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Abstract

Trace volatile elements like He are key for understanding the mantle source signature of magmas and to
better constrain the relative roles of subduction and crustal processes to the variability of along-arc chemical
and isotopic signatures of magmatic fluids. Here we report on noble gas abundances and isotopic data of
Fluid Inclusions (FIs) in eruptive products and/or fumarolic gases from the Colombia-Ecuador segment of
Andean Northern Volcanic Zone (NVZ). FIs in olivine phenocrysts from Ecuador (El Reventador, Cotopaxi
and Tungurahua) yield air-normalized corrected *He/*He ratios of 7.0-7.4 R, within the MORB range (8+1
R4). With exception of the Cotopaxi lavas (opx<<Oliv.), these are indistinguishable of those obtained for
their cogenetic orthopyroxene pairs and of gas emissions previously reported in literature. Olivine
phenocrysts from Nevado del Ruiz fissure lavas also yield the highest *He/*He (8.5+0.3 R,) for this volcanic
system, which is in the range of fumarolic gases for Galeras (previously reported as high as 8.8 Ra and here
measured to a maximum of 8.3+0.1 Ra). Our dataset highlights disparities between isotope signatures of
eruptive products from Ecuador (avg. ~7.2 Ra) and those reported for the Colombian portion of the NVZ
(avg. ~8.5 Ra). Previous studies on the geochemistry of erupted products put in evidence significant along-
arc variations ascribed either to the involvement of different slab components, or to variable depths of
evolution of arc magmas within the continental crust. However, the same variation is not discernible in the
signature of noble gases, especially helium, from FIs and gas emissions analyzed in this study, with little
inter-variation between Cotopaxi, Reventador and Tungurahua (all within 0.2 Ra from the Ecuador average
of 7.2) and Galeras and Nevado del Ruiz, whose maximum values differ by ~0.3 Ra. We therefore suggest
a homogenous MORB-like *He/*He signature for the mantle wedge beneath this arc segment, whereby
along-arc variations in crustal thickness (from <35 km at the northernmost part of the segment to >50 km
at the Ecuadorian arc segment) may factor largely into the variability recorded on our data set. The first
CO./’He ratios obtained in FIs from Andean rocks support the hypothesis of increasing crustal
contamination from Colombia to Ecuador, concomitant with increasing crustal thicknesses under the
respective arc regions.

Keywords Andean Volcanic Belt; Northern Volcanic Zone; fluid inclusions; noble gases; helium,; crustal
thickness;

1. Introduction

Due to their inert behavior and large isotope ratio variability among the different Earth’s reservoirs, noble
gases such as He, Ne and Ar are considered optimal tracers to constrain mantle geochemical features and
the key processes that contribute to modifying deep magmatic sources (e.g., Gautheron and Moreira, 2002;
Martelli et al., 2014; Rizzo et al., 2018). In addition, noble gases may help in evaluating the complex
migration processes of magmatic fluids from the Earth's mantle to the atmosphere, hydrosphere and crust
(e.g., Porcelli and Wasserburg, 1995a; Farley and Neroda, 1998; Ozima and Igarashi, 2000; Porcelli et al.,
2001; van Keken et al., 2002; Ballentine et al., 2002; Moreira, 2013; Rizzo et al., 2015; Boudoire et al.,
2018). These volatiles can be primordial in origin, trapped in the mantle since planetary accretion, produced
in-situ, or they may be recycled into the mantle via material originally at the surface through subduction
(e.g., Jackson et al., 2013; Kobayashi et al., 2017; Smye et al., 2017). Seismic tomography studies point
out that oceanic plates can be subducted well below the 670 km discontinuity down to the core-mantle
boundary (e.g., van der Hilst et al., 1997; Bijwaard and Spakman, 1998; Fukao et al., 2001). Additionally,
numerical modelling of mantle convection patterns (van Keken and Ballentine, 1999) casts doubt upon the
likelihood of maintaining a deep region of the mantle isolated over geological timescales. Noble gas
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chemistry of magmatic fluids in volcanic arcs shows *He/*He isotope variations ranging from 10.1 to 0.01
Ra (Hilton et al., 2002; Sano and Fischer, 2013). While *He/*He ratios > 9.5 Ra (reported for example by
Jean-Baptiste et al., 2016 for the Vanuatu arc) have been attributed to the contribution of the incipient plume
at the westernmost edge of the Pacific super-plume (Montelli et al., 2006), *He/*He ratios lower than Mid-
Ocean Ridge Basalt (MORB, 8+1 Rx, Graham, 2002; Graham et al., 2014) have been interpreted as a result
of either (i) the subducted slab component, including altered oceanic crust and oceanic sediments (Di Piazza
etal.,2015; Robidoux et al., 2017; Battaglia et al., 2018); (ii) shallow-derived He resulting from interactions
between the rising magma and the continental crust overlying the volcanic arc (Sano and Wakita, 1985a;
Sano and Fischer, 2013); and/or (iii) the influence and nature of continental crust subducted beneath
volcanic arcs (e.g., Southern Italy; Hilton et al., 2002; Martelli et al., 2014 and references therein).

To better determine the relative contributions of subduction-related parameters (e.g., convergence rate, slab
dip, slab age, etc.) and crustal processes (crustal thickness and magma-residence time in the crust) to the
observed along-arc *He/*He variations, it is crucial to account for the space-time variability of available
data so far reported in the literature for arc volcanism. Geographic controls on *He/*He signatures have
been assigned to either magma aging or interaction with surrounding country rock (e.g. Marty et al., 1989;
Hilton et al., 1993a; Van Soest et al., 1998; Notsu et al., 2001; Hilton et al., 2002), especially in far-from-
vent areas where degassing occurs less vigorously. Both processes can add a radiogenic helium component
to mantle-derived melts and therefore decrease *He/*He ratios (<<MORB), such as those observed in
hydrothermal fluids. Also, it must be considered that the use of standard sampling techniques for noble gas
extraction from high-temperature fumaroles (Sano et al., 1990; Giggenbach et al., 1993 and references
therein) requires direct access to outpouring vents often located at hazardous volcanic areas. In other cases,
surface manifestations of volcanic degassing are absent from quiescent stages of activity. Such scenarios
make noble gas volcanic gas-based characterization of volcanic centers more difficult.

In addition to the spatial *He/*He variability around individual volcanoes, temporal He isotope changes
have been commonly reported in many active volcanoes (Sano and Fischer, 2013). Several studies exist of
temporal fluctuations of *He/*He ratios, correlating well with changes in volcanic activity. These include
Mt. Etna (Caracausi et al., 2003; Rizzo et al., 2006; Paonita et al., 2012, 2016) and Stromboli, in Italy
(Capasso et al., 2005; Rizzo et al., 2009, 2015a), at Mount Ontake, in Japan (Sano et al., 2015), Santorini,
in Greece (Rizzo et al., 2015b), and at Turrialba, in Costa Rica (Rizzo et al., 2016). Such phenomena attest
to the fact that He isotope signatures measured at the surface might be affected by processes happening
deep in the magma chamber, including the input of new magma as volcanic activity escalates.

Because of spatial/temporal variability, and due to the fact that some arc volcanoes remain unsampled to
date, mostly due to their remoteness and inaccessibility, arc-scale noble gas compositional catalogues
(Hilton et al., 2002; Sano and Fischer, 2013) remain biased by the incomplete and heterogeneous data set
available. Nonetheless, global reviews (Hilton et al. (2002), Sano and Fischer (2013), Oppenheimer et al.
(2014) and Mason et al. (2017) provide convincing evidence for arc-scale correlations between isotope
tracers and slab/crustal processes.

