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Abstract
A study describes the use of natural (210Pb) and anthropogenic (137Cs) radiometric dating techniques to determine sedimenta-
tion rates and age of Kodaikanal Lake. The core sediment from 46 cm was collected and analyzed for 210Pb and 137Cs using 
an Alpha spectrometer 7200-04 and a Gamma-ray spectrometer GC-3520. Bathymetry studies aided in selecting a repre-
sentative sample location and measuring the lake's underwater depth, with maximum and mean depths of 11 and 3.38 m, 
respectively. The maximum and minimum dry bulk density ranged from 0.57 to 1.05 g/cm3 (mean of 0.73 g/cm3), and the 
weight percentage of porosity collected sediment sample ranged from 60.33 to 78.63 wt.% (mean of 72.32 wt.%). This study 
determined the sediment grain size and the percentages of sand, silt, and clay. The findings indicate that the core sediment 
samples contain 56.05 to 69.62 wt.% (mean of 63.21 wt.%) sand, 28.03 to 41.71 wt.% (mean of 34.55 wt.%) silt, and 1.81 
to 3.98 wt.% (mean of 2.34 wt.%) clay. The 210Pb technique was used to assess a model of time changes in the deposit for 
geochronology studies in core sediments. The sedimentation rate depended on the consistent rate supply (CRS) of the 210Pb 
model. The 210Pb model was confirmed using 137Cs radioactivity released into the global fallout after nuclear testing (1963) 
and the Chernobyl accident (1986). The depth concentration of 210Pb ranged from 3.89 ± 0.1 to 15.4 ± 1.6 Bq/kg, with a mean 
of 210Pb concentration is 7.23 ± 0.86 Bq/ kg. The 137Cs radioactivity varied from the upper and lower peaks that appeared 
clearly at depths of 16 and 29 cm, respectively, with successive phases of 18.68 ± 1.36 and 22.04 ± 1.4 Bq/kg. According to 
the CRS model, the mean sedimentation rate was 0.51 ± 0.14 cm/year, and the core age was 86 years. The 137Cs have likely 
been the mean sedimentation rate of 0.535 ± 0.07 cm/year and 83 years. The evaluated life of Kodaikanal Lake as an average 
of 210Pb and 137Cs sedimentation rate since 1933 is about 650 ± 24 years and 582.75 ± 19 years.

Keywords Sedimentation rates · Life of Kodaikanal Lake · CRS model · 210Pb and 137Cs dating techniques

Introduction

Sediments consist of particles transferred by water, wind, 
and moving ice from their origins in the terrestrial environ-
ment and deposited on the open sea, lakes, and rivers. Geo-
logical structure, geomorphological features, morphometric 
character, and climatic conditions influence the chemical 
composition of sediments. Undefined, the watershed or lake 
location significantly impacts the constitution of sediment 
(Last and Smol 2001; Szarlowicz et al. 2017). Sediments can 
also represent trace metals, organic materials, radioactive 

isotopes, and other contaminants. Hence, they serve as natu-
ral pollutant storage facilities and are essential in distributing 
environmental pollutants in aquatic environments (de Deck-
ere et al. 2011; Grba et al. 2016; Szarlowicz et al. 2017).

The radioactivity source has proven to be an effective 
tool in the environmental study for determining the sedi-
mentation rates using natural (210Pb) and anthropogenic 
(137Cs) processes in our environment. The decay sequence 
of 238U is a natural source of radionuclides with a half-life 
of 22.3 years (Appleby 2008). It is sensitive to the dating of 
various environments such as soil, sediment, glaciers, coral 
reefs, wetlands, and peatlands for 100–150 years (Appleby 
et al. 1997; Baskaran et al. 2014; Simon et al. 2017; Singh 
and Vasudevan 2021) of the ocean and marine assessments 
as well as estimates of atmospheric fallouts, sedimentation, 
and pollution (Baskaran 2011; Bikit et al. 2004; Jeter 2000; 
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Sanders et al. 2006, 2011; Singh and Vasudevan 2021). The 
decay product of radium-226 (226Ra), a number of the ura-
nium chain (238U), produces 222Rn in rocks, soil, and sedi-
ments. A portion of radon atoms is released into the envi-
ronment by decaying 226Ra in the soil to 210Pb into a series 
of short-lived isotopes. Since 210Pb has a shorter time to 
recover in the atmosphere, it is rapidly deposited in sedi-
ment and becomes permanently bound to sediment particles 
in just a few months (Tee et al. 2003; Guo et al. 2020; Sun 
et al. 2020). Therefore, it is essential to find a core sediment 
chronology by measuring the surface activity of the core 
sediment and subsequent samples at regular intervals (rela-
tive to the surface). The radionuclide source has been wide-
spread and is often used to determine constant chronologies 
of sedimentation rates and pollution loads over a dating hori-
zon of seven half-lives, or 120 to 150 years (Kirchner 2011; 
Corcoran et al. 2018).

