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Subduction zones represent the interface between Earth’s interior (crust and mantle) and exterior (atmosphere and oceans), where carbon and other volatile elements are actively cycled between Earth reservoirs by plate tectonics. Helium is a sensitive tracer of volatile sources and can be used to deconvolute mantle and crustal sources in arcs; however it is not thought to be recycled into the mantle by subduction processes. In contrast, carbon is readily recycled, mostly in the form of carbon-rich sediments, and can thus be used to understand volatile delivery via subduction. Further, carbon is chemically-reactive and isotope fractionation can be used to determine the main processes controlling volatile movements within arc systems. Here, we report helium isotope and abundance data for 42 deeply-sourced fluid and gas samples from the Central Volcanic Zone (CVZ) and Southern Volcanic Zone (SVZ) of the Andean Convergent Margin (ACM). Data are used to assess the influence of subduction parameters (e.g., crustal thickness, subduction inputs, and convergence rate) on the composition of volatiles in surface volcanic fluid and gas emissions. He isotopes from the CVZ backarc range from 0.1 to 2.6 RA (n = 23), with the highest values in the Puna and the lowest in the Sub-Andean foreland fold-and-thrust belt. Atmosphere-corrected He isotopes from the SVZ range from 0.7 to 5.0 RA (n = 19). Taken together, these data reveal a clear southeastward increase in 3He/4He, with the highest values (in the SVZ) falling below the nominal range associated with pure upper mantle helium (8 ± 1 RA), approaching the mean He isotope value for arc gases of (5.4 ± 1.9 RA). Notably, the lowest values are found in the CVZ, suggesting more significant crustal inputs (i.e., assimilation of 4He) to the helium budget. The crustal thickness in the CVZ (up to 70 km) is significantly larger than in the SVZ, where it is just ∼40 km. We suggest that crustal thickness exerts a primary control on the extent of fluid-crust interaction, as helium and other volatiles rise through the upper plate in the ACM. We also report carbon isotopes from (n = 11) sites in the CVZ, where δ13C varies between −15.3‰ and −1.2‰ [vs. Vienna Pee Dee Belemnite (VPDB)] and CO2/3He values that vary by over two orders of magnitude (6.9 × 108–1.7 × 1011). In the SVZ, carbon isotope ratios are also reported from (n = 13) sites and vary between −17.2‰ and −4.1‰. CO2/3He values vary by over four orders of magnitude (4.7 × 107–1.7 × 1012). Low δ13C and CO2/3He values are consistent with CO2 removal (e.g., calcite precipitation and gas dissolution) in shallow hydrothermal systems. Carbon isotope fractionation modeling suggests that calcite precipitation occurs at temperatures coincident with the upper temperature limit for life (122°C), suggesting that biology may play a role in C-He systematics of arc-related volcanic fluid and gas emissions.
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1 INTRODUCTION
Helium has two stable isotopes: 3He and 4He. 3He is primordial and has been stored in the mantle since Earth’s accretion, whereas 4He is continuously produced in Earth’s crust due to the radioactive decay of U and Th. Earth reservoirs have characteristic 3He/4He values (typically reported relative to air; RA = air 3He/4He = 1.382 × 10−6; Clarke et al., 1976; Mabry et al., 2013). For example, the upper mantle typically has a 3He/4He value that is ∼8 ± 1 times the atmospheric ratio (RA; Graham, 2002). The continental lithospheric mantle has lower 3He/4He, approximately 6.1 ± 2.1 RA (Dunai and Baur, 1995; Gautheron and Moreira, 2002; Day et al., 2015), presumably due to radiogenic addition from the U and Th rich lithosphere. Crustal material is dominated by radiogenic 4He production and has a 3He/4He = 0.05 RA (Andrews, 1985). The mean He isotope ratio for arc gases is ∼5.4 ± 1.9 RA (Hilton et al., 2002), likely reflecting radiogenic additions from the surrounding crust. As a result, the 3He/4He in geothermal fluids provides information about the origin of volatiles (i.e., mantle vs. crust derived).
High CO2 concentrations have been observed in volcanic arcs as well as in other volcanic regions with high heat flow and mantle partial melting (e.g., Hilton and Porcelli, 2003). Typically, C isotopes of CO2 in volcanic arcs are interpreted to be an admixture between magmatic sources [mantle δ13C is between −5‰ and −8‰ vs. Vienna Pee Dee Belemnite (VPDB); Javoy et al., 1986] and subduction inputs (Sano and Marty, 1995), which can vary from 0‰ in marine carbonates down to ∼−30‰ in organic carbon-rich sediments (Hayes et al., 1999; Plank and Manning, 2019). Together, 3He/4He, CO2/3He, and C isotopes of CO2 can be used to determine the volatile provenance of gas and fluid emissions (Sano and Marty, 1995), as well as secondary processes that affect emissions (e.g., Barry et al., 2019a).
Several prior studies have characterized He-C isotope systematics in volcanic and geothermal systems in the Andes (Figure 1; e.g., Hilton et al., 1993; Hoke et al., 1994; Varekamp et al., 2006; Sepúlveda et al., 2007; Aguilera, 2008; Ray et al., 2009; Tassi et al., 2009; Tassi et al., 2010; Capaccioni et al., 2011; Tassi et al., 2011; Aguilera et al., 2012; Agusto et al., 2013; Benavente et al., 2013; Chiodi et al., 2015; Aguilera et al., 2016; Benavente et al., 2016; Roulleau et al., 2016; Tardani et al., 2016; Tassi et al., 2016; Arnold et al., 2017; Tassi et al., 2017; Lopez et al., 2018; Chiodi et al., 2019; Arnold et al., 2020; Inostroza et al., 2020; Robidoux et al., 2020; Lages et al., 2021; Tardani et al., 2021; Filipovich et al., 2022) to understand the source of the volcanic fluid and gas emissions. These studies demonstrate the co-occurrence of mantle (3He/4He up to ∼8 RA) and crustal (3He/4He ∼0.05 RA) He sources. In this contribution, we report new fluid and gas He-C isotope and relative abundance data, which we combine with previously published data to determine the extent of magmatic vs. crustal contributions across the Andean Convergent Margin (ACM). One of the main objectives of this study is to compare He-C systematics in the Central Volcanic Zone (CVZ) and the Southern Volcanic Zone (SVZ) regions in order to assess the influence of subduction parameters (e.g., crustal thickness, subduction inputs, convergence rate) on the composition of volatiles emitted at the surface. Determining volatile pathways is fundamental for ascertaining the dominant processes in each volcanic region as well as for differentiating volcanic source features from secondary modification processes (e.g., gas dissolution, calcite precipitation and/or crustal assimilation).
[image: Figure 1]FIGURE 1 | Map sampling locations and subduction parameters. (A) Map of South America showing the relative location of the two sampling locations: the Central Volcanic Zone (CVZ) and the Southern Volcanic Zone (SVZ), which span across the ACM in Chile and Argentina. (B) Map showing offshore sediment thickness (see color bar) and crustal thickness (dot sizes) in the overriding plate. (C) Zoomed in view of the CVZ, with the location of all samples from this study (bright blue circles) and previously published studies (light blue circles) as well as the location of volcanic centers (red triangles). (D) Zoomed in view of the SVZ, with the location of all samples from this study (bright orange circles) and previously published studies (light orange circles) as well as the location of volcanic centers (red triangles). Published data are from Hilton et al. (1993), Hoke et al. (1994), Varekamp et al. (2006), Sepúlveda et al. (2007), Aguilera (2008), Ray et al. (2009), Tassi et al. (2009), Tassi et al. (2010), Capaccioni et al. (2011), Tassi et al. (2011), Aguilera et al. (2012), Agusto et al. (2013), Benavente et al. (2013), Chiodi et al. (2015), Aguilera et al. (2016), Benavente et al. (2016), Roulleau et al. (2016), Tardani et al. (2016), Tassi et al. (2016), Arnold et al. (2017), Tassi et al. (2017), Lopez et al. (2018), Chiodi et al. (2019), Arnold et al. (2020), Inostroza et al. (2020), Robidoux et al. (2020), Lages et al. (2021), Tardani et al. (2021), Filipovich et al. (2022) in this figure, as well as in subsequent figures.
