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Abstract Lake contamination by anthropogenic activities

has become a serious threat to the aquatic ecosystem due to

the presence of a high concentration of toxic heavy metals.

In this study, a contaminated Lake Hussain Sagar in India

was assessed for toxic heavy metal pollutants at sites

associated with industrial discharges and idol immersion

activities. The observed high concentration of As, Cd, Pb,

Zn, Cu, and Ni in the surface water was due to industrial

effluent discharge. About 1.5 times the high concentration

of the same elements were observed in surface sediments

(0–10 cm) by both industrial discharges and idol immer-

sion activities, compared to deep sediments (0–40 cm)

associated only with industrial discharge. The depth-wise

variation of heavy metal concentration in surface sediments

is due to sorption and settling behavior of suspended solids;

whereas in deep sediment, it is due to constant loading of

effluents, over a period of time. The sorption capacity of

surface sediments is in increasing order as Pb [ Cd C

Ni C Cr C Zn C Cu, and the desorption revealed that Pb

and Cu were retained to a greater extent due to high clay

and organic content. By fractionation study, 20–50% of Zn

and 50–80% of Cd were associated with exchangeable and

carbonate fraction of sediments. By risk assessment code,

Zn and Cd are classified under high risk to a very high-risk

category, and Cr, Pb, Ni, and Cu are classified under the

medium risk category. The enrichment factor value of

sediments for Cd (20.42–119.48), Zn (2.19–4.85), Cu

(2.02–3.19), and Pb (2.85–7.72) signifies the significant

pollution by anthropogenic activities. Therefore, this study

evaluates the intensity and distribution of heavy metals in

the lake environment for remediation and restoration of the

lake ecosystem.

Keywords Trace metals � Lake sediment � Geochemistry �
Speciation � Industrial effluents � Idol immersion

1 Introduction

In India, heavy metal pollution of the aquatic system has

become a common and rapidly increasing problem due to

anthropogenic and industrial activities. Some of these

heavy metals such as Pb, Cd, Cr, Ni, Hg, Zn, Cu, and As

are classified under toxic hazardous substance by the

national recommended water quality criteria (US EPA

2016), which poses serious damage to the ecosystem when

they are above maximum allowable limits (Huang et al.

2017; Wang et al. 2003). These heavy metals tend to

bioaccumulate in the food chain that gradually affects the

aquatic and public health (Chandra Sekhar et al. 2004;

Malik et al. 2010).

‘‘Hussain Sagar’’ an urban lake, situated in the center of

Hyderabad city, India is a major focus as it had become a sink

for industrial effluents, domestic sewerage, and idol

immersion (Jain et al. 2010). The industrial effluents are the

major source of heavy metal pollutants that contribute to lake

contamination, specifically, Zn, Pb, and Cr from metallur-

gical, paint manufacturing, smelting, and tanning process,

Cu from textile industries, anti-fouling agents, copper-based

fungicides and pesticides, and Cd from industrial processes,

anticorrosive agents, pigments, fabrication processes of
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nickel–cadmium batteries (Huang et al. 2017). In addition,

the idol immersion activities as a result of religious cere-

monies contribute to the pollution load to a larger extent

(Reddy and Kumar 2001). Most of the idols and religious

disposals composed of fine clay, plaster of paris, ornaments,

jute, straw, paints, varnishes, and cosmetic items (Vyas et al.

2008; Dixit and Tiwari 2007). Decomposition of these

materials causes increased dissolved, suspended, and set-

tleable solids to interact with heavy metals and settle at the

surface of sediments and pose a threat to the ecosystem

(Giripunje et al. 2014; Amiard et al. 2007). The heavy metal

mobility depends on pH, redox potential, organic matter,

buffering capacity (Villen-Guzman et al. 2015), particle size

(Jain et al. 2004), clay minerals and iron, and manganese

oxide content (Covelo et al. 2007).

In this study, the heavy metal concentration of Hussain

Sagar lake water with the depth-wise profile of the lake

sediment was studied to assess the intensification of heavy

metal pollution. The fractionation and risk associated with

heavy metals were evaluated to highlight the significance

of the area of interest for an immediate cleanup action plan.

Furthermore, the adsorption and desorption capacity of

heavy metals to sediments were studied to understand

physical remediation potential of the stated highly polluted

lake environment.

2 Methodology

2.1 Site description

Hyderabad is the fifth largest city in India, and it covers an

area of 650 km2 with a population of nearly 10.86 million.

Hussain Sagar lake is an urban lake situated (15�N and

81�E) between the twin cities of Hyderabad and Secun-

derabad. The lake was excavated and constructed between

the period of 1550–1580. The lake water was used as a

drinking water source for the city up to 1930. Due to

unplanned urbanization and rapid industrial development

surrounding the lake, it had become a sink for untreated

domestic waste and other industrial effluents. Four inlet

streams contribute untreated waste to the lake, namely:

Picket Nala, Kukatpally Nala, Banjara Nala, and Bowen-

pally Nala. Among all inlet streams, Kukatpally Nala

majorly contributes untreated effluents from industries

(pharmaceuticals, biochemicals, synthetic chemicals,

detergents, batteries, electroplating, rubber, alloys, etc.)

located in Jeedimetla, Balanagar, and Sananthnagar.

2.2 Sampling locations

Sampling points (Fig. 1 and Table 1) were chosen to

understand the spatial distribution of heavy metal

concentration in lake sediments. Sampling points at Site 1

and 2 depicts the area where common religious practices

take place by the local population. The physical appearance

of this site seems to be disagreeable due to disposals of

decoratives, plastics, garments, flowers, coconut coir, piths,

jute, and other religious worn-outs. Sampling point at Site

3 depicts the area where an inlet stream of Kukatpllay Nala

discharges industrial effluents from pharmaceuticals, drugs,

synthetic chemicals, rubber, and battery manufacturing

units combined with urban runoff. Sampling points at Site

4 and 5, depicts the area where idol immersion activities

take in a larger extent during the religious festival such as

Ganesh Chaturthi and Durga Pooja.

2.3 Sample collection and preservation

All sampling was done during the dry season, post-mon-

soon period (November 2017). Surface water and sediment

samples were collected using a deck boat. Surface water

samples were collected by clean acid-washed polypropy-

lene bottles. The Eijkelkamp sediment core sampler (Type

Beeker) was used to collect the sediment samples. The

sampler contained an assembly of stainless steel cutting

head, a transparent acrylic tube (diameter of 7.5 cm and

height of 1 m) operated by a piston that facilitates the

collection of the undisturbed core without any loss. Two

types of sediment samples were collected namely surface

sediment and undisturbed core sediment sample. The sur-

face sediment samples contain three grab samples collected

from the top portion (up to 10 cm) from an area of 10 m2

from each site. The collected samples were brought to the

lab with a clean polyethylene zip-lock bag. The undis-

turbed core samples contain 60 cm of core sediment,

closed the ends with plastic caps and brought to the lab and

further sectioned to 5 cm slices. The sediment samples

were dried at room temperature and sieved with 300 lm

sieve. All the samples stored in the refrigerator at 4 �C for

further analysis.

