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Description S1. The analytical procedure for incineration/distillation-UV/vis spectrophotometry.
The soil samples were pretreated using two consecutive processes—incineration and distillation (Willard and Winter, 1933). During incineration, the sample was pulverized, sieved using a 0.075 mm standard sieve (200 mesh), and dried at 105 ℃; subsequently, 1 g of the soil sample and 5 g of calcium oxide (CaO) were filled into a nickel melting pot and mixed thoroughly. The sample was incinerated for 5 h in an electric furnace at 500 ℃, heated to 800 ℃ for an additional 2 h, and left to cool. After incineration, the sample was washed with 25 mL of deionized water and 50 mL of perchloric acid (70%) and transferred into a three-necked distillation glass flask with 10 drops of perchloric acid (17%). When the color of the sample turned milky white, an additional 10 drops of perchloric acid (17%) were added along with 8–10 boiling chips. When the sample contained a large amount of chloride, a large amount of Ag+ ions was added to remove the chlorides. Subsequently, approximately 600 mL of deionized water was added to the distillation flask, which was heated with a distillation apparatus. The temperature in the three-necked flask was maintained at 135 ± 2℃, and the distillation rate was maintained at 5–6 mL/min. The effluent from the distillation was received in a pre-prepared 500 mL volumetric flask into which one drop of nitrophenol indicator and one drop of sodium hydroxide solution were added. When the effluent volume reached 480 mL, the distillation procedure was terminated, and the interior of the cooling tube was washed with a small amount of deionized water with which the receiving flask was filled to the mark. In the next step, 50 mL of the pretreated sample was mixed with a 10 mL zirconium oxychloride-SPADNS mixture in a 100 mL volumetric flask; the absorbance at 570 nm was measured using a UV/vis spectrophotometer (DR-2800, Hach, Loveland, CO, USA). The fluorine concentration in the solution was calculated from the calibration curve prepared using fluorine standard solutions. In addition, the fluorine concentration in the soil (mg/kg) was calculated as follows (Na et al., 2010):

The concentration of fluorine in soil (mg/kg) =  , 
Cs: Concentration of fluorine in solution (mg/L);
Cb: Concentration of fluorine in the blank sample (mg/L);
f: Dilution factor (when the calibration curve is out of range);
V: Final volume of solution (in this case: 0.5 L);
Wd: Dry weight of soil sample (in this case: 0.001 kg).


Description S2. The analytical procedure for the alkaline fusion-selective ion electrode method.
The fluorine concentration was determined following the procedure reported by McQuaker and Gurney (1977). Briefly, after the soil, rock, and gypsum waste samples had been pulverized such that they could pass through the 200-mesh sieve (< 75 µm), 0.5 g of the sample was mixed with 16 M NaOH in a nickel melting pot. After drying at 150 °C for 1 h, the mixture was heated from 300 to 600 °C for 0.5 h and then cooled in the desiccator. Subsequently, 10 mL of distilled water was added to the sample, which was then slightly heated to accelerate the dissolution of the alkali cake. After the pH was adjusted to a value between 8 and 9 by adding 7–8 mL concentrated hydrochloric acid, the mixture was filtered using a glass fiber-type B filter, and the filtrate was diluted to 100 mL with deionized water in a 100 mL volumetric flask. In the next step, 25 mL of the prepared solution was mixed with 25 mL TISAB Ⅲ solution at pH 5.2, and the fluorine concentration of the mixture (mg/L) was measured using an Orion benchtop pH meter (Thermo Scientific, Pittsburgh, PA, USA) equipped with a fluorine electrode. The fluorine concentration (mg/kg) was determined based on the solid (g)-to-solution (mL) ratio.




Description S3. The analytical procedure for aqua regia extraction-UV/vis spectrophotometry.
To avoid the difficulties of the pretreatment process required for incineration/distillation or alkaline fusion, the combination of aqua regia extraction and the determination of the fluorine concentration in water using UV/vis spectrophotometry was employed (Kwon et al., 2015). A soil sample sieved through a 200 mesh sieve was mixed with 10 mL aqua regia, and the mixture was heated at 70 ℃ for 2 h, filtered using the glass fiber-type B filter, and diluted to 100 mL with deionized water. The fluorine concentration in the solution was analyzed with the lanthanum alizarin complexone method (Wada et al., 1985). After 30 mL of the solution had been mixed with 20 mL lanthanum alizarin complexone solution for 1 h, the absorbance at 620 nm was measured using a UV/vis spectrophotometer. The fluorine concentration in the soil was calculated as follows (Na et al., 2010):

Fluorine concentration in soil (mg/kg) = :
y: Absorbance of sample;
b: Y-Intercept of the calibration curve (absorbance);
a: Slope of calibration curve;
I: Sample dilution factor;
V: Final volume of solution (0.1 L).