2 GEOLOGICAL BACKGROUND
Subduction of the Nazca Plate beneath the South America Plate resulted in the formation of the ACM and the South American Volcanic Arc (Dewey and Bird, 1970; James, 1971; Jordan et al., 1983). The ACM accounts for about 17% of the total length of the “Ring of Fire” and active volcanism occurs within three main segments: 1) the Northern Volcanic Zone (5°N–2°S), 2) Central Volcanic Zone (20°S–27°S), and 3) Southern Volcanic Zone (33°S–39°S) (Thorpe and Francis, 1979; Thorpe, 1982; Harmon et al., 1984; Ray et al., 2009). A fourth segment (Austral Volcanic Zone; 49°S–55°S) is located in the southernmost part of South America, and is related to the subduction of the Antarctica plate under the South American Plate (Stern, 2004). These are separated by gaps in magmatism associated with ridge subduction (the Nazca Ridge, to the north of the CVZ, and the Juan Fernandez Ridge, to the south) and shallow slab angles (e.g., Kay and Mpodozis, 2002; Newell et al., 2015). The current phase of subduction of the Nazca plate beneath the northern Andes began about 80 Myr ago (Ma) and propagated southwards reaching the SVZ about 55 Myr ago (Chen et al., 2019). The subducting plate is slightly older in the CVZ compared with the SVZ region (∼45 Ma vs. 30 Ma; Syracuse and Abers, 2006), whereas the angle of subduction is slightly shallower (24° in the CVZ vs. 28° in the SVZ).
The CVZ is primarily composed of andesitic stratovolcanoes, which erupted from the Neogene until historic times (Robidoux et al., 2020). Crustal thickness varies drastically along this north to south transect, from ∼30 to 70 km. The depth of the Benioff zone beneath the arc front varies from 80 to 120 km. Convergence rates are 7–9 cm/year on average (DeMets et al., 2010). Sediments are delivered to the arc at the trench and sediment thickness also varies significantly from north to south, with the CVZ being sediment-poor compared to the SVZ (Figure 1B) (Völker et al., 2013; Clift, 2017; Lages et al., 2021).
Volcanic activity in the CVZ consist mostly of andesites and dacites which have trace element and radiogenic isotope compositions (e.g., 87Sr/86Sr and 143Nd/144Nd) consistent with nearly ubiquitous contamination during their prolonged ascent through the thick (∼70 km; Thorpe, 1982) continental crust (De Silva, 1989; Mamani et al., 2010; Godoy et al., 2019). Hydrothermal activity occurs throughout the CVZ, expressed as major geothermal fields and intermittent thermal springs, particularly in the vicinity of volcanic centers such as Taapaca, Guallatiri, Isluga, and Putana (Tassi et al., 2010).
The SVZ extends from central to southern Chile-Argentina. It is composed of numerous stratovolcanoes and monogenetic cones (López-Escobar et al., 1995). The crust is significantly thinner in the SVZ compared to the CVZ, increasing from only ∼30 km in the southernmost region to ∼50 km near the northern segment terminus (Tassara and Echaurren, 2012), however there are several carbon-rich sedimentary basins (e.g., Neuquén Basin) adjacent to the SVZ (Howell et al., 2005). SVZ volcanic compositions consist mostly of basalts and andesites, though basaltic compositions become less common as crustal thickness increases (Tormey et al., 1991). Radiogenic isotope compositions of SVZ volcanics are variable and have been largely attributed to variations in mantle components where the crust is thin, with both mantle and crustal contributions apparent among more differentiated lavas in the north, where the crust is thicker (Jacques et al., 2014; Turner et al., 2017; Wieser et al., 2019). Hydrothermal activity is widespread in the SVZ due to high geothermal gradients, ongoing magmatic activity, permeable host rocks and abundant recharge (Ray et al., 2009).
3 MATERIALS AND METHODS
3.1 Sample Collection
Gas and water samples in this study were collected at subaerial hot and warm springs, natural gas seeps and fumaroles using standard inverted funnel sampling techniques (e.g., Hilton et al., 2002; Barry et al., 2013). Gases and fluids were first flushed through silicone tubing and into 3/8-inch copper tubes (Weiss, 1968). After ample flushing (i.e., approximately 10x the volume of the tubing), stainless steel clamps were closed on each end of the copper tubes, trapping the sample inside of the copper tubing, between the clamps (e.g., Barry et al., 2016). Gas seeps with low flow rates required >1 h of flushing to effectively remove any air from the system. To ensure no back flow of air into the sampling apparatus, the outflow portion of the silicon tubing was submerged in a bottle of water, allowing gas to flow only in one direction (i.e., through the sampling apparatus).
Gases from bubbling springs were also collected using the water-displacement method (e.g., Craig, 1953; Mazor and Wasserburg, 1965). In brief, a funnel was submerged in a spring and the entire sampling apparatus (i.e., funnel, silicone tubing and copper tube) was initially filled with spring water. The funnel was then inverted and placed over the rising gas bubbles. As the bubbles of gas were captured, they slowly displaced the water in the copper tube. Once all water was displaced by sample gas, the stainless steel clamps were closed in the same way as described above. This technique is particularly useful in low flow gas seeps, where prohibitively long flushing times would be required (e.g., Kimani et al., 2021; Mtili et al., 2021). Water samples require minimal flushing and can often be collected in a matter of minutes. Gas samples were also collected using standard Giggenbach bottle methods (Giggenbach et al., 1989) for C isotope analysis and CO2/3He determination. Giggenbach bottles were collected from the same tubing used for Cu-tubes and thus flushed in the same way as described above. Giggenbach bottle samples were not collected in the SVZ and samples for C isotopes and CO2 concentrations were instead collected by injecting gas into previously evacuated 120 ml septum vials using a three-way valve and 60 ml syringe.
Geothermal samples were collected from 33 geographically distinct localities (Table 1) in the SVZ and CVZ between 2019–2021. A total of 44 samples (29 gas, 15 water) were analyzed for He and/or C isotopes and abundances, 23 from the CVZ and 21 from the SVZ, including duplicates and triplicates. The temperature, pH, and salinity of each sampling site were obtained using a portable YSI Plus 6-Series Sonde Multimeter (YSI Incorporated, Yellow Springs, OH, United States) and are reported alongside He-C data in Table 1.
TABLE 1 | Helium and carbon isotope and abundance ratios for newly reported data (this study). 1-sigma uncertainties are less than 5% for 4He/20Ne, R/RA, RC/RA, δ13C, and CO2/3He. The abbreviation n.a., not available.
[image: Table 1]3.2 Analytical Techniques
Noble gas analyses were conducted in the Barry Lab at Woods Hole Oceanographic Institution (WHOI) using a Nu Instruments multi-collector Noblesse HR mass spectrometer. The Noblesse has the capability to determine the isotope ratios of all 26 stable noble gases, with mass separation between all carbon-based interferences and Ar, as well as 40Ar++ interferences with 20Ne+. It has a unique zoom optics system that allows for instantaneous switching between different isotope sets. The zoom optics permit the detectors to be fixed, greatly enhancing stability. The sensitivity and resolving power are also adjusted without the complexity of a movable source slit. The instrument is interfaced to a noble gas processing and purification inlet system that is fully automated and allows all of the noble gases to be isolated prior to their inlet into the mass spectrometer.
Carbon isotopes were measured in three laboratories in total: Observatorio Vulcanológico y Sismológico de Costa Rica (OVSICORI) at Universidad Nacional, Costa Rica, University of Naples “Federico II,” Naples, Italy and the Earth-Life Science Institute, Tokyo Institute for Technology, Tokyo, Japan. Details are in Section 3.2.3.
3.2.1 Gas Sample Noble Gas Purification
Copper tube samples were connected to the extraction line using an O-ring connection and ∼5 cm3 of gas was expanded into the cleanup line. The pressure was measured using a capacitance manometer and then a small aliquot of gas was expanded into the cleanup portion of the line. Reactive gases were chemically removed by exposing gases to a titanium sponge held at 650°C. The titanium sponge was then cooled for 10 min to room temperature in order to getter hydrogen before gases were expanded to a dual hot (SAES ST707) and cold (SAES ST707) getter system, held at 250°C and room temperature, respectively. Another small aliquot of gas was then segregated for preliminary analysis on a quadrupole mass spectrometer (QMS). Noble gases were separated using a series of cryogenic traps, cooled using helium compressors. The heavy noble gases (Ar–Kr–Xe) were adsorbed at 30 K onto a nude stainless steel trap and He and Ne were adsorbed at 10 K on a charcoal trap. The temperature of the charcoal trap was then raised to 30 K, releasing only He, which was then inlet into the Noblesse mass spectrometer. Following He abundance and isotope determination, the temperature on the charcoal cryogenic trap was raised to 80 K for 15 min to release Ne, which was inlet into the Noblesse mass spectrometer. Following Ne isotope measurement, the nude and charcoal cryogenic traps were raised to 300 K for cleanup. Air-standards were analyzed daily from an air cylinder collected on the roof of the Clark Laboratory building on WHOI’s Quissett campus on 15 September 2020. Air-standards are fully automated and run overnight, following sample analysis during the day. Air-standards were run for He and Ne using an identical method to the one employed for samples. Air-standards were measured over a concentration range which spanned two orders of magnitude, to account for any non-linearity of the system. Full procedural blanks were run weekly; average (mean) 4He blanks and 20Ne blanks were less than 5% of the sample size. Doubly-charged 40Ar++ was monitored but because it can be resolved from 20Ne, no correction was applied. Likewise, no CO2++ correction was applied to 22Ne, because CO2 backgrounds were at the detection limit and thus corrections were considered insignificant.
