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e INFICON Inc., Syracuse, NY, USA   

A R T I C L E  I N F O   

Keywords: 
Carbon isotopes 
Volcanic gases 
UAS gas sampling 
Poás volcano 
Geochemistry 
Drones 

A B S T R A C T   

In April 2017, an intense phreatomagmatic eruptive phase took place at Poás volcano in Costa Rica. This was the 
most signi昀椀cant eruptive activity at the volcano since the 1950’s. Unlike previous eruptions, gas ratios were 
closely monitored during this event with the use of both ground-based MultiGAS and uncrewed aerial system 
(UAS) real-time monitoring, providing valuable insight into the nature of the eruption. This well-studied eruption 
presents a unique opportunity to examine hydrothermal and magmatic processes occurring at Poás during pe-
riods of unrest versus quiescent periods. Here, we present stable carbon isotopic results of volcanic CO2 at Poás 
spanning the pre-eruptive as well as eruptive and post-eruptive phases in 2017 through 2019. Samples were 
collected by a combination of direct sampling (analyzed by Isotope Ratio Mass Spectrometry [IRMS] or Cavity 
Ring Down Spectroscopy [CRDS]), as well as UAS and ground-based plume sampling (analyzed by CRDS). Direct 
samples range from −6.17 to −3.73 ‰ during 2017 to 2019. Using the Keeling approach, we calculate δ

13C 
magmatic source values of −3.97 ± 1.94 ‰ and − 3.64 ± 0.48 ‰ using UAS sampling and ground-based 
sampling, respectively, for April 2019. We propose that these values for δ13C are being governed by a combi-
nation of magmatic and hydrothermal 昀氀uctuations related to sealing and unsealing of the upper magma cara-
pace. This process results in comparatively heavy values when the system is being buffered by 昀氀uid-gas 
interaction as the hydrothermal system seals and expands, while lightest values are predominant during unsealed 
phases where degassed magma supplies the volatiles along with phreatic or phreatomagmatic activity. The 
signi昀椀cance of this work is two-fold: it demonstrates the use of a rapid volcanic gas sampling strategy applicable 
for monitoring at other volcanoes prone to phreatomagmatic and/or phreatic eruptions, and it provides a new 
conceptual model to interpret the phreatic/phreatomagmatic eruptive activity at Poás over the last 20 years.   

1. Introduction 

Carbon isotopes are becoming a standard tool for assessing hydro-
thermal and magmatic processes through analysis of thermal waters (e. 
g. Venturi et al., 2017), calcite precipitates (e.g. Chiodini et al., 2015), 
soil gas (e.g. Hanson et al., 2018), fumaroles (e.g. Troll et al., 2012), 
昀氀uid inclusions (e.g. Boudoire et al., 2018), and mantle minerals (e.g. 
Sandoval-Velasquez et al., 2021; Rizzo et al., 2018). Volcanic plumes are 
a valuable means of volcanic carbon isotopic monitoring at active vol-
canoes. Plumes represent a mixture of gases from a source or multiple 
sources along with background air at some distance from the vent, 

which means that with the right equipment, they can be safely and 
rapidly accessed during times of unrest. While dilute volcanic plumes 
have been sampled for subsequent isotopic analysis of carbon dioxide by 
helicopter (Fischer and Lopez, 2016) and from the ground (Schipper 
et al., 2017; Malowany et al., 2017; Chiodini et al., 2011; Rizzo et al., 
2014, 2015), attempts to apply UASs (Uncrewed Aerial Systems) to this 
end are limited (Liu et al., 2020; Shingubara et al., 2021; Tsunogai et al., 
2022). Nevertheless, UAS have proven to be vital to volcanological 
monitoring for topographic surveys, hazard mapping, instrument 
deployment, and gas measurements (James et al., 2020). In this work, 
we combine direct sampling of fumaroles with indirect volcanic plume 

* Corresponding author at: McGill University, Montreal, Canada. 
E-mail address: 昀椀ona.darcy@mail.mcgill.ca (F. D’Arcy).  

Contents lists available at ScienceDirect 

Journal of Volcanology and Geothermal Research 
journal homepage: www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research 

https://doi.org/10.1016/j.jvolgeores.2022.107639 
Received 5 November 2021; Received in revised form 1 July 2022; Accepted 31 July 2022   

mailto:fiona.darcy@mail.mcgill.ca
www.sciencedirect.com/science/journal/03770273
https://www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research
https://doi.org/10.1016/j.jvolgeores.2022.107639
https://doi.org/10.1016/j.jvolgeores.2022.107639


Journal of Volcanology and Geothermal Research 431 (2022) 107639

2

sampling both from the ground and by UAS at Poás volcano, Costa Rica, 
to characterize the stable carbon isotopic variations in the volcanic CO2. 
We draw comparisons between the two methods and use our extensive 
suite of samples to provide new insight into the processes governing the 
magmatic-hydrothermal interactions at Poás. 