3 Materials and methods

All chemicals used in this study were of analytical grade

bought from Merck (India). Double deionized water with a

conductivity of 0.055 lS cm-1 was used throughout the

study. All glassware was soaked in 10% HNO3 for 24 h

and rinsed several times with double deionized water prior

to use.

3.1 Soil classification, pH and organic matter

The sediment particle size analysis was done by standard

procedure ASTM (D422). The pH of sediment samples was
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measured by taking 10 g of sediment in a clean poly-

ethylene centrifuge tube with 50 ml of deionized water and

shaken vigorously for 5 min. The samples were centrifuged

at 10,000 rpm for 10 min (Remi model no.: C-24 plus).

Then the supernatant was taken for pH measurement. The

water samples pH directly measured by inserting the pH

electrode (EPA 9045C). The pH meter used here was a

Hanna 3151A with an Ag/Agcl electrode model no.: HI

1131 B. Sediment Organic Matter (OM) was measured by

loss of ignition (LOI) method by heating the sediment at

550 �C for 4 h.

3.2 Cation exchange capacity

The Cation Exchange Capacity (CEC) was measured by

sum of all exchangeable cations such as Ca, Mg, K, Na, Al,

Fe, and Mn (Carter and Edward 2007); 0.5 g of air-dried

sediment sample was added with 30 ml of 0.1 M BaCl2
shaken with vortex shaker for 2 h. Then the sediment

samples were centrifuged at 10,000 rpm for 10 min. The

supernatant was measured for Ca, Mg, K, Na, Al, Fe, and

Mn with ICP-MS (Bruker, Aurora M90). The CEC is

expressed as (cmol kg-1).

3.3 Buffering capacity

The pH buffering capacity of the soil was determined by

using the titration technique (Aitken and Moody 1994). 5 g

of sediments were taken into the polyethylene tubes and

mixed with up to 25 ml of double deionized water (1:5

ratio). Then the sediment mixture was titrated with 0.1 M

HCl to the change of unit pH with continuous mixing. The

pH buffering capacity was noted as mmol kg-1 pH-1.

Fig. 1 Sampling locations of Hussain Sagar lake

Table 1 Locations of sampling points

Site no. Latitude Longitude

Site 1 17�25055.536200N 78�2900.916500E

Site 2 17�25051.108600N 78�28042.757200E

Site 3 17�25059.893900N 78�2803.722100E

Site 4 17�25029.906400N 78�2806.618200E

Site 5 17�2507.606700N 78�28013.881200E
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3.4 Microwave digestion of sediments

The sediment digestion was followed by EPA (3051A). For

microwave digestion, 1 g of 300 lm sieved sediment was

added with an acid combination of 1 ml of HF, 1 ml of

HNO3, 3 ml of HCl, and 1 ml of HClO4 in a closed Teflon

vial. The vial was heated using microwave digester (MARS

6, CEM) to 150 �C with a ramp of 10 �C per min and held

for 20 min. Then, the digested samples were transferred

into clean polyethylene tubes and diluted with double

deionized water up to 50 ml.

3.5 Heavy metal analysis

The digested samples were centrifuged at 10,000 rpm for

10 min and the supernatant was taken for heavy metal

measurement by ICP-MS. The ICP-MS was calibrated with

multi-element standard (ESI, scientific, USA) with four-

point calibration. All the analyses were done by duplica-

tions with five replicates, and average values were reported

here. For heavy metals in water samples 2% HNO3 was

added and centrifuged at 10,000 rpm for 10 min to remove

the suspended matter and the supernatant was directly

introduced to ICP-MS.

3.6 Precision and quality assurance

The Method Detection Limit (MDL) for ICP-MS for heavy

metals concentration in liquid samples were determined by

the procedure EPA (200.8). The MDL was found by 7

replicates of blank (1% HNO3) and its standard deviation

was multiplied with 3.14. The MDL for various heavy

metals were as Cd0.2, Cr0.11, Ni1.3, As0.16, Zn3, Pb10,

and Cu1.5 lg�L-1. Average values of five replicates of

standards and samples were taken for determination and its

Relative Standard Deviation (RSD) were less than 5%.

Quantification of heavy metals was done based on the

calibration. After calibration, the instrument was checked

with the standards, and the precision was more than 95%.

Recoveries and interference effects of heavy metals from

the sediments were done by standard addition method

according to the procedure by EPA (6020A). During

analysis, after each 5 samples, blanks were introduced and

checked for the calibration. If the calibration deviated more

than 5% recalibration was done and the analysis was

continued.

3.7 Metal fractionation study

The metal fractionation was studied by the procedure

developed by Tessier et al. (1979). The detailed procedure

is given in Table 2.

3.8 Enrichment factor (EF)

The degree of anthropogenic input in sediment can be

estimated through enrichment factor (EF) by five cate-

gories (Sutherland 2000): (1) EF \ 2 Depletion to minimal

enrichment suggestive of no or minimal pollution. (2) EF

2–5 Moderate enrichment, suggestive of moderate pollu-

tion. (3) EF 5–20 Significant enrichment, suggestive of a

significant pollution signal. (4) EF 20–40 very highly

enriched, indicating a very strong pollution signal. (5)

EF [ 40 Extremely enriched, indicating an extreme pol-

lution signal. The EF is calculated as below.

EF ¼
Ci

Cref

� �
sample

Ci

Cref

� �
backgroud

where Ci is the concentration of the element of interest, and

Cref is the concentration of normalizing element or

immobile element (Al/Li/Fe), which has minimum vari-

ability in heterogeneous sediment. The selection of nor-

malizing element was based on the field conditions as

given in the literature (Brady et al. 2015). In this study, Fe

was chosen as normalizing element, and average Fe con-

centration (27,000 mg kg-1) from the site was taken as a

background value.

