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Abstract

The thermal waters in the Cuenca Alta del Rio Laja basin supply water for agricultural use, human consumption, and
spas. The study included 25 groundwater samples from wells in the central part of the basin; 14 of those samples are
considered thermal water, as their temperatures are higher than 29°C. The thermal waters are sodium-bicarbonate type
with geochemical signatures similar to those of non-thermal waters, showing a regional flow system evolution. Isotopic
composition (3'%0 and D) of thermal water indicates meteoric origin without a significant 3'30 enrichment. CI/B ratios
may indicate two thermal aquifers. Vertical flow is mostly caused by pumping, and the permeability seems to be controlled
by the regional fault system. Chalcedony and multicomponent geothermometry suggest that at depth, the temperature may
reach values between 84 and 126°C. The estimated temperature allows utilization of the thermal water direct uses that
include aquaculture, food processing and fruit, vegetable and grains drying.
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Introduction

Thermal waters in the Cuenca Alta del Rio Laja (CARL -
Upper Basin of the Laja River), have been used since pre-
Hispanic times by the local population for health purposes
(Salamanca-Corredor and Puy-Alquiza 2017). The intense
extraction of groundwater for agricultural and urban use
has caused the disappearance of many thermal-springs that
were reported in historical records (Navarro de Leon et al.
2005). Additionally, thermal water is extracted to be used in
spas located in the San Miguel de Allende-Atotonilco tour-
istic corridor. Most groundwater wells (90%), supply the

P4 Lucia Magali Ramirez-Gonzalez
Imramirezgonzalez@ugto.mx

Doctoral Program of Water Science and Technology,
Engineering Division, Universidad de Guanajuato,
Guanajuato, Guanajuato 36000, Mexico

Department of Mining, Metallurgy and Geology Engineering,
Universidad de Guanajuato, Guanajuato, Guanajuato
36020, Mexico

Institute of Geophysics, Universidad Nacional Autéonoma de
México, Mexico City 04510, Mexico

Published online: 06 August 2024

agricultural sector (CONAGUA 2020 a, b). The two aqui-
fers in the center of the basin are administrated by CONA-
GUA (Water Administration Governmental Commission
— COmision Nacional del AGUA in Spanish): the Cuenca
Alta del Rio Laja aquifer on the west, and the Laguna Seca
aquifer on the east; both aquifers have been over-exploited
and present a negative value for groundwater availability:
-62.5 hm’/year, and —31.8 hm®/yr respectively (CONA-
GUA 2020 a, b).

Thermal waters are defined as a general name for any
discharge of deep-seated, pure, or mineralized water whose
temperature is consistently higher than the local mean
annual temperature of the atmosphere (Panichi and La
Ruffa 2009). In this study, groundwater with higher tem-
perature than 29°C is referred as thermal-water according to
the Schoeller classification in Custodio and Llamas (1983),
that defines thermal-waters as those with ¢> ¢, + 4°C; where
t is the water temperature, and ¢,, the annual mean tempera-
ture, this last parameter is ~ 25°C for the center of the basin
and the maximum recorded for the whole CARL (Servicio
Metereoldgico Nacional 2023).

In the study area there is no evidence of a high tempera-
ture geothermal system; therefore, the possibilities of direct
uses were evaluated. At low to intermediate temperature
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(< 150°C), geothermal energy can be utilized in the agricul-
ture and agro-industry sectors, for example in aquaculture,
mushroom culture, fruit wine making, and dehydration of
agricultural products (Nguyen et al. 2015; Popovski and
Vasilevska 2004) as shown in Fig. 1.

Previous geochemical studies carried out in the CARL
were focused in understanding the high arsenic and fluoride
concentrations in the basin, because in most of the wells,
their concentration exceeds the guideline values of 10 pg/L
for arsenic, and 1.5 mg/L for fluoride according to the
Mexican and International regulations for drinking water
(NOM-127-SSA1-2021; World Health Organization 2022).
The enrichment of groundwater in those components had
been explained as a result of mixing of thermal waters with
groundwater due to the intense groundwater exploitation
(Ortega-Guerrero 2009). Knappett et al. (2020) and Pifia-
Gonzalez et al. (2022), observed that faults may have local
importance in the rising of geothermal waters upward flow
that favored mixing with shallow aquifers. Therefore, in this
study, the center of the basin was selected as the study area
because it contains the deepest water-table depths (INEGI
2019; Li et al. 2020), and it is traversed by the N-S Taxco-
San Miguel de Allende Fault System that acts as a corti-
cal limit and may represent a channel for the thermal water
upward flow (Alaniz-Alvarez et al. 2001, 2002).

This study provides new geochemical and isotopic infor-
mation of thermal waters from the central part of the CARL.
The data processing includes the water type distribution and
isotopic signatures, temperature estimation with geother-
mometers, and chloride and boron distribution analysis.
These results are used to describe the reservoir characteris-
tics and the processes involved during the lateral and verti-
cal flow, and compare the results with those available for
groundwater. It is expected that the results of this work will

Fig. 1 Lindal diagram (for Low-temperture resources

improve the hydric resource exploitation conditions in the
CARL and diversify the utilization of thermal water.

