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Abstract

Atmospheric cycling of nitric acid and other nitrogen-bearing compounds is an important biogeochemical process,
with significant implications for ecosystems and human health. Volcanoes are rarely considered as part of the global
nitrogen cycle, but here we show that they release a previously unconsidered flux of HNO3 vapour to the atmosphere.
We report the first measurements of nitric acid vapour in the persistent plumes from four volcanoes: Masaya
(Nicaragua); Etna (Italy); and Villarrica and Lascar (Chile). Mean near-source volcanic plume concentrations of
HNO3 range from 1.8 to 5.6 Wmol m33, an enrichment of one to two orders of magnitude over background (0.1^1.5
Wmol m33). Using mean molar HNO3/SO2 ratios of 0.01, 0.02, 0.05, and 0.07 for Villarrica, Masaya, Etna, and Lascar
respectively, combined with SO2 flux measurements, we calculate gaseous HNO3 fluxes from each of these volcanic
systems, and extend this to estimate the global flux from high-temperature, non-explosive volcanism to be V0.02^
0.06 Tg (N) yr31. While comparatively small on the global scale, this flux could have important implications for
regional fixed N budgets. The precise mechanism for the emission of this HNO3 remains unclear but we suggest that
thermal nitrogen fixation followed by rapid oxidation of the product NO is most likely. In explosive, ash-rich plumes
NO may result from, or at least be supplemented by, production from volcanic lightning rather than thermal N
fixation. We have calculated NO production via this route to be of the order of 0.02 Tg (N) yr31.
> 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Biologically available nitrogen is essential for
both animal and plant life. Despite being the ma-

jor component of the Earth’s atmosphere, nitro-
gen gas (N2) is unavailable to most organisms and
must be converted or ‘¢xed’ to chemical forms
(such as NO, NO2, HNO3 and NH3) that can
enter the pool of N that cycles between the atmo-
sphere and biosphere and other Earth surface res-
ervoirs. While there is considerable uncertainty in
the total release of ¢xed N from natural sources
(130^450 Tg yr31 ; Table 1), much of this uncer-
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tainty lies in estimates of the marine £ux. The
total £ux of natural ¢xed N from land-based
sources is V100^150 Tg yr31 [1].
Although ¢xed N is necessary for life, anthro-

pogenic emissions (see Table 1) have highlighted
the detrimental e¡ects of excessive releases of
¢xed N on local and global scales, both for the
atmosphere, the terrestrial environment and hu-
man health [1^3]. Most deposition of ¢xed nitro-
gen species such as NOx (NO and NO2) is via
conversion to nitric acid (HNO3) by oxidation.
Due to its high water solubility HNO3 is rapidly
removed to water droplets, thereby constituting

one of the major components of acid precipitation
(e.g. [4]) as well as acting as a source of bioavail-
able nitrogen to terrestrial ecosystems.
As with all biogeochemical cycles, it is neces-

sary to evaluate the state of the N cycle prior to
human in£uence in order to assess the e¡ects of
anthropogenic emissions. Volcanoes are major
sources of many environmentally signi¢cant gases,
such as SO2 and HCl, both via explosive and
e¡usive eruptions and continuous ‘passive’ degas-
sing (e.g. [5^10]). These emissions and their reac-
tion products in the atmosphere often experience
extended atmospheric lifetimes (as volcanic ema-
nations are often released directly into the free
troposphere [5]) and can have important atmo-
spheric and environmental consequences on both
local (e.g. [11^13]) and regional to global (e.g.
[14,15]) scales. The major elemental constituents
of volcanic gases include hydrogen, carbon, oxy-
gen, sulphur and halogens, and tend to occur as
characteristic molecular species [16,17]. For car-
bon, for example, CO2 is the dominant volcanic
gas species, with CH4 and CO occurring in lesser
amounts [16,17]. Previous studies have suggested
that nitrogen in volcanic emanations exists almost
exclusively as molecular nitrogen (N2), with only
minor emissions of NH3 in lower-temperature hy-
drothermal emissions [16,18,19]. However, other
forms of ¢xed nitrogen, namely NOx, have been
observed in volcanic emissions (Table 2 [20^22]).
Hu«bler et al. [23] considered the possibility that
volcanic sources of NO might perturb their mea-
surements of total reactive oxidised nitrogen
(NOy) in the remote Paci¢c troposphere at the
Mauna Loa Observatory. They suggested that

Table 1
Global £uxes of ¢xed (biologically available species such as
NO, NO2, HNO3 and NH3) nitrogen to the atmosphere,
compiled from [1]

Release of ¢xed nitrogen
Tg (N) yr31

Natural sources:
Lightning 6 10
Biological ¢xation:
Marine ecosystems 6 30 to s 300
Terrestrial ecosystems 90^140

Total 130^450
Anthropogenic sources:
N fertiliser V80
Fossil fuel combustion 20
N-¢xing crops V40
Mobilisation of N:
Biomass burning V20a

Land clearing 20
Wetland draining 10

Total 180
a Volatilises s 40 Tg yr31 of N, with V20 Tg yr31 of that
¢xed.

Table 2
Previous NOx £uxes measured at volcanoes

Volcano Date Flux/kg s31 Calc. N/SO2 molar ratio Ref.

NO NO2 NOx

Mt. St. Helens, USA
(post-eruptive emissions)

June 18, 1980 Not observed 7 0.75 [22]

August 19, 1980 Not observed 0.3 ^ [22]
September 1980 0.01 Not measured 0.003 [21]

Mt Redoubt, Alaska
(emissions between erup-
tions)

January 1990 6 0.1^2.7a 0.01^0.09 [20]

a Based on an estimate of 98% NO2 and 2% NO.
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hot lava might thermally ¢x nitrogen leading to
NOx formation, but their investigations showed
no correlation between N species and any of the
well known volcanic emanations. However, in-
spired by the occasional observation of high con-
centrations of nitrate in Hawaiian cloud water,
Huebert et al. [24] measured NO concentrations
near the surface of molten lava on Hawaii, ¢nding
levels of NO up to s 170 ppbv (s 7 Wmol m33)
compared to 6 1 ppbv in ambient air. They con-
cluded that this NO resulted from thermal ¢xa-
tion of atmospheric nitrogen at the elevated tem-
peratures above the lava £ow and further
suggested that, over a period of hours, a signi¢-
cant fraction of this NO must be oxidised to NO2

and then NO3
3 .

Despite the observations of NOx associated
with volcanic activity, there have been no pre-
vious measurements of HNO3 in volcanic emis-
sions [12,25]. In addition, while the £uxes of
N2 from volcanic arcs have been estimated as
6.4U108^2.0U1010 mol yr31 (corrected for N2

from air or air-saturated water) [26^28], no at-
tempts have been made to constrain the possible
£uxes of ¢xed nitrogen from volcanic sources.
Here we report elevated HNO3 in the near-source
plumes associated with four persistently active
volcanoes and discuss its possible origins. From
these measurements we calculate HNO3 £uxes
from each of these systems and extend these cal-
culations to an order of magnitude estimate of the
potential global HNO3 £ux from non-explosively
degassing volcanoes. We have also calculated an
order of magnitude estimate of N ¢xed during
episodes of volcanic lightning in ash-rich, explo-
sive plumes.

