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The use of groundwater with high fluoride concentrations
poses a health threat to millions of people around the world.
This study aims at providing a global overview of potentially fluoride-
rich groundwaters by modeling fluoride concentration. A

large database of worldwide fluoride concentrations as well
as available information on related environmental factors such
as soil properties, geological settings, and climatic and
topographical information on a global scale have all been
used inthe model. The modeling approach combines geochemical
knowledge with statistical methods to devise a rule-based
statistical procedure, which divides the world into 8 different
“process regions”. For each region a separate predictive model
was constructed. The end result is a global probability map

of fluoride concentration in the groundwater. Comparisons of
the modeled and measured data indicate that 60—70% of the
fluoride variation could be explained by the models in six process
regions, while in two process regions only 30% of the
variation in the measured data was explained. Furthermore,
the global probability map corresponded well with fluorotic areas
described in the international literature. Although the probability
map should not replace fluoride testing, it can give a first
indication of possible contamination and thus may support the
planning process of new drinking water projects.

Introduction

Fluorine is the 13th most abundant element in the earth’s
crust (625 mg kg™!) and exists in trace amounts in almost all
groundwaters throughout the world (I). Drinking water is
often the main source of fluoride intake by humans, especially
in areas where fluoride concentrations in groundwater and/
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or surface water are high (2—4). It is estimated that more
than 200 million people worldwide (5) rely on drinking water
with fluoride concentrations that exceed the present WHO
guideline of 1.5 mg L™! (6). In some areas foodstuffs and/or
indoor air pollution due to the burning of coal may make
significant contributions to the daily intake of fluoride (7, 8).
Excess fluoride intake causes different types of fluorosis,
primarily dental and skeletal fluorosis, depending on the
level and period of exposure (9). Fluorosis, associated with
elevated fluoride concentrations in drinking water, has been
reported in various countries around the world such as India
(10), China (11), Tanzania (12), Mexico (13), Argentina (14),
and South Africa (15), among others.

While on a local scale anthropogenic activities, such as
the application of phosphate-containing fertilizers or alu-
minum smelting, may introduce considerable amounts of
fluoride into the environment (16), its concentration in the
groundwaters is mainly governed by geogenic processes
(3, 10). Various minerals, e.g., fluorite, biotites, topaz, and
their corresponding host rocks such as granite, basalt, sye-
nite, and shale, contain fluoride that can be released into
groundwater (3, 17, 18).

The release of fluoride to groundwater is dependent on
chemical and physical processes that take place between the
groundwater and its geological environment. Fluorite (CaF,)
is the predominant mineral that controls the dissolved
fluoride concentration in the groundwater (3, 16, 19). Thus
fluoride-rich groundwaters are often associated with low
calcium concentrations. This is associated with rocks with
low calcium content, or high pH conditions where sodium
bicarbonate dominates the groundwater composition. Apart
from the groundwater chemistry, hydrological properties
(e.g., residence time) as well as climatic conditions (e.g.,
evapotranspiration, precipitation) and soil conditions (e.g.,
pH, soil type) have an influence on fluoride concentration
(3, 10, 16, 20, 21). Hence, the spatial and temporal hetero-
geneities of fluoride concentrations in groundwater are
particularly large.

The extent of fluoride contamination in groundwater has
been studied on both local and national scales, but little is
known about the occurrence of fluorotic areas on a global
scale. In this study we aim to provide a global probability
map that indicates the risk of fluoride contamination in
groundwaters. This is achieved by combining geochemical
expertise with information on available environmental fac-
tors on a global scale by means of an advanced statistical
procedure within the ArcGIS environment (ver. 9.1). The
outcomes are probability maps of groundwater contamina-
tion developed for eight “process regions”. The process
regions were delineated using both rules based on the
knowledge of fluoride dissolution as well as statistical testing.
The rules discriminate among the effects of geological,
climatic, and soil properties on the fluoride dissolution.
Predictive models were developed (calibrated and validated)
for each of the eight process regions. To the best of our
knowledge, this is the first global-scale predictive map of
fluoride contamination in groundwaters.

