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Abstract In this work, we report new chemical and isotopic data (3 He/*He, 513Cc02, 513CCH4, and
8Dcpn4) from poorly or previously unstudied hydrothermal and magmatic gases that are emitted along
the eastern coast of the Baja California Peninsula (BCP). High *He/*He values (up to ~7 Ra)
characterize the magmatic gases, while lower ratios (<1.6 Ra) characterize hydrothermal springs. We
infer that the mantle beneath the BCP could be Mid-ocean-ridge basalt (MORB)-likes, as in the

rift within the Gulf of California, or it may reflect contamination from C-rich sediment during
paleo-subduction of the Farallon plate. During their ascent, through the crust, mantle/magmatic gases
mix with CO,- and *He-rich fluids, thus forming CO,-rich hydrothermal gases. These hydrothermal
gases undergo partial dissolution of CO, in shallow waters under different temperature and pH
conditions, which further modifies their composition. Thermogenic and possibly abiogenic sources of
methane are present only in magmatic gases from the BCP. Secondary methane oxidation
(microbial/inorganic) processes are proposed for some hydrothermal gases, which are extremely
enriched in heavy isotopes. Finally, we argue that the hydrothermal gases that are emitted from the
BCP have variable percentages of mantle contribution, indicating the presence of lithospheric faults
enhancing the rise of mantle fluids also in areas where volcanism is absent.

1. Introduction

The release of volatiles from the Earth's interior is a manifestation of its degassing (Anderson, 2007; Fanale,
1971; Hilton et al., 2002; Moreira, 2013), which has been occurring since its formation (Condie, 2005; Tajika,
1998). This degassing is normally present in environments where magmatic activity is present but may occur
even in areas where volcanic activity is absent and an active geothermal regime exists (Caracausi et al., 2005;
Caracausi & Paternoster, 2015; Giggenbach, 1992; Inguaggiato et al., 2016; Mamyrin & Tolstikhin, 1984;
Poreda & Craig, 1989; Umeda et al., 2007). In this respect, the role of active faults and high-seismicity areas
in degassing through continental crust constitutes an important scientific debate (Caracausi et al., 2005;
Caracausi & Paternoster, 2015; Giilec et al., 2002; Wakita et al., 1987).

Gas chemistry, specifically noble gases and CO, and CH, isotopes, represent excellent natural tracers to eval-
uate the origin of volatiles and the relationship between active tectonic and magmatic activity (e.g., Caracausi
& Paternoster, 2015; Graham, 2002; Kurz et al., 1982; Moreira & Allegre, 1998; Moreira & Sarda, 2000; Rizzo
et al., 2015, 2016; Sano & Marty, 1995). Helium has two stable isotopes, 3He and *He, whose ratio is useful to
distinguish crustal from mantle sources. *He is primordial, not renewed, and stored in the Earth's interior,
while *He is radiogenic and continuously produced from the decay of U, Th, and (less significantly) Sm
(Moreira, 2013). *He/*He is commonly normalized to the same ratio in the atmosphere, which equals
1.39:10° (denoted as Ra, Clarke et al., 1976; Mabry et al., 2013; Mamyrin et al., 1970; Sano et al., 2008).
Continental crust is characterized by He/*He ratios from 0.01 to 0.05 Ra (Morrison & Pine, 1955), while
Mid-ocean-ridge basalt (MORB) has ratios of 8 + 1 Ra (Graham, 2002). Thus, excluding any atmospheric
input, values above the typical crustal ratio indicate a magmatic or mantle contribution (Ozima &
Podosek, 1983). The isotope compositions of CO, and CH, are successfully utilized to define their different
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Figure 1. Location map of gas emissions and volcanic rocks that were studied for noble gases in the BCP and GoC,
distinguished by the typology. The colored symbols correspond to the gas emissions that were sampled in this study. The
Las Tres Virgenes geothermal field, Agua Agria, and Fumarole have an asterisk because they belong to the Las Tres
Virgenes Volcanic Zone (LTVVZ). The uncolored symbols are gas emissions and volcanic rocks that were previously
investigated by the following authors: SSGF from Welhan (1981) and Mazzini et al. (2011); CPGF from Truesdell et al.
(1978), Welhan et al. (1978), Polyak et al. (1982), Mazor and Truesdell (1984), Des Marais et al. (1988), Birkle et al. (2016),
Pinti et al. (2018), and Richard et al. (2019); LTVGZ from Birkle et al. (2016) and Richard et al. (2019); LV from
Schmitt et al. (2010); GB from Lupton (1979), Galimov and Simoneit (1982), and Welhan and Lupton (1987); PBn and AB
from Spelz et al. (2015); AL from Castillo et al. (2002); PB, SC, and UR from Vidal et al. (1981), Vidal et al. (1982), and
Polyak et al. (1991); UR, AC, SC, SV, VG, SA, and ECH from Polyak et al. (1991); SJ and PU from Negrete-Aranda et al.
(2015); and BC from Forrest et al. (2005). In the map, CA, California; AZ, Arizona; NM, New Mexico; SON, Sonora;
SIN, Sinaloa. SAF and EPR represent the San Andreas fault and East Pacific Rise, respectively. Numbers: 1, Roca Consag;
2, Wagner basin; 3, Consag basin; 4, Delfin basin. The limit between PA (Pacific) and NA (North American) plates
was defined from Lonsdale (1989) and Stock and Hodges (1989). The two arrows show the plate motion between both
plates. BCP = Baja California Peninsula; GoC = Gulf of California.
sources and processes (e.g., mantle, organic matter, carbonate and carbide minerals, graphite, and diamonds;
Clark & Fritz, 1997; Faure & Mensing, 2005; Sano & Marty, 1995).
In the Baja California Peninsula (BCP) and the Gulf of California (GoC), the degassing of volatiles is
widespread and occurs within the geodynamic context of the cessation of the eastward subduction of
the Farallon plate beneath the peninsula ~12 Ma ago (Atwater, 1970; Stock & Lee, 1994) and the forma-
tion and development of the rift in the GoC (Figure 1). The latter process has generated a high thermal
gradient, which is associated with the thinning of the lithosphere and partial melting (Calmus et al.,
2011). Further evidence of this rift is the presence of submarine hydrothermal manifestations at, e.g.,
the Guaymas basin, Pescadero basin, and Alarcon basin, where oceanic crust is being formed (Fenby
& Gastil, 1991; Lonsdale, 1989) and high-temperature fluids (>240 °C) are discharged (Monterey Bay
Aquarium Research Institute, 2012; Spelz et al., 2015; Von Damm et al., 1985). Associated with this
regional process are numerous gas manifestations, mostly intertidal bubbling springs, and also submarine
springs, fumaroles, and mud pools with temperatures between 30 and 100 °C, which are principally
located within continental crust along the eastern coast of the BCP and almost parallel to the rift fracture
(Figure 1). This degassing extends north to the Cerro Prieto and Salton Sea geothermal fields and to the
BATISTA CRUZ ET AL.
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western coast of the peninsula. In the latter, the emission of gases is not related to the rifting process but
to the presence of local faults (Polyak et al., 1982; Vidal et al., 1981).

Several investigations examined the geochemistry of volatiles that are emitted from the BCP. The studied
gases are located in Punta Banda, Uruapan, Agua Caliente, San Carlos, San Valente, Valle de Guadalupe,
San Antonio, Sierra Juarez, Puertecitos, Bahia Concepcion, and El Chorro. Most of these studies focused
on the characterization of the gas chemistry (Forrest et al., 2005; Vidal et al., 1981, 1982) and isotopic com-
position of light noble gases (Negrete-Aranda et al., 2015; Polyak et al., 1991; Vidal et al., 1981). In geother-
mal fields (e.g., the Salton Sea, Cerro Prieto, and Las Tres Virgenes), noble gas and carbon isotopes have been
the goal of multiple geochemical campaigns (Birkle et al., 2016; Des Marais et al., 1988; Galimov & Simoneit,
1982; Mazor & Truesdell, 1984; Mazzini et al., 2011; Pinti et al., 2018; Polyak et al., 1982; Richard et al., 2019;
Truesdell et al., 1978; Welhan, 1981; Welhan et al., 1978). Other studies investigated submarine gases and
fluid inclusions in minerals and/or rocks that are emitted from the spreading centers in the GoC (Castillo
et al., 2002; Lupton, 1979; Spelz et al., 2015).

Data on light hydrocarbons are scarce and are mostly related to primary geothermal fields or submarine
hydrothermal/sediment gases (e.g., Des Marais et al., 1988; Galimov & Simoneit, 1982; Mazzini et al.,
2011; Welhan, 1981; Welhan & Lupton, 1987). The only reported data for the hydrothermal emissions from
the BCP are from the Bahia Concepcioén (e.g., Forrest et al., 2005).

This work quantifies and elucidates for the first time the geochemistry of gas emissions that occurs along the
eastern coast of the BCP. For these gases, we present chemical data and isotopic compositions of noble gases,
CO,, and CH,. By integrating our data with existing data from the other BCP and GoC gas manifestations,
we constrain the origin of these gases, identify the main processes that modify their pristine compositions,
and evaluate the geotectonic implications. A comprehensive conceptual model to explain the nature of
the gases that are emitted from the BCP is proposed to rationalize the relationship between the continental
degassing of mantle-derived fluids and the lack of active volcanism.

2. Geodynamic and Volcano-Tectonic Setting

Continental rupture in the GoC began at ~5 Ma, when the East Pacific Rise (EPR) propagated northward and
formed narrow extensional domains that are connected by transform faults, which progressively reached the
northern gulfand the San Andreas fault system in the Salton basin. In the southernmost portion of the rift, the
Alarcon basin has experienced seafloor spreading and the formation of oceanic crust with magnetic lineation
since 3.5 Ma (Lonsdale, 1989). Further north, the Guaymas basin contains nearly 280 km of new oceanic crust
under thick sedimentary deposits according to seismic refraction experiments, while the Delfin, Consag, and
Wagner basins apparently have narrow troughs with oceanic crust under >6-km-thick sedimentary deposits
from the Colorado River (Gonzalez-Escobar et al., 2014; Gonzalez-Fernandez et al., 2005; Martin-Barajas
et al., 2013; Persaud et al., 2003, Figure 1). These basins do not show obvious magnetic lineation (Gonzalez-
Fernandez et al., 2005). On land, the amount of new crust in the Cerro Prieto basin following rift fracturing
is still poorly constrained. This feature is more apparent in the Salton basin, which has a nearly ~100-km-long
gap of continental crust under metamorphosed to lithified sedimentary rocks (Han et al., 2016).

