Environ Earth Sci (2015) 74:5403-5415
DOI 10.1007/512665-015-4554-9

=
@ CrossMark

ORIGINAL ARTICLE

Geological, hydrogeological, and geothermal factors associated
to the origin of arsenic, fluoride, and groundwater temperature
in a volcanic environment “El Bajio Guanajuatense”, Mexico

Ivan Morales' - Ruth Esther Villanueva-Estrada® - Ramiro Rodriguez2 .

Maria Aurora Armienta?

Received: 19 August 2014/ Accepted: 19 May 2015/ Published online: 28 May 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Arsenic and fluoride groundwater concentra-
tions over national standards for drinking water were
measured in the regional aquifer of Juventino Rosas,
Guanajuato State, Central Mexico. Also anomalous tem-
perature occurs in groundwater wells of the area. Con-
centrations of total dissolved solids, silica, and chloride are
too low to indicate a geothermal heat source. Additionally,
isotopic evidence indicates that groundwater from the
studied wells is subject to an evaporation process affected
by the humid weather of the zone. The chemical charac-
teristics of the water indicate a deep circulation warm
water system in normal geothermal gradient. The warm
waters of Juventino Rosas are mainly of three types: Water
type I: (Na—HCOs), represented by the highest temperature
wells and presence of fluoride and arsenic; water type II
(Na—Ca-HCOs) that represents a mixing process between
water types I and III. In this group, the sample 13JR con-
tained high concentration of F~; water type III (Ca—HCO3),
represented only by one sample (Cen 2) located over the
outcrop of shales, limestones, and metamorphic rocks. This
sample contains the highest concentrations of sulfate,
manganese, and iron. All the geological and geochemical
evidences indicate that rhyolite units are the most probable
source of As and F~. The area corresponds to a low-
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temperature and low-enthalpy system and not to a well
defined geothermal system.
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Introduction

Juventino Rosas is a small community located in El Bajio
Guanajuatense, Central Mexico. In the municipality,
groundwater is the only water supply. Arsenic, As, fluoride,
F~, and radon, Rn, concentrations in some wells are greater
than the Mexican standards for drinking water (Rodriguez
et al. 2006; Mejia et al. 2007; Morales 2014). These con-
centrations represent a risk for the population due to their
toxicity (Armienta and Segovia 2008; Lopez et al. 2012).
The natural origin of these elements in aquifers has been
related to the local geology and physico-chemical pro-
cesses that control their availability and mobility in
groundwater (Smedley and Kinninbeurg 2002). Likewise,
geothermal activity observed in the site could be linked to
the high As, F, and Rn concentrations, since hot water
coming from deep formations together with metal ion
concentrations and pH allow the alteration of minerals,
including the tendency to precipitation-dissolution of cer-
tain minerals and sorption—desorption of elements (Henley
and Ellis 1983; Smedley and Kinninbeurg 2002; Nordstrom
2011).

Arsenic and fluoride are the most serious inorganic
contaminants in groundwater (Armienta and Segovia 2008;
Ahn 2012; Wen et al. 2013). Many studies have reported
fluorosis and arsenicosis to people exposed to arsenic and
fluoride (Del Razo et al. 1990; Luo et al. 1997). Exposure
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to high concentrations of radon has been linked to various
types of cancer such as lung, leukemia, and respiratory
tract (Diaz-Barriga et al. 1997; Kotoky et al. 2008). If two
or more different types of toxicants are simultaneously
going inside a human body they may function indepen-
dently or act as synergistic or antagonistic. Presence of F
and As has been related to geothermal activity (SARH
1970). Arsenic in geothermal discharges is related to
neutral pH-chloride fluids (Webster and Nordstrom 2003;
Wen et al. 2013). Moreover, in groundwater, arsenic has
been correlated with Na—HCOs5 type water (Ahn 2012).
The most common control on fluoride concentrations in
geothermal fluids is the solubility of fluorite, CaF, (Ni-
cholson 1993). On the other hand, formation of other cal-
cium minerals such as calcite, gypsum, or anhydrite may
decrease calcium concentrations increasing fluoride con-
tents if the mineral-water equilibrium is maintained
(Nordstrom 2011).

