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Abstract Polycyclic aromatic hydrocarbons

(PAHs), organochlorine pesticides (OCPs) and phe-

nolic compounds (PCs) are persistent organic com-

pounds. Contamination of these potentially toxic

organic pollutants in soils and sediments is most

studied environmental compartments. In recent past,

studies were carried out on PAHs, OCPs and PCs in

various soils and sediments in India. But, this is the

first study on these pollutants in soils and sediments

from an urbanized river flood plain area in Delhi,

India. During 2018, a total of fifty-four samples

including twenty-seven each of soil and sediment were

collected and analyzed for thirteen priority PAHs, four

OCPs and six PCs. The detected concentration of
P

PAHs,
P

OCPs and
P

PCs in soils ranged between

473 and 1132, 13 and 41, and 639 and 2112 lg/kg,
respectively, while their concentrations in sediments

ranged between 1685 and 4010, 4.2 and 47, and 553

and 20,983 lg/kg, respectively. PAHs with 4-aro-

matic rings were the dominant compounds, accounting

for 51 and 76% of total PAHs in soils and sediments,

respectively. The contribution of seven carcinogen

PAHs (7CPAHs) in soils and sediments accounted for

43% and 61%, respectively, to
P

PAHs. Among

OCPs, p, p’-DDT was the dominant compound in

soils, while a-HCH was found to be dominated in

sediments. The concentrations of
P

CPs (chlorophe-

nols) were dominated over
P

NPs (nitrophenols) in

both the matrices. Various diagnostic tools were

applied for the identification of their possible sources

in soil and sediments. The observed concentrations of

PAHs, OCPs and PCs were more or less comparable

with the recently reports from various locations

around the world including India. Soil quality guide-

lines and consensus-based sediment quality guidelines

were applied for the assessment of ecotoxicological

health effect.

Keywords Persistent organic pollutants � Priority
PAHs � Organochlorine pesticides � Priority phenols �
Soil � Sediment � Flood plains

Introduction

Soils and sediments play important role in the

distribution of organic pollutants (OCs) in the envi-

ronment, particularly in tropical climates (Wilcke
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2000). Contaminations of OCs in soil and sediments

are affected by the characteristic properties of OCs,

including water solubility, and contents and properties

of the organic matter in the soil and sediments due to

the affinity of OCs for organic matter (Li et al. 2018;

Persson et al. 2007). With respect to their quantity and

bulky holding capacity on organic matter, soil and

sediments are considered as sink and re-emission

sources of the OCs through volatilization, degradation

and leaching (Aleksandra et al. 2019; Gough 1991).

Worldwide, soil and sediments were the most studied

environmental compartment for OCs including PAHs

(Ghosh & Maiti 2019; Zhou et al. 2017; Goswami

et al. 2016; Kumar et al. 2014a, b; Wang et al. 2008;

Wilcke 2000), OCPs (Chakraborty et al. 2016; Kumar

et al. 2016, 2014a; Wang et al. 2008) and PCs (Yahaya

et al. 2019; Kumar et al. 2017, 2016, 2014c; Olujimi

et al. 2010; Marianna 2004). The major sources of

these OCs in soils and sediments are atmospheric

transport depositions and anthropogenic activities

(Wang et al. 2009; O’Driscoll et al. 2014; Li et al.

2018). Due to their toxicological properties and

environmental concern, some compounds of PAHs,

OCPs and PCs have been classified as priority

pollutants by various international agencies (WHO

1989; EC 2001; USEPA 2015).

PAHs are released to the environment mainly from

petroleum products (petrogenic sources) and combus-

tion activities including incomplete combustion of

coal, petroleum products and biomass (pyrogenic

sources) (ATSDR 1995). PAHs emissions are corre-

lated with thermal energy generation and consumption

for rapid growth of population, urbanization and

industrialization (Hafner et al. 2005). Released PAHs

in atmosphere partitioned into particulate and gaseous

phase, which then transported and deposited on the

vegetation, water bodies and soil (Wang et al. 2009).

PAHs are known to genotoxic effects including

induced mutation through formation of DNA adduct

and causes to developing carcinogenesis (ATSDR

1995). USEPA’s carcinogenicity risk assessment

verification endeavor work group (ATSDR 1995)

and WHO’s the International agency for research on

cancer (IARC) (IARC 2010) classified carcinogenicity

of priority PAHs. Benzo(a)pyrene (BaP) is classified

as human carcinogen (group I), dibenzo(a,h)an-

thracene (DBA) as probable carcinogens (group 2A),

and benzo(a)anthracene (BaA), chrysene (CHR),

benzo(b)fluoranthene (BbF), benzo(k)fluoranthene

(BkF), naphthalene (NPT) and indeno(1,2,3-cd)pyr-

ene (Ind) classified as possible carcinogens (group 2B)

(IARC 2010; ATSDR 1995).

OCPs including DDTs and HCHs are low-cost

pesticides and have been widely used in public health,

agriculture and industrial activities (ATSDR

2005, 2008). As isomers of DDT and HCH have been

listed as persistent organic pollutants (POPs) under

Stockholm Convention, their use had been prohibited

or restricted in several countries, but these are still

produced and used in many countries (UNEP 2017).