Poás volcano is one of Central America’s most dynamic volcanoes. It 
is characterized by cycles of phreatic and phreatomagmatic activity 
centered around a dome and crater which has hosted an intermittent 
crater lake (Laguna Caliente) closely monitored since 1980 (e.g. Martí-
nez et al., 2000; Rowe et al., 1992; Rouwet et al., 2017). Changes in 
crater lake level have been associated with shallow intrusions in 1981 
beneath the dome, and in both 1985–1990 and 1998–2004 beneath the 
lake-昀椀lled pit crater (Rymer et al., 2005; Rymer et al., 1998). Currently, 
CO2, SO2, and H2S are the main gases used to monitor the activity of 
Poás by MultiGAS and other methods (e.g. Fischer et al., 2015; de Moor 
et al., 2016; de Moor et al., 2019; Vaselli et al., 2019). Large changes in 
SO2/CO2 are interpreted to be driven by variations in SO2 昀氀ux due to 
interactions between S-rich magmatic gas and acid hydrothermal 昀氀uids 
(de Moor et al., 2019). This process is common in other volcanic systems 
which host crater lakes, such as Ruapehu (Christenson et al., 2010) and 
Rincón de la Vieja (Battaglia et al., 2019). In these sulfur-rich environ-
ments, small variations in CO2 昀氀ux are less useful as a monitoring tool 
because they are eclipsed by larger variations in sulfur and have large 
associated errors. On the other hand, carbon isotopic compositions of 
gas emissions are unaffected by 昀氀uctuations in sulfur, so they are sen-
sitive to small changes in CO2 sources or fractionation processes, making 
them a useful monitoring tool in these systems. 

The April 2017 phreatic and phreatomagmatic activity at Poás 
resulted in the drying out and disappearance of the Laguna Caliente and 
destruction of most of the adjacent pyroclastic dome structure (Vaselli 
et al., 2019). This was the most signi昀椀cant eruptive activity since the 
1950’s, and juvenile magmatic material of andesitic composition 
(~57.4 wt% SiO2; de Moor et al., 2019) was expelled during these 
eruptions. During the present study, Poás crater contained a large vent 
(“Boca A" produced by the 2017 eruption and destruction of the dome) 
emitting a near constant, highly convective gas plume. Hosted within 
the bed of the previous crater lake were two smaller 昀氀ooded vents 
occupied by vigorously bubbling S-rich pools (Boca C) and an adjacent 
fumarole 昀椀eld (Boca B; Fig. 1). The dynamic environment of the crater of 
Poás poses a challenge to long-term monitoring of gases, as different 
sites have appeared and disappeared over the years, preventing robust 
comparison among different studies (Vaselli et al., 2019). In order to 
compare spatial variations, we collected δ13C results from samples taken 
across 昀椀ve sites in the active crater area within a 5-day time period in 
2019, ranging from the ambient plume to diffuse degassing from the bed 
of the previous crater lake. Measurements of δ

13C from fumaroles at 
Poás were reported from 2000 to 2004 (Vaselli et al., 2019) and from 
2001 to 2008 (Hilton et al., 2010); here we report a new time series of 
measurements spanning January 2017 to April 2019. We use the iso-
topic data reported here for 2017 to 2019, in conjunction with gas ratios 
reported elsewhere, to build a new conceptual model involving hydro-
thermal buffering and degassed shallow magma which we apply to ac-
tivity at Poás spanning the last 20 years. 

Fig. 1. (a) Map showing the location of takeoff site #1 and #2, Boca A, Boca B, Boca C, the monitoring fumarole, bubbling spring, and diffuse degassing area. (b) 
General location of Poás volcano in Costa Rica. (c) Location of Poás volcano with respect to the Central American Volcanic Arc (CAVA) as an inset of the box outlined 
in (b). DEM data for (c) was generated using Advanced Spaceborne Thermal Emission and Re昀氀ection Radiometer (ASTER) Global 341 Digital Elevation Model 
(GDEM) data, a product of METI and NASA. 
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2. Material and methods 

Direct samples were obtained from February 2017 through February 
2019 with Giggenbach bottles (Giggenbach, 1975). Fumaroles were 
sampled with a titanium tube, and bubbles emanating from the crater 
lake and subsequent isolated pools were collected using an inverted 
funnel. Gases were bubbled through a 4 N NaOH solution in a glass 
Giggenbach bottle and returned to the lab at OVSICORI, where this so-
lution was extracted and oxidized. Aliquots of 0.5 ml of the oxidized 
solution were then introduced into 12 ml exetainer vials. These samples 
were then acidi昀椀ed using 30% orthophosphoric acid by an automated 
autosampler and resulting CO2 gas was analyzed by Cavity Ring-Down 
Spectrometry. All other samples were collected in 2019 from 25 to 30 
April using UAS plume sampling, ground-based plume sampling, and 
direct sampling and subsequently analyzed by Cavity Ring-Down 
Spectrometry. 

