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Introduction
OCPs and PCBs are among the group of POPs which 
have been banned or restricted globally under the 
Stockholm Convention (UNDP, 2001). These environ-
mental contaminants are of major concern on regional 
and global scales due to their long-range transporta-
tion, high lipophilicity, environmental persistence, and 
potential toxic biological effects to both humans and 
wildlife (Dierking et al. 2009; Barakat et al. 2013).

OCPs were extensively used in agriculture and for 
mosquito control for several decades (1940s through to 
1960s). Even though many of these compounds were 
banned globally under the Stockholm Convention on 
POPs (UNDP, 2001), some developing countries con-
tinue to use them. Most of the pesticides are developed 
with the ability to have a wide spectrum of applications, 
but some are developed with the concept of target 

organism toxicity, even though quite often non-target 
species are also adversely affected under the latter con-
ditions. Due to their high toxicity, slow degradation, 
and bioaccumulation, the use of OCPs can adversely 
affect environmental health and ecosystem services. 
Pesticides are reported to cause extinction, behavioral 
changes, loss of safe habitat, and population decline 
in several bird species. Their prolonged use has been 
shown to cause a drastic decrease in birds like the per-
egrine falcon, sparrow hawk, and bald eagle (Mitra et al.,  
2011). They are also reported to affect many aquatic 
and terrestrial species such as microorganisms, inver-
tebrates, plants, and fish ( Jayaraj et al., 2016).

PCBs are organochlorine compounds that have been 
widely deployed industrially in the past few decades 
in many different products. They have been used 
for instance as dielectric, coolant, and heat exchange 
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fluids in electrical equipment such as transformers 
and capacitors. They have also been used as additives 
in pesticides, cutting oils, surface coatings, heat trans-
fer fluids, hydraulic lubricants, sealants, carbonless 
copy paper, flame retardants, adhesives, and paints 
(Mohammed et al., 2011; Kassegne et al., 2020). PCBs 
are introduced into the environment through human 
activities. In particular, they are derived from the dis-
charged waste of some chemical and electrical indus-
tries, mostly through leaks from industrial facilities, 
evaporation, and inappropriate disposal practices (Pazi 
et al., 2011; Gakuba et al., 2015; Kassegne et al., 2020).

PCBs are known to possess varying toxicological and 
physicochemical properties related to their chemi-
cal structures, and as such, they elicit adverse effects 
on humans and ecosystems (UNEP, 2009). They have 
been classified as probable human carcinogens and 
associated with cancers of the liver, gall bladder,  
gastrointestinal tract, breast, brain, and disruption of 
hormone function (Montuori et al., 2015; Montuori 
et al., 2020).

Most of the studies on POPs in Kenya have been 
focused on OCPs and targeted freshwater and river 

environments. Lalah et al. (2003) determined the con-
centrations of OCPs (e.g., DDT, DDE, DDD, endrin, 
lindane, endosulfan) residues in fish, water, and sedi-
ment samples from the Tana and Sabaki rivers, while 
Everaarts et al. (1996) reported the presence of low 
concentrations of OCPs and PCBs residues in sedi-
ments and macroinvertebrates from some sites along 
the Indian Ocean coast of Kenya. This study aimed 
to determine the distribution of persistent OCPs and 
PCBs in sediments from the Sabaki and Tana estuarine 
areas and identify their possible sources and probable 
environmental risks. 

Materials and methods
Study area
The study was carried out in th3 Tana and Sab-
aki estuarine systems of Kenya (Fig. 1). Tana River is 
the largest river in Kenya rising from the Aberdares 
and Mount Kenya ranges of central Kenya. It runs 
through the arid and semi-arid lands in the eastern 
part of the country to enter the Indian Ocean through 
a roughly triangular-shaped delta, with its apex at 
Lake Bilisa in the north of Garsen (Okuku et al., 2013).  
The Athi-Galana-Sabaki River is the second largest 
river system in Kenya. It originates from the Ngong 

Figure 5.  Figure 1. Map showing the selected sampling locations in the Tana and Sabaki estuarine systems.
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hills in central Kenya (as River Athi). It flows mainly 
through sand and rocks and mining industries for 
cement and other inorganic products as the Athi River. 
It further flows through areas with major industries 
and coffee and tea farms where agrochemicals and 
fertilizers are used on a large scale before discharging 
into the Indian Ocean (Okeyo 1998; Lalah et al., 2003).

