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ABSTRACT

Surface water samples from the Ganga main channel,
its tributaries and from the Brahmaputra River are collected
during Mérch, September and December 1982 representing the

lean, peak and moderate flows occurring in these rivers. These

samples have been analysed for dissolved major ions (Na+,

K*, Mg®*, ca®*, HeoZ, c17, $03” and $i03 ), D/H and 18 /160

”\? Tisbtbpic ratios, dissolved 238U and 234U/238U activity ratio.

~ for U-Th isotopes (“°°u, U,

The suspended sediments have been analysed for major and
trace elements (Na, K, Mg, Ca, Al, Fe, Mn, Cr, Ni and.Cu) and

238 234 232 230Th and 228Th).

Th
The rivers within the Ganga and Brahmaputra Basins have
been broadly classified as 'highland rivers' , viz., Bhagirathi,

Ganga (upto Hardwar), Yamuna (upto Saharanpur), Ghaghara,

1 !
" Gandak, Brahmaputra and Manas and lowland rivers , Viz.,

~ Yamuna (at Allahabad), Chambal, Betwa, Ken, Son and Gomti.

?xTh§ abundances of major ions have been used to evaluate the
Wﬁajor ion chemistry of the highland and lowland rivers in

~ terms of chemical weathering of the rocks and soils of their
”drainage basins. In these river basins, the marine contri-
'butioh of cyclic salts is insignificant relative to chemical
“Wéatherihg. In the highland rivers, 032+, Mg2+ and HCOS are

the most abundant ions, (Ca+ilg)/TZ ratio is about 0.9 and




3     HCO;/TZ* ratio variesbbetween 0.8 to 0.9. This suggest that
the chemistry of the highland rivers is dominated by weathe-

ring of carbonate rocks, an observation consistent with the

'  £égibnal‘lithologies. Further, the relatively low silica,

Nat and KT abundances in these rivers and high (Ca+Mg):

(Na+K)..equivalent ratios (range between 5.2 to 11.5) lead to

the conclusion that the silicate weathering in these drainage

basins is of minor importance.

The abundances of major ions in the Yamuna, Chambal
and Gomti Rivers (lowland rivers) is influenced by the wea-

thering of carbonates, silicates and soil salts in varying

g;rproportions. The relative proportions vary seasonally there

Wby\providing a unique opportunity to study the weathering
Mbrocesses regulating the abundances of major ions in these
river waters. During lean flow (summer months), the contri-
bution from alkaline and saline salt-affected soils is more
", pronounced. This is reflected upon the high abundances of
Nat, C1~ and SO%‘ in these river waters during lean flow.
Thus, in summer months the major ion composition of these
rivers is more of 'evaporitic' nature. During peak flow, the

'\;wﬁghemical composition of these rivers closely follow that of

e . .
,;Q;pck«domlnated'type of waters. Hence the major ion composi-
tion of these rivers show large seasonal variation. In Ken

and Son Rivers the carbonate weathering dominates the major




ion 6omposition. Of all the rivers studied, the silicate
weathering appears to be more pronounced in Betwa River.
The TDS content of the highland rivers ranges between

93 to 233 mg/l where as in the lowland rivers the TDS con-

tent varies between 130 to 460 mg/l, the higher values occur

during lean flow. The downstream and seasonal variations in
the major ion chemistry of the Ganga main channel are con-
“frolled by the chemistry of the tributaries and their mixing
volumes. Also, the chemical transport of dissolved consti-
tuents is conservative within the Ganga River basin. The
éverage annual fluxes of dissolved Salts transported by the

6 tons/yr,

Ganga and Brahmaputra Rivers are 67XlO6 and 50X10
respectively. These two rivers transport 3 %@ of the global

supply of water and salts to the oceans.

The regional and seasonal variations of gD and 5180
have been studied, for the first time, in these river waters
‘tg'delineate the relative contributions (to the river flow)
frqm5different hydrologic regimes. In all the rivers, oD
éﬁa 8180 values are higher during lean flow period compared
to that during peak flow conditions. However, this seasonal
 %§ariation is more pronounced in the lowland rivers. The
; lihear relationship (9§D = 6.1 8% - 4.5) between 8D and
::8180 values yield a slope of 6.1, significantly lower than

vthe slope of meteoric water Iine. This seem to suggest that



the isotopic enrichment in these river waters occurs as

a result of evaporation losses from rivers and dams.

234U/238

‘The regional variations in U activity ratio

Ufi*éf\the river waters within the Ganga and Brahmaputra River

basins seem to be dominated by the lithology of the
terrains which they drain. In‘lowland rivers, draining
through relatively fresh granite and gneissic rocks, the
234, /238 _ctivity ratio varies between 1.1640.03 to
 1.8440.03 which are significantly higher than those of the
highlahd rivers, 1.02+0.02, consistent with the predomi-
nantly sedimentary geology of their drainage basins. The
uranium concentration in these river waters show a linear
_relationship with - ECations. The 238(; /5Cations ratio in
these river waters is very similar to that in the river
suspended sediments suggesting congruent dissolution for
major cations and uranium. The Ganga and Brahmaputra
Rivers constitute the major source of dissolved uranium

to the oceans. These two rivers transport annually

8g of uranium to the Bay of Bengal, about 10 %@

9.4X10
of the global river input to the oceans. The residence
time of uranium in the Bay of Bengal relative to its

\\Supply via these rivers is only about 2XlO4 years.,
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CHAPTER I. INTRODUCTION

Rivers are the major pathways through which the
end products of chemical and physical weathering on land
are‘transported to the oceans. - The transport of chemical

constituents by rivers occurs via both dissolved and sus-

pended load. The composition of precipitation falling on
the drainage basin sets the initial chemical quality of
the waterlbut this is soon altered by chemical interaction
with the vegetation, rocks and soils of the drainage
basin. Although, chemical, biological and physical pro-
cesses are all involved in rock weathering, by far the
most important of these is the chemical process. The
chemical reactions between rock minerals and soil waters
produce dissolved constituents and solid residues. The
dissolved constituents enter the groundwater system and
eventually move into the rivers. Thus the study of the
chemical composition of river waters and suspended sedi-
ments is most fundamental to our understanding of the geo-
chemical cycle of elements in the continent - river -

ocean system.

The chemical composition of the world rivers has
been reviewed by Durum and Haffty (1963), Livingstone
(1963), Turekian (1969, 1971), Meybeck (1976). These

compilations provide a general idea of chemical com--



, poéition of the rivers flowing through different geo-
logical terrains and climatic régimes° It can be seen
from the data compiled by Livingstone (1963) and Meybeck
(1976) that the ionic ratios in waters of the major

24

rivers are fairly constant, Ca and HCOS are by far the

most abundant. This is the case for more than 90 percenf
of the rivers which have the 'rock dominated type' of
waters described by Gibbs (1970). For the remaining
rivers Na¥, C1~ or 503" are dominant, these waters are
either of the 'rain dominated® type or of the 'evapora-
tion~crystallisation' type (Gibbs, 1970; Feth, 1971).

The rock-dominated type of waters reflect the weathering

of minerals found in surface rocks, particularly the

calcium carbonate minerals in sedimentary rocks.

Dissolved constituents of the rivers are highly
variable. Many relationships between dissolved constitu-
ents of the rivers and environmental factors such as
climate, relief and mineralogical composition of rocks
and soils have been described by various authors.
According to Durum and Haffty (1963) and Gibbs (1967)
climate and relief are the major factors. Climate
dictates the overall chemical composition of river waters
and,relief dominates the variations in- the transport of

dissolved constituents. For example, in temperate



regions the major species present are usually calcium
and bicarbonate ions, while the rivers draining arid
regions usually contain relafively high sodium, chloride
and suifate° The importance of relief is reflected in

the transport of dissolved constituents and their varia-

tions in the downstream areas. Gibbs (1970) finds that
the chemistry of river waters is influenced by precipita-~
tion, rock interaction and evaporation. The recent study
of Stallard (1980) shows that the geology and lithologies
of the drainage basin are the prime factors cbntrolling

the chemistry of the Amazon River waters.

Because of the large temporal and geographical
variability in the chemical ¢omposition of river waters,
a number of systematic and detailed geochemical studies
have been carried out during the last decade on some of
the world's large and medium size river systems: Amazon
(Gibbs, 1967; 1970; 1972; Stallard, 1980), the Mekong
(Carbonnel and Meybeck, 1975), the Mackenzie (Hitchon
et al. 1969; Reeder et al. 1972; Hitchon and Krouse,1972),
Susquehanniﬁﬁix?r (Lewis, 1976), Chinese Rivers
(Hu Ming-huij, 1982) and African Rivers (Grove, 1972).

The sediment yield of major rivers of the world has been
docu%ented by Holeman (1968), Jansen and Painter (1974)

and Milliman and Meade (1983).  The chemical composition



of the river suspended‘sediments has been studied by
Martin et al.(1970), Trefry (1977) and Martin (1979).
However, our knowledge about the chemical composition
of river waters and suspended sediments is still poor

especially for the tropical rivers which are thought to

provide an important part of the inputs to the world
oceans. For example, the Ganga-Brahmaputra River System
is one of the most poorly studied river systemsof the

world.

Holeman (1968) and Meybeck (1976) have clearly
emphasized the global importance of the Ganga-Brahma-~
putra River system from the geochemical point of view.
Ganga and Brahmaputra are two of the largest rivers
draining the Indian subcontinent. These two rivers tran-

15 liters of water (Milliman

sport annually about 10
and Meade, 1983). Due to high gradients and tremendous

velocities both these rivers are highly erosive while

draining through the Himalayas. Thus huge amount of
sediments, nearly two billion tons per year, are being
dumped into the Bay of Bengal, ranking this system second
in the world (Holeman 1968). The surface waters of the
Ganga and Brahmaputra River basins offer ample opportu-

nities for studying the physical and chemical weathering




rates, representative'of the tropical and semi-arid

regions. The general characteristic features of

their drainage basins are:

(1)

these are made of a number of large

(ii)

(iii)

tributaries which drain the areas that
are characterised by distinct geology,
soils, relief and to some degree climate

and vegetation,

they are the major inland basins and

hence the contributions from ocean derived
cyclic salts by precipitation, are expe-
cted to be small, and

the upper reaches of these rivers are
virtually unpolluted there by providing

an opportunity to study the chemical

weathering processes in natural environment.

Inspite of their geochemical significance, the data

that have been collected specifically for geochemical

purposes from these river basins are extremely scarce.

In his compilation, Livingstone (1963) quoted the

analysis of a single sample of Ganga water collected

in 1940 near Calcutta. Holeman (1968) estimated the



sediment yields of‘the'Ganga and Brahmaputra Rivers
based on a century old sedimeﬁt discharge data.
Raymahashay (1970) computed the transport rates of
sﬁspended sediments and dissolved solids carried by

these two rivers using the discharge and sediment load

data of the Government of India (1955). His computed
data reveals that the ratio of physical to chemical '
erosion is 7:1 in the Ganga and 951 in the Brahmaputra
River basin. A new estimate of the sediment yield of
the Ganga and Brahmaputra Rivers made by Milliman and
Meade (1983) has been derived from a sediment rating
curve. Their estimate (l67Ox106tons/yr) is considerably
higher than the suspended load estimate (1180x10%tons/yr)

quoted by Subramanian (1978).

Very little is known about the hydrogeochemistry
of the Ganga and Brahmaputra River drainage basins.
What little that is known about chemistry of the Indian
River waters is from the compilation of the Central
Water and Power Commission of India (CWPC, 1973). Frbm
time to time they had undertaken the chemical investi-
gations of river waters in India primarily to evaluate
the applicability of these waters for domestic, indu-

strial and agricultural purposes. Although the data




haVe been used for the assessment of water quality of
the Indian Rivers, many of the chemical constituents
have been analysed using mostly outdated techniques.
Hence the data is of inferior quality for any quan-

titative geochemical interpretation. Moreover, the

sample collection and their storage methods employed
in the past do not meet the requirement for a rigorous
geochemical investigation. The geochemical study of
Ganga River reported by Handa (1972) suffers from
insufficient spatial and seasonal coverage in sampling
of many of the large tributaries which show large
seasonal variations in flow and chemical composition.
Furthermore, his study does not attempt to evaluate
the relationship between river water chemistry and
chemical weathering. For his geochemical study on
Indian Rivers, Subramanian (1979) collected samples
from five locations along the Ganga main stream, two
samples from its tributaries and one sample from the
Brahmaputra River. However, no samples were collected
from the two largest tributaries namely Yamuna and
Ghaghara which contribute nearly 50% of the annual
flow in the Ganga River. Also, a close inspection of

his data reveals that the charge balance between



cations and anions is poor, the total cations to
anions ratio varies from 0.7 to 1.7. Hence this
meagre data is also of inferior quality for geo-

chemical interpretation.

Thus I have observed that the geochemical

VVStudies carried out so far, on the Ganga and Brahma-
putra River systems, are inadequate and the mechanisms
that control the chemical composition of these river
waters remain poorly understood. These considerations
have led me to undertake a detailed geochemical
investigation of these river systems with a view to
understand some of the processes controlling the
composition and flux of the dissolved and suspended
material in the Ganga and Brahmaputra River drainage
basins. The specific objectives of my inves@igation

are:

(i) to evaluate the major ion chemistry of
these rivers in terms of chemical weathe-
ring of the rocks and soils of their
drainage basins, and

(ii) to determine the flux of dissolved
chemical constituents transported by.

these rivers to their estuaries.




23

In addition; the 8U concentrations and

234U/238U activity ratios were measured in water and

suspended sediments in order to evaluate the geo-

238 234

chemical controls regarding supply of U and U

nuclides during chemical weathering. For the first

time, the stable isotopes of Hydrogen (D,H) and
Oxygen (180, l60) were measured in these river waters
to delineate the contributions to ﬁhe river flow

from different hydrological regimes.

With these aims, samples were collected from
several locations along the main streams of the Ganga
and Brahmaputra Rivers and also from all the major
tributaries of the Ganga River which drain a wide
rahge of geological and climatic areas. The samples
were collected during the typical pattern of annual
flow, viz., lean, peak and moderate flows, in order to
bring out the seasonal variations in the major ion
chemistry of these rivers. All samples were filtered
in the field to minimize the physicochemical changes
on their storage. Prior to this, no detailed study
of this kind for this large river system was undertaken.

This study will be presented in five parts:
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Chapter II describes the geological and hydrological

regimes of the Ganga and Brahmaputra River basins.

Chapter III describes the sampling strategies and

the analytical procedures adopted for the chemical and

radiochemical analysis of water anc suspended sediments.

Chapter IV is a presentation of the data on the major

ion composition of the Ganga and Brahmaputra Rivers and

of their major tributaries. The compositional variability
of major ions in these river waters has been evaluated

in terms of chemical weathering of the rdcks and soils

of their drainage basins. The seasonal and annual fluxes

of dissolved major ions have been computed for the Ganga

and Brahmaputra Rivers.

180/16

Chapter V discusses the D/H and O isotopic varia-

tions in these river waters. The geochemical controls

(238 234

regarding supply of uranium isotopes Uy U) during

chemical weathering have also been evaluated.

Chapter VI summerizes the results of this study and

evolution of the major ion geochemistry of the rivers

within the Ganga and Brahmaputra Basins.
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CHAPTER II. GEOHYDROLOGY OF THE GANGA AND

BRAHMAPUTRA RIVER SYSTEMS

Miller (1961) has shown that under the same

climatic conditions rocks of similar composition

will weather to produce effluent waters of similar
composiiion, Thus, under the uniform climatic
conditions the variations in river water composition
should reflect the influences of different réck
types. In order to evaluate the river water chemi-
stry in terms of chemical weathering of the rocks
and soils of the drainage'basin (the focus of this
study) it is necessary to.identiff the regions of
representative geology. Furthermore, the hydrologic
response of the drainage basin is closely related to
its geology. This chapter describes the geological,
lithological and hydrological characteristics of the

Ganga and Brahmaputra River drainage basins.

IT.1. Ganga River system

The Ganga River system represents a large

river catchment (Figure II-1), occupies about lOokm2

area of the Indian subcontinent (Rao, 1975). To
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the north are the'Himalayas and to the south are
the large IndouGangefic alluvial plains and the
Vindhyan-Bundelkhand plateau. The climate of the
Ganga River basin is considered to be humid tro-

pical type. Most of the precipitation occur during

south-west monsoon (July~September).

The Ganga at its origin is known as Bhagirathi
which has its source in the Gangotri Glacier at an
elevation of 7000 m, in the Kumaun Himalayas.
Alaknanda is the major tributary of Bhagirathi,
after their confluence at Devprayag, the river acqui=-
res the name 'Ganga'. The river descends into the
plains after cutting across the Siwalik range at
Hardwar and flows in the south-east direction.

