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Abstract⎯Small rivers commonly drain in a few lithologies making their sediments as a good candidate for
investigating provenance and weathering environments. We investigated spatial variation in compositional
changes in the sediments of a modern river (Khurar River) from its source to sink for 35 km in Khajuraho
area, Madhya Pradesh, India. The Khurar River in its entire course is surrounded by the Bundelkhand
granitic complex that provides uniform source to the sediments. The possible physical and chemical controls
on the bed-load sediments i.e. grain-size, mineralogy, geochemistry and their climatic control are investi-
gated in detail here. Bed- load sediments of the Khurar River are very coarse to coarse sand-size ranging from
–0.63 to 0.80 phi and they are devoid of fine sediments such as clay. The mineralogy of the sediments suggests
that they are arkosic in composition. The spatial variation in the chemical composition of the sediments is neg-
ligible in the river basin from source to sink in the very coarse to coarse sand size range. The sediments are rich
in SiO2 (≤82.93) and Al2O3 (≤11.03 wt %) and they have lower values of TiO2 (≤0.27), Fe2O3 (≤1.49),
CaO (≤1.12), MgO (≤0.77), K2O (≤5.25) and Na2O (≤3.48 wt %). The trace elements such as Cr (≤66),
Co (≤8), Cu (≤19) and Ni (≤12 ppm) have lower values than UCC; but the Pb (≤21) and Rb (≤142 ppm) have
higher values than UCC. Lower concentrations of transition elements, such as V, Ni and Cr imply enrichment
of felsic minerals in these sediments, a feature also confirmed by the mineralogical study. The high Zn con-
tent at some stations suggests anthropogenic contamination in the sediments. A-CN-K ternary plot suggests
total alteration of plagioclase resulting in more removal of CaO and Na2O due to continuous weathering in the
catchment area. Also, in this plot, sediments lie near to the albite concentration above the anorthite-albite line
with gradual depletion in anorthite indicating that they are the weathering products of albite-enriched parent
material. The A-CNK-FM ternary plot shows that all the samples plot close to the feldspar apex indicating
higher abundance of feldspars. Further, the CIA (54 to 57), PIA (58 to 64) and CIW (70 to 78) values of the
sediment samples suggest low to intermediate weathering environment. Chondrite-normalized pattern of
REE (Rare earth elements) exhibits depletion of HREE with weak positive Eu anomaly suggesting low frac-
tionation of the plagioclase feldspar. Thus, the major, trace and rare earth elements geochemistry of the bed-
load sediments from the Khurar River suggest that they are derived from the weathering of felsic rocks and
the original signatures of the granitic provenance remain there even after weathering under sub-humid cli-
matic conditions in the river basin.
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INTRODUCTION

Sediment characteristics are commonly governed
by lithology of the provenance, climate, topographic
relief, transport energy and hydrodynamics of the dep-
ositional environment in a river basin (Sensarma,
2008; Verma et al., 2012; Sharma et al., 2013). Among
all, the source area lithology appears to be the most
important factor in controlling the sediment mineral-
ogy and geochemistry (Oliva et al., 2003).

Immobile major and trace elements such as Al, Fe,
Ti, Th, Sc, Co, Zr and the rare earth elements (REEs)

are considered as useful indicators of the provenance
(Taylor and McLennan, 1985). It is thought that these
elements undergo little geochemical fractionation
during denudation processes. However, many post
depositional changes such as pedogenesis and diagen-
esis are able to modify the mobility of certain elements
in the deposited sediments (Taylor and McLennan,
1985; McLennan, 1989; White and Blum, 1995; Nes-
bitt and Young, 1996).

In recent years, several geologists have used chem-
ical characteristics of clastic sediments for the deter-
mination of provenance, tectonic setting and weather-
ing in the source terrains (Taylor and McLennan,1 The article is published in the original.
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1985; Nesbitt and Young, 1996; Gaillardet et al., 1999;
Whitemore et al., 2004; Borges and Huh, 2007; Gar-
zanti et al., 2010). Majority of the investigations were
focused on bed-load and floodplain sediments of the
large rivers may be because of their better global rec-
ognition and their large amount of run-off to the
oceans (Gaillardet et al., 1999). Since the large rivers
drain different rock types, and have long transportation
and reworking histories in different climatic zones, the
source rock characteristics could not be ascertained
unequivocally from sediment geochemistry in majority
of the cases (Nesbitt and Young, 1996). Furthermore,
the small scale streams are likely to drain fewer litholo-
gies and are representative of weathering environment
typical of their basins because geochemical characteris-
tics in small watersheds is only influenced by local
meteorological, geological, biological, and anthropo-
genic complexities (White and Blum, 1995), and better
constrain the nature of source materials (Sensarma
et al., 2008). Thus, the sediment geochemistry of small-
scale watersheds is more suitable for determining the
provenance and influence of climate on weathering.
The sediment characterizations of a small-scale water-
shed by Sensarma et al. (2008) are altogether different
from the present study because of the diverse composi-
tions of the two catchments where they investigated the
sediments derived from the Deccan Basalt and we have
investigated the sediments derived from the Bun-
delkhand granitic complex.

Condie (1991) has suggested that the rare earth ele-
ments (REE) show a REE pattern comparable to that
of their average source by the time they enter the sus-
pended load of rivers. Contrary to that Sholkovitz
(1988) has shown that river-borne sediments com-
monly have strongly depleted HREE patterns relative
to shale. Thus, the influence of lithology on the REE
concentrations in river sediments is not well under-
stood. In order to understand the spatial variation in
the sediment geochemistry exclusively derived from
the granitic source rock and the level of weathering in
the source terrain, we studied the sediments of the
Khurar River, a major upland tributary of the Ken
River in Khajuraho area, Madhya Pradesh, India.

In this paper, we have investigated the textural,
mineralogical, major, trace and rare earth elements
(REE) composition of the bed load sediments col-
lected from the Khurar River, Madhya Pradesh, India
to interpret the major oxide, trace element and REE
distribution patterns and their compatibility with the
uniform granitic source occupying the river basin.
Also, we have inferred the fractionation pattern in the
chemical composition of the sediments from its source
and the impact of sub-humid climate prevailing in the
river basin on the weathering intensity.

GEOMORPHOLOGY AND CLIMATE
The Khurar River is the main tributary of Ken

River, a tributary of river Yamuna. It is a small river
GEOCHE
with its total length about 35 km that originates from
the village Saddupura near Khajuraho town
(Lat. 24°48′3.5′′ N and Long. 79°52′59.6′′ E) and
confluences with Ken river at Ghadiyal pond, near
Renneh fall in the area of Panna tiger reserve
(Lat. 24°54′13.9′′ N and Long. 80°2′6′′ E). It f lows
from SW to NE direction in the Chhatarpur district,
Madhya Pradesh, India occupying a central position
in the plateau of Bundelkhand (Figs. 1, 2). The width
of the river is ranging from 5 to 15 meter and average
velocity is 2.5 meter/second. The river deposits small
(2–4 m large) braid-bars in the middle of the channel
that deposits sediments during monsoon season mainly.

The river f lows exclusively on Archean rocks of
Bundelkhand craton. The Bundelkhand Craton occu-
pies the north-central region of the Indian sub-conti-
nent, and is situated between 24°11′ to 26°27′ N and
78°10′ to 81°24′ E, covering about 26.000 km2. The
Bundelkhand craton is composed mainly of granitic
rocks (Kaur et al., 2014) of Archean to Palaeoprotero-
zoic age (Figs. 1a, 1b), with a few occurrences of supra-
crustal rocks and older crust (Kumar et al., 2010). Rb–
Sr radiometric dates of granite samples from different
area of the Bundelkhand craton by Crawford (1970)
suggests an average age of 2550 Ma for these rocks.
Using the same technique, Sarkar et al. (1984) dated
these granites occurring in three phases in the SW part
of the craton and suggested an age of 2402 to 2246 Ma
for them. Recently, Verma et al. (2016) found 2.25 Ga
age of the Bundelkhand granites using U–Pb zircon
dating technique.

