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Abstract

In the northern part of the Indian sub-continent, the Ganga alluvial plain (GAP) feeds its weathering products to the

Ganga–Brahmaputra River system, one of the world�s largest fluvial systems. The authors present a geochemical study

of the GAP weathering products transported by the Gomati River (the Ganga River tributary) to understand weath-

ering processes of an alluvial plain in a humid sub-tropical climate. A total of 28 sediment samples were collected during

the monsoon season and were analysed by X-ray fluorescence spectrometry for 25 major and trace elements. Bulk

chemistry of the channel, flood and suspended sediments mostly consists (>90%, >80% and >75%, respectively) of three

elements; Al, Si and Fe. Major element concentrations normalised with respect to upper continental crust (UCC) show

strong depletion of highly mobile elements (Na, Ca) and enrichment of immobile elements (Ti, Si). Silica enrichment in

the sand fraction is probably caused by chemical weathering of feldspar. Mineral sorting during fluvial transportation

acts as the single important factor that controls the geochemistry of these weathering products and also strongly influ-

ences major and trace element distribution in the individual sediment samples. Trace element (Ba, Cr, Cu, Nb, Ni, Pb, V

and Zn) concentrations were strongly correlated with major element (Si, Al, Fe, Mn and K) concentrations indicating

that the abundance of trace elements is controlled by the same processes that control the major element distribution in

these sediments.

The GAP weathering products were geochemically distinguished as arkose to litharenite in rock classification.

Chemical mobility, normalised with respect to TiO2 in UCC, indicates that Si, Na, Zr, Ba and Sr, mainly derived from

feldspar, muscovite and biotite, are lost during weathering. Iron and Zn remained immobile during weathering and

were strongly adsorbed by phyllosilicates and concentrated in fine-grained sediment fractions. The chemical index of

alteration indicates that the GAP has experienced chemical weathering of incipient to moderate intensity. The GAP

weathering products also demonstrated a progressive incomplete alteration in the alluvial sequence made-up of the

Himalayan-derived sediments. A model has been proposed to better understand weathering processes and products

of the GAP in temporary storage of �50 ka in a humid sub-tropical climate.
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1. Introduction

Continental physical and chemical weathering are

the principal processes by which terrigenous clastic
ed.
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materials are produced from continents, transported

into oceans and modified prior to deposition. These

weathering processes, therefore, are of considerable

importance both in geological interpretation of sedimen-

tary sequences and in understanding the effects of hu-

man modifications of the physical environmental

system (Robinson and Johnsson, 1997; Huh et al.,

1998). Their weathering products are a cumulative result

of lithology, degree of physical and chemical weathering

experienced by the source area and subsequent changes

during transportation and deposition processes. Com-

prehensive geological studies of weathering processes

and products are required to interpret sedimentary se-

quences in a better way and to investigate average cru-

stal composition as a constraint on a model of large

scale crustal evolution through geological time (McLen-

nan et al., 1980; Taylor and McLennan, 1981; Bhatia,

1983; McLennan and Taylor, 1983; Wronkiewicz and

Condie, 1987; Cullers, 1988; Nesbitt and Young, 1984,

1989; Garver and Scott, 1995; Fedo et al., 1996).

The most spectacular landscape formed during the

post-continental collision between the Indian and Asian

continents is the Indo-Ganga–Brahmaputra Plain, the

world�s largest alluvial tract. It separates the Hima-

layan orogenic belt from the Indian Craton. The mid-

dle part of the Indo-Ganga–Brahmaputra Plain is

known as the Ganga Plain. Asian rivers are the chief

transporting agent of continental weathering products

and supply as much as 30% of the global sediment in-

put to the world�s ocean (Milliman and Meade, 1983).

Weathering products of the Ganga Plain are trans-
Fig. 1. Location map of study area showing the Gomati Ri
ported downstream by the Ganga River system and

subsequently get deposited either in the Ganga Delta

or in the Bengal Deep-Sea Fan regions (Fig. 1). The

Gomati River basin that drains a part of the Ganga

Plain provides the most prominent site to understand

weathering processes and products of the GAP. Major

rivers of the world have been investigated by several

geochemists for their continental weathering materials

(Potter, 1978, 1994; Dupré et al., 1996; Canfield,

1997; Vital and Stattegger, 2000). Sarin et al. (1989)

studied major ion chemistry of the Ganga–Brahmapu-

tra river system to understand weathering processes

of the region and elemental fluxes of the rivers to the

Bay of Bengal. Several studies have been done to

understand the geological evolution, fluvial processes,

sedimentology and environmental problems in the

GAP (Abbas and Subramaniam, 1984; Ajmal et al.,

1985; Subramaniam et al., 1987a,b; Kumar, 1989;

Faruqui et al., 1992; Singh et al., 1997; Ansari et al.,

1998, 2001). In contrast to this, weathering studies of

the GAP have received a little attention so far.

The present investigation was undertaken to obtain a

better understanding of the GAP weathering processes

and to explore the implication of weathering of an allu-

vium sequence in temporary storage of �50 ka under a

humid sub-tropical climate. The aims of this reconnais-

sance study were to gain complementary insight into:

(i) major and trace element distribution in the GAP

weathering products; (ii) the nature, influence and inten-

sity of chemical weathering and (iii) chemical mobility of

major and trace elements during the GAP weathering.
ver Basin and its relation to the Ganga River system.
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2. Study area

