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AmsTRAcT

Previous literature in the fielqa of river water chemistry
and sediment chemistry has boen reviocwed. The longitudinal veria-
tion in the values of total dissolved salts has been explained in
terms of changes in the cogcaptratianu of some of the najpr ionie
constituents like.vbicaxhcnate and chloride. The sesponal varia-
tion has boen attridbuted to discharge effects. A fow of the ex -
pected mesns of formation of bicarbonates from natural, as well as,
pan-made sources have been aspeculated. The saturation levels of
some important carbonate minerals, like, Calcite, Aragonite, Mag-
nesite and Dolomitoe, have becn examined. The river is seen to.be
suporsaturated with Dolomite. The phase study involving these
minerals also suggests that the water is expected to be in equili-~
brium with Dolomite. Finally, the water composition is plotted in
the alumino-silicate system, and it indicates, that Kaolinite and
K-Mica can be expected to be present in the sedimonte. The discré-
pancies botween the theoretically predicted composition of the se-
diments in the river and that reported by field investigations have

been discussed.
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INTRODUCTION

Our late Prime Minister, Jawgharlal Nehru, said of
the Ganges, "The story of the Ganges from her source to sea,
from 0ld times to new, is the atory of India's civiligation
and culture". Such a statemont need not hold good for the
River Ganges alone, but is also true of other rivers in the
world, like the Amagon in South America.'niver hile in Africa
and River Volga in Russia. Fron time immomorial, rivers have
been & witness to the growth of human civiligzation in various
parts of the world. Hence, it is but natural, that rivers
nust attract the attention of scientific community around the
world. In the course of the study of rivers by the scientists,

principles of various digciplines have been used.

Fhus, for example, a chemist, applies the principles of
thernodynamics to study mass- tranafer and phase transformations
that occur in the rivers during the course of many weathering
reactions. A hydrologist concerns himself principally with the
. Problems that rivers pose in the development of power and indus-
tries. Hheroés, a geologist is usually interested in the mine-

ralogy of the river bed.

But, when one surveys the literature, of all the approaches,
the interdisciplinary approach to the study of rivers seems to
be the most popular one. Therefore, it is not surprising that
in the recent years increasing interest is paid in the appli-:

cation of oceanographic, biological and geochemical concepts to
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the study of our aquatle\onvironnent. Since the preasent work
falls in the domain of the Geochemistry of water, an effort will

be made first to review some of the previous work in this field.

¥Water Chemistry of Rivers:-

Various aspects of water chemistry in the fresh water
region and estuary region have 1ntorestod‘the workers in tbin
field. Cibbs (1967) and Reeder et sl (1972) have shown for
Amazon and Mackensie rivers respectively that the geological
diversity of the drainage basin is likely to be reflected in the
river water chemistry. Gibbs (1967) has concluded that increased
relief and physical waaihering controlled the percentages of
quartez, plagioclase, K-Feldspar, mica, chlori te and amphibole,
and that, the percentage of caleic rocks in the upper portions
of tributary basins controlled the amount of montmorillonite.
Then, & combination of low-relief chemical weathering, and per-
centages of igneous and metamorphic rocks, controlled t/he por-
contages of kaolinite and gibbeite in the suspended perticles in

the Amagon river.

The presence of a large number of chemical elements in
the natural waters has raised an interesting question about their
origin. Garrels and Mackenzie (1967) have sfndsea the origin of
the chenmical comppositions of some springs and lakes. They have
concluded that tﬁe compoasitions are consistent with a model 4n
vhich the primary rock forming silicates are altered in a closed
system to soil minerals plus a solution in steady state equili-



brium with these minerals. Edwards (1973) has examined the
variation of the dissolved constituents in some Norfolk rivers
with discharge. It was observed that Magnesium, dbicarbonate
and phosphorus were diluted by increase in discharge, vhereas,
nitrate and sﬁlphato concentrations were positively correlated
with discharge. The positive correlation was attriduted to

the possidle 1eaching of the upper part of the soil profile.

As againat the addi.ti.én of ch.nivca.l constituents to our
aquatic environment by natural process, in the recent years,
they have also been added arﬁﬁciuly in the form of efflucnts
from industries. Studies have bdeen conducted to examine the
effects of such wastes on the water quality and ﬁsherl.ea
(Ganapathi and Chacko, 1951; sraénivaaan.and Sounder Raj, 1967).
Ganapathi and Chacko made a detailed study of the effects of
the effluents diacharged into the River Godavari from a paper
factory. In this c¢ase, the discharge does not seenm to have
affected the indigenous fish population. But in the study
conducted by Sreenivasan and Sounder Raj, the discharge from a
paper factory into the Rivers Cauvery and Bhavani has proved
harmful to the fishes.

The increasing pollution of natural waters has led to
an awareness around the world, to keep a strict watech on the
water quality of rivers and lakes. Accordingly, compilation of
water quality data for many aquatic systems has been done. In

our own country, an attempt to study the quality of water of
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some rivers was made, and the information available in the

form of a report {(Govt. of India, 1955), 1In the United States,
siniiar work on rivers and lakes has been published (Iivingstone,
1960). Grove (1972)'haa compiled a table on the dissolved and
80lid load carried by the Vest African rivers: Senegal, Niger,
Benue and Sharin. In the case of South American River Amasgon,
chomical data are available throughout a yearly seasonal cycle

(Gidbbe, 1972).