2.1. UAS plume sampling 

We collected UAS samples on two days, a distal sampling campaign 
on 25 April 2019 and a proximal campaign on 30 April. The distal UAS 
sampling assembly (Fig. 2A) was used on 25 April during 昀椀ve sampling 
昀氀ights of the plume taken 20 to 100 m above the pit crater. Take-off and 
landing took place from take-off site #1 at the lookout or “Mirador” 

where tourists gather (Fig. 1). The assembly consisted of a quadcopter 
(TurboAce Matrix-i) and 昀氀ight time of ~10 min with payload 
comprising the gas sampling con昀椀guration attached on top of the UAS 
body and secured with bungee cords, while gas sample bags were 
attached directly below the drone. The payload (700 g) consisted of a 
pump (micropump®, model d3k, 2.5 L/min) connected to an electronic 
switch (Turnigy 10A/30 V) which utilized an empty standard port on the 
UAS receiver. An SO2 sensor (Citicell 0–200 ppm range) was included 
with a voltage sensor (Futaba SBS-01 V) connected to the SBUS2 port of 

the receiver and one of the inlet tubes of the pump. A portable USB- 
powered charger supplied power to the pump while a 9 V battery 
powered the SO2 sensor. The four sampling bags (Altef, 800 ml) were 
connected in series via the outlet tube of the pump and contained in a 
mesh bag connected by a carabiner and 0.1 m rope under the drone. The 
pump switch and SO2 sensor were mapped to channels on the remote 
controller for the drone, allowing the pilot to use two-way telemetry to 
read the voltage of the SO2 sensor and turn the pump on and off for 
sampling. 

The proximal UAS sampling assembly (Fig. 2B) was used on 30 April 
during three sampling 昀氀ights of the plume 10–20 m above the fumarole 
昀椀eld. Take-off and landing occurred from take-off site #2 located within 
the crater, adjacent to the previous site of the crater lake (Fig. 1). The 
assembly consisted of a quadcopter (DJI Inspire 1, 昀氀ight time of ~6 min 
with payload) with the gas sampling con昀椀guration as a separate unit 
suspended 1.5 m below the UAV. The payload (360 g) consisted of a 
pump (1.2 L/min) connected to an electronic switch (Turnigy 10A/30 V) 
and a stand-alone receiver (Futaba R70087B) along with a battery pack. 
The four sampling gas bags (Altef, 800 ml) were connected in series from 
the outlet tube of the pump and contained in a mesh bag along with the 
gas sampling unit. The UAS was maneuvered with one remote controller 
by the pilot, while the gas sampling unit was controlled by a second 
person using a secondary remote controller to switch the pump on and 
off. The convective nature of Boca A and Boca B prevented UAS sam-
pling from those plumes at this proximal location. 

2.2. Ground-based plume sampling 

On 26 and 30 April, near-source ambient plume samples were taken 
in the fumarole 昀椀eld by placing the inlet tube on top of boulders in the 
fumarolic plume and using a pump to purge 5 m of tubing before 昀椀lling 
sample bags (Fig. 1). The plumes of Boca A and Boca B were sampled at 
ground level by extending the inlet tube horizontally and using the 

Fig. 2. Sampling assembly by UAS used at Poás in April 2019. a) Distal assembly used for sampling the volcanic plume on 25 April b) Distal assembly components 
and speci昀椀cations. c) Proximal assembly used for sampling at Poás crater on 30 April 2019. d) Proximal assembly components and speci昀椀cations. 
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pump to purge the line before 昀椀lling sample bags. 

2.3. Direct sampling 

On 30 April, direct samples were collected in replicates of 昀椀ve within 
the 昀氀oor of the pit crater from the monitoring fumarole, from a tube 
inserted into warm ground, and from a bubbling pool (Fig. 1). A titanium 
tube or funnel was connected to <1 m of silicon tubing, and a 1000 ml 
syringe and 3-way valve were used to 昀氀ush the line of ambient air prior 
to collecting the sample. Each 12 ml vial was then 昀氀ushed three times 
and 昀椀lled to overpressure. 

2.4. Isotopic analysis 

All samples from 25 to 30 April were analyzed within 24 h on a 
Picarro G2201-i CRDS at the geochemistry lab of the Observatorio 
Vulcanológico y Sismológico de Costa Rica (OVSICORI) in Heredia, 
Costa Rica, following the methods of Malowany et al. (2017). A copper 
tube 昀椀lled with 昀椀ne copper wire cuttings was used to remove any 
interference from H2S, and three in-house standards (−43.15‰, 
−15.6‰, and − 11.4‰) were used to de昀椀ne a calibration curve (Fig. S1). 
Any samples above 5000 ppm CO2 were diluted with zero air 

administered from a tank using a gas-tight syringe. A standard was run 
every 5 to 12 samples at concentrations ranging from 450 to 1050 ppm 
CO2 to monitor instrument drift (Table S1). Carbon isotopic results are 
reported using the per mil notation which provides values relative to the 
Vienna Pee Dee Belmenite (VPDB) reference standard. Repeat analysis 
of standards shows that uncertainties are ~0.3 ‰. 

