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Stromatolitic limestone and calcareous shale belonging to Chattisgarh Supergroup of Proterozoic
age dominate the upper part of the Mahanadi river basin. X-ray diffractogram (XRD) of limestone
rocks show presence of a significant amount of calcite, dolomite and ankerite. Shales of various
colours contain calcite and dolomite. It is observed that congruent dissolution of carbonate minerals
in the Charmuria pure limestone has given rise to a typical karst topography. On the other hand,
limestones are also seen to support red and black soil profiles. This indicates that the limestone
bedrock undergoes a parallel incongruent weathering, which leaves a residue of decomposed rock.
The XRD analyses reveal that the limestone soils thus formed contain an assemblage of quartz, clays
and Fe-oxides. It is likely that the silicate component trapped during deposition of the stromatolitic
limestone weathers incongruently resulting in diverse soil profiles. Carbonate and silicate mineral
weathering schemes have been worked out to explain the soil formation, fixation of Al in clay
minerals, and Fe in goethite. The water quality parameters such as Ca, Mg and HCO3 in the
river water suggest under saturation with respect to calcite and dolomite. The mineral stability
diagrams indicate that kaolinite and Ca-smectite are stable in the river water environment, hence
they occur in suspended sediments and soils. The dominant influence of carbonate weathering
on the water quality is observed even in the downstream part of the river outside the limestone
terrain.

1. Introduction

Rock weathering is a fundamental step within the
fluvial erosion cycle vis-a-vis river water composi-
tion. The end product of rock–water interactions in
river catchment areas is an assemblage of secondary
minerals in soils and sediments. In studies invol-
ving river water quality, the transfer of solutes are
expressed in terms of biomass uptake, cyclic salt
precipitation, and chemical weathering of bed rocks
(Drever 1997). In watersheds where human inter-
ference is negligible, chemical weathering assumes a
major role in influencing water composition. Based
on the environmental factors that influence river
water chemistry, Gibbs (1970) suggested a three-

fold classification of rivers

• low total dissolved solids (TDS) and high
Na/(Na + Ca) water controlled by rainfall

• intermediate TDS and low Na/(Na + Ca) water
controlled by rock weathering and

• high TDS and high Na/(Na + Ca) water con-
trolled by evaporation.

Berner and Berner (1987) showed that the above
three groups in fact represent three types of rock
weathering. The first group is controlled by non-
reactive drainage basin containing cation poor
siliceous soils and rocks. The second group includes
most of the major rivers of the world and repre-
sents weathering of sedimentary rocks dominated

Keywords. River water quality modeling; rock–water interaction; limestone weathering; Chattisgarh basin.

J. Earth Syst. Sci. 114, No. 5, October 2005, pp. 533–543
© Printed in India. 533



534 B K Panigrahy and B C Raymahashay

Figure 1. Geological map of the Mahanadi basin (compiled from GIS maps, 1977).

by CaCO3 component. The third group repre-
sents rivers draining evaporite beds. Stallard and
Edmond (1983) established the dominant role of
chemical weathering of calcareous rocks in the
Amazon river basin through mass balance and solu-
tion equilibria. Meybeck (1987) in an extensive
study covering a number of large watersheds in
France emphasized silicate and carbonate weathe-
ring effects on water quality. Ohrui and Mitchell
(1998) have demonstrated control of weathering
products on water chemistry of small Japanese
rivers. A comprehensive review of coupling between
weathering and water quality has been provided by
Berner and Berner (1987) and Drever (1988) for
the world’s major river basins.

