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Abstract Results of a two-dimensional gas chroma-
tograph time of flight mass spectroscopy (GCXGC-
TOFMS) determination of polychlorinated dibenzo-
p-dioxin (PCDDs) and polychlorinated dibenzofurans
(PCDF) in sediments and catfish samples collected
from the Msimbazi River are presented here. Samples
were extracted using USEPA Method 1613. PCDD/
Fs congeners in sediments ranged from 2.0 to 393.0
and 0.7 to 654.8 pg/g in the dry and wet seasons,
respectively. 1,2,3,4,7,8,9-HepCDF was detected at
the highest concentration, but all were lower than the
USA action level of 1000 pg/g. Toxicity for each of
the sampling points ranged from 19.7 to 36.5, with a
mean concentration of 27.0 pg WHO 2005-TEQ g~!
in the dry season and 2.0 to 38.7 with a mean concen-
tration of 20.7 pg WHO 2005-TEQ g! in the wet sea-
son. Analysis of variance (ANOVA) showed that there
was no significant difference between PCDD/Fs TEQ
during the dry and wet seasons (p=0.08; a=0.05).
The highest TEQ value was estimated at Jangwani in
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the wet season. Toxicity of PCDD/Fs in catfish col-
lected from the Msimbazi River ranged from 9.3 to
145.2, with a mean of 61.2 pg WHO2005-TEQg .
Tetrachlorodibenzo dioxin (2, 3, 7, and 8-TCDD)
was detected in all fish samples and ranged from
3.5 to 12.7 with a mean of 8.1 pg/g. The concentra-
tion of TCDD in fish exceeded the Agency for Toxic
Substance and Diseases Registry MRL, thus posing
a probable high risk to people whose dietary require-
ments depend on fish from the Msimbazi River.

Keywords PCDD/Fs - WHO,,,s-TEQg™! - Msimbazi
River - Sediments - Catfish - GCXGC-TOFMS

Introduction

Polychlorinated dibenzo-p-dioxin (PCDDs) and
polychlorinated dibenzofurans (PCDF) are among
persistent organic pollutants (POPs) that are ubiqui-
tous in the environment, primarily as unintentional
byproducts of combustion. They persist, bioaccumu-
late through the food chain, and cause adverse effects
on human beings and the ecosystem. Initiatives have
been taken globally to reduce the production and
release of intentionally produced POPs, such as pes-
ticides and industrial chemicals to the environment.
Although PCDD/Fs can be formed naturally in forest
fires and volcanic eruptions, their main sources are
anthropogenic, such as the open burning and incin-
eration of wastes, as well as emissions from industrial
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processes (Jones & De Voogt, 1999; Pan et al,
2010; Rovira et al., 2010; UNEP, 2001). Monitoring
of POPs is of great concern because of the adverse
effects that they inflict on human beings and the envi-
ronment. PCDD/Fs have acute and chronic effects on
the immune, nervous, endocrine, and reproductive
systems, including their carcinogenic potential (Bi
et al., 2020; Mikolajczyk et al., 2021; USEPA, 1985).

PCDD/Fs enter aquatic ecosystems, persist for long
periods of time, and bioaccumulate and biomagnify
through the food chain. Studies have reported their
presence in sediments and in aquatic species such
as fish (Lee et al., 2007; Mikolajczyk et al., 2021;
Shin et al., 2020). Exposure of aquatic organisms to
PCDD/Fs can also affect them in different ways, such
as mortality, decreased growth rate, and weight loss.
There are several factors that affect the accumulation
of PCDD/Fs in marine organisms. Common factors
are body weight, lipid content, and trophic levels.
Fish is relatively higher in the food chain; hence, they
can bioaccumulate PCDD/Fs in their fat tissues in
muscles, 100,000 times the surrounding environment
(Castro et al., 2013). Catfish live at the bottom of the
river and feed on sediments; hence, they accumulate
PCDD/Fs adsorbed on the sediments. This under-
scores the need to assess PCDD/Fs contaminations in
sediments and fish in rivers.

