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Abstract - Coastal subsurface groundwater frequently
experiences seawater intrusion, affecting groundwater
suitability for irrigation. This study evaluates irrigation water
quality in the Paravur coastal aquifer, Kerala, India, with
emphasis on sodium hazards associated with salinisation
processes. A total of 100 groundwater samples were collected
along a 9-km coastal-inland transect during the 2025 dry
season. Hydrochemical facies, ionic ratios (CI/Na and the
chlorinity index), Base Exchange Index (BEX), principal
component analysis (PCA), and irrigation suitability indices,
including Kelly’s Ratio (KR), Magnesium Hazard (MH),
Permeability Index (PI), and Residual Sodium Carbonate
(RSC), were applied. Results reveal an unexpected inland
intensification of sodium hazard despite a 63.5% reduction in
total dissolved solids (505 to 184 mg I'). Cation exchange
processes promote sodium enrichment in inland groundwater
independent of bulk salinity. Although 93-100% of samples
satisfy conventional irrigation criteria (MH, PI, RSC), all
samples exceed the Kelly’s Ratio threshold (KR > 1),
indicating widespread sodium hazard driven by exchange
processes rather than bulk salinity. This reveals a persistent
sodium hazard even in relatively low-salinity groundwater,
highlighting the dominant role of cation exchange during
aquifer freshening. These findings reveal a “freshening-
contamination paradox” where declining salinity masks
increasing sodium hazard associated with exchange processes.
The study highlights the importance of exchange processes in
coastal aquifers and demonstrates that salinity-based
monitoring alone may underestimate irrigation risks.
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I. INTRODUCTION

Coastal, subsurface groundwater constitutes a critical source
of freshwater for drinking, domestic use, and irrigation in
densely populated coastal regions worldwide. However, these
aquifers are increasingly threatened by seawater intrusion
resulting from groundwater over-extraction, land-use change,
and sea-level rise (Taylor et al., 2013, Prusty & Farooq, 2020).
Intrusion of saline water into freshwater aquifers alters
groundwater chemistry and can severely reduce its suitability
for agricultural use by increasing salinity and sodium hazards.
Such processes have been documented in numerous coastal
environments, including many regions along India’s 7,500-km
coastline, where groundwater salinisation has emerged as a
major constraint on sustainable water management (Anil
Kumar et al., 2015, Prusty & Farooq, 2020, Dipu & Josna,
2020, Tharun et al.,, 2021, Sudip Basack et al., 2022,
Kanchana et al., 2023).

Traditional conceptual models of seawater intrusion
are based on a conservative mixing paradigm in which dense
saline water migrates inland along hydraulic gradients and
gradually mixes with freshwater. Under this framework,
groundwater salinity and associated Na—Cl hydrochemical
facies are expected to decline monotonically with increasing
distance from the coastline. Consequently, monitoring
strategies typically rely on indicators such as electrical
conductivity (EC), chloride concentration, and total dissolved
solids (TDS) to identify intrusion, with sampling networks
concentrated near the shoreline where the risk is assumed to
be greatest (Cloutier et al., 2008, Singhal &Gupta, 2010,
Panteleit et al., 2011). While this approach is effective in
relatively homogeneous aquifers where conservative mixing
dominates, it may not adequately capture the complexity of
geochemically active coastal systems.

Increasing evidence shows that coastal aquifers with
heterogeneous lithology, clay-rich sediments, or multilayered
hydrostratigraphy may deviate substantially from this
simplified model. In such environments, geochemical
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reactions between groundwater and aquifer materials may
significantly modify ionic compositions independent of bulk
salinity changes. One of the most important processes is cation
exchange between dissolved ions and exchange sites on clay
minerals. During seawater intrusion, sodium from saline water
may replace calcium and magnesium on clay surfaces,
whereas during subsequent freshening phases, the stored
sodium may be released back into groundwater (Appelo &
Postma, 2005, Giménez-Forcada, 2014). This exchange-driven
mechanism can produce groundwater with relatively low
salinity but elevated sodium concentrations, potentially
creating irrigation hazards that are not apparent from
conventional salinity indicators alone.

Hydrogeological complexity can further influence
intrusion patterns through preferential flow pathways such as
paleo-channels, structural discontinuities, and confined aquifer
layers. These features can transmit saline water inland while
leaving shallow coastal zones comparatively less affected.
Examples of such non-monotonic or inverted intrusion
patterns have been reported in several coastal aquifers
worldwide, including the Mar del Plata aquifer in Argentina
(Martinez & Bocanegra, 2002), parts of the Nile Delta in
Egypt (Assad et al., 2022, Samia et al., 2023, Ismail et al.,
2023), and the Gaza coastal aquifer (Reem & Mohammad,
2013, Musallam et al., 2023). These cases highlight that
salinity distributions in coastal aquifers may be strongly
influenced by geological structure and geochemical reactions,
thereby challenging the assumption that groundwater quality
improves uniformly with distance from the coast.

To better interpret such processes, hydrogeochemical
indicators such as the Base Exchange Index (BEX) have been
increasingly applied to distinguish between active salinisation
and freshening phases in coastal aquifers (Stuyfzand, 2008,
Hend et al., 2022). Negative BEX values generally indicate
ongoing salinisation, whereas positive values suggest
freshening following earlier saline intrusion. However, most
studies applying BEX focus primarily on diagnosing
hydrogeochemical processes and rarely integrate these
findings with irrigation water quality assessments. In contrast,
agricultural suitability is typically evaluated using empirical
indices such as Kelly’s Ratio (KR), Magnesium Hazard (MH),
Permeability Index (PI), and Residual Sodium Carbonate
(RSC), which assess potential risks of soil sodicity,
permeability reduction, and carbonate imbalance (Kelly, 1940,
Raghunath, 1987, Kumar et al.,, 2020). Because these
irrigation indices are commonly applied without reference to
the underlying hydrogeochemical mechanisms controlling
groundwater composition, a conceptual gap persists between
hydrogeological process studies and agricultural water quality
evaluation.

