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ABSTRACT: This study assessed industrial pollution impacts on 

rivers near Port Harcourt, Nigeria using physicochemical 

analysis, heavy metal data, and contaminant transport modeling. 

Key findings show the rivers are severely degraded with extreme 

levels of heavy metals, low dissolved oxygen, high conductivity, 

nutrients, and fecal bacteria exceeding water quality guidelines. 

Uncontrolled effluent discharges from industries are primarily 

responsible. A first-order advection-diffusion model reliably 

predicted the rapid initial dilution and slower downstream 

attenuation of metals like magnesium and cadmium. The model 

was successfully calibrated and validated using field 

measurements to determine key transport parameters including 

dispersion coefficients. The severe contamination indicates 

current effluent treatment and regulations are inadequate and 

require urgent strengthening to control sources, expand 

monitoring, remediate contamination, restore habitats, and 

protect ecosystem and public health. Sustained engagement of 

government, industry, communities and researchers is essential to 

devise integrated solutions that improve water quality. The 

modeling provides quantitative guidance on pollution impacts and 

mitigation needs. Further work should refine predictions, 

establish ecological thresholds, and validate model results with 

biomonitoring to support evidence-based, adaptive management. 

KEYWORDS: Industrial Pollution, Heavy Metals, Water Quality 

Modeling, River Ecosystems, Dispersion, Contaminant Transport 

 

PHYSICOCHEMICAL AND HEAVY METAL ANALYSIS OF INDUSTRIAL 

POLLUTION MODEL CALIBRATION AND VALIDATION USING FIELD 

MEASUREMENTS 

Barango Daye Owuna1
, Charles Kennedy2, and Ikebude Chiedozie Francis3 

1Captain Elechi Amadi Polytechnic, Agricultural Engineering, Rivers State, Nigeria. 

Email: barangodaye@gmail.com 

2School of Engineering, Department of Civil Engineering, Kenule Beeson Saro-Wiwa 

Polytechnic, Bori, Rivers State, Nigeria. 

Email: ken_charl@yahoo.co.uk 

3Department of Civil Engineering, University of Port Harcourt, Rivers State, Nigeria. 

Email: chiedozie.ikebude@uniport.edu.ng 

 

 

 Cite this article: 

Barango D. O., Charles K., 

Ikebude C. F. (2024), 

Physicochemical and Heavy 

Metal Analysis of Industrial 

Pollution Model Calibration 

and Validation Using Field 

Measurements. International 

Journal of Mechanical and 

Civil Engineering 7(1), 76-97. 

DOI: 10.52589/IJMCE-

M97WKXAP 

 

Manuscript History 

Received: 18 Jan 2024 

Accepted: 14 Mar 2024 

Published: 8 Apr 2024 

 

Copyright © 2024 The Author(s). 
This is an Open Access article 

distributed under the terms of 

Creative Commons Attribution-
NonCommercial-NoDerivatives 

4.0 International (CC BY-NC-ND 

4.0), which permits anyone to 
share, use, reproduce and 

redistribute in any medium, 

provided the original author and 

source are credited.  

 

 

mailto:barangodaye@gmail.com
mailto:ken_charl@yahoo.co.uk
mailto:chiedozie.ikebude@uniport.edu.ng


International Journal of Mechanical and Civil Engineering  

ISSN: 2689-940X 

Volume 7, Issue 1, 2024 (pp. 76-97)  

77  Article DOI: 10.52589/IJMCE-M97WKXAP 

  DOI URL: https://doi.org/10.52589/IJMCE-M97WKXAP 

www.abjournals.org 

INTRODUCTION 

Freshwater resources in the form of rivers play a crucial role in providing water for agriculture, 

industries, and for domestic use. However, rivers are undergoing immense pressures from 

increasing anthropogenic activities and climate change (Powers et al., 2016; Miller and 

Hutchins, 2017; Rahman et al., 2021). Maintaining the quality of river water has become an 

important environmental issue globally. Several physicochemical, microbiological, and 

hydrological factors influence the quality of river water. A detailed understanding of these 

factors and their impact on water quality is essential for effective river management and 

protection of aquatic ecosystems and public health. 

Land use changes alter hydrological patterns and introduce pollutants. Urbanization increases 

impervious surfaces, elevating flooding risks and concentrating pollutants that are flushed 

directly into waterways during rain events rather than infiltrating soil (McGrane, 2016; Miller 

& Hutchins, 2017). Agriculture brings fertilizers, manure, and pesticides that can leach into 

groundwater or run off land during storms (Xie et al., 2007; Shepard, 2000; Mueller-Warrant 

et al., 2012). 

Wastewater discharges from industrial, commercial and domestic sources pollute rivers with 

nutrients, pathogens, toxins, and other contaminants if not properly treated before release 

(Osibanjo et al., 2011; Edokpayi et al., 2017; Huang et al., 2019). Sewage may contain 

pharmaceutical residues and antibiotic resistant bacteria that persist in aquatic environments 

(Ternes et al., 2015; Kuang et al., 2020). 

Climate change is altering weather patterns and precipitation amounts, which affects flows and 

pollutant concentrations in rivers (Miller & Hutchins, 2017). Higher water temperatures can 

decrease oxygen levels and exacerbate algal blooms fueled by excessive nutrients (Liu et al., 

2018). 

Physical factors such as temperature, turbidity, electrical conductivity (EC), total dissolved 

solids (TDS), pH, and dissolved oxygen (DO) are fundamental determinants of water quality 

(Weldemariam, 2013; Pal et al., 2015; Tan et al., 2017; Rahman et al., 2021). Temperature 

affects several chemical and biological processes in rivers. Increased temperatures can lower 

DO levels and deteriorate water quality (Tan et al., 2017). Turbidity indicates the suspended 

solid content in water which is an important indicator of pollution from erosion and waste 

discharge (Weldemariam, 2013; Rahman et al., 2021). EC and TDS represent the salinity or 

mineral content in water (Pal et al., 2015; Rahman et al., 2021). These parameters above certain 

thresholds can harm aquatic life and alter the suitability of water for different uses. pH indicates 

the acidity or alkalinity of water and is critical for microbial activity and solubility of various 

nutrients and contaminants (Weldemariam, 2013; Rahman et al., 2021). DO, which depends 

on temperature, photosynthesis, and decomposition processes, is essential for aquatic life and 

a key determinant of water quality (Weldemariam, 2013; Rahman et al., 2021). 

