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Abstract  Heavy metal pollution in agro-min-
ing zones threatens ecosystems and human health 
through bioaccumulation and food-chain transfer. 
This study assessed heavy metal pollution and asso-
ciated health risks in the Likuyu River catchment 
by measuring concentrations of zinc (Zn), cadmium 
(Cd), nickel (Ni), copper (Cu), and lead (Pb). Dur-
ing the rainy season, samples of water, sediment, soil, 
and locally cultivated vegetables were systematically 
collected along a 22.7 km stretch of the river. Heavy 
metal concentrations were analyzed by flame atomic 

absorption spectroscopy (FAAS), providing a multi-
media view of contamination and exposure pathways. 
Although water showed low ionic concentrations, 
Cd exceeded the WHO limit (0.01 mg/L). Sediments 
revealed elevated Zn at Site A (108.0 mg/kg) and Ni 
at Site E (35.97 mg/kg), with Ni surpassing the thresh-
old effect concentration (TEC) of 22.7  mg/kg. How-
ever, overall sediment pollution was low: Zn enrich-
ment was slight (CF = 1.14), and a negative Igeo with 
PLI < 1 indicated unpolluted conditions. Soil from 
Site D had Ni at 107.2 mg/kg, exceeding the Tanzania 
Bureau of Standards (TBS) limits, with CF = 1.58 and 
Igeo =  + 0.07, indicating moderate pollution. Other 
sites showed CF < 1, negative Igeo, and low PLI, 
reflecting minimal contamination. Cowpea (Vigna 
unguiculata (L.) Walp.) and Napa cabbage (Brassica 
rapa subsp. pekinensis (Lour.) Hanelt) accumulated 
high levels of Ni and Pb, with Pb exceeding the Codex 
Alimentarius limits and Ni surpassing the European 
Food Safety Authority (EFSA) limits. Bioaccumula-
tion was evident (BAF > 1), and health indices indi-
cated noncarcinogenic (HI > 1) and carcinogenic 
risks (CR > 10⁻4), especially in cowpea (CR = 0.347). 
Elevated Ni and Pb in soils and vegetables indicated 
localized exposure risks, highlighting the need for tar-
geted monitoring, informed vegetable selection, and 
coordinated mitigation in agro-mining areas.
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Introduction

Heavy metal pollution poses a significant environ-
mental and public health threat in agro-mining land-
scapes. These elements are naturally occurring, char-
acterized by relatively high density, atomic weight, 
or atomic number, typically with a specific grav-
ity greater than approximately 5  g/cm3, and include 
micronutrients such as zinc (Zn) and copper (Cu), 
alongside persistent toxic elements such as lead (Pb), 
cadmium (Cd), mercury (Hg), and arsenic (As), 
which bioaccumulate through food webs and resist 
degradation (Duhan et  al., 2023; Kumar & Khan, 
2021). Global estimates suggest that 14–17% of agri-
cultural land exceeds safe metal thresholds, threat-
ening food security for more than 1.4 billion people 
(Hou et al., 2025; Saleem et al., 2024). To understand 
the origins of this widespread pollution, it is essential 
to examine the anthropogenic drivers that increase 
environmental metal loads.

While naturally occurring at low concentrations, 
heavy metals accumulate rapidly due to anthropo-
genic activities. Mining operations are the dominant 
source in affected regions, supplemented by industrial 
discharge, agrochemical inputs, and vehicular emis-
sions (Ashraf et  al., 2021; Isah et  al., 2024). River 
systems facilitate metal transport across landscapes 
and often serve as irrigation and domestic water 
sources in mining-impacted areas (Gebreyohannes 
et  al., 2022; Mabidi et  al., 2024). These pathways 
increase exposure risks and complicate remediation 
efforts.

The ecological consequences of metal pollution 
include water quality, soil fertility, and crop safety, 
especially near river corridors and mine sites (Demsie 
et al., 2025; Silas et al., 2024). Aquatic sediments act as 
both sinks and secondary sources of pollution, particu-
larly during seasonal flooding or sediment resuspension 
events (Awuah et al., 2020; Njoki et al., 2024). Irriga-
tion with polluted water introduces metals into agricul-
tural soils and crops, reducing productivity and increas-
ing human exposure (Lemessa et  al., 2022; Sanga & 
Pius, 2024).

Food systems are particularly vulnerable to these 
impacts. Leafy vegetables, which are valued for their 
nutrient density, exhibit high metal uptake from pol-
luted soils and irrigation water, posing significant 
exposure risks to consumers (Alegbe et  al., 2025; 
Said et al., 2025; Telekia, 2024). Recent studies have 

consistently reported elevated metal concentrations in 
produce across diverse farming systems, with health 
risk assessments indicating high hazard indices and 
carcinogenic risks, particularly for children (Demsie 
et al., 2025; Hosen et al., 2024).

Comparative studies from Asia and the Pacific 
illustrate the variability in heavy metal pollution 
profiles and associated health risks across mining-
impacted regions. In the Songhua River Basin, water 
quality remains within safety limits, but sediments 
and soils present moderate Cd pollution with low 
carcinogenic risk (Li et al., 2020). In contrast, Diarra 
(2022) reported elevated Pb and Cd concentrations 
in agricultural soils near the Vatukoula Gold Mine 
in Fiji, with greater ecological risks and significant 
health threats to children.

In East Africa, mining‒agriculture interactions 
have raised pollution concerns (Mdachi et  al., 2024; 
Mohammed & Nkuba, 2017). Tanzanian river sys-
tems exhibit substantial metal pollution (Mataba 
et  al., 2016; Sawe et  al.,  2021). Cd levels reach 
1.53 mg/kg in Mara River sediments, while in Tigithe 
River Pb concentrations of 17.45  mg/kg have been 
reported (Nkinda et al., 2021). The Ngerengere River 
shows elevated contamination of Cr (0.25 mg/L) and 
Cd (0.03 mg/L), both exceeding WHO drinking water 
limits (Gebreyohannes et al., 2022). Morogoro River 
water exhibited As concentrations of (0.47 mg/L) and 
Cd concentration of (0.74 mg/L). Irrigated vegetables 
from this area were reported to accumulate Pb and Hg 
(Telekia, 2024). Uranium deposits near the Mkuju 
River may contribute to metal contamination. Heavy 
metals have been detected in the surrounding soils 
and water (Banzi, 2016; Banzi et  al., 2015, 2017). 
These findings highlight the need for comparative 
assessments across mining-impacted regions.

This study addresses one such gap by focusing on 
the Likuyu River catchment in northern Tanzania. 
Although situated 51.5  km from the Mkuju River 
uranium deposits, the catchment could potentially be 
affected by indirect pollution via atmospheric depo-
sition, surface runoff, and groundwater flow, though 
direct evidence of these pathways has not been 
established (Dinis & Fiúza, 2021; Mitra et al., 2022; 
Mohammed & Mazunga, 2013; Srivastava et  al., 
2020). The river supports irrigation, livestock, and 
domestic water use, but currently lacks a comprehen-
sive pollution assessment. Previous studies near ura-
nium deposits have addressed broad environmental 
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risks, but none have conducted integrated assessments 
of metal pollution across the Likuyu River system 
(Banzi, 2016; Banzi et  al., 2015, 2017; Mohammed 
& Mazunga, 2013), which may be affected in one way 
or another by ongoing mining activities that could 
release dust and destabilize the soil. Runoff and ero-
sion may carry metals into rivers, threatening both 
ecological health and human safety (Nkinda et  al., 
2021). These gaps limit the understanding of pollu-
tion across environmental compartments and hinder 
risk evaluation.

