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Abstract
The objective of this research was to assess sediments contamination, provenance and metal pollution using single and 
complex pollution indicators. Limbe River sediment samples were analysed using Inductively Coupled Plasma—Mass 
Spectrometry. The Limbe River sediments exhibit high content in Fe2O3 sourced from haematization of basaltic rocks. 
The concentration of Cd, Co, Cr, Mn, Ni, Pb, Sn, Sr, V and Zn exceed upper continental crust and local baseline values 
for heavy metals. Correlation matrix analysis indicates the presence of common input sources and similar geochemical 
characteristics of heavy metals. Contamination factor (CF: 0.01–10.34), contamination degree (Cdeg: 14.91–36.57), pol-
lution load index (PLI: 0.84–1.77), and nemerow integrated pollution index (NIPI: 0.2–1.7) indicates significant to high 
levels of contamination. The enrichment factor (EF: 0–5.67) and geo-accumulation index (Igeo: -7.55–2.59), suggests 
moderate to significant metal pollution of the Limbe River ecosystem, suggesting potential ecological effects. Modified 
hazard quotient (mHQ: 0.082–6.35) and toxic risk index (TRI: 10.49–27.43), indicates low to extreme pollution severity 
and high toxicity risks of heavy metals to the aquatic ecosystem fauna and flora. Primarily anthropogenic activities and 
secondary lithogenic provenance is attributed to sediments contamination and metals pollution. This study suggests 
that a greater emphasis should be placed on monitoring various provenances of metals entering the aquatic ecosystem 
from anthropogenic practices. The study emphasizes the significance of continual protection of aquatic ecosystem and 
biological resources and adaptive management. The development of reasonable goals for monitoring and remedial 
programmes can be aided by this data.
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1  Introduction

Heavy metal pollution in coastal areas and cities is a common environmental problem worldwide due to urbanization, 
industrialization, agricultural activities and domestic practices [1–11]. The prevalence of rivers in cities is not only 
features of the landscape but are of significant cultural importance and components of urban ecosystems. Rivers 
provide a range of economic and social benefits, including flood control and drainage, water supplies and sources of 
recreation, a living ecosystem in their own right. Rivers also are of significance wider ecological ecosystem. However, 
rivers are under threat, especially from the acceleration of urbanization, rapid population growth, agricultural runoff 
which has a propensity for large amounts of industrial sewage and domestic wastewater to be discharged into them, 
resulting in the pollution of rivers with metals [12]. River sediments act as an ultimate receptor of pollutants from 
anthropogenic practices in many coastal areas and cities, especially in developing countries such as Cameroon [5, 
13, 14]. Trace metals contamination of river ecosystems has gained the increased attention of many environmental 
scientists over the past decades [15–21]. From the findings of these scientists, it can be noted that heavy metals 
migrate into sediments which play a role of sinks [22–24]. In aquatic ecosystems, heavy metals such as As, Cd, Co, 
Cu, Pb, Hg and Zn which are listed as priority pollutants by the United States Environmental Protection Agency [25] 
originate from natural sources including weathering of rocks, erosion, forest fires, volcanic eruptions, and anthropo-
genic activities like industrial effluents, mining, agricultural practices, domestic activities and atmospheric deposition 
[24–26]. Therefore, heavy metals are natural constituents of sediments from weathering and erosion of pre-existing 
rocks, but they can also be derived from anthropogenic sources, and incorporate into sediments as pollutants [27].

Investigations of pollution in aquatic ecosystems have emerged, due to the toxicity of these metals and their 
accumulation in the food web [28–34]. These metals, also known as potentially toxic elements (PTEs) are not removed 
from the water as a result of self-purification, and for this reason, they can accumulate in reservoirs by biological 
and geochemical mechanisms and enter the biological chain. Therefore heavy metals constitute a serious and press-
ing concern in terms of their pollution in aquatic ecosystems [28, 35]. Due to their non-degradability, toxicity, and 
resistance to metabolization [36], PTEs in sediments can harm aquatic organisms, as well as human health, through 
bioaccumulation and bioamplification [37]. PTEs also exhibit toxic chronic health effects of various intensity which 
are dangerous to humans [17, 38–40]. Urbanization, agriculture and industrialization are the most common human 
practices responsible for metal pollution in the environment. Ecological risk assessment is a vital parameter to 
determine the impact of pollutants on aquatic ecosystems [41]. Consequently, the analysis of sediments is a useful 
tool to determine the contamination status of heavy metals in river sediments. Although some studies on the pos-
sible impact of metal contamination have been carried out along the Atlantic coast of Limbe in Cameroon [5], little 
or no studies have been conducted using single and complex pollution and ecological indicators in the evaluation 
of pollution, ecological and toxicity risks of metals in Limbe River sediments, a tributary of the Atlantic Ocean. It is 
necessary to perform a comprehensive study for assessing the concentrations, pollution status, toxicity and sources 
of heavy metals in the sediments of Limbe River. The effective evaluation of sediments contamination focuses on 
the use of pollution and ecological indicators. Therefore, the aim of this study is to evaluate the pollution, ecological 
risks and toxicity of metals in Limbe River sediments. The study emphasizes the significance of continuous evaluation 
and management for preserving aquatic ecosystem and biological resources. This data provide vital information, 
and an acceptable base for the management of pollution issues in coastal areas in Cameroon, protection of human 
health and maintenance of ecosystems. The use of pollution indicators in this research also provides a more effica-
cious method for metal analyses that can be employed in future monitoring exercises of sediments in coastal areas.

2 � Location of the study area and geological setting

The study area is found along the coast of the Atlantic Ocean, situated between latitudes 4°00′00"–4°02′30"N and 
longitudes 9°11′30"–9°13′30"E, in the Southwest Region of Cameroon. It is bordered by the Atlantic Ocean to the 
south and Mount Etinde and numerous volcanic cones of Mount Cameroon to the north and northeast. Limbe River 
is found at the boundary between the oceanic and the continental sectors of the Cameroon Volcanic Line (CVL; 
Fig. 1). The area is dominated by irregular relief made up of highlands of pyroclastic cones and lowlands. It is also 
characterized by a long rainy season from March to October with rain peaks usually occurring between July and 
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Fig. 1   Map of CVL with Limbe situated at the SE foot slope of Mount Cameroon, on landward of the ocean–continent boundary (adapted 
from [51]
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August [42]. The Limbe coastal area has as main activity fishing which is done on a large scale by companies and 
local population. Other human activities carried out along the Atlantic Coast of Limbe include domestic practices, 
offshore drilling, transportation of petroleum products, quarrying activities, mining and agro-industrial activities 
etc. Discharge of solid and liquid waste and effluents from these human practices along the Atlantic Coast of Limbe 
releases significant amount of pollutants (heavy metals) into the Limbe River and other surrounding water bodies. 
The study area is located at the SE foot slope of Mount Cameroon and forms part of the CVL. The CVL like many other 
volcanic provinces on the African plate is a distinguished Tertiary to recent volcanism associations [43]. It forms one 
of the African plate’s major geologic lineaments and it is describes as a unique and distinct example of an active 
intraplate alkaline tectonic magmatic alignment simultaneously developed into oceanic and continental domains 
[44]. The CVL is made up of plutonic orogenic and anorogenic complexes of granitic to syenite with alkaline and 
peralkaline compositions [44, 45], and islands (e.g., Pagalu, Sao Tome, Principe, Bioko) and continental volcanic mas-
sifs (e.g., Mounts Cameroon, Manengouba, Bamboutos, Oku, etc.). The study area lies on a metamorphic substratum 
of pan-African fold belt which is covered by Tertiary to recent alkali basaltic lavas and Quaternary age sediments. 
The lava flows of the lower dark series are mainly basanite, tephrite, hawaiite and mugearite that resulted from the 
eruptions of Mount Cameroon, an active-type of volcano [46–48], and olivine melanephelinite to noseanleucite-
nephelinite found at Mount Etinde [49, 50]. The upper dark series on the other hand is of Quaternary to recent, and 
it is composed of vesicular to scoriaceous pyroclasts.

3 � Materials and methods

Eighteen (18) river sediment samples (Fig. 2) were collected from the riverbank with the help of a stainless-steel shovel 
and auger at depth to avoid contamination and their coordinate values listed in Table 1 of Supplementary material. 
River sediment samples were collected according to the existing possible pollution provenance from 200 and 250 m. In 
the dry season, when there was no flooding and minimal river flows, sediments were collected, which is conducive to 
high concentration of metals in sediments found in the channel bed [39, 52]. The locations of all sampling points were 
determined using the global positioning system. The collected sediments were put in the polythene bags and labelled 
neatly. After being transported to the laboratory, they were air dried at 25 ˚C and passed through a plastic sieve (1 mm) 
to remove plant materials, debris and gravel-sized materials; and then sieved through a nylon sieve (aperture 125 µm). 
Precautions were taken to prevent contamination during drying, sieving and storage. The eighteen (18) sediment sam-
ples were subjected to chemical analysis for various element concentrations. Each sediment sample weighed 0.5 g was 
digested with aqua regia (9 ml HNO3, 3 ml HCl) in a Perkin Elmer Multivalve 3000 Microwave unit. The temperature of 
the microwave was raised to 160 °C for 10 min and held for 15 min at a power of 800 W and pressure of 30 bar. The diges-
tion was carried out for 35 min at a rate of 0.5 bar s−1. After the microwave-assisted digestion, the samples were filtered, 
transferred into 50 mL volumetric flask and made to volume using distilled deionized water. The contents of elements 
in each digest were then determined using a Perkin Elmer Nexion 300Q ICP-MS. ICP-MS analysis and digestion of vari-
ous sediment samples were done at the Activation Laboratories Ltd., Ontario in Canada. For quality control procedures, 
triplicates, method blanks and reference standards were employed. In this study, analytical-grade chemicals and reagents 
were used. Glassware and vessels were washed with 20% HNO3 and air-dried after rinsing with deionized water. Rigorous 
validation of the ICP-MS method was conducted to ensure accuracy, precision, recovery, and determination of the limit 
of detection. Quality control and assurance was achieved using the certified reference materials (UME EnvCRM 03) sup-
plied by Tübitak Ulusal Metroloji Enstitüsü (UME), Ankara, Türkiye. The relative standard deviations (RSDs) for triplicate 
samples were within ± 15% of the mean. For heavy metals, recoveries between 95 and 105% were obtained. Calibration 
curves were generated utilizing standard stock solutions (Agilent 8500–6940 2A, 27-element mix). Multivariate parameter 
like Pearson’s correlation matrix was applied to define the provenance of toxic metals. The correlation coefficient which 
represents the degree of linear relationships between two variables is displayed in the correlation matrix. The correla-
tion coefficient has a value between − 1 and + 1. The statistical analysis was done using shuttle radar topography mission 
(SRTM), ArcGIS, Microsoft Excel and Statistical Package for Social Science (SPSS 16.0) software.

3.1 � Contamination and pollution assessment

Contamination factor (CF) describes the contamination of a given metal in sediments of Limbe River which was calcu-
lated using Eq. 1 [53]:
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where the background content of metal is a reference value for the maximum allowable concentration of metals in the 
Upper Continental Crust (Table 1) after [54], and CF is classified as: Low contamination (CF < 1); moderate contamination 
(1 < CF < 3); considerable contamination (3 < CF < 6) and very high contamination (CF > 6).

Contamination degree (Cdeg) is the sum of all the CF for various metals and it was computed using Eq. 2 [53]:

where CF is contamination factor; Cdeg < 8 denotes low contamination degree; 8 < Cdeg < 16 suggests moderate contamina-
tion degree; 16 < Cdeg < 32 indicates significant contamination degree and Cdeg > 32 signals high contamination degree.

Modified contamination degree helps in the assessment of overall metal contamination in the sediment samples. It 
is computed using Eq. 3 [53]:

(1)CF =
Content of eachmetal

Background content of metal

(2)Cdeg =

8
∑

i=1

CF

(3)mCdeg =

∑

CF

n

Fig. 2   Sample location map showing eighteen sampling sites
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where CF is the contamination factor and n is the number of elements analysed. Modified contamination degree were 
classified as follows: mCdeg < 1.5 is nil to low, 1.5 < mCdeg < 2 is low, 2 < mCdeg < 4 is moderate, 4 < mCdeg < 8 is high, 
8 < mCdeg < 16 is very high, 16 < mCdeg < 32 is extremely high and mCdeg > 32 is ultra-high contamination [19].

