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A B S T R A C T

Thirty geothermal wells and two hot springs were sampled for volume fraction and isotopic measurements of
noble gases (He, Ne, Ar, Kr, Xe) and strontium in the Los Azufres Geothermal Field (LAGF), Mexico. The aim of
this study was to understand the evolution of fluid circulation following three decades of exploitation and re-
injection of used brines and to identify the heat source. The LAGF, divided into the Southern Production Zone
(SPZ) and the Northern Production Zone (NPZ), is hosted in a Miocene to Pliocene andesitic volcanic complex
covered by Quaternary rhyolitic-dacitic units. Air component corrected 3He/4He ratios (Rc) normalized to the
atmospheric ratio (Ra=1.384×10−6), range from 4.21 to 7.93 for most samples pointing to the occurrence of
a MORB-type mantle helium component, with contributions of crustal helium up to 53% and 18% in NPZ and
SPZ, respectively. Observations based on Rc/Ra and 87Sr/86Sr ratios point to mixing of three magmatic sources
supplying mantle helium to the LAGF: (1) a pure mantle He (Rc/Ra=8) and Sr (87Sr/86Sr= 0.7035) source
related to mafic magmas; (2) a pure mantle helium component (Rc/Ra=7) with some radiogenic Sr
(87Sr/86Sr= 0.7049) source, possibly related to Quaternary rhyolitic magmas; and (3) a fossil mantle He
component (Rc/Ra= 4.0) with some radiogenic Sr (87Sr/86Sr= 0.7038), corresponding possibly to Miocene
andesitic magmas. Parental magmas related to sources (1) and (2) emplaced<50 kyrs ago are likely responsible
for the addition of mantle volatiles and heat (Q) to the hydrothermal system of Los Azufres. An observed
4He/36Ar vs. 3He/Q correlation suggests that heat is transferred by conduction and convection in both NPZ and
SPZ. Atmospheric noble gas elemental ratios suggest that geothermal wells located closer to the western re-
injection zone are dominated by re-injection of used brines (injectate). The area affected by boiling in LAGF has
extended further to the north and west since the last noble gas sampling campaign in 2007–2009 (Pinti et al.,
2013).

1. Introduction

Mexico is among the countries with the highest installed geothermal
capacity in the world (Flores-Espino et al., 2017). The Los Azufres
Geothermal Field (LAGF), with an installed capacity of 247.9 MW
(Armenta et al., 2016), is the second most productive geothermal field
in Mexico after Cerro Prieto (Fig. 1A). LAGF is located 250 km west of
Mexico City, in the central area of the Trans-Mexican Volcanic Belt
(Fig. 1A). Its geothermal activity is concentrated in a volcanic complex
filled with Miocene andesites and covered by Quaternary dacites and

rhyolites. The area is part of the Morelia-Acambay east-west rift zone
(Fig. 1B) (Ferrari et al., 1991; Torres-Rodriguez et al., 2005). It is a
heavily fractured and faulted volcanic hydrothermal system with the
geothermal field being divided into the northern production zone (NPZ)
and the southern production zone (SPZ). These reflect different geo-
chemical, production and reservoir characteristics. Their original
thermodynamic state is also distinct. Indeed, while the NPZ is found
solely in the compressed liquid region, the SPZ encompasses the vapor-
dominated, liquid-dominated, and compressed-liquid region, de-
pending on the depth (Torres-Rodriguez et al., 2005). The SPZ yields
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Fig. 1. (A) Simplified map of Mexico with the position of Los Azufres, Cerro Prieto and Los Humeros fields. (B) Simplified tectonic map of the Los Azufres sierra and the E–W rift systems.
The location of Araró hot springs on the border of Cuitzeo Lake is also indicated as well as the H. Zimirao hot spring. NPZ and SPZ indicate the position of the northern production zone
and the southern production zone of Los Azufres geothermal field, respectively (from Pinti et al., 2013). (C) Locations of sampled wells and hot springs sampled in LAGF (this study and
Pinti et al., 2013), with tectonic structures and geology. The area of re-injection of used brines (injectate) is reported from Barragán et al. (2005) and Pinti et al. (2013). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the highest temperatures and is the most productive field.
Since commercial exploitation started at LAGF in 1982, reservoir

engineering and geochemical studies were carried out in an attempt to
gain knowledge of the reservoir conditions (e.g., Arellano et al., 2015;
Garcia-Estrada et al., 2001; Torres-Rodriguez et al., 2005). The fluid
chemistry and its evolution as used brine re-injection was also ex-
tensively studied (Arellano et al., 2015; Barragán et al., 2005; Birkle
et al., 2001; González-Partida et al., 2000, 2005).

Stable noble gases (He, Ne, Ar, Kr, and Xe) are excellent tracers of
migration and evolution of subsurface fluids (Castro et al., 1998a,
1998b; Pinti and Marty, 1995; Torgersen et al., 1992; Wen et al., 2015a,
2015b) and have been extensively used to characterize fluids in hy-
drothermal and geothermal systems (Birkle et al., 2016; Kennedy, 1988;
Kennedy et al., 1985, 1991, 2000; Mazor and Truesdell, 1984; Pinti
et al., 2017; Saar et al., 2005; Smith and Kennedy, 1985), including at
LAGF (Pinti et al., 2013). The study of Pinti et al. (2013) combined
noble gases and other geochemical element isotopes (e.g., δ18O, δD, and
Sr) and concluded that the NPZ boiling zone had been extended further
north following almost 35 years of geothermal fluid exploitation. It
further concluded that brine re-injection might account for over 90% of
the currently exploited fluids in the westernmost SPZ wells (i.e. AZ-2a;
Fig. 1C).