The GAP is an outstanding geographical feature on

the Indian sub-continent due to its low elevation, low re-

lief, high fertility and high population density. From

North to South, Singh (1996) divided the plain into three

broad distinctive units on the basis of landforms, char-

acteristic deposits and tectonic setting: the Piedmont

Zone, the Central Ganga alluvial plain and the marginal

alluvial plain. The 900-km-long Gomati River originates

from a swampy area in the Piedmont Zone in district

Pilibhit near Puranpur, located about 50-km south of

the Himalayan foothills and ultimately meets the Ganga

River (Fig. 2(a)). It drains a total area of 30,437 km2 lo-

cated in an interfluve region of the Ganga and Ghaghara

Rivers. It has a gently slopping elongated drainage basin

trending NW–SE characterized by similar lithological

and climatological conditions. The average slope of the

river in its upper reaches is 55 cm/km, whereas in the

lower reaches it is 11 cm/km. Maximum and minimum

elevations in the basin are about 186 and 80 m above

mean sea level, respectively. Thus maximum relief is
Fig. 2. (a) The Gomati River Basin: It represents the interfluve area of

and is drained by low-gradient and highly sinuous entrenched channe

(b) Rainfall and temperature distribution of some stations of the Gan
approximately 25 m and is manifested by steep discon-

tinuous exposure of the Gomati River valley margins.

Climate is an important variable that controls the

geochemical environment of weathering processes and

also has an overriding influence upon the characteristic

weathering products (Nagell, 1962). The degree of

weathering increases with mean annual temperature

and precipitation. Temperature controls the rate of

chemical weathering reactions and precipitation pro-

vides an aqueous medium and moisture for ion exchange

for these reactions (Loughnan, 1969). The Gomati River

basin experiences a humid sub-tropical climate with hot

summers followed by heavy monsoon precipitation and

cold winters. Annual rainfall in the region varies from 87

to 125 cm. The major part of the rainfall is concentrated

in the monsoon months, July–October, with only few

sporadic rains in the winter months. Variation in tem-

perature is extreme in the summer months. Maximum

temperature is 47 �C and in the winter months it is

20 �C and the minimum is about 2 �C. Fig. 2(b) shows
monthly rainfall and maximum and minimum tempera-

ture at a few locations in the study area (Singh, 1988).
the Ganga and the Ghaghara Rivers in the Ganga alluvial plain

ls. Annual rainfall isolates were generalised from Singh (1988).

ga alluvial plain (after Singh, 1988).



Fig. 3. (a) Schematic cross-section (along XY line as shown in Fig. 2(a)) showing geology and tectonic setting of the Ganga alluvial

plain. (b) Schematic vertical litholog showing lithofacies and their average grainsize composition of late quaternary alluvial deposits

exposed on the margin of the Gomati River valley at Lucknow (after Singh et al., 1999).
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Geologically, the GAP is a foreland basin which is

closely linked to the development of the Himalaya oro-

genic belt (Fig. 3(a)). Lithologically, the GAP is made-up

of interlayered 1–2 m thick fine sand and silty mud

deposits showing extensive discontinuous calcrete hori-

zons (Singh, 1996). These sediments achieve a thickness

of 500–1000 m near the foothills of the Himalaya and

decrease southwards, where they may be only few tens

of meters thick. Based on grainsize, contact relation-

ships, burrowing, mottling and calcretization in the

plain, Singh (1996) identified two types of lithofacies

association: Muddy interfluve deposits and Sandy inter-

fluve deposits. Sandy interfluve deposits are made up of

0.5–2.0 m thick lenticular sand bodies representing

meandering river deposits and 1.0–2.0 m thick well

sorted silty fine sand representing sheet flood deposits

with 10–50 cm thick discontinuous horizons of calcrete.

Sometimes 1.0–2.0 m thick muddy sediments represent-

ing pond-lake deposits are also present. Muddy inter-

fluve deposits are made up of 0.2–1.0 m thick well

sorted silt with extensive calcrete development; 1.0–

2.0 m thick highly mottled fine sand deposits with 5–

10 cm thick bedded calcrete and shell-bearing mud. An

idealised vertical succession depicting these lithofacies

associations along with their average grainsize charac-

teristics near Lucknow is shown in Fig. 3(b) (Singh
et al., 1999). In the central part of the Gomati River ba-

sin, a thick section of about 8 m exposed on the Loni

River near Lucknow was studied in detail for lumines-

cence dating. This section comprises silty sediments with

bands of fine sand and calcrete horizons and gave an age

of 46 ± 6 ka at its base (Srivastava et al., 2003).

Hydrologically, the Gomati River is characterized by

sluggish flow throughout the year, except during the

rainy season when heavy monsoon rainfall causes a

manifold increase in its runoff. The river has several trib-

utaries draining through the GAP and thereby actively

incorporating into its sediment load. The Sai River is

the main right bank tributary which drains nearly 1/3

of the Gomati River basin. Other tributaries are the

Kathna Nadi, the Sarayan Nadi, the Kalyani Nadi,

the Behta Nadi, the Pili Nadi, the Loni Nadi, Kundu

Nala and the Athhi Nala. The river hydrograph is highly

controlled by the intensity and duration of monsoon

rainfall. Annual discharge of the river is about

7390 · 106 m3 (Rao, 1975). In the monsoon season, max-

imum river velocity ranges from 1.5 to 2.0 cm/s, water

level increases up to 5 m and total suspended matter in-

creases downstream from 10 to 600 mg/L. In 1871, flood

records of the Gomati reported the extreme discharge of

973 m3/s with water velocity being 1.60 m/s. During the

monsoon season, weathering products from a part of the
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GAP are transported by the Gomati River into the

Ganga River System. Only a fraction of it gets deposited

along the river as channel or over-bank/flood deposits.

The annual sediment load and annual sediment erosion

rate of the Gomati River basin have been reported to be

6000 · 106 kg and 225 · 103 kg/km2, respectively (Abbas

and Subramaniam, 1984).

Sedimentologically, the nature of the sediment trans-

ported by the Gomati River is very similar to those of its

tributaries and is strongly controlled by the sediments

available in the river basin for weathering processes.

Channel sediments of the river are mineralogically iden-

tified as lithic graywacke (Kumar and Singh, 1978).