This gap raises an important but rarely examined
question: can groundwater undergoing apparent freshening
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from seawater intrusion still pose significant irrigation risks
due to exchange-driven sodium enrichment? In other words,
declining salinity and positive BEX values might suggest
recovery of groundwater quality, while elevated sodium ratios
could simultaneously indicate increasing sodicity hazards for
agricultural soils. Such a scenario would represent a
“freshening—contamination paradox,” where groundwater
appears chemically improved in terms of salinity but remains
unsuitable for irrigation due to persistent sodium dominance.

Kerala’s coastal aquifers provide an appropriate
setting to investigate this possibility. The state’s narrow
coastal plain, intersected by numerous rivers, lagoons, and
backwater systems, exhibits strong hydraulic connectivity
between surface water and shallow aquifers. Previous studies
have documented seawater intrusion along rivers and in
coastal wells, but most investigations have focused on
geophysical surveys, electrical conductivity mapping, and
basic ion chemistry, with limited emphasis on exchange
processes or irrigation suitability (Tharun et al., 2021). In
Paravur Municipality of Kollam District, a peninsular
landscape bounded by Paravur Lake, Edava—Nadayara Kayal,
and the Ithikkara River, shallow sandy and alluvial aquifers
containing moderate clay fractions (8-15%) support extensive
domestic and agricultural groundwater use. Intensive
abstraction from open wells, combined with strong hydraulic
connectivity to surrounding water bodies, creates conditions
favourable for both seawater intrusion and complex
geochemical evolution of groundwater (Shaji, 2009, Tharun et
al., 2021, Sudip Basack et al., 2022).

Against this background, the present study
investigates groundwater quality along a 9-km coastal-inland
transect in the Paravur coastal aquifer through an integrated
hydrogeochemical and irrigation suitability framework. Four
objectives are pursued: (i) to characterise the spatial
distribution of seawater influence across three distance-
stratified zones using hydrochemical facies, ClI/Na ratios, the
Chlorinity Index, and the Base Exchange Index; (ii) to
quantify the relative contributions of conservative seawater
mixing and reactive cation exchange to groundwater chemistry
using PCA; (iii) to assess groundwater suitability for irrigation
using Kelly’s Ratio, Magnesium Hazard, Permeability Index,
Residual Sodium Carbonate, and the Sodium Adsorption
Ratio; and (iv) to test whether declining bulk salinity and
positive BEX values can coexist with universally elevated
sodium hazards, a potential “freshening—contamination
paradox” - in which apparent hydrochemical improvement
conceals persistent agricultural risk driven by exchange-
derived sodium dominance. Together, these objectives bridge
process-based hydrogeochemical diagnosis and practical
irrigation management, with transferable implications for
geologically heterogeneous coastal aquifers globally.
Geological and hydrogeological context
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The aquifer system is structurally complex, with potential for
heterogeneity arising from several sources. Regional
geological investigations by the Geological Survey of India
(GSI, 1995) mapped laterite plateaus dissected by paleo-
drainage systems throughout coastal Kerala, though high-
resolution mapping specific to Paravur Municipality is not
available.

In the absence of site-specific geophysical surveys or
depth-stratified sampling, the mechanisms controlling the
observed inverted hydrochemical gradient cannot be
definitively determined from water chemistry alone. However,
the peninsular morphology, with tidal influence from Paravur
Lake (west), Edava-Nadayara Kayal (south), and Ithikkara
River (east), creates multiple potential entry points for
subsurface seawater intrusion that may bypass near-coastal
zones through as-yet-uncharacterized geological features.

Geographically, the municipality is defined by its
proximity to Paravur Lake and the Ithikkara River, featuring
significant water bodies, marshes, and a coastal stretch. This
coastline is specifically regulated under Coastal Regulation
Zone (CRZ) guidelines. The groundwater resources of Kerala,
one of the southernmost states of India, are under escalating
stress and scarcity, despite a high well density with 62% of the
population relying on groundwater from approximately 6.5
million open wells (Aju et al., 2024).

Il. METHODOLOGY

A stratified sampling strategy was employed to capture
hydrogeochemical variability across a coastal-inland gradient
while accounting for spatial heterogeneity in intrusion risk.
The study area was divided into three zones based on distance
from the Arabian Sea: Core Zone (0-3 km), Mid Zone (3-6
km), and Outer Zone (6-8.7 km). Sample allocation followed a
proportional-to-risk-and-area framework, with 50, 25, and 25
samples collected from Core, Mid, and Outer zones,
respectively (n=100 total). This 50:25:25 distribution was
selected based on (1) Spatial coverage: The Core Zone
encompasses approximately 50% of the municipality's 16.19
km2 area due to Paravur's unique peninsular geometry,
surrounded by water bodies on three sides (Paravur Lake,
Edava-Nadayara Kayal, Ithikkara River), creating extensive
coastal frontage relative to inland extent. (2) Intrusion
vulnerability: Multiple seawater entry points and shallow
water table depths (6-15 m) in coastal areas necessitate higher
sampling density to capture spatial heterogeneity in mixing
and contamination processes. (3) Well density: Approximately
60% of the municipality's ~8,000 open wells are located in the
Core Zone, reflecting both population distribution and the
study's focus on characterising human-relevant groundwater
quality (Sampling decision matrix was based on a multi-
criteria framework considering area representation, intrusion
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risk, and well density (Supplementary Table S1). This design
ensures adequate statistical power for spatial comparisons
while maintaining representativeness across the complete
coastal-inland transect.

