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Emission of volcanic gas is thought to be the dominant process by which volatiles transit from the deep earth to
the atmosphere. Volcanic gas emissions, remain poorly constrained, and volcanoes of Peru are entirely absent
from the current global dataset. In Peru, Sabancaya and Ubinas volcanoes are by far the largest sources of volcanic
gas. Here, we report the first measurements of the compositions and fluxes of volcanic gases emitted from these
volcanoes. The measurements were acquired in November 2015. We determined an average SO2 flux of 15.3 ±
2.3 kg s−1 (1325-ton day−1) at Sabancaya and of 11.4 ± 3.9 kg s−1 (988-ton day−1) at Ubinas using scanning
ultraviolet spectroscopy and dual UV camera systems. In-situ Multi-GAS analyses yield molar proportions of
H2O, CO2, SO2, H2S and H2 gases of 73, 15, 10 1.15 and 0.15 mol% at Sabancaya and of 96, 2.2, 1.2 and
0.05 mol% for H2O, CO2, SO2 and H2S at Ubinas. Together, these data imply cumulative fluxes for both volcanoes
of 282, 30, 27, 1.2 and 0.01 kg s−1 of H2O, CO2, SO2, H2S and H2 respectively. Sabancaya and Ubinas volcanoes to-
gether contribute about 60% of the total CO2 emissions from the Central Volcanic zone, and dominate by far the
total revised volatile budget of the entire Central Volcanic Zone of the Andes.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
Keywords:
Sabancaya
Ubinas
Carbon dioxide
Volcanic degassing
UV-camera
DOAS
Multi-GAS
IASI
Trail By Fire
1. Introduction

Whilst volcanic SO2 emissions can be measured from space at all
strongly outgassing volcanoes (e.g., Carn et al., 2017), emissions of
other gases still rely on ground-based measurements. Such measure-
ments have only been performed on a fraction of all outgassing subaer-
ial volcanoes (e.g., Burton et al., 2013). In order to determine the
contribution of volcanic gases to the atmosphere and to quantify Earth's
deep volatile cycle, a much larger number of measurements need to be
. This is an open access article under

l., Volcanic gas emissions and
nol. Geotherm. Res. (2017), h
performed. The total volcanic volatile flux is dominated by persistent
degassing (Shinohara, 2013). Although impressive and punctually im-
portant, explosive eruptions typically contribute fifteen times less vola-
tiles than persistent degassing does (Shinohara, 2008), such that total
volatile flux is dominated by only a handful of persistently degassing
volcanoes. Based on volcanoes with quantified emissions, ten volcanoes
emit 67% of the estimated total volatile flux from subduction zones
(Shinohara, 2013), while five volcanoes are thought to be responsible
for 80% of the global CO2 flux from subaerial volcanoes (Burton et al.,
2013). Identifying and accurately measuring strongly emitting volca-
noes is hence of paramount importance for an accurate global estimate
to be achieved. High quality gas measurements however tend to be
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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made preferentially on volcanoes in densely populated areas, and hence
likely underestimate global flux (Shinohara, 2008).

The Central Volcanic Zone (CVZ) is part of the Andean Volcanic Belt
and extends from Peru to Chile over a length of ~1500 km. This volcanic
arc, related to a segment of the Nazca plate subduction zone, is home to
69 Holocene volcanoes (Global Volcanism Program, 2013), a significant
proportion of which are persistently degassing. The region, however,
has remained absent from global compilations of volcanic gas emissions
(Andres and Kasgnoc, 1998; Burton et al., 2013; Fischer, 2008; Hilton et
al., 2002; Pyle and Mather, 2009). The total volatile flux from Peruvian
volcanoes in particular has never been measured.

Here we report compositional and flux data from two remote, per-
sistently degassing volcanoes: Sabancaya and Ubinas (Fig. 1). Based on
satellite detection of SO2 (Carn et al., 2016, 2017), these two volcanoes
are thought to account for the majority of the volcanic volatile flux
from Peru and we find that they contribute two-thirds of the total esti-
mated volatile flux from the CVZ.