Sample collection and storage
Sediment samples were collected from selected loca-
tions in the Tana and Sabaki estuarine systems (Fig. 1). 
Surface sediment samples of about 100-200 g were col-
lected using a grab sampler, put in aluminum contain-
ers previously cleaned with hexane HPLC grade (sigma 
Aldrich), and stored in a cool box at a sufficiently low 
temperature (~4 °C) to limit biological and chemical 
activity. The samples were transported to the Kenya 
Marine and Fisheries Research Institute laboratory 
and kept frozen at -20 °C before transportation to the 
Laboratory of Physics and Toxico-Chemistry (LPTC) 
at the University of Bordeaux 1, France, for analysis.

Analytical procedures
Grain size and carbon analysis
Sediment samples were dried in an oven at 105 °C to 
constant weight. Grain size analysis of samples was 
performed through sieving (Folk, 1980), while total 
organic matter was analyzed using the ashing method. 
Total organic carbon (TOC) content was determined 
by oxidation with 1 N K2Cr2O7 acidified with concen-
trated H2SO4 and titration with 0.5 N [Fe(NH4)2(SO4)2] 
(Loring and Rantala, 1992).

Extraction and clean-up
Sediment samples were processed and analyzed in 
the laboratory as described by Thompson et al. (1999).  
Wet sediment samples of about 100 g were weighed, put 
in clean pre-weighed aluminum containers, covered 
with clean aluminum sheets with holes, and freeze-
dried for 48 hours using a Heto power dry LL 3000 
freeze dryer (Thermo Scientific). After freeze-drying, 
the samples were weighed to obtain the dry weight, 
and sieved through a 2 mm mesh-sized metallic sieve 
to remove any coarse materials. The samples were 
then stored in clean, well-labeled glass amber bottles 
awaiting analysis. Prior to extraction, about 3 g of each 
sample was put in the sample extraction vial and spiked 
with 30 µL of an internal standard containing a mixture 
of PCB 30, PCB 103, PCB 155, PCB 198 (Promochem,  
Dr Ehrenstorfer GmbH, France) and d8 4,4’ DDT (Cam-
bridge Isotope Laboratory, France). The added internal 
standard was used to quantify the recovery of the total 

extraction procedure. The samples were then extracted 
for 20 minutes with 30 mL dichloromethane (Pro-labo, 
Fontenay-sous-Bois, France) using the START E micro-
wave-assisted extraction system (Milestone, Italy).  
The extracts were mechanically filtered into 25 mL 
amber glass vials through clean glass funnels stuffed 
with pre-cleaned glass wool. The filtered extracts were 
concentrated to about 1 mL using Rapidvap LAB-
CONCO (Serlabo Technologies, France). The con-
centrated samples were subjected to a clean-up pro-
cess during which the lipids and sulfur were removed 
from the extracts using a micro-column containing 
acidified silica (Silica gel, 0.063 ± 0.2 mm, Merck, 
Darmstadt, Germany) and activated copper (40 mesh, 
99.5 % purity, Aldrich, Saint Quentin Fallavier, France).  
The PCBs were then purified on the micro-column 
by eluting 3 x 5 mL with a mixture of n-pentane and 
dichloromethane (90/10 v/v). The extracts were finally 
concentrated under nitrogen and transferred to 100 µL 
isooctane (99 % extra pure, Scharlau, ICS, St Medard 
en Jalles, France). The solution was further re-concen-
trated to 100 µL in an injection vial, and 1 μL of the 
sample was injected for analysis using Gas Chromatog-
raphy-Mass Spectrometry.

