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Abstract. Over a 3-yr period, from 2006 to 2009, frequent

scattered sunlight DOAS measurements were conducted at

Mt. Etna at a distance of around 6 km downwind from the

summit craters. During the same period and in addition to

these measurements, volcanic observations were made by

regularly visiting various parts of Mt. Etna.

Here, results from these measurements and observations

are presented and their relation is discussed. The focus of

the investigation is the bromine monoxide/sulphur dioxide

(BrO / SO2) ratio, and its variability in relation to volcanic

processes.

That the halogen/sulphur ratio can serve as a precursor

or indicator for the onset of eruptive activity was already

proposed by earlier works (e.g. Noguchi and Kamiya 1963;

Menyailov, 1975; Pennisi and Cloarec, 1998; Aiuppa et al.,

2002). However, there is still a limited understanding today

because of the complexity with which halogens are released,

depending on magma composition and degassing conditions.

Our understanding of these processes is far from complete,

for example of the rate and mechanism of bubble nucleation,

growth and ascent in silicate melts (Carroll and Holloway,

1994), the halogen vapour-melt partitioning and the volatile

diffusivity in the melt (Aiuppa et al., 2009).

With this study we aim to add one more piece to the puz-

zle of what halogen/sulphur ratios might tell about volcanic

activities. Our data set shows an increase of the BrO / SO2 ra-

tio several weeks prior to an eruption, followed by a decline

before and during the initial phase of eruptive activities. To-

wards the end of activity or shortly thereafter, the ratio in-

creases to baseline values again and remains more or less

constant during quiet phases. To explain the observed evo-

lution of the BrO / SO2 ratio, a first empirical model is pro-

posed. This model suggests that bromine, unlike chlorine and

fluorine, is less soluble in the magmatic melt than sulphur.

By using the DOAS method to determine SO2, we actually

observe most of the emitted sulphur of Mt. Etna. Regarding

bromine, however, we are aware that by determining only

the bromine monoxide (BrO) radical we might just observe a

small or even a variable fraction of the total emitted bromine,

which is most probable originally in the form of HBr. There-

fore, we present first studies to justify the assumption that,

despite the disadvantage just mentioned, the BrO / SO2 ra-

tio can nevertheless serve as a new parameter to indicate the

state of a volcano, when measurements are conducted under

certain, but rather convenient, conditions.

1 Introduction

Etna is a significantly and continuously degassing volcano

with frequently occurring eruptive activity. It is situated on

the eastern side of Sicily and has four active summit craters.

Being a rather developed tourist destination in Europe, there

are less logistical challenges than at most other volcanic sites.

Therefore, Mt. Etna is a perfect place to study variations in

the chemical composition of volcanic plume during volcanic

phenomena.

Halogen / sulphur ratios, in particular chlorine / sulphur ra-

tios, in volcanic plumes are considered to be geochemi-

cal tools for monitoring volcanic activity (e.g. Tazieff and

Sabroux, 1983). Most of the studies have been carried out

for chlorine, less for fluorine and nearly none for bromine

and iodine. The probably main reason for this is the lim-

ited sensitivity for the detection of the much less abundant
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heavier halogens. Most investigations showed decreasing

chlorine / sulphur (Cl / S) ratios prior to or during volcanic

activity (e.g. Noguchi and Kamiya, 1963; Stoiber and Rose,

1970; Menyailov, 1975; Pennisi and Chloarec, 1998; Aiuppa

et al., 2002). Nevertheless, careful interpretations and differ-

entiated discussions on the data in context of the volcanic

environment are necessary like e.g. discussed in Edmonds

et al. (2001). Edmonds et al. (2001) showed that the HCl

flux could be used as a proxy for the extrusion rate, whilst

the variations in the SO2 emissions were closely related

to changes in the soil permeability. Edmonds et al. (2001)

showed that, in the case of Soufrière Hills volcano, Montser-

rat, this information can be used to find conclusions about

the state of the eruption. The eruptive events were finishing

there when SO2 emissions remained consistently low, HCl

emission rates were less than 100 t d−1 and the HCl / SO2 ra-

tio was less than 0.1.

In early studies, Cl / S ratios were collected only by dan-

gerous sampling directly from the emission source. More

recently, remote sensing techniques, in particular Fourier

transform infrared spectroscopy (FTIR), are applied as well

(e.g. Francis et al., 1998, Edmonds et al., 2001, Horrocks

et al., 2003; Burton et al., 2007, 2010; Oppenheimer et al.,

2008). This new possibility due to the improvements of mea-

surement technology allows studies with a higher time reso-

lution (e.g. Caltabiano et al., 2004; Burton et al., 2003) and

therefore provides a better understanding, especially of rapid

processes like explosions (e.g. Burton et al., 2007; Edmonds

et al., 2009). Unfortunately, this method is often applied in a

safe distance only during clear sky conditions, because usu-

ally direct sunlight is used as light source. Other infrared ra-

diation sources can be applied, e.g. hot lava bodies or in-

frared lamps, commonly used only for the case of crater rim

measurements or active eruptive sites, but in those cases the

measurements are carried out in a close distance (hundreds

of meters) to the active volcanic source.