Msimbazi River flows across Dar es Salaam City
from the higher areas of Kisarawe in the coastal
region of Tanzania. It passes along the industrial
and residential areas and discharges into the Indian
Ocean. The river is about 35 km long, with three
tributaries: Sinza, Ubungo, and Luhanga Rivers
(Kondoro, 1992). The river is important to dwell-
ers who depend on vegetable cultivation besides the
river. Msimbazi River catchment area is surrounded
by industrial effluents, sewer effluents, abattoir efflu-
ents, hospital waste incinerators, power stations,
high-traffic roads, and massive informal settlements.
All these are speculated to be potential sources of
PCDD/Fs (Kassenga & Mbuligwe, 2009; Mbuligwe
& Kaseva, 2005; Wirgin & Chambers, 2021). Fur-
thermore, the river is misused by people around, in
which during dry season massive wastes are dumped
and burned. As a result of these activities, there is a
need to establish the levels of PCDD/Fs in the Msim-
bazi River and also to predict their sources and expo-
sure to humans through catfish consumption in order
to safeguard human health and the ecosystem.

@ Springer

There has been a historical trend of pollution in
the Msimbazi River dating back to 1986. Several
studies have been conducted in this river in order
to assess heavy metals and organic matter pollution
(Ak’habuhaya & Lodenius, 1988; Chanzi, 2017;
Mbuligwe & Kaseva, 2005; Mihale, 2021; Miraji
et al., 2020; Sawe et al., 2021). Literature showed that
no results had been reported on the concentrations
of PCDD/Fs despite there being a myriad of poten-
tial sources of these pollutants. The aim of this study
thus was to establish levels, distribution patterns,
and sources of PCDD/Fs in the Msimbazi River and
establish toxin exposure patterns of humans through
fish consumption.

Materials and methods
Chemicals and reagents

For extraction, HPLC-grade toluene, hexane, and
dichloromethane were purchased from Riedel-de
Haén (Germany), sulfuric acid (ACS reagent), cop-
per powder, basic alumina, and high purity silica
gel (100200 mesh) were obtained from Sigma-
Aldrich, Poole, Dorset, and Dublin (Republic of Ire-
land). Anhydrous sodium sulfate was purchased from
Rochelle Chemicals, Merck, Central Carolina (USA).
Cellulose extraction thimbles were purchased from
Whatman International Ltd (England). Internal stand-
ards (EDF 4145) isotopically labeled and unlabeled
PCDD/Fs standards (EDF 4999) were purchased
from Cambridge Isotope Laboratories, CIL, Andover,
MA (USA).

Sediment sampling

Purposive sampling of sediments was conducted at
the Msimbazi River during the dry and wet seasons.
Sampling points were chosen based on identified
industrial or biomass-burning activities that were
speculated to be point sources of PCDD/Fs, as seen in
Fig. 1. Samples were collected from the main Msim-
bazi River and its main tributaries, such as Luhanga,
Ubungo, and Sinza (Fig. 1). One sample, i.e., MO,
was collected upstream and used as a control to assess
the contamination of PCDD/Fs exclusive of the spec-
ulated point sources.
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Fig. 1 A sketch of the Msimbazi River and its tributaries showing the sampling points

The sediments were coded MO-M7 and were sam-
pled at depths of 10-20 cm using a hand corer that
was 30 cm long and 6 cm internal diameter (id).
Three (3) subsamples were obtained from each sam-
pling point to form a composite sample and mixed
on-site. After mixing and homogenizing, about 300 g
of sample were wrapped in aluminum foil and zipped
into labeled sample bags. Coordinates as seen in
Table 1, for each sampling point were recorded using
a Geographic Positioning System (GPS).

Sampling in the dry season was done from Janu-
ary to February 2017 and in the wet season from
May to June 2017. All the samples were transported
to the University of Dar es Salaam, Department of

Chemistry, and stored at 4 °C until they were shipped
by air on cold chains (USEPA, 1994) to the Univer-
sity of Botswana for extraction and analysis.

Fish sampling

Random fish sampling from the Msimbazi River was
done by collecting fish of different sizes. Samples
were wrapped in aluminum foil, placed in sample
bags, and then in an ice-cooled box. They were frozen
until they were shipped by air on cold chains to the
University of Botswana for extraction and analysis
(USEPA, 1994).

