Supplementary Table 1. Administrative regions along the Kuppam River
	State
	District
	Taluk
	Block / Municipality
	Grama Panchayat / Local body
	Villages/localities along river course

	Karnataka
	Kodagu
	Madikeri 
	Madikeri
	 Reserve Forest
	Padinalkad Ghat/headwater region

	Kerala
	Kannur
	Taliparamba
	Taliparamba Block
	Chapparapadavu GP
	Kooveri, Therandy and adjoining riverine localities

	Kerala
	Kannur
	Taliparamba
	Taliparamba Block
	Pariyaram GP
	Pariyaram, Kuppam

	Kerala
	Kannur
	Taliparamba
	Taliparamba Municipality
	Urban local body
	Taliparamba, Kuppam

	Kerala
	Kannur
	Taliparamba
	Taliparamba Block
	Pattuvam GP
	Pattuvam

	Kerala
	Kannur
	Taliparamba
	Kalliasseri Block
	Ezhom GP
	Ezhom / riverbank area

	Kerala
	Kannur
	Taliparamba
	Kalliasseri Block
	Cherukunnu GP
	Cherukunnu

	Kerala
	Kannur
	Payyannur
	Kalliasseri Block
	Madayi GP
	Payangadi / lower riverine area

	Kerala
	Kannur
	Kannur
	Kalliasseri Block
	Mattool GP
	Mattool / river mouth and estuarine area


Source: Compiled from Survey of India administrative boundaries and respective State Government administrative records.

Supplementary Table 2. Lithology, Mineralogical Composition and Potential Soil-Forming Implications(Brady & Weil, 2016; Deer et al., 2013; GSI, 2005)
	Lithology / Parent Material
	Major Minerals
	Chemical Formula
	Mineral Group
	Relative Weatherability
	Expected Secondary Minerals / Weathering Products
	Likely Influence on Soil Properties

	Acid to Intermediate Charnockite
	Quartz, K-feldspar, plagioclase, pyroxenes
	SiO₂; KAlSi₃O₈; NaAlSi₃O₈–CaAl₂Si₂O₈; (Mg,Fe)₂Si₂O₆
	Silicate
	Moderate
	Kaolinite, Fe oxides, clay minerals
	Sandy to loamy texture; Fe-rich, acidic soils possible

	Banded Iron Formation
	Quartz, hematite, magnetite
	SiO₂; Fe₂O₃; Fe₃O₄
	Silicate + Oxide
	Low–Moderate
	Goethite, hematite, secondary Fe oxides
	Fe-rich soils; red coloration; relatively low base status

	Paleo-Tidal Flat Clay
	Kaolinite, illite, smectite, quartz
	Al₂Si₂O₅(OH)₄; K₀.₆–₀.₉Al₂(Si,Al)₄O₁₀(OH)₂; SiO₂
	Clay + Silicate
	High
	Secondary clay minerals, Fe oxides
	Fine texture, high water retention; drainage may be restricted

	Clayey Sand
	Quartz, feldspar, clay minerals
	SiO₂; KAlSi₃O₈; NaAlSi₃O₈
	Silicate + Clay
	Moderate–High
	Kaolinite, Fe oxides
	Sandy-loam to loamy texture; moderate drainage

	Khondalite
	Quartz, feldspar, sillimanite, garnet
	SiO₂; KAlSi₃O₈; Al₂SiO₅; (Fe, Mg, Ca)₃Al₂Si₃O₁₂
	Silicate
	Moderate
	Kaolinite, Fe/Al oxides
	Acidic, well-drained, relatively nutrient-poor soils

	Granite Gneiss
	Quartz, feldspar, biotite
	SiO₂; KAlSi₃O₈; NaAlSi₃O₈; K(Mg,Fe)₃AlSi₃O₁₀(OH)₂
	Silicate + Phyllosilicate
	Moderate–High
	Kaolinite, Fe oxides, secondary clays
	Sandy-loam soils; good drainage; low–moderate nutrient reserves

