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During the survey on the eruption of the volcano ‘‘La Soufriére de la Guadeloupe’ (French West
Indies), the behaviour of sulfur in volcanic gases was examined. Matsuo (1962) studied chemical
equilibrium in volcanic gases which led us to develop the ‘‘in situ’ gas analysis. A field gas
chromatograph allowed direct injection of hot gases, before water and sulfur condensation occurred. A
silica tube equipped with thermocouples was used for sublimates sampling and for measuring the con-
densation temperature. Conventional condensors and caustic soda bottles were used for sampling and
later complementary analyses in the laboratory. A free energy minimisation computational method
modelled the physical and chemical changes that occurred during cooling of volcanic gases. The high
temperature composition of the gas mixture was recalculated from the concentrations of the gaseous
and solid components obtained during sampling. The equilibrium composition was first calculated at
the collection temperature for 22 elements. The model then calculated the equilibrium compositions at
50°C intervals using the residual gas composition after condensation at the previous temperature. The
depositional sequence observed in the silica tube depend on the temperature and the concentration of
elements in the initial mixture. The computational method was applied to gases sampled from Mt. St
Helens. The calculated results agree with observed sublimates. A new method for volcano monitoring is
proposed which allow to determine the magmatic origin of volcanic gases and their emission tempera-
ture from remote plume analysis. The model is also applicable to estimate the temperature and the com-
position of the gases entering hydrothermal systems or participating in ore deposits in the basement of
the volcano. The model predicts the behaviour of the main and minor species emitted in the volcanic
gases. This approach is not only restricted to the volcanic gas studies but can be applied to studies of
high temperature reactive gas reactor to simulate cooling reactions.

INTRODUCTION

Volcanologists have been trying, for years, to
reconstruct the initial composition of the
volcanic gas, but this was difficult because the
volcanic gas composition was modified by reac-
tions that occurred along the sampling line, and
in the sample bottles during transportation,
storage and transfer before the analysis. The
quality of sampling varied and in many cases, it
was impossible to resample the same fumarole,
because the site was remote or dangerous and the
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volcanic activity changed. The classical method
used for interpreting the results of the survey of
the Soufriére of La Guadeloupe (French West In-
dies) was a model in which SO, was regarded as
magmatic and H,S was hydrothermal in origin.
This model was based on an interpretation of an
Ellingham diagram (Sabroux, 1979) and an
analogy of the magmatic gases collected on the
lava Lake at Erta Ale (Ethiopia) where SOz/H,S8
partial pressure ratio was more than 100 (Giggen-
bach and Le Guern, 1976). 1t was also assumed
that acid lavas such as andesites should be
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“‘more oxidizing’’ than tholeites (Sabroux and
Zettwoog, 1977),

On the 17 and 18 September 1977, cleven
weeks after the end of surface phreatic erup-
tions, one of the authors (FLG) was collecting
volcanic gases from the summit fractures at La
Soufriére. The gases were analysed a few hours
later in the local observatory and showed very
sharp random daily variations from pure H,S to
pure SO,. Phenomenology, geochemical and
geophysical observations did not indicate any
change in volcanic activity so we decided to
reconsider the methods of collection and
analysis of the volcanic gases.

Matsuo (1962) published a paper describing
the presence of H,S in the magmatic gases of
Kilauea (Hawaii). He predicted that the sulfur
gas equilibrium changed when the volcanic gas
mixture cooled below 130°C, This paper gave us
the idea to design a field gas chromatograph,
which analyse volcanic gas samples in the field
before they completely cool and condense.

This method was tested on different eruptive
volcanoes, where H,S was found in magmatic
gases, The theoretical predictions made by
Matsuo (1962) were confirmed experimentally
and we could successfully rebuild the analytical
method and computer modeling.