A large volume of work is on record pertai-
ning to the sediment mineralogy and river erosion
in the major river basins of the Indian subconti-
nent. Subramanian (1987) provides a comprehen-
sive overview of such studies. Naidu et al (1985)
have described clay mineral characteristics of river

bed sediments. A chemical weathering model based
on bicarbonate content in river waters was sug-
gested by Raymahashay (1986). An evaluation of
the Mahanadi river water chemistry has been car-
ried out by Chakrapani and Subramaniam (1990).
Ray et al (1984) and Naidu et al (1985) have
pointed out certain limitations about the nature
and source of sediment mineralogy reported in ear-
lier studies by Subramaniam and his co-workers.
The limitations were mainly because of sampling
stations, statistically inadequate sample size, infor-
mation on the type of rocks in the basin and tech-
nique of clay mineral identification. There have
been very few attempts to evaluate water qual-
ity through analysis of lithology and soil forma-
tion in the drainage basins of India. Existing
literature shows that most of the works on Indian
rivers are focused on generating water chemistry
database with sampling stations located near the
river mouth. This may be due to easy accessibil-
ity in the coastal areas. On the other hand, it is
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Table 1. Lithostratigraphy of the Chattishgarh basin (modified after Murti 1987 and Das et al 1990).

–
Recent Alluvium and laterite

– Dotu Fm. Red shale and gypsum
– Kodwa Fm. Grey and purple dolomitic limestone
– Tarenga Fm. Purple green and grey shale

Raipur – Chandi Fm. Purple and grey stromatolitic
limestone

Chattisgarh group – Khairagarh Fm. Ferruginous sandstone
Supergroup – Gunderdehi Fm. Purple and grey shale

– Charmuria Fm. Purple and grey limestone

����������
���������

Unconformity
–

(Mid. to Upper – Kansa Pathar/ Siliceous and ferruginous quartz

arenite Proterozoic) Kondkera Fm.

���������������
��������������

Chandarpur – Chapordih Fm. Reddish brown and olive green
group glauconitic sandstone

– Lohardih Fm. White and light pink sub-arkosic
sandstone Basal conglomerate

����������
���������

Unconformity
–

Archaean Granite and granite gneiss

Note: Das et al (1990) identified and characterized Dotu and Kodwa Formations, overlying Tarenga
Formations in the northwestern part of the basin. Murty (1987) gave the stratigraphy of the central
part. This is an integrated account of lithostragraphy compiled from the above sources.

obvious that any effect of rock type on water qual-
ity will not be clearly discernible near the mouth
due to human interferences. Therefore, in such
studies, more attention should be focused at the
portion hydrologically considered as the upstream
part of the river because of its relatively pristine
nature.

In the present study, the selection of the
upstream part of the river comprises an area of
46,700 km2 up to the sampling station 8 (fig-
ure 1). It has the Seonath, the largest tributary,
the Pairi, the Hamp, and the Mahanadi river up
to Jondhra. Together, these tributary basins cover
nearly one-third of the total basin area. The under-
standing that water quality and soil formation
could be better evaluated in areas free from human
interference and recent deposits prompted the
choice. Extensive fieldwork and petrologic study
were carried out to understand the basin geology
and sediment clay mineralogy.

2. Geology of the basin

The Mahanadi is the second major river in penin-
sular India with respect to the water potential. It
has a catchment area of 148,589 km2. The river
originates from a pond at an elevation of 457 m
above mean sea level near Nagri town in Madhya
Pradesh of central India and debouches over 66 km3

of water (Rao 1979) into the Bay of Bengal. Major

tributaries of the river are Pairi, Seonath, Jonk,
Hasdo, Mand, Ib and Tel. The climate is tropical
to sub-tropical with an average annual rainfall of
144 cm. The Indian Meteorological Department has
reported that the basin has a high rate of evapo-
transpiration varying from 152 cm in the east to
174 cm in the west.

The entire Chattisgarh basin forms the upper
Mahanadi catchment area. This basin is one of the
seven Purana basins in India, which are believed to
have developed under a dominant extensional tec-
tonic regime, and fed with eroded material from
Archaean and Early Proterozoic continental crust
of the Peninsular shield. These rock formations
are the repositories of shallow marine sediments
in an unmetamorphosed but marginally deformed
state (Kale 1991). The Archaean group of rocks
unconformably underlies the sedimentary forma-
tions of the Chattisgarh basin. Das et al (1989) and
Mukherjee (1990) gave the stratigraphic sequence
of the northwestern and southwestern parts of the
basin respectively. An integrated account of lithos-
tratigraphy applicable to the entire Chattisgarh
Supergroup is given in table 1. Petrography and
XRD analyses of the rock samples from all the
formations were carried out (table 2). It is found
that the area comprises mostly limestone and shale
with pockets of sandstone. The limestones are gen-
erally stromatolitic and dolomitic in nature. Stro-
matolite columns are separated by calcareous mud
and stand out prominently on weathering. XRD
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Table 2. Summary of the mineralogy of rock samples revealed by X-ray diffraction analysis and
microscopic examination.