Government of India banned the use of DDT and HCH

in agriculture and restricted for use in public health

programs (PPQS 2019; UNEP 2017). Their long-range

atmospheric transport (LRAT) tendency makes them

globally distributed in all the environmental compart-

ments including regions far from their release sources,

such as the Arctic regions (Becker et al. 2009). DDTs

and HCHs are known for their properties of persis-

tence, bio-accumulative, causative to wide range of

chronic and acute toxicity (ATSDR 2005, 2008).

The PCs and their derivatives have been used in the

production of pesticides, pharmaceutical products,

wood preservatives and industrial applications (WHO

1989). They enter into environment through various

anthropogenic sources including industrial activities

or by domestic sewage, and their sorption to organic

matter leads to persistent contamination in soils and

sediments (WHO 1989; Santana et al. 2009). Some

PCs originate from the transformation of pesticides

(Marianna 2004) and vehicular emissions (Michalow-

icz and Duda 2007). Cholorophenols and nitrophenols

show toxicity, mutagenicity and carcinogenicity,

endocrine disrupters and vasodilator activities

(Michalowicz and Duda 2007; Olujimi et al. 2010).

During past recent years, various soils and sedi-

ments were accessed in India for PAHs (Ghosh &

Maiti 2019; Mitra et al. 2019; Khuman et al., 2018;

Goswami et al. 2016; Kumar et al. 2015a, b, c), OCPs

(Mitra et al. 2019; Kumar et al. 2018, 2016, 2014a,

2014b; Chakraborty et al. 2016; Hashmi & Menon

2015) and PCs (Kumar et al. 2018, 2016, 2014c).

However, the literature for these POPs in soil and

sediment from flood plains is not available in India.

This is probably first report on these pollutants in soils

and sediments from an urbanized river flood plains in

India. During the present study, selected compounds

of priority PAHs, OCPs and PCs were measured in

soils and sediments from flood plain area of Yamuna
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River in Delhi, India. Their possible sources were

identified using various diagnostic tools, and ecotox-

icological health effects were evaluated using stipu-

lated guidelines (CCME 2010; Buckman 2008;

WDNR 2003).

Materials and methods

Solvents, chemicals and standards

HPLC-grade solvents & water, and analytical grade

chemicals procured from Fisher Scientific (India) and

Sigma-Aldrich (USA). Standard solutions of individ-

ual PAHs [fluorene (FLE), phenanthrene (PHE),

anthracene (ANT), fluoranthene (FLT), pyrene

(PYR), benzo(a)anthracene (BaA), chrysene (CHR),

benzo(b)fluoranthene (BbF), benzo(k)fluoranthene

(BkF), Benzo(a)pyrene (BaP), benzo(g,h,i)perylene

(BghiP), dibenzo(a,h)anthracene (DBA) and

indeno(1,2,3-cd)pyrene (Ind)], OCPs (a-HCH, c-
HCH, p,p’-DDT and p,p’-DDE) and PCs [2-nitrophe-

nol (2-NP), 2,4-dinitrophenol (2,4-DNP),

2-chlorophenol (2-CP), 2,4-dichlorophenol (2,4-

DCP), 4-chloro-3-methylphenol (4-C,3-MP) and pen-

tachlorophenol (PCP)] were purchased from AccuS-

tandard (USA) and Supelco (Sigma-Aldrich, USA).

Study area and sampling

Soil and sediment samples were collected from flood

area of Yamuna River in Delhi. Delhi (28.38�N and

77.13�E), the national capital of India, is a business

center in the northern India which lies on the banks of

the Yamuna River. Yamuna River receives most of the

wastewater generated in Delhi through major and

minor drains in 22 km stretch. Delhi with 1483 km2

area and 16.78 million of total population (DES 2016)

generates 4155 MLD (million liters per day) of waste

water. Out of generated waste water, treatment facility

is available for 2693.7 MLD (Sulabh 2019). The

transportation is predominantly road based with total

numbers of registered vehicles of 9.7 million including

two wheelers (62.90%), cars, & jeeps (30.77%) and

commercial vehicles including auto rickshaw, taxes,

buses and goods vehicles (6.33%) (DES 2016). Delhi

has gasoline-based power plants and waste to energy

plants for the generation of 2253 MW electricity

(DERC 2017). There are numbers of designated

industrial areas with various activities. The climate

of Delhi is tropical semiarid with ambient temperature

of 4–58C during months of December–January in

winter season and 40–458C during months of May–

June in summer. Generally, winds are north–western

while south–eastern winds are prevalent during mon-

soon season. With annual average of * 714 mm,

region received approximately 80% of rainfall during

monsoon season (CPCB 2016).

A total of fifty-four samples including twenty-

seven each of soil and sediment were collected during

June 2018 from three locations in Yamuna flood plains

(*97 km2) (Fig. 1). One location (SV) is on upstream

of River flood plain area to the Delhi. Second location

(GC) is * 10–12 km downstream of first location in

the middle of River flood plain area. Third location

(OK) is * 10–12 km downstream of second location.

Approximately 200 g of sub-surface (0–10 cm depth)

soil and surficial sediment in triplicates was collected

from three points in the radius of * 500 m of each

location (nine samples from each location). Unwanted

materials removed manually, and an aliquot of thor-

oughly mixed sample was taken into labeled pre-clean

wide mouth amber glass containers. Containers with

collected samples were preserved with ice and trans-

ported to the laboratory to store at 4–8 �C.