THE SAMPLING METHOD

Volcanic gases contain mainly H.O (99.9 to
50% of the total gas phase), which condense
below 100°C, and lesser CO:, SO, H.S, COS,
CH,, H,, CO, Ar, N;, HCI and HF, which con-
sist of 90 to 99% of the remaining “‘dry gases’”.
Classically only these major compounds were
taken into account by volcanologists. They were
sometimes analysed in the field (Jaggar, 1917;
Tazieff and Tonani, 1963; Elskens et al., 1969;
Tonani, 1971; Iwasaki, 1971). Generally acid
gases was absorbed in alkaline solution in the
field in order to prevent the chemical reaction
during the transportation and the storage. Usu-
ally the absorbed gases in alkaline solution are
analysed in the laboratory by classical ‘‘wet
analysis’ techniques (Giggenbach 1975). The

residual free ‘‘dry gases’ were sometimes analys-
ed by mass spectrometry but most generally by
gas chromatography. The gas chromatography
was adjusted many times to obtain accurate
analysis (Naughton ef al. 1963; Elskens et al.
1969),

The alkali and metal content of volcanic
gases is generally so low (four to five orders of
magnitude less than in S, Cl and F) that the
amount of sulfur, chlorine or fluorine loss by
condensation with metals in the sampling line is
usually not detected by the classical analysis. At
about 130°C, reaction between H.S and SO, oc-
curs as described by Matsuo (1962} and most of
sulfur then precipitate. At 100°C H,0 condenses
and dissoclves the acid.gases to form a very low
pH solution. As a result of these transforma-
tions, three phases (solid, liquid and gas) form.
The usual analytical methods cannot give the
complete initial gas composition because the
aerosols and condensates are not quantitatively
taken into account.

A new method of sampling and analysis of
volcanic gas was developed to overcome these
condensation problems. A silica tube was in-
serted into a fumarole for sublimate and gas
sampling. The gases were diverted to other
sampling devices at the tube outlet (Le Guern
and Bernard, 1982 a). A field gas chromatograph
was specially designed to analyse as many com-
ponents as possible (Le Guern and Gerlach 1979).
Evacuated sampling bottles containing caustic
soda solution (caustic soda bottle) were used to
dose Cl and F, not determined by the
chromatograph (Giggenbach 1975). The conden-
sate collected in a specially designed condenser
(Chevrier and Le Guern 1982) was analyzed for
the minor elements (halogens, alkalines, metals.)
(Fig. 1)

The Sublimate Sampling

In the past, sublimates and condensates were
studied separately from the major components
of the gas phase. Since the conditions of
sublimates formation in the ground was not
stable and not measured, only the sublimates
forms and composition were described
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used in the field. The analytical procedures have been
previously described: caustic soda bottles (Giggen-
bach 1975), condensor (Chevrier and Le Guern 1982),
silica tube and field gas chromatograph (Le Guern and
Bernard 1982 a and b; Le Guern and Gerlach 1979; Le
Guern et al. 1982 a; Le Guern 1988).

(Naughton et al. 1974).

In order to overcome these problems a new
method for sampling sublimates in a silica tube
was developed (Le Guern and Bernard, 1982 a
and b; Bernard and Le Guern 1986). A silica
tube was inserted in a fumarole as deep as possi-
ble to prevent back diffusion of atmospheric
gases. This tube was left standing until the
naturally flowing volcanic gas cover the inner
tube wall with sublimates. Three to ten ther-
mocouples are fixed on the outer tube wall, con-
tinuously measuring the temperature of the sur-
face where the sublimates form. A standard
length of one meter was used in order to make
transportation easy. Two or three elements can
be attached to make a longer sampling line. The

usual diameter is two to three cm. This method
allows collection of sublimates in the absence of
air oxidation, and it also provide information on
the temperature of deposition and the composi-
tion of the volcanic gas from which the
sublimates deposited. Natural sublimates were
also collected in the ground in order to check
that the composition of the samples studied was
not induced by the collection devices.