The climate of the study area is sub-humid with the
normal annual rainfall about 1068 mm. The area
receives maximum rainfall during south-west mon-
soon period. About 90.2% of the annual rainfall is
received during June to September. Only 9.8% of the
annual rainfall takes place from October to May
period. The normal maximum temperature of the area
during the month of May is 42.3°C and minimum
during the month of January is 7.1°C. During the
south-west monsoon season the relative humidity
generally exceeds 88% (August month) and the rest of
the year is drier. The driest part of the year is the sum-
mer season, when relative humidity is less than 30%
and the May is the driest month of the year.

SAMPLING AND ANALYTICAL METHODS

A total of forty eight bed-load samples from the
entire course of the river were collected for further
analyses. The sediment samples were washed with
dilute H2O2 to remove possible organic matter and
then air dried. After conning and quartering, grain size
analyses of the collected samples have been carried out
using sonic shaker in the Sedimentology laboratory of
Banaras Hindu University, India. The samples were
powdered to –60 mesh size in hard steel mortar and
pestle specially designed for geochemical analysis. To
MISTRY INTERNATIONAL  Vol. 56  No. 12  2018
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Fig. 1. (a and b) Geological map of India showing Archean cratons and simplified map of Bundelkhand craton (modified after
Saha et al., 2011; Verma et al., 2016).
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ensure homogenization, the –60 mesh sample pow-
ders were rolled several times on a large clean butter
paper. After coning and quartering, about 50 g of the
sample powder was taken and ground to –200 mesh
size in an agate mortar. These well homogenized sam-
ples were stored in sample vials for chemical analysis.
At every step, care was taken to keep contamination to
a minimum level.

The pellets were prepared and analyzed for major
and minor elements using Wavelength dispersive XRF
technique (SiemensSRS3000) at Wadia Institute of
Himalayan Geology, Dehradun, India. Details of the
pellet preparation method are available in Stork et al.
1987 and Saini et al. 2000. The precision and accuracy
of the sample preparation and instrumental perfor-
mance were checked using several international ref-
erence standards of soil and sediments, e.g., SO-1,
GSS-1, GSS-4, GXR-2, GXR-6, SCO-1, SGR-1,
SDO-1, MAG-1, GSD-9, GSD-10, GSR-6 and
BCS-267. The accuracy of measurement is better than
2–5% and precision <2% (see Purohit et al., 2010 for
details). Trace elements, including rare earth elements
(REE), were analyzed by ICP-MS (Perkin Elmer
GEOCHEMISTRY INTERNATIONAL  Vol. 56  No. 12 
SCIEX ELAN DRC), also at WIHG, Dehradun,
India after digestion of the samples in Teflon crucibles
using a mixture of HF + HNO3 + HClO4 acids by the
method suggested for the preparation of the ‘solution-B’
method by Shapiro and Brannock (1962). The details
of the procedure adopted for the REE determination
are given in Khanna et al. (2009). Several USGS stan-
dards (SGR-1, MAG-1 and SCo-1) and a few in-
house standards were used for calibration. Precision
for the ICP-MS analyses obtained is 95%.

RESULTS

Since texture is one of the key parameters that con-
trol geochemistry of the sediments, the textural
parameters were calculated based on grain size analy-
ses and they are presented in Table 1. The minerals
phases present in the samples were identified based on
XRD analysis. The major, trace and REE concentra-
tions of the sediments are given in Table 2, while the
elemental correlations are presented in Table 3.
 2018
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Fig. 2. Map showing Khurar River basin, sampling locations and outcrops of Bundelkhand granite in the area.
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Texture and Mineralogy

Bulks of the sediments are very coarse to coarse
sand category in the studied samples. All the sedi-
ments of Khurar River are characterized by the rolling
process of deposition. In general, the samples show
poor sorting in the beginning (near to origin) followed
by moderate sorting to moderately well sorting at last
site where the river confluences with the Ken River.
The change of sorting from poorly sorted to moder-
ately sorted and moderately well sorted suggests that
the winnowing and selective sorting is possible even in
the small river depending upon the hydrodynamic
condition of the river (Kanhaiya and Singh, 2014).
Most of the samples show positively skewed skewness
values because of the domination of the very coarse
and coarse fractions. Further, majority of the samples
show mesokurtic kurtosis values with very few lepto-
kurtic values (Table 1).

The XRD data of bed-load sediments of the Khu-
rar River show that the primary felsic minerals present
are quartz, microcline, albite, orthoclase, and oligo-
clase. The biotite only occurs as a mafic mineral in
these sediments. The clay minerals are almost absent
GEOCHE
in the studied sediment samples due to prevalence of
the coarse fractions in them.

In the log(Na2O/K2O) vs. log(SiO2/Al2O3) follow-

ing Pettijohn et al. (1972) and log(FeO/K2O) vs.

log(SiO2/Al2O3) following Herron (1988) plots

(Figs. 3a, 3b) most of samples occupy the arkosic field.

Major Oxides Geochemistry

The chemical analysis of the studied sediment
samples reveals that the concentrations of the major
element are compatible with the observed mineralogi-
cal data and there is negligible variation in the geo-
chemistry data from source to sink (Table 2). The SiO2

content in sediments, ranging from 69.96 to 82.73 wt %,
is higher and Al2O3, ranging from 8.42 to 13.12 wt %, is

lower than the Bundelkhand granite. There is strong
negative correlation between SiO2 and major oxides

such as, Al2O3, TiO2, Fe2O3, MgO, CaO and Na2O

(Fig. 4, Table 3). The TiO2 concentrations are rela-

tively low and uniform (0.11 to 0.27 wt %) (Table 2).
The CaO concentrations vary significantly from 0.31
to 1.12 wt % and the MgO content is varying consider-
MISTRY INTERNATIONAL  Vol. 56  No. 12  2018
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Table 1. Textural parameters of the bed load sediments of the Khurar River, Central India

Sample
Size

distribution
Mean grain size Sorting Skewness Kurtosis

K 1 Bi-modal Very coarse sand Poorly sorted Fine skewed Mesokurtic

K2 Bi-modal Very coarse sand Poorly sorted Fine skewed Mesokurtic

K3 Bi-modal Coarse sand Poorly sorted Near symmetrical Leptokurtic

K4 Uni-modal Very coarse sand Moderately sorted Coarse skewed Very leptokurtic

K5 Bi-modal Very coarse sand Moderately sorted Near symmetrical Mesokurtic

K6 Bi-modal Very coarse sand Moderately sorted Near symmetrical Platykurtic

K7 Bi-modal Very coarse sand Moderately sorted Near symmetrical Mesokurtic

K8 Uni-modal Coarse sand Moderately sorted Fine skewed Mesokurtic

K9 Bi-modal Very coarse sand Moderately sorted Near symmetrical Mesokurtic

K10 Bi-modal Coarse sand Moderately sorted Coarse skewed Leptokurtic

K11 Bi-modal Coarse sand Moderately sorted Coarse skewed Mesokurtic

K12 Uni-modal Coarse sand Moderately sorted Near symmetrical Leptokurtic

K13 Bi-modal Very coarse sand Moderately sorted Near symmetrical Mesokurtic

K14 Bi-modal Coarse sand Moderately sorted Coarse skewed Leptokurtic

K15 Uni-modal Coarse sand Moderately sorted Coarse skewed Platykurtic

K16 Uni-modal Coarse sand Moderately well sorted Fine skewed Mesokurtic

Fig. 3. (a) Plot of the sediments in log Na2O/ K2O vs.
log SiO2/Al2O3 diagram (Pettijohn et al., 1972). (b) Plot of
the sediments in log F2O/K2O vs. log SiO2/Al2O3 diagram
(Herron, 1988). Note that all the sediments plot in arkose
field in both the plots.
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ably from 0.09–0.73%. The Na2O ranges from 1.91–

3.48 wt % while K2O ranges from 4.46–5.25 wt %. The

K2O/Na2O ratio (1.09 to 2.55) and Al2O3/TiO2 ratio

(48.59 to 82.72) are high in the studied sediment sam-
ples. CaO concentration is higher than the Bun-
delkhand granite 0.24 wt % (Table 2) showing varia-
tions in degree of weathering of source rock or precip-
itation of CaCO3. The MnO and P2O5 contents are

strongly depleted with more or less no significant dif-
ference in its contents among the studied samples. The
LOI values reflecting the occurrence of clay minerals
and hydroxides are more or less negligible in the stud-
ied samples. Low values of the MgO are consistent
with the poor occurrence of clay minerals.