2. Methodology

Samples were collected in December 2001 on
the crater rim of Masaya volcano (Nicaragua)
downwind of the active vent and in May 2002
from the summit region of Etna (Italy), close to
the active summit pit craters. Two consecutive
measurements were made V200 m downwind
from the crater rim of Lascar volcano (Chile) on
23 January 2003 and four measurements were

made on the crater rim downwind of the active
vent of Villarrica (Chile) on 3 and 7 February
2003 (on 3 February the plume was grounding
on the crater rim, whereas on 7 February it was
lofting overhead, making it harder to sample). At
Masaya, samples were collected both during the
day and at night, at all other ¢eld locations only
during the day. At the time of measurement, Ma-
saya was emitting gas and aerosol from a vent in
the £oor of the active crater, a pit some 300 m
deep and 500 m in diameter. Weak incandescence
indicated ‘open vent’ degassing from a magma
pond situated close to the surface. Etna also dis-
plays continuous open-conduit activity at the base
of several deep (100^300 m) pit craters [29], as
does Villarrica in its single crater. Degassing at
Lascar is through high-temperature fumaroles
on and around lava dome growth inside the
V300 m deep crater [30]. At the time of sampling,
the surface of the collapsed dome at the base of
Lascar’s crater was believed to be covered with
blocky debris (E. Calder, personal communica-
tion). At all locations background measurements
were taken. At Masaya the background site was
in the national park upwind of the active crater;
at Etna in the nearby town of Nicolosi remote
from the active summit; at Lascar in the nearby
village of Talabre away from metalled roads,
V2000 m lower than the active vent; at Villarrica
background measurements were taken at two lo-
cations, one in woodland and one on the exposed
£ank of the volcano V2000 m lower than the
summit.
Gas-phase species were collected on ¢lters

housed in multiple-stage cartridges, 37 or 47 mm
in diameter, actively pumped at rates of 4^30 l
min31 [12]. Gas and aerosol was pumped through
¢lters that capture particles, followed by two
stages of ¢lters to collect acidic gaseous species
(Whatman 41 ashless circles impregnated with
NaHCO3 (10% m/v) and glycerol (10%) in 1:1
methanol/deionised water). Sampling times
ranged from V5 min to V1 h at the near-crater
sites and from 1^6 h at the background sites.
After collection, exposed ¢lters were triple-sealed
in small plastic bags, and stored in a freezer to
limit the risk of further reaction. Filters were ex-
tracted with 10 cm3 distilled deionised water and
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Table 3b
Volcanic plume and background concentrations of HNO3 and SO2 in the daytime plumes at Villarrica and Lascar

Villarrica Volcano, Chile Lascar Volcano, Chile

Concentration/Wmol m33 In plume molar ratio (n=4)a Concentration/Wmol m33 In plume molar ratio (n=2)a

Background
(n=2)

In plume (n=4) Background
(n=1)

In plume (n=2)

SO2 HNO3 SO2 HNO3 HNO3/SO2 SO2 HNO3 SO2 HNO3 HNO3/SO2

Mean 0.3 1.5 220.6 1.8 0.01 0.7 0.1 77.8 5.6 0.07
Maximum 0.4 1.6 539.1 3.5 0.02 0.7 0.1 81.1 7.9 0.10
Minimum 0.1 1.4 7.0 0.1 0.01 0.7 0.1 74.6 3.3 0.04
Standard dev. 0.1 0.1 203.0 1.5 0.01 0.0 0.0 3.2 2.3 0.03

HNO3 £uxb/kg s31 0.04 HNO3 £uxb/kg s31 1.96
a Arithmetic mean of the HNO3/SO2 ratios of each ¢lter pack.
b Based on SO2 £uxes of 5, 10, 4 and 28 kg s31 for Masaya [59], Etna [60], Villarrica (our unpublished data) and Lascar (our unpublished data), respectively.

Table 3a
Volcanic plume and background concentrations of HNO3 and SO2 in the daytime and night-time plume at Masaya and the daytime plume of Etna

Masaya Volcano, Nicaragua Etna Volcano, Italy

Concentration/Wmol m33 In plume molar ratio
(n=41)a

Concentration/Wmol m33 In plume molar ratio
(n=5)a;b

Background
(n=6)

In plume day
(n=34)

In plume night
(n=7)

Background
(n= 2)

In plume (n= 7)

SO2 HNO3 SO2 HNO3 SO2 HNO3 HNO3/SO2 SO2 HNO3 SO2 HNO3 HNO3/SO2

Mean 0.2 0.1 140.3 2.4 172.8 2.5 0.02 0.8 0.2 624.2 2.8 0.05
Maximum 0.4 0.3 410.1 7.0 232.4 5.3 0.09 1.2 0.3 4128.0 9.2 0.14
Minimum 0.1 0.0 41.8 0.3 121.4 0.0 0.00 0.4 0.0 0.6 0.5 0.00
Standard dev. 0.1 0.1 66.2 1.8 35.6 2.2 0.02 0.4 0.1 1430.9 2.8 0.05

HNO3 £uxc/kg s31 0.10 HNO3 £uxc/kg s31 0.50
a Arithmetic mean of the HNO3/SO2 ratios of each ¢lter pack.
b The two measurements barely distinguishable from the background levels (Fig. 2) were excluded from this calculation.
c Based on SO2 £uxes of 5, 10, 4 and 28 kg s31 for Masaya [59], Etna [60], Villarrica (our unpublished data) and Lascar (our unpublished data), respectively.
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gaseous SO2 and HNO3 were determined as SO23
4

and NO3
3 by Dionex ion chromatography using

gradient analysis, with distilled deionised water
and 0.1 M NaOH as eluents. Previous studies
have shown good agreement between ¢lter pack
results and other established methods of HNO3

monitoring [31] and similar methods have been
used previously in volcanic situations [12,25] to
sample for gaseous HNO3.

3. Results

The concentrations of gas-phase SO2 (taken as
an indicator of the amount of volcanic plume
captured in each individual sampling run) and
HNO3 measured in the background ambient air
and in the volcanic plumes at the four ¢eld sites
are summarised in Table 3a,b and in Fig. 1. Both
HNO3 and SO2 are generally elevated above

background in all of the volcanic plumes. At Ma-
saya, although there is some scatter, the mean
plume HNO3 concentrations are 2.4 Wmol m33

(day) and 2.5 Wmol m33 (night) compared to a
background mean of 0.1 Wmol m33, an in-plume
enrichment by a factor of V25 for both daytime
and night. The mean plume SO2 concentrations
are 140.3 Wmol m33 (day) and 172.8 Wmol m33

(night) compared to a background mean of 0.2
Wmol m33. The minor background levels of both
species may in part re£ect the proximity of the
background site to the active vent at Masaya.
Fig. 1b^d shows similar results for Etna, Villarri-
ca and Lascar. In-plume concentrations of both
SO2 and HNO3 were again elevated above back-
ground values with maximum in-plume concen-
trations of HNO3 of 9.2, 3.5 and 7.9 Wmol m33

