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Abstract The present study was conducted on the Manasbal
Lake (34°14'N: 74°40'E) to assess the geochemical character-
istics of the lake bottom sediments, its environmental impli-
cations and its response in the local catchment area. This study
tracks the spatial distribution of grain size, geochemical anal-
ysis, C/N ratio, calcium carbonate (CaCOj3) and organic mat-
ter (OM) of the lake bottom sediments. It is observed that the
clay fraction (49.79%) is predominant in the lake bottom sed-
iments, followed by silt (35.88%) and sand (14.33%) and its
spatial distribution is controlled by water depth. Geochemistry
and normalized diagrams for the major oxides and trace ele-
ments reveal enrichment of CaO, K0, P,0s, S, Cl, Ni, Zn and
Sr. Chemical index of alteration (CIA) reflects low to moder-
ate weathering intensity and near compositional similarity
with the bedrock exposed in the catchment area around the
lake. Environmental indices (EF, Igeo) suggest that the sedi-
ments are enriched in Cu, Ni, Zn, Cr, Co, Pb followed by Mn
content. Pollution load index (PLI) reveal that all the sampling
sites reflect low to moderately polluted category except for
few stations that are towards the southern and southeastern
side of the lake. OM (16.85%), CaCO5 (14.04%) and C/N
ratio (15.5) of the lake bottom sediments is attributed to high
organic activity within the lake, shell fragments, contributions
from the lake flora and fauna adhering to the clayey silty
sediments. The C/N ratio of 15.5 suggests a mixed source of
organic matter both terrestrially and in situ formation within
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the lake. Sulphur and chlorine are high amongst the trace
elements suggesting anthropogenic detritus input into the lake
and this is due to the chemical fertilizers from the agricultural
runoff and organic load into the lake. Thus, the present study
suggests that in order to preserve the pristine lake ecology and
the environment; continued monitoring and restoration efforts
need to be undertaken.
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Introduction

Lakes and wetlands are major sinks for carbon and are dynam-
ic that integrate environment, climate and tectonic forcing into
a continuous, high-resolution archive for understanding pres-
ent and past climate changes (Schnurrenberger et al. 2003).
Lacustrine sediments have long served as an archive of terres-
trial environmental change because they contain a myriad of
isotopic, chemical and biological proxies that characterize
changes in past climate and environments (Diefendorf et al.
2007). Lake sediments also provide a historical record of the
conditions of the local catchment environments that surrounds
them. Further, geochemical and sedimentological analyses of
the sediments help to determine the past environment in which
the sediments were deposited (Ballinger and McKee 1971).
Lake deposits are particularly well horizontally bedded or
laminated or in addition show frequent vertical changes in
lithology. The principal reasons for these phenomena are that
lakes and their sediments are (1) little affected by waves and
currents and (2) very sensitive to changes in climate, catch-
ment area and other environmental factors (Einsele 2000). The
lakes are very sensitive to small changes in climate and
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environment and hence respond relatively quickly to external
forcing variability thereby integrating information about
changes in the catchment. (Adrian et al. 2009). Changes in
air temperature or regional land use can be reflected within
months to decades in the inputs to the lake’s sedimentary
record. The rapidity of this response varies both within a lake,
for example from near shore to offshore environments and
between lakes. However, typically, small lakes respond more
quickly and more definitively to a perturbation than larger
lakes.

Kashmir Valley, India, abounds in numerous freshwater
lakes that provide water for irrigation and drinking purpose
to almost the whole of the population. Manasbal Lake, one of
the deepest freshwater lakes in Kashmir Valley, serves as a
resource for drinking water, irrigation, fisheries, recreation,
tourism, etc. for the local population. However, lake pollution
in the form of agricultural runoff, domestic effluents, munic-
ipal wastes, deforestation and changes in land-use and land-
cover have altered the surface sediment composition and re-
duced the lake volume leading to eutrophication. Since
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Fig. 1 Location map of the study area
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geochemical and sedimentological records are very few of
Kashmir Himalayan lakes, the present study suggests how
geochemical and sedimentary signatures preserved in lake
bottom sediments can be used to infer provenance, weathering
intensity, anthropogenic impact and trophic status of the fresh
water lakes. Hence, in this paper, using various geochemical
signatures, the objectives of the study were: (a) to explore the
spatial textural distribution of sediments on the Manasbal
Lake bottom and (b) to analyse the geochemistry of the lake
bottom sediments in order to assess the anthropogenic impact,
weathering intensity and provenance.

Study area

Manasbal Lake (Fig. 1) 34°14'-34°16' N latitude and 74°40' —
74°43' E longitude with 1583 mts amsl, lies about 30 kms to
the northwest of Srinagar and has the villages of Kondabal,
Jarokabal and Gratabal on its bank. The lake catchment mea-
sures nearly 22 km? (Rashid et al. 2013a, 2013b) in area with
oblong outline. Mansabal is the only lake in Kashmir that
develops summer temperature fluctuations and has been re-
ported to be warm, monomictic lake in the valley (Qadri and
Yousuf 1978). The topography of the study area surrounding
the Manasbal Lake is hilly, undulating with very few flat areas
at lower eclevations. Manasbal Lake is the deepest of all the
fresh water lakes fed by groundwater in Kashmir valley. The
lake has no major inflows and its water supply is chiefly de-
rived from internal springs and precipitation. From spring to
early autumn, the Laar Kul—a small irrigation stream which
takes off from Sindh Nallah and irrigates the agricultural fields
throughout its course—drains into the lake on its eastern side.

