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ABSTRACT

The physicochemical and isotopic characteristics of groundwater and dis-
solved gas of central Mexico provide valuable information about the geologic 
and tectonic context of the area. Low–high- enthalpy manifestations (up to 98 °C 
in springs and more than 100 °C in geothermal wells) are distributed within the 
San Juan del Río, Querétaro, and Celaya hydrologic basins, located at the bound-
ary between the current Mexican magmatic arc and an extensional continental 
area with intraplate volcanism called Mesa Central Province. Groundwaters in 
the study area represent a mixture between the cold water end- member with a 
Ca2+-Mg2+-HCO3- composition and a hydrothermal end- member enriched in Na+, K+, 
SO4

2−, and Cl-. Cold and hot groundwaters δ2H and δ18O plot along the same evap-
oration lines and do not exhibit a magmatic input. Dissolved and free gas do not 
show a typical volcanic composition signature. He and Ne isotope composition 
provide evidence of an important contribution of non- atmospheric noble gases. 
Although helium composition mainly has a crustal origin (21–83%), the mantellic 
contribution (1–39%) is higher than expected for an area lacking recent volcanism. 
A volatile- rich magma aging at depth was discarded as the source of this man-
tellic helium signature but points out a recent mantellic contribution. Thus, we 
propose that mantellic helium comes from the sublithospheric mantle into the 
shallow crust through the highly permeable tectonic boundaries between the 
geologic provinces, namely the N−S Taxco−San Miguel de Allende and Chapala- 
Tula fault systems. Mantellic helium flow rates through these fault systems were 
estimated to have values ranging from 0.1 m/yr to 2.9 m/yr. This He flux range 
implies that aside from subduction, mantle volatile degassing enhanced by 
crustal fault systems is the main degassing process in the region studied.

■ INTRODUCTION

The origin of volatiles emitted from convergent and passive margins pro-
vides fundamental constraints on how plate tectonics redistributes fluids 

between terrestrial reservoirs (Hilton et al., 2002; Plank et al., 2013; Bekaert et 
al., 2021). In continental regions, helium isotopic composition is mainly dom-
inated by its heavy isotope, 4He, as a consequence of the radioactive decay of 
the U- Th–enriched continental crust (O’Nions and Oxburgh, 1988; Tolstikhin 
and Marty, 1998; Ballentine and Burnard, 2002; Ray et al., 2009). Although this 
is not quite true in active tectonic regions, an important 3He input from the 
mantle melts to the crust can be recognized (Ballentine and Burnard, 2002). 
These regions are basically active continental arcs that function as conduits 
of mantle or magmatic material to the surface (Hilton et al., 2002), or major 
tectonic boundaries, such as the San Andreas fault (Kennedy et al., 1997; 
Kulongoski et al., 2013) and the New Zealand Alpine fault (Giggenbach et al., 
1993; Menzies et al., 2016).

Fluid flow is the dominant process associated with the transport of mass 
and energy in the crust. Mantle volatiles play an important role in lithospheric 
rheology. Heat and mass are injected into the shallow crust when buoyant 
mantle fluids are able to flow through the ductile lower crust (Kennedy and 
van Soest, 2007). Even though the lower crust is considered an impermeable 
boundary due to the inability to maintain open fractures over long time scales 
(Byerlee, 1993), fluid transit may occur through punctual magma intrusion and 
degassing or by diffusion (Torgersen, 1993). Both of these methods are not 
very effective, and volatile fluxes are generally quite limited. However, along 
crustal boundaries, fault- controlled advective flow of mantle fluids through 
the ductile crust has been reported (Ballentine et al., 2005; Kulongoski et al., 
2005). In such a case, extensive circulation of fluids is generally possible in the 
upper crust under hydrostatic pressure, driven by thermal or compositional 
gradients (Yardley and Bodnar, 2014). In magmatic arcs, fluids are intrinsically 
linked to tectonic processes, which favor the connection between deep and 
shallow fluid reservoirs and provide key structural pathways for fluids. In these 
complex environments, shallow waters buffer the deep fluid flow. However, 
in highly fractured areas with deep structures, the intensity of deep fluid flow 
increases, which provides a less diluted signature and the opportunity to 
estimate its inflow (Tardani et al., 2016; Buttitta et al., 2020).

In central Mexico, the active magmatic arc has a geographically well- 
defined extension called the Trans- Mexican Volcanic Belt. To the north, 
the Trans- Mexican Volcanic Belt faces the Mesa Central Province that is 
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characterized, among other things, by current intraplate volcanism. The con-
tact zone between subduction- related magmatism and intraplate magmatism 
is fuzzy and marked by numerous unconventional low–medium enthalpy geo-
thermal anomalies. On the surface, both subduction and intraplate volcanism 
are active but structurally controlled by crustal structures of incompatible 
directions (Hernández- Pérez et al., 2022). At depth, the extension to the north 
of the metasomatism of the mantle wedge of subduction is difficult to esti-
mate, as is the participation of the two types of magmatism in the generation 
of thermal anomalies.

In this study, we analyze the possible sources and pathways for crustal and 
mantle fluids in a range of high–low enthalpy hydrothermal springs from the 
San Juan del Río–Querétaro–Celaya Valley region, which lies at the northern 
border of the active magmatic arc (the Trans-Mexican Volcanic Belt) and its 
intersection with the major crustal boundary of the San Miguel Allende–Taxco 
fault system (Figs. 1A and 1B).

