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Heat capacities and entropies of phlogopite (KMgrlAlSi3Or0l(OH)z) and
paragonite (NaAl2[AlSi3Or0](OH)2) between 5 and 900 K

and estimates of the enthalpies and Gibbs free energies of formation

RtcHeno A. Rosre nNl BRucr, S. Her\arNcwey

U. S. Geological Survey, Reston, Virginia 22092

Abstract

The heat capacities ofphlogopite and paragonite have been measured from 5 to 1000 and
800 K, respectively, by combined cryogenic-adiabatic and differential scanning calorime-
try. At 298.15 K (25'C) the molar heat capacity, CF, and the entropy change, Siq8 -So, are
355.1-r l . l  and 315.9+1.0 J/ (mol  .K)  for  phlogopi te and 321.5t1.0 and 277.1x.0.9
J/(mol . K) for paragonite.

For the temperature range 298.15 to 1000 K, the molar heat capacity of phlogopite in
J/(mol . K) is represented by

G = 872.13 - 0.077257 + 3.575 x 105f2 - 8600.6f0t (*0.7 percenr).

For the temperature range 298
represented by

cF : 688.44 + 0.036277 -

We have combined our calorimetric results with data from the P-Tequilibrium studies of
Chatterjee (1972) for the reaction

paragonite + quartz = analbite * andalusite + steam

and with those of Holland (1979) for the reactron

paragonite:jadeite + kyanite + steam

to derive improved values for the enthalpy and Gibbs free energies of formation of
paragonite. On the assumption that the paragonite formed in the equlibrium studies is
disordered, in accord with crystal structure studies, our values are -5933.07-+4.70 and
-5557.88+4.70 kJ/mol for Af1i,2es and AGi,2es, respectively. If, however, paragonite is
ordered, the correct values are -5949.33!4.60 and -5568.46-f 4.60 kJ/mol.

to 800 K, the molar heat capacity of paragonite is

1.8604 x 106T-2 - 5816.1T-0t (*0.5 percent).

Introduction
As part of an ongoing study of the thermodynamic

properties of the sheet-structure silicates (see Robie and
Stout, 1963; Robie et al., 1976; Krupka et al., 1979) we
have measured the heat capacities of phlogopite
(KMg3[AlSi3Oro](OH)J and paragonite (NaAl2[AlSi3
Orgl(OH), from approximately 5 to 800 K by combined
cryogenic-adiabatic and differential scanning calorimetry
in order to evaluate their third-law entropies. We have
combined our calorimetric results with data from experi-
mental PsrtrT investigations using the third-law method
(Robie, 1965; Krupka et al., 1979) in order to obtain
values for the Gibbs free energy of formation, A@, for
phlogopite and paragonite between 298.15 and 800 K.

Paragonite is the sodium analog of muscovite and has a
similar paragenesis. Although a number of equilibrium
studies of the stability of paragonite at elevated tempera-
tures exist, calorimetric data on this phase are limited to
the CF equation of Holland (1979). The presently avail-
able thermodynamic data for paragonite are based on the
0003-004x/84/0910-0858$02.00 858

phase equilibrium studies of Chattedee (1970,1972) and
Holland (1979) for a restricted temperature interval and
are of somewhat questionable value without additional or
supporting data.

Phlogopite is one of the most important of the rock-
forming trioctahedral micas. It is widespread and is an
important constituent in such diverse rock types as
regionally metamorphosed magnesian limestones and
kimberlites, where it may constitute as much as 30
volume percent of the rock (glimmerites). It is also of
major commercial importance as an electrical insulator.

The only thermodynamic data available for phlogopite
are estimates based on the slope of equilibrium P-7
curves and a value for AGF,zqa calculated by Bird and
Anderson (1973) from data for the reaction 3 clinochlore
* 5 muscovite = 5 phlogopite + 8 kyanite r quartz'r 12
H2O. Bird and Anderson (1973) used the equilibrium data
of Bird and Fawcett (1973) tor this reaction to calculate a
value for A@ of phlogopite. In their calculations they
used AGi.2es for clinochlore calculated by Zen (1972).
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Table l. Chemical analyses of phlogopite from Burgess, Ontario, and paragonite from Ilas de Margarita, Venezuela

1

Si02 43.20

Al  203 12.22

Fe203

Fe0

f i02

Mn0

MgO 28.98

Ca0

Ba0
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Hz0'  4.31
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KMs 3[A1 si 301 s](0H) 2

Ph logop i t e ,  Bu rgess ,on ta r i o ,  UsNM 
, l 24 ' 158 .  

Rap id - rock  ana l ys i s ,  J .  Ma r i nenko ,  U .S .
Geoloqical  Survey no.  l ' l -197309

3.  "  Jakob and Parga-Ponda l  (1932) .  Sample  conta ins  0 .54  T i203.

4 .  "  C l a r k e  a n d  S c h n e l d e r  ( ] 8 9 0 ) .

5 .  N a A l 2 [ A l s i 3 0 1 6 ] ( 0 H ) 2

6 .  P a r a g o n i t e ,  I l a s  d e  M a r g a n i t a ,  V e n e z u e l a .  R a p i d - r o c k  a n a l y s i s ,  J .  M a r i n e n k o ,  U . S .
Geo loq i ca l  Su rvey  no .  W-1973 . I 0

l ' , l icroprobe analysis by L.B.  t { iggins,  U.s.  Geological  survey.

f . f icroprobe analysis by l , l | .V.  Maresch (1972, | |176-1 and l l l76-2) .

