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Brown amphibole, the major constituent of a gabbroic body near Koraput
town, in Orissa, has been described. Chemical composition of the mineral
shows reasonable agreement with that of common sodi-calcic amphiboles,
Chemical and optical properties of the investigated amphibole suggest it to be
closely related to barkevikite but approaching kaersutite. Positions of the
present amphibole and the related ones in Billings’ (1928) scheme of classi-
fication have been discussed, Formation of such brown titaniferous amphi-
boles has been suggested to be controlled by low silica activity and availabili-
ty of titanium during crystallization. Water content of the magma may
also have an important role in this respect. Kaersutite appears to form at
higher temperature and earlier than barkevikite. Possible factors controlling
the colour of such amphiboles are discussed.

INTRODUTCTION

Mineralogical interest associated with brown amphiboles has developed
primarily because of their uncommon distribution. Their relatively limited
occurrence reflects a restriction in the conditions of their formation. The
basis of systematic classification of the brown amphiboles, their distinctive
characters, the chemical environment of their growth and cause of colouration
are some of the salient problems which have confronted the mineralogists for
a long period. A comparative study of the calciferous brown amphiboles—
their optics, chemistry and genesis—is a recent significant contribution in
this line by Wilkinson (1961). Yet any new data on the chemistry, optics
and occurrence of such brown amphibole would seem to be valuable.

The brown amphibole described here is a dominant constituent of a
small, lenticular gabbroic body with long axis trending northeast-southwest
for three miles, the width being less than one mile at its maximum. The
gabbroic body flanked by syenite and nepheline syenite bands form a com-
posite intrusion emplaced within the high grade para-metamorphics of the
area (the Khondalites).

The other important constituents of the gabbroic rock, coexisting with
brown amphibole, are plagioclase (andesine), usually clouded by minute green
rods which appear to be pyroxene and spinel; clinopyroxene, changing its
character from titansalite to ferrosalite; olivine, only occasionally developed
towards the base of the lens and the common associate, a deep brown titani-
ferous biotite (TiO; 8-06%). The accessory iron-titanium oxides are ilmenite
and unmixed titanomagnetite.
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The brown amphibole follows plagioclase and pyroxene in paragenetic
order. Coarse plates of amphibole frequently enclose smaller anhedra of
pyroxene. The close chemical constitutions definitely favoured the develop-
ment of amphibole at the expense of the pyroxene. An antipathetic relation
between modal proportions of plagioclase and amphibole further suggests
that growth of amphibole has been favoured at the expense of the chief
components of plagioclase.

Oprical, PROPERTIES

The important optical characters of the amphibole are shown in Table I
and Table II. The scheme of absorption in the present amphibole is com-
parable with that in calciferous brown amphiboles, though the absorption in
Y direction commonly equals that in Z direction. It is difficult to distinguish
the three brown amphiboles, namely oxyhornblendes, kaersutite and barke-
vikite, on the basis of optical characters alone, since they show considerable

TasBie I
Bock typoand 5y z « ¥ v—w  Zict 2V,
specimen number
Ultramafic clot (75) Pale Deep Deep 1-669 1-895 0-026 12° 72°
yellow brown brown (on 110} (on 110)
Olivine gabbro (116) Yellow Deep Deep 1-687 1-708 0-019 11° 74°
brown brown
Gabbro (220) Yellow Deep Dark 1-673 1-704 0-031 12° 79°
brown brown
Gabbro 14-8 - Yellow Brown Brown 1-872 1-705 0-033 12° 75°
Gabbro 65 Lemon Greenish Brown 1-675 1-706 0-031 11° 73°
yellow brown
Gabbro 79 Yellow Tan Deep 1-671 1-702 0-031 11° 79°
brown
Gabbro 11-8a Yellow Brown Reddish 1-678 1-705 0-026 14° 76°
brown

