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A B S T R A C T

This work presents hydrochemical results for groundwater and dissolved gas samples collected from a thermal
and cold aquifer in the Juchipila Basin, in southern Sierra Madre Occidental, central Mexico. Thermal springs in
the Juchipila Basin reach temperatures of 60°C, these manifestations are not related to recent or active volcanism
as are all the known geothermal fields in Mexico. The thermal waters (>32°C) are Na-HCO3 and Na-SO4 type,
with an anomalous concentration of F, B, Li, and As. Their chemistry likely results from water-rock interaction
processes. The cold waters (<32°C) have a Ca-HCO3 composition typical of recent infiltration and shallow flow,
but they have an anomalous concentration of NO3. The δ2H and δ18O indicate a common meteoric source for
the warm and cold water plotting along an evaporation line. The waters have higher CO2 and He concentra-
tions than the air-saturated water. The helium composition is mainly atmospheric and terrigenous with a mantle
helium contribution of up to 14%. This suggests that faults affecting the region are deeply rooted, permitting
mantle helium uprise. Geothermometry gives mean reservoir temperatures of 58-102°C. Based on these results,
we propose a model of hydrothermal circulation in Juchipila Basin, in which rainwater infiltrates deeply through
the graben edge fault system, dissolves ions and crustal helium, incorporates mantle helium, while heated by
the geothermal gradient, and eventually surges and mixes with the cold, shallow aquifer along faults cutting the
whole succession within the graben.

1. Introduction

Geothermal energy is an important renewable energy source with
a wide range of uses, such as the production of electricity, green-
houses, and building heating and cooling systems (Fridleifsson, 2001;
Lund et al., 2005). Geothermal research traditionally focuses on con-
ventional fields associated with recent and active volcanic systems
(e.g.,Hermanska et al., 2020). In Mexico, these include the fields of
Los Azufres, Los Humeros, and Las Tres Vírgenes (e.g., Bruhn et al.,
2020). Others like the giant Cerro Prieto field in Mexico and the Salton
Sea field in the US, are closely related to magma intrusion in

pull-apart basins located along the plate boundary, which provide a
high heat flux (Gutierrez-Negrin et al., 2015). Although Mexico still has
a number of conventional geothermal sites that can be potentially devel-
oped (Gutiérrez-Negrín., 2019), the need to increase the production of
dispatchable clean energy requires exploring also novel, unconventional
geothermal prospects.

Medium to low-enthalpy hydrothermal manifestations unrelated to
Pleistocene-Holocene volcanism have been studied only marginally in
Mexico (Wolaver et al., 2013; Morales-Arredondo et al., 2018), whereas
their geothermal potential and genesis remain unknown. This is the
case for some Oligocene to early Miocene grabens in central-west-
ern Mexico, located away from the active volcanic arc.
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The Juchipila graben hydrothermal system is an example of an uncon-
ventional reservoir, located south of the city of Zacatecas (Fig. 1B),
which contains at least a dozen thermal springs and groundwater dis-
charge zones with temperatures up to 60 °C distributed along a 150
km-long graben.

Hydrothermal activity in this area has not been explained to date.
Extensional tectonics and felsic magmatism in the area are Oligocene
to early Miocene (Ferrari et al., 2013, 2018) and a minor reactivation
of the southern part of the graben, associated with mafic volcanism,
took place in late Miocene (Martínez-Reséndiz, 2020). Consequently,
the thermal anomaly cannot be associated with a cooling magma intru-
sion in the upper crust or with lithosphere thinning.

During the exploration and assessment of geothermal resources, geo-
chemical and isotope tracers are used to get insights into the reservoir
fluid and rock chemistry, the reservoir permeability and temperature,
the groundwater flow direction, and the rates of water recharge into the
reservoir (Giggenbach, 1992; Arnórsson, 2000; Arnorsson et al., 2007;
Spycher et al., 2011; Battistel et al., 2014). The stable isotope compo-
sition of water (δ2H and δ18O) is widely used as a tracer to determine
the origin of groundwater, for assessing the degree of water-rock inter-
action, and as an indicator for mixing of waters from different sources
(Arnórsson, 2000; Boschetti, 2013; Battistel et al., 2016). The isotope
composition of noble gases, in particular He and Ne, helps to distinguish
between the atmospheric, magmatic, and crustal contribution of these
gases to the groundwater system (Sano and Wakita, 1985; Kipfer et al.,
2002).

In this study, we propose an integrated hydrothermal model derived
from the analysis of the geochemical properties from groundwater wells
and thermal springs of the Juchipila Basin. Based on the chemical and
isotope composition of the water, also including dissolved gases and He
isotopes, we determine the origin of cold and thermal fluids, we suggest
a possible heating mechanism and we identify possible water flow path-
ways.

2. Stratigraphic and structural framework of the Juchipila Basin

The Juchipila Basin is located in the southeastern part of the Sierra
Madre Occidental (SMO) volcanic province, near its boundary with
the Mesa Central (MC) physiographic province (Fig. 1A; Ferrari et al.,
2007). The SMO is one of the largest felsic volcanic provinces of the
world (Ferrari et al., 2007) and consists mainly of ignimbrites with less
rhyolitic domes and fissural basaltic flows, formed mostly in two main
pulses at ∼33 to 29 Ma and 24 to 20 Ma. The SMO felsic province covers
the Late Cretaceous to Eocene magmatic arc and older Mesozoic to Pa-
leozoic volcano-sedimentary and metamorphic terranes (Ferrari et al.,
2018).

The Juchipila Basin is hosted in the Juchipila-Tabasco and Calvillo
grabens (Fig. 2), extensional tectonic structures formed in the late
Oligocene-early Miocene (Ferrari et al., 2013, 2018). Its northern
boundary approaches the ESE-WNW trending San Luis-Tepehuanes
crustal fault system (SLT FS) (Fig. 1B; Nieto-Samaniego et al., 2005;
Loza-Aguirre et al., 2008). To the south of the Juchipila graben is the
Late Miocene-Quaternary Trans-Mexican Volcanic Belt (TMVB) (Ferrari
et al., 2013). The TMVB volcanism has migrated southward so that
the currently active volcanic centers and geothermal fields are found
∼80−100km south of the Juchipila Basin (Fig. 1A).