This study hypothesizes that metal pollution in the 
Likuyu River catchment is increasing due to regional 
uranium mining activities, with significant implica-
tions for ecological integrity and human well-being. 
However, this study’s single-season sampling design 
and lack of historical baseline data limit the abil-
ity to confirm temporal trends or definitively attrib-
ute sources without isotopic analysis or direct min-
ing site characterization. Accordingly, this study was 
designed to (i) determine the levels of the selected 
metals (Ni, Cu, Zn, Cd, and Pb) in river water, sedi-
ments, agricultural soils, and leafy vegetables and 
evaluate risk levels via multiple indices, including 
the contamination factor (CF), pollution load index 
(PLI), and geoaccumulation index (Igeo), for soil and 
sediment samples. Human health risks were further 
assessed through the bioaccumulation factor (BAF), 
estimated daily intake (EDI), carcinogenic risk (CR), 
and hazard quotient (HQ), and (ii) the primary pol-
lutant sources were hypothesized based on spatial 
and statistical evidence (multivariate statistical anal-
ysis and sediment quality guideline (SQG) thresh-
olds). This multimedia assessment addresses existing 
knowledge gaps by providing detailed source appor-
tionment analysis and risk assessment via multiple 
complementary methodological frameworks, pro-
viding scientific foundations for an evidence-based 
understanding of heavy metal pollution in mining-
influenced agricultural landscapes.

Materials and methods

Study area

The study was carried out in the Likuyu River catch-
ment, in the Ruvuma region, southern Tanzania 
(Fig. 1). Situated within the Namtumbo District, the 

river sustains diverse habitats, serves as a domestic 
water source for the Likuyu community, and sup-
ports irrigated agriculture and livestock keeping. The 
Likuyu River (about 17.642  m wide and 1.126  m 
deep) originates from Mchomolo Springs in Mcho-
molo village, flows 1.5  km south through Likuyu 
village, and converges with the Mwili River before 
draining into the Luwegu River. It lies approximately 
51.5 km from the Mkuju uranium deposit (Banzi et al., 
2017; Mohammed & Mazunga, 2013). The study area 
spans ~ 22.7 km between 10°22′51.1"S–10°14′28.9"S 
and 036°22′10.1"E–036°13′03.0"E. It has a rainy sea-
son (January–April, ~ 70  mm/year) and a prolonged 
dry season (May–December). The temperatures range 
from 11–29  °C during rainy months and 14–37  °C 
in dry months. Between December and February, 
prevailing winds from the uranium deposit peak at 
11.6 m/s (Banzi et al., 2017; Mohammed & Mazunga, 
2013). Land use includes subsistence farming (ses-
ame, maize, Napa cabbage, cowpea, okra, pumpkin), 
alongside artisanal mining and wildlife conservation 
efforts.

Although situated near a major uranium deposit 
(MRP), the Likuyu River catchment remains sci-
entifically unexamined, despite its evident sus-
ceptibility to pollution via hydrological transport, 
atmospheric deposition, and intensive agricultural 
use. Previous studies around the Mkuju uranium 
site have explored radioactivity and metal levels in 
nearby areas, but no investigation has targeted the 
Likuyu catchment itself, either for radiological or 
non-radiological pollutants across water, sediments, 
soils, or food crops such as leafy vegetables that are 
grown along the river. This study aims to fill this 
gap by using a multimedia approach to assess heavy 
metal pollution, hypothesize their sources, and 
assess health risks.

Sample collection

Sampling was conducted during the rainy season 
(April 2025) to assess spatial variations in heavy 
metal concentrations in the Likuyu River catchment. 
The literature suggests that elevated heavy metal lev-
els in rivers, soils, and vegetables during this period 
are attributed to increased runoff and leaching, which 
poses heightened health and environmental risks. 
(Rahi et al., 2024).
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Sampling of water and sediment

Surface water was collected from five designated 
locations (A–E) spanning about a 22.7  km segment 
of the river: two on the upper side, one in the mid-
dle, and two on the lower side. At each site, triplicate 
samples were taken from a depth of 15–20 cm using 
pre-cleaned, sterilized polyethylene bottles. Fifteen 
surface water samples were collected and preserved 
following an established protocol (APHA, 2022).

Similarly, triplicate sediment samples were retrieved 
from directly beneath the surface water sampling point 
at each site, at a depth of 10 cm, using a shovel while 
facing upstream to reduce disturbances. Fifteen sam-
ples were collected and stored in polyethylene bags. 
All samples were transferred to the laboratory. The 
shovel was cleaned before being used (APHA, 2022).

At every site, the physicochemical characteristics 
of the river, including electrical conductivity (EC), 
dissolved oxygen (DO), total dissolved solids (TDS), 
salinity (S), and temperature (T), were obtained 
using a multiparameter device (HQ  40 d), while the 
pH level was measured with a Wagtech portable pH 
meter (BLE 9002). Both measurements were con-
ducted on site. In addition, river depth was manu-
ally measured via a weighted tape marked at 10  cm 
intervals. At each transect point, the tape was low-
ered until the weight reached the riverbed, and the 
depth was recorded at the water surface across the 
river width. River width was measured by extend-
ing a tape horizontally from bank to bank, record-
ing the distance between the water’s edges on both 
sides. Care was taken to keep the tape taut and level 
to ensure accurate measurements, and the geospatial 

Fig. 1   Map of the study area at the national scale, with sampling points indicated, generated using QGIS version 3.44.2



Environ Monit Assess          (2026) 198:86 	 Page 5 of 24     86 

Vol.: (0123456789)

coordinates for each sampling site were recorded via 
a handheld global GPS unit (Garmin Etrex 10).

Soil and vegetable sampling

Thirteen topsoil samples from the surface layer 
(0–20  cm) were randomly collected from agricul-
tural fields along the river, placed in a sterilized plas-
tic bag, and transported to laboratory for analysis in 
accordance to an established protocol (FAO, 2006). 
In addition, thirteen samples of leafy vegetables, 
cowpea leaves (n = 4), pumpkin leaves (n = 3), okra 
leaves (n = 3), and Napa cabbage (n = 3) were sam-
pled from the fields where the soil was sampled. Non-
edible parts were removed. Each sample was han-
dled via clean gloves and sterilized tools, and placed 
in a labeled polyethylene bag (FAO/WHO, 2023). 
The scientific names of the examined leafy vegeta-
bles, provided in brackets, included: cowpea (Vigna 
unguiculata (L.) Walp.), originally described as Doli-
chos unguiculatus by Linnaeus in 1753 and later 
reclassified to the genus Vigna by Walpers in 1843; 
pumpkin (Cucurbita maxima Duchesne), validly 
published by Duchesne in 1786; okra (Abelmoschus 
esculentus (L.) Moench), first described as Hibiscus 
esculentus by Linnaeus in 1753 and subsequently 
transferred to the genus Abelmoschus by Moench in 
1794; and Napa cabbage (Brassica rapa subsp. pekin-
ensis (Lour.) Hanelt), with the species Brassica rapa 
first validly published by Linnaeus in 1753 and the 
subspecies originally described as Sinapis pekinensis 
by Loureiro in 1790, later reclassified as a subspecies 
of B. rapa by Hanelt in 1986 (Royal Botanic Gardens, 
Kew, 2025).

Heavy metal analysis

Metal concentrations (Cu, Ni, Pb, Zn, and Cd) were 
determined in samples of river water, sediment, soil, 
and leafy vegetables. Before analysis, the vegeta-
ble samples were gently washed with distilled water 
to remove any surface residues. All samples were 
subsequently air dried for 3  days to remove surface 
moisture and impurities manually and then in oven 
(60  °C–70  °C) for 48  h and homogenized using a 
grinder machine at the Nelson Mandela African Insti-
tution of Science and Technology (NM-AIST) labora-
tory, sealed in polyethylene bags, and transferred to 

the Geological Survey of Tanzania (GST) laboratory 
for heavy metal quantification.

