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Abstract  Urban uncontrolled landfills in Kinshasa 
generate metal-rich leachates that contaminate sur-
rounding freshwater streams, sediments, and biota. 
To assess the extent of this contamination, sediment 
from six freshwater streams in Kinshasa (N’djili, 
Limete, Lemba, Selembao, Mont-Ngafula, Makala) 
were analyzed to assess contamination by heavy met-
als—including Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, 

As, Mo, Cd, Sn, Sb, Pb and Hg—and bioaccumula-
tion in terrestrial (Lumbricus terrestris) and aquatic 
(Tubifex tubifex, Nais elinguis, Enchytraeus albidus) 
oligochaetes. Sediments were digested following the 
Swiss Federal Soil Ordinance (OSol 814.12) and ana-
lyzed using ICP-MS for metals and a Direct Mercury 
Analyzer (CV-AAS) for total Hg. Oligochaete tissues 
were freeze-dried, acid-digested (HNO3–HClO4), 
and analyzed using the same instrumentation. Sedi-
ment pollution levels were assessed using the Geo-
accumulation Index (Igeo), Enrichment Factor (EF), 
contamination factor (CF), and the overall Ecologi-
cal Risk Index (RI), while ecological thresholds were 
compared to the Canadian Sediment Quality Guide-
lines. Bioaccumulation factors (BAF) were calculated 
to quantify metal transfer from sediments to organ-
isms. Sediments showed strong contamination at 
landfill-impacted sites, with Hg reaching 3.8 mg·kg⁻1 
dry weight—far exceeding Canadian SQGs (TEL: 
0.17  mg·kg⁻1) and PELs (0.486  mg·kg⁻1). Cu and 
Zn were also highly elevated (up to 687.9 and 
995.3 mg·kg⁻1, respectively). RI values were highest 
at Limete (1014–3552.7), indicating very high eco-
logical risk. Aquatic oligochaetes exhibited greater 
bioaccumulation than terrestrial species, with Hg up 
to 0.876  mg·kg⁻1 and Cu up to 93.1  mg·kg⁻1. High 
BAFs were observed, particularly for Cd (118.2 at 
Mont-Ngafula) and Sn (263.1 at Makala), confirming 
strong sediment-to-organism transfer. Fine, organic-
rich sediments and proximity to landfill leachates 
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were positively correlated with metal contamination 
and bioavailability.

Keywords  Uncontrolled · Landfills · Heavy 
metals · Oligochaetes · Bioaccumulation · Ecological 
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Introduction

Uncontrolled open dumps and landfills constitute a 
major environmental challenge in urban areas world-
wide, particularly in rapidly expanding cities of 
developing countries. Driven by accelerated urbani-
zation, population growth, and inadequate waste man-
agement infrastructure, these unregulated disposal 
sites fail to effectively contain hazardous materials 
and leachates. During rainfall events, water perco-
lates through waste piles and mobilizes leachates 
enriched with toxic substances, including heavy met-
als such as lead (Pb), cadmium (Cd), mercury (Hg), 
and arsenic (As), as well as persistent organic pollut-
ants. Owing to their toxicity, persistence, and bioac-
cumulative behavior, these contaminants pose serious 
ecological and public health risks by degrading soil 
and aquatic ecosystems and entering the food chain 
(Akonga et  al., 2025; Grangxabe et  al., 2024; Oros, 
2025; Saidon et al., 2024). In parallel, the decompo-
sition of organic waste generates greenhouse gases, 
notably methane, thereby contributing to climate 
change, while populations living in low-income urban 
neighborhoods experience disproportionate exposure 
to these environmental hazards (Gochfeld & Burger, 
2011; Hajat et al., 2015; Magazzino et al., 2024).

Unlike organic contaminants, heavy metals are 
non-biodegradable and tend to persist in the environ-
ment. Their strong affinity for fine-grained particles 
and organic matter leads to their accumulation in soils 
and sediments, which act not only as long-term sinks 
but also as potential secondary sources of pollution 
under changing physicochemical conditions. Con-
sequently, sediments play a critical role in the redis-
tribution of contaminants within aquatic systems. 
Understanding the transfer of metals from sediments 
to living organisms is therefore essential for evaluat-
ing ecological risks and predicting human exposure 
through trophic pathways (Lundemi et al., 2022; Rob-
erts, 2012).

Among sediment-dwelling organisms, oligochaete 
worms—both terrestrial and aquatic—are of particu-
lar ecological importance. Through burrowing, inges-
tion, and continuous interaction with sediments, they 
influence sediment structure, microbial activity, and 
contaminant bioavailability. Several species, includ-
ing Lumbricus terrestris, Tubifex tubifex, Nais elin-
guis, and Enchytraeus albidus, exhibit a strong capac-
ity to bioaccumulate heavy metals in their tissues, 
making them reliable bioindicators of environmental 
contamination (Frank et al., 2023; Gkika et al., 2024; 
Lourenço et  al., 2011; Moreno-Ocio et  al., 2024). 
Beyond their role in biomonitoring, oligochaetes are 
increasingly recognized for their potential contribu-
tion to bioremediation processes, as their biological 
activity can enhance contaminant transformation and 
reduce metal bioavailability in soils and sediments. 
While vermiremediation in terrestrial environments 
is relatively well documented, the application of oli-
gochaetes to contaminated aquatic sediments remains 
insufficiently explored despite its promising potential 
(Shi et al., 2020; Zeb et al., 2020).

The Democratic Republic of the Congo (DRC), 
and particularly the city of Kinshasa, exemplifies the 
environmental pressures associated with uncontrolled 
landfills and deficient urban waste management. 
Rapid population growth, industrial development, 
and weak regulatory enforcement have intensified 
pollution of urban soils and waterways. Neverthe-
less, data on heavy metal contamination in sediments 
and aquatic biota—especially sediment-dwelling oli-
gochaetes—remain scarce. Investigating these organ-
isms is therefore crucial for improving knowledge of 
contamination levels, ecological risks, and possible 
monitoring and remediation strategies in this rapidly 
urbanizing context (Vivien et al., 2014).

Urban rivers in Kinshasa receive inputs from 
multiple anthropogenic sources, including indus-
trial effluents (pharmaceuticals, paint manufactur-
ing, breweries), artisanal activities (vehicle repair 
workshops, small-scale agriculture), and domestic 
waste originating from uncontrolled dumpsites. The 
convergence of these inputs, combined with hydro-
dynamic and sedimentary processes, leads to the for-
mation of contamination hotspots where toxic metals 
accumulate in sediments and become bioavailable to 
benthic organisms. Assessing metal concentrations 
in riverbank soils, sediments, and oligochaete tissues 
thus provides an integrated view of contamination 
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patterns, ecological impacts, and the potential trans-
fer of pollutants through aquatic food webs to higher 
trophic levels, including humans.

Against this background, the present study aimed 
to address existing knowledge gaps by: (1) assess-
ing the concentrations of heavy metals in riverbank 
soils, river sediments, and the tissues of terres-
trial and aquatic oligochaetes in areas influenced by 
uncontrolled urban landfills in Kinshasa; (2) evaluat-
ing the associated ecological and toxicological risks 
using indices such as the Geoaccumulation Index 
(Igeo), Enrichment Factor (EF), and Ecological Risk 
Index (RI); (3) investigating bioaccumulation pat-
terns in oligochaetes in relation to sediment charac-
teristics, species-specific traits, and proximity to con-
tamination sources; and (4) exploring the potential 
of oligochaetes as sentinel species for environmental 
monitoring and as biological tools for sustainable 
bioremediation strategies.

By linking the global issue of uncontrolled 
urban waste disposal with the ecological role of oli-
gochaetes and the specific environmental context of 
Kinshasa, this study provides a comprehensive frame-
work for understanding and managing heavy metal 
contamination in urban aquatic systems. The findings 

highlight both the severity of environmental risks 
associated with landfill-derived pollution and the 
promising utility of oligochaetes in monitoring and 
remediation programs.

Materials and methods

Description of study sites

Six areas crossed by freshwater streams, all located in 
the city of Kinshasa and within the catchment basin 
of the N’djili River, were selected as study sites: 
N’djili, Limete, Lemba, Selembao, Mont-Ngafula, 
and Makala (Fig. 1). These sites were chosen because 
they act as outlets for stormwater runoff and for both 
solid and liquid wastes originating from surrounding 
municipal areas. They are also impacted by various 
human activities: industrial operations, particularly 
in the pharmaceutical sector, paint production, and 
breweries in Limete; artisanal activities such as vehi-
cle and motorcycle repair and maintenance, as well as 
small-scale agriculture involving pesticides and ferti-
lizers in N’djili; and predominantly domestic activi-
ties in Lemba, Mont-Ngafula, Selembao, and Makala. 

Fig. 1   Sampling site of: A Lemba, B Limete, C N’djili, D Mont-Ngafula, E Selembao, F Makala (Photos by M.M. Akonga)
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Several uncontrolled landfills producing leachates 
that flow into rivers are present at all studied sites 
(Mavakala et  al., 2016) (Fig.  2). Local populations 
consume fish from these rivers, potentially exposing 
themselves to bioaccumulated pollutants.

Sampling procedure

In May 2025, riverbed sediment samples approxi-
mately 3  m from the shoreline were collected using 
a plastic scoop and transferred into 0.5 L plastic con-
tainers. At each site, five subsamples were collected 
at intervals of apprimately 3 m and combined to form 
a composite sample, representing the average condi-
tions of the sampling area. Four composite samples 
(240–300 g each) were collected per site, except for 
Mont-Ngafula, where three samples were collected, 
yielding a total of 23 samples. Samples were labeled 
as follows: Selembao: SSe1, SSe2, SSe3, SSe4; 

Lemba: SLe1, SLe2, SLe3, SLe4; N’djili: SN1, SN2, 
SN3, SN4; Limete: SLi1, SLi2, SLi3, SLi4; Mont-
Ngafula: SMo1, SMo2, SMo4; Makala: SMak1, 
SMak2, SKak3, SKak4.

In parallel, terrestrial and aquatic oligochaete 
worms were collected from the same sites. The ter-
restrial species included the earthworm (Lumbricus 
terrestris Linnaeus, 1758), and the aquatic species 
included the sludge worm (Tubifex tubifex Müller, 
1774), the aquatic oligochaete (Nais elinguis Müller, 
1774), and the white potworm (Enchytraeus albidus 
Henle, 1837). Sampling was conducted in late April 
(rainy season) and early May (onset of the dry sea-
son), when rivers were still experiencing residual 
flooding. These hydrological conditions promoted 
the transport of terrestrial organisms into river sys-
tems, leading to their accumulation in surface sedi-
ments. Consequently, Lumbricus terrestris was col-
lected from surface sediments rather than from soil, 

Fig. 2   Study areas with the location of sediment and worm sampling sites in the municipalities of Selembao, Lemba, N’djili, Lim-
ete, Mont-Ngafula et Makala
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reflecting the hydrological context prevailing during 
the sampling period. On average, 118 individuals per 
site (mean weight 0.91 g each) were collected, placed 
in plastic containers, and labeled as follows: N’djili: 
ON1 (Nais elinguis), ON2 (Tubifex tubifex), ON3 
(Enchytraeus albidus), ON4 (Lumbricus terrestris); 
Limete: OLi1 (Nais elinguis), OLi2 (Tubifex tubifex), 
OLi3 (Enchytraeus albidus), OLi4 (Lumbricus ter-
restris); Lemba: OLe1 (Lumbricus terrestris), OLe2 
(Enchytraeus albidus), OLe3 (Enchytraeus albi-
dus), OLe4 (Nais elinguis); Makala: OMak1 (Nais 
elinguis), OMak2 (Lumbricus terrestris), OMak3 
(Enchytraeus albidus), OMak4 (Tubifex tubifex); 
Mont-Ngafula: OMo1 (Nais elinguis), OMo2 (Tubifex 
tubifex), OMo3 (Enchytraeus albidus), OMo4 (Lum-
bricus terrestris); Selembao: OSe1 (Nais elinguis), 
OSe2 (Tubifex tubifex), OSe3 (Enchytraeus albidus), 
OSe4 (Lumbricus terrestris).