Study area
Hydrogeologic settings

The Cuenca Alta del Rio Laja basin, also unofficially
called, Independence basin, is located in central Mexico, in
the north of Guanajuato state (Fig. 2). The climate of the
CARL is semi-arid. The average precipitation in summer is
3.38 mm, the mean annual temperature in the whole basin is
17 °C, the average annual minimum temperature is 8.8 °C
and the maximum is 25 °C (Servicio Metereologico Nacio-
nal, 2023); the lowest temperatures are recorded in higher
elevations, and the highest temperatures in the center of the
basin.

The Rio Laja is the main river running from the ranges
of Santa Barbara, Sierra de Guanajuato, and El Cubo in
the northwest (maximum elevations of 2851, 2952 and
2853 m.a.s.l. respectively), towards the Ignacio Allende
dam in the south (1837 m.a.s.l.). Intermittent streams have
been used mainly to meet the demands of the agricultural
sector with hydraulic structures such as dams (INEGI
1998). The CONAGUA has divided the CARL in five
administrative aquifers (CONAGUA 2020a, b, ¢, d, ¢). The
study area, in the center of the basin, comprises the aqui-
fer Cuenca Alta del Rio Laja in the west, and the Laguna
Seca aquifer in the east (Fig. 2). The Cuenca Alta del Rio
Laja is a granular aquifer hosted by continental sediments
and pyroclastic deposits, while the Laguna Seca aquifer
is also granular but hosted mainly by pyroclastic deposits
and fractured volcanic rocks; both have been classified as
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Fig. 2 The Cuenca Alta del Rio Laja basin. Underground flow and
static level values taken from INEGI (2019). DEM from INEGI
(2021). D.H.- Dolores Hidalgo; S.F.- San Felipe; S.D.U.- San Diego
de la Uniodn; S.L.P.- San Luis de la Paz; D.M.- Doctor Mora; S.J.I.- San

free aquifers (CONAGUA 2020a, b). However, at the cen-
ter of the basin they become semiconfined (Mahlknecht et
al. 2004). The underground flow has a preferential direc-
tion towards the center of the basin (Fig. 2), and the lowest
water-table levels are related to cones of depression (INEGI
2019). Both aquifers are exploited by the agricultural sec-
tor at 90% of their capacity, and according to CONAGUA
(2020a, b), the annual volumes of natural discharge and
groundwater extraction exceed the annual recharge volume;
therefore, they have a negative value for groundwater avail-
ability of -62.5 hm?/year for the Cuenca Alta del Rio Laja
aquifer, and —31.8 hm?/yr for the Laguna Seca aquifer. Li
et al. (2020) calculated a water-table velocity of -0.43 m/
year for the Cuenca Alta del Rio Laja aquifer during the
period 2008-2015, and concluded that if the observed draw-
down rate continues, by the year 2035, 45% of the aquifer
upper area will have a water-table depth greater than 120 m

José Iturbide; S.M.A.- San Migqel de Allende. Faults and fractures
from SGM (1997,1999), Alaniz-Alvarez et al. (2002, 2005), and Del
Pilar-Martinez et al. (2020)

below surface, 24% below 150 m, and in 5% could exceed
the 180 m.

The average recharge rate in the basin is 25 mm per
year, with minimum values in the northern plains of the
basin (10 mm/year in San Diego de la Union) and maxi-
mum values in mountainous areas where local infiltration
can be equivalent to the precipitation rate (> 800 mm/year
in the Sierra de Guanajuato); and recharge conditions have
not changed over the last 10,000—13,000 years (Mahlknecht
et al. 2004).

Geologic settings

The simplified CARL geology is presented in Fig. 3. The
study area is situated in the southeast limit of the Sierra
Madre Occidental volcanic province, and the westernmost
Mexican Fold-Thrust Belt (Nieto-Samaniego et al. 1999;
Martini et al. 2016; Fitz-Diaz et al. 2018); in the south of
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Fig. 3 CARL simplified geology.
The cartography of the surface
geology was synthesized from
SGM (1997,1999). The structural
geology was complemented with
data from Alaniz-Alvarez et al.
(2002, 2005) and Del Pilar-Mar-
tinez et al. (2020)
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rocks. In the west, the volcano-sedimentary succession is
exposed in the suture belt in Sierra de Guanajuato, formed
by the closing and inversion of the Arperos basin during
late Aptian (Martini et al. 2013, 2014). The Mesozoic rocks
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are intruded by the Comanja Granite that crops out in the
core of Sierra de Guanajuato with a reported crystalliza-
tion age of 52.64+0.52 Ma and exhumation age of ~49 Ma
(Olmos-Moya 2018). Volcano-sedimentary rocks crop out
in the Sierra de los Cuarzos in the southern CARL (Martini
et al. 2016), and the sedimentary calcareous unit outcrops in
the footwall block of the San Miguel de Allende fault (Cid-
Villegas et al. 2022). Cretaceous limestones and sandstones
crop out to the east in Mineral de Pozos (Ortega-Flores at
al. 2014).