A–CN–K Diagram

An useful way to evaluate the chemical weathering
trend is A–CN–K ternary plot (Nesbitt and Young,
1984; Nesbitt, 2003). At initial stage of weathering A–
CN–K plots tend to be parallel to the A–CN line
because Na2O and CaO are leached out from the ear-

lier dissolved plagioclase. Moderate weathering leads
to the total destruction of plagioclase resulting in more
removal of CaO and Na2O and the points plot more

close to A-K boundary. Intense weathering removes K
in preference to Al from the K-feldspar; as a result the
trend is redirected to Al2O3 apex. Further, the CIA indi-

cates the degree of chemical weathering and is defined
as [Al2O3/(Al2O3 + CaO + Na2O + K2O) × 100] in

molecular proportions, where CaO is from the sili-
cates only (Nesbitt and Young, 1984; Nesbitt, 2003).
The CIA of sediments is, commonly, about 50 for first
cycle sediments dominantly derived from physically
weathered igneous rocks and it tends to increase as
GEOCHEMISTRY INTERNATIONAL  Vol. 56  No. 12  2018



1250 KANHAIYA et al.
Ta
bl

e 
2.

M
a

jo
r,

 t
ra

c
e
 a

n
d

 r
a

re
 e

a
rt

h
 e

le
m

e
n

t 
c
o

m
p

o
si

ti
o

n
s 

o
f 

th
e
 K

h
u

ra
r 

R
iv

e
r 

se
d

im
e
n

ts
. 

A
ls

o
 g

iv
e
n

 c
o

m
p

o
si

ti
o

n
s 

o
f 

U
C

C
 (

R
u

d
n

ic
k

 a
n

d
 G

a
o

, 
2

0
0

3
) 

a
n

d
 B

u
n

-
d

e
lk

h
a

n
d

 g
ra

n
it

e
 (

B
G

) 
(P

a
ti

 e
t 

a
l.

