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Abstract Volatiles released from magma can form bubbles and leave the magma body to eventually

mix with atmospheric air. The composition of those volatiles, as derived from measurements made after
their emission, is used to draw conclusions on processes in the Earth's interior or their influences on Earth's
atmosphere. So far, the discussion of the influence of high-temperature mixing with atmospheric air (in
particular oxygen) on the measured volcanic gas composition is almost exclusively based on thermodynamic
equilibrium (TE) considerations. By modeling the combined effects of C-H-O-S reaction kinetics, turbulent
mixing, and associated cooling during the first seconds after magmatic gas release into the atmosphere we
show that the resulting gas compositions generally do not represent TE states, with individual species (e.g., CO,
H,, H,S, OCS, SO,, HO,, H,0,) deviating by orders of magnitude from equilibrium levels. Besides revealing
the chemical details of high-temperature emission processes, our results question common interpretations of
volcanic gas studies, particularly affecting the present understanding of auto-catalytic conversion of volcanic
halogen species in the atmosphere and redox state determination from volcanic plume gas measurements.

Plain Language Summary A major fraction of magmatic gas emissions are released into

the atmosphere from open vents. The emission processes are characterized by fast turbulent mixing with
atmospheric air (within seconds) and associated rapid cooling. Hardly anything is known about the chemical
kinetics within this brief mixing and cooling period. We simulate the chemical kinetics during the first seconds
of hot magmatic gases in the atmosphere and find severe deviation to common interpretations and central
thermodynamic equilibrium assumptions prevailing in volcanic gas geochemistry.

1. Introduction

Volcanic gases crucially influence Earth's atmosphere, on long time scales by gradually altering the atmospheric
redox state (Gaillard et al., 2011; Kasting, 1993), as well as on short time scales when large amounts are emitted
instantaneously during large eruptions (Robock, 2000). Volcanic gas measurements reveal information about
Earth's interior, and the chemistry within the cooled and diluted volcanic plume. In that context, the interface
between the magmatic gases and the atmosphere and its influence on the gas composition requires considera-
tion. Interpretations of fumarole emissions, particularly those which have considerably cooled at the point of
sampling, include a quantitative treatment of gas-rock and gas-fluid interactions. The analysis encompasses both,
thermodynamic equilibrium (TE) relationships and the quantification of relative rates of equilibration (see e.g.,
Giggenbach, 1987, 1996; Henley and Fischer, 2021). In contrast to that, the interaction between magmatic gas
and atmospheric air in high-temperature emission processes, for example, at open vents, is difficult to access
experimentally and therefore remains poorly studied. Such high-temperature volcanic gases are commonly solely
interpreted on the basis of TE relations. While this is likely to be valid for gas bubbles within the magma body,
we show that—in contrast to usual assumptions (e.g., Gerlach and Nordlie, 1975; Martin et al., 2006; Moussallam
etal., 2019)—TE is not suited to describe magmatic gases at the direct interface between magma and atmospheric
air and afterward. TE requires the Gibbs free energy to be minimized prior to macroscopic changes of the system.
By modeling the chemical kinetics and turbulent atmospheric mixing in the magma-atmosphere interface, we
show that major chemical conversions, cooling, and mixing usually take place on comparable time scales. This
leads to complex interactions of these processes ultimately determining the gas composition of the plume within
the first fractions of a second after emission into the atmosphere. Then, the gas composition greatly deviates from
both, the magmatic gas TE and the TE of the diluted plume and its interpretation requires considering chemical
kinetics (i.e., reaction rates) and the dynamics of the system.
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2. Hydroxyl Radicals in a High-Temperature Mixture of Water and Oxygen

Numerous approaches to modeling hot volcanic gases found considerable amounts of hydroxyl radicals (OH, up
to tens of ppm for higher temperatures, e.g., Bobrowski et al., 2007; Gerlach, 2004; Martin et al., 2012; Roberts
et al., 2014, 2019; von Glasow, 2010) and drew the attention to volcanic HO, (OH + HO,). However, these stud-
ies remain without a comprehensive assessment of its origin and impacts.

The OH radical is extremely reactive and substantially influences atmospheric processes even when present in
amounts as small as 0.1 ppt (Crutzen, 1974; Levy, 1971). Generally, the abundance of OH as an intermediate
species is linked to high rates of chemical conversion. For instance, large amounts of OH are present in combus-
tion flames (Cattolica et al., 1982) and the oxyhydrogen gas explosion (Willbourn & Hinshelwood, 1946).