Silicic oligocene volcanic group

This group includes rhyolitic domes, lava flows, pyroclastic
deposits, and rhyolitic ignimbrites, volumetrically the most
important part of the Oligocene volcanism, reaching 200 to
300 m of thickness in the study area (Nieto-Samaniego et
al. 1999, 2005). During the Oligocene, extensional defor-
mation was recorded through a complex system of normal
N-S faults known as the Taxco — San Miguel de Allende
Fault System (SFTSMA). Contemporary NE-SW and
NW-SE normal faults and associated fractures were also
active within the CARL (Alaniz-Alvarez et al. 2001). The
synchrony between volcanism and fault activity during this
time is represented by the alignment of the Chichindaro
rhyolite domes with N, NW and NE direction (Alaniz-
Alvarez et al. 2002; Del Pilar-Martinez et al. 2020). The
30.82+0.52 Ma Duraznillo quartzmonzodioritic intrusive
(Del Pilar-Martinez et al. 2020) is exposed south of the Villa
de Reyes Graben (Fig. 3).

Basaltic-andesitic Miocene volcanic group

The silicic volcanism is unconformably overlain by Mio-
cene basalts, andesites and trachyandesites that erupted
through fissure eruptions within the basin and through
the Palo Huérfano and La Joya stratovolcanoes (Nieto-
Samaniego et al. 1999; Alaniz-Alvarez et al. 2002) at the
south, forming the watershed of the basin. This volcanism
is associated with the Miocene andesitic volcanic arc of the
Trans-Mexican Volcanic Belt (Gomez-Tuena et al. 2005).

Late miocene - pleistocene sedimentary deposits

From late Miocene to the Pleistocene, the tectonic depres-
sions were filled with continental sediments: gravels, sand-
stones and polymictic conglomerates poorly consolidated
(Nieto-Samaniego et al. 1999, 2005; Alaniz-Alvarez et al.
2002) with thicknesses of around 400 m (Nieto-Samaniego
etal.1999; CONAGUA 2020a, b). Lastly, a Quaternary allu-
vium was deposited.

Materials and methods

Seven thermal water samples (M-1, M-2, M-3, M-4, M-5,
M-6, and M-7), with temperatures between 29 to 47°C, were
collected directly from discharge wells supplying spas (M-5
and M-6) and agricultural wells (M-1, M-2, M-3, M-4, and
M-7) in November 2021 and November 2022. Physico-
chemical parameters were measured in situ. A temperature
probe was used for the temperature measurements, a pHep
® by Hanna for pH, a meter-hold for TDS and EC, ammo-
nia and CO, were analyzed by a drop test SSQuim, Fe with
an iron test kit by Hanna, and also paper test strips for the
pH, alkalinity and chlorine. The samples were analyzed for
anions, cations, silicon, trace elements, and stable isotopes
(8D and 8'®0) in the SLE laboratory of Earth Sciences of
the CICESE in Baja California. The samples were collected
in polypropylene containers and filtered with a cellulose
nitrate membrane of 0.45 pum pore size. The samples to be
analyzed for cations and trace elements were acidified with
ultra-pure grade HNO; until reaching a pH less than 2. The
following analytical techniques were used in the analysis
of the water samples: cations and silicon by microwave
plasma atomic emission spectrometry (MP-AES), anions by
ion chromatography, trace elements by inductively coupled
plasma mass spectroscopy (ICP-MS), and isotopes by laser
spectroscopy.

Eighteen groundwater public wells (seven thermal and
eleven non-thermal) with information of main ions, boron,
arsenic, and temperature that were sampled during the rainy
season (September-October) in 2020 were also analyzed.
The information of the eighteen public wells was obtained
from the Guanajuato State Water Commission (CEAG — by
its initials in Spanish: Comision Estatal de Aguas de Gua-
najuato) database through the National Transparency Portal.

The Piper and Stiff diagrams were made in R by using
the USGS smwrGraphs package. The distribution of aque-
ous species and saturation indices of mineral phases were
analyzed with the USGS PHREEQC Interactive v.3 soft-
ware using the wateq4f thermodynamic database, and
default pe=4. Silica geothermometer was calculated with
the spreadsheet by Powell and Cumming (2010). The iGeoT
software (Reed and Spycher 1984; Spycher et al. 2016; Spy-
cher and Finsterle 2016) was used to calculate the multicom-
ponent geothermometers with a manually selected mineral
assemblage, and PyGeoT processing tool to automate the
mineral selection (Olguin-Martinez et al. 2022). The ther-
modynamic database was soltherm.h06 (Reed and Palandri
2006). A rock sample collected from the fault zone, close to
sample M-3, was analyzed by X-ray diffraction (XRD) in
the LICAMM laboratory of University of Guanajuato.
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Results

Physico-chemical parameters and water
classification

Sampling locations, the public wells from CEAG database,
and their discharge temperature are shown in Fig. 4. Physico-
chemical parameters and geochemical results for the seven
samples collected in this study are listed in Table 1.