3.2.2 Water Sample Noble Gas Purification Protocol
Water samples were processed on the same extraction line as gas samples; however the inlet procedure was slightly different. Cu tube samples were interfaced to the extraction system in an identical fashion. Approximately 13 ml of water was inlet and then degassed under vacuum using a magnetic stirrer in a glass bulb beneath the Cu tube inlet area. Noble gases were then quantitatively transferred into a smaller volume using the capillary method (Beyerle et al., 2000; Hunt, 2015; Tyne et al., 2019). Water vapor in the extraction line was cryogenically drawn across a capillary towards a stainless-steel cold trap cooled to liquid nitrogen temperature (−196°C). The consistent flow of water vapor towards the colder water trap effectively entrains the noble gases and quantitatively draws them into the cold trap, along with a small portion of the water vapor. The consistency of this flow prevents any backflow of noble gases, such that they are quantitatively transferred into this cold trap volume (Beyerle et al., 2000). He and Ne were then inlet into the purification portion of the line (i.e., with Ti and SAES getters) for cleanup and noble gas separation in an analogous fashion to what is described above for gas samples.
3.2.3 Carbon Isotope Analysis
Carbon isotope compositions of gas samples were analyzed at OVSICORI (Universidad Nacional, Heredia, Costa Rica) on a Picarro G2201-i. The 2019 samples were analyzed by the same methodology as that described in Barry et al. (2019a) on oxidized NaOH solution from Giggenbach bottles. The samples from 2020 were analyzed as gas phase samples collected in previously evacuated 120 ml septum vials and analyzed using methodology similar to that described in Malowany et al. (2017). Samples and gas phase standards were quantitatively diluted in ultra-high purity (UHP) N2 using a 2 L gas syringe and transferred into a 2 L flexfoil bag which was then attached to the inlet of the Picarro. A 20 cm copper tube filled with copper wire was placed in line between the bag and the inlet of the Picarro to remove H2S, which can create significant interference on the carbon isotope measurements of CO2 (Malowany et al., 2015). δ13C (vs. VPDB) values were calibrated against a set of in house gas standards with δ13C values of −15.6‰, −3.8‰, and −8.3‰. Repeat analyses of standards yielded uncertainties of <0.3‰.
Carbon isotopes on dissolved inorganic carbon (DIC) were analyzed at the Giovannelli Lab at the University of Naples “Federico II” (Naples, Italy) and at the Earth-Life Science Institute (Tokyo, Japan). Fluid samples were collected at the spring source in the field using sterile 50 ml syringes. Samples were filtered through a 0.22 µm filter (Millipore) and directly injected into a pre-vacuumed 50 ml serum bottle sealed with butyl rubber septa and an aluminum crimp. DIC concentrations and δ13C values were measured using CO2 in the headspace of glass vials after a 3 h reaction with injected 0.5 ml H3PO4. The amount of CO2 and the isotopic values were measured using an Elementar IsoFlow attached to a PrecisION IRMS (at the University of Naples Federico II) and using an Agilent 6890N gas chromatograph attached to a Thermo-Finnigan Delta XPPlus (at the Earth-Life Science Institute). Two international standards (δ13C = −13.90‰ and 2.52‰) were used for standardization, and the standard deviations were obtained from more than three measurements. To ensure comparable results, three calibrated internal laboratory standards were run independently, and their results were within the standard error of the standard ± 0.1‰.
3.2.4 Data Analysis and Visualization
Data were plotted using the R Statistical software (R 4.1.2, https://www.r-project.org/) and the ggplot2 (Wickham, 2016) and ggtern package (Hamilton and Ferry, 2018). The dataset composed of both the newly obtained measurements and the compilation from the literature together with the R code to reproduce the plots have been permanently archived on Zenodo at DOI: 10.5281/zenodo.6360624 (https://doi.org/10.5281/zenodo.6360624). The remaining figures have been produced using GeoMapApp (http://www.geomapapp.org, Ryan et al., 2009) and Inkscape (https://inkscape.org/).
4 RESULTS
Helium (Figure 2) and carbon isotopic and relative abundance ratios (Figure 3) are reported in Table 1. For comparison, we also compile data from a number of previous studies (Hilton et al., 1993; Hoke et al., 1994; Varekamp et al., 2006; Sepúlveda et al., 2007; Aguilera, 2008; Ray et al., 2009; Tassi et al., 2009; Tassi et al., 2010; Tassi et al., 2011; Capaccioni et al., 2011; Aguilera et al., 2012; Agusto et al., 2013; Benavente et al., 2013; Chiodi et al., 2015; Aguilera et al., 2016; Benavente et al., 2016; Roulleau et al., 2016; Tardani et al., 2016; Tassi et al., 2016; Tassi et al., 2017; Arnold et al., 2017; Lopez et al., 2018; Chiodi et al., 2019; Arnold et al., 2020; Inostroza et al., 2020; Robidoux et al., 2020; Tardani et al., 2021; Lages et al., 2021; Filipovich et al., 2022; Supplementary Table S1). We also compute and report estimates of subduction and mantle derived inputs, after Sano and Marty (1995) (Table 2).
[image: Figure 2]FIGURE 2 | Latitude versus air-corrected 3He/4He (RC/RA) values for gas (triangles) and water (circles) phase samples. Data from this study are shown as bright symbols, whereas data from previously published studies are represented by lighter colored symbols. On average CVZ samples have lower 3He/4He than SVZ samples, suggesting a larger crustal assimilation signature in the CVZ and a more pristine mantle signature in the SVZ.
[image: Figure 3]FIGURE 3 | Latitude versus CO2/3He for gas (triangles) and water (circles) phase samples. Data from this study are shown in bright colors, whereas data from previously published studies are lighter in color. On average CVZ samples have higher CO2/3He than SVZ samples, suggesting a larger subduction derived and/or crustal assimilation signature in the CVZ, and a more pristine mantle signature in the SVZ.
TABLE 2 | Average carbon source (LSM) estimations from Eqs 5, 6, 7. Calculations were done for all gas samples compiled here as well as for samples with high He isotopes only (>5RA). These calculations assume He–CO2 characteristics (relative abundances and δ13C systematics) can be used to resolve CO2 contribution from three distinct sources: limestone (L) from subducted sediment and mineralized within slab basement, sedimentary (organic) carbon (S) from subducted sediment, and the mantle wedge (M). Each source is assumed to have a distinctive CO2/3He (M = 2 × 109; L = 1 × 1013; S = 1 × 1013) and δ13C (M = −5‰; L = 0‰; S = −30‰) signature. For reference, we also show the Clift (2017) estimates for inorganic to organic (L/S) carbon ratios in the bottom two rows.
[image: Table 2]4.1 Helium Isotope (3He/4He)
Helium isotope results (3He/4He of sample = R) from this study are reported relative to air (RA), corrected for the occurrence of atmospheric He (to RC/RA) and blank contributions, which are consistently less than 5%. The 4He/20Ne value is used to apply an atmospheric correction to all samples, assuming 20Ne is derived from air (4He/20Ne = 0.32) or air saturated water (4He/20Ne = 0.26 at 15°C; Ozima and Podosek, 2002; Hilton, 1996). As such, the atmospheric He contribution can be calculated and then subtracted from the measured value (details and equations are given in Section 5.1). Notably, air corrections are small due to the fact that air contains only trace amounts of helium. 4He/20Ne values from this study are overlapping and vary by over four orders of magnitude in CVZ samples (Table 1; Figure 4) and by nearly three orders of magnitude in SVZ samples, with the highest values occurring in gas-phase samples. SVZ samples have the largest mantle contribution, whereas CVZ samples are dominated by radiogenic helium. We note duplicate sample analyses (i.e., same phase and locality) are in good agreement with respect to He isotopes; they deviate by less than 0.5 RA for all samples except La Colcha, where duplicates vary by 1.13 RA. In cases where there is a significant difference between He isotopes in duplicates we take the value with the highest 4He/20Ne to be most robust, because it indicates the lowest level of air contamination which is likely the culprit of any disagreement.
[image: Figure 4]FIGURE 4 | Helium isotopes (3He/4He) vs. 4He/20Ne for gas (triangles) and water (circles) phase samples. Nearly all samples can be explained by three component mixing between air (blue square), mantle (red square) and crust (brown square). On average SVZ samples require more mantle contributions than CVZ samples, which display more radiogenic/crustal features.
Across the CVZ, air-corrected helium isotope ratios range from 0.1 RA to 2.6 RA, and are slightly lower (more radiogenic) than recent reports of He isotopes from fluids and gases within the region (which range from 0.1 RA to 5.5 RA; Supplementary Table S1). Across the SVZ, air-corrected helium isotope ratios range from 0.7 RA to 5.0 RA, and are also generally lower (more radiogenic) than recent reports of He isotopes from the region (Agusto et al., 2013; Benavente et al., 2013; Roulleau et al., 2016; Tardani et al., 2016; Tassi et al., 2017; Lages et al., 2021; Tardani et al., 2021) which range from 0.5 RA to 8.4 RA (Supplementary Table S1).
