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Abstract
This study presents a comprehensive hydrogeochemical and statistical assessment of surface and groundwater quality in the Gir Somnath District and Diu region of Gujarat (GSDD), India. A total of 57 various water samples were systematically collected and analysed for major physicochemical parameters to evaluate their suitability for drinking, irrigation, and industrial purposes. GSDD region’s surface and groundwater is mostly alkaline in nature. However, its composition varies greatly depending on geological formations, evaporation, and human activities. The ionic dominance pattern is Na⁺ > Mg²⁺ > Ca²⁺ > K⁺ and Cl⁻ > HCO₃⁻ > SO₄²⁻ > CO₃²⁻ > NO₃⁻ > F⁻ indicating strong salinity control in coastal aquifers. The irrigation suitability indices and USSL(US salinity laboratory) classification show that most of the samples are either suitable or moderately suitable. However, the presence of salinity and magnesium could potentially harm soil structure and reduce crop yields. Industrial indices indicate a dual tendency of scaling and corrosion, suggesting the need for appropriate water treatment before industrial use. Multivariate statistical analysis and hydrochemical facies (Piper diagrams) confirm that groundwater chemistry is primarily governed by rock–water interaction, ion exchange processes, and salinity impact. This study of the GSDD region reveals that its surface and groundwater resources exhibit moderate suitability for various applications. However, it is very important to use sustainable water management strategies and salinity control measures to prevent deterioration and make sure that these water resources will be useful for a long-term stability.
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1. Introduction
Freshwater resources are very important for keeping ecological systems, farming, industry, and people's need going around the world (CHAVDA et al., 2026). Agriculture uses the most freshwater resources in the world, taking up almost seventy percent of all water withdrawals while industrial activities use about twenty percent, and domestic use uses about twelve percent(United Nations educational, n.d.). This means that having required good quality freshwater is very important for keeping the economy growing and the environment stable. Groundwater is one of the most important sources of freshwater in the world (Behura et al., 2025). In account of arid and semi-arid climatic condition groundwater become only source for all the utilities for human being and ecological sustainability. Due to Lack of the hydrochemical study in Gujarat’s specific region, Gir Somnath coastal region was selected (Bhagat et al., 2021; Patel et al., 2023). The chemical composition of groundwater is also highly essential, in addition to its availability, since the quality of the water has a direct influence on how well it can be used for various activities such as drinking, irrigation, and industrial for human being (Lakhdari et al., 2025; Nabil et al., 2025). Rapid population growth, urbanisation, and industrialisation in India have greatly increased the need for water resources. The Saurashtra Peninsula in Gujarat, which is a hydrogeologically significant region, groundwater plays a significant role in satisfying the water requirements of residential and agricultural establishments as well as commercial enterprises (Vekariya et al., 2017). Study area which is one of the important coastal areas of Saurashtra peninsula of Western Gujarat, India. The geological framework, oceanic influence, and anthropogenic activities within these locales exert a substantial impact on the availability and chemical characteristics of groundwater of study area. 
This investigation involved a systematic hydrogeochemical analysis surface and groundwater of the Diu region and Gir Somnath District. Sixteen physicochemical parameters were tested using standard laboratory techniques to determine the chemical characteristics of the water samples (APHA, 2017). To evaluate the degree of contamination and safety of the water, we also compared the analytical results to national and international drinking water standards (BIS, 2012, 2015; Ram et al., 2021). The Simpson ratio was used to calculate the amount of salinity level of water in the coastal aquifers and the likelihood of seawater entering them. The water's suitability for irrigation was assessed using various irrigation indices and the United States Salinity Laboratory diagram method for classification in various classes (Xu et al., 2019). Also used the Ryznar Stability Index, and Larson–Skold Index to assess how well water could be used in industry and how likely it was to scale or corrode (Hu et al., 2024). Graphical methods such as Piper diagrams used to assess the impact of hydrochemical facies and geochemical processes on the evolution of groundwater within the GSDD aquifers (Lakhdari et al., 2025; Mohammed et al., 2022). Additionally, Mifflin diagrams were used to calculate groundwater residence times, and the relationship between Total Hardness and Total Dissolved Solids was investigated to understand salinity variations throughout the study area (Ramos-Leal et al., 2022; Tang et al., 2025). A comprehensive quality assessment of both surface and groundwater is essential to ascertain the spatial variability of hydrochemical characteristics and also evaluate the water's suitability for diverse applications. This study is facilitating the management of water resources in this ecologically sensitive coastal region for the sustainability of both ecology and humanity.
2. Study Area Profile
Study area located in the southwestern portion of Gujarat, beside the Arabian Sea. It covers about 3,754 km² in the Saurashtra Peninsula and is located between 20°42′N and 21°21′N latitude and 70°14′E and 71°01′E longitude. The district is bounded by Junagadh to the north, Amreli to the east, and the Arabian Sea along its southern and western margins. The region has coastal plains, gently rolling uplands, and forested hill tracts that are part of the Gir ecosystem. The geology of the Gir Somnath District is primarily composed of Deccan Trap basaltic formations, coastal sedimentary deposits, alluvium, laterites, and miliolite limestone (geological survey of India, 2012; Prizomwala et al., 2018). The coastal plains of GSDD have clayey-silty soils, while the black cotton soils that come from basalt weathering are farther inland (Pathak, 2024). The district does not have a lot of rivers, ponds, or reservoirs. Most of the flood-prone areas are near the shore, while the hill ranges are in the north that influencing regional drainage and groundwater recharge. The district has a semi-arid to subtropical climate, with hot summers, mild winters, and an average of 900 to 1,000 mm of rain each year, mostly from monsoons (Yadav et al., 2021). In Figure 1, the Digital Elevation Model (DEM) map of Gir Somnath District and Diu (GSDD) represents the spatial variation of terrain elevation across the study area which is controlling drainage of the district. The Hiran, Saraswati, Machchundari, and Shingoda rivers are seasonal rivers that start in the uplands and flow to the sea (Jha et al., 2024; Prizomwala et al., 2018). Many check dams and reservoirs help store water during the monsoon season and recharge groundwater, but groundwater is still the main source of water for homes and farms. People mostly make a living by farming, and the most important crops are groundnut, cotton, wheat, sesame, sugarcane, coconut, Kesar mango, and pearl millet (Pandey, 2023). Fishing, tourism, and some small level industries help in district's economical growth such as a Diu, Somnath Mandir, and forest range, especially around Sasan Gir National Park, which famous for The Asiatic lion lives. Groundwater salinisation and rising human pressure are all environmental problems that make hydrogeochemical assessment necessary for managing water resources over the long term.Figure 1 DEM (Digital Elevation Model)  map of Study area

