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Abstract Studying spatial and temporal trends in volcanic gas compositions and fluxes is crucial both to
volcano monitoring and to constrain the origin and recycling efficiency of volatiles at active convergent
margins. New volcanic gas compositions and volatile fluxes are here reported for Nevado del Ruiz, Galeras,
and Purace, three of the most persistently degassing volcanoes located in the Colombian Arc Segment

of the Northern Volcanic Zone. At Nevado del Ruiz, from 2014 to 2017, plume emissions showed an average
molar CO,/Sy ratio of 3.9 + 1.6 (St is total sulfur, S). Contemporary, fumarolic chemistry at Galeras
progressively shifted toward low-temperature, S-depleted fumarolic gas discharges with an average CO,/St
ratio in excess of 10 (6.0-46.0, 2014-2017). This shift in volcanic gas compositions was accompanied by a
concurrent decrease in SO, emissions, confirmed on 21 March 2017 by high-resolution ultraviolet
camera-based SO, fluxes of ~2.5 kg/s (~213 t/day). For comparison, SO, emissions remained high at Nevado
del Ruiz (weighted average of 8 kg/s) between 2014 and 2017, while Puracé maintained rather low emission
levels (<1 kg/s of SO,, CO,/SO, =~ 14). We here estimate carbon dioxide fluxes for Nevado del Ruiz,
Galeras, and Puracé of ~23, 30, and 1 kg/s, respectively. These, combined with recent CO, flux estimates for
Nevado del Huila of ~10 kg/s (~860 t/day), imply that this arc segment contributes about 50% to the total
subaerial CO, budget of the Andean Volcanic Belt. Furthermore, our work highlights the northward
increase in carbon-rich sediment input into the mantle wedge via slab fluids and melts that is reflected in
magmatic CO,/St values far higher than those reported for Southern Volcanic Zone and Central Volcanic
Zone volcanoes. We estimate that about 20% (~1.3 Mt C/year) of the C being subducted (~6.19 Mt C/year)
gets resurfaced through subaerial volcanic gas emissions in Colombia (Nevado del Ruiz ~0.7 Mt C/year). As
global volcanic volatile fluxes continue to be quantified and refined, the contribution from this arc segment
should not be underestimated.

1. Introduction

Carbon (C)- and sulfur (S)-containing molecules are, after water, the two most abundant magmatic volatiles
in silicate melts (Wallace et al., 2015). The exchange of these volatiles between the Earth's crust and mantle
occurs primarily along subduction zones, where volatile recycling at subducted slabs results into volatile-
rich magmas that degas carbon dioxide (CO,) and sulfur dioxide (SO,) to the atmosphere through active
arc volcanoes (Aiuppa, Fischer, et al., 2017). Quantifying the arc-resolved (e.g., Hilton et al., 2002) and global
arc (see a review in Burton & Sawyer, 2013) magmatic volatile fluxes is thus key to better understanding
volatile cycling in and out of the planet and consequently planetary evolution over geological time
(Dasgupta, 2013; Keleman & Manning, 2015).

Unfortunately, however, while the global volcanic arc S budget is relatively well characterized (e.g.,
Shinohara, 2013), estimates of the global arc volcanic CO, flux span 1 order of magnitude or more (Marty
& Tolstikhin, 1998; Fischer, 2008; Burton & Sawyer, 2013; Shinohara, 2013). In contrast to SO,, which is
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Figure 1. Map showing the location of Galeras, Puracé, and Nevado del Ruiz along the Central Cordillera of the Andes.
(a) Nevado del Ruiz volcano; (b) Puracé volcano; and (c) Galeras (all photos from the Global Volcanism Program, 2013a,
2013b, 2013c).

scarcely present in air and effectively absorbs ultraviolet (UV) radiation (e.g., Edmonds et al., 2003; Mori &
Burton, 2006; Kantzas & McGonigle, 2008; Kern et al., 2013; Carn et al., 2017), high background
concentration in the atmosphere, and the presence of several absorption interferences in the infrared,
complicates volcanic CO, remote sensing from both ground (Aiuppa et al., 2015; Queif3er et al., 2018) and
space (Schwandner et al., 2017). Therefore, volcanic CO, flux estimates are typically derived indirectly by
combining measurements of SO, flux and of CO,/SO, ratios in volcanic gases (e.g., Aiuppa et al., 2006;
Shinohara et al., 2008). The latter measurements require in situ gas observations in hazardous and/or
difficult to access volcanic craters, which have so far proven to be impossible for several volcano targets
worldwide (Aiuppa et al., 2019), making the CO, budget inaccurately known for several arc segments
(Shinohara, 2013), and globally (Aiuppa et al., 2019).

Here we aim at refining our current understanding of volcanic arc CO, budgets, by presenting novel volcanic
gas information (both compositions and fluxes) for the Colombian Arc Segment (CAS). The CAS hosts 20
Holocene volcanoes (Figure 1), many of which currently show evidence of volcanic activity at the surface.
While previous work has been made to characterize volatile emissions at some of these volcanoes, including
Galeras (e.g., Fischer et al., 1997) and Puracé (e.g., Sturchio et al., 1993), no high-temperature volcanic gas
compositions have yet been reported for Nevado de Ruiz, the most actively degassing volcano in the
Andean Volcanic Belt (2005-2015; Carn et al., 2017). We here present the first volcanic gas plume results
for this volcano from which, by integration with novel data for Galeras and Puracé, we derive, for the first
time, the volatile (CO,) budget for the most persistently volcanic gas emitters along the CAS. Our novel
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results also open the way to a better characterization of the along-arc volcanic gas compositional trends in
South America and thus to shed new light on the complex origin and recycling processes of volatiles at con-
vergent margins (Aiuppa, Fischer, et al., 2017). Moreover, our volcanic gas results will help to establish base-
lines for key volcanic gas-related monitoring parameters (e.g., CO,/SO, ratios; Aiuppa et al., 2017), which is
critical to accurately interpret variations in geochemical precursors that may precede periods of volcanic
unrest. This is especially important for volcanoes such as Galeras and Nevado del Ruiz, which in recent
times have caused tremendous destruction and devastation to neighboring communities in Colombia
(e.g., Voight, 1990; Voight et al., 2016).

1.1. The Colombia Arc Segment

The morphologically continuous mountain chain of the Andes persists for over 7,000 km along the western
margin of South America. Volcanism here occurs in four separate regions, the Northern (NVZ), Central
(CVZ), Southern, and Austral Volcanic Zones. The Colombia Arc Segment (CAS) is part of the Holocene
NVZ of the Andes, which results from subduction of the 12-20Ma Nazca Plate (slab age from Jarrard,
1986) beneath the South American Plate. This section of the volcanic arc, with an extension of approximately
530 km, hosts 20 active volcanoes located along the Central Cordillera, the highest of the three branches of
the Colombian Andes (Figure 1). Twelve of them are currently classified with unrest level IV, including
Puracé, in a scale for which I is accredited to on-course or eminent eruptions. Nevado del Ruiz and
Galeras are classified with level IIT of volcanic activity, attributed to volcanoes that show frequent change
on monitoring parameters of volcanic activity (Boletines Informativos, Servicio Geoldgico Colombiano (n.
d.); https://www2.sgc.gov.co/volcanes).

Here we report new compositional and flux data from three of the main volatile emitters in the CAS, Puracé,
Nevado del Ruiz, and Galeras (Figure 1). The last two are part of the DECADE initiative (https://deepcar-
boncycle.org/home-decade) that aims to improve estimates of global fluxes of volcanic CO, to the atmo-
sphere. Nevado del Ruiz and Galeras have been identified as two of the 91 strongest volcanic SO,
degassing in the period 2005-2015 (Carn et al., 2017). Based on satellite measurements made by the
Ozone Monitoring Instrument (OMI), Carn et al. (2017) estimated the time-averaged (2005-2015) SO, flux
for Nevado del Ruiz at 1,074 + 1,376 t/day, making it the largest SO, emitter in the NVZ (Colombia and
Ecuador). Over the same decade, Galeras emitted on average 218 + 317 t/day of SO, (Carn et al., 2017), about
half of the registered flux for this volcano prior to 2005 (450 t/day; Zapata et al., 1997; Andres &
Kasgnoc, 1998).

