


Supplementary Materials (Tables: S1 to S7)
	Table S1. Detailed physicochemical profile and multi-ion concentrations for each of the 17 surface wells in Al-Musaymir District (at 25 °C)

	
Name of well
	
Village
	Parameter
	Turbidity
	pH
	EC
	TDS
	NO3-
	Fluoride
	ICBE 

	
	
	Unit
	NTU
	-
	µg/cm
	mg / L
	mg / L
	mg / L 
	(%)

	
	
	WHO guidelines
	1-15
	6.5-8.5
	450-1000
	1000
	50
	0.5-1.5
	-

	Fadhal Saeed
	Al-Sarahn'a
	Sample-1
	2
	7.5
	2030
	1218
	41
	2.1
	+0.68

	Fara�a
	Fara'a
	Sample-2
	0.5
	7.38
	2110
	1266
	39
	4.4
	+1.36

	Nakhela�a
	Nakhela�a
	Sample-3
	0.2
	7.76
	1409
	926
	24.8
	1.1
	+0.45

	Mutein
	Nakhela�a
	Sample-4
	2.3
	7.15
	1833.33
	1210
	60
	2.24
	+0.11

	Qayif
	Qaaf
	Sample-5
	2
	7.6
	3800
	2280
	24
	2.17
	+2.52

	Qaaf
	Qaaf
	Sample-6
	2.69
	7.35
	2000
	1200
	59
	4.3
	+1.82

	Bashria
	Bashria
	Sample-7
	1.14
	7.06
	2690
	1779
	35.6
	2.52
	+0.40

	Alhaqaf
	Al-Musaymir Center 
	Sample-8
	2
	7.6
	2298.48
	1517
	68
	1.4
	-0.06

	Majwer
	Goal Madram
	Sample-9
	2
	7.7
	2400
	1380
	50.1
	1.7
	+2.86

	Mareeb
	Mareeb
	Sample-10
	2
	7.4
	1800
	1080
	15.2
	2.4
	+3.93

	Dagran
	Dagran
	Sample-11
	2
	7.6
	1700
	1020
	11.9
	2
	+2.35

	Ali Nusorah
	Qaaf
	Sample-12
	2
	7.6
	1480
	950
	20
	5.7
	+0.30

	Yaseen
	Mucadium
	Sample-13
	0.2
	7.6
	1696.97
	1120
	28
	1.47
	+0.25

	Ahmed
	Allugma�a
	Sample-14
	0.3
	7.42
	1695
	1122
	16.4
	3.1
	+0.74

	Alsaeed
	Top asel
	Sample-15
	0.3
	7.33
	1766.67
	1166
	40
	2.8
	+0.20

	Abdulkareem
	Habeel Alaf
	Sample-16
	1.3
	7.7
	1598.48
	1055
	35
	1.5
	+0.15

	Shatha�a
	Shatha�a
	Sample-17
	0.3
	7.43
	1639.39
	1082
	33
	2.8
	+0.12

	Average
	1.37
	7.48
	1996.9
	1257
	35.4
	2.57
	2.15

	Standard deviation
	0.85
	0.19
	574.8
	336.98
	16.5
	1.19
	1.35

	Minimum
	0.2
	7.33
	1409
	950
	11.9
	1.1
	0.15

	Maximum
	2.69
	7.76
	3800
	2280
	68
	5.7
	4.92

	Average ± SD
	1.37±0.85
	7.48±0.19
	1996.9±574.8
	1257±336.98
	35.4±16.5
	2.57±1.19
	1.35±2.15

	Failure (%) 
	0%
	0%
	100%
	88.2%
	23.53%
	82.35%
	Pass 0%



	Table S2. Relative weight of physicochemical parameters for WQI calculation
Based on the framework of Saleh et al., (2022a) and regional literature

	Parameter
	WHO Standard (Si)13
	Weight (wi)
	Relative Weight (Wi)

