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Abstract

The occurrence of ferromanganese micronodules, hitherto unreported from any fan-val-

ley system of the world, has been recorded from over 0.22 million km® area located in the
middle fan region of the Bay of Bengal. Their abundance is higher in the eastern bay than in
the western bay. Botryoidal and spheroidal are the two dominant morphological forms ob-
served in the castcrn and the western bay respectively. The bulk chemical analysis of the
micronodulcs reveals that they have 24.1 per cent Mn, depleted Fe (1.10%), Ni (0.089%),
Zn (0.1509) and Co (0.01¢ ), and a Mn/Fe ratio of 21.1. Todorokite in association with
quartz, feldspar and phillipsite is observed in the nodules. The preliminary results suggest
that Mn released from the smectite clay mincral and early diagencsis are the responsible for

their formation.
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Introduction

Ferromanganesce micronodules arc gener-
ally distributed in the upper few cm surfaces
of thc scdiment column of deep sea scdi-
ments. Based upon the mass balance equa-
tions, a negative correlation between rate of
sedimentation and formation and abun-
dance of these nodules has been established
(Bender et al., 1966, 1970; Hishida and
Uchio, 1981, Stoffer et al., 1984). Occur-
rence of micronodules (Bender et al., 1970,
Roy et al., 1990) is, so far, unknown in a site
having a high terrigenous input, particularly
in the fan-canyon system. The present work
is based upon the study of 13 box cores, and
documents the first reported occurrence of
ferromanganese micronodules from the mid-
dle fan region of the Bay of Bengal. This
study consists of determination of spatial
abundance. morphogroups, bulk mincralogy
and chemical composition of these microno-
dules.

Methodology

The box cores collected during the 31st
and 72nd cruises of the O.R.V. SAGAR

KANYA from the middle fan region having
active channel and levees (Fig. 1) are uti-
lized for the present study. The surfaces of
cores (0-10 cm; salt freed, dried at 60°C)
were subjected to grain size separation at
one phi intervals using standard methods
(Folk, 1966). The separated >45 pm frac-
tions (sand and coarse silt) were examined
under a binocular microscope and the abun-
dancc of the micronodules was obtained in
>45 and 63 pm fractions of the 10 g dried
samples. A minimum of 300 grains wcre
counted in each sample to calculate the
abundance of various morphogroups. Due
to practical constraints (small quantity of
available micronodules), chemical analysis
of the bulk micronodules have been carried
out on 100 mg of dried powdered microno-
dules after digesting them in aqua regia on a
ICP-AES PLASMA-400. The accuracy of
the results of thc chemical analysis was
checked against the standard SDO 1-3 and
was found to be better than S per cent. The
concentrations of the metals are presented
on CaCO; free basis. Bulk mineralogy on
the handpicked, powdered micronodules
was obtained, using a Phillips Diffracto-
meter Model PW 1840 (using a Ni filtered
Cu Ka radiation). For detailed morphologi-
cal studies, about 100 micronodules were
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Fig. I - Location of the sampling stations, surface abundance of micronodules in 45 and 63 w size and spatial
distribution of morphogroups in the study areca. Holocene rates of sedimentation based on carlier studies arc also

shown.

studied under a Cameax Scanning Electron
Microscope (Model 571).

Results and discussions

The occurrence of the micronodules in
the study area has been recorded over a 1100
km and 400 km along EW and NS transacts
respectively (about 0.22 million km?). There
is a marked change in their spatial abun-
dance. The eastern bay has higher abun-
dance of micronodules (>9%; Fig. 1) than
the western bay (3%; Fig. 1). The morpho-
logy of these micronodules is also variable.
A botryoidal-elongated morphology, cemen-
ted nodules, and occasionally mammillary

forms (Fig. 2a-c) are observed in the castern
bay. The morphology of the micronodulces in
the western and central regions is, however,
dominantly spheroidal (Fig. 2d); botryoidal,
elongated or cemented morphogroups are
conspicuously absent.