This study was developed with the aim of defining the
origin of arsenic and fluoride in the Juventino Rosas
groundwater. There are some regional studies looking for
their origin, but until now, it remains unknown. The indi-
rect identification of the As and F source, using geological
and hydrogeochemical parameters and statistical factors
may facilitate the implementation of remediation strategies
or the location of new wells without As and F.

Study area
Location and geology

Juventino Rosas municipality is located in the Trans-
Mexican Volcanic Belt. To the North, the Guanajuato
Range limits the valley, between geological units com-
posed of fractured rhyolites, ignimbrites, basaltic and an-
desitic volcanic rocks, and lacustrine sediments, derived
from the surrounding volcanic rocks of variable granulo-
metry (Orozco-Esquivel et al. 2002). The faults and frac-
tures observed in the site are the product of compressional
and extensional events from Paleocene and Oligocene—
Miocene, respectively (Cerca-Martinez et al. 2000)
(Fig. 1). The geological basement is defined by Cretaceous
volcano-sedimentary rocks and clayey calcareous sedi-
ments of the Soyatal Formation (Echegoyén-Sanchez et al.
1970).

Hydrogeology
Three aquifer units have been identified. The shallow one is
formed by fine alluvial-lacustrine sediments of Neogene—

Holocene origin (Qal). It is unconfined and its exploitation
originates subsidence processes. The second one is
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integrated by fractured volcanic rocks; its thickness is
variable (Cerca-Martinez et al. 2000). This is the main ex-
ploited unit. Rhyolites (Tom) have variable permeability
due to local fracturing (Trujillo Candelaria 1985; Velaz-
quez-Aguirre and Ordaz-Ayala 1992; Christiansen et al.
1986). Limestones, shales, and sandstones of Paleozoic and
Mesozoic (Kss) function as basement or as a barrier for the
groundwater flow; this lithological formation can act as
aquitard, mainly in Rincén de Centeno, a village to the
north-east of Juventino Rosas. A deep aquifer defined by
fractured volcanic rocks is exploited by a thermoelectric
plant located in Salamanca City, 15 km away from J. Rosas
(Rodriguez et al. 2001). Main recharge areas are located in
the highlands conformed by ignimbrites, basalts, and
rhyolites.

The regional aquifer is being overexploited; extraction is
greater than recharge (CONAGUA 2009). The high tem-
perature in some wells and the formation of a piezometric
dome, suggests contributions of ascendant hot flow. This
flow is incorporated to local flow altering its water quality
(Figs. 1, 3).

Thermal manifestations at Juventino Rosas
municipality

Around the study area of Juventino Rosas, several thermal
wells have been reported with superficial temperatures
above the mean annual temperature of 18 °C; some of them
are La Casita R. Mendoza (50 °C), Rancho R. Mendoza
(45 °C), and Rancho El Capulin (42.5 °C) (Quijano and
Velazquez 1985; Torres-Rodriguez and Arellano 2000).
According to the work reported by the Federal Commission
of Electricity (CFE, for its acronym in Spanish), the hot
spring temperature is mainly due to the normal geothermal
gradient, as evidenced by the chemistry of the waters. The
water type is mainly Na- bicarbonate, and is composed of
less than 15 and 17 % of chloride and sulfate, respectively.

Methodology
Sampling and analytical techniques

A groundwater and lithological sampling was carried out in
Juventino Rosas in the period 2010-2014. Chemical de-
terminations were done at the Analytical Laboratory of the
Geophysics Institute of the Universidad Nacional Autono-
ma de Mexico, UNAM. Monitoring and chemical analyses
were done following APHA-AWWA (2005) standards.
Oxygen and hydrogen isotopic composition was deter-
mined by mass spectrometry at LUGIS-UNAM (Labora-
torio Universitario de Geoquimica Isotopica de la
Universidad Nacional Auténoma de México). Isotopic
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Fig. 1 Location of sampled wells and Geology of Juventino Rosas

measurements were done using a Finnigan MAT 253
spectrometer with a dual inlet. The Gas Bench II with CO2
equilibration method for 0.5 mL at 25 °C by continuous
flow was used for measuring oxygen isotopic ratio. Hy-
drogen isotopic ratio measurements were performed using
a Delta Plus XL and H Device (Werner and Brand 2001)
with the Cr reduction method at 860 °C. The 3'*0 and 8D
values were normalized using VSMOW and SLAP ac-
cording to Coplen (1988).