Materials and Methods

Data Compilation. A global database of over 60,000 measured
fluoride concentrations in groundwaters was compiled from
25 countries around the world. A summary of the basic
statistics and sources of the collected fluoride measurements
is given in the Supporting Information, Table S1. South Africa,
Sweden, the United States, and Norway had the largest
compilation of data. Globally available information related
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FIGURE 1. Frequency distribution of aggregated fluoride concen-
trations.

to climate, geology, hydrology, soil, land use, elevation, and
slope were collected from different sources (Supporting
Information, Table S2) and a multilayer global database was
created in the ArcGIS (ver. 9.1) environment. A summary of
the variables in the database and their definitions is given
in Table S3.

As fluoride data are point measurements, whereas other
GIS layers are raster files, we aggregated the fluoride mea-
surements to the same spatial resolution as the geological
information (5 arc minutes or approximately 10 km at the
equator). The reason for choosing the spatial resolution of
geology was because of its coarser spatial resolution as well
as its importance in controlling fluoride concentration in
the groundwater (3, 10, 16). The data were aggregated by
assigning the geometric mean of fluoride concentrations in
the same pixel to its center. Hence the total number of data
points was reduced to approximately 18,000 pixel-based
fluoride measurements. The frequency of fluoride concen-
tration is shown in Figure 1. The spatial distribution of the
data is illustrated in Figure S1.

Developing Knowledge-Based Statistical Rules. Ground-
water fluoride concentrations are extremely variable due to
the complex interactions between geo-environment, hydrol-
ogy, and other environmental variables. It is therefore nec-
essary to define regions where similar conditions prevail in
order to enable modeling procedures. Based on geochemical
expertise and extensive reviews of the literature, several
important geological, chemical, climatic, and soil conditions
associated with fluoride-rich groundwaters were distin-
guished. These conditions are summarized in Table 1. Some
of the important hydrological and chemical processes could

not be directly accounted for because of the lack of infor-
mation, such as groundwater composition. As the available
geological map was coarse and did not provide detailed
information about different rock types, we used the infor-
mation on “intrusive felsic rocks” to account for granitic rocks.
To capture the volcanic origin of fluoride, we combined the
available information on “volcanic felsic rocks” and “normal
faults”. Our preliminary statistical analysis showed that
fluoride concentrations decreased with increasing distance
from intrusive felsic rocks or extensional tectonic activities.
This relationship was quantified by taking distance vectors
of [0—5] decimal degree with increments of 0.1 decimal
degrees and plotting it against the median concentration of
fluoride within that distance vector as illustrated in Figure
2a. The figure shows that below a distance of 1 decimal degree
there is a clear relationship between fluoride concentration
and the distance from intrusive felsic rocks and normal faults.
Hence, a distance of 1 decimal degree was chosen in the
subsequent analysis.

At the second level of delineation, climatic condition was
captured by creating an ET-index, expressed as evapotrans-
piration over precipitation (ET/P). Fluoride concentrations
may be enhanced due to high evapotranspiration and small
dilution if precipitation is low. Although fluoride-rich ground-
waters are more common under arid and semiarid climatic
conditions (3, 29), some groundwaters with high fluoride
concentrations are also reported in humid and/or cold
regions. Examples of these are parts of Sweden, Norway, and
Argentina (14, 35, 36). To find a relationship between ET/P
and fluoride concentration, we plotted a series of ET/P
thresholds, (ET/P)r, with increments of 0.2 against the geo-
metric mean of fluoride concentrations fulfilling the condi-
tion of ET/P = (ET/P)r as shown in Figure 2b. The figure
shows that there is a clear relationship between ET/P > 2
and fluoride concentration. Hence, this ratio was used for
afurther delineation of the process regions as shown in Figure
3. To test the appropriateness of this delineation, we kept
the regions with ET/P < 2 in the analysis, although they do
not constitute actual process regions.

In the third level of delineation, we used the influence of
subsoil pH on fluoride concentration (Figure 3). To quantify
the effect of soil pH on fluoride concentration two groups
of soils with pH > 7.2 and pH < 7.2 were differentiated
because alkaline soils are known to have a positive correlation
with fluoride concentration (23, 30) (see Supporting Infor-
mation, Table S4).