 ■ REGIONAL GEOLOGICAL SETTING

The study area is located at the intersection of three geologic provinces: the 
Trans- Mexican Volcanic Belt, the Mesa Central, and the Sierra Madre Oriental 
(Fig. 1A). The Trans- Mexican Volcanic Belt is a large Neogene continental arc 
that grows over the central Mexican margin of the North American Plate as 
a result of the subduction of the Rivera and Cocos plates along the Middle 
America Trench (Ferrari et al., 2012). The Trans- Mexican Volcanic Belt is com-
posed of nearly 8000 igneous structures that extend from the coast of Jalisco 
to the Gulf of Mexico in Veracruz. The Trans- Mexican Volcanic Belt is divided 
into three sectors (Gómez- Tuena et al., 2005). The western sector contains 
the Chapala, Tepic- Zaocoalco, and Colima rifts, which bound the Jalisco block. 
The central sector includes the San Miguel de Allende–Taxco fault system and 
the Michoacan- Guanajuato monogenetic Pleistocene volcanic fields and is 
bounded to the north by the Mesa Central Province. The eastern sector extends 
from the San Miguel Allende–Taxco fault system to the Gulf of Mexico. The 
seismic contours of the slab show that the Cocos Plate is sub- horizontal at the 
south of the Trans- Mexican Volcanic Belt. Below the Trans- Mexican Volcanic 
Belt the slab shows a different dip between the central and eastern sectors; it 
is steeper eastward (up to ~75°) (Fig. 1A). The slab is also affected by trench 
orthogonal tears and is truncated at ~500 km (Fig. 1A; Pérez- Campos et al., 
2008; Husker and Davis, 2009; Kim et al., 2010). The truncation of the slab 
seen in the seismic tomography in the central Trans- Mexican Volcanic Belt 
occurs just below the northern boundary of the Trans- Mexican Volcanic Belt 
and coincides with the Bajío fault and the Chapala- Tula fault system (Fig. 1A; 
Botero- Santa et al., 2015). The Mesa Central Province is an elevated plateau 
located 2000 m above sea level in central Mexico, which has undergone several 
episodes of magmatism and extension from the Paleocene to the Pleisto-
cene (Nieto- Samaniego et al., 1999; Del Pilar- Martínez et al., 2020). The Sierra 
Madre Oriental, the highest mountain chain in northeastern Mexico (Fig. 1A), 

is composed of marine sedimentary rocks of Middle Jurassic to Paleogene 
age. It is part of the Mexican fold- and- thrust belt that developed between the 
Late Cretaceous and early Eocene (Fitz- Díaz et al., 2018). Its western part is 
covered by volcanic and pyroclastic rocks of the Cenozoic Sierra Madre Occi-
dental silicic large igneous province, whereas to the south it is covered by the 
Trans- Mexican Volcanic Belt.

The San Miguel Allende–Taxco fault system and the Chapala- Tula fault 
system are major crustal structural boundaries between the Mesa Central and 
Sierra Madre Oriental provinces and the Trans- Mexican Volcanic Belt (Fig. 1C; 
Alaniz- Álvarez and Nieto- Samaniego, 2005). The southern extension of the San 
Miguel Allende–Taxco fault system is the limit between the central and west-
ern sectors of the Trans- Mexican Volcanic Belt. The intersection between the 
Mesa Central, Sierra Madre Oriental, and Trans- Mexican Volcanic Belt geologic 
provinces is characterized by important variations in crustal thickness. In fact, 
the crustal thickness decreases from ~40 km to 50 km in the Trans- Mexican 
Volcanic Belt to ~37 km in the Sierra Madre Oriental Province and ~32 km in 
the Mesa Central Province (Fig. 1A). A low degree of partial melting has been 
interpreted from seismic studies just below the Moho in the southern Mesa 
Central Province and the northern part of the Trans- Mexican Volcanic Belt, 
which suggests that the addition of molten materials at the base of the crust 
produced an uplift and heating of the lower and middle part of the crust (Nieto- 
Samaniego et al., 1999; Ferrari et al., 2012, and references therein).

The San Miguel Allende–Taxco fault system (Alaniz- Álvarez et al., 2002) and 
the Chapala- Tula fault system (Aguirre- Díaz et al., 2005) intersect orthogonally 
in the San Juan del Río–Querétaro–Celaya region (Figs. 1B and 1C). The study 
area lies on the northern part of the Trans- Mexican Volcanic Belt and displays 
some recent volcanism (>40,000 years) in the Michoacán- Guanajuato volca-
nic field (Luhr et al., 2006; Gómez- Vasconcelos et al., 2020) and upper crustal 
historical seismicity at the Sanfandila fault (Aguirre- Díaz and McDowell, 2000; 
Zúñiga et al., 2003). This region is also geothermally active, with two high- 
enthalpy fields at Los Azufres and at Celaya, as well as several low–medium 
enthalpy anomalies distributed within the central Trans- Mexican Volcanic Belt 
(Fig. 1; González- Guzmán et al., 2019; Jácome- Paz, 2019; Pérez- Martínez et al., 
2020, and references therein).

