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Supplementary Figure 1: Fluoride data points (n= 402,452) used in analysis and modeling. The data sources are listed in Supplementary Table 1.



 

Supplementary Figure 2: Frequency of concentration ranges of the fluoride data points (n= 402,452) 
used in analysis and modeling. The data sources are listed in Supplementary Table 1



 

Supplementary Figure 3: Global groundwater fluoride prediction model (as shown in Fig. 1), focused on North America.  



 

Supplementary Figure 4: Global groundwater fluoride prediction model (as shown in Fig. 1), focused on Europe. 

  



Supplementary Figure 5: Global groundwater fluoride prediction model (as shown in Fig. 1), focused on Asia. 



 

 

 

Supplementary Figure 6: Global groundwater fluoride prediction model (as shown in Fig. 1), focused 
on South America. 

  



 

 

 

 

Supplementary Figure 7: Global groundwater fluoride prediction model (as shown in Fig. 1), focused 
on Africa. 



 

Supplementary Figure 8: Global groundwater fluoride prediction model (as shown in Fig. 1), focused on Australia and neighboring Oceania. 



 

 

Supplementary Figure 9: Correlations between parameters measured in situ and the proportion of groundwater 
fluoride measurements greater than 1.5 mg/L. The number of data points, number of bins (points), Kendall rank 
correlation (τ) and associated p-value (p) are indicated (see text for explanation). The vertical box plots indicate the 
distribution of each parameter associated with fluoride concentrations ≤1.5 mg/L and >1.5 mg/L, with the central 
line representing the median, the hinges showing the 25th and 75th percentiles and the whiskers extending up to 1.5 
times the inter-quartile range. For ease of presentation, outliers are not displayed.  



 

Supplementary Figure 9 (cont.)  



Supplementary Figure 10: Correlations between the continuous geospatial parameters used in the final geospatial 
model (Fig. 1) and the proportion of groundwater fluoride measurements greater than 1.5 mg/L. The number of data 
points, number of bins (points), Kendall rank correlation (τ) and associated p-value (p) are indicated (see text for 
explanation). The vertical box plots indicate the distribution of each parameter associated with fluoride 
concentrations ≤1.5 mg/L and >1.5 mg/L, with the central line representing the median, the hinges showing the 25th 
and 75th percentiles and the whiskers extending up to 1.5 times the inter-quartile range. For ease of presentation, 
outliers are not displayed. 

 

  



Supplementary Table 1: Summary by country of the distribution of groundwater fluoride concentrations and sources 
used for analysis and modeling. IQR stands for interquartile range. In the case of a time series of measurements at a 
given well/spring, the average of the measurements was taken. 

Country Num. F data 
points 

Range 
(mg/L) 

Mean F 
(mg/L) 

Median F 
(mg/L) 

IQR F (mg/L) Reference 

Afghanistan 360 0-8.1 0.45 0.26 0.18-0.48 1-3 
Algeria 10 0.51-2.45 1.78 1.82 1.70-2.17 4 

Argentina 591 0-28.4 1.19 0.60 0.00-1.22 3,5-10 
Australia 58,571 0-6487.4 1.15 0.30 0.11-0.70 11-19 

Bangladesh 469 0.001-1.28 0.25 0.21 0.14-0.33 3,20,21 
Belgium 309 0.035-3.50 0.15 0.11 0.07-0.16 22 

Botswana 76 0-3.2 0.61 0.38 0.19-0.76 23 
Brazil 2675 0.25-17.6 1.36 1.02 1.00-1.60 10,24,25 

Bulgaria 2 0.53-0.58 0.56 0.56 0.53-0.58 22 
Burkina Faso 273 0.046-2.55 0.28 0.19 0.11-0.31 4,26 

Cambodia 7007 0-110 0.84 0.62 0.37-0.95 27 
Cameroon 39 0.19-15.20 6.55 8.17 0.95-9.50 28 

Canada 25,469 0-13.1 0.69 0.30 0.20-0.90 29-33 
Chile 1 0.11-0.11 0.11 0.11 0.11-0.11 3 
China 293 0.01-13.3 1.78 1.04 0.34-2.40 34-38 