Thermal gradient in the tube: The tube was
heated by the volcanic gas discharge and cooled
by radiation and air convection in the at-
mosphere. This cooling of the tube wall also
affected the volcanic gas flow through the tube.
The temperature gradient is not uniform along
the tube and vary depending on the gas flow rate,
the initial fumarole temperature and the position
of the tube in the gas stream.

Measurements made in the field with the fo,
probe or with the field gas chromatograph al-
lowed the detection of air. A large flow rate of
volcanic gases reduced back diffusion of the at-
mosphere in the ground to less than 107° at-
mosphere as measured in the field using the field
gas chromatograph or chemical sensors (Gantes
et al. 1983; Le Guern, 1988). This very low con-
tamination was confirmed by thermodynamic
calculation of the disequilibrium induced by at-
mospheric oxidation (Gerlach and Casadevall,
1986).

Flow rate in the tube: Several experiments
showed that only a small part of sublimates was
trapped on the tube walls, and most of them
escaped to the atmosphere as aerosols. Samples
collected at the outlet of the tube were a mixture
of uncondensable gases and aerosols of water
droplets and the solid particles, which were
similar to the sublimates observed on the tube
wall. It was experimentally determined that the
proportion of sublimates trapped on the tube
wall depended upon the velocity of volcanic
gases (Charuau, 1982). Although the tube collects
enough particles to make the analysis possible,
the main part of particles was not trapped in the
tube. When the gas velocity is too fast, only a
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small amount of sublimates will be attached on
the tube wall, and the outlet temperature will be
too high to allow low temperature sublimates be
collected on the tube wall. When the gas velocity
is very small, most of the aerosols will be trap-
ped on the tube wall and the samples collected at
the tube outlet will give results non-represen-
tative of the initial gas composition.

Tests were made for nuclear reactors to

evaluate the proportion of particle attaches to
the tube wall along gas flow (Charuau, 1982) Us-
ing his results, we evaluated the efficiency of the
method for the following two cases:
1) The amount of condensation that occurs by
the cooling in the tube is very low: this is the case
for volcanic gases when the outlet temperature
of the tube is higher than 100°C. Since the
oxides, sulfur and sulfate concentration are 3 to
4 orders of magnitude less than the water con-
tent, the flow rate will be little affected by the con-
densation of any species except water. As a first
approximation, we can consider the velocity as
constant.

.2) The amount of condensates occurring dur-
ing sampling is important: this situation often
happens in industrial reactors where one of the
major components condense at high tempera-
ture. In such a case, the velocity of gas will
decrease along the tube. For this case, we have
developed a system continuously measuring the
gas velocity in different places along the tube us-
ing probes measuring the changes in thermal con-
ductivity (Le Guern, 1985).

For the volcanic gas sample containing 95 to
99 volume % of water we have determined that
less than 5% of the condensed material was trap-
ped along the sampling line: more than 95%
escaped out from the tube outlet as gases and
aerosols. (Le Guern 1988).

Identification of sublimates: 1In the laboratory
the silica tubes are cut and deposits are collected.
In some cases, the deposits are dissolved in CCl,,
HCl or H,O in order to concentrate minor
species. Then identification and analysis were
made by X-ray diffraction, scanning electron
microscope and electron microprobe (Jedwab,

1975; Le Guern and Bernard, 1982 a; Bernard,
1985; Bernard and Le Guern, 1986).

The Field Gas Chromatograph

A field gas chromatograph was designed for
the analysis of volcanic gases (Le Guern and
Gerlach, 1979; Le Guern et a/., 1982 a and c). This
chromatograph was connected to a small glass
tube which was inserted into the silica tube 15 cm
deep to prevent air contamination. “Dry gas’’
analysis was made by pumping the hot gases
through a water trap: a smalil vessel containing
P,0s. After a few analyses of dehydrated gases,
the water trap was removed and the hot gases
were injected directly to the field gas
chromatograph. Sampling flasks containing a
calibrated mixture or samples collected a few sec-
onds before were also analysed by the field gas
chromatograph in the field. This method made it
possible to evaluate the physical and chemical
evolution of samples after the sampling.

