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Supplementary Figure S1. Matched groundwater sampling locations in the Rudrapur, Sitarganj and Gadarpur blocks of Udham Singh Nagar district, Uttarakhand. Labels give sample codes (Supplementary Table S1); where two or three codes share a symbol, the samples were collected at the same surveyed site. District boundaries: GADM (gadm.org), via the geohacker/india repository.
Supplementary Table S1. Site-specific aquifer intervals interpreted from multi-frequency natural electric field (MNEF) surveys, recommended drilling depths, static water levels and completed depths at the matched sampling locations.
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	Village
	Block
	Lat. (°N)
	Long. (°E)
	Shallow strata (m)
	Deeper strata (m)
	Recommended depth (m)
	SWL (m bgl)
	Completed depth (m)

	T1/T2
	Chachar Husainpur
	Rudrapur
	28.90
	79.56
	30–40
	50–70
	90–120
	8
	84.0

	T3
	Darao
	Rudrapur
	28.87
	79.45
	30–40
	60–90
	90–120
	8
	84.0

	T4
	Chhinki Gidhpuri
	Rudrapur
	28.89
	79.49
	30–40
	60–90
	90–120
	7
	86.0

	T7
	Saijni
	Rudrapur
	28.90
	79.43
	20–40
	60–90
	90–120
	10
	73.2

	T6
	Bhagauri
	Sitarganj
	28.91
	79.73
	20–40
	60–90
	90–110
	6
	79.0

	T10/T12
	Bamanpuri
	Sitarganj
	28.95
	79.70
	20–30
	60–90
	90–120
	7 / 8
	92.4 / 91.4

	T11/T14/T17
	Majra Sisauna
	Sitarganj
	28.98
	79.70
	20–30
	60–80
	90–120
	3 / 6
	67.4 / 80.3

	T13
	Audali
	Sitarganj
	28.99
	79.74
	20–30
	60–90
	100–110
	5
	74.6

	T16
	Etawa (Pipaliya)
	Sitarganj
	28.92
	79.82
	–
	50–60
	90–120
	10
	84.0

	T18/T24
	Kundan Nagar
	Gadarpur
	29.04
	79.29
	40
	60–90
	90–120
	15
	84.8

	T19/T21
	Pipaliya No. 1
	Gadarpur
	29.03
	79.29
	30–40
	60–90
	90–120
	16
	88.0

	T22
	Sardar Nagar
	Gadarpur
	29.06
	79.23
	30–80
	>100
	110–120
	n/a
	n/a

	T23/T30
	Haripura Maseet
	Gadarpur
	29.10
	79.21
	30–40
	60–90
	90–110
	10
	85.0

	T26
	Charan Pur
	Gadarpur
	29.08
	79.30
	30
	80–100
	100–120
	16
	85.0

	T27/T28
	Sakeniya
	Gadarpur
	29.05
	79.19
	30–40
	80–90
	150
	17
	87.0


Aquifer intervals and recommended depths were compiled from the MNEF survey reports (2020–2021); static water level (SWL) and completed depth from Minor Irrigation Department field-verification records. Where several survey points existed in a village, the record nearest the sampled tubewell was used. Coordinates are rounded to 0.01° and beneficiary identities are withheld. Values separated by “/” refer to the respective sample codes. – , no shallow water-bearing interval interpreted; n/a, not recorded.
Supplementary Table S2. FAO irrigation-water guideline values used for screening (Ayers and Westcot, 1985).
	Parameter
	Unit
	Guideline value
	Interpretation

	pH
	–
	6.5–8.4
	Normal range for irrigation water

	Electrical conductivity (EC)
	dS m⁻¹
	<0.7 / 0.7–3.0 / >3.0
	None / slight-to-moderate / severe restriction on use

	Bicarbonate (HCO₃⁻)
	me L⁻¹
	<1.5 / 1.5–8.5 / >8.5
	None / slight-to-moderate / severe restriction (overhead sprinkling only)

	Calcium (Ca²⁺)
	me L⁻¹
	0–20
	Usual range in irrigation water

	Copper (Cu)
	mg L⁻¹
	0.20
	Maximum recommended concentration

	Zinc (Zn)
	mg L⁻¹
	2.0
	Maximum recommended concentration

	Iron (Fe)
	mg L⁻¹
	5.0
	Maximum recommended concentration

	Manganese (Mn)
	mg L⁻¹
	0.20
	Maximum recommended concentration

	Lead (Pb)
	mg L⁻¹
	5.0
	Maximum recommended concentration

	Cadmium (Cd)
	mg L⁻¹
	0.01
	Maximum recommended concentration


Maximum recommended concentrations apply to long-term irrigation.
Supplementary Table S3. Contamination factor (CF = Ci/Cref) of trace metals in deep and shallow groundwater (mean ± SD, n = 15 per group).
	Metal
	FAO guideline (mg L⁻¹)
	Deep: CF
	Deep: class
	Shallow: CF
	Shallow: class

	Cu
	0.20
	0.209 ± 0.019
	Low
	0.212 ± 0.024
	Low

	Zn
	2.0
	0.006 ± 0.002
	Low
	0.008 ± 0.004
	Low

	Mn
	0.20
	0.069 ± 0.061
	Low
	1.054 ± 2.553
	Moderate

	Fe
	5.0
	0.056 ± 0.010
	Low
	0.086 ± 0.065
	Low

	Pb
	5.0
	0.020 ± 0.016
	Low
	0.014 ± 0.014
	Low

	Cd
	0.01
	1.635 ± 0.560
	Moderate
	1.629 ± 0.810
	Moderate


Classes follow Håkanson (1980) applied to the mean CF: <1 low; 1–3 moderate; 3–6 considerable; ≥6 very high. The reference is the FAO irrigation guideline, so CF is a normalised exceedance ratio rather than an enrichment over geochemical background.
Supplementary Table S4. Eigenvalues and variance explained by the first five principal components (PCA on the correlation matrix of ten standardised variables, n = 30).
	Component
	Eigenvalue
	Variance explained (%)
	Cumulative variance (%)

	PC1
	3.512
	35.12
	35.12

	PC2
	1.495
	14.95
	50.07

	PC3
	1.163
	11.63
	61.70

	PC4
	0.975
	9.75
	71.45

	PC5
	0.845
	8.45
	79.90


Components with eigenvalue > 1 (PC1–PC3) were retained for interpretation.
Supplementary Table S5. Unrotated eigenvector coefficients of the ten variables on the retained principal components.
	Variable
	PC1 (35.1%)
	PC2 (15.0%)
	PC3 (11.6%)

	Cu
	0.296
	0.393
	0.439

	Zn
	−0.064
	0.347
	−0.441

	Mn
	−0.005
	0.579
	−0.262

	Fe
	0.245
	0.070
	0.574

	Pb
	0.232
	−0.317
	−0.161

	Cd
	0.323
	−0.284
	0.048

	pH
	−0.410
	0.184
	0.381

	EC
	0.400
	0.407
	−0.051

	HCO₃⁻
	0.442
	−0.062
	−0.060

	Ca²⁺
	0.409
	−0.008
	−0.184


Coefficients with |value| ≥ 0.30 are in bold. Multiplying a coefficient by the square root of the eigenvalue gives the correlation between the variable and the component.
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