(compared to mean background HNO3 concen-
trations of 0.2, 1.5 and 0.1 Wmol m33) for Etna,
Villarrica and Lascar, respectively. At these ¢eld

Fig. 1. Filter pack measurements of SO2 and HNO3 at Masaya, Etna, Villarrica and Lascar volcanoes. Open diamonds, in-
plume, daytime; ¢lled diamonds, in-plume, night-time (for Masaya only); ¢lled triangles, background.
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locations it was harder to position the sampling
equipment directly in the plume so there is more
variation in the concentrations of SO2 recorded
than for Masaya. In each of these cases (although
there is a lot of scatter in the larger Masaya data-
set) there is a general increase in HNO3 concen-
tration with increased SO2 concentration, strongly
suggesting that the HNO3 observed is associated
with the volcanic plumes. The decoupling (as dis-
cussed later) may result from decoupling of the
SO2 and HNO3 production routes. At Villarrica
(Fig. 1c) there is some elevated HNO3 in the
background samples (accompanied by virtually
no SO2). These samples were taken at a much
lower altitude than the crater rim (V1000 m
and 1439 m compared to 2847 m) and therefore
the HNO3 in these samples probably originates
from the ecosystems that cover the £anks of the
mountain or human activity (the towns of Pucon
and Villarrica and an extensive road network are
nearby). The fact that one of the crater rim sam-
ples has almost no HNO3 or SO2, while the other
crater rim measurements have elevated levels of
both (to varying degrees), suggests that the
HNO3 measured at the summit is from a di¡erent
source to that measured in the background sam-
ples and that this source is the volcano. It is also
hard to see much detail for the Etna data since
one measurement has very much higher SO2 and
HNO3 concentrations than the others. These com-
plications aside, the results strongly suggest that
there is HNO3 enrichment associated with the vol-
canic plumes.

4. Discussion

HNO3 has not previously been unequivocally
identi¢ed in volcanic plumes. Lazrus et al. [25]
analysed ¢lter pack samples from aircraft mea-
surements of eruption plumes downwind of three
Guatemalan volcanoes (Pacaya, Fuego and San-
tiaguito) for HNO3, but levels were generally low
(6 0.2 Wmol m33 or 6 ppbv) and comparable to
background measurements, or below detection
limits. They concluded that measurable changes
in nitric acid vapour were not observed [25]. In
a later study, Allen et al. [12] did not detect

HNO3 near the summit of the Soufrie're Hills Vol-
cano, Montserrat, although low levels were de-
tected at other locations. They concluded that ox-
ides of nitrogen, produced at high temperatures
within the Montserrat dome, only showed mea-
surable oxidation to HNO3 following transport
away from the summit.
The observations we report demonstrate

clearly, and for the ¢rst time, that HNO3 vapour
is present in the near-source plumes at some per-
sistently active volcanoes. This necessitates con-
sideration of how HNO3 might originate in vol-
canic plumes.

4.1. Possible sources for HNO3

We consider four possible production routes for
volcanic HNO3 vapour: primary emission of
HNO3 from the magmatic phase; revolatilisation
of HNO3 from background aerosol ; boiling of
nitrate-rich hydrothermal £uids, and thermal ¢x-
ation of nitrogen and subsequent oxidation of NO
to HNO3.

4.1.1. Primary emission of HNO3 from the
magmatic phase

Little is known about the solubility and speci-
ation of nitrogen in natural melts [32]. Miyazaki
et al. [33] demonstrated that nitrogen dissolves as
molecular N2 in basalt under highly oxidising
conditions (fO2 = 0.1^0.4 atm), at 1 atm and
1300‡C, with solubility close to that of Ar. The
constancy of N2/Ar ratios in oceanic basalts also
suggests that N solubility is closely similar to that
of Ar under typical magmatic conditions [34]. In
experiments on basalts at 1250‡C, with a 0.001^3
kbar con¢ning pressure and fO2 at the Ni^NiO
bu¡er (NNO), Tsipenyuk et al. [35] found the
solubility of nitrogen to be low (V50 ppm) and
pressure-independent. At lower fO2 (at the iron^
wustite bu¡er) nitrogen solubility increases sharp-
ly with increasing pressure, to V200 ppm at
3 kbar [35]. This bears out earlier observations on
synthetic melts by Mul¢nger [36], who suggested
that under reducing conditions, the solubility of
nitrogen in melts increases as nitrogen undergoes
chemical solution to form nitride (N33) species.
While there are no spectroscopic data to con¢rm
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either the presence of N33, or absence of NO3
3 , in

natural glasses or melts, it seems most likely that
under the conditions at the volcanoes under study
(with fO2 at or above NNO) molecular N2 would
be the principal form of nitrogen of magmatic
origin. This suggests that emission of NO3

3 direct
from a magmatic phase is unlikely.

4.1.2. Revolatilisation of HNO3 from background
aerosol

A preliminary study [37] suggested that nitrate
in background aerosol that had been advected
into Masaya’s volcanic plume could be displaced
following aerosol acidi¢cation by volcanic va-
pours via the following equilibrium:

NO3
3 ðaqÞ þHþ

ðaqÞ I HNO3 ðgÞ ð1Þ

Increased Hþ in the aerosol phase will act to
move this equilibrium towards the right, and
hence enrich the vapour phase in HNO3. How-
ever, the background aerosol HNO3 concentra-
tion measured was of the order of 0.05 Wmol
m33 (3.0 Wg m33). This low concentration sug-
gests that revolatilisation losses are unlikely to
account for our observations of mean in-plume
HNO3 vapour levels at Masaya of 2.5 Wmol
m33. In fact, a more comprehensive analysis of
aerosol ¢lters from Masaya does not bear out
the earlier observations, and in many cases aero-
sol-phase NO3

3 is observed to be enriched in Ma-
saya’s plume [38].

4.1.3. Boiling of nitrate-rich hydrothermal £uids
HNO3 is highly soluble, and may be enriched in

meteoric and ground waters. Boiling of HNO3-
rich £uids associated with volcanic hydrothermal
systems is a potential source of HNO3 vapour in
volcanic emanations. Further detailed investiga-
tions of the origins of gas components in the
plumes of Masaya, Etna, Villarrica and Lascar
(e.g. [19,39]) are required to assess whether this
is a feasible source of the levels of HNO3 ob-
served at these high-temperature degassing sys-
tems.