Stable noble gases in geothermal fluids are derived from the at-
mosphere, the crust, and the mantle, with each of these three terrestrial
reservoirs showing distinct isotopic and elemental signatures. This
makes it possible to separate each component from the total measured
isotopic and elemental abundances. Noble gases of atmospheric origin
refer to the component dissolved in water in solubility equilibrium with
the atmosphere (Air Saturated Water or ASW). Atmospheric noble gases
(ANG) are incorporated into the geothermal system during recharge by
meteoric water. Because noble gases have different solubilities, ANG
are partitioned in different extents into liquid and vapor phases during
boiling and phase separation in the reservoir. Thus, ANG abundance
fractionation can be a proxy of the thermodynamic conditions of the
reservoir (e.g., Mazor and Truesdell, 1984; Kennedy et al., 2000).
Crustal noble gases are primarily produced from radioactive decay of U,
Th, and 40K contained in the reservoir rocks (Ozima and Podosek, 1983)
and can thus be used to estimate the fluid residence time (Birkle et al.,
2016; Pinti et al., 2013). Being prevalent in the mantle and its derived
melting products, i.e., the magmas, 3He is ubiquitous in volcanic and
hydrothermal areas (e.g., Hilton and Porcelli, 2003; Saar et al., 2005;
Sano and Fischer, 2013) while largely absent in the atmosphere (i.e., in
meteoric water). Consequently, any fluid having interacted with
magmas (either meteoric-derived or “magmatic” from melt crystal-
lization) contains a considerable amount of 3He.

Here, the complete suite of stable noble gases from samples col-
lected in November 2014 at LAGF is analyzed together with previously
published data (Pinti et al., 2013). The goal is to further constrain the
origin of fluids and heat at LAGF and to assess the impact of physical
processes (e.g., boiling, condensation, brine re-injection) on this active
geothermal system.

2. Geological background

The general geology of the studied area and the geology of the re-
servoir at LAGF have been documented in detail in numerous studies
(e.g., Dobson and Mahood, 1985; Ferrari et al., 1991; Pradal and Robin,
1994; Torres-Rodriguez et al., 2005) and subsequently summarized by
others (Birkle et al., 2001; González-Partida et al., 2000; Pinti et al.,
2013).

The Los Azufres geothermal reservoir is hosted in a 2700-m thick
fractured, Upper Miocene to Pliocene basaltic andesite to dacite base
complex called the Mil Cumbres andesites with ages between 18.1 and
5.9Ma (Dobson and Mahood, 1985). It is overlain by andesitic lavas
and basaltic andesites of the Zinapecuaro andesite unit dated at
0.87–0.85Ma. The reservoir is sealed by a silicic sequence of

rhyodacites, rhyolites and dacites with ages between 1.6 and 0.15Ma
(Dobson and Mahood, 1985). At least five larger volcanic episodes af-
fected the LAGF in recent geological times: (1) the basal Aqua Fria
rhyolite dated between 1.6 and 0.84Ma; (2) the San Andreas dacite dated
between 0.36 and 0.33Ma; (3) the Yerbabuena rhyolite dated between
0.3 and 0.14Ma; (4) the Ciudad Hidalgo basalts dated approximately at
0.15Ma; and (5) the last rhyolitic ignimbrite dated between 38 and
26 kyrs (Pradal and Robin, 1994). The felsic sequences of dacites and
rhyolites were interrupted at around 0.6Ma by the emission of nu-
merous lava flows which gave rise to the La Calabaza and Llano Grande
mafic sequences (Pradal and Robin, 1994) (Fig. 1C).

The LAGF is a highly fractured system with faults along the E-W,
NE-SW and NNW-SSE directions (De la Cruz et al., 1982) (Fig. 1). These
faults lead to high hydraulic conductivities along these directions and
lead to greater exploitation levels compared to other geothermal fields
in Mexico. Fluid temperatures reach values as high as 350 °C with
common range values of 240–280 °C (Birkle et al., 2001). The NPZ re-
servoir consists of the Mil Cumbres andesites and Agua Fría rhyolite
(Torres-Rodriguez et al., 2005). Fluids in the NPZ are in the sub-cooled
liquid region (Torres-Rodriguez et al., 2005). The SPZ reservoir has
higher temperatures than that of NPZ and is composed of Mil Cumbres
andesites, Agua Fría rhyolite and Tejamaniles dacite. The latter is the most
recent volcanic unit which hosts most of the thermal springs (Torres-
Rodriguez et al., 2005). SPZ fluids are located at three different depth
intervals in thermodynamically distinct dominant phases. These are: a)
a steam zone at 2300 to 1900masl; b) a liquid zone at 1900 to
1200masl; and, c) a compressed-liquid zone at 1200 to 1300masl. To
maintain the reservoir pressure and to increase longevity of the field,
re-injection of exploited brines is done at the western border of the NPZ
and SPZ productive zones (Fig. 1C). Re-injection of brines causes
boiling and steam separation in the reservoir (Arellano et al., 2015;
Barragán et al., 2005).

3. Sampling and methods

A sampling campaign was carried out in November 2014. Thirty-
two gas samples were collected from 30 production wells and 2 springs
(Fig. 1C) for analysis of noble gas volume fractions and isotopic ratios
(Table 1). Of the two springs, Maritaro is located inside the NPZ. The
Hervideros de Zimirao hot spring (labeled as H. Zimirao; Fig. 1B) was
collected nearby the Araró locality, a low-medium enthalpy system
outside of the Los Azufres sierra (Fig. 1B) (Viggiano-Guerra and
Gutiérrez-Negrín, 2005).

Samples for noble gas analyses were collected in standard re-
frigeration-grade 3/8″ copper tubes (~14 cm3), sealed by stainless steel
pinch-off clamps after gas was flowed through for several minutes. In
wells not equipped with a steam/water separator, gas samples were
collected directly at the wellhead, using a mini-separator and a cooling
coil. In wells equipped with a steam/water separator, the copper tube
was fixed to a small stool aligned with one of the output valves of the
steam separator conduit. A single copper tube was extended from the
sampler to the NPT-type male connector screwed on the steam conduit
valve. The clamps were closed using electric drills. Five copper tubes
(AZ-18, AZ-34, AZ-51, AZ-62, and AZ-83) were clamped and divided
into 2 segments. Each segment of gas sample was measured individually
for noble gas volume fractions and isotopic ratios. All replicated ana-
lyses from the same copper tube are listed with the suffix ‘a’ or ‘b’
(Tables 1, 2, and 3).