Furthermore, recent laboratory and model studies of

vapour-melt partition coefficients and diffusion properties

of sulphur and chlorine (e.g. Villemant and Boudon, 1999;

Bureau et al., 2000; Moretti et al. 2003; Aiuppa et al.,

2004; Spilleart et al., 2006; Aletti et al., 2007) contributed

to an improved understanding of volcanic processes as well

(e.g. Aiuppa et al., 2004; Spilliaert et al., 2006; Burton et al.,

2007). However, it has to be mentioned that many questions

remain still open (e.g. Aiuppa, 2009; Shinohara, 2009) and

disagreements of the chlorine partitioning in comparison to

sulphur between some of the studies prove the incomplete

understanding of the process (see Aiuppa et al., 2004 fig-

ures 5 and 6 in comparison to Spilliaert et al., 2006 figure 4).

Beside chlorine, as mentioned above, fluorine, bromine

and iodine are also emitted from volcanoes (e.g. Aiuppa et

al., 2005), but much less research has been undertaken on

these halogens until now. Most halogens are predicted (ther-

modynamically) to escape from magma as halogen halides

(HCl, HBr etc, e.g. Gerlach, 2004) and in small parts as halo-

gen molecules or even in the form of atoms. However, more

recent studies of von Glasow (2010) propose that HBr at the

crater rim would only have a proportion of 60 % of the to-

tal emitted bromine and decrease rapidly in an ageing plume

down to below 20 % after roughly 10 min; instead BrO would

have a fraction of total bromine emissions of about 10 % in

any case and does not even change dramatically in the age-

ing plume after the first few minutes (e.g. Bobrowski et al.,

2009; Vogel et al., 2010).

In this study we explore the possibility of using BrO / SO2

measurements as a further parameter to enhance our knowl-

edge of gas emission changes as indicators of magma move-

ments. BrO and SO2 are both readily measurable with

UV spectrometers under conditions less limited to weather

than measurements of HCl and HF with the FTIR tech-

nique at safe distances from the emission source. Therefore,

BrO / SO2 ratios could provide a convenient and continuous

additional measurement parameter.

BrO is not thought to exist as a significant bromine species

in the magmatic gas, and it is predicted to be formed once

the plume comes into contact with the surrounding atmo-

sphere. In fact, BrO mixing ratios are predicted to increase

rapidly (by photolysis) in the presence of sunlight (e.g. Op-

penheimer et al., 2006; Bobrowski et al., 2007; von Glasow,

2010), due to the autocatalytic bromine explosion mecha-

nism (Wennberg, 1999). In light of this disadvantage, first

sensitivity studies are presented of the behaviour of BrO un-

der various meteorological conditions and plume ages.

The presented 3-yr time series, during which two erup-

tions have taken place, will demonstrate that BrO / SO2 ra-

tios might become a proper tracer of volcanic activity in the

future.

2 Measurements

Differential optical absorption spectroscopy (DOAS) is an

analysis technique first used by Perner et al. (1976), and it is

usually applied to analyse UV-VIS spectra with spectral res-

olution below 1 nm. The multi-axis UV-spectrometer used in

this work will be called in the following MAX-DOAS. Be-

side MAX-DOAS measurements between 2006–2009, also

2004 and 2005 BrO / SO2 measurements were carried out us-

ing a Max-DOAS instrument approximately 6 km from the

summit of Mt. Etna (Rifugio Citelli; see Fig. 1), aiming to

cut the plume perpendicularly. Even the measurement dis-

tance from the crater is not directly correlated to the plume

age; it can be used as an indication, and a certain distance

might ensure that the BrO / SO2 ratio reached a temporar-

ily equilibrium (see below). Since 2006, attempts have been

made to perform more regular and frequent measurements at

the same distance of 6 km, depending on the wind direction

at Rifugio Citelli (eastern flank), Rifugio Sapienza (south-

ern flank), Mt. Maletto (western flank) or Mt. Conca (north-

ern flank) (see map in Fig. 1). Apart from small periods in
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Fig. 1. Map of Mt. Etna. The small houses (Rifugio Sapienza, Rifu-

gio Citelli, Mt. Maletto and Mt. Conca) indicate the measurements

sites of the Mini-MAX-DOAS measurements at a distance of about

6 km from the source. The main routes for the SO2 traverses during

2006 are indicated by blue lines; in red are the rarely used routes.

which no data were taken due to instrumental failure, very

bad weather condition or absence of the authors and helpers,

data were collected once or several times a week for at least

an hour until 2009.

The measurements for determining the BrO / SO2 ratios

were carried out with a scanning DOAS instrument (mini-

MAX-DOAS; see e.g. Bobrowski et al., 2003) in the late

morning, midday or early afternoon. In the beginning of

the longer eruptive periods July 2006 and May–July 2008,

BrO / SO2 ratios were measured with a higher frequency,

about every two days.

The miniaturized MAX-DOAS system consists of an en-

trance optic (quartz lens, f = 40 mm, d = 20 mm, field of

view approximately 10 mrad) coupled to a quartz fiber bun-

dle (4 × 200 m), which transmits the light into a commercial

miniature spectrometer (OceanOptics Inc., USB2000). This

unit is placed inside a metal box. In order to stabilize the

optical bench, the entire USB2000 spectrometer (including

the CCD detector) was cooled to a temperature about 5 ◦C

below ambient by a 2-stage Peltier cascade controlled by an

electronic thermostat unit built into the aluminum housing.