Despite the high density and intense activity of NVZ volcanoes, few studies exist up to date dealing with
their noble gas isotope signature (Hilton et al., 2002). High temperature (>300°C) fumarole data have only
been reported for Galeras (Sano and Williams, 1996; Sano et al., 1997). These provide an opportunity to
sample volatiles released directly from magma at depth. Lower temperature emissions (e.g., bubbling hot
springs), located on the flanks of volcanoes. allow for the sampling of noble gases released through
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hydrothermal systems. The overall dominance of low temperature noble gas data for NVZ volcanoes led
Hilton et al. (2002) to estimate *He/*He averages for Colombia and Ecuador of 5.66+ 2.41 and 3.22+ 0.98,
respectively. These are far below the expected MORB range (8+ 1). This study focus on improving the
current dataset for the Northern Volcanic Zone, by reporting on new noble gas data from fluid inclusion
analysis in olivine and pyroxene phenocrysts from five of the most active volcanoes in the entire Andean
Volcanic Arc, Tungurahua, El Reventador and Cotopaxi in Ecuador, and Galeras and Nevado del Ruiz in
Colombia. These data are integrated with the first measurements of CO, concentration (CO»/*He ratios) in
fluid inclusions (FIs) from Andean rocks to further constrain the geochemical features of the magmatic
source underlying these volcanic centers. Finally, our investigation provides new information on the
processes governing the variations in noble gas compositions along the Northern Volcanic Zone.

2. Geodynamic and geological setting

The Andes are a continental volcanic arc formed by the subduction of the 12-20 Ma old Nazca plate slab
(Jarrard, 1986) beneath the South American plate, occurring at a rate of about 50-70 mm/yr (Trenkamp et
al., 2002; Nocquet et al., 2014). This volcanic chain extends for over 7000 km along the western margin of
South America and volcanism there occurs in four separate regions: the Northern (NVZ), Central (CVZ),
and Southern (SVZ) volcanic zones, as a result of the subduction of the Nazca plate; and the Austral (AVZ)
volcanic zone originating on the convergent plate boundary between the Antarctic plate and the continental
South American plate (Fig. 1A). The Colombian segment of the NVZ is defined by a narrow volcanic arc
(Fig. 1B) located above the Benioff zone that clearly defines a steep subduction slab (Ojeda and Havskov,
2001) exhibiting lateral variations in the dip angle, from ~20°-35° north of the Carnegie Ridge (Pennington,
1981) to ~25° beneath Ecuador (Guillier et al., 2001; Kendrick et al., 2003; Yepes et al., 2016; Fig. 1C).
This change in dip angle underneath Ecuador causes the volcanic arc to widen and split into three segments,
the frontal arc (Western cordillera), the main arc (Eastern Cordillera) and the back-arc dominated by dacitic,
andesitic and shoshonitic products, respectively (Hall et al., 2008; Hall and Mothes, 2008; Hidalgo et al,
2012; Ancellin et al, 2017). The documented along-arc variations in subduction parameters (e.g., Syracuse
et al., 2010) and in the chemical/isotopic signature of the eruptive volcanites (e.g., Ancellin et al. 2017)
make the Andes, and in particular the NVZ, a unique geodynamic setting to test for the influence of varying
subduction geometries and thermal regimes on the noble gas fluid signature along the arc.

3. Petrological and eruptive background

In volcanic arc segments such as the Ecuador-Colombia magmas inherit their compositional signatures
from multiple sources, including: (i) the dehydration/partial melting of the subducting sediments/oceanic
crust; (ii) the mantle wedge; and (iii) the overlying continental crust (Hickey et al., 1986; Hildreth and
Moorbath, 1988; Tatsumi, 1989; Stern 2002). Andean magmas range considerably in composition and the
prevailing andesites attest for the severe processing of primary melts along the arc. In fact, experiments
(Nicholls and Ringwood, 1972; Mysen et al., 1974) and analysis of natural samples (Reubi and Blundy,
2009) both show that andesites mainly form as the product of differentiation processes such as fractional
crystallization, coupled with crustal assimilation and magma mixing (Grove et al., 2003; Kelemen et al.,
2014; Schmidt and Jagoutz, 2017). On the other hand, recent studies highlight the fact that primitive arc
magmas are intrinsically heterogeneous (Turner et al., 2016; Schmidt and Jagoutz, 2017), an important
member of this family being the so-called magnesian andesites that are considered as direct by-products of
mantle melting (e.g., Grove et al., 2003) and that are regularly found along the Ecuadorian volcanic arc
(e.g. Samaniego et al., 2010). These processes not only impart chemical and textural signatures on the
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resulting eruptive products (Panter et al., 1997; Schiano et al., 2010; Garrison et al., 2011; Lee and
Bachmann, 2014), but can also alter to various degrees the isotope signature of deep magmatic fluids.

3.1 The colombian arc segment (CAS)
3.1.1 Nevado del Ruiz

The Nevado del Ruiz Volcanic Complex (CVNR) is located in the department of Caldas, near the northern
end of the NVZ. Its history can be subdivided into four main eruptive phases, culminating in the Second
Ruiz Eruptive Stage that included effusive-to explosive activity (Thouret et al., 1990). Over the past 11 ka,
the volcano has erupted andesitic to dacitic magmas (about 40% dacites and 60% andesites; Vatin-Pérignon
et al., 1990). Despite the complex eruptive history of Nevado del Ruiz, its geochemical evolution suggests
a common magmatic source over time (see Vatin-Pérignon et al., 1990). In this study, we focused on the
fissure lavas of La Esperanza, located in the northernmost sector of the volcanic complex. This segment is
believed to be structurally controlled by the Villamaria—Termales fault system, which possibly provided
the linear fractures through which these lavas were erupted (Martinez et al., 2014). Due to its stratigraphic
position and moderate glacial processing, the age of this unit has been estimated at ~0,035 — 0,045 Ma. The
presence of olivine microphenocrysts within microcrystalline-microlytic to moderately intergranular
textures, clearly distinguishes these lavas from the majority of the eruptive periods of the volcanic complex
that exhibit lower fractions of mafic minerals (25-45% overall in CVNR products; Vatin-Pérignon et al.,
1990; Martinez et al., 2014).

3.1.2 Galeras

The Galeras Volcanic Complex (GVC) is located approximately 60 km north of the Colombia-Ecuador
border. Over the past 1 Ma it has been characterized by caldera-forming eruptions, followed by the
construction of new active cones that produced lavas and pyroclastic flows, ranging from basaltic-andesites
to dacites (Calvache and Williams, 1997a and b). Its Holocene active cone lies on the eastern side of the
volcanic complex and produced the basaltic-andesite products analyzed in this study. These were
interpreted as possible fissure lavas (Calvache, 1990) that extend for an average length of 1.8 km and are
located ~3-4 km away from the Galeras central crater. Plagioclase and pyroxene are the main mineral phases
in these lavas, but fresh olivine is common (Calvache, 1990). Considering the location of the lava flow
outcrops, Calvache (1990) argued that these lavas may have erupted with a high effusion rate in order to
travel such long distances. Their well-preserved morphology suggests an approximate age between the
pyroclastic flow deposits of 1100 y BP and the major eruption of 1866 CE (Calvache, 1990).

3.2 The ecuadorian arc segment (EAS)
3.2.1 El Reventador

Although geographically located in the Ecuadorian back-arc, El Reventador displays a typical Main Arc
geochemistry. A large sector collapse around 19,000 y BP left a prominent 4 km-wide volcanic collapse
scar (Aguilera et al., 1988). Since then, a young, symmetrical, 1 km-high volcanic cone has grown to be
one of the most active volcanoes in the Ecuadorian Andes. After 26 years of quiescence, the volcano
initiated a new period of intense volcanic activity starting with a sub-Plinian event in November 3, 2002,
rapidly followed by two lava flows effusively emplaced over a two-month period after the reactivation of
the system (Samaniego et al., 2008). Petrological analysis of products from the 2002 eruption suggests that
there was a single pre-eruptive reservoir with a top at 8 + 2 km and a base at 11 + 2 km (Ridolfi et al., 2008;
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Samaniego et al., 2008). The same authors reported on the geochemical and mineralogical characteristics
of the 2002 and later-emplaced 2004-2005 lava flows with overall silica contents ranging 56-59 wt.%. In
this study we analyzed the 2009 lava flows consisting of medium-high K basaltic andesites to andesites,
that display similar compositions to those reported for the initial 2002 eruptive products (porphyritic, ~25
— 30 vol.% phenocrysts in pyroclastic blocks and ~40 vol.% in lava flows), with a mineral assemblage
composed of plagioclase, clinopyroxene, orthopyroxene, amphibole, magnetite, with scarce olivine
(Samaniego et al., 2008).