Variations in He isotope (RC/RA) values are apparent between the CZV and SVZ, as well as within each region. These variations are most apparent when plotted against Lithosphere Asthenosphere Boundary (LAB) depths at each sample site (Figure 5), according to the model of Tassara and Echaurren (2012). High He isotope (RC/RA) values in each region occur where LAB depths are lowest. Though this result may in part reflect thin LAB model anomalies along the arc axis that arise due to high heat flow in regions of active volcanism, the correlation also persists across the entire data range. In summary, the most prominent characteristic of CVZ and SVZ helium isotope results is that all samples are characterized by an admixture of mantle and radiogenic (i.e., crustal) contributions. The highest values from this study plot well below the nominal range of values associated with upper mantle helium (8 ± 1 RA) whereas the lowest ratios are approaching the radiogenic He production ratio (0.05 RA) (e.g., Morrison and Pine, 1955). Lages et al. (2021) recently pointed out that He isotopes from fluid inclusion lava data retain higher He isotope values on average compared to the gas and water phase data presented here.
[image: Figure 5]FIGURE 5 | Helium isotopes vs. Lithosphere Asthenosphere Boundary (LAB) depths according to the model of Tassara and Echaurren (2012) for gas (triangles) and water (circles) phase samples. Notably there is a negative correlation between He isotopes (RC/RA)and LAB depth.
4.2 Carbon Isotopes [δ13C (CO2)]
C-isotope ratios (δ13C) range from −15.3‰ to −1.2‰ (versus VPDB) within CVZ samples, and from −17.2‰ to −4.1‰ (versus VPDB) within SVZ samples. On average, CVZ samples have higher δ13C values (average = −8.7‰) compared to SVZ samples (average = −10.8‰).
4.3 CO2/3He Values
CO2/3He values vary over two orders of magnitude in CVZ samples, from ∼6.9 × 108 (below MORB-like at 2 × 109) to higher values (∼1.7 × 1011) typically associated with input from crustal lithologies (e.g., O’nions and Oxburgh, 1988). The high CO2/3He values are consistent with either subducted carbon contributions and/or crustal assimilation upon fluid ascent and storage in the crust (Figure 6). CO2/3He varies by nearly five orders of magnitude in SVZ samples, from ∼4.7 × 107 (well below MORB-like) to higher values (∼1.7 × 1012), well above the MORB range. The low CO2/3He values in the SVZ suggest that carbon may be preferentially removed in the crustal system (see Section 5.3.3 for details).
[image: Figure 6]FIGURE 6 | Ternary plot of CO2, 3He, and 4He for gas (triangles) and water (circles) phase samples from the CVZ and SVZ, illustrating the effects of crustal and radiogenic contamination of mantle-like volatiles. For reference, we plot “mantle” (3He/4He = 8 ± 1 RA; CO2/3He = 2 × 109) with a red square (M) (Marty and Jambon, 1987), average arc mantle (3He/4He = 5.4 ± 1.9 RA; CO2/3He = 1.2 × 1010) with a yellow square (A) (Hilton et al., 2002), air (3He/4He = 1 RA; CO2/3He = 5.5 × 107) with a blue square (air) and crust (3He/4He = 0.05 RA; CO2/3He = 1 × 1013) (Shaw et al., 2003; Barry et al., 2013) with a gray square (C). All gas samples fall on or are close to a binary mixing trajectory between mantle helium and variable amounts of crustal contamination. Fluid samples display lower CO2/3He and helium isotope values, suggesting carbon removal (calcite precipitation). There is no evidence for degassing induced fractionation, as this would drive water samples in the opposite direction as observed trends.
5 DISCUSSION
A number of processes can affect regional geothermal 3He/4He ratios, δ13C values and associated He–CO2 characteristics. Here we aim to determine which samples have 3He/4He, CO2/3He, and δ13C values most representative of the mantle source composition versus those that have been modified by secondary processes (e.g., carbon addition/loss, hydrothermal-related fractionation, and calcite precipitation) (Figure 6). Using such an approach, we are able to elucidate the sources and sinks of volatiles, as well as their pathways from the mantle/crustal source to the surface. Ultimately the goal is to understand how large-scale (i.e., margin-wide) tectonic processes control the stark He-C geochemical variability that we observe between the CVZ and the SVZ.
5.1 Helium
5.1.1 Helium Sources
Helium can be derived from the mantle, crust, and/or atmosphere, and the relative contributions of these different sources will ultimately control the 3He/4He of a given sample. When considering all geothermal data [i.e., our data (Table 1) and literature data (Supplementary Table S1)], we show that uncorrected He isotope (R/RA) values range from 0.1 to 7.3 RA in the CVZ (n = 191) and from 0.5 to 8.3 RA in the SVZ (n = 226), which is consistent with previous findings (e.g., Lages et al., 2021). Air-corrected 3He/4He is much lower on average in the CVZ (RC/RA = 1.8 RA; 1-sigma standard deviation = 1.4 RA) relative to the SVZ (RC/RA = 5.0 RA; 1 sigma S.D. = 2.1 RA). Nearly all samples have 4He/20Ne values that are significantly higher than air (= 0.32) or air-saturated water (ASW) (= 0.26 at 15°C; Figure 4), suggesting negligible atmospheric contributions. For our data, we adopt the methods of Hilton, (1996) and use “X-values” to correct He isotope ratios for atmospheric contribution. For gas samples, the X-value is defined using Eq. 1:
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Where (4He/20Ne)measured is the measured ratio and (4He/20Ne)air is the value of air.
For water samples, measured 4He/20Ne values are converted to X values using temperature-dependent Bunsen solubility coefficients (β; Weiss, 1971), following Eq. 2:
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For pure fresh water at 15°C, βNe/βHe = 1.22 (Weiss, 1971).
The X-value can then be combined with measured He isotope values (R/RA) to calculate a corrected He isotope value (RC/RA):
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Where R/RA is the measured He isotope value, reported relative to air, and X is calculated using Eqs 1, 2.
5.1.2 Helium Mantle-Crust Mixing
Once air contributions are quantified and corrected for, we use air-corrected He isotope (RC/RA) values to calculate the fraction of mantle-derived He, assuming a binary mixture between mantle and crustal endmembers (e.g., Barry et al., 2013):
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where, 3He/4HeMantle = 8 RA (Graham, 2002; Lages et al., 2021), and 3He/4HeCrust = 0.05 RA (Morrison and Pine, 1955).
Using Eq. 4, we calculate that the CVZ is characterized by 21% mantle He and 79% crustal He on average. In contrast, we find that the SVZ is characterized by 62% mantle He and 38% crustal He on average. The extent of mixing between air, crustal and mantle components is most likely controlled by the thickness of the crust. We note that in the CVZ, where the crust is ∼70 km thick on average, the 3He/4He is much lower (average (mean) RC/RA = 1.8 RA) than in the SVZ (average (mean) RC/RA = 5.0 RA), where the crust is only ∼40 km thick on average. We hypothesize that, as fluids and gases migrate through thicker sections of crust in the overriding plate, they incorporate radiogenic 4He due to interaction with the U- and Th-rich country rock (e.g., Hilton et al., 1993). This broad trend was recently pointed out by Lages et al., 2021, who presented a comprehensive He isotope compilation that included fluid and gas data as well as newly-reported He isotope data from fluid inclusions in minerals from lavas (mostly from the Northern Volcanic Zone). In total, the Lages et al. (2021) He isotope compilation reports 261 gas and water He isotope data points from the literature (spanning the NVZ, CVZ, and SVZ). Many of these data overlap with the compilation presented here, which focuses only on the CVZ and the SVZ, but contains (He and/or C isotope) data for 417 samples in total. The addition of C isotope data allows for interrogation of sources and processes affecting C cycling.
Several previous studies focused on He isotopes throughout the ACM (e.g., Hilton et al., 1993; Lages et al., 2021). Using fluid inclusion data, Lages et al., 2021 demonstrated that lavas retain mantle source signals (i.e., high 3He/4He) more effectively than fluid and gas samples, with the most pristine lava samples yielding a He isotope endmember value of 8.0 RA in the CVZ and 7.9 RA in the SVZ. However, fresh lavas are only accessible in the volcanic arc, whereas geothermal fluids and gases provide a window into volatile cycling across the entire arc (forearc, arc, backarc). We thus adopt a mantle endmembers of 8.0 RA for the above mixing calculation (Eq. 4). Notably, observed He isotope values below 8 RA cannot be due to subduction of U- and Th-rich material, because radiogenic He-rich sediments would need to be far too old (i.e., >1890 Myr) to explain the observed data (Hilton et al., 1993; Lages et al., 2021). Instead, low He isotopes in the ACM are likely the result of either: 1) magma aging, or 2) fluid interaction/assimilation with the country rock. Hilton et al. (1993) showed that the latter scenario could explain He isotope trends if just 1% of country rock was assimilated from 10 million year old country rock. This would also satisfy observations in Sr and Pb isotope systematics (Hilton et al., 1993; Scott et al., 2018). An assimilation mechanism is preferred over magma aging, because in this scenario He isotope variability would be coupled with the age of the lowermost crust, thus predicting that SVZ samples would retain higher 3He/4He than CVZ samples, due to the relative thickness and antiquity of the crust.