2. Historical and current activity

2.1. Ubinas

Ubinas is Peru's most active volcano (Rivera et al., 1998; Thouret et
al., 2005). Since its last Plinian eruption in ca. A.D. 1000–1160, the vol-
cano had been in a nearly persistent state of unrest with twenty-three
reported periods of increased activity (intense degassing, vulcanian,
phreatomagmatic and phreatic eruptions) between 1550 and 1996
Fig. 1. A. Location map showing the location of Ubinas and Sabancaya volcanoes together w
Photograph showing the clear plume vertically rising from Ubinas crater on November 23, 201
vertically rising from Sabancaya crater on November 26, 2015. Picture taken from UV remote s

Please cite this article as: Moussallam, Y., et al., Volcanic gas emissions and
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(Rivera et al., 1998, 2010; Thouret et al., 2005). Following eight months
of heightened gas emissions, explosive activity (VEI 2) began at Ubinas
in late March 2006. The activity increased between April and October
2006 then slowly decreased until December 2009 (Rivera et al., 2010,
2014). This episode of unrest, characterised by vulcanian explosions
emitting juvenile material of andesitic composition, was the first crisis
at Ubinas to be closely monitored by scientists (Rivera et al., 2010). In
September 2013 eruptive activity resumed at Ubinas volcano (Coppola
et al., 2015) and is ongoing at the time of writing. The current activity
started with phreatic eruptions and is now characterised by vulcanian
eruptions. On March 19, 2014, incandescent lava could be observed in
the crater (Coppola et al., 2015). At the time of our investigation in No-
vember 2015 the eruption frequency was around one vulcanian erup-
tion per week. In between eruptions a permanent and continuous
translucent plume is observed.

2.2. Sabancaya

The first occidental written records of Sabancaya's activity can be
found in 1750 and 1784–85 in the writings of the parish priest of Sala-
manca (Thouret et al., 1994). Activity in 1752 and 1784 are mentioned
in Spanish chronicles (Travada and Córdova, 1752; Zacámola and
Jáuregui, 1784) and may be associated with small regional ash deposits
(Thouret et al., 1994). Low-level, intermittent fumarolic activity
characterised the subsequent period, ending in 1986 when intense fu-
marolic activity resulted in a 500 to 1000 m high plume (Thouret et
al., 1994). The activity increased gradually (Chorowicz et al., 1992)
ith the location of all Peruvian Holocene volcanoes and the Nazca subduction trench. B.
5. Picture taken from the crater rim looking SSE. C. Photograph showing the clear plume
ensing location looking NNW.
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eventually turning explosive on 28 May 1990. Explosive activity lasted
eight years, being especially intense from 1990 to 1992 with plume
heights at times reaching 7 km and ash falling as far as 12 km away
from the volcano's summit (Gerbe and Thouret, 2004; Thouret et al.,
1994). The juvenile material erupted during this period was andesitic
and dacitic, spanning a narrow range of compositions (60–64 wt%
SiO2) and containing rare magmatic enclaves of andesitic composition
(57 wt% SiO2) (Gerbe and Thouret, 2004). Gerbe and Thouret (2004)
proposed that the main magma body consisted of dacitic magmas
which through repeated recharge of more mafic magmas led to the for-
mation of hybrid andesites.

After 15 years of quiescence, fumarolic activity resumed at
Sabancaya on 5 December 2012 and was followed by a strong increase
in seismic activity starting in February 2013 (IGP 2013; OVI 2013; Jay
et al., 2015). In August 2014 two phreatic eruptions were recorded
and since June 2014 persistent degassing has been observed from the
main crater (IGP 2014; OVI 2014). A persistent, continuous and translu-
cent gas plume has been observed since November 2015, with plume
heights varying from 250 to 1500 m above the vent since August 2014
(OVI 2015). On 6 November 2016, eleven months after our measure-
ments, eruptions started producing ash plumes up the 3 km high and
are ongoing at the time of writing.

3. Methods

3.1. Scanning DOAS

At Ubinas, horizontal scans transecting the plume just above the cra-
ter were made from a site 1.1 km away from the crater rim at
S16.33360° W070.90854° at 5028 m a.s.l., with an inclination angle of
16° above horizontal. At Sabancaya volcano, horizontal scans were
made from a site 4.1 km away from the crater rim at S15.824435°
W071.843594°at 5036 m a.s.l., with an inclination angle of 12° above
horizontal. In both cases the plume rose vertically before drifting hori-
zontally with the wind (Fig. 1). Only scans that completely traversed
the full plume-width were used to calculate emission rates. Data acqui-
sition was paused whenever clouds formed within the field of view. A
custom made scanner recorded angles with millisecond precision, and
the scanning stage was in motion continuously, with spectra being re-
corded such that each spectrum is the average over 0.5 degrees of
scan (see unit description in Moussallam et al., 2014, code available
at: http://code.google.com/p/avoscan/). The spectrometer used was a
Flame spectrometer manufactured by Ocean Optics (for specifications
see: https://oceanoptics.com/product/flame-spectrometer/).