Stabilizing the temperature of the spectrometer and detector

readout electronics reduces the temperature drift of the elec-

tronic offset signal. To avoid water condensation the housing

is airtight and a silica gel package is added to keep the in-

terior dry in case of leakage. An attached stepper motor is

mounted on a tripod and can therefore rotate the whole unit

to point the telescope to different elevation angles between

0 and 130◦. Automatic data acquisition was performed with

the software package DOASIS (Kraus et al., 2001) running

on a notebook computer, or with the software PocketDOAS

(Lowe, 2004) running on a small Pocket PC.

For the evaluation of the data, the software WinDoas

V2.10 from IASB (Belgium Institute for Space Aeronomy,

Fayt and Van Roozendael, 2001) was used to derive the

slant column densities (SCD) in molecules cm−2 of BrO

and SO2 from the recorded spectra. For the evaluation of

bromine monoxide, the wavelength range 332–352 nm con-

taining four absorptions was chosen. Apart from the BrO ref-

erence spectra, cross sections convoluted with a wavelength-

dependent instrumental function of NO2, O3, SO2, O4; a

“ring-spectrum” (to remove the effect of rotational Raman

scattering in the atmosphere) and the FRS (Fraunhogfer ref-

erence spectrum) were simultaneously fitted to the measure-

ment spectra using a nonlinear least squares method (Stutz

and Platt, 1996). In few occasions a reference of HCHO

had to be included as well, in particular due to the summer

months (Vogel et al., 2012b).

For the SO2 evaluation, references of SO2, O3, a FRS and

“ring-spectrum” were included in the fit. For more details

of the BrO and SO2 evaluation, see Bobrowski et al. (2007)

or Bobrowski and Platt (2007). The only slight difference

in the SO2 evaluation was a shift in the wavelength range

from 307.5–315 nm to 315–325 nm, for a better signal-to-

noise ratio and to better account for non-linearity effects in

case of high SO2 concentrations (see also Kern et al., 2010;

Bobrowski et al., 2010). Also the data of 2004 and 2005

were re-evaluated in this range for a better comparison. The

whole data set is shown in Fig. 2a. Every data point in Fig. 2a

presents a single measurement day and was obtained from a

BrO-SO2 scatter plot. The adjusted R2 of the linear fit for

each scatter plot is presented in Fig. 2b, as well as the max-

ima for BrO as well as SO2 slant column densities and the

mean fit error for both species. More than 61 % of the data

points have an adjusted R2 of above 0.8, and more than 96 %

lie above 0.5. Fig. 2c shows the scatter plots for the lowest,

highest and a random medium BrO / SO2 ratio, respectively.

3 Sensitivity studies

To demonstrate the potential value of BrO in relation with

SO2 as a tracer of changes in volcanic activity, investigations

of possible environmental effects, which could influence the

concentration of BrO and therefore the BrO / SO2 ratio, must

be carried out. For BrO this is particularly important as BrO

is a highly reactive molecule.

www.solid-earth.net/3/433/2012/ Solid Earth, 3, 433–445, 2012



436 N. Bobrowski and G. Giuffrida: BrO / SO2 in relation with volcanological observation

Fig. 2a. For each day, a linear fit of the BrO-SO2 scatter plot was

obtained. The slope of this linear fit with its standard deviation in

form of an error bar is plotted as function of time. Note that the

slope and its standard deviation were obtained by including the

one sigma-fit error of the BrO evaluation in the fitting process of

the linear slope. The SO2 fit error was neglected as it was small

(two orders of magnitude smaller) compared to the SO2 measure-

ment values. The potential large error due to radiative transfer issues

(Kern et al., 2010) was neither for SO2 nor BrO taken into account

in this study. Besides the data 2006–2009, data of 2004 and 2005

were added. Before both eruptions (2006 and 2008), an increase in

the BrO / SO2 ratio can be noted, followed by a general decrease in

bromine monoxide in comparison to sulphur dioxide during periods

of explosive and effusive volcanic activity. In 2006, the BrO / SO2

ratio decreased until the end of the year and basically until the end

of the enhanced activity of Etna. Also with the end of the 2008/2009

eruption, the BrO / SO2 ratio stopped its decreasing trend. The erup-

tion periods are indicated by an underlying rectangle of magenta,

and higher activity events are shown by red lines. The year on the

x-axis indicates the middle of the same year. For more detailed in-

formation, see text.

As already mentioned above BrO is supposed to be not

directly emitted by volcanoes, at least not the major part

of it (e.g. Gerlach et al., 2004; Martin et al., 2006). BrO is

mainly formed by interaction of the volcanic plume with the

atmosphere (e.g. Oppenheimer et al., 2006; Bobrowski et al.,

2007; Roberts et al., 2009; von Glasow et al., 2009).

At first sight this might lead to the conclusion that BrO is

not a suitable parameter for volcanic activity studies, but we

will show in this paper that the situation is much better than

one might expect.

3.1 Timing of bromine monoxide formation

First experimental and model studies on the formation of

BrO in volcanic plumes were done by Oppenheimer et

al. (2006) and Bobrowski et al. (2007). Some further model

studies were carried out by Martin et al. (2009), Roberts et

Fig. 2b. For each data point of (a), the adjusted R2, the maximum

BrO and SO2 SCD of each measurement day as well as a mean one

sigma fit error for SO2 and BrO are shown as a function of time.

al. (2009), von Glasow (2010) and experimental studies by

Kern et al. (2008) and Vogel et al. (2010). Model and ex-

perimental data generally seem to fit, leading to the conclu-

sion that the main reaction cycles are understood. Neverthe-

less, some more detailed questions remain open like the one

of how much of the total emitted bromine gets converted

into BrO, or how long does the temporarily equilibrium of

BrO / SO2 last (e.g. Vogel et al., 2012a).

