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Sediment geochemistry is an important tool to understand the sediment provenance and weathering. The
present study describes the geochemical distribution, the provenance and the degree of weathering in
surface sediments in parts of Bandipora–Ganderbal areas, Kashmir valley, western Himalaya. Following
the standard operating procedure of the Geological Survey of India, high-density sediment sampling over
an area of 800 km2 of toposheet Nos. 43J/11 and 43J/12 (part) was carried during the Field Season
Programme of 2014–2015. A total of 200 stream and slope wash sediment samples collected on a 2 9 2
grid pattern, covering an area of 800 km2 and 10 numbers of duplicate samples were used in this study. An
analysis of major and trace element concentrations of the sediment samples revealed significant changes
corresponding to different geological formations of the area. The correlation matrix of SiO2, Al2O3, TiO2,
Fe2O3, MnO, K2O, Th and Y showed a positive correlation with each other and negative correlation with
CaO, MgO and Sr, thereby indicating two dominant geological provenances of the sediments. Two
dominant geochemical patterns revealed provenances from basaltic and carbonate rock formations in the
area. Furthermore, an analysis of geochemical weathering indices (chemical index of alteration and
chemical index of weathering) revealed a poor (27) to moderate (78) degree of weathering in this area.
This observation is further substantiated by the immaturity of the soil sediments in the area.
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1. Introduction

Stream and slope wash (SSW) sediments are the
commonly used sampling media for the regional
geochemical surveys (Cohen et al. 1999) because
these sediments represent the source catchment
area of the stream drainage network (Ranasinghe
et al. 2008). Nevertheless, the phenomenon of
natural homogenisation of these fine-grained sedi-
ments produces a better representative sample of
the average composition of the provenance
(McLennan et al. 1993; Fralick and Kronberg 1997;

Weltje and von Eynatten 2004). Chemical and
mineralogical compositions of sediments are useful
in understanding the geochemical cycling of ele-
ments, erosional characteristics of river basin
(Martin and Meybeck 1979) and the weathering
and erosional processes in the source areas. It is
notable that the erosion of the rocks depends on the
geology of the region, topographic setting and cli-
mate (Nesbitt 1979; Das et al. 2005; Tripathi et al.
2007; Rajamani et al. 2009). Thus, the geochem-
istry and mineralogy of SSW sediments commonly
explain the composition of source rocks,
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weathering history, hydrological processes and
climate of the area (Pratt and Lottermoser 2007;
Grunsky et al. 2009).
The study of SSW sediment geochemistry is also

used for the identification of the impact of the
anthropogenic activities such as the mining, agri-
culture, industry and settlement activities (Sharma
and Rajamani 2001; Piper et al. 2006). The soil can
thus be a direct pathway for potentially toxic
chemicals of natural or anthropogenic origin to
enter the human body (Oliver 1997). Surface sed-
iment or soil is a critical natural resource that plays
a key role in determining human health and
ecosystem integrity. Therefore, the assessment of
the chemical characteristics of the soil is very
essential for the better assessment and monitoring
of the risks that can affect humans and other biotic
ecosystems with regard to decision-making and
fostering more integrated environmental
regulation.
Geochemical surveys and mapping were initially

carried for mineral exploration (Garrett et al.
2008). The geochemical maps thus produced can
also be used as references to measure spatial and
temporal changes in the geochemistry of the nat-
ural environment (Darnley et al. 1995) and to
better understand the factors that control the
geochemical variations of the sediments (Reimann
and Garrett 2005). The areal coverage of the
existing geochemical maps ranges from regional to
continental scales (Xie and Cheng 1997) such as
the geochemical atlases of Europe, Australia,
China and North America, etc. (Salminen et al.
2005; De Vos and Tarvainen 2006; Wang et al.
2007; Smith 2009). Therefore, at these low densi-
ties, the underlying geology and regional climatic
characteristics tend to dominate regional geo-
chemical patterns and the features related to
anthropogenic effects are difficult to segregate.
A major application of geochemical surveys is

the large-scale geochemical mapping for a variety
of scientific and societal purposes (Johnson et al.
2005). It is primarily used for environmental pur-
poses including the separation of natural sources of
metals from anthropogenic and organics, evalua-
tion of soils for agricultural purposes, environ-
mental management, medical geochemistry and
land-use classification (Tan 1989). The geochemi-
cal surveys not only yield data of economic signif-
icance but also provide much information of
fundamental interest. However, it is important to
mention that the SSW sediment sampling is pre-
ferred to hard rock sampling on the pretext that

the latter represents a relatively small area close to
the sample site.
In the same line, the Geological Survey of India