Along the course it receives a large number of tri-
butaries, Figure II-1. The major tributaries of the
Ganga are Gomti, Ghaghara and Gandak joining from
the north and Yamuna and Son from the south, The
Yamuna in turn receives Chmabal, Betwa and Ken, the
major tributaries joining from its right bank
(Figure II-1). The Yamuna, Ghaghara and Gandak also
originate in the Himélayas, after draining through

the southern slopes of the Himalayas these rivers



13

descends into the Indb*Gangetic alluvial plains
(Figure II-1). The major source of water to these
rivers is the precipitation during south.west
monsoon. During lean flow in summer months, the

flow in these rivers is mainly sustained by snow/

glacier melt waters. The Chambal, Betwa, Ken and
Son originate in the Vindhyan~Bundelkhand plateau
(Figure II-1). Though perennial, the peak flow in
these rivers occurs during south-west monsoon
(July-September). During lean flow these rivers
receive considerable supply of water by effluent
seepage of groundwaters. The hydrological chara-

cteristics of the Ganga and its tributaries are

given in Table II-1l. The total length of the Ganga

from its source to its outfall into the Bay of
Bengal is 2525 km. The average annual flow in the
Ganga at Patna is 364x10%17 L/yr (Rao, 1975). The
largest contribution, nearly one-fourth, is from
the Ghaghara. The next large contribution is by

the Yamuna, then followed by the Gandak. Nearly

60 © of the water flowing in the Ganga comes from
/o

the drainage areas north of the river (Rao,1975).
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Figure II - 1.

Map of the Ganga and Brahmaputra River systems.
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Fiqure II - 2.

Geologic and lithologic map of the Ganga

and Brahmaputra River drainage basins

(Reproduced from Singh, 1971).
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‘:7MFigure IIQQ.” Symbol Key i .

~N N

~ ~ ~| Pleistocene, Younger and Older alluvium.

-~~~

Siwalik, Coarsely-bedded sandstones,

sanqﬁocks, clays, conglomerates.
‘ Gondwana and T
Upper Paleozoic

';fi:::;/ Lower Paleozoic i
’(/" Paleozoic to Mesozoic sedimentary

rocks: mostly sandstones, shales,
carbonates.

Mesozoic

Mesozoic and

0O © o © v
o o o of Paleozoic
® o o o] windows -

Vindhyan and T

Cuddapah

system

Precambrian metamorphic rocks: ,

P, mostly high grade gneisses, schists,
o s e e Dhaiwar quartzites and metamorphosed
soesef System limestones.

{?&25{?{ Unclassified
//”//C{} crystallines

NS

NP o

,a\j(zg, Granites, . Intrusive, ingneous rocks of
NONIAN all ages.

J Malani 7 S ' ‘
\\ volcanics Extrusive igneous rocks ranging
: from Acid to Basic types with

intertrapped sedimentary rocks
like sandstones and shales.

+ ++ + | Rajmahal and
+ ++ + | Deccan flows B
+ + + +
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The drainagé basin of Ganga (Figure II-1)
lies within three major physiographic zones, the
Kumaun Himalayas, the Indo-Gangetic alluvial plains
and the Vindhyan-Bundelkhand plateau. These three

zones are characterised by distinct geology

(Figure II1-2) soils, relief and to some degree
climate and vegetation. The Kumaun Himalayas are

subdivided into three broad stratigraphical zones

(Gansser, 1964; Valdiya, 1980; Wadia, 1981):

(i) The Outer or Sub-Himalayan zone,
composed of sediments mostly of
Tertiary age. The foot-hill belt
of this region is built entirely
of Siwalik sediments. The Siwaliks
constitute a great thickness of
detrital rocks such as coarsely-
bedded sandstones, sand-rocks, clays
and conglomerates. Siwaliks are sub-
divided in three stratigraphic units:
Lower, Middle and Upper Siwaliks. The
composition and characteristics of the

Siwalik strata bear evidence of their
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very rapid deposition by the

rejuvenated Himalayan rivers.

The Central or Lower Himalayan zone,
the main structural features of this

zone—aret+—(a)—the-outer Krol-belt of

upper Carboniferous age, consisting
mainly of dolomitic-~limestones, cal-
careous shales and sand-stones.

Gypsum occurs in large masses replacing
Carboniferous limestones, (b) the inner
sedimentary belt (Deoban-Tejam zone)
which stretches across the Bhagirathi
and the Alaknanda River basins. The
major feature of 1ts stratigraphy is
the occurrence of lower Paleozoic carbo-
nate series of enormously thick lime-
stones and dolomites overlain by a
sequence of shales and quartzites; The
inner sedimentary zone 1is separated
from the outer Krol belt by the Almora-
Dudatoli thrust sheet which is a huge

crystalline mass of metamorphic rocks.
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(iii) The Higher Himalayan zone, the main
rocks of this zone are quartzites,
migmatites, gneisses, garnet-schists

and dioritic amphibolites.

The Indo-Gangetic alluvial plains are formed by
pre~Tertiary river-borne debris from the Indian Penin-
sula and post-Tertiary Himalayan debris brought by

the present day major rivers, viz, Ganga, Yamima9
Ghaghara and Gandak. The area of these alluvial

2

plains is about 7x10°km® (Wadia, 1981). The recent

calculations from geodetic surveys estimate a thick-
ness of more than 5000 m for these alluvial deposits
resting on the pre-Tertiary bed rocks. The rocks are
everywhere of fluviatile and sub-aerial formation -
massive beds of clay, either sandy or calcareous,
corresponding to the silts, mud and sand of the
Himalayan rivers. A characteristic of the clayey

part of the alluvial plains, particularly in the

post~Tertiary deposits, is the abundant dissemination

of impure calcareous matter in the form”of irregular
“'Kankar'. The formation of Kankar concretions

concretions/is due to the segregation of the calca-

reous material of the alluvial deposits into lumps
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or nodules. The alluvium of some places contains
as much as 30 percent calcareous matter (Wadia,

1981).

A large part of the alluvial scils in the

driér regions of the Indo-Gangetic alluviai plainswww

is impregnated with alkalime and saline salts
(Figure II-3). The characteristics and genesis of
these alkaline and saline soils occupying tﬁe
micro-~depressions in the alluvial plains have been
described by several workers (Abro} and Bhumbla,
1971, 1978; Raychauhdhuri and Govindarajan, 1971;
Bhargava et al, 1980, 1981). Numerous torrents
and seasonal streams originating in the Siwaliks
debouch into the plains briq@ng in large quantities
of runoff. Despite the perennial rivers, viz, the
Ganga and the Yamuna, the Indo-Gangetic alluvial
plain broadly constitutes an endoric inland area
lacking a well-developed natural surface-drainage
network (Wadia, 1981). In such circumstances the
surface runoff laden with the weathering products
(chiefly bicarbonates and carbonates of alkali and

alkaline earths) brought by the Siwalik streams
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Figure II - 3.

Salt affected soils in the Ganga River
drainage basin, adopted from the map publi-

shed by CSSRI, Karnal, 1975.



Figure II - 3
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cause intermittent flooding of the micro-depressions.
In many parts of the hot alluvial plains, which have
got no underground drainage of water, the bulk of the

accumulated runoff is lost only through evaporation.

Thus,the-accumulation—of—the weathering products in

the low-lying areas during the rainy season, evapo-
ration in the post-monsoon months and the repetition
of these flooding and evaporation cycles, appear to
be the main factors that have resulted in the forma~
tion of these alkaline and saline salt-affected soils.
Calcium and magnesium are the fifst to get precipi-
tated as carbonates as the process of evaporation
occurs and the soil solution gets increasingly con-
centrated with sodium. The lime concretions of

finer sizes distributed in the upper 1 m depth result
from this kind of pedogenic release of calcium

and magnesium (Bhargava et al, 1981). Alkaline soils
are concentrated in the zone of mean annual Tain-
fall ranging from 50 to 100 cm (Bhargava et al,
1980). These soils are characterised by the domi-
nance of sodium bicarbonate and carbonate among the

soluble salts. 1In contrast, the saline soils tend
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tb occur in regions with an annual rainfall of less
than 50 cm, sodium chloride and sulfate are the
main salt types. Groundwaters in these areas serve
as the main source of soil salinization (Bhargava

et al, 1980).

The headwaters of the Chambal, Betwa and Ken
Rivers originate in the Vindhyan-Bundelkhand plateau.
Geologically the region forms a part of the Archaean
shield of the Deccan Peninsula. ' The main geological

systems representative of this region are (Wadia,1981):

(i) The Archaean System, represented by
'massif Bundelkhand' which is largely
composed of crystalline igneous and meta-
morphic rocks. Based on their texture
and composition, several types of granites

can be recognised in Bundelkhand.

(ii)  Transitional System having been formed in

‘ the post~Aravalli or pre-Vindhyan period.
The system represents sedimentary strata
of sandstones and limestones in which lava

intrusions had later penetrated. It also
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repreéent-a contorated arrangement of
very hard and soft rocks that are
chiefly composed of massive quartzite

sandstones and granitic sandstones.

(iii) The Vindhyan System forms a series of

escarpments of massive sandstones and
limestones which were originally depo-

sited in a shallow but extensive basin.

(iv)  Recent Deposits, which are represented
by large scale alluvial deposits. The
alluvial sediments are of fluviatile and
subaerial formations of sand, silt and

clay.

The lower Vindhyans of the Son River Valley are
largely composed of limestones, shales and sandstones
with interbedded porcellanites (silicified_ash).

The shales are sparsely developed and are of local
occurrence only. They are often carbonaceous,

siliceous or calcareous.

II. 2. Brahmapnutra River

Brahmaputra rises in Chamyungdung Glacier in the

Tibetan Himalayas, at an elevation of 5200 m. After
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flowing parallel to the main Himalayan Range it
enters the Assam Valley. A number of small tri-
butaries join the main river in Assam from the

north and south. The hydrological characteristics

of--the-Brahmaputra—River—are—given—in Table TI-1.
Ganga and Brahmaputra merge with each other in
Bangaladesh and subsequently break into a number
of estuaries before their outfall into the Bay of

Bengal (Figure II-1).

The geological information on the Tibetan Hima-
layas is very restricted, vague and limited to its
outermost part. The lithology, of the southern
slopes of the Tibetan Himalays along the course of
Brahmaputra River, is dominated by reduced shales,
gneisses and volcanic rocks. Reduced shales, gnei-
sses and granites are notably potassic (Gansser,
1964). The river drainage basin in the Assam Valley
consists of recent and Pleistocene alluvium. In
the middle part of the Valley, the river encounters
the granite and gneiss projections of the Mikir

Hills.
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CHAPTER III. SAMPLE COLLECTION AND

ANALYTICAL PROCEDURES

P

The geologic and hydrologic regimes of the Ganga
and Brahmaputra%RivermbasiﬂsMhavembeehwdescribed in
chapter II.These two river sysiems are too large to
sample all the tributaries in detail. Therefore,; a
sampling scheme had to be designed which would be
logistically feasible and would provide the relevant
samples to achieve the specific objectives of this
study. Because of their quantitative significance to
the Ganga main stream, all the major tributaries drai-
ning large areas of distinctly different geology were
sampled individually; One of the aim of this study is
to determine the temporal variations in the ﬁajor ion
composition of these river waters. In order tb achieve
this.aim samples were collected during lean, peak and
moderate fldws occurring in these rivers. Another
important aspect of this study is that filtration of
samples for dissolved constituents was carried out in
the field within 5-6 hours of sample collection. The

analytical procedures adopted for the chemical and



radiochemical analysis of water and suspended sedi-~
ments were selected from the literature and suitably
modified for the wide range of concentraticns encoun-

tered. This chapter describes the sampling strategies

and the analytical procedures adoptedwfor thisrstudy°

III.1. Sampling

Three sampling trips were undertaken, during
March, September and December 1982, to collect water
ahd suspended sediment samples from the Ganga main
channel and its major tributaries, viz, Yamuna,
Chambal, Betwa, Ken, Gomti, Son, Ghaghara and Gandzak.
These sampling periods were chosen to represent the
typical pattern of annual flow occurring in these
rivers,viz, lean, peak and moderate flows. Samples
from the Brahmaputra and the Manas Rivers were colle-
cted during April and December 1982, representing
their moderate and lean flows. Sample sites are
shown in Figure III-1 and the relevant details of
samples collection are given in Tables III - 1, 2
and 3. Sample sites along the Ganga main stream are

spaced between Devprayag and Patna, a river length
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of about 1600 km.  In order to obtain their represen-
tative samples, all the major tributaries were sampled
within about 50 km upstream of their confluence with

the Ganga main stream. Sample sites for the Brahmaputra

River are spaced between Dibrugarh and Goalpara ( a
river length of about 700 km) and the Manas River was
sampled about 500 m upstream of the confluence with

the Brahmaputra River. Depending upon the location,
access to the rivers were made either from highway
bridges or by going into the rivers on small boats. The
philosophy of sample collection was to obtain unconta-

minated samples for:

(i) Suspended matter concentration,
(i1) D/H and %0/%%0 isotopic ratios,

(iii) Dissolved major constituents: Na, K, Mg,
Ca, HCO C1l, 804 and SiO2,

3')
213¢ 4 e)
(iv) Dissolved U and 23'U/Z‘JSU activity

ratio, and

(v) Suspended sediments for major and trace
elemental analysis and for U~Th decay

series nuclides.
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All are surféce (0O-2m) samples, collected from

mid-channel of the rivers thereby avoiding local in-

homogenities near the banks. All samples were colle-
cted and stored in polyethylene containers. Prior

to their use in the field all containers were soaked

in 1IN nitric acid for 48 hours and rinsed several
times with double distilled water. Samples from a
highway bridge were collected in a plastic bucket with
a nylon rope handle. The plastic bucket was rinsed

repeatedly with ambient river water prior to collection

of sample. The sub-samples for suspended matter concen-
tration and for stable isotopes were immediately drawn
from the bucket into 125 ml (or 250 ml) and 50 ml
polyethylene bottles; respectively. The remaining
sample was temporarily stored in precleaned jerrican
(2.5 liters capacity) and was later split into different
aliquots for the measurement of dissolved major con-
stituents. Large volume samples for dissolved uranium
isotopes were stored in 20 liters polyethylene
carbouys. The general scheme for the subsampling is
shown in Figure III~2. lhen sampling from a boat,
jerricans and polyethylene carbouys were directly

immersed and rinsed several times with ambient river
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water before collebting a sample. Samples for suspe-
nded matter concentration and stable isotopes were
directly collected in their respective polyethylene

bottles,

The measurements of pH, dissolved oxygen, con-

ductance and bicarbonate were made in the field as
described later in this chapter. An important aspect
of the sub-sampling (Figure III-2) is that filtration
of samples for dissolved major constituents was carried
out in the field and in most cases it was completed
within 5-6 hours of sample collection. An exploded
view of the filtration system employed in the field of
for filtration of small volume samples is shown in
Figure III-3. About 500 ml of filtered unacidified
samples wére stored in polyethylene bottles until ana-
lysed in the laboratory for dissolved major ions. Large
volume samples for uranium isotopes were filtered
through Gelman cartridge filters (2.0 um pore size)

(238 234

U and U) were extracted

by coprecipitating with }?e(OI—I),~3 in presence of 232y

and uranium isotopes

tracer and precipitates were brought to the laboratory

for radiochemical purification. In all about 240 sample

sets from 40 locations were collected for this study.
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Fiqure III - 1.

Sample location map. Numbers correspond
to the sample sites occupied during March
September and December 1982, Relevant

details are given in Tables III-1, 2 and 3.
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Figure III - 2.

Schematic details of sample <collection,

subsampling and field measurements.
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Figure III - 3,

An exploded view of the filtration system
employed in the field for small volume

filtration.
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III.2. Analytical Procedures

The analytical procedures adopted for the chemical
and radiochemical analysis of water and suspended sedi-

ments are described here. The measurements of pH and

dissolved oxygen were made in the field either in-situ
or in a closed system on unfiltered samples. Condu-
ctance and bicarbonate measurements were also made in
the field on unfiltered samples (Figure III-2) within

5 to 6 hours of sample collection.