Fig. 2 Geological map of the

73°39°E

Boating, navigation and transportation besides tourism are
other benefits derived as it contributes a sizeable share of the
regional economy (Vass 1978). The thermocline of the lake
waters is distinct during stratification and lies between 5 and
9 m. The isothermic condition starts from November and lasts
until February (Zutshi et al. 1980). The flora and fauna record-
ed from the study area include plantation consisting of Salix
alba, Juglans regia, Populus nigra and Robinia
pseudoacacia, Agriculture in the form of rice cultivation
(Oryza sativa), Orchards dominated by apples (Malus pumila)
and pasture dominated by Cynodon dactylon and Trifolium sp.
The aquatic vegetation is represented by Ceratophyllum
demersum, Potamogeton crispus, P. leuscens, Potamogeton
pectinatus, Azolla sp. and Salvinias (Rashid et al. 2013a,
2013b). The various dominant land use and land cover classes
that surround this freshwater lake include barren land, agricul-
ture, plantation, built-up, parks and pastures etc.

Geology

The catchment of the Manasbal Lake consists of Triassic lime-
stones, overlain by the Agglomeratic slates and Panjal traps
followed by Quaternary Karewa deposits and recent alluvium
(Fig. 2). Triassic limestone is composed of a thick series of
compact blue limestone, slates and dolomites. The Triassic
limestones show highly folded nature and are overlain by
slates. The Karewa deposits are the lacustrine deposits of the
Plio-Pleistocene age and are composed of fine silty clays with
sand resting over the boulder gravel. The Karewa deposits are
blue, grey and bluff silty sand, partly compacted conglomer-
ates with embedded moraines. The alluvium consists of
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Fig. 3 Google earth imagery of
Manasbal Lake

boulders, pebbles and sands (Sarah et al. 2011). The catch-
ment of the study area is also surrounded by elevated forests
with moderate vegetation. A sizeable margin of the lake pres-
ently is also under paddy agriculture (Fig. 3). Large areas of
barren, wastelands and horticulture are also found in the catch-
ment area (Romshoo and Muslim 2011).

Materials and methods

In order to evaluate spatial distribution and sediment geo-
chemistry, a detailed fieldwork and sampling was carried out
in the month of September 2013 using a hired boat. Twenty-
two (n = 22) lake bottom sediment samples were collected at
regular intervals from 2 to 6 m water depth covering the entire

lake (Fig. 4). The sampling stations were marked using a
hand-held global positioning system (Garmin eTrex GPS).
The surface samples were collected using a Van Veen grab
sampler and packed in polyethylene packets prior to analysis.
The samples were dried in open air and subsequently in the
oven at 30°C for further analysis. The textural analysis of all
the lake bottom sediment samples was analysed following
procedure put forward by Ingram (1970). The carbon to nitro-
gen ratio was analysed to decipher the source of organic mat-
ter using carbon-hydrogen-nitrogen-sulphur (CHNS) elemen-
tal analyser at Department of Geology, Anna University
Chennai. Organic matter and CaCOj; percentages were esti-
mated by adopting loss on ignition (LOI) method (Heiri et al.
2001) conducted at the Department of Geology, Anna
University Chennai. The spatial distribution of the above
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Table 1 Sand, Silt, Clay, OM, CaCO; percentages and C/N ratio of
Manasbal Lake grab sediments

Sample ID  Sand% Silt% Clay% OM % CaCO;% C/N
MBG 1 298 17.50  79.52 18.6 15.6 7.73
MBG 2 3.00 27.00  70.00 11.8 10.4 33.83
MBG 3 7.16 1332 79.52 8.4 12.4 11.03
MBG 4 15.57 2455 59.88 246 11.2 10.49
MBG 5 17.86 32.54  49.60 11.8 22.6 12.31
MBG 6 10.50 10.30  79.21 29.6 34 12.32
MBG 7 11.60 18.40  70.00 17.6 5 13.75
MBG 8 17.69 32.60 49.70 15.6 11.4 14.39
MBG 9 26.24 3400 39.76 21.8 222 14.81
MBG 10 23.66 56.46 19.88 224 12.6 14.23
MBG 11 6.19 4391 49.90 15.8 12.8 14.43
MBG 12 2.79 739 89.82 18.2 12.8 16.79
MBG 13 6.19 53.89  39.92 228 10.8 16.90
MBG 14 6.18 14.14  79.68 20 17.2 10.61
MBG 15 5.79 6427 2994 23 16 10.93
MBG 16 2.78 8730  9.92 14.4 23 19.23
MBG 17 38.49 21.83 39.68 252 16 10.51
MBG 18 6.08 3540 58.52 32 10.4 22.02
MBG 19 16.10 54.08 29.82 14 2.8 14.37
MBG 20 4.79 85.23 9.98 12.2 222 12.83
MBG 21 5.99 54.09 39.92 10.4 19.6 17.99
MBG 22 3.59 26.69 69.72 10.2 20.8 18.47

studied parameters was interpolated using inverse distance
weighted (IDW) algorithm method available in the geo-

