Associations between groundwater quality and soil physico-chemical properties under tube-well and sewage irrigation in the Gird region of Madhya Pradesh, India.


ABSTRACT  
The experiment was conducted during October–December 2021 in ten villages of the Morar block, Gwalior district, located in the central Gird region of Madhya Pradesh. A total of thirty georeferenced irrigation water samples were collected from tube wells and sewage water sources. The findings showed that irrigation water quality and soil physico-chemical characteristics were strongly correlated across all soil depths, according to correlation analysis. Groundwater salinity and ionic composition had significant effects on soil bulk density, porosity, pH, EC, and nutrient availability (N, P, and K) during tube well irrigation, indicating gradual changes in the soil environment with depth. Soil characteristics and water quality parameters like pH, EC, Ca²⁺, Mg²⁺, HCO₃⁻, CO₃²⁻, SAR, and RSC were much more strongly correlated when sewage water irrigation was used. A higher risk of salt and sodicity accumulation under sewage irrigation is highlighted by the strong correlation between soil EC and sodicity markers. Additionally, the correlation between soil nitrogen and chloride suggests that sewage imports have enriched the soil with nutrients. In general, compared to tube well irrigation, extended use of sewage water presents greater dangers to the chemical sustainability of the soil.
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INTRODUCTION
Water is one of the most vital natural resources for supporting life, and it is expected to become critically scarce in the coming decades due to rising demand, rapid population expansion, and the country's expanding economy. Water resources must be quantified in flow rates due to their dynamic and renewable nature, as well as the continual need for their use. As a result, water's importance has been acknowledged, and there is a greater emphasis on its efficient use and management. Agriculture, hydropower generation, livestock production, industrial operations, forestry, fishing, navigation, and recreational activities all rely heavily on the country's surface and groundwater reserves. Unplanned management, immense industrial and agricultural development, and the dumping of untreated public sewage water, runoff from agriculture, and other human and animal waste products into rivers, lakes, reservoirs, and other bodies of water are all degrading the water quality and biotic resources (Venkatesan, 2007; Elmaci et al., 2008). Lake health and biological variety are related to practically every component of the ecosystem (Indira and Sivaji, 2006; Krishnan et al., 2007; Siddamallayya and Pratima, 2008). Human activity is the primary cause of nutrient increase, such as phosphates, chlorides, and calcium, which eventually contribute to eutrophication (Chukwu and Odunzeh, 2006; Shekhar et al., 2008). 
The trophic status of water bodies is influenced by their location and topography and is commonly assessed using indicators such as chlorophyll concentration, nutrient load, water transparency, and biomass. Excessive nutrient input leads to eutrophication, often reflected by profuse macrophytic growth. In this study, emphasis is placed on the physico-chemical characterization of groundwater in the Gwalior region to assess its suitability for irrigation and its influence on soil properties. In Madhya Pradesh, diverse soil and water resources are increasingly stressed by intensive agricultural practices, resulting in nutrient imbalance, salinity, sodicity, and waterlogging, particularly in canal-irrigated areas, thereby reducing soil productivity.
National evaluations (NSS&LUP) have revealed alarming levels of land degradation caused by water and wind erosion, chemical deterioration, and physical degradation. Unsustainable and unscientific management of water and soil resources, without a long-term perspective, has resulted in serious environmental issues and limited agricultural growth. Overexploitation and excessive use of limited natural resources have resulted in many types of soil degradation, posing major threats to soil productivity and food security. In view of the above mentioned facts, a comprehensive investigation of groundwater quality and its inter-relationship with selected soil properties is essential. Such a study is important for understanding the impact of irrigation water on soil health and for developing strategies for appropriate soil and water management. The present investigation is therefore undertaken to evaluate the quality characteristics of groundwater and their inter-connection with selected soil properties, to support sustainable soil fertility management and efficient fertilizer use in the Gwalior district of Madhya Pradesh.
MATERIALS AND METHODS 
A preliminary survey of the study area was carried out during October and December 2021 to select the area for the soil and water sampling to fulfil the objectives of the present investigation. In order to effectively capture the geographic disparity and representativeness of the predominant irrigation practices throughout the study area, Ten villages of the Morar block of Gwalior district were deliberately chosen. The names of villages with the sample codes and GPS coordinates are given in Table 1. The study region is located at the centre of the Gird region of Madhya Pradesh. 
Collection of water and soil samples 
A total of thirty georeferenced water samples were collected from the ten representative villages of Morar block, Gwalior district, during October–December 2021 from tube wells and sewage water sources used for irrigation. To obtain representative water samples, the pumps were operated for 30–60 minutes before sampling. The collected water samples were stored in clean, rinsed, and properly labelled plastic bottles, and a few drops of toluene were added before corking to prevent microbial growth. Simultaneously, ninety composite surface soil samples were collected from the same irrigated agricultural fields corresponding to the water sampling sites to assess the impact of irrigation water quality on soil properties at three depths (0–15, 15–30, and 30–45 cm). Approximately one kilogram of soil was collected from each sampling pit, placed in clean and labelled cloth bags, air-dried, ground, and passed through a 2 mm sieve before laboratory analysis.