Noble gas measurements were carried out in the Noble Gas
Laboratory at the University of Michigan. He and Ne were sequentially
analyzed in a Thermo Scientific Helix SFT mass spectrometer while Ar,
Kr, and Xe were sequentially inlet into an ARGUS VI mass spectrometer
using a computer-controlled double-head cryo-separator. Extraction,
purification, and analysis procedures are described in detail in other
publications (Pinti et al., 2017; Wen et al., 2015a, 2017). Elemental
abundances of He, Ne, Ar, Kr, and Xe have typical uncertainties of
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1.5%, 1.3%, 1.3%, 1.5%, and 2.2%, respectively and all uncertainties
are at± 1σ level.

Water samples for strontium isotope analyses were collected di-
rectly at the water separator using a metallic container. The water was
cooled to ambient temperature prior to being transferred into Nalgene®
bottles. Strontium isotope analyses were conducted at Isotope Tracer
Technologies Inc., Waterloo, using a Triton Thermal Ionization Mass
Spectrometer with a precision ranging between 0.0002 and 0.0003%
(2σ).

R/Ra values (i.e., 3He/4He ratios (R) that are normalized to the
atmospheric ratio Ra, where Ra= (1.384 ± 0.013)× 10−6 (Clarke
et al., 1976)) were corrected with respect to an atmospheric compo-
nent. This air component is potentially introduced into the system due
to: a) sample contamination; b) freshwater recharge; or c) re-injection
of brines at depth. R/Ra air corrected values (Rc/Ra; Table 2) were
calculated as follows (Craig et al., 1978)

= − −Rc Ra R Ra r r/ [( / ) ]/(1 )meas (1)

=r He Ne He Ne( / ) /( / )ASW meas
4 20 4 20 (2)

where (R/Ra)meas is the measured R/Ra value; (4He/20Ne)ASW and
(4He/20Ne)meas represent the isotopic ratios of the ASW at 12 °C (0.257;
Ozima and Podosek, 1983) and that of collected samples, respectively.
The temperature of 12 °C corresponds to the local mean annual air
temperature (MAAT) at the LAGF (Lund and Rangel, 1995). Details on
Rc/Ra uncertainty estimation are described elsewhere (Sano et al.,

2006). Because Ne measurements are not available for samples AZ-2A,
AZ-18, AZ-26, AZ-34, AZ-66D, AZ-83a, and AZ-89, 4He/36Ar ratios ra-
ther than 4He/20Ne values are used to derive r in Eq. (2) for these
samples (Tables 1 and 2). For AZ-83b, R/Ra is not corrected as Ne and
Ar are close to blank levels. For most samples, corrected Rc/Ra values
obtained using the 4He/36Ar ratios are very close (within 1%) to those
using 4He/20Ne ratios. To compare samples collected in November
2014 with those of Pinti et al. (2013), the Rc/Ra corrected based on
4He/20Ne ratios was adopted when available.

4. Results

Sample locations, reservoir (NPZ or SPZ), sampling date, reservoir
thermodynamic conditions and Sr isotopic ratios in geothermal fluids
(87Sr/86Sr) are reported in Table 1. Noble gas volume fractions (4He,
20Ne, 36Ar, 84Kr, and 132Xe) of Los Azufres steam phase and relative
abundances (F(i) values) are reported (Table 1). F(i) values are calcu-
lated by normalizing measured volume fractions to corresponding air
values with 36Ar as the reference isotope, i.e., F(i)= (i/36Ar)sample/
(i/36Ar)air. F(i) values are fractionation factors indicating enrichment or
depletion relative to the air composition and can be used as a proxy for
reservoir conditions (boiling, condensate etc.) (e.g., Mazor and Bosch,
1987; Wen et al., 2016; Kennedy, 1988). Table 2 lists He, Ne and Ar
isotopic ratios. Kr and Xe isotopic ratios are presented in Table 3. At-
mospheric isotopic volume fractions and ratios are also provided for
comparison (Tables 1, 2, and 3). Samples with noble gas isotopic

Table 2
He, Ne and Ar isotopic ratios as well as He/heat ratios for Los Azufres samples.

Sample R/Ra ± 1σ R/Rc ± 1σ 20Ne/22Ne ± 1σ 21Ne/22Ne ±1σ 38Ar/36Ar ±1σ 40Ar/36Ar ± 1σ 3He/Q (cm3STP/J)b ± 1σ

