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Abstract

A procedure to estimate the standard molar heat capacity, relative enthalpy, and
calorimetric entropy of silicate minerals has been devised and evaluated. These are
estimated by summing, in appropriate proportions, fictive molar isobaric heat capacities,
relative enthalpies, and entropies evaluated for structural components of the mineral
phases such as MgO-4, MgO-6, or MgO-8 where the Mg is in 4-,6-, or 8-fold coordination,
respectively. The fictive molar heat capacities and entropies were obtained from a large
body of experimental calorimetric data on heat capacity, entropy, and relative enthalpy for
minerals. The summation technique has a precision better than2To for heat capacity and
relative enthalpy, and 5Vo for entropy, relative to the data base, between 29E and 1500 K.
The accuracy of prediction of molar heat capacity and relative enthalpy for mineral phases
and specific heat for rocks is expected to be within 3Tousing this technique. The accuracy
of prediction of molar calorimetric entropy is expected to be within 5% using this
technique.

Tables of evaluated coefficients for the structural components of mineral phases are
given. Three examples of calculations are given. (1) The estimated heat capacity of an illite
is calculated and compared with experimental data which was not used in the evaluation.
(2) The estimated relative enthalpy of acmite is calculated and compared with experimental
data also not used in the evaluation. (3) The estimated calorimetric molar entropy of an
illite is calculated and compared with data not used in the evaluation. In each of these
cases, the estimated values deviate less than 2.5Vo from the observed values.

Introduction

The heat capacity of rocks and minerals must be known
to evaluate data on both thermochemical and thermophy-
sical properties. The heat capacity of minerals is needed
to describe their entropy, enthalpy, and Gibbs energy
properties as a function of temperature, to evaluate data
on thermal difusivity, and to calculate thermal diffusivity
as a function of temperature.

In cases where experimental heat capacity measure-
ments are lacking, inadequate, or unreliable, accurate
estimates of these properties are needed. The estimation
technique described below has an estimated accuracy
better than 3 and 57o, respectively, for heat capacity and
calorimetric entropy.

I The term "calorimetric entropy" is used as defined by
Denbigh (1971, p. 419) and Ulbrich and Waldbaum (1976).
Calorimetric entropy represents all contributions to entropy
derived from the heat capacity integral from zero Kelvin, and
includes lattice, electronic, and non-quenchable magnetic contri-
butions to entropy.
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Definitions and notation

Heat capacity is defined as the quantity of heat re-
quired to raise the temperature of a unit quantity of a
substance one degree kelvin at constant pressure.

Relative enthalpy is defined as the quantity of heat
required to change the temperature of a unit quantity of
substance from a reference temperature (?) to a mea-
surement temperature (Z). Relative enthalpy is related to
heat capacity by the following thermodynamic identity.

Hr  -  Hr , :

Calorimetric entropy is defined as

and is determined from
heat-capacity data.

f r
I  ce dr ( l)

J T ,

sr-so:  
[7*  

(2)

experimental low-temperature
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Table l. Experimental (and evaluated) data used to develop the functions for the fictive components

No. of Temperature
Phase Property observa- range Reference

t i  ons  (  K)

Akemani  te

A l  b i  te

Ana l  b i te

A n a l c i t e

Anda l  us  i  te

Anorth i te

Anthopyl I i te

Ant i gori te

Bred i  g i  te

Bruc i  te

Ca-01 i  v i  ne

Ca-A l  C l inopyroxene

Ca25 i04 ,  a lpha

Ca3Si  05

Chrysoti I e

C l ' inoens ta t i te

C r i s t o b a l i t e ,  a l p h a

Cr is toba l  i te ,  be ta

Cyc lowo l  las ton i te

re la t i ve  en tha lpy
enrropy

apparent  spec i f i c  heats
re l  a t i  ve  en tha l  py
enrropy

apparent  spec i f i c  heats
re la t i ve  en tha lpy
heat  capac i ty
heat  capac i ty

heat  capac i ty
entropy

heat  capac i ty
re ' la t i ve  en tha lpy
ent r0py

heat  capac i ty
heat  capac i ty
apparent  spec i  f i c  heats
rel ati ve entha l py
ent ropy

heat  capac i ty
ent ropy

heat  capac i ty
re la t i ve  en tha lpy

re l  a t i  ve  en tha l  py

heat  capac i ty
entropy
re la t i ve  en tha lpy

heat  capac i ty
re la t i ve  en tha lpy
ent ropy

heat  capac i ty
heat  capac i ty
enr ropy

rel ati ve enthal py

heat  capac i ty
re l  a t i  ve  en tha l  py

heat  capac i ty

heat  capac i ty
heat  capac i ty
re la t i ve  en tha lpy
entropy

heat  capac i ty
entfopy

heat  capac i ty

heat  capac i ty
re l  a t i  ve  en tha l  py
apparent  spec i f i c  heats
spec i f i c  heat

35 i -1605 Pankra tz  and Ke l ley  (1954a)
298 Rob ie  e t  a l .  (19 i9 )

373-1373 l , lh i te  (1919)
47?- - f270 Ke l ley  e t .  a l .  (1953)

298 Rob ie  e t  a l .  (1979)

3 7 3 - 1 3 7 3  x h i t e  ( 1 9 1 9 )
472-1270 Xe l ley  e t  a l .  (1953)
339-997 Hemingway e t  a l .  (1981)
2Oo-370 openshaw e t  a l .  (1976)

206-298 Kins (1955)
298 Rob ie  e t  a l .  (1979)

206-296 Todd ( 1950)
397-1501 Pankra tz  and Ke l ley  (1964b)

298 Rob ie  e t  a l '  (1979)

349-986 Krupka e t  a l .  (1979)
20?-381 Rob ie  e t  a ] .  (1978)
3 7 3 - 1 6 7 3  U h i t e  ( 1 9 1 9 )
400-1800 Fer r ie r  (  1969)

298 Rob ie  e t  a l .  (1979)

200-700 Krupka (  1982)
298 Krupka (1982)