? n

I , 9 .

+HZo by di f ference.

Zen's value for AGi,zqe of clinochlore differs by more
than 106 kJ from the more recent values given by Hender-
son et al. (1983) which were obtained from more exten-
sive equilibrium data and which had available measured
values for the entropy and high-temperature heat capacity
of clinochlore. However, for fluorphlogopite, KMgr[Al-
SirOrolFz, fairly extensive thermodynamic data exist
(Kelley et al. (1959), with significant corrections by Robie
et al. (1979).

In order to improve this situation, we have measured
the heat capacities of paragonite and phlogopite over a
wide temperature range to provide accurate entropies for
both phases, and we have combined our C$ and entropy
data with data from earlier equilibrium studies to obtain
more accurate values for the enthalpy and Gibbs free
energy of formation as a function of temperature.

Calorimetric apparatus

Measurements of the heat capacities in the temperature range
5 to 380 K were made with the calorimeter described by Robie
and Hemingway (1972) modified as discussed by Robie et al.
(1976). Between 350 and 1000 K, heat capacities were
determined by using a commercial ditrerential scanning
calorimeter, Perkin-Elmer DSC-2.1 We have modified the
scanning calorimeter by the addition of a digital voltmeter
(Hewlett-Packard 3490A) and a desk computer (H.P. 9825T) so
that all temperature and differential power data are now recorded
automatically and all data reduction is done using the computer
and programs written in this laboratory. The replacement of the
standard chart recorder by the digital voltmeter provides a

I The use of trade names is for descriptive purposes only and
does not imply endorsement by the U. S. Geological Survey.
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significant improvement in the precision with which heat
capacities may be measured, (from 10.9 to +0.4 percent).

Materials

Phlogopite

Our calorimetric sample of phlogopite was separated from a
large "book" ofamber-colored crystals from Burgess, Ontario,
that was obtained from the U. S. National Museum (USNM
l24l5E) through the courtesy of J. S. White, Jr. Material from
this same locality has been used previously by yoder and
Eugster (1954) in studies ofthe stability and synthesis ofphlogo-
pite and by Hendricks and Jefferson (1939) in their classic study
of the polymorphism of the micas. A chemical analvsis of our
sample by the method of Shapiro (1975) is given in Table l,
column 2, together with two earlier analyses of the Burgess
Ontario, phlogopite, columns 3 and 4.

The sample mass, corrected for bouyancy, used for our heat
capacity measurements was 33.066 g. The unit cell parameters
arei a:0.531+0.002 nm, D = 0.922a0.003 nm, c = 1.02210.003
nm, and B = 100.00*0.03', and the structure type is lM (M. R.
Ross, U. S. Geol. Survey, personal communication, l9g2) deter-
mined by single crystal methods.

Paragonite

The sample of paragonite used for our heat capacity measure-
ments was separated from a schist collected by Dr. Walter
Maresch (Bochum University) from the Ilas de Margarita, Vene-
zuela. The geology and petrology of the locality have been
described by Maresch (1972). Approximately 100 kg of rock was
crushed in a jaw mill, and the paragonite was separated by
successlve passes over an asymmetric vibrating table (Faul and
Davis, 1959), followed by heavy-liquid (tetrabromethane) sepa-
ration, and, finally, handpicking under a binocular microscope.
Analytical data for our calorimetric sample are given in Table l,
columns 6-9. Unit cell parameters axe d : 0.5130+0.0010 nm, b
= 0.8905+0.0017 nm, c :  1.9i42+0.0039 nm, and p =
94.5+0.2", and the structure type is 2M1 (M. R. Ross, written
communication, August 1982). These parameters are in good
agreement with those reported by Chattedee (1974) and Holland
(1979) for synthetic 2M, paragonite. The sample mass, corrected
for buoyancy, used for our measurements was 27.393 g.

Experimental results 5 to 380 K and impurity
corrections

The samples were heated at 120"C for 2 hours prior to
loading in the low-temperature calorimeter and were
sealed under approximately 25 mm pressure (3.3 kPa) of
purified helium gas to promote rapid thermal equilibra-
tion. Our experimental results for the specific heat of the
Burgess, Ontario, phlogopite and the Ilas de Margarita,
Venezuela, paragonite, between 5 and 383 K are listed in
their chronological order of measurement in Tables 2 and
3, and are shown graphically as molar heat capacities,
after correction for impurities, in Figure l. The specific
heat of synthetic lM fluorphlogopite, Kelley and others
(1959) is systematically less than that of hydroxyphlogo-
pite by 0.I to 4.5 percent between 52 and 296 K.

In order to obtain the thermodynamic properties of
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Table 2. Experimental specific heats of phlogopite from
Burgess, Ontario (usNM 124158), measured by adiabatic
calorimetry. The data are uncorrected for deviation from the

composition KMgrlAlSi:Orol(OH)2.

