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The stability of native sulfur in solfataras depends upon the temperature, the pressure, and 

the chemical composition of the solfataric gases with which native sulfur is in equilibrium. The 

equilibrium constant of the 2H2S+SO2=3S(s ,1)+2H2O reaction may be expressed as:

where X is the mole fraction of the gaseous components in the system and where P is the total 

pressure on the system. By the use of this relationship, the equilibrium temperature of nat-
ural solfataric gases with respect to the reaction may be estimated, provided the theoretical 

value of K, the chemical composition, and the pressure of natural solfataric gases are known. 

The attainment of chemical equilibrium of the reaction in solfataric gases of the Nasudake Volcano 

has been examined by comparing the estimated equilibrium temperature with the observed outlet 

temperature of the solfataras. The results indicate that the native sulfur occurring in the sol-

fataras is approximately in equilibrium with the solfataric gases. On this basis, an attempt has 

also been made to explain the behavior of hydrogen sulfide and sulfur dioxide in solfataric gases.

Many investigators have discussed the chemistry 

of volcanic gases in terms of thermodynamics. 

Ellis1) made comprehensive thermodynamic cal-

culations on the variation in the chemical com-

position of volcanic gases with the temperature and 
with the pressure. Krauskopf2) also made ther-

modynamic calculations on the feasibility of the 

vapor transportation of heavy metals in magmatic 

vapor. Recently, Matsuo3) presented similar cal-

culations with relevance to the possibility of a 

heterogeneous reaction in magma effecting the 

creating of volcanic gases. 

On the other hand, the thermodynamics were 

applied to interpreting the results from the analyses 

of natural volcanic gases by Oana4) and by 

Matsuos). Their studies showed that, in high-

temperature volcanic gases, the chemical equilib-

rium is seemingly established, at least with respect 

to the 3H2+SO2=H2S+2H2O and CO+H2O= 

CO2+H, reactions. 

In the present paper, the authors will attempt 

to extend the application of thermodynamics to 

the heterogeneous reaction, 2H2S+SO2=3S(s,1)+

2H20, in natural solfataras. The authors wish 

to examine the attainment of chemical equilibrium 

in solfataric gases during its ascent toward the 

surface. In addition, it is important to consider

the effect of the chemical equilibrium of the re-

action upon the hydrogen sulfide and sulfur dioxide 

portions of solfataric gases.

Results and Discussion 

The Character of Solfataric Gases of the 
Nasudake Volcano.-Mizutani, Sugiura and 
Oana6) analyzed solfataric gases of the Nasudake 
Volcano, Tochigi, Japan, and found some correla-
tion between the temperature of the solfataras 
and the behavior of the major chemical compo-
nents of the gases. For example, there is a notable 
increase in the amounts of hydrogen sulfide and 
sulfur dioxide in the temperature range between
100 and 200℃ when the amount of the sulfur com-

pounds in the gases is plotted against the outlet 
temperature of the solfataras. This finding led 
the present authors to conclude that the major 

part of the sulfur compounds in the gases at tem-
peratures between 100 and 200℃ was contributed

secondarily by subterranean native sulfur ac-

cumulated through previous solfataric activities 

of this volcano. There is also a trend toward an 

increase in the ratio of hydrogen sulfide to sulfur 

dioxide in the gases with a lowering of the tem-

perature. 
In this solfataric area, native sulfur is mined by 

introducing solfataric gases into artificial gas chan-

nels, where native sulfur is then deposited as the
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temperature falls. Small pools of liquid sulfur 

are usually found at the openings of gas channels. 

The Chemical Equilibrium of the 2H2S+ 

SO2=3S+2H2O Reaction.-In solfataras, native 

sulfur usually occurs in three different forms: 

rhombic, monoclinic, and liquid, depending on the 

temperature. Therefore, the following three re-

actions must be considered:

(1)

(2)

(3)

The appearance or disappearance of native 

sulfur in solfataras may be controlled by the tem-

perature, the total pressure, and the chemical com-

position of the gases in equilibrium with the native 
sulfur. The equilibrium constants of these re-

actions may be expressed as:

(4)

where K is the equilibrium constant, X is the mole 

fraction of the gaseous components in the system, 

and P is the total pressure on the system. 

The theoretical equilibrium constant for these 

reactions may be calculated from the free-energy

change for these reactions by using the 1n K=-ΔF/

RT relation, where ΔF is the free-energy change,

R is the gas law constant, and T is the absolute 
temperature of the system. The values of the free-

energy change for these reactions may be obtained 

from the thermodynamic data given by Kubas-

chewski and Evans7) and Rossini et al.8) The 

temperature functions of the equilibrium constant 

obtained are: 

for Reaction 1:

(5)

for Reaction 2:

(6)

and for Reaction 3:

(7)

The relation between the equilibrium constant and 

the temperature obtained from these equations is 

shown in Fig. 1.

Fig. 1. Relation between equilibrium constant 

and temperature with respect to reaction 2H2S 

+SO2=3S(s,1)+2H2O.

By the use of these relations, the equilibrium tem-
perature of natural solfataric gases with respect 
to the above reactions may be estimated from the 
observed value of K. For solfataric gases of the 
Nasudake Volcano the observed value of X2HZo/ 
X2H2SXSO2 may be obtained from the analytical 
data of the gases given by Mizutani et al.9) Some 
examples of the data are given in Table I. The 
observed values of X2H2O/X2H2SXSO2 thus obtained 
are given in Table II. The equilibrium tempera-
ture of the solfataric gases may be estimated from 
these values, provided the total pressure on the 
system is known. The total pressure of the gases 
is assumed to be 1 atm. for the first approxima-
tion, because the gases are emitted from openings 
of gas channels with a rather low static pressure 
(close to 1 atm.).10) The equilibrium tempera-
tures thus estimated are given in Table II. 