I111.2.(a) pH

During the March 1982 sampling, pH measurements
were done in a closed system on the field. About BO
to 70 ml of unfiltered water was drawn from a 2.5 liters
sample (Figure III-2) into a glass cylinder'fitted with
a rubber cork through which a set of electrode.(glasé
and calomal electrodes) were immersed in water, pH was
read after two minutes of equilibration timea Prior
to every measurement, the pH meter was calibrated
with standard buffer solutions of 7.0 and 9.2 pH.
During September 1982 and subsequent sampling trips,

pH measurements were made in-situ by using a water
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quality meter (Ogawa Seiki Co. Ltd., Japan, model -

OSK 3335) coupled with a throw away sensor. The unit
was calibrated with 6.86 pH buffer solution supplied

by the manufacturer, accuracy of the measurement is

"l; Oul o

I1I.2.(b) Dissolved Oxygen

Measurements for dissolved oxygen (DO) could be made
only during the September 1982 sampling trip. These
measurements were made in..situ by using a water quality
meter (Ogawa Seiki Co. Ltd., Japan, model-0SK 3335).
Manufacturer's specification were followed for the cali-

bration and accuracy of the measurement was + 5 O/o a

III.2.(c) Conductance

All conductance measurements were made in the
field with a portable conductometer. Prior to every
measurement, the conductometer was calibrated with
standard lO“SN potassium chloride solution. About 25 ml
of untreated sample (Figure III—Q) was used for the

conductance measurement. The specific conductance
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(umhos/cm) of sample was obtained by multiplying
observed conductivity and cell constant. Precision
of measurement was better than + 3 ?/o for the

conductance range observed for all samples.

I1I.2.(d) Bicarbonate

Bicarbonate concentrations were measured in the

field by acid titration. About 25 ml of unfiltered

sample (Figure III-2) was titrated with standard solu-

2

tion of 10 “N hydrochloric acid using methyl-orange

indicator. Titration was done in duplicate or tripli-

cate to get concordant burette readings. Carbonate
concentration in all the samples was found to be.
extremely low and could not be measured unambiguously

by HCl-=tritration method using phenolphthalein indicator.

I11.2.(e) Dissolved Major Constituents

In the laboratory, analytical procedures for the
measurement of dissolved major constituents (Na+9 K+,
Mg®*, ca®t, HCO; , C17, SO~ and Si0,) were selected
from the literature and suitably modified (wherever

required) for the wide range of concentrations encoun-
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tered. All glass-wares were leached with 2N nitric
acid and rinsed with double distilled water prior to

their use.

III.2.e.(i) Sodium, Potassium, Magnesium _and

Lalcium

Dissolved Na*, KT, M92+

and Ca2+ were determined
(on filtered unacidified split, figure III-2) by flame
atomic absorption spectrophotometry (AAS) using a
Perkin-Elmer 305A model, following the procedures out-
lined in the Perkin-Elmer Handbook (1976). Wherever
required samples were suitably diluted to bring the
concentration to the linear portion of the absorbance
curve. Chemical suppression on calcium and magnesium
absorption in an air-acetylene flame was controlled by
addition of lanthanum. Samples and working standards
were prepared in 2000 ppm lanthanum. Based on repli-

cate analysis the analytical precision for the measure-
/ .

. . o)
ment of these four cations is + 5 ,/o .

2+

For Na¥, K, Mg°" and Ca®" the filtered unacidi~

fied samples were stable for several months. However,

2+

the stability of Ca merits a brief discussion.
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2+ was measured in unacidified sample splits,

Since Ca
and since in some of the samples HCOg content was
high, there was a concern about the possibility of
loss of dissolved Ca2+ via CaCO3 precipitation

during storage of samples. In order to check on

this, a time series analysis of Ca2+ in the unacidi-
fied and acidified samples were made. The results

of these measurements (Table III-4) show that out of
six samples four of them does not show any change in
Ca2"L concentration in the unacidified samples when
analysed after their storage for several months, and

2+ concentration in the unacidified

in these samples Ca
and acidified splits was same within errors. However,
in samples No.l2 and 39 there was a significant

2+ concentration in the unacidified

decrease in Ca
samples when analysed about four months after their
collection. Also these two samples have the highest
HCOE concentration. Hence, this decrease in cast
concentration during storage is not unexpected.
However, the Ca2+ concentrations reported in this study
are not expected to be affected by such losses since
all the measurements were made within a period of one
month after their collection. This is also demonstra-

ted by the measurements made on acidified sample splits.

III.2.e.(ii) Chloride and Sulfate

The low concentrations of chloride and sulfate
encountered in these river waters preclude the appli-

cability of most of the classical titration methods



49

6 pue gT°oN seTdwes
0M} 03 3d80X® ‘syjuow TezeAss I0J saTdues PSTITpTOoBUN PBIBLTTI JO
abexols uo +mmo JO A3TTTIqQR1S 99U} 93BI}SUOWAP OSTE SjusweINsSeawW asayl +

T-IITI 2InbTJ ‘I9ATY PUB °ON UOTIB1G S$S93BOTPUT 8po0) aTdwes

L96 LEE - ~ . . BUNWE X GE
TEG 166 - - ze o8Q erjndewyerg: gg
cev cep LY - i ebuen ge
c8L - g8. 628 ~ cg 1des Tequeys gz
£GL L6Z - ZOL . BUNWE A T
TLE TLE - 86¢ T8 yoIew ebuen g

€8 Ttady €8 TTxdy 28 100 g8 Ttady

ITIAS pITITPIdY 1T1ds psTyTpTORUN £9DO
. (T3 Touty T Tou0s e " STSATEGY UOT299TT0D s Tdueg

+

AT < gt P T S A

e At T L e 1t i e - e T e S et i 0 e S N Rl 2SN~

SJUSWSINSESW WNTIOTED JO AyTTLqTonpoadsy “$~IIT oTqel




50

because of their poor sensitivity; During initial
stages of this study, preliminary chloride concen-
trations in March 1982 samples were obtained by

éilver nitrate titration method using sodium chro-

mate indicator. At a later stage, chloride measu-

rements were made on filtered unacidified samples
(Figure III-2) by colorimetric mercuric thiocynate
method (Florence and Farrar, 1971). Although the
silver nitrate titration mefhod could be satisfactorily
used for the chloride concentration exceeding

150 pmole/l, the reliability of the method was doubted
when the chloride content of the sample was found to
be less than 150 pmole/l. Hence the mercuric thiocya~
nate method was suitably modified and adopted for all
samples. The method is based on the displaéement of
thiocyanate ion (SCN”) from mercuric thiocyanate by
chloride ion (C17) and the subsequent reaction of the
liberated thiocyanate ion with ferric ion (Fe ') to
form the coloured complex, ferric thiocyanate. This

complex is proportional to the chloride concentra-~

tion and is measured on a spectrophotometer at 480 nm.
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Depending on the chloride concentration7 sample
volume ranging from 2-20 ml was taken in a 50 ml volu~
metric flask. To it 25 ml of saturated mercuric thio-
cyanate and 2 ml of 5 %5 ferric ammonium sulfate solu-

tions._are added..and -volume was—_made to 50 ml with ..

distilled water. After 30 minutes, intensity of ferric
thiocyanate complex was measured at 480 nm on a Beckman
spectrophotometer, model 26. A number of blanké were
run on distilled water using same quantity of reagents.
Working standards for chloride were prepared by
suitably diluting the stock solution of sodium chloride.
Absorbance curve was found to be linear for the
chloride concentration upto 80 umoles/l. The precision

of duplicate analysis was better than +5 %/o .

Sulfate was determined on filtered unacidified
samples (Figure III-2) by suitably modifying the titri-
metric - barium chloride method (Analytical methods
manual, Environment Canada, 1979). In this method,
sulfate ion is titrated in an alcoholic solution under
controlled acid conditions (pH = 3.8-4.0) with a
standard barium chloride solution, using Thorin as the

indicator, Thorin reacts with many cations, including
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", therefore it is necessary to remove all the

major cations prior to titration. The modified

titration procedure adopted for this study is as

follows:

1)

2)

3)

The water sample, 10~15 ml at a time, was
passed through a cation exchange column
(Dowex-50%X8 100-200 mesh, HT form) and
effluent was discarded, this was repeated
three times. A 10 ml aliguot of next
effluent was pipetted into a small white

porcelain dish.

To this aliquot 40 ml alcohol and 2 drops
of Thorin indicator are added and pH
adjusted to 3.8 ~ 4.0 by carefully adding
NH 4 OH (1:90 solution) until the solution
just turns pink. Then HCl (1:90 solution)
is added until the pink color disappears,

1l or 2 drops are usually sufficient.

This mixture was then titrated with barium
chloride solution until the pink color re-

appears (barium chloride solution was pre-
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pared by dissdlving BaCl,.2H,0 in

| distilled Water and adjusted to pH 3.8 -
4.,0). VWorking standard for sulfate were
prepared by suitable dilution of stock

standard solution of sodium sulfate. A

number of blanks were run by titrating
10 ml aliquot of distilled water after

passing through an ion-~exchange column.

For chloride and sulfate, the filtered unacidified
samples were stable for several months as demonstrated
by the repeat measurements carried out on few samples
after their storage for several months. The reproduci-
bility of chloride and sulfate measurements is better

than + 5 ﬁ/o »  Tables III - 5 and 6 respectively.

III.2.e.(iii) Silica

Dissolved silica was measured (on filtered un-
acidified split, Figure III-2) according to the moly-
bolenum?;iihod of Strickland and Parsons (1968). A
Beckman spectrophoﬁomete‘ry model 26, was used for

absorbance measurements. Overall precision of the

analysis is better than + 5 o/o .
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Table.

25

Reproducibiiity‘of sulfate measurements by

titrimetric barium chloride method

~ 35.Ganga

Sample Collection Analysis*, SOif conc. (pmole/1

Code Fuiy ED Nov 85 May 83
3.Ganga March 82 162 - 163
4.Ganga v 190 - 190
8.Ghaghara e 114 - 127
18.Gandak Hy 264 - 045
( 21.Brahmaputra April 82 99 - 109
26.Ganga Sept 82 - 121 127
32.Gandak y - 103 127
. - 143 154

o
of SO4

samples for several months.

* These measurements also demonstrate the stability

on storage of filtered unacidified
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Hatios

IT1.2.(f) D/H and "°0/'% 1sotopic

18O/lGO isotopic

The measurements of D/H and
. 5 . 818 . e
ratios (expressed as 9D anc 0~ "0, respectively)

were made on unfiltered sample splits, see Figure

ITI-2. The 3D measurements were made following

the procedures of Friedman and Hardcastle (1970).
Briefly, about 10pl of water was sealed in a glass
capillery and broken in vacuum. The water was quan-
titatively collected in a U-tube, then passed
through uranium filings kept at BOOOC, where it gets
reduced to hydrogen. The hydrogen was then guanti-
tatively absorbed on a uranium finger kept at 80°C.
Subsequently, the uranium finger was heated to 700°C
and the liberated hydrogen was measured on a mano-
meter, the yield of hydrogen was 99 + 1 O/O. The
hydrogen was collected in a sample bottle and trans-
ferred to a V& Micromass 602D mass spectrometer where
D/H ratio was measured against standard. The value
1s expressed as

D/H) sample
D/H) standard

dD = [ E - 1] X 10° per mil.




All values are reported with respect to the SMOW
standard. The repfoducibility for the entire proce-

dure was found to be + 2'0/00.

_ 18
Water samples for 5 O measurements were

procéésed using the H20~-CO2 equilibration method
proposed by Epstein and Mayeda (1953). Briefly,

2 ml of water was taken in a bottle (approx. 8 ml
capacity) and made free from dissolved gases by
repeated freezing and thawing and gllowed to equili-
brate with CO, at 25 & 0.1°C  for over 60 hours.

After equilibration, a small aliquot of the CO2 was
extracted, dried and measured in the mass spectro-
meter (VG Micromass 602D). All values are reported
with respect to the SMOW standard, and reproducibility

o)
of the measurements was found to be + 0.2 /oo .

2?4U/2?8

I11.2.(g) Dissolved Uranium and “ U Activity

The dissolved uranium concentration and the
234U/238U activity ratios were measured in large
volume samples (Figure III-2). 1In the field, about

20 liters sample was allowed to stand for 12-15 hours
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for»settliﬁg out théwsﬂspénded sédiments. The super-
nate was siphoned off and filtered through Gelman
cartridge filter cabsule (3.0 pm pore size). The
filtered water was then acidified to 2 pH with 8 HNO ,

2
and spiked with 272U tracer (8.7240.18 dpm/ml) and

5-ml—of—~iron—carrier (equivalent to about 60 mg ke203)
was added. About one hour was allowed for equilibra-
tion during which sample was stirred vigorously to expel
CO,. Iron was then precipitated as Fe(OH)3 at 6-7 pH
with ammonia. The precipitate was allowed to settle for
about three hours and the supernate was discarded by de~
cantation. The precipitate was separated from the

slurry by filtration through Whatman 54 filter and
washed twice with 1:10 ammonia solution. The filters
along with precipitate were returned to the labora-
tory. In the lab., Fe(OH)3 precipitate was dissolved

in 8M HNO3 solution, U and Fe were separated on an
anion exchange column (DowexleS, 100-200 mesh) .
Uranium was radiochemically purified according to the
procedure of Krishnaswami and Sarin (1976). The
chemical yields ranged from 40 %p to 70 %o . The

o [phe
238 23443/238y activity ratios

U concentration and the
in samples were assayed by alpha-counting on an Ortec

surface barrier detector coupled to a ND 100 pulse
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héight analyser,v The samples were generally counted

for a period of 1-3 days so as to accumulate about
o )

8000 to 10,000 counts under 2°°U and 2°%U peaks. The

counting system had an overall efficiency of

" O q
27.2 + 0.7 /o', The background in the 232y region

varied from 6 to 9 counts per hour over the counting
period of one year. A duplicate analysis done on

sample No.38 (Figure III-1, Table III-1) indicate re-

producibility to be better than i,l(%gfor sampling

and entire chemical procedure.

I1I.2.(h) Chemical analysis of suspended sediments

Suspendec sediments for chemical analysis were
recovered from 2.5 liter sample split (Figure III-2).
A 2.5 liter sample was quantitatively filtered through
preweighed millipore filters (0.45 pm, 47 mn).
Depending on the suspended matter concentration in

a river, 2 to & filters were required to filter

the 2.5 liter sample. Filters were preserved in clean
nlastic boxes for return to the laboratory. The
filters were dried in an oven at 116°C for 5-6 hours
and reweighed to assess the suspended matter concen-
tration. All filters were then combined and treated

with acetone to dissolve the millipore filters. The
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suspended sediments thus recovered were preserved for

chemical analysis.

Major and trace elements (Na, K, Mg, Ca, Al,
Fe, Mn, Cr, Ni and Cu) in suspended sediments (re-

covered as above) were analysed by atomic absorption

spectrophotometry (AAS) using a Perkin-Elmer 305A
model. A known weight of oven dried sample (ranging
from 50 to 400 mg) was digested in HF, HClQ4 and.HNO3
in a teflon beaker. The residue was finally dissolved
in 10 ml of 4N hydrochloric acid and volume was made
to 50 ml with distilled water. Elemental analysis by
AAS was carried out according to the procedures of
Sarin et al (1979). Along with the samples, USGS

reference standard W-1 and reagent blanks were also

analysed.

I1I.2.(i) Radiochemical analysis of suspended

Gram guantities of suspended sediments were
recovered in the field from large volume samples
(Figure III-2). 1In the laboratory, samples were dried
overnight at llOOC? powdered and preserved for the

[pRele]
£20
6]

analysis of U and Th decay series nuclides ( )
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28

230Th and2

Th).

A known weight of sample was brought into

solution by HF, HC1O,6,HNO, and HCl treatments.

4 299390,
23LTh and T77U tracers

47

Prior to the acid digestion,

———Wwere—added—to-monitor the chemical yvields of Th and

U fractions, respectively. From the solution Th

and U were separated on an anion exchange column
(Dowex~1X8 100-200 mesh, Cl1” form) and purified
following the procedures of Krishnaswami and Sarin
(1976). Chemical yields for both Th and U fractions
ranged from SOCVO to 85 %% . The concentrations of
Th and U isotopes were determined by alpha-counting
on a solid state dector coupled to a ND 100 pulse
height analyser. The stability of the systém wés
periodically checked by counting standard sources of
U and Th. The overall counting efficiency of the

system was 27.2 + 0.7 %/o .
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CHAPTER IV. MAJOR ION GEQOCHEMISTRY OF THE

GANGA AND BRAHMAPUTRA RIVERS

A river derives 1its chemical load (the dissolved

constituents) mainly via chemical weathering of the
rocks and soils of the drainage basin and through atmos-
pherically cycled salts., The main objective of this
study is to understand the major ion chemistry of the
rivers, within the Ganga and Brahmaputra Basins, in terms
of the chemical weathering of their terrains. However,
the atmospheric contribution of chemical constituents
has also been evaluated in order to establish a‘meaningm
ful relationships between river water chemistry and

chemical weathering.

Relief provides the logical basis for the separa-
tion of the discussion on the chemical weathering proce-
sses within the Ganga and Brahmaputra River basins.
Thus, the rivers within the Ganga and Brahmaputra
Basins have been broadly classified as 'Highland' and
'Lowland' Rivers. The classification, as shown below,
is to be used in conjunction with Figure III-1 and

Tables III - 1, 2 and 3.



