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Abstract The existence of hot springs in the northeastern part
of Los Cabos Baja California Sur (BCS), is known from pre-
Hispanic times, but their hydrochemical composition had not
been previously described. Several springs are located within
the watershed of Santiago, and the objective of this study was
to define the hydrogeochemical composition of the thermal
springs and to characterize the geothermal reservoir. A total
of 16 water samples were taken in 11 geothermal manifesta-
tions under dry (June 2014) and humid (March 2015) condi-
tions. A geothermal system of low enthalpy and low mineral-
ization was found along the San José del Cabo Fault (FSJC),
with an average salinity (TDS) of 261 mg/L and an alkaline
pH (8.5-9.5). The hydrogeochemical composition corre-
sponds to the sodium-bicarbonate type, and geothermometers
(silica and Na—K) indicate temperatures ranging from 70 to
115 °C for the deep thermal reservoir in conditions of equili-
brium. The thermal springs with these hydrogeochemical
characteristics differ in respect to the hydrochemical compo-
sition of the springs, formally described on several sites of
BCS. Br/Cl and B/Cl ratios as well as the enrichment factor
(EF) indicate that rainwater with a seawater component repre-
sents the source of the thermal spring water. In the springs, a
mixture between thermal water and surface water is observed,
combined with a relatively deep water circulation, allowing a
calcium—sodium exchange, according to the host rock geo-
chemistry. The higher temperatures found at some hot springs
are related to the main trace of the San José del Cabo Fault.
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Introduction

Baja California Sur (BCS) is a region with a semiarid—arid
climate where water scarcity is limiting the development of
socio-economic activities and human welfare so that water
availability presents a challenge for sustaining the population
with potable water. The annual rainfall in the state does not
exceed 200 mm, and torrential rainfall during the hurricane
season is the main factor for groundwater recharge (Diaz et al.
2008).

Due to its landforms and hydrogeological conditions, there
are no large aquifers in the state of BCS and because of the
proximity to the coast, the over-exploitation during decades
has caused a seawater intrusion, provoking serious problems
in several aquifers (Cardona et al. 2004; Prol-Ledesma et al.
2004; Wurl et al. 2009).

Mexico has currently geothermal power plants in use, for
example, the geothermal field Los Azufres in Michoacan, Los
Humeros in Puebla, and Cerro Prieto field in the north of Baja
California state. The Baja California peninsula is character-
ized as an area with geothermal anomalies (Gonzélez-Ruiz
et al. 2015). The state of BCS has a geothermal power plant
located near the volcano Las Tres Virgenes, known as Las
Tres Virgenes (LTV) geothermal field (Maya-Gonzalez and
Gutiérrez-Negrin 2007; Portugal et al. 2000; Verma et al.
2006; Arango-Galvan et al. 2015). Mexico is the fourth largest
producer of geothermal energy in the world in 2016 with
1069 MW of operating capacity (Bertani 2016; GEA 2016).

In the southern part of the peninsula, several areas with hot
springs have been described or mentioned, for example, near
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Cabo San Lucas, El Sargento, Buenavista, and El Triunfo,
which reach surface temperatures up to 45 °C (Torres-
Rodriguez 2000; Lopez-Sanchez et al. 2006; Wurl et al.
2009; Arango-Galvan et al. 2015). In the case of the
Santiago watershed, the hot springs have not been reported
with respect to the hydrochemical composition and their
genesis.

The aim of this study was to determine the hydrochemical
composition of water in the hot springs, estimate the most
likely reservoir temperature, and recognize the possible source
of recharging at thermal springs in the watershed of Santiago,
BCS.

Location

The Santiago watershed with exoreic drainage covers an area
of approximatly 800 km? (Fig. 1) and is located in the south-
east of BCS, Mexico at a distance of about 100 km SE to the
city of La Paz, the capital of the state. The main access to the
study area is via the transpeninsular highway 1 (La Paz—San
José del Cabo); also, many dirt tracks connect the main towns
and villages in the zone.

Pacific

Santiago watershed Ocean

Towns

Springs

Highways

Geological and structural settings
Regional geology

The Baja California (BC) Peninsula has their genesis linked to
the opening of the Gulf of California (Martin-Barajas 2000;
Sedlock 2003; Frizzell 1984; Busch et al. 2011). The peninsula
exhibits a heterogeneous geology; the oldest rocks come from
the Triassic to the Jurassic period. The existence of a volcanic
arc, caused by subduction, led the formation of ophiolite rocks
that are located in the region of Magdalena Bay and Vizcaino
desert. The Cretaceous and Tertiary periods are represented by
intrusive alkaline igneous rocks intrusionated by leucocratic
and mesocratic dikes. Also, Tertiary volcanic rocks are outcrop-
ping in the middle of the Peninsula, sensu lato they are repre-
sented by volcanosedimentary rocks deposited alternating with
lava flows at different stages in terrigenous and marine envi-
ronments. Contemporaneously to the extension of the Gulf of
California, tectonic basins were formed in marine and terrige-
nous environments. The latest geological deposits are repre-
sented by sediments in active streams, alluvial fans, terraces,
dunes, and coastal sediments (Gastil et al. 1976; Hausback
1984; Sedlock et al. 1993; Martinez-Gutiérrez and Sethi

California
Gulf

Fig. 1 The Santiago watershed, thermal springs, and main roads in the southern part of the Baja California peninsula
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1997; Schaaf et al. 2000; Martin-Barajas, 2000; Kimbrough
et al. 2001; Umhoefer et al. 2001; Dorsey et al. 2001; Busch
etal. 2011).

Study area geology and previous works

Pantoja-Alor and Carrillo-Bravo (1966) and McCloy (1984)
presented the first stratigraphic and lithologic descriptions of
igneous and sedimentary rocks as well as some biostratigraphal
datings in the area. Aranda-Gémez and Pérez-Venzor (1989)
studied the metasediments on the west side of the Los Cabos
Block (BLC), provide an age of 115-65 Ma for the metase-
diments and the pre to syntectonic plutons through K-Ar dating
method. Additionally, deformed granites are found in the east
and central part of BLC. Nevertheless, most of the rocks of the
BLC are crystalline type corresponding to granitic to tonalitic
composition, emplaced in the Mesozoic to Tertiary (Schaaf
et al. 2000; Fletcher et al. 2003; Pérez-Venzor 2013). The
Metamorphic complex represents the oldest rocks in the area
and is formed by relicts, screens, roofpendants, apophisys, and
dikes of metamorphic rocks with several degrees of ductile
and/or brittle metamorphism and granitic rocks (Fig. 2) as well
as the own granitic intrusives (sensu lato).