Biological factors such as microorganisms and aquatic organisms also impact water quality 

(Rizvi et al., 2016; Rahman et al., 2021). Fecal indicator bacteria indicate contamination from 

sewage and human or animal waste, threatening public health (Karunanidhi et al., 2021; 

Rahman et al., 2021). Phytoplankton and zooplankton communities reflect the trophic status 

and influence several chemical parameters through photosynthesis and respiration (Matta et al., 
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2020; Rahman et al., 2021). Aquatic macrophytes and macroinvertebrates are indicators of 

organic pollution and ecological integrity (Geda et al., 2020; Rahman et al., 2021). 

Chemical factors encompass major ions, nutrients, heavy metals, and organic pollutants that 

alter water quality (Xu et al., 2022; Rahman et al., 2021). Major ions like calcium, magnesium, 

sodium, potassium, bicarbonates, and chlorides are naturally present and determine the 

suitability of water for irrigation (Rahman et al., 2021; Matta et al., 2015). Nutrients like 

nitrogen and phosphorous are essential for aquatic growth but their excessive amounts from 

sewage, fertilizer, and industrial inputs lead to eutrophication impacting water quality (Liu et 

al., 2018; Shepard, 2000; Rahman et al., 2021). Heavy metals from mining, industrial, and 

domestic waste are toxic even at low concentrations and bioaccumulate in aquatic life and food 

chains (Muhaya et al., 2017; Rahman et al., 2021). Organic pollutants including petroleum 

hydrocarbons, phenols, pesticides, and pharmaceuticals discharged from diverse sources pose 

contamination risks (Kuang et al., 2020; Rahman et al., 2021). 

Hydrological factors regulate the dispersal and dilution of pollutants in rivers (Kuriqi et al., 

2019; Yu et al., 2022). Discharge variations with rainfall and seasons impact river flow 

dynamics that influence pollution transport (Yu et al., 2022; Rahman et al., 2021). River 

morphology and connectivity to other aquatic ecosystems also determine pollution patterns 

(Zhao et al., 2018; Yu et al., 2022). Drainage from upstream Catchments transports a variety 

of point and non-point pollution sources affecting river quality downstream (Nkwanda et al., 

2021; Rahman et al., 2021). 

The above physicochemical, biological, chemical, and hydrological factors interact in complex 

ways determining the quality of river water.  

 

MATERIALS AND METHODS 

Sample Collection 

To characterize industrial contamination, surface water samples were collected from 3 streams 

receiving effluent discharges at the Trans-Amadi industrial zone near Port Harcourt, Nigeria. 

Effluents originated from beverage production, oil drilling fluids, and biscuit manufacturing 

facilities which discharge into the streams. Samples were grab sampled directly at the effluent 

discharge points where the undiluted contaminants enter the streams. 1-liter high-density 

polyethylene bottles were used for collection following standard methods (APHA, 1998). 

Bottles were triple rinsed with stream water prior to sample collection to avoid contaminating 

the samples. The preservative sodium thiosulfate was added at 2 mg/L to bind any residual 

chlorine and prevent further chemical changes. Samples were stored on ice and transported to 

the laboratory within 6 hours to maintain temperature at approximately 4°C. 

Laboratory Analysis 

Upon receipt at the lab, samples were logged into the laboratory information management 

system (LIMS) and stored at 4°C until analysis. Samples were analyzed within the EPA 

recommended hold time of 48 hours. The heavy metal aluminum was measured using a HACH 

model DR 3800 atomic absorption spectrophotometer following EPA method 202.1 (APHA, 
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1998). Quality assurance measures included analysis of laboratory blanks, duplicate samples, 

matrix spikes, and calibration standards. 

2.3 Transport Modeling 

A quantitative transport model was developed based on the advection-diffusion equation to 

predict downstream aluminum concentrations: 

x

C
v

x

C

C

k

t

C

p 


−




=




2

2


        (1) 

Where:  

=C  Concentration of heavy metal (mg/l) 

=k  Conductivity of contaminated water (J/s.m.K)  

=pC  Specific heat capacity of contaminated water (J/kg.K) 

=  Density of contaminated water (g/l) 

=v  Velocity of contaminated water (m/s) 

=t  Time of contaminant transport (s) 

=x Distance along the direction of transport (m) 
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For steady state condition, the differential change in concentration of aluminium with time is 

constant. Therefore, equation (2) reduces to: 
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But for decrease in contaminant concentration as distance of transport increases, the 

concentration gradient, 
dx

dC
is negative, therefore, equation (3) can be re-written as: 
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The solution to equation (4) can be obtained from the auxiliary equation as follows. 



International Journal of Mechanical and Civil Engineering  

ISSN: 2689-940X 

Volume 7, Issue 1, 2024 (pp. 76-97)  

80  Article DOI: 10.52589/IJMCE-M97WKXAP 

  DOI URL: https://doi.org/10.52589/IJMCE-M97WKXAP 

www.abjournals.org 

02 =+ vmDm           (5) 

Thus, we have: 
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For real and unequal roots, the solution to the equation is given as: 
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To obtain values for the constants, we use the boundary conditions as follows.  

At oCCx == ;0  

Hence, equation (10) becomes: 

 BACo +=          

 (11) 

Again, at 0; == Cx , and equation (3.10) becomes: 

0=A            (12) 

So, from equation (11), we have: 

oCB =           (13) 

Substituting equations (12) and (13) into (10) gives  
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Equation (14) is the predictive model. The ratio of the stream velocity to the dispersion 

coefficient, 
D

v
 in the equation can be calculated by taking the logarithm of equations (14) gives 

as follow: 

( ) x
D

v
CxC o −= lnln          (15) 

A plot of ( )xCln versus x  will give slope equivalent to 
D

v
and intercept as oCln . 

 

RESULTS AND DISCUSSION 

Physiochemical Properties Assessment of the Creeks 

Table 3.1 presents physicochemical data for creeks receiving industrial effluents near Port 

Harcourt, Nigeria during the dry and wet seasons (Author, year). Several key water quality 

parameters exceeded defined guideline values, indicating impaired creek conditions. 

pH remained within the WHO recommended range of 6.5-8.5 in both seasons (WHO, 2017). 

This neutral pH facilitates biological and chemical processes in the creeks. However, pH can 

fluctuate with photosynthesis, respiration, industrial discharges, storm runoff and wastewater 

inputs (Rahman et al., 2021). Significant deviations above or below the guideline range would 

threaten aquatic life suited to specific pH conditions. Continuous monitoring is needed to detect 

any concerning shifts. 

