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Abstract There is discrepancy about intervals of

fluoride monitoring in groundwater resources by

Iranian authorities. Spatial and temporal variability

of fluoride in groundwater resources of Larestan and

Gerash regions in Iran were analyzed from 2003 to

2010 using a geospatial information system and the

Mann–Kendall trend test. The mean concentrations of

fluoride for the 8-year period in the eight cities and 31

villages were 1.6 and 2.0 mg/l, respectively; the

maximum values were 2.4 and 3.8 mg/l, respectively.

Spatial, temporal, and spatiotemporal variability of

fluoride in overall groundwater resources were

relatively constant over the years. However, results

of the Mann–Kendall trend test revealed a monotonic

trend in the time series of one city and 11 villages for

the 8-year period. Specifically, one city and three

villages showed positive significant Kendall’s Tau

values, suggesting an upward trend in fluoride con-

centrations over the 8-year period. In contrast, seven

villages displayed negative significant Kendall’s Tau

values, arguing for a downward trend in fluoride

concentrations over the years. From 2003 to 2010,

approximately 52 % of the Larestan and Gerash areas

have had fluoride concentrations above the maximum

permissible Iranian drinking water standard fluoride
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level (1.4 mg/l), and about 116,000 people were

exposed to such excess amounts. Therefore, our study

supports for a close monitoring of fluoride concentra-

tions from health authorities in monthly intervals,

especially in villages and cities that showed positive

trend in fluoride concentrations. Moreover, we rec-

ommend simultaneous implementation of cost-effec-

tive protective measures or interventions until a

standard fluoride level is achieved.

Keywords Fluoride toxicity � Groundwater
resources � Iran � Mann–Kendall trend test � Spatial
variability � Spatiotemporal

Introduction

Fluorine has been rated as the 13th most abundant

element on earth and is dispersed widely in nature

(Mason and Moore 1987; Ayoob and Gupta 2006;

Viswanathan et al. 2009). Due to its maximum

electronegativity and reactivity among all chemical

elements, the elemental fluorine state occurs rarely in

nature. Fluoride mineral complexes and compounds,

however, account for 0.3 g/kg of the earth’s crust

(Ayoob and Gupta 2006; Fordyce et al. 2007;

Mesdaghinia et al. 2010; Kantharaja et al. 2012).

Traces of fluoride can be found in air, most foodstuffs

and beverages, particularly in tea but the principal

daily intake source for humans (75 %) is drinking

water (Mahvi et al. 2006). It is known now that the

97 % of global freshwater is stored in subsurface and

groundwater resources. Also, it has been estimated that

more than 50 % of the world’s population depends on

groundwater for survival. Additionally, in many parts

of the world, especially in arid and semi-arid climates,

there is no alternative for communities to supply

drinkingwater. Therefore, clean groundwater is crucial

in these regions. The ever increasing population

growth and unfettered groundwater tapping, especially

in developing countries, would probably cause more

geogenic-originated contamination like fluoride (Ay-

oob and Gupta 2006; Kundu et al. 2009) though there

are some other anthropogenic sources, such as alumi-

num and fertilizer industries (Mahvi and Amini 2011).

Today, there are large amounts of credible scientific

literature on health effects of fluoride. However, there

is no unanimous consensus on all studied aspects as

the results are heterogeneous (Dobaradaran et al.

2008; Petersen and Lennon 2004). In the latest

guideline for drinking water quality, the World Health

Organization (WHO) has recommended a guideline

value of 1.5 mg/l (1,500 lg/l) for fluoride to meet

beneficial effects (i.e., prevention of dental caries) and

prevent a variety of detrimental effects as well, such as

dental and skeletal fluorosis, pregnancy outcomes,

blood pressure, etc. (Amini et al. 2011). Nevertheless,

it has been also declared that in many parts of the

world this guideline value may be difficult to achieve

(Fawell et al. 2006; Ozsvath 2009; WHO 2011;

Petersen and Lennon 2004).

