
Introduction

Fluoride is an indispensable element for the mainte-
nance of dental health. Fluoride concentrations up to
1.5 mg/dm3 are beneficial for reducing cavities in chil-
dren during the calcification period (Trilles 1970; Srini-
vasa 1997). Fluoride concentrations above 1.5 mg/dm3

may lead to dental mottling (fluorosis), characterized
initially by opaque white patches on teeth. In advanced
stages of dental fluorosis, teeth display brown to black
staining, followed by pitting of teeth surfaces during the
tooth calcification stage from fetal to 12 years of age
(Apambire et al. 1997). The frequency of fluorosis, far
from disappearing as a public health problem, tends to
increase around the world. The most completely effec-
tive action to prevent fluorosis is to reduce the permis-
sible levels of fluoride concentration in drinking water.

Commonly, fluoride reduction is achieved by dilution of
high water fluoride concentration with waters of lower
fluoride content until an acceptable concentration is
reached. Since this technique is not possible in the study
area, other alternates should be considered.

Fluoride groundwater contamination in Nayagarh,
India, happens because of the deep mixing of hot spring
water with normal groundwater. Hot spring can be
thought of as a result of prolonged interaction with
granitic rocks of the area. There is evidence of deep/
seated fractures/fissures as channel ways for hot water
(Kundu et al. 2001).

Extensive research of fluoride groundwater levels
have been carried out in India. The most important
factors that influence the fluoride concentration in water
are the fluoride availability in the hydrogeological sys-
tem, presence of fractures/fissures in volcanic rocks that
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Abstract Anomalous high fluoride
concentration up to 7.59 mg/dm3 is
found in groundwater from ‘‘La
Victoria’’ area. This water is used to
supply drinking water to Hermosillo
City, Sonora. Geochemistry of
groundwater, relationship between
physicochemical parameters, hy-
drogeology and geologic setting
were correlated to define the origin
and the geochemical mechanisms of
groundwater fluorine enrichment.
High fluoride concentration is asso-
ciated with high bicarbonates, pH
and temperature, and it decreases
toward the west and south of the
area. Fluoride is in negative corre-
lation to calcium concentration.
Sodium sulphate facies of regional

deep water flow are related to high
fluoride concentration. High electric
resistivity rocks associated with
granites from the Sierra Bachoco
basement might be the deep source
of fluoride. Outcropping of Sierra
Bachoco in the west causes upward
regional flow. Groundwater of
longer residence time can be pumped
there. The anomalous area is re-
stricted to ‘‘La Victoria’’ because
calcareous paleozoic rocks outcrop
to the south.
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act like channels of thermal water, and water residence
time in volcanic rock (Gaciri 1993).

In Mexico, water is an indispensable but scarce and
unequally distributed resource. It has been affected by a
growing exploitation, often in an uncontrolled way, even
with the possibility to decrease the groundwater levels.
Extension and geographic diversity of Mexico cause a
restrictive and irregular distribution of water. In San
Luis Potosi, Mexico, a comparison of the water tem-
peratures for 1962 with those of 1972, showed an
abnormal increase of >5�C in 60% of wells with high
fluoride content (Carrillo-Rivera et al. 2002). Fluoride
concentrations of 1.5 to 4.0 mg/L were related to ther-
mal flow in volcanic rocks and regional flow systems
(Gallegos et al. 2004).

The northern half of Mexico including the Sonora
state, suffers a constant deficit of rainfall (INEGI
1992). The city of Hermosillo, the state capital, (Fig. 1)
has an increase in water demand because the popula-

tion is increasing by 3.13% annually. The population
went up to 711,512 in 2005 (http://www.hermo-
sillo.gob.mx, Municipal Government), which makes it
the most populated city in the State. The volume
of groundwater extracted from 15 wells is around
26.2 Mm3/year (Mm3 = 1 · 106 m3). Fluoride con-
centration in groundwater varies from 0.24 to 7.82 mg/
dm3 (Quintanar 1992).

