Thermodynamic Tabulations for Selected Phases in the System CaO-Al,0,-
Si0,-H,0 at 101.325 kPa (1 atm) between 273.15 and 1800 K
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The standard thcrmodynamic properties of phases in the lime-alumina-silica-water
system between 273.15and 1800 K at 101.325 kPa (1 atm) were evaluated from published
experimental data. Phases included in the compilation are boehmite, diaspore, gibbsite,
kaolinite, dickite, halloysite, andalusite, kyanite, sillimanite, Ca-Al clinopyroxene, an-
orthite, gehlenite, grossular, prehnite, zoisite, margarite, wollastonite, cyclowollastonite
( = pseudowollastonite), larnite, Ca olivine, hatrurite, and rankinite. The properties in-
clude heat capacity, entropy, relative enthalpy, and the Gibbs energy function of the
phases and the enthalpies, Gibbs energies, and equilibrium constants for formation both
from the elements and the oxides. Tabulated values are given at 50 K intervals with the 2-
sigma confidence limit at 250 K intervals, Summaries for each phase give the tempera-

ture-dependent functions for heat capacity, entropy, and relative enthalpy and the ex-
‘perimental data used in the final evaluation.
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3. Reference phases used in the evaluation and the
sources for the thermodynamic values for these

The experimental data on the selected phases (table 1}in
the limc-alumina-silica-watcr system were evaluated
using the method of Haas and Fisher (1976). The goal
was to produce a set of thermodynamic properties for
each phase at a standard state of 1 atm (101.325 kPa)
that is consistent with thermodynamic theory, the ob-
served properties of each phase, and the observed phase
®© 1981 by the U. S. Secretary of Commerce on behalf of the United States. relatl.OnS among the phases. .The experimental data
This copyright is assigned to the American Institute of Physics and the used in the study came from a literature search through
American Chemical Society. June 1979.
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TasLE 1. Phases for which evaluated data are presented in this study

Chemical formula  State Mineral name

‘AlO(OH) orthorhombic boehmite

AIO(OH) orthorhombic diaspore

Al(OH}), monoclinic gibbsite

AlLSi,0,,(OH), monoclinic pyrophyllite

AlLSi,O4(OH), monoclinic dickite

AlSi,04(OH), monoclinic halloysite

Al,Si,04(OH), monoclinic kaolinite

AlLSiO; orthorhombic andalusite

AlLSiO, triclinic kyanite

AlLSiO; orthorhombic sillimanite

CaAl,SiO, monoclinic (Ca-Al clinopyroxene}

CaAl,Si, 04 triclinic anorthite

- Ca,Al,8i0, tetragonal gehlenite

Ca,AlLSi;0,, cubic grossular

Ca,Al1,8i;0,,(0OH), orthorhombic prehnite

Ca,AlSi;0,,(OH}  orthorhombic Zoisite

CaAlSi,0,(OH),  monoclinic margarite

CaSiO, triclinic cyclowollastonite
{ = *“pseudowollastonite”)

CaSiO, triclinic wollastonite

Ca,8i0,, « hexagonal, «

Ca,Sio,, o’ orthorhombic, a’

Ca,Si0,, monoclinic, 3 larnite

Ca,Si0,, ¥ orthorhombic, ¥ (Ca olivine)

Ca,Si0; crystal (hatrurite and other
polymorphs,
undifferentiated)

Ca,Si,0, monoclinic rankinite

2. Nomenclature

The following symbols were used in the text, tables, and
Jata summaries.

Symbol Units Meaning

C, J/{mol-K) standard molar heat capacity

E° volts standard electrochemical
potential in volts

[GAT)-H(TH)/T J/{mol-K) Gibbs energy function

AG?, J/mol standard molar Gibbs energy of
formation from the elements

AG ], J/mol standard molar Gibbs energy of

) formation from the oxides
H® J/mol standard molar enthalpy
H°(T)-H"(298) J/mot relative standard molar enthalpy,
or base is H° at (Tr==298.15 K},

H(T)-H"(Tr) 101.325 kPa

4H;, J/mol standard molar enthalphy of
formation from the elements

AHY . J/mol standard molar enthalpy of
formation from the oxides

AH? J standard enthalpy of reaction

log K3, log,, of the standard equilibrium
constant for formation from
the elements

log K {ox log,q of the standard equilibrium
constant for formation from
the oxides

P Pa obsolute pressure in pascals

S° J/(mol-K) standard molar entropy

T K absolute temperature in kelvins

Tr K reference temperature, absolute
scale, equals 298.15 K

Ve cm?/mol standard molar volume

Fundamental constants used in this evaluation are giv-
en in table 2. ’
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Where possible, the data have been corrected to the In-
ternational Practical Temperature Scale of 1968 (Comite In-
ternational des Poids et Measures, 1969). For most phase
equilibria, however, this was not possible because the neces-
sary temperature calibration data were not supplied.

The “formula weights” have been calculated to be con-
sistent with the 1975 relative atomic masses for the elements
(Commission on Atomic Weights, 1976).

Table 3 gives the sources of data for the thermodynamic
properties of the elements and oxides that were used as refer-
ence phases in the evaluation procedure. In addition, the
Gibbs-energy change for H,O(gas) between 101.325 kPa and
the experimental pressure in experiments on phase equilibria
were obtained from Fisher and Zen (1971).

TABLE 2. Fundamental constants and defined constants

Name Symbol Value of units
Fundamental con-
stants
Avagadro constant N 6.022094 x 10** mol "
Faraday constant F 96,487.0 J/(volts-mol)
Gas constant R 8.3143 J/(mol-K)

Absolute temperature of

the “‘ice point,” 0°C 273.15K
Defined units
Standard atmosphere atm 101.325 kPa
Standard bar b 100.000 kPa
Thermochemical calorie cal 4.18407

TABLE 3. Reference phases used in the evaluation and the sources for the
thermodynamic values on these phases

Phase C:T) 5°(298),H 2(298),G {(298)
Al {crystal, liquid) a b
Ca (a- and

[B-crystals,

liquid, ideal gas) 2 N
H, (ideal gas} » °
O, (ideal gas) @ b
Si (crystal, liquid) * °
Al,O; (corundum) < b
CaO (lime) ¢ b
H.O (liquid,

ideal gas) ¢ bd
Si0, (a- and

B-quartz) ¢ b

“Hultgren and others (1973).
°CODATA Task Group (1978).
“Stull and Prophet {1971) and

Chase and others (1974, 1975).
9Fisher and Zen (1971).

3.1. Introduction

The details of the approach and the procedure are de-
scribed by Haas and Fisher (1976) and by Haas (1974). The
approach and procedure given there have been followed
closely and will not be described here in detail. The following
description summarizes the evaluation procedure:

1. Literature search

a. Review of literature for data that define thermody-

namic properties of a phase or a group of phases.
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b. Close scrutiny of each citation to determine:

(1) What was physically observed.

(2) With what precision was it observed.

2. Refinement cycle

a. Comparison of related data (heat capacity, relative enth-
alpy, enthalpies of formation, enthalpies of reaction,
Gibbs energy of reaction, entropies) for phases in a
chemical system using weighted, simultaneous, multi-
ple, least-squares regression.

b. Review of the pertinent literature where data are found
not to be in agreement.. .

¢. Removal of assumed or apparently erroneous data from
the set of data being fit by the regression.

d. Repeat of steps a through ¢ until all discordant data have
been identified and removed. _

3. Preparation of tables using the smoothing functions and
the variance-covariance matrix from the last execution
of step 2a.

The mathematical model used in the regression in step
2ais based on eq (1) for the heat capacity at constant pressure
and the known relations among heat capacity, enthalpy, en-
tropy, and Gibbs. energy for the ith phase in a group of
chemically related phases. The constants a,; and a,, were
reserved tor the constants of integration to describe the enth-

alpy and entropy of the ith phase, respectively. Equation (1)

is a restatement of Haas and Fisher’s equation (6):

o a,,; a3,
Cri= T + T/

Equation (1) has no theoretical basis. Equation (1) is a
smoothing function only and must be so considered. At the
absolute zero of temperature the function is indeterminate.
In our work, data at temperatures below 200 K were not
considered. Above 200 K, the function readily describes
most data. In order to avoid overfitting of the data, non-
significant constants have been eliminated from the general
equation wherever they were not needed to describe the
properties of a phasc. This is particularly common fur the
last term, a,, T2, in eq (1). Removal of this term eliminated
any rapid excursions of the calculated values in the tempera-
ture region around and above the highest experimental tem-
perature. For some phases (examples in this study are gros-
sular, dickite, halloysite, and kaolinite), the fitting produced
functions that contain maxima in the tabulated heat capaci-
ties. Each case was examined to determine whether these
maxima should be eliminated because they are not theoreti-
cally possible without some additional phenomenom. For
the clays, the maxima occur at the highest tabulated heat
capacities where the functions supply estimates only and no
action was taken. Equation (1) has been fit within the tem-
perature range presented for each phase in the appendix and
should not be cxtended indiscriminately to higher or lower
temperatures.

For grossular, the experimental heat capacities were
measured at or below 978 K. The estimated values used in
the fitting for the heat capacity above 1000 K joined smooth-
ly with the experimental data below 1000 K and did not
contain a maximum. Therefore, the maximum in the fitted
function was a result of the constraints imposed on the ther-
mal data by the phase equilibria that included observations

+as; +2a,, T+ a7,iT2 (1)

up to 1523 K. In this case, no action was taken. The presence
of the maximum emphasizes the need for measured high-
temperature heat capacities. Until this has been accom-
plished, the tabulations are considered the best available.

3.2. Data Entry

Haas (1974) described the mechanics used to fit the

‘model to discrete experimental observations in detail. The

typical problem includes the following information:

1. Title for problem.

2. Control codes to identify the options used.

3. Number and labels for the phases in the problem.

4. Sets of data being fit.

a. Name of the set and reference.

b. Control codes related to the observation and to data
editing. '

c. Label(s) for the phase(s), the stoichiometric coeffi-
cient(s) and any pertinent data on polymorphs.

d. Data as given in the reference.
(1) Temperature (and correction factor if needed to
convert to kelvins).
(2) Observed value (and correction factor if needed to
convert to joules, volts, moles, etc.).
(3) Precision.
(4) Second independent variable (if needed).

5. Constants of eq {1} above for each of the reference phases
as well as the trial constants for the phases for which the
properties are being refined.

6. Control parameters for the error plots.

The input format is designed to reduce manual conver-
sions before entry into the computer for fitting.

The class of data that is not discussed by Haas consists
of bracketed observations like those typical of phase equilib-
ria studies. As an example, let us consider reaction A, below.

CaAl,Si,04(anorthite) + Al,0,(corundum) + H,O(gas)
= CaAl,Si,0,,(OH),(margarite}  (A)

Chatterjee (1974) determined that the equilibrium at 100
MPa was located between 743.15 and 773.15 K. If we con-
sider no additional information, there is an equal probability
of equilibrium occurring at any temperature between these
two bracketing temperatures at 100 MPa. Therefore, if we
neglect the errors associated with the measurement of tem-
perature and pressure, the probability curve is a square wave
whose bounds are at 743.15 K and 773.15 K. To consider the
reaction to occur at the midpoint of the bracket, 758.15 K, is
unwarranted; this would cause the fitting algorithms to give
too much weight to the midpoints of bracketed data. We
evaluated the phase equilibrium data by calculating the
Gibbs energy of reaction at 101.325 kPa for each two experi-
mentally measured bracketing pressures and temperatures
as if each bracketing pressure and temperature represented
equilibrium. This procedure does not define a square prob-
ability curve between the bracketing values but does define a
nearly uniform probability between the bracketing values
and allows a sufficient probability of occurrence outside the
bracketing values to compensate for errors in measurement
of pressure and temperature. The Gibbs energy for the reac-
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tion at 101.325 kPa for both bracketing temperatures {or
bracketing pressures in some cases) is calculated using the
following formula:

AG °(reaction) = T(SIOTO_A V°(reaction, solids) {101.325-10%)

( _ 1)4[«101.325V°H O dP 2

i) VKR (2
where A V° (reaction, solids) is the volume change between
the solid product, margarite, and the solid reactants, anorth-
ite and corundum, expressed in cm’/mol. The difference
(101.325-10%) is the pressure difference in kPa. The factor
1000 is the conversion factor for cm®/mal to 1/(kPa.mal).
The integral represents the Gibbs energy difference of H,O
between 10° and 101.325 kPa. The term (~1) is the stoichio-
metric coefficient of H,0(gas) in reaction A. The Gibbs ener-
gy difference for H,O at constant temperature was calculat-

- ed from data in Fisher and Zen {1971). We expect to replace
this method of estimation in the near future with one based
on the P-V-T function proposed by Haar and others (in
press). Equation 2 neglects the compressibility and thermal
expansion of the solids. If thermal expansion and compress-
ibility data are available for the solid phases, these correc-
tions can be added.

3.3. Weighting of Experimentai Data

Data were weighted by the reciprocal of the precision,
the higher (smaller in magnitude) the precision, the higher
(larger in magnitude) the weight. The use of weighting served
two purposes. First, it allowed the simultaneous fitting of
different properties that have large variations in magnitude.
An example is the simultaneous fitting of enthalpy data that
could exceed 7 MJ and electrochemical potentials that are
more like 1.0 millivolt. Second, weighting constrained the
solution towards the more precise observations. This was
particularly desirable where precise data from low-tempera-
ture, adiabatic calorimetry were being matched with the less
precise data from differential scanning calorimetry or from
drop calorimetry.

In the first fitting of a data set from a particular refer-
ence, the author’s stated precision was uscd. In subscquent
cycles this would be modified if logic or other data showed
the author’s estimate to be unrealistically small.

Weighting of data within the above guideline was
straightforward with two exceptions. The first exception is
when the author makes many observations of a phenomenon
but only reports an average value and the standard devi-
ation. To enter one value, the average value, would under-
weight the work that went into the determination relative to
the significance of discrete measurements on the same or
other properties. We arbitrarily overcame this by making
three entries: (1) the average value, (2) the average value less
the deviation, and (3) the average value plus the deviation.
All three entries had a weight equal to the stated standard
deviation.

The second exception is related to the treatment of
brackets in phase equilibria. As stated in the preceeding sec-
tion, the Gibbs energy at 101.325 kPa for both temperature
limits (or pressure limits or their combination that defines
the bracket) was entered. The weight was calculated from
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the arbitrary decision that the precision for each bracket was
the difference in Gibbs energy for the bracket with the con-
straint that the magnitude of the assigned precision was
equal to or greater than the precision associated with the
determination of the temperature (or pressure) of the limit of
the bracket. In this fashion, we reduced the tendency of the
regression to settle on the midpoint of a bracket. We will
return to this point again when we consider the topic of data
rejection.

3.4. Data Rejection

Data were rejected during the literature search and dur-
ing the refinement cycles. Data were rejected during the lit-
erature search if there was a clear error in the measurement
technique or if there was ambiguity in the identification of
the reactants or products.

During the refinement cycle, where all data for all
phases in the chemical system are simultaneously fit by the
model, the model returns the weighted average of all the
data. Error plots such as figure 1 are part of the printed
output. On the error plots for each source and type of data,
the weighted difference, calculated as {observed — calcula-
ted)/precision, is plotted as a function of temperature. These
plots give a quick visual picture of the quality of the agree-
ment between the function in the model, the other data in the
refinement, and the specific data set. Ideally, the errors
should be centered about the zero axis and should not exceed

4+ 2 units { 4 2s). Not attaining such an ideal plot can be the
result of one or more of the following:

1. The function does not adequately describe the data.

2. Some set (or sets) of data is not consistent with the
balance of the data considered.

3. The magnitude of the experimental precision is larger
than that which the author stated. As a rule of thumb, if
more than one third of the data plots outside the bounds of

+ lor-1{equal to + 1s}, this leads to overweighting of the
data set. More realistic precisions were entered in this
situation.
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FIGURE 1. Parameter {observed value — calculated value)/precision as a
function of temperature for the differential scanning calori-
meter measurements of heat capacity for anorthite. Plus signs
( + ) indicate the data of Krupka and others {(1979).
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Error plots alert the evaluator to the existence of a con-
flict in the data sets. The evaluator must determine the
source for the conflict and make the appropriate correction
to the data. As an example, figure 2 is a combination of the
error plots for reaction B. The relative errors for the silicic
acid solubilities of Hemley and others (1980) and the re-
versed brackets of Thompson (1970} are shown. The data of
Hemley and his coworkers plot systematically high for this
reaction, but they are well within 1 sigma of the zero abscis-
sa. The systematic discrepancy is caused by a minor mistit
between these data and one or more of the enthalpies of solu-
tion and Gibbs energies of reaction in which either kaolinite
or pyrophyllite is involved.

Al1,81,0,{(OH),(kaolinite) + 6SiO,(alpha quartz)
= Al1,8i,0,,(OH),(pyrophyllite) + H,O(gas) (B}

However, the reversed observations of Thompson
(1970} lie well outside the 2 sigma limits. Figure 3 shows the
calculated Gibbs energy for reaction B and the experimental
data cited on figure 2. As expected, the data of Hemley and
coworkers lie near the calculated values. Because the calcu-
lated line also reflects the other data in the problem, particu-
larly entropies and other phase equilibria, we conclude that
data of Hemley and coworkers are consistent. However,
both the magnitude and the slope of the reversed brackets of
Thompson are not in agreement with the other data. A re-
view of the experimental method suggests that the error may
be due to the finely ground kaolinite and pyrophyllite (“less
than 300 mesh,” p. 454) that was used in the study and to the
relatively short duration of the experiments (“usually 28
days” at 100 MPa, “for 1 week’” at 200 and 400 MPa, p. 455—
456). These data were not included in the evaluation. The
above conjecture on the part of the evaluators is not proven;
only detailed discussions with the authors or repetition of
the experiments could prove the data are in error.
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FIGURE 2. Parameter (observed value — calculated value)/precision as a
function of temperature for the reactivu: Kaolinite + 2 Quartz
= Pyrophyilite + Steam. The open triangles were calculated
from the silicic acid solubilities of Hemley and others (1980},
The connected solid squares represent the brackets of Thomp-
son (1970). The dashed lines represent two times the precision
stated by the authors or two times the width of the Gibbs energy
bracket, whichever is appropriate.
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FIGURE 3. Gibbs energy of reaction as a function of absolute temperature
for the reaction: Kaolinite + 2 Quartz = Pyrophyllite +
Steam. The open triangles were calculated from the silicic acid
solubilities of Hemley and others (1980). The connected solid
squares represent the brackets of Thompson {1970). The solid
line was calculated from the least-squares solution to the entire
set of experimental observations.

Discordant data are readily identified. The cause of the
disagreement is not always as straightforward as the identifi-
cation. Fortunately, because sufficient related data were
available for the phases in question, the right decision was
made. In the discussions associated with the thermodynamic
tables, all data used to produce the final results are given.
Because of manpower and time, however, we have not in-
cluded the much larger set of excluded data. The reference
section contains all literature sources considered in the eval-
uation. References which contain indirect or supporting in-
formation on thermodynamic properties and references con-
taining experimental data considered, but excluded from the
evaluation, are marked with an asterisk (*) at the beginning
of the citation.

3.5. Preparation of Tables and Summaries

Tables of thermodynamic data at 101.325 kPa between
273.15 K and 1800 K were prepared from the functions in
the fitted model. The commonly used thermodynamic func-
tions given below were tabulated:

C, heat capacity

S° entropy

Gy —-HL VT Gibb’s function

H, —HY, relative enthalpy

AH?, enthalpy of formation from
the elements

AG¢, Gibbs energy of formation
11O L1IC CITHITHID

logK ;. equilibrium constant for
formation from the elements

4AH ;.. enthalpy of formation from
the oxides

4G, Gibbs energy of formation from
the oxides

logK | .. equilibrium constant for

formation from the oxides

J. Phys. Chem. Ref. Datq, Vol. 10, No. 3, 1981
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The summaries associated with each table contain func-
tions for heat capacity, entropy, and relative enthalpy as ob-
tained in fitting the model to the data. The summaries aiso
cite those data used in the final evaluation that were directly
pertinent to determine the properties of the phase in ques-
tion. In the interest of saving manpower for more evalua-
tions, data that were considered and rejected were not
tabulated.

3.6. Confidence Limits

All evaluations must start with some base that is accept-
ed without question. In this effort, the properties of the ele-
ments and the oxides cited in table 3 were used without ques-
tion. The properties for the evaluated phases are determined
relative to those reference values. In the course of the evalua-
tion, we found no inconsistency of sufficient magnitude that
would require us to consider reevaluating any of that refer-
ence base. This does not mean that the tabulated values are
without error. For example, the uncertainty for the entropy
at 298.15 K for Ca or CaO is about 1 percent (CODATA
‘l'ask Group, 1978).

In preparing the tabulations, the 2-sigma confidence
limits were given for the 298.15 K isotherm and for every
isotherm that is a multiple of 250 K.. These limits reflect only
the variation in the final set of data on the chemical system.
They do not include confidence limits on the reference data
in table 3. For this reason the confidence limits for formation
from the elements and the oxides is identical. If such a time
arises when manpower is abundant or when other data cen-
ters adopt similar evaluation procedures, the imprecision in
the reference base will be included in the tables.