Among these artificial radionuclides, the long-lived 
137Cs contribute significantly to radioactive effluence in 
aquatic ecosystems. It is essential due to its vast mass pro-
duction during nuclear fission events and longer half-life 
(30.07 years) than other radiocesium isotopes like 134Cs 
(half-life of 2.06 years). There are numerous 137Cs sources 
in the environment. The atmospheric nuclear weapon tests 
of the 1950s and 1960s accounted for a significant source of 
the fallout in 1963 (Carter and Moghissi 1997; UNSCEAR 
2000; Tsabaris et al. 2012). In addition, nuclear accidents 
have significant consequences for people, the environment, 
or the facility; the Chernobyl Accident (CA) and the Fuku-
shima Daiichi Nuclear Power Plant (FNPP) are the current 
environment's significant sources of 137Cs. The Chernobyl 
disaster occurred on Saturday, April 26, 1986, at the Cher-
nobyl Nuclear Power Plant's No. 4 reactor near Pripyat in 
the Soviet Union's Ukrainian SSR (Burgherr et al. 2008; 
Chernobyl Nuclear Accident 2014). The FNPP disaster 
occurred on March 11, 2011, in Sendai, Miyagi Prefecture, 
on the eastern coast of Honshu Island (Japan's central part), 
as an effect of the tsunami caused by the Tohoku earthquake. 
It contributed to increased radioisotope emanation into the 
environment (Szefer 2002; Al-Masri et al. 2003; HELCOM 
2003; Butler 2011; Chino et al.2011).

The 210Pb and 137Cs were employed to estimate the ages 
of core samples taken from the different aquatic environ-
ments (McCall et al. 1984; Ritchie and McHenry 1990; 
Walling and He 1992; Aycik et al. 2004; Klaminder et al. 
2012; Szczepanska et al. 2012). The main objective of the 
research is to evaluate the presence of 210Pb in sediment 
cores and its utility in assessing sedimentation rates and the 
life of Kodaikanal Lake. We will also briefly examine the 
probability of using l37Cs fallout from nuclear testing for the 
same purpose. The increasing trend in sedimentation rate in 
the small lake may make short periods of lake sedimentation 
and degrade the aesthetic quality of the aquatic environment. 

Furthermore, the side effect of development influences the 
local economy by raising the costs of lake restoration and 
retarding tourism development (Torabi Kachoosangi et al. 
2020).

Lake management improvement is the guarantee of deter-
mining current conditions and predicting potential devel-
opments. The anticipated sedimentation rates would make 
future palaeoenvironmental and palaeoclimatic investiga-
tions on mountain lakes possible. These studies would also 
help understand the productivity and life of these lakes under 
normal environmental conditions.

Study area

The Kodaikanal Lake is a freshwater Lake, and it’s located 
in the Dindigul district, South India, in the Western Ghats 
region of the Palani Hills. This lake is a star-shaped deep 
blue lake amid lush evergreen slopes, and it is an artificial 
lake located in Kodaikanal’s heart, perched at an elevation 
of 2130 m above sea level. It is a closed basin with approxi-
mately 24 hectares and is situated north of the thermometer 
factory. The lake is the most well-known geographical fea-
ture and tourist attraction in Kodaikanal. It lies between lake 
latitudes of N 10° 13′ and N 10° 14′ and the longitudes of E 
77° 28′ and E 77° 29′ (Fig. 1).

The climate in Kodaikanal is semi-arid, with highs of 
24 °C and lows of 13 °C in the summer (April and May) and 
highs of 16 °C and lows of 7 °C in the winter (December 
and January). The annual rainfall in the Kodaikanal Lake 
catchment is 1650 mm, and the rainfall record shows that 
heavy precipitation occurs in April, October, and November. 
It receives rainfall during both monsoons, with the northeast 
monsoon bringing the most.

Materials and methods

Bathymetry

The water depth in Kodaikanal Lake was calculated with a 
Garmin GPS Map-178 (chart plotter/sounder) equipped with 
a dual-frequency 50/200 kHz transducer for offshore boat-
ing and a single-frequency 200 kHz transducer for inland 
lakes and shores. The Garmin GPS Map-178 chart plotter/
sounding eco-sounder has an integrated GPS that permits 
simultaneous depth and coordinate data logging. The surface 
of lake depth was measured the number of times for each 
second along with the logging pathways points (Szarlowicz 
et al. 2017). The found dataset includes depth measurements 
and coordinates from the global positioning system (GPS). 
The bathymetry model uses ESRI software's spatial analyst 
extension available in ArcGIS 10.1. The spatial analyst tool 
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interpolated a raster surface using GPS points. When mod-
eling bathymetry, inverse distance weighting (IDW) interpo-
lation was used; this uses known (adjacent) measured depths 
to estimate unknown depth data (Bedient and Huber 1992; 
Burrough and McDonnell 1998).