The groundwater supply to Hermosillo has fluoride
concentrations over 1.5 mg/L, which exceeds the Mexi-
can Official Norm (NOM-127-SSAI-1994). Water pri-
marily comes from wells located in ‘‘La Victoria’’ area in
the San Miguel river valley. The main aquifer is formed
by recent alluvial deposits with granulometric sizes
varying from boulders and gravels to limes and clays, it
is a free aquifer with a permeability coefficient from
1 · 10)4 to 7 · 10)2 m2/s (INEGI 1992). The total dis-
solved solids (TDS) content varies from 200 to 900 mg/
dm3.

Fig. 1 Location of study area. Geological map showing the principal rock types and the normal NW-SE fault system and lateral
displacements faults over Sonora and San Miguel rivers. Geologic map was taken from Peña and others (1998)
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There is little current research about the fluoride
content in the water in ‘‘La Victoria’’ area. The objective
of the present work is to examine the origin of the high
fluoride level in the groundwater for human consump-
tion in Hermosillo city.

The study area

The aquifer with a high fluoride concentration in water
which supplies the city of Hermosillo is located in the
‘‘La Victoria’’ region, (Fig. 1) within the boundaries 29�
to 29�15¢ of north latitude and 110�58¢ to 111�00¢ of west
longitude.

The northwest portion of the Sonora state includes
the physiographic province called Llanura Sonorense,
with a very dry-hot to very dry-very hot climate. The
mean annual and maximum summer temperatures are
22� and 48�C, respectively. The average annual rainfall
is 300 mm (INEGI 1992). The water supply of Hermo-
sillo city comes mainly from two sources: (1) superficial
water supply is obtained from Sonora and San Miguel
rivers, which is stored behind Abelardo L. Rodrı́guez
and Rodolfo Felix Valdez dams located at the west
margin of Western Sierra Madre Mountain, and (2)
groundwater obtained from a mesh of wells located to
the north and northeast of the city.

Geological setting

Granitic rocks in Sonora State have been grouped in
‘‘Laramide Batholith of Sonora’’ with ages varying from
40 up to 90 Ma. These rocks form a belt coarsely par-
allel to the Pacific Ocean coast that includes batholith
bodies formed by multiple intrusions.

The western-center part of Sonora state is charac-
terized by Paleozoic, Mesozoic and Tertiary rocks, its
stratigraphic log are incomplete but rocks represent their
described ages (Rodriguez-Castañeda 1981). The geo-
logic setting is complex. Igneous, sedimentary and
metamorphic rocks with ages that vary from the Pre-
cambrian to the Quaternary (Peña et al. 1998) all out-
crop in the area. Four main tectonic events occurred in
the region. The fourth during Tertiary age was the most
extensive. It produced a series of horsts and grabens
with N-S orientation (Rodrı́guez-Castañeda 1981)
(Fig. 1). One of these grabens is located in the study
area.

The central part of this graben is covered by Tertiary
and Quaternary materials forming alluvial valleys lim-
ited by normal faults (Rodrı́guez-Castañeda 1981). In
the study area, the horst to the west is formed by Ba-
tamote, Las Bateas and Bachoco mountains with a
granite, granodiorite and quartz monzonite composi-
tion. On the east, the horst is represented by a volcanic

system with normal faulting of N-S orientation bound-
ing both sides.

The Sonora and San Miguel rivers flow throughout
two lateral displacement faults that cut, in the NE
direction, the east part of the tectonic depression. San
Miguel river flows to the south in the same orientation
of Bachoco normal fault after Sanjon river joints to San
Miguel river, in the central portion of the alluvial valley.
These change direction to N-S before discharge into the
Abelardo L. Rodrı́guez dam reservoir.

The granitic intrusive is part of the west boundary of
the alluvial valley. Granitic rocks that out cropping to
the east of Bachoco Range were found in lithological
cuttings of San Pedro wells at 150 m of depth. It rises
west toward Bachoco Range. A low permeability aquifer
is present and no deep wells are found. Anomalous
fluoride content has been registered in some wells. On
the other hand, rock samples from wells located in the
left margin of the San Miguel river basin show sedi-
mentary material derived from river alluvial deposits
and intercalated layers of fine to coarse sand with clay
lenses (Espinoza 1998). The granitic basement has not
been found after drilling 300 m of depth. The Baucarite
formation composed by conglomerate continental sedi-
ments is present in terraces. This aquifer, of high
hydraulic transmissivity, shows an elevated fluoride
content and high abnormal temperature (>30�C), that
points out deep geothermal activity. Basalt, andesite and
ignimbrites interspersed in sand and gravel units on the
esatern part of the study area, i.e the bloquera well
shows cut basaltic lava at 120 m depth.