Average mineral composition of the river sand includes

quartz (55%), rock fragments (19%), muscovite (15%),

K-feldspar (8%), biotite (2%) and plagioclase (1%). Rel-

ative abundance of clay minerals in the river sediments

shows illite (61%) along with smectite (26%), kaolinite

(7%) and metastable chlorite (6%) in minor amounts

(Sarin et al., 1989). Mean grainsize of the bedload is very

fine sand whereas the suspended load varies from coarse

silt to very fine silt (Kumar and Singh, 1978; Gupta and

Subramanian, 1994).
Fig. 4. (a) Schematic presentation of the Gomati River valley m

(b) Schematic hydrograph of the Gomati River showing sampling du

the monsoon. (c) Sampling sites on the Gomati River, its tributaries
3. Sampling and analytical methods

In order to produce coherent and quantitative geo-

chemical data, the present study depends upon the suit-

ability, representativity and consistency of samples

collected. In order to acquire geochemical variability

both spatially and statistically, the sampling plan re-

quired careful consideration and was determined by

the nature and availability of samples of the GAP

weathering products. These weathering products are

transported by the Gomati River as bedload, mixed load

and suspended load and therefore, classified into three

groups as channel sediments (CS), flood sediments

(FS) and suspended sediments (SS). Their respective

locations across the Gomati River valley are shown in

Fig. 4(a). As the Gomati River hydrograph is quite

peaked in the monsoon season, overall sampling dura-

tion was timed to correspond with it. Sampling was done

during mid-August of 2001, representing the peak mon-

soon discharge of the river (Fig. 4(b)).

A set of 26 samples from the Gomati River and 2

from the Ganga River were collected at various loca-

tions as shown in Fig. 4(c). Sample locations were
orphology showing-sampling plan for of the present study.

ration. The river discharge is highly peaked and controlled by

and the Ganga River.
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carefully chosen to avoid contamination from riverbank

sediments or from anthropogenic reworking activities.

CS samples were taken from freshly deposited bars in

the middle of the main channel or near the river mar-

gins. FS samples were collected from freshly deposited

sediments of overbank deposits. SS samples were col-

lected using a 5-L polyethylene container at a depth of

10–50 cm of active channel. All SS samples were col-

lected from bridges near the middle of the main flowing

channel. These water sample containers were kept undis-

turbed for a week at room temperature. SS were col-

lected by draining away water from the containers just

above level of the settled material. All sediment samples

were allowed to air-dry (�24 h) at room temperature,

after which the dry sample was gently disaggregated.

The determination of major and trace element con-

tent was carried out by using a Philips PW 2400 X-ray

fluorescence spectrophotometer at the laboratory of

the Chair of Applied Geology at Erlangen. About

1000 g aliquots were weighed accurately and ignited in

a clean ceramic crucible at 1030 �C for at least 12 h in

a muffle furnace to constant weight. The samples were

mixed with 1:2.5:2.5 (by weight) of spectroscopic grade

Li tetraborate and Li metaborate flux, previously dried

at 400 �C for 4 h. Mixing was done directly in the cruci-

ble with a small glass pestle. A few mg of I2O5 was added

as a non-wetting agent. The mixture was then fused in Pt

(95%)–Au (5%) crucibles for 10 min, the fusion being

carried out with an Oxiflux� burner system. During

the fusion, the crucible was regularly rotated to ensure

thorough mixing of the melt while keeping an oxidising

atmosphere during fusion. The molten mixture was then

poured into a Pt (95%)–Au (5%) mould heated red hot

with a gas burner and allowed to solidify. The mould

was cooled by a stream of air thus allowing easy

handling.

The 10 elements traditionally listed as oxides in the

major element chemical analysis, Al, Si, Ti, Fe, Mn,

Mg, Ca, Na, K and P were determined in all samples.

Trace elements Ba, Ce, Cr, Cu, Ga, La, Nb, Ni, Pb,

Rb, Sr, V, Y, Zn and Zr were also analysed. The preci-

sion and accuracy of the preparation and the instrumen-

tal performance of the XRF was checked using the

international reference samples JSd-1, JSd-2, JLk-1,

SARM-46, SARM-52, JB-2, JGb-2 and IAEA-SL-1,

which are measured as �unknowns� with samples and

sample duplicates. With few exceptions, there were no

discrepancies between the analytical data obtained and

the consensus data in international reference samples.
4. Results

In order to gain an overall impression of major and

trace element distribution in the GAP weathering prod-

ucts, the full array of results has been presented in Table
1. The average chemical composition of CS, FS and SS

were also reported. Correlation coefficients between

each pair of elements have been calculated in order to

search for inter-element relationship. Data for UCC

from Taylor and McLennan (1985) and World Sedi-

ments from McLennan (1995) have been discussed to

facilitate the interpretation of the present geochemical

study.

4.1. Major elements

Major element composition of river sediments is used

to study the quantification of chemical and physical

weathering, to ascertain inter-element relationships and

rock classification, as well as for assessing geochemical

processes operating on a river basin (Rollinson, 1993).