To get a more general idea about the BrO formation rate,

we summarized in Fig. 3 already published and addition-

ally unpublished experimental data sets available to us. The

BrO / SO2 ratio is presented as a function of distances, which

can be used as an indirect indicator for the plume age. The

plume age is controlled by distance as well as by wind ve-

locity. We did not convert our data to plume ages because

of the lack of the wind velocities, which are not available

for each of the data sets. Even though we do not have an

exact timing for the formation process of BrO for this rea-

son, Fig. 3 shows that most of the BrO is formed in the first

kilometres after release (corresponding to the first minutes

after the gas is released). No significant additional increase

of the BrO / SO2 ratio can be identified at a distance larger

than 5 km from the emission source, and nor do we see a

significant decrease for the next 10 km. This might stand in

contrast to earlier published data by the first author of this

Solid Earth, 3, 433–445, 2012 www.solid-earth.net/3/433/2012/
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Fig. 2c. Examples of the BrO-SO2 scatter plots: the scatter plot

of the smallest BrO / SO2 ratio, the scatter plot of the maximal

BrO / SO2 ratio and an example for a medium BrO / SO2 scatter plot

are shown, respectively.

article. The interpretation indeed has to be changed from

the earlier publications where an increase of the BrO / SO2

was thought to continue for more than 20 km as a result of

model calculations. But this former interpretation was mainly

caused by a lack of data or rather insufficient amounts of

Fig. 3. BrO is formed by volcanic atmospheric-gas-interaction, but

strong increase is (only) seen up to about 5 km (young plume of

some minutes). BrO / SO2 ratios seem to move into a plateau after-

wards. The BrO / SO2 ratios were normalised for a better compari-

son of the various sites. For more information, see text.

data. Our Fig. 3 is just an update of Fig. 4 in Bobrowski et

al. (2007) including the former data set (cyan triangle Etna

2004 and blue quadrangular Etna 2005) and additional data

from Nyiragongo 2004, Popocateptl 2008 and Etna 2008.

Having now acquired a larger amount of BrO / SO2 ratios

over several distances at various volcanoes, it seems that

the maximum BrO / SO2 ratio might be reached in a much

shorter time/closer distance from the vent than previously

assumed (e.g. Bobrowski et al., 2007; Roberts et al., 2009).

Afterwards the BrO / SO2 ratio seems to stay constant for a

while at least up to a distance of 15 km from the emission

source, which would account for a 25-min-old plume, assum-

ing a wind velocity of 10 m s−1.

Together with the sensitivity studies on meteorological pa-

rameters (see Sect. 3.2), we propose the assumption that, if

we measure at a distance of more than 5 km and less than

15 km, the BrO / SO2 ratio will not vary significantly under

otherwise stable conditions (no volcanic activity changes).

3.2 Meteorological influences on BrO / SO2

Meteorological parameters often influence measured gas

concentrations or gas ratios but if the dependencies are

known, corrections are often possible. Therefore, the sea-

sonal dependency and two important meteorological factors

(wind velocity and humidity) were investigated.

3.2.1 Seasonal influences on BrO / SO2 ratio

Three years of data are available for the BrO / SO2 ratio

at Mt. Etna. To discuss an eventual seasonal dependency

of the data, the three years already displayed as one entire

data set in Fig. 2 are shown in Fig. 4a–c separated for each

single year, one below each other for a better comparison.

During the first year, 2006, the major BrO / SO2 peak was

www.solid-earth.net/3/433/2012/ Solid Earth, 3, 433–445, 2012
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Fig. 4. BrO / SO2 ratios are shown as a function of time split into

three years of observations: (a) 2006–2007 highest BrO / SO2 val-

ues in spring, (b) 2007–2008 highest BrO / SO2 peaks during the

summer, generally higher variability than under (a), and (c) 2008–

2009 highest BrO / SO2 values in spring and autumn. No periodicity

of seasons can be identified. Data points and error bars calculated

as in Fig. 2.

determined in April, followed by a decrease and remaining

on a lower level nearly until the end of the year. In 2007

peaks can be identified during the summer months, June and

September, and the graph is characterised by generally larger

variations in the BrO / SO2 ratio compared to 2006. In con-

trast to 2007, in 2008 the summer values are of relatively

low values and higher values are identified in spring 2008,

like 2006 but also in autumn 2008, where BrO / SO2 ratios

were relatively low in autumn 2006.

No clear pattern for a variation with seasons can be identi-

fied.

3.2.2 Wind velocity

Wind velocity (vw) determines the age of the plume (t) at

every known distance (d) of the measurement to the emis-

sion source. Our measurements are carried out at a distance

of around 6 km from the emission source (see map in Fig. 1).

We attempted to scan the plume perpendicular to the wind

direction. The distance from the emission source to the point

of measurement is not the only parameter for determining

the plume age. As already mentioned, the plume age is influ-

enced by the wind velocity as well:

t = d/vw. (1)

As described above, only first studies have been done regard-

ing the question on which time scales BrO is formed and

how fast it is decomposed again. Some more studies are in

progress (e.g. Vogel et al., 2012a). All BrO / SO2 ratios for

our data set at Mt. Etna during 2006–2009, for which wind

speeds from balloon sounding were available1, were plotted

as a function of wind velocity to try to identify possible cor-

relations. The result can be seen in Fig. 5a. No correlation

could be identified. Therefore, we keep the assumption that

BrO for a certain time frame remains in a kind of steady state.