3.3.2 Cotopaxi

Cotopaxi, a stratovolcano located ~60 km south of Quito, on the Main Arc, has exhibited a history of
bimodal volcanism, where rhyolitic and andesitic magmas erupt in quick succession, apparently from the
same vent, displaying very limited intermingling (Hall and Mothes, 2008). Each eruption cycle has been
characterized by a similar eruptive pattern, involving plinian scoria or pumice tephra falls, scoria or pumice
pyroclastic flows, blocky-lava flows, and widespread debris flows. From the end of the Colorado Canyon
episode 4,000 years ago until the present, Cotopaxi has experienced a continuous series of periodic
eruptions, all of which have involved andesitic magmas, with 57-62% SiO, (Hall and Mothes, 2008,
Pistolesi et al., 2011) and phenocryst assemblages that include plagioclase, orthopyroxene, clinopyroxene,
magnetite, and rare olivine. The younger products of Cotopaxi IIB comprise a series of andesitic scoria
falls, lava flows and a single rhyolite eruption. In the lavas from Cotopaxi IIB olivine is occasionally present
in trace amounts, but increases up to 2% (Hall and Mothes, 2008) in the youngest rocks analyzed in this
study.

3.3.3 Tungurahua

Tungurahua is a stratovolcano located in central Ecuador on the Main Arc. Historical records (Martinez,
1932) and chronological data of the eruptive products of Tungurahua (Hall et al., 1999; Le Pennec et al.,
2008) reveal that regional tephra fallouts, blocky lava flows, pyroclastic flows and related debris flows
(such as the 1100 y BP analyzed in this study), characterized most eruptions in recent times. A recurrence
rate of at least one pyroclastic flow-forming eruption per century was established for the last millennium,
ranking Tungurahua amongst the most active volcanoes of the Northern Andes (Le Pennec et al., 2008).
More recent eruptive products, such as pyroclastic flows, tephra deposits and lavas display andesitic
compositions (58-59 wt% SiO,; Samaniego et al., 2011) and contain plagioclase (5-15 vol.%),
clinopyroxene (2—4 vol.%), orthopyroxene (2—4 vol.%), and magnetite, with trace olivine. This is similar
to compositions reported by Samaniego et al. (2011) for the 2006 juvenile blocks from the pyroclastic flow
deposits also analyzed in this study, which are dark, vesicular, porphyritic (~10-20 vol.% phenocrysts)
andesites (57.6-58.9 wt.% Si0O») composed of similar mineral assemblage.

4. Methods and analysis
4.1 Noble gases in Fluid Inclusions

Although our study does not offer petrographic evidence of FI in olivine and pyroxene phenocrysts, it is
generally assumed that these phases often contain primary and secondary FI that are trapped during crystal
growth in the magma. The element and isotope compositions of He, Ne, and Ar in olivine- and
orthopyroxene-hosted fluid inclusions (FIs) were measured at the noble gas laboratory facilities at the
Istituto Nazionale di Geofisica e Vulcanologia (INGV) in Palermo. Phenocrysts (0.25 to 0.50 mm fractions)
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were separated from lavas and scoriae layers from Nevado del Ruiz, Galeras, E1 Reventador, Cotopaxi and
Tungurahua using sodium polytungstate (SPT) heavy liquid. The individual crystals without impurities
were then carefully handpicked under a binocular microscope and cleaned in multi-stage ultra-sonic baths
(e.g., Di Piazza et al., 2015; Rizzo et al., 2015, 2018). For analysis, the samples were accurately weighed
and loaded into a stainless-steel crusher for noble gas extraction. The gases were consequently released by
in-vacuo single-step crushing of minerals at about 200 bar applied by a hydraulic press, which minimizes
the contribution of in-situproduced He, such as cosmogenic *He and radiogenic *He possibly trapped in the
crystal lattices (e.g., Scarsi, 2000). The Total Gas Content (TGC) was first quantified during noble-gas
extraction at the time of crushing by measuring the total gas pressure (CO»+N>+Oxtnoble gases) and
subtracting the residual pressure oses after removing CO; using a “cold finger” immersed in liquid N at —
196°C. Residual gases were then cleaned under getters in an ultra-high-vacuum (10°-107'° mbar)
purification line, and all species in the gas mixture, except noble gases, were removed. A “cold finger” with
active charcoal immersed in liquid N» then removed Ar, while He and Ne were separated by using a cold
head cooled at 10K and then moved at 40 and 80K in order to release He and Ne, respectively.

Helium (*He and “He) and Ne (*’Ne, ?'Ne, and 2>Ne) isotopes were measured separately by two different
split-flight-tube mass spectrometers (Helix SFT-Thermo). The *He/*He ratios are expressed in units of R/Ra
(where Ry is the *He/*He of air; 1.39 x10™ ). The analytical uncertainty of He-isotope ratio measurements
(10) was <4% (except for the pyroxene phenocrysts from Cotopaxi whose uncertainty was 13.5%), whereas
in Ne-isotope ratios (1) was <1.7% and <4.6% for *°Ne/*’Ne and ?'Ne/**Ne, respectively. The reported
values of both Ne-isotope ratios are corrected for isobaric interferences at m/z values of 20 (*°Ar*") and 22
(*CO»*"; Rizzo et al., 2018). Argon isotopes (*°Ar, *8Ar, and *°Ar) were analyzed by a multicollector mass
spectrometer (GVI Argus) at an analytical uncertainty of **Ar/*°Ar <0.5%. A pre-purified air standard
subdivided in tanks was used for He, Ne, and Ar elemental and isotopic recalculations. The analytical
reproducibility of “He, *He/*He, 2’Ne/**Ne, 2'Ne/*’Ne, and “°Ar of standards were <2.4%, <2.6%, <0.4%,
<0.5%, and <2.4%, respectively. These values represent the standard deviation of measurements made
during >1 year of analyses for He and Ne and ~4 years for Ar, in the same source setting conditions. Typical
blanks for He, Ne, and Ar were <1075, <107'¢ and <107'* mol, respectively. Further details on sample
preparation and analytical procedures are available in Di Piazza et al. (2015) and Rizzo et al. (2015, 2018).

4.2 Dry fumarolic gas sampling and Noble gas isotope analysis

Dry gas samples for the analyses of He, Ne, and Ar were collected in the flanks of the active central crater
of Galeras on 14 July 2017. Fumarolic gas from two steaming vents (at temperatures of 91.3 and 87.5°C)
was collected in two-way Pyrex bottles with vacuum valves at both ends. Despite the apparent weak flux
and in-situ low temperatures measurements (close to boiling), the gas was channeled through a stainless-
steel tube and propelled several times through the sampling circuit in order to eliminate any possible
remains of atmospheric components within the sampling lines.

The concentration and isotope compositions of He, Ne and Ar in fumaroles were measured by admitting
the gases into three distinct ultra-high-vacuum (10~°-107'° mbar) purification lines, in which all of the
species in the gas mixture, except noble gases, were removed. Prior to the analysis, He and Ne were
separated from Ar by adsorbing the latter in a charcoal trap cooled by liquid nitrogen (77 K). He and Ne
were then adsorbed in a cryogenic trap connected to a cold head cooled with a He compressor to <10 K. He
was desorbed at 42 K and admitted into a GVI-Helix SFT mass spectrometer. After restoring the ultra-high
vacuum in the cryogenic trap, Ne was released at 82 K and then admitted into a Thermo-Helix MC Plus
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mass spectrometer. Ar was purified only under getters and finally admitted in a GVI-Helix MC. The
analytical uncertainty of He-isotope ratio measurements (1c) was <0.9%, while that of Ne- and Ar-isotope
ratio was <0.1%. The same procedure was adopted for the He, Ne and Ar isotope measurements of the air
standards (e.g., Rizzo et al., 2016), whose reproducibility conditions are comparable to those reported for
Fls (see Section 4.1). Typical blanks for He, Ne, and Ar were <107'%, <107'® and <107'* mol, respectively.
Helium isotope ratios are reported in the form of Rc/Ra, where R is the air-corrected *He/*He ratio of the
sample, assessed based on “He/*Ne ratios:

R/R4 = [(Rv/R4)(He/Ne)y — (He/Ne)air]/[(He/Ne)y — (He/Ne)air]

where subscripts “M” and “air” refer to measured and atmospheric theoretical values, respectively. Across
our dataset, Rc/Ra ratios are on average 2% higher than those uncorrected and 3 analysis required
corrections outside of quoted Rc¢/Ra errors (Tab. 1). Argon isotope ratios account for atmospheric-corrected
40Ar, assuming that all **Ar contained in the gas phase is of atmospheric origin:

WAr* =2 A= [(Ar/OAr) iy <70 Ars],

where “’Ar* represents the corrected isotope value and m indicates the measured value (Marty and Ozima,
1986 and references therein). These differ by as much as two orders of magnitude in opx phenocrysts from
Cotopaxi (see Tab. 1).