Table 1 Sampling sites

. . Sampling site
and their coordinates along

Description

Coordinates

Msimbazi River and its MO Upstream Msimbazi River (control sample) —6.857477,39.187834

ributaries M1 Downstream Msimbazi River after textile industry —6.839833, 39.222838
M2 Midstream Luhanga river —6.82304, 39.23929
M3 Downstream Msimbazi River after dumpsite —6.815909, 39.26247
M4 Near dairy, brewery plant on Ubungo river —6.81847,39.23473
M5 Downstream Msimbazi near Indian Ocean —6.810875, 39.265141
M6 Midstream Sinza river —6.80080, 39.26209
M7 After confluence of all rivers into Indian ocean —6.795605, 39.28066

@ Springer



631 Page 4 of 14

Environ Monit Assess (2023) 195:631

Sediment extraction and clean up before PCDD/F analysis

Sediment samples were air-dried on aluminum foil,
ground, and sieved using a 2-mm mesh sieve before
extraction. USEPA method 1613 was used for sedi-
ments extraction in which forty grams (40 g) of each
sample were spiked with *C-labeled standard con-
taining all the 17 congeners of PCDD/Fs then mixed
with an equal amount of anhydrous sodium sulfate
(Na,SO,), and then Soxhlet extracted for 16 h with
toluene. The extracts were concentrated to 1 mL using
a rotary evaporator. The first clean-up was performed
by eluting the extracts through a multilayer silica gel
column. The extracts were then concentrated to 1 mL
and further clean-up was performed through an alu-
mina column from which PCDD/Fs were eluted using
50% dichloromethane in hexane (USEPA, 1994).

Fish extraction before PCDD/Fs analysis

The US EPA Method 1613 was used for extraction.
Composite samples were made from fish samples col-
lected from the same sampling point with approxi-
mately the same length. All fish were deboned, and
muscles were blended using a food processor to form
homogenous samples. Then, 30 g of homogenized
fish samples were placed in 500-mL bottles with
screwed lids and spiked with '*C-labeled standard
containing all 17 congeners of PCDD/Fs. Two hun-
dred (200) mL of 6 M HCI were added to the sample,
followed by 200 mL of a mixture of methylene chlo-
ride and hexane (1:1). The same amount was added to
the quality control aliquots. The mixture was shaken
for 10 min and vented in the hood to release pressure,
then placed on a shaker, which ensured the mixture
was in constant motion for 12 h. The mixture was
then removed from the shaker and allowed to settle
so that the aqueous layer could be separated. The sol-
vent was then decanted with glass fiber and filtered
using a column containing 10 g of granular anhy-
drous Na,SO,. After extraction, acidic silica was used
to remove oil, which was then cleaned up and ready
for analysis (USEPA, 1994, 2008).

GCXGC-TOFMS instrumentation
GCxGC-TOFMS instrument housed at the Univer-

sity of Witwatersrand in South Africa was used for
analysis. The system is a Pegasus 4D, Leco Corp., St.
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Joseph (USA), equipped with a multi-purpose autosa-
mpler (Gerstel, Miilheim, Germany). Liquid nitro-
gen was used for cold jets and air from an in-house
system during modulation. Instrument control and
data processing were carried out using ChromaTOF
software, version 4.5, Leco Corp., St. Joseph, MI
(USA). In this study, one pair of columns, i.e., the
Rxi-5 Sil MS/Rtx-200 for GCxGC from the Restek
Corporation, Bellefonte, PA (USA) were optimized
for primary and secondary separations. The full set
of instrumental parameters used were as follow: First
dimension column Rxi-5SiIMS (30 m, 0.25 mm id,
and 0.25 pym df) and second dimension column Rtx-
200 (1.1 mx0.25 mm idx0.25 pm df). Carrier gas
was helium at a flow rate of 1 mL/min in constant
flow mode. In total, 2 pL. of sample extracts were
injected using the splitless mode. The injector tem-
perature was 250 °C. The oven temperatures were pro-
grammed as follows: 140 °C for 1 min, then ramped to
180 °C at 30 °C/min and then to 250 °C at 2 °C/min
to 300 °C and held there for 20 min. The 2D column
temperature was the same as primary, offset by 20 °C
with a transfer line temperature of 280 °C and modula-
tor temperature offset of 30 °C for 3 s. The mass range
was 100-500 amu at an acquisition rate of 50 spe/s.
The detector voltage was 1900 V. Electron ionization
was done with electron energy cantered at 70 eV.