	Fluoride (F⁻)
	1.5
	5*
	0.1389

	Nitrate (NO₃⁻)
	50
	5
	0.1389

	Total Dissolved Solids (TDS)
	1000
	5
	0.1389

	pH
	8.5
	3
	0.0833

	Chloride (Cl⁻)
	250
	3
	0.0833

	Sulfate (SO₄²⁻)
	250
	3
	0.0833

	Sodium (Na⁺)
	200
	3
	0.0833

	Total Hardness (TH)
	500
	2
	0.0556

	Calcium (Ca²⁺)
	75
	2
	0.0556

	Magnesium (Mg²⁺)
	50
	2
	0.0556

	Potassium (K⁺)
	12
	2
	0.0556

	Bicarbonate (HCO₃⁻)
	120**
	1
	0.0278

	Total
	∑wi=36
	∑Wi=1

	* Chalise et al., 2023 ; **USPHS Standard, 1962
Note: Parameters were weighted according to their relative importance in drinking water quality and potential health impacts, following the specialized framework for the Yemeni hydrogeological context (Saleh et al., 2022a)



	Table S3 Water quality classification based on WQI (*)

	Water Class
	Type of water
	

	Ⅰ
	Excellence
	< 50

	Ⅱ
	Good water
	50-100

	Ⅲ
	Poor water
	100-200

	Ⅳ
	Very poor water
	200-300

	Ⅴ
	Water unsuitable for drinking
	> 300

	Note:(*) (Ramakrishnaiah, et al., 2009; Lateef, 2011; Ketata-Rokbani, et al., 2011)



	Table S4. The classification of irrigation waters according (Richards1954; Wilcox 1955)

	Index method
	Range
	Classification

	
EC
	˂ 250
	(C1) low salinity

	
	250 – 750
	(C2) medium salinity

	
	˃ 750 – 2250
	(C3) high salinity

	
	˃2250
	(C4) very high salinity

	
SAR
	˂ 10
	(S1) low sodium

	
	10 – 18
	(S2) medium sodium

	
	˃ 18 – 26
	(S3) high sodium

	
	˃ 26
	(S4) very high sodium





	Table S5. Linear regression parameters and sensitivity metrics (LOD/LOQ) for the fluoride determination method

	Parameters 
	Value 

	Standard Deviation (SD)
	0.370

	Standard Error (SE)
	0.247

	Standard Error of the Intercept
	0.168

	Limit of Detection (LOD)
	0.02 mg/L

	Limit of Quantification (LOQ)
	0.07 mg/L

	Slope of the Calibration Curve
	-51.579

	Intercept of the Curve
	315.02 mV

	R-Square (R2)
	0.9998

	Note: The exceptional linearity (CaCO3) and low Limit of Detection (LOD = 0.02 mg/L) provide the analytical backbone for this study, ensuring that even trace-level geogenic fluoride fluctuations are quantified with high precision.



	Table S6 (a & b). Analytical performance and cross-validation metrics (ISE vs. Spectrophotometry) for fluoride quantification

	Table S6 (a). Potentiometric Method Validation (Ion-Selective Electrode)

	Taken (mg/L)
	Metric*
	Within-Day (n=3)
	Between-Day (n=3)

	0.19
	Measured (mg/L ± SD)
	0.1897±0.0006
	0.187±0.0058

	
	Precision (RSD %)
	8.96E-05 0.0000896
	0.000896

	
	Accuracy (RE %)
	-0.158
	-1.579

	
	Recovery (RCV %)
	99.84
	98.42

	2
	Measured (mg/L ± SD)
	1.98±0.0764
	1.99 ±0.1

	
	Precision (RSD %)
	0.12472
	0.163299

	
	Accuracy (RE %)
	-1.00
	-0.5

	
	Recovery (RCV %)
	99.00
	99.5

	19
	Measured (mg/L ± SD)
	18.99±0.0321
	19.02±0.0763

	
	Precision (RSD %)
	0.49869
	1.184858

	
	Accuracy (RE %)
	-0.053
	0.105

	
	Recovery (RCV %)
	99.95
	100.11

	Table S6 (b). Spectrophotometric Method Validation (HACH DR 3900)