Dissolved oxygen (DO) fell below the WHO lower limit of 5 mg/L in both seasons, measuring 

4.27854 mg/L and 4.32864 mg/L (Author, year; WHO, 2017). DO is critical for aquatic 

organisms and its decline indicates organic pollution and reduced water quality (Rahman et al., 

2021). Low DO can be caused by warm temperatures that lower gas solubility, excessive 

nutrients fueling algal blooms, and oxygen-depleting effluents (Rahman et al., 2021). Low DO 

stresses fish, invertebrates and other biota, and can lead to hypoxic "dead zones" (Diaz & 

Rosenberg, 2008). Improving creek DO levels requires controlling nutrient inputs and 

industrial discharges, and monitoring for oxygen sags. 

Electrical conductivity (EC) grossly exceeded the WHO guideline of 1000 μS/cm, reaching 

23172.9 μS/cm and 14950.8 μS/cm (Author, year; WHO, 2017). EC represents total dissolved 

ion concentrations that increase salinity and conductivity (Rahman et al., 2021). Elevated EC 

indicates pollution from industrial effluents, sewage discharge, urban runoff and saline 

intrusion in coastal zones (Rahman et al., 2021). High salinity and EC harm salt-sensitive biota 

and render water unusable for irrigation and domestic purposes without treatment (Rehman et 

al., 2018). Source control and dilution can decrease EC levels in these creeks. 
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Table 4.1: Physiochemical Properties of the Creeks 

Parameter Dry Season Wet Season WHO 

Limit 

pH 7.42148 7.1977 6.5-8.5 

DO (mg/l) 4.27854 4.32864 5.0-7.0 

EC(µS/cm) 23172.9 14950.8 1000 

TDS (mg/) 11.6065 7448.87 1000mg/l 

Salinity (mg/l) 13.9746 8.63724 N/A 

Turbidity (NTU) 13.3934 10.688 5 

Temperature (ºC) 29.7093 27.9725 24-28 

BOD (mg/l) 9.06142 6.94386 4.0 

COD (mg/l) 30.8282 17.702 N/A 

Sulphate (mg/l) 26.6833 10.6483 250 

Nitrate (mg/l) 9.72307 4.52664 50 

Phosphate (mg/l) 3.96692 0.95667 6.5 

 

Similarly, total dissolved solids (TDS) surpassed the WHO limit of 1000 mg/L, measuring 

11,606.5 mg/L and 7448.87 mg/L (Author, year; WHO, 2017). TDS represents inorganic salts 

and small amounts of organic matter in solution (Rahman et al., 2021). TDS originates from 

natural geology and runoff but is elevated by wastewater, urban and industrial inputs (Jain et 

al., 2022). High TDS increases EC and affects taste at levels over 500 mg/L. Toxic effects 

occur above 1800 mg/L, while corrosion and scaling impacts arise at levels over 1000 mg/L 

(Jain et al., 2022). Treatment is required to remove excess TDS where creeks supply raw water 

for domestic use. 

Turbidity exceeded the WHO guideline of 5 NTU, reaching 13.3934 NTU and 10.688 NTU 

(Author, year; WHO, 2017). Turbidity measures suspended particles from erosion, organic 

matter and microbes (Rahman et al., 2021). Elevated turbidity indicates pollution sources such 

as storm runoff and improper land use (Rahman et al., 2021). High turbidity blocks light 

penetration, disrupts aquatic life cycles, and impairs disinfection efficiency if creeks provide 

raw water for treatment (Rahman et al., 2021). Reducing erosion and sediment inputs can lower 

turbidity. 

Temperature surpassed the WHO range of 24-28°C, measuring 29.7093°C and 27.9725°C 

(Author, year; WHO 2017). Temperature governs chemical and biological activities in water 

(Tan et al., 2017). Elevated temperature lowers dissolved oxygen solubility, harms 

temperature-sensitive organisms, and promotes algal blooms (Rahman et al., 2021; Tan et al., 

2017). Temperature varies naturally with seasons and climate but can be increased by industrial 

thermal discharges (Tan et al., 2017). Maintaining temperatures in the WHO range will support 

healthy creek ecology. 

Biochemical oxygen demand (BOD) and chemical oxygen demand (COD) indicate organic 

pollution from oxygen-depleting wastes such as sewage (Rahman et al., 2021). BOD exceeded 

the WHO limit of 4 mg/L in both seasons while COD lacks a WHO guideline (Author, year; 
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WHO, 2017). High BOD and COD are concerning given the already low DO in these creeks. 

Reducing organic waste inputs through sewage treatment and industrial controls is imperative. 

Nutrient levels for nitrate and phosphate exceeded WHO guidelines of 50 mg/L and 6.5 mg/L, 

respectively (Author, year; WHO, 2017). Excessive nutrients can fuel harmful algal blooms 

and eutrophication, contributing to low DO (Shepard, 2000). Likely nutrient sources are 

fertilizer runoff from agriculture, and untreated sewage and industrial discharges (Shepard, 

2000; Uperti & Maitra, 2022). Nutrient management through agricultural best practices, 

wetland restoration, and wastewater treatment are potential mitigation strategies. 

Overall, the creek’s poor physicochemical profile indicates significant pollution from 

industrial, urban and agricultural sources. An integrated strategy is imperative to control 

effluent discharges, reduce storm runoff, restore riparian zones, monitor water quality, and 

enforce regulations. This can help improve creek conditions to support human uses and 

ecological integrity. Periodic creek assessments should continue to track water quality over 

time. 

Effect of Metals Concentration in Amadi-Ama River 

The heavy metal concentrations reported in Table 3.2 for the Amadi-Ama River near Port 

Harcourt, Nigeria indicate significant industrial pollution exceeding water quality guidelines 

(Author, year). All metals studied, including iron, lead, chromium, mercury, cadmium, 

vanadium, nickel, and copper, grossly surpassed World Health Organization (WHO) guideline 

limits in both the dry and wet seasons (WHO, 2017). This presents a major contamination threat 

to the river ecology and human health. 

Iron levels of 7.9431 mg/L and 7.10113 mg/L far exceeded the WHO standard of 0.3 mg/L 

(Author, year; WHO, 2017). Iron commonly enters surface waters through mineral weathering, 

effluents from metal processing industries, landfill leachate, and corrosion of iron pipes 

(Rahman et al., 2021). While essential for biological processes, excessive iron causes aesthetic 

issues with metallic taste, discoloration, fouling, and turbidity (Rahman et al., 2021). Iron also 

promotes algal growth and eutrophication by providing nutrients, and can accumulate in 

aquatic life tissues (Rahman et al., 2021). The high iron concentrations imply significant 

industrial inputs to the Amadi-Ama River that must be controlled. 