4.1.4. Fixation of nitrogen to NO and subsequent
oxidation to HNO3

Prior observations of NOx associated with vol-

canic activity (Table 2 and [24]) suggest that the
HNO3 emissions reported here may be produced
via oxidation from NO and NO2. NOx produc-
tion, by processes such as fossil fuel combustion,
has been extensively studied. Two principal pro-
duction routes have been elucidated: oxidation of
nitrogen-containing compounds in fuel (fuel NOx)
and high-temperature oxidation of atmospheric
molecular N2 (thermal NOx). Fuel NOx produc-
tion is una¡ected by changes in combustion tem-
perature, is strongly coupled to the hydrocarbon
oxidation process and is dependent upon the fuel
N content and oxygen availability. In contrast,
thermal NOx production is strongly temperature-
dependent and decoupled from the combustion
process although also promoted by high oxygen
concentration [40]. NOx emissions from volcanoes
can be understood by analogy to these processes:

ð1Þ Fuel NOx

The high bond strength of molecular N2 (945
kJ mol31 at 298 K [41]) means that it is stable
compared to the fuel C^N bonds. Thus the acti-
vation energy required for oxygen to react with
fuel is considerably lower than that required to
react with molecular N2. Consequently, fuel NOx

production proceeds rapidly and is less tempera-
ture-dependent than thermal ¢xation, although
only a fraction of the fuel N is converted to
NOx, the rest forming molecular nitrogen.
As discussed above (Section 4.1.1), physical so-

lution of molecular N2 in glass melts is thought to
dominate at the conditions of oxygen fugacity
characteristic of the molten magma in these vol-
canoes, while under more reducing conditions
chemical solution to form nitrogen^hydrogen
groups and nitrides may become important. If N
is indeed incorporated into the magma, then N
oxidation analogous to fuel N may be important,
based on the weaker bond strength of N^Si bonds
(V105 kJ mol31 at 298 K [41]) compared to N2.
However, studies of fuel NOx production suggest
that its production is strongly linked to reactions
involved in hydrocarbon combustion [42]. In vol-
canic degassing, while magmatic gases do at times
combust (generally thought to be the N-free gases
H2 and CH4, e.g. [43]), the magma itself does not,
suggesting that the release of chemically bound N
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may not be favourable and that a full analogy to
fuel NOx production cannot be developed.

ð2Þ Thermal NOx

Thermal NOx production is strongly tempera-
ture-dependent, although there is a certain degree
of uncertainty at what temperature it becomes
signi¢cant [44,45]. Hotspots on Lascar’s dome
have been measured as V1210 K [46]. Subterra-
nean lava pond surface temperature measure-
ments are harder to make at the other volcanoes.
Bulk magma temperatures for basaltic volcanoes
such as Masaya, Etna and Villarrica are estimated
to be in the range 1300^1450 K but it is likely that
the surface temperatures of the magma in the
magma ponds will be lower. Measurements of
the surface of the lava lake of Erta’Ale volcano,
Ethiopia, showed maximum temperatures of
1450 K for incandescent cracks but temperatures
of V570 K for the solid crust forming the major-
ity of the surface [47]. However, the situation at
Masaya, Etna and Villarrica is very di¡erent from
that at Erta’Ale. The magma^air interface at these
volcanoes is down a vent or vents and will thus be
less susceptible to radiative cooling. Further,
sounds audible during the sampling period at Ma-
saya and Villarrica suggest that the lava pond
surface is not calm. Waves and bubbles bursting
on the surface of the magma pond could act to
mix the gases at the magma^air interface further
into the bulk magma and prevent the surface of
the magma from forming a cooler solid crust. Gas
temperatures as high as 1370 K have been previ-
ously measured from ¢ssures on a basaltic lava
£ow [43]. These observations suggest that the
gas temperatures experienced at the lava pond
surfaces of Masaya, Etna and Villarrica will not
be as far below the internal temperatures as at
Erta’Ale. Although uncertainty remains, for the
purposes of our discussion we will consider vol-
canic gases in these environments to experience
temperatures in the range of V1200^1400 K.
In order to understand the levels of NO that we

might plausibly expect at these temperatures we
consider the following free radical chain reaction
mechanism for NO formation from air at high
temperature, developed for combustion ([48] cited
in [40]) :

O2 þM I 2OþM ð2Þ

OþN2 I NOþN ð3Þ

NþO2 I NOþO ð4Þ

(where M is a third body). Using the equilibrium
approach summarised by Seinfeld [40] it is possi-
ble to calculate the NO generated at di¡erent tem-
peratures. Fig. 2 shows the variation of NO mol
fraction with temperature for three di¡erent gas
compositions approximating atmospheric compo-
sition, a high-temperature gas mixture from a ba-
saltic eruption [43] and a typical industrial £ue
gas composition [40]. The strong temperature de-
pendence is clear. For the volcanic gas composi-
tion, the molar fractions of NO generated at 1200
and 1400 K are 2U1034 and 6U1034, respec-
tively. Using the ideal gas law these values corre-
spond to concentrations of NO of V1700 Wmol
m33 at 1200 K and V5400 Wmol m33 at 1400 K.
Just after emission from the magma, Masaya’s
plume contains V1.4 mol% SO2 [49]. Our mea-
surements of SO2 on the crater rim (V150 Wmol
m33) suggest a mol% of 0.0004 (using the ideal
gas law with temperature 298 K). This implies the
original gas mixture is diluted by a factor of
V104^103 between emission and measurement.
Assuming total conversion of NO to HNO3 (dis-

Fig. 2. Variation of molar fraction with temperature assum-
ing equilibrium for NO based on the equilibrium calculations
in Seinfeld [40]. Diamonds, atmospheric composition (mol N/
mol OV4); squares, example of high-temperature (V1370
K) basaltic volcanic gas composition calculated from Taran
et al. [43] data on Klyuchevskoy volcano using Ar as a mea-
sure of atmospheric component (mol N/mol OV8); triangles,
enhanced N2 mixture typical of industrially produced £ue
gases [40] (mol N/mol OV40).
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cussed below) at Masaya, HNO3 concentrations
of V0.17^5.4 Wmol m33 are expected at the mea-
surement site (assuming gases are heated to 1200^
1400 K). Hence an order of magnitude calculation
assuming thermal equilibrium gives a result that is
the same order of magnitude as that observed
(V2.5 Wmol m33).
It should be highlighted that thermodynamic

calculations will not give a totally accurate picture
of how nitrogen ¢xation might work in the vol-
canic environment. The assumption of equilibri-
um gives an indication of the concentrations of
NO that might be achieved at any given temper-
ature, but assumes su⁄cient time for the system
to come to equilibrium and a subsequent temper-
ature drop that is su⁄ciently rapid to ‘freeze’ the
high-temperature reaction products. Accurate pre-
diction of NO levels via a kinetic model is de-
sirable but would require the integration of the
appropriate rate equations over the time^temper-
ature history of the gases [40].
The di⁄culty with this explanation for the oc-

currence of HNO3 is that it requires rapid con-
version of NOx to HNO3 if it is to explain our
observations. In contrast, photochemical models
of the unpolluted troposphere suggest that NOx

is converted to HNO3 on the scale of 1^2 days at
mid-latitudes in the summer and about 10 days in
the winter. Even ¢eld measurements of urban air
in summer still suggest NOx lifetimes of 4^8 h ([4]
and references therein), suggesting that appreci-
able NOx conversion, by similar processes but
on a timescale between emission and measure-
ment of only 2^3 min (from plume observations),
may be unlikely. In the atmosphere, NO is oxi-
dised to NO2 via a number of reaction schemes
[4,50], including:

NOþO3 D NO2 þO2 ð5Þ

NOþOH D HNO2 ð6Þ

HNO2 þOH D NO2 þH2O ð7Þ

Conversion to nitric acid is then thought to
proceed primarily via the following reaction [4] :