2. Eruptive history and recent volcanic activity
2.1. Nevado del Ruiz

Nevado del Ruiz (4.892°N, 75.324°W; 5,279 m a.s.l.) is an andesitic stratovolcano located in the department
of Caldas, central Colombia, near the northern end of the NVZ. Its first major eruptive period initiated
1.8 Ma ago, followed by a second eruptive stage that lasted approximately 0.6 Ma, from 0.8 to 0.2 Ma ago
(Thouret et al., 1990). A summit caldera, formed around the end of the second eruptive period, has now been
filled by numerous composite lava domes that characterize the present-day NdR. The modern edifice con-
sists of a truncated cone built by lava flows propagating toward the northeastern, west-northwestern, and
east-southeastern flanks. The volcano displays a glacier-covered summit surrounding the 1-km-wide, 240-
m-deep Arenas crater. Over the past 11 ka, Nevado del Ruiz has explosively erupted andesitic to dacitic mag-
mas, for a total of 12 identified eruptive stages. On 13 November 1985, a short-lived eruptive pulse of a
Volcanic Explosivity Index (VEI) of 3 caused the melting of the summit ice cap and generated a sequence
of deadly lahars that killed approximately 25,000 people (Hall, 1990). Explosive events associated with the
currently active Arenas crater included other small occurrences nonetheless capable of creating debris ava-
lanches, pyroclastic flows, and surges such as the ones recorded on 19 February 1845 (Thouret et al., 1990).
Previous work done on the magmatic-hydrothermal system of Nevado del Ruiz (Arango et al., 1970;
Giggenbach et al., 1990; Sturchio et al., 1988) suggests a strong gas-water interplay beneath the Arenas cra-
ter, with continuous release of heat and gas to the hydrothermal system by the intrusion and subsequent
crystallization of magmas emplaced during the last period of major effusive activity several hundred thou-
sand years ago (Thouret et al., 1985). These sporadic injections of high-temperature magmatic fluids from
depth are thought to trigger recurrent periods of seismic unrests at Nevado del Ruiz, with plumes of water
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vapor and volcanic gas reaching heights up to ~700 m above the Arenas crater that continue to be reported
today by the local volcano observatory in Manizales.

2.2. Galeras

Galeras (1.221°N, 77.359°W; 4,276 m a.s.l.) is the youngest active cone of the Galeras Volcanic Complex. It is
located ~60 km north of the Colombia-Ecuador border, in the department of Narifio. Over the past 1 Ma this
complex has been characterized by caldera-forming eruptions, followed by the construction of active cones
that produced lavas and pyroclastic flows, ranging from basaltic andesites to dacites (Calvache & Williams,
1997a, 1997b). The present-day active cone lies in the uppermost part of the sector collapse depression that
occurred between 12 and 5 ka ago, during the Urcunina stage (the last eruptive stage before the formation of
the present active center at the Galeras Volcanic Complex; Calvache et al., 1997a,b). It rises 150 m above the
caldera floor and presents four different craters. The reactivation of the system in 1988 followed one of the
four longest repose periods (1948-1988) in the last four centuries. Prior to that, most eruptive episodes, in
particular those that took place in the beginning of the twentieth century (e.g., 27 August 1936), exhibited
similar eruptive features, producing vertical eruptive columns, ash fall, and small pyroclastic flows (about
3-4 km long; Calvache, 1990). The reactivation of the volcanic system in 1988 was marked by increasing
gas emissions and number of earthquakes. Until 1993, the volcano was almost continuously active, with a
series of explosive eruptions recorded in May 1989, high levels of degassing and seismicity between 1989
and 1991, and andesitic dome emplacement between September and November 1991, which was destroyed
in a series of vulcanian explosions during 1992-1993 (Stix et al., 1997). These last events are believed to have
been caused by continuous pressurization of the main conduit as a result of small amounts of crystallization
and cooling happening at shallow depths (Stix et al., 1993, 1997), a similar process to that described by
Giggenbach et al. (1990) for Nevado del Ruiz. The same conduit dynamics are thought to be responsible
for the most recent eruptive events, such as those that occurred between 2008 and 2010 (VEI 3) and more
recently in January 2014 (VEI 2). Present-day gas discharges and summit activity differ from those observed
in the 1990s, when degassing was concentrated in the Deformes and Besolima fumaroles, with temperatures
between 200 and 500 °C (Sano et al., 1997 and Sano & Williams, 1996). Today, three main fumarolic emis-
sions, Paisita, Chavas, and the central crater, are the main degassing sources at the closed-vent Galeras sys-
tem. The temperature of the fumaroles was not directly measured due to inaccessibility to the vent areas, but
visual inspection and nature of sublimates in the fumaroles' surroundings suggest near-
boiling temperatures.

2.3. Puracé

Puracé (2.314°N, 76.395°W; 4,630 m a.s.l.) is a dacitic shield volcano, capped by an andesitic cone of lavas
and pyroclastic deposits (Monsalve & Pulgarin, 1993), located in the department of Cauca, SW Colombia.
It is the most active center in the Coconucos Volcanic Chain, a chain that comprises 15 volcanic features
along a system of longitudinal and transversal regional faults, having erupted at least 12 times this century
(Sturchio et al., 1988). Eruptions such as the last one recorded in the year of 1977 have produced andesitic
lavas, pyroclastic flows, and surges, as well as lahars (Monsalve, 1996; Monsalve & Pulgarin, 1993).
Currently, weak fumarolic activity is observed at the bottom of the main crater, whereas the main source
of degassing is a fumarolic field on the outer northwest volcano's flank of temperatures as high as 135 °C.

3. Materials and Methods

Data reported in this study result from field campaigns in Colombia between 2014 and 2017. In situ fumaro-
lic gas composition was first measured at Paisita (Galeras) on 17 October 2014, four days before the first
plume measurements at Nevado del Ruiz were acquired. With support from the local observatory of Pasto
(SGC-OVSP) regular MultiGAS (Multi-component Gas Analysis System; Aiuppa et al., 2005, Shinohara,
2005) surveys in Paisita took place between February and July, 2016. In March 2017, volcanic gas composi-
tions were obtained for all three volcanoes here investigated, including Puracé and two additional fumarolic
sources at Galeras (Chavas and the central crater). Finally, in July 2017, volcanic gas surveys were repeated
in Galeras and Nevado del Ruiz. From then until 20 December 2017, a permanent MultiGAS station
deployed at Nevado del Ruiz recorded daily volcanic gas composition data.
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3.1. In Situ Volcanic Gas Measurements

We used a set of MultiGAS units to measure the in-plume concentrations of the major volcanic volatiles at the
three Colombian volcanoes. Each instrument was composed of a Gascard nondispersive infrared CO, spectro-
meter from Edinburgh Sensors (accuracy, +1.5%; calibration range of 0-3,000 ppm) and City Tech SO,, H,S,
and H, electrochemical sensors with calibration ranges of 0-200, 0-100, and 0-50 ppm, respectively (repeatabil-
ity, 1%). The system also included temperature (7) and relative humidity (Rh) KVM3/5 Galltec-Mela sensors.
All system components and respective power sources were contained within a weather-resistant plastic case,
with inlet/outlet ports to provide access to ambient air. Gas sensors were calibrated prior and following each
measurement campaign at the Earth and Marine Sciences Department (DiSTeM, University of Palermo) with
standard gas mixtures for CO, of 300 and 3,000 ppmmol (effective concentrations of 293.7 and 2,920 ppmmol,
respectively), for SO, of 100 ppmmol (effective concentration 102.7 ppmmol), for H,S of 40 ppmmol
(38.0 ppmmol) and for H, of 10 ppmmol (10.0 ppmmol). In the field, volcanic gas was pumped through the
in-series connected sensors, using a small pump with a flow rate of 1.8 L/min, and in-plume gas concentrations
measured at a frequency of 1 Hz. Each measurement was preceded by instrument warm-up (3 min) and 2 min
of ambient air flow to flush residual volcanic gas that remained trapped within the circuit.