(GSI) has commenced a country-wide geochemical
mapping programme, i.e., the National Geochemical
Mapping Programme (NGCM) since 2001. Fur-
thermore, the GSI has prioritised the geochemical
mapping in its ‘vision 2020 document’ to identify
new prospective areas of mineral deposits and
demarcated areas of potential geo-environmental
health hazards in this programme. The NGCM
programme envisages the geochemical mapping of
the entire country on a systematic grid pattern for
generating a multi-elemental database and identi-
fying geochemical anomalies for varied applications
such as to study the behaviour, concentration and
dispersion pattern of various elements for its appli-
cation in mineral exploration, agriculture and
human/animal health environment.
In the Kashmir basin (KB), previously only a

limited number of geochemical studies of sediments
have been carried. For instance, Kapoor (1963)
carried out geochemical studies of Lidder stream
sediments, whereas Rashid et al. (2013) studied
geochemistry of the Wular Lake sediments. Bhat
and Bhat (2014) carried out geochemical studies of
the south-western areas of Pulwama district. Sim-
ilarly Mir and Jeelani (2015) studied the geo-
chemical characteristics of the bottom sediments of
the river Jhelum. The sediments of the Manasbal
and Wular lakes falling within the study area have
been studied recently (Rashid et al. 2015). Babeesh
et al. (2017) carried out a geochemical study of the
Manasbal lake sediments to understand weather-
ing, provenance and the tectonic setting of the
catchment area. Shah et al. (2017) studied the
spatial distribution of diatoms and the physico-
chemical characteristics of the Wular lake
sediments.
Considering these facts in view, the present study

has been carried out under the NGCM programme
during its Field Season Programme (FSP) of
2014–2015. The present study has been carried out
in parts of the Bandipora–Ganderbal districts of the
KB and involves a high-density SSW sediment
sampling for multi-element geochemical mapping.
The specific objectives of the study are to:

• Understand the spatial distribution of elements.
• Understand the geochemical provenance of the

sediments.
• Understand the degree of weathering of the

source rock material.
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2. Study area

The KB is situated towards the north of India. It is a
boat-shaped elongated basin lying between the
greater Himalayan range in the northeastern side
and the Pir Panjal range in the southwestern side.
The KB has a general trend in the NW–SE direction
and is*135 km long and 32 km wide with an area of
about 15,948 km2. The elevation of the KB varies
from *1500 to 4000 m asl with an average elevation
of 1620 m asl. Geologically speaking, the KB is a
thrust-bounded basin and is described as the
‘Kashmir Nappe zone’ comprising the marine sedi-
mentary rocks of the Palaeozoic–Mesozoic with a
Pre-Cambrian basement thrusted along a regional
tectonic plane, namely, the Panjal thrust over the
younger rocks of the autochthones (Wadia 1931).
The KB possesses almost a complete stratigraphic
record of rocks of all ages ranging from the Archaean
to Recent (Dar et al. 2013; Mir et al. 2016).
The present study area covers parts of the

Bandipora–Ganderbal districts located towards the
north-east of the KB. The study area lies between
34�100–34�300N latitudes and 74�300–74�450E lon-
gitudes. The study area covers an area of about
800 km2 falling within the toposheet number of
43J/11 (full) and 43J/12 (northern part) as shown
in figure 1. The study area has been selected as per
the SOP of the GSI under its FSP of 2014–2015
(SOP 2014). The landscape of the study area con-
sists mainly of flat areas with lower elevations and
highly rugged and mountainous hilly areas. The
northern and northeastern parts of the study area
ascend to a height of *5142 m asl around the
Harmukh mountain peak whereas the western and
south-western parts drop to an elevation of *1550
m asl, particularly around the outlet of the Wular
Lake near the Ningli stream, Sopore (figure 1). The
Jhelum river and its major tributaries such as the
Sindh, Ajas-kul, Erin, Madhumati, Ashtung-kul,
Kunis-nal, Zaingare-kul and Ningli form the major
drainage network of the study area. Additionally,
the study area is characterised by many water
bodies and wetlands. For example, the Wular and
Manasbal are the major lakes, whereas the Haigam
jil, Takia, Tulmul and Naugam are the major
wetlands of the area (figure 1).