Table 1: List of villages of Morar block of Gwalior, along with their GPS location and code used from where water and soil samples were collected.
	S. No.
	Village name
	Soil Sample Code
	GPS location
	Water Sample Code
	GPS location
	Source of water (Tube-well/sewage)

	1
	Mohanpur
	F1
	N 26° 12' 37"
E 78° 14' 11"
	F1
	N 26° 12' 35"
E 78° 14' 09"
	Tube well

	
	
	F2
	N 26° 12' 39"
E 78° 14' 09"
	F2
	N 26° 12' 33"
E 78° 14' 06"
	Tube well

	
	
	F3
	N 26° 12' 40"
E 78° 14' 12"
	F3
	N 26° 12' 30"
E 78° 14' 09"
	Tube well

	2
	Sonsa
	F1
	N 26° 10' 12"
E 78° 16' 50"
	F1
	N 26° 10' 10"
E 78° 16' 40"
	Tube well

	
	
	F2
	N 26° 10' 14"
E 78° 16' 47"
	F2
	N 26° 10' 08"
E 78° 16' 36"
	Tube well

	
	
	F3
	N 26° 10' 10"
E 78° 16' 48"
	F3
	N 26° 10' 06"
E 78° 16' 40"
	Tube well

	3
	Tankoli
	F1
	N 26° 10' 12"
E 78° 16' 50"
	F1
	N 26° 10' 08"
E 78° 16' 45"
	Tube well

	
	
	F2
	N 26° 10' 14"
E 78° 16'46"
	F2
	N 26° 10' 09"
E 78° 16' 41"
	Tube well

	
	
	F3
	N 26° 10' 9"
E 78° 16' 52"
	F3
	N 26° 10' 09"
E 78° 16' 40"
	Tube well

	4
	Baderafutker
	F1
	N 26° 08' 50"
E 78° 23' 40"
	F1
	N 26° 08' 50"
E 78° 23' 40"
	Tube well

	
	
	F2
	N 26° 08' 49"
E 78° 23' 39"
	F2
	N 26° 08' 49"
E 78° 23' 40"
	Tube well

	
	
	F3
	N 26° 08' 45"
E 78° 23' 39"
	F3
	N 26° 08' 49"
E 78° 23' 39"
	Tube well

	5
	Laxmangarh
	F1
	N 26° 09' 44"
E 78° 23' 37"
	F1
	N 26° 09' 44"
E 78° 23' 37"
	Tube well

	
	
	F2
	N 26° 09' 46"
E 78° 23' 35"
	F2
	N 26° 09' 40"
E 78° 23' 36"
	Tube well

	
	
	F3
	N 26° 09' 48"
E 78° 23' 33"
	F3
	N 26° 09' 46"
E 78° 23' 38"
	Tube well

	6
	Maharajpura
	F1
	N 26° 17' 10"
E 78° 12' 59"
	F1
	N 26° 17' 01"
E 78° 12' 50"
	Tube well

	
	
	F2
	N 26° 17' 08"
E 78° 12' 64"
	F2
	N 26° 17' 09"
E 78° 12' 54"
	Tube well

	
	
	F3
	N 26° 17' 12"
E 78° 12' 62"
	F3
	N 26° 17' 09"
E 78° 12' 55"
	Tube well

	7
	Rora
	F1
	N 26° 07' 30"
E 78° 15' 45"
	F1
	N 26° 07' 20"
E 78° 15' 35"
	Tube well

	
	
	F2
	N 26° 07' 32"
E 78° 15' 47"
	F2
	N 26° 07' 25"
E 78° 15' 40"
	Tube well

	
	
	F3
	N 26° 07' 28"
E 78° 15' 42"
	F3
	N 26° 07' 22"
E 78° 15' 34"
	Tube well

	8
	Sunarpura mafi
	F1
	N 26° 16' 38"
E 78° 22' 54"
	F1
	N 26° 16' 28"
E 78° 22' 45"
	Tube well

	
	
	F2
	N 26° 16' 40"
E 78° 22' 56"
	F2
	N 26° 16' 32"
E 78° 22' 49"
	Tube well

	
	
	F3
	N 26° 16' 36"
E 78° 22' 52"
	F3
	N 26° 16' 30"
E 78° 22' 48"
	Tube well

	9
	Jalalpur
	F1
	N 26° 15' 44"
E 78° 14' 51"
	F1
	N 26° 15' 34"
E 78° 14' 42"
	Sewage

	
	
	F2
	N 26° 15' 45"
E 78° 14' 53"
	F2
	N 26° 15' 38"
E 78° 14' 45"
	Sewage

	
	
	F3
	N 26° 15' 43"
E 78° 14' 54"
	F3
	N 26° 15' 36"
E 78° 14' 46"
	Sewage

	10
	Jamahar
	F1
	N 26° 16' 25"
E 78° 10' 23"
	F1
	N 26° 16' 15"
E 78° 10' 13"
	Sewage

	
	
