Journal of Water Resource Engineering and Pollution Studies
MANIECH
Publications Volume 10, Issue 2, May- August, 2025

Groundwater Contamination from Agricultural Runoff: Strategies

for Mitigation and Monitoring

Dr. Sneha R. Wadekar
Assistant Professor
Department of Civil Engineering
KIT College of Engineering
Email ID: snehawadekar@yahoo.co.in

ABSTRACT
Agricultural intensification, while boosting food production, has led to
widespread groundwater contamination due to excessive use of chemical
fertilizers and pesticides. This paper investigates the extent and types of
groundwater pollution resulting from agricultural runoff, focusing on nitrate
and pesticide infiltration into aquifers. It employs hydro geological modeling
and GIS-based mapping across various agricultural zones. The study also
assesses seasonal variations and correlates farming practices with
contaminant levels. Mitigation strategies such as controlled fertilizer
application, use of biofertilizers, crop rotation, and buffer zones are examined
for their effectiveness. The paper also highlights the role of farmers’ education
and real-time monitoring technologies in curbing groundwater pollution. A
sustainable agricultural policy must reconcile productivity with environmental

integrity.
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INTRODUCTION

Groundwater serves as a vital resource for drinking, irrigation, and industrial activities,
especially in rural and semi-urban areas. However, its quality has been deteriorating due to
increasing contamination from agricultural activities. The excessive use of fertilizers,

pesticides, and herbicides has become one of the major causes of groundwater pollution.
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Rainfall or irrigation water causes surface runoff, which carries these contaminants into the
soil and ultimately percolates into aquifers. Over time, this leads to nitrate poisoning,

pesticide accumulation, and Salinization, threatening human and ecological health.

Agricultural runoff does not only affect water chemistry but also impacts aquatic biodiversity
and long-term agricultural sustainability. It has thus become essential to address this issue
through a combination of policy frameworks, technological interventions, and community-
based solutions. The purpose of this paper is to explore the sources and mechanisms of
agricultural runoff, examine current monitoring methods, identify challenges, and propose

effective mitigation strategies.

LITERATURE REVIEW

Numerous studies have identified nitrates as the most common groundwater contaminant
associated with agriculture. A report by the Central Ground Water Board (CGWB) in India
highlighted high nitrate levels in rural wells, especially near areas with intensive cropping.
International studies, such as those conducted by the U.S. Geological Survey (USGS), have

also pointed out the strong correlation between fertilizer use and nitrate pollution in aquifers.

Historically, groundwater contamination due to agricultural runoff has been less studied
compared to surface water pollution. However, research over the last two decades has
focused on pesticide residues, microbial contamination from manure, and heavy metal
accumulation due to use of wastewater in agriculture. Some of the notable contributions
include modeling works using DRASTIC and MODFLOW systems for predicting
contaminant flow and dispersion, as well as empirical studies on pesticide leaching in

different soil profiles.

Remote sensing and GIS-based techniques have also been increasingly used for identifying
vulnerable zones. These tools provide an effective way to visualize and analyze large-scale
pollution patterns. Advances in sensor technologies and Al-based models have further

enhanced the monitoring capabilities.
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MECHANISMS OF CONTAMINATION

Agricultural practices significantly influence groundwater quality through various
hydrological and chemical pathways. The contaminants originating from farmlands are
introduced into the subsurface environment via infiltration (the process of water entering the
soil surface) and percolation (the downward movement of water through soil and rock
layers). These natural processes act as conduits for a wide array of pollutants to migrate from
the surface to the groundwater reservoirs. The key mechanisms responsible for such

contamination are discussed below:

e Nutrient Leaching:

One of the most common groundwater pollutants from agriculture is nutrients, particularly
nitrate (NOs") and phosphate (PO+*"), derived from synthetic fertilizers and animal waste.
These nutrients are highly soluble in water and can easily leach through the soil profile when
excess fertilizers are applied or during heavy rainfall events. Coarse-textured soils like sandy
soils, with low water retention and filtration capacity, facilitate faster movement of these
nutrients, allowing them to reach shallow groundwater quickly. Once in the groundwater,
high nitrate concentrations can pose serious health risks, especially for infants, and contribute

to eutrophication when discharged into surface water bodies.

e Pesticide Mobility
Pesticides applied to crops contain organic chemicals designed to target specific pests, but
their unintended migration to groundwater is a major concern. The movement of pesticides
through soil is governed by their physicochemical properties, including:

e Water Solubility: Highly soluble pesticides are more prone to leaching.

e Soil Adsorption Coefficient (Koc): Pesticides with low adsorption to soil particles

travel more easily with water.
e Half-life (Persistence): Long-lasting pesticides remain in the environment longer and

have a higher chance of reaching groundwater.

In regions where clay content is low or organic matter is deficient, pesticides penetrate deeper
into the soil, contaminating aquifers. Improper timing and over-application further exacerbate

the risk.
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e Pathogen Transport

Organic waste, such as untreated animal manure, slurry, or biosolids, often applied as
fertilizer, introduces pathogenic microorganisms like Escherichia coli, Salmonella spp., and
viruses into the soil. These pathogens are typically filtered or deactivated by natural soil
processes; however, in karst topographies, fractured rock aquifers, or areas with thin soil
layers, rapid water movement allows these pathogens to bypass natural filtration,
contaminating the aquifer. Such contamination is particularly problematic in rural areas

relying on shallow wells for drinking water.

e Salinization:

Excessive and inefficient irrigation, especially in arid and semi-arid regions, can lead to the
accumulation of salts in the soil, which eventually leach into the groundwater. This process,
known as secondary Salinization, is intensified when the groundwater table is shallow or
when drainage systems are inadequate. High salinity in groundwater makes it unfit for both
agricultural and drinking purposes and can lead to the abandonment of wells and cropland in

SEvEere cascs.

These contamination pathways are not isolated; rather, they are influenced by several site-

specific environmental factors, including:

e Soil Texture and Structure: Sandy soils allow faster percolation than clayey soils.

e Topography and Slope: Steeper slopes increase runoff, while flat areas promote
infiltration.

¢ Rainfall Intensity and Frequency: Heavy rains can enhance leaching and runoff.

e Irrigation Methods: Flood irrigation contributes more to infiltration-related
contamination compared to drip systems.

e Depth to Water Table: Shallow aquifers are more susceptible to surface contaminants

due to shorter travel paths and reduced natural attenuation.

Understanding these mechanisms is critical for designing preventive strategies such as buffer
zones, controlled fertilizer application, and appropriate irrigation management to protect

groundwater quality in agricultural landscapes.
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PATHWAY OF CONTAMINANTS FROM
FIELD TO GRUNDWATUR

Surface Runoff n

Image: Pathway of Contaminants from Field to Groundwater

Table 1: Common Agricultural Contaminants in Groundwater

Mobility in
Contaminant Source Health Impact
Soil
) Chemical fertilizers, Methemoglobinemia, cancer ]
Nitrate (NOs") . High
manure risk
. . Eutrophication (indirect
Phosphorus Fertilizers, animal waste ) Moderate
impact)
Atrazine Herbicides Endocrine disruption, cancer High
. Pesticide residues, _ ' '
Arsenic Skin lesions, organ damage Medium
wastewater
Coliform ) _ _ '
' Manure, sewage Gastrointestinal diseases Very High
Bacteria

CHALLENGES IN MONITORING AND MITIGATION
Despite growing awareness about the adverse impacts of agricultural runoff on groundwater,
several significant challenges persist in effectively monitoring and mitigating the problem.