A resistivity profile (A-A¢) was obtained by GyE
(2000) using lithology columns of wells and transient
electromagnetic soundings interpretation (Fig. 2). This
section is oriented from southwest to northeast, from the
granitic outcrop in the Bachoco range to the left margin
of Sonora river (Fig. 3). The shallowest layer (U1), with
resistivity of 10–16 ohm-m and 10–29 m of thickness,
almost disappears towards the Bachoco mountain range.
A resistive body (229–569 ohm-m) is identified in the
western part of the profile. This unit can be considered
as a Bachoco range basement deepening to the east to
more than 500 m (U5).

A depression of continental conglomeratic sediments
from the Baucarit formation (U2-U4) is present in the
central part of the profile with low to medium resistivi-
ties (5–54 ohm-m). This depression extends from the
surface about 500 m deep and is the unit where the ‘‘La
Victoria’’ wells are located (Fig. 3).

Geochemistry of fluoride

The fluoride salts dissolved in water originate from
minerals present in rocks through which the ground-
water flows. Water discharge passing through granite

19



rocks shows an average fluoride content of 810 mg/dm3

(Ramamohana et al. 1993), higher than water moving
through metamorphic and sedimentary rocks (Lisa
1994). Fluoride in mineral form is only found as fluorite
(CaF2), most of the time as an accessory mineral of
granite rocks (Kundu et al. 2001). While fluoride solu-
bility in natural-origin waters has been studied (Ellis and
Mahon 1977) the quantification of fluoride enrichment
process in natural waters has not been sufficiently
studied, especially in groundwaters (Kundu et al. 2001).
Nevertheless, Saxena and Ahmed (2001, 2003) points
out that high fluoride concentrations in water are related
to rocks containing fluoride like granites, granite gneis-
ses, quartzite and pegmatite. Through weathering of the
primary minerals in rocks, fluoride is released into the
soil and groundwater, i.e. leaching of fluoride-contain-
ing minerals may yield fluoride in solution (Saxena and
Ahmed 2003). Concentration of fluoride in rock, or ionic
species, long residence time of rock water interaction
and Ca++ and HCO3

) contents of groundwater are
important factors in determining the degree of fluoride
dissolution.

Fluoride occurs in almost all natural waters from
trace concentrations to as high as 15,000 mg/dm3 in
mine water from Kola Peninsula (Kraynov et al. 1969).
Its concentration in natural waters depends on several
factors such as temperature, pH, presence or absence of
ion complexes or precipitation of ions and colloids,
solubility of fluorine-bearing minerals, anion exchange
capacity of aquifer materials (OH) for F)), the size and
type of geological formations through which the water

flows and the time water is in contact with a particular
formation (Apambire et al. 1997). Principally, controls
are governed by climate, host rock composition and
hydrogeology. Areas of semiarid climate, crystalline
rocks and alkaline soils are mainly affected (Sujatha
2003). The amount of fluoride dissolved in waters of low
ionic strength is around 8–10 mg/L. However, the con-
centrations of Ca++, Na+ and OH), as well as certain
ionic complexes such as Fe3+, Al3+, B3+, Si4+, Mg++

and H+, may modify fluoride concentration.
A strong negative correlation between Ca++ and F)

in groundwater that contains Ca++ in excess takes into
account the common ion effect. The majority of
groundwaters are greatly undersaturated with respect to
fluorite (CaF2). Since moderate hydrothermal alteration
in water increases the solubility of fluoride more than
calcium, it is common to observe high concentrations of
fluoride in warmer waters.

On the other hand, sodium may exhibit a positive
correlation with fluoride. High concentrations of Na+

will increase the solubility of fluorite in waters (Apam-
bire et al. 1997).