Gas Chromatography-Mass Spectrometry  
(GC-MS) analyses
Analysis was performed using a Hewlett-Packard 
5980 Series II gas chromatograph equipped with a 
63

Ni electron-capture detector using a HP5 capillary 
column (60 m × 0.25 mm internal diameter × 0.25 
μm film thicknesses). The GC conditions were set by 
injecting 1 μL through a split-less liner at a tempera-
ture of 280 °C; detector temperature: 290 °C; initial 
oven temperature: 60 °C held for 2 min, heated to 
120 °C at 6 °C/min and held for 5 min, then heated to 
280 °C at 2 °C/min and held for 20 min. Helium gas 
was used as the carrier gas. The PCB congeners were 
analyzed individually, whenever possible, though in 
some cases the concentrations were reported as the 
sum of overlapping congeners due to co-elution on 
the GC column. The relative response factors of the 
different compounds were determined by injecting 
a standard solution SRM 2262 for PCB (NIST, MD, 
USA) spiked with the same solution of internal stand-
ards (PCB 30, PCB 103, PCB 155, PCB 198, and OCN) 
and SRM 2261 for OCP spiked with (d8 4,4’ DDT 
and OCN) as that used for spiking the sediments.  
The response factors were determined after every 
four samples. Blank injections of isooctane were per-
formed between each injection of a sample to pre-
vent cross-contamination.
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Quality control and quality assurance 
Laboratory glassware and reagent containers were 
thoroughly cleaned and dried in an oven for 4 hours 
at 450 ˚C. All reagents, solvents, and standards were 
of HPLC quality and tested for suitability before 
sample analysis. Milli-Q water (organic grade quality) 
was used for all cleaning throughout the analytical 
process. A solvent blank and reagent blank were run 
with each batch under the exact condition of the sam-
ple to trace any potential contamination during sam-
ple preparation. The average recovery of the internal 
standards ranged from 82-99 % for OCP and 89-104 %  
for PCB. The reported values in this study were cor-
rected according to the values found in the blank, 
Instrumental detection limits (IDLs), and method 
detection limits (MDLs).

Results and discussion 
Sediment physicochemical characterization
The results of surface sediment TOC, organic matter 
(OM), and particle grain size are presented in Table 
1. High levels of TOC (16.3 mg/g), OM (1.45 %) and 
silt particle size (78.70 %) were reported in samples 
from Sabaki Bridge. Tana River mouth samples had 
high levels of TOC (14.2 mg/g) and sand particle size, 
> 63 µm (95.91%). Tana 2 samples had a high level of 
organic matter (8.02 %) compared to samples from the 
other stations. The surface sediments from the Sabaki 
and Tana rivers had sandy particle size, an indication 
that the grain size of the sediments with a high per-
centage of sand tends to have high porosity and high 
permeability (Kilunga et al., 2017).

Distribution of POPs in surface sediments
The concentration of POPs, namely PCBs and OCPs, 
in surface sediments of the Sabaki and Tana estuarine 
systems are illustrated in Figure 2. The POPs concen-
trations in Sabaki estuary were in the range of 1.37-7.93 

ng/g dw, whereas in the Tana estuary, the concentra-
tions were in the range of 1.13-16.99  ng/g, dw. High 
concentrations of POPs as well as TOC, organic mat-
ter and % silt content was observed at Sabaki Bridge.  
This shows a positive relationship between POPs and 
TOC confirming that POPs tend to have a high affinity 
for organic matter (Wu et al., 2015; Wu et al., 2016). Both 
the Sabaki and Tana river mouths recorded the lowest 
concentrations of POPs due to continuous flushing of 
sediment by the sea resulting in sediment with a high 
sand proportion (94.5 % and 95.9 %, respectively).