4. Results

The appendix contains the thermodynamic properties
and summaries for the phases listed in tables 1 and 3. The
arrangement follows that of the JANAF Thermochemical
Tables (Chase and others, 1974). The formula in the upper
right of each table and summary is an alphabetical arrange-
ment of atomic symbols. The more conventional formula is
given elsewhere in the table or summary. In this set, alumi-
num (Al) compounds come first, followed by calcium, hy-
drogen, oxygen, and lastly silicon compounds. The index at
the beginning of the appendix locates minerals within the
alphabetized formulas.
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7. Appendix, Thermodynamic Tables, and
Summaries

7.1. Mineral Index to Tables and Summaries

Mineral name and formula Filing formula

Andalusite, Al;SiOs
Anorthite, CaAl,Si,04

ALO.Si
Al,CaO,Si,

DATA

'Al,CaH,0,,5i,

A1;Ca;0,,8i,
ALH,0,,Si,
ALH,0,Si,
ALH,0,Si,
ALH,0,Si,
ALO,
ALOS
ALOSI
ALOSi
ALOSI
AlL,Ca,HO,Si,

Ca,;Al,81;0,,, Grossular
Al,Si,0,,(0OH),, Pyrophyllite
AlLSi,05(OH),, Dickite
Al,S8i,0,(0H),, Halloysite
Al,Si,0,(OH),, Kaolinite
Al,O;, Corundum

AL SiQq (reference state)
Al,8i05, Andalusite
ALSiO;, Kyanite
AlSiOq, Sillimanite
Ca,AlLSi;0,,(OH), Zoisite
CaAlSiO,(OH),, Margarite

Ca Olivine base)

‘FOR . MINERALS 583

Boehmite, AIO(OH) AIHO,
Ca-Al Clinopyroxene, CaAl,Si0, Al,CaO/Si
Corundum, AL,O, ALO,
Cyclowollastonite, CaSiO, Ca0O,Si
Diaspore, AIO(OH) AIHO,
Dickite, Al,Si,05(OH), . Al,H,0,Si,
Gehlenite, Ca,Al,SiO, Al,Ca,0,8i
Gibbsite, Al(OH), AlH;0,
Grossular, Ca;AlLSi;O;, AL,Ca,0,Si;
Halloysite, Al,Si,05(OH), ALH,O48i,
‘Kaolinite, A1,S1,050H), AlH,0;Si;
Kyanite, A1,Si05 AlLO,Si
Lime, CaO CaO-
Larnite, Ca,SiO, Ca,0,Si
Margarite, CaAl,,Si,0,,(OH), Al1,CaH,0,8i,
Ca Olivine, Ca,Si0, Ca,0,Si"
Prehnite, Ca,Al,81;0,,(OH), A1,Ca,H,0,,5i;
Quartz, SiO, 0,Si

- Rankinite, Ca;Si,0;, Ca,0,8i,
Sillimanite, A1,510; AlO.Si
Wollastonite, CaSiO, Ca0,Si
Zoisite, Ca,Al;Si;0,,(OH) Al,Ca,HO;Si;

7.2. Index to Tables and Summaries
Filing formula Table title
Al Al (reference state)
AIHO, AlO{OH) (reference state)
AIHO, AlO({OH), Boehmite
AlHO, AlO(OH), Diaspore
AlH,0, Al(OH),, Gibbsite
.A1,Ca0QSi CaAl,SiO,, Ca-Al
Clinopyroxene

Al,CaO,Si, CaAl,Si,0,, Anorthite
Al,Ca;H,0,,5i; Ca,ALSi,0,,(OH]},, Prehnite
Al,Ca,0,Si Ca,AlLSiO,, Gehlenite

Ca : Ca (reference state)
CaO CaO, Lime
Ca0,;8i CaSiO; (reference state)
CaQ,Si CaSi0,, Cyclowollastonite
( = “Pseudowollastonite”)
CaO,Si- CaSiO,, Wollastonite
Ca,0,Si Ca,Si0, (reference table,
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Ca,0,Si

Ca, 0,51
Ca,0,Si

Ca,0,Si

'Ca,;0,Si

HAAS, ROBINSON,

Ca,Si0, (reference table,
Larnite base)

Ca,Si0,, (@' cyrstal)
Ca,Si0,, Ca Olivine

{y crystal)

Ca,Si0,, Larnite

{8 crystal)

Ca,Si0; (crystal)
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AND HEMINGWAY:

Ca,0,Si,
H,

H,0
H,0

O,

0,Si

Si

Ca,S8i,0,, Rankinite
H, (ideal gas)

H,0 (reference table)
H.,O (ideal gas)

0, (ideal gas)

SiO,, Quartz (reference
table)

Si (reference table)
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Al {(reference state) Aluminum, crystal; Aluminum, liquid Formula weight = 26.982 g/mol

Summary of Critical Data

Data at Reference Temperature, 298.15 K (+2s) (aluminum, crystal)

§° = 28.350 J/(mol-K) AHZ = 0.0 kJ/mol
Ve = 9.999:0.001 cm>/mol 862 = 0.0 kJ/nol
Equations _at Reference Pressure, 101.325 kPa
CRTI/Ta/(mo1 k)T = ap/7% + ag/T%% 4 ag + 246 T + a2y T
SO(TY/T0/(mol+K)] = -a;/(2 72) - 2 a3/T%°% + a4 + a5 In(T) + 2ag 7T + aj T2/2
[HO(T)-H°(298.15K)1/(d/mol) = -a1/T + ap + 2 a3 T°°° + ag T + ag T2 + a7 T9/3
Aluminum, crystal (temperature range 200 to 933 K)
a; = -2.05250x10° ag = -1.28573x10° ag = -4.07067x1073
ag = -8.70784x10° ag = 2.76624x10} a7 = 1.57641x10°°
a3 = 0.0
Aluminum, liquid (temperature range 933 to 1800 K)
ay = 0.0 ag = -1.45759x10° ag = 0.0
ap = -9.468x10° as = 3.17565x10! a; = 0.0
az = 0.0

Critical Reaction

Melting: )
Al(aluminum, crystal) = Al{aluminum, liquid)
Tm = 933 K (observed} asp = 11.565 J/(mol+K)

AH; = 10.790 kJ/mol

Sources for Thermodynamic Properties

The thermodynamic properties for aluminum were taken from the following sources:

Property Source

Heat capacity Hultgren and others (1973)
Entropy CODATA Task Group (1978)
Enthalpy of melting Hultgren and cthers (1973)

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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588 HAAS, ROBINSON, AND HEMINGWAY

AT0(0H) (reference state) Diaspore, Boehmite Formula weight = 59.988 g/mol

Summary of Critical Data

Data at Reference Temperature, 298.15 K {+2s) {diaspore)

S° = 35.33940.092 J/(mol-K) HS = -999.456+0.365 kJ/mol
Ve = 17.760%0.052 cmS/mol 86 = -920.945:0.362 kJ/mol
Equations at Reference Pressure, 101.325 kPa .
CHTI/LI/mot =K} = a2 + a9 % & g & 2ag T + ay T
SO(TI/[I/(mo1+K)] = -a1/(2 T%) - 2 a3/T%> + ag + ag 1n(T) + 246 T + ay 7272
[Ho(T)-H®(298.15K)1/{J/mo1) = -ap/T + ap + 2 a3 7°°5 + ag T + ag T2 + a7 73/3
Diaspore (temperature range 200 to 571.86 K)
ap = 2.43069x10° ag = -1.021486x10° ag = 0.0
ap = 1.08719x10° as = 1.505560x10% a7 = 0.0
a3 = -1.73002x10°
Boehmite (temperature range 571.86 to 750‘ K)
a;p = 7.77111x10° ag = -1.42636x10° ag = 0.0
ay =  3.04561x10% as = 2.06903x10° a7 = 0.0
a3 = -2.59274x10°
Critice] Reactions
Inversion:
A10(OH)(diaspore) = AI0(OH)(boehmite)
T, = 571.86 K (calculated) 853 = 24.208x1.8 J/(mol-K)
843 = 13.844x0.7 kJ/mo}
Decomposition:
2A10(0H)(diaspore) = Alp03(corundum) + Hp0(gas)
Tg = 480.90 K {calculated) 45y = 169.06621.54 J/(mol-K)
4H =  81.3000.74 kJ/mol

For detailed information on AVO{OH), refer to the appropriate tables on the individual phases.
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A10{0H) Boehmite Formula weight = 59.988 g/mo

ummary of Critical Data

Data at Reference Temperature, 298.15 K (+2s)

S° = 48.440£0.510 J/(mol-K) SHE = -990.42%0.73 kJ/mo}
Ve = 19.535:0.052 cm>/mol 463 = -915.8220.68 kJ/mol
Fauations at Reference Pressure, 101.325 kPa (Temperature range 200 to 800 k)
CUT)/Ta/(mol k)] = ap/T8 % ay/T%% 4 a5 + 2467 + a7 T°
o . 2 0.5 2
S°(T)/0d/(mo1-K)] = -ay/(2 T°) - 2 a3/T + ag + ag In(T) + 2 ag T + a3 T°/2
[Ho(T)-H®(298.15k)1/(J/mol) = -a1/T + ap + 2 a3 T°°% 4 ag T + ag T2 + a7 T°/3
a; = 7.77111x10° ag = -1.42636x10° ag = 0.0
ap =  3.04561x10% ag = 2.06903x107 a7 = 0.0
a3 = -2.59274x10°
Lritical Reactions
Inversion:
A10(0OH)(diaspore) = A10(OH)(boehmite)
L 571.86 K (calculated) AS; = 24.208+1.80C J/(mol+K)
AHS = 13.84440.700 KkJ/mol
Decomposition:
2 A10(0H)(boehmite) = Al103(corundum) + Hp0(gas)
Ty = 449.32 K (calculated) £$§ = 130.726+3.260 J/(mol-K)
4H = 58.73811.464 kJ/mol

Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of
boehmite.

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of
Soyrce - Data Type . _Method Points ~ ____ Range ____
Shomate and Cook (1946) heat capacity isothermal calorimetry 10 200 - 296 K
Estimated values? neat capacity corresponding states 7 298 - 600 K
technique
Shomate and Cook (1946) entropy isdthermal calorimetry 1 298.15 K

a The heat capacity was estimated by a corresponding statés method (Lyon and Giauque, 1949) from the heat-capacity
data fov diaspore from Perkins and others (1979) and the low-temperature heat capacity for boehmite from Shomate and
Cook (1946}).

The standard error of estimate to the heat capacity of Shomate and Cook (1946) is 0.2 J/(mol-K). The estimated
heat-capacity values are a smooth extension of the data of Shomate and Cook. The standard error of estimate of the
estimated heat capacity is 0.15 J/(mol-K). The fitted entropy at 298.15 K is 48.44 + 0.51 J/(mol-K) or a
departure of 0.01 from the experimental value of 48.45 1+ 0.21 determined by Shomate and Cook.

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting
AH2(298.15 K) aH$(298.15 K)

No. of
Source e ____ Method _ gg_ggigga Range T/K Points Third Law, kJ kd/mo
Hemley and others (in press)b H4Si04 concentration A 473-573 9 -75.671+£1.059 -990.451

a Reaction:

A) 2 AI0(OH)(boehmite) + 2 Si0p{quartz, alpha) + Hp0(gas) = Al1pSi 05(0H}g(kaolinite)

b Hemley and others (in press) measured the silicic-acid content of water that was equilibrated with boehmite and
kaolinite between 473 K and 573 K at 100 MPa. Using their data for the solubility of quartz at the same conditions,
the molar volumes of the solid phases, and heat data for Hp0(gas) of Fisher and Zen (1971}, we calculated the
free energy of reaction at 101.325 kPa and temperature for each of nine cbservations

The phase-equilibrium study of Hemley and others (in press) was evaluated after the data were converted to free
energies of reaction at 101,325 kPa and temperature. After fitting, as a test of consistency, the average enthalpy of
reaction at 298.15 K and 101,325 kPa was calculated and is shown in column 6 of Table 2. From this enthalpy of reaction
and the calculated enthalpies of formation of other phases in the reactions, the enthalpy of formation for boehmite
(cotumn 7 of Table 2) was calculated and can be compared with the enthalpy of formation of -990.424+0.725 kJ/mo
obtained from the fit, This calculation assigns the error of fit entirely to the heat of formation of boehmite and
presents the data in their poorest perspective.

The moltar volume of boehmite was obtained from the compilation of Robie and others {1967}.

J. Phys. Chom. Ref. Data, Vol. 10, No. 3, 1981
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592 HAAS, ROBINSON, AND HEMINGWAY

AT0{0H) Diaspore Formuia weight = 59.988 g/mol

Summary of Critical Data

Data at Reference Temperatur

S° = 35.339£0.092 J/(mol-K) A = -999.45610.365 kJ/mo]
¥e = 17.760£0.052 cmd/mol 563 = ~920.945:0.362 kJ/mol
Equations at Reference Pressure, 101.325 kPa (Temperature range 200 to 800 K)
CS(TI/L/(mo1-K)] = ar/T2 4 az/19% 4 ey o+ 2ag T 4+ a7 TP
SO(TY/[9/(mol-K}T = -a1/{2 T2) - 2 az/T9°% + ag + a5 1n(T) + 2 ag T + aj 7272
[HO(T)-H®(298.15K)1/(J/mol] = -ay/T + az + 2 a3 70°5 + agT + ag T2 + a7 79/3
ar = 2.43069x10° az = -1.021486x10° ag = 0.0
ap .= 1.04719x10° ag = 1.50556x102 a; = 0.0
a3 = -1.73002x10°
Inversion:
A10(CH)(diaspcre) = AI0(OH)(boehmite)
T, = 571.8 K (calculated) AS]? = 24.20821.8 J/(mol-K)
sHS = 13.86420.7 kJ/mol
Decomposition:
2 A10(0H)(diaspore) = Alp03(corundum) + Hp0{gas)
Ty = 480.90 K (calculated) 455 = 169.060 £1.54 J/(mol-K)
8HS = 81.30410.74 kJ/mol

Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of
diaspore.

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of
Source _ Data Type Method Points Range
King and Weller (1961) heat capacity isothermal calorimetry 10 206 - 296 K
Perkins and others (1979) neat capacity adiabatic calorimetry 15 203 -~ 345 K
Perkins and others (1979} heat capacity differential scanning 19 340 - 509 K
calorimetry
Perkins and others (1979) entropy adiabatic calorimetry 1 298.15 K

The heat capacity measured by King and Weller {1961) was fit with a standard error of estimate of 0.25 J/(mol-K).
The heat capacity of Perkins and others (1979) measured on an adiabatic calorimeter and differential scanning
calorimeter were fit with a standard error of estimate of 0.26 and 0.78 J/(mel-K), respectively. The fitted entropy
at ?98.15 X is 36.33Q + N.09? J1/{mal-K) ar a departure aof _.001 fram the experimental value of 35.338 + 0.0377 of
Perkins and others.

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitiing

No. of AH;(298.15 K) AH'f‘(ZSB.IS K)
Source Method Reaction? ‘Range T/K Points Third Law, kd kd/mol
Hemley and others (in press)b H4S104 concentration A 473-573 6 -57.885+0.441 -999.421
Hemley and others (in pre‘ss)b HgSi04 concentration 8 523-598 4 -1.678x1.770 -999.837
Hemley and others (1n press)® H45104 concentration [ 623-663 2 78.16410.200 -999.855
Haas (1972} gas-medium pressure apparatus D 662-741 5 pair 81.32240.875 -999.465
Haas and Holdaway (1973) gas-medium pressure apparatus E 618-722 4 311.48643.224 -999.646

2 Reactions:
A) 2 AVT0(OH)(diaspore) + 2 Silp(quartz, alpha) + Ha0(gas) = AlpSipNg{0H)s(kaolinite)
B} 2 A10(OH)(diaspore) + 4 SiOp{quartz, alpha) = Al2Siz019{(0H)2(pyrophyliite)
C) 2 A10(0H){diaspore) + Si0p(quartz, alpha) = A12Si0g(andalusite) + Hp0{gas)
D) 2 A10(OH)(diaspore) = Al1203(corundum) + H20(gas)
F) ATpSis030(0H)p{pyrophyllite) + 6 A10(0H)(diaspore) = 4 AlpSiNg(andalusite) + 4 Hp0O(gas)
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A1(0H)3 Gibbsite Formula weight = 78.003 g/mol

Summary of Critical Data

Data at Reference Temperature, 298.15 X (+2s)

S° = 68.440:0.344 J/(mol-K) 4HY = -1293.3340.628 kJ/mol
Ve = 31.956£0.030 cm°/mol 463 = -1155.19710.637 kJ/mol
Equations at Reference Pressure, 101.325 kPa (Temperature range 200 to 800 K)
Cp(T)/[d/(mol+K)] = allT2 + a3/T0'5 + a5 + 2 ag T + a7y 2
SO(TI/Ld/(mol+K)] = -a1/(2 TZ) - 2 a3/T%"% 4 ag '+ a5 In(T) + 2 ag T + a7 T2/2
[HO(T)-H°(298.15K)1/(J/mol} = -ap/T + ap + 2 a3 1%5 + agT + ag T2 + a7 T°/3
a; = 6.617044x10° ag = -1.513072x10° ag = 3.006455x107%
ap = 2.582430x10" a5 =  2.208509x10° a7 = 0.0
az = -2.667640x10°

Primary Experimental Data Used in the Analysis

b Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of
gibbsite.

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of
Source Data Type _ Method Points Range
Hemingway and others (1977} heat capacity adiabatic calorimetry 23 200 - 480 K
Hemingway and others (1977) entropy adiabatic calorimetry 1 298.15 K

The heat-capacity measurements of Hemingway and others (1977) were fit with a standard error of estimate of 0.33
J/(mol+X),. The fitted entropy at 298.15 K is 68.440 % 0.344 J/(mol-K), which agrees with the experimental value of
68.44 + 0.14 J/(mol+K) reported by Hemingway and others (1977).

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting
No. of AH?(298.15 K) AH2(298.15 X)
Source _ Method Reaction? Range T/K Points kdJ kd/mol
Hemingway and Robie (1977)b solution calorimetry (HF) A 303.4 4 ~486.09642.514 -1293.578

a Reactions:
A) Al(aluminum, reference) + 3 Hp0(liquid) = A1{OH)3(gibbsite) + 1.5 Hp(hydrogen, reference)

b Hemingway and Rubie (1977) measured Lhe enthalpy of solutivn of gibbsite in HF ecid solution at 303.4 K. To
complete the thermodynamic cycle, their data were evaluated in combination with their enthalpies of solution of
water, quartz, and aluminum metal in the HF acid solution. A correction was made for the enthalpy of vaporization
of Hp gas evolved during the dissolution of aluminum metal.

The molar volume of gibbsite was obtained from the compilation of Robie and others (1967).
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AL,Ca0,Si

CaAl,51i0¢g Ca-Al Clinopyroxene Formula weight = 218.125 g/mol

Summary of Critical Data

Data at_Reference Temperature, Zy¥.l5 K (+Zs)

S° = 141.600£2.200 J/(molK) 8HZ = -3298.9%1.9 kJ/mol

Ve = 63.439£0.064 cm/mol 863 = -3122.9%1.5 kJ/mol
Equations at Reference Pressure, 101.325 kPa

Ca(T)/[9/(mo1-K)] = a1/T2 + a3/T0'5 + a5 + 2ag T + a7 T2

SO(T)/L/{mol-K)] = -ap/(2 T2) - 2 a3/T%5% + a4 + a5 In(T) + 2 ag T + a7 TE/2

CHO(T)-Ho(298.15K)3/(3/mo)) = -ap/T + ap + 2 a3 T°°° + ag T + ag 72 + aj T9/3

ay = -2.72024x10° ag = -1.96633x10° ag = 0.0

az - 2.98963x10% ay -  3.22040x10% a; - 0.0

a3 = -2.18582x10°

Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of Ca-Al
clinopyroxene.

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of
Source Data Type _ Method ~ Points Range
Thompson and others (1978) heat capacity differential scanning 16 298.15 - 1000 K
calorimeter
Estimated values® heat capacity component summation 11 1000 - 2000 K

a Above 1000 K, the heat capacity of Ca-Al clinopyroxene was estimated by a summation of the average heat capacities of
Ca0-, Si0z-, (A]IV)203—, and (ATVI)203-c0mponents derived from a number of sodium, potassium, and calcium aluminum
silicates. (Al V) and (A1'°) represent aluminum in tetrahedral and octahedral coordination, respectively.

The standavrd error of eslimale of the fitted hedl-capacity data of Tnompson and others (1978) for synthetic Ca-Al
clinopyroxene is 0.33 J/(mol-K). The estimated heat-capacity values above 1000 K were a smooth extension of the data

of Thompson and others. The standard error of estimate for the estimated heat capacity from 1000 to 2000 K is 1.6
J/{mol-x).

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting

No. of AH;(298.15 K) AH§(298.15 K)
Source Method . Reaction? Range T/K Points Third Law, kJ kJ/mol
Charlu and others (1978)b solution calorimetry A 970 1 75.069+1.006 -3301.339
{harate salt)
Hays (1965) solid-medium pressure apparatus B 1473-1673 4 pair -11.841+1.953 -3299.007

a Reactions:

A) CaAlpSi0g{clinopyroxene) = CaO(lime) + A1,03(corundum) + SiOp(quartz, alpha)
B) CaAlaSighg(anorthite) + CapAlpSiOy{gehlanite) + AlpO0j(corundum) = 2 CaAlpSiOg{clinopyroxene)

& Chariu and others (1978) measured the enthalpy of solution of synthetic Ca-Al clinopyroxene in lead borate salt melt
at 970 K. To complete the thermodynamic cycle, their data were evaluated in combination with their enthalpies of
solution of lime, quartz, and corundum in the salt melt; corrections were not made for the enthalpies of dilution
and of mixing of the product melts.

The phase-equilibrium study of Hays (1965) (utilizing solid-medium pressure apparatus) was evaluated after the
data were converted to free energies of reaction at 101.325 kPa and temperature. Molar volumes of the phases and free-
energy data for HpO(gas) from Fisher and Zen (1971) were used in the conversion. This study complies with the
following criteria: 1) starting materials and reaction products were characterized, and 2) chemical equilibrium was

demonctrated.

After fitting, as a test of consistency, the average enthalpy of reaction at 298.15 K and 101.325 kPa was
calculated. These are shown in column 6 of Table 2. From these enthalpies of reaction and the calculated enthalpies of
formation of other phases in the reactions, the enthalpy of formatiaon for Ca-Al clinopyroxene (column 7 of Table 2) was
calculated for each source and can be compared with the enthalpy of formation of -3298.956+1.902 kJ/mol obtained from
the fit. This calculation assigns the error of fit entirely to the heat of formation of Ca-Al clinopyroxenc and
presents the data in their poorest perspective. Most of the phase-equilibria data cited above bracket the regression
fit in free-energy space.

The molar volume of Ca-Al clinopyroxene was obtained from the compilation of Robie and others (1967).

1. Phys. Chem. kef. Data, Vol. 10, No. 3, 1981
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Al,Ca0gSi,

Callypsroy ’ Anorthite Formula weight = 278.209 g/mol
Summary of Critical Data
Data _at Reference Temperature, 298.15 K (+2s)
S° = 199.290.15 J/(mol-K) GHE = -4227.8%1.1 kJ/mol
Ve = 100.79+0.10 cm®/mol 862 = -4002.2%1.1 kJ/mol
Equations at Reference Pressure, 101.325 kPa (Temperature range 200 to 1800 K)
CRTI/TI/(mol k)] = ay/T2 + a3/1%% & a5 + 2 ag T + ay T2
o . . » 12 0.5 2
Se(T)/[d/(mot-K)] = -ap/{2 T°) - 2 a3/T + a4 + ag In(T) + 2 ag T + ay T°/2-
[H®(T)-H°(298.15K)1/(J/mol) = -a1/T + ap + 2 a3 19> + ag T + ag T2 + ay 19/3
a7 = 3.18591x100 ag = -5.35832x10° ag = -1.46450x107}
ap = 1.10301x10° as =  8.00971x10% a7 = 1.05663x107"
a3 = -9.44981x10° '

Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of
anorthite.

Table 1. Sources for Heat Capacity, Relativeé Enthalpy, Entropy, and Related Data

No. of
e——_——___Source Data Type Method Points Range
Robie and others (1978) heat capacity adiabatic calorimetry 49 202 - 381 K
Krupka and others (1979) heat capacity differential scaning calorimetry 95 . 349 - 966 K
white (1919) relative enthalpy drop calorimetry 9 1173 - 1673 K
Robie and others (1978) entropy adiabatic calorimetry 1 298.15 X

The heat capacities of Robie and others (1978) and of Krupka and others (1979) were fit with a standard error of
estimate of 0.4 and 1.36 J/(mol-K), respectively. The relative enthalpy measurements of White (1919) were fit with 2
standard error of estimate of 980 J/mol, or approximately 0.3 percent of the observed vatue. The fitted entropy value at
298.15 K is 199.29 x 0.15 J/(mol-X) or a departure of 0.01 from the experimental value of 199.3 % 0.3 J/{mol:K).