5. Elemental and isotopic compositions of He, Ne, Ar and CO;
5.1 Fluid inclusions in olivine and orthopyroxene phenocrysts phases

Noble gas abundances and isotope results obtained from single-step crushing olivine and orthopyroxene
phenocrysts phases from scoriae layers and lava flows from Colombia (Galeras and Nevado del Ruiz) and
Ecuador (Cotopaxi, El Reventador and Tungurahua) are listed in table 1. These yield Rc/Ra values as high
as 8.5 Ra (measured in olivine from Nevado del Ruiz), and as low as 2.2 R (obtained in FIs trapped within
orthopyroxene phenocrysts from Cotopaxi; Fig. 2). With exception of the former, all *He/*He isotope values
fall within the typical range found in arc-related FIs and free gases globally (Hilton et al., 2002; Sano and
Fischer, 2013; Mason et al., 2017). Helium abundances range from 0.12 - 3.23 %107 mol g' in
orthopyroxene and 1.68 - 17.7 x107"* mol g in olivine (Fig. 3A). Despite the contrast in gas contents,
mineral pairs show indistinguishable Rc¢/Ra ratios (Tab. 1), the exception being the two mineral pairs from
Cotopaxi lavas which also yield distinct *He/*He ratios (opx<oliv.; Fig. 3B). Olivine phenocrysts from
Galeras and Nevado del Ruiz lavas yield He concentrations between 0.24 and 1.19 (x10"* mol g™).
“0Ar/*°Ar isotope ratios range from 297.9 to 471.7 (avg. of 328.3 across all samples), supporting a prevalent
atmospheric derivation (**Ar/*°Ar in air = 295.5) and confirming the *°Ar/*Ar ratio range observed in the
fumarolic gases from Galeras central crater (297.0 and 302.1; Fig. 2).

Our results imply Ar isotope ratios well below those characteristic of the upper mantle (**Ar/*®Ar ~ 40,000,
Fischer et al., 2005). Nonetheless, these fall within the typical range of subduction-related volcanism
(Hilton et al., 2002; Sano and Fischer, 2013), even in opx from Ecuadorian samples which consistently
show lower **Ar/*°Ar than those of cogenetic olivine. Atmospheric contamination is also reflected in the
“He/*Ne ratios here reported, that vary from 2.2 in orthopyroxenes from Cotopaxi (also the lowest *He/*He
obtained analytically) to 522.3 measured in Olivine phenocrysts from El Reventador (Fig. 2; atmospheric
‘He/*’Ne = 0.318; mantle air-free gases are generally characterized by values >1000; e.g., Rizzo et al.,
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2018). Olivine phenocrysts also yield systematically higher *He/*’Ne ratios than their cogenetic
orthopyroxene pairs (Tab. 1).

Concentrations of CO, obtained in olivine fluid inclusions from Nevado del Ruiz (0.16 10 mol g') and
Galeras (0.62 and 0.31x10° mol g') were in the range of CO, contents measured in orthopyroxene
phenocrysts from Ecuadorian volcanoes (only as high as 8.63x10° mol g! in opx from Reventador) and
considerably lower than CO, concentrations measured across their olivine separates (up to 69.4x10” mol
¢’ in Reventador samples; Tab. 1). Estimated CO,/*He ratios span from 6.13 (in olivines from Reventador)
to 0.28x10° (measured in orthopyroxene phenocrysts from Tungurahua; Tab. 1). The carbon isotope
characterization of NVZ fluids was not possible due to the gas-poor nature of the inclusions, in which
carbon was not sufficiently abundant to allow further analysis after the noble gases had been extracted.

5.2. Isotope geochemistry of fumarolic gases

Sampling details and analytical data from fumarolic discharges measured at the central crater of Galeras
are provided in table 2. The high Rc/Ra values (8.3 and 8.2 Ra, and “He/*’Ne of 7.3 and 29.6, respectively)
are in agreement with values reported by Sano and Williams (1996) and Sano et al. (1997) for nearby
fumarolic discharges (Fig. 2). Argon isotope values also show very limited variability between the two near
sites, with “°Ar/*®Ar of 297.9 + 0.1 and 302.1 + 0.2, respectively. Figure 2 shows the new isotope
geochemistry data from fumarolic gases and FIs integrated with existing literature data for all 5 volcanoes
studied (Ecuador and Colombia).

6. Discussion

In order to assess local and regional isotope variations along the Northern Volcanic Zone it is crucial to
account for the various processes that have the potential to mask the geochemical characteristics of the deep
mantle source underlying the northernmost segment of the Andean Volcanic Arc. In volcanic gases, close-
to-MORB or within-MORB *He/*He ratios are commonly measured along volcanic front regions where
direct input of magma occurs (e.g. Sano and Wakita 1987; Sano and Wakita 1988a; Giggenbach et al.,
1993; Hulston et al., 2001; Umeda et al., 2007; Di Piazza et al., 2015; Robidoux et al., 2017; Battaglia et
al., 2018; Rizzo et al., 2019). Tectonically active regions such as the Andes provide a wide range of
sampling media for noble gases, especially through active volcanism (Hilton et al., 2002; Aguilera et al.,
2012; Benavente et al., 2016; Lopez et al., 2018). Surface discharges of magma degassing at depth can vary
largely in nature and are typically found in the vicinity of active craters (as high-temperature fumarolic
gas), and/or in peripheral areas as geothermal fields and low-temperature bubbling springs. Such variability
had some studies reporting a wide range of *He/*He isotope signatures within individual volcanic systems,
such as Sano et al. (1984), following their study of Mt. Ontake in Japan, and Williams and Sano (1987) at
Nevado del Ruiz, in Colombia. These studies typically reveal decreasing *He/*He ratios with increasing
distance from volcanic craters, indicating that despite effectively carrying magmatic volatiles to the
atmosphere, volcanic steam escaping through fractures/soil around peripheral areas is increasingly
contaminated by crustal fluids (in comparison to high-temperature, summit discharges).

On the other hand, primary noble gas compositions in fluid inclusions may be affected by post-eruption
“He in-growth and diffusion-controlled isotope fractionation. These processes are discussed in detail in
supplementary material S1. However, predominantly MORB-like *He/*He isotope ratios obtained in this
study suggest that diffusive fractionation plays a minor role in our dataset. Differences in the chemistry of
FIs obtained in orthopyroxene and olivine, in part expected due to the lower effective closure temperature
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and pressure of pyroxenes (that continue to exchange helium with the magma after olivine had been closed),
are also not observed systematically (Fig. 3; see also supplementary material S1).