Hydrogeological settings

The hydrogeological system is formed of three hydro-
logic units. The first one called the Upper Aquifer, is a
free type aquifer formed by recent alluvial deposits. The
second, called the Intermediate Aquifer is semiconfined,
and is composed of alluvial terraces. The deepest aqui-

Fig. 2 Resistivity transversal
profile A-A¢. For location see
Fig. 3. Altitude is in meters
above sea level
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fer, at 150 m depth, is constituted of clastic rocks of
tertiary age, composed by eroded rocks that surrounding
the sedimentary basin. These sediments have several
consolidation degrees depending on their clay content.
The most important recharge of the Upper Aquifer
comes from the irrigation water by seepage, and in less
volume, from superficial streams. The Intermediate
Aquifer is recharged by the Upper Aquifer from the top
and horizontal flow from the basin borders. The deepest
aquifer is recharged through regional flow from the
north and northeast flanks (Valenzuela and Coronado
1999). In the alluvial valley formed by the Zanjon and
San Miguel rivers between Pesqueira town and ‘‘La
Victoria’’ town, more than 200 wells are located. About
60% are shallow dug wells (locally called norias) up to
30 m depth. The others are deep drilled wells from 250
to 300 m depth and with discharge rates up to 100 l/s.
Some of these deep wells present a high fluoride content
and abnormally high temperature of water. They are
used to supply potable water to the Hermosillo city. The
deep wells with a high fluoride concentration are located
between the left margin of San Miguel river and the right

margin of Sonora river. Faulting associated with the
river bed allows underground water circulation and
heating, with subsequent enrichment in fluoride.

Several tectonic structures buried under sedimentary
deposits were detected based on the geologic and geo-
physic records and geologic photo interpretation (Espi-
noza 1998). Some were detected in the right margin of‘
San Miguel river fault in the granite basement, at 112 m
depth and then rises to the west. On the west side, an
aquifer of low production and low transmissivity
(1 · 10)4 m2/s) is present, while on the east, the aquifer
has a higher (7 · 10)2 m2/s), but high fluoride concen-
tration.

Low Cl) concentration could be an evidence of a fast
flow. High concentration of Li+ and F) could be asso-
ciated with flow fractured through rocks and it can be
considered as evidence of the length and depth of flow
circulation. Concentrations of Na+, Ca++ and SO4

=

seem to be determined by the reactions between rocks
and water (Carrillo-Rivera et al. 1996, 2002). Ascendant
regional flows are due to faults and fractures within
lithological units (Gallegos et al. 2004).

Fig. 3 Location of study wells
and geophysical profile A-A¢.
San Miguel and Sonora rivers
discharge in A. L. Rodriguez
reservoir to the east of Hermo-
sillo city
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Methodology

Water samples were collected from 15 wells during 1995–
2003, each one in two polyethylene bottles, one of them
was acidified with 35% nitric acid for cation analysis,
whereas the other was used for the determination of
dissolved anions. PH, temperature and electric conduc-
tivity (EC) were measured in situ. All wells sampled were
located between the left margin of San Miguel river and
the right margin of Sonora river (Fig. 3). Chlorine was
determined using ion-sensitive electrodes. SPADNS was
the analytic method utilized to determine fluoride con-
centration in water. This method consists of reacting
water fluoride content with a mixture zirconium
(ZrOCl28H2O) acid solution and a stabilizer called
SPADNS [sodium 2-(parasulfophenylazo)-1,8-dihydr-
oxy-3,6-naphthalene disulfonate], the absorbance of this
mixture is directly related to water fluorine content. The
procedure consists of mixing prepared fluoride standards
in the range of 0–1.40 mgF/dm3 with acid-zirconyl-
SPADNS reagent; read absorbance. Plot a curve of the
milligrams fluoride-absorbance relationship. Similarly,
add reagent to water well samples; mix well and read
absorbance. Absorbance readings from water samples
are compared with standard fluoride-absorbance curves
to obtain the fluoride concentration (APHA et al. 1992).
Sulphate was determined by means of a spectropho-
tometer, bicarbonate by titration and metal concentra-
tions by atomic absorption spectrophotometer.

Geochemical analysis was done to obtain the average
concentration of the analyzed parameters in ground-
water from 2 to 6 samples. Related variations of physi-
cochemical parameters were obtained by plotting them
against fluoride. Classification of water type was done
by means of the Piper’s diagram.

Isoconcentration lines of majority ions in water
samples were related to fluoride concentration variations
in order to identify their spatial variations.

