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ABSTRACT. This paper documents the numerical formulations, ther-
mochemical data base, and possible applications of computer programs,
SOLVGAS and GASWORKS, for calculating multicomponent chemical
equilibriain gas-solid-li(lluid systems. SOLVGAS and GASWORKS com-
Eute simultaneous equilibria by solving simultaneously a set of mass
alance and mass action equations written for all gas species and for all
gas-solid or gas-liquid equilibria. The programs interface with a thermo-
chemical data base, GASTHERM, which contains coeflicients for re-
trieval of the equilibrium constants from 25° to 1200°C. The equilib-
rium constants are for derived-species and numerical equilibria written
with a specific set of thermodynamic components. GASTHERM includes
>1000 species of gases, solids, and liquids for a 42 element system.
The programs and data base model dynamic chemical processes in
30- to 40-component volcanic-gas systems. By linking a series of indi-
vidual calculations with stepwise changes in temperature, pressure,
and composition between steps, we can model gas evaporation from
magma, mixing of magmatic and hydrothermal gases, precipitation of
minerals during pressure and temperature decrease, mixing of volca-
nic gas with air, and reaction of gases with wall rock. We show examples
of the gas-evaporation-from-magma and precipitation-with-cooling cal-
culations for volcanic gases collected from Mount St. Helens in Septem-
ber 1981. Constraining the model with samples of gases, sublimates,
and lavas from the volcano, we predict: (1) the amounts of trace
elements volatilized from shallow magma, deep magma, and wall rock,
and (2) the solids that precipitate from the gas upon cooling. We then
test the model’s predictions by comparing them with the measured
trace-element concentrations in gases and the observed sublimate se-
quence. This study leads to the following conclusions: (1) most of the
trace elements in the Mount St. Helens gases are volatilized from
shallow magma as simple chlorides (CuCl, AgCl, CsCl, et cetera); some
elements reside in various other types of gas species (H;MoO,, AuS,
Fe(OH),, Hg, H;Se, et cetera); (2) some elements (for example, Al, Ca)
exist dominantly in rock aerosols, not gases, in the gas stream; (3)
near-surface cooling of the gases triggers precipitation of oxides,
sulfides, halides, tungstates, and native elements; and (4) equilibrium
cooling of the gases to 100°C causes most trace elements, except for Hg,
Sb, and Se, to precipitate from the gas.
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INTRODUCTION

Degassing of volcanoes is a complex natural phenomenon. The
process begins with the discharge of gases from magma. These magmatic
volatiles are dominated by a few species (HyO, CO,, CO, SO,, H,S, Ho,
HCI, HF, N,, and rare gases; see for example, Gerlach and Nordlie, 1975;
Giggenbach and Matsuo, 1991) that we will call the major gas species. The
gases also contain a number of trace elements (Na, Cu, Pb, B, et cetera) and
their species (NaCl, CuCl, PbS, H,BO;) (Symonds and others, 1987;
Quisefit and others, 1989). As the gases rise through the fracture system,
they may mix with hydrothermal vapor (Gerlach and Casadevall, 1986b),
entrain rock aerosols (suspended insoluble particles in a gas; see Vie Le
Sage, 1983), and react with the wall rock (Getahun, Reed, and Symonds,
1992). Upon nearing the fumarole orifice, the gases cool and mix with
atmospheric gases (Stoiber and Rose, 1974). Cooling causes sublimales
(solids precipitated from the gas) to form (Symonds and others, 1987).
Some sublimates precipitate on the walls of the vent as incrustations
(colorful deposits around volcanic fumaroles that include both sublimates
and solids that form by other processes), but others remain in the gas
stream as aerosols. Mixing with atmospheric gases causes cooling, dilu-
tion, and oxidation of volcanic gases, and the formation of hygroscopic
sulfuric acid (Symonds, Reed, and Rose, 1992); these processes, along
with reactions with the wall rock, produce most low-temperature fuma-
rolic incrustations (Stoiber and Rose, 1974). Finally, the volcanic gas
discharges into the atmosphere where it mixes further with atmospheric
gases and cools to the ambient air temperature.

Samples of gases, condensates (condensed volcanic gas analyzed for
trace elements), sublimates, incrustations, and aerosols provide the start-
ing point for interpreting the natural processes. However, it is clear from
this work and others (for example, Symonds and others, 1987; Quisefit
and others, 1989) that thermochemical modeling can help unravel the
complex origins of gas and condensate compositions and the types and
amounts of solids (sublimates, incrustations, aerosols). Central to this
approach are tests for equilibrium between the volcanic gases (major
gases, condensates) and the magma, sublimates, incrustations, and aero-
sols. In accounting for agreements with and departures from equilib-
rium, one gains insight into the critical genetic processes.

The ideal thermochemical model would consider every possible
reaction between gases, solids, and liquids in 30- to 60-component
volcanic-gas systems. It is possible to approximate such a comprehensive
model by compiling the large but finite amount of modern thermochemi-
cal data, including the most abundant or probable species of nearly every
component under consideration. Many of the first thermochemical mod-
els of volcanic gases (Ellis, 1957; Heald, Naughton, and Barnes, 1963;
Gerlach and Nordlie, 1975) only considered species in the C—-O-H-S or
C—-O-H-S8-CI-F systems, the dominant elements in terrestrial volcanic
gases. Early modeling studies, which did include more components
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(Krauskopf, 1957, 1964; Naughton and others, 1974), can be improved
using new thermochemical data and more sophisticated computer mod-
els.

Recent studies (Symonds and others, 1987; Le Guern, ms; Quisefit
and others, 1989; Bernard, Symonds, and Rose, 1990; Symonds, Reed,
and Rose, 1992) use more versatile models that consider hundreds of gas,
solid, and liquid species in 30- to 40-component systems; they also take
advantage of the vastly improved quality and quantity of recent thermo-
chemical data. In most of these studies, thermochemical modeling was a
small part of the overall project; hence, they excluded details of the
modeling and documentation of the large thermochemical data bases. In
this work, we redress this deficiency by addressing: (1) description of
equations and formulations applied in computer programs, SOLVGAS
and GASWORKS, used for these calculations, (2) documentation of the
thermochemical data base, (3) description of the numerous applications
of multicomponent thermochemical models to volcanic gases and related
scientific disciplines, and (4) evaluation of the quality of our modeling
results.

NUMERICAL MODELS

We have developed FORTRAN computer programs GASWORKS
and SOLVGAS for computing multicomponent chemical equilibria in
gas—solid-liquid systems.The numerical formulations used by the pro-
grams are described in app. 1. GASWORKS computes heterogeneous
equilibria among gases, solids, and liquids during processes of cooling (or
heating), pressure changes, gas-gas mixing, and gas-rock reaction.
SOLVGAS calculates homogeneous equilibrium (distribution of species)
in a gas phase. It also calculates saturation indices, log (Q/K) values, for
solids and liquids (Reed and Spycher, 1984; Symonds and others, 1987).
Both programs consider hundreds of gas, solid, and liquid species in
systems of up to 42 components as a function of temperature and
pressure using the basic formulations of equilibrium calculations of Reed
(1982) modified for gases (app.. 1). The programs provide for strict
oxygen mass balance, allowing calculation of the oxygen fugacity (fO,) at
any pressure and temperature. Thermochemical data (below) constrain
the calculations, which consist of solving simultaneously a series of mass
balance and mass action equations using a Newton-Raphson method.

These programs were applied previously to samples of volcanic
gases, condensates, and sublimates from Merapi Volcano, Indonesia
(Symonds and others, 1987); the speciation of Cl and F in volcanic gases
(Symonds, Rose, and Reed, 1988); the possible gas-phase transport of
Hg, As, and Sb in geothermal systems (Spycher and Reed, 1989); the
restoration of Augustine gas samples (Symonds and others, 1990; Ko-
dosky, Motyka, and Symonds, 1991); the speciation of Mo, W, and Re in
magmatic fluids (Bernard, Symonds, and Rose, 1990); the speciation and
origin of trace elements in Augustine volcanic gases (Symonds, Reed, and
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Rose, 1992); and to gas-phase alteration of wall rock in high temperature
fumaroles at Augustine volcano (Getahun, Reed, and Symonds, 1992).

Applicability to natural systems.—The appropriateness of the modeling
depends in part on whether volcanic gases approach chemical equilib-
rium. Thermodynamic evaluations of high-temperature (> 500°C) volca-
nic gases show that the major gas species are initially in equilibrium at or
above the collection temperature (Gerlach, 1980a, b; Gerlach and Casa-
devall, 1986a). Furthermore, the relevance of equilibrium among trace-
element species in high-temperature volcanic gases can also be evaluated
by comparing numerical calculations with the observed fumarole subli-
mates and the measured contents of trace elements in volcanic gases
(Symonds and others, 1987). A good match between the predicted solids
and the observed sublimate sequence is evidence for the validity of the
equilibrium model. Agreement between the calculated volatilities and the
observed trace-element contents of the gases also supports the equilib-
rium degassing model. Such comparisons at Merapi volcano suggest that
equilibrium calculations provide a means to understand the natural
process, even though the calculations do not exactly reproduce the
observed results (Symonds and others, 1987).

The utility of the modeling also depends on whether the quality and
quantity of thermochemical data are sufficient to predict the gases,
minerals, and liquids actually present in the natural system. Again,
comparing numerical calculations with appropriate samples aids evalua-
tion of thermochemical data. One reason for doing these calculations is to
test these assumptions.

THERMOCHEMICAL DATA

The validity of numerical calculations from SOLVGAS and
GASWORKS depends on the quality and quantity of the thermochemical
data. Large errors or missing species.in the thermochemical data base
can lead to erroneous conclusions.

Reference states and conventions.—The standard states for the gases,
solids, and liquids in our data base are the ideal gas at unit fugacity, the
pure crystalline (or vitreous) solid, and the pure liquid, respectively, all at
298.15 K and I atm pressure. For each species, we obtained values for the
standard enthalpy of formation from the elements, AH°, and the stan-
dard entropy, SY, both at 298.15 K and 1 atm pressure; for some solid
species (those from Robie, Hemingway, and Fisher, 1978; Helgeson and
others, 1978; and Berman, 1988), we used the reported values at 298.15 K
and 1 bar pressure. We also obtained a heat capacity equation, generally
of the form:

Ch=a+bT+ T3 (1)

where, C?, is the standard heat capacity at constant pressure, T is
temperature (K), and a, b, and ¢ are constants; for some species, eq (1)
contains a fourth term, d'T?. Heat capacities for a number of solids (those
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from Berman and Brown, 1985; Berman, 1988) are described by a
different equation:

C(ll = k() + k]T_()'F) + k2T72 + k3T~3, (2)

where kq, ki, kg, and ks are constants. Where an appropriate heat capacity
equation was not available, tabulated heat capacity data were fit to eq (1)
using least-squares regression.

Thermochemical data for the elements are from Pankratz (1982). In
general, we used the stable form (gas, solid, or liquid) of each element at
298.15 K and 1 atm pressure as the reference state; exceptions are S, Se,
and Te for which we used the unconventional reference states of Ss(g),
Seq(g), and Tey(g) (Pankratz, 1982).

Finally, we calculated the standard Gibbs free energy of formation
from the elements, A;G", at 298.15 K and 1 atm pressure using the
equation:

AGY = AHY - TASY, (3)

where T is 298.15 K, and A;S% is the standard entropy of formation from
the elements (§° data for the elements are from Pankratz, 1982).

Sources of data.—For each gas, liquid, and solid species included in
the calculations, we chose what we believe to be the “best” available
thermochemical data. Thermochemical data for gas, solid, and liquid
species were obtained from the U.S. Bureau of Mines (DeKock, 1982;
Pankratz, 1982, 1984; Pankratz, Stuve, and Gokcen, 1984; Pankratz,
Mah, and Watson, 1987); the JANAF thermochemical tables (Stull and
Prophet, 1971; Chase and others, 1974, 1975, 1978, 1982); Barin and
Knacke (1973); Barin, Knacke, and Kubaschewski (1977); Berman and
Brown (1985); Berman (1988); Robie, Hemingway, and Fisher (1978);
Helgeson and others (1978); and Anovitz and others (1985). We list the
specific source for each species in table 1 and app. 2.

Methods.—For each of the 42 elements included in the calculations, it
is necessary to choose a component gas species. Theoretically, the choice
of component gas species is arbitrary; regardless of the component
species chosen, the final calculated distribution of species should be the
same. With the numerical limitations of modern computers (for example,
precision shortcomings, constraints on the size of exponents), however,
the choice of component gas species makes a difference in the computer’s
ability to solve the equations with speed and accuracy. Therefore, we
chose the dominant, or one of the more abundant, gas species of each
element in high-temperature volcanic gases as the component species
(table 1). Our component species (table 1) optimize computations involv-
ing reduced volcanic gases that contain some HCI and HF; equilibrium
calculations involving extremely oxidized (>1 percent O,) or halogen-
poor (<1079 percent HCI or HF)-gases might require different compo-
nent species. To change component species, one simply combines the
appropriate log K equations (below), although changing the component
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TaBLE 1

Component gas species presently used in GASTHERM. Listed in order of
increasing atomic number

WO~ WN

Component gas

Element species Reference
H Hoy Pankratz (1982)
Li Licl Pankratz (1984)
c €O, Pankratz (1982)
N Ny Pankratz (1982)
0 H,0 Pankratz (1982)
F HF Pankratz (1984)
Na NaCl Pankratz (1984)
Mg MgCl, Pankratz (1984)
Al AlF; Pankratz (1984)
Si SiFy Pankratz (1984)
s HyS Pankratz, Mah, and Watson (1987)
Ccl HCl Pankratz (1984)
K KC1l Pankratz (1984)
Ca cacl, Pankratz (1984)
Ti TiFy Pankratz (1984)
v vCl, Pankratz (1984)
Cr CrCly Pankratz (1984)
Mn MnClsy Barin and Knacke (1973)
Fe FeCl, Pankratz (1984)
Co CoCl, Pankratz (1984)
Ni NiCl, Pankratz (1984)
Cu CucCl Pankratz (1984)
Zn ZnCl, Barin and Knacke (1973)
Ga GacCls Pankratz (1984)
As AsCl, Pankratz (1984)
Se HySe Barin, Knacke, and Kubaschewski (1977)
Br HBr Pankratz (1984)
Rb RbCl Pankratz (1984)
Sr SrCl, Pankratz (1984)
Mo H,oMoOy Stull and Prophet (1971)
Ag AgcCl Barin and Knacke (1973)
cd cd Pankratz (1982)
Sn SnCl, Pankratz (1984)
Sb SbClj Pankratz (1984)
Te HyTe . Barin, Knacke, and Kubaschewski (1977)
Cs CsCl Pankratz (1984)
\ HoWO, Stull and Prophet (1971)
Ir Ir Pankratz (1982)
Au Au Pankratz (1982)
Hg Hg Pankratz (1982)
Pb PbCl, Pankratz (1984)
Bi BicCljy Pankratz (1984)

species for H (Hy) and O (H,O) requires additional modification of
SOLVGAS and GASWORKS, since they fix O, (app. 1).

For every component, we have included all the derived gas species
for which we could find tHermochemical data at the time of this compila-
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tion. “Derived species” are any species formed by combinations of compo-
nent species (app. 2). Our compilation of solid and liquid species is not
comprehensive, as we have not included every possible species. The data
base GASTHERM presently incorporates 627 gas species and 398 solids
and liquids in the 42 component system (app. 2).

To calculate the distribution of gas, solid, and liquid species, we need
the equilibrium constant, K, for the reaction between each derived
species and its respective component species. First, we calculated the
apparent standard Gibbs free energy of formation from the elements,
A,GV, of the ith species involved in each reaction at 1 atm pressure and at
a given temperature, T(K), using the equation:

Y
T T 0 11~ r_p
AGT = AG" — (T — TYAS® + f{ L CpdT =T fI 74T, 4)

where T is 298.15 K, and C} is described using eq (1) or (2). Then, we
calculated the standard Gibbs frec energy for the reaction, A,GT, at the
same temperature, T, with the equation:

AGT = D vAGT, (5)

where A,G" is defined in eq (4), and v; is the stoichiometric coeflicient of
the ith species in the reaction. Finally, we calculated the logarithm of the
equilibrium constant for the reaction, log KT, at the temperature, T, with
the equation:

log K'' = —A,GT/(2.303RT), (6)

where R (1.987 cal - K=! - mole~!) is the gas constant.

We store values for log K' calculated at 298.15 K (25°C) and from
373.15 K (100°C) to 1473.15 K (1200°C) at 100 K increments in a data
file, GASTHERM, for usé by the programs. To obtain log K! values at any
arbitrary temperature over the range of data validity, it is most conve-
nient to use a function for log KT rather than calculating K’s each time
using eqs (4) through (6). Substituting eq (1), our dominant heat capacity
equation, for Cp in eq (4) and combining terms in eqs (4) through (6),
results in an expression for log K7 of the form:

log K' =1, + [ T' + LT + 5T72 + 1, log (1), (7)

where Iy, 1,15, 13, and 1, are constants. To fit the computed log K values to
eq (7), we used least-squares regression. App. 2 contains the coefficients
for eq (7), lyp, I, 1y, I3, and 1, for each derived species reaction in
GASTHERM.

Errors.—The main errors in our thermochemical data base are as
follows:

L. Errors due to missing species. 1f the data base does not contain species
actually present in the volcanic gas, the calculations cannot possibly
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reproduce the natural system with respect to those species. Missing
species may make calculations for Au, Cd, Cr, Ir, and Si erroneous (this
work; Symonds, Reed, and Rose, 1992).

2. Errors in the A/GY values. Poorly determined free energies can lead
to large uncertainties in thermochemical calculations. Unfortunately,
many of our references do not report uncertainties in A;G°, making this
source of error difficult to assess. However, JANAF (for example, Stull
and Prophet, 1971) reports uncertainties in AG° so we use their data to
evaluate this source of error. The error in A;GY is generally between +0.1
and =2 kcal/mole. The error of =2 kcal/mole for A{G° of (NaCl),, the
dominant sodium gas species when halite precipitates, leads to a £25°C
error in the calculated precipitation temperature of halite (below). A
similar if hypothetical error (the actual error is +0.2 kcal/mole) for AG°
of SiF,, the dominant silicon gas species, leads to a 0.5 order of
magnitude error in its calculated volatility (below). Since the uncertain-
ties in A(GY are generally less than =2 kcal/mole, the errors in the
calculated precipitation temperatures and volatilities are usually less than
+25°C and x0.5 orders of magnitude, respectively. However, the uncer-
tainty in A{GP for some species is much larger than +2 kcal/mole, and this
may greatly affect the model calculations. For example, the error in AG?
for PbCly and PbBry is 21 kcal/mole, large enough to make the
calculated precipitation temperature of galena very uncertain (see be-
low).

3. Errors due to tnconsistencies between different sources of thermochemical
data. Since the thermochemical data come from several different sources,
errors arise from discrepancies between the various sources. For ex-
ample, there is a difference of 1.14 kcal/mole in the AG® values for
(NaCl), reported by JANAF (Stull and Prophet, 1971) and Pankratz
(1984) (the heat capacity data are the same). This translates to a 12°C
difference in the precipitation temperature of halite. Since differences in
A{GY values are generally less than 1 kcal/mole, the error from inconsis-
tent A(GY values 1s generally less than for (NaCl)s.

4. Errors in the log KT values owing to the use of eqs (1) through (5) to
calculate A,G'. Pankratz (1982) states that calculating A G from tabular
values of A(GT (reportéd in many compilations) is more precise than
using eqs (1) through (5) because the tabulated A;G? values are derived
from more accurate equations. However, the resulting errors in A,G" are
generally less than 1 percent; a small sacrifice for the gain in convenience
for computer assisted calculations.

5. Errors in log KT values due to the use of eq (7). The average absolute
error in the log KT value from using eq (7) is almost always much less than
*0.1 percent, which translates to a maximum error of =1°C in the
calculated condensation temperatures, for example. This is a small
sacrifice in quality for a substantial increase in program efhiciency.

At the present time, missing species and poorly determined values
for AiG® are the greatest problems with the data base. These errors
generally outweigh the discrepancies between different sources of ther-
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mochemical data and errors from mathematical models used to fit data.
The data in GASTHERM should suffice for modeling of volcanic gases as
shown in this paper, except where noted here and below. However, we
caution users not to use the compilation for precise work, such as to
extract thermochemical data from phase equilibrium experiments.

APPLICATIONS TO MOUNT ST. HELENS

Programs SOLVGAS and GASWORKS model reactions in volcanic
gases as they travel from the magma to the atmosphere. When con-
strained with appropriate samples, the modeling helps understanding of
the natural processes, checking of the quality of the input gas analyses,
and determining whether trace elements come from degassing magma or
from some other source. All modeling of multicomponent chemical
equilibria in volcanic gases requires data on the complete gas composi-
tion, including trace elements. In‘addition, we need (1) data on the
mineralogy and composition of the magma to model the volatilization of
metals from magma, (2) information on the composition and zoning of
sublimates and incrustations to model cooling, oxidation, and wall rock
interactions in fumaroles, and (3) data on the species and aerosols in
volcanic plumes to model reactions that occur when volcanic gases mix
with the atmosphere. '

We chose data collected from July to September 1981 from Mount
St. Helens, one of the best studied volcanos in the world. Since the
cataclysmic eruption on 18 May 1980, numerous studies have produced a
wealth of data on the Mount St. Helens gases. Research focused on the
SO, emission rates (Casddevall and others, 1983), the major gases (Ger-
lach and Casadevall, 1986a, b), the trace elements in the gas (Le Guern,
ms), volcanic aerosols (Rose, Chuan, and Woods, 1982; Thomas,
Varekamp, and Buseck, 1982; Varekamp and others, 1986; Chuan,
Rose, and Woods, 1987; Rose, 1987 and unpublished), and on incrusta-
tions and sublimates (Keith, Casadevall, and Johnston, 1981; Graeber,
Gerlach, and Hlava, 1982; Bernard, ms; Bernard and Le Guern, 1986;
Rose, 1987 and unpublished). One very complete, high-quality set was
collected during the period July to September 1981. At that time,
high-temperature fumaroles with minimal air contamination were easily
accessible. Gases in excess of 600°C discharged along a northwest-striking
fissure on the crater floor and from an active scarp on the northwest side
of the lava dome (the radial and scarp fumaroles, respectively). The wide
array of gas data collected during this period provides multiple con-
straints on our modeling results. For the Mount St. Helens case, we (1)
calculate trace-element volatilities to test whether the observed trace-
element contents of the gases can be explained by volatilization of shallow
magma, deep magma, or the wall rock, or whether they come from some
other source; (2) cool the analyzed gas numerically and compare the
predicted solids with the observed fumarolic sublimates to test the quality
of the input gas composition and the modeling results; and (3) revise the

£l
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input gas composition and repeat the cooling calculations to predict
cooling reactions in the Mount St. Helens volcanic gases.

Geologic setting.—Mount St. Helens is a stratovolcano located in
south-central Washington. Eruptions began about 40,000 yrs ago and
have continued to the present (Mullineaux and Crandell, 1981). Recent
eruptive activity commenced with the 18 May 1980 eruption that created
the present amphitheater-shaped crater (Christiansen and Peterson,
1981; Voight, 1981). Following the 18 May eruption, the volcano erupted
explosively on 25 May, 12 June, 22 July, 7 August, and 16 to 18 October
1980 (Christiansen and Peterson, 1981). A lava dome extruded from the
crater floor at the end of the October 1980 eruption and grew until 1986
through a series of dome-building eruptions (Swanson and Holcomb,
1990). Degassing occurred during eruptions and, at a lower level, be-
tween eruptions; gas emission rates declined significantly over the 7-yr
eruptive period (Casadevall and others, 1983).

Eruptive products.—The materials erupted from Mount St. Helens
from 18 May 1980 through August 1982 are dacitic to andesitic in
composition; silica concentration decreased during each of the first five
explosive eruptions from a high of over 64 wt percent but has been
almost constant at 62 to 63 wt percent since August 1980 (Cashman and
Taggart, 1983). The dome lavas erupted in 1981 and 1982 contain about
32 percent plagioclase, 4.5 percent orthopyroxene, 1.5 percent horn-
blende, 2 percent magnetite and ilmenite, and <0.5 percent clinopyrox-
ene (Cashman and Taggart, 1983). The recent eruptive products also
contain trace amounts of Fe—Cu sulfides (Rose and others, 1983).

Volcanic gas composition.—One typically collects volcanic gases in
evacuated bottles, which are partly filled with a caustic soda solution that
absorbs the acid gases (Giggenbach, 1975). In the laboratory, the head-
spaces of the bottles are analyzed by gas chromatography, and the
solutions are analyzed by ion chromatography and wet chemical meth-
ods. It is also possible to analyze the gases completely at the collection site
using an in situ field gas chromatograph (FGC) (Le Guern, Gerlach, and
Nohl, 1982).

Testing whether the species were once in equilibrium is one way to
evaluate analyses of volcanic gases (Gerlach, 1980a; Gerlach and Casade-
vall, 1986a). This approach is successful because high-temperature volca-
nic gases often approach a state of chemical equilibrium, although
samples of them may be nonequilibrium mixtures due to secondary
alterations such as disequilibrium atmospheric oxidation, sampling prob-
lems, or analytical errors (Gerlach 1980a, b, c, d; Gerlach and Casade-
vall, 1986a). If the fumarolic gases are in equilibrium, the highest quality
samples are quenched equilibrium compositions, such as the 1979 FGC
analysis from Merapi volcano (Le Guern, Gerlach, and Nohl, 1982). Such
samples allow inference of the last equalibrium temperature. 1f the gases are
nonequilibrium mixtures due to secondary alterations, they can be
restored or returned to their equilibrium state if the analyses are reason-

9
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ably complete and of high quality. (Gerlach and Casadevall, 1986a).
Restored compositions allow determination of the last equilibrium tem-
perature and are almost as good as quenched equilibrium compositions.
Apparent compositions are based on incomplete analyses and the hypothesis
that the gases initially approached a. state of chemical equilibrium (Ger-
lach and Casadevall, 1986a). They must be complete enough, however, to
deduce the last equilibrium temperature and the concentrations of the
undetermined species. Apparent compositions are less reliable than
restored compositions. Estimated” compositions are based on incomplete
analyses and the hypothesis that the gases initially approached a state of
chemical equilibrium (Gerlach and Casadevall, 1986a). However, for
estimated compositions it is necessary to assume that the gases were in
equilibrium at the collection temperature since they are not complete
enough to allow simultaneous determination of both the last equilibrium
temperature and concentrations of the undetermined species. Estimated
compositions are highly unreliable.

Of the 50 gas samples collected by various workers at Mount St.
Helens between September 1980 and December 1981, Gerlach and
Casadevall (1986a) could restore only two. For our modeling, we chose
the restored FGC analysis from the radial fumaroles on 17 September
1981 collected by F. Le Guern. The other restorable gas sample was
collected from the radial fumaroles one day earlier in a caustic soda bottle
and is not significantly different from the FGC composition (Gerlach and
Casadevall, 1986a). Additional caustic soda gas samples provide the HCI
and HF contents of the September 1981 gas (Bernard, ms).

To estimate the concentrations of trace elements in the volcanic gas,
we used an analysis of a gas condensate sample collected in an ether
condenser on 17 September 1981 (Le Guern, ms). Since this condensate
was collected by pumping the volcanic gas mixture, including any rock
aerosols, through a cold trap, it provides an estimate of the bulk concen-
trations of trace elements in the volcanic gas, solid contaminants in-
cluded. To estimate the bulk concentration of a trace element in the
volcanic gas, we use the equation:

C = RM,, (8)

where C; is the mole percent of the trace component, i, in the volcanic
gas; R; is the molar ratio of i to HyO in the condensate analysis; and M,, is
the mole percent of HyO in the major-gas analysis. Table 2 shows the
complete September 1981 gas composition, including trace elements.
Sublimates.—Knowledge of sublimates and their zoning sequence
around volcanic fumaroles aids interpretation of the cooling calculations
and the quality of the analyzed gas composition as discussed below.
Unfortunately, incrustations include both sublimates and solids that form
by complex reactions involving volcanic gases, wall rock, liquid species,
and atmospheric gases (Stoiber and Rose, 1974; Getahun, Reed, and
Symonds, 1992). To isolate sublimates from other types of incrustations,
Le Guern and Bernard (1982) developed the silica-tube collection methods
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TABLE 2

Complete Mount St. Helens gas composition for 17 September 1981. The major
gas composition is from a field gas chromatograph analysis by Le Guern
(unpublished), restored by Gerlach and Casadevall (1986a). Data for HCI, HF,
and trace elements are from Bernard (ms) and Le Guern (ms). Ny, O,, and Ar,
which are mostly air contaminants, are excluded from the composition as
discussed by Gerlach and Casadevall (1986a)

Major Gas Species (mole %)

Hp0 98.6
CO, 0.886
Hp 0.39
HyS 0.099
S0, 0.067
HC1 0.076
HF 0.03
co 0.0023
log fop -15.77
Teg 710

Trace Elements (mole

Na 4.1x1074 Sb 1.2x10"7

K 1.8x10~4 Rb 1.0x10~7

Al 1.6x10"4 Mn 1.0x10~7

As 3.3x1073 Ta 7.8x10~8

sr 1.5x10~5 U 4.5x10-8

Fe 6.4%x1076 HE 4.2x10"8

Pb 4.7x1076 w 2.9x10~8

Mo 1.8x1076 Cs 2.7x10-8

cu 1.5x10°6 co 1.2x10"8

Bi 1.0x1076 I 9.0x10~9

Se 6.8%10"7 La 3.8x10°9

Br 6.7x10~7 Ba 2.6x109

cd 6.6x107 Dy 2.3x1079°

Zn 5.4x10~7 Th 5.4x10~10
ca 4.9%x1077 Au 3.0x10~10
cr 4.1x1077 Ag- 2.5x10"10
Sc 2.4x10"7 Lu 7.5x10-11
Hg 1.8x1077 Eu 4.7x10711
v 1.7x10~7 Ir 1.9x10-11
Te 1.3x1077

One inserts a silica tube into a fumarole, and sublimates form as the
volcanic gas cools in the tube.

Bernard (Bernard, ms; Bernard and Le Guern, 1986) and Graeber,
Gerlach, and Hlava (1982) collected sublimates from the radial fumaroles
at Mount St. Helens in September 1981 using the silica-tube method.
Table 3 gives Bernard’s results. Graeber, Gerlach, and Hlava (1982)
report generally similar findings, but they also discovered trace amounts
of FeS,(s), Ni,S(s), and (Na, K),CdCl(s), in their silica tubes.

Incrustations.—Study of both silica-tube sublimates and natural incrus-
tations can help determine which minerals precipitate directly from the
gas and which phases fosm by reactions of volcanic gases with the wall
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TABLE 3
Sublimates collected from 675° to 650°C vents in the radial and scarp fumarole
Jelds at Mount St. Helens in September 1981 using the silica tube method as
reported by Bernard (ms) and Bernard and Le Guern (1986). Small amounts of
eroded rock [ragments were also observed throughout the silica tubes (Bernard,
personal communication, 1990)

Mineral or Phase®* Minor Elements* * Temperature (©C)
magnetite (Fe30y4) > 570
alpha-cristobalite (Si03) > 570
molybdenite (MoSj) Fe, Re 570-480
ferberite (FeWO,) Mn 570-500
halite (Nacl) 550-450
sylvite (KC1) 550-450
greenockite (Cds) Cu, Zn, Fe 520-450
galena (PbS) Bi, Sn 480-400
Pb3Bi2$6 (?) Sn 450-400

AsS (7?) Te <400

.

* All phases except PbsBioSg and AsS were confirmed by X-ray diffraction; PbsBisSg
and AsS were temativefy identified by energy dispersive X-ray spectrometry (Bernard, ms;
Bernard and Le Guern, 1986).

** Concentrations of these elements are greater than 1 wt percent in the mineral as
determined by energy dispersive X-ray spectrometry.

rock or atmospheric gases. High-temperature (>300°C) incrustations
were collected from the radial fumarole field in August 1981 (Rose, 1987
and unpublished) and in September 1981 (Bernard, ms; Bernard and Le
Guern, 1986) (table 4). Although there are many similarities in the
minerals reported by these studies, there are important differences: only
Rose (1987 and unpublished) found thenardite, pentlandite, tetrahed-
rite, plattnerite, and ilsemannite, whereas only Bernard (Bernard, ms;
Bernard and Le Guern, 1986) reported halite, sylvite, molybdenite,
Wo-rich powellite, greenockite, hematite, and galena. Rose (unpublished)
also identified cubanite but perhaps that is the unidentified Cu—Fe-S
phase reported by Bernard (ms) and Bernard and Le Guern (1986).
Many of the differences between the two studies arise from different
sampling strategies: Bernard (Bernard, ms; Bernard and Le Guern,
1986) only sampled incrustations from reduced zones in the fumaroles, 5
to 15 c¢m below the surface, whereas Rose (1987 and unpublished)
sampled oxidized incrustations surrounding the fumaroles as well as the
reduced incrustations.