The sample lines between the small glass tube
and the analytical column in the field gas
chromatograph has to be free of leaks. After
testing different systems of injection, the
preevacuated six ways valve system was adopted
(Fig. 2).

Sample injection proceeded in 3 different
steps:
1—The system was evacuated or purged by the
sample gases.
2—Sample was introduced to the sampling loops
and the pressure is recorded.
3—Rotating the valve, the carrier gas drives the
sample to the column,

This method present numerous advantages:
—preevacuation of the dead volumes
—easy measurement of the injected gas pressure
—minimum atmospheric contamination
—ability to inject samples at a pressure below at-
mosphere when sampling gases in a container
——calibration by injection of known gas concen-
tration in the same way during the measure-
ments, making it possible to compensate for
base line variations.

As it is not possible to separate CO,, H,S,
30:, H,0, H,, 0;, N,, CH,, and CO on a single
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Fig. 2. The sample transfer to the analyser through
a six-ways valve. Sample injection proceeded in 3
different steps: 1—the system was purged either by
evacuation or by pumping throught with the sampled
gases, 2—sample was introduced to the sampling
loops, pressure was equilibrated and recorded, 3—
rotating the valve, the carrier gas drives the sample to
the column.

column, two column were used in series. The
Porapak or Chromosorb column was used for
the separation of the ‘‘acid’’ gases, the
molecular sieve second column separated H,,
0.+ Ar, N;, CH; and CO. Helium was used as a
carrier gas. The detection was made on a
catharometer (thermal conductivity detector)
sometimes associated with a flame ionisation
detector (Fig. 3). The gas transfer in the analyser
being made at 130°C: in “‘dry steam’’ no corro-
sion occur inside the system as we had previously
observed in the fumaroles of Vulcano (Italy) (Le
Guern ef al., 1980 a). The system was designed to
satisfy the following specifications:

—analysis was made in the field at a temperature
over 130°C, to prevent the S and H>O condensa-
tion

—one injection make possible to detect the max-
imum number of constituents

—NQ corrosion occur in the system

—the system is able to analyse samples contain-
ing more than 99% of steam. (Le Guern ef al.
1980).

Results Obtained

This method was applied to magmatic gases
sampled from different volcanoes, (Le Guern
and Gerlach, 1979; Le Guern and Bernard, 1982
a and b; Le Guern, 1988). Other volcanologists
are now commonly using the silica tube method
{Bernard, 1985; Symonds, 1985; Symonds et al.,
1987). Results of the field gas chromatograph
analysis obtained at Mt St Helens volcano are
shown on Fig. 4. The complete list of results are
shown on Fig. 5. The first tests in the fumaroles
of Vulcano Island (Italy) confirmed that the field
gas analysis does not transform the sulfur
equilibrium {Le Guern and Faivre-Pierret, 1982).
The method has been wused on different
volcanoes: Mt. Usu (Japan), Mt. Momotombo
(Nicaragua), Mt. Merapi (Indonesia), Kilauea
and Mt. St Helens (USA) (Le Guern and
Bernard, 1982 a and b; Le Guern et al., 1982 a; Le
Guern et al., 1982 b). The field gas chromato-
graph enables us to analyse toxic gases in mines
or in the fields around volcanoes as in Dieng (In-
donesia) or in Vulcano (Italy) (Le Guern ef al.,
1982 b; Tazieff ef al., 1986). We also applied this
new method to high temperature industrial reac-
tors such as glass furnace, cars exhaust pipe
gases and particularly in the industrial distilla-
tion of sulfur and radioactive wastes burning (Le
Guern, 1988). Today the field gas chromatograph
is made under license by a French company®.

When field and laboratory analyses were com-
pleted the concentration of major species and
minor elements were combined with the results
obtained and used to reconstruct a complete
clemental gas composition.