Martinez-Gutiérrez and Sethi (1997) describe the following
five stratigraphic formations in the basin: La Calera, Trinidad,
Refugio, Los Barriles, and El Chorro, which range from the
middle Miocene to Pliocene (Busch et al. 2011; Martinez-
Gutiérrez and Sethi 1997). The most recent deposits are found
in the active streams as an alluvial sediments and on the slopes
of the mountains as alluvial fans and alluvial terraces.

The BLC is considered a Aorst and the tectonic basin as a
half graben, which was formed in association with the open-
ing of the Gulf of California, giving rise to the extension of the
basin San José del Cabo Basin (CSJC), during the Miocene—
Pleistocene (Martinez-Gutiérrez and Sethi 1997).

Structural settings

The extensional province of the Gulf of California has been
the subject of numerous studies (Stock and Hodges 1989; Lee
etal. 1996; Martin-Barajas 2000; Fletcher and Munguia 2000;
Umbhoefer et al. 2002; Sutherland et al. 2012; Dorsey and
Umhoefer 2012; Portillo-Pineda 2012). The predominant
structural geologic features in BCS are of convergent
Andean type, which started in the late Paleozoic and culmi-
nated in the late Cenozoic. The main pulses of magmatism
occurred on the peninsula from about 120 to 90 Ma ago
(Fletcher et al. 2003).

A convergent margin subduction regime evolved into an
extensional margin, facilitating the development of a conti-
nental rift and then an oceanic rift. This process resulted to
the transfer of the peninsula of Baja California to the Pacific
plate during the late Miocene—Pliocene (Martin-Barajas
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2000). Tectonic activity during and after the process of diver-
gent oblique movement, influenced the formation of grabens,
which were filled with sediments, as in the case of CSJC. The
CSJC corresponds to a half graben, bounded by the San José
del Cabo Fault (FSJC) normal listric type, with trend NNE-
SSW (Martinez-Gutiérrez and Sethi 1997; Weber 2012). This
fault is the main structure in the area. The fault also defines the
contact between intrusive rocks and sedimentary rocks within
the CSJC.

The FSJC is segmented and presents differential activity in
each of its blocks, defined by the geometry of the mountain
fore of each segment. The FSJC dissects and limits the oldest
structures that are oriented with preferential direction between
10° and 15° to NW-SE (Fig. 2) (Martinez-Gutiérrez and Sethi
1997; Fletcher and Munguia 2000; Pérez-Venzor 2013). The
BLC shows an intense fracturing, which defines a strongly
steep topography. A fault known as La Trinidad fault limits
the CSJC at the southeast border toward La Trinidad range (out
of visible area in the geologic map). Both faults are defined as
normal type (Martinez-Gutiérrez and Sethi 1997; Fletcher and
Munguia 2000; Bravo-Pérez 2002). Faults in the Sierra La
Trinidad mountain range show a north—northwest to northwest
trend (Martinez-Gutiérrez and Sethi 1997). Tectonic activity
began first in the Sierra La Trinidad (middle Miocene) and then
in the BLC (late Pliocene) (Martinez-Gutiérrez and Sethi
1997), between 9 and 11 Ma (Fletcher et al. 2003).

Based on geophysical exploration, Busch et al. (2011) con-
clude that the listric normal movement of the FSJC was de-
veloped in stages, resulting in a differentiated architecture of
sedimentary formations in the basin.

Hydrogeological gramework

The maximum altitude in the Santiago watershed reaches
2040 m a.s.l. at the east part of the study area. The mountain
areas show a very precipitous relief with abrupt slopes, typi-
cally coming from granitic crystalline rocks (Martinez-
Gutiérrez et al. 2010). In the elevated portions of the basin,
the runoff flows with high velocity, generating vertically rath-
er than horizontally erosion (Lugo-Hubp 1990). Therefore, the
weathering caused by rain is the main factor that is modeling
the basin. Erosive products, as cliffs and deep valleys were
created, and blocks from meter size to fine particles, such as
sand and silt, can be transported in the streams. The stream
channels can measure up to kilometer wide, forming an un-
confined and coastal aquifer (CONAGUA 2015).

In the central part of the watershed, tablelands composed
with sediments of continental and marine origin with low
dissection remained. The topography is dominated mostly
by a dendritic and rectangular drainage pattern (Martinez-
Gutiérrez et al. 2010). The Santiago watershed is draining to
the eastern slope of BLC from the Sierra La Laguna toward
the Gulf of California.
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Fig. 2 Geological and structural maps showing geological and
lithological units. Hot springs are located on the trace of San José del
Cabo Fault and in the La Trinidad mountain range (modified after

Geothermal and hydrogeochemical framework

Hydrogeochemical investigations have been conducted to de-
termine the status of the aquifers. Because most of the popu-
lation in BCS lives in the coastal zones, negative effects due to
over-exploitation have been found, mainly due to the intrusion
of seawater (Cardona et al. 2004; Prol-Ledesma et al. 2004;
Waurl et al. 2009; Rosales-Ramirez et al. 2011; Gonzalez-
Abraham et al. 2012). Moreover, some negative effects also
come from mining or industrial activity (Carrillo-Chavez et al.
2000; Wurl et al. 2014).

The presence of hydrothermal manifestations has been stud-
ied during the last 30 years. In order to recognize the geothermal
potential in BCS, several researchers had developed knowledge
through scientifics works, specifically for the Las Tres Virgenes
geothermal field, where today, geothermal energy production
plant in the municipality of Mulege exists. Also, other areas with
geothermal activity exist, as in Loreto, Bahia Concepcion, Cabo
San Lucas, San Juan de los Planes, and Santiago (Portugal et al.
2000; Lopez-Sanchez et al. 2006; UABC 2011; Wurl et al.
2014; Tello-Hinojosa et al. 2005; Arango-Galvan et al. 2015).