At Nevado del Ruiz, all measurement surveys of volcanic gas composition, from 2014 and 2017, were per-
formed at, and around, Bruma (4.90°N, —75.34°W; 4,832 m a.s.1.), a site located in the middle of a flank canyon
carved by previous volcanic activity. Due to its geomorphology, the canyon channels the main vent plume
downwind, over the NW flank of the edifice. Despite persistent gas emissions from the central crater, complex
weather conditions (e.g., sudden shifts in wind direction) made plume capture very intermittent and composi-
tions were obtained from rare patches of wind-blown volcanic gas. In June 2017, the gas unit was permanently
installed in Bruma, approximately 2 km away from the main vent and configured to collect measurements of
volcanic gas at 1 Hz in cycles of 30-min duration, separated by intervals of 6 hr (four cycles per day).

At both Galeras and Puracé, discrete MultiGAS measurements were made at close proximity to the main
summit fumarolic sources. At Galeras, the volcanic gas compositional data we report on were acquired dur-
ing walking traverses in and around two sparse fumarolic gas emissions (Paisita and Chavas) and at the cen-
tral crater. Today the main crater of Puracé shows no evidence of persistent degassing, and measurements at
this volcano were made at the fumarola lateral, currently the most vigorous source of volcanic gases to
the atmosphere.

MultiGAS data were analyzed by selecting specific acquisition windows that showed good temporal correla-
tion between the concentrations of volatiles species measured simultaneously (e.g., Aiuppa et al., 2014;
Tamburello et al., 2015). Given the pressure difference between calibration (P = 1,013 mbar) and measure-
ment (P = 577-610 mbar) site, manufacturer pressure corrections (0.015% signal per hPa for SO, and 0.008%
signal per hPa for H,S) were estimated at <0.2% effect on the calculated x/SO, ratios across our data set.
Therefore, such trivial variances have not been considered, and all ratios reported are uncorrected. CO,
readings were automatically pressure compensated by the nondispersive infrared spectrometer. Cross-
sensitivity effects of SO, on the H,S sensor were estimated at 14.5% during calibration, and corrections were
applied during data processing to calculate interference-corrected H,S concentrations in the gas plume. A
scatter plot of the CO, versus SO, concentrations (in ppmv) is shown in Figure 2a, where the corresponding
averaged CO,/SO, ratio in that temporal interval is calculated from the slope of the best fit regression line
(dashed blue line). The same procedure was applied to calculate in-plume relative abundances of other vola-
tile species such as H,S/SO, and H,0/CO,. CO, and H,O concentration ratios were estimated after subtrac-
tion of background-air concentration ratios acquired at plume-free areas. H,O concentration ratios were
calculated using measurements of T, P, and Rh and the Arden Buck equation (Tamburello, 2015). For each
fit window, the peak SO, concentration was used to trace the intensity of the gas plume and is here consid-
ered as an analog of measurement quality. Reported composition averages (e.g., x/SO, and mol%) are, there-
fore, based on predetermined weights assigned to each MultiGAS measurement by the maximum amount of
SO, recorded by the instrument for a given acquisition window.

3.2. UV Camera Measurements

We used a dual UV camera system (Tamburello, Kantzas, McGonigle, Aiuppa, & Gaetano, 2011 ) for survey-
type SO, flux measurements at Nevado del Ruiz and Galeras. The system consisted of two co-aligned
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Figure 2. (a) Nevado del Ruiz CO, versus SO, (ppmv) scatterplot showing an example of an acquisition window with all
data in light blue and individual data points used to determine the slope of the best fitting linear regression line (dotted
dark blue line, R’ = 0.86). Gray area demarks the field of 5 > CO,/SO; > 1; (b) Acquisition window showing the con-
centration time series of SO, and excess CO, (after atmospheric background subtraction) in ppmv. Gray area corresponds
to the time window selected to calculate CO,/SO, ratio shown in (a). (c and d) CO,/SO, and H,0/SO, versus SO,
maximum concentration (in ppm) shown for all plume categories, from I (0 < SO, < 5 ppm; light blue data points) to II
and III (5 < SO, < 15 ppm; dark blue data points). To single out the “magmatic” CO,/SO, and H,0/SO, ratios, Category I
type plumes were not considered in the average estimates marked by the dark blue dashed line. The average of our
entire data set is represented by the light blue dashed line.

cameras used simultaneously to measure incident radiation through filters centered at 310 (effective SO,
absorption region) and 330 nm (outside of the absorption range). Observations at both volcanoes were
conducted between 7 and 9 a.m. (GMT —5; period with the lowest cloud coverage) at distances of 2.2 and
2.5 km for Nevado del Ruiz and 0.5 km for Galeras. Measurement sites were selected so as to grant a clear
view of the gas plume, with blue sky in the background and the volcanic edifice framed within the
acquisition window. The JAI CM-140 GE-UV dual-set UV cameras are fitted with a Sony ICX407BLA UV-
enhanced CCD array sensor (10 bit, 1,392 x 1,040 pixels) and equipped with an electronic shutter
architecture and GiGE Vision interface. Two quartz lenses (UKA optics UV1228CM, focal length 12 mm)
provided a horizontal field of view of ~37°, while the two band-pass filters (Edmund 310nm CWL and
330nm CWL, 10-nm full width at high maximum) were placed between the lenses and the charge-coupled
device array to avoid variations in wavelength response (Kern et al., 2013). Before acquisition, the UV
camera system was calibrated using three calibration cells of known SO, concentrations (203, 998, and
1,861, ppm m), which allowed the calibration of the qualitative measured apparent absorbance (Kantzas
et al., 2010; Liibcke et al., 2012). The system was powered by a 12-V lithium battery. With this setup,
sequential images of the plume were captured at ~0.5-Hz rate. For image acquisition and processing we
used Vulcamera, a stand-alone code specifically designed for measuring SO, fluxes using UV cameras
(Tamburello, Kantzas, McGonigle, & Aiuppa, 2011 ). Cross correlation of two integrated column amounts
time series (obtained along two closely spaced parallel sections, perpendicular to the plume) and
absorbance for each camera pixel were calculated using the methodology of Kantzas et al. (2010;
integrated in the Vulcamera software) and used to finally derive plume speed.

3.3. NOVAC Measurements

For Nevado del Ruiz and Galeras, in addition to our survey-type UV camera results, we also used the sys-
tematic SO, flux records obtained by the local network of UV scanning spectrometers of NOVAC, the global
Network for Observation of Volcanic and Atmospheric Change (Galle et al., 2003, 2010). At Nevado del Ruiz,
data from five NOVAC scanning mini-differential optical absorption spectroscopy (DOAS; Johansson et al.,
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2009) instruments were combined with meteorological information to derive daily statistics of total SO,
emissions. The use of five scanners allows effective plume capturing for virtually any plume transport
direction. At both Galeras and Puracé, one scanning unit was available, and data from these instruments
are considered below.

Each plume scan is composed of 51 radiance spectra taken across the scanning plane at steps of 3.6°. Flat and
conical scan modes were used. The first comprises a scan performed from horizon to horizon along a vertical
surface passing zenith, whereas for the conical scanner, with an opening angle of 60°, a more efficient scan
geometry is obtained, providing results under larger deviation in wind direction. Each scan sequence starts
with optimization of the exposure time for a spectrum taken in the position closest to zenith (limited to
1,000 ms). This exposure time is kept constant for all measurements in the same scan. Usually, 15 spectra
are averaged at each position to improve the signal-to-noise ratio. An additional dark-current/offset spec-
trum is measured on each scan, with the fore-optics facing the shadowed nadir position of the scanner.
Data are saved in situ and then transmitted to the observatory for real-time evaluation. For SO, calculations,
the plume speed is obtained from the ECMWF/ERA-Interim database (Dee et al., 2011), whereas plume
direction and altitude is obtained by triangulation of consecutive scan measurements. Daily averages are
estimated by simply calculating the arithmetic mean of all valid scans recorded on a single day. The uncer-
tainties reported (1o of the daily mean) have been factored in the weighted SO, flux yearly average (2014-
2017 for Galeras and Nevado del Ruiz), in order to give more relevance to days for which data were acquired
more consistently.

Detailed information on retrieval of relative SO, slant column densities, SO, vertical column densities, SO,
flux and plume parameters, statistics, and uncertainties associated with each measurement (including
uncertainties related to wind speed retrievals from the ECMWF-ERAS5 meteorological model) are provided
as supporting information Text S1.