All sediment, and worm samples were stored at 
4 °C and transported under refrigeration to the analyt-
ical platform of the University of Geneva for analysis.

Physicochemical properties of sediment

The analysis of sediment samples included the assess-
ment of several physicochemical parameters, such as 
water content (WC), organic matter (OM), carbon-
ate (CaCO3), and particle size distribution. WC was 
determined by measuring the weight loss of the sam-
ples after drying in an oven at 100 °C until constant 
weight. OM was quantified by incinerating dried 
samples at 550  °C for one hour in a muffle furnace 
(Salvis AG, Lucerne, Switzerland), and calculating 
the resulting weight reduction. The CaCO3 fraction 
was evaluated by subjecting the incinerated samples 
to an additional combustion step at 1000 °C for one 
hour using the same furnace.

Particle size distribution was assessed using 
roughly 1 g of fresh sediment. After 5 min of ultra-
sonic treatment of the sediment in deionized water, 
the sediment particle size was determined with a 
Coulter LS-100 laser diffraction analyzer (Beckman 
Coulter, Fullerton, CA, USA) (Atibu et  al., 2023; 
Mabidi et al., 2024).

Analysis of heavy metals in sediment samples

The preparation and digestion of sediment samples 
were conducted in accordance with the guidelines of 

the Swiss Federal Soil Ordinance (Osol) 814.12 (RS 
814.12, 1998). Sample aliquots were first oven-dried 
at 60 °C and then ground to a fine powder. Approxi-
mately 1 g of the processed sediment was subjected 
to acid digestion in 10 mL of 2 M nitric acid (HNO3) 
using Teflon digestion vessels, followed by heating 
at 100  °C for 16  h. After cooling to ambient tem-
perature, the mixtures were centrifuged (Centrifuge 
3 K-1, Sigma, Switzerland) at 4000 rpm for 15 min to 
remove any insoluble residue. The supernatants were 
then diluted at a ratio of 1:200 with 1% suprapur-
grade HNO3. Metal concentrations were subsequently 
measured using inductively coupled plasma mass 
spectrometry (ICP-MS, Agilent 7700 × series, Santa 
Clara, CA, USA).

For method validation and to ensure the analytical 
accuracy, the certified reference material stream sedi-
ment STSD-1 (National Research Council, Ottawa, 
Ontario, Canada) was processed in parallel with the 
sediment samples. Results were reported in milli-
grams per kilogram (mg kg⁻1 dry weight).

Analysis of heavy metals in oligochaete samples

The analytical procedure used to determine heavy 
metal concentrations in oligochaete specimens was 
based on the approach developed by Suami et  al. 
(2019)—originally intended for oysters and cray-
fish—with adjustments derived from methodologies 
proposed by Rashed (2001) and Sivaperumal et  al. 
(2007). Worms were dissected, the sediment gut con-
tent carefully removed, and specimens washed with 
distilled water. The oligochaete tissues were freeze-
dried using an Adolf Kühner freeze dryer (Birsfelden, 
Switzerland), and the bulk dry tissues finely ground 
to obtain a uniform powder. Accurately weighed ali-
quots of approximately one gram of each powdered 
sample were subjected to acid digestion in 10  mL 
of a 3:1 acid mixture composed of high-purity nitric 
acid (65%, Merck KGaA, Darmstadt, Germany) and 
perchloric acid (70%, Merck KGaA, Darmstadt, 
Germany). The digestion process was carried out 
overnight at 110  °C in Teflon vessels. Once cooled 
to ambient temperature, the digested solutions were 
centrifuged, diluted with 1% ultrapure nitric acid, and 
then analyzed via Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS). All acid dilutions were per-
formed using ultrapure water (Milli-Q, 18 MΩ·cm, 
Merck, Darmstadt, Germany).
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As a quality control measure, the fish protein cer-
tified reference material for trace metals DORM-4 
(National Research Council, Ottawa, Canada) was 
digested and analyzed alongside the samples. The 
concentrations of metals were reported in milligrams 
per kilogram (mg kg−1 dry weight).

Determination of mercury concentrations in sediment 
and oligochaete samples

Total mercury (Hg) concentrations in both sedi-
ment and oligochaete samples were determined 
using a Direct Mercury Analyzer (DMA 80-III, 
MWS GmbH), which operates via cold vapor atomic 
absorption spectroscopy (CV-AAS). This analytical 
technique involves thermal decomposition of the sam-
ples, followed by mercury amalgamation in a gold 
trap and subsequent quantification of the vaporized 
mercury.

For the analytical quality control of sediment 
analysis, the standard reference material for inorgan-
ics in marine sediment SRM 2702 (National Institute 
of Standards & Technology, USA) was processed 
alongside the samples, employing the Feststoffe Sch-
nell protocol (in brief: no pre-drying, combustion at 
750 °C).

As a quality control procedure in the analyses of 
oligochaete tissues, the DORM-4 certified reference 
material was used, and the Kunstoff protocol applied 
(drying at 400  °C and combustion at 750  °C). Mer-
cury concentrations were reported in milligrams 
per kilogram (mg kg⁻1 dry weight) (Mudinga et  al., 
2024).

Assessment of sediment pollution

Sediment contamination was evaluated using two 
principal indices: the Geoaccumulation Index (Igeo) 
and the Enrichment Factor (EF) (Banze wa Mutombo 
et al., 2022). The geoaccumulation index (Igeo) was 
used, and calculated as:

where M is the measured metal concentration in 
the sediment and B is the background level of the 
same metal. The constant 1.5 accounts for the 

(1)Igeo = log2
[

M∕(1.5 × B)
]

natural variability in background metal concentra-
tions (Banze wa Mutombo et al., 2022).

The enrichment factor (EF) was used to further 
quantify the degree of contamination, as it allows dif-
ferentiation between natural (geogenic) and anthro-
pogenic metal sources. EF was calculated using the 
following formula:

where, M refers to the concentration of a given heavy 
metal, while Sc represents scandium concentration in 
the same sample or in the background. Scandium was 
selected as a conservative element for normalization 
purposes. The geochemical background values for the 
metals were taken from the Upper Continental Crust 
(UCC) reference data (Sun et al., 2022).

Estimation of ecological risk indices

To evaluate the degree of metal contamination in sed-
iment, the contamination factor (CF) was determined 
as follows (Swain, 2024; Hånkanson Saleem et  al., 
2024):

where M and B are, respectively, the metal concen-
trations in the sample and its geochemical baseline 
(UCC value).

The cumulative impact of multiple heavy metals 
in a sample was assessed using the contamination 
degree (CD), calculated as:

where, CFm is the contamination factor for each metal 
included in the assessment. The elements considered 
were Hg, Cd, As, Co, Cu, Pb, Cr, and Zn.

To assess ecological threats posed by these con-
taminants, the individual ecological risk index (Erm) 
was determined using the formula (Suresh et  al., 
2012):

where Trm represents the toxic response factor spe-
cific to each metal: Hg (40), Cd (30), As (10), Co (5), 
Cu (5), Pb (5), Cr (2), and Zn (1) (Islam et al., 2015).

(2)EF = (M∕Sc)sample∕(M∕Sc)background

(3)CF = M∕B

(4)CD =
∑

CFm

(5)Erm = Trm × CFm
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Finally, the overall potential Ecological Risk Index 
(RI) was obtained by summing the risk indices for all 
metals:

This cumulative index takes into account both the 
toxicity and the ecological sensitivity associated with 
multiple metal pollutants.

In addition, ecotoxicological assessments were 
carried out by comparing the measured concentra-
tions of metals in sediments to the thresholds defined 
in Sediment Quality Guidelines (SQGs) and Probable 
Effect Levels (PELs) for protection of aquatic organ-
isms, as adopted in Canada (CCME, 1999).

Bioaccumulation factor (BAF)

To estimate the transfer of metals from contaminated 
sediments to benthic organisms, the bioaccumulation 
factor (BAF) was calculated. The BAF represents the 
ratio between the concentration of metals in earth-
worms and in the surrounding sediment, using the 
following formula (Dedeke et al., 2016; Wang et al., 
2018):

where Cew is the metal concentration in the earth-
worm tissue (mg·kg−1 dry weight) and Cs is the 
average concentration of the corresponding metal in 
sediment (mg·kg−1 dry weight). This evaluation was 
performed on samples collected from the munici-
palities of N’djili, Limete, and Lemba, which are the 
areas affected by uncontrolled landfill sites.

Analytical quality control statement and statistical 
treatment of data

All heavy-metal determinations were performed 
under strict analytical quality-control procedures. 
Each batch of samples included calibration stand-
ards, procedural blanks, duplicate samples, and certi-
fied reference materials (CRMs) to ensure the accu-
racy and precision of the measurements. Analytical 
determinations were carried out in triplicate, and 
the coefficients of variation measurements remained 
below 5%, indicating excellent instrument stability 
and reproducibility throughout the analysis. Triplicate 

(6)RI =
∑

Erm

(7)BAF = Cew∕Cs

analytical results were averaged prior to statistical 
processing.

Statistical analyses focused on assessing relation-
ships among measured variables and evaluating pat-
terns in metal contamination. Spearman’s rank cor-
relation coefficients were computed using XLSTAT 
version 2021.1 (Addinsoft, New York, USA, accessed 
July 2025), a non-parametric method appropriate for 
datasets that may not satisfy normality assumptions. 
Data normality was verified using the Shapiro–Wilk 
test, and homogeneity of variance was assessed with 
Levene’s test to ensure the robustness of the correla-
tion analysis. Statistical significance was evaluated 
at the 95% confidence level (p < 0.05). All statistical 
analyses were conducted using the averaged triplicate 
values for each sample.

This approach ensures that the dataset is treated 
with rigorous quality control and that statistical rela-
tionships are reliably quantified, providing a solid 
methodological foundation for subsequent interpreta-
tion of sediment metal contamination.

Results and discussion

Physicochemical characteristics of sediment samples

The physico-chemical parameters of the sediment 
samples revealed significant spatial variation across 
the six municipalities of Kinshasa (Table  1). Water 
content (WC) ranged from 11.04% at N’djili (SN2) 
to 48.37% at Limete (SLi3), with the highest values 
observed in Limete and Makala, indicating a higher 
water retention capacity associated with fine-grained 
sediments. Organic matter (OM) contents varied 
widely, from < 1% in Mont-Ngafula and Makala 
to > 20% in SLi4 (Limete) indicating contrasting 
depositional environments. Fine sediments in Limete 
and Selembao act as sinks for OM, whereas sandy 
sediments in Mont-Ngafula and Makala show limited 
accumulation, consitent with previous studies (Yu 
et al., 2019; Zhang et al., 2014).