Primary data were collected from permanent
residents, with particular emphasis on coastal areas where
wells exhibit higher susceptibility to seawater intrusion.
Recognising the elevated risk of seawater ingress in proximity
to the coastline, a stratified sampling approach was adopted,
with sample density proportional to the risk gradient. We have
collected 100 samples and analysed them, with every 10th
sample analysed in duplicate for quality control. This zonal
stratification is facilitated by a comprehensive spatial
assessment of groundwater quality variations relative to the
coastline proximity. The sampling localities are illustrated in
Fig 2. The samples were collected during March and April
2025 for this study. Water sampling protocols adhered to
guidelines established by the Bureau of Indian Standards (IS
3025 Part 1 - Part 57) and the Central Pollution Control Board
(CPCB). The principal objectives of the water quality analysis
were to: (1) Characterise baseline groundwater quality, (2)
Evaluate compliance with established standards, (3) Delineate
contamination hotspots, (4) Identify potential seawater
intrusion zones, and (5) Assess the suitability for irrigational
activities.

All 100 open wells were in regular use for domestic
and household activities. We have collected the samples after
discarding the initial 5 litres, and the field parameters were
measured using a Hanna multiparameter probe. Samples
collected in pre-rinsed 1L HDPE bottles, triple-rinsed with
well water. Cation samples acidified to pH <2 with HNO3
(trace metal grade). Samples stored at 4°C, transported within
6 hours, analysed within 48 hours.

Samples were analysed for major ionic constituents,
including Calcium (Ca?"), Magnesium (Mg?"), Sodium (Na*),
Potassium (K*), Chloride (Cl), Bicarbonate (HCOs"), and
Sulfate (SO+*), along with physicochemical parameters such
as pH, Electrical Conductivity (EC), and Total Dissolved
Solids (TDS). These analyses were conducted to assess
groundwater quality and quantify the extent of seawater
intrusion, following standard analytical procedures outlined by
the American Public Health Association (APHA, 1995). The
analytical results were subsequently compared with
permissible limits for drinking water quality and
hydrochemical indices related to seawater intrusion.

A. Physicochemical parameters

Parameters related to salinity, ion concentration, and overall
conductivity are commonly used to detect the intrusion of
seawater into freshwater aquifers (Kazakis et al., 2016). Table
1 presents the parameters investigated for this study, the
corresponding methods of analysis, and a comparison with the
standard levels established by the WHO and BIS, along with
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the minimum detectable limits for each parameter. The
analysis adhered rigorously to the standard method. Every
10th sample analysed in duplicate; mean relative percentage
difference (RPD) = 3.2% for major ions (acceptable
<10%). Field and laboratory blanks were analysed every 20
samples; all were below detection limits. lonic balance was
calculated for all samples; 96% within +5%. Four samples
recorded IBE values of 5.2-7.8% and were re-analysed; after
re-analysis, all samples met the +5% criterion.

Analytical accuracy of the hydrochemical data was
evaluated using the ionic balance error (IBE), equivalent to the
charge balance error (CBE). All samples exhibited charge
balance errors within +5%, indicating acceptable analytical
precision.

B. Hydrochemical indices used to evaluate seawater
intrusion

To assess the extent of seawater intrusion in the open wells
and the suitability for irrigational activities of Paravur
Municipality, key hydrochemical indices were analysed (Table
2). These indices help determine the influence of seawater on
groundwater and assess its suitability for drinking and
irrigation.
Magnesium hazard evaluates the effect of magnesium
concentration in irrigation water. If MH is greater than 50%,
the water is considered unsuitable for irrigation (Raghunath,
1987). Excessive magnesium content can negatively impact
soil permeability and crop yield, making the water unsuitable
for irrigation.
1) Permeability Index (PI)
The permeability index is used to determine how water affects
soil permeability based on the values: Class | (>75%), water is
suitable for irrigation; Class Il (25-75%), water is good for
irrigation; Class 111 (<25%), water is unsuitable for irrigation.
2) Kelly’s Ratio (KR)
Kelly’s ratio assesses sodium concentration in comparison to
divalent cations. If KR is greater than 1, the water is
unsuitable for irrigation.

3) Residual Sodium Carbonate (RSC)

RSC measures excess carbonate and bicarbonate, affecting
soil permeability. Based on its value: If RSC is less than 1.25
meq I, the water is safe for irrigation; If RSC is between 1.25
and 2.5 meq I it is marginally suitable with certain
management practices; If RSC is greater than 2.5 meq I, the
water is unsuitable for irrigation due to a potential increase in
sodium adsorption on the soil.

C. Statistical methods

Normality was assessed using the Shapiro-Wilk test (o =
0.05). Most parameters (pH, EC, TDS, Cl, Na’, SO.*)
violated normality; Ca*" and Mg?** approached normality. For
non-normal variables, the Kruskal-Wallis H test compared the
three zones, with pairwise differences examined via Dunn’s
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post-hoc test with Bonferroni correction (adjusted oo = 0.0167).
For normally distributed parameters, one-way ANOVA with
Tukey’s HSD was applied. Effect sizes were quantified using
Cohen’s d (small: 0.2; medium: 0.5; large: 0.8) and
Pearson/Spearman correlations as appropriate. PCA was
performed on eight z-score standardised variables (pH, EC,
Cl, Na*, SO+, Ca*", Mg?, BEX) using the Kaiser criterion
(eigenvalue >1.0) for component retention and Varimax
orthogonal rotation; data suitability was confirmed by KMO =
0.78 and Bartlett’s test (x> = 687.3, df = 28, p < 0.001). All
analyses used SPSS v.20 and Microsoft Excel 2019 (a = 0.05,
two-tailed).

I1l. RESULTS AND DISCUSSION

Spatial patterns in groundwater quality: an inverted
coastal-inland gradient
Our analysis reveals a spatial distribution that inverts the

conventional model of coastal aquifer salinity.
Physicochemical ~ parameters  reveal three  distinct
hydrochemical zones that challenge proximity-based

vulnerability frameworks (Table 3).