Sample extraction analysis and analytical quality

control

The collected samples were air dried, homogenized

and 1 mm size stored in amber glass bottles at

4 ± 2 �C for further processing. Samples for PAHs

and OCPs were extracted three times with acetone–

hexane (1:1 v/v) in ultrasonic bath. Pooled organic

layer with pollutants passed through sodium sulfate on

Whatman 41 filter paper and was concentrated to near

2 mL using a rotary evaporator (Eyela, Tokyo, Japan).

Concentrated extracts were divided into two aliquots

of *1 mL each for clean-up for PAHs and OCPs

separately following the USEPA method 3630C. For

PCs, sample was extracted thrice with 0.1 M NaOH in

methanol with ultrasonic bath, and pooled methanol

extract was subjected to liquid–liquid extraction using

dichloromethane at pH\ 2. The organic phase was

concentrated to near 5 mL, solvent exchanged to

methanol and reduced to 1.0 mL for analysis (Kumar

et al. 2014d).
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Target individual PAHs were analyzed by HPLC

(Agilent 1100, USA) equipped with diode array

detector (DAD, k = 254 nm), analytical column

(LC-PAH SupelcosilTM) and guard column (Eclipse

XDB-C8). Gradient flow (1.0 mL min-1) of acetoni-

trile (60%) and water (40%) was used as mobile phase

(Kumar et al. 2015a, b, c). The quantification of target

OCPs was carried out using gas chromatograph

(Perkin Elmer, Clarus 500, USA) equipped with an

electron capture detector (ECD, 63Ni) and Elite-1

fused silica capillary column (Kumar et al. 2018). PCs

were quantified by using HPLC equipped with DAD

(k = 280 nm), C18 analytical column (Ascentis�,

Supelco, USA) and a guard column. Methanol with

Fig. 1 Map showing sampling locations in study area
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0.15% o-phosphoric acid and water with 0.15% o-

phosphoric acid were used in mobile phase with

gradient flow @ 0.7 mL min-1 (Kumar et al. 2014d).

Strict required analytical quality control analysis

was performed during determination of PAHs, OCPs

and PCs. Quality control considerations were five-

level calibration curves (r2, 0.999) of certified refer-

ence standards, calibration verification (sd,\ 10%),

method blanks in triplicate (analytes concentrations

was\MDL ‘method detection limit’), duplicate

analysis (sd,\ 10%), accuracy and detection limits.

The peak identification of the analytes was done by the

accurate retention time of each individual standard.

The mean of two measurements was used in calcula-

tions. The accuracy of method was assessed through

matrix spiked recovery. The average recoveries for

OCPs, PCs and PAH compounds ranged between 82

and 106% (± 11–16%), 51 and 95% (± 5–11%) and

94 and 100% (± 5–7%), respectively. Detection limits

(DLs) were estimated using signal-to-noise ratio[
3:1 (s/n[ 3) (WDNR 1994). The estimated DLs for

PAHs, OCPs and PCs ranged between 0.01 and

0.12 lg/mL, 0.02 and 0.05 lg/mL and 3.3 and

18.6 lg/mL, respectively. Calibration range, linearity,

DLs and recoveries are presented in Table S1.

Results and discussions

Distribution of PAHs

The descriptive concentrations of total PAHs and in

soil and sediments are presented in Tables 1 and 2,

respectively, and their individuals are depicted in

Fig. 2. The mean of
P

PAHs was comparatively

higher in sediments (3002 ± 956 lg/kg) than soils

(785 ± 224 lg/kg). Average concentration of 3-ring

to 6-ring PAHs in soils was 150 ± 85, 402 ± 65,

148 ± 33 and 85 ± 65 lg/kg, respectively, for

3-ring, 4-ring, 5-ring and 6-ring PAHs and accounted

for 21%, 51%, 19% and 11%, respectively, to
P

PAHs. The dominant PAHs in soil were FLT

(169 ± 26 lg/kg), CHR (107 ± 72 lg/kg), PHE

(98 ± 76 lg/kg), PYR (73 ± 37 lg/kg), BbF

(70 ± 38 lg/kg), BkF (66 ± 27 lg/kg) and BghiP

(53 ± 51 lg/kg). The concentration of 3-ring, 4-ring,

5-ring and 6-ring PAHs in sediments ranges between

213 and 980 lg/kg, 1306 and 3330 lg/kg, 32 and

239 lg/kg and 29 and 125 lg/kg with the mean values

of 522 ± 232, 2288 ± 757, 122 ± 72 and

69 ± 33 lg/kg, respectively, which accounted for

17%, 76%, 4% and 2%, respectively, to
P

PAHs.

CHR, FLT, FLE and PYR were the dominant PAHs in

sediment, and their average concentration was

1686 ± 794, 436 ± 424, 423 ± 174 and

152 ± 102 lg/kg, respectively (Fig. 2). The domi-

nance of FLT, CHR, PYR and FLE indicated origin

from combustion process (Khalili et al. 1995). Further,

dominance of 4-ring PAHs over other homologs in

both the matrices supported pyrogenic sources

(Table 1). Dominance of FLT, PYR, BbF, BkF and

CHR is reported for high-temperature combustion

activities (Singh et al. 2012; Ravindra et al. 2008;

Khalili et al. 1995).