Based on the above delineations, eight process regions
(PR) were defined as shown in Figure 3. We compared the
fluoride concentrations in these regions using nonparametric

TABLE 1. Summary of the Geochemical Conditions Associated with Fluoride-Rich Groundwaters and the GIS Layers Used to

Represent Them

geochemical conditions

reperesenting GIS layer”

geology granitic rocks granitic/gneissic basement (16, 22)° Dist_Int_fel
biotite granite (23)
granites and rhyolites (24)
volcanism active volcanism (25) Dist_fault & Dist_V_fel
acidic volcanic rocks (26)
alkaline volcanic rocks (27)
sedimentary rocks clayey carbonates (28) sedimentary
shales (18)
loess deposits (29)
soil alkaline soil (23, 30) pH_s
climatic high evapotranspiration (79, 23, 30, 31) ET/P

groundwater chemistry

Na-HCO3 type of groundwater with elevated pH (79, 32—34)

global database not available

2 Numbers indicate references. ? Dist_Int_fel = distance from intrusive felsic rocks, Dist-fault = distance from normal
faults, Dist_V_fel = distance from volcanic felsic rocks, pH_s = subsoil pH, and ET/P = evapotranspiration/precipitation.
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FIGURE 2. Geometric mean of fluoride concentration as a func-

tion of distance to intrusive felsic rocks and normal faults (a)
and evapotranspiration over precipitation (ET/P) (b).

Kruskal—Wallis test followed by least-significant difference
test (LSD) for multiple comparisons.

Statistical Model Development in the Process Regions.
A statistical model to predict fluoride concentration was
developed for each region by splitting the fluoride data into
two subsets using stratified random sampling. The subset
with 80% of the data was used for model development and
the remaining was set aside for model validation.

Stepwise regression was then used to identify the sig-
nificant variables for model development. This was followed
by the application of the Adaptive Neuro-Fuzzy Inference
System (ANFIS) (37, 38) to identify the best predictive model.
A short description of ANFIS is provided in the Supporting
Information. Mean error (ME), mean square error (MSE),
and R? statistics were used to evaluate the models. ANFIS
models were then linked to a Latin hypercube sampling
method to propagate the uncertainty of the parameters on
the results. These parameters included: centers of different
fuzzy classes of variables (see Supporting Information, Figure
S2), and the coefficients of the multiple linear regression
model. This allowed the prediction of the cumulative
distribution function and, subsequently, the determination
of the probability of fluoride concentrations exceeding a
specific threshold (in this study 1.5 mgL™!) for each pixel.

Results and Discussion

The entire set of aggregated fluoride concentration in
groundwaters exhibited a highly skewed log-normal distri-
bution, ranging from less than 0.01 to more than 100 mg L.
Of the 18,000 data points, only 65 had fluoride concentrations
greater than 10 mg L~!. As it was suspected that these samples
might have been influenced by anthropogenic processes,
we removed them from further analysis. More than 85% of
the fluoride data were below the WHO guideline of 1.5 mg
L™}, and less than 15% of samples exceeded this guideline
(Figure 1).

Process Regions. Kruskal—Wallis and LSD tests revealed
that there were significant differences among fluoride
concentrations in the delineated process regions (p < 0.05)
(Figure S3). Summary statistics of fluoride concentration in
the eight process regions (PR) are given in the Supporting
Information Table S5. The largest geometric means of fluoride
concentrations occur in PR1 and PR5. In these regions, 27%
and 17% of samples exceed the WHO guideline for drinking
water, respectively. Although the geometric mean of fluoride
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FIGURE 3. Step-hy-step procedure for the development of a global probability map of fluoride contamination in groundwater.
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FIGURE 5. Predicted probability map of fluoride concentration in the groundwater exceeding the WHO guideline for drinking water
of 1.5 mg L™ in South Africa in comparison to measured concentrations. The dots illustrate only the validation data set.

in PR4 is smaller than that in PR5, the percentage of data
exceeding the WHO guideline is larger. These results also
indicate that even in the regions known for elevated fluoride
concentrations (PR1, PR4, and PR5) low concentrations of
fluoride are more widespread. Among the delineated regions,
PR7 contains the smallest geometric mean of fluoride con-
centration. Nevertheless, about 3% of the data in this region
exceed the WHO guideline.

Although significant differences among the delineated
regions correspond to the general geochemical knowledge
on fluoride mobilization in groundwaters, there is still a large
heterogeneity in each region (Figure S3).