3.2.3 Relative humidity

The influence of relative humidity was investigated as well.

First of all, relative humidity will influence condensation and

therefore influence the amount of available surfaces for het-

erogeneous reactions, which are essential for the bromine ex-

plosion mechanism (Wennberg, 1999), and will also influ-

ence the solubility of HBr in aerosols. Figure 5b shows the

BrO / SO2 ratio as a function of humidity, and equal to the

wind velocity study, no correlation can be identified. How-

ever, the relative humidity inside the volcanic plume could

have been significantly different from the measurement data

of the balloon sounding. Therefore, these data and the con-

clusion arising from it have to be taken with high caution.

Unexpectedly, neither seasonal variations nor wind veloc-

ity nor relative humidity shows a correlation to the BrO / SO2

in this preliminary investigation. It is planned to do a more

sophisticated study during the upcoming years, including so-

lar irradiance, condensation conditions and wind velocity

measured as close as possible to the plume.

1(http://weather.uwyo.edu/upperair/sounding.html)
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Fig. 5. (a) BrO / SO2 ratio taken at a distance of about 6 km from

the summit of Etna shown as a function of wind velocity (data taken

from http://weather.uwyo.edu/upperair/sounding.html) for the day

of measurements and altitude of about 3000 m, no dependency vis-

ible. (b) BrO / SO2 ratio taken at a distance of about 6 km from the

summit of Etna shown as a function of relative humidity (data taken

from http://weather.uwyo.edu/upperair/sounding.html) for the day

of measurements and altitude of about 3000 m, no dependency vis-

ible.

4 Observations of volcanic activity between 2006 and

2009

The beginning of 2006 was characterized by several slight

ash emissions from Mt. Etna’s summit craters. A bigger ex-

plosion occurred in the middle of January inside the central

crater. In general mainly quiescent degassing activity could

be observed at the summit craters. On 10 April 2006 some

intense black ash emission was observed by the authors. In

mid-July 2006, during the night of the 14 July, a new erup-

tive phase of Mt. Etna began. A lava flow could be seen just

before midnight, and strombolian explosions started in the

morning afterwards. This explosive and effusive activity con-

tinued for a week, with a peak of activity in the late evening

of 20 July, when lava fountaining was observed on the south-

east crater (SE crater). On 23 July 2006 all eruptive activity

ended. The first signs of renewal of activity were seen at the

end of August 2006. On 4 September new lava effusion took

place directly coming from the top of the SE crater. During

the following weeks, the activity of Etna was characterised

by discontinuous lava effusions and strombolian activity at

or close to the SE crater. On 12 October, a more continuous

lava flow started, which lasted until the beginning of Decem-

ber 2006. On 26 October 2006, an additional, discontinuous

lava flow started on the flank of the Bocca Nuova crater. In

mid-November 2006 the volcanic activity changed its char-

acter to a more explosive one, including small pyroclastic

density flows close to the SE crater (e.g. 16 November 2006),

destruction and rebuilding of the main hornito at the vent of

the continuous lava flow, and strong ash emissions. These

ash emissions led to a closing of the airport of Catania at the

end of November 2006. At the beginning of December 2006,

the lava effusion stopped being continuous. The lava effusion

ended probably on 13 December 2006.

On 31 March 2007, after a bit more than three months

of relatively quiet degassing, a new eruptive event happened

at the SE crater (strombolian explosions and lava flow) but

lasted just for some hours. Similar events could be observed

also on the 11 April, 29 April and 7 May 2007. In the middle

of August 2007, strombolian explosions started on the flank

of the SE crater and culminated in spectacular lava fountains

and lava effusion in the night from 4 to 5 September 2007.

On 23 November 2007 a similar event took place on the same

site as on the 4 September 2007.

During the first month of 2008, small ash emissions

(e.g. 14/15 February, 20 February, and 25 February) were

frequently observed at the summit area and enhanced seismic

activity was reported by the INGV Catania (www.ct.ingv.it).

On 10 May 2008 a violent explosive phase accompanied by

lava fountains and a large lava flow started in the afternoon

and lasted until the evening of the same day.

Three days later on 13 May 2008 again a violent paroxys-

mic phase together with strong seismic activity took place,

but was only poorly observed due to the bad meteorologi-

cal conditions. However, this was the start of a new eruption

which would last more than one year – until middle of July

2009.

The months between mid-July and beginning of November

2009 were characterized by the absence of eruptive activities.

This changed on the 6 November, 2009 when a small new

vent was opening on the flank of the SE crater. A red glowing

light could be seen for the rest of the year from all villages

on the southern and eastern flanks of Mt. Etna.

5 Discussion and interpretation of measurement data in

context with volcanological observations

Having excluded several environmental controls on the ob-

served variability in the BrO / SO2 ratio, we propose that the

observed variations of BrO / SO2 ratios are primarily caused

by volcanic activity changes. We hypothesise that BrO / SO2

ratios can give us indications of magma dynamics due to the

different solubility of bromine and sulphur in the melt, like

www.solid-earth.net/3/433/2012/ Solid Earth, 3, 433–445, 2012
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Table 1. Summary of mean BrO / SO2 values during the various time periods as described in the text. The table also displays the number of

data points available for the various time frames.