	Active Beach Ridge (Fine Sand)
	Quartz, feldspar, mica
	SiO₂; KAlSi₃O₈; NaAlSi₃O₈; K(Mg,Fe)₃AlSi₃O₁₀(OH)₂
	Silicate
	Low–Moderate
	Kaolinite, Fe oxides
	Coarse texture, low water-holding capacity and low nutrient retention

	Grey Hornblende-Biotite Gneiss
	Quartz, plagioclase, K-feldspar, hornblende, biotite
	SiO₂; NaAlSi₃O₈–CaAl₂Si₂O₈; KAlSi₃O₈; Ca₂(Mg,Fe,Al)₅(Al,Si)₈O₂₂(OH)₂
	Silicate + Phyllosilicate
	Moderate
	Kaolinite, Fe oxides, secondary clays
	Loamy soils; moderate nutrient supply and weathering potential

	Hornblende-Diopside Gneiss
	Hornblende, diopside, plagioclase
	Ca₂(Mg,Fe,Al)₅(Al,Si)₈O₂₂(OH)₂; CaMgSi₂O₆; NaAlSi₃O₈–CaAl₂Si₂O₈
	Silicate
	Moderate–High
	Fe/Mg oxides, clay minerals
	Relatively higher Ca–Mg supply; darker soils possible

	Laterite
	Goethite, hematite, kaolinite, gibbsite
	FeO(OH); Fe₂O₃; Al₂Si₂O₅(OH)₄; Al(OH)₃
	Oxide + Clay
	Very High / Highly weathered
	Fe and Al oxides, kaolinite
	Strongly weathered, acidic, Fe/Al-rich soils; low base saturation

	Mica Schist / Schist
	Muscovite, biotite, quartz
	KAl₂(AlSi₃O₁₀)(OH)₂; K(Mg,Fe)₃AlSi₃O₁₀(OH)₂; SiO₂
	Phyllosilicate + Silicate
	Moderate–High
	Clay minerals, Fe oxides
	Micaceous soils; moderate K contribution; easily weathered along foliation

	Mylonite
	Quartz, feldspar, mica
	SiO₂; KAlSi₃O₈; NaAlSi₃O₈; KAl₂(AlSi₃O₁₀)(OH)₂
	Silicate + Phyllosilicate
	Moderate–High
	Clay minerals, Fe oxides
	Fine-textured weathering products; variable drainage

	Pyroxene Granulite
	Orthopyroxene, clinopyroxene, plagioclase, garnet
	(Mg,Fe)₂Si₂O₆; Ca(Mg,Fe)Si₂O₆; NaAlSi₃O₈–CaAl₂Si₂O₈; (Fe,Mg,Ca)₃Al₂Si₃O₁₂
	Silicate
	Moderate–High
	Fe/Mg oxides, clay minerals
	Relatively higher Ca–Mg–Fe supply; clay-rich weathering products

	Sand (Active Channel)
	Quartz, feldspar, mica
	SiO₂; KAlSi₃O₈; NaAlSi₃O₈; K(Mg,Fe)₃AlSi₃O₁₀(OH)₂
	Silicate + Phyllosilicate
	Low–Moderate
	Clay minerals, Fe oxides
	Coarse, permeable material; low nutrient and water retention

	Sandstone
	Quartz, feldspar, clay minerals
	SiO₂; KAlSi₃O₈; NaAlSi₃O₈; Al₂Si₂O₅(OH)₄
	Silicate + Clay
	Low–Moderate
	Kaolinite, Fe oxides
	Sandy, well-drained soils; generally low nutrient retention

	Sillimanite Quartzite
	Quartz, sillimanite
	SiO₂; Al₂SiO₅
	Silicate
	Low
	Minor clay and Fe oxides
	Coarse, acidic, well-drained and nutrient-poor soils