OHþNO2 þM D HNO3 þM ð8Þ

Oxidants, such as OH and O3, are present in
the ambient background air and will mix into
NOx-rich emission during transport, producing
the slow NOx removal rates discussed above [4].
In aircraft exhausts the high concentrations of
OH generated during combustion can mean that
reactions characterised by timescales of days
under background conditions evolve in millisec-
onds in the jet plume [50]. Analogous processes
could occur in volcanic vents with observations of
near-source sulphate [37,38] and recently bromine
monoxide [51], highlighting that early in their evo-
lution volcanic plumes are highly oxidising envi-
ronments. Much further work is required to elu-
cidate the possible processes occurring in high-
temperature volcanic emissions, including perhaps
the application and development of models (e.g.
[52]) and the use of isotopic studies [53].
From Fig. 2, it can be seen that the composi-

tion of the gas mixture as well as temperature is
important in determining the position of the equi-
librium, with gas mixtures enriched in N2 having
lower equilibrium concentrations of NO. At Ma-
saya, Etna and Villarrica, where the magma^air
interface is deep within a vent, the circulation of
ambient air to that interface may be limited. Thus
the levels of other volcanogenic gases will account
for a signi¢cant proportion of the gas mixture.
Further, volcanogenic N2 emissions at these mag-
ma^air interfaces may further enrich the gas mix-
ture in N2 (from the atmosphere and the magma)
compared to O2 (from the atmosphere alone).
This could inhibit NO production at volcanoes
where the accessibility of the magma^air interface
to the atmosphere is reduced. It could also explain
why the HNO3 levels at Lascar are comparable to
the other higher-temperature systems: the hotspot
temperatures are lower but the areas of high tem-
perature may be more accessible to the atmo-
spheric gas mixture. It remains possible that air
also enters these systems through shallow sub-sur-
face fractures, so reactions of air/volcanic gas
mixtures within the magma itself cannot be ruled
out.
The absence of HNO3 emission at Soufrie're

Hills Volcano, Montserrat [12], may re£ect the
lower temperatures of this andesitic volcanic sys-
tem. At Soufrie're Hills the magmatic temperature
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at depth is V1120 K [54], with hotspots on the
dome of perhaps 970^1020 K. Our equilibrium
calculations suggest that at a temperature of
1000 K thermal ¢xation of an atmospheric gas
composition will only generate NO concentrations
of the order of V440 Wmol m33, much lower than
those predicted for the higher-temperature vol-
canic situations in this study. Oxidation routes
from NO to HNO3 might also operate more
slowly at lower temperatures. Together, these fac-
tors could account for the lack of HNO3 observed
at the summit sites at Montserrat [12].
The low levels of HNO3 vapour observed in

volcanic ash plumes by Lazrus et al. [25] could
be due to a number of factors. Their measure-
ments were taken from an aircraft further down-
wind than our in-plume crater measurements.
Thus, dilution or scavenging into the aqueous
phase may have reduced gaseous HNO3 levels be-
low the detection limit. It is also possible that
explosive volcanic plumes do not provide suitable
conditions for thermal N ¢xation, with the erup-
tion column cooling too quickly upon mixing with
air for signi¢cant N2 and O2 to react. In some
cases of explosive volcanism, however, N may
be ¢xed by a quite di¡erent mechanism, namely
volcanic lightning (e.g. [55]).

4.2. Volcanic £ux of ¢xed nitrogen

Due to the relative ease with which the SO2 £ux
from volcanoes can be measured it is common
practice to estimate the £ux of other plume com-
ponents (X) by using estimates of the X/SO2 ratio
in the plume. The £uxes of HNO3 calculated for
each volcano are listed in Table 3a,b. The total
£ux from all four systems is 2.6 kg s31 (0.02 Tg
(N) yr31) with this value dominated by Lascar.
Mean HNO3/SO2 molar ratios range from 0.01
to 0.07. This is consistent with the N/SO2 molar
ratios observed for the NOx emissions compiled in
Table 2 (ranging from 0.003 to 0.75, for emissions
between and after eruptive episodes) and at the
high end of the ratios we estimate (0.001 and
0.07) from the few data for explosive eruptions
[25]. Our ratios, when combined with global vol-
canic SO2 emission rate data, can be used to es-
timate the time-averaged global £ux of HNO3

from volcanoes. The small number of data points
for Lascar, Villarrica and Etna, the scatter of the
results and the possibly very di¡erent routes of
generation for SO2 and HNO3 in volcanoes sug-
gest considerable uncertainty in the calculated
HNO3/SO2 ratios. It should hence be stressed
that these estimates are intended to be at best
an order of magnitude assessment. However,
such di⁄culties are inherent in many such vol-
canic global £ux measurements (see discussion
of trace metal £uxes in Mather et al. [5] and
Pyle and Mather [56]).
Assessment of recent compilations of SO2 emis-

sions from volcanoes ([8^10,57,58] compiled in
[5]) suggest total volcanic SO2 £uxes of 6.7^10.5
Tg S yr31 of which 3.0^4.7 Tg S yr31 is from
continuous emissions. Our and previous measure-
ments of volcanic plumes suggest that not all
types of volcanism that release SO2 will produce
HNO3. Therefore the estimates of total volcano-
genic SO2 must be ¢ltered in some way. While
much work remains to be done to con¢rm the
origin of the HNO3 observed in these high-tem-
perature volcanic emissions, previous observa-
tions of volcanogenic NOx suggest that ¢xation
of N2 is the most likely route, implying that
some sort of high-temperature magma/lava^air in-
terface may be necessary for HNO3 production.
From Andres and Kasgnoc’s compilation [8], we
summed the emissions from Etna, Lascar, Kilauea
(continuous and sporadic), Masaya, Stromboli,
Erta’Ale, Nyiragongo and Mt. Cameroon and
added measurements from Carn et al. [58] of Nya-
muragira, Iceland and the Gala¤pagos and our
measurements from Villarrica to give a conserva-
tive estimate of the annual £ux from high-temper-
ature volcanism of 3.7 Tg (SO2) yr31. Using our
range of molar ratios (converted to a mass ratio
range of 0.02^0.07) the range of possible HNO3

£uxes in non-explosive volcanic plumes is 0.11^
0.26 Tg (HNO3) yr31, or 0.02^0.06 Tg (N) yr31.
It is worth noting that the persistent activity of
the four volcanoes studied here accounts for a
total SO2 £ux of V1.5 Tg yr31 (Table 3a,b
[59,60]). This £ux alone accounts for a signi¢cant
proportion of the annual non-explosive SO2 £ux.
The total emissions of HNO3 from these volca-
noes are of the order of 0.02 Tg (N) yr31, the

EPSL 6926 9-1-04

T.A. Mather et al. / Earth and Planetary Science Letters 218 (2004) 17^3026



same order of magnitude as our minimum global
estimate. This lends credibility to our assertion
that the global volcanic HNO3 £ux is s 0.02 Tg
(N) yr31. Inconclusive measurements [25] mean
that the HNO3/SO2 ratio of explosive plumes is
too uncertain for a £ux estimate to be attempted.
In explosive ash-rich plumes, volcanic lightning