At the GST laboratory, water samples were 
digested by heating with concentrated nitric acid 
(APHA,  2022), while powdered sediment, soil, and 
vegetable samples (0.50  g ± 0.02  g) were weighed 
and digested in aqua regia via a freshly prepared 
acid mixture (HNO₃: HCl, 1:3) in accordance with 
the established protocol for aqua regia digestion for 
FAAS (IOS, 1995; US EPA, 1996). Following diges-
tion, samples were analyzed for heavy metal levels 
via a Varian SpectrAA-55B Atomic Absorption Spec-
trophotometer (Varian Inc., Australia). The levels of 
Cu, Ni, Pb, Zn, and Cd were quantified via calibra-
tion curves derived from reagent blanks and certified 
standards, with a detection limit of 0.01  ppm. The 
results are expressed as mg/kg for solid samples and 
mg/L for water samples.

Quality control

Quality control was ensured through laboratory 
blanks, duplicates, and matrix-specific certified refer-
ence materials (CRMs), which were analyzed along-
side test samples. Analytical accuracy and precision 
were validated via CRMs appropriate for each matrix 
type.

For the geogenic matrices (soil and sediment), NCS 
DC 73027 (National Analysis Center for Iron & Steel 
[NACIS], Beijing, China) was employed. The recov-
ery rates ranged from 95 to 99%, with relative stand-
ard deviations (RSDs) between 1 and 6%, meeting the 
accepted analytical performance criteria (recoveries: 
80–120%; RSD: < 5%) and confirming the reliability 
of the method for heavy metal quantification. For the 
biological matrices (leafy vegetables), NCS ZC73018/
NIM-GBW 100220 (NACIS, Beijing, China), derived 
from citrus leaves, was used. Its certified analyte pro-
file aligns with plant tissue composition, supporting 
its application in dietary exposure assessments. The 
measured concentrations of Zn, Cd, Ni, Cu, and Pb 
yielded recoveries between 81.8% and 116.1%, with 
RSDs ranging from 7.6% to 11.8%, which is consistent 
with the expected variability in biological matrices.

Only high-purity reagents were employed, and 
all instruments were calibrated using certified ref-
erence standards for metal analysis. Calibration 
blanks and independent verification standards were 
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analyzed after every five samples to confirm instru-
ment stability. Procedural and field blanks showed 
no detectable contamination (< 0.01  ppm), and 
matrix interference remained below 1% for all the 
elements. These results affirm the precision and 
accuracy of the method for heavy metal determina-
tion in both geogenic and biological matrices.

Statistical analysis

Spatial variation in heavy metal concentrations 
across sampling sites was evaluated via analy-
sis of variance (ANOVA), with Tukey’s HSD and 
Kruskal–Wallis tests applied as appropriate for 
post hoc and nonparametric comparisons. Relation-
ships among metals were explored via both Pearson 
and Spearman correlation coefficients. To uncover 
the underlying pollution structures, principal com-
ponent analysis (PCA) and hierarchical clustering 
were employed. All the statistical procedures were 
conducted in R (v4.5.0; R Core Team, 2025).

Ecological risk interpretation was guided by sed-
iment quality guidelines (SQGs), which incorporate 
crustal background concentrations (CBCs), thresh-
old effect concentrations (TECs), probable effect 
concentrations (PECs), and national benchmarks 
from the Tanzania Bureau of Standards (TBSs). 
For consistency in the statistical treatment, values 
below the detection limits (BDLs) were conserva-
tively assigned as half the detection threshold.

Assessment of metal concentration in soil and 
sediment

To examine the extent of metal pollution in the soil 
and river sediment, three indices were applied: the 
geoaccumulation index (Igeo), contamination factor 
(CF), and pollution load index (PLI). Reference con-
centrations for the metals analysed in this study were 
based on average shale values representing crustal 
material in mg/kg: Cd (0.3), Ni (68), Pb (20), Zn 
(95), and Cu (45) (Turekian & Wedepohl, 1961).

Geoaccumulation index

The geoaccumulation index (Igeo) was applied to 
quantify metal pollution levels in soil and sediment 

samples. It was computed using Eq. 1, established by 
Müller, (1979):

where C represents the measured concentration of 
the metal and B denotes its geochemical background 
concentrations (mg/kg), for this study, the values 
used were Cd (0.3), Ni (68), Pb (20), Zn (95), and Cu 
(45) adopted from Turekian and Wedepohl (1961). 
The constant 1.5 accounts for natural lithogenic 
variability.

Igeo values are categorized into seven distinct classes: 
Class 0 (≤ 0): indicates no pollution; Class 1 (0–1): 
ranges from clean to slightly polluted; Class 2 (1–2): 
reflects moderate contamination; Class 3 (2–3): sug-
gests moderate to strong pollution; Class 4 (3–4): denotes 
strong pollution; Class 5 (4–5): represents strong to 
extreme pollution; and Class 6 (≥ 5): signifies extremely 
high pollution level (Nur-E-Alam et al., 2022).

Contamination factor

To evaluate the degree of pollution linked to individ-
ual heavy metals, the contamination factor (CF) was 
calculated using Eq. 2.

where C and B represents the measured concentration 
of the metal and its geochemical background concen-
trations, respectively. According to Hakanson (1980), 
CF values were interpreted as follows: less than 1 
indicates minimal pollution; values between 1 and 3 
reflect moderate levels; those ranging from 3 to 6 sug-
gest substantial contamination; and values equal to or 
exceeding 6 denote severe pollution (Isah et al., 2024; 
Nur-E-Alam et al., 2022).

Pollution load index

The pollution load index (PLI) provides an overall 
measure of pollution and was calculated using Eq. 3 
as follows:

(1)Igeo = log2

(

c

1.5 × B

)

(2)CF =
C

B

((3))PLI =
(

CF
1
× CF

2
× CF

3
×…CF

n

) 1
∕ n
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 where CF₁ to CFₙ are the pollution factors for each 
metal, and n is the number of metals analyzed. The 
PLI offers a simple metric to compare metal pollution 
levels and are categorized as follows: values below 1 
indicate an unpolluted state; values between 1 and 2 
reflect moderate contamination; those ranging from 2 
to 3 signify heavy pollution; and values exceeding 3 
denote extremely high pollution levels (Pal & Maiti, 
2018; Rahi et al., 2024).

Bioaccumulation factor

The bioaccumulation factor (BAF) was used to quan-
tify metal transfer from the soil to the vegetables. 
BAF was computed using Eq. 4.

BAF =
Cveg

Csoil

                 (4)
Where Cveg is the metal concentration in the veg-

etable tissue and Csoil in the corresponding soil 
(Kazemi et al., 2022; Osae et al., 2023).

Human health risk assessment

Potential health risks associated with polluted vegeta-
bles were assessed via the model developed by Romero-
Estévez et al. (2019). Indicators such as estimated daily 
intake (EDI), hazard quotient (HQ), hazard index (HI), 
and carcinogenic risk (CR) were applied for adult expo-
sure (Galarza et al., 2023; Kazemi et al., 2022).

Estimated daily intake

The estimated daily intake (EDI) (mg/kg/day) of 
heavy metals was calculated basing on metal concen-
trations in vegetables (mg/kg) and average daily con-
sumption rates (kg/day) using Eq. 5 as follows:

where C is the metal concentration in vegetables (mg/
kg), IR is the ingestion rate (0.2  kg/day), and BW 
is the average adult body weight (70  kg) (Mustatea 
et al., 2021; USEPA, 2011).

Hazard quotient

The hazard quotient (HQ) was used to evaluate non-
carcinogenic risk, calculated using Eq. 6.