The local stratigraphy consists of a volcano-sedimentary succession
made of 1) Eocene sandstone, felsic ignimbrites, and andesitic lavas
flows that are cut by the main graben faults; 2) Oligocene felsic ig-
nimbrites, rhyolitic domes, intraplate basaltic lava flows, and early
Miocene sandstone and fluvial conglomerate emplaced during the
graben formation; 3) middle to late Miocene basaltic lavas and late
Miocene to early Pliocene lacustrine sediments with thickness up to
300m, mostly exposed in the southern half of the graben
(Martínez-Reséndiz, 2020).

The aquifer geometry is controlled by NNE-SSW extensional faults
systems that bound the graben and by the accumulation of intra-graben
ignimbrites that segment the basin in the northern and southern sections
(Fig. 2). In the northern section, the Juchipila graben branches into the
Calvillo and Tabasco grabens (Fig. 2). These grabens experienced an
elongation of ∼8%, and the major faults have a vertical displacement up
to 1km (Nieto-Samaniego et al., 1999).

According to the National Water Commission, CONAGUA (2018),
the Juchipila area hosts an unconfined granular aquifer consisting of
Miocene to Pliocene conglomerate and lacustrine sediments, and a frac-
tured aquifer in the Oligocene volcano-sedimentary succession. In some
areas of the southern part of the graben, the granular aquifer may be
considered semiconfined due to the presence of rich-clay and calcareous
layers within the lacustrine deposits (Fig. 2; CONAGUA, 2018).

3. Material and methods

3.1. Groundwater sampling

Forty-nine groundwater samples were collected from springs, shal-
low (<25 m) and deep boreholes (25-300 m) at the dry and rainy
seasons, during three surveys that lasted from 2017 to 2019. Phys-
ical-chemical parameters (temperature, pH, electrical conductiv

Fig. 1. Study area location. A: physiographic provinces in central and northwestern Mexico. B: Juchipila Basin location and the major structures in the southern portion of the SMO. SLT
FS: San Luis-Tepehuanes crustal Fault System.
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Fig. 2. A. Simplified geological map of the Juchipila Basin. We present the location of water samples (dots) and Stiff diagrams from the Juchipila Basin. The geology of the basin is a
simplified version from Martínez-Reséndiz (2020) and Beltrán-Martínez (2019). The color scale of the dots and Stiff diagrams correspond to the temperature of the samples. Stiff diagrams
are labeled with the sample name by its side. The location for dissolved gas and He isotopes have a * by its side. The groundwater head contours and flow direction is taken from Paz-Pérez
(2019). The flow direction (NE-SW) is pointed by blue arrows. B. Simplified stratigraphic column of the Juchipila Basin modified from Martínez-Reséndiz (2020). An approximate location
of the C.W. and T.W. aquifers is shown.
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ity, total dissolved solids, oxidation-reduction potential, and dissolved
oxygen) were measured in situ using a Thermo® Orion 5-Star Plus mul-
tiparameter analyzer calibrated before sampling. Carbonate and bicar-
bonate alkalinity was also determined in situ with a Hach® digital titra-
tor using H2SO4 0.16M as a titrating reagent and methyl orange and
phenolphthalein as indicators. All water samples were filtered in the
field with 0.45 μm Millipore® cellulose acetate membrane filters and
stored in high-density polyethylene bottles for dissolved anions and
δ18O-δ2H isotope analysis. In addition, samples for cation analysis were
acidified to pH ∼ 2 with ultrapure HNO3. These samples were refriger-
ated until their arrival in the laboratory.

Seven water samples were collected in ⁓121mL glass bottles to an-
alyze for dissolved gases and helium isotopes (Capasso and Inguaggiato,
1998; Inguaggiato and Rizzo, 2004). The glass samplers were filled with
water and sealed underwater with rubber septa to avoid air contami-
nation during the sampling procedure. The method used to analyze for
dissolved gases is based on the equilibrium partition of gases between
the water phase collected and the gas phase (Capasso and Inguaggiato,
1998; Inguaggiato and Rizzo, 2004). The sample bottles were immersed
in water to avoid air contamination during the storage time.

3.2. Analytical methods

Water was analyzed at the Laboratorio de Geoquímica Ambien-
tal at the Centro de Geociencias, UNAM. Dissolved anions (F−, Cl−,
NO3

−, SO4
2-) were determined by high-performance liquid chromatog-

raphy/ion chromatography (HPLC/IC) with a Dionex ICS-2500® (preci-
sion ±2%). Dissolved cations (Na+, Ca2+, Mg2+, K+, Li+, Astot, Si4+,
Btot) were determined by inductively coupled plasma optic emission
(ICP-OES) with a Thermo iCAP 6500 Duo View®. Quantification limits per
element are given in Table 2.

Water 18O/16O and 2H/1H isotopic ratios were analyzed for by iso-
tope ratio laser spectrometry (IRLS) with a Los Gatos Research DLT-100
V3® at the Laboratorio de Isotopía Estable of the Instituto de Geología,
UNAM. The samples were filtered through a 0.2 μm Millipore® cellulose
acetate membrane before analysis. The isotope ratios are expressed in
δ-notation (‰) normalized relative to the Vienna Standard Mean Ocean
Water (VSMOW). The standard deviation for the δ18O was less than
±0.2‰ and less than ±2‰ for the δ2H‰.