Highland Rivers : Bhagirathi, Ganga (upto Hardwar),

Yamuna (upto Saharanpur), Ghaghara,
Gandak, Brahmaputra (upto Goalpara)

and Manas.

_Lowland Rivers : Yamuna (at Agra), Yamuna (at

Allahabad), Chambal, Betwa, Ken,

Son and Gomti.

IV.1. Experimental Results

The water temperature, pH, dissolved oxygen (DO)
and conductance measurements were made either in-situ or
in the field in order to characterise the river condi-
tions at the time of sampling. The data for thg Ganga
main stream, its tributaries and for the Brahmaputra
River are given in Tables IV - 1, 2 and 3 respectively.
The water temperature varied from 13-30°C during the
three sampling trips. Lower values are typical of the
samples from the upper reaches of the Ganga and the
Yamuna Rivers, consistent with that expected from their

proximity to the glacier sources and local climate.

The pH values of the Ganga River waters anc its
tributaries range between 7.6 to 8.4 (Tables IV - 1, 2

and 3), similar to those reported by Central Water and
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" TableIV-l. Ganga main stream: Temperature, pH, DO

and Conductance '

Temperature oH

Sé?gé?* S DO Conductance
C mg/ 1 pMhos/cm
Lean Flow, March 198

2,Devprayag 13 7.8 - 107

3.Rishikesh 20 8.0 - 142

4 ,Garhmukteshwar 21 8.1 - 231

7 .Kanpur 24 8.3 - ’326

11l.Upstream 27 8.1 - 360
Allahabad

13.Varanasi 26 - - 540

16.Upstream 30 8.2 - 524
Patna

17.Downstream - 28 8.3 - 441

Patna

26.Hardwar
35.Garhmukteshwar
27 .Kanpur
29.Allahabad
31.Varanasi

33.Patna

40.Varanasi

38.Patna

Peak Flow, Septembe: 1982

16.5 7.6
23 7.6
22 8.2
24 Te7
21 7.9
24 8.1

Moderate Flow,

21 7.6

6'0

110
147
196
188 ¢
211
196

* Sample Code indicates Station No. and Locations
See Figure III-1 and Table III-1
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"Tributaries of Ganga: Temperature,

“pH, DO and Conductance

[

éample* Temperature DO Conductance
Code o ' pH mg/ 1 uMhos/cm
Lean Flow, March 1982
1.Yamuna 16 - - 222
5.Yamuna 20 8.1 - 315
10.Yamuna 25 8.1 - 494
12.Yamuna 26 8.1 - 626
6.Chambal 23 8.1 - 473
9.Betwa 25 8.2 - 515
19.Ken - - - 333
15.Son 29 8.3 - 255
14.Gomti 27 8.1 ~ 440
8.Ghaghara 26 8.4 - 254
18.Gandak 26 8.3 - 275
Peak Flow, September 1982
24 .Yamuna 22.95 7ol 6.8 489
30.Yamuna- 24 7.9 5.6 220
25.Chambal 20.5 8.1 6.2 350
34.Son 24 8.3 7.0 151
28.Ghaghara 22 7.9 6.4 161
32.Gandak 23 8.2 6.8 196

39.Yamuna

Moderate Flow, December 1982

7.8

622

*Sample Code indicates Station No. and Tributary,
see FigureIIFl and Table III-2
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Table IV—3.Brahmaputré River: Témperature, pH
and Conductance

Sample¥* Temperature 4 Conductance
Code O P uMhos/cm

Moderate Flow, April 1982

20.Dibrugarh 20 - 137
21.Gauhati 22 7.4 118
22 .Goalpara 23 7.6 llS
23.Goalpara+ 23 - 142

Lean Flow, December 1982

37.Gauhati - 7.2 170
36.Goalpara - 7.5 185

% Sample Code indicates Station No. and Location,
see Figure ITI-1 Table III-3

+ Manas River at Goalpara



PoWér Commission of India (CWPCQ 1973). No seasonal
trends are observed regarding pH variations in these
river waters. HoWever, thé relatively high pH values
are typical of the rivers draining the alkaline and.

saline salt-affected soils of the Indo-Gangetic alluvial

plains (Bhargava et al, 1981)+ —Im case of “the Brahma-
putra River the pH values are slightly more acidic,
varying from 7.2 to 7.6. Both in the Ganga and the
Brahmaputra River basins, the pH values are higher than

the global average river water pH of 6.1 (Livingstone,

1963).

The specific conductance of these river waters has

a wide range, 107-622 pmhos/cm, the low values occurring
during peak discharge conditions‘(Figure IV-1 and Tables
IV-1, 2 and 3). In the Ganga and Yamuna main channels,
during lean flow conditions, conductivity increases down-
stream due to the contribution from soil salts, which

are mainly sodium bicarbonate, chloride and sulfate.

+ 2+

N —
The dissolved major ions, viz, Na®, K¥, Mg“", ca“", C1

2.
4

on filtered unacidified samples whereas HCO3 was measured

SO and Si0. (silica), were measured in the laboratory
2 Y

in the field on untreated samples. The total dissolved

solids (TDS) were estimated by summing up the measured
=

concentrations of cations, anions and silica. During




68

Eigure IV - 1.

The geographical and temporal variations in condu-
ctivity and total dissolved solids (TDS) in the
Ganga main channel and its tributaries. Arrows
along the X - axis indicate the confluence point

of the tributaries (represented by the numbers in

parentheses) with the main channel.

Figure IV - 2.

The linear relationship between TDS and specific
conductance in samples from the Ganga main channel,
highland rivers, lowland rivers and Brahmaputra
River. Regression statistics for the linear rela-

tion are given in Table IV-=4,

Symbol key used for Figures 1 and 2:

i

e Lean flow; March 1982
O Peak flow, September 1982

A Moderate flow, December 1982
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lean flow, the high conéentratipn of TDS (Figure IV-1),
is reflected in high conductivity of these river waters.
Furthermore, the TDS conten£ of the rivers within the
Ganga and Brahmaputra Basins show a linear relationship

with specific conductance (Figure IV-2). The statistical

parameters of the regression line, for the

relations

TDS (mg/l) = m X Conductance (pumhos/cm) + C,

are given in Table IV=4. The non-zero intercept could be
due to the presence of non-ionic dissolved species such

as silica which is perhaps not sensed by the conductance
measurements. Since the TDS content is estimated by
summing up cations, anions and silica, the non-zero inter--

cept is not unexpected. It is observed that the indivi-

dual cation or anion do not correlate well with specific

conductance in the samples from the Ganga and Yamuna main

streams, which implies that the rivers are fed by waters

with different ionic ratios over the annual discharge
cycle. The input from soil salts being more significant

during lean flow as discussed later in this chapter.

The analytical precision of data collected in this
study has been discussed in Chapter III. An independent

estimate of the precision can also be deduced from the
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charge balance between cations and anions. The scatter
diagram of 177 (total cations) and TZ™ (total anions)
is shown in Figure IV-=3, As evident, the charge balance

is quite good and can be expressed by the relation :

T2 (REG/L) = 0.96 TZ ™ (UEG/L) % 24,7

and the correlation coefficient for this linear relation
is 0.998 for 40 data points. The greatest deviation
from charge neutrality is less than 5 percent and is
more pronounced at higher concentrations of cations and
anions. The cause for the data to fall below the 1l:1
(i.e. TZ" > TZ") is not clear. A likely possibility is
a small systematic error in the measurements of HCOS
which were made in the field by acid titration method
whereas all the other major ions were analysed in. labo-
ratory, and hence better precision. Loss of catiocns on
storage, could be ruled out as has been demonstrated in
Chapter III (see Table III-4) by the replicate measure-
ments of calcium made on samples after their storage for
several months. In the above discussion it is implicit
that the concentrations of the ions other than those
measured, for the cation and anion charge balance, are
insignificant. This assumption appears to be valid in

light of the water quality data reported by Central Water
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Figure IV — 3.

Charge balance between total cations (pEq/l) and total

anions (pEqg/l).

Symbol key:

Ganga main channel:

e Lean flow
O Peak flow

+ Moderate flow

Ganga Tributaries:

4 Lean flow
A Peak flow
X Moderate flow

Brahmaputra River:

& Moderate flow

0O Lean flow
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and Power Commission of India (CPWC, 1973) which show
that the concentrations of the ions such as NOS and

3~ . .
PO in these river waters is very low.

IV.2. Atmospheric contribution to river water chemistry

Several studies (Eriksson 1955, 1960; Cleaves et
al 1970; Garrels and Mackenzie 1971; Holland 1978;
Meybeck 1979) have shown that the atmospheric supply of
chemical constituents to the river waters can be sub-
stantial and correction for this input is requiied to

establish a meaningful relationship between river weter

chemistry and chemical weathering in the drainage basin.
The flux of atmospherically derived materials consists
of three principal components: marine, terrestrial and
anthropogenic inputs. The marine component consists of
Na, K, Mg, Ca, Cl and 804 in approximately sea-salt pro-
portions. The terrestrial and anthropogenic components
make a significant contribution of K, Ca and 804 which
can be related to vegetation, soil dust and human acti-
vities (industrial effects). The most common approach
to the problem of determining these atmospheric inputs
to the river water is based on the 'best' estimate of
the chemical composition of rain water. Marine component

is fairly well characterised whereas it is difficult to
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derive reasonable estimates of terrestrial and anthro=-

pogenic components, which are_considered to be of local
origin. The atmospheric contribution from these sources
is highly variable and great uncertainties exist in the

analytical procedures that are employed. Conway (1942)

estimated that atmosphérically derived chloride consti-
tutes 44 percent of the annual river flux of chloride.
Livingstone (1963a) estimated that 46 percent of.the
annual river flux of sodium is atmospherically cycled.
Several estimates of the net contribution of atmospheri-
cally derived materials to the Amazon River basin have
been published. Gibbs (1970) suggests that 81 9, of the
Na, K, Mg, and Ca in the dilute lowland rivers of the
Amazon basin are cyclic. Stallard (1981) based on the
analysis of preciﬁitation and surface waters in the
Amazon Basin, has demonstrated that the cyclic salts
make only a minor contribution, relative to terrestrial
inputs, to the chemistry of the Amazon Basin rivers. He
estimatedééziiég peak discharge, 17.6 oA;Cl, 6.9 %6 Na,
0.4 % K, 1.3 % Mg,0.1 %Ca and 2.6 Yo S of the disso-
lved load at Obidos is cyclic.

In this study the chemical analysis of rain water

has not been done. However, some studies on the chemistry

of monsoon Tain water over India have been reported by
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Handa (1968), Sequeira and Kelkar (1978) and Subrama-
nian and Saxena (1980). Their data has been used to
assess the atmospheric contribution of major ions,
relative to chemical weathering, in the Ganga River
drainage basin. The data of Subramanian and Saxena

(1980) on the chemistry of monsoon rain water at Delhi

suffer from a major drawback. Although, they measured
all the major cations and anions in the rain samples
- and anions

.the charge balance between cations/is very poor, in
some samples it is offset by a factor of about ten,
anions being more than cations. Hence this data looses
its validity for any geochemical implications. Sequeira
and Kelkar (1978) have analysed rain water samples from
ten coastal and inland stations over India during the
entire monsoon period of 1975, Their data for the coastal
stations and for Delhi (an inland station) is given in
Table IV - 5., Data on the chemical analysis of rain water

samples from Hardwar and Dehra Dun (the inland stations)

has been taken from Handa (1968), Table IV - 5,

The atmospheric contribution reflecting mainly the
marine component, in the Ganga River drainage basin, has
been estimated from the data of Sequeira and Kelkar
(1978). Their data show that the chloride concentration

decreases for the inland stations with increasing
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discaﬁce from the coaét,r'This is a reflection of the
loss of chloride from marine air masses moving inland,
a méchanism proposed by Eriksson (1960). I have used
chloride as the reference to estimate the marine cyclic

component of river waters in Ganga Basin. The estimate

of the cyclic component is based on the assumptioh thét
all the chloride in highland rivers, during their peak
flow, is of marine origin derivéd via local precipitationa
The observation that the abundance of chloride in high=-
land rivers (average, 25 pmole/l) is very similar to that
in the rain waters of inland stations, (18-41 pmole/l,
Table IV - 5), lends credence to this assumptionn The
absence of chloride bearing rocks and halite deposits in

the drainage basins of the highland rivers, further

supports this assumption.

In order to calculate the cyclic component, a refe-
rence line is drawn at Patna parallel to the east-coast
of India and perpendicular to the average wind direction.
This reference line is used to determine the distances
of the highland and lowland river basins from the moisture
front assumed at Patna. A plot is then constructed

(Figure IV - 4) between the chloride concentration

(assumed to be all cyclic) in the highland rivers and



73

Figure IV - 4

Concentration of chloride in the highland
rivers plotted as a function of distance
from the moisture front assumed at Patna.
Numbers along the data points indicate the
sample code for the highland rivers. to be

used in conunction with Figure III - 1.
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their distances from fhe moisture ffont° It can be seen
from this reference plot (Figure IV - 4) that the chlo-
ride concentration in the hichland rivers decreases with
increésing distance from the moisture front (at Patna).

Based on their distances from the moisture front, the

marine component of chloride in the iowland rivers has
been estimated from this linear plot. Thus, using
‘cyclic chloride as a reference, the marine contribution
of Na, K, Mg, Ca and SO4 has been calculated wusing their

observed abundance ratios in the samples collected from

the coastal stations, Table IV - 5,

Data on the calculated marine cyclic salts contri-
bution, during peak discharge conditions, to the highland
and lowland rivers in the Ganga River drainage basin, are
presented in Table IV - 6. In the highland rivers about
30 ?6 of the sodium is cyclic. The marine contribution
of K, Mg, Ca and 504 is insignificant relative to chemical
weathering in their drainage basins. Among lowland rivers,
only Son River has a 45 Y, and 11 04) contributions of
marine cyclic chloride and sodium respectively, he abune-
dance of other major ions in the lowland rivers is domi-
nated by inputs from chemical weathering. These observa-

tions lead to the conclusion that the marine cyclic salts
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Figure IV - 5.

Scatter diagram of sodium (pEq/1l) and chloride
(pEq/1). Note that all the samples fall above

the 1:1 trend, and the Na:Cl equivalent ratﬁcwwwww

in all samples is about 3.

Symbol key:

Ganga main channel:

® Lean flow
O Peak flow

+ Moderate flow

Ganga Tributéries:

A Lean flow
FAN Peak flow

* Moderate flow

Brahmaputra'River:

@ Moderate flow
O Lean flow
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contribution is insignificant, relative to chemical
weathering, in the Ganga River drainage basin. This
inference is also borne out from the plot of Na versus
ClL, Figure 1v-—5, The Na:Cl equivalent ratio in all

samples is about 3, much higher than that observed for

the rain water samples from inland stations (Table IV=5).

6]

IV.3. Chemical weathering processe

nduseuthpaineeipey

]

The chemical controls on the abundances of dissolved
major cations (Na, K, Mg and Ca) and anions (HCOa, 50, and
Cl) in river waters can.be modelled in terms of weathering
of various mineral nhases of the rocks of the drainage
basin. Some of the weathering reactions for carbonate mine-
rals such as calcite (CaCO3), dolomite [CaMg(CO3)2] and
gypsum or anhydrite (CaSOﬂ,LHQOy Caso, ) aqsoc1ateo with the
sedimentary rocks are as follows (Garrels and Chr1st 19653
Garrels and Mackenzie, 19713 Holland, 1978):

+ 2HCO§

1. CaCO, + H,CO4 —= Ca”’

2

2. Caig(CO,), + 2H,C045 = Ca®T + Hig™™ + 4HCO

3. CaCO, + H,SO = ca®t + 5027 + H,CO

3 3 + HpS04 = S0, + HC0;
o P —

4. Calig(C0,),+2H,80, = Ca™ ' + Mg?t + 25027 + 2H,CO,
- -

5 o CaSO4 ‘ = Ca_ ‘ + ISO4“~
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All these minerals weathef céngiuently,7 Thus, the
equivalent ratio of Ca':HCO3 in the effluent waters re-
sulting from calcite weathering is 1:2 whereas that from
dolomite weathering is 1:4. A source of protons is

necessary for the rapid weathering of thesc carbonate

minerals. The most common sources of protons are car-
bonic acid (H2C03y reactions 1 and 2) and sulfuric acid
(HQSO4, reactions 3 and 4). The sulfuric acid is mainly
derived from the oxidation of sulfate minerals (pyrites)
and from anthropogenic sources (Holland,1978, Jickells et
al, 1982). Pyrite that is oxidised in a carbonate environ-

24

ment yields H?SO4 which is neutralised largely by Ca and

D4 . . . . .