* Refractive index was determined by using a set of immersion liquids at 0-001 interval,
the exact indices being checked in an Abbe refractometer after each determination.
T Extinction of angle has been determined on universal stage using cleavage relations.

overlap in the range of refringence and birefringence, the latter is often high
in both oxyhornblende and ksersutite. Available optic axial angle data on
them are not adequate. The birefringence of the investigated amphibole is
slightly higher than in barkevikite and comparable to that in many kaersutite
(Table II). The optic axial angle of the present amphibole Tanges from
72° to 79° with an average near 75° (Table II). The value is slightly lower
than for kaersutite for which the 2V, = 80°4+2° may be taken as average

&
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(Wilkinson 1961, p. 348). Considering the magnesia content of kaersutite
and barkevikite, the latter is expected to show lower 2V value (see Billings
1928 for relation between magnesia content and optic axial value in amphibole)
and in this view the present amphibole very likely falls within barkevikite
rather than kaersutite. The Z A ¢ angle of the amphibole is also similar to that
for barkevikite, being greater than 10°, the value is often less than 10° in
kaersutite (Winchell 1951 ; Wilkinson 1961). It, however, seems likely that
there exist gradational optics consequent on gradual variation in chemistry
between the two species, namely barkevikite and kaersutite.

Tasre TT

Comparative tgble on kaersutite, barkevikite and the investigated amphibole

Summary of important properties on

Amphgbole in
Kaersutite* Barkevikite* alkali gabbro of
Koraput
Range ¥ .. e 1-701-1-760 1:701-1-710 1-702-1-706
Average ¥ .. .. 1-707 1-707 1-705
Range y—a .. .. 0-029-0-068 0-014-0-021 0-019-0-033
Average Y—a . .. 0-038 0-017 0-028
2Vz average . .. 80° -- 75°
Z A\ ¢ (average) ‘e .. 7¢ 15° 12°
FeO[MgO Mol. Proportion 0-37 160 097

(average)

Position in Billings’ classification ~Magnesiohastingsite Femaghastingsite Femaghastingsite

FeO[MgO (range) . . .. 0-2-0-6 0-7~50

Mg atom in formula (range) ‘ N 2_:4—2-8 0-60-1-4 1:9?
(Ca+Na+XK) in formula (r&n;;) o 2-7-2-9 3-0-31 i{)jﬁy }
Na atom in formula (average) . . 0-8 1-24 0-8

 Dgata taken mostly fom Wilkinson (1961).
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CrEMIcAL COMPOSITION

A typical, moderately coarse-grained rock specimen, containing small
proportion of pyroxene and poorly clouded plagioclase, was chosen for sepa-
ration of the amphibole. The powdered fraction between —60 and --100
mesh was found most suitable, as it contained a small proportion of compound
grains but was coarse enough to facilitate heavy liquid separation. The
powder was repeatedly run throdgh bromoform to obtain an amphibole
concentrate. This was made free of biotite by repeated tapping round the
wall of a porcelain basin when the biotite flakes adhered to the basin. A
few compound grains in the fraction were removed under microscope with
a needle dipped in wax. TFinal cleaning was performed in Frantz isodynamic
separator. The material for analysis was almost 999, pure.

The chemical analysis of the amphibole, of a gabbro from lower part of
the body and of a barkevikite (Wilkinson 1961, Table 4, No. 3) is presented
in Table ITI. The calciferous nature of the investigated amphibole is reflected
in its CaO content which is higher than 9%, (Miyashiro 1957). Compared
with oxyhornblendes the present amphibole shows low ferric iron and ferric-
ferrous ratio. Titania content which is probably controlled by the chemical
environment is lower in the investigated amphibole than in many kaersutites.
The composition of the amphibole calculated for (O, OH) = 2400 shows
reasonable agreement with the general formula W,_g(XY);Z404,(0OH),, for
godi-calcic amphiboles. '