Supplementary Table 3: Classification criteria used for contamination assessment of soils in Kuppam River Basin
	Index
	Range
	Category / Interpretation
	Reference

	Contamination Factor (CF)
	CF < 1
	Low contamination
	Hakanson (1980)

	
	1 ≤ CF < 3
	Moderate contamination
	

	
	3 ≤ CF < 6
	Considerable contamination
	

	
	CF ≥ 6
	Very high contamination
	

	Geoaccumulation Index (Igeo)
	Igeo ≤ 0
	Uncontaminated
	Müller (1969)

	
	0 < Igeo ≤ 1
	Uncontaminated to moderately contaminated
	

	
	1 < Igeo ≤ 2
	Moderately contaminated
	

	
	2 < Igeo ≤ 3
	Moderately to heavily contaminated
	

	
	3 < Igeo ≤ 4
	Heavily contaminated
	

	
	4 < Igeo ≤ 5
	Heavily to extremely contaminated
	

	
	Igeo > 5
	Extremely contaminated
	

	Pollution Load Index (PLI)
	PLI < 1
	No pollution / Perfection
	Tomlinson et al. (1980)

	
	PLI = 1
	Baseline level of pollution
	

	
	PLI > 1
	Progressive deterioration of soil quality
	

	Degree of Contamination (Cd) 
	Cd < 8
	Low degree of contamination
	Hakanson (1980)

	
	8 ≤ Cd < 16
	Moderate degree of contamination
	

	
	16 ≤ Cd < 32
	Considerable degree of contamination
	

	
	Cd ≥ 32
	Very high degree of contamination
	



Supplementary Table 4. Classification criteria used for human health risk assessment
	Parameter
	Range
	Interpretation
	Reference

	Hazard Quotient (HQ)
	HQ < 1
	No significant non-carcinogenic risk
	USEPA (1989, 2011)

	
	HQ ≥ 1
	Potential non-carcinogenic health risk
	

	Hazard Index (HI)
	HI < 1
	Acceptable cumulative non-carcinogenic risk
	USEPA (1989, 2011)

	
	HI ≥ 1
	Potential adverse non-carcinogenic effects
	

	Carcinogenic Risk (CR)
	CR < 1 × 10⁻⁶
	Negligible risk
	USEPA (1989); USEPA (2011)

	
	1 × 10⁻⁶ – 1 × 10⁻⁴
	Acceptable / tolerable risk range
	

	
	CR > 1 × 10⁻⁴
	Unacceptable carcinogenic risk
	

	Total Carcinogenic Risk (TCR)
	< 1 × 10⁻⁶
	Negligible
	USEPA (1989); USEPA (2011)

	
	1 × 10⁻⁶ – 1 × 10⁻⁴
	Acceptable
	

	
	> 1 × 10⁻⁴
	Unacceptable
	



Supplementary Table 5 Exposure parameters, toxicological reference values, and exposure constants used for human health risk assessment of potentially toxic elements in soils
	Parameter
	Description
	Units
	Value (Children)
	Value (Adults)
	Source / Regulatory Reference

	Cₛ
	Heavy metal concentration in surface soil
	mg/kg (ppm)
	Site Specific
	Site Specific
	Analytical baseline data

	IngR
	Soil ingestion rate for receptor
	mg/day
	200
	100
	USEPA (2002, 1989) / USDOE (2011)

	InhR
	Inhalation rate of atmospheric soil dust
	m³/day
	7.63
	12.8
	USEPA (2002)

	EF
	Exposure frequency
	days/year
	365
	365
	USEPA (2002)

	ED
	Exposure duration
	years
	6
	30
	USEPA (2002)

	BW
	Average receptor body weight
	kg
	20.0
	70.0
	USEPA (2002 Standard Baseline)

	ESA
	Exposed skin surface area available
	cm²
	1600
	4350
	USEPA (2002)

	SAF
	Soil-to-skin adherence factor
	mg/cm²
	0.2
	0.7
	USEPA (2002)