California
Gulf

Martinez-Gutiérrez and Sethi 1997; Pérez-Venzor 2013; Inferred faults
from Busch et al. 2011)

Torres-Rodriguez (2000) report a geothermal chart scale 1:
2,000,000 for Mexico, which includes the thermal zones
existing on Santiago watershed and other places located in
the Baja California peninsula.

Hydrothermal activity on the peninsula is linked to regional
faults that allow deep penetration of water in areas of high heat
flow (Prol-Ledesma et al. 2005). Faults are related to exten-
sional tectonics of the Gulf of California in the Tertiary
(Aranda-Goémez et al. 2000; Prol-Ledesma et al. 2004; Canet
et al. 2005; Villanueva-Estrada et al. 2005).

So far, the work on hot springs on the peninsula indicates
the seawater as a supply source, modified by geothermal pro-
cesses. The thermal water is enriched in Ca, As, Hg, Mn, Ba,
HCOs, Li, Sr, B, I, Cs, Fe, and Si relative to seawater
(Villanueva-Estrada et al. 2005).

Prol-Ledesma et al. (2005) describe similarities in the chem-
ical composition of hydrothermal manifestations submarines in
Punta Mita and Punta Banda. Villanueva-Estrada et al. (2005)
proposed that water from springs in Bahia Concepcion is very
similar to the composition of the thermal fluid found in deep
wells of Las Tres Virgenes. Temperature calculated by
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geothermometers reaches the deep reservoir approximately
200 °C for Bahia Concepcion and an equilibrium temperature
at the surface of about 120 °C (Villanueva-Estrada et al. 2005).

Lopez-Sanchez et al. (2006) describe samples of ther-
mal water taken from boreholes which were perforated to
a desalination plant project located near the city of Cabo
San Lucas. They presented in their study the water type
and origin of these sources, concluding that the reservoir
has a temperature of 200 °C, with seawater as the dom-
inant fluid and a chemical composition similar to that
described for the central part of the Baja California
Peninsula.

Waurl et al. (2009) conducted a study in which hydrogeo-
chemical groups of groundwater were typified in the Santiago
basin. They suggested that the eight water groups present a
dominance of calcium-bicarbonate type. They indicate that
some samples have a high salinity (greater than 1000 mg/L
STD) and problems regarding the element nitrogen (in the
ammonium and nitrite species), manganese, chloride, and
chromium. According to the temperatures where water sam-
ples obtained (40 °C), the existence of thermalism in the zone
was indicated.

Gonzalez-Abraham et al. (2012) documented in his study
geochemical samples of thermal springs in the region of
Loreto and define the types of waters, determining the exis-
tence of mixtures of water and the ratio of the components in
the water—rock interaction.

Arango-Galvan et al. (2015) presented a compilation and
characteristics of the main sites with geothermalism presence
in the peninsula of Baja California. They propose 14 geother-
mal areas which include an area in the BLC near the town of
Cabo San Lucas; however, they did not define hydrogeochem-
ical characteristics for geothermal area in the Santiago
watershed.

The Santiago watershed has low enthalpy geothermal re-
sources (UABC 2011; Iglesias et al. 2011; Ordaz-Méndez
etal. 2011). However, a detailed analysis of the characteristics
of the thermal springs in Santiago has not been done.

Methods and data analysis
Sampling

A total of 16 water samples were taken at 9 springs, 1
handcraft well, and 1 well: eigth samples under dry con-
ditions in June 2014 and eigth under humid conditions in
March 2015, after the hurricane season of 2014, when
hurricane Odile produced a maximum rainfall of
220 mm in the village of Santiago (Meteorological
station Santiago 3062, CONAGUA 2014). The springs
had low flow rate (less than 0.1 L/s), and one sample
corresponds to an abandoned well with a diameter of 8.

@ Springer

Five springs were selected for repetitive sampling in the
dry season and after heavy rain events: San Dionisio,
Santa Rita 1, Santa Rita 2, E1 Chorro, and Las Vinoramas
(Tables 1 and 2).

The sampling methodology and analysis methods were
based on the Mexican standards: NMX-AA-003-1980
and NMX-AA-014-1980, the EPA/600/4-79-020 standard
(US-EPA 1983), and the procedures defined in the
Standard Methods for examinations of Water and
Wastewater (SMWW 1999). The following informations
were recorded: date and time; geographical position and
altitude (with handle GPS Garmin®); the temperature
was measured directly in the spring water with Hanna®
termometer; electrical conductivity was measured with
Hanna® conductivimeter; and the redox potential (in
Eh mode) and pH were analyzed immediately after sam-
pling with portable tester Hanna® Hi 98160.

The acidity and alkalinity were analyzed in the field by
solution titration with 0.01 N HCI. The samples for cations
and trace metals analysis were filtered through cellulose filters
(0.45 um of pore diameter) and then acidified with concen-
trated trace-metal grade HNOj (to reach pH < 2) and stored at
4 °C. A second sample volume for the analysis of anions was
taken, filtered in order to minimize bacterial activity. All the
samples were collected in HDPE bottles previously washed
with deionized water, and before taking the sample at the site
the bottles were rinsed with water from the spring or well,
respectively, after taking samples they were stored in ice box-
es during the field trip.

