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Feasibility Study of
Data for Nuclear-Waste Disposal-~—Thermodynamic Properties
of Basalt, Granite, Shale, and Tuff
by

Gilpin R. Robinson, Jr., Constance M. Schafer, and John L. Haas, Jr.
ABSTRACT

A compilation is presented of the available experimental data on the
thermodynamic properties of 66 mineral phases that are commonly present in
some of the rock types proposed as nuclear-waste storage candidates:

1) granite, 2) tuff, 3) shale, and 4) basalt. A summary of the chemistry and
mineralogy of each rock type is given. A procedure to evaluate an internally
consistent set of thermodynamic properties for minerals from the compiled
experimental data is presented.

We conclude that sufficient reliable data exist to evaluate the thermo-
dynamic properties of most of these mineral phases. These data are summarized
in Table 2 and cited in detail in Appendix 2. Future efforts will be focused
on deriving the properties of the end-member components of mineral phases
that form solid solutions. Where experimental data are lacking or
insufficient, the properties of heat capacity, volume thermal expansion, and
volume compressibility can be estimated with an accuracy of a few percent.

The greatest uncertainties and evaluation difficulties are foreseen for mineral
phases having variable water content (zeolites, some mineral hydrates, some

clays).



1. Introduction

The thermal and chemical evolution of a potential nuclear-waste
repository must be known and understood before an intelligent decision can
be made regarding radioactive-waste storage. A properly evaluated set of
thermodynamic data can provide some of the needed information. This report
presents a procedure to evaluate an internally consistent set of thermo-
dynamic data for minerals and contains a tabulation of experimental data
which may be used in this evaluation. Experimental data pertinent to
mineral phases in 1) granitic, 2) tuffaceous, 3) shale, and 4) basaltic
rock types are presented. An important feature of the evaluation procedure
is the identification of inconsistent and erroneous data in the set of
experimental data under consideration.

The report is divided into three sections. The first section briefly
summarizes the chemical and physical character of the proposed repository
rock types and identifies for each rock type:

1. a generalized chemical system describing the rock type,

2. the major mineral constituents,

3. the minor mineral constituents, and

4. the common alteration phases.

The second section is a summary of available experimental data on
heat capacity, relative enthalpy, entropy, enthalpy of formation,
enthalpy of reaction, Gibbs energy of reaction, chemical potential, molar
volume, volume expansivity, and volume compressibility for the mineral

phases of interest.



The third section presents the research proposal to generate an
evaluated set of thermodynamic data for minerals. The evaluation will
involve additional information for phases not tabulated here to provide an

extensive, internally consistent, and reliable data base.



2. Summary of rock-type chemistry and mineralogy

2.1. Granite and other crystalline igneous rocks

Granitic crystalline igneous rocks occur as large, relatively homogeneous
bodies which consist primarily of a granular aggregate of feldspar minerals
and quartz. Grain size typically ranges between 1 mm to a few cm. The
model chemical system is Nas0-K50-Ca0-(Fe0)-(Fes03)-A1203-Si02-Ho0. Oxide
components in parentheses are of less importance than the components not in
parentheses. The minerals and their chemical formulas are given below. A

typical analysis, including the norm and mode, is given on Table 1.
a. Major mineral constituents

The major minerals, as cited above, are quartz and the feldspars. They
generally account for as much as 95 percent of the mineral volume. The
formulas are as follows:

Quartz - Si0y

Plagioclase feldspar approximately Ano 20:Alb 80

Albite - NaAlSi30g
Anorthite - CaAl9Sio0g

K-feldspar (microcline)

KA1Si30g

1Ano 20:A1b 80 signifies a composition of 20 percent anorthite and 80
percent albite of GFW (gram formula weight = molar) units in the feldspar.
The three-character abbreviations for end-member mineral components are
defined in Appendix 1. This notation style is used throughout the

description of rock types.



Table 1. Representative rock compositions
Oxide wt. % Granited  Tuffd Basalt®  Shaled
Chemical composition

Si0p 73.60 66.0 53.8 58.10
Ti0s 0.18 0.55 2.0 0.65
A1504 13.84 15.4 13.9 15.40
Feo03 0.63 2.6 2.6 4.02
Fe0 1.43 2.0 9.3 2.45
MnO 0.04 0.1 0.2

Mg0 0.29 1.3 4.1 2.44
Cal 1.34 3.2 7.9 3.11
Nao0 3.74 3.5 3.0 1.30
K20 4.27 4.3 1.5 3.24
Ho0 0.17 0.88. 1.2 5.00
P20g 0.02 0.22 0.4 0.17
Misc. . 0.13€ L _4.07f
TOTAL 99.68 99.96 99.9 99.95

Norm (wt. %)(calculated from chemical composition)