(5)EDI =
C × IR

BW

where the EDI is the estimated daily intake and RD is 
the reference dose (mg/kg/day). The RD values used 
were 0.001 for Cd, 0.0035 for Pb, 0.3 for Zn, 0.04 
for Cu, and 0.02 for Ni (Osae et  al., 2023; USEPA, 
2011).

Hazard index

The aggregate noncarcinogenic risk posed by multi-
ple metals was quantified as the sum of all individ-
ual hazard quotients (HQs). An HI value less than 1 
reflects minimal noncarcinogenic risk, while values 
greater than 1 indicate a potential for health-related 
effects (Galarza et al., 2023; Osae et al., 2023).

Carcinogenic risk

Carcinogenic risk (CR) estimates lifetime cancer risk 
and was calculated using Eq. 7 as follows:

where CSF is the cancer slope factor (mg/kg/day) 
⁻1. The CSF values used were from USEPA (2011): 
0.38 for Cd, 1.7 for Ni, and 0.0085 for Pb. The risk 
thresholds for carcinogenic exposure were interpreted 
as follows: CR > 1 × 10⁻4 indicates unacceptable risk; 
CR < 1 × 10⁻⁶ is considered negligible; and values 
between 1 × 10⁻⁶ and 1 × 10⁻4 fall within the accept-
able range (Osae et al., 2023; USEPA, 2011).

Results and discussion

Hydro chemical characteristics of the Likuyu River

Analysis of physicochemical parameters in the 
Likuyu River revealed marked spatial variability 
across the five sampling locations (Table  1). Gen-
erally, the river exhibited slightly alkaline condi-
tions (pH 7.03–7.42) and low salinity (0.07–0.08 
‰), characteristics typical of tropical freshwa-
ter systems. Statistical tests; ANOVA (F) and 
Kruskal‒Wallis (χ2) indicate spatial variation 
across sites (Table 1). Electrical conductivity (EC), 
total dissolved solids (TDS), and temperature 

(6)HQ =
EDI

RD

(7)CR = EDI × CSF
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showing highly significant differences among sites 
(p < 0.001), whereas pH and dissolved oxygen (DO) 
exhibited moderate variation (p < 0.05). Salinity 
showed minimal variation, with Location A having 
slightly higher salinity levels.

Site A presented distinct physicochemical 
attributes of water, with significantly greater EC 
(160.43 ± 2.16 µS/cm), TDS (76.67 ± 0.31  mg/L), 
and salinity (0.08 ‰) values than the other sites 
did (p < 0.001). Concurrently, this site presented 
reduced DO levels (6.13 ± 0.2  mg/L, p < 0.01), sug-
gesting ionic enrichment coupled with oxygen deple-
tion. These conditions likely result from anthropo-
genic influences, particularly agricultural runoff and 
domestic discharge, as evidenced by the site’s prox-
imity to human settlements, irrigated croplands, and 
areas with intensive livestock activity observed dur-
ing fieldwork. Similar patterns of ionic enrichment 
and oxygen depletion have been documented in the 
Tajan River, where agricultural activities significantly 
altered water chemistry (Farjoudi & Alizadeh, 2021). 
In contrast, Site E presented the highest temperature 
(27.3 °C, p < 0.001) and elevated pH relative to those 
of Site A (p = 0.041) while maintaining moderate 
ionic concentrations, as this point is where the Likuyu 
River converges with the Mwili River. The elevated 
temperature at this site likely contributes to reduced 
oxygen solubility, creating the thermal stress condi-
tions common in tropical river systems (Rajesh & 

Rehana, 2022; Zhang et al., 2024). Sites B–D formed 
an intermediate cluster with moderate values across 
all parameters, suggesting relatively stable conditions.

Correlation analysis revealed strong positive asso-
ciations among EC, TDS, and salinity (r ≥ 0.93), 
indicating a common source of dissolved substances 
(Fig. 2). This relationship suggests that ionic enrich-
ment across the river system originates from similar 
anthropogenic sources, which is consistent with find-
ings from the Mara River Basin, where agricultural 
and domestic activities created comparable water 
quality indicators (Kimario et  al., 2025). The weak 
correlation between pH and DO (r = 0.30) and the 
limited association between temperature and DO 
(r = 0.27) indicate that the thermal influences on oxy-
gen dynamics are moderate in this system.

Principal component analysis (PCA) revealed 
two dominant environmental gradients, ionic load 
and thermal stress, explaining 82.9% of the overall 
variance in water quality parameters (Fig.  3). Dim1 
explains 69% of the overall variance and is influenced 
by EC, TDS, and salinity, whereas Dim2 accounts 
for 13.9% and is shaped by temperature and pH. This 
analysis clearly separated Site A as a high-ionic/
low-DO environment, Site E as thermally distinct, 
and Sites B–D as representing moderate conditions. 
Regression modeling further supported these rela-
tionships, with temperature and pH serving as signifi-
cant predictors of DO (R2 = 0.71) and EC serving as 

Table 1   Summary of descriptive statistics for physicochemical parameters of water in the Likuyu River across sampling sites (A–E) 
expressed as the means ± SDs with ranges in parentheses

*WHO Guidelines for Drinking-Water Quality (Wang et al., 2022; WHO, 2022); **NA = Not available
a Means highly significant difference (p < 0.001); bMeans moderate significant difference (p < 0.05)

Site pHb EC (µs/cm)a DO (mg/L)b TDS (mg/L)a S (‰) T (°C)a

A 7.03 ± 0.41
(6.56–7.30)

160.43 ± 2.16
(158.4–162.7)

6.13 ± 0.2
(5.96–6.35)

76.67 ± 0.31
(76.4–77.0)

0.08 ± 0
(0.08–0.08)

23.8 ± 0.17
(0.08–0.08)

B 7.34 ± 0.23
(7.20–7.60)

153.13 ± 0.06
(153.1–153.2)

6.72 ± 0.02
(6.71–6.74)

72.67 ± 0.29
(72.5–73.0)

0.07 ± 0
(0.07–0.07)

23.43 ± 0.35
(23.1–23.8)

C 7.25 ± 0.1
(7.13–7.31)

150.53 ± 0.64
(149.8–150.9)

6.62 ± 0.01
(6.61–6.63)

71.3 ± 0.17
(71.1–71.4)

0.07 ± 0
(0.07–0.07)

24.3 ± 0.17
(24.2–24.5)

D 7.23 ± 0
(7.23–7.23)

149.6 ± 0
(149.6–149.6)

6.5 ± 0
(6.50–6.50)

70.8 ± 0
(70.8–70.8)

0.07 ± 0
(0.07–0.07)

25 ± 0
(25.0–25.0)

E 7.42 ± 0.1
(7.31–7.48)

150.67 ± 0.29
(150.5–151.0)

6.66 ± 0
(6.66–6.66)

71.1 ± 0
(71.1–71.1)

0.07 ± 0
(0.07–0.07)

26.83 ± 0.4
(26.6–27.3)

F, p 6.92, 0.006 34.18, < 0.001 15.74, < 0.001 35.46, < 0.001 91.89, < 0.001 128.35, < 0.001
X2, p 11.06, 0.026 13.71, 0.008 13.24, 0.010 13.71, 0.008 13.71, 0.008 13.71, 0.008
WHO* 6.5–8.5 1400 5 1000 NA** 25
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strong predictors of TDS (R2 = 0.90). These models 
reinforce the importance of ionic and thermal fac-
tors in controlling water chemistry dynamics in the 
Likuyu River system.

All analyzed heavy metals were below detection 
limits (BDLs) and complied with WHO standards 
(Table  2). This pattern suggests effective sediment 
binding of metals and limited anthropogenic metal 
inputs to the water column, which is consistent with 
observations in other East African river systems 
(Gebreyohannes et  al., 2022; Mataba et  al., 2016). 
However, the detection limit for cadmium (0.01 mg/L) 
exceeds the WHO guideline (0.003 mg/L). Continu-
ous monitoring is recommended, given Cd’s persis-
tence and potential bioaccumulation (Kubier et  al., 
2019; Mdachi et al., 2024).