Time period BrO / SO2 Number of data Volcanic activity

mean points included

September–October 2004 1.4 × 10−4 8 eruptive period

Between May 2005–July 2006 1.8 × 10−4 40 non-eruptive period

July–December 2006a 1.1 × 10−4 35 eruptive period

January 2007–May 2008 2.1 × 10−4 71 non-eruptive period

May 2008–June 2009 1.4 × 10−4 85 eruptive period

April 2006 2.3 × 10−4 8 3 month before eruption

June 2006 1.6 × 10−4 4 1 month before eruption

June 2007 2.4 × 10−4 10 3 month before eruption

August 2007 1.8 × 10−4 7 1 month before eruption

September 2007 2.1 × 10−4 6 2 month before eruption

October 2007 1.6 × 10−4 2 1 month before eruption

February 2008 2.2 × 10−4 5 3 month before eruption

April 2008 2.1 × 10−4 5 1 month before eruption

a August 2006 is not included as eruptive period.

Fig. 6. (a) Measurement data were averaged for eruptive and non-

eruptive periods. The BrO / SO2 mean is plotted as function of time.

Eruptive data are presented as red columns and non-eruptive data as

blue columns. Although this is only a small statistical approach,

it demonstrates that during eruptions lower BrO / SO2 ratios have

been measured. (b) Additionally to (a) mean BrO / SO2 values of

the third month before the eruption (violet columns) and mean

BrO / SO2 values of the month just before the eruption (magenta

columns) have been compared for the four eruptive events described

in the text. Clear enhanced mean BrO / SO2 values are determined

for the third month before the eruption and smaller mean BrO / SO2

values the month before the eruption (see also Table 1).

other gases do as well (e.g. Spilliaert et al., 2006). Due to the

absence of model studies and experimental measurements re-

garding the solubility of bromine in Etnean melt, we can only

draw interpretations using an empirical approach.

After a short description of the principal BrO / SO2 vari-

ations in context of volcanic activity (see also Figs. 6 and

7 and Table 1 for a summarizing overview), we present an

interpretation of our 3-yr data set of the BrO / SO2 ratios,

comparing their variations with our visual observations and

already by other authors’ published geophysical data.

As partly described above, May 2005 (after the end of the

2004/2005 eruption in March 2005) and the beginning of

2006 as well as 2007 are assumed to be periods of relatively

quiescent degassing (Fig. 7a). That is not completely true for

the beginning of 2006 where at least one bigger explosion

took place in Mt. Etna’s summit region in the middle of Jan-

uary 2006. However, in the context of the limited time series

of our measurements and visual observations, these were pe-

riods of relatively calm volcanic activity of Mt. Etna. During

non-eruptive periods we measured a mean BrO / SO2 ratio

of about 2 × 10−4 (Fig. 7a). In comparison to this value, we

observed relatively high BrO / SO2 ratios three months be-

fore the eruption in 2006 and 2008. Mean values for the third

month before the eruption are shown as violet columns in

Fig. 6b. In April 2006 the BrO / SO2 ratio reached 3.1×10−4

(see Fig. 2). In the middle of February and May 2008, again a

high BrO / SO2 ratio > 3×10−4 was determined, 3.6×10−4

and 3.9 × 10−4, respectively as shown in Fig. 2. Also before

the events of lava fountaining in 2007, we measured before

the two most violent cases an increase of the BrO / SO2 ra-

tio to over 3 × 10−4. First, in June 2007 BrO / SO2 values

reached 3.2 × 10−4 followed by lava fountaining and a lava

flow three months later on 4 September 2007. In the mid-

dle of September 2007, a second increase of BrO / SO2 to

3.5 × 10−4 was again preceding lava fountaining combined

with lava effusion two month later – on 23 November 2007.

During the investigated period in this work, 2006 to 2009,

the described maxima of the BrO / SO2 ratios were usually

followed by a decreasing trend until the start of the erup-

tive activities. Figure 6b mirrors this decrease by showing

the mean BrO / SO2 ratios one month before the eruption

(columns in magenta) – June 2006, August 2007, October

2007, and April 2008. A certain exception is the 2008 erup-

tion, when BrO / SO2 remained relatively high until shortly

before the start of the eruption. With the start of eruptive
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Fig. 7. Sketch of the empirical model. (a) In contrast to chlorine

and fluorine, we assume that bromine is less soluble in the mag-

matic melt than sulphur. The mean value of non-eruptive periods

during 2006–2009 is around 2 × 10−4. (b) Assuming bromine is

less soluble in magmatic melt than sulphur, bromine starts to be

released earlier in comparison to sulphur when fresh magma is ris-

ing up – maxima BrO / SO2 ratios rise over 3 × 10−4. The mean

value is around 2.3 × 10−4 in month three before the 2006 and

2008 eruptions as well as in month three and two before the two

violent lava fountaining events in 2007. (c) When magma is rising

further, sulphur starts to be released and might overtake bromine;

BrO / SO2 ratios decrease (SO2 fluxes should increase). The mean

BrO / SO2 value of the last month before the observed eruption is

1.8 × 10−4. (d) Further decrease – no further magma rise from be-

low, and melt already depleted in bromine; sulphur out-gasing is

determining the ratio. The lowest BrO / SO2 value during eruptions

observed was 0.47 × 10−4. The mean BrO / SO2 ratio was calcu-

lated at 1.3 × 10−4.

activities, the BrO / SO2 ratio mainly continued to decrease at

least for the activities in 2006 (and 2007). For the 2008/2009

eruption, we observed a more variable BrO / SO2 ratio. How-

ever, also during the 2008/2009 eruption, the mean BrO/SO2

ratio was with 1.4×10−4 significantly lower than during the

non-eruptive period before with a mean value of 2.1 × 10−4.