Unexpected pH distribution

Mean pH increases progressively from acidic conditions in the
Core Zone (5.7620.73, range: 3.92-7.21) through near-neutral
values in the Mid Zone (6.50+0.67) to alkaline conditions in
the Outer Zone (7.27+0.44, range: 6.32-7.92). This 1.51-unit
pH increase over 8.7 km contradicts typical seawater intrusion
signatures, where saline water (pH ~8.0) would elevate coastal
pH. The Core Zone exhibits acidic conditions (pH 5.76+0.73)
while the Outer Zone shows alkaline pH (7.27+0.44) with low
spatial variation (CV=6.1% vs. 12.7% coastally). This
progressive hydrochemical homogenization inland contradicts
the expected coastal salinity-driven alkalinity.

Inverted salinity pattern

Electrical conductivity and total dissolved solids display the
opposite trend, with the highest values in the Core Zone (EC:
348.18+130.93 pS cm?, TDS: 504.61+189.75 mg I?)
declining through the Mid Zone (EC: 205.60+27.24 uS cm™,
TDS: 302.35+40.05 mg I'Y) to minimum values in the Outer
Zone (EC: 123.32+39.79 uS cm, TDS: 184.06+59.38 mg I%).
This 63.5% reduction in salinity from coast to inland
represents a conventional gradient. However, when coupled
with other parameters (pH, ionic ratios, BEX), this pattern
reveals a more complex process than simple dilution.

Major ion distributions reveal dual contamination sources
The Core Zone exhibits elevated Na* (105.18+25.87 mg 1)
and exceptionally high SO+ (123.53£20.25 mg 1Y),
accompanied by moderate CI- (127.84+45.01 mg 1) and
depleted HCOs~ (13.87+3.77 mg 1I7). Carbonate is absent
across all zones. This SO+~ dominance (mean 123.5 mg 1)
cannot be attributed to seawater (SO4+*> in seawater: ~2,700 mg
I would proportionally elevate CI- to ~10,000+ mg 17 if
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seawater were the source), indicating anthropogenic
contamination from industrial effluents, agricultural fertilisers,
or sewage infiltration overlapping with historical seawater
influence.

The Quter Zone displays lower concentrations of all
major ions (Na*: 45.56+18.75 mg I''; SO.*: 23.38+9.05 mg I
L CI': 101.99+£32.12 mg 1), with the critical observation that
Cl” remains substantial (102 mg 1* mean) despite 8.7 km
distance from the coast and 73.7% lower salinity. This
persistent chloride signature, combined with high pH, suggests
subsurface seawater presence rather than complete freshwater
dominance.

Principal component analysis

Principal Component Analysis (PCA) was applied to identify
the  dominant  hydrochemical processes controlling
groundwater chemistry in the study area (Tables 4 & 5). The
first three principal components account for approximately
66% of the total variance, indicating that most of the
hydrochemical variability can be explained by a limited
number of geochemical processes. PC1 accounts for 40.18%
of the variance and is strongly associated with EC, TDS, CI-,
Na*, Ca* and SO4+*", representing the dominant salinity factor
associated with seawater influence or saline mixing processes.
PC2 explains 14.58% of the variance and shows strong
positive loadings for HCOs~ and Na', suggesting cation
exchange reactions between groundwater and clay minerals.
This process likely contributes to sodium enrichment
independent of bulk salinity levels. PC3 explains 11.54% of
the variance and is associated mainly with Mg** and HCOs",
indicating carbonate dissolution and water-rock interaction
processes. Together, these components suggest that
groundwater chemistry in the aquifer is controlled by a
combination of seawater intrusion, ion-exchange reactions,
and mineral weathering.

The  first  three  principal  components  explain
approximately 66% of the total variance, indicating that most
chemical variability can be attributed to a limited number of
geochemical controls.

Fig. 3 Principal Component Analysis (PCA) biplot
showing the relationship between hydrochemical variables and
groundwater samples. PC1, which explains 40.18% of the
variance, is strongly associated with EC, TDS, CI-, Na*, Ca?*,
and SO+>, representing the primary salinity factor associated
with marine influence or seawater mixing. This component
reflects the contribution of saline ions typical of coastal
aquifer systems affected by seawater intrusion. The separation
between salinity indicators (EC, Cl") and sodium-alkalinity
indicators suggests that sodium enrichment may occur
independently of overall salinity levels through cation
exchange processes.

The second component (PC2), accounting for 14.58%
of the variance, shows strong positive loadings for HCOs™ and
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Na*, indicating cation exchange reactions between
groundwater and clay minerals within the aquifer matrix.
During freshening phases, sodium previously adsorbed onto
exchange sites may be released back into groundwater, leading
to sodium enrichment independent of overall salinity levels.

The third component (PC3), explaining 11.54% of
the variance, is dominated by Mg* and HCOs,
suggesting carbonate dissolution and water—rock interaction
processes.

Importantly, the separation between the salinity
component  (PCl)and the sodium-alkalinity = exchange
component (PC2) indicates that sodium enrichment is not
controlled solely by seawater mixing. Instead, ion exchange
processes contribute significantly to groundwater chemistry.
This decoupling of sodium concentration from bulk salinity
supports the existence of a freshening—contamination paradox,
whereby groundwater may exhibit declining total salinity
while simultaneously developing elevated sodium hazards that
reduce irrigation suitability.

The scree plot (Fig. 4) shows a sharp decline in
eigenvalues after the third component, indicating that the first
three principal components capture the majority of
hydrochemical variance. Based on the Kaiser criterion
(eigenvalue > 1), three components were retained for further
interpretation.

The separation of salinity indicators from sodium-
alkalinity variables in the PCA space suggests that sodium
enrichment may occur independently of bulk salinity levels,
supporting the proposed freshening—contamination paradox in
the Paravur coastal aquifer.

Hydrochemical evidence for inverted intrusion: index
analysis reveals subsurface seawater delivery
Hydrochemical indices provide convergent evidence for this
inverted intrusion, demonstrating that the process of
salinisation is active inland even as the product (bulk salinity)
declines (Table 6).
Chloride-to-sodium ratio:
seawater stoichiometry

The Cl/Na ratio increases systematically from the core zone
(0.78+0.14) through the mid zone (1.13+0.27) to the outer
zone (1.62+0.54), approaching seawater stoichiometry (1.81)
at maximum distance from the coast.

