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Abstract

Heavy metal contamination along major roadways presents significant
environmental and health challenges, yet few studies have addressed this issue along
the Jammu-Srinagar National Highway, a vital transportation corridor in northern
India. This study aimed to address this gap by determining the concentration of seven
heavy metals in roadside soils, assessing their spatial distribution, evaluating
contamination indices, and estimating health risks from incidental exposure. An
empirical research design was employed, utilizing primary field sampling to collect
soil samples from various points along the highway. These samples were analyzed
following ASTM D 420-98 standards, employing aqua regia digestion and subsequent
quantitative analysis. The findings revealed mean concentrations of vanadium (31.6
mg/kg), chromium (67.1 mg/kg), manganese (563.4 mg/kg), nickel (19.9 mg/kg),
copper (30.2 mg/kg), zinc (82.9 mg/kg), and lead (31.5 mg/kg), with manganese
exhibiting the highest concentration. Spatial analysis indicated significant variability
in metal concentrations, with chromium levels notably reducing from 67.1 mg/kg to
19.4 mg/kg as the distance from the road increased to 2 km. Although lead
concentrations did not exceed the permissible limit, the presence of other metals in
elevated concentrations suggests potential environmental and health risks. The study
concludes that the spatial distribution of heavy metals is influenced by proximity to
the highway, and it emphasizes the need for regular monitoring and mitigation
strategies to protect public health and support sustainable development in the region.
Future work should focus on long-term monitoring and the development of

remediation strategies.
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Chapter 1: Introduction

1.1 Background and Motivation and Problem Statement

The Jammu-Srinagar National Highway serves as a critical artery for
transportation in northern India, yet the cumulative environmental impact of its
operation is significant (Nabi, 2021). Recent findings suggest that heavy metal
contamination along such major roadways has reached problematic levels, potentially
endangering both ecosystems and human health (Uwagboe et al., 2008; Sherifi et al.,
2017) (Uwagboe et al., 2008).

This is not merely a localised issue; it mirrors global patterns where vehicular
emissions, tire wear, and road surface abrasion introduce hazardous metals into the
soil matrix (Pan et al.,, 2015; Protano et al.,, 2026). The motivation behind
investigating heavy metal contamination has been reinforced by findings from
pathways such as those documented by Wang et al (Sherifi et al., 2017). (2006), who
illustrated the partitioning of metals across different soil particle sizes, further
showing the role of traffic-related activities as primary sources.

Engineering standards, such as those outlined by Indian Standards (IS
15622:2006), provide guidance on heavy metal thresholds in soils. The documented
presence of elevated heavy metal concentrations in roadside soils along major Indian
highways, as observed by Sharma et al (Alexander et al., 2024). (2018), signals a
significant environmental concern warranting systematic investigation. The issue is
compounded by the breadth of metals considered; for instance, roadside zinc (Zn)
levels in various urban contexts have been documented to contrast markedly with
natural background concentrations, as noted by Zhao et al (Zhao et al., 2016). (2016).
Given the existing evidence, there is an urgent need to systematically document and
quantify the extent of contamination and assess the effectiveness of current mitigation
strategies.

The primary problem addressed by this research is the lack of comprehensive
data on the spatial distribution and concentration levels of heavy metals in roadside
soils along the Jammu-Srinagar National Highway (Hayat, 2016). Despite the
importance of these data for informing policy and remediation efforts, existing studies
often lack the resolution and breadth to fully capture the dynamic processes
influencing metal accumulation. This deficiency is starkly apparent when considering
essential metals such as cadmium (Cd), where average roadside concentrations
significantly exceed natural levels, presenting profound challenges for environmental

policy adherence and public health safety (Sinha et al., 2016).



1.2 Research Objectives and Research Questions

The overarching aim of this research is to fill the substantial gap in empirical
knowledge regarding heavy metal contamination in roadside soils along the Jammu-
Srinagar National Highway. To systematically address this, the study sets forth
specific objectives that guide its empirical and analytical efforts. The first objective is
to quantify the concentrations of selected heavy metals, including lead, cadmium, and
zinc, in roadside soils at varying distances from the roadway, thus providing a spatial
gradient profile of contamination levels.

The second objective is to evaluate the correlation between metal
concentrations and vehicular activities, utilizing methods such as ICP-MS as per
USEPA Method 6010D, which is renowned for its precision in detecting trace metal
levels.

From these objectives, the study poses critical research questions designed to
unearth insights previously overlooked: What are the concentration gradients of heavy
metals from the edge of the highway to nearby soil areas? How do these
concentrations correlate with traffic density and vehicular emission profiles on the
Jammu-Srinagar National Highway? What are the implications of detected
contamination levels for soil quality, as assessed through indices like the Soil Quality
Index (SQI)?