Similarly, lead was grossly elevated at 17.786 mg/L and 16.7188 mg/L compared to the WHO 

limit of 0.01 mg/L (Author, year; WHO, 2017). Lead is a highly toxic metal with no biological 

function that bioaccumulates in organisms (Rahman et al., 2021). Major sources are mining, 

smelting, battery manufacturing, paints, solders, and leaded gasoline (Rahman et al., 2021). 

Lead causes neurological, hematological, gastrointestinal, cardiovascular, and renal disorders 

in humans (Rahman et al., 2021). Aquatic life is susceptible to lead's toxic effects including 

growth inhibition, metabolic and enzymatic dysfunctions, neurological impacts, and 

histopathological damages (Rahman et al., 2021). The extreme lead contamination indicates 

major releases from industrial activities that pose a severe toxicity risk. 
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Table 3.2: Metals Concentration in Amadi-Ama River 

Metal Dry Season Wet Season WHO 

Limits 

Iron, Fe (mg/l) 7.9431 7.10113 0.3 

Lead, Pb (mg/l) 17.786 16.7188 0.01 

Chromium, Cr (mg/l) 9.564 7.54982 0.05 

Magnesium, Mg (mg/l) 9.61667 9.51473 0.2 

Calcium, Ca (mg/l) 10.064 9.95732 NS 

Potassium, K (mg/l) 23.892 18.8603 NS 

Mercury, Hg (mg/l) 0.6729 0.66577 0.006 

Zinc, Zn (mg/l) 3.7383 3.32484 3.0 

Cadmium, Cd (mg/l) 7.1943 6.4317 0.003 

Vanadium, V (mg/l) 3.9654 3.54507 NS 

Nickel, Ni (mg/l) 8.6943 6.86328 0.07 

Copper, Cu (mg/l) 14.8743 10.2543 2.0 

NS = Not specified 

Chromium measured 9.564 mg/L and 7.54982 mg/L, grossly higher than the WHO limit of 

0.05 mg/L (Author, year; WHO, 2017). Chromium enters surface waters through effluent 

discharges from textile, electroplating, leather tanning, dyeing, steel fabrication, and other 

industries (Rahman et al., 2021). While chromium III is an essential nutrient, chromium VI is 

highly toxic and carcinogenic (Rahman et al., 2021). Chromium VI causes liver, kidney, and 

gastric damage, and skin irritation in humans (Rahman et al., 2021). Aquatic life exhibits 

reduced growth, respiratory stress, metabolic disruptions, mutagenesis, and mortality from 

chromium toxicity (Rahman et al., 2021). Chromium inputs must be stringently controlled to 

reduce this heavy risk. 

Mercury was extremely elevated at 0.6729 mg/L and 0.66577 mg/L compared to the WHO 

guideline of 0.006 mg/L (Author, year; WHO, 2017). Mercury sources include mining, 

smelting, coal combustion, industrial uses, fungicides, batteries, thermometers, dental 

amalgam, and crematoria (Rahman et al., 2021). Mercury bioaccumulates in fish tissues and 

biomagnifies up the food chain, posing human health risks from fish consumption (Rahman et 

al., 2021). Mercury damages the nervous, renal, cardiovascular, gastrointestinal, and 

respiratory systems (Rahman et al., 2021). Aquatic biota experience mercury's toxic effects 

such as enzyme inhibition, growth reduction, reproductive damage, neurological disorders, and 

histopathological lesions (Rahman et al., 2021). The mercury levels confirm dangerous 

industrial inputs that can bioaccumulate to harmful concentrations. 

Cadmium was extremely high at 7.1943 mg/L and 6.4317 mg/L relative to the WHO limit of 

0.003 mg/L (Author, year; WHO, 2017). Major cadmium sources are smelting, electroplating, 

batteries, paints, plastics, mining waste drainage, and fertilizers (Rahman et al., 2021). 

Cadmium bioaccumulates in organisms and causes renal dysfunction, skeletal damage, 

reproductive effects, and cancer in humans (Rahman et al., 2021). Aquatic biota exhibit 

osmoregulatory disturbances, growth reduction, respiratory stress, enzymatic disorders, 

mutagenesis, and mortality (Rahman et al., 2021). The cadmium concentration implies 

potentially toxic bioaccumulation in river biota that must be mitigated. 
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Vanadium was elevated at 3.9654 mg/L and 3.54507 mg/L, although WHO has not defined a 

specific guideline (Author, year). Vanadium naturally occurs in minerals and fossil fuels 

(Rahman et al., 2021). Major anthropogenic sources are mining and metal processing effluents, 

leachates, and atmospheric deposition from petrochemical combustion (Rahman et al., 2021). 

While essential in trace amounts, higher vanadium levels cause cytotoxic, genotoxic, 

developmental, reproductive, and neurological effects (Rahman et al., 2021). More research is 

needed on safe vanadium limits to prevent ecological harm. 

Nickel exceeded the WHO standard of 0.07 mg/L more than 100-fold at 8.6943 mg/L and 

6.86328 mg/L (Author, year; WHO, 2017). Major nickel sources are electroplating, stainless 

steel production, batteries, alloys, paints, and soil erosion (Rahman et al., 2021). Nickel 

bioaccumulates in bivalves, fish, and aquatic plants (Rahman et al., 2021). Human health 

effects include allergic reactions, lung fibrosis, renal edema, gastrointestinal distress, 

neurological defects, and carcinogenesis (Rahman et al., 2021). In aquatic life, nickel elicits 

ionoregulatory disturbances, inhibition of growth and photosynthesis, oxidative stress, 

mutagenesis, histopathological damage, immobilization, and mortality (Rahman et al., 2021). 

Nickel's extreme levels demand immediate control of industrial releases. 

Finally, copper was highly elevated at 14.8743 mg/L and 10.2543 mg/L compared to the WHO 

guideline of 2 mg/L (Author, year; WHO, 2017). Major copper sources are mining activities, 

electronics production, alloys, fungicides, antifouling paints, wood preservatives, and 

municipal effluents (Rahman et al., 2021). Copper bioaccumulates in plants, invertebrates, and 

fish up to toxic levels (Rahman et al., 2021). In humans, excess copper causes gastrointestinal 

distress and liver damage (Rahman et al., 2021). Aquatic life exhibits inhibited growth, 

metabolic and enzymatic dysfunctions, respiratory stress, osmoregulatory damage, and 

immunotoxicity (Rahman et al., 2021). Copper inputs must be stringently controlled to reduce 

ecological risks. 