Statistical Modeling. To tackle these heterogeneities we
developed predictive models for each of the process regions.
The influencing variables determined by stepwise regression
for each processregion are given in Table S6 in the Supporting
Information. The coefficients in the table are standardized
regression coefficients, indicating the influence of each
variable on the fluoride concentration. For example, in PR1,
P and ET/P have almost the same yet opposite effects on the
prediction. The results also indicate that in PR1, PR2, PR5,
and PR6 climatic parameters have a larger effect on fluoride
concentration than soil and geological parameters. The ratio

ET/P could be an indicator of groundwater recharge. The
larger this ratio, the smaller the groundwater recharge is and
the greater is the chance of finding elevated fluoride
concentrations in the groundwater. As previously mentioned
the regions PR3 and PR7 represent areas with a poor
correlation between fluoride content and climate and soil
pH values. The modeling was performed nevertheless, but
the results show that it is difficult to distinguish the sensitivity
of different influencing variables in these regions.

The calibration and validation results of both multiple
linear regression (MLR) and ANFIS for different process
regions are summarized in the Supporting Information, Table
S7. The results show that ANFIS models are significantly better
than MLRs in the prediction of fluoride concentrations. Based
on the R%, between 50 and 70% of the fluoride variation is
explained by the surrogate environmental variables used in
the analysis. The exceptions, again, are regions PR3 and PR7,
which produced the weakest results. This further supports
the delineation of the process regions based on the available
information. Scatter plots of measurements versus predicted
fluoride concentrations for validation data sets in PR1 and
PR3 are shown in Supporting Information (Figure S4). These

VOL. 42, NO. 10, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 3665
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comparison with measured concentrations (dots) from Senegal (a) and in Ethiopia, Kenya, and Tanzania (b).

TABLE 2. Distribution of Measured Fluoride Points in Different Probability Classes, Where Each Class Indicates the Probability of
Fluoride Concentration Exceeding 1.5 mg L™

probability classes

<0.2 0204 0.4-0.6 0.6—-0.8 >0.8

total % of samples total % of samples total % of samples total % of samples total % of samples
samples contaminated samples contaminated samples contaminated samples contaminated samples contaminated

South Africa 834 7 218 11 175 13 49 53 108 63
Rift valley 7 43 9 56 6 33 18 a4 5 80
Senegal 21 14 13 0 31 35 18 78 1 100
U.S. 392 3 43 7 13 15 21 43 4 25
Norway and

Sweden 163 13 195 16 224 25 71 21 5 0
Afghanistan? 172 1 14 0 0 3 0 29 0
Eritrea® 41 5 1 0 0 1 0 2 0
New Zealand? 77 1 6 0 3 0 7 0 8 0
Sumatra? 76 0 0 11 0 0 0

? There were no data from these countries in the database.

scatter plots illustrate the performance of the models with patterns are described by Edmunds and Smedley (3) and
the largest and the smallest R%. Fawell et al. (39). Other countries that seem to be most

The Probability Map. The global map in Figure 4 shows severely affected are Argentina, Mexico, the United States,
the probability of fluoride concentrations in groundwater South Africa, East African countries, and Australia. These
exceeding 1.5 mg L™! except in regions PR3 and PR7. The countries are also cited in the international literature as hav-

probability map indicates a belt of high fluoride concentra- ingareas with elevated fluoride concentrations (14, 21, 40, 41).
tions stretching from North Africa to the Middle East and In Figures 5 and 6 we highlight a more detailed picture
toward Pakistan, Uzbekistan, and Kazakhstan. According to of model predictions in areas in which we had alarge number
the map, densely populated areas in China and India are of measured points. It should be noted that in these figures
also affected. With the exception of a few points measured only validation data points are shown. Figure 5 shows South

in Iran and India (Figure S1), we had no measured data from Africa, where most of the measured points with fluoride
this predicted high-fluoride belt, although similar regional concentration greater than the WHO threshold are found,
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correctly, in high probability regions. Table 2 gives the
distribution of measured points (also only for the validation
data set) in different probability classes. The table indicates
that, for example, in South Africa, there are 108 points that
fall in the probability class where probability of contamination
is >0.8. Of these points, 63% are contaminated (i.e., have
fluoride concentrations greater than the 1.5 mg L ™! threshold).
Furthermore, there are 834 points that fall in the class where
probability of contamination is <0.2. Of these points, only
7% are contaminated and 93% are uncontaminated. A careful
study of Table 2 reveals that the more points there are, the
more accurate the representation of the probability map is.
Probability maps are, in general, difficult to fully validate
as a large number of samples are required for a correct
assessment.

