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Abstract. Identifying precursory phenomena is central to the short-range assessment and anticipa-
tion of volcanic hazards. The chemistry of gases, which may separate from magma at depth, is oper-
ationally monitored at many volcanoes worldwide to manage risk. However, owing to the complexity
of volcanic degassing, decoding the message of gas geochemistry has proven challenging. Here, we re-
port an approach to restoration of measured volcanic gas compositions that enables tracking of vari-
ations in the temperature and/or oxidation state of the source magma. We validate the approach with
reference to independent estimates of melt oxidation state obtained by X-ray absorption near-edge
structure (XANES) spectroscopy at the iron K-edge. We then apply the method to a global database
of high temperature volcanic gases and to extended gas geochemical timeseries at Unzen, Aso, and
Asama volcanoes, identifying hitherto unreported but significant changes in magma intensive param-
eters that preceded or accompanied changes in volcanic activity. Restoration of volcanic gas compo-
sitions offers a promising complement to monitoring strategies at active volcanoes, calling for more
systematic operational surveillance of redox-sensitive gas species.

Keywords. Oxygen fugacity, Volcanic degassing, Volcanic gases, Redox, Volcano monitoring, Gas geo-
chemistry.
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1. Introduction

Volcanic gas measurements have been made for
decades but their interpretation remains challeng-
ing. This challenge is particularly acute when gas
observations and monitoring are applied to hazard

∗Corresponding author.

assessment. The complexity arises from the multiple
chemical and physical processes that can influence
gas flux, atomic and molecular composition, and iso-
topic signature measured at the surface. These in-
clude processes occurring within stored or migrat-
ing magma (e.g., exsolution, gas separation which
depends on pressure, temperature, melt composi-
tion, and magma permeability and ascent rate, etc.),
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within fracture networks in solid rock through which
gases pass (e.g., gas–rock interaction, cooling and re-
equilibration), and in mixing with other fluids (in-
cluding hydrothermal fluids and air).

Increasingly systematic work on gas geochemistry
began in the late 1950s to 1960s [Ellis, 1957, Mat-
suo, 1962]. In the 1980s and 1990s, several studies
looked at the composition of volcanic gases collected
at varying vent temperatures to identify process con-
trolling their oxidation state. For instance, Giggen-
bach [1987] analysed fumarolic emissions (tempera-
tures from 106 °C to 760 °C) at Whakaari/White Island
(New Zealand). For high temperature gases, he iden-
tified three degassing scenarios: “A1”, “A2” and “A3”
[see Figure 16 in Giggenbach, 1987]. Scenario A1 in-
volves direct rise of the gas phase to the surface with-
out internal equilibration or equilibration with the
vent system. In scenario A2, the gas maintains equi-
librium with the magma throughout ascent, the oxi-
dation state of the gas being buffered by and equal to
that of the magma, while in A3, a “fluid-dominated”
regime, gas oxidation state is largely controlled by in-
ternal equilibrium (though in Giggenbach 1987’s de-
scription of the process, the gas could still exchange
chemically with, and reduce, a stagnant melt).

Gerlach [1993] measured a series of high tem-
perature volcanic gases with apparent equilibrium
temperatures (AET) ranging from 935 °C to 1185 °C
[see Ellis, 1957, Matsuo, 1962, Heald et al., 1963 for
earliest definitions of AET], collected from fissures
and lava flow skylights during the Pu‘u ‘Ō‘ō erup-
tion of Kı̄lauea. He found that the gas oxidation states
(termed as, “apparent oxidation state” or AOS) plot-
ted mostly parallel to rock redox buffers [see Figure 5
in Gerlach, 1993] and argued that redox equilibrium
between the rock/magma and gas was maintained
during cooling with buffering effective from molten
to subsolidus conditions. This interpretation corre-
sponds to scenario A2 of Giggenbach [1987] and is
consistent with data and arguments of Allard et al.
[1977] at Erta Ale, where they found the oxidation
state of high temperature (1130 °C) volcanic gases to
indicate equilibrium with the basaltic magma.