Late Pliocene to Quaternary volcanic activity has occurred at several locations in the northern GoC and
Salton trough, an axial rift valley that is 30-km long, half of which is overlapped by the Northern trough
spreading center and is oblique to the spreading direction (Lonsdale & Becker, 1985). Recent volcanism
has occurred at the intersection of transtensional fault domains and intervening dextral-slip transform
faults. Felsic volcanism has been reported in the Salton Buttes (Robinson et al., 1976; Schmitt et al., 2013;
Wright et al., 2015), Cerro Prieto (Garcia-Sanchez et al., 2017; Schmitt et al., 2013), Roca Consag (Schmitt
etal., 2013), and Delfin basins (Martin-Barajas et al., 2008). Mafic intrusive rocks and basaltic xenoliths have
been found at the Cerro Prieto and Salton basin, indicating basaltic parent magma at depth (Herzig, 1990;
Herzig & Elders, 1988; Schmitt et al., 2013).

In the San Luis Gonzaga region, Isla San Luis is the youngest known volcanic center in the northern GoC,
whose last eruption occurred sometime after 4.7 ka ago (Hausback et al., 2003). Magmatic products from
basaltic andesite to rhyolite indicate a complete magmatic evolution trend over a relatively short time inter-
val (Paz-Moreno & Demant, 1999).

BATISTA CRUZ ET AL.
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Toward the south, the Las Tres Virgenes Volcanic Zone (LTVVZ) has experienced diachronic volcanism
since ~1.6 Ma in the La Reforma and Aguajito calderas (Gardufio-Monroy et al., 1993). The Las Tres
Virgenes volcanoes consist of La Virgen, El Azufre, and El Viejo and constitute the most recent volcanic
activity in the LTVVZ. The first two have K/Ar ages of 44 and 28 ka, respectively (Lopez et al., 1993,
1989). The eruption age of La Virgen is controversial, with reported ages of 6.5 ka (Capra et al., 1998) and
30 ka (Schmitt et al., 2010).

3. Sampling and Analytical Techniques
3.1. Description of Sampling Sites

Between 2016 and 2017, thirty-two gas samples were collected from seven emissions along the eastern
margin of the BCP (Figure 1 and Tables 1 and 2). Based on their respective location, we classify these gas
manifestations as intertidal, subaerial, and submarine.

3.1.1. Intertidal Gas Manifestations

Samples from intertidal sites were collected at San Felipe, Punta Estrella, Coloraditos, and Puertecitos
(Figure 1). These emissions consist of bubbling gases that are associated with thermal waters. These sites
are only accessible during low tide.

In San Felipe, over 200 springs are located in a 200-m-long and 30- to 60-m-wide area. Springs are located in
both unconsolidated lithified sand and basement rocks that form rock cavities (Linn, 1978), with water tem-
peratures between 35 and 49 °C.

The Punta Estrella thermal spring area is located approximately 15 km south of San Felipe. Here only two
bubbling springs were sampled; the remaining manifestations were scarcely bubbling and difficult to
observe. The average water temperature here is ~32 °C.

In Coloraditos, the hot springs are located on a layer of calcite-cemented fossiliferous volcanic lithoarenite,
which forms a broad marine terrace. Consolidated Quaternary fluvial sandstone and gravel crop out above
the sandy beach (Linn, 1978). The small springs, which are likely associated with NNW-SSE trending normal
faults (Alvarez, 1995), are characterized by evaporation and a lack of gas exhalations (Barragan et al., 2001),
reaching temperatures of 60 °C.

Puertecitos is a thermal spring that is located in small fractures within Late Pliocene welded ash-flow tuffs
(Martin-Barajas et al., 1995). The spring manifests as occasional bubbling that ascends from the bottom of a
natural intertidal pool with a water temperature up to 65 °C.

3.1.2. Subaerial Gas Emissions

Subaerial gases were sampled at Agua Agria and at the Fumarole near the Las Tres Virgenes Geothermal
Field (Figure 1). Agua Agria lies north of the El Aguajito caldera; hot springs and mud pools have tempera-
tures from 50 to 99 °C. This zone is characterized by a small, intermittent stream.

The Fumarole is located approximately 5 km SSE of Agua Agria and consists of a prominent fumarole with
abundant water vapor that reaches temperatures of nearly 100 °C.

3.1.3. Submarine Gases

The San Luis Gonzaga region (Figure 1) includes six nearshore islands (e.g., El Huerfanito, El Muerto, El
Coloradito, EI Cholludo, Pémez, and San Luis). San Luis is the largest island (16 kmz) and was formed by
a series of Holocene explosive and effusive volcanism that began at 4.7 ka and continued to perhaps
1.2 ka according to **C dating ages from marine mollusk shells (Hausback et al., 2003). This island is char-
acterized by a moderately rugged topography that was produced by two rhyolite domes, with its highest peak
220 m above sea level (Rossetter, 1970). The hydrothermal activity manifests as several submarine springs at
depths of 10-15 m below sea level. Bubbles rise toward the sea surface on the NNE side of the island and
between San Luis and Pomez.

3.2. Sampling Techniques

Intertidal gases were sampled by using an overturned stainless steel funnel that was submerged in the water.
This funnel was connected to a three-way valve and syringe to purge the flask and pressurize the gas
during storage.

BATISTA CRUZ ET AL.
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Table 2
Isotopic Composition of the Dry Gases That Were Sampled in This Study

Sampling T

Sample Site Type Storage date N E pH (°C) R/Ra He/Ne
SF-1 San Felipe Intertidal gas manifestations ~ Exetainer” glass vial 5/5/2016  31.0276 —114.8274 6.34 358 1.09 2.40
SF-2 San Felipe Intertidal gas manifestations Exetainer® glass vial 5/5/2016  31.0275 —114.8274 5.81 45.7 1.07 2.77
SF-3 San Felipe Intertidal gas manifestations  Exetainer® glass vial 5/5/2016  31.0271 —114.8276 5.77 46.0 1.09 2.07
SF-4 San Felipe Intertidal gas manifestations ~ Exetainer” glass vial ~ 8/17/2016  31.0263 —114.8280 5.78 42.7 1.11 3.36
SF-5 San Felipe Intertidal gas manifestations Exetainer® glass vial ~ 8/17/2016 ~ 31.0263 —114.8280 5.63 40.8 1.07 13.04
SF1 (SSB) San Felipe Intertidal gas manifestations ~ Stainless Steel Bottle — 2/26/2017  31.0276 —114.8274 5.60 42.0 1.12 2.75
SF2 (SSB) San Felipe Intertidal gas manifestations  Stainless Steel Bottle ~ 2/26/2017  31.0275 —114.8274 6.31 40.2 1.15 6.86
PE-1 Punta Estrella Intertidal gas manifestations Exetainer® glass vial 5/6/2016  30.9444 —114.7329 5.86 292 117 11547
PE-2 Punta Estrella Intertidal gas manifestations  Exetainer® glass vial 5/6/2016  30.9445 —114.7329 5.86 30.1 1.08 91.18
PE1 (SSB) Punta Estrella Intertidal gas manifestations  Stainless Steel Bottle  2/26/2017  30.9444 —114.7329 586 29.2 1.12 78.90
COly Coloraditos Intertidal gas manifestations Exetainer® glass vial 5/7/2016  30.5795 —114.6641 8.02 61.0 0.81 17.28
COo2 Coloraditos Intertidal gas manifestations  Exetainer® glass vial 5/7/2016  30.5797 —114.6638 8.10 552 1.07 35.77
Co3 Coloraditos Intertidal gas manifestations  Exetainer® glass vial ~ 8/19/2016 ~ 30.5798 —114.6637 8.01 53.5 0.58 2.03
PU Puertecitos Intertidal gas manifestations Exetainer® glass vial 5/8/2016  30.3461 —114.6360 6.67 60.0 143  10.85
PU1 Puertecitos Intertidal gas manifestations Exetainer® glass vial  11/16/2016 30.3461 —114.6360 6.67 57.2 1.59 19.37
PU1 new Puertecitos Intertidal gas manifestations  Exetainer” glass vial ~ 2/27/2017  30.3461 —114.6360 6.60 57.0 1.55 17.74
SLG1 San Luis Gonzaga Submarine gases Exetainer” glass vial 3/1/2017  29.9888 —114.4011 “”  “”  6.88  87.00
SLG2 San Luis Gonzaga Submarine gases Exetainer” glass vial 3/1/2017  29.9874 —114.3981 “-7  “” 690 103.66
SLG1(SSB)  San Luis Gonzaga Submarine gases Stainless Steel Bottle ~ 3/1/2017  29.9888 —114.4011 “”  “”  6.84 170.82
SLG2 (SSB)  San Luis Gonzaga Submarine gases Stainless Steel Bottle ~ 3/1/2017  29.9874 —114.3981 “-”  “”  6.88  125.19
AA1 Agua Agria Subaerial gas emissions Exetainer” glass vial ~ 11/9/2016  27.5615 —112.5862 3.19 97.6 545  11.69
AA2 Agua Agria Subaerial gas emissions Exetainer” glass vial ~ 11/9/2016  27.5615 —112.5862 3.31 653 5.10 2.97
AA3 Agua Agria Subaerial gas emissions Exetainer” glass vial ~ 11/9/2016  27.5615 —112.5862 3.13 99.5 4.71 2.47
AA4 Agua Agria Subaerial gas emissions Exetainer® glass vial  11/10/2016 27.5615 —112.5862 3.31 653 5.54  19.97
AA5 Agua Agria Subaerial gas emissions Exetainer” glass vial  11/10/2016 27.5615 —112.5862 3.20 96.2 546  24.62
AA6 Agua Agria Subaerial gas emissions Exetainer” glass vial ~ 11/10/2016 27.5615 —112.5862 3.51 96.2 4.63 2.48
AA7 Agua Agria Subaerial gas emissions Exetainer® glass vial  11/10/2016 27.5615 —112.5862 3.03 79.7 5.13 18.48
AA4 (SSB)  Agua Agria Subaerial gas emissions Stainless Steel Bottle ~ 3/2/2017  27.5615 —112.5862 3.20 650 564  21.38
AA5(SSB)  Agua Agria Subaerial gas emissions Stainless Steel Bottle ~ 3/2/2017  27.5615 —112.5862 3.20 96.2 541  18.58
AA5® (SSB)  Agua Agria Subaerial gas emissions Stainless Steel Bottle ~ 3/2/2017  27.5615 —112.5862 3.20 96.2 543  21.64
AA7(SSB)  Agua Agria Subaerial gas emissions Stainless Steel Bottle ~ 3/2/2017  27.5615 —112.5862 3.03 79.7 5.06 2.14
FUM (SSB) Tres Virgenes Subaerial gas emissions Stainless Steel Bottle ~ 3/2/2017  27.5265 —112.5616 “-” 97.0 4.29 0.70

Note. The 3He/4He ratios are expressed as R/Ra, where the 3He/4He ratio in the sample (R) is normalized to the same ratio in the atmosphere (Ra = 1.39-10_6;
Clarke et al., 1976; Mabry et al., 2013; Mamyrin et al., 1970; Sano et al., 2008). The Rc/Ra values represent the 3He/*He ratio corrected for atmospheric contam-
ination. The 513Cc02 and 513CCH4 values are reported in per mil relative to the VPDB standard. The 8Dcpy4 values are reported in per mil against the VSMOW
standard. The isotope data for CH, in San Felipe and Agua Agria are from Giggenbach bottles. The mantle contribution was calculated by using a binary model,

with the 3He/4He value of Alarcon lavas as the magmatic end-member (~8.4 + 0.14 Ra, Castillo et al., 2002). b.d.l. means below detection limits;

data. VPDB = Vienna Pee Dee Belemnite; VSMOW = Vienna Standard Mean Ocean Water.
*Indicates a replicate measurement of the same sample.