Volcanic aerosols.—Aerosols can be collected on filters or with a
quartz-crystal-microbalance (QCM) cascade impactor (Vie Le Sage, 1983);
in either case, scanning electron microscopy (SEM) can help identify their
constituent phases. Aerosols were ¢ollected at Mount St. Helens from the
radial fumaroles and in the plume during July 1981 using Nuclepore
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Incrustation minerals collected from fumaroles at Mount St. Helens in 1980 and
1981. High-temperature (> 300°C) incrustations were collected from the radial
fumaroles in August 1981 (Rose, 1987 and unpublished) and September 1981
(Bernard, ms; Bernard and Le Guern, 1986). Low-temperature ( <250°C)
incrustations were collected in the summer of 1980 from various fumaroles in the
crater and on the pyroclastic flows (Keith, Casadevall, and Johnston, 1981).
Phases were identified by X-ray diffraction and SEM

White crusts (>550°C)

thenardite Naj;S04
halite NaCl
sylvite Kcl
molybdenite MoS,
W-rich powellite Ca(W,Mo)0y
greenockite cdas
hematite Fej303

Black crusts (450-550°C)
lillianite Pb3Bi286
bismuthinite BiySj
cannizzarite PbyBijsSg
galena PbS
pentlandite (Fe,Ni)gSg
cubanite CuFe;S3
tetrahedrite (Cu,Ag,Fe) 12SbS 3
plattnerite PbO,

Blue crusts (300-350°C)
ilsemannite Mo30g.nH0 (?)

sulfur
gypsum
anhydrite

thenardite
melanterite
glauberite
natroalunite
hematite

Fe hydroxides
halotrichite

Unnamed (ASTM 23-128)
halite

sal ammoniac

Red, orange, yellow, and white crusts (<250°C)
S

CaS04*2H50

CasS0y

Na;S04

Fe;804-7H30
Na,Ca(S04) 2
(Na,K)Al3(S04)2(0H)g
F6203

FeAl; (S04)4-22H50
CasS0y - 15H50

NaCl

NH4Cl

filters (Varekamp and others, 1986) and in August 1981 using the QCM
(Rose, 1987 and unpublished; Chuan, Rose, and Woods, 1987). The
results (table 5) show that water, sulfuric acid (H;SO,) silicate rock
aerosols, and various chlorides and sulfates are the dominant fumarole
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TaBLE b
Aerosols identified or inferred in the radial fumaroles and in the plume at Mount

St. Helens in July and August 1981 Phases were identified tentatively by
semiquantitative (standardless) energy dispersive X-ray spectrometry and

morphology
Phase Site Reference
H,0(1) f)lume, fumarole 2
silicate rock aerosols plume, fumarole 1,2
Hy504 (1) plume, fumarole 1,2
NaCl or (Na,K)Cl plume, fumarole 1,2
sulfate aerosols¥ plume, fumarole 1,2
Fe oxides fumarole 1
AsySj3 fumarole 2
KNO3 (?) fumarole 2
Sn0, (?) fumarole 2
(Sn,Pb)0y (?) fumarole 2

*‘I'he sulfate phases are ¢omplex and occur as overgrowths on ash or as individual
grains. Sulfates contain various amounts of Ca, K, Na, Al, and Mg, and some grains also
contain minor 7Zn, Cu, and Fe.

1 July 1981 (Varekamp and others, 1986)

2 August 1981 (Rose, 1987 and unpublished; Chuan, Rose, and Woods, 1987)

and plume aerosols, although the fumarole aerosols also include AsyS4(s),
KNOs(s), and oxides of Fe, Sn, and Pb. Although the findings of the two
studies are similar, there are some differences: (1) Rose (unpublished)
detected minor amounts of Cl (using EDS) in HySO,(1), but Cl was below
detection (also using EDS) in the HySO4(l) analyzed by Varekamp and
others (1986); (2) Varekamp and others (1986) report Fe oxides and
various Na-, Ca-, and Mg-bearing sulfates, which were not found in
August 1981 (Rose, 1987 and unpublished; Chuan, Rose, and Woods,
1987); and (3) Rose (unpublished) found AssSs(s), KoSO4(s), and oxides of
Pb and Sn, all unreported by Varekamp and others (1986). In addition,
Varekamp and others (1986) collected various anthropogenic aerosols in
the plume such as fertilizer grains (containing K and P) and Cr-rich
spheres. Chuan, Rose, and Woods (1987, p. 173) and Rose (1987, p. 157)
also report abundant acanthite (AgsS) crystals, which were not found by
Varekamp and others (1986); they may be sublimates or, as suggested by
R. Andres (personal communication, 1990), artificial products of a reac-
tion between HySO,(l) and the Ag-bearing impactor plates of the QCM.
Some of the sulfates reported by Varekamp and others (1986) probably
formed by reactions between HySOy(l) and grains of ash.

GEOLOGIC MODEL

Figure 1 shows our geologic model of the radial fumaroles. Gerlach

and Casadevall (1986b) argue that the major volcanic gases discharged
from the September 1981 fumaroles are mixtures of magmatic gases and
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Fig. 1. Schematic diagram showing possible chemical and physical processes affecting
the origin, abundance, and reactions of trace elements in the Mount St. Helens volcanic
gases, depicted specifically for the radial fumaroles in September 1981. The deepest
possible source of trace elements is volatilization of 930°C magma or hot wall rock at some
unknown depth in the edifice of the volcano (process 1). As the magmatic gases rise toward
the surface they mix with hydrothermal vapor, which dilutes and cools the magmatic gases
(process 2). Additional contamination of the magmatic §ases may come from rock aerosols
eroded from the wall rock by the gas stream (process 3). In the fumarole the gas may be
affected by boiling of near-surface acidic water into the volcanic gas (process 4); reaction of
condensed acid droplets with the wall rock or rock aerosols in the gas stream (process 5);
and mixing with atmospheric gases (process 6). In response to cooling of the volcanic gases
by processes 2, 4, and 6, sublimates may form on the wall rock or as aerosols in the gas
stream; additional incrustations may result from reactions between the volcanic gas and the
wall rock, triggered in part by processes 5 and 6.

hydrothermal vapor. Using Fe-Ti oxide estimates, the temperature of the
magma ranges from 868° to 1000°C (Melson and Hopson, 1981; Scheideg-
ger, Federman, and Tallman, 1982; Rutherford and others, 1985). We
use the most recent and intermediate magma temperature estimate of
930° = 10°C (Rutherford:and others, 1985). The depth and therefore
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pressure of the degassing magma is less certain; degassing may occur
from near-surface magma in the lava dome or from a magma chamber,
perhaps 7 km below the surface (Rutherford and others, 1985). There-
fore, it is possible that trace elements in the September 1981 gases were
volatilized from 930°C dacite magma located near the surface or at
considerable depth. It is also possible that the trace elements were
volatilized from <930°C dacite wall rock; this might occur after the
magmatic gases mixed with hydrathermal vapor. In any case, the volatil-
ization process involves a reaction between volcanic gas and dacite at
some high temperature. The volcanic gas then ascends rapidly to the
surface through fractures; the gas stream may erode the wall rock and
entrain rock fragments. As this gas-ash mixture vents through fumaroles,
it starts to mix and react with cold (25°C) atmospheric gases, which cause
cooling and precipitation of solids. When the volcanic gas cools below
200°C, in low-temperature zones around fumaroles, sulfuric acid species
may condense on the wall rock, triggering liquid-rock reactions (Sy-
monds, Reed, and Rose, 1992) Finally, the gas mixture discharges into
the atmosphere where a-series of complex reactions may occur between
the volcanic gas, the atmosphere, and entrained ash, resulting in addi-
tional aerosol formation.

VOLATILITY MODELING

Trace elements in the Mount St. Helens condensates may have come
from volatilization of magma or wall rock, or from eroded rock particles
that dissolved in the samples. To discriminate between volatilization from
magma or wall rock and other sources of trace elements in the volcanic
gas, we have developed a numerical method using GASWORKS to test
the volatilization hypothesis. To calculate volatilities of trace elements in
the gas, we fix the fugacities of the major gases (HBr included because of
the intrinsic volatility of metal bromides) and fO, at a specified tempera-
ture and pressure and equilibrate the gas mixture with an appropriate
mineral assemblage for the source magma. The mineral assemblage must
contain components for the trace elements of interest. We also must
estimate the activity of each endmember mineral species. There are two
approaches: (1) use analyses of minerals in rocks to calculate activities ‘of
endmember mineral species, or (2) compute mineral compositions using
a gas-rock titration procedure. In the first method, one must decide
which minerals equilibrated with the gas and obtain the appropriate
compositional data for all such minerals. In the second case, one needs
the magma composition and the known or assumed solid solutions in
minerals; GASWORKS uses these assumptions to compute the equilib-
rium compositions of minerals as rock is titrated into the gas. We prefer
the second method, gas-rock titration, because: (A) it involves fewer a
priori assumptions about the buffering mineral assemblage; (B) we know
the bulk magma composition better than the specific compositions of
minerals; and (C) it allows for possible gas-phase alteration of phenocryst
assemblages in fumaroles.
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Comparison of computed volatilities with the trace element contents
of gas samples provides a means to test whether the trace elements are
volatilized from magma or wall rock and, if so, the minimum amount of
magma or wall rock necessary to buffer each trace element. The numeri-
cal simulations also help assess the role of erosion, leaching, or acid attack
when they fail to explain the observed trace-element concentrations.

We do not know whether trace elements are volatilized from shallow
magma, deep magma, or from cooler wall rock in fumarolic pathways, or
whether they come from some other source. To help discriminate be-
tween these sources, we do several calculations. First, we calculate a
gas/rock titration at 930°C and 1 atm to simulate degassing of near-
surface magma. Second, we do a gas/rock titration at 930°C and 100 atm
to examine magma degassing at depth. Finally, we do a gas/rock titration
at 710°C and 1 atm to model volatilization from fumarole wall rock.

The titration proceeds by adding rock to the gas. For each incremen-
tal addition of rock to the gas, GASWORKS calculates the equilibrium
mineral assemblage for that bulk composition. The reaction progress is
described by a weight ratio of gas to rock, the gas/rock (G/R) ratio. We
calculate over a range of G/R ratios to test whether elements are volatil-
ized from the magma where the G/R ratio is low or from altered wall rock
where the G/R ratio is high.

Assumptions for the 930°C and 1 atm gas/rock titration.—For each
gas-rock titration, GASWORKS needs the following information: (1) the
fugacities of the major gases, (2) the magma composition, (3) the ob-
served solid solutions in the magmatic minerals, (4) the temperature and
pressure (930°C and 1 atm in this case), and (5) the fO,. We have no
independent way to estimate the major gases discharged from the Mount
St. Helens magma. For the purposes of these volatility calculations, we
assume that H,O, CO,, SO,, HsS, H,, HCI, HF, CO, and HBr in the
September 1981 gas analysis (table 2) came from the magma, or, at least,
that the volatilization process did not alter them significantly. In accor-
dance with these assumptions, we estimate these fugacities by recalculat-
ing the September 1981 gas analysis at the assumed magmatic conditions
(930°C; 1 atm; fOy = —11.39, see below) and then hold them constant
during the course of the titrations.

We assume that the lava extruded in October 1981 best represents
the magma composition during discharge of the September 1981 gases.
Hence, we use an average composition of the October 1981 lava (Cash-
man and Taggart, 1983) for the contents of SiOy, Al;O,, CaO, Fe O,
Nay,O, MgO, K,0, TiOy, and MnO; in the magma (table 6). Since
Cashman and Taggart (1983) did not analyze for Cu, we use an analysis
of a pumice block erupted in 18 May 1980 (Halliday and others, 1983) to
approximate the Cu concentration in the September 1981 magma (table
6).

The recent eruptive products from Mount St. Helens contain K-
bearing plagioclase (Any)-Angg); hypersthene (34 mole percent orthofer-
rosilite) with minor amounts of Ca, Al, and Mn; Ti-bearing magnetite;
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TABLE. 6

Assumed composition of the Mount St. Helens dacite for modeling in this paper.
Only data that are used in the calculations are reported

Major Elements (wt %) Source
Sio, 61.60 1
A1203 18.20 1
Cao 5.33 1
Fe203 5.13 1
Na,0 4.48 1
MgO 2.29 1
K50 1.25 1
TiO5 0.67 1
MnoO 0.08 1

Trace Elements (ppm)

Cu 45 i 2

! October 1981 dacite lava from Cashman and Taggart (1983)
2 May 1980 pumice block from Halliday and others (1983)

Mg-bearing ilmenite-hematite; and augite (Scheidegger, Federman, and
Tallman, 1982). To model these solid solutions, we assume ideal, mul-
tisite mixing between: (1) anorthite (CaAlySiyOyg), high-albite (NaAlSizOy),
and sanidine (KAISi;Og); (2) orthoenstatite (MgSiO,), orthoferrosilite
(FeSiOs), Ca—Al pyroxene (CaysAlSigs0s3), and rhodonite (MnSiOs); (3)
magnetite (Fe;0,) and ulvispinel (Fe T10,); (4) ilmenite (Fe'TiOs), hema-
tite (FeoO3), and MgTiOs; and (5) diopside (CaMgSiyOg), hedenbergite
(CaFeSiyOy), and jadeite (NaAlSi,Op).

Finally, we need to know the O, of the volcanic gas under the
assumed magmatic conditions. The first option assumes that the Septem-
ber 1981 volcanic gases were buffered initially by the magma at 930°C
and 1 atm and then cooled as a closed system; in this case, we calculate
(app. 1) the equilibrium fO, using the mass balances from the restored
September 1981 sample (table 2). Alternatively, we could use Fe—Ti oxide
fO, estimates to approximate the fO, of the gases expelled from the
magma. To test the first hypothesis, we heat the restored gas composition
to 930°C at 1 atm as a closed system. The resulting fOy trend agrees well
with the temperature-fO, relationships of eight restored and apparent
gas samples (Gerlach and Casadevall, 1986a) collected from Mount St.
Helens in 1980 and 1981 (fig. 2). Therefore, we use the calculated fO, of

a
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Fe-Ti oxides
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Fig. 2. The dotted line shows the calculated fO, for closed-system heating of the
restored September 1981 field gas chromatograph (FGC) gas composition (table 2) from
710°C, the last equilibrium temperature (marked FGC), to 930°C, the assumed magma
temperature. The squares show the fO, and last equilibrium temperatures of the restored
and apparent Mount St. Helens gas compositions (Gerlach and Casadevall, 1986a). T'i-
angles mark several estimates of the temperature and fOs of the magma, as determined
from Fe-Ti oxide pairs in pumice erupted on 18 May 1980 (sample SH-084) (Rutherford
and others, 1985). The Ni-NiO (NNO) and magnetite-hematite (MH) fO, buffers are shown
for reference.

—11.39 at 930°C and 1 atm rather than the somewhat higher fO, values
obtained from Fe—Ti oxide data (Rutherford and others, 1985).

Gas-rock titration at 930°C and 1 atm.—We start at a log gas/rock
(LG/R) ratio of 6.0 and proceed toward lower LG/R ratios to study
gas-rock interactions in fumaroles. We terminate the calculations at a
LG/R ratio of —2.0 to simulate the small amounts of volatiles (1-4 wt
percent HyO, Merzbacher and Eggler, 1984) in the Mount St. Helens
magma. ‘

Figure 3 shows the results of the titrations from a LG/R ratio of 6.0 to
a LG/R ratio of 0.0. We only show the results to a LG/R of 0.0, because
lower G/R ratios do not cause significant changes in the buffering
mineral assemblages. At an LG/R ratio of 6.0, the computed equilibrium
mineral assemblage consists of beta-tridymite (SiOy), anorthite (anor-
thite, high-albite, sanidine), cordierite (MgyAl;Si5O1y), sillimanite (AlySiOs),
and rutile (TiO,). These minerals control the concentrations of trace
elements in the gas phase. The assemblage tridymite—rutile-sillimanite—
cordierite buffers SiF,, TiF3, AIF;0, and Mg(OH)y, the main gas species of
Si, Ti, Al, and Mg. The assemblage anorthite—albite—sanidine—sillimanite—
tridymite controls NaCl, KCl, and CaCly, the dominant species of Na, K,

@
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Fig. 3. Calculated results of the volcanic gas-dacite reaction at 930°C and 1 atm
pressure for the Mount St. Helens case. Thee upper part of figure shows the most abundant
gas species of trace elements; the lower half shows the distribution of mineral species, solid
solutions included. Fugacities of the major gas species (HyO, COs, Ho, HyS, SO,, HCI, HFy
CO) and HBr were fixed using the restored September 1981 gas composition (table 2),
recalculated at 930°C and 1 atm pressure.
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and Ca. As additional rock is titrated into the gas, NaCl and KCl increase,
and CaCl, decreases (slightly) because plagioclase becomes richer in Na
and K and poorer in Ca.

At a LG/R ratio of 5.1, sillimanite evaporates into the gas and
hercynite (FeAl,O,4) forms. The disappearance of sillimanite destroys the
sillimanite-tridymite AlF,O buffer, and, with addition of more rock,
AlF,0 decreases slightly. Sillimanite evaporation also destroys the cordi-
erite-sillimanite—tridymite Mg(OH), buffer and the anorthite—sillimanite—
tridymite CaCl, buffer; both species increase as more rock is added. Hercynite
evaporates into the gas at a LG/R ratio of 4.9.

Ilmenite (ilmenite, Mg TiO;, hematite) replaces rutile at a LG/R ratio
of 4.9, and ilmenite-hematite becomes the new buffer for TiFs. Ata LG/R
ratio of 4.8, ferrohypersthene (orthoferrosilite, orthoenstatite, Ca—Al
pyroxene, rhodonite) forms. The assemblage cordierite—orthoferrosilite—
orthoenstatite—rhodonite—tridymite fixes the mole fractions of AlF,0,
Fe(OH)y, Mg(OH),, and MnCl,, the dominant species of Al, Fe, Mg, and
Mn, although the abundance of MnCl; decreases, until the mole fraction
of rhodonite in ferrohypersthene stabilizes at lower G/R ratios.

When more rock is titrated into the gas, cordierite becomes increas-
ingly unstable and finally evaporates into the gas at a LG/R ratio of 3.2.
This disables the individual buffers for AIF,O and CaCls, and, as we add
more rock, they decrease and increase, respectively. Salite (diopside,
hedenbergite, jadeite) forms at a LG/R ratio of 2.4. Precipitation of salite
establishes the diopside—orthoenstatite—anorthite—tridymite assemblage
that buffers CaCly and AlF,0. It also fixes the assemblage albite—sanidine—
anorthite—diopside—orthoenstatite—tridymite that buffers NaCl and KClL.
Finally, at a LG/R ratio of 1.0, chalcocite (CusS) forms; it buffers CuCl,
the dominant gas species of Cu, which increases steadily as the LG/R
decreases from 6.0 to 1.0. Chalcocite is the last phase to form in the final
equilibrium mineral assemblage, which consists of beta-tridymite, ande-
sine, ferrohypersthene, salite, ilmenite, and chalcocite. This is the com-
puted magmatic mineral assemblage as it does not change as we add
more rock, at least up to a LG/R of —2.0 where we terminate the calcula-
tions. Consequently, the mole fractions of NaCl, CuCl, KCl, Fe(OH),,
AlF;0, MnCly, MgCly, ‘CaCly, SiF,, and TiFy are effectively buffered at
LG/R ratios below 1.0, and all but CuCl are buffered at LG/R below 2.4.

Since the mineral assemblage at a LG/R ratio of < 1.0 is the effective
magma buffer, the changes that occur to this assemblage at higher G/R
ratios reflect various stages of gas-phase alteration of the wall rock that
potentially occurs in high-temperature fractures or fumaroles through
which volcanic gases flow. Gas alteration of rock proceeds from left to
right in figure 3. In a fumarole, the most altered rock forms the vent
walls, and the degree of alteration decreases away from the vent. There-
tore, the alteration assemblages closest to the vent would form at higher
G/R ratios than ones farther from the vent.

Calculated versus observed mineral assemblage.—We evaluate the gas-
rock titrations by comparing the computed mineral assemblage with that
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observed in the Mount St. Helens lavas. The final equilibrium mineral
assemblage (LG/R ratio of <1.0) consists of beta-tridymite, andesine,
ferrohypersthene, salite, ilmenite, and chalcocite. This agrees well with
the observed mineral assemblage in the dome lavas erupted from Mount
St. Helens in the 1980’s, which consists of andesine to labradorite
plagioclase, hypersthene, hornblende, magnetite, ilmenite, augite, and
Fe—Cu sulfides. There are, however, three major differences: (1) the
dome lavas are 40 to 45 percent crystalline, including microphenocrysts
in the groundmass (Cashman and Taggart, 1983), whereas the calculated
mineral assemblage is 100 percent crystalline; (2) the calculated mineral
assemblage contains beta-tridymite, which is not present in the dome
lavas; and (3) the dome lavas contain hornblende and magnetite, which
are not in the computed mineral assemblage. Incomplete crystallization
of the dome lavas is the result of their rapid cooling, a departure from the
equilibrium assumption of our modeél. Furthermore, our data base does
not provide for silicate liquids, so they cannot possibly form in our model.
Nonetheless, the overall agreement.of the computed mineral assemblage
with the phenocrysts obsérved in the lavas suggests that the calculated
mineral buffers are a reasonable approximation of the actual buffers in
the magma. The lack of beta-tridymite in the dome lavas is a departure
from the computed mineral assemblages, possibly a consequence of the
rapid cooling of the dome lavas, since the SiO; polymorphs are among
the last phases to crystallize from an igneous melt. In contrast, the
absence of magnetite may result from our incomplete solid-solution
model of magnetite, which would be more likely to precipitate if our
mixing model 1ncorporated Al, Mg; and Mn, minor elements in the
Mount St. Helens magnetites (Melson and Hopson, 1981). We expect the
absence of hornblende in the computed mineral assemblage, since horn-
blende has not been added to our thermochemical data base.

The overall agreement between the computed and observed mag-
matic mineral assemblages lends credence to the model’s calculations and
the computed volatilities (below). It also provides evidence that the
thermochemical data used in the above calculations are generally of
sufficient quantity and quality, which lends confidence to the computed
gas species.

Gas-rock titration at 930°C and 100 atm.—To study the effect of a
pressure increase on the gas/rock titrations, we repeated the above
calculations at 930°C and 100 atm. We used the same assumptions as
outlined above, except that we recalculated fugacities of the major gases
and O, at 930°C and 100 atm. The final equilibrium mineral assemblage
(LG/R ratio of <1.0) is virtually identical to the 930°C and 1 atm case.
However, the quantity of orthoferrosilite (the site for Fe!!) decreases, and
the quantity of hematite (the site for Fe!l!) increases, reflecting the higher
fOy (—10.99) at 100 atm. Although the mole fractions of CGaCly, Fe(OH),,
Mg(OH),, and MnCl, do not change with the pressure increase, higher
pressure causes the mole fractions of CuCl, KCl, and NaCl to decrease,
whereas the mole fractions of AlF,;0O, SiF,, and TiF5 increase. Such trends®
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are the result of entropy effects wherein higher pressures favor the
reactant or product side of reactions, depending on which has fewer
moles of gas; neither side is favored if both have the same number of
moles of gas. For instance, the reaction:

Si0,  + 4HF — SiF, + 2H,0, (9)

(beta-tridymite)

is driven to the right by a pressure increase because the product side of
the reaction has fewer moles of gas. (The arrow in reaction 9 and in many
of the following reactions indicates a process driven by change in pres-
sure, temperature, or composition. An equal sign is used for equilibria at
constant pressure, temperature, and composition.)

Gas-rock titration at 710°C and 1 atm.—To test whether trace elements
could be volatilized from fumarole wall rock, we also repeated the
volatility calculations at 710°C (the last equilibrium temperature of the
September 1981 gas analysis) and 1 atm We used the same assumptions
as for the 930°C and 1 atm case, except that we fixed the major-gas
fugacities and fO, at 710°C and 1 atm (table 2). The major differences in
the final equilibrium mineral assemblage (LG/R ratio of <3.0), as com-
pared with the 930°C and 1 atm case, are that beta-quartz and bornite
replace beta-tridymite and chalcocite, respectively. The concentrations of
trace element species (AlF,0, CaCly, CuCl, Fe(OH)y, KCl, Mg(OH)s,
MnCly, NaCl, TiF;) are generally 1 to 2 orders of magnitude lower than
the 930°C and 1 atm case, reflecting the temperature decrease. One
exception is SiF,, which is an order of magnitude more abundant at
710°C than at 930°C; this is due to the retrograde volatility of SiF,
(Symonds, Reed, and Rose, 1992).

Calculated versus observed trace element concentrations.—One way to test
whether the trace elements in the Mount St. Helens volcanic gas are
volatilized from magma or wall rock is to compare their computed
volatilities with their observed concentrations. Elements whose volatilities
equal their observed concentrations in the volcanic gas or exceed them
(“excess volatility” condition, below) are more likely to be volatilized from
magma or wall rock than elements whose volatilities are far less than their
abundance in gas samples. An excess volatility may also indicate that a
portion of that element precipitated en route to the surface or that the
computed (or assumed) activity of the buffering mineral(s) is too high. On
the other hand, trace elements with deficient volatilities compared to the
gas samples may be contaminants in the samples, or the volatilities may
be low because of missing gas species in the thermochemical data base.

As mentioned above, the trace elements may be volatilized from
shallow magma, deep magma, or from altered wall rock in the fumarole.
To test whether trace elements come from shallow magma, we compare
the observed concentrations of trace elements to the calculated volatilities
at 930°C, 1 atm, and at a LG/R ratio of —2.0 (table 7). We use a LG/R
ratio of —2.0 to approximate the relatively low volatile content of the
magma, although the safhe volatilities are calculated (table 7) at a LG/R
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TABLE 7

Calculated volatilities of trace elements in the September 1981 Mount St. Helens volcanic
gas using gas-rock litrations. Concentrations are given tn mole percent

Observed
Calculated Calculated Calculated Calculated (raw data)

TOC 710 930 930 930 710

P (atm) 1.0 1.0 1.0 100. 1.0
oo -15.77 -11.39 -11.39 -10.99 -15.77
G/R  1000. 1.0 0.01 0.01 ?
LG/R 3.0 0.0 -2.0 -2.0 ?

Na 6.9x%10°6 2.0x10~4 2.0x10"4 2.1x10°5 4.1x10"4
cu 2.2x10"7 8.7x1072 8.7x10~5 2.5x10"6 1.5x1076
K 2.3x1076 7.1x1075 7.1x10°5 7.1x10~6 1.8x10™4
Fe 7.5%x1077 2.2x1075 2.2x1075 2.2x1079 6.4x10"6
Mn 2.8x1079 1.6x10"8 1.6x10"8 1.6x10~8 1.0x107
Al 1.4x10°° 2.9x10~8 2.9x10~8 3.6x10-8 1.6x10"4
Mg 1.1x10"11  2.2x1079 2.2x10~9 2.3x10°9 -—

ca 1.1x10712  1.3%10710  1:3x10710  1.3x10710  4.9x1077
si 3.7x10712  5.9x15"13  5.9x10"13  3.sx10"11 -—

Ti 1.7x10°14  1.3x%10°13  1.3x10-13 9.9x10"13 -—

G/R = gas/rock ratio; LG/R = log gas/rock ratio; --- = not determined

ratio of 0.0, since the same mineral assemblage buffers the gas. Then we
compare the observed trace element concentrations with the calculated
volatilities at 930°C, 100 atm, and at a LG/R ratio of —2.0 to see if trace
elements are volatilized from deeper magma (table 7). Finally, we com-
pare the actual concentrations of trace elements with the calculated
volatilities at 710°C, 1 atm, and at a LG/R ratio of 3.0 to test whether trace
elements are volatilized from altered wall rock in the vent (table 7).
Figure 4 shows that the computed volatilities at 930°C, 1 atm, and at a
LG/R ratio of —2.0 provide the best overall agreement between the
calculated and observed concentrations of trace elements. Thus, the trace
elements in the September 1981 gases are more likely to be volatilized
from shallow magma than from deep magma or altered wall rock.

Table 7 shows a detailed comparison of the observed trace element
concentrations and the calculated volatilities at 930°C, 1 atm, and at a
LG/R ratio of —2.0. The volatilities of Cu and Fe exceed their observed
concentrations, suggesting that: (1) Cu and Fe come entirely from
degassing magma, (2) using pure chalcocite to model the Fe—Cu sulfides
in the magma causes the Cu volatilities to be too high, (3) subsurface
precipitation of magnetite may remove some Fe from the gas before it
reaches the fumarole, and (4) the magmatic gases might be diluted by
hydrothermal vapor as suggested by Gerlach and Casadevall (1986b).
The computed volatilities of Na, K, and Mn are deficient; volatilization
from magma accounts for 50 percent of the Na, 39 percent of the K, and
16 percent of the Mn; the rest probably comes from wall rock erosion.”
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Fig. 4. Plot of calculated versus observed concentrations of Na, Cu, K, Fe, Mn, Al, and
Ca in the Mount St. Helens volcanic gas. Calculated cases are for volatilization from deep
magma (930°C, 100 atm, LG/R = —2.0), shallow magma (930°C, 1 atm, LG/R = —2.0), and
from hot wall rock (710°C, 1 atm, LG/R = 3.0). All data are from table 7.

However, the computed volatilities of Al and Ca are over three orders of
magnitude smaller than their observed concentrations, suggesting that
they probably come entirely from wall rock erosion (see below).

Comparison of the computed volatilities with trace element contents
of the gas suggests that all of the Cu and Fe and some of the Na, K, and
Mn probably volatilized from shallow magma at about 930°C. Further-
more, comparison between the computed mineral assemblage and that
observed in the dome lavas allows speculation on which phases buffer the
concentrations of these trace elements. Using the above criteria, we
propose that the following magma-gas equilibria buffer the concentra-
tions of gaseous Fe, Mn, Na, K, and Cu:

FeSiO; + H,O = Fe(OH), +  Si0y (10)
(orthoferrosilite) (beta-tridymite)
MnSiO; + 2HCI = MnCl, + HoO +  SiO, (11)
(rhodonite) (beta-tridymite)
(albite) (diopside)
{orthoenstatite) (anorthite)} (beta-tridymite)
9KAISi;Oq + 2HCL + CaMgSi, O
(sanidine) (diopside)

= MgSiO; + HyO + CaALSi,Oy + 2KCl +  5Si0, , (13)

(orthoenstatite) (anorthite) (beta-tridymite)
Cu,S + 2HCI = 2CuCl + H,S, (14)

(chalcocite)
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We write these reactions using the dominant gases and minerals as
calculated by GASWORKS (fig. 3). Orthoferrosilite, orthoenstatite, and
rhodonite are the Fe, Mg, and Mn components of ferrohypersthene;
albite, anorthite, and sanidine are-the Na, Ca, and K components of
andesine; and diopside is the Ca~Mg endmember in salite. Chalcocite
approximates the Cu component of the Fe—Cu sulfides in the magma.

The anomalous condensate concentrations of Al and Ca could mean
that they came from some other source or that the model’s predictions
are incorrect. We suggest that Al and Ca are contaminants in the
condensates from wall rock erosion because (1) Bernard (ms), Bernard
and Le Guern (1986), and Graeber, Gerlach, and Hlava (1982) did not
find any Al- or Ca-bearing sublimates at Mount St. Helens, suggesting a
dearth of volatile Al and Ca in the gas phase; (2) the volcanic aerosols
(table 5) and silica-tube sublimates (table 3) contain silicate rock frag-
ments; (3) GASTHERM includes 33 gas species of Al and 31 of Ca
including chlorides, fluorides, bromides, hydroxide, elemental, and other
gas species (app. 2) so presumably it incorporates the main species; and
(4) wall rock erosion is the most plausible source of refractory elements in
high-temperature volcanic gases (Symonds, Reed, and Rose, 1992). Of
course, if rock aerosols are the source of Al and Ca, they must also supply
other rock-forming elements (for example, Na, K, and Mn). However,
the erosion component is only noticeable when it exceeds the volatile
source.

HETEROGENEOUS EQUILIBRIUM COOLING OF RAW GAS COMPOSITIONS

One of the best ways to check the quality of volcanic gas data and the
validity of equilibrium calculations is to cool the analyzed gases numeri-
cally and compare the predicted solids to the fumarolic sublimates. If the
computations match the observed sublimate sequence, that suggests the
analytical (gases, condensates, sublimates) and thermochemical data are
of good quality and that the computed equilibria may occur in cooling
volcanic gases. On the other hand, poor agreement may indicate compli-
cations: (1) problems with the input gas-phase composition due to
contaminated condensates, unanalyzed elements, or inadequate collec-
tion or analytical procedures; (2) the solids collected with silica tubes or
from the walls of fumaroles did not form by simple cooling of volcanic
gases but formed instead by more complex reactions involving volcanic
gases, atmospheric gases, the silica collection tubes, and/or the wall rock;
(3) the model's predictions are incorrect owing to missing gas species or
errors in the thermochemical data; or (4) nonequilibrium conditions.

ing calculations, GASWORKS needs the following information: (1) the
initial gas composition; (2) the starting and stopping temperatures, and
the size of the temperature increment between each calculation; (3)
whether or not solids (and liquids) fractionate from the bulk composition
after each temperature step; and (4) the observed solid solutions in
sublimates. The main purpose of the first cooling calculation is to check’
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the quality of the condensate data by comparing the predicted solids with
the observed sublimates so we can revise the gas composition for a more
realistic computation (below). Accordingly, we test for unexpected solids,
especially those saturating above the magma temperature, and for anoma-
lous saturation temperatures for the observed solids; both conditions
suggest that either the input gas-phase concentrations of the respective
trace elements are too high or that the model’s predictions are incorrect.
We use the analyzed September 1981 gas (table 2) as our starting
composition. The calculations begin at 1200°C, which is unquestionably
hotter than the magma. We repeat them at 10°C decrements to obtain
detailed results of the cooling. We only narrate the calculations to 500°C,
as the computations at lower temperatures are not significantly different
from the revised cooling calculations(below).