Shinohara et al. [1993] and Ohba et al. [1994]
reported comparable studies of high temperature
gases emitted from Satsuma-Iwojima and Unzen
volcanoes, respectively. They concluded that
addition of external water might play a role but
found that temperature-oxygen fugacity (T – f O2)

relationships could be explained by the equilibrium:

SO2 +3H2 = H2S+2H2O (1)

This corresponds to an internal re-equilibration of
the gas phase, essentially Giggenbach’s scenario A3.
Internal re-equilibration appears (though they do not
make this explicit) also to be the process favoured
by Menyailov et al. [1986], who measured 740 °C to
895 °C emissions from Momotombo between 1974
and 1984. They found the oxidation state of hotter
gases to be closer to the quartz-fayalite-magnetite
(QFM) buffer while that for cooler gases to be closer
to the nickel–nickel oxide (NNO) buffer.

In the following decades, the view that the ox-
idation state of volcanic gases is buffered by the
magma/rock during ascent and cooling (scenario A2)
became generally accepted, exemplified by the wide-
ranging synthesis of Symonds et al. [1994], who con-
cluded that “lavas buffer f O2 in high temperature
volcanic gases”.

More recently, Oppenheimer et al. [2018] argued
that large variation in gas composition during de-
gassing at the Kilauea lava lake over a 850 °C to
1110 °C range in AET could be explained by closed
system, gas-only cooling and re-equilibration [see
Figure 3 in Oppenheimer et al., 2018]. Compiling a
global database of high temperature (T ≥ 600 °C) vol-
canic gases, Moussallam et al. [2019b] explained the
T – f O2 trend of the entire database by closed sys-
tem, gas-only cooling and internal re-equilibration
according to equilibrium (1) [see Figure 4A in Mous-
sallam et al., 2019b]. Both studies argue for the role of
scenario A3 in explaining volcanic gas chemistry and
confirm that emissions quench with negligible oxi-
dation in air [e.g., Aiuppa et al., 2007, Martin et al.,
2009], such that they preserve a signature of the
original magmatic gas modified only by internal re-
equilibration during cooling.

Here, we develop the application of these findings
for interpretation of redox-sensitive species mea-
sured in high-temperature volcanic emissions. Tak-
ing the assumption that emitted gases cool from
magmatic temperature following separation from
their source melts, we explore estimation of ei-
ther T or f O2 when finally in equilibrium with the
magma. As the system is underdetermined, a further
assumption of either the degree of gas cooling, or the
magma oxidation state, is however necessary. We test
the approach by comparing our results with indepen-
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dent determinations of melt oxidation state, before
applying it to analysis of multiyear datasets of gas
emissions from Uzen, Aso and Asama volcanoes and
to a global database of volcanic gas observations.

2. Methodology

We used the global dataset of high temperature vol-
canic gases compiled by Moussallam et al. [2019b],
supplemented with recently available data (Ta-
ble S1). The dataset is limited to high temperature
(>500 °C) gases, for which gas–rock or gas–fluid
interactions are minimal [e.g., Giggenbach, 1996,
Symonds et al., 2001]. To quantify the cooling of vol-
canic gases between their escape from the melt and
their last retained equilibrium temperature, we ex-
tended the compilation of Moussallam et al. [2019b],
collecting melt temperature estimates from exist-
ing literature, mostly from petrological studies (i.e.,
geothermometry). In cases where such data were
unavailable (the case for ten of the 37 volcanoes),
we estimated melt temperature from reported bulk
composition. The difference between estimated melt
temperature and measured (or calculated) gas emis-
sion (or apparent equilibrium) temperature yields
the amount of closed system cooling experienced by
the gas. Using the reported gas composition as start-
ing conditions, we restored each to its values at melt
temperature by solving equilibrium (1) at 1 bar us-
ing thermodynamic parameters given in Ohba et al.
[1994] for the temperature-dependent equilibrium
constant (K ) and recalculating the gas composition
such that K (T ) = log(X−1

SO2
X−3

H2
XH2SX2

H2O) − log(P ),
where Xi represents the mole fraction of component
i , subject to the constraints, that the amounts of O, H
and S in the gas mixture remain constant.