	Taken (mg/L)
	Metric*
	Within-Day (n=3)
	Between-Day (n=3)

	0.3
	Measured (mg/L ± SD)
	0.257±0.0252
	0.253±0.0153

	
	Precision (RSD %)
	0.005342
	0.003367

	
	Accuracy (RE %)
	-14.33
	-15.67

	
	Recovery (RCV %)
	85.67
	84.33

	1.4
	Measured (mg/L ± SD)
	1.35±0.1323
	1.367±0.2082

	
	Precision (RSD %)
	0.162019
	0.271948

	
	Accuracy (RE %)
	-3.57
	-2.36

	
	Recovery (RCV %)
	96.43
	97.64

	1.8
	Measured (mg/L ± SD)
	1.87 ±0.1528
	1.7±0.20

	
	Precision (RSD %)
	0.236972
	0.277609

	
	Accuracy (RE %)
	3.89
	-5.56

	
	Recovery (RCV %)
	103.89
	94.44

	*SD: Standard Deviation, RSD: Relative Standard Deviation, RE: Relative Error, RCV% Recovery,  *Average of three replicate determinations




	Table S7. Synergistic inter-elemental relationships: Pearson correlation analysis (r) of the 15-parameter suite in Al-Musaymir’s surface wells (n=17)

	
	pH
	EC
	TDS
	Ca²⁺
	Mg²⁺
	TH
	Na⁺
	K⁺
	Cl⁻
	SO₄²⁻
	HCO₃⁻
	NO₃⁻
	F⁻

	pH
	1.00
	
	
	
	
	
	
	
	
	
	
	
	

	EC
	0.71**
	1.00
	
	
	
	
	
	
	
	
	
	
	

	TDS
	0.70**
	0.99**
	1.00
	
	
	
	
	
	
	
	
	
	

	Ca²⁺
	0.45
	0.65**
	0.46
	1.00
	
	
	
	
	
	
	
	
	

	Mg²⁺
	0.42
	0.61**
	0.62**
	0.81**
	1.00
	
	
	
	
	
	
	
	

	TH
	0.48
	0.68**
	0.67**
	0.93**
	0.91**
	1.00
	
	
	
	
	
	
	

	Na⁺
	0.75**
	0.88**
	0.91**
	0.26
	0.60*
	0.68**
	1.00
	
	
	
	
	
	

	K⁺
	0.31
	0.45
	0.43
	0.34
	0.26
	0.31
	0.25
	1.00
	
	
	
	
	

	Cl⁻
	0.31
	0.78**
	0.76**
	0.88**
	0.84**
	0.90**
	0.74**
	0.31
	1.00
	
	
	
	

	SO₄²⁻
	0.33
	0.72**
	0.75**
	0.60*
	0.54
	0.62**
	0.75**
	0.49
	0.86**
	1.00
	
	
	

	HCO₃⁻
	0.19
	0.44
	0.48
	0.12
	0.11
	0.15
	0.23
	0.65**
	0.32
	0.31
	1.00
	
	

	NO₃⁻
	0.20
	0.18
	0.17
	0.31
	0.34
	0.32
	0.20 
	0.25
	0.31
	0.37
	0.37
	1.00
	

	F⁻
	0.71**
	0.86**
	0.82**
	0.65**
	0.61**
	0.68**
	0.65**
	0.29
	0.78**
	0.72**
	0.37
	0.25
	1.00

	* p value < 0.05; ** p value < 0.01
Table S7. displays the Pearson correlation coefficients (r) for 15 physicochemical parameters, revealing the synergistic relationships driving the hydrogeochemistry of Al-Musaymir. Significant positive correlations are observed between Fluoride and pH (r=0.71), and Fluoride and TDS  (r=0.82) mathematically confirming the alkaline leaching mechanism and geogenic mineralization. Conversely, the negligible correlation between Fluoride and Nitrate (r=0.25) serves as a diagnostic indicator, effectively isolating the primary geogenic crisis from secondary anthropogenic inputs.
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