Dissolved gas and noble gas isotope analysis was performed at the
geochemical laboratory of the Istituto Nazionale di Geofisica e Vul-
canologia – Palermo (INGV-Pa). The chemical composition of dissolved
gases was analyzed with an Agilent 7890 gas chromatograph using Ar as
the carrier gas. The gas chromatograph is equipped with two detectors:
one of thermal conductivity (TCD) for the analysis of He, H2, O2, N2, and
another of flame ionization (FID) for the analysis of CO, CO2, and CH4.
Further explanation of the method for gas extraction and dissolved gas
analysis can be found in Capasso and Inguaggiato (1998). The analytical
error was less than 5%.

The 3He, 4He, and 20Ne isotopic concentrations were measured to
calculate the 3He/4He and 4He/20Ne ratios using a noble gas mass spec-
trometer. Noble gases were purified from the gas mixture in a stainless
steel ultra-high vacuum line and then cryogenically separated and ad-
mitted into a split flight tube noble gas mass spectrometer (GVI® He-
lix SFT) for He isotopes and into a multicollector noble gas mass spec-
trometer (Thermo® Helix MC) for Ne isotopes. A multicollector mass
spectrometer (GVI® Helix MC) was used to analyze for Ar (Rizzo et
al., 2015). The method for gas extraction and isotope analysis is de-
scribed in detail in Inguaggiato and Rizzo (2004). The analytical er-
ror was less than 3% on a single mass determined. The concentration
of dissolved gases is expressed as cm3/g at 0°C and 1 atm (STP). The
helium isotope ratios are reported as R/Ra, where R is the 3He/4He
ratio determined in the sample, and Ra is the atmos

pheric one (1.39 x 10-6). The R/Ra values were corrected for atmos-
pheric contamination (Rc/Ra) using the air normalized 4He/20Ne ratio
equation of Hilton (1996) :

(1)

(2)

and βNe and βHe are the Bunsen solubility coefficients for Ne and He,
respectively, at the temperature and salinity of the water when the at-
mospheric helium was dissolved.

4. Results

Physical-chemical parameters: temperature, pH, electrical conduc-
tivity (EC), total dissolved solids (TDS), oxidation-reduction potential
(ORP), and dissolved oxygen (DO), as well as the isotope composition of
water (δ2H and δ18O), are presented in Table 1.

4.1. Water physical-chemistry

Overall, all sampling water temperatures are above the air mean
temperature in the Juchipila Basin (∼22 °C; Fig. 3). The temperature
data show three distribution trends with breaking points at 32ºC and
50ºC (Fig. 3). The low-temperature wells and springs (22°-31 °C) rep-
resent the commonest and the most abundant water group (n=33) in
the Juchipila Basin (green symbols in Fig. 3). The second most repre-
sented group (n=14) has temperatures from 32° to 50 °C (red symbols
in Fig. 3). Finally, the highest temperature springs (> 60 °C), are only
two, sample 36-M and 48-M (Fig. 3). Most springs and groundwater in
the study area have a near-neutral pH (6.8–8.9). Water samples above
40 °C tend to be slightly more alkaline (7.6–8.8). Electric Conductivity
(EC) values range from 327 to 1541 µs/cm; the low-temperature sam-
ples (<32 °C) have an EC average of 595 µs/cm, the middle group sam-
ples (32 – 50°C) have an EC average of 686 µs/cm, and the high temper-
ature (>60°C) samples an EC average of 1271 µs/cm. The majority of
water samples are oxygen-rich, with positive ORP values ranging from
8 to 260mV. The few samples with negative ORP values (-4 to -125mV)
correspond to well waters located in agricultural and livestock areas and
to the springs with the highest temperature in the area (Fig. 2; Table 1).

The geographic distribution of water types through the Juchipila
Basin (Fig. 2) indicates that warmer waters are restricted to the southern
half of the basin and along the main graben faults. In contrast, colder
waters commonly discharge in the valley. Considering the temperature
distribution and its apparent correlation to other physical-chemical pa-
rameters, we decided to classify the waters into two groups: “cold”
waters (CW) with sample temperatures < 32°C, and “thermal” waters
(TW) with sample temperatures ≥ 32°C.

Major and trace elements measured in 25 of 41 recollected samples
are presented in Table 2 and Fig. 4. All the presented samples have an
ionic balance (IB) lower than ±11 %, indicating reliable data. Juchip-
ila graben-related aquifer samples exhibit two main chemical water
types: −HCO and Na-Ca−HCO to Na-Ca–2.2ppm), As (0.03−0.21ppm),
Li (0.07–1.07ppm), and F (0.3(1) The CW plot to Ca-Na-HCO3 and
Na-Ca-HCO3-SO4 water types, and (2) TW composition varies from
Na-SO4-HCO3 to Na-Ca-HCO3 types (Fig. 4). TW is also characterized
by higher concentrations of B (0.1-2.2 ppm), As (0.03-0.21 ppm), Li
(0.07-1.07 ppm), and F (0.3-12 ppm) than to the CW. CW presents
a significant NO3 concentration (up to 44 ppm)

4
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Fig. 3. Temperature distribution of water sampled from springs, shallow wells (<25m) and deep wells (25-300m) in the Juchipila Basin. The blue line corresponds to the average annual
athmospheric temperature and the red line to the average annual maximum athmospheric temperature (22 °C and 32 °C, respectively; CONAGUA, 2018).

Fig. 4. Schöeller-Berkaloff diagram showing major ions of the water samples from the Juchipila Basin. Red lines correspond to the thermal samples and green lines to the cold samples.

compared to TW (up to 9.3ppm). Waters show an increase of TDS, Na,
and SO4 from north to south, parallel with the groundwater flow direc-
tion within the basin (Fig. 2).

