, Love and Amstutz 1969), volcanogenic massive sulfide ores (Kuroko ores) of
Japan (Matsukuma and Horikoshi 1970) and probably also in hydrothermal veins,
certainly cast doubts on the role of organic matter in their formation. The author,
however, tends to believe that organic matter plays a significant role in the formation of
framboids (pyrite) particularly in the Mussoorie phosphorite, where it is primarily in
association with organic matter.

4.

Significance of organic matter

It is accepted nowadays that the chief source of H2S for pyrite formation is sulphate
reduction by bacteria (Berner 1978; Trudinger et al 1972). The sulphate reduction
process consists of simultaneous oxidation of organic compound and reduction of
interstitially present dissolved sulphate by heterotrophic micro-organisms living in
sediments. Numerous laboratory studies indicate that sulphate reducing bacteria
generally utilize simple organic molecules in the production of energy. Upon removal
of dissolved oxygen from associated water by aerobic metabolism of organic matter,
anaerobic sulphate reduction takes place within sediments, resulting in the production
of H2 S.
Berner (1970) suggested that the available organic matter, defined as that which can
be metabolized by sulphate reducing bacteria, is a primary factor limiting the amount of
pyrite that can be formed in sediment. Without metabolizable organic matter, there can
be no sulphate reduction and no pyrite formation. Therefore sediments high in
available organic matter, should also be high in dissolved sulphide (H2S) and ultimately
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high in pyrite content. It is also shown in the recent study by Berner and Raiswell (1983)
that there is a constant ratio between the rate of burial of organic carbon and pyrite
sulphur in present day marine sediments.
Chemical data on different varieties of Mussoorie phosphorite (stromatolitic, oolitic,
pelletal, platy and fragmental phosphorites) also support Berner's (op. cit.) concept (see
table 1). It appears that these samples (commonly stromatolitic and oolitic phosphorites) showing high contents of organic carbon (C), also have higher percentages of
pyrite sulphur (S) and therefore, also high iron content (Fe203). Analytical studies on
Mussoorie phosphorite by Mehrotra et al (1981) have also given similar results. Since
organic carbon is a crude measure of available organic matter, it is a primary limiting
factor in the formation of pyrite in the Mussoorie phosphorite.
Organic matter also plays an important role in the transformation of FeS to pyrite by
elemental sulphur. In some situations the excess sulphur needed for complete
transformation may be lacking due to insufficient amount of sulphate reduction,
resulting from a low original concentration of organic matter. As a consequence of
"sulphate starvation', FeS may persist in sediments and crystallize as mackinawite,
pyrrhotite and greigite (Berner 1970).
In case of Mussoorie phosphorite, however, no iron monosulphide mineral i.e.
mackinawite, pyrrhotite or greigite, could be recognized. This clearly indicates
complete transformation of FeS to pyrite by elemental sulphur. Since stromatolitic and
oolitic phosphorite represent a shallow water depositional environment, elemental
sulphur may be produced by oxidation of FeS and H2S by dissolved oxygen mixed with
sediments by current and wave agitation and its diffusion into the deep sediments.
Table

1. Chemicalanalysis of different types of Mussoorie phosphorite.
Type of phosphorite

Chemical
constituent

Strometolitic/
oolitic

Pelletal

Platy

P205
SiO2
CaO
CO2
Fe203
MgO
A1203
Na20
K20
F
CI
H20 +
S (sulphide)
C (organic)

25.38
4.59
37.33
15-80
4.40
2.53
0"70
0-13
0-27
2.20
0-03
1.05
4.00
1.19

22.34
6.27
38.51
14.93
3.48
4.34
1"01
0-19
0"35
2,02
0-21
1,84
2,86
0-98

22.38
4.86
38.76
15.40
3.78
4.88
0.74
0-20
0-29
1.86
0-09
1.24
3.13
1.07

19.89
11.22
36.97
15.33
2.97
3.71
1"16
0-21
0-53
1.48
0-25
2-23
1.83
0-73

Total

99.60

99,34

99.79

98.51

F/P205
CO 2/ P205
CaO/P20~

0-087
0.622
1.470

0-090
0,668
1-723

0-084
0.688
1-775

Fragmental

0.074
0.770
1.864
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Chemical data also suggest that the samples cannot be considered as typical
fluorapatite due to the presence of higher contents of CO2 and H20. The calculated
ratios of CO2/P205, F/P205 and CaO/P205 indicate a carbonate-hydroxylfluorapatite species (francolite) with its composition as Cas(PO4)3 (F, CI, OH, CO3).
The CO2/P205 ratio varies from 062 to 077 indicating a possible substitution of
CO~ 2 for PO,~ 3. The ratio F/P2Os ranges between 0.07 and 0-09 and the excess F is
probably incorporated into the apatite lattice in order to balance the excess charge
created by substitution o f C O ~ 2 for POg 3 (Gulbrandsen 1966). The CaO/P~O~ ratio
varies between 1.47 and 1.86 suggesting a carbonate fluorapatite composition. The
presence of higher contents of H 2 0 + also indicates the possible substitution of (OH)4
for (PO)4.
5.

Pyrite texture and sediment composition

Sediment and pore water composition undoubtedly influence the nature and extent of
intermediate iron sulphide, which may be formed and thereby determine the pyrite
texture (Raiswell 1982). As discussed above, the rate of sulphate reduction is dependent
on the abundance and quality of organic matter. Raiswell (op. cit.) also suggested that
initially framboidal pyrite is formed by decomposition of freshly deposited, most
radially metabolizable organic matter. Subsequently euhedral pyrite is formed by slow
decomposition of local concentrations of organic matter. Goldhaber and Kaplan
(1974) suggested separate pathways for the formation of framboidal and euhedral
pyrite, depending upon metastable iron sulphide intermediates.
It has been observed in polished sections under reflected light that framboids appear
to be somewhat larger in size and more massive than characteristic aggregates of tiny
crystals. These seem to represent the stage between framboidal and euhedral pyrite,
since no pyrite euhedra has been recognized within the framboid, and the secondary
development of crystal faces in framboid (figure 2) also strengthens the view that
framboidal pyrite is formed prior to the formation of euhedral pyrite. Framboids are
formed earlier in the sediment by freshly deposited, fairly metabolizable organic matter
and euhedral pyrite is developed later on the framboid and becomes progressively more
abundant in the deposit.
With regard to the origin of 'algal pyrites', it is proposed that they might have
originated by the precipitation of pyrite on some organic structure, giving them the
algal appearance. Because of the syngenetic origin of pyrite with the phosphorite and
organic matter, it is simultaneously grown with the textural development of phosphorite (oolites, stromatolites, pellets etc.). The development of different textures of
pyrite in the Mussoorie phosphorite also indicate the heterogenous distribution,
concentration and reactivity of organic matter and reactive iron content in the
sediment.

6.

Conclusion

Summarizing from the present study it can be concluded that organic matter,
associated with phosphorite, is a controlling factor in the formation of spherical and
sub-spherical pyrite framboids recognized in Mussoorie phosphorite. The chemical
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analyses of different varieties of phosphorite indicate that the samples are composed of
carbonate-hydroxyl-fluorapatite (Francolite) with a composition Ca5(PO4)3 (F, CI,
OH, CO3 ). The textural study of pyrite has revealed that the framboids form earlier in
the sediment and euhedral pyrite, nucleated on it, later becomes increasingly abundant
in the deposit. 'Algal pyrite' is considered to have originated by the precipitation of
pyrite on some organic structures.
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