AZ-2A 2.04 0.02 2.27 0.02 – – – – 0.1875 0.0001 294.12 0.07 7.07E-16 1.40E-17
AZ-4 5.24 0.04 5.26 0.04 9.924 0.012 0.02798 0.00037 0.1843 0.0022 296.57 0.54 1.00E-13 1.99E-15
AZ-5 7.48 0.07 7.48 0.07 9.812 0.015 0.02907 0.00028 0.1887 0.0006 314.57 0.20 1.84E-12 3.64E-14
AZ-6 6.81 0.06 6.85 0.06 9.804 0.007 0.02889 0.00012 0.1891 0.0006 304.64 0.21 2.11E-13 4.18E-15
AZ-9A 7.93 0.09 7.93 0.09 9.806 0.023 0.02885 0.00055 0.1874 0.0006 315.13 0.40 1.80E-12 3.57E-14
AZ-9AD 7.74 0.06 7.74 0.06 9.951 0.165 0.02511 0.00484 0.1861 0.0053 364.68 1.85 7.43E-12 1.48E-13
AZ-12D 6.56 0.08 6.61 0.08 9.788 0.006 0.02900 0.00007 0.1890 0.0002 300.45 0.12 8.53E-14 1.69E-15
AZ-13 7.68 0.08 7.68 0.08 9.754 0.059 0.02963 0.00107 0.1883 0.0012 344.53 0.67 7.13E-12 1.41E-13
AZ-18a 7.66 0.08 7.66 0.08 – – – – 0.1940 0.0060 597.20 3.88 2.32E-11 4.61E-13
AZ-18b 7.51 0.06 7.51 0.06 – – – – – – 556.70 15.32 2.19E-11 6.87E-13
AZ-19 5.93 0.06 5.98 0.06 9.793 0.005 0.02877 0.00007 0.1891 0.0002 299.16 0.09 7.94E-14 1.58E-15
AZ-25 6.53 0.05 6.54 0.05 9.788 0.033 0.02986 0.00091 0.1908 0.0008 309.60 0.34 5.66E-13 1.12E-14
AZ-26 6.66 0.05 6.66 0.05 – – – – 0.1991 0.0259 523.45 7.56 1.56E-11 3.25E-13
AZ-28 6.48 0.05 6.48 0.05 9.776 0.034 0.02800 0.00061 0.1901 0.0009 304.11 0.34 4.44E-13 8.80E-15
AZ-32 7.53 0.05 7.53 0.05 9.683 0.026 0.02764 0.00147 0.1891 0.0067 351.67 4.13 7.51E-12 1.49E-13
AZ-34a 7.50 0.08 7.50 0.08 – – – – 0.1774 0.0043 496.10 3.11 1.44E-11 2.86E-13
AZ-34b 7.41 0.06 7.41 0.06 – – – – – – 516.29 12.18 1.52E-11 4.26E-13
AZ-36 7.22 0.06 7.23 0.06 9.825 0.025 0.02903 0.00077 0.1857 0.0015 363.93 0.54 4.38E-12 8.70E-14
AZ-38 7.34 0.05 7.34 0.05 9.797 0.012 0.02923 0.00047 0.1888 0.0014 333.83 0.44 3.00E-12 5.96E-14
AZ-42 3.05 0.03 4.47 0.03 9.812 0.003 0.02894 0.00001 0.1876 0.0001 294.46 0.07 1.02E-15 2.02E-17
AZ-43 6.98 0.06 6.98 0.06 9.878 0.037 0.02765 0.00073 0.1889 0.0007 333.39 0.50 4.24E-12 8.41E-14
AZ-46 6.90 0.08 7.24 0.08 9.822 0.003 0.02896 0.00002 0.1879 0.0001 295.63 0.07 2.02E-14 4.02E-16
AZ-47D 7.47 0.10 7.47 0.10 9.683 0.046 0.02761 0.00091 0.1865 0.0018 325.63 0.76 1.54E-12 3.06E-14
AZ-48 6.53 0.05 6.54 0.12 9.861 0.004 0.02853 0.00032 0.1877 0.0010 301.30 0.50 3.96E-13 7.87E-15
AZ-51a 7.58 0.07 7.58 0.07 9.836 0.081 0.02741 0.00168 0.1921 0.0013 319.09 0.79 2.34E-12 4.65E-14
AZ-51b 7.37 0.04 7.37 0.04 9.812 0.020 0.02932 0.00031 0.1889 0.0009 316.02 0.60 2.01E-13 3.98E-15
AZ-62a 7.16 0.08 7.16 0.08 9.914 0.162 0.02493 0.00174 0.1869 0.0054 428.87 2.59 1.11E-11 2.21E-13
AZ-62b 7.19 0.05 7.19 0.05 9.886 0.028 0.03058 0.00190 0.2076 0.0150 410.62 9.62 1.00E-11 2.80E-13
AZ-65 5.12 0.05 5.73 0.05 9.813 0.002 0.02897 0.00002 0.1878 0.0001 295.00 0.06 4.20E-15 8.34E-17
AZ-66D 1.03 0.01 1.04 0.01 – – – – 0.1878 0.0001 294.86 0.07 2.78E-16 5.52E-18
AZ-67 7.55 0.08 7.55 0.08 9.796 0.014 0.02949 0.00048 0.1891 0.0007 307.08 0.21 6.73E-13 1.34E-14
AZ-83a 6.71 0.07 6.71 0.07 – – – – 0.1931 0.0204 431.80 7.87 4.51E-12 1.06E-13
AZ-83b 7.18 0.04 7.18 0.04 – – – – – – – – – –
AZ-89 6.58 0.07 6.59 0.07 – – – – 0.1923 0.0027 309.71 0.63 5.64E-13 1.12E-14
AZ-90 3.23 0.03 4.21 0.03 9.896 0.003 0.02911 0.00003 0.1876 0.0001 294.46 0.06 1.53E-15 3.04E-17
Maritaro 4 7.45 0.04 7.49 0.00 9.978 0.015 0.02935 0.00005 0.1878 0.0002 295.50 0.12 – –
H. Zimirao 1.12 0.01 – – 9.857 0.019 0.02905 0.00006 0.1875 0.0002 293.86 0.07 – –
Aira 1.00 – – – 9.800 – 0.02900 – 0.1880 – 295.50 – – –

a Ozima and Podosek (1983).
b Calculated following Burnard et al. (1999).
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volume fractions close to blank levels are not reported as these have
poor isotopic measurement precision.

R/Ra values range from 1.03 ± 0.01 to 7.93 ± 0.09. Most samples
(32 out of 37) yield R/Ra ratios> 5 which indicates the presence of a
highly dominant mantle origin for helium. The highest R/Ra value of
7.93 ± 0.09, measured in well AZ-9A is very close to that of a pure
upper mantle component representative of Mid Ocean Ridge Basalts
(MORB; R/Ra= 8 ± 1; Graham, 2002). Interestingly, the highest re-
servoir temperature of 347 °C was measured in this same well (Molina
Martínez, 2013).

Rc/Ra ratios for all samples range from 1.04 ± 0.01 to
7.93 ± 0.09 pointing to mixing between two distinct helium re-
servoirs, the crust and the upper mantle. Rc/Ra and R/Ra values are not
significantly different for most samples (Table 2), suggesting minor
helium atmospheric contributions.

20Ne/22Ne and 21Ne/22Ne values vary from 9.68 ± 0.03 to
9.98 ± 0.02 and from 0.0249 ± 0.0017 to 0.0306 ± 0.0019,

respectively. Some of these values are greater than corresponding air
values (20Ne/22Ne=9.80 and 21Ne/22Ne=0.0290; Ozima and
Podosek, 1983) and suggest the presence of crustal (Kennedy et al.,
1991) and mantle (Sarda et al., 1988) Ne. 40Ar/36Ar isotopic ratios
range from 293.9 ± 0.1 to 597.2 ± 3.9 with most samples (26 out of
37) presenting values greater than that of air (i.e., 295.5; Ozima and
Podosek, 1983). These elevated 40Ar/36Ar values point to the presence
of crustal and/or mantle 40Ar in most samples.

