
CONTENTS

Page No.
1. INTRODUCTION 1

2. REVIEW OF LITERATURE 8

2.1. Accumulation of Plastic Debris on Sandy Beaches 8

2.1.1. Factors affecting plastic litter distribution on beaches 9

2.1.2. Plastic litter distribution in beaches 10

2.1.3. Characteristics and classification of plastic debris 10

2.1.3.1. Size classification of plastic debris 11

2.1.4. Plastic distribution, accumulation and enumeration 13

2.1.5. Degradation of plastic litter in marine environment 17

2.1.6. Impact on aquatic life 18

2.2. Persistent Organic Pollutants in Marine Plastic Debris 20

2.2.1. Persistent organic pollutants in marine environment 20

2.2.2. Passive samplers for persistent organic pollutants monitoring 20

2.2.3. Sorption and desorption of contaminants from plastics 22

2.2.4. Studies on persistent organic pollutants in beach plastics 23

2.2.5. Transfer of plastic-derived contaminants to organisms 26

2.3. Persistent Organic Pollutants in Sediment 27

2.3.1. Advances of analytical methods 29

2.3.2. Persistent organic pollutants in coastal sediment 31

2.3.3. Persistent organic pollutants in river sediment 33

2.3.4. Persistent organic pollutants in relation to sediment quality 33

2.3.5. Polycyclic aromatic hydrocarbons in sediment 36

2.3.6. Impact of persistent organic pollutants on organisms 39

2.3.7. Studies of persistent organic pollutants in India 41

3. MATERIALS AND METHODS 44

3.1 Study Area 44

3.1.1. Climate in Mumbai 45



3.2. Study Sites 45

3.2.1. Aksa beach 48

3.2.2. Versova beach 48

3.2.3. Juhu beach 48

3.2.4. Dadar beach 49

3.3. Sampling 49

3.3.1. Sampling for plastic litter in sediment 49

3.3.2. Plastic pellets collection for POP analysis 50

3.3.3. Sediment sampling for quality analysis 51

3.3.4. Sediment sampling for POP analysis 51

3.4. Sample Analysis 52

3.4.1. Sorting and quantification of plastic debris in sediment 52

3.4.2. Analysis of persistent organic pollutants in plastic pellets 52

3.4.2.1. Materials and reagents 52

3.4.2.2. Plastic pellets extraction in hexane 55

3.4.2.3. Fractionation of extract by silica gel column 57

3.4.2.4. Sample analysis by GC for PCB and pesticides 57

3.4.2.5. GC-MS analysis of PAHs 58

3.4.2.6. Identification and quantification of analytes in samples 58

3.4.2.7. Recovery estimation and method validation 61

3.4.3. Sediment quality analysis 62

3.4.31. pH 62

3.4.3.2. Electrical conductivity 62

3.4.3.3. Texture 62

3.4.3.4. Total organic carbon and total inorganic carbon 63

3.4.3.5. Available cations 63

3.4.4. Analysis of persistent organic pollutants in sediment 63

3.4.4.1. Soxhlet extraction 63

3.4.4.2. Cleanup and fractionation 64

3.4.4.3. Recovery estimation and method validation of POP analysis in sediment 64

3.5. Data Analysis 66



3.6. Statistical Analysis 67

4. RESULTS 68
4.1. Quantitative Assessment of Accumulation of Plastic Debris 68

4.1.1. Plastic litter enumeration in sediment 68

4.1.2. Size, colour and weight fractionation of plastic litter 73

4.1.2.1. Size fractionation of plastics 73

4.1.2.2. Correlation among abundances of size categories and total abundance 74

4.1.2.3. Colour fractionation of plastics 81

4.1.2.4. Weight fractionation of plastics 86

4.2. Persistent Organic Pollutants in Plastic Pellets 92

4.2.1. Polychlorinated biphenyls in plastic pellets 92

4.2.1.1. Spatial and temporal variation 93

4.2.1.2. Principal component analysis for PCBs 98

4.2.2. Organochlorine pesticides in plastic pellets 100

4.2.2.1. Spatial and temporal variation 101

4.2.2.2. Clustering of organochlorine pesticides 109

4.2.3. Polycyclic aromatic hydrocarbons in plastic pellets 109

4.2.3.1. Spatial and temporal variation 111

4.2.3.2. Polycyclic aromatic hydrocarbon distribution index 120

4.2.3.3. Clustering of polycyclic aromatic hydrocarbon compounds 122

4.3. Sediment Quality 122

4.4. Persistent Organic Pollutants in Sediment 126

4.4.1. Polychlorinated biphenyls in sediment 126