2.1 Geology of the area

The study area is covered on its extreme north-
ern side by the Pohru group of rock formations

which include the limestone, siltstone, shale and
arenite of the Cambrian–Silurian and agglomer-
atic slates of the Upper Carboniferous age (Singh
1982; Razdan and Raina 1986; Thakur and
Rawat 1992). The Panjal volcanics and Triassic
limestone formations are exposed in the north-
eastern and north-western sides, whereas the
Quaternary Karewa deposits and recent alluvium
are present in its south-eastern, southern and
southwestern sides (Sarah et al. 2011). Panjal
volcanics are of the Permian age and consist
mainly of distinctly layered andesitic to basaltic
lava flows of dark grey to green colour, which are
at places porphyritic and amygdaloidal in nature.
Triassic limestone consists of a thick sequence of
compact blue limestone, slates and dolomites
which at places contain cephalopods, gastropods,
bivalves and other marine microfossils (Wadia
1931). It is important to mention that the vol-
canic basalts and limestone rocks are locally
mined as a building stone and road construction
material. The low-lying area is filled with sedi-
ments of the Karewa group and recent alluvium
(De Terra and Paterson 1939; Bhatt and Chat-
terji 1976). Karewa are the fluvio–glacio–lacus-
trine deposits of the Plio–Pleistocene period and
are composed of fine silty clays with sand and
boulder gravel conglomerates and embedded
moraines (Wadia 1931; Burbank and Johnson
1982; Singh 1982; Agarwal and Agarwal 2005).
The recent alluvium is made up of fine particles
of silt and clay and coarser particles of sand and
gravel. The detailed geological map modified
after Thakur and Rawat (1992) of the study area
is shown in figure 2.

2.2 Climate of the area

In general, the KB has a temperate climate largely
controlled by its geographic location within the
western Himalayan mountain ranges. The climate
of KB falls under the sub-Mediterranean type with
four distinct seasons classified based on mean
temperature and precipitation of the area (Mir and
Jeelani 2015). The climate of the KB is broadly
described as hot in summer, cold in winter and
mild in spring and autumn seasons. Weather is
often cooler in the hilly areas compared to the low-
lying area. Summer is usually hot and dry, but
relative humidity is generally high and the nights
are pleasant. The hottest month is July with an
average temperature of 32�C and the coldest
months are December–January with a minimum

J. Earth Syst. Sci. (2019) 128:223 Page 3 of 16 223



F
ig
u
re

1
.
L
o
ca
ti
o
n
m
a
p
o
f
th
e
st
u
d
y
a
re
a
(t
o
p
o
sh
ee
t
4
3
J
1
1
a
n
d
p
a
rt

o
f
4
3
J
1
2
).
T
h
e
d
ra
in
a
g
e
a
n
d
lo
ca
ti
o
n
o
f
d
if
fe
re
n
t
m
ed
ia

o
f
sa
m
p
li
n
g
is

a
ls
o
sh
o
w
n
in

th
e
m
a
p
.

223 Page 4 of 16 J. Earth Syst. Sci. (2019) 128:223



temperature of �15�C. Precipitation occurs
throughout the year and no month is particularly
dry. Precipitation in winter months usually falls in
the form of snow. In winters, precipitation occurs
from the western disturbances originating from the
Mediterranean Sea (Mir 2018). KB receives an
average rainfall of 710 mm per year. On average,
there are 103 days per year with more than 0.1 mm
rainfall. March is the wettest month with an
average rainfall of 121 mm and Septem-
ber–November are the driest months with an
average rainfall of 28 mm (Mir and Jeelani 2015).

3. Material and methods

3.1 Sample collection and processing

The sampling was undertaken following the
NGCM guidelines as per the standard operating
procedure (SOP 2014) of GSI. Before the actual
execution of the sample collection, a number of
prefield preparations were carried out during which
the various thematic maps, especially the drainage
map (1:50,000 scale) of the study area have been
generated. Furthermore, a number of tools such as

Figure 2. Geological map of the study area (modified after Thakur and Rawat 1992).
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hand scoops, polythene covers and weighing
machine, 120 mesh size sieves, wooden pestles for
powdering lumps and food grade/PET bottles of
500 and 250 g capacity, etc., were also procured in
advance during prefield exercises.
The drainage map is a very essential tool for

planning and executing the high-density SSW
sediment sampling on the defined grid pattern of
2 9 2 km as per the SOP (2014). For the purpose of
2 9 2 gridding of the toposheets used as base maps
for sampling, Map INR has been used. The drainage
network of the study area has been derived from the
freely advanced space-borne thermal emission and
reflection radiometer–global digital elevation model
(ASTER GDEM) in the geographic information
platform. The DEM was downloaded from the USGS
website https://earthexplorer.usgs.gov/. After the
preparation of drainage and grid maps, tentative
sampling points were generated for the collection of
the planned SSW samples generally from the first-,
second- or third-order streams covering the major
part of the targeted grid and to represent a wide
catchment area. For precise and accurate sampling,
the coordinates of each tentative point were noted
and fed into the hand-held GPS. However, during
the execution of the actual sample collection, these
coordinates were used to navigate to reach and
access the sampling locations.
The fine-to-medium grained bed load (silt/clay/