The availadbility of extensive chemical data on water
quality has led to several interpretative studies. For example,
the increased salinity in the ground water and its harmful
effects on Lrrigation has been reported (Jacks, 1973). In the
cages of thé fresh water region of St. Lawrence, the water quality
data are analysed graphically to show some of the intor-relation-
ships among different variables and equilibrium composi tion of
the suspended matter has been theoretically derived (Sudramanian,
1974) . In a study of different type, Subramanian { 1976) has
investigated some of the important factors, like pH and Lfonic
strength, which control the concentrations of heavy metal ions

in natural waters.

In the recent years, rivers have given place to esatuaries
as the subjoct of study (Borole ot &l in press; Subramanian and
D'Anglejan, 1976). Borole et al have measured the concentre-
tions of dissolved Uranium and Siliocon in the Narbada, Tapti and

Godavari estuaries as a function of chlorosity by a radioactive
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pothod. Their results suggeet that Uranium behaves consers
vatively in all the throe estuaries, whereas $1licon exhibits
conpervative behaviour in the Narbada and 7apti estusries, and

behaves non-consexvatively in the Godavari estuary.

The study of the ﬁz'emiatry of our aquatic envi ronment
has raiced aome questiong about the prodable mochanisms that
.control the world water chemiastry, and esecondly, as to how the
chemical mass balance between rivers and oceans is mafintained,
given the fact that inmumerable rivers and streams supply huge

amount of dissolved constituents to oceans.

Carrels and Mackenszie ( 1966) have explained the conatancy
of the chemical composition of ocean waters by proposing a steady
state model in which tho excess stream derived s01ids are removed
as minerals in marine cediments, as d4issolved conetituents in
sediment pore waters, and as matorials cycled through the atmos-

) phere.

The mechanisms that control the world water chomistryhave
been discussed by th!__:n (191(;). Yhe auther cites three moin
mechanisms - atmospheric precipitation, rock dominance and the
evaporation crystallization process -~ as the pajor factors
influencing the composition of the dissolved salts of the world

waters,
S nt Che { 2

PFuch work scems to have beon done in the field of sediment

chemistry by making use of the principles of thermodynamics and
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kinetics. For example, Kramer (1967) has made a study of the
Great Lakes by means of two equilibrium models. In the first,
he has assumed constant temperature and pressure conditions,

and in the second, he has considered them as variables."utth
theaé restrictions, he has examined tho aaturatiéi levels of
caleite, dolomite end apatite in the waters. fHe haa also made

a theoretical analysis (1968) of the mineral - water equilibria
in Silicate weathering. In the field of kinetics, Helgeson (1971)
has made 8 study of the kinetics of mass trensfer among alumino-
silicates end aqueous solution. Similarly, Denis Norten (1974),
has defined equilidrium relationshipe botweon streim waters and
weathering prodﬁcta. kaolinite and calcium montporillonite, for
the Rio Tanams gystem.

The increasing attention paid t0o the study of énspanded
matter in natural waters (Gidbs, 1974) has led to the development
of a numbor of methods for studying the various aspectn of the
associated oediments (Cann and ¥Winter, 1971: Pierce et al, 1973;
Subremanian and D'Anglejan, 1976). Cann and Winter used a thin
£1lm technique for the chemical analysis of suspended sediments
collectod on membrane filters. Pierce et al have doveloped a
technique for the minerslogical study of ;inute quantities of
suspended nattor on membrane filters and thoir technigue has deen
successfully used for studying the mineralogy of the suspended
patter in the St. Lawrence estuary (Subramanian and D' Anglejan,
1976) . They have rocently discussed a new method for estimation
of weight per cent of elements in thevsuaponded mattor 4n the

estuarine waters.
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Nature of the Present !g;g;

The brief review that has been attompted above clearly
brings out the fact that the study of natural waters has been
diverse in nature. But, in these different approachea’. the
importance of reliasble chemical data on water quality cannot be
overemphasizged. In fact, a meaningful study of any natural
system is possible, only if wator analysis data are availadble for-
ths whole year. Therefore, before a worker in this fioeld takes
up a study of a natural system, at the firat instance, he has
to look for water annlysis data recorded throughout the seasonal
cycle. Since, such a work has been done by Handa (1972) on the

River Ganges, his results have been used in the present work
(Tables 1 = 3). '

Prior to the publication of Henda's work, a detalled analy-
tical data of any Indian rver do not seem to have been published.

thereas, Livingstone (1963) quotes a partial analysip data of the
Ganga river, Deb and Chadha (1964) carried out onl:y a partial
analysis (Ca, Mg, Na, K, HCO4s Cl, pil ani specific conducti-
vity) for a number of rivers, which did not include Silicate,

and neither the seasonal variations were recorded. PFurther,
¥orogov (1969) in his studies did not guote any analytical data

from the Indian sub-continent.

Handa's paper records, among other things, 8 brief dis-
cussion on the dissolved salt content and mineral equilibria, 1In
the case of the total dissmlved solute, neither any interpretation i:

attempted graphically, nor the secasonal variations in their values
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Averags monthly *chemical composition of the Ganga
river wator at Rishikesh (1966-67).

Concentrations expressed in’ 'ppa.