	F2
	N 26° 16' 23"
E 78° 10' 19"
	F2
	N 26° 16' 18"
E 78° 10' 15"
	Sewage

	
	
	F3
	N 26° 16' 27"
E 78° 10' 25"
	F3
	N 26° 16' 19"
E 78° 10' 18"
	Sewage


Analysis of samples  
The soil samples collected were subjected to analysis in the laboratory for pH, EC, OC, available nitrogen, phosphorus, potassium, and Bulk density, Particle density and Porosity. All the water samples collected were subjected to chemical analysis in the laboratory for pH, EC, soluble cations (Ca++, Mg++, Na+ and K+), soluble anions (CO3--, HCO3-, Cl- and SO4--), RSC and SAR. 
The analytical procedures and corresponding references used for various physicochemical properties of both irrigation water and soil samples are presented in Table 2. All sampling, handling and sample preparation procedures were strictly carried out in accordance with standard soil and water analysis protocols to ensure the accuracy, reliability, and reproducibility of the generated data. The critical limits and classification criteria used for the categorization of soil characteristics were referenced from standard sources (Table 3). Statistical analysis of the experimental data was performed using standard statistical methods as described by Snedecor and Cochran (1967).
Table 2:  Methods and procedures of water and soil analysis
	S. No.
	Properties
	Procedure
	Reference

	A.
a.
	Soil Analysis
Chemical analysis

	1.
	pH
	Using a glass electrode pH meter
	Richards (1954)

	2.
	EC
	Using the standard precision conductivity bridge
	Richards (1954)

	3..
	Organic carbon
	Rapid titration method
	Walkely and Black (1934)

	4.
	Available N
	Alkaline permanganate method
	Subbiah and Asija 1956

	5.
	Available P
	0.5 M sodium bicarbonate
	Olsen et al. 1954

	6.
	Available K
	Flame photometer method
	Jackson 1973

	b.
	Mechanical analysis

	1.
	Bulk density
	Core sampler method
BD = 
	Richards 1954

	2.
	Particle size analysis
	Bouyoucous Hydrometer method
	Bouyoucous 1962


	3.
	Porosity
	Method No. 40 of USDA handbook No. 60, Porosity (%) =  
1 –  x 100
	Richards 1954

	B.       Water Analysis

	1.
	pH
	Using a glass electrode pH meter
	Richards (1954)

	2.
	EC
	Using the standard precision conductivity bridge
	Jackson, 1973

	3.
	Cation- Ca2+, Mg2+

	Using the Versenate titration method, Method No. 7, USDA, Handbook No. 60
	Richards (1954)

	4.
	Na+, K+
	Using the Flame photometry method (10a), USDA, Handbook No. 60
	Richards (1954)

	5.
	Anion-CO32-, HCO3-
	Titration with standard H2SO4 (Method No. 12)
	Richards (1954)

	6.
	Cl-
	Titration was carried out with standard AgNO3 (Method No. 13)
	Richards (1954)

	7.
	SO4-2
	Using the method of precipitation as barium sulphate (Method No.14)
	Richards (1954)

	8.
	Residual Sodium Carbonate (RSC)
	Calculated by formula RSC= (CO32-+HCO3-)– (Ca2+ + Mg2+)
	Richards (1954)

	9.
	Sodium Adsorption Ratio
	Calculated by formula: 
SAR = 
	Richards (1954)


Table 3: Critical limits of soil characteristics for soils categorization (Singh et al., 2007) 
	Parameters
	Low
	Medium
	High