5.2 Carbon
5.2.1 Carbon Sources
Carbon in geothermal samples can be derived from the mantle, the overlying crust, or introduced through subduction of carbon-laden sediments, which are released at depth and migrate to surface manifestations across the volcanic arc (e.g., Sano and Marty, 1995). CO2/3He and δ13C data can be used to differentiate between various carbon sources; however it is often difficult to definitively differentiate between the latter two processes. Here, we model CO2/3He and δ13C data for a total of 172 gas samples. These are mostly published data (n = 158) (Hilton et al., 1993; Hoke et al., 1994; Varekamp et al., 2006; Sepúlveda et al., 2007; Aguilera, 2008; Ray et al., 2009; Tassi et al., 2009; Tassi et al., 2010; Capaccioni et al., 2011; Tassi et al., 2011; Aguilera et al., 2012; Agusto et al., 2013; Benavente et al., 2013; Chiodi et al., 2015; Aguilera et al., 2016; Benavente et al., 2016; Roulleau et al., 2016; Tardani et al., 2016; Tassi et al., 2016; Arnold et al., 2017; Tassi et al., 2017; Lopez et al., 2018; Chiodi et al., 2019; Arnold et al., 2020; Inostroza et al., 2020; Robidoux et al., 2020; Lages et al., 2021; Tardani et al., 2021; Filipovich et al., 2022) and samples from this study (n = 14). We focus on gas samples in order to understand sources, as gases are less susceptible to fractionation processes than water phase samples. He–C isotope characteristics are similar to observations in other arcs worldwide (Sano and Marty, 1995; Sano and Williams, 1996), suggesting a prominent role of the subducting slab in supplying carbon to gas manifestations in both the CVZ and SVZ.
5.2.2 Subduction-Derived Carbon
Previous studies in the ACM have noted the role of sediment-derived fluids in melting the Sub-Andean mantle (e.g., Stern, 2007) and supplying volatiles to volcanically-derived samples (Ray et al., 2009). To quantify the extent of slab-derived CO2, we adopt the approach of Marty et al. (1989), Varekamp et al. (1992), Sano and Marty (1995) which uses observed He-CO2 characteristics to deconvolute mantle- versus subduction-derived (i.e., organic sediments and inorganic limestones) components. Specifically, this approach assumes that all deviations of volcanic gases from the mantle composition are subduction/mantle derived and that there is no crustal input from the overriding slab. Given these assumptions, He–CO2 characteristics (relative abundances and δ13C systematics) can be used to resolve CO2 contribution from three distinct sources: limestone (L) from subducted sediment and mineralized within slab basement, sedimentary (organic) carbon (S) from subducted sediment, and the mantle wedge (M). Each endmember source component is assumed to have a distinctive CO2/3He (M = 2 × 109; L = 1 × 1013; S = 1 × 1013) and δ13C (M = −5‰; L = 0‰; S = −30‰) signature. In Figure 7, we plot the CO2/3He ratios as a function of δ13C for all gas samples, together with binary mixing trajectories. In order to quantify the relative proportions of CO2 derived from each respective endmember component, mass fractions of three major sources of carbon are quantitatively calculated with Eqs 5–7 below (Sano and Marty, 1995):
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where subscripts L, S and M correspond to the end members limestone, sediment and mantle (Table 2) and subscript O = observed.
[image: Figure 7]FIGURE 7 | CO2/3He vs. δ13CO2 for all gas (triangles) and water (circles) samples from this study (bright symbols) as well as from published studies (light symbols). Also plotted are subduction-related source end-member compositions for mantle (M), limestone (L), and sediment (S) for reference, along with mixing lines, after Sano and Marty (1995). Solid mixing lines represent binary mixtures between the three endmember values. The uncertainties on the CO2/3He vs. δ13CO2 data are lower than given by the size of the symbols. Predicted calcite fractionation model trends at 65°C, 122°C, and 150°C are also shown for fluid samples, assuming an initial δ13Ci composition of −8.4‰ and CO2/3He = 1.0 × 1011, which are the average values from all gas samples. In contrast, gas samples with isotopically low CO2/3He are likely affected by dissolution, which will drive CO2/3He values down in gas samples.
In this way we calculate that the average CO2 provenance in the CVZ to be L:S:M = 70:22:8, whereas the average CO2 provenance in the SVZ is L:S:M = 55:24:21 (Table 2). This suggests more significant mantle contributions to gases in the SVZ, which is consistent with the observation of higher 3He/4He. These calculations equate to an average L/S of 3.2 and an average (L + S)/M of 11.9 for the CVZ, and an average L/S of 2.3 and an average (L + S)/M of 3.7 for the SVZ (Table 2). This estimate for the SVZ is broadly consistent with previous estimates by Ray et al. (2009) and findings at other arc-related geothermal systems (e.g., Sano and Marty, 1995).
If only gas samples with 3He/4He above 5 RA are considered, the calculated L:S:M ratios change to 73:10:17 and 54:22:24 for the CVZ and SVZ, respectively. In this scenario, the mantle contribution is in better agreement between the two regions, which is not surprising considering that only high 3He/4He samples are being considered. Notably, slab-derived contributions dominate the CO2 budget in both regions, irrespective of whether all samples or only those with high He isotope ratios are considered. Considering only samples with He isotopes >5 RA, the average L/S is 7.0 and the average (L + S)/M is = 5.1 in the CVZ, and the average L/S is 2.5 and the average (L + S)/M is 3.2 in the SVZ. All L, S, M calculations are reported in Table 2.
We can directly compare estimates of L:S:M (Table 2) with input estimates of carbon concentrations in subducting lithologies (e.g., Clift, 2017). Carbon input estimates are compiled from scientific ocean drilling studies, which document the amount of carbonate and organic carbon subducted at convergent margins. Notably, the carbon input estimates from Clift (2017) factor in the erosional or accretionary nature of each margin when estimating how much carbon is delivered to the subduction zone. However, CVZ estimates remain poorly constrained due to lack of drill cores offshore of the CVZ. As noted above, the average output L/S in the CVZ and SVZ are 3.2 and 2.3, respectively. However, Clift (2017)’s L/S input estimates are 5.0 in the CVZ and 1.0 in the SVZ. Notably, if only samples with high He isotopes (>5 RA) are considered (which equates to filtering out samples with a significant crustal contribution), then the L/S ratios increase from 3.2 to 7.0 and from 2.3 to 2.5 in the CVZ and SVZ, respectively (Table 2). In the CVZ, where crustal assimilation is more prevalent due to the exceedingly thick crust, this filtering exercise increases output L/S estimates by over a factor of two, presumably to a more representative input value [above estimates from Clift (2017)]. This suggests that the C contribution from the CVZ overriding plate is dominantly from organic rich sediments. In the SVZ, there is not a significant shift in L/S when a filter for only high He isotope samples is applied, due to the fact that the (thinner) crust does not have a significant impact on the L/S ratio.
In either scenario (with and without filtering), there is broad agreement between input L/S (Clift, 2017) and output estimates (this study) (Table 2). The fact that input and output estimates do not match perfectly may suggest that subducted C is actually being released over a much wider area than previously thought. We know from other studies (e.g., Barry et al., 2019a) that subducted carbon is likely released across the entire convergent margin (outer forearc, forearc, arc, backarc) and that adopting such a narrow view of where it could be released (i.e., only in the high He isotope arc) is likely an oversimplification. It is therefore important to sample across the entire arc system, so that carbon output estimates can be more systematically compared with input estimates. Additionally, the discrepancy between L/S inputs and outputs may suggest that C-bearing fluids are preferentially released from different slab lithologies at different subduction depths, similar to the process recently proposed for subducted sulfur by de Moor et al. (2022). Hence, one possible explanation for the difference between L/S inputs and outputs is that limestone-derived and organic sediment-derived C are not released in the same regions of the arc. The implication is that C isotope compositions of primary subduction-related fluids could vary significantly across the arc.