Month TS  B,S10, M Ca N2 . B K HCO,  C1 S0,
Jan. 140 24 6.85 30 10 4.3 2.2 15 8 18
Febd. 125 22 6.80 28 . 13 4.6 2.5 17 9.5 23
Mar. 122 32 6.75 26 8.8 4.4 2.8 103 7.0 21
Apr. 110 23 6.90 23 5.8 2.6 2.1 86 7.3 9
Nay 120 32 6.95 27 5.9 2.1 2.8 8 1.5 15
June 100 26 7.00 21 7 | 2.0 2.1 83 5.7 8.5
July 105 24 6.95 21 5.2 2.0 3.6 84 3.5 9.0
Aug. 100 25 , 1.05 20 4.3 17 2.1 15 3.8 7.0
Sept. 105 30 6.85 20 5.4 2.0 2.2 80 3.6 1.5
oct. 120 28 6.90 22 7.6 5.0 4.0 84 9.0 13.0
Nov. 115 24 6.95 28§ 7.7 3.2 2.1 90 8.0 16.0

Dec. 123 27 7.00 26 10.0 5.6 2.1 100 9.0 19

#Since the concentrations of P, !0? and B were in fractions of one ppm,
they have not been considered in the present work,



TABLE -~ 2

[THanaa (1972)7

Average monthly *chcmical composition of the Ganga
river water at Rajmahal (1968-69).

Concentrations in ppm.

Month  TDS pE H,S10, Ca Mg §a X RCOy c1 50,
June 155 T.45 12 35 6.6 9.0 4.0 158 7.0 19
July 126 7.25 18 26 4.9 5.6 3.5 100 5.5 1
amg. 105 7.0 19 23 34 3.5 2.6 88 2.2 6.5
Sept. 100 7.15 22 19 3.9 3.2 2.4 84 1.4 3.4
Oct. 105 T.20 26 18 5.4 39 3.0 84 2.4 6.8
Bov. 145 7.25 22 3 8.5 5.0 4.0 140 3.7 12
Dec. 147 7.3 23 32 8.0 5.8 4.0 140 4.0 12
Jan. 165 7.35 20 30 8.7 7.5 4.8 153 6.0 1
Feb. - 190 7.70 % 35 8.7 8.5 4.2 112 6.7 10
War. 225 7.50 35 3 1.0 12.0 4.5 197 9.2 14
Apr. 2% 7.60 3 40 9.0  10.5 5.0 189 8.8 14
May 180 7.45 % 32 9.5  11.6 5. 155 9.5 13

*8ince the concentrations of P, N03 and B were in fractions of one ppm,
they have not been considered in “the present work.



TABLE - 3

[ Handa (1972)/

Kverage themical composition of the Ganga
river at Dakshineshwar (1968-69).

Concentrations in ppnm.

Month  TDS pll R,S10, Ca Mg Na X HCO, c1 s0,
Rov. 275 7.40 26 55 15 11 4.3 252 16 9.5
Dec. 390 7.35 32 T 24 .20 5.3 329 22 12
Jan. 435 T.45 32 73 0 22 . 40 6.4 355 29 15
Feb. 485  7.55 29 722 26 4T 8.0 365 60 21
Mar. 660 ©  7.45 22 61 46 - 98 12.0 341 198 a4
Apr. 1100 7.35 28 62 51 266 22.0 305 460 68
Hay 1900 7.80 7 - 68 - ™ 498 - 31,0 305 862 133
June ~ 205 7.50 27 30 14 30 6.3 165 25 13
July 198 7.40 30 28 12 20 1.8 152 13 9.5
Aug. 130 7.30 22 24 6 5 30 13 6 2.6
Sept. 150 7.35 15 34 6 8 3.8 147 7 5.8
Oct. 189 7.40 19 45 11 10 - 4.1 190 12 7.5

*Since the concentrationa of ﬂ03 wore in fractions of one ppm,
they have not deen considered “in the present work.



explained. The discussion on -ineral equilibria does not record
the longitudinal variations in the phases of the silicate and
carbonate systems. No comments have been mede on the carbonate
system, whercas in the case of the Silicate system it has not'been
conclusively established that the river water is in equilibrium
with Keolinite,

A det'a.i.led study of the mineral éqnilibna of the Ganges
pystem is necessary as it is one of the hrgeaf irrigating systems
in the world, and, some new studies in the field of water - minersl
oequilibria will be of relevance. Secondly, the saturation levels
of various cardbonate minerals analysed hero, ¢an be uged to exa-
sine the use of water from this system for industrial purposes.
Finally, the study will also help in predicting whether the external
supply of metal dons such as from industrial affluents can de
removed by the expected precipitates.

Therefore, the above considerations led to the following
study of the River Ganges by making use of the water qnnnty data
from, Banda (1972). First, the variation of the totel dissolved
solute has boen examined to account for the seasonal and longi-
tudinal variation. Then, the carbonate equilibria in the river
water has been studied by considering the saturation levels of
some important carbonate minerals, like Calcite, Aragonite, Dolo-
mite and Magnesite. A phase diagram involving these minerals
has been developed, and the appropriate anslytiocal data from
Handa (1972) plotted on it, to detormine the carbonate mineral
with which the water s in equilidbrium.



In the case of the Silicate mystem, phase diagras involving

the componsnts xao-,uzos-aoa vas developed. Since, the variables
‘%;] .na[n4szo4] fitted in the Kaolinite region for all the sta-
tions, diagrams involving other components, like Mgd and Cal, were
not developed. The phase diagram in the Kaouniti region has been
enlarged to bring out the trend resulting from seasonal variation.

L2 X J
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snow-fed. Thoe river leaves ﬁae mountains near Rardway and flows
acrosa the Indo-Gangetic alluviale until it necets the Brahmaputra
in Bangladesh (Raymshashay, 1970). The vco:bi.‘n-ed stuan called the
Padma together with the &tnéharge from another tr&hutm called The
Meghna drains into the Bay of Bengal.

The Ganges dbasin has annual moneoon rains averaging froa
1500 ~ 2120 om. near the delta, 1000 zn. in the middle part, and

750 um. towards the western end (U.X., 1966).

The drainage area of the Canges is composed of highly weathered
sediments and volcanics (Raymahashay, 1970), which results in a
heavy clay load in the channel. According to Holeman (1968), in terms
of sediment yield, Ganges is the gecond largoit uvat in the world.