Description S4. Calculation of the hazard quotient (HQ) for fluorine in soil.

1. HQ by ingestion of crops and soil




Cs= Exposure concentration of soil (mg/kg)
BCF = Bioconcentration factor (mg/kg)crops/(mg/kg)soil (dimensionless)
(crop, fruit, and root vegetables: 0.006, leafy vegetables: 0.06)
CRp = Consumption rate of produce (kg/day) (industrial area: 0)
CRs = Consumption rate of soil (mg/kg) (adult: 50; child: 118)
CF1 = Conversion factor 1 (kg/mg) (10-6)
ABSGI = Inhalation absorption Factor (1)
EF = Exposure frequency (days/year) (residential and agricultural area: 350, industrial area: 100)
ED = Exposure duration (year) (adult: 25; child: 6)
BW = Body weight (kg) (adult: 62.8; child: 16.8)
AT = Average time (days) (28,689)
RfD0 = Reference dose of fluorine (0.04 mg/kgday)




2. HQ by groundwater containing soil-derived contaminants







CRw = Consumption rate of groundwater (L/day) (adult: 2; child: 1)
EF = Exposure frequency (days/year) (residential and agricultural area: 350; industrial area: 100)
ED = Exposure duration (year) (adult: 25; child: 6)
BW = Body weight (kg) (adult: 62.8; child: 16.8)
AT = Average time (days) (28,689)
RfD0 = Reference dose of fluorine (0.04 mg/kgday)
CL = Concentration in liquid (mg/L)
Cs = Concentration in soil (mg/kg)
Cw = Exposure concentration of groundwater (mg/L)
Kd = Distribution coefficient (150)
w = moisture porosity (0.16)
α = Air porosity (0, assuming full saturation of water)
H = Henry’s constant
b = Soil bulk density (1.6)
DAF = Dilution attenuation factor (20)




3. HQ by inhalation of outdoor fugitive dust




ABSinh = Inhalation absorption factor (dimensionless) (1) 
TSP = Concentration of suspended particles in air (mg/m3) (measurement or 0.07)
frs= Fraction of soil in suspended particles in air (dimensionless) (0.5) 
Fr = Fugitive dust residual rate in respiratory (dimensionless) (0.75) 
CF1= Conversion factor 1 (kg/mg) (10-6)
EF = Exposure frequency (days/year) (residential and agricultural area: 350; industrial area: 100)
ED = Exposure duration (year) (adult: 25; child: 6) 
AT = Average time (days) (28,689)
RfC = Reference concentration of fluorine (0.013 mg/m3)










Fig. S1. The relationship between the F concentrations obtained through alkaline fusion and those obtained through aqua regia extraction. The total number of samples was 69 (BH and GH). The correlation coefficient between the two data was 0.955 (P < 0.01). 






Fig. S2. The relationships between the total F concentrations obtained using the incineration/distillation procedure at three different institutes. The total number of samples was 43 (GBH).


Table S1. The results of the total F concentrations (mg/kg) in soils sampled in 2019 (Samples prefixed with GBH; 43 samples).

	Sample #
	Total (alkaline)
	Total
(aqua regia)
	TCLP
	KWLP
	Total (XRF)
	Total (Institute A)
	Total (Institute B)
	Total (Institute C)