sand) sediments transported and deposited by
running water were collected over a distance of
100 m at 1–3 places of upstream sites close to the
cell margin at the outlet of the stream (figure 1).
The coarse pebbles and cobbles, if present, were
removed at the site before actual sample collection.
However, if the grids were devoid of any streams,
slope wash samples were collected based as per the
local slope/or slope map derived from the DEM. At
each sampling site, actual coordinates as well as
other field-related information such as lithology,
land-use land cover, sample material type and
other details were recorded. About 5 kg of the
sediment sample were collected in polyethylene
bags of 10 kg capacity followed by consistent
labelling and brought to field camp for further
processing. A total of 200 SSW samples along with
10 duplicate/repeat samples for cross-check anal-
ysis were collected from the area. In addition, a
total of five samples selected randomly in the area
were also collected for mineralogical studies. At the
field camp, the samples were air dried, deplumed,
powdered and sieved to a 120 micron mesh size
using specially made wooden tools and

recommended metallic sieves (SOP 2014). This
process is helpful in avoiding metal and other
contamination. It is generally accepted that fine-
grained sediment particles (silt and clay with a
particle size of 120 lm) exhibit properties suit-
able for chemical sorption than the coarse particles.
The samples were then coned, quartered and stored
in food-grade bottles and made into two sets each
of 500 g quantity. One set was submitted to GSI,
Chemical Laboratory, Lucknow for chemical anal-
ysis, whereas the other set has been stored in a
sample repository maintained at GSI, Jammu.

3.2 Chemical analysis of samples

In this study, the major oxides and trace elements
were analysed using X-ray fluorescence (XRF)
(make and model: M/S Panalytical; MAGIX,
2.4 KW sequential XRF spectrometer). For this
process, about 5.0 ± 0.01 g of each powdered
sample was spread in an aluminium cup (40 mm
diameter in size) over boric acid powder (AR
Grade) and pressed into a pellet under a pressure
of 20 t with the help of a hydraulic press pellet
machine to get a uniformly pressed pellet. The
sample pellet was kept in the sample cup of the
XRF unit for the major and trace element anal-
yses. The XRF instrument was controlled from
an external computer, running an analytical
software package (SuperQ). The detection limit
was 0.1% for major elements and 1.00 mg/l for
trace elements. The standard reference material
GSD10 with known element concentrations was
analysed after each batch of 20 samples for
accuracy and duplicate samples after each batch
of 10 samples was analysed for repeatability. The
accuracy of the measurement is ±3% and
precision is ±5%.
For mineralogical studies, the dried samples

were ground to approximately\200 mesh size in an
agate mill to achieve a grain size of about 5–10 lm.
Mineralogical analysis was performed using an
X’Pert PRO X-ray diffractionTM (XRD), PAN
analytical instrument with automatic computer
control. The samples were X-rayed for the identi-
cation of mineral composition and the diffrac-
tograms were processed using MUSE software of
Perkin Elmer.
After the chemical analysis, the data were

processed in Excel and the statistical analysis was
carried out using STATISTICAv.6. The elemental
distribution maps were generated using ArcGIS
10.1 and Surfer 12 software.
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4. Results

The statistical results, i.e., the minimum,
maximum and mean values of major oxides and
trace elements of the surface sediments of the
Bandipora–Ganderbal areas and their comparison
with Post Archaean Australian Shale (PAAS)
(Taylor and McLennan 1985), North American
Shale Composition (NASC) (Gromet et al. 1984)
and Upper Continental Crust (UCC) (Wedepohl
1995) are given in table 1. The results indicated
that SiO2 is the dominant oxide and its concen-
tration varied from 30.58 to 67.73 wt% with an
average value of 58.7 wt%. SiO2 is followed by a
relatively higher concentration of Al2O3 in com-
parison with the other major oxides. The con-
centration of Al2O3 varied from 9.23 to 16.89 wt%
with an average value of 13.4 wt%, whereas the
concentration of Fe2O3 varied from 4.03 to 9.96
wt% with an average value of 5.7 wt%. MgO and
K2O indicated an average concentration of 2.4 to
2.5 wt% each. TiO2, CaO and MnO indicated a
concentration of less than 1 wt%. Among the trace
elements, Sr indicated a higher concentration that
varied from 40 to 559 ppm with an average value
of 148 ppm. The concentration of Th varied from 4
to 16 ppm with a mean value of 11.10 ppm,
whereas the concentration of Y varied from 17 to
40 ppm with an average of 29.9 ppm, respectively.
Overall, the order of concentration of major oxi-
des followed a trend as SiO2[Al2O3[Fe2O3[-
CaO[MgO[K2O[TiO2[MnO, whereas in the
case of trace elements, the order of concentration
is observed as Sr[ Th[ Y. In comparison with
the average UCC, PAAS and NASC, the average

