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Abstract

Salinity intrusion in Gujarat's coastal aquifers is a significant and growing threat to both livelihoods and
ecosystems, primarily driven by over-extraction of groundwater, sea-level rise, and climate change.
Studies show that seawater intrusion leads to increased salinization, deteriorating groundwater quality,
and shifts in hydrogeochemical processes, which adversely affect agriculture by reducing crop
productivity and soil fertility. Notably, districts such as Surat, Kachchh, Porbandar, Anand, Valsad,
Navsari, and parts of south Gujarat have experienced significant salinization due to seawater mixing
with groundwater and over-extraction of aquifers. Management strategies proposed include artificial
recharge techniques, physical barriers to reduce intrusion, integrated water resource management, and
location-specific programs focusing on sustainable groundwater use and crop selection. Remote sensing
and IoT-based monitoring have identified high-risk areas including Dabhor, Dari, Somnath, and
Veraval for critical salinization, emphasizing the need for real-time management strategies. Recent
advances incorporate remote sensing, [oT sensors, and machine learning for real-time monitoring of
salinity intrusion hotspots to support early warning systems and sustainable management efforts.
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Introduction

Farmers along vast coastal region of Gujarat are increasingly facing a harsh truth as their
underground water sources, once crucial for irrigation, are now showing higher salinity
levels. This widespread environmental change poses a threat to agricultural sustainability and
causes considerable concern among farming communities. At the same time, the aquaculture
industry, especially shrimp farming, is dealing with unstable water quality, resulting in
reduced productivity and significant financial strain for producers. This gradual
environmental decline in an area known for having India's longest coastline, about 2340 km
(Survey of India, 2024) 3% clearly indicates a serious ecological and socioeconomic risk.
Gujarat's distinct geographical features, along with intricate hydrogeological conditions and
growing human activities, make it particularly vulnerable to the advancing saline intrusion
(Parmar and Patel, 2024) 5321,

Saltwater intrusion refers to the movement of saline water into freshwater aquifers, a process
driven by both natural events and human actions. This phenomenon is intricate and occurs
worldwide, with its characteristics changing based on the hydrological conditions, the
distribution of saline water, and the rates of freshwater extraction and replenishment in
coastal regions.

Gujarat leads the country with 2.23 million hectares of salt-affected soil, followed by Uttar
Pradesh (1.37 million ha), Maharashtra (0.61 million ha), West Bengal (0.44 million ha), and
Rajasthan (0.38 million ha); combinedly these states account for nearly 75% of India’s total
salt-affected area (Mandal et al., 2018). Bhagat et al. (2021) ! surveyed groundwater levels,
electrical conductivity and sea surface temperature and identified 9 of 14 coastal districts as
vulnerable to seawater intrusion (SWI). While Siddha and Sahu (2020) 3 compiled Central
Ground Water Board and state data and listed Bhavnagar, Una, Madhavpur, Maliya,
Lakhpat, Surat, Bharuch, Vadodara and Kachchh districts as seawater-influenced coastal
areas of Gujarat. Here are factors responsible for salinity intrusion in Gujarat:
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Fig 1: Coastal states of India and Coastal Districts of Gujarat

Natural Factors

Gujarat has the extensive 2340 km coastline along the
Arabian Sea naturally subjects its low-lying and porous
coastal areas to the influence of seawater (Parmar and Patel,
2024) 32, The region's arid to semi-arid climate,
characterized by low and irregular rainfall, restricts the
replenishment of aquifers with freshwater. Consequently,
the pressure from freshwater that typically prevents the
movement of saltwater diminishes. Rising sea levels further
intensify the problem by increasing oceanic pressure,
allowing saline water to migrate inland (Ashrafuzzaman et
al., 2022) Bl

Human Activities

Human activities significantly worsen the problem.
Excessive extraction of groundwater for agriculture,
industry, and urban use lowers the freshwater table, creating
conditions that draw saltwater into aquifers. In many coastal
regions, over-pumping has a more significant impact than
the rise in sea levels. Furthermore, the reduction in
freshwater flow from rivers caused by dams, irrigation
diversions, and industrial use weakens the natural barrier
that limits saline intrusion (Safi et al., 2018) 3% (Chithra et
al., 2021) "1 (Tessema et al., 2022) 1491,

Ghyben-Herzberg relationship

The Ghyben-Herzberg relationship is a fundamental
principle used to describe the equilibrium between
freshwater and saltwater in coastal aquifers, based on the
density difference between the two fluids. It estimates that
for every meter of freshwater above sea level, there is
approximately 40 meters of freshwater below sea level,
preventing seawater intrusion until pressure
balances (Kahsef, 1972; Siddha and Sahu, 2020) b 3%, This
sharp interface model is extensively used in both analytical
and numerical models to forecast the depth and reach of
saltwater intrusion and to refine groundwater extraction
methods to avoid contamination (Mantoglou., 2003;
Karatzas and Dokou, 2015) 2% 1% 1. However, the traditional
Ghyben-Herzberg model presumes a distinct boundary and
overlooks mixing effects, potentially leading to
overestimations of saltwater encroachment; thus, correction
factors that consider hydrodynamic dispersion have been
suggested to enhance precision (Pool and Carrera, 2011;
Siaka er al., 2018) 34371,