Core sampling and analytical procedures

For this study, a sediment core was recovered from the 
Kodaikanal Lake (E 77.48691 and N 10.23406). The sam-
pling site was chosen based on a bathymetry map and the 
lake's sedimentary environments. The sediment core sample 
was recovered from the lake on May 16, 2016. A sediment 
core with a diameter of 58 mm, length of 56 cm, and water 
depth are 3–4 m was obtained utilizing a gravity corer and 
a hand-operated boat. The core sample was maintained ver-
tically throughout sampling to avoid sediment disturbance 
in the coring tube. The core sediment was moved to the 
research facility lab and frozen at 4 °C before being sliced 
into 2 cm intervals. The physical properties of the sediment 
sample, such as dry bulk density, water content, and poros-
ity, and the remaining sliced core sections, were dried in an 
oven at 60 °C for 24 h before being stored in the laboratory 
for particle size and radioisotope estimations (210Pb, and 
137Cs). Sediment samples were analyzed for 210Pb and 137Cs 
activities at the Nuclear Hydrology Laboratory, National 
Institute of Hydrology in Roorkee, India.

The amounts of dry bulk density were measured before 
the samples were dried in an oven at a temperature slightly 
higher than 100 °C for about 7–8 h prior to many experi-
mental assessments. The weight difference between wet and 
dry sediment samples is used to calculate the water content 
based on a percentage of the wet sediment sample's weight. 
After drying, porosity was calculated as a percentage of the 
volume of water in the sediment pores to the total volume 
of the sliced core sample (Kumar et al. 1997; Das and Vas-
udevan 2021).

The grain size of the sediment was analyzed using a Hor-
iba LA-300 scattering particle size analyzer. The sediment 
samples were dried at 105°, gently crushed, and sieved at a 
mesh size of 2 mm. Particle size analysis requires sediment 
samples to be pretreated with hydrogen peroxide  (H2O2) and 
hydrochloric acid (HCl) to decrease the effect of soluble 
salt, organic matter, and carbonates for each measurement 
of 10 mg to 5 g. A lesser quantity of  NaPO3 (sodium hexam-
etaphosphate) was added to separate the fine sediment par-
ticles (Aasif et al.2018; Balamurugan et al. 2021). Based on 
the findings, the collected data were standardized to deter-
mine the sediment size fraction using the Wentworth grade 
scale method (Wentworth 1922). The particle size was clas-
sified into sand > 62.5 mm to 2 mm, silt > 4 mm to 62.5 mm, 
and clay > 1 mm to 4 mm.

The radioactivity of the alpha emitter radioisotope 210Po 
can determine the amount of 210Pb radionuclide. The 210Pb 
activity is evaluated by α- counting its granddaughter, 210Po, 

Fig. 1  Location and bathymetry map of the Kodaikanal Lake
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which is presumed to be in decay series with its parent. The 
α- counting of the granddaughter product (210Po) is a stand-
ard method. The basic radiochemical procedure, in this case, 
employs 208Pb as a yield tracer, draining the sediment sam-
ples with deionized water, filtration out the residual solids, 
and converting them to chloride with concentrated hydro-
chloric acid (HCl). The final solution is prepared with 0.5 M 
HCl. Polonium isotopes are unexpectedly deposited on the 
silver planchette before counting with a silicon (Si) surface 
barrier detector connected to a multichannel analyzer (MCA) 
by adding ascorbic acid to the HCl solution. Because the 
going-to-count time was constant throughout the core sec-
tions, the standard counting inaccuracy would be less than 
10% in the upper core sections and relatively better in the 
lower sections (Bhishm Kumar et al. 2007). The Genie-2000 
software version 3.2 is in control of the whole operation. The 
counting time for each sediment sample of the Kodaikanal 
Lake was 6 h. The analysis was performed in Canberra using 
an Alpha Analyst-Alpha spectrometer-7200-04.