The acquisition of data and subsequent retrieval of SO2 flux values
followed the standard DOAS methodology (Platt and Stutz, 2008)
using a fitting window of 316.5–330 nm. We used the solar spectrum
measured by (Chance andKurucz, 2010) and SO2 andO3 reference spec-
tra measured by (Vandaele et al., 1994) and Burrows et al. (1999), re-
spectively. Rise speeds for the plume and light dilution correction
were estimated using UV camera images (see Section 3.2).

3.2. UV camera

Two dual UV Camera systems were deployed at Ubinas and
Sabancaya volcanoes alongside a single scanning DOAS units. Both sys-
tems were equipped with passband filters centred at 310 nm, where
SO2 absorbs, and at 330 nm, outside the SO2 absorption region. The
first Apogee Alta U260 dual-set ultraviolet cameras (referred here as
camera 1) were coupled to Pentax B2528-UV lenses, with focal length
of 25 mm (FOV ~24°), and 10 nm full width at half maximum
(FWHM) bandpass filters placed immediately in front of each lens
(Asahi Spectra XBPA310 and XBPA330). The second JAI CM-140 GE-
UV dual-set ultraviolet cameras (referred here as camera 2) are fitted
with a 10 bit 1392 × 1040 pixels of Sony ICX407BLA UV-enhanced
CCD array sensor. The JAI cameras (29 × 44 × 75 mm) are equipped
Please cite this article as: Moussallam, Y., et al., Volcanic gas emissions and
for the volatile budget of the centr..., J. Volcanol. Geotherm. Res. (2017), h
with an electronic shutter architecture, a GiGE Vision interface and
powered with a 12 V battery (~4 W). Two quartz lenses UKA optics
UV1228CM (focal length 12 mm) provided an horizontal FOV ~41.7°,
two passband filters (Edmund 310 nm CWL and 330 nm CWL nm,
10 nm full width high maximum) are placed between the lenses and
the CCD array to avoid variations in wavelength response (Kern et al.,
2013). Image acquisition and processing were achieved using
Vulcamera, a stand-alone code specifically designed for measuring vol-
canic SO2 fluxes using UV cameras (Tamburello et al., 2011). Every
image acquired is saved in a 24 bit png pixmap with lossless compres-
sion. Two different sets of SO2 calibration cellswere used for the Apogee
(94, 189, 475 and 982 ppm·m) and JAI (192, 1040 and 2003 ppm·m)
UV camera systems to calibrate the qualitative measured apparent ab-
sorbance (Kantzas et al., 2010). Two parallel sections in our data series,
perpendicular to the plume transport direction were used to derive
plume speed (ranging from ~9 to 15 m·s−1). The data processing was
carried out following the details outlined in Kantzas et al. (2010). A
rough light dilution correction was achieved by assuming the average
light intensity measured along the rocky flank of the volcanic edifice
as a result of scattering of photons between the plume and the UV cam-
era. The calculated average intensity values, for the 310 and 330 filtered
images separately, were then subtracted from the raw images before
calculating the apparent absorbance and SO2 columndensity. Our calcu-
lated percentages of underestimation due to light dilution ranged from
29 to 38%, the same order ofmagnitude as those reported byCampion et
al. (2015).

3.3. In situ gas measurements

Two portable Multi-GAS instruments (Shinohara, 2005) containing
electrochemical and non-dispersive infrared (NDIR) sensors were de-
ployed at Ubinas and Sabancaya volcanoes (at 16°20′22.73″S 70°54′
0.87″W with an south-west going plume and at 15°47′20.63″S 71°51′
20.83″W with a south-going plume respectively). The instruments
were deployed at the NW side of the Ubinas crater (5570 m a.s.l) and
southern side of the Sabancaya crater (5930 m a.s.l) on 23 November
2015 and 27 November 2015 respectively. The in-plume amount of vol-
canic gas speciesweremeasured at a 1Hz frequency. CO2wasmeasured
by a NDIR sensor, H2O was derived from relative humidity readings
(Galltec sensors), providing a measuring range of 0–100% R.H. with an
accuracy of ±2%.