PCBs in surface sediment
The total concentrations of PCB (sum of 12 congeners) 
in the surface sediment samples (Table 2) in Sabaki 
estuary was low (0.68-3.87, mean: 2.01 ng/g) compared 
to Tana estuary (0.65-9.29 ng/g, mean 5.59 ng/g).  
The concentration of PCBs reported in this study was 
comparable to levels reported by Okuku et al. (2019) 
for Sabaki estuary (0.58-2.40 ng/g) and Tana estu-
ary (4.94-7.99 ng/g). PCB concentrations in the Tana 
estuary were also similar to those of the Yellow River:  
1.4–5.2 ng/g (He et al., 2006), Tonghui River: 0.78-8.47 
ng/g (Zhang et al., 2004), Jiulong River: 1.0-8.1 ng/g 
(Wu et al., 2016) and Makelele river: 0.9-10.9 ng/g 
(Kilunga et al., 2017). High concentrations of PCBs 
have been found in the Awash River Basin, Ethiopia: 
0.85-26.56 ng/g (Dirbaba et al., 2018), Umgeni River, 
South Africa: 102.60-427.80 ng/g (Gakuba et al., 2015), 
Msunduzi River, South Africa: 214.21-610.45 ng/g 
(Adeyinka et al., 2018), Haihe River, China: nd–253 
ng/g (Zhao et al., 2010), Damietta estuary, Egypt: 0.29 
to 377 ng/g (Barakat et al., 2013) and Soan River, Paki-
stan: 37.4-187 ng/g (Malik et al., 2014). 

PCBs in the Sabaki estuary may have resulted from sev-
eral activities in the catchment area including indus-
trial installations and companies around Athi River 

Table 1. TOC concentration (mg/g), organic matter (%) and < 63 µm particles fraction (%) in sediment from the Sabaki and Tana estuaries.

STN TOC 
(mg/g) % Organic matter % Silt

(< 63 µm)
% Sand

(> 63 µm)

Sabaki upper 6.64 0.72 35.21 64.79

Sabaki bridge 16.30 1.45 78.65 21.35

Sabaki Mouth 3.45 0.14 5.54 94.46

Tana Mouth 1 14.91 1.02 4.09 95.91

Tana 2 11.92 2.92 41.12 58.88

Tana 3 6.18 8.02 35.93 64.07

Tana 4 13.45 4.67 37.26 62.74
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and Nairobi that discharge their effluent into the river 
system. Sabaki Bridge had the highest concentration of 
PCBs in the Sabaki estuarine system which may have 
been the result of road traffic at the bridge.

PCB concentration in Tana 2 (9.29 ng/g dw) was high 
compared to the other stations in the estuary, proba-
bly due to oil leakage from the boats used by the fish-
ermen given that this is a landing site where most of 
the boats are anchored. However, the low PCB con-
centrations at the Tana Mouth station (0.65 ng/g dw) 
and Sabaki mouth (0.68 ng/g dw) were due to tidal 
dilutions. High levels of PCBs in the Tana River sys-
tem could be attributable to the possible leakage or 
inadvertent disposal of materials used in transformers 
and capacitors in the Seven Folks electricity-generat-
ing dam. Leakage from broken transformers and used 
electrical equipment has been reported elsewhere to 
be a major anthropogenic source of PCBs transferred 
to the environment (Fu et al., 2003; Kassegne et al., 
2020). The Tana River holds the Seven Folks Scheme, 
a serially cascaded dam used for hydroelectricity gen-
eration (Masinga, Kamburu, Gitaru, Kiambere, and 
Kindaruma Dams). Such installations use large trans-
former and capacitor systems that would apply Aro-
clor formulations as dielectric and heat retardants in 
the past, before the ban on PCB production and use 
by various PCB producing countries following the 
Stockholm Convention (UNEP, 2009). Even though 

Table 2. Descriptive statistics (Sum, mean, and standard deviation values) of PCB concentrations (in ng/g dw) on surface sediment samples from 

the Sabaki and Tana estuarine systems.