Analysis methods

All analyses were conducted in the laboratories of the
Institute of Geology/Faculty of Engineering of the
Autonomous University of San Luis Potosi (UASLP).
The major anions Cl, HCOj3, and CO5; were analyzed by
volumetric methods and SO4, NO3, and F by turbidimetric
Spectrophotometer (Hach® model DR2800). The analysis
of the cations Na and K was performed by flame spectro-
photometer (Thermo Scientific® brand), and the elements
Ca, Mg, B, and Si were obtained by inductively coupled
plasma optical emission spectrometry (ICP-OES, Thermo
Scientific® brand iCap 7000 model series). Trace ele-
ments were analyzed, using inductively coupled plasma
mass spectrometry (ICP-MS, Thermo Scientific® Model
X-series 2). The analytical data for ICP-OES and ICP-MS
were verified calibrating the equipment with standards
concentrations, blanks, and duplicates. Mean concentra-
tions for samples analysis were obtained from three simul-
taneous measurements in both ICP equipments; the RSD
was less than 2% (Table 3). The results of chemical anal-
ysis were validated based according to their charge bal-
ance, allowing only differences less than +5%.
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Table 1  Chemical analysis results (mg/L) and error in percent for samples in dry season

Sample ID San Dionisio Santa Rita 1 Santa Rita 2 El Machete Pozo 15 Pozo 14 El Chorro Las Vinoramas
X wgs84 622,977 621,711 621,628 638,659 638,082 638,725 621,782 621,149
Y wgs84 2,604,438 2,596,184 2,596,251 2,595,229 2,603,691 2,604,444 2,592,754 2,590,874
Alt. (m) 259 255 272 167 63 54 195 322
Temp (°C) 36.4 42.1 422 28.7 36.8 32.0 43.0 31.1

ORP (mV) 46.3 50 270 45 111 58.9 =300 10

pH 8.5 9.2 9.5 8.3 8.59 8 9.22 7.1

E.C (uS/cm) 616 299 240.6 546 730 2865 250 190.6
TDS 302 146 118 267 358 1404 123 93

Ca*™ 13.52 8.68 4.16 21.84 13.89 31.25 8.68 6.94
Mg** 11.38 1.06 0.63 2.53 1.06 2.11 1.06 2.11

Na* 55.54 43.00 50.00 75.00 148.00 632.00 40.73 30.00

K* 14.86 1.41 0.79 2.95 0.35 6.85 043 1.27

ClI 60.75 12.51 14.29 67.90 30.38 348.43 10.72 12.51
HCO;™ 143.96 86.38 74.86 54.53 255.59 69.10 109.07 86.38
CO; 5.66 11.33 16.99 10.73 21.15 5.66 0.00 0.00
SO, ~ 2.00 14.00 1.00 70.00 55.00 770.00 1.00 1.00
NO;~ 1.50 0.80 0.80 5.00 0.60 1.70 0.70 0.80

F 0.58 2.29 2.13 0.22 1.54 1.29 0.48 227

% Error 0.56 -2.89 2.34 —0.84 1.69 3.75 3.49 -1.69

Data interpretation

The different types of water were classified, based on the
concentration of major ions; Piper and Stiff diagrams were
used to visualize the hydrogeochemical classification (Fig. 3).

Based on the enrichment factor (EF) the water source of the
hydrothermal system can be recognized. For example, the

Table 2 Chemical analysis results (mg/L) and error in percent for samples in wet season

concentration of an element, which is considered conserva-
tive, may indicate the evolution of seawater during elemental
enrichment during evaporation (Vermette et al. 1988; Okay

Sample ID La Trinidad  El Chorro 1  Las Vinoramas 1 ~ Santa Rita 2-]  Santa Rita 1-J  Sol de Mayo  San Dionisio I ~ Buenavista
X wgs84 638,475 621,782 621,149 621,628 621,711 622,613 622,977 635,322
Y wgs84 2,589,448 2,592,754 2,590,874 2,596,251 2,596,184 2,600,003 2,604,438 2,614,790
Alt. (m) 221 195 322 272 255 381 259 15

Temp (°C) 28.5 454 30.2 41.6 42.4 28 28.1 41.3
ORP (mV) 100 -304 —45.9 —427 —481 71 101.2 36.1
pH 7.17 9.44 9.07 9.22 9.11 8.05 8.9 8.04

E.C (uS/cm) 534 149 2199 280 276.9 429 186.3 773

TDS 262 73 108 105 136 210 91 379
Ca™ 48.61 1.04 1.74 8.68 2.08 26.04 10.42 5.20
Mg** 19.00 1.90 0.11 1.06 0.63 5.28 5.28 0.63
Na+ 35.00 40.00 59.00 50.00 67.00 64.30 31.37 152.00
K* 2.57 0.59 1.11 0.66 0.56 2.35 4.60 431
Cl 35.74 12.51 16.08 12.51 17.87 35.74 17.87 121.50
HCO;~ 172.75 63.34 98.16 10941 103.65 161.24 97.89 80.62
CO; 0.00 11.33 10.73 11.33 11.33 0.00 5.66 11.33
SO, 67.00 3.00 10.00 7.00 6.00 28.00 0.90 59.00
NO;~ 1.90 0.60 0.70 0.70 1.20 0.70 0.70 7.20
F 0.18 1.84 2.55 1.91 4.57 0.35 0.20 222
% Error 2.82 0.64 -1.53 -1.26 1.97 3.71 2.07 3.27
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Table 3  Chemical results for B, Br, and Si (mg/L)

Sample ID B Br Si

San Dionisio 0.058 0.184 25.732
Santa Rita 1 0.121 0.037 20.924
Santa Rita 2 0.141 0.062 21.112
El Machete 0.150 0.343 20.200
Pozo 15 0.396 0.367 11.465
Pozo 14 1.207 2.855 11.311
El Chorro 0.131 0.061 16.150
Las Vinoramas 0.141 0.068 16.841
La Trinidad 0.118 0.204 16.446
El Chorro 1 0.131 0.060 16.283
Las Vinoramas 1 0.128 0.055 16.539
Santa Rita 2-J 0.167 0.079 21.470
Santa Rita 1-J 0.157 0.073 21.692
Sol de Mayo 0.123 0.260 24.073
San Dionisio 1 0.034 0.083 16.437
Buenavista 0.330 0.571 30.676
Seawater” 4.6 65 3

% RSD 1.67 1.37 1.84

# Seawater from Hill (2005)

et al. 2002). The method is feasible to recognize elements,
incorporated into the water, by their enrichment regarding that
source, applying the formula:

where the ratio x/Cl " is the value for the sample and reference,
respectively, in this case, seawater (sw). The value x is given
for the concentration of the element to obtain in each sample.

The EF was used to define the water origin source for
thermal springs. The diagram, proposed by Vengosh (2003),
allows recognizing the salinity origin of the severals water
sources (seawater, dissolution of evaporites, irrigation return
flow from agriculture and hydrothermal water) through the
ratios Br/Cl and B/CI. It permits also to recognize effects
caused by the evaporation of the source water (indicated
with an arrow, see Fig. 6).