Quartz
K-feldspar
Albite

Anorthite

31.20
25.38
31.44

6.95

20.1
25.7
30.8
13.4

3.9
8.9
25.2
20.0




Table 1. Continued

Granited Tuffb BasaltC Shaled

Diopside 13.9

Wollastonite 0.6

Enstatite 3.2

Ferrosilite 0.8
Hypersthene 2.55 15.3

Enstatite

Ferrosilite
ITmenite 0.30 1.0 3.8
Magnetite 0.93 3.9 3.7
Apatite o 0.5 0.9
TOTAL 98.75 100.00 98.6

Mode (measured) (volume %)
Quartz 33.0 2.2 1 Quartz  30.8
K-feldspar 32 1.3 i
i Feldspar 4.5
Plagioclase 34 35 i
Biotite 2 5.4 i Fe-oxides <0.5
Amphibole 1 <1 'g Carbonates 3.6
(hornblende) g’
Magnetite 1.8 % Organic
?i matter 1

Orthopyroxene 0.5 i <5
Clinopyroxene 1.5 i <5 Clays 59.9g
Ofivine i____<5




Table 1. Continued

Granited Tuffb BasaltC Shaled
Matrix 52h >901
An content of
Plagioclase 21 36 63
(mole %)
102.5 100.2 100.0 100.39
TOTAL

dRubidoux Granite, California, sample E1-167, Larsen, 1948, GSA Mem. 29.

bSnowshoe Mtn. Quartz Latite, Colorado, sample S-56A, Ratte and Steven, 1967,
USGS Prof. Paper 524-H.

CAverage Yakima basalt (analysis b, p. 593), Columbia River Plateau,
Washington-Oregon, Waters, 1961, AJS, 259, 583-611.

dAverage shale, Shaw and Weaver, 1965, J. Sed. Pet., 35, 213-222.

€co,

feo,+504+C

9Clays include: illite and mixed-layer clays, kaolinite, and chlorite
(1isted in order of decreasing abundance).

hMatrix comprises: 1) glass + alteration products in welded tuff, 2) micro-
crystalline intergrowth of plagioclase and cristobalite in devitrified tuffs,
and 3) clays + zeolite minerals in altered tuffs.

TMatrix comprises: intergrown microcrystalline clinopyroxene (pigeonite),
orthopyproxene, and plagioclase with minor cristobalite (listed in order of

decreasing abundance).



b. Minor mineral constituents

The minor constituents of granites account for less than 5 volume percent

of the rock and include the following:

Muscovite -
Biotite -
Annite -
Phlogopite -
Garnet -
Almandine -
Magnetite -

Amphibole -

KA13Si3010(0H) 2

commonly annite

KFe3A1Si3070(0H)2

KMg3A1Si3010(0H)»

commonly almandine

Fe3A15Si3070

Fe30q

commonly hornblende - NayCap(Mg,Fe)s_py

Aly+4ySig-x-2y022(0H)2
x = 0-1, y = 0.5



c. Alteration phases

Alteration generally takes place near fractures at depth or near the

weathering surface during erosion.

Rock bodies that have experienced

thermal metamorphism may show pervasive alteration. Alteration phases,

besides quartz and the feldspars, include the following minerals:

Epidote - Zoisite
Clays
Kaolinite
Smectite
Alkali-free
Montmorillonite

Montmorillonite

Beidellite

Nontronite

Calcite

CaoFeA15Si3012(0H) - CapA13Si3012(0H)

A15S7905(0H) 4

commonly montmorillonite - beidellite

A12514010(0H)2’nH20
(1/2Ca,Na)q,33(A11,67,(Mg,Fe)q,33
314010(0H)2'HH20
(1/2Ca,Na)g,33(A12)(Alg,.33,S13.67)
Olo(OH)Z.nHzo
(1/2Ca,Na)g.33(Fe*3) (A1 33,515, 67)
Olo(OH)z'nHzo
n<?2

CaCO3



2.2. Tuff

Tuff is an indurated (hardened by temperature, pressure, and/or chemical
reaction) volcanic deposit, predominantly composed of volcanic ash (fragmental
volcanic material having grain diameter less than 4 mm). The fragmental
material may consist of:

1. quenched magma in the form of glass particles,

2. phenocrysts (crystals grown in the magma chamber), and

3. rock fragments.

Tuff occurs as sheetlike bodies surrounding volcanic centers, and
deposits range from less than a meter to more than 1000 meters in thickness.
Large tuff units commonly are formed from volcanic air-fall or avalanche
deposits. The avalanche deposits may be welded from the heat present
during deposition.