4.2. Deuterium and oxygen stable isotopes

The δ2H–δ18O results for springs and well water are presented in
Table 1 and Fig. 5. All isotope ratios in the Juchipila aquifer water
range from -79.3‰ to -53.2‰ for δ2H and -10.8‰ to -6.3‰ for δ18O.
In the classical Craig’s δ2H–δ18O diagram (Fig. 5), the isotope com-
position of waters from spring and well plots along a local evapora-
tion water line (LEL: δ2H=5.5 δ18O - 20), with a Global Meteoric
Water Line intercept at -11.8‰ δ18O and -85‰ δ2H. Differentiated
by temperature and chemistry, CW plots all along the LEL showing a
larger evaporation grade than TW, with δ2H ranging from -76.4‰ to
-53.2‰, and δ18O from -10.2‰ to -6.3‰; while TW samples are re

stricted and closer to the Global Meteoric Water Line (GMWL) intercept
point, with δ2H ranging from -79.3‰ to -72.2‰, and δ18O from 10.8‰
to -9.7‰.

4.3. Gas chemistry and He isotopes

Detailed results for the dissolved gas chemistry and 3He/4He and
4He/20Ne isotope ratios are presented in Table 3, the samples loca-
tions are labeled in Fig. 2. In the Juchipila basin's water, N2, CO2,
and O2 are the predominant species, with concentrations ranging from
7.54 x 10-3 to 1.04 x 10-2 cm3/g for the N2, 4.85 x 10-4 to 2.44 x
10-2 cm3/g for the CO2, and 6.42 x 10-4 to 2.79 x 10-3 cm3/g for
the O2. Samples have dissolved 4He concentrations between 9.78 x
10-8 and 5.58 x 10-6 cm3/g, and Rc/Ra values ranging from 0.07 to
1.36 (Table 3). There is no sharp distinction between CW and TW
gas chemistry, but they display a certain geographic pattern. The dis

5
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Fig. 5. d-O isotopic composition of the water samples from the Juchipila Basin (red and green dots) and of water samples from Zacatecas state (blue diamonds, Wassenaar et al., 2009).
The evaporation line: δ2H=5.5 δ18O - 19.3 intercepts the GMWL (δ2H=8δ18O+10, Craig, 1961) at -11.8 (δ18O), -85 (δ2H).

solved CO2 concentration and the Rc/Ra values are lower towards the
southern part of the basin, where the hottest samples are found (Fig. 6).

5. Discussion

5.1. Waters sources and hydrogeochemical processes

5.1.1. Water chemistry
The geology of the area controls the aquifer lithology while tecton-

ics its geometry, which is reflected in the geographic pattern of the
thermal and chemical features of the sampled waters (Fig. 7). The CW
groundwater in the Juchipila aquifer follows an evolution trend in-
ferred from the physicochemical parameters and chemical composition
(Fig. 7). The main evolution path starts from a low-TDS, Ca−HCO3

−

composition, suggesting recently infiltrated water dissolving carbon-
ates near the recharge zone and shallow flow (Chadha, 1999; Tóth,
1999). This water progressively evolves into a high-TDS, Na-SO4-en-
riched group of TW due to the interaction with the host rocks, dur-
ing plagioclase alteration processes. The evolution path has a north
to south direction, paralleling the piezometric gradient of the shal-
low aquifer. In the southern part of the basin, a similar sec

ondary evolution line goes in the opposite direction (from south to
north).

The CW group is sourced from the local shallow granular aquifer
of the graben (Fig. 2). The CW group in the northern part of the
graben is mainly Ca-Na−HCO3, with minor Na-Ca−HCO3-SO4 subtypes
within the southern part (Stiff diagrams in Fig. 2, Fig. 7). This pro-
gressive enrichment in Na and depletion in Ca may be due to an ionic
exchange process, very common in clay-rich sediments (Appelo and
Postma, 2005), as water moves through the sediments in the valley from
north to south. Besides, the anomalous concentrations of NO3, in many
cases accompanied by high Ca, Mg, and SO4 (Fig. 4), indicate a mixture
with irrigation run-off waters from many of the agricultural areas iden-
tified in the graben (Böhlke, 2002).

The TW group is sourced from the fractured aquifer within the vol-
caniclastic succession in the Juchipila Basin (Fig. 2); the Na predomi-
nance in this group points to a dissolution of plagioclase felspars from
the volcano-sedimentary succession. Most TW samples are HCO3-rich,
such as CW (Fig. 4), but towards the southern part of the basin, they get
enriched in SO4 and Cl, suggesting an intermediate flow system (Mifflin,
1988; Tóth, 1999). Alternatively, this local SO4 enrichment may be
a consequence of evaporite dissolution or sulfur oxidation within the
lacustrine deposits. According to Lahiere (1982), the fossil record in
the Juchipila graben evinces a saline to hypersaline paleo-lake en-
vironment; thus evaporites may exist at

Fig. 6. North - south section of Rc/Ra ratios and CO2 concentration of dissolved gas from TW and CW water samples in the Juchipila Basin.
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Fig. 7. Chadha diagram showing the temperature, chemistry, and isotopic evolution of samples from the Juchipila Basin. δ18O is used as a magnitude of evaporation as it is more sensitive
than δ2H.

depth, although not exposed at the surface (outcrops). TW samples from
the southern portion of the basin have a Ca/(Ca+SO4) molar ratio <
0.5 (lower than the gypsum dissolution ratio=0.5), implying a later
Ca removal either by precipitation or ionic exchange. An anthropogenic
influence in these waters is dismissed as an increment in NO3 and Mg
does not accompany the SO4 enrichment in TW. Volcanic gas oxidation
is also dismissed, no fumarole or bubbling waters were recognized. The
disproportionation-hydrolysis of SO2 and H2S oxidation is usually cou-
pled with very low pH values in volcanic – hydrothermal systems while
the hot waters of Juchipila Basin have near-neutral pH (Delmelle and
Bernard, 2015; Inguaggiato et al., 2017a).