Organic matter determination

Samples were air dried and sieved using a 2-mm
sieve. Two grams was weighed and placed in cruci-
bles that had been preheated at 400 °C for 1 h. The
weight in grams (g) of an empty crucible (W) was
recorded together with the weight of both the crucible
and sample after heating in an oven for 24 h at 105 °C
(Wygs). Finally, samples were heated in a furnace for
16 h at 375 °C and then weighed (W;;5) after cooling.
Percent organic matter contents were then calculated
using Eq. 1:

(WIOS - W375 )

105

%OMC = x 100 (1

where OMC is the organic matter content, W, is the
weight in grams (g) of the sample after heating in an
oven at 105 °C for 24 h, and Wj;5 is the weight in
grams (g) of the sample after heated in a furnace at
375 °Cfor 16 h.
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Quality control, standards, and method optimization
using isotope dilution

The EDF 7999 standard, containing all 17 conge-
ners of PCDD/Fs at different concentrations, was
used for method optimization. The concentration of
the original standard stock solution was 400 pg/uL
for tetrachlorodibenzo dioxin/furans, 4000 pg/uL
for octachlorodibenzo dioxins/furans, and 2000 pg/
uL for the rest of the congeners. Dilution was done
100- to 200-fold to prepare calibration standards.
Isotope dilution was used for the calibration of the
native compounds (PCDD/Fs) with labeled analogs
according to USEPA method 1613. Since the native
and the labeled compounds respond in a similar way
at a certain concentration, the relative response (RR)
of each native, i.e., relative to its labeled analog, was
determined by using the area response of the exact
m/z ratios for each calibration standard. The same
amounts of labeled compounds were added to every
sample prior to analysis. RR values were used with
the initial calibration data to determine the concen-
trations of PCDD/Fs in the extracts. The quality con-
trol parameters, i.e., the linearity, the percent recov-
eries, accuracy, and precision, have been reported by
this research group (Pius et al., 2020).

Data analysis

Statistical analysis of data was done using Microsoft
Excel 365 and PLS_Toolbox version 9.0 for MAT-
LAB Release 23,592, 2021 copyright (C) 1995-2021
Eigenvector Research, Inc. (PLS Toolbox 9.0, 2021).
MATLAB R2021b for academic use was used in this
study.

Results and discussion

Dry and wet season organic matter content (OMC) in
sediments from the Msimbazi River

The significance of organic matter in relation to
PCDD/Fs concentration has been described previ-
ously (Pius et al., 2020). Dry and wet seasons %
OMC varied from 0.05 to 4.55, with a mean of 0.93,
and from 0.01 to 9.39, with a mean of 1.63, respec-
tively. The slightly higher % OMC during the wet
season could have been due to heavy rains, which

lead to erosion and deposition of organic matter
from human habitats to the river (Table 2). A simi-
lar study by Carreira et al. (2015) reported the influ-
ence of the Paraiba do Sul River in Brazil as a source
and distributor of organic matter in sediments. They
found high organic matter content in river sedi-
ments during the wet season. Although the OMC in
this study was slightly higher during the wet season,
ANOVA showed that there was no significant dif-
ference in the average OMC content in the dry and
wet seasons (p=0.58, a=0.05). Since the analy-
sis was performed at two different depths, i.e., the
upper and lower, it became imperative to correlate the
two sampling levels. In the dry season, the % OMC
ranged from 0.05 to 2.15 with a mean of 0.84 for the
upper-level sediments, while it ranged from 0.05 to
4.55 with a mean of 1.03 for lower-level sediments.
In the wet season, the % OMC ranged from 0.03 to
8.16, with a mean of 1.50 for upper-level sediments,
and ranged from 0.01 to 9.39, with a mean of 1.75
for lower-level sediments. Although there was a slight
difference between the (A) % OMC in the upper and
lower-level sediments, ANOVA showed that there
was no significant difference in both the dry and wet
seasons (p=0.77 and 0.88, a=0.05). This confirmed
that both the upper and lower organic matter origi-
nated from the same source and justified performing
PCDD/Fs analysis for a homogenous mixture of the
upper and lower sediments.