The discharge temperature of the thermal waters samples
varied from 29°C (M-6) to 47°C (M-1), and the pH from 7.7
to 8. Magnesium value for sample M-7 is below the detec-
tion limit, and the value was estimated using the PyGeoT
tool which calculates the optimized values of aluminum and
magnesium through simulations developed in TOUGHRE-
ACT V3 (Xu et al. 2014). The charge balance error is within
+10% for the seven samples. The relative cation concentra-
tions for all water samples are Na>Ca> Mg, and the rela-
tive anion concentrations are HCO; > SO, > Cl.

The dataset from the public wells (Table 2) taken dur-
ing the rainy season (September and October) was used for
comparison with the thermal water data due to proximity
with the thermal water sampling date (November). The

temperature of the public wells varies from 23 to 36°C, of
which seven are considered thermal water (more than 29°C),
and eleven are non-thermal.

The main ions of the seven thermal samples and the
eighteen public wells were plotted on the Piper diagram
(Fig. 5). The public wells were plotted using a color palette
that goes from blue (23°C) to red (36°C). The waters are
sodium-bicarbonate type, except three non-thermal samples
(La Medina, Jestis Maria Chiquito, and San Gabriel) that are
calcium-bicarbonate waters.

The major ion distribution in samples and public wells is
shown as Stiff plots in Fig. 6. Bicarbonate is the main anion
in all samples, and sodium is the dominant cation. However,
calcium concentration increases east of the study area.

Fig. 7 shows the concentrations of the main constitu-
ents of the analyzed waters plotted on a Schoeller type plot
(Truesdell 1991)

Geothermometry
The diagram Na-K-Mg, also known as geoindicators

(Giggenbach 1988, 1991), is shown in Fig. 8. The waters
plotted on the diagram were the ones with water sample
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Fig. 4 Sampling locations. The public wells from the CEAG database are also displayed. Numbers indicate the discharge temperature in degrees
Celsius. Samples and CEAG temperatures were taken during the rainy season
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Table 1 Physico-chemical parameters, and concentrations of main ions, trace elements and stable isotopes for the seven water

samples. Values below the detection limit are reported as bdl

Thermal sample M-1 M-2 M-3 M4 M-5 M-6 M-7
Date 03/11/21 03/11/21 03/11/21 03/11/21 16/11/22 16/11/22 16/11/22
T water (°C) 47 37 35 40 35 29 38

T air (°C) 25 26 24 26 19 19 19

pH 7.90 8.00 7.90 7.80 7.80 8.00 7.70
EC (us/cm) 550.00 423.00 356.00 590.00 686.00 471.00 625.00
Na (mg/L) 82.88 58.18 50.29 102.71 109.95 4530 107.97
K (mg/L) 10.20 15.18 14.28 11.89 843 845 491
Mg (mg/L) 2.00 2.66 3.34 1.48 1.13 1.88 bdl

Ca (mg/L) 31.08 32.68 35.25 33.93 18.62 32.82 30.82
SiO, 72.46 93.66 94.07 90.71 73.36 97.90 63.01
Si (mg/L) 33.87 43.78 43.97 4240 34.29 45.76 2945
F (mg/L) 1.62 1.04 0.85 1.59 5.15 1.34 1.88
Cl (mg/L) 10.26 9.48 8.83 22.77 18.83 848 22.56
Br (mg/L) bdl bdl bdl bdl bdl bdl bdl
NO; (mg/L) bdl bdl bdl bdl 5.95 6.58 7.08
SO, (mg/L) 8.83 10.06 10.58 11.89 20.75 2345 49.55
HCO; (mg/L) 240.00 240.00 240.00 265.00 280.00 190.00 230.00
CO:; (ppm) 8.00 7.80 7.80 7.60 7.60 7.40 7.40
Li (ug/L) 74.63 4781 35.38 144.02 424.40 128.28 234.32
Rb (ug/L) 30.80 26.44 25.01 23.94 35.31 14.04 13.31
Cs (ug/L) 4.00 0.67 0.53 3.36 10.63 0.29 498
Sr (ug/L) 184.34 277.32 318.30 153.22 97.42 241.71 75.20
Ba (ug/L) 14.66 109.70 128.99 84.93 14.64 145.71 4.19
Cr (ng/L) 1.47 3.00 2.87 8.39 1.15 1.92 1.69
Mo (ug/L) 246 292 249 6.58 4.19 3.55 9.39
Mn (ug/L) 1.64 0.46 0.36 1.51 bdl bdl bdl

Fe (ug/L) 4.30 1.47 2.09 12.70 bdl bdl 2.16
Co (nug/L) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ni (ug/L) 1.20 <1.0 <1.0 3.50 <1.0 <1.0 <1.0
Pb (ng/L) <0.1 0.35 0.25 <0.1 <0.1 <0.1 <0.1
Cu (ug/L) <l.1 <1.1 1.76 <1.1 <1.1 <l1.1 <l1.1
Zn (ug/l) 348 9.46 0.75 3.62 bdl bdl 7.20
Cd (ng/L) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