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting
AH:(298.15 K) AH;(298.15 K)

No. of

o __.__Source ______ ___ Method R_ea-ggi_gga Range T/K Points  Third Law, kJ kd /mol
Kracek and Meuvonen (1952)b colution calorimetry(HF) A 347.85 1 43 .275+1.447 -422A/ _BRK
Charlu and others (1978)°€ solution calorimetry B 970 2 95.089+1.988 -4228.375
(borate salt) 94.454+1.738 -4228.919

Newton (1965) gas- and solid-medium C 843-1113 6 pair -306.468+2.790 -4227.725

pressure apparatus
Boettcher (1970) gas-medium pressure apparatus C 898-928 1 pair -308.308+4.088 -4227.418
Strens (1968) gas-medium pressure apparatus D 1/0=-823 1 pair -220.56L15.9/0 -4226.92U0
Joettcher (1970) gas-medium pressuve apparatus o 853-933 2 pair -213,0251+2.944 -4228.428
Shmulovich (1974} gas-medium pressure apparatus £ 1133-1153 1 pair 159.942+1.763 -4226.727
Huckenholz (1974) unspecified E 1125-1423 6 pair 158.750+2.236 -4227.919
Hays (1965) solid-medium pressure apparatus E 1473-1523 2 pair 156.099+6.608 -4230.57¢C
Huckenholz (1974) unspecified F 848-858 1 pair -49.366+0.328 -4228.137
Newton (1966b} gas-medium pressure apparatus F 803-923 2 pair -51.708+3.042 -4225.795
Huckenholz (1974) unspecified G 888-958 2 pair -50.101+0.499 -4227.971
Newton (1966b) gas-medjum pressure apparatus G 973-1023 2 pair -49.103+1.847 -4228.969
Boettcher (1970) gas-medium pressure apparatus G 893-1053 2 pair -50,328+1.454 -4227.744
Storre and Nitsch (1974) gas- and so)lid-medium H 788-833 2 pair -89.818+1.710 -4228.388
pressure apparatus

Chatterjee (1971) gas-medium pressure apparatus I 763-893 3 pair -94.087+0.931 -4227.976
Hays (1965) solid-medium pressure apparatus J 1473-1673 4 pair -11.81411.953 -4227.678
Boettcher (1970) gas-medium pressure apparatus K 1033-1053 1 pair -102.037+0.996 -4228.292
Huckenholz (1974) unspecified K 1028-1263 3 pair -102.895+1.257 -4227.434
Liou (1971) gas-medium pressure apparatus L 708-828 5 pair -89.180+0.496 -4227.848
Kay and Taylor (1960)d cilira activity M 1R&%3 1 83.137+7.582 -4227.859
Kay and Taylor (1960)d silica activity N 1543 1 59.386+2.412 -4223.667

J. Phys. Chem. Ref. Datc, Vol. 10, No. 3, 1981
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Reactions:
A) CaAlpSipCg(anorthite) + 3 HpO0(liquid) = CaO(lime) + 2 AT(COH)3(gibbsite) + 2 SiOp(quartz, alpha)
B) CaAlpSipOg(anorthite) = Cal(lime) + Alp03(corundum) + 2 Si0z(guartz, alpha)
C} 2 Ca3A1Si30712(grossular) + 6 CaAlpSiplg{anorthite) + Alp03(corundum) + 3 Hp0{gas)
= 6 CapAl3Siz012(0H)(zoisite)
C) CagAlpSiz0yp(grossular) + 5 CaAlpSip0g(anorthite) + 2 Hp0(gas)
= 4 CapA138i3072(0H)(zoisite) + SiOp(quartz, alpha)
) 2 CaaAlpSi30yz(grossuiar) = CaAlpSizOg(anorthite) + 3 CaSiOz{wollastonite) + CapAlpSi0z{gehlenite)
) CaRlzSip0g(arorthite) + 2 CaSiO3(woliastonite) = Ca3A12Si3012(grossular) + SiGp(quartz, &lpha)
} CaAlpSipOg(anorthite) + 2 Ca5i03(wol1astoﬁite) = Ca3zA1pSi301p(grossular) + SiCz(quartz, beta
) CaAlpSip0g(anorthite) + AlpSiOs{andalusite) + HpQ(gas) = CaAlgSi2010(0H)p(margarite) + SiOp(quartz, alpha)
) CaAlgSipOg(anorthite) + Alp03(corundum} + HpO{gas) = CahlaSip01g(0H)p(margarite)
) CaAlzSip0g(anorthite) + CapAlS5i07(gehlenite) + Al203(corundum) = 3 CaAlSi0g(clinopyroxene)
K} CaAlgSipOg(anorthite) + CapAlpSiOz(gehlenite) = Ca3zAlsSi3bipl{grossuiar) + At203(corundum)
L) CaAlpSipOg(anorthite) + CaSiOz(woilastonite) + H20(gas) = CapAl2Si3010(0H)2(prehnite)
M) 2 CaAlpSip0g(anarthite) = CapAlpSi0y(gehlenite) + Alp03{corundum) + 3 Si0p{cristobalite, beta)
K} CaAlzSipdg(anorthite) + CaSi03(cyclowollastonite) = CapAlpSi07(gehlenite) + 2 Si0z(cristobalite, beta)
b Kracek ard Neuvonen (1952) measured the enthalpy of solution of lime and synthetic anorthite in Hf acid at 374..5 K.
To complete the thermodyramic cycle, their data were evaluated in combination with the recent data for the

enthalpics of solution of watcer. quavrtz, and gibbsitc in szimilar solutions (Barany, 1%63; Benrington and others,

1878; Hemingway and Robie, 1977; Barany and Kelley, 1961; and Koehler and ctpers, 1961).

c Charlu and others (1973) measured the enthalpy of solution of two samples of synthetic anorthite in lead borate salt
melt at 970 K. To ccmpiete the thermodynamic cycle, their data were evaluated in combination with their enthalpies
of solution of lime, quartz, anc corundum in the salt melt; corrections were nct made for the enthalpies of dilution
and of mixing of the product melte.

d Kay and Taylor (1960) determined the activity of silica in the silicate liquid for the lime-alumina-silica system.
Using the silica activity from their study and the measured temperatures and compositions of the silicate melts in
equilibrium with either anorthite, gehienite, and corundum or anorthite, cyclowollastonite, and gehlerite, we
obtained the equilibrium constants for reactions M and N at thke melt temperature and 101.325 kPa.

Phase-equilibrium studies (utilizing gas- and solid-medium pressure apparatus) were evaluated after converting the
data to free energies of reaction at 101.325 kPa and temperature. Molar volumes of the phases and free-energy data for
H20(gas) from Fisher and Zen (1971) were used in the conversion. The studies cited in Table 2 compiy with the
following criteria: 1) starting materials and reaction products were characterized, and 2) chemical equilibrium was
cdemonstrated. .

After fitting, as a test of consistency, the average enthalpy of reaction at 298.15 K and 101.325 kPz was cal-
culated for each source. These enthalpies are shown in column 6 of Table 2. From these enthalpies of reaction and the
calculated enthalpies of formation of other phases in the reactions, the enthalpy of formation for anorthite (column 7
of Table 2) was calculated fcr each source and can be compared wi*h the enthalpy of formation of -4227.8+1.1 kJ/mol
obtained from the fit. This calculation assigns the error of fit entirely to the heat of formation of anorthite and
presents the data in their poorest perspective.

Most of the phase-ecuilibria data cited above bracket tne regression fit in free-energy space. However,
the phase-equilibria studies lack sufficient precisicn to constrain the fit, as the scatter in the calculated entnalpies
of reaction-and enthalpies of formation listed in Table 2 demonstrate. The phase-equilibria studies also lack the
precision to discriminate among the experimental enthalpies of solution; therefore, the three experimentel enthalpies
of solution were included in the study.

The molar votume of anorthite was obtained from the compilation of Robie and others (1967).
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CapAl2Si13010(0H)2 Prehnite Formula weight = 412.388 g/mol

Summary of Critical Data

Data at Reference Temperature, 298.15 K (+2s)

S° = 292.745%0.659 J/(mol-K) AH; = -6193.631+0.832 kJ/mol
Ve = 140.326+0.650 cm3/m01 AG% = -5816.655+0.729 kd/mol

tquations at Keference Pressure, 101.325 kPa (Temperalure rdnyge 298.15 Lu 1250 X)

CTI/LI/(mo1 k)] = ay/T% % ag10% 4 ag 4 2 ag T+ ay TP
SO(T)/LI/(mo1-K)] = -a1/(2 T2) - 2 a3/1%°% 4+ 2y + ag In(T) + 2 ag T + a7 T2/2
[HO(T)-Ho(298.15K)1/(d/mol) = -ay/T + ap + 2 a3 10°° + agT + ag 12 + a7 T°/3
a; = 2.755226x10° ag = -~6.270704x10° ag = -5.753272x107%
ap = 1.842781x10° az = 9.46022710% a7 = 0.0

4

az = -1.056051x10

Primary Experimental Data Used in the Analysis

. Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of
prehnite.

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data
No. af

Source - Data Type Method - Points Range
Perkins and others (1980) heat capacity adiabatic calorimetry 8 200 - 298 K
Perkins and others (1980) Reat capacity differential scanning 12 ) 298 - 800 K
' calorimetry
Perkins and others (1980) entropy adiabatic calorimetry 1 298.15 K

The compositionally adjusted heat capacities that were obtained from measurements on a natural prehnite sample by
Perkins and others (1980) were fit with a standard error of estimate of 0.32 J/(mol-K). The fitted entropy at
298.15 K is 292.745 + 0.659 J/(mol-K) or a departure of 0.01 J/mol from the compositionally adjusted value of 292.75
£ 0.29 J/(mol+K) reported by Perkins and others.

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting

No. of &H;{298.15 K) AH;(298.XS X)
Source Method Reaction? Range T/K Points Third Law, kJ kd/mol
Liou (1971) gas-medium pressure apparatus A 708-828 5 pair ~-89.180+0.496 -6193.616

a Reaction:
A) CaAlpSi0g(anorthite) + CaSiOz(wollastonite) + Hp0(gas) = CapA125i3019(0H)2(prehnite)

The phese-equilibrium study of Liou (1971) (ulLilizinyg gdas-medium pressure dappdrdius) wds evdlualed after converilng
the data to free energies of reaction at 101.325 kPa and temperature. Molar volumes of the phases and free-energy data
for HpO(gas) from Fisher and Zen (1971) were used in the conversion. The study cited in Table 2 complies with the
go]lowing c;iteria: 1) starting materials and reaction products were characterized, and 2) chemical equilibrium was

emonstrated.

After fitting, as a test of consistency, the average enthalpy of reaction at 298.15 K and 101.325 kPa was
calculated and is shown in column 6 of Table 2. From this enthapy of reaction and the calculated enthalpies of
formaticn of other phases in the reaction, the enthalpy of formation for prehnite (column 7 of Table 2) was calculated
and can be compared with the enthalpy of formation of -6193.631+0.832 kJ/mol obtained from the fit. This calculation
assigns the error of fit entirely to the heat of formation of prehnite and presents the data in their poorest perspective.
Most of the phase-equilibria data cited above bracket the regression fit in free-energy space.

The molar volume for prehnite was taken from the study of Liou (1971).

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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CapAl25i07 Gehlenite Formula weight = 274.204 g/mol

Summary of Critical Data

Data at Reference Temperature, 298.15 K (42s)

S° = 209.89£0.97 J/(mol-K) 8HE = -3981.742.5 kJ/mol
Ve = 90.24%0.18 cm3/mol 863 = -3783.0£2.3 kJ/mol

Equations at Reference Pressure, 101.325 kPa (Temperature range 200 to 1800 K)
CRTI/La/mot k)] = a/T8 4 a3/TO% 4 a5 ¢ 286 T+ a7 72
Se(T)/0d7(mot K} = -a1/(2 72) - 2 a3/T% % % ag + ag In(T) + 2ag T + ay T2/2
[Ho(T)-H°(298.15K)1/(3/mol) = -ap/T + ap + 2 a3 795 4 ag T + ag 7% + a7 T°/3
a; = 1.51047x10% ag = -3.82222x10° ag = -6.71533x1072
a, = 5.19543x10% ag = 5.88351x10% a7 =  3.89086x107°
a3 = -6.27433x10°

Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of
gehlenite. :

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of
Source Data Type Method Points Range
Weller and Kelley (1963) heat capacity isothermal calorimeter 10 206 - 296 K
Pankratz and Kelley (1964) relative enthalpy drop calorimeter 15 402 - 1801 K
Hemingway and Robie (1977) entropy adiabatic calorimeter 1 298.15 K

The standard error of estimate of the fitted heat-capacity data of Weller and Kelley (1963) for synthetic gehlenite
is 0.14 J/(mol-K). The standard error of estimate of the fitted relative enthalpy measurements of Pankratz and Kelley
(1964) is 420 J/(mol-K) or approximately 0.2 percent of the observed value. Hemingway and Robie (1977) calculated an
entropy for gehlenite from the low-temperature heat-capacity data of Welier and Kelley (1963) after correcting their
temperature scale. The fitted entropy at 298.15 K is 209.89 £ 0.97 J/(mol-K)} or a departure of 0.09 from the
experimental value of 209.8 % 0.4 J/(mol-K) determined by Hemingway and Robie.

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpiec Calculated After Fitting
No. of AH:(298.15 K) AH;(298.15 K)

Soqurce Method Reaction? Range T/K Points Third Law, kJ kdJ/mo)
Shmulovich (1974) gas-medium pressure apparatus A 1133-1153 1 pair 159,942+1.763 -3980.604
Huckenholz (1974) unspecified A 1125-1423 6 pair 158.750+2.236 -3982.796
Hays- (1965) solid-medium pressure apparatus A 1473-1523 2 pair 156.099+6.608 -3984.447
Hays (1965) solid-medium pressure apparatus B 1473-1673 4 pair -11.81441.953 -3981.555
Boettcher (1970) gas-medium pressure apparatus C 1033-1053° 2 pair -102.037+0.996 - -3982.169
Huckenholz (1974) unspecified [ 1028-1263 3 pair  -102.895+1.257 -3981.311
Kay and Taylor (1960)b silica activity D 1653 1 83.137+2.584 -3981.557
Kay and Taylor (1960)P silica activity € 1543 1 59.28612.412 -3985.876

a Reactions: )
A) 2 Ca3A12Si3012{grossular) = CaAlpSi20g(anorthite) + 3 CaSiO3(wollastonite) + CapAl2Si07(gehlenite)
B) CaAlpSipOg(anorthite) + CapAlpSiD7(gehlenite) + Alp03(corundum) = 3 CaAl,Si0g(clinopyroxene)
C) CaAlpSigOg(anorthite} + CapAlpSiO7(genhienite) = Ca3AlpSi301p(grossular) + Alp03(corundum)
D) 2 CaAlSip0g(anorthite) = CapAl,Si07(gehlenite) + Alp03{corundum) + 3 SiOp(cristobalite, beta)
E) CaAlpsiglg(anorthite) + CaSiO3(cyclowollastonite) = CapAl,SiOy(gehlenite) + 2 Si0p(cristobalite, beta)

b Kay and Taylor (1960) determined the activity of silica in the silicate liquid for the lime-alumina-silica system.
Using the silica activity from their study and the measured temperatures and compositions of the silicate melts in
equilibrium with either anorthite, gehlenite, and corundum or anorthite, cyclowollastonite, and gehlenite, we
obtained the equilibrium constants for reactions D and £ at the melt temperature and 101.325 kPa.

Phase-equilibrium studies (utilizing gas- and solid-medium pressure apparatus) were evaluated after the data were
converted tn free energiec af reaction at 101.325 kPa and temperature. Malar vonlumec of the phasec and free-enargy
data for HpO(gas) from Fisher and Zen (1971) were used in the conversion. The studies cited in Table 2 comply with the
following criteria: 1) starting materials and reaction products were characterized, and 2) chemical equilibrium was
demonstrated.

After fitting, as a test of consistency, the average enthalpy of reaction at 298.15 K and 101.325 kPa was cal-
culated for each source. These enthalpies are shown in coiumn 6 of Table 2. From these enthalpies of reaction and
calculated enthalpies of formation of other phases in the reactions, the enthalpy of formation for gehlenite (column 7
of Table 2) was calculated for each source and can be compared with the enthalpy of formation of -3981.70712.458
kd/mol obtained from the fit. This calculation assigns the error of fit entirely to the heat of formation of gehlenite
and presents the data in their poorest perspective.

Most of the phase-equilibria data cited above bracket the regression fit in free-energy space. However,
tne phase-equilibria studies lack sufficicut precisiun tu constrain the fit tightly, as the scatter in the calculated
enthalpies of reaction and enthalpies of formation listed in Table 2 demonstrate. However, the phase-equilibria studies
have sufficient precision to indicate that they are incompatible with the enthalpy of formation of gehlenite at 298.15 K
of -4007.570 + 2.820 kd/mol calculated from the enthalpy of solution measurements of Barany (1963). The sample-
preparation procedure of Barany (1963) may have produced a contaminated sample, and his data were not used here.

The molar volume of gehlenite was obtained from the compilation of Robie and others (1967).

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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THERMODYNAMIC DATA FOR MINERALS 605

Ca3Al1,8i3012 Grossular Formula weight = 450.452 g/mol

Summary of Critical Data

Data at Reference Temperature, 298.15 K (+2s)

S° = 256.00£2.90 J/(mol-K) 8HE = -6636.3%3.2 kJ/mol
Ve = 125.30£0.06 cm®/mol 862 = -6274.9x2.6 kJ/mol
Equations at Reference Pressure, 101.325 kPa (Temperature range 200 to 1600 K)
CTI/Las(mo1-K)] = ay/T8 4 ag/10% 4 ag ¢ 246 T 4+ ay T2
SO(T)/[0/(mo1-K)] = -a1/(2 T2} - 2 a3/T%% + a5 + ag I1n(T) + 2 ag T + a7 T2/2
THO(T)-H° (298.15K)1/(d/mal) = -ay/T + ap + 2 a3 1'% + agT + ag T2 + a; T/3
ap = 1.77080x10° ag = -6.53238x10° ag = -9.66435x107°
ag - 9.02232&104 ay - 9-05362)&102 ay = 3.353147:10-5
ag = -1.07077x10"

Primary Experimental Data Used in_the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of
grossular.

Table 1. Sources for Heat Capacity, Relative Enthatpy, Entropy, and Related Data

No. of
Source . Data Type o Method Points Range
Westrum and others (1979) heat capacity adiabatic calorimeter 57 200 - 596 K
Krupkd and others (1979) heat capacity differential scanning 50 350 - 978 K
calorimeter
Estimated values? heat capacity component summation 11 1000 - 1800 K
Westrum and others (1979) entropy . adiabatic calorimeter 1 298.15

a Aboye 1000 K, the heat capacity of grossular was estimated by totaling the average heat capacities of Cal-, Si0p-,
(AiIV)233—, and (A1V1),03-components derived from a number of sodium, potassium, and calcium aluminum
siticates. (AVTIV) ang (A1VD) represent aluminum in tetrahedral and octahedral coordination.

The standard error of estimate of the fitted heat capacity of Westrum and others (19/9) or a natural grossular and
Krupka and others (1979) cn a synthetic grossular is 0.84 and 6.4 J/(mol-K), respectively. The estimated heat-
capacity values above 1000 K is a smooth extension of the data of Krupka and others (1979). The estimated heat capacity
was fit with & standard error of estimate of 2.7 J/(mol-K). Westrum and others derived an entropy for grossular at
298.15 K of 254.68 + 1.26 J/(mol-K), which has a departure of 1.32 from the fitted value of 256.0 + 2.9
J/(mol+K). Haselton and Westrum (1979) reported heat-capacity data on synthetic grossular and obtained an entrcpy of
260.12 J/(mol-K) at 298.15 K. Neither the heat capacity nor entropy reported by Haselton and Westrum were used
because the entropy is inconsistent with the phase-equilibria studies.

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting

No. of AH;(ZDS.IG K) AH%(QQB.IS k)
Source Method ﬂggigga Range T/K Points Third Law, kJ kd/mol
Charlu and others (1978)b solution calorimetry A 970 2 -316.703+5.089 -6642.885
(borate salt) -318.334+5.146 -6641.254
Boettcher (197C) gas-medium pressure apparatus 3 898-928 1 pair -308.308+4.088 -6635.093
" pressure apparatus
Newton {1965) gas- and solid-medium B 843-1113 6 pair -306.468+2.790 -6636.013

pressure apparatus
medium apparatus
Boettcher (1970) gas- and solid-medium C 853-933 2 pair -213.025+2.944 -6639.311
pressure apparatus
medium apparatus

Strens (1968) gas-medium pressure apparatus C 770-823 1 pair -220.56145.976 -b631.774
Shmulovich {1974) . gas-medium pressure- apparatus bl 1133-1153 1 pair 159.94241.763 5636.890
Huckenholz (1974} unspecified D 1125-1423 6 pair 158.750+2.236 -6636.294
Hays (1965) solid-medium pressure apparatus D 1473-1523 2 pair 156.0994+6.608 -6634.963
Huckenholz (1974) unspecified E 848-858 1 pair -49.36640.32¢ -6636.033
Newton (1966b) gas-medium pressurc apparatus E 802 -923 2 pair §0.708+2.012 6637.278
Huckenholz (1974) unspecified F 888-958 2 pair -50.101+0.499 -6636.199
Newton (1966b) solid-medium pressure apparatus F 973-1023 2 pair 49,0034 .86/ -6635.201
Boettcher (1970) gas-medium pressure apparatus F 893-1053 2 pair -50.32841.454 -6636.426
Huckenholz (1974) unspecified G 1028-1263 3 pair S107.8954).0%) -bb3t.736
Boettcher (1970) gas-medium pressure apparatus G 1033-1053 1 pair ~1072.03710.990 -6635.878
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606 HAAS, ROBINSON, AND HEMINGWAY

Al,Ca40,,Si,

a Reactions:
A) Ca3AlSi30jp(grossular) = 3 CaO(lime) + Al03(corundum) + 3 Si0p(quartz, beta)
B) 2 Ca3zAlpSi30jp(grossular) + 6 CaAlpSizOg(anorthite) + Alp03(corundum) + 3 HpO(gas)
= 6 CapAl138i3012(0H)(zoisite)
C) Ca3AlpSi30jz(grossular) + 5 CaAlpSipOg(anorthite) + 2 Hp0(gas)
= 4 CapAl3Siz032(0H)(zoisite) + SiOp{quartz, alpha)
D) 2 Ca3AlpSi30y2{grossular) = CaAlpSipOg(anorthite) + 3 CaSiO3(wollastonite) + CapAl,Si07(gehlenite)
E) .2 CaSiOz(wollastonite) + CaAlpSizOg(anorthite) = Ca3zAl,Si301p(grossular) + Si0p(quartz, alpha)
F) 2 Ca$iO3(wollastonite) + CaAlSip0g(anorthite) = CazAlpSizOip(grossular) + Si0p(quartz, beta)
G) CaAlpSigOg(anorthite) + CapAlSi07(gehlenite) = Ca3Al1pS8i3072(grossular) + Alp03(corundum)
b Charlu and others (1978) measured the enthalpy of solution of two samples of synthetic grossular in lead borate salt
melt at 970 K. To complete the thermodynamic cycle, their data.were evaluated in combination with their enthalpies

of solution of lime, quartz, and corundum in the salt melt; corrections were not made for the enthalpies of dilution
and of mixing of the product melts.

Phase-equilibrium studies (utilizing gas- and solid-medium pressure apparatus) were evaluated after converting the
data to free energies uf reaction al 101.325 kPa and Lemperature. Molar volumes of Lhe phases and free-energy data for
Hz0(gas) from Fisher and Zen (1971) were used in the conversion. The studies cited in Table 2 comply with the
following criteria: 1) starting materials and reaction products were characterized, and 2) chemical equilibrium was
demonstrated.