Downstream closer to the Indian Ocean, in sam-
ples M6 and M7, the % OMCs were higher compared
to upstream samples in both the dry and the wet sea-
sons. This could be due to the deposition and accu-
mulation of organic matter from all tributaries. The

Table 2 Sediment content of the Msimbazi River in the dry
and wet seasons (% OMC)

Dry season Wet season

Upper Lower Upper Lower
Mo 0.05+0.01 0.08+0.04 0.10+0.08 0.12+0.11
M1 0.10+0.01 0.05+0.04 0.03+0.01 0.01+0.01
M2 0.20+0.07 0.53+0.28 0.11+0.03 0.08+0.03
M3  035+0.03 0.71+0.05 0.05+0.05 0.08+0.06
M4  042+0.09 0.67+0.2 0.17+0.07  0.07+0.07
M5 0.11+0.05 0.24+0.04 0.13+£0.08 0.04+0.02
M6 330+023 455+1.12 8.16+0.51 9.39+0.72
M7  215+0.09 1.44+0.05 3.26+038 4.21+0.15
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Fig. 2 Log,, concentration 3
of PCDD/Fs at different

sampling sites during the 2.5
dry season
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same results were reported in the Paraiba do Sul
River in Brazil study (Carreira et al., 2015). Presence
of organic matter in sediments of the Msimbazi River
was indicative of the presence of other organic pollut-
ants, which justified the analysis of PCDD/Fs in the
same samples.

Dry and wet season PCDD/Fs concentration in sediments

The concentrations of 17 congeners of PCDD/Fs in
sediments during the dry and wet seasons ranged
from 2.0 to 393.0 and 0.7 to 654.8 pg/g dry weight,
respectively, as seen in Figs. 2 and 3. Since this was
the first PCDD/Fs concentration study in Tanzanian
rivers, comparisons were made with results from

Fig. 3 Log,, concentration 3
of PCDD/Fs at different

sampling sites during the 2.5
wet season

ro
L

—
L

0.5

Log10 concentration (pg/g)
&

@ Springer

= Mo
M1
mM2
u M3
uM4
u M5
u M6
M7

FSF S LS
%\““’&&&\xw&

i Ry

w AT T AT AV Y ¥ ¥ AP bm
SR RN ﬂf" N

N AT YT NN R "”’

$
0 9

25 Q@
Congener

studies elsewhere. The results were compared with
the USA action level set at 1000 pg/g for PCDD/Fs,
and all were lower.

From Figs. 2 and 3, congener concentrations
varied between the sampling sites, which indi-
cated that the PCDD/Fs in the samples originated
from different sources. In the sample MO col-
lected upstream before discharge from suspected
point sources, several congeners of PCDD/Fs were
detected, with PCDFs being predominant over
PCDDs. This meant that the ratio of PCDDF to
PCDD was greater than one (1) and implied that
their sources were mainly from open burning. This
observation has been observed and reported by
Everaert and Baeyens (2002).
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In both the dry and wet seasons, regardless of
the sampling point, the dominant congeners were
1,2,3,4,6,7,8-HepCDD, 1,2,3,4,6,7,8-HepCDF, 1,2,4,7,8-
PeCDD, OctaCDD, and TCDF. High concentrations of
highly chlorinated-substituted PCDD/Fs such as octa
and hepta signify atmospheric deposition as the major
source of PCDD/F. Several studies have also reported
the release of PCDD/Fs, especially highly chlorinated
substituted congeners, from engines propelled by diesel
(Chang et al., 2014; Laroo et al., 2011). It is also possible
that the detected PCDD/Fs were deposited in the Msim-
bazi River from diesel engine vehicles from garages, car
wash stations, and high-traffic roads such as Morogoro,
Kawawa, SamNujoma, and Mandela roads near or along
the river or its tributaries at different points.