5. Discussion

5.1. Mixing of atmosphere-, crust-, and mantle-derived helium and argon

5.1.1. Atmospheric He and Ar
Fig. 2 plots R/Ra values as a function of 4He/20Ne ratios for all fluid

samples collected in this study as well as for earlier LAGF fluid data
(Pinti et al., 2013). R/Ra values are distinct for the air, crust and mantle
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4He/20Ne= 0.257; Ozima and Podosek, 1983) and a terrigenic
component including crustal (R/Ra=0.02, 4He/20Ne=10,000) and
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end-members. Assuming R/Ra values in the mantle (MORB) and in the
crust to be 8 and 0.02 (Graham, 2002; Oxburgh et al., 1986), respec-
tively, leads to mantle He contributions varying between 12.8% and
99.1% in all samples. As observed for R/Ra, the terrigenic (i.e., crust
and/or mantle) 4He/20Ne value is also significantly higher (~10,000,
Morikawa et al., 2008) than the air value (0.318, Ozima and Podosek,
1983), rendering this elemental ratio a useful discriminant for atmo-
spheric and terrigenic noble gas source contributions. Except for pro-
duction wells AZ-42, AZ-90 and the Hervideros de Zimirao hot spring, the
contribution of mantle and crustal helium is dominant for most samples
collected. R/Ra values for wells AZ-42 and AZ-90 are 3.05 ± 0.03 and
3.23 ± 0.03, respectively (Table 2) while their corresponding Rc/Ra
values are 4.47 ± 0.03 and 4.21 ± 0.03, respectively (Table 2). This
points to a maximum crustal He contribution of 44–48%. The helium
signal from the Hervideros de Zimirao hot spring in the Araró area of the
Cuitzeo Lake (Fig. 1B) is likely derived from air contamination as in-
dicated by the 4He/20Ne ratio of 0.361, close to that of the atmosphere
(0.318; Ozima and Podosek, 1983) and clearly distinct from that of
ASW at 12 °C (0.257; Table 1; Fig. 2). This spring is an intermittent

geyser rendering sampling challenging. It is located very close to the
sample Araró north of Pinti et al. (2013), which yielded Rc/Ra of
4.17 ± 0.05, the typical He isotopic signature for the Araró locality
(Pinti et al., 2013). Because air contamination is likely, this sample will
not be discussed further. The low R/Ra value (2.04 ± 0.02) of well AZ-
2A points to the presence of a significant air component resulting from
re-injection (Pinti et al., 2013). The lowest R/Ra value of 1.03 ± 0.01
observed at well AZ-66D, suggests either the presence of a significant
re-injection component or air contamination.

The atmosphere contains 1% of argon by volume and very little 3He.
In contrast, argon in the mantle is present at low levels while the 3He
content is high. This leads to rapid dilution of mantle argon but not of
mantle helium when air is added to a magmatic fluid (Pinti et al.,
2017). R/Ra remains mostly unaffected by the addition of freshwater
until its proportion in the mixture reaches at least 80% of the total
amount of fluid (Pinti et al., 2017). Thus, identification of mantle Ar is
nearly impossible based solely on the 40Ar/36Ar ratios. Fig. 3 presents
40Ar/36Ar ratios as a function of R/Ra for LAGF fluid samples. The di-
lution effect is apparent in some samples (e.g., AZ-67 and hot spring
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Maritaro 4) which display high R/Ra values while yielding 40Ar/36Ar
ratios close to that of the atmosphere and thus, that of ASW (Table 2).

5.1.2. Crustal- and mantel-derived He and Ar
Regression analysis indicates that the contribution of crustal helium

is up to 53% and 18% for fluid samples in the NPZ and SPZ, respectively
(dashed lines in Fig. 2), suggesting that NPZ fluids have longer re-
sidence times, allowing crustally produced 4He to further accumulate.

Comparison of fluid samples between this study and that of Pinti
et al. (2013) suggests that the overall contribution of atmospheric he-
lium remained unchanged for both, the NPZ and SPZ between 2007/
2009 (Fig. 2; Pinti et al., 2013) and 2014. It is also worth noting that,
with a few exceptions, fluid samples in this study with higher R/Ra
values tend also to have higher 40Ar/36Ar ratios, above the air value of
295.5 (Table 2; Fig. 3), suggesting the presence of terrigenic argon in
some samples, of either mantle or crustal origin.

The 40Ar/36Ar and R/Ra ratio end-members in the mantle are as-
sumed to be 40,000 (Burnard et al., 1997) and 8 ± 1 (Graham, 2002),
respectively, while the atmospheric 40Ar/36Ar and R/Ra ratios are
295.5 and 1 (Ozima and Podosek, 1983), respectively. The theoretical
mixing line (solid curve in Fig. 3) between a pure mantle and an ASW
end-member should be a hyperbola with the curvature parameter
r=[Ar/He]ASW/[Ar/He]mantle equal to 11,200. This value is obtained
from a mantle Ar/He ratio of 0.704 (calculated from data of Moreira
et al. (1998)) and a Ar/He ratio of ASW at 12 °C of 7982 (calculated
from solubility data of Smith and Kennedy (1983)). Many samples fall
on this curve (i.e., r=11,200) while several samples do not plot on this
mixing hyperbola. Best fitting suggests mixing hyperbolas with de-
creasing curvature parameter r ranging from 2000 to 700. Because the
ASW Ar/He end-member displays little variation under the recharge
conditions in the LAGF (Ar/He ratio in ASW varies within a factor of 2
for the range of recharge temperatures of 4–31 °C; Lund and Rangel,
1995), it requires ca. a 5–15 times higher Ar/He ratio of the magmatic
source to explain these outliers (Fig. 3).

Solubility-controlled fractional (Rayleigh) degassing of the melt
could be assumed as the main process of mantle volatile addition to
geothermal fluids (e.g., Paonita et al., 2012; Burnard et al., 2004).
Because Ar is much less soluble than He in the melt, degassed volatiles
will have a Ar/He ratio much higher than that in the residual melt
(Burnard et al., 2004), resulting in a much lower curvature parameter r,
as observed in Fig. 3.

