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ABSTRACT

In this paper the ore-microscopic characters of the vanadium.bearing titaniferous magnetite
deposits associated with gabbro-anorthosites of Nausahi, Keonjhar district, Orissa, India,
have been described. The mode of occurrence of the magnetite veins has also been touched at
the beginning. The minerals identified were magnetite, ilmenite, martite, hematite, rutile,
goethite and a number of sulphide minerals like chalcopyrite, pyrite, arsenopyrite, pyrrhotite,
cubanite and covellite, The optical properties of all the minerals, etch reactions, reflectance,
etc. have been described in details. The textures involved have also been studied and discussed.
Several types of crystallographic and replacement textures of the oxide minerals haeve been
identified, the origin of all these textures investigated and the probable paragenesis have
been drawn. In this connection the author subjected the specimens with crystallographic
textures to heat treatment at high temperature and confirmed that the intergrowths of these
minerals were derived by unmixing and diffusion during gradual cooling of the ore-rich liquid.
Maghemite and Coulsonite, described by Dunn and Dey (1937) and Roy (1954) from Mayurbhanj
magnetite deposits, could not be identified in these specimens. The sulphide minerals were
found to be genetically unrelated to the oxides and were dealt with separately in this paper.
Their optical properties, etch reactions, reflectance, mode of occurrence and textural relations
have been described in details as far as possible and a paragenesis has also been drawn.

InTRODUCTION

Vanadium-bearing titaniferous magnetites occur associated with the gabbro-
anorthosite suite of rocks just on the north of Nausahi (21°16}’: 86° 20’) in the
district of Keonjhar, India. Gabbro-anorthosites occupy a part of the Baula
hill range extending roughly from E.-W to NW-SE. Magnetite occurs as thick
veins and massive lodes concentrated always at the central region of the gabbro-
anorthosite body. The lodes extend in the direction 110°-290° on the east, but
gradually rotate towards north-west on the west. Two or three small veins are
emplaced nearly at right angles to the major lodes. The widths vary from 10 ft.
to more than 100 ft. and lengths from 30 ft. to 300 ft. or over. The lodes in the
two directions are usually joined at the top of the hills. Magnetite is coarsely
crystalline at the centre of the ore bodies and finer towards the margin. The gabbros,
epidiorites and the anorthosites occurring in the vicinity of the lodes are highly
charged with magnetite and as a result their specific gravity tends to be very high.

Mention has been made of the occurrence of vanadium-bearing titaniferous
magnetite deposits of this locality in their reports by Barooah (1948) and Ghosh
and Prasad Rao (1950). This paper aims at an elaborate discussion of the minera-
graphy and microstructures of these ores, on the evidences collected from the study
of the polished sections under the ore-microscope. An interpretation of the textures
amply supported by evidences have been given. Heat treatment of the specimens
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with different exsolution textures also enabled the author to decipher their tempera-
ture of formation, which also threw some light on the mineral paragenesis. Experi-
ments of the same type were previously done by the eminent workers like Ramdohr
(1926), Kamiyama (1929), Edwards (1938) and specially by Roy (1954) in India.
Roy (1957) described in fair details the mineragraphy and textural relations of the
vanadium-bearing titaniferous magnetites of Mayurbhanj and also published a
preliminary note on the textural study of the magnetite deposits of Nausahi. Dunn
and Dey (1937) described the mineralogy and some of the textures involving magnetite
and ilmenite of the magnetite deposits of Mayurbhanj, previous to Roy. Similar
deposits have been reported from different parts of the world and the most interesting
point is that they have got a unique similarity of dispesition like chromite in the
ultrabasic rocks.

The following minerals have been identified under the micrcscope cn the basis
of optical criteria, reflectance, and etch reactions with different reagents :—Magnetite,
Ilmenite, Martite, Hematite, Rutile, Goethite, Chalcopyrite, Pyrite, Arsenopyrite,
Pyrrhotite, Cubanite and Covellite. Exact values of reflectance of different minerals
measured by Berek’s Photometer Ocular, in green light, in air, have keen put
forward.