Radon gas was measured using an AlphaGUARD
SAPHYMO detector equipped with a specific pump for gas
extraction. Piper diagram (Piper 1944) was used to classify
and evaluate the behavior of groundwater using the AQgA
program from Rockware®, to easily spot similarities and
differences between waters from the wells of Juventino Rosas.

Correlations and factor analyses were applied using the
STATISTICA® 10 program. To condense the information

0051 4
e Kilometers

T T
295000 300000 305001

Juventino Rosas ¢
2 3 !

obtained from the analyzed chemical parameters, the sta-
tistical method of factor analysis (type R) using the prin-
cipal component analysis was used (Hair et al. 1999). The
standardized method varimax rotation was used to redis-
tribute the variance of the factors, to obtain a simpler and
more significant group. The latent root criterion was used
as a method for extracting the number of factors.

Results

Chemical composition of groundwater of Juventino
Rosas

Table 1 shows the results of the groundwater chemical

analyses. The ionic balance for all the water samples is
within the permissible value (—5.7 to +1.7 %), ensuring
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that the chemical analyses are suitable for geochemical
interpretation. Water from the sampled wells presents
thermal characteristics: the temperature is 5 °C above the
mean annual temperature (18.2 °C) in a range of 2448 °C.
Wells with higher temperatures, up to 34 °C are located in
the central and southern part of Juventino Rosas. In general
the groundwater is close to neutrality with a mean pH value
of 7.0 (Table 1).

According to the relative abundance of the ions, the
water can be assigned to a hydrochemical facies (Fig. 2). In
general, the groundwater in the study area is bicarbonate,
except sample CEN2, with a range of concentrations be-
tween 208 and 353 mg/L. According to Piper diagram
(Fig. 2), the waters can be divided into three groups:

Water type I (Na—HCO3): This water is represented by the
wells located in Santa Maria Guadalupe (SM Gpe), Tejeda
(TEJ), José de Merino (SJ Mer), Romerillo (ROM), Franco
Tavera (FT), Pozos, 10 JR, 05 JR, and Valencia 1 (VAL 1) at
the southern part of the study area (Fig. 1). The local aquiferin
this zone is hosted in alluvial deposits of Pleistocene to Recent
age, which is composed by volcanic material resulting from
the mountains erosion; these deposits fill the valley (CON-
AGUA 2009). Concentration of sodium in this group is the
highest with a range between 83.5 and 102.5 mg/L, tem-
perature of the well water is also higher than the other wells
within a range of 30—48 °C. These samples have also the
lowest calcium concentrations (4.5-35.8 mg/L). Concentra-
tions of fluoride (1.07-3.03) are above that established by the

Mexican Official Standards for drinking water (1.5 mg/L;
NOM-127-SSA1-1994). Arsenic concentrations are higher
than the permissible limit (0.025 mg/L; NOM-127-SSA1-
1994) only in four samples: 05JR (0.032 mg/L) 10JR
(0.0448 mg/L), Pozos (0.046 mg/L), and Vall (0.0436 mg/
L); whereas, seven wells have F~ concentrations greater than
the Mexican standard (1.5 mg/L). The maximum F~ con-
centration was found in the well SJ Merino, 3.03 mg/L.

Water type II (Na—Ca—HCO3): This water type is similar
to water type I, but with higher concentrations of calcium
compared with those of water type I (concentrations be-
tween 32.4 and 62.9 mg/L), and lower sodium concentra-
tions (31.5-76 mg/L). Wells representing this group are
drilled in ignimbrites, rhyolitic tuffs, and breccias or vit-
reous matrix. These water types result from a mixing
process with water rich in calcium and water hosted in
volcanic material (Fig. 2) as observed in a Piper diagram.

Water type III (Ca—SO4—~HCO3): This water is repre-
sented by the sample Centeno 2 (Cen 2), which is calcium
bicarbonate type with high proportions of sulfate. The well
water has the highest concentrations of calcium (119 mg/
L) and sulfate (183 mg/L), and the lowest concentration of
sodium (22 mg/L). The well is located over lower Creta-
ceous rocks composed of an alternation of limestones,
calcarenites, marls, shales, and calcareous shales of the
Soyatal Formation.