4. Results

4.1. Gas Composition

4.1.1. Nevado del Ruiz

At Nevado del Ruiz, due to high volcanic activity levels recorded throughout this investigation, proximal cra-
ter areas have remained inaccessible, thus hampering near-vent in-plume observations. Our measurements
at Bruma are thus representative of a distal, aged 215- to 590-s plume, depending on highly variable wind
speed (daily average estimates ranging from 3.5 to 9.5 m/s) plume. Due to temporal variations in plume
transport direction and speed, the plume was variably diluted while our measurement point was fumigated,
so that atmospheric dilution upon transport is responsible for the large variations in gas concentrations
detected by the MultiGAS. Sulfur dioxide concentrations spanned from <1 to ~15 ppm, while background
air-corrected CO, concentrations varied from <1 to ~50 ppm (Figure 2a). Magmatic H,O was more episodi-
cally detected above the atmospheric backgrounds and ranged from <10 to ~2,950 ppmv. H,S was rarely
detected above the 14.5% cross-sensitivity to SO, and showed maximum concentrations of ~0.30 ppmv, while
MultiGAS measurements recorded H, concentrations up to 5 ppmv.

The derived volatile ratios (in the form of x/SO, ratios; where x is H,O, CO,, H,S, or H,) at Nevado de Ruiz
are listed in Table 1a. All x/SO, plume ratios were obtained in measurement windows where strong positive
covariations (R > 0.6) were observed between SO, and other volatiles (see example in Figure 2b) and cor-
respond to the gradients of the best fit regression lines in the scatterplots (e.g., Figure 2a). The
interference-corrected H,S/SO, ratio and the H,/SO, ratio showed small variations throughout the course
of the investigation, with mean values of 0.1 + 0.005 and 0.2 + 0.1 (uncertainties correspond to one standard
deviation on the average, here and below), while CO,/SO, and H,0/SO, ratios varied more widely, as
discussed below.

The derived CO,/SO, molar ratios (Table 1a and Figure 2c) are grouped into three different categories
depending on the peak SO, concentration (SO, pax) detected during each measurement interval: (I)
SO, max < 5; (II) 5 < SO, max < 10; and (III) SO, max = 10 (in ppm). The more scattered category I
CO,/S0, ratio data (Figure 2c, in light gray) potentially reflect either higher analytical uncertainties on
the derived volcanic CO, concentrations in dilute plume conditions or the presence of other CO,
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Figure 3. (a) Light grey bars indicate the number of compositional measurements used to calculate weighted daily means,
while red closed circles represent the maximum SO, peak concentration (in ppm) recorded for each day. (b) CO,/SO, time
series for Nevado del Ruiz (October 2014 and March-December 2017); light blue bubble sizes are proportional to the
maximum SO, concentration (in ppm) recorded for any given MultiGAS measurement, while dark blue closed circles
symbolize weighted daily CO,/SO, averages.

sources (in addition to the magmatic plume) and should thus be considered with caution in the analysis
of compositional temporal trends (Figure 3b). We thus used the corresponding SO, peak concentration
(Figure 3a) to estimate the daily CO,/SO, weighted daily means, which were calculated by weighting
each compositional measurement by the SO, peak concentration recorded during individual acquisition
windows, as explained above.

On our explorative surveys of 21 and 22 October 2014, the unit ran for about 2 and 0.5 hr, respectively.
Measurements on October 21 yielded CO,/SO, averages of 4.2 + 3.0 and 2.3 + 0.1 for Categories II and III
data, respectively, resulting in a daily CO,/SO, weighted mean of 2.6 + 0.5 for that day. On 22 October a
more diluted plume signal (SO, pmax of 3.8 ppm) recorded an CO,/SO, average of 4.2 + 3.1. Using the same
scatterplot approach (e.g., Figure 2a), H,S/SO,, H,/SO,, and H,0/SO, ratios were also derived in October
2014, with obtained averages of 0.1, 0.1, and 25.7, respectively. From these compositional measurements
in-plume molar proportions of 87.3 mol% H,0, 8.6 mol% CO,, 3.4 mol% SO,, 0.4 mol% H,S, and 0.3 mol%
H, were derived in October 2014 for Nevado del Ruiz (Table 1a).

Following the same measurement routine, in March 2017, our unit measured continuously for
approximate 3.5 hr in the same location. Sulfur dioxide concentrations exceeded background levels to
a maximum of 4.5 ppmv, and very sparse volcanic CO, peaks (as high as 889 ppmv) revealed a highly
diluted plume (Category I) with an CO,/SO, average of 5.4 + 5.3, similar to the results obtained in 2014
under similar measurement conditions (Figures 3a and 3b). The plume exhibited a more H,O-rich com-
position (H,O ~97.9 mol%) than in 2014, and the H,/SO, ratio was also ~5 times higher (0.5 + 0.2;
Table 1a).

In July to December 2017, Category III measurements showed slightly higher CO,/SO, ratios (mean,
3.2 + 0.1) than in previous observational periods (Figure 3b). Category I and II plumes’ CO,/SO, averages
remained higher than observed in denser (Category III) plumes, with 5.5 + 3.2 and 4.3 + 2.4 averages,
respectively (individual CO,/SO, ratios and daily means are shown in the time series of Figure 3).
Magmatic H,O signals, when distinguishable from the atmospheric background, yielded widely variable
H,0/S0; ratios (32-377) in July-December 2017, but Category II and III plumes converged to averaged mag-
matic CO,/SO, and H,0/SO, ratios of 3.9 + 1.6 and 63 =+ 45, respectively (Figure 2d). From the data above,
the time-averaged plume composition in 2017 was thus estimated at 91.7 mol% H,0, 6.0 mol% CO,, 1.8 mol%
SO,, 0.2 mol% H,S and 0.2 mol% H,.
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Figure 4. Galeras: (a) CO,/SO, time series for Galeras (October 2014, in green; February-July 2016, in dark gray; March
2017, in olive drab; and July 2017, in orange). Light gray area delimitates the 2017 period, with inset from March to July,
and shaded red bubble sizes are proportional to the maximum SO, amount (in ppm) recorded by each MultiGAS mea-
surement, while dark colors symbolize weighted daily CO,/SO, averages. (b) CO, versus SO, (ppmv) scatterplots of
concentration ratios at Paisita from October 2014 (green), March (olive drab), and July (orange) 2017, with respective least
squares sregression lines.

4.1.2. Galeras

Three emission sources, Paisita, Chavas, and the central crater, have been actively degassing at Galeras since
2014. Our results identify large temporal (at each site) and spatial (from one site to another) variations in gas
composition (Table 1b). All daily CO,/SO, averaged ratios, and associated errors, are shown in the time ser-
ies of Figure 4a.

The first MultiGAS survey in October 2014 at Galeras was restricted to the Paisita fumarole only. This
yielded a CO,/SO, ratio average of 6.0 + 1.2 (Figures 4a and 4b, in green). Sulfur dioxide was the prevalent
S species (H,S/SO, molar ratios of 0.6 + 0.1), and the H,O/CO, ratio averaged at ~24, yielding an averaged
plume composition of ~74.3 mol% H,0, 21.0 mol% CO,, 3.0 mol% SO,, 1.6 mol% H,S, and 0.1 mol% H,.

From February to July 2016, despite the high SO, concentrations recorded in the gas plume (as high as
74 ppmv), CO,/SO, molar ratios at Paisita increased to 14.2 + 1.1 (6-month-period average; Figure 4a). This
increase was even more pronounced in March 2017, when the CO,/SO, ratio increased at both Paisita
(Figure 4b, in olive drab) and the central crater (87.3 + 17.4 and 93 + 6.2, respectively; Figure 4a, inset).
Conversely, Chavas exhibited lower CO,/SO, of 5.4 + 0.8, similar to those observed at Paisita in 2014 (Figure 4).

