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Abstract 

Addressing contemporary and future public health challenges necessitates a comprehensive understanding of the 

role of soils, particularly in relation to the rising incidence of Chronic Kidney Disease of Unknown etiology 

(CKDu) in Sri Lanka. This study investigates the spatial distribution patterns of nephrotoxic heavy metals in soils 

within CKDu-endemic regions, employing spatial interpolation and spatial autocorrelation analyses to inform 

evidence-based policy development for disease prevention. The concentration hierarchy of heavy metals in soils 

from CKDu-affected areas was observed as Zn > Cu > Pb > As > Cr > Cd. Notably, the levels of Cd, Pb, and 

Cr were significantly elevated in hotspot regions compared to reference (non-endemic) sites. Spatial analysis using 

Global Moran’s Index (MI) revealed a clustered distribution of cadmium (MI = 0.3145), particularly in areas 

under paddy cultivation, suggesting a strong association between agricultural practices and cadmium 

accumulation. In contrast, Pb, As, and Cr exhibited more randomized spatial distributions at comparatively lower 

concentrations. These findings underscore the critical concern of heavy metal accumulation—especially 

cadmium—in agricultural soils and its potential entry into the human food chain via rice cultivation. The 

implications for public health are profound, highlighting the need for targeted soil management and agricultural 

interventions as part of a sustainable strategy to mitigate CKDu prevalence in Sri Lanka. 
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Introduction 

The soil system plays a fundamental role in terrestrial 

ecosystem functioning, particularly through its capaci- 

ty to store and transmit water, which regulates both 

plant-available water and the transport of environ- 

mental pollutants to surface and groundwater resour- 

ces. However, the accumulation of toxic substances— 

such as heavy metals/metalloids, radioactive isotopes, 

and organic xenobiotics—in soils has raised critical 

concerns due to their persistence, bioaccumulation 

potential, and adverse impacts on ecosystem and hu- 

man health (Brevik et al., 2015). Given these implica- 

tions, soil is increasingly recognized as a finite and 

non-renewable natural resource on a human timesca- 

 

le (Robinson et al., 2014), warranting systematic 

scientific investigations into its potential linkages with 

public health outcomes. Since the mid-1990s, Sri 

Lanka has witnessed the emergence of a distinct form 

of chronic kidney disease of uncertain etiology 

(CKDu), predominantly affecting rural agrarian 

populations in the upper dry zone, with recent reports 

indicating an expansion into the lower dry zone 

(Wijewickrama et al., 2019). Unlike conventional 

CKD, CKDu manifests in the absence of traditional 

etiological factors, such as diabetes mellitus and hy- 

pertension, suggesting environmentally mediated 

pathogenesis. The spatial clustering of CKDu, its 

confinement largely to farming communities, and the 
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renal histopathological findings strongly implicate 

chronic exposure to environmental nephrotoxicants, 

potentially derived from soil-related pathways, in the 

disease’s onset and progression. Despite extensive 

epidemiological and environmental research, the 

etiology of CKDu remains unresolved, highlighting 

the necessity to investigate multifactorial and context- 

specific soil exposures. Comparative analyses between 

CKDu-endemic and non-endemic areas under similar 

geoclimatic and agroecological conditions could 

provide valuable insights into the geochemical and 

anthropogenic factors influencing disease distribution. 

Existing research on soil–health interrelationships 

remains scarce, fragmented, and poorly integrated, 

underscoring the need for a holistic and multidi- 

sciplinary framework that encompasses diverse eco- 

nomic, geographic, and environmental contexts 

(Brevik and Burgess, 2012). To accurately characterize 

soil nephrotoxicity and its spatial associations with 

CKDu prevalence, the adoption of advanced 

geospatial analytical approaches, such as spatial inter- 

polation, spatial autocorrelation, and geostatistical 

modeling, is imperative. These methods offer superior 

resolution over traditional statistical analyses, enabling 

the identification of spatial heterogeneity, exposure 

gradients, and potential causative hotspots (Wang and 

Luo, 2012). Such integrative analytical frameworks 

can substantially contribute to unraveling disease 

etiologies and provide a scientific basis for predictive 

modeling and preventive policy formulation, 

particularly targeting vulnerable rural populations 

disproportionately affected by CKDu. 