We assume that in the natural setting, once sublimates form, they do
not back-react significantly with the gas stream, except at very low
temperatures where they might come in contact with droplets of sulfuric
acid or water. Accordingly, we fractionate solids from the bulk gas after
the calculations converge at each temperature step.

Since most volcanic sublimates are compositionally simple, we model
them accurately as pure endmember solids with unit activity. However,
some sublimates contain significant amounts of minor elements, and it is
more realistic to model them as solid solutions. In the Mount St. Helens
sublimates, feberite contains minor amounts of Mn, and greenockite has
minor amounts of Zn (table 3), so we assume ideal mixing exists between
FeWO,(s) and MnWO,(s) and between greenockite and the isostructural
ZnS solid, wurtzite. We do not include other observed solid solutions
(table 3) in our model, either because we do not know the gas-phase
concentrations of the respective trace elements (Re and Sn), or because
those solid solutions (CuS and FeS in greenockite, BiySs in galena, FeS, in
molybdenite) are presumably not ideal.

Discrepancies between the calculated and observed sublimate assemblages.—
Figure 5 shows the calculated results for cooling of the analyzed Septem-
ber 1981 gas composition from 1200° to 500°C. We only show the results
for Na, K, Al, Sr, Fe, Ca, Cr, V, Mn, W, and Ir because, as demonstrated
below, the predicted solids containing these elements are not in perfect
agreement with the observed sublimate sequence. Furthermore, the
results for additional elements are not significantly different from the
revised cooling calculations that we show below.

The first apparent problem with the modeling is that corundum
(AlyO3), CreOs(s), Ir(s), and VyOs(s) start to precipitate between 1200°
and 1100°C, 170° to 270°C hotter than the magma. If these elements
actually degassed from magma, they should exist as gases, not solids,
above the magma temperature. Other inconsistencies include: (A) halite
and sylvite start to precipitate at 610° and 580°C, respectively, 50° to 60°C
hotter than where they are first observed in the silica tubes; (B) the
predicted Mn-bearing ferberite contains 37 to 72 mole percent MnWO,(s),
at least an order of magnitude more than actually observed by Bernard
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Fig. 5. Cooling of the Mount St. Helens volcanic gas from 1200° to 500°C with fractionation of
solids and without any modification of the analyzed gas composition (table 2). We show the computed
solids (lower) and most abundant gas species (upper) for Na, K, Al, Sr, Fe, Ca, Cr, V, Mn, W, and Ir.
Gas species are plotted as log (moles) per 1 mole of gas initially introduced. Rate of mineral
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(ms); and (C) the model predicts large amounts of SrCly(s), fluorite, and
SrFy(s) to precipitate between 850° and 610°C, solids that are not ob-
served in the Mount St. Helens sublimates or incrustations (Graeber,
Gerlach, and Hlava, 1982; Bernard, ms; Bernard and Le Guern, 1986;
Rose, 1987, unpublished).

Saturation of Al, Cr, Ir, and V solids above the magma temperature
suggests that (1) the input gas-phase concentrations of these elements are
too high, or (2) the GASTHERM data base may be missing the main gas
species of Al, Cr, Ir, and V. Contaminated condensates may also account
for the high saturation temperatures for halite and sylvite and the large
Mn contents of the computed ferberite, although kinetically retarded
reactions could also cause these effects. The inconsistent results related to
Sr and Ca solids may arise from contaminated condensates, “missing” gas
species, or kinetic effects, but it is also possible that the predicted solids
actually formed and precipitated from the gas stream at higher tempera-
tures (> 650°C) than the collection vents.

As discussed above, we suggest that rock aerosol contamination
accounts for all the Al and Ca in the condensates and some of the Na, K,
and Mn. Since Cr and V solids are not found in the Mount St. Helens
sublimates (table 3), they too may be contaminants, perhaps from wall
rock erosion. Alternatively, there may be missing gas species of Cr and V
such as oxyacids (for example, HyCrO,4, Symonds, Reed, and Rose, 1992),
which are the main species for related transition metals like Mo and W.

The results for Sr are ambiguous because we exclude Si, for which
we lack analytical data, from our model calculations. Si is an abundant
trace element in most volcanic condensates (Gemmell, 1987) and remov-
ing it from the calculations means that we do not check for supersatu-
rated Sr silicates at magmatic conditions. To clarify the origin of Sr, we
added trial amounts of Si to the gas and repeated the cooling calculations.
Surprisingly, only small amounts of Si (10~'2 mole percent) are required
to cause SrSiO;(s) to saturate at the magma temperature of 930°C; this
supports an erosion source for Sr. We discount the possibility of missing
the principal Sr gas species because GASTHERM has 12 Sr gas species
(app. 2), including the most abundant species (hydroxides, chlorides,
fluorides, bromides) for other alkaline earth elements (Ca and Mg).

However, we do not favor an erosion source for Ir but suggest
instead that our model is missing the main Ir gas species for two reasons:
(1) assuming the Ir content of the Mount St. Helens dacite is no more
than 0.3 ppb, typical for basalts (Govindaraju, 1984) whose Ir concentra-
tions are higher than dacites, the Ir/Al wt ratio in the condensate is at
least 270 times higher than the same ratio in the lava, suggesting that Ir is
volatilized from magma; and (2) our model only includes two gas species
of iridium, Ir and IrFs, making it probable that GASTHERM lacks the
dominant gas species and, therefore, that the computed saturation
temperature of Ir(s) is too high.

If the input gas-phase concentrations of Al, Ca, Cr, K, Mn, Na, Sr,
and V are too high owirig to rock-contaminated condensates, and the
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data base is missing the main gas species of Ir, how will this affect the
ensuing calculations? In the model calculations, corundum, CryOss),
fluorite, MnWO,(S), SrFy(s), and V,Os(s) precipitate from the gas upon
cooling by the reactions:

2AlF,O + H,O + Hy — AlL,O; + 4HF, (15)
(corundum)
2Cr0, + Hy — CryOs(s) + H,0, (16)
CaCl, + 2HF — CaF, + 2HCI, (17)
(fluorite)
MnCl, + HaWO, — MnWO,(s) + 2HCI, (18)
SrCly, + 2HF — SrF,(s) + 2HCI, (19)
VO, + Hy — V,04(s) + Hy0. (20)

In contrast, halite, sylvite, SrCly(s), and Ir(s) crystallize from gas species of
the same molecular formula. The main problem with using rock-
contaminated condensates is that the predicted solids may be incorrect or
their saturation temperatures too high. However, the extent to which
these reactions modify the major components is trivial, because the
concentrations of the relevant trace elements are several orders of
magnitude smaller than HF, the least abundant major gas.

The above discussion illustrates how using rock-contaminated con-
densates will distort the cooling calculations. The modeling also produces
spurious results if we éxclude some elements, such as Si, from the
calculations. We recommend repeating the modeling after correcting for
such problems, especially if there are significant contaminants or critical
unanalyzed elements.

HETEROGENEOUS EQUILIBRIUM COOLING OF REVISED GAS COMPOSITIONS

As demonstrated above, using the unmodified gas analysis for cool-
ing calculations has problems: (1) some predicted solids may be distorted
if the gas composition includes rock-aerosol contaminants; (2) excluding
key elements, such as Si, from the cooling calculations may cause errone-
ous solids to precipitate; and (3) if we exclude the main gas species for an
element, any solid containing that element will have an anomalously high
saturation temperature. For the Mount St. Helens case, these inaccura-
cies affect significantly the outcome for only the specific trace elements
involved; the resulting errors (from rock aerosol contamination) in
computing the mass balances of major components are negligible. None-
theless, it is worthwhile to correct for such flaws to improve our numeri-
cal simulation of the cooling process. An accurate model of cooling can
help identify reactions in volcanic gases and provide insight on the origin
of volcanic sublimates.

Assumptions and reaction steps. —We use the same assumptions as for
the unrevised cooling calculations (above) with the following modifica*
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tions: (1) we correct the input gas composition for rock contamination,
unanalyzed components, and elements with inadequate thermochemical
data; (2) we start at the magma temperature of 930°C; and (3) we stop at
110°C to compute low-temperature equilibria with the revised input gas.
The unrevised cooling calculations (above) demonstrate that the input
gas-phase concentrations of Al, Ca, Cr, K, Mn, Na, Sr, and V are too high,
probably due to rock-contaminated condensates. Therefore, we use the
computed magmatic (930°C, 1 atm, LG/R = ~2.0) volatilities (table 7) to
approximate the contents of Al, Ca, K, Mn, and Na in the gas escaping
from the Mount St. Helens magma. Because the measured Fe content
mightbe too low due to subsurface precipitation of magnetite (see above),
we use the slightly higher magmatic volatility of Fe (table 7) for its input
concentration. To compensate partly for unanalyzed components, we
add Mg and Si to the gas using their respective magmatic volatilities
(table 7). We exclude Cr, Sr, and V from the subsequent calculations, as
we have no independent way to estimate their lower, gas-phase concen-
trations. We also omit Ir because our data base probably lacks the main Ir
gas species (above).

As suggested by T. Gerlach, we also try correcting for rock-
contaminated condensates by subtracting rock from the gas until the
problems with Al, Ca, K, Na, and Mn go away. We accomplish this by
removing all the Al, the most abundant rock contaminant, from the gas;
Ca, K, Na, and Mn are removed in proportion to their whole rock
abundances relative to Al (table 6). This removes from the gas 100
percent of the Al, 200 percent of the Mn, and 8600 percent of the Ca. It
also eliminates 6 and 15 percent of the K and Na, respectively. These
results are consistent with the relatively low volatilities of Al, Ca, K, Na,
and Mn as compared to their observed concentrations (table 7) and
suggest that rock subtraction is a tolerable way to correct for wall rock
contaminants, although the corrections yield unsatisfactory results for
Ca. The discrepancy in the Ca correction suggests that the condensate
dissolved particles with a much lower Ca/Al ratio than the fresh dacite
(for example, altered rock) or that the Ca content of the condensate was
grossly underestimated. We do not discuss the cooling of the rock-
subtracted gas as it is not significantly different from the results below,
except that Al, Ca, and Mn are absent, and halite and sylvite precipitate at
a slightly higher temperature.

Evolution of the cooling gas.—For the modified cooling calculations,
we include all possible gas species for the 32 component system (app. 2), a
total of 478 gases. Equilibrating with these gases are 33 solids, including
silicates, oxides, halides, sulfides, tungstates, tellurides, and native ele-
ments; these were selected by the program, using a saturation index
procedure (app 1) from 300 possible solids and liquids for this 32
component system (app. 2). Figures 6 to 10 show the distribution of the
most abundant gas species for each component included in these calcula-
tions. Figure 11 shows the precipitation rates (with respect to tempera-
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ture change) for the supersaturated solids, which fractionate from the gas
in each 10°C temperature step.

Figure 6A-B shows gases in the' H-O—C—S~CI-F—Br system. At the
magma temperature of 930°C, HyO, CO,, SOy, HCI, HF, and HBr are the
main species of H, O, C, S, Cl, F, and Br, while Hy, HsS, and CO are
abundant minor species. With falling temperatures, HyS replaces SO, as
the main sulfur species, the abundances of CO and H, decrease, and,
below 300°C, CH,4 becomes a significant minor species of carbon. These
cooling trends are caused by entropy effects, whereby lower tempera-
tures favor fewer moles of gas on the product sides of the following
reactions with negative A,S's:

SO, + 3H, — H,S + 2H,0, 1)
CO + 3H, — H,0 + CH,. (22)

The speciation of other sulfur group elements, Se and Te, are shown
in figures 6C and D, respectively. In contrast to sulfur (fig. 6B), selenium
and tellurium are not transported as dioxides but as HySe and Te,
respectively, at 930°C and 1 atm. At lower temperatures, however, the
main gases of sulfur and selenium, H,S and HsSe, are chemically similar
but tellurium is different; Tey replaces Te 610°C and TeCl; supersedes
Te, at 200°C. Below 270°C, tellurium is removed from the gas by
precipitation of AsyTes(s) (fig. 11D), principally by the reaction:

1/2As, + 3/2Tey, — AssTes(s). (23)

At 930°C, the alkali metals are transported predominantly as mono-
meric chlorides, NaCl, KCI, RbCl, and CsCl (fig. 7A-C). The principal
secondary species include hydroxides (NaOH, KOH, CsOH), fluorides
(NaF, KF, CsF), dimeric chlorides (NaCl),, (KCl)y, (CsCl),), bromides
(NaBr, KBr), and elemental species (Na, K, Rb, Cs). With cooling, the
mole fractions of most minor species decrease, but dimers, (NaCl),,
(KCl)g, and (CsCl)y, increase, sometimes enough to become the dominant
species, as in the case of (NaCl), between 590° and 560°C. Dimers replace
monomers upon cooling because decreasing temperature favors the
low-entropy sides of reactions such as the following:

2NaCl — (NaCl),. (24)

Cooling also favors the mixed-cation halide, NaAlF,; it becomes the
dominant Na gas at 330°C, again due to entropy effects.

The bulk gas concentrations of Na, K, Rb, and Cs decrease at lower
temperatures (fig. 7A-C) as halite (NaCl), sylvite (KCl), RbCl(s), and
CsCl(s) start to precipitate at 590°, 540°, 340°, and 320°C, respectively
(fig. 11A). These alkali metal chlorides precipitate quantitatively from the
gas by reactions such as:

KCl — KClI, (25),

(sylvite)
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although halite precipitates from the dimer, (NaCl),. Halite, sylvite,
RbCl(s), and CsCl(s) precipitate in order of increasing atomic number
(fig. 11A); this is apparently a consequence of weaker ionic bonds in the
solids with increasing atomic radius, a trend that causes the vapor
pressures of alkali metal chlorides to rise with atomic number.

Mg(OH); and CaCl, are the most abundant species of alkaline earth
elements, Mg and Ca, at 930°C, but other significant species include
MgClZ, MgCIF, Ca(OH)y, MgFy, and CaF, (fig. 7D). Upon coohng, MgCl,
increases and supersedes Mg(OH), as the dominant Mg species, but the
abundances of other secondary Mg and Ca gases decline. Cooling also
triggers the precipitation of Mg- and Ca-bearing solids, diopside
(CaMgS1,04) between 920° and 860°C, forsterite (MgsSiOy) from 850° to
740°C, periclase (MgO) between 740° and 560°C, fluorite (CaF,) at
<650°C, and MgFy(s) at <560°C (fig. 11A). However, only periclase and
MgFy(s) have large enough precipitation rates to extract significant Mg
from the gas, specifically by the reactions:

MgClL + H,O — M%O + 2HCI, (26)

(periclase)
MgCl, + 2HF — MgFy(s) + 2HCL. (27)

Ca is also removed from the gas mixture during cooling, mostly by the
precipitation of fluorite (reaction 17).

Most of the transition metals are transported as simple chlorides.
AgCl, CoCly CuCl, FeCly, MnCl,, and ZnCly are the principal gas species
of their respective metals, although Fe(OH), is more abundant than
FeCl; above 750°C, Zn supersedes ZnCl, above 780°C, and Ag dominates
AgCl above 900°C (figs. 8A-B, 9A-C). Other noteworthy though subordi-
nate species of these six elements include bromides (AgBr, CuBr, MnBr,,
ZnBry), other chlorides (FeCl, CoCl, (CuCl)s, (FeCly),, FeCls), fluorides
(CoF,, CuF, FeF, FeFy, FeFs, MnF,), elemental species (Co, Cu, Fe, Mn),
hydrides (CuH), oxides (CuO), and sulfides (AgS, FeS, ZnS).

Transition metals that are not transported as simple chlorides in-
clude Au, Cd, Hg, Mo, and W. Of the four species considered for
cadmium and gold, Cd prevails over CdS (fig. 9B), and AuS is more
abundant than Au (fig. 9C). It is also possible that cadmium and gold are
transported as chlorides, and we plan on adding CdCl, to our data base.
Unfortunately, thermochemical data for gold chloride gases are not
currently available. Mercury is transported as the elemental gas, which is
at least five orders of magnitude more abundant than the main subordi-
nate species, including HgS, HgCl,, HgO, HgCl, HgBry, and HgH (fig.
9B). The group VIB elements, Mo and W, are most stable as oxyacids,
HyMoO4 and HyWO,, at magmatic conditions, but as oxychlorides,
MoO,Cl; and WO,Cly, below 320°C (fig. 8C). The only significant second-:
ary species of Mo and W are oxides, MoOj3;, MoQO,, and WO,, and these
are only abundant at high temperatures (fig 8C).

Except for mercury, a highly volatile element, precipitation during
cooling removes the trafisition metals from the gas. Precipitation of
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magnetite (fig. 11B) removes iron (fig. 8A) from the gas by the following
reaction below 910°C:

3Fe(OH), — Fes0, + 2H,0 + Hy, (28)
(magnetite)
and below 760°C:
3FeCl, + 4H,0 — Fe,O; + 6HCI + Hy. (29)
’ (magnetite)

At 300°C, pyrite replaces magnetite and precipitates according to the
reaction:

FeCly + 2H,S — FeSy + 2HCI + H,. (30)
(pyrite)

Similarly, cobalt precipitates as an oxide, CoFeyO,(s), between 590° and
510°C, and as a sulfide, CoSy(s), below 510°C (fig. 11B). Manganese starts
precipitating as MnWOQy(s) by reaction (18) but 1s mostly eliminated from
the gas by precipitation of MnS(s) between 400° and 260°C and MnCly(s)
from 250° to 150°C (fig. 11C). MnFy(s) forms below 150°C (fig. 11C).

Precipitation of Mn-bearing ferberite (fig. 11C), beginning at 620°C,
strips the gas of W (fig. 8C) by reactions such as (18) for MnWO,(s). In
contrast to the unrevised cooling calculations (fig. 5), ferberite (fig. 11C)
is richer in Fe, containing 91 mole percent FeWQ,(s) at 620°C, although
it contains increasingly more Mn as temperature decreases.

Ag, Cd, Cu, Mo, and Zn all precipitate as sulfides. Bornite (CusFeS,)
starts precipitating at 770°C, molybdenite (MoS,) begins at 620°C, green-
ockite-wurtzite precipitates between 470° and 140°C, sphalerite (ZnS)
starts at 460°C, and acanthite (Ag,S) begins at 440°C (fig. 11C-D). These
transition metal sulfides crystallize in the following sequence of reactions:

5CuCl + Feu2 + 4H,S — CugFeS, + 7HCl + 1/2H,,  (31)
(bornite)
H2M004 + QHQS + H2 —> MOSQ + 4H20, (32)
(molybdenite)
Cd + H,S > CdS  + H,, (33)
(greenockite)
ZnCly + HyS — 70+ 2HCI, (34)
sphalerite
9AgCl + H,S — AgsS + 2HCL (35)
(acanthite)

Cd also precipiates as chloride, CdCly(s) (not shown in fig. 11C), but only
between 130° and 110°C, where little Cd remains in the gas.

Native gold starts prec1p1tat1ngr from the gas at 410°C (fig. 11D) by
the reaction:

AuS + H, — Au(s) + H,S. (36)
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Interestingly, reaction (36) stoichiometrically resembles proposed reac-
tions (Spycher and Reed, 1989) for geothermal-water gold precipitation
in that gold deposits by reduction ot gold sulfides. However, in geother-
mal waters, HsS loss drives the reaction. In volcanic gases, cooling drives
the reaction.

In contrast to most trace elements, the refractory elements, Al and Si,
have a strong affinity for fluorine (fig. 8D). SiF, is the main silicon species
from 930° to 110°C. However, it is also possible that Si is transported as
H,Si0y, a species for which thermochemical data are lacking (Symonds,
Reed, and Rose, 1992). Aluminum is dominated by the oxyfluoride,
AlF,0, at high temperatures and the mixed-metal fluoride, NaAlF,,
below 560°C. Even the minor species, AlF;, AICIF,, AICI,F, SiOF,, AIOyH,
Si0, and SiOy, are predominantly fluorides. Si is precipitated from the
gas between 930° and 730°C, the zone where beta-tridymite, diopside,
and forsterite precipitate (fig. 11A). Alis also purged from the gas, but by
hercynite between 830° and 290°C and by AlF;(s) starting at 250°C (hg.
11B).

The group IVA and VA elements, As, Bi, Pb, and Sb, are also
unusual in that sulfide and elemental species prevail at magmatic condi-
tions (> 800°C), rather than chlorides (fig. 10A-D). The dominant species
of lead are PbS above 560°C, PbCl, between 560° and 540°, and PbCl,
below 540°C (fig. 10A). Noteworthy secondary Pb species include Pb,
PbCl, PbSe, PbO, and PbTe above 540°C and PbBr, below 150°C.
Bismuth is transported as the elemental gas above 740°C, BiS between
740° and 640°C, BiCl between 640° and 230°C, and BiCl; below 230°C;
the most significant secondary species are Biy, BiF, (BiS),, and BisS; (fig.
10B). The main species of arsenic are AsS above 640°C, As, between 640°
and 180°C, and As,S, below 180°C (fig. 10C). Less abundant species of
arsenic include Asy, As, Ass, AsHj, As;Og, and AsCl;. Antimony is trans-
ported as SbS above 540°C and SbCl; at <540°C with the most abundant
minor species being Sb, Sby, SbySs, SbF;, and Sb,Og (fig. 10D). Many of
the changes in gas speciation for As, Bi, Pb, and Sb occur because of
reactions such as the following:

4AsS + 4H, — As, + 41,8, (37)
BiCl + 2HCI — BiCl; + H,, (38)
SbS + 8HCl — SbCl; + H,S + 1/2H,, (39)

which are apparently driven to the right by entropy eflects, as discussed
above.

Cooling triggers precipitation of solids containing As and Bi (fig.
11D), but solids of Pb and Sb do not saturate over the entire temperature
range. Bismuthinite (BisS3) starts crystallizing at 400°C according to the
reaction:

9BiCl + 3H,S > Bi,S; + 2HCI + 2H,. (40)

° (bismuthinite)
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At 270°C, AsyTe;(s) precipitates by reaction (23). However, most arsenic
precipitates as native arsenic, a major phase between 200° and 170°C, as a
result of the reaction: :

1/4As, — As(s). 41)

The remaining arsenic precipitates as realgar (As,S,); it forms from As,S,
starting at 110°C.

Overall, the computed mineral assemblage is dominated by magne-
tite above 620°C, molybdenite and Mn-bearing ferberite between 620°
and 590°C; halite and sylvite from 590° to 400°C, bismuthinite between
400° and 340°C, RbCl(s) and CsCI(s) between 340° and 270°C, and
various As—S—-Te compounds at <270°C (fig. 11A-D). The assemblage
also includes minor amounts of bornite (< 770°C), Zn-bearing greenock-
ite (<470°C), sphalerite (<£460°C), pyrite (<300°C), and AlF;(s)
(<250°C), and numerous trace solids (fig. 11A-D).

Comparison of predicted solids with observed sublimates, incrustations, and
aerosols.—Our model results match both the identity and saturation
temperatures of most of Bernard’s (Bernard, ms; Bernard and Le Guern,
1986) silica-tube sublimates (fig. 12). Further, it matches the Cd-bearing
chloride and FeS, phases reported by Graeber, Gerlach, and Hlava
(1982). The modeling also predicts some unreported minor and trace
phases; these may have gone undetected because of the limitations of
SEM and XRD, or they may not have formed, perhaps a consequence of
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Fig. 12. Comparison of calculated and observed saturation temperatures for subli-
mates collected (table 3) between 675° and 400°C in silica tubes at Mount St. Helens. The
calculated results are the maximum temperatures of precipitation for each phase for the
revised cooling case (see text). The plotted deposition temperature for calculated galena is
for a calculation with PbCl, and PbBr, suppressed; otherwise, galena does not precipitate
(see text). Note that calculated magnetite starts precipitating at 910°C. Minerafabbrevia-
tions in use here are as follows: cr, cristobalite; mt, magnetite; mb, molybdenite; fer,
ferberite; hal, halite; syl, sylvite; gr, greenockite; gn, galena; sf, Pb-Bi sulfosalt (PbsBisSe).
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kinetically retarded reactions. Our model fails to produce some observed
phases, alpha-cristobalite, galena, and Pb-Bi sulfosalt.

In the example chosen, however, it is impossible to test fully the
model’s predictions below 400°C. Nonetheless, comparison of the model
calculations with silica tube studies at other volcanoes suggests that: (1)
the precipitation of major amounts of native As between 200° and 170°C
is reasonable since native As forms the bulk of the near-200°C sublimates
at Momotombo (Quisefit and others, 1989); (2) solids of Rb and Cs may
precipitate at lower temperatures than those of Na and K, since that
trend is observed at Merapi (Symonds and others, 1987); and (3) we need
to incorporate nitrogen-bearing solids (for example, sal ammoniac) in
our model since they are often major phases in low-temperature (< 300°C)
silica-tube deposits (Bernard, ms). Future studies should do a more
complete comparison of the modeling with low-temperature (<400°C)
silica-tube experiments.

The predicted solids also elucidate the origin of many high-
temperature chloride and sulfide incrustations (table 4). However, the
model does not predict the high-temperature (>450°C) sulfosalts, ga-
lena, Ca-rich powellite, oxides, and sulfates found in the incrustations,
nor does it explain the genesis of any observed low-temperature ( <450°C)
incrustation phase, except perhaps halite. We discuss these points below.

The volcanic aerosols (table 5) generally differ from the predicted
solids. Although the unrevised and revised cooling calculations (figs. 5,
11A-D) support the idea that rock aerosols, halite, and As-S solids exist in
the gas stream, they fail to match many of the aerosols, including sulfuric
acid, sulfates, and metal oxides.

The overall agreement between the predicted solids and the ob-
served sublimates suggests that the model does a very good job of
predicting the identity and saturation temperatures of the sublimates
that form in the silica tubes and in the reducing environment of the
fumaroles. These results are broadly consistent with the prevalence of
equilibrium and lend confidence to the predicted reactions (above), but it
is not possible with the data available to check the model’s predictions for
the amounts of solids formed per unit of gas cooled and the concentra-
tions of trace element gas species. However, recent work by Symonds
(1993) uses textural data of silica-tube sublimates from Merapi volcano to
evaluate equilibrium conditions in the Merapi tubes. The results show
that the sublimates start to form at near-equilibrium conditions, but that
the degree of nonequilibrium (supersaturation) increases with decreas-
ing temperature. Thus, silica-tube sublimates may form under quasi-
equilibrium conditions where the gas starts precipitating a sublimate
phase at its equilibrium saturation temperature but does not maintain
equilibrium with the precipitating phase at lower temperatures. This is
probably a consequence of the high-velocity carrier gas in the tubes.

The partial match between the predicted solids and the observed
incrustations suggests that equilibrium cooling of volcanic gases can also

&
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explain some natural incrustations, especially those crystallizing within
hot vents. Like silica-tube precipitates, these natural sublimates may
grow under quasi-equilibrium conditions if they form in a roaring vent.
However, if they precipitate beneath the surface, especially from a
low-velocity carrier gas, they are more likely to form in a state that
approaches complete chemical equilibrium. In a silica-tube study at
Merapi volcano, Bernard (ms) found that halite and sylvite, which begin
precipitating at 630°C, are conspicuously absent or depleted in a silica-
tube from a 615°C vent, although these high-temperature phases are
prevalent at <400°C in tubes collected from >700°C vents. Bernard’s
work suggests that subsurface precipitation of sublimates is more eflicient
than in the silica tubes and is therefore closer to an equilibrium state.
Thus, equilibrium thermochemical modeling may be more effective at
modeling the natural subsurface prec1p1tdtlon of sublimates than precipi-
tation in the silica tubes.

The model’s failure to predict alpha -cristobalite, galena, and sulfo-
salts in the silica-tube sublimates and galena and sulfosalts in the incrusta-
tlons can be explained if.

The model’s predictions are incorrect owing to incorrect or
mcomplete thermochemical data. As discussed by Symonds and others
(1987), the large error (*21 kcal/mole) in AG® values for PbCly and
PbBr, is one possible explanation for the lack of galena in the model
calculations. Indeed, if one adds 21 kcal/mole to the AGP values of PbCl,
and PbBry, galena precipitates at 410°C, an excellent agreement with the
silica-tube studies. Furthermore, if our model is missing the main gas
species of Si, perhaps M,Si0,, that might account for the absence of
alpha-cristobalite in the computed results (Symonds, Reed, and Rose,
1992). Finally, sulfosalts are not in the computed assemblage because
they have not yet been added to our thermochemical data base.

2. There are kinetic effects. Currently our model neglects kinetic
effects. Perhaps galena forms instead of gaseous PbCl, and PbBr, (fig.
10A) in the fumarole because of kinetic effects. As stated above, if we
suppress PbCly and PbBry, galena precipitates.

3. Any of the solids originate from a reaction between the volcanic
gas and the silica sampling train. For example, it is possible that cristo-
balite forms by remobilization of silica from the sampling tube (Symonds,
Reed, and Rose, 1992).

However, the absence of several other observed incrustation phases—
mostly sulfates and oxides—in the computed assemblage suggests that
incrustation formation also includes other chemical processes: (1) mixing
of volcanic and atmospheric gases, and (2) reaction between volcanic
gases and the wall rock, possibly involving a liquid phase (Stoiber and
Rose, 1974; Getahun, Reed, and Symonds, 1992). Mixing of volcanic and
atmospheric gases and sulfuric acid-dsh reactions are likely origins for the
sulfate and oxide aerosols as well (Varekamp and others, 1986). Atmo-
spheric mixing introduces Oy and Ny, increasing the stability of oxides,
sulfates, and nitrogen compounds (for example, sal ammoniac). Reace
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tions with rock or ash might liberate non-volatile cations, such as Al and
Ca, that could bond with the sulfate or oxide anions. At high-tempera-
tures, wall rock reactions—for example, as inferred by Bernard and Le
Guern (1986) to account for Ca in the natural powellites—may only
involve volcanic gas and rock. However, in highly oxidized, <200°C
vents, sulfuric acid is stable (Symonds, Reed, and Rose, 1992), consistent
with the suggestion of Stoiber and Rose (1974) that incrustations form by
acid-rock reactions in low-temperature vents.

ADDITIONAL VOLCANOLOGICAL APPLICATIONS

A complete discussion of the procedures to apply the programs to
many other possible geochemical studies of volcanic gases is beyond the
scope of this paper. However, it is worthwhile to outline the feasibility of
other applications.

Evaluating gas samples.—One of the main uses of SOLVGAS (the
homogeneous equilibrium code) is to evaluate equilibrium in samples of
the major gases (H,O, Hy, COy, CO, HsS, SO,, HCI, HF). Assessing
equilibrium among major gas species is important for several reasons: (1)
proof of equilibrium is excellent evidence for a good-quality sample,
although good samples may also be disequilibrium mixtures, (2) to
understand the reasons for disequilibrium if it exists, (3) to return
disequilibrium gas mixtures to their initial equilibrium state, if the gases
were once in equilibrium, (4) evidence for equilibrium lends credence to
further equilibrium calculations, and (5) the evaluation procedure allows
determination of a sample’s last equilibrium temperature and fOy; these
are intensive quantities that cannot be measured directly.

A simple procedure is used to evaluate equilibrium in a gas sample
with SOLVGAS (Symonds and others, 1990; Kodosky, Motyka, and
Symonds, 1991). The basic technique is to calculate correspondence tempera-
tures (CTs) for all gas species determined in the analysis. CTs are the
temperatures at which the calculated equilibrium mole numbers of the
various gas species, as determined using the component-species mass
balances from the analysis, are equal to their mole numbers in the
analysis. If the CTs for all gas species agree at a reasonable temperature,
the sample is a quenched equilibrium composition (Gerlach and Casade-
vall, 1986a). If the CTs do not agree, the specific way in which they
disagree may help diagnose the reason(s) for disequilibrium in the
sample (Gerlach, 1980a, b, ¢, d). Once identified, the effects of disequilib-
rium can often be removed from a sample by using a thermodynamic
procedure (Gerlach, 1979, 1980a, b, ¢, d, 1981; Graeber, Modreski, and
Gerlach, 1979; Le Guern, Gerlach, and Nohl, 1982; Gerlach and Casade-
vall, 1986a; Symonds and others, 1990; Kodosky, Motyka, and Symonds,
1991). Adjusted samples are called restored, apparent, or estimated
compositions in decreasing order of quality (see above). This method also
allows testing of one’s hypothesis for the cause(s) of a sample’s disequilib-
rium and is especially effective on samples that have been degraded by
sampling or analytical defaciencies.
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Volcanic gas-atmosphere reactions.~—Passively degassing and erupting
volcanoes release gases and aerosols to the atmosphere. Mixing of high-
temperature volcanic gases with the atmosphere triggers a series of
cooling and oxidation reactions and the formation of liquid and solid
aerosols such as water, sulfuric acid, and metallic solids (Thomas,
Varekamp, and Buseck, 1982; Varekamp and others, 1986; Rose, 1987).
Little is known about what happens when high-temperature, reduced
volcanic gases enter the atmosphere. Thermochemical modeling can
help forecast some of the reactions and species that might occur when
volcanic gases mix with the atmosphere.