The bulk chemistry of the Gomati River Sediments

mostly consists of oxides of three elements: Al, Si and

Fe. Their total composition accounts more than 90%,

80% and 75% in CS, FS and SS, respectively. The

SiO2/Al2O3 ratios of CS, FS and SS in the Gomati River

is 9.4, 5.2 and 3.4, respectively. This strongly reflects

mineral composition, in which quartz dominates in CS

and clay minerals in SS. Fine-grained aluminosilicate

minerals are preferentially transported as suspension

load (SS) and quartz as bedload (CS). Other major ele-

ments behave like Al2O3. Mica, kaolinite and chlorite

accounts more than 80% of clay mineral content in SS,

whereas quartz accounts for more than 50% in the sand

fraction of the Gomati River (Kumar and Singh, 1978;

Chakrapani et al., 1995).
4.1.1. Elemental ratio

The chemical composition of weathering products of

a river basin is expected to demonstrate well-established

concepts on mobility of various elements during weath-

ering processes (Berner and Berner, 1996; Stallard, 1988;

Drever, 1988). The identification and evaluation of ma-

jor element mobility during the GAP weathering was

done with the help of elemental ratios calculated with re-

spect to the least mobile element Al; i.e., it is believed to

stay in the weathered material. The ratio of the content

of element X and Al2O3 in the Gomati River Sediments

divided by the ratio of the same element content in UCC

gives the following element ratio:

Element ratioðXÞ¼X=Al2O3 ðGomati River SedimentsÞ
X=Al2O3 ðUCCÞ :

This element ratio refers to the relative enrichment or

depletion of the element, i.e. >1 indicates enrichment,

<1 indicates depletion and = 1 indicates no change in

the relative abundance of element.

Fig. 5(a) displays element ratios in CS, FS and SS of

the Gomati River. As demonstrated, element ratios of

FS are strongly accentuated between CS and SS due to
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(a)

(b)

Fig. 5. (a) Element ratio of channel, flood and suspended sediments of the Gomati River, calculated from average major element

concentrations normalised to UCC (Taylor and McLennan, 1985) with respect to Al2O3. This graph clearly shows the enrichment of

SiO2 in channel sediments, MgO in suspended sediments and TiO2 in all sediment types. (b) Bar diagram displays increased elemental

composition of the Gomati River water with respect to average World River Water (Berner and Berner, 1987).
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their granulometic nature. The mobility of SiO2 is criti-

cal for an understanding of chemical weathering, soil

formation and distribution of elements in natural

waters. The SiO2 content is markedly enriched in CS

and depleted in SS. Titanium is considered as relatively

immobile and is markedly enriched in all domains of the

Gomati River Sediments. Whereas the highly mobile ele-

ments Ca and Na show relative depletion. Potassium is

considered separately as less mobile than the mobile ele-

ments and remains slightly enriched. In contrast to Na,
K is preferentially adsorbed by clay minerals in the sedi-

ments. Silicate minerals formed during weathering or

alteration of pre-existing clays (montmorillonite to

mixed layers) incorporate K in preference to Na despite

the greater abundance of Na in the Gomati River water.

Magnesium and K become tightly incorporated in the

clay minerals instead of Na and therefore, show pro-

nounced enrichment in SS and FS. Depletion of Na

and Ca may have been caused due to their highly mobile

nature during chemical weathering as a result of which
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they have become enriched in the dissolved load of the

Gomati River water. Magnesium readily dissolves in

weathering solutions, enters into the aqueous phase

and becomes concentrated into SS. Its depletion in CS

indicates its mobility into SS and FS. Sarin et al.

(1989) shows that the water chemistry of Himalayan riv-

ers is dominated by carbonate weathering, in which

Ca + Mg account for 80% of the cations. SS and FS,

therefore, show prominent Mg enrichment compared

to other major elements.

Monsoon-derived rainwater reacts with the GAP

forming minerals and calcrete carbonates. During min-

eral weathering, SiO2, Na and K ions originate by incon-

gruent dissolution of feldspars. Magnesium and K are

released by weathering of biotite and ferromagnesium

minerals. Calcium may also be derived from dissolution

of calcrete bands. Silica enters into the river water dur-

ing weathering of silicate minerals except quartz. These

SiO2, Ca, Mg, Ca, K and Na ions are preferentially re-

moved by solution (Nesbitt et al., 1980) and, therefore,

show a distinct enrichment in the Gomati River water

compared to the world average river water. Fig. 5(b) dis-

plays a bar diagram of river water composition of the

Gomati along with world average values (Berner and

Berner, 1987).

Major elements ratios of Al2O3/SiO2 and Fe2O3/SiO2

of the Gomati River Sediments were plotted with respect

to the Himalaya and the Siwalik. Mean chemical com-
Fig. 6. Al2O3 /SiO2 versus Fe2O3/SiO2 for river sediments of the Ga

sources. Lower ratios for CS and higher ratios for SS indicate increa

respectively. Linear trend corresponds to mineralogical sorting of thes

composition of source area: the Himalaya and the Siwaliks (Galy a

(Taylor and McLennan, 1985).
position of the Himalaya is relatively similar to that of

average UCC (Galy and France-Lanord, 2001). The lin-

ear trend of CS and SS indicate the enrichment of quartz

content in CS and of phyllosilicates in SS by mineral

sorting response during fluvial transportation and depo-

sition (Fig. 6). It is interesting to note that the elemental

ratios of river sediments collected from delta region of

the Ganga and the Brahmaputra Rivers is quite similar

to that of the present study (Galy and France-Lanord,

2001). The lower ratios of CS in the Gomati River with

respect to the Siwalik and the Himalaya indicate the in-

crease of compositional maturity of the river sediments

in the GAP weathering.

4.1.2. Inter-element relationship

Fig. 7 displays inter-element relationships plotted on

variation diagrams using Al2O3, SiO2 and TiO2 along

the x-axis. The linear trends from CS, FS and SS were

observed with strong positive or negative correlations.

