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Abstract

An infrared absorption spectroscopy remote sensing technique was used to determine the SO, /7HCI ratio in fumarolic
plumes at Vulcano, Italy. The measurements were made from the southern crater rim of Fossa Grande Crater, about 400 m
from the fumarolic area in the crater. Infrared absorption spectra of HCI and SO, were observed for four fumaroles a few
tens of metres apart using the hot fumarolic surface as an infrared light source. The measured SO, /HCI rétios in the FA,
F47, FW and lower parti of the F21 fumaroles were 4.5-5.4, 3.5, 95-11.2 and 5.8 respectively. The SO, /HCI ratio of the
FA fumarole was higher than that of the gas collected directly in the fumarolic vent (SO,/HCI ratio = 2.9), and was closer
to the So,;,/HCI ratio (= 4.6) of the collected gas. Our results show that the SO, /HCI ratios of two fumaroles only a few
tens of metres apart exhibits differences of about twofold. This suggests that this remote monitoring technique is capable of
detecting spatia distribution in the SO,/HCI ratios of volcanic plumes. Because temporal variations in S /Cl ratios can
provide precursory signalsfor volcanic eruptions [1-31, this remote sensing technique can used efficiently for evaluation of
volcanic activity.

1. Introduction

Remote analysis of volcanic gas plumes using
infrared absorption spectroscopy was first attempted
by Naughton et a. [4] during their pioneeringwork
at Kilauea volcano. These authors observed the ab-
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sorption spectrum of avolcanic plume using infrared
emission from a lava fountain as the light source.
However, it is only in recent years that technological
developments in FT—IR spectroscopy [5] have al-
lowed the use of portable instruments on vol canoes.
Recently, Mori et al. used remote FT—IR spectrome-
try a Unzen volcano (Japan) [6] to measure the
SO, /HCI ratiosin volcanic plumes. During the Un-
zen experiment, the infrared absorption spectra of
volcanic gases were observed from a point located
about 1300 m from the hot lava dome, which was
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used as a light source. (An adequate light source
must be available to observe absorption by volcanic
speciessuch as HCI with this remote sensing method.
The availability of light is the most serious limitation
encountered in using a natural infrared light source,
because the number of active lava domes and lava
fountainsis small.)

In order to increase the potential of the method,
we attempted to apply remote FT-IR measurements
to fumarolic areas, as these are common a many
volcanoes. In this paper we report the results ob-
tained on Vulcano Island, Italy, where we used the
hot ground surface of some fumaroles (several hun-
dred degrees Celsius) as an infrared light source.

2 Measurements at Vulcano

Vulcanoislocated off the northern coast of Sicily
(Fig. 1), and has not erupted since 1888-1890. To-
day, the fumarolic activity is especialy intense on
the northern interna flank and rim of the Fossa
Grande Crater (Fig. 1) [7,8]. Since the end of 1977,
the fumarolic area has expanded and the highest
temperature of the gases has increased [8,9]. The
maximum temperature of the fumarolic gases until
1987 was 315°C, but it reached 690°C early in 1993,
and has since declined to 540°C [10].

The instrumental system used for the measure-
ments is the same as that described in our work at
Unzen [5], and is composed of three parts: a Casseg-
ranian-type telescope (field of view =5 mrad), an
FT-IR spectral radiometer, and a computer. The
FT-IR spectral radiometer was set to a spectra
resolutionof 1em ™! and a MCT (mercury cadmium
tellurium) detector was cooled by liquid nitrogen to
77 K. Observations were made on April 24, 1993.
The instrument was placed on the southern crater rim
of Fossa Grande Crater, 355 m above sea level,
where the fumaroles in the crater were clearly visi-
ble. From among many in the crater we observed
four fumaroles (FA, F47, F21 and FW, Fig. 1. In
April 1993 the FA fumarole located, halfway up the
northern internal flank, was the largest (about 470
m?) and hottest [10]. The F21 fumarole is narrow (a
few metreswide) and runs up the internal flank from
the bottom of the crater for about 30 m. The distance
between the FA and FW fumaroles was about 40 m
and that between the FW and the lower part of F21
fumarole was about 30 meter. The observation site
was located on the opposite crater rim part, about
410 m, 380 m and 365 m, respectively, from the
central part of FA, FW and the lower part of F21.

At a distance of about 400 m the field of view of
the instrument was about 2 m. Measurements were
made by aiming the telescope at the target spot and
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Fig. 1. Map of the Fossa Grand Crater showing the observation site (B) on the southern crater rim and the observed fumaroles on the
northern inside slope of the crater. The shaded area corregpondsto the fumarolic zone & Fossa Grande Crater. The bold curves showsthe
paths; a large loop in the paths coincideswith the crater rim of Fossa Grande Crater.
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Fig. 2. Schematic cross section of FT—IR observation conditions
at Fossa Grande Cratet. The instruments were settled on the
southern crater rim of Fossa Grande Crater and aimed downwards
at the fumaroles on the northern internal slope of the crater.
Measurements were carried out using infrared radiation from the
high-temperature surface of the fumaroles and observed infrared
absorption of SO, and HCI in the fumarolic plume emanating
from the target fumaroles.

observing the gas plume emanating from that point
(Fig. 2). The time required to obtain one infrared
spectrum was about 4 min.