The following mechanism outlines the dynamics of a plausible OH formation process in volcanic gases, its
strong dependence on mixing dynamics, and its impact on the plume's composition. Simplified, the emission of
hot magmatic gases into the atmosphere, can be thought of as hot water vapor (the most abundant magmatic gas
constituent, ca. 50 to >99%, see Gerlach, 2004; Symonds et al., 1994) rapidly mixing with O, (see Figure 1).
Before leaving the magma body, magmatic gases are assumed to be in TE because of the high temperatures
and considerable dwelling times of gas bubbles within magma (Giggenbach, 1996; Oppenheimer et al., 2018).
Thus, within a hot gas bubble, a certain amount of OH and H is formed from water decomposition (Bonhoeffer
and Reichardt, 1928; Gerlach, 2004, Figure 1c). Immediately after the emission of the hot gas from the magma,
mixing with ambient air introduces O,, which, together with the emitted OH and H, provides the initiation of
chain branching mechanisms that lead to further enhanced OH levels.
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Figure 1. (a) Reaction scheme of an exemplary fast oxidation process when hot magmatic gases (in TE) mix with
atmospheric O,; (b) Respective reaction rate constants k as a function of temperature (pressure dependent reactions for

670 hPa, corresponding to a volcanic emission source at about 3,200 m above sea level); OH and H are formed from the
decay of H,O within magmatic gas bubbles and initiate the oxidation processes. (c) Shows the initial amounts of OH and H
(in TE) as a function of emission temperature (670 hPa pressure).
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This mechanism (rate constants in Figure 1b) oxidizes reduced plume components (e.g., H, or CO, denoted by R)
in fast catalytic cycles. At the same time, mixing with atmospheric air causes rapid plume cooling, which slows
down Reaction 2 and changes branching between Reaction 1 and HO, formation through (M denotes a neutral
third molecule or atom, ensuring momentum conservation):

OZ(alm) +H+M - HO,+M (@]

This mechanism is only a small fraction of the kinetic processes studied in this work (see below). However, it
already outlines the large extent to which the amount of OH (and other short-lived species) affects the chemical
composition of volcanic gases with a strong dependence on mixing and cooling time scales. The widespread
assumption that “the ambient air will simply quench and dilute the magmatic gas” (Gerlach & Nordlie, 1975;
Martin et al., 2006) is therefore likely to be an oversimplification of a decisive process in the chemical evolution
of volcanic gases in the atmosphere. The observations of flames occurring related to volcanic gas emissions (see
e.g., Jaggar, 1917 and Figure S1 in Supporting Information S1) supports these considerations, though they may
represent extreme examples of the processes examined here.

3. Rapid Atmospheric Mixing and Cooling of Magmatic Gas

We use a C-H-O-S kinetic chemical mechanism (Zeng et al., 2021, 52 species, 350 reactions, see also Figure S3
in Supporting Information S1) and model the first 10 s after the magmatic gas is emitted into the atmosphere. For
each time instance the conversion rates of the plume constituents are calculated based on temperature-dependent
rate constants of the individual chemical reactions. Simultaneously, we use a parametrization of the turbulent
mixing process that introduces atmospheric air to the plume. The dilution and plume cooling caused by turbu-
lent mixing can induce drastic changes (for instance a sudden drop) of reaction rates, ultimately leading to
non-equilibrium levels of several gas species. The chemical state of the plume can be tracked during the entire
period of dilution and cooling to ambient atmospheric temperature.

The intensity of turbulent mixing is approximated based on viscous energy dissipation in the boundary layer
(Dinger et al., 2018) and Richardson-Obukhov constant quantification by Franzese and Cassiani (2007). We
examine three mixing scenarios (MSs, Figure A1), each corresponding to circular sources (e.g., bubbles bursting
at the lava surface) with radii from 0.075 m (MS III) through 0.75 m (MSII) to 7.5 m (MS I) covering a substantial
range of realistic emission scenarios (see Figure A1). Moreover, a coarse assessment of heterogeneity throughout
the plume is possible. While MS I (slower mixing) represents the core part of larger plumes, MS III (fast mixing)
accounts for the situation at the very edge of that same plume. Appendix A describes the model in detail.

The degassing scheme of open lava lakes represents an extreme (end-member-like) case of open vent volcan-
ism, which accounts for a major fraction of volcanic gas emissions to Earth's atmosphere (Carn et al., 2017).
In this study we initialize the model based on measurements at Nyiragongo lava lake (Democratic Republic of
Congo). The lava lake of Nyiragongo recently was at altitudes above 3200 m (Burgi et al., 2020), corresponding
to a pressure of 670 hPa, which we assume throughout this study. According to measurements of Sawyer, Carn,
et al. (2008), the emitted gas is composed of H,O (70%), CO, (24%), SO, (4.5%), CO (0.8%), OCS (0.002%),
and about 0.7% of halogen species (which are ignored in the chemical mechanism used in this study). The lava
temperature at Nyiragongo is ca. 1370 K (Tazieff, 1984). Based on these measurements, we calculate the TE
composition (for the respectively assumed emission temperature, Figures S2 and S3 in Supporting Informa-
tion S1), which is then used to initialize the kinetic model calculations. Table 1 summarizes the key chemical
processes according to reaction rate analysis for different gas temperatures (see Figures S5-S20 in Supporting
Information S1 for more details).