The conversion from relative humidity to water mixing ratio was
made following Buck (1981) and using the following equation:

H2O ¼
6:1121� 1:0007þ 3:46� P−6

� �
� exp

17:502� T
240:97þ T

� �
� Rh
100

� 106
� �

P
ð1Þ

where H2O is the absolute water mixing ratio in ppmv, T is the temper-
ature in °C, Rh is the relative humidity in % and P is the atmospheric
pressure in mbar. The gas temperature used in this equation is mea-
sured in real time by the Multi-GAS, the pressure is also measured by
the Multi-GAS and assumed to remain constant during the measure-
ments. SO2, H2S andH2weremeasured via specific electrochemical sen-
sors (respectively, models 3ST/F, EZ3H, and EZT3HYT “Easy Cal”; all
from City Technology with calibration range of 0–200 ppm). The sen-
sors, pump and data-logger are housed inside a weatherproof box and
powered by a small (6 Ah) 12 V LiPo battery. Similar systems have
now been successfully deployed at many volcanoes (e.g. Aiuppa et al.,
2011, 2012, 2014, 2015; Moussallam et al., 2012, 2014, 2016, 2017)
and the system used here is the same as Moussallam et al. (2016). All
sensors were calibrated in the laboratory in late October 2015 with tar-
get gases of known amount. Post processing was performed using the
Ratiocalc software (Tamburello, 2015). In the subsequent result section,
H2O and CO2 mixing ratios are reported after subtraction of their mean
degassing dynamics at Ubinas and Sabancaya volcanoes; implications
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ambient air mixing ratios (measured by the Multi-GAS on the volcano
flank directly prior to entering the plume), H2Smixing ratios are report-
ed after correction of laboratory-determined interference with SO2 gas
(typically 10–15%).

3.4. IASI observations

The Infrared Atmospheric Sounding Interferometer (IASI) is a Fouri-
er transform spectrometer carried onboard the Met-Op A and B polar
orbitingmeteorological satelliteswhich can provide global observations
twice a day. IASI records infrared emission spectra from 645 to
2760 cm−1 at 0.25 cm−1 resolution (0.5 cm−1 after apodisation) with
a pixel size of 12 km (at nadir) over a swath width of about 2200 km.
Sabancaya and Ubinas volcanoes most often release SO2 in the lower
troposphere, which is difficult to detect by hyperspectral infrared IASI
spaceborne instruments, whose sensitivity to this part of the atmo-
sphere is limited by thermal contrast. However, recent studies have
demonstrated the capability of IASI to measure near-surface SO2 in the
nu3 band in case of high thermal contrast and low humidity (Bauduin
et al., 2014, 2016). More particularly, Bauduin et al. (2016) have devel-
oped a specific algorithm, based on a look-up table approach, to retrieve
near-surface SO2 amounts from IASI measurements at a global scale.
This algorithm is used in this work and provides monthly-mean 0–
4 km SO2 column amounts on a 0.25 × 0.25 horizontal grid for the
months of October through December 2015 which surround the period
of time when ground-based SO2 measurements were performed. The
retrieval strategy relies on the calculation of hyperspectral range
Fig. 2. SO2 flux time series for (A)Ubinas volcano on22 and 23November 2015 asmeasuredbyU
by UV camera 1, 2 and scanning DOAS. Average SO2 fluxes are 1494 and 1663 ton/day with stan

Please cite this article as: Moussallam, Y., et al., Volcanic gas emissions and
for the volatile budget of the centr..., J. Volcanol. Geotherm. Res. (2017), h
indexes, which represent the strength of the nu3 band (1300–
1410 cm−1) of SO2 in IASI radiance spectra (Bauduin et al., 2016). First-
ly, spectra with detectable SO2 at low-altitude (below 4 km) are select-
ed using the algorithm of Clarisse et al. (2014). Secondly, the conversion
of indexes to SO2 columns is carried out using look-up tables built from
forward model simulations. Only SO2 column amounts with relative
error b 25% and absolute error b 10 DU are kept, which may create an
overestimation of IASI averages, as discussed in Bauduin et al. (2016).