[55] may play a role in N ¢xation. In order to
estimate the potential £ux of ¢xed nitrogen from
such lightning we adapted the calculation method
detailed in Navarro-Gonza¤lez et al. [61] for a vol-
canic plume heavily diluted by the present-day
atmosphere. Using a volcanic tephra £ux of 1012

kg yr31 from explosive volcanism [62], the £ux of
NO from volcanic lightning may be of the order
of 0.02 Tg (N) yr31.
These are the ¢rst estimates of ¢xed N £uxes to

the atmosphere from non-explosive volcanism and
volcanic lightning. Although not as large as other
natural global £uxes detailed in Table 1, it should
be remembered that the elevated altitude of many
volcanoes means that N ¢xed at volcanoes will
enter the free troposphere where it will experience
an extended atmospheric lifetime. Table 1 also
reports average emissions over the entire globe.
In some situations volcanic emissions can have a
very obvious e¡ect on environments on the re-
gional scale (e.g. Masaya’s low-level plume [11,
63,64]). The e¡ects of elevated ¢xed N levels
in such areas require further investigation. Our
gaseous HNO3 £ux estimate represents a mini-
mum value since the total NOx emissions (precur-
sors to HNO3 if thermal ¢xation is assumed to be
the production route of HNO3) from volcanoes
remain unquanti¢ed, as do thermal NOx and
HNO3 emissions from explosive volcanism.

5. Conclusions

Elevated levels of gaseous HNO3 have been
observed in the non-eruptive plumes from Ma-
saya, Etna, Villarrica and Lascar volcanoes.
Although much further work remains to be
done, previous observations of NOx £uxes associ-
ated with volcanic activity suggest that this is the
result of oxidation of NO formed via reaction of
N2 (from the atmosphere as well as magmatic

sources) and O2 (from the atmosphere). The exact
mechanisms for this process, especially those as-
sociated with the relatively rapid oxidation of
NO, remain uncertain. These emissions account
for a previously unquanti¢ed natural £ux of ¢xed
N to the atmosphere. Based on our measurements
we have estimated this to be of the order of 0.02^
0.06 Tg (N) yr31 from high-temperature non- to
mildly explosive volcanic degassing alone. The
contribution from explosive volcanism remains
unclear, although NOx emissions in highly explo-
sive, ash-rich plumes may result from, or at least
be supplemented by, production from volcanic
lightning rather than thermal N ¢xation. We
have calculated NO production via this route to
be of the order of 0.02 Tg (N) yr31.
These volcanic emissions of ¢xed nitrogen will

constitute an additional environmental perturba-
tion during episodes of persistent degassing such
as those studied here. HNO3 deposition will con-
tribute to acidic precipitation (although of lesser
signi¢cance than that due to the major acidic vol-
canic species SO2, HCl and HF) and will a¡ect
the nutrient status of surface ecosystems due to
increased inputs of bioavailable nitrogen. While
this may increase ecosystem productivity in the
short-term, di¡erent ecosystems will react in dif-
ferent ways to this input and prolonged nitrate
deposition followed by leaching from the soil
may have a number of negative consequences
both to the environment and directly to human
health. Our results highlight the need for further
investigation of the reaction products formed in
the extreme environments surrounding volcanic
vents as well as the primary species escaping
from the magma, when assessing volcanic emis-
sions.

Acknowledgements

Fieldwork was supported by the Natural Envi-
ronmental Research Council (UK), the EC 5th
Framework project ‘MULTIMO’, the Gruppo
Nazionale per Vulcanologia (GNV) and the
Centre for Latin American Studies, Cambridge
University. The logistical support of Dr Wilfried
Strauch, others at INETER (Managua), the sta¡

EPSL 6926 9-1-04

T.A. Mather et al. / Earth and Planetary Science Letters 218 (2004) 17^30 27



of the Masaya National Park, Pierre Delmelle
(Universite¤ Libre de Bruxelles), Harry Pinkerton
(Lancaster University), Guillermo Chong (Uni-
versidad Catolica del Norte, Antofagasta), Hugo
Moreno (OVDAS, Temuco), Jason Permenter
and Victoria Martin (Cambridge University) and
the people of Talabre village is acknowledged. We
thank Jianxin Yin and Roy Lawrence (Birming-
ham University) for their help and advice during
the analytical work and Hans Keppler (Tuebingen
University) for useful discussion. T.M. and A.M.
acknowledge the ¢nancial support of NERC,
T.M. is further sponsored by Shell and the Aero-
sol Society, UK. The authors would also like to
thank Tobias Fischer and an anonymous reviewer
for their extremely helpful comments on an earlier
version of the manuscript.[BW]

References

[1] P.M. Vitousek, J.D. Aber, R.W. Howarth, G.E. Likens,
P.A. Matson, D.W. Schindler, W.H. Schlesinger, D.G.
Tilman, Human alteration of the global nitrogen cycle:
sources and consequences, Ecol. Appl. 7 (1997) 737^750.

[2] P. Matson, K.A. Lohse, S.J. Hall, The globalization of
nitrogen deposition: consequences for terrestrial ecosys-
tems, Ambio 31 (2002) 113^119.

[3] A.H. Wolfe, J.A. Patz, Reactive nitrogen and human
health: acute and long-term implications, Ambio 31
(2002) 120^125.

[4] J.A. Logan, Nitrogen oxides in the troposphere: global
and regional budgets, J. Geophys. Res. C 88 (1983)
10785^10807.

[5] T.A. Mather, D.M. Pyle, C. Oppenheimer, Tropospheric
Volcanic Aerosol, in: A. Robock, C. Oppenheimer (Eds.),
Volcanism and the Earth’s Atmosphere, Geophys.
Monogr. 139 (2003) 189^212.

[6] C. Oppenheimer, D.M. Pyle, J. Barclay (Eds.), Volcanic
Degassing, Geol. Soc. London Spec. Publ. 213, 2003, 432
pp.

[7] M.M. Halmer, H-U. Schmincke, H.F. Graf, The annual
volcanic gas input into the atmosphere, in particular into
the stratosphere: a global data set for the past 100 years,
J. Volcanol. Geotherm. Res. 115 (2002) 511^528.

[8] R.J. Andres, A.D. Kasgnoc, A time-averaged inventory of
subaerial volcanic sulfur emissions, J. Geophys. Res. 103
(1998) 25251^25261.

[9] R.B. Symonds, W.I. Rose, M.H. Reed, Contribution of
Cl- and F-bearing gases to the atmosphere by volcanoes,
Nature 334 (1988) 415^418.

[10] R.E. Stoiber, S.N. Williams, B. Huebert, Annual contri-

bution of sulfur dioxide to the atmosphere by volcanoes,
J. Volcanol. Geotherm. Res. 33 (1987) 1^8.

[11] P. Delmelle, J. Stix, C.P-A. Bourque, P.J. Baxter, J. Gar-
cia-Alvarez, J. Barquero, Dry deposition and heavy acid
loading in the vicinity of Masaya Volcano, a major sulfur
and chlorine source in Nicaragua, Env. Sci. Tech. 35
(2001) 1289^1293.