The sulphide minerals occur in insignificant amount at the interstices of magnetite
or as veins along their fractures and are invariably associated with the gangue.
They are not genetically related to the oxides and are suppoesed to be of hydro-
thermal origin.

Microscopic characters of the oxide minerals

Magnetite.—The mineral occurs as coarse to fine, irregular to subhedral grains,
making up about 70 per cent of the ore bodies. The colour of magnetite varies from
greyish brown to deep brown. The former variety is non-pleochroic, isotropic.
Reflectance was measured to be 19-89 per cent. Triangular cleavage pits, so common
in galena, were observed (Pl. VIII, Fig. 1). Intergrowth of ilmenite lamellae in
properorientation usually emphasizes the cleavage directions of mnagnetite. Cleavage
lines are also brought out very easily by etching. Magnetite is usually associated
with ilmenite, the exsolution lamellae of the latter are usually oriented along the
octahedral direction of the former. The greyish brown variety of magnetite gave
the following etch reactions:

HCI: Positive. Mineral turned brownish and fumes tarnished.
HF: Positive. Mineral was deeply etched and turned sooty black.
HNO;, KCN, KOH, FeCl; ete. . . . negative.

But the deep brown variety of magnetite, concentrated mainly in the easternmost
lode near Ostapal, shows some peculiar habits. Itis slightly pleochroic and aniso-
tropic. Reflectance measured = 19-27 per cent. Negative to all standard etch
reagents. The grains contain only a few coarse lamellae of ilmenite. But under
high magnification minute blebs of hematite are visible embedded in the octahedral
planes of magnetite. This magnetite gave 7-02 per cent TiO, on chemical analysis.
This is probably the ‘titanomagnetite’, which has been described by Ramdohr
(1926) as the solid solution of magnetite and ilmenite.

Hematite and goethite replace magnetite both along octahedral planes and
margins.

Ilmenite.—Ilmenite occurs in the following ways closely associated with
magnetite and forming nearly 30 per cent of the ore deposit:

(i) As isolated grains within magnetite: The grains vary greatly in size—from
minute dots to a coarseness of 2:5 mm. in diameter. The grains are
usually anhedral, often well crystallized and rarely rounded. The
euhedral shape of the grains indicate that the rate of cooling was
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sufficientlyslow. Innumerable minute rounded dots of ilmenite are often
found to be embedded in certain grains of magnetite, giving rise to the
so-called emulsion texture, described by Edwards (1954) from the
sulphide deposits of Conrad, N.S'W. Ilmenite grains have got bold
outline against magnetite, which becomes very prominent on etching the
latter by HF. ‘

(ii) As graphic intergrowth with magnetite: Only a few grains of magnetite
contain such intergrowth and ilmenites in such cases are always fine
grained and irregular in shape.

(iii) As exsolution lamellae: Ilmenite occurs as needles and lamellae oriented
in the crystallographic planes of magnetite. The width of the lamellae
vary from very thin up to 1 mm.

(iv) As veins and fracture fillings in magnetite: Ilmenite often occurs as coarse
veins both along the margins and fractures of magnetite grains. These
fractures must have been produced during the crystallization of magnetite
and prior to the formation of ilmenite. This vein-forming ilmenite
shows well defined crystal outlines (P1. VIII, Fig. 2) in places, the indivi-
dual grains often contain exsolved hematite in them. Twinning has also
been noticed in a few of these grains (P1. VIII, Fig. 3). Imenite often
forms perfect rims around magnetite (Pl. VIIL, Fig. 4). The ilmenite
veins are always irregular at the margins.

Tae optical characters of all these ilmenites are more or less the same. They
are pinkish brown in colour, distinctly pleochroic under oil and strongly anisotropic.
Reflectance measured = 18-24 per cent, which is slightly lower than that of magnetite.

Timenite is negative to all standard reagents excepting HF which stains the
mineral slightly brown after 3 minutes.

Hematite and Martite—Hematite and martite have been grouped together for
description because they have got identical optical properties, excepting the fact
that martite is secondary after magnetite and often retained the shape of the latter.