Figure 2a shows the modeled temporal evolution of the molar mixing ratios of key radicals and other plume
constituents (SO, indicates dilution, see Figures S4a and S4b in Supporting Information S1 for more gases).
For an initial temperature of 1370 K, OH amounts are already in the ppm range at the time of emission. Upon
mixing with air, the OH levels further increase (to about 100 ppm) before decaying rapidly. In accordance with
the processes sketched above (Figure 1) the OH peak coincides with the maximum CO conversion rate. In this
example, the time scale of the respective MS determines the oxidized CO amount before it is dominated by
mixing with the atmospheric background in the cooled plume.
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Table 1
Selection of Key Net Chemical Conversions Within the First Moments of a Volcanic Plume as Identified by Reaction Rate
Analysis of the Kinetic Model Calculations (See Figures S5-S20 in Supporting Information SI)

Reference Reaction Comment

1. O production from in-mixed O, at high T

Ia SO + 0, - SO, + 0O SO, H from magm. TE
Ib H+0,—-OH+O0 -
II. OH production from O produced by Ia and Ib
JIE: H,0+ 0 — 2 OH -
III. OH conversion of plume constituents
Ila OH + CO —» CO, +H -
IIIb OH+H,—->H,0O+H -
Illc OH + SO, + O, — SO, + HO, OH + SO, + M — HOSO, + M

- HOSO, + 0, — SO, + HO,

IV. HO, production from in-mixed O, at lower T

IVa H+0O,+M - HO,+M =
IVb HOSO + O, — HO, + SO, (e.g.,SO, + H+ M — HOSO + M)
V. HO, conversion
Va HO, + SO, — SO, + OH -
Vb HO, + HO, — H,0, + O, (H,0,+M — 2 OH + M)
VI. H,S and OCS oxidation
Via H,S + CO, — COS + H,0 -
VIb COS + 0, » CO + SO, -
a | |
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Figure 2. (a) Temporal evolution of the mixing ratios of key radicals and other plume constituents, plume temperature 7}, atmospheric temperature 7,, and mixing
state (given by the ratio of atmospheric air volume V, to magmatic gas volume V,,, bottom panel) as given by the kinetic model (see Appendix A) for the three MSs
(colors indicate MS I-MS III) and an emission temperature of 1370 K. In (b) the result of the kinetic simulation (MS 1, thick lines) for OH, HO,, CO, and SO; are
shown together with the results of respective TE calculations (thin violet lines), where the composition determined by mixing was brought to TE at each time instance.
High OH amounts drive gradual CO oxidation. HO,, CO, and SO, show extreme deviation from the TE state. See Figure S4 in Supporting Information S1 for a plot

with lower initial temperature and for further gases and MSs.
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In Figure 2b the temporal evolution of the mixing ratios of OH, HO,, CO, and SO, from the kinetic model run is
compared to their corresponding TE mixing ratios (MS II and III in Figure S4c in Supporting Information S1).
TE concentrations quickly change due to the rising O, amounts and the dropping temperature in the plume. The
OH equilibrium levels are generally lower but follow the kinetic model rather closely, indicating that the involved
reactions are fast with respect to the mixing time scales. In contrast, while TE mixing ratios of CO and HO, are
much lower than the kinetic values, those of SO, are strongly enhanced. The time scales of formation or destruc-
tion of those species exceed the mixing time scale and lead to a composition of the cooled plume that depends
on its early mixing history.

The rapid and mostly exothermic oxidation processes also cause considerable transient net heating of the
plume (by several 10 s of K, Figure 2b), which further influences the chemistry and in part explains the remain-
ing deviation of kinetic OH levels from TE. Plume heating through exothermic reactions was considered earlier
(e.g., by Jaggar (1917), Le Guern et al. (1979)) but is rarely discussed within the scope of recent volcanic gas
studies.

The importance of kinetic modeling for the investigation of high temperature magmatic gas emissions in
atmospheric air has been recognized before, for example, by Martin et al. (2012), Roberts et al. (2019). Their
modeling approaches already suggest the high relevance of reaction kinetics, for instance for the oxidation
of reduced plume constituents. However, Martin et al. (2012) perform their calculations for constant temper-
atures and static volume ratios of magmatic and atmospheric gas, which is far from any realistic emission
scenario. Roberts et al. (2019) coupled chemical kinetics to mixing dynamics by using a predefined scheme
of plume compartments to implement a static temperature and mixing trajectory, relying on mixing parame-
ters from external transport model calculations. They model the first 2.4 s of an explosive emission scenario,
assuming a rather low emission temperature (1000 K) that varies only by about 100 K during the course of
the modeled period.