The bulk composition of large tuff sheets typically ranges between
the compositions of quartz latite-dacite and rhyolite. A representative
analysis, norm, and mode are given in Table 1. The typical ranges of

silica content and phenocryst content in large tuff sheets are as follows:

Rhyolite <---+ Quartz Latite-Dacite
75 wt. % Si0p «---+ 62 wt. % Si0p
0% phenocrysts «---+ 50% phenocrysts

(volume percent)
Tuffs can be categorized into several types, which occur as zones in
large deposits (Smith, 1961, USGS Prof. Paper 354-F, 149-159, plate 20-D):
1. unwelded to partially welded zone

2. partially to completely welded zone

10



3. devitrified zone
4. altered zone.
The model chemical system is Nap0-K0-Ca0-(Mg0)-(Fe0)-(Fen03)-A1203-Si0,-

Ho0. Mineral constituents of tuffs consist of phenocryst and matrix phases.
a. Phenocrysts

The phenocrysts, which typically are 0-50 volume percent of tuffs,

could be any one or more of the following:

Plagioclase feldspar - typically Ano 20:A1b 80 - Ano 50:A1b 50
Albite - NaAlSi30g
Anorthite - CaAl,Sip0g
K-feldspar (sanidine) -  KA1Si30g
Quartz - Si0p
Biotite - typically annite
Annite - KFe3A1Si3010(0H) 2
Phlogopite - KMg3A1Si3010(0H)»

b. Accessory phenocrysts

The accessory phenocrysts, which are typically less than 2 volume percent,
may be one or more of the following:
Clinopyroxene - typically ferroaugite - approximately
Hed 41:Dio 27:Cts 19:Cen 13
Hedenbergite - CaFe(Si03)2
Diopside - CaMg(Si03)p
Ca-A1 Clinopyroxene-  CaAl,Si0g

Clinoenstatite - MgSi03
11



Clinoferrosilite -  FeSiO3

Orthopyroxene

Enstatite - MgSi03

Ferrosilite - FeSinj

Wollastonite - CaSi03
Amphibole - commonly hornblende - NayCap(Mg,Fe)s_py

Alx+4ySi8-x-2y022(0H)2
x = 0-1, y = 0.5

Fayalite - FesSilOg
Magnetite - Fe30g
[Tmenite - FeTi03

c. Matrix

Typically the matrix varies from about 50 to 100 volume percent. It
varies by zone:

1. 1In the unwelded to partially welded zone and the partially welded

to completely welded zone, the typical matrix is glass or glass plus

alteration products. Glass tends to hydrate with time. Unhydrated fresh
glass typically has a water content of < 1 wt. percent Hp0, whereas
hydrated glass typically has a water content of 2-4 percent. Porosity
may be as great as 50 percent in the unwelded to partially welded zone.

2. In the devitrified zone, the typical matrix is a microcrystalline

intergrowth of alkali feldspar (Na-K feldspar) and cristobalite (Si0p).

3. In the altered zone, the matrix is typically clay (montmorillonite)

and/or zeolite minerals replacing glass and, in some places, phenocrysts.

12



Alteration occurs more rapidly in hydrated glass than in unhydrated glass

and hydration may be necessary to achieve alteration.

d. Alteration products

Typical alteration products are:

1‘

Clays
a. Smectite - commonly montmorillonite - beidellite
Alkali-free montmorillonite - A12514010(0H)2’nH20
Montmorillonite - (1/2Ca,Na)q, 33(A17.67,(Mg,Fe)q,33)S14010
(OH) 5 *nH»0
Beidellite - (1/2Ca,Na)0.33(A12)(A]0.33,513.67)010(0H)2'nH20
Nontronite - (1/2Ca,Na)q_33(Fe,">)(Alg 33,513 67)070(0H) " nHA0
n<?2
b. Kaolinite/Halloysite/Dickite - A12Si205(0H)g
Zeolites
a. Clinoptolite - (Na,K,Ca)p_3AT13(A1,51),Si73035"12H50
(generally an impure heulandite)
b. Heulandite - CaAl,Si701g°6H,0
c. Analcite - NaAlSi,0g°Ho0
Miscellaneous
a. Calcite - CaCO3
b IlTite - (K,H30) 44y (A5 y (Mg,Fe) ) (Sig_y ATy)010(0H) "

1-x-y-zHo0 x+ty+z < 1

13



2
Observed alteration sequences are :
glass —s» hydrated glass —s= montmorillonite —pm illites/mica

heul andi’te/cl inoptolite
spherulites +fresidual glégg\
(microcrystalline alkali feldspar plus
cristobalite/quartz)

2
Barrows, 1980, GSA Bull., 91, 199-210.

14



2.3. Flood basalt

Flood basalt occurs as sheets of rapidly cooled basaltic lava erupted
from a volcanic center in continental basement. Individual sheets typically
have great areal extent and range from less than 1 meter to 100 meters in
thickness.

The model chemical system is Ca0-(Nap0)-Fe0-(Fe03)-Mg0-A1203-Si0o-(Ho0,C00).

A typical analysis, norm, and mode are given on Table 1.
a. Major constituents

The major constituents consist of phenocrysts and matrix phases. Pheno-
crysts typically account for 0 to 10 percent of the rock volume, and matrix
composes the remainder. Gas bubbles (vesicles) occur in some basalt units,
usually near the top surface of the flow.