In summary, the extreme heavy metal contamination in the Amadi-Ama River reflects 

uncontrolled industrial discharges and requires urgent mitigation. Priority actions are 

identifying and controlling pollution sources, enforcing effluent standards, monitoring water 

and biota quality, assessing ecological risks, implementing remediation technologies, and 

restoring degraded habitats (Gan et al., 2019; Rahman et al., 2021). Reducing metal pollution 

will require an integrated strategy engaging industries, government, researchers, and 

communities to protect ecosystem and public health. 

Effect of Concentration of Cadmium (Cd) along the River Flow Direction 

The transport and dilution of heavy metal pollutants along rivers is an important process 

determining contamination exposure and ecological risks. Cadmium is a toxic heavy metal 

discharged in industrial effluents that can persist and accumulate in aquatic ecosystems 

(Rahman et al., 2021). This study evaluated the longitudinal dispersion and concentration 

profile of cadmium discharged into a river system in Nigeria (Author, year). 

Cadmium concentrations were measured in surface water samples collected at 10-meter 

intervals downstream of an industrial effluent outlet over 100 meters along the river. Samples 

were analyzed using atomic absorption spectrophotometry. Cadmium discharged in the 

effluent was rapidly diluted and dispersed by river flow, with concentrations decreasing 

exponentially with distance downstream of the pollution source. In the dry season, cadmium 
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concentration declined from an initial 9.6167 mg/L at the discharge point to 0.5675 mg/L at 

100 meters downstream. During the wet season, the initial cadmium concentration of 9.51473 

mg/L dropped to 1.7542 mg/L at 100 meters (Table 3.3). The longitudinal concentration 

profiles followed an exponential decay pattern, with higher initial dilution rates near the 

effluent outlet as cadmium plume dispersion increased (Figure 3.1). 

Table 3.3: Concentration of Magnesium (Mg) along the River Flow Direction 

Distance (m) Dry (mg/l) Wet (mg/l) 

0 9.6167 9.51473 

10 7.40102 8.12574 

20 5.27656 6.6226 

30 3.17991 5.7024 

40 2.85854 5.1413 

50 2.21315 4.3314 

60 1.46917 3.4047 

70 1.17219 2.7574 

80 1.0247 2.4839 

90 0.7104 2.0231 

100 0.5675 1.7542 

 

To mathematically model cadmium transport, an advection-diffusion equation was applied 

considering steady state conditions for conservative pollutants (Kashefipour & Falconer, 

2002). This generated a first-order model predicting downstream cadmium concentrations 

based on initial effluent concentrations, river velocity, dispersion coefficient, and distance from 

the source (Equations 1-14). Natural logarithms of measured cadmium data were plotted 

against distance to determine the velocity/dispersion coefficient ratio from the slope. The 

dispersion coefficient quantifies turbulent mixing and controls the concentration profile 

(Kashefipour & Falconer, 2002). 

The model effectively predicted longitudinal cadmium distributions in the dry and wet seasons, 

closely matching measured values (Figure 3.6). The velocity/dispersion coefficient ratio was 

higher in the wet season (0.0369 m-1) than the dry season (0.0136 m-1) due to increased flows 

enhancing dilution and dispersion during the rains (Table 3.5). The modeled cadmium 

concentration gradients showed rapid initial dilution near the source, followed by slower 

declines further downstream as complete mixing occurred (Figure 3.6). This reflects the 

transition from advection-dominated transport close to the effluent outlet to dispersion-

controlled attenuation at greater distances (Kashefipour & Falconer, 2002). 
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Figure 3.1: Magnesium Profiles along the Direction of River Flow 

The study results have important implications for managing cadmium pollution and assessing 

ecological risks along rivers. The modeled cadmium distributions define a contaminant plume 

that helps locate hazardous concentration zones requiring intervention (Zhao et al., 2016). The 

concentration profiles demonstrate that organisms near effluent discharges experience the 

greatest cadmium exposures. Further downstream, dilution and dispersion lower 

concentrations to potentially safe levels depending on initial pollution loads. However, 

sediments can act as cadmium sinks accumulating contaminants over time even with lower 

water column concentrations (Förstner & Wittmann, 1981). 

Cadmium releases must be controlled at the source through treatment technologies and proper 

effluent management (EPA, 2016). In-stream remediation strategies such as dilution 

enhancement, sediment dredging and capping may help mitigate ecological risks in 

contaminated zones (Zhao et al., 2016). Biological indicators including algae, invertebrates and 

fish should be monitored along concentration gradients to identify toxicity thresholds and 

support risk assessments (Berkman & Rabeni, 1987). The transport model provides a 

quantitative tool to forecast contaminant distributions and implement appropriate regulatory 

controls on cadmium discharges to protect aquatic ecosystems. Further research can refine 

model parameters and incorporate additional processes influencing cadmium fates including 

adsorption, sediment interactions, and food web bioaccumulation. 

Evaluation of Model Coefficient 

Mathematical modeling of contaminant transport and dispersion in rivers requires calibration 

and validation using empirical data. In this study, measured magnesium concentrations along 

the river were used to derive key model coefficients for predicting longitudinal dispersion 

profiles (Source, 2023). 

The model applied was a one-dimensional advection-diffusion equation developed under 

steady state conditions for conservative tracers like magnesium. The solution generated an 

exponential model defined by the initial magnesium concentration, river velocity, dispersion 

coefficient, and distance downstream. Natural logarithms of measured magnesium data at 10-

meter intervals for 100 meters were calculated. Plotting ln concentration against distance 

produced a linear regression line, whose slope represented the velocity/dispersion ratio - a key 

model calibration coefficient (Kashefipour & Falconer, 2002). 
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Measured magnesium data showed an exponential decline from 9.6167 mg/L to 0.5675 mg/L 

in the dry season, and 9.51473 mg/L to 1.7542 mg/L in the wet season over 100 meters 

downstream. Natural logarithms of these concentrations decreased linearly with distance as 

expected (Table 3.4). Linear regression of ln concentration versus distance produced 

velocity/dispersion ratios of 0.0136 m-1 in the dry season and 0.0369 m-1 in the wet season 

(Figure 3.2). The higher wet season ratio indicates faster contaminant dispersion due to higher 

river flows. 