Ab & Abfa Bureau of Engineering & Technical

Standards of Iran has elaborated the intervals of

groundwater monitoring based on the purpose of

monitoring (i.e., baseline monitoring, impact moni-

toring, trend monitoring, or compliance monitoring).

In summary, the intervals of groundwater monitoring

for trend monitoring has been recommended to be

seasonally or annually. Meanwhile, the intervals of

compliance monitoring depends on the application of

groundwater—i.e., drinking or other applications. For

drinking purposes, the monitoring intervals has been

recommended to be daily and monthly for bacterio-

logic and other parameters, respectively (Ab & Abfa

Bureau of Engineering & Technical Standards 2011).
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Anyhow, Iranian local health authorities monitor

chemical parameters of drinking water twice a year

in a regular manner as described in the instructions of

the Iran’s Ministry of Health and Medical Education.

Overall, there is discrepancy about intervals of

fluoride monitoring in groundwater resources.

In this research, the authors aimed to analyze levels,

as well as spatial, temporal, and spatiotemporal

variability of fluoride in groundwater resources of

the Larestan and Gerash regions in Iran from 2003 to

2010 using geospatial techniques.

Materials and methods

Study area

An approximately 21,000-km2 study area encom-

passes the Larestan and Gerash regions in the South-

west of Iran with average elevation of roughly

1,000 m above sea level. The Larestan and Gerash

regions are two distinct districts within Fars Province.

The climate is arid with an average precipitation of

151.8 mm for 2003–2010 and an annual average

maximum daily temperature of 32.6 �C. Additionally,
the location is between latitude 27�20 to 28�370N and

longitude 53�20 and 55�570E (Fig. 1).

The study area has eight broad sectors including

eight major cities, namely, Benarouyeh, Beyram,

Emad Deh, Evaz, Gerash, Joyom, Khour, and Lar

(Fig. 1). Besides, there are many villages in these

regions, 31 of which (major villages) were included in

the study, namely, Bagh, Baladeh, Balouchi, Berak,

Bidshahr, Bolghan, Chahnahr, Dahkouyeh, Dashti,

Deh Miyan, Didehban, Dorz, Fedagh, Fereshteh Jan,

Fishvar, Hood, Hormoud-e-Abbasi, Hormoud-e-Sah-

raye Bagh, Kahne Borhan, Kahne Evaz, Kahne Lar,

Kargah, Khalili, Kholour, Kowreh, Latifi, Mansoura-

bad, Shah Gharib, Shahrake Sanati Khour, Shahrake

Sayeban, and Zaravan. Since these regions are arid,

the principal source for supplying drinking water is

groundwater, and there is no published report on its

fluoride content to date.

The Geological Survey of Iran reported that the

main areas in the region are low-level piedmont fan

and valley terrace deposits, undivided Asmari and

Jahrum formation, and low weathering gray marls

alternating with bands of more resistant shelly lime-

stone (Fig. 2; Geological Survey of Iran).

Groundwater sampling

There are approximately 216 wells in the study area.

The authors randomly selected one, two, three, or

Fig. 1 Study area and position of the monitored wells in the Larestan and Gerash regions, Iran from 2003 to 2010
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several wells in each city or major village based on

their size to have an average fluoride concentration for

the corresponding city or village, and regularly

sampled these wells in April and October of each

year from 2003 to 2010. Thus, a time series of

concentrations was obtained for each city or major

village. Samples were collected in 2-l cleaned and

rinsed plastic bottles and preserved at 4 �C. The

samples, thereafter, were transferred to the laboratory.