4.4.1.1. Spatial and temporal variation 127

4.4.1.2. Interaction of polychlorinated biphenyls and sediment properties 133

4.4.2. Organochlorine pesticides in sediment 136

4.4.2.1. Spatial and temporal variation 137

4.4.2.2. Interaction organochlorine pesticides and sediment properties 144

4.4.3. Polycyclic aromatic hydrocarbons in sediment 147

4.4.3.1. Spatial and temporal variation 148



4.4.3.2. Polycyclic aromatic hydrocarbon distribution index 157

4.4.3.3. Interaction of PAHs and sediment properties 158

4.5. Persistent Organic Pollutants in Plastic Pellets and Sediment 162

5 DISCUSSION 163
5.1. Contamination of Beach Sediment by Plastic Debris 163

5.1.1. Spatial and temporal variation 165

5.1.2. Size, color and weight fractionation 168

5.1.3. Mitigation of plastic pollution 173

5.2. Persistent Organic Pollutants in Plastic Pellets 174

5.2.1. Contamination of polychlorinated biphenyls in plastic pellets 177

5.2.2. Contamination of organochlorine pesticides in plastic pellets 183

5.2.3. Contamination of PAHs in plastic pellets 187

5.3. Persistent Organic Pollutants in Sediment 190

5.3.1. Contamination of polychlorinated biphenyls in sediment 191

5.3.2. Contamination of organochlorine pesticides in sediment 194

5.3.3. Contamination of polycyclic aromatic hydrocarbons in sediment 198

5.3.4. Environmental significance of POPs in sediment 202

5.4. Persistent Organic Pollutants in Plastic Pellets and Sediment 204

SUMMARY 207

REFERENCES 213



LIST OF TABLES

Tabic No. Title of the Table Page No.

1 Field sampling programme from May 2011 to March 
2012 50

2
Structure, chemical formula and molecular mass of 16 
PAHs on the EPA list 54

3 IUPAC number and chemical names of the 7 PCBs 55

4 Chemical Structure and molecular mass of 16 OCPs 56

5 Retention times (min) of OCPs and PAHs standards 61

6
Summary of two-way ANOVA for total plastic debris 
(weight and number) among month, beach and their 
interactions

71

7 Summary of two-way ANOVA for size fractions of 
plastics among months, beaches and their interactions 75

8 Abundance of micro-plastics (mean±SE) by weight of 
particles (g m'2) at beaches 77

9 Abundance of microplastics (mean±SE) by number of 
particles (items m‘ ) at beaches 77

10 Abundance of macroplastics (mean±SE) by weight (g 
m'2) at beaches 78

11 Pearson correlation matrix of weight and numbers of 
four size classes of plastics (n=72) 80

12 Summary of two-way ANOVA for distribution of 
colour fractions of plastics in sediment 82

13 Abundance of white plastics (mean±SE) by number 
(items m'2) at beaches 83

14 Abundance of coloured plastics (mean±SE) by number 
(items m‘2) at beaches

84

15 Abundance of transparent plastics (mean±SE) by weight 
(g m'2) at beaches 84



16
Summary of two-way ANOVA for distribution of 
weight fractions of plastics in beach sediment 88

17
Abundance of <0.05 g plastics (mean±SE) by weight (g 
m'2) at beaches 89

18
Abundance of <0.05 g plastics (mean±SE) by number 
(items m*2) at beaches 90

19
Abundance of 0.05-0.10 g plastics (mean±SE) by 
weight (g m'2) at beaches 90

20 Mean and range of PCB compounds plastic pellets 
(n=72)

92

21 Summary of two-way ANOVA for distribution of 
ZPCBs and PCB compounds in plastic pellets 95

22 Concentration of PCB compounds (mean±SE) at 
beaches during the study 97

23 Significant factor loadings (bold marked) for PCBs in 
plastic pellets 99

24 Mean±SE and range of 16 OCP compounds in plastic 
pellets (n=72) 101

25 Summary of two-way ANOVA for distribution of 
EOCPs, EHCHs and EDDTs in plastic pellets 102

26 Summary of two-way ANOVA for distribution of OCP 
compounds in plastic pellets 106

27
Concentration of OCP compounds (mean±SE) which 
varied significantly among beaches and/or months in 
plastic pellets

107

28
Mean±SE and range of PAH compounds, £16PAHs, 
XLPAHs and ZHPAH, and potentially carcinogenic 
PAHs (ZCPAHs) in plastic pellets