	OC (g kg-1)
	<2.5
	2.5-7.5
	>7.5

	N (kg ha-1)
	<250
	250-400
	>400

	P (kg ha-1)
	<10
	10-20
	>20

	K (kg ha-1)
	<250
	250-400
	>400


RESULTS AND DISCUSSION 
The inter-connection between quality characteristics of tube well water and selected soil properties at 0-15 cm soil depth
A significant positive correlation was found (Table 4) between soil bulk density with EC (r=0.832**), Ca++(r=0.843**), Mg++ (r=0.866**) and porosity with pH (r=0.674**), Na+ (r=0.834**), K+ (r=0.873**) and pH with ground water pH (r=0.531**) and soil EC with water EC (r=0.945**), Ca++ (r=0.886**), Mg++ (r=0.769**) and OC with pH (r=0.754**) and N with Mg++ (r=0.645**), HCO3-(r=0.520**) and P with EC (r=0.798**), Ca++(r=0.683**), Mg++ (r=0.539**) and K with pH (r=0.606**), Na+ (r=0.718**), K+ (r=0.720**) of the study area. A significant partially positive correlation was found (Table 4) between soil particle density with RSC (r=0.417*) and soil pH with K+ (r=0.442*) and soil EC with Cl- (r=0.425*) and soil OC with Ca++(r=-0.502*), Mg++ (r=0.434*) and N with EC (r=0.434*), Ca++ (r=0.510*) and P with V (r=0.507*) and K with RSC (r=0.476*) of the study area. A significant negative correlation was found (Table 4) between soil bulk density with Na+(r=-0.812**) and K+(r=-0.862**) and porosity with EC (r=-0.838**), Ca++(r=-0.911**), Mg++ (r=- 0.869**) and soil EC with Na+ (r=-0.700**), K+ (r=-0.765**) and N with Na+ (r=-0.602**), K+ (r=-0.635**) and P with K+ (r=-0.535**) and K with EC (r=-0.564**), Ca++ (r=-0.673**), Mg++ (r=-0.707**) of the study area. A significant, partially negative correlation was found (Table 4) between soil bulk density with pH (r=-0.498*) and soil pH with Mg++ (r=-0.451*) and soil EC with pH (r=-0.436*) and N with SO42- (r=-0.449*) and P with Na+ (r=-0.479*) of the study area.
The inter-connection between quality characteristics of tube well water and selected soil properties at 15-30 cm soil depth
A significant positive correlation was found (Table 5) between soil bulk density with EC (r=0.832**), Ca++ (r=0.843**), CO32- (r=0. 647**), HCO3-(r=0.746**) and porosity with pH (r=0.674**), SO42- (r=0.853**), RSC (r=0.635**), SAR (r=0.765**) and soil EC with water EC (r=0.945**), Ca++ (r=0.886**), CO32- (r=0.553**), HCO3- (r=0.687**) and OC with pH (r=0.754**) and P with EC (r=0.798**), Ca++ (r=0.683**) and K with pH (r=0.606**), Na+ (r=0.601**), K+ (r=0.634**), SO42- (r=0.689**), RSC (r=0.562**), SAR (r=0.571**) of the study area. A significant partially positive correlation was found (Table 5) between soil particle density with Na+ (r=0.455*), K+ (r=0.441*) and soil porosity with Na+ (r=0.451*), K+ (r=0.507*) and soil pH with SAR (r=0.414*) and soil EC with Cl- (r=0.483*), SO42- (r=0.440*) and N with EC (r=0.434*), Ca++ (r=0.510*), and P with HCO3- (r=0.491*) of the study area. A significant negative correlation was found (Table 5) between soil bulk density with SO42-  (r=-0.738**), SAR (r=-0.766**) and porosity with EC (r=-0.838**), Ca++ (r=-0.911**), Mg++ (r=-0.515**), CO32- (r=-0.740**), HCO3- (r=-0.783**) and soil pH with Mg++ (r=-0.528**), CO32- (r=-0.598**) soil EC with SO42- (r=-0.630**), SAR (r=-0.760**) and P with SAR (r=-0.583**) and K with EC (r=-0.564**), Ca++ (r=-0.673**), Mg++ (r=-0.636**), CO32- (r=-0.716**), HCO3- (r=-0.636**) of the study area. A significant partially negative correlation was found (Table 5) between soil bulk density with pH (r=-0.498*), RSC (r=-0.465*) and soil particle density with Mg++ (r=-0.445*) and soil pH with HCO3- (r=-0.510*) and soil EC with pH (r=-0.436*) and soil OC with Ca++ (r=-0.502*), CO32- (r=-0.441*), HCO3- (r=-0.445*) and P with SO42- (r=-0.438*) of the study area.
The inter-connection between quality characteristics of tube well water and selected soil properties at 30-45cm soil depth
A significant positive correlation was found (Table 6) between soil bulk density with EC (r=0.832**), Ca++ (r=0.843**), Mg++ (r=0.858**) and porosity with pH (r=0.674**), Na+ (r=0.838**), K+ (r=0.846**), SO42- (r=0.603**) and soil pH with water pH (r=0.531**) and soil EC with EC (r=0.945**), Ca++ (r=0.886**), Mg++ (r=0.767**) and OC with pH (r=0.754**) and N with Mg++ (r=0.656**) and P with EC (r=0.798**), Ca++ (r=0.683**), Mg++ (r=0.543**) and K with pH (r=0.606**), Na+ (r=0.700**), K+ (r=0.686**), SO42- (r=0.565**), RSC (r=0.521**) of the study area. A significant, partially positive correlation was found (Table 6) between soil porosity with RSC (r=0.432*) and soil pH with Na+ (r=0.465*), K+ (r=0.442*), SO42- (r=0.434*) and soil EC with Cl- (r=0.466*) and soil OC with Na+ 