Fig. 5 The ternary plot for the
distribution of lake bottom
sediments following Shepard
(1954) exhibit that the detritus are
largely silt, clayey silt, silty clay
and clay.

statistical analyst tool of Arc GIS 10.3. The sediment samples
were further homogenized using an agate pestle and mortar
after being ground to a fine powder and allowed to pass
through ASTM 230-mesh sieve for major and trace elements
studies that were determined using an X-ray fluorescence
(XRF) spectrometer (VP-320 X-ray fluorescence spectrome-
try) at the Department of Geology, Savitribai Phule Pune
University, Pune. The major and trace elements were analysed
on pressed powder pallets. The analytical error is +0.5% for
major oxides and <1 ppm for the trace elements.

Results
Grain size, texture and distribution pattern

Bulk concentration of grain size, organic matter, CaCO5 and
C/N ratio are listed in Table 1. The particle size composition of
the lake bottom samples (Fig. 5) indicates that clay was the
dominant fraction (49.79%) followed by silt (35.88%) and
sand (14.33%). The predominance of the clay fraction in the
lake bottom sediments is due to the absence of any major
drainage flow towards the lake. The sediment textural class
was found to be mostly clayey with few samples showing silty
texture. The surface samples taken from the lake showed a
clear association between the water depth and grain size. It
was found that the clay is dominant along the deeper water
column and along highly anthropogenic activity sites while as
sand was found to be associated with the lower water column
close to the lake margins. The highest percentage of clay was
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Fig. 6 Spatial distribution map for (a) sand%, (b) silt%, (c) clay% and organic matter% in lake floor sediments

found to be along the northeastern and southwestern parts of
the lake. The silt was found to show dominance along the
southern fringe of the lake basin. The sand was found to pre-
dominate along the northeastern part and along catchment
inlet channels, which bring a lot of coarser sediments from
the upper reaches and deposit along the margins (Fig. 6a—c).

Major and trace element geochemistry

The analytical data of major oxides for the lake bottom sedi-
ments revealed that the SiO,, Al,O; and CaO are the
predominating major oxides present in the lake bottom sedi-
ments. The major oxides in descending order of average per-
centages include SiO,, Al,O3, CaO, Fe,03, MgO, Na,0,
K,0, TiO,, P,Os and MnO (Table 2). To assess the relative
enrichment and depletion, the major oxides and trace element
values were normalized to standard UCC and Panjal Trap
values (Fig. 7a, b). The negative anomaly for elemental oxides
like Al,O3, Fe,03, TiO,, Na,O and MnO could be attributed
to the dilution effects of CaCOs; as envisaged from the positive
CaO anomaly. The normalized major oxides data shows rela-
tive enrichment of CaO, K,O and P,Os in the lake bottom
sediments.

The relative enrichment of trace elements in lake sediments
have been widely used to deduce source and changes in sed-
iments due to weathering and sedimentary processes (Das

@ Springer

et al. 2008). Spatial distribution of various trace elements
showed a dominance of sulphur followed by Sr, Cl, Zn, Rb,
Cr, V, Cu, Ni and Pb in the lake bottom sediments. In the trace
element normalized diagrams, S, Cl and Sr display significant
enrichment relative to UCC while others are depleted or close
to UCC. Relative enrichment of Sr may indicate a relatively
low weathering rate because of their presence in detritus min-
eral deposits.

Carbon to nitrogen ratio (C/N), organic matter
and CaCQOj; estimation

The C/N ratio of lake sediments is used to infer the source
of organic matter in sediments. Lacustrine algae has a
value of 4-10 while for the terrestrial plants the C/N ratio
is higher than 20 (Meyers and Ishiwatari 1993). The C/N
ratio of the Manasbal Lake sediments showed a wide var-
iation in the C/N ratio with an average value of 15.48,
minimum of 7.73 and maximum value of 33.83. The total
organic matter (OM) and CaCO; percentages of the lake
surface samples contain high OM and CaCOj; percentage.
The OM in the lake sediments ranges between 3.2 and
29.6% with an average value of 16.85% and the CaCO;
percentage varied between 2.8 and 23% having an aver-
age value of 14.04%, respectively.
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Fig. 7 Sediment normalized
diagrams for major oxides (a) and
trace elements (b) of Manasbal
Lake bottom sediments. Average
upper continental crust from
(McLennan 2001), Panjal Trap
from (Bhat and Zainuddin 1979)
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Environmental risk assessment indices

Evaluation of excess and harmful anthropogenic inputs of
various trace metals is essential for a widespread lake
management and restoration. For this purpose, the geo-
chemical composition of lake bottom sediments is a reli-
able proxy for assessing nature and extent of anthropo-
genic pollution (Routh et al. 2004; Dung et al. 2013). In
order to assess the degree of anthropogenic influences and
the extent of contamination of trace metals in lake eco-
systems, environmental indices such as Enrichment Factor
(EF); Geo-accumulation index (Igeo) and pollution load
index (PLI) are employed globally (Tang et al. 2014;
Wang et al. 2010; Li et al. 2007; Igbal et al. 2013; Ma
et al. 2016; Suresh et al. 2012; Xiao et al. 2014). The
above indices were employed in the present study to
know the extent of sediment pollution in lake bottom sed-
iments (Table 3).