An alternative hypothesis is the addition of crustal Ar (Pinti et al.,

2017). To test this hypothesis, 40Ar/36Ar ratios are plotted versus
3He/36Ar ratios (Fig. 4). Fig. 4 shows that NPZ and SPZ fluid samples lie
on two distinct regression lines representing mixing between a fresh-
water/atmospheric component (low 40Ar/36Ar and 3He/36Ar values),
and the subsurface fluid enriched in terrigenic He and Ar, as shown by
higher 40Ar/36Ar and 3He/36Ar ratio values. The relation between
40Ar/36Ar ratios and 3He/36Ar ratios have been often observed in fluid
inclusions associated with hydrothermal-magmatic ore deposits (e.g.,
Burnard et al., 1999; Burnard and Polya, 2004) and interpreted as a
mixing between a modified ASW fluid and a hydrothermal component
enriched in both 40Ar* (i.e., crustal 40Ar) and 3He.

The slope of the regression line reflects the average 40Ar*/3He ratio
of the associated fluid sample (Burnard and Polya, 2004). Estimated
40Ar*/3He values are 16,220 and 8060 for SPZ and NPZ, respectively,
with a corresponding correlation coefficient r2 equal to 0.96 and 0.85,
respectively. These estimated values are much lower than the
40Ar*/3He values expected for the mantle, i.e., 42,000–60,000 (Burnard
et al., 1999; Staudacher et al., 1989) and even lower than the estimated
value for the bulk continental crust of 2× 107 (Stuart et al., 1995). He
in LAGF fluids is enriched by a factor of 3–7 relative to Ar, with respect
to the mantle composition (Fig. 4). The lower 40Ar*/3He ratio in the
LAGF hydrothermal fluid compared to a pure mantle source calls for a
local source of terrigenic Ar which is much less mobile than He in rocks.
The terrigenic Ar could be produced in local volcanites such as the
rhyolites that have a K content up to 6 wt% (Pradal and Robin, 1994)
and subsequently released into the fluid with mantle He. Emplacement
of the magma body that provided heat to the field could have enhanced
degassing of rocks in this area. This might facilitate the release of
crustally-produced Ar from the rock that eventually over-imprinted the
possible original mantle Ar signatures in the magma body. It is unclear
why we have a net dichotomy with wells from the NPZ showing lower
40Ar*/3He than those from the SPZ (Fig. 4). This could be due to either
1) a lithological control in the release of He and Ar, within the southern
part of the LAGF where most of the rhyolite intrusions outcrops (Pradal
and Robin, 1994), or; 2) boiling in the reservoir (Burnard and Polya,
2004). Because He is less soluble in water than Ar, the original
40Ar*/3He fluid ratio could be strongly fractionated during boiling in
the reservoir, with He enriched compared to Ar in the sampled fluid
(e.g., Pinti et al., 2013; Mazor and Truesdell, 1984). Interestingly, the
NPZ reservoir seems to be more affected by boiling than that in the SPZ
(Arellano et al., 2015).
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5.2. Heat: Sources, timing and transport

One of the unresolved questions of the Los Azufres hydrothermal
system relates to the origin of its heat source. Miocene-Pliocene ande-
sites are too old to supply high enthalpy to the field. Conductive models
in Los Azufres (Garcia-Estrada et al., 2001) suggested that the intrusion
should be no older than 0.4Ma to maintain the current high enthalpy in
the field. This limits the choice to Quaternary rhyolitic and dacitic
magmas that erupted between 0.15Ma and 30 kyrs (Pradal and Robin,
1994). Based on sparse Sr isotopic data, Pinti et al. (2013) preliminarily
concluded that the potential sources of mantle He and heat could be
mafic magmas at depth.

Fig. 5 suggests mixing of three end-members for most samples (this
study and Pinti et al., 2013). The first end-member (labeled MORB;
Fig. 5) is a MORB-like mantle source with Rc/Ra of 8 and 87Sr/86Sr ratio
of 0.7035. This latter value is slightly more radiogenic than the typical
N-MORB, resembling more closely that of E-MORB (Donnelly et al.,

2004). This MORB-like parental magma might be the one giving rise to
the La Calabaza and Llano Grande mafic lava flow sequences at around
0.6Ma (Pradal and Robin, 1994). The second end-member (labeled
Andesite; Fig. 5) has a lower Rc/Ra value of ca. 4.0 (Pinti et al., 2013)
and a 87Sr/86Sr ratio of 0.7038, similar to that of Miocene andesites
(Verma et al., 2005). The lower Rc/Ra value might be caused by
“magma aging”, i.e., internal production of radiogenic 4He from U and
Th that lower the original Rc/Ra ratio of the magmatic source (Kennedy
and van Soest, 2006). The third end-member (labeled Rhyolite; Fig. 5)
has a 87Sr/86Sr ratio of 0.7049 (typical of local dacites and rhyolites;
Verma et al., 2005) and Rc/Ra of ca. 7 that is slightly lower than that of
mafic end-member but higher than that of typical intermediate to felsic
rocks (Hilton et al., 1993a, 1993b). Although felsic rocks contain
greater amounts of U and Th than mafic ones, the younger ages of the
felsic units could explain why “magma aging” has not significantly
modified the initial Rc/Ra of the rhyolitic magma in a similar manner to
that observed for Miocene andesites. This dacite-rhyolite end-member
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and the MORB-like basalts end-member are likely the source of heat
and mantle volatiles in LAGF.