Selection of data:

It was pointed out in the last chapter that the main reason
tor selecting Handa (1972) for analysis was that it had recorded the
water quality data for the entire seasonal cycle. Since the aim of
the present work, is to bring out the changes in phase and total

dissolved solids in torms of the seasons, water quality data typical



FIGURE 1: The course of the Ganges from ite source to
ghe sea. Important tributaries have been
"shown. The three stations chosen for ﬂ_m

present study have also beon marked.
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8f the seasons were chosen. For eiuple. for the total dissolved
solida and carbonate oquilidrium studies, the data for the months
of January, April, August and Novembei'. each representiative of a
typical season in a yoar have been chosen. In the e¢ase of silicate
equilidrium, the same consideration is applied vith a slight diff-
erence. As it was found that there were appreciable differences in
the values of Silicate ton concentrations around the year, to
include all possible values, it was decided to choose six -aonthq

in a year.

Analyeis of water has been quried out vith samples from
thres stations, namely, Rishikesh, Rajmahal and Dai:ah!.noahur. The
first ntati.on, Rishikesh, lies near the mource, and the second
station 1s Rajmahal. Before the main river reaches Rajmahal many
of the important tridutaries, like Yamuna, Chamdal and Son, joins up
with it. The last station is Dakshineshwar which lies almost at the

mouth.

In & work of this nature, vhen reliance is placed upon another
author's work, it is bound to suffer from limitations. First of
all, the cholce of stations is too few to give a real picture. In
fact, 1t would have beenn puch more meaningful, if water quality data
wero available for at least a dozen atations situated all along the
river at regular intervals. Secondly, the analysis does not seem
to have been carried out immediately after the collection of samples,
especially, pH and Silicate determinationa. It is well known that
changes in their values could occur due to atoragé. Finally, the

biggest limitation is the temperature factor. In none of the data,



tomperature has been quoted. As is well known, in any work of
equilibrium studies, it is one of the most important factors
(Rraner, 1967). In the present work, therefore, the standard

temperature of 25°C is considered while analyosing tho data.

LXK R J
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D ANALYSIS AND DISCUSSION

Total Dissolved Salts:

Figure 2 shows the values of total dissolved load at
the thres stations, namoly, Righikesh, Rajmahal snd Dakehineshwar.
* The vertical bare .tn‘ the figure ropresent seasonal variations.
Because of discharge effects, total di'saolved load can be expe-~
cted to vary seaaomily (Edwarda. 1973; Gibbs, 1967, 1972;
Grove, 1972; iiﬂngatone. 1960) .

Longi tudinal variations, in general, can be explained by
two reasons depending upon, whether the smount of total diasolved
salts increases or doci'eases. The decrease in the dissolved salts
may be due to inorganic procipitation ocouring along the course,
or removal of salts by the ecosystem, or by dilution caused by a
river entering with a small dissolved load (Subramanisn, 1974).

On the other hmd.vinclreaae in the amount of total 4di ssolved

salts can be due to the dissolution of aéne of the inorganic thases
in the sediments such as CaC0y, or by addition of water from o
tridbutary draining & soft rock basin. Furthermora, if the bank

is ho;aﬂ.ly urbanised or industrialiged, then salts can be expected
to be added to the rlver- in the form of urban end industrial

effluents,

In the case of the Ganges river, the variation of total
dissolved salts records an increase all along the river. But the

increase is not uniforam in nature. H{zareas. the asmount of total



PIGURE: 21 The longitudinal variations of total dissolved
solute values have been represented graphically.
The Arithmetic Means of the seasonal variations
for each atation has boen joined by the dotted
line. The vertical line ropresents the seasonal

variations,
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dispolved salts gradually increases betwoen Rishikesh and
Rajmahal, the tariatim ie sharp in between Rajmahal and Dakshi-
neshwar. Since Dekshineshwar ips situated in the estuarine |
region, it may represent a region of mizxing of sea water from

Bay of Bengal with tho Ganges river water.

Prom the discharge effect point of view, nommally a “
decrease in the value of total dissolved solute is expected at -
Ra jmehal a8 compared to that in Rishikesh as was shown for some
African rivers by Grove {1972). This is because some of the
pajor tributaries like Yamuna, Son and Chambal join the main
river before it reaches Rajmahal. Their combined effect should
have diluted the waters and a decrease in the total diasolved salts
value must have occured. Hence, the increase has to be explained
as eithor due to constituents being derived from the leaching of
the uppa‘r- part of the soil profile, or due to salts being added
from fndustry. It is pertinent to point out here that this belt

is one of‘ the major industrial regiona in the country.

The otheor important argument that goes in favour of the
observed increase in total dissolved salts is the increase in the
atmospheric precipitation all along the course of the river (U.N.
1966). Cibbs (1970) has proposed atmospheric procipitation, as
one of the major factors that control the world river water
chemistry. He has observed that precipitation is a significant

gsource of dissolved constituents in world rivers.
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Kajor Constituentes

Chloride ion is ons of the major constituents tiat
increases along the course of the river and is pfeaent in signie-
ficant quantity in Dakshineghwar. The general increase oan be
attributed to increased atmospheric procipitation along the |
course of the river; thbﬁ (1970) points out precipitation as
an important source of Cl in high precipitation areas. The
heavy Poncentrntton of C1 in Dakshineshwar may also %2 due to
the interactién of soa water with river water. Thie reason is
aﬁpported by the fect that Na fons are alsp present in significant
quantity in nakshineuhvatf

A look at the water analysis data in Table t « 3 clearly
shows that bicarbonate is the most important constituent of the
dlesolved salts. The concentration of bicarbonate fon also
increases 1ongitudinall,y as shown by the increasc in pi valuee,
In fact, the vater which was slightly acidic in Rishikesh becomes
completely alkeline in Dakshineshwgr. Therefore, an explanation

for the increasing dbuild up of ncos ions is needed.