, 
2

0
1
5

) 
fo

r 
c
o

m
p

a
ri

so
n

K
1

K
2

K
3

K
4

K
5

K
6

K
7

K
8

K
9

K
1
0

K
11

K
1
2

K
13

K
1
4

K
1
5

K
1
6

U
C

C
B

G

M
a

jo
r 

o
x

id
e
, 

w
t 

%

S
iO

2
7
3

.3
3

7
5

.4
1

7
8

.3
9

8
2

.0
0

8
2

.5
5

8
0

.6
4

8
2

.7
3

8
2

.2
0

8
1
.4

4
7

9
.4

0
8
1
.4

2
8

2
.3

8
8

2
.4

2
7

9
.9

3
6

9
.9

6
8
1
.9

3
6

6
.6

0
7
1
.6

0

A
l 2

O
3

11
.0

3
1
0

.9
3

1
0

.0
0

8
.9

1
8

.7
2

9
.1

3
8

.4
5

9
.1

1
9

.1
0

1
0

.0
7

8
.7

4
8

.8
9

8
.4

2
9

.4
9

13
.1

2
8

.8
1

1
5

.4
0

13
.3

0

T
iO

2
0

.2
2

0
.1

8
0

.1
5

0
.1

4
0

.1
1

0
.1

1
0

.1
1

0
.1

4
0

.1
1

0
.1

8
0

.1
3

0
.1

2
0

.1
3

0
.1

4
0

.2
7

0
.1

4
0

.6
4

0
.2

3

F
e

2
O

3
1
.4

9
1
.3

4
0

.7
2

0
.7

6
0

.5
1

0
.5

7
0

.7
8

0
.8

1
0

.7
1

0
.8

1
0

.6
4

0
.6

3
0

.8
4

0
.7

6
1
.9

5
0

.7
5

5
.0

4
1
.9

4

M
n

O
0

.0
2

6
0

.0
2

9
0

.0
1
8

0
.0

1
9

0
.0

0
7

0
.0

0
7

0
.0

4
3

0
.0

1
8

0
.0

2
0

0
.0

1
4

0
.0

13
0

.0
0

7
0

.0
13

0
.0

2
3

0
.0

2
7

0
.0

1
2

0
.1

0
.0

3

M
g
O

0
.7

3
0

.4
5

0
.1

1
0

.1
6

0
.1

1
0

.1
2

0
.1

4
0

.2
2

0
.1

6
0

.1
9

0
.1

2
0

.0
9

0
.1

2
0

.1
7

0
.7

7
0

.1
6

2
.4

8
0

.9
8

C
a

O
1
.1

2
0

.8
2

0
.4

1
0

.3
6

0
.3

1
0

.3
5

0
.3

5
0

.4
2

0
.4

3
0

.5
2

0
.4

4
0

.3
2

0
.4

6
0

.7
4

0
.6

7
0

.3
8

3
.5

9
0

.2
4

N
a

2
O

3
.4

8
3

.3
0

2
.4

2
2

.1
2

2
.0

8
2

.2
3

1
.9

1
2

.1
3

2
.2

0
2

.7
7

1
.9

7
1
.9

3
2

.0
1

2
.2

5
4

.3
0

2
.0

3
3

.2
7

3
.2

7

K
2
O

4
.5

9
4

.5
0

5
.2

5
4

.4
9

4
.5

1
4

.8
5

4
.4

6
4

.6
5

4
.6

6
4

.8
3

4
.7

1
4

.9
3

4
.7

0
5

.0
4

4
.6

9
4

.6
0

2
.8

5
.8

0

P
2
O

5
0

.1
7

0
.1

6
0

.1
4

0
.0

5
0

.0
3

0
.0

5
0

.0
4

0
.0

5
0

.0
4

0
.0

4
0

.0
5

0
.0

3
0

.0
3

0
.0

3
0

.0
4

0
.0

3
0

.1
5

0
.0

6

L
O

I
2

.1
9

2
.4

4
1
.1

1
1
.1

6
0

.8
4

0
.7

8
1
.0

9
1
.1

1
1
.1

3
1
.5

5
0

.9
5

0
.8

9
1
.2

5
1
.3

3
2

.5
7

1
.0

7
N

A
2

.4

T
o

ta
l

9
6

.1
9

9
7
.1

2
9

7
.6

1
9

9
.0

1
9

8
.9

4
9

8
.0

6
9

9
.0

1
9

9
.7

5
9

8
.8

7
9

8
.8

2
9

8
.2

3
9

9
.3

3
9

9
.1

4
9

8
.5

7
9

5
.8

0
9

8
.8

4
1
0

0
3

3
.3

T
ra

c
e
 e

le
m

e
n

t,
 

p
p

m

B
a

6
0

3
.0

0
6

9
4

.0
0

7
9
1
.0

0
7

0
1
.0

0
6

8
4

.0
0

7
3

0
.0

0
6

9
2

.0
0

7
2

2
.0

0
6

9
8

.0
0

7
6

3
.0

0
6

9
2

.0
0

8
1
6

.0
0

7
6

3
.0

0
7

8
2

.0
0

8
2

4
.0

0
7

2
9

.0
0

6
2

8
.0

0
4

2
0

.0
0

C
o

5
.0

0
7
.0

0
6

.0
0

8
.0

0
3

.0
0

5
.0

0
6

.0
0

6
.0

0
6

.0
0

5
.0

0
7
.0

0
5

.0
0

7
.0

0
6

.0
0

6
.0

0
6

.0
0

17
.3

0
4

.4
0

C
r

6
6

.0
0

5
1
.0

0
5

0
.0

0
1
8

.0
0

1
8

.0
0

3
7
.0

0
3

2
.0

0
7
.0

0
1
8

.0
0

7
.0

0
5

6
.0

0
1
4

.0
0

17
.0

0
1
4

.0
0

2
9

.0
0

1
6

.0
0

9
2

.0
0

1
2

.0
0

C
u

8
.0

0
9

.0
0

4
.0

0
4

.0
0

5
.0

0
5

.0
0

5
.0

0
6

.0
0

4
.0

0
6

.0
0

6
.0

0
5

.0
0

6
.0

0
6

.0
0

1
9

.0
0

5
.0

0
2

8
.0

0
–

G
a

13
.0

0
13

.0
0

11
.0

0
11

.0
0

1
0

.0
0

9
.0

0
11

.0
0

1
0

.0
0

1
0

.0
0

1
2

.0
0

9
.0

0
1
0

.0
0

1
0

.0
0

11
.0

0
1
5

.0
0

11
.0

0
17

.5
0

–

N
b

11
.0

0
8

.0
0

5
.0

0
5

.0
0

5
.0

0
4

.0
0

4
.0

0
5

.0
0

4
.0

0
7
.0

0
6

.0
0

4
.0

0
4

.0
0

4
.0

0
1
2

.0
0

6
.0

0
1
2

.0
0

–

N
i

1
2

.0
0

7
.0

0
6

.0
0

1
0

.0
0

9
.0

0
7
.0

0
1
2

.0
0

8
.0

0
9

.0
0

7
.0

0
9

.0
0

8
.0

0
7
.0

0
7
.0

0
9

.0
0

8
.0

0
4
7
.0

0
13

.3
0

P
b

2
4

.0
0

2
5

.0
0

2
5

.0
0

2
2

.0
0

2
2

.0
0

2
2

.0
0

2
2

.0
0

2
2

.0
0

2
1
.0

0
2

3
.0

0
2

3
.0

0
2

2
.0

0
2
1
.0

0
2

4
.0

0
2

4
.0

0
2
1
.0

0
17

.0
0

–

R
b

1
6

4
.0

0
1
4

2
.0

0
17

8
.0

0
1
4

8
.0

0
1
4

8
.0

0
1
5

9
.0

0
1
4

9
.0

0
1
5

5
.0

0
1
5

8
.0

0
1
6

2
.0

0
1
6

0
.0

0
1
6
1
.0

0
1
5
1
.0

0
1
6

0
.0

0
1
4
7
.0

0
1
4

9
.0

0
8

4
.0

0
2
11

.0
0

S
c

3
.9

0
3

.5
0

1
.1

0
B

D
L

B
D

L
B

D
L

2
.1

0
1
.4

0
1
.8

0
B

D
L

B
D

L
2

.0
0

1
.1

0
4

.0
0

1
.4

0
1
.0

0
1
4

.0
0

3
.7

0

GEOCHEMISTRY INTERNATIONAL  Vol. 56  No. 12  2018



MINERALOGICAL AND GEOCHEMICAL BEHAVIOR OF SEDIMENTS SOLELY DERIVED 1251
S
r

1
4

3
.0

0
13

4
.0

0
1
4

0
.0

0
11

5
.0

0
1
2
1
.0

0
1
2

3
.0

0
11

5
.0

0
11

7
.0

0
1
2
1
.0

0
13

8
.0

0
1
2

0
.0

0
1
4
1
.0

0
1
5

7
.0

0
1
5

6
.0

0
13

0
.0

0
1
4

8
.0

0
3

2
0

.0
0

8
6

.6

T
h

2
0

.0
0

2
4

.0
0

2
3

.0
0

11
.0

0
1
0

.0
0

1
2

.0
0

9
.0

0
11

.0
0

7
.0

0
1
8

.0
0

1
6

.0
0

1
2

.0
0

5
.0

0
1
6

.0
0

1
9

.0
0

7
.0

0
1
0

.5
0

–

V
2

3
.0

0
2
1
.0

0
1
2

.0
0

1
2

.0
0

6
.0

0
7
.0

0
8

.0
0

1
2

.0
0

9
.0

0
1
4

.0
0

8
.0

0
9

.0
0

13
.0

0
1
0

.0
0

2
5

.0
0

9
.0

0
2

.7
0

–

Y
1
8

.0
0

2
0

.0
0

17
.0

0
1
4

.0
0

13
.0

0
13

.0
0

13
.0

0
1
4

.0
0

13
.0

0
17

.0
0

1
5

.0
0

13
.0

0
13

.0
0

1
5

.0
0

2
2

.0
0

13
.0

0
2
1
.0

0
–

Z
n

1
6

.0
0

11
.0

0
2

.0
0

4
.0

0
B

D
L

B
D

L
B

D
L

3
.0

0
2

.0
0

2
.0

0
B

D
L

B
D

L
B

D
L

2
.0

0
2

7
.0

0
2

.0
0

6
7
.0

0
3

5
.6

0

Z
r

8
5

.0
0

1
4

3
.0

0
11

6
.0

0
6

5
.0

0
5

4
.0

0
6

6
.0

0
5

8
.0

0
7

2
.0

0
5

6
.0

0
1
0

0
.0

0
7
4

.0
0

5
1
.0

0
5

7
.0

0
7

2
.0

0
1
9

5
.0

0
5

8
.0

0
1
9

3
.0

0
2

8
9

.0
0

R
E

E
 (p

pm
)