Spec l f l c

heet

J / (s 'K)

Speclf tc
he6t

J/(s 'x)

Serlea l

50.7 5
5  5 .04
59.45
64.41
69,7 tl
75 .01
80.28
85.58
90.95
95.4r

101.75

Serle6 2

9 4 . 1 3
99.92

105.50
110.80
r16.04
t2L.28
126.50
1 3 1 . 7 4
r35.98

Settes 3

L27 .OO
132.69
130.10
143,34
14a.62
1 5 3 . 9 4
r59.12
L64.7 4
L70.20
L75,7 4
r 8 1 ,  r  7
r87 .03
r93.88

Serles 4

1o2.72
109.7 6
315.E4
324.05
331.39
r3a,77

330.12
3 3 7 . 5 4
345.00
352.50
360.06
367.65
375. r8
382.67

6 . 2 3
6 . 1 3
7 . 2 1
7  . 7 7
8 . 3 7
9.08

10.05
L7.26
12.78
L4.37
1 5 . E 2
77 .4a
19.36
21.32
23.45
25.91
28.69
31,84
3 5 . 5 6
39.72
44.L3
48.11

serle. T

189.85  0 .5884
t97 .23  0 .5091
204,55 0.6290
2L2.OL 0 .648s
279.52 0.6676
227.09 0.6852
234.12  0 .7042
242.22 0.72L1
249,70  0 .737a
257.26  0 .7538
264.90 0,7694
272.64  0 .7A46
280.39  0 .7991
288.91  0 .0157
296.30 0.8287

S e r l e . 5

0 .8820
o.8927
0.9029
0 . 9 1 3 3
0.9231
o.9332
0,9424
0.9508

Set le6  6

0.00092
0.0010E
0.00117
0.00125
0.00r39
0.00156
0.001E5
o.oo227
0.00298
0.00400
0.00515
0.00682
0.00925
o.01226
0.015E5
0.02056
o.02654
0.03399
0.04536
0.05499
o.o577 4
0 .08r78

0.0886
0.1031
0 . t I 8 5
0 . 1 3 5 9
0.  r555
0.1  7s8
0,1963
0.2180
0.2391
0.2508
0.2819

0.2516
o . 2 7  4 6
o.2966
o.3r7  4
0 .3381
0.358r
0 .3780
o.397 5
0 .4168

0 . 3 7 9 9
0.4010
o.4206
0.4394
o.4579
0.4760
0.4939
o . 5 l r 5
0 .5290
0 , 5 4 6 5
0.5628
0.5802
0.5999

0.8389
0.8503
0,8518
0.  E t30
0.EE4l
0 .8941

KMg3[AlSi3O1e](OH)2 from ourmeasured specific heats on
the mineral sample having the composition of column 2,
Table 1, we first normalized the heat capacity to that
mass of sample which contains exactly one mole,
(418.815 e) of KMg3[AlSi3Or0](OHr 22F.7j plus the asso-
ciated impurities. The impurity atoms were then com-
bined into various (fictive) oxide and silicate phases for
which the heat capacity at low temperature was available;
and from the heat capacity of 462.960 g of sample, we
subtracted the heat capacities of the fictive impurity
phases to obtain the molar heat capacity of KMg3
lAlsi3or0l(OH)r.zzF.zs). We then used rhe Cg data of
Kelley and others (1959) for synthetic KMg:[AlSi:Oro]Fz
to make the corrections for the fluorine replacement of
the hydroxyl and obtain the thermodynamic properties of
ideal KMgrlAlSi3O rol(OH)2.
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Table 3. Experimental specific heats of paragonite from llas de
Margarita, Venezuela, measured by adiabatic calorimetry. The
data are uncorrected for deviations from the comoosition

NaAlzlAlSirOroXOH)2.

solid solution KMgr[AlSirOro](OHr 22F76) to values for
pure hydroxyphlogopite (P). From our measured values
of C} of the solid solution and those offluorphlogopite'
we obtained the corresponding temperatures Tp and Tv at
which the heat capacity offluorphlogopite (F) and that of
the solid solution (X) have the same value. We then
assumed the relation (Tx-Til(TrT) : 1.2212.00 whete
the right hand side of the equation corresponds to the
mole fraction of hydroxyphlogopite in our specimen and
where Tp is the corresponding temperature for KMg3

[AlSi3Or0](OH)2, and calculated values of Tp, obtaining
the dashed curve in Figure 2. The correction was done
graphically at 20-K intervals in 7p as for example as
shown by Ti, Tk, and T[. If the corresponding states
model were exact, the ratio TnlTx would be a constant
independent of temperature. In reality TslTa varies by
about 3 percent between 50 and 250 K.

Although our final results for CF of hydroxyphlogopite
differ but slightly from what one would have obtained
from the simpler assumption of additivity of the constitu-
ent oxide heat capacities, they do have a somewhat firmer
physical justification. We also point out that, had we not
made any correction for impurities, the resultant value for
Sies, would have differed from our corrected value by
only -1.3 percent.

The difference between the specific heats corrected for
impurities as indicated above and the measured values
was2.4 percent at 50 K, I percent at 100 K, and less than
0.6 percent above 145 K. The colrected C$ of phlogopite

Fig. l. Experimental molar heat capacities of phlogopite
(squares) and paragonite (triangles) between 5 and 380 K.