The 137Cs activity for each section was measured by 
gamma-counting the oven-dried core sediment sample with 
high-purity germanium (HPGe) coupled with a 4096 multi-
channel analyzer system. The International Atomic Energy 
Agency (IAEA) recommends the measurement procedures. 
The same source-detector geometry and density were used 
with a 137Cs standard (IAEA-300). To obtain good statisti-
cal accuracy, 10 gm or less of the sliced cores measured 
137Cs activity for about 7200–28,800 s intervals. The detec-
tion of the limit of the multichannel analyzer for 137Cs was 
0.25 mBq/g, and the standard counting error in the core sec-
tions was less than 10% (Singh et al. 2007). The counting 
time for each sediment sample of the Kodaikanal Lake was 
4 h to determine the activity of 137Cs at 662 keV. The analy-
sis was performed in Canberra–Gamma-ray spectroscopy 
GC-3520.

Sedimentation model

The method has also shown promising results at sites with 
no uniform accumulation. However, the problem is more 
challenging to determine an appropriate dating model. Some 
models, such as constant rate supply (CRS), and constant 
initial concentration (CIC), make use of chronology or age-
depth (Appleby and Oldfield 1978; Robbins 1978). However, 
the assumption used to apply the CIC model is unrelated to 
the study's criteria.

The CRS model assumes constant 210Pb fallout from the 
atmosphere to ocean or lake water at a continuous rate of 
supply 210Pb the sediment, Regardless of sediment accumu-
lation rate variation (Krishnaswamy et al. 1971). According 
to the formula, the cumulative residual excess 210Pb activity, 
Ad, beneath deposits of age t varies.

where, t = x

s

So,

Ad is the unsupported 210Pb in the core below depth "d", 
and A0 is the entire unsupported 210Pb below the mud/water 
interface.

The age of the sediments chronology of depth x is then 
given by:

The CRS model uses a 210Pb flux configuration while 
accounting for variations in sediment supply. Consequently, 
this model is used for most sedimentary basins where sedi-
ment fluctuates sensibly due to climatic or anthropogenic 
variations. The model's applicability was thoroughly dis-
cussed using a sediment core from Kodaikanal Lake.

The sedimentation rate was determined for the 137Cs 
assessment based on the highest layer of 137Cs, correspond-
ing to the 1963—time markers. The age of the various strata 
was determined using the known marker's sedimentation rate 
(Singh and Vasudevan 2021). Whether the 137Cs peaks were 
distributed, increasing or decree did not affect the place of 
the 137Cs peaks in the sediment profile or using the 137Cs 
peaks as time indicators (Zapata 2002; Zhang et al. 2012; 
Cheng et al. 2019). The following equation was used to cal-
culate the 137Cs-derived rate of sedimentation for a sample:

where r is the sample's sedimentation rate (cm/yr), H is the 
137Cs peak depth (cm) at time marker Y (1963 or 1986), and 
n is the sampling year. As a result, the deposited layers can 
be expressed above the depths of 1963 and 1986 (Cheng 
et al. 2019; Das and Vasudevan 2021).

where Tn and hn, respectively, represent the layer's age (year) 
and depth (cm).

Cheng et al.(2019) suggested a formula for the layers 
that accumulate below the time marker's depth. The age was 
determined using the following formula:

(1)Ad = A
0
e−λt

(2)s =
x

t
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where T0 and hn, respectively, represent the layer's age (year) 
and depth (cm).

Computation of lake life

The lake life estimate gives an idea of the lake's length of time 
that would no longer be useful for water-related activities. The 
lakes' limits have been reduced to such an extent by sedimenta-
tion that it is unreasonable to expect them to meet the water 
needs. Assume that the loss of lake capacity is occurring rap-
idly; this activity should be performed regularly to understand 
the lake's situation and create suitable assumptions for lake 
restoration (Singh et al. 2007). The ratio of average lake depth 
to weighted average sedimentation rate is used to calculate a 
lake's expected useful life. The useful life of Kodaikanal Lake 
is calculated as follows:

(7)L
u
= D

m
×
100

R
s

where Lu is the lake's useful life (year), Dm is the lake's mean 
depth (m), and Rs is the rate of sedimentation (cm/year).

Results and discussion

There is no research on sedimentation rates and historical 
sediment records in Kodaikanal Lake to use such models. 
The examined parameters include bathymetry, dry bulk 
density, porosity, and sediment texture using the CRS 
model in a vertical concentration profile of 210Pb. In addi-
tion, the 137Cs dating technique was used to examine the 
use of 210Pb dating models, which were also established 
by using sediment core samples collected from the lake to 
comprehend better the accumulation rate, sedimentation 
rate, and life of the Kodaikanal Lake. The results of the 
defined data are shown in Tables 1, 2, and 3.