206-296 K ing  e t  a l .  (1967)
4n5-847 K ing  e t  d l .  (  1967)

9 7 4 - 1 6 9 0  C o u g h l i n  a n d  0 ' B r i e n  ( 1 9 5 7 )

216-320 Giauque and Arch iba ld  (1937)
295 Rob ie  e t  a l .  (1979)

3 5 0 - 6 9 9  K l n q  e t  a l .  ( 1 9 7 5 )

27
1

t 4
5
1

1 4
5

7 5
20

1 1
I

10
1 3
I

9 5
49
t7
1 5

1

36
I

l 0
1 1

L 2

2 1
1

L 2

IO
I8
]

1 6
50

I

5

9
7

1 0

1 4
9

I

o

1

t7

7
t2
28
6

206-296
4 0 5 - 1 1 1 2

298

298-1000
199- 379

294

1 7 I 4 - 1 8 1 6

206-296
573-1773

206-296

298-1600
215-295
580- I 570

298

200-700
?_98

400-2000

20t-295
576-1558
3 7 3 - 1 6 7 3
t94-298

Kins  (1957)
C o u g h l i n  a n d  0 ' B r i e n  ( 1 9 5 7 )
R o b i e  e t  a l .  ( 1 9 7 9 )

Thompson e t  a l .  (1978)
H . T .  H a s e l t o n ,  u n p u b l i s h e d  d a t a
R o b i e  e t  a l .  ( 1 9 7 9 )

C o u g h l i n  a n d  0 ' B r i e n  ( 1 9 5 7 )

Todd (1951)
Gronow and Schwei te  (1933)

K i n g  e t  a l .  ( 1 9 6 7 )

R o b i e  e t  a l ,  ( 1 9 7 9 )
K e l l e y  ( 1 9 4 3 )
t lagner  (1932)
R o b i e  e t  a l .  ( 1 9 7 9 )

R o b l e  e t  a l .  ( 1 9 7 9 )
R o b i e  e t  a l .  ( 1 9 7 9 )

R o b i e  e t  a ] .  ( 1 9 7 9 )

I' lagner ( 1932)
Iagner  (  1932)
t l h i t e  ( 1 9 1 9 )
Parks  and Ke l ley  (1926)

Data used in study

Data from three general categories of experimental
techniques have been used in the evaluation of the heat
capacity, relative enthalpy, and entropy estimation pro-
cedure. Data from low-temperature calorimetry were
used in the evaluation to supply accurate values of heat
capacity, at temperatures generally 200-300 K, and calo-

rimetric entropy at 298 K. Data from dffirential'scanning
calorimetry were used to supply values of heat capacity at
temperatures of 300-800 K. Data from drop calorimetry
were used to evaluate mineral heat capacities and relative
enthalpies at temperatures generally 300-1800 K.

The data used in this study came from the sources
listed on Table l. The coordination numbers for the
cations in the major mineral groups are given on Table 2.
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Table l. (continued)
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Phase Property
No. of Temperature

observa-  range Reference
t i o n s  ( K )

Ana lc i te  (dehydra ted)

Di aspore

Di  ck i  te

Di opsi de

Ep ido te

Fayal i te

Fl uorphl ogopi te

Forsteri te

Gehl eni te

Gi  bbs l te

Grossu l  a r

Ha l  I  oys i te

Hi  9h  San id i  ne

Jade l  te

X a l i o p h i l i t e

Kaol i ni te

Kyant te

heat  capac i ty
rel ati ve entha l py
entropy

heat  capac l ty
heat  capac i ty
heat  capac i ty
heat  capac i ty
entropy

heat  capac i ty

heat  capac i ty
heat capaclty
re la t i ve  en tha lpy
entropy

re la t l ve  en tha lpy

heat  capac i ty
rel ati ve enthal py
ent ropy

heat  capac l ty
re la t i ve  en tha lpy
entropy

heat  capac i ty
re la t l ve  en tha lpy
enr ropy

heat  capac i ty
re l  a t i  ve  en tha l  py
ent ropy

heat  capac i ty
heat  capac i ty
re l  a t i  ve  en tha l  py

heat  capac i ty
heat  capac i ty
heat  capac i ty
entropy

heat  capac i ty

apparent  spec l f i c  heats
heat  capac i ty
heat  capac l ty

heat  capac i ty
heat  capac i ty
ent ropy

heat capacity
re la t l ve  en tha lpy

heat capacity
heat capaclty
enEr0py

heat  capac i ty
re la t i ve  en tha lpy
enr ropy

10
9
I

206-296 King and t, l |eller (1961b)
407-997 Pankratz (1968)

298 Rob ie  e t  a l .  (1979)

340-509 Krupka (  1982)
206-295 K ing  and Ue l le r  (1961a)
203-345 Perk ins  e t  a l .  (1979)
312-585 Muka ibo  e t  a l .  (1969)

298 Rob ie  e t  a l .  (1979)

206-296 K ing  and t le l le r  (1961a)

298-1600 Rob ie  e t  a l .  (1979)
298-1000 Krupka e t  a l .  (1980)
599-1576 Iagner  (  1932)

29 Rob ie  e t  a l ,  (1979)

3 3 5 - 1 1 0 0  K i s e l e v a  e t  a l .  ( 1 9 i 4 )

208-381 Rob ie  and Hemingway '  in  rev iew
395-1370 0r r  (  1953)

298 Rob ie  e t  a l .  (1979)

?06-296 Ke l ley  e t  a l .  (1959)
400-1499 Ke l ley  e t  a l .  (1959)

298 Rob ie  e t  a l .  (1979)

206-295 Kel ley (1943)
398-1807 0r r  (1953)

298 Rob ie  e t  a l .  (1979)

206-296 l le l le r  and Ke l ley  (1s63)
402-1801 Pankratz and Kel I ey ( 1964a )

298 Rob ie  e t  a l .  (1c79)

200-479 Hemingway e t  a I .  (1977)
205-296 Shonate and Cook (1946)
3?2-423 Shomate and Cook (1946)