	1
	452
	212
	223
	107
	610
	0
	1052
	196

	2
	357
	453
	119
	40
	510
	1383
	714
	219

	3
	359
	222
	187
	82
	580
	1105
	808
	184

	4
	705
	351
	359
	140
	1160
	1601
	10997
	118

	5
	535
	830
	177
	57
	720
	1334
	939
	262

	6
	394
	196
	234
	95
	580
	1539
	822
	260

	7
	547
	355
	181
	58
	740
	0
	1128
	279

	8
	195
	121
	96
	44
	260
	0
	492
	272

	9
	225
	425
	130
	50
	320
	0
	627
	253

	10
	316
	132
	167
	69
	480
	1292
	527
	570

	11
	546
	721
	158
	48
	740
	1546
	3633
	181

	12
	236
	456
	199
	53
	410
	446
	538
	183

	13
	212
	376
	66
	50
	290
	995
	483
	125

	14
	636
	567
	391
	101
	1140
	3784
	1408
	3053

	15
	436
	543
	137
	57
	730
	0
	727
	973

	16
	293
	172
	174
	82
	430
	0
	717
	441

	17
	486
	301
	140
	53
	760
	0
	854
	536

	18
	936
	531
	261
	72
	1210
	1412
	2393
	281

	19
	563
	320
	244
	104
	1120
	2172
	971
	324

	20
	686
	786
	237
	91
	1160
	1340
	1738
	274

	21
	403
	197
	124
	35
	750
	3521
	733
	1826

	22
	722
	454
	228
	67
	660
	829
	2121
	483

	23
	301
	189
	101
	25
	550
	0
	529
	283

	24
	574
	275
	209
	58
	1030
	1406
	990
	280

	25
	902
	423
	253
	85
	1680
	1503
	2836
	217

	26
	410
	186
	254
	96
	710
	1055
	1172
	378

	27
	1484
	623
	361
	113
	2410
	1426
	3421
	331

	28
	645
	980
	332
	119
	950
	866
	3221
	308

	29
	354
	172
	144
	55
	580
	0
	824
	222

	30
	400
	208
	128
	57
	650
	0
	756
	163

	31
	179
	81
	100
	41
	470
	0
	474
	200

	32
	529
	275
	170
	53
	990
	0
	8541
	5094

	33
	576
	657
	163
	62
	1000
	0
	11441
	899

	34
	336
	137
	132
	55
	620
	1103
	6771
	154

	35
	1612
	725
	402
	97
	2310
	1681
	13591
	320

	36
	273
	234
	146
	43
	680
	1640
	1301
	19618

	37
	368
	172
	170
	59
	730
	1714
	672
	829

	38
	330
	185
	132
	53
	615
	0
	3985
	365

	39
	266
	130
	160
	58
	490
	0
	13660
	257

	40
	467
	317
	210
	78
	675
	0
	5360
	229

	41
	368
	250
	183
	65
	990
	0
	7400
	201

	42
	312
	168
	179
	56
	520
	192
	6070
	2126

	43
	390
	206
	166
	81
	640
	1576
	825
	900





Table S2. The results of the total F concentrations (mg/kg) in soils and gypsum wastes sampled in 2020 (Samples prefixed with BH; 44 samples).

	Sample #
	Total
	TCLP
	KWLP
	Total (XRF)

	1
	3237.4
	740
	380
	4380

	2
	556.1
	170
	26
	750

	3
	597.1
	69
	22
	750

	4
	1840.6
	1000
	320
	2570

	5
	486.6
	110
	112
	650

	6
	3536.6
	630
	150
	4820

	7
	627.8
	97
	42
	790

	8
	595.5
	180
	98
	750

	9
	3426.1
	620
	136
	4070

	10
	332.7
	66
	90
	300

	11
	375.6
	110
	46
	500

	12
	4205.9
	530
	540
	5820

	13
	4495.7
	490
	118
	5740

	14
	546.3
	80
	48
	650

	15
	478.5
	92
	66
	530

	16
	568.1
	97
	74
	850

	17
	1912.3
	530
	138
	2810

	18
	510
	95
	100
	680

	19
	386.9
	78
	64
	340

	20
	442
	63
	56
	680

	21
	2054.2
	510
	280
	4510

	22
	378.5
	100
	96
	610

	23
	460.7
	100
	132
	580

	24
	632.7
	92
	140
	710

	25
	2000
	550
	126
	2640

	26
	455.6
	360
	44
	620

	27
	429
	180
	47
	550

	28
	610
	230
	50
	860

	29
	1787.3
	1500
	620
	2460

	30
	752.4
	140
	66
	950

	31
	776
	110
	88
	660

	32
	626.7
	78
	50
	490

	33
	340
	91
	52
	340

	34
	450
	110
	56
	450

	35
	230
	69
	68
	250

	36
	250
	69
	44
	210

	37
	120
	59
	100
	110

	38
	100
	47
	52
	80

	39
	100
	29
	56
	70

	40
	50
	51
	62
	0

	41
	100
	63
	66
	80

	42
	50
	46
	34
	20

	43
	60
	33
	50
	40

	44
	50
	100
	56
	0




Table S3. The results of the total F concentrations (mg/kg) in soils sampled in 2021 (Samples prefixed with GH; 25 samples)

	Sample #
	Total (alkaline)
	Total (aqua regia)
	Total (XRF)

	1
	375
	350
	570

	2
	396
	316
	560

	3
	380
	325
	710

	4
	619
	454
	1130

	5
	360
	259
	590

	6
	465
	414
	620

	7
	365
	277
	780

	8
	173
	149
	340

	9
	346
	458
	550

	10
	318
	433
	560

	11
	237
	305
	380

	12
	559
	512
	870

	13
	379
	343
	500

	14
	433
	371
	860

	15
	308
	236
	420

	16
	513
	434
	1010

	17
	468
	351
	720

	18
	375
	326
	510

	19
	561
	512
	770

	20
	376
	311
	860

	21
	589
	480
	910

	22
	476
	241
	770

	23
	800
	501
	980

	24
	524
	447
	690

	25
	340
	190
	420
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