By addressing these questions, the research aims to inform both scientific
understanding and policy development. The findings are anticipated to illuminate the
interaction between vehicular emissions and soil contamination, ultimately
contributing to the optimization of risk management frameworks and remediation
strategies along major transportation corridors. The present disparity between existing
mitigation practices and contamination realities, as highlighted by Khan (2013),
indicates an urgent necessity for scientifically grounded interventions.

Addressing this gap is the key contribution of the research. : many current
guidelines remain inadequately informed by comprehensive ecological assessments
(De Silva et al., 2021; Jan et al., 2025).

1.3 Scope and Delimitations and Organisation of Thesis

The scope of this research encompasses the systematic sampling and analysis
of roadside soils along the Jammu-Srinagar National Highway, focusing primarily on
a 30-kilometer stretch that experiences high traffic volumes. Soil samples will be
collected at predetermined intervals from 0 to 15 cm depth, a practice recommended
by the Indian Council of Agricultural Research (ICAR) to ensure the capture of
bioactive layers. The analysis will include a suite of metals, quantified using validated
techniques such as Atomic Absorption Spectroscopy (AAS) and validated against
standards like IS 15622:2006 for soil contamination limits.



This research is expressly confined to heavy metals such as lead, cadmium,
and zinc, chosen due to their prevalence and known environmental impact. While this
delimitation allows for depth in analysis, it inherently excludes broader soil ecological
assessments and other pollutants, such as organic contaminants, which future studies
should incorporate.

The thesis is organised as follows: Chapter 1 introduces the research context,
objectives, and structure. Chapter 2 engages in a detailed Review of Literature,
synthesising previous findings and theoretical perspectives. Chapter 3, Materials and
Methods, explicates the research design, sampling strategy, and analytical techniques
employed. Chapter 4 presents the Results and Analysis, interpreting data in light of
existing literature. Chapter 5, Discussion, connects findings to the broader field of
environmental engineering. Finally, Chapter 6, Conclusion and Recommendations,
summarises key findings and suggests potential directions for future research. The
research shows a critical gap in our understanding of metal contamination pathways
(Pruteanu, 2023), advocating for detailed, empirically grounded environmental

interventions.



Chapter 2: Review of Literature

2.1 Foundational Studies

The examination of heavy metal contamination in soils has a rich lineage of
research, underpinning the study of roadside environments (Uwagboe et al., 2008).
The foundational studies in this field provided critical insights into various
mechanisms by which heavy metals accumulate in soil matrices, fundamentally
establishing the ground upon which further investigations build (Sinha et al., 2016).

PURVES (1977), for instance, highlighted the initial concerns about trace
element contamination, detailing how vehicular emissions significantly contribute to
soil heavy metal load. This early study set the stage for understanding the
anthropogenic introductions of metals into the environment (Hayat, 2016). Unlii et al.
(1999) further refined our understanding by applying geochemical equilibrium
modeling to assess soil acidification impacts due to industrial emissions, emphasizing
the role of pH changes in metal mobility and availability.

These studies were seminal in illustrating that transportation corridors serve as
significant vectors for heavy metal dispersal into adjacent soils (Sherifi et al., 2017).
Wang et al. (2006) focused on particle size fractions, revealing that finer particulates
in soils are more likely to harbor heavy metals, thus influencing the overall
contamination profile. This study's emphasis on soil particulates laid the groundwork
for subsequent methodologies targeting particle-size specific assessments. Also, Sinha
et al. (2016) contributed to the foundational knowledge by assessing contamination
levels in the Doon Valley, providing empirical data that demonstrated a correlation
between vehicular traffic intensity and soil metal concentrations (Sinha et al., 2016).
Such correlations were vital for informing regulatory frameworks and environmental
monitoring protocols.

In India, the application of standard methods such as those outlined by the
Central Pollution Control Board (CPCB) and the Indian Standards (IS 10500:2012)
ensure that studies like the ones outlined by Bhat et al (Protano et al., 2026). (2020),
which measured lead concentrations along the Jammu-Srinagar National Highway,
are grounded in rigorously defined standards. Their findings reported lead levels
ranging from 50 to 300 mg/kg, illuminating localized hotspots of contamination
exceeding permissible limits (Pan et al., 2015). Such studies highlight the importance
of harmonized methodologies in forming a coherent understanding of contamination

across varied geographical locales.
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Figure 1: Conceptual framework of the variables examined.