298 Hase l ton  and les t rum (1979)
350-978 Krupka e t  a l .  (1979)
200-595 l , les t rum e t  a l .  (1979)

298 Haselton and liestrum (1979)

206-296 K ing  and t {e l le r  (1961a)

373-1373 t lh t te  (  I c19)
339-997 Hemingway e t  a l .  (1981)
200-370 openshaw e t  a ] .  (1975)

206-296 Ke l ley  e t  a l .  (1953)
298-1300 Rob ie  e t  a l .  (1979)

298 Rob ie  e t  a l .  (1979)

206-296 Ke l ley  e r  a l .  (1953)
409-1799 Pankra tz  (1968)

340-800 Hemingway e t  a l .  (1978)
206-296 K ing  and le l le r  (1951a)

298 Rob le  e t  a l .  (1979)

206-296 Todd (1950)
390-1503 Pankra tz  and Ke l  ley  (1954b)

?-98  Rob ie  e t  a l .  (1979)

10
2t5

l f ,

I

l0

1 4
29
l 5

I

10

3 1
1 3

1

1 0
L 2

t

9
16

1

l 0
l 3

I

23
10
5

I
50
57

1

l 0

I 4
69
20

1 0
1 1

I

10

27
1 0

I

10

1

Evaluation of fictive molar properties

Introduction

The standard molar heat capacity and calorimetric
entropy of minerals at temperatures greater than 298 K
have often been approximated by summing, in appropri-
ate proportions, the standard molar heat capacity and
calorimetric entropy of their constituent oxide formula
groups. The realization that the heat capacity of most
substances is approximately equal to the sum ofthe heat

capacities of its constituent oxides or elements is quite
old and can be traced back to a relationship proposed by
Kopp (1864). More accurate estimates often can be
obtained by a mineral summation technique, in which the
standard molar heat capacity or entropy of reaction
among oxides and silicates of similar structural class is
assumed to be zero or a function of atomic mass, ionic
size and charge, and/or molar volume (Lattiner, 1952;
Nriagu, 1975; Saxena,1976i Cantor, 1973, 1977; Helge-
son et al., 1978).
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Table l (continued)

No. of Temperature
observa-  range Reference

t i o n s  ( K )
Phase Property

La rn l  te

Lawson i  te

LeonhOrd i te

Leuc i  te

Low A lb i te

Margar i te

Merwi ni te

li l i  crocl i ne

Muscov i  te

Na2Si  205

llephel i ne

0r thoens ta t l te

Paragon i  te

Ph l  ogop i  te

Pfehni te

Pyrope

Pyrophyl 1 i te

Q u a r t z ,  a l p h a

206-295
406-964

298

206-296
298-600

298

206-296
?-94

206-296
409-1 798

298

339-997
200-370

298

200-1000
298

39 7-1601
294

339-997
200-370
3 i3-1373

298

332-967
202-385
394-903

294

367-1164

206-296
298

318-999
298

200-759
298

298

200-298
298-800

298

264-345
298-1000

298

200-370
335-579

298

2090900

heat  capac l ty
rel ati ve enthal py
entropy

heat  capac ' i t y
heat  capac i ty
enr r0py

heat capacity
entropy

heat  capac l ty
re l  a t i  ve  en tha l  py
ent ropy

heat  capac i ty
heat  capac i ty
entropy

heat  capac i ty
enrropy

r e l a t i v e  e n t h a l p y
entropy

heat  capac i ty
heat  capac i  ty
apparent  spec i f i c  heats
entropy

heat  capac l ty
heat capacity
re la t i ve  en tha lpy
enlropy

re la t i ve  en tha lpy

heat  capac l ty
entropy

heat  capac i ty
entropy

heat capacity
entropy

entropy

heat capacity
heat  capac i ty
enEropy

heat  capac l ty
heat  capac i ty
entropy

heat capacity
heat  capac i ty
entropy

Bfielo69ou't tv

Todd (1951)
C o u g h l i n  a n d  0 ' B r i e n  ( 1 9 5 7 )
R o b i e  e t  a l .  ( 1 9 7 9 )

K i n g  a n d  [ e l l e r  ( 1 9 6 1 b )
Perk ins  e t  a l .  (1980)
R o b i e  e t  a l .  ( 1 9 7 9 )

K i n g  a n d  i J e l l e r  ( 1 9 6 1 b )
R o b i e  e t  a l .  ( 1 9 7 9 )

Ke ' l ley  e t  a l .  (1953)
Pankra tz  (  1968)
K e l l e y  e t  a l .  ( 1 9 5 3 )

Hen ingway e t  a l .  (1981)
0penshaw e t  a l .  (1976)
R o b i e  e t  a l .  ( 1 9 7 9 )

P e r k i n s  e t  a l .  ( f 9 8 0 )
H a a s  e t  a l .  ( 1 9 8 0 )

Pankra tz  and Ke l ley  (1964a)
R o b i e  e t  a l .  ( 1 9 7 9 )

Hemingway e t  a l .  (1981)
Openshaw e t  a l .  (1976)
l,||hite (1919)
R o b i e  e t  a l .  ( 1 9 7 9 )

Krupka e t  a l .  (1979)
R o b i e  e t  a l .  ( 1 9 7 6 )
Pankra tz  (1954)
Rob ie  e t  a l .  (1979)

t {ay lo r  (1945)

K e l l e y  e t  a l .  ( f 9 5 3 )
K e l l e y  e t  a l .  ( 1 9 5 3 )

Krupka e t  a l .  (1980)
Krupka e t  a l .  ( f980)

R.A.  Rob ie  and B.S.  Hemingway '  unpub.
R.A.  Rob ie  and B.S.  Hen lngway '  unpub.