Fluoride measurement and analysis

The fluoride measurement was performed using

sodium 2-(parasulfophenylazo)-1,8-dihydroxy-3,6-

naphthalene disulfonate (SPADNS) colorimetric

Fig. 2 The geological formation of the Larestan and Gerash regions, Iran. The order based on the most area is G[N[H[
A[D[K[B[O[L[ I[ J[P[E[F[C[Q[M (Geological Survey of Iran)

Table 1 Iranian standard of fluoride in drinking water

according to climate

Annual average

of maximum daily

temperature (�C)

Minimum

permissible

level (mg/l)

Desirable

level

(mg/l)

Maximum

permissible

level (mg/l)

10–12 1.1 1.2 2.4

12–14.6 1.0 1.1 2.2

14.6–17.7 0.9 1.0 2.0

17.7–21.5 0.8 0.9 1.8

21.5–26.5 0.7 0.8 1.6

26.5–32.5 0.6a 0.7a 1.4a

a These target values account for the Larestan and Gerash

regions since the annual average maximum daily temperature

is about 32.6 �C
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method in line with standard methods for the exam-

ination of water and wastewater. In brief, the method is

based on reaction of fluoride with a red zirconium dye

solution and bleaching it proportionate to fluoride

concentration. For measurements, we used a spectro-

photometer, prepared calibration curve using absor-

bance values for known standards, and finally read the

samples at 570 nm. The detection limit of the SPAD-

NS method is approximately 0.02 mg/l and covers a

range to about 2 mg/l (SM 4500F-D). If the result of

fluoride concentration was C2 mg/l in the sample, the

sample was diluted and analyzed again (Clesceri et al.

1998; Fawell et al. 2006).

Statistical analyses

Temporal variability of fluoride in groundwater of the

Larestan and Gerash regions during 2003–2010 were

assessed for each time series by non-parametric

Mann–Kendall trend test (Mann 1945). Mann sug-

gested this test in 1945 and since then has been applied

in variety of studies (Hirsch et al. 1991; Hamed and

Ramachandra Rao 1998; Yue and Wang 2004; Hipel

and McLeod 2005; Hamed 2008, 2009; Kent and

Landon 2013).

In fact, Mann applied Kendall’s test for correlation

to test randomness against time. This test is compre-

hensively elaborated elsewhere (Hipel and McLeod

2005). In addition, by calculating Kendall’s Tau,

which is explained by Hipel and McLeod (2005), it is

possible to characterize direction of trend over time.

The Kendall’s Tau is a value between -1 and 1. If it

was positive, then the trend is upward and if it was

negative, the trend is downward.

All of the statistical analyses were performed by

XLSTAT version 2012.2.02, STATA version 13, and

R statistical package (R Core Team 2012). The R

package for the Mann–Kendall trend test is available

via http://cran.r-project.org/web/packages/Kendall/

index.html.

Geospatial analyses

To assess spatial and spatiotemporal variability of

fluoride in the study area for an 8-year period, a GIS

was established. First, all of the wells were geo-

referenced in a GIS. Then, the annual measured

fluoride concentration was assigned to each well.

Next, ArcGIS Spatial Analyst extension was used to

interpolate the observed samples to create a spatial

surface of fluoride over the study area. Interpolation

was carried out by Kriging method with horizontal

resolution of 500 m. The final predicted surfaces were

cross-validated using the holdout method, and the root

mean square error (RMSE) statistic was calculated

based on the following equation (Amini et al. 2014).

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N

X

ðy� �yÞ2
r

ð1Þ

where y denotes monitored fluoride level (mg/l) and �y

is the predicted fluoride value (mg/l).

The insets of the final maps were classified

manually into six categories. The first and second

category break values were 1.2 and 1.4 mg/l, respec-

tively. The maximum permissible standard level of

fluoride according to climate for this region based on

the Iranian standard of fluoride in drinking water is

1.4 mg/l (Table 1; Institute of Standards and

Fig. 3 Median, 25 and 75 percentiles of the monitored fluoride

(mg/l) in groundwater resources of the eight cities (a) and 31

villages (b) in the Larestan and Gerash regions, Iran,

2003–2010. Note how the overall temporal fluoride variability

in groundwater resources is relatively constant over the years

Environ Geochem Health (2016) 38:25–37 29
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Fig. 4 Spatial and spatiotemporal fluoride variability in groundwater resources of the Larestan and Gerash regions, Iran, 2003–2010.