Table 1  Sand, silt, clay, dry 
bulk density, porosity and 
USDA textural classification 
in Kodaikanal Lake core 
sediments

Depth in 2 cm Sand% Silt% Clay% Dry bulk density 
(g/cm3)

Porosity% USDA 
textural clas-
sification

1 62.62 35.55 1.83 0.77 71.09 Sandy loam
2 56.05 41.71 2.24 0.76 71.20 Sandy loam
3 59.51 37.84 2.65 0.79 70.29 Sandy loam
4 57.50 40.49 2.01 0.63 76.08 Sandy loam
5 58.51 39.66 1.82 0.84 68.19 Sandy loam
6 67.02 30.98 2.00 0.67 74.73 Sandy loam
7 65.98 30.73 3.29 0.59 77.56 Sandy loam
8 60.16 37.39 2.45 0.57 78.63 Sandy loam
9 61.57 36.62 1.81 0.66 74.93 Sandy loam
10 57.37 38.65 3.98 0.71 73.05 Sandy loam
11 62.86 35.22 1.92 0.66 74.97 Sandy loam
12 63.43 34.34 2.23 0.79 70.26 Sandy loam
13 59.22 38.86 1.92 0.63 76.21 Sandy loam
14 58.22 38.83 2.95 1.05 60.33 Sandy loam
15 63.02 34.86 2.12 0.84 68.15 Sandy loam
16 67.05 30.73 2.22 0.76 71.40 Sandy loam
17 68.40 28.10 3.49 0.68 74.38 Sandy loam
18 64.22 33.47 2.30 0.63 76.20 Sandy loam
19 69.62 28.03 2.35 0.59 77.88 Sandy loam
20 68.90 29.29 1.81 0.80 69.64 Sandy loam
21 65.79 32.22 1.99 0.80 69.83 Sandy loam
22 67.61 30.19 2.20 0.91 65.73 Sandy loam
23 69.21 28.62 2.17 0.72 72.73 Sandy loam
Min 56.05 28.03 1.81 0.57 60.33
Max 69.62 41.71 3.98 1.05 78.63
Mean 63.21 34.45 2.34 0.73 72.32
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Table 2  Analyzing data using CRS model to calculate the age dating, mean sedimentation rate and estimation of lake life

Depth (cm) 210Pbexc (Bq/
kg)

Mass 
flux(kg/
m2)

Inventory 
210Pbexc (Bq/
m2)

Cumulative 
210Pbexc (Bq/
m2)

Estimated 
year (year)

Date (AD) Accumulation 
rate (kg/m2/y)

Sedimenta-
tion rate 
(cm/y)

Estimated lake 
life (years)

1 9.19 ± 1.19 6.12 56.22 614.26 3.09 2016 1.98 ± 0.17 0.32 ± 0.03 650 ± 24
3 8.9 ± 1.05 5.14 45.75 558.04 5.84 2013 1.87 ± 0.16 0.51 ± 0.05
6 11.2 ± 1.20 4.59 51.42 512.29 9.24 2010 1.35 ± 0.12 0.65 ± 0.14
9 14.2 ± 1.36 5.85 83.13 460.88 15.63 2007 0.92 ± 0.09 0.58 ± 0.11
12 11.2 ± 1.32 5.66 63.36 377.75 21.54 2000 0.96 ± 0.11 0.56 ± 0.12
15 15.4 ± 1.6 4.66 71.79 314.39 29.87 1994 0.56 ± 0.0.6 0.50 ± 0.07
18 4.85 ± 0.8 7.23 35.08 242.60 34.89 1986 1.44 ± 0.15 0.52 ± 0.08
21 4.94 ± 0.7 4.64 22.93 207.52 38.66 1981 1.23 ± 0.11 0.54 ± 0.09
24 4.32 ± 0.6 5.05 21.84 184.59 42.71 1977 1.25 ± 0.12 0.56 ± 0.09
27 5.02 ± 0.9 5.05 25.34 162.75 48.15 1973 0.93 ± 0.11 0.56 ± 0.11
30 5.82 ± 1.02 4.85 28.25 137.41 55.55 1968 0.66 ± 0.08 0.54 ± 0.1
33 4.32 ± 0.6 6.12 26.43 109.16 64.47 1960 0.69 ± 0.08 0.51 ± 0.08
36 4.25 ± 0.4 5.14 21.85 82.73 74.32 1952 0.52 ± 0.03 0.48 ± 0.06
39 4.14 ± 0.3 4.59 19.01 60.88 86.36 1942 0.38 ± 0.01 0.45 ± 0.04
42 4.09 ± 0.1 5.85 23.94 41.88 113.63 1930 0.21 ± 0.01 0.37 ± 0.05
45 3.89 ± 0.1 4.61 17.93 17.93
Min 3.89 ± 0.1 0.21 ± 0.01 0.32 ± 0.03
Max 15.4 ± 1.6 1.98 ± 0.17 0.65 ± 0.14
Mean 7.23 ± 0.86 1.00 ± 0.094 0.51 ± 0.12