The stratigraphic column comprises rocks from the Jurassic to Quaternary. 
The oldest rock units are a middle Jurassic volcano- sedimentary succession 
(ca. 100 Ma; Ochoa- González et al., 2015) and Late Cretaceous limestone 
(Palacios- García and Martini, 2014) exposed in the northeastern part of the 
area (Fig. 1B). This Mesozoic basement succession is sheared and folded and 
unconformably overlain by Oligocene to Quaternary volcanic rocks (Alaniz- 
Álvarez et al., 2001; Verma and Carrasco- Núñez, 2003; Arango- Guevara et 
al., 2007). The transition between the deformed basement and the Cenozoic 
volcanics is highlighted by a continental conglomerate of Eocene age (Aguirre- 
Díaz and McDowell, 2000; Aranda- Gómez and McDowell, 1998). The oldest 
volcanic pulse is Rupelian in age and is part of the major pulse of ignimbrite 
flare- up of the Sierra Madre Occidental large igneous province (Aguirre- Díaz 
and López- Martínez, 2001; Ferrari et al., 2018). It includes pyroclastic flow 
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Figure 1. (A) Tectonic setting of central and southern Mexico is shown. The white box indicates the main focus area of this study. The black contour lines depict the depth of the sub-
ducted slab compiled using the results of receiver functions, tomography studies, and hypocentral relocalization (from Ferrari et al., 2012). The dashed blue line represents the limit 
of the subduction plate. The red line illustrates the thickness of the crust beneath and south of the Trans- Mexican Volcanic Belt (in kilometers) (Ferrari et al., 2012, and references 
therein). The Trans- Mexican Volcanic Belt (TMVB) is delimited by the green area (from Ferrari et al., 2012). SMOc—Sierra Madre Occidental Province; MC—Mesa Central Province; 
SMOr—Sierra Madre Oriental Province; TSMF—Taxco San Miguel fault. (B) Simplified geological map of the study area. (C) Simplified structural map with sampling sites marked. 
SCF, PC, LG, Sal, EL, LD, Pal, and Ame are sample names. CT—Chapala-Tula. (D) Temperature distribution of water sampled from rain, springs, and groundwaters (low- temperature 
groundwater and high- temperature groundwater) of the San Juan del Río (SJR) Basin. The vertical orange dashed lines correspond to the average atmospheric temperature of the 
dry (21 °C) and wet (17 °C) period. In panel B: SJR—San Juan del Río city; Amea.—Amealco caldera; Amaz.—Amazcala caldera. Percentage in red indicates the mantellic helium con-
tribution of each sample. SMAT—San Miguel Allende–Taxco.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/doi/10.1130/GES02549.1/5748064/ges02549.pdf
by Istituto Nazionale di Geofisica e Vulcanologia INGV user
on 09 January 2023



4Billarent-Cedillo et al. | Mantellic degassing at the front of a magmatic arc (central Mexico)GEOSPHERE | Volume 19 | Number X

Research Paper

deposits, rhyolite domes, and lava flows, which are commonly observed 
discordantly overlying the deformed Mesozoic rocks. The Rupelian volcanic 
event is followed by a Miocene volcanic succession concurrent with the devel-
opment of extensional fault systems, which is locally faulted and affected by 
hydrothermal alteration. The Miocene volcanism began with the emplacement 
of andesitic to dacitic polygenetic volcanoes dated at ca. 13–10 Ma (Pérez- 
Venzor et al., 1996; Valdez- Moreno et al., 1998; Verma and Carrasco- Núñez, 
2003) and was followed by mafic lava flows forming an extensive plateau, a 
few shield volcanoes, and monogenetic cinder cones with ages ranging from 
8.8 Ma to 7.5 ± 0.5 Ma (Aguirre- Díaz and López- Martínez, 2001; Dávalos- Álvarez 
et al., 2005), which are mostly exposed in the Querétaro and San Juan del 
Río areas. Shortly after, at ca. 7.3 Ma, the volcanic activity become bimodal 
with the formation of the Amazcala rhyolitic caldera (Aguirre- Díaz and López- 
Martínez, 2001) and less voluminous fissural mafic lavas east of Querétaro. 
During the Pliocene (5–4.2 Ma), volcanism moves toward the southeast, with 
the development of the Amealco dacitic caldera and a massive rhyolitic dome 
complex southwest of the San Juan del Río basin (Aguirre- Díaz, 1996; Aguirre- 
Díaz and López- Martínez, 2009). Additional silicic volcanism occurred at the 
Los Azufres caldera, in the southern part of the study area, with rhyolitic 
ignimbrites, domes, and pyroclastic flows from the Pliocene to Holocene (Fer-
rari et al., 1991; Arce et al., 2021). To the west, basaltic and basaltic andesite 
monogenetic cones, shield volcanoes, and a few domes were emplaced in 
the Michoácan- Guanajuato volcanic field (Hasenaka and Carmichael, 1985; 
Hasenaka, 1994). Fluvial, lacustrine, alluvial deposits, and unconsolidated 
volcano- sedimentary and pyroclastic rocks fill the Miocene–present tectonic 
basins (Alaniz- Álvarez et al., 2001).

 ■ METHODS

Samples for dissolved and noble gas analysis were selected from the 
extensively evaluated published and personal database of physicochemical 
parameters of the groundwaters and spring waters from the Celaya, Querétaro, 
and San Juan del Río basins (see Results section) to obtain a representative 
panorama of the varied occurrence of groundwater types and the impact/
recording of deep- flow fluids within them.

Six water samples (SCF, Sal, EL, LD, Ame, and PAL) were collected from 
urban wells in the Querétaro and San Juan del Río basins (25–300 m), and one 
gas sample (PC) was collected from a geothermal well in Celaya. The waters 
have an abnormally high temperature except for the Ame sample, which has a 
much lower temperature (20.7 °C), which is close to the average atmospheric 
temperature. Physicochemical parameters (temperature, pH, electrical conduc-
tivity, and oxidation- reduction potential) were measured in situ using a Thermo 
Scientific® Orion 5- Star Plus multiparameter analyzer that was calibrated before 
sampling. Water 18O/16O and 2H/H isotope ratios (expressed in δ-notation nor-
malized relative to the Vienna Standard Mean Ocean Water) were analyzed at 
the Laboratorio de Isotopía Estable of the Instituto de Geología, UNAM, using 

the Los Gatos Research DLT- 100 V3® isotope ratio laser spectrometer (IRLS). 
The standard deviation for the δ18O was less than ± 0.2‰ and less than ± 2‰ 
for the δ2H‰. All of the hydrochemical data, including the δ18O and δ2H‰, are 
reported in Supplemental Material Table S11.

Water samples were collected in 121 ml glass bottles to analyze the chem-
ical composition of gases and helium isotopes dissolved in water (Capasso 
and Inguaggiato, 1998; Inguaggiato and Rizzo, 2004). The glass samplers were 
completely filled with water and sealed underwater with rubber septa to pre-
vent air contamination during the sampling procedure. The method used to 
analyze 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 
prevent air contamination during storage. A free gas sample was collected at 
the geothermal well in Celaya city.