B (ug/L) 198.35 105.44 90.12 278.54 418.72 142.40 281.36
Al (ug/L) <4.0 <4.0 <4.0 <4.0 <4.0 <4.0 <4.0
Tl (ug/L) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
As (ug/L) 9.36 14.68 13.44 12.10 11.68 8.11 5.66

U (ng/L) 2.89 2.89 3.16 5.06 1.59 2.81 5.03
TDS (ppm) 276.00 213.00 188.00 570.00 324.00 230.00 327.00
8'%0 (%) -9.80 -10.29 -10.32 -8.94 -10.21 -10.82 -1.72
8D (%o0) -71.54 -74.29 -74.80 -66.74 -71.03 -75.54 -55.48
CBE (%) 9.8 3.3 1.6 9.6 0.8 -0.5 5.8

@ Springer



161 Page 8 of 18 Sustainable Water Resources Management (2024) 10:161

Table 2 Public wells data set

Well T water (°C) Na (mg/L) K (mg/L) Mg (mg/L) Ca (mg/L) F (mg/L) Cl (mg/L) HCO; (mg/L) SOs(mg/L) B (ug/lL) As (pg/L)
San Gabriel 23 75.26 16.19 4.69 62.70 0.10 21.71 360.53 62.19 86.20 11.70
Santa Teresa 24 67.29 10.54 2.50 17.15 0.67 13.63 245.53 7.47 240.40 14.20
La Cabra 26 76.15 23.39 483 3330 0.85 21.78 253.77 5533 214.10 2720
Puerta de San Francisco 27 75.66 24.16 6.00 35.29 0.36 23.30 271.89 55.40 8270 25.60
LaLuz 27 81.73 17.48 488 3132 0.10 28.78 279.72 47.68 201.80 25.60
San Antonio del Tepozan 27 84.97 18.05 436 36.61 0.10 27.58 258.68 4742 0.27 2830
Jesus Maria Chiquito 27 57.12 13.76 9.21 46.91 0.10 11.15 317.21 5.00 64.90 9.60
Ojo de Agua de Trancas 28 31.66 10.64 2.50 16.44 0.10 16.66 14297 12.04 87.00 14.10
Trojes el Rincon 28 97.61 11.65 2.50 28.03 0.76 26.76 32323 29.27 147.60 8.80
Fracciones de Lourdes 28 58.78 1845 277 44.81 0.34 18.68 229.99 19.38 109.60 14.20
La Medina 28 29.53 13.04 3.50 61.24 0.10 11.22 247.73 13.87 56.20 .50
Pozo Ademado 30 100.08 7.60 250 3145 131 23.30 280.96 4236 334.00 11.60
Soriano 31 75.78 13.68 3.14 28.89 0.10 26.76 292.15 39.95 185.30 24.40
El Chivato 31 90.54 30.04 2.50 28.66 0.25 20.20 254.86 21.77 180.90 17.40
Tequisquiapan 32 66.47 7.92 2.50 29.05 0.15 15.81 223.56 24.88 122.90 18.90
San Diego de la Union 33 71.19 1821 5.54 25.83 0.31 19.25 235.64 39.38 79.80 9.50
Fatima 35 305.17 15.30 5.14 19.10 0.10 21.42 689.97 2535 138.66 15.64
Loma de Cocinas 36 136.76 6.96 2.50 11.97 0.57 20.70 289.04 27.86 400.80 22.90
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Fig.5 Piper diagram for the seven samples and the eighteen public wells. The public wells were plotted using a color palette that goes from blue
(23°C) to red (36°C). The palette used for the seven thermal samples is not related with their temperature
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Fig. 6 Stiff plots of the seven samples and the eighteen public wells

label as M-1 to M-6. M-7 was not plotted because of its
magnesium concentration value was under the detection
limit. The six samples fall into the field of the immature
waters; therefore, they do not comply with the thermody-
namic conditions for the cation geothermometer applica-
tion: Na-K, Na-K-Ca, and K-Mg (Fournier and Truesdell
1973; Giggenbach 1991).

As cation geothermometers cannot be applied to estimate
the temperature at depth, other methodology can be applied:
the multicomponent geothermometers (Cioni and Marini
2020). In order to understand how thermal waters interact
with the rock-minerals, the equilibrium between the thermal
waters and the surrounding mineral phases was investigated
by analyzing the saturation indices of specific minerals at
the most probable reservoir conditions, taking into account
pH values and local geology. Only the saturation indices of
the seven thermal-water samples were analyzed because
they are the only ones with complete water analysis.

It is expected that under favorable conditions, the aque-
ous solution approaches and possibly attain the conditions
of chemical equilibrium with host rocks with the genera-
tion of the final chemical composition of the water and the
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omas de

formation of hydrothermal alteration minerals (Cioni and
Marini 2020). Multicomponent geothermometry is based on
the saturation indices of selected minerals that are expected
to occur in the reservoir over a wide range of temperatures.
The selection of the mineral set was carried on manually
and automatically. Manual mineral selection was based on
the identified mineral assemblages present in the saturation
indices calculated with PHREEQC. The saturation indices
of the seven thermal samples at discharge temperature are
shown in Fig. 9.