R o b i e  e t  a l .  ( 1 9 7 9 )

Perk ins  e t  a l .  (1980)
Perk ins  e t  a l .  (1980)
Haas e t  a l .  (1980)

Haselton and flestrum (1980)
R o b t e  e t  a l .  ( 1 9 7 9 )
Hase l ton  and } {es t rum (1980)

R o b i e  e t  a l .  ( 1 9 7 6 )
Krupka e t  a l .  (1979)
Rob ie  e t  a l .  (1979)

R3Bl3 3t sl: 83131

1 0
1 0

1

l 6
8
I

10
I

l 0
2 l

I

75
20

I

24
I

l 7
1

69
20
1 4

1

62
30
1 3

I

20

l 0
I

1 5 1
I

82
I

t

8
t 2
I

9
8
I

20
48

I

I

The general validity of any of these approaches is
rooted in the fact that lattice vibrational modes are the
dominant contribution to heat capacity and calorimetric
entropy. To the degree that silicate mineral structures can
be approximated as oxygen frameworks with vibrating
interstitial cations, the overall lattice modes will be
largely a function of the modes of the individual cation-
oxygen polyhedra. It is this feature which allows the
spectroscopist to identify both the coordination and com-
position of components in mineral phases from their
spectral characteristics. This relationship also implies
that the standard molar heat capacity and calorimetric

entropy of minerals can be estimated by summing, in
appropriate proportions, fictive molar heat capacities and
calorimetric entropies for the constituent structural
groups in minerals. The fictive molar heat capacities and
fictive molar entropies are the average molar heat capaci-
ties and molar entropies of a component in a given
coordination within the oxygen framework of the phase.
Under this definition, Mg in 4-fold, 6-fold, and 8-fold
coordination are listed as MgO-4, MgO-6, and MgO-8,
respectively. The heat capacity and calorimetric entropy
contribution of each component were found by least-
squares evaluation as will be described below.



ROBINSON AND HAAS: HEAT CAPACITY. ENTHALPY. ENTROPY

Table l. (continued)
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Property
lio. of Tenperature

observa- range Reference
t i  ons  (  K)

Quar tz ,  be ta

Rank l  n i te

S i l l i m a n i t e

Tal c

Tremol ite

llol I astoni te

Zo is i te

heat capacity

heat capacity

heat capacity
re la t i ve  en tha lpy
entropy

heat  capac i ty
heat capacity
heat capacity
enrr0py

heat capacity
heat  capac i ty
enrropy

heat  capac i ty
heat capacity
heat capacity
re la t i ve  en tha lpy
re la t i ve  en tha lpy
re la t i ve  en tha lpy
apparent  spec i f i c  heat
re la t j ve  en tha lpy
entropy

heat capaclty
heat capacity
entropy

4

10

10
I J

1

1 3
6

26

9
2 l

I

2
7

137

1 3
I

18
l 1

I

8
1 l
1

900-1200 Rob le  e t  a ' | .  (1979)

206-296 King (1957)

205-296 Todd (1950)
401-1496 Pankra tz  and Ke l ley  (1964b)

298 Robte  e t  a l .  (1979)

200-300 Robie and Stout (1963)
298-800 Rob ie  e t  a l .  (1979)
?98-550 Krupka e t  a l .  (1977)

298 Rob le  e t  a l .  (1979)

298-1100 Rob ie  e t  a l .  (1979)
298-800 Krupka e t  a l .  (1977)

298 Rob le  e t  a l .  (1979)

200-210 Cristescu and Simon (1934)
199-303 Cr ls tescu (1931)
205-999 Krupka e t  a l .  (1980)
573-1373 Gronow and Schwei te  (1933)
484-1294 Southard(1941)
323-1157 Roth  and Ber t ram (1929)
373-1573 [h i te  (191e)
566-1383 [agner  (1932)

298 Rob ie  e t  a ] .  (1979)

200-300 Perk ins  e t  a l .  (1980)
?98-130 Perk ins  e t  a l .  (1980)

298 Haas e t  a l .  (1980)

However, the reader should be cautioned against draw-
ing conclusions regarding possible fictive spectra for any
of the fictive components presented here. While mea-
sured spectra can be integrated to supply reasonable
estimates of heat capacity and entropy (Kieffer, 1979a,
1979b, 1979c, 1980), the nature of the inverse relationship
indicates that heat capacity alone supplies, at best, only
poor constraints on the possible vibrational modes.

This approach ofers several advantages over other
estimation techniques. The following problems with the
other estimation techniques are eliminated:

l The mineral summation techniques are path depen-
dent. Results difier depending upon the specific minerals
in structural classes which are used to derive estimates.

2. The mineral summation technique can produce dis-
continuities in the estimated heat capacity if phases in the
summation have a lambda transition or phase inversion in
the temperature interval ofinterest and no compensating
corrections are applied.

The following improvements are ofered:
l. The summation technique provides improved accu-

racy relative to oxide-summation or mineral-summation
techniques because the coordination of the cation is
accounted for.

2. It is possible to estimate heat capacity and calorimet-
ric entropy even though data on representative minerals
in similar structural classes are not available.

3. Anomalies in the properties of reference phases or in
the oxides have been removed through averaging over a
large body of data.

Fitting procedure

The heat capacity and entropy properties of the fictive
structural components of mineral phases have been eval-
uated by means of weighted, simultaneous, multiple,
least-squares regression using the procedure described by
Haas and Fisher (1976) and Haas et al. (l9El). The
approach and procedure given there have been followed
closely and will not be described here.

The mathematical model used in the evaluation of
fictive component properties is based on Equation 3 for
the heat capacity of mineral phases at constant pressure:

C p 6 h . . " d = > N 1 C i , l  ( 3 )

where: Ni represents the stoichiometric coefficient of the
fth fictive structural component in mineral phase a; and
Ci,i represents the heat capacity function for the ith
fictive structural component (the superscript (') is used
here to denote properties of the fictive components);

Cit,i: ai + 2biT + clf + f1id + glTtt2 (4)

where: ii, b;, ci, f;, and gi are coefficients fitted to each
structural component and T is temperature in kelvins.