Cote d’Ivoire 102 0-4 0.40 0.20 0.10-0.30 39 
Croatia 4 0.076-0.10 0.09 0.08 0.08-0.10 22 
Cyprus 18 1.3e-4-3.3e-3 0.00 0.00 0.00-0.00 22 

Czech Republic 651 0-0.006 0.00 0.00 0.00-0.00 22 
Democratic 

Republic of the 
Congo 

8 0.009-0.97 0.49 0.48 0.34-0.67 

4 

Denmark 21 1.5e-4-5.9e-4 0.00 0.00 0.00-0.00 22 
Egypt 19 0.79-2.004 1.32 1.30 1.10-1.46 40 

Eritrea 55 0.12-3.73 0.98 0.72 0.34-1.21 41,42 
Estonia 33 0.14-3.31 0.80 0.63 0.30-1.17 22 
Ethiopia 1100 0-175 3.22 1.10 0.41-2.70 4,39,43-47 
France 11 0.033-0.19 0.09 0.07 0.05-0.13 22 
Ghana 1652 0-126 1.09 0.50 0.25-0.98 4,48-50 

Guatemala 19 0.05-1.48 0.39 0.15 0.05-0.52 3 
Honduras 55 0.05-7.5 1.62 0.30 0.20-2.55 51 
Hungary 1 0.15-0.15 0.15 0.15 0.15-0.15 3 

India 12,983 0-65 0.82 0.46 0.20-0.94 3,39,52-56 
Indonesia 268 0-4.2 1.01 1.00 0.60-1.30 3,57,58 

Iran 12 0.1-0.8 0.32 0.20 0.14-0.50 3 
Ireland 68 0.17-1.36 0.25 0.20 0.20-0.20 22 
Israel 1 0.275-0.275 0.28 0.28 0.28-0.28 3 
Italy 2558 0-9 0.26 0.15 0.06-0.28 22 

Japan 4 0.03-0.1 0.07 0.07 0.04-0.09 3 
Jordan 6 0.2-1.78 0.56 0.34 0.22-0.48 3 
Kenya 188 0.1-40 3.10 1.45 0.73-3.75 3,4,59 

Lithuania 5 0.14-1.1 0.64 0.62 0.56-0.79 3 
Madagascar 49 0.1-1.2 0.34 0.20 0.20-0.40 39 

Malawi 374 0-10.8 2.88 2.30 1.20-4.10 39,60 
Mali 154 0-1.5 0.35 0.20 0.10-0.40 3,4,39 

Marshall Islands 4 0.2-0.2 0.20 0.20 0.20-0.20 33 
Mexico 1875 0-29.6 1.37 0.73 0.33-1.59 3,33,61-63 

Micronesia 6 0-0.6 0.17 0.10 0.00-0.20 33 
Morocco 4 0.11-0.59 0.35 0.35 0.12-0.58 3 



Mozambique 192 0-9.9 2.18 1.50 0.80-2.55 39 
Myanmar 55 0.01-0.35 0.16 0.14 0.10-0.20 64 

Nepal 19 0.1-1.5 0.62 0.60 0.35-0.90 39 
New Zealand 125 0.006-5.2 0.12 0.06 0.03-0.11 3,65 

Nicaragua 16 0.28-1.1 0.63 0.58 0.42-0.77 10 
Niger 128 0-10.1 0.84 0.40 0.30-0.90 4,39 

Nigeria 37 0.12-10.3 2.47 1.78 1.17-3.73 66 
Norway 1342 0.005-8.26 0.71 0.28 0.08-0.99 3,67-69 
Pakistan 1174 0-30.25 1.89 0.98 0.40-2.68 3,70-72 

Palau 1 0-0 0.00 0.00 0.00-0.00 33 
Palestine 12 0.02-0.56 0.18 0.14 0.09-0.23 73 

Poland 1141 0.05-4.92 0.19 0.11 0.10-0.19 3,22 
Portugal 449 0-20 0.47 0.20 0.20-0.30 10 
Russia 1 0.005-0.005 0.01 0.01 0.01-0.01 68 

Rwanda 17 0.04-0.45 0.23 0.18 0.13-0.33 39 
Senegal 672 0.05-7.5 1.54 1.00 0.40-2.50 3,74 