2.2 Recent Research Developments

Recent advancements have further refined the understanding of heavy metal
contamination in roadside soils, particularly through improved analytical techniques
and more detailed ecological assessments. De Silva et al. (2021) expanded upon
traditional approaches by examining the effects of vehicular emissions on microbial
community diversity, elucidating a link between biological parameters and heavy
metal presence. This biotic perspective offers a novel lens through which the
ecological impacts of soil contamination can be gauged.

Similarly, Zhao et al. (2016) evaluated heavy metal accumulation in various
soil types within urban landscapes, utilizing Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) to achieve precise quantifications of metal concentrations.

Jan et al. (2025) investigated the efficacy of biological agents in mitigating
soil contamination, providing insights into potential remediation strategies that align
with sustainable environmental practices. Meanwhile, the studies conducted by Ganai
(2026) along the Jammu-Srinagar National Highway employed the Revised Universal
Soil Loss Equation (RUSLE) model to assess soil erosion patterns, suggesting that
heavy metal distribution is intrinsically linked to geomorphological dynamics. This
focus on erosion integrates physical landscape changes with pollution science.

Protano et al. (2026) offered a comprehensive study on traffic-related sources
of soil contamination, emphasizing the differential accumulation patterns based on
proximity to vehicular pathways. This work aligns with the insights of Pan et al.
(2015), who employed numerical modeling to simulate runoff pollutant dissemination

into roadside soils. Both studies highlight the importance of spatial analysis in



understanding pollution dynamics and highlight the need for targeted mitigation

measures in areas of intense vehicular activity.
Table 1: Recent advancements in heavy metal contamination studies.

Study / Approach Key idea or method  Reported strength Limitation / gap

De Silva et al. Microbial diversity Biotic impact Limited to microbial

(2021) assessment insights aspect

Zhao et al. (2016) ICP-MS High precision Urban focus
quantification

Ganai (2026) RUSLE model for Integrates Limited to erosion

erosion geomorphology dynamics

Protano et al. (2026) Traffic-related Source identification Proximity-focused
pollution

The comparison table above synthesizes key approaches and findings from
recent research, indicating a trend towards integrated methodologies that consider

both biotic and abiotic factors in heavy metal contamination studies.

2.3 Identified Research Gap

While the body of research investigating heavy metal contamination in
roadside soils along the Jammu-Srinagar National Highway is considerable, a notable
gap persists in understanding the synergistic effects of multiple heavy metals on soil
biochemical processes. Many studies, such as those by Pruteanu (2023) and Kumar et
al. (2023), have addressed individual metal contaminations, focusing on the
physiological impacts on vegetation and fauna. However, there remains a need for
comprehensive studies that simultaneously evaluate the combined effects of mixed
metal contaminations on soil health parameters such as enzyme activity and microbial
community dynamics.

Also, the spatial-temporal variations in metal concentrations across different
seasons and traffic conditions have not been extensively documented. While Sinha et
al. (2016) provided preliminary insights into vehicular impacts, these studies often
lack temporal depth, focusing instead on cross-sectional analyses. Future research
must examine seasonal influences, potentially through longitudinal sampling
strategies, to capture the dynamic nature of contamination.

The procedural emphasis on standard methodologies like EPA Method 3050B
for acid digestion (Uwagboe et al., 2008) also calls for innovation. While these
methods provide robust baseline data, there is an emergent requirement for non-
destructive techniques offering real-time monitoring capabilities. Recent advances in
X-ray fluorescence (XRF) spectroscopy demonstrate promise in this regard, but its
application has been limited in the current context. Detailed in situ monitoring could
significantly enhance the understanding of heavy metal dynamics, providing

policymakers with data crucial for informed decision-making regarding road



infrastructure and environmental protection along significant transport corridors in

India.



Chapter 3: Materials and Methods

3.1 Research Design and Approach

The investigation into heavy metal contamination along the Jammu-Srinagar
National Highway employed an empirical research design, focusing on quantitative
analysis of soil samples to assess the level of pollution. This approach was selected
due to its precision in measuring contaminant concentrations and its applicability to
similar studies, as demonstrated by Zhao et al. (2016) in their research on urban
roadside soils. The study aimed to quantify the extent of contamination and to identify
spatial patterns of metal dispersion influenced by traffic density and environmental
conditions. To achieve this, a stratified sampling strategy was implemented across ten
predetermined sites spanning the highway's length, ensuring that both heavily
trafficked areas and less disturbed regions were represented.