« %

- means no

Subaerial gases from the LTVVZ were sampled by using a 50-cm-long stainless steel tube that was inserted
into the soil. Further details on the sampling techniques can be found in Rizzo et al. (2015).

Submarine gases from San Luis Gonzaga were directly sampled at the sea bottom by a scuba diver, with the
same technique for intertidal gases.

Two types of preevacuated bottles were used to store dry gases: (1) two-valve, stainless steel bottles; and (2) a
single-valve, Giggenbach-like glass bottle. When gas flow was very low, we stored gases in Excetainer® screw-
capped glass vials by using the water displacement technique. Each vial was placed in a plastic bottle that was
filled with water to reduce the risk of air contamination. The chemistry and noble gas isotopes in the vials were
analyzed after sampling, with replicate measurements conducted afterward to confirm the results.

An additional campaign of gas collection and storage in proper bottles confirmed the reliability of the results
from the vials.

3.3. Analytical Techniques

Chemical and isotope analyses were conducted at the Istituto Nazionale di Geofisica e Vulcanologia,
Sezione di Palermo, Italy (INGV-Palermo). The concentrations of He, H,, O,, N,, CH,, CO, H,S, C,Hs,
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Table 2 (continued)
513C(C02) 513C(CH4) 5D(CH4) Mantle
*He “He 2Ne Re/ Error  “°Ar 36ar  *Ar/ Error ®Ar/ Error (%o vs (%o vs (%o vs.  contribution

Sample (ppmV) (ppmV) (ppmV) Ra (+/=) (ppmV) (ppmV) °Ar (+/=) C°Ar (+/=) VPDB) VPDB) VSMOW) (%)
SF-1 1.93E-06 1.26 0.52 1.11 0.01 386.9 1.22 315 0.061 0.192 0.0001 —=5.0 “.r “.r 13.2
SF-2 2.17E-06 1.45 0.52 1.08 0.01 389.2 1.24 313  0.053 0.193 0.0001 —-5.3 “.r “r 12.8
SF-3 1.94E-06 1.27 0.61 1.10 0.01 329.3 1.11 295 0.060 0.187 0.0002 —-5.1 “.r “.r 13.1
SF-4 1.92E-06 1.23 0.37 1.12 0.01 226.0 0.78 298 0.253 0.187 0.0002 —=5.0 “.r “r 13.4
SF-5 2.11E-06 1.41 0.11 1.08 0.01 140.6 0.48 298 0.260 0.187 0.0002 -5.0 “.r “r 12.8
SF1 (SSB) 9.47E-07 0.60 0.22 1.14 0.01 273.8 0.94 295 0.071 0.187 0.0001 -5.0 23.1 317 13.6
SF2 (SSB) 1.29E-06 0.80 0.12 1.16 0.01 94.7 0.32 295 0.065 0.187 0.0002 —=5.0 234 333 13.8
PE-1 2.78E-04 170.72 1.48 1.17 0.01 3605.1 12.19 296 0.091 0.188 0.0001 —6.6 —43.6 —168 14.0
PE-2 1.37E-04  91.69 1.01 1.08 0.01 2154.4 7.17 301 0.096 0.188 0.0002 —-5.2 —40.1 —162 12.8
PE1 (SSB) 1.06-04 67.93 0.86 1.12 0.01 1851.7 6.14 301 0.054 0.189 0.0001 —6.0 —39.3 —-157 13.4
CO1ly 1.92E-04 170.45 9.86 0.81 0.01 9538.5 32.22 297 0.073 0.188 0.0001 —-17.7 1.1 146 9.6
CO2 4.75E-04 317.92 8.89 1.08 0.01 10529.4 34.93 302 0.074 0.188 0.0001 —18.4 34 137 12.8
CO3 2.25E-05 32.34 1594 0.50 0.02 9680.9 32.42 298 0.076 0.187 0.0001 —18.1 “.r “r 6.0
PU 2.92E-04 145.69 1342 144 0.02 3379.7 11.37 298 0.079 0.191 0.0001 —-11.7 38.1 “r 17.2
PU1 4.49E-04 201.67 1041 1.60 0.02 122154 40.29 303 0.082 0.191 0.0001 —11.0 13.5 “.r 19.1
PU1 new 4.55E-04 210.21 11.85 1.56 0.02 11678.5 39.23 298 0.060 0.189 0.0004 —-9.9 124 “r 18.5
SLG1 1.82E-03 189.59 2.18 6.90 0.06 1650.4 5.57 297 0.079 0.186 0.0002 —10.5 —26.8 —-70 82.2
SLG2 9.94E-04 103.34 1.00 6.92 0.06 700.2 2.35 300 0.099 0.187 0.0002 —-10.9 —27.4 —100 82.4
SLGI1(SSB) 1.26E-03 132.05 0.77 6.86 0.06 3339.1 11.23 298 0.111 0.189 0.0003 —-9.6 —24.6 —-76 81.6
SLG2 (SSB) 6.97E-04 72.81 0.58 6.89 0.06 1583.9 5.25 303 0.090 0.188 0.0002 —11.3 —27.2 —97 82.0
AAl 1.11E-04 14.31 1.22 5.57 0.05 889.2 2.98 298 0.114 0.191 0.0002 —10.7 “.r “.r 66.3
AA2 1.09E-04 14.07 4.73 5.59 0.05 1936.2 6.36 304 0.105 0.191 0.0001 —-11.1 “.r “r 66.6
AA3 9.86E-05 13.50 5.47 526 0.04 35793 11.89 301 0.057 0.191 0.0001 —10.6 “.r “.r 62.6
AA4 1.24E-04 15.91 0.80 5.62 0.04 650.0 2.17 300 0.099 0.192 0.0003 —10.3 “.r “.r 66.9
AAS 1.07E-04  13.99 0.57 5.52 0.04 420.1 1.41 298 0.191 0.191 0.0006 —9.8 “.r “.r 65.7
AA6 9.04E-05 12.59 5.08 5.17 0.04 3228.8 10.76 300 0.055 0.190 0.0001 —10.2 “.r “.r 61.5
AA7 1.00E-04 13.83 0.75 520 0.04 537.5 1.80 299 0.154 0.191 0.0005 “.r “.r “.r 62.0
AA4 (SSB) 9.67E-05 12.17 0.57 5.71 0.04 346.2 1.17 297 0.081 0.188 0.0002 “r —30.0 —105 68.0
AA5 (SSB) 9.60E-05 12.58 0.68 549 0.05 346.2 1.2 297 0.081 0.188 0.0002 “r “.r “r 65.4
AA5(SSB) 9.78E-05 12.79 0.59 5.50 0.05 338.2 1.1 297 0.091 0.188 0.0002 “.r “.r “.r 65.5
AA7 (SSB) 9.53E-05 11.88 5.56 5.77 0.04 2361.6 7.9 298  0.063 0.188 0.0001 “r -30.3 —-119 68.7
FUM (SSB) 6.94E-05 7.09 10.17 7.04 0.05 5464.5 18.4 297 0.071 0.189 0.0002 —-10.5 “.r “r 83.8

C3Hg, and CO, were determined by gas chromatography, following the methodology in Rizzo et al. (2015,
2016).

The isotopic analyses (*>C/**C of CO,, *C/**C and D/H of CH,) were performed using a Delta Plus XP IRMS
(Isotope Ratio Mass Spectrometry) that was equipped with a Thermo TRACE GC interfaced with Thermo
GC/C 1III (for carbon) and Thermo GC/TC (for hydrogen). The Thermo TRACE gas chromatograph was
equipped with a Poraplot-Q column (30 m X 0.32 mm i.d.), and the oven was held at a constant temperature
(50 °C for carbon and 40 °C for hydrogen). The flow rate of the carrier gas (He of 5.6 grade) was kept at a
constant flux of 0.8 cc/min. The injection system, which was described in more detail by Grassa et al.
(2010), consists of a split/splitless injector with a split ratio from 10:1 to 80:1. Direct on-column injection
was performed for diluted samples with a CO, and/or CH, concentration < 0.1 mmol/mol.

CH, was quantitatively converted to CO, by passing through a combustion oven (T = 940 °C) or H, by pas-
sing through a reactor set at a temperature of 1440 °C. The **C/**C ratios are reported as §**C values against
the Vienna Pee Dee Belemnite standard, and the *H/*H ratios are reported as 8D values against the Vienna
Standard Mean Ocean Water standard. The external analytical precision (10) is better than 0.1%. for the **C/
12C ratios (both CO, and CH,) and 1%, for the D/H ratios, as computed through 10 repeated analyses of the
same sample.

The elemental and isotope compositions of He (*He/*He) and *°Ne were determined on the dry-gas samples
by using a Helix SFT-GVI and Helix MC-Plus (Thermo Scientific) mass spectrometer for He and Ne, respec-
tively, with <1.5% analytical error. The Ar concentration and isotope ratios (*°Ar/*®Ar) were measured in a
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Figure 2. (a) Triangular N,-Ar-O, plot from uncorrected chemical data to show the atmospheric contamination. The
points air and ASW (air saturated water) on the N,/Ar line were established from Giggenbach (1992). (b) Triangular
N,-CHy4-CO,, plot that was proposed by Giggenbach (1992), in which only data that were corrected for air contamination
were plotted. More details on the air-correction procedure are reported in Table S1. The colored symbols correspond

to the gas emissions that were sampled in this study, while those in gray relate to data produced in previous studies. In
both plots, the data for PB and BC were taken from Vidal et al. (1981) and Forrest et al. (2005), respectively.

multicollector mass spectrometer (Helix MC-GVI), for which the analytical uncertainty was generally
<0.5%. Further details on the method and analytical errors can be found in Rizzo et al. (2015, 2016). The
data are reported as R/Ra units (Ra is the 3He/*He atmospheric ratio: 1.39-10"% Clarke et al., 1976;
Mamyrin et al., 1970).