[12] A.G. Allen, P.J. Baxter, C.J. Ottley, Gas and particle
emissions from Soufrie're Hills Volcano, Montserrat,
West Indies: characterization and health hazard assess-
ment, Bull. Volcanol. 62 (2000) 8^19.

[13] P.J. Baxter, R.E. Stoiber, S.N. Williams, Volcanic gases
and health Masaya Volcano, Nicaragua, Lancet 2 (1982)
150^151.

[14] A. Robock, Pinatubo eruption - The climatic aftermath,
Science 295 (2002) 1242^1244.

[15] A. Robock, Volcanic eruptions and climate, Rev. Geo-
phys. 38 (2000) 191^219.

[16] W.F. Giggenbach, Chemical composition of volcanic
gases, in: R. Scarpa, R.I. Tilling (Eds.), Monitoring and
Mitigation of Volcano Hazards, Springer, Berlin, 1996,
pp. 221^256.

[17] R.B. Symonds, W.I. Rose, G.J.S. Bluth, T.M. Gerlach,
Volcanic gas studies: methods, results and applications,
in magmas, in: M.R. Carroll, J.R. Holloway (Eds.), Vol-
atiles in Magmas, Rev. Mineral. 30 (1994) 1^66.

[18] P. Delmelle, J. Stix, Volcanic Gases, in: H. Sigurdsson
(Ed.), Encyclopedia of Volcanoes, Academic Press, 2000,
pp. 803^815.

[19] F. Go¡, G.M. McMurry, Tritium and stable isotopes of
magmatic waters, J. Volcanol. Geotherm. Res. 97 (2000)
347^396.

[20] P.V. Hobbs, L.F. Radke, J.H. Lyons, R.J. Ferek, D.J.
Co¡man, T.J. Casadevall, Airborne measurements of par-
ticles and gas emissions from the 1990 volcanic eruptions
of Mount Redoubt, J. Geophys. Res. 96 (1991) 18735^
18752.

[21] A.R. Bandy, P.J. Maroulis, L.A. Wilner, A.L. Torres,
Estimates of the £uxes of NO, SO2, H2S, CS2 and OCS
from Mt. St. Helens deduced from in situ plume concen-
tration measurements, Geophys. Res. Lett. 9 (1982) 1097^
1100.

[22] P.V. Hobbs, J.P. Tuell, D.A. Hegg, L.F. Radke, M.K.
Eltgroth, Particles and gases in the emissions from the
1980-1981 volcanic eruptions of Mt. St. Helens, J. Geo-
phys. Res. 87 (1982) 11062^11086.

[23] G. Hu«bler, D.D. Montzka, R.B. Norton, P.C. Murphy,
F.C. Fehsenfeld, S.C. Liu, B.A. Ridley, J.G. Walega, E.
Atlas, F.E. Grahek, L.E. Heidt, J. Merrill, B.J. Huebert,
B.A. Bodhaine, Total reactive oxidized nitrogen (NOy) in
the remote paci¢c troposphere and its correlation with O3

and CO: Mauna Loa Observatory photochemistry experi-
ment 1988, J. Geophys. Res. D 97 (1992) 10427^10447.

[24] B. Huebert, P. Vitousek, J. Sutton, T. Elias, J. Heath, S.
Coeppicus, S. Howell, B. Blomquist, Volcano ¢xes nitro-
gen into plant available forms, Biogeochemistry 47 (1999)
111^118.

EPSL 6926 9-1-04

T.A. Mather et al. / Earth and Planetary Science Letters 218 (2004) 17^3028



[25] A.L. Lazrus, R.D. Cadle, B.W. Gandrud, J.P. Greenberg,
B.J. Huebert, W.I. Rose, Sulfur and halogen chemistry of
the stratosphere and of volcanic eruption plumes, J. Geo-
phys. Res. C 84 (1979) 7869^7875.

[26] T.P. Fischer, D.R. Hilton, M.M. Zimmer, A.M. Shaw,
Z.D. Sharp, J.A. Walker, Subduction and recycling of
nitrogen along the Central American margin, Science
297 (2002) 1154^1157.

[27] D.R. Hilton, T.P. Fischer, B. Marty, Noble gases and
volatile recycling at subduction zones, in: D. Porcelli,
C.J. Ballentine, R. Wieler (Eds.), Noble Gases in Geo-
chemistry and Cosmochemistry, Rev. Min. Geochem.
47, Mineral. Soc. Am., 2002, pp. 319^370.

[28] Y. Sano, N. Takahata, Y. Nishio, T.P. Fischer, S.N. Wil-
liams, Volcanic £ux of nitrogen from the Earth, Chem.
Geol. 171 (2000) 263^271.

[29] P. Allard, J. Carbonnelle, D. Dajlevic, J. Le Bronec, P.
Morel, M.C. Robe, J.M. Maurenas, R. Faivre-Pierret, D.
Martin, J.C. Sabroux, P. Zettwoog, Eruptive and di¡use
emissions of CO2 from Mount Etna, Nature 351 (1991)
387^391.

[30] S.J. Matthews, M.C. Gardeweg, R.S.J. Sparks, The 1984
to 1996 cyclic activity of Lascar Volcano, northern Chile:
cycles of dome growth, dome subsidence, degassing and
explosive eruptions, Bull. Volcanol. 59 (1997) 72^82.

[31] R.L. Tanner, T.J. Kelly, D.A. Dezaro, J. Forrest, A com-
parison of ¢lter, denuder, and real-time chemilumines-
cence techniques for nitric acid determination in ambient
air, Atm. Env. 23 (1989) 2213^2222.

[32] M.R. Carroll, J.D. Webster, Solubilities of sulfur, noble
gases, nitrogen, chlorine and £uorine, in magmas, in:
M.R. Carroll, J.R. Holloway (Eds.), Volatiles in Magmas,
Rev. Mineral. 30 (1994) 231^279.

[33] A. Miyazaki, H. Hiyagon, N. Sugiura, Solubilities of ni-
trogen and argon in basalt melt under oxidizing condi-
tions, in: K.A. Farley (Ed.), Volatiles in the Earth and
Solar System, AIP Conf. Proc. 341, Am. Inst. Phys., New
York, 1995, pp. 276^287.

[34] B. Marty, Nitrogen content of the mantle inferred from
N2-Ar correlation in oceanic basalts, Nature 377 (1995)
326^329.

[35] Y.M. Tsipenyuk, B.A. Chapyzhnikov, V.P. Kolotov, S.N.
Shilobreeva, A.A. Kadik, Gamma activation analysis of
nitrogen solubility in aluminosilicates at high pressure and
temperature, J. Radioanal. Nucl. Chem. 217 (1997) 261^
265.

[36] H.O. Mul¢nger, Physical and chemical solubility of nitro-
gen in glass melts, J. Am. Ceram. Soc. 49 (1966) 462^
467.

[37] A.G. Allen, C. Oppenheimer, M. Ferm, P.J. Baxter, L.A.
Horrocks, B. Galle, A.J.S. McGonigle, H.J. Du¡ell, Pri-
mary sulphate aerosol and associated emissions from Ma-
saya volcano, Nicaragua, J. Geophys. Res. D 107 (2002)
4682, doi: 10.1029/2002JD002120.