Compounds
Sabaki River Tana River

Sabaki 
upper

Sabaki 
bridge

Sabaki 
mouth

Tana 
Mouth 1 Tana 2 Tana 3 Tana 4

PCB (ng/g)

28+50 0.23 0.51 0.10 0.07 0.80 0.47 1.16

44 0.14 0.25 0.05 0.05 0.37 0.17 0.31

101 0.10 0.22 0.05 0.08 0.54 0.21 0.00

87 0.10 0.18 0.05 0.06 1.47 0.71 0.74

118 0.40 1.14 0.17 0.15 2.89 1.80 3.03

153 0.32 1.10 0.13 0.13 1.84 1.18 1.48

138 0.04 0.20 0.04 0.04 0.51 0.23 0.10

128 BDL BDL 0.02 0.01 BDL BDL BDL

187 0.05 0.09 0.03 0.02 0.17 0.11 0.07

180 0.04 0.08 0.02 0.02 0.44 0.20 0.07

170 0.05 0.09 0.03 0.02 0.26 0.17 0.17

206 BDL BDL BDL BDL BDL BDL BDL

∑ PCB congeners 1.48 3.87 0.68 0.65 9.29 5.26 7.15

Mean 0.15 0.39 0.06 0.06 0.93 0.53 0.71

STDEV 0.13 0.41 0.05 0.05 0.87 0.56 0.96

BDL-Below detection limit

Figure 6.  
Figure 2. POPs concentration in the Sabaki and Tana estuarine areas.
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Kenya ratified and implemented the Convention, due 
to the recalcitrance of PCBs, it is expected that resi-
dues of these contaminants still exist in various envi-
ronments, including aquatic systems. 

The PCBs with congeners of Penta-Hexa and hepta 
chlorobiphenyls were the most prominent homolo-
gous groups. Heavier PCB congeners dominated due 
to their adsorption to particulate material resulting in 
their accumulation and deposition in the sediments 
(Malik et al., 2014). In the Sabaki and Tana estuarine sys-
tems, the most abundant PCB congeners reported were 
PCB 118 (Sabaki 1.71 ng/g; Tana 7.87 ng/g) followed by 
PCB 153 (Sabaki 1.55; Tana 4.63 ng/g) (Fig. 3). These are 
among the most persistent PCB congeners and have a 
long half-life (Kilunga et al., 2017). As much as commer-
cial use of PCBs has been banned, the presence of the 
PCBs congeners indicated historical pollution as also 
reported elsewhere by Kilunga et al. (2017). The persis-
tence of PCBs in aquatic sediments is due to their low 
rate of degradation and vaporization, low water solu-
bility, and partitioning to particles and organic carbon 
(Aly Salem et al., 2013; Montuori et al., 2020). 

OCPs in the surface sediment
The levels of total OCPs, including HCHs, DDT, and 
its metabolites DDXs, heptachlor, heptachlor epoxide 
chlordane, Nanochlor, and mirex, were detected in 
the Sabaki and Tana estuarine systems (Table 3). The 
total OCP concentrations in surface sediments in the 
Sabaki estuary were in the range of 0.69-4.01 ng/g dw 
with a mean of 0.12 ng/g dw, while in the Tana estuary, 
the concentrations were in the range of 0.47-9.84 ng/g 
dw with a mean of 0.56 ng/g dw. The highest concen-
trations of OCPs were reported at Sabaki Bridge and 
Tana 4 with values of 4.01 ng/g dw and 9.84 ng/g dw, 

respectively. Lalah et al. (2003) reported a concen-
tration range of < 0.003 to 108.51 ng/g in the Sabaki 
estuary (Lalah et al., 2003). This suggests that although 
OCPs use has been banned in Kenya, there might be 
an illegal or minor application of OCPs for malaria 
vector and tsetse fly control (Wandiga et al., 2002). 
OCPs in the Sabaki and Tana River estuaries showed 
similar concentrations with Bizerte lagoon, Tunisia, at 
1.1-14.0 ng/g (Barhoumi et al., 2014), and the Volturno 
River, Italy, at 0.52- 9.89 ng/g (Montuori et al., 2020). 
Higher concentrations of OCPs have been reported 
by Unyimadu et al. (2019) in the Niger River, Nigeria 
(4672-7009 ng/g), Dirbaba et al. (2018) in the Awash 
River Basin, Ethiopia (6.63–206.13 ng/g) and Kilunga 
et al. (2017) in tropical urban rivers of the Congo  
(21.6 - 146.8 ng/g).