3. Results 

3.1. UAS and ground-based δ13C results of April 2019 

Results of all carbon isotopic measurements collected at Poás during 
25–30 April 2019 are reported in Table S1 and direct samples from 2017 
to 2019 are reported in Table S2. A background 昀氀ight and unaffected 
ground samples ranged from 406 to 411 ppm and δ13C of −9.5 to −10.4 
‰. Therefore, average background in this location during the time of 
sampling was 408 pm and − 9.8 ‰. This is within an acceptable range 
for the tropospheric region, whose atmospheric signature varies, even at 
remote summits, due to diurnal 昀氀uctuations from biogenic respiration 
and altitude (Takahashi et al., 2002; Araujo et al., 2008). On 25 April, 16 
dilute plume samples were collected by distal UAS sampling, with CO2 
concentrations ranging from 408 ppm to 491 ppm, and δ13C of −9.7 to 

Fig. 3. Plots showing inverse CO2 concen-
tration versus δ

13C relative to Vienna Pee 
Dee Belemnite of gas samples collected at 
Poás volcano in April–May 2019. a) Prox-
imal UAS sampling (solid triangles), Boca A 
(x’s), Boca B (crosses), and fumarole 昀椀eld 
plume samples (solid squares) are shown 
along with their line of best 昀椀t. Also shown 
are samples from the distal UAS (solid di-
amonds), along with measurements of 
background air taken at the site (solid cir-
cles). Lastly, direct samples with very high 
concentrations are plotted as diffuse 
degassing (open circles), bubbling spring 
(open diamonds), and monitoring fumarole 
(open triangles). b) All ground-based sam-
pling, including direct samples and samples 
of diffuse plumes taken from the ground, are 
plotted together (open squares) for compar-
ison with proximal UAS sampling (triangles) 
and distal UAS samples (diamonds) >50 
ppm above background along with their 
respective linear regression lines of best 昀椀t.   
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−11.4 ‰. On 30 April, 8 dilute plume samples were collected by prox-
imal UAS sampling, with CO2 concentrations ranging from 477 ppm to 
528 ppm, and δ13C of −8.2 to −9.1 ‰. On 26 and 30 April, we collected 
a total of 37 ground-based samples from the ambient plumes of Boca A, 
Boca B, and the fumarole 昀椀eld, with CO2 concentrations ranging from 
570 ppm to 5280 ppm and δ13C of −3.2 to −10.4 ‰. Direct samples from 
30 April taken from the monitoring fumarole, bubbling spring, and 
diffusely degassing soil range from −3.9 to −4.7 ‰. Concentrations 
exceed 40,000 ppm CO2 for all direct samples. 

The results of both the UAS proximal sampling and ground-based 
sampling are compared in Fig. 3A and B. We used a Keeling approach 
(Keeling, 1958) to model a binary mixing line between background air 
and the volcanic source in order to estimate the volcanic source δ13C. 
Using this method, we performed regression analysis for proximal UAS 
samples (n = 10, −3.97 ± 1.94 ‰, R2 of 0.81), Boca A samples (n = 6, 
intercept of −3.42 ± 0.49 ‰, R2 

= 0.99), Boca B samples (n = 3, 
intercept of −4.76 ± 1.5 ‰, R2 

= 0.96), and ground-based sampling of 
the plume above the fumarole 昀椀eld (n = 11, intercept of −2.38 ± 1.5 ‰, 
R2 

= 0.86). Errors on the intercepts are calculated at 95% con昀椀dence. In 
Fig. 3A, the intercept of the proximal UAS-based sampling falls within 
the range of source values estimated for Boca A, Boca B, and the 
fumarole 昀椀eld, indicating the UAS was sampling a mixed plume. The 
proximal UAS intercept (−3.97 ‰) is nearly identical to the direct 
sampling δ13C (average − 4.01%). In Fig. 3B, all ground-based samples 
from April 2019 (Boca A, Boca B, ground-based samples above fumarole 
昀椀eld, and direct samples) are grouped together as a mixed population to 
compare with the UAS results. The mean δ13C estimated for all ground- 
based samples is −3.64 ± 0.48 ‰ (n = 33, R2 of 0.83), a difference of 
0.33 ‰ from the source value based on the proximal UAS samples. Also 
in Fig. 3B, we compare proximal UAS samples (all of which are >50 ppm 
above background) with distal UAS samples >50 ppm above back-
ground. We performed a linear regression on distal UAS samples of 25 
April, to delineate a ternary source (−14.6 ± 4.4 ‰, R2 

= 0.67, n = 4). 
As the distal samples were collected in less dense volcanic plume up to 
100 m above the vents, we postulate that these samples are a mixture of 
volcanic emissions (−4‰, this work), soil respiration from the crater 
昀氀oor (−17 to −27 ‰; Glamoclija et al., 2004), forest or pasture respi-
ration from adjacent areas (−27 or − 21 ‰, respectively; (Powers, 
2006), and stable atmosphere (−8.5 ‰; White et al., 2015). For this 
reason, these samples are plotted along with their own regression line, 
and are not included in the proximal regression. 