Formation Location Rock type Mineralogy

Dotu Andhiyarkore Reddish shale Q + I + Chl + F + K + H
Kodwa Kodwa Grey limestone D + Q + C + F

Raipura Shaly limestone D + Q + I + F + K + C

Tarenga Singarpur Green shale Q + F + D + C + Chl + K
Singarpur Black shale Q + F + I + D
Simra Purple shale Q + F + Q + I + Chl + D

Chandi Sonadih Purple limestone A + C + Q + F + G + K + Chl
Lakchanpur -do- D + C + Q + I + K
Dhaneli -do- A + Q + I + F
Sonbanrsa Grey limestone D + C + Q + I + K + G
Dhabadih -do- D + C + Q
Nipania -do- D + C + Q

Khairagarh Binayakpur Reddish sandstone Q + H + I + K

Gunderdehi Khorsi Nala Purple shale Q + C + F + I + K + Chl + D

Charmuria Rajim Grey limestone C + Q + I
Durg Purple limestone C + Q + I + F + D

Chandarpur Banrodh and Sandstone and Q + F + G
Mudpar Quartz-arenite

Archaean Several locations Granite and gneiss Q + F + B + P

Q – Quartz; F – Felspar; C – Calcite; D – Dolomite; A – Ankerite; B – Biotite; I – Illite; K –
Kaolinite; H – Hematite; P – Pyroxene; Chl – Chlorite; G – Glauconite.

Figure 2. Sketch of X-ray diffraction pattern of HCl treated limestone.

analysis of a number of samples revealed that these
limestones are impure. The limestones contain a
significant fraction of silicate minerals such as
quartz (4.266 Å), albitic felspar (3.196 and 6.4 Å),
illite/glauconite (10.04 and 4.99 Å), kaolinite (7.09
and 3.52 Å) and chlorite (14.28 and 4.72 Å), in
addition to calcite, dolomite and ankerite. The
XRD pattern given in figure 2 provides the mineral
assemblage of acid-leached residue of a typical stro-
matolitic limestone. Shale formations occurring in
the basin are also often calcareous with additional
chlorite and kaolinite.

3. Limestone weathering and
soil formation

It is noteworthy that the limestone bedrock sup-
ports thin soil cover at a number of places in the
study area. An assemblage of solution features and
bare rock surfaces in pure limestone regions,
which are typical of the karst topography could
be noticed. Mineralogical examination of river
suspended sediment indicates the presence of
unweathered felspar and occasional calcite, in addi-
tion to dominant clay minerals. Size analysis of
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Table 3. Standard state Gibbs energy of formation and equilibrium constants for stability of
glauconite in the soil environment at 25◦C and 1 atm.

Gibbs energy of formation of mineral and related species (KJ/mole)
Glauconite∗ (gl), K1.5 (Fe3+

3.16Fe2+
0.84) Al0.66Si7.34O20(OH)4 :−9296.80

Nontronite∗ (no), K0.66(Fe3+)4Al0.66Si7.34O20(OH)4 :−9053.30
Kaolinite† (ka), Al4Si4O10(OH)8 :−7598.72
Goethite† (go), FeOOH :−488.55
K+† :−282.49
H2O

† :−237.13

H4SiO†
4 :−1307.74

H+ and O2 gas† :Zero
gl-no boundary:

Gl + 0.21 O2 + 0.84 H+ = no + 0.84 K+ + 0.42 H2O
Log(aK+/a+

H) = 9.3 for PCO2 = 0.21 atm in earth’s atmosphere

no-ka+go boundary:
6 no + 4H+ + 82 H2O = ka + 24 go + 4 K+ + 40 H4SiO4

Log(aK+/aH+) + 10 log aH4SiO4 = −43.85

gl-ka+go boundary:
6 gl + 1.26 O2 + 9.04 H+ + 79.48 H2O
= ka + 24 go + 9.04 K+ + 40 H4SiO4