To model this process, air is added in increments to an appropriate
initial volcanic gas composition. At each increment, GASWORKS com-
putes the distribution of species in the bulk gas. Such models require a
method to compute the temperature of the gas mixture. Currently,
GASWORKS calculates temperature as a linear function of mixture
composition of 25°C air added to a hot volcanic gas. However, this is
unrealistic because volcanic gases and air have markedly different heat
capacities. A more realisfic heat transfer model (modified from Gerlach
and Casadevall, 1986b) is to assume that the heat added to the mixing gas
(air) is equal to the heat lost by the volcanic gas, taking into account the
different heat capacities of the mixing gases.

Gas-rock alteration and the ovigin of fumarolic incrustations.—The above
cooling calculations cannot explain the low-temperature sulfate incrusta-
tions; these may form by complex reactions involving volcanic gases,
atmospheric gases, and the wall rock. We model such processes by
titrating rock into an appropriate gas mixture. This modeling requires
data on the gas composition, the wall rock composition, the temperatures
of the vent and each particular incrustation zone, and the appropriate
solid solutions for mineral phases.

The reaction progresses using a gas-rock titration procedure as
described for the volatility calculations (above). In detail, however, the
reaction is fundamentally different from a typical volatility calculation
because many incrustations form at low temperatures, high fO,, and at
high G/R ratios. The titrations are done over a range of temperatures
and G/R ratios, as constrained by natural samples. Comparison of the
predicted alteration assemblages with the natural incrustations helps in
identifying possible alteration reactions. A preliminary study of this kind
on Augustine’s fumaroles shows clearly that observed alteration and
incrustations result from a mixture of processes, including gas cooling,
gas-rock reaction, and air-gas-rock reaction (Getahun, Reed, and Sy-
monds, 1992).

. OTHER SCIENTIFIC APPLICATIONS
SOLVGAS and GASWORKS have potential applications outside the
field of volcanic gas studies. Applications include any problems that
involve chemical equilibria in gas—solid-liquid systems. The treatment of
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gases as ideal limits the suitable problems to those at relatively low
pressure and high temperature (app. 1).

Metal volatilities in magmatic vapors.—The contribution of magmas to
hydrothermal systems has been disputed for over a century. Most geolo-
gists agree that magmas supply heat to overlying hydrothermal systems,
but there is considerable debate as to whether they also contribute
significant amounts of HyO, S, halogens, and metals (Muffler and others,
1992). In a recent exploration of this problem, Reed (1992) calculated the
consequence of condensing a volcanic gas into hydrothermal water, then
reacting the mixture with wall rocks. The conclusion was that a magmatic
source of halogens and sulfur is very likely for epithermal systems, but
that metals may be leached from wall rocks. The modeling of Reed (1992)
applies to magmatic fluids that are diluted significantly (by a factor of ten
to one) by meteoric water. Systems that have a greater magmatic compo-
nent may have a larger percentage of magmatic metals. One unknown is
the amount of metal that can be partitioned from a magma to a magmatic
vapor phase. Calculating metal volatilities, as was done long ago by
Krauskopf (1957, 1964), is one way to investigate the metal contents
of magmatic vapors. However, since Krauskropf’s initial study, the
quality and quantity of thermochemical data have greatly improved,
making feasible an improved evaluation of metal transport in magmatic
gases at low pressures using Krauskropf’s approach. Treatments at high
pressures (> 500 atm) await improvements in models of gas non-ideality,
including trace gases.

Condensation of the solar nebula.—The primitive solar nebula consisted
of'a very hot mass of gas. With time, the nebula cooled, and solids and
liquids condensed from the gas. The condensation sequence of elements
and compounds from the nebula is of fundamental importance to under-
standing the origin of chondritic meteorites and the planets. Previous
workers (for example, Grossman and Larimer, 1974; Saxena and Eriks-
son, 1983) investigated the condensation of the solar nebula by cooling a
solar gas with thermochemical models and comparing the results with
appropriate samples. GASWORKS could be used to repeat the modeling,
for comparison with previous results, and to model elements and species
omitted from earlier studies.

Burning of coal fires.—Fires start occasionally in coal dumps or in
underground coal seams by spontaneous combustion, carelessness by
people, or lightening. For example, there have been many fires in
abandoned coal dumps in Pennsylvania, which have burned for decades
before being extinguished (Lapham and others, 1980). The fumes from
the fires, often burning at temperatures in excess of 700°C, probably
contain CO,, HyO, SO,, soot, and a number of minor gases like CO and
NQO,. The smoke also includes volatilized trace elements such as As, Bi,
Ge, Pb, Se, and Sn which form colorful incrustations (for example,
hematite, various sulfates, native selenium) around the burning vents
(Lapham and others, 1980). Such noxious gases may constitute a Jocal

-
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health hazard (Lapham and others, 1980). GASWORKS could model the
burning process, the origin of the trace elements, the molecular form of
the fumes, and the zoning of incrustations around the vents.

Smoke stack emissions.—With the growing concern over global change
and regional air pollution resulting from anthropogenic waste-gas emis-
sions, society needs more information about smoke stack emissions,
including better characterization of the molecular form of trace elements.
Although much is known about the major gases and aerosols emitted
from smoke stacks, little is known: about trace species and fly ash.
GASWORKS could help characterize the molecular form of stack emis-
sions and model the effects of temperature, fuel mixture, or air/fuel ratio
on emission composition. For instance, one could model the transport of
toxic metals (for example, Cd, Hg, and Pb) released from the combustion
of coal, as investigated previously (MOJtathl 1989) using another ther-
mochemical model.

CONCLUSIONS

We have developed a computer model and compiled a large thermo-
chemical data base to study multicomponent chemical equilibria and
reaction processes in volcanic gases. Initial applications indicate that the
results are favorable. We have uséd the thermochemical model and its
data base to predict the speciation of a number of trace elements in
volcanic gases. The numerical simulations have also helped identify
which trace elements in gas samples might come from degasing magma.
Finally, we have forecasted a number of possible reactions in cooling
volcanic gases and tested the predictions by direct comparison with
volcanic sublimates.

The degree to which equilibrium modeling reproduces natural
systems depends on four factors:

1. The correctness of the hypothesized geologic process under consideration.
Successful modeling depends critically on having the right geological
hypothesis. For example, at the present time, modeling of cooling and
precipitation of trace elements in volcanic gases is more effective than
modeling of volatilization of trace elements is volcanic gases. In large
measure, this reflects the higher level of congruence between the model
system and the natural system in the case of the cooling process.

2. The degree to which equilibrium applies. The validity of the equilib-
rium assumption is of fundamental importance to the relevance of
natural-system equilibrium calculations. The assumption of chemical
equilibrium appears to be adequate for predicting the stable solid phases
in a cooling volcanic gas uncontaminated with air. However, whether
equilibrium applies to other volcanological processes, such as mixing
between volcanic and atmospheric gases, is untested.

3. The quality of the input gas composition. Thermochemical modeling,
such as presented in this paper, requires excellent gas data. For example,
the volatility calculations and unmodified cooling calculations do not
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completely reproduce the natural samples becuase the input gas contains
rock-aerosol contaminants.

4. The quality and quantity of thermochemical data. The quality and
quantity of thermochemical data are of fundamental importance to the
success of the equilibrium calculations. For example, the absence of
galena and sulfosalts in the predicted assemblage illustrates problems
with the thermochemical data base.

This work has identified important topics for future research. The
numerical simulations of cooling volcanic gases show that the additional
modeling of the gas-atmosphere reactions and gas-rock alteration is
necessary to explain fumarolic incrustations and plume aerosols. This
work and previous studies (Symonds and others, 1987; Le Guern, ms;
Quisefit and others, 1989; Bernard, Symonds, and Rose, 1990; Symonds,
Reed, and Rose, 1992) have identified a myriad of possible trace gas
species in volcanic gases. We need to test whether such species discharge
from volcanic fumaroles. Theoretical calculations are not a replacement
for direct observations but are a tool to interpret and improve field data
so that we can better understand the natural processes.

When new thermochemical data become available, we will incorpo-
rate them into the GASTHERM data base, which hopefully will improve
the accuracy of the thermochemical calculations. The first such revision
(to be started in 1994) is to update our thermochemical data from the
JANAF tables with the new edition (Chase and others, 1985). We also
plan to add thermochemical data for nitrogen-bearing solids such as sal
ammoniac because they are often the dominant sublimates below 350°C
(Bernard, ms). In addition, our models need data for sulfosalts since they
are important hosts of ore metals (for example, Pb, Cu, Sn, Bi) in volcanic
sublimates (Bernard, ms). Finally, this work and previous studies (Sy-
monds and others, 1987; Symonds, Reed and Rose, 1992) suggest that
GASTHERM may be missing the main species of Au, Cd, Cr, Ir, and Si,
and that the A¢;G® values for PbCl, and PbBr, need reevaluation.

The latest versions of programs SOLVGAS and GASWORKS, the
GASTHERM data base, and the accompanying manuals are now avail-
able for distribution. These are FORTRAN 77 programs and run success-
fully on 80386- and 80486-level IBM-compatible personal computers,
and also on IBM and VAX mainframe computers. They can be obtained
for a small distribution cost from either author.
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APPENDICES

1: CALCULATION OF MULTICOMPONENT CHEMICAL EQUILIBRIA
IN GAS-SOLID-LIQUID SYSTEMS: CALCULATION METHODS
MARK H. REED and ROBERT B. SYMONDS

INTRODUCTION

Volcanic gases participate in volatilization, sublimation, and wall rock alteration
reactions involving complex multicomponent chemical equilibria among minerals, liquids,
and gases. Computation of such equilibria for specified conditions of temperature, pres-
sure, and bulk composition provides a basis for understanding how these natural processes
occur. By linking together a series of calculations with incremental changes of temperature,
pressure, or composition between calculation segments, one can model processes of magma
degassing, ascent of volcanic gases, wall rock reaction, and mixing of volcanic gases with
hydrothermal vapor or with ‘the atmosphere. Calculated examples of some of these
processes in a volcanic gas environment are explored in the main text of this paper and in
earlier papers (Naughton and others, 1974; Symonds and others, 1987; Toutain, ms; Le
Guern, ms; Quisefit, ms; Quisefit and others, 1989; Symonds, Reed, and Rose, 1992;
Getahun, Reed, and Symonds, 1992). Similar processes occur in combustion gases from
burning of coal or municipal waste, and the same formulation for heterogeneous equilib-
rium calculations can be applied to these systems.

In this appendix, we describe the capabilities of computer program GASWORKS and
its sister program, SOLVGAS; both descended from the aqueous-solid-gas system pro-
grams, CHILLER and SOLVEQ), respectively (Reed, 1982; Reed and Spycher, 1984;
Spycher and Reed, 1989). GASWORKS is designed for calculating heterogeneous equilibria
among minerals, gases, and liquids during processes of cooling (or heating), pressure
change, gas-gas mixing, and gas-rock reaction. Program SOLVGAS calculates homoge-
neous equilibrium (distribution of species) in a gas phase from a raw gas analysis. It also
calculates saturation indices, log(Q/K), for solid and liquid phases (Reed and Spycher,
1984; Symonds and others, 1987; Spycher and Reed, 1989). One significant use of
SOLVGAS and GASWORKS is to restore volcanic gas analyses to their last equilibrium
composition (Symonds and others, 1990; Kodosky, Motyka, and Symonds, 1991). Particu-
larly important in this regard is their ability, without recourse to solid phase equilibria, to
compute oxygen fugacity, fOo, and consequent distribution of gas species at any tempera-
ture and pressure from knowledge of fOy at any other temperature and pressure (see
below). The programs can also be used to model the speciation of major and trace elements
in volcanic gases, the volatilization of metals from magma, and the precipitation of
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sublimates from volcanic gases (Symonds and others, 1987; Symonds, Rose, and Reed,
1988; Bernard, Symonds, and Rose, 1990; Symonds, Reed, and Rose, 1992; this paper).
Computational capabilities similar to those of SOLVGAS and GASWORKS based on a Gibbs
free energy minimization program by Cheynet (1988a, b) have been applied to volcanic
gases by Toutain (ms), Le Guern (ms), Quisefit (ms), and Quisefit and others (1989).

GASWORKS and SOLVGAS are based on an adaptation of a formulation of the basic
equilibrium equations and numerical algorithms (Reed, 1982) originally developed for
aqueous-solid-gas systems. Interestingly, that early formulation (Reed, 1982) is based, in
part, on a formulation primarily for gaseous systems relevant to rocket engine studies by
Huff, Gordon, and Morrell (1951) and Zeleznik and Gordon (1960).

In the calculation, a Newton-Raphson method is applied to solving the set of simulta-
neous non-linear polynomial equations of mass balance and mass action that describe
chemical equilibrium in the system. The results of the homogeneous equilibrium calcula-
tion (SOLVGAS) include the mole fraction of each of hundreds of gas species in the system
and a tabulation of the degree of supersaturation or undersaturation of the gas phase with
respect to each of hundreds of solids and liquids. The heterogeneous equilibrium calcula-
tion (GASWORKS) produces the gas species mole fractions and the mass and composition
of each additional phase in the system, including solid or liquid solutions, at overall
equilibrium. The power and speed of the method presented here depend on a judicious
choice of a set of thermodynamic component species, reduction of the system of equations
to a minimum number, and an algorithm for selecting the stable assemblage of phases at
any given temperature, pressure, and bulk composition.

GASWORKS and SOLVGAS use the data base GASTHERM (app. 2) which contains the
compositions, equilibrium constants, and stoichiometries of gases, minerals, and a few
liquids (for example, hygroscopic sulfuric acid; Symonds, Reed, and Rose, 1992). The
stoichiometric data in GASTHERM, applied in the context of the formulation presented
below, provides for consideration of all possible reactions among the hundreds of species in
all phases of the system. GASTHERM is external to SOLVGAS and GASWORKS, so new gas
or mineral species can be added by inserting a few lines in GASTHERM describing the
respective stoichiometry and equilibrium constants. This makes it easy to expand or change
the data base and to experiment with various, possibly conflicting, equilibrium constants.
Most of the constants for equilibrium between the gas phase and minerals in GASTHERM
are calculated using free energy program, GASCAL (Reed, Symonds, and Spycher, unpub-
lished), which makes use of fundamental thermochemical data to compute equilibrium
constants, as listed in app. 2.

OVERVIEW
For a gas—solid-liquid chemical system at specified temperature, T, pressure, P, and
composition, wherein composition is defined by the total number of moles Mj, of each
thermodynamic component, designated by subscript, i, a set of equations is defined
consisting of N; mass balance equations, one for each thermodynamic component, plus Ny
mass action equations, one for each saturated solid, solid solution endmember, and liquid
(for simplicity in the following discussion, the terms “mineral” or “solid” may refer to any
and all solid and liquid phases). Secondary mass action equations are written for “derived”
species in the gas phase, species whose compositions are expressed in terms of the
component species. The terms in the mass balance equations for the number of moles (mole
number) of each derived species can be replaced by the appropriate secondary mass action
expressions, thereby reducing the number of primary equations for simultaneous solution
to a minimum number (N; + Ny).
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The computer programs apply a Newton-Raphson method to solve the set of equations
(Van Zeggren and Storey, 1970), requiring an initial estimate (within several orders of
magnitude) of the mole number of each component species in the gas phase and the mass of
every saturated phase. These estimates are improved iteratively until each of the N; + Ny
unknowns passes a convergence test.

THERMODYNAMIC RELATIONS

The equations for simultaneous solution of overall heterogeneous equilibrium include
the basic equations of mass action and mass balance. The development here is similar to that
of Reed (1982), but many details differ. Following a description of the thermodynamic
components, formulations of the mass action and mass balance equations for hetero-
geneous equilibrium (GASWORKS) are given below. The homogeneous equilibrium calcu-
lation (SOLVGAS) requires the same equations except that mineral masses are omitted
from the mass balance equations, and mass action equations for minerals are excluded from
the set for simultaneous solution.

The system of equations is written in terms of the extensive quantities, mole numbers,
rather than mole fractions, because this simplifies calculations involving changes in compo-
sition owing to mineral fractionation, gas-gas mixing, or rock titrations, and it provides for a
direct accounting of the distribution of mass among phases in the total system. The
equations are written for a gasvsolid-liquid system at overall equilibrium; thus, for pur-
poses of writing the equations, we assume that the phase identities are known. Phase
selection is discussed separately, below.

Thermodynamic components.—It is most convenient to describe the composition of the
chemical system in terms of a set of thermodynamic components consisting of molecular
species actually present in the gas phase in significant concentration, rather than using the
chemical elements, themselves. These species are referred to as “component species” (Reed,
1982) and include species such as the following: Hy, HyO, COy, Ny, HCl, HF, NaCl, KCl,
MgCly, SiF4, HyS, FeCly, CoCly, HiMoO, (a complete list of component species is given in
table 1, main text). Most of the* component species are the first or second most abundant
species containing the various elements at equilibrium in the gas. In volcanic gases, this
means most of the trace elements are represented by chlorides, elemental species, hydrides,
fluorides, and oxyacids, and the major elements, C, O, H, S, Cl, and F are represented by
COQ, HQO, Hg, HQS, HC], and HF.

The use of component species that are also actual species in the chemical system rather
than using the chemical elements, for example, cuts in half the number of descriptive arrays
in the program by allowing the same arrays to describe both composition and chemical
equilibria. This also cuts the number of program steps needed to set up equations
compared to other programs that use one set of species for thermodynamic components
and another for writing reactions. The use of molecular components, including relativély
abundant species, results in excellent computational speed and numerical stability, a robust
treatment of redox reactions, and complete okygen balance, eliminating in principle any
need for recourse to solid phase equilibria to fix oxygen fugacity in homogeneous gas
systems.

The selection of both He and HyO (but not Oy) provides for calculation of oxidation-
reduction processes, because all such reactions can be balanced using Hy and HyO. These
species, in combination with HeS, also provide for representing SOs, which is an abundant
vol(’anic gas species. The species, Os and SOy, are two of the large number (N;) of “derived
species” in the chemical system whose compositions are represented by combinations of the
component species. Other derived species include the chlorides, fluorides, oxides, and
sulfides of metals (app.2).

The use of thermodynamic components containing multiple chemical elements inevita-
bly requires that negative amounts of some components are necessary to describe thes
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compositions of most phases and gas species. For example, SOy and Oy compositions are
represented as:

SO, = HyS + 2H,0 — $H,, (Al-1)
0, = 2H,0 — 2H.. (A1-2)

Similarly, hematite is represented as:

FeoO3 = 92FeCly + 8H,O — Hy — 4HCI. (A1-3)

(hematite)

In the same way that description of the composition of individual derived species and
minerals requires negative amounts of some components, the description of the bulk
composition of a gas phase may require negative amounts of some components. For
example, to express the 0.2 mole fraction of oxygen in air in terms of HyO and Hy, requires
+0.4 mole HyO plus —0.4 mole Hy. An example of this compositional transformation
applied to a Mount St. Helens gas is shown in table Al-1 where it is apparent that the
indicated quantities of Ho, HoO, SO9, and H,S are different where expressed in terms of the
thermodynamic components as opposed to the species in the reconstructed gas itself. For
example, the quantties of HoS, HoO, and Hs are modified in accordance with eq (Al-1) to
express the SOy in the gas analysis. A similar modification applies to CO and CO,.

Mass action equations. Using the component species, i (table 1, main text), we write mass
action equations for equilibria involving derived gas species, j:

H £
Ko—

) ¥ ’
f

(Al-4)

in which, K| is the equilibrium constant for a reaction describing the formation of the
derived species (j) in terms of component species, i; f is the fugacity of the subscripted
species; vjj is the stoichiometric coeflicient referring to the number of moles of component
species, i, in one mole of derived species, j; vj is negative for species appearing on the left
hand side of the equilibrium expression. The symbols subscripted with “i”, here and below,
refer specifically to component species, as distinguished from derived species, which are

D

subscripted with “j.

TaABLE Al-1
Mount St. Helens gas composition, major species

Reconstructed Recomputed to
Original Component
Composition* Species**
(Moles) (Moles)
H,O .986 987317
COy .00886 .008883
H, .0039 .001913
H,S .00099 .00166
SO, .00067 S
HCl .00076 .00076
HF .0003 .0003
CcO .000023 —

* Gerlach and Casadevall (1986a), Bernard (ms), LeGuern (ms)
** SO and CO are not component species, so they are re-expressed in terms of the
other species; see text. *



812 Mark Reed and Robert B. Symonds

To transform eq (Al-4) into a convenient form for numerical solution, we apply a
definition of partial pressure (eq Al-5, related to Dalton’s Law; for example, Denbigh, 1981,
p- 115), and the definitions of fugacity coeflicient (eq A1-6) and mole fraction (eq A1-7):

P=2p,= 2 xP, (A1-5)
g 8

fy = byPys (A1-6)
1’1g %

~- (A1-7)

T 0,
8

In the preceding equations, P is total fluid pressure; subscript g refers to any gas species in
the mixture (encompassing species identified above by i and j); pg is the partial pressure of
species g; x, is the mole fraction of g; &g is the fugacity coefficient of g; ng is number of moles
of gas species, g; N is the total number of moles of gas species; the summations in eqs (A1-5)
and (Al-7) are over all species in the mixture.

Combining eqs (Al-5), (A1-6), and (A1-7) produces:

fg = dr)gng[P/N]’ (A]—B)
which is substituted into eq (A1-4) to yield:
H niV!Jd)i"u
K=—w
T njd;
in which, wj is defined as one less than the summation of stoichiometric coeflicients of
component species, i, contained in derived species, j:

[P/N]™, (A1-9)

wi= 2 v L (A1-10)
1Y 1
For example, w; for SOy (eq Al-1) is —1. Notice that wj is equal to the total summation of
stoichiometric coefficients in the equilibrium expression, including the coefficient of —1 for
the derived species, itself.

For each mineral, or mineral solid solution endmember, indexed as k, below, there is a
reaction (app. 2) that relates it to the fugacities of the component species. For that reaction,
written with the mineral on the lé?ft side, a mass action equation is written:

IT njray
1

Ky
ay

[P/N]™, (Al-11)
in which, the stoichiometric coefhcients, vi, are negative for component species that appear
on the left side of the reaction; wy is a summation of stoichiometric coeflicients of
component species, i, contained in mineral k (this excludes the —1 coeflicient on the
mineral itself); ay refers to the activity of the solid solution endmember, k. For pure
minerals, a, = 1, but for solid solutions, the following equation is substituted for ay in eq
(Al-11):

a, = (yyn/S m)P, (A1-12)

in which v is the activity coeflicient for endmember, k; n is the number of moles of solid
solution endmember, k and 1; the summation over n; in the denominator includes all
endmembers in the solid solution. The exponeht, b, is unity for solid solutions exhibiting
“molecular mixing” or where atoms mix on a single site per formula unit, butb takes a value

greater than one in crystals where there are multiple energetically equivalent sites of a given *
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crystallographic type per formula unit. For example, to model the mixing of forsterite and
fayalite endmembers of olivine as ideal, b is set to 2 and +y is set to unity in the mass action
equation for each endmember. True multi-site mixing, involving two or more energetically
distinct sites, is not currently accommodated in GASWORKS.

Substitution of eq (A1-12) into eq (Al-11) yields:

Vik 4 Vik
H N ik
Ky = ———— [P/N]™x (A1-13)

( Vi nl)b

There is one mass action equation for each saturated pure mineral or solid solution
endmember. The mass action equations for pure liquids or endmembers of ideal liquid
mixtures are analogous to eq (Al-13).

Mass balance equations.—For each thermodynamic component in the system as a whole,
there is one mass balance equation:

Mi=n;+ viinj + ) vikng. (Al-14)
[ k

In this equation, M| is the total number of moles of component i in the chemical system;
subscript i refers to component species; j refers to derived species; k refers to endmembers
of solid and liquid phases. Other symbols are as previously defined.

Eq (A1-9) can be rearranged to express mole number, n;, of derived species j in terms
of the mole numbers and fugacity coeflicients of component species, et cetera, and the result
substituted into eq (Al-14) to yield a substituted mass balance equation:

[T nipej

Mi=n;+ > vy ————[P/N]" + > viny. (Al-15)
T 6K T

Equations such as this one, the number of which is equal to the number of thermodynamic
components, N;, are the master mass balance equations for solving the simultaneous
heterogeneous equilibrium system.

Gas non-ideality—At the current stage of development, the programs treat the gas
phase as ideal. This is a reasonable approximation for HyO, COy, CHy4, and Hy in high
temperature (T >600°C) volcanic gases at low to moderate pressures (P < 500 atm;
Holloway, 1977; Spycher and Reed, 1988). For example, fugacity coeflicients for all of the
above gases in pure form at 600°C and 500 atm are between 0.77 and 1.20. At 1000°C and
500 atm, they are very nearly, 1.0 (except COg, which is 1.12). In mixtures, these coefficients
are only slightly different. Applications at low temperature (<500°C) and moderate
pressure (Spycher and Reed, 1988) or at high pressures (Holloway, 1977) will require
consideration of non-ideal mixing in the gas phase. For example, in HyO-CO; mixtures at
300°C and 500 atm, fugacity coeflicients for HoO and COy are 0.36 and 2.0, respectively.

For the hundreds of trace-metal gas species, which are fundamentally important to
understanding gas phase mass transfer and pneumatolytic wall rock alteration, we have no
estimate of the extent of non-ideality, but we can be reasonably confident that ideal
treatment is good at high temperature and low pressure, particularly because we are taking
into account explicitly the chemical bonding that produces new molecules, including
dimers and trimers (Prausnitz and others, 1980). Most of the trace gases are polar
molecules, so it is likely that there are significant departures from ideality at lower
temperature and high pressure. The equations given above are general, and by applying
appropriate methods of calculating g, they can be used to describe the thermodynamic
behavior of gases under conditions for which gas behavior is non-ideal.
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SYSTEM CALCULATIONS

Simultaneous equations.—Among the preceding equations, (Al-13) and (Al-15) consti-
tute the primary set that GASWORKS solves simultaneously by a Newton-Raphson tech-
nique to compute overall heterogeneous equilibrium in a model calculation for any given
incremental step in P, T, and M!. There are N; equations such as (Al-15) and Ny such as
(A1-13) that are solved for the primary unknowns, n; and n;. Computation of nj’s is
implicitly included in eq (Al-15), but once new values of n; and ny are determined,
improved nj's, are recomputed using eq (A1-9) in a calculational loop that is external to the
Newton-Raphson solution to the main system of equations. The value of N, the summation
of moles of gas species (eq Al-7), is included within the Newton-Raphson system because
that enables faster convergence than when N is computed externally. In the present form of
the programs, ¢,’s are set to unity. They can be computed in an external loop on each
Newton-Raphson iteration, as is the treatment of activity coeflicients in aqueous systems
(Reed, 1982).

For a typical large model calculation, the number of simultaneous equations might be
60, of which 35 are mass balance equations, one for each component, and 25 are mineral
mass action equations. In the program, we represent the mineral mass action eq (Al-13) in
logarithmic form because this improves convergence rates in most cases.

Program SOLVGAS solves.only the substituted mass balance equations (Al-15), trun-
cated after the second term (that is, excluding the mineral mass terms) for homogeneous
equilibrium, yielding values for each of the N; unknown mole numbers (n;) of component
species, which are then substituted into eq (A1-9) to compute n;.

Calculation of fO,—Except in rare cases (for example, at Mount St. Helens in Septem-
ber 1981 by F. Le Guern; Gerlach and Casadevall, 1986a), the oxygen fugacity, fOy, of a
volcanic gas is not measured directly (for example, with an fOy probe) but can be computed
from analyses of the major gases (HyO, Hg, COs, CO, SOs, HsS). Unfortunately, air
contamination in fumaroles, sampling difficulties, or changes in gas composition during
ascent make it necessary to apply rigorous evaluation and restoration procedures (see main
text and Symonds and others, 1990) to obtain the fO, from raw gas analyses. However, once
restored, a gas analysis can be used directly to compute fOy at any temperature; this
assumes that fOy in the fumarolic gases of interest is controlled by closed-system cooling of
the gases. It is also possible to fix fO, at any temperature, perhaps with reference to solid
buffers, then compute it at other temperatures with a closed system calculation. Finally, it is
possible to fix fO, at every temperature step of a calculation to model rock-buffered gases.

If oxygen fugacity is set to a specific value, the relationship of fugacmes of Hs, Oy, and
H50 are set by the equilibrium condition, and there is only one value of ML, that will satisfy
the equilibrium constraint for a given fO, and My, - To determine MHz, the following mass
action equation for Og-Ha-HyO equilibrium (with equilibrium constant, Ko,) is substitufed
for the Hy mass balance equation:

B HH20¢}{2() AL-16

e (fo,Ko,) by, ( )
(Notice that the [P/N]¥i factor (eq A1-9) cancels in this particular case.) Then the system of
equations (Al-15 and Al-13) is solved once to yield a distribution of gas species (and mineral
masses, if the equilibrium is heterogeneous). The value of MHz is then computed from the
distribution of species using eq (Al-15) for Hy. Once the value of MH is fixed, fOg can be
determined at any temperature by a closed' system calculation using the full set of eqs
(A1-15) and (Al-13). The latter is also the approach for computing fO, from a reliable
complete gas analysis. Figure 2 (main text) illustrates a closed system calculation of fOg for a
Mount St. Helens gas analysis and shows how HyO-rich volcanic gases have closed- system
fO, trends that parallel the Ni-NiO buffer. In contrast, SOs-rich volcanic gases (for
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example, the 1987 Augustine gases; Symonds, Reed, and Rose, 1992) have closed-system
fOs trends that depart from solid buffers.

Buffering fugacities of major gases.—In order to determine whether the trace metals in
volcanic gases could come from direct volatilization of magmatic phases, we carry out a
“volatility” calculation wherein we hold the fugacities of the major gases constant, then
compute the concentrations of trace gases that would evaporate at equilibrium from
magmatic phases. To buffer the major gases, we saturate the gas phase with hypothetical
separate gas phases at set fugacities (see also, Delany and Wolery, 1984). To set the fugacity
of a gas, g, at a value of f;, we equilibrate with an arbitrary quantity, ng, of a hypothetically
separate gas phase whose governing equation is a rearrangement of eqs (A1-8) and (A1-9),
as follows:

K, fy = Ki = [[ niposp/Nym. (A1-17)

K is the ordinary equilibrium constant for the reaction describing the formation of the gas
from component species; f, is set at the desired buffer fugacity; K¥ is treated as the
equilibrium constant for the hypothetical phase.

For the circumstance where the buffered gas species is a component species, i, eq
(A1-17) reduces to the simple form:

f; = K= ni;[P/N]. (Al-18)

Non-ideal mixing in liquid and solid phases.—For solid solutions, GASWORKS accommo-
dates ideal mixing, as discussed above, and is equipped to handle non-ideal mixing in any
minerals for which the necessary mixing properties are programmed into subroutines. For
the latter, values of i (eq Al-12) are computed in an external loop using an appropriate
mixing law for the solid solution, in which v is a function of composition and temperature.

Process calculations: cooling, mixing, wall rock reaction, P-change, volatility —By changing
the temperature, pressure, and “total moles” (M!) in a stepwise fashion and computing
overall heterogeneous equilibrium at each step, GASWORKS is able to compute a variety of
processes, such as gas-rock reactions, gas-gas mixing, and the effects of decrease in
temperature or pressure during ascent of a gas. Examples of all these except gas-gas mixing
are given in the main text and in Symonds, Reed, and Rose (1992). Temperature change
calculations simply require re-calculating for each segment, the equilibrium constants in eqs
(A1-13) and (A1-15) using a power function that expresses log K as a function of T (eq 7).
For pressure-change calculations, we change P in eqs (A1-13) and (A1-15) from one P-step
to the next. In principle, we should also recalculate the gas-solid equilibrium constants at
changed pressures, but this effect is small at the low pressures of interest in volcanic gas
calculations. Calculation of gas-rock reaction or gas-gas mixing is carried out by incremen-
tal changes in the values of M|, computed by adding and subtracting quantities of material
appropriate to the addition of rock or gas to an initial quantity of gas.