South Africa 43,781 0.03-1140 0.91 0.47 0.22-0.93 75,76 
South Sudan 3 0.02-0.23 0.10 0.05 0.04-0.14 4 

Spain 17 0.01-0.35 0.18 0.20 0.14-0.24 3,10 
Sudan 9 0.4-4.6 2.49 2.10 1.70-3.80 4 

Sweden 15,176 0-54.22 0.96 0.60 0.28-1.30 3,22,77 
Switzerland 42 0.029-0.41 0.10 0.07 0.06-0.13 22 

Tanzania 49 0.16-17.45 2.68 1.55 0.80-3.33 3,49 
Thailand 1 0.11-0.11 0.11 0.11 0.11-0.11 3 
Tunisia 4 0.1-0.6 0.30 0.25 0.15-0.45 3 
Turkey 1 0.4-0.4 0.40 0.40 0.40-0.40 3 
Uganda 321 0.01-10 0.95 0.60 0.37-1.10 4,39 

UK 453 0.025-18 0.32 0.10 0.06-0.20 3,22,78 
Uruguay 1 0.2-0.2 0.20 0.20 0.20-0.20 3 

USA 218,760 0-22,200 0.97 0.20 0.08-0.50 33,79,80 

TOTAL 402,452 0-22,200 0.97 0.30 0.10-0.70  

 



Supplementary Table 2: Global spatially continuous environmental parameters considered in the analysis and 
prediction of high fluoride concentrations in groundwater. All parameter values are continuous, except where noted 
as being categorical (CAT). Subsoil refers here to 200 cm depth. The 12 variables used in the final random forest 
model are highlighted in bold. (At the equator, 30” is approximately equal to 1 km.) 
 

Parameter Resolution Parameter Resolution 
Climate  Soil  
Actual evapotranspiration 
(AET)81 

30” pH, measured in water, subsoil82 7.5” 

Aridity (PET83/precipitation84) 30” Silt (0.0002-0.05 mm), weight %, 
subsoil 82 

7.5” 

Potential evapotranspiration 
(PET)83 

30” Acrisols probability82 7.5” 

Precipitation84 30” Alisols probability82 7.5” 
Priestley-Taylor alpha coefficient 
(AET/PET)81 

30” Andosols probability, haplic82 7.5” 

Temperature84 30” Arenosols probability82 7.5” 
Geology  Calcisols probability82 7.5” 
Acidic igneous rocks (CAT)85 7.5” Cation exchange capacity82 7.5” 
Active faults, within 0.5 degrees86 polygon Clay (<0.0002 mm), weight %, 

subsoil 82 
7.5” 

Basic igneous rocks (CAT)85 7.5” Coarse fragments (>2 mm), vol. %, 
subsoil 82 

7.5” 

Lithology classes (CAT)85 7.5” FAO soil classes (CAT)82 7.5” 
Topography  Fine earth bulk density, subsoil 87 7.5” 
Elevation88  7.5” Fluvisols probability82 7.5” 
Maximum multiscale 
roughness89  

7.5” Gleysols probability82 7.5” 

Valley bottom flatness88 7.5” Gypsisols probability82 7.5” 
Downslope curvature88 7.5” Histosols probability, calcic and 

fibric 82 
7.5” 

Compound topographic index89 7.5” Hydrologic soil groups (CAT)90 7.5” 
Flow accumulation91 30” Nitrogen content, subsoil 82 7.5” 
Geomorphometric classes (CAT)89 7.5” Organic carbon density, subsoil82 7.5” 
Landform classes (CAT)85 7.5” Organic carbon stock loss(kg/m2), 

0-30 cm, 2001-2015 92 
7.5” 

Maximum multiscale deviation89 7.5” Organic carbon volume, subsoil82 7.5” 
Convergence index89 7.5” Regosols probability82 7.5” 
Mountains, low and high (CAT)85 7.5” Sand (0.05-2 mm), weight %, 

subsoil 82 
7.5” 

Profile curvature89 7.5” Soil and sediment thickness93 30” 
Roughness89 7.5” Solonchaks probability82 7.5” 
Scale of the maximum multiscale 
roughness89 