Geo-accumulation index (Igeo) was originally proposed by
Muller (1979), and it enables the assessment of sediment con-
tamination in lake sediments by comparing the present heavy
metal concentrations to the background crustal average values
of elemental concentrations. The geo-accumulation index

@ Springer
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(Igeo) values are calculated for the studied metals using the
formula:

lee0 =1 SBn
where (Cn) is the measured concentration of examined ele-
ment (n) in the sediment sample and (Bn) is the geochemical
background concentration of the metal (n) of crustal average

(Wedepohl 1995). The factor 1.5 is incorporated to mini-
mize the effect of possible variations in the background
values, which may be attributed to geogenic or anthropogenic
effects. The Igeo index consists of six classes and as such the
sediment quality is defined as: O (unpolluted) 0—1 (unpolluted
to moderately polluted); 1-2 (moderately polluted); 2-3
(moderately to strongly polluted); 3—4 (strongly polluted);
4-5 (strongly to extremely polluted) and >5 (extremely
polluted).

The mean Geo-accumulation index (Fig. 8a) of the elements
in the surface sediment of Manasbal Lake is —0.81 for Fe, —0.83
for Mn, —0.25 for Cr, 0.74 for Cu, —0.66 for Pb, 0.70 for Zn,
0.20 for Co and 0.30 for Ni. In the present study, the observed
Igeo value for all the trace metals was found lower than 1 indi-
cating practically unpolluted to moderately polluted sediments.
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Table 3. Metal contamination factors (CFs) and pollution load index
(PLI) calculated for selected metals at the sampled sites

Stationno. Cr Co Ni Cu Zn Pb Fe Mn PLI

MBG-1 133 1.12 229 499 381 1.00 097 099 1.67
MBG-2 1.72 2,02 259 541 647 148 133 1.01 2.23
MBG-3 124 1.03 1.60 1.78 183 094 1.00 0.69 1.20
MBG-4 1.18 1.04 209 2.82 151 101 1.00 1.03 1.35
MBG-5 094 121 151 190 1.11 090 0.72 1.13 1.13
MBG-6 1.79 1.14 259 334 236 1.14 1.15 0.66 1.56
MBG-7 1.54 1.03 3.01 228 330 096 0.86 054 141
MBG-8 .11 1.18 1.61 229 161 1.18 0.74 0.79 1.23
MBG-9 1.07 129 1.01 1.84 080 0.79 0.54 0.80 0.95
MBG-10  1.15 1.03 156 1.85 122 0.71 0.75 0.54 1.02
MBG-11 141 026 1.62 151 1.69 121 091 0.75 1.03
MBG-12  1.74 243 257 220 1.73 1.09 1.13 093 1.62
MBG-13  1.81 1.69 227 229 141 099 1.03 092 1.46
MBG-14 132 026 131 296 130 0.84 0.66 0.58 092
MBG-15  1.02 1.12 135 238 125 0.82 0.64 0.55 1.03
MBG-16 0.74 026 095 132 098 055 054 0.56 0.67
MBG-17 099 1.03 1.06 220 1.62 0.60 055 0.70 0.99
MBG-18 223 191 241 4.14 208 193 1.08 2.10 2.10
MBG-19 143 225 230 440 1.64 108 141 127 179
MBG-20 0.67 121 147 2.06 095 0.75 0.75 1.18 1.06
MBG-21 1.50 139 229 262 1.62 094 099 1.07 145
MBG-22 097 121 390 250 3.12 0.82 0.79 091 1.46

The bold numbers signify pollution load index (PLI) calculated at the
various sampling stations

Enrichment factor (EF)

The enrichment factor (EF) is a useful approach to infer the
degree of anthropogenic metal pollution in the lake sediments
using a normalization element in order to minimize the varia-
tions produced by various sediments. Different elements such
as Al, Fe, K, Li, Sc, Ga, Zr and Ti are used as normalizing
agents worldwide. In the present study, the enrichment factor
value (EF) was computed using the following relationship:

(Metal / F e)
sample
(Metal / Fe)
background

The values of the earth crustal average are from Wedepohl
(1995) which represent the average composition of the surfi-
cial rocks exposed to weathering. The EF values were
interpreted as suggested by Sakan et al. (2009). EF < 1 indi-
cates no enrichment and geogenic sources; EF 1-3, minor
enrichment; EF = 3-5, moderate enrichment; EF = 5-10,
moderately severe enrichment; EF = 10-25, severe enrich-
ment; EF = 25-50, very severe enrichment; and EF > 50
shows extremely severe enrichment.