Pollution load index (PLI) serves to determine the cumulative pollution impact at various constitutes in sediments at 
different locations and it was computed using Eq. 4 [55]:

where PLI > 1 implies polluted; PLI < 1, shows not polluted and PLI = 1, denotes base level of pollution.
Nemerow integrated pollution index (NIP) evaluates amount of metal pollution and determine the effects of various 

metals on the sediments. The index is calculated using Eq. 5 [56]:

where Pi is the single pollution index of heavy metal i; Pimax is the maximum value of the single pollution indices of the 
investigated heavy metal(s) and m is the count of the heavy metal species.

Enrichment factor (EF) evaluate the degree of metals contamination in sediments. It was calculated using Eq. 6 [57]:

where the ratio of metals to iron oxide in the sample is (Cx/Fe)sample and the background ratio of metal to iron oxide con-
centration is (Cx/Fe)background, which is unpolluted and not impacted by pollution. Enrichment Factor was interpreted as 
follow: EF < 2 = deficiency to minimal mineral enrichment; 2 < EF < 5 = moderate enrichment; EF 5 < EF < 20 = significant 
enrichment; 20 < EF < 40 = very high enrichment; EF > 40 = extremely high enrichment.

(4)PLI =
(

CF
1
× CF

2
× .... × CFn

)1∕n

(5)
NIPI =

�

�

1

m

∑m

i=1
Pi

�2

+
�

Pimax

�2

2

(6)EF =
(Cx∕CFe)sample

(Cx∕CFe)background

Table 1   Descriptive Statistics 
of major oxides (%) and trace 
elements (mg/kg) in Limbe 
River Sediments

UCC values (Upper continental crust values by [54]

Variables Min Max Mean StDev Variance Coef Var UCC values

Al2O3 (%) 2.06 5.65 3.61 0.87 0.76 24.19 15.4
CaO 0.32 2.27 0.92 0.48 0.23 52.17 3.59
Fe2O3 6.59 21.87 14.98 4.47 19.96 29.82 5.04
K2O 0.02 0.14 0.07 0.03 0 41.43 2.8
MgO 2.42 6.63 4.73 1.42 2.02 30.11 2.48
MnO 0.08 0.25 0.17 0.04 0 27.24 0.1
Na2O 0.06 0.48 0.17 0.11 0.01 63.73 3.27
P2O5 0.01 1.42 0.24 0.3 0.09 127.08 0.15
TiO2 0.83 2.82 1.92 0.63 0.4 32.72 0.64
Ag (mg/kg) 0.02 0.09 0.07 0.02 0 27.48 53
Cd 0.11 0.31 0.17 0.05 0 32.02 0.09
Co 32.6 84.1 64.57 14.78 218.6 22.9 17.3
Cr 123 858 456.70 215.6 46484.8 47.21 92
Cu 0.2 58.7 9.47 14.11 198.96 149 28
Hg 0.02 0.07 0.04 0.02 0 42.25 0.05
Mn 648 1950 1272.20 351.1 123,273 27.6 0.1
Ni 100 248 168.61 42.11 1773.66 24.98 47
Pb 4.6 75.8 21.55 18.57 344.91 86.18 17
Sn 1.26 16.9 5.71 5.19 26.94 90.93 2.1
Sr 40.4 173 78.20 31.49 991.69 40.27 320
V 123 492 329.8 120.9 14,615.8 36.65 97
Zn 92.1 339 235.70 64.1 4107.7 27.2 67
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Geo-accumulation index (Igeo) was used to evaluate the contamination level in sediments through a comparison of 
the existing concentrations of each metal to that of the reference standard [53]. Igeo was calculated using Eq. 7 [58]:

where, Cn = measured concentration of metal ion in sample; Bn = background concentration value for metal [54] 
and 1.5 represents the background matrix correction factor due to lithogenic effects. Igeo ≤ 0 = uncontaminated; 
0 ≤ Igeo < 1 = uncontaminated to moderately contaminated; 1 ≤ Igeo < 2 = moderately contaminated; 2 ≤ Igeo < 3 = mod-
erately to strongly contaminated; 3 ≤ Igeo < 4 = strongly contaminated; 4 ≤ Igeo < 5 = strongly to extremely contaminated; 
Igeo > 5 = extremely high contaminated.

3.2 � Ecological and ecotoxicity risks assessment

Ecological risk factor (Er) is used to quantify possible ecological risks connected to a certain specific pollutant. It was 
obtained using Eq. 8 [53]:

where Tr is toxic response factor of a metal (Pb = 5, Zn = 1, Cd = 30, Cr = 2, Ni = 5, Hg = 40, Cr = 2, Cd = 30, As = 10 and Cu = 5). 
CF is the contamination factor. Er is define as Er < 40 denotes low Er, Er = 40–80 implies moderate Er, Er = 80–160 signify 
considerable Er, Er = 160–320 indicate high Er and Er > 320 suggest very high Er.

Potential ecological risk index (PERI) accounts for cumulative impacts of metals under consideration. It is the sum 
of all Er variables in a given study area. It was calculated using Eq. 9 [53]:

where, Er is the ecological risk factor, n is the number of elements studied and Ci

r
 is the contamination factor (Eq. 9). The 

following terminologies have been used for the potential ecological risk index: < 150, low potential ecological risk index; 
150 < PERI < 300, moderate potential ecological risk index; 300 < PERI < 600, high potential ecological risk index; and ≥ 600, 
significant potential ecological risk index.

Modified hazard quotient (mHQ) was used to assess biological impact in sediments-related chemical states on 
microbial species of the study area. It was calculated using Eq. 10 [59]:

where, Ci stands for the measured concentration of metal I (Eq. 10). TEL = Threshold Effect Level (As = 5.9, Cr = 37.3, 
Cu = 35.7, Ni = 18, Zn = 123), PEL = Probable Effect Level (As = 17, Cr = 90, Cu = 197, Ni = 36, Zn = 315), SEL = Severe Effect 
Level (As = 33, Cr = 110, Cu = 110, Ni = 75, Zn = 820).

Probability of toxicity index (mERMQ) method determines the harmful effects of metals on sediment and water 
environments. It was computed using Eq. 11 [60]:

where, Ci = concentration of the metal i, ERM is the effects range median, and n is the number of metals (Eq. 11). Low risk 
level are designated as mERMQ < 0.1 with 9% probability of toxicity; 0.1—0.5, medium risk level with 21% probability 
of toxicity; 0.5 to 1.5, high risk level with 49% probability of toxicity; and > 1.5 very high risk level with 76% probability 
of toxicity.

Multiple probable effect concentration quality (mPECQ) was used for ecological risk assessment of metals in sedi-
ments. It was determined using Eq. 12 [61]:

(7)Igeo = log
2
(Cn∕1.5Bn)

(8)Er = Tri × CFi

(9)PERI =

n
∑

i=1

T i
r
× Ci

r

(10)mHQ =

√

Ci

TELi
+

Ci

PELi
+

Ci̇

SELi

(11)mERMQ =

∑n

i=1

Ci

ERMi

n
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where, Ci = content of element i in sediments (mg/kg). PEC is the probable effect concentration of individual metal based 
on consensus. The PEC values of Cr, Ni, Cu, As, Cd, Pb, Zn, and Hg were 111, 48.6, 149, 33, 4.8, 129, 459 and 1.06 mg/kg 
respectively, n is the number of heavy metals.

Toxic risk index (TRI) was used to assess the potential toxic risk of heavy metals in fresh and marine water environment 
to biota. It is computed using Eq. 13 [62]:

where, Ci denotes concentration measured metal in sample (Eq. 13). TEL = Threshold Effect Level (As = 5.9, Cr = 37.3, 
Cu = 35.7, Ni = 18, Zn = 123). PEL = Probable Effect Level (As = 17, Cr = 90, Cu = 197, Ni = 36, Zn = 315). TRI < 5 implies no 
toxic risk; TRI: 5–10 signify low toxic risk; TRI: 10–15 indicate moderate toxic risk; TRI: 15–20 denotes significant toxic risk 
and TRI > 20 correspond to very high toxic risk.

4 � Results and discussion

The pollution, ecological and toxicity risk assessment using stochastic techniques offers a strong framework for assessing 
the build-up of heavy metals in Limbe River sediments, Atlantic Coast, Cameroon. Our understanding of heavy metals 
dynamics is enhanced by the integrated use of single and complex pollution indices and statistical methods, which also 
lays the groundwork for wise decision to be made in environmental and remediation projects. This study establishes the 
foundation for further investigation and focused intervention in Cameroon freshwater and marine water settings while 
also advancing our understanding of the ecological and eco-toxicity dangers related to metallic pollution in aquatic 
ecosystems.

4.1 � Distribution of major and trace elements

4.1.1 � Distribution of major elements

Major elements chemistry of Limbe River sediments are shown in Table 1, with the concentration of each element 
expressed in wt. % and compared with UCC values. The concentrations of Fe2O3 (6.59 to 21.87 wt. % with a mean of 14.98 
wt. %), MgO (2.42 to 6.63 wt. % with a mean of 4.73 wt. %), MnO (0.08 to 0.25 wt. % with a mean of 0.17 wt. %) and TiO2 
(0.83 to 2.82 with a mean of 1.92 wt. %) are greater than those of the Upper Continental Crust (UCC) proposed by Rudnick 
and Gao (2014), while Na2O, CaO, P2O5 and K2O contents are less than those proposed by the same authors. Al2O3 (2.06 
to 5.65 wt. %) display low contents when compared with threshold values. This variation in major elements concentra-
tion is displayed in the box plot to indicate their distribution in sediment samples (Fig. 3). The chemical composition of 
the sediment samples studied is reported in the enrichment-depletion plot (Fig. 4) in which samples show enrichment 
for Fe2O3 MgO, MnO and TiO2 and depletion for the other major elements. Elevated concentration of Fe2O3 in sediment 
samples suggest that the sediments are ferruginous and are sourced from haematization of the parent rocks, mostly 
basaltic rocks. High contents of MgO and MnO in sediments suggest the presence of mafic minerals in relation to the 
parent rocks. Moderate content of TiO2 indicates that rutile and illmenite continued to form during parent rocks altera-
tion [39]. Alkali and alkali-earth oxides (K2O, CaO, MgO and Na2O) and P2O5 have low concentrations probably because 
of their high mobility during weathering or sorting of parent materials (Table 1).

4.1.2 � Distribution of trace elements

The selected trace elements or trace metals in Limbe River sediment samples are presented in Table 1. The Limbe 
River sediments displayed high contents in Cd (0.11–0.31; average 0.17 mg/kg), Co (32.60–84.10; av = 64.87 mg/kg), 
Cr (123–858; av = 456.67 mg/kg), Mn (648–1950; av = 1272.17 mg/kg), Ni (125–248; av = 168.61 mg/kg), Pb (4.60–75.80; 

(12)mPECQ =

∑n

i=1

Ci

PECi

n

(13)TRIi =

√

(

Ci∕TELi
)2

+
(

Ci∕PELi
)2

2
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av = 21.55 mg/kg), Sn (1.26–16.90; av = 5.71 mg/kg), Sr (40.40–173; av = 78.20 mg/kg), V (133–492; av = 329.83 mg/kg) and 
Zn (92.10–339; av = 235.67 mg/kg), which generally exceed the standard values of the upper continental crust (Fig. 4) [54]. 
Ag (0.05–0.09; av = 0.07 mg/kg) and Hg (0.02–0.07; av = 0.04 mg/kg) concentrations were below the reference standards 
(Fig. 5). The high contents of trace metals in Limbe River sediments is sourced from intense alteration of basaltic lavas, 
atmospheric deposition and human input such as agricultural runoff and practices (phosphate fertilizers, animal manure, 
pesticides, herbicides, fungicides), agro-industrial and quarrying activities, sewage sludge, municipal solid and liquid 
wastes, household effluents, garbage and waste water irrigation. It was noticed that Limbe River drains through the 
agricultural areas, thus increase in heavy metal concentration sources from agricultural practices. This is similar to the 
findings of other authors along the continental sector of the CVL [37]. Low Ag and Hg content are probably sourced from 
volcanoes, atmospheric deposition and chemical weathering of source rocks. Comparing heavy metals concentration at 
different sampling points with UCC values [54] and local baseline by [66], Co, Cr, Mn, Ni, Pb, Sr, V and Zn concentrations 
are higher than those of other metals (Table 1). This reveals that, besides geogenic influence as the source of these metals 
in sediments, there are other human input sources in Limbe River sediments. The high concentrations of these metals 
are attributed to geologic materials, mainly basaltic lava flows that characterized the study area and anthropogenic 
metal inputs due to agricultural practices from palm plantations on the flanks of Mount Cameroon, industrial discharge, 

Fig. 3   Box plot for major 
oxides distribution in Limbe 
River sediments

Fig. 4   Enrichment/depletion 
plot for major oxides in Limbe 
River sediments
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domestic activities and other human inputs from mid-course to down course of the river profile. The variation of heavy 
metals concentration in Limbe River sediments are higher than those earlier reported in beach sediments of Limbe [5], 
in Bambui sediments [52], and in Pouma sediments [12]. These concentrations are lower than those recently reported 
in sediments of Mari and Mbal located within pull apart Lom basin in Cameroon [25, 26] and in Nkwen River sediments 
situated in the continental sector of the CVL [41]. The varying anthropogenic impacts may be responsible for the spatial 
changes in heavy metal pollution. These variations in heavy metals concentrations highlight the diverse contamination 
levels within the study area, necessitating comprehensive assessment and management strategies to mitigate potential 
risks to environmental and human health. The significant differences in Co, Cr, Mn, Ni, Pb, Sr, V and Zn concentration 
highlight their importance in environmental assessment, with implications for ecosystem health and human well-being. 
Hazardous toxic metals can harm both the environment and health. The presence of these contaminants in sediments 
can indicate contamination from anthropogenic sources. Vigilant monitoring and management strategies are necessary 
to mitigate associated risk [63–65].