4. Results
4.1. Gas Composition

The collected gases showed highly variable chemical composition (Tables 1 and S1 in the supporting
information). In the N,-Ar-O, triangular plot, almost all the samples showed N,/Ar ratios between air
and air saturated water at 25 °C (Figure 2a), suggesting that the N, and Ar contributions were mainly atmo-
spheric rather than originating from a deep source. The scattering of the data was related to a variable O,
content, which was caused by different extents of oxygen consumption because O, is involved in many redox
reactions. The atmospheric contamination could be intrinsic, that is, before gas collection or it may occur
during the sampling and/or sample storage.

Therefore, we corrected the data from the atmospheric contribution by using the 36Ar contents (see Table S1
for more details), assuming that all the 36 Ar was atmospheric in origin (e.g., Correale et al., 2016). We chose
this approach because correction through O, contents may underestimate the air contribution when oxygen
is consumed during redox reactions, inducing appreciable changes in the final concentration of species.
Hereafter, the air-corrected gas composition is used for data interpretation.

As shown in Figure 2b, the chemistry of the gases significantly varied among the sites. We distinguished
three main groups: (1) CO, dominated, which includes San Felipe, Punta Estrella, Agua Agria, and the
Fumarole, with CO, concentrations from 51.5 to almost 100%; (2) N, dominated, which includes
Puertecitos and one sample from Coloraditos, with an N, content between 47.8 and 89.5%; and (3) CH,
dominated, including the two remaining Coloraditos samples with CH,4 contents up to 82%. The San Luis
Gonzaga samples showed variable composition, with one sample being CO, dominated and the other two
samples being CH, dominated.

Ethane was present at levels of thousands of parts per million (ppm) at San Luis Gonzaga, Puertecitos, and
Coloraditos and hundreds of ppm at Punta Estrella, while the values were below the detection limit (1 ppm)
at San Felipe, Agua Agria, and the Fumarole (Table S1). Propane was only detected at San Luis Gonzaga and
measured 136-300 ppm (Table S1). The Bernard parameter, which is expressed as C,/(C, + Cj) (i.e.,
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R/Ra =1.6). AL indicates 3He/*He data for fluid inclusions from Alarcon lavas (Castillo et al., 2002), while GB indicates data from Guaymas basin submarine gases
(Lupton, 1979). In both sites, “He/*°Ne was assumed >1,000. The distinction between colored and gray symbols is as in Figure 2 caption. The reported
literature data are as follows: SSGF from Mazzini et al. (2011); CPGF from Welhan et al. (1978), Polyak et al. (1982), Birkle et al. (2016), and Pinti et al. (2018);
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and BC from Forrest et al. (2005). (b) Binary plot of the CH4/CO, ratio versus 3He/*He corrected for air contamination (Rc/Ra). The fields MORB and CRUST
were established from Graham (2002) and Morrison and Pine (1955), respectively.

methane/(ethane + propane); Bernard et al., 1978) was around 2,300 at Punta Estrella, between 157 and 204
at Coloraditos, and below 100 at Puertecitos and San Luis Gonzaga.

4.2. Isotope Composition

4.2.1. Noble Gases

The concentrations of He, Ne, and Ar and their isotopic compositions (3He/4He and 40A1‘/36Ar) in the
sampled gases are shown in Tables 1, 2, and S1 respectively.

The contents of helium were extremely variable, ranging from 1.1 ppm at San Felipe to more than 3,800 ppm
at Coloraditos and showing an inverse relationship with CO,. Samples with CO, > 90% had the lowest He
content (<15 ppm), while those N, and CH, dominated (and consequently low CO,) displayed the highest
He content (up to 3,800 ppm).

The *He/*He ratios also showed a wide variability, ranging between 0.6 and 6.9 Ra (Figure 3a). The highest
values were measured at San Luis Gonzaga, whereas Agua Agria (4.6-5.6 Ra) and the Fumarole (4.3 Ra) had
slightly lower ratios (Table 2). Previous studies in production wells in Las Tres Virgenes geothermal field,
which is near to the Fumarole and Agua Agria, revealed 3He/*He values of 1-4.5 Ra (Birkle et al., 2016),
which are lower than our findings. Notably, Agua Agria, Fumarole, and San Luis Gonzaga showed chemical
variability (e.g., CH4/CO,) at almost constant 3He/*He ratios (Figure 3b).

The gases from San Felipe and Punta Estrella varied within a narrow range (1.1-1.2 Ra). Otherwise,
Puertecitos showed 1.4-1.6 Ra (Figure 3a), which is comparable to previous measurements (1.7 Ra) by
Negrete-Aranda et al. (2015). Coloraditos showed variable *He/*He values between 0.6 and 1.1 Ra and is
the only gas emission site along the eastern coast of the BCP with helium isotope ratios <1.1 Ra (Table 2 and
Figure 3a). In addition, these gases show a wide chemical variability (e.g., CH4/CO,) compared to the much
smaller range of *He/*He ratios (Figure 3b).

The “He/*°Ne ratio of the sampled gases varied from 0.7 (Fumarole) to 170 (San Luis Gonzaga), suggesting
variable contamination by the atmosphere (4He/20Ne = 0.318; e.g., Sano & Wakita, 1985), as already indi-
cated by the chemistry (see section 4.1). However, this ratio usually exceeded that of air by tens to hundreds
of times, leading to minor or negligible modifications of the pristine *He/*He (Figure 3a). Nonetheless, the
3He/*He ratios were corrected for air contamination based on the measured “He/*°Ne ratio (Sano et al.,
2006) as follows:

R/Ra = ((Rv/Ra)(He/Ne),,—(He/Ne),)/((He/Ne),,—(He/Ne),)

where the subscripts M and A refer to the measured and atmosphere theoretical values, respectively (He/Ne)
A = 0.318). The corrected *He/*He ratios are hereafter reported as Rc/Ra. Only in FUM, which has a larger
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Figure 4. Binary plots of 613CCO2 versus He/CO, (4al and 4a2) and CH4/CO, (4b1 and 4b2). Plots 4al and 4b1 refer to
interpretative scenario 1, while 4a2 and 4b2 to scenario 2 (see text for details). In both plots, the 513Cc02 range for MORB
is from Pineau and Javoy (1983), Javoy et al. (1986), and Marty and Jambon (1987). The He/CO, range for MORB was
taken from Jambon et al. (1985), Charlou and Donval (1993), and Trull et al. (1993). The CH4/CO, range for MORB
was established from Jambon et al. (1985) and Charlou and Donval (1993). The CH,4/ ®He data from MORB and
crust/sediments were used to calculate the Mix 2 (Figures 4b1 and 4b2). The CH,4/ *He ratio in MORB was established from
Merlivat et al. (1987), Welhan and Craig (1982), and Welhan and Craig (1983), while the CH4/3He ratio for crust/sediment
data was taken from Wen et al. (2016). In both cases, the data are the averages. Mix 1 (black solid curve) and Mix 2
(black dotted curve) represent two binary mixing paths between MORB and two crustal end-members with different
513Cc02 values of —11%o and —5%o. for CT1 and CT2, respectively. D1, D2, D3, and D4 are the paths of Rayleigh distillation
modeling for the partial dissolution of CO, in water at variable temperature and pH conditions (indicated in the
legend), as assumed from gas emission conditions (when available) or assumed to fit data. See the text for details. The
distinction between colored and gray symbols is as in Figure 1 caption.

atmospheric contribution (*He/>*’Ne = 0.7), does this correction probably overestimate *He/*He (7.0 Ra;
Figures 3a and 3b).

The “°Ar/*®Ar ratio fell within a narrow range (295-315) close to the theoretical ratio in the atmosphere
(295.5; Ozima & Podosek, 1983), confirming the variable extent of air contamination. For this reason,
“9Ar was not corrected (*°Ar*) and is not discussed further.

4.2.2. CO, and CH,4

CO, and CH, were analyzed for their isotope composition, and the data are reported in Table 2. The §'*Cco»
values ranged from around —5.0%o. at San Felipe and Punta Estrella to —18.4%o at Coloraditos (Figures 4al,
4b1 and 4A2, 4b2), without any systematic correlation with CO, concentration.

The carbon and hydrogen isotopes of CH, showed a wide range of compositions from negative values toward
unusually positive values (Figures 5a and 5b). The lowest 8'3C 14 values were observed in Punta Estrella
(5"3Ccpa from —39.3 to —43.6 %o and 8Dcps = —168 %o) and Agua Agria (8"*Ccpa around —30%. and
8Dcp4 from —119 to —105 %o).

No spatial variations in the CO, or CH, isotope composition were observed.

5. Discussion

5.1. Origin of Gases in the BCP

5.1.1. *He/*He Signature

To constrain the origin of gases, we considered the chemistry and isotopic composition of He, CO,, and CHy.
Based on the *He/*He ratios, we subdivided the collected samples in two groups: (1) magmatic and (2)
hydrothermal gases (Figures 3a and 3b).
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Figure 5. Origin of hydrocarbons in gas emissions along the eastern BCP. (a) Bernard diagram modified from Bernard
et al. (1978). In the plot: M, microbial source from Schoell (1988) and Whiticar (1999); T, thermogenic source from
Whiticar (1999); and V-G, volcanic-geothermal fields as defined by McCollom and Seewald (2007). (b) CD diagrams
modified from Schoell (1983). In the plot, bacterial CO, reduction, bacterial fermentation, and thermogenic fields were
established from Schoell (1988). Mantle field and isotopic data from the Baogutu hydrothermal fluids were taken from Cao
et al. (2014). The polygonal gray fields and the small black triangle (i.e., Panteleria) were edited from Etiope and
Sherwood-Lollar (2013). The other gray polygons are as follows: Cerro Prieto from Des Marais et al. (1988) and Welhan
and Lupton (1987); Salton Sea fields from Welhan and Lupton (1987), Welhan (1988), and Mazzini et al. (2011); and
Guaymas circular field from Welhan (1988). In both diagrams, the East Pacific Rise (EPR) field was defined from
Welhan and Craig (1983). The distinction between colored and gray symbols is as in Figure 1 caption. The X and Y axes are
broken to graph positive values. The black arrow shows changes in the isotope composition because of methane oxidation.
See the text for further details. BCP = Baja California Peninsula.