Table 3  Analyzing data using 137Cs to calculate the age dating, mean sedimentation rate and estimation of lake life

Mean sedimentation rate 0.53

Depth (cm) 137Cs (Bq/kg) Marker years Mean sedimentation rate 
(cm/y)

Date (AD) Estimated 
Year (Y)

Estimated lake life (years)

From 1963 From 1986

1 8.4 ± 0.72 1963 and 1986 0.54 0.53 2015 1 582.75 ± 19
2 11.94 ± 0.9 2013 3
3 14.93 ± 1.21 2011 5
7 3.5 ± 0.1 2004 12
10 6.2 ± 0.48 1998 18
13 5.8 ± 0.10 1993 23
16 18.68 ± 1.36 1987 29
18 12.9 ± 1.11 1983 33
20 8.4 ± 0.69 1980 36
23 6.2 ± 0.3 1974 42
26 12.04 ± 1.1 1969 47
29 22.04 ± 1.4 1963 53
33 14.93 ± 1.18 1956 60
36 11.2 ± 0.84 1950 66
39 14.2 ± 1.12 1944 72
40 9.2 ± 0.8 1943 73
42 8.1 ± 0.6 1939 77
45 7.9 ± 0.54 1933 83
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Bathymetry

The bathymetry map of the lake showed the highest and 
average depths of 11 and 3.38 m, respectively (Fig. 1). The 
central portion of the water body is also more profound, with 
more than 5.2 mof water depth compared to its other parts. 
The surface and catchment areas of the lake are 0.24  km2 
and 4.9  km2. The compass bearing of the direction of the 
major axis of the lake lies in the east–west direction. A 
shoreline (or) shore is defined as the fringe of land at the 
edge of a water body that is influenced by the topography 
of the surrounding landscape: the water-encouraged erosion 
and estimated 4.34 km of the lake. A contour line represents 
a corresponding imaginary line on the bottom of a water 
body with the same elevation or depth along its entire length. 
The contour line length of the lake is 2.97 km, and the val-
ued contour line lengths are utilized to compute the slope. 
The distributional pattern of the slope in the lake exhibits 
gentle slope nature on all four sides, and the central part of 
the lake show's steep slope nature. In the central portion 
of the lake, most of the sediments have been deposited at 
relatively high levels. The steep slopes of the Kodaikanal 
Lake are the primary factor in influencing increases in the 
sedimentation rate.

Dry bulk density

Table 1 shows the result of determining the core sediment, 
dry bulk density, and porosity. The maximum and minimum 
dry bulk density ranged from 0.57 to 1.05 g/cm3 (mean of 
0.73 g/cm3), with the weight percentage of porosity collected 
in sediment samples ranging from 60.33 to 78.63 wt.% 
(mean of 72.32 wt.%). Overall, there was statistical variation 
in the core depth fractions, dry bulk density, and porosity 
(Fig. 2). The dry bulk density of the sediment increases as 
the core depth increases, while the porosity decreases. The 
observed increase in dry bulk density may be due to sedi-
ment consolidation of compaction caused by the weight of 
the upper sediment layer (overburden pressure).

Sediment texture

Table 1 shows the sediment grain size determined by this 
study and the sand, silt, and clay percentages. The results 
show that the core sediment samples contain 56.05 to 69.62 
wt.% (mean of 63.21 wt.%) sand, 28.03 to 41.71 wt.% (mean 
of 34.55 wt.%) silt, and 1.81 to 3.98 wt.% (mean of 2.34 
wt.%) clay. The core fractions mainly were sand and silt, 
with clay being significantly less abundant in all sections 
(Fig. 3). The sediments were also classified using the clas-
sification of the United States Department of Agriculture 
(USDA) (Soil Survey Staff 1999). The sediment texture was 
valued and the results show that the sediments through the 

lake are typically sandy loam (Fig. 4). The lithology of the 
sediment core also confirmed this. Deposition of the silt and 
clay could be transferred to the deepest part, and a coarse 
(gravel) fraction could be deposited in high-energy shallow 
lake conditions. The higher catchment gradient and the short 

Fig. 2  Dry bulk density and porosity of Kodaikanal Lake sediments

Fig. 3  Sand, silt, and clay percentage of Kodaikanal Lake sediments
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distance of sediment transport are also potential natural con-
tributors to silt. The significance of the sedimentation rate at 
Kodaikanal Lake is mainly due to sediment deposition into 
the lake through rivers/ streams responsible for accelerating 
silt inflow into the lake.