SiO, concentrations in the water from wells of Juventino
Rosas are lower (13—83 mg/kg) than the typical values of

@ Springer
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geothermal fluids (100-300 mg/kg; Nicholson 1993; Hen-
ley and Ellis 1983). Sodium and chloride are the major ions
in typical geothermal fluids; instead, the concentrations of
these ions in the water wells of Juventino Rosas are less
than 200 and 1000 mg/kg, respectively (Nicholson 1993;
Henley and Ellis 1983). In general, the concentrations of
total dissolved solids, TDS, are less than 1 g/L
(332-682 mg/L), lower than the common value found in
geothermal systems of deep circulation in near-normal heat
flow zones (Ellis and Mahon 1977). This TDS value was
determined using the subroutine SpecE8 of the GWB
program to calculate the systems equilibrium state.

In Juventino Rosas, high concentrations of arsenic
(0.003-0.046 mg/L) and fluoride (0.569-3.03 mg/L) have
been detected in the aquifer (Table 1). Groundwater tem-
perature varies from 25.5 to 50 °C. The highest tem-
peratures are located near faults and fractures. High
temperatures match with the highest groundwater concen-
trations of As and F.

Flow system classification

Figure 3 shows flow system classification in JR based on
concentration of Na4 4+ K+ versus Cl— + SO4*~ (Mif-
flin 1968, 1988). With exception of well 11JR, all the
groundwater wells of JR are classified as regional flow. The
wells 12JR, DN, NR, and SJ Cruz, classified as Water type
I, are located at the boundary between local and regional
flow, this feature is a consequence of the geological

characteristics of the aquifer, because the water is hosted in
volcanic rocks near to the basin plain and presents influ-
ence of geothermal groundwater. The well Cen2, classified
as Water type III shows high concentrations of Cl and
S042-. All other groundwater wells are located in the basin
plain, they are classified as regional flow with geothermal
characteristics.

Correlation index and factors using the varimax
normalized method

Table 2 shows a positive correlation index greater than 0.5
between the physico-chemical parameters Na, SiO,, F, As,
T, and pH and also between Ca, Fe, Mg, SO4, Mn, Cl, and
E. C. This suggests a physico-chemical dependence, and
therefore two associations between these parameters, re-
lated to some characteristics of the aquifer such as the host-
rock and its mineralogy, physico-chemicals conditions, and
reactions that take place between the groundwater and the
rock. This situation would allow to relate the presence of
As and F in the groundwater with the geological environ-
ment. The regional rocks of acid composition (rhyolites,
ignimbrites) contain minerals rich in Na-SiO,—K while
rocks of basic composition (basalts andesites) have min-
erals rich in Fe-Mg—Mn-CI-SO,.

Four factors were extracted and rotated using the vari-
max normalized method (Table 3): Factor 1 describes the
mineralization of the water and accounts for 46 % of the
variance of the data. The grouped variables represent the

Fig. 3 Flow system 10.0
classification (modified Mifflin
1968, 1988) Regional OWTI
Tej Rom SWTII
M Gp
L, h}ggfé@?@ o5 SWT Il
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@ 1R @12, 163%R
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Table 2 Correlations among chemical concentrations and physico-chemical parameters of Juventino Rosas groundwater
pH EC. T Eh Na Mg K Ca Cl SO, HCO; SiO, F As Mn Fe