Calculations of different geothermometers (taking in ac-
count the concentration of SiO, and Na—K-Mg cations)
allowed to estimate the equilibrium temperatures in the ther-
mal reservoir. The data were processed within the software
SolGeo (Verma et al. 2008) and in a spreadsheet designed
by Powell and Cumming (2010). Several geothermometric
equations are used in SolGeo and in the Powell and
Cumming spreadsheet (i.e., Fournier 1979; Fournier and
Potter 1982; Nieva and Nieva 1987; Giggenbach 1988;
Verma and Santoyo 1997; Gunnarsson and Amorsson 2000;
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Arnorsson 2000b; Diaz-Gonzalez et al. 2008), given a useful
tool to estimate temperatures at depth.

Results
Physicochemical analysis

The water samples, collected in the eastern part of the Los
Cabos Block, presented the following hydrogeochemical
characteristics (Fig. 3; Tables 1 and 2).

Weather conditions and temperature

The samples were taken under sunny weather conditions
where the air temperature during the field campaign reached
a maximum of 32-34 °C in June 2014 and 25-28 °C in
March 2015. The average temperature in March was 18 °C
and in June 27 °C, and the annual average is 22.8 °C, standard
deviation 0.3 (Santiago weather station 3062, CLICOM
2015).

The highest water temperature corresponds to the thermal
spring El Chorro with 45 °C, and the lowest temperature was
observed at the spring Sol de Mayo with 28 °C (Fig. 3;
Tables 1 and 2). The map (Fig. 3) and Tables 1 and 2 shows
the water temperatures of the springs and the wells in the
Santiago basin.

pH and Eh

The thermal springs have alkaline pH in the range of 8.5 t0 9.5
(Santa Rita, E1 Chorro, Las Vinoramas, Buenavista), with ex-
ception of La Trinidad with value very closed to neutral pH.
The lowest redox potential was observed at the spring El
Chorro with =300 mV in June 2014 and —481 mV in
March 2015 at Santa Rita 1 spring (see Tables 1 and 2). Eh
values obtained indicate that the water in the springs of the
Sierra La Laguna has an anoxic source at depth.

It is inferred that the processes of water—rock interaction
allow rainwater to acquire a more alkaline pH during the mi-
gration in depth to interact with mineral alteration product
(Feldspar mainly), which is involved in ionic reactions in the
water—rock interaction, resulting in the change of an acidic-
neutral pH (rainwater) to a more alkaline.

Electrical conductivity

The average electrical conductivity was 261 uS/cm; the low-
est value corresponds to the El Chorro 1 spring (after rainy
season) and the highest to Pozo 14 (Tables 1 and 2). The Pozo
14 is located inside an agricultural field, so the elevated min-
eralization may be caused by the recirculation due to irrigation
of water which infiltrates in the crop field.
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Fig. 3 Hydrogeochemical map with the characterization of the thermal springs (Stiff diagrams) and temperature

The low mineralization in water at the springs suggests a
relatively fast migration in depth, which may be due to high
hydraulic conductivity product of the intense fracturing. A
steam—water phase may be causing dilution during the water
ascent. Mineral precipitation by conductive heat loss and
mixing with meteoric water is possible, so this could be a
reason for the low mineralization observed. The Buenavista
sample showed 773 uS/cm; it is located near the coast and
may be affected by mixing with seawater (Fig. 3).

Thermal springs water clasification

The samples were classified with respect to their abundance of
major ions. El Chorro, Las Vinoramas, Santa Rita, Sol de
Mayo, San Dionisio, and Pozo 15 predominate the sodium
bicarbonate type. Buenavista and El Machete correspond to
the sodium chloride type; meanwhile, La Trinidad belongs to
the calcium-bicarbonate type and Pozo 14 resulting sulfate
sodium type (Figs. 3 and 4).

All 16 samples are presented in the Piper (1944) diagram
(Fig. 4). The diagram allows to recognize mixing processes
between the different types of water. One mixing line is visible
between thermal water and more (San Dionisio 1) or less

meteoric water (Las Vinoramas and Santa Rita 1). A second
mixing line can be identified between San Dionisio 1 and
seawater, where El Machete is identified as most influenced
by seawater mixing. It can also be observed that samples,
taken after the rainy season, show a relative increase in the
concentration of Na (San Dionisio 1, The Vinoramas 1, El
Chorro 1, and Santa Rita 2) (Fig. 4).

Five samples, taken in the dry season, were compared to
those obtained after the rainy season and low changes in their
composition was observed (see Piper and Stiff diagrams;
Figs. 3 and 4). In the dry season, a trend to acquire more
calcium is observed.

The spring water in the Sierra La Laguna mountains (of
sodium bicarbonate type) can be associated with a rapid
flow of meteoric water into deeper zones and a subse-
quent return to the surface. E1 Chorro, Santa Rita 1, and
Santa Rita 2 had higher pH values (up to 9.5) and higher
temperatures than the northern springs (Sol de Mayo, San
Dionisio; Fig. 3). Water samples from the eastern part of
the basin (Pozo 14 and Pozo 15, La Trinidad, El Machete)
show a generally higher mineralization probably due to
the porous media formed by fluvial and marine sedimen-
tary rocks.
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Fig. 4 Piper diagram with the
hydrogeochemical signature of 16 Water types
samples. Seawater was included A Na-HCO;,
as reference (after Hill 2005). The
maximum TDS concentration is ® Na-Cl
1404 mg/L (Pozo 14) ® Na-SO,-Cl
X Na-SO,
Y& Ca-Na-HCO;,
. Na-Cl, Sea water
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Br/Cl and B/Cl ratios

The ratios of Br/Cl and B/Cl were used in order to recognize
the effects of evaporation, mixing, and the possible origin of
the spring water; Cl, Br, and B are conservative elements
(Arnorsson 2000a; Bear et al. 2013; Vengosh 2003). In the
graph Brvs Cl (Fig. 5; Table 3), the spring water maintains the
relation between this two elements, found in seawater.

Based on the diagram proposed by Vengosh (2003), the
ratio of Br/Cl vs B/Cl allows to distinguish between different
salinity sources in the springs and effects due to evaporation,
so the relations mentioned would indicate water from different
recharging provenances (Fig. 6).