L
a

4
7
.6

3
0

.4
17

.2
17

.8
1
4

.1
11

.5
1
4

.5
2

0
.8

11
.2

2
8

.5
2

0
.6

1
4

.1
13

.9
2

3
.4

5
5

.4
1
6

.9
3
1

2
5

C
e

8
6

5
4

.5
3

3
3

8
2

3
.5

2
1
.6

3
3

.5
3

9
2

3
.9

5
0

.1
3

8
.6

2
8

.3
2

8
.6

4
0

.1
1
0

3
3

0
.6

6
3

4
9

.9

N
d

2
8

.7
2

0
.6

11
.6

11
.5

8
.3

7
.7

9
.5

13
.8

7
.4

1
8

1
2

.5
9

.3
1
0

.5
13

.4
3

6
.2

11
2

7
17

.8

S
m

4
.3

8
3

.7
9

1
.9

3
1
.9

4
1
.3

1
1
.3

3
1
.6

6
2

.2
1

1
.3

3
2

.9
4

2
.0

8
1
.4

9
1
.7

7
2

.1
1

6
.2

8
1
.8

3
4

.7
3

.8
1

E
u

0
.9

0
.8

3
0

.5
7

0
.5

5
0

.4
2

0
.4

8
0

.5
3

0
.6

1
0

.4
9

0
.7

2
0

.5
8

0
.5

0
.5

5
0

.6
4

1
.3

6
0

.5
5

1
0

.6
6

G
d

3
.1

4
2

.8
7

1
.4

3
1
.4

2
1
.0

3
1
.0

7
1
.2

9
1
.6

5
1

2
.1

4
1
.5

4
1
.1

6
1
.2

5
1
.5

4
4

.7
8

1
.2

9
4

4
.2

9

D
y

1
.7

4
2

.4
7

1
.2

2
1

0
.8

3
0

.9
2

1
1
.2

6
0

.8
1
.5

1
.0

6
0

.8
3

0
.8

2
1
.0

7
3

.8
3

0
.9

1
3

.9
–

E
r

0
.9

9
1
.5

1
0

.7
5

0
.5

7
0

.4
9

0
.5

7
0

.6
1

0
.7

2
0

.4
8

0
.8

8
0

.6
0

.4
8

0
.4

8
0

.6
1

2
.2

8
0

.5
3

2
.3

–

Y
b

0
.9

3
1
.4

4
0

.7
5

0
.5

7
0

.4
4

0
.5

3
0

.5
4

0
.6

6
0

.4
6

0
.8

4
0

.6
0

.4
5

0
.4

7
0

.5
4

2
.1

0
.5

1
.9

6
1
.8

2

L
u

0
.1

5
0

.2
3

0
.1

3
0

.0
9

0
.0

7
0

.0
9

0
.0

9
0

.1
1

0
.0

7
0

.1
4

0
.1

0
.0

7
0

.0
8

0
.0

9
0

.3
3

0
.0

8
0

.3
1

0
.3

E
u

/
E

u
*

0
.6

8
0

.6
7

0
.6

4
0

.6
2

0
.5

7
0

.6
4

0
.6

4
0

.6
4

0
.6

6
0

.6
6

0
.6

3
0

.6
3

0
.6

6
0

.6
9

0
.8

5
0

.6
4

0
.7

0
0

.5
5

T
h

/
C

r
0

.3
0

0
.4

7
0

.4
6

0
.6

1
0

.5
6

0
.3

2
0

.2
8

1
.5

7
0

.3
9

2
.5

7
0

.2
9

0
.8

6
0

.2
9

1
.1

4
0

.6
6

0
.4

4
0

.1
1

–

L
a

/
S

c
1
2

.2
1

8
.6

9
1
5

.6
4

–
–

–
6

.9
0

1
4

.8
6

6
.2

2
–

–
7
.0

5
1
2

.6
4

5
.8

5
3

9
.5

7
1
6

.9
0

2
.2

1
6

.7
6

T
h

/
S

c
5

.1
3

6
.8

6
2

0
.9

1
–

–
–

4
.2

9
7
.8

6
3

.8
9

–
–

6
.0

0
4

.5
5

4
.0

0
13

.5
7

7
.0

0
0

.7
5

–

Z
r/

Y
4

.7
2

7
.1

5
6

.8
2

4
.6

4
4

.1
5

5
.0

8
4

.4
6

5
.1

4
4

.3
1

5
.8

8
4

.9
3

3
.9

2
4

.3
8

4
.8

0
8

.8
6

4
.4

6
9

.1
9

–

L
a

/
S

m
1
0

.8
7

8
.0

2
8

.9
1

9
.1

8
1
0

.7
6

8
.6

5
8

.7
3

9
.4

1
8

.4
2

9
.6

9
9

.9
0

9
.4

6
7
.8

5
11

.0
9

8
.8

2
9

.2
3

6
.6

0
6

.5
6

L
a

/
Y

b
5
1
.1

8
2
1
.1

1
2

2
.9

3
3
1
.2

3
3

2
.0

5
2
1
.7

0
2

6
.8

5
3
1
.5

2
2

4
.3

5
3

3
.9

3
3

4
.3

3
3
1
.3

3
2

9
.5

7
4

3
.3

3
2

6
.3

8
3

3
.8

0
1
5

.8
2

13
.7

4

K
1

K
2

K
3

K
4

K
5

K
6

K
7

K
8

K
9

K
1
0

K
11

K
1
2

K
13

K
1
4

K
1
5

K
1
6

U
C

C
B

G

Ta
bl

e 
2.

   
(C

o
n

td
.)
GEOCHEMISTRY INTERNATIONAL  Vol. 56  No. 12  2018



1252

GEOCHEMISTRY INTERNATIONAL  Vol. 56  No. 12  2018

KANHAIYA et al.

Ta
bl

e 
3.