110

29 Summary of two-way ANOVA for distribution of 
ZPAHs and PAH fractions in plastic pellets 112

30 Summary of two-way ANOVA for distribution of PAH 
compounds in plastic pellets 116



31
Bimonthly concentrations (ng g'1; meanlSE) of 2-3 ring 
compounds (mean±SE) in plastic pellets 117

32 Mean±SE and range of sediment quality parameters 
(n=72) 123

33 Summary of two-way ANOVA for distribution of pH, 
EC, TIC and TOC in sediment 123

34 Mean and range of seven PCB compounds in sediment 
(n=72) 126

35 Summary of two-way ANOVA for distribution of 
EPCBs and PCB compounds in sediment atp=0.05 129

36 Bimonthly and beach-wise concentrations (ng g , 
mean±SE) of PCB compounds in sediment 132

37
Pearson’s multiple correlation matrix for 7 PCB 
compounds and some sediment quality parameters 
(n=72)

135

38 Mean±SE and range of 16 OCP compounds in beach 
sediment (n=72) 136

39
Summary of two-way ANOVA for distribution of 
EOCPs, EHCHs and EDDTs in sediment 139

40
Summary of two-way ANOVA for distribution of OCP 
compounds in sediment

142

41 Bimonthly concentrations (ng g , mean±SE) of OCP 
compounds in sediment 143

42
Pearson’s multiple correlation matrix for HOCP, HHCH, 
ZDDT, OCP compounds and some sediment quality 
parameters (n=72)

145

43
Mean±SE and range of 16PAH compounds, ZPAHs, 
ELPAHs, XHPAH and potentially carcinogenic PAHs 
(ECPAHs) in sediment

148

44 Summary of two-way ANOVA for distribution of 
ZPAHs and PAH fractions in sediment 150

45 Summary of two-way ANOVA for distribution of PAH 
compounds in sediment 153



46
Bimonthly and beach-wise mean concentration (ng g , 
mean±SE) of 2-3 ring PAH compounds in sediment

156

47
Pearson’s multiple correlation matrix of mean ETPAHs, 
ELPAHs, EHPAHs, ECPAHs and sediment properties 
(n=72)

160

48
Pearson’s multiple correlation matrix of mean PCB, 
OCP and PAH in plastic pellets and sediment 162

49
Abundances of microplastics in dry sediment in reported 
studies

171

50
Selected references reporting POP concentrations (ng g' 
]) on plastic particles in marine environment 176

51
Selected references on concentrations of various POPs 
in sediment from different areas (ng g") 199

52 Comparison of OCPs and PCBs in the study area with 
ERL, ERM TEL and PEL values (ng g 1 dry wt.)

204

p-...

INFC

LIBRARY
&

JRMATiCsM DIVISION 

16 JUN 2014 j
-- i

N A R A



LIST OF FIGURES

Figure
No. Title of the Figure Page No.

1 The map showing the sampling sites in Mumbai coast 47

2 Plastic pellets sampled in Versova beach in July 2011 51

3 GC-ECD chromatograms of standard solutions (10 ng 
Hi1): (a) PCBs, (b) OCPs 59

4 GC-MS chromatograms of standard solutions (10 ng pi" 
‘)ofPAHs 60

5 Recovery (mean±SE) of PCBs in SRM-1944 (n=5) 65

6 Recovery (mean±SE) of OCPs in SRM-1944 (n=5) 65

7 Recovery of PAH compounds (mean±SE) in SRM-1944 
(n=5) 66

8
Plastic litter abundance (mean±SE) in beach sediment of 
Aksa, Versova, Juhu and Dadar during the study period: 
(a) by weight, (b) by number of items

69

9 Microplastic items found on Juhu beach in May 70

10

Box-plots of plastic litter abundance in four beaches. 
The box represents 50% of the data in a series. The 
median is indicated by the horizontal line through the 
box. The ends of the box are the 25th and 75th 
percentiles. The error bars indicate the minimum and 
maximum observed values that are not statistically 
outlying. The extreme values are marked with an 
asterisk (*) in Juhu beach (n = 18 samples at each 
beach)

70

11

Abundance of plastics (mean±SE): (a) Bimonthly 
variation by weight and number; data points with 
different letters vary significantly among months in 
terms of number of plastics (p<0.05). (b) Beach-wise 
variation by weight and number; bars with different 
letters 'in lowercase vary significantly among beaches 
for weight and uppercase for number of items (p<0.05)

72



12

Abundance of micro-, meso-, macro- and mega- 
fractions (mean±SE) of plastics by weight and number: 
(a) Bimonthly variation (n=12), (b) Beach-wise 
variation (n=18)

76

—

13
Beach-wise variation of percentage of size fractions and 
overall mean (n=72) of plastic debris in sediment of 
Mumbai beaches by weight and number