Mg carbonates, whereas pyrite that is oxidised in a

schist or gneissic environment yields HQSO4 which is used

£ . : 9 s . . 24 . 2+

for the weathering of silicates, yielding Ca™', Mg~ , Na
.

and K" in solution. The relative proportions of the

various ions in solution depend on their relative abun-

dances in the host rocks.

The solution products of silicate weathering are not
as well defined because the degradation of silicates
generates a variety of solid phases (mostly clays) along
with the dissolved species. Thus the weathering of sili-

case rocks with carbonic acid is written as:
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=

(Na, K, Mg, Ca) Silicate = H,S8i0, + HCOJ + Nat + k*

[\

+ CO, + Hy0 + Mgt 4+ ca®t + solid

products

e fhus.,.the. abundances of cations and anions released to
solution are determinec by the bulk composition of the
parent rock and the availability of protons for rock wea-

. = . . . 2+
thering. For example, the relative proportions of Ca
and HCOE released during the weathering of calcium sili-
cate (Ca ~ feldspar) can be same as that resulting from
calcite dissolution (Garrels and Mackenzie 1971). There-
fore, it is difficult to speculate on the origin of Ca
in the water based on the water chemistry alone. Addi-
tional information on the geology of the terrains is
required to distinguish the relative inputs oflca and Mg
from weathering of cabonates and silicates. Furthermore,
in addition to the inputs of calcium, magnesium and bi-
carbonate, therc are other reaction products such as SiOQ,
Na and K which are released to solution during silicate
weathering.

Iv.4. Major ion chemistry of the rivers within the

Ganga and Brahmaput

Despite the complexity of the weathering environ-

ment, by studying the abundance ratios of various cations,
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aniohs and silica in fiver waters and with a knowledge
of the regional lithologies it is possible to evaluate
the major ion chemistry of the rivers in terms of chemi-
cal weathering of their terrains. Thus, based on the

weathering reactions and the observed geographical varia-

bility of the dissolved major constituents,the major ion
chemistry of the 'Highland' and ‘Lowland' Rivers (within
the Ganga and Brahmaputra River basins) has been evalua-
ted in terms of chemical weathering in their drainage
basins. The Ganga main strcam (downstream of Hardwar)
receives large number of tributaries from north and south.
Hence thie variations in major ion composition along the
course of the Ganga main stream have been discussed

separately.

IV.4.(a) Highland Rivers

The major ion chemistry of the Bhagirathi, Ganga
(upto Hardwar), Yamuna (upto Saharanpur), Ghaghara, Gandak,
Brahmaputra (upto Goalpara) and Manas Rivers has been
described here. All these rivers risc either in the Higher
or Lower Himalayas and then drain through the southern
slopes of the Himalayas. The regional lithologies of

their drainage basins have been discussed in detail in

Chapter II.



The salient features of the major ion chemistry of
these highland rivers are: (i) Calcium and magnesium are

. . 0
the major cations, together they account for 84 to 92 7,

of the cations (Figure IV-6, Table IV-7), Mg:Ca equiva-

~lent ratios vary from Q0.4 to 0.6 . During lean flow
conditions the contributions frbm sodium and potassium

to the cation balance are relatively higher than that
during peak flow conditions. This trend is ‘ evi-
dent from the plot of (Ca:Mg) versus total cation (TZT)
(Figure IV - 7) which shows that at high TZ' concentra-
tions (typical of lean flow) the (Ca+Mg) fall below
the 1:1 trend reflecting increased contributions of sodium
and potassium. The K:Na ratios vary from 0.2 to 0.6, the
low values occurring during lean flow. (ii) Among‘anionsy
bicarbonate is the most dominant and accounts for 73 %6 to
81 %@ of the anions, sulfate accounts for most of the
remainder. In the Ghaghara and Gandak Rivers bicarbonate
accounts for as much as 90 96 of the anions. The SQﬁCl
equivalent ratios range between 2.5 to 10.7, the higher
values are typical of peak flow. (iii) The silica con-
centrations of these rivers range between 114 to 204
umole/l and the molar ratio of silica to bicarbonate con-

: . )
centrations is about 10 “/, .
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The scatter diagram of (Ca+lig) versus bicarbonate
(Figure IV - 8) shows that almost all of the (Ca+Mg) in
the highland rivers can be balanced by bicarbona e, This

observation, coupled with the characteristic features of

these waters presented above and the weathering reactions

discussed earlier, leads to the conclusion that chemistry
of the highland rivers is dominated by weathering of
carbonates. The regional lithologies dominated by lime-
stones and dolomites support the above contention. A
closer look at the scatter diagram (Figure IV - @) shows
that most of the samples collected during the lean flow
fall above the cquiline of (Ca+Mg):HCO3. This requires
that, a small fraction, about 10 % of the (Cathg) in
these waters has to be balanced by another anion, likely
to be sulfate, which is next in abundance. The sulfate
in waters mainly originates through dissolution of gypsum
and anhydrite or through weathering of carbonates by sul-
furic acid produced via pyrite reduction (Holland, 1978).
In the Kumaon Himalayasvgypsum has been reported as a
common accessory mineral (Valdia, 1980) and the published
stratigraphy (Gannser, 1964) shows pyrite sediments in

the Brahmaputra River drainage basin.
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| »The‘relative imbortance of silicate weathering to
the méjor ion compositioh of these rivers can be deciphered
from the abundances of sodium, potassium and silica in
these waters. As mentioned earlier, (Na+K) account for

e}

less than 15 “/, of the total cations. The (Na+K):Cl

ratio is about 4:1 suggesting that about 75 %, of the
(Na+K) in these waters has a source other than marine cyclic
salts and halite deposits. The (Na* + K):Tz*t equivalent
ratios (Na% signifies sodium corrected for chloride) range
between 0.06 to 0.12 suggesting that the contribution of
sodium and potassium in these river waters from silicate
weathering can account for less than about 12 %@ of the
total cations (in equivalent units). In using the

(Na* + K) as an index of silicate weathering it is assumed
that sodium and potassium are supplied to the water mainly
by silicate weathering and they behave conservatively

during their aqueous transport.

IV.4.(b) Seasonal Variations in Highland Rivers

Samples from the Ganga (uﬁto Hardwar), Ghaghara and
Gandak Rivers were collected during lean and peak flow
conditions whereas that from Brahmaputra River were colle-
cted during lean and moderate flows. These samples have
been used to evaluate the seasonal variations in the

major ion composition of these rivers. The data are
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presented in Table IV~7_énd in Figures IV-9 through

IV"'l3 o

The salient features.of the»seasonal variations

in these rivers are:

(1)

The (Ca+Mg):(Na+K) equivalent ratios are higher in

peak Tlow relative to that in lean flow, Figure IV-9,
During peak flow the ratios for the Ganga, Ghaghara
and Gandak are 10.4, 9.8 and 11.5 respectively where-
as during lean flow the ratios for all thése rivers
are nearly the same and decrease to about 6.5. This
decrease in the ratios during lean flow is mainly
caused by a disproportionate increase in sodium con-
tent compared to that of calcium. However, during
both the sampling seasons (Ca+Mg) constitutes more

than 85 Y of the total cations.

The Mg:Ca ratios decrease to 0.4 in peak flow

compared to 0.6 in lean flow, Figure IV-10.

The Na:Cl ratios do not show any systematic seasonal

trends, Figure IV-11l.

The SO4 s Cl equivalent ratios also tend to increase
during peak flow, Figure IV-12. The ratios range
between 5.9 to 10.7 during peak flow and between 3.5

to 7.7 during lean flow. However, in both the
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: 0
seasons bicarbonate accounts for more than 75 74

of the anions.

(5) The TDS contents of these rivers during peak flow,

range between 94 to 170 mg/l and during lean flow

the range is between 114 to 233 mg/l, Figure IV-13.
The higher values occurring during lean flow reflect
the importance of relatively higher chemical weathe-

ring in the drainage basins.

(6) The major ion ratios in Brahmaputra River (at
Goalpara) do not show any significant seasonal varia-
tions. Hpwever, the TDS content decreases to 92 mg/1

in moderate flow compared to 147 mg/l in lean flow,

IV.4.(c) Lowland Rivers

In this section, the major element chemistry of the
Yamuna (between Saharanpur and Allahabad), Chambal, Betwa,
Ken, Son and Gomti Rivers will be discussed. The dominant
lithologies of their drainage basins have been decribed in
Chapter II. The salient features of the major ion composi-~

tion (Table IV-8) of these lowland rivers are:

(i) Sodium, calcium and magnesium are the major cations

and are equally significant in the cation balance, as
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Figure IV - 6.

Triangular diagrams representing the abundances

of-major—cations—(Na, K, Mg and Ca, in units of

pEq/1) in the highland and lowland rivers and in

the Ganga main channel.

Figure IV - 7.

Scatter diagrams of (Na+K), (Ca+Mg) and Total

Cations for the highland and lowland rivers.

Figure IV - 8.

Scatter diagrams of (Ca+Mg) and HCO4 for the

highland and lowland rivers.

Symbol key used for Figures IV-1, 2 and 3:

@ Lean flow
0 Peak flow

A Moderate flow
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Figure IV - 8
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Seasonal variations in major ion ratios in highland
and lowland rivers are shown in Figures IV-9 through

Iv-13.

Figure IV--O ¢ Variations in (Ca+hMg): (Na+K)

equivalent ratios.

Figure IV-10 Variations in Mg:Ca equivalent

oa

ratios.

Figure IV-11 : Variations in Na:Cl equivalent
ratios,

Figure IV-12 ¢ Variations in SO4:Cl equivalent
ratios

Figure IV-13. : Seasonal variations in Total

Dissolved Solids.

Symbol key used for Figurcs IV-9 through IV-13.

® Lcan flow
C Peak flow

A Moderate flow
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Figure IV - 10
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ovident from the trilincar diagram (Figure IV-6).
This inferrence can also be deduced from the plots
of (Na+K) and (Ca+lig) versus T7z% (Figure IV-7),
which show that all the lowland rivers plot below

. + o ¥
the equilines of both (Na+K):TZ' and (Ca+idg):TZ"

ratios. The Mg:Ca ratios increase during lean flow

whereas K/Na ratios decreasc.

(ii) Analogous to that in the highland rivers, bicarbo-
nate is the major anion in lowland river waters anad
it accounts for ovexr 70 %Q) in the anion balance.
However, unlike highland rivers, sulfate and chlo-
ride arc more enhanced in some of the lowland rivers,

, . . o .
together they constitute about 30 /o of thc anions.

Th

[®)

50, :C1 equivalent ratios vary from 0.8 to 2.0.

(1iii) The plot of (Ca+ilg) versus bicarbonate (Figure IV-8)
shows that most of the samples, during .lean flow,
fall far below the 1:1 trend. This requires that a
significant fraction of bicarbonate has to be
balanced by (Na+K).

(iv) Compared to highland rivers, the lowland rivers are

characterised by relatively high TDS contents. The

high TDS values result from increascd contribution

of so0il salts during lean flow conditions,(Table V-3).
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These general observations reveal that the major

ion composition of the lowland rivers 1s dictated by the

weathering of carbonates, silicates and soil salts.

This is very much unlike the case of highland Trivers,

where the major ion chemistry 1s dominated by weathering

of carbonates. The relative comtTibutions—fron weathering

of carbonates, silicates and soil salts to the lowland
rivers, vary depending upon the hydrological conditions in

the river basin.
IV.4.(d) Seasonal variations in Lowland.! tivers,

1vV.4.d.(i) Chambal, Yamuna and Gomti

The water chemistry of Chambal, Yamuna and Gomti
Rivers shows close similarities. The Chambal River drai-
nage basin is characterised by Vindhyan sandstones, quart=
zites, siliceous 1imestones and dolomites (Wadia, 1981).
The stretch of Yamuna River between Saharanpur and Allaha-
bad (where it joins the Ganga) flows through alluvial
plains, and the alluvium 1is rich in ‘'KankaT Carbonates’
(Wadia, 1981). The entire drainage basin of Gomti River
also lies in the alluvial plains. The Chambal and Yamuna
Rivers were sam@led during lean and peak flow conditions

whereas Gomti River was sampled only during lean flow.
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The abundance ratios of the cations and anions
(Table IV-~9) in these river waters have been used to
evaluate the seasonal variations in the major ion

chemistry of these rivers, Figures 1IV-9 through IV-13.

s

—..Table IV-9 Abundance ;@EiwﬁLgﬁngﬂiggniggggméngggamia

Chambal, Yamuna and Gomti Rivers: Seasonal

Variations

(égggfing (Ca+Mg) s (Ca+Mg): HCO4:  (S04+Cl)s
period) WAl (Na+K) TZ™ HCO,
Chambal
(Lean) 0.53 1,14 0.71 0.41
(Peak) 0.78 2.6 0.85 0.17

*
Yamuna
(Lean) 0.51 1.03 0.69 0.44
(Peak) 0.71 2.4 0.83 0.20
Gomti
(Lean) 0.70 2.4 0.83 0.21

*
Yamuna sample at Allahabad, pefore it joins the Ganga

oo — e e T T A Sk £ B i S A

It is interesting to note that in both Chambal and Yamuna
Rivers, the (Ca+hig): (Na+K) ratios decrease considerably

during lean flow conditions. This decrease is because of
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the large increase in sodium concentration of these river
waters (Table IV~8). This ihcrease in sodium content is
paralleled by a corresponding increase in (SO4+Cl) which
is also reflected by the significant increase in (SO4+Cl):

HCO, ratio during lean flow.

The relative increase in sodium, chloride and sulfate
concentrations during lean flow most likely results from
the dissolution of soil salts. The wide spread occurrence
of alkaline and saline soils all along the course of the
Chambal and Yamuna Rivers have peen well documented by Abrol
and Bhumbla (1971) see Figure II-3. The saline soils are
extremely rich in soluble salts such as sodium chloride and
sodium sulfate. It has been reported that a shallow under-
ground water table fluctuating between 1 to 3.5 m depth
over the annual cycle prevails in these soils (Bhérgava et
al, 1981). Groundwater in these areas serves as the main
source of soil salinization. Mithal (1972) has reported
the chemical characteristics of groundwaters from these
river basins. His study shows that the chemical characteri-
stics of these groundwaters are dominated by alkalies and
(Cl+SO4) exceed bicarbonate. The water table maps in
these river basins indicate that the rivers are effluent

in nature (Mithal, 1972). Hence during lean flow (summer
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months) there is a significant contribution of the sodium

salts (NaCl and NaQSO4) from saline soils by effluent

seepage of groundwater. TIn Gomti River the cations and

anions ratios, during lean Tlow, differ from those of

vamuna and Chambal Rivers (Table IV=9):—The contribution
from saline soills secms to be less pronounced as evident
from relatively high abundance of bicarbonate (HCOS:TZ_
ratio = 0.83). The high sbundance of sodium most likely
results either from silicate weathering or by contribu-
tion from alkali soils (see Figure 11-3). The relative
inputs from these two sources ig difficult to estimate.
The alkaline soils are characterised by the dominance of

sodium picarbonate and carbonate as the soluble salts.

In Chambal and Yamuna Rivers the abundances of sodium,
chloridé and sulfate decrecase considerably during peak flow
conditions, Table IV-8. The (Ca+Mg) account for more than
70 % in the cation balance and HCO; accounts for about
85 %6 of the anions, Table IV-9. This observation secms
to favour the carbonate weathering as the major source of
dissolved constituents and that the contribution from soil
salts is relatively small during peak flow. However, the

contribtuion of cations via silicate weathering is
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‘difficult to estimate. A rbUgh estimate of the contribution
from silicates, during peak flow, can be obtained using the
(Na%+ K):TzT ratios (Na% signifies sodium corrected for

chloride) as an index of silicate weathering Figure IV-14.

E

%
In Chambal River, during peak flow, the (Na +K):TZT ratio

is 0.12 which indicates that sodium and potassium derived
from silicate weathering can account for about 12 %@ (the
equivalent fraction) of the abundance of total cations in
the river water. A similar estimate made for Yamuna River
reveals that the contribtuion of sodium and potassium via
silicate weathering, if operative in the river basin, can
account for 19 %@ of the total cations during peak flow.

The low abundance of silica, 296 and 164 pmole/1 and the
SiOQ:HCO3 molar ratio 0.12 and 0.09 respectively for Chambal

and Yamuna, also indicate that the contribution from silicate
weathering is relatively small.

During lean flow, the contribution of sodium from
soil salts makes it difficult to discern the magnitude of
silicate weathering. The upper limits of silicate weathe-
ring during lean flow are shown in Figure IV-14. If sodium
is corrected for its sodium chloride and sodium sulfate
components, 705 and 854 pmole/l of residual sodium (Na%*)
remains, respectively for Chambal and Yamuna Rivers.