The mean BrO / SO2 ratio was even lower – 1.1×10−4 during

the eruption of 2006. Figure 6a shows the mean values dur-

ing the eruptions as red columns, and the mean ratios of non-

eruptive periods are displayed as blue columns. For a sum-

mary of the described BrO / SO2 ratio in relation to Etna’s

activity, see also Table 1 which describes the mean values

for the various time frames.

In the following for an interpretation of our data, we as-

sume that bromine, in contrast to the more frequently studied

halogens – chlorine and fluorine, would be less soluble in the

melt than sulphur. With this hypothesis we can interpret our

time series as illustrated in Fig. 7 by including our visual ob-

servations and geophysical data published by e.g. Bonforte et

al. (2008), Aloisi et al. (2009), Aiuppa et al. (2010), Bonac-

corso et al. (2011).

Assuming that bromine is less soluble in magmatic melt

than sulphur, bromine should be emitted earlier compared

to sulphur when fresh magma is rising up. Therefore, an in-

crease of the BrO / SO2 ratios would be expected in the first

phase of magma rising (Fig. 7b).

In the investigated period increasing BrO / SO2 ratios were

determined slightly after ash emissions and enhanced seismic

activities were reported from the INGV Catania (www.ingv.

ct.it) in February/March 2006 and in January/February 2008,

respectively. These activities could have been caused due to

magma movements or changes in the conduit systems. After

the eruption of 2004/2005, an inflation of the volcano before

the 2006 eruption had been observed (Bonforte et al., 2008;

Bonaccorso et al., 2011) which was interpreted as a period

of new magma uprise. For our data set that could mean that

magma reached in April 2006 the level where a significant

amount of bromine starts to be exsolved. Aloisi et al. (2009)

and also Aiuppa et al. (2010) document a further recharging

phase of Mt. Etna starting in the beginning of 2007 which led

to the eruption in 2008. In Bonforte et al. (2008) and Aiuppa

et al. (2010), the authors present among others displacement

data. Comparing the displacement data shown in Fig. 2c of

Aiuppa et al. (2010) with the BrO / SO2 ratios in Fig. 2 of

this article, the two maxima in 2007 before the lava fountain

events (September and November 2007) as well as the gen-

eral increasing trend from the beginning 2007 to May 2008

can be observed for both data sets – displacement data and

BrO / SO2 ratios.

Furthermore, the decrease of BrO / SO2 ratios, which

started already some months before the eruptive events that

took place in 2006 and in 2007, can be explained in our

model if we assume that magma continues to rise without fur-

ther new magma replacements from below (see Fig. 7c). Sul-

phur therefore started to be emitted in larger amounts as well

and might have overtaken bromine. Therefore, the BrO / SO2

ratio decreased. Even if the bromine emissions were still

high, at higher SO2 fluxes a decreasing BrO / SO2 ratio would

be expected. For the 2006 eruption we indeed measured an

increase of SO2 fluxes already before the eruption started,

during the period of already decreasing BrO / SO2 ratios

(Giuffrida et al., 2007), and determining still high “BrO
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fluxes”2 – if we calculate a “BrO flux” by multiplying the

BrO / SO2 ratio with a parallel measured SO2 flux.

With the start of eruptions, the BrO / SO2 ratio continues

to decrease in our data at least for the activities in 2006 (and

2007), which we explain with the fact that no new magma

uprise occurred (Fig. 7d). An explanation could be a melt

previously depleted in bromine that is still relatively rich in

sulphur, and therefore the BrO / SO2 values were continuing

to diminish.

After the onset of the 2008/2009 eruption, we observed

a more variable BrO / SO2 ratio, which could be explained

assuming magma movements from a deeper source to more

shallow reservoirs also after the beginning of the eruption.

A further indication for this interpretation is that our higher

BrO / SO2 values in October 2008 during the ongoing erup-

tion are observed simultaneously with an increased seismic

activity in the beginning of September and October 2008 re-

ported by INGV Catania.