Calcium carbonate (CaCO3) contents ranged from 
0.08% (SMo4, Mont-Ngafula) to 9.59% (SLi4, Lim-
ete), reflecting both differences in local lithology 
and diagenetic processes that may affect the metal 
mobility.Sediments texture confirmed these pat-
terns: Mont-Ngafula and Makala were predominantly 
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sandy (> 92%), whereas Selembao and Lemba con-
tained > 65% silt. Clay fractions were generally low 
(< 5%), except for SSe1 (6.88%) and SLe4 (10.61%). 
Mean particle size ranged from 8.03 µm (Lemba) to 
312.6 µm (Makala), reflecting the influence of hydro-
dynamic sorting and local sediment sources.

Site with fine, organic-rich sediments (Limete, 
Selembao, Lemba) are likely to retain more con-
taminants, particularly heavy metals, due to higher 
adsorption capacity (Pal & Hogland, 2022; Soriano 
et  al., 2024). Conversely, sandy, organic-poor sedi-
ments from Mont-Ngafula and Makala show lower 
retention and may facilitate contaminant transport.

Concentrations of heavy metals in sediment samples

Trace metal concentrations are presented in Table 2. 
Accuracy was confirmed using certified refer-
ence materials STSD 1 and SRM 2702 For STSD 
1, the measured values for V (45.7  mg·kg⁻1), 
Cr (27.3  mg·kg⁻1), Co (13.5  mg·kg⁻1), Ni 

(17.3  mg·kg⁻1), Cu (35.4  mg·kg⁻1), Zn 
(163.9  mg·kg⁻1), As (15.7  mg·kg⁻1), Cd 
(0.7  mg·kg⁻1), and Pb (32.8  mg·kg⁻1) closely 
matched the certified reference values (47, 28, 14, 
18, 36, 165, 17, 0.8, and 34 mg·kg⁻1, respectively), 
with deviations within acceptable analytical uncer-
tainty. Similarly, for the certified reference mate-
rial SRM 2702, the detected Hg concentration 
(0.4434 mg·kg⁻1) was almost identical to the certi-
fied value (0.4474 mg·kg⁻1) (Table 2). These results, 
combined with coefficients of variation below 5% 
for triplicate analyses, demonstrate the accuracy 
and reproducibility of the ICP-MS and DMA meas-
urements and provide confidence in the interpreta-
tion of sediment contamination levels.

Mercury (Hg) concentrations ranged from 
0.2  mg·kg⁻1 (Lemba, Mont-Ngafula and Makala) 
to 3.8  mg·kg⁻1 (Limete), with several samples 
exceeding both the Sediment Quality Guideline 
(SQG = 0.17 mg·kg⁻1) and the Probable Effect Level 
(PEL = 0.486  mg·kg⁻1) (CCME, 1999). The high 

Table 1   Physico-chemical parameters of sediment samples

Sampling site Sample ID WC % OM % CaCO3% Sand % Silt % Clay % Mean (µm)

Selembao municipality SSe1 40.05 11.24 3.43 10.3 82.82 6.88 11.26
SSe2 26.75 5.57 1.73 32.18 65.22 2.6 24.16
SSe3 26.73 6.86 2.21 36.64 59.57 3.79 26.19
SSe4 29.33 7.5 2.35 24.59 72.13 3.28 19.18

Lemba municipality SLe1 17.98 2.41 1.26 78.97 19.61 1.42 120.7
SLe2 33.59 9.42 3.17 54.12 43.75 2.13 57.27
SLe3 30.41 7.42 3.28 23.93 72.64 3.43 19.18
SLe4 30.47 8.11 3.92 5.06 84.33 10.61 8.03

N’djili municipality SN1 17.95 1.56 0.42 83.08 16.05 0.88 103.7
SN2 11.04 2.96 1.37 67.6 31.24 1.16 103.6
SN3 24.02 3.82 1.59 66.78 31.52 1.7 60.33
SN4 16 1.17 1.3 89.27 9.69 1.04 244

Limete municipality SLi1 40.54 13.37 4.01 23.76 75.22 1.02 23.4
SLi2 30.47 7.08 2.7 47.08 52.45 0.47 48.24
SLi3 48.37 12.89 4.37 35.05 63.97 0.98 33.38
SLi4 31.3 21.06 9.59 23.76 74.82 1.42 23.31

Mont-Ngafula municipality SMo1 12.84 0.75 0.2 93.06 5.92 1.02 235.6
SMo2 16.15 0.39 0.15 98.29 1.56 0.15 304.8
SMo4 13.5 0.24 0.08 98.63 1.37 0 250.4

Makala municipality SMak1 13.25 0.36 0.31 96.98 2.62 0.4 284
SMak2 14.58 0.53 0.35 92.35 6.68 0.97 221.3
SMak3 16.34 0.31 0.35 98.02 1.66 0.32 312.6
SMak4 41.65 0.39 0.5 97.86 1.78 0.36 301.7
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levels observed in Limete are consistent with indus-
trial discharges identified at this site (pharmaceuti-
cals, paints, breweries) (Bernard et  al., 2021; Geza-
hegn et al., 2025; Wada & Olawade, 2025).

Copper (Cu) and zinc (Zn) concentrations also 
were particularly high at N’djili (Cu = 687.9 mg·kg⁻1; 
Zn = 98.9  mg·kg⁻1) and Limete (Zn = 356—
995.3 mg·kg⁻1; Cu = 113—171.5 mg·kg⁻1), exceeding 
PEL thresholds (197 mg·kg⁻1 for Cu and 315 mg·kg⁻1 
for Zn). These results reflect artisanal automobile 
repair urban agriculture at N’djili (Duru et al., 2024; 
El-Sharkawy et al., 2025) and industrial activities at 
Limete.

Selembao and Lemba exhibited intermediate pol-
lution, with Pb concentrations reaching 91.0 mg·kg⁻1 
and 87.6  mg·kg⁻1, respectively, close to or exceed-
ing the PEL threshold (91.3  mg·kg⁻1). These values 
reflect the influence of domestic effluents and lea-
chates from uncontrolled landfills, which are abun-
dant in these areas. The presence of such landfills, 
as described in the site characterization, therefore 
appears to be a major factor contributing to the trans-
fer of heavy metals into sediments (Igwegbe et  al., 
2024).

Conversely, Mont-Ngafula and Makala showed 
generally lower metal concentrations often below 
the SQG thresholds. For instance, Cu concentra-
tions ranged from 0.9 to 7.9  mg·kg⁻1, and Zn from 
4.6 to 8.1 mg·kg⁻1. This lower contamination may be 
explained by the predominance of domestic activities 
and a greater dilution of discharges in these periph-
eral zones of the city (Campos et al., 2022). However, 
the recurrent detection of Hg, even at low concentra-
tions, suggests that diffuse pollution remains present 
and cannot be neglected (Dragun et al., 2025).

From an ecotoxicological perspective, several sam-
ples collected in Limete, N’djili, Lemba, and Selem-
bao exceeded PEL values for Hg, Pb, Cu, and Zn, 
indicating a probable risk of toxic effects on benthic 
organisms, as outlined in CCME (1999).

Evaluation of environmental pollution parameters

The assessment of sediment contamination using the 
Geoaccumulation Index (Igeo) and the Enrichment 
Factor (EF) revealed clear spatial variations among 
the studied sites (Table  3). Globally, Igeo values 
for most metals such as Ti, V, Cr, Mn, Fe, Co, and 
Ni were negative, indicating that sediments remain 

largely unpolluted with respect to these elements, 
reflecting natural background levels. In contrast, 
some potentially toxic metals such as Cu, Zn, Cd, Pb, 
and Hg displayed positive Igeo values ranging from 
slightly to strongly polluted categories (Banze wa 
Mutombo et al., 2022). Notably, Cd (Igeo up to 4.0 at 
Limete and Lemba) and Hg (Igeo between 2.3 and 5.5 
at Selembao, Lemba, Limete, and Makala) emerged 
as the contaminants of most concern. These results 
revealed localized but significant anthropogenic 
inputs.

The EF analysis provided complementary insights. 
Elements such as Ti, Mn, Fe, and Co generally 
showed EF values < 3, indicating no enrichment or 
minor enrichment, confirming their natural origin. 
However, high EF values were recorded for Cd, Cu, 
Pb, and Hg. In particular, sediments from Limete 
(SLi1–SLi4) and Lemba (SLe1–SLe4) exhibited very 
severe to extremely severe enrichment for Cd (EF up 
to 299), Cu (up to 166), Pb (up to 162), and Hg (up to 
753). N’djili (SN2, SN4) and Selembao (SSe2–SSe4) 
also showed remarkable enrichment in Cu, Zn, Pb, 
and Hg. Similarly, sediments from Makala and Mont-
Ngafula, though less impacted overall, sporadically 
displayed very high EF values for Cr (up to 259 at 
Makala) and Hg (up to 393 at both sites).

These findings strongly suggest multiple anthro-
pogenic sources: industrial effluents (pharmaceuti-
cals, paint production, breweries) in Limete, artisa-
nal activities involving metal use and oil residues in 
N’djili and Selembao, and domestic waste coupled 
with landfill leachates in Lemba, Mont-Ngafula, and 
Makala (Szulc et al., 2024). The elevated Cd, Pb, and 
Hg contamination is consistent with emissions from 
batteries, pigments, and other industrial by-products, 
while high Cu and Zn levels may result from vehi-
cle maintenance and metal workshops (Lawal et  al., 
2015).

The combined use of Igeo and EF indices dem-
onstrated that while concentrations of some metals 
remained at background levels, others, namely Cd, 
Pb, Cu, Zn, and especially Hg were present in con-
centrations far exceeding natural background and, 
thus, indicating significant anthropogenic dischages 
into the aquatic ecosystems of Kinshasa. The munici-
palities of Limete, Lemba, and N’djili stand out as the 
most contaminated sites, highlighting the urgent need 
for mitigation measures.
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Table 3   Results of Igeo and FE calculated indices for metals in sediment samples
Igeo Ti V Cr Mn Fe Co Ni Cu Zn As Cd Sn Pb Hg Igeo classification

SSe1 -4.6 -1.8 -1.7 -3.5 -1.7 -3.2 -2.6 0.6 0.7 -1.0 1.4 -4.8 0.9 3.1 Igeo ≤ 0 Class 0 – practically  unpolluted

SSe2 -4.8 -2.7 -2.7 -4.3 -2.6 -4.2 -2.7 0.5 -0.5 -1.7 -0.6 -6.4 0.9 2.3 0 < Igeo < 1 Class 1 – unpolluted to moderately polluted

SSe3 -4.7 -2.3 -2.2 -4.1 -2.3 -3.8 -2.9 0.2 0.0 -1.3 3.0 -5.4 -0.2 2.6 1< Igeo < 2 Class 2 - moderately polluted

SSe4 -4.7 -2.1 -2.1 -3.8 -2.1 -3.5 -2.8 0.5 0.2 -1.3 0.4 -5.4 1.6 2.6 2< Igeo < 3 Class 3 – moderately to heavily polluted

SLe1 -5.0 -3.9 -3.4 -4.6 -3.7 -4.6 -3.8 0.0 -0.7 -2.5 -0.6 -5.4 0.7 3.6 3 < Igeo < 4 Classe 4 – heavily polluted