pH 1.00 0.01 0.35 —0.28 0.74 —-048 —-0.20 -—-043 0.31 —-0.07 —-0.04 0.50 0.38 0.37 —-0.17 —-043
E.C. 1.00 —0.39 020 —-0.25 0.65 —0.21 0.77 0.66 0.77 0.62 —-033 —-025 -0.06 0.49 0.75
T 1.00 —-0.33 046 —048 —-040 —-0.53 -0.17 —-025 -—-0.47 0.01 0.62 0.57 —-0.16 —0.50
Eh 1.00 —-0.49 0.63 —0.23 040 —0.15 0.15 048 —-039 -033 -0.33 0.12 0.41
Na 1.00 —0.84 -0.17 -0.77 0.02 —-046 —0.12 0.52 0.66 0.74 —-0.54 -0.79
Mg 1.00 —0.12 0.95 0.29 0.72 044 —-0.58 —-0.56 —0.61 0.64 0.96
K 1.00 —-0.04 -023 -0.34 0.16 0.64 —-0.27 -0.36 -0.23 -0.07
Ca 1.00 0.47 0.82 049 —-0.51 —-0.53 —0.56 0.65 0.99
Cl 1.00 0.74 0.08 —0.11 0.05 0.00 0.54 0.47
SO4 1.00 0.17 —-0.56 —-0.23 -0.24 0.81 0.84
HCO; 1.00 0.16 —-0.34 -021 -0.14 0.42
SiO, 1.00 0.15 0.05 —-0.57 —-0.54
F 1.00 0.76 —0.14 —-0.52
As 1.00 —0.25 —0.56
Mn 1.00 0.72
Fe 1.00
Values in bold are statistically significant at p < 0.05
dissolved chemical species chloride, sulfate, manganese, Table 3 Factor analysis
and iron that are positively correlated with the electrical Factor |  Factor 2 Factor 3  Factor 4
conductivity; Factor 2 describes the contamination of the
water, which accounts for the 19 % of the total variance. pH 0.1456 —0.7423  —0.3681  0.0888
The variables in this factor that have major loadings are ~ E-C. 0.7953 0.0439 0.0910 0.5210
arsenic, fluoride, sodium, and pH; Factor 3 describes the T —02218  —0.6258  0.2859 —0.3975
type of rock, and explains 13 % of the total variance. It is  Eh —0.1066  0.2748 0.5698 0.5765
composed of silica and potassium as they present the major ~ Na —0.2281  —0.9029  —-0.3152  0.0084
load. This factor reflects the importance of feldspar dis- Mg 0.5225 0.6344 0.4145 0.3536
solution, probably of potassic feldspar; and Factor 4 de- K —02515  0.4736 —0.7398  0.0055
scribes the influence of the weathering of rock and Ca 0.6841 0.5824 0.2373 0.3314
dissolution of minerals rich in HCO5;™, like silicates and Cl 0.9036 —0.1892  —0.1532  0.0163
carbonates and the possibility of ion exchange (Meybeck SO, 09177 0.1834 0.2656 0.0565
1987; Garrels and Mackenzie 1971; Appelo and Postma  HCOs; 0.1374 0.1476 —0.1297  0.9282
1993), and explains only the 9 % of the total variance of  SiO, —03378  —0.2304 —0.8427 0.1504
the data. F —0.1012  —0.7765  0.1057 —0.2481

Radon was measured in wells (Table 1). The Rn counts As —0.1090 —0.8511 0.1321 —0.0989
range was 12,000-52,300 Bq/m3. International agencies Mn 0.7711 0.2860 0.3052 —0.2688
suggest a maximum limit for indoor radon of 148 Bq/m3. Fe 0.7006 0.5861 02719 02727
Radon counts vary in time and space, but the wells with  Ejgenvalue 735 297 201 1.38
high counts maintained Rn values of the same magnitude ¢, Total variance 46 19 13 9
order. % Accumulative 46 65 77 86

. . . e Bolditalic values indicate good factor correlation

Deuterium and oxygen isotopic composition
Isotopic studies in geothermal systems can provide infor- rocks with the geothermal fluid (Nicholson 1993;

mation about the source of the thermal water. The deu-
terium isotopic composition of the thermal waters is similar
to the local meteoric water, while the 5'%0 value is more
positive than meteoric water due to the interaction of the

Giggenbach 1992).

Isotopic composition of the local wells was plotted in
Fig. 4 to verify the origin of water and the physical pro-
cesses occurring in the JR study area. Two samples

@ Springer
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collected in Juventino Rosas were added (e.g., Estanque
and 9 JR) without determining their chemical composition.
The isotopic composition of the samples was compared
with the meteoric water line reported by Wassenaar et al.
(2009). No evidence was observed of geothermal footprint
as an enrichment of 3'%0 typical of geothermal waters
(Nicholson, 1993) caused by water—rock interactions.
Samples of Juventino Rosas, show anisotropic composition
similar to meteoric waters (Salvatierra, Yuriria, and San
Jer6énimo). According to Craig (1961), in zones where
evaporation occurs at ordinary temperatures, the meteoric
waters present an enrichment in 8D and 3'%0 consistently
with a slope of about 5, and the straight line in Fig. 4 is
3D = 5.99 3'%0—14.66.