Note how the spatial and spatiotemporal variability of fluoride in groundwater resources is relatively constant over the years
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Industrial Research of Iran 2009). Finally, spatial and

spatiotemporal variability of fluoride in groundwater

resources of the Larestan and Gerash regions was

determined from 2003 to 2010 for the 8-year period.

Results

Fluoride concentrations in the Larestan and Gerash

cities and villages

Mean fluoride concentrations for the 8-year period in

the cities and villages were 1.6 and 2.0 mg/l, respec-

tively. The maximum values were 2.4 and 3.8 mg/l for

the cities and villages, respectively (Fig. 3). The mean

measured fluoride concentrations for the eight cities

and 31 villages of the Larestan and Gerash regions

from 2003 to 2010 are listed in Tables 2 and 3,

respectively. The correlation of mean measured fluo-

ride concentrations in the 8-year period was statisti-

cally significant between the cities and villages

(Pearson’s r = 0.958, p B 0.001). The median fluo-

ride concentration was about 0.5–0.7 mg/l higher in

the villages compared to the cities (Fig. 3).

Temporal fluoride variability

As depicted in Fig. 3, temporal fluoride variability in

overall groundwater resources of the eight cities and

the 31 villages was relatively constant over the years.

However, results of the Mann–Kendall trend test

highlighted a trend in the series of one city and ten

villages for the 8-year period (significant level

a = 0.05). Specifically, one city (Evaz) and three

villages (Baladeh, Bolghan, and Mansoorabad) had

positive significant Kendall’s Tau values, consistent

with an upward trend in fluoride concentrations over

the 8-year period. In contrast, seven villages (Berak,

Deh Miyan, Didehban, Kahne Borhan, Kahneh Evaz,

Kargah, and Khalili) had negative significant Ken-

dall’s Tau values, indicating a downward trend in

fluoride concentrations over the years. Results of the

Mann–Kendall trend test are tabulated in Table 4.

Spatial and spatiotemporal fluoride variability

Spatial and spatiotemporal fluoride variability in the

Larestan and Gerash regions for the 8-year period is

mapped in Fig. 4. As illustrated, the major part of the

region displayed fluoride concentrations above the

maximum permissible standard fluoride level of

1.4 mg/l. Cross-validation results for the Kriging

method in spatial analysis are tabulated in Table 5.

As shown, the mean RMSE was about 0.2 mg/l.

The population’s exposure to the fluoride

As illustrated in Fig. 4, between 2003 and 2010,

approximately 52 % of the Larestan and Gerash

region displayed fluoride concentrations beyond the

maximum permissible standard level of 1.4 mg/l.

According to the census report for 2007, population in

these regions was estimated at 223,235 people. Thus,

assuming similar production rates for all wells in the

study, on average, about 52 % or 116,000 inhabitants

were exposed to fluoride from drinking water beyond

the maximum permissible Iranian standard fluoride

level. With this in mind, as tabulated in Tables 1 and 2,

Table 2 Mean fluoride (mg/l) in the wells of the Larestan and Gerash cities and number of the exposed population

City’s name 2003 2004 2005 2006 2007 2008 2009 2010 Mean (2003–2010) Populationa

Benarouyeh 1.18 1.29 1.36 1.34 1.42 1.30 1.18 1.32 1.3 9,230

Beyram 1.68 1.65 1.70 1.38 1.50 1.58 1.48 1.60 1.6 6,520

Emad Deh 2.24 2.24 2.26 2.17 2.20 2.25 2.22 2.30 2.2 4,220

Evaz 1.45 1.45 1.46 1.48 1.51 1.53 1.48 1.65 1.5 14,315

Gerash 1.59 1.78 1.80 1.82 1.67 1.68 1.66 1.79 1.7 27,574

Joyom 1.20 1.18 1.25 1.19 1.21 1.18 0.86 0.95 1.1 4,213

Khour 1.24 1.25 1.28 1.23 1.24 1.21 1.16 1.33 1.2 6,600

Lar 2.35 2.40 2.41 2.44 2.40 2.41 2.20 2.21 2.3 58,000

a Population for the 2007 census report (people)

Environ Geochem Health (2016) 38:25–37 31
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110,629 out of 130,672 people (84.6 %) and 34,863

out of 55,035 people (63.3 %) of the population in

selected cities and villages of this study were exposed

to excessive amounts of the fluoride, respectively.