4.2 � Source apportionment

4.2.1 � Pearson’s correlation matrix

Pearson correlation analysis (Table 2) was performed to identify possible sources of the heavy metals in the sediments 
of the Limbe River. Previous studies reported that heavy metals with strong correlations originate from the same source 
[39]. Pearson’s correlation matrix (Table 2) display positive correlations for major oxides, except Al2O3, Fe2O3, MgO and 
Na2O. Positive correlation exists between CaO/K2O, Na2O and K2O/Na2O. This is associated with the presence of feldspar, 
zircon and apatite in parent rocks within the study area (basaltic rocks). In this area, the correlation between CaO and 
K2O, Na2O is due to mafic and felsic minerals. The majority of heavy metals also display positive correlations with r > 0.5 
and this is linked to the geologic materials in the area and also to human activities (Table 2). Negative correlation is also 
observed between most of the heavy metals. Positive correlation indicates their similar origin from geogenic sources and 
human input such as mining, agro-industrial and quarrying activities, fishing, sewage sludge, garbage, animal manure, 
municipal solid waste, agricultural activities and waste water irrigation [26], which are probably governed by the same 
or similar physicochemical processes. A significant correlation between two metals may indicate an incidence of strong 
dependency of both metals on the same causal factor, most likely due to their similar genesis from underlying basement 
complex.

4.2.2 � Sediment contamination and metal pollution indices

4.2.2.1  Contamination factor (CF), contamination degree (Cdeg), modified contamination degree (mCdeg) and pollution load 
index (PLI).  Results of CF of metals are listed in Table 3 and Fig. 6. Contamination factor varies from 0.01 (Cu) to 10.34 (Cr) 

Fig. 5   Trace elements varia-
tion in Limbe River sediment 
samples
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in sample S13. Co, Cu, Pb and Sr show low contamination (CF < 1). Ag, Cd, Fe, Hg, Mn, Pb, Sn, V and Cu in sample S6 are 
moderately contaminated (CF = 1–3). Cr, Ni, Zn and Cd in sample S1 are considerably contaminated (CF = 3–6) and Cr in 
samples S2, S4, S8, S11, S13, S15-17 is highly contaminated (CF > 6) in Limbe River sediments. Therefore, the Limbe River 
sediments show low to very high contamination by these heavy metals. This contamination is attributed to offshore 
drilling, transportation of petroleum products, quarrying activities, and agro-industrial activities, agricultural practices 
and runoff, domestic activities, industrial activities and other human practices as reported elsewhere in Cameroon [5, 
39]. These findings suggest minimal contamination for Co, Cu, Hg, Sr, Sn and Pb as their CF values were < 1, moderate 
contamination levels for Ag, Cd, Fe, Mn and V (1 ≤ CF < 3), significant contamination for Cr, Ni, Zn and Cd, as CF were 3 to 
6 in some samples. Cr in majority of samples was in the class of high contamination (CF > 6). Some factors responsible 

Table 3   Contamination factor, contamination degree, modified degree of contamination and pollution load index of heavy metals in Limbe 
River sediments

Ag Cd Co Cr Cu Fe Hg Mn Ni Pb Sn Sr V Zn Cdeg mCdeg PLI

S1 1.78 3.16 0.54 4.23 0.37 2.12 0.89 1.95 4.70 0.53 3.07 0.25 2.82 2.93 29.35 2.10 1.49
S2 1.72 2.14 0.66 6.02 0.21 2.80 1.25 2.45 5.64 4.46 1.32 0.24 3.76 3.92 36.57 2.61 1.77
S3 1.46 1.94 0.56 5.51 0.01 2.28 1.07 1.73 4.41 0.27 0.23 0.18 3.38 3.10 26.13 1.87 0.87
S4 1.20 1.33 0.55 6.87 0.16 2.32 0.71 1.63 3.50 2.11 0.44 0.21 3.46 3.13 27.63 1.97 1.24
S5 1.46 1.33 0.52 3.88 0.93 2.26 1.07 2.18 4.59 0.85 2.27 0.29 2.75 3.04 27.42 1.96 1.54
S6 1.60 2.04 0.35 1.48 2.35 1.24 1.07 1.32 3.39 0.96 0.42 0.49 1.36 1.92 19.99 1.43 1.20
S7 0.96 1.12 0.28 1.93 0.70 1.02 0.36 1.08 2.84 1.54 0.24 0.32 1.24 1.30 14.91 1.06 0.84
S8 1.58 1.22 0.65 6.52 0.01 2.62 0.89 2.23 5.32 0.33 0.67 0.16 3.56 3.39 29.17 2.08 0.98
S9 0.80 2.35 0.52 5.90 0.28 1.77 1.16 2.05 5.00 1.75 2.51 0.24 3.36 3.65 31.33 2.24 1.54
S10 0.40 2.24 0.59 4.34 0.67 2.56 0.45 2.45 2.73 2.35 1.07 0.26 2.50 3.80 26.41 1.89 1.36
S11 1.38 1.12 0.56 8.54 0.01 2.56 0.89 2.17 3.30 0.62 0.39 0.21 4.00 3.30 29.05 2.07 0.97
S12 1.52 1.73 0.60 2.41 0.35 2.18 0.54 2.33 2.27 1.59 2.73 0.29 1.57 2.82 22.93 1.64 1.31
S13 1.08 1.63 0.72 10.34 0.01 3.37 0.54 3.25 3.70 0.49 0.33 0.12 4.60 4.77 34.94 2.50 0.99
S14 1.68 1.43 0.62 5.86 0.36 3.08 0.36 2.93 3.27 0.44 0.29 0.17 4.21 4.46 29.16 2.08 1.21
S15 1.66 1.43 0.69 9.04 0.01 3.27 0.36 2.68 3.95 0.45 0.31 0.12 4.58 4.21 32.76 2.34 0.95
S16 1.60 1.22 0.67 7.82 0.01 2.98 0.36 2.48 4.30 0.62 0.69 0.17 4.16 4.10 31.17 2.23 1.01
S17 1.72 1.33 0.56 6.75 0.01 1.17 1.07 1.12 2.95 0.76 0.82 0.19 3.03 2.11 23.58 1.68 0.89
S18 1.08 1.53 0.30 1.61 0.38 2.10 1.25 2.12 3.11 2.70 0.89 0.12 1.15 3.80 22.16 1.58 1.15

Fig. 6   Contamination factors 
(CF) of heavy metals in Limbe 
River sediments
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for metal contamination include physical and chemical weathering and erosion of nearby rock. However, it is imperative 
to acknowledge the role played by additional elements like productivity, pH, cation exchange capacity, atmospheric 
conditions, and sediments texture. Remobilization of metals can occur due to internal geochemical processes and these 
phenomena needs to be considered when evaluating contamination.

The Cdeg varies from 14.91 (sample S7) to 36.57 (sample S2) (Table 3). The Cdeg is as follows: S2 > S13 > S15 > S9 > S16 > 
S1 > S8 > S14 > S11 > S4 > S5 > S10 > S3 > S17 > S12 > S18 > S6 > S7. Samples S6, S7, S12 S18 and S17 are in the category of 
significant contamination (Cdeg 12–24), accounting for 27.77%. The other 13 sampling sites are in the class of very high 
contamination (Cdeg > 24) and accounts for 72.22%. This suggests considerable to extreme contamination rate of heavy 
metals in Limbe River sediments, sourced from anthropogenic (agricultural practices, offshore drilling, transportation of 
petroleum products, fishing, quarrying activities, domestic activities, industrial activities, household effluents, municipal 
solid and liquid waste) and geogenic (volcanic eruption, alteration of minerals and parent rocks) pollutants [5, 11, 24].

The modified contamination degree (mCdeg) is an integrated index utilized for the purpose of evaluating the degree 
of pollution in sediments; it provides a numerical representation of the quantity of contaminants present in comparison 
to regulatory standards or background concentrations [12, 25, 39, 64, 65]. This index is highly advantageous due to its 
incorporation of various heavy metals assessed in the aquatic ecosystem, thereby providing a holistic viewpoint on 
environmental contamination [63–65]. The modified contamination degree (mCdeg) varies between 1.06 insample S7 to 
2.61 insample S2 (Table 3). The whole area is in the class of low degree of contamination (mCdeg 1.5–2) except samples S2, 
S7, S8, S11 and S13-S16 that are in the class of moderate degree of contamination, accounting for 544.44% of the study 
area. This study suggests that proper focus should be taken on monitoring the point sources of heavy metals entering 
the Limbe River from domestic activities, industrial activities, offshore drilling, transportation of petroleum products, 
quarrying activities, and agro-industrial activities and agricultural practices such as phosphate fertilizers applications, 
pesticides, fungicides, herbicides and waste water irrigation. Thus, this study found a mean mCd value of 1–2, indicating 
low contamination, as per the criterion of mCdeg 1.5–2. This classification held true across all stations, with mCd values 
consistently below 3, reaffirming low contamination levels in the study area.

The pollution load index assesses the degree of correlation between heavy metals and river sediments, serving as 
a tool to evaluate potential impacts on sediment micro flora and fauna [12, 39, 52, 63–65]. This index compares heavy 
metals concentrations in sediment samples to reference values, guiding remediation strategies and efforts to protect 
sediment ecosystems [25, 26, 39]. The computed PLI for each sampling sites are shown in Table 3. The PLI varies from 
0.84 (sample S7) to 1.77 (sample S2). Samples S3, S7, S8, S11, S13, S15 and S17 display minimal pollution status (PLI < 1) 
and accounts for 38.88% of the study area. The other sampling sites have PLI values greater than 1 (PLI > 1) indicating 
pollution of the study area, accounts for 55.55%. The high degree of PLI values in some sampling sites is probably due 
to the effects of human activities. PLI (PLI > 1) suggests that these sites have been subjected to serious anthropogenic 
pollution. Metals sourced from human provenance display higher biological availability than those from natural sources; 
hence, the latter might be easier to transfer along the food chain. The occurrence of metals in Limbe River sediments is 
sourced from offshore drilling, transportation of petroleum products, agro-industrial and quarrying activities, agricultural 
practices, domestics and industrial activities, household effluents into the river and other anthropogenic inputs [24, 25, 
52]. Therefore, the area of study is at risk of pollution and this need preservative and remediation methods for domestic, 
industrial and agricultural practices, indiscriminate dumped of household and municipal solid and liquid waste into the 
Limbe River.