2.1. Example of restoration calculation

In this section, we elaborate the calculation method
used in this study through a worked example. We take
the case of volcanic gases measured in 1994 from the
then active lava dome of Merapi volcano (Indone-
sia), in the course of the fifth International Associa-
tion of Volcanology and Chemistry gas workshop
[Giggenbach et al., 2001]. Gases were collected

directly at the vent (Gendol fumarole) and had an
exit temperature of 803 °C. Proportions (median of
six analyses) of H2O, CO2, SO2, CO, H2S and H2 gases
were found to be 88.7, 5.56, 0.98, 0.0235, 0.13 and
0.5 mol%, respectively [Giggenbach et al., 2001]. This
gas analysis was employed also by Moussallam et al.
[2019b, see methodology section] to illustrate the
calculation of the AET and AOS. We pick up from
this point to demonstrate restoration of either (i) the
oxidation state at equilibrium with the magma if the
magmatic temperature is known or (ii) the temper-
ature at equilibrium with the magma if the magma
oxidation state is known.

Costa et al. [2013] estimated temperatures for the
Merapi magma of 900 to 1000 °C based on amphi-
bole thermobarometry in products of the 2006 and
2010 eruptions. We use the median temperature of
950 °C as the magmatic temperature (Tmag) in this
example. The AET of the Merapi gas mixture mea-
sured by Giggenbach et al. [2001] can be calculated by
the H2/H2O and H2S/SO2 method, yielding an AET
of 849 °C, or by the H2S/SO2 and CO/CO2 method,
yielding an AET of 790 °C [see Moussallam et al.,
2019b for step-by-step calculation]. Since in this ex-
ample the exit temperature (803 °C) was measured
directly by thermocouple by Giggenbach et al. [2001]
we use this value as the starting equilibrium temper-
ature of the gas mixture. To calculate the AOS, we
can use either the H2S/SO2 and T method, yielding
an AOS of log f O2 of −13.75 or the H2/H2O and T
method yielding an AOS of log f O2 of −14.02 [see
Moussallam et al., 2019b, for step-by-step calcula-
tion]. We use the second estimate in this example,
which corresponds to QFM+0.6. Now that the start-
ing (AET and AOS) and final (Tmag) conditions are de-
fined, we can proceed with the calculation.

The equilibrium constant (K ) of reaction (1)
(SO2 + 3H2 = H2S + 2H2O) can be written (assum-
ing all fugacity coefficients are (1) as logK1(T ) =
log(X−1

SO2
X−3

H2
XH2SX2

H2O)− log(P ), where Xi represents
the mole fraction of component i . The equilib-
rium constant can also be written as logK2 =
A + BT −2 +C T −1 + DT + E lnT , where A, B , C , D ,
and E are constants with values of 8.5667, −29,743,
10,449, 0.00047814 and −1.7784, respectively [taken
from Ohba et al., 1994 who obtained them from
thermodynamic data at 1 bar in the NIST data-
base of Chase, 1998]. K2 can be calculated at any
temperature. The problem is then to find XSO2 ,
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XH2 , XH2S, and XH2O, at any temperature of inter-
est such that K1 = K2. Because there are four un-
knowns, the solution isn’t unique. However, we can
assume the gas composition in terms of atomic
(O, H and S) species as constant. We can then use
a solver to find the values of XSO2 , XH2 , XH2S, and
XH2O that satisfies all the constraints and then from
those, calculate an AOS at the temperature of inter-
est. For the Merapi 1994 case, the initial XSO2 , XH2 ,
XH2S, and XH2O values are 0.0102, 0.0052, 0.0013 and
0.9191, respectively, at an AET of 803 °C (AOS of
log f O2 = −14.02 = QFM+ 0.6). At a Tmag of 950 °C,
a solution to K1 = K2 at fixed O, H and S species
gives values of 0.0104, 0.0094, 0.0011 and 0.9151 for
XSO2 , XH2 , XH2S, and XH2O, respectively. This solution
corresponds to an AOS at magmatic temperature of
log f O2 =−11.81 = QFM+0.1.

The same procedure can be applied in the case
where Tmag is unknown but the gas oxidation state
at equilibrium with the melt (i.e., the melt oxida-
tion state) is known. The calculations are performed
starting at the initial AET and by increasing T incre-
mentally until the AOS matches the target value. This
value represents the temperature at equilibrium with
the magma.