1. Magmatic gases include gas emissions in areas of Quaternary to Holocene volcanic activity (e.g., San
Luis Gonzaga, Agua Agria, and Fumarole). For these sites, a clear and strong magmatic signature,
with *He/*He ratios of ~5-7 Ra is found (Figure 6al and 6a2). Despite these volcanoes’ location, these
3He/*He values are slightly lower than the typical MORB range (8 + 1 Ra; Graham, 2002).

This group also includes other gas emissions (Salton Sea and Cerro Prieto geothermal fields; Figures 1
and 3a) in the northeastern BCP. Gases from Salton Sea have He/*He ratios of 6.1-6.6 Ra (Mazzini
et al., 2011), while those from Cerro Prieto are in the range 3.3-7.3 Ra (Pinti et al., 2018; Polyak et al.,
1982; Welhan et al., 1978). This magmatic signature is associated with volcanic activity that occurred
less than 25 ka ago (Schmitt et al., 2012, 2013). The variability of the *He/*He ratios in Cerro Prieto
Geothermal field indicates variable crustal contamination by radiogenic “He produced at a local scale
from U-Th-rich country rocks (Mazor & Truesdell, 1984; Welhan et al., 1978). A recent and detailed
study carried out by Pinti et al. (2018) points to limited modern freshwater recharge and thus to the
presence of a nearly fossil geothermal system. In detail, the authors suggest that connate waters
dominate the central portion of the field and mix with the magmatic fluid containing mantle He that
enter laterally into the reservoir, through the main lateral strike-slip faults (i.e., the Cerro Prieto and
Imperial faults).

On the other hand, the measured *He/*He ratios in fluid inclusions of olivine crystals from mafic lavas that
were sampled at La Virgen volcano revealed values of 7.3 + 0.6 Ra (Schmitt et al., 2010), which are at the
lower limit of the typical MORB range. A slightly higher *He/*He ratio was present in submarine gases
and volcanic rocks along the rift in the GoC (Figures 1 and 3a). In detail, fluids from Guaymas basin,
Pescadero basin, and Alarcon basin yielded *He/*He ratios of ~8.0 (Lupton, 1979), ~7.9, and 8.2 Ra, respec-
tively (Spelz et al., 2015), while fluid inclusions in Alarcén basin basalt glasses yielded *He/*He ratios of
7.7-8.4 Ra (Castillo et al., 2002).

2. Hydrothermal gases (e.g., San Felipe, Punta Estrella, Coloraditos, and Puertecitos) are emitted mainly as
intertidal gases that are characterized by *He/*He ratios <1.6 Ra (Figure 3a). This group includes other
gas emissions along the eastern coast (Bahia Concepcién and El Chorro) and along the western coast
and northern portion of the BCP (e.g., Punta Banda, Uruapan, San Carlos, Sierra Judrez, Agua
Caliente, Valle de Guadalupe, San Valente, and San Antonio; Figure 1 and Table S2), which were not stu-
died in this work. None of these gas emissions showed pure crustal *He/*He ratios (0.01-0.05 Ra;
Morrison & Pine, 1955), indicating a clear contribution from the mantle or magma-derived *He mixing
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Figure 6. Combined plots Rc/Ra versus 513CC02 (6al and 6a2) and CO,/ 3He versus 513CC02 (6b1 and 6b2). Plots 6al and
6b1 refer to interpretative scenario 1, while 6a2 and 6b2 to scenario 2 (see text for details). The MORB range is the
same as in previous figures. L (limestone) and S (sediments) were defined from Sano and Marty (1995) and are included
within the crust field, as defined by Morrison and Pine (1955). The crustal terms CT1 and CT2 consist of ~46% and ~20%
organic sediments added to a pure limestone rock. The distinction between colored and gray symbols is as in Figure 1
caption. The mixing (Mix 1 and Mix 2) and CO,, dissolution paths are the same as in Figure 4. See the text for further
details. The field arc volcanism was taken from Hilton et al. (2002). The distinction between colored and gray symbols
is as in Figure 1 caption. The reported literature data are as follows: SSGF from Mazzini et al. (2011); CPGF from Birkle
et al. (2016), Pinti et al. (2018) and Richard et al. (2019); and LTVGF from Birkle et al. (2016) and Richard et al. (2019).
VPDB = Vienna Pee Dee Belemnite.

with crustal fluids (see section 5.3). Geographically, these gases are located in continental areas where
volcanism is absent or has ceased long time ago. Along the eastern coast of the BCP, the highest *He/
“He values were measured in Puertecitos gases (1.6 Ra), which could be linked to two possible
scenarios: (a) the presence of a deep-seated, cooling magma chamber that is still degassing and is
related to Late Pliocene felsic volcanism between 3.2 and 2.5 Ma (Martin-Barajas et al., 1995) or (b) the
occurrence of more recent submarine volcanism in the GoC. The Ulloa99 high-resolution seismic
lines, which are located east of Puertecitos, indicate that the continental shelf is cut by a high-density
array of normal and oblique faults (Martin-Barajas et al., 2013; Persaud et al., 2003), and the edge of
the shelf includes a prominent rhyolite volcano that is 13.5 km SW of Puertecitos.
The lowest *He/*He values within this group (i.e., Coloraditos with 0.5-1.1 Ra) are comparable to those of
the gas emissions in the northern BCP (i.e., Agua Caliente, Uruapan, Valle de Guadalupe, San Antonio,
San Carlos, Sierra Juarez, and San Valente) and to those of the El Chorro site, which is located at the
southern end of the peninsula (Figure 1). These hydrothermal springs were interpreted as originating
in active fault zones, where the strong release of radiogenic “He occurs (Polyak et al., 1991; Vidal
et al., 1981).
5.1.2. Origin of CO,
To constrain the origin of CO,, we integrate and compare the CO, concentration and §'*C with *He/*He
measurements to evaluate the contributions from mantle, organic, and limestone sources of CO, (e.g.,
Sano & Marty, 1995; Figures 6al, 6b1 and 6a2, 6b2).

The magmatic gases (Agua Agria, Fumarole, and San Luis Gonzaga) were CO, dominated, except at San
Luis Gonzaga, which showed variable chemistry with CO, from ~17% to ~55% and CH, from ~41% to
~77% (Figure 2b). The 8'*Ccq, of these magmatic gases varied between —9.6%. and —11.3%., irrespective
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of their chemistry (Figure 4). However, the CO,/*He ratios spanned a wide range from ~1 - 10° to ~1 - 10*°
(Figure 6bl), only partially overlapping the typical MORB signature (CO,/*He = 2 - 10%; Sano &
Marty, 1995).

As argued before, the *He/*He values that were measured in magmatic gases were slightly below the MORB
range (Figure 6al), suggesting a strong mantle contribution (see section 5.3). However, the observed 83Ccon
values were either lower than (i.e., lighter than) the typical MORB range (—8%o < 8"*Cco, < —4%0; Des
Marais & Moore, 1984; Marty et al, 1989; Sano & Williams, 1996) and below the few data
(—6%0 < 8'3Ccoa < +2%0) that were available from the hydrothermal fluids at the rift centers in the GoC
(e.g., the Guaymas basin; Galimov & Simoneit, 1982; Welhan & Lupton, 1987). This observation implies
two possible scenarios:

1. magmatic gases from the BCP do not reflect a pure mantle signature but underwent crustal contamina-
tion at a local scale, which significantly modified the pristine carbon isotope composition toward more
negative 8'3Ccos values (Figures 4al, 4bl and 6al, 6bl); or

2. magmatic gases are representative of the local mantle that is contaminated by sediments containing a
small fraction of organic C that subducted with the Farallon plate up to ~12 Ma ago (Atwater, 1970;
Stock & Lee, 1994; Figures 4a2, 4b2 and 6a2, 6b2).

When plotting §'*Cco, versus CO,/*He, the first scenario could only be reproduced by assuming binary
mixing between the mantle and a hypothetical crustal term (hereafter CT1), with 83Ccos = —11.5%o,
He/CO, ~1 - 10”7, CH,/CO»~1, and CO,/*He~1 - 10'* (Mix 1, Figures 4b1 and 6b1). The CT1 end-member
would correspond to a ~46% addition of organic sediments to a typical marine limestone (Figure 6b1). This
hypothesis is consistent with 8'3C oy values below the MORB range (—16.4%o, < CO, < —10.9%o) at variable
CO,/CH, values in sediment gases from a drilled site (477 DSDP Hole) in the rift of the GoC, specifically,
near the Guaymas basin (Figure 4b1, Galimov & Simoneit, 1982; Welhan & Lupton, 1987). These gases
are thought to be produced by high-temperature hydrocarbon oxidation and/or the thermogenic alteration
of organic matter during magmatic sill intrusions into a thick horizon of organic-rich sediments. Lizarralde
et al. (2010) recognized a large area that extends 50 km to the NW and 40 km to the SW of the axis of the
spreading center in the northern Guaymas basin, which is characterized by several discrete magmatic sill
intrusions into these organic-rich sediments. Therefore, a small addition (~0.1%) of the assumed crustal
component (CT1) into a MORB-like source would reproduce the CO, signature of the magmatic gases from
the BCP (Mix 1, Figures 6al and 6b1).

Alternatively, the second scenario would involve the mantle beneath BCP having subduction-related fea-
tures (C02/3He~1 - 10'°, Hilton et al., 2002; Sano & Fischer, 2013; —8%o < 813CCO2 < —4%o, Des Marais &
Moore, 1984; Marty et al., 1989; Sano & Williams, 1996) and having been contaminated by the recycling
of sediments containing a small (<0.1%) fraction of organic C (Figures 6a2 and 6b2) that lowered the
8'3C o, toward the values measured in magmatic gases (5'3Ccoa~ — 10.5%0). In support of this hypothesis,
we highlight the following.

1. Richard et al. (2019) found comparable CO,/*He and 8'3Cq, values in Las Tres Virgenes geothermal
field, and they interpreted these negative ratios as a result of organic matter-rich oceanic sediment
contamination during Farallon plate paleo-subduction. The authors excluded the hypothesis of modern
crustal contamination with organic matter, considering that the geothermal field is an extremely arid
area and thus recharge water is likely depleted in organic matter (Birkle et al., 2016).

2. Magmatic gases in BCP show *He/*He values that never exceed 7.3 + 0.6 Ra (Figure 6a2), which is within
the range suggested for typical arc volcanism (Hilton et al., 2002) and is actually lower than typical
MORB values measured in the rift in the GoC (*He/*He up to 8.4 Ra, Castillo et al., 2002).