4.2.2.2  Nemerow integrated pollution index (NIPI), enrichment factor (EF), geo‑accumulation index (Igeo)  The NIPI is 
an essential tool in environmental research, providing valuable insights into pollution levels in different ecosystems, 
such as surface sediments of river systems [26, 39, 52]. It combines measurements of contaminants and their toxicity 
weights, assisting experts in assessing environmental health, pinpointing pollution sources, and devising strategies for 
sustainable development and pollution reduction [12, 24, 25, 65]. The computed NIPI varies from 0.38 (Sr) to 8.28 (Cr) for 
Limbe River sediments (Table 4; Fig. 7). The NIPI follows the trend: Cr (8.28) > Ni (4.82) > Zn (4.11) > V (3.91) > Pb (3.28) > Fe 
(2.89) > Mn (2.74) > Cd (2.53) > Sn (2.29) > Cu (1.68) > Ag (1.59) > Hg (1.05) > Co (0.64) > Sr (0.38). The NIPI values for Co and 
Sr indicates that the Limbe River sediments have minimal pollution in these heavy metals (NIPINemerow < 1), while Ag, 
Cd, Cu, Fe, Hg, Mn and Sn display light pollution (NIPINemerow 1–2). Cr, Ni, Pb, V and Zn is in the category of serious 
pollution (NIPINemerow > 3). The presence of metals in the sediments studied could be linked to human activities such 
as offshore drilling, transportation of petroleum products, fishing, mining, quarrying activities, agro-industrial activities, 
domestic waste and effluents and agricultural practices along the Atlantic coast of Limbe [11]. In this study, the NIPI 
values of Co, Sr, Ag, Cd, Cu, Fe, Hg Mn and Sn fall between 1 and 2, indicating that the area is classified as low polluted in 
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these metals while Cr, Ni, Pb, V and Zn values fall above 3, suggesting serious pollution degree. This conclusion holds true 
for other pollution indicators use above across all. It suggests that overall pollution levels remain consistently significant 
throughout the study area, reflecting a relatively unhealthy environmental condition in the studied area [63–65]. The CF, 
Cdeg, mCdeg, and PLI values as well as those that attest to the inherent contribution of the mineral assemblage and altera-
tion processes, all firmly support this. According to these findings, the metals in the river constitute pollutants since their 
current state and quantity, as indicated by computed indices, suggest that they are harmful.

The enrichment factor analysis conducted in this study offers valuable insights into the sources and levels of metal 
enrichment in the river ecosystem. Enrichment factor for heavy metals in Limbe River sediments varies from zero (Cu) 
in most of the samples to 5.76 (Cr) in sample S17 (Table 5; Fig. 8). The EF follows the decending order: Cr (0.77–5.76) > Ni 
(1.04–2.83) > V (0.55–2.59) > Zn (1.29–2.07) > Cu (0–1.89) > Pb (0.12–1.59) > Cd (0.53–1.49) > Sn (0.09–1.45) > Mn 
(0.70–1.16) > Hg (0.11–0.92) > Ag (0.38–0.84) > Sr (0.03–0.40) > C0 (0.13–0.34). Limbe River sediments enriched in Ag, Cd, 
Co, Cu, Hg, Mn, Pb, Sn and Sr show no enrichment factor (EF < 1). Cd (samples S9-10, S12), Cu (sample S6), Mn (samples 
S6-7, S9, S12, S18) and Cr are in the class of minimal enrichment (EF = 1–2) in the sediments studied. These sediments 
rich in Cr (samples S9, S11, S13) are moderately enriched (EF = 2–5). Cr (sample S17) display significant enrichment 

Table 4   Nemerow integrated 
pollution index of heavy 
metals in Limbe River 
sediments

Variables Cfmax Cfav (Cfmax)^2 (Cfav)^2 NIPI

Ag 1.78 1.37 3.17 1.88 1.59
Cd 3.16 1.68 10.01 2.83 2.53
Co 0.72 0.55 0.52 0.30 0.64
Cr 10.34 5.50 106.86 30.27 8.28
Cu 2.35 0.38 5.51 0.14 1.68
Fe 3.37 2.32 11.38 5.37 2.89
Hg 1.25 0.79 1.56 0.63 1.05
Mn 3.25 2.12 10.56 4.50 2.74
Ni 5.64 3.83 31.77 14.68 4.82
Pb 4.46 1.27 19.88 1.61 3.28
Sn 3.07 1.04 9.44 1.08 2.29
Sr 0.49 0.22 0.24 0.05 0.38
V 4.60 3.08 21.14 9.50 3.91
Zn 4.77 3.32 22.80 11.02 4.11

Fig. 7   Histogram of NIPI of 
metals in Limbe River sedi-
ments

Ag Cd Co Cr Cu Fe Hg Mn Ni Pb Sn Sr V Zn
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(EF = 5–20). Minimal to significant enrichment of some toxic metals are sourced from human activities such as offshore 
drilling, transportation of petroleum products, agro-industrial and quarrying activities, agricultural practices (applica-
tion of phosphate fertilizers, pesticides, animal manure, fungicides, herbicides for high crop yield), sewage, waste water 
irrigation, household effluents, agrochemicals, municipal waste and industrial waste as previously reported elsewhere [5, 
67–69]. These results indicates that Limbe River sediments contain significant amounts of hazardous metals. Regulating 
and adjusting agronomic measures, indiscriminate dumped of household effluents and industrial wastes into the river 
and land-use types in sites where hazardous metals contents are elevated, could reduce human health risk by controlling 
the point sources of pollutants. The minimal to significant enrichment of Cd, Cu, Cr and Mn related to sediment minerals, 
leaching in irrigation water of rocks present in the Cameroon volcanic line which are enriched in the transition metals and 
other elements reflecting their mantle origin. This enrichment could also be control by several anthropogenic influences 
as earlier mention and mineralogy (olivine, pyroxene, amphiboles, augite, kaolinite, feldspars and goethite) which are 

Table 5   Enrichment factors 
(EF) of heavy metals in Limbe 
River sediments

Ag Cd Co Cr Cu Hg Mn Ni Pb Sn Sr V Zn

S1 0.84 1.49 0.25 1.99 0.17 0.42 0.92 2.22 0.25 1.45 0.12 1.33 1.38
S2 0.81 1.01 0.31 2.15 0.08 0.45 0.88 2.01 1.59 0.47 0.09 1.34 1.40
S3 0.69 0.91 0.26 2.41 0.00 0.47 0.76 1.93 0.12 0.10 0.08 1.48 1.36
S4 0.57 0.62 0.26 2.96 0.07 0.31 0.70 1.51 0.91 0.19 0.09 1.49 1.35
S5 0.69 0.62 0.24 1.72 0.41 0.47 0.97 2.03 0.38 1.00 0.13 1.21 1.34
S6 0.75 0.96 0.17 1.19 1.89 0.86 1.06 2.73 0.78 0.34 0.40 1.09 1.54
S7 0.45 0.53 0.13 1.90 0.69 0.35 1.06 2.80 1.51 0.23 0.31 1.22 1.28
S8 0.74 0.58 0.31 2.49 0.00 0.34 0.85 2.03 0.13 0.26 0.06 1.36 1.30
S9 0.38 1.11 0.24 3.34 0.16 0.66 1.16 2.83 0.99 1.42 0.13 1.91 2.07
S10 0.19 1.06 0.28 1.69 0.26 0.17 0.96 1.07 0.92 0.42 0.10 0.98 1.49
S11 0.65 0.53 0.26 3.34 0.00 0.35 0.85 1.29 0.24 0.15 0.08 1.56 1.29
S12 0.72 0.82 0.28 1.10 0.16 0.25 1.07 1.04 0.73 1.25 0.13 0.72 1.29
S13 0.51 0.77 0.34 3.06 0.00 0.16 0.96 1.10 0.14 0.10 0.03 1.36 1.42
S14 0.79 0.67 0.29 1.90 0.12 0.12 0.95 1.06 0.14 0.09 0.06 1.37 1.45
S15 0.78 0.67 0.33 2.76 0.00 0.11 0.82 1.21 0.14 0.09 0.04 1.40 1.29
S16 0.75 0.58 0.31 2.63 0.00 0.12 0.83 1.44 0.21 0.23 0.06 1.40 1.38
S17 0.81 0.62 0.26 5.76 0.01 0.92 0.95 2.52 0.65 0.70 0.16 2.59 1.80
S18 0.51 0.72 0.14 0.77 0.18 0.59 1.01 1.48 1.28 0.42 0.06 0.55 1.81

Fig. 8   Box Plot of EF of metals 
in Limbe River sediments
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characteristic of source rocks and sediments along the CVL. Therefore, the EF analysis underscores the predominance 
of anthropogenic sources in contributing to the presence of heavy metals in river environment, with minor lithogenic 
contributions [63–65]. These findings have significant implications for environmental management and highlight the 
importance of distinguishing between natural and human-induced sources of metal pollution in aquatic ecosystems [64, 
65]. Furthermore, EF values offer valuable information on the underlying factors responsible for the occurrence of metal 
deposition in sedimentary environments. Enrichment is most likely attributed to human causes when the EF surpasses 
1.5. Metals with an EF ranging from 0.05 to 1.50 are classified as having a lithogenic origin [63–65]. Therefore, outcome of 
EF for this study indicated that heavy metals in the sediments had anthropogenic and to a lesser extent lithogenic origin.

Geo-accumulation (Igeo) index of metals in Limbe River sediments show a variation from -7.55 (Cu) to 2.59 (Cr) in 
sample S15 (Table 6 and Fig. 9). The geo-accumulation index shows that majority of heavy metals are in the category of 
virtually unpolluted (Igeo < 0) in the sediment samples. This shows minor anthropogenic pollution in the Limbe River 

Table 6   Geo-accumulation index (Igeo) of heavy metals in Limbe River sediments

Ag Cd Co Cr Cu Fe Hg Mn Ni Pb Sn Sr V Zn

S1 0.25 1.08 −1.47 1.50 −2.03 0.50 −0.75 0.38 1.65 −1.50 1.03 −2.59 0.91 0.97
S2 0.20 0.51 −1.19 2.01 −2.82 0.90 −0.26 0.71 1.91 1.57 −0.19 −2.65 1.32 1.38
S3 −0.04 0.37 −1.43 1.88 −7.55 0.61 −0.49 0.21 1.56 −2.47 −2.71 −3.05 1.17 1.05
S4 −0.32 −0.18 −1.44 2.19 −3.19 0.63 −1.07 0.12 1.22 0.49 −1.78 −2.81 1.20 1.06
S5 −0.04 −0.18 −1.54 1.37 −0.69 0.59 −0.49 0.54 1.61 −0.81 0.60 −2.38 0.87 1.02
S6 0.09 0.44 −2.08 −0.02 0.65 −0.27 −0.49 −0.19 1.17 −0.64 −1.85 −1.60 −0.15 0.35
S7 −0.64 −0.42 −2.43 0.36 −1.11 −0.56 −2.07 −0.47 0.92 0.03 −2.65 −2.24 −0.27 −0.21
S8 0.07 −0.29 −1.20 2.12 −7.55 0.80 −0.75 0.57 1.83 −2.19 −1.16 −3.22 1.25 1.18
S9 −0.91 0.65 −1.53 1.98 −2.44 0.24 −0.37 0.45 1.74 0.22 0.74 −2.66 1.17 1.28
S10 −1.91 0.58 −1.35 1.53 −1.17 0.77 −1.75 0.71 0.86 0.65 −0.48 −2.54 0.74 1.34
S11 −0.12 −0.42 −1.42 2.51 −7.55 0.77 −0.75 0.53 1.14 −1.27 −1.94 −2.83 1.42 1.14
S12 0.02 0.21 −1.31 0.68 −2.09 0.54 −1.49 0.64 0.60 0.08 0.86 −2.39 0.07 0.91
S13 −0.47 0.12 −1.06 2.78 −7.55 1.17 −1.49 1.12 1.30 −1.62 −2.20 −3.70 1.62 1.67
S14 0.16 −0.07 −1.27 1.96 −2.04 1.04 −2.07 0.97 1.13 −1.78 −2.37 −3.12 1.49 1.57
S15 0.15 −0.07 −1.12 2.59 −7.55 1.13 −2.07 0.84 1.40 −1.75 −2.27 −3.64 1.61 1.49
S16 0.09 −0.29 −1.17 2.38 −7.55 0.99 −2.07 0.73 1.52 −1.28 −1.12 −3.13 1.47 1.45
S17 0.20 −0.18 −1.42 2.17 −7.55 −0.36 −0.49 −0.43 0.98 −0.98 −0.87 −3.01 1.01 0.49
S18 −0.47 0.03 −2.33 0.11 −1.97 0.49 −0.26 0.50 1.05 0.85 −0.75 −3.61 −0.38 1.34

Fig. 9   Graphical inspection of 
Igeo of metals in Limbe River 
sediments
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sediments, suggesting that these sediments are in background values. Sediments rich in iron are unpolluted to moder-
ately polluted (0 < Igeo < 1), while sediments enriched in Cr, Ni, V and Zn are moderately polluted (Igeo 1–2). Cr in sam-
ples S2, S4, S11, S13 and S15-17 are moderately to strongly polluted (Igeo 2–3). Moderately to strong pollution degree 
are attributed to agro-industrial and quarrying activities, agricultural practices, domestic activities, industrial activities, 
household effluents into the river, indiscriminate dumped of municipal waste into the river, agrochemicals and animal 
manure in crop production and agricultural runoff from farmlands into Limbe River. These human inputs are responsible 
for metal pollution of the Limbe River sediments in Atlantic coast of Cameroon, suggesting the presence of contamination 
within the sediments of the Limbe River System. This finding emphasises the moderate pollution levels and potential 
toxicity that the sediments ecology of Limbe River may experience. Thus, it is imperative to take the required precautions 
to prevent any environmental contamination.