Sweden and Norway, in contrast to South Africa, fall in
aregion of poor model simulation, PR3 (Figure S5). In general,
prediction models perform better in arid regions, as indicated
by the contaminated belt from North Africa to Central Asia,
than in the cold Scandinavian regions. Figure S5 shows the
close proximity of contaminated and uncontaminated points,
indicating a complex geochemical interaction with the
surrounding environment. The other two regions from the
validation data set are the Rift Valley and Senegal in Africa
(Figure 6), and the United State (Supporting Information,
Figure S6), where the predictions quite successfully delineate
contaminated fluoride areas.

We compared our results with as many studies as we could
find in the published international literature and found a
remarkable agreement between model prediction and re-
ported fluorotic areas. For example, we tested the predicted
probability map with newly received data (not included in
the model) from New Zealand (42), Eritrea (43), and Sumatra
and Afghanistan (44, 45). The majority of measured fluoride
concentrations in these countries are smaller than 1.5 mg
L~!. Distribution of the measured fluoride data in the
predicted probability classes are also shown in Table 2. In
general, more than 95% of the uncontaminated points fell
correctly within the probability class of <0.2. For instance,
in Eritrea only 5% of the data falling in the probability class
of <0.2had concentrations greater than 1.5 mg L™!. Graphical
comparisons of measured points and probability maps for
these countries are provided in the Supporting Information,
Figures S7—S9. Apart from the comparisons mentioned
above, there is a large area in central Siberia with a high
probability of fluoride contamination in groundwater that
cannot be verified as no related information is available.

Finally, we would like to point out the main strengths and
weaknesses of the maps provided. One of the strengths is
that the maps are based on statistically robust models that
incorporate a large database of fluoride measurements from
different countries as well as global-scale maps of numerous
environmental variables. Another strength of the procedure
is the combination of statistical methods with geochemical
expertise. The main weakness of the modeling lies in the
lack of detailed information available on a global scale, par-
ticularly for geology, and the uneven distribution of mea-
sured fluoride points. More specific geological information
would facilitate the characterization of relevant geochemical
processes. Another weakness of the model is its current
limitation to a 2-dimensional perspective. The risk of fluoride
contamination as a function of depth cannot be captured in
the present model.

In spite of weaknesses and uncertainties, the modeling
approach and the probability map presented here have great
potential. Although the map should not replace fluoride
testing, it gives a first indication of possible contamination
and thus may support the planning process of new drinking
water projects. This is particularly important as the demand
for drinking water is increasing rapidly due to climate change

and population growth, which will undoubtedly increase the
pressure on groundwater resources.
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Table S1.
Summary statistic and sources of compiled fluoride measurements.

Number of % > 1.5

Country samples Median Min  Max mg L' Reference
mg L’

Afghanistan 293 0.23 <0.01 1.71 0.3 1-2
Argentina 137 1.00 <0.01 28.40 41.0 3-4
Australia 195 1.00 0.03  13.00 29.0 5-7
Bangladesh 384 0.19 0.01 1.28 0.0 8
Canada 26 0.11 0.03 6.49 8.0 9
China 25 0.76 0.13 6.78 32.0 10
Eritrea 56 0.72 0.12 3.73 14.8 11-12
Ethiopia 107 1.44 0.13  175.00 49.0 13
Ghana 204 0.46 0.01 4.37 23.0 14
Honduras 55 0.30 0.05 7.50 27.0 15
India 228 0.90 0.10  9.90 26.0 16
Indonesia 260 1.00 <0.01 4.20 11.0 17
Iran' 92 470 149 4171 98.0 Current study
Kenia 167 1.80 0.10  40.00 56.0 18
Mexico 54 1.30 020 2.27 26.0 19
New 124 0.05 0.01  5.20 0.8 20
Zealand
Norway 1341 0.28 0.03  8.50 16.0 21-22
Palestine 12 0.13 0.02  0.56 0.0 23
Senegal 670 1.00 0.05 7.50 39.0 24
South 43'488 0.46 0.05 1140.00 12 25
Africa
Sumatra’ 102 0.08 0.01 0.73 0 Current study
Sweden 13719 0.70 <0.01 22.00 22 26
Tanzania 47 1.55 0.16 17.45 51 27
USA 7783 0.13 <0.01 17.90 0.3 28

" Data collected and measured



Table S2.