Fron the geochemical point of view, the explanation can
be sought in terms of probeble weathering reactions wvhich may

lead ¢to the production of 3003

Por exanfole, the following reactione are possible in a natural

ion (Garrebs and Mackenzie, 197%1).

sysatems
‘ +2 -
(1) caco +nzc03. - Ca(3003)2 = °‘aq + zacos

calcite

(2) 28 _CO_ + 9H_0 + 2WaAlsi 0 = Al.Si. 0 (OH)

23 20 (aavite] (s)  wlunte’ X3
+ 4;{48104 + 2ha*

\ aq aq
+ 2000,
3aq



In the first resction calcite is being lecached to bi-
carbonate and in the second reaction albite weathers to kaolinite.
Such reactions offer a possible natural source for bicarbonate.

It has also been observed from the data, that tho concentrations
of bicarbonate are higher in Rajmahal and Dekshineshwar than in
Rishikesh. As temperatwre is an important factor controlling

the rate of a reaction (Zumberge and Nelson, 1972), incresmsed
rates for the sbove weathering rcactions may be obsorved in
Rajmahal and Dakshineshway than in Rishikesh, because the former
places sre gituated in the plains whereas Rishikesh lies at the
foothills of Himalayas. The second reaction assumes ndded rele-
vancé when it is combined with the observation that kaolinite

is the common constituent of the Ganges river sediments, as
reported by Handa (1972). This observation has also been vorified
theoreti cally through the concopt of thase diagram discussed later

in this work.

In the light of the fact that the banks of the river are
highly industrialiced and urbanized, an explanation from this

point of view could also bo offereds

Organic matter, a very conmon constituent of agricultaral
effluents, can break down to release 002 which may hydrolyse to

Nad

give excess 5003 to the river water; further tho atmospheric 002
will also hydrolyse to give _HCO'S' to tho river water., The abowe
two situations can be explained in terms of the following reactions:

(3) 60, + Celly 05 = 660, + 65,0
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(4) co, +1,0 = H,C0,

(a)
(5) 0 co 320-
5 co, — > B, CO
(Atm.gas) (Dissolved)
* L _J

Such an organic decay t6 produce 1100; and alter the 5! has been

experimentally demonstrated by Berner {1971).

The sbove menti cned cases are examples, where Bco; ions

can be produced under aerodic oxidation of efflucnts. With the
increaatng pollution of natural waters by organic wastes from
urban areas, the possibility of production of dicarbonates under
sannaerobic conditions aleo oxists., For ex&nple, sul phates which
are an important constituent of wastes from petrochemical and
coal industries (Subrasanian, 1974) could lead to bicarbonates, as

shown by the genérali.aeﬂ overall reactioms, using carbohydrates,

{(7) 2CH.0 + SO," = ZCO, + H..S
2 4aq 3 2 ag

or

(8) 20cB.0 + SO- = HCO, + HS  +CO + B0 .
2 4“ 5" aq ?.‘Mz 27aq

The other major element in the effluents is NHitrogen principally

from the farmlands, which could also produce dicardbonate, ZFollow=-

]

#ng reaction such as,
0 = mt + HCO; .

(9) M, + CO, + B M

2
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Minoral Equilibria in the System cao-ngo-c02~azo

Chemical equilibrium concepts are valuadble in considering
a dypamic fresh water regime for several reasonss (1) relating
actual conditions to equilibrium mode)l results help to isolate
important biological, physfical and chemical procesesesy (2) the
lack of fit of equilidrium model predictions to actual situations
emphasizes areas for further investigation; {5) organization of
qyategs allows for genoralization and simplification of empirical
water chemistry data (Kramer, 1967).

In the study of carbonate system, two chemical equilibrium
concepts have been used to analyse the vate: quality data and deter-
eine the nature of sodiment with which the water is expected to be
in eqatmnﬁu. By means of Ion Activity Product (I.A.P.) and the
Solubility Product velues (K), the saturation levels of some of
the important carbonate minerals like Calcite, Aragonite, Dolomite
and Magnesite have beon examined. Also, phase diagram involving
these minerals was developed and the appropriate data plotted on
it to predict the expocted assemblages in the syston under consi-~

deration.

Study of Saturation Levalsz

The Ionic Activity Product (I.A.P.) of a salt ic defined as
%
the product of the activities of the fone in solution at that tenm-
poerature which in sll the cases has been taken to be 25°C. The

activity coefficients of the ions throughout the work have deen



calculated by making use of the Debye - Huckel equation (Garreles
and Christ, 1965). Then they were compared with the Soludility
Product constant for esch mineral at each of the months dy taking
the ratio ‘;_,_é_.i'_._ « The ratios have been tabulated in the

appendix (Table 4).