4.3 � Potential ecological risk (PERI) and ecotoxicity assessment

PERI is pivotal in environmental assessments, particularly for evaluating ecological risks in aquatic environments. It sys-
tematically evaluates pollution levels of various metals, facilitating the identification of regions with heightened pollu-
tion [12, 24, 25]. This enables targeted interventions by policy makers and experts to mitigate ecological risks effectively, 
advancing environmental sustainability efforts [26, 39, 52, 63, 65]. The process involves assessing the ecological hazard 
linked to specific metals by taking into account both pollution and toxicity aspects [64]. The ecological risk factor (Er) 
varies from 0.04 (Cd) to 4.77 (Zn) (Table 7). The study area display low ecological risk index with Er < 40 for Cr, Cu, Hg, Ni, 
Cd, Co, Pb and Zn, indicating less ecological impact on living biota and humans for these metals [52]. This clearly suggests 
low ecological and chronic risks of metals to biological resources in Limbe River. The potential ecological risk index (PERI) 
for the samples analysed is compiled in Table 7. The PERI varies from 4 (sample S7) to 13.29 (sample S13). The study area 
shows low ecological risk index (PERI < 150) for metals in Limbe River sediments. These results suggest less ecological risk 
for metals in the water ecosystem [52]. This means that the environmental quality is usually acceptable. In general, a low 
PERI level indicates a favorable assessment of the ecological health in the study area, implying that the existing pollution 

Table 7   Potential ecological 
risk and Eco-toxicity indices of 
heavy metals in Limbe River 
sediments

Samples Cd Co Cr Cu Hg Ni Pb V Zn PERI TRI

S1 0.11 0.11 2.11 0.07 0.02 0.94 0.11 1.41 2.93 7.81 18.59
S2 0.07 0.13 3.01 0.04 0.03 1.13 0.89 1.88 3.92 11.1 25.22
S3 0.06 0.11 2.75 0 0.03 0.88 0.05 1.69 3.1 8.68 19.89
S4 0.04 0.11 3.43 0.03 0.02 0.7 0.42 1.73 3.13 9.62 18.05
S5 0.04 0.1 1.94 0.19 0.03 0.92 0.17 1.37 3.04 7.8 11.98
S6 0.07 0.07 0.74 0.47 0.03 0.68 0.19 0.68 1.92 4.84 10.5
S7 0.04 0.06 0.96 0.14 0.01 0.57 0.31 0.62 1.3 4 23.4
S8 0.04 0.13 3.26 0 0.02 1.06 0.07 1.78 3.39 9.76 22.99
S9 0.08 0.1 2.95 0.06 0.03 1 0.35 1.68 3.65 9.9 27.42
S10 0.07 0.12 2.17 0.13 0.01 0.55 0.47 1.25 3.8 8.58 18.91
S11 0.04 0.11 4.27 0 0.02 0.66 0.12 2 3.3 10.52 17.17
S12 0.06 0.12 1.2 0.07 0.01 0.45 0.32 0.79 2.82 5.84 23.93
S13 0.05 0.14 5.17 0 0.01 0.74 0.1 2.3 4.77 13.29 21.06
S14 0.05 0.12 2.93 0.07 0.01 0.65 0.09 2.1 4.46 10.49 22.7
S15 0.05 0.14 4.52 0 0.01 0.79 0.09 2.29 4.21 12.1 15.95
S16 0.04 0.13 3.91 0 0.01 0.86 0.12 2.08 4.1 11.26 10.87
S17 0.04 0.11 3.37 0 0.03 0.59 0.15 1.51 2.11 7.93 18.86
S18 0.05 0.06 0.81 0.08 0.03 0.62 0.54 0.57 3.8 6.57 12.15
TEL 0.59 – 37.3 35.7 0.17 18 35 – 123
PEL 3.35 – 90 197 0.48 36 91.3 – 315
EML 5 – 80 70 0.15 30 35 – 120
SEL 10 – 110 110 2 75 250 – 820
ERM 9 – 145 390 1.3 50 110 – 270
Metal contents 0.17 – 456.70 9.47 0.04 168.61 21.55 – 235.7
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levels are mostly within the acceptable thresholds [64, 65]. Consistent with the Er results, the study site is a low ecologi-
cal risk environment with respect of heavy metals. The values of Er and PERI indicate the ecological risk associated with 
each element, with Cr exhibiting the highest Er value and Ag with lowest Er value. From the findings, it can be inferred 
that there is no significant risk associated with any heavy metal since all projected Er and PERI values remained below 40 
and 150 respectively [63–65]. This classification aligns with the typical understanding of Er and PERI values, where values 
below 40 and 150 indicate minimal ecological risk factor and potential ecological risk index. Therefore, based on the Er 
and PERI values obtained, it can be highlighted that the investigated heavy metals do not pose a substantial ecological 
hazard, as their Er and PERI values fall within the low-risk category [63–65].

To determine the biological effects of heavy metals for this study, five sediment quality guidelines (SQGs) parameter 
were used: threshold effect level (TEL), probable effect level (PEL), Effect range median (ERM), effect range low (EML) 
and severe effect level (SEL). The values of TEL, PEL, ERM, EML and SEL were compared with the mean content of heavy 
metals in sediments of Limbe River (Table 7). The results indicated that Cd, Cu, Hg and Pb had no biological effect on 
the water ecosystem as their concentrations were below the TEL, PEL, ERM, EML and SEL values, indicating low toxicity 
impact of these metals to the aquatic ecosystem. Cr concentrations were above the TEL, PEL, ERM, EML and SEL values, 
suggesting that adverse effects of Cr are expected to occur in the aquatic ecosystem thus, significant toxicity of Cr in 
water ecosystem. Ni and Zn contents were above the TEL, ERM and EML, which indicates that adverse effects would 
occur frequently. This suggests high toxicity impact with adverse biological effects on humans, aquatic organisms and 
biota in the water ecosystem [70]. Ni and Zn contents were below SEL and PEL values, and adverse effect rarely occurs 
in the water ecosystem. These results indicate that Cr, Ni and Zn have the greatest impact on biological resources and 
their toxicity is of great concern. These results also point out that benthic organisms inhabiting the sediments may have 
developed toxic responses to these heavy metals. Therefore, it can be highlighted that the elevated levels of various 
heavy metals in the sediments of the Limbe River System suggest a concerning environmental scenario. In other words, 
benthic organisms in this habitat are likely experiencing toxic stress due to the accumulation of elements like Cr, Ni and 
Zn beyond safe levels [64].

The toxic risk index (TRI) aims to inform about potential environmental impacts stemming from detected heavy met-
als levels in the study area. This index provide information regarding the potential ecological damage caused by the 
total amount of measured metals in the research area [65]. Understanding TRI assessment results is vital for informed 
decision-making across government, industry, government, non-governmental organizations, and the general public and 
academia [63–65]. In the study area, the toxic risk index (TRI) values range from 10.49 in sample S6 to 27.42 in sample S9 
(Table 7; Fig. 10). Samples S5, S6, S16 and S18 are in the class of moderate toxicity risk of heavy metals (TRI, 10–15) and 

Fig. 10   Histogram of toxic 
risk index of heavy metals in 
Limbe River sediments
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account for 22.22% of the study area. Samples S1, S3-4, S10-11, S15 and S17 are in the category of significant toxicity risk 
of heavy metals (TRI, 15–20), accounting for 38.88% of the study area, while samples S2, S7-9 and S12-14 fall in the class 
of very high toxicity risk of metals (TRI > 20), and accounts for 38.88%. The moderate to very high toxicity risk indicates 
ecological, chronic and biological effects of metals to the water ecosystem and human through food chain [71–73]. 
Therefore, the outcome suggests that the combined presence of quantified metals in the study regions poses a level of 
risk to the environment that falls within a moderate to very high range of pollution. This classification is indicative of a 
potential impact on ecological health, which may not be severe [63–65]. Consequently, this indicator demonstrated that 
ecological risks were identified from heavy metals found in the sediments of Limbe River.

The Modified Hazard Quotient (mHQ) is a method utilized to control the degree of severity by metals to aquatic organ-
isms. The method utilized in this study is determined by analyzing the distribution of adverse ecological synoptic impacts 
for quantitative thresholds including TEL, PEL, and SEL, which are utilized to assess the metal content in sediments [39]. 
Modified hazard quotient (mHQ) in the study area varies from 0.08 (Cu) in sample S17 to 6.35 (Cr) in sample S9 (Table 8; 
Fig. 11). In ascending order, the measurements of mHQ were as follows: Cr > Ni > Zn > Pb > Cu > Hg > Cd > As. This ranking 
indicates the relative severity of contamination, with As exhibiting the lowest and Cr the highest contamination levels. 
The study area displayed no severity of pollution (mHQ < 0.5) for As and Cd, and very low severity of pollution for Cu, Pb 
and Hg (mHQ = 0.5–1). Cu in sample S5 shows low severity of pollution (mHQ = 1–1.5) and Zn is in the category of mod-
erate severity of pollution (mHQ = 1.5–2). Cr and Ni in most of the samples show extreme severity of pollution of heavy 
metals (mHQ > 3.5). Notably, As, Cd, Cu, Pb and Hg demonstrate minimal contamination severity, Zn show moderate 
contamination severity while Ni and Cr show extreme contamination. This is generally due to anthropogenic activities 
associated with crop production, domestic activities, industrial activities and other human inputs [19]. Previous study 
in Limbe beach sediments shows low ecological risks [5]. Thus, severity of pollution might vary according to location 
and anthropogenic practices [71]. These findings underscore the importance of monitoring and assessing heavy metals 
contamination in sediment environments, particularly focusing on metals such as Cr and Ni, to inform effective envi-
ronmental management strategies aimed at safeguarding aquatic ecosystems [63–65]. The computed mPECQ in Limbe 
River sediments range from 0.62 (sample S7) to 1.51 (sample S13; Table 8). Samples S6, S7, S10, and S12 were all less 
than 1 indicating minimal toxic effects (mPECQ < 1) which are < 25% toxicity incidence in the study area. The rest of the 
sampling sites had values greater than one (mPECQ = 1–1.5), which represents 25 to 75% toxicity incidence in the study 
area. The distribution in mPECQ of heavy metal concentrations base on sites in the study area required more focus and 
attention due to their toxicity effects to biota and humans [72].

Probability toxicity index (mERMQ) determine the ecological pollution degree of metals in each sample. The results of 
probability of toxicity index are listed in Table 8. The mERMQ varies from 0.71 in sample S7 to 1.75 in sample S13. Twelve 

Table 8   mHQ, mPECQ and 
mERMQ of heavy metals in 
Limbe River sediments

As Cr Cu Ni Zn Cd Pb Hg mPECQ mERMQ

S1 0.15 4.06 0.62 4.47 1.61 0.45 0.63 0.64 1.08 1.25
S2 0.14 4.85 0.47 4.90 1.87 0.37 1.82 0.76 1.45 1.70
S3 0.14 4.64 0.09 4.33 1.66 0.36 0.45 0.71 1.15 1.32
S4 0.16 3.89 0.99 4.42 1.64 0.29 0.79 0.71 1.17 1.37
S5 0.16 2.40 1.57 3.80 1.31 0.37 0.84 0.71 1.06 1.22
S6 0.12 2.74 0.86 3.48 1.07 0.27 1.07 0.41 0.70 0.78
S7 0.16 5.04 0.09 4.76 1.74 0.28 0.49 0.64 0.62 0.71
S8 0.14 5.77 0.09 3.74 1.71 0.27 0.68 0.64 1.36 1.57
S9 0.13 6.35 0.09 3.97 2.06 0.33 0.60 0.50 1.31 1.51
S10 0.14 4.78 0.62 3.73 1.99 0.31 0.57 0.41 0.88 1.05
S11 0.13 5.94 0.09 4.10 1.94 0.31 0.58 0.41 1.27 1.47
S12 0.16 5.52 0.09 4.27 1.91 0.28 0.68 0.41 0.62 0.74
S13 0.12 5.18 0.42 3.86 1.67 0.29 1.25 0.58 1.50 1.76
S14 0.13 4.80 0.54 4.61 1.80 0.39 1.14 0.73 1.06 1.25
S15 0.13 4.11 0.84 3.41 1.84 0.38 1.32 0.46 1.41 1.64
S16 0.16 3.07 0.61 3.11 1.58 0.34 1.08 0.50 1.35 1.57
S17 0.14 5.13 0.08 3.54 1.37 0.29 0.75 0.71 1.04 1.20
S18 0.16 2.51 0.64 3.64 1.84 0.32 1.41 0.76 0.71 0.86
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sample sites (S1, S3-S7, S10-S12, S15, S12-S18) are in the class of medium risk level (mERMQ = 0.1–0.5) which account for 
66.66% and represents 21% of probability toxicity index of heavy metals. The other sampling sites (S2, S8-S9, S13, S15 
and S16) are in the class of very high risk levels (mERMQ > 1.5), accounting for 33.33% and represents 76% of probability 
toxicity index for heavy metals. This indicates that the Limbe River sediments have 97% probability of toxicity in heavy 
metals and this clearly indicate anthropogenic metal sources in the Limbe River ecosystem. The high risk levels with 97% 
probability of toxicity in heavy metals is attributed to agro-industrial and quarrying activities, domestic and industrial 
activities, municipal solid and liquid waste, wastewater irrigation and agricultural practices as reported in other studies 
in Cameroon [5, 24, 72, 73].