Table 2 Metal Fractionation study proposed by Tessier et al. (1979)

Step Fraction Procedure

1 Exchangeable 1 g of sediment was added with 8 mL of 1 M MgCl2 at pH 7 and agitated continuously for 1 h

2 Bound to carbonates Residue from step 1 leached with 8 mL of 1 M NaOAc with pH 5 and agitated continuously for 1 h

3 Bound to Fe–Mn oxides Residue from step 2 extracted with 0.04 M of NH2OH�HCl in 25% v/v HoAc. The sediment mixture

was heated up to 100 �C with occasional agitation for 1 h

4 Bound to organic matter Residue from step 3 was added with 3 mL of 0.02 M and 5 mL of 30% adjusted the pH to 2 with

HNO3 and the mixture was heated to 85 �C for 2 h with occasional agitation. 3 mL of 30% H2O2

added and adjusted pH to 2 with H2O2, then the mixture was heated again to 85 �C for 3 h with

occasional agitation

5 Residual Residue from step 4 was digested with a combination of HF-HClO4
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3.9 Risk assessment code (RAC)

The risk assessment code (RAC) index proposed by Perin

et al. (1985) was used for assessing the adverse effects of

toxic heavy metals to aquatic life. The risk assessment code

guidelines are given in Table 3.

3.10 Sorption and desorption studies

One gram of acid-washed, well-dried, sieved sediment

samples (Site 4) was used to perform sorption experiments.

20 ml multi-metal solution consisting of Pb, Cd, Cu, Ni,

Zn, and Cr with varying concentration in the range between

5 and 200 mg�L-1 kept in a 50 ml centrifuge tube was

tested against sorbent (1 g of sediment) for all sorption

studies. These batch reactions were carried out at pH 7.5

(pH of natural lake environment) over a period of 24 h in a

rotary shaker at 160 rpm to achieve sorption equilibrium.

After achieving appropriate equilibrium time, the samples

were centrifuged at 10,000 rpm for 10 min and separated

supernatant was measured for heavy metal concentration.

Here, the adsorption capacity is calculated as,

qe ¼
C0 � Ce

M

� �
V

where qe is adsorbed capacity (mg g-1), C0 is initial con-

centration of sorbate (mg L-1), Ce is equilibrium concen-

tration of sorbate (mg L-1), M is mass of the adsorbent (g),

and V is the volume of sorbate solution. The desorption

study was carried out using the sorbed heavy metal sedi-

ment samples from the above experiments. 20 mL of heavy

metal-free, sodium acetate buffer was used to desorb the

sorbed heavy metals from sediment samples. The experi-

mental time and conditions were followed as same as

sorption experiments. The retained amount in the sorbent is

measured as,

qd ¼ qe �
Cde

M
V

� �

where qd is retained amount (mg g-1), Cde is equilibrium

concentration after desorption (mg L-1), M is mass of the

residue (g), and V is the volume of sodium acetate solution (L).

4 Results and discussion

4.1 Heavy metals in surface water

Table 4 shows the concentration of heavy metals in dif-

ferent sampling sites. The pH of water samples was found

as neutral to slightly alkaline (Table 5). Site 3 showed the

highest concentration of heavy metals among all sites, it is

due to the untreated industrial discharge entering the lake

via Kukatpally Nala. The heavy metals As, Cd, Pb, Zn, Cu,

Ni, Mn, and Al were found above permissible limits.

Among these Mn, Zn, and Pb were found as 10.73, 3.255,

and 8.24 times higher than surface water quality (ISI-IS-

2296-1982). Also, Cd was found as 18.055 and 7.66 times

higher than criteria continuous concentration (CCC) and

criteria maximum concentration (CMC) by US EPA

(2016), which causes severe threat to the aquatic life. The

increased concentration of Cd is due to the discharge of the

effluent from manufacturing industries such as batteries

and electroplating. In Site 2, a higher concentration of Cr

was found compared with other sites. This was due to the

disposal of pigments and cosmetic items as a part of a

religious ceremony. Lower concentration of heavy metals

observed in Site 4 and Site 5, due to heavy metal adsorbed

by suspended particles, were settled in the bottom sedi-

ments. All heavy metal concentrations in surface water

from Site 1, 2, 4, and 5 were found below the permissible

limits.

4.2 Heavy metals in sediments

The sediments found from Site 1 and 2 were characterized

as sandy loam, Site 3 as clay loam, and Site 4 and 5 as clay.

The pH of all collected sediment samples was found

between neutral and slightly alkaline (Table 5). The

organic matter (OM) in all sediments were found to be

between 4.19 and 11.64%. In Site 4 and 5, OM was found

as 10.822 and 11.64% respectively, which is higher than

OM in Site 3 (6.75%). Activities involving idol immersion

at Site 4 and 5, can be major the reason for high OM as the

idol components such as clay, straws, jute, and bamboo

contributes to microbial degradation and the formation of

humus. Table 6 and Fig. 2 shows the concentration of

heavy metals in sediments at various sites. In Site 3, 4, and

5, Cr was found to be more than the Average Shale

Background (ASB) (Turekian and Wedepohl 1961) and

Effective Range Low (ERL) (Long et al. 1995), which was

Table 3 Risk assessment code (RAC) criteria from Perin et al.

(1985)

Risk assessment code (RAC) Percentage of metal

bound in exchangeable

and carbonate fraction (%)

No risk \ 1

Low risk 1–10

Medium risk 11–30

High risk 31–50

Very high risk [ 50
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Table 4 Heavy metal

concentration in Hussain Sagar

lake surface water

Metal concentrations (lg L-1)

Site 1 Site 2 Site 3 Site 4 Site 5

Al 599.87 ± 11.03 898.15 ± 24.96 104,787.7 – 1037.73 5.12 ± 0.14 51.85 ± 2.31

Cr 9.25 ± 0.18 26.09 – 0.1 5.42 ± 0.16 8.68 ± 18.054 4.50 ± 0.06

Mn 133.34 ± 1.46 305.08 ± 0.42 5365.19 – 104.06 147.03 ± 1.74 139.36 ± 0.85

Co 68.83 ± 1.43 114.30 ± 1.54 183.49 – 4.55 BDL 0.05 ± 0.001

Ni 31.64 ± 0.35 98.96 ± 0.11 479.91 – 9.43 4.42 ± 0.12 4.39 ± 0.08

Cu 165.12 ± 2.13 444.31 ± 2.13 808.68 – 11.95 3.57 ± 0.63 7.46 ± 0.11

Zn 68.55 ± 0.61 154.84 ± 1.06 4883.63 – 104.98 3.57 ± 0.4 7.46 ± 0.19

As 1.06 ± 1.378 1.82 ± 0.02 26.24 – 0.67 4.16 ± 0.061 2.69 ± 0.11

Cd 0.72 ± 1.288 6.33 ± 0.11 13.79 – 0.57 0.38 ± 0.563 0.33 ± 0.01

Pb 6.36 ± 0.1 16.74 ± 0.28 824.36 – 43.09 0.44 ± 0.02 3.70 ± 0.15

Bold values indicates highest concentration of heavy metals found in the surface water