Sources of the collected global databases related to environmental parameters.

Database Organization Source
Digital elevation USGS http://edc.usgs.gov/products/elevation/gtop
model (DEM) 030/hydro/index.html
Geology CGMW-UNESCO http://ccgm.free.fr/
Natural Resources http://gdr.nrcan.gc.ca/minres/data_e.php
Canada, Geological
Survey of Canada
Evapotranspiration FAO-UN www.fao.org.geonetwork
Precipitation Tyndall center CRU  www.cru.uea.ac.uk
Temperature Tyndall center CRU  www.cru.uea.ac.uk
Soil map FAO http://www.fao.org/ AG/AGL/agll/dsmw.stm
Landuse USGS http://edcsns17.cr.usgs.gov/glcc/glec.html
Runoff GRDC www.grdc.sr.unh.edu
Irrigation FAO www.fao.org
Stream network NCCR http://www.north-south.ch/

Wetlands, Lakes
and Reservoirs

Center for Env. Sys.
Res., Univ. of Kassel

Lehner and Doll (29)




Table S3.

Definition of variables extracted from available global database. Bold variables were

used for knowledge-based statistical rules.

Variable Definition-unit Type-format Resolution
Elevation (m) Continuous raster 30 (arc second)
Slope (degree) Continuous raster 30 (arc second)
ET Evapotranspiration (mm year™) Continuous raster 0.5 degree
P Precipitation (mm year™) Continuous raster 0.5 degree
ET/P - Continuous raster 0.5 degree
T Temperature (°C) Continuous raster 0.5 degree
Runoff (mm year'l) Continuous raster 0.5 degree
Irrigation Irrigated areas (%) Continuous raster 5 arc minute
Clayl Topsoil clay content (%) Continuous raster 5 arc minute
Siltl Topsoil silt content (%) Continuous raster 5 arc minute
Sandl1 Topsoil sand content (%) Continuous raster 5 arc minute
Sol_CbN1 Topsoil C/N ratio Continuous raster 5 arc minute
Clay2 Subsoil clay content (%) Continuous raster 5 arc minute
Silt2 Subsoil silt content (%) Continuous raster 5 arc minute
Sand2 Subsoil sand content (%) Continuous raster 5 arc minute
Sol_CbN2 Subsoil C/N ratio Continuous raster 5 arc minute
CEC_S* Subsoil cation exchange capacity Ranked raster 1:5000000
Drain_Code®  Soil drainage code Ranked raster 1:5000000
N_S* Subsoil nitrogen content Ranked raster 1:5000000
OC_S" Subsoil organic carbon content Ranked raster 1:5000000
pH_S” Subsoil pH Ranked raster 1:5000000
Dist_V_fel Distance from volcanic felsic rocks Continuous raster 0.5 degree
Dist. V_maf  Distance from volcanic mafic rocks Continuous raster 0.5 degree
Dist_V_rest’  Distance from other volcanic rocks  Continuous raster 0.5 degree
Dist_Int_fel Distance from intrusive felsic rocks Continuous raster 0.5 degree
Distance from intrusive mafic Continuous raster 0.5 degree
Dist_Int_maf rocks
Dist_meta distance from metamorphic rocks Continuous raster 0.5 degree
Sediment Sedimentary rocks Binary variable 0.5 degree
Dist_fault Distance from normal faults Continuous raster 0.5 degree
Dist_Riv Distance from rivers Continuous raster 0.5 degree

*CEC ranks from 10 (<20 meq/100 g clay) to 43 (>100 meq/100 g clay), Drain_Code
ranks from 10 (extremely drained) to 87 (very poorly drained), N_S ranks from 10
(<0.02 %) to 53 (>0.5 %), OC_S ranks from 10 (<0.2%) to 54 (> 2 %), pH_S ranks
from 10 (<4.5) to 54 (>8.5).

" Dist_V_rest consists of volcanic mafic rocks and unclassified volcanic rocks.
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Figure S1
Global distribution of measured fluoride concentration.