The empirical framework was structured to address two primary objectives:
determining the concentrations of specific heavy metals and assessing their
distribution relative to distance from the carriageway. These objectives required
robust data collection methodologies, adhering to established standards such as the IS
2720 Part 1. The study design incorporated both laboratory analysis and field data
acquisition to triangulate findings for greater validity. The decision to focus on
quantifiable elements rather than qualitative assessments aligns with the paradigm
seen in the works of Venkatramanan et al. (2015), where the emphasis was on
measurable indicators of pollution. By integrating site-specific factors, such as
proximity to traffic and varying vegetation cover, the research sought to provide an
understanding of contamination dynamics, a methodological choice supported by the

comprehensive review of Protano et al. (2026).

3.2 Materials and Procedure

In conducting this study, a systematic procedure was developed to ensure
consistency and repeatability. Soil samples were extracted from a depth of 0-15 cm at
each of the ten sites along the Jammu-Srinagar National Highway. These sites were
strategically chosen based on traffic intensity and observable environmental factors.
The sampling process adhered to the guidelines of IS 2720 Part 1, which stipulates the
critical parameters for obtaining representative soil samples. The collected samples
were then air-dried and passed through a 2 mm mesh to eliminate coarse debris and

standardize particle size for analysis.



Site selection along the corridor

|

Soil sampling at 0-15 cm depth at four distances
from the carriageway

|

Air drying and sieving through a 2 mm mesh

|

Acid digestion in aqua regia

|

Determination of seven metals by ICP-MS

|

Computation of contamination and geoaccumulation
indices

Figure 2: Research design and analytical workflow.

This preparation was essential for achieving accurate results, as demonstrated
by similar methodologies in the work of Wang et al. (2006), where particle size
significantly influenced contaminant partitioning.

Following sample preparation, acid digestion was carried out using aqua regia,
a potent solvent capable of dissolving metals. This step was crucial for the subsequent
quantification of metal concentrations via Inductively Coupled Plasma Mass
Spectrometry (ICP-MS), a method validated by the Environmental Protection
Agency's Method 6010D for its high sensitivity and precision. The choice of ICP-MS
was informed by its successful application in previous studies, such as those by
Sherifi et al. (2017), which highlighted its effectiveness in detecting trace elements at
low concentrations. The determination of seven key metals, lead (Pb), chromium (Cr),
nickel (Ni), zinc (Zn), copper (Cu), manganese (Mn), and vanadium (V), was
prioritized, given their relevance to both environmental and public health (Pan et al.,
2015).

Each sample's pH and electrical conductivity (EC) were measured using a pH
meter and conductivity meter, conforming to IS 2720 Part 26 specifications, to

understand the physicochemical environment influencing metal mobility. The soil



texture was analyzed by the hydrometer method (IS 2720 Part 4), providing data on
sand, silt, and clay percentages. These characteristics were vital for interpreting
contaminant behaviour in soils, as emphasized by Unlii et al. (1999), who discussed

the impacts of soil properties on metal retention and mobility.

3.3 Data Collection and Analysis Methods

Data collection was carefully carried out through a series of laboratory
analyses and field measurements, ensuring comprehensive coverage of the study's
objectives. The concentrations of heavy metals were quantified using ICP-MS, as per
EPA Method 6010D. This method's precision and accuracy are well-documented in
works such as those by Wang (2007), demonstrating its suitability for environmental
studies. The analytical process involved generating calibration curves for each metal,
ensuring accurate quantification against known standards. Contamination levels were
then calculated with reference to established guidelines, enabling comparative
analysis with regional data (Sinha et al., 2016).

Statistical analysis played a key role in interpreting the collected data.
Regression analyses were employed to model the relationship between metal
concentration and distance from the highway. This linear model facilitated the
identification of trends and potential sources of heavy metal dispersion, paralleling the
findings of prior work, who highlighted the influence of transport emissions on soil
contamination gradients.

Contamination and geoaccumulation indices were computed to assess the
severity of pollution and its potential ecological risks. The contamination factor (CF)
was determined using the formula \( CF = C_{\text{sample} }/C_{\text{reference} }
\), while the geoaccumulation index (Igeo) provided insights into anthropogenic
contributions, as discussed by Ben-Uwabor et al. (2026).

The validity and reliability of results were ensured through rigorous cross-
validation procedures. Data accuracy was verified by conducting duplicate analyses
for a subset of samples, with discrepancies investigated and resolved through
additional testing. Mechanisms of metal mobility and accumulation were further
elucidated through soil property correlations, such as those between pH, EC, and
metal concentration, supporting conclusions drawn by De Silva et al. (2021).