Equation 4 is a restatement of Equation 6 of Haas and
Fisher (1976). The mathematical model used in regression
to fit relative enthalpy is based on the thermodynamic
identity
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Table 2. Structural factors for common silicate minerals

i l i  neral group/components Coordi nati on
numDer

1 . 0 l i v ine  group -  A2Si04

A  s l t e  -  i l 9 2 + , 5 " 2 + , 1 i 2 + ,  C a z + ,  i l n z +

Si0Z s i te

Garnet group - 4382Si3012

A site - caz+, Fez+, i lg2+, i lnz+

B  s i t e  _  A l 2 + , 5 g 3 + ,  t i n 3 +

Sl 0Z stte

l ' l ica group - Ug-1v2-3(2a016)(otl)2

lt site - K1+, i lal*, caz*, H3o2*

Y site _ Al3+, Fez+, i lgz+, Fe3+

7 , ig "  _  5 i4+ ,  A l3+

0H s'lte - hydroxyl

S l l l ca  po lynorphs  -  S i02 ,  quar tz ,
tri dynlte, crl stoba l ite

Si 02

Feldspar group - X2408

x s i te  _  K l+ ,  i la l+ ,  Ca?+

t , t , "  -  5 i 4 + ,  A l 3 +

Pyroxenoid group - A22206

A s.lte _ Ca2+, Fez+, i lgz+

Z s l te  -  S l4+

8

6

4

8-12r

6

5 .

6-9**

4

4

8

6

4

7. Pyroxene group - A82206 (CzlC symtry)

o  , r , "  _  6u2+,  Na l+

A site - t itgz+, FeZ+

I  s i te  -  i lg2+,  Fe2+,  A l3+

2 , i 1 g  -  5 i 4 + , 4 1 3 +

8.  Xao l in i te  g roup -  l l2 -32205(0H)4

il stte _ At3+, [92+, Fez+, Fe3+

Z s i te  -  S t4+,  A l3+

0H slte - hydroxyl

9 .  A luminos i ' l i ca te  minera ls  -  ABSi205
(anda l  us i te ,  kyan i te ,  s l  l l  lman l te )

A s ' i te  -  A l3+

B s i te  -  A l3+

Si02  s i te

4 .  5 ,  6 * t *

4

ENTHALPY, ENTROPY

(f,fu - rl1)lpnase a) : ) Nt (ri,t - nl,r)

where: Ni represents the stoichiometric coefficient of the
ith structural component in mineral phase a, and (fli,'r -

.Etj.1) represents the relative enthalpy contribution of the
ith fictive structural component:

(H!.r - H!,r) : EQ - T) + bi(ts - 7,2)

l r  l \  I- ^. I i- - -i-l + -urt - f,) + Zgr(Ttt, - Tt'z) (6)" ' \ r  , , ) '  t " "
where: T. represents the reference temperature of the
relative enthalpy measurement.

In the case where phases a and b axe not identical (a
phase inversion occurs during the measurement process)'

the mathematical model used to fit relative enthalpy is

(trIr(pn.." a) - Hr.(pt."e u))
Ni (rli,r - Hi.i (7)

where: MI. is the enthalpy of reaction of phase b to phase

a. and the other terms are the same as in Equations 5 and
6. Equation 7 is valid because phase inversions that are
rapid enough to occur during a drop calorimetry measure-
ment for all phases studied to date do not involve a
change in structural comPonents.

The mathematical model used in the regression step 2a
to fit calorimetric entropy (at 298.15 K) is

(S.r - So)rpr,u"".) : T. Ni Si (E)

where: Ni represents the stoichiometric coefficient of the
ith fictive structural component in mineral phase a, and ̂ Si
represents the calorimetric entropy contribution of the ith
fictive structural component.

si = ai hr + 2b{ - cllf + ei + fiflz - 2g/Tt/2 (9)

Equations 4, 6 and 9 are smoothing functions and have
no theoretical basis beyond the thermodynamic identities
shown in Equations I and 2. In our work, data at
temperatures below 200 K were not considered. Above
200 K, the functions readily describe most data. In order
to avoid overfitting of the data, nonsignificant constants
have been eliminated from the general equation wherever
they were not needed to describe the properties of a
phase or fictive component. This is particularly common
for the fil term in Equation 2. Removal of this term
eliminated any rapid excursions of the calculated values
in the temperature region around and above the highest
experimental temperature. Equations 4, 7, and t have
been fit within the temperature range represented for
each fictive structural component and should not be
extended indiscriminately to higher or lower tempera-
tures.

(5)

2 .

3 .

= A f l . + )
I

o

4

*Coordinatlon nunbef of 8 used for ih and Ca, I used for K
ln  nuscov i te ,  and 5  used fo r  K  In  ph logop l te  ln  eva lua t ion
of component propertles.
r *7  uscd.
r*rcoordination numbers of 4, 5, and 6 used for
s i l  l imn l te .  anda lus l te .  and kayn i te .  resDect ive lv .

fiIr(ph"." b) 
- fl1.(phase a)

l r  f r .
I Cplprrase o, d? - 

| Cptpr,"." 
"y 

dT
J O  J O

In the case where phases a and b are identical, the
mathematical model used to fit relative enthalpy is
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Table 3. Component coemcients to estimate mineral heat capacity and entropy (ioules/mol.-Kelvin)