Table 4: The correlation coefficient (r) between quality characteristics of tube well water and some selected soil properties at 0-15 cm depth, Morar Block of Gwalior
	Soil Sample Parameters
	Tube well water sample parameters

	
	pH
	EC 
(dSm-1)
	Ca++
	Mg++
	Na+
	K+
	CO32-
	HCO3-
	Cl-
	SO42-
	RSC
	SAR

	BD
	-0.498*
	0.832**
	0.843**
	0.866**
	-0.812**
	-0.862**
	0.136NS
	0.240NS
	0.089NS
	-0.153NS
	-0.176NS
	-0.137NS

	PD
	0.232NS
	0.321NS
	0.146NS
	0.019NS
	0.018NS
	-0.013NS
	-0.246NS
	-0.133NS
	0.363NS
	0.207NS
	0.417*
	0.153NS

	Porosity
	0.674**
	-0.838**
	-0.911**
	-0.869**
	0.834**
	0.873**
	-0.158NS
	-0.178NS
	-0.229NS
	0.138NS
	0.330NS
	0.126NS

	pH
	0.531**
	-0.221NS
	-0.356NS
	-0.451*
	0.400NS
	0.442*
	-0.253NS
	-0.254NS
	0.233NS
	0.249NS
	0.288NS
	0.243NS

	EC
	-0.436*
	0.945**
	0.886**
	0.769**
	-0.700**
	-0.765**
	-0.033NS
	0.074NS
	0.425*
	0.017NS
	0.027NS
	-0.016NS

	OC
	0.754**
	-0.375NS
	-0.502*
	-0.434*
	0.294NS
	0.404NS
	0.046NS
	0.051NS
	-0.056NS
	-0.045NS
	0.039NS
	-0.023NS

	N
	-0.192NS
	0.434*
	0.510*
	0.645**
	-0.602**
	-0.635**
	0.403NS
	0.520**
	-0.307NS
	-0.449*
	-0.217NS
	-0.381NS

	P
	-0.324NS
	0.798**
	0.683**
	0.539**
	-0.479*
	-0.535**
	-0.093NS
	0.008NS
	0.507*
	0.070NS
	0.124NS
	0.003NS

	K
	0.606**
	-0.564**
	-0.673**
	-0.707**
	0.718**
	0.720**
	-0.385NS
	-0.379NS
	-0.014NS
	0.368NS
	0.476*
	0.357NS


** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 level; NS= Non-significant


Table 5: The correlation coefficient (r) between quality characteristics of tube well water and some selected soil properties at 15-30 cm depth, Morar Block of Gwalior
	Soil Sample Parameters
	Tube well water sample parameters

	
	pH
	EC 
(dSm-1)
	Ca++
	Mg++
	Na+
	K+
	CO32-
	HCO3-
	Cl-
	SO42-
	RSC
	SAR

	BD
	-0.498*
	0.832**
	0.843**
	0.315NS
	-0.272NS
	-0.308NS
	0.647**
	0.746**
	-0.333NS
	-0.738**
	-0.465*
	-0.766**

	PD
	0.232NS
	0.321NS
	0.146NS
	-0.445*
	0.455*
	0.441*
	-0.160NS
	-0.015NS
	0.272NS
	0.079NS
	0.323NS
	-0.115NS

	Porosity
	0.674**
	-0.838**
	-0.911**
	-0.515**
	0.451*
	0.507*
	-0.740**
	-0.783**
	0.317NS
	0.753**
	0.635**
	0.765**

	pH
	0.531**
	-0.221NS
	-0.356NS
	-0.528**
	0.545**
	0.528**
	-0.598**
	-0.510*
	0.372NS
	0.601**
	0.351NS
	0.414*

	EC
	-0.436*
	0.945**
	0.886**
	0.136NS
	-0.082NS
	-0.132NS
	0.553**
	0.687**
	-0.100NS
	-0.630**
	-0.298NS
	-0.760**

	OC
	0.754**
	-0.375NS
	-0.502*
	-0.256NS
	0.268NS
	0.265NS
	-0.441*
	-0.445*
	0.483*
	0.440*
	0.286NS
	0.383NS

	N
	-0.192NS
	0.434*
	0.510*
	0.002NS
	-0.043NS
	-0.030NS
	0.230NS
	0.285NS
	-0.285NS
	-0.363NS
	-0.220NS
	-0.281NS

	P
	-0.324NS
	0.798**
	0.683**
	-0.002NS
	0.052NS
	0.004NS
	0.388NS
	0.491*
	0.064NS
	-0.438*
	-0.115NS
	-0.583**

	K
	0.606**
	-0.564**
	-0.673**
	-0.636**
	0.601**
	0.634**
	-0.716**
	-0.637**
	0.237NS
	0.689**
	0.562**
	0.571**



** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 level; NS= Non-significant


Table 6: The correlation coefficient (r) between quality characteristics of tube well water and some selected soil properties at 30-45 cm depth, Morar Block of Gwalior
	Soil Sample Parameters
	Tube well water sample parameters

	
	pH
	EC 
(dSm-1)
	Ca++
	Mg++
	Na+
	K+
	CO32-
	HCO3-
	Cl-
	SO42-
	RSC
	SAR

	BD
	-0.498*
	0.832**
	0.843**
	0.858**
	-0.842**
	-0.861**
	0.322NS
	0.224NS
	0.159NS
	-0.739**
	-0.313NS
	-0.025NS

	PD
	0.232NS
	0.321NS
	0.146NS
	0.067NS
	0.025NS
	-0.036NS
	-0.122NS
	-0.126NS
	0.319NS
	-0.091NS
	0.321NS
	0.111NS

	Porosity
	0.674**
	-0.838**
	-0.911**
	-0.826**
	0.838**
	0.846**
	-0.361NS
	-0.195NS
	-0.308NS
	0.603**
	0.432*
	0.036NS