The concentration of Heptachlors (including hep-
tachlor and its metabolite, heptachlor epoxide) was  
0.51 ng/g dw, and Cis chlordane at 0.09 ng/g dw in the 
Sabaki estuary. In the Tana estuary, Heptachlor was 
only detected at Tana Mouth due to its use in termite 
control by the community in the area (Lalah et al., 
2003; Zhao et al., 2009), while its metabolite, hepta-
chlor epoxide was present in all the other sites except 
in Tana Mouth with a concentration of 0.11 ng/g dw.

HCN has been reported to have a total of eight HCN 
isomers, among which only α, β, Ɣ, Ɛ and δ isomers are 
stable and commonly identified in the environment 
(Wang et al., 2009). Although HCN is no longer in use, 
HCN concentrations in Sabaki and Tana estuarine sys-
tems in this study were 0.07 ng/g dw and 0.75 ng/g 
dw, respectively. At the same time, the presence of 
Ɣ- HCN in Sabaki (0.02 ng/g dw) and Tana (0.12 ng/g 
dw) systems may be as a result of the application of 

Figure 7.  

Figure 7.  

Figure 3. PCB congeners in Sabaki and Tana Rivers estuarine systems.
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Lindane (Ɣ- HCN being an active ingredient) which 
has been used in Kenya since 1949 for both agriculture 
and pest vector control purposes (Lalah et al., 2003; 
Wang et al., 2009; Dirbaba et al., 2018) and is still used 
under restriction for termite control. Kassegne et al. 
(2020) also detected Lindane (Ɣ- HCN) in Akaki River 
(mean 371.78 ng/g) despite the ban.

DDT and it's metabolites like p,p'DDE, o,p'DDE, 
o,p'DDD, p,p' DDD, o,p'DDT and p,p'DDT were 

detected in the surface sediment in both the Sabaki 
and Tana estuaries (Table 2). The highest concen-
trations of ∑6 DDTs were recorded at Sabaki Bridge 
(3.49 ng/g) and Tana 4 (8.43 ng/g) (Fig. 4). Tana estu-
ary samples showed a decrease in the total concentra-
tion of DDT from the upper parts towards the Indian 
Ocean because it passes through areas with a history 
of organochloride pesticide use (Lalah et al., 2003).  
The concentration of total DDT in the Tana estuary 
was comparable to the Volturno River, Italy, at 0.10 to 

Table 3. Descriptive statistics (Sum, mean, and standard deviation values) of OCP concentrations (in ng/g dw) on surface sediment samples from 

the Sabaki and Tana estuarine systems.

Compounds
Sabaki River Tana River

Sabaki 
upper

Sabaki 
bridge

Sabaki 
mouth

Tana 
Mouth 1 Tana 2 Tana 3 Tana 4

OCP (ng/g) 
HCB

0.04 0.10 0.02 0.03 1.16 0.78 0.54

gamma-HCH 0.00 0.05 0.01 0.00 0.25 BDL 0.10

Heptachlor 0.16 0.11 0.19 0.04 BDL BDL BDL

Hep.Hepoxide 0.04 BDL BDL BDL 0.18 0.05 0.11

Cis chlordane 0.04 0.08 0.03 BDL 0.30 0.09 0.19

Trans Nonachlor 0.20 0.07 0.02 0.02 0.18 0.09 0.16

o,p' DDE 0.03 0.20 0.02 0.03 0.43 0.33 0.46

p,p'DDE 0.10 0.22 0.03 0.03 0.57 0.31 0.41

o,p' DDD 0.56 1.51 0.21 0.22 BDL 2.38 3.65

p,p' DDD 0.10 0.70 0.05 0.04 1.80 1.29 1.82

o,p' DDT 0.18 0.67 0.07 0.06 1.68 1.14 1.67

p,p' DDT 0.05 0.31 0.01 0.01 0.64 0.45 0.70

Mirex BDL BDL 0.02 BDL 0.21 0.01 0.04

∑ OCP 1.51 4.01 0.69 0.47 7.40 6.93 9.84

∑ DDT 1.03 3.49 0.41 0.36 4.99 5.67 8.43

Mean 0.13 0.36 0.06 0.05 0.67 0.63 0.82

STDEV 0.15 0.44 0.07 0.06 0.60 0.73 1.07

BDL-Below detection limit

Figure 8.  