BDL Below Detection Limit

Table 5 Physico-chemical

parameters of Hussain Sagar

lake Surface water and

Sediments

Parameters Site

Site 1 Site 2 Site 3 Site 4 Site 5

Surface Water pH 7.24 7.76 7.33 7.48 7.23

EC (lS cm-1) 750 1123 1777 2457 1704

Sediment pH 7.85 7.76 7.73 7.92 7.23

OM (%) 4.2 5.95 6.75 10.82 11.64

CEC (cmol kg-1) 6.26 8.33 9.9 12.12 8.94

BC (mmol kg-1 pH-1) 11.8 15 42 56 78

Sand (%) 93 78 39 32 25

Clay (%) 6 19 59 67 73

Silt (%) 1 3 2 1 2

Surface area (m2 g-1) 7.91 8.43 39.15 47.19 51.1

Table 6 Heavy Metal concentration in Hussain Sagar lake Sediments

Metal concentrations (lg g-1)

Site 1 Site 2 Site 3 Site 4 Site 5

Al 54,302.03 ± 1379.27 54,670.96 ± 1366.75 70,090.06 ± 890.14 51,601.79 ± 1243.58 73,859.44 – 2252.69

Cr 71.93 ± 0.84 67.24 ± 0.15 105.83 – 1.76 105.16 ± 1.04 102.34 ± 0.53

Mn 274.54 ± 2.43 260.35 ± 2.68 262.06 ± 1.46 690.02 – 10.07 444.96 ± 4.36

Co 8.31 ± 0.44 8.73 ± 0.10 10.54 ± 0.12 12.68 ± 0.06 15.05 – 0.19

Ni 26.59 ± 0.45 37.76 ± 0.38 45.73 ± 0.57 70.56 – 0.88 54.66 ± 0.9

Cu 96.00 ± 0.57 70.98 ± 0.79 94.01 ± 0.89 137.49 – 1.26 52.55 ± 0.88

Zn 369.58 ± 1.80 175.61 ± 1.94 284.21 ± 1.87 441.94 – 4.93 96.72 ± 1.63

As 8.36 ± 0.04 8.77 ± 0.097 13.89 ± 0.091 20.76 – 0.23 9.36 ± 0.10

Cd 5.35 ± 0.36 BDL 19.38 ± 0.14 34.36 – 0.24 BDL

Pb 134.82 – 3.96 62.93 ± 0.811 58.95 ± 1.12 75.92 ± 0.98 50.74 ± 0.47

Fe 23,568.39 ± 992.21 22,741.18 ± 523.04 27,956.78 ± 1101.49 25,881.76 ± 872.18 34,714.62 – 968.52

Bold Values indicates highest concentration of heavy metals found in the sediments

BDL Below Detection Limit
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Fig. 2 Concentration of heavy metals in different sites
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above 100 lg g-1. Possible sources of Cr include tanning

and dying industries’ effluents discharge and deterioration

of paints from immersed idols. Cu and Zn concentration in

all sites were more than the ASB and ERL. Except for Site

5, where the concentration of Zn was found below ERL. In

Site 4, Cu (137.49 lg g-1) and Zn (441.94 lg g-1) were

found to be higher when compared to other sites, which is

more than the ASB and ERL. This is due to the presence of

clay fraction (67%) and organic matter (10.822%) which

causes binding of certain heavy metals as described in

Sect. 4.3. In Site 3 and 4, Arsenic (As) was found to be

more than ASB and ERL, with the highest concentration of

20.76 lg g-1 noted in Site 4. Cd was found to be

19.38 lg g-1 in Site 3 due to the discharge of industrial

effluents discharge from batteries, ferrous, and non-ferrous

metal manufacturing units. Site 4 shows further higher Cd

concentration as 34.36 lg g-1. It is due to the idol

immersion activities which increases the suspended parti-

cles in water. These suspended particles pose higher sur-

face area which traps the heavy metals and settle in the

bottom of sediments. The Cd found in Site 3 and Site 4 are

above Effective Range Median (ERM) and higher than

ASB comes under severe risk to aquatic life, also evident

studies shown in (Jain et al. 2010). The comparison of

average heavy metal concentration in other contaminated

lakes and rivers in India and China is shown in Table 7.

This comparison shows that a higher level of Cd, Zn, Cu,

and Pb were found to be significant level of contamination

by anthropogenic activities. An earlier study conducted on

Hussain Sagar lake sediments by Jain et al. (2010) showed

that the heavy metal concentration of Cd, Zn, Pb, and Cr

increased from 13.6, 214, 50.8, and 32 mg kg-1 to 19.89,

273.14, 79.885, and 90 mg kg-1 in the present study

(Tables 8 and 9).

4.3 Metal fractionation study

Figure 3 shows the fractionation studies of sediments from

different sites. The fractionation study reveals the

approximate proportion of heavy metals bound to various

fraction such as exchangeable, bound to carbonates, bound

to iron, and manganese oxides, bound to organic matter,

Table 7 Comparision of Heavy metal concentration in sediments of different lakes and rivers in India and China

Sl. no. Name of the Lakes Metal Concentrations (lg g-1)

Cd Cu Pb Ni Zn Cr References

1 Kolleru lake, India 0.2 205 3.4 0.39 380 40 Chandra Sekhar et al. (2004)

2 Veeranam lake, India 0.81 94.12 30.06 63.61 180.08 88.20 Suresh et al. (2012)

3 Nansi lake, China 0.228 37.0 28.7 39.3 87.5 85.5 Wang et al. (2014)

4 Gomti river, India 2.42 5 40.33 15.17 41.67 8.15 Singh et al. (2005)

5 Yamuna river, India 9.5 22.2 60 – 59.2 – Jain (2004)

6 Yamuna (Delhi), India 4.50 275 76 159 561 394 Singh (2001)

7 Yamuna (Agra), India 32.50 339 168 101 554 263 Singh (2001)

8 Bortala river, China 0.17 30.09 31.98 22.32 99.19 51.55 Zhang et al. (2016)

9 Mahanadi basin, India 9.6 36 131 55 137 72 Sundaray et al. (2011)

10 Dianchi Lake, China 29.5 201.6 131 – 595.8 – Gu et al. (2017)

11 Poyang Lake, China 1.08 26.89 37.98 20.46 – – Mingbiao et al. (2008)

12 Hussain Sagar lake, India 13.6 132 50.8 164 214 32 Jain et al. (2010)

13 Hussain Sagar lake, India 19.89 90.108 79.885 47.042 273.14 90 Present study

Table 8 Sediment Quality

Guidelines (SQGs) based on

heavy metal concentration

Metal concentrations (lg g-1)

Al Cr Mn Co Ni Cu Zn As Cd Pb

ERL – 81 – 20.9 34 150 8.2 1.2 46.7

ERM – 370 – 51.6 270 410 70 9.6 218

Average Shales Background 80,000 90 850 19 68 45 95 13 0.1 20

ERL (Effect Range Low) guideline values indicate concentrations below which adverse effects on biota are

rarely observed (Long et al. 1995)

ERM (Effect Range Median) guideline values indicate concentrations above which adverse effects on biota

are frequently observed (Long et al. 1995)

Average Shale Background value from Turekian and Wedepohl (1961)
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and residual. These fractions contribute to the mobility of

heavy metals in sediments with existing and changing

environmental conditions. It was revealed that 60% As and

80% Co were found to be associated with ‘‘residual’’

fraction. The residual fraction is the primary and secondary

minerals contained heavy metals in the crystalline lattice,

which contribute to the bulk of this fraction (Gleyzes et al.