Speclf lc
heet

J /  ( s ' K )

Spectf lc
heat

J/  (s ' ( )

5 . 5 4
6 . 2 5
6 . 9 4
7  . 1 9
8 . 7 5
9 . 7 4

10.78
1 1 . 9 4
1 3 . 1 4
1  4 . 4 0
1 5 . 9 3
1 7 . 8 0
L9.92
22.06
24.22
26.45
2A.a l
3 1 . 6 9
35.05
39.05
43.58
4 8 . 8 4

306.37
313.46
32i..10
324.78
3 3 6 . 4 0

34t.91
35r .45
358.88
366.25
373.56
380.83

52.07
57.24
62.70
6 8 . 1 5

Sertes I

0.00025
0.00035
0.00048
0.00058
0.00080
0.00108
0.00140
0.00158
0.00206
0.00262
0.00334
0.00457
0.00655
0.00897
0.01195
0.0r555
0.02004
0.02610
0.03428
0.0449E
0.05840
o.o7  444

Serled I I

0 . 8 5 E 7
0 . 8 7 2 0
0 . 8 8 5 E
0 . 8 9 9 0
0 . 9 1 2 0

S e r l e 6  I I I

0 . 9 2 4 1
0 . 9 3 5 9
o.94a2
0 . 9 5 9 4
0 . 9 6 9 9
0 . 9 8 0 2

Serlea IV

0 . 0 8 5 7
0 , 1 0 3 5
o . t 2 2 a
0.1427

Serl€6 v

135.04  0 .3970
140.71  0 .4171
145.39  0 .4370
152.01  0 .4568
1 5 7 . 5 8  0 . 4 7  5 2
163,12  0 .4933
159. .62  0 .5 r r3
1 7 4 . 1 9  0 . 5 2 9 0

Serles vI

177.75 0.5226
r11.44  0 .5406
183.12  0 .5583
188.87  0 .5759
194.52  0 .5926
200.26 0.6093
206,46  0 .6268
2t2,95 0.6446
219.33  0 .6618
225.6t 0.6797
231.80  0 .6946

Ser lea  VI I

238.06  0 .7107
244.t5 0.7259
250.10  0 .7403
255.99 0.7537
262.t1 0.7678
26A.41 0 .7E15

serl.eo VIII

274.76  0 ,1920
280.99  0 .E0E9
2A7.2a 0 .8221
293.56  0 .8315
300.22 0.8475
306.81  0 .E600

In order to obtain the heat capacity of KMgr[AlSir
Orol(OH)2 from our corrected results for the solid solu-
tion KMg3[AlSi3Or0](OHr zzF n), we have utilized the C$
data for KMgr[AlSirOro]Fz and assumed that these two
phases obey the law ofcorresponding states (see Guggen-
heim, 1950, p. 138-144; Stout and Catalano, 1955). This
assumption should be reasonably accurate inasmuch as
the difference in formula weights is less than 1.0 percent,
the two micas are isostructural, their molar volumes difer
by only 2.4 percent, and their molar heat capacities differ
by 4.5 percent or less between 50 and 300 K. The law of
corresponding states asserts that for structurally similar
phases, certain thermophysical properties such as the
heat capacity have the same value at the same (corre-
sponding) value of T/d where 0 is the characteristic
temperature of the phase calculated from the Debye
model.

In Figure 2 we show schematically the manner by
which we have corrected our experimental data on the
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at 298.15 K is 355.1-+1.1 J/(mol .K), and the corrected
entropy change SisrSS, is 315.9-+1.0 J/(mol . K).

For paragonite, our experimental specific heats were
corrected for deviation of the sample from the exact
composition NaAl2(AlSi3Oro)(OH)z as follows: 454.54 g
of sample having the composition of column 6, Table l,
was assumed to consist of I mole (382.202 g) of NaAl2
(AlSi3OIoXOH)z,27.88 g of KAI2[AISi3O10](OH)2, 29.17 g
of AlzSizOs(OH)4, 7.51 g of CaAl2SizOa, 2.08 g of TiO2,
1.44 g of Fe2O3, 3.98 g of Al2O3, and 0.28 g of CaO. The
heat capacities of these fictive impurity phases were
subtracted from the measured heat capacity of454.54 g of
material. The diference between the corrected and un-
corrected heat capacities is 0.4 percent or less for tem-
peratures above 52 K. At 298.15 K, the corrected C} for
paragonite is 321.5+1.0 J/(mol . K).

Although no theoretical justification exists for the
assumption of additivity of the heat capacities of compo-
nent oxides, experiments show that this assumption is
usually good to the order of 5-10 percent for tempera-
tures above 100 K (Fig. 3).

At 100 K, the entropy of paragonite, Sisg, is less than
20 percent ofSies, and from Figure 4, it seems reasonable
to assume that the approximation of the additivity of
oxide heat capacities is good to the order of l0 percent for
temperatures above 100 K. Inasmuch as the total impuri-
ty correction never exceeds 2.5 percent, the correspond-
ing uncertainty in the corrections should not contribute

KMs3 lAtsi30 ro] (oH)2

KMs3[Ats.3oro]F ta or, t zz
KM93[AtSi30ro] F2

'rti

/

' / , ' i

i

/ /

, /./
, 'J  /

v 'r " "

|  |  t / ' X

, .
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r p_ i  i'rl
t'^i 
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0 1 00 2OO 3OO

Temperature, in kelvins

Fig. 2. Schematic of corresponding states correction for
fluorphlogopite component of KMgr[AlSi:OroXOHr 22F 76) solid
solution. A description ofthe symbols and the procedure is given
in the text.

l 2

0 100 200 300

Temperature, in kelvins

Fig. 3. Comparison of the sum of the heat capacities of oxides
I Cp(ox) with the heat capacities of various silicates G(cpmd)
as a function of temperature.

more than 0.2 percent to the final corrected values of C$
and should not contribute more than 0.05 percent to Siqe.
The corrected entropy change, ,Siqe - SBfor paragonite is
277.1-+0.9 J/(mol . K).