Results

The average concentration of the analyzed parameters is
presented in Table 1. Groundwater fluoride concentra-
tion oscillates between 0.53 and 7.59 mg/dm3. The water
pH varies between 7.24 and 9.15 bicarbonate concentra-
tion between 74.8 and 617 mg/dm3, and calcium con-
centration oscillated between 7 to 232 mg/dm3 (Table 1).

Groundwater chemical analysis from shallow dug
wells and deep wells showed a salinity stratification since
the salt content decreases as depth increases. This is
associated with infiltration of greatly mineralized surface
water from percolation of irrigation water. In those deep
wells located in the area of volcanic rock, a temporary
increase in the fluoride concentration was detected
(Fig. 4). Water from Tronconal well increased their

annual average concentration of fluoride more intensely
from 3.55 to 7.59 mg/dm3, during 1994 to 2003. Like-
wise, Bloquera water well increased its fluoride concen-
tration 0.4 mg/dm3 per year for the period of 1995 to
2003. Victoria-14 well showed a rise of fluoride con-
centration from 2.86 to 5.68 mg/dm3 in the same period.

Relationships among temperature, pH, calcium and
bicarbonates in water samples with fluoride are dis-
played (Fig. 5). Temperature exhibits a positive corre-
lation with fluoride. Anomalous high temperature and
fluoride content in water was found in Tronconal y
Bloquera wells with values: 38.67�C, 7.59 mg/dm3 and
38.8�C, 7.33 mg/dm3, respectively. Equally, a positive
correlation between anomalous high fluoride concen-
tration and pH is observed. Calcium concentration
shows a negative correlation with fluoride (Fig. 5b).
Higher values of calcium were found in R-1 with
232 mg/dm3 of calcium and only 0.99 mg/dm3 of fluo-
ride. Inversely, Bloquera with 7.33 mg/dm3 of fluoride
has 14.49 mg/dm3 of calcium. Relationship between the
fluoride and the bicarbonates concentration is similar to
those of calcium.

Water samples were classified according to Piper
diagram (Fig. 6). Tronconal, Cruz-7, Bloquera, R. Silva-
1 and R. Silva 2, Victoria-3, Victoria-11, Victoria-12,
Victoria-14, Granjas-1 and San Pedro, were classified as
sodium-sulphate facies. Victoria-15 and Cordova wells
correspond to sodium bicarbonate facies and Granjas II
and R1 correspond to calcium-bicarbonate facies. Fi-
nally, R2, R3, MS-6, MS-7, Victoria-1, Victoria-2 and
R11 wells were classified as calcium-sodium bicarbonate
facies.

Isoconcentration lines were plotted to show the spa-
tial relationship (Fig. 7). Carbonates plus bicarbonates
concentration increases in parallel along the San Miguel
river main stream and to the west and south of ‘‘La
Victoria’’. Maximum concentration is found in San
Miguel and Sonora rivers’ junction. This increment
pattern is not modified in the fluoride anomalous high
areas of concentration. The highest bicarbonates value is
present in R-1 well (617.3 mg/dm3) and the lowest in
Bloquera well (74.83 mg/dm3) (Fig. 7a).

The area of highest groundwater temperatures coin-
cide with the highest anomalous fluoride area, ‘‘La
Victoria’’. The highest temperature is achieved by
Bloquera well. R-1 well located in the reservoir has the
lowest temperature (17�C). Groundwater temperature
diminish when it brings closer to Miguel and Sonora
rivers’ junction. (Fig. 7b). Groundwater fluoride con-
centration contrary to calcium and bicarbonates,
increases toward the northeast. The highest concentra-
tion value is the Tronconal well (7.59 mg/dm3), while the
lowest value is in 6 Mesa del Seri well (0.53 mg/dm3)
located where the Sonora river discharges to the reser-
voir Abelardo L Rodrı́guez (Fig. 7a, c, e). Groundwater
pH values present the same spatial behavior as fluoride
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concentration, ranging from alkaline waters to the
northeast of the study area (Bloquera and Tronconal
wells) to neutral waters with pH near 7.0 at the San
Miguel and Sonora rivers’ junction (Fig. 7d, e). Calcium
concentrations diminish toward northeast of the study
area. ‘‘La Victoria’’ area coincides with the lowest cal-
cium concentration and the highest fluoride groundwa-
ter content (Fig. 7c, e).