In any of the above process calculations, depending on the physical model being
investigated, it is possible to fractionate solids from the chemical system as they form. This is
accomplished after each increment of change by changing the values of M| such that:

M; = Mi[,uld - Mis,uld» (Al-19)

i,new

where M} 4 is the quantity of material precipitated in solid phases on the previous step.
One common process where this capability is used is the ascent of a gas through a fumarole
system with consequent decrease of T'. At each T-step, we fractionate the solids that formed
before taking the next T-step, thereby disallowing back-reaction or buffering by sublimates
that are physically distant from the gas (figs. 5-11).

In “volatility” calculations, we determine how much of the various trace elements may
evaporate from magmatic phases at equilibrium. We assume that the fugacities of major gas
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species are not seriously perturbed by equilibration of trace gas species with magmatic
phases. This is equivalent to assuming that the quantities of major species (H,O, CO5, HC],
et cetera) are large relative to the trace species and are therefore buffered relative to the
perturbations of equilibration with various minerals. 'T'o compute trace element volatilities,
we buffer major gas fugacities as described above, then titrate fresh rock into the buffered
gas until a large assemblage of phases (including solid solutions and, in principle, magmatic
liquid) saturates, thereby buffering the minor species. Examples of such calculatins for
Mount St. Helens are given in figure 3 and for Augustine volcano in Symonds, Reed, and
Rose (1992). This approach supersedes the one we used for Merapi (Symonds and others,
1987), in which we adjusted the gas composition by trial-and-error until it was saturated
with assumed magmatic phases, as computed by SOLVGAS.

NUMERICAL CONSIDERATIONS AND PHASE SELECTION

Trial values.—To begin the Newton-Raphson iterative solution process, trial values of n;
and ny are supplied. Typically, these need to be within five or ten orders of magnitude of
their correct values. Generally, trial values that are smaller rather than larger than the final
solution values work better. Because GASWORKS calculations are executed in segments
with successive changes in T, P, or composition between segments, we can use the solutions
from one segment as trial values-for the next. By cutting the step size between segments to a
small amount, the trial values of the unknowns can be made to approach the solutions
closely. Thus, a good approach to treating problems with numerical instability is to cut the
step size.

Since negative mole numbers of individual component species (n;, as distinguished
from a negative total moles, M}, of a component species) cannot prevail at equilibrium, any
negative mole numbers that are produced early in the iterative process when the Newton-
Raphson correction terms are applied to the current n;, are arbitrarily reset to small positive
values. .

Convergence test.—To solve the system of simultaneous equations by the Newton-
Raphson method (Van Zeggren and Storey, 1970) the left sides of eqs (A1-13) and (Al-15)
are moved to the right, setting the equations to zero, thereby defining functions, F, whose
values converge to zero when the system of equations is solved. An additional F function
is defined for the total moles of gas where zero is set equal to % ng minus N. (Note that N =
2 ng in eq Al-7.) The numerical solution is judged to have converged when the value
of F for every equation is less than C X | X|, where X is approximately equal to the term in
each equation with the largest absolute value, and C is a convergence factor typically set at
107'2. The value of X is ordinarily set equal to M| for mass balance eq (A1-15), to 10 x K, for
mineral mass action eq (Al-13), and to an estimate of N for the total moles of gas equation. If
we do not test every function for convergence, it is possible to compute an apparent
convergence in which most of the equations are solved, but those with very small terms are
not. ‘

Selection of the phase assemblage.—After each increment in a model calculation, it is
necessary to scan all possible previously undersaturated phases (pure minerals, solid
solutions, liquids) to determine whether any have supersaturated in the gas phase as a
consequence of the previous change of T, P, or M|. If any are found, a selection of them (see
below) is incorporated in the system, and the equilibration step is repeated. The approach
to identifying the supersaturated pure phases and choosing among them is the same as that
of Reed (1982), except that we compute a scaled (Wolery, 1979) saturation index (eq A1-21)
for a mineral in a gas-solid system. We define a gas-system saturation index for pure solid or
liquid k as follows:

log (Q/K) = log an'k PIP/NT™| — log (Ky), (A1-20)+
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where Ky is the equilibrium constant for pure phase, k, and Qy is the activity quotient for k
(for more explanation of this equation, see Reed, 1982). The scaled saturation index is:

log (Q/K)k

Sk

log(Q/K)y s = (Al-21)

where sy is a scaling factor equal to the sum of the absolute values of the reaction coeflicients:

se= D |viel - (A1-29)

The mineral with the largest positive scaled saturation index is included in a repeat
equilibration calculation. This process is continued in combination with removal of under-
saturated minerals (below) until no supersaturated phases remain, at which point the
system is at overall equilibrium, and the next increment of change is taken. For ideal and
non-ideal solid or liquid solutions, we apply the approach of Reed (1982) as modified by
Reed and Spycher (in preparation).

Removal of undersaturated minerals.—When a given pure mineral that is already part of
the phase assemblage undersaturates, this is indicated by negative computed mass for the
mineral at the end of an equilibration step. Thereupon, the appropriate mass action eq
(A1-13) is removed from the system, and the calculation is repeated.

Animproved approach eliminates the repeat calculation by testing for negative mineral
masses after just five Newton-Raphson iterations and throwing out the undersaturated
minerals, if any, at that point, then continuing the iterative process. A variation on this
method is used for solid solutions (Reed and Spycher in preparation). If a mineral is
incorrectly eliminated because its fifth-iteration computed mass is negative even though it
would have become positive again at true equilibrium, that mineral will have a positive
scaled saturation index and will be replaced on a repeat equilibration.

CONCLUSIONS

The chemical equilibrium condition provides strict limits on the compositions of phases
in volcanic gas-mineral systems. By establishing the equilibrium constraints for a given
system, we can deduce what departures from equilibrium result from reaction kinetics
effects, and we can identify the effects of cooling, mixing with hydrothermal steam or air,
and reaction with wall rock, for example. The formulation of equations presented above
provides a straightforward and numerically well-behaved approach to solving for the
equilibrium conditions and to exploring various reaction processes.

Although developed for volcanic gas systems, the same method can be used to model
other natural and industrial processes that involve reactions with gases, solids, and liquids.
Other applications include modeling of the condensation of the solar nebular, incineration
and combustion processes such as underground coal fires, and the speciation of metals in
smoke stack emissions.



2: COEFFICIENTS FOR CALCULATING LOG KT VALUES* WITH EQ (7)®
ROBERT B. SYMONDS and MARK H. REED

Gas Species

Reaction® L l1x10'2 l2x103 l3x10'3 l4x101 Ref.d
0, + 2H2 = ZHZO 4.414  248.415 0.326 6.036 -31.546
Ag + HCL = 0.5H2 + AgCl -3.063 45.590 -0.079 -5.089 3.951
AgBr + HCl = HBr + AgCl 0.005 -11.689 0.010 -3.464 -0.383 f,g
AgS + 0.5H2 + HClL = HoS + AgCl t - 0.381 111.397 0.188 -6.476 -10.871 h
Al + 3HF = 1.5H2 + AlF3 -17.022 381.694 -0.020 -43.146 18.688 e
AlBr + 3HF = Hy + HBr + AlF3 -12.826  235.829 0.049 -34.963 14.874 i
AlBr3 + 3HF = 3HBr + AlF3 1.768 47.535 0.223 -20.857 -6.967 i
(AlBr3)2 + 6HF = 6HBr + 2AlF3, 17.353 31.740  0.452 -42.758 -34.256 i
AlLC + ZHZO + 3HF = 3.5H2 + €O, + AlF3 -24.360 527.563 -0.280 -59.241 50.736 I,k
AlClL + 3HF = Hy + HCL + AlFz -12.699  229.627 0.047 -32.168 14.522 i
ALCLF + 2HF = 0.5H2 + HCL + AlF3 -7.647  141.705 0.083 -18.199 7.228 A
AlCle + HF = HCL + AlF3 0.939 15.444 0.106 1.209 -4.818 i, L
AlClz + 3HF = 0.5H2 + 2HCL + AlF3 -6.890 156.528 0.138 -21.737 5.543 i
AlCle + 2HF = 2HCL + AlF3 0.907 30.338 0.132 -8.326 -5.192 j.t
AlCl3 + 3HF = 3HCl + AlF3 1.565 43.874 0.168 -14.796 -5.987 i
(AlCl3)2 + 6HF = 6HCL + 2AlF3 17.662 18.344 0.381 -22.775 -34.125 i
ALF + 2HF = H2 + AlF3 -3.006 207.712 -0.010 -29.184 -18.609 i
ALFO + 2HF = Hy0 + AlF3 -3.865 169.072 0.192 -8.358 -8.805 j. L
ALFy + HF = 0.5H, + AlF3 -8.037  129.187  0.013 -14.454  9.853 i
ALF 0 + 0.5Hy + HF = Ho0 + AlF3 1.437 34709 0.237  2.040 -17.193 ],
i

(AlE3z)p = 2AlF3 ' 14.641 -111.270 -0.001 17.820 -19.727
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AlH + 3HF = 2Hy + AlF3

HALO + 3HF = Hy + Hy0 + AlFs
AlHy + 3HF = 2.5H, + AlF3

AlH3 + 3HF = 3“2 + AlF3

ALO + 3HF = 0.5Hy + Hy0 + AlF3
(AlO), + 6HF = Hy + 2H,0 + 2AlF3
AlOoCl + 3HF = Hzo + HCL + AlF3
ALOH + 3HF = HZ + Hzo + AlF3

ALO, + 0.5Hy + 3HF = 2H,0 + AlF3.

oHe+ 3HF = 2H0 + AlF3

AlS + 3HF = 0.5H, + HaS + AlF3
(ALS); + 6HF = Hy + ZHZS + 2AlF3
AlZO + 6HF = 2H2 + Hy0 + 2AlF3
ALZS + 6HF = ZHZ + HoS + 2AlF3
As + 3HCL = 1.5H; + AsCl3z

AsBrz + 3HCL = 3HBr + AsClz

AsFz + 3HCL = 3HF + AsClg

AsFg + Hy + 3HCL = 5HF + AsClz
ASH3 + 3HCL = 3H2 + ASC[3

AsS + 3HCL = 0.5H2 + HS + AsCl3
Asy + 6HCL = 3H; + 2AsCl3

AS3 + 9HCL = 4.5”2 + 3ASC[3

AS4 + 12HCL = 6”2 + 4ASC[3
AS406 + 12HCL = 4ASC[3 + 6H20

AS4S4 + 12HCL = 2“2 + 4”25 + 4ASCl3

AuS + HZ = st + Au
Bi + 3HCL = 1.5H, + BiClg

-16.497
-9.258
16.806
13.683
13.845
13.299
-3.742
12.595
-3.172
-3.618
14.290
14.254
21.697
-22.106
-19.100
-0.463
-1.839
18.879
-17.037
-12.509
-33.186
-45.524
-55.705
0.340
-18.266
3.488
-18.048

345.094
348.855
339.345
317.540
369.859
436.603
197.010
239.701
357.169
215.355
341.701
487.809
473.381
546.992
154.440
-17.898
9.336
51.232
31.917
102.928
108.602
125.964
65.249
94.132
14.858
-61.921
106.200

-0.130
-0.029
-0.300
-0.483
0.021
0.333
0.221
-0.102
0.362
0.173
0.025
0.434
0.123
0.173
-0.231
0.023
-0.238
0.064
-0.651
0.090
-0.409
-0.650
-0.843
0.018
0.199
0.265
-0.233

-35.282
-0.057
-29.690
-2.840
-35.225
-43.641
-17.023
-14.486
-15.621
-0.210
-43.515
-62.765
-64.390
-75.036
-23.730
-11.542
17.429
71.710
7.221%
-9.044
-34.122
-58.040
-68.583
25,482
-60.166
0.220
-11.806

24.931
6.662
33.706
37.291
8.752
-2.763
-9.343
17.565
-22.274
-9.693
10.789
0.896
18.777
20.147
27.224
0.905
7.283
-28.671
48.629
5.750
56.856
79.671
104.784
-38.062
6.895
-14.713
27.204
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APPENDIX 2

(continued)
Gas Species (continued)

Reaction® ty 14x10°2  (,x103  13x1073  t;x101  Ref.d
BiBrg + 3HCL =3HBr + BiClg -0.117  -30.323  0.006  -7.534 1.609 f,i
BiCl + 2HCL = Hy + BiClg -14.113  58.625  -0.181  -7.910 23.322 f,n
BiF + 3HCL = Hy + HF + BiClg -14.365  124.529  -0.217  -4.663  24.010 n
BiFg + 3HCL = 3HF + BiCl3 -0.017  51.361  -0.106  15.395 0.951 f,i
BiS + 3HCL = 0.5H, + HpS + BiClg . - -14.189  96.650  -0.016 -14.859  14.157 h
(BiS), + 6HCL = Hy + 2H,S + 2BiCl3 -16.658  104.313 0.028 -17.250  17.081 h
Biy + 6HCL = 3H, + 2BiClg -32.095 111.435  -0.449 -21.885 58.685 f,e
BiSg + 6HCL = 3H,S + 2BiClz -9.147 115.146  0.325 -23.187  -9.679 h
Br + 0.5H, = HBr 0.015  76.536 . 0.044  -0.921  -7.642 e
BrClL + Hy = HCL + HBr 4.150  73.119  0.129  5.102 -11.645 i
BrF + Hy = HF + HBr 4.364 128.752  0.118  13.529 -12.427 i
Brfz + 2Hy = 3HF + HBr 18.759  306.815 0.200  40.934 -33.480 i
Brfg + 3H, = SHF + HBr 36.462  495.990  0.271  78.695 -59.734 i
BrSFg + 4Hy = HoS + SHF + HBr 44.689 218.693 0.382 109.105 -75.398  j,o0
Bry + Hy = 2HBr 4.536  52.519  0.148  3.062 -11.953 e
C + 2H,0 = 2H, + CO, -10.839  332.287  -0.233 -28.272 25.767 e
CBr + 2H,0 = 1.5H, + CO, + HBr -6.385 242.650  -0.142 -22.863  20.890 i
CBrFg + 2H,0 = CO, + 3HF + HBr 12.752  58.760  -0.301  42.009  4.741  j,m
CBr, + 2H,0 = CO, + 4HBr 17.335  68.589  0.052  8.632 -10.402 f,i
CCL + 2H,0 = 1.5H, + COp + HCL -7.321  267.451  -0.195 -16.744  23.912 i
CCLFg + 2Hy0 = €O, + HCL + 3HF 12.640  56.888  -0.325  47.221 5.492  j,m

-2.279 177.046  -0.314  -8.98%  21.635 i

CCI.Z + 2H20 = HZ + COZ + 2HCL
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CClyFp + 2H,0 = €O, + 2HCL + 2HF
CCly + 2Hy0 = 0.5H, + €O, + 3HCL
CCl3F + 2“20 = COZ + 3HCL + HF

CCl4 + 2H20 = COZ + 4HCL

CF + 2Hy0 = 1.5H, + CO, + KF

CFy + 2Hy0 = Hy + CO, + 2HF

CF3 + 2H20 = O.SHZ + COZ + 3HF

CF30F + HZ + H20 = COZ + 4HF

CF4 + 2H20 = COZ + 4HF

CH + 2H20 = 2.5“2 + COZ

CHCL + 2H20 = 2“2 + COZ + Hcl
CHCLF, + 2H,0 = Hy + CO + HCL + 2HF
CHCL;F + 2H;0 = Hy + COp + 2HCL + HF
CHClS + 2H20 = HZ + COZ + 3HCl

CHF + 2H20 = 2“2 + COZ + HF

CHFO + H20 = HZ + C02 + HF

CHF3 + 2H20 = Hz + C02 + 3HF

CHy + 2Hy0 = 3Hy + CO,

CH2ClF + 2H20 = 2H2 + COZ + HCl + HF
CH2Cl2 + 2H20 = 2“2 + COZ + 2HCt
CH2F2 + 2“20 = 2“2 + COZ + 2HF

CHzo + Hzo = 2“2 + C02

CH3 + 2“20 = 3-5”2 + COZ

CH3Cl + 2H20 = 3H2 + COZ + HCl

CH3F + 2“20 = 3“2 + C02 + HF

CH4 + 2H20 = 4“2 + COZ

co + Hzo = Hz + C02

14.011
7.763
15.700
17.257
-8.347
-3.098
3.899
17.629
11.955
-11.729
-8.872
5.574
6.535
8.218
-8.539
-2.748
3.811
-10.877
-2.043
-0.031
-3.358
-8.278
-11.034
-7.463
-9.161
-12.869
-7.768

75.075
138.545
86.287
89.153
233.451
146.181
135.513
245.362
34.169
269.669
181.225
34.819
43.760
43.199
166.367
27.185
17.470
161.201
10.120
1.931
6.506
23.431
36.631
-36.705
-20.279
-77.318
25.445

.21
.057
.098
.006
.254
.287
S1
.234
.360
.367
.635
.503
421
.332
.433
419
.641
476
743
.627
.845
595
712
.909
.014
.101
.115

41.907
14.630
36.529
25.113
-17.39
1.215
28.582
57.971
49.233
-30.557
-8.359
42.378
38.568
32.610
-7.472
16.312
46.110
-17.626
31.262
29.738
34.530
2.979
-13.29
18.027
19.600
4.447
-24.619

-0.119
3.642
-5.582
-9.201
27.263
24.487
16.613
-10.021
9.951
36.256
40.293
22.987
19.500
15.254
38.503
25.716
30.939
43.789
44.461
38.558
50.135
41.845
56.674
60.580
66.380
77.549
18.435
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APPENDIX 2

(continued)
Gas Species (continued)

Reaction® Lo (4x1072  1x103  13x1073  (;x101  Ref.d
COCL + Hy0 = 0.5H, + CO, + HCL -1.482  96.004 0.001 -6.792  6.832  j,m
COCLF + Hy0 = €O, + HCL + HF 4.838  46.189  -0.149  22.527  3.988  j,m
COCl, + Hy0 = COp + 2HCL 6.589  59.394  -0.033  16.859  -1.347  j,m
COF + Hy0 = 0.5H, + CO, + HF -3.519  134.405  -0.185  -3.447  15.128  j,m
COF, + Hy0 = CO, + 2HF . - 3.594  30.290  -0.256  26.093 9.544  j,m
€OS + Hy0 = COp + HoS 0.482  16.166 0.081  -5.715  -2.224 h
€S + 2Hy0 = Hy + COp + HyS -6.977  117.091  -0.032 -24.047 16.303 h
CSFg + 3Hy + 2Hy0 = COp + HyS + BHF 52.300 191.865  -0.129 145.240 -55.394  j,o
€Sy + 2Hy0 = €O, + 2H,S 1.979  35.719  0.201 -11.191  -5.909 h
Cp + 4Hy0 =4Hy + 2C0, -18.953  356.240  -0.535 -78.480  62.409 e
CoCly + 4Hy0 = 3Hy + 2C0, + 2HCL -3.999  118.764  -0.477 -26.437  43.473 i
CaCl, + 4Ho0 = 2Hy + 2C0, + 4HCL 11.288  94.256  -0.371 9.029  22.899 i
CaClg + 4Ho0 = Hy + 200, + 6HCL 31.389 120.811  -0.164  38.612 -11.644 i
CoFp + 4Ho0 = 3Hy + 20, + 2HF -5.092 208.874  -0.602 -13.022  48.329 i
CoFy + 4H0 = 2Hy + 2C0, + 4HF 6.450 135.897  -0.690  21.199  39.022 i
CoFg + 4H0 = Hy + 200, + 6HF 23.578  56.937  -0.609  72.892  15.122 i
CoHCL + 4Ho0 = 4Hy + 2C05 + HCL -9.233  73.995  -0.651 -20.960 57.323  j,m
CoHF + 4Hy0 = 4Hy + 2C05 + HF -10.233  122.724  -0.720 -20.402  60.430  j,m
CoHy + 4Ho0 = 5Hy + 2C0, -14.064  34.133  -0.830 -19.174  71.628 ],k
CoH, + 4Ho0 = 6Hy + 2C0, -16.747  -55.324  -1.393  11.777 103.302  j,
CoH40 + 3H,0 = 5Hy + 2C0, -10.568  12.413  -1.389  39.481  89.306  j,m

-22.586 -120.710  -2.322 -12.262 146.035 f,j,k

C2H6 + 4”20 = 7“2 + 2C02
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C3 + 6"20 = 6H2 + 3C02

C302 + 4“20 = 4”2 + 3C02

C4 + 8H20 = 8”2 + 4C02

Cs + 10H,0 = 10Ky + 5C0,

C6H6 + 12“20 = 15”2 + 6C02

Ca + 2HCL = HZ + CaClz

CaBr + 2HCL = 0.5Hy + HBr + CaCl,
CaBrp + 2HCL = 2HBr + CaCl,
CaCl + HCl = 0.5H2 + CaClz
CaF*+ 2HCl = 0.5H2 + HF + CaClZ
CaFZ + 2HCL = 2HF + CaClZ

Cal + 2HCL = 1.5“2 + Caclz

Ca0 + 2HCL = Hzo + CaClz

CaOH + 2HCL = 0.5“2 + H20 + CaClz
Ca(OH)Z + 2HCL = 2H20 + CaClZ
CaS + 2HCL = st + CaClz

Caz + 4HCL = 2“2 + ZCEC‘Z

Cds + HZ = HZS + Cd

CL + 0.5Hy = Hel

CLF + HZ = HCL + HF

ClF3 + ZHZ = HCl + 3HF

ClFS + 3H2 = HCl + SHF

ClFss + 4”2 = HzS + HCl + SHF
clo + 1.5”2 = Hzo + HCL

ClOZ + 2.5“2 = 2H20 + HCl

Cl03F + 4H2 = 3H20 + HCl + HF
Clzo + 2H2 = H20 + 2HCt

-29.481
-10.215
-27.681
-31.620
~42.996
-10.737
-7.843
-0.503
-8.105
-8.274
-1.870
~10.848
-7.323
-3.692
6.745
-10.895
-21.524
4.347
1.565
4.016
18.318
36.037
44,436
4.714
11.067
27.091
11.380

306.089
71.510
338.276
299.535
-204.032
245.423
145.160
-12.638
149.174
152.547
22.027
272.354
299.835
174.605
79.286
228.907
487.836
48.687
109.561
162.431
386.480
624.472
213.318
223.837
348.407
545.159
259.176

-0.916
-0.715
-1.210
-1.531
-4.202
-0.146
-0.075
0.000
-0.101
-0.139
-0.057
-0.241
-0.045
-0.008
0.145
-0.245
-0.204
0.277
0.122
0.089
0.161
0.231
0.344
0.261
0.379
0.459
0.332

-82.779
-29.447
-68.553
-75.628
-34.372
-7.751
-5.073
-5.610
-6.336
-2.016
10.404
-0.913
-2.275
6.604
23.099
-25.429
-28.557
2.898
6.195
13.11
44,889
84.176
112.280
13.948
31.213
75.700
23.199

109.904
59.172
123.980
152.908
282.012
17.564
13.924
1.353
14.767
15.383
5.194
21.705
4.648
1.350
-21.040
17.172
44.178
-16.110
-13.220
-11.315
-31.901
-57.748
-73.965
-24.639
-41.115
-68.643
-32.929
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APPENDIX 2

(continued)
Gas Species (continued)

Reaction® lo (1x1072  1x103 t3x103  (;x10"  Ref.d
Cly + Hy = 2HCL 4.835  94.135  0.139  11.284 -12.877 e
Co + 2HCL = Hy + CoCl, -9.148  175.415  -0.089  0.906  9.39% e
CoCl + HCL = 0.5H, + CoCl, -7.387 103.301  -0.027  -2.392  13.030 i
(CoCly), = 2CoCl, 10.949 -86.706  0.061 0.631 -11.428 i
CoClz + 0.5H, = HCL + CoCl, . - 9.169  -8.5264  0.190  19.515 -15.730 i
CoF, + 2HCL = 2HF + CoCl, -1.709  51.779  -0.032  10.540  5.314 i
Cr + 4HCL = 2H, + CrCl, -27.945 245.148  -0.344 -34.619  42.303 e
CrBry, + 4HCL = 4HBr + CrCl, -0.495 -28.067  0.050 -13.201 0.062 f,i
Cro + 4HCL = Hy + Hy0 + CrCl, -23.258  259.280  -0.109 -21.713  24.996 e
Croy + 4HCL = 2H,0 + CrCl, -15.548 244.008  0.128  -0.818  3.830 e
Cro,Cly + Hy + 2HCL = 2H,0 + CrCl, 3.083  93.218  0.309  24.299 -26.828 f,n
CrOz + Hy + 4HCL = 3H,0 + CrCl, -5.558 252.549  0.274  17.892 -19.056 e
Cs + HCL = 0.5H, + CsCl -3.359  117.976  -0.058  -3.387  4.168 e
(cscl), = 2cscl 9.357 -94.792  0.025  -2.138  -9.19% i
CsF + HCL = HF + CsCl 0.373  31.924  -0.002  6.220 -1.100 i
(CsF), + 2HCL = 2HF + 2CsCl 10.150 -26.880  -0.012  8.068 -10.608 i
CsO + 0.5Hy + HCL = Hy0 + CsCl 0.935 234.362  0.169  2.949 -14.735 e
CSOH + HCL = H,0 + CsCl 4.411  65.862  0.121 5.567 -14.613  j,p
(CSOH), + 2ZHCL = 2H,0 + 2CsCt 12.617  43.478  -0.124  35.933 -13.916  j,p
(Cs), + 2HCL = Hy + 2CsCl -4.884 212.132  -0.198  -7.913  14.056 e
Cs,0 + 2HCL = Hy0 + 2CsCl 3.200 231.456  0.109  1.216  -9.548 e
CspS0, + 4Hy + 2HCL =HpS + 2CSCL # 4H0 36.927  67.447  0.706  74.779 -94.968 ],k
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Cu + HCl = 0.5H, + CuCl

CuBr + HCl = HBr + CuCl

(CuBr)3 + 3HCL = 3HBr + 3cuCl
(CucCl)z = 3cucl

CuF + HCl = HF + CuCl

CuFy + 0.5H; + HCl = 2HF + CuCl
CuH + HCL = Hy + CuCt

Cuo + 0.5Hy + HCL = Hy0 + CuCl
F + 0.5"2 = HF

FO_+ 1.5Hy = Hy0 + HF

FOZ + 2.5“2 = 2”20 + HF

FSZF + 3H2 = Zst + 2HF

Fp + Hy = 2HF

F50 + 2Hp = Hy0 + 2HF

Fe + 2HCL = Hz + Feclz

FeBr, + 2HCL = 2HBr + FeCl,
(FeBry)p + 4HCL = 4HBr + 2FeCl,

Fe(CO)5 + 5H20 + 2HCL = 6H2 + SCOZ + FeClZ

FeCl + HCl = 0.5H, + FeCl,
(FeCly), = 2FeCly

FeClz + 0.5H, = HCL + FeCl,
(FeCl3)2 + Hz = 2HCL + ZFeClz
FeF + 2HCl = 0.5H2 + HF + FeCl2
FeFy + 2HCL = 2HF + FeCly

FEF3 + 0.5”2 + 2HCL = 3HF + FeClz

Fe(OH)2 + 2HCL = 2H20 + FeClz
FeS + 2HCL = st + FeClZ

-3.989
-0.170
22.255
22.105
-0.209
8.043
-4.137
-0.596
0.395
3.908
9.797
19.218
3.990
10.143
-9.904
-1.008
10.322
3.055
-6.303
10.904
7.319
28.426
-7.381
4.528
6.196
10.883
-5.250

81.323 -0.075 -7.953
-12.478 0.003 -4.216
-312.237 0.051 -7.394
-275.129 0.046 3.845
77.222 -0.040 4.321
39.574 0.016 23.238
49.304 -0.180 -3.258
156.685 0.042 -9.922
182.666 0.063 -0.007
322.386 0.196 11.285
395.734 0.369 20.217
123.188 0.561 26.350
283.169 0.048 14.702
419.132 0.226 27.966
196.652 -0.049 -15.174
-5.776 0.012 -8.264
-102.498 0.124 -12.293
2.854 -0.959 -38.360
157.693 0.012 -2.860
-79.719 0.086 0.499
-12.503 0.147 5.143
-104.181 0.297 8.021
146.322 -0.048 0.855
55.824 0.118 26.895
-25.968 -0.012 26.959
50.085 0.237 46.457
181.774 0.237 -7.917

4.462
0.551
-23.968
-25.345
0.544
-12.920
11.668
-9.341
-10.517
-22.376
-39.816
-53.085
-10.718
-29.288
11.263
0.515
-12.965
60.786
7.199
-13.613
-11.5064
-43.372
11.915
-13.362
-6.358
-32.466
-4.862
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APPENDIX 2

(continued)
Gas Species (continued)
Reaction® lg l.|x10'2 l2x103 l3x10'3 l4x101 Ref.d
Ga + 3HCL = 1.5H, + GaClg -15.080 228.010 -0.060 -11.545 14.079 e
GaCl + 2HCL = H, + GaClg -14.817 95.949 -0.155 -15.819 22.253 i
GaCly, + HCL = 0.5H, + GaClg -9.142 53.454 -0.074 -8.070 13.786 i
(GaClz)p = 2GaClz 13.766  -52.215 0.005 4,236 -20.319 i
GaF + 3HCL = Hy + HF + GaClz ’ - -15.171  105.708 -0.205 -12.206 23.593 i
GaF, + 3HCl = 0.5H; + 2HF + GaCl3 -9.803 87.551 -0.153 3.881 15.821 i
GaFz + 3HCL = 3HF + GaClz -0.965 26.716 -0.120 18.936 2.998 i
GaH + 34Cl = 2H, + GaClj -18.838 197.949 -0.359 -18.061 33.583 j.k
GayS + 6HCL = 2Hy + HyS + 2GaClz -27.395 190.019 . -0.210 -24.865 40.896 n
H = 0.5H; 0.025 112.616 0.048 2.042 -8.973 e
HCO + Hy0 = 1.5H; + CO, -7.927 105.949 -0.295 -11.694 26.719 j.p
HCLO + Hy = HCL + H50 4.950 123.264 0.138 20.540 -15.035 j.m
(HF); = 2HF 5.260 -15.391 -0.168 30.037 2.991 i
(HF)3z = 3HF 16.867 -36.758 -0.197 58.233 -13.554 i
(HF), = 4HF 26.246  -55.957 -0.262 77.585  -24.644 i
(HF)g = 5HF 35.691  -75.759 -0.331 96.690  -35.679 i
(HF)g = 6HF 44.866 -101.669 -0.418 115.190  -45.557 i
(HF)7 = 7HF 53.974 -115.348 -0.517 131.154  -55.090 i
OH + 0.5H = K0 0.348  145.545 0.142 -5.589 -12.501 e
HO, + 1.5Hy = 2H,0 4.478  249.864  0.224  14.215 -23.815 e
HS + 0.5Hy = H5S 0.262 83.093 0.185 -13.656 -11.687 h
HSOZF + 4Hy = 3H,0 + HoS + HF 28.786 124.905  0.510  74.266 -74.537  j,p
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H202 + HZ = 2H20

H2504 + 4"2 = st + 4"20
HpSp + Hy = 2HpS

HgBr + 0.5H2 = HBr + Hg
HgBry + Hy = 2HBr + Hg

HgCl + 0.5H; = HCL + Hg
HgClZ + Hz = 2HCL + Hg

HgF + 0.5Hy = HF + Hg

HgFp + Hy = 2HF + Hg

HgH = 0.5H, + Hg

Hgo + Hz = Hy0 + Hg

Hgs + Hy = HyS + Hg

IrFg + 3Hp = 6HF + Ir

K + HCl = 0.5H, + KCl

KBr + HCl = HBr + KCl

(KBr)z + 2HCL = 2HBr + 2KCl
KCN + 2H50 + HCL = 2.5H5 + €O, + KCL + 0.5N;
(Kclyy = 2Kcl

KF + HCl = HF + KC!

(KF), + 2HCL = 2HF + 2KCl

KH + HCL = Hy + KCl

KO + 0.5Hy + HCL = Hy0 + KCl
KOH + HCL =Hy0 + KCl

(KOH), + 2HCL = 2H,0 + 2KCL
KS + 0.5H, + HCL = HpS + KCL
Ko + 2HCL = Hy + 2KCl

KoS + 2HCL = HyS + 2KCL

4.822
32.042
6.222
2.856
11.243
2.952
11.632
3.093
11.984
0.381
3.998
3.702
45,782
-3.672
-0.055
9.133
-6.238
9.694
-0.371
10.106
-1.536
0.596
4.145
12.249
-0.015
-4.389
1.858

178.
116.
27.
40.
-44.
56.
-12.
112
96.
92.
113.
47.
210.
.169
.296

m

1M1
-1

-117.
63.
-100.
36.
-39.
.998

131

225.
66.
33.

.675

131

195.
129.