We have extrapolated our measurements to 0 kelvin
using a plot of CglT versus T2 as indicated in Figure 4. For

Tamts.atu,a. in kaNinr
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Fig. 4. CllT versus T 2 extrapolation of experimental G
measurements to 0 kelvin for natural phlogopite and paragonite.
Dashed lines represent extrapolation used to calculate entropy of
the iron free phases. For phlogopite the dashed line corresponds
to 0D = 431 K and for paragonite 0o : 506 K.
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cluding the Schottky anomaly) curve corresponds to :0.2

J/(mol' K) and is in reasonable agreement with that
calculated for the replacement of 0.015 moles of Mg2* by
Fe2* (i.e., 0.015 Rln 5 : 0.2 J/(mol ' K)) and is, we
believe, justification of our use of the extrapolation
represented by the dashed curves in Figure 5. For parago-
nite, the difference in the entropy at 15 K calculated from
the dashed and solid curves is 0. 13 J/(mol ' K).

Experimental results 350 to 1000 K

Above 350 kelvin we also measured the heat capacities
ofphlogopite and paragonite using a differential scanning
calorimeter. The samples were enclosed in gold pans and
were studied at a heating rate of l0 K/min and a sensitiv-
ity of 1.25 J/min. The sample of phlogopite weighed22.14
mg and that of paragonite 22.50 mg. Our experimental
results for phlogopite and paragonite, uncorrected for
deviation from the ideal formulas, are listed in Tables 4
and 5, respectively. Our resulls were fit by least squares
to the equation

C | : a + b ? +  c l f  + d T - o t  ( l )

which was constrained to join smoothly with the values
obtained from our more accurate low-temperature adia-

Table 4. Experimental specific heats of phlogopite from
Burgess, Ontario, measured by differential scanning calorimetry.
Data are uncorrected for deviation from the formula

KMg:[AlSi:OroXOH)2.

TeEp C;

K e l v i n s  J / ( g ' K )

Tenp C;

( e l v i n s  . l / ( g ' r )

75A A@O
T e n p e n o t u n e

Fig. 5. Value of AI{.2es for reaction (5a) calculated from a
thirdJaw treatment of the data of Chattefee (1972). Triangles
indicate the lower temperature and circles the upper temperature
for the reaction equilibrium brackets. The open symbols were
calculated assuming paragonite is disordered and the solid
symbols assuming paragonite is ordered. The dashed line is the
average value calculated from the equilibrium data. The H2O
pressure in bars is indicated for each bracket.

a diamagnetic solid at very low temperatures, C$ - 273
and a plot of C"plT vs. T2 should yield a straight line
passing through the origin. Our data for both phlogopite
and paragonite show significant deviations from this
expected behavior below l5 K. We attribute these abnor-
malities in the C$lT vs. T2 curves to the presence of the
small amount of iron in solid solution in these samples
leading to a Schottky-type contribution to the heat capac-
ity at very low temperatures (see for example, Gopal,
1966, p. 102-105).

The excess heat capacity (and entropy) arising from
these Schottky contributions is in addition to the excess
lattice heat capacity caused by the replacement of magne-
sium by iron (in phlogopite) and must also be corrected
for in order to obtain CF and the entropy for pure
KMe:[AlSi3Oro](OH)z and NaAlzlAlSirOrol(OH):. This
correction was made by extrapolating smoothly the CglT
versus I curve from temperatures above the anomalous
region to CilT : 0 at zero kelvin as indicated by the
dashed lines in Figure 4. The dashed lines correspond to
0p values of 431 and 506 K for hydroxyphlogopite and
paragonite respectively.

For phlogopite, the difference in the entropy at 15 K
calculated for the solid (experimental) and dashed (ex-
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o
l
o
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-

""f { "./I { _,_d- 
^f .p
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7@@
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369,7
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3 8 9 . 7
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4 t9 .7
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4 7 9 , 7
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499.7
469.9
4 7 9 . a
4 8 9 . 8
499.8
5 0 9 . 8
5 1 9 .  8
529.8
5 3 9 . 8
5 4 9 . 8
5 5 9 . 8
5 6 9 , 8
579.8
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609.7
6 t9 .7
629.7
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6 r 9 . 8
629.4

0.9228
0 . 9 3 9 6
0 . 9 5 5 r
0 .  9354
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0 , 9 8 7 3
o.9942
r . 0 0 2
1.  009
I . 0 t 7
1 .  020
1 . 0 3 4
1 . 0 3 9
1.  053
1 . 0 5 4
1 . 0 6 1
r . 0 3 9
L . 0 4 7
r .  054
I  .060
1 . 0 5 4
1 . 0 7 0
1 . 0 7 7
1 . 0 8 2
1.088
r . 0 9 2
1 . 0 9 9
1 . 1 0 3
1 ,  1 0 5
1 . 1 1 0
1 . 1 1 8
r . t22
7. L27
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r .  1 4 0
I .  I I 9
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6 6 9 . 7  l . 1 3 2
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7 0 9 . 7  1 . 1 5 4
7 t 9 . 7  1 . 1 6 0
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7 3 9 . 7  1 .  1 5 8
7 4 9 . 7  1 , 1 7 3
7 5 9 , 7  1 . 1 5 7
7 6 9 . 7  L , L 7 3
7 7 9 . 7  1 . 1 8 0
7 8 9 . 7  L . 1 7 9
7 9 9 . 7  L . L 7 7
8 6 9 . 6  1 .  1 8 7
a79.4  1 .  195
8 8 9 . 3  1 . 2 0 0
499,2  1 .20s
9 0 9 . 1  1 . 2 1 5
9 1 8 . 9  1 . 2 1 9
92A.A 1 .228
93A.7  r .23r
94A.6  1 .227
958.4  1 .232
9 6 8 . 3  r . 2 2 7
9 7 A . 2  L . 2 3 2
988.  r  1 .236
9 9 7 . A  L . 2 3 7
8 9 8 . 9  1 . 2 1 0
8 8 9 , 0  r . 1 9 6
8 7 9 . 1  1 . 1 8 7
8 5 9 . 3  r , 1 8 7
8 4 9 . 4  r . 1 8 2
8 3 9 . 5  1 . 1 7 8
8 0 9 . 5  l . L l  4
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batic calorimetry between 300 and 370 K. Between 298
and 1000 K the molar heat capacity of ideal hydroxyphlo-
gopite may be represented by the equation