We just showed that assuming an earlier bromine excess

from the magmatic melt than sulphur we can describe our

data set in accordance with several other observations and

already published data. An exception would be, but only

in some details, the work of Aiuppa et al. (2007). There

the authors published a 2-yr data set of CO2 / SO2 ratios

of the Voragine crater, one of the four summit craters at

Mt. Etna. Aiuppa and co-workers conclude from their data

that magma started not to rise before May 2006 and a stag-

nant and non-convective magma body inside the Etnean edi-

fice is still considered in spring 2006. Examining the reported

the CO2 / SO2 ratios, this appears to be a natural conclusion

and we do not want to rule it out. But it is in contrast to our

interpretation of our own data set, where magma movements

took place already before May 2006. Some facts should be

pointed out. First, a stagnant and non-convective magma

body does not necessarily fit with enhanced seismic activity

and ash emission in spring 2006 (www.ingv.ct.it and obser-

vation of ash emission by N. Bobrowski in April 2006 and

Bonaccorso et al., 2011). Second, the authors have just one

data point for the whole month of April 2006, which could

have led to a misleading interpretation. Third, in contrast to

our measurements of a mixed plume from all craters, the au-

thors were observing gas emissions of the Voragine crater

which made up a minor part to the total budget in the inves-

tigated time period, and it is quite uncertain if the Voragine

crater was involved in the eruptive activity in 2006. Further,

La Spina at al. (2010) presented spectroscopic measurements

taken at Mt. Etna and proposed a model showing that short-

term variations in CO2 / SO2 ratios at a single crater can oc-

cur due to minor variations in the magma/gas flux entering

each conduit branch of the various craters, without an overall

change in magma supply. La Spina et al. (2010) mentioned

2BrO is not a primarily emitted volcanic gas, but rather formed

in an ageing plume. Talking about a BrO flux is therefore not correct

in a literal sense.

also the fact that variations measured at individual craters

may be unrepresentative of the volcanic system and require

cautious interpretation. However little the contrast in inter-

pretations is, it makes clear that future studies and collab-

orations are necessary to improve our understanding of the

real processes inside Mt. Etna. In general CO2 / SO2 ratios

and BrO / SO2 ratios seem to behave similarly, for instance

by comparing CO2 / SO2 values for the period (2007–2009)

investigated by Aiuppa et al. (2010) with the data presented

in this work. Both show maxima some months before the

lava fountain events in 2007 and also a tendency to increase

during the first month of 2008 prior the start of the eruption.

However, the tendency of a slow increase from the beginning

of 2007 to May 2008 is shown by the BrO / SO2 ratios and

the displacement study, but not in the CO2 / SO2 ratios. All

the mentioned points are in agreement with our hypothesis of

a lower solubility of bromine in comparison to sulphur.

Nevertheless, if we try to interpret our data set assum-

ing that bromine behaves similarly to chlorine and fluorine,

therefore having a higher solubility in melt than sulphur,

we run into some contradictions with visual and geophysi-

cal observations rather quickly. Thus, after a period of qui-

escent degassing and a relatively constant BrO / SO2 ratio of

2 × 10−4, an increase in the BrO / SO2 ratio could be inter-

preted as a decline of SO2 degassing due to a magma rather

depleted in its gas content. This is neither the case for 2006

nor for the 2007 eruptive events, as the SO2 fluxes (see Giuf-

frida et al., 2007; Salerno et al., 2009 and weekly reports

www.ct.ingv.it) as well as the inflation of the volcanic sys-

tem are in disagreement with such an interpretation. If we

ignore this fact for a moment, the following decrease before

the eruption could be caused by an increasing SO2 emission

due to the arrival of new magma. For the 2006 and the 2007

events, this may be reasonable. For the start of the 2008 erup-

tion, this would mean that the new magma arrives instanta-

neously with the start of the eruption or that the gas emis-

sions were blocked due to a sealing of the summit craters.

The first assumption is highly improbable and also in contrast

to e.g. Aiuppa et al. (2010) and Aloisi et al. (2009). The sec-

ond one is also in disagreement with reported SO2 flux data

of INGV Catania (www.ct.ingv.it). Already at this point we

see that there are difficulties with the hypothesis that bromine

is more soluble in the magmatic melt than sulphur, and we

fail if we attempt to interpret our data in a logical way. With

our current knowledge, we conclude that the hypothesis of a

higher solubility of bromine in a basaltic melt in comparison

to sulphur is less probable than our earlier hypothesis.

6 Conclusions

A “long” time series of relatively frequent MAX-DOAS

measurements was obtained to investigate variations of

BrO / SO2 ratios as a function of volcanic activity

changes. First sensitivity studies to check with non-volcanic
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parameters were carried out, with none of them yielding any

kind of dependency. We still cannot answer how much of

the total emitted bromine in whatever form emitted gets con-

verted into BrO and how long these transformation processes

exactly need under the various ambient conditions. We still

need detailed studies, in which other molecules containing

bromine are measured simultaneously and the bromine con-

tent of aerosol is determined with increasing distance from

the source. However, even without knowing the percentage

of BrO of the total emitted bromine, we show measurements

that lead to the assumption that the ratio of BrO to total emit-

ted bromine does not change in a certain range of plume ages,

which is quite commonly used for measurements. If we want

to use BrO as a tracer of emission changes, it is of minor im-

portance if only 5 % or even 70 % are converted to BrO as

long as this relation is constant.

We have proposed a provocative hypothesis, by assuming

that bromine releases earlier from a magmatic melt than sul-

phur. This is in contrast to the more well-studied halogens

chlorine and fluorine. However, it explains our data set well.

Our empirical model based on this hypothesis explains the

evolution of the ratio well in relation to our observations and

other previously published data. Maxima BrO / SO2 ratios

were observed some months prior to eruptive events when

magma was rising up the conduit, and particular low values

are seen during eruptive events when the new magma body

becomes exhausted in its bromine content.

Unfortunately, very few laboratory experiments have been

performed to investigate the behaviour of bromine in melts.

Such experiments are required in order to test the hypoth-

esis proposed here. The relative simplicity of the plume

BrO / SO2 measurement using UV spectroscopy suggests

that this parameter could be added to the group of measure-

ments which sheds light on the magma dynamics controlling

volcanic activity. It is therefore clear that further laboratory

and field studies on bromine could yield useful results for

volcanologists.
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