 

Methodology 

Study areas and site selection 

Girandurukotte Grama Niladhari Division (GND) 

[81.020176E, 7.465041N], Badulla district, Uva 

province, Sri Lanka (Fig.1a) was identified for the 

sampling as the CKDu endemic area according to the 

data of the Ministry of Health and Nutrition, Sri 

Lanka. Dambethalawa GND [81.51630E, 7.309013N] 

(Fig.1b), Ampara district was selected as the reference 

site where no CKDu cases have been reported but 

have similar climate conditions, which are present in 

the selected CKDu prevalence area. The Giranduru- 

kotte area is a significant CKDu hotspot due to its 

long-standing dependence on intensive paddy cultiva- 

tion, where continuous use of phosphate fertilizers 

and agrochemicals has led to elevated heavy metal 

accumulation in soils and water sources. Moreover, its 

semi-arid climatic conditions and reliance on shallow 

groundwater for drinking and irrigation enhance 

human exposure to nephrotoxic elements, making it a 

critical region for CKDu research and mitigation. 

Sample collection 

Soil/Sediment sample collection and pH-EC 
measurements. Thirty (30) soil samples were collec- 

ted from each GND using the supervised classifica- 

tion of ArcMap 10.8 software with the latest Arial 

satellite images and 10 composite sediment samples 

were collected from Ulhitiya reservoir within the 

CKDu hotspot. The suspensions (1:2 soil-deionized 

water) were prepared using collected soil samples 

separately and the pH and EC of the samples were 

measured using a calibrated multi-parameter. 

Preparation and analysis of heavy metals in soil 

samples 

Each soil or sediment sample was digested using 

ETHOS EASY microwave digester by adding concen- 
 

Figure 1. Maps showing the sampling areas with sampling 

points of (a) Girandurukotte GND (CKDu hotspot), Badulla 

district, Uva province, and (b) Dambethalawa GND (the 

reference), Ampara district, Sri Lanka. 
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trated HNO3. The concentrations of heavy metals in 

digested soils were determined using Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS-7800- 

Agilent, Germany). Multi-element ICP-MS standards 

(AccuStandard, USA) were used for instrumental 

calibration and a set of calibration solutions was 

prepared, including 100.00, 500.00, 1000.00, and 

2000.00 μg/L for metal analysis of digested 

soil/sediment samples. 

Statistical data analysis and Geo-statistical 

analysis 

Descriptive, parametric, and non-parametric statistical 

analyses were conducted using SPSS software to 

evaluate variations and relationships among measured 

parameters. Spatial interpolation of heavy metal distri- 

butions was performed using the Inverse Distance 

Weighted (IDW) algorithm, providing a continuous 

spatial representation of concentration gradients. 

Furthermore, spatial autocorrelation analysis employ- 

ying Moran’s Index (MI) within ArcMap 10.8 was 

utilized to assess the degree and pattern of spatial 

clustering or dispersion of heavy metals across the 

study area. 

Results and Discussion 

Soil physicochemical parameters and elemental com- 

position play a critical role in determining the environ- 

mental behavior and bioavailability of potential ne- 

phrotoxicants within agroecosystems. Variations in 

soil pH, electrical conductivity, and heavy metal/ 

metalloid content can profoundly influence metal spe- 

ciation, solubility, and mobility—ultimately affecting 

plant uptake, trophic transfer, and human exposure 

pathways. Therefore, understanding the geochemical 

signatures of soils in CKDu-prevalent regions is 

essential for elucidating the potential environmental 

contributions to disease etiology and spatial risk dif- 

ferrentiation between endemic and non-endemic 

areas. The pH of soil samples collected from the Gi- 

randurukotte Grama Niladhari Division (GND) exhi- 

bited substantial variability, ranging from 4.27 to 8.31, 

with a mean value of 6.25, whereas the reference soils 

recorded a mean pH of 5.12, reflecting moderate to 

slightly acidic conditions. Such variability may arise 

from leaching of base-forming cations (Ca²⁺, Mg²⁺), 

decomposition of organic residues, or the application 

of synthetic agrochemicals, all of which can alter soil 

acid–base equilibria and buffering capacity. The mean 

electrical conductivity (EC) of soils in the CKDu 

hotspot was 137.74 μS/cm, significantly higher than 

that of the reference soils (58.85 μS/cm, p = 0.003). 