Figure 8.  
Figure 4. Concentration of DDTs metabolites in the Sabaki and Tana estuarine systems.
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5.22 ng/g (Montuori et al., 2020), Bizerte lagoon, Tuni-
sia, at 0.3–11.5 ng/g (Barhoumi et al., 2014) and Jiulong 
River, Taiwan at 2.3-11.8 ng/g (Wu et al., 2016). A higher 
concentration of DDT was reported in the Awash 
River Basin, Ethiopia by Dirbaba et al. (2018) ranging 
from 1.99–139.68 ng/g, in the Niger River, Nigeria by 
Unyimadu et al. (2019) ranging between BDL and 107.6 
ng/g, and Barakat et al. (2013), in the Damietta estuary, 
Egypt ,ranging between 0.07 and 81.5 ng/g.

The concentration of DDT isomers were found to be 
p,p'DDE >o,p'DDD > o,p'DDE > p,p'DDD > o,p'DDT > 
p,p'DDT in the Sabaki estuariy while in the Tana estu-
ary they were as follows: p,p' DDE >o,p'DDE> o,p'DDD 
> p,p'DDD > p,p'DDT > o,p'DDT. This was also 
observed by Zhao et al. (2009) when they conducted 
a study in Taihu Lake, China, as well as by Kilunga  
et al. (2017) on tropical urban rivers in Kinshasa, Dem-
ocratic Republic of the Congo. However, this was con-
trary to the findings of Malik et al. (2014) on the Soan 
River, Pakistan.

It has been reported that DDT can be biodegraded 
under aerobic and anaerobic conditions to DDE and 
DDD, respectively (Malik et al., 2014; Nguyen et al., 
2019). Thus, the ratio of DDE/DDD has been used 
to denote the DDT degradation status. If the ratio of 
DDE/DDD is greater than one (> 1), it indicates the 
anaerobic degradation of DDT into DDD while if it is 

less than one (< 1), it shows the DDT conversion into 
DDE via aerobic degradation (Ali et al., 2016). In this 
study, the Tana estuarine system reported a DDE/
DDD ratio < 1, suggesting an aerobic degradation of 
DDT to DDD via dehydrochlorination and oxida-
tion processes, and further degradation into DDD by 
reductive dechlorination in the environment (Cheng 
et al., 2014; Kilunga et al., 2017). Whereas in the Sabaki 
estuarine system the DDE/DDD ratio was > 1, indic-
ative of anaerobic degradation of DDT into DDD.  
A similar study on the difference in DDE/DDD ratios 
in sediment was also reported on the Egyptian Med-
iterranean coast (Aly Salem et al., 2013). The source 
of DDT in the environment either as a historic or of 
recent origin has been determined by applying the 
DDD+DDE/DDT ratio. If the ratio DDD+DDE/DDT is 
> 0.5, this indicates historical input, and if <0.5, this 
indicates recent input (Kilunga et al., 2017; Montuori 
et al., 2020). In this study, the values of DDD+DDE/
DDT in the Sabaki and Tana estuarine systems were 
0.57 and 2.73, respectively, suggesting historical input 
of DDT in both the estuaries due to their capability 
to remain in the agricultural soil for a long time and 
re-mobilize through runoffs. A similar observation 
was reported by Aly Salem et al. (2013), and Montuori 
et al. (2020). However, this was contrary to the find-
ings of Zhao et al. (2009) which indicated recent DDT 
input due to illegal input of DDT or usage of other 
pesticides containing DDT, such as dicofol.

Table 4. Comparison of OCP and PCB concentrations (ng/g dw) in surface sediments in this study with those from various locations in the world.