Our study substantially extends the former approaches to modeling the reaction kinetics in hot volcanic gases.
Full and flexible coupling of chemical kinetics to atmospheric mixing dynamics allows to cover the entire evolu-
tion of broad ranges of different realistic dynamic emission settings with only a few model runs. Thus, we can
easily investigate the sensitivity of the system to different parameters (e.g., emission temperature or MS) and
for instance identify different chemical regimes of a process (see Section 4). Moreover, in contrast to former
approaches, we are able to assign key chemical mechanisms (i.e., the driving chemical reactions) to the results of
the model calculations, which substantially improves the quality of their discussion. Further improvements over
previous kinetic model studies include (a) modeling temperature influences through enthalpy changes, (b) easy
adaptability and extensibility (e.g., to specific emission environments), and (c) high accessibility to the scientific
community by exclusively using open-source software packages.

4. Gas Composition Changes and Emission Temperature

The temperature of the magmatic gas at the time of its emission to the atmosphere is among the major unknowns
of the emission process. It depends on the lava temperature, which varies with magma type and activity and
remains challenging to measure (Li et al., 2021). Moreover, it is influenced by cooling through adiabatic expan-
sion of bubbles within the magma (Daly, 1911; Oppenheimer et al., 2018). The temperature evolution in the
atmosphere is determined by fast mixing, thermal radiation, interaction with volcanic ash and aerosol, and the
heat released by enthalpy changes through chemical conversions.

As shown above (Figure 2b), the OH levels of the kinetic model for high-temperature gases represent TE within
about one order of magnitude. They also are in accordance with TE calculations of mixtures of magmatic and
atmospheric gas assumed in earlier studies (example for 0.5 s plume age, MS I in Figure 3). The considerable
range of typically observed magmatic gas compositions covered by these studies only weakly influences the OH
levels, that is, they are mainly determined by temperature. For lower temperature HOy levels are dominated by
HO, (see also Figure S4d in Supporting Information S1) and start to become more sensitive to the abundance of
reduced plume species (see blue lines in Figure 3). Hence, the emission temperature decisively determines the
chemical regime of the gas emission process.

The case of CO (Figure 4a) demonstrates that the plume composition is substantially altered already a tenth
of a second after emission. While reduced at high emission temperature through oxidation by OH, the CO
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Figure 3. The modeled OH and HO, mixing ratio in the plume, 0.5 s after emission, plotted against its instantaneous
temperature for model runs with different initial temperature for MS 1. Alongside, modeled OH amounts reported in the
literature are plotted. For temperatures above ca. 1000 K, OH levels are consistent with other studies that assume at least
about 2% atmospheric air content (i.e., V,/V,, > 0.02, all other literature values are indicated by gray crosses), without a
considerable impact of the assumed initial magmatic gas composition. HO, levels dominate at lower temperatures. The blue
lines show the results of kinetic model runs initialized with a TE of only H,O and CO, (in the ratio measured by Sawyer,
Carn, et al. (2008)). In this case, lower levels of reduced gases reduce HOy levels at lower temperatures.

to CO, ratio increases at lower emission temperatures with respect to the initial TE value. This is due to the
dominance of the fast conversion of OCS to CO (Zeng et al., 2021) and demonstrates the drastic relevance of
intermediate species, which are entirely ignored in TE calculations. Consequently, redox parameters derived
from measurements of magmatic gases in atmospheric air using TE relationships (e.g., the oxygen fugacity
fo,» Figure 4b, Moussallam et al., 2019; Oppenheimer et al., 2018) can be either biased high (CO oxidation,
emission 7> ca. 1100 K, up to 10 log units in the diluted plume) or low (CO formation from OCS, emission
T < ca. 1100 K).

Roberts et al. (2019) already showed that CO oxidation in volcanic plumes is governed by chemical kinetics,
rather than TE. Our investigation of CO levels extends this finding to a broad range of emission scenarios and
identifies the underlying key mechanisms. Temperature-dependent chemical regimes of the process (including
an inversion in the CO level changes) could be defined and suggest that regarding the temporal evolution of indi-
vidual species in a single emission scenario is not necessarily sufficient to comprehensively explain the reaction
kinetics in rapidly cooling volcanic gas emissions.