Spatial distribution of
P

PAHs in soils at SV, GC

and OK was 528 ± 49, 1031 ± 88 and 796 ± 5 lg/
kg, respectively. However, in sediments, it was

1820 ± 125, 3567 ± 590 and 3618 ± 386 lg/kg at

SV, GC and OK, respectively. The contribution of

4-ring PAHs (dominant homolog) in soils at SV, GC

and OK was accounted for 64%, 45% and 51%,

respectively, to
P

PAHs. However, their contribution

in sediments at different locations was 77%, 73% and

79% to
P

PAHs at SV, GC and OK, respectively. FLT

and CHR were the most dominant compound in soil

and sediment, respectively. Average concentration of

FLT in soil at SV, GC and OK was 183 ± 18 lg/kg,
188 ± 15 lg/kg and 136 ± 16 lg/kg, respectively

(Tables 1 and 2). On the other hand, average concen-

tration of CHR in sediments at SV, GC and OK was

824 ± 78, 2547 ± 483 and1687 ± 238 lg/kg,
respectively (Tables S2 and S3). Dominance of FLT

and CHR indicated combustion sources. Compara-

tively elevated levels of PAHs at GC can be charac-

terized by its zone in the center of the city and

influenced by major wastewater drains and vehicular

emissions (Kumar et al. 2015a, 2018). OK is located at

downstream of Delhi with cumulative sediment

deposition through controlled water flow and wastew-

ater discharges through two major drains. On the other

hand, comparatively low levels at the SV may be due

to its wide open area with low impact of direct

discharges from anthropogenic activities.

The observed concentrations of PAHs in soil and

sediments were compared with the recent similar other

studies undertaken worldwide including India

(Table S4) and found more or less comparable. The

observed
P

PAHs in soils were lower than soils of
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Eastern India, Dhanbad and Delhi (India), Orlando &

Thampa (USA), Pohang (South Korea), Kathmandu

(Nepal), Shandong, Xian and Shengli (China),

Vhembe and Cape Town (South Africa) and San

Mateo Ixtatan (Guatemala), but, higher than Ghazi-

abad and Gwalior cities of India and Gyeonggi (South

korea). Observed
P

PAHs in sediments

(3002 ± 956 lg/kg) were lower than Cooum River

(India), Ammer River (Germany), Daliao River

(China), Cakung, Sunter & Ciliwung Rivers (Jakarta),

Karoon River, (Iran) and Algoa River (South Africa),

however, lower concentrations were reported from

Hooghly River, Brahmaputra River, Ennore estuary

and Adyar River in India, Tiber River (Italy), Xijiang

River and Yinma River (China), Durban (South

Africa), Cauca River (Columbia) and Huveaune River

(France).

BaP toxicity equivalency (BaPTEQ) and toxic

fraction of PAHs

BaP toxicity equivalency (BaPTEQ) represents the

relative carcinogenic potential to the corresponding

PAHs to BaP. Toxicity equivalency factors (TEFs)

(Tsai et al. 2004) were used to estimate the BaPTEQ of

the target PAHs relative to BaP (Table 3). The BaPTEQ
was calculated by multiplying the concentration of

individual PAHs with the corresponding TEF. Based

on cancer risk to humans, the Canadian Government

established safe level of BaPTEQ (600 lg kg-1)

(CCME. 2010). Comparatively higher BaPTEQ was

observed in sediments (range, 38–254 lg/kg, mean,

128 ± 78 lg/kg) than soils (range, 27–70 lg/kg,
mean, 50 ± 16 lg/kg).

P
BaPTE in soils at SV, GC

and OK was 26 ± 2 54 ± 14 and 53 ± 7 lg/Kg,
respectively, while in sediments it was 41 ± 4,

206 ± 58 and 136 ± 5 lg/Kg, respectively. Seven

PAHs (BaA, Ind, BaP, BbF, BkF, DBA, CHR) are

suggested as carcinogenic PAHs (7CPAHs) (IARC

2010). Concentration of
P

7CPAHs in soils and

sediments ranged between 168 and 457 lg/kg and

818 and 3270 lg/kg, with the mean value of

340 ± 122 lg/kg and 1837 ± 870 lg/kg, and their

contributions were accounted for 43% and 61%,

respectively, of
P

PAHs (Tables 1 and 2). However,

BaPTEQ for
P

7CPAHs in soils and sediments was

1
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Fig. 2 Concentrations plot of individual PAHs in soils and Sediments
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44 ± 15 lg/kg (range, 23–68 lg/kg) and

126 ± 78 lg/kg (range, 126–78 lg/kg) and

accounted for 98% and 99%, respectively, to
P

BaPTEQ. The major contributors to
P

BaPTEQ in

soils were BaA, BbF, BkF, BaP and DBA, while, in

sediments CHR, BaP and DBA were the major

contributors. Sum BaPTEQ of major contributors in

soil and sediments accounted for 89% and 94%,

respectively, to
P

BaPTEQ (Table S5). These results

prevail the importance of BaA, CHR, BbF, BkF, BaP

and DBA in the carcinogenic potential for PAHs in the

soils and sediments from flood plains in Delhi.

Possible sources of PAHs

Presences of different homologs of PAHs (PAHs with

number of aromatic rings) and PAHs with different

molecular weights within the environment are indica-

tive of their possible origin sources (Kumar et al.

2014a, b, 2015a,b; Ray et al. 2013; Khaiwal et al.

2008; Khalili et al. 1995). During the present study,

4-rings PAHs were the dominant homolog, followed

by 3-ring PAHs (Tables 1 and 2), which indicated

mixed pyrogenic sources. These groups of PAHs can

exist both within the vapor and particulate phase (Ray

et al. 2013) and settle down in the vicinity of origin.