3. Methodology
In this Investigation, initially QGIS 3.28 was used to prepare the study area grid map and obtain sampling coordinates. That Co-ordinates are used during the pre-monsoon season (May-2024) to conduct a hydrochemical investigation in the Gir Somnath District and Diu (GSDD) region of Gujarat. In Figure 2, a total of 57 water samples (G1–G57) were collected using a 6 × 6 km² grid-based sampling approach to ensure uniform spatial coverage of the study area. The samples included 20 borewells, 32 dugwells, one sample hand pump, one dam, one lake, one river, and one supply water sample. Water samples were collected in pre-cleaned 1-L HDPE (high-density polyethylene) bottles after flushing the source for 10–15 minutes to avoid contamination. We used Piper and Mifflin diagrams made in Grapher 24.1.213 to understand the hydrochemical properties of the water. These diagrams helped us sort the water into different types and find the main geochemical processes. Additional graphical analyses such as USSL (United states salinity laboratory) diagrams plots were also prepared using the same software. Spatial distribution of parameters was mapped using the IDW (Inverse Distance Weighted) interpolation method in ArcGIS 3.1.5 software. A comprehensive set of various physicochemical parameters was analysed to evaluate the hydrochemical characteristics of surface and groundwater in the GSDD region. To ensure methodological consistency, analytical precision, and reproducibility of results  the Standard protocols of American public health association used for this study of GSDD region of Gujarat (APHA, 2017). Field measurements of pH (Potential of Hydrogen), temperature, EC (Electronic conductivity), and TDS (Total dissolved solids) were taken using a Systronics Water Analyzer 371. Major ions were determined using volumetric titration, flame photometry, and spectrophotometric methods. Calcium, magnesium, and total hardness were analysed by EDTA (Ethylenediaminetetraacetic acid) titration, while alkalinity, carbonate, bicarbonate, and chloride were determined using acid–base and AgNO₃ (Silver Nitrate) titration methods.Figure 2 Study area (Gir Somnath District and Diu) location details and sampling grid map 