Figures 4c and 4d show the ratios of different emitted gases (H,S, OCS, and H,) or secondary plume constituents
(HO,, H,0,, SO,) to SO, after the plume cooled to 400 K starting from different emission temperatures. The large
deviations of the gas ratios to their initial TE state at emission are induced by kinetic processes and their varia-
tion along the cooling trajectory (processes listed in Table 1 are indicated in Figure 4). The SO,/SO, ratios agree
with commonly measured sulfate/SO, ratios (see summary of literature measurements in Roberts et al. (2019)).
This supports the results of Roberts et al. (2019), and extends their validity to a larger range of emission scenar-
ios. OCS, H,S, and H, levels are depleted for higher emission temperature (on split-second time scales for the
assumptions made in our case study, see Figure S4 in Supporting Information S1). In contrast, HO, and H,0, can
survive plume cooling in amounts (up to 10 and 100 ppb, respectively) exceeding initial TE levels (sub-ppt levels
for T < 1300 K, see Figure S2 in Supporting Information S1) and atmospheric background levels (ca. 10 ppt for
HO, and 2-6 ppb for H,0,, see Seinfeld and Pandis (2006)).
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Figure 5. CO to CO, ratios measured at four lava lakes (at Kilauea, Masaya,
Erta Ale, and Erebus volcano) by open-path Fourier transform infrared
spectroscopy (FTIR) using lava thermal emission as light source (data from
Oppenheimer et al. (2018), Kazahaya et al. (2022), Sawyer, Oppenheimer,

et al. (2008), Oppenheimer and Kyle (2008)). The values are systematically
lower than those expected from the melt equilibrium, which are calculated
based on melt temperature and the oxygen fugacity of melt inclusions and
matrix glasses (data from Moussallam et al. (2016), de Moor et al. (2013),
Kelly et al. (2008), calculations base on the thermodynamic equilibrium of

CO + %02 = CO, with thermochemical data by Allison (2013)). See Table S2

5. Implications for Volcanic Gas Studies

Our modeling of the reaction kinetics of high-temperature volcanic gas emis-

sions reveals fundamental inconsistencies between state-of-the-art chemical

knowledge (i.e., reaction rate constants and reaction kinetics) and common

interpretations of volcanic degassing processes. Examples include:

1.

H,S, H,, and CO have been observed in seconds-to-minutes-old volcanic
plumes (e.g., Aiuppaetal.,2007,2011; Schumann et al., 2011). However,
their abundance is in most cases not compatible with TE considerations.
So far, these inconsistencies are explained by stating that some of the
emitted species “re-equilibrate” (with the atmosphere) and others do not
(e.g., Aiuppaet al., 2011; Martin et al., 2009). Furthermore, these studies
suggest that the hot and direct emission of magmatic gases to the atmos-
phere might lead to quenching of the TE levels of reduced magmatic
gases in the plume. Our results show that many of the magmatic species
are likely to be present in amounts that substantially deviate from both,
magmatic TE and TE of the plume (i.e., the mixture of magmatic gases
and atmospheric air). Moreover, our results show that the direct intrusion
of O, into hot magmatic gas emissions significantly enhances the oxida-
tion of reduced magmatic species (Figure 4). The introduction of kinetic
processes and intermediate species to the discussion will considerably
refine the interpretations of former and future volcanic gas measurements
at open vents. Volcano-specific adaptions of our model (e.g., lowered O,

in Supporting Information S1 for more details.

levels in vent systems) will support the interpretation of measurements
of reduced plume species (and also that of sulfate, Roberts et al. (2019)).

2. High-temperature volcanic gas measurements are thought to be representative for the magmatic gas redox

state, which, in turn, is assumed to equal the redox state of their formerly hosting magmas (Giggenbach, 1996).
The compositions of “disequilibrium” samples of hot plume gases (i.e., samples that did not resemble a TE
state) are modified in retrospect to conform to a TE state in so-called “restoration” procedures (see e.g.,
Gerlach, 1980, 1993; Symonds et al., 1994). By assuming that levels of reduced species are lowered through
atmospheric oxidation and oxygen mass balance calculations, high-temperature fumarole gas emission samples
could be corrected consistently for the influence of atmospheric contamination (e.g., de Moor et al., 2013).
Our model results confirm that these assumptions are very likely to be valid at high emission temperatures
(see Figure 4). However, particularly for lower emission temperatures the influence of remaining intermediate
species (for instance CO produced by OCS oxidation, see Figure 4a) and other details of chemical kinetics can
cause substantial uncertainties in such approaches. This could introduce biases in these data, which are widely
used, for instance in studies on the evolution of the early Earth's atmosphere (Holland, 2002).

. We find a strong influence of reaction kinetics on the magmatic redox state as derived from volcanic plume

gas samples (e.g., fo, determined from redox pairs in a 0.1 s old plume, Figure 4b). The magmatic gas
composition after emission is governed by emission temperature and degassing style (MSs are related to
bubble sizes). For higher emission temperatures (7 > ca. 1100 K) CO oxidation leads to reduced CO to CO,
ratios. Figure 5 shows CO to CO, ratios as measured at four different lava lakes by open-path Fourier trans-
form infrared spectroscopy (FTIR). A systematic bias to low CO to CO, ratios is observed, when comparing
the values to the ratios calculated using melt temperature and the oxygen fugacities derived from respective
melt inclusions and matrix glasses. The discrepancy between observed gas redox states and those of the
hosting melts was previously solely attributed to thermal decoupling of gas bubbles from the surrounding
magma (Moussallam et al., 2019; Oppenheimer et al., 2018). Open-path infrared measurements using the
thermal emission of the lava surface as light source sample the magmatic gas slightly after its first contact to
atmospheric air. An influence of the fast oxidation processes studied here is likely to be unavoidable for this