After fitting, as a test of consistency, the average enthalpy of reaction at 298.15 K and 101.325 kPa was cal-
culated for each source. These enthalples dre shown In column 6 of Table 2. Frouw these enthdlpies ol reactivn and the
calculated enthalpies of formation of other phases in the reactions, the enthalpy of formation for grossular (column 7
of Table 2) was calculated for each source and can be compared with the enthalpy of formation of -6636,338+3.220
kJ/mol obtained from the fit. This calculation assigns the error of fit entirely to the heat of formation of grossular
and presents the data in their poorest perspective.

Most ot the phase-equilibria data cited above Dracket the regression fit 1n free-energy space. However,
the phase-equilibria studies lack sufficient precision to constrain the fit tightly, as the scatter in the calculated
enthalpies of reaction and enthalpies of formation listed in Table 2 demonstrate.

The molar volume of grossular was obtained from the compilation of Robie and others (1967).

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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608 HAAS, ROBINSON, AND HEMINGWAY

Al12Si403g(0H) ' Pyrophyllite Formula weight = 360.314 g/mol
2 10 2

Summary of Critical Dat

S° = 239.42440,992 J/(mol-K) A = -5642.023:1.158 kd/mol
Ve = 127.82%0.29 cm®/mol 462 = --5268.357+1.043 kJ/mol

Equations at Reference Pressure, 101.325 kPa (Temperature range 200 to 1000 k)
CoTI/TI/(mo1 k)T = ay/1% + az/703 4 ag v 2ag T 4 oy T2
SS(T)/03/(mol-K)] = =ap/(2 T2) - 2 a3/T%"> + ag + a5 1n(T) + 2ag T + a7 1272
[He(T)-H®(298.15K)1/(J/mol) = -ay/T + ap + 2 a3 0% . ag T+ ag 1. a7 T3/3
a1 =  6.069358x108 ag = -9.850236x10° ag = -3.960932x1071
apz = 7.311?70){]05 ag = 1.454512x103 ay - 3-971889)(10_4
a3 = -1.774285x10"

Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of
pyrophyllite.

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data
Ne. of

) e __Source Data Type . ___.Method Points Range
Robie and others (1976) heat capacity adiabatic calorimetry 20 200 - 370 K
Krupka and others (1979) heat capacity differential scanning 48 335 - 680 K

X calorimetry
Robie and others (1976) entropy adiabatic calorimetry 1 298.15 K

The heat-capacity measurements of Robie and others {1976) and Krupka and others (1979) were fit with standard
errors of estimate of 0.31 and 2.0 J/(mol-K), respectively. The fitted entropy at 298.15 K is 239.424 + 0.992
J/(mol-X}), which agrees with the experimental value of 239.4 + 0.4 reported by Robie and others (1976).

Table . Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting
No. of AHP(298.15 K) 4HZ(298.15 K)

Source _ a Method Eﬁiitiﬁﬂa Range T/K Points Third Law, kJ kJ/mol
Hemley and others (in press)b HgSi04 concentration A 523-598 4 -1.678+1.644 -5643.386
Hemley and others (in press)b H4Si104 concentration B 613-673 11 -78.080+1.616 -5642.283
Haas and Holdaway (1973) gas-medium pressure apparatus B 643-737 4 -76.968+0.615 ~5642.872
Kerrick (1968) gas-medium pressure apparatus B 668-718 2 -79.382+1,273 -5643.589
Hemley and others (in press)b HgSi04 concentration C 473-573 10 57.792+0.323 -5642.550
Haas and Holdaway (1973) gas-medium pressure apparatus D 618-722 4 311.486+3.224 -5643.168

a Reactions:
A) 2 A10(OH)(diaspore) + 4 Si0p(quartz, alpha) = AlSi4010(O0H)2(pyrophyllite)
B) AlpSi0g(andalusite) + 3 SiOp(quartz, alpha) + Hp0{gas) = Al9Sig010(0H)2(pyrophyllite)
C) Al12Sip05(0H)g(kaolinite) + 2 Si0p(quartz, alpha) = A12Si401n(CH)>(pyrophyllite) + Ho0(gas)
D) Al12Si4010{0H)2(pyrophyllite) + 6 A10(0H)(diaspore) = 4 AlpSi0s{andalusite) + 4 Hp0(gas)

b Hemley and others (in press) measured the silicic-acid content of water equilibrated with the mineral pairs 1)
pyrophyllite-diaspore, 2) pyrophyllite-andalusite, and 3) pyrophyllite-kaolinite between 500 K and 700 K at 100
and 200 MPa. Using their data for the solubility of quartz under the same conditions, the molar volumes of the
solid phases, and the free-energy data for Hp0(gas) of Fisher and Zen {1971), we calculated the free energy of
reaction at 101.325 kPa and temperature for reactions A, B, and C for each observation.

After fitting, as a test of consistency, the average enthalpy of reaction at 298.15 K and 101.325 kPa was cal-
culated. These enthalpies are shown in column 6 of Table 2. From these enthalpies of reaction and the calculated
cnthalpies of formation of other phases in the reactions, the enthalpy of formation for pyruphyilite {(column 7 of Table
2) was cdlculated for each source and can be compared with the enthalpy of formation of -5642.023+1.158 kJ/mol obtained
from the fit. This calculation assigns the error of fit entirely to the heat of formation of pyrophyllite and presents
the data in their poorest perspective.

,,,,, or foox aL e

The phase-equilibria data cited above bracket the regression fit in free-energy space.

The molar volume of pyrophyllite was obtained from the study by Krupka and others (1979).

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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610 HAAS, ROBINSON, AND HEMINGWAY

ALH,0,Si,

Al12S51205(0H)g Dickite Formula weight = 258.160 g/mol

Summary of Critical Data

Data _at Reference Temperature, 298.15 K (£25)

S° = 197.058£3.067 J/(mol-K) AMS = -4118.475:1.237 kd/mol
¥° = 99.300£0.140 cm3/mol 86 = -3796.160:1.538 kJ/mol
Equations at Reference Pressure, 101.325 kPa (Temperature range 200 to 1000 K)
CTY/La/(mol-k)T = a/7% % a3/10 % 4 ag 4 2ag T 4+ ap T2
SO(TI/L/(mol+K)] = -ap/{2 T2) - 2 a3/19°5 + ag + a5 In(T) + 2 a6 T + a7 T2/2
[H®(T)-H°(298.15K)]/(J/mol) = -ay/T + ap + 2 a3 0.5 as T+ ag 2. o T3/3
a; =  3.804450x10° ag = -6.190732x10° ag = -1.056632x1071
ap = 1.379448x10° as =  9.083598x10° a7 = 0.0
a3 = -1.119531x10%

Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of dickite.

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of
e _SouUrce . Data Type __ ___ ___Method Points ____.Range
King and Weller (1961) heat capacity isothermal calorimetry 10 206 - 296 K
Estimated vajues? heat capacity . 27 340 - 800 K
King and Weller (1961) entropy isothermal calorimetry 1 298.15 K

a Heat-capacity values for kaolinite from Hemingway and others (1973) were used.

The heat-capacity measurements of Xing and Weller (1961) were fit with a standard error of estimate of 0.27
J/(mol-X)}. The estimated heat-capacity values were fit with a standard error of estimate of 1.66 J/(mol-K). The
fitted entropy at 298.15 K is 197.058 # 3.067 J/(mol+K), which agrees with the experimental value of 197.058 #
1.255 reported by King and Weller (1961).

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting

o. of  AHI(298.15 K) 6H2(298.15 K)
Reaction® Range T/K Points kd _kd/mol__

meeoo ... Source

.. Method U\ S _
Barany and Kelley {1961

solution calorimetry (HF) A 346.85 [ -3.642+1.215 -4118.615

~gee mmeees -

)

a Reaction:

A) Al2Si205(0H)g(dickite) + Hp0 = 2 Si0p(quartz, alpha) + 2 Al{OH)3(gibbsite)

b Barany and Kelley (1961) measured the enthalpy of solution of dickite in HF acid solution at 346.85 K. 7To complete
the thermodynamic cvcle, their date were evaluated in combination with the recent data for the enthalpies of
solution of water, quartz, and gibbsite in similar solutions (Barany, 1963; Bennington and others, 19/3; Hemingway
and Robie, 1977; Barany and Kelley, 1961; and Koehler and others, 1961).

The molar volume of dickite was obtained from the compilation of Robie and others (1967).

J. Phys. Chem. Ref. Dotq, Vol. 10, No. 3, 1981
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203.3343.067 J/{mol-K)
ve =

Equations at Reference Pressure, 101.

Cg(T)/[J/(mol-K)] = ay/T + a
$O(T)/L/(mol-K)T = -ap/(z T%)
[Re(T)-H°(298.15K) ]/ (J/mol) = -
a; = 1.936712x10°
as = 3.41514x10°
a3 = -8.729421x10°

HAAS,

ROBINSON,

talloysite

Summary of Critical Jata

AND HEMINGWAY

Formula weight = 258.160 y/mol

Zﬂ; -4101.028£1.200 kJ/mo
SG; -3780.58441.508 kJ/mol
101.325 kPa (Temperature range 200 to 1000 K)
9% s ag v 2T o+ s 7P
-2 a3/TO‘S + ag + ag 1a(T) 2 26 T + ay TZ/Z
-0.5 2 3
ayp/T + ap + 2 a3z’ + ap T ag T + ay TY/3
ag = -5.133860x10° ag = -7.258844x1072
ag = 7.723004x10° 27 = 0.0

tables 1 and 2 provide the sources for the primary data used in evgluating the thermodynanic properties of

halloysite.

Table 1.
oo S0uTCR
King and Weller {(1961)

Estimated values?
King and Weller {1961)

Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data
No. of
_Data Type ______ e _ . _._Method ____ . Points Range
heat capacity isothermal calorimetry 10 206 - 296
heat capacity 27 340 - 800 K
entropy isathermal calorimetry 1 298.15 K

a Heat-capacity values for kaolinite from Hemingway and others (1973) were used.

The heat capacizy measured by Kin

reported by King and Weller (1961).

g and Weller

(1961) was fit with a standard error of estimate of 0.23 J/{mol-K).
The estimated heat-capacity values were fit with a standard error of estimate of 1.5 J/(mol+K}.
298.15 K 1s 203.334 + 3.067 J/(mol-K), which agrees with the cxperimenta

The fitted entropy at

value of 203.334 £ 1.255 J/{mol1-K)

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting
] No. of x-,H:(ZQB.‘lE: K) 6H$(298.15 K)
o ..__Sewree . _._____.._._Method _______ Reaction® Range T/K Points i Kd_ . _kd/mol
Barany and Kelley (1961}b solution calorimetry(HF) A 346.85 5 -21.089£1.177 -4101.168
a Reaction:
A) AlpSip05(0H)g{halloysite) + HpO({liquid) = 2 SiOp(quartz, alpha) + 2 AI(OK)3(gibbsite)
b Barany and Xelley (1961) measured the enthalpy of soluticn of halloysite in HF acid solution at 346.85 K. To

complete the thermodynamic cycle,
of soiution of water, quartz, and
Hemingway and Robie, 1577; Barany

J. Phys. Chem. Ref. Datq, Vol. 10, No. 3, 1981

their data were evaluated in cowbination with the recent data for the enthalpies
gibbsite in similar solutions (Barany, 1963; Beanington and others, 1973,
and Kelley, 1961; and Koehler and others, 1961).
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ALH,0,Si,

SS===S=S===zSz=3S-xx==sss=z=szassSsssssoSsSSSsmsSESs

A12Si205(0H)4 Kaolinite Formula weight = 258.160 g/mol

Summary of Critical Data

Data _at Reference Temperature, 298.15 K (+2s)

S° = 205.0£1.00 J/(mol-K) 8HZ = -2119.821.1 kJ/mol
v° = 99.52%0.52 cm®/mol : 862 = -3799.8:1.0 kJ/mol
Equations_at Reference Pressure, 101.325 kPa {(Temperature range 200 to 1000 K)
CS(T)/L/(mo1 k)] = ap/T% + a3/T%% 4 ag 4 245 T + ay TP
SO(TYI/TI/(mol-K)] = -ay/(2 T2) - 2 a3/1%°5 & ag + a5 In(T) + 2 ag T + a7 T¢/2
[Ho(T)-H°(298.15K)1/(d/mol) = -ay/T + ap + 2 a3 T°°% + a5 T + ag 72 + a; 19/3
a; = 1.49195x10° ag = -4.97366x10° ag = -6.77102x10"2
azg = 7.35514x10% as = 7.49175x10° a; = 0.0

a3 = -8.27864x10°

Primary Experimental Data Used- in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of
kaolinite.

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of
e B0uree .. Dats Type __ e Method Points ——Range____
King and Weller (1961}d heat vapacity isulherinal cdlurimeter 10 206 - 296 K
Hemingway and others (1973) heat capacity differential scanning 27 340 - 800 X
a calorimeter
King and Weller (1961) entropy isothermal calorimeter 1 298.15 K

a The measuraments were made on an impure natural sample of kaolinite. The observed heat-capacity and entropy values
were assumed to <¢yual the molar sum of the heat capacities and entropies, respectively, uf Lhe cumpunenls. The
stoichiometry used was: kaolinite, 0.970; pyrophyllite, 0.016; boehmite, 0.014,

The heat-capacity measurements of Xing and Weller (1961) and Hemingway and others {1978) were fit with a standard
error of estimate of 0.52 and 1.6 J/{mol+K), respectively. The fitted entropy for 298.15 K is 205.0 = 1.0
J/{mol-K}, or a departure of 0.33 J/mol from the experimental value, corrected for composition, of 204.67 % 0.42
J/(mol-¥) reported by %ing and Weller.

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting
5H9(298.15 K) AH%(298.15 X)

No. of
e e.....Sowrce o ______ . Method ___ ___ K%QQPiQUa Range T/K Poiats Third Law, kJ __kd/mol
Barany and Kelley (1961)b solution calorimetry (HF)b A 346.85 10 -2.362+1.304 -4119.894
-2.403x1.116 -4119.853
Hemley and others {in press)C Hg4Si04 concentration ) 573-573 9 -75.671x1.059 -4119.572
Hemley and others (in press) HgSi0g4 concentration C 473-573 6 -57.885+0.441 -4119.844
Hemley and others (in press) HqSi04 concentration D 473-573 10 57.792+0.323 -4120.515

a Reactions:
A)  A1pSip05(0H)g(kaodinite) + Hp0{gas) = 2 SiOp(quartz, alpha) + 2 A1{OH)3(gibbsite)
B) 2 AID(OH)(boehmite) + 2 Si0p(quartz, alpha) + Hp0(gas) = Al2Siz05(0H)g(kaolinite)
C) 2 AID(OH)(diaspore) + 2 Sidp(quartz, alpha) + Hp0(gas) = AlpSi»05(0K)s(kaotinite)
D) AlpSip05(0H)4(kaolinite) + 2 Si0p(quartz, alpha) = AlpSig019(OH)2(pyrophyllite)+ Hp0(gas)

b Barany and Kelley {1961) measured the enthalpy of solution of kaolinite in HF acid solution at 346.85 K. To
complete the thermodynamic cycle, their data were evaluated in combination with the recent data for the enthalpies
of solution of water, quartz, and yibbsite in similar solutions (Barany, 1963; Bennington and others, 1978;
Hemingway and Robie, 1977, Barany and Kelley, 1961; and Hoehler and others, 1961).

c Hemley and others (in press) measured the silicic-acid content of water equilibrated with the mineral pairs A)
poehmite-kaolinite, B) diaspore-kaolinite, and C) pyrophyllite-kaolinite at 100 and 200 MPa between 450 K and
600 K, Using their data for the solubility of quartz under the same conditions, the molar volumes of the solid
phases, and the free-energy data for HpO(gas) of Fisher and Zen (1971), we calculated the gibbs energies of
redcriuns 3, C, and U Tor edch observation.

The phase-equilibrium studies of Yemley and others (in press) were evaluated after the data were converted to
free eneryies of reaction at 101.325 kPa and temperature. After fitting, as a test of consistency, the average
enthalpy of reaction at 298.15 ¥ and 101.325 kPa was calculated for each source. These enthalpies are shown in column
G uf Table Z. Froum these euthalpies of reaction and the calculated enthalples of formdtlon of oLher phases in Lhe
reactions, the enthalpy of formation for kaolinite (column 7 of Table 2) was calculated for each source and can be com-
pared with the enthalpy of formation of -4119.780+1.065 kJ/mol obtained from the fit. This calculation assigns the
error of fit entirely to the heat of formation of kaolinite and presents the data in their poorest perspective.

Most of the phase-equilibria data cited above bracket the regression fit in free-energy space. However,
the phase-equilivria studies lack sufricient precision to constratn the fiT tightly, as t(he scatier in the calculated
enthalpies of reaction and enthalpies of formation listed in Table 2 demonstrate. The phase-equilibria studies are
consistent with the experimental enthalpy of solution of Barany and Kelley (1961).

The molar volume of kaolinite was obtained from the cowpilation of Robie and others (1967).

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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Corundum Formula weight = 101.926.g/mol

summary of Critical Data

ists ot Heference Temperature, 298.16 K (42s)

s¢ = 50.917 J/(mol-K) AHg = -1675.711 kJd/mol
yo = 25.5750.007 cm3/mol ‘ 463 = -1582.291 kd/mol

Equations at Refe;ence Pressure, 101.325 kP2 (temperature range-200 to 1800 K)
T/ (mot-)T = ay/Te + a1t v ag v 2 ag T vy T
S°(1_‘)/[J/(m0'|'K)] = -ai/(2 TZ) - 2 a3/Tc"5 + ag + as In(T) + 2557 +  ay TZ/Z
[HO(T)-Ho(298.15K)1/(3/mal) = -ay/T + ap + 243 T°°° + a5 T + ag T2 + a7 T3/3
ap = 0.0 “ag = -1.55092x10% ag = -1.95913x1072
ap = nozenaot as = 2.33004x10° a7 = 9.44410x107°
ag = -2.46518x105

Sources for Thermodynamic Properties

The thermodynamic prdpérties for corundum were taken from the fol]oﬁing sources:

Property C Source
Heat capacity . Stull -and Prophet (1971),

i Chase and others (1974, 1975)
Cntropy ° CODATA Tdsk Group (1978)

Enthalpy of formation from CODATA Task Group (1978)
" the elements. .

The molar volume for corundum was taken from the compilation of Robie ‘and others. (1967).

J. Phys. Ch;m. Ref. Data, Vol. 10, No. 3, 1va:



617

DATA FOR MINERALS

THERMODYNAMIC

220°0F *9G/F T CTI8F 220°0F T96.F "118¥ : “16F 06y 0F 889 0F 9,2 1% (ewbyis z)
6600 *02ye- *6£86- 6506 *€£950691- '281L€£92- 1981882 9G.°¢52- 698'ETY 6LL 102 ‘0081
220°0F T0ELF *L9LF 220°0F TOELF CL9LF *20.F 8h¥°0F 899°0F 802" 1% (euwbyis 2)
$01°0 *28E~ 6675 9v2°14 ‘vi89T1L1- '$G€8€92- *6b6LL2 €92°692- 260°80% 899° 902 P0§1L1
601°0 19g5¢- ‘6026 £9G6°€E§ *612EVI1-  'G266€92- *021L92 6.9 vyy2-  191°20% 015° 702 00/
£11°0 *185¢- *296%- 186°55 T[Y¥589/1- '8%006G2- ‘661452 666°6£2- 650" 96€ €07 102 *0691
811°0 *029€- ‘ESLY- 055786 *IGYE6LT-  '€801652- *062lb2 612°6€2-  9/.°68¢ 290" 02 *0091
€21°0 *259¢- 186y~ 082°19 *66£8181- '81126G2- *960L€2 8££°082-  €0E£°€8¢€ £217£02 *065T
120° 0¥ “T19F ‘Z19F 120°0F *T19¥F "219F TL2SF LEY°OF §6G°0F 618°0F (ewbts z)
821°0 *089¢- 2vrh- 261°19 "SIEEP8T-  "YGI€6G2- 616922 69€°622- 6297 9./€ 29£°€02 10061
£E1°0 *¢0LE- ‘pEEH- 90€£°L9 *68£8981- 'L81Y6GZ- "£9:912 162°022-  EH/L°69¢€ 268202 0591
6£1°0 ‘vzle- €62y~ S¥9°0L *0EVE6BT-  '9126652- ©1£9902 8£0°G12-  2£9°29¢ 89£°202 *00v1
SY1°0 teyLle- "G6TY- 282 0L *€168161- '0¥29652- *126961 L0L°602~  €82°SS€ £€9/°102 *0seT
161°0 *8GLE- "6 TH- 960°8¢ *€£E9EY6T- 19521652~ 1961981 v52 02~  189°L¥E 690°102 *00€T
120° 0¥ ‘E1GF *155% 120°0¥F CEIGF "1SGF CYSHF £EP " OF 295°0¥F 2L5°0F (eubis z)
861°0 “eLLE- 6ETY- 1/2°28 *2618961- 2928652~ *2219L1 €197861- TI8°6EE 812°002 10§21
§91°0 *18LE- gy 96/°98 *166£661- '€526652- *0€1991 1967261~  €§9°1¢€¢ 6LE°661 *0021
€L1°0 *208¢- "8ETY- 9TL°16 *1€26102- *L220092~ *9819G1 v11°(81-  681°€2¢€ 19€°861 0§11
181°0 *918¢- BYTH- 980°/6 *Z16vv02- 0811092~ *965971 1217181~  L6E°¥IE 012° 161 *00T11
161°0 AX 1914~ 696201 *1£86902- L012092- *89,9¢1 L667 9.1~  252°G0E 216661 *0S01
1610 2v8E- “0L1Y- £81°401 °9299802-  '$0.2092- *862051 658°0/1-  266°862 296161 ___06°9101
161°0 "Zv8e- "gETL- €81°401 *9299802- "2.9609Z- VA 6G8°0L1- €.0°962 €12°261 06°9101
€20°0F CYEYF THy9F £20°0F CHEYF “yy9F TST9F 62¢°0F 0€L°0F 269" 0F (eubts z)
¥02°0 168€E- *G604- Sh¥ 60T "9526602- "G265092- *980%21 0L1°89T-  9§8°262 92.°161 *000T
£€22°0 *£50%- . "8969- 0197911 *9080212- ‘1599092~ ‘9g§p1T 697291~  650°€£82 9527061 ‘046
v¥2°0 *v0Zh- 9789~ R A “1E9Gy 12~ °1.9G8G2- *290601 6.0°961- §18°2/2 80.°881 006
19270 CLPEY- "£219- 8SE"€ET *9600L12- 9129852 *89966 926°6¥1-  9.0°292 $20° 81 ‘0S8
062°0 “GEVY- *EESG- 262°€V1 "G6G¥612- €£69852- T€9198 ¥8°2v1-  ¥6.°0S2 8€1°681T ‘008
920° 0¥ *08EF “2Y9¥F 920°0F *08¢EF ALk i ALE 98y " 0F 62L°0F 91£" 0% (euwbts z)
£1€°0 ‘06 p- *EETG ¥55° %51 *8e16122- "t£9.852- *6S7LL L€0°9€T~ G16°8€Z 696°281 *0SL
LEE°0 ATE *908%- 62%°L91 "62.£v22- “L9€88G2- 121089 261621~  8L€°922 6197081 00
$9€°0 *2eGh- gvGy- 8877281 *21£8922- "LL06852- "62766 [51*221- 8I1°¢€12 L9€"LLT *069
$6£°0 *625- O 629°661 "690€622- "¥9.68G2Z- T 9%L05 9G1°GTT-  £90°661 £€99°€L1 009
82t°0 *G0Gh- 612h- 821°022 *128.1€2- '18€0652- CCLITY 661°80T-  0ST° 48T L11°691 066
£40° 0F TOTVF “EY9F £40°0F "0TYF “CH9F *STIF 69.°0F 62L°0F 892°0F (ewbis z)
L9%°0 “yivy- 121" 28092 *g292pee- 0880662~ *257€¢ 68€°101-  $62°891 167°£91 100§
S1§°0 ‘9EtY- G901~ 808°¥/2 *89v.9€2- 021652~ *1h752 288 16~ 1€V 16T SL¥79S1 ‘05t
9€5°0 *02bh- "Sy0p- 29t°882 ‘pQILLE2- 8921662~ 02%22_ TLY°26~ G55° ¥yl £12°¢€S1 9p°0EY
9€5°0 "0z~ ‘6008~ 297882 “p8TLLE2- '2€256G2- *96981 LV 26- [¥€7GET GLv €51 9t Qtt
019°0 "EL9Y- "$86L- IXAAT "6192Z6€2- "06256G2- *698€T v29°68- 882421 158° 191 T00t
6G.°0 980G~ ‘E6L- 968°09¢ "2E86L192- "666¥652- *1gl9 810798~ 9927501 ¥.8°9¢€1 ‘0S¢
G56°0 *989G- '298L- G6£°G2Y *181evp2- "S0EP6G2- fL2l 89Y " ¥8- ¥22°98 9¢6° 221 *00€
890°0F “68EF “CEVF 890 0F *68EF TEEYF “0F 6EY°0F 6EY°0F $61°0F (eubts 2)
%96°0 *0065- *6G8.- 861°827 *ellvvy2- 6927652~ ‘0 597 48~ G9%° 18 gve-zel G1°862
680" 1 " 9695 ‘6081 260°69Y *08996v2- °"00L£6G2- Tp562- LE6° 98~ €21 vt SLL°ETT S1°€L2
Low/p Louw/p Low/p Low/p Lou/p (d-low)/¢  (d-low)/p (- Low)/p o)
¥y 6oy "% day T ® 4y 6oy > igv 2 e T N VA LR 1) oS 4 aanjeaadual
SOpPLX( 3yl WOJ4 UOLIPWIO4 SJUBWa |3 9Y3 WoJ4} uOlLjewdoyq
6/61 ‘43qwaidas panssy
SA2Z 3 0081 03 X 6°9101 d3Luewl|[LS
| % 679101 03 % 9¢"(€y  23isniepuy
! 3 9pT0Eh 03 A G142 9jLueAy  T23B3S B0UIUDIIY