Log(aK+/aH+) + 4.42 log aH4SiO4 = −8.64

∗Calculated by the oxide summation method (Tardy and Garrels 1974).
†Converted to KJ/mole following Robie et al (1978).

suspended sediments of four upland tributaries has
shown that nearly 70% of the suspended load is silt.
These observations are in accordance with a typi-
cal weathering limited denudation regime (Stallard
and Edmond 1983), which usually has the follo-
wing characteristics:

• development of thin soil profiles or bare rock
surfaces,

• presence of partially weathered primary minerals
in the stream load,

• availability of less time for soil and water inter-
action and

• imprint of rock weathering on river sediment
load.

The weathering surfaces of the limestone
bedrock in the Chandi formation show standard
solution features like cavities, open joints, sty-
lolites, etc. This impure limestone appears to
have undergone both congruent and incongruent
weathering simultaneously. This is because of its
high silicate mineral content. Congruent dissolu-
tion of the carbonate minerals has resulted in typ-
ical karst features mentioned earlier. Calcite and
dolomite are major carbonate minerals. Ankerite
was detected in some samples by characteristic X-
ray peak between 2.89 and 2.90 Å and an endother-
mic DTA peak below 800◦C. Previous reports of
ground water and river water analysis from the
area (Panigrahy 1991) suggest that most of the
ground water as well as the Seonath river water

are super-saturated with respect to a calcite and
dolomite, which explains widespread occurrence of
carbonate concretions in this area.

On the other hand, incongruent weathering of
silicate minerals is responsible for the formation
of two types of soil covers observed in the area.
They are: (i) concretionary red soil (Terra Rossa)
and (ii) organic rich black soil (Rendzina). Min-
eralogical investigation of these soils reveals that
the kaolinite-illite-quartz assemblage is common
to both. But the red soil is characterized by
goethite concretions while the black soil contains
nontronite. Such soil mineralogy may be due to
the trapping of silicate minerals during deposition
of the stromatolitic limestone. Energy Dispersive
X-ray Analysis (EDAX) of the residue remaining
after HCl leaching of this rock shows the pres-
ence of glauconite, which is probably a primary
source of iron for geothite formation. Composi-
tion of the glauconite agrees with the idealized
glauconite given by Burst (1958). Within the soil
environment, the glauconite initially alters to non-
tronite that in turn gives rise to an assemblage of
kaolinite and goethite. Wolf (1967) suggested that
spheroidal particles of goethite could be pseudo-
morphs of glauconite. These mineralogical changes
are general characteristics of silicate weathering
reactions with additional oxidation of ferrous-iron
to ferric-iron. The ferric iron ultimately is fixed
as goethite. Thus, conversion of such glauconite to
an ideal nontronite is worked out in the following
steps:
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Figure 3. Stability fields of glauconite (gl), nontronite (no)
and kaolinite (ka) with goethite (go) at 25◦C.

Glauconite = K0.66Fe3+
3.16X+0.84 Fe2+ + 0.84 K+

0.84 Fe2+ + 0.21 O2 + 0.84 H+ = 0.84 Fe3+

+0.42 H2O

K0.66Fe3+
3.16X + 0.84 Fe3+ = Nontronite

Glauconite + 0.21 O2 + 0.84 H+

= Nontronite + 0.84 K+ + 0.42 H2O

Similarly, the weathering of nontronite to kaoli-
nite and goethite involves release of K+ ion and
dissolved silica (H4SiO4). The overall reactions
for glauconite–nontronite, nontronite–kaolinite +
goethite and glauconite–kaolinite + goethite equi-
libria are provided in table 3 along with respective
Gibbs energy values used to calculate equilibrium
constants. From these data, a stability diagram
(figure 3) in terms of the thermodynamic activity of
K+, H+ and H4SiO4 is constructed by following the
method of Garrels and Christ (1965). Even though
the idealized compositions might introduce consid-
erable uncertainty in the position of the bound-
aries, it is reasonable to conclude that glauconite
is destabilized at relatively high pH, high K+ ion
activity and low silica activity.