The water quality parameters exhibited clear spatial 
heterogeneity across the sites. Elevated agricultural 
runoff and domestic discharge were observed near Site 
A, whereas Site E presented distinct thermal anoma-
lies associated with convergence with the Mwili River. 
Cd concentrations require continued monitoring due 
to potential contamination risks. Strong correlations 
among ionic parameters and pollution source pat-
terns were effectively identified through multivariate 

analysis. Seasonal variation and environmental shifts 
remain key areas for future investigations.

Although the physicochemical profile of the 
Likuyu River generally complies with WHO guide-
lines, localized stress at Sites A and E raises concerns 
about long-term water security and ecosystem health. 
Ionic enrichment and oxygen depletion at Site A, cou-
pled with thermal stress at Site E, may compromise 
aquatic biodiversity and alter ecosystem functioning. 
Variations in pH, temperature, and ionic strength can 
influence metal speciation and mobility, potentially 
increasing heavy metal bioavailability under future 
anthropogenic or climate-driven scenarios. The pres-
ence of a uranium mining site approximately 52 km 
from the study area further underscores the need to 
consider broader environmental influences on heavy 
metal dynamics.

Heavy metal distribution in river sediments

Statistical test results (ANOVA F, p and Kruskal‒
Wallis χ2, p) for heavy metal analysis of sediment 
samples from the Likuyu River revealed significant 
spatial heterogeneity, with Zn, Ni, and Pb showing 
statistically significant variation across sampling sites 

Fig. 2   Pearson correlation 
heatmap of physicochemi-
cal parameters of water 
samples from the Likuyu 
River
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A–E (p = 0.0087, p = 0.0319, and p = 0.0394, respec-
tively; Table 3). This spatial distribution pattern sug-
gests localized pollution sources rather than uniform 
background enrichment throughout the river system.

Site A had the highest Zn concentration 
(108.0 ± 65.9  mg/kg), which was above the crus-
tal background (71  mg/kg) and approached the 

threshold effect concentration (TEC) of 121  mg/kg. 
This elevation indicates moderate localized enrich-
ment, potentially attributed to surface runoff and 
domestic activities based on field observations and 
spatial patterns, though direct source confirmation 
was not conducted. This is consistent with anthropo-
genic influences observed in other Tanzanian river 

Fig. 3   PCA plot showing the distribution of sampling zones (A–E) and the contributions of physicochemical parameters to the first 
two principal components. The arrows represent variable loadings, indicating the direction and magnitude of influence

Table 2   Measured levels 
of heavy metals (mg/L) in 
Likuyu River water samples 
and corresponding WHO 
guideline values ( 2022)

*WHO Guidelines for 
Drinking-Water Quality 
(WHO, 2022)

Parameter Statistic *WHO standards

Min Max Mean

Zn (mg/L) BDL BDL BDL 3–5
Cd (mg/L) BDL BDL BDL 0.003
Ni (mg/L) BDL BDL BDL 0.07
Cu (mg/L) BDL BDL BDL 2.0
Pb (mg/L) BDL BDL BDL 0.01
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systems (Gebreyohannes et  al., 2022; Mataba et  al., 
2016). While these concentrations remain lower than 
those reported in heavily impacted systems in Kenya, 
Nigeria, and Pakistan (Ashraf et  al., 2021; Edogbo 
et  al., 2020; Njoki et  al., 2024). They nevertheless 
represent a potential ecological concern that warrants 
monitoring.

Ni concentrations presented the most significant 
ecological concern, with Sites A (32.1 ± 26.9  mg/
kg) and E (35.97 ± 6.51  mg/kg) exceeding the TEC 
threshold of 22.7  mg/kg but remaining below the 
probable effect concentration (PEC) of 48.6  mg/kg 
(MacDonald et al., 2000; Mataba et al., 2016). These 
elevated levels suggest potential adverse effects on 
benthic organisms and may result from natural min-
eral weathering, agricultural inputs, or localized 
anthropogenic activities. Similar Ni enrichment pat-
terns have been documented in comparable East Afri-
can river systems, often attributed to the weathering 
of ultramafic rocks and agricultural intensification 
(Nkinda et al., 2021).

The Pb concentrations were highest at Site A 
(12.87 ± 7.36  mg/kg), remaining below the estab-
lished regional benchmarks but indicating localized 
anthropogenic influence. Despite these moderate 

levels, the well-documented toxicity and potential 
for bioaccumulation of Pb in aquatic food webs make 
it a priority pollutant for continued monitoring 
(Mabidi et  al., 2024; Silas et  al., 2024). In contrast, 
Cu levels remained consistently low across all sites 
(mean = 4.17 mg/kg), well below the TEC of 31.6 mg/
kg and consistent with regional baseline concentra-
tions, suggesting minimal ecological risk (Gebreyo-
hannes et  al., 2022). Cd was below the detection 
limits (< 0.01  mg/kg) at all the sites, reflecting the 
natural background conditions typical of similar river 
systems (Edogbo et al., 2020; Mataba et al., 2016).

Correlation analysis revealed distinct clustering 
patterns among heavy metals, providing insights into 
pollution sources and geochemical behavior (Fig. 4). 
The strong positive associations of Zn–Pb (r = 0.622, 
p = 0.0132) and Ni–Pb (r = 0.673, p = 0.006) sug-
gest comobilization through shared pollution from 
human activities, notably domestic effluent, agri-
cultural runoff, and atmospheric deposition. This 
association pattern is characteristic of mixed pollu-
tion sources common in river systems subjected to 
anthropogenic pressures (El Mrissani et  al., 2021). 
Cu exhibited weak and negative correlations with 
other metals (Cu–Zn: r = −0.231), indicating that a 

Table 3   Concentrations of heavy metals (Zn, Ni, Cu, Pb, and Cd) (mg/kg) in the Likuyu River sediment across the sampling sites 
(A–E), expressed as the means ± SDs with ranges in parentheses, and the pollution load index (PLI) values

*Crustal background concentrations (CBCs) in the continental crust (Mataba et al., 2016; Wedepohl, 1995)
** Consensus-based sediment quality guidelines (SQGs) (MacDonald et al., 2000; Mataba et al., 2016)
a Indicate highly significant differences (p < 0.01) according to ANOVA
b Statistically significant differences (p < 0.05) according to the Kruskal‒Wallis test
BDL below detection limits and NA not applicable

Site Zn Ni Cu Pb Cd PLI

A 108.0 ± 65.9 (53–181) 32.1 ± 26.9 (1.1–49.7) 2.23 ± 0.38 (1.8–2.5) 12.87 ± 7.36 (4.9–19.4) BDL 0.251
B 8.5 ± 1.25

(7.1–9.5)
3.9 ± 1.93 (2.2–6.0) 2.73 ± 0.71 (2.1–3.5) 4.30 ± 0.70

(3.6–5.0)
BDL 0.077

C 9.5 ± 2.50
(7.5–12.3)

7.5 ± 2.33 (5.6–10.1) 5.17 ± 3.65 (1.6–8.9) 3.00 ± 1.40
(1.6–4.4)

BDL 0.097

D 17.73 ± 4.40 (12.9–21.5) 12.03 ± 3.72 (7.8–14.8) 6.60 ± 5.28 (3.5–12.7) 5.07 ± 2.19
(2.6–6.8)

BDL 0.143

E 16.17 ± 1.59 (15.2–18.0) 35.97 ± 6.51 (29.0–41.9) 4.13 ± 1.55 (3.0–5.9) 4.27 ± 0.78
(3.4–4.9)

BDL 0.148

(F, p) 6.26,0.0087a 4.11, 0.0319a 1.08, 0.418 3.80, 0.0394a NA
(X2, p) 12.23,0.0157 6.93, 0.1395 6.04, 0.1959 6.65, 0.1554 NA
CBC* 71 47 25 20 0.1
TEC** 121 22.7 31.6 35.8 0.99
PEC** 459 48.6 149 128 4.98
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distinct geochemical origin was likely tied to natural 
background levels or isolated agricultural inputs. This 
contrasting behavior reinforces the spatial heteroge-
neity of the metal distribution and suggests different 
transport and deposition mechanisms for Cu than for 
the Zn-Ni-Pb cluster.