1. Phenocrysts usually are:

Olivine - typically For 90:Fay 10
Forsterite - MgpSilg
Fayalite - FeoSily

Plagioclase - typically Ano 60:A1b 40
Anorthite - CaAl2Sio0g
Albite - NaAlSis0g

2. Matrix, which typically is a microcrystalline intergrowth of:
Clinopyroxene - typically pigeonite - approximately
Cen 46:Cfs 38:Dio 9:Hed 7
Diopside - CaMg(Si03)2
Hedenbergite - CaFe(Si03)2

15



Clinoenstatite - MgSiO3

Clinoferrosilite -  FeSi03
Hypersthene - approximately Ens 60:Fes 40
Enstatite - MgSiO3
Ferrosilite - FeSi03
Plagioclase
Anorthite - CaAl2Sio0g
Albite - NaA1Si30g

b. Alteration products

Alteration products typically occur in vesicles or along fractures and
flow-unit contacts in basalts. The low- and intermediate-temperature
alterations are temperature-induced responses to heated fluids moving
through the rock, and most of the alteration phases require the addition
of either water or carbon dioxide to the rock. The intermediate- and
high-temperature alterations are a result of thermal metamorphism of the
rock body. Basalts which have experienced thermal metamorphism may show
pervasive alteration.

1. Low-temperature (T < 250°C) reactions typically produce the

following minerals:

Calcite - CaC03

Dolomite - CaMg(C03)2

Epidote - Zoisite - CapFeAl1,Si3012(0H) - CapA13Si3072(0H)
Prehnite - CapAl1,Si3010(0H)»

Lawsonite - CaAl,Si507(0H)»H,0

16



Zeolites

Laumontite - CaA12$14012‘4H20
Heu]andite - CaA]2317018'6H20
Analcite - NaA]SiZOG‘HZO

Wairakite - CaA]ZSi4012'2H20

2. Intermediate-temperature (T < 375°C) reactions typically produce

the following minerals:

Calcite - CaCOj

Dolomite - CaMg(C03)9

Albite - NaAlSi30g

Zoisite - CapA13Si3072(0H)

Chlorite (Clinochlore) -  MggA12Si3071n(0H)4

Amphibole
Tremolite - CapMggSig0oo(0H)»
Actinolite - CasFegSig0pp(0H)»
Anthophyllite - Mg7Sig02o(0H)»

3. High-temperature (T > 350°C) reactions typically produce the
following minerals:
Amphibole - commonly hornblende - NayCap(Mg,Fe)s_py
Alx+4ySig_x-2y022(0H)2
x = 0-1, y = 0.5
Garnet - typically almandine or grossular

Grossular - CazAl2Si3019

17



Almandine
Pyrope
Clinopyroxene
Hedenbergite
Diopside
Ca-Al1 Clino-
pyroxene
Wollastonite
Orthopyroxene
Enstatite
Ferrosilite
0livine
Forsterite
Fayalite
Spinel

Magnetite

2.4.

Fe3A12Si13012

Mg3A12Si3012

CaFe(Si03)2
CaMg(Si03)2

CaA12S10g
CaSi03

MgSi03
FeSi03

MgsSi0g
FenSi0g

Fe30g

Shale

Shale is a rock composed of detrital particles having an average

diameter less than 1/16 mm in which the clay fraction (grain size <

1/256 mm) predominates over the silt fraction (grain size 1/16 - 1/256

mm) .

tegration and weathering of rocks.

Detrital particles are fragmental material produced by the disin-

Shales are an abundant rock type

deposited in sedimentary basins and typically occur as tabular bodies

having great areal extent.

18



The model chemical system is Kp0-Mg0-(Fe0)-(Fep03)-(Nap0)-A1503-Si0s-Ho0.

A typical analysis and mode are given in Table 1.

a. Major constituents

The major constituents are as follows:

1.

Clays
a. Smectite - commonly montmorillonite - beidellite
Alkali-free montmorillonite - A1,Si4014(0H)o nH,0
Montmorillonite - (1/2Ca,Na)q,33(A171.67,(Mg,Fe)q.33)Si4019
(OH) 5 *nH,0
Beidellite - (1/2Ca,Na)g 33(A15)(A1(. 335513 £7)070(0H) 5 nH,0
Nontronite - (1/2Ca,Na)q_33(Fe,™>)(Alg. 33,Si3.67)070(0H) " nHo0
b. Kaolinite/Halloysite/Dickite -  Al15Si505(0H)4
c. Illite - (K,H30)X+y(A12_X,(Mg,Fe)X)(514_y,A1y)010(OH)2'
1-x-y-zH20 x+y+z <1
d. Mixed-layer clay - interlayered mixture of illite - smectite

Muscovite - KAT3Si30710(0H)»
Chlorite

Clinochlore - MggAl15Si3010(0H)4
Quartz - Si0»

b. Typical minor constituents

Typical minor constituents are as follows:

1.

Plagioclase - typically Ano 0:Alb 100 - Ano 5:Alb 95
Albite - NaA1Si30g

Anorthite - CaAl,Sis0g
19



2.
3.