In Fig. 4, ground-based sampling from the three direct sampling sites 

in 2019 are compared to Boca A and B plumes. There is no statistically 
signi昀椀cant variation of δ13CO2 for sites at Poás volcano measured in our 
study within the same 5-day span. This is consistent with the lack of 
signi昀椀cant δ13CO2 variation among three fumaroles sampled from 2001 
to 2008 (Hilton et al., 2010) and lack of systematic differences in major 
gas geochemistry from the same three sites (Fischer et al., 2015). 
However, de Moor et al. (2016) showed that SO2/CO2 varies between 
sources within the crater mostly due to variations in SO2 昀氀ux. While we 
cannot rule out the possibility that the sites sampled in our study are 
isotopically distinct, we use the average δ13C (−4.1 ± 0.5 ‰) collected 
in our study to represent the carbon isotopic signature of Poás volcano in 
April 2019 for temporal comparison with results from previous sample 
periods. 

3.2. Direct sampling results of January 2017 to April 2019 

Direct samples range from −3.7 to −6.2 ‰ during 2017 to 2019, 
with the lightest value of −6.2 ‰ observed one week before the initia-
tion of the April 2017 phreatic to phreatomagmatic activity (Fig. 5) 
during a ramping up phase of unrest associated with increasing SO2 昀氀ux, 
increasing SO2/CO2 ratio, elevated seismicity, and in昀氀ation (Salvage 
et al., 2018; de Moor et al., 2019). These values lie within the range 
obtained for 2001 to 2008 samples (−1.3 to −6.8 ‰) from Hilton et al. 
(2010) and within the range of those obtained for 2000 to 2004 samples 
(−2.6 to −6.2 ‰) from Vaselli et al. (2019). With the exception of the 
April 2017 value of −6.2 ‰, a baseline during 2017 to 2019 appears to 
range between −3.4 and − 5.1 ‰ for our dataset. The notably low value 
in April 2017 falls within the range of δ13C recorded by Hilton et al. 
(2010) in January to July 2001 (−5.6 to −6.8 ‰). Fischer et al. (2015) 
interpreted unstable 昀氀uctuations in gas ratios during 1998 to 2001 as the 
result of an in昀氀ux of magmatic volatiles that occurred prior to 2001 
along with increased in昀椀ltration of surface waters due to hydro-
fracturing events. 

4. Discussion 

Certain phreatic and phreatomagmatic eruptions are inherently 
linked to failure of a semi-permeable mineralized cap known as a hy-
drothermal seal (Mick et al., 2021; Stix and de Moor, 2018). This 
porosity-reducing mineralization has been considered by Rowe et al. 
(1992), notably for native sulfur deposits, in their model of a fractured 
magma carapace at Poás volcano. One caveat to consider when moni-
toring for magmatic changes at volcanoes with hydrothermal systems is 
the possibility of gases and their isotopic ratios being buffered by the 
hydrothermal system (Tassi et al., 2016). This further highlights the 
need to recognize which results indicate magmatic unrest and which are 
indicative of hydrothermal buffering. Our work attempts to unravel this 
issue, laying the foundation for future studies exploring this interaction 
at Poás and elsewhere. Given the explosive nature of these eruptions, we 
昀椀rst discuss how the use of UAS can improve monitoring at volcanoes 
with dynamic magmatic-hydrothermal systems. Next, we discuss the 
possible controls on carbon which could be related to magmatic 昀氀uids 
and sources, degassing, or hydrothermal sealing and unsealing at Poás. 
Finally, we integrate each of these controls into a new model incorpo-
rating the carbon isotope and gas ratio data from the 2005–2006 and 
2017–2019 activity. 

4.1. Drone-based and direct CO2 sampling for same-day stable carbon 
isotopic analysis 

An inherent challenge to airborne δ
13CO2 sampling of plumes is 

dictated by the need to sample a relatively high concentration plume, 
which is usually turbulent and risky to sample by UAS. Our work 
demonstrates that sampling dilute volcanic plumes by UAS can be a 
feasible volcano monitoring tool, which could supplement time- 
intensive ground sampling from crater 昀氀oors. While the low CO2 昀氀ux 

Fig. 4. Spatial comparison of δ13C in gas samples among sampling sites within 
the pit crater at Poás. Individual samples are shown for the monitoring fuma-
role (open triangles), bubbling spring (open diamonds) and diffuse degassing 
(open circles). Due to the comparatively dilute samples, the intercept of a linear 
regression of samples are shown for Boca A (green x’s) and Boca B (blue 
crosses) along with the associated 95% con昀椀dence interval for each intercept 
(vertical lines). Mantle value shown is world-wide MORB (Sano and Marty, 
1995). (For interpretation of the references to colour in this 昀椀gure legend, the 
reader is referred to the web version of this article.) 
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at Poás limited the concentration of dilute plume samples we collected 
in April 2019 (406 ppm to 528 ppm CO2), we sampled higher concen-
trations and mole fractions of volcanic CO2 (120 ppm above back-
ground, 23%, this work) as compared to other UAS carbon isotopic 
sampling campaigns at Manam volcano, Papua New Guinea (85 ppm 
above background, 21%; Liu et al., 2020) and at Aso volcano, Japan (98 
ppm above background, 19%; Tsunogai et al., 2022). Using linear 
regression, we found remarkably similar δ