CLASSIFICATION AND NOMENCLATURE

The oxyhornblendes are characterized by high ferric iron but this chemical
and consequent physical properties may show gradation, depending on the
degree of oxidation of the iron in the amphibole. It is possible also that
iron in both kaersutite and barkevikite may suffer oxidation (Wilkinson 1961).
The present amphibole (Table ITI, column 1) does not satisfy the chemical and
optical characters of oxyhornblendes. A comparative analysis on chemical
and optical characters between kaersutite, barkevikite and the present amphi-
bole is furnished in Table II. Wilkinson (1961) has demonstrated a pertinent
distinction between kaersutite and barkevikite on the basis of the number of
magnesium atoms in their formulae, titaniferous amphiboles with Mg > 2
atom being kaersutites. Titania content is not & valid criterion in separating
kaersutite from barkevikite, though the former one is usually considered
as ‘a highly titaniferous amphibole’. Amphiholes containing lower amount
of titania but satisfying the magnesium content (i.e. > 2 atoms in the formula)
should be considered as kaersutite (Wilkinson 1961, Table 5, No. 2). On
the other hand, amphiboles satisfying the magnesium content of barkevikite
may show relatively high titania. The presently investigated amphibole
(Table ITI, columns 1 and 3) satisfies the chemioal criterion of barkevikite, the
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magnesium atoms in the formula being less than two, but very close to it,
hence approaching kaersutite. In barkevikite there is a tendency for W
group to attain & saturation value. Because of this, plots of chemical com-
positions of barkevikite are concentrated along the vacant space 100, in

TasLe 111
1 2 3 4 5

8i0, 41448 4088 Ca 177, H 138 8i0, 4544 Or 1167
Al;O4 10005 1104 Na 8: W 301 AlO, 1417 Ab 2305
FogOy 405 766 K 38j FegOy 364 An 1501
FeoO 1493 1741 Fef  101) FeO 11:55  Ne 568
MnO 0-16 132 Mg 108 X 391 MnO —
MgO 8:58 592 Mn 2/ xy Meo 570 Di 14-25
Ca0 1078 1046 501 80 910 Ol 1592
NayO 2-89 375 Als 18 Nay0 394
K0 1-94 078 Ti 465 } Y 110 K0 194 Mt 5-33
H,0% 1-35 116 Fe? 47 Hy,0% 028 II 425
TiOg 3-92 022 8§ 337} Z 800 TiO, 223 Ap 470
PyO5 — — Al 163 Py0; 1497 H,0 023

100-14  100-50 99-91 100-09

1. Brown amphibole from gabbroic rock of Koraput (14:8 in Table I). Analyst: W. H.
Herdsman,

2. Barkevikite in nepheline syenite (quoted from Wilkinson 1961, Table 4).

3. Atomic ratio in 1 for (O, OH) = 2400.

4. Gabbro from lower part of the body containing brown amphibole. Analyst: Mitra,
8. K. (P.) Ltd.

5. Norm of 4 (please note ‘nepheline’ in normj).
Hallimond’s (1943) diagram. The present amphibole behaves in the same
way and plots at the border of the field of amphiboles from nepheline syenite
in the said diagram, suggesting the amphibole to have similar chemical
characters to those in an undersaturated, silica deficient and alumina rich
environment. Considering, too, the Na K contents, the present amphiboles
should be considered as barkevikite (Na +-K = 1-24) (Wilkinson 1961).

Billings (1928) proposed a classification of calciferous amphiboles based
on the ratio of molecular proportions of FeO and MgO. Billings’ classi-
fication may be valid for the present amphibole which seems to have suffered™
no oxidation. In this scheme of classification the present amphibole is to
be grouped as femaghastingsite, the FeO/MgO molecular ratio being < 2 and
> 0-5. The barkevikites, discussed by Wilkinson (1961), appear to range
from ferrohastingsite to femaghastingsite, while the kaersutites with relatively
higher content of magnesia are mostly magnesiohastingsite, though a few
slightly extend into the field of femaghastingsite. Thus the boundary



46 MIHIR KUMAR BOSE

between femaghastingsite and magnesiohastingsite very closely approaches
that between barkevikite and kaersutite.