Discussion

In this research, first the authors characterized the

fluoride concentrations in the wells of the eight cities

and the 31 villages in the Larestan and Gerash regions

in Iran for an 8-year period from 2003 to 2010. Based

on the Iranian standard of fluoride for drinking water,

minimum, desirable, and maximum permissible stan-

dard levels should be set in line with the annual

average maximum daily temperature in the sub-

national region (Institute of Standards and Industrial

Research of Iran 2009). This means if the region is

warmer, then the drinking of the water and conse-

quently the daily intake of the fluoride will be higher,

so that the standard level should be stricter and

protective (vice versa for cooler regions; Mahvi and

Table 3 Mean fluoride (mg/l) in the wells of the Larestan and Gerash villages and number of the exposed population

Village’s name 2003 2004 2005 2006 2007 2008 2009 2010 Mean

(2003–2010)

Populationa

Bagh 1.46 1.51 1.53 1.55 1.50 1.53 1.48 1.55 1.5 1,236

Baladeh 0.95 0.90 0.95 0.94 0.96 1.03 0.97 1.05 1.0 5,213

Balouchi 2.62 2.60 2.65 2.76 2.80 2.92 2.91 3.46 2.8 200

Berak 1.60 1.58 1.38 1.16 1.16 1.20 0.83 1.15 1.3 3,100

Bidshahr 0.84 0.94 1.24 1.01 0.84 0.88 0.80 0.85 0.9 3,872

Bolghan 0.73 0.75 0.79 0.84 0.83 0.88 0.85 0.87 0.8 2,284

Chahnahr 2.20 2.16 2.19 2.20 2.18 2.23 2.21 2.17 2.2 1,137

Dahkouyeh 1.73 1.75 1.86 1.89 1.90 1.88 1.68 1.66 1.8 3,560

Dashti 2.75 2.78 2.84 2.80 2.80 2.65 2.61 2.68 2.7 1,421

Deh Miyan 3.05 3.14 3.13 3.05 3.00 2.92 2.90 2.93 3.0 531

Didehban 2.37 2.38 2.38 2.36 2.37 2.36 2.31 2.34 2.4 1,620

Dorz 2.38 2.41 2.42 2.35 2.41 2.42 2.36 2.43 2.4 1,357

Fedagh 2.29 2.24 2.33 2.30 2.26 2.28 2.10 2.09 2.2 2,916

Fereshteh Jan 1.60 1.68 1.72 1.56 1.65 1.40 1.36 1.50 1.6 601

Fishvar 3.18 3.25 3.26 3.24 3.18 3.20 3.14 3.19 3.2 5,201

Hood 0.77 0.78 0.80 0.72 0.78 0.76 0.64 0.69 0.7 1,248

Hormoud-e-Abbasi 2.89 2.88 2.90 2.85 2.86 2.88 2.81 2.88 2.9 750

Hormoud-e-Sahraye Bagh 2.77 2.76 2.80 2.75 2.81 2.96 2.80 2.81 2.8 563

Kahne Borhan 3.76 3.80 3.83 3.76 3.72 3.75 3.41 3.46 3.7 412

Kahneh Evaz 1.81 1.84 1.85 1.80 1.81 1.70 1.62 1.63 1.8 2,553

Kahneh Lar 1.72 1.78 1.82 1.78 1.79 1.77 1.74 1.80 1.8 619