603
817
164
944
135
501
335

178
084
920
255
766

927
326
419
482
821

455
422
m

545
920

0.026 15.396
0.597 73.366
0.200 4.928
0.047 0.284
0.159 4.722
0.045 3.142
0.147 11.934
0.031 9.015
0.100 24.731
-0.101 10.979
0.163 5.623
0.236 -3.489
0.326 89.770
-0.075 -6.212
0.010 -1.529
0.051 -4.522
-0.329 -21.791
0.056 2.367
-0.054 0.478
-0.006 8.403
-0.070 8.806
0.139 0.015
0.093 5.288
-0.149 34.538
0.203 -5.112
-0.156 -6.187
0.125 -8.556

-13.765
-83.473
-19.045
-3.299
-16.996
-3.562
-17.714
-4.066
-17.882
2.993
-14.930
-14.089
-65.078
4.874
0.178
-9.154
31.624
-10.881
1.299
-10.730
3.036
-13.51
-13.400
-12.860
-10.732
12.522
-5.468
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APPENDIX 2

(continued)
Gas Species (continued)

ReactionC to t4x10°2  x103 13x1073  (4x10!  Ref.d
K2S0, + 4Hy + 2HCL = HpS + 2KCL + 4Hn0 37.341  55.003  0.708  76.181 -95.207  j,k
Li + HCL = 0.5Hp + LiCl -3.513  138.872  -0.052 -10.731  3.272 e
LiALF, + HCL = HF + AlF3 + LiCl 13.846 -143.428  0.075  27.008 -20.106  j,m
LiBr + HCL = HBr + LiCl 0.09%4  -7.539  0.017  -0.857  -0.330 i
(LiBr), + 2HCL = 2HBr + 2Licl C - 9.904 -T17.006  0.046  -2.341 -10.021 i
LiCLO + Hy = LiCl + Hy0 6.050 217.391  0.169  21.149 -17.719  j,m
(Licly, = 2Lict 10.028 -107.512  0.015  3.956  -9.746 i
(Lictyz = 3Licl 22.248 -201.518  -0.014  35.146 -20.726 i
LiF + HCL = HF + Licl , -0.548  19.177  -0.054  1.846  1.987 i
LiFO + Hy + HCL = HF + LiCl + Hy0 6.136  271.078  0.143  22.454 -18.399  j,m
(LiF), + 2HCL = 2HF + 2LicCl 10.291 -101.083  -0.038  26.818  -8.969 i
(LiF)z + 3HCL = 3HF + 3LicCl 21.710 -206.765  -0.072  40.041 -22.473 i
LiH + HCL = Hy + LiCl -2.678  127.392  -0.134  -0.493  6.900  j,k
LiNa0 + 2HCL = Hy0 + NaCl + LiCl 1.300 168.327  0.017  11.284  -3.835  j,m
Li0 + 0.5Hy + HCL = Hy0 + LiCt 0.165 222.773  0.113  -2.254 -11.895 e
LiOH + HCL = Hy0 + Licl 4.563  55.512  0.122  6.440 -14.937  j,p
(LiOH)y + 2HCL = 2H,0 + 2LiCl 12.779  -16.035  -0.157  44.624 -13.218  j,p
Lip + 2HCL = Hy + 2LiCl -4.199 220.322  -0.140 -16.840  11.520 e
LioCLF + HCL = HF + 2Licl 10.292 -97.998  -0.014  25.969  -8.385  j,m
Lis0 + 2HCL = Hy0 + 2Licl 4.557 144.746  0.094  5.498 -13.520 g
Lin0p + Hy + 2HCL = 2H,0 + 2LiCl 12.219 228.714  0.327  2.774 -37.980 g
Lip§0, + 4Hy + 2HCL = HyS + 2LiCL + 4H,0 36.390  63.038  0.659  74.264 -93.511  j,k
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Mg + 2HCL = Hz + MQC[Z

MgBr + 2HCL = 0.5H, + HBr + Mgclz
MgBr, + 2HCLl = 2HBr + MgClZ
(MgBr,), + 4HCL = 4HBr + 2MgCl,
MgClL + HCL = 0.5H, + MgCl,

MgCLF + HCl = HF + Mgclz

(Mgclz)z = ZMQCLZ

MgF + 2HCL = 0.5H, + HF + MgCl,
MgFy + 2HCL = 2HF + MgCl,

(MgF3)p + 4HCL = 4HF + 2MgCl,

MgH + 2HCL = 1.5H2 + MgCl,

Mgo + 2HCL = Hy0 + Mgclz

MgOH + 2HCL = 0.5Hp + Hp0 + MgCl,
Mg(OH)5 + 2HCL = 2H,0 + MgCl,

MgS + 2HCLl = HoS + MgCly

Mgz + 4HCL = ZHZ + 2M9Cl2

Mn + 2HCL = Hz + MnClZ

MnBr, + 2HCL = 2HBr + MnCl,

MnF, + 2HCL = 2HF + MnCl,

Mo + 4”20 =3H2 + H2M004

MoBr + 4H,0 = 2.5H; + HBr + H;MoO,
MOBFZ + 4H20 = 2H2 + 2HBr + H2M004
MOBP3 + 4”20 = 1.5H2 + 3HBr + H2M004
MoBr, + 4H30 = Hy + 4HBr + HoMoO,
MoCl, + 4H0 = Hy + 4HCL + HoMoO,
MoClg + 4Hy0 = 0.5Hy + SHCL + HyMoO,
MoClg + 4H0 = 6HCL + HoMoO,

-11.020
-8.304
-0.285
10.130
-7.729
-1.298
10.453
-8.456
-2.129
11.224

-11.332
-3.764
-3.326

6.788
0.286

-23.855

-14.202
-2.268
-3.061

-35.073

-31.699

-19.027

-17.106
-7.659
-7.346

1.525
10.961

187.975
1M1.71
-11.215
-108.195
135.886
2.385
-90.050
129.682
14.585
-112.774
199.960
262.952
148.045.
57.929
190.617
375.523
194.335
-26.814
51.944
298.815
211.974
75.487
3.678
-64.911
-60.660
-47.402
3.200

-0.142
-0.086

0.009

0.050
-0.061
-0.027

0.029
-0.134
-0.083
-0.155
-0.244
-0.086

0.032

0.137

0.259
-0.287
-0.211
-0.111
-0.143
-0.531
-0.460
-0.189
-0.346
-0.170
-0.207
-0.150
-0.061

-12.305
-11.042
-5.105
-14.779
-3.847
8.412
0.865
-3.547
10.404
33.494
-6.484
17.539
10.903
26.699
30.575
-35.072
-16.097
-14.670
8.724
-71.965
-70.316
-62.502
-63.622
-54.543
-42.470
-34.668
-32.271

17.103
14.376
0.683
-10.412
12.549
5.056
-11.726
15.089
6.847
-7.438
22.345
-7.942
-0.615
-20.132
-21.230
49.649
25.853
10.886
9.556
84.885
81.439
52.293
60.184
43.748
43.190
30.059
15.429
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APPENDIX 2

(continued)
Gas Species (continued)

Reaction® Ly 11072 15x103  13x1073  1,x10"  Ref.d
MoF + 4Hy0 = 2.5H, + HF + HaMoO, -31.973  244.155  -0.514 -62.574  82.459 i
MoF; + 4H0 = 2H, + 2HF + HaMoO, -22.705 151.547  -0.408 -54.721  65.554 i
MoFg + 4Ho0 = 1.5H, + 3HF + HyMoO, -17.074  60.360  -0.495 -34.511  62.294 i
MoF, + 4Hy0 = Hy + 4HF + HaMoO, ’ ) -9.000  22.436  -0.391 -18.315  48.493 i
MoFg + 4H0 = 0.5Hy + SHF + HoMoO, 1.513  "7.511  -0.307  9.380  29.352 i
MoFg + 4Hn0 = 6HF + HyMoOy, 8.689 -16.026  -0.352  14.545  23.887 i
MoO + 3Hy0 = 2Hy + HoMoO, -30.360 241.220  -0.322 -70.280  68.032 e
MOOF,, + 3H50 = HoMoD, + 4HF 1.813  -17.152 -0.182  12.18  22.215 j,m
MoO, + 2Ho0 = Hy + HoMoOy -23.572  196.848 - -0.140 -45.162  49.386 e
MOO,Cly + 2Hp0 = 2HCL + HoMoOy, -5.804  -38.003 0.013 -23.025  21.583  j,m
MoOz + Hy0 = HyMoO, -14.302  142.907  0.008 -32.756  26.930 e

N = 0.5N, -0.269  245.553 0.081 2.785  -9.456 e
NBr + 0.5H, = HBr + 0.5N, 2.736  174.330 0.116  8.054 -10.455 i
CN + 2H,0 = 2Hy + €O, + 0.5N; -10.265 196.927  -0.294 -26.070  33.187  j,k
CLCN + 2Hy0 =1.5H, + COp + HCL + 0.5Ny -1.541  75.769  -0.234  -3.617  19.724  j,m
HCN + 2H,0 = 2.5H, + €O, + 0.5N, -6.594  27.882  -0.354  -5.679  33.367 j,m
CNC + 4Hy0 = 4Hy + 2C05 + 0.5N, -10.609  203.593  -0.430 -21.313  47.248  j,m
CF3CN + 4Hy0 = 2.5H, + 2C0, + 3HF + 0.5N, 8.631  75.761  -0.496  45.187  30.055 j,m
NCO + Ho0 = Hy + CO, + 0.5Ny -1.353  163.168  -0.093  4.905 8.477  j,m
NF + 0.5Hy = HF + 0.5N, 1.935  270.921 0.046  12.430  -8.246 i
NFy + Hy = 2HF + 0.5N, 7.543  303.710 0.052  32.222 -13.545 i
NFp + 1.5Hy = 3HF + 0.5N, 15.969  352.341 0.055  57.497 -24.019 i
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NH = 0.5Hy + 0.5N, -1.246
HNCO + H20 = 1.5”2 + COZ + 0.5N2 -0.485
NHZ = Hz + U.SNZ -1.432
NHg = 1.5H, + 0.5N2 -0.260
NO + Hp = Hy0 + 0.5N, 1.228
NOBr + 1.5"2 = Hzo + HBr + 0.5”2 8.473
ONCL + 1.5H, = Hy0 + HCL + 0.5N, 8.585
ONF + 1.5“2 = H20 + HF + 0.5N2 8.348
HNO + 0.5H, = H,0 + 0.5N, a 3.844
NOZ + 2H2 = 2H20 + O.SNZ - 7.322
NOLCL + 2.5Hy = 2H,0 + HCL + 0.5N, 17.476
Cis-HNO, + 1.5Hy = 2H,0 + 0.5N, 11.690
trans-HNO2 + 1.5H, = 2H,0 + 0.5N, 12.208
NOg + 3Hy = 3H,0 + 0.5N, 20.078
HNOg + 2.5H, = 3Hy0 + 0.5N, 20.488
NS + Hz = HyS + O'SNZ 3.097
CNN + 2"20 = 2H2 + €Oy + Nz -3.919
NCN + 2”20 = ZHZ + COZ + NZ -2.082
CzNz + 4”20 = 4“2 + ZCOZ + Nz -9.143
C4N2 + 8“20 = 8“2 + 4C02 + Nz -14.952
cis-NaFa + Hy = 2HF + N, 13.534
trans-NzFZ + HZ = 2HF + NZ 12.935
NaFy + 2Hy = GHF + Ny 29.995
CiS‘N2H2 = HZ + Nz 3.404
N2H4 = 2”2 + N2 9.660
NZO + H2 = H20 + Ny 6.901

N203 + 3H2 = 3“20 + N2 18.628

196.860
123.695
100.332
-23.186
171.695
183.786
196.799
229.748
175.243
264 .892
297.901
205.350
203.933
403.506
296.590
146.412
261.396
201.795
75.959
105.569
315.406
322.788
554.679
109.346
45.201
165.554
413.430

-0.008
-0.185
-0.132
-0.295
0.140
0.284
0.253
0.231
0.118
0.27
0.414
6.273
0.309
0.596
0.446
0.304
-0.235
-0.221
-0.684
-1.102
0.005
-0.018
0.024
-0.179
-0.313
0.078
0.386

-1.569
14.048
6.328
23.204
-0.549
18.455
22.486
28.350
22.584
21.091
50.888
44.832
47.054
70.944
79.740
5.458
-3.801
5.126
-26.456
-40.493
54.235
43.915
98.946
43.065
82.003
20.564
39.889

0.632
16.668
11.138
20.171

-14.711
-26.517
-26.687
-25.514
-12.840
-29.916
-47.908
-33.962
-35.720
-64.323
-55.865
-20.272
24.078
19.090
57.789
104.330
-17.763
-16.565
-41.168
8.928
9.031
-17.734
-53.098
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APPENDIX 2

(continued)
Gas Species (continued)

Reaction® lo (1x1072  1;x10%  13x1073  (;x101  Ref.d
NyO, + 4Hy = 4H50 + Ny 28.714 496.230  0.481  65.724 -75.639 e
N5Og + 5Hy = 5Hy0 + Ny 39.135 618.368  0.841  85.648 -108.557 e
N3 = 1.5N, 7.447 212.334  0.065  34.99% -13.459  j,p
Na + HCL = 0.5H, + NaCl -3.526 101.147  -0.055 -5.374  3.873 e
NaAlF, + HCl = HF + NaCl + AlFz ’ - 13.771 -160.692  0.077  21.218 -20.141  j,m
NaBr + HCL = HBr + NaCl -0.157  -11.485  -0.002  -1.909  0.531 i
(NaBr), + 2HCL = 2HBr + 2NaCl 9.505 -128.892 0.037  -4.036  -8.831 i
(NaCl), = 2NaCl 10.048 -115.245 0.045 2.284 -10.474 i
NaF + HCL = HF + NaCl -0.025  34.403 = -0.030  4.331 0.147 i
(NaF), + 2HCL = 2HF + 2NaCl 10.586 -62.169  -0.031  20.773  -9.331 i
Nali + HCL = Hy + NaCl -2.561 112.612  -0.133  2.777  6.538  j,k
Nad + 0.5H, + HCl = Hy0 + NaCl 0.407 212.552  0.129  -0.805 -12.94 e
NaOH + HCL = H,0 + NaCl 4.430  64.850  0.120  6.389 -14.639  j,p
(NaOH)5 + 2HCL = 2H,0 + 2NaCl 12.826  18.786  -0.121  40.099 -14.338  j,p
Nay + 2HCL = Hy + 2NaCl -4.621  162.245  -0.167 -10.797  13.344 e
NayS0, + 4Hy + 2HCL =H,S + 2NaCl + 4H,0 36.923  47.606  0.672  76.196 -93.537 ],k
Ni + 2HCL = Hy + NiCl, -12.174  168.169  -0.145 -13.565  18.816 e
NiBr + 2HCL = 0.5H, + HBr + NiCl, -9.360  58.444  -0.111  -10.005  18.733 i
NiBry + 2HCL = 2HBr + NiCly -0.589  -14.789  -0.021  -8.491 1.864 i
Ni(CO), + 4H50 + 2HCL = 5Hy + 4CO, + NiCly -1.531  -47.279  -0.597 -53.489  51.428  j,o0
NiCl + HCL = 0.5H, + NiCl, -9.571  85.543  -0.131 -10.296  19.376 i
Nif + 2HCL = 0.5H, + HF + NiCl, -10.145  140.698  -0.197  -6.712  21.385 i
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NiF2 + 2HCL = 2HF + NiClZ
NiH + 2HCL = 1.5H2 + NiClz
Ni0o + 2HCl = Hzo + Niclz
Nis + 2HCL = HyS + NiCl,
0+ Hz =H20

03 + 3”2 = 3”20

Pb + 2HCL = Hp + PbCl,

PbBr + 2HCL = 0.5H, + HBr + PbCi,

PbBr, + 2HCL = 2HBr + PBCL,

PbBr, + Hy + 2HCL = 4HBr + PbCLy

PBCL + HCL =0.5Hy + PBCL,

PbF + 2HCL = 0.5H, + HF + PbCl,

PbF, + 2HCL = 2HF + PbCl,

PbF, + Hy + 2HCL = 4HF + PbCL,

PbH + 2HCL = 1.5H, + PbCl,
PbO + 2HCL = Hzo + Pbclz
Pbs + 2HCL = HyS + PbCl,
PbSe + ZHCL HZSe + PbClZ
PbTe + 2HCL = HyTe + PbCl,
Pby + 4HCL = 2H; + 2PbCl,
Rb + HCL = 0.5H; + RbCl
Rby + 2HCL = Hy + 2RDCL

S + Hy = H2S

SBry + 2Hy = HpS + 2HBr
SCL + 1.5Hy = HpS + HCL
SClF5 + 4H2 = H2S + HCl + SHF

-1.037
<14 .493
-8.167
-8.204

1.000
11.767
-9.330
-6.231
-0.297
17.084
-5.804
17.210
-6.017

0.192
17.023
-9.336
-4.987
-5.316
-5.473
-6.322
-15.860
-3.524

2.573

1.094
11.145

4.893
45.009

50.044
150.974
229.275
139.192
253.915
445.443

98.948

52.210
-21.494

-171.175

51.847

-105.266

96.315

51.708
-32.270
120. 141
157.356

74.830

46.261

25.201
167.476
114.407
174.678
153.537

37.945
137.931
213.163

-0.099
-0.306
-0.002
0.083
0.214
0.502
-0.178
-0.093
0.004
0.176
-0.080
0.133
-0.112
-0.048
0.006
-0.244
0.024
0.084
0.117
0.074
-0.337
-0.065
-0.154
0.276
0.423
0.343
0.418

13.539
-17.676
-5.028
-9.540
-2.688

28.944

-9.738
-7.772
-6.076
0.252
-3.733
10.333
0.513
13.812
35.675
-0.848
-2.253
-11.409
-15.141
-17.739
-16.538
-4.719
-5.913
-8.943
8.130
-1.935
111.252

4.101
33.578
4.910
5.775
-22.436
-51.928
13.889
9.647
1.025
-26.547
8.491
-26.962
8.835
-0.365
-25.901
17.945
-2.309
-0.659
-0.170
3.091
30.689
4.561
12.957
-21.310
-31.660
-24.889
-76.110
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APPENDIX 2

(continued)
Gas Species (continued)

Reaction® lg 14x1072  1x103  13x1073  (4x101  Ref.d
SCly + 2Hy = HyS + 2HCL 10.831  93.570  0.387  11.729 -31.010 i
SF + 1.5Hy = HyS + HF 4.872 157.012  0.323  5.932 -26.691 i
SFp + 2Hy = H2S + 2HF 9.918 136.556  0.288  21.377 -27.700 i
SF3 + 2.5Hy = HpS + 3HF 17.665 168.220  0.282  45.823 -37.510 i
SF,, + 3ty = HpS + GHF ’ - 26.906 172,354 0.361  63.244 -53.262 i
SFg + 3.5Hy =HpS + SHF 36.073 235.878  0.373  90.830 -65.179 i
SFg + 4Hy = HoS + 6HF 44.622 212.631  0.326 122.552 -71.422 i
SO + 2Hy = HyO + HpS 4.323  135.752  0.391  3.409 -31.462 e
SOCLy + 3Hy = HyO + HyS + 2HCL 18.328 114.828 . 0.468  24.406 -50.784 f,n
SOF + 3Hy = H20 + H2S + 2HF 18.233  129.59%4  0.434  43.468 -49.158  h
S0, + 3Hy = 2H,0 + HyS 10.275 101.810  0.509  15.317 -45.939 e
SO,CLF + 4Hy = 2H,0 + HyS + HCL + HF 26.386 151.474  0.536  57.250 -68.324  j,p
SO,Cly + 4Hy = 2Hy0 + HyS + 2HCL 26.787 163.269  0.600  40.816 -69.566  h
SOFp + bHy = 2H50 + HpS + 2HF 26.538 139.962  0.546  66.780 -67.398 h
SO3 + 4Hy = 3Hy0 + HyS 19.691 171.979  0.706  42.441 -68.791 e
SSF, + 3Hy = 2HyS + 2HF 19.237  88.877  0.558  34.062 -52.648 i
Sy + 2Hy = 2HyS 4.741  85.123  0.451  -1.518 -31.279 e
S;Brp + 3Hy = 2HyS + 2HBr 18.479  69.215  0.580  2.780 -52.674 f,h
S,CL + 2.5Hy = 2HyS + HCL 10.835 105.511  0.574  6.546 -41.838 i
S;Cly + 3Hy = 2H2S + 2HCL 19.299 101.611  0.599  15.369 -55.128 f,i
SoF1g + THy = 2H5S + 10HF 87.148 338.585  0.641 213.601 -142.348 i
§50 + 3Hy = Hy0 + 2HyS 11.492  119.666  0.671  15.234 -50.836  h

768

P22y [ YADIN puv Spuouls g 14990y



33 + 3“2 3H25

54 + 4H2 4”25

S5 + SHZ = 5H25

Sg + 6Hy = 6HyS

37 + 7H2 = 7H25

Sg + 8Hy = 8HyS

Sb + 3HCL = 1.5“2 + SbCl3

SbBrz + 3HCL = 3HBr + SbCL3

SbClg + Hy = 2HCL + SbCls

SbFz + 3HCL = 3HF + SbCls

Sbhz + 3HCL = 3H, + SbClg

Sbs + 3HCL = 0.5H; + HyS + SbClz
(SbS), + GHCL = Hy + 2H,S + 2SBClg
(SbS)3 + 9HCL = 1.5“2 + 3H2$ + 3SbCl3
(SbS), + 12HCL = 2Hy + 4H,S + 4SbClg
sz + 6HCL = 3“2 + Zsbcls

Sb283 + 6HCL = 3H25 + ZSbCl3

Sb254 + HZ + 6HCL = 4“25 + ZSbCl3
Sb3$2 + 9HCL = 2.5"2 + ZHZS + 3SbCl3
Sby, + 12HCL = 6H, + 4SbClg

Sb406 + 12HCL = 4SbC[3 + 6H20

Sb433 + 124CL =3H2 + 3“23 + ASbCl3
Se + H2 = H,Se

SeBr, + 2H, = HySe + 2HBr

CSe + 2”20 = HZ + COZ + ste

CSeZ + 2“20 = COZ + Zste

SeCl2 + 2“2 =ste + 2HCL

12.464
22.049
30.582
40.531
48.900
58.691
-18.570
-0.348
17.616
-0.338
-14.072
-13.905
-17.484
-16.513
-19.604
-32.896
-10.111
0.060
-28.157
-54.727
2.364
-28.669
1.117
9.790
-8.358
2.138
11.146

100.580
103.853
105.916
101.475
112.817
116.391
160.752
-24.621
49.926
21.831
98.280
129.546
152.659
165.719
189.785
170.890
134.667
128.589
168.809
201.628
192.908
199.706
105.367
8.435
134.032
57.836
59.273

0.779
1.022
1.271
1.521%
1.768
2.047
-0.222
0.021
0.170
-0.118
-0.556
-0.007
0.061
0.101
0.179
-0.427
0.328
0.618
-0.128
-0.865
0.114
-0.067
0.255
0.460
-0.057
0.279
0.449

7.535
17 .455
15.075
12.513
15.521
19.602

-18.108
-9.062
14.299
20.679
19.742

-15.584

-23.203

-29.423

-63.477

-33.432

-34.003

-30.776

-41.931

-67.885
23.876

~61.729
-1.926

2.543

-31.165

-19.164

8.389

-52.755
-75.998
-100.330
-124.600
-148.519
-173.799
26.659
0.786
-28.000
1.601
39.038
11.315
15.823
12.984
7.621
57.755
-9.500
-35.507
35.710
106.126
-42.854
31.675
-20.317
-27.701
21.034
-6.743
-32.505
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APPENDIX 2

(continued)
Gas Species (continued)
Reaction® . lg l-|x10'2 l2x103 l3x10'3 l4x101 Ref.d
Sef + 1.5H, = HySe + KF 4.320 102.643 0.317 6.026 -21.862 i
Sef, + 2H; = HySe + 2HF 11.149  101.636 0.389 22.900 -31.882 i
Sef, + 3H, = HySe + 4LHF 27.863  120.045 0.403 77.038 -53.172 i
Sefg + 3.5H; = HoSe + 5HF 36.563 193.315 0.450 80.837 -68.165 i
SeFg + 4y = HoSe + 6HF 46.883 240.473  0.499 107.403 -81.718 i
Se0 + 2Hy = Hy0 + HySe 5.087 134.518 0.465 5.590 -33.954 e
| Se0, + 3Hy = 2Hy0 + HpSe 11.406 172.990  0.580  16.156 -50.176 e
Se; + 2Hy = ZHZSe 8.508 37.400 0.660 -2.422 -42.735 e
SejBrp + 3Hy = 2H,Se + 2HBr 19.033  16.271 - 0.703  -1.275 -55.245 f,i
Se,Cly + 3Hy = 2H,Se + 2HCL 19.726  47.217  0.725  7.519 -57.227 f,i
Seg + 3H2 = 3H25e 12.127 40.665 0.791 -10.071 -52.712 e
Sey, + 4Hy = 4H28e 20.527 26.234 1.183  -11.112 -78.137 e
Seg + 5H2 = 5H25e 31.070 -15.200 1.428 -13.112 -100.186 e
Seg + 6Hy = 6H,Se 40.359 -34.868  1.746 -15.617 -125.693 e
Sey + THy = TH,Se 48.988 -48.432  2.027 -15.535 -149.568 e
Seg + BHy = BH,Se 57.917 -60.339  2.309 -23.760 -173.340 e
Si + 4HF =2H2 + SiF, -25.800 516.392 -0.049 -71.937 28.779 e
SiBr + 4HF = 1.5H2 + HBr + SiF4 -20.950  421.565 0.075 -64.493 21.795 i
SiBrp + 4HF = Hy + 2HBr + SiF, -15.125 289.040 0.140 -55.038 15.565 i
Si8r3 + 4HF = 0.5Hy + 3HBr + SiF4 -6.852  227.905 0.208 -47.315 2.866 i
SiBr4 + 4HF = 4HBr + SiF4 . 2.318 133.432 0.270 -43.733 -9.656 i
SiC + ZHZO + 4HF = 4Hy + co, + SiF4 -26.746  611.760 0.003 -76.484 41.183 j.k
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SiCH3Cl3 + 2“20 + 4HF = 4"2 + COZ + 3HCL + SiF4

SiCH3F3 + 2”20 + HF = 4“2 + COZ + SiF4
SiCy + 4H50 + 4HF = 6H; + 2C0, + SiF,
Si(CH3)4 + 8H20 + 4HF = 16H2 + 4C02 + SiF4
SiCt + 4HF = 1.5H, + HCL + SiF,

CLSiFg + HF = HCL + SiF,

SiCl, + 4HF = Hy + 2HCL + SiF,

SiClg + 4HF = 0.5H; + 3HCL + SiF,
SiCl4 + 4HF 4HCL + SiF4

Sif + 3HF = 1.5Hy + SiF,

FSiCl3 + 3HF = 3HCLl + SiF4

Sin + 2HF = HZ + SiF4

SiF3 + HF = O.SHZ + SiF4

SiH + 4HF = 2.5H, + SiF,

SiHBF3 + 4HF = HZ + 3HBr + SiF4

SiHCl3 + 4HF = HZ + 3HCL + SiF4

SiHF3 + HF = Hz + SiFA

Silly + 4HF = 3H, + SiF,

SiHyBry + 4HF = ZHZ + 2HBr + SiF4
SinClZ + 4HF = ZHZ + 2HCL + SiF4

@

SioFy + 2HF = 2Hy + SiF,
Siliz + 4HF = 3.5H, + SiF,
SilizBr + 4HF = 3H, + HBr + SiF,
SiHzCL + 4HF = 3Hy + HCL + SiF,

Si"sF + 3HF = 3“2 + SiF4
SiH, + 4HF = 4H, + SiF,
Si0 + 4HF = Hz + Hzo + SiF4

-7.684
-9.848
-37.332
-37.519
-21.632
1.014
-14.833
-6.467
3.038
-22.333
2.345
-15.794
-8.500
-26.020
-2.770
-2.522
-6.115
-20.958
-9.906
-10.091
-11.559
-22.763
-15.306
-15.322
-16.128
-20.649
-21.066

101.217

16.786
517.537
-36.371
431.566

60.100
286.106
216.045
119.545
412.085
120.601
255.803
136.320
478.243
173.272
158.921

74.953
406.383
214.908
204.921
148.087
389.427
255.764
251.501
223.318
297.627
352.713

-0.725
-0.939
-0.644
-3.647
0.038
0.104
0.129
0.200
0.258
-0.022
0.244
0.027
0.015
-0.151
0.120
0.100
-0.216
-0.228
-0.214
-0.256
-0.387
-0.495
-0.448
-0.460
-0.534
-0.710
0.131

-11.932
7.1
-99.156
13.773
-61.133
-4.073
-47.178
-35.519
-22.765
-58.353
-19.231
-35.368
-18.570
-66.570
-23.376
-9.033
5.735
-29.263
-16.196
-8.099
5.035
-27.140
-7.813
-3.841
2.969
-9.448
-56.649

55.318
63.488
91.187
255.381
23.949
-6.143
14.928
1.692
-11.095
26.417
-11.834
18.624
9.064
36.259
2.346
1.877
14.890
30.479
22.413
23.387
28.900
47.394
38.079
38.303
41.339
55.086
15.334

f,j,m
f,j,m
j.k
f,j,m
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APPENDIX 2

(continued)

Gas Species (continued)
ReactionC lo (4x1072  1x103  13x1073  (;x101  Ref.d
S1OF5 + 2HF = H,0 + SiF, -8.276  180.552 0.083 -11.450 1.382  j,m
$i0p + 4HF = 2H,0 + SiF, -12.561  358.967 0.275 -39.623  -6.243 e
SIS + 4HF = Hy + HyS + SiF, -20.868  344.960 0.201 -62.484  15.124  h
SiSp + 4HF = 2H,S + SiF, ) ) -11.869  300.920 0.449 -56.945  -8.082 h
SiSe + 4HF = Hy + HySe + SiF, -20.448  369.498 0.267 -63.425 13.823 n
SiTe + 4HF = H2 + H2Te + SiF4 -21.733  342.546 0.194 -70.817  18.407  j,k
Sip + BHF = 4H, + 2SiF, -45.569 868.367  -0.111 -118.198  56.885 e
Si,C +:2Hy0 + BHF = 6Hy + CO, + 2SiF, -51.070 798.428  -0.404 -138.861  90.816  j,k
Siz + 12HF = 6H, + 3SiF, -64.459 1173.233 -~ -0.101 -187.398  85.203 e
Sn + 2HCL = Hy + SnCl, -6.422  164.113  -0.223 6.852 3.843 e
SnBr, + 2HCL = 2HBr + SnCl, -1.211 -13.896 0.000 -8.855  -0.288 f,n
SnBry, + Hp + 2HCL = 4HBr + SnCl, 17.306 -84.910 0.177 3.453  -26.819 f,i
SnCL + HCL = 0.5H, + SnCl, -5.955  74.375  -0.137  -2.051 8.263 i
SnCl, + Hp = 2HCL + SnCly 17.408  -50.780 0.116  14.750 -26.499 f,i
SnF + 2HCL = 0.5H + HF + SnCl, -6.161  100.954  -0.173 1.928 8.973 i
SnFy + 2HCL = 2HF + SnCl, -0.198  38.920  -0.067  12.187 0.827 i
SnH, + 2HCL = 3H, + SnCl, -5.810  94.655  -0.941  24.782  39.944 f,n
SN0 + 2HCL = Hy0 + SnCl, -4.759  143.565 0.066 3.009 -3.632 n
SnS + 2HCL = HyS + SnCly -5.502  76.834 0.086 -10.900 -0.432 h
SnSe + 2HCL = HySe + SnCl, -5.378  58.820 0.133 -14.180  -0.882  j,k
SnTe + 2HCL = HyTe + SnCly -6.390  40.265 0.074 -17.342 2.945 ],k
Sre+ 2HCL = Hy + SrCl, -8.898 238.802  -0.175 -10.914  14.142 e

868

P2y "H YD puv spuowls ‘g 142qoy



SrBr + 2HCL = 0.5H, + HBr + SrCi,
SrBry + 2HCL = 2HBr + SrCly

srcl + HCl = 0.5H2 + Srcl2

SrF + 2HCL = 0.5Hy + HF + SrCly
SrF, + 2HCL = 2HF + SrCl,

SrH + 2HCL = 1.5H5 + SrCl,

Sr0 + 2HCL = H0 + SrCl;

Srof + 2HCL = 0.5H2 + HZO + SrClz
Sr(OH), + 2HCL = 2H,0 + srCl,

SrS + 2HCL = HpS + SrCly

Te + Hp = HzTe

TeCl, + 2Hp = HpTe + 2HCL

TeF + 1.5”2 = HzTe + HF

Ter + ZHZ = H2Te + 2HF

TeF, + 3Hy = HyTe + 4HF

TeFg + 3.5Hy = HyTe + SHF

TeFg + 4Hy = HyTe + 6HF

TeO + ZHZ =H20 + HzTe

TeO, + 3Hy = 2H;0 + HoTe

Tez + 2”2 = 2H2Te

TeoF10 + 7Hy = 2HpTe + 10HF

T8202 + 4H2 = 2H20 + 2H2Te

Ti + 4HF = 2Hy + TiF,

TiBr + 4HF = 1.5H + HBr + TiF,
TiBry + 4HF = Hy + 2HBr + TiF,
TiBrz + 4HF = 0.5Hy + 3HBr + TiF,
TiBr, + 4HF = 4HBr + TiF,