The dominance of 3–4-rings PAHs has been reported

from localized mixed sources coupled with atmo-

spheric transport (Wang et al., 2009, 2017). PAHs

with\ 4 aromatic rings (low molecular weight-

PAHs) are characterized by combustion of woods,

grass and industrial oil, and petroleum products

(Khalili et al. 1995; Wilcke 2007), while PAHs

with C 4 aromatic rings (high molecular weight-

PAHs) are indicatives of pyrogenic activities at high

temperature including coal combustion and vehicular

emissions (Khalili et al. 1995; Marr et al. 1999).

Generally, HMW-PAHs are likely to occur in closer

proximity to emission sources, while LMW-PAHs

transported to areas from the emission sources (Wang

et al., 2009, 2017). Thus, homolog pattern of PAHs

with different molecular weight shows local combus-

tion sources coupled with atmospheric transported

depositions to the study area (Ray et al. 2013; Singh

et al. 2012).

Molecular diagnostic ratios (MDR) of selected

PAHs concentrations including FLE/(FLE ? PYR),

ANT/(ANT ? PHE), FLT/(FLT ? PYR), BaA/

(BaA ? CHR), BbF/BkF, BaP/BghiP, BaP/(BaP ?

Chr) and Ind/(Ind ? BghiP) were also used as tools

for identification of possible sources of PAHs

(Table 4). Observed average ratio of PAHs in soil

and sediments was indicatives of various pyrogenic

sources of PAHs emission, such as FLE/(FLE ?

PYR) (0.34–0.72) for petrol and diesel (Khaiwal et al.

2008), ANT/(ANT ? PHE) (0.21–0.25) for petro-

leum & biomass combustions (Yunker et al. 2002),

FLT/(FLT ? PYR) (0.61–0.71) for biomass, coal

combustion (Yunker et al. 2002), BaA/(BaA ? CHR)

(0.01–0.42) for petrogenic and combustion of petro-

leum and biomass (Yunker et al. 2002), BbF/BkF

(1.35–1.50) for diesel engine and vehicular emissions

(Dickhut et al. 2000), BaP/BghiP (0.47–2.89) for

vehicular emissions and coal combustions (Simcik

et al. 1999), BaP/(BaP ? Chr) (0.05–0.18) for gaso-

line (Khalili et al. 1995) and Ind/(Ind ? BghiP)

(0.12–0.41) for petrogenic and petroleum combustions

(Table 4). MDR analysis indicated mixed combustion

activities including petrol, diesel, gasoline, biomass

and coal combustions and vehicular emissions as the

major sources. However, petrogenic sources can be

associated with automobile workshops and accidental

spillage. Correlation analysis was also performed as

Pearson’s moment correlation coefficients, and sig-

nificant correlation (p\ 0.01) between the LMW-

PAHs and HMW-PAHs was observed during the study

(Table 5). Correlationship between FLE, PHE, ANT

and CHR suggested biomass combustions sources, and

correlation among BbF, BkF, BaP, DBA and Ind

indicated emissions during the high temperature

combustion process such as vehicles, industries and

coal combustions (Marr et al. 1999). It is concluded

that mixed pyrogenic sources of biomass and coal

combustion and vehicular emissions could be the

foremost significant sources of PAHs in study areas.

Various researchers have reported similar PAHs

sources from vehicles, diesel engines, coal, wood &

biomass combustions and gasoline for Delhi region

(Kumar et al. 2015a, b; Ray et al. 2013; Singh et al.

2012).

Distribution of organochlorine pesticides (HCHs

and DDTs)

-Descriptive concentrations of
P

OCPs including
P

HCH and
P

DDT are presented in Tables 1 and 2,

and their individual isomers are presented in Fig. 3.

The
P

OCPs were comparatively higher in soils
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Table 4 Molecular ratio of selected PAHs for identification of possible sources in soils and sediments

Diagnostic ratios with their reported values for possible sources Soil Sediments

PAH ratio Value Possible sources Reference

FLE/(FLE ? PYR) \ 0.5 Petrol emissions Ravindra et al. 2008 0.34 (0.14–0.61)* 0.72 (0.37–0.98)

[ 0.5 Diesel emissions

ANT/(ANT ? PHE) \ 0.1 Petrogenic Yunker et al. 2002 0.25 (0.06–0.58) 0.21 (0.04–0.42)

[ 0.1 Petroleum, biomass comb

FLT/(FLT ? PYR) \ 0.4 Petrogenic Yunker et al. 2002 0.71 (0.55–0.84) 0.61 (0.41–0.85)

0.4–0.5 Fossil fuel combustion

[ 0.5 Biomass, coal comb

BaA/(BaA ? CHR) \ 0.2 Petrogenic Yunker et al. 2002 0.42 (0.16–0.78) 0.01 (0.01–0.02)

0.2–0.35 Petroleum comb

[ 0.35 Biomass, coal comb

BbF/BkF 0.92 Wood comb Dickhut et al. 2000 1.50 (0.18–3.88) 1.35 (0.24–4.67)

1.07 Diesel engine

1.30 Vehicular emission

3.7 Coal combustion

BaP/BghiP 0.3–0.78 Vehicular emissions Simcik et al. 1999 0.47 (0.12–1.33) 2.89 (0.17–6.59)

0.9–6.6 Coal comb

BaP/(BaP ? CHR) \ 0.49 Gasoline Khalili et al. 1995 0.18 (0.05–0.41) 0.05 (0.02–0.07)