Hematite occurs in three ways as follows:

(1) As minute laths oriented in the crystallographic planes of magnetite
and ilmenite.
(ii) As micrographic intergrowth with rutile.
(iii) As martite replacing both magnetite and rutile.

In the first two cases, hematite is definitely the product of primary crystalli-
zation, of course in different stages, which will be described later on.

Martitization of magnetite is fairly a common phenomenon in all these specimens.
Martite replaced magnetite both along octahedral planes and margins. Martite
was identified by their cubic and octahedral shape after magnetite. The mineral
does not take good polish due to the presence of unreplaced magnetite and ilmenite
lamellae. Relict magnetite in martite in places gave an impression of graphic
texture. On the whole martite gave a spongy appearance.

Both hematite and martite appeared grey white under the microscope. But
martite in places gave distinct bluish tinge, specially under oil, which gives a wrong
impression of maghemite or coulsonite. Reflectance of martite measured = 24-24
per cent. But hematite intergrown with ilmenite, magnetite and rutile is so fine
that the measurement of reflectance was not possible.

Both hematite and martite were negative to all standard reagents. They
were characteristically anisotropic and showed deep red internal reflection.

Rutile.—Rutile occurs in fair abundance as coarse to fine fracture filling veins
in magnetite and ilmenite. The margins of the veins are sharply defined against the
latter minerals. Most of the veins contain hematite in graphic intergrowth. Rutile
often extends tongue-like projections along the cleavage directions of magnetite
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Fic. I Triangular cleavage pits in magnetire,  Magnetite mostly altered to hemarite, 125

Fia. 2. Well defined ervstal outline of ilmenite forming vein in magnetite,  Magnetite etched
withh HF., XNote the fine widmanstatten intergrowth herween magnetite and
ihmenite. 125,

Fie, 3. Twinning in ilmenite oceurring as exsolved vein in magnetite,  Magnetite (dark)
ctehed with HF. x 125 Nicols crossed.

Fie. 4. Ihmenite rim avound magnetite, Magnetite altered to hematite.  Note the cubedral
shape of ilmenite (grey) and exsolved hematite lameHae {white) in them. - 330,
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Fia.,

Fr,

F're,

7

Mapnetite (dark)-ilmenite  (white) widmanstatten intergrowth. - 125, Magnetite
etched with HF,

llmenite (white) oriented in the cubie planes of magnetite (dark). 1250 Magnetiie
etched with HE,

Coarse lamellae of ilmenite (grey) connected to the ilmenite vein,  Mametite efvhed
with HF, 125,

Change of orientation of ilmenite lamellac (grey) in different grains of magnetite,
Muagnetite altered to hematite, 2 250 {(under oil),
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replacing ilmenite which occurs as widmanstatten intergrowth in magnetite. Rutile
itself is replaced in places by martite.

Rutile is bluish grey in colour, the colour deepens under cil. Reflectance
meagured == 19-67 per cent. The mineral was negative to all standard reagents.
Strongly anisotropic and showed characteristic brown internal reflection.

Goethite.—This mineral occurs in patches and was comparatively rare. The
grains were always very small and irregular in shape. Goethite was bluish grey in
colour, distinctly pleochroic and strongly anisotropic in shades of grey. The mineral
was distinotly etched by SnCly+HCI, which stained it brown.,

Goethite has replaced most of the minerals like magnetite, ilmenite and martite.

Description of textures of the oxide minerals

The textures revealed by the examination of the specimens under the microscope
may be classified as follows :—

Primary textures :
——TIlmenite oriented in the (111) plane
/ of magnetite.
~———Tlmenite oriented in the (100) plane
of magnetite.
Hematite oriented in the (111) plane
N of magnetite.
——Hematite oriented in the (0001)
plane of ilmenite.

s
(i) Crystallographic intergrow ths/\

//\\

Between magnetite and ilmenite.

(ii) Graphic intergrowths<

Between rutile and hematite.

(iii) Emulsion intergrowths Between magnetite and ilmenite.