4. Results

4.1. SO2 flux

Emission rates of SO2 are shown in Fig. 2 as flux in kg s−1 and t d−1

for measurements made on the 22 and 23 November 2015 at Ubinas
and 26 November 2015 at Sabancaya. We report only fluxes obtained
during cloud-free periodswhere the plumewaswell defined and trans-
parent, limiting the dataset to ~5 h of observations at Ubinas (~3 h on
the 22nd starting at 10:13 local time and ~2 h on the 23rd starting at
08:27 local time) and ~1.5 h of observations at Sabancaya volcano
starting at 10:09 local time. An average SO2 emission rate of 12.0 ±
4.5 kg s−1 (equivalent to 1040± 390 t/day; error reported as one stan-
dard deviation) was measured by DOAS at Ubinas on the 23 November
2015 and an average SO2 emission rate of 11.0± 5.9 kg s−1 (equivalent
to 947 ± 508 t/day) was measured by UV camera at Ubinas on the 22
November 2015. Both measurements are very close and within error,
indicating no resolvable day-to-day differences. The average SO2
Vcamera1 and scanningDOAS (B) Sabancaya volcano on26November 2015 asmeasured
dard deviations of 919 and 318 ton/day for Ubinas and Sabancaya volcanoes respectively.

degassing dynamics at Ubinas and Sabancaya volcanoes; implications
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emission rate (average of both UV camera and DOAS data, weighted by
acquisition time) at Ubinas volcano is 11.4 ± 3.9 kg s−1 (equivalent to
988 ± 333 t d−1). On the 26 November 2015 at Sabancaya an average
SO2 emission rate of 19.2 ± 3.7 kg s−1 (equivalent to 1663 ±
318 t/day) was measured by UV camera 1, an average SO2 emission
rate of 16.1 ± 4.1 kg s−1 (equivalent to 1394 ± 352 t/day) was mea-
sured by UV camera 2 and an average SO2 emission rate of 11.0 ±
3.8 kg s−1 (equivalent to 947 ± 332 t/day) was measured by DOAS.
Both UV cameras show extremely similar results while the DOAS
scans systematically yield slightly lower fluxes (Fig. 2). Given that
each technique is different and suffers limitations (e.g., more accurate
retrieval procedure for DOAS compared to UV cameras, higher frequen-
cy observations for UV Camera compared to the DOAS scans) differ-
ences are not surprising but importantly all averaged SO2 fluxes
during the observation period are within error (all reported errors are
one standard deviation). The average SO2 emission rate (average of
both UV cameras and DOAS data, weighted by acquisition time) at
Sabancaya volcano is 15.5 ± 2.3 kg s−1 (equivalent to 1325 ±
196 t d−1). Fig. 2 shows very large variations in the SO2 emissions at
Ubinas volcano over timescale of tens of minutes to hours, tracking
the “puffing” outgassing activity. Variations are also apparent in the
SO2 emissions at Sabancaya volcano and are of lower amplitude and
higher frequency than at Ubinas.
Fig. 3. (A) H2S and (B) H2O vs SO2 scatter plots of the mixing ratios in the Ubinas plume.
Only measurements taken in the densest part of the plume are considered (N1 ppmv
SO2 for the H2S vs SO2 scatter plot and N3.5 ppmv SO2 for the H2O vs SO2 scatter plot).
This corresponds to eight minutes of measurements presented in the H2S vs SO2 scatter
plot and five minutes of measurements presented in the H2O vs SO2 scatter plot. Least-
square regression lines are shown as black dotted lines on each plot. (C) CO2/SO2 ratio
against SO2 mixing ratio. In the densest part of the plume (SO2 N 5 ppmv) the CO2/SO2

ratio converges to 1.8. The largest peaks recorded during the measurement (time
periods where the CO2 and SO2 sensors recorded a clear response) period are shown as
red dots. All measurements were taken on November 23, 2015 at an acquisition
frequency of 2 Hz. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
4.2. Gas composition

At Ubinas, two Multi-GAS units ran for about 2.5 h during ascent
of the volcano as to sample episodic patches of wind-blown plume.
During the measurement period the Ubinas plume was found to be
very dilute (max 8 ppm SO2). In addition, themeasurements indicate
that several sources were contributing to the gas signal (i.e. low tem-
perature fumaroles participated in the recorded signal, mainly con-
taminating the CO2 and H2O signal). In order to isolate the
magmatic plume end-member we only considered measurement
periods during which the densest part of the plume was sampled
(Fig. 3). In order to obtain the volcanic CO2/SO2 ratio we plotted
the apparent CO2/SO2 ratio measured as a function of SO2 amount
measured at the same time, using SO2 as the indicator of volcanic
gas. Fig. 3(C) shows that while the recorded CO2/SO2 ratio ranges
considerably (from 1 to N30) at the low SO2 range (b3 ppm), it con-
verges at a single value of ~1.8 in the densest plume (high SO2). The
resulting ratios are listed in Table 1. Due to the very dilute nature of
the plume, these data are associated with a larger error than typical
Multi-GAS measurements.