3.1 Relative mobility of elements

The proposed weathering scheme for the carbonate
and silicate fractions in limestone is based on the

Table 4. Relative mobility of elements during weathering of
limestone.

Average
Element∗ limestone Average soil Soil/limestone

Si 8.77 37.80 4.31

Al 3.73 17.86 4.79

Fe 1.66 38.90 23.43

Ca 81.40 2.60 0.03

Mg 3.51 0.89 0.25

Na 0.25 0.53 2.12

K 0.66 1.39 2.11

∗Recalculated to 100 per cent from oxides (number of sam-
ples of rock and soil = 5).

removal of major elements in solution and fixation
of Al in clay minerals and Fe in goethite. The soil-
to-rock ratio is high for Al and Fe but much lower
for Ca and Mg. Comparison of limestone bedrock
and local soil composition (table 4) indicates that
the relative mobility of elements during weathering
has been Ca > Mg > Na > K > Si > Al > Fe.

4. Effects of chemical weathering
on river water quality

Chemical weathering of rocks is an interaction
between rock and water under the conditions pre-
vailing on the earth’s surface. In order to examine
the influence of weathering on water composition,
a five-year water quality database was acquired
from Central Water Commission (CWC). It has
13 sampling stations distributed all over the basin.
The monthly water analysis data averaged over a
five-year period (1991–95) is listed in table 5. The
charge balance of total cations TZ+ and anions
TZ− on equivalent basis can be represented by a
linear regression equation:

TZ−(µeqL−1) = 1.11TZ+ (µeqL−1) − 258.75.

As the maximum discrepancy in cation–anion
balance was 8.4%, this database is considered suit-
able for further interpretation. Reconfirmation of
the water composition at CWC sampling stations
were carried out for major ions by standard ana-
lytical methods mentioned in table 6. The results
of the major ion analysis for these water samples
agree well with the concentration ranges reported
earlier by the CWC.

The TDS concentration is in the range of
76 to 343mgL−1 with a mean of 155mgL−1.
Bicarbonate is the dominant ion followed by cal-
cium, sulphate, silica, sodium and magnesium
(table 5). The linear regression analysis of dissolved
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Table 5. Average water composition of the Mahanadi river at different stations.

Station pH SiO2 Na K Ca Mg HCO3 Cl SO4

1. Baronda 7.23 14.03 4.83 2.05 12.68 2.88 51.3 9.71 10.04
2. Rajim 7.21 14.28 7.07 1.93 18.34 3.79 74.0 10.05 6.98
3. Simga 7.75 14.12 19.58 5.01 31.07 10.41 141.7 15.19 21.11
4. Andhiyarkore 7.76 19.16 43.61 4.14 39.56 17.82 222.2 15.28 57.45
5. Jondhra 7.77 16.40 22.76 3.89 30.85 12.51 143.6 16.55 32.34
6. Rampur 7.58 13.20 14.62 1.88 26.60 6.64 114.2 11.85 10.35
7. Bamnidih 7.35 14.75 11.17 3.03 17.64 4.53 73.0 11.4 20.52
8. Basantpur 7.73 16.55 15.49 3.13 23.50 7.73 110.2 12.83 18.95
9. Kurubhata 7.33 17.24 5.71 2.22 11.49 3.77 55.3 8.37 15.36

10. Sundergarh 7.39 15.91 9.76 1.48 13.64 4.02 67.7 8.70 13.28
11. Salebhata 7.83 14.65 22.32 1.76 26.39 7.90 137.5 11.86 9.00
12. Kantamal 7.64 18.19 14.80 2.19 20.66 6.29 102.2 10.85 10.42
13. Tikarpara 7.47 14.48 7.87 1.73 20.18 4.91 87.5 10.80 9.83

Note: All parameters except pH are in mgL−1.

Table 6. Analytical parameters used for characterizing the water samples of various
stations.