13C volcanic source values 
with the drone gas sampling assembly as compared to high concentra-
tion direct sampling. To further cross-validate our source estimate, we 
compared the linear regression using all proximal UAS samples (−3.97 
± 1.95 ‰, R2 

= 0.81) to that of only proximal samples with CO2 con-
centrations >500 ppm (−3.88 ± 1.55 ‰, R2 

= 0.93,) which are in 
agreement to within 0.09 ‰. Finally, we use a weighted mean of indi-
vidual estimates based on proximal samples with CO2 concentrations 
>500 ppm (Schipper et al., 2017), which estimates the volcanic signa-
ture to be −3.22 ± 0.86 ‰, thus within the acceptable error range 
produced by either regression calculation (Table S3). With caution and 
good sampling conditions, UAS plume sampling for isotopic analysis of 
carbon can be a reliable means by which to estimate the carbon signa-
ture at the source of a volcanic vent. 

4.2. Controls on carbon isotopic systematics 

Our data from 2017 to 2019 shows a marked change in baseline CO2 
in the lead-up to the April 2017 eruptive period. We propose that a 
steady-state convecting magma chamber replenished by deep injections 
governs the observed range in δ

13C baseline values (3.4 to −5.1 ‰). 
Minor variations in supply and increased magmatic 昀氀uids could poten-
tially account for the slight rise in the baseline δ13C leading up to the 
2017 activity. However, this model alone cannot explain the major drop 
in δ

13C (from baseline to −6.2‰) observed at Poás in the immediate 
weeks leading up to the April 2017 opening eruptive phase. There are 
three main types of controls on carbon which we consider to interpret 
this drop in δ13C: deep sources of carbon, fractionation during magmatic 
degassing, and fractionation during shallow hydrothermal processes. 

The simplest mechanism to begin with is based purely on 昀椀nger-
printing the sources of carbon that supply the magmatic system from 
which the CO2 is derived. The relative abundances of mantle wedge, 
sediment, and limestone accrued during subduction can be estimated 
based upon δ13CO2 and CO2 /3He (Sano and Marty, 1995). Based upon 
further 3He/4He records, Hilton et al. (2010) postulated that beyond 

these three endmembers, crustal-derived CO2 from the Caribbean plate 
could have caused the observed increase in δ13CO2 in fumaroles at Poás 
from 2001 to 2005. Isotopically light compositions were attributed to 
relatively higher mantle contribution to the magmatic system. However, 
this model does not apply to our 2017 to 2019 data given the evidence 
for a lack of deep magma involved in the eruption. The evolved 
composition of the juvenile magma erupted in the 2017 eruption (de 
Moor et al., 2019) and high SO2/CO2 concurrent with phreatic- 
phreatomagmatic eruptions reported during 2014 to 2017 at Poás (de 
Moor et al., 2016; de Moor et al., 2019) together provide evidence for 
remobilization of pre-emplaced magma rather than injection of a fresh 
CO2-rich intrusion spawning the 2017 activity. Finally, deep supply of 
CO2 from increased magmatic 昀氀uids in 2017 would be expected to 
supply a more positive δ

13C, so we instead seek other processes to 
explain the negative δ13C excursion of April 2017. 

The second mechanism we expore is fractionation during magma 
degassing. Experimental studies have shown that δ13CO2 decreases as a 
magma becomes progressively more degassed (Holloway and Blank, 
1994), due to the preferential exsolution of heavier carbon into the 
vapor phase (Javoy et al., 1978). In Hawaii, Gerlach and Taylor (1990) 
demonstrated that closed-system equilibrium degassing can account for 
carbon isotope fractionation leading to the more negative δ13CO2 of the 
Kilauea East Rift zone (−7.8‰) as compared to less fractionated summit 
crater gases (−3.4‰). At Etna, several authors have noted decadal or 
annual variations in δ13CO2 which have been attributed to a combina-
tion of either deep and shallow magmatic endmembers of different 
stages of degassing being tapped, carbonate assimilation over time, or 
mantle metasomatism of carbon-rich 昀氀uids (Chiodini et al., 2011; Pao-
nita et al., 2012; Martelli et al., 2008). Short-term variations in δ13CO2 at 
Etna spanning 5 days were attributed solely to degassing-associated 
fractionation (Rizzo et al., 2015). A dual magmatic source has been 
extensively studied at Stromboli volcano (Aiuppa et al., 2010) whereby 
explosive periods are supplied by CO2-rich gas bubbles from a deep 
source while degassing of a shallow magma contributes to quiescent 
degassing. Injection of deeply sourced CO2 from undegassed basaltic 
magma would be expected to produce isotopically heavier CO2 (more 
positive δ

13CO2 than baseline) (Javoy et al., 1978) rather than the 
observed negative δ13CO2 of −6.2 ‰. Our sample from April 2017 shows 
an anomalously light δ

13C consistent with the idea that the CO2 was 
released from a largely degassed magma (de Moor et al., 2019) which 
was emplaced at shallow levels in 2000–2005 (Rymer et al., 2009). 