	DAF / ABS_d
	Dermal absorption factor (matrix bound)
	unitless
	0.001
	0.001
	USEPA (2002, 2011)

	PEF
	Soil-to-air particulate emission factor
	m³/kg
	1.36 × 10⁹
	1.36 × 10⁹
	USEPA (2002)

	AT_nc
	Averaging time for non-carcinogenic hazards
	days
	ED × 365
	ED × 365
	USEPA (2002) / USDOE (2011)

	AT_ca
	Averaging time for lifetime cancer risks
	days
	25,550
	25,550
	USEPA (2002) (70 years × 365 days)




Supplementary Table 6. Toxicity Reference Values (RfD) and Cancer Slope Factors (SF) used for human health risk assessment
	Element
	Pathway
	Reference Dose (RfD, mg/kg-day)
	Non-Carcinogenic Source Reference
	Cancer Slope Factor (SF, (mg/kg-day)⁻¹)
	Carcinogenic Risk Source Reference

	Arsenic (As)
	Ingestion
	3.00 × 10⁻⁴
	USEPA IRIS (1993)
	32.0
	USEPA IRIS (2025 Assessment)

	
	Dermal
	1.23 × 10⁻⁴
	USEPA RSL Table (2026)
	3.66
	USEPA RSL Table (2026)

	
	Inhalation
	1.23 × 10⁻⁴
	USEPA RSL Table (2026)
	4.30 × 10⁻³
	USEPA RSL Table (2026)

	Chromium (Cr⁶⁺)
	Ingestion
	3.00 × 10⁻³
	USEPA IRIS (1998)
	0.50
	USEPA RSL Table (2026)

	
	Dermal
	3.00 × 10⁻³
	USEPA RSL Table (2026)
	20.0
	USEPA RSL Table (2026)

	
	Inhalation
	2.86 × 10⁻⁵
	USEPA PPRTV (2012)
	42.0
	USEPA IRIS (1998)

	Cobalt (Co)
	Ingestion
	3.00 × 10⁻⁴
	USEPA Provisional Value / RSL
	—
	—

	
	Dermal
	1.60 × 10⁻⁵
	USEPA RSL Table (2026)
	—
	—

	
	Inhalation
	5.71 × 10⁻⁶
	USEPA PPRTV (2008)
	9.80
	USEPA Provisional Value / RSL

	Nickel (Ni)
	Ingestion
	2.00 × 10⁻²
	USEPA IRIS (1996)
	1.70
	USEPA RSL Table (2026)

	
	Dermal
	5.40 × 10⁻³
	USEPA RSL Table (2026)
	42.5
	USEPA RSL Table (2026)

	
	Inhalation
	2.06 × 10⁻²
	USEPA IRIS (1996)
	0.84
	USEPA IRIS (1996)

	Lead (Pb)
	Ingestion
	1.40 × 10⁻³
	USEPA IRIS (2004)
	8.50 × 10⁻³
	USEPA RSL Table (2026)

	
	Dermal
	5.24 × 10⁻⁴
	USEPA RSL Table (2026)
	—
	—

	
	Inhalation
	3.52 × 10⁻³
	USEPA IRIS (2004)
	—
	—

	Copper (Cu)
	Ingestion
	4.00 × 10⁻²
	USEPA IRIS (1999)
	—
	—

	
	Dermal
	1.20 × 10⁻²
	USEPA RSL Table (2026)
	—
	—

	
	Inhalation
	4.00 × 10⁻²
	USEPA HEAST (1997)
	—
	—

	Zinc (Zn)
	Ingestion
	3.00 × 10⁻¹
	USEPA IRIS (2005)
	—
	—

	
	Dermal
	6.00 × 10⁻²
	USEPA RSL Table (2026)
	—
	—

	
	Inhalation
	3.00 × 10⁻¹
	USEPA IRIS (2005)
	—
	—

	Vanadium (V)
	Ingestion
	7.00 × 10⁻³
	USEPA IRIS (1996)
	—
	—

	
	Dermal
	7.00 × 10⁻⁵
	USEPA RSL Table (2026)
	—
	—

	
	Inhalation
	7.00 × 10⁻³
	USEPA IRIS (1996)
	—
	—



Supplementary Table 7. Cancer Cases reported within the basin 
	Year
	Number of Cancer Patients