2002). These heavy metals are strongly bound to sediments

and not readily released to the environment under the

normally existing conditions in nature (Gao et al. 2012).

50% Cd, 30% Zn, and 10% Cr were found to be associated

with ‘‘Carbonates’’. It was also found that certain concen-

trations of these heavy metals were associated with ‘‘Ex-

changeable’’ (25% Cd) and ‘‘Fe–Mn oxides’’ (30% Zn and

20% Cr). The stability of these heavy metals associated

with carbonates is dependent on pH. Thus, changes in pH

can influence the release of elements from sediments.

Besides, the heavy metals in exchangeable fractions were

weakly bonded or adsorbed onto the sediment particles are

influenced by changes in the ionic strength, that facilitates

the release of metals from sediments. However, Cr and Zn

associated with Fe–Mn oxides that remain stable due to

oxides, which acts as scavengers for metal cations, may

become unstable at anoxic conditions (low Eh) and readily

released to surface water. Among all heavy metals bound

to various fractions, Cu has an affinity to bind organic

matters in sediments (Gupta et al. 2013; Yu et al. 2001;

Jain et al. 2010) which was shown in this study as 80% Cu

was found associated with ‘‘Organic’’ fraction. In contrast

to Fe–Mn bound heavy metals, the organic bound heavy

metals are stable under anoxic conditions but on OM

degradation at oxidizing conditions, the heavy metals can

be readily released and bioavailable.

4.4 Risk assessment code (RAC) and metal

enrichment factor

The risk assessment code explains the eco-toxicity to benthic

and aquatic fauna by heavy metals availability with a com-

parison of bond strength of heavy metals to sediments. The

bond strength of heavy metals to the sediments is explained

by metal fractionation study (Tessier et al. 1979). It states

that heavy metals bound to exchangeable and carbonate

fractions are weakly bonded; and heavy metals bound to Fe–

Mn oxides, organic and residual fractions are strongly bon-

ded to the sediments. The RAC with the percentage of heavy

metals associated with exchangeable and carbonate bound

fractions shown in Table 3.

The fractionation of heavy metals in sediments for all sites

was shown in Fig. 3. It was found that 50–80% of Cd were

associated with exchangeable and carbonate bound frac-

tions. According to RAC code, Cd falls under the very high-

risk category. Similar observation was also found in the

Hussain Sagar sediments. Major portions of Cd were found

in exchangeable or carbonate bound fraction (Jain et al.

2010). The loosely bound Cd poses a severe threat to the

micro-organisms (Doelman and Haanstra 1984), aquatic

species (Das and Banerjee 1980; Jain 2004), vertebrates, and

invertebrates (Russell et al. 1981). Also, Cd poses harmful

effects humans including cancer, Itai-itai disease, and other

health issues related to bone, liver, lungs, and kidney as a

result of long term exposure (Satarug et al. 2010). In addition

to Cd, 20–50% of Zn is associated with exchangeable and

carbonate bound fraction and classified as high-risk cate-

gory. Zn can cause acute toxicity to the aquatic species and

affect the morphology of fishes (Taylor and Chapman 2011).

3–15% of Cr, 10–24% of Pb, 3–22% of Ni, and 2–16% of Cu

associated with exchangeable and carbonate bound fraction

and falls under low to medium risk category. The risk of

heavy metals are in increasing order of Cd [ Zn [ Cr [
Pb [ Ni [ Cu [ As [ Co in all sites.

The degree of contamination due to anthropogenic

sources can be estimated by Enrichment Factor (EF). The

EF values classified under different categories based on the

Average Shale Background are shown in Table 10. The

higher EF value (C 2) of Pb, Zn, Cu, and Cd implies the

pollution level from moderate to extreme pollution (Zhang

and Liu 2002). The highest EF of Pb was found to be 7.72

in Site 1, indicating contamination including vehicular

emission deposits from nearby roadways. Similar studies

Table 9 Water quality criteria

Metal concentrations (lg L-1)

Al Cr Mn Co Ni Cu Zn As Cd Pb

Surface water quality standard as per ISI-IS-2296-1982 (Class A) – 50 500 – – 1500 1500 50 10 100

Criterion continuous concentration (CCC) 87 – – – 52 – 120 150 0.72 2.5

Criteria maximum concentration (CMC)2 750 – – – 470 – 120 340 1.8 65

CCC is an estimate of the highest concentration of a material in surface water to which an aquatic community can be exposed indefinitely without

resulting in an unacceptable effect

CMC is an estimate of the highest concentration of a material in surface water to which an aquatic community can be exposed briefly without

resulting in an unacceptable effect
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Fig. 3 Fractionation studies of Hussain Sagar sediments
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found a significant amount of Pb contamination in lake

sediments due to vehicular sources (Yang and Rose 2005;

Gupta et al. 2013; Njenga et al. 2009). For Cd, EF in Site 1,

3, and 4 were 20, 60, and 120, respectively, that falls under

the extremely polluted category. It is also noted that in the

previous study, the reported EF was only 45.07 (Jain et al.

2010) suggesting that Cd level increased to a greater extent

due to industrial discharge from the battery, electroplating,

pigments, ferrous, and non-ferrous metal manufacturing

units. The EF of Zn (0.8–4.85) and Cu (0.91–3.19) showed

moderate contamination level. Sources of Zn is from

industrial activities such as galvanizing, plating, and urban

runoff due to wear and tear of tires (Zn used as vulcan-

ization agent in vehicle tires) and brake lining (Singh et al.

2015; Sutherland 2000). The main contributor of Cu to the

lake is from metal plating, antifoulants, brake lining wear,

and usage of algicide and fungicide (Sutherland 2000;

Duodu et al. 2016).