There is a third mechanism of potentially equal importance at Poás: 

Fig. 5. Carbon isotopic ratios relative to Vienna Pee Dee Belemnite from 2017 to 2019 at Poás volcano. Triangles represent direct sampling points collected from 
fumaroles, bubbling point source, or diffuse degassing through crater soil and measured by CRDS or IRMS. Circles represent estimates of source δ13C for various 
plumes sampled by ground-based or UAS methods and extrapolated using the Keeling method (1958). 
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shallow buffering of carbon. In a hydrothermal setting, carbon can 
theoretically exist in gaseous, solid (bound in minerals), or aqueous 
(dissolved in solution) form. Preferential uptake of carbon during ex-
change from one form to another can result in fractionation corre-
sponding to a fractionation factor, ε, which is dependent on 
temperature. In systems where pH is neutral or higher, calcite deposition 
in hydrothermal alteration areas is a mechanism by which CO2 is 
removed from solution (Giggenbach, 1984). Assuming precipitation at 
temperatures <192 çC, hydrothermal calcite deposited in the hydro-
thermal system will be isotopically heavy with respect to the gas (Ray 
et al., 2009; Barry et al., 2019). If calcite were dissolved back into hy-
drothermal 昀氀uids and released as a gas phase, we would expect an 
increasingly heavy signature. However, Laguna Caliente at Poás is 
highly acidic (Martínez et al., 2000), and no calcite has been found in a 
recent study which surveyed the alteration minerals in the sur昀椀cial area 
(Rodríguez and van Bergen, 2017). Carbon dioxide exsolved from a 
magma body can remain in gaseous form or become dissolved in hy-
drothermal 昀氀uids according to Henry’s law of solubility (Vogel et al., 
1970). In the low pH settings of active craters, the aqueous form will be 
almost exclusively dissolved carbon, as bicarbonate and carbonate 
speciation is negligible. The 13C partitions preferentially into the vapor 
phase according to a fractionation factor, α

13CO2vapor-solution which is 
temperature-dependent. As the core acid part of the hydrothermal sys-
tem expands and is heated, 昀氀uid-gas fractionation could contribute 
isotopically heavy C to the gas emissions. This has been postulated for 
hydrothermal areas exhibiting heavier δ13CO2 as compared to higher- 
temperature crater areas at Turrialba volcano (Malowany et al., 
2017). We propose that this hydrothermal process could potentially 
account for the slight rise in the baseline δ13C leading up to the 2017 
activity. 

We now formulate our model of the activity at Poás in relation to the 
sealing and unsealing of the hydrothermal cap while drawing upon the 
fundamental mechanisms discussed above. 

4.3. Spatio-temporal evolution of carbon isotopic variations at Poás from 
2017 to 2019 

We 昀椀rst discuss the implications of our results in terms of spatial 
variation at the study site, then discuss temporal evolution. While we 
cannot say for certain whether the different sources in the Poás crater 
are isotopically homogeneous due to the overlap in error among Boca A, 
Boca B, and the fumaroles (Fig. 4), we can see that these sites may be 
supplied with gases from a common source with δ13CO2 of −4.1 ± 0.5 
‰. The limited spatial variation could indicate a common permeable 
conduit source which is comprised of a network of interconnected 
fractures, as has been proposed to explain intra-crater spatial variation 
elsewhere, e.g., Cerro Negro (Lucic et al., 2014). This aligns well with 
the proposed structure of the magmatic plumbing system at Poás pro-
posed by Rymer et al. (2005), wherein gravimetric data point to a 
common magmatic carapace that is overlain by 昀椀nger-like intrusions of 
shallower magma <100 m beneath the pit crater and dome. Keeping in 
mind the uncertainty of spatial variations, we now compare temporal 
results of carbon isotopes collected from various locations at Poás in this 
campaign (2017 to 2019) to previous campaigns (2001 to 2014). 

The 昀椀rst stage of activity which our data cover is January to March 
2017, when the gases were supplied by a convecting magma chamber 
overlain by a relatively well-sealed hydrothermal system. High H2S/SO2 
and increasing C/S indicate hydrothermal sealing processes associated 
with sulfur deposition, while δ

13C remains within baseline values. 
Failure of the hydrothermal seal in April 2017 likely caused sudden 
depressurization of previously emplaced shallow magma and was 
associated with increased degassing (de Moor et al., 2019). The next 
stage of activity is the April 2017 phreatomagmatic episodes and sub-
sequent eruptions through August 2017. The onset of the eruption 
caused the hydrothermal seal to break, allowing the shallow magmatic 
gas which had been accumulating in the volatile-rich zone of the magma 

carapace to escape. Since the magma carapace was emplaced pre-2006 
(Rymer et al., 2009; Fischer et al., 2015), the magma had already 
been degassing for several years. These observations agree with our 
results, wherein the δ

13C dipped to a more negative value (−6.2 ‰) 
consistent with a greater in昀氀uence from a degassed magma. By 
November 2017, the δ13C had returned to within baseline values (−4.5 
‰), indicating a return to steady state conditions as the hydrothermal 
seal was steadily rebuilding. 