Kargah 1.78 1.73 1.84 1.70 1.70 1.60 1.33 1.40 1.6 960

Khalili 2.35 2.30 2.30 2.28 2.42 2.20 2.07 2.10 2.3 1,438

Kholour 2.65 2.70 2.71 2.61 2.54 2.58 2.54 2.90 2.7 503

Kowreh 1.10 1.02 1.11 1.08 1.10 1.06 0.96 1.00 1.1 2,550

Latifi 2.08 2.04 2.15 2.26 2.10 2.04 2.00 2.10 2.1 5,731

Mansoorabad 0.71 0.70 0.81 0.80 0.83 0.96 0.91 0.92 0.8 1,905

Shah Gharib 1.62 1.63 1.65 1.56 1.70 1.72 1.66 1.69 1.7 606

Shahrake Sanati Khour 2.63 2.62 2.64 2.49 2.58 2.64 2.61 2.64 2.6 84

Shahrake Sayeban 2.51 2.50 2.50 2.25 2.41 2.48 2.41 2.44 2.4 289

Zaravan 2.53 2.50 2.54 2.60 2.60 2.54 2.53 2.64 2.6 575

a Population for the 2007 census report (people)
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Amini 2011). Accordingly, these levels should be a

range between 0.6 and 1.4 mg/l for the Larestan and

Gerash regions as the annual average maximum daily

temperature was about 32.6 �C during the study period

(Table 1). As shown in Tables 2 and 3, none of the

cities and the villages (except Hood) had a desirable

fluoride level (0.7 mg/l) in any district year during

2003–2010. In addition, five out of eight cities had a

mean fluoride level above the maximum Iranian

permissible standard level from 2003 to 2010, namely,

Beyram (1.6 mg/l), Emad Deh (2.2 mg/l), Evaz

(1.5 mg/l), Gerash (1.7 mg/l), and Lar (2.3 mg/l)

(Table 2). Also, out of 31 villages, 24 exceeded the

maximum Iranian permissible standard fluoride level

during 2003–2010, namely, Bagh (1.5 mg/l), Balouchi

(2.8 mg/l), Chahnahr (2.2 mg/l), Dahkouyeh (1.8 mg/

l), Dashti (2.7 mg/l), Deh Miyan (3.0 mg/l), Didehban

(2.4 mg/l), Dorz (2.4 mg/l), Fedagh (2.2 mg/l), Feres-

hteh Jan (1.6 mg/l), Fishvar (3.2 mg/l), Hormoud-e-

Abbasi (2.9 mg/l), Hormoud-e-Sahraye Bagh

(2.8 mg/l), Kahne Borhan (3.7 mg/l), Kahneh Evaz

(1.8 mg/l), Kahneh Lar (1.8 mg/l), Kargah (1.6 mg/l),

Khalili (2.3 mg/l), Kholour (2.7 mg/l), Latifi (2.1 mg/

l), Shah Gharib (1.7 mg/l), Shahrake Sanati Khour

(2.6 mg/l), Shahrake Sayeban (2.4 mg/l), and Zaravan

(2.6 mg/l; Table 3). These high values of the fluoride

may pose various health threats to the residents of the

Larestan and Gerash regions.

As reported by Meenakshi and Maheshwari (2006)