4.5 Depth wise profile study

Figure 4a, b show the Depth wise profile of heavy metal

contamination along the vertical direction of sediment. In

Site 3, high concentration of As (25.78 lg g-1), Cr

(170 lg g-1), Cd (25.45 lg g-1), Cu (133 lg g-1), Pb

(160 lg g-1), Ni (60 lg g-1), and Zn (450 lg g-1) were

found in the deep sediments up to 40 cm. This is due to the

constant loading of effluents from electroplating, battery

manufacturing, chemical, and pharmaceutical industries

entering the Site 3 via Kukatpally Nala. In contrast to Site 3

and Site 4 shows the highest concentration of Ni, Cd, Zn,

Cu, and Pb as 71.05, 73, 570, 165.66, and 128.8 lg g-1

was found in the top layer of sediment up to 10 cm. This

could be due to idol immersion activity that allows the

suspended particles and other particulate matter to form a

fluffy layer to localize the heavy metal concentrations only

on the top layer of sediment. Also, some heavy metals were

adsorbed to the suspended particles, organic matter, and

plaster of paris from idols to settle down at the top layer of

the sediments. In certain conditions, the site heavy metal

characteristics show the distribution of toxicant is localized

in the top surface with fluffy nature when compared to

other sites. In order to choose the active clean-up tech-

nology, the sites were closely evaluated to understand the

nature of sediments to implement any physical treatment

process.

4.6 Adsorption and desorption

Figure 5 shows the adsorbed and retained amount of heavy

metals against its initial concentration during adsorption

and desorption, respectively. The sorption of heavy metals

in sediments (Site 4) are increasing order as Pb [ Cd

C Ni C Cr C Zn C Cu and the retention of heavy metals

are as Pb [ Ni [ Cu C Zn [ Cd [ Cr. The maximum

adsorption capacity (Qo) and bonding energy (b) were

calculated based on the Langmuir equation. The Freundlich

parameters KF and n indicates the adsorption capacity and

intensity. Values of n are greater than 1 shows that

adsorption intensity is good or favorable over the entire

range of concentration (Eloussaief and Benzina 2010).

Table 11 shows the Langmuir and Freundlich parameters

Qo, b, KF, and n. During the adsorption stage, almost all

sorption of heavy metals are well fitted with Langmuir and

Freundlich isotherm and adsorption intensity found greater

than 1, which is favorable. During the desorption stage, Pb

and Cu only fitted with the Langmuir and Freundlich iso-

therm, other heavy metals such as Cr, Cd, Ni, and Zn were

found to have a lesser affinity to the sediments. This can be

due to the high amount of clay fraction such as vermiculite,

kaolinite (Covelo et al. 2007), and high surface area (Jain

and Ram 1997) that retained Pb up to 1.53 mg g-1. Cu was

retained up to 0.25 mg g-1 due to high organic content

(10.82%), and Cu has the tendency to bind with an organic

fraction as described in Sect. 4.3 and Covelo et al. (2007).

Thus, competitive adsorption and desorption studies imply

the sorption phenomena of sediment found in the lake to

understand the treatability of localized heavy metals.

5 Conclusions

In this study, the heavy metal concentration in Lake Hus-

sain Sagar is evaluated for ecological risk. The observed

concentration of heavy metals such as As, Cd, Pb, Zn, Cu,

Table 10 Enrichment factors (EF) for Hussain Sagar sediments

normalised with respect to the Fe content

Metals Sites

Site 1 Site 2 Site 3 Site 4 Site 5

Ni 0.45* 0.66* 0.65* 2� 2�

Cu 2.44� 1.87* 2.02� 3.19� 0.91*

Zn 4.46� 2.19� 2.89� 4.85� 0.79*

As 0.74* 0.80* 1.03* 1.67* 0.56*

Cd 20.42� 0.00* 62.40** 119.48** 0.00*

Pb 7.72§ 3.74� 2.85� 3.96� 1.97*

Cr 0.10* 0.09* 0.12* 0.13* 0.09*

Co 0.50* 0.55* 0.54* 0.70* 0.62*

*EF \ 2; no or minimal pollution
�EF 2–5; moderate pollution
§EF 5–20; significant pollution
�EF 20–40; very strong pollution

**EF [ 40; extreme pollution
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Fig. 4 Depth-wise distribution of heavy metals in Hussain Sagar lake
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and Ni in surface water at site 3 is found to be higher,

showing the significant contamination by industrial dis-

charge compared to site 1 and 2. The possible industrial

sources of these heavy metals are Cd, Ni, and Zn from

batteries and electroplating effluent, Pb from paint and

battery manufacturing effluent, and Cu from metal plating

effluent. It was revealed that the constant incoming flow of

industrial discharge in site 3 caused the distribution of

these heavy metals in deep sediments (0–40 cm). Con-

versely, the heavy metals concentration in surface water at

site 4 and 5 are found to be less but more significant

concentrations were observed in surface sediments

(0–10 cm). The sources of Cr, Ni, Zn, and Pb are from

tanning and dyeing industrial effluent, urban runoff,

vehicular deposits, and idol components such as paints and

decoratives. The higher heavy metal concentrations in

surface sediments at site 4 is majorly due to the interactions

with increased suspended solids (i.e., Plaster of paris, fine

clay, jute, and straw) caused by idol immersion. The

sorption and desorption study revealed that Pb and Cu

retained to a greater extent due to high clay and organic

content. It was found that 25–50% of Zn and 50–80% of Cd

are associated with exchangeable and carbonate fraction

and classified under high risk to a very high-risk category

b

Fig. 4 continued
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Fig. 5 Plots of amount of

heavy metals adsorbed and

retained during sorption and

desorption experiments

Table 11 Langmuir and

Freundlich correlations for

sorption and desorption study

Heavy metals Langmuir Fruendlich

R2 Qo (mg g-1) b (L mg-1) R2 KF (L mg-1 g-1) n (g L-1)

Sorption

Cr 0.9317 0.4935 0.0508 0.9843 0.1299 2.8770

Cd 0.9305 0.3316 0.0503 0.9729 0.1162 2.4606

Cu 0.7315 0.3100 0.1285 0.9945 0.0941 2.9820

Pb 0.9810 2.8425 0.0055 0.9793 0.0156 1.0277

Ni 0.7315 0.310 0.1285 0.9157 0.1205 2.4813

Zn 0.8048 0.4584 0.0693 0.9606 0.1272 2.4813

Desorption

Pb 0.9683 1.3385 0.0117 0.9793 0.0157 1.0277

Cu 0.9489 0.2579 0.5790 0.7756 0.0997 3.9154
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by the risk assessment code. The potential risk of these

heavy metals are in increasing order as Cd [ Zn [ Cr [
Pb [ Ni [ Cu [ As [ Co. Out of all heavy metals, the EF

value of sediments for Cd, Zn, Cu, and Pb were above 2

that signifies the pollution level by anthropogenic activi-

ties. Thus, our study shows the extent of contamination by

evaluating the distribution of heavy metals for appropriate

remediation and preventive measures to restore the lake

quality and its ecosystem.