Relative
Parameter Method of analysis Std. dev. (%) error (%)

pH pH meter in field 5.8 1.2
Conductivity Conductivity meter at site 8.0 2.1
Bicarbonate Acid (HCl) titration at site 15.5 2.3
Chloride AgNO3 titration 4.2 1.7
Sulphate BaCl2 titration 9.1 1.2
Na and K Flame AAS 17.3 4.0
Ca and Mg EDTA titration 9.2 1.9
Dissolved Si Molybdo-silicate method by 8.4 4.2

spectrophotometer

Table 7. Correlation coefficient matrix (confidence level: 95%).

pH E.C. TDS SiO2 Na K Ca Mg HCO3 Cl SO4

pH 1.00 0.76 0.74 0.34 0.76 0.53 0.82 0.77 0.82 0.77 0.46
E.C. 1.00 0.99 0.50 0.98 0.70 0.96 0.99 0.99 0.85 0.87
TDS 1.00 0.54 0.98 0.69 0.93 0.98 0.98 0.82 0.89
SiO2 1.00 0.55 0.25 0.29 0.53 0.44 0.19 0.63
Na 1.00 0.68 0.91 0.97 0.97 0.77 0.86
K 1.00 0.69 0.73 0.64 0.84 0.74
Ca 1.00 0.94 0.97 0.91 0.76
Mg 1.00 0.97 0.87 0.89
HCO3 1.00 0.84 0.78
Cl 1.00 0.69
SO4 1.00

components brings out possible ionic associations
(table 7). A strong positive correlation (r = 0.99)
exists between electrical conductivity and TDS
as expected. A strong correlation (r > 0.9) exists
among sodium, calcium, magnesium and bicarbon-
ate ions, which indicates a common rock source for
them.

Much of the weathering capability of natural
water is due to the mild acidity produced by
dissolved carbon dioxide. The partial pressure of
CO2 at 25◦C is calculated from pH and bicar-
bonate content of river water using the equation Figure 4. Variation of apparent CO2 pressure with TDS.
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Figure 5. (a) Stability diagram for K2O–Al2O3–SiO2–H2O system; (b) Stability diagram for Na2O–Al2O3–SiO2–H2O
system; (c) Stability diagram for MgO–Al2O3–SiO2–H2O system; and (d) Stability diagram for CaO–Al2O3–SiO2–H2O
system.

log PCO2 = 7.9 + log aH2CO3 – pH. Comparison of
river PCO2 with that of the atmosphere indicates
degree of disequilibrium at the interface. With an
average log PCO2 = −2.464, CO2 pressure in each
of the tributaries and the main Mahanadi river is
higher than the atmospheric PCO2 = 10−3.5 atm.
(figure 4). Two probable possibilities to explain the
observed disequilibrium may be that:

• a perennial river like Mahanadi contains a sig-
nificant fraction of high CO2 contribution from
groundwater and

• the rate of release of excess CO2 for attaining re-
equilibrium with the atmosphere is slower than
the rate of solubility of CO2.

The CO2 pressure remains fairly constant all
over the basin independent of dissolved load
along the course of river (figure 4). However, sam-
ples from the upstream of the Mahanadi river
basin where limestone and calcareous shales are
dominant have relatively higher PCO2 than the
downstream water draining the non-carbonate
rocks.
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4.1 Carbonate and silicate mineral equilibria

Weathering of carbonate and silicate minerals in
limestone not only influences soil formation but
also the water quality. Therefore, it is important
to evaluate the state of saturation of river water
in terms of solubility products of the two min-
erals, calcite and dolomite. The saturation index
for calcite is between −1.58 and 0 and for that
of dolomite is between −3.64 and 0. This range
of values in general suggests undersaturation of
river water with respect to these two minerals.
This undersaturation explains aggressive chemical
weathering and development of solution features in
the study area.

Silicate mineral equilibria for common clay min-
erals such as kaolinite, Na-montmorilonite and
Ca-montmorilonite are evaluated in terms of ther-
modynamic data of Robie et al (1978) and Drever
(1988). Cation/H+ ion activity ratios and silica
activity at different sampling stations plot within
the kaolinite field in the stability diagrams for
K2O, Na2O and MgO–Al2O3–SiO2–H2O systems
(figure 5a, b and c). On the other hand, the
analysed data fall across the kaolinite/Ca-smectite
boundary in the stability diagram for CaO–Al2O3–
SiO2–H2O systems (figure 5d). These suggest that
kaolinite and Ca-smectite are stable in the river
environment. This theoretical observation is sup-
ported by the presence of kaolinite and a glycol-
expansive smectite in river suspended sediment and
soils.