Analysis of the chemical composition of gases and the noble gas isotopic 
composition was conducted at the geochemical laboratory of the Istituto Nazi-
onale di Geofisica e Vulcanologia–Palermo (INGV- Pa) in Italy. The chemical 
composition of dissolved gases was analyzed by an Agilent 7890 gas chro-
matograph using Ar as the carrier gas. The gas chromatograph is equipped 
with two detectors: a thermal conductivity detector (TCD) for the analysis of 
He, H2, O2, and N2, and a flame ionization detector (FID) for the analysis of CO, 
CO2, and CH4. A detailed description of the methods used 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. Noble gases were purified from the gas mixture 
in a stainless steel ultra- high vacuum line and then cryogenically separated and 
admitted into a split- flight tube noble- gas mass spectrometer (GVITM Helix SFT) 
for He isotopes and into a noble gas multicollector mass spectrometer (Helix 
MC Plus™ Multicollector) for Ne isotopes. A multicollector mass spectrome-
ter (GVITM Helix MC) was used to analyze Ar (Rizzo et al., 2015). The method 
for gas extraction and isotopic analyses is described in detail in Inguaggiato 
and Rizzo (2004). The analytical error was less than 3% on a single mass. 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 atmospheric one (1.39 × 10−6). The 
R/Ra values were corrected for atmospheric contamination (Rc/Ra) using the 
air normalized 4He/20Ne ratio equation of Hilton (1996).

 
RC

Ra

=

R
Ra

*X 1

X 1
 (1)

1 Supplemental Material. Table S1: Physicochemical parameters and composition of rain, spring 
and groundwater in the Celaya, Querétaro and San Juan del Río aquifers. Please visit https://
doi.org /10.1130 /GEOS .S .21513981 to access the supplemental material, and contact editing@
geosociety.org with any questions.
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 where X =  

He
Ne sample

He
Ne air

  Ne

He

 (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 atmospheric helium was 
dissolved. Only in the case of the gas sample PC, which was not dissolved 
in water, the ratio of βNe and βHe was not used to calculate (Rc/Ra), and X is 
(He/Ne)sample /(He/Ne)air. R/Ra values of the LD and Amealco 1 samples were not 
corrected for air contamination as their 4He/20Ne value is <25% higher than 
the 4He/20Ne value of air, which implies a significant error for the correction.

 ■ RESULTS

Regional Hydrological System Re- Evaluation

The study area comprises three connected hydrologic basins: the San Juan 
del Río, Querétaro, and Celaya basins (Figs. 1B and 1C). The hydraulic basins 

of San Juan del Río and Querétaro comprise the hydraulic head of the Lerma 
and Panuco regional basins. The piezometric gradient continually decreases 
from the San Juan del Río to the Celaya aquifer. However, the average tem-
perature of the aquifers continually increases from San Juan del Río to Celaya. 
These aquifers can be defined as compartmentalized and multi- layer, in which 
granular and fractured layers with contrasting hydraulic properties, as well 
as several structural discontinuities, influence the groundwater flow dynam-
ics (Carrera- Hernández et al., 2016; López- Alvis et al., 2019; Hernández- Pérez 
et al., 2020). Groundwater is thermally anomalous (with respect to mean air 
temperature of 18 °C; Fig. 1D) with localized geothermal spring occurrences 
along N–S structures (i.e., El Geyser and Celaya geothermal well; González- 
Guzmán et al., 2019) and hydro- chemically heterogeneous with F−, As, and Li+ 
punctual anomalies (González- Guzmán et al., 2019; Amézaga- Campos et al., 
2022). For comparison, we include physicochemical data from the Los Azufres 
geothermal field (Fig. 2). All of the physicochemical data, from the study area 
plus the regional geothermal field (Los Azufres; González- Partida et al., 2005; 
Pinti et al., 2013), were used to perform a hierarchical cluster and principal 
component analysis (PCA) to discriminate the different types of the sampling 
waters. The results derived from the PCA are presented in Figure 2. Seven 
main clusters were identified using a dissimilarity index of 7, selected based 
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Figure 2. (A) Dendrogram shows Hierar-
chical Clustering Analysis classification 
with groups and subgroups of samples 
of the San Juan del Río, Querétaro, and 
Celaya aquifers (Hernández- Pérez et 
al., 2022; González- Guzmán et al., 2019; 
Amézaga- Campos et al., 2022). For com-
parison, temperature and chemical data 
from the Los Azufres geothermal field 
are presented (LA; González- Partida et 
al., 2005). (B) Load distribution for Com-
ponent 1 and Component 2 of the analysis 
variables in the San Juan del Río Basin. 
(C) Principal component analysis (PCA) 
diagram differentiated by aquifer and wa-
ter type. SJR- r—San Juan del Río aquifer 
rain; SJR- sp—San Juan del Río aquifer 
spring; SJR- gw—San Juan del Río aqui-
fer groundwater; Qro-gw—Querétaro 
aquifer groundwater; Cel-gw—Celaya 
aquifer groundwater; LG—El Geyser; 
LTGW—low- temperature groundwater; 
HTGW—high- temperature groundwater. 
(D) PCA diagram differentiated by aquifer 
cluster water type.
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on the major Euclidean distance break in the amalgamation graph (Fig. 2A). 
The PCA illustrates the strong apparent correlation between water type and 
physico chemical parameters and confirms that our differentiation is robust. 
In Figures 2C and 2D, rain and low- temperature groundwater (LTGW; tem-
perature <35 °C) share a geochemical evolution on a continuum. The internal 
division of LTGW suggests an east–west enrichment (from San Juan del Río 
to Celaya) in Ca2+-Mg2+-HCO3