Acknowledgements The authors would like to acknowledge the

support from Frontier Areas of Science and Technology—Centre of

Excellence (FAST-CoE) in Sustainable Development at Indian

Institute of Technology Hyderabad, funded by the Ministry of Human

Resource Development, India.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of

interest.

References

Aitken RL, Moody PW (1994) The effect of valence and ionic-

strength on the measurement of pH buffer capacity. Soil Res

32:975–984. https://doi.org/10.1071/SR9940975

Amiard JC, Geffard A, Amiard-Triquet C, Crouzet C (2007)

Relationship between the lability of sediment-bound metals

(Cd, Cu, Zn) and their bioaccumulation in benthic invertebrates.

Estuar Coast Shelf Sci 72(3):511–521. https://doi.org/10.1016/j.

ecss.2006.11.017

ASTM (D422) Standard test method for particle-size analysis of soils.

American Society of Testing Materials

Brady JP, Ayoko GA, Martens WN, Goonetilleke A (2015) Devel-

opment of a hybrid pollution index for heavy metals in marine

and estuarine sediments. Environ Monit Assess. https://doi.org/

10.1007/s10661-015-4563-x

Carter MR, Edward GG (2007) Soil sampling and methods of

analysis, Chapter 18. CRC Press, Boca Raton

Chandra Sekhar K, Chary NS, Kamala CT, Suman Raj DS,

Sreenivasa Rao A (2004) Fractionation studies and bioaccumu-

lation of sediment-bound heavy metals in Kolleru lake by edible

fish. Environ Int 29(7):1001–1008. https://doi.org/10.1016/

S0160-4120(03)00094-1

Covelo EF, Vega FA, Andrade ML (2007) Competitive sorption and

desorption of heavy metals by individual soil components.

J Hazard Mater 140(1–2):308–315. https://doi.org/10.1016/j.

jhazmat.2006.09.018

Das KK, Banerjee SK (1980) Cadmium toxicity in fishes. Hydrobi-

ologia 75(2):117–121. https://doi.org/10.1007/BF00007424

Dixit S, Tiwari S (2007) Effects of religious practices on water quality

of Shahpura Lake, Madhya Pradesh, India. Water Int 32(SUPPL.

1):889–893. https://doi.org/10.1080/02508060.2007.9672005

Doelman P, Haanstra L (1984) Short-term and long-term effects of

cadmium, chromium, copper, nickel, lead and zinc on soil

microbial respiration in relation to abiotic soil factors. Plant Soil

79(3):317–327. https://doi.org/10.1007/BF02184325

Duodu GO, Goonetilleke A, Ayoko GA (2016) Comparison of

pollution indices for the assessment of heavy metal in Brisbane

River sediment. Environ Pollut 219:1077–1091. https://doi.org/

10.1016/j.envpol.2016.09.008

Eloussaief M, Benzina M (2010) Efficiency of natural and acid-

activated clays in the removal of Pb(II) from aqueous solutions.

J Hazard Mater 178(1–3):753–757. https://doi.org/10.1016/j.

jhazmat.2010.02.004

EPA (200.8) Determination of trace elements in waters and wastes by

inductively coupled plasma—mass spectrometry. US Environ-

mental Protection Agency

EPA (6020A) Inductively coupled plasma—mass spectrometry. US

Environmental Protection Agency

EPA (3051A) Microwave assisted acid digestion of sediments,

sludges, soils, and oils. US Environmental Protection Agency

EPA (9045C) Soil and waste pH. US Environmental Protection

Agency

Gao X, CtTATA Chen, Bay B (2012) Heavy metal pollution status in

surface sediments of the coastal Bohai Bay. Water Res

46(6):1901–1911. https://doi.org/10.1016/j.watres.2012.01.007

Giripunje MD, Fulke AB, Meshram PU (2014) Effect of idol

immersion on water quality and Tilapia fish in Futala, Gandhis-

agar and Ambazari lakes of Nagpur, India. SpringerPlus

3(1):1–8. https://doi.org/10.1186/2193-1801-3-669

Gleyzes C, Tellier S, Astruc M (2002) Fractionation studies of trace

elements in contaminated soils and sediments: a review of

sequential extraction procedures. TrAC 21(6–7):451–467.

https://doi.org/10.1016/S0165-9936(02)00603-9

Gu Z, Wu M, Li K, Ning P (2017) Variation of heavy metal

speciation during the pyrolysis of sediment collected from the

Dianchi Lake, China. Arab J Chem 10:S2196–S2204, https://doi.

org/10.1016/j.arabjc.2013.07.053

Gupta B, Kumar R, Rani M (2013) Speciation of heavy metals in

water and sediments of an urban lake system. J Environ Sci

Health Part A 48(10):1231–42, https://doi.org/10.1080/

10934529.2013.776886

Huang Y, He C, Shen C, Guo J, Mubeen S, Yuan J, Yang Z (2017)

Toxicity of cadmium and its health risks from leafy veg-

etable consumption. Food Funct 8(4):1373–1401. https://doi.org/

10.1039/C6FO01580H

ISI-IS: 2296-1982 Tolerance and classification with respect to various

water uses—A report by Central Water Commission (2010)

https://www.indiawaterportal.org/sites/indiawaterportal.org/files/

tolerance_and_classification_water_use_central_water_commis

sion_2010.pdf

Jain CK (2004) Metal fractionation study on bed sediments of River

Yamuna, India. Water Res 38(3):569–578. https://doi.org/10.

1016/j.watres.2003.10.042

Jain CK, Ram D (1997) Adsorption of lead and zinc on bed sediments

of the River Kali. Water Res 31(1):154–162. https://doi.org/10.

1016/S0043-1354(96)00232-1

Jain CK, Singhal DC, Sharma MK (2004) Adsorption of zinc on bed

sediment of River Hindon: adsorption models and kinetics.

J Hazard Mater 114(1–3):231–239. https://doi.org/10.1016/j.

jhazmat.2004.09.001

Jain CK, Gurunadha Rao VVS, Prakash BA, Mahesh Kumar K,

Yoshida M, Kumar BAPKM (2010) Metal fractionation study on

bed sediments of Hussainsagar Lake, Hyderabad, India. Environ

Monit Assess 166(1–4):57–67. https://doi.org/10.1007/s10661-

009-0984-8

Long ER, Macdonald DD, Smith SL, Calder FD (1995) Incidence of

adverse biological effects within ranges of chemical concentra-

tions in marine and estuarine sediments. Environ Manag

19(1):81–97. https://doi.org/10.1007/BF02472006

Malik N, Biswas AK, Qureshi TA, Borana K, Virha R (2010)

Bioaccumulation of heavy metals in fish tissues of a freshwater

lake of Bhopal. Environ Monit Assess 160(1–4):267–276.

https://doi.org/10.1007/s10661-008-0693-8

Mingbiao LUO, Jianqiang LI, Weipeng CAO, Maolan WANG,

(2008) Study of heavy metal speciation in branch sediments of

Acta Geochim (2020) 39(2):255–270 269

123



Poyang Lake. J Environ Sci 20(2):161–166. https://doi.org/10.