Vertical concentration profile of 210Pb

The vertical distribution of the 210Pb concentration was 
plotted against the core depth of the sediment, which 
appears in Fig. 5. Table 2 shows that the value of 210Pb 
radioactivity ranges from in the core sediment sample 
3.89 ± 0.1 to 15.4 ± 1.6 Bq/kg (mean of 210Pb concentra-
tion 7.23 ± 0.86 Bq/ kg). The profile of this sediment core 
was stair-stepped, with some subsurface peaks and the 
lowest observed at depths less than 15 cm. The chrono-
logical age of any undisturbed sediments at that level is 
determined by the decrease in 210Pb with sediment depth. 

The sediment profile's upper layer (up to 15 cm) of high 
activity concentration of 210Pb was relatively constant, 
which could be influenced by distribution, bioaccumula-
tion issues, and organism-induced mechanical variations. 
The presence of settling particles from the atmosphere and 
land, or older sediment deposits released during resuspen-
sion processes, could cause an increase in 210Pb activity 
in the core sediment (Miralles et al. 2005; Kumar et al. 
2015).

The linear/irregular profile of 210Pb activity indicates 
a rapid change in sediment supply and complex hydrody-
namics (Andrew et al. 2003).On the other hand, particulate 
scavenging causes 210Pb to increase monotonically with 
depth (Chung et al. 2004). It may also be caused by disrup-
tions in the usual process of sediment supply or surficial 
sediment combining caused by physical or biological pro-
cesses. Its silt/sediment load may also impact radionuclide 
accumulation in the studied area.

Fig. 4  Triangular plots for USDA textural classifications of Kodaikanal Lake sediments
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The assessment of the CRS model for the Kodaikanal 
Lake core is distinct in Table 2. The estimated accumulation 
rate range from 0.21 ± 0.01 to 1.98 ± 0.17 kg/m2/year (mean 
of accumulation rate 1.00 ± 0.094 kg/m2/year), respectively. 
The CRS model was used to determine the vertical depth 
profile of the core sediments from 1902 to 2016 AD and 
to discuss the increase or decrease in sediment deposition 
within the lake caused by actions. Figure 6 shows the values 
gradually accumulated from the bottom to the top of the 
core sediments. The higher activity of 210Pb can be attrib-
uted to atmospheric fallout from 222Rn decay, the addition 
of a considerable amount of rainwater due to heavy rainfall, 
and preferential accumulation through mud containing fine 
particles due to industrial activities (Kumar et al. 2015). The 
accumulation rate of 0.56 ± 0.0.6 kg/m2/year assumes the 
low accumulation rate and deposition in 1994 AD, represent-
ing 15 cm of depth, may be due to deficient rainfall of the 
catchment area and the desilting of the lake in this period, 
which makes the deposition process is very low. According 
to lead dating, 45 cm of the core represents an 86-year-old.

The sedimentation rate in the lake varies between 
0.32 ± 0.03 to 0.65 ± 0.14 cm/year (mean of sedimentation 
rate 0.51 ± 0.12 cm/year). Figure 7 shows the lowest and 
highest sedimentation rate of Kodaikanal Lake in 2016 and 
2010 AD, respectively. This core sediment was separated 
into three layers; the bottommost layer (onwards 24 cm) 

Fig. 5  Depth profile distribution of 210Pb in Kodaikanal Lake Fig. 6  Accumulation rate using CRS model in Kodaikanal Lake

Fig. 7  Sedimentation rate using CRS model in Kodaikanal Lake
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gradually increased the sedimentation rate from 1930 up 
to 1977 AD, with a mean of 0.50 ± 0.08 cm/year. The mid-
dle layer of the core sedimentation rate was a more or less 
similar activity of the environmental condition from 1981 
to 2007 AD with a mean of 0.54 ± 0.07 cm/year. The core's 
recent layer (3 cm and 6 cm) was a higher sedimentation 
rate in 2010 and 2013 AD (0.65 ± 0.14 and 0.51 ± 0.05 cm/
year), respectively. The highest sedimentation rate is caused 
mainly by sediment accumulation from the Pambar stream 
and erosion from the upland area. The CRS model estimated 
the core sediment sample's mean sedimentation rate as 
0.51 ± 0.12 cm/year and the core's age at 86 years (Table 2).