78

14
Beach-wise variation of percentages of plastic pellets 
and overall mean (n=72) by number in microplastics 
(mean±SE)

79

15
Variation of colour fractions of plastics by weight and 
number: (a) Bimonthly variation (n=12), (b) Beach-wise 
variation (n=18)

81

16
Beach-wise percentages and overall mean (n=72) of 
colour fractions of plastic debris in beach sediment in 
terms of weight and number

85

17
Variation of weight fractions of plastics by weight and 
number: (a) Bimonthly variation (n=12), (b) Beach-wise 
variation (n=18)

87

18

Beach-wise percentages and overall mean (n=72) of 
weight fractions of plastic debris in terms of weight and 
number in beach sediment of Mumbai during the study 
period

91

19 Frequency of detection of seven PCB compounds in 
plastic pellets (n=72) 93

20 Bimonthly variation of EPCBs in Aksa, Versova, Juhu 
and Dadar beaches 94

21

Variation of ZPCBs in plastic pellets: (a) Bimonthly 
variation (different letters within each month represent 
the significant difference at p=0.05), (b) Beach-wise 
variation

96

22 Beach-wise and overall mean of relative compositions 
of PCBs according to number of Cl atoms 98

23 Component plot in rotated space for PCBs in plastic 
pellets 99



24 Frequency of detection of 16 OCP compounds in plastic 
pellets (n=72) 100

25
Bimonthly variation of ZOCPs in Aksa, Versova, Juhu 
and Dadar 102

26
Bimonthly variation of ZHCHs and EDDTs in Aksa, 
Versova, Juhu and Dadar: (a) ZHCHs, (b) ZDDTs 103

27

Variation of ZOCPs, ZHCHs and ZDDTs in plastic 
pellets: (a) Bimonthly variation (the values with 
different letters vary significantly at p=0.05 among 
months in terms of ZDDTs), (b) Beach-wise variation 
(the values with different letters vary significantly at 
/>=0.05 among beaches in terms of ZDDTs)

104

28
Beach-wise variation and overall mean (n=72) of 
relative composition of HCHs, DDTs and other OCPs in 
plastic pellets

105

29 Dendrogram of 16 OCPs using complete linage (Hierarchical 
cluster analysis)

109

30 Frequency of detection of 16 PAH compounds in plastic 
pellets (n=72)

111

31 Bimonthly variation of ZPAHs in plastic pellets of 
Aksa, Versova, Juhu and Dadar

112

32

Variation of ZPAHs, ZLPAHs, ZHPAHs, ZCPAHs in 
plastic pellets: (a) Bimonthly variation (different letters 
in lowercase within each month represent the significant 
difference in terms ZPAHs and different letters in 
uppercase within each month represent the significant 
difference in terms ZLPAHs at p=0.05), (b) Beach-wise 
variation of (different letters within each site represent 
the significant difference in terms of ZHPAHs at 
/ t=0.05)

113

33
Relative composition of LPAH and HP AH fractions in 
ZPAHs in plastic pellets: (a) Bimonthly variation, (b) 
Beach-wise and overall means (n=72)

114

34 Beach-wise variation and overall means of carcinogenic 
PAHs percentage in plastic pellets 114



35

Beach-wise variation of 2-3 ring PAH compounds in 
plastic pellets (different letters in lowercase within each 
site represent the significant difference in terms of Ace 
and different letters in uppercase within each site 
represent the significant difference in terms of Phe at 
p=0.05)

115

36

Variation of 4 ring PAH compounds: (a) Bimonthly 
(different letters within each month represent the 
significant difference in terms of Pyr at p=0.05), (b) 
Beach-wise (different letters within each site represent 
the significant difference in terms of Flut at /?=0.05)

118

37

Variation of 5-6 ring PAH compounds in plastic pellets: 
(a) Bimonthly (different letters within each month 
represent the significant difference in terms of B[a]P at 
p=0.05), (b) Beach-wise

119

38
Beach-wise variation and overall mean (n=72) of 
relative percentages of PAH compounds according to 
ring number

120

39
Variation of ^hpahs <̂ur'nS stucty: (a) Bimonthly
(different letters within each month represent significant 
difference atp=0.05), (b) Beach-wise

121

40 Dendrogram based on complete linkage for PAH 
compounds in plastic pellets

122

41

Variation of pH and EC: (a) Bimonthly variation 
(different letters in lowercase within each site represent 
the significant difference in terms of pH and at /?=0.05), 
(b) Beach-wise variation (different letters in uppercase 
within each site represent the significant difference in 
terms of EC at p=0.05)