values of almost all oxides and elements are lower
and depleted except for CaO which showed higher
average values than NASC and UCC. The MgO
revealed almost similar average values compared
to the world standards.
An analysis of the spatial distribution of both

major oxides and trace elements revealed both
similar, that is dominant among the elements, and
dissimilar distribution patterns. For instance, the
first group of elements that include SiO2, Al2O3,
Fe2O3, TiO2, MnO, K2O, Th and Y acted as a
coherent group and indicated a similar distribution
pattern. Overall, this group revealed the lowest
values towards the north–southeastern areas of the
area. Similarly, the second group of elements
including CaO, MgO and Sr also revealed a similar
distribution pattern. This group, however, indi-
cated the highest concentration in narrow areas
towards the south-eastern part of the study area.
The distribution pattern of the second group of
elements is in contrast to the distribution pattern
of the first group of elements. However, it is
important to note that the distributional pattern of
both these elemental groups correlates positively
with the local lithology of the area. The spatial
distribution of major oxides and trace elements is
shown in figure 3. Moreover, to substantiate the
chemical analysis of the sediments, a mineralogical
analysis of five sediment samples collected ran-
domly from the area was also carried out. To report
the mineralogical results in this study, the proce-
dure and classification of minerals as proposed in
the SOP (2014) of the GSI has been followed. The
results of the mineralogical studies are given in
table 2.

Table 1. Statistical analysis of major oxides (wt%) and trace elements (ppm) of the study area and
its comparison with PAAS Taylor and McLennan (1985), NASC) Gromet et al. (1984) and UCC
Wedepohl (1995).

Oxide/element

Present study

PAAS NASC UCCMinimum Maximum Average

SiO2 (wt%) 30.58 67.73 58.7 62.80 64.80 60.2

Al2O3 (wt%) 9.23 16.89 13.4 18.90 16.90 15.27

Fe2O3 (wt%) 4.03 9.96 5.8 7.23 6.33 7.26

CaO (wt%) 0.74 24.11 4.2 1.30 3.56 5.45

MgO (wt%) 1.60 6.71 2.5 2.20 2.85 4.59

K2O (wt%) 1.11 4.15 2.4 3.70 3.99 2.99

MnO (wt%) 0.04 0.29 0.1 0.11 0.06 0.10

TiO2 (wt%) 0.33 1.64 0.8 1.00 0.78 0.57

Sr (ppm) 40 559 148 200 142 320

Th (ppm) 4.00 16.00 11.1 14.60 12.00 14.00

Y (ppm) 17.00 40.00 29.9 27.00 35.00 21
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5. Discussion

5.1 Element distribution and provenance

In this study, an analysis of the geochemical ele-
ments of the sediments in comparison with the

crustal averages such as PAAS (Taylor and
McLennan 1985), NASC (Gromet et al. 1984) and
UCC (Wedepohl 1995) revealed that there are a
significant number of samples having a concentra-
tion of the given world average. For instance,
about 25.5% of samples have SiO2 higher than the

SiO2(wt%) Al2O3(wt%) Y (ppm)

Fe2O3 (wt%) TiO2 (wt%) Th (ppm)

CaO (wt%) MgO (wt%) Sr (ppm)

Figure 3. Distribution pattern of major oxides (wt%) and trace elements (ppm) of sediments of the study area.
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PAAS values, whereas there are about 53% of
samples having higher values than UCC. Simi-
larly, there are about 34% of samples having
higher values of Fe2O3 than the NASC. However,
it is very prominent that in the case of CaO, there
are about 85.5%, 35.5% and 20.5% of samples
having higher concentration than PAAS, NASC
and UCC. Similarly, MgO values are higher in
64% of samples than PAAS, whereas, 83.5% and
96.5% samples have higher values of TiO2 than
NASC and UCC. In the case of trace elements,
83.5% samples have higher values than PASS in
the case of Y, whereas Sr and Th are higher in
33.5% and 21.5% of the samples than NASC. The
detailed results are given in table 3. Furthermore,
comparative analysis also indicated that the first
group of elements has near to similar values as
those of crustal averages, whereas the second
group of elements has values 1–5 times enriched in
comparison with the crustal average values.
Overall, these observations suggest that in the
case of a significant number of samples, the fer-
romagnesian minerals are affected by the modifi-
cations during weathering processes.
To further understand the coherence of the

elements, the correlation matrix (CM) of major
oxides (wt%) and trace elements (ppm) has been
carried out as given in table 4. The CM gives the
value of CORREL (or PEARSON) coefficient
applied to each possible pair of measurement
variables and reveals the degree of linear correla-
tion between two variables. The CM clearly
demonstrates that SiO2, Al2O3, TiO2, Fe2O3,
MnO, K2O, Th and Y are positively correlated
with each other and negatively correlated with
CaO, MgO and Sr and vice versa. The positive or

Table 2. XRD results of the mineralogy of stream sediment
constituents detected in the semi-quantitative analysis of the
crystalline portion of sediment samples by RIR values.