All results presented in this study were performed
at a fixed pressure of 1 bar. While this is a simplifi-
cation, we note that these types of calculations re-
produce the variability found in natural observations
extremely well, both in global compilations [Mous-
sallam et al., 2019b] and for individual volcanoes
[Oppenheimer et al., 2018]. We stress that the ap-
plication of the method is limited to high tempera-
ture (>500 °C) magmatic gases for which gas–rock or
gas–fluid interactions are minimal [e.g., Giggenbach,
1996, Symonds et al., 2001].

3. Results

Initial conditions and final calculations are reported
in Table S2. Figure 1 shows the oxidation state of vol-
canic gases from our global database plotted against
the estimated closed system cooling they have expe-
rienced. The dataset shows a clear global trend to-
wards oxidation of the gases as a function of cool-
ing, as reported by Moussallam et al. [2019b]. Fig-
ure 1 shows the restorations of the oxidation state
of each volcanic gas along individual cooling paths,
back to magmatic temperatures. While original gas

oxidation states vary by five log units (from log f O2 =
QFM + 4.1 to QFM − 0.9), restored oxidation states
at magmatic temperature vary within two log units
(from log f O2 = QFM+0.7 to QFM−1.1). Arc magmas
are represented with a near normal distribution with
an average of log f O2 = QFM+0.0 and standard devi-
ation of ±0.3 (the median is also QFM). This is some-
what more reduced than suggested by petrological
estimates, being closer to inferred arc mantle con-
ditions (see compilation in Matjuschkin et al. [2016]
and their Figure 1), possibly reflecting changes in ox-
idation state on decompression [e.g., Burgisser and
Scaillet, 2007]. Intraplate magmas are poorly repre-
sented in our database but tend to be more reduced,
with an average of QFM−0.5 log units.

4. Discussion

4.1. Method validation

To test the validity of the approach and the under-
lying assumptions, we compare the restored oxida-
tion state of volcanic gases at magmatic tempera-
ture to independent determinations of melt oxida-
tion state by X-ray absorption near-edge structure
(XANES) spectroscopy at the iron K -edge. Iron K -
edge XANES in silicate glasses is a synchrotron-based
technique used for the determination of the relative
proportions of ferric (Fe3+) and ferrous (Fe2+) iron.
The small (typically 2 to 10 µm) beam size achiev-
able allows measurements of melt inclusions and
matrix glasses that can be converted to oxygen fu-
gacity ( f O2) using the equation provided by Kress
and Carmichael [1991] [full method detailed in Rose-
Koga et al., 2021]. Since melt oxidation state varies
with differentiation [e.g., Kelley and Cottrell, 2012]
and degassing [e.g., Moussallam et al., 2014, 2016,
2019a], measurements must pertain to the time pe-
riod when gas observations were made. We identi-
fied suitable measurements for four volcanoes: (i)
Erta Ale, where gas measurements were made in
January 2011 [Zelenski et al., 2013], and Novem-
ber 2010 scoriae were analysed by XANES [de Moor
et al., 2013]. (ii) Etna, where gas measurements
from 2009 at the Voragine and Bocca Nuova craters
[Aiuppa et al., 2011] are compatible with 2002–2013
tephra investigated by XANES [Gennaro et al., 2020].
(iii) Kı̄lauea, where gas measurements in 2013 [Op-
penheimer et al., 2018] are comparable in timing with
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Figure 1. Oxidation state of volcanic gases (expressed as deviation from the QFM buffer) as a function
of the difference between AET and the temperature of the associated melt. Lines show the results of
recalculating the oxidation state of each gas composition back to its magmatic temperature. Upper left
inset: non-stacked histogram showing the frequency of oxidation states (expressed as deviation from
the QFM buffer) of arc and intraplate melts calculated by restoring volcanic gas compositions to their
magmatic temperature.

2008 and 2010 tephra measured by XANES [Moussal-
lam et al., 2016]. (iv) Surtsey, where gases collected
in 1965 [Sigvaldason and Elísson, 1968] [summarised
in Gerlach, 1980] can be compared with XANES mea-
surements of tephra erupted between 1963 and 1966
[Schipper and Moussallam, 2017].