Geothermometry

Chemical geothermometers represent a mathematical tool
based on various ions (e.g., Na, K, Ca, Mg) and silica
(Si0,) that present temperature-dependent mineral fluid
equilibrium (Henley et al. 1984; Nicholson 1993), which
are slow to reequilibrate at cooler temperatures (Karingithi
2009). Geothermometry is widely used to estimate the
subsurface temperature during the exploration phase of a
geothermal zone. The most used chemical geothermome-
ters are based on the chemical concentrations of solutes
(SiO,, Na, K, Mg, and Ca). In general, the mixing process
of the thermal waters with superficial cold waters affects
the chemical composition of the discharge and therefore
the temperature estimated with geothermometers. The
geothermometers based on relative concentrations (e.g.,

@ Springer
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Na/K) are less affected by dilution than those based on
absolute concentrations. The concentration of silica of the
groundwater samples of JR was plotted in the silica solu-
bility graph (Fig. 5), to illustrate the chemical equilibrium
of the minerals of silicon (amorphous silica, chalcedony,
conductive, and adiabatic quartz) with the fluids. Accord-
ing to Fig. 5, the silica concentrations in the samples are
subsaturated in amorphous silica, but are oversaturated or
near equilibrium to chalcedony (Table 4).

Discussion and conclusions

Chemical and isotopic characteristics of the thermal
ground waters

Three water types were identified in Juventino Rosas area.
Most of the water wells have temperatures ranging from six
degrees above the mean annual temperature (18 °C) with a
maximum of 48 °C. The highest temperatures were mea-
sured in those wells located at the southern part of the study
area. The Na-HCO;~ and Na-Ca-HCO;  type waters
have interacted with thermal fluids (Morales 2014). Tem-
perature of these water types are above 36-50 °C. Wells
with the highest temperatures are located near faults and
fractures and match with the highest groundwater con-
centrations of arsenic and fluoride. In hydrothermal sys-
tems the solubility of some minerals is higher regarding
non-thermal waters (Nordstrom 2011). Regularly, As- and
F-concentrations are also higher in geothermal systems
(Giggenbach 1988). Due to hydrothermal and supergene
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Fig. 5 Solubility of silica 200
species in water as a function of
temperature. The silica
concentration at the discharge
temperature of the well waters
from Juventino Rosas study area

. 150
is plotted

[Si0,] (mg/L)

Amorphous silica
- = Chalcedony
--=-=-Conductive quartz

—— Adiabatic quartz

60

80 100 120

Temperature (°C)

Table 4 Estimated temperatures for well waters at Juventino Rosas area applying the silica geothermometer

Well T quartz conductivity (without loss of vapor) T chalcedony Water type Aquifer host-rock
(Fournier 1977) (Arnérsson 1983)
CEN2 47 19 WT 1II Metamorphic rocks
NR 72 44 WT I Rhyolites-metamorphic rocks
S J Cruz 76 48 WT II Rhyolites-metamorphic rocks
10 JR 86 57 WT I Alluvium-rhyolites
13 JR 88 60 WT 11 Alluvium-rhyolites
Pozos 88 60 WT I Alluvium
DN 89 60 WT II Rhyolites
12 JR 103 74 WT II Rhyolites
05 JR 104 75 WT I Alluvium
FT 104 76 WT I Alluvium
VALL1 105 77 WT I Alluvium
ROM 106 77 WT I Alluvium
S M Gpe 112 83 WT I Alluvium
S J Mer 114 86 WT I Alluvium
EZ 120 91 WT II Alluvium
TEJ 120 91 WT I Alluvium
11 JR 127 99 WT II Rhyolites

processes that occur in different parts of Juventino Rosas,
progressive alteration processes and formation of new
mineralogy were observed, mainly in volcanic material of
ignimbritic and rhyolitic composition.