Kruskal-Wallis analysis confirmed highly significant
inter-zone differences for all hydrochemical indices (Table. 7).
The CI/Na ratio increased systematically across zones (H =
47.2,df =2, p <0.001, €2 = 0.463), with post-hoc Dunn's tests
revealing significant differences for all pairwise comparisons:
Core-Mid (Z = -4.12, p-adjusted < 0.001), Core-Outer (Z = -
6.34, p-adjusted < 0.001), and Mid-Outer (Z = -3.89, p-
adjusted < 0.001). Effect sizes were large: Core-Outer (d =
2.01, 95% CI [1.42, 2.60]), demonstrating a 108% increase in
Cl/Na ratio inland.

progressive approach to
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Base Exchange Index exhibited the most pronounced
zonation (H = 72.8, df = 2, p < 0.001, &> = 0.721). Post-hoc
tests showed: Core-Mid (Z = 5.67, p-adjusted < 0.001, d =
2.92, 95% CI [2.21, 3.63]), Core-Outer (Z = 8.91, p-adjusted <
0.001, d = 4.73, 95% CI [3.78, 5.68]), and Mid-Outer (Z =
3.45, p-adjusted = 0.002, d = 1.28, 95% CI [0.67, 1.89]). The
extremely large effect size for Core-Outer BEX comparison (d
= 4.73) represents a complete process reversal from active
freshening to ongoing salinisation.

One-way ANOVA confirmed significant Kelly's Ratio
variation across zones (F = 28.3, p < 0.001, n? = 0.368), with
Tukey HSD post-hoc tests showing: Core-Mid (mean
difference = 0.53, p-adjusted = 0.003, 95% CI [0.18, 0.88]),
Core-Outer (A = 0.83, p-adjusted < 0.001, 95% CI [0.48,
1.18]), and Mid-Outer (A = 0.30, p-adjusted = 0.048, 95% ClI
[0.003, 0.60]). Despite a significant decline inland (Cohen's d
= 1.31 for Core-Outer), all zones remained above the critical
KR > 1 threshold, confirming persistent sodium hazards
independent of spatial location.

Irrigation  suitability —assessment: the
contamination paradox

Despite 93-100% of samples meeting conventional irrigation
criteria. (MH, Pl, RSC), a universal sodium hazard was
identified (Table 8).

Conventional indices indicate suitability

Across all zones, 96/100 samples satisfied Magnesium Hazard
criteria (MH<50%), 93/100 met Permeability Index thresholds
(Class 1-11), and all 100 samples met the Residual Sodium
Carbonate criterion (RSC<1.25 meq I'; mean RSC
consistently negative). These results create an impression of
broad agricultural suitability.

Kelly's ratio reveals universal sodium hazard

In stark contrast, Kelly's Ratio assessment reveals universal
unsuitability: all 100 samples (Core 50/50, Mid 25/25, Outer
25/25) exceed the KR>1 threshold. Mean KR values (Core:
2.15, Mid: 1.62, Outer: 1.32) indicate Na* concentrations 1.3-
2.2 times higher than Ca**+Mg?*", creating persistent sodium
hazards independent of salinity. Even the Outer Zone (TDS:
184 mg I''), with the lowest salinity and best individual
parameter values, exhibits KR=1.32+0.56, rendering this
apparently fresh groundwater unsuitable for unrestricted
irrigation.

Mean KR values across zones (Core: 2.15, Mid: 1.62,
Outer: 1.32) indicate Na* concentrations 1.3-2.2 times higher
than Ca?>+Mg?", creating persistent sodium hazards
independent of salinity levels. Even the outer zone, with the
lowest salinity (TDS: 184 mg I') and best individual
parameter values, exhibits KR=1.32+0.56, rendering this
apparently "fresh™ groundwater unsuitable for unrestricted
irrigation due to sodium-to-divalent-cation imbalance.
Zone-specific suitability patterns

freshening-
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Integrated assessment combining all five indices reveals
spatial variation in overall irrigation suitability:

Zero samples across all zones meet all criteria
simultaneously due to universal KR>1, demonstrating that
sodium hazards represent the limiting factor for irrigation
suitability regardless of location or salinity level.

The Freshening-Contamination Paradox Quantified
The Outer Zone exemplifies the freshening-contamination
paradox:

e  Apparent water quality improvement: TDS (184 mg I
1) 63.5% lower than coastal values, pH alkaline
(7.27), EC low (123 pS cm').

e Salinity-based classification: "Good" to "Excellent"
for drinking/irrigation based on TDS alone.

e Exchange process signature: Negative BEX (-0.15
meq I"Y), indicating forward exchange releasing Na*.

e Agricultural reality: KR=1.32, 32% above the
suitability  threshold, indicating soil structure
degradation risk.

This paradox operates across the entire study area:
100% of samples with TDS<200 mg I'* (n=28, all in Outer
Zone) fail irrigation criteria due to exchange-driven sodium
release. Pearson correlation analysis confirms BEX and KR
are inversely related (r=-0.58, p<0.001), mechanistically
linking freshening (positive BEX) with sodium accumulation
and salinisation (negative BEX) with continued sodium
hazards during active forward exchange.

Spatial distribution of irrigation risk

Contrary to salinity-based risk frameworks
maximum agricultural impact coastally,
severity (measured by KR) decreases inland:

e Core Zone (highest salinity): KR=2.15+0.74 (most
severe hazard)

e Mid Zone (moderate salinity):
(moderate hazard)

e Outer Zone (lowest salinity): KR=1.32+0.56 (least
severe but still unsuitable)

However, all zones exceed the critical threshold
(KR>1), meaning relative improvement inland does not
translate to agricultural suitability. The persistent KR>1 across
the 63.5% salinity gradient indicates that cation exchange
processes  maintain  elevated  Na+/Ca>+Mg?*
independently of conservative mixing dilution.