	pH
	0.531**
	-0.221NS
	-0.356NS
	-0.409*
	0.465*
	0.442*
	-0.260NS
	-0.211NS
	0.156NS
	0.434*
	0.278NS
	0.064NS

	EC
	-0.436*
	0.945**
	0.886**
	0.767**
	-0.713**
	-0.763**
	0.224NS
	0.083NS
	0.466*
	-0.616**
	-0.128NS
	0.056NS

	OC
	0.754**
	-0.375NS
	-0.502*
	-0.409*
	0.454*
	0.447*
	-0.051NS
	0.045NS
	-0.128NS
	0.214NS
	0.125NS
	-0.143NS

	N
	-0.192NS
	0.434*
	0.510*
	0.656**
	-0.698**
	-0.673**
	0.413*
	0.478*
	-0.295NS
	-0.642**
	-0.371NS
	-0.296NS

	P
	-0.324NS
	0.798**
	0.683**
	0.543**
	-0.482*
	-0.539**
	0.143NS
	0.006NS
	0.505*
	-0.437*
	-0.022NS
	0.069NS

	K
	0.606**
	-0.564**
	-0.673**
	-0.650**
	0.700**
	0.686**
	-0.489*
	-0.367NS
	-0.046NS
	0.565**
	0.521**
	0.224NS



** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 level; NS= Non-significant



(r=0.454*), K+ (r=0.447*) and N with EC (r=0.434*), Ca++ (r=0.510*), CO32- (r=0.413*), HCO3- (r=0.478*) and P with Cl- (r=0.505*) of the study area. A significant negative correlation was found (Table 6) between soil bulk density with Na+ (r=-0.842**), K+ (r=-0.861**), SO42- (r=-0.739**) and porosity with EC (r=-0.838**), Ca++ (r=-0.911**), Mg++ (r=-0.826**) and soil EC with Na+ (r=-0.713**), K+ (r=-0.763**) and N with Na+ (r=-0.698**), K+ (r=-0.673**), SO42- (r=-0.642**) and P with K+ (r=-0.539**) and K with EC (r=-0.564**), Ca++ (r=-0.673**), Mg++ (r=-0.650**) of the study area. A significant partially negative correlation was found (Table 6) between soil bulk density with pH (r=-0.498*) and soil pH with Mg++ (r=-0.409*) and soil EC with pH (r=0.436*) and soil OC with Ca++ (r=-0.502*), Mg++ (r=-0.409*) and P with Na+ (r=-0.482*), SO42- (r=-0.437*) and K with CO32- (r=0.489*) of the study area. Similar results were obtained by Mehta (1970) and Khandelwal and Lal (1991), and Singh and Singh (1997).
The inter-connection between quality characteristics of sewage water and selected soil properties at 0-15 cm soil depth
A significant positive correlation was found (Table 7) between soil pH with Ca++ (r=0.917**), HCO3- (r=0.956**) and soil EC with RSC (r=0.969**) of the study area. A significant partially positive correlation was found (Table 7) between soil particle density Ca++ (r=0.901*), HCO3- (r=0.857*), RSC (r=0.867*) and porosity with Na+ (r=0.813*), SO42- (r=0.909*) and soil pH with RSC (r=0.860*) and soil EC with Ca++ (r=0.896*) and P with RSC (r=0.846*) of the study area. A significant negative correlation was found (Table 7) between soil EC with SO42- (r=-0.977**) in the study area. A significant, partially negative correlation was found (Table 7) between soil particle density with SO42- (r=-0.862*) and porosity with RSC (r=-0.904*), soil pH with SO42- (r=-0.841*) and soil OC with SO42- (r=-0.853*) and P with SO42- (r=-0.852*) of the study area.
The inter-connection between quality characteristics of sewage water and selected soil properties at 15-30 cm soil depth
A significant positive correlation was found (Table 8) between soil bulk density with SAR (r=0.941**), soil pH with Ca++ (r=0.917**), Mg++ (r=0.956**), HCO3- (r=0.964**) and soil EC with RSC (r=0.968**) and N with Cl- (r=0.967**) of the study area. A significant partially positive correlation was found (Table 8) between particle density with Ca++ (r=0.901*), Mg++ (r=0.857*), HCO3- (r=0.846*) RSC (r=0.851*) soil porosity with SO42- (r=0.910*) and soil pH with CO32- (r=0.904*), RSC (r=0.851*) and soil EC with Ca++ (r=0.896*) and P with RSC 

Table 7: The correlation coefficient (r) between quality characteristics of sewage water and some selected soil properties at 0-15 cm depth, Morar Block of Gwalior