Vertical concentration profile of 137Cs

The 137Cs radioactivity was measured and ranged from 
3.5 ± 0.1 to 22.04 ± 1.4 Bq/kg, with a mean concentration 
of 10.92 ± 0.80 Bq/kg (Table 3). The measured data are 
also plotted against the depth of the sediment in Fig. 8. 
Regarding the vertical distribution of 137Cs, two distinct 
peaks are observed; the deeper corresponds to the maxi-
mum fallout from nuclear tests (1963), and the upper refers 
to the Chernobyl accident (1986). Specifically, the sedi-
ment core of the upper and lower peaks appears clearly 
in the depth of 16 and 29 cm with subsequent events of 
18.68 ± 1.36 and 22.04 ± 1.4 Bq/kg, respectively (Table 3). 
Average sedimentation rates were identified by subtract-
ing the depositional depth at the peak by the time elapsed 

for the 137Cs peaks of 1963 and 1986 AD, and ages were 
assigned based on the obtained mean sedimentation rate 
(Singhal et al. 2012). Figure 9 shows the vertical profile of 
137Cs activities plotted against date (AD) and two promi-
nent peaks identified in 1963 and 1986 AD. The sedimen-
tation rate employing the 1963 and 1986 AD time markers 
was assessed to be 0.54 ± 0.07 and 0.53 ± 0.07 cm/year. At 
the most recent depth of 3 cm, there is a rich sedimentation 
rate of 14.9 ± 31.21 (2013 AD). This might result from 
regional phenomena like human activity, regional catch-
ment/limnological processes, and sediment mixing. The 
overall mean sedimentation rate and age of the 137Cs core 
sediment from Kodaikanal Lake have been calculated to be 
0.535 ± 0.07 cm/year and 83 years, respectively (Table 3). 
The results showed that 210Pb accepted the average sedi-
mentation rate determined by 137Cs in the profile.

Computation of lake life

To conclude, consider the calculated sediment accumula-
tion rates in the single zone and the lake's current vol-
ume. The useful life of Kodaikanal Lake was calculated 
by the area-weighted mean sedimentation rate and the 
lake's mean depth (Singh et al. 2007). The likely life of 
Kodaikanal Lake, based on an average sedimentation rate 
of 210Pb and 137Cs since 1933, is approximately 650 ± 24 
and 582.75 ± 19 years (Tables 2 & 3). Under normal envi-
ronmental conditions, the lake could be filled if sediment 
deposition continues at the same rate.

Fig. 8  Depth profile distribution of the 137Cs in Kodaikanal Lake/
Fig. 9  Depth profile distribution of the 137Cs activities vs. Date (AD) 
in Kodaikanal Lake
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Conclusion

Bathymetry is the study of underwater depth, the most 
important source of information about the lake's mor-
phology. The lake's highest and mean depths are 11 and 
3.38 m, respectively. As the core depth increases, the dry 
bulk density of the sediment increases while the porosity 
decreases. The core fractions were mainly sand and silt, 
whereas clay was significantly less abundant. The nature 
of the sediments is subject to sandy loam. The accumula-
tion rate gradually accumulated from the bottom to the 
top of the core sediments. The higher activity of 210Pb 
can be attributed to atmospheric fallout from 222Rn decay, 
the addition of a considerable amount of rainwater due 
to heavy rainfall, and preferential accumulation through 
mud containing fine particles due to anthropogenic factors, 
including industrial activities, agricultural works, defor-
estation, and civil constructions. The accumulation rate 
of 0.56 ± 0.0.6 kg/m2/year assumes the low accumulation 
rate and deposition in 1994 AD, representing 15 cm of 
depth, may be due to deficient rainfall of the catchment 
area and the sediment desilting to the lake in this period, 
which makes the deposition process is low in this period.

The sedimentation rate in the lake varied between 
0.32 ± 0.03 to 0.65 ± 0.14 cm/year, with a mean sedimen-
tation rate of 0.51 ± 0.12 cm/year. The lake's lowest and 
highest sedimentation rate was in 2016 and 2010 AD. The 
highest sedimentation rate at Kodaikanal Lake (down-
stream reservoirs) is mainly due to sediment inflow 
through the Pambar stream and erosion from the upland 
area. The CRS model estimated the mean sedimentation 
rate in the core sediment sample to be 0.51 ± 0.14 cm/
year and the core's age to be 86 years. The sedimenta-
tion rate employing the 1963 and 1986 AD time markers 
was estimated to be 0.54 ± 0.07 and 0.53 ± 0.07 cm/year. 
The mean sedimentation rate and the age of the Kodai-
kanal Lake core sediment of 137Cs have been assessed as 
0.535 ± 0.07 cm/year and 83 years, respectively. Therefore, 
the estimated life of Kodaikanal Lake is approximately 
650 ± 24 and 582.75 ± 19 years, based on an average of 
210Pb and 137Cs sedimentation rates since 1933.
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