The automatic mineral selection was carried out statisti-
cally with the PyGeoT tool. Both, the manually and automat-
ically selected minerals were used with the iGeoT program,
where the temperature at which the final RMED value is at
a minimum (Tyyp), the calculated value is then inferred to
be the reservoir temperature. In the study area, silica is rep-
resented by chalcedony or amorphous silica (Mahlknecht
et al. 2004), consequently, the chalcedony geothermometer
(Fournier 1977) was also used, taking into consideration
that the silica geothermometers are quite sensitive to dilu-
tion effects (Arnorsson 2000). The mineral saturation indi-
ces, log(Q/K), as function of temperature using the manual
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Fig.9 Saturation indices of selected minerals for the seven thermal samples

mineral selection: chalcedony, laumontite, and montmoril-
lonite are shown in Fig. 10. Table 3 lists the hydrothermal
minerals of each sample chosen by PyGeoT more than ten
times for the calculations. The calculated temperatures are
listed on Table 4.

The temperatures calculated using multicomponent geo-
thermometry yield values from 90 to 105 °C. Chalcedony
geothermometer indicates temperature values from 84 to
109°C, while the temperatures calculated with PyGeoT are
in the range from 100 to 126°C. Reservoir temperatures
can be classified as low-temperature geothermal waters
(< 150°C) (Barbier 2002).

Chloride and Boron distribution.

The CI and B content of geothermal waters, and hence
the CI/B ratios, are widely used to distinguish reservoirs
and to obtain information about the origin of the waters and
other processes like mixing with groundwater, seawater, or
magmatic fluids; generally, B and CI show a linear trend
indicating a common source (e.g. Arnérsson and Andrés-
dottir 1995; Bernard et al. 2011; Morales-Arredondo et al.
2018; Hung-Chun et al. 2021).

Cl and B occur in volcanic rocks in trace amounts mainly
as soluble salts on the primary minerals surfaces (Ellis
and Mahon 1967). Cl is considered to be a conservative

constituent, that means that, once added to the fluid phase,
it remains there because it only forms soluble minerals
(Arnoérsson 2000). On the other hand, B acts as incompat-
ible at high temperatures, but at low temperatures (below
100-150°C), B is taken up from solution into secondary
minerals (mainly illite), as well as into lake sediments, and
organic soils (into clays, humus and peats) (Harder 1974).

The distribution of Cl and B in the thermal samples is
shown in Fig. 11. It is observed a clear linear correlation
in the concentrations of Cl and B in thermal samples M-1,
M-2, M-3, M-5, and M-6; while thermal samples M-4 and
M-7 diverge.

Stable isotopes (6’20 and 8D)

Stable isotopes (8'%0 and 8D) are used for determination
of the origin and processes that occur during thermal fluids
ascend to the surface. Frequently, geothermal water presents
an oxygen shift to more positive values; this 8'%0 enrich-
ment is caused by isotopic exchange with rock (Nicholson
1993; Drever 1997; Diamond 2022).

Stable isotopes of the seven thermal water samples are
plotted in Fig. 12. The 8'%0 values vary from —10.8 to
-7.7%0 whereas the 8D varies from —75.5 to -55.5%o. The
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Fig. 10 Plots that represent the multicomponent geothermometry method using the seven thermal water samples. Computed saturation indices,
log(Q/K), as a function of temperature. The reservoir temperature is inferred from the temperature at which RMED is minimum

Table 3 Hydrothermal minerals used in the PyGeoT tool. The number next to the name of the mineral is the number of times that the mineral is
selected amongst the 20 best-clustering assemblages

M-1 M-2 M-3 M-4 M-5 M-6 M-7
paragonite (15) kaolinite (16) kaolinite (17) kaolinite (17) prehnite (17) microcline (16) prehnite (17)
chalcedony (14) quartz (13) microcline (12) chalcedony (13) quartz (16) kaolinite (15) quartz (16)
prehnite (14) laumontite (13) montm-Mg (11) paragonite (12) paragonite (13) chalcedony (14) laumontite (15)
laumontite (13) clinozoisite (12) quartz (11) laumontite (12) laumontite (13) muscovite (12) microcline (13)
montm-Mg (11) microcline (12) laumontite (11) microcline (11) microcline (12) prehnite (12) paragonite (12)
kaolinite (11) montm-Mg (11) kaolinite (12) laumontite (12) montm-Mg (11)
prehnite (11) montm-Mg (11) kaolinite (11)
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Table 4 Reservoir temperatures in °C calculated with solute geothermometers