Elevated EC levels are indicative of a higher ionic load 

in the soil solution, possibly resulting from fertilizer 

accumulation, irrigation practices, or natural geoche- 

mical processes that enhance solute migration and salt 

enrichment. Heavy metal and metalloid analyses 

revealed the predominance of Pb, Cr, As, Zn, Cd, and 

Cu in soils of the CKDu hotspot. Among these, Zn 

and Cu—both dietary essential trace elements—were 

present at notably elevated concentrations, with mean 

values of 2267.13 ±1.53 mg/kg and 99.43 ±2.83 

mg/kg, respectively. The order of heavy metal abun- 

dance in soils followed the sequence Zn > Cu > Pb > 

As > Cr > Cd, indicating the dominance of Zn and 

Cu, and comparatively lower levels of Cd within the 

In contrast, nonessential toxic elements were also pre- 

sent in considerable amounts, with mean concen- 

trations of Pb (24.65 ±2.19 mg/kg), Cd (2.10 ±0.49 

mg/kg), As (39.52 ±6.90 mg/kg), and Cr (36.40 ± 

4.59 mg/kg). CKDu hotspot. Statistical analysis con- 

firmed significantly higher concentrations of Cd, Pb, 

and Cr in the Girandurukotte soils compared to the 

reference (p < 0.05), with respective p-values of 0.017, 

0.024, and 0.426. Although mean concentra-tions of 

most metals remained below the maximum allowable 

concentrations (MACs) stipulated in inter-national soil 

quality standards (Table 1), As and Zn exceeded the 

permissible limits in both study loca-tions, suggesting 

potential ecological and public health relevance. 

 
Table 1 

Comparison of concentrations of the selected 

heavy etal/metalloids in soils collected from the 

CKDu hotspot with the reference and maximum 

allowable concentration (MAC) values. 

 
SD: standard deviation, MAC: maximum 

allowable concentrations (Kabata- 

Pendias, 2011). Metal values are reported 

in mg/kg, p-value generated from paired 

t-test performed on the data set 
 

 

 

Content in the CKDu 

hotspot (mg/kg) 

Content in the 

reference (mg/kg) 
 

MAC 
P- 

value 
Mean ±SD Mean ±SD  

2.10 0.49 0.70 0.03 1-5 0.017 

24.65 2.19 12.36 1.05 20-300 0.024 

39.52 6.90 31.21 4.47 15–20 1.240 

36.40 4.59 15.90 2.35 50-200 0.426 

2267.13 1.53 2164.22 2.47 100-300 0.620 

99.43 2.83 93.48 1.73 60-150 1.380 
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Spatial interpolation analysis further demonstrated 

distinct spatial variability in heavy metal distribution. 

The Cd content across the Girandurukotte region 

ranged from 0.5020 to 5.4988 mg/kg, with the highest 

concentration recorded at sampling location GD-4 

(Fig. 2b). Similarly, Pb concentrations ranged from 

10.0341 to 82.6672 mg/kg, with GD-25 exhibiting the 

maximum Pb accumulation (Fig. 2a). These localized 

enrichment zones likely reflect the combined influen- 

ce of anthropogenic inputs, soil geochemical hete- 

rogeneity, and hydrogeological transport mechanisms, 

which together modulate the spatial distribution and 

potential bioavailability of nephrotoxic metals within 

CKDu-affected landscapes. Arsenic content in soil 

ranged between 15.9245 mg/kg to 74.3527 mg/kg, 

and GD-4, GD-5, GD-6, GD-18, and GD-23 

sampling points were shown the highest Arsenic 

concentrations in the soil of the CKDu hotspot (Fig. 

2c). Furthermore, the highest soil Chromium content 

was found in the GD-23 sampling location, and the 

Cr content in the area was ranged between 11.0242 

mg/kg to 147.1613mg/kg (Figure 2d). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. Spatial distribution patterns of (a) Lead (b) Cadmium and (c) Arsenic and (d) Chromium in the CKDu hotspot by Inverse 

Distance Weighted (IDW) Interpolation for soil analysis. 

 

Local geo-statistics like the IDW tool assess each 

feature within the context of neighboring elements. 

Therefore, global geo-statistics like the Spatial 

Autocorrelation (Global Moran's I) tool should be used 

to evaluate the overall pattern and trend of the  data. 