K-feldspar (Microcline)-

Carbonates

Calcite -

Dolomite -
Ankerite -
Oxides

Magnetite -
Hematite -

Organic matter

Carbon -

Pyrite -

KA1S1i30g
CaC03
CaMg(C03)»
CaFe(C03)»
Fe30y

Feo03

FeSo

20



3. Summary of available experimental data on the thermodynamic

properties of minerals

Table 2 summarizes the experimental data on heat capacity (Cp), relative
enthalpy (Hy-Hogg), entropy (S), enthalpy of formation (H), enthalpy of
reaction (H), Gibbs energy of reaction (G), molar volume (V), volume thermal
expansion (dV/dT), and volume compressibility (dV/dP) available for the mineral
phases of interest. The symbols in the above parentheses identify the type
of data in Table 2. An X in the column under a data-type symbol indicates that
experimental information is available on that thermodynamic property for the
phase. If heat capacity or relative enthalpy data are available, the
temperature range (above 298 K) of the measured data is given.

Indirect constraints on thermodynamic properties caused by the functional
relationships among thermodynamic properties are not shown in the table.
Measurement of Gibbs energy at different temperatures for a phase constrains
the properties of enthalpy and entropy for the phase if the heat capacity is
known. For example, no experimental calorimetric data on entropy or enthalpy
exist for andradite; however, data on a series of phase equilibrium studies
(Gibbs energy of reaction) and heat capacity are available and cover a
sufficiently broad temperature range to constrain the properties of entropy

and enthalpy.

21



Where data are lacking or insufficient, estimates of the thermodynamic
properties are needed to evaluate the properties of the phase. For most
phases only heat capacity, volume thermal expansion, and volume compressi-
bility need to be estimated, and these properties may be estimated with
an accuracy of a few percent by use of the technique described in section
4.2.a. For example, the heat capacity of hedenbergite will need to be
estimated to evaluate the available phase equilibria data and derive
entropy, enthalpy, and Gibbs energy properties.

Phases lacking data on heat capacity, entropy, and enthalpy and having
only one measured value of Gibbs energy (epistilbite, heulandite, Na-mont-
morillonite, and stilbite in this compilation) need estimated values for
heat capacity and entropy. Molar entropy also may be estimated by use of
the techniques mentioned in section 4.2.b.

The information summarized on Table 2 indicates that we should be able
to derive internally consistent thermodynamic properties for most of the
tabulated phases. The symbols in the left-hand column of Table 2 identify
the repository rock type commonly containing the mineral as a component.

Appendix 2 contains tables of the available experimental data listed by
reference citation for each mineral phase in Table 2. These citations have
been through a preliminary evaluation in that 1) we reviewed each citation to
insure there were no obvious errors in experimental technique and 2) we deter-
mined that there was no obvious ambiguity in the identification of the phases.

We are aware of conflicts in the cited experimental data, but these can-
not be resolved at this time. To resolve them, one must compare the conflict-
ing data with theory and with other properties measured on the phase (or phases)

in the data sets. This can be done best during the correlation procedure!
22
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4, Research proposal

As part of the coordinated effort to produce evaluated data related to
the disposal of nuclear waste, the National Center for the Thermodynamic Data
of Minerals (at the U.S. Geological Survey, Reston, VA) will perform the
following tasks:

1. Assemble a general data file on the chemical and mineralogical
character of granitic, tuffaceous, basaltic, and shale rock types. These
data include the following:

a. chemical analysis of sample,

b. mineralogical analysis of sample,

c. experimental heat capacity or relative enthalpy of the
sample, and

d. experimental methods used in the studies.

2. Assemble all experimental data on the thermodynamic properties
of the mineral components in the above-named rock groups. These data
include the following:

a. heat capacity of the mineral,

b. relative enthalpy of the mineral,

c. entropy data,

d. reaction data that involve one or more minerals (examples
of such data are phase equilibria studies, enthalpies of reaction, electro-
motive force measurements, or determination of equilibrium constants),

e. molar volumes and changes in response to changes in tempera-

ture or pressure,
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f. any algebraic functions developed in the studies, and

g. the experimental methods used in the studies.

3. Evaluate the assembled experimental data by simultaneous, weighted,
least-squares regression analysis to provide an internally consistent set
of thermodynamic properties for the mineral components of the above-named
rock types.