Strong negative correlation of SiO2 with all other major

elements indicates grainsize control on the geochemistry

of the GAP weathering products. The increasing trend

of TiO2 with Fe2O3 is attributed to the enrichment of

heavy minerals in SS. However, MgO and K2O have dif-

ferent patterns with Al2O3 and TiO2, respectively. The

correlations of CaO with others are highly variable

due to dissolution of calcrete layers present within the

alluvial sequence of the GAP.
nga alluvial plain along with the Siwaliks and the Himalayan

se of the quartz proportion and enrichment of phyllosilicates,

e sediments during fluvial transportation. Gray ellipses indicate

nd France-Lanord, 2001). Star corresponds to average UCC



Fig. 7. Selected variation diagrams of major elements in channel, flood and suspended sediments of the Gomati River are plotted

against Al2O3, SiO2 and TiO2. Note that mineral sorting in fluvial transportation and deposition is the single important factor that

strongly influences distribution of major elements in these sediments. For reference, UCC and World Sediments were also plotted as

star and cross, respectively (Number of samples = 26).
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Plotting the chemically immobile TiO2 against SiO2

provides further insight into chemical and hydrody-

namic behaviour of the major mineral phases and indi-

cates that they were concentrated into the fine-grained

sediment fraction (SS). High concentrations of TiO2 in

SS and a strong correlation with Al2O3 and K2O indi-

cate that Ti was derived from mica in the Gomati River

Sediments. Titanium oxide vs. Fe2O3 displays a good

correlation (r2 = 0.84) indicating their common sources

from ferromagnesium minerals such as biotite, amphi-

bole, pyroxene, etc. A good correlation of K2O with

MgO and Al2O3 indicates a common source from illite,

the dominant clay mineral present in SS. A good corre-
lation of Fe2O3 with Al2O3 may be associated with alter-

ation of biotite into aluminosilicates and Fe(III) oxides.

All these relationships suggest that the distribution of

major elements in the GAP weathering products have

strong inter-elemental linkage.
4.1.3. A–CN–K diagram and chemical index of alteration

Nesbitt and Young (1982) proposed the quantifica-

tion of chemical weathering intensity expressed as a

‘‘chemical index of alteration’’ (CIA) where:

CIA ¼ ½Al2O3=ðAl2O3 þ CaO� þNa2OþK2OÞ� � 100:
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Using molecular proportions and with CaO* represent-

ing CaO in silicates only (Nesbitt and Young, 1989; Nes-

bitt et al., 1996). A CIA value of 100 indicates intense

chemical weathering along with complete removal of

all the alkali and alkaline earth elements, whereas CIA

values of 45–55 indicate virtually no weathering. Aver-

age UCC and unaltered granite rocks have a CIA value

of about 47 and 50, respectively. It is necessary to make

a correction to the measured CaO content for the pres-

ence of Ca in carbonates and phosphates. This is nor-

mally accomplished by calculating corrections from

measured CO2 and P2O5 contents. Where such data

are not available, approximate corrections can be made

by assuming reasonable Ca/Na ratios in silicate material.

In this study, the CaO content was corrected for phos-
(a)

(c)

(

(

Fig. 8. (a) A–CN–K ternary diagram of molecular proportions showin

N = Na2O and K = K2O. Also plotted is the UCC (Taylor and McL

indicates predicted weathering trends exhibited by the Ganga alluvia

weathering. (b) Bar diagram indicates average Chemical Index of Alte

and (d) S/10–CM–NK ternary diagrams showing sediment suites from

F = Total Fe; M =MgO; S = SiO2. Note that Fe-oxyhydroxides and

concentrates quartz in channel sediments. Symbols as used in Fig. 7.
phate using available P2O5. If the remaining number

of moles is less than that of Na2O, this CaO value was

adopted. If the number of moles is greater than Na2O,

CaO* was assumed to be equivalent to Na2O. Since

Ca is typically lost more rapidly than Na during weath-

ering, it will give minimum (by up to about 3 units) CIA

values. Discrepancies are likely to be greatest for inter-

mediate CIA values (60–80 units).

Data are plotted on ternary A–CN–K diagram along

with the location of important rock-forming minerals,

UCC (Taylor and McLennan, 1985) and natural waters.

Plots of CS, FS and SS tend towards the Al2O3 apex,

showing a marked loss in Na and Ca during weathering

compared to the UCC. As seen in Fig. 8(a), plots of the

Gomati River Sediments display a trend of weathering
b)

d)

g sediment suites from the Gomati River. A = Al2O3; C = CaO;

ennan, 1985) as well as idealised mineral compositions. Arrow

l plain, which had experienced incipient to moderate chemical

ration values of the Gomati River Sediments. (c) A–CNK–FM

the Gomati River. A = Al2O3; C = CaO; N = Na2O; K = K2O;

biotite have been enriched in suspended sediments and sorting
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direction parallel to the A–CN line. As chemical weath-

ering progresses, clay minerals are produced at the ex-

pense of feldspars and other minerals, and bulk

composition of sediments evolve up the A–CN–K dia-

gram along the predicted weathering trend. SS plots,

highest on the diagram, reflect the predominance of clay

minerals. Sodium and Ca are released first during feld-

spar weathering as they are less stable, but are not re-

tained by the clay minerals of the SS and FS, and get

lost to weathering solutions. Potassium released by feld-

spar weathering is mostly retained by the clay minerals

in FS and SS. Retention of K and loss of Ca and Na

during the increasing degree of chemical weathering

leads to a rise in K2O content and gives a trend parallel

to the A–CN line. This might be the reason why the Go-

mati River Sediments collected from the different hydro-

logical regimes show an A–CN parallel-weathering

trend. Plots of very fine-grained CS are close to the feld-

spar line due to the effect of hydrodynamic sorting of

clay minerals preferentially differentiated in FS and SS.

SS plot along the upper regions of the predicted weath-

ering trend. Two plots of SS show values close to CS.

This may have been caused due to movement of the

CS in suspension during high flows in monsoon dis-

charge of the river. It also illustrates the effect of mineral

and sediment sorting on major element composition of

the sediments.

CIA values of CS, FS and SS of the Gomati River

range between 53 and 58, 59 and 68 and 55 and 68,

respectively. The Average CIA of SS and FS are higher

compared to CS of the Gomati River (Fig. 8(b)). This

depends on the availability and nature of the GAP

weathering products for fluvial transport during the

monsoon. Therefore, sediments of the Gomati River de-

pict incipient to moderate chemical alteration intensity

in the GAP weathering under a humid sub-tropical

climate.