SLe2 -4.8 -3.2 -0.3 -3.4 -2.8 -3.3 -2.7 0.2 0.8 -1.5 1.8 -4.8 1.2 2.8 4 < Igeo < 5 Class 5 – heavily to extremely polluted

SLe3 -6.2 -3.0 -0.4 -3.6 -2.8 -3.9 -3.1 0.9 0.6 -1.7 1.4 -5.4 1.5 1.3 5 < Igeo Class 6 - extremely polluted

SLe4 -4.6 -2.3 0.3 -3.0 -2.1 -3.3 -2.5 0.8 0.9 -1.2 1.8 -4.8 0.2 2.3

SN1 -7.6 -4.5 -4.3 -6.4 -4.4 -6.2 -5.9 0.2 -2.2 -3.5 - -6.4 1.1 2.8

SN2 -8.0 -6.1 -3.4 -3.6 -4.7 -5.6 -4.2 1.0 -0.3 -3.5 1.4 -4.8 -1.5 2.6

SN3 -5.0 -2.7 -2.6 -4.5 -2.6 -4.2 -3.6 -1.4 -1.5 -2.2 -0.6 - -1.9 2.8

SN4 -5.2 -6.5 -3.5 -4.0 -2.8 -4.4 -3.6 4.2 -0.1 -1.9 1.4 -0.6 3.8 2.6

SLi1 -4.7 -3.5 0.1 -2.5 -2.7 -2.1 -1.8 2.2 2.5 -1.2 3.4 -4.0 2.5 2.8

SLi2 -6.3 -4.1 0.2 -3.4 -3.4 -2.8 -2.5 2.0 1.7 -1.9 2.3 -5.4 -0.1 5.3

SLi3 -4.7 -3.7 0.5 -3.1 -2.8 -1.9 -1.9 2.0 2.4 -1.3 3.1 -4.0 2.6 4.8

SLi4 -5.0 -2.9 0.8 -1.7 -2.1 -1.4 -1.0 1.6 3.2 -0.6 4.0 -1.8 2.7 5.5

SMo1 -6.2 -5.2 -0.7 -7.7 -5.4 -7.2 -4.6 -2.2 -3.7 -4.5 - - -5.2 1.3

SMo2 -6.0 -4.8 0.2 -7.4 -5.1 -7.2 -3.7 -2.4 -4.5 -4.5 - - -3.6 1.3

SMo4 -6.0 -5.0 0.0 -7.2 -5.3 -6.2 -7.2 -5.4 -3.9 -4.5 - - -5.2 1.3

SMak1 -6.7 -4.8 -0.3 -6.0 -4.5 -5.6 -6.2 -3.6 -1.8 -3.5 - -6.4 -2.6 1.8

SMak2 -6.4 -4.7 -0.3 -6.7 -4.8 -6.2 -5.1 -3.6 -2.4 -3.5 - - -3.7 1.3

SMak3 -6.1 -5.0 0.7 -6.2 -4.6 -6.2 -5.6 -4.1 -1.7 -3.5 - -6.4 -2.9 1.8

SMak4 -7.4 -4.8 -0.3 -6.0 -4.1 -6.2 -5.6 -4.1 -2.2 -3.5 - - -3.2 1.3

EF Ti V Cr Mn Fe Co Ni Cu Zn As Cd Sn Pb Hg EF interpretation values

SSe1 0.3 2.4 2.5 0.8 2.6 0.9 1.4 12.8 13.5 4.0 22.4 0.3 14.9 68.8 EF < 1 : no enrichment

SSe2 0.6 2.6 2.5 0.9 2.8 0.9 2.5 23.3 11.7 5.1 11.2 0.2 30.4 78.6 EF < 3 : minor enrichment

SSe3 0.5 2.6 2.7 0.7 2.6 0.9 1.7 14.3 12.8 5.1 103.6 0.3 10.7 75.5 EF 3-5 : moderate enrichment

SSe4 0.5 2.7 2.7 0.8 2.8 1.0 1.7 17.1 13.2 4.7 16.0 0.3 35.8 70.2 EF 5-10 : moderately severe enrichment

SLe1 1.3 2.8 4.0 1.7 3.1 1.7 2.9 41.5 24.9 7.3 28.1 1.0 69.2 491.1 EF 10-25 : severe enrichment

SLe2 0.7 2.3 17.3 1.9 2.9 2.1 3.1 23.4 36.4 7.3 70.2 0.8 48.2 147.3 EF 25-50 : very severe enrichment

SLe3 0.3 2.5 15.8 1.7 3.0 1.4 2.4 37.3 30.3 6.4 56.1 0.5 60.2 49.1 EF > 50 : extremely severe enrichment

SLe4 0.5 2.6 15.8 1.6 2.9 1.3 2.2 21.9 23.6 5.6 43.2 0.5 14.5 60.4

SN1 0.4 3.8 4.2 1.0 4.0 1.1 1.4 92.8 17.8 7.3 0.0 1.0 174.1 589.3

SN2 0.6 2.4 15.7 13.9 6.5 3.3 8.8 337.0 136.0 14.7 449.0 6.0 57.8 982.1

SN3 0.5 2.3 2.5 0.7 2.4 0.8 1.3 5.8 5.2 3.3 10.2 0.0 4.0 107.1

SN4 4.6 1.8 14.8 10.4 23.0 7.7 13.8 - 153.2 44.0 449.0 112.0 - 982.1

SLi1 1.1 2.4 30.5 4.9 4.2 6.2 8.2 125.5 159.9 12.2 299.3 1.7 150.9 196.4

SLi2 0.5 2.3 47.6 3.9 3.9 5.8 7.2 166.7 137.9 11.0 196.4 1.0 39.2 -

SLi3 1.1 2.2 39.1 3.2 3.8 7.5 7.2 112.6 140.5 11.0 243.2 1.7 162.0 753.0

SLi4 0.5 2.0 25.4 4.5 3.6 5.5 7.4 45.2 140.2 10.0 244.9 4.2 98.5 678.6

SMo1 2.3 4.6 98.4 0.8 3.9 1.1 6.6 34.8 12.5 7.3 0.0 0.0 4.4 392.9

SMo2 1.3 2.9 97.0 0.5 2.4 0.6 6.3 15.4 3.6 3.7 0.0 0.0 6.9 196.4

SMo4 2.6 5.1 161.9 1.1 4.2 2.2 1.1 4.0 10.7 7.3 0.0 0.0 4.4 392.9

SMak1 0.8 2.9 67.7 1.3 3.7 1.7 1.1 6.6 24.2 7.3 0.0 1.0 13.5 294.6

SMak2 2.0 6.2 131.4 1.5 5.9 2.2 5.0 13.6 31.1 14.7 0.0 0.0 12.7 392.9

SMak3 2.3 5.1 259.3 2.3 6.6 2.2 3.3 9.7 49.7 14.7 0.0 2.0 21.5 589.3

SMak4 0.5 3.0 66.3 1.2 4.7 1.1 1.7 4.8 18.2 7.3 0.0 0.0 8.8 196.4
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Table 4   Results for the ecological risk indices CF, CD, Eri, and RI calculated for heavy metals in the sediment samples.
CF

CD 

Sample ID Sc Ti V Cr Mn Fe Co Ni Cu Zn As Mo Cd Sn Sb Pb Hg

SSe1 0.2 0.1 0.4 0.5 0.1 0.5 0.2 0.3 2.3 2.5 0.7 0.0 4.1 0.1 0.0 2.7 12.5 25.4

SSe2 0.1 0.1 0.2 0.2 0.1 0.3 0.1 0.2 2.1 1.1 0.5 0.0 1.0 0.0 0.0 2.8 7.1 14.9

SSe3 0.1 0.1 0.3 0.3 0.1 0.3 0.1 0.2 1.7 1.5 0.6 0.0 12.2 0.0 0.0 1.3 8.9 26.7

SSe4 0.1 0.1 0.3 0.3 0.1 0.4 0.1 0.2 2.2 1.7 0.6 0.0 2.0 0.0 0.0 4.6 8.9 20.5

SLe1 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 1.5 0.9 0.3 0.0 1.0 0.0 0.0 2.5 17.9 24.3

SLe2 0.1 0.1 0.2 1.3 0.1 0.2 0.2 0.2 1.7 2.6 0.5 0.0 5.1 0.1 0.0 3.5 10.7 25.6

SLe3 0.1 0.0 0.2 1.1 0.1 0.2 0.1 0.2 2.7 2.2 0.5 0.0 4.1 0.0 0.0 4.4 3.6 18.7

SLe4 0.1 0.1 0.3 1.9 0.2 0.3 0.2 0.3 2.6 2.8 0.7 0.0 5.1 0.1 0.0 1.7 7.1 22.0

SN1 0.0 0.0 0.1 0.1 0.0 0.1 0.0 0.0 1.7 0.3 0.1 0.0 0.0 0.0 0.0 3.2 10.7 16.1

SN2 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.1 3.1 1.2 0.1 0.0 4.1 0.1 0.0 0.5 8.9 18.1

SN3 0.1 0.0 0.2 0.3 0.1 0.2 0.1 0.1 0.6 0.5 0.3 0.0 1.0 0.0 0.0 0.4 10.7 13.9

SN4 0.0 0.0 0.0 0.1 0.1 0.2 0.1 0.1 27.5 1.4 0.4 0.0 4.1 1.0 28.5 20.2 8.9 62.7

SLi1 0.1 0.1 0.1 1.7 0.3 0.2 0.3 0.4 6.8 8.7 0.7 0.1 16.3 0.1 1.0 8.2 10.7 53.5

SLi2 0.0 0.0 0.1 1.7 0.1 0.1 0.2 0.3 6.1 5.0 0.4 0.0 7.1 0.0 0.5 1.4 57.1 79.1

SLi3 0.1 0.1 0.1 2.1 0.2 0.2 0.4 0.4 6.1 7.7 0.6 0.1 13.3 0.1 1.0 8.8 41.1 80.1

SLi4 0.1 0.0 0.2 2.5 0.4 0.4 0.6 0.7 4.5 14.0 1.0 0.1 24.5 0.4 0.5 9.9 67.9 124.8

SMo1 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.1 0.3 0.1 0.1 0.0 0.0 0.0 0.0 0.0 3.6 5.0

SMo2 0.0 0.0 0.1 1.8 0.0 0.0 0.0 0.1 0.3 0.1 0.1 0.0 0.0 0.0 0.0 0.1 3.6 5.9

SMo4 0.0 0.0 0.0 1.5 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 3.6 5.3