-5.618
1.919
-5.307
-5.458
-0.030
-8.313
-5.447
-1.300
8.928
-6.246
-0.905
9.811
3.330
9.319
26.473
35.288
45.249
3.903
10.784
3.011
88.918
20.581
-26.650
-20.104
-13.817
-4.940
1.666

124.627
-24.062
135.355
140.500
35.552
267.049
270.423
168.694
87.307
219.479
57.905
-18.030
43.087
28.345
13.738
43.170
73.611
109.831
161.016
-21.768
7.419
81.894
494.867
374.924
188.915
102.853
30.264

-0.077
0.003
-0.067
-0.106
-0.062
-0.224
-0.069
-0.001
0.172
-0.055
0.169
0.377
0.259
0.273
0.374
0.414
0.455
0.396
0.554
0.317
0.813
0.755
-0.151
-0.038
0.064
0.199
0.226

-5.005
-4.912
-1.676
2.523
7.718
0.529
-4.565
6.787
21.276
-14..680
-12.778
2.395
1.214
16.502
53.549
69.149
89.751
-1.341
12.053
-17.495
183.920
13.844
-59.677
-36.892
-41.519
-28.255
-32.882

9.015
-3.822
8.000
8.611
0.238
15.753
0.986
-4.195
-27.490
4.013
-12.858
-28.000
-18.146
-24.766
-52.412
-65.728
-78.933
-29.392
-48.442
-22.854
150.003
-74.345
35.934
23.658
16.877
1.528
-4.593

M = 3 o o e
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APPENDIX 2
(continued)

Gas Species (continued)

Reaction® Lo (1x1072  15x103  13x1073 (yx10!  Ref.d
TiCL + 4HF = 1.5H + HCL + TiF, -19.993 373.557  -0.038 -34.850  23.231 i
TiCly + 4HF = Hy + 2HCL + TiF, -13.912  217.014  0.001 -40.130  18.627 i
TiClg + 4HF = 0.5H, + 3HCL + TiF, -5.091  102.775  0.121 -17.358  3.869 i
(TiClg)p + BHF = Hy + 6HCL + 2TiF, -16.184  130.240  0.144 -108.933  53.005 n
Ticl, + 4HF = 4HCL + TiF, - 1513 34.722  0.169 -22.23%4  -4.137 i
TiF + 3HF = 1.5H, + TiF, -20.198 352.265  -0.077 -30.68  23.955 i
TiFy + 2HF = Hy + TiF, -14.344  169.986  -0.076 -31.027  19.993 i
TiFy + HF = 0.5H, + TiF, -6.146  47.554¢  0.018  -0.130  5.85 i
Ti0 + 4HF = Hy + H,0 + TiF, -21.102  399.205  0.088 -39.963  18.030 e
TIOCL + 4HF = 0.5H, + Hy0 + HCL + TiF, -12.602 289.095  0.165 -28.430  5.506  j,m
TiOCL, + 4HF = Hy0 + 2HCL + TiF, -6.227 178.323  0.268 -22.836  -4.89%  j,m
TiOF + 3HF = 0.5H, + Hy0 + TiF, -12.701  284.512  0.129 -21.340  6.178  j,m
TiOF, + 2HF = Hy0 + TiF, -5.968 168.098  0.18  -3.152  -3.029  j,m
Tiy + 4HF = 2H,0 + TiF, -14.043  334.346  0.290 -24.767  -0.422 e
TiS + 4HF = Hy + HyS + TiF, -21.820  430.624  0.149 -48.292  20.752 h
V + 4HCL = 2Hy + Ve, -28.171  359.308  -0.392 -51.187  41.498 e
VBr, + 4HCL = 4HBr + VCL, 2.278  -45.535  -0.066 ~-24.158  5.538 f,n
VF5 + 0.5Hy + 4HCL = SHF + VCl, 5.674  43.000  -0.277  28.531  -0.479 i
VO + 4HCL = H2 + Hy0 + VCl, -24.737 280.945  -0.219 -37.027 31.607 e
VOCl3 + 0.5Hy + HCL = Hy0 + VCl, 2.759  -3.290  0.086 -17.223 -10.380 f,g
VO, + 4HCL = 2H,0 + VCL, -17.505  215.450  -0.034 -19.086  11.2%  j,q
-29.885 423.930  -0.533 -46.239  68.836 e
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WBr + 4Ho0 = 2.5H + HBr + HoWO,
WBrg + 4Hy0 = 0.5Hy + SHBr + HoWO,
WBrg + 4H0 = 6HBr + HoWO,

WCL + 4H,0 = 2.5Hy + HCL + HoWO,
UClZ + 4“20 = 2“2 + 2HCL + H2H04
UC[4 + 4”20 = HZ + 4HCL + H2U04
UClS + 4H20 = 0.5”2 + SHCL + H2u04
(UCls)z + 8H20 = Hz + 10HCL + 2H2U04
HClé + 4H20 = 6HCL + H2U04

WE + 4“20 = 2.5H2 + HF + H2U04

UF6 + 4“20 = 6HF + H2U04

WO + 3"20 = 2”2 + H2w04

UOC[4 + 3“20 = 4HCL + H2U04

UOF4 + 3"20 = 4HF + H2U04

UOZ + 2“20 = Hz + H2U04

UOZClZ + 2H20 = 2HCL + H2H04

W03 + Hy0 = H2N04

(H03)2 + 2“20 = 2“2”04
(U03>3 + 3"20 = 3H2H04
(H03)4 + 4“20 s 4"2”04

W30g + 4“20 = Hz + 3H2U04
Zn + 2HCL = Hz + chlz
ZnBr, + 2HCL = 2HBr + ZnCl,
ZnS + 2HCL = HZS + chlz

-32.206
0.397
10.285
-31.879
-24.466
-8.058
0.752
12.618
10.666
-32.174
8.873
-31.596
2.013
1.656
-24.649
-6.956
-13.696
-10.234
-8.330
-5.537
-18.891
-11.875
0.407
-7.562

308.
-33.
-38.
319.
70.
-5.
0.
-24.
3.
326.
-72.
343.
-8.

-31

-21

238
069
913
913
704
909
17
325
801
77
797
590
877

095
254.
-28.
199.
.710
.229
.882

35.
113.

504
780
274

854
848

.209
160.

728

-0.439
-0.080
0.011
-0.425
-0.396
-0.173
-0.123
-0.213
-0.029
-0.464
-0.320
-0.322
-0.004
-0.120
-0.121
0.048
0.118
0.345
0.419
0.566
0.196
-0.166
0.036
0.105

-74.347
-60.816
-58.211
-68.899
-66.021
-50.487
-42.114
-97.267
-37.320
-63.804
10.593
-66.610
-14.023
11.916
-52.641
-33.181
-34.374
-86.900
-106.454
-155.407
-126.564
-7.288
-0.209
-3.920

81.759
31.300
17.332
80.614
68.467
43.303
30.312
39.369
15.619
81.548
24.127
71.035
20.556
21.215
50.601
21.538
23.421
15.192
21.067
20.548
48.543
17.290
-0.836

1.681

i
i
i
i
i
i
e
i,m §
- x
1.p §
e =
im N
e
e
e
e
e
e
g
h
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APPENDIX 2

(continued)
Liquid Species
Reaction® lo (4x1072  15x103  (3x1073  1;x101  Ref.d
BipS3(lig) + 6HCL = 3H,S + 2BiCly 38.907 -74.466  3.189 -39.706 -131.007 f,h
Brp(lig) + Hy = 2HBr 22.779  30.625  1.821  0.14 -58.133 f,e
CCly(liq) + 2Hy0 = COp + 4HCL 30.318  70.907  -4.685 -17.753 -38.068 f,i
CuFeSy(lig) + 0.5Hy + 3HCL = 2HyS + FeCly + Cucl 32.740 -167.062  3.983 -24.722 -85.9%47 f,h
CupSCliq) + 2HCL = HoS + 2CuCl .- - 21.317 -217.696  1.052 -22.071 -43.124 f,h
Fes(liq) + 2HCL = HyS + FeCl, 10.587 -48.076  1.874 -14.579 -29.988 f,h
Ha0(Liq) = K0 22.489 -30.265  3.240  3.741 -56.512 f,e
HpS04(Liq) + kHy = 4Hp0 + HoS 31.470  80.992 -38.362  -0.233 -49.814 f,h
HS0,.Ho0(Liq) + 4Hy = 5HyO + HaS 57.685  35.979 -24.184  -3.010 -118.864 f,h
HpS0,.2H50(Liq) + &Hy =6H50 + HyS 56.106  6.202 -66.150  7.367 -82.210 f,h
HS04.3H,001iq) + bHy = 7Hy0 + HyS 73.680 -24.573 -54.693  0.037 -123.748 f,h
H504.4H,0(Liq) + 4Hy = BHo0 + HS 97.971 -57.559 -38.838  5.860 -188.822 f,h
HS04.6.5H,0(17q) + 4Hy = 10.5H50 + HoS 164.368 -140.143  0.518  22.818 -370.919 f,h
Hg(Llig) = Hg 6.872 -32.529  -0.336  -5.101 -5.975 f,e
MnS(Lig) + 2HCL = HyS + MnCl, 9.540 -54.895  0.584 -19.717 -24.729 f,h
NiSCLiq) + 2HCL = HyS + NiCly 11.734 -85.734  0.882 -23.499 -30.234 f,h
PbS(lig) + 2HCL = H2S + PbCL2 14,362 -47.498  1.332  -11.013 -38.352 f,h
SCliq) + Hy = HyS 12.376  8.065  3.464 -16.688 -36.633 f,e
SiBr,(lig) + 4HF = 4HBr + SiF, 21.349  106.790  2.984 -64.741 -57.833 f,i
SnCl,(lig) + Hy = 2HCL + SnCl, 21.136  -73.421 -63.172  -6.888  -7.885 f,i
SnS(lig) + 2HCL = HyS + SnCl 16.703  -35.922  1.126 -15.111 -47.377 f,h
TiCl,(liq) + 4HF = 4HCL + TiF, ° 19.581  8.878  -0.469 -43.954 -48.298 f,i
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Solid Species

Reaction® lo 14x1072  15x103  (3x1073  (;x107  Ref.d
Ag(c) + HCL = 0.5H, + AgCl 3.967 -103.128 -2.998 -10.514 3.449 f,e
AgBr(c) + HCl = HBr + AgCl -15.429 -124.223 -46.786 -89.653 88.367 f,i
AgCl(c) = Agcl 6.253 -120.642 -14.019 -22.947 9.550 f,i
Agy0(c) + 2HCl = Hy0 + 2AgCl 13.973 -99.908 -11.219 -0.7M1 -8.099 f,e
Ago0x(c) + Hy + 2HCL = 2H,0 + 2AgCl 22.887  27.911 -10.016  -7.332 -28.060 f,e
Ag,S(acanthite) + 2HCL = H,S + 2AgCl 20.099 -212.087 1.667 -98.425 -35.621 f,h
Altc) + 3HF = 1.5H + AlF3 -10.082  209.265 -3.877  -41.929 20.057 f,e
AlBrz(c) + 3HF = 3HBr + ALF3 28.748 -16.221 4,391 31.003 -67.782 f,i
AlClz(c) + 3HF = 3HCL + AlF3 7.450 -17.107 -21.082 -39.362 14.341 £,
AlFz(€) = AlFg 25.953 -167.501 3.995 75.908 -49.481 f,i
AlO(OH)(diaspore) + 3HF = 2H0 + AlFz 13.260 -71.322 -0.959 40.516 -26.329 f,r
Al,03(corundum) + 6HF = 3H,0 + 2ALF3 14,188  -94.785  2.419  21.659 -43.657 r
Aly0z(glass) + 6HF = 3H,0 + 2AlF3 13.463 -83.871 0.444 6.663 -41.576 f,e
AlZ04040(0H)o(pyrophyllite) + 22HF = 12H,0 + 2AlF3z + 4SiF, 31.075 50.428 4,078 24.003 -127.064 f,r
AlgSz(c) + 6HF = 3H,S + 2AlF3 10.787 99.744 2.552 -55.330 -37.660 f,h
Al5(S0,)3(c) + 12Hy + 6HF = 12H,0 + 3H,S + 2AlF3 151.085  82.667  40.081 417.126 -406.768 f,d,s
Al,Si0g(andalusite) + 10HF = 5H,0 + 2AlFs + SiF, 16.320  -49.550  4.941  19.39% -65.161 f,r
AL,Si05(kyanite) + 10HF = 5H,0 + 2AlF3 + SiF, 15.479  -50.901  3.427  13.018 -60.567 f,r
Al,Si05(sillimanite) + 10HF = 5H,0 + 2ALFz + SiF, 13.558  -45.632  3.448  5.547 -56.703 f,r
ALSi505(0H), (kaolinite) + 14HF = 9H,0 + 2AlFg + 2SiF, 44.401 -81.107  5.009  66.272 -118.607 f,r
As(e) + 3HCL = 1.5H; + AsCl3 -10.664 -3.914 -3.542 -21.520 23.403 f,e
Asp0z(arsenolite) + 6HCL = 3H,0 + 2AsClz -0.397 19.189 -16.431 -9.532 2.906 f,e
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APPENDIX 2

(continued)
Solid Species (continued)
Reaction® Lo 1x10°2  (x103  13x10°3  (x107  Ref.d
Asp0z(claudetite) + 6HCL = 3H50 + 2AsClz 1.517 19.138  -12.452 -1.943 -5.292 f,e
Asy05(c) + 2Hy + 6HCL = 5H,0 + 2AsClg 9.512 128.862 -23.059  5.460  -7.981 f,e
As;Sz(orpiment) + 6HCL = 3HyS + 2AsClg 6.700 -32.648  0.193 -36.689 -26.847 f,h
As S3(glass) + 6HCL = 3HS + 2AsClz -119.909  46.892 -189.920 -417.501 431.928 f,h
AspyTez(c) + GHCL = 3HyTe + 2AsClz ’ - -29.013 -173.178 -53.556 ~-143.469 103.532 f,j,k
As;S,(orthorhombic) + 12HCL = 2H, + 4HoS + 4AsClz -10.658 -52.572 -15.448 -90.013 17.615  f,h
As;S,(reatgar) + 12HCL = 2Hy + 4H5S + 4AsCl3 ~10.693 -54.240 -15.434 -91.325 17.706 f,h
Au(c) = Au 7.889 -191.681 -1.466 -0.830 -2.972 f,e
Bi(c) +i3HC! = 1.5H; + BiCl3' -13.596 -0.683 -9.481 -23.385 36.321 f,e
BiBrz(c) + 3HCL = 3HBr + BiCl3 -1.876 -74.926 -6.019 -225.930 35.289 f,i
BiClz(c) = BiCl3 10.576 -60.555 -15.015 -5.319 -1.18  f,i
BiFz(c) + 3HCL = 3HF + BiClz ~-3.500 -46.899 -33.034 -28.906 52.771 f,i
Bi203(c) + 6HCL = 3H,0 + 2BiCl3 -31.436 89.274 -47.833 -176.849 112.455 f,e
Bi253(bismuthinite) + 6HCL = SHZS + 2BiCl3 8.882 -76.559 -2.582 -18.537 -28.853 f,h
C(diamond) + 2H,0 = 2H, + CO, -6.599  -40.581  -6.191 -11.900  40.554 f,e
C(graphite) + ZHZO = 2H, + COy -4.599  -42.590 -3.923 -8.945 32.730 e
CBry(c) + 2Hy0 = CO; + 4HBr 57.306 35.534 38.653 -147.263 -137.068 f,i
Ca(c) + 2HCL = Hy + CaCly -7.030 153.475 -8.797 -14.281 26.396 f,e
CaAlySi0g(Ca-Al pyroxene) + 2HCL + 10HF = 6H,0 + 2ALFg + SiF, 23.460 -146.477 3.515 34.228 -78.804 f,r
+ CaCl,
CaAlpSi,07(0H) . Hy0(Lawsonite) + 2HCL + 14HF = 10H,0 + 2ALF3 48.103 -198.042  -9.149 119.490 -112.286 f,r

Y

+ 25iF4 + CBCLZ
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CaAlySij0g(anorthite) + 2HCL + 14HF = 8H,0 + 2AlF3 + 2SiF,

+ CaCl,
CaAl4Si201o(0H)2(margarite) + 2HCL + 20HF = 12H20 + 4AlF3

+ 28iF, + CaCl,
CaBry(c) + 2HCL = 2HBr + CaCl,
CaCO3(calcite) + 2HCL = HZO + COZ + CaClZ
Caclz(hydrophilite) = Caclz
CaFp(fluorite) + 2HCL = 2ZHF + CaClp
CaFeSi,0¢4(hedenbergite) + 4HCL + BHF = 6H,0 + ZSiF4 + FeCl,
® + CaCly
CaMgsiO (monticellite) + 4HCL + 4HF = 4H,0 + SiF, + MgCly + CcaCl,
CaMgsizoé(diopside) + 4HCL + 8HF = 6H20 + 2SiF, + MgC12 + CaCl,
CaO(lime) + 2HCL = HZO + CaClz
CaS(c) + 2HCL = HZS + CaClZ
CaSO4(anhydrite) + 4Hy + 2HCL = 4H,0 + HyS + CaCly
CaS0,, .2H,0(gypsum) + 4Hy + 2HCL = 6Ho0 + HpS + CaCl,
CasiO3(pseudowol lastonite) + 2HCL + 4HF = 3H,0 + SiF, + CaCl,
CaSiOz(wollastonite) + 2HCL + 4HF = 3H,0 + SiF, + CaCly
CaTiSiOS(sphene) + 2HCL + 8HF = SHZO + SiF4 + CaClZ + TiF4
CazAl25i3010(0H)2(pr8hnite) + 4HCL + 18HF = 12H20 + 2AlF3 + 3SiF4
+ 2CaCl2
CapAlzSiz01,(0OH)(zoisite, orthorhombic) + 4HCL + 21HF = 13H,0
+ 3AlF3 + 3SiF4 + 2CaCl2
CaZAl3Si3012(OH)(clinozoisite) + 4HCL + 21HF = 13H20 + 3AlF3
+ 3SiF, + 2CaCl,

CaZMgSi207(akermanite) + 6HCL + BHF = 7H20 + 2SiF, + MgC12

+ 2CaCly

19.113

52.633

15.172
20.096
12.679

3.556
20.413

15.864
20.075
8.824
6.636
22.403
27.303
9.896
9.752
13.029
43.422

41.402

42.164

16.990

-104.995
-256.032

-171.922
-155.270
-170.830
-203.072

-63.176

-146.125
-121.547
-59.064
-87.546
-87.905
-141.481
-54.240
-56.017
-70.557
-217.230

-246.929
-249.984

-183.733

2.451

3.441

-2.158
-3.189
-3.921
-14.970
1.656

0.127
3.077
0.086
-0.107
-15.407
-66.622
2.135
1.651
3.981
0.161

1.455

1.588

-0.982

-4.214

89.919

8.546
45.645
-1.770

-25.905
14.277

21.052
34.693
18.909
-6.860
-7.416
-4.897
15.368
11.350
10.876
61.358

42.293

44.036

-36.326

-82.045

-157.808

-18.350
-25.951
-9.538
24.855
-73.519

-44.035
-71.048
-17.514
-11.267
-29.593
16.235
-36.575
-35.495
-56.252
-132.084

-137.705

-138.401

-55.851

f,r

f,i
f,r
f,i
f,i
f,t

f,r
f,r
f,r

f,s
f,t
f,r
f,r
f,r
f,r

g xwpuaddy

av8



APPENDIX 2

(continued)
Solid Species (continued)
ReactionC to 14x1072  1x103  13x1073  (4x107  Ref.d
CasMg5055(OH)(tremolite) + 14HCL + 32HF = 24H,0 + 8SiF, 87.913 -421.017  12.712 167.401 -293.278 f,r
+ SMgclz + anclz
CagAl;Si301o(grossular) + BHCL + 18HF = 12H,0 + 2AlFg + 3SiF,  47.572 -297.678  9.926  77.944 -156.598 f,r
+ 3Cacl2
CagMgSioOg(merwinite) + 8HCL + BHF = 8H,0 "+ 2SiF, + MgCly" 28.914 -268.449  0.054  20.667 -83.112 f,r
+ 3CaCi,
CayAlgSig0o5(CO,) (meionite) + BHCL + 42HF = 25H,0 + COp + 6ALF3  75.150 -447.864  2.941  37.815 -270.587 f,r
, + 6SiF, + 4CaCly
Cd(c) = €d 6.697 -58.863  -3.195  -0.667 -1.591 f,e
CdBry(c) + Hy = 2HBr + Cd 22.557 -189.176  -6.738 1.091 -22.802 f,i
CdCiy(c) + Hy = 2HCL + Cd 23.918 -171.068  -4.096  9.122 -28.002 f,i
Cdo(c) + Hy = Hx0 + Cd 18.085 -71.850  0.626  13.905 -31.060 f,e
Cds(greenockite) + Hy = HS + Cd 17.205 -129.513 1.023  3.620 -28.600 f,h
Co(c) + 2HCL = Hy + CoCl -4.687  -44.348  -6.444 -14.034  21.460 f,e
CoCly(c) = CoCl 17.280 -118.094  -1.210  6.711 -24.923 f,i
CoFy(c) + 2HCL = 2HF + CoCl 17.180 -118.195  -1.637  27.166 -23.513 f,i
CoFz(c) + 0.5Hy + 2HCL = 3HF + CoCl 24.800 -37.999  -0.426  24.806 -32.869 f,i
CoFes0,(c) + Hy + GHCL = 4Hy0 + 2FeCly + CoCl 69.204 -198.490  20.156 269.820 -185.978 f,n
Co0(c) + 2HCL = Hy0 + CoCl 6.289 -45.600  -1.310 -21.396 -11.308 f,e
CoS_gg(c) + 2HCL = 0.11H, + 0.89H,S + CoCl 4.651 -149.035  -5.655  -2.271  -1.175 f,h
CoSO,(c) + 4Hy + ZHCL = 4H,0 + HoS + CoCl 38.604 -10.546  -0.550  58.634 -86.278 f,j,u
CoSQy.Hy0(c) + 4Hy + 2HCL = 5Hy0 + HyS + CoCl 8.889 -32.057 -84.457  -5.807  54.050 f,u
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COSO4.6H20(C) + 4H2 + 2HCL = 10H20 + HZS + CoCl
C0S0,.7Ha0(C) + 4Hy + 2HCL = 11H0 + HpS + CoCl
CoSy(c) + Hy + 2HCL = 2HS + CoCl

C0304(C) + HZ + 6HCL = 4“20 + 3coCl
Cr{c) + 4HCL = 2H, + CrCl,

CrBrz(c) + &4HCL = 0.5H, + 3HBr + CrCly
CrCly(e) + 2HCL = Hy + CrCly

CrClz(c) + HCL = 0.5H; + CrCl,

Crfp(c) + 4HCL = Hy + 2HF + CrCl, |
Crfa(c) + 4HCL = 0.5Hy + 3HF + CrCl,
Crs(c) + 4HCL = Hy + HyS + CrCl,
Cry03(c) + 8HCL = Hy + 3H;0 + 2CrCl,
CP253(C) + 8HCL = Hz + 3H25 + 2CrCl4

Crp(s0;)3(c) + 11Hy + BHCL = 12Hy0 + 3HpS + 2Crcl4

Cs(c) + HCL = 0. 5H2 + CsCl

CsBr(c) + HCl = HBr + CsCl

CsCl(c) = CsCl

CsF(c) + HCL = HF + CsCl

Csy0(c) + 2HCL = Hy0 + 2CsCl
CspS04(c) + 4Hy + 2HCL = HpS + 2CSCL + 4Hy0
Cu(c) + HCL = 0.5Hy + CuCl

CuBr(c) + HCl = HBr + CuCl

CuBrp(c) + 0.5H; + HCl = 2HBr + CuCl
CuCl(c) = cucl

CuCl2(c) + 0.5H; = HCl + CuCl

CuF(c) + HCL = HF + cuCl

CuFp(c) + 0.5Hy + HCL = 2HF + Cucl

56.260
36.227
15.123
24.153
-19.790
7.786
-1.598
8.505
-3.995
6.769
-5.260
-9.411
-19.073
84.847
-0.259
8.174
32.355
-0.570
15.213
63.041
3.875
73.074
22.430
53.084
29.534
16.587
21.396

-190.412
-205.283
-109.821
-124.851
37.005
-138.678
-78.746
-117.240
-88.735
-156.454
-29.086
-152.545
-76.150
30.707
77.560
-115.485
-126.942
-65.135
97.409
-116.235
-95.419
-184.574
-134.419
-168.373
-124.227
-67.463
-97.905

-1

57.613

-211.241

-3.373
10.490
-6.572
-2.616
-4.356
-4.076
-6.357
-3.758

0.942
-2.862
10.133
11.574
17.270
-8.419

6.498
25.265
-7.687
-3.634
-2.308
35.209
-0.052
16.241

3.662
-1.243
-5.312

105.599
34.299
0.212
49.307
-31.143
-18.100
-11.492
0.532
-10.197
20.430
-16.122
-58.548
-89.871
128.474
-2.340
-12.876
178.863
-29.978
-7.036
225.004
-6.134
426.461
2.326
339.327
63.884
21.2%94
26.555

45.498
149.614
-27.826
-27.022

42.069

-5.634

7.012

-6.868

16.118

-2.039

-2.410

3.67
34.164
-208.791
13.172
0.887
-78.561

32.892

-18.620
-142.612
1.703
-215.447
-31.541
-146.931
-54.984
-27.368
-25.780

f,i,u
f,j,u
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APPENDIX 2

(continued)
Solid Species (continued)
Reaction® L 14x1072  1x103  13x1073  (4x101  Ref.d
CuFeSy(chalopyrite) + 0.5H, + 3HCL = 2H,S + FeCl, + CuCl 24.247 -203.490 -19.968 150.260 -39.241 f,h
CuO(tenorite) + 0.5Hy + HCL = Hy0 + CuCl 14.852 -55.278  -0.447  13.533 -26.906 f,e
CuS(covellite) + 0.5Hy + HCL = HyS + CuCl 11.483 -116.003  -3.388  -9.748 -16.970 f,h
Cusoy(chalcocyanite) + 4.5H; + HCL = 4H50 + HpS + CuCl 44,766 0.925 -0.938 60.421 -95.022 f,j,u
CuS0,.H,0(c) + 4.5Hy + HCL = 5Hy0 + HoS + CuCl - 14.043  -20.943 -84.391  -7.143  52.423 f,u
CuS0,.3H,0(c) + 4.5Hy + HCL = 7H,0 + HoS + CuCl 18.975 -79.059 -123.747 1.091  98.099 f,u
CuS0,.5H20(chalcanthite) + 4.5Hy + HCL = 9H,0 + HyS + CuCl 22.349 -135.102 -170.048 4172 149.698  f,u
Cu,0(cuprite) + 2HCL = Hy0 + 2CuCl 13.625 -156.094  -5.456  -4.939 -10.554 f,e
Cu5080,4(c) + 5Hy + 2HCL = 5Hy0 + HpS + 2CuCl 58.010 -48.391 0.014  69.276 -119.881 f,j,u
Cu,S(chalcocite) + 2HCL = HyS + 2Cuct 12.772 -209.609  -1.120 -210.515 -16.532 f,h
Cu,S0,4(c) + 4Hy + 2HCL = 4H50 + HpS + 2CuCl 34.606 -76.579 -20.053  -0.326 -50.848 f,],u
CusFeS,(bornite) + 0.5Hy + 7HCL = 4HyS + FeCl, + 5CuCl 133.790 -725.415  37.528 373.812 -349.599 f,h
Fe(c) + 2HCL = Hy + FeCl, 0.555 -25.031  -5.591  40.475 5.734 f,e
FeAl,0,(hercynite) + 2HCL + 6HF = 4H,0 + FeCl, + 2AlF3 18.775 -146.806  0.726  -9.509 -49.651 n
FeBrp(c) + 2HCL = 2HBr + FeCl, 16.700 -118.757  -3.422 9.176 -23.705 f,i
FeCly(lawrencite) = FeCly 15.720 -107.749  -2.032 0.560 -21.045 f,i
FeClg(molysite) + 0.5Hy = HCL + FeCly 15.865 -88.298 -18.848  -4.410  -1.838 f,i
FeCr,0,(chromite) + 10HCL = Hy + 4H,0 + FeCly + 2CrCly 0.832 -200.367  -2.872  18.733 -19.640 n
FeFy(c) + 2HCL = 2HF + FeCl, 14.665 -109.097  -2.304  12.708 -16.064 f,i
FeFz(c) + 0.5H, + 2HCl= 3HF + FeCl, 26.321 -144.096 1.597  26.852 -38.955 f,i
Fe_g470(Wustite) + 0.053H, + 1.B94HCL = Hy0 + 0.947FeCl, 8.772 -37.194  -0.273 3.021 -20.330 f,e
FeO(c) + 2HCL = H,0 + FeCly, ) 7.863  -40.706  -1.099  -2.213 -17.286 f,e

8Y8
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Fe_gy7S(pyrrhotite) + 0.113Hy + 1.774HCL = HyS + 0.887FeCl;
FeS(troilite) + 2HCL = HyS + FeCl;

FeSO,(c) + 4Hy + 2HCL = 4H,0 + HpS + FeCly
FesO,.Hy0(szomolnokite) + 4Hy + 2HCL = 5H;0 + HyS + FeCly
Feso4.4H20(c) + 4H2 + 2HCLl = 8H20 + st + FeClz

FeSO,-7H 0(melanterite) + 4Hy + 2HCL = 11H,0 + HyS + FeCl,
FeSy(marcasite) + Hy + 2HCL = 2H3S + FeCl,

Fesp(pyrite) + Hy + 2HCL = 2H,S + Feclz
FeSiOz(ferrosilite) + 2HCL + 4HF = 3H,0 + FeCly + SiF,
FeTJ'O:l,(ilmenite) + 2HCL + 4HF = 3H20 + FeClz + TiF4

FeWo, (ferberite) + 2HCL = FeCl, + HyW0,

Fe,0zChematite) + Hy + 4HCL = 3H,0 + 2FeCl,

Fep(S04)3(c) + 13K, + 4HCL = 12H50 + 3H,S + 2Fecl2
FeZSiOA(fayalite) + 4HCL + 4HF = /oHZO + 2FeCl2 + SiF4
FeyTi0zCulvospinel) + 4HCL + 4HF = 4Hy0 + 2FeCly + TiF,

FezAl,Si30q5(almandine) + GHCL + 18HF = 12H,0 + 3FeCly + 2AlF3

+ 3SiF,
Fez0,(magnetite) + Hy + 6HCL = 4H,0 + 3FeCly
Ga(c) + 3HCL = 1.5H; + GaClg
GaFg(c) + 3HCL = 3HF + GaCls
GaS(c) + 3HCL = 0.5Hp + HyS + GaClz
Gay03(c) + 6HCL = 3H50 + 2GaClg
HagBro(c) + Hy = 2HBr + Hg
chlz(calomel) + Hy = 2HCL + Hg
HgFp(c) + Hy = 2HF + Hg
HgO(montroydite) + Hy = H0 + Hg
HgS(cinnabar) + Hy = HyS + Hg

12.235
5.993
47.126
9.073
29.241
60.702
16.801
17.070
10.051
13.680
3.671
49.200
162.322
19.319
19.826
47.623

97.737
-9.636
8.744
-1.708
8.577
21.091
-14.831
22.101
16.027
16.755

-67.255
-56.261
-14.791
-29.960
-116.924
-212.771
-92.779
-95.053
-0.622
-54.772
-165.091
127.293
68.817
-49.554
100.846
102.394

213.572

84.378
103.771
-16.895
-33.025
-89.183
-36.921

28.795

42.463
-53.511

3.197
0.303
6.431
-84.495
-133.879
-181.166
0.191
0.657
0.765
2.647
-6.262
9.177
29.934
0.491
-0.163
10.133

32.295
-2.325
-10.569
-4.829
-1.187
-6.037
-57.372
-4.563
-3.014
-0.770

-20.909
-155.726
99.405
-9.248
-0.175
113.192
3.402
3.528
10.979
16.066
-77.311
211.777
532.400
24.415
25.373
74,043

520.898
-21.339
-16.318
-14.162
15.654
1.619
-103.786
3.043
13.429
3.238

-31.689
-12.764
-115.872
56.662
77.085
61.908
-30.298
-31.127
-37.265
-46.404
11.877
-127.629
-409.679
-57.912
-55.896
-167.515

-278.177
18.360
5.546
2.320
-26.727
-22.523
107.453
-25.478
-24.755
-27.252

f,h
f,h
j,u
f,u
f,u
f,j,u
f,h
f,h
f,r
f,r

f,r
f,j.u
f,r
f,v,u
f,r

Z xpuaddy

f,r
f,e
f,i
f,h

f,i
f,i
f,i
f,e
f,h
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APPENDIX 2

