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Abstract - Indian rivers contribute about 4% of the global annual discharge, of which the major rivers
contribute 126 x 101" m?y? to the Bay of Bengal which is approximately four times that to the Arabian
Sea (29.7 x 10" m® y''). Fluxes of chemical substances to the Indian Ocean from these rivers are
computed to a first approximation. The major ion contents are inversely proportional to the river
runoff especially for the rivers entering the Arabian Sea| The Bay of Bengal recieves nearly four times
more total dissolved solids (TDS, 207 x 10 g y°') than that received by the Arabian Sea (55 x 102 g
¥'h, which also is the case for major ions}On an average Indian rivers are enriched in major ions,
except Na, compared to the average world river. Indian rivers contribute about 7% of TDS flux to
world oceans annually[Results reveal that 52 x 10° g y" and 61 x10° g y‘1 of phosphate and nitrate,
respectively, are being added by the Indian rivers to the Indian Ocean. The estimated total, dissolved
plus particulate, “®U input to the Bay of Bengl from the Indian rivers is 8 x 10° g y'. Dissolved
organic carbon is being added at a rate of 4 x 10™ g y! whereas the rate for particulate organic carbon
is14x10%g Y“. Total fluxes of Na, K, Mg, Ca and HCOy’ to the Indian Ocean are 18, 4, 10, 35 and
145 x 102 gy, respectively. Suspended Al, Fe, Mn, Ni, Cu and Zn are added together at rates of 3.5

x 10% y  into the Bay of Bengal and 0.8 x 10’1 A into the Arabian Sea. These estimates represent
8 y gy P

the minimum fluxes since the removal processes are considered tothe maximum wherever necessary.

INTRODUCTION

Knowledge of river inputs of substances to the oceans is essential to understand the
material fluxes and balances on a global scale. Attempts have been made to estimatie
material fluxes te oceans from the major rivers of the world including the Ganges from
the Indian subcontinent (MEYBECK, 1979; MARTIN and MEYBECK, 1979; MARIN and
WHITFIELD, 1983). Systematic studies on Indian rivers had not been made before 1970's,
but considerable attention is being paid therafter. In the paper we attempt to estimate the
fluxes of elements carried to the Indian Ocean by rivers on the subcontinent and discuss
the constraints involved and make recommendations for future research.

For the global freshwater discharge rate of 37.4 x 10 m® y”! (MARTIN and WHIT-
FIELD, 1983) the Indian rivers contribute 1.675x10'> m® Y (RAO, 1975), of which the
major rivers contribution is 1.56 x 104 m® y'l. However, the Indian rivers carry a dis-
proportionately large amount of suspended load {2.873 x 10 4 y) as compared to the
mean suspended load to world oceans of the order of 8 x 10 g y'I (MILLIMAN and
MEADE, 1983). In addition to the Ganges, Brahmaputra and Indus, which are among the
major rivers of the world, about 46 rivers flow into the Indian Ocean from the subcontinent.
These include Godavari, Krishna, Mahanadi, Narmada, Cauvery and Tapti which are
significant in the present context. Fig.1 shows the major rivers of the subcontinent and
their flow paths before they drain into the Arabian Sea and the Bay of Bengal As is
obvious from Fig.1 almost the entire subcontinent serves as a basin for these rivers. The
river discharge is generally proportional to the drainage area of the respective basins (Fig.
2). Despite the large catchment area of the Indus river compared to the Ganges and
Brahmaputra rivers, the runoff of the former is less than those of the latter rivers (Fig.2).
The total discharge from the subcontinent, irlcludjng1 minor ones, as evaluated from the
data of SUBRAMANIAN (1979), is 160 x 10'° m® y . The discharges from major rivers
into the Bay of Bengal and the Arabian Sea are 126 x 10° and 297 x 101 m? y 1,
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respectively. Hence, freshwater discharge to the Bay of Bengal is nearly four times
that to the Arabian Sea. Maximum runoff occurs during monsoon season (RAQ, 1975;
UNESCO, 1971) and during this period the amount of precipitable water in the Indian
atmosphere also reaches maximum values of ca. 6 g m2 (RANGARA}AN and MANI,
1982).
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. Fig. 1. Major rivers flowing into the northem Indian Ocean-

Table 1. Total bed load and denudation rates for the Indian Rivers

Chemical Sediment Total

Load (107 kg yr™! 282 1209 1491
Denudatlon rate ' :
(107 kg km 2yr ™) 8.21 - 32.7 "40.9