RN

Based on this residual sodium, the (Na"N+K):TZ‘I~ ratio is



104

Figure IV - 14,

.

*
(Na' + K) : TZ" equivalent ratios in lowland
rivers used as an index of silicate weathering.

*
Na signifies sodium corrected for chloride.
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found to be 0.18 and 0.16 for Chambal and Yamuna Trespe-
ctively. Thus it can be inferred that in Chambal and
Yamuna River drainage basins, during peak flow, the car-

bonate weathering dominates the chemistry. During lean

fTow there—is—a significant—eontribution—from -soil salts.
by effluent seepage of groundwaters and contribution of
' . . ‘s ' . . o)
alkali metals via silicate weathering is less than 20 /g

in these drainage basins.

IV.4.d.(ii) Betwa River

Betwa River was sampled during lean flow of March
1982, It is characterised by relatively high TDS content,
388 mg/1 (Table IV-7). Bicarbonate accounts for 88 Y of
the anions and 504:Cl equivalent ratio is 0.3. The ébun—
dance of cations in the Betwa River is unique, sédium is
the most significant in cation balance. Calcium plus
magnesium constitute about 50 °/, of the cations and Mg:Ca
ratio is 1.4 . The high sodium concentration , the high
Mg:Ca ratio and sodium excess over chloride (Na:Cl = 5.6)
is indicative of significant input from silicate weathering.
The extent of silicate weathering is also borne out from

+

(Na + K) : TZ' = 0.42, which indicates that silicate wea-

thering can account for as much as 42 %@ , Figure IV-14.
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This is consistent with the geology of the river basin
which is dominated by Archean granitic and gneissic
rocks, shales and sandstones. However, the silica con-

centration of 236 pmole/l is not commensurate with the

predicted contribution from silicate weathering. The
low silica may be because of removal by biological pro-

cesses in the reservoirs upstream of the sampling site.

IV.4.d. (iii) Ken and Son Rivers

Both Ken and Son Rivers have similar water chemistry,
which differs from that of the other lowland rivers. The
regional lithologies of the river drainage basins are
dominated by Vindhyan sandstones, limestones and shales.
These shales are carbonacecous, siliceous and célcareous.'
In Ken and Son Rivers, calcium and magnessium are the
major cations and bicarbonate accounts for about 902@
of the anions, Table IV-10. The Mg:Ca ratio varies
between 0.38 to 0.84. These observations indicate that
chemistry of these river waters 1is dominated by weathefing
of carbonate rocks of the drainage basins. The silica

concentrations in Ken and Son Rivers, during lean flow,
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Table IV-10 Abundance ratios of cations and anions

in Ken and Son Rivers

Riaxror

(Egggiing (Ua+Tg): (CaMg)-: Hcg3z (so4+01)
period) TZ (Na+K) TZ HCO,
Ken

(Lean) 0073 2.7 0089 OulS
Son _

(Lean) 0.78 3.6 0.88 0.14
(Peak) 0.81 4,3 0.92 0.08

are 214 and 235 pmole/l, respectively. The (Na +K) : VAl

ratio is about 0.1%5 (Figure IV-14) which indicates that
contribution of alkali metals from silicate weathering

is of minor importance in these river waters. The major
ion ratios in Son River waters do not show any seasonal
variations. However, the TDS content during lean flow is
213 mg/l which decreases to 136 mg/l during peak flow.
The Ken River during lean flow is also characterised by

relatively low TDS content, 254 mg/1.
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IV.4,(¢) Ganga main channel

Data on scasonal and downstream variations in the

major ion composition of the Ganga main channel are given

n—Table—-IV-ll-and-in—EFigures—IV-15,-16,and -17.-The
chemistry of the Ganga main channel is controlled by the
influx of waters from the various tributaries. The
effects of tributaries are clearly seen as regard to the
downstream variations in the major ion composition.

These effects are more pronounced during lean flow of the

rivers.

During lean flow, there is a significant increase
in the sodium content along the course of Ganga main
stream between Rishikesh and Varanasi, Figure IV-15.
Further downstream with the influx of Ghaghara, Gandak
and Son Rivers, the sodium content decreases. This
variation in sodium content is reflected in the (Ca+Mg):
(Na+K) equivalent ratio which decreases from 6.9 to 1.25
between Rishikesh and Varansi (Figure IV-18) and again
increase to 2.3 after the confluence of Ghaghara and
Gandak Rivers. Bicarbonate also shows a systematic in-

creasing trend (Figure Iv-17, Table IV-11), it accounts
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Seasonal and downstream variations in the
major ion composition of the Ganga main
channel are shown in Figures IV-15, 16 and

17. Arrows along the Xmaxis indicate the

confluence point of the tributaries (repre-
sented by the numbers in parentheses) with

the main channel.

Figure IV-15 : Shows variations in sodium and

potassium concentrations.

Figure-IV-16 : Shows variations in magnesium

and calcium concentrations.

Figure IV-17 : Shows variations in bicarbonate,

calcium and sulfate concentrations.

Symbol key used for Fiqures IV-15,16 and 17:

[ Lean flow
0 Peak flow

A Moderate flow
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Figure IV - 18.

Ganga main channel : Seasonal and downstream

variations in the equivalent ratios of

(Ca + Mg) : (Na + K) and SO, : Cl.

Fiqgure IV - 19,

Seasonal and downstream variations in condu-
ctivity and Total Dissolved Solids in the Ganga

main channel.

Symbol key used for Figures IV-18 and 19:

) Lean flow
Q Peak flow

A Moderate flow

Arrows along the X<axis indicate the confluence
po%nt of the tributaries (see Figures IV-15 through
17) .
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for 6ver 70 Y of thé anions. During lean period,
(CL+50,) are more significant in the anion balance,
chloride being particularly more enhanced with the
result that the SO4:C1 ratio decreases with the down-

stream flow (Figure IV-18). This systematic increase

in sodium, chloride and sulfate concentrations along
the main channel, indicate that during lean flow there
is a significant contribution from soil salts. Figure
II-3 shows wide spread occurrence of alkaline soils
along the course of Ganga River between Kanpur and Patna.
During lean flow, the TDS content varies from 114 to
313 mg/l1 between Rishikesh and Patna, a maximum value of
401 mg/l occurs after the confluence of Yamuna with the
main channel (Figure IV-19 and Table IV-11). It can be
seen from the ternary diagram (Figure IV-6) that during
lean flow, sodium and calcium are the major cations. This
observation seems to suggest that the major ion composi-
tion of the Ganga main channel along its course is domina-
ted by carbonate weathering and soil salts in varying
proportions.

During peak flow conditions, the major ion compo--
sition in Ganga main stream do not show any significant

downstream variations, Figures IV-15, 16 and 17 and
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Table IV-11. The TDS content varies from 94 to 156 mg/l
between Hardwar and Patna, Figure IV-19. The low abun-
dances of sodium, chloride and sulfate indicate that
contribution from soil salts is less significant. It

is interesting to note that during peak flow all the data

points when plotted on a ternary diagram (Figure IV-6)
fall in the calcium dominated region. Calcium and
magnesium account for about 80 Y% of the cations where-
as bicarbonate accounts for 80-90 % of the anions.
This indicates that, duringfpeék flow, chemistry of the
Ganga main channel (between Hardwar and Patna) is dictam
ted by carbonate weathering. Handa (1972) reported a
similar observation that during the peak flow season not
only the dissolved salts content of the Ganga River water
decreases, but the proportion of the calcium and magne-
sium ions relative to sodium ion and that of bicarbonate -
ion relative to.chloride and sulfate ions also go up.

However, no explanation was given for such an observation.

IV.4.(f) Brahmaputra River

During both the sampling seasons (i.e. moderate
and lean flows) the Brahmaputra River does not exhibit

any significant downstream variations in the major ion
composition, Table IV-12. For example during moderate
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flow,‘the TDS conteﬁt varies from 92 to 107 mg/l along
the traverse between Dibrugarh and Goalpara. However,
the seasonal variations in the hajor ion composition are
clearly evident. The TDS content at Goalpara increases

from 92 mg/l(during moderate flow) to 147 mg/l (during

lean flow). Calcium and magnesium are the major cations,
and bicarbonate accounts for 80 °4 of the anions. Sulfate
is the next abundance anion and SO4:Cl ratio varies
between 6.8 to 7.4 . These observations seem to sﬁggest
that the major ion composition is dominated by the
weathering of carbonates. The high abundance of sulfate
is consistent with the occurrence of pyrite sediments in

the Brahmaputra River drainage basin.

IV.4.(g) Fluxes of dissolved major ions via Ganga and

Brahmaputra Rivers

One of the goals in measuring the abundances of
major ions in river waters is to calculate their fluxes
to the oceans via rivers. The knowledge about the ele-
mental fluxes via rivers is essential for a proper under-
standing of the geochemical cycle involving the transfer
of material between various reservoirs of the earth.

In this section, an attempt has been made to calcu~

late the average annual fluxes of dissolved major ions
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transported by the Ganga and its tributaries and also
by the Brahmaputra River. For calculation of elemental
fluxes via rivers, data on the chemical composition and

the average annual water‘discharge are required. The

~ abundances of major ions are measured during this work,

however data on the water discharge of the rivers within
the Ganga Basin could not be obtained because of logistic
and other regulatory problems. Therefore for calculation
of elemental fluxes I have used the discharge data compi-
led by UNESCO (1964) and by Rao (1975). The mean annual
discharge of the Ganga Rivér, based on the 11 years
record of the UNESCO (1964), at Farakka is 415x10'2 L/yr.
of thls, 83 %, of the dlscharge occur during July -
October and the remaining 17 / occur during Noyember -
June. In the present study, samples for chemical analysis
from the Ganga main stream were collected only upto Patna.
The average annual flow in“Ganga at Patna is 364X10%° L/yr
(Rao, 1975). For flux calculations it is assumed that
33 9@ of the annual discharge occur during July-October
and the remaining 17 %@ during Nov. = June, as observed
at Farakka.

The discharge~weighted éverage chemical composition

of all the rivers within the Ganga Basin have been calcu-



118

lated as ¢ G = 0.83"cP + 0.17 G, where T 1is discharge
weighted average composition and Cp and Cp are the
observed abundances of major ions during peak flow (Septe~
mber 1982) and lean flow (March 1982), respectively. It

is assumed that the abundances of major ions measured

during lean flow (March 1982) represent the-average chemi—'
cal composition of the river water flowing during the
months of November through June, which accounts.for 17 96
of the annual discharge. This assumption appears to be
valid as can be seen from the data in Table IV-11l. The
chemical composition of the Ganga main stream, as derived
from the samples collected at Varanasi and Patna, during
lean flow (March 1982) and moderate flow (December 1982)
is very similar. Similarly,'it is assumed that the abun-
dances of major ions measured during peak flow (September"
1982) represent the average chemical composition of the
peak discharge during July through October months, which
accounts for 83 %@ of the annual discharge. The discharge
weighted average major ion composition of the Ganga and

its tributaries is presented in Table IV-13.

A comparison of the data in Table IV-13 reveals
that Chambal and Yamuna Rivers are the most saline rivers

while Son is the least saline river. The high concentra-
tions of Na, Cl and SO4 in the Yamuna and Chambal Rivers

are due to the contribution from alkaline and saline salt-
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affected soils in their drainage basins. Also, all the
tributaries of Ganga are relatively more concentrated in
TDS compared to the world average river water. The

average chemical composition of the Ganga River (at Patna,
Table IV-13) is significantly different from that reported.
by Subramanian (1979) for a single sample collected from
the same site during monsoon, 1977. His data shows that

the concentration of SO, is higher by a factor of about 10
whereas K, Mg and Cl are high by a ‘factor about 3 to D.
The cause for this large disparity between the two sets of
data is unclear. However, as mentioned earlier, the data
of Subramanian (1979) suffer from a lack of charge balance
between cations and anions. In his sample collected from
Patna, the ratio of cations to anions is about 1.4 .

The annual fluxes of dissolved majorT ions carried by'
the Ganga and its Tributaries are given in Table IvV-14.
These fluxes are derived from the average chemical composi-
tion (Table IV-13) and multiplying these concentrations by
the average annual discharge. As evident from the Table
IV-14, the Yamuna carries 40 %, of the total dissolved
salts that are transported by the tributaries to the Ganga

main stream.

The seasonal and average annual fluxes of major ions
for the Ganga main stream (at Patna) and Brahmaputra River
(at Goalpara) are given in Table IV-15. 'The discharge data
for the Brahmaputra River at Gauhati (Hydrology Review,
1975) show that the moderate/peak discharge occur during
April through October months and it account for 86 % of
the total annual discharge. The remaining 14 / account
for the lean flow during November through March months .



121

BUNWEA UYLTM wocmzﬂ%cou,mmowmn peqgeyeTIy 18 ebuen
*

3 " e B CORPRPR P . e s i e - e e s arige

c'6 LT L 8°0 L°C ¥°*86 C°PE . GT $*'% AR® 4 Jepuey
C*y 6*9 @.U 0*¢ 2*'8%¥ 8°vT T°¢ T 6°8 4 uog
GT L'TIT 8°L L*C 89T £G 7°GE 8°¢G £*cT V6 exeybeyyn
8L m.h 9°*¢ T°0T 8°Q8L 8°¢g¢ S*TT L°T erN og Tequeyn
a°0¢ @f@ﬁ C°IT G°GE ¢0C £€°¢¢ LC 8°¢G L°98 €6 eunuwe A
0T ©°¢ 9°9 9°g 0T 8¢ C*GT 6°v v 1e 6G kmmcmw
IA/SU0} _OF ) IA /sTOoW, OT T
! 9 e mzﬁﬁ&.\,,fm.zna. — H%\QNHOH
sal “ots Yos 1o F00H B BW M BN pieySern zonTy
N CEREER

BHUED {SUOT JOLBW POATOSSIP JO SOXNTJ [enUUBR oLBISAY pT-AT 9TqBL




122

(¢86T) Te 32 Tny-Buty ny wory,

00%e 0059 000E O0EE 00SZT 00TS 00ZT 0009 OO Te renuuy 780
L . - 4 LR
#°0G G'99 ¥G G'GT 6LT 08 ¥+°ve  Lb 0TS Tenuuy
| A . . (exed
| (moTy ueaT) -Te0Y)
y*0T G'$T G'OT 8°C 6¢ ST I A L IeW ~ AON exynd
: -euwyexrg
A§OH% Jyead .
\mwmhmvoEv
Ov ¢S Ggy LtCT OpPT Q9 €°0T G 6€Y 320-TTIdy
G99 sy  0¢ 1S 2Tz 86 2°'ve  €GT »9E Tenuuy
. . (moTz uea
- /33exspon) (euareqd)
ve6T 6 9°3T 8°vC Ly 879E £°G g9 29 sunp -~ AoN ebuen
(MOT3I Nead)
T°Lb 6€ G"LT €°9¢ G9T €°TI9 6°8T 9°¥8 zoe "300-ATnp
SUuo 9 Touw
i @Oﬁ . : ! ooﬂ - 1,01 UuoT18207]
sar ¢ 14 - ¢l uoseag ( L )
N QTS 0Ss 1o By OBW M BN sbxeyosiqg ISATY

SIaATY exjndewyeIg pue Ebues BTA SUOT
JOolBW PBATOSSTIP JO SoxnijJ lenuue pue Teuosess °GI-AI at1qgel




123

This information togefher'with the observed abundances
of major ions (Table IV=12) have been used to compute
the seasonal and annual fluxeé of major ions carried by
the Brahmaputra River (at Goalpara). Comparison of the

fluxes between Ganga and Brahmaputra shows that, though

the water discharge of the Ganga is about 70 °/, of that
of the Brahmaputra it carries about 25 96 more salts to
the sea. The Ganga carries substantially more sodium,
calcium and chloride. Furth@rmore, in the Ganga main
stream although the lean flow is only one-fifth of the
peak discharge, the fluxes of sodium, chloride and sulfate
during lean and peak flows are nearly the same. This
indicates the importance of soils salts contributing
during lean flow conditions. The Brahmaputra transports
relatively large amount of sulfate and silica and the
flux of potassium is similar to that of the Ganga. An
observation consistent with the occurrence of pyritic

sediments in the river drainage basin.

On a global scale, the Ganga and Brahmaputra Rivers
account for about 3 %@ of the total flux of dissolved
major ions to the oceans via rivers. From the data in

Table IV-15, the chemical weathering rates in the Ganga



124

and Brahmaputra River-basins have been computed, Table
IV-16. The total denudation rate is taken to be sum of

the chemical weathering and erosion rates.