	Soil Sample Parameters
	Sewage water sample parameters

	
	pH
	EC 
(dSm-1)
	Ca++
	Mg++
	Na+
	K+
	CO32-
	HCO3-
	Cl-
	SO42-
	RSC
	SAR

	BD
	0.138NS
	0.662NS
	0.123NS
	-0.282NS
	-0.275NS
	0.176NS
	-0.154NS
	-0.429NS
	-0.428NS
	-0.090NS
	0.065NS
	0.338NS

	PD
	0.219NS
	0.285NS
	0.901*
	0.661NS
	-0.467NS
	-0.659NS
	0.657NS
	0.857*
	-0.634NS
	-0.862*
	0.867*
	-0.061NS

	Porosity
	-0.370NS
	-0.767NS
	-0.802NS
	-0.367NS
	0.813*
	0.488NS
	-0.619NS
	-0.466NS
	0.654NS
	0.909*
	-0.904*
	-0.449NS

	pH
	0.003NS
	0.137NS
	0.917**
	0.724NS
	-0.618NS
	-0.745NS
	0.791NS
	0.956**
	-0.480NS
	-0.841*
	0.860*
	-0.171NS

	EC
	0.461NS
	0.730NS
	0.896*
	0.456NS
	-0.673NS
	-0.532NS
	0.605NS
	0.590NS
	-0.791NS
	-0.977**
	0.969**
	0.349NS

	OC
	-0.608NS
	-0.034NS
	0.459NS
	0.622NS
	-0.853*
	-0.712NS
	0.806NS
	0.569NS
	0.262NS
	-0.318NS
	0.355NS
	-0.067NS

	N
	-0.377NS
	0.038NS
	-0.530NS
	-0.102NS
	-0.049NS
	0.075NS
	-0.121NS
	-0.534NS
	0.664NS
	0.550NS
	-0.549NS
	0.328NS

	P
	0.426NS
	0.445NS
	0.810NS
	0.621NS
	-0.361NS
	-0.602NS
	0.565NS
	0.729NS
	-0.646NS
	-0.852*
	0.846*
	0.166NS

	K
	-0.738NS
	-0.447NS
	0.496NS
	0.389NS
	-0.486NS
	-0.434NS
	0.502NS
	0.611NS
	-0.013NS
	-0.173NS
	0.212NS
	-0.736NS


** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 level; NS= Non-significant


Table 8: The correlation coefficient (r) between quality characteristics of sewage water and some selected soil properties at 15-30 cm depth, Morar Block of Gwalior

	Soil Sample Parameters
	Sewage water sample parameters

	
	pH
	EC 
(dSm-1)
	Ca++
	Mg++
	Na+
	K+
	CO32-
	HCO3-
	Cl-
	SO42-
	RSC
	SAR

	BD
	0.138NS
	0.662NS
	0.123NS
	-0.429NS
	0.423NS
	0.394NS
	0.000NS
	-0.238NS
	0.413NS
	-0.091NS
	0.078NS
	0.941**

	PD
	0.219NS
	0.285NS
	0.901*
	0.857*
	-0.859*
	-0.894*
	0.771NS
	0.846*
	-0.883*
	-0.861*
	0.851*
	-0.151NS

	Porosity
	-0.370NS
	-0.767NS
	-0.802NS
	-0.466NS
	0.622NS
	0.589NS
	-0.762NS
	-0.624NS
	0.379NS
	0.910*
	-0.917*
	-0.311NS

	pH
	0.003NS
	0.137NS
	0.917**
	0.956**
	-0.940**
	-0.978**
	0.904*
	0.964**
	-0.850*
	-0.841*
	0.851*
	-0.330NS

	EC
	0.461NS
	0.730NS
	0.896*
	0.590NS
	-0.716NS
	-0.702NS
	0.760NS
	0.692NS
	-0.616NS
	-0.978**
	0.968**
	0.266NS

	OC
	-0.608NS
	-0.034NS
	0.459NS
	0.569NS
	-0.438NS
	-0.507NS
	0.711NS
	0.657NS
	0.042NS
	-0.317NS
	0.368NS
	-0.298NS

	N
	-0.377NS
	0.038NS
	-0.530NS
	-0.534NS
	0.668NS
	0.625NS
	-0.421NS
	-0.498NS
	0.967**
	0.550NS
	-0.539NS
	0.276NS

	P
	0.426NS
	0.445NS
	0.810NS
	0.729NS
	-0.766NS
	-0.783NS
	0.607NS
	0.696NS
	-0.799NS
	-0.852*
	0.825*
	-0.025NS

	K
	-0.738NS
	-0.447NS
	0.496NS
	0.611NS
	-0.417NS
	-0.522NS
	0.688NS
	0.669NS
	-0.355NS
	-0.171NS
	0.216NS
	-0.390NS


** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 level; NS= Non-significant


Table 9: The correlation coefficient (r) between quality characteristics of sewage water and some selected soil properties at 30-45 cm depth, Morar Block of Gwalior