Figure 4. Panel (a) shows volcanic molar CO/CO, as a function of gas emission temperature for different MSs and at different plume age. The influence of mixing
with atmospheric CO and CO, is corrected. (b) Logarithmic oxygen fugacity fo, calculated from the CO/CO, values in (a) (equilibrium constant calculated using
thermochemical data from Allison (2013)). (c) Modeled SO,, H,S, and OCS amount normalized to SO, after cooling of the plume to 400 K, starting from different
model emission temperatures and assuming different MSs. (d) Same as (c) for HO,, H,0,, and H,. Within the plots references to the relevant kinetic processes (roman

numbers, Table 1) are provided.
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measurement approach. Future studies should focus on the quantification of the relative relevance of decou-
pling between gas and melt redox state and fast chemical conversion in the magma-atmosphere interface for
open vent emissions.

4. Models of reactive halogen chemistry in the minutes-to-hours-old plume strongly depend on the radical
amount, particularly HO,, in the initial plume composition (Surl et al., 2021). Previous reactive halogen stud-
ies always used high-temperature TE calculations to initiate the plume model (Bobrowski et al., 2007; Roberts
etal., 2014; Surl et al., 2021; von Glasow, 2010), typically resulting in HOy, levels in the ppm range. With the
considerably lower HO, levels (ppb range) and the depleted OH levels in the cooled plume, indicated by our
kinetic simulations, reactive halogen plume models might no longer reproduce the observed bromine monox-
ide levels. Including halogens into the chemical mechanism of our model will enable a straight-forward and
entirely kinetic treatment of halogen chemistry in volcanic plumes. Providing such fundamental constraints
to the models will lead to a substantial refinement of the understanding of phenomena that arise from the
interaction of atmospheric air and magmatic gases in downwind plumes.

Open vent volcanic gas emissions are challenging to study and there remain major uncertainties in the determining
parameters of the process (e.g., emission temperature, atmospheric turbulence, reaction rate constants). By intro-
ducing a comprehensive and flexible framework for simulating dynamic gas emission processes with steep temper-
ature gradients, we are able to unveil central kinetic processes at the interface between magma and the atmosphere.
We show that these processes can determine the gas composition of volcanic plumes by altering the magmatic gas
composition within split-seconds after their emission. Since the time scales of mixing and high-temperature chem-
ical conversion are comparable, the abundance of many plume constituents deviate by orders of magnitude from the
amount expected by both, the initial magmatic TE and the TE of the plume. Moreover, kinetic processes influence
the plume temperature by the enthalpy changes introduced by the chemical reactions. Evaluations and interpreta-
tions of volcanic gas measurements at open vents will strongly benefit from considering high-temperature reaction
kinetics and emission dynamics in volcano-specific adaptions of the here described model. Further progress is
expected from considering more details of spatial heterogeneity, including heterogeneous chemistry, and adding
further gas species to the model and, most notably, from improved and dedicated field observations to validate and
better constrain the model calculations (e.g., OH measurements, see Kuhn et al., 2021).

Appendix A: A Model for the Assessment of Early-Stage Volcanic Gas Emissions

We introduce a model that covers large ranges of turbulent mixing scenarios by a simple but comprehensive
parametrization and combines it with a kinetic treatment of the relevant chemical mechanisms. The model allows
to identify the driving chemical processes inside the plume during the entire cooling period and to study their
sensitivity on parameters such as the gas emission temperature for different turbulent mixing scenarios.

We use a 1-box approach to calculate the plume's chemical composition ¢, (concentrations in mol cm~3) and
temperature 7}, (in K) as a function of time 7. A stationary emission plume with circular cross section is assumed
with advection determining the transport along the plume axis and neglecting mixing in that direction. The
process is then basically governed by lateral mixing with the atmosphere and chemistry, so that for a given set
of initial values (Eplvo, TpLO) the progression of plume composition and temperature can be inferred numerically
through integration of the two derivatives:

ATy dTy
dt ~ dr

dTy

mx A7 AD

chem

Ay déy
dr  dr

dé,

dr (A2)

mix chem

Al. Mixing

The plume box expands with time and at any time includes all the emitted gas molecules (see also von Glasow
et al., 2003). Turbulence will cause an absolute dispersion of the plume, consisting of both meandering and
relative dispersion with respect to its center of mass. The relative plume dispersion is driven by in-mixing of the
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surrounding air. For young plumes (plume diameter not exceeding several tens of meters), the increase of plume
size leads to an increase of (larger) turbulence elements (eddies) contributing to mixing instead of meandering,
thereby causing an accelerated plume growth with time (Batchelor, 1952). With the assumption of isotropic
turbulence and characteristic plume sizes within the so-called “inertial subrange” (i.e., some mm up to hundreds
of m in the atmosphere (MacCready, 1962)), the mean squared displacement of a plume element from its center

of mass ¢ _ can be approximated by Franzese and Cassiani (2007):
pl.rel
Ot = Celt + 1)’ (A3)