 C
o

rr
e
la

ti
o

n
 c

o
e
ff

ic
ie

n
t 

a
m

o
n

g
 c

h
e
m

ic
a

l 
p

a
ra

m
e
te

rs
 f

o
r 

th
e
 s

e
d

im
e
n

ts
 o

f 
th

e
 K

h
u

ra
r 

R
iv

e
r,

 C
e
n

tr
a

l 
In

d
ia

S
iO

2
A

l 2
O

3
T

iO
2

F
e

2
O

3
M

n
O

M
g
O

C
a

O
N

a
2
O

K
2
O

P
2
O

5
B

a
C

o
C

r
C

u
N

i
P

b
R

b
S

r
T

h
Z

r
L

a
C

e
N

d
S

m
E

u
G

d
D

y
Y

b

S
iO

2
1
.0

A
l 2

O
3

–
1
.0

1
.0

T
iO

2
–

0
.9

0
.9

1
.0

F
e

2
O

3
–

0
.9

0
.9

0
.9

1
.0

M
n

O
–

0
.4

0
.4

0
.3

0
.5

1
.0

M
g
O

–
0

.9
0

.9
0

.9
1
.0

0
.5

1
.0

C
a
O

–
0

.8
0

.7
0

.7
0

.7
0

.4
0

.8
1
.0

N
a

2
O

–
1
.0

1
.0

0
.9

0
.9

0
.4

0
.9

0
.7

1
.0

K
2
O

0
.0

0
.1

0
.0

–
0

.2
–

0
.3

–
0

.3
–

0
.1

–
0

.1
1
.0

P
2
O

5
–

0
.6

0
.5

0
.4

0
.4

0
.3

0
.5

0
.7

0
.5

0
.0

1
.0

B
a

–
0

.1
0

.2
0

.1
0

.0
–

0
.2

–
0

.2
–

0
.3

0
.0

0
.6

–
0

.4
1
.0

C
o

0
.0

0
.0

0
.1

0
.2

0
.3

0
.0

0
.1

0
.0

–
0

.1
0

.1
0

.0
1
.0

C
r

–
0

.5
0

.3
0

.3
0

.4
0

.3
0

.4
0

.5
0

.4
0

.0
0

.8
–

0
.4

0
.1

1
.0

C
u

–
0

.8
0

.9
0

.9
0

.9
0

.3
0

.8
0

.5
0

.9
–

0
.1

0
.1

0
.3

0
.0

0
.2

1
.0

N
i

–
0

.1
0

.0
0

.1
0

.2
0

.5
0

.4
0

.2
0

.1
–

0
.6

0
.1

–
0

.6
0

.0
0

.3
0

.1
1
.0

P
b

–
0

.7
0

.7
0

.6
0

.5
0

.4
0

.5
0

.6
0

.6
0

.4
0

.7
0

.1
0

.1
0

.6
0

.4
–

0
.2

1
.0

R
b

0
.0

0
.0

–
0

.1
–

0
.3

–
0

.2
–

0
.2

0
.0

–
0

.1
0

.8
0

.3
0

.2
–

0
.2

0
.2

–
0

.3
–

0
.3

0
.3

1
.0

S
r

–
0

.2
0

.1
0

.2
0

.1
–

0
.2

0
.1

0
.4

0
.1

0
.5

0
.1

0
.4

0
.0

0
.0

0
.1

–
0

.4
0

.2
0

.2
1
.0

T
h

–
0

.7
0

.7
0

.6
0

.5
0

.3
0

.5
0

.6
0

.7
0

.3
0

.7
0

.1
0

.0
0

.6
0

.4
–

0
.2

1
.0

0
.3

0
.1

1
.0

Z
r

–
0

.9
0

.9
0

.8
0

.8
0

.4
0

.7
0

.5
0

.9
0

.1
0

.4
0

.3
0

.2
0

.3
0

.8
–

0
.2

0
.7

–
0

.1
0

.1
0

.7
1
.0

L
a

–
0

.9
0

.9
1
.0

0
.9

0
.4

1
.0

0
.8

0
.9

–
0

.1
0

.4
0

.0
0

.0
0

.4
0

.9
0

.3
0

.6
–

0
.1

0
.2

0
.6

0
.8

1
.0

C
e

–
0

.9
0

.9
1
.0

0
.9

0
.5

1
.0

0
.8

0
.9

–
0

.1
0

.4
0

.0
0

.1
0

.4
0

.9
0

.3
0

.6
–

0
.1

0
.1

0
.6

0
.8

1
.0

1
.0

N
d

–
0

.9
0

.9
1
.0

1
.0

0
.4

1
.0

0
.8

1
.0

–
0

.1
0

.4
0

.0
0

.0
0

.3
0

.9
0

.2
0

.6
–

0
.1

0
.2

0
.6

0
.8

1
.0

1
.0

1
.0

S
m

–
0

.9
0

.9
1
.0

1
.0

0
.4

0
.9

0
.7

1
.0

–
0

.1
0

.4
0

.1
0

.1
0

.3
0

.9
0

.2
0

.6
–

0
.2

0
.1

0
.6

0
.9

1
.0

1
.0

1
.0

1
.0

E
u

–
0

.9
0

.9
1
.0

1
.0

0
.4

0
.9

0
.7

0
.9

–
0

.1
0

.3
0

.2
0

.1
0

.3
0

.9
0

.1
0

.6
–

0
.2

0
.1

0
.6

0
.9

1
.0

1
.0

1
.0

1
.0

1
.0

G
d

–
0

.9
1
.0

1
.0

1
.0

0
.4

0
.9

0
.7

1
.0

–
0

.1
0

.4
0

.1
0

.1
0

.3
0

.9
0

.2
0

.6
–

0
.2

0
.1

0
.6

0
.9

1
.0

1
.0

1
.0

1
.0

1
.0

1
.0

D
y

–
0

.9
0

.9
0

.9
0

.9
0

.4
0

.9
0

.6
0

.9
–

0
.1

0
.3

0
.2

0
.1

0
.3

0
.9

0
.0

0
.6

–
0

.3
0

.0
0

.6
1
.0

0
.9

0
.9

0
.9

1
.0

1
.0

1
.0

1
.0

Y
b

–
0

.9
0

.9
0

.9
0

.9
0

.4
0

.8
0

.5
0

.9
–

0
.1

0
.4

0
.2

0
.1

0
.3

0
.9

0
.0

0
.6

–
0

.3
0

.0
0

.6
1
.0

0
.9

0
.9

0
.9

0
.9

0
.9

1
.0

1
.0

1
.0



GEOCHEMISTRY INTERNATIONAL  Vol. 56  No. 12  2018

MINERALOGICAL AND GEOCHEMICAL BEHAVIOR OF SEDIMENTS SOLELY DERIVED 1253

Fig. 4. Binary plots showing relations among different major oxides and trace elements for the Khurar River bed load samples.
Compositions of the Bundelkhand granite (BG) (data after Pati et al., 2015) are plotted for comparison. For details, see text.
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Fig. 5. Ternary plots (a) Major element compositions of sediment samples plotted as molar proportions on an Al2O3–(CaO +
Na2O)–K2O (A–CN–K) diagram (Arrow indicate the weathering trend of the sediments, the scale showing the chemical index
of alteration (CIA) is shown at the right side); (b) Major element compositions of sediment samples plotted as molar proportions
on an (Al2O3–K2O)–(CaO)–Na2O (A–C–N) diagram (The scale showing the plagioclase index of alteration (PIA) is shown at
the right side); (c) Major element compositions of sediment samples plotted as molar proportions on an Al2O3–(CaO + Na2O +
K2O)–(Fe2O3 + MgO) (A–CNK–FM) diagram. All the data were compared with Bundelkhand granite (data after Pati et al.,
2015) and UCC (data from Rudnick and Gao, 2003).
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chemical weathering intensifies (Nesbitt and Young,

1984). In the A–CN–K plot, the studied samples plot

just above the plagioclase tie line with values ranging

between 55 and 56 and the CIA value ranges from 54–

57 (Fig. 5a). The sediment samples of the Khurar

River are close to the average granite and the Bun-

delkhand granite in the A–CN–K plot, suggesting

that the weathering is low and very little plagioclase is

transformed into clay. The sediments in general show

parallelism to A–CN line and clustering of all the sed-

iments is in a narrow field away from the A–CN line

and close to A–K boundary suggesting continuous

weathering and mobilization of Ca and Na. It implies
GEOCHE
that source area for sediments had undergone low to
moderate chemical weathering. The CIA of the sedi-
ment samples >50 (UCC ~ 50) clearly suggests that
the sediment has experienced low to moderate chemi-
cal weathering.

A–C–N Diagram
Molar proportions of Al2O3 (minus Al associated

with K), CaO* and Na2O was plotted in the A–C–N

diagram of Fedo et al. (1995) to monitor the trend of pla-
gioclase weathering in the studied sediments (Fig. 5b).
Quantitative measure of plagioclase weathering was
MISTRY INTERNATIONAL  Vol. 56  No. 12  2018
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estimated by calculating the PIA defined as [(Al2O3–

K2O)/(Al2O3+CaO* + Na2O–K2O)] × 100 and is pre-

sented in Table 1. Similar to the A–CN–K diagram
(Fig. 5a), the plagioclase weathering trend of most of
the studied sediments fall on a single line and indicate
that the plagioclases in the parent rocks are relatively
low to moderately weathered. However, with increas-
ing PIA values, the sediments display low CaO* values
and plot close to the Al2O3 apex of the triangle. With

increasing PIA values, sediments are depleted in Na2O

and enriched in Al2O3 indicating the presence of clay

minerals. This suggests that increasing chemical
weathering in the sediments gradually reduces anor-
thite and enriches secondary aluminous clay minerals.
The studied sediments fall on a linear trend and indi-
cate that they are the weathering products of albite
enriched parent material. The PIA values of the stud-
ied sediments range between 58 and 64. The PIA val-
ues are consistent with the CIA values and suggest that
the sediments of Khurar River undergone low to mod-
erate plagioclase weathering. The PIA values are com-
parable to calculated values of the CIW i.e. chemical
index of weathering suggested by Harnois (1988),
where CIW is defined as [Al2O3/(Al2O3 + CaO* +

Na2O)] × 100 in molar proportions and Cao* is

defined as CaO in silicate fractions only (Table 2). In
order to establish a relationship between the calculated
indices of chemical weathering and elemental ratios,
scatter plots of CIA vs. Al/Na, Al/K, Ti/Na, K/Na
and Rb/K were used as proxies for intensities of chem-
ical weathering.

A–CNK–FM Diagram

In A–CNK–FM triangular diagram (after Nesbitt
and Young, 1984; Nesbitt and Wilson, 1992), the
points representing sediment samples lie much closer
to the feldspars and indicate relatively lower abun-
dance of kaolinite (Fig. 5c). The studied samples
occur above the feldspars-FM join and indicate low
abundance of CaO + Na2O + K2O in the samples. The

trend of the sediments suggests that CaO + Na2O +

K2O and Fe2O3 + MgO components are leached in

preference to Al2O3 with increasing chemical weather-

ing. This also suggests that feldspars and mafic miner-
als are weathered to form secondary clay minerals with
increasing sediment–water interaction.

Trace Elements Geochemistry

The results of the trace element analysis for the
sediments of the Khurar River are listed in Table 2 and
the same has been compared with the data obtained
from the Bundelkhand granite (BG) (after Pati et al.,
2015), UCC (Rudnick and Gao, 2003). The trace ele-
ments such as Ba, Cr, Rb, Sr and Zr are abundant in
the sediment samples and they show significant scatter
within the studied samples. The concentrations of Ba
GEOCHEMISTRY INTERNATIONAL  Vol. 56  No. 12 
(603 to 824 ppm), Cr (7 to 66 ppm), Rb (142 to
178 ppm), Sr (115 to 157 ppm) and Zr (51 to 193 ppm)
vary significantly (Table 2). Zn contents ranges from 2
to 4 ppm. However, Zn is high in some samples (K1,
K2 and K15) probably due to anthropogenic activities
such as agriculture. High Ba may be derived from the
K-feldspar megacrysts (Nemec, 1975). The barium
and rubidium contents (Ba from 603 to 824 ppm and
Rb 142 to 178 ppm) in the studied sediments are
attributed to the presence of K-feldspar and phyllosil-
icates. The Rb and Ba cations with relatively large
ionic radii may be fixed by preferential exchange and
adsorption on clays (Nesbitt et al., 1980; Wronkiewicz
and Condie, 1989). The low content of clay in the
studied sediments negates this possibility. The Th, Nb,
Zr and Y have strong negative correlation with SiO2

and more or less strong positive correlation with other
oxides such as Al2O3, TiO2, Fe2O3, MgO, CaO, Na2O

and P2O5 (Table 3). The behavior of trace elements

during sedimentary processes is complex due to factors
including weathering, physical sorting, adsorption,
provenance, digenesis and metamorphism (Nesbitt
et al., 1980; Taylor and Mclennan, 1985; Wronkiewicz
and Condie, 1989). The trace element data in the
studied sediments show some variation in comparison
to the UCC and the Bundelkhand granite (BG)
because of fractionation of some elements during
weathering, physical sorting and adsorption during
sedimentation. In general, Ba, Cr and Sr are enriched,
and Rb and Zr are depleted in comparison to Bun-
delkhand granite (the source rock) in the studied sed-
iments. In the studied sediments, the high field
strength elements such as Th, Nb, Zr and Y, normally
immobile during sedimentary processes in compari-
son to other trace elements, show their concentrations
(except Th at some stations) below the UCC.