The low reactivity and conservative character of Cl, Li, and B are
useful for tracing alteration and dissolution processes in rocks
(Giggenbach, 1991; Arnórsson, 2000). The higher proportion of B and
Li compared to Cl in TW (Fig. 8) shows that alteration and disso-
lution are the major processes controlling the water chemistry. On
the other hand, CW has a higher proportion of Cl and a deficit in B
(Fig. 8); this high Cl may be due to manure and fertilizer contam-
ination rather than natural processes (Böhlke, 2002; Rodvang et al.,
2004). In addition, an anomalous concentration in (and the correla-
tion between) B, Li, As, and F is observed in TW group, in some cases
higher than the maximum limit for drinking water established in the

Fig. 8. 25B-100Li-Cl ternary diagram (Giggenbach, 1991). Red dots are TW samples and green dots are CW samples.
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official norm in Mexico. These anomalies indicate that alteration and
dissolution of the ignimbrite and rhyolite minerals and volcanic glasses
provide most of these ions, as has been documented in other ign-
imbrite-related groundwater systems (Shaw and Sturchio, 1992; Nicolli
et al., 2012; Alarcón-Herrera et al., 2013).

In summary, the chemistry of the TW group is dominated by interac-
tion processes with volcanic rocks, while the chemistry of the CW group
is dominated by shallow processes such as water interaction with soil
materials, intra-graben sediments, and manure and fertilizer contamina-
tion.

5.1.2. δ2H–δ18O composition
In the δ2H–δ18O diagram (Fig. 5), the isotopic composition of all

springs and borehole waters plot along a common regression line (LEL:
δ2H=5.5 δ18O - 20).

CW samples plot along the whole line, while TW samples have more
negative values and a restricted distribution closer to the GMWL. Such
linear distribution is generally interpreted as a two end-member mix-
ing or an evaporation processes. The intersection of the regression line
with the GMWL is considered representative of the initial meteoric wa-
ter δ2H-δ18O composition (Craig et al., 1963). Considering a typical an-
desitic water composition (δ2H between -30‰ and -10‰, and δ18O be-
tween 8‰ and 10‰; Giggenbach, 1992), the low δ2H and δ18O val-
ues for all samples preclude any mixture with volcanic water. This
is an opposite behavior to that of the conventional geothermal well
and spring samples from the volcanic-related fields of Mexico (Pinti et
al., 2013, 2019). The distribution of the isotope values from shallow
wells (5–20m) in Zacatecas state (Wassenaar et al., 2009) overlaps the
Juchipila aquifer isotopic trend and suggests that evaporation is the
main process controlling the δ2H-δ18O isotopic distribution.

Considering an evaporation line, CW located in the southern part of
the study area shows a higher evaporation rate loss than samples in the
north and along the graben edge (Fig. 5). This N–S trend in the CW iso-
tope composition follows the topographic gradient (such as the flow di-
rection of the shallow aquifer) and reflects superficial run-off processes,
namely significant evaporation of rainwater before infiltrating into the
soil. Considering only the samples selected for chemical analysis, the
increasing evaporation has an opposite relation with the chemical evo-
lution and Na and SO4 enrichment (Fig. 7). In contrast, TW seems less
affected by superficial run-off and evaporation processes. The narrow
range and low d2H and d18O values for this group suggest a rapid in-
filtration process or a vertical recharge from precipitation, and the ex-
istence of another (deeper) flow system. The apparent contradiction of
a meteoric-like stable isotopic composition of water with enrichment of
Na and SO4 due to water-rock interaction could be explained by the
rapid infiltration of meteoric water into the fractured felsic ignimbrites.
This meteoric water with a mean temperature of 18°C-22°C and neu-
tral pH may have the potential to dissolve carbonate and some silicate
phases as plagioclase, but not the oxides as quartz, which represents the
main magmatic oxygen source in the ignimbrite mineralogy. Also, the
meteoric versus alteration oxygen ratio is probably too high to illustrate
a potential isotopic variation (within the margin of error) (Fig. 7).

To sum up, in the Juchipila graben, all waters sampled have a
meteoric origin. The isotopic variability responds to the infiltration
processes, and the differences in chemistry reflect the interaction with
the distinct host rocks of each flow system.

5.2. Origin of gases and relationship with the thermal source

5.2.1. Dissolved gas chemistry
Thermal manifestations, such as free gases and bubbling gases, are

not always easily identifiable at a field level. At the surface, gas

manifestations may be hidden; still, we can find gases dissolved in
groundwater as a function of their solubility. Gases dissolved in water
can reflect the gas-water interaction with other fluids rather than the
air, providing valuable information on the nature of the fluids and their
relation with the geodynamic context or local tectonic setting (Capasso
and Inguaggiato, 1998; Caracausi et al., 2004; Kulongoski et al., 2013;
Inguaggiato et al., 2016, 2017b; Arnold et al., 2020).

The relative proportion of CO2, N2, O2 were plotted in a triangu-
lar plot (Fig. 9) and compared with the air-saturated water composition
(ASW). The samples are characterized by a CO2 enrichment with respect
to the ASW. This evidence allows us to propose that sampled ground-
waters also interact with non-atmospheric CO2. For instance, sample
37-P, located in the northern part of the area, has the highest CO2 con-
centration (2.44 x 10-2 cm3/g), one order of magnitude higher than
the remaining samples (Fig. 6). Dissolved He concentrations are one or
even two orders of magnitude higher than in ASW ( [He]ASW = 4.58 x
10-8 cm3 /g, Smith and Kennedy, 1983), suggesting an interaction with
He-enriched fluids from a different source than air; the He source will
be discussed in the next section. Dissolved gases determined have lower
N2/Ar ratios than the ASW (N2/Ar=38), ranging from 18.3 to 36.2,
indicating a negligible contribution of magmatic or crustal/organic N2
(Giggenbach, 1980; Norman and Moore, 1999; Inguaggiato and Rizzo,
2004; Fischer and Chiodini, 2015).