A first order estimation of the timing of the parental magmas' em-
placement using a simple magma aging model was carried out.
Assuming an initial MORB-like mantle Rc/Ra of 8, a 4He content in
melts of 10−7 to 10−9 cm3STP/g (e.g., Kennedy and van Soest, 2006),
and U and Th content in MORB-like basalts of 0.23 and 0.75 ppm, re-
spectively (Kelemen et al., 2004; Salters and Stracke, 2004), shows that
500 to< 50,000 years would be required to bring an original Rc/Ra
value of 8 to 7.8, a value very close to the maximum value measured in
the LAGF fluids (Table 2). Assuming the same initial Rc/Ra value and a
similar 4He content in melts but U and Th contents in felsic rocks of 2.5
and 10.2 ppm (Condie, 1993), shows that between 250 and
25,000 years would be required to lower the initial Rc/Ra ratio to 7
(rhyolite end-member; Fig. 5). These estimated time lengths for a single
magma body cooling is comparable to results from cooling models of
small size plutons (a few kilometers diameter) (e.g., Elders et al., 1984;
Hayba and Ingebritsen, 1997). These calculations suggest that the LAGF
heat sources were active from the Late Pleistocene to Holocene, and
possibly, in more recent times, supplying high enthalpy currently ob-
served in the LAGF.

In addition to mantle He and Ar, magma will transport heat (Q) to
the LAGF hydrothermal system. 3He/Q values in hydrothermal fluids
might be fractionated due to magmatic processes (e.g., Castro et al.,
2005). In particular, heat transport by conduction could transfer heat

but not helium into the hydrothermal system while convection will
transport helium more rapidly than heat. Thus, the study on 3He/Q
values will help discriminate between heat transfer mechanisms, i.e.,
convection vs. conduction. 3He/Q values of fluid samples in this study
were calculated as follows (Burnard et al., 1999; Burnard and Polya,
2004; Turner and Stuart, 1992):

= × ×CpHe/Q He/ Ar Ar /( θ)3 3 36 36
ASW (3)

where Cp and θ are specific heat capacity (4.4 J K−1 g−1; Burnard et al.,
1999) and temperature excess (°C) with respect the local MAAT of 12 °C
(Table 1). 3He/36Ar ratios are measured values while 36ArASW re-
presents 36Ar concentration in ASW at 12 °C (1.241×10−6 cm3

STP cm−3). Calculated 3He/Q ratios should be minimum estimates as
air contamination tends to lower the 3He/36Ar ratios (Burnard and
Polya, 2004). Bottom hole temperature (TG) at each production well
was estimated from the average geothermal gradient extrapolated to all
the LAGF by Garcia-Estrada et al. (2001) and based on initial direct
temperature measurements in the drilled wells (Table 1).

Estimated 3He/Q ratios of LAGF fluids range from
2.78×10−16 cm3 STP J−1 to 2.32× 10−11 cm3 STP J−1. Most wells
(25 out of 35) display 3He/Q values (Table 2) much higher than that in
the MORB (0.1–0.2× 10−12 cm3 STP J−1; Baker and Lupton, 1990;
Lupton et al., 1995). Assuming a 2% partial melt during melt genera-
tion underneath the continents (Martel et al., 1989), associated 3He/Q
ratio in the magma is estimated to be ≤1×10−12 cm3 STP J−1

Fig. 8. LAGF map (redrawn from Fig. 1C) with main tectonic features. The area of re-injection of used brines (injectate), production area affected by re-injection, the boiling zone, and the
steam-dominated zone are modified from Barragán et al. (2005) and Pinti et al. (2013). Dashed contours indicate the extension of the boiling zone and area affected by the injectate as
inferred from fractionation patterns of noble gases measured in this study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

T. Wen et al. Chemical Geology 483 (2018) 426–441

438



(Burnard and Polya, 2004), which is still lower than those of many
samples (18 out of 35; Fig. 6). High 3He/Q values in many of LAGF
samples suggest heat transport by convection although a conductive
mechanism is also indicated by low 3He/Q ratios of some samples
(Fig. 6). Among those fluid samples with high 3He/Q values, there are
11 and 14 samples collected from NPZ and SPZ, respectively. Therefore,
the heat transfer mechanism in NPZ and SPZ seems to be similar and
cannot account for chemical or isotopic differences observed in these
two production zones.

5.3. Re-injection, boiling, and steam separation effects in LAGF

Re-injection of used brines (injectate) in LAGF started in 1982, ra-
pidly causing boiling and phase separation (Pinti et al., 2013). Here,
injectate refers to a mixture of steam, water, and air (Pinti et al., 2017).
The noble gas concentration in injectate is normally 100 to 1000 times
lower than that in ASW (Kennedy et al., 2000) while isotopic ratios are
atmospheric (Pinti et al., 2017). Reinjection and boiling can be iden-
tified by plotting F(132Xe) vs. F(20Ne) and F(132Xe) vs. F(84Kr) (Fig. 7A
and B). Because light noble gases will have lower solubility in water
(Smith and Kennedy, 1983), boiling will lead to a decrease of F(20Ne)
and an increase of F(132Xe) and F(84Kr) in the residual liquid phase.
Predicted F(i) values in the residual liquid can be estimated by as-
suming a Rayleigh fractionation (Pinti et al., 2013) process:

⎛
⎝

⎞
⎠

= ⎛
⎝

⎞
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×
−

−
i
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i
Ar

f
f

1
1residual

36 36
0

Kwi

KwAr

(4)

where f is the fraction of 36Ar remaining in the residual water. The

( )i
Ar 0

36 represents the elemental abundance ratio in the initial water, in

which i represents 20Ne, 84Kr or 132Xe. Kw
i and Kw

Arare the Henry's
constants of gas i and Ar in water, which are calculated using data from
Crovetto et al. (1982) and Smith (1985). Pre-production fluids are ex-
pected to have elemental abundance ratios ( )i

Ar 0
36 equal to that of ASW

(here calculated at MAAT of 12 °C; Fig. 7A and B).
At first glance, the F(20Ne), F(84Kr), and F(132Xe) values of most

LAGF fluids plot between predicted ratios for the ASW at 12 °C and the
injectate, suggesting a possible mixing. This would indicate that the
injectate has extended throughout the entire field and impacted dif-
ferent areas to varying extents, from west to east. Except for the
Chiflador fumarole sampled by Pinti et al. (2013), no fluids plot along

the black solid curves departing from the ASW composition. These
curves represent the expected evolution of the F(i) values during boiling
(as calculated from Eq. (4)), at reservoir temperatures of 200 and 300 °C
(i.e., the minimum and maximum values calculated in the reservoir;
Table 1; Segovia et al., 2005; Barragán et al., 2005).