3. Previously published data on gas emissions located in the central and western part of BCP show similar
negative 8"°Cco, values (e.g., Punta Banda, —10.5%o; Vidal et al., 1981), suggesting that this signature is
present at regional scale implying a deep origin of CO, rather than local contaminations.

In fact, the only magmatic gas emissions in BCP showing §'*Cco, values within typical MORB range are
Salton Sea and Cerro Prieto geothermal fields, which are located in the northeastern part of the peninsula
along the on land extension of the fracturing related to the rift in the GoC. Therefore, below this area, it is
reasonable to suppose a flux of CO, originated from the rift that has MORB-like features.
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5.1.2.1. Secondary Processes That Modify the Chemistry and CO, Isotope Composition of
Sampled Gases

Among the magmatic gases, the observed chemical variability of San Luis Gonzaga can be modeled through
the partial dissolution of CO, in water, assuming a condensation process under equilibrium conditions as
expressed by the Rayleigh (1896) equation:

& — fot—l
RV()

where Rvy is the initial ratio of the bulk composition (e.g., He/CO,), Rv is the same instantaneous ratio in the
residual gas phase (v), fis the fraction of the residual gas phase, and « is the fractionation factor determined
by the solubility ratio of the species under consideration (e.g., kye/kcoz)- Henry's constant ky; for the consid-
ered gas species was calculated based on the thermodynamic approach proposed by Fernandez-Prini et al.
(2003) and references therein, and considering the temperature conditions that we assumed and reported
below.

Similar to gas chemistry, the isotopic composition of gaseous CO, (5*3Cco2) changes as a result of its
dissolution in water and the isotopic fractionation between gaseous and dissolved inorganic CO, [CO, (aq)]
(e.g., Vogel, 1970). CO, (aq) is referred as dissolved inorganic C (DIC) and is equal to the sum of the
aqueous species H,CO;, HCO5™, and CO5>". The molar fraction of each C species depends on the water
temperature and pH. The fractionation process can be modeled using the Rayleigh equation as follows
(Clark & Fritz, 1997):

513Cc02 = (513Cc02)0 +¢€ ln(f)

where (8"*Cco)o is the initial CO,-isotope composition, fis the fraction of the residual gas phase, and ¢ is the
fractionation factor between DIC and gaseous CO, (COx). This fractionation factor is obtained by sum-
ming up the fractionation factors of dissolved C species and CO, (g) taking into account their molar fraction
with respect to DIC (Zhang et al., 1995).

For San Luis Gonzaga we assumed dissolution of CO, in a water at T = 57 °C and pH = 5.76 (D1, Figures 4
and 6). The fractionated gases from San Luis Gonzaga are compatible with those from Fumarole and Agua
Agria, confirming that the variability in the chemistry at San Luis Gonzaga does not reflect any mixing but it
is likely the result of dissolution of CO, in water. Under these conditions, 813C does not fractionate, while
elemental ratios such as He/CO,, CH,/CO,, and CO,/*He can be strongly modified.

The hydrothermal gases revealed different compositions to the magmatic gases in terms of both the chem-
istry and the carbon isotope composition (Figure 4). Only San Felipe and Punta Estrella gases were CO,
dominated, while Puertecitos and Coloraditos were N, and CH, dominated, respectively (Figure 2b). The
8'3Cco, values varied between ~ — 18%o and ~ — 5%o (Figures 4 and 6). The CO,/*He ratio varied from
~3-10" to ~1 - 10'* (Table S1 and Figures 6b1 and 6b2). Considering the variability of the hydrothermal gases
in terms of chemistry and §3Ccoa, only gases from San Felipe (CO, > 98.5%) can be considered as a starting
point to constrain the origin of CO,. These gases had 8'3Ccoa ~ — 5%0 and CO,/°He ~5 - 101, Although the
8'3Cco, values of San Felipe were within the typical MORB range (—8%o < 83Ccor < —4%0; Des Marais &
Moore, 1984; Marty et al., 1989; Sano & Williams, 1996), the CO,/*He values (4.9 - 10''-1.19 - 10'?) were 2
orders of magnitude higher than those in the mantle, strongly indicating the addition of crustal carbon
(Figures 6b1 and 6b2). This evidence matches findings from the 3He/*He ratios (1.08-1.16 Ra), which indi-
cate that these gases reflect mixing between a magmatic/mantle and a crustal term (Figures 3a and 6al).
Although no clues can clearly constrain this hypothesis, we infer that the excess CO, originated from binary
mixing between a MORB-like source (—8%o < 513 Ccoz < —4%o Des Marais & Moore, 1984; Marty et al., 1989;
Sano & Williams, 1996 and CO,/*He = 2 - 10%; Sano & Marty, 1995) and another crustal term (hereafter CT2)
with 8"*Ccoy = —4.9%0, He/CO, ~1 - 1077, CH,/CO, ~5 - 107>, and CO,/*He~1 - 10'* (Mix 2, Figures 4al,
4b1 and 6al, 6b1). CT2 could have originated from crustal CO,-dominated reservoirs with a ~20% addition
of organic sediments to pure limestone (Figures 6al and 6b1).

In the hypothesis of a mantle beneath BCP contaminated by the Farallon plate paleo-subduction, as above
discussed, the excess of CO, measured in gases from San Felipe would be explained similarly. The only
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exception would be in the mantle source features that would have 83Ccos = —10.5%0 and CO,/
*He = 1 - 10" instead of typical MORB values (Figures 6a2 and 6b2).

The other hydrothermal gases (e.g., Punta Estrella, Bahia Concepcioén, Coloraditos, Punta Banda, and
Puertecitos) can be explained as the result of one or more overlapping (multistep) processes that involved
the partial dissolution of CO, in water, by assuming the condensation process above (Figures 4 and 6). In
fact, the gases from Punta Estrella and Bahia Concepcion can be modeled by the dissolution of San
Felipe-type gases in water at T = 57 °C and pH = 5.83 (e.g., D2, Figures 4 and 6). Under these conditions,
the maximum range of 8'3C fractionation is 0.4%o. (at a residual fraction f = 0), while elemental ratios such
as He/CO,, CH,4/CO,, and C02/3He are strongly modified. The gases from Puertecitos, Coloraditos, and
Punta Banda could have resulted from the further partial dissolution of CO, in water at T = 57 °C and
pH = 6.73, starting from a similar composition to that of the Punta Estrella gases or slightly more fractioned
gases (e.g., D3 and D4, Figures 4 and 6). Under these conditions, 8'>C strongly fractionates compared to ele-
mental ratios such as He/CO,, CH,/CO,, and CO,/*He.

Even if we do not know the saturation state of these thermal waters with respect to carbonate minerals (e.g.,
calcite and dolomite), we cannot rule out the possibility that under these conditions part of CO, loss and
8'3C fractionation is due to the precipitation of calcite/dolomite together with CO, dissolution. This hypoth-
esis would be supported by the findings of Gilfillan et al. (2009) and Ray et al. (2009), who observed the loss
of CO, (up to 18%) due to the precipitation of carbonated minerals and the subsequent decrease in the CO,/
*He ratio. We point out that gases from Punta Banda could also result from dissolution of CO, in a water at
T =57 °Cand pH = 5.76 (D1, Figures 4 and 6), as assumed for San Luis Gonzaga magmatic gases. The multi-
step partial dissolution of CO, plus calcite precipitation in water seems to be a reasonable assumption
because gases that rise within the crust often encounter one or more aquifers with different physical-
chemical conditions before escaping at the surface (e.g., Caracausi et al., 2003; Dubacq et al., 2012;
Gilfillan et al., 2009; Ray et al., 2009).

5.1.3. Origin of Methane

Methane in magmatic and hydrothermal gases may have a biotic origin, which is linked to either the thermal
degradation (thermogenic methane) or microbial transformation (biogenic methane) of organic matter.
Alternatively, abiotic methane may be produced by chemical reactions that involve gaseous species (mainly
H, and CO) over a wide range of temperatures and in the absence of organic compounds. Other possible
inorganic processes that can produce abiotic methane were listed and described in more detail in Etiope
and Sherwood-Lollar (2013). The stable isotopes (both C and H) of methane and the relative abundance
of methane (C;) and the other heavier hydrocarbons (C,, Ethane and C; Propane) have been successfully
used to distinguish between thermogenic and biogenic methane.

Thermogenic methane is generally characterized by Dcp4 values below —150%o, 8'3Ccpa values of —50%o
to —30%o, and C;/(C, + Cj3) ratios below 100 (Figures 5a and 5b). Biogenic-produced methane (either via
acetate fermentation or CO, reduction) is enriched in light carbon isotopes (usually 8"3Ccpa < —50%o0)
and lighter alkanes, producing C,/(C, + C3) ratios from 10° to 10° (Figure 5a). On the other hand, abiotic
methane, which is associated very often but not exclusively with high-temperature hydrothermal/volcanic
emissions, generally shows enrichment in heavy isotopes, with 8'3Ccps around —23 + 6%o, D¢y values
between —50%. and —150%. and C;/(C, + Cs) ratios from 1 - 10* to 3 - 10°.

Therefore, two classification diagrams are commonly used to identify the origin of methane in natural gases:

1. the Bernard diagram (Bernard et al., 1978, Figure 5a), which correlates 8'3Ccpa and the C,/(C, + Cs)
ratio (Bernard parameter), where C, stands for CHy, C, for C,Hg, and C; for C;Hg;

2. the D¢y versus 82Cepa diagram, which was proposed by Schoell (1980) and updated by Etiope and
Schoell (2014) (Figure 5b).

These interpretative plots have been successfully used by many authors to distinguish thermogenic methane
from biogenic methane (either acetate fermentation or CO, reduction), Sometimes they were of limited uti-
lity since secondary postgenetic processes (e.g., oxidation, mixing, migration, and selective hydrocarbon
sorption onto particles) may alter the pristine molecular and/or isotope composition, thus overprinting
the hydrocarbon formation process. Moreover, to the present knowledge, the fields relative to abiotic
methane have been not well constrained thus making difficult the identification of abiotic methane.
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In the Bernard diagram (Figure 5a), the collected samples were plotted together with the other samples from
BCP peninsula and the gas from the seafloor hydrothermal system of the Guaymas basin. As a reference, in
the same plot, we have also reported the fields relative to volcanic gas (McCollom & Seewald, 2007) and the
gas from the EPR (Welhan & Craig, 1983). The collected samples fall far from the expected molecular and
isotopic composition for the four identified end-members (i.e., biogenic, thermogenic, volcanic, and EPR
type). Punta Estrella had an intermediate composition showing a typical Bernard parameter for biogenic
methane with heavier 8'3C values or a typical Bernard parameter for thermogenic methane with lighter
8"3C values. San Luis Gonzaga showed intermediate compositional values between thermogenic methane
and methane that is associated with volcanic gases/EPR-type methane. Coloraditos and Puertecitos were
characterized by positive 8'3C values and C;/(C, + C;) ratios below 205.