547

Component

Al 203-4* 1. 569850+02

Al 203-5 2.05755D+02

AI 203-6 2.22740D+02

Ca0-6 7.88255D+01

Ca0-7 7.88255D+01

Ca0-8 8.360790+01

FeZ%-4/6 3.184120+02

Fe0-6 8.115120+01

f l  uor l  ne 1.396270+01

hydrate 5.691250+01

hydroxyl 1.29124D+02

K20-8 7.71711D+00

KZ0-6 4.245090+01

Mg0-4 4.30846D+01

Mg0-6 8.993310+01

4.783000+01

5.80738D+01

5.807380+01

5.807380+01

1.09383t+02

5.347740-03

-7.823 I  lD-03

-8.20451D-03

-1.918750-03

-1.91875D-03

-2.97891D-03

-4.893800-02

0.00000D+00

t.28265D-02

0.000000+00

-6.01221D-03

5.271630-02

1.70942D-02

7.447950-04

-3.  193210-03

0.000000+00

1.24598D-02

r. 245980-02

1.245980-02

-2.775910-03

0.00000D+00

0.00000D+00

0.000000+00

0.000000+00

0.00000D+00

1.96615D+04

4.17088D+05

0.000000+00

0.00000D+00

0.00000D+00

6.32070D+05

0.000000+00

0.00000D+00

0.000000+00

0.00000D+00

-8.105990+05

0.00000D+00

0.000000+00

0.666669+00

0.00000D+00

-9.92000D+02

-1 .34963D+03

-l .50724D+03

-4.805380+02

-4.717090+02

-5.15167D+02

-4.85209D+02

-5.223870+01

-3.00702D+02

-8.86693D+02

1.083580+02

- I .25937D+02

_2.06902D+02

_5.88796D+02

-2.45321D+Oz

-2.26355D+02

-2.5117?D+02

-2.592040+02

-7.04147D+Oz

0.00000D+00

0.000000+00

0.000000+00

0.00000D+00

0.00000D+00

0.000000+00

2.571 150-05

0.000000+00

0.00000D+00

0.000000+00

0.000000+00

0.000000+00

0.000000+00

0.00000D+00

0.000000+00

0.000000+00

0.000000+00

0.000000+00

0.000000+00

0.00000D+00

- l .  37221D+03

-2.084060+03

-2.46456D+03

-6.22865D+02

-6.22865D+02

-7.15401t,+02

-3.30795D+03

-5.  51941t +02

0.000000+00

-2.638470+02

-1.64532D+03

6.56875D+02

1.714350+02

0.000000+00

-8.72529D+Oz

0.000000+00

-4.582340+01

-4.582340+01

-4.582340+01

-1.083050+03

M90-8

Na20-6

Na20-7

Na20-8

Si 02-4

*The number after the "-" in each component nane indicates the coordinatlon numben of the component.
**Dashes indicate coef f ic ient  value has not  been determined.

Haas (1974) described the mechanics used to fit the
model to discrete experimental observations in detail.
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
relative enthalpy data that could exceed 7 megajoules/mol
and heat capacity data that are generally less than I
kilojoule/mol-K. Second, weighting constrained the solu-
tion towards the more precise observations. This was
particularly desirable where precise data from low-tem-
perature, adiabatic calorimetry were being matched with
the Iess precise data from differential scanning calorime-
try or from drop calorimetry.

The author's stated precision was used in the first
fitting of a data set from a particular reference. In
subsequent cycles this would be modified r/logic or other
data showed the author's estimate to be abnormallv small
or large.

Results

Table 3 gives the coefficients for the heat-capacity
function, Equation 2, and for the entropy function, Equa-
tion 4. They are given for the 20 different fictive compo-
nents allowed in this study. Figure I contrasts the stan-
dard errors of estimate for 86 data sets using the average
error in the fictive molar heat-capacity summation and
the average error in the oxide heat-capacity summation as
coordinates. The oxide sum calculations were corrected
to remove the effects of lambda transitions occurring in
the temperature intervals of interest. The dashed lines
represent a 2Vo enor of estimate for the data sets. On
Figure l, only 15 sets, a little more than lTVo,lie outside
the 2% bracket. that is. lie outside the vertical dashed
lines, for the fictive method. However, 35 sets, a little
more than 4lVo,Iie outside the2Vo brackets (the horizon-
tal dashed lines) for the oxide method. Clearly, an esti-
mate using the summation of the fictive component heat
capacities is a significant improvement over a summation
using the oxide heat capacities. Because the mineral-
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t o Table 4. Part a. Conversion of the analyses to the number of
moles of each oxide

oxl de
Adjusted

mol s

( n  )

llt X

Si 02

Ti 02

Fe203

5t.62

o.92

7.0202

0.0939

0.0834

1.9203

o.0327

0.1763

0.0686

0.0008

0.0 I88

0.7044

2.26f6

0 . 3 I 8 7

- 5

. 1 O
t o  - 5  0  5  1 0

ERFORS,
FtCTtVE COltpOt{El{T mETHOD (Dorccnt}

Fig. l. Plots of the percentage enors for estimates averaged
over the temperature range of the data set of the oxide-
summation method against the fictive component method for 86
sets of heat-capacity data. Each (+) symbol represents the
standard error of estimate, in percent, averaged over the
temperature range ofeach set used and, therefore, represents as
few as one or more than lffi observations. The vertical dashed
lines emphasize 2Vo error for estimates using the fictive
component method. The horizontal dashed lines emphasize2Vo
error of estimates using the oxide summation method. Less than
haff as many sets lie outside of the 2% envelope for the fictive
component method than do for the oxide summation method.

summation technique of Helgeson et al. (1978) is path-
dependent, a similar analysis is not available.

Figure 2 contrasts the standard errors of estimate for 45
data sets using the error in the fictive molar-entropy

- 5

- l o

- t 6
- 1 5 - 1 0  - 5  0  5  1 0  1 5

E R R O R S ,

F I C T I V E  C O i T P O N E N T  m E T H O D  ( p c r c e n t )

Fig. 2. Plots of the percentage errors for estimates from the
oxide summation method against the percentage errors for
estimates from the fictive component method for 45 sets of molar
calorimetric entropy data at 298.15 K. The vertical dashed lines
emphasize 5Vo enor of estimates using the fictive component
method. The horizontal dashed lines emphasize 5Vo error of
estimates using the oxide summation method. Less than half as
many sets lie outside of the 5Vo envelope for the fictive
component method than do for the oxide summation method.

Al 203

Fe0

}|90

Ca0

[n0

Na20

Kzo

H2o*

Hzo-

Pzos

Subtotal

Less  0

Tota I

23.96

o.z9

3.83

0.47

0 . 0 1

0 . 1 4

8 , t 2

5 .00

0 . 7  4

2 .90

0.09

99.72

9 9 . 4 1

summation and the error in the oxide-entropy summation
as coordinates. The dashed lines represent a 5Vo enor of
estimate for the data sets. Seven sets, approximately
l6Vo, lie outside the 5Vo brackets for the fictive compo-
nent method; whereas 20 sets, approximately 40Vo lie
outside the 5% brackets for the oxide method.