Replacement textures :

(iv) Martite replaced magnetite.
(v) Hematite replaced rutile.
(vi) Rutile replaced ilmenite.
(vii) Goethite replaced magnetite, hematite and ilmenite.

These will be taken up one by one.

(i) Crystallographic intergrowths

This is the typical texture noticed in almost all the specimens. The most
dominant of these is the regular arrangement of both coarse and fine lamellae of
ilmenite along the octahedral planes of magnetite producing what is known as the
‘widmanstatten texture’ (Pl. IX, Fig. 5). Excepting the isolated grains and veins of
ilmenite which are irregularly arranged and in graphic intergrowth with magnetite,
all ilmenites are arranged either in the (111) or (100) plane of magnetite. Ilmenite
lamellae oriented in the (100) planes are usually very fine (P1. IX, Fig. 6) Those
along the octahedral planes make amongst themselves an angle of 62°, which is
rather constant. The coarser lamellae are usually connected with the ilmenite
veins (Pl. IX, Fig. 7) and in places have got a different orientation with the finer ones.
The orientation of the ilmenite lamellae change in different grains (P1. IX, Fig. 8) and
no enlargement is observed anywhere where two such lamellae intersect (Pl X, Fig. 9).
Ilmenite lamellae have got sharp margins against magnetite, and nowhere any
caries texture was observed between ilmenite and magnetite proving that no
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replacement has taken place between the two. The oriented needles of ilmenite
may best be observed by etching magnetites by HF for a short period.

A similar type of crystallographic intergrowth exists between magnetite and
hematite, where small hematite blebs are oriented in the octahedral planes of mag-
netite (Pl. X, Fig. 10). But a different type of crystallographic intergrowth has
been observed between hematite and ilmenite. Minute hematite rods are oriented
both along (0001) planes (P1. VIII, Fig. 4) and twin planes of ilmenite. Hematite
rods in all these cases become distinct under cil.

(ii) Graphic intergrowths

Curved and unoriented grains of ilmenite graphically intergrown with magnetite
have been encountered in a few grains in the specimens (Pl. X, Fig. 11). The inter-
growth is guided by no erystallographic directions and the texture has no continuity
at all. Tlmenite is scattered uniformly throcughout the grains in which they are
absolutely confined. Isclated grains of ilmenite are often present in these grains
unrelated to this intergrowth.

Small, irregular blebs of hematite are also graphically intergrown with rutile
in places (PL. X, Fig. 12).

(iii) Emulsion intergrowths ‘

Microscopic inclusions of rounded and subhedral grains of ilmenite in magnetite
have been recorded occasionally in the specimens. The grains of ilmenite are
always very minute and scattered uniformly throughout the grains of magnetite
completely unrelated to any crystallographic plane (P1. XI, Fig. 13).

(iv) Martite replaced magnetite

Martite has replaced magnetite mainly along grain boundaries producing
anastomosing veins and also along the octahedral planes (Pl. XI, Fig. 14). Martite
was found to retain the shape of magnetite in many places (Pl. XTI, Fig. 15), In most
of the places, the change from magnetite to hematiteis complete. Often the inclusion
of irregular and curved grains of relict magnetite in hematite gives an impression of
graphic texture and the contacts of hematite-magnetite provide an example of
caries texture (Pl. XI, Fig. 16). This hematite (martite) is definitely a secondary
product and occupies a considerable area in all the specimens.

(v) Hematite replaced rutile

Hematite has also replaced rutile in a few places. Hematite, in this case,
replaced rutile veins from the margin spreading anastomosing veins (P1. XII, Fig. 17).

(vi) Rutile replaced ilmenite

Vein-forming rutile in magnetite often produces tongues along the octahedral
cleavage directions of magnetite replacing ilmenite lamellae without change of
volume (PL. XTI, Fig. 18). Rutile in such cases has got a sharp contact against ilme-
nite and the two can be recognized by their difference in colour. The phenomenon
comes out sharply under oil.