Rare Earth Element Geochemistry

Total rare earth elements concentrations in the
Khurar River sediments vary between 45 and 215 ppm
(Table 2). There is a significant increase in LREE
compared to HREE with high LREE/HREE ratios
(5.87 to 10.46) in the studied sediments. River borne
sediments usually have REE pattern that are strongly
depleted in HREE (Sholkovitz, 1988). The Khurar
River sediments show strongly LREE fractionated
pattern due to weathering and selective sorting, adsorp-
tion during transportation in comparison to source
rock BG as illustrated in Figs. 9a, 9b. The LREE
enrichment in the sediment samples are also evident
by high (La/Yb)N ratios (ranging from 1.33 to 3.24).
In contrast, HREE shows less fractionation as seen by
the low (Gd/Yb)N ratios (0.48 to 0.84) in the studied
sediments. Interestingly the (La/Yb)N ratio in granitic
source rocks i.e. Bundelkhand granite is also low 0.87
compared to river sediment samples indicating frac-
tionation of REE during weathering process. A signif-
icant feature of the Chondrite-normalized REE pat-
 2018
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Fig. 6. TiO2 vs. Ni bivariate plot for the Khurar River sed-
iments (fields after Floyd et al., 1989) compared with Bun-
delkhand granite (BG) (data after Pati et al., 2015).
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tern of Khurar River sediments is the presence of very
weak positive Eu-anomaly (avg. samples also show the
same in Fig. 9b) and trend of the sediments samples is
more or less parallel with the source rock (Figs. 9a, 9b).
A close examination of REE suggests that the bulk of
HREE are same as the parent rock.

DISCUSSION

Provenance
The intensity and duration of weathering in silici-

clastic sediments can be determined through examin-
ing the relationships among alkali and alkaline earth
elements (Nesbitt and Young, 1982). Since the upper
crust is dominated by the presence of feldspars and
volcanic glass (Nesbitt and Young, 1982, 1984), the
dominant process during chemical weathering and soil
formation is the degradation of labile feldspars from
source rocks. The chemical signatures are ultimately
transferred to sedimentary records and they serve as a
useful means for monitoring the original composition
even after weathering. Any provenance interpretation of
mineralogical, chemical, or detrital-geochronology
datasets requires quantitative understanding of hydrau-
lically controlled compositional variability (Garzanti
et al., 2010). As the particle size of the bed load sedi-
ments of the Khurar River are very coarse to coarse-
grained and they have been transported by the rolling
process, the effect of hydraulics is constrained here.

The position of the samples in the A–CN–K
(Fig. 5a) and A–C–N (Fig. 5b) compositional space
suggests that most of the sediments are derived from
felsic source which is Bundelkhand granite in the
catchment area of the river basin. In the A–CNK–FM
compositional space also (Fig. 5c), the sediments plot
near to the feldspar apex suggesting the presence of
felsic minerals. The sediments of the river comprise
quartz, plagioclases and K-feldspars are presented in
the compositional triangle of feldspars, kaolinite and
smectite near to the feldspar along the feldspar–smec-
tite line in the A–CNK–FM ternary plot. The sedi-
GEOCHE
ment samples fall much closer to the feldspars and
indicate relatively very low abundance of kaolinite.
With increasing sediment–water interaction, feldspars
and mafic minerals in river sediments are chemically
weathered to form secondary clay minerals (kaolinite)
(Roy et al., 2012; Verma et al., 2012). The absence of
clay minerals in the sediments is consistent with the
low to moderate weathering of the Bundelkhand gran-
ite before it is derived as sediments and deposited in
the Khurar River.

The depletion of MnO and P2O5 together with the

enrichment of CaO content suggests the alteration of
plagioclase as a result of low to moderate weathering
and recycling. The enrichment of SiO2 in comparison

to BG suggests dilution of unstable oxides during
weathering. The ratio of Al2O3/TiO2 is considered as a

good indicator of provenance for sedimentary rocks,
in particular, if the source is igneous in nature
(Hayashi et al., 1997). The average value of this ratio
calculated for the Khurar River bed load samples is
66.83, compatible with a granitic source i.e. Bun-
delkhand granite (Al2O3/TiO2 = 57.82) (data after Pati

et al.2015). In TiO2 vs. Ni bivariate plot (following

Floyd et al., 1989), all the points fall in the acidic field
(Fig. 6) suggesting felsic source to the studied sedi-
ments as expected.

Several trace elements and REE are considered to
be useful in discriminating source rock composition
and tectonic setting due to their relatively low mobility
during sedimentary processes and their short resi-
dence times in sea water (Taylor and MacLennan,
1985). These elements are probably transferred quan-
titatively in clastic sediments during weathering and
transportation, reflecting signatures of the parent rock
(Bhatia and Crook, 1986). Transition metal elements
(Co, Cu, Ni and V) are relatively immobile through
weathering, they are well-suited in magmatic pro-
cesses and therefore, they are highly concentrated in
mafic and ultramafic rocks than felsic igneous source
rocks. They are considered to be transported com-
pletely in terrigenous component of sediments and
thus, mirror the chemistry of their source rocks
(McLennan el al., 1990). The high values of Ba and
Rb in the studied sediments are attributed to the pres-
ence of K-feldspar and phyllosilicates suggesting felsic
source for them as expected. Ba and Co are largely
contained in K-bearing and ferromagnesian minerals,
respectively and the relative contribution of mafic/fel-
sic source can be reflected by the Ba/Co ratio (Taylor
and McLennan, 1985). The elevated Ba and depleted
Co contents in the bed load sediments of the Khurar
River suggests the dominance of K-feldspars and poor
presence of the ferromagnesian minerals in the source
rock. The higher Ba/Co ratio (Table 2) is an indication
of sediments derived from weathered felsic-granitic
source rock (AK Arish and El-Gohary, 2008).

The High field strength elements Zr, Nb, Hf, Y,
Th, and U are preferentially partitioned into melts
MISTRY INTERNATIONAL  Vol. 56  No. 12  2018
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Fig. 7. Photomicrograph showing the presence of mineral zircon separated from the heavy liquid separation. Note zoning in all
the zircon minerals.

2 mm

Fig. 8. (a) La/Th vs. Th/Yb plot showing felsic vs. mafic
character (McLennan et al., 1980). (b) Th/Co vs. Zr/Co
plot show mafic–felsic character and recycling (McLen-
nan et al., 1993).The dashed line indicates compositional
difference, and deviation from this trend (solid line) rep-
resents sedimentary effects from sorting and recycling.
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through crystallization (Feng and Kerrich, 1990) and
therefore, these elements are enriched in felsic rather
than mafic rocks. Along with REE, HFSE (High field
strength elements) are thought to specify composi-
tions of provenances. A possible explanation for the
HFSE depletion is a heavy mineral effect caused by
fractionation of heavy minerals by sedimentary sorting
processes (e.g. McLennan et al., 1993). The strong
negative correlative between SiO2 and Zr suggests the

presence of zircon mineral in the sediment samples.
The presence of zircon is also recorded during the heavy
mineral analysis of the sediment samples (Fig. 7). The
La/Th vs. Th/Yb and Th/Co vs. Zr/Co plots are useful
in differentiating between felsic and mafic source
rocks (Bhatia and crook, 1986; Borges et al., 2008;
Akarish and El-Gohary, 2008). In them (Figs. 8a, 8b),
the studied samples show high La/Th and high Th/Co
ratios indicating felsic character of source rock.

The REE and Th are fairly helpful to deduce
crustal compositions because their distribution is not
significantly affected by secondary processes such as
diagenesis and metamorphism and is less affected by
heavy mineral fractionation than that for elements
such as Zr, Hf and Sn (Bhatia and Crook, 1986). REE
and Th contents are higher in felsic than mafic igneous
source rocks and their weathering products, Further,
Eu/Eu*, (La/Lu)N, Th/Co and La/Co ratios are sig-
nificantly unlike in mafic and felsic source rocks and
may be useful in constraining the provenance of sedi-
mentary rocks (Cullers, 1988). The Eu/Eu*, (La/Lu)N,
Th/Co and La/Co ratios of the studied sediment sam-
ples are comparable with those sediments derived
GEOCHEMISTRY INTERNATIONAL  Vol. 56  No. 12  2018
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Fig. 9. Chondrite-normalized REE patterns (after McDonough and Sun, 1995) (a) individual samples, (b) average value of all
the samples of Khurar River sediments.
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from felsic source rocks rather than mafic source rocks
(Table 2). The Eu anomaly is retained as the more
conservative provenance proxy (McLennan et al.,
1993; Cullers, 2000). The Eu anomaly values of all the
sediment samples are consistent with its value in the
granitic source occurring in the provenance (Table 2).
This also shows the low fractionation of the pla-
gioclase feldspar during weathering and sedimenta-
tion. Under the prevailing chemical weathering condi-
tions in the catchment areas of the Khurar River, the
bulk of the REE were derived by the weathering of fel-
sic minerals present in the granite.