Volcanic gas measurements in July 2017 confirmed a high CO,/SO, ratio signature at all emission sources
(Paisita, 38.5 + 2.7; central crater, 33.6 + 13.6; Chavas, 41.7 & 0.9 on 13 July; central crater, 33.6 + 8.0 on
14 July) as plotted in the inset of Figure 4a (Figure 4b shows the scatterplot of CO, versus SO, in orange
for Paisita in July for comparison with previous measurements). High H,O/SO, ratios were also observed
at all vents (154.7 + 2.4, 97.8 + 0.1, and 264.3 + 16.0 for Paisita, Chavas, and the central crater, respectively),
suggesting a SO,-poor composition, which is also consistent with a sensible increase in the H,S/SO, ratios
(0.6 in 2014 to as high as 2.3 in 2017). Based on these ratios, the plume compositions in July 2017 were
derived at 74.3 mol% H,0, 24.5 mol% CO,, 0.5 mol% SO,, 0.8 mol% H,S, and 0.1 mol% H, (Paisita); 56.8,
41.8, 0.7, 0.7, and 0.1 (Chavas); and 86.6, 12.6, 0.3, 0.4, and 0.1 (central crater; Table 1b).

4.1.3. Puracé

Measurements in the lateral fumarole of Puracé (135 °C) yielded an in-plume CO,/SO, ratio average of
14.0 + 2.3 during the measurements performed on 23 March 2017 (Table 1c). The H,O/CO, ratio was low
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(average 10.7 + 2.8), and the in-plume composition was estimated at 91.3 mol% H,O, 7.7 mol% CO,, 0.6 mol
% SO, 0.3 mol% H,S, and 0.2 mol% H,. A few low-temperature peripheral gas emissions were also analyzed,
yielding the following gas compositions: (i) Agua Herbiendo (59 °C), 30.1 mol% H,0, 69.0 mol% CO,, and
0.9 mol% H,S; (ii) Poco Azul (85 °C), 50.5 mol% H,0, 49.0 mol% CO,, and 0.5 mol% H,S; and (iii) San
Juan de Puracé (34 °C), 89.9 mol% H,0, 9.1 mol% CO,, and 1.0 mol% H,S. These fumaroles are thus enriched
in CO,, as typical of low-temperature gas discharges at the periphery of active volcanoes.

Daily averaged composition estimates and associated errors (+1c of the daily mean) for Nevado del Ruiz,
Galeras, and Purace are reported individually in Tables 1la-1c.

4.2. SO, Fluxes

On each of our MultiGAS observation days (Figure 3), the Nevado del Ruiz scanning-DOAS NOVAC system
was regularly in operation and outputted the daily averaged SO, fluxes listed in Table 2a and graphically illu-
strated in Figure 5a. In 2014, for both days of acquired MultiGAS data (21 and 22 October), the SO, flux aver-
aged 33 and 13 kg/s, respectively (Table 2a). From March to December 2017, the SO, flux ranged between 3
and ~35 kg/s, with an estimated weighted SO, flux average of ~8 kg/s (arithmetic mean of ~13 kg/s; see
section 3.3 for details on average estimates). For comparison, measurements made on 1 and 4 July 2017
between 7 and 9 a.m. GMT —5 using the dual UV camera system, although restricted to acquisition windows
limited to short periods of cloud-free conditions (~6 and ~18 min, respectively), yielded SO, fluxes of 21 + 7
and 11 + 3 kg/s (Table 2al). These were higher and more variable than the daily averaged NOVAC-based
SO, fluxes for the two days (4.0 and 4.4 kg/s for 1 and 4 July, respectively), despite the similar average plume
speed estimates used to retrieve SO, outputs from both methods (~9.4 m/s for NOVAC and ~8.5 m/s for the
UV camera), implying that UV camera observations may have captured short-lived phases of elevated degas-
sing. Still, the averaged SO, flux for the two UV camera measurements (~16 kg/s) is well within the range of
the NOVAC SO, outputs in 2017 (Figure 5).

The SO, flux oscillated between ~ 5 and 6 kg/s at Galeras (NOVAC) during our 2014 MultiGAS survey
(Table 2b). In 2016 (February to July), the SO, flux ranged between 3 and 9 kg/s (average of ~5 kg/s), and,
in 2017, no SO, was detected from NOVAC, suggesting a drop in SO, emissions that is well consistent with
our MultiGAS-based compositional data (cf. section 4.1.2). However, the near-vent dual UV camera mea-
surements performed on 21 March were well able to detect the SO, emissions from the volcano and to dis-
tinguish the individual SO, contributions from Paisita, Chavas, and the central crater (Figure 6). Acquisition
windows with clear atmospheric background for all three sources were again restricted in time (11-14 min in
temporal intervals between 7 and 8 a.m. GMT —5) but allowed the estimation of weighted SO, fluxes of
04 + 04 (<0~1[min]_1-29[max]), 1.3+ 0.6 (<0-1[min]_2~2[max])y and 0.8 + 0.5 (0-7[min]_1-20[max]) for Paisita,
Chavas, and the central crater, respectively (Table 2b1). Due to highly variable wind conditions during
the acquisition period, our reported weighted means consider only fluxes estimated from plume speed values
within 1o of the mean. Values outside of this range are likely to overestimate SO, flux outputs and are
uncharacteristic of the overall degassing pattern of all three individual subaerial discharges. The total SO,
flux was thus 2.5 + 1.5 kg/s, slightly lower than the 2014-2016 NOVAC records.

On 23 March 2017 the NOVAC scanning DOAS at Puracé derived an SO, flux of 0.1 + 0.1 kg/s (Table 2c).
The SO, flux remained low throughout the course of this investigation (March to December 2017).

5. Discussion
5.1. Magmatic versus Hydrothermal Gas Compositions

Our measurements here supply new information to the (currently limited) existing knowledge on the volca-
nic gas signature of the CAS-NVZ. The gas results for the three volcanoes are summarized and illustrated in
the CO,-St*5-H,0/10 triangular plots of Figure 7 and 8.

To the best of our knowledge, our observations represent the first ever results obtained for the major element
composition of the Nevado del Ruiz volcanic plume, the strongest source of SO, in the NVZ (Carn et al.,
2017). Previous volcanic gas information on the volcano was limited to a few analyses of low-temperature
(82-103 °C) hydrothermal steam vents and fumaroles collected in the crater area and along the volcano's
flanks in the months following the lethal 13 November 1985 eruption (Giggenbach et al., 1990; Figures 7a
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averages are plotted in dark closed circles (this study) and dark squares (literature). Global magmatic arc-gas samples define the gray area characterized by S-rich
gases, with correspondent arc-gas mean estimated by Aiuppa, Fischer, et al. (2017). Red area in (c), plotting along the H,O-CO, axis, marks the compositional
shift toward more S-depleted, hydrothermal gases in Galeras from 2014 to 2017. (right) Ternary diagrams showing high-temperature volcanic gas compositions
along the Andean Volcanic Belt. Estimated averages from this study are given in triangles, with reference literature averages for Colombia represented in squares.
Other arc segments are plotted as follows: (i) In white Ecuador (Guagua Pichincha (Fischer & Chiodini, 2015); Cotopaxi [Hidalgo et al., 2017]; Tungurahua

and Reventador (Aiuppa et al., 2019)); (ii) in dark gray Peru (El Misti [Moussallam et al., 2017], Sabancaya and Ubinas [Moussallam, Tamburello, et al., 2017]); and
(iii) in light gray Chile (Lascar and Lastarria, (Tamburello et al., 2014); Copahue (Tamburello et al., 2015); Isluga and Tacora (Schipper et al., 2017); Villarica
(Aiuppa et al., 2019)). Noticeable trends in CO,/St plotting along the St-CO, show along-arc trends in volcanic gas compositions for the different segments (yellow
graded areas represent, from the bottom, CO,/St = 1, 2, and 5). Note that low-temperature systems such as Guagua Pichincha and Puracé plot near the H,0-CO,
axis region due to the S-depleted nature of gas emissions.