(vil) Goethite replaced magnetite, tlmenite and hematite

Goethite replaced magnetite, ilmenite and martite (P1. XTI, Fig. 19) both along
margins and along the vertical plarnes, so that in most of the cases goethite is sur-
rounded by the host. Goethite has got a spongy appearance and can easily be
recognized by its pleochroism and low reflecting power.
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Ficz. 9. No enlargement at the intersection of ilmenite lamellae (white) exsolved in magnetite
(dark). %100, Magnetite partly etched with HF.

F1a. 10. Hematite blebs (white) excolved in magnetite (grey). X 130 (under oil).

Fia. 11. Thnenite (grey) graphically intergrown with magnetite (dark). x230. Magnetite
otched with HF.

Fra. 12. Hematite (while) graphically intergrown with rutile (deep grey). and bordered hy
ilmenite (grey). X200 (under oil),



CHAKRABORTY. Proc. Nat. Inst. Sci. India, Vol. 25, A, Plate XI.

Fia.

Fia.

Fi1c. |
Fic.

13.

14,

15

Emulsion intergrowth of ilmenite (grey) in magnetite (dark), x100. Magnetite
etched with HF.

Martite (white) replaced magnetite (grey) along octahedral planes. X300 (under
oil),

Martite (white) retained the shape of magnetite (grey). 150 (under oil).

Pseudographic texture produced by the presence of relict magnsetite (dark) in hematite
(white). x150. Magnetite etched with HF.
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Fia.

a.

Fia.

17.

18.

9

Hematite (white) replaced rutile (decp grey) producing anastomosing veins. Note
the exsolved hematite rods in ilmenite (grey). x200 (under eil).

Rutile (dezp grey) replaced ilmenite (grey) along the octahedral direction of magnet-
ite. Magnetite mostly altered to hematite. %125 (under oil).

. Goethite replaced magnetite. 300,
. Sulphide minerals in association of magnetite, Chalcopyrite replaced arsenopyrite and

covellite replaced both the two. x60.
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Interpretation of the textures of oxide minerals and their paragenesis

The textures and the mode of occurrence of all the oxide minerals present have
been described in fair details in the preceding chapter. The author here tried to
decipher the probable mode of origin of all these textures and to draw the paragenesis
of the minerals on the basis of the interpretation of the textures in which all the
oxide minerals are involved. '

(i) Crystallographic intergrowths

The theory of ‘unmixing’ and the formation of separate minerals in a two
component system during decreasing temperature condition is a well established one.
Most systems break down along a curve of decreasing solubility. The
‘widmanstatten’ texture exhibited by magnetite and ilmenite in the specimens
probably resulted by the process of unmixing during the cooling down of the residual
* ore-rich liquid. Ramdohr (1926) described ‘titanomagnetite’ in which both Fe-Ti

oxides remain in solid solution. Ramdohr, Kamiyama (1929) and Edwards experi-
mentally proved this fact in case of the formation of magnetite ilmenite
widmanstatten texture. Roy (1955) definitely proved this in case of the Mayurbhanj
magnetite deposits.  Following the procedure adopted by Roy, the author carried
out thermal experiments with the specimens containing magnetite-ilmenite widman-

"statten texture and ilmenite-hematite crystallographic intergrowth. The polished
sections were first examined under the microscope and observations were recorded.
Thesame polished specimens were then heated in vacuum in a horizontal type electric
furnace for 24 hours at temperatures ranging from 400°C. to 1,200°C. at intervals
of 100°C. After 24 hours the specimens were chilled in water to arrest the texture
at that particular temperature. The crystallographic intergrowths between hematite
and ilmenite and that between magnetite and ilmenite were found to be disturbed at
temperatures of 600°C. and 700°C. respectively. = At 1,200°C. the minerals thoroughly
mixed up and became homogeneous. Magnetite became distinetly spongy brown,
slightly anisotropic and the reflectance was measured to be near about 20 per cent.
The mineral produced resembled much with Ramdohr’s ‘titanomagnetite’.