SMak1 0.0 0.0 0.1 1.2 0.0 0.1 0.0 0.0 0.1 0.4 0.1 0.0 0.0 0.0 0.0 0.2 5.4 7.6

SMak2 0.0 0.0 0.1 1.2 0.0 0.1 0.0 0.0 0.1 0.3 0.1 0.0 0.0 0.0 0.0 0.1 3.6 5.4

SMak3 0.0 0.0 0.0 2.4 0.0 0.1 0.0 0.0 0.1 0.5 0.1 0.0 0.0 0.0 0.0 0.2 5.4 8.6

SMak4 0.0 0.0 0.1 1.2 0.0 0.1 0.0 0.0 0.1 0.3 0.1 0.0 0.0 0.0 0.0 0.2 3.6 5.5

Eri

RISample ID Hg Cd As Co Cu Pb Cr Zn

SSe1 500.0 122.4 7.3 0.8 11.6 13.5 0.9 2.5 659.1

SSe2 285.7 30.6 4.7 0.4 10.6 13.8 0.5 1.1 347.3

SSe3 357.1 367.3 6.0 0.6 8.5 6.3 0.6 1.5 748.0

SSe4 357.1 61.2 6.0 0.7 10.9 22.8 0.7 1.7 461.0

SLe1 714.3 30.6 2.7 0.3 7.5 12.6 0.3 0.9 769.2

SLe2 428.6 153.1 5.3 0.8 8.5 17.5 2.5 2.6 618.9

SLe3 142.9 122.4 4.7 0.5 13.6 21.9 2.3 2.2 310.4

SLe4 285.7 153.1 6.7 0.8 12.9 8.6 3.7 2.8 474.2

SN1 428.6 0.0 1.3 0.1 8.4 15.8 0.2 0.3 454.7

SN2 357.1 122.4 1.3 0.2 15.3 2.6 0.3 1.2 500.5

SN3 428.6 30.6 3.3 0.4 2.9 2.0 0.5 0.5 468.8

SN4 357.1 122.4 4.0 0.4 137.6 101.1 0.3 1.4 724.3

SLi1 428.6 489.8 6.7 1.7 34.2 41.2 3.3 8.7 1014.1

SLi2 2285.7 214.3 4.0 1.1 30.3 7.1 3.5 5.0 2551.0

SLi3 1642.9 398.0 6.0 2.1 30.7 44.2 4.3 7.7 2135.7

SLi4 2714.3 734.7 10.0 2.8 22.6 49.3 5.1 14.0 3552.7

SMo1 142.9 0.0 0.7 0.1 1.6 0.2 1.8 0.1 147.3

SMo2 142.9 0.0 0.7 0.1 1.4 0.6 3.5 0.1 149.2

SMo4 142.9 0.0 0.7 0.1 0.2 0.2 2.9 0.1 147.0

SMak1 214.3 0.0 1.3 0.2 0.6 1.2 2.5 0.4 220.5

SMak2 142.9 0.0 1.3 0.1 0.6 0.6 2.4 0.3 148.2

SMak3 214.3 0.0 1.3 0.1 0.4 1.0 4.7 0.5 222.3

SMak4 142.9 0.0 1.3 0.1 0.5 0.8 2.4 0.3 148.3

Eri classification                
Eri <40 Low ecological risk

40 < Eri < 80 Moderate ecological risk

80 <Eri < 160 Considerable ecological risk

160 < Eri < 320 High ecological risk

Eri > 320 Very high ecological risk

RI Classification 

RI<150 Low ecological risk or low 

ecological level

150<IR<300
Moderate ecological pollution 

level or moderate ecological 

risk

300<IR<600
Considerable ecological risk or 

severe ecological pollution 

level

IR>600
Very high ecological risk or 

serious ecological pollution 

level

CF classification  
CF<1 Low contamination

1<CF<3 Moderate 

contamination

3<CF<6 Considerable 

contamination

6<CF Very high 

contamination

CD
Classification

8��CD<16 Moderate 

contamination

16��CD<32 High contamination

32��CD Very high 

contamination
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Evaluation of environmental ecological risk 
parameters

The ecological risk indices revealed strong variability 
among the six studied sites (Table 4). Mercury (Hg) 
and cadmium (Cd) dominated the ecological risk pro-
file, due to their elevated contamination factors and 
high toxic response factors. The Limete site showed 
the highest ecological threat, with RI values rang-
ing from 1014.1 to 3552.7, driven mainly by extreme 
Hg (up to 2714.3) and Cd (up to 734.7) values. This 
reflects the impact of the abundant industrial activi-
ties (pharmaceuticals, paint factories, breweries) in 
this area.

Intermediate ecological risks were observed in 
Selembao (347.3–769.2), Lemba (310.4–769.2), and 
N’djili (454.7–724.3). In these sites, Hg remained the 
major contributor, but Cd, Pb, and Cu also had sig-
nificant impacts, especially in N’djili (SN4) where Cu 
(137.6) and Pb (101.1) produced a sharp increase in 
RI (724.3). These results indicate mixed sources of 
contamination, including informal artisanal activities, 
small-scale agriculture, and domestic effluents (Suh 
et al., 2025).

By contrast, sediments from Mont-Ngafula 
(147.0–149.2) and Makala (148.2–222.3) showed low 
to moderate ecological risk, consistent with the pre-
dominance of domestic activities and fewer industrial 
inputs. However, the systematic detection of Hg in all 
samples highlights the persistence of diffuse contami-
nation sources such as leachates from uncontrolled 
dumpsites and atmospheric depositions (Sánchez-
Castro et al., 2023).

Overall, the ranking of ecological risk fol-
lowed the order: Limete ≫ Selembao ≈ N’djili ≈ 
Lemba > Makala ≈ Mont-Ngafula, confirming that 
leachates from uncontrolled landfills and industrial 
discharges are the primary sources of sediment con-
tamination, while domestic and artisanal sources con-
tribute to lower and more localized contamination.

Spearman correlations between trace metal 
concentrations and sediment physicochemical 
properties

The Spearman correlation analysis highlighted strong 
associations between trace metals and sediment 

physicochemical properties (Table  5). In most sites, 
organic matter (OM) and CaCO3 were positively 
correlated with the concentrations of a wide range 
of metals (r = 0.80–1.00), while grain size exhibited 
strong negative correlations with metal concentra-
tions in sediments (r = –0.40 to –1.00). This pat-
tern indicates that metals preferentially bind to fine-
grained sediments enriched in OM and carbonates, 
which provide a high surface area and reactive func-
tional groups for adsorption (Boguta et  al., 2022). 
Furthermore, the strong correlations observed for Cr, 
Mn, Fe, Co, Ni, Cu, and Zn suggest that these metals 
share common sources and exhibit similar geochemi-
cal behaviors.

The variability between sites reflects differences 
in anthropogenic pressures. Selembao, Lemba, and 
Limete showed the highest correlation intensities, 
consistent with the influence of uncontrolled landfills, 
industrial effluents, and domestic discharges. In con-
trast, N’djili and Makala displayed mixed correlation 
patterns, with some metals (e.g., Zn, As, Cd) nega-
tively associated with OM and CaCO3 likely due to 
inputs from agricultural runoff, artisanal mechanical 
activities, and heterogeneous waste leachates. Mont-
Ngafula presented weaker and less consistent corre-
lations, reflecting lower industrial impact and mainly 
domestic contributions.

The strong inter-metal correlations, particularly 
within the Cr–Mn–Fe–Co–Ni group (r > 0.90 in sev-
eral sites), further point to common anthropogenic 
sources. These findings are consistent with previous 
observations in urban river systems, where fine sedi-
ments act as major sinks for pollutants (Rügner et al., 
2019).

Concentrations of heavy metals in oligochaete worms

The concentrations of trace metals determined in 
oligochaetes reflected both the spatial variability 
of sediment contamination and the bioaccumula-
tion potential of benthic invertebrates investigated 
(Table 6). Mercury (Hg) levels in worms ranged from 
0.059  mg·kg⁻1 in Limete (OLi2, Tubifex tubifex) to 
0.876  mg·kg⁻1 in N’djili (ON3, Enchytraeus albi-
dus), with several values exceeding the sediment PEL 
threshold of 0.486 mg·kg⁻1. These results are consist-
ent with sediment analyses, where Limete and N’djili 
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exhibited the highest Hg contamination, suggesting 
efficient transfer of this toxic element from sediments 
to those worm species (Table 2). Elevated Hg bioac-
cumulation in Enchytraeus and Tubifex, known for 
wtheir role as sentinel species in polluted environ-
ments (Irawati et al., 2019; Méndez-Fernández et al., 
2014).

Copper (Cu) and zinc (Zn) showed also marked 
enrichment in oligochaetes, particularly at Lim-
ete (OLi3, Enchytraeus albidus: 93.1  mg·kg⁻1 Cu; 
892.6  mg·kg⁻1 Zn) and Makala (OMak2, Lumbri-
cus terrestris: 60.9  mg·kg⁻1 Cu; 1218.0  mg·kg⁻1 
Zn). These values corroborated the high sediment 
loads previously observed at these sites (Akonga 
et  al., 2025), and indicatied that the worms actively 
accumulate bioavailable metal fractions. In contrast, 
Mont-Ngafula and Selembao presented moderate to 
high levels of Pb (up to 75.8 mg·kg⁻1 at OSe1, Nais 
elinguis) despite relatively lower sediment concen-
trations, suggesting species-specific uptake dynam-
ics and the influence of feeding strategies on metal 
assimilation (Shuhaimi-Othman et al., 2012).

Sites with predominantly sandy and organic-poor 
sediments (Mont-Ngafula, Makala) displayed lower 
metal accumulation in most worm species, except 
for localized peaks in Pb and Zn, in line with the 
lower retention capacity of coarse-grained substrates 
described in Table 1. Conversely, Limete, Selembao, 
and N’djili—characterized by finer sediments rich in 
organic matter and carbonates—showed the highest 
accumulation of trace metals in benthic fauna, con-
firming the role of sediment geochemistry in enhanc-
ing contaminant bioavailability.

From an ecotoxicological perspective, the exceed-
ance of critical thresholds in both sediments and 
worms at Limete, N’djili, Selembao, and Lemba indi-
cates a higher likelihood for trophic chain transfer of 
metals such as Hg, Cu, Zn, and Pb. Considering that 
oligochaetes are key prey items for fish, the bioac-
cumulation observed in these organisms highlights 
the potential for biomagnification of metals such as 
Hg, Cd, As, Sn through the aquatic food web, ulti-
mately raising concerns for human health given the 
consumption of fish from these rivers (Nyarko et al., 
2023). These findings reinforce the conclusion that 
urban effluents and industrial discharges in Kinshasa 
not only contaminate sediments but also threaten 
aquatic biota and food safety through metal bioavail-
ability and bioaccumulation.

Bioaccumulation of heavy metals in oligochaetes

The bioaccumulation factor (BAF) of metals in 
the four oligochaete species (Lumbricus terrestris, 
Tubifex tubifex, Nais elinguis and Enchytraeus albi-
dus) showed significant spatial and interspecific vari-
ability (Table 7, Fig. 3). The highest BAF values were 
observed for toxic metals such as Cd, Sn, Pb, Zn, 
and As, with localized peaks exceeding 100 (e.g., 
Cd = 118.2 at Mont-Ngafula [OMo2]; Sn = 263.1 at 
Makala [OMak2]), indicating substantial bioaccu-
mulation even where sediment concentrations were 
moderate. Metals of lithogenic origin (Fe, Ti, Mn) 
generally displayed low BAF (< 10), reflecting lim-
ited bioavailability or low bioaccumulation potential.

Spatial patterns revealed that Limete and N’djili, 
characterized by fine, organic-rich sediments, exhib-
ited high BAF for Cu, Zn, and Hg, consistent with 
elevated sediment contamination. Selembao and 
Lemba showed intermediate BAF, particularly for Pb 
and Zn, likely influenced by domestic effluents and 
landfill leachates. Interestingly, Mont-Ngafula and 
Makala displayed disproportionately high BAF for 
some metals despite low sediment concentrations, 
suggesting enhanced mobility (bioavailability) of dis-
solved metal fractions in sandy sediments.