At Sabancaya, we obtained 45 min of very good quality measure-
ments (very high volcanic gas signal) with two Multi-GAS instruments
sampling the plume at the crater rim. Fig. 4 shows four scatter plots of
SO2 vs CO2; H2O; H2S and H2 mixing ratios in the Sabancaya plume.
The strong positive co-variations observed between SO2 and the other
detected volatiles confirm a single, common, volcanic origin. The gas/
SO2 molar plume ratios were obtained by calculating the gradients of
the best-fit regression lines. The resulting ratios and associated errors
are listed in Table 1.

During the acquisition period at the summit of Sabancaya, multi-
ple explosions were heard deep inside the crater. Looking at the time
series of Multi-GAS measurements, specific periods can clearly be
highlighted as compositionally different. Fig. 5(A) and (B) highlights
two such periods (referred to as pulse 1 and pulse 2) on the CO2 vs
SO2 scatter plot obtained by the two Multi-GAS instruments. Fig.
5(C), (D), (E) and (F) show a time series, for a similar period on
both instruments, during which a change in CO2/SO2 ratio occurs.
These changes are not necessarily correlated with SO2 mixing ratio
(i.e. are not a data processing artefact) and cannot be attributed to
instrumental noise as they are clearly recorded by both Multi-GAS
instruments (Fig. 5(G)).
Please cite this article as: Moussallam, Y., et al., Volcanic gas emissions and
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5. Discussion

5.1. Gas emissions from Peru and the CVZ

Ubinas and Sabancaya volcanoes are two strong sources of volatile
flux to the atmosphere. Together they contribute nearly 1 Mt./yr
(~2500 t/d) of CO2 and SO2, placing them in the top 15 volcanic emitters
on the planet (Burton et al., 2013; Carn et al., 2017; Shinohara, 2013). At
the time of writing they are the only two Peruvian volcanoes emitting
appreciable amount of gases (i.e. amount high enough to be detected
by ground-based spectroscopic techniques). The volatile fluxes present-
ed in Table 1 therefore account for the bulk volatile emissions in the
country of Peru. At the scale of the Central Volcanic Zone (CVZ), Ubinas
and Sabancaya are found to be largest identified emitters of CO2 and SO2

(see previous compilation by Tamburello et al., 2014). These two volca-
noes bring the total measured CO2 flux of the CVZ from 1506 t/d to
4093 t/d, the total measured SO2 flux from 1818 t/d to 4131 t/d and
the total measured volatile flux from 20,220 to 49,587 t/d. Our
ground-based measurements hence indicate that about 60% of the
total volatile flux of the CVZ is produced by Ubinas and Sabancaya vol-
canoes. To put our ground-based measurements into context it is
degassing dynamics at Ubinas and Sabancaya volcanoes; implications
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Table 1
X/SO2molar andmass ratios measured byMulti-GAS and gas composition of the plume at Ubinas and Sabancaya volcanoes. The inferred flux range of each species is based on an SO2 flux
estimate for each volcano. Error are expressed as the standard error of the regression analysis and subsequent error propagation, error on inferred flux propagate error on the SO2 fluxes
and gas ratios.

Volcano Gas Molar ratio (X/SO2) Error (1σ) Mass ratio (X/SO2) Error (1σ) Composition (mol%) Error (1σ) Flux (ton/day) Error (1σ) Flux (kg/s) Error (1σ)

Ubinas H2O 78 30 21.93 8.44 96.49 37.11 21,667 11,084 250.8 128.3
CO2 1.80 0.50 1.24 0.34 2.23 0.62 1222 534 14.1 6.2
SO2 1.00 0.00 1.00 1.00 1.24 0.00 988 333 11.4 3.9
H2S 0.04 0.01 0.02 0.0053 0.05 0.012 21 9 0.24 0.10