According to Bdwards (1973), when the ratio is 1;0. the.
water is in equilibriun with respect to that mineral. Ratios
higher than 1.0 mdiéate ‘mbem_ﬁzration and those iouer ansatu~
ration. The observed saturation level on tbé baghs of the 'ratto-
has also been uentioned in the table. Longitudinal variationa of
the I.A.F, .valuee for all tho stations have beon represented
grayhiciuy (Pigure 3 to 6) for all the sbove mentioned minerals,

Three important csonclusions aboﬁt the saturation levala. are
worth wentioning: (1) Vith respect to Aragonite and Fognesite,
the mean value of the saturation levels of the water 1195 Sal.ov
the equilibrium velue of 1. (2) In the case of Dolomite, the river
i3 highly saturated and in fact. the ratio recoi'de extraneiy high
values in Dakshineshwar., {3) In all the- cases, there is a trend

tovards increasing saturation for all minerals,

Phase Study:

If the assumption is made that carbonats minerals are in
equilibrium with the waters, the interrelations of the minerals
can be shown as functions of the aaﬁuueﬁ of the fons dissolved
in the water. Hence, it is possible to develop qualitative diagrams

that are useful, if only t0 provide a grarhic sumsmary of the mineral



FIGURE 5 to 63 The saturation levels I.A.P, for the
' carbonate minerals, Caleite. Aragond te,
Dolori te and Hagnosite and their variations
seasonally ag well as longi tudinally have
been represented. The JI.A.E. corresponding
to { represonts the eguiligrzum value.
Values higher than 1 indicates saturation

and below § undersaturation.
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'sequaneos that might be expected if equilibrium were atitained
(Garrels and Christ, 1965).

Carpenter (1962) has constructed an interesting diagram
that shovs metastable and steble equilibria among the Calcium
and Megnesium carbonates {Figure 7). The boundaries between
the phases are calculated ¢rom [\ a3 values. 2s a neans of
illustration, the equilibrium betwoon Brucite and Dolomite ia
considered.‘ 'Theequinbrlum between these two minerals can be

repreéentod by the following chemical reactions

200 +2

2 .

+
Dolomite 'S) i Brucite (s)

The equilibriux constant (K) will be given by

(1) X = [ng(oa)a}aﬁ,”j (“4.2]
("‘“‘(f"’s’a] . (") [32‘9.2

By making the assumption, that the activities of Bructite, Dolomite

and vater are equal to unity*, the above equation reduces to

(112) X = (Pco?f KCa*QJ

(")

The K value is calculated by making use of the changs in free

energy for the reaction in the following equati.’on
DG = -RTInK
and at S, [\ G° = =1.364 log,.K.

#*This agsumption 4s not strictly valid for Dolomite, since it ia
a solid solution. However, for the purpose of this diascussion,
the Dolomite is taken to represent an ideal pure composition and
its activity considered unity.



PIGUREs T3 Relations among Calcium and Meeiun c.arh.énatés
at 25°C and 1 atao:phen total breuuie. s a
function -of{_?coz] and [Ca"z/lg’al' Soldid nnoé show
equilibrium rolations betwaen stabdle phaaoﬁz
dashed lines shov oqu!.nb‘ﬂ.um relations between
nctao'fabia phases, and between netastabio and stable
phases (Enlarged from Garréle amd Christ (1965)
p 376). |
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If we take the logarithm of both sides cof the equation
(11a), it is reduced to 8 form that resembles the equatfion of
a straight line:
(12) 10g[ca*®] = -2 1og[Pc02] - log K.

n g+2

Thies equation in turn can be represented on a diegrem.
Similarly, the chemical oguation betweoen other phases, liko
Dolomi te/Calcite, Celcite/Brucite and Kagnesite/Dolomite can be

considered and the phase dimgram developed with log[_Pcoz] and

+2

ca+2
log[ }as two variables.

In order to plot the observed water analysis data on the
developed phase diagram, the activity cnefﬁoientszﬁcalcium and
Hagnesium ions vere computed as descridbed above. The partial

pressure of Ct)2 was caleulated as follcms. Pby this purpose, the

chemical reaction {Garrels and Christ, 1965):

a #8YHCO. K = 107787

(13) R0 +CO 5

2 2
was congiderod to represent the interaction of the atwospheric 602
with the natural waters. The partial pressure of the coz can be

writton in terms of the activitiea as folloue:( )
- 544 (540)(282.263+2
Pc02 c[H*J [HCO ]‘ >3334‘_
X Lt

The data provided 'the concentratione of H* and uco3 and from

these the activi ties wore calculated.

then the logarithm of the observed[Pcoz'Jand 05*21 (Appendizx,
+2

Table 5) were plotted on the developed phase diagrins i

was found

that sll the points clustered arocund & small area &in the

region and the seagonal variation was not clear. To by

G- 450669



3 w22 3

sepsonal variation clearly, the Dolomite region of the phase

diagram has been enlarged (Figure 8).

The phase diagram for the carbonate system shows that the
expected mineral to be in equilibrium with the water is Doloni te.
The seasonal trend here is interesting. For Righikesh and Raj-
mahal, the mineralogy exhibits a cyclic trend; the variation in
the mineralogy moves in the direction of Brucite phase till August
"and afterwards the trend is reversed. FPor Hakshineshuar, there is
no such trend, and hera, probably the mixing of ses water with fresh
water complicates the mineralogy, since sea water is also super

saturated vith respect to Dolomite (Garrels and Thompson, 1962).

The conclusion reached on the basis of solubility product
concapt as well as the phaaé study 18 that the expec¢ted mineral

shouldvbe Dolomite.

In this connection, £t will be interesting to examine the
precipitation of Dolomite in the natural systems. HBolland et al

(1964) gave an activity product higher than 10"5, as against the

17 to 10"9

K value of 10~ for Dolomite, but no precipitation of

Dolomite occured in the see vater. This indicates that supersatu-——
ration with respect to Dolomite can exiet for long periods. Similarly,
in the laboratory experiments under simulated conditions carried out

by Kranskopf {1965) indicates no precipttation of Dolomite from

sea water.