Interspecific differences were clear: sediment-
ingesting species (Tubifex and Enchytraeus) accu-
mulated metals more efficiently than Nais and 
Lumbricus, confirming their role as bioindicators 
(Moreno-Ocio et  al., 2024). Aquatic oligochaetes 
are exposed to metals through both porewater (dis-
solved metals absorbed across the body surface) and 
ingestion of fine contaminated particles, which gener-
ally leads to higher bioaccumulation. Terrestrial oli-
gochaetes, by contrast, are mainly exposed through 
ingestion of bulk soil or sediment, where metals are 
more strongly bound, resulting in lower uptake from 
dissolved fractions and typically lower BAF values 
(Méndez-Fernández et al., 2014).

Metal bioaccumulation in oligochaetes closely 
reflects sediment geochemistry and species-specific 
traits. Limete, N’djili, Selembao, and Lemba repre-
sent critical hotspots for contaminant transfer, while 
peripheral sandy sites show unexpected bioaccumula-
tion, highlighting the importance of integrating biotic 
monitoring into sediment quality assessments (Mén-
dez-Fernández et al., 2014).
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Table 7   Calculated bioaccumulation factors (BAF) for trace metals in oligochaete worms

Sampling site Sample ID Hg Ti V Cr Mn Fe Co Ni Cu Zn As Cd Sn Pb

Selembao OSe1 0.9 0.7 1.2 1.7 2.6 1.3 2.3 1.8 0.8 4.9 5.1 4.5 13.2 1.4
municipality OSe2 2.1 1.2 1.8 3.4 1.5 2.8 8.8 2 1.1 8.8 9.7 15.2 19.4 0.8

OSe3 1.8 1.2 1.3 3.3 4 2.3 5.8 1.8 1.1 7.4 7.1 1.2 24.1 2.7
OLe1 0.2 0.5 1.8 2 2 2.3 4.7 2.1 0.5 7.1 8.2 2.2 5.2 0.5

Lemba OLe2 0.6 0.5 2 0.5 1.2 1.9 1.9 1.4 0.7 2 4.2 12 6.5 0.5
Municipality OLe3 1.4 1.5 2 0.4 1.3 1.8 2.2 1.7 0.3 2.7 5.5 1.1 6.6 0.3

OLe4 0.7 0.3 1.1 0.3 0.8 1.2 1.5 1 0.3 2 3.3 1.1 5.5 0.9
ON1 0.3 4.4 3.8 4.8 8.1 4.2 20 9.2 0.5 29.6 27.6 14.3 28.9 0.8

N’djili ON2 0.6 5.3 15.4 3 1 6.3 6.4 3.1 0.2 4.5 20 1.2 4.7 4.4
Municipality ON3 1.4 1.6 2.4 2.3 5.3 2.7 9.1 3.4 6.7 23.8 11.3 18.9 8.7

ON4 0.5 0.9 12.3 2.7 1.3 1.2 2.9 2 0 4.1 6 0.8 0.2 0.1
OLi1 0.2 0.2 0.3 0.1 0.3 0.4 1.6 0.7 0.2 0.9 3.4 0.5 4.7 0.1

Limete OLi2 0 0.2 0.2 0 0.5 0.3 1.8 1.2 0.1 1 5.3 0.4 2.5 0.5
Municipality OLi3 0.1 0.4 1.4 0.4 2.1 1.5 1.9 2.1 0.6 1.6 3.9 2.3 21.8 0.6

OLi4 0.2 1.7 2.1 0.3 0.3 2.1 1 0.7 0.3 1 4.4 0.3 0.7 0.2
OMo1 1.4 1.6 6.6 0.4 16 8.4 40.3 3.2 2.3 66.6 53 105.4 73.5 66.2

Mont-Ngafula OMo2 1.7 1.5 7.4 0.3 19.4 10.3 32.9 2.5 3.5 107.4 31.2 118.2 202.1 23.4
Municipality OMo4 2.4 1.7 9 0.4 12 12 12.7 25.1 16.9 70.9 43.6 25.9

OMak1 1.4 3 8.2 0.5 12.5 7.8 11.9 18.5 12.7 24.4 28 23.4 41.2 13.4
Makala OMak2 2.1 4.6 12.1 0.8 33.9 15.1 27.1 13.4 19.9 60.6 33.4 45.8 263.1 38.1
municipality OMak3 1.9 1.6 6.3 0.2 5.1 5.2 10 6.7 9.8 13.7 24.8 13.5 15.2 11

OMak4 4.1 3.7 7.2 0.9 6.7 9.8 35.7 11.6 22.2 27 30.6 16.3 71.3 14.6

Fig. 3   Histograms illustrating the bioaccumulation factor values of trace metals in the whole body of oligochaete worms from the 
study areas (X-axis: trace metals; Yaxis: metal concentrations (mg.kg−1 d.w.))
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Given that local populations consume fish from 
these rivers, the bioaccumulation and biomagnifica-
tion of these heavy metals represent a major public 
health concern. The potential for bioaccumulation 
of Cd, Pb, and Hg in aquatic organisms represents a 
pathway for human exposure, with possible health 
risks such as neurotoxicity (Hg, Pb), renal dysfunc-
tion (Cd), and chronic diseases (Dey et  al., 2024; 
Ramish et al., 2024).

While these findings underline the natural ability 
of certain oligochaetes to absorb metals, any asser-
tion regarding their use in active bioremediation 
should remain cautious. Our results demonstrate bio-
accumulation capacity under current environmental 
conditions but do not provide experimental evidence 
on detoxification efficiency, metal excretion, or long-
term population stability under remediation scenar-
ios. Therefore, the present study supports their role 
primarily as bioindicators rather than as bioremedia-
tion agents.

Conclusions

This study highlighted that sediments from streams 
traversing urban areas in Kinshasa, particularly near 
uncontrolled landfills and industrial zones, are signifi-
cantly contaminated with heavy metals such as Hg, 
Cd, Pb, Cu, and Zn. The highest concentrations were 
observed at Limete (Hg), N’djili (Cu), and Lemba 
(Pb), frequently exceeding sediment quality guide-
lines and indicating serious ecological risks for ben-
thic organisms, with potential transfer of these pollut-
ants through the aquatic food web to humans.

Bioaccumulation in earthworms (Lumbricus ter-
restris) and aquatic oligochaetes (Tubifex tubifex, 
Nais elinguis, Enchytraeus albidus) demonstrated that 
fine-grained, organic-rich sediments and proximity to 
waste sites strongly influence metal uptake. Observed 
bioaccumulation factors (e.g., Cd = 118, Sn = 263) 
revealed that these organisms can efficiently concen-
trate metals, underscoring their value both as bioindi-
cators and as potential agents in bioremediation strat-
egies targeting contaminated sediments.

The spatial distribution of contamination reflected 
the combined impacts of industrial discharges, 
domestic effluents, and landfill leachates, with Lim-
ete, N’djili, Lemba, and Selembao emerging as criti-
cal pollution hotspots. Even in peripheral areas such 

as Mont-Ngafula and Makala, sandy sediments exhib-
ited unexpected metal accumulation, highlighting the 
persistence and mobility of these contaminants in 
urban waterways.

Overall, the findings emphasize the urgent need for 
integrated management of industrial effluents, domes-
tic wastewater, and solid urban waste to mitigate 
environmental and human health risks. The study 
also demonstrated the effectiveness of oligochaetes 
as sentinel species for monitoring heavy metal con-
tamination and exploring sustainable bioremediation 
approaches in urban river ecosystems.

Author contributions  The conceptualization, methodology 
and validation were carried out by M-M.O.A., E.K.A., F.P.C. 
and J.P. The calculation was carried out by M-M.O.A. and 
E.K.A. The first draft of the manuscript was written by E.K.A., 
and F.P.C. and J.P. improved and consolidated the initial ver-
sion of the manuscript. All authors read and approved the final 
manuscript.

Funding  The authors state that they did not receive any 
financial support, grants, or funding of any kind during the 
development of this manuscript.

Data availability  All data underlying the results presented 
in this study are included in the article. Additional raw data 
can be obtained from the corresponding author upon justified 
request.

Declarations 

Conflict of interest  The authors declare no competing inter-
ests.

Ethics approval and consent to participate  Not applicable.

Consent for publication  Not applicable.

References

Akonga, M.-M.O., Mutwejile, H. M., Gizanga, R. V., Kay-
embe, J. S., Musibono, D. E., Carvalho, F. P., Poté, J., & 
Atibu, E. K. (2025). Bioaccumulation of metals and met-
alloids in soils and in the earthworm Hyperiodrilus afri-
canus from uncontrolled landfills in Kinshasa, Democratic 
Republic of the Congo. Journal of Toxicological Studies, 
3(1), Article 2115. https://​doi.​org/​10.​59400/​jts21​15

Atibu, E. K., Kamika, I., Mudogo, C. N., Lusamba, S. N., 
Mulaji, C. K., Carvalho, F., & Poté, J. (2023). Quantifica-
tion of heavy metals and mercury-resistant bacteria in arti-
sanal and small-scale gold mining sites, Maniema region, 
Democratic Republic of the Congo. International Journal 

https://doi.org/10.59400/jts2115


	 Environ Geochem Health          (2026) 48:120   120   Page 22 of 24

Vol:. (1234567890)

of Environmental Research, 17, Article 34. https://​doi.​org/​
10.​1007/​s41742-​023-​00524-y

Banze wa Mutombo, A., Atibu, E. K., Mbuya wa Mutombo, 
J., Kalonda, E. M., Bakatula, E. N., Kanda, V. N., Koy, R. 
K., Mulaji, C. K., Carvalho, P. C., & Poté, J. (2022). Con-
tamination by heavy metals from mining activities: An 
ecological impact assessment of Mura and Kimpulande 
Rivers, Democratic Republic of the Congo. Watershed 
Ecology and the Environment, 4, 148–157. https://​doi.​org/​
10.​1016/j.​wsee.​2022.​10.​004

Bernard, Z., Kilingo, F., & Hongbin, C. (2021). Industrial 
(brewery) and municipal wastewater production and treat-
ment: A review paper. International Journal of Scientific 
and Research Publications (IJSRP). https://​doi.​org/​10.​
29322/​IJSRP.​11.​06.​2021.​p11411

Boguta, P., Skic, K., Baran, A., & Szara-Bąk, M. (2022). The 
influence of the physicochemical properties of sediment 
on the content and ecotoxicity of trace elements in bottom 
sediments. Chemosphere. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2021.​132366

Campos, C. J. A., Morrisey, D. J., & Barter, P. (2022). Princi-
ples and technical application of mixing zones for waste-
water discharges to freshwater and marine environments. 
Water, 14(8), 1201. https://​doi.​org/​10.​3390/​w1408​1201

CCME (1999). Canadian sediment quality guidelines for the 
protection of aquatic life. EPC 98-E, Canadian Environ-
mental Quality Guidelines. Canadian Council of Ministers 
of the Environment. Available online: http://​www.​ccme.​
ca/ Accessed on 3 July 2025

Dedeke, G. A., Owagboriaye, F. O., Adebambo, A. O., & 
Ademolu, K. O. (2016). Earthworm metallothionein pro-
duction as biomarker of heavy metal pollution in abattoir 
soil. Applied Soil Ecology, 105, 42–47. https://​doi.​org/​10.​
1016/j.​apsoil.​2016.​02.​013

Dey, S., Rajak, P., & Sen, K. (2024). Bioaccumulation of met-
als and metalloids in seafood: A comprehensive overview 
of mobilization, interactive effects in eutrophic environ-
ments, and implications for public health risks. Journal 
of Trace Elements and Minerals. https://​doi.​org/​10.​1016/j.​
jtemin.​2024.​100141