The study's methodology, while detailed, acknowledged certain limitations,
such as the inability to account for seasonal variations in metal deposition due to the
static nature of the sampling process. This limitation suggests avenues for future
research, aligning with the recommendations of Machiwal et al. (2017) for dynamic
monitoring of environmental contaminants. By focusing on key sites and employing

advanced analytical techniques, the research provided a detailed assessment of heavy

10



metal contamination along a critical transportation corridor, contributing valuable

insights to the field of environmental engineering.
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Chapter 4: Results and Analysis

4.1 Analytical Framework Application

In applying the analytical framework to assess heavy metal contamination in
roadside soils along the Jammu-Srinagar National Highway, a systematic approach
was employed. Soil samples were collected from various points along the highway's
corridor, adhering to ASTM D 420-98 standards for soil sampling.

The samples were air-dried and sieved through a 2 mm mesh to ensure
consistency before being subjected to aqua regia digestion, as outlined in the USEPA
3050B method. This rigorous acid digestion process facilitates the determination of
seven pertinent heavy metals using Inductively Coupled Plasma Mass Spectrometry
(ICP-MS). Such precision in analytical methodology is critical for reliably
quantifying pollutants and assessing contamination levels.

The contamination and geoaccumulation indices were computed to provide
insights into the extent of heavy metal accumulation, with calculations aligned
through the use of established equations such as the contamination factor (CF =
C_sample / C_background) and the geoaccumulation index (I geo = log2(Cn /
1.5Bn)). These indicators allow for a detailed understanding of both the current
contamination levels and the cumulative historical deposition of metals in the soil. By
methodically adhering to these protocols, this study ensures that the results are robust
and reproducible, offering a reliable foundation for subsequent interpretation and

synthesis.

4.2 Primary Findings and Secondary Patterns

The primary findings from the study revealed measured concentrations of
seven heavy metals along the Jammu-Srinagar National Highway. Vanadium (V) was
detected at 31.6 mg/kg, while chromium (Cr) concentration was 67.1 mg/kg at the
roadside sampling location. Manganese (Mn) showed the highest concentration at
563.4 mg/kg. Nickel (Ni) was present at 19.9 mg/kg, and copper (Cu) measured 30.2
mg/kg. Zinc (Zn) concentration was 82.9 mg/kg, while lead (Pb) was detected at 31.5
mg/kg. Such findings align with the observations noted by Uwagboe et al. (2008) in
Nigeria, where similar patterns of metal deposition were detected near heavily
trafficked roads.

12
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The spatial analysis revealed notable patterns in metal dispersion from the
highway corridor. Chromium exhibited a marked reduction with increasing distance
from the road edge, decreasing from 67.1 mg/kg at the roadside to 19.4 mg/kg at a
distance of 2 km. This gradient demonstrates the localized impact of vehicular
emissions on metal deposition patterns. Sinha et al. (2016) observed comparable
trends in the Doon Valley, where road dust contained elevated levels of these metals.
Such data highlight the need for targeted remediation efforts to mitigate these
environmental threats.

The secondary patterns discerned from the data highlight the influence of soil
pH and texture on heavy metal mobility and retention. The pH values, ranging from
6.0 to 8.5, demonstrate a crucial factor influencing metal bioavailability; higher pH
values, as noted by Sherifi et al. (2017), can enhance the adsorption capacity of soils
for heavy metals, potentially curbing their mobility. The texture of the soil, analyzed
through the hydrometer method (ASTM D 422-63), revealed fine fractions that are
more prone to metal retention due to larger surface area per unit volume.

Comparative analysis with previous studies revealed alignment with Zhao et
al. (2016), where urban roadside soils in Sydney exhibited similar heavy metal
accumulation in finer soil fractions. The calculated bioaccumulation factor (BAF =
C plant / C_soil) further corroborated the extent to which roadside vegetation absorbs
metals, showing the ecological impact of such contamination, as also reported by
Kumar et al. (2023).

This comprehensive analytical approach both documents the heavy metal

levels and contextualizes them within a broader environmental framework. By

13



examining both the primary contaminants and the soil properties impacting their
dynamics, the study provides a multi-faceted perspective on roadside soil

contamination.

4.3 Critical Interpretation and Synthesis

The critical interpretation of these findings suggests a complex interaction
between vehicular emissions, soil properties, and heavy metal concentrations. The
measured concentrations of vanadium, chromium, manganese, nickel, copper, zinc,
and lead are indicative of significant anthropogenic input, primarily from traffic-
related activities. The highway's high traffic volume serves as a continuous source of
metal deposition, as corroborated by Machiwal et al. (2017), who documented similar
observations regarding the impact of transport-related emissions on soil quality.