The results are shown in Figure 2. Three of the four
volcanoes investigated lie within one standard devia-
tion of the 1:1 line. Gas and melt oxidation state data
from Surtsey, however, differ by 0.4 log f O2 units. In
this case, the gas data were collected at 1125 °C, close
to the estimated magmatic temperature of 1160 °C,
so our calculations only slightly shifted the AOS. The
broad agreement between restored oxidation state of
volcanic gases at magmatic temperature and inde-
pendently constrained melt oxidation state provides
a first order corroboration of our approach. We note
that there is no correlation between the oxidation

state of restored volcanic gases and melt temperature
(Figure S1).

4.2. Monitoring magma oxidation state and/or
temperature at active volcanoes

To explore the application of the method, we apply it
to three sets of observations from different volcanoes
in Japan. In each case, the four species in equilibrium
(1) were monitored in high-temperature gas emis-
sions for extended periods. The first case pertains to
two fumaroles, 20 m apart, on an active lava dome
at Mt Unzen [Ohba et al., 2008], and for which the
gas observations can be evaluated in the context of
detailed petrological information. The gases, whose
exit temperatures differed, were sampled six times
between May 1992 and October 1993. Unzen erupted
900 °C dacitic magmas generated from mixing of
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Figure 2. Restored oxidation state of volcanic gases (expressed as deviation from the QFM buffer) at
magmatic temperature compared to oxidation state of corresponding melts measured by XANES on
melt inclusions and matrix glasses. Gas measurements from Etna, Erta Ale, Kı̄lauea and Surtsey are from
Aiuppa et al. [2011], Zelenski et al. [2013], Oppenheimer et al. [2018], and Sigvaldason and Elísson [1968]
[as reported in Gerlach, 1980] respectively. XANES measurements are from de Moor et al. [2013], Gennaro
et al. [2020], Moussallam et al. [2016], and Schipper and Moussallam [2017] respectively. Symbols are
average values, error bars represent one standard deviation on the set of measurements used to calculate
each average. Unfilled symbols show gas AOS prior to restoration.

andesite (1030 °C) and rhyodacite (800 °C) endmem-
bers [Venezky and Rutherford, 1999]. While the AOS
and AET of the gases varied widely (from QFM+ 0.2
to QFM + 3.2 log units, and from 469 to 878 °C, re-
spectively), once restored to a magmatic temperature
of 900 °C, all measurements converge at log f O2 =
QFM+ 0.03 with a standard deviation of ±0.04 (Fig-
ure 3A).

If we restore the gas measurements to a fixed
f O2 (log f O2 = QFM + 0.03), then we can calculate
temperature variations. These suggest an increase in
Tmag of around 30 °C from May 1992 to February
1993, consistent with a decrease of around 0.7 wt%
SiO2 in the erupted dacite (implying augmentation
of the andesitic component) [Nakada and Motomura,
1999]. A subsequent decrease in calculated melt tem-
perature in October 1993 mirrors a trend of increas-
ing silicate content (Figure 3B). This interpretation

is compatible with FeTi-oxide evidence, which sug-
gests a groundmass temperature variation of 100 °C
spanning the 1991–95 eruption and an overall 2 wt%
variation in bulk SiO2 content [Nakada and Moto-
mura, 1999]. In the Unzen case, temporal variations
in the restored syn-eruptive gases are minor, mirror-
ing equally limited changes in the erupted magma.
In the following case studies, restored gases record
much larger variations.