To assess the heavy metals contamination status of the sediments of Limbe River, the metal concentrations obtained 
from this study were compared with those reported by previous studies (Table 9). The mean concentrations of most 
heavy metals in the Limbe River sediments in this study were comparably lower than those found in river sediments of 
other study sites in Cameroon [26, 39]. In addition, the mean concentrations of Co, Cr, Mn, Ni, and Zn in the sediments 
of the Limbe River were higher than those of river sediments from Pakistan and Turkey [71, 74], while the other mean 
content of other heavy metals were lower. These results revealed that the heavy metal contents in the sediments of the 
different river sediments varied greatly due to the existing spatial heterogeneity in the sediments as a result of human 
activities and natural sources such as rock weathering [72–75].

Fig. 11   mHQ of heavy metals 
in Limbe River sediments
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Table 9   Comparison of the mean contents of heavy metals in this study with those of other aquatic water (mg/kg)

Cd Co Cr Cu Hg Mn Ni Pb Zn References

Limbe River sediments (Cameroon) 0.17 64.57 456.7 9.47 0.04 1272 168.61 21.55 235.7 This study
Nkwen River sediments (Cameroon) 1.25 33.55 121 1131 849 414.16 43 508.13 1123.58 [39]
Mari stream sediments (Cameroon) 0.08 5.28 25 31.94 7.62 1836.1 5.11 200.88 1636.73 [26]
Keban dam reservoir (Turkey) 1.5 24 144 34 – 588 107 11 77 [71]
Samana stream (Pakistan) 1.3 – 21 37 – 900 33 16 45 [74]
Bahmanshir River (Iran) 0.22 – 133 86.5 – 425 84.4 28.8 113 [75]
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4.4 � Environmental implications

The results of this study reveal various perceptions of heavy metals in Limbe River sediments, emphasizing the need 
for site-specific assessment and management strategies that account for both natural and anthropogenic inputs. High 
concentration of Co, Cr, Mn, Ni, Pb, Sr, V and Zn, may indicates environmental stress actions in the Limbe coastal area, 
Atlantic Ocean. Several sediment samples exhibit pollution levels, highlighting the importance of tailored sustainable 
development measures. Each study area is considered, taking into account both rural and urban inputs. Anthropogenic 
activities prevalent in major urban areas and cities appear as plausible subsurface sources of heavy metals contamination 
in the study area. Further research on historical conditions, migration patterns, biological efficiency, toxicity and potential 
environmental impacts of heavy metals highlight the need for a thorough understanding of long-term environmental 
threats, including both input from urban areas and cities. Increased concentration of heavy metals proximity to urban 
areas and cities reaffirms the role of anthropogenic practices in contributing to sediments pollution in both urban areas 
and cities, emphasizing the need for evaluation of both natural and anthropogenic input in environmental assessment.

4.5 � Remediation strategies of heavy metals

The Limbe River sediments reveal significant contamination of sediments by Co, Cr, Mn, Ni, Pb, Sr, V and Zn. It is neces-
sary for the concentration of these heavy metals to be remediated in river sediments so as to prevent extreme toxicity 
and also prevent health hazards to humans and biota. It is also necessary that the population should be educated about 
negative consequences of indiscriminate anthropogenic practices such as mining, agro-industrial activities, quarrying 
operations, domestic activities and agricultural practices (fertilizers, herbicides, bio-solids, sewage, pesticides and other 
agrochemicals) which further lead to build-up of some of these metals in sediments of water ecosystem [39]. Furthermore, 
it is important to note that sediments and soils are treated either by dilution, adsorption, biodegradation, volatilization, 
thermal treatment, phytoremediation, electrokinetic remediation, washing, chlorination, ion exchange, or bioleaching 
in order to reduce the concentration of these heavy metals in sediments or soils [76, 77].

5 � Conclusions

The sediments display high contents in Fe2O3, Ni, Pb, Sn, Cd, Co, Cr, Mn, Sr, V and Zn. The enrichment of Fe2O3 suggests 
that the sediments are ferruginous and are sourced from haematization of the parent rocks (basaltic rocks) and com-
posed of ferromagnesian minerals. The elevated contents of heavy metals is attributed to geogenic sources (intense 
alteration of basaltic rocks, volcanic eruptions and atmospheric deposition) and human inputs such as agricultural prac-
tices (phosphate fertilizers, agrochemicals, insecticides, pesticides and herbicides), agro-industrial activities, quarrying 
activities, domestic and industrial activities. Correlation matrix revealed evidence of common provenance linked to the 
occurrence of basaltic rocks and anthropogenic activities. According to single and complex contamination indicators, 
the Limbe River sediments are significantly contaminated due to geogenic influences and anthropogenic practices. 
Pollution indicators: PLI = (0.84–1.77), NIPI: (0.30–8.28), and EF = (0–5.67) revealed metallic pollution of the Limbe River 
ecosystem. Potential ecological risk index (ER = 0.04–4.77; PERI = 4–13.29) suggests low ecological risk index. Modified 
hazard quotient (mHQ = 0.082–6.35) and Toxic risk index (TRI = 10.49–27.42) indicates significant pollution severity and 
high toxicity risks levels of heavy metals in the aquatic ecosystem. Sediment quality guidelines show biological effects 
of various metals to the river ecosystem. This study is vital to ensure efficient wastewater treatment, regulating excess 
fertilizers and pesticides usage in agricultural farms, and restricting the discharge and dumping of solid and liquid waste 
into rivers. Further training is required for city dwellers for a sustainable waste management and environmental contami-
nation through domestic, agricultural and industrial activities. Therefore, this serves as an early warning of sediments 
contamination and heavy metal pollution in riverine ecosystem of Atlantic coast, Limbe, Cameroon. Firstly it is recom-
mended that the water and sediment samples of the river should be monitored regularly to avoid any metal pollution 
in the aquatic ecosystem in the future. Further studies are also required to investigate the interaction of heavy metals 
between sediments and water and the associated environmental factors. Furthermore, research efforts could explore 
the long-term trends in heavy metals accumulation, assess the effectiveness of remediation strategies, and investigate 
the influence of climate change on heavy metals dynamics in aquatic ecosystems. Although the findings obtained in this 
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study suggested that anthropogenic activities have important effect on the contents of heavy metals in the sediments 
of the Limbe River, it is recommend that the water and sediment samples of the river should be monitored regularly to 
avoid any heavy metal pollution in the river in the future.

Acknowledgements  The authors appreciate Prutha Patil for the Editorial handling of this paper. The suggestions and comments from two 
anonymous reviewers were of great importance and have significantly improved on the quality of this paper.

Author contribution  Anicet Feudjio Tiabou: Conceptualization, Resources, Methodology, Project administration, Visualization, Supervision, 
Writing Original draft Preparation, Writing—Review and Editing, Validation. Takem-Agbor Aretha Arrah: Resources, Investigation, Sample 
collection, Formal analysis, Data curation. Lemnyuy Prosper Yiika: Methodology, Formal analysis, Software, Data curation, Writing—Review 
and Editing. Emmanuel Eseya Mengu Junior: Methodology, Formal analysis, Software, Data curation. Fatemeh Kachoueiyan: Methodology, 
Formal analysis, Software, Data curation. Christopher Mbaringong Agyingi: Conceptualization, Resources, Methodology, Visualization, Writ-
ing—Review and Editing, Validation.

Funding  No funding was received to assist with the preparation of this paper.

Data availability  Data will be made available from the corresponding author on reasonable request.

Declarations 

Competing interest  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License, which 
permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit to 
the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You 
do not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creat​iveco​
mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

References

	 1.	 Manojlovic DD, Sakan SM, Dordevic DS, Predrag PS. Assessment of heavy metal pollutants accumulation in the tisza river sediments. J 
Environ Manage. 2009;90(11):3382–90. https://​doi.​org/​10.​1016/j.​jenvm​an.​2009.​05.​013.

	 2.	 Sany SBT, Salleh A, Sulaiman AH, Sasekumar A, Rezayi M, Tehrani GM. Heavy metal contamination in water and sediment of the Port Klang 
Coastal Area, Selangor. Malaysia Environ Earth Sci. 2013;69(6):2013–25. https://​doi.​org/​10.​1007/​s12665-​012-​2038-8.

	 3.	 Aschale M, Sileshi Y, Kelly-Quinn M, Hailu D. Evaluation of potentially toxic element pollution in the benthic sediments of the water bodies 
of the City of Addis Ababa. Ethiopia J Environ Chem Eng. 2016;4(4):4173–83. https://​doi.​org/​10.​1016/j.​jece.​2016.​08.​033.

	 4.	 Liao J, Chen J, Ru X, Chen J, Wu H, Wei C. Heavy metals in river surface sediments affected with multiple pollution sources, South China: 
distribution, enrichment and source apportionment. J Geochemical Exploration. 2017;176:9–19. https://​doi.​org/​10.​1016/j.​gexplo.​2016.​
08.​013.

	 5.	 Ekoa Bessa AZ, Ngueutchoua G, Kwewouo Janpou A, El-Amier YA, Nguetnga ONNM, Kankeu UK, Bisse SB, Mappuna ECN, Armstrong-Altrin 
JS. Heavy metal contamination and its ecological risks in the beach sediments along the Atlantic Ocean (Limbe coastal fringe, Cameroon). 
Earth Syst Environ. 2021. https://​doi.​org/​10.​1007/​s41748-​020-​00167-5.

	 6.	 Liu M, Wang Z, Wang J, Hu Z, Wu L. Heavy metal(loid) risk assessment and nutrient characteristics of sediments from an urban river in 
Ningbo. China Arab J Geosci. 2021;14:864. https://​doi.​org/​10.​1007/​s12517-​021-​07172-6.

	 7.	 Sultana N, Eti SA, Hossain ML, Li J, Salam MA. Tracing and source fingerprinting of metals from the southern coastal sediments in Bang-
ladesh. Environ Sci Pollut Res. 2024. https://​doi.​org/​10.​1007/​s11356-​024-​32684-5.

	 8.	 Cheng N, Liu L, Hou Z, Wu J, Wang Q, Fu Y. Pollution characteristics and risk assessment of surface sediments in the urban lakes. Environ 
Sci Pollut Res. 2021;28:22022–37.

	 9.	 Githaiga KB, Njuguna SM, Gituru RW, Yan X. Water quality assessment, multivariate analysis and human health risks of heavy metals in 
eight major lakes in Kenya. J Environ Manag. 2021;297: 113410.

	10.	 Dash S, Borah SS, Kalamdhad AS. Heavy metal pollution and potential ecological risk assessment for surficial sediments of Deepor Beel. 
India Ecol Indicat. 2020;122: 107265.

	11.	 Ekoa Bessa AZ. Spatial Variation, Ecological Risk, and Point Sources of Environmental Trace Metals in Lacustrine Ecosystems: An Assess-
ment of Natural and Urban Inputs. Soil Sediment Contaminat J. 2023. https://​doi.​org/​10.​1080/​15320​383.​2023.​22938​66.