−, which is in good agreement with piezometric 
gradient and residence time/water- rock interaction processes. To simplify the 
data presentation and discussion, the rainwaters and LTGW (<35 °C) will be 
considered, respectively, as a single population (Figs. 2C and 2D). Three other 
populations are evident in Figure 2D: (1) the geothermal springs from Los Azu-
fres, (2) El Geyser, and (3) the groundwater of anomalous temperature in the 
San Juan del Río–Querétaro–Celaya aquifers (temp >35 °C, high- temperature 
groundwater [HTGW], Fig. 2C; and <35 °C, Fig. 2D). It is remarkable that the 
Los Azufres and El Geyser geothermal springs represent two different end- 
members. The Geyser springs are characterized by high temperatures and 
Na+-Cl− and Fluor enrichment. HTGW samples seem to represent a mixing 
pattern from LTGW to the El Geyser end- members. Finally, few samples from 
Celaya aquifer compose the cluster 5. They are characterized by SO4

2− and K+ 
enrichment probably related to the dissolution of Jurassic evaporites. The spe-
cial case of high- sulfate water in the PC gas sample is related to the observed 
precipitation of carbonate in the water deposit from where it was sampled. 
Cl−−SO4

2−
 water composition and increasing temperatures in all of the basins 

are correlated with specific geographic features (buried N–S faults), which 
indicates that the regional geology/lithology may be a determining factor that 
influences the physicochemical characteristics of water. The δ2H-δ18O isotopic 
composition of all rainwater, spring water, and groundwater (LTGW and HTGW; 
Fig. 3) is close to the Global Meteoric Water Line and Local Meteoric Water 
Line (LMWL) defined for San Juan del Río by Hernández- Pérez et al. (2020), 
which indicates a main meteoric contribution. All groundwater clusters (LMWL; 
Celaya, Querétaro, San Juan del Río aquifers) plot along common regression 
lines comparable to the Local Evaporation Line (LEL) as defined by Hernández- 
Pérez et al. (2020; LEL: δ2H = 5.38 δ18O − 19.84). Even the HTGW samples from 
San Juan del Río–Celaya Valley (including geothermal fluids from El Geyser) 
do not show evidence of an andesitic source.

Evaluation of the physicochemical and isotopic data set from the San 
Juan del Río–Querétaro–Celaya groundwater (LTGW and HTGW) and springs, 
including El Geyser, shows no relationship to the Los Azufres samples or a 
volcanic water signature.

Gas Chemistry and Helium Isotopes

N2, CO2, and O2 are the predominant dissolved gas species in the ground-
water samples (Table 1). Their concentrations range from 8.12 × 10−3 to 
1.1 × 10−2 cm3 STP/g for the N2, 1.6 × 10−4 to 6.2 × 10−3 cm3 STP/g for the CO2, 
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Figure 3. δ2H–δ18O isotopic data from ground-
water samples (spring and wells) from the 
Celaya (Cel)–Querétaro (Qro)–San Juan del 
Río (SJR) basins show a main evaporation 
isotopic trend with a common meteoric origin 
(Hernández- Pérez et al., 2022; Amézaga- Campos 
et al., 2022). For comparison, the isotopic data 
from regional hydrothermal springs and wells 
were added (El Geyser and Los Azufres; Barra-
gan et al., 2005; González- Partida et al., 2005; 
González- Guzmán et al., 2019; Pinti et al., 2013; 
Nieva et al., 1987). VSMOW—Vienna Standard 
Mean Ocean Water. GMWL—Global Meteoric 
Water Line; LMWL—Local Meteoric Water Line; 
LEL—Local Evaporation Line. LG is a sample.
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and 4.69 × 10−4 to 1.94 × 10−3 cm3 STP/g for the O2. Groundwater samples have 
4He concentrations between 7.13 × 10−8 cm3 STP/g and 2.54 × 10−6 cm3 STP/g 
with Rc/Ra values ranging from 0.2 to 3.25 (Table 1). 4He/20Ne (Laboratory) iso-
topic ratios dissolved in waters vary from 0.34 to 11.9, all of which are above 
the air- saturated water (ASW) composition ratio of 0.288.

The free gas sample from the Celaya geothermal well (PC) has a compo-
sition dominated by 93% CO2, 4.7% N2, and 1.2% O2, with a 4He concentration 
of 122 ppm. The measured 4He/20Ne ratio is 150, with an Rc/Ra value of 2.31 
(Table 1).

 ■ DISCUSSION

Volatile Composition of Groundwater 

The relative proportions of CO2, N2, and O2 of the San Juan del Río–
Querétaro–Celaya dissolved and free gas samples and El Geyser bubbling 
gas samples were plotted in a triangular plot (Fig. 4A) and compared with 
the air and ASW values. Most of the dissolved gas samples are characterized 

by a CO2 enrichment with respect to the ASW, evincing interaction with non- 
atmospheric CO2. There is no clear relationship between this CO2 enrichment 
and the Rc/Ra values (Fig. 4B). Samples Pal and Sal show an enrichment in N2, 
which may be due to an interaction with Quaternary organic sediments filling 
the San Juan del Río graben, as these samples show a slight enrichment in 
CH4 and the Pal sample also records CO concentration (Table 1).

The dry- gas chemical composition of the geothermal well in Celaya 
city (PC) is also characterized by a CO2 enrichment with respect to the air 
composition, evincing interaction with non- atmospheric CO2. Los Geysers 
bubbling gas samples display a mixing trend between air composition and 
a CO2-dominated hydrothermal end- member. These samples have a rel-
atively constant Rc/Ra value (mainly from 1.31 to 1.74; González- Guzmán 
et al., 2019) with variable proportions of CO2 (Fig. 4B). This behavior, for 
such a small sampling area, implies different local mechanisms for the CO2 
enrichment dynamics. The δ13C signatures of bubbling gas and groundwater 
at El Geyser can be explained as part of a mixing process with an organic 
end- member from the sedimentary rocks in the area (Marín- Camacho et al., 
2022). On the other hand, the PC sample has the highest CO2 concentra-
tion (93.03%), as well as the highest Rc/Ra value for free gas samples (2.31 