Table IV-16. Chemical Weathering, Erosion and Total

Denudation Rates in the Ganga and

Brahmaputra River basins

Basin  Chemical Erosion’ Total Total” "
lO4kq/km2/Vr cm/lO3yr

Ganga™ 7.7 55.7 63.4 32

Brahmaputra®™ 8.7 126 134.7 67

*
From the data of Raymahashay (1970)

K . . 3
Assuming a density of 2 gm/cm”.

* Drainage areas of Ganga and Brahmaputra, used for
calculations, are 86lX103 and 58OXlO3 km2, respectively.

A material balance calculations have been made to
evaluate the behaviour of various elements during mixing
of the tributaries with the Ganga main channel. Two parti-
cular confluence of the tributaries and the main channel
are examined: (1) The confluence of Ganga and Yamuna at

Allahabad and (2) The confluence of Ghaghara, Son and
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Figure IV = 20.

The observed and predicted concentrations
of the major ions in the Ganga main channel

after the confluence of the tributaries.
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Gandak with the Ganga at Patna. The main channel
concentrations after the confluence, predicted from

the concentrations and fluxes of the major ions

—up-river.of the main channel and the tributaries, agree

with the observed concentrations, Figure IV-20. This
demonstrates the conservative transport of dissolved

major ions in the Ganga River system.
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CHAPTER V. ISOTOPE GEOCHEMISTRY

V.l. D/H and lSO/%éOﬁisotopigﬂngposition of river

waters

V.l.(a) Introduction

Water flow in a river system has two principal com-
ponents: the direct run-off of local pfecipitation and
the effluent discharge from the groundwater reservoirs.
The relative contribution from each of these sources varies
depending upon the hydrogeological characteristics of a
river drainage.basin. Thus, each of these sources with

180/16

their characteristic D/H and 0 isotopic ratios will

determine the isotopic composition of the river waters.

The isotopic composition of hydrogen and oxygen in
atmospheric water vapour and precipitation exhibit large
variations. Several environmental factors such as lati-
tude, altitude, climate and distance from the coast have
been recognised which contribute to the D/H and 180/160
isotopic variations in atmospheric water vapour and local
precipitation (Craig, 1961; Ehhalt, 1963; Dansgaard,1964;
Stewart, 1975 and Gat, 1980). The imprints of these
variations have been observed in large and small river

systems in which the surface run-off dominates the discharge
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For example, the importance of both altitude and climate

effects have been documented by Brown et al (1971) in a

survey of Canadian surface waters. Matsui et al (1976)
proposed that altitude effect may account for the signi-

ficant difference in the Deuterium and Oxygen-18 contents

f—the-surface-waters—within-the-Amazon River-system.

o

The most comprehensive study of Mackenzie River basin has
been carried out by Hitchon and Krouse (1972). They
document the strong dependence of the isotopic composition
of surface waters on climatic parameters which control

the isotopic composition of precipitation.

The D/H and *80/1%0 isotopic composition of ground-
waters by and large mimic the averaée annual isotopic
composition of local precipitation. However, in man& cases
the isotopic composition of precipitation and that of the 
groundwaters derived from it are mismatched. Cases are
known where groundwaters are either enriched or depleted
in heavy isotopes relative to average precipitation. The
causes for such an enrichment or depletion have been stu-
died by Gat and Tzur (1967), Zimmermann et al (1967) and
Dincer et al (1974).

Since the Deuterium and Oxygen-18 contents of the
precipitation and groundwaters, within the river drainage

basin, vary both geographically and in time, the isotopic
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composition of hydrogen and oxygen in river water can by
no means be constant througﬁout the YGar. Furthermore,
the isotopic labelling imparted to a river by the relative
contributions from surface and sub-surface systems can be

greatLy"modifiedmifhevaporation occurs. Lakes or large

dam systems can affect the flow in the rivers considera-
180/160 isotopic
ratios in a river system and its sourcé waters it 1is
possible to make material balance calculations and esti-

mates of evaporation losses which are of practical impor-

tance in water resources management studies.

V.1.(b) Geographical and seasonal variations in isotopic
composition of the Ganga and Brahmaputra Rivers

and their tributaries

In this study the isotopic ratios of D/H (expressed
as aD) and l80/160 (expressed as 5180) have been measured

in the same suite of samples for which the major element
chemistry has been discussed in Chapter IV. Prior to this
study no work has been done on the stable hydrogen and
oxygen isotopic composition of the Ganga and Brahmaputra
Rivers and their tributaries. Although limited in time
series and in number these samples are unique and results

from these samples are found to be wseful “in wunderstanding



130

the dbminating factors.controlling the seasonal and
spatial variations in isotopic composition of these
river waters. A detailed sampiing of the precipita-
tion and of groundwater sources is required to delineate

the relative contributions from these hydrologic regimes

which‘cbntrol the river supplies. The hydrologic and
geologic characteristics of the Ganga and Brahmaputra
River drainage basins have been described in Chapter II.
The highland rivers are fed all through the year by prew
cipitation and/or snow/glacier-melt waters. In lowland
rivers, the surface run-off of local precipitation during
the south-~-west monsoon (July-September) dominates the
river flow. During rest of the year these rivers recéive

considerable supply from groundwater regimes.

The data on regional and seasonal variations in

D/H and 180/%6

O isotopic composition of the highland and
lowland rivers are presented in Tables V-1 and 2 and in
Figure V-1. The highland rivers, viz, Ganga (upto Hardwar),
Ghaghara and Gandak when sampled during their peak flow
(September 1982) show remarkable similarities in SD values,
the extreme values being -66 %o and =70 °/oo (Table V-1)

However, the 5180 values of these river waters exhibit

unambiguously measurable variations, the extreme values
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Figqure V - 1.

Seasonal variation in D/H isotopic composition

(expressed as D) of the highland and lowland

rivers.

Svmpbol key

@ Lean flow, March 1982
Peak flow, September 1982
Moderate flow, December 1982
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being =9.4 °/oo andréll.Bvo/oo., the isotopically
lighter sample collected from the Ganga (at Hardwar).
The isotopic composition ofvthese river waters 1is very
similar to that of the precipitation samples during
south-west monsoon (July to September), collected at

New Delhi (IAEA, 1975). This suggests that the isotopic

imprint of these surface waters during peak discharge

represent the direct run-off of seasonal precipitation.

During lean flow in summer months, Ganga (Qp to
Hardwar), Ghaghara and Gandak show a slight enrichment
in both Deuterium and Oxygen-18 contents. The 5D values
range between -54 /oo to -63 Yoo and 5§18 ranges between

~-8.4 %go to -9.2 9&0 , Table V-1. This seasonal varia-

tion most probably results due to the variations in the
isotopic compo?gtion of head waters (precipitation and/

or snow-melt water) or that caused by evaporation effects 
from the rivers in the downstreém areas. More detailed
sampling along the course of the rivers and that of the
head waters is required to supplement these observations.
ihe amplitude of seasonal variation is more pronounced

in the Ghaghara River, the 5D value increases from -70 %go~
during peak flow to -54 QQK)during lean flow in summer |

months. This enrichment of deuterium in the Ghaghara
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River during summer months'most.likely results from eva-
poration effects during ifs flow through a large dam

upstream of the sample sitéa ;It is interesting to note
that in Brahmaputra River which is mainly fed by preci-

pitation all through the year, the %D value increases

from -65 %o during winter (December 1982) to =37 %o

during summer (April 1982), Table V~1. One likely expla-
nation for the observed seasonal trend in the gD valué9
is due to the variatién in Deuterium content of preci-
pitation i.e. higher heavy isotope content occurring
during summer months and lower one during the winter

(Dansgaard, 1953).
-

The lowland rivers show large seasonal aﬁd regional
variations in SD and %l8O values, Table V-2, During peak.
discharge conditions (occurring during south-west monsoon),
SD varies from -19 %.o to =60 %0 , the values being
significantly higher than those of the highland rivers.

The sources which can contribute to the enrichment of
Deuterium in the lowland rivers: (i) isotopically heavier
precipitation in the lowland river drainage basins, (ii)
effluent seepage of ground waters and (iii) the evapora-
tion effects. If one assumes that the isotopic composi-~

tion of precipitation at Delhi (IAEA, 1975) represents
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the average isotopic composition of the local precipi-
tation in these drainage basins, then only (ii) and

(iii) can contribute’to the observed enrichment. However,
more data is required to quantify the relative contribu-

tions from different hydrologic regions. During lean
Q184

flow in summer months; SD,and D*C0—v¢alues—are—-considera———
bly high compared to that during peak flow. A plot of
8D versis 8180 for seven data points (Table V-2) during

lean flow, yield the relation
SD(%0) = (5.240.4) 818 - 9.3 ;. corr.coeff. = 0.98.

The slope (5.2+0.4) of the best fit line when compared
with the meteoric water line, %D=8818O + 10, suggests
that the isotopic enrichment in the loWland rivers during
summer months (lean flow) is mainly caused by the evapo-
ration effects. All the lowland rivers have large reser-
voir and dam systems constructed for irrigation purposes
upstream of the sample sites. These dams serve as the

sites for evaporation.

The Ganga River along its course receives large
number of tributaries and hence the D/H and l80/160
isotopic composition along the course is dictated by

the mixing volumes of the various tributaries (with their
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characteristic isotopic cdmposition), and by evaporation
effects. The downstream and seasonal variations in AD
and %180 values in the Ganga main channel are shown in
Table V-3 and Figure V-2. During lean flow in summer

months the downstream variation in the Ganga main channel

%
are conspicuously evident. At Devprayag (sample repre-

senting the head waters) the SD value is =61 gﬁoand about
1200 km downstream after the confluence of the Yamuna 3D
value increases to -28 %@o . Further downstream the %D
value tends to decrease after the confluence of the Ghaghara
and Gandak Rivers which are isotopically lighter at the
confluence point compared to the main channel. Baéed on a
simple mixing model it can be inferred that these down-
stream variation in %D values, during lean flow, is due to
the mixing of the various tributaries with thebGanga main
channel. However, during peak discharge conditions the
downstream variation in D/H isotopic composition of the
Ganga main channel are smoothed out and the isotopic com-
position along the course closely approaches thaf of the
seasonal precipitation. The data on.. the 5D values in

the Brahmaputra River are few to analyse for its downstream
variation, Table V-4. However, the seasonal variation is
conspicuously evident, %D values are significantly higher

during summer months compared to those of winter months.
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Figure V - 2

Downstream and seasonal variations in D/H
isotopic composition (expressed as dD) of

the Ganga main channel.




T3NNVHD NIVW VONYO
WV3YLISNMOA WM

" Figure V-2

009l 002lI 008 010}~ 0
| | _ | _ _ _ 00!~
MO14 ¥V3d —og-
-
AN Jom—m=0m === T -
N y:
RN ~09-
e MOTd Nv31 O~

wasd QQ



140

€=IIT °Tdel pue

N

W e

T-T1TIT °INBTJ y3Tm uotzounfuod UT pasn ag 03

UOT3EDOT puB °SON UOT}B3S S91EBOTIPUT 8pon oTdueg i

NN RS o e i

BIRATROD GE°TT
99— 5~ T3eyneD - Lc°1¢

Oty uIebnaqId ~-0g

0o

/,)ag (°°/5)ag

%2D0D

T Ss

Aoz

OT4 U831 ¢85 TTady *MOT4 o31BI5pow

s Tdues

IoATY eIjndeuiyeIg UL SUOLFETIBA QO .p-p OTURL
_ S




141

The isotopic composition of the river waters
analysed in this study yield the following relation
between 9D and 5120, Figure V-3:

e 2]
SD(%0) = 6.1 5180 - 4.5 ; (corr.coeff. = 0.98, n=19)

Both the slope and the intercept differ from that—of-the
meteoric water line (Craig, 1961). The lower slope
(Figure V-3) for the linear relation between Sp and %lSO
is an indication of evaporation losses. The world-wide
isotope data of precipitation (IAEA, 1981) show that the
regional precipitation lines from semi-arid and arid
regions have a slope of less than 8 on the SD versus

o
618

D diagram. More data on isotopic composition of these
rivers and that of local precipitation in these river
drainage basins are required to examine the factors con-

trolling the %D - %l8o relation.
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Fiqure V - 3.

Relationship between %D and 5180 values in
the seasonal river water samples within the

Ganga and Brahmaputra River basins.



Figure V -~ 3
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V.2. Isotopes of Uranium and Thorium in river waters

and_suspended sediments

V.2.(a) Introduction

234U/238

The concentration of uranium and U activity

ratio in. river waters_and fluvial sediments _are

important parameters needed to construct the marine geo-
chemical balance of this natural radionuclide. Further-
more, because uranium isotopes are the progenitors of a
series of radioactive nuclides which are used commonly as
chronometers to study earth surface processes, the study
of uranium isotopes in natural waters continues to be of
considerable interest to geochemists. A number of studieé'
have been made which attempt to estimate the 'best average!'

234U/238U activity ratio in

concentration of uranium and
world rivers (Moore, 1967; Bhat and Krishnasw?mi, 1969;
Turekian and Chan, 1971; Cherdyntsev, 1971;: Séckett et al,
1973; Ku et al, 1977; Borole et al, 1982). These estimates

show a general agreement in the average uranium concentra-

tion in river waters, 0.3 to 0.6 ug/l.

The geographical variability of uranium content in
river waters and its interrelationship with known geo-
chemical parameters such as HCOE and total dissolved solids

has been well documented. Broecker (1974) and Mangini
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et al (1979) suggested that the uranium concentration in

surface waters depends on the concentration of HCO; in
river water because of the importance of the uranyl -

carbonate ion in the solution. Turekian and Cochran

total dissolved solids in river water represents a general.
control on uranium during weathering processes. Bhat and
Krishnaswami (1969) also report a correlation between
uranium and total dissolved solids. Similarly, on the
basis of the relationship between uranium and total disso-
lved solids, Borole et al (1982) derive a mean uranium’\

238 f1ux of 0.9x10%0 g/yr

content of 0.25 pg/l and the
to the oceans via rivers.

238

234U from its parent

The fractionation of U that

occurs during weathering processes is conspicuously refle-

cted in the 23%y/238

U activity ratic of river waters, the
average ratio is about 1.2 to 1.3 (Cherdyntsev, 1971;

Osmond and Cowart, 1976 and Borole et al 1982).

Studies on the geochemistry of uranium isotopes in
the Ganga and Brahmaputra Rivers are limited to the work
of Bhat and Krishnaswami (1969) and Bhat (1970). Their
work covers only the Ganga River and that too its main

channel, where they have reported the downstream and
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seasonal variations in the concentration of uranium and
S

23'U/238U activity ratios. These consideration led me to
undertake a detailed study of the uranium isotope syste-

matics in the Ganga and Brahmaputra Rivers and their

tributaries. This work was undertaken with a view to

provide more information on the behaviour of uranium iso-
topes in different weathering environments. Prior to this
work, no data was available on the concentration of uranium

and 234U/238

U activity ratios in any of the tributaries of
the Ganga. Also, for the first time samples from the

Brahmaputra River have been analysed for uranium isotopes.

V.2.(b) Dissolved 2385 nd

the Ganga and Brahmaputra Rivers

2341572381 octivity ratios in

Samples from the Ganga main channel, its tributaties
and from the Brahmaputra River were collected during March
1982, September 1982 and December 1982, the relevant details

238

are given in Chapter III. The concentration of U and

234U/238U activity ratio have been measured in water and
suspended sediments to evaluate the interrelationship

between them and to obtain the fluxes of these nuclides to the
estuaries. Another aspect of this study has been to evalu-

ate the seasonal variation in uranium content of the indi-

vidual rivers.



146

238

The data for the diséolved U concentration and

234U/238

the U activity ratios in the lowland and highland

tributaries of the Ganga main channel are given in

238

Table V-5. The U concentration in the tributaries

during peak flow (September 1982) range between 0.44-

2.8 pg/l and that during lean flow (March 1982) range

238

between 0.73 -~ 4.4 ug/l. The U concentration in peak

flow is lower by a factor of two than ﬁhat in the lean flow

238U concentration is

The seasonal variation in
more proncunced in the lowland tributaries , an observation
similar to the seasonal variation in their major ion compo-
sition. Of the lowland tributaries, only Chambal has been
analysed previously for uranium concentration (Pillai et al,
1966). Their data on the concentration of uranium in
Chambal River, 0.9 to 1.7 ug/l, show a remarkable agreement
with the results obtained in the present study, Table V-5.

The distinct difference between the lowland and nigh=-

234U/238U activity ratios. In

land tributaries is in the
the lowland tributaries, activity ratios vary from 1.16 +
0.03 to 1.84 4 0.03 which are significantly higher than that
of the highland rivers, 1.02 + 0.02. A probable cause for

these high activity ratios in the lowland tributaries is the

differences in the geology of their drainage basins. The
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lowland tributaries predominantly drain through gneissic
rocks where as the highland tributaries drain through

sedimentary rocks.