C is the Richardson-Obukhov constant accounting for the turbulence scenario and e denotes the viscous energy
dissipation. Franzese and Cassiani (2007) argue that the emission of sources of finite sizes (radius r,)) can be
approximated using a translation ¢, of the time origin of the point source emission case (i.e., f, = 0). The emission
plume of a source with given radius r, is then described by the plume of a point source after the time ¢, that it takes
the average displacement of plume particles to reach the source size r,. f, is given by

t,= (r2/ce)'"” (A4)

(which is obtained by setting o, ., = r, in Equation A3).

The situation, for instance at a gas emitting lava lake is certainly more complex. Turbulence might not be isotropic
and the turbulence scenario, as well as the viscous energy dissipation are difficult to quantify. Nevertheless and
because slightly accelerated plume growth fits observations in nature, we will use Equation A3 to quantify the
expansion of the plume box in our model. We combine Ce to a parameter y, which has the dimension of an energy
dissipation (m? s~3) and parameterizes the strength of turbulent mixing. Together with the effective initial source
radius r,, the plume geometry (plume radius r) is described by:

r(t) = \/7(t +1)° (AS5)

From geometrical considerations and assuming the atmosphere to be a static reservoir for atmospheric gases,
temperature, and pressure, the mixing terms in Equations A1 and A2 can be derived as (see Supplementary Note
1 in Supporting Information S1):

ATy B B
| =3a+nTs (Ta — Ty) (A6)
dg, I
| =30 (@ -G) (A7)

T, and ¢, represent the temperature and composition of the atmospheric reservoir. The factor § contains the ratio
of specific heat per unit volume of the atmosphere to that of the plume. The mixing process is described by a
single parameter that is the temporal translation of the point source emission case f,, which depends on the ratio
of r, and y (see Equation A4). Thereby, within a specific model mixing scenario (MS, determined by the choice
of ¢) uncertainties in the turbulent mixing process are absorbed by a slight variation of the bubble radius. Or, one
MS describes the situation for the range of bubble radii linked (via ¢) to realistic turbulence scenarios (see Table
S1 in Supporting Information S1 for examples).

In this mixing scheme, there remains a slight imbalance between the expansion of the in-mixed and quickly
heated atmospheric air and the contraction of the slightly cooled plume gas. This effect (details in Supplementary
Note 2 in Supporting Information S1) will lead to a slight plume expansion (<25% in the more extreme cases
used in this study) and thus, to a deviation of the real plume volume to that determined by Equation AS5. The
associated inaccuracy is minor regarding the high level of simplification of the model and has a negligible effect
on the results as these only rely on intensive quantities.

The state of mixing is commonly given by the ratio M of the volume of atmospheric gas that is mixed into the
plume V, to that of the initial gas emission (magmatic gas) V,, (Gerlach, 2004). For the assumptions made here
it can be calculated as:
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Vo _

1% 2
M o

M) = 1 (A8)

The hot lava impacts atmospheric temperature right above its surface and close to the location of gas emission.
This is accounted for by a fast exponential decay (time constant 7 = 0.1 s) of T, from magmatic gas temperature
to the atmospheric temperature T, , far from the lava surface (see Figures Alc and 1):

Ta = Taw + (Ty — Taso) exp (-%) (A9)

This process is implemented as a static boundary condition to the model. Figure A1 illustrates the mixing process
of the MS used in this study.

(b) pumeradiuvs  (C)  plume (d)
r[m] (y=0.01m?s~3) temperature T [K] mixing Va/Vu
0 10 500 1000 1072 10° 102

time [s]

ey -~
Lo S
SRR P T Y -

——- MSI(=385) - MS I (t,=0.8s)

N&iragongo lava lake
DR Congo, Feb. 2020

Bt
T

s =K =

Figure Al. A parametrized increase of the radius of the assumed circular plume box drives mixing in the model. This is
schematically illustrated in panel (a). Plume radius (b), temperature (c) and mixing (d) are shown for the three MSs assumed
in this study. The diameter of the bubble in the background photo of panel (a) occupies 230 pixels. The image was taken with
a focal length of 18.3 mm, a detector with 25.1 mm and 3,936 pixels horizontal dimension at a distance of about 20-50 m.
Thus, the radius of the bubble is ca. 0.8-2 m, close to MS II for y = 0.01m? s 3.