These obstacles span institutional, technical, social, and environmental domains.
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1. Lack of Real-Time Monitoring

Groundwater contamination is typically a slow and invisible process, making real-time
detection extremely difficult. Traditional methods of monitoring often rely on periodic
manual sampling, which delays the identification of contaminant spikes. By the time
contamination is detected, aquifers may already be polluted beyond immediate recovery. The
absence of real-time data collection and automated sensor networks limits the ability of
agencies to take timely corrective actions. Moreover, financial and logistical constraints

hinder the installation of advanced IoT-based monitoring systems in rural and remote areas.

2. Fragmented Policies and Institutional Disconnect

One of the most critical issues in managing groundwater contamination is the lack of
coordinated policies between sectors. Agricultural policies often focus on increasing yields
and fertilizer subsidies without considering their environmental consequences. Meanwhile,
water management and pollution control fall under separate departments, leading to
overlapping responsibilities and poor accountability. In the absence of a unified framework,
mitigation efforts become inconsistent and inefficient. For instance, there is often no
mechanism to link groundwater quality data with crop advisory systems or land-use planning

tools.

3. Unscientific Fertilizer Use and Lack of Agronomic Knowledge

A considerable number of smallholder farmers apply chemical fertilizers based on rough
estimates or traditional practices rather than soil testing or crop nutrient requirements.
Overuse of nitrogen-based fertilizers, in particular, results in nutrient leaching into the
subsurface. Furthermore, lack of awareness about integrated nutrient management, the role of
organic amendments, and precision agriculture techniques perpetuates the problem.
Extension services and agricultural education programs remain underfunded or poorly

implemented in many rural regions.

4. Limited Public Awareness and Community Involvement

Many rural communities are unaware of the health hazards posed by contaminated
groundwater. Symptoms such as blue baby syndrome (due to high nitrate levels) or chronic
illnesses related to pesticide exposure are often misattributed to other causes. Since

groundwater is perceived as clean and safe by default, there is little initiative to test or treat it

93 I Page 88-100 © MANTECH PUBLICATIONS 2025. All Rights Reserved



Journal of Water Resource Engineering and Pollution Studies
MANIECH
Publications Volume 10, Issue 2, May- August, 2025

regularly. Public participation in groundwater monitoring is minimal, and most people are not
trained to recognize early warning signs or adopt eco-friendly farming practices. The lack of

behavioral change limits the success of top-down interventions.

5. Inadequate and Disconnected Data Systems

Groundwater quality data is often fragmented across multiple agencies, and many regions
lack consistent data altogether. Where monitoring exists, it is typically limited to a few
parameters such as pH, EC, or nitrate, with minimal focus on pesticides or emerging
contaminants. Datasets are rarely updated in real-time, and interoperability between
government platforms is poor. Moreover, public access to such data remains restricted in
several states, preventing researchers, civil society, and even local officials from making
informed decisions. This severely limits predictive modeling, risk assessment, and targeted

remediation efforts.

6. Climate Variability and Hydrological Uncertainty

Climate change has introduced new variables into the already complex equation of
agricultural runoff. Erratic monsoons, unseasonal rainfall, prolonged dry spells, and increased
intensity of storms alter runoff patterns and groundwater recharge dynamics. In years of
heavy rainfall, excessive surface runoff accelerates leaching of fertilizers and pesticides.
Conversely, in dry periods, the concentration of contaminants may increase due to reduced
dilution. These unpredictable shifts make it difficult to design long-term mitigation plans and

require adaptive water management strategies that many regions are yet to adopt.

Table 2: Monitoring Methods for Groundwater Contamination

Method Technology Used Application Limitations
_ Borewell/well Local contamination Time-consuming,
Manual Sampling ) ) )
sampling assessment labor-intensive
Remote Sensing + Satellite and aerial Mapping vulnerable |Low resolution in deep
GIS data zones aquifers

Real-time water Continuous nitrate/pH || Expensive setup and
IoT-Based Sensors ‘ o ‘

quality sensors monitoring maintenance
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Method Technology Used Application Limitations