4. Prepare compilations of the thermodynamic properties of these
mineral components. The compilations include the following:

a. Tables of thermodynamic properties (heat capacity, relative
enthalpy, entropy, Planck's function, enthalpy of formation, Gibbs energy
of formation, molar volume, volume thermal expansion, and volume com-
pressibility) for the mineral phases.

b. Standard errors of estimate for the tabulated thermodynamic
properties.

c. Algebraic functions which describe these thermodynamic
properties and the temperature/pressure range of the function's validity.

d. A summary of the data sources and experimental methods

used in the evaluation.
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4.1. Procedure

An internally consistent set of thermodynamic properties for minerals
can be evaluated from a diverse body of experimental data by use of the
procedures described by Haas and Fisher (1976, AJS, 276, 525-545). Experi-
mental data on heat capacities, relative enthalpy, entropy, enthalpy of
formation, enthalpy of reaction, Gibbs energy of reaction, chemical
potential, electrochemical potential, molar volume, volume expansivity,
and volume compressibility are weighted according to their precision of
measurement and simultaneously fit to an equation-of-state obeying the
functional relationships among thermodynamic properties. The following

outline summarizes the evaluation procedure.
a. Literature search

(1) Review of literature for data that define the thermodynamic
properties of mineral phases.
(2) Close scrutiny of each citation to determine:
(a) what was physically observed.
(b) with what precision was it observed.
(3) Data may be excluded from the evaluation for the following
reasons:
(a) obvious error in measurement technique.
(b) ambiguity in the identification or characterization of the

mineral phases involved in the study.
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b. Refinement cycle

(1) Comparison of related data (heat capacity, relative enthalpy,
entropy, enthalpy of formation, enthalpy of reaction, Gibbs energy of reac-
tion, electrochemical potential) for phases in a chemical system using
weighted, simultaneous, multiple, least-squares regression.

(a) Nonsignificant constants for each phase are identified
by the fitting procedure and are eliminated from the general equation to
avoid overfitting the data.

(b) Information sources inconsistent with the net of evaluated
data are identified.

(2) Review of pertinent literature where data are found to be in
disagreement.

(3) Removal of assumed or apparently erroneous data from the set of
data being fit by the regression.

(4) Repeat of steps (1) through (3) until all discordant data have

been identified and inconsistencies resolved.
c. Table preparation

Tables of thermodynamic'properties are prepared for each mineral phase
using the smoothing functions and variance-covariance matrix from the last
execution of step b.(1), above.

This evaluation procedure offers two improvements over other techniques

currently used to derive thermodynamic data from experimental data.
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First, diverse experimental data covering different thermophysical
properties, involving multiple phases, and measured over a broad range of
physical and chemical conditions are evaluated simultaneously. Erroneous
and incompatible data are readily identified by this procedure. The
identification of incompatible data is valuable because it identifies data
that need to be reevaluated and, perhaps, reinvestigated experimentally.
After conflicts are resolved, the user has an internally consistent set
of data.

Second, the experimental data are weighted in the fitting procedure
according to their precision of measurement. The use of weighting con-
strains the fit toward the more precise observations and allows the
simultaneous fitting of different properties that have large variations
in magnitude. The evaluation procedure supplies the user a simultaneous
least-squares fit of the weighted consistent data in the chemical system.
An important feature of this procedure is the availability of confidence

1imits for the properties as a function of temperature and pressure.

4.2. Techniques to estimate thermodynamic properties where

experimental data are lacking

Various techniques may be used to estimate thermodynamic properties
of minerals with an accuracy of a few percent. Estimates of thermodynamic
properties are needed for the relatively few mineral phases for which data

are insufficient to evaluate the properties of the phase.
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a. Heat capacity, volume thermal expansion,

and volume compressibility

From existing experimental data on silicate minerals we can evaluate
algebraic functions describing heat capacity (Cp) and relative volume
(V/Vo) for Na0, K0, Ca0, Mg0, A1503 (octahedral coordination), Al1203
tetrahedral coordination, Fe0, Fep03 (octahedral coordination), Fey03
(tetrahedral coordination), Si0p, Hy0 (hydrate), Hy0 (zeolite), and H,0
(hydroxy1) structural components for mineral phases. Where data are
lacking, these thermodynamic properties may be estimated for other mineral
phases by summation of the component properties in the proper proportions

relative to the stoichiometry of the phase.
b. Entropy

Estimation functions relating the molar properties of entropy,
volume, and mass have been prepared by Helgeson and others (1978,
AJS, 278-A, 229) and Cantor (1977, Science, 198, 206-207) and can be
used to estimate the molar entropy of a phase for which direct data are

lacking.
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c. Phases of variable composition - chemical potential and

activity of mineral components

Many of the mineral phases considered in this evaluation have variable
composition and can be considered solid solutions between end-member mineral
components. Some of the available information on the mixing properties
of mineral components is summarized in the tables in Appendix 2. Where
possible, this information will be evaluated and presented in the final
report. Understanding the thermodynamic consequences of solid solution among
the feldspars (albite/analbite - anorthite, albite/analbite - microcline/sani-
dine), micas (muscovite - paragonite, annite - phlogophite), amphiboles,
pyroxenes, garnets (almandine - pyrope - grossular), and clays (illite -
mixed-Tayer clay) is critical to modeling reactions between these and other
phases. However, we will be primarily concerned with evaluating the thermo-
dynamic properties of the end-member components for the mineral phases.