X-ray diffraction studies of the bulk mi-
cronodules (Fig. 3) indicate that todorokite
is the dominant manganese mineral phase in
all the 9 samples analyzed from eastern, cen-
tral and western bay. MnQ, phase was con-
spicuous by its absence (Fig. 3). Associated
mineral phases are quartz, feldspar and phil-
lipsite. Similar association of the minerals
was also observed in the micronodules of
the Central Indian Basin (CIB) and Pacific
(Stoffers et al., 1984; Roy et al., 1990; Baner-
jee and Iyer, 1991).
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fig. 2 - SEM microphotographs of the micronodules depicting different morphologics (A-C, from the castern bay:

D, from western bay; all at x 800).

The chemical composition of the bulk mi-
cronodules is presented in Tab. I The mi-
cronodules of the Bay of Bengal are enri-
ched in Mn (24.1%), and depleted in Fe
(1.10%), Ni (0.089%), Co (0.01%:) and Zn
(0.150%). The Mn/Fe ratio in the microno-
dules is 21.1. Compared to the deep sea mi-
cronodules of the other regions of the world

occan, these micronodules are poorer in
Mn, Cu and Ni, and have comparable value
of Fe with those of CIB (Tab. 1). The micro-
nodules of the Pacific Ocean, on the con-
trary, have 10 fold higher Fe and morc Ni
and Cu, resulting in a lower Mn/Fe ratio
(Tab. 1). The important parameters which
control the formation of the micronodules
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Fig. 3 - X-ray diffractogram of the bulk micronodules from the bay.

are: i) availability of Mn (believed to be con-
tributed from hydrogenous, diagenetic or
hydrothermal sources), ii) an oxidizing cn-
vironment, iii) a low sedimentation and iv)
availability of the seeding material (Bender
et al., 1966; Roy et al., 1990). The observed
presence of micronodules over a sizable
area in the Bay of Bengal confirms that the
environment for the formation of these mi-
cronodules is widespread, and suitable con-
ditions do prevail despite the high rate of
sedimentation in this region. This fact also
reflects that the rate of sedimentation is not
a limiting factor for their formation.
Contrasting morphogroups of microno-
dules have been observed in the areas char-
acterized by high and low scdimentation
rates (botryoidal, elongated and cemented
morphogroups in the castern and dominant
spheroidal morphogroups with a complete
absence of other types in the central and the
western bay). Stoffers er al. (1984) have re-
ported that the spheroidal morphogroups
are produced by the deposition of Mn(IV)
in biological tests which have been subsequ-
ently dissolved in situ. The treatment of
about 100 micronodules with 5 per cent solu-
tion of acetic acid reveals the occurrence of

solution pits on the surfaces of 80 per cent
micronodules in the central and western re-
gions of the bay only. This implies that the
spheroidal group is produced by precipita-
tion of Mn(IV) in the carbonate tests, which
are still a part of the micronodules in the
western and the central bay.

Oxic environment is dominant at the sedi-
ment water interface or a few cm below sub-
bottom, and gradually weakens with depth
“(Marchig and Gundalach, 1979). This envir-
onment in the upper few cm of the sediment
column is a prercquisite for precipitation of
Mn (IV) ( Marchig and Gundalach, 1979;
Stoffers et al., 1984; Pattan, 1993). An carly,
deep burial of the micronodules associated
with high sedimentation will subsequently
move them from oxic to suboxic and then to
the reducing environment, and will, there-
fore retard the precipitation of Mn (1V) re-
leased through diagenesis of deeper subsur-
face or available from hydrogenetic sources
(Glasby, 1978, Marchig and Gundalach,
1979; Stoffers et al., 1984; Roy et al., 1990;
Banerjee and lyer, 1991; Pattan, 1993). Thus,
following this analogy, an early, deeper bur-
ial of the micronodules in an area of high
scdimentation should affect the precipita-
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Tab. 1 - Average chemical composition of micronodules from Bay of Bengal, Central Indian Ocean Basin, Pacific
and world oceans.Values are expressed in per cent. (Adapted from: + Pattan, 1993; # Stoffer ef al., 1981; ‘ Poppe et

al., 1984).
!
Elements Bay of Central Indian Pacific World
Bengal Ocean Basin + Ocean# | Average *

Titanium 0.10 024 - 069
Manganese 24.10 36.02 19.81 16.18
Iron 1.10 1.39 10.97 6.47
Aluminium 2.04 0.96 - 1.47
Calcium 1.90 2.34 - 222
Magnesium 1.30 3.68 - 1.56
Nickel 0.08 1.44 0.42 0.48
Cobalt 0.01 0.15 0.12 0.30
Copper 0.05 1.69 0.43 0.25
Zinc 0.15 0.38 0.11 -
Mn/Fe ratio 21.90 25.99 1.80 2.50

tion of Mn (IV) or the growth of the micro-
nodules. Also, in a region of slow sedimen-
tation, accreting micronodules will spend
more time in a favorable oxicsuboxic envir-
onment and will have an enhanced growth.