Table S4
Subsoil pH (pH_S) ranking according to FAO definition

FAO definition
pH_S Dominant soils Associated soils
10 <4.5
12 <4.5 >=45-55
13 <4.5 >55-72
14 <45 >72-85
15 <4.5 > 8.5
20 >=4.5-5.5
21 >=4.5-5.5 <4.5
23 >=4.5-5.5 >5.5-7.2
24 >=4.5-5.5 >7.2-8.5
25 >=4.5-5.5 >8.5
30 >5.5--7.2
31 >5.5--7.2 <4.5
32 >5.5--7.2 >=4.5-5.5
34 >5.5--7.2 >7.2-8.5
35 >5.5--7.2 >8.5
40 >7.2-8.5
41 >7.2-8.5 <4.5
42 >7.2-8.5 >=4.5-5.5
43 >7.2-8.5 >5.5-7.2
45 >7.2-8.5 >8.5
50 >8.5
51 >8.5 <4.5
52 >8.5 >=4.5-5.5
53 >8.5 >5.5-7.2
54 >8.5 >7.2-8.5
97 Water

Source: FAOQO, http://www.fao.org/AG/AGL/agll/dsmw.stm




Adaptive Neuro- Fuzzy Inferencing System (ANFIS)
Assume there is a matrix Y (NxD) where N is the number of points and D is the
number of independent variables. Generally, a Sugeno-type fuzzy model with M rules

(R;, j=1,2,...,M) is expressed in the following form:
R, If (y;e Ay) Then z;=f;w, (1)

where, Aj;; are selected fuzzy sets for input variables y; in j-th rule (Figure S3 ), wj is
the activation degree (or firing strength), which is a weight indicating the effect of
each rule on the prediction, and f; is a linear function called consequent function for j-
th rule. The fuzzy sets A; for different rules are defined by “subtractive clustering
algorithm” (for detail see Jang and Gulley, 1995). The consequent function is defined

for each data point and is expressed as:

D
fma+Sar et @
i=1

where a;’s are referred to as consequent parameters that must be optimized. The firing
strength for each rule could be calculated by the “min” or “product” operator of

membership grades for each rule as follows:

w; =min({ ; (y;))

(3)
w; :HZIH,‘,‘()’,‘)

where 4 is the membership grade resulting from a membership function that

describes i-th variable in j-th rule. The membership grade depends on the type and



parameters of membership function. Among the numerous existing membership

functions we used Gaussian membership function as this is more commonly used.

_( [_C[‘)Z
Wy =exp{% for i=1,.,D j=L..M 4)

i

The parameters c;; and oj; are the nonlinear premise parameters of membership
functions to be optimized.
The final output for each data point is then calculated as a normalized

weighted average of the outcome of different rules as expressed below:

M

Z=)fw, )
j=1

where w; is the normalized activation function expressed as:

W

W, == (6)

~.
Il
—_

In summary, there are two key steps in constructing an ANFIS. In the first step
fuzzy sets describing different rules are constructed (Fig.S3a), and in the second step
premise and consequent parameters are optimized (Fig. S3b). In this optimization, an
Adaptive Learning Algorithm consisting of four layers were applied.

- Layer 1: This layer provides membership grades (g ) for different input variables in

different rules (Eq. 4).



- Layer 2: Aggregation of membership grades for different rules (Eq. 3).

- Layer 3: Normalizing activation functions (Eq. 6).

- Layer 4: Evaluation of output by applying equation (Eq. 5)

To accomplish the above steps, we used the Fuzzy toolbox of Matlab (ver.7.04).

To optimize linear consequent and nonlinear premise parameters of the FIS, a
hybrid method was applied. The hybrid method is a combination of gradient descent
and least square approaches. According to this method first the nonlinear parameters
(premise) are fixed and the consequent parameters are estimated by least square
method. Then the premise parameters are updated by gradient decent optimization
algorithm. This procedure is repeated until a specific optimization criterion is reached

(for more detail see references 30-33).
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Fuzzy classes (a) and ANFIS structure (b).
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Box plot of fluoride distribution in different process regions




Table S5

Summary statistic of fluoride concentration in process regions (PR)

Region PRI PR2 PR3 PR4 PR5 PR6 PR7 PR8 Total
Number 3226 2337 2256 6086 1298 720 1822 634 18300
Minimum 003 005 0.02 005 005 005 002 002 0.02
Average’ 121°  0.77° 0.80° 122° 1.06° 097° 041° 082" 0.87
Gmean® 072 047 050 065 072 064 028 047 053
Std™* 132 085 084 167 1.17 099 059 1.05 1.02
Maximum 9.69 943  10.00 992 939 838 901 860 10

Skewness 223 267 304 253 316 237 708 362 3.5
P%>1.5 27.68 1374 1431 2178 1743 1706 323 1232 15.56

" Same characters indicate the groups are not significantly different (p <0.05).