[ 0.50 –0.73 Diesel engine

Ind/(Ind ? BghiP) \ 0.2 Petrogenic Yunker et al. 2002 0.41 (0.13–0.71) 0.12 (0.03–0.32)

0.2–0.5 Petroleum comb

[ 0.5 Biomass, coal comb

*range in parenthesis

Table 5 Pearson’s correlation coefficient among individual target PAHs

PHE ANT FLT PYR BaA CHR BbF BkF BaP BghiP DBA Ind

FLE 0.081 -0.264 0.483 0.259 -0.713 0.866 -0.611 -0.697 0.820 -0.121 -0.517 -0.744

PHE 1.00 0.527 -0.497 -0.658 0.327 0.264 0.490 -0.178 0.345 0.500 0.412 0.224

ANT 1.00 -0.292 -0.262 0.363 -0.170 0.380 0.007 -0.181 0.478 0.537 0.208

FLT 1.00 0.716 -0.327 0.214 -0.392 -0.273 0.151 -0.286 -0.469 -0.347

PYR 1.00 -0.445 0.030 -0.534 -0.340 -0.122 -0.170 -0.522 -0.460

BaA 1.00 -0.649 0.761 0.580 -0.488 0.139 0.556 0.754

CHR 1.00 -0.572 -0.664 0.956 -0.078 -0.296 -0.718

BbF 1.00 0.369 -0.465 0.479 0.478 0.852

BkF 1.00 -0.519 -0.415 0.547 0.660

BaP 1.00 -0.147 -0.248 -0.585

BghiP 1.00 0.048 0.091

DBA 1.00 0.442

Ind 1.00

Letters in bold denote significant correlations at p\ 0.01
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(25 ± 8.5 lg/kg) than sediments (21 ± 16 lg/kg).
The observed concentrations of DDTs in soil were

above (4.8–25 lg/kg) than HCHs (3.9–17 lg/kg).
However, sediments contents of HCHs were above

(2.5–29 lg/kg) than DDTs (0.41–18 lg/kg). Compar-

atively, higher concentration of
P

OCPs in soils was at

GC (32 ± 10 lg/kg) than OK (22 ± 3 lg/kg) and SV
(21 ± 8 lg/kg). Similar to soils, mean of

P
OCPs in

sediments was also comparatively higher at GC

(39 ± 8 lg/kg) than OK (20 ± 4 lg/kg) and SV

(4.91 ± 0.72 lg/kg). Dominance of p,p’-DDT and

c-HCH was observed in both the matrices at all the

locations (Fig. 3). Comparatively, a-HCH in soils was

higher at OK, while c-HCH, p,p’-DDT and p,p’-DDE

were higher at GC (Table S2). However, in sediments

concentration of a-HCH, c-HCH, p,p’-DDT and p,p’-

DDEwas higher at GC than other locations (Table S3).

Observed concentrations of HCHs and DDTs were

compared with similar other studies (Table S4). The

HCHs are comparable with soils from Ghaziabad and

Korba (India), Huangpi (China), Campanian (Italy),

Indus (Pakistan) and KieuKy (Vietnam) and higher

than Gwalior and Delhi (India), Nabeul (Tunisia) and

Kathmandu, Pokhara, Birgunj (Nepal). On the other

hand, HCHs in sediments were lower than Vasai,

Sabarmati River, Cochin (India) and St. Lucia (South

Africa) and higher than Hooghly River (India),

Xijiang River and Jiulong River (China), Tiber River

(Italy) and Ravi and Korang River (Pakistan). The

concentrations of DDTs in soils were lower than

Korba (India), Campanian (Italy), Nabeul (Tunisia),

KieuKy (Vietnam), Kathmandu, Pokhara, Birgunj

(Nepal), but higher than Huangpi (China), Delhi

(India) and Indus (Pakistan). However, DDTs in

sediments were higher than Tiber River (Italy) and

lower than Brahamputra, Vasai, Sabarmati, Cochin

(India) and River sediments of Ethopia, China, South

Africa, Vietnam, Cameroon and Pakistan (Table S4).

Possible sources of OCPs

MDR and composition profiles were applied for

identification of possible sources of HCH and DDT

in soils and sediments. The a/c-HCH ratio has been

widely used to identify the possible sources of HCH in

the environment (Pozo et al. 2017; Chakraborty et al.

2016; Kata et al. 2015; Kumar et al. 2016, 2014a;

Becker et al. 2009). Dominance of a-HCH in soils and

c-HCH in sediments, and pooled average ratios of a/c-
HCH (0.35–1.08) (Table 6), indicated usage and input

of technical HCH and lindane input in the study areas.

Lower ratios of a/c-HCH (B 1) were suggested for

input of lindane formulation and higher ratios for

technical HCH (Malaiyandi and Shah 1980). c-HCH
can transform into a-HCH in warm and humid tropical

environment and higher intensity of solar ultraviolet

radiations (Malaiyandi and Shah 1980). The Govern-

ment of India had restricted the use of HCH for public

health purposes and banned for use of in agriculture

(UNEP 2011), while application of lindane has been

exempted under protocol of Stockholm Convention,

and subsequently, technical HCH was replaced with

lindane for agricultural and pharmaceutical use in

India (PPQS 2019; UNEP 2011). As p,p’-DDT in a

tropical environment under aerobic conditions can

transform to stable DDE metabolites (Aislabie et al.