— [— —

Modified from SUBRAMANIAN {1979}

Rivers carry substances in forms of dissolved and suspended loads. SUBRAMANIAN
and DALAVI (1978) found that Indian rivers in mountainous terrain carry higher amounts
of suspended load whereas those in plain areas carry disscived loads predominantly.
Variations in mineralogy of the particulate material have been noticed  depending on the
nature of the catchinent area (SUBRAMANIAN, 1980). For instance, suspended matter
of the Ganges - Brahmaputra system consists mostly of chilotite, illite and kaolinite minerals
while southern riverine solid load consists of montmorillonite as the dominant component.
Sediment load of the Indian rivers is nearly four times greater than dissolved load in
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agreement with the denudation rates (Table 1). This is due to the dominance of the
Ganges, Brahmaputra and Indus rivers discharges. Since these three rivers rise from
the Himalayas and other mountainous regions, they drain higher quantities of suspended
load (SUBRAMANIAN, 1978). The world’s highest erosion rate occur in the Himalayas,
pertaining to the Ganges-Brahmaputra drainage basins. With the observed denudation
rates, SUBRAMANIAN (1978) predicted the mean elevation of the Indian subcontinent
to be reduced to the present mean sea level in the next five million years time. Indian
subontinent occupies 7% of the global area and accounts for about 6% of the global
mass transfer across the land - ocean boundary (SUBRAMANIAN, 1979).

Total dissolved solids and major ions

Based on the works of LIVINGSTONE (1963) and MEYBECK {1979), it is estimated
that the concentration of total dissolved solids (TDS) carried by rivers of the Indian,
Atlantic, Arctic and Pacific oceanic areas are 155, 79, 124 and 105 mg dm>, respectively
(MARTIN and WHITFIELD. 1983). These clearly reflect the higher TDS in river water
of the Indian Ocean region compared to other oceanic areas, SUBRAMANIAN (1979)
found a TDS concentration of the same magnitude (159 mg dm™) for the average
Indian river water and also deduced that this water is alkaline besides having the TDS
higher by 25% of the global average river. Six major rivers drain into the Bay of Bengal
and three into the Arabian Sea, whose major ionic compositions are given in Tables
2 and 3, respectively. The concentrations reveal in general that the major ion contents
are inversely proportional to the runoff, with few exceptions, which is in concurrence
with the finding of MEYBECK (1979) for major world rivers. This is more so for the
rivers draining into the Arabian Sea than into the Bay of Bengal. A recent work by
CHAKRAPANI and SUBRAMANIAN (1990) reports slightly higher concentrations of
dissolved constituents in the Mahanadi than those considered here, but the flux dif-
ferences are not significant considering the magnitude of variabilities involved. There
does not appear to be a definite correlation between the TDS and discharge rates
although the TDS is generally high at low values of discharge rates (Fig. 3). This is
against the positive relationship observed between river discharge and TDS by
MEYBECK (1979) for the major rivers of the world. Among the major ions in Tables
2 and 3, silica is found to behave nonconservatively in the Godavari with a loss of
about 11% (BOROLE et al., 1977; SARIN et al,1985) and in the Ganges the loss is
between -3 and 33% (SEN GUPTA et al., 1989). Hence, in the flux evaluation an average
of 10% silica removal in Indian estuaries was assumed and silica fluxes are given
accordingly (Table 2 and 3).

Table 4. Dissolved major element fluxes (10" § YD to the northern Indian
and World Oceans