TABLE 1. PHYSICAL COMPOSITION AND He-Ne-C ISOTOPIC COMPOSITION OF THE GROUNDWATER DISSOLVED 
GAS FRACTION OF THE CELAYA, QUERÉTARO, AND SAN JUAN DEL RÍO AQUIFERS

Sample type Dissolved gases Free gas

Sample name Santa Cruz 
Forrajes (SCF)

El Lobo (EL) Saldarraga (Sal) La D (LD) Amealco 1 (Ame) Palmillas (Pal) Pozo Celaya (PC)
(water flow condensed 

steam deposit)

Pozo Geotérmico 
Celaya

Aquifer Qro Qro Qro SRJ SRJ SRJ Cel Cel
Long 363597 375555 365807 380114 382137 405328 317759 317759
Lat 2291117 2290015 2281668 2261430 2234320 2245940 2270992 2270992
T (°C) 42.7 41.4 39.7 34.5 20.7 41.6 87.9 –
pH 8.0 7.5 8.8 8.0 7.5 8.7 9.0 –
EC (µs/cm) 434 466 489 282 152 441 5920 –
TDS (ppm) 213 229 240 139 74 216 2905 –
ORP (mV) 14 21 3 54 24 213 –193 –
R/Ra (Laboratory) 0.36 2.96 2.67 0.99 0.85 1.30 – 2.31
4He/20Ne (Laboratory) 1.94 2.17 11.99 0.35 0.34 6.06 – 150.36
Rc/Ra 0.25 3.25 2.71 – – 1.31 – 2.31
3He/4He 3.49E-07 4.50E-06 3.75E-06 1.33E-06 2.73E-07 1.81E-06 – 3.20E-06

cm3 STP/g for dissolved gas, ppm and % for free gas
4He (ppm) 4.19E-07 4.60E-07 2.54E-06 7.41E-08 7.12E-08 1.65E-06 – 121.55
H2 (ppm) <LoD <LoD <LoD <LoD <LoD 3.40031E-07 – 1406
N2 (%) 9.08E-03 8.12E-03 1.10E-02 9.80E-03 1.03E-02 1.11E-02 – 4.74
O2 (%) 1.46E-03 8.98E-04 7.24E-04 1.94E-03 1.13E-03 4.69E-04 – 1.21
CO (ppm) <LoD <LoD <LoD 3.68E-08 3.60E-08 1.80E-07 – <LoD
CH4 (ppm) 6.06E-08 2.04E-06 4.03E-07 7.54E-08 6.57E-08 1.40E-06 – 1.9
CO2 (%) 9.70E-04 5.50E-03 1.85E-04 1.67E-03 6.20E-03 1.60E-04 – 93.03
20Ne (ppm) 2.13E-07 2.09E-07 2.10E-07 2.06E-07 2.06E-07 2.71E-07 – 0.81
Ar (ppm) 2.75E-04 4.61E-04 3.01E-04 4.04E-04 2.80E-04 3.18E-04 – 1174.01

Note: Dashes indicate not measured or not calculated data. <LoD indicates data under limit of detection.
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Ra). Also, considering the helium isotopes in dissolved gases, the highest 
Rc/Ra value (3.25) was found in the EL sample (41.4 °C) in the San Juan del 
Río–Querétaro–Celaya area.

Mantle- Helium Sources and Transport Mechanisms

Helium is an excellent geochemical proxy for distinguishing mantle and 
crustal contributions. Given the different origins, the ratio between primor-
dial (3He) and radiogenic (4He) varies according to the tectonic setting. In the 
continental crust, radiogenic 4He production dominates, exhibiting an average 
3He/4He crust end- member ratio of 0.02 Ra (Hooker et al., 1985). On the contrary, 
regions with mantle- derived fluids such as volcanic arcs, and mid- oceanic 
ridges or regions with active faults and high- seismicity, can reach average 
mantle end- member ratios of 3He/4He (Gautheron and Moreira, 2002; Graham, 
2002; Hilton et al., 2002; Kulongoski et al., 2005; Hilton, 2007; Kennedy and 
Van Soest, 2007; Hilton and Porcelli, 2014).

The R/Ra ratio versus the 4He/20Ne ratio for each sample is plotted in 
Figures 5A and 5B. The end- members, as well as the Los Azufres geothermal 
wells, springs, mud volcanoes, and fumarole samples (Pinti et al., 2013; Wen et 
al., 2018), were plotted for comparison. The mantle, atmospheric, and crustal 
helium contribution (Table 1, Figs. 5A and 5B) was calculated following the 
equation system proposed by Sano and Wakita (1985):

 
R
Ra

= A
R

RaASW

+ M
R

Ram

+C
R

Rac

 (3)

 

1
4He

20Ne

= A
4He

20NeASW

+ M
4He

20Nem

+ C
4He

20Nec

 (4)

 A M C 1+ + =  (5)

where A, M, and C represent the atmospheric, mantle, and crustal He compo-
nents, respectively. The end- members used for the calculations are 4He/20Ne 
ratios of 0.265 for ASW (Smith and Kennedy, 1983) or 0.318 for air (O’Nions 
and Oxburgh, 1988), 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) or 1 Ra for air (Graham, 2002), 0.02 Ra for the crust (Hooker 
et al., 1985), and 7.3 Ra for the lithospheric mantle beneath Mexico (Straub 
et al., 2011).