Element/oxide

Number and % of samples enriched

[PAAS [NASC [UCC

SiO2 (wt%) 51 (25.5%) 14 (7%) 106 (53%)

Al2O3 (wt%) 0 (0%) 1 (0.5%) 5 (2.5%)

Fe2O3 (wt%) 9 (4.5%) 34 (17%) 9 (4.5%)

CaO (wt%) 171 (85.5%) 71 (35.5%) 41(20.5%)

MgO (wt%) 128 (64%) 26 (13%) 4 (2%)

K2O (wt%) 3 (1.5%) 1 (0.5%) 7 (3.5%)

MnO (wt%) 6 (3%) 0 (0%) 6 (3%)

TiO2 (wt%) 9 (4.5%) 167 (83.5%) 193 (96.5%)

Sr (ppm) 22 (11%) 67 (33.5%) 10 (5%)

Th (ppm) 1 (0.5%) 43 (21.5%) 2 (1%)

Y (ppm) 167 (83.5%) 3 (1.5%) 8 (4%)
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negative correlation and coherence of these ele-
ments was attributed to the same source from
geogenic contribution. The CM indicated the
possibility of two provenances or source rocks of
these elements dominantly exposed in the area.
The elemental distribution overall reveals higher
values towards the north–northeastern areas to
the southeastern areas and correlates significantly
with the hard rock geology consisting mainly of
the Panjal volcanics and Triassic limestones that
are the basic and carbonate rocks of the area. The
coherence and positive correlation among the
SiO2, Al2O3, TiO2, Fe2O3, MnO, K2O, Th and Y
indicate that these elements may have been
derived from andesite and basaltic volcanics of the
area. Acid rocks usually contain more thorium
(Th) than mafic rocks, and in sediments, it is
likely to be more concentrated in argillaceous
deposits. The carrier of Th is mainly monazite
mineral which is very resistant to weathering thus
enriching weathered deposits in Th content
(Govindaraju 1994). The occurrence of yttrium
(Y) in the Earth’s crust is relatively common.
Basic rocks contain somewhat higher amounts of
Y than ultramafic rocks (Ure and Bacon 1978).
Similarly, higher CaO, Mgo and Sr values
observed in the sediments of the south-eastern
parts of the study area are attributed to the input
from the adjacent limestone–dolomite terrain that
contributes carbonate-rich sediments to the area
(Jonathan et al. 2004). It has been established
that the biogeochemical characteristics of Sr are
similar to those of Ca and Mg. However, it is also
notable that Sr is very often associated with Ca,
and, to a lesser extent, with Mg in the terrestrial
environment (Govindaraju 1994).

To further understand the source of elements, the
variation diagrams of selected volcanic and car-
bonate rocks representing major oxides (wt%) and
trace elements (ppm) are plotted against Al2O3

(figure 4). Al2O3 shows a positive trend with TiO2,
Fe2O3, Th and Y and an inverse trend with Cao,
MgO and Sr, thereby indicating the volcanic source
for the first group of elements and the carbonate
source for the second group of elements. The Al2O3/
TiO2 ratio is also used to track the provenance of
the source rock material (Armstrong-Altrin et al.
2014). The Al in igneous rocks mostly exists in
feldspars and Ti exists in olivine, pyroxene, horn-
blende, biotite and ilmenite that are mostly mafic
minerals. The previous studies have reported
Al2O3/TiO2 ratios in mafic igneous rocks between 3
and 8, whereas in intermediate igneous rocks, it is
reported to be between 8 and 21 and between 21 and
70 in felsic igneous rocks (Hayashi et al. 1997). In
the present study, the Al2O3/TiO2 ratio of the
sediments varied from 10.25 to 31.18, indicating
provenance and weathering of an intermediate to
felsic igneous source rocks. However, it is important
to note that the samples that contain an element
many times higher than the mean value for the
samples are considered as anomalous (Eberl and
Smith 2009). In this study, Cao (wt%), Mgo (wt%)
and Sr (ppm) in the south-eastern parts of the study
area are 1 to 5 times enriched than mean values.
The dominant lithologies in the study area are
Panjal volcanics and carbonate rocks. Thus, the
higher content of Cao (wt%), Mgo (wt%) and Sr
(ppm) in surface sediments in this part of the area is
attributed mainly to the carbonate provenance and
is also considered a major contributor for these high
anomalous values than the volcanic source rocks.

Table 4. CM of major oxides (wt%) and trace elements (ppm) of sediment samples of the study area. Note: The significant values
are presented in bold font.