Principal component analysis further supported 
these relationships, with Dim1 (explaining 57.1% 
of the variance) loading strongly on Zn, Ni, and Pb 
(−0.538, −0.543, and −0.589, respectively), whereas 
Dim2 (22.8% of the variance) was dominated by 
Cu (−0.955; Fig.  5). This multivariate structure 
clearly distinguishes between the main contamina-
tion axis (PC1) and the distinct Cu signature (PC2), 
providing statistical support for the identified source 
differentiation.

The pollution indices generally revealed low pol-
lution levels across the Likuyu River system, with 

localized enrichment at specific sites. The con-
tamination factor (CF) for Zn at Site A reached 
1.14, indicating moderate pollution, whereas the 
other metals remained below the pollution thresh-
olds (CF < 1) (Fig. 6a). The geoaccumulation index 
(Igeo) values were negative across all the metals 
(−5.49 for Cd to −0.40 for Zn), indicating that the 
sediments were unpolluted according to established 
criteria (Fig.  7b). These results align with pollu-
tion assessments from the Mara and Thiba Rivers, 
which similarly exhibit minimal overall enrichment 
despite localized hotspots (Nkinda et  al., 2021; 
Silas et  al., 2024). The PLI ranged from 0.077 at 
Site B to 0.251 at Site A, with all sites falling below 
the threshold of 1.0 (Table 3), which would indicate 
progressive deterioration. However, the threefold 
difference between the minimum and maximum 
PLI values underscores the spatial variability in 

Fig. 4   Pearson correlation heatmap of heavy metals in river sediment samples
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contamination patterns and the need for site-specific 
management approaches.

Despite generally acceptable pollution levels, 
the ecological implications of elevated Zn, Ni, and 
Pb concentrations at Sites A and E require careful 

consideration. Ni concentrations above TEC thresh-
olds may cause sublethal effects in benthic commu-
nities, including reduced species diversity and altered 
community structure, as observed in similar systems 
in Bangladesh, where comparable metal levels disrupt 

Fig. 5   PCA biplots showing the contributions of metal varia-
bles to the first two components and the clustering of sediment 
samples. The first two components account for 79.9% of the 
total variance (Dim1: 57.1%, Dim2: 22.8%). (a) shows the cor-
relation circle, where the vector length and direction indicate 

the strength and orientation of each variable’s contribution to 
the principal components, and (b) displays sample groupings 
on the basis of PCA scores, with distinct clusters correspond-
ing to different sampling categories

Fig. 6   CF values of Zn, Cd, Ni, Cu, and Pb in (a) river sediment (left) and (b) agricultural soil samples(right)
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sediment-dwelling fauna (Hosen et  al., 2024). The 
long-term retention of these metals in sediment acts 
as a persistent pollution source, driven by their strong 
binding to clay particles and organic matter under 
the neutral and oxygen-rich conditions typical of the 
Likuyu River (Wang et al., 2022).

The sediment-bound nature presents both current 
and future environmental concerns. Under dynamic 
environmental conditions, such as flooding, sedi-
ment disruption, or chemical shifts, metals previ-
ously sequestered in sediments may re-enter the water 
column, increasing their accessibility to biota and 
increasing potential exposure across affected ecosys-
tems (Silas et al., 2024; Wang et al., 2022).

The clustering of Zn, Ni, and Pb at Sites A and E 
creates ecological hotspots where metal bioaccumu-
lation in benthic organisms may disrupt aquatic food 
webs. In particular, Pb poses significant risks owing 
to its neurological and reproductive toxicity even at 
sublethal concentrations. Localized enrichment of Zn, 
Ni, and Pb at Sites A and E indicates areas for contin-
ued observation and possible management interven-
tion if trends persist.

Heavy metal levels in agricultural soils

The agricultural soils along the Likuyu River pre-
sented distinct spatial heterogeneity in terms of 

heavy metal concentrations (Table  4). Ni concentra-
tions ranged from 30.3 mg/kg at Site B to 107.20 mg/
kg at Site D, with the latter exceeding the Tanzania 
Bureau of Standards limit of 50  mg/kg. Statistical 
test results (ANOVA F, p and Kruskal‒Wallis χ2, 
p) confirmed significant intersite differences for Ni 
(F = 108.8, p < 0.001) and Cu (F = 7.652, p = 0.0076), 
whereas Zn, Pb, and Cd showed no significant spatial 
variation.

The Cu concentration varied from 1.70  mg/kg at 
Site D to 2.97  mg/kg at Site A, reflecting localized 
enrichment processes. This spatial variability aligns 
with findings of Telekia (2024) in agricultural areas 
of the Morogoro River, where Cu concentrations 
(1.2–4.8 mg/kg) were correlated with fertilizer appli-
cation patterns. The irregular Cu distribution suggests 
that site-specific agronomic practices, such as micro-
nutrient applications or copper-based fungicides, 
influence local concentrations. Zn (5.98–7.27  mg/
kg), Pb (1.60–3.57  mg/kg), and Cd (< 0.01  mg/kg) 
showed uniform distributions across sites, with all 
values well below regulatory limits. These patterns 
indicate limited anthropogenic input and predominant 
natural background levels. The consistently low Cd 
concentrations confirmed that minimal Cd was pre-
sent in the agricultural soils of the region.

Correlation analysis (Fig.  8) revealed one sig-
nificant relationship: Zn and Pb were positively 

Fig. 7   Igeo values of heavy metals in (a) agricultural soil and (b) river sediment
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correlated (r = 0.618, p = 0.0244), suggesting shared 
contamination sources or geochemical behavior. 
This pattern mirrors results in Ethiopian agricul-
tural soils, where the Zn‒Pb correlation (r = 0.72, 
p < 0.01) was attributed to phosphate fertilizer 
impurities and atmospheric deposition (Demsie 
et  al., 2025). Other metal pairs showed weak to 
moderate associations without statistical signifi-
cance, indicating independent input pathways.

The first two principal components (Fig.  9) 
accounted for 79.6% of the overall variance in the 
dataset. Dim1 (49.9% variance) was dominated by 
Pb (–0.622), Cu (–0.522), and Zn (–0.497), reflect-
ing agricultural inputs such as fertilizers and soil 
amendments. Dim2 (29.7% variance) was driven by 
Ni (–0.758) and Zn (–0.585), suggesting shared pol-
lution sources likely geological or mining-related 
sources. The distinct geochemical behavior of Ni in 
Dim2, combined with its spatial confinement to Site 
D, indicates geological or extractive influences rather 
than agricultural sources. Banzi et  al. (2017) docu-
mented similar patterns around the Mkuju River ura-
nium project, where Ni concentrations (15–89 mg/kg) 
correlated with uranium-bearing geological forma-
tions. Field observations at Site D suggest that phos-
phate fertilizer inputs and weathering of mineral-rich 
parent material may have contributed to the elevated 
Ni concentrations (45.2 mg/kg) in phosphate tailings 
from the Minjingu Mines, as supported by Mdachi 
et  al. (2024). However, without fertilizer application 
records, parent material geochemical analysis, or com-
parison with unfertilized control sites, these remain 
plausible hypotheses rather than confirmed sources.