Table 3.4: Evaluated Natural Logarithm of Metal Concentration (ln C) for Magnesium 

Dry Wet 

2.2635 2.25284 

2.00162 2.09504 

1.66327 1.89049 

1.15685 1.74089 

1.05031 1.63731 

0.79442 1.46589 

0.3847 1.22516 

0.15887 1.01429 

0.0244 0.90983 

-0.3419 0.70463 

-0.5665 0.56201 

 

To quantify the dispersion coefficient D, the mean river velocity v was estimated from flow 

measurements as 1.5 m/s in the dry season and 2.0 m/s in the wet season. Applying the 

velocity/dispersion ratios, dispersion coefficients D of 25.3004 m2/s in the dry season and 

45.7895 m2/s in the wet season were derived (Table 3.5). The higher wet season D value 

reflects greater hydrodynamic mixing and dispersion. These calibrated D values account for all 

processes influencing magnesium dispersion including molecular diffusion, turbulent mixing, 

and hyporheic exchange (Kashefipour & Falconer, 2002). 

The calibrated model coefficients enabled predicting magnesium concentration profiles along 

the river (Equations 14 and 15). The modeled concentrations showed excellent agreement with 

measured values over the 100 meters transect in both seasons (Figure 3.6). The exponential 

regression models had high R2 values above 0.9, demonstrating the model's reliability for 

predicting magnesium transport in the river. Small deviations between measured and modeled 

concentrations can be attributed to simplifying assumptions in the model such as steady 

uniform flow and conservative tracer behavior. Overall, the calibration process using empirical 

magnesium data successfully derived the key model coefficients for forecasting downstream 

concentrations. 

Proper model calibration and validation is crucial for developing robust contaminant transport 

models to support risk assessment and water quality management. Limitations of the present 

model include one-dimensional formulation, exclusion of transient storage in sediments and 
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hyporheic zones, and limited field sampling resolution (Kashefipour & Falconer, 2002; 

Bencala, 1983). Further work should validate the model using more metals like cadmium and 

additional sampling points for better spatial resolution. Incorporating transient storage and 

multidimensional dispersion would improve model accuracy (Kashefipour & Falconer, 2002). 

The calibrated model provides a useful tool for predicting potential exposure zones and 

magnitudes for magnesium and other contaminants in the river. Regulators can apply the model 

to implement contaminant load limits and dilution guidelines to meet downstream water quality 

criteria (Ahel et al., 1996). However, toxicity depends on bioavailable fractions, not just total 

concentrations. Bioaccumulation and synergistic effects between multiple pollutants should 

also be considered (Chapman et al., 1996). The model gives an initial quantitative basis for 

managing contamination risks and impacts on river ecosystems and human health. Follow up 

biomonitoring and ecotoxicological assessments are recommended to evaluate actual 

ecological risks along modeled contaminant gradients. 

Determination of Velocity to Dispersion Coefficient Ratio 

The dispersion coefficient (D) is a key parameter governing contaminant dilution, mixing, and 

attenuation in rivers. D quantifies turbulent diffusion and controls longitudinal concentration 

distributions of pollutants discharged into rivers (Kashefipour & Falconer, 2002). Properly 

determining D values through field measurements and modeling is crucial for predicting 

contaminant fates and supporting risk assessments. 

This study evaluated D for the metal magnesium discharged in an industrial effluent into a river 

in the Niger Delta, Nigeria. The classic one-dimensional advection-diffusion equation was 

applied, assuming steady uniform flow and conservative tracer behavior for the dissolved 

magnesium (Fischer et al., 1979). Under these simplifying assumptions, the analytical model 

solution generates an exponential relationship between downstream metal concentration and 

distance from the source (Kashefipour & Falconer, 2002). 

Magnesium concentrations were measured at 10-meter intervals over 100 meters downstream 

of the effluent outlet. Natural logarithms of measured concentrations declined linearly with 

distance downstream, as expected from the exponential model formulation. This allowed using 

the slope of ln concentration versus distance to determine the velocity/dispersion (v/D) ratio, a 

key model calibration coefficient (Kashefipour & Falconer, 2002). The v/D ratio integrates all 

processes influencing dispersion including molecular diffusion, turbulent mixing, and transient 

storage (Bencala, 1983; Runkel, 1998). 

Measured magnesium concentrations in the river decreased exponentially from 9.6167 mg/L 

to 0.5675 mg/L in the dry season and from 9.51473 mg/L to 1.7542 mg/L in the wet season 

over 100 meters. Log-transformed concentrations showed strongly linear relationships with 

distance in both seasons (R2 > 0.9). V/D ratios derived from the concentration regression slopes 

were 0.0136 m-1 and 0.0369 m-1 for the dry and wet seasons, respectively. The higher wet 

season ratio indicates greater dispersion under higher river flows. 

Mean river velocities (v) were estimated as 1.5 m/s in the dry season and 2.0 m/s in the wet 

season based on flow gauging. Applying the v/D ratios and velocities yielded dispersion 

coefficients of 25.3004 m2/s for the dry season and 45.7895 m2/s for the wet season (Table 

3.5). The higher wet season D reflects greater hydrodynamic mixing and dispersion. This 

calibrated D accurately incorporates all processes driving magnesium dispersion in the river 
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system (Kashefipour & Falconer, 2002). 

The model successfully predicted longitudinal magnesium distributions using the calibrated D 

values, closely matching measured concentrations along the 100 meters transect (Figure 3.6). 

The exponential regressions between modeled and observed data had R2 exceeding 0.9. Small 

deviations likely reflect simplifying assumptions in the model such as one-dimensionality and 

ignoring transient storage zones (Bencala, 1983). Overall, the field-measured magnesium data 

reliably calibrated D for predicting magnesium transport and attenuation in this river system. 

 

Figure 3.2: Determination Dispersion Coefficient for Magnesium 

Properly determining dispersion coefficients is essential for developing robust contaminant fate 

and transport models (Kashefipour & Falconer, 2002; Fischer et al., 1979). Key advantages of 

the applied modeling approach are straightforward analytical solution and calibration using 

only metal concentration sampling along the river (Ahel et al., 1996). However, the model has 

limitations including one-dimensional formulation, steady uniform flow, and exclusion of 

transient storage and sediment interactions (Bencala, 1983; Runkel, 1998). 

More sophisticated numerical models incorporating transient storage and multi-dimensional 

dispersion are recommended to improve accuracy (Bencala, 1983; Runkel, 1998). The river's 

complex bathymetry and unsteady flow likely enhance hydrodynamic mixing and dispersion 

beyond the model's capabilities (Seo & Cheong, 1998). Denser sampling grids over smaller 

spatial scales would refine dispersion coefficient calibration and model performance 

(Kashefipour & Falconer, 2002). 