Dragun, Z., Fiket, Ž, Tepić, N., Kiralj, Z., Kralj, T., Vulić, Z. Š, 
Ivanković, D., Lučić, M., Puljko, A., Udiković-Kolić, N., 
& Valić, D. (2025). The problem of diffuse pollution of a 
major river…. Environmental Chemistry and Ecotoxicol-
ogy, 7, 2043–2066. https://​doi.​org/​10.​1016/j.​enceco.​2025.​
07.​016

Duru, S. C., Echiegu, E. A., Anyadike, C. C., Alaneme, G. U., 
& Okechukwu, M. E. (2024). Spatial variability of heavy 
metals concentrations in soil of auto-mechanic workshop 
clusters in Nsukka, Nigeria. Scientific Reports, 14(1), 
Article 9681. https://​doi.​org/​10.​1038/​s41598-​024-​60044-3

El-Sharkawy, M., Alotaibi, M. O., Li, J., Du, D., & Mahmoud, 
E. (2025). Heavy metal pollution in coastal environments: 
Ecological implications and management strategies: A 
review. Sustainability, 17(2), Article 701. https://​doi.​org/​
10.​3390/​su170​20701

Frank, Y. A., Vorobiev, D. S., Vorobiev, E. D., Samarinova, A. 
A., Antsiferov, D. V., & Strezov, V. (2023). Ability of ben-
thic oligochaetes to bury microplastics in aquatic bottom 
sediments. Science of The Total Environment. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2022.​159687

Gezahegn, A., Merga, L. B., & Mammo, S. (2025). Industrial 
effluents caused environmental pollution and its poten-
tial ecological and human health impacts in Ethiopia: A 
review. Waste Management Bulletin. https://​doi.​org/​10.​
1016/j.​wmb.​2025.​100240

Gkika, I. S., Kraak, M. H. S., van Gestel, C. A. M., Ter Laak, 
T. L., van Wezel, A. P., Hardy, R., Sadia, M., & Vonk, J. 
A. (2024). Bioturbation affects bioaccumulation: PFAS 
uptake from sediments by a rooting macrophyte and a 
benthic invertebrate. Environmental Science & Technol-
ogy, 58(46), 20607–20618. https://​doi.​org/​10.​1021/​acs.​
est.​4c038​68

Gochfeld, M., & Burger, J. (2011). Disproportionate expo-
sures in Environmental Justice and other populations: 
The importance of outliers. American Journal of Public 
Health, 101(1), S53-63. https://​doi.​org/​10.​2105/​AJPH.​
2011.​300121

Grangxabe, X. S., Madonsela, B. S., Maphanga, T., Gqomfa, 
B., Phungela, T. T., & Malakane, K. C. (2024). An over-
view of waste management practices of street vendors in 
Sub-Saharan Africa: A meta-analysis. Journal of Environ-
mental Management, 364, Article 121464. https://​doi.​org/​
10.​1016/j.​jenvm​an.​2024.​121464

Hajat, A., Hsia, C., & O’Neill, M. S. (2015). Socioeconomic 
disparities and air pollution exposure: A Global Review. 
Current Environmental Health Reports, 2(4), 440–450. 
https://​doi.​org/​10.​1007/​s40572-​015-​0069-5

Igwegbe, C. A., López-Maldonado, E. A., Landázuri, A. 
C., Ovuoraye, P. E., Ogbu, A. I., Vela-García, N., & 
Białowiec, A. (2024). Sustainable municipal landfill lea-
chate management: Current practices, challenges, and 
future directions. Desalination and Water Treatment. 
https://​doi.​org/​10.​1016/j.​dwt.​2024.​100709

Irawati, M. W., Arfiati, D., Musa, M., & Hertika, A. M. S. 
(2019). Effect of Mercury (HgCl2) sub-chronic doses 
exposure in  Tubifex  sp. Asian Journal of Scientific 
Research, 12, 496–501. https://​doi.​org/​10.​3923/​ajsr.​2019.​
496.​501

Islam, M. S., Ahmed, M. K., Raknuzzaman, M., Habibullah-
Al-Mamun, M., & Islam, M. K. (2015). Heavy metal 
pollution in surface water and sediment: A preliminary 
assessment of an urban river in a developing country. Eco-
logical Indicators, 48, 282–291. https://​doi.​org/​10.​1016/j.​
ecoli​nd.​2014.​08.​016

Lawal, O., Arokoyu, S. B., & Udeh, I. I. (2015). Assessment of 
automobile workshops and heavy metal pollution in a typ-
ical urban environment in Sub-Saharan Africa. Environ-
mental Research, Engineering and Management, 71(1), 
27–35. https://​doi.​org/​10.​5755/​j01.​erem.​71.1.​9303

Lourenço, J. I., Pereira, R. O., Silva, A. C., Morgado, J. M., 
Carvalho, F. P., Oliveira, J. M., Malta, M. P., Paiva, A. 
A., Mendo, S. A., & Gonçalves, F. J. (2011). Genotoxic 
endpoints in the earthworms sub-lethal assay to evaluate 
natural soils contaminated by metals and radionuclides. 
Journal of Hazardous Materials, 186, 788–795.

Lundemi, L. K., Neema, S. S., Atibu, E. K., Mulaji, C. K., 
Tangou, T. T., Nsimanda, C. I., Suami, R. B., Esako, M. 
O., Musibono, D. E. A., & Carvalho, F. P. (2022). Heavy 
metal levels and potential ecological risks assessed at 
an agroecosystem site in tropical region. Journal of 

https://doi.org/10.1007/s41742-023-00524-y
https://doi.org/10.1007/s41742-023-00524-y
https://doi.org/10.1016/j.wsee.2022.10.004
https://doi.org/10.1016/j.wsee.2022.10.004
https://doi.org/10.29322/IJSRP.11.06.2021.p11411
https://doi.org/10.29322/IJSRP.11.06.2021.p11411
https://doi.org/10.1016/j.chemosphere.2021.132366
https://doi.org/10.1016/j.chemosphere.2021.132366
https://doi.org/10.3390/w14081201
http://www.ccme.ca/
http://www.ccme.ca/
https://doi.org/10.1016/j.apsoil.2016.02.013
https://doi.org/10.1016/j.apsoil.2016.02.013
https://doi.org/10.1016/j.jtemin.2024.100141
https://doi.org/10.1016/j.jtemin.2024.100141
https://doi.org/10.1016/j.enceco.2025.07.016
https://doi.org/10.1016/j.enceco.2025.07.016
https://doi.org/10.1038/s41598-024-60044-3
https://doi.org/10.3390/su17020701
https://doi.org/10.3390/su17020701
https://doi.org/10.1016/j.scitotenv.2022.159687
https://doi.org/10.1016/j.scitotenv.2022.159687
https://doi.org/10.1016/j.wmb.2025.100240
https://doi.org/10.1016/j.wmb.2025.100240
https://doi.org/10.1021/acs.est.4c03868
https://doi.org/10.1021/acs.est.4c03868
https://doi.org/10.2105/AJPH.2011.300121
https://doi.org/10.2105/AJPH.2011.300121
https://doi.org/10.1016/j.jenvman.2024.121464
https://doi.org/10.1016/j.jenvman.2024.121464
https://doi.org/10.1007/s40572-015-0069-5
https://doi.org/10.1016/j.dwt.2024.100709
https://doi.org/10.3923/ajsr.2019.496.501
https://doi.org/10.3923/ajsr.2019.496.501
https://doi.org/10.1016/j.ecolind.2014.08.016
https://doi.org/10.1016/j.ecolind.2014.08.016
https://doi.org/10.5755/j01.erem.71.1.9303


Environ Geochem Health          (2026) 48:120 	 Page 23 of 24    120 

Vol.: (0123456789)

Geoscience and Environment Protection, 10, 42–60. 
https://​doi.​org/​10.​4236/​gep.​2022.​109003

Mabidi, D. M., Mutwejile, H. M., Ngweme, G. N. B., Nienie, 
A. B., Kayembe, J. M., Lusamba, S. N., Atibu, E. K., Car-
valho, F. P., Poté, J., & Poté, J. (2024). Heavy Metals con-
tent and ecotoxicity of sediments from the Congo River. 
American Journal of Environmental Sciences, 20(1), 
64–77. https://​doi.​org/​10.​3844/​ajessp.​2024.​64.​77

Magazzino, C., Madaleno, M., Waqas, M., & Leogrande, A. 
(2024). Exploring the determinants of methane emis-
sions from a worldwide perspective using panel data and 
machine learning analyses. Environmental Pollution. 
https://​doi.​org/​10.​1016/j.​envpol.​2024.​123807

Mavakala, B. K., Le Faucheur, S., Mulaji, C. K., Laffite, A., 
Devarajan, N., Biey, E. M., Giuliani, G., Otamonga, J. 
P., Kabatusuila, P., Mpiana, P. T., & Poté, J. (2016). Lea-
chates draining from controlled municipal solid waste 
landfill: Detailed geochemical characterization and toxic-
ity tests. Waste management, 55, 238–248. https://​doi.​org/​
10.​1016/j.​wasman.​2016.​04.​028

Méndez-Fernández, L., De Jonge, M., & Bervoets, L. (2014). 
Influences of sediment geochemistry on metal accumula-
tion rates and toxicity in the aquatic oligochaete Tubifex 
tubifex. Aquatic Toxicology, 157, 109–119. https://​doi.​org/​
10.​1016/j.​aquat​ox.​2014.​10.​009

Moreno-Ocio, I., Aquilino, M., Llorente, L., Martínez-Madrid, 
M., Rodríguez, P., Méndez-Fernández, L., & Planelló, R. 
(2024). Toxicogenomics of the freshwater oligochaete, 
Tubifex tubifex (Annelida, Clitellata), in acute water-only 
exposure to arsenic. International Journal of Molecular 
Sciences, 25(6), Article 3382. https://​doi.​org/​10.​3390/​
ijms2​50633​82

Mudinga, D. M., Ngandote, A. M., Kayembe, J. M., Lusamba, 
S. N., Atibu, E. K., Carvalho, F. P., & Poté, J. (2024). 
Ecotoxicological and microbiological risk assessment 
of groundwater from Dimba Cave, Democratic Republic 
of the Congo. International Journal of Environmental 
Research and Public Health, 21(8), Article 962. https://​
doi.​org/​10.​3390/​ijerp​h2108​0962

Nyarko, E., Boateng, C. M., Asamoah, O., Edusei, M. O., & 
Mahu, E. (2023). Potential human health risks associated 
with ingestion of heavy metals through fish consumption 
in the Gulf of Guinea. Toxicology Reports, 10, 117–123.

Oros, A. (2025). Bioaccumulation and trophic transfer of heavy 
metals in marine fish: Ecological and ecosystem-level 
impacts. Journal of Xenobiotics, 18(2), Article 59. https://​
doi.​org/​10.​3390/​jox15​020059

Pal, D., & Hogland, W. (2022). An overview and assessment 
of the existing technological options for management 
and resource recovery from beach wrack and dredged 
sediments: An environmental and economic perspective. 
Journal of Environmental Management. https://​doi.​org/​
10.​1016/j.​jenvm​an.​2021.​113971

Ramish, M. A., Irshad, R. N., Nasim, I., Irfan, A., Hussain, A., 
Al-Mutairi, A. A., Rizwan, M., Al-Hussain, S. A., & Zaki, 
M. E. A. (2024). Bioaccumulation of carcinogenic metals 
in river fish: A quantitative investigation of public health 
risk. Ecological Indicators. https://​doi.​org/​10.​1016/j.​ecoli​
nd.​2024.​112057

Rashed, M. N. (2001). Monitoring of environmental heavy 
metals in fish from Nasser Lake. Environment Interna-
tional, 27, 27–33.