50151y

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981



618 HAAS, ROBINSON, AND HEMINGWAY

Al1,Si0g (reference state) Kyanite, Andalusite, Sillimanite Formula weight = 162.046 g/mol

Data_at Reference Temperature, 298.15 K (+2s) (kyanite)
S° = 84.470.44 J/(mol-K) 8HZ = -2596.27£0.43 kJ/mol
Ve = 44.22£0.02 cn®/mol _ 863 = -2444.11£0.39 kJ/mol
Equations at Reference Pressure, 101.325 kPa v
C(TI/La/(mol k)T = a1/T2 + a3/ + a5 + 2257 + ay 12
SO{T)/La/(mol-K)] = -ay/(2 T2) - 2 a3/T0> & a2y + ag In(T) + 2 ag T + a7 1272
[HO (T)-4°(298.15K)1/(J/mol) = cap/T + ap + 2a37%% & ag T 4+ ag T2 4 ag 1343

Kyanite (temperature range 200 to 430.46 K)

a; = 0.0 ag = -2.23489x10° ag = -1.29800x1072
ap = 2.37951x10% ag =  3.36114x10° a7 = 0.0
a3 = -3.55746x10°
Andalusite (temperature range 430.46 to 1016.9 K)
a; = 2.28751x10% ag = -3.71202x10° ag = ~-1.03545x107}
a = 8.75737x10% _ as = 3.134705x10° a7 = 0.0
a3 = -6,75436x10°
Sillimanite (temperature range 1016.9 to 1800 K)
a; = 0.0 ag = -2.050871x10° ag = -9.470810x107°
a2 = 1.667620x10% as = 3.134705x102 ay = 0.0
a3 = -3.164868x10°
Lritical Reactions
Inversions:
Al175i0g(kyanite) = Al,SiOg(andalusite)
Ti = 430.46 K (calculated) AS? = 9.20£1.80 J/{mol K}
BHS = 3.96£0.77 kJ/mol
A128i05(andalusite) = A12Si0g5(sillimanite)
Ti = 1016.9 K (calculated) Asg = 2.92+0.83 J/(mol-K)
AHS = . 2.97%0.84 kJ/mol

1

For detailed information on A1,Si0g, refer to the appropriate tables on the individual phases.
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620 HAAS, ROBINSON, AND HEMINGWAY
___________________________________________________________________________________________________________ Al,05St
A12S105 Andalusite Formula weight = 162.046 g/mol
Summary of Critical Data
Data at Reference Temperature, 298.15 K (+2s)
$° = 93.780.73 J/(mol-K) aH$ = -2590.27:0.64 kJ/mol
VY = 51.55£0.02 cm/mol 863 = -2442.89x0.48 kJ/mol
Equations at Reference Pressure, 101.325 kPa (Temperature range 200 to 1800 K)
CHTV/DI/(mol k)] = a1/7% % a3/ 4 ag 4+ 235 T + ay T
SS(T)/00/(mo1+K)] = -a;/(2 T2) - 2 a3/T0°% + ay + a5 In(T) + 2 a6 T + a7 T2/2
[RO(T)-H°(298.15K)1/(J/mol) = -ay/T + az + 2 a3 705 + ag T + ag T2 + a7 T%/3
a; = 2.28751x10° ag = -3.71202x10° ag = -1.03545x107%
ag = 8.76787x10% ag = 5.43227x10% a7 =  6.68936x107°
a3 = -6.75436x10°
Critical Reactions
Inversion:
Al12Si0g(kyanite) = AlSi0g(andalusite)
T, = 430.46 K (calculated) AS? = 9.2+1.80 J/(mol-K)
AHS = 3.9620.77 kJ/mol

Al,Si0g(andalusite) Al12Si0g(sillimanite)

Ti 1016.9 K (calculated) AS? 2.9240.83 J/(mol-K)

AH? 2.97+0.84 kJ/mol
Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the scources for the primary data used in evaluating the thermodynamic properties of
andalusite.

lable 1. Sources tor Heat Capacity, Relative tnthalpy, tntropy, and Related Uata
: No. of
Source _ Data Type Method Points Range
Todd (1950)a heat capacity isothermal calorimetry 10 206 - 296 K
Pankratz and Kelly {1964)¢ relative enthalpy drop .calorimetry 13 397 - 1600 K
Todd (1950)a entropy isothermal calorimetry 1 298.15 K

a The measurements were made on an impure natural sample of andalusite. The observed heat-capacity and entropy values
were assumed to equal the molar sum of the heat capacities and entropies, respectively, of the components. The

stoichiometry used was: andalusite, 0.9925; corundum, 0.0226; hematite, 0.00112; Time, 0.00058.

The heat capacity of Todd {1950) was fit with a standard error of estimate of 0.15 J/(mol-K). The relative
enthalpy measured by Pankratz and Kelley (1964) was fit with a standard error of estimate of 93 J/mol or approximately
0.18 percent of the observed value. The fitted entropy at 298.15 K is 93.78 + 0.73 J/{mol-K) or a departure of 0.56
J/mol from the experimental value of 93.22 £ 0.42 J/(mol-K) calculated from the data of Todd {1950).

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting

Source

Method

-Re ion?

!n
s
1S

Anderson and others (1977)b

Hemley and others (in press)®
(in press)C

{in press)C
(1973)

Hemley and others

Hemley and others
Haas and Holdaway
Kerrick {1968)

Holdaway (1971)
Holdaway (1971)
Newton (1966a)
Storre and Nitsch

(1974)
Haas and Holdaway (1972

J. Phys. Chem. Ref. Data, Vol. 10, No. 3.

gas-medium
gas-medium
gas-medium
gas-medium
gas-medium
gas-medium
) gas medium

sclution calerimetry
(borate salt}
HgSi04 concentration

H4Si04 concentraticn

HqSi04 concentration
pressure appar
pressure appar

appar
appar
appar
appar
appar

pressure
pressure
pressure
pressure
pressure

1981

atus
atus

atus
atus
atus
atus
atuse

I®MTM OO O @ B |t

AH:(ZQS.IS K) AH;(298.15 K)

No. of

Range T/K Points Third Law, kJ kJ/mol
973 1 -1.110£0.948 -2593.020
723-773 10 -4.876+0.204 -2591.209
623-663 2 78.164%0.200 ~-2589.472
613-673 11 -78.080+1.616 -2590.320
643-737 4 -76.968+0.615 -2591.119
668-718 . 2 -79.383+£1.2/3 ~-2588./04
764-917 4 2.483+0.063 -2590.245
650-858 6 4.215+0,179 -2590.032
973-1123 7 4.021+0.218 ~2590.226
788-833 4 -89.818+1.710 -2590.825
618.722 A 311.486+3.224 -2689.982
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a Reactions:

A) Al1203(corundum) + SiOp(quartz, beta) = AlpSiOg(andalusite)

B) Alp03(corundum) + Si0p(quartz, alpha) = Al1Si05(andalusite)

C) 2 A10(OE)(diaspore) + SiOp{quartz, alpha) = A1pSiOg(andalusite) + Hp0(gas)

D) AlpSiOg(andalusite) + 3 SiOp{quartz, alpha) + Hp0(gas) = Al1pSig010(O0H)2(pyrophyllite)

E) AlpSi0s(andalusite) = AlpSi0g(sillimanite)

F) Al12Si0g(kyanite) = AlpSiOg(andalusite)

G) CaAlpSipOg(anorthite) + AlpSiUg(andaiusite} + HpU(gas) = CaAlgd1201g(0H)p(margartte) + S10p(quartz, alpha)
H) A155i04010(0H)o(pyrophyltlite) + 6 A10(OH)(diaspore) = 4 A1,Si0g(andatusite) + 4 Hp0(gas)

b Anderson and others {1977) measured the enthalpy of solution of andalusite in lead borate salt melt at 974.15 K. To
complete the thermodynamic cycle, their data were evaluated in combination with the enthalpies of solution. of quartz
and corundum (Charlu and others, 1978) and the changes in enthalpy of solution with temperature (Shearer and Kleppa,
1973) in the salt melt. Corrections were not made for the enthalpies of dilution and of mixing of the product
meits.

[4 Hemley and others (in press) measured the silicic-acid content of water equilibrated with the mineral pairs: 1)
andalusite-corundum, 2) andalusite-pyrophyllite, and 3) andalusite-diaspore between 600 K and 800 K at 100 and
200 MPa. Using thcir data for thc solubility of quartz under the came conditions, the molar volumes of the solid
phases, and the free-energy data for HpO0(gas) of Fisher and Zen (1971), we calculated the free energy of reaction
at 101.325 kPa and temperature for reactions A, B, and C for each observation.

The studies cited in Table 2 comply with the following criteria: 1) starting materials and reaction products were
characterized, and 2) chemical equilibrium was demonstrated.

After fitting, as a test of consistency, the average enthalpy of reaction at 298.15 K and 101.325 kPa was cal-
culated for each source. These enthalpies are shown in column 6 of Table 2. Ffrom these enthalpies of reaction and
the calculated enthalpies of formation of other phases in the reactions, the enthalpy of formation for andalusite
(column 7 of Table 2) was calculated for each source and can be compared with the enthalpy of formation of
~2890.270+0.611 kJ/mol cobtained from the fit. This calculation assigns the aerror of fit entirely to the heat of
kJ/mol obtained from the fit. This calculation assigns the error of fit entirely to the heat of formation of
andalusite and presents the data in their poorest perspective.

Most of the phase-equilibria data cited above bracket the regression fit in free-energy space. However,
the phase-equilibria studies lack sufficient precision to constrain the fit tightly, as the scatter in the calculated
enthalpies of reaction and enthalpies of formation listed in Table 2 demonstrate.

The mo]af volume of andalusite was obtained from the work of Winter and Ghose (1979).
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THERMODYNAMIC DATA FOR MINERALS 623

AlL0,Si

Al2Si0g Kyanite Formula weight = 162.046 g/mol

Data at Reference Temperature, 298.15 K (*2s)

$° = 84.47+0.44 J/(mol-K) 8H = -2594.2720.43 kJ/mol
Ve = 44.220.02 cm®/mol 863 = -2444.1110.39 kd/mol
Equations at Reference Pressure, 101.325 kPa (Temperature range 200 to 1600 X)
CTI/LI/(mol-K)T = ay/T8 + ag/10% 4 a5 4 2 ag T 4+ ay 12
S(T)/La/(mo1+K)] = -ay/(2 T2) = 2 a3/T%°5 + 2y + ag In(T) + 2 ag T + a; 1272
[Ho(T)-H°(298.15K)1/(3/mol) = =-ay/T + ap + 2 a3 7T°"° 4 agT + ag T2 + ay T3/3
ap = 0.0 ag = -2.23489x10° ag = -1.29800x1072
ag = 2.37951x10% as = 3.36114x10% a7 = 0.0
a3 = -3.55746x10°

Critical Reactions
lnvérsion:
Al25i05(kyanite) = A125105(andalusite)
Ti = 430.46 {(calculated) AS; = 9.20+1.80 J/(mol-K)
L\H,‘?

3.9640.77 kJd/mol

Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of kyanite.

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of
Source Data Type Method Points Range
Todd (1950)a heat capacity isothermal calorimetry 10 206 - 296 K
Pankratz and Kelley (1964)% relative enthalpy drop calorimetry 12 390 - 1503 K
Todd (1950)a entropy isothermal calorimetry 1 298.15 K

a The measurements were made on an impure natural sample of kyanite. The observed heat-capacity and entropy values
were assumed to equal the molar sum of the heat capacities and entropies, respectively, of the components. The
stoichiometry used in calculation: kyanite, 0.9928; corundum, 0.0091; hematite, 0.001; lime, 0.0014.

The standard error of estimate of the fitted heat capacity of Tedd (1950) is 0.62 J/(mol+K). The standard error
of estimate of the fitted relative enthalpy measurements of Pankratz and Kelley (1964) is 263 J/mel, or approximately
0.2 percent of the observed vaiue. The fitted entropy of 298.15 K is 84.47 + 0.44 J/{mol-K), or a departure of 0.7
J/mol from the experimental value of 83.77 + 0.33 calculated from Todd (1950).

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting
No. of  AHJ(298.15K)  aHP(298.15 K)

Source Method _ Reaction® Range T/K Points Third Law, kdJ kJ/mol
Anderson and Kleppa (1969)b solution calorimetry A 974 1 6.135+£0.450 - -2595.993
(borate salt)
Storre and Nitsch (1974) gas-medium pressure apparatus B 803-933 6 -81.952+1.121 -2593.649
Newton (1966a) gas-medium pressure apparatus C 973-1123 7 4.021+0.218 -2594.313
Holdaway (1971) gas-medium pressure apparatus C 650-858 6 4.21540.179 -2594.507

a Reactions:
A) AlpSiOs(kyanite) = Alp03(corundum) + Si0p(quartz, beta)

B) CaAlpSipOg(anorthite) + AlpSiOg(kyanite) + HpO(gas) = CaAl4Si2010(0H)2(margarite) + SiOp(quartz, alpha)
C) Al2Si0g(kyanite) = AlpSiOg(andalusite)

b Anderson and Kleppa (1969) measured the-enthalpy of solution of kyanite in lead borate salt melt at 974.15 K. To
complete the thermodynamic cycle, their data were evaluated in combination with the enthalpies of solution of quartz
and corundum (Charlu and others, 1978) and the changes in enthalpy of solution with temperature (Shearer and Kleppa,

1973) in the salt melt. Corrections were not made for the enthalpies of dilution and of mixing of the product
mells.

Phase-equilibrium studies (utilizing gas- and solid-medium pressure apparatus) were evaluated after converting the
data to free energies of reaction at 101.325 kPa and temperature. Molar volumes of the phases and free-energy data for
H20(gas) from Fisher and Zen (1971) were used in the conversion. The studies cited in Table 2 comply with the
following criteria: 1) starting materials and reaction products were characterized, and ?) chemical equilibrium was
demonstrated.

After fitting, as a test of consistency, the average enthalpy of reaction at 298.15 K and 101.325 kPa was cal-
culated for each source. These enthalpies are shown in column & of Table 2. -From these enthalpies of reaction and the
calculated enthalpies of formation of other phases in the reactions, the enthalpy of formation for kyanite {column 7 of
Table 2) was calculated for each source and can be compared with the enthalpy of formation of -2594.269+0.433 kJ/mol
obtained from the fit. This calculation assigns the error of fit entirely to the heat of formation of kyanite and
presents the data in their poorest perspective. .

Most of the phase-equilibria data cited above bracket the }egression fit in free-energy space. _However,
the phase-equilibria studies Tack sufficient precision to constrain the fit tightly, as the scatter in the calculated
enthalpies of reaction and enthalpies of formation listed in Table 2 demonstrate.

The molar volume of kyanite was obtained from the work of Winter and Ghose (1979).
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THERMODYNAMIC DATA FOR = MINERALS 625

Al25105 Sillimanite Formula weight = 162.046 g/mol

Data at Reference Temperature, 298.15 K (£2s)

S° = 96.09020.550 J/(mol-K) a3 = -2587.774£0.537 ki/mol
Ve = 50.049:0.014 cm®/mo! 463 = -2441.083£0.443 ki/mol

Fquations at Reference Pressure, 101.325 kPa (Temperature range 200 to 1800 K)
Ca(T)/09/(mo1-K)] = a1+ a5 4 a5 v zag T + 2y T
so(T)/La/imot k)] = -ag/(2 T3) - 2.a/T9% & sy + a5 In(T) + 225 T + a7 T2
[Ho{T)~H®(298.15K)1/(J/m01) = -ay/T =+ ap =+ 2 a3 T0°> + ay T 1 ag 2 g i
a; = 0.0 ag = -2.050871x10° ag = -9.470810x107°
ap = 1.66762x10" ag = 3.134705x10° a7 = 0.0

3

as -3.164868x10

Critical Reactions

Inversion:

A15Si05(andalusite) = A1p8i0g(sillimanite)
Ti = 1016.90 K (calculated) AS? = 2.92+0.83 J/{mol-K}

sH] = 2.97x0.84 kd/mol

Primary Experimental Data Used in _the Analysis -

. Tables 1 and 2 provide the sources for the primary data used in evaluating the therma&ynamic properties of
sillimanite. .

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related-Data

No. of
Source Data Type Method Points Range
TJodd (1950)a heat capacity isothermal calorimetry 19 206 - 297 K
Pankratz ang Kelley (196A)a relative enthalpy drop calorimetry 13 401 - 1496 K
Todd (1950} entropy isothermal calorimetry 1 298.15 K

a The measurements were made on an impure natural sample of sillimanite. The observed heat-capacity and entropy
values were assumed to equal the molar sum of the heat capacities and entropies, respectively, of the components.
The stoichiometry used was: sillimanite, 0.9821; hematite, 0.0068; magnetite, 0.0032; Mg3(P04), 0.0027; MgFp,
0.0017; MnO, 0.0009; quartz, 0.0008; whitlockite, 0.0007; Pp05(crystal), 0.0004.

The heat capacity measured by Todd (1950) was fit with a standard error of estimate of 0.61 J/{mo1:K). The
relative enthalpy measurements of Pankratz and Kelley (1964) were fit with a standard error of estimate of 2675 J/mol or
approximately 1.3 percent of the observed value. The fitted entropy at 298,15 K is 96.09 + 0.55 J/(mo1+K), or a
departure of 0.02 J/mol from the experimental value, corrected for composition, of 96.11 % 0.42 calculated from the
data of Todd (1950).

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting
No. of sH?(298.15 K) aHZ(298.15 K)

Source e __Method Reacgigaﬂ Range T/K Points Third Law, kJ __ kJ/mol
Charlu and others (1978)? : solution calorimetry A 970 1 -0.432+0.583 -2585.979
(borate salt)
Holdaway (1971) gas-medium pressure apparatus B 764-917 2 pair 2.483+0.063 -2587.799

a Reactions:
A) A123i05ﬂ55111man1te) = Alz03(corundum) + Si0p(quartz, beta)
B) AlpSi0s(andalusite) = AlpSi0g(sillimanite)

b Charlu and others (1978) measured the enthalpy of solution of sillimanite in lead borate salt melt at 970 K. To
complete the thermodynamic cycle, their data were evaluated in combination with their enthalpies of solution of
quartz and corundum in the salt melt; corrections were not made for the enthalpies of dilution and of mixing of the
product meits.

The phase-equilibrium study of Holdaway (1971) was evaluated after the data were converted to free energies of
reaction at 101.325 kPa and temperature. Molar volumes of the phases and free-energy data for Hp0(gas) from Fisher
and 7en(1971) were used in the conversion. The study cited in Table 2 complies with the following criteria: 1) start-
ing materials and reaction products were characterized, and Z) chemical equitiDrium wds demonsitaied.

After fitting, as a test.of consistency, the average enthalpy of reaction at 298.15 K and 201.325 kPa was cal-
culated. These enthalpies are shown in column & of Table 2. From these enthalpies of reaction and the calculated
enthalpies of formation of other phases in the reactions, the enthalpy of formalion for sillimanite (coiumn 7 of Table
2) was calculated for each source and can be compared with the enthalpy of formation of -2687.774£0.537 kJ/mol obtained
from the fit. This calculation assigns the error uf (it entirely to the heat of formation of c¢illimanite and presents
the data in their poorest perspective.

The phase-equilibria data cited above bracket the regression fit in free-energy space.

The molar volume of sillimanite was obtained from the work of Winter and Ghose (1979)}.

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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THERMODYNAMIC DATA FOR MINERALS 627

Al,Ca,HO,.Si,

CapA13S5i3012(0H) Zoisite Formula weight = 454.361 g/mol

®x=z=ss==s==

Summary of Critical Data

Data at Reference Temperature, 298.15 K (+2s)

S° = 295.88540.662 J/(moi-K) AH; = -6891.11740.877 kJ/mol
¥° = 136.520+0.400 cm3/mol AG; = -6495.52440.745 kJ/mol

Equations at Reference Pressure, 101.325 kPa (Temperature range 200 to 1250 K)

T/ (mol k)Y = ay/T? a3/1%% 4 a5 v 22T + a7 17

SO(T)/La/(mol+K)T = -a1/(2 T2) - 2.a3/T%5 + ag + agiIn(T) + 2ag T + a7 T2/2
[H®(T)-H®(298.15K)1/(d/mol) = -a1/T + ap ~+ 2 a3 TO*3 R ag T + ag T2 + a7 T3/3

a; = 0.0 ‘ ag = 5.391475x10° ag = -1.984469x1072
az = 1.225488x10° Jas = 8.346223x10° a7 = 0.0

az = -8.148754x10° '

Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of zoisite.

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of
Source Data Tvpe Method Points Range
Perkins and others (1980) heat capacity adiabatic calorimetry 8 200 - 298 X
Perkins and others (1980) heat capacity differential scanning 11 298 - 730 K
Perkins and others (1980) entropy adiabatic calorimetry 1 298.15 K

The compositionally adjusted heat capacities that were obtained on a natural zoisite by Perkins and others (1980)
using an adiabatic calorimeter and differential scanning calorimeter were fit with a standard error of estimate of 1.5
and 1.7 J/(mol+K), respectively. The fitted entropy at 298.15 K is 295.885 + 0.662 J/(mol-K) or a departure of
0.03 J/mol from the compositionally adjusted value of 295.85 + 0.29 reported by Perkins and others.