During the wet season, in addition to wMO,
two more sites (WM6 and wM7) had their PCDDF
concentrations higher than PCDDs. This sug-
gests atmospheric deposition as a major source of
PCDD/Fs. The concentration of PCDD/Fs at the
sampling site close to the Indian Ocean (WMT7)
in the wet season was higher than during dry sea-
son (M7). Since this was the lowest point of the
river, this could have been due to sediment-bound
PCDD/Fs that had eroded from the upper to the
lower steam of the river. Movement of sediment-
bound pollutants from upper to lower steams have
been reported in the literature (Ding et al., 2021;
Verta et al., 2009; Weber et al., 2008). Concentra-
tion of PCDD/Fs in samples collected at Jangwani
(M5) was relatively higher than those from other
sampling points. This could be in addition to accu-
mulation of sediment-bound PCDD/Fs from other
streams such as Ubungo and Luhanga, heavy traffic
along Morogoro road, car wash stations, parking
slots, and garages.

(=}
o
)

Fig.4 aDry and b wet
season TEQ of PCDD/Fs in
sediments from Msimbazi
River and its tributaries
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Toxicity potential of PCDD/Fs at different sampling
points along the Msimbazi River

TEQs indicate the magnitude of toxicity of PCDD/Fs
congeners relative to 2, 3, 7, and 8-TCDD, which is
the most toxic congener assigned a toxic equivalent
factor (TEF) of 1. TEQs were calculated by summa-
tion of the products of the concentration of individual
congeners at every sampling point to toxic equiva-
lent factor (TEF) established by the World Health
Organization (WHO). The total PCDD/Fs concentra-
tions varied widely from one point to another along
the river and its tributaries. In the dry season, the
TEQ varied from 19.7 to 36.5, mean of 27 pg TEQ
WHO,s/g, and in the wet season, it varied from 2.0
to 38.72, with a mean of 20.70 pgTEQ WHO,qs £,
as seen in Fig. 4a and b.

During the dry season, the lowest TEQ value
was found upstream of the river (M0). This was the
point before the Msimbazi River passed through the
suspected point source of contamination. Further-
more, 86% of the TEQ in this site was contributed by
1,2,3,7,8-PeCDD. It was speculated that the PeCDD
could have precipitated due to fair deposition since
this was the point that was assumed not to be affected
by point sources of PCDD/Fs. This observation cor-
roborated with other studies that reported the existence
of PeCDD in sediments because of air depositions
(Sundqpvist et al., 2009; Verta et al., 2007). The highest
TEQ was found in Luhanga River (M2), followed by
M1, which is the main Msimbazi River at Vingunguti.
All these points had their TEQs mainly contributed by
low chlorinated PCDD/Fs such as PeCDD and TCDF.
The elevated TEQ values in Luhanga River could be
attributed to Nida textile factory, which is located
near the river. This also corroborates well with other

(€)] 40 1 (b)

M5 M6 M7 wMowM1 wM2 wM3wM4 wM5 wM6 wM7

Sampling site
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studies that have reported the release of PCDD/Fs to
the environment from textile industries (Huang et al.,
2021; Klasmeier & McLachlan, 1998; Krizanec &
Majcen Le Marechal, 2006).

During the wet season, the lowest TEQ was esti-
mated at Sinza River sampling site wM®6, followed by
sampling site M7, i.e., the last point before the river
poured into the Indian Ocean. At this point, there was
a mixing of water from the ocean and the river, espe-
cially during the wet season. The low TEQ of PCDD/
Fs was attributed to the washout of sediment-bound
PCDD/Fs to the ocean. The highest TEQ was esti-
mated at Jangwani, sampling site wMS5, a point where
Ubungo and Luhanga merge with the main Msimbazi
River downstream. The elevated TEQ at this point
could be due to the movement of sediment-bound
PCDD/Fs from upstream and from other tributaries.
At this point, there were high traffic and parking slots
for the rapid bus transport.

Seasonal variation of TEQ of PCDD/Fs in sediments
from the Msimbazi River

Concentrations of PCDD/Fs were lower during the
dry season compared to where they were detected
during the wet season, as seen in Fig. 5.

During the dry season, the water in the river had
receded, and it was speculated that the sediment-
bound PCDD/Fs were deposited at the riverbed.
During the wet season, there was a big variation of

Fig. 5 Seasonal variations
of PCDD/Fs at different
points along the Msimbazi
River
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M2

PCDD/Fs from one sampling point to another. This
could be attributed to the movement of sediment-
bound PCDD/Fs due to the rainwater flow responsi-
ble for washing out sediment-bound PCDDFs from
one point to another.