4.1.4. A–CNK–FM and S/10–CM–NK Diagrams

The weathering trend of the GAP was also observed

on A–CNK–FM and S/10–CM–NK triangular plots

(Nesbitt and Young, 1989). In the A–CNK–FM dia-

gram (Fig. 8(c)), the shift of SS with high values towards

the FM apex suggests the influence of secondary sedi-

mentary processes concentrating heavy minerals in the

sediments. Plots of CS were closer to feldspar composi-

tion than other sediments. During weathering, fine-

grained material such as Fe-oxyhydroxides and biotite

probably have been winnowed and enriched in SS. In

the S/10–CM–NK diagram (Fig. 8(d)) SS plot towards

the CM apex and CS towards the S/10 apex, reflecting

an increase and decrease of quartz in CS and in SS,

respectively. Plots were characteristically parallel to the

S/10–CM line, indicating the control of Na and K

mobility in these sediments during weathering. These

plots also give information about the modification of
sediment composition of the GAP in a moderate chem-

ical weathering environment under a humid sub-tropical

climate towards clay minerals.

4.1.5. Rock classification

Identification of mature and immature sediments can

easily be done on the basis of chemical classification of

sedimentary rocks. For example, the Na2O/K2O ratio

represents an index of chemical maturity (Pettijohn

et al., 1972). In the same way, other chemical parameters

are also used for characterization of sediments and sed-

imentary rocks. The SiO2/Al2O3 ratio, the most com-

monly used parameter, reflects an abundance of quartz

and feldspar along with clay minerals (Potter, 1978).

The Fe2O3/Al2O3 ratio is successfully used as a measure

of mineral stability as well as in the classification of ark-

ose (Herron, 1988). These parameters were applied to

the CS, FS and SS of the Gomati River and were plotted

for different areas using the scheme from Pettijohn in

Fig. 9(a) and Herron in Fig. 9(b). Both Pettijohn and

Herron diagrams distinguish clastic weathering products

of the GAP as arkose to litharenite and are effective in

distinguishing CS, FS and SS. Kumar and Singh

(1978) also reported a high percentage of feldspar and

rock fragments in the CS of the Gomati River.

4.2. Trace elements

Trace elements in sediments of a river basin results

from the competing influences of provenance, weather-

ing, diagenesis, sediment sorting and the aqueous geo-

chemistry of the individual elements. (Rollinson, 1993).

Zirconium is one of the most useful elements for prove-

nance characterisation as it is least soluble, relatively

immobile and transported as a terrigenous component.

In the Gomati River Sediments, high concentrations of

trace elements in SS with regard to their solubilities were

observed. The absolute and relative abundance of these

elements in SS may be controlled by the hydrochemical

characteristics (pH 7.5–8.6) along with the important

role of colloids and adsorption processes on clay miner-

als, Al hydroxides etc of the Gomati River. These high

concentrations in SS (clay-rich sediments) support the

importance of geochemical investigations of the fine-

grained lithologies of sedimentary sequences.

4.2.1. Elemental ratios

In the above river sediment analysis, the effect of

physical sorting of sediments is still predominant on

trace element concentrations. The Gomati River Sedi-

ments were normalised with respect to UCC and dis-

played in a multi-element diagram for elemental

enrichment or depletion (Fig. 10). Differences between

CS and SS are strongly accentuated with regard to FS

in elements such as Cr, Ni, Cu, Zn, Ga, Rb, Ba and

La. Chromium, Y, Pb, Ga, Rb and La are enriched in



(a) (b)

Fig. 9. Geochemical classification diagrams of the Gomati River Sediments from (a) Pettijohn et al. (1972) and (b) Herron (1988).

Symbols as used in Fig. 7.

Fig. 10. Line diagram showing average trace element concen-

trations of the Gomati River Sediments normalised to UCC

(Taylor and McLennan, 1985). Elements are plotted from left

to right in order of increasing atomic number. Note the

enrichment of Zr and Ce in channel sediments of the Gomati

River. (Number of samples = 26).

M. Singh et al. / Applied Geochemistry 20 (2005) 1–21 13
CS and depleted in FS or SS of the Gomati River. Sed-

iment sorting results in the enrichment of heavy minerals

(zircon, monazite, magnetite, etc.) in coarse sediment

fractions. Thus, the GAP weathering process tends to

strongly enrich CS in such minerals and is, therefore,

responsible for enrichment of Cr, Y, Zr and Ce in CS.

Lead shows enrichment in all sediment fractions and

may be affected by anthropogenic activities in the GAP.

4.2.2. Inter-element relationship

The minor element pairs, such as Ba–Co, Ba–Cr,

Ba–Ga, Ba–Rb, Ba–V, Co–Cr, Co–Ga, Co–Rb, Co–V,

Co–Zn, Cr–Ga, Cr–Rb, Cr–V, Cr–Zn, Ga–Rb, Ga–V,

Ga–Zn, Rb–V and V–Zn, show very strong correlation

coefficients (r2 > 0.90) indicating their common sources
in the Gomati River Sediments. Fig. 11 displays some

of these inter-relationships plotted on variation dia-

grams to facilitate the interpretation of physical sorting

of sediments and its relation to trace element concentra-

tions. Linear trends from CS and FS to SS were ob-

served, verifying the strong influence of grainsize and

mineralogy on their concentrations. For example, Zr

does not show notable correlation with other trace ele-

ments except a strong positive correlation with Th indi-

cating their common source from the heavy mineral

zircon present in the sediments.