Most of the dissolved gas samples have less than a 50% contribution from 
ASW (except for Ame and LD). The main He source is a variable mixture of the 
crustal (48–82%) and mantle end- members (2.7–39%). The mantle contribution 
is relatively high for groundwater in a typical continental crust without recent 
magmatism (Mamyrin and Tolstikhin, 1984). The bubbling gas samples from 
El Geyser have an important atmospheric contribution (3.4–60%), a crustal 
contribution varying from 36% to 76%, and a mantle proportion of 4–21%. The 
geothermal well (PC sample) has the least atmospheric contribution (0.2%), 
and a major crustal proportion (68.4%) but with a high percentage of mantle- 
derived helium (31.4%). The San Juan del Río–Querétaro–Celaya samples have 
a distinct proportion of crustal- and mantle- He unlike Los Azufres, which lies 
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Figure 4. (A) CO2-O2-N2 ternary diagram for the Celaya (Cel)–
Querétaro (Qro)–San Juan del Río (SJR) groundwater samples is 
shown. The typical values of air (AIR) and air- saturated water (ASW) 
after O’Nions and Oxburgh (1988) and Smith and Kennedy (1983) are 
also plotted. GW—groundwater; FreeG—free gas. (B) Dissolved CO2 
(for low- temperature groundwater [LTGW] and high- temperature 
groundwater [HTGW] in cc/g) and free CO2 (for the Celaya Geother-
mal Well and El Geyser in %) vs. Rc/Ra diagram for the Cel- Qro- SJR 
groundwater samples. Data from El Geyser geothermal area were 
taken from González- Guzmán et al. (2019). SCF, PC, Sal, EL, LD, Pal, 
and Ame are sample names.
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in a typical volcanic setting in the Trans- Mexican Volcanic Belt (Figs. 1B and 
4B). Helium isotopes from Los Azufres springs and geothermal wells (Pinti et 
al., 2013), which are considered here for comparison, are characterized by an 
almost binary mixture that is between those of the atmospheric and mantellic 
end- members. These results imply a different tectonic- structural framework.

The geographical distribution of samples in the San Juan del Río–Querétaro–
Celaya region may shed some light on the 3He enrichment mechanism in 
groundwater. In the Celaya- Querétaro region, the El Geyser bubbling springs 
lie on the Obrajuelo N–S fault trace, and the PC geothermal well is also inferred 
to be located above a buried N–S fault (Fig. 1C). In Querétaro– San Juan del Río, 
sample LD is close to Sanfandila, a town where a seismic swarm took place 
in 1998 (Zúñiga et al., 2003); the Sal sample also lies close to the inferred San-
fandila fault trace, while EL lies within the intersection of the NW–SE and the 
NE–SW faults systems, at the rim of the Amazcala caldera (ca. 7.3 Ma; Fig. 1C). 
There is a clear relationship between the location of the thermally high Rc/Ra 
samples and the structural setting of the region, which implies that faults 
transport 3He toward the surface, although the origin of this 3He is not obvious.

We tested two hypotheses to assess a possible origin for the high Rc/Ra 
values within an intra- arc extension environment: (1) 3He enrichment due to 

a volatile- rich magma aging at depth (crust building by magma injection), 
and (2) ascent of volatiles degassed from mantle melts enhanced by crustal 
permeability in proximity to the regional fault systems coupled with crustal 
extension (Kennedy and van Soest, 2006).

Remnant Magmatic Fluids/Magma Aging Model

The magma aging model, first proposed by Torgersen and Jenkins (1982) 
and further developed by Kennedy and van Soest (2006) and Méjean et al. 
(2020), was used to test the first hypothesis. The magma aging model consid-
ers that in the absence of a present degassing magmatic source in the crust, 
anomalously high 3He contribution sources could derive from the leaching of 
local magmatic rocks rich in 3He trapped in the rocks (Torgersen and Jenkins, 
1982; Méjean et al., 2020). To distinguish if this 3He signature comes from 
the local magmatic rocks, we calculated the present- day helium composition 
that might be found according to their ages. In the crust, the time- dependent 
change in the helium isotopic composition of a reservoir due to the addition 
of radiogenic 4He is described by the equation (Newell et al., 2015):
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3He
4He

fin

=
3He( )init

4Heinit + 4Herad t( ) (6)

where fin and init refer to the final (present- day) and initial concentrations 
(cm3STP/g) or ratios, it is the time since the magmatic event/emplacement 
(yr), and 4Herad is the accumulation rate of radiogenic helium in the fluid 
(cm3STP/g/yr) given by:

 4Herad = 4Heprod

1( )
 (7)

where φ is the porosity, and 4Heprod is the crustal production rate (cm3STP/g/yr), 
which can be calculated following the equation (Torgersen et al., 1995):

 4Heprod = 0.2355 10 12( ) U[ ] 1+ 0.123 
Th[ ]
U[ ] 4  (8)

where [U] and [Th] are the concentrations of U and Th in the rock in ppm. In 
absence of local representative data, we used the [U] and [Th] concentrations 
of an average continental upper crust (2.7 ppm and 10.5 ppm, respectively; 
Rudnick and Gao, 2003).

In agreement with the regional geology, we considered two possible 
sources for a rich mantellic helium: the latest volcanism in the San Juan del 
Río–Querétaro–Celaya area, which corresponds to the Amazcala, Amealco 
and Huichapan calderas (ca. 7.3–3.0 Ma; Aguirre- Díaz and López- Martínez, 
2001), and the monogenetic volcanism of the Michoacán- Guanajuato volca-
nic field (average 300–400 ka; Gómez- Vasconcelos et al., 2020). We calculated 
the remaining 3He/4He ratio of the magmatic fluid without considering mix-
ing processes using the ages of these two volcanic events. According to the 
helium concentration measured in olivine from the Pleistocene to present 
Trans- Mexican Volcanic Belt (Straub et al., 2011), we assume a 4Heinit value of 
2.84 × 10−8 cm3STP/g, and a 3Heinit value of 2.87 × 10−13 cm3STP/g for the litho-
spheric mantle in central Mexico. Considering that these magmatic rocks are 
emplaced or can interact with water within the upper crust, we used a 4Heprod 
value of 6.27 × 10−13 cm3STP/g/y. For the porosity value, we used 10% as an 
average in a fractured sedimentary and volcaniclastic upper crust (Carrera- 
Hernández et al., 2016; Alaniz- Álvarez et al., 2001).