*GIRA instrument and systems marketed by
Chromato Sud 19, rue Nauville 33000 Bordeaux
France tel (33) 56 24 46 49. FAX (33) 56 99 01 47
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.

THE CALCULATION METHOD

Our new sampling method were applied to

The prototype of the fietd gas chromatograph.

the magmatic gases escaping from the growing
Dome of Mt. St Helens on September 16 and 17
1981 in cooperation with the U.S. Geological
Survey,

Three sampling methods (field gas chromato-
graph, caustic soda bottle and condensor) permit-
ted the concentration of more than 30 elements
to be determined (Fig. 5). These elements can
generate a great number of compounds that can
participate in the reactions which occur during
the cooling of volcanic gases. It is impossible to
write down all the chemical reactions that can oc-
cur among these compounds but it could be a
few thousand. The classical method based on the
analysis of equilibrium reactions is completely in-
efficient.

A direct Gibbs energy minimisation method
was used to compute complex chemical
equilibria and condensation processes (Cheynet,
1978). A similar approach was applied to the ma-
jor components of the volcanic gas phase (Heald
and Naughton, 1962; Heald et al., 1963;
Nordlie, 1971; Gerlach and Nordlie, 1975) and
to a system including major and trace com-
ponents of a volcanic system (Naughton et al.,
1974). This method made it possible to
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Fig, 5. Results obtained from the field gas chromato-
graph and complementary analysis in the the
laboratory at Mt. St Helens volcano September 16 and
15 1981.

reconstruct the equilibrium composition of gas
mixture at a high temperature from the initial
atomic ratio and to recalculate the change of con-
centration of the gaseous and solid phases dur-
ing cooling (Cheynet, 1985). Since the memory
of the computer is limited, the number of
elements used in modeling was reduced from
more than 30 to 22 discarding very minor
elements of which concentrations was below
1077 mole % (Fig. 5). The primary file contained
the following elements: C, H, O, S, N, Cl, F, K,
Na, Fe, Zn, As, Pb, Se, Cd, Bi, Sb, Cu, Ca, W,
Mo, and Si. This file contained 778 inorganic
compounds, and the complete list has been
published (Le Guern, 1988). The equilibrium
composition at the temperature of the fumarole
was calculated as a first step. The selected 22
elements were introduced in the computer with
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Fig. 6. Flow chart of the computional method.

their concentration in the volcanic gases. Then
the equilibrium composition was calculated dur-
ing cooling 50°C interval. At each step, the
calculation started with the composition of the
residual gas phase computed at the previous tem-
perature, assuming that the solid phases that
formed did not continue to react with the gases.

Modeling

To be representative for the natural system,
the analytical data and the calculation needs to
satisfy the following five conditions:
1—The sample analysed must be free of any
alterations such as contamination by at-
mosphere, organic matter and meteoric water,
oxidation by the atmospheric oxygen, reaction
of gases with the sampling devices, condensation
and reevaporation in the sampling device, and
analytical errors.
2—All the major species must be considered in
the model.
3—The Data Bank must have a list of the main
thermodynamic properties as a function of tem-
perature: enthalpy of formation, entropy,
specific heat, and heats of phase transition.
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These values must be reliable.

4—The calculation must converge, otherwise the
equilibrium conditions of the system will not be
well defined.

5—As the calculation is based on a system under
equilibrium, the natural system should be close
to equilibrium, otherwise no relationship will ap-
pear between the calculated and the observed
situations.

The chemical composition and the tempera-
ture of sublimate deposition calculated by the
computer were compared with the temperature
and sublimates composition obtained from the
silica tube analysis. If the chemical species were
similar and if the calculated temperatures were
close to the temperatures measured in the silica
tube, the model was considered as represen-
tative. It has also been possible to compare the
results of calculation with the incrustations,
sublimates, condensates and aerosols collected
in the atmosphere, on, and in the ground (Ber-
nard and Le Guern, 1986). Figure 6 shows a flow
chart for this method. These calculations require
the elaboration of 17 files selected from the Data
Bank to take into account the composition of
sublimates formed from the gas phase.