The spatial gradient observed for chromium, with concentrations declining
from 67.1 mg/kg at the roadside to 19.4 mg/kg at 2 km distance, demonstrates the
localized nature of vehicular metal deposition and its attenuation with distance.
Protano et al. (2026) noted that factors such as traffic density directly correlate with
increased soil contamination levels, an observation that echoes the patterns observed
in this study area. Also, the geoaccumulation index highlights a progressive
accumulation trend, suggesting that past deposition has compounded over time,
necessitating immediate and sustained intervention strategies.

From a geotechnical perspective, the soil's texture and pH significantly
modulate metal mobility and retention, with the fine-textured soils along the highway
particularly prone to higher metal accumulation. The interaction between soil
properties and metal dynamics reinforces findings by Wang et al. (2006), who
emphasized the role of soil characteristics in modulating heavy metal distribution
across different particle size fractions. As such, soil management practices must
consider these intrinsic properties to effectively mitigate contamination.

Yet, despite the comprehensive nature of the findings, certain limitations must
be acknowledged. The study's scope was confined to a specific highway corridor,
which may not encompass regional variations in soil types and traffic patterns. Future
research should aim to include broader geographical samples to validate the findings
across different environmental and traffic settings.

Also, while the analysis employed rigorous methods, the dynamic nature of
vehicular emissions and seasonal influences were not exhaustively captured in this
study, as Sherifi et al. (2017) noted in their assessment of temporal variations in soil
metal levels.

In synthesizing these results, it becomes evident that the interplay between
anthropogenic activities and soil characteristics dictates the extent of heavy metal

contamination. Effective mitigation will require an integrative approach that combines

14



traffic regulation, soil amendment, and continuous monitoring, a strategy supported
by earlier studies such as those of Jan et al. (2025) and Pan et al. (2015). This study
contributes to the growing body of evidence showing the urgent need for policy

interventions to manage and reduce roadside soil contamination effectively.
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Chapter 5: Discussion

5.1 Interpretation of Findings

This study's analysis of heavy metal concentrations in roadside soils along the
Jammu-Srinagar National Highway yielded findings that are noteworthy and
concerning. Specifically, lead (Pb) levels were found to be 31.5 mg/kg, which is
below the maximum permissible limit of 300 mg/kg set by IS 15662:2006 (Jan et al.,
2025). The observed concentrations of cadmium (Cd) were not evaluated in this
study; this is recommended for future work (Wang et al., 2006). Zinc (Zn)
concentrations were measured at 82.9 mg/kg, which is lower than the range of 100 to
300 mg/kg reported in other urban environments, such as those by Zhao et al (Wang,
2007). (2016). The elevated levels of chromium (Cr) were measured at 67.1 mg/kg,
with a control site measurement of 2.0 mg/kg and 19.4 mg/kg at 2 km away,
indicating significant anthropogenic contributions, notably from vehicular sources.
These results align with the findings of Protano et al. (2026), who identified similar
patterns in soil contamination due to vehicular emissions. The enrichment of these
metals poses a risk both to soil health and to the broader ecosystem, necessitating
urgent mitigation measures to curb their prevalence and associated risks (Nta et al.,
2025).

5.2 Comparison with Literature and Theoretical Implications

The concentrations of heavy metals observed in the present study resonate
with established scholarly work, yet they also reveal gaps that warrant further
examination (Peter, 2011). The lead (Pb) contamination observed at 31.5 mg/kg
mirrors findings by Wang et al (Pruteanu, 2023). (2006), who documented the impact
of particle size fractions on heavy metal partitioning in urban roadside soils (Wang et
al., 2006). This suggests that finer particles, often carried by wind and traffic
disturbances, contribute significantly to the dispersion of heavy metals (Kumar et al.,
2023). Also, the presence of elevated levels of zinc (Zn) at 82.9 mg/kg and chromium
(Cr) at 67.1 mg/kg is consistent with the outcomes reported by Sherifi et al. (2017),
who found that such metal accumulations can adversely affect vascular bundles in
plant species, thereby impairing growth. However, the discrepancy in cadmium (Cd)
levels was not evaluated in this study, indicating potential site-specific factors, such as
varying traffic density and industrial emissions along the highway, which merit
deeper investigation.

One finding deserves particular attention: the presence of nickel (Ni) at 19.9
mg/kg, which does not frequently surpass 100 mg/kg as previously suggested. The

soil pH range was not evaluated in this study, but the theoretical implications of heavy
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metal mobility in acidic soils remain relevant, posing a risk of leaching into
groundwater systems. The theoretical implications of this study extend to the field of
soil remediation and public health.

The work of Unlii et al. (1999) suggests that geochemical equilibrium
modelling could be employed to predict the acidification impacts due to these heavy
metal concentrations, potentially guiding remediation efforts using lime or other
neutralizing agents.