Element N Indian Qcean World Ocean

Na* 17.8 198.2
* 4.0 56.1
ca?t 35.2 497.4

Mg?* 9.8 115.9
c1” 12.2 224.4
504% 23.1 325.4

HCO3 145.0 1933.6
§104* 14.0 400.2
TDS 262.3 3799.8

Fluxes of major ions and TDS to the Bay of Bengal and the Arabian Sea are also
shown in Tables 2 and 3, respectively. The Bay of Bengal receives four times more
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TDS than the Arabian Sea, which is also the case with most of the major ions. Table
4 lists major ions and TDS fluxes into the Indian (from Table 2 and 3) and World
Oceans (MARTIN and WHITFIELD 1983). In this evaluation, djscharges from minor
rivers amounting to 3000 m 3/sec (RAQ, 1975) was also included. It is obvious from
Table 4 that the Indian rivers are enriched in all the major ions except Na, compared
to the global average. Lower TDS in the world rivers compared to the Indian rivers
reveals the significant contibutions from the Indian rivers to the World Oceans mass
balance (Table 4) and the quantity added is about 6.7% of the world ocean’s influx
annually. Studies by BOROLE et al.(1979), RAY et al.(1984) and SARIN et al. (1985}
in Mahanadi, Godavari and Krishna estuaries established the conservative behaviour
for major cations. Hence, it could be concluded that the major ion fluxes given in
Tables 2-4 are fluxes to the Indian Ocean, since these are least affected by estuarine
processes, except Si as mentioned earlier.

Nutrients and uranium

Concentrations of nutrients such as phosphate and nitrate are known only for a
few rivers (Table 5).The Ganges and Mahanadi river waters have higher phosphate
concentrations, whereas the Ganges, Narmada and Vellar rivers have high nitrate con-
centrations. However, compared to fluxes from major rivers, contribution of phosphate
and nitrate fluxes from minor rivers are insignificant (Table 5). Table 5 also includes
available “®U concentrations for and fluxes from some rivers. Higher concentrahons
were observed in Krishna river water ra Zé{lj\g between 1.23 and 1.93 dpm dm™ (SARIN
et al., 1985). During estuarine mixing behaves conservatively in the Mahanadi,
Godavari and Tapti estuaries (BOROLE et al., 1977; 1979; SARIN et al., 1985) but behaves
nonconservatively in Narmada (BOROLE et al., 1982a) and in Krishna (SARIN et al,,
1985) estuaries. Using the 0.19 dpm dm? at a chlorosity of 0.10 g dm™ in Narmada
estuary, the percentage removal of uranium with respect to its concentration at 0.04
g dm chlorosuy (0.72 dpm dm™, BOROLE et al,, 1982 a) is about 26. Hence, by using
this value for Narmada estuary and not considering 28y flux from Krishna river, in
view of its removal in higher quantities (SARIN et al., 1985}, the est1mated B8y input
to the Indian Ocean through the Indlan rivers is about 1200 x 10° g y The dissolved
uranium addition is 1175 x 10° g y to the Bay of Bengal whereas the amount added
to the Arabian Sea is only about 2% of the total dissolved uranium added to the
northern Indian ocean. However, for the total uranium flux ( dissolved plus suspended
) to the Indian Ocean, a conservative estimate based on the data of BIKSHAM and
SUBRAMANIAN (1988) and SARIN et al. (1990} is 8.2 x 10° g y .. Recent data of SARIN
et al. (1990) show dissolved 22"Ra flux to the Bay of Bengal to be about 90 x 10’2 dpm
y 1 which equals to about 41gy’ 1 whereas the total flux from the Ganges-Brahmaputra
system is 2.7 x 10° gY'

Organic carbon

Recently, ITTEKKOT et al. (1985) and ITTEKKOT and ARAIN (1986) reported
the concentrations of various components of organic carbon ( dissolved and particulate)
from the Ganges and the Indus rivers, respectively. The Indus river water contains
higher DOC than that of the Ganges, but the individual fluxes from both the rivers
to ocean do not vary significantly (Table 6) because of the low freshwater discharge
from the Indus (Fig. 2). SHOLKOVITZ (1976) found a removal of 3-10% DOC during
estuarine mixing in laboratory experiments. Since a part of the incoming DOC will be
used in estuarine biological production, a maximum removal of about 20% riverine
DOC is considered for the flux evaluation given in Table 6. By assuming an average
Indian river DOC concentration of 2.53 mg dm” - , representing the Gan&es water, DOC
concentration after removal, and with a total runoff of 156 x 10° 10m3 yr, the estimated
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DOC input to the Indian Ocean is 3.95 x 10'2 g yr'!

concentration are similar in both the Indus and the

(Table 6). Data show that the POC
Ganges rivers (ATTEKKOT et al,
1985; ITTEKKOT and ARAIN, 1986) except during March and May when very high
concentrations of POC (~ 5%) are observed in the Ganges (ITTEKKOT et al, 1985).
However, during the monsoon months, when the river runoff is at its maximum, low
(0.7-1.25%) POC was observed in. both the rivers, Excluding 30% of the riverine POC
for its degradation potential ITTEKKOT and ARAIN, 1986), and 90% of the remaining
POC for its possible removal in the upper reaches and estuaries, the net POC fluxes
are computed (Table 6). In this regard a total sediment load of 2873 x 1012 kg yr!
(MILLIMAN and MEADE, 1983) was.used, for POC flux from the Indian subcontinent.
The total dissolved carbon fluxes show that DOC flux is higher than POC (Table 6).
The calculated flux of 12.25 x 10" g yr”! by ITTEKKOT and ARAIN (1986) is higher
than 141 x 102 g Yrl

removal in estuaries.