and 8). However, according to Giggenbach et al. (1990), the compositions of these low-temperature
fumaroles may have been only partially representative of the original magmatic gas signature, owing to
potential scrubbing of S (and Cl) during hydrothermal gas-water interactions. Our 2014-2017 plume
compositions, in contrast, being fed by high-temperature vent degassing activity from the Arenas crater,
are likely more representative of the magmatic conditions at Nevado del Ruiz. The “magmatic” nature of
the 2014-2017 plumes is supported by their S-rich compositions (Figure 7a), well within the typical
magmatic arc gas range (Aiuppa, Fischer, et al., 2017), and by the prevalence of SO, over H,S (H,S/SO,
ratios < 0.2; Figure 8). These SO,-rich compositions are clear evidence of sustained shallow magma
circulation (and degassing) underneath the Arenas crater, as supported by repeated episodes of seismic
activity presumably related to active dome emplacement and growth at the summit crater, events closely
monitored by the local observatory in Manizales (SGC-OVSM). By averaging our gas data from all
categories (I to IIT), we infer a time-averaged 2014-2017 gas plume composition of 91.7 + 33.8, 6.0 + 1.0,
and 2.0 + 1.5 mol% for H,O, CO,, and St (+10). This is only slightly less H,O rich and more CO,-St rich
(e.g., more magmatic in nature) than are the average fumarole compositions of Giggenbach et al. (1990),
which reported averages of 95.6, 2.4, and 1.5 mol% for H,0, CO,, and Sr, respectively. Both data sets
show a similar spread of compositions around the average (see Figure 7a). Chemical variability in the
Giggenbach et al. (1990) data set likely reflects variable extents of S scrubbing during hydrothermal
processing (and/or meteoric-hydrothermal water addition) in the low-temperature manifestations studied.
In contrast, hydrothermal processing is unlikely at the open-vent plume degassing conditions reported
here, and the 2014-2017 data scatter are more likely to have been caused by a combination of (i) real
temporal variations in degassing dynamics (e.g., variations in melt gas bubble content and gas-melt
separation pressure) and/or (ii) the different extents of atmospheric dilution in measured plumes
(highlighted by the compositional dependence on SO, yax illustrated in Figures 2 and 3). We argue that
the Category I plume data (dilute plume conditions, SO, yax <5), for which more S-poor compositions
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volcanism.

(e.g., higher CO,/St and H,0/St) are observed, do likely overestimate the real magmatic signature, due to
less accurate corrections of background CO, and H,O contents and/or because of additional gas sources.
Therefore, we infer the magmatic CO,/St and H,O/Sr ratios at 3.9 + 1.6 and 63 + 45 by averaging
Category II and III data only (Figures 2c, 2d, and 7).

In contrast to the magmatic signature of the Nevado del Ruiz plume(s), measurements taken at both Puracé
(Figure 7b) and Galeras (Figure 7c) imply a more hydrothermal nature of the emitted gases. The Puracé
gases, in particular, are S depleted relative to the Nevado del Ruiz magmatic field, implying some extent
of hydrothermal processing (S scrubbing). Even the hottest of the Puracé fumaroles (fumarola lateral,
T = 135 °C) has CO,/St ratio of 14.0 + 2.3, a factor of ~3 higher than in the “magmatic” Nevado del Ruiz
gas. Hydrothermal processing in this fumarole is also supported by the higher H,S/SO, (0.7) and H,/SO,
(0.3) ratios (the H,/SO, ratio averaged <0.2 at Nevado del Ruiz). Thus, although the presence of SO, in
the gas confirms some extent of magmatic gas supply to the system (Maldonado et al., 2017), still hydrother-
mal reactions appear to play a decisive control on the composition of the emitted gases. This is even more so
for the low-temperature, CO,-rich (up to ~90 mol% of CO, at San Juan de Puracé) hydrothermal fumaroles
located on the volcano's periphery, in which any magmatic SO, has been scavenged by percolating meteoric
and hydrothermal fluids and eventually converted into H,S during hydrothermal reactions (Sturchio et al.,
1993). Here CO,/St ratios range from ~30 to 55.

Interestingly, our 2014-2017 observations also reveal a hydrothermal gas signature for Galeras, which con-
trasts with the magmatic (Sy-rich) gas signature reported during intense, high-temperature (up to >600 °C)
degassing in the late 1980s to mid-1990s (Fischer et al., 1997; see Figure 7c). In particular, the Galeras gases
in 2017, when the most detailed surveys took place, plot close to the H,O-CO, axis (Figure 7c), and their
hydrothermal signature is confirmed by a time-averaged composition of 77.4 + 10.2 mol% H,O0, 21.6 + 3.0
mol% CO,, and 0.9 + 0.1 St (here excluding the more “magmatic” composition measured in Chavas in
March 2017 of mol% of 97.0 + 2.4, 1.6 + 0.2, and 1.0 + 0.1 for H,O, CO,, and St, respectively). These are
far more S depleted relative to the typical magmatic arc gas signatures reported by Fischer et al. (1997) for
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the 1988-1995 period (mean composition 94.4, 3.6, and 1.9 mol% of H,O, CO,, and St). The hydrothermal
signature of the Galeras gases is also well consistent with the more reducing redox conditions (H,S/SO,
and H,/SO, >1; Table 1b) relative to Nevado del Ruiz gas (see also Figure 8, where the majority of the
Galeras samples fall within the “hydrothermal-dominated” field determined by Stix & de Moor, 2018, for
arc gases from Central American Volcanic Arc).

To better understand the mechanisms controlling the hydrothermal nature of Galeras gases, we integrated
our SO, flux and CO,/St data (2014-2017) with previous gas information reported for the 1988-1995 period
of volcanic unrest at Galeras (Fischer et al., 1997; Zapata et al., 1997; Figure 9a). In its recent history, Galeras
has exhibited a wide range of SO, fluxes, with emission peaks between 1989 and 1990 (yearly averages of
~19 kg/s, or >1,600 t/day), followed by a general decline between 1991 and 1993 (yearly averages of 3.0-
6.6 kg/s, or 260-572 t/day) and then a more sustained drop in the two years that followed (yearly average
~2 kg/s, or ~262 t/day, between 1994 and 1995; Zapata et al., 1997; Figure 9a). Our new results show that
between 2014 and 2017, the SO, flux has systematically remained <10 kg/s, with the majority of the recorded
fluxes ranging between 3 and 6 kg/s (~300 to 500 t/day). This suggests a reduced magmatic gas supply rela-
tive to the 1989-1990 degassing unrest, when the CO,/Sr ratios were consistently (and systematically) the
lowest (e.g., more magmatic in nature; Fischer et al., 1997; see Figure 9a). The lowest SO, fluxes on our
records were measured in 2017, when no reliable SO, flux was derived by the NOVAC scanning DOAS,
and low fluxes (~2.5 kg/s) were consistently measured by our more proximal UV camera observations
(Figure 6). Contemporarily, the highest CO,/St ratios were also measured from fumarolic discharges in
Galeras (Figures 4 and 9a). We thus conclude that a reduced magmatic gas transport, combined with a more
intense S scrubbing in the shallow hydrothermal system, was the most likely factor governing the observed
gas compositional contrast between 2017 and 1989-1990 (Figure 9a). Variable extents of magmatic S scrub-
bing in the shallow hydrothermal system may also explain the chemical heterogeneities observed between
the different Galeras emission sources in 2017 (Paisita, Chavas, and the central crater). Our vent-resolved
SO, flux observations in March clearly show that most S-depleted gas compositions at Paisita (CO,/SO, ratio
of 87.3 + 17.4) corresponded to the lowest SO, fluxes (~0.4 kg/s), while somewhat more magmatic CO,/SO,
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fluxes combining CO,/SO, with the dual UV camera portable system are represented as triangles as a reference, and the
arithmetic mean including all estimates is given also as a comparison. Errors (o) are expressed as the standard error of the
regression analysis and subsequent error propagation on the SO, fluxes and x/SO, ratios.

ratios (5.4 + 0.8) were simultaneously observed at Chavas, the most actively degassing vent at that
time (~1.3 kg/s).

Our 2014-2016 SO, fluxes were in the same range as in 1991-1993, yet the gas CO,/St ratios were sizably
higher, especially in 2016 (Figure 9a). We ascribe this compositional difference to the significantly different
vent temperatures observed in 2014-2016 (fumaroles close to boiling temperatures) and those reported
between 1991 and 1993 (140-650 °C). Lower vent temperatures imply more intense S scrubbing along the
vent feeding chimneys (Aiuppa, Fischer, et al., 2017), thus contributing to a more hydrothermal gas signa-
ture compared to the magmatic (Sr-rich) compositions observed during intense, high-temperature degassing
(Fischer et al., 1997; see Figure 7c). Sulfur dioxide fluxes and CO,/St data are also shown for Nevado del Ruiz
in Figure 9b.