This indicates that even the 28 low-salinity samples
from the Outer Zone (TDS < 200 mg I'%), which would be
classified as ‘'excellent' based on TDS alone, are rendered
unsuitable for irrigation due to a sodium-to-divalent cation
imbalance 32% above the safe threshold (KR = 1.32).

The freshening-contamination paradox and its global
relevance

This process coupling generates the core management
paradox: 100% of samples, including those with low TDS

predicting
sodium hazard

KR=1.62+0.49

ratios
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(<200 mg I1), meeting all conventional irrigation criteria
(MH, PI, RSC), are rendered unsuitable by a universally
elevated Kelly’s Ratio (KR>1). This finding challenges the
sufficiency of salinity or individual ion thresholds for
irrigation assessment in reactive aquifers. The paradox mirrors
conditions documented in other heterogeneous systems, such
as the Mar del Plata (Argentina) and Nile Delta (Egypt)
aquifers, where inland salinisation occurs despite coastal
freshening (Martinez & Bocanegra, 2002, Ismail et al., 2023).
Our study presents a quantitative, process-based framework
for diagnosing this condition, which affects an estimated 15-
30% of coastal aquifers where clay minerals and preferential
pathways are present (Kumar et al., 2020). Similar exchange-
driven sodium enrichment during aquifer freshening has been
reported in the Nile Delta (Ismail et al., 2023) and the Gaza
coastal aquifer (Musallam et al., 2023).

Subsurface preferential pathways allow seawater or
highly saline water to travel inland, bypassing the coastal
zone. As it travels, it may mix with ambient freshwater
(lowering TDS) but continues to drive cation exchange (BEX
signature) and maintain a high Na*/(Ca**+Mg?") ratio (KR).
This explains the co-existence of low TDS and high KR in the
Outer Zone.

Limitations and future directions

This study is limited by its single-season snapshot and lack of
depth, discrete sampling or direct geophysical data. Future
work must employ vertical electrical sounding or seismic
reflection to image the hypothesised preferential pathways and
install multi-level piezometers to test for vertical stratification.
Time-series sampling will elucidate the seasonal dynamics of
the exchange front. Nonetheless, the hydrochemical evidence
presented provides a robust, transferable framework for the
early detection of hidden intrusion geometries and associated
agricultural vulnerabilities.

IV. CONCLUSION

This study documents a previously uncharacterised deviation
from classical seawater intrusion patterns in the Paravur
coastal aquifer, Kerala, India. Integrating hydrochemical
facies analysis, ionic ratios, process-diagnostic indices, and
PCA across a 9-km coastal-inland transect, two principal
findings emerge.

First, hydrochemical indices reveal an inverted
spatial gradient that contradicts the expected monotonic
decline in seawater signatures with distance from the coast.
The CI/Na ratio rises progressively from 0.78 (Core) to 1.62
(Outer), approaching seawater stoichiometry (1.81) at
maximum inland distance; the Chlorinity Index follows
identically (55.1% to 79.8%). The BEX transitions from
strongly positive in the Core Zone (+2.01 meq I, active
freshening) to negative in the Outer Zone (—0.15 meq 17,
ongoing salinisation), consistent with subsurface seawater
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delivery via preferential flow pathways that bypass near-
coastal zones. PCA confirms this decoupling: PC1 (40.2% of
variance) captures conservative salinity mixing, while PC2
(14.6%) reveals that cation exchange sustains elevated Na*
independently of the 63.5% TDS reduction. The resulting
KR>1 across all zones constitutes a critical monitoring blind
spot under coastline-concentrated, salinity-focused
surveillance paradigms.

Second, the “freshening-contamination paradox” is

quantified. While 93-100% of samples satisfy individual
criteria (MH<50%: 96%; PI Class I-11: 93%; RSC<1.25 meq
17': 100%), all 100 samples fail integrated assessment due to
universal KR>1. Critically, the 28 low-salinity Outer Zone
samples (TDS<200 mg 1!) - conventionally classified as
“excellent” - carry KR=1.32, 32% above the safe threshold.
The inverse BEX-KR correlation (r=—0.58, p<0.001)
mechanistically confirms that apparent hydrochemical
improvement through freshening conceals persistent sodium
hazard rooted in exchange-driven Na® release from clay
minerals.
Together, these findings expose a dual failure of conventional
approaches:  nearshore ~ monitoring  misses inland
intensification of intrusion signatures, while EC/TDS indices
systematically misclassify geochemically hazardous water as
agriculturally safe. Effective management requires extending
monitoring networks inland and mandating the combined use
of sodium hazard assessment (KR) with process-diagnostic
indices (BEX, CI/Na ratio) as standard components of any
irrigation water quality programme. In Paravur specifically,
the universal irrigation unsuitability - including in apparently
fresh Outer Zone groundwater - demands immediate attention
to soil health monitoring and evaluation of alternative water
sources. The integrated BEX-CI/Na-KR toolkit offers a robust,
cost-effective framework for early detection of hidden
agricultural vulnerability applicable to the estimated 15-30%
of coastal aquifer systems globally where clay minerals and
preferential pathways are present.
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Table. 1 Studied parameters and their method of analysis

Parameters Method of Analysis Reference STD Levels MDL

pH pH Meter APHA 6.5-8.5 -

TDS (mg 1) Gravimetric BIS 10500 300-500 1

Ca?* (mg 1) EDTA Titration APHA 75-200 0.2

Mg?* (mg 1) Titration IS 3025 (46) 30-100 0.1

Na* (mg 1) Flame Photometer IS 3025 (45) 20-60 0.1

K* (mg ) Flame Photometer IS 3025 (45) 8-12 0.2

Bicarbonates (mg 1) Titrimetric 1S 3025 (51) 200-400 1.0

Chloride (mg 1) Titrimetric 1S 3025 (32) 250-1000 0.5 [Note:
Sulphate (mg 1) Gravimetric Method IS 3025 (24) 200-400 1.0 M':’r']iDn'l-u‘m
EC (uS cm?) Conductivity Meter IS 3025 (14) 1200-1500 1 Detectable
Carbonate (mg 1) Titrimetric IS 3025 (51) 200-500 1.0 Limits]