A2. Chemistry

Chemical conversion rates as well as thermodynamic data of the gas species can be found in numerous literature
reaction mechanism compilations. Reaction mechanisms in volcanic gas emissions are - to some extent—similar
to processes in combustion chemistry, which are well studied due to their importance in many branches of engi-
neering. In this study, we use the C-H-O-S combustion mechanism of Zeng et al. (2021), which is based on former
work of for example, (Glarborg et al., 2014). The mechanism includes the major volcanic plume constituents,
except for halogen or reactive nitrogen species. We removed a H,0-SO, van der Waals complex from the mech-
anism of Zeng et al. (2021) since, due to the respective fast reaction rates and the large amounts and variations
of H,0 and SO,, it disturbed the analysis of the conversion rates during the cooling process. The complex solely
modified H,0 and SO, levels by a factor of about 10~ and is thus negligible for this study.

The reaction mechanism is compiled with the open-source software package Cantera (Goodwin et al., 2021).
The chemical conversion rates (second term on the right hand side in Equation A2) are calculated from all the
reactions in the mechanism for the instantaneous plume state. At the same time the temperature influence through
chemistry (second term on the right hand side in Equation A1) is calculated according to
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from the molar enthalpies % (in J molec™!) and the conversion rates of all species i, the density pp (in molec cm™3),

and specific heat capacity s__ (in J K~' molec™") of the plume.

p.pl

For given initial conditions and mixing parameters the model is solved by an ordinary differential equation solver.
We used a backward differentiation formula method (Curtiss & Hirschfelder, 1952) implemented in the SciPy
package (Virtanen et al., 2020) in Python. Depending on the chemical mechanism used, a single run modeling
the first plume seconds (covering the entire cooling period) takes on the order of a second on a personal computer
from the year 2012 (1.9 GHz).

Besides kinetic studies, the Cantera software also enables the calculation of TE in gas mixtures for example, for
a given temperature and pressure. This is used to compare TE with kinetic results.

A3. Limitations of Volcanic Gas Emission Models

The simplifications made by the model enable a comprehensive study and reasonable quantitative approximation
of the volcanic gas emission process. On the other hand, they call for due care, when interpreting the results.
However, the analysis of uncertainties has to encompass both, the simplifications made by the model and the
major uncertainties and unknowns concerning the initial conditions. The latter are significant due to the coarsely
studied and hardly approachable processes of the degassing interface of hot magma and the atmosphere.

The major simplifications made by the model are:

1. The 1-box implementation of the model assumes spatial homogeneity across the plume cross section for
each MS. In reality large (concentration and temperature) gradients across the plume might severely influ-
ence the chemistry in the early plume. Evaluating different MSs enables an approximate treatment of spatial
in-homogeneity.

2. The plume temperature is likely to be influenced by processes other than mixing and chemistry (as assumed
in the model, see Equation A1), for instance thermal radiation effects or interactions with ash and aerosol
particles.

3. The chemistry mechanism used in this model study only includes gas-phase C-H-O-S species. Halogens and
reactive nitrogen chemistry, as well as heterogeneous chemistry is not considered.

The basic uncertainties concerning the involved processes - and thereby the initial conditions or boundary condi-
tions - include:

1. The degassing temperature of the gas is very challenging to quantify, as it might be influenced by for example,
thermal radiation and adiabatic expansion. Direct measurements of absolute lava temperature are scarce and
recently Li et al. (2021) found that they are bound to large uncertainties (exceeding 100 K) when relying on
the thermal emissivity.

2. The initial composition of magmatic gases used in the model could be a further factor of uncertainty. Only a
few plume species can be quantified reliably with today's sampling techniques. Furthermore, depending on
the sampling technique, the measured gas composition could have been substantially altered between emis-
sion and the time of sampling (through the processes discussed in this study). Regarding the fact that bubble
evolution can also be highly dynamic (Oppenheimer et al., 2018), it can even be questioned whether, prior to
emission, the magmatic gas composition is in TE at all.

3. The rate constants of many reactions used in the chemical mechanism are subject to considerable uncer-
tainties, particularly for high temperature (Glarborg et al., 2014; Roberts et al., 2019; Zeng et al., 2021).
And, the impact of possible heterogeneous reactions on the surface of volcanic ash and aerosol particles on
high-temperature chemistry is largely unknown.

The listed uncertainties in the degassing processes justify the simplifications made in our model to a large
extent. Improving the model, for example, with respect to its spatial resolution or its temperature dependencies,
would not significantly reduce the overall uncertainties of the results, since they are substantially determined by
unknown boundary and initial conditions. Nevertheless, our model includes the major plume species and a flex-
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ible parametrization of turbulent mixing allows the coverage of huge ranges of initial and boundary conditions
within only a few model runs. The results of our kinetic calculations deviate from those of TE calculations by
many orders of magnitude. The model uncertainties are thus unlikely to influence the basic findings and conclu-
sions of this study.
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as described in detail in Appendix A.
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