7.5” Solonetz probability82 7.5” 

Slope94 7.5” USDA soil texture classes, subsoil 
(CAT)95 

7.5” 

Tangential curvature89 7.5” Water content (volumetric %) for 
33kPa and 1500kPa, subsoil96 

7.5” 

Terrain ruggedness index89 7.5” Water capacity until wilting points 
(volumetric %), subsoil82 

7.5” 

Curvature88 7.5” Other  
Vector ruggedness measure89 7.5” Land cover (CAT)97 15” 

 

  



Supplementary Table 3: Fluoride hazard areas and at-risk groundwater-consuming populations by continent. 
Different calculations were performed that produce a range of values. The “low” estimate counts the groundwater-
consuming population only in model cells with >50% probability of fluoride concentrations >1.5 mg/L. The “high” 
estimate multiplies the entire groundwater-consuming population by the model probability. An intermediate hybrid 
approach was taken that consists of multiplying the model probability and the groundwater-consuming population 
of all cells with a probability >25% (see main text for details). 

 Hybrid approach: 
(Population in areas above 0.25 

threshold x hazard) 

Low estimate: 
(Population in areas above 0.5 

threshold) 

High estimate: 
(Entire population x hazard) 

 At-risk 
population 
(% of global 
total 
affected) 

% area of 
continent 
in calc. 

% of pop. 
in 
continent 

At-risk 
population 
(% of global 
total 
affected) 

% area of 
continent 
in calc. 

% of pop. 
in 
continent 

At-risk 
population 
(% of global 
total 
affected) 

% area of 
continent 
in calc. 

% of pop. 
in 
continent 

Africa 81,886,000 
(45.8%) 

66% 6.5% 28,197,000 
(44.8%) 

15% 2.2% 120,725,000 
(36.6%) 

100% 9.6% 

Asia 90,841,000 
(50.8%) 

51% 2.0% 32,587,000 
(51.7%) 

2% 0.7% 195,443,000 
(59.2%) 

100% 4.3% 

Australia/ 
Oceania 

6,000 
(<0.01%) 

41% <0.01% 1,000 
(<0.01%) 

8% <0.01% 102,000 
(0.03%) 

100% 0.3% 

Europe 2,027,000 
(1.1%) 

18% 0.3% 182,000 
(0.3%) 

<1% 0.03% 6,260,000 
(1.9%) 

100% 0.9% 

North 
America 

1,773,000 
(1.0%) 

9% 0.3% 888,000 
(1.4%) 

2% 0.2% 4,066,000 
(1.2%) 

100% 0.7% 

South 
America 

2,227,000 
(1.2%) 

36% 0.5% 1,130,000 
(1.8%) 

8% 0.3% 3,596,000 
(1.1%) 

100% 0.9% 

TOTAL 178,760,000 
(100%) 

31% 2.4% 62,985,000 
(100%) 

5% 0.8% 330,192,000 
(100%) 

100% 4.4% 

 

 

 

 

  



Supplementary Table 4: Summarized statistics of 100 cross validations of random forests, each containing 1001 
trees and using a 80%/20% training/testing split stratified by class. Each tree was grown with samples balanced 
evenly by class. The test datasets were not balanced, except for the calculation of kappa (repeated ten times per 
random forest and averaged). The accuracy for different depth ranges of test data was calculated based on the cut-
off where sensitivity equals specificity for each depth range. 

 Mean Std. dev. Median Range 

AUC 0.9009 0.0016 0.9010 0.8969 - 0.9046 

Kappa 0.6443 0.0044 0.6443 0.6339 - 0.6546 

Cut-off where sensitivity & specificity equal 0.5146 0.0046 0.5145 0.5025 - 0.5250 

Accuracy where sensitivity & specificity equal 0.8221 0.0021 0.8220 0.8178 - 0.8268 

Cut-off at maximum sensitivity + specificity 0.5001 0.0184 0.5000 0.45 - 0.55 

Accuracy at maximum sensitivity + specificity 0.8149 0.0093 0.8156 0.7892 - 0.8382 

Accuracy for test measurements between 0-
50m depth (n=106,526) 

0.8253 0.0054 0.8256 0.8128 - 0.8383 

Accuracy for test measurements between 50-
200m depth (n=62,742) 