Discussion

Waters showing concentration of fluoride higher than
1.5 mg/dm3 are located over granitic rocks with medium
electric resistivity (25 to 54 ohm-m) from 100 m and
conglomerate surface sediments (Fig. 2). This coincides
with the values pointed out by Saxena and Ahmed
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Fig. 5 Relationships among
temperature, pH, calcium and
bicarbonates in water samples
with high fluoride concentra-
tion

Fig. 4 Temporary increment of
fluoride concentration in
groundwater wells of ‘‘La
Victoria’’ area
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(2003) which relates high concentration of fluoride in
water with rocks that contain fluorite, like granite,
quartzite, pegmatite and granodiorite.

Water fluoride concentration increases as depth in-
creases up to values higher than 1.5 mg/dm3. This value
is the maximum accepted by the Official Mexican Norm
(NOM-127-SSAI-1994) for evaluation of potable water.

High fluoride concentration in water has been related
to temperature in volcanic rocks and regional flows
(Gallegos et al. 2004). Positive correlation is presented
between high groundwater temperature and fluoride
content, with temperatures up to 38�C in wells with high
fluoride concentration: (7 mg/dm3).

Water with higher fluoride content comes from the
deep aquifer. Faults must allow contact with warmer
bedrocks of granitic composition below 200 m. Thermal
alteration of granite could have caused fluorite dissolu-
tion and increases in groundwater, coincident with result

pointed out by Carrillo-Rivera et al. (2002). These re-
gional and anomalous thermal flows ascend to approach
the to resistive granitic rocks of Sierra Bachoco. The
presence of high electric resistivity granitic rocks
underlying conglomerate strata of Baucarit formation
was identified by electromagnetic transitory soundings
(section A-Á Fig. 2) (GyE 2000).

Carbonate rocks have not been identified in the
area. Paleozoic calcareous rocks crop out in the south
of the area (Hermosillo City); they seem not to extend
beneath ‘‘La Victoria’’ area. Wells located in the
reservoir (R-1, R-2 and R-3) show high calcium
and bicarbonate concentration and low fluoride. The
absence of calcareous rocks in ‘‘La Victoria’’ area is
corroborated by the decrease of calcium and bicar-
bonate concentration to the northeast direction,
(Fig. 7a, c).

Temporary increase of groundwater fluoride con-
centration observed in Bloquera, Victoria 14, and
Tronconal wells must be related with longer residence of
time water the from deeper aquifer.

Fig. 6 Water samples classified according to Piper’s diagram.
Square bicarbonate-calcium, Circle sulphate-sodium, + bicarbon-
ate-sodium, and Triangle sulphate-calcium facies
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Fig. 7 Spatial variation of car-
bonates and bicarbonate con-
centration (mg/ dm3) (a),
temperature, Celcius degrees
(b), calcium concentration (mg/
dm3) (c), pH (d), and fluoride
concentration (mg/dm3) (e)
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Positive correlation among pH, temperature and
fluoride concentration appear in Fig. 5a, d, in agreement
with previous studies (Apambire et al. 1997), particu-
larly in the Bloquera and Tronconal wells.

Conclusions

The origin of groundwater fluoride is related to deep
regional flows, heating processes and fluorite dissolu-
tions in granitic rocks that appear to the west of the
study area.

Anomalous high fluoride content in groundwater
from the ‘‘La Victoria’’ area can be explained by upward
flows through the crystalline rocks with high electrical
resistivity that form the Sierra Bachoco basement and
through normal faulting that bounds the study area
aquifer to the west.

Paleozoic calcareous rocks crop out from the south of
the study area, in Hermosillo City, to ‘La Victoria’ area.
The absence of calcareous rocks in the study area is
corroborated by the decrease of calcium and bicarbon-
ate concentration in the northeast.

Wells located in the reservoir near the calcareous
outcrop show high calcium and bicarbonate concentra-
tion and low fluoride due to calcium solubility coefficient
and common ion effect.

Thus, temporary increase of groundwater fluoride
concentration observed in several wells must be related to
a longer residence time of water from a deeper aquifer.
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