4.2 Carbonate vs. silicate weathering

In the entire Mahanadi river, the Ca + Mg con-
centration is balanced by the HCO3 on an
equivalent basis (figure 6), suggesting that the
carbonate weathering is more important than the
silicate weathering in controlling the Mahanadi
water quality. Further, it is evident from the
ternary diagram (figure 7) that the Mahanadi
river waters plot near the carbonate end. This
affinity towards the carbonate end suggests that
the dissolved components derived from limestone
weathering in the upper part of the basin over-
whelm the silicate weathering products in the
downstream segments even outside the lime-
stone terrain. This conclusion supports the previ-
ous observations of Chakrapani and Subramanian
(1990).

R-mode factor analysis of the normalized
monthly water composition data suggests that
more than 90% of the data could be explained
by three factors (table 8). The factor matrix
thus obtained was subjected to oblimin rota-
tion with Kaiser normalization. The factor matrix

Figure 6. Balance of (Ca + Mg) and HCO3.

Figure 7. Ternary plot of bicarbonate, silica and sulphate.

(table 8) shows that 70% of total variance is
explained by factor-1 consisting of Na–Ca–Mg–
HCO3 assemblage. This dominant factor compri-
sing strong loadings by Ca, Mg and HCO3 can be
explained by the dominance of carbonate weath-
ering in the basin. On the other hand, associa-
tion of Na with factor-1 may be related to the
leaching of silicate clay impurities in limestone.
Factor-2 explains more than 12% of the total vari-
ance and is characterized by a high factor-score
for silica. This factor may be interpreted as due
to weathering of silicates. Factor-3 accounts for
7% of total variance with significant loadings for
K and Cl. Although evaporite weathering con-
tributing K and Cl to the observed dissolved
load of Mahanadi is indicated, available geologi-
cal information is insufficient to confirm that pos-
sibility. The significant factors observed in the
present dataset are also evident in the correlation
matrix, thus confirming the dominance of carbon-
ate weathering in controlling the dissolved load of
Mahanadi.
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Table 8. Oblimin rotated R-mode factor matrix of chemical data (n = 65).

Variable Factor-1 Factor-2 Factor-3 Communality

SiO2 0.160 0.996 0.149 0.993
Na 0.968 0.120 0.629 0.945
K 0.651 0.178 0.946 0.900
Ca 0.938 0.133 0.768 0.901
Mg 0.967 0.221 0.745 0.949
HCO3 0.971 0.191 0.679 0.946
Cl 0.744 0.042 0.909 0.852
SO4 0.837 0.241 0.624 0.710
Eigen value (principal

component solution)
5.616 0.986 0.594

Percentage variance explained 70.20 12.30 7.40
Cumulative percentage of 70.20 82.50 89.99

variance

Note: An eigen value of 0.5 is assigned for extraction of factors. Size of eigen value represents
the variance of the original data that has been extracted to each factor. The generally high
communalities indicate that 90% of the variance is explained by 3 factors.

5. Conclusions

• Congruent dissolution of the stromatolitic lime-
stone by Mahanadi river water has resulted in
typical karst features. At the same time, the
incongruent weathering of glauconite has given
rise to red and black soil profiles over the lime-
stone bedrock. Thus, a simultaneous congru-
ent/incongruent weathering is the characteristic
of the Mahanadi basin.

• The river water is undersaturated with respect
to calcite and dolomite resulting in aggressive
chemical weathering of limestone.

• The clay minerals kaolinite and Ca-smectite
are thermodynamically stable in the Mahanadi
river water and hence may be insignificant con-
tributors of silicate weathering products to the
Mahanadi water.

• Carbonate weathering in the basin is a primary
factor influencing the quality of Mahanadi water.
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