1997), their ratio has been widely used for identifica-

tion of the possible sources DDTs in the environment
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(Pokhrel et al. 2018; Pozo et al. 2017; Srirumali et al.

2015). Comparatively higher concentration of p,p’-

DDT than p,p’-DDE and higher ratios (2.41–2.26)

(Table 6) reflected recent contamination of DDTs. The

higher ratio of (DDT/DDE) than one ([ 1) suggests

recent input of DDT, and lower ratio (\ 1) indicates

historical usage DDT (Tavares et al. 1999). DDT is

produced in accordance with Stockholm Convention;

however, the Government of India has banned the use

of DDT in agriculture in 1989 and restricted for the

control of vector-borne disease (UNEP 2011; PPQS

2019). Possible sources of HCHs and DDTs in

Yamuna River flood plains are combined contamina-

tion from past and ongoing usage of HCH and DDT,

coupled with the long-range atmospheric transport

(LRAT) tendency of OCPs under tropical climatic.

Similar sources have been reported by various

researchers for these OCPs in different environmental

compartments of India including Delhi region (Khu-

man and Chakraborty 2019; Mitra et al. 2019; Kumar

et al. 2018; 2014a; Pozo et al. 2017; Chakraborty et al.

2016; Kata et al. 2015).

PCs in soils and sediments

The concentrations of total NPs, total CPs and their

sums in soil and sediments are summarized in Tables 1

and 2, whereas distribution of individuals PCs is

presented in Fig. 4. The mean concentration of NPs in

sediments (569 ± 324 lg/kg) was above than soil

(274 ± 313 lg/kg), while comparatively higher con-

centration of CPs was observed in soil (837 ± 279 lg/
kg) than sediments (787 ± 431 lg/kg). Sum of NPs

and CPs (
P

PCs) in soils ranged between 639 and

2112 lg/kg (mean, 1111 ± 489 lg/kg), and their

concentration in sediments was between 553 and

20,983 lg/kg (mean 1355 ± 640 lg/kg). 2,4-DCP

(355 ± 265 lg/kg) was the dominant PCs in soils

followed by 2-CP (291 ± 159 lg/kg) and 2-NP

(210 ± 323 lg/kg), and in sediments 2,4-DNP

(426 ± 275 lg/kg) was dominant, followed by

4-C,3-MP (345 ± 282 lg/kg), 2,4-DCP

(255 ± 171 lg/kg) and 2-CP (248 ± 164 lg/kg)
(Fig. 4). The mean of

P
PCs in soils and sediment

was in increasing order at GC[OK[ SV sampling

locations. The average of
P

PCs in soils at SV, GC and

OK was 938 ± 178, 1315 ± 804 and

1080 ± 413 lg/kg, respectively, and in sediment it

was 608 ± 41, 1826 ± 311 and 1663 ± 469 lg/kg,
respectively (Tables 1 and 2). The concentration of

NPs and CPs was variable with sampling locations.

Namely, NPs were comparatively higher at GC, and

CPs were higher at OK. Among NPs, 2-NP

(444 ± 542 lg/kg) and 2,4-DNP (720 ± 139 lg/kg)
in soil and sediment were dominant at GC. However,

2,4-DCP (585 ± 397 lg/kg) and 4-C,3-MP

(558 ± 200 lg/kg) were prominent CPs in both

matrices at OK (Table S2 & Table S3).

Yamuna River receives majority of waste water

generated in Delhi and is considered to be the primary

source for contamination in the flood plains (DES

2016). Waste water including industrial & municipal,

agricultural activities, application of pesticides and

pharmaceuticals is the reported major sources of PCs

in the environment (Zhou et al. 2017). Depositions of

vehicular emissions (Michalowicz and Duda 2007) are

may be the other possible sources of PCs, because

Delhi is the national capital of India with large

numbers of vehicles. Further, NPs are formed in the

environment by reactions of phenol with nitrite ions

and hydroxyl radical under the influence of solar UV

irradiation (Patnaik and Khoury, 2004). However,

sources of CPs include biotransformation of fungi-

cides (2.4-dichlorophenoxyacetic acid) and reductive

dechlorination of PCP under anaerobic conditions to

the lower molecular weight CPs (Debadatta and

Table 6 Isomeric ratio of HCHs and DDTs for possible sources in soil and sediment

Ratio Soil/Sediment SV GC OK All

a/c-HCH Soil 0.39–2.37 (1.17) 0.37–0.74 (0.54) 0.64–2.67 (1.54) 0.37–2.67 (1.08)

Sediment 0.11–1.0 (0.45) 0.31–0.53 (0.41) 0.11–0.23 (0.19) 0.11–1.0 (0.35)

DDT/DDE Soil 1.58–4.63 (3.28) 0.71–2.43 (1.30) 2.50–2.80 (2.64) 0.71–4.63 (2.41)

Sediment 0.75–2.51 (1.67) 0.95–3.32 (2.22) 2.35–3.55 (2.89) 0.75–3.55 (2.26)
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Rajdeep, 2012; Persson et al. 2007; Laine and

Jorgensen, 1996). PCP and its derivatives have been

used worldwide, mainly in herbicides, biocides, pes-

ticides and wood preservatives (McLellan et al. 2007).

Sources of 4-C-3-MP can be associated with its use as

an antiseptic and emissions during chlorination in

water treatment plants (Yahaya et al. 2019; Zhou et al.