Extending our model further into the past, we now provide a new 
interpretation of the 2001–2008 evolution of carbon isotope systematics 
at Poás. In Fig. 6 we compare data taken from gases at the Naranja/Norte 
fumarole, Of昀椀cial/Este fumarole, and Monitoring fumarole (Hilton 
et al., 2010; Fischer et al., 2015; Vaselli et al., 2003, 2019) with our data. 
Firstly, the lowest δ13C of 2001 (−4.3 to −6.8 ‰) was collected from the 
Of昀椀cial/Este fumarole (Vaselli et al., 2019; Fischer et al., 2015) and is 
equivalent to the April 2017 isotopic signature (−6.2 ‰) of degassed 
magma with little or no hydrothermal in昀氀uence. H2S/SO2 was low in 
2001, consistent with a lesser in昀氀uence of the hydrothermal system, 
though spatial heterogeneity is apparent. Scatter in the carbon isotopic 
values also re昀氀ects spatial heterogeneity in those fumaroles closer to the 
lake which likely underwent some buffering during gas-昀氀uid exchange 
processes. The δ13C then increased from January 2001 to June 2005, 
peaking at −1.3 ‰ in June 2005, 9 months before the 昀椀rst phreatic 
eruption in 2006. This was followed by a steady decrease in δ13C during 
phreatic activity post-June 2005, reaching −4.0 ‰ by 2008. This could 
be explained by either the shallow (昀氀uid-gas interaction) or deep 
(degassing fractionation) mechanisms considered in our model. The 昀椀rst 
scenario suggests that the peak in δ13C of −1.3‰ in 2005 was a response 
to increased heat, expansion of the acidic hydrothermal system and an 
increasing 昀氀uid-gas fractionation prior to the current extended eruption 
period. The second scenario would suggest that the increasing δ13C was 
caused by progressively greater in昀氀uence from the deeper system as slab 
and mantle carbon has a δ

13C of −0.5‰ (Barry et al., 2019). As in-
jections of undegassed magma enter into the deep convecting magma 
chamber with associated emplacement of shallow dikes, δ

13C would 
increase, while the subsequent decrease in δ

13C would be due to 
degassing fractionation as CO2 is lost from those same dikes. Both these 
scenarios align well with the model suggested by Fischer et al. (2015) in 
which injection of magma or magmatic volatiles in 1998 to 2005 were 
marked by increased C/S (Fig. 6), which progressively formed a hy-
drothermal seal and subsequent pressure buildup under the seal. Ac-
cording to these authors, the post-2006 magma was continuously 
degassing and the hydrothermal seal became fractured as phreatic 
eruptions occurred in 2006 and 2008, with intermittent re-sealing. In 
late 2006, δ13C values were − 4 to −5 ‰, indicating a transition between 
partly hydrothermal and partly magmatic in昀氀uence. More recently, 
Vaselli et al. (2019) suggested overpressuring and rupture of the hy-
drothermal seal in 2005–2006 as the system switched from hydrother-
mal to more magmatic dominated. Our model strengthens previous 
models by incorporating a mechanism by which carbon isotope sys-
tematics can be accounted for during both magmatic-dominated erup-
tive phases and baseline hydrothermal activity. With this new insight, 
we can now better understand and recognize the cycles of hydrothermal 
seal formation and pressurization leading up to phreatomagmatic ac-
tivity using carbon isotope monitoring. 

5. Conclusions 

Our new UAS approach to volcano monitoring could 昀椀ll the gap left 
by current techniques, as rapid and repeated deployment of sampling 
drones, with same-day isotopic analysis, can be used prior to, during, 
and after eruptive phases to detect small isotopic changes occurring in 
the magmatic-hydrothermal plumbing system which would otherwise 
be overlooked. We have combined direct sampling of fumaroles with 
ground-based and UAS-based sampling of volcanic plumes at Poás vol-
cano, Costa Rica, to characterize the stable carbon isotopic variations in 
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the volcanic CO2. We found markedly similar δ
13C between the two 

techniques. Near-synchronous sampling across multiple sites at Poás has 
demonstrated little spatial variation in δ13C, allowing for multi-decadal 
comparison of carbon isotope systematics at Poás. We present results of 
δ

13C from fumarolic sampling spanning 2017 to 2019. A comparatively 
negative carbon isotopic value of −6.2 ‰ immediately prior to the April 
2017 phreatomagmatic episode can be explained by our conceptual 
model, in which a broken hydrothermal seal allows volatiles from a 
degassed, pre-2006 magma to emit carbon with an isotopically light 
signature. Post-eruptive values return to pre-eruptive baseline values of 
−3.4 to −5.1 ‰. In 2018 to 2019, the values tend towards more positive 
δ

13C due to 昀氀uid-gas exchange governed by increasing temperature of 
the hydrothermal system as the seal reformed and periodic phreatic 
explosions provided fractures for 昀氀uid in昀椀ltration. 
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