This result is surprising because numerous studies have clearly de-
monstrated that boiling is affecting the LAGF reservoir (e.g., Barragán
et al., 2005). This apparent contradiction can be resolved if we assume
that pre-production fluids mixed with the injectate (shifting F(i) values
towards the unity), and then fluids were affected by boiling. This
evolution is represented in Fig. 7A and B by the red dashed lines de-
parting from the injectate composition. Alternatively, observed F(i)
values could be explained by the mixing of injectate and the condensate
(steam phase) derived from ASW boiling at reservoir temperatures. In
either scenario, the impact of injectate should be significant and the
boiling process should be taken into account.

Some samples, e.g., AZ-6 (this study) and AZ-17 and AZ-33 (Pinti
et al., 2013), deviate from the general trend (Fig. 7). These samples are
compatible with a sampled steam phase. In addition, calculated F(i)
values in AZ-28 samples are distinct due to different efficiencies in the
steam/liquid separator at the well head (Pinti et al., 2013).

Samples AZ-6, AZ-38, AZ-46, and AZ-90 have the highest F(20Ne)
values (> 0.7), similar to that of injectate (Fig. 7A and B) as well as
lowest F(84Kr) and/or F(132Xe) values, suggesting that these samples
have been significantly impacted by the injectate. In addition, well AZ-
2A with a F(132Xe) value of 0.928, reflects the presence of significant air
contamination, as suggested by Pinti et al. (2013). Samples AZ-2A, AZ-
6, AZ-46, and AZ-90 that show injectate-like F(i) values are located
close to the western re-injection zone (Fig. 1C). This is also an indica-
tion that the reinjection zone has further spread since the last sampling
campaign in 2007/2009 (Fig. 8).

Solubility-controlled boiling and condensation processes have frac-
tionated noble gas abundances in many wells (Fig. 7A and B). For ex-
ample, fluid samples AZ-5, AZ-43, and AZ-62 display fractionated F(i)
confirming that these wells are located within the boiling zone as
previously suggested by Barragán et al. (2005) and Pinti et al. (2013).
However, production wells AZ-19 in NPZ, and AZ-25 and AZ-34 in the
SPZ, which were not sampled for noble gas analyses by Pinti et al.
(2013), also show highly fractionated F(i) values pointing to the oc-
currence of boiling processes (Table 1). These three wells are out of the
previously estimated boiling zone, and suggest that the boiling zone has
further extended to the north and west since the last sampling campaign
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in 2007/2009 (Fig. 8).
Mixing of pre-production reservoir fluid and injectate is also in-

dicated in Fig. 9 which plots F(84Kr) ratio as a function of 40Ar/36Ar
values of fluid samples from both this study and Pinti et al. (2013).
Production wells in Fig. 9 might be divided into two groups. The first
group (e.g., AZ-18, AZ-34, AZ-36, AZ-62 and AZ-83) shows a correla-
tion between F(84Kr) and 40Ar/36Ar values (r2= 0.71) which appears to
point to mixing between one end-member with high 40Ar/36Ar values
(> 500) and unfractionated F(84Kr) which corresponds likely to the
pre-production fluid, and the other end-member characterized by at-
mospheric F(84Kr) and 40Ar/36Ar ratios which might be the injectate
(Pinti et al., 2017). The second group is scattered with respect to F
(84Kr) ratios while displaying 40Ar/36Ar values close to the atmospheric
value of 295.5. This group might represent fluids impacted by boiling,
because this solubility-controlled process can modify only elemental
ratios but not isotopic ratios. Assuming a mixing of ASW at 12 °C and
injectate and using F(84Kr) values, leads to a injectate contribution of
99.5% and 76.8% for wells AZ-6 and AZ-90, respectively.

In conclusion, it is apparent that the re-injection of used brines
(injectate) has begun to significantly affect reservoir fluids at the LAGF.
Produced fluids from multiple wells in the LAGF represent pre-pro-
duction fluids (containing terrigenic argon) diluted by injectate.

6. Conclusions

An expanded noble gas study was conducted in Los Azufres
Geothermal Field (LAGF) in Mexico in 2014 following the previous
pioneering noble gas study in the LAGF in 2007/2009 (Pinti et al.,
2013). Geothermal fluids samples from production wells and hot
springs were analyzed for noble gas signatures and strontium isotopes
to understand the evolution of fluid circulation following three decades
of exploitation and re-injection of used brines.

3He/4He ratios (R), normalized to the atmospheric ratio
(Ra=1.384×10−6) range from 3.05 to 7.93 for most samples and
point to a binary mixture between a fluid carrying a pure upper mantle
helium component and one with helium diluted by atmospheric and/or
radiogenic 4He. Crustal He contributes up to 53% and 18% of total He
in the NPZ and SPZ, respectively. Comparison between R/Ra and
87Sr/86Sr ratios allows identification of the heat sources in the field.
Mantle volatiles (3He) and heat is brought into the LAGF by MORB-like
and rhyolitic parental magma bodies intruded within the last 50 kyrs,
which provide high enthalpy to the Los Azufres hydrothermal system.
In addition to helium, these intrusions also transport heat (Q) into the
LAGF reservoir. The observed large range of 3He/Q values in the LAGF
fluids suggests that heat has been transferred by both conduction and
convection. The heat transfer mechanism appears to be similar in both
the NPZ and SPZ.

Atmospheric noble gas isotopic ratios (20Ne/36Ar, 84Kr/36Ar and
132Xe/36Ar) suggest that geothermal wells located closer to the western
re-injection zone show a greater contribution of injectate. Overall, it is
apparent that the impact of injectate on LAGF reservoir fluids has in-
creased since 2009 and the contribution of injectate with respect to the
total Los Azufres geothermal fluids is estimated to be 76.8% and 99.5%
for production well AZ-90 (NPZ) and AZ-6 (SPZ), respectively. Re-in-
jection activities since 1982 lead to the occurrence of boiling and phase
separation at depth in the LAGF reservoir. The boiling zone has further
extended to the north and the west since the last noble gas sampling
campaign in 2009.
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