Fig. 2. Relation between freshwater di

(Table 6) because the former study did not consider POC
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Table 5. Fluxes (10 gYDof dissolved inorganic nutrients, Uranium and
Radium to the northern Indian Ocean

226

River Phosphate WNitrate Uranium Ra
(10° g Y™  (10'%pmyY)

Ganges® 45981 51090 711 2750
Mahanadi® 3900 1600 17 -
Godavari® - - 65 420
. Narmada® 1832 8547 21 -
Krishna® - - 78 340
Vellar® 5.1 34 - -
Mandovi® 0,61 0.9 - -
Zuari 0.21 Q.76 - -
Cauvery? 17220 - - -
Erahmaputrah - - 384 5480
Tapti - - 4 - -
TOTAL | 51719 61272 1280 89.3

iSEN GUPTR et al. {1989) and SARIN et al. (1990); PNIO {1986) and
SEN GUPTA and UPADHYAY (1987); “BOROLE et al.

{1977) and ZINGDE et al.

(1961); SARIN et al. (1985); "RAJENDRAN (1974); 'DE SOUZA {1983):
" IRAMANATHAN et al. (1988} and "SARIN et al. {1990},
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DISCUSSION

The flux evaluations for various dissolved substances (Table 2-6) reveal that the
major ions contribute more than 95% of the total mass transfer to the Indian Ocean
from the subcontinent (Table 7). The present estimation revealed that the total inputs,
including both dissolved and suspended loads, of Na, K, Mg, Ca and Si (major elements)
to the Indian Ocean from the Indian rivers are 21.0, 9.7, 13.6, 45.0 and 22.0 x 10'2 g
y respectively. Here, suspended load concentration of those elements are taken, on
an average, as that of Ganges particulate composition (MARTIN and MEYBECK, 1983).
Contributions from nutrients and organic carbon to the total flux are minor.

Table 6. Fluxes® (102 gC Y'%) of DOC and POC

River DOC POC
Gangesb 1.24 0.28
tndus® 2.08 0.10
TOTAL {all rivers) 3,95 1.41

®after assuming removal processes for POC and DOC
BYTTERKGT et ai. (1985} and “ITTEKKOT and ARAIN (1986},

Table 7. Dissolved inputs into the Indian Ocean

Parameter Input

(1012 gy -1
Major ions 262.3
Nutrients 0.11
Doc 3.95
Uranium 0.0013
TOTAL 266.3613
400
<
300
T
- K Ga
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m N
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F 200
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|oo° 28 50 i 100

03 -
DISCHARGE (10 m yr}

Fig. 3. Relationship between discharge and particulate material of major rivers.
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Fig. 4. Maximum discharge rates (IOBmSS'I,O) and maximum discharge volumes 109m3;
» during floods from 1894 to 1958 for the Krishna River.

Inspite of the enormous amount of SPM carried by the Indian rivers, not much
is known about its composition and nature. The studies available in this regard are
those of MARTIN and MEYBECK (1979}, ITTEKKOT et al. (1985) and NIO (1986) for
Ganges particulates, BOROLE et al. (1979; 1982b) for the Narmada and the Tapti par-
ticulates, ITTEKKOT and ARAIN (1986) for the Indus particulates and SUBRAMANIAN
et al.. (1985), RAMESH and SUBRAMANIAN (1988), BIKSHAM and SUBRAMANIAN
(1988) and CHAKRAPANI and SUBRAMANIAN (1990) for the rest of the rivers flowing
into the Bay of Bengal. Table 8 depicts Al, Fe, Mn, Ni, Cu and Zn and suspended
fluxes to the Arabian Sea and the Bay of Bengal. Here again Ganges and Godavari
suspensoids transport larger quantities of metals.