	12.	 Ndema Mbongué JL, Tume NK, Yiika LY, Godlove MN. Contamination, sources and risk assessments of metals in stream sediments of 
Pouma area, Pan-African Fold Belt, Southern Cameroon. Wat Air Soil Poll. 2023;234:160. https://​doi.​org/​10.​1007/​s11270-​023-​06180-4.

	13.	 Mohsen S, Majid H, Maryam R. Competitive heavy metals adsorption on natural bed sediments of Jajrood River. Iran Environ Earth Sci. 
2010;62(3):519–27. https://​doi.​org/​10.​1007/​s12665-​010-​0544-0.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jenvman.2009.05.013
https://doi.org/10.1007/s12665-012-2038-8
https://doi.org/10.1016/j.jece.2016.08.033
https://doi.org/10.1016/j.gexplo.2016.08.013
https://doi.org/10.1016/j.gexplo.2016.08.013
https://doi.org/10.1007/s41748-020-00167-5
https://doi.org/10.1007/s12517-021-07172-6
https://doi.org/10.1007/s11356-024-32684-5
https://doi.org/10.1080/15320383.2023.2293866
https://doi.org/10.1007/s11270-023-06180-4
https://doi.org/10.1007/s12665-010-0544-0


Vol.:(0123456789)

Discover Water            (2024) 4:62  | https://doi.org/10.1007/s43832-024-00120-x	 Research

	14.	 Zoynab B, Shariful AC, Delwar H, Kenichi N. Contamination and ecological risk assessment of heavy metal in the sediment of Turag River, 
Bangladesh: an index analysis approach. J Water Resource Prot. 2013;5:239–48. https://​doi.​org/​10.​4236/​jwarp.​2013.​52024.

	15.	 Kadhum SA, Ishak MY, Zulkifli SZ. Evaluation and assessment of baseline metal contamination in surface sediments from the Bernam 
River, Malaysia. Environ Sci Pollut Res. 2015;23(7):6312. https://​doi.​org/​10.​1007/​s11356-​015-​5853-0.

	16.	 Ahmadov M, Humbatov F, Mammadzada S, Balayev V, Ibadov N, Ibrahimov Q. Assessment of heavy metal pollution in coastal sediments 
of the western Caspian Sea. Environ Monit Assess. 2020;192:500. https://​doi.​org/​10.​1007/​s10661-​020-​08401-3.

	17.	 Varol M, Karakaya G, Sünbül MR. Spatiotemporal variations, health risks, pollution status and possible sources of dissolved trace metal(loid)
s in the Karasu River. Turkey Environ Res. 2021;202: 111733. https://​doi.​org/​10.​1016/j.​envres.​2021.​111733.

	18.	 Dan SF, Udoh EC, Zhou J, Wijesiri B, Ding S, Yang B, Lu D, Wang Q. Heavy metals speciation in surface sediments of the Cross River Estuary, 
Gulf of Guinea. South East Nigeria Mar Pollut Bull. 2022;185: 114257. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2020.​107265.

	19.	 Kachoueiyan F, Karbassi A, Nasrabadi T, Rashidiyan M, De-la-Torre GE. Speciation characteristics, ecological risk assessment, and source 
apportionment of heavy metals in the surface sediments of the Gomishan wetland. Mar Pollut Bull. 2024. https://​doi.​org/​10.​1016/j.​marpo​
lbul.​2023.​115835.

	20.	 Tam NFY, Wong YS. Spatial variation of heavy metals in surface sediments of Hong Kong mangrove swamps. Environ Pollut. 
2000;110(2):195–205. https://​doi.​org/​10.​1016/​S0269-​7491(99)​00310-3.

	21.	 Yan Y, Wan R, Yu R, Hu G, Lin C, Huang H. A comprehensive analysis on source-specific ecological risk of metal(loid)s in surface sediments 
of mangrove wetlands in Jiulong River Estuary. China CATENA. 2022;209: 105817. https://​doi.​org/​10.​1016/j.​catena.​2021.​105817.

	22.	 Zhang Z, Zhang T, Yu W, Xu J, Li J, Wu T, Liu S, Wang H, Wang Y, Shang S. Heavy metal contamination in sediments from wetlands invaded 
by Spartina alterniflora in the Yellow River Delta. Toxics. 2022;10:374. https://​doi.​org/​10.​3390/​toxic​s1007​0374.

	23.	 United States Environmental Protection Agency. Criteria Revisions published in 2002 National Recommended Water Quality Criteria, 
EPA-822-R-02- 047; 2011.

	24.	 Yiika LP, Tita MA, Suh CE, Mimba ME, Ndema Mongué JL. Heavy metal speciation by tessier sequential extraction applied to artisanal gold 
mine tailings in eastern cameroon. Chem Africa. 2023;6:2705–23.

	25.	 Ndema Mbongué JL, Sigué C, Igor Fulbert MN, Nkongho AAO, Yiika LP, Nga Essomba TPE, Eseya Mengu EJ. Potentially toxic metals 
contamination in stream sediments of Mbal area (Pan-African fold belt, Cameroon). Discov Geosci. 2024;2:15. https://​doi.​org/​10.​1007/​
s44288-​024-​00017-1.

	26.	 Enowakwen TL, Ndema Mbongué JL, Agyingi CM, Yiika LP, Eseya EMJ. Distribution, contamination and ecotoxicological risk assessment of 
trace metals in stream sediments of Mari area, Betare-Oya gold district (Neoproterozoic Fold Belt). Int J Ecol Environ Sci. 2023;5(2):36–45.

	27.	 Sarkar SK, Franciškovic Bilinski S, Bhattacharya A, Saha M, Bilinski H. Levels of elements in the surficial estuarine sediments of the Hugli 
River, northeast India and their environmental implications. Environ Int. 2004;30:1089–98. https://​doi.​org/​10.​1016/j.​envint.​2004.​06.​005.

	28.	 Förstner U, Wittman GTW. Metal pollution in the aquatic environment. 2nd ed. New York: Springer; 1983.
	29.	 Vazquez G, Sharma VK, Magallanes VR, Marmolejo AJ. Heavy metals in a coastal lagoon of the Gulf of Mexico. Mar Pollut Bull. 1999;38:479–

85. https://​doi.​org/​10.​1016/​S0025-​326X(98)​00173-8.
	30.	 Seralathan KK, Bprabhu DB, Kui JL. Assessment of heavy metals (Cd, Cr and Pb) in water, sediment and seaweed (Ulva lactuca) in the 

Pulicat Lake. South East India Chemosphere. 2008;71(7):1233–40. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2007.​12.​004.
	31.	 Jaishankar M, Tseten T, Anbalagan N, Mathew BB, Beeregowda KN. Toxicity, mechanism and health effects of some heavy metals. Inter-

discip Toxicol. 2014;7:60. https://​doi.​org/​10.​2478/​intox-​2014-​0009.
	32.	 Hossain MB, Semme SA, Ahmed ASS, Hossain MdK, Porag GS, Parvin A, Shanta TB, Senapathi V, Sekar S. Contamination levels and eco-

logical risk of heavy metals in sediments from the tidal river Halda. Bangladesh Arab J Geosci. 2021;14:158. https://​doi.​org/​10.​1007/​
s12517-​021-​06477-w.

	33.	 Chen B, He R, Cai P, Huang G, Wang F. Geochemical speciation, risk assessment, and sources identification of heavy metals in mangrove 
surface sediments from the nanliu river estuary of the beibu gulf. China Sustain. 2022;14:9112. https://​doi.​org/​10.​3390/​su141​59112.

	34.	 Islam ARMT, Varol M, Habib MA, Khan R. Risk assessment and source apportionment for metals in sediments of Kaptai Lake in Bangladesh 
using individual and synergistic indices and a receptor model. Mar Pollut Bull. 2023;190: 114845. https://​doi.​org/​10.​1016/j.​marpo​lbul.​
2023.​114845.

	35.	 Jordanova M, Hristovski S, Musai M, Boskovska V, Rebok K, Dinevska Kovkarovska S, Melovski L. Accumulation of heavy metals in some 
organs in barbel and chub from Crn Drim River in the Republic of Macedonia. Bull Environ Contam Toxicol. 2018;101:392–7. https://​doi.​
org/​10.​1007/​s00128-​018-​2409-2.

	36.	 Fuentes-Gandara F, Pinedo-Hernández J, Gutiérrez E, Marrugo-Negrete J, Díez S. Heavy metal pollution and toxicity assessment in Mal-
lorquin swamp: a natural protected heritage in the Caribbean sea Colombia. Mar Pollut Bull. 2021. https://​doi.​org/​10.​1016/j.​marpo​lbul.​
2021.​112271.

	37.	 Saiful IM, Kawser AM, Md HAM, Shigeki M. Assessment of trace metals in fish species of urban rivers in Bangladesh and health implica-
tions. Environ Toxicol Phar. 2015. https://​doi.​org/​10.​1016/j.​etap.​2014.​12.​009.

	38.	 Bilias F, Nikoli T, Kalderis D, Gasparatos D. Towards a soil remediation strategy using biochar: effects on soil chemical properties and bio-
availability of potentially toxic elements. Toxics. 2021;9(8):184. https://​doi.​org/​10.​3390/​toxic​s9080​184.

	39.	 Yiika LP, Ndema Mbongué JL, Suh GC, Nkemasong JA, Eseya Mengu EJ, Fomekong BK, Sekem SG, Kouankap Nono GD. Distribution, 
sources, and eco-toxicological assessment of potentially toxic metals in river sediments of Nkwen area (Cameroon Volcanic Line). Wat 
Air and Soil Poll. 2024. https://​doi.​org/​10.​1007/​s11270-​023-​06830-7.

	40.	 Shah V, Daverey A. Phytoremediation: a multidisciplinary approach to clean up heavy metal contaminated soil. Environ Technol Innov. 
2020;18: 100774. https://​doi.​org/​10.​1016/j.​eti.​2020.​100774.

	41.	 Birch GF, Apostolatos C. Use of sedimentary metals to predict metal concentrations in black mussel (Mytilus galloprovincialis) tissue and 
risk to human health (Sydney estuary, Australia). Environ Sci Pollut Res. 2013;20:5481–91. https://​doi.​org/​10.​1007/​s11356-​013-​1538-8.

	42.	 Fonge B, Yinda GS, Focho DA, Fongod AG, Bussmann RW. Vegetation and soil status on an 80 year old lava flow of Mt Cameroon West 
Africa. Lyonia. 2005;8(1):19–41.

	43.	 Njonfang E, Nono A, Kamgang P, Ngako V, Tchoua FM. Cameroon line magmatism (Central Africa) a reappraisal. In: Beccaluva L, Bianchini 
G, editors. Wilson M(Eds), Volcanism and Evolution of the African Lithosphere. Geological Society of America: Boulder; 2011.

https://doi.org/10.4236/jwarp.2013.52024
https://doi.org/10.1007/s11356-015-5853-0
https://doi.org/10.1007/s10661-020-08401-3
https://doi.org/10.1016/j.envres.2021.111733
https://doi.org/10.1016/j.ecolind.2020.107265
https://doi.org/10.1016/j.marpolbul.2023.115835
https://doi.org/10.1016/j.marpolbul.2023.115835
https://doi.org/10.1016/S0269-7491(99)00310-3
https://doi.org/10.1016/j.catena.2021.105817
https://doi.org/10.3390/toxics10070374
https://doi.org/10.1007/s44288-024-00017-1
https://doi.org/10.1007/s44288-024-00017-1
https://doi.org/10.1016/j.envint.2004.06.005
https://doi.org/10.1016/S0025-326X(98)00173-8
https://doi.org/10.1016/j.chemosphere.2007.12.004
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.1007/s12517-021-06477-w
https://doi.org/10.1007/s12517-021-06477-w
https://doi.org/10.3390/su14159112
https://doi.org/10.1016/j.marpolbul.2023.114845
https://doi.org/10.1016/j.marpolbul.2023.114845
https://doi.org/10.1007/s00128-018-2409-2
https://doi.org/10.1007/s00128-018-2409-2
https://doi.org/10.1016/j.marpolbul.2021.112271
https://doi.org/10.1016/j.marpolbul.2021.112271
https://doi.org/10.1016/j.etap.2014.12.009
https://doi.org/10.3390/toxics9080184
https://doi.org/10.1007/s11270-023-06830-7
https://doi.org/10.1016/j.eti.2020.100774
https://doi.org/10.1007/s11356-013-1538-8


Vol:.(1234567890)

Research	 Discover Water            (2024) 4:62  | https://doi.org/10.1007/s43832-024-00120-x

	44.	 Déruelle B, Ngounouno I, Demaiffe D. The, “Cameroon Hot Line” (CHL): a unique example of active alkaline intraplate structure in both 
oceanic and continental lithospheres. CR Geosci. 2007;339:589–600. https://​doi.​org/​10.​1016/j.​crte.​2007.​07.​007.