The general trends between calculated and ob-
served results were in good agreement but some
disagreement arised (Fig. 7). Lead and cadmium
sublimates were found on the tube wall, but
calculation gave gaseous compounds at room
temperature (Fig. 8A). In this case, the modeling
could not reproduce the natural system. These
two cases were carefully checked as follows.

Cadmium: In the case of cadmium, the data
for formation enthalpy were taken from Mills
(1974}, which gave:

AH B CdS(s)= —35.7 kcal mol.™!
AHCdS(g)= —45.5 keal mol. ™,
These values give gaseous cadmium sulfide
stable at room temperature (Fig. 8A). This is in
complete disagreement with the observations of

CdS solid: Greenockite (CdS) was observed on
the tube walls and also collected in the ground as

Sclid phase abserved only in the fumarolic incrustatfiens:

CaiMa<WiO, Powellite
Pb4Bi, S Lillianite
Pb,Bi,S; Cannizzarite
Fe, 0y Hematite

Solid phase observed in the silica fube and non obfained in calculations:

Sig, w-Cristobalife +——

Fewa, Ferberite —_—

PbyBi, S, Lead bismuth sulfide —

AsS Arsenic sulfide —_—

Solid phase observed in the tube and obtained in the ralculations:

a0 Sig, Wollastonite ——sm——
3(a0 Af,8,35i0, Grossulaire ——sem—a
K,0 AL05 6510, Sanidine —
Fed Al,0, —
Sr0 sid, ——
AlyDy e
Nall Halire - -
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Fig. 7. Comparison of calculated and the results ob-
tained analysing the deposits collected on the tube
walls and the natural fumaroles incrustations col-
lected at Mt. St Helens.

a natural sublimate at several volcanoes (Ber-
nard, 1985). Occurrence of the natural sublimate
also agrees with the sulphide condensation dur-
ing the experimentation made in the laboratory
(Ibuki, 1959).

When thermodynamic data are placed in a
row by the homologous series or by the atomic
numbers, a single systematic change in the row
of numbers is often seen. However the forma-
tion enthalpy of CdS is out of the simple system-
atics in both following cases.
homologous series:

AHPZnS(g)= +48.3 kcal mole™
{Thermodata Bank")

"Thermodata Bank: B.P. 66-38402 Saint Martin
d’Heres CEDEX France Tel (33) 76 42 76 90
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thin lines represent the gases, thick lines signify the
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behaviour which was initialy calculated. B) Lead and
cadmium behaviour after corrections according to the
deposits observed in the silica tube. C) Bismuth
behaviour: calculation shows a condensation of Bi gas
as Bi solid but BiCl in the gas phase condense as Bi,S;
solid, meaning that condensation induces chemical
reaction as well as physical processes.

AHfCdS(g)= —45.5 kcal mole™
(Mills, 1974)

AHBHgS(g)= +30.4 kcal mole™!
(Thermodata Bank)

increasing atomic atomic number:

AH{isAgS(g)= +94.0 kcal mole™
(Thermodata Bank)

AHB:CdS(g)= —45.5 kcal mole ™
(Mills, 1974)

AHpeInS(g)= +55.7 keal mole™!
(Thermodata Bank)

AHPSnS(g)= +26.9 kcal mole™!
(Thermodata Bank).
It was concluded that a mistake was made

when printing the value for CdS(g) and the real
value should be:

AHPyCdS(g)=+45.5 kcal mole™ !,

This value is in complete agreement with the
theory of homologous series, and gives CdS(g)
non stable at low temperatures (condensing as
Greenokite) just as observed in the silica tube
and in the natural incrustation around the sampl-
ing place (Fig. 8B). This value also agrees with
the laboratory experiments (Ibuki, 1959).

In this case, the modeling could test the valid-
ity of thermodynamic data in the data bank.