* Geometric mean
** Standard Deviation



Table S6

Selected variables for each region based on stepwise regression (the numbers are

regression coefficients except for intercept).

Variables PRI PR2 PR3 PR4 PR5 PR6 PR7 PRS
Intercept 032 -140 004 073 -1.19 -1.18 -1.03 -0.68
Elevation 0.08 0.09 -0.16 - 0.06 - 0.17 0.27
Slope -0.08 -0.07 - - 0.05 -0.10 -0.07 -
ET' - 035 - 026 036 065 -025 -
P 023 - - - 024 021 - -0.80
ET/P 024 031 -0.14 - - 020 040 -
T - 056 011 037 - 095 034 -
Runoff - -0.06 -0.12 - 0.14 -0.10 - 0.57
Irrigation - - -0.06 - -0.07 - - 0.08
Sandl - - -0.07 - - - - -
Siltl - 025 - - 0.14 - - -
Clayl - - - - 0.13 - - -0.20
Sand2 - - - - - - -0.10 -
Clay2 - - 0.13 - - 027 009 -
Sol_CbN1 - - 0.06 - 0.12 - - -
Sol_CbN2 027 - - - - 0.15 - -
Drain_code - 023 - 0.11 021 - - 0.21
pH_S - 0.18 - - 0.18 -0.15 - -
0C_S 021 025 - 023 - - - -
N_S - 0.13 - - - - - -
CEC_S - -0.14 -0.18 -041 - 0.16 - -
Dist_V_rest 0.16 035 026 -019 -0.05 -034 - -
Dist_V_fel 0.16 - 0.17 - 0.18 024 - 0.37
Dist_int_maf - - 0.07 031 024 038 046 -
Dist_int_fel 0.19  -0.08 -0.04 - 0.11 021 - 0.16
Dist_meta - - - - 0.18 - - -
Dist_fault - -0.39 -0.08 -030 - 0.83 019 -
Dist_Riv - - - 0.19 - - - -

" Definition of variables provided in Table S3.



Table S7
Summary of calibration and validation of models for different process regions (PR).

Region PR1 PR2 PR3 PR4 PRS PR6 PR7 PRS

ANFIS*

Calibration R? 065 059 031 066 064 070 029 050
ME™ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MSE" 0.07 008 0.3 007 005 005 007 0.1
Validation R? 063 059 031 062 060 059 033 056
ME -0.02 -0.01 -0.01 0.01 -0.01 -0.03 0.00 -0.01
MSE 0.07 0.08 0.12 008 006 007 0.06 0.07

Regression

Calibration R? 049 043 022 047 043 039 015 0.28
ME 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00
MSE 0.10 0.11 0.15 o0.11 008 0.09 0.09 0.15
Validation R? 046 047 020 049 036 028 0.17 030
ME 0.00 000 000 0.00 -001 -0.03 -0.01 0.00
MSE 0.1 011 014 0.10 0.09 0.12 0.08 0.12

* Adaptive neuro-fuzzy inference system, * Mean error, ' Mean square error
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Scatter plot of measured versus predicted fluoride concentrations of validation dataset
in PR1 and PR3. The data were log transformed.
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Figure S5
Predicted probability map of fluoride concentration in the groundwater exceeding the

WHO guideline for drinking water of 1.5 mg L in Sweden and Norway in
comparison to measured concentrations. The dots illustrate only the validation

dataset.
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Predicted probability map of fluoride concentration in the groundwater exceeding the

WHO guideline for drinking water of 1.5 mg L™ in USA in comparison to measured

concentrations. The dots illustrate only the validation dataset.
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Figure S7.
Predicted probability map of fluoride concentration exceeding the WHO guideline for

drinking water of 1.5 mg L' in comparison with measured concentrations (dots) from

Eritrea.
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Figure S8.
Predicted probability map of fluoride concentration exceeding the WHO guideline for

drinking water of 1.5 mg L' in comparison with measured concentrations (dots) from

Indonesia (Sumatra).
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Predicted probability map of fluoride concentration exceeding the WHO guideline for

drinking water of 1.5 mg L™ in comparison with measured concentrations (dots) from

Afghanistan.
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