The B/Cl ratios, measured in all the hydrothermal waters,
differ in respect to the hydrothermal water with seawater as a
source, described by Prol-Ledesma et al. (2004), Canet et al.
(2005), and Villanueva-Estrada et al. (2005), among others. In
the hydrothermal manifestations from the BLC, two different
groups can be distinguished (red and purple in Figs. 5 and 6).
The Br/Cl ratios varies between samples that coincide with the
ratio in seawater and others where an evaporating process is
indicated.

@ Springer

The diagram Br/Cl vs B/CI shows samples within the area
that define geothermal waters origin, and two groups are ob-
served in the graph (Figs. 5 and 6). The most thermal group
has a higher ratio B/CI, allowing to recognize the possible
addition of boron geogenic (Table 4). It is probable that the
thermal spring areas in Las Vinoramas, El Chorro, Santa Rita
1, and Santa Rita 2 have their chemical composition influ-
enced by water—rock interaction effects in the alteration zone
generated by the San Jose Cabo fault (Fig. 3). Furthermore,
the two clear trends of separate groups give an idea of mixing
waters; samples with less B/Cl ratio would be defining mixing
zones compared to those with greater B/Cl ratio. For two
groups, it is observed that they have a certain linear relation-
ship toward increased relations Br/Cl and B/CI; this suggests a
dilution probably caused by evaporation.

Enrichment factor

Based on the concept of conservative properties of some ele-
ments (i.e., Cl, B, Li), they can be used as a reference to define
a possible enrichment for a given chemical element. Applying
the EF formula, if the result is a value that tends to 1 in the
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Fig. 6 Source of origin of water
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Br/Cl and B/CI (diagram after
Vengosh 2003). Arrows indicate
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mol/L) of thermal waters from the
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(Vermette et al. 1988; Okay et al. 2002). This method is wide-
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the method is used with the sodium in seawater and aluminum
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Table 4  Enrichment factors to 16 samples in Santiago watershed

EF seawater EF Na EF Mg EFF EF B EF Br EF Si

San Dionisio 1.65 2.64 139.53  3.98 0.89 2682.56

Santa Rita 1 622 1.19 2675.86 39.96 0.87 10,595.01
Santa Rita 2 633  0.62 217779 40.74 1.27 9353.98
El Machete 200 052 4735 9.09 147 1884.11
Pozo 15 882 049 74097 53.85 3.53 2390.51
Pozo 14 328 0.09 54.11 1431 239 205.60
El Chorro 6.87 1.39 65436 50.35 1.67 9540.57
Las Vinoramas 434 237 2652.49 46.46 1.58 8527.43
La Trinidad 1.77 748 73.62 13.63 1.67 2914.64
El Chorro 1 579 213 2150.04 43.09 1.41 8244.78

Las Vinoramas 1 6.64  0.09 2317.52 32.82 1.00 6513.42
Santa Rita 2-J 723 1.19 2231.83 55.08 1.85 10,871.41
Santa Rita 1-J 6.79 050 3738.03 36.38 1.20 7688.69
Sol de Mayo 326 208 143.14 14.17 2.13 4266.29
San Dionisio 1~ 3.18  4.16 163.59 7.86 1.36 5826.00
Buenavista 226  0.07 267.04 11.20 1.37 1598.97

for the crust as reference. This paper used the Cl in seawater as
reference instead of Na.

In respect to Cl in seawater, the EF for Na, Mg, F, Si, Br,
and B was calculated. The results can help to elucidate if the
recharge water of the springs has contribution and is diluted

from seawater or, on the other hand, if it has other enrichment
supply sources. Table 4 shows the EF calculated.

An EF between 1 and 10 indicates a considerable content
of elements from the source (Vermette et al. 1988; Okay et al.
2002). F, B, and Si have high enrichment factors, because this
elements are spiked due to disolution of minerals containing
this elements, such as fluorite, quartz, feldspar, and alteration
minerals. Especially, Br values are very close to 1 in all sam-
ples indicating their origin from the seawater. The silica and
fluorine show very high values in the enrichment factor; its
origin is attributed to the dissolution of minerals from the
alteration in the fault zone of the granitic and metamorphic
rocks of the BLC.

Geothermometry
Thermal water classification

Generally, it is necesary to define first which determinated
type of geothermometer can be applied according to the chem-
ical characteristic of the thermal water. Some diagrams can be
used: The diagram proposed by Giggenbach and Goguel
(1989) shows that there exists the dilution and mixing for
the thermal water with the recharge surficial water that
promove the low equilibrium in the thermal springs. The
tendencial curve that the samples show toward the zone of
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N San Dionisio Shale @
0.9 4 ¢
San Dionisio 1 Basalt
.. o O @ Diorit
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. & Sandstone O o
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Fig. 7 The diagram after Giggenbach and Goguel (1989) shows the
relation between Mg/(Mg + Ca) and K/(K + Na). The curved line
indicates water rock equilibrium at different temperatures. Most of the
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samples studied are not in equilibrium, possibly due to mixing with
rainwater. Samples with filled marks were taken during rainy season
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Fig. 8 Giggenbach ternary diagram of Cl, SOy, and HCO; shows the classification of the majority of samples in the field of HCOs, which could be

explained as a mixing of thermal waters with surface waters

the rock dissolution is notable toward the equilibrium water
rock line (Fig. 7).

The diagrams in Figs. 8 and 9 present the ion ratios of Cl-
SO,~HCO; and CI-B-Li that allow to explain a probable
mixture between water of the geothermal system with water
at shallower meteoric water. The CI-SO,~HCO; diagram
(Fig. 8) is used to distinguish the classification of thermal
water basis in their principal anions; the majority of samples
lie on the peripheral waters field (HCOs) in the diagram and
can be explained as thermal water influenced with surface
waters enrichment in this anion. Cl-B-Li diagram (Fig. 9)
indicates that the samples are in the zone with low absorption
of CI/B steam and represents an older hydrothermal system,
indicating that the fluids had influenced by water rock inter-
action. The Na—K-Mg diagram (Fig. 10) shows that most of
the samples are unreliable to estimate temperatures in their
reservoir with cation exchange geothermometers; only the
samples in the field of partial equilibrium of the reservoir
temperatures could be estimated using these geothermometers
but with rigorous caution.