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting
No. of AH:(298.15 K) AH§(298.15 K)

Source Method Reaction® Range T/K Points Third Law, kJ kd/mol
Newton (1965) gas- and solid-medium A 843-1113 6 pair -306.468+2.790 -6891.532
pressure apparatus
Boettcher (1970) gas-medium pressure apparatus A 898-928 1 pair -308.308+4.088 -6891.225
Strens (1968) gas-medium .pressure apparatus B 770-823 1 pair -220.56145.976 -6892.258
Boettcher (1970) gas-medium pressure apparatus ] 853-933 2 pair -213.,025+2.944 -6890.374

a  Reactions:
A) 2 CazA12Si3032(grossular) + 6 CaAlSipOg(anorthite} + Alp03(corundum) + 3 Hz0({gas)
= 6 CapAl13Si3012(0H)(zoisite) .
B) Ca3Al12Si3032(grossular) + 5 CaAlpSiz0g(anorthite) + 2 Hp0(gas
= 4 CapAl135i3072(0H)(zoisite) + Si0z(quartz, alpha)

Phase-equilibrium studies (utilizing gas- and solid-medium pressure apparatus) were evaluated after the data were
converted to free energies of reaction at 101.325 kPa and temperature. Molar volumes of the phases and free-energy
data for Hp0(gas) from Fisher and Zen (1971) were used in the conversion. The studies cited in Table 2 comply with
the following criteria: 1) starting materials and reaction products were characterized, and 2) chemical equilibrium
was demonstrated.

After fitting, as a test of consistency, the average enthalpy of reaction at 298.15 K and 101.325 kPa was cal-
culated for each source. These -enthalpies are shown in column 6 of Table 2. From these enthalpies of reaction and the
calculated enthalpies of formation of other phases in the reactions, the enthalpy of formation for zoisite (column 7 of
Table 2) was calculated for each source and can be compared with the enthalpy of formation of -6891.1174£0.877 kJ/mo
abtained from the fit. This calculation assigns the error of fit entirely to the heat of formation of zoisite and
presents the data in their poorest perspective. Most of ‘the phase-equilibria data cited above bracket the
regression fit in free-energy space.

The molar volume of zoisite was obtained from the compilation 6f Robie and others (1967).
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THERMODYNAMIC DATA - FOR MINERALS 629

Al,CaH,0,,5i,

ss==ss=sssS=ssz===s==s==ss=S

Cah14Si2030(0H)2 Margarite Formula weight = 398.186 g/mol

Summary of Critical Data

Data at Reference Temperature, 298.15 K (+2s)

S° = 263.64220.594 J/(mol-K) AHZ = -6239.6101.023 kJ/mo]
Ve = 132.80040.100 cm3/mn1 . AG} = ~5855.068+0.949 kdlm&
Equations at Reference Pressure, 101.325 kPa (Temperature range 200 to 1250 K)
CAUTI/DI/(mo1+K)T = /T2 + a1 4 a5 4 226 T + a7 2
Se(T)/La7(mo1K)] = -aps(2 T7) - 2 a3/t + 4y + a5 1n(T) v 2z ag T * a7 Ts2
[HO(T)-H°(298.15K)3/(d/mol) = -a1/T + ap + 2a3 T°% 4 ag 1 + ag 12 + a7 7913
af = 0.0 as = -5.406581x103 ag = -2.514555x10"2
ap = 1.258512x10° ag =  8.265040x10° a7 = 0.0
3

az = ~8.4274381¢

Primary Experimental Data Used in_the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of
margarite.

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of
Source Data Type Method Paints Range _
Perkins and others (1980) heat capacity differential scanning 16 298 - 1000 K
calorimetry
Perkins and others (1980) entropy adiabatic calorimetry 1 298.15 K

The compositionally adjusted heat capacities of Perkins and others {1980), obtained from measurements on a natural
margarite sample, were fit with a standard error of estimate of 1.6 J/(mol+<K). The fitted entropy value at 298,15 K
is 263.642 + 0.594 J/(mol-K) or a departure of 0.01 J/mol from the compositionally adjusted value of 263.63 & 0.26
J/{mol-K} reported by Perkins and others.

Table 2. Scurces for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting
No. of AH:(298.15 X) AH;(298.15 K)

Saurce Method Reaction? Range T/K Points Third Law, kd kd/mol
Storre & Nitsch (1974) gas- and solid-medium - A 763-833 2 pair -89.818+1.710 -6239.055
pressure apparatus :
Chatterjee (1974) gas-medium pressure apparatus B 763-893 5 pair -94.087+0.931 -6239.467

a Reactions:
R) CaAlpSip0g(anorthite) + AlpSiOg(andalusite) + Hp0(gas) = CaAl4Si070(OH)p(margarite) + Si0p(quartz, alpha)
B) CaAl,Sip0g(anorthite) + Alz03(corundum) + Hp0(gas) = CaAlgSiz010(O0H)z(margarite)

Phase-equilibrium studies (utilizing gas- and solid-medium pressure apparatus) were evaluated after converting the
data to free energies of reaction at 101.325 kPa and temperature. Molar volumes of the phases and free-energy data for
Hp0(gas) from Fisher and Zem {1971) were used in the conversion. The studies cited in Table 2 comply with the
;o]lowing cgiteria: 1) starting materials and reaction products were characterized, and 2) chemical equilibrium was

emonstrated. . .

After fitting, as a test of consistency, the average enthalpy of reaction at 298.15 K and 101.325 kPa was cal-
culated for each source. These enthlapies are shown in column 6 of Table 2. From these enthalpies of reaction and the
calculated enthalpies of formation of other phases in the reactions, the enthalpy of formation for margarite (column 7
of Table 2) was calculated for each source and can be compared with the enthalpy of formation of -6239.610+1.023
kd/mol obtained from the fit. This calculation assigns the error of fit entirely to the heat of formation of margarite
and presents the data in their poorest perspective. Most of the phase-equilibria data cited above bracket the
regression fit in free-energy space.

The molar volume ot margarite was obtained from the compilation of Kobie and others (1967}.

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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THERMODYNAMIC DATA FOR MINERALS

Ca (reference state)

Calcium, alpha; Calcium, beta;

Formula weight = 40.080 g/mol

Calcium, ‘1iquid; Calcium, ideal monatomic gas

Summary of Critical Data

. Data at Reference Temperature, 298.15 K (#2s) (calcium, alpha)

§° = 41.616 J/{mol-K) AH; = 0.0 kd/mol
Ve = 26.190%0.04 cm®/mol 4GS = 0.0 kJ/mo
Equations at Reference Pressure, 101.325 kPa

CTI/LI/(mo1-K)] = ap/T% + a3/T0°% + a5 + 2ag T + ay 12
SO(T)/Ld/(mol-K)] | = -ay/ (2 Tz) - 2 a3/T0'5 + a4 + ag In(T) + 2 ag T + a7 TZ/Z
[Ho(T)-H°(298.15K)1/(J/mo1) = =-a1/T + ap + 2 a3 70-5 as T + ag 2 4 a7 33

Calcium, alpha (temperature range 200 to 720 K)
ap = -2.20152x10° ag .= 7.62562x10! ag = 9.83620x1073
ap = -1.42730x10% as = 0.0 a7 = 9.72458x107°
a3 = 3.64127x10°

Calcium, beta (temperature range 720 to 1112 K)
a; = 0.0 ‘ ag = 3.71052x10% ag = 2.05709x1072
az = -1.56800x10° as - 0.0 a; - 0.0
a3 = -7.53816

Calcium, liquid (temperature range 1112 to 1755 K)
a; = 0.0 ag = -1.14367x10° ag = 0.0
ap = -8.728x10° as = 2.92754x10! a7 = 0.0
az = 0.0

Calcium, ideal monatomic gas (temperature range 1755 to 1800 K)
a] = 0.0 ag = 3.19488x10! ag = -3.02477x107%
ap = -6.07200x10° a5 = 2.14177x10! a7 = 2.25282x1077
a3 = -8.35017x10°

Critical Reactions
Inversion:
Ca(calcium, alpha) = Ca(calcium,.beta)

T. =

i 720 K {observed)

Melting:
Ca(calcium, beta) = Ca(calcium, liquid)

T -

m 1112 K

(observed)}

Vaporization:
Ca(calcium, liquid) =

1755 K (observed)

Ca{calcium, ideal
T, =

AS? = 1.2276 J/{mol+K)
AH‘i’ = 0.919 kJ/mol

AS,j'n = 7.661 Jd/(mul-K)
AH® = 8.519 kdJ/mol

monatomic gas)
AS; = 87.301 J/(mol-

AH; = 153.213 kJ/mol

Sources for Thermodynamic Properties

The thermodynamic properties for calcium were taken from the following sources

Property

Heat capacity

Entropy

Enthalpy of inversion
Enthalpy of melting
Enthalpy of vaporization

Source

Hultgren and others (1973)
CODATA Task Group (1978)

Hultgren and others (1973}
Hultgren and others (1973)
Hultgren and others (1973}

J. Phys. Chem. Ref. Dataq, Vol. 10, No. 3, 1981
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THERMODYNAMIC DATA FOR MINERALS

Summary of Critical Dat

a

Data at Reference Temperature, 298.15 K (+2s)

S§° = 38.100 J/(mol+K) AHZ

Formula weight 56.079 g/mol

= -635.094 kJ/mol

f
Ve = 16.76410.005 Cm3/m01 AG; = -603.480 kJ/mol
Fnuatians _at Refereénce Pressure, 101.325 kPa (temperature vange 200 to 1800 K)
CHTI/T/(mot k)T = ap/T2 + ag/T0*% & a5 4 2ag T + ag T
SO(T)/L0/(mol k)] = -a1/(2 T2) - 2 a3/T%® 4 ag + a5 In(T) + 2ag T + ay T2/2
CHO(T)-H°(298.15K)1/(3/mol) = -ay/T + ap + 2 a3 7°°° & ag T + ag 75 + a7 T°/3
a; .= -2.55577x10° ag = -4.20068x10° ag = ~-3.08248x107°
ag = -7.05800x10° ag = 7.16851x10% a7 = 2.23862x107°
ag = -4.31990x102
Sources for Thermodynamic Properties
The thermodynamic properties for lime were taken from the following sources:
Property Source
Heat capacity Stull and Prophet {1971) and
Chase and ulhers (1974, 1975)
Entropy CODATA Task Group (1978)
Enthalpy of formation from CODATA Task Group (1978)
the elements
The (1967).

‘molar volume of lime was obtained from the compilation of Robie and others

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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THERMODYNAMIC DATA FOR MINERALS 635

Ca0,Si

CaSi03 (reference state) Wollastonite, Cyclowollastonite Formula weight = 116.164 g/mol

Summary of Critical Data

Data at Reference Temperature, 298.15 K (+2s) (wollastonite}

$° = 81.028+0.678 J/(moi-K) AH; = -1634.766+0.702 kJ/mol

Ve = 39,930£0.200 cm>/mol 863 = -1549.21350.608 ki/mol
Equations at Reference Pressure, 101.325 kPa

CM/La/mor )] = a/T2 + @310 & a5 v zag T o+ ap TP

SO(T)/La/(mol k)] = -a1/(2 T2) - 2 a3/1%°% + ag + a5 In(T) + 2ag T + ay T2/2

[HO(T)-H°(298.15K)1/(d/mol) = -ay/T + ap + 2 a3 7% + ag T + ag T2 + ay T9/3

Wollastonite (temperature range 200 to 1398 K)

a; = 0.0 ag - -1.212413x103 ag - -9.115107x1073
ag = 3.0259x10° ag = 1.927733x10% a7 = 4.413189x107°
a3 = -1.7296x10°
Cycluwollastonite (temperature range 1398 to 1800 K) ‘
ap = -9.739076x10° ag = -1.024504x10° ag = -3.621589x107%
ag = -2.474400x10° " a5 = 1.672547x10% a7 = 0.0
a3 - -1.372368x103 ‘
Critical Reaction
Inversion:
CasiOz(wollastonite) = CaSidz(cyclowollastonite)
Ti * 1398 Kk {(observed) AS? = 4.138+1.42 J/(mol-K)

AH? = 5.785%1.76 kJ/mol

For detailed information on CaSi03, refer to the appropriate tables on the individual phases.
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Casiog Cyclowollastonite Formula weight = 116.164 g/mol

Data_at Reference Temperature, 298.15 K (£2s)

$° = 87.244%0.915 J/{mol-K) _ 8KE = -1627.614:0.932 ki/mol
Ve = 40.080£0.280 cm®/mo) 863 = -1543.914:0.784 kJ/mol
Equations at Reference Pressure, 101.325 kPa (Temperature range 200 o 1800 )
CUTI/LI/(mol )T = a/TZ + ag/1O® 4 a5 o+ 2 ag T 4 ap TC
. . 2 0.5 2
S°(T)/[d/(mol+K)] = -ayp/(2 7°) - 2 a3z/T + a4 + ag In{T) + 2 ag T + ay T°/2
[Ho(T)-H®(298.15K)1/(J/mol) = -ap/T +. ap + 2 a3 T9°° + ag T + ag T2 + ay T9/3
a; .= -9.739076x10° ag = -1.024504x10° ag = -3.621589x107%
ap = -2.474400x103 a5 = 1.672547x10° a7 = 0.0
az = -1.372368x10°
Critical Reactions
Inversion:
CaSi03(wollastonite) = CaSiOz(cyclowollastonite)
T, o= 1398 K {observed) AS‘; = 4.138+1.42 J/{mol-K)
W3 = 5.785:1.76 kJ/mol

Primary Experimental Data

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of
cyclowollastonite.

.Used in the Analysis

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of
S Source e Data Type Method e Points Range
Wagner (1932) heat capacity Tow-temperature calorimetry 7 201 - 295 X
Wagner (1932) relative enthalpy drop calorimetry 12 576 - 1558 K
White (1919) relative enthalpy drop calorimetry 28 373 - 1673 K
Parks and Kelley (1926) specific heat aneroid calorimetry 6 195 --298 K
Robie and others (1979) : entropy 1 298.15

The heat-capacity measurements of Wagner (1932) were fit with a standard error of estimate of 0.70 J/(mol-K).
The relative enthalpy measurements of Wagner (1932) and White {1919) were fit with standard error of estimate of 666
Jd/mol (0.97 percent of observed value) and 265 J/mol {0.35 percent of observed value), respectively. The specific heat
measurements of Parks and Kelley (1926) were fit with a standard error of estimate of 1.1 J/(mol+K} or 1.3 percent of
the observed value. The fitted entropy at 298.15 K is 87.244 £ 0.915 J/(mol-K) or a departure of 0.21 from the
value oT 87.45 x 0.42 reported by Roble and others (1979).

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting

No. of AH?(298.15 K) aH3(298.15 K)
Source Method _— &gg__t_x‘_g_f Range T/K Points Third Law, kJ kd/mol
Charlu and others (1978)b solution calorimetry A 970 1 -80.389+1.273 -1626.1381
{(borate salt)
“Kracek and others (1953)C solution calorimetry (HF) B 347.85 1 -6.526+4.183 -1628.240
Nacken (1930)d solution calorimetry B 314.85 4 -8.17145.916 ~1626.595
(HC1-HF) .
Kay and Taylor (1960)e silica activity C 1773 1 -86.058+2.771 -1626.253
Kay and Taylor (1960)e silica activity D 1543 1 59.386+2.412 -1623.448
Benz and Wagner (1961) Emf E 943-1003 10 -41.441+0.186 ~-1629.791

J. Phys. Chem. Ref. Data, Vol. 10, Ne. 3, 1981
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Reactions:

A) CaO(lime) + Si02(quartz, beta) = CaSiO3(cyclowollastonite)

B) CaSi03(cyclowollastonite) = CaSiO3(wollastonite)

C) Cca0{lime) + Si0p(cristobalite, beta) = CaSiOz{cyclowollastonite)

D) CaSi0O3(cyclowollastonite) + CaAlpSipOg(anorthite) = CagAlSi07(gehlenite) + 2 Si0p(cristobalite, beta)
E) 1/2 Ca0(lime) + CaSiO3(cyclowollastonite) = 1/2 Ca3Sip07(rankinite)

Charlu and others (1978) measured the enthalpy of solution of cyclowollastonite in lead borate salt melt at 970 K.
To complete the thermodynamic cycle, their data were evaluated in combination with their enthalpies of solution of
Time and quartz in the salt melt; corrections were not made for the enthalpies of dilution and of mixing of the
product melts.

Kracek and others (1953) measured the enthalpy of solutian of cyclowollastonite in HF acid solution at 347.85 K. To
complete the thermodynamic cycle, their data were evaluated in combination with their enthalpy of solution of
wollastonite.

Nacken (1930) measured the enthalpy of solution of cyclowollastonite in HC1-HF acid solution at 314.85 K. To
complete the thermodynamic cycle, the data were evaluted in combination with his enthalpy of solution of
wollastonite.

Kay and Taylor (1960) determined the act1v1ty of silica in the silicate liquid for the lime-alumina-silica system.
Using the silica activity from their study and the measured temperature and composition of the silicate melt in
equilibrium with anorthite, cyclowollastonite, and gehlenite, we obtained the equilibrium constants for reactions
C and D at the melt temperature and 101.325 kPa.

Phase-equilibrium studies were evaluated after the data were converted to free energies of reaction at 101.325 kPa

and temperature. After fitting, as a test of consistency, the average enthalpy of reaction at 298.15 K and 101.325 kPa
was calculated for each source. These enthalpies are shown in column 6 of Table 2. From these enthalpies of reaction
and the calculated enthalpies of foermation of other phases in the reactions, the enthalpy of formation for cyclo-
wollastonite (column 7 of Table 2) was calculated for each source and can be compared with the enthalpy of formation of
-1627.61440.932 kJ/mol obtained from the fit. This calculation assigns the error of fit entirely to the heat of
formation of cyclowollastonite and presents the data in their poorest perspective. The phase-equilibria studies lack the
precision to discriminate among the experimental enthalpies of solution.

The temperature of the experimentally observed inversion of wollastonite to cyciowollastonite at 101.325 kPa was

entered as a fixed value in the regression and supplies an additional comstraint on the free energy of
cyclowollastonite and its dimorph. This inversion temperature is listed as "observed"” in the section on critical
reactions.

The molar volume of cyclowollastonite was obtained from the compilation of Robie and others (1967).

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981



639

FOR MINERALS

THERMODYNAMIC DATA

0£0° 0% “6£0TF “yLLzF
$65°2 ‘1vv68-  *52206-
0£0° 0¥ 1667 6vE2F
019°2 29v68-  "8.106-
6vL°2 -Z8v68-  *9v106-
££8°2 10668~  -82106-
£26°2 02568~  "12106-
[10°€ 66568~  TE106-
620°0F *§28F - 100TF
611°€ -g6g68-  *IST06-
[22°¢ “g/568-  "28106-
£he°E 00968~  °52206-
89y € -£2968-  *9.206-
209°¢ “gv968-  “9EE06-
0£0°0¥F TETLF CTELF
LyLtE 97968  "tOV06-
G06°¢ 10168~  *9.%06-
9L0°Y “0v168-  °£§506-
£92° Y “{l68-  *1£906-
89y ¥ *g1868-  *0TL06-
€E0°0F *pe9¥ *lELF
69"y -z9868-  "$8.06-
v6°Y ‘01668~  "§5806-
122°¢ 29668~ 91606~
265°§ 91006~ "79606-
818°G 52006 12668~
0V0°0F - °9ISF LT
692°9 60006- 05968~
VILT9 11668~ 12168~
(221 1668~  "§v268-
ve8°l *£/868- ‘60168~
6258 50868~ ‘{1068~
090°0%F *GISF OTLF
v1€°6 ‘0£L68-  *75688-
904701 +09968- 92688~
169°11 ‘0/568- 32688~
96E" €1 ‘06Y68-  "cy688-
89561 ‘1468~  "7.688-
901" 0% *g09F “20(F
¥99° 51 -11v68-  "7.688-
1607 L1 61868~ 06688~
Low/p Low/p
. . .
¥0'3y boL X0 dov ¥ 4y

0£0° 0F “6£0TF VLLZF - p992F
65t ¢ “£258111- _°1£28281- “£0£281
0£0° 0¥ “166F “6yEZF -§222¥
296" 5€ ‘2281611~ °2859/91- -0p95.1
TR “1£285T1-  '689/491- 666891
v96° 95 T229/911- 1918201~ *18£291
GL5° 8¢ “2651811- “0E16291- *98(551
1620 “C65G6TT- 9800E9T- 512641
620" 0F “g28¥ “L00TF TIF
£21°2 “$296021- “0EOTESI- *899241
280"ty -189€221- b96TEOT- *SY19E1
Z81° 9y -281/521- "9882£91- 899621
6€0°8h 6061521~ 'S6LEEOT- “8/1821
178705 “0£09921- “669vE9T- “SE/9T1
0£0° 0F CSUF . CIELF TrA
66Y° 1S 6920821~ “6855E9T- “225011
89S 9604621~ “89V9IEII- “0¥6£01
9bh° 66 “£9/8081- SEE/EQT- “165.6
£28°29 6162261~ “6/t6291- 11216
80599 “6069EET- ¥8S6291- *10058
£€0°0F “bz9F “2ELF “p2zF
19602 0880581~ “9L.6291- 99781
2507 5L “€08Y9ET- "SS00E9T- 91821
220°08 “£L/8£1- ‘8THOE9T~ 55499
685°58 9972661~ “1980€9T- *64£09
¥58°76 1819041~ "Z8ETE9T- “£2895
0%0°0F “96F ST 2ETF
956°36 2980261~ BL61E91- *59€8Y
Vi0°.0T ~ -vi6vcyi- 159T£91- “v8¥2Y
Zvp 9Tl "9868vbI- °2812E9T- *6899¢
vigtizl  *660£9¥1- . "L1/2£91- “660¢
8627051  "95Z[/bT- ‘OYZEE9T- £1p62
090°0F “§LSF 01LF LIF
2187561  "09vI6¥T- °“TELE€91- “8966T
87°3L1  “OT/S0GT- “99TyE9T- “289p1
2697961  "90002GE- “PISYE9T- - 1856
[86°822  "VEEPESI- CEELYEQI- “L2lh
6v9°692  "2898Y¥ST- '69/yE9T- -201
901°0% *g09%F 20(F 0¥
Gip*llz  °"€126¥ST- ‘99/tE9T- -0
829°162  °"£8£955T- 98991~ “6cT2-
Lou/p tou/p - Lou/p
374y 5oy 2 4oy ¥y -ty

SOpIX( 9YJ WOAj uUO[jFewliod

==xess
€

6.61

Hmmamuaom

IS*Qe

SqUalia|J 8y3 WOAJ UOIIRWIO]

[(231u0}se | |OMOpNasd=) 931U0ISE|[OMO|DA) Y3LM snoydiowip “oLup|d143]

¢0L°0F
LI1°481-

269°0F

112" %81~
¢ge 181~
62V 8L1-
(A AR-TA S
eve L1~

S.9°0F

602°691~-
100°991-
6¢l7291-
98€°6G 1~
696°651~

€L9°0F

LLy*281-
806°8v1-
662°Gb1-
824G 1p1-
STLLET-

€L9°0F

818 €E1-
6€8°621~
LLL°521-
8€9°121-
ey Lt~

SL9°0F

LA R
GEB BOI-
v6v v01-
9917001~
£06°G6-

LL9°0F
66L°16~
€L6° (8~
S£9° 8-
Ge1°28-
0€E0° T8~

8.9°0F
820718~

69€°18~

(%~ tou)/p

1/(*Ln-19)