Similar disparities between input and output estimates have been observed at other arc-related localities, e.g., the Central America Volcanic Arc (CAVA), where output L/S estimates (3.8–5.6) were significantly lower than sedimentary input L/S estimates (11.5–13.6) (De Leeuw et al., 2007). The sense of the inputs-outputs discrepancy in the SVZ is in the opposite direction to CAVA [i.e., L/S output estimates (this study) are significantly higher (L/S = 2.3–2.5) than input estimates (L/S = 1.0; Clift, 2017) (Table 2)]. However, when only high (>5 RA) samples are considered from the CVZ, the inputs-outputs discrepancy trends in the same direction as the SVZ (Table 2). The fact that L/S output estimates are lower than inputs in the CVZ suggests that there are relatively more organic contributions than what would be expected if all the C were quantitatively/proportionally released from the slab beneath the arc front. This could mean that limestone carbon is either preferentially 1) released in the forearc or 2) recycled to the deep mantle, whereas organic C is preferentially released beneath the volcanic arc. Notably, the latter scenario was recently suggested by Bouilhol et al. (2022), who noted decoupling of inorganic and organic carbon during subduction. Though speculative at this point, this topic may be of interest for future investigations. An alternative explanation for the general lack of agreement between carbon input and output estimates is that subducted sediment-derived C may not be entirely responsible for the observed variations in the gas chemistry data. In the following sections we explore alternative explanations for the variations in He-C characteristics.
5.2.3 Assimilation of Carbon From the Overriding Plate
The Sano and Marty (1995) approach assumes all He-C characteristics are controlled by subduction and mantle inputs and that there is no significant input of assimilated crustal CO2. This assumption may be valid for high temperature arc samples marked by high 3He/4He, but here we report and compile data from across the entire arc system (i.e., forearc, arc, backarc). In such diverse tectonic settings He isotope ratios are highly variable (Figure 8) and often much lower, suggesting significant interaction with the crust. In Section 5.1 we suggested that He isotope variations are primarily controlled by the thickness of the crust, with lower He-isotope values on average in the CVZ versus the SVZ. We surmise that similar processes could affect the carbon systematics, as CO2/3He is higher (2.9 × 1011) on average in the CVZ (1-sigma standard deviation = 5.4 × 1011) and lower (4.4 × 1010) on average in the SVZ (1-sigma standard deviation = 1.4 × 1011) (Figure 8). Additionally, δ13C is −8.7‰ (1-sigma standard deviation = 4.5‰) on average in the CVZ and −10.8‰ (1-sigma standard deviation = 3.7‰) on average in the SVZ. Broadly speaking, the average CO2/3He in the SVZ is closer to the mantle range (vs. the CVZ), whereas the average carbon isotope signature is farther from the canonical mantle range (vs. the CVZ). In Section 5.3 we explore additional fractionation processes that could explain this apparent dichotomy.
[image: Figure 8]FIGURE 8 | CO2/3He vs. He isotopes (RC/RA) for all samples. There is a notable trend (blue arrow) from the SVZ to the CVZ whereby samples range from nearly mantle-like to crustal (low He isotopes and higher CO2/3He). Yellow arrows indicate the effect of calcite precipitation and microbial removal. The fact that these arrows do not point straight down suggest that the residence time in the crust required for calcite removal is concomitant with time required to moderately lower He isotopes through 4He addition.
5.3 Crustal Processes Acting to Modify He-C Characteristics
Carbon recycling and release from the subducted slab into volcanic fluids has been proposed to control the carbon isotope systematics across the ACM (Hilton et al., 1993; Ray et al., 2009). However, water samples suggest that secondary crustal processes are also at work in the region. This section therefore focuses on the additional processes that can modify the He–CO2 of geothermal fluids, with the aim of determining if we can differentiate between source features (see Sections 5.1, 5.2; mixing of mantle and slab-derived components) and secondary processes such as crustal overprinting (e.g., Mason et al., 2017; Karolytė et al., 2019), phase fractionation (e.g., Ray et al., 2009; Barry et al., 2013), gas dissolution and/or precipitation of calcite (Ray et al., 2009; Newell et al., 2015; Barry et al., 2019b). Likely, all of these processes exert some control on the observed He-C features.
5.3.1 Crustal Overprinting and Assimilation
As discussed in Sections 5.1.2, 5.2.3, crustal overprinting appears to be pervasive in fluid and gas samples, particularly in lower temperature samples from the CVZ. He isotopes are highly variable, suggesting different amounts of assimilation with U- and Th- (and hence 4He-) rich crust, consistent with radiogenic (i.e., Sr and Nd) observations (Hilton et al., 1993; Scott et al., 2018). Carbon appears to be similarly affected by interaction with the crust. Higher carbon isotope values on average in the CVZ indicate that isotopically heavy (i.e., inorganic) carbon is being preferentially assimilated in the CVZ versus the SVZ (Figure 7), suggesting that CVZ samples may be influenced by isotopically-heavy crustal/carbonate CO2 dissolution (e.g., Mason et al., 2017; Karolytė et al., 2019) in addition to slab/MORB-like starting values. Notably, several previous He-C studies in acidic volcanic arc settings have suggested the release of previously sequestered CO2 (Wehrmann et al., 2011; Dawson et al., 2016; de Moor et al., 2016; Mason et al., 2017). For example, Mason et al. (2017) attributed isotopically high C isotope values in mature continental arcs with accreted carbonate platforms (i.e., the CVZ) to the reworking of crustal limestone, effectively superimposing this signature on top of volcanic/subduction source features. Assimilation of carbon rich crustal material likely also occurs in the SVZ, but to a lesser extent. Alternatively, the elevated CO2/3He (Figure 6) and non-mantle-like δ13C values (Figure 7) could be entirely explained by subduction features as suggested in Section 5.2, but this would indicate that the much thicker crust in the CVZ versus the SVZ is not affecting the samples, which seems unlikely. A third explanation is that the carbon isotopes are controlled by additional secondary processes that induce fractionation, as is discussed in the following sections. We hypothesize that these competing processes together act to control volatile budgets not only in the Andes, but likely in arcs globally.
5.3.2 Degassing, Phase Fractionation, and Gas Dissolution
During degassing or boiling, a free gas phase separates from the fluid phase within the hydrothermal system. Helium partitions preferentially into the vapor phase relative to CO2 as a consequence of its lower solubility in aqueous fluids (Ellis and Golding, 1963; Vogel et al., 1970; Ozima and Podosek, 1983; Ray et al., 2009; Barry et al., 2013).
For this reason, gas samples are often considered more representative of source features than water samples, as they are not subject to this additional fractionation mechanism. Accordingly, degassing and phase fractionation drive water CO2/3He towards higher values (Figure 6) because CO2 is more soluble in water than He. However, the opposite trend is observed in a subset of our data, as well as in the compiled literature data (i.e., we observe lower CO2/3He in water samples versus gas samples on average; Figure 6). This strongly suggests that hydrothermal phase separation following degassing is not the dominant mechanism controlling He-C systematics between water and gas phase in the CVZ and SVZ, and that carbon is actively being removed from water samples. Low δ13C values in the lowest CO2/3He samples corroborate this explanation and we surmise that this is the result of calcite precipitation (see Section 5.3.3 below; Figure 7).
Similarly, Gilfillan et al. (2009) and Güleç and Hilton (2016) showed that gas loss by dissolution in water can also result in CO2/3He fractionation trends in both gas and water phase samples. Notably, the predicted fractionation gas trends are broadly similar to anticipated calcite precipitation trends (e.g., Güleç and Hilton, 2016). As gases ascend through bubbling springs towards the surface, they likely intersect one or more gas-undersaturated aquifers. When a gas phase comes into contact with such an aquifer, it preferentially loses the more soluble gas species (i.e., C) relative to the less soluble gas species (i.e., He), resulting in lower CO2/3He in the gas phase which ultimately manifests at the surface (Figure 7). We surmise that this may have affected several of the gas samples in the SVZ (as noted on Figure 7). The opposite is true of water phase samples, which are ultimately left with elevated CO2/3He. Notably, a concomitate fractionation occurs in C-isotope of CO2, resulting in a isotopically lower δ13C values in residual gas phase sample. Such fractionation can sometimes be difficult to distinguish from that caused by calcite precipitation (e.g., Güleç and Hilton, 2016). The low CO2/3He values observed in SVZ water samples suggests that carbon is actively being removed from the water and thus we attribute these signals to calcite precipitation (see Section 5.3.3).