Results of the factors using the varimax normalized
method suggest that the chemical weathering of the

volcanic rocks and sedimentary material produces the re-
lease of ions in solution and can affect the electrical con-
ductivity. These weathering processes are the main source
of the F and As in groundwater. The variables grouped in
Factor 1 and 4 are E.C., CI™, SO42_, Mn, and Fe, and
explain 46 % of the total variance. These variables can
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define the mineralization of the water by the dissolution of
sedimentary material and ignimbrite-rhyolitic tuffs that
cover the graben reported in the area of study (Fig. 1). This
chemical weathering produces the release of elements as Fe
and SO42_ (Hem 1985; Appelo and Postma 1993;
Yokoyama and Banfield 2002). Several works about the
mineralization of volcanic rocks due to the CO, injection
are reported. Schaef et al. (2010) report an increase in pH
and enrichment of ions in dissolution when volcanic rocks
react with CO, under conditions of high pressure (10.34
MPa) at elevated temperature (100 °C). The variables of
Factor 2 and 3 are grouped together and represented by the
variables that define the dissolution of F and As produced
by the weathering at low-temperature geothermal system of
ignimbrite-rhyolitic composition represented by Na, K, and
Si0,. The average concentration of arsenic in acidic rocks
is about 1.3-4.3 mg/kg (Smedley and Kinninbeurg 2002).

Fluoride and arsenic (mainly As(V)) are present in
natural waters mostly as anions, having thus, similar hy-
drogeochemical behavior (Nordstrom 2011). Fluoride is
released from rocks during hydrothermal alteration. Usu-
ally, thermal waters with high arsenic concentrations are
also enriched in fluoride (Nordstrom 2011). Arsenic is
regularly associated with metal sulfides, but is also found in
rock-forming minerals such as silicates.

Rhyolites have significant concentrations of As and F
which can be released and incorporated to ground water in
oxidizing conditions (Robertson 1989, Christiansen et al.
1986). The positive correlation between Na-F-As-T is
another indicator of the relation of the high contents of As
and F with the Na—HCOj; water type in the studied area.
Calcium and fluoride would show an inverse correlation if
their concentrations were related with a solution in equi-
librium with fluorite (Nordstrom 2011). Dissolution of
sodium feldspars, releases Nat, OH™, HCO;, and silicic
acid (H4Si04) (Reactions 1 and 2) to groundwater. This
reaction contributes also to the alkalinity and pH increase
of the water and to the formation of kaolinite (Al,Si,Os
(OH)4 (s)).

NaAlSi3Og() + 112 HoO = Na* + OH™ + 2H,SiOy4
+ 1/2A12$i205(OH)4<S).

(1)

NaAlSi3Og<S) + H2CO3 + 9/2H20
— Na™ + HCO3™ + 2H,SiO4 + 1AL Si;05(0OH),(s)
(2)

Several petrographical analyses have been performed on
volcanic rock samples from the study area (Cerca-Martinez
et al. 2000; Serna-Vigueras and Nava-Arrieta 1958). Sili-
cates and sodium feldspar, micaceous minerals such as
biotite and hornblende, besides quartz glass have been
observed. These minerals are important constituents of
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rhyolites and ignimbrites. Arsenic and fluoride are found in
rock-forming minerals such as silicates. Rhyolites have
significant concentrations of As and F which can be in-
corporated to the groundwater in oxidizing conditions
(Robertson 1989, Christiansen et al. 1986). The Na-HCO;
water type represents an important source of fluoride
(Nordstrom 2011).

Other important factors that lead to high fluoride and
arsenic concentrations are high pH and high alkalinity. Ion
exchange, calcite precipitation, and decomposition of or-
ganic matter lead to Na—HCO; type waters from the evo-
Iution of Na-HCO; waters present in recharge areas.
(Nordstrom 2011).

The chemical composition of the groundwater from
Juventino Rosas is Na-bicarbonate, with low concentra-
tions of total dissolved solids (<1 g/L), silica (<83 mg/
L), and chloride (<27 mg/L), but high fluoride and
arsenic concentrations. In the northern part where the
limestone is more abundant, the water is rich in calcium
and sulfate.