6.1. Atmospheric contamination

Due to their high concentration in the atmosphere, light noble gases such as Ar are more susceptible to
atmospheric contamination. In subduction-related volcanism, Ar-isotope ratios are systematically low and
close to theoretical values in the atmosphere (Hilton et al., 2002; Martelli et al., 2014; Di Piazza et al., 2015;
Rizzo et al., 2015, 2016, 2019; Robidoux et al., 2017; Battaglia et al., 2018). This is even more pronounced
when compared to those from intra-plate or ridge environments (e.g., Burnard et al., 1997; Moreira et al.,
1998; Ballentine et al., 2005; Boudoire et al., 2018; Rizzo et al., 2018). Figure 2A confronts our new results
to those reported in the literature for high- and low-temperature free gases and shows that variable extents
of air contamination affected nearly all the *He/*He ratios reported. Similarly, *°Ar/*°Ar values (Fig. 2B)
are well below the theoretical MORB-like mantle ratio (**Ar/*°Ar ~30,000 to 40,000; Burnard et al., 1997;
Moreira et al., 1998) or typical mantle-derived samples (e.g., Kaneoka, 1983; Ozima and Podosek, 1983;
Allégre et al., 1987; Rizzo et al., 2018). As many authors have suggested over the years (e.g., Gurenko et
al., 2006; Di Piazza et al., 2015; Rizzo et al., 2018)), the trend observed may indicate mantle contamination
at depth from atmospheric Ar derived from dehydration of the subducting oceanic crust.However, a
minimum contribution associated with crystals exposure to the atmosphere cannot be ruled out (see also
supplementary material S2 for atmospheric components in the Neon isotope systematics)

6.2. Inferences on local and regional *He/*He isotope signatures

The overprint of noble gas mantle signatures, especially helium, has always appeared quite significant in
the northernmost region of the Andean Volcanic Arc. Negative correlations between *He/*He and distance
from active volcanic craters are common (Sano et al.,1984; Williams and Sano, 1987; Sano and Wakita
1992; Sano, et al., 1994; van Soest et al., 1998; Sano and Nakajima, 2008), as degassing of fresh,
uncontaminated magma supplies helium that disperses through continental lithologies in which radiogenic
“He is abundant (see Sano et al., 1990 and Sano et al., 2012 for details on hydrodynamic dispersion models
of helium at active volcanic systems such as Nevado del Ruiz). Previous global compilations of helium
isotope data (e.g. Hilton et al., 2002; Sano and Fischer, 2013; Oppenheimer et al., 2014; Mason et al., 2017)
reported *He/*He averages of 3.2 + 1.0 R4 and 5.7 + 2.4 R (<< MORB-range of 8 + 1 Ra) for Ecuador and
Colombia, respectively (e.g., Hilton et al., 2002). These may in large reflect significant extents of mixing
between mantle-derived and radiogenic helium produced in the crust. For instance, an extensive study by
Inguaggiato et al. (2010) that reported on the geochemical signature of 56 thermal and cold waters sites, as
well as 32 dissolved gases and 27 bubbling springs, collected north-south along the Ecuadorian arc,
obtained a wide range of helium isotope results, from 0.1 and 7.1 Ra.

As aresult, deep mantle noble gas isotope signatures can be overprinted, especially in regions characterized
by older, flatter dipping slabs such as in the south of Ecuador (Barazangi and Isacks, 1979; Gutscher et al.,
1999). Actively degassing volcanoes, especially those with accessible high-temperature fumarolic fields
such as Galeras, Cumbal, Cerro Machin and Purace, were successfully sampled in the past (Sano and
Williams, 1987; Sano et al., 1990; Sturchio et al., 1993; Sano and Williams, 1996; Sano et al., 1997; Lewicki
et al., 2000), with maximum *He/*He isotope ratios reported of 8.8, 7.9, 6.8 and 7.1 Ra, respectively.
However, for large portions of the arc, helium isotope signatures remained uncharacterized.
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Here we provided the first helium isotope constrains on the mantle sources feeding the volcanic systems of
Cotopaxi, Tungurahua and El Reventador, for which only peripheral gas data were reported in the past
(Inguaggiato et al. 2010). While limited site-to-site variability is observed in Ecuador (when considering
the new estimated values for El Reventador, Cotopaxi and Tungurahua; Tab. 3), a manifest disparity arises
from the comparison between He isotope compositions obtained for Ecuadorian volcanoes and those of
Colombia with significantly higher *He/*He ratios (Fig. 4). In the following sections, we attempt at
identifying the causal mechanisms driving the isotopic differences between the two arc regions.

Subduction-related controls on the noble gas chemistry of NVZ fluids

We initially explore a possible link between noble gas compositions and processes occurring within the
slab. In other volcanic arcs, such as the Central America Volcanic Arc (CAVA), pronounced along-arc
variations in volcanic rock Ba/La ratios, for example within the Nicaraguan segment (Carr, 1984; Protti et
al., 1995), coincide with changes in the dipping of the subducting slab, whereby the steepest dip sections
induce intensive metasomatism and melting of a smaller volume of mantle (Carr et al., 1990). As a result,
melts generated in this region are heavily imprinted with the signature of the subducted slab (e.g., high
Ba/La). It is also suggested that local anomalous OIB-like signatures in the CAVA volcanic front are
derived from the interaction of the mantle wedge with the Cocos aseismic ridge, the Galapagos Hostpot
track, subducting beneath the arc (Benjamin et al., 2007, Hoernle et al., 2008, Wegner et al., 2010; Gazel
et al., 2010;). Abratis and Worner (2001) proposed that a “slab window” in the subducting Cocos Plate
(Johnston and Thorkelson, 1997) allows a Galapagos-modified asthenosphere to flow into the Central
American subduction system, which may culminate in the high *He/*He ratios (as high as 8.9 Ra in
Guatemala; Battaglia et al., 2019) previously reported along CAVA (see also Shaw et al., 2003; Tassi et
al., 2004; Shaw et al., 2006; Di Piazza et al., 2015; Rizzo et al., 2016; Robidoux et al., 2017; Battaglia et
al., 2018).

Similarly, Bryant et al. (2006) reported relatively primitive isotopic signatures (e.g., Pb and Nd) for
Ecuadorian lavas. These isotope compositions, as reported, appear largely independent on their major
elements and on the age or composition of the crust through which they were erupted. Moreover, they
partially overlap the range of Galapagos Plume basalts (Bryant et al., 2006). Ancellin et al. (2017, 2019)
described similar evidence for the interaction between melts from the subducting Carnegie Ridge
(Galapagos Plume track) and the mantle wedge in the northern Andean volcanic zone in Ecuador. A further
role of the slab in the region may manifest in a northward increasing input of C-rich fluids from slab
sediment decarbonation (Marin-Cer6n et al., 2010), which may well explain the higher CO/Sr ratios found
in volcanic gases from Galeras and Nevado del Ruiz volcanoes (Aiuppa et al., 2017 and 2019; Lages et al.,
2019; Fig. 4), as well as the higher Ba/La averages in Colombian rocks (e.g., Nevado del Ruiz up to ~62)
relative to the Ecuadorian volcanoes here studied (Fig. 4). Fluid-mobile (e.g., B, Pb, Sr and Li) and -
immobile (e.g., Nb and La) element ratios have also been used to distinguish between dehydration (low
temperature) or melting (high temperature) processes of the basaltic oceanic crust and their relative
contribution to the nature of the slab components identified along the NVZ (e.g., Marin-Ceron et al., 2010;
Samaniego et al., 2010; Narvaez et al., 2018). Interestingly, whether due to changes in the slab component
(e.g., Marin-Ceron et al., 2010; Ancellin et al., 2017; Narvaez et al., 2018) or to increasing average depths
of arc magma evolution within the overriding plate crust (as argued by Chiaradia et al., 2020 due to effect
of the subduction of the Carnegie aseismic ridge), magma chemistry seems to vary significantly along the
NVZ.
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If gas and rock chemistry data (Fig. 4) point to increasing fractions of slab fluids toward the north, our
results, on the other hand, do not echo that same along-segment variability. Slab sediment fluids and melts
are effective U and Th carriers (e.g., Kelley et al., 2005), so the injection of a slab component should
contribute significant amounts of radiogenic *He into the overriding mantle wedge, thus lowering its
SHe/*He ratio. If the addition of slab sediment was the primary driver of along-arc noble gas isotope
variations, then lower *He/*He ratios should in principle be observed in Colombia. In contrast, our results
imply an Ecuador average of ~7.2 R (Cotopaxi, Tungurahua and Reventador maximum *He/*He values of
7.0, 7.0 and 7.4 Ry, respectively; maximum R¢/Ra ratios obtained for each volcano are taken into account
as their primitive/magmatic “end-member”), whereas FIs from Nevado del Ruiz (~8.5 Ra) and fumarolic
gases from Galeras (8.8 Ra, from Sano et al., 1997; and 8.3 Ra from this study) all show significantly higher
Rc/Ra ratios (>1 Ra unit; Tab. 1).