There is a large contrast in the rate of se-
dimentation in the Bay (Sarin et al, 1979;
Chauhan er al., 1992; Fig. 1): the western and
central regions are characterized by a very
high sedimentation rate (20 cm/ky; Fig.1),
and the burial of the micronodules is much
faster in these regions than in the eastern
bay which has five fold reduced sedimenta-
tion (4 cm/ky). The higher abundance of the
micronodules, the presence of botryoidal
and the cementation of micronodules in the
eastern bay (rather an advanced stage of the
micronodule growth) in the eastern region,
outlinc the influence of a high sedimenta-
tion input on the growth of the microno-
dules. Therefore, it is suggested that the rate
of sedimentation, though not a limiting fac-
tor for the formation of the micronodules,
regulates the rate of accretion of Mn.

Bulk chemlcal analysis of the microno-
dules indicates that they have a high Mn and
a low Fe. Mn/Fe ratio of nodules has been
used to stress the processes that contribute
towards their formation (Roy ef al, 1990;
Banerjee and lIyer, 1991). Marchig and Gun-

dlach, (1979), Dymond et al. (1984) and Roy
et al (1990), based upon the plots of
Ni+ Cu+ Co x 10 and Mn/Fe ratio, have out-
lined the processes of their formation. The
micronodules of study area have a ratio of
21.1 and occupy the diagenetic field in the
ternary diagram of Ni+ Cu + Co x 10, Fe and
Mn (Dymond et al., 1984; Roy et al., 1990).
This implies that the diagenesis has played a
significant role for the formation of these
micronodules. The micronodules of CIB,
with similar Mn/Fe ratio and reported to be
formed by early diagenesis (Pattan, 1993),
also have.a similar ratio. The micronodules
from the Pacific (Tab. 1), which are, in addi-
tion to the diagenetic processes, also preci-
pitated through hydrogenous and hydrother-
mal sources (Stoffers et al., 1984; Burns and
Burns, 1978), have much reduced ratios.
Based upon limited preliminary results and
available data, the process of formation of
the micronodules of the bay appears to be
early diagenesis.

In the micronodules, todorokite is the
phase reported as a result of diagenetic re-
mobilisation of Mn or its subsequent repre-
cipitation at the surface of the sediment col-
umn (Burns and Burnsi 1979; Stoffers et al.,
1981, 1984; Roy e al., 1990). The results of
the present mineralogical studies suggest
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that todorokite identified by distinct reflec-
tions at 9.65 and 4.82 A and weak reflections
at 2.42 and 1.40 A (Burns and Burns, 1979) is
the major phase in the micronodules (Fig. 3).
MnO, is conspicuously absent. The observed
presence of this mineral, therefore, provides
further evidence that the micronodules of the
Bay of Bengal are formed during early dia-
genesis.

The release and remobilisation of Mn (II)
from smectite is well documented (Kolla
and Rao, 1990; Banerjee and Iyer, 1991).
Smectite is the main clay mineral in the Ho-
locene sediments of this area (Rao, 1983;
Chauhan et al., 1992). It is well established
that Mr is associated with the smectite in
the sediments of the continental margin of
India (Rao, 1972; Mascarenhas e al., 1985).
Sclater et al. (1976) and Kalesha (1980) have
also shown good correlation between the
contents of Mn and smectite, and as such, a
high concentration of Mn is observed in the
regions enriched in this clay mineral. Under
early diagenesis, the release and remobilisa-
tion of Mn (I1) from this clay mineral have
been documented (Kolla and Rao, 1990; Ba-
nerjee and lyer, 1991). Thus, the main source
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of Mn secems to be from the clay mineral
smectite through diagenesis. In conclusion,
it is inferred that the micronodules of the
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tic processes. The necessary Mn needed for
the formation of these micronodules ap-
pears to be released from the diagenesis of
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the formation of the micronodules is con-
trolled by the availability of the manganese,
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