3. Reaults

Eleven infrared spectrawere obtained at the crater
rim. Five spectra were measured aiming at the cen-
tral part of the FA fumarole and four spectra at the
FW fumarole. One spectrum was for the lower part
of F21 fumarole and F47 fumarole. Fig. 3 shows a
typical infrared spectrum. Absorptionfeaturesof SO,
(»,) and HCI were identified in all eleven observed
spectra. Absorption features of SO, and HCI can be
distinguished from those of water vapour in the
atmosphere in the wavenumber ranges 1100-1200
cm-' and 2750-2900 cm-"' respectively (Fig. 3).
The signal-to-noiseratios of the observed spectraare
roughly estimated a 50 for 1100-1200 cm-' and 10
for 2750—-2900 cm . In spectral analyses, the radi-
ance perceived by the spectral radiometer P(v) was
expressed as the following simple equation:

P(v) =Py(v)7(v) +Py(v)
where v representswavenumber (cm-'), P,(v) rep-

resents the radiance (mostly from the fumarolic sur-
face), P,(v) represents the ambient radiance a the
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Fig. 3. Typical FT-IR spectrum of the fumarolic plume of the FA
fumarole on April 23, 1993. The upper inset shows the observed
spectrum (lower spectrum) and absorption features of SO, (upper
spectrum) in the wavenumber range 1100-1200 cm-'. The lower
inset shows the observed spectrum (lower spectrum) and absorp-
tion features of HCI (upper spectrum) in the wavenumber range
2750-2900 cm-'. Absorption features of SO, and HCI clearly

appear in the observed spectrum in both wavenumber ranges.

instrument, and 7(») representsthe infrared spectral
transmittance of the atmosphere including the fu-

marolic plume.

The spectral analysis method applied to calculate
the amount of SO, and HCI in the air column is the

.same as that used in our previous work a Unzen

Table 1
SO, /HCI ratios in the fumarolic plume from Vulcano on April
24,1993
Spectrum dat time of SOo/HCL Target
No. measurements Ratios Fumaroles
1 15:45 35:09 Fa7
2 16:03 112£ 35 FW
3 16:11 45+12 FA
4 1617 46+ 12 FA
5 1649 9.8t 27 FW
6 16:54 95+25 FW
7 17:01 95125 FW
8 17:19 49+13 FA
9 17:23 54+15 FA
10 17:29 53t 14 FA
1 17:35 58127 Lover F21
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volcano [6]. The abundance of HC1 and SO, in the
air column intersected by the telescope was calcu-
lated using wavenumber rangesof 1110-1134 cm-'
and 1140-1170 cm~' for the SO, analyses and
2810-2870 cm ! for the HCI analyses. SO,/HCl
ratiosin the fumaroleswere obtained by dividing the
column amounts of SO, by the column amounts of
HCI calculated from the same spectra. The errors in
Table 1 are mainly due to uncertaintiesin the instru-
mental line shape, zero level offset, and temperature.
The calculated SO, /HCI ratiosfor the FA, F47, FW
and lower F21 fumaroles are 4.5-5.4, 3.5, 9.5-11.2
and 5.8 respectively (Table 1).

4. Discussion

Becausechemical compositionsaof fumarolic gases
collected a the time of remote measurement are not
available, we have compared our results with chemi-
cal data from the nearest date. The SO,, H,S and
HCI contents and fumarolic temperature of the FA
fumarole, collected on April 23, and those of F47,
FW and the lower F21, collected on May 27, are
shown in Table 2.

The SO, /HCI ratios determined by our FT-IR
remote measurementsare significantly and systemat-
ically higher than those displayed by chemical analy-
sesdf thefumarolicgases. In particular, the SO, /HCl1
ratios of the FA fumarole measured by FT-IR
showed values closer to the (SO, + H,S)/HCI ra
tios of the analyzed gas, which was collected one
day before. It is worth noting that SO, fluxes from
Vulcano's fumaroles, measured remotely with
COSPEC [11,12] and DIAL [13], gave values that

Table 2

were generally higher than the estimates based on
scaling the steam output measured a fumaroles
[14,15] to the SO,/H,0 concentration ratios of fu-
marolic gases. Such a systematic discrepancy may be
due to either differing methods or actual differences
in the SO, content between fumarolesand the plume
rising from them. The two classes of determinations
indeed refer to different conditions: the chemical
analyses concern gases collected inside the fumarolic
vents, whereas al remote sensing techniques mea-
sure the gases after their emission and mixing with
air. Thuswe must consider the possiblechemical and
physical phenomena affecting the gases after their
release from the fumaroleinto the atmosphere:

(1) Deposition of elemental sulphur (2H,S + SO,
= 35 *+ 2H,0) [16]. Reactionsbetween sulphur com-
pounds of fumarolic plumes would lead to SO,
consumption and a consequent lowering of the
S0, /HCI ratio compared to its value in the vent.
Because higher, not lower, ratios were measured by
FT-IR, this process can be dismissed.