In summary, although changes in subduction-related parameters (e.g., slab angle and slab descent rate; see
Syracuse and Abers, 2006) and in slab thermal regime (due to the presence of the subducted Carnegie ridge;
Syracuse et al., 2010; Yepes et al. 2016; Narvaez et al., 2018) appear key to generating the chemical/isotopic
(Sr, Nd, Pb) diversity of NVZ magmas, they do not seem to be the main drivers of helium isotopic variations
in magmatic fluids registered here. More broadly, the <8.5 Ra ratios observed here indicate a negligible
contribution of hot-spot-related fluids (measured up to ~18 Ra in the Galapagos; see Goff et al., 2000), and
indicate that a variable extent of crustal fluid-addition to primary (mantle-derived) melts may be the
governing process as to explain the He isotope difference between Ecuador and Colombia.

6.3. Crustal assimilation of radiogenic ‘He

As previously discussed, *He/*He values recorded in orthopyroxenes from Cotopaxi (<< 8 Ra) seem to be
linked to processes of isotope fractionation and extensive helium loss. However, apart from this sample, all
‘He/*He ratios in phenocrysts and fumarolic gases reported (Tab. 1 and 2) are significantly higher than
orthopyroxenes from Cotopaxi, with most samples lying approximately within MORB range (8 + 1 Ra).
The notable exceptions here are the olivine phenocrysts from Galeras A and B, both yielding slightly lower-
than MORB Rc¢/Ra ratios. This is even more emphasized by the discrepancy between the Ra values reported
in olivine inclusions and those of fumarolic gases sampled at the central crater in July 2017 (8.3 + 0.1 and
8.2 £ 0.1 Ry; see Tab. 2 and Fig. 4) and reported by Sano et al. (1997) between 1988-1993 (as high as 8.8
+ 0.6 Ra). Another important observation from our newly reported dataset is that averaged *He/*He isotope
values for Ecuador and Colombia, calculated by considering the highest measured *He/*He (Rc/Ra) ratio
for each volcano (from fluid inclusions or free gases), differ by 1.5 Ra units (Ecuador ~7.2 Ra; Colombia
~8.5 Ra).

Compositional and isotope variations recorded in magmatic fluids can be explained through multiple
contributions that, in addition to the mantle and the subducted slab, include fluids derived from the
continental crust (e.g., Garrison et al., 2011; Nauret et al., 2018). Interestingly, models of crustal thickness
for the continental Andes (e.g., Assumpcao et al., 2013) reveal significant along-arc variations. Bryant et
al. (2006) reported a very thick crust (=50 km) underlying the currently active volcanic arc in Ecuador (e.g.,
Moho depths of ~53 km under Cotopaxi volcano; Bishop et al., 2017; see Vaca et al., 2019 for more detail
information). In Colombia gravity data showed the thickness of the crust for this region to be between 30-
40 km (e.g., Mooney et al.,1998; Ojeda and Havskov, 2001). Schaefer (1995) found a thin crust (<35 km)
and/or an anomalous dense crust around the Nevado del Ruiz (Fig. 5A).
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According to most authors, NVZ magmas appear to be contaminated to a greater extent in the lower crust
(Garrison et al., 2011; Bryant et al., 2006; Ancellin et al., 2017; Nauret et al., 2018). Nonetheless, previous
works (Barragan et al., 1998; Bourdon et al., 2003; Bryant et al., 2006; Samaniego et al., 2005; Chiaradia
et al., 2011; Hidalgo et al., 2012; Ancellin et al., 2017, 2019; Nauret et al., 2018) also estimated the amount
of upper crustal contamination in Ecuadorian magmas (using different tools such as trace elements and Sr-
Nd-O isotopes) to be 7 to 14 vol % in the Western Cordillera and 6 to 13 vol % in the Eastern Cordillera.
In fact, partial or bulk assimilation of crustal lithologies by basaltic-andesite magmas is an intuitively
reasonable and thermodynamically possible explanation for the chemistry of these magmas (e.g., Kerr et
al., 1995), especially those extruding in arc regions characterized by exceptionally thick continental crust,
such as the Ecuadorian arc (=50 km) and southernmost regions of Colombia (45-50 km; Feininger and
Seguin, 1983; Prévot et al., 1996; Guillier et al., 2001). The link between crustal thickness and magma
composition (Leeman, 1983; Plank and Langmuir, 1988) may be the driver for the formation of more
evolved eruptive products, as those seen throughout the Northern Volcanic Zone. Some of these rocks were
investigated by James and Murcia (1984) for Galeras and Nevado del Ruiz (Colombia), that found isotopic
evidence for significant '*O-rich crustal components in the petrogenesis of these eruptive products, mostly
related to processes happening during magmatic ascent. The lack of basalts in this part of the arc also
suggests assimilation and/or magma mixing process of crustal materials by mantle-derived arc-magmas
(Marin-Cer6n et al., 2010).

Despite the recognition of crustal processes as key drivers of magma evolution in the NVZ, it is assumed
that they do not overprint slab and mantle signatures in Ecuador and have overall little effect on Sr-Nd-O
isotope systematics and trace elements of magmas erupted in the region (e.g., Barragan et al., 1998; Hidalgo
etal.,2012; Ancellin et al., 2017). Our isotope systematics, on the other hand, confirm that shallow (crustal)
noble gas imprint is significant in the area, and key to explaining the helium isotope signature differences
between Ecuador and Colombia. The extent of fluid contamination by radiogenic crustal components can
vary substantially depending on a wide range of geochemical and geophysical parameters. We propose that
fluids trapped in olivine from Ecuadorian volcanoes, yielding lower limit-MORB range *He/*He isotope
signatures (avg. 7.2 Ra), may reflect crustal assimilation of deep magmatic fluids, slowly ascending to
shallower sub-reservoir levels, especially along the main volcanic arc where crustal thickness is reported to
be >50 km. Furthermore, basement below Cotopaxi, Tungurahua and Reventador correspond to mature
lithologies, which might enhance the role of crustal contamination and hence reduce the *He/*He ratios of
magmatic fluids. Given the high U and Th contents of lower and upper crust materials (0.2 and 1.2 ppm, to
2.7 and 10.5 ppm, respectively; Rudnick and Fountain, 1995; Rudnick and Gao, 2003, 2014; see also
Hacker et al., 2011), we argue that noble gas isotope compositions, especially helium, in the NVZ may well
be impacted by (and be suitable tracers of) shallow crustal assimilation processes, either related to stationary
magma bodies (magma aging) and/or interaction of fluids with crustal rocks. We therefore suggest that
crustal processes play a crucial role in controlling to lower the *He/*He isotope compositions (at the lower
MORB range) in Ecuadorian samples, at least in comparison to the higher Rc¢/Ra values seen in phenocrysts
from Nevado del Ruiz and measured in fumarolic gases at Galeras.

If contamination of pristine noble gas compositions is essentially occurring in the crust, as our data seem
to support, it is therefore plausible to suggest a homogenous noble gas signature to the mantle source
beneath the NVZ. Perhaps, an inefficient slab transport of light noble gases (He, Ne, Ar) in sub-arc regions,
due to early (in the trench) devolatilization of these gases, may lead to a relatively homogeneous, MORB-
type mantle wedge. Previous studies have relied heavily on *C/"?C and CO»/*He to constrain mixing of
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marine limestones and organic sediments with upper mantle fluids (e.g., Marty and Jambon, 1987; Sano
and Marty, 1995; and references therein). Although we were unable to estimate the 8"°C of individual
samples (due to the CO,-poor nature of Fls analyzed), our study reports on the first CO, concentrations in
Fls from arc volcanism. From these, we find CO»/*He ratios in the Ecuadorian samples that suggest early
exsolution of CO; from the magma, and subsequent entrapment of CO»-depleted fluids by crystals forming
at shallow depths with variable extents of crustal contamination (Fig. 5B). Notably, CO,/*He measured in
Fls of Galeras reflect greater outgassing than those of surface fumaroles with *He/*He ratios in the range of
Nevado del Ruiz Fls results. Else, we suggest that the slight increase in CO»/*He ratios in olivines from El
Reventador, Cotopaxi and Tungurahua (as high as 6.1 x10° in olivine phenocrysts from El Reventador
lavas) may reflect higher degrees of crustal outgassing. This is consistent with the lower Ecuadorian
SHe/*He “end-member” that point to assimilation of radiogenic “He from the surrounding crust during
magma storage in the thicker continental crust.