and Amini et al. (2008), Iran is among those 20

developing and developed countries that have fluo-

rotic areas (Meenakshi and Maheshwari 2006; Amini

et al. 2008). There are many reports regarding fluoride

content of drinking and groundwater in Iran (Agha-

zadeh and Mogaddam 2010; Battaleb-Looie and

Moore 2010; Battaleb-Looie et al. 2012; Dobaradaran

Table 4 The Mann–Kendall trend test results for fluoride

concentrations in the time series of each well during

2003–2010 in the Larestan and Gerash regions, Iran

City/village Kendall’s Taua

Bagh 0.296

Baladeh 0.691

Balouchi 0.857

Benarouyeh 0.109

Berak -0.764

Beyram -0.286

Bidshahr -0.255

Bolghan 0.786

Chahnahr 0.109

Dahkouyeh -0.071

Dashti -0.327

Deh Miyan -0.691

Didehban -0.643

Dorz 0.296

Emad Deh 0.182

Evaz 0.815

Fedagh -0.500

Fereshteh Jan -0.500

Fishvar -0.327

Gerash -0.071

Hood -0.473

Hormoud-e-Abbasi -0.340

Hormoud-e-Sahraye Bagh 0.445

Joyom -0.473

Kahne Borhan -0.618

Kahneh Evaz -0.618

Kahneh Lar 0.109

Kargah -0.764

Khalili -0.618

Kholour -0.182

Khour -0.182

Kowreh -0.473

Lar -0.148

Latifi -0.148

Mansoorabad 0.714

a Significant trends are in bold (a = 0.05). Note that cities or

villages with positive significant values had an upward trend in

fluoride concentrations over the 8-year period while those with

significant negative values had a downward trend

Table 5 Cross-validation results for Kriging method in spatial

analysis

Year RMSEa Monitored fluorideb (mg/l)

2003 0.22 1.95 (0.7–3.8)

2004 0.21 1.97 (0.7–3.8)

2005 0.20 2.0 (0.8–3.8)

2006 0.21 1.96 (0.7–3.8)

2007 0.21 1.97 (0.8–3.7)

2008 0.21 1.96 (0.8–3.7)

2009 0.23 1.86 (0.6–3.4)

2010 0.22 1.95 (0.7–3.5)

a Root mean square error
b Mean (min–max)
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et al. 2008; Keshavarzi et al. 2010; Mesdaghinia et al.

2010; Moghaddam and Fijani 2008; Nouri et al. 2006;

Rahmani et al. 2010), but none of these reported

fluoride content for several years and none analyzed its

spatial and spatiotemporal variability. Mesdaghinia

et al. (2010) reported a mean nationwide fluoride value

of 0.47 mg/l in groundwater resources, but individual

studies across the country reported maximum values

up to 8.31 (Muteh) (Keshavarzi et al. 2010), 6.60

(Dashtestan) (Battaleb-Looie and Moore 2010), and

5.96 (Maku) mg/l (Moghaddam and Fijani 2008),

which are higher than the mean concentrations of

1.6–2 mg/l that we are reporting here for the Larestan

and Gerash regions. The median concentration of

fluoride was somewhat higher in the villages com-

pared to those of the cities. The origin of fluoride in the

region is geogenic, and in general, the eight cities of

the research area are located in the places that have

higher drinking water quality. The wells in the cities

are deeper and the geology is mostly limestone while

the 31 villages are sporadic in the region with various

geological formations. This is in accordance with the

study of Battaleb-Looie et al. (2012) that limestone

rocks have lower amounts of fluoride (Battaleb-Looie

et al. 2012). We believe further research, evidence,

and analyses are crucial in this area to find the reasons

for this discrepancy.

Sreedevi et al. (2006) believe that the interaction

period of groundwater with host rock affects fluoride

content in groundwater (Sreedevi et al. 2006). The

positive statistical correlation between the fluoride

contents of the cities and villages during the study

period indicated that overall with the increase of

fluoride concentrations in the cities, the fluoride

concentrations of the villages also increased.

Second, we analyzed the temporal variability of the

fluoride in the wells of the eight cities and 31 villages

by non-parametric Mann–Kendall trend test. This test

analyzes the time-series of each well individually and

provides useful information about temporal variability

of fluoride. Indeed, the Mann–Kendall trend test

identified which cities or villages in the Larestan and

Gerash regions have had a monotonic positive or

negative trend over 2003–2010. We found that there

was a trend in the series of one city and ten villages for

the 8-year period in which one city (Evaz) and three

villages (Baladeh, Bolghan, and Mansoorabad) had

positive significant Kendall’s Tau values (upward

trend), and seven villages (Berak, Deh Miyan,

Didehban, Kahne Borhan, Kahneh Evaz, Kargah,

and Khalili) had negative significant Kendall’s Tau

values (downward trend; Table 4).