This relationship is also employed in assessing vulnerability
and mapping the risk of seawater intrusion in coastal
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aquifers, often in conjunction with geostatistical and GIS
techniques for improved spatial analysis (Trabelsi et al.,
2016; Mujib et al., 2024) ¥ 281 Management strategies
derived from this relationship include artificial recharge,
physical barriers, and regulated pumping to lessen the
effects of seawater intrusion on groundwater quality
(Karatzas and Dokou, 2015; Maity et al., 2018; Siddha and
Sahu, 2020) 1925381,

MECHANISM OF SALINITY INTRUSION IN A COASTAL AQUIFER
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Fig 2: Mechanism of salinity intrusion

Impacts of salinity intrusion on Nature

Agriculture

Mixing of even small amounts of seawater with
groundwater makes it unsuitable for irrigation, causing
sharp declines in productivity. Studies from coastal Gujarat
report crop yield reductions up to 62% in worst-affected
areas (Kathrani et al., 2017) ?!. On a statewide level, soil
salinity results in an annual crop loss of approximately 4.83
million tons, ranking as the second-highest in India. In terms
of financial impact, Gujarat suffers the most, with losses
amounting to around X100.6 billion each year (Kumar and
Sharma, 2020) 21,

Mangroves and wetlands

Salinity intrusion significantly affects mangroves and
wetlands by altering species composition, reducing
productivity, and disrupting ecosystem functions. Increased
salinity can cause declines in mangrove forest cover,
favouring salt-tolerant species like Avicennia and
Excoecaria while leading to the loss of salt-sensitive species
such as Heritiera fomes, which reduces biodiversity and
timber value (Haque et al., 2017; Chowdhury et al., 2019;
Ahmed et al., 2022) 17> 12 2 Extreme salinity stress can
cause mangrove dieback, reduce photosynthetic capacity,
and alter leaf nutrient content, indicating physiological
stress even beyond visibly affected areas (Dittmann et al.,
2022) U4, Zheng et al. (2025) ™4 identified that Salinity
intrusion further disrupts carbon sequestration by reducing
microbial necro mass carbon in sediments, which is crucial
for long-term soil organic carbon storage in mangrove
wetlands. Wetlands experience similar shifts, with
freshwater marshes converting to brackish or saline systems,
resulting in loss of native vegetation and altered microbial
communities.

Salinity intrusion in Gujarat’s mangroves and wetlands
affects species composition, growth, and ecosystem
functioning, with impacts shaped by local salinity levels and
species tolerance. Studied the southern Gulf of Kachchh
region and founded that salinity between 37 and 39 ppt
influencing natural regeneration patterns in mangrove
recruitment (Das et al., 2019) 131,
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Fisheries and Aquaculture

Salinity intrusion significantly impacts fisheries and
aquaculture by reducing the survival and growth of
freshwater species and altering coastal water quality. Alam
et al. (2020) B! reported that Freshwater aquaculture species
like Ompok pabda show decreased hatching success, larval
deformities, and high mortality rates at salinities above 2.5
ppt, with complete fry mortality at 10 ppt, indicating severe
vulnerability to increased salinity. Expansion of shrimp
farming in coastal Gujarat contributes to groundwater
salinization through infiltration of saline pond water, which
exacerbates saltwater intrusion and affects freshwater
availability for aquaculture (Patil and Dedaniya, 2024) 133,
Overall, salinity intrusion poses complex challenges to
Gujarat’s fisheries and aquaculture sectors by affecting
species survival, water resources, and soil health,
necessitating integrated management approaches.

People’s livelihood

Salinity intrusion in Gujarat adversely affects people's lives
by degrading agricultural productivity, reducing access to
safe drinking water, and threatening rural livelihoods.
Nathani (2021) ! identified that groundwater salinization
in areas like Gandhidham makes many wells unfit for
drinking and threatens long-term irrigation sustainability.
Contaminated coastal groundwater with metals and other
pollutants, posing ecological risks and potential health
hazards, especially for children exposed through drinking
water (Bhagat et al., 2022) 1. Soil salinization leads to loss
of fertile land and challenges in agriculture and fisheries,
which are critical for local economies and food security
(Gururaja Rao et al., 2019) '®!. Salinity intrusion in coastal
Gujarat poses multifaceted socio-economic and public
health challenges, underscoring the urgent need for
integrated management approaches that harmonize
engineering interventions with community-based support
systems.