Geothermometer M-1 M-2 M-3 M-4 M-5 M-6 M-7
Chalcedony 92 106 107 105 92 109 84
Multicomponent manual 90 99 100 98 104 105 91
Multicomponent PyGeoT 91 126 122 105 108 105 100
Fig. 11 Cl vs. B plot for the 0.45
thermal samples collected in this
work. A good linear correlation 0.4
is obtained for the M-1, M-2,
M-3, M-5, and M-6 samples with
R2=0.94 0.35
0.3
= 0.25
b
£
o 0.2
0.15
0.1 M-3 A
0.05
0
0.00 5.00 10.00 15.00 20.00 25.00
Cl (mg/L)

Fig. 12 Stable isotopes of the

seven water samples. The regres-
sion for the Mexican precipita-
tion line (Wassenaar et al. 2009)
was used as regional meteoric
water line

6D (%)

regression for the Mexican precipitation (Wassenaar et al.
2009) was used as regional meteoric water line. The ther-
mal samples M-5 and M-6 plot on the meteoric water line,
defined by D =7.5 %0 + 6.1, while the other samples
(M-1, M-3, M-4, and M-7) plot slightly to the right, prob-
ably by evaporation effects. The oxygen shift is not evident
in the isotopic composition of the thermal water, instead, a
trend towards heavier isotope compositions of samples M-4

-10 -8 -6 -4
580 (%)

and M-7, which also differ from the rest of the samples in
the CI/B ratio.
Discussion
It is expected that thermal waters show enrichment in Na, K,

F, Cl, and SO,, while cold waters are enriched in Mg and Ca
(Truesdell 1991). The analysis of the statistical descriptive
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Schoeller plot does not provide evidence about the domi-
nance of those elements, all waters samples show a very
similar pattern. However, the thermal waters have a slight
enrichment in fluoride (specially M-5), as also observed in
other low-temperature systems in Guanajuato (Morales et
al. 2015; Morales-Arredondo et al. 2016); while the non-
thermal waters are slightly enriched in magnesium and
calcium (especially on the wells located in the east). This
geochemical behavior can be explained as a result of mix-
ing of thermal waters with groundwater in the central part
of the basin.

Chalcedony and multicomponent geothermometry sug-
gest that at depth, the temperature may reach values between
84 and 126°C. The mineral phases manually selected and
used for multicomponent geothermometry were: chalced-
ony, montmorillonite, and laumontite. Those minerals were
also selected more than ten times by the PyGeoT tool. Chal-
cedony and montmorillonite are reported by Mahlknecht
et al. (2004) in the center of the basin. The occurrence of
chalcedony, laumontite, and montmorillonite is a common
alteration assemblage for a silicic rock type in low-tempera-
ture systems (Palmer et al. 2014). Temperature values from
multicomponent geothermometry have to be taken carefully
because of the poor reliability of aluminum concentrations
of the seven water samples (all below the detection limit of
4 ng/L), and the absence of magnesium concentration from
M-7. Typically, analyzed concentrations of magnesium
from fluid samples collected from surface are higher than
those obtained from deep wells, while the reverse is gener-
ally the case for aluminum (Olguin-Martinez et al. 2022).
Aluminum concentration is very important in speciation-
saturation calculations since most hydrothermal minerals
are Al-silicates, thus, aluminum and magnesium concentra-
tions strongly affect the computation of saturation indices
(Spycher et al. 2014).

The characterization of the samples included the use of
the Mifflin diagram (Mifflin 1968) that uses the hydrogeo-
chemical indicators Na+K vs. Cl1+ SO, (in equivalents per

million) to classify the water according to its evolution.
The area closest to the origin, local flow, is associated with
the recharge, while the higher concentrations are associ-
ated with higher evolution of the groundwater produced by
a regional flow. Figure 13 shows that all analyzed waters
(thermal and non-thermal) lie on the regional flow field.

The analysis of the Cl and B distribution shows that the
samples located to the east of the study area present a good
correlation, whereas the western samples M-4 and M-7
diverge. Thermal samples M-1, M-2, and M-3 are in the
Laguna Seca aquifer, and samples M-4, M-5, M-6, and M-7
are in the Cuenca Alta del Rio Laja aquifer. However, M-5
and M-6 display a similar C1I/B relationship with the ther-
mal samples from Laguna Seca aquifer. This discrepancy
may be related to an unreported fault that divides the east-
ern section where M-4 and M-7 samples are located. Buried
geological faults have been considered before in the CARL
(Pifia-Gonzalez et al. 2022).