4.3. Major and trace elements

4.3.1. Extended diagrams

World Sediment normalised patterns for CS, FS and

SS of the Gomati River are presented in Fig. 12(a). SS

show enrichment in CaO, K2O, Cr. Ni, Zn, Rb Y and

Ce; and depletion in MgO, V, Sr and Zr. Except for Si

and Zr, most other elements are considerably depleted

in CS. The enrichment of Pb in all sediment domains

may be due to anthropogenic activities in the GAP.

The use of clastic sediment compositions in determining

World Sediment composition can only give satisfactory

results when various sediment types and fractions are

considered in their correct relative proportions. Fig.

12(b) shows average major and trace element concentra-

tions in SS normalised to average CS of the Gomati River

and SS of the Ganga River. This diagram shows the

enrichment of Fe, Ca, Mg, Ni, Cu and Zn in SS with re-

spect to CS. The Ganga River normalised pattern is

nearly flat, showing enrichment with Mg, Ca and Ni.

4.3.2. Inter-element relationship

The trace elements Ba, Co, Cr, Cu, Ga, Rb, V and Zn

display moderate to strong negative correlations with



Fig. 11. Selected variation diagrams of trace elements in the Gomati River Sediments, showing role of sediment sorting in the linear

clustering of plots. Note that the suspended sediments show higher trace element concentrations than in channel and flood sediments.

For reference, UCC and World Sediments were also plotted as star and plus, respectively. (Number of samples = 26).
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SiO2 and positive correlations with Al2O3. A series of

plots for some of these relations is displayed in Fig.

13. They all show linear relationships with major ele-

ments indicating that trace elements are more enriched

in fine silt and clay-sized fractions than sand-fractions

of the sediments. It indicates that the abundance of trace

elements is controlled by the same processes that control

major element distributions in the Gomati River sedi-

ments. This is in an agreement with the control by the

quartz content in CS and clay minerals in FS and SS.

A good correlation of Zn with major elements

(Al2O3, Fe2O3, MgO and K2O) indicates its common
source in the smectite member sauconite, which is

characterized by the presence of Al, Mg, Fe and Zn

in the lattice (Deer et al., 1966). Nickel is often co-

precipitated with Fe and Mn oxides, and Zn and Ni,

are both highly enriched in the SS as shown in Fig.

12(b) and shows good correlation with Fe and Mg

oxides. They are also markedly depleted in CS and

FS. Reaction with aqueous carbonates allows Zn

and Ni to remain in solution and hence be rapidly re-

moved by fluvial transportation during the GAP

weathering. Zinc is an essential trace element for

growth, development and reproduction in all-living



(a)

(b)

Fig. 12. (a) World Sediments normalised extended patterns of channel, flood and suspended sediments of the Gomati River.

(b) Average major and trace element concentrations of suspended sediments of the Gomati River were normalised to channel

sediments of the Gomati River and suspended sediments of the Ganga River. This diagram points out strong enrichment of Ni, Cu and

Zn in suspended sediments of the Gomati River.
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systems of the biosphere and may support the bio-pro-

ductivity of the GAP.
4.3.3. Chemical mobility

Weathering is primarily a function of the mobilisa-

tion, fractionation and redistribution of major and trace

elements. It is affected by various processes such as dis-

solution of primary minerals, formation of secondary

minerals, redox processes, transportation of material,

co-precipitation and ion exchange on various minerals

(Chesworth et al., 1981; Nesbitt et al., 1980; Fritz and

Mohr, 1984). Titanium is relatively immobile during

weathering (Nesbitt, 1979) and consequently is chosen

for calculation of chemical mobility of major and trace

elements. It was evaluated in terms of percentage in-

crease and decrease of element X and was calculated

as follows:

Percentage change¼ fðX=TiO2Þsample=ðX=TiO2ÞUCC � 1g:

The percentage change of elements relative to TiO2 was

plotted against the CIA. These diagrams provide a basis

for assessing increase or decrease in chemical mobility

during progressive chemical weathering of the GAP. Sil-
icon, Na and K show a decreasing trend of chemical

mobility (Fig. 14(a), (g) and (h)). Sodium decreases more

rapidly than K, basically indicating greater alteration of

plagioclase as compared to K-feldspar. The significant

increasing trends of Fe and Mg reflect instability of bio-

tite and muscovite as the bulk of these elements are lo-

cated in these minerals which alter rapidly during the

GAP weathering (Fig. 14(c) and (e)). The chemical

mobility of Rb is closely linked with K, but its decrease

is less than K (Fig. 14(s) and (h)). K-feldspar is known

to contain more Rb than biotite and also weathers less

readily than biotite. Rubidium, therefore, is expected

to be less depleted than K. Barium is concentrated in

K-feldspar and its chemical mobility is most similar to

that of K (Fig. 14(j)).

In Fig. 14(w), Zn shows a distinct increasing trend of

chemical mobility. Most of the Zn is present in biotite

that rapidly alters during the GAP weathering. The

enrichment of Zn is due to its incorporation or adsorp-

tion on authigenic clay minerals. The enrichment of Zn

in SS of the Gomati River Sediments is most striking.

Maximum concentration of Zn is found to be as high

as 100 ppm. The enrichment of these elements with re-

spect to TiO2 may not be caused by an accumulation



Fig. 13. Selected variation diagrams of major-trace elements in the Gomati River Sediments. For reference, UCC and World

Sediments were also plotted as star and plus, respectively. (Number of samples = 26).
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of resistant minerals, but results from sorption and co-

precipitation processes (Middelburg et al., 1988). Zirco-

nium, commonly assumed to be immobile, shows a

decreasing trend of chemical mobility during the GAP

weathering (Fig. 14(x)).
5. Weathering dynamics

Physical and chemical weathering processes both

work together in normal circumstances and are deter-

mined by many factors such as lithology, topography,
climate, tectonics, vegetation and biological activity (Ol-

lier, 1984). In the GAP, these weathering processes are

largely concerned with monsoon climate and alluvial

lithology. Physical weathering becomes intensive due

to the large temperature range along with 100 cm annual

rainfall and is extensive as a result of the low relief. The

annual temperature range of 5–40 �C has great signifi-

cance in mechanical weathering due to the effective

expansion and contraction phenomena. It also increases

the reaction rate of chemical weathering up to 6–9 times.