CHEMICAL ENVIRBONMENT

Titaniferous brown amphiboles like the titaniferous pyroxemnes are ex-
pected to be developed in derivatives of alkali basaltic magma favoured by
‘low silica activity’ (Verhoogen 1962) and possibly also high temperature.
The two mafic minerals may be expected to coexist and to show comparable
chemical characteristics in presence of appreciable titania, alumina, lime and
ferric-iron besides alkalis. High water pressure inhibits the crystallization
of plagioclase and causes an indirect enrichment of aluminium and calcium in
the magma (Ringwood 1959) which may enter the structure of pyroxene.
With progressive increase of water in the magma ultimately amphibole crys-
tallizes and absorbs the constituting elements of plagioclase. In the in-
vestigated rock, higher amount of normative plagioclase than modal supports
this contention. That increasing amount of Al in the silicates also favours
progressive entry of Ti in their structure appear to be established (Verhoogen
1962). The relation between silica, alumina and titania content is well
illustrated in titaniferous brown amphibole for Glen Tilt (Deer 1938) and
such amphiboles, in general, which are characterized by low silica and high
alumina content. In amphiboles, the Ti may enter the Z site directly or
replace some Alin the ¥ site which in turn moves to the Z site. It is suggested
here that amphiboles with higher content of titania and magnesia (possibly
magnesiohastingsites and including kaersutite) would form earlier and at
higher temperature (often in voleanic conditions) and in an undersaturated
melt. In normal course of differentiation with falling temperature and
increasing silica in the melt, the amphibole will welcome less titanium and
" magnesium and will thus approach barkevikite. A similar trend in com-
positional changes in the amphiboles from magnesiohastingsite to ferrohasting-
site has been demonstrated by Billings (1928). It, however, seems possible
that in low temperature melt, amphiboles poor in magnesium but rich in
titanium may form with favourable high alumina activity and availability of

The host rock for barkevikite, to which the present amphibole is related,
seems to vary widely in bulk chemical composition but usually show under-
saturation in silica (Wilkinson 1961, Table 4). The degree of low silica activity
or high alumina activity invites titania in the composition of ecrystallizing
amphibole as also in the case of pyroxene (Verhoogen 1962), Ococasional
high Ti content of kaersutite thus may be related to a high degree of replace-
ment of 8i by Al in the Z site which indirectly favours entry of Ti in the Y site.
Ti content of amphibole is also controlled by its temperature of orystallization
as manifested in the kaersutites. The host rock for the present amphibole
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does not always reflect marked undersaturation except occasional develop--
ment of olivine in the mode but formation of nepheline in the nérm (Table I1X)
imparts a stamp of undersaturation and relates the rock to alkaline type
(Poldervaart 1962). Presence of ilmeno-magnetite which closely follows

barkevikite in paragenetic order indicates a moderately high temperature of
crystallization of the latter. . _ ‘

Facrors oF COLOURATION

Transformation of green amphiboles to brown and vice versa suggests
that such changes are possible by slight reconstitution of the minerals or
reorganization of ions in them. The brown amphibole may form at higher
temperature (Miyashiro 1957) thus favouring the entry of greater proportion
of Ti in the structure than green amphiboles. In the investigated rocks, the
amphibole occasionally attains a greenish tint when sphene appears concomi-
tantly in close spatial relation with amphibole. The removal of Ti from the
amphibole seems to have affected its colour (Deer 1938). Similarly rare
pale green tint of the brown amphibole at the immediate contact with opaque
iron-titanium oxides may indicate transformation of titania rich silicate to
titania poor type by diffusion. As all titania rich amphiboles are not brown,
the state of co-ordination of Ti in colour of such silicate should be considered
gignificant (Deer 1938 ; Verhoogen 1962).
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