Both coarse and fine lamellae of ilmenite took part in these crystallographic
intergrowths. Dunn and Dey (1937) and Roy (1955) described the former as
contemporaneous with the vein ilmenites. The author has also noted coarse ilmenite
lamellae merging into veinlets of the same mineral in several places. The finer
ilmenite lamellae never exhibit such relation and are definitely of different age,
originating by the process of unmixing. In these textures the ilmenite lamellae,
both coarse and fine, are oriented either in the octahedral or cubic planes of magnetite,
making a constant angle among themselves. Ilmenites being the minor component
arranged themselves in the crystallographic planes of the major component magnetite
during cooling. 'The absence of any caries texture also indicates that no replacement
of magnetite by ilmenite has taken place. This consistency of textural relation,
the change of orientation of ilmenite lainellae in different grains of magnetite, the
constancy of magnetite-ilmenite ratio (70 : 30) in all the specimens, and the absence
of any replacement texture, definitely suggest an unmixing origin of the magnetite-
ilmenite ‘ widmanstatten’ intergrowth. The idea also corroborates with Schwartz’s
idea of ‘exsolution’ (1931). '

As to the origin of the coarser lamellae of ilmenite, there is of course some

_ controversy of opinion. Dunn and Dey (1937) proposed that the coarse lamellae
originated by the process of internal segregation after crystallization of the ‘titano-
magnetites’ while the finer lamellae were formed when the latter became unstable
at about the same time. Whether Dunn and Dey’s theory of segregation is the
process or Schwartz’s exsolution is the cause of formation of such texture, is debatable,
for the resulting texture is the same in both the cases. Ramdohr (1926) and Edwards
(1938) put forward the idea of diffusion of the minor component in a system of
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decreasing solubility during the cooling down of the magma. According to them
the rate and quantity of diffusion at higher temperature is sufficiently high to form
the coarser lamellae and veins of ilmenite. The irregular shape of these lamellae
and veins suggests that they are the products of diffusion. With the decrease of
temperature the rate of diffusion and concentration of the minor component in the
host is also decreased, giving rise to the finer and finer lamellae of ilmenite in the
crystallographic planes of magnetite. The weak structural planes (like cleavage,
twin planes, fractures, etc.) of the host mineral play an important part in the localiza-
tion of the diffusing component,. ,

Definite unmixing relation exists between magnetite, ilmenite and hematite,
which has also been established experimentally by several workers like Ramdohr,
Edwards and others. ,

The crystallographic intergrowths amongst these minerals, in this case, can
also be taken as to have been originated by the same process. Hematite lamellae
in ilmenite compare well, in mode of occurrence, temperature of formation and
appearance, with the second generation hematite described by Ramdohr (1926).

(ii) Graphic in_iergrowths

Graphic intergrowths between ilmenite and magnetite, and hematite and rutile
have been encountered in some grains of magnetite and rutile respectively. The
nature of these intergrowths have already been described in the preceding chapter.
This texture is fajrly common also in silicate minerals. Much controversy exists
as to their origin. Some workers like Whitehead, Rogers, Lindgren, Schwartz and
others proposed replacement origin of this texture, whereas others conclude that
the minerals have originated simultaneously. Edwards (1954) described this type
of intergrowth from several sulphide minerals, which he thought to be the result
of simultaneous crystallization. The graphic intergrowths in this particular case
have got the following characteristics :-—

(1) No tongue from the guest projects into the host.

(2) No veinlet of the ‘guest’ traverses the ‘host’.

(3) No ‘caries’ of ‘guest’in ‘host’ exists at the boundary of the intergrowth,

(4) Grains containing such intergrowths are always surrounded and asso-
ciated with the grains containing widmanstatten texture of magnetite
and ilmenite of same age.

(5) No transition from the intergrowths of ‘guest’ and ‘host’ into unques-
tionable peripheral replacement of ‘host’ by ‘guest’ has anywhere
been noticed.