5.3.3 Precipitation of Calcite
Secondary processes can be assessed using a CO2-3He-4He ternary diagram (Figure 6), including the effects of carbon removal due to carbonate mineral formation in the crust. In Figure 7, CO2/3He vs. δ13C is plotted for all samples and it is clear that, on average, water and gas phase samples have broadly overlapping CO2/3He. However, we surmise that fluid samples in both regions may have experienced CO2 loss by calcite precipitation at depth. In such a scenario, gases are dissolved in deep fluids that interact with country rock during transport through the hydrothermal system toward the surface. This migration results in the fluids becoming enriched in cations (e.g., Ca2+, Mg2+) (Spane and Webber, 1995; McLing and Johnson, 2002), especially where mafic rocks are prevalent. The CO2-rich fluids emanating from the slab/mantle then react with these cations to precipitate carbonate minerals such as calcite or aragonite. During this reaction, CO2 is retained in the carbonate mineral (e.g., CaCO3, MgCO3), resulting in lower CO2/3He and more negative δ13C in residual fluids as the heavier isotope of C is preferentially partitioned into the solid (carbonate) phase. Notably, this process is highly temperature-dependent, so by assuming a constant geothermal gradient, the extent of carbon isotope fractionation can be used to constrain the temperature (and depth) at which this process occurs. When considering data from this study together with published water data, we note that CVZ water samples exhibit higher CO2/3He values on average, as well as the higher δ13C values, only extending down to −18.7‰, whereas SVZ water samples exhibit the lower CO2/3He values on average and δ13C values as low as −27.4‰. Thus, the first order observation is that some samples in the SVZ, with very low CO2/3He and δ13C, may reflect extreme carbon removal due to calcite precipitation (Figure 8).
In Figure 7, samples are plotted along with Rayleigh distillation fractionation lines for calcite precipitation at 65°C, 122°C, and 150°C. Notably, 65°C is the temperature at which calcite fractionation was proposed to occur in the Costa Rica forearc (Barry et al., 2019a). However, in the ACM, it appears that calcite precipitation occurs at higher temperatures, extending to temperatures as high as 150°C, which are consistent with observations from Baja, Mexico (Barry et al., 2020). Notably, 122°C is the estimated maximum temperature of cultured microorganisms (Takai et al., 2008), while 150°C has long been considered the theoretical upper limit for Life (Merino et al., 2019). The upper temperature limit of 150°C corresponds to a depth of ∼6.8 km if a uniform geothermal gradient of ∼22°C/km (Rothstein and Manning, 2003) is assumed. However, the actual depth for these temperatures might change in response to local heat flow, the type of rocks present, and the tectonic setting. For example, previous work has suggested a shallower geothermal gradient in the forearc of cold subduction zones, such that the 122°C isotherm might reach ∼15 km or deeper (Plümper, et al., 2017). Fullerton et al. (2021) used a depth of 15 km to calculate the total biomass present in the Costa Rican Forearc crust. The CVZ and SVZ have different average heat flows and large heterogeneities (Hamza et al., 2005). Taking this into account, and using rock compositions ranging from andesite to rhyolite, the theoretical depths to the 150°C isotherms are 12 and 20 km for the SVZ and CSZ, respectively (Figure 9). Within this area, low temperature processes like calcite precipitation and microbial metabolism might remove significant amounts of carbon (Barry et al., 2019a; Fullerton et al., 2021). Previously, microbes have been shown to serve as nucleation sites for the precipitation of carbonate minerals across a wide range of temperatures (e.g., Fouke et al., 2000; Tsesarsky et al., 2016). The agreement between the best fit calcite precipitation temperature and the upper temperature limit for life (∼122°C) is consistent with biological nucleation potentially being important for overcoming kinetic limitations on calcite precipitation (Figure 9), but could also simply be a coincidence.
[image: Figure 9]FIGURE 9 | Cartoon showing crustal thickness and the relative proportions of C removal (as calcite precipitation and potential microbial sink) vs. C addition (crustal assimilation) in the two volcanic zones. As the thickness of the crust increases from ∼40 km in the SVZ to ∼70 km in the CVZ, the depth to which biologically mediated calcite precipitation can occur, increases only marginally compared to crustal thickness. This disparity in crustal thickness results in different contributions of these competing processes. We hypothesize that these various processes each contribute to various extents to shape the volatile budget not just in the Andes, but likely in arcs globally.
In order to estimate how much carbon has potentially been removed due to calcite precipitation, we construct a simple model (after Ray et al., 2009; Barry et al., 2019a; Barry et al., 2020) assuming that CO2 is released from the slab/mantle mixture and reacts with groundwater to form 1) an initial DIC pool (dissolved CO2) and 2) a free CO2 gas pool. The fractionation factor (α) at isotopic equilibrium for CO2-HCO3--CaCO3 is temperature dependent (Eq. 8) and can be derived from the empirically determined fractionation between DIC and calcite (Ohmoto and Rye, 1979).
[image: image]
where T is the temperature in Kelvin.
In Figure 7, the initial δ13Ci input is assumed to be homogenous at −8.4‰, which corresponds to the average value of all gas samples (Supplementary Table S1). The starting CO2/3He is assumed to be 1.0 × 1011, which is the average for all gas samples compiled here. We emphasize that assuming a single starting point is likely an oversimplification as we are dealing with a very large variety of thermal manifestations; however these assumptions are made for the purposes of presenting a unified model for all data. The fraction (f) of carbon loss can be calculated for any observed δ13Co value can be calculated using Eq. 9 (Holloway and Blank, 1994; Barry et al., 2021).
[image: image]
Likewise the CO2/3He can be calculated by accounting for the amount of carbon removed, assuming that no 3He is lost, due to its inert nature (Figure 7). The fraction (f) of carbon loss increases as calcite forms and the residual DIC δ13CO2 and CO2/3He decrease. Given these assumptions (calcite precipitation temperature = 122°C; δ13Ci = −8.4‰; CO2/3Hei = 1.0 × 1011), the model predicts that >99% of the original carbon must be lost from the most highly fractionated water samples in the SVZ, and >97% in the CVZ, resulting in low CO2/3He and δ13C. On average, 90% of carbon was removed from water samples in the SVZ and 40% was removed from water samples in the CVZ. Notably, our assumed starting compositions are non-unique and if mantle-like starting values are assumed instead, a slightly different amount of fractionation would be required to explain the data (Figure 7). The fact that the signal associated with calcite precipitation appears to be stronger in the SVZ compared to the CVZ suggests that this process is most prominent in regions with thinner crust, and/or more mafic rocks, providing cations that promote calcite precipitation (Figure 9). Notably, in the CVZ, there is also significant calcite precipitation, but the overall prevalence of this process is not as apparent, perhaps due to greater contributions of crustal carbon from the overriding plate to hot spring emissions (i.e., higher starting CO2/3He due to assimilation), which appears to be pervasive throughout the CVZ (Figure 8).
5.4 He-C and Along-Arc Properties
Large scale subduction-related parameters vary significantly along-strike, likely affecting surface volatile characteristics. Below, we briefly discuss how these large scale features may affect the He-C signatures that are observed across the CVZ and SVZ.
5.4.1 Sediment Composition and Thickness
The results from Section 5.2.2 suggest that subduction of inorganic and organic carbon likely impact gas and fluid emissions across the arc. However, deciphering source features from secondary fractionation effects in the overriding plate remains somewhat enigmatic. Higher precipitation in the southern Andes leads to higher sedimentation rates offshore of the SVZ (Figure 1A). The physical barrier of the Juan Fernandez Ridge at ∼32 °S inhibits northward sedimentary transport along the trench, resulting in a sediment-starved incoming plate and trench at the CVZ and a sediment-flooded trench offshore of the SVZ [offshore sediment thickness is ∼150 m in the CVZ vs. ∼500 m in the SVZ (Contreras-Reyes, 2008; Contreras-Reyes, 2010; Völker et al., 2013; Figure 1B)]. Because sediments contain structurally bound carbon, the amount of incoming carbon is likely much higher in the SVZ than in the CVZ; however there are no drill cores that are directly relevant to the CVZ. In the absence of significant sediments, altered oceanic crust (AOC) could deliver significant amounts of carbon to the margins, respectively (e.g., Bekaert et al., 2021).
While carbon L/S output estimates (this study) do not perfectly match L/S input estimates (Clift, 2017) (Table 2), we note that the trend is in the corresponding direction, suggesting more inorganic L relative to organic S in the CVZ versus the SVZ. The fact that the CVZ retains higher CO2/3He (Figure 8) despite receiving an order of magnitude less C is critically important, because this suggests that He-C cannot be solely explained by mixing between subducted components and carbon from the mantle wedge. Instead the crust must be the source of a significant proportion of the carbon in the CVZ (Figure 9) through assimilation, which is supported by pervasively low He isotope ratios.