Minerals that contain variable amounts of structural Ho0 (for example,
zeolites, some hydrates, some clays) present a problem in the evaluation
because their compositions are frequently not known in phase equilibrium
studies. Their compositions, as a function of pressure and temperature,
may be approximated from a thermodynamic model for water in these crystal

structures by evaluating the exchange reaction

H2O x1,site A Z [ 1 x1,site A + H20 y

where x1 and v designate the crystalline and vapor phases, respectively,
and site A is a crystallographic site for water in the mineral. The

mineral may have more than one crystallographic site for water. If X is
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defined as the mole fraction of site A filled by Ho0 in the crystal, then

¢ - hagsiten

Xxl,site A
G2 AV -AH AS
T:HZO ° r,S _ r r
In K + anoc*TTT“" + 1In fHZO) + (P-P°) /- R * -

where G?,HZO standard state Gibbs energy of Ho0 at temperature and

reference pressure

fH20 = fugacity of H20

AVy. s = molar volume change among the solid phases represented by
the above exchange reaction

AHp = standard molar enthalpy of the exchange reaction (assumed to
be independent of temperature)

ASp = standard molar entropy of the exchange reaction (assumed to
be independent of temperature)

R = gas constant

"HZO = molar stoichiometric coefficient for Hy0 in the exchange reaction

P = pressure

pe = reference pressure

T = temperature in K

This function is linear in (%) at constant pressure, and AH, and AS,
for each crystallographic site may be evaluated from:

1. enthalpy-of-solution measurements of hydrated, partially hydrated,
and dehydrated phases of known composition.

2. measurements of partial pressure of Hy0 equilibrated with the phase

of known composition as a function of temperature.
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3. differential gravimetric analysis of the phase as a function of

temperature under a controlled Hy0 pressure.
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Appendix 1.

Mineral phases, formulas, and codes used in this-report

Code Phases Formula

Akt Akermanite CapMgSio07

Alb Albite, low NaA1Si30g

Alm Almandine Fe3A1,Si3019
Ana Analbite NaA1Si30g

An] Analcite NaA1Si,0g*Ho0
And Andalusite A1,Si0¢g

Adr Andradite CazFepSiz010
Alu ATuminum metal Al

Ann Annite KFe3A1Si3010(0H)»
Ano Anorthite CaA1,Sio0g

Ant Anthophyllite Mg7Sig022(0H)»
Atg Antigorite MgagSi34085(0H) g2
Ara Aragonite CaC03

Boe Boehmite A10(0H)

Bru Brucite Mg(0H)»

Bun Bunsenite NiO

Cts Ca-A1 Clinopyroxene CaA1,S1i0g

Ccl Calcite-I CaC03

Cc2 Calcite-II CaC03

Cal Calcium Ca

€02 Carbon dioxide COp

Cga Carnegieite, alpha NaA1Si0q
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Appendix 1. Continued
Code Phases Formula
Cgb Carnegieite, beta NaA1Si0g
Ctd Chloritoid FeA1,Si05(0H) 2
Chr Chrysotile Mg3Si905(0H) 4
Cln Clinochlore Mg5A12Si301(0H) g
Cen Clinoenstatite MgSiO3
Cfs Clinoferrosilite FeSi03
Czo Clinozoisite CapAl13Si3072(0H)
Crd Cordierite M92A14Si5018'H20
Col Calcium olivine Ca Si0y
Cor Corundum A1503
Cra Cristobalite, alpha Si0p
Crb Cristobalite, beta Si0,
Cwo Cyclowollastonite CaSi03
Dia Diaspore A10(0H)
Dic Dickite A12S1205(0H) 4
H20 Dihydrogen oxide Ho0)
Dio Diopside CaMg(Si03)»
Dol Dolomite CaMg(C03)»
Ens Enstatite MgSi03
Ept Epidote CapFeAl17Si3012(0H)
Epi Epistilbite CaA1,Si5094°5H,50
Fay Fayalite FepSi0g
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Appendix 1. Continued
Code Phases Formula
Fec Fe-Cordierite FesAl4Si501g°Hp0
Fgh Ferrigehlenite CapFesSily
Fes Ferrosilite FeSi03
For Forsterite Mg»Si0g
Geh Gehlenite CapA1,5i07
Gib Gibbsite AT(0H)3
Gra Graphite C
Gro Grossular CazA12Si30712
Hal Halloysite A17Si205(0H)g
Hed Hedenbergite CaFe(Si03)»
Hem Hematite Feo03
Hecy Hercynite FeAl,04
Heu Heulandite Ca(A12817018)'6H20
Hyd Hydrogen gas Ho
m ITlite (K,H30) x+y(Mg,Fe)y
Al2-x+ySTa-y010(0H)7"
(_x-y-z)Hy0
X+y+z < 1
Im ITmenite FeTi03
Irn Iron Fe
Jad Jadeite NaA1(Si03)»
K1p Kaliophilite KA1Si0y4
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Appendix 1.