	2010
	4

	2011
	12

	2012
	14

	2013
	17

	2014
	13

	2015
	11

	2016
	16

	2017
	21

	2018
	20

	2019
	34

	2020
	33

	2021
	27

	2022
	24

	2023
	17

	2024
	16

	2025
	22

	2026
	22


 
Note: Cancer case data for the study area were obtained through a Right to Information (RTI) request from the District Medical Office, Kannur, based on records reported by the concerned Taluk Hospitals and Primary Health Centers through their respective Health Inspectors.

	Element
	Target organs/systems
	Major toxicological effects
	Major health concern
	Reference

	V
	Respiratory, gastrointestinal, cardiovascular
	Respiratory irritation, cough, wheezing, bronchial inflammation, impaired pulmonary function and gastrointestinal disturbances; prolonged exposure may cause pulmonary injury.
	Predominantly respiratory toxicity, particularly following inhalation exposure.
	(ATSDR, 2012b)

	Pb
	Neurological, hematological, renal, cardiovascular
	Neurodevelopmental impairment, cognitive and behavioral changes, anemia, renal dysfunction and increased blood pressure; reproductive and developmental effects may also occur.
	Developmental neurotoxicity and cardiovascular toxicity are major concerns.
	(ATSDR, 2020)

	Ni
	Respiratory, dermal, immune
	Respiratory irritation and inflammation, impaired pulmonary function and allergic contact dermatitis; chronic exposure to certain nickel compounds is associated with respiratory tract cancers.
	Respiratory toxicity, sensitization and carcinogenicity of nickel compounds.
	(ATSDR, 2024c; IARC, 1990)

	Co
	Respiratory, hematological, endocrine
	Airway irritation, asthma, pulmonary inflammation and impaired lung function; systemic exposure may affect erythropoiesis and thyroid function.
	Respiratory toxicity and compound-specific carcinogenic potential.
	(ATSDR, 2024a; IARC, 2023)

	Cr
	Respiratory, dermal, hepatic, renal, genetic
	Cr(VI) may cause respiratory irritation, dermatitis, skin ulceration, hepatic and renal injury, and genotoxic effects.
	Cr(VI) carcinogenicity, particularly increased lung-cancer risk.
	(ATSDR, 2012a; IARC, 1990)

	Cu
	Gastrointestinal, hepatic, renal
	Excess exposure may cause nausea, vomiting, abdominal pain, and gastrointestinal irritation; high exposure can result in hepatic and renal injury.
	Dose-dependent systemic toxicity and disruption of copper homeostasis.
	(ATSDR, 2024b)

	Zn
	Respiratory, gastrointestinal, hematological, metabolic
	Excessive exposure may cause gastrointestinal disturbances; inhalation of ZnO fumes can induce metal-fume fever and pulmonary inflammation. Excess Zn may interfere with copper metabolism.
	Excess exposure and copper deficiency resulting from disrupted mineral homeostasis.
	(ATSDR, 2005)

	As
	Dermal, cardiovascular, neurological, respiratory, reproductive
	Chronic exposure to inorganic As can cause skin pigmentation and hyperkeratosis, peripheral neuropathy, cardiovascular and pulmonary effects, and developmental/reproductive toxicity.
	Established human carcinogen, associated particularly with lung, bladder and non-melanoma skin cancers.
	(ATSDR, 2007)


Supplementary Table 8. Toxicological characteristics and major human health risks associated with exposure to selected heavy metals