However, ANOVA showed that there was no sig-
nificant difference between PCDD/Fs TEQ values
during the dry and wet seasons (p=0.08; a=0.05).
Notable was the detection of PCDD/Fs upstream
of the Msimbazi River (M0), before the suspected
PCDD/Fs point sources. This suggested that PCDD/
Fs in the Msimbazi River were not only from point
sources such as industrial effluent but also atmos-
pheric deposition because of the open burning of
wastes and biomass that are common practices in
many places in Dar es Salaam.

Additionally, data was subjected to partial least
squares discriminant analysis (PLS-DA) using PLS_
Toolbox version 9.0 for MATLAB Release 23,592,
2021 copyright (C) 1995-2021 Eigenvector Research,
Inc. (PLS Toolbox 9.0, 2021). MATLAB R2021b
for academic use was used in this instance. This was
done to see if the two classes, i.e., dry and wet sea-
sons, could be distinguished. The PLS-DA model
was built using training data and exhibited a receiver
operating characteristic (ROC) curve of sensitivity in
the wet season concentrations of PCDD/Fs above a
threshold of 0.8 and the area under the curve (AUC)
of 0.9688, while in the dry season, the values were
above 0.8 and 0.9531, respectively. These model
parameters were used to predict test data, from which

B Dry seaason

B Wet season

M3 M4
Sampling points

M3 M6 M7
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the confusion matrix showed an overall classification
error of 12.5%, which was the same as 12.5% for the
prediction results. The variance was significant only
up to approximately 3 latent variables, as deduced
from the X variance captured (%) versus the latent
variable. The score plot of latent variable (LV) 1 with
a variance of 22.9% versus latent variable (LV) 3 with
a variance of 11.96% is shown in Fig. 7.

As seen in Fig. 6, two classes were clearly distin-
guished for the sediment PCDD/Fs concentrations in
the dry and wet seasons. Furthermore, a biplot, i.e.,
scores plot, with latent variable 1 (LV1) carrying the
same variance at 22.9% and LV3 carrying 11.96%
superimposed on the loadings plot is shown in Fig. 7.
From Fig. 7, the wet season showed higher concen-
trations of PCDD/Fs, which were closely correlated.
The observation underscores the fact that there was
movement of sediment from the sampling points
where PCDD/Fs were detected in high concentrations
during the dry season to the sampling points where
they were detected in higher concentrations during
the wet season.

The variable importance in projection (VIP) scores
versus latent variables showed the following as the
most important variables: (i) 1,2,3,7,8-PeCDF, (ii)
1,2,3,4,7,8-HexCDF, (iii) 2,3,4,7,8-PeCDF, (iv) 1,2,4,7,8-
PeCDD, and (v) 1,2,3,6,7,8-HexCDD, 1,2,3,4,6,7,8-Hep-
CDD, OctaCDD, and 1,2,3,7,8,9-HexCDF. These PCDD/
Fs contributed to the classification observed in the scores
and loadings plot and qualified the observation made in
Figs. 2 and 3, where the dominant analytes were a subset
of these latent variables.

In this study, all the sediments collected along
the Msimbazi River exceeded the Interim Sediment
Quality Guideline (ISQG) in Canada and USA for
dioxins quoted 2,3,7,7-TCDD toxicity equivalents,
which are 0.85 and 2.5 ng/kg (dw), respectively.
There is a possibility that the sediments could cause
detrimental effects on sensitive organisms at all
trophic levels (Canadian Council of Ministers of
the Environment, 2002; Cook, 1993). Fifty percent
(50%) of dry and wet season sediments presented in
this study exceeded the American guideline speci-
fied as a high risk to sensitive species 25 ng TEQ/

Fig. 6 Scores plot of LV 3
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kg dw for mammals and wildlife. Except for MO,
M1, M4, M6, and M7, all other stations for both
wet and dry seasons had their TEQs exceeding the
upper limit of 20 pg WHO-dw set by the European
Commission for Sediments.