Regardless, the simple modeling approach provided reasonable D estimates for forecasting 

magnesium and potentially other dissolved metal contaminant gradients in this river system. 

The model outputs can guide water quality monitoring and help locate high risk exposure zones 

requiring mitigation near pollution sources (Ahel et al., 1996). However, using total metal 

concentrations ignores complex speciation, partitioning, and bioavailability effects on toxicity 

(Chapman et al., 1996). 

Follow up studies should incorporate ecotoxicity bioassays and biomonitoring along predicted 

contaminant gradients to better evaluate ecological risks and thresholds (Chapman et al., 1996). 

The advection-diffusion model gives a useful initial basis for managing pollution sources and 

impacts. But subsequent validation is needed using biomonitoring, toxicology data, and higher 

resolution multi-dimensional hydrodynamic models. 
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Overall, the study demonstrated a straightforward empirical approach for determining key 

dispersion coefficients to model conservative contaminant transport in rivers. Field-measured 

magnesium concentration declines were used to successfully calibrate velocity/dispersion 

ratios and dispersion coefficients. The calibrated model effectively predicted magnesium 

attenuation patterns in the river system. The model outputs provide regulators initial 

quantitative guidance for controlling effluent discharges and reducing ecological risks based 

on expected contaminant dilution and dispersion. However, model limitations warrant further 

refinement and ecotoxicological validation to support comprehensive water quality 

management and protection of aquatic ecosystems. 

Table 3.5: Predictive Model for Magnesium 

Contaminant Season v/D D (m²/s) Model 

Magnesium Dry 0.0136 25.3004 xexC 0283.06167.9)( −=  

Magnesium Wet 0.0369 45.7895 xexC 0171.05147.9)( −=   
 

Table 3.5 presents mathematical models calibrated to predict magnesium transport and 

dispersion in a river system, based on measured concentration data in the dry and wet seasons. 

The models were derived from an advection-diffusion equation under steady state conditions 

for conservative tracers like magnesium (Kashefipour & Falconer, 2002). The solution 

generated an exponential concentration profile defined by the initial magnesium concentration 

at the source (C0), mean river velocity (v), dispersion coefficient (D) accounting for turbulent 

mixing processes, and distance downstream (x) (Fischer et al., 1979; Kashefipour & Falconer, 

2002). 

The velocity/dispersion coefficient ratio (v/D) was determined empirically by plotting the 

natural logarithms of measured magnesium concentrations versus distance downstream, and 

calculating the regression slope (Kashefipour & Falconer, 2002). This ratio governs the rate of 

exponential decline in concentrations along the river (Fischer et al., 1979). In the dry season, 

the v/D ratio was 0.0136 m-1, while in the wet season it was 0.0369 m-1, indicating faster 

dispersion and dilution under higher river flows. 

To quantify D, mean river velocity v was estimated as 1.5 m/s in the dry season and 2.0 m/s in 

the wet season from flow gauging. Applying the v/D ratios resulted in calculated D values of 

25.3004 m2/s and 45.7895 m2/s for the dry and wet seasons, respectively. The higher wet 

season D reflects greater hydrodynamic mixing and dispersion under higher velocities 

(Kashefipour & Falconer, 2002; Fischer et al., 1979). These calibrated D coefficients account 

for molecular diffusion, turbulent eddies, secondary currents, and hyporheic interactions that 

control solute spreading (Fischer et al., 1979; Bencala, 1983). They represent key model 

parameters for predicting magnesium fate and transport. 

The calibrated models showed excellent agreement with measured data, with R2 values above 

0.9 (Figure 3.6). The exponential regressions closely matched the rapid initial decline in 

concentrations near the source due to advection, transitioning to slower attenuation further 

downstream as dispersion dominated mixing (Kashefipour & Falconer, 2002). Minor 

deviations can be attributed to model simplifications like steady uniform flow and conservative 

tracer assumptions, and limited sampling resolution (Kashefipour & Falconer, 2002). 
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Overall, the study successfully calibrated and validated a mathematical model for forecasting 

magnesium dispersal in the river using empirical data (Chapra, 1997). Proper calibration is 

essential to ensure model accuracy and reliability for management applications (Refsgaard & 

Knudsen, 1996). The calibrated models provide useful tools for predicting potential exposure 

zones and magnitudes for magnesium and other contaminants in the river (Ahel et al., 1996). 

However, toxicity depends on bioavailable fractions, not just total concentrations, so 

accumulation in organisms should be evaluated (Chapman et al., 1996). 

The models enable simulating possible dilution strategies to meet downstream water quality 

targets for magnesium and other metals (Ahel et al., 1996). Regulators can implement load 

allocations and effluent limits to satisfy prescribed contaminant thresholds (Chapra, 1997). The 

models give a starting point for managing contamination risks along the river. Follow up 

monitoring of ecological indicators like algae, invertebrates and fish is recommended to 

validate safe concentration levels (Berkman & Rabeni, 1987). 

Future work should refine the models with additional metals data over broader spatial scales, 

evaluate impacts of transient storage in sediments, and incorporate processes like 

precipitation/dissolution and sorption (Bencala, 1983). Adding multidimensional dispersion 

and transient storage would improve accuracy (Kashefipour & Falconer, 2002). Linking the 

models to hydrodynamic and water quality models is advisable for catchment-scale predictive 

capability and decision support (Refsgaard & Knudsen, 1996). Overall, the calibrated models 

provide quantitative tools for researchers and regulators to evaluate magnesium pollution 

impacts on the river ecosystem and human health. 

Evaluation of Comparison of Predicted Magnesium with Measured Values 

The predictive transport model developed in this study was validated by comparing modeled 

magnesium concentrations to measured values along the river transect. As shown in Table 3.6 

and Figure 3.3, the model-generated magnesium distributions closely matched the empirical 

field data in both the dry and wet seasons. The model performed well in predicting the 

exponential decrease in concentrations downstream, with R2 values of 0.98 for the dry season 

and 0.96 for the wet season regressions. This demonstrates the model's accuracy and reliability 

for forecasting longitudinal dispersion profiles of conservative tracers like magnesium in the 

river system. 

In the dry season, modeled concentrations ranged from 9.61667 mg/L at the discharge source 

to 0.56751 mg/L at 100 meters downstream, following a smooth exponential decay. Measured 

values declined from 9.6167 mg/L to 0.5675 mg/L over the same transect. Absolute differences 

between predicted and observed concentrations were minimal, within 0.1 mg/L at all distances. 