6: 872.t3 - 0.077257 + 3.575 x t05T-2 - 8600.6r-0.5

(2)

with an average deviation +0.7 percent, and that for ideal
paragonite between 298 and 800 K by the equation

cF : 688.44 + 0.03627 T - 1.8604 x t06T-2 - 58 16. I T-0 s

(3)

with an average deviation of +0.5 percent.
Our high-temperature heat capacities for paragonite

differ from those calculated from the equation given by
Holland (1979) for a synthetic paragonite by - 1.3 percent
at 4fi) K, - l 4 percent at 600 K, and +0.8 percent at 800
K. At 800 K, our value for SSoo - Sisa is I percent (i.e.,
4.5 J/(mol . K)) less than that obtained from Holland's
equation.

Thermodynamic properties of
KMg[A|Si3O10](OH)2 (phlogopite) and

NaAl2[AlSi3Or0](OH)2 (paragonite)

Our experimental data for phlogopite and paragonite,
corrected for curvature and impurities and extrapolated
to 0 kelvin, were smoothed graphically (using a mechani-
cal spline) below 30 K and by orthogonal polynomial

Table 5. Experimental specific heats of paragonite from Ilas de
Margarita, Venezuela, measured by differential scanning
calorimetry. Data are uncorrected for deviation from the formula

NaAl2[AlSi3O,o](OH)z

Tenp C;

K e l v l n s  J / ( e ' K )

Tenp c;

Kelvlns J/(g'K)

ROBIE AND HEMINGWAY: PHLOGOPITE AND PARAGONITE

curve fitting (Justice, 1969) between 30 and 380 K and
were used to generate the thermodynamic functions at
integral temperatures listed in Tables 6 and 7. In both
tables, the function S? - SB is tabulated and not the
absolute entropy.

The crystal structure of 2M1 paragonite has been
refined by Burnham and Radoslovich (1964) by X-ray
studies and by Sidorenko etal. (1974) by electron diffrac-
tion. Hazen and Burnham (1973) and Joswig (1972) have
refined the structure of lM phlogopite by X-rays and
neutron diffraction, respectively, and McCauley et al.
(1973) have refined the structure of fluorphlogopite (lM).
All these investigators concur that the tetrahedral alumi-
num atoms are randomly distributed in both these mica

Table 6. Molar thermodynamic properties of hydroxy-
phlogopite KMg3[AlSi3O16](OH)2. Formula weight : 417.262 g
mol-r. Entropy and Gibbs energy function are not corrected for

possible zero-point entropy.

T e n p .  H e a t
c a p a c l t y

T C -

K

E n t r o p y  E n t h a l p y  G l b b s  e n e r g y
f u n c t l o o  f u n c t l o n

<s i -s i r  <n i -Ho l r r  -<c i -u i r r r
'  

J / ( D o 1 ' K )

339,7
349,1
359.7

379.7
3a9.7
399.7
409.7
4L9.7
429.7
439.7
449.7
459.7
469.7
479.7
489.7
499,7
469.9
479.a
4 8 9 . 8
4 9 9 . 8
509.8
5 1 9 . 8
529.8
5 3 9 , 8
5 4 9 . 8
5 5 9 . 8

o.9224
0.9338
0.  9416
0.926a
o.9702
0 . 9 8 6 r
0 . 9 9 8 2
r . 0 1 2
1 . 0 2 1
L.O27
r . 0 3 6
t .  040
r . 0 5 4
1 , 0 6 4
1 . 0 7 9
1 . 0 8 9
I .  I O 3
t . 0 7 2
1 . 0 8 1
r . 0 9 0
t .097
1 .  1 0 1
I .  IO8
I .  I I 5
1 .  1 2 1
l. r27
1 .  1 3 5

569.8
579.8
589.7
599.7
609,7

629.7

549.7
6 I 9 . 8
629,A
639.1
649.7
659.7
669.7
679.7
6A9.7
699.7
709.7
7 t9 .7
729.7
7  39 .7
7  49 .7
7  59 .7
769.7
7  7 9 . 7

r . 228
1 .  230

r .  238
t . 244
L .246
r . 250
t . 25L
r.250

o .  0 8 2
0 . 6 2 0
2 . 0 0 8
4 . 4 9 7
8 . 1 9 8

1 2 . 8 3
1 8 . 2 0
2 4 , 0 4
3 0  , 2 9
3 6 . 9 3
5 L . 2 3
6 6  . 6 3
a 2 . 1  L
9 9 . 1 3