All the evidences definitely indicate an origin of these textures by a process
other than replacement. Considering the magmatic origin of these ore deposits,
the constancy in proportion of magnetite and ilmenite and the exsolution origin of
the widmanstatten textures with which this intergrowth is so closely related, 1t can
be taken as probable that the graphic intergrowths between magnetite-ilmenite and
rutile-hematite have been formed by contemporaneous crystallization of the minerals
from primary liquids. Such eutectic relationship between rutile and hematite has
been described by Edwards (1954) from some magnetite deposits of Western Australia
and Olary; South Australia, rutile being always in excess. The author thinks it
more probable that the excess of ilmenite after the completion of formation of
widmanstatten texture could not fit in the crystallographic planes of magnetite
and thus formed the ‘Graphic Intergrowth’. The similar intergrowth between
rutile and hematite, on the other hand, must have been formed by the eutectic
crystallization in the ¥e,03-TiO, system under a considerably high oxidation poten-
tial and at a temperature below the temperature of formation of the ilmenite-hematite
crystallographic intergrowth.,
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(iii) Emulsion intergrowths

The texture, as described before, is characterized by the inclusion of inmumerable
minute grains of ilmenite in magnetite. No preferred orientation in distribution
was observed. The ilmenite grains have got mostly anhedral and rarely subhedral
outline and nowhere any replacement texture between the ‘guest’ and the ‘host’ was
found. The origin of this texture in sulphide ores (Chalcopyrite in Sphalerite) was
attributed by Edwards (1954) to arrested rate of diffusion of the ‘guest’ mineral in
the ‘host’ at a low temperature condition. It is most probable that, at lower tem-
perature, the concentration and the rate of diffusion of ilmenite in magnetite was
gufficiently decreased. Ilmenite then crystallized around some nucleus in certain
magnetite grains, unrelated to any structural plane of the latter. The close associa-
tion, in this case, with the widmanstatten intergrowth also suggests that the emulsion
texture between magnetite and ilmenite might have resulted by unmixing.

Replacement textures

Definite replacement exists between hematite and magnetite, where hematite
replaced magnetite along octahedral planes and along margins spreading anasto-
mosing veins. The octahedral planes are retained by the presence of unreplaced
ilmenite lamellae in hematite, Hematite is often found to pseudomorph magnetite
and is designated to be martite. Martitization of magnetite is gradual and the origin
of this hematite has been attributed to weathering and these are definitely secondary.
The relation of hematite and magnetite becomes vivid under oil or if magnetite is
etched by HF. Hematite has nowhere been found to replace ilmenite, a phenom-
enon unlike those described by Roy (1954) in case of Mayurbhanj magnetite
deposits. Hematite also replaced rutile spreading anastomosing veins which is
possibly due to the fact that iron and titanium have got equivalent atomic radii.

Goethite, the hydrated iron oxide, replaced magnetite, ilmenite and even
martite in places. The relation of goethite with these minerals becomes distinct
under oil. Goethite may be taken as the product of weathering like martite.

Replacement relation also exists between rutile and ilmenite. Rutile veins
occurring along fractures of magnetite were occasionally found to produce tongues
along the octahedral directions of magnetite replacing ilmenite lamellae. The contact
of tutile and ilmenite in this case is quite sharp, and is distinctly seen under oil.
This is quite possible because ilmenite may easily change over to the oxide form by
simple oxidation releasing iron-oxide. Rutile in this case may not be secondary.
1t can be taken as to have been deposited in an atmosphere of increased oxidation-
potential, from the latest fractions of the residual iron and titanium rich solution
from which both ilmenite and hematite were deposited.

Paragenesis

From all available data it seems probable that the coarser lamellae of ilmenite
in the octahedral planes of magnetite, along with the irregular ilmenite veins, were
the first to have been formed by free and unlimited diffusion. The finer lamellae
of ilmenite forming typical widmanstatten intergrowth with magnetite formed
after them through unmixing. When the concentration of titanium in magnetite
was decreased and the temperature lowered, emulsion texture between fhagnetite
and ilmenite resulted by artested diffusion. Excess of ilmenite, which could not fit
in the structural planes of magnetite, crystallized as isolated grains or simulta.peo_usl_y
-with magnetite giving the graphic intergrowths, the proportion of which is insigni-
ficant in the specimens. Magnetite-hematite and ilmenite-hematite intergrowths
were formed still later through unmixing when the concentration of FegO4 m.the
system and the oxidation potential were slightly increased. From the latest fractions
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of the residual solution was deposited rutile and hematite eutectically, at a still
lower temperature and increased oxidizing condition. After the formation of all
these primary oxides, weathering started. Hematite which replaced both magnetite
and rutile was the earliest product of this process of weathering. Goethite, another
secondary product which replaced magnetite, ilmenite and even the secondary hema-
tite, was the latest among the oxide minerals to form.