7. Concluding remarks

Processes of magmatic fluids ascent and consequent interactions with continental crust make volcanic arcs
a challenging geodynamic setting when it comes to characterizing the pristine noble gas composition of
upper mantle fluids feeding volatiles, including noble gases, to shallower magmatic reservoirs. In regions
of thick crust, like the Andes, such task becomes increasingly difficult, with rare petrogenetic examples of
uncontaminated mantle products rising to the Earth’s surface. Depending of the isotopic system used, the
amount of the crustal imprint is different, the challenge being to resemble all the different (and intrinsically
incomplete) perspectives into a more complete view of the evolutionary stages of arc magmas and their
inherited isotopic signatures.

New noble gas data reported here for FIs hosted in olivine and orthopyroxene phenocrysts from 5 of the
most active volcanoes in the Northern Volcanic Zone, and updated fumarolic isotope compositions for
Galeras, have allowed us to characterize the noble gas signatures of deep fluids along the northernmost
segment of the Andean Volcanic Belt, with the following important conclusions:

1. New He isotope data reported for the Ecuadorian arc, and first helium isotope characterization of eruptive
products from Reventador, Cotopaxi and Tungurahua (for which only peripheral, low-temperature data had
yet been reported) revealed significantly higher helium isotope signatures (Avg. Rc/Ra ~7.2) than those
previously reported in literature (max. 6.8 and 5.1 Ra for Cotopaxi and Tungurahua, respectively;
Inguaggiato et al., 2010).

2. The highest *He/*He ratio measured in rocks and gases for each individual volcanic system (7.0-8.5 Ra)
are consistent with the typical MORB-range expected for arc volcanism (8 £ 1 Ra). Excluding Galeras, for
which in previous studies Rc/Ra values reached up to ~8.8 Ra, all values obtained in this study represent
the highest Rc/Ra values reported to date on these volcanic systems.

3. A significant discrepancy arises when averaging the highest *He/*He from individual volcanic centers
from the two arc segments, with an estimated average of ~7.2 Ra for Ecuador and ~8.5 R for Colombia.
Although the reported constrains fall within the expected MORB range, we argue that a systematic
difference exists between the two NVZ regions.

4. Whole rock chemistry (e.g., Ba/La, La/Yb) from lavas and other eruptive products show significant N-S
variation in trace element signatures that can either be explained by changes in the slab component or
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variations in the average depth of evolution of arc magmas within the NVZ crust. However, noble gas
isotope systematics, especially *He/*He ratios, show little intra-segment variability within both Ecuador and
Colombia.

5. Instead, while comparing the two arc segments (between Colombia and Ecuador), a positive correlation
is observed between thickness of the overlying of continental crust and helium isotope signature, suggesting
that noble gas compositions are likely controlled by shallower addition of crustal (radiogenic) “He whether
as gas percolates through the host rock, or by assimilation of U-Th-rich crustal lithologies as magma
reservoirs interact with the host rock. The first CO, concentration measurements in Fls from Andean
volcanoes, integrated with noble gases, support this interpretation.

6. We therefore suggest a rather homogeneous, MORB-like helium isotopic signature to the mantle
underlying the active volcanism along the arc segments of Colombia and Ecuador (Northern Volcanic
Zone).

In summary, this study brings significant contribution to our knowledge of noble gas circulation and crustal
assimilation processes happening at arc segments of exceptionally thick continental crust. Our results
underline the sensitivity of He in identifying and assessing crustal contamination processes at volcanic arc
settings. We also demonstrate the importance of using Fls to constrain *He/*He mantle/magma signatures,
the message from surface gases being more subtle and difficult to interpret. In order to better constrain
volatile source/behavior at arcs and understand the possible role of slab geometry along the Northern
Volcanic Zone, future studies must concentrate on establishing a much more systematic approach to
sampling of noble gases and expanding current datasets.
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FIGURE CAPTIONS

Figure 1. A:map showing the four volcanically active segments and volcanic gaps along the Andes (adapted
from Stern, 2004). B:geological setting of the Northern Volcanic Zone (adapted from Bryant et al., 2006),
showing the distribution of Quaternary volcanoes along the main magmatic arc (in light yellow); volcanoes
included in this study are highlighted in red. On the upper left corner, arrows indicate the subduction
direction of the Nazca and Cocos tectonic plates, overlapped on 50-meter resolution DEM map. C: Average
dip angle of ~20° for Ecuadorian front arc (Yepes et al., 2016), and crustal thickness data (~50 km) is the
average value proposed for the Ecuador segment (Vaca et al., 2019).

Figure 2. A. He/*He (R/Rx) vs “He/*’Ne data from FIs and free gases (low-temperature and fumarolic
gases). New data is shown in larger symbols (triangles are fumarolic gases from Galeras). Smaller triangles
are fumarolic data from literature (Galeras, from Sano and Williams, 1996, and Sano et al., 1997; and
Nevado del Ruiz, from Williams et al., 1987), whereas small squares represent data from low-temperature
springs around Tungurahua and Cotopaxi (Inguaggiato et al., 2010). Note the *He/*He avg. for Ecuador and
Colombia are given as end-members for each arc segment. Blue and red curves describe a binary mixing
between air (grey star) and a magma source with He-isotope compositions of 7.2 and 8.5 Ra, respectively;
and shaded area represents the MORB range (8+1 Rx). B. “He/*'Ne vs “*Ar/*®Ar and °Ar/*°Ar vs *He/*°Ar
(inset) describing the general atmosphere-mantle mixing trends of the data reported for FIs and fumarolic
gases.

Figure 3. Helium characteristics of cogenetic olivine and orthopyroxene phenocrysts from Ecuador. A. He
concentrates of pyroxenes are plotted against concentrations in cogenetic olivine; the 1:1 line is shown for
reference in both. B. *He/*He (Rc/R,) ratios in orthopyroxene vs cogenetic olivine phenocrysts. Except for
Cotopaxi lavas (Rc/Ry ratio in opx ~2.2 Ra), note that *He/*He ratios of olivine are indistinguishable of
those obtained in cogenetic orthopyroxenes.

Figure 4. On the left: along-arc whole-rock trace element compositions of lavas from Nevado del Ruiz
(Perignon et al., 1988), Galeras (Calvache and Williams, 1997a and b), Reventador (Samaniego et al.,
2008), Cotopaxi (Garrison et al., 2011) and Tungurahua (Samaniego et al., 2011); shaded areas represent
compositional variations between the lowest and highest value reported in literature for a given trace
element ratio. At the bottom CO,/St data is from Aiuppa et al., 2019 (in dark) and Lages et al., 2019 (in
white); shaded areas represent the uncertainty associated with each volcanic gas measurement; note that
CO»/St values for Ecuador (Aiuppa et al., 2019) are predicted using regional/global relationships between
the CO,/Sr ratio of volcanic gases and whole-rock trace element compositions (e.g., Ba/La). On the right:
geostatistical interpolation (kriging, Surfer 13 software) of along-arc *He/*He for all locations reported in
table 3; note that only maximum values were considered for each individual coordinate point.