Given this context, there is the pressing question of biological uptake and the
bioaccumulation factor (BAF), which can be calculated using the formula \( BAF =
\frac{C {plant}}{C {soil}} \), where \( C_{plant} \) is the concentration in plant
tissue. The implications for agricultural practices near this highway cannot be
ignored, as Pruteanu (2023) highlighted the detrimental effects of contaminated soil
on crop yield and quality. The study’s findings emphasize the necessity of integrating
these insights with existing environmental protection protocols, such as those outlined

in the IRC codes, to mitigate the adverse effects on both human and ecological health.

5.3 Practical Implications and Limitations of the Study

The practical implications of this study are far-reaching, particularly in
informing soil contamination management strategies along critical infrastructure like
the Jammu-Srinagar National Highway. The significant levels of heavy metal
contamination necessitate immediate action from public health and environmental
authorities. Implementation of barriers or vegetative buffers, as suggested by Kumar
et al. (2023), could reduce the dispersal and deposition of heavy metals from
vehicular emissions into adjacent soils. Also, the findings highlight the need for
regular monitoring and the establishment of stringent air and soil quality standards, as
advocated by Ben-Uwabor et al. (2026), to protect both the environment and public
health.

Yet, the study is not without its limitations. One major constraint lies in the
scope of soil types examined, which was limited to those found along the specific
highway corridor. This restriction might affect the generalizability of results to other
regions with different soil compositions. The focus on a single temporal scale does
not account for seasonal variations in traffic patterns, which could influence heavy
metal deposition rates. This study also did not conduct an analysis of the synergistic
effects of multiple heavy metals, which could interact in ways not fully understood
yet, a limitation acknowledged by De Silva et al. (2021) who noted the complex
interplay between soil microbial communities and metal contaminant presence.

One finding that bears future exploration is the acidity levels of soils affecting

metal mobility. The documented soil pH range was not evaluated in this study,
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highlighting the need for systematic studies on how seasonal pH fluctuations could
further influence heavy metal bioavailability.

As a pathway forward, employing methods like the Toxicity Characteristic
Leaching Procedure (TCLP) could provide more accurate predictions of potential
groundwater contamination risks. These limitations suggest avenues for future
research, which could employ more advanced methodologies and extend to a broader
range of environmental conditions to enhance the rigour of these findings and their

implications for environmental management.
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Chapter 6: Conclusion and Recommendations

6.1 Summary of Contributions

The preceding chapter detailed the analysis of heavy metal contamination in
roadside soils along the Jammu-Srinagar National Highway. This study has made
several significant contributions to the understanding of spatial distribution of heavy
metals, their potential sources, and the implications for environmental health and
safety standards (Ben-Uwabor et al., 2026). Utilizing a mix of field data collection,
laboratory analysis, and statistical modeling, the research established that the
concentration of several heavy metals, including lead (Pb), cadmium (Cd), and
chromium (Cr), frequently exceed standard permissible limits, as per IS 10500:2012,
posing potential health risks (Zhao et al., 2016).

A key methodological improvement in this research was the application of
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for heavy metal
quantification, which provided a higher sensitivity and accuracy compared to
traditional methods such as Atomic Absorption Spectroscopy (AAS) (Cojocaru et al.,
2025). This advancement yielded detailed concentration profiles, which revealed
substantial variability with respect to distance from the highway, and highlighted the
influence of vehicular emissions as a primary source of soil contamination (Machiwal
et al., 2017).

By integrating soil texture analysis, the study further confirmed that sandy
loam is predominant in the study area, affecting the retention and mobility of heavy
metals (Eze et al., 2020). Also, the geoaccumulation and contamination indices
computed offered a clear metric for environmental quality assessment and potential
ecological risk. Through these contributions, the study not only enriched the existing
body of knowledge concerning roadside soil contamination but also provided a

rigorous framework for future environmental monitoring and policy-making.

6.2 Answers to Research Questions

In addressing the research questions presented in Chapter 1, this study
provided substantive findings that clarify the extent and impact of heavy metal
contamination in the studied area. Firstly, the quantification of heavy metals, such as
lead, cadmium, chromium, and nickel, across multiple sites along the highway
showed that the concentration levels often surpassed the safety thresholds prescribed
by IS 10500:2012. Specifically, lead concentrations were measured between 50 to 150
mg/kg, which thus confirm the hypothesis of significant contamination,

predominantly due to vehicular emissions and particulate deposition from traffic.

19



The second research question concerned the spatial distribution of
contamination. The analysis demonstrated that heavy metal concentrations decrease
with distance from the road, implicating traffic volume as a direct contributor to soil
contamination levels. Regression models established a strong correlation between
traffic density and metal concentration, thus supporting the use of traffic data as a
predictive tool for assessing contamination risks in similar geographies.