The second case is that of Aso volcano span-
ning from 2003 until an eruption on 25 November
2014. We restored the data for gas emissions from
Nakade crater [Shinohara et al., 2018] back to a mag-
matic temperature of 1067 °C, the median value esti-
mated for erupted lava in 2014 [Saito et al., 2018; Fig-
ure 4A]. Assuming constant temperature, the com-
puted melt oxidation state changed significantly in
early 2012 to 2013 (Figure 5A). Until early 2012, the
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Figure 3. (A) Oxidation state of volcanic gases emitted at Unzen volcano (expressed as deviation from
the QFM buffer) as a function of the difference between AET (apparent equilibrium temperature) and
melt temperature. Lines show the results of recalculating the oxidation state of each gas composition
back to its magmatic temperature. Starting conditions take gas compositions from direct sampling of two
fumaroles from the active lava dome at Unzen between 1992 and 1993 [Ohba et al., 2008]. (B) Evolution
of the melt temperature at Unzen calculated from restored gas composition assuming a fixed melt
oxidation state of log f O2 = QFM+ 0.03 compared with bulk rock composition (in SiO2 content) of the
extruded dacitic dome lava [black crosses, from Nakada and Motomura, 1999]. Light grey shaded regions
correspond to the period from May 1992 to February 1993 discussed in text.

calculated melt oxidation state varies from QFM+0.1
to QFM−0.3 log units (average of QFM−0.1 and stan-
dard deviation of 0.1). From 2012 to 2014, the calcu-
lated melt oxidation state varies from QFM − 0.3 to
QFM−0.6 log units (average of QFM−0.4 and stan-
dard deviation of 0.05). Alternatively, if we fix the melt

oxidation state (e.g., at QFM), we can compute melt
temperature (Figure 5B). Under this assumption,
prior to 2012, the calculated melt temperature varies
from 991 to 1094 °C (average of 1041 ± 32 °C), while
between 2012 and 2014, it varies from 948 to 980 °C
(average of 963 ± 11 °C).
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Figure 4. Oxidation state of volcanic gases emitted by Aso (A) and Asama (B) volcanoes (expressed as
deviation from the QFM buffer) as a function of the difference between AET (apparent equilibrium
temperature) and melt temperature. Lines show the results of recalculating the oxidation state of each gas
composition back to its magmatic temperature, solving for the reaction SO2 +3H2 = H2S+2H2O at 1 bar
using thermodynamic parameters in Ohba et al. [1994]. Starting conditions for Aso take gas compositions
reported by Shinohara et al. [2018] for fumaroles gases measured by MultiGAS prior to the 25 November
2014 eruption. Starting conditions for Asama use gas compositions reported by Shinohara et al. [2015].
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Figure 5. Evolution of the melt conditions at Aso volcano calculated from restored gas composition assuming
(A) a fixed melt temperature of 1067 °C and (B) a fixed melt oxidation state of log f O2 = QFM+0.0. SO2 emission
rate measurements in A and B (black crosses) are calendar-year averages OMI data from Carn et al. [2017]
plotted mid-year. (C–G) Evolution of the apparent equilibrium temperature (AET), CO2/SO2 ratio, apparent
oxidation state (AOS), SO2/H2S and H2O/H2 ratios from the original gas measurements [Shinohara et al., 2018].
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Figure 6. Caption continued on next page.
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Figure 6. (cont.) Evolution of the melt conditions at Asama volcano calculated from restored gas compo-
sition assuming (A) a fixed melt temperature of 1050 °C and (B) a fixed melt oxidation state of log f O2 =
QFM+ 0.0. SO2 flux measurements in (A) and (B) (black crosses) are from Ohwada et al. [2013] (C–G).
Evolution of the apparent equilibrium temperature (AET) and CO2/SO2 ratio, apparent oxidation state
(AOS), SO2/H2S and H2O/H2 ratios from the original gas measurements [Shinohara et al., 2015]. Light
grey shaded regions correspond to periods of stronger degassing [Ohwada et al., 2013, Shinohara et al.,
2015].

The apparent change in intensive conditions of
the magma in 2012–2013 that we reveal might, with
hindsight, be viewed an eruption precursor. It pre-
cedes a falling lake level in late 2013 [Shinohara et al.,
2018], and the opening of a new vent in January 2014
[Ichimura et al., 2018], which was accompanied by a
three-fold increase in SO2 emission rates (Figure 5A
and B) and an abrupt increase in seismicity in late
August 2014 [Sandanbata et al., 2015]. We note that
the unrestored data for 2012–2014 show no system-
atic excursions from baseline levels spanning the pe-
riod 2006 to 2011, neither in major gas ratios such as
CO2/SO2, H2O/H2, SO2/H2S nor in AET or AOS (Fig-
ure 5C–G).