EF =

h

4-5 Strongly to extremely contaminated

3-4 Strongly contaminated

w

2-3 Moderately to strongly contaminated

T 1-2 Moderately contaminted
1 T 0-1 Uncontammated to
* moderately contammated
"N

0<Uncontaminated

Geoaccumulation Index (Igeo)

Cr Co Ni Cu Zn Pb Fe Mn
>25 very severe enrichment

28
- 10-25 Severe enrichment
by
(&3]
1
] 5-10 Moderate to severe enrichment
& s
= 3-5 Moderate enrichment
(¥}
: = T g
=] Rt
@ 1 * 1-3 Minor enrichment

e

0-1 Background concentration

T T T T T T

T
Cr Co Ni Cu Zn Pb Mn

Fig.8 a Description of geo-accumulation index (Igeo) and b enrichment
factor (EF) of various trace metals for lake bottom sediments

The mean enrichment factor (Fig. 8b) of the trace elements
in lake bottom sediments is 1.04 for Mn, 1.50 for Cr, 3.05 for
Cu, 1.13 for Pb, 2.19 for Zn, 1.39 for Co, 2.23 for Ni. The
surface sediments of the study area show minor enrichment
except Cu (3.05), which shows moderate enrichment in lake
sediments.

Pollution load index

The pollution load index (PLI) was originally put forward by
Tomlinson et al. (1980) for detecting pollution levels in sedi-
ments. PLI permits a comparison of pollution levels between
different sites and at different times. In the present study, the
pollution level of the surface sediments was calculated as sug-
gested by Tomlinson et al. (1980). The PLI value of 0 indi-
cates a background concentration, PLI 1—4 indicates a pollut-
ed condition, while PLI higher than 4 signifies highly polluted
sediments (Tomlinson et al. 1980, Igbal et al. 2013). PLI is
determined as the nth root of the » number of contamination
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factors multiplied together and then computed using the fol-
lowing equation:

PLI = (CF1 x CF2 x CF3 x

where 7 is the number of metals and CF is the contamination
factor.

In the present study, the pollution load index (Fig. 9) for the
different lake sampling stations range from 0.67 to 2.23 with
mean values of 1.33. Overall, the pollution load index of the
surface sediments suggests that all the sampling sites fall un-
der moderately polluted category.

Discussion

In order to better evaluate the provenance of sediments and the
intensity of weathering and possible recycling on major and
trace elements of sediments, provenance discrimination
diagrams as proposed by Roser and Korsch (1988) and
Amajor (1987) were drawn. Normalized spider diagrams from
Upper Continental Crust (UCC) (McLennan 2001) and the
Panjal Trap values (Bhat and Zainuddin 1979) were chosen
for comparison in the study. Since the Manasbal Lake is
formed in structurally controlled intermountain setting and
receives large amount of sediments from the surrounding
mountains which are composed of mafic volcanic rocks
(Panjal Traps), Karewa sediments and associated carbonate
rocks (Agrawal et al. 1989; Rashid et al. 2013a, 2013b; Bhat
1982). Geochemical investigation by many geologists con-
cluded that the Panjal Traps form the primary source rocks
that supply rich amount of sediments to the lake basins present
in the Kashmir Valley (Bhat and Zainuddin 1979; Bhatt 1982;
Singh 1982). Therefore, in the present study the geochemical
composition of the lake bottom sediments is compared with
the Panjal volcanic traps of the region.

Sediment texture of the lake bottom sediments reveals fine
fractions such as clays and silt fraction as dominant lake

Fig.9 Pollution load index (PLI) 23
of selected metals at different
sampling sites in Manasbal Lake

— ¥}
n =

—

Pollution load mndex (PLI)
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bottom sediments compared to sand. The spatial distribution
map revealed high clay content along the southeast and west-
emn parts of the lake where it may be due to high anthropo-
genic activity and due to intensive agriculture in the form of
rice cultivation. High content of silt size sediments along the
southern fringe of the lake basin is attributed due to the pres-
ence of Karewa deposits overlain by silty loessic sediments,
contributing more silty sediments to the lake bottom. Elevated
sand content is due to certain ephemeral streams contributing
coarser particles to the lake particularly during the rainy sea-
sons. Further, the sand fraction was found to be higher along
the northern side supporting a shallow column of water while
the silt fraction was high in the central portion of the lake that
holds a deeper water column.

The wide variation in the sediment grain size and its distri-
bution in Manasbal Lake is a function of grain size sorting
under hydraulic conditions with the negligible inflow of
streams into the lake. The sediment dispersal being non-
uniform along the lake bottom also points to an undulating
bathymetry of the lake. Further, the widespread dispersal of
sediment grain size from clay, mud and silt in the lake bottom
sediments reflect changes in the aquatic processes and energy
of sediment transport delivered to the lake from different ex-
ternal sources.