Table. 2 Hydrochemical indices (Methods)

Index Equation Reference
Chloride to Sodium Ratio | Cl7/Na* Wilcox, 1948
Magnesium Hazard mg2* Raghunath, 1987
— ) x 100
ca?” + Mg?
Permeability Index Na*+./HCO; Doneen, 1964
——] x 100
Ca?" +Ma?" +Nat
Kelly’s Ratio Na* / (Ca**+Mg?) Kelly, 1940
Residual Sodium (COs* + HCOy3) — (Ca?* + Mg?) Eaton, 1950, Ravi
Carbonate Kumar et al., 2011
Base Exchange Index* Na + K + Mg - 1.0716 % CI Stuyfzand, 2008
Chlorinity Index (CI / Total Anions) x100 Horton, 1965
SAR Na*t
SAR= ———
\/Ca?t+Mg?t /2
lonic Balance Error [(Z cations — X anions) / (X cations + X anions)] x 100

[*Following Stuyfzand (2008), the factor 1.0716 corrects for the density difference between seawater and fresh
groundwater to accurately calculate the net gain or loss of exchangeable bases].

Table. 3 Comprehensive descriptive statistics for physicochemical parameters across three zones.

Parameter Core Zone (n=50) Mid Zone (n=25) Outer Zone (n=25)
Mean + SD Median Min Max CV% Mean + SD Median Min Max CV% Mean = SD Median Min Max CV%
pH 5.76+0.73 5.82 3.92 721 12.7 6.50+0.67 6.48 5.32 7.83 10.3 7.27+0.44 7.31 6.32 7.92 6.1
EC (uScm 348.18+130.93 325.50 191.00 742.00 37.6 205.60+27.24 203.00 170.00 293.00 13.3 123.32+39.79 118.00 56.00 194.00 32.3
1)
TDS(mgl- | 504.61+189.75 471.58 276.81 1075.36 376 302.35+40.05 294.35 250.00 430.88 13.2 184.06+59.38 171.03 83.58 289.55 32.3
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Ca? 2ngl' 26.06+14.07 23.33 1333 66.67 54.0 21.97+8.06 20.00 1333 40.00 36.7 15.83+4.31 15.00 1333 26.67 27.2
Mgz*l)(mg 1 12.29+4.69 11.15 6.10 24.30 38.2 10.35+4.10 9.30 8.10 24.20 39.6 9.09+2.21 8.90 8.10 16.20 243
Cl (n?g 11 127.84+45.01 119.78 73.57 234.97 35.2 115.53+31.42 110.98 76.98 197.98 27.2 101.99+32.12 97.98 40.99 179.98 315
HCO;s™ (mg 13.87+3.77 13.33 6.67 20.00 27.2 13.33+5.77 13.33 0.00 23.33 433 12.00+5.53 11.67 0.00 20.00 46.1
804i l()mg 1 123.53+20.25 122.47 99.62 166.63 16.4 57.14+£25.33 52.18 20.36 100.32 443 23.38+9.05 21.29 10.22 39.61 38.7
CO;’rl)(mg 1 0.00+0.00 0.00 0.00 0.00 0.00+0.00 0.00 0.00 0.00 0.00+0.00 0.00 0.00 0.00
Na*® (lr:a.g 1- 105.18+25.87 102.00 73.00 165.00 24.6 66.48+5.54 66.00 54.00 75.00 83 45.56+18.75 42.00 10.00 74.00 41.2
K+ (r;)g 1) 3.62+4.20 2.00 0.00 27.00 116.0 1.92+1.41 1.50 1.00 7.00 734 2.08+0.91 2.00 1.00 4.00 43.8
[Note: lonic concentrations in mg | * except where specified]
Table. 4 PCA Loadings (Key Variables)
Parameter | PC1 | PC2 | PC3
pH -0.08 | -0.29 | -0.05
EC 0.40 | -0.31 | 0.36
TDS 0.40 | -0.31 | 0.36
Ca** 0.35 | 0.13 | -0.21
Mg 0.28 | 0.03 | 0.39
Na* 0.35 | 0.39 | -0.32
Cl 0.41 | 0.34 | -0.19
SO4* 0.37 | -0.16 | -0.20
HCOs~ 0.03 | 0.57 | 0.45
K* 0.21 | -0.30 | -0.40
Table. 5 Eigenvalues and variance explained
Component | Variance Explained (%) | Cumulative (%)
PC1 40.18 % 40.18
PC2 14.58 % 54.76
PC3 11.54 % 66.30
PC4 10.11 % 76.41
PC5 7.85% 84.26
Table. 6 Descriptive summary for hydrochemical Indices
Core Zone Mid Zone Outer Zone
Indices Mean + SD Min Max Mean £ SD Min Max Mean £ SD Min Max
Cl/Na Ratio 0.78+0.14 0.54 122 1.13+0.27 0.68 1.83 1.62+0.54 1.16 3.30
MH 45.42+13.58 16.69 66.71 44.13+7.59 33.38 59.95 48.85+3.50 33.38 52.78
Pl 74.03+7.34 58.89 89.29 69.95+8.94 53.26 83.69 66.26+13.92 23.29 78.74
KR 2.15+0.74 1.14 5.06 1.62+0.49 0.92 2.45 1.32+0.56 0.30 2.25
RSC -2.08+0.85 -4.39 -1.00 -1.73+0.67 -3.22 -0.95 -1.34+0.39 -2.45 -1.00
BEX 2.01+0.56 0.31 3.12 0.48+0.61 -0.76 1.69 -0.15+0.28 -0.61 0.29
Cl 55.07+6.84 44.16 70.75 | 69.31+10.61 51.07 90.47 79.83+6.89 61.12 88.80
SAR 4.37+1.05 2.93 8.26 3.03+0.51 2.36 3.99 2.27+0.92 0.51 3.67
Table. 7 Statistical tests for hydrochemical indices
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Index Test Test Statistic df p-value Effect Size
Cl/Na Ratio Kruskal-Wallis H=472 2 <0.001*** £2=0.463
BEX Kruskal-Wallis H=728 2 <0.001*** e2=0.721
Chlorinity Index Kruskal-Wallis H=513 2 <0.001*** €2 =10.504
Kelly's Ratio One-way ANOVA F=28.3 2,97 | <0.001*** | n2=0.368
MH One-way ANOVA F=28 2,97 0.065 n?=0.055
PI One-way ANOVA F=8.9 2,97 | <0.001*** | n2=0.155
RSC Kruskal-Wallis H=18.7 2 <0.001*** e2=0.176
SAR Kruskal-Wallis H=61.30 2 <0.0001 €2=10.619
Table. 8 Irrigation suitability
Zone | MH Suitable | PI Suitable | RSC Suitable | KR Suitable | Overall Suitable
Core 96% 94% 100% 0% 0% (0/50)
Mid 96% 92% 100% 0% 0% (0/25)
Outer 96% 92% 100% 0% 0% (0/25)