Sabancaya H2O 7.24 0.33 2.04 0.09 73.37 3.34 2698 417 31.2 4.8
CO2 1.50 0.13 1.03 0.09 15.20 1.32 1366 234 15.8 2.7
SO2 1.00 0.00 1.00 1.00 10.13 0.00 1325 196 15.3 2.3
H2S 0.11 0.01 0.06 0.0053 1.15 0.101 80 14 0.9 0.2
H2 0.015 0.001 0.0005 0.00003 0.152 0.010 0.6 0.1 0.007 0.001
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interesting to compare them with IASI observations over the period
2012 to 2015 (Fig. 6; Animation). Fig. 6 shows monthly mean 0–4 km
SO2 column amounts retrieved from IASI measurements over the CVZ
for themonth of February 2012 to 2015, April 2012 to 2015 and average
over themonths of October toDecember 2012 to 2015while the anima-
tion shows monthly mean for every month from January 2012 to De-
cember 2015. Outgassing activity at Sabancaya can be seen to begin in
late 2012 and at Ubinas in late 2013. Prior to this, outgassing in the
CVZ was restricted to volcanic activity in northern Chile, with Lascar,
Lastaria, Ollague, Irruputuncu, Isluga and Guallatirri likely to be the
main sources (Animation). Since 2014 tropospheric SO2 outgassing
Fig. 4. (A) CO2, (B) H2O, (C) H2S and (D)H2 vs SO2 scatter plots of themixing ratios in the Saban
frequency of 1 Hz. Least-square regression lines are shown in dotted blue on each plot. (For inte
version of this article.)
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over the CVZ is clearly dominated by emissions from Sabancaya and
Ubinas.
5.2. Degassing behaviour at Sabancaya

The time series recorded by the two Multi-GAS instruments at
Sabancaya (Fig. 5(G)) shows clear fluctuations in the composition of
gases emitted. An autocorrelation analysis (using averaged values
from both instruments in order to reduce instrumental noise) reveals
a clear periodicity in the gas compositional signal at ~4 min (Fig.
caya plume.Measurements were taken onNovember 27, 2015 for 45min at an acquisition
rpretation of the references to colour in this figure legend, the reader is referred to theweb
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Fig. 5. CO2 vs SO2 scatter plots for Multi-GAS 1 (A) and 2 (B) on Sabancaya, showing the mixing ratio recorded during two “pulses”. Time series of CO2, SO2 and CO2/SO2 ratio during a
“pulse” as recorded by the first (C), (E) and second (D), (F) Multi-GAS instruments. (G) Complete time series of CO2/SO2 ratio as recorded by both Multi-GAS instruments and showing
clear oscillations in the gas composition.
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7(A)). The normalised autocorrelation formula is expressed as:

a lð Þ ¼ ∑x nð Þ � x n−lð Þ
∑x nð Þ2

ð2Þ

where x(n) is the centred time series and l the lag. Time series analyses
of the SO2 flux (Fig. 2) also show clear fluctuations for which autocorre-
lation analysis reveals two clear periodicities at ~2 and ~7 min (Fig.
7(B)).Whilst operating at a similar timescale, the periodicities recorded
Please cite this article as: Moussallam, Y., et al., Volcanic gas emissions and
for the volatile budget of the centr..., J. Volcanol. Geotherm. Res. (2017), h
by both datasets do not match exactly. Possible reasons for this discrep-
ancy are (i) atmospheric processes disturbing the gas flux prior to its
measurement by the UV camera (ii) differing observation periods be-
tween both datasets and (iii) true absence of correlation between the
two datasets. From our observations, none of these processes can be en-
tirely ruled out.

Periodicities in the gas compositional and flux signals have been ex-
tensively documented at Erebus volcano (e.g. Oppenheimer et al., 2009;
Boichu et al., 2010; Moussallam et al., 2012; Peters et al., 2014) and
degassing dynamics at Ubinas and Sabancaya volcanoes; implications
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Fig. 6.Monthlymean 0–4 km SO2 column amounts retrieved from IASImeasurements in Peru and northern Chile for themonths of February 2012 to 2015, April 2012 to 2015 and average
over the months of October to December 2012 to 2015.
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identified at Etna (Pering et al., 2014; Tamburello et al., 2013) and
Ambrym volcanoes (Allard et al., 2016). This is the first time howev-
er, that such periodic gas signals are measured at a passively
degassing dacitic volcano. Periodic degassing behaviour at passively
degassing volcanoes has been attributed to magma convection in the
volcanic conduit (e.g. Oppenheimer et al., 2009; Moussallam et al.,
2015) or to the periodic release of over-pressurised gas slugs (e.g.
Tamburello et al., 2013). At Sabancaya we found no correlation
between the observed gas signal oscillations and seismic activity,
suggesting that a seismically “quiet” process is responsible for the
gas signal (the seismic network in November 2015 consisted of
nine stations, the closest 1.6 km away from the summit). We
therefore favour conduit convection and the cyclic input of deeper,
gas-rich magma to shallow depth as the process responsible for the
observed gas signal fluctuations at Sabancaya. This process can also
readily explain the strong persistent degassing observed at the vol-
cano since June 2014 with – at the time of our field measurements
(November 2015) – no confirmed expulsion of juvenile magma.
Our observations support studies performed at Japanese volcanoes
(Kazahaya et al., 1994; Shinohara and Tanaka, 2012) in suggesting
that magma convection in volcanic conduits is a common process
happening over a large range of melt compositions.
Please cite this article as: Moussallam, Y., et al., Volcanic gas emissions and
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5.3. Magmatic conditions at Sabancaya