5.2.2. He isotopes
In a hydrothermal system, helium isotopes can be used as geochem-

ical tracers to identify the sources of He and fluids carrying it, namely
meteoric waters carrying atmospheric He, groundwater carrying crustal
He and “magmatic” aqueous fluids, or deep-seated gases carrying man-
tle He (Kennedy and van Soest, 2007; Kulongoski et al., 2013; Inguag-
giato et al. 2016; Batista et al., 2019). The isotope composition of dis-
solved He in water is thus a mixture of that of the atmospheric, man-
tle, and crustal helium isotopic end-members (Sano and Wakita, 1985).
In this study, we considered the air-saturated water (ASW) end-member
instead of the atmospheric one, as the helium determined comes from
dissolved gas samples and not from free or bubbling gases.

The R/Ra ratio versus the 4He/20Ne ratio for each sample is plotted
in Fig. 10. The end-members were plotted for comparison. Most of the
samples fall relatively close to the ASW end-member, even if significant
crustal and mantle contributions are easily recognized.

The contribution of each end-member (Table 3) was calculated fol-
lowing the equation system developed by Sano and Wakita (1985):

(3)

(4)

(5)
where A, M, and C represent the atmospheric, mantellic, and crustal
He components, respectively. The end-members used for the calcula-
tions are: 4He/20Ne ratios of 0.265 for ASW (Smith and Kennedy, 1983),
and 1000 for crustal and mantle fluids (Craig et al., 1978; Sano and
Wakita, 1985); and the R/Ra ratios of 0.983 Ra for ASW (Benson and
Krause, 1980), 0.02 Ra for the crust (Hooker et al., 1985), and 7.3
Ra for the lithospheric mantle beneath Mexico (Straub et al., 2011).
%–78 %–61 The Juchipila hydrothermal system has a predominant
contribution from the ASW end-member (23%-72%) and the crustal
end-member (25%-63%). The mantle he
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Fig. 9. CO2-N2-O2 ternary diagram for dissolved gas samples. The green dot is a CW sample, red dots are TW samples, and the star is the composition of the ASW.

Fig. 10. R/Ra vs. 4He/20Ne plot for helium isotopic composition. Mantle, crust, and ASW end-members, as well as the mantel and air percentages, are shown. The 4He/20Ne end-member
ratios used are 0.265 for ASW (Smith and Kennedy, 1983), and 1000 for crustal and mantellic fluids (Sano and Wakita, 1985). The R/Ra end-member ratios used are 0.983 Ra for ASW
(Benson and Krause, 1980), 0.02 Ra for the crust (Hooker et al., 1985), and 7.3 Ra for the lithospheric mantle in Mexico (Straub et al., 2011).

lium contribution is lower than that of the other end-members but
reaches values up to 14 %. R/Ra values were corrected for any atmos-
pheric component. Resulting Rc/Ra values for the Juchipila TW aquifer
are above the crustal radiogenic ratio of 0.02Ra (Hooker et al., 1985),
suggesting the presence of mantle-derived fluids in the aquifer water.
High Rc/Ra are found in the samples located in the northern part of the
graben (Fig. 6), distributed along or close to the major faults defining
the so-called Calvillo and Tabasco grabens (Fig. 2).

Particularly, the water sample 37-P located along the Calvillo graben
has the highest Rc/Ra value (with a 14 % of mantle-He con

tribution) and 2.44 x 10-2 cm3/g of CO2 (Fig. 6). Low Rc/Ra values
were measured in groundwater wells and springs from the valley in
the central and southern part of the graben (Fig. 6), where the sed-
iment filling is thicker (at least double) than in the north. This dis-
tribution suggests that mantle-derived fluids ascend preferentially in
the northern part of the graben or, alternatively, that the dilution
within the shallow aquifer is more significant in the southern part of
the graben. The lack of a Quaternary shallow magmatic system in the
area suggests that the high Rc/Ra values in the northern part of the
basin are due to either 1) interaction between groundwater and vol-
canic rocks (or blind intrusives), specifically mineral dissolution and
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diffusive exchange processes; 2) the invasion of geo-pressured fluids de-
gassed from mantle melts enhanced by crustal permeability in proxim-
ity to the regional fault systems (Kennedy and van Soest, 2006); or 3) a
combination of the two previous hypothesis.

% ()–8.4ppm and 2To test the first hypothesis, we used a magma
aging model proposed by Torgersen and Jenkins (1982), which suggests
that an unusually gas-rich magma may be responsible for a long-last-
ing presence of a mantle helium component in the crust. The equation
describing this model estimates the initial 3He/4He ratio in the magma
source (Rc/Rainit) by (Méjean et al., 2020): where Rc/Rafin is the mea-
sured Rc/Ra in the groundwater system, 4Heinit is the amount of 4He in
the magma source at t=0, t is the age of the magma source, and J4He is
the 4He production rate (in cm3STP/g/yr) calculated following the equa-
tion (Torgersen et al., 1995) : where [U] and [Th] are the concentra-
tions of U and Th in the rock in ppm. In the Juchipila basin, the U and
Th concentration in the Oligocene (t = 30 Ma) volcano-sedimentary su-
cession range from 1.2 to 8.4 ppm and from 2 to 38.2 ppm respectively
(Table 4; Martínez-Resendiz, 2020).