They are most effective when the spatial distribution is 

more or less consistent across the study area. The 

spatial autocorrelation tool in ArcMap 10.2.2 helps 

understand the degree to which one object is similar to 

other nearby objects based on both feature locations 
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Studying the composition of surface sediments of the 

aquatic environment allowed us to understand the 

terrestrial materials' fate transported into a basin and 

the factors responsible for controlling the distribution 

and geochemistry of sediments. The spatial distribution 

depends on hydrodynamic conditions, type of deposits, 

and metal sources. Moreover, the shape of the reservoir 

and the biochemical processes modify the heavy metal 

deposition. However, according to the IDW interop- 

lation, which was estimated by ArcMap software for 

the sediments in both reservoirs (Figure 04), the 

detected heavy metal loads in bottom sediments were 

high in Ulhitya reservoir (ND (Not detected (>LOD) 

range to 80.0000 mg/kg) than the reference (Namaloya 

reservoir) (ND (>LOD) range to 20.0000 mg/kg). The 

highest concentrations of As and Cr have been 

detected generally in the vicinity of agricultural runoff 

inflow in both reservoirs. Interestingly, Ulitiya reservoir 

sediments showed an inverse spatial pattern for Cd and 

Pb compared with the reference, and sediment Pb and 

Cd in Ulhitiya were detected in significantly deficient 

levels than As and Cr. The binding of these metals with 

organic matter and minerals, mainly clay in bottom 

sediments, can minimize their toxicity. However, heavy 

metals are not permanently bound to sediments, and 

they may be released into the water column when the 

environmental conditions change (e.g., temperature and 

pH) or when sediments undergo other physical or 

biological disturbances. Furthermore, reservoir con- 

struction generally leads to increased residence time, 
 

 

 

Figure 3. Spatial autocorrelation results with Global Moran’s Indexes of (a) Lead (b) Cadmium and (c) Arsenic and (d) Chromium in the 

CKDu hotspot for soil analysis. 
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resulting in high accumulations of heavy metals in 

sediments. These can be the reasons associated with 

the low levels of Cd and Pb in Ulhitiya sediments. 

These interactions can complicate heavy metal 

transport and increase the ecological risk of secondary 

pollution. Consequently, it is crucial to analyze bottom 

deposits from reservoirs for heavy metals to support 

environmental management, particularly for sediments 

from drinking water reservoirs. Therefore, it is vital to 

investigate heavy metal pollution and assess the asso- 

ciated pollution sources and ecological risks from 

reservoir sediments. Spatial autocorrelation analysis 

revealed distinct distributional patterns of heavy metals 

across the study area, reflecting both natural 

geochemical processes and anthropogenic influences. 

The spatial pattern of Cd demonstrated a tendency to 

cluster within paddy cultivation zones, indicating a 

strong association between Cd accumulation and 

agricultural practices. This clustering suggests that Cd 

enrichment in soils may result from repeated agroche- 

mical inputs, such as fertilizers and pesticides, that 

inadvertently introduce Cd as a contaminant. In 

contrast, Moran’s Index values for Pb, As, and Cr indi- 

cated a random or evenly distributed spatial pattern 

across the landscape. Such uniformity may be attribu- 

ted to geogenic mineral composition, irrigation with 

contaminated reservoir water, or aerosol-mediated 

deposition of particulate-bound metals, all of which 

contribute to a diffuse background distribution rather 

than localized hotspots. The observed heavy metal/ 

metalloid contamination in soils poses significant eco- 

logical and public health implications. Exposure 

pathways include direct ingestion or dermal contact 

with contaminated soils, uptake through the soil–plant– 

human and soil–plant–animal–human food chains, and 

consumption of polluted groundwater (Ling et al., 

2007; McLaughlin et al., 2000). Moreover, elevated soil 

metal concentrations can lead to phytotoxicity, thereby 

reducing crop yield, nutritional quality, and marketa- 

bility, while indirectly compromising food safety. Long- 

term human exposure to trace concentrations of toxic 

metals through multiple pathways may lead to 

bioaccumulation, which can adversely affect renal 

physiology and contribute to the development of 

chronic non-communicable diseases, notably chronic 

kidney disease of uncertain etiology (CKDu) in rural a- 

 

Figure 4 

Spatial distribution of (a) 

Cadmium and (b) Lead 

contents in Ulhitiya reservoir in 

Girandurukotte area; the 

CKDu hotspot of the study 
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gricultural populations. Agriculture, particularly paddy 

cultivation, exerts a major anthropogenic influence on 

soil geochemistry within the study region. Paddy crops 

require adequate levels of macronutrients (N, P, K, S, 

Ca, and Mg) and micronutrients, including Cu and Zn, 

for optimal growth. In many tropical soils deficient in 

these essential elements, micronutrient-enriched fertili- 

zers are commonly applied (Arao and Ae, 2003). Ho- 

wever, commercial fertilizers—especially phosphate- 

based fertilizers—often contain trace impurities of 

toxic metals such as Cd and Pb (Maslin and Maier, 

2000). Continuous use of such fertilizers can lead to a 

progressive buildup of these elements in agricultural 

soils over time. Moreover, the use of certain phospha- 

tic fertilizers inadvertently increases soil concentrations 

of Cd and Pb, as well as other potentially hazardous 

metals (Karatas et al., 2007). Additional sources of 

metal dispersion include industrial and thermal pro- 

cesses, during which metals such as As and Pb may 

volatilize at elevated temperatures and subsequently 

condense as fine particulate oxides, particularly under 

oxidizing atmospheric conditions (USEPA, 2002). 