	45.	 Njonfang E, Moreau C. The mineralogy and geochemistry of a subvolcanic alkaline complex from the Cameroon line, the Nda Ali massif. 
South-West Cameroon J Afr Earth Sci. 1996;22:113–32. https://​doi.​org/​10.​1016/​0899-​5362(96)​00126-1.

	46.	 Suh CE, Sparks RSJ, Fitton JG, Ayonghe SN, Annen C, Nana R, Luckman A. The 1999 and 2000 eruptions of Mount Cameroon: eruption 
behaviour and petrochemistry of lava. Bull Volcanol. 2003;65:267–87. https://​doi.​org/​10.​1007/​s00445-​004-​0388-0.

	47.	 Suh CE, Luhr JF, Njome MS. Olivine-hosted glass inclusions from Scoriae erupted in 1954–2000 at Mount Cameroon volcano. West Africa 
J Volcanol Geotherm Res. 2008;169:1–33. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2007.​07.​004.

	48.	 Njome MS, Suh CE, Sparks RS, Ayonghe SN, Fitton JG. The Mount Cameroon 1959 compound lava flow field; morphology, petrology and 
geochemistry. Swiss J Geosci. 2008;101:85–98. https://​doi.​org/​10.​1007/​s00015-​007-​1245-x.

	49.	 Nkoumbou C, Déruelle B, Velde D. Petrology of Mount Etinde nephelinite series. J Petrol. 1995;36:373–95.
	50.	 Bindi L, Bonazzi P, Fitton G. Crystal chemistry of strontian soda melilite from nephelinite lava of Mt Etinde Cameroon. Eur J Mineral. 2001. 

https://​doi.​org/​10.​1127/​0935-​1221/​01/​0013-​0121.
	51.	 Njome MS, de Wit MJ. The cameroon line: analysis of an intraplate magmatic province transecting both oceanic and continental litho-

spheres: constraints, controversies and models. Earth Sci Rev. 2014;139:168–94. https://​doi.​org/​10.​1016/j.​earsc​irev.​2014.​09.​003.
	52.	 Yiika LP, Ndema Mbongué JL, Mboudou GMM, Eseya EM, Bewah EB. Contamination and risk assessment of heavy metals in stream sedi-

ments of Bambui Area, western cameroon. Int J Res Innov Appl Sci. 2022;30:1.
	53.	 Håkanson L. An ecological risk index for aquatic pollution controla sedimentological approach. Water Res. 1980. https://​doi.​org/​10.​1016/​

0043-​1354(80)​90143-8.
	54.	 Rudnick RL, Gao S. The composition of the continental crust Revised Treatise on Geochemistry. Amsterdam: Elsevier; 2014.
	55.	 Tomlinson DL, Wilson JG, Harris CR, Jeffrey DW. Problems in the assessment of heavy-metal levels in estuaries and the formation of a 

pollution index. Helgol Meeresunters. 1980;33(1):566. https://​doi.​org/​10.​1007/​bf024​14780.
	56.	 Gao J, Du F, Li W, Han J, Wang X, Bao J, et al. Content and accumulation characteristics of heavy metals in dominant plants in Xiao Bai He 

Area of the Yellow River Wetland. J Agro-Environ Sci. 2016;35(11):2180–6. https://​doi.​org/​10.​11654/​jaes.​2016-​0335.
	57.	 Tariq J, Nasir A, Azhar M. Heavy metals contamination and ecological risk assessment in surface sediments of Namal Lake. Pakistan Pol J 

Environ Stud. 2018;27:681–8. https://​doi.​org/​10.​15244/​pjoes/​75815.
	58.	 Müller G. The heavy metal content of the sediments of the Neckar and its tributaries: an inventory. Chemische Zeitung. 1981;105:157–64.
	59.	 Emenike PC, Tenebe IT, Neris JB, Omole DO, Afolayan O, Okeke CU, Emenike IK. An integrated assessment of land-use change impact, 

seasonal variation of pollution indices and human health risk of selected toxic elements in sediments of River Atuwara, Nigeria. Environ 
Pollut. 2020;26(5P): 114795. https://​doi.​org/​10.​1016/j.​envpol.​2020.​114795.

	60.	 Pejman A, Bidhendi GN, Ardestani M, Saeedi M, Baghvand A. A new index for assessing heavy metals contamination in sediments: a case 
study. Ecol Ind. 2015;58:365–73. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2015.​06.​012.

	61.	 Li H, Chai L, Yang Z, Liao Q, Liu Y, Ouyang B. Seasonal and spatial contamination statuses and ecological risk of sediment cores highly 
contaminated by heavy metals and metalloids in the Xiangjiang River. Environ Geochem Health. 2019;41:1617–33. https://​doi.​org/​10.​
1007/​s10653-​019-​00245-2.

	62.	 Ustaoğlu F, Islam MS. Potential toxic elements in sediment of some rivers at Giresun, Northeast Turkey: A preliminary assessment for 
ecotoxicological status and health risk. Ecol Ind. 2020;113: 106237. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2020.​106237.

	63.	 Tokatlı C, Varol M, Ustaoğlu F, Muhammad S. Pollution characteristics, sources and health risks assessment of potentially hazardous ele-
ments in sediments of ten ponds in the Saros Bay region (Türkiye). Chemosphere. 2023;340: 139977. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2023.​139977.

	64.	 Ustaoğlu F, Yüksel B, Tepe Y, Aydın H, Topaldemir H. Metal pollution assessment in the surface sediments of a river system in Türkiye: 
Integrating toxicological risk assessment and source identification. Mar Pollut Bull. 2024;203: 116514. https://​doi.​org/​10.​1016/j.​marpo​
lbul.​2024.​116514.

	65.	 Yüksel B, Ustaoğlu F, Aydın H, Tokatlı C, Topaldemir H, Islam M, Muhammad S. Appraisal of metallic accumulation in the surface sediment 
of a fish breeding dam in Türkiye: A stochastical approach to ecotoxicological risk assessment. Mar Pollut Bull. 2024;203: 116488. https://​
doi.​org/​10.​1016/j.​marpo​lbul.​2024.​116488.

	66.	 Ekoa Bessa AZ, El-Amier YA, Doumo EPE, Ngueutchoua N. Assessment of sediments pollution by trace metals in the Moloundou Swamp. 
Southeast Cameroon Ann Res Rev Biol. 2018;30:1–13. https://​doi.​org/​10.​9734/​ARRB/​2018/​46070.

	67.	 Xiao R, Bai J, Huang L, Zhang H, Cui B, Liu X. Distribution and pollution, toxicity and risk assessment of heavy metals in sediments 
from urban and rural rivers of the Pearl River delta in southern China. Ecotoxicology. 2013;22(10):1564–75. https://​doi.​org/​10.​1007/​
s10646-​013-​1142-1.

	68.	 Wei C, Liao J, Chen J, Wu H. Heavy metals in river surface sediments affected with multiple pollution sources, South China: distribution, 
enrichment and source appointment. J Geochem Explor. 2017;176:9–19. https://​doi.​org/​10.​1016/j.​gexplo.​2016.​08.​013.

	69.	 Sun ZH, Xie XD, Wang P, Hu YA, Cheng HF. Heavy metal pollution caused by small-scale metal ore mining activities: a case study from a 
polymetallic mine in South China. Sci Total Environ. 2018;639:217–27. https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​05.​176.

	70.	 MacDonald DD, Ingersoll CG, Berger T. Development and evaluation of consensus-based sediment quality guidelines for freshwater 
ecosystems. Arch Environ Contam Toxicol. 2000;39:20–31. https://​doi.​org/​10.​1007/​s0024​40010​075.

	71.	 Varol M. Environmental, ecological and health risks of trace metals in sediments of a large reservoir on the Euphrates River (Turkey). 
Environ Res. 2020;187: 109664.

	72.	 Varol M, Canpolat O, Eris KK, Çaglar M. Trace metals in core sediments from a deep lake in eastern Turkey: vertical concentration profiles, 
eco environmental risks and possible sources. Ecotoxicol Environ Saf. 2020;189: 110060.

	73.	 Ustaoğlu F. Ecotoxicological risk assessment and source identification of heavy metals in the surface sediments of Çomlekci stream, 
Giresun. Turkey Environ Forensics. 2021;22:130–42.

	74.	 Din IU, Muhammad S, Rehman IU, Tokatli C. Spatial distribution of potentially toxic elements contaminations and risk indices of water 
and sediments in the Darband and Samana streams, Pakistan. Environ Monit Assess. 2023;195(11):1343. https://​doi.​org/​10.​1007/​
s10661-​023-​11914-2.

https://doi.org/10.1016/j.crte.2007.07.007
https://doi.org/10.1016/0899-5362(96)00126-1
https://doi.org/10.1007/s00445-004-0388-0
https://doi.org/10.1016/j.jvolgeores.2007.07.004
https://doi.org/10.1007/s00015-007-1245-x
https://doi.org/10.1127/0935-1221/01/0013-0121
https://doi.org/10.1016/j.earscirev.2014.09.003
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1007/bf02414780
https://doi.org/10.11654/jaes.2016-0335
https://doi.org/10.15244/pjoes/75815
https://doi.org/10.1016/j.envpol.2020.114795
https://doi.org/10.1016/j.ecolind.2015.06.012
https://doi.org/10.1007/s10653-019-00245-2
https://doi.org/10.1007/s10653-019-00245-2
https://doi.org/10.1016/j.ecolind.2020.106237
https://doi.org/10.1016/j.chemosphere.2023.139977
https://doi.org/10.1016/j.chemosphere.2023.139977
https://doi.org/10.1016/j.marpolbul.2024.116514
https://doi.org/10.1016/j.marpolbul.2024.116514
https://doi.org/10.1016/j.marpolbul.2024.116488
https://doi.org/10.1016/j.marpolbul.2024.116488
https://doi.org/10.9734/ARRB/2018/46070
https://doi.org/10.1007/s10646-013-1142-1
https://doi.org/10.1007/s10646-013-1142-1
https://doi.org/10.1016/j.gexplo.2016.08.013
https://doi.org/10.1016/j.scitotenv.2018.05.176
https://doi.org/10.1007/s002440010075
https://doi.org/10.1007/s10661-023-11914-2
https://doi.org/10.1007/s10661-023-11914-2


Vol.:(0123456789)

Discover Water            (2024) 4:62  | https://doi.org/10.1007/s43832-024-00120-x	 Research

	75.	 Haghnazar H, Hudson-Edwards KA, Kumar V, Pourakbar M, Mahdavianpour M, Aghayani E. Potentially toxic elements contamination in 
surface sediment and indigenous aquatic macrophytes of the Bahmanshir River, Iran: appraisal of phytoremediation capability. Chem-
osphere. 2021;285: 131446.

	76.	 Nejad ZD, Jung MC, Kim KH. Remediation of soils contaminated with heavy metals with an emphasis on immobilization technology. 
Environ Geochem Health. 2018;40:927–53.

	77.	 Paz-Ferreiro J, Gascó G, Méndez A, Reichman SM. Soil Pollution and Remediation. Int J Environ Res Public Health. 2018;15:1657.

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


	Distribution, source apportionment and ecological risk assessment of heavy metals in Limbe River sediments, Atlantic Coast, Cameroon Volcanic Line
	Abstract
	1 Introduction
	2 Location of the study area and geological setting
	3 Materials and methods
	3.1 Contamination and pollution assessment
	3.2 Ecological and ecotoxicity risks assessment

	4 Results and discussion
	4.1 Distribution of major and trace elements
	4.1.1 Distribution of major elements
	4.1.2 Distribution of trace elements

	4.2 Source apportionment
	4.2.1 Pearson’s correlation matrix
	4.2.2 Sediment contamination and metal pollution indices
	4.2.2.1 Contamination factor (CF), contamination degree (Cdeg), modified contamination degree (mCdeg) and pollution load index (PLI). 
	4.2.2.2 Nemerow integrated pollution index (NIPI), enrichment factor (EF), geo-accumulation index (Igeo) 


	4.3 Potential ecological risk (PERI) and ecotoxicity assessment
	4.4 Environmental implications
	4.5 Remediation strategies of heavy metals

	5 Conclusions
	Acknowledgements 
	References