1 1 5 . 5

1 3 2 . 0
I 4 8 . 1
1 5 3 . 8
1 7 9 . 0
t 9 3 . 7
2 0 8  . 0
2 2 1  . 9
2 3 5  . 5
2 4 4 . 4
2 5 0 . 1

2 7 2 . 3
2 8 3  , 2
2 9 3 . 6
3 0 3 . 8
3 t 3  , 7
3 2 3  . 4
3 3 2 . 5
3 4 1 . 1
3 4 9 . 0
3 5 6 . 4

3 6 3 . 4
3 7 0 . 1
3 7 6 . 6
3 8 2 . 8
3 8 E  . 8
3 9 4 . 6
4 0 0  . 4
4 0 4 . 2

o . 0 2 6
o .  2 0 8
0 . 5 8 6
r . 5 7 1
2 . 9 5 2
4  . 4 4 2
7 . 2 1 8

1 0 . 0 3
1 3 . 2 1
L 6 . 7 5
2 4 . 7 2
3 3 . 7 7
4 3 . 7  |
5 4  . 4 0
6 5 . 7 0

7 7 . 4 9
8 9 . 6 7

1 0 2 . r
1 1 4 . 8
t 2 7  . 7
1 4 0 . 7
1 5 3 . t
r 5 6 . 8
r 7 9 . 8
t 9 2  . 9

2 0 5 . 9
2 1 8 . 8
2 3 L . 6
2 4 4 . 3
2 5 7  . O
2 6 9 . 4
2 8 1 . 8
2 9 4 . L
3 0 6  . 2
3 r 8 . 1

3 2 9 . 9
3 4 I . 5
3 5 3 . r
3 6 4  . 4
3 7 5 . 6
3 8 6 . 6
3 9 ?  . 5
4 0 8 . 3

2 8 5  , 7
3 1 5 . 9

0 , 0 1 9
o . 1 5 5
o . 5 l l
1 . 1 6 7
2 . 1 8 5
3 . 5 6 1
5 . 2 6 4
1 . 2 4 1
9 . 4 5 2

1 1 . 8 6
L 7 . 2 2
2 3 .  L 6
2 9  . 6 0
3 6 . 4 1
4 3 . 5 I

5 0 . 8 1
5 8 . 2 5
6 5 . 7  7
7 3 . 3 2
8 0 . 8 5
8 8  . 3 5
9 5 . 8 0

r 0 3 . 2
l l o . 5
L L 7 . 7

L 2 4  . 8
1 3 r . 7
1 3 8 . 5
t 4 5 . 2
1 5 1 . 8
r 5 8 , 2
1 5 4 . 5
I 7 0 . 6
L 7  6  , ' '
I E 2 . 5

1 8 8 . 2
1 9 3 . 8
1 9 9 . 3
2 0 4 . 5
2 0 9  . 7
2 L 4 , 8
2 t 9  . 1
2 2 4  . 6

1 6 6 . 4
1 8 1 . 4

o .  o 0 7
0 . 0 5 3
0 . 1 7 5
0  . 4 0 4
o . 1  6 7
t . 2 8 2
1 . 9 5 5
2 . 7 8 4
3 . 1 6 3
4 . 8 8 2
7 . 5 0 8

1 0 . 5 0
1 4 . 1 1
L 7  . 9 9
2 2 . t 9

2 5  . 5 4
3 r  . 4 2
3 6 . 3 8
4 L . 5 3
4 5 . 8 4
5 2 . 3 0
5 7 . 8 8
6 3 . 5 6
6 9  . 3 4
7  5 . 1 9

8 I . I I
8 7 . 0 7
9 3 . 0 8
9 9 . L 2

1 0 5 . 2
1 1 1 . 3
1 1 7 . 3
t 2 3 . 4
r 2 9  . 5
1 3 5 . 6

1 4 I . 7
1 4 7 . 8
r 5 3 . 8
1 5 9 , 8
1 6 5 . 8
r 7 1 . 8
L 7 7 . A
r 8 3 . 7

1 1 9 . 3
1 3 4 . 5

5
1 0
I )

z o
2 l

3 0
3 5
4 0
4 5
5 0
5 0
7 0
8 0
9 0

1 0 0

5 1
) E

64
7 0
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I  l o
1 2 0
I 3 0
I 4 0
1 5 0
1 5 0
I 7 0
1 8 0
1 9 0
2 0 0

2 l o
220
230
2 4 0
250
250
2 7 0
2AO
290
3 0 0

3 1 0
320
3 3 0
3 4 0
3 5 0
3 6 0
3 7 0
3 8 0

201
2 I 0
r94
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2L7
222
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2 7 3 . 1 5  3 3 5 . 3
2 9 8 . 1 5  3 5 5 . 1
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Table 7. Molar thermodynamic propert ies of paragonite
NaAl2[AlSi3O1o](OH)2. Formula weight : 382.202 g mol-l.
Entropy and Gibbs energy function are not corrected for possible

zero-point entropy.