The results obtained by the geothermometer silica and Na—
K are shown below. Table 5 presents the results for several

geothermometers calculated within the software SolGeo
(Verma et al. 2008). This computer program allows the calcu-
lation to 35 geothermometric equations (for details of the
statistical basis, see SolGeo; Verma et al. 2008). Some silica
and cationic geothermometric formulas used were the pro-
posed by Fournier and Potter (1982), Arnérsson (2000b),
Giggenbach (1988), Nieva and Nieva (1987), and Diaz-
Gonzalez et al. (2008), among others.

Silica geothermometer

The temperature in the thermal reservoir for the samples taken
at thermal springs, Las Vinoramas, El Chorro, Santa Rita 1,
Santa Rita 2, Sol de Mayo, San Dionisio, and Buenavista,
calculated for quartz geothermometer (Verma and Santoyo
1997), lay between 86 and 115 °C; the highest temperature
for the deep reservoir corresponds to the spring Buenavista,
although the highest surface temperature was observed at the
El Chorro spring (45 °C).

Calculations for quartz geothermometer, using equations
within SolGeo, for Fournier (1977) and Verma and Santoyo
(1997), are similar. These geothermometers are valid for
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Fig. 9 Li-B-Cl diagram defines two groups of water. Major
concentration in Li and B is typical for geothermal systems with
fractionation associated to fluid heated by low temperature steam

temperatures between 0 to 250 and 20 to 210 °C, respectively
(Verma et al. 2008) and have the best representation to esti-
mate the reservoir temperature of the thermal springs at the
Santigo watershed. The minimum temperature was found for
Pozo 14 with 71.5 °C and a maximum of 115.4 °C for the
Buenavista spring. The samples show that the Si is in equilib-
rium with chalcedony (Fig. 11).

Exchange cationic geothermometer

The samples from the springs Las Vinoramas 1, Santa Rita 1-
J, Pozo 15, Pozo 14, and Buenavista show a partial equilibri-
um in the Na—K—Mg diagram, pointing to a temperatures be-
tween 34 to 88 °C with the Na—K geothermometer by Diaz-
Gonzalez et al. (2008), 85 to 134 °C with Verma and Santoyo
(1997) Na—K geothermometer, and 90 to 148 °C with the
Giggenbach (1988) Na—K geothermometer (Tabla 5, the table
presents the errors for Verma and Santoyo geothermometer
and Diaz-Gonzélez et al. geothermometer). The modeling
with cations geothermometer presents problems to define with
certainty an equilibrium temperature, and some authors sug-
gest not to use the concentrations in these calculations, but the
activity coefficients; others propose not to use them anymore

@ Springer
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(Powell and Cumming 2010). The same separation in two groups is
observed, as in the Br/Cl-B/Cl diagram (Fig. 6)

because it is contrary to the laws of chemistry and thermody-
namics (Arnoérsson 2000b; Verma 2015).

Discussion

The springs in the BLC are embedded in crystalline and meta-
morphic rocks and are influenced mainly by the active fault of
the San Jose del Cabo and differ in respect to the formally
described springs in the north and middle of the Baja
California peninsula, which correspond to activity volcanic
system of Las Tres Virgenes (Portugal et al. 2000; Prol-
Ledesma et al. 2004; Verma et al. 2006). Other springs in
Loreto and Bahia Concepcion have manifestation in shallow
submarines media (Prol-Ledesma et al. 2004; Gonzalez-
Abraham et al. 2012; Arango-Galvan et al. 2015).

Temperatures up to 72 °C are reported in sodium chloride
type water which are very similar to the chemical composition
of the Buenavista spring but are noticeably different to the
others analyzed sites in this study (Tables 1 and 2). For the
Santiago watershed thermal springs, the maximum tempera-
ture observed in the field was only 45 °C.
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J, Pozo 14, and Pozo 15 show partial equilibration, which permits to estimate their reservoir temperatures with cation geothermometers

Ramirez-Guzman et al. (2004) indicate that a significant
source of alkalinity, which would explain the increase of pH
values in granitic rocks, represents closed system for CO, and
low carbon carbonate concentration as well as a high propor-
tion of water—rock interaction, favoring the dilution and de-
pletion, and inhibits precipitation of secondary minerals. In
the particular sense of geological and structural environment,
thermal springs with similar characteristics exist in the state of
Guerrero and Nayarit (Taran et al. 2013). The crystalline rocks
of the BLC can be compared to the crystalline batholiths near
Puerto Vallarta. Schaaf et al. (2000) found geochemical and
isotopic similarities between the Puerto Vallarta batholith and
Los Cabos Batholith.

The hydrogeochemical signature of the hot springs indi-
cates the existence of Ca—Na ion exchange. It is understood
that during the dry period, the system acquires hydrothermal
fluid characteristics closer to the equilibrium. The Ca concen-
tration decreased in samples from springs Santa Rita, El
Chorro, Las Vinoramas, Sol de Mayo, and San Dionisio for
the period after rain. During the dry period, the hydrothermal
system would favor the increase of calcium, and in the rainy
season, the mixture with meteoric water could cause more
enrichment in sodium. Under the arid conditions of BCS, rains
generally occur as a result of hurricanes. Therefore, the

concentration of Na would be closely related to the chemical
composition of rainwater, with a certain portion of seawater.
Moreover, significant concentrations of Na and Ca have origin
from the mineralogical composition of the rocks. The feld-
spathic minerals are characteristic for intrusive existing in
the BLC (Schaaf et al. 2000) so that alteration of these min-
erals allows mobility effect in the concentrations of Na—Ca in
spring water.

The EF obtained gives an idea of the quality of water that
recharges the hydrothermal system. Especially in the hurri-
cane season (May to November), rainwater could acquire the
seawater signature, transferred by evaporation and incorpora-
tion of aerosols, as well as seawater in suspension, produced
by large-scale weather systems (hurricanes up to category 4)
that affect the area. Therefore, although the source of the water
is presumably seawater, based on the results found by the EF,
the acquirement of the marine signature is possible based on
meteoric processes and not caused from a direct intrusion of
seawater into the thermal system. The B/CI and Br/Cl dia-
grams may as well support this and allow to separate two
distinct groups, showing an evolution toward an enrichment
in the ion ratios by evaporation (Fig. 6).