To explein the anomalous behaviour of Dolowmlte, Kranskopf (1965)

has come out with some explanations. According to the author, the



FIGURE 85 The plot of carbonate mineral equilibria in the
River Ganges. A3 all the water quality data lie
in the Dolomite region, to bring out the seasonal
variations c¢learly, this area s beon enlarged.
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main reason could be the peculiar cryatal structure of Dolomite,
which forbids its formation quickly at low temperatures. It has
been vfound by the same author that the prgcipitation of Dolomite
is hastened at higher temperatures. The socond explanation given
is that Dolomite is not prec¢ipitated as Ca l;!g (';coj) 2 in natural
water but as Calcite which in turn is converted to Dolomite. In
other words, the formation of Dolomite is not the result of the
combination of 034»2’ ag*z and co;' iona, but results from the
conbination of Ca CO, (Calcite) with Mg'” following a resction of
the type,

.

03003 +xHg 081_..: ng (2‘03 +xCa .
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¥ineral Equilibria in the System Na o-xzo - Ala 03 - 80, - H,0

2 2 2

Water composition plotted on acttvj.tf - activity diagranms
ér the aluminosilicate system hes been used by several workers to
successfully predict the composition of eedimeﬁts in equili_brium
W th the irater (Kramer, 1967; Garrels and Haékenzle. 1971; Jacks,
1973; Subrananian, 1974). The water composition can be studied
as & function of pH, concentration of 848104 and the cqnegnfmtion
of one particular cati.ﬁn sz;eh as ci*, n?’. B2 or K'. A humber of
two dimensional plots can be prepared with the above variables
eand an equilibrium water composition for the silicate minerals can
be derived for each set of variasbles (Jacks, 1973). Such an
analyais for the St. Lawrence river and estuary water indicates
that the waters should be in equilibrium with chlorite, 41llite,
gibdbeite and kaolimite (Subramenian, 1974). Similer observations
have also been made by Jacke (1973) for waters from various

ignaeous rocks.

In the present work, such an analysis has becn a ttempted.
It vas decided to develop a phase dbagram for some of the silicate
minerals 1ike gibbsite, kaolimite, cilorite and K«Feldspar.
Accordingly, three variables k', 8* and 343104 vere considered
and an orthogonal Ddlot consiating of two variables'log{ﬂg:—] and
log [H 4510,] was developed for the mineral systems consisting of
gibbai te, kaoclinite, K-Mica and K-Feldspar. On plotting the appro-

priate data, that is, log {343104] and 105{ x"l (Appendix Table 6)
*
a

from the water quality data, it was found for all analysis the
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water fell in the Kaolimite region. Therefore; other

conmponents like Mg0, Ca0 and Ra,.0 wore not considered, and the

2

stability diagran involving K0 - 41,0 - 510, = H,0 at 250C

2
and £ atmp. pressure was developed (Figure 9). To bring out
the seasonal trend clearly, the Kaolimite region of the diagrém

has been enlarged {Figure 10).

The stablility diagram leads to two important eonclusions.
Pirst, as against the case of carbonate system, therg iz no
clear seasonal trend in the waters at cach station. But there
is a definite longitudinal trend and as the river flows towards
the ocean, there ig a gradual shift of the mineralogy in the

direction of K«Nieca occurs.

If the actual mineralogy of the sedimnnts had been known
it would have been interesting to compare that with tae predicted
one. HRo information of this nature oxcept an observation that
the water iz oxpected to be 4in equilibriun with Kaolinmtte is
available. In case of other river systems like Si. Lawrence such
an ox_ercise to determine the actual mineralogy has been attempted
{ Subramaunian and D'Angiajan. in presa). In some cases the
observed mineralogy has proved different than the predicted one.
For example, on the basis of water chemistry data Subramanien {1974)
predicts the minerals to bo composed of gibbsite and chlorite in
the case of St, Lawrence. Rutherford (1972) has reported only
11lite, chlorite and mixed layer clays in the bottom sedinments of

the St. Lawrence river, but gibbsite has not been reported any-



FIGURE 9; Stability rolatiom of some phases in the aystenm

K.,0 - uzo - swz -H o at 25°C and 1 atmosphere,

2
as functions of and {g‘sao]. Humbers in
boundary lines ro ora to eyuations in text (Carrels

and Christ, 1965).
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PIGORE: 103 'mé plot of water composition of River Canges
at the three stations in the aluminosilicate
systen. Since, all the plots fell in the Kao-
lintte rogion, it has beon enlarged. A longi-
tudinal shift towards K-Mica ig dbserved.
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where (Subrawanian, 1974). Therefore, in the case of the River
Ganges took study on the actual mineralogy of the sediments i»s
essential to make useful interoretations. Nevertheless, the
present study has shown that the oxpected mineralogy must be in

the Kaolinite region, a longitudinal trend clearly exists, and

the equilibrium shifts in the direction of K-Mica, which is the
stable phase expected to bo in equilibrium with sea water (Melgeson

and Mackenzie, 1970).

The above trend in mineralogy that has been observed in the
case of the River Ganges agreec well with the study that has been
carried out by Garrels and Mackengzie (1971). The authors have
shown that the plot of river wator generally falls in the Kaolimite
region and that of sea wanter in the K-Mica region. Similariy, here
it has been shown, that the progressive change from a fresh wvater
to sea water regime is reflected in the change in mineralogy from
Kaolimite to K-Mica. Since, all the water analysis fall in the
aluminosilicate system, it raises a question about the complete
absence of gidbsite phase in the water. The ansver probably lies
in the explanation providod by Garrels and Mackenzie (1971) that
gibbaite forme only in soils that are continually dratned by water
deficient in silicate and bicarbonate. However, even in Righikesh,
vhere the bicarbonate concentration is comparatively less, none of
the water analysis falls in the gibbsite region. Therofore, the

silica concentration in the waters must be responsible for the
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change

23 8,

Gidbbaite Raolinite
from gibbsite to Kaolinite. At the same time, it 15 also possible

(14) a1.0_. 3520a + 20,80 = 54112318095 + sazol .

for the sediments to contain glbbsite even thouéh it lias not been

observed in the anslysie.