Sodium and potassium were measured using a flame photometer, and anions such as sulphate, nitrate, and fluoride were analysed using UV–Visible spectrophotometry. Charge Balance Error (CBE) was calculated to evaluate analytical accuracy. Quality assurance and quality control (QA/QC) procedures were followed throughout the sampling and analytical processes to ensure the reliability and accuracy of the dataset of study area. In the laboratory, water samples were pre-filtered to remove suspended particles before analysis. Field instruments were calibrated using standard solutions; the pH meter was standardized with buffer solutions of pH 4.0, 7.0, and 9.2, while the EC meter was calibrated using a 1413 µS/cm KCl solution. Analytical-grade reagents and deionized water were used in all determinations. Reference standards, replicate samples, and procedural blanks were included to maintain analytical consistency.
3.1 Simpson ratio
The Simpson ratio was applied to evaluate the extent of salinity deterioration in groundwater. Simpson ratio (SR) applied to quantify the relative dominance of conservative chloride over carbonate alkalinity and to evaluate groundwater salinization intensity (Asare et al., 2021). Elevated SR values denote saline or marine/evaporative influence, whereas lower ratios indicate fresh recharge conditions and bicarbonate-controlled hydrochemical facies. Calculation of SR commutated by Equation 1. During calculation SR, all ion taken in meq/L unit.
Simpson Ratio (SR) = ………. (1)
3.2 Irrigation suitability assessment
In this study, several standard irrigation indices such as Salinity Hazard (SH), Sodium Adsorption Ratio (SAR), Magnesium Hazard (MH), Potential Salinity (PS), and Sodium Percentage (Na %) were calculated (Chaudhari et al., 2024; Singh et al., 2020). Mathematical representation of SAR, PS, MAR and Na% are given in Equation 2 to 5 respectively. Ion concentrations measured in mg/L were converted into milliequivalents per liter (meq/L) which are used for calculate these indices for individual sampling location of GSDD region of Gujarat. Also, the USSL diagram was used to assess salinity and sodium hazards in study area (Al-Awah et al., 2023).
SAR =  ……….(2)         MAR/MH = X 100……….(4)
PS =  ………(3)            Na % =X 100…...….(5)
3.3 Industrial suitability and corrosion potential assessment
Industrial water suitability was evaluated using indices to determine scaling and corrosion potential (Anshar et al., 2023). Elevated salinity and ionic concentration, particularly in coastal regions, may increase corrosion risk and scaling tendencies. That impact on life of equipment of industrial zones of GSDD region. In this study, industrial water quality was assessed using indices such as the Ryznar Stability Index (RSI) and Larson–Skold Index (LS). These indices were calculated using parameters including temperature, TDS, alkalinity, and major ions ( given in below questions). All parameters are in mg/L unit. Mathematical representation of RSI and LS corrosion indices are given in Equation 6 and  Equation 7.
….(6)         LS =  …….(7)          CR =  ..........(8)
Here pHs=(9.3+A+B)-(C+D) and terms are A=Log10(TDS)-1/10, , &  & pHeq = 1.465 × log10 (TA) + 4.54 are used for evaluate RSI value.
3.4 Hydrogeochemical Characterisation
Hydrochemical facies represent the chemical framework of surface and groundwater that reflects its interaction with geological formations and geochemical reactions. To identify these facies, various graphical tools are used. Piper diagram and Mifflin diagram type graphical representation used for identification of hydrogeochemistry by evaluate and hydrochemical facies ,water type and retention time of GSDD region (Hwang et al., 2017). TH vs TDS and Mifflin diagram become helpful to understand the groundwater salinity level and resident time with local lithological framework (Chaudhari et al., 2025; Liu et al., 2020).
4. Result and Discussion
4.1 General hydrochemistry of GSDD region
In this Investigation parameters such as a pH, Total Dissolved Solids (TDS), Electrical Conductivity (EC), Temperature (T), Total Hardness (TH), Total Alkalinity (TA), Sodium (Na⁺), Potassium (K⁺), Calcium (Ca²⁺), Magnesium (Mg²⁺), Carbonate (CO₃²⁻), Bicarbonate (HCO₃⁻), Chloride (Cl⁻), Sulphate (SO₄²⁻), Fluoride (F⁻), and Nitrate (NO₃⁻) are analysed. All fifteen parameters (Except Temp.), along with their statistical measures such as mean, minimum, maximum and standard deviation are given in Table 1. Also this table have Permissible limit (PL) and desire limit (DL) of BIS-2012/15 and WHO-2017 (BIS, 2012, 2015; WHO, 2017).
Table 1  Statistical representation of surface and groundwater parameters in the GSDD region with BIS-2012/15 and WHO-2017 drinking water standards
	[bookmark: _Hlk218545329]Parameters (Unit)
	MAX
	MIN
	MEAN
	SD
	BIS-2012/15
	WHO-2017