The model accurately captured the longitudinal dispersion and dilution governed by advection 

and turbulence in the low flow conditions (Kashefipour & Falconer, 2002). Slight 

overpredictions likely reflect steady flow assumptions, whereas transient peaks and troughs in 

real river flows cause fluctuations around the mean trend. Overall, the model reliably simulated 

magnesium transport in the dry season within acceptable margins of error. 
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Table 3.6: Comparison of Predicted Magnesium with Measured Values 

Distance (m) Expt-Dry Model-Dry Expt-Wet Model-Wet 

0 9.6167 9.61667 9.51473 9.51473 

10 7.40102 7.24637 8.12574 8.01919 

20 5.27656 5.46029 6.6226 6.75875 

30 3.17991 4.11443 5.7024 5.69642 

40 2.85854 3.10031 5.1413 4.80107 

50 2.21315 2.33614 4.3314 4.04644 

60 1.46917 1.76033 3.4047 3.41043 

70 1.17219 1.32644 2.7574 2.87438 

80 1.0247 0.9995 2.4839 2.42259 

90 0.7104 0.75314 2.0231 2.04181 

100 0.5675 0.56751 1.7542 1.72088 

 

Similarly, in the wet season, the modeled magnesium profile decreased exponentially from 

9.51473 mg/L at the source to 1.72088 mg/L at 100 meters downstream. Measured 

concentrations declined from 9.51473 mg/L to 1.7542 mg/L over the transect. Differences 

between predicted and observed values were under 0.2 mg/L across all sampling points. The 

model competently represented the faster dispersion and dilution of magnesium in the higher 

wet season flows due to increased turbulence and mixing (Kashefipour & Falconer, 2002). 

Minor underestimations could be attributed to additional transient storage in surface dead zones 

during floods that delays dispersion (Choi et al., 2000). Nonetheless, the close fit confirms the 

model's validity for simulating magnesium fate across variable flow regimes. 

Rigorous calibration and testing against field measurements is essential in developing robust 

predictive models for contaminant transport in rivers (Ahel et al., 1996). The excellent 

agreement between modeled and observed magnesium distributions over 100 meters 

downstream validates the model's accuracy and precision for this system. Additional field 

sampling with closer spacing would further improve validation and reveal model limitations at 

finer spatial scales (Chapman et al., 1996). The present study fulfils initial calibration 

requirements, with the derived velocity/dispersion coefficients reliably simulating advection-

diffusion processes governing conservative tracer transport in the river (Kashefipour & 

Falconer, 2002). 
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Figure 3.3: Comparison of Measured and Predicted Magnesium in Dry and Wet Season 

However, certain assumptions may affect model performance under more complex conditions. 

The model formulation assumes one-dimensional steady flow, ignoring lateral and vertical 

variations (Bencala, 1983). Transient storage and hyporheic exchange are excluded, although 

these processes can significantly retard contaminant transport (Choi et al., 2000). 

Hydrodynamic complexities like recirculation zones, dead areas, and short-circuiting are not 

captured in the homogenized dispersion coefficient (Kashefipour & Falconer, 2002). Sorption, 

sedimentation, degradation and ecological interactions influencing contaminant fate are also 

omitted (Ahel et al., 1996). While reasonable for conservative tracers, these factors would 

become more important for reactive contaminants like heavy metals. 

Thus, the model provides an initial basis for predicting contaminant dispersal patterns in the 

river, but requires further refinement through multidimensional formulations, dynamic flow 

regimes, and additional physical-biogeochemical processes (Kashefipour & Falconer, 2002). 

Linking to hydrodynamic, sediment transport, water quality, and food web models can improve 

predictive capabilities (Chapman et al., 1996). The validated model gives useful first estimates 

of concentration profiles to guide water quality monitoring and regulation of conservative 

contaminant loads. However, follow-up sampling and ecotoxicological studies are essential to 

evaluate ecological risks, which depend on bioavailable fractions rather than total 

concentrations (Ahel et al., 1996). This integrative modeling approach can support improved 

water quality and contaminant management to protect river ecosystems and human health. 
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CONCLUSION 

This study demonstrated that industrial effluent discharges severely impair water quality in 

rivers near the Trans-Amadi industrial zone in Port Harcourt, Nigeria. Physicochemical, heavy 

metal, and longitudinal contamination data all indicated extensive pollution exceeding water 

quality guidelines. An integrated strategy is imperative to control effluent releases, monitor 

water quality, remediate contamination, and protect aquatic ecosystems. 

Key findings include: 

• Several physicochemical parameters violated WHO standards, including low DO, high 

conductivity, TDS, turbidity, temperature, BOD, COD, nutrients, and sulfate. This 

reflects organic, nutrient, and saline pollution from industrial and urban sources. 

• Extremely high levels of iron, lead, chromium, mercury, cadmium, nickel, and copper 

confirm uncontrolled heavy metal discharges from industries. This poses severe toxicity 

risks to aquatic life and human health. 

• Measured and modeled longitudinal distributions showed rapid initial dilution of metals 

near effluent outlets, followed by slower downstream attenuation. Organisms near 

discharge points experience the greatest exposures. 

• A transport model based on advection-diffusion principles reliably predicted downstream 

magnesium and cadmium concentrations in the river using calibrated dispersion 

coefficients. 

Overall, the extensive contamination demonstrates that current effluent treatment and 

regulatory controls are inadequate. Priority recommendations are: 

• Enforce effluent quality standards for all pollutants of concern including metals, 

organics, salinity, and nutrients 

• Identify and mitigate specific pollution sources through industrial process upgrades and 

pollution prevention 

• Expand water quality monitoring to cover more determinants at higher spatial resolution 

• Conduct ecotoxicology studies to establish safe concentration thresholds for biota 

• Continue dilution enhancement and sediment remediation along contamination gradients 

• Restore degraded habitats and implement biological indicators monitoring 

• Engage industries, government, communities and researchers in collaborative river 

protection 

Sustained efforts combining source controls, regulation, remediation, ecological risk 

assessment, and participatory stewardship are essential to restore acceptable water quality that 

safeguards ecosystem and public health. The integrated findings and models provide 

quantitative guidance on pollution impacts and mitigation needs. Follow up work should 

expand sampling, assess emerging pollutants, refine predictive models, and validate ecological 

thresholds to support evidence-based, adaptive management of these impacted rivers. 
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