Enhanced values of CaO are attributed to the dilution ef-
fects, intake by lake vegetation and relative contribution from
carbonate lithology while as higher P,Os concentration is at-
tributed to anthropogenic activities, like the use of fertilizers.
(Jin et al. 2011; Das and Dhiman 2003). The abundance of
trace elements in lake sediments is dominated by sulphur and
chlorine content and is attributed to the excessive use of var-
ious kinds of fertilizers (ammonium phosphate, ammonium
sulphate, urea, potassium sulphate etc.) that are used exten-
sively for agricultural practises and in orchard fields that are
cultivated presently around the lake catchment area.
Moreover, the limestone quarrying by the local people have
made it more vulnerable to the physical and chemical
weathering processes around the lake. These sediments upon
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weathering find their way into the lake, aided by the hilly
slope topography of the Manasbal Lake catchment. The ex-
cessive agricultural practice in the northwestern margin of the
lake has also resulted in the input of such elements into the
lake as indicated by the eutrophication processes along this
margin of the lake thereby further deteriorating the lake eco-
system. High concentration of Sr is also due to the weathering
of catchment Triassic limestone and the Karewa deposits as Sr
tends to enrich in Ca-bearing minerals, e.g., the calcite mineral
in the limestone and the Ca-bearing silicates as these are easily
broken down during the weathering processes. A positive cor-
relation (R* = 0.58) also occurs between strontium and rubid-
ium concentrations in the sediments further indicating the in-
fluence of the local hydrological factors that favour periods of
increased productivity (Minyuk et al. 2007). The strong con-
trast in weathering rates between the Na/Ca and K-containing
minerals leads to an effective fractionation of Rb and Sr dur-
ing weathering processes. The Rb/Sr fractionation in lake sed-
iments is controlled by the precipitation in the catchment
areas. Enhanced precipitation in the lake catchments will in-
crease the transportation of terrigenous detritus into the lake,
resulting in higher Rb/Sr of bulk lake sediments (Chen et al.
1996; Xu et al. 2010; Jin et al. 2006a, 2006b)

Environmental risk assessment indices (Igeo, PLI, EF) sup-
plemented by geochemical data were applied to infer the pres-
ent environmental status and provenance of lake bottom sed-
iments accumulating in the lake system. Metal pollution in
lake sediments is well known by the human interference and
partly from natural sources (Boyle et al. 2004; Sakan et al.
2009; Unlu and Bedri 2016; Yao and Xue 2015; Abad-Valle
et al. 2015). The environmental risk assessment of trace metal
elements studied for the Manasbal Lake bottom sediments
suggested low to moderate contamination and pollution of
the lake surface sediments. The low to moderate pollution
level index can be attributed to their incorporation by anthro-
pogenic inputs mainly from agricultural runoff, domestic
household sewage and land runoff, which is in agreement with

the sampling stations. The samples collected close to the ag-
ricultural and urban land cover sites (stations MBG 2, 6, 12,
18 and 19) show high pollution level index compared to the
samples that were collected from the other sites. From the field
visit, it was observed that these sites are under greater stress
due to enhanced anthropogenic influences like extensive pad-
dy fields, tourist parks and large-scale urban built-up. Trace
metals like Cu, Ni and Cr are associated with the organic
matter and clay fraction and linked with anthropogenically
active sites. Positive correlation of Cr with OM (R? = 0.82)
also supports the above statement. As the lake surface sedi-
ments of the lake are rich in organic matter, it suggests anthro-
pogenic contribution as the primary source of pollution in the
lake sediments. Overall, the environmental risk assessment
using various indices for the lake bottom sediment samples
reveals low to moderate pollution of the lake environment.

Provenance

The geochemical composition of sedimentary rocks is related
to that of their source region and is extensively used to inves-
tigate the source and provenance of the sediments using cer-
tain discrimination diagrams (Roser and Korsch 1988; Floyd
and Leveridge 1987; McLennan and Taylor 1991; Graver and
Scott 1995). In order to infer source and provenance of sedi-
mentary rocks, several discrimination diagrams have been
proposed using major trace and rare earth element data
(Roser and Korsch 1988; Amajor 1987; Bhatia and Crook
1986). Based on the discriminant functions (DF1 vs DF2)
provenance diagram (Roser and Korsch 1988), using major
oxide data, the lake bottom sediments fall in the fields of mafic
igneous, intermediate igneous provenance with few samples
plotting towards quartzose sedimentary provenance (Fig. 10).
This suggests that the lake bottom sediments are derived from
mixed source rocks. Further, in the provenance plot of Al,O3
vs TiO, (Amajor 1987), the sediments fall in the basalt +

Fig. 10 Provenance discriminant 10
function diagram for lake bottom 8
sediments (discriminant fields
after Roser and Korsch 1988) 6 93@“2056 )
DF1 = 30.6038xTiO,/Al,O5— ) o
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35.42xK,0/A1,05-6.382: =)
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rhyolite/granite field further suggesting their mafic to felsic
source rock composition (Fig. 11).