Site D presented an elevated CF (1.577) (Fig. 6b) and 
positive Igeo (+ 0.07) for Ni, indicating moderate pollu-
tion (Fig. 7a). The other sites maintain CF < 1 and nega-
tive Igeo values, which are consistent with background 
conditions. These values align with those reported by 
Sanga and Pius (2024) for contaminated Tanzanian 
soils (CF = 1.2 to 2.1, Igeo = 0.1 to 0.9). The PLI values 
ranged from 0.078 to 0.105 across all the sites (Table 4), 
indicating minimal cumulative pollution despite the 
localized Ni anomaly. These PLI values are less than the 
values observed by Sabijon et al. (2024) for agricultural 
soils in the floodplains of the Taft River Basin, Philip-
pines, where mining-impacted sites exhibited moderate 
to high contamination (PLI > 1.0), confirming relatively 
low overall contamination in the Likuyu system.

It is important to note that elevated Ni levels were 
confined to Site D and do not represent generalized 
contamination across the study area. These results 
demonstrate that agricultural soils along the Likuyu 
River generally maintained acceptable metal concen-
trations during the rainy season sampling period, with 
Site D representing an isolated pollution hotspot that 
warrants specific attention to assess temporal stability 
and potential expansion via surface runoff or ground-
water transport. The contrast between Site D and the 
other sites (B and C) provides a framework for dis-
tinguishing anthropogenic impacts from natural vari-
ations in future monitoring programs.

Heavy metal levels in edible leafy vegetables

Measured levels of heavy metals varied signifi-
cantly across the sampling sites and vegetable types, 

Table 4   Concentrations of Zn, Ni, Cu, Pb, and Cd (mg/kg) in agricultural soil across sampling sites (A–D), expressed as the 
means ± SDs with ranges in parentheses, and the PLI values are included for each site

*TBS maximum allowable limit for heavy metals in soil (Tanzania Bureau of Standards, 2007)
a Indicate highly significant differences (p < 0.01) according to ANOVA
b Means statistically significant differences (p < 0.05) according to the Kruskal‒Wallis test

Site Zn Ni Cu Pb Cd PLI

A 6.63 ± 1.43 (5.4–8.2) 38.1 ± 10.1 (29.8–49.4) 2.97 ± 0.23 (2.7–3.1) 1.83 ± 1.45 (0.4–3.3) BDL 0.096
B 5.98 ± 1.07 (4.7–7.3) 30.3 ± 6.44 (25.5–39.8) 1.78 ± 0.13 (1.6–1.9) 1.80 ± 0.55 (1.4–2.6) BDL 0.078
C 7.27 ± 1.15 (6.1–8.4) 34.1 ± 2.45 (31.6–36.5) 2.60 ± 0.70 (1.9–3.3) 3.57 ± 1.15 (2.4–4.7) BDL 0.105
D 6.90 ± 0.20 (6.7–7.1) 107.2 ± 1.40 (106–109) 1.70 ± 0.40 (1.3–2.1) 1.60 ± 0.50 (1.1–2.1) BDL 0.103
(F, p) 0.923, 0.468 108.8, < 0.001a 7.652, 0.0076a 2.804, 0.101 NA
(X2, p) 2.65, 0.449 7.82, 0.0499b 8.07, 0.0447b 5.01, 0.171 NA
TBS* 150.0 50.0 200.0 200.0 1.000
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Fig. 8   Pearson correlation 
heatmap between heavy 
metals in agricultural soil 
samples

Fig. 9   PCA of the agricultural soil metal concentrations  (a) 
Correlation circle showing the contributions of Cu, Pb, Zn, and 
Ni (mg/kg) to Dim1 (49.9%) and Dim2 (29.7%). (b) PCA score 

plot showing sample groupings (A–D) and metal loadings, 
with the ellipse indicating the dispersion of Group B samples
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except for Pb (Table  5). Napa cabbage from Site D 
presented the highest Zn (85.0 ± 7.0  mg/kg) and Cu 
(9.30 ± 0.50  mg/kg) levels, whereas cowpea leaves 
from Site B presented peak Ni (71.3 ± 12.7  mg/kg) 
and Pb (12.6 ± 9.57  mg/kg) concentrations. These 
values are consistent with agro-mining zone reports, 
including Ghanaian cowpea (Pb: 14.2  mg/kg; Ni: 
62.3 mg/kg; Alegbe et al., 2025) and Nigerian ama-
ranth (Pb: 18.5 mg/kg; Ni: 70.1 mg/kg; Edogbo et al., 
2020).

Statistical results are summarized in Table  5. 
The ANOVA results confirmed significant location-
based differences for Zn (F = 14.13, p < 0.001), Ni 
(F = 27.80, p < 0.001), and Cu (F = 11.53, p = 0.002). 
Post hoc Tukey tests revealed that Site D differed 
significantly from all other locations for Zn and Cu, 
whereas the Ni concentrations were highest at Site 
B. Kruskal–Wallis tests supported species-level vari-
ation for Zn (χ2 = 9.36, p = 0.025), Ni (χ2 = 10.85, 
p = 0.013), and Cu (χ2 = 10.04, p = 0.018). The Cd 
values remained uniform across all the samples 
(< 0.01 mg/kg), precluding statistical testing.

The Zn levels in Napa cabbage approached the 
Codex Alimentarius threshold (99.4  mg/kg), which 
is comparable to the Zn-enriched cabbage reported 
by Kusznierewicz et  al. (2012). The Pb concentra-
tions in okra (13.13 mg/kg) and cowpea (12.58 mg/
kg) exceeded Codex limits (0.3 mg/kg) by 43.8 times 
and 41.9 times, respectively, which is consistent with 
findings from Morogoro (Telekia, 2024) and Zanzibar 

(Mohammed & Khamis, 2012). Ni in cowpea sur-
passed the EFSA tolerable upper intake (67 mg/kg), 
indicating potential dietary risk. The Cd concentra-
tion remained below the detection limits, which is 
consistent with the findings of Nyanda and Nkuba 
(2017) in central Tanzania.

Correlation analysis revealed strong coaccumu-
lation among Zn, Cu, and Ni (Fig.  10). Significant 
associations were observed for Zn–Cu (r = 0.777, 
p = 0.002), Zn–Ni (r = 0.568, p = 0.043), and Ni–Cu 
(r = 0.583, p = 0.037), suggesting shared uptake mech-
anisms or common contamination sources. The corre-
lations between Pb and the other metals were weak 
(r < 0.4) and not statistically significant, indicating 
distinct accumulation behavior. Principal compo-
nent analysis explained 86.7% of the total variance 
(Fig. 11). Dim1 (59.6%) captured enrichment patterns 
dominated by Zn (0.586), Cu (0.543), and Ni (0.543). 
Dim2 (27.1%) was defined by strong negative loading 
for Pb (–0.861), separating Pb-rich samples from the 
Zn–Cu–Ni cluster. This structure supports the corre-
lation findings and highlights divergent contamina-
tion pathways.

The vegetable metal concentrations reflected effi-
cient soil-to-plant transfer, particularly at Site D, 
where elevated soil Ni (107.20 mg/kg) corresponded 
with high plant uptake.