In the study area, thermal and non-thermal waters have
low chloride concentration, below 30 mg/L. Thermal water
samples M-1, M-2, M-3, and M-6 have less chloride con-
centrations than non-thermal groundwater. Furthermore,
M-4, M-5, and M-7 samples have more chloride than the
thermal waters mentioned before, but still less chloride
than the non-thermal waters from La Luz, San Antonio del
Tepozan, and Trojes el Rincon. Mahlknecht et al. (2004)
proposed that the high chloride content in shallow and inter-
mediate-depth water (non-thermal groundwaters) could be
agricultural related (irrigation return flow, and chloride rich
fertilizers). Samples M-4, M-5, and M-7 (within the CARL
aquifer) are located within an accelerated drawdown area
with a high spatial density of pumping wells (Li et al. 2020);
so, the chloride concentrations of those wells can be influ-
enced by the agricultural activity, at the same time that the
thermal component can be the result of an inverted cone
of thermal water in transient state due to pumping (Ortega-
Guerrero 2009).
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Regarding the relationship between faults and thermal
water, in this study, M-1, M-2, and M-3 are closer to the
SFTSMA fault zone. M-1 is the hottest water sample with
47°C (4.5 km away from the fault trace), and M-3 (35°C)
is the one located on the fault trace. Rock sample collected
close to site M-3 corresponds to a pyroclastic rock on the
fault zone where hydrothermal alteration is evident. XRD
analysis reports calcite (Fig. 14b) and it correlates with
the slight calcium enrichment in M-3, contrasting with the
adjacent public wells Fatima (35°C) and Loma de Cocinas
(36°C) where sodium dominance is very clear. Calcite pre-
cipitation can promote the fracture-sealing process in the
fault zone, lowering permeability. Nevertheless, Fatima
and Loma de Cocinas are located at transfer zones, where
normal fault-segments intersect. This transfer zones may
enhance the permeability and channel the deep fluid circula-
tion to the surface (Olvera-Garcia et al. 2020).

Isotopic signatures (5'%0 and D) of the seven samples
of thermal water suggest a meteoric origin and the samples
do not show the §'%0 shift that is frequently observed in
geothermal waters. This may be interpreted as a predomi-
nance of groundwater at low temperature that hinders the
isotopic exchange with the rocks as the isotopic composi-
tion of low-temperature groundwater typically resemble the
isotopic composition of meteoric water (Diamond 2022).
Samples M-4 and M-7 present heavier isotope compositions
that might be related to evaporation effects or mixing with a
different meteoric recharge.

Thermal and non-thermal waters show a regional flow
system evolution according to the Mifflin diagram. Its

evolution, lateral and vertical flow paths can be described
as follows: Groundwater in the CARL is of meteoric origin,
and most recharge comes from rainwater that infiltrates in
the mountain ranges of Sierra de Santa Barbara and Sierra de
Guanajuato to the west of CARL, and in the Palo Huérfano
and La Joya volcanoes in the south. Bicarbonate is generally
the major anion for waters draining igneous and metamor-
phic rocks (Drever 1997), which agrees with the geological
characteristics of the recharge zones. In the recharge zones,
waters are predominantly calcium-bicarbonate type, and CO,
gas dissolution and carbonate weathering are the predomi-
nant processes during the infiltration. In the discharge zones,
waters are mainly sodium-bicarbonate, where the source of
sodium is Na-bearing silicate minerals (albite) weathering
(Mahlknecht et al. 2004). The preferential groundwater flow
direction is towards the center of the basin, meaning longer
flow paths and deeper circulation, where thermal and non-
thermal waters have similar geochemical signatures. There
is an slight calcium enrichment at the east of the SFTSMA,
that is related to the dissolution of calcite from the Meso-
zoic limestones by the cold recharge water. In the center of
the CARL, groundwater is hosted by a shallower granular
aquifer and a deeper rhyolite/ignimbrite fractured aquifer
(CONAGUA 2020a, b). Drilled wells in the center of the
basin produce from the granular aquifer that corresponds to
the 400 m of late Miocene-Pleistocene sedimentary depos-
its. It is suggested that the rising of deep thermal water is a
combination of processes including groundwater pumping
from the shallow-overexploited aquifers, and the vertical
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Fig. 14 Photograph of the hydrothermal alteration of pyroclastic rocks on the fault zone close to site M-3; a) outcrop where the rock sample was

taken b) XRD analysis
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permeability enhancement provided by the regional fault
system SFTSMA (Axelsson 2008).

The overexploitation of the CARL is an eminent problem
since groundwater is the only way to supply water to the
population and the agricultural sector. Thermal waters are
being used mainly for irrigation, increasing the risk of soil
alkalinization (Besser et al. 2018). Nevertheless, the geo-
thermal resource (from already operating wells) can also be
used in the agriculture and agro-industry sectors as direct
uses of geothermal energy, for example in aquaculture (fish
farming and algae production). Deeper wells reaching the
calculated reservoir temperature (~100°C), could be used
in food processing, fruit wine making, milk evaporation,
and fruit, vegetables and grains drying, which could add an
aggregated value to the agricultural production.

Conclusions

The thermal waters in the center of the CARL are sodium-
bicarbonate type with similar geochemical signatures than
the non-thermal waters, showing a regional flow system
evolution. Temperature at depth was calculated using multi-
component geothermometry that indicates a range from 90
to 126°C, while chalcedony geothermometer yields values
between 84 and 109°C. Isotopic composition (3'%0 and D)
of thermal water suggest a meteoric origin without 5'%0
enrichment related with the low temperature. The CI and B
concentration in the thermal waters provides evidence for
the presence of a barrier that detaches the central-western
zone from the rest of the samples in the Laguna Seca and
Cuenca Alta del Rio Laja aquifers.
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