Procedures to calculate estimated molar heat
capacities, relative enthalpies, and

calorimetric molar entropies for minerals

Heat capacity

The molar heat capacity of silicate minerals as a
function of temperature can be estimated using Equations
3 and 4. The coefficients a, b, c, e, f, and g for each
structural component i can be found in Table 3. Table 2
contains a list of common silicate minerals defined in
terms of their structural components. Other information
regarding the structure of silicate minerals can be found in
Papike and Cameron (1976) and Ulbrich and Waldbaum
(re76).

As an example, the estimated heat capacity of an
impure illite is calculated and compared with the mea-
sured values ofRobie et al. (1975). The chemical analysis
of the illite studied by Robie et al. was recast into the
following generalized formula. The chemical analysis and
adjusted molar formula are shown in Table 4a.

(K,Na,HrO)*+y[Al+*(Fe,Mg,Ca,Mn)*]
lSir- y-,Ti,(Al,Fe)rl Ozo(OH,F)+

t 6

t o

E
o
at
o
c
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Table 4. Part b. Calculation of the constants a, b, c, f, and g
for use in Equation 4 to calculate the heat capacity of illite of

the composition given in part a of this table

S t r u c t u r a l  n '  n '  . a i  n '  . b i  ^ '  . . i  n '  . f i  n  '  . 9 i

conPonent  
x to+3 x lo -5  x lo+5 x lo -3

Table 5. Calculation of the constants a, b, c, f, and g for use in
Equations 5 and 6 to calculate the relative heat content of

acmite (NaFe3*Si2O6).

s t ruc tura l  l ' l o les  n i 'a i  n i 'b i
cmoonenf,'  (n i  )  x l  o - t  x l  o rJ

n . i . c i  n i . f i  n i  ' 9 i

xl 0-5 xl o+5 x'l 0-3

Si 02-4

T i02  inc luded in  S i02-4

Fe203-4 0.0834 26.56 -4.0814

Al 203-4 0.3595 56.45 2.2826

A1203-6  1 .5607 347,53  -12 .8048

Fe0-6  0 .0328 2 .66  0 .0

Mg0-6 0.7763 59.a2 -2.47A9

Ca0-6  0 .0686 5 .41  -0 .1316

i lno  inc luded in  Fe0-5

Constan ts  fo r
equat ion  2

7 . 1 1 4 1  7 7 A , t 5  - 1 9 . 7 4 8 1  0 . 0 0 .0  -7 .70493 Na20-8

Fe203-6

Si 02-4

Constants for
equat ion  5

0.5 0.29037 6.22990

0.5 1.59206 2.44690

2.0  2 .18766 -s .551 82

a b

4.07009 3 .1  2498
xl 02 xt 0'3

0.0 0.0 -0.02291

2.08544 1 .28558 -1 .55398

0 . 0  0 . 0  - 2 . 1 6 6 1 0

J g

2.08544 1 .28558 -3 .84299
xl 0+5 xl 0-5 xt 0+3

Robie et al. (1976) used this sample to measure the heat
capacity between 15 and 380 K and (2) these data were
not used to evaluate the fictive component functions
given in Table 3.

Part b of Table 4 shows the calculation of the coeffi-
cients a, b, c, f, and g for use in Equation 4 to calculate
the heat capacity of the illite of the composition given in
Table 4a. Column 2 of Table 4, part b (labeled n') contains
the moles of each structural component in this illite.
Columns 3 through 7 of part b were obtained by multiply-
ing the constants a through f of Table 3 by n'. The
columns 3 through 7 were summed to get the constants
for illite for use in Equation 2. The heat capacity of illite
at any desired temperature was then calculated.

Figure 3 shows the experimental data of Robie et al.
(1976) adjusted to the formula weight of 7n.39 gm, the
formula weight derived from this analysis. The solid line
is the estimated value derived from the above constants.
The dashed lines in Figure 3 represent a d,eviation of 27o
from the calculated curve. The departure ofthe estimated
values from the observed values is about 0.9Vo. This is a
marked improvement over other methods where similar
data for phases, especially those that have hydroxyl ions,
can be estimated only poorly.

The estimation of the molar calorimetric entropy of an
illite of this composition would follow the same approach
and the procedure described in the entropy section.

Relative enthalpy

The molar relative enthalpy of silicate minerals can be
estimated using Equations 5 and 6. The coefficients a, b,
c, e, f, and g for each structural component i can be found
in Table 3. Table 2 contains a list of common silicate
minerals defined in terms of their structural components.
Other information regarding the structure of silicate min-
erals can be found in Papike and Cameron (1976) and
Ulbrich and Waldbaum (1976\.

As an example, Table 5 shows the calculation proce-
dure for estimating the relative enthalpy of acmite
(NaFe3*Si2O6). Acmite was chosen because experimen-
tal data on the relative enthalpy of acmite were not used
to evaluate the estimation functions given in Table 3. As
the calculation is for a stoichometric end-member phase,

0.34785 21.4434 -0.27588

0.0  0 .0  -0 .49345

0.0  0 .0  -3 .84644

0 . 0  0 . 0  - 0 . 0 2 1 3 8

0.0  0 .0  -0 .67734

0.0 0.0 -0.04273

Na20-8  0 .0 i88  1 .09  0 .2342 0 .0  0 .0  -0 .00086

KZ0-72 0 .7044 5 .44  37 .1334 0 .0  0 .0  0 .46270

H20 hydra te  0 .4259 24 .30  0 .0  0 .0  0 .0  -0 .11264

H20 hydroxy l  1 .8407 237.68  -11 .0667 11 .63451 0 .0  -3 .02854

F 0 .3187 4 .45  4 .0878 0 .0  0 .0  0 .0

HZo- corrected by Robie et al, (1979) to remove effect.