The examples of the Mann–Kendall trend-test

usage in assessing temporal variability of fluoride in

groundwater resources are rare. The USGS scientific

investigators have reported the same procedure to

estimate the variability of some analytes including

calcium, magnesium, sodium, potassium, chloride,

sulfate, fluoride, silica, and total dissolved solids in the

United States for three cycles from 1992 to 2009,

1992–1996, and 1997–2009. In fact, they have found

that for the period of 1992–2009, there was a

significant upward trend in fluoride concentration

over the years based on the Mann–Kendall trend-test

(Gross et al. 2012). However, this test had been

applied for a variety of purposes in detecting trends of

time-series data, such as identifying temporal vari-

ability of water quality elements (Zhai et al. 2014;

Vousoughi et al. 2013), trend analysis of stream flows

(Lins and Slack 1999; Kahya and Kalayci 2004), trend

analysis of precipitation (Xu et al. 2003; Raziei et al.

2014), temporal analysis of annual rainfall variations

(Turkes 1996), and so forth.

Third, we analyzed spatial and spatiotemporal

variability of the fluoride in groundwater resources

of these regions using geospatial analyses. We found

the hotspots of fluoride concentrations in eastern and

southern parts of the Larestan and Gerash regions

(Fig. 4). The low RMSE of our prediction surfaces,

which was about 10 % of the mean measured

concentrations, showed that the error of prediction

was relatively low in the spatial analysis. We also

found that about half of the region had fluoride

concentrations beyond the maximum permissible

Iranian standard fluoride level. Studies on mapping

concentrations of the fluoride in groundwater

resources have been reported from many countries

(Dash et al. 2010; Singh et al. 2013; Sreedevi et al.

2006; Rao et al. 2007). These spatial analyses are

helpful in management of hot spots or high-risk areas

(Francisca and Perez 2009).

Spatial, temporal, and spatiotemporal variability of

fluoride were relatively constant over the years

(Figs. 3, 4). This is consistent with the results of

Chaudhuri and Ale (2013) who found somewhat the

same spatial variability between 1960 and 2000 in the

Trinity and Woodbine aquifers of Texas, USA

(Chaudhuri and Ale 2013). Also, spatial and
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spatiotemporal variability of fluoride in pre-monsoon

and post-monsoon periods were somewhat similar in

parts of Raigarh District, Chhattisgarh, India (Beg

et al. 2011), which corroborated well with our findings

in the Larestan and Gerash regions.

Finally, we analyzed the general population’s

exposure to the fluoride over a long period. Overall,

approximately half of the population in the cities and

villages were exposed to excess amounts of the

fluoride ([1.4 mg/l) from 2003 to 2010 in the Larestan

and Gerash regions. Although the fluoride concentra-

tions in the villages were somewhat higher than the

cities, a greater number of people were exposed to

excess amounts of the fluoride in the cities compared

with the people of the villages (85 vs 63 % of the

population, respectively). This suggests that people of

the cities are more prone to detrimental effects of

fluoride, such as dental and skeletal fluorosis, as the

population is higher is these areas.

Conclusions

These analyses were performed to provide scientific

evidence for policy support in groundwater resources

management and planning in the region. Noteworthy,

this is the first study to show spatial, temporal, and

spatiotemporal variability of the fluoride, and the

general population’s exposure to the fluoride for an

8-year period in the Larestan and Gerash regions in

Iran.

As stated before, Iranian local health authorities

monitor chemical parameters of drinking water, such

as fluoride, twice a year. We suggest health authorities

specialize the monitoring period of fluoride in specific

cities or villages in which those that showed positive

trend in fluoride concentrations are suggested to be

monitored monthly (until a standard level achieved)

and effective protective measures or cost-effective

interventions could be recommended.

Overall, half of the population in the Larestan and

Gerash regions was exposed to excess amounts of

fluoride (more than 1.4 mg/l) from drinking water and

health authorities must be aware of high fluoride

presence in the region.
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