Chemical index of alteration

Nesbitt and Young (1982) formulated the equation to estimate
the intensity of chemical weathering (in molecular propor-
tions) as chemical index of alteration (CIA). The equation is
calculated as follows: CIA = (Al,03/Al,05 + CaO* + Na,O +
K,0) x 100, where CaO* represents Ca in the silicate fraction
only. CIA values for average shale ranges from 70 to 75,
which reflects the composition of muscovites, illites and
smectite. Intensely weathered rock yields mineral composi-
tions trending more towards kaolinite or gibbsite and a corre-
sponding CIA that approach 100. CIA value of 45-55 indi-
cates no weathering, whereas CIA of 100 indicates extreme

Fig. 12 A plot of ternary A—CN—

weathering. CIA values (37 to 61) for the Manasbal Lake
bottom sediments indicate low (recent) to moderate (past)
chemical weathering of source rocks. A-CN-K ternary dia-
gram (Fig. 12), exhibits data well below the typical shale
values indicating less chemical weathering. The low to mod-
erate CIA values exhibited by the sediments suggest low to
moderate chemical weathering and enhanced physical
weathering in the source region, which are consistent with
the prevailing climate in the colder climate areas with steep
topography, high runoff and shallow mountainous soils
(Panwar and Chakrapani 2016). The samples fall intermediate
between A and CN line towards the plagioclase, smectite and
follow the general weathering trend line of basalt and andesite.

The high content of OM in the lake bottom sediments in-
dicates organically rich concentration of detrital materials
(terrigenous) and other organic and inorganic sources present
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within the lake. The rich plankton bloom (floating garden)
prominent along the lake margins provides rich biogenic ma-
terial in the lake bottom sediments. The spatial distribution
diagram for OM (Fig. 6d) reveals its high concentration along
the southeastern and northern parts of the study area. The
highest concentration of OM along such areas is primarily
due to the agricultural and horticultural fields which contribute
large amounts of terrestrial organic matter into the lake. The
accumulation of calcium in lake sediments can be either or-
ganic or inorganic origin (Ju et al. 2010). The highest concen-
tration of calcium carbonate was found along the southern
edge of the lake. The primary source of CaCO; along such
parts is the Ca bearing rocks which contributes calcitic sedi-
ments to the lake bottom as evident from the geochemical
data. This was also confirmed by the statistically significant
correlation shown by CaO with CaCO; (R =0.61, n=22)
suggesting the calcium was deposited primarily as CaCOs;
(Fig. 13a). The variation diagram for organic matter and cal-
cium carbonate shows insignificant correlation, suggesting
their deviation from different sources (Fig. 13b). The statisti-
cally insignificant correlation (R* = 0.047) between organic
matter and CaCOs is attributed to the variation in grain size,
water depth and contributing sources.

The source and origin of sedimentary organic matter in lake
sediments opposite to land sources can be distinguished by the
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characteristic C/N ratio composition of algal and vascular
plant materials (Meyers and Lallier-Verges 1999). The aver-
age C/N ratio of 15.48 in the lake bottom sediments suggests
that the Manasbal Lake is governed by the subequal combi-
nation of terrestrial (vascular plant) and autochthonous (algal)
organic matters (Meyers and Ishiwatari 1993). This significant
increase in the C/N ratio at stations MBG-2, 16, 18, 21 and 22
is attributed to the increased land use and land cover changes,
aquatic macrophyte growth and its decay, discharge of untreat-
ed wastewater along these sites. The widespread variation in
C/N ratio is attributed to the amount of organic rich material
that is being made available to the sediments through different
point and non point sources, on the depth of the water column
and distance from the lake shore. The stations that showed
significantly high C/N ratio are mainly located along anthro-
pogenically active sites, along with agricultural fields and
inflowing streams. However, lake catchments that were de-
void of such land use and land cover classes showed relatively
low C/N values. This also suggests that the increased land use
of the lake catchment for urbanization and agricultural activ-
ities in recent years and barren lands (29.52%) are the primary
source contributing organic matter in the lake sediments
(Savage et al. 2010; Gticker et al. 2016; Rashid et al. 2013a,
2013b). The average concentration of total carbon (TC) and
total nitrogen (TN) in the lake bottom sediments were found to
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Fig. 13 Variation diagrams of CaCOj; plotted versus organic matter and CaO for lake sediments
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Fig. 14 Factor analysis of
various parameters of Manasbal
Lake ( Factor 1 vs Factor 2)

be 12.50 and 0.93, respectively. Total carbon was found to be
higher along the sites occupied by the local population where
it finds its way into the lake due to the terrestrial anthropogen-
ic impact. The total N values were low below 2%, which
shows an N deficient system. This indicates that either the N
is already leached into the system or nitrogen forms are rap-
idly up taken by the microbes (Mahapatra et al. 2011).

Correlation matrix

The correlation matrix (Table 4) between the major oxides of
lake sediments using the Pearson method reveals a statistically
significant correlation between SiO, and TiO, (R* = 0.91),
Si0, with K,0 (0.87), SiO, with Fe,O5 (0.63) and SiO, with
Al,O5 (0.88) indicating their detritus origin from the bedrock
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source. Al,O5 also shows significant positive correlation with
most of the other major oxides and trace metals, indicating
their significance in association with clay and/or micaceous
minerals in the sediments. However, Al,Oj3 is insignificantly
correlated with CaO (R* = —0.75) and CaCO; (R* = —0.74)
suggesting the weathered detrital source of Al,O5 and other
additional factors controlling distribution of CaO and CaCOs.
TiO, indicates a positive correlation with Fe,O3 and SiO,
pointing its detritus source.