	pH (no scale)
	10.44
	7.11
	8.20
	0.67
	6.5 – 8.5
	7 – 8

	EC (µS/cm)
	5180.00
	209.00
	1399.12
	1014.04
	750 – 3000
	–

	TDS (mg/L)
	2590.00
	112.00
	768.53
	519.85
	500 – 2000
	600 – 1000

	TA (mg/L)
	497.00
	84.00
	217.61
	87.03
	200–600
	–

	TH (mg/L)
	1298.47
	99.88
	454.43
	265.98
	200 – 600
	200

	Na+ (mg/L)
	944.00
	3.62
	142.27
	183.98
	–
	50 – 200

	K+ (mg/L)
	136.80
	0.10
	7.63
	22.09
	–
	12

	Ca+2 (mg/L)
	321.28
	3.21
	41.17
	51.30
	75 – 200
	100 – 300

	Mg+2 (mg/L)
	251.25
	17.45
	85.46
	47.21
	30–100
	-

	Cl- (mg/L)
	1715.78
	14.18
	263.77
	344.26
	250 – 1000
	250

	SO42- (mg/L)
	350.00
	8.00
	64.91
	56.48
	200 – 400
	250

	CO32- (mg/L)
	98.00
	14.00
	32.42
	17.78
	–
	100

	HCO3- (mg/L)
	497.00
	35.00
	182.25
	102.87
	300–600
	–

	NO3- (mg/L)
	46.00
	6.00
	25.42
	10.40
	45
	50

	F- (mg/L)
	1.51
	0.28
	0.57
	0.21
	1–1.5
	1.5



Total Dissolved Solids (TDS) varied between 112 and 2590 mg/L (mean ± SD, 768.53 ± 519.85 mg/L), indicating that half samples fall within the acceptable range of DL while approximately 18% of samples exceeded the permissible limit (PL= 2000 mg/L). The temperature of surface and groundwater varied from 25.50 to 31.50 °C during sample collection with  Mean and SD of 28.18 ± 1.11 °C.
Among the major cations, sodium (Na⁺) ranged from 3.62 to 944 mg/L with a mean and SD of 142.27 ± 183.98 mg/L, and around 78 % of samples exceeded the WHO guideline value of DL. High Na+ in daily water consumption can causes increases risk of cardiovascular disease (Adimalla & Li, 2018). Magnesium (Mg²⁺) ranged from 17.45 to 251.25 mg/L, with a mean and SD of 85.46 ± 47.21 mg/L. approximately 21% of samples exceeded PL and 91.38% samples are exceeded DL. Among the major anions, Chloride (Cl⁻) concentrations ranged from 14.18 to 1715.78 mg/L with a mean and SD of 263.77 ± 344.26 mg/L, where about 30% of samples exceeded the Desire limit (250 mg/L). High Chloride concentration was most relevant indicator affecting the laxative effect and noncarcinogenic health risks (Barathkumar et al., 2025). Based on the mean concentration values of your dataset, the ionic dominance trend can be expressed as follows: major cations (mean values, mg/L): Na⁺ (142.27) > Mg²⁺ (85.46) > Ca²⁺ (41.17) > K⁺ (7.63) and major anions (mean values, mg/L): Cl⁻ (263.77) > HCO₃⁻ (182.25) > SO₄²⁻ (64.91) > CO₃²⁻ (32.42) > NO₃⁻ (25.42) > F⁻ (0.57). These results indicate that Na⁺ and Mg²⁺ in cations and Cl⁻ and SO₄²⁻ in anions are the dominant ions influencing groundwater chemistry in the study area (Sun et al., 2024). The high concentration of Cl⁻ and Na⁺ suggests the influence of salinity sources, while bicarbonate dominance reflects rock-water interaction within the aquifer system (Krishna kumar et al., 2015). These results indicate that salinity, moderate mineralization and hardness are the primary factors influencing groundwater quality in the study area. Therefore, it is necessary to prevent and control saline water intrusion and to improve groundwater quality of GSDD region.
4.2 Identification salinity level in groundwater by Simpson ratio
The calculated values of SR range from 0.38 to 20.24, with a mean and SD of 1.83 ± 4.26, indicating considerable spatial variation in salinity influence within the study area (Figure 3). Based on classification criteria, 9.88% of samples fall in the good category (<0.5), indicating fresh water conditions with minimal salinity impact. About 27.16  % of samples are slightly contaminated (0.5–1.3), while 23.46% fall under moderately contaminated (1.3–2.8) conditions. A significant proportion, 24.69% of samples, are categorized as injuriously contaminated (2.8–6.6), and 14.81% show highly contaminated conditions (>6.6). These results suggest that although some groundwater sources remain fresh, a considerable number of samples show moderate to high salinity contamination, likely influenced by marine intrusion, evaporation, and geochemical processes within the coastal aquifer system (Al-shihmani et al., 2025; Jena et al., 2026).Figure 3 Simpson Ratio (SR) Spatial distribution map of GSDD region of Gujarat, India