The calculated temperature, which resulted from chemical
modeling through geothermometers, indicates that the heat

@ Springer
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Fig. 11 The quartz geoindicator vs cations show samples mostly located on the equilibrium line for chalcedony to temperatures between 60 and 80 °C

and moving into the field of amorphous silica

source maintains a temperature ranging from 71 to 115 °C
according the SiO, geothermometer proposed by Verma and
Santoyo (1997) which is taken as the most reliable for esti-
mating the reservoir temperature due the notable less error in
comparison with other SiO, geothermometers (Table 5). The
calculated equilibrium temperatures indicate a low enthalpy
geothermal system. In discrepancy, most of the hot springs
studied for Baja California Sur have calculated geothermal
systems with higher temperatures than 100 °C (Las Tres
Virgenes, Loreto, Bahia Concepcion, Los Cabos).
Geothermometers based on SiO, are considered as the most
adequate to determine the equilibrium temperature system in
the geothermal springs studied in this research. Cation ex-
change geothermometers presented very different tempera-
tures, and the high values of error (Table 5) to be taken as
valid for estimate temperatures are notable.

The ternary diagrams indicate that there is a fluid mixture
which may correspond to a water steam-heated phase, where
meteoric water dilutes the system. Li-B—CI and HCO5;—Cl—
SO, diagrams indicate a low-temperature ionic ratio and
mixing with meteoric waters (Powell and Cumming 2010).

Regarding the incidence of numerous fractures, they may
be allowing both the vertically and lateral flow. So, it is
inferred that the hydrothermal system is controlled by an
intricate network of fractures which allow a relatively fast

influx of meteoric water. Convective processes and a change
in the density water vapor phase allows ejecting the water to
the surface through the shear zone generated by the FSJC.
The FSIC is defined as tectonically active and is related to
extensional Gulf Province which has a displacement of the
peninsula of Baja California to the NW (Martinez-Gutiérrez
and Sethi 1997; Fletcher et al. 2000; Oskin et al. 2001;
Martin-Barajas 2000; Weber 2012; Busch et al. 2011;
Dorsey and Umhoefer 2012). This displacement generates
normal faults with fall into the E direction, segmented by
lateral faults, where intense fracturing occurs. The main dy-
namic refers to an area with extension fractures (Weber
2012). Busch et al. (2011) infer, based on geophysic records,
a depth between 1.6 and 2.7 km to half graben block. This
suggests that probably some fractures and the FSJC can be
continued until at least 1000 m in depth, because granitic
rocks have a high order of heat diffusion so that these can be
influenced by a strong heat transfer at depth from the high
temperature zones of the Gulf of California to the BLC
(Bancora-Alsina and Prol-Ledesma 2006). Based on these
structural conditions, presumably, the heat could be generat-
ed due to the geothermal gradient, the friction component of
movement of the active structural system, the heat transfer
from the rock, and its implications by thermodynamic
reactions.
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Conclusions

At least six springs show clear influence from geothermal
fluids: The Vinoramas, El Chorro, Santa Rita, Sol de Mayo,
San Dionisio, and Buenavista. The hydrogeochemical charac-
terization of the sites indicates that the thermal reservoir is up
to the same that is generating heat water, which is manifested
through the hot springs on the surface to the western area of
the basin Santiago and one for the area Buenavista.

Temperatures between 71 and 115 °C (Buenavista; see
Table 5) are estimated from silica geothermometer selected
(Verma and Santoyo 1997) to characterize the geothermal sys-
tem in the Santiago watershed.

The samples from Las Vinoramas, El Chorro, Santa Rita,
Sol de Mayo, and San Dionisio belong to the sodium bicar-
bonate type with low mineralization. A mixture of water—
steam heated, with a component of surface water, would be
causing a decrease in mineralization; as well as caloric loss to
the water flow during the rise from geothermal system. This
effect would be much more dynamic for the Sol de Mayo than
to El Chorro and Santa Rita springs.

A very low to low enthalpy geothermal system is recharged
by the meteoric water in the Santiago watershed. The thermal
springs with relatively low mineralization and high pH do not
indicate water—rock interaction as their main factor for miner-
alization, but there may exist an important dilution due a
mixing with meteoric water in a steam—water phase; more-
over, the EF results show an external enrichment source due
to the water—rock interaction. The geotermalism could be
linked to FSJC as active fault where the geothermal gradient,
the heat flow, which is higher than in average of this area
(Bancora-Alsina and Prol-Ledesma 2006), and heat transfer
by diffusion represent the main factors to build the heat
source.

Of special interest is the Buenavista spring, which is locat-
ed far from structural zone FSJC. This spring represents sim-
ilar characteristics in respect to other geothermal manifesta-
tions found along the east and west margin of the peninsula. A
secondary listric fault in the BLC area could be the heat source
for this spring.

For all analyzed sites, any volcanic or direct magmatic
component is discarded. The geothermal system is of low
enthalpy so that the potential to generate electricity is reduced;
UABC (2011) predicts that it is possible to generate electricity
for local consumption. Due to new areas with thermal mani-
festations documented in this study, it is recommended to
determine the energy that could provide the system in the
Santiago area. Thermal water could be used not only for pow-
er generation at small scale but also with respect to other
activities as direct use: agricultural industry, pharmaceutical,
food, and tourism. Some of the springs are located within a
protected area created by the Mexican government (Biosphere
Reserve of the Sierra La Laguna).

@ Springer

Br/Cl and B/Cl ratios show that the source corresponds to
water with a marine origin for this elements where dilution
due to evaporation is observed. The enrichment factors indi-
cate a notable impact of F and B in the aqueous system from
interaction with the rocks. This enrichment is atributed to the
lithological composition of the granitic batholith.

A different, but not independent geothermal system, was
found in the Buenavista area, where the thermal water is af-
fected due to mixture with seawater. An intricate network of
fractures maintains the hydrothermal system and would be
strongly linked to geological structures that exist in the BLC.
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