The BAF exceeded 0.1 for Zn and Pb in cowpea 
and Napa cabbage (Fig.  12a), suggesting species-
specific accumulation behavior in polluted soils, 

Table 5   Heavy metal 
concentrations (mg/kg dry 
weight) as the means ± SDs, 
HQ, and estimated CR 
values for selected leafy 
vegetables

a (EFSA Panel on 
Contaminants in the 
Food Chain [CONTAM] 
et al., 2020); b(Codex 
Alimentarius Commission, 
2016); *ETEs are essential 
trace elements excluded 
from carcinogenic risk 
assessments

Vegetable Zn Cd Ni Cu Pb HI

Okra leaves 42.77 ± 10.11 BDL 35.60 ± 1.87 3.70 ± 0.96 13.13 ± 7.44 19.38
Cowpea leaves 45.02 ± 19.12 BDL 71.33 ± 12.73 5.68 ± 2.78 12.58 ± 9.57 24.20
Pumpkin leaves 15.80 ± 8.80 BDL 16.50 ± 6.90 1.47 ± 0.45 3.30 ± 3.3 8.20
Napa Cabbage 85.00 ± 7.00 BDL 55.80 ± 4.20 9.30 ± 0.50 8.90 ± 0.30 20.64
Guideline limit 99.4b 0.2 −0.3b 67a 40b 0.1- 0.3b

HQ
Okra leaves 0.408 2.900 5.095 0.265 10.714
Cowpea leaves 0.429 2.900 10.206 0.405 10.257
Pumpkin leaves 0.151 2.900 2.361 0.102 2.686
Napa Cabbage 1.810 2.900 7.975 0.665 7.286
CR Total CR
Okra leaves ETE* 11 × 10⁻4 0.1732 ETE* 3.2 × 10⁻4 0.1732
Cowpea leaves ETE* 11 × 10⁻4 0.3469 ETE* 3.1 × 10⁻4 0.3469
Pumpkin leaves ETE* 11 × 10⁻4 0.0802 ETE* 0.8 × 10⁻4 0.0802
Napa Cabbage ETE* 11 × 10⁻4 0.2711 ETE* 2.2 × 10⁻4 0.2711
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consistent with the results of West African agro-
mining studies (Alegbe et al., 2025). These patterns 
align with the transfer mechanisms documented 
near Tanzania’s Mkuju uranium site (Banzi et  al., 

2017). These findings are consistent with direct 
soil-to-plant contamination, with Site D’s elevated 
soil nickel (CF = 1.577) likely contributing to plant 
uptake. While root uptake from contaminated soil 

Fig. 10   Pearson correlation 
heatmap of heavy metal 
concentrations in leafy 
vegetables

Fig. 11   PCA biplots showing (a) compositional differentiation of vegetable samples with loading vectors and confidence ellipse, and 
(b) sample clustering based on Cu, Zn, Ni, and Pb concentrations with loading vectors
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is the most probable pathway, potential contribu-
tions from foliar deposition of dust particles and 
irrigation water cannot be excluded without con-
trolled uptake experiments. EDI values (Fig.  12b) 
highlight dietary exposure risks. Napa cabbage has 
elevated Zn and Cu intake, and cow pea has notable 
Ni intake, whereas pumpkin consistently presented 
the lowest EDI across all the metals.

Health risk calculations revealed significant expo-
sure concerns (Table  5, Fig.  13). The HQ values 
exceeded the safety threshold (HQ > 1) for Ni and 
Pb in most vegetables. Cowpea presented HQs of 
Ni = 10.21 and Pb = 10.26, whereas Napa cabbage 
presented HQs of Ni = 7.98 and Pb = 7.29. The total 
hazard index values were highest in cowpea (24.2), 
followed by Napa cabbage (20.64) and okra (19.38), 
indicating substantial noncarcinogenic risks. Carcino-
genic risks from Ni exposure in cowpea (CR = 0.347) 
and Napa cabbage (CR = 0.271) exceeded accept-
able thresholds (1 × 10⁻4), though these estimates 
are subject to uncertainties in consumption patterns 
and metal bioavailability. These findings are consist-
ent with those reported by Rahim et  al. (2024) and 
Kashyap and Jain (2024), who documented elevated 
HQ and CR values for Ni and Pb in leafy vegetables 

grown in river-fed agricultural areas influenced by 
industrial runoff.

Localized soil contamination increases dietary 
Ni and Pb exposure, with cowpea and napa cabbage 
posing the highest risks due to efficient uptake, while 
pumpkin leaves show lower accumulation. These 
findings support strategic crop selection in contami-
nated areas and highlight the need for comprehensive 
soil–plant-health evaluations. Violations of safety 
thresholds require interventions such as crop restric-
tions, soil remediation, or land-use adjustments. 
Diversifying crops with low-accumulating varieties 
may reduce exposure while preserving food security.

Conclusion

This multimedia assessment substantially achieved 
its objectives by quantifying heavy metal concentra-
tions across environmental matrices during the rainy 
season and identifying potential pollution sources 
through spatial and statistical analysis in the Likuyu 
River catchment. While definitive source attribu-
tion would require isotopic fingerprinting or recep-
tor modeling approaches not employed in this study, 

Fig. 12   Species-specific metal uptake and dietary exposure in leafy vegetables. (a) BAFs for Cd, Cu, Ni, Pb, and Zn across vegeta-
ble species (Left). (b) EDI values (mg/kg/day) for the same metals (right), highlighting dietary exposure risks
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the spatial patterns and correlation analyses provide 
reasonable evidence for inferring dominant source 
contributions.

Ni and Pb were identified as the primary contami-
nants of concern, with elevated concentrations in 
specific sites and crops. Modeled health risk indices 
indicate possible noncarcinogenic and carcinogenic 
risks associated with vegetable consumption, par-
ticularly cowpea and Napa cabbage. However, these 
outcomes should be interpreted cautiously, given the 
single-season sampling design, limited spatial cover-
age, and reliance on estimated ingestion parameters. 
Future studies should include multi-seasonal sam-
pling and expanded dietary exposure assessments 
to improve reliability. Despite these limitations, the 
study provides essential baseline data to guide envi-
ronmental monitoring and agricultural management 
in agro-mining zones.

This study has several limitations that should be 
considered when interpreting the findings. Sampling 
was conducted only during the rainy season (April 
2025), which captures peak metal mobilization but 
does not capture seasonal variability in concentra-
tions, bioavailability, or exposure pathways. Dry-
season conditions may show different patterns due 

to reduced dilution and altered sediment dynamics; 
hence, future investigations should include multi-sea-
sonal sampling to assess temporal variations.

Spatial coverage was limited to five sites along a 
22.7 km stretch of the river, which may not encom-
pass all potential pollution hotspots or fully represent 
the catchment. The focus on surface water and top-
soil (0–20 cm) excluded deeper soil and groundwater, 
which could serve as additional reservoirs for metals 
or exposure routes. Furthermore, only four commonly 
cultivated vegetables were analyzed, restricting the 
generalization of bioaccumulation and health-risk 
findings to other crops.

Health-risk estimates were based on standardized 
exposure parameters that may not accurately reflect local 
dietary patterns, and carcinogenic risk models did not 
account for variations in metal speciation or combined 
effects among metal mixtures. The relatively higher 
analytical variability in plant samples (7.6–11.8%) also 
reflects natural heterogeneity and may slightly affect the 
precision of vegetable concentration estimates.

Despite these limitations, the analytical procedures, 
quality controls, and complementary indices applied pro-
vide reliable evidence for identifying priority contami-
nants and affected sites. Immediate recommendations 

Fig. 13   Carcinogenic (CR) and noncarcinogenic (HQ) risks 
from metal intake in vegetables. (A) CR values for Cd, Ni, 
Pb, Zn, and Cu, with the dashed line indicating the acceptable 

threshold (1 × 10⁻4). (B) HQ values for the same metals, with 
the dashed line representing the safety threshold (HQ = 1)
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include implementing targeted monitoring at identified 
hotspots, restricting consumption of vegetables from 
contaminated areas, and promoting soil remediation 
strategies focusing on nickel immobilization. Long-
term management should integrate improved agricul-
tural practices, pollution-source control, and community 
awareness to protect ecosystem integrity and food safety 
in mining-influenced landscapes.
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