. Predicting vulnerability|| Requires extensive
DRASTIC Model || Hydrogeologic data

zones input data
Community-Based Rural participation and || Relies on training and
. Mobile apps, surveys ‘
Reporting mapping awareness
SCOPE FOR IMPROVEMENT

The challenge of groundwater contamination from agricultural runoff is significant, but so
too is the potential for meaningful intervention. The scope for improvement spans
environmental policy, farmer education, advanced technologies and grassroots involvement.
Addressing this issue effectively requires a multi-disciplinary approach that unites science,
governance, and community action. The following areas highlight practical and impactful

opportunities for progress:

1. Policy Reforms

Reforming environmental and agricultural policies is fundamental to addressing groundwater
contamination. Existing policies often focus on maximizing productivity without integrating
ground water sustainability into the equation. A clear opportunity exists to harmonize
agricultural input subsidies with groundwater protection measures. For example, offering
financial incentives for adopting organic fertilizers or penalizing excessive nitrogen use can
align farmer behavior with environmental goals. Inter-departmental coordination must be
strengthened so that departments handling irrigation, soil health, environmental protection,
and agriculture work within a unified regulatory framework. Furthermore, mandating the
inclusion of groundwater impact assessments in cropping pattern decisions and irrigation

planning would encourage sustainable practices at the state and local levels.

2. Educational Campaigns and Farmer Training

Educating farmers’ remains one of the most direct and cost-effective methods to bring change
at the grassroots level. Many farmers lack access to scientific knowledge about soil fertility,
the appropriate use of fertilizers, and the long-term impact of chemicals on groundwater.
Organizing large-scale awareness drives, village workshops, and demonstrations on precision

farming techniques can build capacity for environmentally responsible agriculture.
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Curriculum reforms in agricultural universities and training institutes can further ensure that
future professionals are equipped to promote groundwater-friendly farming. Additionally,
promoting farmer field schools and peer-to-peer learning platforms can help scale knowledge

transfer more rapidly.

3. Technology Integration

Modern agricultural technologies offer vast potential to reduce runoff and optimize resource
usage. Integrating Artificial Intelligence (AI) with Internet of Things (IoT) systems enables
real-time monitoring of soil nutrient levels and moisture conditions. Such systems can
automate irrigation and fertigation schedules based on actual field requirements, drastically
minimizing excess application and leaching. Al-based platforms can also provide customized
fertilizer advisories based on crop type, soil test reports, and weather data. These innovations,
once considered out of reach for small farmers, are becoming increasingly accessible through
mobile apps, solar-powered sensors, and low-cost automation tools. Promoting technology
adoption via government schemes and private-public partnerships can play a transformative

role.

4. Water Budgeting and Nutrient Accounting

Groundwater sustainability depends heavily on tracking both water and nutrient usage across
the farming cycle. Water budgeting involves measuring how much water is available and
used at farm, village, or watershed levels to avoid over-extraction. Integrating this with
nutrient accounting allows for a holistic approach to managing both quantity and quality. For
example, if farmers are made aware of their field’s water balance and nutrient uptake
efficiency, they can make better choices in irrigation scheduling and fertilizer application.
Water-user associations and Panchayati Raj institutions can be trained to implement
community-level budgeting systems. This not only reduces groundwater contamination but

also enhances long-term water security.

5. Community Participation and Citizen Science

Long-term improvement is unlikely without the involvement of the communities directly
impacted by groundwater contamination. Citizen science—where local people participate in
data collection, basic testing, and monitoring—offers a powerful model for democratizing

ground water governance. Community-led initiatives such as participatory groundwater
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mapping, well water testing using simple kits, and social auditing of fertilizer usage can

promote ownership and accountability. NGOs and local self-help groups can act as

facilitators in training villagers, school students, and youth volunteers to collect and interpret

groundwater data. This local knowledge can then be integrated with official data to improve

decision-making. Community-based monitoring also fosters behavioral change and

encourages local innovation in sustainable farming.