The isotopic composition of the groundwater sampled in
the area is very similar to the isotopic composition for local
groundwater of Guanajuato state (San Jeronimo, Yuriria,
Salvatierra) reported by Wassenaar et al. (2009). These
samples show an evaporation process with a slope of
5.99with respect to the Mexican meteoric line (MMWL)
(Fig. 4) describing a latitudinal control on the evaporation
process (Gibson et al. 2008). Gibson et al. (2008) estimated
a slope in the range of 5-8 for lakes and soil water of high
latitudes zones (e.g., North America, Asia, and Antarctica).
This is in agreement with the conclusions presented by
Carrillo-Chavez et al. (2003). These authors evaluated the
isotopic composition of 3D and §'%0 in surface waters of
The Guanajuato mining district to determine processes
related to the hydrogeochemical evolution, and concluded
that the surface waters of their study area are regarded as
“isotopic open system” with high evaporation rate (slope
of local evaporation curve of 8D = 5.93 %o). In Juventino
Rosas zone, the predominant weather is warm humid
(CONAGUA 2009), that facilitates the evaporation pro-
cess, and thus the residual water is enriched in 80 and D
isotopes. In general, the deuterium excess parameter (d) for
JR is in the range of 3.5-6.0, similar to that reported for
groundwater confined in limestone aquifers of regional
dimensions located in Central Mexico (Issar et al. 1984).
Limestones are outcropping northeastern of the study area
(Ferrari 2000).

Groundwater temperature estimation
Groundwater of JR study area is subsaturated with respect

to quartz, and is supersaturated with chalcedony (Fig. 5). In
low-temperature hydrothermal areas, the dissolved silica at
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depth is governed by the solubility of chalcedony when
temperatures are below 110 °C (Arndrsson 1975, 1983).
Several authors report that chalcedony geothermometer
should be applied to temperatures below 70 °C in a
sedimentary basin (Kharaka et al. 1977), and in fluids that
are in contact with granite at temperatures between 70 and
140 °C (Michard et al. 1986). Therefore, the chalcedony
geothermometer is the optimal for this study. The rhyolites
are related to aquifers that have characteristics of low-
temperature system with temperatures at depth below
100 °C (Orozco-Esquivel et al. 2002; Veldzquez-Aguirre
and Ordaz-Ayala 1992, Christiansen et al. 1986). This is in
agreement with a geochemical study made in 161 superfi-
cial thermal manifestations by CFE to evaluate the
geothermal potential of Guanajuato state (Quijano and
Velazquez 1985). The authors concluded that the concen-
trations of silica are lower than the saturation of amorphous
silica and great part of the samples is supersaturated in
chalcedony. Other solute geothermometers, such as Na, K,
Na-K-Ca, and K-Mg, are not suitable due to the low
concentrations of these dissolved species in the fluid
(Table 1), the concentration of these ions are not in che-
mical equilibria with the host-rock and the hydrothermal
fluids. The geothermal waters of Juventino Rosas can be
classified as a low-temperature low-enthalpy resource ac-
cording to the classifications of Hochstein (1990), as the
estimation of the reservoir temperature is below 125 °C
(Table 3). The groundwater is meteoric water controlled by
evaporation processes confined in limestone aquifers. The
geothermometer results indicate that the heat source is not
a shallow magma chamber. The heat source could be as-
sociated to the Quaternary volcanic activity. However, heat
contributions related to radioactive material (Uranium?)
are not discarded. Radon is coming from rocks containing
radioactive elements.

Chemical characteristics of the water indicate that the
hot water from Juventino Rosas is rich in bicarbonate
originated from meteoric local water. The temperature at
depth was calculated using chalcedony geothermometer, as
it is the most reliable for the estimation of deep tem-
perature and gave low values, possibly affected by the
mixing process. No evidence of thermal processes in Ju-
ventino Rosas, where water flows through existing faults
from surface to depth was detected; the heat source of the
water is largely due to the normal geothermal gradient.

Fluoride can be found in primary minerals of acid ig-
neous rocks as the Oligocene rhyolitic domes. Arsenic may
be related to metallic sulfides. Rhyolites contain As and F
that could be incorporated to groundwater flow under
oxidation conditions and high temperature (Robertson
1989; Christiansen et al. 1986; Carrillo and Armienta 1989;
Cardona et al. 1993). Results indicate that the most prob-
able origins of As and F in JR are the rhyolite units.

Thermal groundwater flow mobilizes As and F from
deep rhyolite units through faults and fractures. The high
radon counts probably come also from the rhyolites, since
this type of rocks may contain important quantities of
uranium, arsenic, and fluorine in minerals. Radon occurs
naturally as an indirect decay product of uranium or tho-
rium (Dahlkamp 2010; Christiansen et al. 1986).
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