By comparing the estimated equilibrium tem-
peratures with the observed outlet temperatures, 
the degree of the attainment of the chemical 
equilibrium of the reaction at the outlet of the 
solfataras may be examined. As is shown in 
Table II, the equilibrium temperatures obtained 
for the solfataras with native sulfur deposits are 
almost in agreement with the observed tempera-
tures, although the former are always slightly 
higher than the latter. This implies that the native 
sulfur deposits occurring in solfataras are approxi-
mately in equilibrium with the solfataric gases 
from which the native sulfur deposit is formed, 
and possibly that, in the solfataric gases, the 
sulfur vapor is also in equilibrium with the water 
vapor, hydrogen sulfide and sulfur dioxide, through 
the reaction:7) O. Kubaschewski and E. I. Evans, "Metallur-

gical Thermochemistry," John Wiley, New York (1956). 8) F
. D. Rossini et al., "Selected Values of Chemical 

Thermodynamic Properties," Natl. Bur. Standards 
(1952), p. 500.

9) Y. Mizutani et al., Unpublished Data. 
10) S. Sakuma, Bull. Volcanol. Soc. Japan, 2nd Ser., 

1, 1 (1957).
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TABLE I. CHEMICAL COMPOSITION OF SOLFATARIC GASES OF VOLCANO NASUDAKE

TABLE II

* XH2O+XH2S+Xso2=1

(8)

The Behavior of Hydrogen Sulfide and 

Sulfur Dioxide in Solfataric Gases.-The 

foregoing finding facilitates the understanding of 

the behavior of sulfur compounds in solfataric 

gases. If it is assumed that ascending volcanic 
water vapor comes into contact with subterranean 

native sulfur deposits for a sufficient time to react 

with them, the following reactions may be expected 

between water vapor and native sulfur:

(9)

(10)

Then, on the assumption that the chemical equilib-

rium is established in this system, the hydrogen 

sulfide, sulfur dioxide, and hydrogen contents 

of the gas phase at a given P, T condition may be 

estimated by solving the following simultaneous 

equations:

(11)

(12)

=Ratio of hydrogen to oxygen atoms (13)

(14)

where K4 and K5 are the equilibrium constants of 

reactions 9 and 10 respectively, P is the total pressure 

on the system, and X is the mole fraction of the 

gaseous components in the system. For the value 
of K4, Eqs. 5, 6 and 7 are used again, and the value 

of K5 is calculated from the standard thermodynamic 

properties of the chemical components in the 
way described above. The equation of K5 obtained 

is:
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(15)

The equilibrium amounts of hydrogen sulfide, 
sulfur dioxide, and hydrogen in the gas phase, 
as calculated from the simultaneous equations, 
are illustrated graphically in Fig. 2. 

The equilibrium figure obtained shows that the 
H2S/SO2 ratio of the gas phase is always approxi-
mately 2.0, while the hydrgoen sulfide, sulfur 
dioxide, and hydrogen contents in the gas phase 
vary with the change in the P, T condition, because 
the hydrogen content is always so small as to be 
negligible as compared with the hydrogen sulfide 
and sulfur dioxide contents. 

In the Nasudake Volcano, some solfataric 
gases of the low-temperature type show a H2S/SO2 
ratio close to 2 and a paucity of hydrogen (in

Fig. 2. Equilibrium amounts of H2S, SO2 and 

H2 for system S(lipuid)-H2O(vapor). 
Solid line: PH2o+PH2S+Pso2+PH2=1 atm. 
Broken line: PH2o+PH2S+Pso2+PH2=100 atm.

Table I, OE-1 and U-1). This probably implies 
that the major part of the sulfur compounds in 
the gases is derived from native sulfur deposits 
through the above reactions. The addition of 
sulfur compounds of this sort may also occur in 
low-temperature solfataras other than OE-1 and 
U-1. The situation must, however, be some-
what different from that considered for OE-1 and 
U-1, because the H2S/SO2, ratio of the gases 
from those solfataras is far different from 2. The 
gases coming from such solfataras may be con-
sidered to be products of reactions between native 
sulfur deposits and volcanic gases containing

Fig. 3. Equilibrium ratio of H2S to SO2 for 
system S - H20 - extra H2S, SO2 or H2. 
P=1 atm.

①:H/O=2.020(H2O:extra H2S or H2=990:10)

②:H/O=2.002(H2O:extra H2S or H2=999:1)

③;H/O=2.000

④:H/O=1.996(H2O:extra SO2=999:1)

appreciable amounts of hydrogen sulfide, sulfur 
dioxide, and hydrogen. When such reactions 

proceed and reach an equilibrium in the gases, 
the equilibrium ratio, H2S/S02i should deviate 
from 2 because the mass balance, the H/O atomic 
ratio in the system, is different from 2; Fig. 3 
shows the effect of adding extra chemical com-
ponents to the water vapor in the S-H20 system. 
In other words, the equilibrium amounts of hydro-
gen sulfide and sulfur dioxide in the final products 
of the reactions at a given P, T condition are 
varied by the change in the amounts of such extra 
chemical components as hydrogen sulfide, sulfur 
dioxide, and hydrogen in the gases. 

The natural situation in most low-temperature 
solfataras may be more complicated than this 
simple model indicates, but the general features of 
the variation in hydrogen sulfide and sulfur dioxide 
contents in the gases ought to be accounted for 
by this model if the above reactions reach equilib-
rium in the solfataras. 
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