PZ05 neg lec ted  in  these ca lcu la t ions .

a b c f g

1559.65  -6 .5735 11 .98236 21 ,4434 -L5 .74149
x10-3  x10+5 x10-5  x l0+3

The composition of the illite studied by Robie et al. (1976\
recast into the above molar formula is

(Kr.a r,Nao.oa,H3O0.2sXAl3. l2(Feg.s3,Mg6 7s,Cao.oz)l
[Si7. 1 1 (Als.72,Fee 17)]026(0H:.os,Fo.rz)

Part b of the table shows the procedure for getting the
constants for illite of the cited composition for use in
Equation 4, above. The analysis was chosen because (l)

900

Y

: 8 0 0
E

> 700
E
o
o. 600
o

S soo
I . 50 300 350 400 450 soo

TEMPERATURE (K)

Fig. 3. Plot ofthe experimental and estimated heat capacities
for an illite sample used by Robie et al. (1976). They are shown
by + and a solid line, respecrively. The analysis of the illite is
given on Table 4a, column 2. The dashed lines represent an error
of 2Vo about the estimated heat-capacity function. The function
departs from the experimental data by abolt0.9%o.
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found in Table 3. Table 2 contains a list of common
silicate minerals defined in terms of their structural
components. Other information regarding the structure of
silicate minerals can be found in Papike and Cameron
(1976) and Ulbrich and Waldbaum (1976). In addition,
Ulbrich and Waldbaum (1976) present structural informa-
tion on silicate minerals needed to correct calorimetric
entropy to third-law entropy.

The general procedure for the estimation of the molar
calorimetric entropy for a phase would follow the same
approach described in the calculation of estimated heat
capacity of illite and relative enthalpy of acmite.

As an example, Table 6a shows the calculation proce-
dure to estimate the calorimetric molar entropy of an
ideal illite (K:AlzMg(Sirdlz)O+o(OH)s). Measured data
on the calorimetric molar entropy of illite were excluded
from the evaluation. Table 6b compares the observed
value for the calorimetric molar entropy of illite (Robie et
al., 1976) with estimated values using (l) the estimation
technique described here, (2) the estimation technique
described by Helgeson et al. (1978), and (3) estimation
based on sum of oxide entropies. The estimated molar
entropy of illite at 298J5 K (1127.8 J/mol ' K) differs by
2.lVo from the measured molar entropy (11O4.2x.6.0 Jl
mol . K, Robie er al.,1976).

Conclusions

A technique utilizing fictive structural components can
provide accurate estimates of heat capacity and calori-
metric entropy for silicate minerals. The properties of the
fictive components were obtained from a multiple, Ieast-
squares regression of a large body of experimental data
on silicate minerals. The uncertainty of estimate using
this technique is approximately ZVo for heat capacity and
5Vo for calorimetric entropy. The calculation procedure is
easy to perform and is path independent. One restriction

500 750 1000
TEMPERATURE (K)

1  2 5 0

Fig. 4. Plot of experimental and estimated relative enthalpies
(Ht-Hzge 15) for acmite (NaFe3+Si2O6). The estimated values
were calculated using equations 5 and 6 and the coeffcients
listed in Table 5 and are shown by a solid line. The dashed lines
represent an error of 2Vo about the estimated relative enthalpy
function. The experimental measurements of Ko et al. (1977) on
a synthetic acmite are shown by x. The function departs from the
experimental data by about0.4Vo.

the computational procedure is straightforward. The co-
efficients, a, b, c, f, and g used to describe the relative
enthalpy of acmite are calculated by summing the prod-
ucts of the moles of each component i in one mole of
acmite and the coefficients, tli . . . gi, for each component
i. Figure 4 compares the calculated relative enthalpies
with measured relative enthalpies (Ko et al., 1977) for
acmite. The dashed lines in Figure 4 represent a deviation
of ZVofrom the calculated curve. Note that the measured
relative enthalpy values lie well within this 2% window.

Entropy

The calorimetric molar entropy of silicate minerals can
be estimated using Equations 8 and 9. The coefficients a,
b, c, e, f, and g for each structural component i can be

Table 6. Part a. Calculation of the constants a. b, c, f, and g for use in Equation 9 to calculae the calorimetric entropy of illite
(KgAlzMg(Sir+Alr)O4o(OH)8) at 298. l5 K.

Structuna' l  Moles ni 'a i
c0mponent

(n .  )  x l 0 - z

n l ' D i  n i ' c i

x10+3 x l0 -6

n i ' f i  n i ' 9 i

x l0 -3

S2g8  n i ' 5298

J /mo ] .K  J /no1 .K

n i ' e i

x  10-3

K20-8

Al  203-6

litg0-6

Al 203-4

Si  02-4

Hydnoxyl

Constants for
equat'i on 9

Entropy at  298.15 K

i9 .07445  0 .0

-28.7t579 0.0

-3 .13921  0 ,0

6 .34474  0 .0

-38.86274 0.0

-24.04884 2.52828

t . 5

I

I4

4

0.  I  1576

7 .79590

0.899 33

l .  56985

15 .  31  362

5.16496

3.08594
x 10+3

0 .16255

-5.27534

-0.58880

-0.99200

-9.85806

-3.54677

e

0,98531

-8.26596

-0.87253

-t .37221

-15 .15270

-6.58128

g

-3 .16294
x 10+4

0 .0

0 . 0

0 . 0

0 . 0

0 . 0

0 .0

f

0 . 0

107 .687  161 .53

4?.411 148.44

2? .766  22 .77

6s .162  55 .16

42.865 500.11

32.437 129.75

o

-e.39819
x  l0 - r

2.52a28
x10+6

-2.00984
x 1o+4

tt27.8
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Cal  o r ine t r i c
enfroy

( a t  2 9 8 . 1 5  K )  1 1 0 4 . 2
U m o l ' K  !  6 . 0

Est imated va l  ue-
observed val ue

Percent error

Table 6. Part b. Comparison of the observed calorimetric molar
entropy of illite (KrAl;Mg(Sir+AlrO40(OH)8) with estimated
values calculated from (l) the technique described here, (2) the
technique described by Helgeson et al. (197E), and (3) the sum of

oxide entropies.
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