£08° 1%
L6€°88¢

9L§°1F

Ev9°¥82
£6.°082
198°9.2
£8L°2L2
0197892

5487 0%
11£°v92
b68°652
GE£°662
529°062
99/°6v2

J0L°0F
S€L°0v2
5¢5°6€2
Jj2itoez
05" v22
899°812

50L°0F
r8G°212
b€e* 902
b6G°661
£€9°261
Teet 68l

J69°0F
199°LL1
3¢5°691
3€E6°091
2287 16T
RN A A

769°0F
3€L°1¢ET
5667021
£09°80T
2£8° 66
145718

349°0F
320°18

3ES°€EL

(a+Low)/p

oS

GGy 6F
[ AR A

06y " 8F
ov0 el
£8G6°2¢1
621°2€7
€99°1¢1
L8T°TET

eley¥
007 0D€E1
L6T°0€1
G§.9°621
2€1°621
295°821

216" 1F
196721
g€ee-L21
¢r9°921
116°621
121°621

606°0F
292 921
czeceet
82221
-zt
€98°6TI

¥29°0%

L2v°811
2087911
8¥6°¥11
€18°211
1€€°011

9ve"0F
11y°L01
626" €01
L0L°66
28¥°t6
£¥8° /(8

2867 0F
296°/8

2Ly°¢E8

(¥ tow)/p

d
°d

(ewbis z)
0081

(ewbis 2)
"06L1
‘004t
‘0591
‘0081
'0§ST

(ewbis 2)
0061
0Sv1
‘00v1
"0G€T
ONET

(ewbis 2z)
"0§821
0021
0611
0011
0501

(eubis )
‘0001
‘066
006
‘088
‘008

(ewbis z)
‘0§64
"00L
069
009
‘06§

(ewbis z)
‘00§
‘0S¥
‘00t
08¢
'00€

(ewbis 2)
51862

ST'€Le

(%)

yanjeaadua)

a3Luozse| oM

1509

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981



640 HAAS, ROBINSON, AND HEMINGWAY

CaSi03 Wollastonite Formula weight = 116.164 g/mol

Summary of Critical Data

Data at Reference Temperature, 298.15 K (42s)

S° = 81.028+0.678 J/(mol-K) AH% = =1634,766+0.702 kd/mol
Ve = 39.930+0.200 cm3/mo1 AG; = -1549.213+0.608 kJ/mol
Equations at Reference Pressure, 101.325 kPa (Temperature range 200 to 1800 K)
CR(T)/La/(mol k)] = ay/718 + ag/T%5 + a5 v 2ag T 4 oy TP
° - 2 0.5 2
Se(T)/Ed/(mo1-K)] = -a1/(2 T°) - 2 a3/T + a4 + ag In{T) + 2 ag T + a7y T°/2
[HO(T)-H°(298.15K)1/(d/mol) = -ap/T + ap + 2 a3 7T9°% + agT + ag T2 + a7 79/3
a; = 0.0 ag = -1.212413x10° ag = -9.115107x107°
ap = 3.025900x10° a5 = 1.927733x102 a7 = 4.413189x1075
a3 = -1.729600x10°
Critical Reactions
Inversion:
CaSi0G3(wollastonite) = CaSiO3(cyclowollastonite)
Ti = 1398 K (observed) AS? = 4,138+1.42 J/(mol-K)
4HS = §.78541.76 kJ/mol
Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of
wollastonite.

Table 1. Sources for MHeat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of

e ___SoOurce . __Data Type ______ . _Method _________ Points Range
Cristescu and Simon (1934) heat capacity low~temperature calorimetry 2 200 - 210 ¥
Cristescu (cited in heat capacity low-temperature calorimetry 7 200 - 304 K

Wagner, 1932) )
Gronow and Schwiete (1933) relative enthalpy drop calorimetry 5 573 - 1373 K
Southard (1941) relative enthalpy drop calorimetry 13 485 - 1423 K
Roth and Bertram (1929) relative enthalpy drop calorimetry 7 323 - 1157 K
White (1919) relative enthalpy drop calorimetry 18 373 - 1573 K
Wagner (1932) relative enthalpy drop calorimetry 11 566 - 1383 X
Hemingway and Robie (1977) entropy 1 298.15 K

The heat capacities measured by Cristescu and Simon (1934) and Cristescu (cited in KWagner, 1932) were fit with a
standard error of aestimate of 0.07 and 1.0 J/{mol«X%), respectively. The relativa enthalpy measurements of Gronow and
Schwiete (1933) were fit with a standard error of estimate of 761 J/mo) or approximately 0.64 percent of the observed
value. The relative enthalpy measurements of Southard (1941) were fit with a standard error of estimate of 147 J/mol or
approximately 0.16 percent of the observed value. The relative enthalpy measurements of Roth and Bertram (1929) were
fit with a standard error of estimate of 658 J/mol or approximately 1.5 percent of the observed value. The relative
enthalpy measurements of White (1919) were fit with a standard error of estimate of 1033 J/mol or approximately 1,2
percent of the observed value. The relative enthalpy measurements of Wagner (1932) were fit with a standard error of
estimate of 752 J/mol or approximately 0.65 percent of the observed value. The fitted entropy value at 298.15 K is
81.028 + 0.678 J/{mol-K), or a departure of 0.97 J from the experimental value of 82.00 + 0.40 J/(mol-K} given
by Hemingway and Robie (1977).

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting
AH:(298.15 K) AHE(298.15 K)

No. of
.. _Sewrce . _Method ______ Reaction® Range T/K Points  Third Law, k§  ___kd/mol___
Charlu and others (1978)b solution calorimetry A 970 1 87.754£1.551 -1633.556
(borate salt)
Benz and Wagner (1961) Emf A 898-1148 12 87.6UbtU.384 -1636.310
Barany (1966)¢ solution calorimetry (HF) 8 346.85 6 89.762+0.979 -1635.564
Kracek and others (1953)d solution calorimetry (HF) 4 347.85 1 -6.526+4.183 -1634.150
Nacken (1930)e solution calorimetry C 314.85 6 -8.17145.916 -1635.795
’ (HC1-HF)
Newton (1966b) gas-medium pressure apparatus 0 803-923 4 -51.708+0.304 -1633.747
Huckenholz (1974) unspecified D 348-858 2 -49.366+0.328 -1634.913
Newton (1966b) gas-medium pressure apparatus E 973-1023 4 -49,102+1.847 -1635.334
pressure apparatus
Huckenholz (1974) unspecified E 888-958 4 -50.1004£0.499 -1634.835
Bocttcher (1970) gas-mcdium pressure apparatus E 893-1063 1 -50.228+1.454 - -1634.721
pressure apparatus
Liou (1971) gas-medium pressure apparatus F 708-828 10 -89.180+0.496 -1634,781
Hays (1965) solid-medium pressure apparatus G 1473-1523 4 -156.099+6.608 -1635.678
Huckenholz (1974) unspecified G 1125-1423 12 -158.,750+£2.236 -1634.794
Shmulovich (1974) gas-medium pressure apparatus G 1133-1153 2 -159.942+1.763 -1634.397

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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a Reactions:

A) CaSiO3(wollastonite) = Si0p(quartz, beta) + CaO(lime)

B) CaSiO3(wollastonite} = SiOp(quartz, alpha) + CaO(iime)

L) Ca>103(cyclowollastonite) = tasioz(wollastonite)

D) CaAlpSipOg(anorthite) + 2 CaSiO3(wollastonite) = Ca3AlpSiz0jp(grossular) + SiOz(quartz, alpha)

E) CaAlpSizOg(anorthite) + 2 CaSiO3(wollastonite) = Ca3Al2Si30jp(grossular) + SiOp(quartz, beta)

F) CaAlpSiz0g(anorthite) + CaSiO3(wollastonite) + Hp0(gas) = CapAl2Si3019(OH)2(prehnite)

G) CaAlpSipO0g(anorthite) + CapAlSiO7(gehlénite) + 3 CaSiO3(wollastonite) = 2 Ca3zAl2Si3012(grossular)

b Charlu and others (1978) measured the enthalpy of solution of wollastonite in lead borate salt melt at 970 K. To
complete the thermodynamic cycle, their data were evaluated in combination with their enthalpies of solution of lime
and quartz in the salt melt; corrections were not made for the enthalpies of dilution and of mixing of the product

melts.

c Barany (1966) measured the enthalpy of solution of wollastonite in HF acid solution at 346.85 K. To complete the
thermodynamic cycle, the data were evaluated in combination with the enthalpies of solution of lime (Barany, 1963)
and of quartz (Hemingway and Robie, 1977; Bennington and others, 1978) in similar solutions.

d  Kracek and others {1953) measured the enthalpy of sclution of wollastonite in HF acid solution at 347.85 K. To
complete the thermodynamic cycle, their data were evaluated in combination with their enthalpy of solution of
cyclowollastonite.

e Nacken (1930) measured the enthalpy of solution of wollastonite in HC1-HF acid solution at 314.85 K. To complete
the thermodvramic cvcle. the data were evaluated in combination with his enthalpy of solution of cvclowollastonite.

Phase-equilibrium studies (utilizing gas- and solid-medium pressure apparatus) were evaluated after converting the
.data to free energies of reaction at 101.325 kPa and temperature. Molar volumes of the phases and free-enerygy data for
Hp0(gas) from Fisher and Zen (1971) were used in the conversion., The studies cited in Table 2 comply with the
following criteria: 1) starting materials and reaction products were characterized, and 2) chemical equilibrium was
demonstrated. ’

After fitting, as a test of consistency, the average enthalpy of-reaction at 298.15 K and 101.325 kPa was cal-
culated for each source. These enthalpies are shown in column 6 of Table 2. From these enthalpies of reaction and the
calculated enthalpies of formation of other phases in the reactions, the enthalpy of formation for wollastonite (column
7 of Table 2) was calculated for each source and can be compared with the enthalpy of formation of -1634.766+0.702
kJ/mol obtained from the fit, This calculation assigns the error of fit entirely to the heat of formation of
wollastonite and presents the data in their poorest perspective.

Most of the phase-equilibria data cited above bracket the regression fit in free-energy space. However,
the phase-equilibria studies also lack sufficient precision to constrain the fit tightly, as the scatter in the
calculated enthalpies of reaction and enthalpies of formation listed in Table 2 demonstrate. The phase-eguilibria
studies lack the precision to discriminate among the experimental enthalpies of solution.

The temperature of the experimentally observed inversion of wollastonite to cyclowollastonite was entered as a
fixed value in the regression and supplies an additional constraint on the free energy of wollastonite and its dimorph.
This inversion temperature is listed as "observed" in the section on critical reactions.

( ;he molar volume of wollastonite was obtained from the compilation of Robie and others (1967) and the work of Evans
1977).

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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THERMODYNAMIC DATA

CapSilg (reference state)

Data at Reference Temperature, 298.15 K {42s)
$° = 120.499+2.045 J/{mol-K) AH;
Ve = 59.110£0.360 cn’/mol 262
Equations at Reference Pressure, 101.325 kPa
CTI/L/mo1 k)] = ap/12 + agy/1%% + a5 + 2ag T + a7 17
SS(T)/LI/(moT+K)] = -ag/(2 T2) - 2 a3/T%% + a4 + ag 1n(T)
[HO(T)-H°(298.15K)1/(d/mol) = =-a;/T + ap + 2 a3 T0°° + a5 T

Ca-0livine (temperature range 200 to 1120 K)

a; = -2.360066x10° ag = 2.391441x10°
ap = -7.387180x10° as = 0.0
a3 = 1.656378x10°
CapSi0g, alpha prime (temperature range 1120 to 1710 K)
a; = 0.0 ag = -8.056381x10°
a; = -4.835440x10% ag = 1.616203x10%
a3 = 0.0
CapSils, alpha (temperature range 1710 to 1800 K)
a; = 0.0 ag = -1.052325x10°
ap = -5.951x10% ag = 1.396000x10%
a3~ = 0.0
Critical Reactions
Inversions:
CapSi04{Ca-0livine) = CapSi0g(alpha prime)
Ti = 1120 K (observed) AS? =
sug =
CapSi0g(alpha prime) = CapSiOg(alpha)
T, = 1710 X asg =
AH; =

Ca-0livine; CapSi0Og, alpha prime;
CapSiGq, alpha

FOR ~ MINERALS

Formula weight = 132,163 g/mol

-2316.53442.44]1 kJ/mol

-2199.776+1.881 kJ/mo]

2 ag T + a7 T°/2
ag T2 + a7 13/3
ag = 1.065862x107*
a7 = -8.150119x107°
ag = 0.0
a; = 1.889700x107°
ag = 0.0
azg = 0.0

12.231£2.51 J/(mol +K)
13.699+2.46 kJ/mol

8.415+2.49 J/(mol-K)
14.39043.39 kJ/mo]

For detailed information on CapSi04, refer to the appropriate tables on the individual phases.
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THERMODYNAMIC DATA FOR MINERALS

645

Ca,0,Si

CapSilg (reference state)

Larnite; CapSi04, alpha prime;

CaSi0y4, alpha

Summary of Critical Data

Data at Reference Temperature, 298.15 K (+2s)
S° = 126.719+1.286 J/(mol+K)
Ve = 51.600£0.540 cm>/mol

Equations at Reference Pressure, 101.325 kPa

CSTI/L/(mol-K)] = ay/T2 + ag/10:"

$°(T)/[9/(mo1+K)] =
[H°(T)-H“(298.15K)]/(J/m;1) = -ay/T +

Larnite {temperature range 200 to 970 K}

ay - 0.0
ag = -2.120900x103
a3 = -2.094286x10°
CazSi04, alpha prime (tcmperature range 970
a; = 0.0
ap = -4.835440x10%
az - 0.0
CapSi0g, alpha (temperature range 1710 to 1
a; = 0.0
ap = -5.951000x10"
az .= 0.0
Critical Reactions

Inversions:

CapSiOg(larnite) = CapSi0g(alpha

T, =

i 970 K {calculated)

CapSi0g(alpha prime) = CapSi0g(al

T. =

i 1710 X

°
AHf

°
AGf

+ ag + 2ag T + ay T2

az +
ag - 1-533485)(103
ag = 2.496890x10%
to 1710 K)
ag = -B.056381x102
ag = 1.616203x102
800 K)
ag = -1.052325x10°
as = 1.996000x10°
prime)
AS; =
e =
1
pha)
as; =
o -
AHi =

Formula weight = 132.163 g/mol

-2306.697+1.328 kdJ/mol
-2191.794+1.039 kJ/mol

ca1/(218) - 2a31%% 4 4y o+ as In(T) + 2 ag T + a7 Tip2

2a3 7105 + a5 T + ag T2+ ay T9/3

ag = 0.0
a7 = 0.0
ag = 0.0
a7 = 1.889700x107°
ag = 0.0
a; = 0.0

1.576+1.93 J/(mol-K)
1.5284£0.61 kJ/mol

8.415£2.49 J/{mol-K)
14.390+3.39 kJ/mol

For detailed information on CaSi04, refer to the appropriate tables on the individual phases.

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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THERMODYNAMIC DATA FOR MINERALS 647

Ca,0,Si

R CEEEEEEEr-SECCIXSSESSCSTINSESESSSSISSSSSSSCSSSSSSISSCSSSSSSSEOSCSCSESINSISSRESSSSSOSCESCSSSSSESCSECSEICSSSCrSssusSSesNsURSs

CapSi04, alpha Formula weight = 132.163 g/mol

Summary of Critical Data

Data at Reference Temperature, 298.15 K (42s)

§° = ES J/(mol+K) AH; = + kd/mol

ve = + cm® /mol a6y = + kJ/mol
Equations at Refereﬁce Pressure, 101.325 kPa (Temperature range 1650 to 1800 K)

CRTI/LI/(mo1+K)] = a/T8 + ag/T™® 4+ a5 4+ 226 T + ay T2

SO(TI/L/(mol+K)] = -a1/(2 T2) - 2 ag/T%5 + ag + as In(T) + 2 ag T + ay T2/2

[H°(T)-H°(298.15K)1/(J/mol) = -a;/T + ap + 2a3 703 4 agT + ag T2 + ay T9/3

ap = 0.0 ag = -1.052325x10° ag = 0.0

ap = --5.95100x10" a5 = 1.996000x10° a7 = 0.0

ag = 0.0

Critical Reactions

Inversion:
CapSiOg(alpha prime) = CapSiOs(alpha)
Ty = 1710 K (observed) 285 = 8.4152.49 J/(mol-K)

AH? = 14.390+3.387 kJ/mol

Primary Experimental -Data Used in the Analysis

Table 1 provides the sources for the primary data used in evalhating the thermodynamic properties of CapSil4,
alpha. .

Table'1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data
No. of
Source Data Type Method Points Range

Coughlin and 0'Brien (1957) relative enthalpy drop calorimetry 5 1715 - 1816 K

The relative enthalpy measurements of Coughlin and O'Brien (1957) were fit with a standard error of estimate of 287
J/mol or approximately 0.1 percent of the observed value.

The temperature of the experimentally observed inversion of alpha prime-CapSi04 to alpha-CapSiOgq was
entered as a fixed value in the regression and suppliies constraint on the free energy of CapSiOs, alpha. This
inversion temperature is listed as "observed" in the section on critical reactions.

J. Phys. Chem. Ref. Datq, Vol. 10, No. 3, 1981
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THERMODYNAMIC DATA FOR MINERALS

=

CapSily, alpha prime formula weight = 132.163 g/mol

Summary of .Critical Data

Data at Reference Temperature, 298.15 K_(42s)

§° = 116.049:13.62 J/(mol-K) v eHE = -2198.07427.537 kJ/mol
Ve = 52,298 cn®/mol? 662 = -2079.989+3.536 kJ/,

a Molar volume measured at 1023 K.

Equations at Reference Pressure, 101.325 kPa (Temperature range 950 to 1750 K)

T/l K)] = a/T? + a1 4 s 4 2 as T o+ ré

SO(T)/D/(mo1+K)] = -a1/(2 T2) - 2 a3/7%°% + ag + ag In(T) + 2ag 7T + a7 T2/2
[HO(T)-H*(298.15K)1/(3/mol) = -a;/T + ap + 2 a3 T°0°° + ag T + ag T2 + a7 T°/3

a = 0.0 ag = -8.656381)(102_ ag = 0.0

ag = -4.835440x10% a5 = 1.616203x10 a7 = 1.888700x10°F
a3 = 0.0

Critical Reactions

Inversion:
CapSi0g(larnite) = CapSiOg(alpha prime)
Ti = 970 K (observed) AS? = 1.576+1.93 J/{mol-K)
AH¥ = 1.528+0.61 kJ/mol
Inversion:
fapSi0s(Ca-nlivine) = CagSi0js(alpha prime)
T, = 1120 X (observed) 852 = 12.231£2.51 J/(mol-K)
AH? = 13.699+2.46 kJ/mol
Inversion:
CapSi04(alpha prime} = CapSi04(alpha)
Ti = 1710 Kk (observed) : AS; = 8.415+2.49 J/(mol-K)
AHS = 14.39043.387 kJ/mo

Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of
CapSi04 (alpha prime).

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

. No. of
Source Data Type Method Points Range
Coughlin ‘and 0'Brien (1957) relative enthalpy drop calorimetry 12 974 - 1690 K

The relative enthalpy measurements of Coughlin and O'Brien (1957) were fit with a standard error of estimate of 274
J/(mel+K) or approximately 0.14 percent of the observed value.

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting

No. of 8H?(298.15 K) AHZ(298.15 K)
Source e Method o Reaction? Range T/K Points Third Law, kJ ke /mol
Benz and Wagner (1961) Emf A 971-1143 10 -5.517+0.379 -2198.122

Carlson (1931) phase equilibria 8 1523 1 11.669+0.145 -2197.975

a  Reactinnc-
A} 1/2 CaO(lime) + 1/2 Ca3SipOy{rankinite} = CapS0z(alpha prime)
B) CapSiO4(alpha prime) + CaO(lime) = Ca3Si0s

Phase-equilibrium studies were evaluated after converting the data to free energies of reaction at 101.325 kPa and
Temperature. Tnhe temperatures 0T the experimentally observed poiymorphic transitions OF larnite to alpha
prime-CapSilg, Ca-olivire to alpha prime-CazSi04, and alpha prime-CapSif4 to alpha-Cap5i04 were entered
as fixed values in the regression and supply additional constraints on the free energy of alpha prime-CapSi0Oq and
its polymorphs. These inversion temperatures are listed as "observed" in the section on critical reactions.

After fitting, as a test of consistency, the average enthalpy of reaction at 298.15 K and 101.325 kPa was cal-
culated for each reaction. These enthalpies are shown in column & of Table 2. From these enthalpies of reaction and
the calculatec¢ enthalpies of formation of other phases in the reactions, the enthalpy of formation for alpha
prime-CapSi04 (column 7 of Table 2) was calculated for each source and can be compared with the enthalpy of
formation of -2198.07447.537 kJ/mol obtained from the fit. This calculation assigns the error of fit entirely to the
heat of formation of alpha prime-CapSi0s and presents the data in their poorest perspective

The molar volume measured at 1023 K was taken from the work of Douglas {1952).

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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THERMODYNAMIC DATA FOR MINERALS 6.

Ca,0,Si

szzzzz=sazacze

=====zsz=s=s

CapSils, gamma Calcium Olivine Formula weight = 132,163 g/mol

Summary of Critical Data

Data at Reference Temperafure, 298.15 K (42s)

$° = 120.499+2.045 J/(mol-K) aHZ = -2316.534£2.441 kJ/mo)
Ve =  59.110£0.360 cm®/mol 462 = -2199.776£1.881 kJ/mol

Equations at Reference Pressure, 101,325 kPa (Temperature range 200 to 1150 K)
CHTY/DI/(mo1-K)T = ay/T% +-a3/1%5 4 a5 v 245 T + a7 T2
SS(TY/L0/(mol k)] = -a;/(2 T2) - 2 a3/1%5 & ag + agIn(T) + 2ag 7T + a7 7/2
[HO(T)-H°(298.15K)1/(J/mol) = -ay/T + ap + 2 a3 7T9°5 + agT + ag T2 + a7 T3/3
ap = -2.360066x10° ag = 2.391441x10° ag = 1.065862x107}
ap = 7.387180x10% as = 0.0 a7 = -8.150119x107°
a3 = 1.656378x103

Critical Reactions

Invercion:

CapSiGs(Ca-olivine) = CapSilg(alpha prime)

Ti = 1120 K (observed) As;

12.231+2.51 J/(mol+K)
AH? = 13.699+2.46 kd/mot

Primary Experimental Data Used in the Analysis

Table 1 provides the sources for the primary data used in evaluating the thermodynamic properties of Ca-olivine.

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of
Source Data Type Method Points Range
King (1957) heat capacity isothermal calorimetry 10 206 - 296 K
Coughlin and 0'Brien (1957) relative enthalpy drop calorimetry 18 405 - 1113 K
King (1957) entropy isothermal calorimetry 1 298.15 K

The heat-capacity values of King (1957) were fit with a standard error of estimate of 0.56 J/(mol1-K). The
relative enthalpy measurements of Coughlin and O'Brien (1957) were fit with a standard error of estimate of 232 J/mol or
approximately 0.93 percent of the observed value. The fitted entropy at 298.15 K is 120.499 + 2.045 J/(mol:K), or a
departure of 0.001 from the experimental value of 120.50 + 0.84 reported by King (1957).