PCDD/Fs reported in this study were lower than
the levels reported in River Nile in Egypt. PCDD/
Fs in the river Nile were suggested to be high due to
commercial formulation of DDT in which PCDD/Fs
are found as impurities (El-Kady et al., 2007). This

LV 1(22.90%)

could be the reason why their TEQs were very high.
PCDD/Fs reported in this study were relatively
higher than the TEQs reported in South Africa, but
their sources were closely related to open burning of
wood and domestic wastes with small contribution
from industrial activities (Nieuwoudt et al., 2009).
The river Elbe, in Central Europe was reported to
have higher PCDD/Fs concentrations compared to
the levels in the Msimbazi River reported in this
study (Gotz et al., 2017).
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Fig. 9 TEQ in fish col-
lected from the Msimbazi 160 -
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PCDD/Fs in catfish collected from the Msimbazi River

Concentrations of PCDD/Fs congeners detected in fish
samples are presented as log,,concetrations for clarity
in Fig. 8. Out of 17 congeners, four, namely, 1,2,4,7,8-
PeCDD, 1,2,3,4,6,7,8-HepCDD, and 1,2,3,4,7,8,9-Hep-
CDF were most dominant. Concentrations of these
congeners were also high in sediments analyzed from
the Msimbazi River, indicating a common source of
PCDD/Fs in sediments and in fish.

PCDD/Fs in fish collected from the Msim-
bazi River presented in WHO,; fresh weight
ranged from 9.3 to 145.2, with a mean of 61.2 pg
WHO,,s-TEQg ™" as seen in Fig. 9.

The TEQs estimated in fish were very high com-
pared to values reported in sediments. This could
be due to the long-time accumulation of PCDD/Fs
in fish fat tissue compared to accumulation in sedi-
ments. The mean concentration of PCDD/Fs was
higher than the European Commission regulation
value (3.5 pg WHO-TEQ pg/g) fw for muscle meat
of fish and fishery products (European Commis-
sion, 2011), suggesting a health risk for consum-
ers of fish from the Msimbazi River. 2,3,7,8-TCDD
was detected in all fish samples, ranging from 3.5
to 12.7 with a mean of 8.1 pg/g. The minimum risk
level for hazardous substances established by the
Agency for Toxic Substance and Diseases Regis-
try prescribes a minimum residue level (MRL) of
0.0002 ugkg™' day~! of 2,3,7,8-TCDD to be eaten
on average by a person of 70 kg (Chou et al., 1998).
With a mean value of 8.1 pg/g TCDD obtained in
this study, even less than 1 g of fish per person per
day would still exceed the MRL. This surfaces a

F1 F2 F3 F4 F5 F6

Fish samples

probable high risk of consuming catfish from the
Msimbazi River. About 50% of fish samples had
their PCDFs concentrations higher than PCDDs, so
the ratio of PCDF to PCDD was higher than 1. This
suggested that the PCDD/Fs, which accumulated in
fish, could have been from open burning of waste
and biomass.

Results obtained from this study were higher than
values obtained in lake whitefish from the Canadian
Great Lakes (22-54 TEQ g'l) (Bhavsar et al., 2008)
and those reported in fish from Lake Victoria in East
Africa, i.e., 0.001 to 0.09 WHO-TEQ pg/g (Ssebugere
et al., 2013).

Conclusions

Results demonstrate that sediments and fish were
contaminated by PCDD/Fs at levels higher than inter-
national standards, such as the USA action levels
for PCDD/Fs, which can cause detrimental effects
to human and aquatic life. ANOVA and PLS-DA
statistical evaluations showed that elevated concen-
trations of PCDD/Fs in some segments of the river
arose due to movement of sediment-bound PCDD/Fs
from the upper to the lower river stream. There was
washout of sediment-bound PCDD/Fs at points close
to the Indian Ocean, suggesting a large environmen-
tal impact of PCDD/Fs from the Msimbazi River.
The amount of organic matter positively correlated
with PCDD/Fs concentration, suggesting common
sources with PCDD/Fs. Classification of congeners
suggested different sources of PCDD/Fs. PCDD/Fs
were also detected up-stream of the Msimbazi River

@ Springer
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and attributed to atmospheric deposition from open
burning of wastes and biomass, which is a common
practice in Dar es Salaam, Tanzania. The concentra-
tion of TCDD in fish exceeded the Agency for Toxic
Substance and Diseases Registry MRL, thus posing
a probable high risk to people whose dietary require-
ments depend on fish from the Msimbazi River.
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