(continued)
Solid Species (continued)
Reaction® lo 4x1072  1x103  13x1073  (4x10!  Ref.d
HgS(metacinnabar) + Hy = HoS + Hg 16.871 -51.758  -0.468  7.412 -28.788 f,h
HgoBrp(c) + Hy = 2HBr + 2Hg 33.531 -140.988  -4.011  14.013  -42.515 f,i
HgoCly(c) + Hy = 2HCL + 2Hg 31.785 -111.972  -5.131  12.190 -35.906 f,i
HgaFa(c) + Hy = 2HF + 2Hg o ) 32.222 -38.33  -5.372  15.520 -36.198 f,i
Ir¢e) = Ir 10.009 -348.356  -0.169 1.255  -5.948 e
IrBrg(c) + 1.5Hy = 3HBr + Ir 38.733 -390.069  -1.369  3.445 -49.098 f,i
IrSy(c) + 2Hy = 2H,S + It 24.760 -398.895  -1.298  -6.843 -36.185 f,h
IroSz(c) + 3Hy = 3HpS + 2Ir ; 44.067 -778.167  -0.658  -7.595 -63.751 f,h
K(c) + HCL = 0.5H, + KCl : -2.865  64.980 -22.581  -4.097  23.803 f,e
KAL(SO4)5(c) + BHy + HCL + 3HF = BH,0 + 2HpS + KCL + AlFs 79.669  12.253 1.854 108.351 -183.912 f,s
KALSiz0g(microcline) + HCL + 15HF = 8H,0 + KCL + AlFz + 3SiF, 18.251  11.150 6.321  -0.209 -88.047 f,r
KALSiz0g(sanidine) + HCL + 15HF = 8H,0 + KCL + AlF3 + 3SiF, 18.101  16.313 6.699  6.379 -90.101 f,r
KAL3(OH)4(SO,)5(alunite) + BHy + HCL + 9HF = 14H,0 + 2H,S + KCL  193.086 -290.895  38.061 482.190 -473.356 f,t
+ 3AlF3
KAL3Si301g(OH)(muscovite) + HCL + 21HF = 12H,0 + KCL + 3AlF3 54.108 -141.057 7.404 107.486 -173.911 f,r
+ 3SiF4
KBr(c) + HCL = HBr + KCL 11.382 -124.456  -4.045  -5.231 -10.686 f,i
KCl(sylvite) = KCl 9.866 -116.853  -6.106  -8.963  -4.924 f,i
KF(c) + HCL = HF + KCl 12.976  -92.707  -3.042  8.681 -15.059 f,i
KMgz(AlSi3070) (OH)o(phlogopite) + 7HCL + 15HF = 12H0 + KCl 63.757 -346.159 9.995 129.849 -178.382 f,r
. + AlF} + 35iF4 + 3M9Cl2
KOx¢c) + 1.5Hy + HCL = 2H,0 + KCl 25.110  157.857 0.148  19.418 -65.634 f,e
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K50(c) + 2HCL = Hy0 + 2KCl

Ky0,(c) + Hy + 2HCL = 2H,0 + 2KCL

KpS(c) + 2HCL = HpS + 2KCL

K>S0, (arcanite, orthorhombic) + 4Hy + 2HCL = HpS + 2KCl + 4H50
K2804(hexagonal) + 4H2 + 2KHCL = HaS + 2KCL + 4H20

K5Sg(c) + &Hy + 2HCL = 5HpS + 2KCL

Li(c) + HCL = 0.5Hy + LiCl
LiBr(c) + HCl = HBr + LiCl
Licl(c) = Licl

LiF¢c) + HCL = HF + LicCl
Lio0(c) + 2HCL = Hx0 + 2LiCl
LixOp(c) + Hy + 2HCL = 2H,0 + 2LiCl

LipS04(c) + 4Hp + 2HCL = HpS + 2LiCL + 4H0

Mg(c) + 2HCL = Hy + MgCl,

MgBro(c) + 2HCL = 2HBr + MgCl,

MgCOz(magnesite) + 2HCL = HyO + COy + MgCl,
Mgclz(chloromagnesite) = Mgclz

MgCr,0,(picrochromite) + 10HCL = Hy + AHZO + MgClZ + 2Crcl4
MgFZ(sellaite) + 2HCL = 2HF + MgCl2

MgFe204(magnesioferrite) + Hy + 6HCL = 4H20 + 2Fecl2 + MgClz
MgO(periclase) + 2HCl = H0 + MaCl,

Mg(OH)(brucite) + 2HCL = 2H,0 + MgCl,

MgS(c) + 2HCL = HoS + MgClZ

MgSiOz(clinoenstatite) + 2HCL + 4HF = 3H,0 + Sif, + MgCly
MgSiOz(orthoenstatite) + 2HCl + 4HF = 3H,0 + SiF, + MgCl,
MgSi03(protoenstatite) + 2HCL + 4HF = 3H20 + Sif, + Mgclz
MgTi03(geikelite) + 2HCL + 4HF = 3H20 + Mgclz + TiF4

19.175
26.324
-3.045
33.021
37.873
40.841
-1.655
10.112
10.134
11.083
17.368
16.419
105.074
-4.629
12.593
21.859
15.543
3.109
14.705
55.374
7.496
27.023
5.978
9.557
9.121
9.070
12.963

71.252
113.523
-66.633
115.154
109.475
-76.925

56.303
111.319
112.225
126.864
-83.051

28.241
-205.354
111.207
128.282
149.952
134.875
-263.378
196.922
206.588
-82.233
134.184
-61.962
-52.428
-52.370
-51.530
-101.481

-3.445
-9.758
28.412

-23.717

10.775
48.290
12.264
-5.600
-5.739
-4.483
-4.008
10.007
9.118
-4.491
-4.507
-2.238
-2.064
-1.401
-2.732
12.899
-0.280
1.087
0.120
2.327
0.231
0.261
2.169

6.709
14.426
-51.200
-2.874
-9.009
0.981
-16.565
-10.195
-7.024
4.959
24.003
-28.115
705.345
-13.456
-9.758
65.115
10.596
35.876
25.052
175.588
17.564
78.229
-9.244
10.758
14.393
14.106
25.829

-30.634
-44.652
49.066
-42.850
-65.433
-67.471
18.718
-6.965
-6.371
-7.513
-21.531
-11.974
271.503
16.530
-9.825
-29.084
-18.969
-23.872
-14.300
140.587
-13.357
-51.058
-10.403
-34.555
-32.482
-32.547
-41.349

f,e
f,e
f,h
f,j,0
f,j,0
f,h
f,e
f,i
f,i
f,i
f,e
f,e
f,i.k
f,e
f,i
f,r
f,i
f,j,s
f,i
f,j.s
f,r
f,r

Z xpuaddy

f,r
f,r
f,r
f,s,W

148



APPENDIX 2

(continued)
Solid Species (continued)
Reaction® lo (4x1072  1x103  13x1073  yx10"  Ref.d
MgoAl,Sig0qg(cordierite) + 4HCL + 32HF = 18H20 + 4AlFg + 5SiF, 35.798 -133.526 7.236 -21.515 -170.878 f,r
+ ZMQCLZ
MgoSi0,(forsterite) + 4HCL + 4HF = 4H,0 + SiF, + 2MgCl, 14.082 -147.136 -1.058 20.467 -37.527 f,r
MgzAl,Si301(pyrope) + BHCL + 18HF = 12H,0 + 2ALF3 + 3SiF 37.706 -235.058  4.881  33.138 -132.481 f,r
+ 3MgCl, - - .
MgzSio0g(OH),(chrysotile) + 6HCL + BHF = 9H,0 + 2SiF, + 3MgCl,  55.862 -296.832  -3.336 142.092 -120.727 f,r
Mg3Si,01g(OH) (talc) + BHCL + 16HF = 12H,0 + 4SiF, + 3MgCl, 42.085 -168.483  4.257  44.540 -132.314 f,r
Mg5AL(ALSi3010)(OH)g(clinochlore) + 10HCL + 18HF = 18H,0 118.374 -667.734  -2.680 343.281 -258.187 f,r
o + 2ALFz+ 3SiF; + 5MgCly
Mg7Sig0,p(0H)p(anthophyllite) + 14HCL + 32HF = 24H,0 + 8SiF, 93.726 -383.701  15.122 182.545 -315.050 f,r
+ 7MgCl2
Mg,5S134085(0H) 4o/ 16(antigorite/16) + 6HCL + B.5HF = 9.188H,0  71.345 -301.195  9.009 222.847 -177.265 f,r
+ 2.125SiF, + 3MgCl,
Mn(c) + 2HCL = Hy + MnCl; -8.242 48.328 -8.969 -22.717 31.925 f,e
MnCly(scacchite) = MnCl, 11.137  -112.729 -4.418 -0.301 -6.590 f,i
MnFy(c) + 2HCL = 2HF + MnCl, 6.355 -113.342 -9.145 -12.888 10.162 f,i
MnFe 0, (jacobsite) + Hy + 6HCL = 4H50 + 2FeCly + MnCly 26111 -144.571 -16.996 16.956 -34.719 f,g
MnO(manganosite) + 2HCL = Hy0 + MnCi, 3.683 -32.084 -1.745 -0.833 -4.234  f,e
MnO,(pyrolusite) + Hy + 2HCL = 2H;0 + MnClZ 15.064 18.367 0.575 31.844 -30.940 f,e
MnS(atabandite) + 2HCL = H,S + MnCl, 2.358 -56.613 -1.481 -19.631 -1.123  f,h
MnSO4(c) + 4Hy + 2HCL = 4Hn0 + HoS + MnCly 37.439  -12.035  -0.237  61.641 -82.767 f,j,u
MnSQ,.Ho0(c) + 4H + 2HCL = 5H,0 + HoS + MnCly 5.686 -31.161 -85.731 -15.323  68.681 f,u
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Mn804.4H20(C) + 4H2 + 2HCL = 8H20 + HZS + MnClZ 19.417
MnSO4.5H20(c) + 4“2 + 2HCL = 9”20 + st + MnClz 27.810
MnSOa.7H20(c) + 4“2 + 2HCL = 11”20 + st + MnClz 19.892
MnS,(hauerite) + Hy + 2HCL = 2HyS + MnCly 11.754
MnSiOz(rhodonite) + 2HCL + 4HF = 3H0 + SiF, + MnCl, 5.177
MnW0, (huebnerite) + 2HCL = MnCly + HyWO, -0.820
Mn,0z(bixbyite) + Hy + 4HCL = 3H,0 + 2MnCl; 12.741
MnoSio,(tephroite) + 4HCL + 4HF = 4H50 + SiF, + 2MnCl, 9.781
Mn304(hausmannite) + Hy + G6HCL = 4H0 + 3MnClZ 13.746
Mo(e) + 4H20 = 3H2 + HoMoO, -27.487
MoBry(c) + 4Hy0 = 2H, + 2HBr + HyMoO, -7.835
MoBrz(c) + 4Hy0 = 1.5Hy + 3HBr + HyMoQ, 0.230
MoBr,(c) + 4H0 = Hy + 4HBr + HyMoO, 10.076
MoCl3(c) + 4H20 = 1.5H2 + 3HCL + H2M004 2.953
MoCl,(c) + 4H0 = Hy + 4HCL + HoMoO, ) 11.168
MoClg(c) + 4Hy0 = 0.5H; + 5HCL + HyMoO, 7.621
MoO,(c) + 2Hy0 = Hy + HoMoO, -8.048
MoOS(molybdite) + Hy0 = HoMoO, -2.31
MoS,(molybdenite) + 4Hy0 = Hy + 2H5S + HoMoO, -6.380
MoyS3(c) + 8H,0 = 3Hy + 3HyS + 2H;Mo0, -25.479
Na(c) + HCl = 0.5H2 + NaCl 0.978
NaAlSi Og(jadeite) + HCL + 11HF = 6Hy0 + NaCl + AlFz + 2SiF, 18.765

NaAlSizOg(high albite) + HCL + 15HF = BH,0 + NaCl + AlFz + 3SiF, 17.086

NaAlSiz0g(low albite) + HCL + 15HF = 8H,0 + NaCl + AlFg + 3SiF,  17.841

NaAl3Si3010(0H)2(paragonite) + HCL + 21HF = 12H20 + NaCl + 3AlF3 58.632
+ 3SiF4

NaBr(c) + HClL = HBr + NaCl 9.699

-112.391
-142.653
-189.901
-54.252
3.454
-157.390
-33.709
-41.672
-90.167
-45.036
118.148
142.962
136.914
115.359
112.506
-87.901
108.575
-65.676
175.208
-280.715
44.597
-37.681
17.940
11.018
-146.850

-125.970

~134.929
-171.501
-230.563
-1.331
0.476
-7.578
-6.558
-0.021
12.064
-7.596
-6.220
-6.567
-6.854
-6.672
-4.399
-31.104
-5.984
-6.552
-2.042
-11.086
-10.679
3.733
6.203
6.107
12.706

-5.986

-3.035
-4.977
2.601
-11.411
-11.528
-81.263
-60.866
-6.079
-16.622
-76.942
-69.988
-70.544
-68.272
-37.638
-36.613
-65.143
-40.108
-41.949
-58.707
132.039
-5.365
1.231
-10.218
-11.431
134.931

-10.673

111.146
116.114
209.218
-23.181
-24.120
24.169
-16.529
-31.686
-6.336
86.592
49.642
36.967
20.959
32.662
18.789
42.589
38.567
23.668
34.473
101.871
8.814
-70.146
-87.922
-87.488
-188.432

-4.757

f,u
f,u
f,u
f,h
f,i,s
f.g
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APPENDIX 2

(continued)
Solid Species (continued)

Reaction® to 11x1072  1x103  (3x1073  (yx101  Ref.d
NaClChalite) = NaCl 10.018 -123.076  -5.709  -9.013  -5.330 f,i
NaF(villiaumite) + HCL = HF + NaCl 11.706 -114.735  -4.274  4.625  -9.526 f,i
NaOy(c) + 1.5H, + HCL = 2H,0 + NaCl 15.745 156.604  -5.992 -15.285 -33.989 f,e
Nay0(c) + 2HCL = Hy0 + 2NaCl 12.832  -4.377  -9.761 -12.651  -6.826 f,e
Nay0y(c) + Hy + 2HCL = 2H,0 + 2NaCl . - 56.890  38.846  13.848 263.472 -146.432 f,e
NayS(c) + 2HCL = HpS + 2NaCl -10.321  -71.675 -26.327 -220.422  68.084 f,h
NasSO,(c, 1) + 4Hy + 2HCL = HyS + 2NaCl + 4H,0 45.540 -127.837  -6.402 -24.768 -90.871 f,j,o
NaySO,(c, IV) + hHy + 2HCL = HpS + 2NaCl + 4H,0 39.252 -132.063 -16.871  25.729 -63.368 f,j,0
Na,S0, (thenardite) + 4Hy + 2HCL = HoS + 2NaCl + 4H 0 39.177 -132.094 -16.929  24.669 -63.035 f,],o0
Ni(c) + 2HCL = Hy + NiCl, -1.007 -58.771  -1.352  -0.418  8.294 f,e
NiBro(c) + 2HCL = 2HBr + NiCl, 12,167 -132.662  -3.594 -11.306  -5.772 f,i
NiCly(c) = NiCl, 12.564 -123.784  -3.543  -2.283  -6.637 f,i
NiFy(c) + 2HCL = 2HF + NiCl2 9.966 -117.809  -4.535  -1.048  2.240 f,i
NiFe,0(trevorite) + Hy + 6HCL = 4H,0 + 2FeCl, + NiCly 54.237 -195.793  4.584 198.525 -131.212 f,g
NiO(bunsenite) + 2HCL = H,0 + NiCl, 7.933  -59.354  0.754 -19.682 -14.395 e
Nis(millerite) + 2HCL = HyS + NiCl, 32.262 -120.604  12.268 190.835 -92.568 f,h
NiSO4(c) + 4Hy + 2HCL = 4H0 + HoS + NiCly 38.817 -14.738  1.687  61.442 -84.461 f,j,u
NiSO,.Hy0(c) + 4Hy + 2HCL = 5Ho0 + HoS + NiCly 5.989 -36.500 -85.540 -19.9%44  70.652 f,u
NiSO,.4H20(C) + 4Hy + 2HCL = BH,0 + HoS + NiCl, 19.787 -126.460 -134.825  -9.371 114.126 f,u
NiSD,.6Ha0(c) + 4Hy + 2HCL = 10H,0 + HoS + NiCl, 89.527 -216.451 -74.975 184.517 -76.864 f,j,u
NiSO,.7Ha0(c) + 4Hy + 2HCL = 11H,0 + HyS + NiCly 138.724 -263.821  -4.791 287.334 -230.497 f,j,u

11.033 -106.665  -2.330 -33.710 -14.800 f,h

NiSp(c) + Hy + 2HCL = 2H,S + NiClys
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Ni,Si0, + 4HCL + 4HF = 4H50 + SiF, + 2NiCl,
NizSy(heazlewoodite) + 6HCL = Hy + 2H5S + 3Nicl,
NigS,(c) + Hy + 6HCL = 4HpS + 3NiCl;

Pb(c) + 2HCL = Hy + PbCl,

PbBry(c) + 2HCL = 2HBr + PbCl,
PbCly(cotunnite) = PbCl,

PbFz(c) + 2HCL = 2HF + PbClZ

PbO(litharge) + 2HCL = Hy0 + PbCiy
PbO(massicot) + 2HCL = Hy0 + PbCly
PbOy(plattnerite) + Hy + 2HCL = 2H;0 + PbCly
PbS(galena) + 2HCL = HoS + Pbcl2
PbSO,(anglesite) + 4H, + 2HCL = 4Hy0 + HyS + PbCl,
Pbz0,(minium) + Hy + 6HCL = 4H50 + 3PbCl,
Rb(c) + HCL = 0.5H, + RbCl

RbCLl{c) = RbCl

RbF(c) + HCL = HF + RbCl

RbO5(c) + 1.5H, + HCL = 2H50 + RbCl
S(monoclinic sulfur) + Hy = HyS
S(orthorhombic sulfur) + Hy = HyS

Sb(c) + 3HCL = 1.5H; + SbCl3

SbF3(C) + 3HCL = 3HF + SbCl3
Sby0z(valentinite) + 6HCL = 3H,0 + 2SbCl3
Sb204(C) + Hz + 6HCL = 4H20 + ZSbC(3
Sby0g(c) + 2Hy + 6HCL = 5H50 + 2SbCl3z
SbySz(stibnite) + 6HCL = 3H,S + 2SbClg

Se(c) + Hy = HySe

SeOZ(C) + 3H2 = 2H20 + HZSe

15.225
112.324
7.958
-3.112
9.568
12.265
66.203
7.282
7.460
14.494
7.065
13.624
40.169
-3.533
12.065
12.834
23.970
9.285
8.900
-11.135
3.879
8.282
16.430
22.032
2.808
8.576
21.128

-81.513
-383.300
-287.411

-3.471
-112.341

-97.955

-115.400
4.641
5.453

97.862
-47.155
31.589
97.606
72.676

-107.060

-80.204

169.365

8.138
8.256
23.538
-29.074
43.386
63.126
154.459
-1.975
-17.788
112.468

-4.304
18.975
-32.577
-5.242
-12.402
-8.79
24.895
-3.148
-2.636
-4.373
-0.986
-23.687
-4.145
-25.859
-2.564
-4.489
-1.596
2.674
2.551
-4.665
-23.506
0.391
3.028
7.830
-6.482
0.247
-7.121

7.450
1156.819
-80.587
-12.406
-25.588
-10.407
414.915
-2.428
-3.158
6.125
-13.060
-60.415
51.190
-3.077
-2.040
9.819
14.610
-2.831
-4.806
-20.486
-12.546
2.913
11.932
20.449
-49.689
-3.948
7.954

-35.952
318.776
26.336
12.953
0.837
-8.253
185.503
-12.681
-13.803
-27.411
-14.181
-2.421
-91.645
26.544
-12.662
-14.785
-60.973
-25.014
-23.560
25.696
21.972
-28.362
-46.839
-55.948
-11.683
-21.464
-46.106

f,i.k
f,h
f.h
f,e
f,i
f,i
f, i
f,e
f,e
f,e
f,h
f,s
f,e
f,e
f.n
f,i
f,e
f,e
f,e
f,e
f,i
f,e
f,e
f,e
f,h
f,e
f,e

g xpuaddy
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APPENDIX 2

(continued)
Solid Species (continued)

Reaction® l 1x1072  15x10%  (3x1073  1;x10"  Ref.d
Si(c) + 4HF = 2Hy + SiF, -16.339  279.192 -0.919 -54.690 23.756 f,e
Si0y(coesite) + 4HF = 2H50 + SiF, 0.886 49.937 1.598 -13.719 -17.240 f,r
Sioz(alpha-cristobalite) + 4HF = 2H50 + SiF, 1.555 49.561 2.465 -15.275 -20.409 f,r
Si0y(beta-cristobalite) + 4HF = 2H,0 + SiF, 1.355  50.029  2.317 -10.268 -20.030 f,r
Si0y(glass) + 4HF = 2H,0 + SiF, . - -1.270  53.524  0.415 -25.967 -11.348 e
Si0y(alpha-quartz) + 4HF = 2H,0 + SiF, 7.819 42.044 5.697 43.210 -40.260 f,r
Si0y(beta-quartz) + 4HF = 2H,0 + SiF, 1.800  48.484  2.549  -6.393 -21.149 f,r
Si0y(alpha-tridymite) + 4HF = 2H,0 + SiF, 1.176 49.780 1.990 -16.115 -19.158 f,r
Si0y(beta-tridymite) + 4HF = 2H;0 + SiF, 2.287 48.616 2.546 1.220 -22.794 f,r
SiS(c) + 4HF = Hy + HyS + SiF, -10.690  200.877 -1.545 -71.535 9.373 f,h
SiSy(c) + 4HF = 2HyS + SiF, -4.825 149.211 -2.396 -78.544 0.118 f,h
sn{c) + 2HCL = Hy + sSnCl, -3.011 8.935 -6.695 -12.753 13.312 f,e
SnBry(c) + 2HCL = 2HBr + SnCly 8.841 -81.768 -16.160 -21.009 3.7764 f,i
SnCly(c) = snCl,y 11.884 -69.451 -11.636 -8.374 -7.970  f,i
SnFy(c) + 2HCL = 2HF + snti, 9.391  -46.795 -15.999 -6.579 3.668 f,i
Sn0(c) + 2HCL = Hy0 + SnCl, 9.496 -19.169 -1.649 3.568 -20.737 f,e
SnOy(cassiterite) + Hy + 2HCL = 2H,0 + snCly 17.650 -50.778 -1.639 31.282 -36.359 f,e
SnS(herzenbergite) + 2HCL = Hos + SnClz 13.070  -45.741 1.278 39.715 -32.91%4 f,h
SnSy(c) + Hp + 2HCL = 2HyS + SnCl, 17.433  -54.075 1.354 -6.733 -37.965 f,h
SnyS3(c) + Hy + 4HCL = 3H,S + 2SnCly 24.841 -92.074  0.089 -20.372 -52.5% f,h
Sr{c) + 2HCL = Hy + SrCl, 2.822  147.865 -2.878 32.923 -4.242 f,e

1.563 -181.783 -23.908 -29.977 33.306 f,i

SrBrp(c) + 2HCL = 2HBr + SrCl, N
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SrCly(c) = srCl,

SrF(c) + 2HCL = 2HF + SrCi;
Sro(c) + 2HCL = Hy0 + SrCl,
SrS(c) + 2HCLl = st + SrClZ

SrSiO3(c) + 2HCL + 4HF = 3H,0 + SiF, + srcl,
SrpSi0,(c) + 4HCL + 4HF = 4H50 + SiF, + 2SrCl,

Te(c) + Hz = H2Te

TeCly(c) + 3Hy =HpTe + 4HCL
TeOy(tellurite) + 3Hy = 2H;0 + HyTe
Tigc) + 4HF = 2Ky + TiF,

TiBrz(c) + 4HF = HZ + 2HBr + TiF4
TiBF3(C) + 4HF = 0.5“2 + 3HBr + TiF4
TiBrgy(c) + 4HF = 4HBr + TiF,
TiClz(c) + 4HF = HZ + 2HCL + TiF4
TiClg(c) + 4HF = 0.5Hp + 3HCL + TiF,
TiFgz(c) + HF = 0.5, + TiF,

TiFa(C) = TiF4

Ti0p(anatase) + 4HF = 2H50 + TiF,
TiOz(rutile) + 4HF = ZHZO + TiF4
TiSCc) + &4HF = HZ + st + TiF4
TiSZ(C) + 4HF = 2”23 + TiF4
TizOs(C) + 8HF = Hz + 3H20 + 2TiF4
Ti305(c) + 12HF = H2 + 5H20 + 3TiF4
Tig07(c) + 16HF = Hy + 7H50 + 4TiF,
V(c) + 4HCL = 2Hp + VCl,

VClz(c) + 2HCL = HZ + VCl4

VCl3(C) + HCl = 0.5“2 + VCl4

5.218
3.423
9.938
9.097
9.791
22.628
6.246
46.719
28.490
-24.989
1.081
-12.106
3.912
-0.712
7.433
2.850
15.765
4.002
4.495
-8.755
-1.229
7.414
-19.392
-1.708
-20.671
-3.158
7.477

183.443
194.163
-34.606
-85.151
-54.698
133.662
-53.257
-39.618
21.551
252.492
69.041
22.038
-3.949
69.833
9.187
-77.870
-54.534
-1.327
-4.606
109.435
51.221
57.058
97.261
65.146
89.850
-54.151
-77.275

-20.
-16.
-0.
-0.
0.
-0.
-3.
5.
5.
-9.
-2.
~34.
-39.
-4,
-1.
-7.
-10.

070
410
915
475
474
586
678
341
095
776
391
281
086
013
610
128
808

.487
.852
.353
.808
.200
.368
.450
.129
.366
.633

-17.166
-42.066
8.080
-5.166
-10.187
12.612
-10.177
-3.540
21.702
-99.417
-50.289
104.208
-47.902
-37.432
-42.424
-52.459
-0.285
-5.767
1.808
-56.161
-56.669
-4.661
494449
-89.970
-46.065
-34.432
-14.382

21.485
27.295
-19.835
-17.033
-34.132
-63.699
-12.391
-92.996
-73.913
57.397
1.922
63.408
23.400
8.451
-7.826
10.924
-19.529
-23.889
-25.493
10.012
-6.196
-51.415
16.660
-45.021
43.867
15.361
-5.052

® ® ® o
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APPENDIX 2

(continued)
Solid Species (continued)
ReactionC Lo (1x1072  x103  13x1073  (;x10!  Ref.d
VF3(c) + 4HCL = 0.5Hy + 3HF + VCL, 8.979 -169.198  -2.066  -0.065 -10.965 f,i
VO(C) + 4HCL = Hy + Hy0 + VCL -9.735  -14.046  -5.109 -30.039  15.316 f,e
VOSO,4(C) + 4Hy + GHCL = 5Hp0 + HoS + VCL, 31.870  27.184  -0.359  30.662 -83.602 f,j,u
VOSO,.Ha0(c) + 4Hy + 4HCL = 6Hy0 + HpS + VCL, 0.965  6.751 -85.012 -40.659  63.955 f,u
VOSO,.3Ha0(C) + GHy + 4HCL = BH0 + HoS +VEL, - 7.491 -58.817 -125.090 -42.672 103.212 f,u
VOSO,.5Ha0(C) + 4Hy + 4HCL = 10H,0 + HyS + VCl, 12.695 -116.962 -171.134 -36.070 148.509 f,u
VOSO,.6Hy0(C) + 4Hy + 4HCL = 11H,0 + HoS + VCl, 10.278 -142.139 -207.177 -31.207 191.136 f,u
V,0z(karelianite) + 8HCL = Hy + 3H,0 + 2VCl, -9.651 -96.486  -6.711 -43.447  3.617 f,e
Vo0,(c) + BHCL = 4Hy0 + 2VCl, -30.167  -42.312  -20.306 -395.705  72.275 f,e
V,05(shcherbinaite) + Hy + 8HCL = 5H,0 + 2VCl, 1.99 -16.815  -6.971 -23.678 -20.479 f,e
VoS3(c) + BHCL = Hy + 3H,S + 2VCl, -15.605 -72.458 -14.128 -38.209  29.645 f,h
W(c) + 4Hs0 = 3Hy + HoWo, -25.894 -17.396  -5.495 -73.371  79.455 e
WBF5(c) + 4Hy0 = 0.5Hy + SHBF + HaWo, 9.127 -92.084 -26.952 -75.291  40.107 f,i
WBrg(C) + 4Hn0 = GHBr + HoWO, 17.573  -91.297 -28.210 -73.245  27.812 f,i
WCLp(c) + 4Ha0 = 2Hy + 2HCL + HoWo, -10.827 -58.999  -8.797 -71.756  54.443 f,i
WCl4(c) + 4Hp0 = Hy + 4HCL + HoWO, 4.097 -62.669 -15.878 -71.005  36.098 f,i
WClg(c) + 4Hn0 = 0.5Hy + SHCL + HaWo, 8.480 -51.471 -30.797 -70.855  42.468 f,i
WClg(c) + 4Ho0 = 6HCL + HoWO, 59.560 -55.951  26.062 -219.774 -128.623 f,i
Wos(c) + 2Hy0 = Ry + HoWO, -6.941 -80.915  -3.581 -39.705  32.878 f,e
W0z(c) + Hy0 = HaWo, 0.090 -89.526  -3.390 -35.375  14.700 f,e
WS,(tungstenite) + 4Hy0 = Hy + 2HyS + HoWO, -5.504 -128.664  -0.389 -57.885  29.567 f,h
Zn(e) + 2HCL = Hy + ZnCly ) -4.892  45.095  -4.462  -5.000  15.332 f,e
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ZnBry(c) + 2HCL = 2HBr + ZnCl, 6.189 -90.256 -10.902 0.108 9.222 f,i

ZnCly(c) = ZnCly 11.621 -79.422  -5.176  7.823  -9.709 f,i
InFy(c) + 2HCL = 2HF + ZnCly 4.745 -68.029 -12.420 -24.582  16.348 f,i
ZnFe,0,(franklinite) + Hy + 6HCL = 4H,0 + 2FeCly + ZnCl, 29.638 -122.138  -5.612  22.169 -56.881 f,n
Zno(zincite) + 2HCL = Hx0 + ZnCl, 5.770  -15.933  -1.073  11.865 -11.276 e
Zns(sphalerite) + 2HCL = H,S + ZnCl, 6.631 -55.005  0.172  7.493 -14.344 f,h
Zns(uurtzite) + 2HCL = HyS + ZnCl, 6.328 -49.798  0.032  3.328 -13.436 f,h
2nS0,(zinkosite) + 4Hy + 2HCL = 4H,0 + HyS + ZnCl, 26.320  36.313  -21.109  72.083 -36.416 f,j,u
ZnS0,.Hy0(C) + 4Hy + 2HCL = 5Hy0 + HpS + ZnCl, 12.801  2.126 -85.005  -2.714  42.867 f,u
2nsQ,.6Hy0(bianchite) + 4Hy + 2HCL = 10H,0 + HyS + ZnCl, -41.276 -102.305 -331.071 -130.955 403.272 f,j,u
ZnS0,. 7H,0(gos larite) + 4Hy + 2HCL = 11H,0 + HyS + ZnCl, 43.387 -171.094 -198.314  76.698 122.427 f,j,u
Zn0.2ZnS0,(c) + BHy + 6HCL = 9Hy0 + 2H,S + 3ZnCl, 85.833  63.640  6.487 168.841 -205.314 f,j,u

2 Calculated at 1 atm pressure. ® Valid from 298.15 to 1473.15 K. © These reactions define the derived species (left-most species) and are written
in terms of component gas species (table 1). Species in this column include gases, liquids (lig), crystalline solids (c), amorfphous solids (glass), and
mineral species (listed by name). A mineral name followed by a slash means that the stoichiometry and the log K equation for that mineral has been
devided by the number. ¢ References in this column refer to the derived species. Sources of data for the component species are given in table 1.
¢ Pankratz (1982). f Heat capacity of derived species does not extend to 2000 K. & Barin and Knacke (1973). ' Pankratz, Mah, and Watson (1984).
! Pankratz (1984). 1 Heat capacity eq (1) generated by regression of tabulated heat capacity data. ¥ Pankratz, Stuve, and Gokcen (1984). ! Chase and
others (1978). ™ Stull and Prophet (19%1). » Barin, Knackle, and Kubaschewski (1977). © Chase and others (1982). P Chase and others (1974).
4 Chase and others (1975). " Berman (1988). * Robie, Hemingway, and Fisher (1978). * Helgeson and others (1978). * DeKock (1982). ¥ Enthalpy and
entropy modified from Anovitz and others (1985) to be consistent with our data. ¥ Heat capacity eq (2) from Berman and Brown (1985).
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