Location PCB OCP DDT References

Sabaki estuary, Kenya 0.68-3.87 0.69-4.04 1.03-3.49 This study

Tana estuary, Kenya 0.65-9.29 0.47-9.84 0.36-8.43 This study

Tana estuary, Kenya 4.94–7.99 - - (Okuku et al., 2019)

Sabaki estuary, Kenya 0.58–2.40 - - (Okuku et al., 2019)

Ramisi Estuary ND-0.15 - - (Okuku et al., 2019)

Awash River Basin, Ethiopia 0.85–26.56 6.63–206.13 1.99–139.68 (Dirbaba et al., 2018)

Bizerte lagoon, Tunisia 0.8–14.6 1.1-14.0 0.3–11.5 (Barhoumi et al., 2014)

Niger River, Nigeria - 4672-7009 Bdl-107.6 (Unyimadu et al., 2019)

Umgeni River, South Africa 102.60–427.80 - - (Gakuba et al., 2015)

Msunduzi River, South Africa 214.21–610.45 (Adeyinka et al., 2018)

Damietta estuary, Egypt 0.29 to 377 0.27–288 0.07-81.5 (Barakat et al., 2013)

Tropical urban rivers, Congo 0.9 - 10.9 21.6 - 146.8 1.23-270.6 (Kilunga et al., 2017)

Taihu Lake, China - 4.22 - 461 0.25 - 375 (Zhao et al., 2009)

Haihe River, China nd–253 0.997– 2447 n.d. – 155 (Zhao et al., 2010)

Volturno River,Italy 4.3 to 64.3 0.52 to 9.89 0.10 to 5.22 (Montuori et al., 2020)

Jiulong River, Taiwan 1.0-8.1 5.2 - 551.7 2.3-11.8 (Wu et al., 2016)

Soan River, Pakistan 37.4- 187 NA 6.98–30.1 (Malik et al., 2014)

NA-data is not available, nd-not detected
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Ecotoxicological assessment
Contaminated sediments can represent potential 
risks to sediment-dwelling organisms such as ben-
thic and epibenthic species. To evaluate the ecotoxi-
cological significance of sediment pollution by PCBs 
and OCPs in the Sabaki and Tana estuarine systems, 
sediment quality guidelines (SQGs) specified by the 
Canadian Council of Ministers of the Environment 
(CCME) were applied (CCME 2002). They include 
threshold effect concentrations (TEC) and probable 
effect concentrations (PEC). TEC was intended to 
identify contaminant concentrations below which 
harmful effects on sediment-dwelling organisms 
were not expected. PEC was used to identify contam-
inant concentrations above which harmful effects 
on sediment-dwelling organisms was expected to 
frequently occur (MacDonald et al., 2000; Gómez-
Gutiérrez et al., 2007). Effects range-low (ER-L) and 
effects range-median (ER-M) values are used to pre-
dict the potential impacts of contaminants in sedi-
ments. In addition, the threshold effect level (TEL) 
and the probable effect level (PEL) was used as the 
criterion for the prediction of toxicity (Long and 
Morgan, 1990; MacDonald et al., 2000; CCME, 2002; 
Gómez-Gutiérrez et al., 2007).

Sediment quality criteria and concentration ranges 
of major organochlorine contaminants are summa-
rized in Table 4. PCB, HCB, Heptachlor epoxide, 
and Chlordane concentrations in sediments from 
the Sabaki and Tana estuarine systems were below 
ER-M, ER-L, PEL, and TEL values at all the stations, 
suggesting rather low toxicity to benthic organisms. 
However, total DDTs values were higher than the 
threshold effect concentrations (TECs), including 
TEL and ER-L in both estuarine systems, suggesting 
that DDT could potentially pose adverse toxic effects 
to benthic organisms.

Conclusion
This study determined the concentration of vari-
ous POPs in the sediments from selected locations 
in Kenya and predicted any potential risk to envi-
ronmental health. The concentrations of POPs were 
relatively low suggesting low ecological risk. DDT 
metabolites were relatively high in the Sabaki and 
Tana estuaries, indicating potential toxic effects on 
benthic organisms. This study recommends a need to 
establish a POPs monitoring programme for contin-
ual assessment of potential ecotoxicological risks in 
Kenya estuaries. 
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