M icroscopic characters of the sulphide minerals

The following sulphide minerals were identified in the oxides: Chalcopyrite,
Pyrite, Covellite, Arsenopyrite, Pyrrhotite and Cubanite. Amongst the sulphides
chalcopyrite was predominant, then come pyrite and covellite in order of abundance,
the others are rare. The sulphide minerals occur either as isolated grains almost
always closely associated with the gangue or form irregular veins along the fractures
of magnetite. They have therefore been taken as of later hydrothermal origin.
The minerals were identified on the basis of their optical characters, etch reactions
and reflectance, which have been described below:

Chalcopyrite.—Qccur both as coarse and fine anhedral grains or as irregular thin
veins in magnetite, Chalcopyrite was golden yellow in colour and stained rapidly
if kept open in air. Reflectance meagsured = 40-43 per cent. Anisotropism was
distinct, greenish yellow.

HNO; and Aqua Regia stained brown.
HCI, FeCly, KCN, etc., negative.

Chalcopyrite replaced both arsenopyrite and pyrrhotite from margins inwards.

Pyrite—Occur as small subhedral or euhedral grains. Pyrite was yellowish
white in colour and isotropic.

HNO,—positive, slightly stained the mineral.
HCl, Aqua Regia, KCN, FeCls, etc.—~negative.

Covellite—Occur as thin irregular veins replacing chalcopyrite and arsenopyrite
(Pl XII, Fig. 20). Covellite was nowhere found against any other sulphide mineral,
The mineral was deep bluish white in colour and violet red under oil. Pleo-
chroism was strong. Reflectance = 18-46 per cent. Anisotropism was strong,
deep fiery red a.msotroplc colour was found. Four extinctions per revolution was
very sharp.
HNO;, HC], KOH, FeClg, etc.—negative.

Arsenopyrite.—A few small, irregular grains occur only in a single section in
association with chalcopyrite.

Argenopyrite was found to be white under the microscope with a faint creamy
tint. Reflectance could not be measured. Anisotropism was found to be strong
with brownish yellow anisotropic colour.

HNOg—positive, etched deep brown.
Aqua Regia—also positive.

Pyrrhotite.—A few small anhedral grains of pyrrhotite occur associated with
chalcopyrite in one specimen.

Pyrrhotite was pinkish in colour with a distinet reflectance pleochroism. Reflec-
tance seemed to be high. Anisotropism was strong. Grey yellow anisotropic
colour was observed,
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HNOQOz—stained the mineral brown.
KOH—tarnished brown.

Cubanite—A few small creamy yellow, anhedral to rounded grains of cubanite
occur in magnetite, associated with the gangue. Reflectance pleochroism of the
mineral was distinct, specially under oil. Reflectance seemed to be high. Cubanite
was strongly anisotropic with yellow brown anisotropic colour. Cleavage was
distinetly visible in certain grains.

Negative to HCl, HNO,, FeClg, KCN, KOH. .... ete.

Paragenesis of the sulphide minerals

From the discussion above about the textural relationships of the minerals,
it can be deciphered that pyrrhotite and arsenopyrite were contemporaneous and
crystallized first amongst the sulphide minerals. Both chalcopyrite and covellite
replaced arsenopyrite and pyrrhotite.. Covellite again replaced chalcopyrite. The
probable paragenesis can therefore be drawn up as follows:

Pyrrhotite. —_

Arsenopyrite. —————

Chalcopyrite. _
Covellite. —_—

Pogition of pyrite and cubanite cannot be definitely ascertained, because they
have nowhere been found in association with any one of the above-mentioned
sulphide minerals.
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