Results using the youngest caldera’s event (ca. 3.0 Ma) yield a remaining 
3He/4He ratio of 1.69 × 10−8 (0.01 Ra), while the monogenetic volcanism (300 ka) 
yields a remaining 3He/4He ratio of 1.67 × 10−7 (0.12 Ra). The values calculated 
represent a maximum, as we are not considering mixing or dilution within the 
aquifers. Calderas (ca. 3 Ma) or monogenetic volcanic (<300 ka) sources in the 
upper crust for the high mantle He contribution seem unlikely. In both cases, 
the predicted helium composition in the remaining fluid is several orders of 
magnitude lower than the range of Rc/Ra ratios measured in the study area. To 
reach Rc/Ra values as high as 3.25, such as those measured in the EL sample, 
and without considering aquifer dilution, the age of the magma source should 
be less than 6 ka. But such young magmatism is absent in the study region.

Sublithospheric Mantle He Flow through the Crust

To better asses the origin of the mantellic helium source, we estimated a 
travel- time range for the helium coming from the sublithospheric mantle to the 
surface using equations 6, 7, and 8. In this case, 4Heprod = 2.59 × 10−14 cm3STP/g/yr 
was calculated using concentrations of U and Th in average mid- oceanic- ridge 
basalt (0.119 and 0.4, respectively; Gale et al., 2013) as a proxy for the composi-
tion of the subcontinental lithospheric mantle beneath Mexico. The (3He ⁄4He)fin

 values used were the ratios measured in San Juan del Río–Querétaro–Celaya 
samples, except for the Ame cold- shallow aquifer sample. The 4Heinit and 3Heinit 
values used remained the same (2.84 × 10−8 and 2.87 × 10−13 cm3STP/g, respec-
tively; Straub et al., 2011). We considered an average crustal thickness of 40 km 
(Urrutia- Fucugauchi and Flores- Ruiz, 1996). As for the porosity, we used a value 
of φ = 1% as an upper limit for the lower crust (Hiett et al., 2021). Using Equa-
tion 7, we obtained He residence times of 14–300 k.y. (with an average of 80 k.y.). 
These residence times can be used to calculate an He flow rate. Considering a 
40- km- thick crust, we have flow rates of 0.1−2.9 m/yr. Calculated 3He flow rates 
are comparable to the flow rates from other active crustal fault zones such as the 
San Andreas fault (0.004–0.14 m/yr; Kennedy et al., 1997; Kulongoski et al., 2013), 
the North Anatolian fault (0.13–0.19 m/yr; de Leeuw et al., 2010), the Karakoram 
fault (0.012–0.019 m/yr; Klemperer et al., 2013), and the Alpine fault (0.42–2.6 m/yr; 
Menzies et al., 2016). Although these calculations are an approximation for the 
extent and rate of degassing in the San Juan del Río–Querétaro–Celaya area, they 
are comparable to the estimates for other regions where the mantle degassing 
is controlled by major crustal fault systems.

Regional Implications

The residence times calculated suggest that the partial melting event in the 
subcontinental sublithospheric mantle could be part of the event that created 
the Michoacán- Guanajuato volcanic field. The distribution of this monogenetic 
volcanism is strongly controlled by pre- existing, ~N–S- trending, and locally 
still active fault systems (Gómez- Vasconcelos et al., 2020). Although the high 
3He points to partial melting in the mantle, according to our re- evaluation of 
the hydrogeologic system and the dissolved gas data, there is no evidence of 
magmatic activity in the same range of time (< 300 k.y.).

In our study area, the distribution of the mantellic helium in the San Juan 
del Río–Querétaro–Celaya aquifers is strongly controlled by the permeability 
associated with the N–S systems of the fault. The extent of 3He degassing 
seems to be different in the aquifers; for example, 3He flow rates are higher 
for the dissolved gas samples in the San Juan del Río–Querétaro aquifers than 
for those in the Celaya aquifer (El Geyser and PC). For instance, the EL and 
Sal samples (from 200–300- m- deep wells, with temperatures of ~40 °C) have 
higher mantle helium flux than the PC sample from a 2500- m- deep geothermal 
production well. In general, toward the west of the San Miguel Allende–Taxco 
fault system, we find high- enthalpy waters (Celaya) but with a moderate mantle 
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helium contribution, while to the east of the San Miguel Allende–Taxco fault 
system, we find the thermal anomalies associated with a high input of mantle 
helium. The eastern portion of the San Juan del Río–Querétaro–Celaya area 
seems to be more permeable, which could also be related to the seismic activity 
in the region (Zúñiga et al., 2003; Aguirre- Díaz et al., 2005).

 ■ CONCLUSIONS

The hydrochemical and helium isotopic compositions in the study area provide 
insights into the dynamics of volatile degassing in the northern part of the central 
Trans- Mexican Volcanic Belt. The San Juan del Río–Querétaro–Celaya area, located 
within the intersection of two regional fault systems, contains thermal waters 
with a high input of 3He. The water has a meteoric origin and is not influenced by 
volcanic water or gas, as in other geothermal areas of the Trans- Mexican Volcanic 
Belt, such as Los Azufres, which is located ~70 km to the south. The high contri-
bution of 3He is related to the partial melting of the sublithospheric mantle, and 
the ascent of this mantle helium from the base of the crust to the surface is con-
trolled by the San Miguel Allende–Taxco and Chapala- Tula regional fault systems.

Our results emphasize the importance of regional crustal fault systems as 
important pathways for volatile degassing in the Trans- Mexican Volcanic Belt 
in addition to the large volcanic centers. Additional geophysical data on the 
structure of the upper mantle to the north of the central Trans- Mexican Vol-
canic Belt, coupled with a better knowledge of the stress regime in the crust, 
will help to confirm the mechanism that leads to the active volatile degassing 
without magmatic activity observed in central Mexico.
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