Element SiO2 Al2O3 Fe2O3 CaO MgO K2O MnO TiO2 Sr Th Y

SiO2 1.00

Al2O3 0.60 1.00

Fe2O3 0.27 0.80 1.00

CaO � 0.96 � 0.76 � 0.47 1.00

MgO � 0.80 � 0.52 � 0.14 0.79 1.00

K2O 0.38 0.36 � 0.02 � 0.40 � 0.64 1.00

MnO 0.27 0.51 0.63 � 0.41 � 0.24 0.08 1.00

TiO2 0.61 0.75 0.78 � 0.73 � 0.46 � 0.02 0.61 1.00

Sr � 0.82 � 0.81 � 0.52 0.89 0.85 � 0.56 � 0.46 � 0.70 1.00

Th 0.56 0.56 0.31 � 0.52 � 0.50 0.37 0.15 0.42 � 0.57 1.00

Y 0.86 0.71 0.45 � 0.91 � 0.67 0.29 0.44 0.72 � 0.78 0.53 1.00
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5.2 Mineral distribution trends

The Himalayan mountain range is characterised by
the mechanical erosional rates averaging [1
mm yr�1. These erosion rates far exceed those
rates at which rocks are converted to soils through
chemical and physical weathering (Raymo et al.
1988). However, due to the rapid mechanical
denudations of the rocks in the Himalayas, the
maturity of the sediments remains poor as the soil-
related processes are very slow (Burbank et al.
1996). The sediments of the KB which are flu-
vial–glacial sediments flushed from all sides of
mountain flanks may be an exception to the
immaturity of Himalayan sediments. In the present
study, mineralogical studies of the sediment sam-
ples showed that quartz is the major constituent
mineral followed by muscovite. However, the cal-
cite and K-feldspar minerals are present in good
amount; albite and calcite occur as minor minerals;
chlorite, microcline, orthoclase and dolomite are
present in considerable amount and koninckite,
dicktite, pyrope, hornblende, microcline and rutile
are present in traces. Overall, these minerals
identified in the sediments also indicate basic/

volcanic and carbonate rocks as the dominant
source of the sediments. The mineralogical results
of the sediment samples are given in table 3. Fur-
thermore, the mineral composition of the sedi-
ments can also have an effect on the elemental
concentration. In the sediments of the study area,
quartz represents more than 58.66% of the detrital
minerals followed by other detrital materials rep-
resenting oxides of Al2O3, TiO2, Fe2O3, MnO and
K2O. Aluminium mostly resides in alumina sili-
cates, which is the most important carrier of
absorbed metals (Jonathan et al. 2004).

5.3 Weathering pattern trends

Elemental data are used as a proxy to understand
the mineralogy of sediments, provenance and
weathering patterns. For example, in the case of
the least-weathered rocks, there is not much vari-
ation in the major and trace element content of the
derived sediments. To derive the weathering of the
source rocks from elemental data, ternary diagrams
developed by Nesbitt and Young (1982) and Nes-
bitt et al. (1996) have been frequently used. The
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Figure 4. Variation diagrams of bulk sediment geochemical data of Al2O3% plotted on the x-axis and its correlation with selected
few major oxides (wt%) and trace elements (ppm) plotted on the y-axis in the study area.
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ternary diagrams such as A–CN–K with
Al2O3–(CaO + Na2O)–K2O and A–CNK–FM with
Fe2O3 + MgO–(CaO+Na2O+K2O)–Al2O3 consist
of three axes to deduce weathering trends. In the
present study, the ternary diagrams were also used
to understand the weathering patterns as shown in
figure 5a and b. As observed, both the ternary
diagrams plotted the values of Al2O3, CaO, Na2O,
K2O and M2O very similar to that of the crustal
average (Taylor and McLennan 1985), thereby
reflecting a very poor weathering pattern in the
area. The plots also indicated that the weathering
has not reached a stage at which significant
amounts of the alkali and alkaline earth elements
will be removed from the sediments. These results
are further substantiated by the identification of
albite minerals in the sediment samples (table 2).
The presence of albite minerals also indicated that
the sediments are not mature enough in the study
area.
Moreover, to determine the degree of weather-

ing, two indices such as the chemical index of
alteration (CIA) and chemical index of weathering
(CIW) have been used in this study. The weath-
ering indices essentially measure the degree of
depletion of mobile components relative to immo-
bile components during weathering. An equation of
CIA proposed by Nesbitt and Young (1982) for
calculating the degree of weathering is given as