In Figure 5b, Punta Estrella, Agua Agria, and San Luis Gonzaga showed a typical isotope signature for ther-
mogenic methane, with Agua Agria and San Luis Gonzaga exhibiting a slight §>C shift toward more posi-
tive values. Finally, Coloraditos and Puertecitos were characterized by positive 8D values (>100%o).

Based on the molecular abundances and isotope signatures, we propose that the methane in Punta Estrella,
Agua Agria, and San Luis Gonzaga is thermogenic in origin and likely formed via the thermal cracking of
organic matter in sediments and a magmatic heat source. The Bernard parameter at Punta Estrella, higher
than those of typical thermogenic methane, suggests to be the result of molecular fractionation at a shal-
lower level during gas migration (Etiope et al., 2009) from the reservoir toward the surface. Coloraditos
and Puertecitos seemed to be affected by severe secondary oxidation (microbial/inorganic) processes. If
we consider the anaerobic oxidation of methane as a simple closed-system Rayleigh distillation (Whiticar,
1999), with €¢_methane = 13 and €q.methane = 97 as fractionation factors for carbon and hydrogen, respectively
(Coleman et al., 1981), and assuming a similar initial CH, isotope signature to Punta Estrella
(8Dcpia = —165%0 and 8'*Ccpq = —41,8%0), the 96% and 99.5% oxidation of CH, would lead to a composition
that is consistent with Coloraditos and San Felipe gas emissions, respectively (Figure 5b).

A thermogenic origin for the methane in the BCP has been already proposed by several authors (e.g.,
Mazzini et al., 2011; Welhan & Lupton, 1987) for the Salton Sea and Cerro Prieto geothermal fields
and for some sediment gas that is released from the Guaymas basin. All these sites have a nonnegligible
primordial mantle-derived *He contribution (*He/*He ratios from 4.6 to 7 Ra) because of volcanism that
is associated with the formation and development of the rift in the GoC. In the San Luis Gonzaga and
Agua Agria samples, which have the largest magmatic component (>5.1 Ra), the contribution from abio-
tic methane, which could be derived from (i) a synthesis of methane from CO and/or CO, at high tem-
perature, or (ii) the respeciation of C-H-O fluids in late magmatic stages or (iii) Fischer-Tropsch-type
synthesis reactions (Etiope & Sherwood-Lollar, 2013 and references therein), cannot be excluded. In fact,
San Luis Gonzaga and Agua Agria show compatible chemical and isotope compositions with abiotic
EPR-type methane (8'3Ccpq around —20%o, 8Dcps between —150 and —50%., and Bernard parameter
between 100 and 1000; Figures 5a and 5b). To further support our approach, the San Luis Gonzaga
gas composition is similar to that of fluids that are emitted in the Baogutu hydrothermal zone
(Figure 5b), for which an abiogenic origin through Fischer-Tropsch reactions has been proposed (e.g.,
Cao et al., 2014).

5.2. Relationship Between *He/*He and Crustal Thickness

The variability of *He/*He within the BCP gas manifestations indicates different extents of
mantle/magmatic degassing. To examine the gases that are emitted within the peninsula in the context of
local tectonic and geodynamic settings, we investigate the relationship between the *He/*He ratio and the
crustal thickness according to seismic data from a local network along two main profiles where the emis-
sions are located (Figures 7a and 7b). We expect that high crustal thickness enhances the production of
“He and lowers the *He/*He ratio in surface gas emissions. However, no exact correspondence exists
between the gas emissions and seismic-network stations, so our consideration must be taken as general.

The first profile moves from WSW to ENE and is located in the northern BCP (Figures 7a and 7c). As
expected, the lowest %He/*He values (0.1-0.6 Ra) in the central and westernmost areas (i.e., Punta
Banda, San Carlos, Uruapan, San Valente, San Antonio, Valle de Guadalupe, and Agua Caliente) corre-
sponded with the highest crustal thickness (>30 km; Figure 7a), showing a good relationship. In fact,
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Figure 7. Combined figure that shows the relationship between Rc/Ra and the crustal thickness along two profiles
(WSW-ENE [7a] and NW-SE [7b]) and the mantle contribution to gas emissions from the BCP and GoC (7c). The legend
and data used are the same as in Figure 1 caption. (7a) Rc/Ra versus the longitude of gas emissions along the WSW-ENE
profile (black solid line). The crustal thickness was taken from receiver-function profiles based on the following works:
A and B represent Mexicali Valley and Laguna Salada's crustal thickness (Ramirez-Ramos et al., 2015), and C represents
Agua Blanca station (Persaud et al., 2007). (7b) Rc/Ra versus the latitude of gas emissions along the NW-SE profile
(black solid line). The crustal thickness was taken from receiver functions and refraction profiles based on the following:
D, F, and J are the El Chinero, Bahia de los Angeles, and La Paz stations, respectively (Ferndndez & Pérez-Campos, 2017);
E is the San Felipe station (Reyes et al., 2001); G, H, and K are the Bahia Concepcion, Loreto, and Los Cabos stations,
respectively (Persaud et al., 2007); I and L are the refraction profile data (Lizarralde et al., 2007). In both graphs, the
Moho trend (red dotted line) was interpolated because of gaps in data from some transect segments. The distinction
between colored and gray symbols is as in Figure 1 caption. (7c) Map of the mantle contribution percentages to gas
emissions in the BCP and GoC. The mantle contribution was calculated considering the 3He/*He value of Alarcon lavas as
the mantle end-member (~8.4 + 0.14 Ra; Castillo et al., 2002). The mantle and crust fields were established from
Graham (2002) and Morrison and Pine (1955), respectively. The white numbers indicate the location of gas emissions as
follows: 1, Salton Sea geothermal field; 2, Cerro Prieto geothermal field; 3, Sierra Judrez; 4, San Valente; 5, Valle de
Guadalupe; 6, Agua Caliente; 7, San Carlos; 8, San Antonio; 9, Uruapan; 10, Punta Banda; 11, San Felipe; 12, Punta
Estrella; 13, Coloraditos; 14, Puertecitos; 15, San Luis Gonzaga; 16, La Virgen lavas; 17, Agua Agria; 18, Fumarole; 19, Las
Tres Virgenes geotermal field; 20, Bahia Concepcidn; 21, El Chorro; 22, Guaymas basin; 23, Pescadero basin; and 24,
Alarcoén basin. The faults represented in the figure were taken from the cartographic bases of the Instituto Nacional de
Estadistica y Geografia (INEGI) (2013), available in https://www.inegi.org.mx and from U.S. Geological Survey (2006)
available in http//earthquakes.usgs.gov/regional/qfaults. BCP = Baja California Peninsula; GoC = Gulf of California.

seismic studies (e.g., Ichinose et al., 1996; Lewis et al., 2001, 2000) indicated a crustal thickness up to 40 km
along the Peninsular Ranges and the progressive thinning of the crust toward the eastern margin of the
BCP and within the GoC (see also Figure 8). Accordingly, the highest *He/*He values (3.3-7.3 Ra) were
measured in the easternmost portion of the profile (i.e., Cerro Prieto geothermal field) to Mexicali
Valley, corresponding with the lowest crustal thickness (~15 km; Figure 7a) as reported by Ramirez-
Ramos et al. (2015). These authors also reported a crustal thickness of 19 km beneath Laguna Salada
(Point B in the WSW-ENE profile, Figure 7a).

The second profile moves from NW to SE and is located along the eastern coast of the BCP (Figures 7b and
7¢). This profile, especially in the northern and central areas, lacks a clear relationship between the *He/*He
ratio and crustal thickness (Figure 7b). In fact, the *He/*He ratio from San Felipe (Station E) to Bahia
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Concepcién (Station G) varied from 0.5 to 7.0 Ra at almost constant crustal thickness (~20 km, Figure 7b). A
certain relationship began in the southern portion of the profile, where volcanic activity is missing and the
crustal thickness increases to ~26 km (Persaud et al., 2007), with the *He/*He ratio lowering to 0.1-0.2 Ra at
El Chorro (Polyak et al., 1991; Figure 7b).

5.3. Relationship Between *He/*He and Active Faults

Although the knowledge of the local structural setting is not well defined, we investigated the mantle con-
tribution in gases emitted from the BCP. The aim was to recognize the possible relationship between the
location of gas emissions and active volcanism, and to infer the presence and the role of active faults able
to drive mantle-derived fluids toward the surface. For this purpose, in Figure 7c we report the main known
fault systems within the peninsula. The mantle contribution is calculated with the following relation:

[Res

[Re)m

where Mc is the mantle contribution, (Rc/Ra)s is the *He/*He measured in each gas sample, and (Rc/Ra)m is
the hypothetical *He/*He ratio of the local mantle. For our calculation, we assumed that the mantle beneath
the BCP has MORB-like features with *He/*He = 8.4 + 0.14 Ra (first scenario in section 5.1.2), which is the
highest measured value in fluid inclusions of Alarcon basin basalts (Castillo et al., 2002) in the rift of the GoC
(Figure 7c). The results of this calculation are reported in Table S2. We highlight that the calculated percen-
tages could be even higher of ~10% in the hypothesis of a local mantle with *He/*He = 7.3 Ra because of the
contamination by Farallon plate paleo-subduction (second scenario in section 5.1.2).

Mc = -100

The highest percentages of mantle contribution are observed at Cerro Prieto geothermal field (~87%), San
Luis Gonzaga (~82%), Salton Sea geothermal field (~79%), and Las Tres Virgenes geothermal field (~68%),
which are located in zones of recent volcanic activity (Figure 7c, Garcia-Sanchez et al., 2017; Robinson et al.,
1976; Schmitt et al., 2012, 2013; Wright et al., 2015).

Despite the lack of active volcanism in the region, the hydrothermal gases along the NW-SE profile are char-
acterized by a significant mantle contribution (up to ~21%) that suggests the presence of active faults and the
proximity of the active rift of the GoC (Figure 1).

Finally, the lowest mantle contribution (~1-7%) was observed in the central and westernmost portions of the
WSW-ENE profile (i.e., Punta Banda, Uruapan, San Carlos, San Valente, Valle de Guadalupe, San Antonio,
Agua Caliente, and Sierra Juarez) and the southernmost portion of the NW-SE profile (i.e., E1 Chorro). These
zones are characterized by the absence of magmatism, and the small percentage of mantle fluids presumably
rise because of the presence of local, shallow faults (e.g., Tres Hermanas, Agua Blanca, and San Miguel) in a
zone of high crustal thickness (>25 km, Figures 7a and 7c).