0.8161 0.0048 0.8158 0.8027 - 0.8286 

Accuracy for test measurements between 
200-600m depth (n=42,310) 

0.8371 0.0066 0.8372 0.8199 - 0.8575 

Accuracy for test measurements >600m 
depth (n=42,530) 

0.7836 0.0060 0.7838 0.7694 - 0.7987 

 

  



Supplementary Table 5: Comparison of model predictions and performance of the global model across all of the 
continents. The mean model probability is based on all of the map pixels in a continent, whereas the mean balanced 
accuracy (where sensitivity equals specificity) and AUC were calculated on the test data points located within a 
continent. 

Continent Mean model 
probability 

Mean 
AUC 

Mean 
balanced acc. 
± std dev. 

Proportion of 
points in dataset 

Proportion of 
data points 
>1.5 mg/L 

Africa 0.32 ± 0.16 0.90 0.83 ± 0.01 12% 14% 

Asia 0.18 ± 0.13 0.86 0.78 ± 0.01 6% 12% 

Australia 0.23 ± 0.18 0.91 0.83 ± 0.01 15% 9% 

Europe 0.13 ± 0.11 0.83 0.75 ± 0.01 5% 14% 

North America 0.11 ± 0.11 0.90 0.83 ± 0.00 60% 9% 

South America 0.22 ± 0.17 0.87 0.81 ± 0.01 1% 42% 

GLOBAL 0.20 ± 0.16 0.90 0.82 ± 0.00 100% 10% 

 

  



Supplementary Table 6: Descriptive statistics of other parameters measured in situ from the data sources listed in 
Supplementary Table 1. IQR stands for interquartile range. 

Parameter Count Mean Median IQR 

Al (µg/L) 97,504 296 40 88 

Alkalinity (HCO3) (mg/L) 209,174 421 262 298 

As (µg/L) 74,604 21 1 4 

B (mg/L) 79,742 2.53 0.10 0.31 

Ba (µg/L) 43,081 305 48 83 

Br (µg/L) 68,705 3180 55 122 

Ca (mg/L) 241,968 80 43 71 

Cd (µg/L) 20,894 279 0.07 0.48 

Cl (mg/L) 325,199 354 16 72 

Co (µg/L) 18,552 31 0.28 2.06 

Cr (µg/L) 50,734 14 0 2 

Cu (µg/L) 42,552 88 4 14 

Depth (m) 255,332 306 70 311 

EC (µS/cm) 302,756 1528 551 941 

Fe (mg/L) 166,036 15 0.06 0.46 

Hg (µg/L) 10,936 4.16 0.10 0.25 

I (µg/L) 9,377 1031 10 48 

K (mg/L) 220,856 9.16 2.61 4.51 

Li (µg/L) 31,844 196 18 45 

Mg (mg/L) 277,891 39 12 28 

Mn (µg/L) 181,592 334 40 128 

Mo (µg/L) 24,458 32 2.26 6.85 

Na (mg/L) 294,287 245 35 152 

NH4 (mg/L) 20,609 0.52 0.05 0.11 

Ni (µg/L) 24,955 31 1.40 3.09 

NO2-N (µg/L) 29,316 123 50 0.00 

NO3 (mg/L) 198,048 20 2.22 7.06 

O2 (mg/L) 51,450 3.66 3.00 5.80 

P (mg/L) 30,410 1.88 0.02 0.06 

Pb (µg/L) 27,247 17 0.51 2.92 

pH 318,596 7.43 7.50 0.87 

PO4 (mg/L) 21,016 0.24 0.05 0.06 

S (mg/L) 941 121 24.2 60.7 

Sb (µg/L) 12,838 6.29 0.10 0.45 



Si (mg/L) 4,498 143 7.41 21 

SO4 (mg/L) 249,798 198 29 115 

Sr (µg/L) 45,318 2595 310 750 

TDS (mg/L) 219,002 1191 441 734 

Temperature (°C) 190,622 17 16 9.08 

U (µg/L) 83,954 12 0.10 0.67 

V (µg/L) 83,016 1 0.20 1.75 

Zn (µg/L) 55,420 1492 18 50 
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