4.3 Irrigation suitability evolution of GSDD region of Gujarat
[bookmark: _Hlk224676853]Salinity Hazard indicates the concentration of dissolved salts in irrigation water. SH Range from 209.00 to 5180 µS/cm, Mean ± SD ( 1399.12 ± 1014.04). Individual location SH value shown spatial distribution map of GSDD in Figure 4. Based on classification, water is excellent (<250 µS/cm), good (250–750 µS/cm), permissible (750–2000 µS/cm), doubtful (2000–3000 µS/cm), and unsuitable (>3000 µS/cm) (Sharma et al., 2017). Based on EC classification, 3.51% samples are excellent, 26.32% good, 54.39% permissible, 7.02% doubtful, and 8.77% unsuitable for irrigation. The Sodium Adsorption Ratio (SAR) values ranged from 0.09 to 12.18 meq/L with a mean ± SD of 2.64 ± 2.56, and also individual location SAR value shown spatial distribution map of GSDD in Figure 5. SAR represents the relative abundance of sodium compared with calcium and magnesium in irrigation water (Rawat et al., 2018). Irrigation water quality is classified as excellent (<10), good (10–18), doubtful (18–26), and unsuitable (>26). It is indicating that most samples fall within the excellent category; 96.49 % of samples are in excellent and 3.51% are good. The Magnesium Adsorption Ratio (MAR) ranged between 31.20 and 97.88 with a mean ± SD of 79.25 ± 12.39. Individual location MAR value shown spatial distribution map of GSDD in Figure 6. MAR measures the dominance of magnesium over calcium in irrigation water (Pan et al., 2019). For MAR, water is considered suitable (<50%) and unsuitable (>50%) for irrigation. where 94.74% samples exceed the safe limit, indicating magnesium hazard in GSDD region of Gujarat.Figure 5 Sodium Adsorption Ratio (SAR in meq/L) Spatial distribution map of GSDD region of Gujarat, India
Figure 4 Salinity Hazard (SH in µS/cm) Spatial distribution map of GSDD region of Gujarat, India
Figure 6 Magnesium Adsorption Ratio/Magnesium Hazard (MAR/MH %) Spatial distribution map of GSDD region of Gujarat, India

Sodium percentage (Na %) ranged from 2.75 to 75.71 % with a mean ± SD of 33.28 ± 15.54. Individual location Na % value shown spatial distribution map of GSDD in Figure 7. Na% represents the proportion of sodium among total cations in irrigation water (Tejashvini et al., 2024). Na % is classified as excellent (<20%), good (20–40 %), permissible (40–60%), doubtful (60–80%), and unsuitable (>80%). Data showing 19.30 % excellent, 49.12% good, 24.56% permissible, and 7.02% doubtful categories. Potential Salinity (PS) ranged from 0.51 to 52.04 meq/L with a mean ± SD of 8.12 ± 10.22. Individual location PS value shown spatial distribution map of GSDD in Figure 8. Potential Salinity reflects the long-term salt accumulation effect of irrigation water on soil(Xu et al., 2019). Water is classified as excellent (<3.0 meq/L), moderate (3.0–5.0 meq/L), and unsuitable (>5.0 meq/L). PS Indicating sample % 35.09 % lie in excellent, 21.05% in moderate, and 43.86% in unsuitable category.Figure 8 Potential Salinity (PS in meq/L) Spatial distribution map of GSDD region of Gujarat, India
Figure 7 Sodium Percentage (Na %) Spatial distribution map of GSDD region of Gujarat, India
Figure 9 USSL diagram (SAR vs EC) of groundwater irrigation suitability in the Study area (GSDD region of Gujarat)