	Soil Sample Parameters
	Sewage water sample parameters

	
	pH
	EC 
(dSm-1)
	Ca++
	Mg++
	Na+
	K+
	CO32-
	HCO3-
	Cl-
	SO42-
	RSC
	SAR

	BD
	0.138NS
	0.662NS
	0.123NS
	-0.241NS
	0.618NS
	0.434NS
	0.002NS
	-0.083NS
	-0.132NS
	0.210NS
	0.483NS
	0.238NS

	PD
	0.219NS
	0.285NS
	0.901*
	0.636NS
	-0.759NS
	-0.713NS
	0.884*
	0.874*
	0.270NS
	0.714NS
	-0.563NS
	0.900*

	Porosity
	-0.370NS
	-0.767NS
	-0.802NS
	-0.397NS
	0.420NS
	0.434NS
	-0.871*
	-0.802NS
	0.215NS
	-0.842*
	-0.025NS
	-0.818*

	pH
	0.003NS
	0.137NS
	0.917**
	0.777NS
	-0.877*
	-0.865*
	0.908*
	0.940**
	0.340NS
	0.631NS
	-0.684NS
	0.815*

	EC
	0.461NS
	0.730NS
	0.896*
	0.434NS
	-0.512NS
	-0.484NS
	0.933**
	0.857*
	-0.100NS
	0.900*
	-0.130NS
	0.960**

	OC
	-0.608NS
	-0.034NS
	0.459NS
	0.788NS
	-0.495NS
	-0.730NS
	0.460NS
	0.579NS
	0.409NS
	0.250NS
	-0.303NS
	0.160NS

	N
	-0.377NS
	0.038NS
	-0.530NS
	-0.128NS
	0.568NS
	0.323NS
	-0.522NS
	-0.477NS
	0.030NS
	-0.249NS
	0.624NS
	-0.606NS

	P
	0.426NS
	0.445NS
	0.810NS
	0.503NS
	-0.655NS
	-0.578NS
	0.835*
	0.791NS
	0.124NS
	0.807NS
	-0.332NS
	0.886*

	K
	-0.738NS
	-0.447NS
	0.496NS
	0.663NS
	-0.453NS
	-0.625NS
	0.319NS
	0.450NS
	0.686NS
	-0.123NS
	-0.846*
	0.222NS


**Correlation is significant at the 0.01 level; *Correlation is significant at the 0.05 level; NS= Non-significant

(r=0.825*) of the study area. A significant negative correlation was found (Table 8) between pH with Na+ (r=-0.940**), K+ (r=-780.9**) and soil EC with SO42- (r=-0.978**) of the study area. A significant partially negative correlation was found (Table 8) between particle density with Na+ (r=-0.859*), K+ (r=-0.894*), Cl- (r=-0.883*), SO42- (r=-0.861*) and porosity with RSC (r= -0.917*), soil pH with Cl- (r=-0.850*), SO42- (r=-0.408419*) P with SO42- (r=-0.852*) of the study area. 
The interconnection between quality characteristics of sewage water and selected soil properties at 30-45cm soil depth 
A significant positive correlation was found (Table 9) between soil pH with Ca++  (r=0.917**), HCO3- (r=0.940**) and soil EC with CO32- (r=0.933**), SAR (r=0.960**) of the study area. A significant partially positive correlation was found (Table 9) between particle density with Ca++ (r=0.901*), CO32- (r=0.884*), HCO3- (r=0.874*), SAR (r=0.900*) and soil pH with CO32- (r=0.908*), SAR (r=0.815*) and soil EC with Ca++ (r=0.896*), HCO3- (r=0.857*), SO42- (r=0.900*) and P with CO32- (r=0.835*), SAR (r=0.886*) of the study area. A significant, partially negative correlation was found (Table 9) between porosity with CO32- (r=-0.871*), SO42- (r=-0.842*), SAR (r=-0.818*) and soil pH with SO42- (r=-0.877*), K+ (r=-0.865*) and K with RSC (r=0.846*) of the study area. Similar results were obtained by Hayes et al. (1990), Rusan et al. (2007).
CONCLUSIONS
Under tube well irrigation, the correlation analysis showed a significant relationship between soil physico-chemical characteristics and groundwater quality at all soil depths. Significant positive connections were found between soil bulk density, porosity, pH, and EC and groundwater EC, pH, main cations (Ca²⁺, Mg²⁺, Na⁺, K⁺), and carbonate–bicarbonate ions, suggesting that irrigation water quality directly affects soil parameters. The steady relationships between groundwater salinity and ionic composition and soil EC and nutrient availability (N, P, and K) indicate that the soil environment gradually changes with depth. In general, the research area's soil health and nutrient dynamics were significantly influenced by the water quality of tube wells. Under sewage water irrigation, soil characteristics showed notable and significant positive associations with groundwater quality measures, especially pH, EC, Ca²⁺, Mg²⁺, HCO₃⁻, CO₃²⁻, SAR, and RSC across various soil depths. In soils receiving sewage water, there is a growing risk of salinity and sodicity development due to the strong correlations between soil EC and sodicity markers (SAR and RSC). Additionally, nutritional enrichment from sewage inputs is shown in the relationship between soil nitrogen and chloride. These results demonstrate how extended irrigation with sewage water significantly changes the chemical properties of the soil, which may have an impact on the sustainability of the soil over the long run.
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