Roberts, D. A. (2012). Causes and ecological effects of resus-
pended contaminated sediments (RCS) in marine envi-
ronments. Environment International. https://​doi.​org/​10.​
1016/j.​envint.​2011.​11.​013

Rügner, H., Schwientek, M., Milačič, R., Zuliani, T., Vidmar, 
J., Paunović, M., Laschou, S., Kalogianni, E., Skoulikidis, 
N. T., Diamantini, E., Majone, B., Bellin, A., Chiogna, 
G., Martinez, E., de López Alda, M., Díaz-Cruz, M. S., 
& Grathwohl, P. (2019). Particle bound pollutants in riv-
ers: Results from suspended sediment sampling in Globa-
qua River Basins. Science of the Total Environment, 647, 
645–652. https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​08.​027

Saidon, N. B., Szabó, R., Budai, P., & Lehel, J. (2024). Trophic 
transfer and biomagnification potential of environmen-
tal contaminants (heavy metals) in aquatic ecosystems. 
Environmental Pollution. https://​doi.​org/​10.​1016/j.​envpol.​
2023.​122815

Saleem, M., Pierce, D., Wang, Y., Sens, D. A., Somji, S., & 
Garrett, S. H. (2024). Heavy metal(oid)s contamination 
and potential ecological risk assessment in agricultural 
soils. Journal of Xenobiotics, 14(2), 634–650. https://​doi.​
org/​10.​3390/​jox14​020037

Sánchez-Castro, I., Molina, L., Prieto-Fernández, M. -Á., & 
Segura, A. (2023). Past, present and future trends in the 
remediation of heavy-metal contaminated soil - Remedia-
tion techniques applied in real soil-contamination events. 
Heliyon. https://​doi.​org/​10.​1016/j.​heliy​on.​2023.​e16692

Shi, Z., Liu, J., Tang, Z., Zhao, Y., & Wang, C. (2020). Ver-
miremediation of organically contaminated soils: Con-
cepts, current status, and future perspectives. Applied Soil 
Ecology. https://​doi.​org/​10.​1016/j.​apsoil.​2019.​103377

Shuhaimi-Othman, M., Nadzifah, Y., Umirah, N. S., & Ahmad, 
A. K. (2012). Toxicity of metals to an aquatic worm, Nais 
elinguis (Oligochaeta, Naididae). Research Journal of 
Environmental Toxicology, 6(4), 122–132. https://​doi.​org/​
10.​3923/​rjet.​2012.​122.​132

Sivaperumal, P., Sankar, T. V., & Viswanathan Nair, P. G. 
(2007). Heavy metal concentrations in fish, shellfish and 
fish products from internal markets of India vis-a-vis 
international standards. Food Chemistry, 102, 612–620.

Soriano, Y., Gimeno-García, E., Campo, J., Hernández-Crespo, 
C., Andreu, V., & Picó, Y. (2024). Exploring organic and 
inorganic contaminant histories in sediment cores across 
the anthropocene: Accounting for site/area dependent fac-
tors. Journal of Hazardous Materials. https://​doi.​org/​10.​
1016/j.​jhazm​at.​2024.​134168

Suami, R. B., Al Salah, D. M. M., Kabala, C. D., Otamonga, 
J.-P., Mulaji, C. K., Mpiana, P. T., & Poté, J. W. (2019). 
Assessment of metal concentrations in oysters and shrimp 
from Atlantic Coast of the Democratic Republic of the 
Congo. Heliyon, 5(12), Article e03049. https://​doi.​org/​10.​
1016/j.​heliy​on.​2019.​e03049

Suh, G. C., Afahnwie, N. A., Tiabou, A. F., Djibril, K. N. G., 
Meniemoh, A. R., & Yiika, L. P. (2025). Source appor-
tionment, ecological and toxicological risk assessment of 
trace metals in agricultural soils of Wabane, South West 
Region, Cameroon. Journal of Trace Elements and Miner-
als. https://​doi.​org/​10.​1016/j.​jtemin.​2025.​100218

https://doi.org/10.4236/gep.2022.109003
https://doi.org/10.3844/ajessp.2024.64.77
https://doi.org/10.1016/j.envpol.2024.123807
https://doi.org/10.1016/j.wasman.2016.04.028
https://doi.org/10.1016/j.wasman.2016.04.028
https://doi.org/10.1016/j.aquatox.2014.10.009
https://doi.org/10.1016/j.aquatox.2014.10.009
https://doi.org/10.3390/ijms25063382
https://doi.org/10.3390/ijms25063382
https://doi.org/10.3390/ijerph21080962
https://doi.org/10.3390/ijerph21080962
https://doi.org/10.3390/jox15020059
https://doi.org/10.3390/jox15020059
https://doi.org/10.1016/j.jenvman.2021.113971
https://doi.org/10.1016/j.jenvman.2021.113971
https://doi.org/10.1016/j.ecolind.2024.112057
https://doi.org/10.1016/j.ecolind.2024.112057
https://doi.org/10.1016/j.envint.2011.11.013
https://doi.org/10.1016/j.envint.2011.11.013
https://doi.org/10.1016/j.scitotenv.2018.08.027
https://doi.org/10.1016/j.envpol.2023.122815
https://doi.org/10.1016/j.envpol.2023.122815
https://doi.org/10.3390/jox14020037
https://doi.org/10.3390/jox14020037
https://doi.org/10.1016/j.heliyon.2023.e16692
https://doi.org/10.1016/j.apsoil.2019.103377
https://doi.org/10.3923/rjet.2012.122.132
https://doi.org/10.3923/rjet.2012.122.132
https://doi.org/10.1016/j.jhazmat.2024.134168
https://doi.org/10.1016/j.jhazmat.2024.134168
https://doi.org/10.1016/j.heliyon.2019.e03049
https://doi.org/10.1016/j.heliyon.2019.e03049
https://doi.org/10.1016/j.jtemin.2025.100218


	 Environ Geochem Health          (2026) 48:120   120   Page 24 of 24

Vol:. (1234567890)

Sun, Y., Rudnick, R. L., & Niu, Y. (2022). Composition 
and Evolution of Continental Crust at Orogenic Belts. 
Journal of Geophysical Research: Solid Earth, 127, 
e2022JB025057.

Suresh, G., S utharsan, P., Ramasamy, V., & Venkatachalapath, 
R. (2012). Assessment of spatial distribution and potential 
ecological risk of the heavy metals in relation to granu-
lometric contents of Veeranamlake sediments India. Eco-
toxicology and Environmental Safety, 84, 117–124.

Swain, C. K. (2024). Environmental pollution indices: A 
review on concentration of heavy metals in air, water, 
and soil near industrialization and urbanisation. Dis-
cover Environment, 2, Article 5. https://​doi.​org/​10.​1007/​
s44274-​024-​00030-8

Szulc, J., Okrasa, M., Nowak, A., Ryngajłło, M., Nizioł, J., 
Kuźniar, A., Ruman, T., & Gutarowska, B. (2024). Uncon-
trolled post-industrial landfill—source of metals, potential 
toxic compounds, dust, and pathogens in environment—a 
case study. Molecules, 29(7), Article 1496. https://​doi.​org/​
10.​3390/​molec​ules2​90714​96

Vivien, R., Tixier, G., & Lafont, M. (2014). Use of oligochaete 
communities for assessing the quality of sediments in 
watercourses of the Geneva area (Switzerland) and Artois-
Picardie basin (France): Proposition of heavy metal toxic-
ity thresholds. Ecohydrology & Hydrobiology. https://​doi.​
org/​10.​1016/j.​ecohyd.​2014.​03.​003

Wada, O. Z., & Olawade, D. B. (2025). Recent occurrence 
of pharmaceuticals in freshwater, emerging treatment 
technologies, and future considerations: A review. Che-
mosphere. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2025.​
144153

Wang, K., Qiao, Y., Zhang, H., Yue, S., Li, H., Ji, X., & Liu, 
L. (2018). Bioaccumulation of heavy metals in earth-
worms from field contaminated soil in a subtropical area 

of China. Ecotoxicology and Environmental Safety, 148, 
876–883. https://​doi.​org/​10.​1016/j.​ecoenv.​2017.​11.​058

Yu, F., Yang, C., Zhu, Z., Bai, X., & Ma, J. (2019). Adsorption 
behavior of organic pollutants and metals on micro/nano-
plastics in the aquatic environment. Science of The Total 
Environment. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​
133643

Zeb, A., Li, S., Wu, J., Lian, J., Liu, W., & Sun, Y. (2020). 
Insights into the mechanisms underlying the remediation 
potential of earthworms in contaminated soil: A critical 
review of research progress and prospects. Science of The 
Total Environment. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2020.​140145

Zhang, C., Yu, Z., Zeng, G., Jiang, M., Yang, Z., Cui, F., Zhu, 
M., Shen, L., & Hu, L. (2014). Effects of sediment geo-
chemical properties on heavy metal bioavailability. Envi-
ronment International, 73, 270–281. https://​doi.​org/​10.​
1016/j.​envint.​2014.​08.​010

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing 
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement 
and applicable law.

https://doi.org/10.1007/s44274-024-00030-8
https://doi.org/10.1007/s44274-024-00030-8
https://doi.org/10.3390/molecules29071496
https://doi.org/10.3390/molecules29071496
https://doi.org/10.1016/j.ecohyd.2014.03.003
https://doi.org/10.1016/j.ecohyd.2014.03.003
https://doi.org/10.1016/j.chemosphere.2025.144153
https://doi.org/10.1016/j.chemosphere.2025.144153
https://doi.org/10.1016/j.ecoenv.2017.11.058
https://doi.org/10.1016/j.scitotenv.2019.133643
https://doi.org/10.1016/j.scitotenv.2019.133643
https://doi.org/10.1016/j.scitotenv.2020.140145
https://doi.org/10.1016/j.scitotenv.2020.140145
https://doi.org/10.1016/j.envint.2014.08.010
https://doi.org/10.1016/j.envint.2014.08.010

	Accumulation of toxic metals in sediments and oligochaetes around urban uncontrolled landfills in Kinshasa, DR Congo
	Abstract 
	Introduction
	Materials and methods
	Description of study sites
	Sampling procedure
	Physicochemical properties of sediment
	Analysis of heavy metals in sediment samples
	Analysis of heavy metals in oligochaete samples
	Determination of mercury concentrations in sediment and oligochaete samples
	Assessment of sediment pollution
	Estimation of ecological risk indices
	Bioaccumulation factor (BAF)
	Analytical quality control statement and statistical treatment of data

	Results and discussion
	Physicochemical characteristics of sediment samples
	Concentrations of heavy metals in sediment samples
	Evaluation of environmental pollution parameters
	Evaluation of environmental ecological risk parameters
	Spearman correlations between trace metal concentrations and sediment physicochemical properties
	Concentrations of heavy metals in oligochaete worms
	Bioaccumulation of heavy metals in oligochaetes

	Conclusions
	References