Continued

Code Phases Formula

Kal Kalsilite KA1Si0g

Kao Kaolinite A12Si205(0H) g

Kya Kyanite A12S105

Lar Larnite CapSily

Lau Laumontite CaA1,Si4090°4H50
Law Lawsonite CaAT,81507(0H) 5 "Hs0
Leo Leonhardite CapAlySiglsg°7HH0
Leu Leucite KA1Si90g

Lme Lime Ca0

Mcc Magnesiocalcite (Ca,Mg)C03

Mag Magnesite MgCO3

Mgt Magnetite Fe30q

Mar Margarite CaA14Si9019(0H)»
Mei Meionite CagAlSig0p5°C0H
Mer Merwinite Ca3Mg(Si0g)9

Mic Microcline KA1Si30g

Mal Monalbite NaA1Si30g

Mtc Monticellite CaMgSi0y

Mus Muscovite KA13Si3010(0H) 2
Nmt Na-Beidellite Na_ 33A12[A1 33Si3.671010(0H)2
Nat Natrolite NaosA1,Si30714°2Ho0
Nep Nepheline NaA1Si0g
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Appendix 1.

Continued

Code Phases Formula

Nic Nickel Ni

Ofs Orthoferrosilite FeSi03

Oxy Oxygen gas 0o

Par Paragonite NaA13Si3010(0H)»
Per Periclase Mg0

Ph1 Phlogopite KMg3A1S130710(0H)»
K20 Potassium oxide K20

Pre Prehnite CapA15Si3019(0H) 2
Pen Protoenstatite MgSi03

Pfs Protoferrosilite FeSi03

Pyt Pyrite FeSo

Pyp Pyrope Mg3AT12Si3012

Pyr Pyrophyllite A15S14010(0H)»
Pyo Pyrrhotite Fei.xS

Qza Quartz, alpha Si0p

Qzb Quartz, beta Si0»

Ran Rankinite Ca3Sio07

Rut Rutile Ti02

San Sanidine KA1S1i30g

Sid Siderite FeCO3

Hsi "Silicic acid" H4S10g

Sil Sillimanite A1,Si05g
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Appendix 1.

Continued

Code Phases Formula

N20 Sodium oxide Na»0

Spl Spinel MgA1,04

Sta Staurolite FeoAlgSig003(0H)
Ho0 Steam HZ0

St1 Stilbite CaAT,S1,01g° THo0
Tlc Talc Mg3Sig010(0H)»
Tre Tremolite CasMg5Sig0oo(0H) -
Wai Wairakite CaAl1,574015°2H50
H20 Water Ho0

Wol Wollastonite CaSi03

Wus Wustite Fe1.x0

Zoi Zoisite CasA13S73072(0H)
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Appendix 2.

Available experimental data on the thermodynamic

properties of selected minerals/phases

The tables of experimental data are arranged alphabetically by mineral

name. The tables

include mineral name, formula, mineral group, solid solution

variability, and a summary of experimental data on the thermodynamic

properties of minerals. The summary of experimental data includes literature

citation, data type, temperature/pressure range of measurement, and the

phases involved in the study. The legend for the phase codes (shown under

the "Phases studied" heading in Appendix 2) is given in Appendix 1.

The notation

Cp -

Hr-Hp

for data type is as follows:

heat capacity. Heat capacity typically is measured by
Tow-temperature calorimetry or differential scanning
calorimetry.

relative enthalpy. Relative enthalpy typically is measured
by drop calorimetry.

entropy. Third-Taw entropy is calculated by integration of
heat capacity from tow-temperature calorimetry. Configura-
tional or magnetic contributions to entropy may need to be
added to the third-law entropy value.

enthalpy. Data on enthalpy of formation and enthalpy of
reaction are included in this category. These properties
typically are measured by solution calorimetry or com-
bustion calorimetry. The reaction studied is given under

the "Phases studijed" heading for each citation.

44



G - Gibbs energy. Data on Gibbs energy of reaction are included
in this category and are measured by phase equilibria studies,
electromotive force measurements (emf), or determination of
equilibrium constants. The reaction studied is given under
the "Phases studied" heading for each citation.

) - molar volume and changes in response to changes in tempera-
ture or pressure. The volume properties are typically
measured by X-ray diffraction techniques or physical measure-
ments of size or density.

dH/dX

partial molar enthalpy. Partial molar enthalpy is determined
by solution calorimetry measurements on a mineral series having
variable composition. The composition range of the study is
shown in the parentheses given under the "Phases studied"
heading for each citation.

a - chemical potential (activity). Chemical potential is deter-
mined by phase equilibria studies among phases of variable,

but known, composition. The composition range of the study

is shown in the parentheses given under the "Phases studied"
heading for each citation.

dv/dX

partial molar volume. Partial molar volume typically is
measured by X-ray diffraction techniques on a mineral series
having variable composition. The composition range of the
study is shown in the parentheses given under the "Phases

studied" heading for each citation.
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