The composition of the Narmada and Tapti particulates ( BOROLE et al., 1982b)
is almost similar to that of the Ganges particles ( MARTIN and MEYBECK, 1979; NIO,
1986) excepting copper which has very low concentration in Ganges particulates.
BOROLE et al. (1977; 1982b) observed no considerable change in the composition of
river particles during their passage through estuaries, where adsorption-desorption
reactions occur, and that particulate composition basically reflected the Narmada and
the Tapti basement rocks. Although no significant variations occur for Al and Fe in
suspended sediments of the rivers draining into the Bay of Bengal, there seem to be
considerable variations (nearly five fold) for the rest of the elements in Table 8, as can
be seen from CHAKRAPANI and SUBRAMANIAN (1990). Particulate metal fluxes
from these rivers are calculated by assuming that a minimum of 10% of the SPM load
reaches the sea (Table 8). Conspicuously, the rock forming elements Aluminium and
Iron contribute to the maximum flux among the metals considered in Table 8.

Constraints

It may be conceded that the above estimates suffer from large uncertainities as
there are many constraints involved in the observations and estimations of this kind.
The potential errors arise mostly from the quality of data followed by the temporal and
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Fig. 5. Maximum discharge rates (16°m’5",0) and maximum discharge volumes 10°m’;
« during floods from 1949 to 1957 for the Gnges River. '

spatial variability in the composition as well as the volume transports. Another constraint
that places extreme limitations is the periodic occurrence of floods in addition to that
by tidal amplitudes on short time scale. Although these floods occur for brief periods,
these result in enormous spontaneous tranportation of materials to oceans while aitering
not only the normal course of the river but its topography as well. Even if one could
make flux measurements during flood periods in an year, the same may not hold
good every year due to the large variability of the floods. Figs 4 and 5 depict the
annual variabilities in flood discharges for the rivers Krishna and Ganges for 64 years
and 22 years, respectively based on data from UNESCO (1976). Figs 4 and 5 show
maximum flood discharges found on 7 Augut 1896 for the Krishna (3.02 x 10'% m®
YY) and 28 August, 1964 for the Mahanadi (3.14 x 10 m® y"). These flood discharges
observed for a day or two (mostly less than a week) account for nearly half of the normal
annual run off of these rivers. Uncertainities could also arise due to temporal variabilities
in source run off, composition of source water (CIFUENTES et al, 1990) and sediment
loads. A major problem with the quantification of sediment load is the representative
suspended matter estimation (HOROWITZ etal., 1990). The surface water generally contains
small sized particles but the size and abundance increase with depth. Hence, collection
of suspended matter from one depth of the water column leads to erroneous result.
HOROWITZ et al. (1990) documented significant spatial and temporal variations in riverine
particulates abundance for selected riverine cross sections, based on data from time series
and depth integrated sampling methods. Further, these authors reported significant increase
in suspended sediments in water a day after a storm occurrence, with a substantial increase
in suspended particulate matter fraction < 63 pm and a decrease in the fraction > 63 pm.
During this time, while Fe in < 63 ym fraction remained at the same concentration, Cu,
Zn and Pb showed increases of 2, 3 and >100 times, respectively. Another significant
uncertainity arises from the variations in saline water incursion into estuaries with tidal
variation. Collection of samples in an estuary during one full tidal cycle will not lead
to accurate assessment of the elemental behaviour. Further, behaviour of elements in
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the estuarine water with salinity less than 2 x 103 s significant (MORRIS et al.,, 1978)
and has to be done before making conclusions. Using speed boat and covering this
low salinity waters in similar tidal conditions, MORRIS et al. (1978) established the
occurrence of significant variations in the concentrations of dissolved trace metals.

Suggestions for future work

Based on the constraints noted above we make the following suggestions in order
tocarry out future observations ina more comprehensivemanner and to make reasonable
estimates of material transport to the oceans from rivers. Involvement of several groups
for the simultaneous collection of samples at different places from source region to
the river mouth is required. A close monitoring on the quality of data is of prime
importance. The aspects those need to be investigated are:

a) Variabilities in river source composition and run off.

b) Compositional changes of river water during the flow.

<) Variabilities in suspended matter, through integrated sediment sampling and its
composition.

d) Variations in river topography and cross sections and their influence on material
transport

e) Estuarine mixing pattern, including the lateral circulation.

f) Elemental behaviour in low salinity regions.

g) Behaviour within the estuaries and the extent of removal or addtion of materials
h) Estimation of material fluxes from rivers to oceans through estuaries.
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