2017; Marianna 2004). The Pearson’s moment corre-

lation analysis shows a significant correlation

(p\ 0.01) between c-HCH, 2,4-DNP and 2-CP.

Another significant correlation was also observed

between p,p’-DDT, p,p’-DDE, 2-CP and PCP, and

between 2-NP, 2-CP and PCP (Table 7). These

correlations among OCP and PCs compounds indi-

cated common sources of these pollutants in flood

plains areas of Delhi. It has been reported that the PCs

are used in the production of pesticides, and their

transformation leads to environmental contaminations

(Santana et al. 2009; Marianna 2004; WHO 1989).

The observed concentrations of NPs were comparable

with soils from India, but lower than sediments from

China. CPs were comparable with soils from Germany

and India, but lower than China, Sweden and South

Korea (Table S7).

Health hazard of PAHs, OCPs and PCs

Stipulated soil quality guidelines (SQGs) and consen-

sus-based sediment quality guidelines (CBSQGs)

(Buckman 2008; WDNR 2003) were used for predic-

tion of ecotoxicological health aspects of PAHs, OCPs

and PCs in soil and sediments (Table S8). In compar-

ison with guidelines, the concentrations of HCHs and

DDTs in soils and sediments were lower than SQGs

and CBSQGs, and classified (Wang et al., 2008)) as

low polluted soil with HCHs and DDTs. Lower levels
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Fig. 4 Concentrations plot of individual PCs in soils and Sediments

Table 7 Pearson’s correlation coefficient among OCPs and phenolic compounds

Analytes c-HCH p,p’-DDT p,p’-DDE 2-NP 2,4-DNP 2-CP 2,4-DCP 4-C,3-MP PCP

a-HCH 0.479 0.316 0.438 - 0.029 0.053 0.166 0.405 - 0.436 0.237

c-HCH 1.00 0.397 0.459 0.184 0.634 0.546 0.124 - 0.015 - 0.006

p,p’-DDT 1.00 0.542 0.434 0.342 0.657 0.157 0.268 0.644

p,p’-DDE 1.00 0.174 0.251 0.341 - 0.048 - 0.046 0.314

2-NP 1.00 - 0.036 0.685 -0.109 - 0.003 0.643

2,4-DNP 1.00 0.284 0.101 0.496 - 0.344

2-CP 1.00 0.124 0.010 0.164

2,4-DCP 1.00 - 0.146 - 0.249

4-C,3-MP 1.00 - 0.346

Letters in bold denotes significant correlations at p\ 0.01
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of PAHs than SQGs suggested low ecotoxicological

health effect, and exceeded concentration of CHR in

sediment at GC and OK locations may pose adverse

effects on benthic biota, while other PAHs were lower

than guidelines for soil and sediments, suggested low

toxicological effects. BaP TPE (benzo(a)pyrene total

potency equivalent), the cancer potency relative to

BaP for all carcinogenic PAHs (BaA, BghiP, Ind, BaP,

BbF ? BkF, DBA, CHR), was estimated for soils

(CCME 2010). Based on incremental lifetime cancer

risk (ILCR) of 10-6–10-5, due to exposure from PAHs

in soil, the Canadian government has stipulated

0.6–5.3 mg/kg as SQGDH (soil quality guideline for

direct contact) (CCME 2010). The estimated BaP TPE

(range, 0.02 –0.07 mg/Kg; mean, 0.04 mg/Kg) was

lower than human health-based SQGDH. Pollution

level of PAHs in soils was assessed as per anticipated

classification by Maliszewska-Kordybach (1996), and

soils were found to be weakly polluted at different

locations. Further, the Nemerow composite index

(NCI) was also used to assess soil quality (Kumar et al.

2014b) and observed NCI ranged between 0.02 and

0.19 with mean of 0.06, suggested safe category of

PAHs pollution level. The observed levels of most of

PCs were lower than the soil quality guidelines, except

that 2,4-DNP and 2-CP were marginally above than

guideline values (Buckman 2008), which may pose a

health hazard to exposed biota. As no sediment quality

guidelines are available for all PCs, PCP in sediment

was found to be lower than CBSQGs (WDNR 2003).

Intervention values (IVs) for PCs based on serious risk

concentrations (SRC) were also applied for their

ecotoxicological risk assessment during in this study.

The observed levels of individual PCs were lower than

the IVs of 2-CP, 2,4-DCP and PCP (Buckman 2008),

indicated low risk due to PCs.

Conclusion

PAHs, OCPs and PCs were measured in soil and

sediments from urbanized flood plain area for assess-

ment of their possible sources and ecotoxicological

health effects. Most of the target compounds were

lower than recommended environmental guidelines

suggested low ecotoxicological health effect. 3-ring

and 4-ring PAHs were the major group of PAHs in

soils and sediment. Composition profile, molecular

ratio and correlation analysis of PAHs suggested

mixed pyrogenic sources from diesel & petrol engines

and fossil fuel and biomass combustion as the

significant contributor of PAHs. Dominance of p,p’-

DDT and c-HCH, and isomeric ratio of between HCH

and DDT compounds suggested past and recent input

of HCHs and DDTs. The dominant PCs in soils and

sediments were 2,4-DCP and 2,4-DNP, followed by

2-CP and 4-C,3-MP, respectively. Waste water and

atmospheric reactions are the possible sources of PCs.

Comparatively, higher contamination of pollutants in

soils and sediments at GC than other location can be

characterized by its position and influence of wastew-

ater discharges through various drains.
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