The temperatures of the experimentally observed inversion of Ca-olivine to alpha prime-CapSi0q was entered as a
fixed value in the regression and supplies a constraint on the free energy of Ca-olivine and its polymorphs. This
inversion temperature is listed as "observed" in the section on critical reactions.

The molar volume of Ca olivine was obtained from the compilation of Robie and others (1967).

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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THERMODYNAMIC DATA FOR. MINERALS 653

Ca,0,Si

ssssssczzszscaessmsSamess=xs
CapSi0g, beta Larnite Formula weight = 132.163 g/mol
Summary of Critical Data
Data at Reference Temperature, 298.15 K (#2s)
§° = 126.71941.286 J/(mol K) 8HZ = -2306.697:1:328 kd/mol
V° = 51.600£0.540 cm®/mol 862 = -2191.794:1.039 kJ/mol
_Equations at Reference Pressure, 101.325 kPa (Temperature range 200 to 1000 K)
CRTI/as(mo1-K)] = ay/72 + ag/1%% + a5 4 226 T + a7 T2
SS(T)/LI/(mol k)T = -ay/(2 T2) - 2 ag/T%°% 4 ay + ag in(T) + 2ag T + ay 1272
[H®(T)-H®(298,15K)1/(d/mol) = -a;/T + ap + 2 a3 105 + a5 T + ag T2 + a7 T°/3
ap = 0.0 ag = -1.538485x10° ag = 0.0
ag = -2.120900x103 ag =  2.496890x10% a7 = 0.0
a3 = -2.094286x10°
Critical Reactions
Inversion:
CapSiDg(larnite) = CapSiOg(alpha prime)
Ty = 970K (observed) 483 = 1.57§il.93 J/{mal-K)

AH? = 1.52840.61 kd/mol

Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermodynamic properties of larnite.

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data
No. of

Source Data Type __ Method - Points Range
Todd (1951) heat capacity isothermal calorimetry 10 206 - 296 K
Coughlin and 0'Brien (1957) relative enthalpy drop calorimetry 10 406 - 965 K
Hemingway and Robie (1977) entropy 1 298,15 K

The heat capacity measured by Todd {1951) was fit with a standard error of estimate of 0.13 J/(mol+K). The
relative enthalpy measurements of Coughlin and 0'Brien (1957) were fit with a standard error of estimate of 102 J/mol or
approximately 0.16 percent of the observed value. The fitted entropy at 208.15 ¥ is 126.719 & 1.286 J/(mol-K) which
agrees with the experimental value of 126.7 % 0.8 J/{mol-K) reported by Hemingway and Robie (1977).

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting

No. of BHI(298.15 K) 4H(298.15 K)
Source Method Reaction? Range T/K Paints kd . kdJd /mol
Brunauer and others (1956')b solution calorimetry A 296.15 1 -8.637+0.831 -2306.681
(HF-HNO3)
King (1951)¢ solution calorimetry (HF)® B 346,85 6 126.069+1.971 -2306.954
Benz and Wagner (1061) Emf C 943-963 3 ~2.678+0.088 -2312.720

a Reactions:
A} Ca3SiOg = CapSiOg(larnite) + CaO(lime)
8) CazSiOg(larnite) = Si0p(quartz, alpha) + 2 Ca0(lime)
L) L7z Cavu(lime) + 1/2 CazSizUz(rankinite) = LapSilg{larnite)

b Brunauer and others (1956) measured the difference in the heat of solution of Ca35i0s and @ 1:1 molar mixture of
larnite and ltime.

€ King (lybl) measured the heat of solution ot larnite 1n Ht acid at 346.85 K. [o complete the thermodynamic cycle,
his data were evaluated in combination with the more recent data for the enthalpies of solution of 1ime (Barany,
1963).and of quartz (Hemingway and Robie, 1977; Bennington and others, 1978) in similar solutions

Atter titting, as a test of consistency, the average enthalpy ot reaction at Z98.1% K and 101.32b kPa was cal-
culated for each source. These enthalpies are shown.in column 6 of Table 2. Ffrom these enthalpies of reaction and the
calculated enthalpies of formation . of other phases in the reactions, the enthalpy of formation for larnite (column 7 of
Table 2) was calculated for each source and can be compared with the enthalpy of formation of -2306.697+1.320 kJ/mol
obtained from the fit. This calculation assigns the error of fit entirely to the heat of formation of larnite and
presents the data in their poorest perspective.

The temperatures of well-defined experimentally observed polymorphic transitions were entered as fixed values in
the regression and supply additional constraints on the free energy of larnite and its polymorphs. These inversion
temperatures are listed as "observed” in the section on critical reactions.

The molar volume of larnite was obtained from the compilation of Robie and others (1967).

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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THERMODYNAMIC DATA FOR MINERALS 655

Ca3Si0s (reference) Ca3Sils a Formula weight = 228.323 g/mol
(Hatrurite and others polymorphs, undifferentiated)

Summary of Critical Data

Data at Reference Temperature, 298.15 K (+2s)

S° = 168.600+0.311 J/(mol+K) AH; = -2933.134£1.700 kdJ/mol
ve = 72.742 cm3/m01 AG% = ~2787.747+£1.699 kJ/mo]
Equations at Reference Pressure, 101,325 kPa (Temperature range 200 to 1800 K)
CRTI/LI/(mo1+K)T = ay/TZ + ag/T%5 & a5 + 2257 + a7 T2
SO(T)/[0/(mo1-K)] = -ap/(2 T2) - 2 a3/T%5 + a4 + a5 In(T) + 2ag T + ay T%/2
[Ho(T)-H°(298.15K)]/(d/mol) = -a1/T + ap + 2 a3 105 o ag T + ag 2 az T3/3
ap = -6.525972x10%  ag = -2.053310x10° ag = -2.325287x107°
ay = -4.046000x10° as =  3.339197x10% az = 0.0
a3 = -2.766085x10°
Critical Reactions
) Décomposition:
Ca0(lime) + CapSiOg(alpha brime) = Ca3Silsg
Ty - 1622.76 K (calculated) 88§ = 7.114 J/(mol-k)
AHS = 10.834 kdJ/mol

a Data insufficient to evaluate properties of individual polymorphs. Equation constants and tabular data represent
averaged properties of all polymorphs in temperature range of stability at 101.325 kPa.

Primary Experimental Data Used in the Analysis

Tables 1 and 2 provide the sources for the primary data used in evaluating the thermcdynamic properties of
Ca3Si0s. ’

Table 1. Sources for Heat Capacity, Relative Enthalpy, Entropy, and Related Data

No. of :
_ Source Data Type e Method Points Range
Todd {1951) heat capacity isothermal calorimetry 9 206 - 297 K
Grenow and Schwiete (1933) relative enthalpy drop calorimetry 12 576 - 1558 K
Todd (1951) entropy isothermal calorimetry 1 298.15 K

The heat-capacity values of Todd (1951) were fit with a standard error of estimate of 0.19 J/(mol-K). The
relative enthalpy measurements of Gronow and Schwiete (1933) were fit with a standard error of estimate of 1021 J/mol or
approximately 0.46 percent of the observed value. The fitted entropy value at 298.15 K is 168.600 + 0.311 J/(mol-K)
or a departure of 0.003 from the experimental value of 168.6 + 1.25 reported by Todd (1951).

Table 2. Sources for the Enthalpy and Free Energy of Reaction and Related Data, and Enthalpies Calculated After Fitting

No. of a12(296.15 K) li2(298.15 K}
Source Method Reaction? Range T/K Points Third taw, kJ kd/mol
Brunauer and others (1956)b solution calorimetry A 296.15 1 -8.63710.831 -2933.153
(HCT-HNO3)
Cartson (1931) phase equilibria B 1523 1 11.669+0.145 -2933.136

a Reactions:
A) Ca3SiOg = CapSiOs(larnite) +Cal(lime)
B) CapSi0g(alpha prime) + CaO(lime) = Ca3SiOs

b Brunauer and others (1956) measured the difference in the heat of solution of Ca3Si0g and a 1:1 molar mixture of
Tarnite and lime.

The phase-equilibrium study of Carlison (193i) was evaluated after converting the data to free energies of reaction
at 101.325 kPa and temperature. After fittirg, as a test of consistency, the average enthalpy of redclion at 298.15 K
and 101.325 kPa was caiculated and is shown in column 6 of Table 2. Ffrom this enthalpy of reaction and the calculated
enthalpies of formation of other phases in the reactions, the enthalpy of formation for Ca35i0y (column 7 of Table
2) was calculated and can be compared with the enthalpy of formation of -2933.13/41./0 kJ/wol obtained from the fit.
This calculation assigns the errvor of fit entirely to the heat of formation of Ca3510y and presents the data in their
poorest perspective.

The molar volume was taken from the work of Yamaguchi and Miyabe {1960).

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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THERMODYNAMIC. DATA FOR MINERALS 657

Ca,0,Si,

====‘-==========s===-_-===================‘==========:======================================:

Ca3Sip07 Rankinite Formula weight = 288.407 g/mal

Data_at Reference Temperature, 298.15°K (;:25)'

§° = 210.600£2.938 J/(moi-K) Mg . = -3973.20243.20 kJ/mol
¥e "= 96.506 cm®/mol 863 = -3773.59522.466 kJ/mol
Equations at:Reference Pressure, 101.325 kPa (Temperature range 200 to 1400-!()»
C3(T) /LI (mo1+K)] = - ay/T? 4 agr1%"% 4 ag 4 2ag T 4+ ay T2,
SO(Ti/Lo/(mot«K)] = -a1/(2 T2) - 2 ag/1%°% '+ ag .+ a5 In(T) '+ 2 ag.T + ay 12/2
[Ho(T)-H"(298.15K)1/(3/mol) = -a1/T + az + 2.a3 705 + as T + ag T2 + a7 1%/3
a; = 3.397203x10° ag = -2.971338x10° Tag = :2.103545x1072
43 = 1.106750x10% ag = 4.732091x102 a7 = 0.0
.
a3 = -4.318802x10°

anary Expenmenta] Data Used _in_the Ana]xs1s

Tables 1 .and 2 provide the sources for :the primary data used in evaluating the thermodynamic properties of
rank'snite. .

Table 1. : Sources for Heat Capacity, Relatwe Enthalpy,. Entropy, and Related Data

No. of
. Source § L Data Type Method Points 3} Range
King (1957) : : heat capacity isothermal calorimetry 10 206 - 296 K
_ Estimated.values .. B heat ‘capacity component summation 12° 400 - 1500 K
King (1957) ) . ) - .entropy . isothermal calorimetry 1 298.15 K

The heat capacity measured by Xing (1957) was fit with a standard error of estimate of 0.28 J/(moi-K).. The’
estimated heat-capacity values were fit with-a standard ervor of estimate of 5.33 J/(mol+K). The fitted entropy at
298.15 K is 210.600 + 2.938 J/(mol- K), or a departure of 0.27 J/mol from the experimental value of 210.87 % 1.26.
reported by King (1957).

Table 2. Sources for the Enthalpy. and- Free’ Energy of Reaction and Related’ Data, and Enthalpies Calculated. After Fitting
. No. of AH® (298 15 K) AHf(298 15 K)

Source ' . _Method - Reaction® Range T/K Points Th1rd Law, ki kd/mol
Benz and Wagner (1961) ’ Emf . A 943-963 3 -2.678+0.088 =-3961.156
Benz and Wagner (1961) Emf ] 971-1143 10 -5.517+0.379 -3973.106
Benz and Wagner (1961) Emf c 943-1003 10 -41.44140.186 -3968.856

a Reactions: .
A) 172 CaO(time) + 172 Ca3Sip0z(rankinite) = Ca251'04.(]arnite)
B) 1/2 Ca0{lime) + 1/2 Ca3Sip07(rankinite) = CapSiOg{alpha prime)
C} 17z ca0(1ime) + Cas103(cyclow01lastomte) = 1/2 Cazsiz0y(rankinite)

Phase-equilibrium studies of-Benz .and -Nagner (1961) were evaluated after thé data were converted to free energies
of reaction- at 101.325 kPa and temperature. : :

After fitting, as a test of consistency, the average enthalpy of reaction.at 298.15 K and 101,325 kPa was cal-
culated for each source. These enthdlpies are shown in column 6 of Table 2. From these enthalpies of reaction and the
calculated enthalpies of formation of other: phases in the reactions, the enthalpy of formation for rankinite (column 7
of Table 2) was calculated for each sourcé and can be compared with the enthaipy .of formation of -3973,202+3.20
kd/mol obtained from the fit. This calculation assigns the error of fit entirely to the heat of formation of rankinite
and presents the data. in their poorest perspective.

The mclar“vol_ume was taken from the work of Saburi and others (1976).
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THERMODYNAMIC DATA FOR MINERALS 659

H

SESSCSSSSZsSzxSTSS=Z=aSES

Hp, ideal gas Hydrogen, ideal diatomic gas Formula weight = 2.016 g/mol

Summary of Critical Data

s° = 130.570 J/(molK) &HZ = 0.0 kJ/mol
Ve = 24789.200£3.4 cm/mol : 863 = 0.0 kd/mol

Equations at Reference Pressure, 101.325 kPa (temperature range 200 to 1800 K)
C3TI/LI/imol-K)] = ay/T2 % a3/1%% 4 ag + 2267 + a7 77
SO(T)/03/(mo1+K)]1 = <a1/(2 T2) - 2 a3/T%5 & 2y + ag In(T) + 2ag 7T + ajy 12/2
[HO(T)-H°(298.15K)1/(J/mo1) = =-ay/T + ap + 2 a3 T°*5 + a5 T + ag T2 + a7 T°/3
a; = -5.1040600x10° ag = 1.29375x10% ag = 5.85357x1073
ag = -1.8603165x10% ag = 7.44240 a7 = -1.38995x1076
a3 =  4.1016500x10%

Sources for Thermodynamic Properties

The thermodynamic properties for hydrogen were taken from the following sources:

Property Source
Heat capacity Hultgren and others (1973)
Entropy CODATA Task Group (1978)

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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THERMODYNAMIC DATA FOR MINERALS

Hp0 (reference state)

Summary of Critical Dat

H20, water; Hp0, ideal gas

Data at Reference Temperature, 298.15 K {42s)

Formula weight = 18.015 g/mol

S° = §9.921 J/(mol-K) aHZ = -285.808 kJ/mol
Ve = 18.069:0.003 cm°/mol 863 = -237.160 kd/mol

Equations .at Reference Pressure, 101.325 kPa

C(T)/LI/ (Mol -K)] =

a1/T2 + a3/T0'5 + ag + 2ag T + a7 T
$°(T)/LI/{mo1-K)] =

[H(T)-H°(298.15K)1/(J/mal) = -a;/T + ap + 2 az 705

Hp0, water (temperature range 200 to 373.15 K)

2

-ay/(2 ) - 2 a3/T°'5 + ag + ag In(T) + 2ag T + ay 1272

+ ag T + ag T2 + ay T3/3

ap - - G.Gl70441x105 ag = -1.5130719x103 ag = 3.0064551x10-2
ag = -1.1932000x10% as =  2.2085094x10% a7 = 0.0
az = -2.6676397x10°
Hp0, ideal gas (temperature range 373.15 to 1800 K)
a; = -1.310770x10° ag = 1.55636x10° ag = 1.29775x107%
ap = -1.499822x10% ag = 1.04381x10} a7 = -4.46885x1070
a3 - 2.99188x10°
Critical Reaction
Inversion:
H20, water = H20, ideal gas
‘Ti = 373.15 K (observed) as3 = 109.487 J/{mol-K)

[ -
AHi =

40.856 kd/mol

Sources for Thermodynamic Properties

The thermodynamic properties for water and the ideal gas were taken from the following sources:

Property
Heat capacity

Entropy
Enthalpy of formation from

Source

Stull and Prophet (1971) and
Chase and others (1974, 1975)
CODATA Task Group (1978)
CODATA Task Group (1978)

the elements

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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THERMODYNAMIC DATA FOR

MINERALS 663

HZO HZO, ideal gas

Summary of Critical Data

Data at Reference Temperature, 298.15 K (#2s)

Formula weight = 18.015 g/mol

s° = 188.731 J/(mol-K) BHE = -241.836 kJ/mol
Ve = 24789.2003.4 cm®/mol 463 = -228.611 kJ/mol
Equations at Reference Pressure, 101.325 kPa (temperature range 200 to 1800 K)
Co(T)/[I/(mo1+K)] = a1/T2 + a3/T0'5 + ag + 2ag T + ay 12
SO(T)/L0/(mol K} = =-ay/(2 T2) - 2 a3/T%5 4 ag + ag In(T) + 2ag T + ay 1272
[HO(T)-H°(298.15K)1/(J/mot) = -ap/T + ap + 2 a3 T0°° 4 ag T + ag T2 + a7 T/3
a; = -1.310770x10° ag = 1.55636x10° ag = 1.29775x1072
ag = -1.499812x10% ag = 1.04381x10% a7 = -4.46885x107°
a3 =  2.99188x102
Critical Reaction
Inversion:
Hp0, water = Hp0, ideal gas
Ti = 373.15 K {observed) AS; = 109.487 J/(mol1-K)

#

°
AHi

40.856 kJ/mol

Sources for Thermodynamic Properties

The thermodynamic properties for the ideal gas were taken from the following sources:

Property Source

Heat capacity Stull and Prophet (1971) and
Chase and others (1974, 1975)

Entropy CODATA Task Group (1978)

Enthalpy of formation from CODATA Task Group (1978)

the elements

J. Phys. Chem. Ref. Data, Vol. 10, No. 3, 1981
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Eguations at Refereunce PIB;SUIH, 101.325.kPa {Lemperature range 200 to 1800 K)

C5(T)/La/(mol +K)]

$°(T)/03/(mo1+K)]

LHO(T)-He(298.15K)1/(d/mol) =

a1

az

a3

The

" 1:84663x10°

-6.323001{103

-1.70675x102

= ai/t? o+ a3/To'5 +oag 4 Zag T + ay T2
_ L2 0.5,
= -a1/(2 T°) - 2 a3/T +- a4 + a5 In(T) + 2 ag T
-ayf/T .+ ap + 2 a3 TG'5 + ag T + 55 T2
ag = -3.75052x101
ag- =  3.54525x10!

Sources for Ther.modyn'amic Properties

thermodynamic properties for oxygen were taken from the following sources:-

Property Source
Heat capacity Hultgren and others (1973)
Entropy

CODATA Task Group {1978)

Cay ‘=

THERMODYNAMIC DATA FOR MINERALS ‘865
02, tdeal gas 'Oxygen, ideal diatomic gas Formula weight = 31.999 g/mol
Summary of Critical Data
Data at Reference Temperature, 298.15 K (+2s) '
s° 205.033 J/{mol:K) SHg = 0.0.kd/mol
Ve = 24789.200+3.4 cm®/mol 463 = 0.0 kd/mol

+ ay 1472
+oay T3

-3

ag = 3.17977x10

-1.85649x1075 -

‘.I. Phys. Chem. Ref. Data, Vol. 10,:-No. 3, 1981
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“THERMODYNAMIC DATA FOR  MINERALS 867

messcciscccscisss=msresismsssss=msinssssoosssssscssssszsssssifsssizsssazsass;

SiOz‘(reference state) Quartz; alpha; Quartz, beta Formula weight = 60,085 g/mol

Suhmary of Critical Data

Data lat Reference Temperature, 298.15 Kk (t2s) {quartz, alpha}

$° = 41.460.3/(mol-K) . SHS = -910.699 kJ/mol

Vo = .22,68820.00% cn’/mol 862 = -856.321 ki/mol
E‘qunt‘ioﬁs at Reference P’vressure', 101.325 kPa

CHTI/TI/ (Mol k)Y = ay/T8 + a3/19% 4 ag + 24T + a7 T2

$O(TY/La/mol=K)T = -aif(2 T2) = 2.a3/T%% + ag + a5 In(T) + 24T + ay TZ/2

CLHO(TY-H®(298.15K)3/(3/mol). = -ay/T & ag + 2 a3 7% & a5 T + ag 1% + a7 7973

Quéftz, alpha (temperature range 200 to 844 K)

ag = 0.0 _ ag = -5.29232x10° ag = 1.09962x10"2
ap = 1.05800x103 L ‘ag = 8.32101x10! ' a7 = 0.0
a3 = -7.77338x10° ‘
-Quartz, beta (temperature rangé 844 to 1800 K) .
a;y = 0.0 : ag = -3.00084x10% , ag = 5.0208x1073
ap. & -1.801085x10% ag = - 5.89107x1¢ ’ a7 = 0.0
a3, = 0}0.
Critical. Reactien
Inversion: .
Sng(quaftz, alpha) = Si0p(quartz, beta)
Ti = 844 X As; = 0.904 J/(mo1jK)
o BHS = 0.764 kJ/mol

Sources for Thermodynamic Properties

The ‘thermodynamic properties for quartz were taken from the following sources:

Property Source

Heat capacity Stull and Proﬁhet (1971) and
Chase and others (1974, 1975)

Fntrapy - CODATA Task Group (1978)

Enthalpy of formation from CODATA Task Group (1978}
the elements :

The molar volume of quartz was obtained from the compilation of Robie and others (1967).

J. Phys. Cherm. Ref. Data, Vel. 10, No. 3; 1981
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THERMODYNAMIC DATA FOR MINERALS _ 669

Si

S=zzzs==ssis=sSSSS=ISSSSSSSSSSSSSSSSSESSSIssSsSssssssssoss=ssoSososcozsssssastsoaw

Siy(reference state) Silicon, Erysta];,Si]icoh, liquid Fformula weight = 28.086 g/mol

‘Summary of Critical Data

‘Data: at kefergnce,Température; 298.15 k' (+2s)

'$°- = 18,810.9/(me1-K) . ' BH = 0.0 kJ/mol
Ve = [12.05640,002 cn®/mol 863 = 0.0 kJ/mol
‘quations at Reference Pressure, 101.325 kPa
CR(TI/LIHmol k)T = ay/T2 4 ag/TO® o a5 4+ 226 T + a7 T2
CSAUTIIIMmOT KT = map/(2 TE) 212 ag/TO % 4 a4 oag In(T) ¢ 2 ag T+ ay 1272
[HO(T)=H°(298.16K)1/(J/mol) = =ai/T * . ap % 2.a3 70> '+ ‘a5 T + ag T2 '+ ay 1%/3.
Siliéon, crysfal:(temperature range ZQO to 1685 K)
a; = '-4.48020x10° ag = -4.82356x10° ' ag = 2.81373xi07%
‘ag & -3.83500x10° @5 = 3.17050x10" a7 = 0.0
Ay =" -1.77189%10% .
fSi\jcon,kliquid (temperature- range 1685 to 1800 K)
agi- = 0.0 : ag = -9.78143x10% “ag = 0.0
ap = -7.610x10% L .ag = 2.55224x10! a7 = 0.0
- ag = 0;0 ‘
T?jt{éal Réactioii
Me]ting:‘ ]
“Si(silicon, crystal). = Si(silicon, liguid). _
T, = 1685°K ) _ © 4S5 = 30.001 9/(mol+K)
' aH? = 50.551 kJ/mol

Sources for Thermodynamic Properties .

.The thermodypamic properties for silicon were taken from the following sources:

Property Source
Heat capacity Hultgren and others (1973)
Entropy CODATA Task Group (1978)

Enthalpy -of melting . Hultgren and-others .(1973)