(2) Different partitioning of SO,-HCI into con-
densed steam (liquid droplets) of plumes. According
to calculations using thermodynamic constants at
25°C[17,18], HCI would partition into liquid droplets
about a million times more than SO,, with a conse-
quent increase in the SO, /HCI ratio. The discrepan-
cies we observed are far smaller, but this processis
the mogt efficient in explaining the discrepancies.
We do not know how this dissolution process actu-
aly occursin the fumarolic plume of Vulcano.

(3) Rapid oxidation of H,S to SO, in the plume.
Rapid oxidation of H,S to SO, has been reported a
Mt. St. Helens [19] and Mt. Erebus [20], although
estimatesof the mean lifetimeof H,S oxidation vary

Sand Cl contentsin geges colledted in the fumarolic vents of Vulcano (vol%)

Fumarole Dateof SO»/HCl  Si/HCI*  Tenp.
No Sampling SO» Hp,S  HCI  Ratios Ratios (C)
FA Apr.23,1993 032 018 011 29 46 666
F47 My 27,1993 084 062 036 23 4.1 490

LowerF21 My 27,1993 081 062 037 22 39 440

* Sm/HCl = (SO, T H,8)/HCI
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widely, suggesting that the kinetics of oxidation
strongly depend on the environment conditions[21-
23]. Furthermore, combustion of H,S may occur at
Vulcano, as the temperature of almost al fumaroles
is above the minimum autocombustion temperature
of H,S (290°C) [24]. Airborne measurements in the
Vulcano plume in 1984 [11] yielded fluxes of 25
t/day for SO, and 20 t/day for H,S (ie., a
H,S/SO, molar ratio of about 1.5, which is consis-
tent with the contemporaneous analysis of the fu-
maroles a the crater). This result suggests that the
oxidation of H,S is not a rapid process & Vulcano.
However, because the fumarolic gas temperature
(Table 2) is clearly higher than the maximum 1984
fumarolic temperature of about 300°C [9], the rapid
oxidation process cannot be entirely dismissed.

(4) Interference of gases from other fumaroles. At
Vulcano the SO, /HCI ratios vary significantly from
fumarole to fumarole [8] and, although we assume
that the origin of the observed HCI and SO, is only
due to the gas of the target fumarole, we cannot
completely exclude the possibility that the gases
emitted from other fumaroles occasionally intersect
the optical column of the FT-IR.

Different fumaroles that lie tens of metres apart
from each other and which are measured by FT-IR
(Table 1) show different SO, /HCI ratios. The ratio
of the FW fumaroleis nearly twice as high as that of
FA, FA7 and the lower part of F21. This difference
in observed ratio is considered as a red chemical
feature at the respectivefumaroles, although we will
have to consider the process of atmospheric mixing
in further studies. Chiodini et al. [8] suggest that the
spatial and tempord variationsin the acid content of
fumaroles can be explained by the mixing of a
unique deep magmatic component and two shallow
hydrothermal components. They also suggest that the
differencesin the acid content of shallow hydrother-
mal components reflect differences in the physica
variables controlling hydrolysis reactions involving
salts and silicate rocks [8]. Therefore, the observed
difference in the SO,/HCI ratios of the fumaroles
should reflect such differences.

Seeing as tempord changes in S/Cl ratios in
volcanic and fumarolic gas are potential precursors
of volcanic eruptions [1-3], FT-IR remote sensing
techniques may be efficiently used for the monitor-
ing of volcanic and fumarolic activity. In particular

a Vulcano, where many fumarolesexist, both spatial
and tempora changes in the fumarolic activity may
be monitored using this remote monitoring tech-
nique.

5. Conclusion

(1) Remote FT-IR measurements of SO,/HCl
ratios in fumarolic plumes were carried out a Vul-
cano, Italy. The high-temperatureground surface of
the fumarolic area was used as a light source for the
remote infrared absorption measurements of HCI and
SO, in the volcanic plume.

(2) The SO,/HCI ratios for most fumaroles re-
motely determined with FT-IR are systematically
higher than the ratios of gases collected in the fu-
marolic vents, and are closer to the S ,,;,/HCI ratio.
This discrepancy may result from chemical and
physical processesin the fumarolic plumes.

(3) The SO,/HCI of two fumaroles (FA and
FW), which are afew tens of metres apart from each
other, showed a difference of about twofold. This
remote monitoring technique is thus capable of de-
tecting compositiona differences in volcanic fu-
maroles, and provides much faster information than
conventional sampling and analytical methods.
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