5.4.2 Slab Age, Subduction Rate and Angle
Along the Chile trench, the incoming plate is younger in the SVZ (∼30 Ma) than in the CVZ (∼45 Ma) (Syracuse and Abers, 2006); however convergence rates are steady between 7–9 cm/yr in each region. Because the amount of carbon delivered to the trench and the ratio of inorganic (L) to organic (S) carbon are almost entirely sediment-controlled, this moderate difference in slab age is not expected to make a significant difference to the budget of subducted C. However, the age difference between these two slabs may result in an initially warmer plate in the SVZ compared to the CVZ, which may promote melting at shallower depths. We surmise above that the disparity between our L/S estimates and the Clift (2017) estimates could be related to C being preferentially released in the forearc of SVZ, which in turn resulted in more calcite precipitation at lower temperatures in the overriding plate (e.g., Barry et al., 2019b). Furthermore, the subduction dip angle is steeper in the SVZ (28°) vs. the CVZ (24°), which likely affects carbon release depths. However, there is not sufficient resolution in the C isotope data to definitively postulate that subduction angle or slab age are primary drivers of He-C features in gas and fluid manifestations across the arc. Notably, previous studies have also estimated that the magmatic CO2 flux from the CVZ is lower than in the SVZ (Aiuppa et al., 2019), which is broadly consistent with our findings. However, our results indicate that the total carbon flux (magmatic + crustal) may actually be higher in the CVZ, as an additional carbon pool is being mobilized in the CVZ.
6 SUMMARY
Carbon and other volatile elements are actively cycled between Earth reservoirs by plate tectonics at subduction zones, which has major implications for Earth’s climate and habitability over geologic timescales. Here, we report He isotope ratios and abundance data for 42 deeply-sourced fluid and gas samples from the CVZ and the SVZ. He isotopes from the CVZ range from 0.1 to 2.6 RA (n = 23), following correction for atmospheric contributions. Atmosphere-corrected He isotopes from the SVZ range from 0.7 to 5.0 RA (n = 19). Taken together, these data reveal a clear southeastward increase in 3He/4He, with the highest values (in the SVZ) plotting below the nominal range of values associated with pure upper mantle He (8 ± 1 RA; Graham, 2002), approaching the mean He isotope value for arc gases of (5.4 ± 1.9 RA; Hilton et al., 2002). Notably, the lowest values are found in the CVZ, suggesting more significant crustal contributions (i.e., assimilation) (Figure 8) to the He budget. The crustal thickness in the CVZ is up to 70 km, significantly larger than in the SVZ, where it is just ∼40 km (Tassara and Echaurren, 2012; Assumpção et al., 2013) (Figures 1B, 9). It thus appears that crustal thickness exerts a primary control on the extent of fluid-crust interaction, as helium and other volatiles rise through the upper plate in the ACM, which is broadly consistent with the findings of several previous studies (e.g., Lages et al., 2021). This suggests a masked mantle influence in the CVZ associated with thicker crust adding 4He. Carbon isotope compositions (δ13CO2) vary between −12.0‰ and −1.2‰ in the CVZ and CO2/3He values vary over three orders of magnitude (9.0 × 108–1.1 × 1012). In the SVZ, carbon isotopes (δ13CO2) vary between −14.0‰ and −8.7‰ and CO2/3He values vary by nearly three orders of magnitude (4.7 × 107–3.9 × 1010). Lower δ13CO2 and CO2/3He values in the SVZ are consistent with calcite precipitation in shallow-level (upper ∼20 km) hydrothermal systems (Ray et al., 2009; Barry et al., 2019a). We speculate that the coincidence of modeled calcite precipitation temperature (122°C) and the upper temperature limit for life may be consistent with biological nucleation being important for overcoming kinetic limitations on calcite precipitation. Taken together, the bimodal nature of the He-CO2 data suggests fundamentally different volatile migration pathways in each volcanic region, indicating complex interplay between mantle degassing, sediment delivery, interaction with continental crust, and volatile sequestration via secondary processes. Finally, we emphasize that these competing processes are not unique to the Andes and that these models should be applied to understand the volatile budget in other arc settings around the world.
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Sample SampleID  Volcanic  Lat.  Long.  °He/ §°CO, R/ R/ CO/°He Phase pH Temp. Salinity

name zone N E 2Ne Ra Ra < gL
Galan Fumarole AR- CvZ 2586 -6699 1979  na 177 177  418E G 775 80 0.19
GF190226-1 +09
Galan Fumarole AR- cvz -25.86 -66.99 a3 -6.2 1.79 179 413E G 775 80 0.19
GF190226-2 +09
Incachule AR-IN190223 CovZ 2428 6647 1067  -12 197 197 na. G 652 469 154
La Colcha ARLC190226  CVZ ~ -2608 6699 3333 7.5 145 145 2226 G 694 84 6.1
+10
La Colcha ARLC190226  CVZ ~ -2603 6699 5456  -7.5 258 258  6.86E G 694 84 6.1
+08
Pio Perez ARPP190301  CVZ  -2641 6459 17 12 036 021 372 G 847 543 181
+10
Tocomar ARTMIQ0224  OVZ 2419 -6655 723 117 247 248  168E G 713 692 398
+11
Fiambalé FB210806 ovz 2774 -67548 2153 024 024 na. G na na na
El Ceibal EC-211106 cvz -26.149 -64.955 12 o7 0.63 na. G na na. na.
Bafos de Fleming BF211031 cvz -24.592 -64.909 na 0.82 na. na. G na. na. na.
Pizarro PZ211029 CVZ 24237 -64.157 254 051 051 na. G na na na
Caimancito 1 CA211030-1 CvZ 23745 -64518 14 059 05 na. G na na na
Caimancito 2 CA211030-2 CVZ  -23.744 -64519  na 048 na. na. G na na na
Antuco AR-AO190224  CVZ ~ -2418 6667 998 196 196  667E W 625 278 2121
+09
Botijuela Vista ARBJI9222  CVZ  -2574 6782 645 na. 124 124 B821E W 644 40 865
+10
Aguas Calientes Galan  AR-GA190226 ~ CVZ ~ -2583 6692  177.8  -15 156 156  878E w67 67 328
+10
Incachule AR-IN190223 ovZ 2428 6647 127 na. 177 179 1.97E W 652 469 154
+10
Incachule AR-IN190223 CovZ 2428 -6647 88 na 168 171  1.59E W 652 469 154
+11
Pastos Grande ARPGI225 ~ CVZ ~ -2436 6657 1077 1533 1.34 134 na. W 874 449 061
Pio Perez ARPP1O0301  CVZ  -2541 6450 1.4  -1067 033 014  217E W 847 543 181
+10
Pio Perez ARPP190301  CVZ  -2541 6450 14  -1067 036 011  4.86E W 847 543 181
+09
Rosario de la Frontera  AR-RF190301 ~ CVZ 2584  -64.93 6 -828 036 033  958E w8238 82 1.57
+10
Villa Vil AR-W190228 cvz =27.11 -66.82 79.5 -13.28 09 0.89 8.83E w 9.09 38.2 04
+09
Termas de Catilo CH-CT200308  SVZ ~ -3620 -7165 03 na. 11 na na. G 949 375 3
Campanario CHCP200307 ~ SVZ  -3593 -7059 642  -872 501 503  1.00E G 589 532 2
+10
Panamavida CH-PM200308 ~ SVZ 3576 -7142 04 na 112 143 na. G 991 3245 4
San Pedro barios CH- SVZ 3544 -7048 40 1256 246 247  1.20E G 619 2198 465
termales SP200302-2 +08
San Pedro barios CH- SVZ 3514 -7048 505 1256 24 24  470E G 619 2198 465
termales SP200302-2 +o7
Termas del Flaco CHTF-200303 ~ SVZ  -3496 -7043 4 -11.45 144 148 220E G 624 684 5
+09
Termas del Flaco CH-TF-200303 svz -34.96 -70.43 06 -11.15 113 127 3.90E G 6.24 68.4 5
+10
TemasdeCauquenes CH-CQ200301  SVZ 3425 -7056 689  -159 167 168 na. G 847 4767 772
Bafio Morales CH-BM- Sz 3382 -7006 81  -864 161 163 na. G 607 272 20
200312
Termas del Plomo ~ CH-TP- svz 3362 -6991 92 na 252 258  200E G 643 368 19
200304 +08
Termas del Pomo  CH-TP200304  SVZ  -8362 6991  21.1 na 232 234  1.20E G 643 368 19
+08
Chillan CHS5 74 -36.9 -71.4 na -85 6.32 na. 5.00E G na na. n.a.
+10
Chilan CHe sz 369 -714  na 83 623 na  530E G na na na
+10
Cordon Caulle Las Sopas SVZ 4049 7217 na 41 66 na  T.10E G na na na
+10
Chilan CH1 svz -39 -714  na 79 na na na. G na na na
Chilan CH3 sz -39 -714  na 79 na na na. G na na na
Termas de Catilo CH-CT200308 ~ SVZ  -3620 7165 253 -1717 065 065  8.69E W 949 375 3
+09
El Medano CH-EM- SVZ 8582 7076 04  -1019 094 074  B43E w722 875 35
200301 +10
Panamavida CH-PM200308 R4 -35.76 -71.42 04 -15.34 097 0.89 227TE w 991 3245 4
+10
Termas del Flaco CH-TF200303  SVZ  -3496 -7043 25 na. 135 14  137E W 624 684 5
+11
Auco CH-AU200310  SVZ ~ -8289 -7071 na  -1215 096 na  17IE w809 202 3

+ 12
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