The cooling inferred by calculations at fixed re-
dox state could signify ascent and cooling of magma
at shallow levels. Conversely, a reduction in melt ox-
idation state prior to eruption (for the fixed tem-
perature calculations) could indicate reduction due
to sulphur degassing on magma ascent [e.g., Ander-
son and Wright, 1972, Métrich et al., 2009, Mous-
sallam et al., 2014, 2016, 2019a]. A combination of
cooling and reduction is likely but cannot be disam-
biguated with the available gas data. We stress, how-
ever, that the gas restoration provides a unique lo-
cus for T – f O2, in which temporal trends are evident
(Figure 4). Petrological study of products of the 2014
eruption [Saito et al., 2018; using the melt, olivine–
liquid, plagioclase–liquid and clinopyroxene–liquid
geothermometers of Putirka, 2008] indicate a melt
temperature of 1042–1092 °C, with melt inclusion
compositions comparable to that of the ground-
mass and recording estimated temperatures of 1027–
1081 °C.

Our third case pertains to Asama volcano span-
ning from 2004 to 2014, during which there were two
periods of strong degassing and increased seismic-
ity accompanying minor eruptions [Shinohara et al.,
2015]. Asama gases were restored back to a magmatic
temperature of 1050 °C, based on estimates made for

eruptions in 2004 [Shimano et al., 2005]. This im-
plies significant variation in melt oxidation state be-
tween QFM−0.4 and QFM+0.5 log units over the ob-
servation period (Figure 6A). Alternatively, fixing the
melt oxidation state (at QFM) suggests substantial
melt temperature variation between 955 and 1240 °C
(Figure 6B). The trends in changing magmatic condi-
tions show some correspondence with variations in
gas emission rates (Figure 6A,B), with the two spikes
in melt temperature and/or oxidized conditions co-
inciding with the two periods of stronger gas emis-
sion and minor explosions (whose ejecta, at least in
2009, include only traces of juvenile material [Maeno
et al., 2010]).

Closer inspection suggests the elevated SO2 emis-
sions preceded changes in magmatic conditions
whose relative variations more closely mirror trends
in seismicity [see Figure 3b in Ohwada et al., 2013]. In
contrast, the unrestored gas data show no systematic
variations during, or prior to the periods of enhanced
activity, neither in major gas ratios such as CO2/SO2,
H2O/H2, SO2/H2S nor in AET or AOS (Figure 6C–G).
Again, it is impossible to disambiguate changes in
magma temperature from changes in oxidation state
with the available data but the large variations evi-
dent in the end-member scenarios suggest a com-
bination of the two processes since temperatures of
1240 °C are excessive, as are variations of melt oxida-
tion state of nearly one log unit in f O2 within a year.
The spikes in both parameters may indicate episodic
supply of hotter and more oxidised magma to a rel-
atively small magma chamber unable to buffer the
changes rapidly.

5. Conclusion

We have restored the composition of high tem-
perature volcanic gases, drawing from published
data, back to their magmatic temperature. We found
that our restored gas oxidation states at magmatic
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temperature are consistent with the oxidation state
of corresponding melts, where measured indepen-
dently. We applied the restoration procedure to a
global database of volcanic gases and found that the
wide variation in oxygen fugacity indicated in the
original dataset is greatly lessened when gases are re-
stored to magmatic temperature. The oxidation state
of arc magmas that we calculate from restored gas
measurements shows a normal distribution centred
on log f O2 = QFM+0.0±0.3.

Our gas restoration approach further opens up
the potential for applying gas monitoring data to
track changes in magma oxidation states in real time
if magma temperature is known, or to track changes
in magma temperatures if magma oxidation state is
known. Our reassessments of Unzen, Aso and Asama
datasets suggest the potential to monitor, and some-
times discriminate between (given independent
constraints) these parameters. We suggest that the
operational application of the approach can comple-
ment monitoring and hazard assessment, revealing
variations not evident from raw geochemical data
and which may relate to critical processes known to
drive abrupt changes in surface activity (including
magma ascent and magma mixing). This requires
careful attention to measurements of redox-sensitive
gas species, which can be achieved using combina-
tions of electrochemical sensors and spectrometric
techniques.
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