The data on the seasonal and downstream variations

in the concentration of 238U and 234U/238

in the Ganga main channel are presented in Table V-6. The
observed trends (Table V-6) are very similar to the data
reported by Bhat and Krishnaswami (1969). During lean flow,
the downstream variations in the 238U concentration and
activity ratio are clearly evident., For example, the
activity ratio increases downstream after the confluence .
of the Yamuna (at Allahabad) and further downstream the
activity ratio decreases with the influx of the Ghaghara,
Son and Gandak Rivers. Similarly, the 238U concentration
in the Ganga main channel increases or decreases after the
confluence of the tributaries with the main channel. It

is interesting to note that the activity ratios dd not
show any significant seasonal variation whereas.238U con—
centration in the main channel decreases by a factor of
about 2 to 3 during peak flow conditions. Based on the
simple mixing model it has been evaluated that the tran-
sport of uranium in the Ganga River system is conservative.

The observed and predicted 238U concentrations in the
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,,,,, _ as] 2%8choncentratlon
in the Ganga main channel after the conflu-

v

ence. of the, trlbutarwes

Table V-7 The observed andapredlcted

PP g s e e P A D SIS T 1 AT 1 —

Confluence River Relatlve Aver ge 238U Concentra-
Site discharge tion’ (ug/l) _
Observed Predlcted
Ganga 0.39 2.8740.06
Allahabad
Yamuna 0.61 1.87+0.04
Ganga™ 1.0 2.13+0.05 2.26+0.03
Ganga 0.48 2.2540.04
Ghaghara 0.28 1.64+0.03
Patna
Son 0.09 0.49+0.01
Gandak 0.15 2.40+0.04
Ganga” 1.0 1.6940.04 1.94+0.02

* Discharge-weighted average concentrations are calculated
using the relation T = 0.83C, + 0.17 C[, refer to

section IV-4.(g).

+ Ganga after the confluence of the tributaries.



150

Table:V~7 The. observed and predlcted 238U concentration
in the Ganga main channel after the conflu-
ence of the trlbutarles

Confluence Rlver Relatlve Aver ge 238U Concentra-
Site discharge tion  (ug/1l)
Observed Predlcted
Ganga 0.39 2.87+0.06
Allahabad ,
Yamuna 0.61 1.87+0.04
Ganga™ 1.0 2.13+0.05 2.26+40.03
Ganga 0.48 2.25+0.,04
Ghaghara  0.28 1.64+0.03
Patna
Son 0.09 0.49+0.01
Gandak 0.15 2.40+0.04
Ganga™ 1.0 1.69+0.04 1.94+0.02

* Discharge-weighted average concentrations are calculated
using the relation T = 0.83C, + 0.17 C;, refer to

section IV-4.(g).

+ Ganga after the confluence of the tributaries.

P
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Ganga’;v main channel, after the confluence of the

tributaries,'are shown in Table-7.

238

The concentration of “7 U and 23_4U/238

U activity
ratio have been measured for the first time in the

Brahmaputra River (Table V-8) .  Unlike in the Ganga

main channel, the 234U/238U activity ratio does not exhi-
bit any downstream or seasonal variations. However, the
238U concentration shows significant seasonal variation,
high values being typical of the lean flow. Based on the
relation: ¢ = 0.86 Cp + 0.14 Cp (where ¢ is the discharge-
weighted average concentration, CP and CL are concentra-
tions during peak and lean flowsy, respectively), the
average 238, .oncentration in the Brahmaputra River (at
Goalpara) is computed to be 0.63 ng/1, which is low by a
factor of about three compared to that in the Ganga (at

Patna).

The average annual flux of urani;m transported by the
Ganga, its tributaries and the Brahmaputra River is given
in Table V-9. A comparison of the data shows that the
Ganga River transports annually twice the amount of uranium
to the ocean than that transported by the Brahmaputra

River. Together, these two rivers transport annually about
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Table V-9 Dissolved_fluxmqiwgzéaggmggpangggzﬁsgmﬁymihe

Ganga, its tributaries and the Brahmaputra

River

River Diseharge 238U.Cogcen~ Dissol- Reference

(lOlzL/yr) tration veg flux

(107g/yr)

Ganga® 59 2.87 1.7
Yamuna 93 1.87 1.7
Chambal 30 1.05 0.3
Ghaghara o4 1.64 1.5 Present study
Son 32 0.49 0.2
Gandak 52 2,40 1.3
Ganga? 364 1.69 6.2
Brahmaputra3 510 0.63 3.2
Amazon 6400 0.03 1.9 Moore(1967)
World 31400 0.3 94 Borole et
Rivers ) al.(1¢82)

*Discharge-weighted average concentrations
1l.Ganga at Allahabad, before confluence of Yamuna

2.Ganga at Patna, after confluence of Ghaghara, Son and
Gandak

3.Brahmaputra at Goalpara
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10 °/o of the total dissolved flux of uranium carried by
the world rivers. Furthermore, of the major rivers for
which data are available, the Ganga-Brahmaputra ranks

first for the annual input of uranium to the oceans.

The 238U content of the rivers within the Ganga-and

Brahmaputra Basins show a linear relationship with £Cations
(Na+K+Mg+Ca), Figure V-4. The statistical parameters of
the regression line for the relation:

238U(pg/1) = m X ZCations (mg/1l) + C

are given in Table V-10. The average 238U/Z Cations ratio

Table V-10. Regression parameters for the linear
238y and I Cations

relationship between

River Corr. Slope Y-intercept

Coeff. (m) (c)

Ganga main 0.86 (4.8 £ 0.7)x1072 0.37

channel (N=16)

Highland 0.81 (5.9 + 1.6)X1072 ~0.27

Rivers (N=9)

Lowland 0.87 (3.9 + 0.7)X1072 -0.53

Rivers (N=11)

Brahmaputra  0.99 (7.6 + 0.7)X1072 ~1.1

River (N=5)

All Samples  0.78 (4.0 + 0.8)X1072 0.28

+ N = number of samples
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Figure V - 4

The linear relationship between 238y, (pg/1)
and LCations (Na+K+Mg+Ca, mg/l) in samples
from the Ganga main channel, highland rivers,
lowland rivers and Brahmaputra River.
Regression statistics for the linear relation

are given in Table V-10

Symbol key

® Lean flow

) Peak flow

A Moderate flow
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(deduced from the slope of the best fit lines, Table V-10)

is 4.0 X10™2 mg U/g ICations, very similar to that observed
rivers 5

in suspended sediments of these/ (5.4X10”°, ICations in

suspended sediments is deduced from the data given in

Appendix)—suggesting——————congruent-dissolutionfor major -

cations and uranium.

V.2.(c) Concentrations of U and Th isotopes in suspended
sediments of the_Ganga and Brahmaputra Rivers

In érder to characterise the high intensity of

weathering of uranium in the Ganga and Brahmaputra River

drainage basins, the concentrations of 238U, 234Ug 232Th,

228Th nuciides have been measured in the suspended sedi-

ments. An inspection of the data in Tables V-11l, 12 and

13 show that in all the suspended sediments for which U

234U/238

isotopes have been analysed have U activity ratios

very close to equilibrium values, the activity ratio range
between 0.95+0.04 to 1.04+0.03. The average concentra-
tions of 238U and 232Th in»suspended sediments are>4 ppm,
17.6 ppm, respectively and Th/U weight ratio is 4.4.

Using their average concentration in suspended sediments,

238 232

the suspended fluxes of U and Th via Ganga and

Brahmaputra Rivers have been computed, Table V-14.
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Téble‘V~l4. Suspended fluxes of 238.U and 232Th

transported by the Ganga and Brahmaputra

Rivers -

238U 232Th
Average,CO n C e nt ra _t l O n ...............................
in suspended sediments 4 ' 17.6
(ng/g)
S ded flux.
usgen e lux 67 594
(10%g/yr)

*The combined sediment discharge of Ganga and Brahmaputra

is 1670 X 10'2 g/yr (Milliman and Meade, 1983).

e

The high intensity of weathering of uranium in the Ganga
and Brahmaputra River drainage basins can be deduced from
the 298y/232p, 4nq 2307y, /2327, activity ratios in the sus-

230Th and 238

pended sediments. The plot ofv U data

(Tables V-11, 12 and 13) show that the 239Th is enriched

in suspended sediments by 30 to 40 36 compared to 238Uy
Figure V-5. This disequilibrium is caused by the preferen-
tial leaching of U from soils (suspended sediments) and

redistribution of 23QIh in the suspended sediments during



Figure V - 5

AN
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Plot of “°“Th (dpm/g) versus

(69}

U (dpm/g) in

suspended sediment samples from the Ganga

main channel, its tributaries and the Brahmaputra

River,

Symbol kevy:

Ganga main channel:

@ Lean flow

0 Peak flow

Ganga Tributaries:

A Lean flow

A Peak flow

Brahmaputra River:

] Moderate flow
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weathering processes. Using the average_23OTh/23$U
activity ratio as 1.17 and the average concentration of
238 .5 3 dpm/g (Tables V-11, 12 and 13), the flux of

excess 230Th added to the Bay of Bengal via suspended

: . N 14 .
sediments 1s computea To ©OE€ 8+5—%10 dpm/yerassumlng

conservative behaviour of 23OTh from Patna to Bay of
Bengal). The production rate of 2301y in the entire Bay
of Bengal (using 2.2 X 100 km® area and average depth of
3000 m) is 1.5 X 1074 dpm/yr, which is lower by a factor
of about six than the 230Th excess supplied via Ganga
and Brahmaputra fluvial sediments. This comparison
suggest that the supply of 23OTh excess via fluvial sedi-
ments could be very significant on a regional basis.
However, on a world ocean scale the contribution of 230Th

excess by river suspended sediments is only less than

10 9, of its production in ocean water (Scott, 1968).



163

- CHAPTER VI. _SUMMARY AND CONCLUSIONS

A detailed geochemical'study of the Ganga River, its
tributaries and the Brahmaputra River has been carried out
with a view to evaluate the major ion chemistry of these

rivers in terms of chemical weathering of the rocks and

soils of their drainage basins. In addition, the D/H and

180/160 isotopic variations and the abundances of U-Th

isotopes (2°8u, 234U, 232Th9 2307y, 2281py)4n these river
waters have also been studied. Surface water samples for
this geochemical study were collected during March, Septem-
ber and December 1982, representing the lean, peak and

moderate flows occurring in these rivers.

The relief and the regional geology and lithology
within the Ganga and Brahmaputra River basins are in marked
contrast. The regional lithologies of the highland rivers
is dominated by lower Paleozoic carbonate series of lime-
stones and dolomites, calcareous éhales and quartzites. The
published stratigraphy shows occurrence of gypsum and
pyritic sediments in their drainage basins. In contrast,
the dominant lithologies of the lowland rivers are characte-
Tised by Archaean granites, gneissic rocks, Vindhyan sand-

stones and recent alluvial deposits.
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' The abundances of major ions (Nat, KT, Mg2+, Ca2+,

HCOS, z

major ion chemistry of the highland and lowland rivers and

Cl™, S0%™ and Siog) have been used to evaluate the

the Ganga main channel. In these river basins, the marine

contribution of cyclic salts is insignificant relative to

chemical weathering. In the highland rivers, Can+ and Mg
are the major cations, and together they account for about
20 %6 of the cations, Mg:Ca ratio is 1:2. Bicarbonate
accounts for about 70-90 Y% of the anions and sulfate is
next in abundance. The SO4:Cl equivalent rafio ranges be-
tween 3.5 to 10.7. These observations lead to the conclu-
sion that the chemistry of the highland rivers is dominated
by weathering of carbonate rocks. The abundance of 504" in
these river waters mainly originate through dissolution of
gypsum or via pyrite reduction, an observation consistent
with the regional lithologies. The effects of silicate
weathering are nowhere pronounced. The TDS content of these
rivers varies between 93 to 233 mg/1, low values are typidal
of the peak flow conditions.

Among the lowland rivers, the major ion chemistry of
the Yamuna, Chambal and Gomti Rivers is influenced by the
weathering of carbonates, silicates and soil salts in vary-

2+ 2+

ing proportions. In these rivers, Na+, Ca and Mg are

S
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equally significant in the cation balance and HCOE accounts:
for over 70 36 of the anions. The S04:Cl equivalent ratio
varies between 0.5 to 1.1. The major ion composition of
thesé rivers show large seasonal variations. The TDS con-

tent varies between 173 to 461 mg/l, low values occurring_

during peak flow conditions. The (Na*+K):TZ+ ratio (Na*
signifies sodium corrected for chloride) has been used as an
index of silicate weathering in these river drainage basins.
The (Na'+K):TZ" ratio in these river waters is about 0.2,
which seem to suggest that the silicate weathering is of
minor importance in these river basins. During peak flow,
the chemistry of Yamuna and Chambal Rivers is dominated by'
carbonate weathering, as evident from the high abundances of
Cast and HCOE . During lean flow (in summer months),_the
contribution from alkaline and saline salt-affected soils is
more pronounced. This is reflected upon the high abundances

of Na¥, C17 and SOi“ during lean flow.

During leanflow, the Betwa River is also characterised
by high TDS content, 388 mg/l. However, unlike Yamuna and
Chambal Rivers, the effects of silicate weathering in this
Tiver basin are more pronounced, (Na*+K):TZ+ ratio is

0.5. The (Ca+Mg):(Na+K) equivalent ratio is 1:1 and HCOS

accounts for about 90 %@ of the anions. Both Ken and Son



167

' Tne regional and seasonal variations of 8D and 380
have been studied, for the first time, in ﬁhese river waters;
During peak flow conditions, the highland rivers show remar-
kable similarities in oD values, the extreme values being

~60 %0 and =70 Yoo, very similar to that of the precipita-

tion samples. This suggests that the isotopic imprint of
these surface waters during peak flow represent the direct
run-off of seasonal precipitation. During lean flow in summer
months, the highland rivers show a marginal enricnment in
Deuterium and Oxygen-18 contents. In contrast, the lowland
rivers show large seasonal and regional variations in SD and
5180 values. During peak flow, oD varies from ~19 Yoo to

-60 %o , significantly higher than: those of the hignland
rivers, Several environmental factors such as isotopi@ally
heavier precipitation, effluent seepage of groundwaters: and
the evaporation effects can contribute to the enrichmeni*of
Deuterium in the lowland rivers. The relative significance of
evaporation losses, and hence the iéotopic enrichment, can.be
deduced from the linear relationship between 5D and #180 |
values. A plot of %D and 8180 values yield a slope 6.1,
significantly lower than the siope of the meteoric water lineg
This seems to suggest that the isotopic enrichment in~these
waters is mainly caused by evaporation losses from the

reservoir and dam systems.,
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238 234U/238

The U concentration and U activity ratio
have been measured in Water and suspended sediments to
evaluate the interrelationship between them and to obtain

the fluxes of these nuclides to the estuaries. The disso-

7).

238,

lved rows—a—l-inear—relationship-with e

238U/2Cations ratio in these river waters

. ZCations and the
is similar to that in the river suspended sediments sugge-
sting congruent dissolution for major cations and uranium.
The distinct difference between the lowland and highland

2345/238 activity ratio. In the lowland

rivers is in the
rivers, activity ratios vary between 1.16+0.03 to 1.84+0.03
which are significantly higher than those of the highland
rivers, 1.024+0.02, an observation consistent with the regional

lithologies of the drainage basins.

The Ganga and Brahmaputra River constitute the major
source of dissolved uranium to the oceans. These two rivers
transport annually 9,4X108g of uranium to the Bay of Bengal,
about 10 Yo of the global river input to the oceans. The
high intensity of weathering of uranium in the Ganga and

Brahmaputra River drainage basins has also been evaluated

238U/232Th 230Th/232

from the and Th activity ratios in the

o]
2307Th is enriched in suspended

sediments by 30 to 40% compared to 2385, This disequili-

suspended sediments. The
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brium is most likely caused by the preferential leaching of

238U from the suspended sediments. The flux of excess 23OTHHW

added to the Bay of Bengal via suspended sediments is com-

puted to be 8.5%104 dpm/yr, which is significantly higher

230

than the production rate of Th in the entire Bay of Bengal.

The work carried out in this thesis represents a
detailed integrated study of the major ion chemistry, stable
isotopes and radionuclide abundances in the Ganga and
Brahmaputra Rivers and their major tributaries. The results
of this study have provided important information on the
geochemical processes regulating the major ion and radio-
nuclide abundances in these two major river ‘systems of the
country. Future studies should focus on the chemistry of
regional precipitation and of groundwaters which would enable
a quantitative interpretation of the data obtained during

this geochemical investigation.
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APPENDIX

Chemical composition of river suspended

sediments.
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