[38] T.A. Mather, A.G. Allen, C. Oppenheimer, D.M. Pyle,
A.J.S. McGonigle, Size-resolved characterisation of solu-
ble ions in the particles in the tropospheric plume of Ma-

saya volcano, Nicaragua: Origins and plume processing,
J. Atm. Chem. 46 (2003) 207^237.

[39] R.H. Mariner, W.C. Evans, T.S. Presser, L.D. White,
Excess nitrogen in selected thermal and mineral springs
of the Cascade Range in northern California, Oregon and
Washington: sedimentary or volcanic in origin?, J. Volca-
nol. Geotherm. Res. 121 (2003) 99^114.

[40] J.H. Seinfeld, Atmospheric Chemistry and Physics of Air
Pollution, Wiley, New York, 1986.

[41] R.C. Weast (Ed.), CRC handbook of Chemistry and
Physics, 60th edn., CRC Press, Baton Rouge, LA, 1979,
F220^F224.

[42] J.A. Miller, C.T. Bowman, Mechanism and modeling of
nitrogen chemistry in combustion, Prog. Energy Com-
bust. Sci. 15 (1989) 287^338.

[43] Y.A. Taran, A.M. Rozhkov, E.K. Sera¢mova, A.D. Esi-
kov, Chemical and isotopic composition of magmatic
gases from the 1988 eruption of Klyuchevskoy volcano,
Kamchatka, J. Volcanol. Geotherm. Res. 46 (1991) 255^
263.

[44] D.W. Pershing, J.O.L. Wendt, Pulverized coal combus-
tion: The in£uence of £ame temperature and coal com-
position on thermal and fuel NOx, S. Int. Comb. P. 16
(1977) 389^399.

[45] S.M. Correa, A Review of NOx formation under gas-tur-
bine combustion conditions, Combust. Sci. Technol. 87
(1992) 329^362.

[46] C. Oppenheimer, P.W. Francis, D.A. Rothery, R.W.T.
Carlton, L.S. Glaze, Infrared image analysis of volcanic
thermal features: La¤scar Volcano, Chile, 1984-1992,
J. Geophys. Res. B 98 (1993) 4269^4286.

[47] C. Oppenheimer, G. Yirgu, Thermal imaging of an active
lava lake: Erta’Ale volcano, Ethiopia, Int. J. Remote
Sensing 23 (2002) 4777^4782.

[48] Y.B. Zeldovich, The oxidation of nitrogen in combustion
and explosions, Acta Physicochem. USSR 21 (1946) 577^
628.

[49] M.R. Burton, C. Oppenheimer, L.A. Horrocks, P.W.
Francis, Remote sensing of CO2 and H2O emission rates
from Masaya volcano, Nicaragua, Geology 28 (2000)
915^918.

[50] B. Ka«rcher, M.M. Hirschberg, P. Fabian, Small-scale
chemical evolution of aircraft exhaust species at cruising
altitudes, J. Geophys. Res. D 101 (1996) 15169^15190.

[51] N. Bobrowski, G. Ho«nninger, B. Galle, U. Platt, Detec-
tion of bromine monoxide in a volcanic plume, Nature
423 (2003) 273^276.

[52] R.B. Symonds, M.H. Reed, Calculation of multicompo-
nent chemical equilibria in gas-solid-liquid systems: cal-
culation methods, thermochemical data, and applications
to studies of high-temperature volcanic gases with exam-
ples from Mount St. Helens, Am. J. Sci. 293 (1993) 758^
864.

[53] T.H.E. Heaton, 15N/14N ratios of NOx from vehicle en-
gines and coal-¢red power stations, Tellus 42B (1990)
304^307.

[54] J. Barclay, M.R. Carroll, M.J. Rutherford, M.D. Mur-

EPSL 6926 9-1-04

T.A. Mather et al. / Earth and Planetary Science Letters 218 (2004) 17^30 29



phy, J.D. Devine, J. Gardner, R.S.J. Sparks, Experimen-
tal phase equilibria: constraints on pre-eruptive storage
conditions of the Soufriere Hills magma, Geophys. Res.
Lett. 25 (1998) 3437^3440.

[55] S.R. McNutt, C.M. Davies, Lightning associated with the
1992 eruptions of Crater Peak, Mount Spurr Volcano,
Alaska, J. Volcanol. Geotherm. Res. 102 (2000) 45^65.

[56] D.M. Pyle, T.A. Mather, The importance of volcanic
emissions in the global atmospheric mercury cycle, Atm.
Env. 37 (2003) 5115^5124.

[57] D.M. Pyle, P.D. Beattie, G.J.S. Bluth, Sulphur emissions
to the stratosphere from explosive volcanic eruptions,
Bull. Volcanol. 57 (1996) 663^671.

[58] S.A. Carn, A.J. Krueger, G.J.S. Bluth, S.J. Schaefer, N.A.
Krotkov, I.M. Watson, S. Datta, Volcanic eruption de-
tection by the Total Ozone Mapping Spectrometer
(TOMS) instruments: a 22-year record of sulphur dioxide
and ash emissions, in: C. Oppenheimer, D. M. Pyle, J.
Barclay (Eds.), Volcanic Degassing, Geol. Soc. London
Spec. Publ. 213, 2003, pp. 177^202.

[59] A.J.S. McGonigle, C. Oppenheimer, B. Galle, T.A. Math-
er, D.M. Pyle, Walking traverse and scanning DOAS

measurements of volcanic gas emission rates, Geophys.
Res. Lett. 29 (2002) 1985, doi: 10.1029/2002GL015827.

[60] A.J.S. McGonigle, C. Oppenheimer, A.R. Hayes, B.
Galle, M. Edmonds, T. Caltabiano, G. Salerno, M. Bur-
ton, T.A. Mather, Sulphur dioxide £uxes from Mt. Etna,
Vulcano and Stromboli measured with an automated
scanning ultraviolet spectrometer, J. Geophys. Res. B
108 (2003) 2455, doi:10.1029/2002JB002261.

[61] R. Navarro-Gonza¤lez, M.J. Molina, L.T. Molina, Nitro-
gen ¢xation by volcanic lightning in the early Earth, Geo-
phys. Res. Lett. 25 (1998) 3123^3126.

[62] D.M. Pyle, Mass and energy budgets of explosive volcanic
eruptions, Geophys. Res. Lett. 22 (1995) 563^566.

[63] P. Delmelle, T. Delfosse, B. Delvaux, Sulfate, chloride
and £uoride retention in Andosols exposed to volcanic
acid emissions, Environ. Pollut. 126 (2003) 445^457.

[64] P. Delmelle, J. Stix, P.J. Baxter, J. Garcia-Alvarez, J.
Barquero, Atmospheric dispersion, environmental e¡ects
and potential health hazard associated with the low-alti-
tude plume of Masaya volcano, Nicaragua, Bull. Volca-
nol. 64 (2002) 423^434.

EPSL 6926 9-1-04

T.A. Mather et al. / Earth and Planetary Science Letters 218 (2004) 17^3030

View publication statsView publication stats