A significant positive correlation of MgO with P,Os
(R* = 0.55), Fe,05 (R* = 0.75) and Cr (R? = 0.76) indicating
their concentration probably from mafic source rocks. S, Cu
and Zn show significant positive correlation with OM sug-
gesting their common input into the lake; both from the an-
thropogenic source (agriculture and urban runoff) and also

e
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formed within the lake due to enhanced eutrophic condition
prevailing in the lake. Statistically significant correlation of C/
N ratio with silt (R* = 0.78) suggests its common source and
accumulation in finer sediments.

Principal component analysis (PCA)

PCA has often been used as a powerful pattern recognition
technique that attempts to explain the variance of a large set
of interrelated variables with a smaller set of independent
variables. The PCA (Fig. 14) of the Manasbal Lake bottom
sediment reveals two major principal components (PCs)
representing 58.29% of the total variance in the grain size,
organic matter and geochemical data. The first axis (F1)
shows high positive factor loadings for CaCO3; and CaO
and interrelated intermediate positive loading of OM, S, C/
N and silt. The possible input of sulphur into the lake is
probably linked with the amount of OM contributed from
terrestrial and in situ lake sources and later deposited with
finer clay fractions. Sr which shows intermediate factor
loading is not associated with any other elements in the
matrix is due to external origin into the lake sediments pre-
sumably through the carbonate lithology. The second axis
(F2) represents the intermediate positive factors loading for
Si0,, TiO,, K,0, Al,O3 and Na,O. This intermediate posi-
tive factor loading presumably represents the elements char-
acteristic of the siliciclastic fraction (feldspars and clay frac-
tion). Zn and Ni also form a single close group with inter-
mediate positive loading. However, Fe, MgO, Cr showed
intermediate negative loading while as Rb, MnO and sand
content showed significant negative factor loading for F2
axis. The low positive factor loading for P,Os can be attrib-
uted to its possible dual sources, anthropogenic and natural.
The close affinity of Fe,O3, Mgo and Cr is probably due to
their common external sources presumably basaltic source
rocks. Further, the concentration of the MnO, Rb and sand
in the bottom sediments may be derived from detrital origin.
The dendrogram diagram of the cluster analysis (Fig.15)
shows that the various physico-chemical parameters
analysed can be grouped into two major clusters. Cluster 1
indicates that the sulphur shows present as an independent
source. Sulphur enters this lake through various ways such
as the use of sulphate rich fertilizers in the surrounding
paddy fields, nutrient loading from wastewater and sewage
sludge. Nutrient loading from such sources have changed
from the trophic status of Manasbal Lake from oligotrophic
to mesotrophic conditions during the past few decades
(Holmer and Storkholm 2001). However, cluster 2 shows a
significant correlation between Sr and Cl with other param-
eters signifying their terrigenous detritus inputs. Sr and Ca
mainly originate owing to the weathering of terrigenous bi-
carbonate bedrock sources.

@ Springer

Conclusions

The geochemistry and sediment record of the Manasbal Lake
bottom sediments show wide variation in the distribution and
concentration of major and trace metals, organic matter, C/N
and grain size along the different sampling sites. Textural data
reveal that the fine fractions are predominantly clays and very
fine silt that form the substrate for the OM to adhere. The
variations in major and trace elements, grain size, C/N ratio,
organic matter and CaCO3 composition of bottom sediments
from the Manasbal Lake have revealed that sediment distribu-
tion and composition in the lake is a function of catchment
lithology (Panjal Traps and carbonate bedrock) and sedimen-
tary processes indicating short-distance transport and poor
recycling of the sediments. High CaO content in the lake bot-
tom sediments has a dilution effect on SiO, and other oxides
and trace elements as is reflected from sediment-normalized
data. The elevated concentration of carbonates, OM and other
trace metals in the lake sediments have also enhanced due to
the anthropogenic activities such as quarrying of limestone
bedrock exposed around the lake catchment and land use con-
structions around the lake margins. A-CN-K ternary plot and
sediment normalized diagram reveal weak to moderate inten-
sity of weathering of the catchment bed rocks and that the
chemical abundance of sediment shows near similarity with
the source rock. From the provenance discrimination dia-
grams, it is inferred that the lake bottom sediments are derived
from mixed source rocks ranging from mafic to felsic which
have undergone low to moderate recycling processes.
Environmental indices suggest low to moderate contamina-
tion of all the trace metals. However, the concentration of
Cu and Ni seem to be enriched and alarming in the sediment
samples compared to other trace metals. The pollution level
index also suggests moderate pollution of the sampling sites,
although higher along the agricultural and along urban built-
up sites. The C/N ratio reveals a mixed source suggesting both
in situ production of carbon by the lake biota and surrounding
lake vegetation. It was also revealed that the anthropogenic
activity has tremendous impact on the sediment chemistry of
Manasbal Lake particularly in portions proximate to urban
built-up sites and agricultural fields found extensively along
the southeast and northwest parts respectively. Anthropogenic
changes largely in the form of changes in land use and land
cover pattern around the lake catchment have significantly
increased the eutrophication process in the lake particularly
along near shore lake margins.
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