In Figure 4.19, the USSL diagram (SAR vs EC) was used to evaluate the suitability of groundwater for irrigation by assessing both salinity hazard (C1–C4) and sodium hazard (S1–S4). The plot shows that most samples cluster within the C3S1 and C2S1 fields, indicating medium to high salinity with low sodium hazard, suggesting that water can be used for irrigation with moderate management practices (Ravikumar & Somashekar, 2012). A few samples extend into C4S2 and C4S3 zones, reflecting higher salinity conditions that may require soil drainage and salt-tolerant crops.
Based on the classification ranges, the irrigation suitability distribution is approximately, good range (C1S1, C2S1): ~36%, Moderate range (C1S2, C2S2, C3S2, C3S1): ~ 49%, Poor range (C1S3, C1S4, C2S3, C2S4, C3S3): ~12% and Unsuitable range (C3S4, C4S1, C4S2, C4S3, C4S4): ~3%. Overall, salinity and Magnesium hazard main causes in GSDD region also the USSL diagram indicates that the majority of groundwater samples fall within the moderate irrigation suitability class, where salinity is the primary limiting factor rather than sodium hazard. Proper soil management and irrigation practices are necessary to prevent long-term soil salinization.
4.4 Corrosion and Scaling potential evaluation  for Industrial suitability
The RSI values ranged from 5.33 to 9.09 with a mean ± SD of 7.33 ± 0.72. GSDD region’s Spatial Distribution of RSI given in Figure 10. The dataset reveals a complex water chemistry profile. RSI shows 66 % of samples are corrosive, with 12 % heavily corrosive, while only 6 % indicate scaling (Kalyani et al., 2017). indicating that most samples show corrosive tendencies with a few samples approaching heavy corrosive conditions. The Larson–Skold Index (LS) ranged from 0.25 to 22.14 with a mean ± SD of 2.84 ± 3.96. GSDD region’s Spatial Distribution of LS given in Figure 11. 76% in the high corrosive range, 14% in non-corrosive and 18 % have Scaling and Corrosive (Ahmed et al., 2021). GSDD region’s both indices sample percentage class wise distribution of sample and status are given in Table 2. Overall, the water is predominantly corrosive across both indices, yet simultaneously prone to scaling, reflecting a dual risk of both deposition and material degradation. which may affect industrial pipelines and equipment if untreated water is used.Figure 10 Ryznar Stability Index (RSI) Spatial distribution map of GSDD region of Gujarat, India

Table 2 Industrial suitability indices ranges, Status and sample % of GSDD region
	INDICES
	RANGES
	STATUS
	SAMPLE %

	Ryznar Stability Index (RSI)
	<5.5
	Heavy Scaling
	0

	
	5.5-6.2
	Scaling
	6

	
	6.2-6.8
	Balance
	16

	
	6.8-8.5
	Corrosive
	66

	
	>8.5
	Heavy Corrosive
	12

	Larson-Skold Index (LS)
	<0.8
	Less Scaling / Non-Corrosive
	14

	
	0.8-1.2
	Scaling and Corrosive
	18

	
	>1.2
	Heavy Corrosive
	68


Figure 11 Larson Scold Index (LS) Spatial distribution map of GSDD region of Gujarat, India