The validity of any scientific work lies in 2Ro experi-
mental yeritication. As of now, it seems, no practicnl examination
of the sediments has been undertaken along the éourse of the river,
Bowever, Pallik (1976) has analysed the shelf sediments at the
mouth of the Hooghly river which forms the western part of the
Ganges delta and has observed Illite (K-Mica) and Kaolinite to be
the principal clay minerals. Thus, the conclusions arrived at
in the present work regarding clay minerals agree feirly well with

thies obaservation.
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CONCLUSTON

In the course of the present study, three main conclusions

have been rretiched:

1) The total &l ssolved solute in the Ganges river exhidits a
longitudinal as well as a scasonal trend;

2) The river water ie supersaturated wi th the mineral Dolomite;
in respect of Caleite and aragonite, along the course, the water
gets increasingly saturated, and

3) the water composition in the aluminosilicate system plots
in the Yaolinite region, but a longt tudinal trend towards K~Rica
region Jae been observad. Thus, it is significant, that on the
basis of field investigations in the fresh water rezim, Handa
(1972) suggests the presence of Kaolinite, and Mallik (1976) has
obmerved Kaolinite and K~Mica in the mouth of the Hooghly river. |

Raymahashay (1970) has mentioned the predominance of mechaw
nical woeathering over chemical weathering in the case of the Ganges
river. HRowever, an analyeis of the carbonate equilibria, mggesta
that chemical yeathering to a gi'eat extent is responsidble for the
practical role the river plays in the environment. For example,
the increasing pi arising out of an increase in 800; ion concentra-
tion all along the river, may help to precipitate some of the
toxic heavy metals as hydroxides. Purther, the usefulness of the

river wvater is also depondent upon the saturation iovals of care

bonate minerals. It has been shown that the river is highly super-
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saturated with respect to dolomite and no precipitation
of this mineral has yet been reported. Therefore, the use of
such waters in industries without modifications can lead to

corrosion problems.

The analysis of silicate mineral equilibria La of academic
intercat. However, in the geological tinme scale, as has been

discussed in the text, the weathering reactions assume importance.






TABLE - 4

Ratios for Calecite, Aragonite, Dolomite and Magnosite.

20
=6

s.aipi
Ksolubility Product | o
Stations  Months L.AP: L.APe  LiAsPs I AP, Explanations
‘ Kl:al. Kar. ;Dol. 7 K!agnoaite
 Rishikesh  January 0.0816 (u) 0.0621 (U) 4.0200 (8) 0.00008 (U)
April 0.0557 (0) 0,0406 (U) 1.3300 (s) 0.00004 (V) W
Prom Bernar
Auguat 0.0562 (U) 0.0440 (0) 1.3240 (5) 0.00004 (V) %tsm).
November 0.0670 (0) 0.0499 (0) 2.%6 (s8) 0.00006 (U) K Calcite = 4.5x1077
Rsjeahal  Jenuary - 0,3366 (0) 0.2540 () 5.8050 (S) 0.0005 (B) K Aragonite = 6.0x10™7
April 0.9576 (u) 0.7100 (6) 368.800(s) 0.0007 {(U) K Dolomite = 1.91210
Angust 0.4400 (U) 0.1070 (U) 5.200 (s) 0,000t (U) K Magnesite = 2.51x10
Dakshineshwar Japuary 2.0488 (8) 1.5360 (S) 2265.1 (8) 0.0018 (U) (U) - Undersaturated
April 1.1890 (s) 0.8904 (U) 2039.7 (SS) 0.0029 (U) (S) - Saturated
August 0.19%% (0) 0.1453_(0) 16.20 (S) 0.000% (U) (sS) - Supersaturated.
November 1,037 (s) 0.7875 {8) 537.7 (ss) 0.0009 (U)




TABLE - §

Tabulation of log ca*  end Pcoa values.
ﬁg"

Station Months log Poo, log ea"z/ Hg"z

Rishikesh Jamiary «1.7931¢ 0.2601
April =1.9706 0.3820
Auguat -2,1808 0.4502
Hovenbey ‘ -200'05 0.&45

Rajmahal Jamary -2+1797 0.35201
Aprii «2.3315 0.4314

 August -2.3605 1 0.6128

Sovendber ~20’165 003579

\Dekshineuhvar Janmuary ~-1.92%7 0.3032

| April -1.8700 7.8692
Mgust -2.2508 0.3956
Novembeyr -2.,0234 - 0e3464




TABLE - 6

Tabulation of log H 4810 4 amd
log _’: values.
n#

Station Monghs log H, 810, 108 k¥
e

Rishikesh January §.3962 2.5743
Pebruary 3.3598 2.5752

May §.5224 2.7825

June §.433 2.7076

Septesber §.4942 2.5824

October §.46% 2,8823

Rajmahal Jamary Z.31814 3.4255
March §.5611 3.5253

Kay §.4942 3.5328

June §.0969 Je4412

August 1.2967 3.1062

October §.43% 3.0692

Dakshineshwar Jamary §.5224 3.6318
February £.4800 35456

March 3.3598 3.4753

June 3.4487 5.6732

September §.1931 3.1209

October §.2967 3.3868
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