5.2. Gas Fluxes and Implications for the CAS Volatile Budget

Carbon dioxide and other volatile emissions can be derived for each of the three volcanoes by combining the
coacquired SO, fluxes (Table 2) and volcanic gas CO,/SO, ratios (Table 1). The uncertainties reported in this
section are expressed as the standard error of the regression analysis and subsequent error propagation; error
on inferred flux propagates error on the SO, fluxes and x/SO, ratios.

At Nevado del Ruiz, we establish a CO, flux time series (Figure 10) by using in tandem, for each measure-
ment day, the daily averaged CO,/SO, ratios (Figure 3) and SO, flux estimates (Figure 5). The so derived
daily averaged CO, fluxes range from ~9 to 139 kg/s (arithmetic mean, 43 + 30) and have associated errors
0f 40% to >100%. These large uncertainties reflect the large interdaily variability of both CO,/SO, ratios and,
especially, that of SO, fluxes, possibly caused by (i) the nonstationary nature of degassing at Nevado del Ruiz
that consists of intermittent large pulses of SO, release interspersed within phases of milder and more con-
tinuous SO, degassing (e.g., Dinger et al., 2018; Malinconico, 1987), and (ii) the complex wind field patterns
at the volcano's height that produce erratic changes in plume transport direction and speed (these being hard
to quantify and taken into account in flux calculations). Here we attempted to minimize the effect of a time-
variable atmospheric plume dispersion, by applying a set of filtering parameters (see supporting
information Text S1) that only scans the captured >85% of the gas plume that were selected for daily average
estimates. Still, the daily variability of our NOVAC-based SO, fluxes remain large (39% and above).

In view of the above, we find it more prudent to derive the long-term SO, and CO, emission budgets for
Nevado del Ruiz by deriving weighted flux averages based on the standard deviations of each daily measure-
ment (Figures 5 and 10). Doing so, the daily gas fluxes with lower variability are assigned a proportionally
higher weight in the mean flux calculation (note that for CO,, the daily averaged fluxes with >100% relative
uncertainty are not used in the calculation). From this method, we derive a time-averaged SO, flux weighted
mean of ~8 kg/s, well below the arithmetic mean flux of 14 kg/s and at the lower range of the daily SO, fluxes
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Table 3

Weighted TV Flux Averages for Nevado del Ruiz, Galeras, and Puracé

Volcano H,0 in kg/s (t/day)  CO, in kg/s (t/day) SO, in kg/s (t/day)  H,Sin kg/s (t/day)  H,in kg/s (t/day) TV flux in kg/s (t/day)
Nevado del Ruiz 157 (13,586) 23 (2,017) 7.8 (672) 0.6 (52) (34) 189 (16,330)
Galeras 40 (3,457) 30 (2,600) 4.2 (365) 1.4 (119) (0.7) 76 (6,543)
Puracé 4.7 (406) 1.0 (84) 0.1 (8.8) 0.02 (2.1) (0.09) 5.8 (502)

Note. Averages are calculated based on daily uncertainties of both composition (x/SO,; daily uncertainties reported in Tables 1a-1c) and SO, flux measurements
(daily uncertainties reported in Tables 2a-2c). TV flux = total volatile flux.

reported (~3[min]—35[max] kg/s; Table 2). Similarly, we estimate a weighted CO, flux average of ~23 kg/s,
which is ~50% lower than the arithmetic mean (~43 kg/s). The same procedure leads to deriving H,O,
H,S, and H, fluxes of ~330, 0.6, and 0.05 kg/s, from which we infer a time-averaged total volatile flux (TV
flux) for Nevado del Ruiz in 2014-2017 of ~363 kg/s (~31,300 t/day). In comparison with other
persistently active arc sources, for example, Aiuppa et al. (2008) estimated a TV flux for Mount Etna of
~243 kg/s (or ~21,000 t/day), while Bani et al. (2018) reported TV flux estimates of ~172 kg/s for Dukono.
Despite the big uncertainties associated with studies of this nature, such comparisons do provide strong
evidence that Nevado del Ruiz is, in fact, one of the strongest volcanic arc gas point sources globally.

Within the CAS, Galeras and Puracé volatile budgets are here characterized, although with a lower level of
detail (Tables 2b and 2c, respectively). At Puracé, we only have compositional data for one measurement day
(23 March 2017; Table 1c). By scaling this by the NOVAC-based daily averaged SO, flux of ~0.1 kg/s (or
9 + 4 t/day), we assess the H,O and CO, fluxes at 6 + 1 and 1 + 0.2 kg/s respectively. The TV flux from sum-
mit subaerial discharges (fumarola lateral) is thus estimated at 7 kg/s (or 600 t/day TV flux), to which both
H,S and H, contribute «0.1 kg/s. This is a factor ~10 less than the TV flux reported by Maldonado et al.
(2017) of 73 kg/s (or ~6340 t/day) derived in 2016, who yet used a much higher SO, flux of ~2 kg/s (208 t/
day). Clearly, the volatile emissions from Puracé are not stationary over time, and simultaneous composition
and flux records are required.

At Galeras, both compositions and fluxes have repeatedly been measured in 2014-2017. The majority of the
SO, flux records are from the scanning NOVAC instrument and are thus representative of the bulk plume.
Between 2014 and 2016 our compositional measurements focused on the Paisita summit fumarole (cf. sec-
tion 3), whose vigorous degassing clearly prevailed over any other summit fumarolic volatile discharge over
that period. Our 2014-2016 volatile flux estimates (Table 2) are thus based on the assumption that the Paisita
fumarole was representative of the bulk plume composition. In 2017 a large vent-to-vent chemical variability
was observed, and thus, the volatile fluxes for Paisita, Chavas, and the central crater are independently eval-
uated (Table 2) using the vent-resolved SO, flux results obtained with the UV camera on 21 March 2017
(Figure 6). From these, and from the coacquired compositional data (Table 1), the weighted bulk volatile flux
average (2014-2017) for Galeras is estimated at ~76 kg/s (or ~6,543-t/day TV flux; Table 3). It is important to
note that our average estimates (Table 3) are weighted based on the daily uncertainties of gas composition (x/
SO,) and SO, fluxes reported for each day. Therefore, we here report a TV flux that is unsurprisingly much
closer to the values reported in 2014 than to those of 2017, as a result of more favorable measurement con-
ditions (especially in situ composition measurements favored by less diluted gas plumes) due to the system's
more persistent degassing (see section 4.2) at the beginning of this study. According to our calculations, a
recent (2014-2017) time-averaged CO, output from Galeras of ~30 kg/s, more than a factor of 2 larger than
the 1989-1995 time-averaged CO, output of 12 kg/s (Zapata et al., 1997) clearly indicates that the volcano
remains a significant volcanic CO, source even during the ongoing period of quiescence and hydrothermal
degassing (Figure 11).

The cumulative CO, flux contribution from Nevado del Ruiz, Galeras, and Puracé is thus estimated at
~54kg/s (or ~4,701 t/day; Figure 11). Nevado del Huila (e.g. Pulgarin et al., 2001), another relevant subaerial
emission source in the CAS, has been persistently degassing over the last decades, especially during its most
recent eruptive period (2009-2012) when it emitted ~862 t/day of CO, (Aiuppa et al., 2019). We here use
these estimations to infer a total volcanic CO, flux from the four most actively degassing CAS subaerial vol-
canoes at approximately 5,563 t/day. In perspective, this corresponds to more than 50% of present-day (2005-
2015) total volcanic CO, emissions from the active volcanoes of the Andean Volcanic Belt (derived at
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Figure 11. Schematic figure showing the nature of the sediments subducting underneath the Colombian Arc Segment
(CAS), with respective sediment composition. Estimated carbon fluxes (in Mt C/year) and gas compositions estimated
in here are given for Nevado del Ruiz, Puracé, and Galeras. The quoted CO, output range for Galeras is based upon a
combination of 2014-2017 (this study) and 1989-1995 (Zapata et al., 1997) results. The bottom plot illustrates the along-arc
variations in gas CO,/St ratio signature in South America. For Galeras, we report the more magmatic-in-nature CO,/St
ratio (green circle; October 2014) obtained throughout this investigation and compare it with the composition of high-
temperature gases collected during the 1989-1995 period of unrest (red circle; Fischer et al., 1997; Aiuppa, Fischer, et al.,
2017). For Nevado del Ruiz, the original CO,/St ratio quoted in Aiuppa et al. (2019) is shown for comparison. Both
pressure-compensated and uncorrected CO,/St for Sabancaya and Ubinas (Peru; Moussallam, Tamburello, et al., 2017)
are given for comparison.