1016/S1001-0742(08)60025-X

Njenga JW, Ramanathan AL, Subramanian V (2009) Partitioning of

heavy metals in the sediments of Lake Naivasha, Kenya. Chem

Spec Bioavailab 21(1):41–48. https://doi.org/10.3184/

095422909X419673

Perin G, Craboledda L, Lucchese M et al (1985) Heavy metal

speciation in the sediments of northern Adriatic Sea. A new

approach for environmental toxicity determination. In: Lakkas

TD (ed) Heavy metals in the environment, vol 2. CEP

Consultants, Edinburgh

Reddy MV, Kumar AV (2001) Effects of Ganesh-idol immersion on

some water quality parameters of Hussainsagar Lake. Curr Sci

81(11):1412–1413

Russell LK, Dehaven JI, Botts RP (1981) Toxic effects of cadmium

on the Garden Snail (Helix aspersa). Bull Ennviron Contam

Toxicol 26:634–640

Satarug S, Garrett SH, Sens MA, Sens DA (2010) Cadmium,

environmental exposure, and health outcomes. Environ Health

Perspect 118(2):182–190. https://doi.org/10.1289/ehp.0901234

Singh M (2001) Heavy metal pollution in freshly deposited sediments

of the Yamuna River (the Ganges River tributary): a case study

from Delhi and Agra urban centres, India. Environ Geol

40(6):664–671. https://doi.org/10.1007/s002549900091

Singh KP, Mohan D, Singh VK, Malik A (2005) Studies on

distribution and fractionation of heavy metals in Gomti river

sediments—a tributary of the Ganges, India. J Hydrol

312(1–4):14–27. https://doi.org/10.1016/j.jhydrol.2005.01.021

Singh S, Raju NJ, Nazneen S (2015) Environmental risk of heavy

metal pollution and contamination sources using multivariate

analysis in the soils of Varanasi environs, India. Environ Monit

Assess 187(6):345. https://doi.org/10.1007/s10661-015-4577-4

Sundaray SK, Nayak BB, Lin S, Bhatta D (2011) Geochemical

speciation and risk assessment of heavy metals in the river

estuarine sediments—a case study: Mahanadi basin, India.

J Hazard Mater 186(2–3):1837–1846. https://doi.org/10.1016/j.

jhazmat.2010.12.081

Suresh G, Sutharsan P, Ramasamy V, Venkatachalapathy R (2012)

Ecotoxicology and Environmental Safety Assessment of spatial

distribution and potential ecological risk of the heavy metals in

relation to granulometric contents of Veeranam lake sediments,

India. Ecotoxicol Environ Saf 84:117–124. https://doi.org/10.

1016/j.ecoenv.2012.06.027

Sutherland RA (2000) Bed sediment-associated trace metals in an

urban stream, Oahu, Hawaii. Environ Geol 39(6):611–627,

https://doi.org/10.1007/s002540050473

Taylor P, Chapman GA (2011) Transactions of the American

Fisheries Society Toxicities of Cadmium, Copper, and Zinc to

Four Juvenile Stages of Chinook Salmon and Steelhead

(December 2014), pp 37–41. https://doi.org/10.1577/1548-

8659(1978)107

Tessier A, Campbell PG, Bisson M (1979) Sequential extraction

procedure for the speciation of particulate trace metals. Anal

Chem 51(7):844–851. https://doi.org/10.1021/ac50043a017

Turekian KK, Wedepohl KH (1961) Geological society of America

bulletin distribution of the elements in some major units of the

earth’ s crust. Geol Soc Am Bull 72:175–192. https://doi.org/10.

1130/0016-7606(1961)72

US EPA (2016) National Recommended Water Quality Criteria—

Aquatic Life Criteria Table. https://www.epa.gov/wqc/national-

recommended-water-quality-criteria-aquatic-life-criteria-table

Villen-Guzman M, Paz-Garcia JM, Amaya-Santos G, Rodriguez-

Maroto JM, Vereda-Alonso C, Gomez-Lahoz C (2015) Effects

of the buffering capacity of the soil on the mobilization of heavy

metals. Equilibrium and kinetics. Chemosphere 131:78–84.

https://doi.org/10.1016/j.chemosphere.2015.02.034

Vyas A, Bajpai A, Verma N (2008) Water quality improvement after

shifting of idol immersion site: a case study of Upper Lake,

Bhopal, India. Environ Monit Assess 145(1–3):437–443. https://

doi.org/10.1007/s10661-007-0052-1

Wang QR, Cui YS, Liu XM, Dong YT, Christie P (2003) Soil

contamination and plant uptake of heavy metals at polluted sites in

China. J Environ Sci Health Part A Toxic/Hazard Subst Environ

Eng 38(5):823–838. https://doi.org/10.1081/ESE-120018594

Wang LF, Yang LY, Kong LH, Li S, Zhu JR, Wang YQ (2014)

Spatial distribution, source identification and pollution assess-

ment of metal content in the surface sediments of Nansi Lake,

China. J Geochem Explor 140:87–95. https://doi.org/10.1016/j.

gexplo.2014.02.008

Yang H, Rose N (2005) Trace element pollution records in some UK

lake sediments, their history, influence factors and regional

differences. Environ Int 31(1):63–75. https://doi.org/10.1016/j.

envint.2004.06.010

Yu KC, Tsai LJ, Chen SH, Ho ST (2001) Chemical binding of heavy

metals in anoxic river sediments. Water Res 35(17):4086–4094.

https://doi.org/10.1016/s0043-1354(01)00126-9

Zhang J, Liu CL (2002) Riverine composition and estuarine

geochemistry of particulate metals in China—weathering fea-

tures, anthropogenic impact and chemical fluxes. Estuar Coast

Shelf Sci 54(6):1051–1070. https://doi.org/10.1006/ecss.2001.

0879

Zhang Z, Juying L, Mamat Z (2016) Sources identification and

pollution evaluation of heavy metals in the surface sediments of

Bortala River, Northwest China. Ecotoxicol Environ Saf

126:94–101. https://doi.org/10.1016/j.ecoenv.2015.12.025

270 Acta Geochim (2020) 39(2):255–270

123



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2250
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2020-02-27T18:51:34+0530
	Preflight Ticket Signature