For the Rc/Rafin parameter, we used the maximum Rc/Ra value mea-
sured in the basin (1.36 Ra) corresponding to the 37-P sample, located
in the graben shoulder (cutting only the volcano-sedimentary succes-
sion). To have a more robust approach, we used three values for the po-
tential 4Hinit: 1) 6.7 x 10-6 cm3/g for a 4He enriched magma, MORB-like
source or proxy for a hotspot source (Torgersen et al., 1995); 2) 6.7 x
10-7 for a low-initial 3He/4He subduction zone magma (Torgersen et al.,
1995); and 3) 2.84 x 10-8 as a proxy of a subduction zone magma in the
TMVB according to the 4He measured in olivines from the Pleistocene
to present Trans Mexican Volcanic Belt (TMVB; Straub et al., 2011). The
Rc/Rainit values vary following the magmatic sources from: 1) 6.1 to
12.9 with a mean value of 9.4 ± 2.0; 2) 48.8 to 118 with a mean value
of 82.2 ± 20.0; and 3) 1118.3 to 2739 with a mean value of 1906.4 ±
470.3 (Table 4). The Rc/Rainit calculated for the magmatic sources using
input parameters 2) and 3) are unrealistically high (with means of 102
± 81.3 and 2371.4 ± 1914.6 respectively), indicating that the magma
aging model considering subduction zone magmas is not able of explain-
ing the mantle helium signature in the Juchipila reservoir. The range of
Rc/Rainit value (6.1 to 41) obtained from parameter 1) suggests that the
He may be locally produced by aging and leaching processes. However,
some geological observations do not conform to the aging hypothesis.
Magmatism in the Juchipila area is the product of a subduction process
(Ferrari et al., 2013); this process has occurred for the last 90 Ma, pos-
sibly leading to a He depletion in the mantle wedge up to one order of
magnitude compared to the MORB average (according to the He concen-
trations reported by Straub et al., 2011). Additionally, in the Juchipila
graben, the borders and the filling graben rocks are the same Oligocene
ignimbrite. Even if aging is the same in both areas, the leaching process
is more efficient in granular than fractured rocks, as the contact sur-
face is significantly larger. For this reason, it would be expected to have
higher Rc/Ra ratios within the graben fill, rather than in the fault traces.
Also, CW and TW waters have neutral pH and are relatively “cold” com-
pared to classic hydrothermal waters. As previously stated, the alter-
ation process is not aggressive enough to significantly modify the me-
teoric oxygen isotopic signature, and the same behavior should be ex-
pected for the He isotopic ratios. Furthermore, the structural control
and the N-S depletion in the Rc/Ra ratios suggest the existence of fluids
degassed from upper mantle melts (present intrusions; Aranda-Gomez
et al., 2007) along with the limits of the geologic provinces, such as
the Tepehuanes Fault System. With these considerations, the geologi-
cal and geochemical evidence, we propose that the mantle He signal
in the Juchipila basin is related to degassing (during partial melting)
of undetected present magma intrusions associated with the deep faults

bounding the graben, as well as its proximity to the boundaries between
the SMO and MC crustal provinces (Fig. 1). Mantle-derived He in the
Juchipila Basin could be transported by a regional flow system facili-
tated by the intersections between the crustal-scale fault systems. The
Juchipila hydrothermal system is very similar to some other hydrother-
mal and geothermal non-magmatic systems in North America. Rc/Ra
values in our area are slightly higher than those for fluids in the Basin
and Range (Raft River: 0.13 – 0.17 Ra, Torgersen and Jenkins, 1982;
Dixie Valley: 0.7 - 0.8 Ra, Kennedy and van Soest, 2006), and slightly
lower than that for fluids in the Sierra Madre Oriental and the Trans
Mexican Volcanic Belt (TMVB) (Cuatro Ciénegas Basin: 0.89 – 1.85 Ra,
Wolaver et al., 2013; Geysers field: 0.91 – 1.74 Ra, González-Guzmán
et al., 2019). The dynamics of these systems are controlled by base-
ment-penetrating faults allowing a deep circulation of fluids, most of
them in high heat flow areas.

5.2.3. Geothermometry
The reservoir temperature was estimated using solute geothermome-

try in an attempt to constrain better the hydrothermal depth and the dy-
namics of the TW group. Solute geothermometry has been widely used
to estimate subsurface temperatures in geothermal systems since ear-
lies ‘60s (D’Amore and Arnórsson, 2000, and references therein). These
geothermometers are based on temperature-depending mineral solu-
bility (Fournier, 1977) or cation exchange reactions between mineral
phases (Fournier, 1981; Arnórsson et al., 1983; Giggenbach, 1988). Both
processes require mineral-fluid equilibrium and suppose that no mixing
or re-equilibrium has occurred in water in their way from the reservoir
up to the surface (Nicholson, 1993; Ellis, 1979; Fournier, 1977).

Samples for geothermometric analysis were selected with the
K-Na-Mg geothermometer and geo-indicator (Fig. 11, Giggenbach,
1988, 1992). Five out of the ten thermal samples fall in the partial
equilibrium field, indicating temperatures between 100 °C and 160 °C
for the Na-K geothermometer, and up to 110 °C for the K–Mg geother-
mometer. These temperatures may be overestimated due to the absence
of mica-chlorite alteration (used for the K/Mg geothermometer) in the
study area. The partially equilibrated samples were used to calculate the
Na-K-Ca (Fournier and Truesdell, 1973), Na/K (Arnórsson et al., 1983),
the conductive chalcedony (Fournier, 1977), and the chalcedony satu-
ration index (Reed and Spycher, 1984; calculated with PHREEQC using
the phreeqc.dat database) geothermometers. The selection of these ge-
othermometers was based upon the presence of plagioclase and alka-
line feldspars in volcanic rocks, sericite and altered glass in sandstones
(Webber et al., 1994; Lahiere, 1982), and silica in the outlet of springs
and wells.

The calculated geothermometers yield temperatures ranges of
67–142 °C for the Na-K-Ca, 45–104 °C for the Na/K, 60–96 °C for the con-
ductive chalcedony, and 57–94 °C for the chalcedony saturation index
(Table 5, Fig. 12). The average equilibrium temperatures per sample de-
fine a range of 58±9°C to 102±30°C, in which most of the calcu-
lated values overlap (Fig. 12). The mean equilibrium temperatures per
geothermometer range from 72±16°C to 88±31°C (Table 5, Fig. 12).
The good agreement in the average temperatures suggests that the geot-
hermometric results are reliable and imply a fast transportation method
to bring fluids from the thermal reservoir to the surface without major
chemical re-equilibration.