These particulates can undergo long-range atmospheric 

transport, contributing to the spatially uniform 

deposition of As and Pb observed in the study. Such 

atmospheric redistribution mechanisms may, therefore, 

explain the evenly distributed spatial patterns of these 

metals, contrasting with the localized Cd clustering 

associated with agricultural fields. Although the precise 

etiology of CKDu remains unresolved, the current 

findings support the hypothesis of a multifactorial ori- 

gin involving environmental nephrotoxicants, occupa- 

tionnal exposure, and socio-ecological determinants. 

Agricultural workers in CKDu-endemic areas may 

experience chronic low-dose exposure to metal mix- 

tures through contaminated soil, water, and food, 

resulting in cumulative renal toxicity over time. 

Understanding the chemical speciation, environmental 

behavior, and bioavailability of these metals is essential 

for identifying their toxic potential and for developing 

effective remediation and mitigation strategies. The fate 

and mobility of heavy metals in soils are governed 

primarily by their chemical form and speciation 

(McLaughlin et al., 2000). Metals incorporated into 

silicate minerals typically represent the geogenic 

background fraction, posing limited environmental risk, 

whereas those present as exchangeable ions, carbonate- 

or phosphate-bound forms, or organometallic 

complexes are more labile and bioavailable. Metals 

associated with soil organic matter or adsorbed onto 
mineral surfaces can participate in ion-exchange reac- 

tions, influencing their migration to groundwater and 

plant uptake. Hence, evaluating the speciation profiles 

of metals in CKDu-prone soils is critical for 

understanding exposure risk, toxicity mechanisms, and 

the persistence of contamination in the affected 

ecosystems. This investigation provides crucial insight 

into the geo-environmental dynamics of nephrotoxic 

elements within CKDu-endemic regions. The integra- 

tion of spatial autocorrelation analysis, soil geoche- 

mistry, and land-use characterization underscores the 

complex interactions between agricultural practices, 

natural soil processes, and human health outcomes. 

The findings highlight that Cd accumulation in paddy 

fields is closely linked to agrochemical usage, while As 

and Pb dispersion likely arises from geogenic and 

atmospheric processes. Understanding these spatial and 

mechanistic patterns is fundamental to developing evi- 

dence-based soil management frameworks, reducing 

human exposure risks, and supporting policy interven- 

tions aimed at mitigating CKDu prevalence among 

vulnerable rural farming communities. 

Conclusions 

Heavy metal contamination in agricultural soils has 

become a major environmental and public health con- 

cern due to its persistence, ecological risk, and nephr- 

otoxic potential. In the present study, elevated heavy 

metal levels were identified as a possible contributing 

factor to CKDu prevalence in the investigated region. 

The abundance order of heavy metals in soils from the 

CKDu-endemic area was Zn > Cu > Pb > As > Cr > 

Cd, with Cd, Pb, and Cr significantly higher than in the 

non-endemic reference site. Although most metals 

were below the maximum permissible concentrations 

(MPCs), As and Zn exceeded the limits, suggesting 

possible environmental and health hazards. Spatial 

autocorrelation analysis revealed that Cd exhibited a 

clustered spatial pattern (MI = 0.3145), particularly 

concentrated in paddy-cultivated zones, while Pb, As, 

and Cr were randomly distributed (MIs = –0.0737, 

–0.0316, and –0.8072). The Cd clustering pattern 

indicates a strong link between agricultural activities 

and soil contamination, likely arising from the repeated 

use of phosphate fertilizers containing trace Cd and Pb 

impurities. The accumulation of Cd, Pb, As, and Cr in 

agricultural soils and their potential uptake by rice 

plants highlight a critical exposure pathway through the 

soil–plant–human continuum, posing long-term risks 

for CKDu development. Therefore, controlling agro- 

chemical pollution sources and promoting sustainable 

fertilizer management are imperative. This study provi- 
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des an early-warning basis for environmental nephron- 

toxicity assessment and supports policy formulation for 

effective agricultural soil pollution control in CKDu- 

affected regions of Sri Lanka. 
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