124

42

Variation of inorganic and organic carbon: (a) 
Bimonthly variation (different letters in lowercase 
within each site represent the significant difference in 
terms of TIC at />=0.05), (b) Beach-wise variation 
(different letters in uppercase within each site represent 
the significant "difference in terms of TOC at p=0.05)

125

43 Frequency of detection of 7 PCB compounds in 
sediment (n=72) 127



44 Bimonthly variation of £PCBs in sediment of Aksa, 
Versova, Juhu and Dadar 128

45

Variation of £PCBs from May 2011 to March 2012 in 
sediment: (a) Bimonthly (different letters within each 
month represent the significant difference at £>=0.05), 
(b) Beach-wise (different letters within each month 
represent the significant difference at £>=0.05)

130

46

Variation of £3-5 Cl PCBs and £6-7 Cl PCBs from May 
2011 to March 2012 in sediment: (a) Bimonthly 
(different letters in lowercase within each month 
represent the significant difference for £3-5 Cl PCBs 
and different letters in uppercase within each month 
represent the significant difference for £6-7 Cl PCBs at 
/?=0.05), (b) Beach-wise (different letters in lowercase 
within each beach represent the significant difference 
for £3-5 Cl PCBs and different letters in uppercase 
within each beach represent the significant difference 
for £6-7 Cl PCBs atp=0.05)

131

47 Beach-wise variation and overall mean (n=72) of 
relative compositions of PCB compounds in sediment 133

48 Dendrogram based on complete linkage for £PCBs, 
PCB compounds and sediment quality parameters

134

49 Frequency of detection of OCPs in sediment samples 
(n=72) 137

50 Bimonthly variation of £OCPs in sediment of Aksa, 
Versova, Juhu and Dadar

138

51 Bimonthly variation of £HCHs of sediment in Aksa, 
Versova, Juhu and Dadar 138

52 Bimonthly variation of £DDTs in sediment of Aksa, 
Versova, Juhu and Dadar 139

53

Variation of £OCPs, £HCHs and £DDTs in sediment: 
(a) Bimonthly, the values with different letters in 
lowercase vary significantly in terms of £OCPs, the 
values'with different letters in lowercase (bold) vary 
significantly in terms of £HCHs, the values with 
different letters in uppercase vary significantly in terms 
of £DDTs at£>=0.05; (b) Beach-wise

140



54
Beach-wise variation and overall mean (n=72) of 
relative composition of HCHs, DDTs and other OCPs in 
sediment

141

55 Dendrogram based on complete linkage for OCPs and 
sediment properties

144

56
Frequency of detection of 16 PAH compounds in 
sediment (n=72) 147

57 Bimonthly variation of XPAHs in sediment of Aksa, 
Verso va, Juhu and Dadar beaches 149

58

Variation of XPAHs XLPAHs, EHPAHs, XCPAHs in 
sediment: (a) Bimonthly variation (different letters in 
lowercase, lowercase-bold and uppercase within each 
month represent the significant difference for XPAH, 
XLPAHs and XCPAHs, respectively, at p=0.05), (b) 
Beach-wise (different letters in lowercase within each 
site represent the significant difference in terms of 
XPAHs and different letters in uppercase within each 
site represent the significant difference in terms of 
XLPAHs atp=  0.05)

151

59
Beach-wise variation and overall mean (n=72) of 
relative compositions of LPAHs and HPAHs in 
sediment

152

60

Variation of 4-ring PAH compounds in sediment: (a) 
Bimonthly (different letters in lowercase, uppercase and 
lowercase-bold within each month represent the 
significant difference for Flut, B[a]A and Chr, 
respectively, at /?=0.05), (b) Beach-wise (different 
letters within each site represent the significant 
difference in terms of Chr at p=0.05)

154

61

Variation of 5-6 ring PAH compounds in sediment: (a) 
Bimonthly (different letters in lowercase and uppercase 
within each month represent the significant difference 
for I[cd]P and B[ghi]P respectively at p=0.05) (b) 
Beach-wise (different letters in lowercase and uppercase 
within each month represent the significant difference 
for I[cd]P and B[ghi]P respectively atp=0.05)

155



62
Beach-wise variation and overall mean (n=72) of 
relative composition of PAH compounds in sediment 
according to ring

157

63

y* LPAHsVariation of --------- in sediment during the study: (a)
2a HPAHs

Bimonthly (different letters within each month represent 
the significant difference at/?=0.05), (b) Beach-wise

158

64
Dendrogram based on complete linkage for IP AH, 
ILPAH, LHP AH LCAH and PAH compounds, and 
some sediment quality parameters

159

65
Dendrogram based on complete linkage for POPs in 
plastic pellets and sediment

162