With these considerations, the low equilibrium temperatures
(<100 °C) suggest a shallow depth (2–3km) for the hydrothermal reser-
voir in the Juchipila hydrothermal system, assuming an average geot-
hermal gradient of 30 °C/km and air mean temperature of 22 °C in the
area. Likewise, the radiogenic heat production of 0.49- 4.89 µWm−3

(calculated from U, Th, and K concentrations in some rocks from the
basin; Martínez-Reséndiz, 2020) may account for an alternative/sec-
ondary water heating mechanism. This additional process
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Fig. 11. K/100-Na/1000-Mg1/2 ternary diagram and geothermometer (Giggenbach, 1988).

Fig. 12. Plot of outlet temperatures and solute geothermometers results for selected samples in the Juchipila Basin. Geothermometers: Na-K-Ca (Fournier and Truesdell, 1973), Na/K
(Arnórsson et al., 1983), conductive chalcedony (Fournier, 1977), and the chalcedony saturation index (Reed and Spycher, 1984; calculated with PHREEQC using the phreeqc.dat data-
base).

would increase the geothermal gradient, resulting in a shallower ther-
mal reservoir. Further research on the volume and heat transfer mecha-
nisms is needed to determine the extent of this contribution and its im-
pact on the local geothermal gradient.

6. Conceptual model of the hydrothermal system

We present a conceptual model of the hydrothermal system in the
Juchipila Basin in Fig. 13. In this model, the vertical recharge of the
TW aquifer takes place in the high-altitude zones, mainly along the
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Fig. 13. Conceptual model of the hydrothermal system in the Juchipila Basin based on the magneto-telluric soundings of Avila Vargas (2019).

major faults bounding the graben (green downward arrows in Fig. 13).
The natural forest cover (having a better infiltration capacity of soil), as
well as the fractured ignimbrite and basalt along the fault damage zone,
enhances the rapid infiltration of water in these areas. In agreement
with the geothermometric mean temperatures range of 58 °C–102 °C and
considering a minimum local geothermal gradient of ∼30 °C/km, me-
teoric water travels through the fractured volcano-sedimentary succes-
sion reaching the basement, inferred to be a Cretaceous marine sedi-
mentary succession, at 2–3km depth (Martínez-Reséndiz, 2020). During
the descent, groundwater dissolves minerals and groundmass from the
volcano-sedimentary succession as it gets heated by the geothermal gra-
dient; it also dissolves locally produced crustal helium, and incorporates
mantle helium degassing from a deeper regional source.

In addition, another portion of the rainwater recharges the CW shal-
low granular aquifer, located in the sedimentary fill in the valley bottom
(green downward arrows in Fig. 13). As a consequence of the agricul-
tural land use and the local clay layers found in the sedimentary fill, this
rainwater does not infiltrate rapidly and moves by gravity towards areas
of lower elevation from north to south (superficial water flow direction
arrow in Fig. 13). During this process of subsurface run-off, water evap-
orates before flowing to a deeper level in the granular aquifer where un-
dergoes cation-exchange processes with soil and clay materials.

Although the TW aquifer dynamics is not properly characterized, we
can assume the existence of hot water upwelling along high-permeabil-
ity fault-associated pathways (red upward arrows in Fig. 13). During
the return to the surface, hot water encounters the shallow cold aquifer,
and the TW end-member mixes with the CW (orange arrows in Fig. 13),
generating the whole range of chemical compositions (Ca−HCO3 =>
Na−HCO3 => Na-SO4) depending on the local lithology and location
in the basin.

7. Conclusions

In this study, we characterized the Juchipila low-temperature, un-
conventional geothermal reservoir using ion chemistry and O H, He
isotope characteristics. Thermal waters have either Na−HCO3 and
Na-SO4 compositions and anomalous concentrations of Li, As, B, and
F; the chemistry of this group is strongly controlled by the alteration

and dissolution of the volcano-sedimentary succession in the basin. Cold
waters have a Ca-Na−HCO3 composition and anomalous concentration
of NO3; this group corresponds to the shallow granular aquifer in the
valley experiencing cation-exchange processes and mixing with irriga-
tion return flow.

Overall, the δ2H–δ18O isotope ratios (-79.3‰ to -53.2‰ for δ2H and
-10.8‰ to -6.3‰ for δ18O) in springs and groundwater indicate a com-
mon meteoric source but different recharge mechanisms for each group
within the aquifer: a rapid vertical infiltration from precipitation, and
a horizontal run-off of the cold waters enabling evaporation. Dissolved
gases in thermal waters are mostly enriched in CO2, and He with re-
spect to the ASW, suggesting an interaction with non-atmospheric CO2
and He. Helium in the Juchipila aquifer has mainly a crustal and an at-
mospheric source. However, the mantle contribution reaches up to 14
%, suggesting that the regional crustal fault systems at the boundary be-
tween the MC and SMO geologic provinces allow the up-flow of helium
related to deep-seated gases and/or melts in the mantle.

The equilibrium temperatures calculated from solute geothermome-
try have mean values ranging from 58 to 102 °C. Taking into account the
geologic and geophysical information available for the area, we propose
that the hydrothermal system dynamics are controlled by crustal faults,
related to the regional graben structures, suggesting the possibility of
a potential regional energy reservoir. Rainwater recharging the graben
edges travels through the fault system towards the fractured basement
at 2−3km deep. This water gets heated by the geothermal gradient
while becoming enriched in ions and crustal and mantle helium, before
returning to the surface through convective cells along regional faults
and mixes with the cold, shallow aquifer.

These findings are useful to understand other magmatic-unrelated
geothermal manifestations with similar geologic and tectonic settings,
which altogether may contribute to estimating a more realistic geother-
mal potential for the area. The results of the dissolved helium isotope ra-
tios in the waters of the Juchipila Basin have implications in the under-
standing of how large fault systems in central Mexico influence the hy-
drothermal fluid flow in the region. Although the Juchipila hydrother-
mal system may not be capable of producing electricity, other schemes
of geothermal energy exploitation could be further explored to benefit
the local communities.
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