TECHNOLOGICAL INTERVENTIONS

Several technologies can play a key role in reducing the impact of agricultural runoff on

groundwater:

1.

Controlled-Release Fertilizers (CRFs): These fertilizers release nutrients gradually,

reducing leaching losses.

2. Biofertilizers and Organic Amendments: Reduce dependency on chemical inputs and
enhance soil health.
3. Precision Farming: GPS-guided equipment and variable-rate technology optimize input
application.
4. Constructed Wetlands: Artificial wetlands act as filters for nutrient-rich runoff before it
infiltrates into groundwater.
5. Buffer Strips and Vegetative Barriers: These natural barriers between agricultural
fields and water bodies reduce runoff speed and trap sediments.
6. Smart Sensors: Soil moisture and nitrate sensors provide real-time feedback for
optimized input usage.
7. Artificial Recharge Techniques: Recharge pits and trenches with biofilters can help
treat and replenish aquifers.
Table 3: Recommended Mitigation Strategies by Type
Strategy Type Example Techniques Targeted Issue
Agronomic Practices Precision farming, crop rotation || Fertilizer and pesticide usage
Structural Measures || Vegetative buffer strips, check dams Surface runoff

Biological Approaches || Use of bio fertilizers, green manure ||Soil health and contamination

Technological Solutions|[IoT sensors, smart irrigation systems Resource optimization

Policy & Regulation Fertilizer caps, pesticide bans Governance and compliance
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ROLE OF GOVERNMENT AND POLICYMAKING

Government bodies play a crucial role in regulating, funding, and facilitating mitigation

measures. Some key areas include:

Subsidy Reform: Encouraging farmers to adopt organic or biofertilizers by offering
targeted subsidies.

Groundwater Quality Standards: Enforcing maximum permissible limits for nitrates,
pesticides, and other contaminants in irrigation and drinking water sources.

Data Sharing Platforms: Developing centralized data portals to provide open access to
groundwater quality reports.

Regulation of Chemical Usage: Banning or restricting high-risk pesticides and
encouraging Integrated Pest Management (IPM) practices.

Monitoring Networks: Setting up region-wise groundwater monitoring stations with

automated sensors and public dashboards.

CASE STUDIES

Punjab and Haryana, India: Known for intensive agriculture, these states have seen
rising nitrate levels in groundwater. Government schemes promoting organic farming and
micro-irrigation have shown modest improvements.

The Netherlands: Through strict nitrogen application limits and monitoring, the country
has reduced agricultural leaching significantly.

California, USA: The Groundwater Quality Protection Strategy targets nitrate pollution
from agriculture and includes stakeholder consultations, data analysis, and prioritization

of vulnerable areas.

FUTURE DIRECTIONS

Future strategies must focus on integrating groundwater quality with food security and

climate resilience goals. Key areas of research and action include:

Modeling Tools: Predictive models combining meteorological, soil, and land-use data for
early warning systems.
Crop Diversification: Shifting from high-input crops like sugarcane and paddy to millets

and pulses.
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e Carbon Farming: Practices that improve soil carbon also enhance water retention and
reduce nutrient loss.

e Incentive-Based Mechanisms: Payments for ecosystem services (PES) where farmers
are rewarded for conserving groundwater quality.

e International Collaboration: Sharing best practices and technologies across borders

through regional forums.

CONCLUSION

The unchecked use of agrochemicals poses a serious threat to groundwater sustainability.
This study demonstrates the direct impact of farming patterns on aquifer contamination and
emphasizes the urgent need for transition toward eco-friendly agricultural practices.
Technological interventions like real-time monitoring systems, GIS tools, and Al-based
predictive models are critical in understanding and mitigating contamination. Community-led
education initiatives and government-backed subsidies for organic practices can catalyze the
shift toward safer farming. The conclusion emphasizes that food security and water safety
must go hand-in-hand. Long-term planning involving farmers, scientists, and policymakers
are essential to preserve the integrity of groundwater reserves and ensure safe water for future

generations.
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