Salinity intrusion as rising threat

Salinity intrusion is becoming a more significant threat,
mainly due to the combined impact of rising sea levels,
decreased river discharge, and human activities like
excessive groundwater extraction and changes in land use.
The rise in sea levels contributes approximately twice as
much as the reduction in river flow to the spread of
saltwater intrusion in coastal estuaries globally, pushing
saline water further inland and increasing salinity
concentrations (Adams et al., 2024; Lee et al., 2025) - 31,
Excessive groundwater extraction lowers freshwater levels,
making it easier for seawater to infiltrate aquifers, while
land subsidence worsens the situation by altering aquifer
characteristics such as porosity and permeability (Loc et al.,
2021; Chala et al., 2022) 1. Urbanization and water
shortages exacerbate the issue by increasing water demand
and reducing natural recharge, creating a synergistic effect
that worsens salinization in coastal aquifers (Rachid et al.,
2021) 3. Overall, climate change-induced sea-level rise,
combined with human pressures on water resources, is
driving the escalating global threat of salinity intrusion to
freshwater availability and ecosystem health.

Solutions for salinity intrusion in Gujarat
Salinity intrusion in Gujarat's coastal aquifers is primarily
driven by over-extraction of groundwater, sea-level rise, and
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climate change, leading to significant environmental and
socioeconomic challenges. Solutions include artificial
recharge techniques to dilute saline water, construction of
subsurface physical barriers, and integrated water resource
management that considers groundwater budgets and
sustainable use (Maurya et al., 2019; Siddha and Sahu,
2020) - 381 Infrastructure measures such as tidal regulators,
bandharas (check dams), recharge reservoirs, and spreading
channels have been implemented in Saurashtra to reduce
salinity ingress, improve irrigation potential, and restore
agricultural productivity (Panchal and Patel, 2013) B!,
Parmar and Patel (2024) 2 reported that Barda Sagar
Prevention Scheme in Porbandar district demonstrated
positive impacts on agriculture and water security by
managing water resources effectively and promoting
alternative cropping patterns. Engineering solutions like
tidal regulators, check dams, spreading channels, and
recharge reservoirs have been implemented in coastal
districts to control salinity ingress and improve irrigation
potential. Advanced monitoring approaches combining
remote sensing, IoT sensors, and machine learning have
been developed to track saltwater intrusion zones in real
time, enabling early warning systems for better groundwater
management. Additionally, location-specific programs
integrating engineering, agro-interventions, afforestation,
regulation of groundwater extraction, and promotion of
rainwater harvesting are recommended to sustainably
manage salinity issues along Gujarat’s extensive
coastline (Gururaja et al., 2019; Bhagat et al., 2021) 1681,
Nature-based solutions (NBS) for salinity intrusion focus on
harnessing natural processes to reduce saltwater
encroachment in estuaries and coastal areas while
supporting ecosystem services. One promising approach is
the use of estuarine sand dunes, which can significantly
reduce salt intrusion length by enhancing vertical mixing
and maintaining navigability, with steeper dunes showing
stronger effects (Geerts et al., 2025) . Wetlands and
halophyte plants like Atriplex portulaciodes have also been
shown to mitigate salt-wedge intrusion by absorbing salts
and improving freshwater availability, potentially reducing
salt intrusion by up to 16% under future -climate
scenarios (Verri et al., 2024) ¥, Restoration of intertidal
ecosystems and promoting biodiversity through NBS can
improve flood protection, carbon sequestration, and water
quality, offering sustainable alternatives to conventional
agriculture in salinized coastal plains (Velilla et al., 2025)
[42]

Recent technologies involve remote sensing combined with
IoT sensors and machine learning models like Support
Vector Machines (SVM) enable real-time tracking and
prediction of saltwater intrusion zones, improving early
warning systems and sustainable groundwater use (Alruwais
et al., 2025) ™. Additionally, comprehensive approaches
involving soil amendments (e.g., gypsum), improved
drainage, phytoremediation, and integrated water resource
management are emphasized to sustainably manage coastal
salinity challenges (Gururaja et al., 2019; Kumar and
Sharma, 2020; Ondrasek et al., 2022) 1622301,

Conclusion

Salinity intrusion is quietly but significantly altering the
future of Gujarat's coastline. As seawater gradually
infiltrates freshwater aquifers and fertile lands, agriculture
suffers, potable water becomes limited, and fisheries
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experience ecological changes. For coastal residents, this
results in reduced incomes, increased vulnerability, and
uncertain livelihoods. In addition to human impacts, the
intrusion disturbs delicate ecosystems that protect against
storms and support biodiversity. Addressing this issue

requires

sustainable groundwater management, the

restoration of mangroves and wetlands, and climate-resilient

planning. Recognizing

salinity intrusion as both an

environmental and livelihood crisis is essential for ensuring
aresilient and sustainable coastal Gujarat.
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