Instead, the easternmost portion of the WSW-ENE profile (close to Cerro Prieto geothermal field) and most
of the NW-SE profile (i.e., San Felipe, Punta Estrella, Coloraditos, Puertecitos, San Luis Gonzaga, Agua
Agria, Fumarole, and Bahia Concepcion) is characterized by a higher mantle contribution (>7%).

It is noteworthy that a typical crustal *He/*He ratio (0.01-0.05 Ra; Morrison & Pine, 1955) has not been
measured in any gas emission from the BCP, indicating that likely the BCP is characterized by active fault
systems and/or magmatism that favors the ascension of mantle-derived fluids that mixed with fluids from
the crust.

Therefore, a better definition of the structural setting of the BCP is a research priority, not only where
magmatism is absent but also in the active volcanic systems (Tardani et al., 2016). Detailed structural
observations should be addressed first to try to map these tectonic lineaments enhancing the rising of the
mantle fluids, and second to understand the role played by these high vertical permeability zones in promot-
ing or limiting secondary crustal processes (mixing, dissolution, and residence times), which affect the final
chemical and isotope composition of the fluids.

5.4. Conceptual Model

We highlighted the complexity of the processes (e.g., mixing with atmospheric gas, crustal contamination,
and single or multistep gas-water interactions) that have occurred and, thus, modified the pristine
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Figure 8. Conceptual models (not to scale) of mantle degassing in the BCP and GoC, based in two possible scenarios. (8a)
Scenario 1 represents the process of crustal contamination with two crustal terms (CT1) and (CT2) that affect de
hydrothermal and magmatic gases composition (see the text for further details). In this scenario it is assumed that

the mantle beneath the BCP is similar to MORB. (8b) Scenario 2 represents a local mantle contaminated by the
paleo-subduction of the Farallon plate and the sedimentary process associated. The angle of the subducted plate is not to
scale. The subduction of Farallon plate beneath the BCP ceased at 12 Ma ago (Lonsdale, 1989; Stock & Hodges, 1989),
and the volcanism in the eastern area of the BCP is not linked with this process but with rifting. In both figures the
locations of the emissions in the eastern side do not follow a geographical pattern; this arrangement is only schematic. The
crustal thickness beneath the BCP and GoC is based on findings by Ichinose et al. (1996), Lewis et al. (2000), and Lewis
et al. (2001). The superscripts for the labels inside the boxes represent data from the following authors: 1, Castillo et al.
(2002); 2, Spelz et al. (2015); 3, Lupton (1979); 4, Welhan and Lupton (1987); 5, Galimov and Simoneit (1982); 6, Schmitt
et al. (2010); 7, Birkle et al. (2016); 8, Richard et al. (2019); 9, Forrest et al. (2005); 10, Vidal et al. (1981); 11, Polyak et al.
(1991). An asterisk indicates data from this study. The blue and red arrows indicate meteoric recharge and circulation
of fluids, respectively. The black arrows indicate the displacement of the faults (black lines), mainly normal and listrics.

signature of mantle/magmatic gases, resulting in the various compositions measured in the surface gases.
Based on data from this study and a careful review of data from previous works, we reconstruct two
conceptual models (Figure 8) that we regard as equally plausible. These models rationalize (1) the mantle
features beneath the BCP and GoC, (2) the processes that modified the mantle signature and explain the
different compositions of gases that are emitted at the surface, and (3) the timing of these processes.

BATISTA CRUZ ET AL.

19



'AND SPACE SCiENCE

Geochemistry, Geophysics, Geosystems 10.1029/2018GC007987

Scenario 1 (Figure 8a): mantle beneath BCP has MORB-like features

1. The mantle beneath the GoC has typical MORB-like features, as suggested by the *He/*He value of 8.4 Ra
in fluid inclusions from Alarcén basin basalts (Castillo et al., 2002) and the §'*Ccq, values of ~ — 6%o in
hydrothermal fluids from Guaymas basin (Welhan & Lupton, 1987). These mantle features can be
extended to the mantle beneath the BCP. However, more studies on fluid inclusions from volcanic rocks
in the BCP and submarine gases along the GoC are necessary to better constrain the origin of mantle
fluids.

2. Gases that rise from the mantle beneath the BCP through lithospheric faults or magmatic plumbing
systems mix and contaminate within the crust with two distinct crustal terms (CT1 and CT2). The first
(CT1) produces magmatic gases with 8'*Cco, values that are more negative than typical MORB and
*He/*He ratios that are slightly lower than the MORB range. This crustal term is inferred based on
similar data that were measured in sediment gases from the Guaymas basin within the rift of the GoC
(Galimov & Simoneit, 1982; Welhan & Lupton, 1987). The second (CT2) produces hydrothermal gases
with 8'*Cco, values that are comparable to those of MORB and *He/*He values that are well below
the MORB range. For both crustal sources, we have no constraints on the depth at which the
contamination occurs.

Scenario 2 (Figure 8b): Mantle beneath BCP is contaminated by paleo-subduction of the Farallon plate

1. The mantle beneath the GoC was contaminated by the recycling of sediments above the Farallon plate
containing a very limited fraction of organic C that lowered *He/*He down to 7.3 Ra (values typical for
arc volcanism, Hilton et al., 2002), shifted the 8>Cco; ~ — 10.5%0 (e.g., the values measured in Agua
Agria, San Luis Gonzaga, and Fumarole) and increased the CO,/*He toward values (>2 - 10'%) higher
than that typical of MORB-type gas.

2. Mantle gases rising through deep-rooted discontinuities or magmatic plumbing systems mix with crustal
fluids (*He-rich and *CO,-rich fluids) thus leading to almost pure CO, hydrothermal gases (e.g., San
Felipe) with 8'3Cco, values close to —5%0 and *He/*He values that are well below the MORB range
(®He/*He < 1.6 Ra).

Independent from Model 1 or Model 2, following the above mentioned crustal contamination processes, the
chemistry and §'*Cco, values of both magmatic and hydrothermal gases at very shallow levels (presumably
within 1-2 km) change through the partial dissolution of CO, in water. Finally, the gases are slightly
contaminated by the atmosphere at the subsurface or during sampling.

The origin of CH, in gases from the BCP is thermogenic and likely related to the thermal cracking of organic
matter in sediments, although abiotic methane (Etiope & Sherwood-Lollar, 2013 and references therein) in
the magmatic gases cannot be excluded. The main heat source can be recognized along the rift fracture in
both ocean basins and on-land areas (see Espinoza-Ojeda et al., 2017). Shallow postgenetic processes
(molecular fractionation and the anaerobic oxidation of methane) likely affect the molecular and isotope
composition of some hydrothermal gases.

Notably, both the conceptual models can explain the complexity of the chemical and the He-C systematic
of most of the gases that are emitted within the BCP. The approach used in this work is general and can
be applied to other continental areas where either magmatic or nonmagmatic gases are emitted. Indeed,
Hrubcova et al. (2017) have used a similar approach for the case of the Western Eger Rift
(central Europe).

6. Conclusions

This work constitutes a new and integrative compilation of *He/*He, §"*Ccos, 8"*Ccpa» and 8Dy, isotopes
in gas emissions from the BCP. This paper presents data for submarine, intertidal, and subaerial gas emis-
sions along the eastern coast of the BCP and a careful review of existing information from other locations,
including data for fluid inclusions and gases from spreading centers along the rift of the GoC. We summarize
our main findings as follows:

1. Based on their >He/*He ratios, the gas emissions within the BCP have been classified as hydrothermal
and magmatic gases.
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2. Hydrothermal and magmatic gases show wide chemical and He-C isotope variability because of a
complexity of processes within the crust magmatic and hydrothermal gases. These processes, occurring
at different levels within the crust and with different timings, include mixing with local crustal fluids,
dissolution of CO, in water, and atmospheric contamination.

3. The origin of methane is mainly thermogenic. Abiogenic methane production cannot be excluded, at
least for magmatic gases. Some hydrothermal gases (San Felipe, Punta Estrella, Coloraditos, and
Puertecitos) might undergo secondary postgenetic processes such as migration and oxidation, leading
to unusual positive C and H isotope composition.

4. A comparative analysis between the *He/*He ratio and crustal thickness along two main profiles revealed
that a good correlation only exists in the northern BCP (WSW-ENE direction), where lower *He/*He
ratios (more radiogenic) are found in accordance with higher crustal thickness. Good *He/*He-crustal
thickness agreement exists along this profile, including the Mexicali Valley area. On the contrary, this
correlation is not as evident along the NW-SE profile (eastern coast), where the crustal thickness is quite
homogenous (~20 km) but the *He/*He ratio shows great variability (0.5-7 Ra).

5. Based on *He/*He, all the gases that are emitted from the BCP have a mantle contribution that varies
from at least ~1% to ~82%, depending on their location and the assumed 3He/*He in the mantle. As
expected, the highest mantle contribution (>60%) is found in magmatic gases emitted in zones of recent
magmatic activity. Hydrothermal gases have a significantly lower mantle contribution than magmatic
gases, although the former never show a pure crustal signature (0.01-0.05 Ra). This finding indicates that
the BCP is likely intersected by active faults that are deeply rooted in the crust, favoring the ascension of
mantle-derived fluids that have mixed with fluids in the crust.

6. We propose two possible models to infer the local mantle composition beneath the BCP: a typical MORB-
like type, reflecting a composition similar to that of the gas released from the spreading centers of the
GoC, or a MORB type contaminated by the recycling of sediments during the paleo-subduction of
Farallon plate ended around 12 Ma ago. In addition, the models summarize the chemical and isotope
variability in magmatic and hydrothermal gases that are emitted within the BCP and GoC, although
these regions are distant.

Finally, this study offers the base for a future evaluating the geothermal energy potential of the BCP for a
possible exploitation, highlighting the Las Tres Virgenes volcanic zone, specifically the Agua Agria zone,
and San Luis Gonzaga Island. To strengthen our knowledge regarding the mantle contribution in the entire
peninsula, we note the necessity of acquiring more geochemical data in zones where gas emissions are
unknown or poorly studied, such as the southern peninsula from Bahia Concepcion to Los Cabos and along
the coast of Sonora. In turn, researchers should sample the submarine gases that are emitted in the Wagner
and Consag basins, in which the nature of the crust and the origin of the hydrothermal systems are
widely debated.
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