Lead: In the case of lead chloride PbCl, (g),
the following two data for the enthalpies of for-
mation were found in the literatures:

AH&ePACl(g)= —132.0 keal mole™!
({ JANAF, 1973)
or
AHBZsPbCl(g)= —75.0 kcal mole™!
{Barin and Knake, 1973),

Both of values are estimated data and the
first one has been used in the calculation. If the
second one is used, PbCli(g) is not stable at low



332 F. Le Guern et al.

temperature and lead should exist as either PbS
or PbSO, as observed in the silica tube. Without
repeating all the calculation, it is possible to
determine the stability field of PbS and PbSO,
by comparing temperature and oxygen pressure
for inversion of the following reaction:

PbSO,—~PbS+20,. (1)

On the other hand, the oxygen fugacity can
be calculated from the gas composition, assum-
ing equilibria for the foliowing two reactions:

where
Puo
1/2 2
=K,- , 3
Po, 2 P (3)
and
SOz+H2:st+OZ (4)
where
Pso P
P02:K4.__S‘u ) (5)
Pus

2

K, is the equilibrium constant for i* reaction at
the fumarole temperature. The comparison be-
tween these calculated oxygen fugacities and the
inversion oxygen pressures of the sulfate/sulfide
reaction leads to conclude that PbS is stable at
temperature higher than 550K (277°C) and
PbSO, is stable at lower temperature (Table 1).

These calculations confirmed the observa-

tions made in the tubes at several volcanoes

where lead condenses at around 480-400°C as
galena: PbS associated with Bi and Sn, and at
about 450 and 400°C as sulfosalts of lead and
bismuth (Bernard, 1985). In this and previous
cases, the modeling and observations served to
check thermodynamic data (Fig. 8B).

Testing The Model

The model is valid only when it represents the
natural system. The results of calculation were
compared with the deposits observed on the tube
wall and in the soil incrustations. The data
calculated in modeling are also compared with
the results obtained from the analysis of the

Table 1. Inversion Pg, jfor reaction (1) PbSOy
—PbS+20;
TX) 400 500 600 700

Po, (atm) 3.67x 107 1.95x 107 2.65x 1077 3.3x 1077

107 = Het

NaCl
KCl

EONCENTRATION IN MOLE

650 550 450 350 250 150

TEMPERATURE (°0)
Fig. 9. Chlorine behaviour: Chlorine is present as
HCl whose concentration is high enough not to be
affected by its combination with the different metals,

Chlorine is associated with the metals in the gas phase
and condenses with sodium and potassium.

deposits on tube walls and the natural incrusta-
tions (Fig. 7). These results show that tempera-
tures of condensation obtained by the two
methods agree but some observed compounds
were not obtained by calculations. For example,
silica is observed at the same temperature in the
calculation than in the tube but with a different
formula. The data bank contains only the com-
pounds of which thermodynamic constants are
known, and usually their formula are simpler
than the minerals found in natural systems.

Considering the global results, it is not possi-
ble to show all the results on a single diagram,
but it will be easier to analyse them step by step
taking the examples of only few elements but
keeping in mind that they have been calculated
together.

The example of bismuth is shown in Fig. 8c.
The calculation shows that bismuth condenses as
Bi (solid) but BiCl in the gas phase changes to
Bi,S; (solid) meaning that condensation induces
a phase change and chemical reaction. Conse-
quently, we need to consider Cl and S chemistry
to discuss the Bi chemistry in the volcanic gas.
Similar conclusion was obtained for lead and
cadmium (Figs. 8A and B).
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The chlorine behaviour is shown in Fig. 9.
Chlorine is essentially present as HCI whose con-
centration is high enough not to be affected by its
combination with metals. Chlorine forms com-
plexes with many metals in the gas phase but con-
denses only with sodium and potassium.