~10,000 t/day from data in Aiuppa et al., 2019). Notably, Nevado del Ruiz and Galeras together contribute
~35% to the subaerial volcanic CO, emission budget in the Andean Volcanic Belt and are thus larger CO,
sources than any other active volcano in Ecuador (Hidalgo et al., 2016, 2018), Peru (Moussallam et al.,
2017; Moussallam, Tamburello, et al., 2017), and Chile (Tamburello et al., 2014).

5.3. Along-Trench CO,/Sy Variations and Volatile Recycling

Our results above provide novel information on the geochemical cycle of C, and other volatiles, through sub-
duction zones (e.g., the fraction of slab-derived C being recycled through subaerial degassing along the CAS).
Plank and Langmuir (1988) first investigated the chemical nature of the sediments subducting underneath
the Colombian trench and reported approximately 50% carbonate in the bulk core. A recent update by Plank
(2014) on bulk concentration data for this arc segment confirms the C-rich nature of these sediments (pre-
dominantly siliceous oozes and limestones), with CO, and H,O bulk sediment concentrations of 25.26
and 5.27 (wt%), respectively. From this, we estimate that about 6.19 x 102 g C/year are being subducted
through slab sediments underneath the CAS (von Huene & Scholl, 1991; Jarrard, 2003; Syracuse &
Abers, 2006; see supporting information Text S2 for details on the calculations).

However, other C sources (e.g., sedimentary organic C) may play a significant role in the remobilization of C,
and such contributions can be distinguished based on observed CO,/*He ratios and 8"C isotopic signatures
(Sano & Marty, 1995). To the best of our knowledge, 8'*C isotope characterization of Nevado del Ruiz has
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only been reported for thermal and surface waters related to the hydrothermal system of the volcano
(Sturchio et al., 1988). These low-temperature media (below boiling) show isotopic signatures as light as
—11.4%o, which likely reflect various extents of isotope fractionation and/or mixing of magmatic and organic
components. At Pandiaco mineral spring (Galeras) low-temperature gas discharges (consisting of almost
pure CO,; see Sano et al., 1997) also yield isotopic signatures more organic in nature (8*>C values as negative
as —9.16%.) with negligibly small mantle Carbon contribution. For temperature ranges similar to those of
Nevado del Ruiz thermal waters and Pandiaco (Galeras), Purace also show §'3C isotopic values as low as
—11.5%o (Sturchio et al., 1988). Although this data has proved crucial to our understanding of hydrothermal
systems, it is most likely not representative of the magmatic end-member of these volcanic systems. On the
other hand, high-temperature crater samples (up to 350 °C) reported by Sano et al. (1997) for Galeras consis-
tently fall within mid-ocean ridge basalt range (5%o + 3%o). In addition, high-temperature fumarole data con-
sistently displaying CO,/*He ratios (average 2.3 x 10'° from Sano & Williams, 1996, and Sano et al., 1997) 1
order of magnitude greater than the mid-ocean ridge basalt range (2 + 1 x 10”; see Marty & Tolstikhin, 1998)
possibly reveal the addition of slab-derived carbon to the mantle component. The same authors attribute up
to 79% of the C to be derived from limestone (including slab carbonate), which suggests that slab-derived C
represents indeed a very considerable portion of total C in the system. Moreover, unusually high (for arc vol-
canoes) *He/*He ratios reported for high-temperature gas emissions (350 °C) in Galeras (as high as 8.8 Ra; see
Sano et al., 1997) also suggest a minor role of the crustal component in the Galeras gas emissions.

Therefore, based on our estimates in section 5.2, we infer that subaerial degassing volcanoes along the CAS
are currently releasing a small fraction (roughly 30%, or 2.0 x 10'? g C/year) of the carbon being subducted in
this region. This mismatch between C inputs at trench and C outputs at the Colombian trench is most likely
larger if considering other C sources, as discussed above. However, our reports contribute additional infor-
mation to earlier calculations made for other arc segments (e.g., de Moor et al., 2017; Hilton et al., 2002) and
implies (i) a limited C recycling efficiency in the slab (due to high slab carbonate stability (see recent discus-
sion by Keleman &Manning, 2013); (ii) that C is primarily recycled by forms of degassing other than
plumes/fumaroles at central volcanoes (e.g., soils and/or groundwater; Chiodini et al., 1998; Tamburello
et al., 2018); or (iii) that significant carbon sequestration occurs in the forearc crust, as suggested by Barry
et al. (2019).

The data set of Plank (2013) also identifies substantial along-arc variations in the mineralogy and chemistry
of sediments subducting underneath the Andean Volcanic Belt. In particular, it is shown that the CO, con-
tent of the subducting sediments decreases southward along the arc, from 25.26 wt% in the NVZ (Colombia),
24.53 wt% in the CVZ (Peru), to 0-1.5 wt% in the Chilean segment of the arc (Figure 10). Our novel gas com-
positional data for Nevado de Ruiz, combined with available magmatic gas information for Galeras (Fischer
et al., 1997), and other strongly degassing volcanoes in the Andes (see legend of Figure 7 for data prove-
nance), allow us to more fully characterize the along-arc variations in the gas CO,/Sr ratio, as illustrated in
Figure 11. Interestingly, we find a systematic along-arc trend in the magmatic gas CO,/Sr ratio, which
decreases from ~5 in Colombia, ~2 in the CVZ (Moussallam et al., 2017; Moussallam, Tamburello, et al.,
2017), to ~1 in southern Chile (Tamburello et al., 2015), thus matching the north-to-south decrease in the
sediment CO, contents, described above. This observation provides additional experimental evidence for
earlier indications from a global data set (Aiuppa, Fischer, et al., 2017; Aiuppa et al., 2019) that slab sediment
composition plays a decisive control on the CO,/St ratio signature of arc magmatic gases. We ultimately pro-
pose that although the C recycling efficiency along the CAS is likely to be low (see above), sediments sub-
ducted at the Colombian trench are so C enriched to impart a high CO,/St ratio signature to the
magmatic gases degassed in the overlying volcanic arc.

6. Conclusions

We reported on the composition and flux of gases emitted along the CAS of the NVZ between 2014 and 2017,
measuring in situ volcanic gas compositions using a MultiGAS and estimating SO, fluxes by using scanning
UV spectrometers and UV cameras. Despite the wide range in gas composition and flux values observed,
mostly due to variables associated with degassing dynamics and measurement difficulties at such extreme
conditions, data here reported stress the importance of the ongoing efforts to quantify subaerial volatile
(especially CO,) emissions from arc volcanism. This study shows that Nevado del Ruiz and Galeras
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together contribute about 20% to the total subaerial CO, emissions of the volcanic arc (~2,017 t/day), clearly
reinforcing the importance of newly reported data in the context of global arc volatile emissions.
Furthermore, combining this with our updated estimates of subaerial CO, emissions rates for Puracé
(84 t/day) and the current estimates of ~860 t/day for Nevado del Huila, our work shows that this segment
of the arc is responsible for one third of the total subaerial CO, of the entire Andean trench, when account-
ing for the strongest, most persistently degassing volcanoes along the arc. We therefore suggest a strong cor-
relation between subducted sediment compositions at this segment (25.26 CO, wt%; 1.50 CO, wt% at SVZ in
comparison) with here highlighted CO,/St northward increase (Nevado del Ruiz and Galeras ~4-6), once
again validating the study of volcanic gas chemistry and arc-scale trends in volatile composition as a power-
ful tool to investigate processes of volatile input and recycling into the mantle wedge via the subducted slab.
We estimate that about one third (~2 Mt C/year) of the C being subducted (~6.19 Mt C/year) gets resurfaced
through subaerial volcanic gas emissions in Colombia (NdR ~0.7 Mt C/year). Finally, newly established tem-
porally resolved volcanic gas time series for Nevado del Ruiz and Galeras set a crucial background in gas-
related monitoring parameters (e.g., CO,/SO,, proven to be a powerful monitoring tool especially for
CO,-rich volcanic systems) and will hopefully help the ongoing efforts to predict transitions from quiescence
to periods of volcanic unrest at such hazardous volcanoes.
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