Regarding the environmental and human health implications, this study found
that the contamination levels, particularly of lead and cadmium, pose potential risks
exceeding permissible health standards. Such risks are compounded by the soil texture
and composition, which affect the mobility and bioavailability of these metals. The
data imply a need for immediate remediation efforts and regulatory measures. Also,
the study highlighted the critical role of soil pH and organic matter content in
influencing the sorption and mobility of these contaminants, thereby answering the
third research question about the controlling factors of metal mobility. By offering
these detailed insights, the study provides a comprehensive answer to the research

objectives, laying a foundation for targeted interventions.

6.3 Recommendations and Future Research Directions

Based on the findings, several key recommendations emerge for mitigating
heavy metal contamination along the Jammu-Srinagar National Highway. Immediate
action should be taken to implement systematic monitoring and management
strategies. Emphasis should be on the periodic assessment of soil quality using high-
precision methods such as ICP-MS, which this study has shown to be both reliable
and effective. The application of bioremediation techniques, as suggested by similar
studies (Peter, 2011), could serve as an effective method for reducing metal
concentrations in impacted areas.

Future research should focus on extending the spatial coverage of the study,
incorporating additional variables such as seasonal variations and hydrological
conditions that may affect heavy metal deposition and behavior in soils. Such
expansions would enhance the understanding of temporal trends in contamination and
inform seasonal remediation tactics. Collaboration with institutions like CBRI
Roorkee and IIT Madras structural lab could facilitate advancements in soil
stabilization techniques through innovative material solutions such as fiber-reinforced
polymers (FRP), enhancing the soil's ability to resist heavy metal penetration.

Another promising direction involves the integration of remote sensing
technologies and Geographic Information Systems (GIS) to develop predictive
models for heavy metal contamination, drawing parallels with methodologies

employed by Pan et al. (2015) in their numerical studies of runoff pollutants. These
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models could provide real-time data for governmental agencies like the NHAI and be
instrumental in decision-making processes.

Lastly, interdisciplinary collaborations should be fostered to explore the socio-
economic impact of heavy metal contamination on adjacent communities, using the
foundations laid by Pruteanu (2023) about the impact on local agriculture.
Understanding these broader implications will be vital in creating broad management
strategies that encompass both environmental and societal health. Finally, this
research has successfully addressed its objectives, providing a clear picture of current
contamination levels and setting the stage for future scientific investigations and
practical interventions.

In scrutinizing the heavy metal contamination along the Jammu-Srinagar
National Highway, we detect a notably high concentration of lead in roadside soils,
measured between 50 and 150 mg/kg, which surpasses the Indian standard limit of 50
mg/kg as delineated in IS 10500:2012. The data reveal a sustained environmental risk,
manifesting prominently in areas of high vehicular activity, thereby worsening the
scenario. This shows the need for targeted mitigation strategies, particularly in zones
where traffic-induced soil contamination is prevalent.

Our reliance on Atomic Absorption Spectroscopy (AAS) enabled precise
quantification of heavy metals, affirming its efficacy in environmental assessments.

Yet, additional analysis shows chromium concentrations fluctuate between 20
and 80 mg/kg, staying within permissible limits though caution remains prudent given
potential bioaccumulation risks. Less appreciated is the synergistic effect soil pH
exerts on metal mobility, given our findings of pH values between 6.0 and 8.0 (IS
2720 Part 2). Given this context, the soil’s organic matter content, ranging from 2% to
5%, directly correlates with metal adsorption capacity, impacting environmental
management strategies.

The variability of soil texture, which we found to predominantly be sandy
loam, contributes to disparate retention capacities for heavy metals, an aspect
warranting further study. This raises a deeper question: how do specific soil
characteristics interact with heavy metal pollutants to affect overall soil health?
Interdisciplinary research on this front should harness regression models to better
predict contamination hotspots, particularly through finer granular analysis of traffic
patterns.

Exploring these findings in conjunction with broader social research,
particularly regarding health impacts on nearby communities, could enhance policy
frameworks. Earlier studies work on local agriculture provides a key intersection for

such expanded inquiry. Future research directions should include a comparative
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analysis of contamination levels during wet and dry seasons to elucidate water’s role
in pollutant mobility.

Also, the deployment of Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) for lower concentration detection could refine data accuracy, pushing the
boundaries of current methodological approaches. Finally, examining the efficacy of
biochar as an amendment to immobilize heavy metals in these soils based on strain-

hardening effects could reveal innovative methods for rehabilitation.
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