The agreement between the observed and
calculated temperatures of condensation is fairly
good at high temperature. When the tempera-
ture decreases, under 700°C, the observed tem-
perature is always larger than the calculated tem-
perature. Since the tube is short (one meter) and
the gas flow is quite fast, this difference of a few
cm on the tube wall can be due to an error on the
temperature measurements. But considering the
general trends of the calculated and observed
results, we can conclude that they are in a good
agreement and the reactions are not far from
equilibrium,

The eruption of Mt. St Helens was extensively
studied using the best set of geophysical and
geochemical methods (Casadevall and
Greenland, 1981; Casadevall ef ¢/., 1981). Predic-
tion of some small explosions following the May
18 th 1980 big burst were successfully made using
the main components of the gas phase: carbon
and sulfur (Casadevall et al., 1983). Calculation
on thermodynamic equilibria showed the mixing
between magmatic volatiles and hydrothermal
fluids (Gerlach and Casadevall, 1986).

Other studies described the detection of gas
or metals such as mercury or zing in the volcanic
plume as a magmatic signature (Varekamp and
Busek 1981; Phelan et al., 1982; Overbeck et al.,
1982). In these cases elements was studied
separately: the present modeling shows the evolu-
tion of the complete gas system.

CONCLUSIONS

Field gas chromatograph measurements, com-
bined with analyses obtained from caustic soda
bottles have been qualified as ‘‘highest quality
analytical data’’ (Gerlach and Casadevall, 1986).
The silica tube method provides understanding
of the condensation temperature of magmatic
gases in a closed system without dilution by the

Temperature range for each clement
in the plume

Temperatore in °C

LE]mnen[s condensed in the plume

B0,C85 CLE 10,68,

K. Na, Cu, Zn,
8i, Ca, AL

Elements condensed in the ground I

Fig. 10. Chart showing the emission temperature of
the elements used for Mt. St Helens modeling (upper
diagram) and a new concept for volcano monitoring
using the chemical composition of aerosols (lower
diagram).

atmosphere. Based on the result of Mt. St Helens
gas modeling, a new method for wvolcano
monitoring is proposed using the chemical com-
position of aerosols. Since the temperature of
fumaroles control the emission of elements to
the atmosphere (Figs. 8 and 9), the composition
of aerosols should reflect the temperature of the
outlet (Fig. 10). This model can be used to deter-
mine the emission temperature of the volcanic
gases from the analysis of elements in the plume.
The model is also applicable to estimate the tem-
perature and the composition of the gases enter-
ing hydrothermal system or participating in ore
deposits in the basement of the volcano.

The trends presented here have been known
since last century when different authors dis-
cussed the correlation between the temperature
of fumaroles and composition of gas and
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sublimates based on magmatic gas differentia-
tion and condensation in the ground (Sainte
Claire Deville, 1855; Krauskopf, 1957; Ellis,
1957; Iwasaki ef al., 1963). Their empirical con-
clusions are now confirmed in this study. In our
method we consider the solid phases in two in-
dependent ways: the field experiments in the
silica tube and the computer modeling. The field
results are used in a first step to validate the
modeling, but the model calculation is indepen-
dent of the tube results.

The model predicts the behaviour of not only
the main components but also the minor species
which were not accessible before. This approach
is not only restricted to the volcanic gas studies
but also can be applied in any high temperature
reactive gas reactor to simulate cooling reac-
tions. The analytical and modeling procedures
have been tested and is used now in some in-
dustrial high temperature gas processes as well as
low temperature gas system analysis (Tazieff es
al., 1986; Le Guern, 1988).

The field gas chromatograph confirmed the
calculation by Matsuo (1962): both H;S and SO,
exist in magmatic gases. The complete modeling
would have allowed detection of a magmatic
signature at the Soufriere of Guadaloupe, during
the main explosions, as demonstrated at Mt. St
Helens. (Le Guern et al., 1980 b; Casadevall
1983; Varekamp and Busek, 1981; Phelan et al.,
1982). Discrimination of magmatic activity from
phreatic activity would be possible at the initial
stage of an eruption by sampling the plume from
the distance.
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