There is a tendency for doubling or tripling the rate of

chemical weathering reaction for every 10 �C increase



(a) (b) (c) (d)

(e) (f) (g) (h)
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Fig. 14. Chemical mobility during the Ganga alluvial plain weathering processes. It is calculated in terms of percentage change

(normalised with respect to TiO2) of individual major/trace elements vs. progressive degree of chemical alteration (CIA values).
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in temperature (Visher, 1945). Chemical weathering

within the GAP proceeds to incipient and moderate

stages. Weathering products, once formed, are removed
by the monsoon rains controlled fluvial process. The

intensity and duration of monsoon precipitation are lar-

gely responsible for quantitative erosion of the GAP



Fig. 15. Model representing the Ganga alluvial plain weathering processes and geochemical changes in its weathering products.
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weathering products. In an extensive and low gradient

fluvial system, time spent by sediments in temporary

storage in alluvial sequences is also significant. During

storage, chemical weathering has an extended time to

operate and to remove labile constituents. Johnsson

and Meade (1990) demonstrated that alluvial storage

provides sufficient time for significant modification of

sediment composition through chemical weathering in

the tropical environments. In the GAP, advanced weath-

ering does not proceed, as the weathering products do

not accumulate to be themselves weathered.

Fig. 15 exhibits a complementary model of the GAP

weathering processes. The Gomati River recycles the

Himalayan derived sediments deposited in the Ganga

Foreland Basin in Late Pleistocene–Holocene. The river

also acts as a transporting agent to carry the weathering

products originating by the GAP weathering process un-

der humid sub-tropical climate. These weathering prod-

ucts have experienced ‘‘two cycle of weathering’’ before

they get deposited in the depositional sites. The mineral

content of the weathered material can be of great help in

the study of the GAP weathering course. In the first cy-

cle of weathering, illite is the dominant clay mineral

(�80%) transported by rivers of the Himalayan region.

In the second weathering cycle, smectite is the dominant

clay mineral transported by several alluvial rivers of the

GAP (Sarin et al., 1989). Rivers from the Himalaya add

several cations and SiO2 rich solutions to the GAP re-

gion, which is a possible build-up site for the synthesis

of smectite type clay minerals formed by reaction of de-

graded aluminosilicates with dissolved SiO2.

As weathering systems are open and irreversible,

their chemical reactions are also irreversible because
they take place as a result of disequilibrium between

rocks and physico-chemical conditions. Following gen-

eralised weathering reactions that convert common min-

erals of alluvium to weathering products of the GAP.

These weathering products demonstrate a progressive

incomplete alteration of the alluvial sequence under

the humid sub-tropical climate in last �50 ka of storage.

2NaAlSi3O8ðsÞ
ðalbiteÞ

þ2HþðaqÞ þH2OðlÞ

! Al2Si2O5ðOHÞ4ðsÞ
aluminosilicates

þ2NaþðaqÞ þ 4SiO2ðamÞ

2KAlSi3O8ðsÞ
ðMicroclineÞ

þ2HþðaqÞ þH2OðlÞ

! Al2Si2O5ðOHÞ4ðsÞ
aluminosilicates

þ2KþðaqÞ þ 4SiO2ðamÞ

2KðMg2FeÞAlSi3O10ðsÞ
Biotite

þ2HþðaqÞ þH2OðlÞ

! Al2Si2O5ðOHÞ4ðsÞ
Aluminosilicates

þ2FeðOHÞ3 þ 2KþðaqÞ

þ 4MgþðaqÞ þ 4SiO2ðamÞ

CaMgðCO3Þ2
ðCalcreteÞ

þ4HþðaqÞ ! CaþþðaqÞ þMgþþðaqÞ

þ 2H2CO3ðaqÞ

7Al2Si2O5ðOHÞ4
aluminosilicates

þMgþþðaqÞ þ 4SiO2ðamÞ

! 6½Al2Si3O10ðOHÞ2�Mg
ðSmectitesÞ

þ2HþðaqÞ þ 7H2OðlÞ

The above weathering reactions release a large array of

bio-essential elements and, therefore, help to maintain
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bio-productivity of the GAP. It is for this reason that the

GAP is one of the highly fertile and densely-populated

regions in the world.
6. Conclusions

The GAP exhibits a moderate degree of physical and

chemical weathering of alluvium made up of the Hima-

layan derived sediments. It is evident that mineral sort-

ing during fluvial transportation and deposition

controls major and trace element distribution in the

GAP weathering products. Major element geochemistry

effectively characterizes the GAP weathering products as

arkose to litharenite in rock classification. The GAP

weathering products are transported into the Ganga

River to the receiving and depositional sites: the Bay

of Bengal, the Ganga Delta and the Bengal Fan. Sedi-

mentary sequences of these depositional sites are made

up of such weathering products. These depositional sed-

imentary sequences also preserve Quaternary climate

change with glacial and inter-glacial events when tem-

peratures were considerably lower and higher of the pre-

sent day, respectively. Understanding the present day

GAP weathering process can be useful for interpreting

these sedimentary sequences of the Ganga Delta and

the Bay of Bengal regions. It can also provide base level

information for quantification of the geochemical cy-

cling of the earth system that releases several cations

for supporting life through nutrient supply. However,

more detailed researches including hydrological investi-

gation coupled with rare earth elements and isotopic

geochemistry are required for an estimation of chemical

and physical denudation of the GAP to quantify its con-

tribution to causing the Ganga-Brahmaputra River Sys-

tem to be the world�s largest sediment transporting

system.
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