CIA ¼ Al2O3= Al2O3 þ CaO� þNa2OþK2Oð Þ
� 100

where CaO* is the amount of CaO incorporated
into the silicate fraction of the rock. As reported

previously, the CIA value for diopside is 0; fresh
basalt has values between 30 and 45; fresh albite,
anorthite and K-feldspar have a value of 50;
granites and granodiorites have values between 45
and 55; muscovite has a value of 75; illite and
montmorillonites have a value between 75 and 85
and chlorite and kaolinite have a value near 100.
However, it is important to note that for the car-
bonate and apatite content, a correction is made.
Following the procedure of Nesbitt and Young
(1982), the correction of the amount of CaO
incorporated in the silicate fraction of the rock of
the present study area has been carried out, and
accordingly, the CIA has been derived. The CIA
value of sediments in the present study varied from
26.4 to 77.8 with a mean of 65.3 (figure 6a). The
derived CIA values are almost close to those of
PAAS, UCC and NASC.
In addition, Harnois (1988) has proposed a

simplified equation for calculating the CIW. This
equation in comparison with CIA does not include
K2O into the account. Therefore, this equation is
also known as K2O-free CIA. However, it is
important to mention that the CIW index increases
with the degree of depletion of the sediment in Na
and Ca relative to A1. The equation of CIW is
given below as

CIW ¼ Al2O3= Al2O3 þ CaOþNa2Oð Þ � 100:

The CIW value of sediments of the present study
varied from 27.3 to 87.8 with a mean of 74.2
(figure 6b).
The optimum fresh value for CIA and CIW is

B50 and the optimum weathered value for CIA and
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CIW is 100. Both indices do not allow Al mobility
and show a positive trend of the index up-profile
with an increase in weathering. CIA and CIW are
essentially a measure of the extent of conversion of
feldspars to clay minerals (Nesbitt and Young
1984; Maynard et al. 1995). In this study, both the
indices were found to be lower than those of aver-
age shale, thereby indicating that the degree of
weathering in the area is poor to moderate. This
low to moderate weathering may be because of the
nearness of the provenance of the derived sedi-
ments vis-�a-vis least transportation and mechani-
cal weathering. Although the hydroclimatic
conditions in this area are able to carry the
mechanical disintegration of the source rock
material, due to the short distance of sediment
transportation from source rocks, the maturity of
sediments has not been achieved. This process is
very well reflected by the presence of fresh albite in
sediments and the absence of CIA values greater
than 78 which are usually the values exhibited by
mature clay minerals. Overall, the low to moderate
values of both the indices reflected the absence of
clay minerals and the presence of detrital feldspars
which is also evident from the A–CN–K and
A–CNK–FM diagrams (figure 5a and b). From the
analysis, the south-eastern part of the study area is
least weathered in comparison with the rest of the
study area. This observation matches very well

with the distribution of carbonate rock represent-
ing elements and matches poorly with elements
representing volcanic terrain.

6. Conclusion

In this study, a high-density sediment sampling
was carried out in parts of Bandipora–Ganderbal
districts of the KB to understand the spatial dis-
tribution patterns of surface sediment geochem-
istry, its provenance and degree of weathering of
the source rock material. The sampling was carried
out as per the approved SOP (2014) of GSI in
toposheet No. 43J/11 and J/12 (part) covering an
area of 800 km2. About 200 stream and slope sed-
iment samples on a 2:2 grid pattern were collected
for major oxide and trace element analysis followed
by the collection of five sediment samples randomly
for mineralogical and/or XRD studies. The analy-
sis included the generation of elemental distribu-
tion maps, CM and variation diagrams,
mineralogical studies and calculation of weathering
indices.
The elemental distribution maps indicated a

similarity in spatial distribution with generally
higher concentrations around the northeastern and
southeastern areas where it significantly coincides
with the local geology of the area. The analysis

Figure 6. Distribution pattern of the (a) CIA and (b) CIW in the study area.
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indicated two provenances or source rock materials
that control the geochemistry of the sediments in
this area. For instance, SiO2, Al2O3, TiO2, Fe2O3,
MnO, K2O, Th and Y are positively correlated and
formed the first coherent group of elements whose
geochemistry is controlled dominantly by the basic
volcanic rocks exposed extensively in the area.
However, the elements such as CaO, MgO and Sr
formed the second coherent group whose geo-
chemistry is controlled dominantly by the carbon-
ate lithology such as limestone and dolomites of the
area. These results are also substantiated by the
mineralogical nature of the sediments.
Furthermore, the A–CN–K and A–CNK–FM

plots indicated low to moderate weathering in this
area. The weathering indices CIA and CIW also
revealed low (27) to moderate (78) weathering
patterns. This observation is very well reflected by
the presence of fresh albite in sediments and the
absence of CIA values greater than 78 that is
usually reflected by the highly weathered clay
minerals. The south-eastern areas are observed to
be less weathered in comparison with other parts of
the study area.
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