Using the measured H2O/H2 and SO2/H2S ratios, the gas-melt equi-
librium temperature and oxygen fugacity at Sabancaya can be calculat-
ed based on the reactions:

H2 þ½O2 ¼ H2O ð3Þ

and

H2Sþ 3=2O2 ¼ SO2 þH2O ð4Þ

The direction and extent to which these reactions will proceed is a
function of temperature and oxygen fugacity. Following Giggenbach
(1987, 1996) and using the thermodynamic data of Stull et al. (1969)
we can write the following equations:

log
H2

H2O
¼ −

12707
T

þ 2:548−
1
2

log fO2 ð5Þ
degassing dynamics at Ubinas and Sabancaya volcanoes; implications
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Fig. 7.Autocorrelation plots for (A) CO2/SO2 ratio asmeasured by the twoMulti-GAS instruments on Sabancaya (using averaged values) during a 50min acquisition period (B) SO2 flux as
measured by UV camera for a 51 min acquisition period. In (A) a clear periodicity occurs at ~4 min, as shown by three peaks in the autocorrelation (the peaks at 480 and 707 s are near
multiples of the first peak). In (B) two periodicities can be resolved, one at ~2 min showing multiple harmonics and a second one at ~7 min shown by the two peaks at 444 and 888 s.
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and

log
SO2

H2S
¼ 27377

T
−3:986þ 3

2
log fO2− log fH2O ð6Þ

Given that the H2/H2O ratio, SO2/H2S ratio and the fugacity of H2O
are known (at atmospheric pressure, the fugacity of a gas is equal to
its partial pressure), the equilibrium temperature and oxygen fugacity
can be calculated (two equations with two unknown). This yields an
equilibrium temperature of 730 °C and a logfO2 equivalent to ΔQFM
= +1.4 (where QFM refers to the quartz-fayalite-magnetite buffer,
and where ΔQFM= logfO2 − logfO2 of QFM at corresponding temper-
ature) or ΔNNO=+0.6 (where NNO refers to the Nickel Nickel-Oxide
buffer, and where ΔNNO = logfO2 − logfO2 of NNO at corresponding
temperature).

The main magma body involved in the 1990–1998 eruption of
Sabancaya consisted of dacitic magmas periodically recharged by
more mafic magmas leading to the formation and subsequent eruption
of hybrid Andesite (Gerbe and Thouret, 2004). The gas-melt equilibrium
conditions we calculate using the gas composition are entirely consis-
tent (in terms of temperature) with equilibrium with a dacitic magma,
but can only be considered a minimum estimate of the magmatic tem-
perature. Continuedmeasurements of the gas composition at Sabancaya
could be extremely valuable for eruption forecasting. An increased
Please cite this article as: Moussallam, Y., et al., Volcanic gas emissions and
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frequency ormagnitude of mafic input in themagmatic reservoir for in-
stance, should lead to an increase in computed gas-melt equilibrium
temperature.

6. Conclusion

We measured the composition and flux of gases emitted from
Ubinas and Sabancaya volcanoes in November 2015 using scanning ul-
traviolet spectrometers, UV cameras, Multi-GAS instruments and IASI
observations. Given that these volcanoes are the only significant sources
of volcanic emissions to the atmosphere in Peru, we estimate the total
CO2 flux of Peruvian volcanoes to 2587 ± 767 t/d, the total SO2 flux to
2313±529 t/d and the total volatile flux at 29367±12,819 t/d. Consid-
ering these two volcanoesmore than doubles previous estimates of CO2

and total volatile fluxes for the entire CVZ. At the global scale, these
volcanoes rank in the top 15 emitters of CO2 and SO2. The gas compo-
sitions measured at both volcanoes has a clear magmatic signature
implying that magma is efficiently being circulated at shallow
depth and degassed within the volcanic conduit. Periodic oscillations
in the gas composition at Sabancaya volcano further attest to proba-
ble vigorous convection of magma within the shallow conduit of this
volcano.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2017.06.027.
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