IJERTV 151 S060751

Fig. 1 Study Area - Paravur Municipality
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Fig. 2 Map of the study area showing the stratified sampling zones and sample distribution.
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Supplementary Materials - Irrigation Water Quality
Table S1: Sampling Design Decision Matrix
Criterion Core Zone Mid Zone Outer Zone Allocation Basis
Distance from coast 0-3 km 3-6 km 6-8.7 km Zone definition
Approximate area ~8.1 km? (50%) ~4.9 km2 (30%) ~3.2 km2 (20%) GIS analysis
Seawater entry points 3 (lake, sea, river) | 1 (groundwater flow) 0 (distant) Risk assessment

Estimated well count ~4,800 (60%) ~2,400 (30%) ~800 (10%) Municipal records
Spatial heterogeneity High (mixing zones) | Moderate (transition) | Low (uniform) Literature review
Statistical minimum n>25 n>25 n>25 Power analysis
Area-proportional allocation 50 30 20 100 samples x area%
Risk-weighted allocation 75 20 5 High risk emphasis
Final allocation 50 25 25 Balanced compromise

Caption: Multi-criteria framework for stratified sample allocation. Final distribution (50:25:25) balances area representation,
intrusion risk, well density, and statistical power requirements. Core Zone allocation (50) represents a compromise between area-
proportional (50) and risk-weighted (75) approaches while ensuring adequate inland representation for detecting non-conventional
intrusion patterns.

Table S2: Shapiro-Wilk Normality Test Results by Zone

Parameter | Core Zone (n=50) | Mid Zone (n=25) | Outer Zone (n=25) | Combined (n=100)
W / p-value W / p-value W / p-value W / p-value

pH 0.968/0.189 0.954/0.304 0.971/0.677 0.912 / <0.001***

EC 0.921/0.003** 0.972/0.687 0.953/0.282 0.931/<0.001***

IJERTV 15| S060751

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)

Page 15



Published by :
https://lwww.ijert.org/
An International Peer-Reviewed Jour nal

International Journal of Engineering Research & Technology (IJERT)
I SSN: 2278-0181
Vol. 15 Issue 06, June - 2026

TDS 0.920/ 0.002** 0.971/0.672 0.951/0.259 0.929 / <0.001***
Cl 0.961/0.092 0.963/0.475 0.946 /0.200 0.954 / 0.002**
Na* 0.934/0.009** 0.962/0.454 0.881/0.008** 0.941/<0.001***
SO 0.917 / 0.002** 0.964 /0.495 0.955/0.315 0.887 / <0.001***
Ca?* 0.949/0.031* 0.948/0.226 0.971/0.678 0.973/0.042*
Mg* 0.975/0.368 0.961/0.432 0.979/0.873 0.981/0.186

*p <0.05; **p < 0.01; ***p < 0.001

Table S3: Mean-Median Comparison and Distribution Characteristics

Parameter Core Zone Mid Zone Outer Zone
Mean / Median Distribution Mean / Median Distribution Mean / Median Distribution
Ratio Ratio Ratio
pH 0.99 Symmetric 1.00 Symmetric 0.99 Symmetric
EC 1.07 Right-skewed 1.01 Symmetric 1.05 Right-
skewed
TDS 1.07 Right-skewed 1.03 Symmetric 1.08 Right-
skewed
Ca** 1.12 Right-skewed 1.10 Right- 1.06 Right-
skewed skewed
Mg?* 1.10 Right-skewed 1.11 Right- 1.02 Symmetric
skewed
Cl- 1.07 Right-skewed 1.04 Symmetric 1.04 Symmetric
Na* 1.03 Symmetric 1.01 Symmetric 1.08 Right-
skewed
K* 1.81 Highly right- 1.28 Right- 1.04 Symmetric
skewed skewed

[Interpretation Guide: Ratio = 1.0: Symmetric distribution; Ratio > 1.1: Right-skewed (presence of high outliers); Ratio < 0.9:
Left-skewed (presence of low outliers)]

Table S4: Correlation Matrix (Pearson's r) with Principal Components

PC1 PC2 Cl/Na KR BEX Cl MH Pl RSC

PC1 1.00

PC2 -0.08 1.00
Cl/Na 0.71** -0.35* 1.00

KR 0.42** | -0.58** 0.28* 1.00

BEX -0.31* 0.92** | -0.42** | -0.64** 1.00

Cl 0.84** -0.22 0.69** 0.31* -0.28* 1.00

MH -0.18 0.14 -0.08 -0.21 0.16 -0.12 1.00

Pl -0.53** 0.38* -0.44** | -0.67** | 0.51** | -0.48** 0.22 1.00

RSC 0.36* 0.45** 0.19 -0.72** | 0.58** 0.24 0.31* 0.74** 1.00

[Note: *p < 0.05, **p < 0.001]
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