Figure SA. Maximum Rc/Ra values reported in this study (in dark) and in literature (white symbols) for all
five volcanoes. Data for Nevado del Ruiz is from Williams et al., 1987; Galeras is from Sano et al., 1997;
Tungurahua and Cotopaxi data is from Inguaggiato et al., 2010. Note that dark yellow (Colombia) and red
(Ecuador) dashed indicate Rc/Ra averages calculated using only the single highest value for each volcanic
system. Figure SB. Crustal thickness variations along the Northern Volcanic Zone from Schaefer (1995),
Prévot et al. (1996), Guillier et al. (2001) and Bryant et al. (2006). Inset: CO»/*He systematics of NVZ
fluids; Crust-mantle binary mixing line (in blue) assumes an R of 8.5 (avg. Colombia).
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Table 1. Noble gas abundances and isotope ratios of mafic phenocrysts from Colombia and Ecuador
(Northern Volcanic Zone — Andean Volcanic Belt)

Table 2. Noble gas compositions of fumarolic gases sampled at the central crater of Galeras, Colombia.

Table 3. Helium isotope data compilation for Northern Volcanic Zone Quaternary volcanoes and
hydrothermal areas.
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Table 1

Tables

Noble gas abundances and isotope ratios from mafic phenocrysts from Colombia and Ecuador (Northern Volcanic Zone — Andean Volcanic Belt)

Sample Sample Min. Weight [He] [Ne] [*Ar] [*Ar] [*Ar¥] CO, PR 20n1 . 22 YNy 22 S 10836 ‘He/*He ‘He/*He CO,/*He
Volcano ID details Rock phase (g) x1013 x1014 X107 X103 x10713 x10? He/Ne Ne/"Ne Ne/"Ne HeAr Ar/TAr (R/RA) (Re/RA) x10°
Colombia
. Fissure . 0.0297 +
Nev. del Ruiz JCH-04 lavas BA Oliv 0.99 0.24 0.48 1.65 5.46 0.40 0.16 5.0 10.12+0.03 0.0005 0.60 302.8 0.1 7.96 8.46 + 0.26 0.56
. . 0.0284 +
Galeras GAl Fissure BA Oliv 1.07 1.19 0.22 1.25 4.09 0.39 0.62 54.6 9.83 £0.04 0.0007 3.08 304.9 £ 0.1 5.70 5.73+£0.12 0.66
lavas .
. . 0.0298 =
GA2 Fissure BA Oliv 0.79 0.78 0.13 0.30 0.89 0.41 0.31 59.0 9.95+0.08 0.0013 1.89 341.9+0.3 6.87 6.90 +0.16 0.42
lavas i
Ecuador
Cotopaxi COT.LF.1B Lava flow A Oliv 0.19 1.68 0.10 0.87 2.62 0.96 9.26 171.3 10.46 £ 0.18 - 1.75 3322+0.5 7.03 7.04 +0.28 5.64
Opx 1.12 0.12 0.53 2.19 735 0.18 1.14 22 9.90 +0.02 0.0287 + 0.66 297.9+0.1 2.00 2.22+0.30 3.19
0.0004
Reventador REV#]??007 Lava flow A Oliv 0.33 11.70 0.22 1.97 4.17 7.34 69.4 522.3 10.15+0.08 Obogggli 1.59 471.7+0.1 6.97 6.98 + 0.08 6.13
Opx 0.44 3.23 1.50 6.67 21.90 1.84 8.63 21.5 9.97 +£0.03 0.0306 + 1.75 3039+ 6.71 6.80+0.13 2.83
0.0001 0.04
31.1
Tungurahua Tung 1100 Teph?a A Oliv 0.23 17.70 3.30 8.75 26.20 10.00 53.8 9.97 £0.02 0.0297 & 1.77 333.8+0.2 7.05 7.08 +0.09 1.78
deposits 0.0002
Opx 0.89 2.55 2.88 5.88 19.60 0.87 0.70 8.9 9.98 +£0.01 0.0294 + 2.92 300.0+0.1 6.87 7.10+0.12 0.28
0.0002
Block Oliv 0.24 14.40 1.77 6.23 19.50 4.79 60.8 81.1 10.02 +0.02 0.0310 + 3.00 320.0+0.2 737 7.40 +0.10
Tung2006 oo A 0.0003 411
Opx 0.87 1.40 1.35 4.33 14.30 0.97 0.84 10.4 9.97 £ 0.02 0.0293 + 1.45 3023 +0.1 7.19 7.39+0.11 0.58
0.0002

Host rock chemical classification on the basis of SiO2 contents: A (andesite), BA (basaltic-andesite)

Noble gas and CO2 concentrations in mol g

Mineral phases analyzed: Oliv (olivine), Opx (orthopyroxene)
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Table 2

Noble gas compositions of fumarolic gases sampled at the central crater of Galeras, Colombia

Lat, Long Temp. [He] CO, ®Ar* 4 Ia 40 A 136 ‘He/*He SHe/*He CO,/*He
Galeras  date NW) C) om % ppm  HeNe  HeAr o BAUFAr ey s@RoRy  xl0
Central 1.221,
crater 14 Jul 2017 75.360 91.3 2.18 93.41 - 7.29 - - 8.01 8.33+0.07 3.71
Central 1.221,
crater 14 Jul 2017 75,359 87.5 1.93 96.15 1.40 29.63 1.38 302.1+0.2 8.11 8.19+0.07 4.38

2 R/Ra = *He/*He meas)/*He/*Hein [*He/*Hewin=1.4x107%]
®Re/Ra is the air corrected He isotopic ratio based on the *He/*’Ne ratio (Giggenbach et al., 1993).

Note: only “°Ar/*®Ar > 300 are reported in order to avoid overestimation of *’Ar*
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Table 3

Helium isotope data compilation for Northern Volcanic Zone Quaternary volcanoes and hydrothermal areas.

1257
Low-T hydrothermal sources High-T fumarolic gases Fluid Inclusions (Oliv, Opx)
3He/*He (Rc/Ra) 3He/*He (Rc/Ra) 3He/*He (Rc/Ra)
Colombia Latitude  Max Ave. Sag;'les Ref.  Max Ave. Sag;'les Ref. M A Saz;'les Ref.
Nevado del Ruiz 4.89 6.4 3.9+1.4 22 1,2 6.3 1 1 8.5 - 1 *
Cerro Machin 4.48 5.9 5.2+0.9 2 3 6.75 1 4 - - n/d -
Purace 2.31 6.7 4.9+1.3 8 5 7.1 6.4+0.5 4 5,6 - - n/d -
Galeras 1.22 4.6 2.0£1.3 7 7 8.8 7.7£0.9 20 4,7,* 6.9 6.3+0.8 2 2
Cumbal 0.94 5.5 - 1 8 7.9 6.3+0.9 10 4,8 - - n/d -
Ecuador
Reventador -0.08 - - n/d - - - n/d - 7.0 6.9+0.1 2 L
Guagua Pichincha -0.17 34 --- 1 9 4.1 4.1£0.2 2 p.c. - --- - -
Cotopaxi -0.70 6.8 - 1 9 - 7.0 4.6+3.4 2 *
Tungurahua -1.45 2.7 4.6+0.7 2 9 - 7.4 7.2+0.2 4 *
Chimborazo -1.47 2.1 -—- 1 9 -—- - --- - - - - --
Other sites
Cuicocha 0.29 6.3 - 1 9
Pululahua 0.01 3.7 - 1 9
El Pisque Balneario 0.00 42 -—- 1 9
Balneario Oyacachi -0.22 2.6 -—- 1 9
Jamanco -0.38 7.1 - 1 9
Cachiyacu Cueva -0.41 6.5 - 1 9
Cachiyacu -0.41 42 - 1 9
Aguas calientes -0.44 34 -—- 1 9
Quilotoa -0.86 2.1 == 1 9 Max: maximum Rc¢/Ra value for a given sampling media
S. Vicente 223 0.1 . 1 9 Avg: average of all samples for a given sampling media + 1 ¢
Jesus Maria -2.63 0.3 - 1 9
Guapan 271 0.7 . 1 9 Ref. 1. Williams et al., 1987; 2. Sano et al., 1990; 3. Inguaggiato et al., 2016; 4. Sano and Williams,
1996; 5. Sturchio et al., 1993; 6. Maldonado et al., 2017; 7. Sano et al., 1997; 8. Lewicki et al., 2000,
El Mozo -3.44 0.2 --- 1 9 9. Inguaggiato et al., 2010. *This investigation; p.c. personal communication (unpublished)

Portovelo -3.70 0.9 - 1 9
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