The relative REE patterns and Eu anomaly size are
utilized to deduce sources of sedimentary rocks (Tay-
lor and McLennan, 1985). Mafic rocks contain low
LREE/HREE ratios and tend not to contain Eu
anomalies, whereas more felsic rocks usually contain
high LREE/HREE ratios and negative Eu anomalies
(Cullers and Graf, 1984). The high LREE/HREE
ratios, but positive Eu anomaly (Figs. 9a, 9b) in the
studied sediments are due to the granitic source and
low fractionation of plagioclase during weathering.

The extent of LREE fractionation in the sediment
samples is also evident by high (La/Yb)N ratios (rang-
ing from 1.33 to 3.24). In contrast, HREE shows less
fractionation as seen by the low (Gd/Yb)N ratios (0.48
GEOCHE
to 0.84). Interestingly, the (La/Yb)N ratio (0.87) in
the granitic source rock (data after Pati et al. 2015) is
also low compared to river sediments indicating some
fractionation of REE during weathering process.

Weathering and Climate

Chemical weathering affects the mineralogy and
major, trace and REE geochemistry of the siliciclastic
sediments. Depending on the solubility and ion
potential, labile cations (Na, K, Ca, Rb) are leached in
preference to insoluble hydrolysates (Ti, Al) (Nesbitt
and Young, 1982; Smykatz-Kloss et al., 2004). How-
ever, it has been argued that both K and Rb are incor-
porated into clay minerals by adsorption and cation
exchange during initial weathering of fresh rocks
(Nesbitt et al., 1980) and K is preferentially leached
compared to Rb with increasing weathering,
(Wronkiewicz and Condie, 1989). Thus, the ratios of
Al/Na, Ti/Na, Al/K, Al/Ca and Rb/K gradually
increase with increasing chemical weathering (Fig. 10).
Similarly, the ratio of K/Na suggests the abundance of
K-feldspars compared to Na-plagioclases. As K-feld-
spars are relatively more resistant to weathering com-
pared to Ca-Na feldspars, higher K/Na suggests
higher degree of chemical weathering. The CIA values
MISTRY INTERNATIONAL  Vol. 56  No. 12  2018
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Fig. 10. Scatter plots of chemical index of alteration (CIA) vs. PIA, CIW, Al/Na, Rb/K, K/Na, Al/K and Ti/Na for the Khurar
River sediments.
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also have significant relationship with ratios of K/Na

and Al/K (Fig. 10). The CIA and the K/Na and Al/K

values are consistent with the low to moderate weath-

ering regime in the river catchment. Further, the
GEOCHEMISTRY INTERNATIONAL  Vol. 56  No. 12 
enrichment of CaO from the BG looks related to its

precipitation in the sediments similar to other rivers

such as Bhima, Krishna and Godavari of India (also

see Das and Krishnaswami, 2007; Vuba et al., 2015).
 2018



1260 KANHAIYA et al.

Table 4. Chemical index of alteration (CIA), plagioclase index of alteration (PIA), chemical index of weathering (CIW)
and molar ratios of Al/Na, Al/K, K/Na, Ti/Na and Rb/K of the Khurar River sediments

K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11 K12 K13 K14 K15 K16

Al/Na 3.17 3.31 4.13 4.20 4.19 4.09 4.42 4.28 4.14 3.64 4.44 4.61 4.19 4.22 3.05 4.34

Al/K 2.40 2.43 1.90 1.98 1.93 1.88 1.89 1.96 1.95 2.08 1.86 1.80 1.79 1.88 2.80 1.92

K/Na 1.32 1.36 2.17 2.12 2.17 2.17 2.34 2.18 2.12 1.74 2.39 2.55 2.34 2.24 1.09 2.27

Ti/Na 0.06 0.05 0.06 0.07 0.05 0.05 0.06 0.07 0.05 0.06 0.07 0.06 0.06 0.06 0.06 0.07

Rb/K 35.73 31.56 33.90 32.96 32.82 32.78 33.41 33.33 33.91 33.54 33.97 32.66 32.13 31.75 31.34 32.39

CIW 70.57 72.62 77.94 78.23 78.49 77.97 78.90 78.13 77.58 75.37 78.39 79.80 77.32 76.04 72.53 78.52

CIA 54.55 55.91 55.31 56.11 55.83 55.13 55.70 55.86 55.52 55.36 55.11 55.32 54.01 54.17 57.59 55.69

PIA 58.33 60.95 62.66 64.06 63.79 62.39 63.84 63.62 62.80 61.43 62.58 63.77 60.10 59.81 62.91 63.60
The low to moderate weathering in the source area and
physical sorting looks responsible for the low to mod-
erate fractionation of trace elements also in the studied
sediments compared to BG. The high Zn content in
some samples (K1, K2 and K15) may be due to
anthropogenic activities such as agriculture.

The weathering history of the source of siliciclastic
sediments can be determined through quantitative
estimation of the chemical weathering of silicates such
as the calculated values of chemical index of alteration
(CIA), plagioclase index of alteration (PIA) and
chemical index of weathering (CIW) (Nesbitt and
Young, 1982; Fedo et al., 1995). This is suggested by
increasing values of CIA, PIA, CIW and the trend
showing preferential leaching of CaO + Na2O + K2O

and Fe2O3 + MgO relative to Al2O3. The intensity of

chemical weathering and the composition of siliciclas-
tic sediments are controlled by the climate of the area
(Sensarma et al., 2008). The variation in CIA, PIA
and CIW values may be due to the different concentra-
tions of alumina and the low values of them in the
GEOCHE

Fig. 11. SiO2 vs. (Al2O3 + K2O + Na2O) plot discriminat-
ing climate and chemical maturity of Khurar River sedi-
ments (after Suttner and Dutta, 1984). Note that all the
sediments fall in the humid climate field.
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Khurar River sediments suggest that the low to mod-
erate chemical weathering was effective in the river
catchment. The CIA values are in good agreement
with those of PIA and CIW and show a linear relation-
ship and covariance (Table 4) (e.g. Roy et al., 2012).
The linear relationship and covariance among the
CIA, PIA and CIW values (Fig. 10) suggest that they
followed the same trend during weathering. The weath-
ering trend might have been influenced by the past and
present climates prevailing in the river catchment.

In humid climatic region, chemical weathering
exceeds the physical weathering whereas in arid cli-
mate physical weathering exceeds chemical (Suttner
and Dutta, 1986). The sediment samples of the Khu-
rar River can be taken as an indicator of the past
weathering influenced by the prevailing climate. The
predicted climate is well depicted in Fig. 11, where the
samples are plotted in the humid climate field indicat-
ing moderate chemical weathering and low physical
weathering. The present-day climate of the area under
investigation is sub-humid. It is presumed that a simi-
lar climate resulted low to moderate weathering of the
Bundelkhand granite occurring in the river catchment.

CONCLUSIONS

The results and discussion of the present study lead
to the following conclusions:

(1) The bed-load sediments derived from the
granitic source in a small river within the very coarse
to coarse grain size range are arkosic in composition.

(2) The sediments are enriched in SiO2 in compar-

ison to the source because of removal of unstable ele-
ments during weathering and entrainment.

(3) The CIA, PIA and CIW values of the sediments
suggest low to moderate weathering of granite either in
the sub-humid or similar climatic conditions.

(4) These sediments show higher values of Rb and
Pb and lower values of Cr, Co, Cu and Ni than UCC
due to less varied source of the studied sediments
than that.
MISTRY INTERNATIONAL  Vol. 56  No. 12  2018
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(5) The sediments show HREE depletion with a
weak positive Eu anomaly due to low fractionation of
the plagioclase feldspars during weathering.
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