4.5 Evaluation of Hydrogeochemistry in GSDD region of Gujarat
[bookmark: _Hlk213326859]The Piper diagram was included to simplify classification, ionic composition imaging, Hydrochemical facies, water type and quality variations that support comprehensive and sustainable water quality assessment (W.O et al., 2025). TDS in mg/L, pH (no scale), and all the other ions are expressed in meq/L % for graphical output. In Figure 12, the Piper diagram illustrates the hydrochemical facies and dominant ionic composition of groundwater in the GSDD region. In the cation triangle, most samples cluster toward the Mg²⁺–Ca²⁺ field, indicating the dominance of alkaline earth metals over alkali metals (Ram et al., 2021). In the anion triangle, samples are mainly concentrated in the Cl⁻ field, suggesting chloride as the dominant anion. When projected into the central diamond, the majority of samples fall within the mixed Ca²⁺–Mg²⁺–Cl⁻ facies, indicating mixed water type influenced by rock–water interaction and salinity inputs. A few samples lie in Ca²⁺–Mg²⁺–HCO₃⁻ (freshwater) facies, reflecting recharge conditions. Overall, the hydrochemical facies suggests mixed saline water influenced by weathering and possible marine interaction in GSDD region.Figure 12 Trilinear Piper diagram of Study area (GSDD region of Gujarat)

Figure 13  TH vs TDS diagram of Study area (GSDD region of Gujarat)







In Figure 14 Mifflin diagram of Study area (GSDD region of Gujarat)
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Figure 13, the TH vs TDS plot shows that most groundwater samples fall within the hard to very hard water category, with TDS values mainly indicating brackish to slightly saline conditions (Chaudhari et al., 2025). This distribution suggests that groundwater chemistry is influenced by mineral dissolution, rock–water interaction, and salinity effects, reflecting moderate to high hardness and dissolved salt concentrations in GSDD region. The Mifflin diagram (Figure 14) helps determine groundwater origin and residence time by plotting Na⁺ + K⁺ versus Cl⁻ + SO₄²⁻ (Mifflin, 1968). In Calculation of axis all ion value taken in meq/L unit. Most samples fall within Zone I and II, indicating regional groundwater flow systems with moderate residence time with water–rock interaction (Vázquez-Guevara et al., 2026). Some samples appear near Zone III, representing saline interaction and long resident time with rock (Ramos-Leal et al., 2022). The clustering toward Zones suggests that groundwater chemistry is mainly controlled by deep to medium circulation, mineral dissolution, and prolonged interaction with aquifer materials, reflecting evolved groundwater conditions in the study area GSDD region of Gujarat.
5. Objectives
To evaluate the hydrochemical characteristics of surface and groundwater
To analyse spatial variation in water quality across the coastal region GSDD
To identify dominant geochemical processes controlling water chemistry				   To assess irrigation suitability using standard indices and USSL classification plotting method	   To evaluate corrosion and scaling potential for industrial applications in GSDD region
6. Conclusion
This study was conducted to evaluate the hydrogeochemical characteristics of surface and groundwater in the GSDD coastal region, identify the dominant geochemical processes controlling water quality, and assess its suitability for irrigation and industrial applications. EC and TDS value higher near to coastal area samples. A considerable number of samples exceed desirable limits for Na⁺, EC, TH, and Mg²⁺. The results clearly indicate that surface and groundwater chemistry in the study area is primarily influenced by salinity intrusion, rock–water interaction leading to moderate to high mineralization particularly in near to coastal zones of GSDD region and TH and Mg²⁺ concentrations are much higher in many samples, which means the water is hard to very hard. Additionally, spatial distribution maps also reveal that surface and groundwater quality deteriorates towards the coastal belt, while inland areas show relatively better water quality. The SR indicates moderate to high salinity contamination in several locations, confirming marine and evaporative influence. Irrigation indices, especially SAR and Na % indicate that most samples are lie in suitable to moderately range of irrigation suitability. The PS values shows more than half samples lie in moderate to unsuitable range and MAR values shows high magnesium hazard in GSDD region. The USSL diagram indicates a predominance of samples within the C2S1 and C3S1 zones. suggests a medium to high salinity level, coupled with a low sodium hazard. These data suggest that soil permeability and crop yields could be negatively affected by irrigation water. Industrial indices RSI and CR, reveal that surface and groundwater has the potential to cause both scaling and corrosion that impact industrial equipment life and increased maintenance costs. The Mifflin diagram shows that most groundwater samples are in Zone I to II reflecting that there are regional flow systems with local to intermediate residence times. TH vs TDS plot shows water samples nature is moderate hard and brackish to slightly saline. Hydrochemical facies by Piper, show that the water is a mix of Ca+2–Mg2+–Cl- types, which is caused by the interaction between rocks and water and the exchange of ions in aquifer of GSDD region.
7. Limitations 
This study is based on a single-season (pre-monsoon) dataset, Future studies should include seasonal monitoring and higher sampling density for improved accuracy.
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