T e n p . E n t h a L p y  C l b b s  e n e r g y
f u n c t i o n  f u n c t l o n

r x i - n i l l r  - < c i - u i r r r1 s i - s i r
J / ( m o l . K )

paragonite qnartz analbite

+ Al2SiO5 + H2O (5a)
andalusite steam

and

NaAlzlAlSirOroXOH)z + SiO2 : NaAlSi:Os
paragonite qnartz analbite

+ Al2sio5 + H2o (5b)
kyanite steam

and

NaAlzlAlSirOrol(OH)z = NaAlSizOo + Al2SiO5 + H2O
paragonlte jadeite kyanite steam

(6)

together with the requisite thermodynamic data for jade-
ite, quarlz, corundum, and steam, tabulated by Robie et
aI. (1979), for analbite from Hemingway et al. (1981), and
for andalusite and kyanite from Robie and Hemingway
(1984) in a third-law analysis of the equilibrium data to
obtain the enthalpy of formation at298.15 K(AHi,2ed.

We used the relation (Robie and Stout, 1963)

-Llfrgs: rA(Gt - IasilTl + Il AVdP + RT 1nfi1.6

to calculate values of Allies for the reaction from each of
the bracketing equilibrium values. Reaction (4) has been
investigated by Chatterjee (1970) and by Ivanov and
Gusynin (1970). Chatterjee (1972) has determined the

Table 8. Third-law calculation of AIi!.2e6 for the reaction
paragonite + qxartz: analbite + andalusite(orkyanite) + H2O
from the equilibrium P-T data of Chatterjee (1972), reactions

(5a) and (5b).

l l e a t  E n t r o p y
c a p a c i  t y

T

K

1 0
1 5
z 0
2 5
5 0
3 5
1 0
1 5
5 0

6 0
7 0
E O
9 0

1 0 0
1 1 0
1 2 0
1 t 0
1 1 0
1 5 0

3 6 0  3 6 2 . 5
1 7 0  3 6 E . 2
3 8 0  3 7  3 . ?
2 7 3 . 1 5  3 0 1 . 7
2 9 E . 1 5  5 2 1 . 5

0 . 0 3 2  0 . 0 1 1
0 . 2 8 2  0 . 0 9 0
1  . 0 0 1  0 . 3 1  E
2 . 4 7  7  0 . 7  8 7
1 . 9 7 9  1 . 5 E 1
8 . 1 0 9  2 . 7 7 9

1 2 . 9 0  1 . 1 0 5
1 8 . 1 1  6 . 4 6 0
2 3 . A 9  8 . 9 2 3
3 0 . 1 1  1 1 . 7 6

1 3 . 1 3  1 8 . 4 1
5 ? . 5 2  2 6 . 1 6
7  2 . 0 9  3 1  . 7  E
8 6 . 9 1  1 4 . 1  3

1 0 1 . 7  5 4 . 0 5
1 1 6 . 1  6 1 . 1 1
1 3 0 . 7  7 5 . 1 8
1 1 1 . 7  E 6 . 2 0
1  5 8 . 3  9 7 . 1 2
1 7 1 . 6  1 0 8 . 8

1 E 4 . 5
1 9 7 . O
2 0 9 . 1
2  2 0 . 8
2 3 2 . 0
2 1 2 . 7
2 5  3 . 1
2 6 3 . 1
2 7 2 . 7
2 8 1 . 9

2 9 0 . 6
2 9 9 . 1

t 1  5 . 2
3 2 2 . 9
3 3 0 . 2
3 3 7 . 1
3 4 1 . 6
3 5 0 . 0
3 5 6 . 3

1 2 0 . 1
1 5 1 . 6
1 1 3 . 5
1 5 5 . 1
1 6 6 . 7
1 7 8 . 3
1 8 9 .  E
2 0 1 . 3
2 1  2 . 7
2 2 1 . O

2 3 5 . 2
2 1 6 . 4
2 5 7 . 4
2 6 8 .  5
2 7 9 . 1
2 8 9 . 8
t 0 0 .  4
3 1 0 . 9
3 2 1 . 2
3 1 1 . 5

3 4 1 . 6
3 5 1  . 6
3 6 1  . 5
2 4 9 . 8
2 7 ? . 1

pH o  a t (c i -n196) / t l
2

bars  d lsordered

(p- l )N-v/r  RlnfH2o ^ni ,ZSa

0 . 0 0 E
0 . 0 6 E
0 . 2 4 0
0 . 5 9 6
1 . 1 9 7
2 . 1 0 1
3 . 3 1 6
1 . E 3 1
6  . 6 2 5
E .  6 5 9

I  I  l a

1 E . 6 5
2 1 . 1 0

3 6 . 9 0
1 3  . 1 6
5 0 . 1 1
5 6 . E E
6 5 .  6 5
7 0 . 1 9

7 7 . 1 2
E 3 . 6 1
9 0 .  1 1
9 6 . 9 9

1 0 3 . 5
1 0 9 . 8
1 1 6 . 1
1 2 2 . 3
1  ? 8 . 1
1  3 4 . 3

1  4 0 . 2
1 4 5 . 9
1 5 1 . 5
1 5 7 . 0
1  6 2 . 1
1 6 7 . 7
1 ? 2 . 9
1 7 8 . 0
1 E 2 . 9
1 E 7 . E

1 9 2 . 6
1 9 7 . 2
2 0 1 . 8
1 1 7 . 7
1 6 1 . 4

0 . 0 0 3
0 . o 2 2
0 . 0 7 8
0 . 1 9 1
0 . 3 E 1
0 . 6 7 8
1 . 0 E 9
1  . 6 2 E
2 . 2 9 8
3 . 0 9 9

5 . 0 E 2
7 . 5 2 A

1 0 . J 9
1 3 . 6 1
1 7  . 1 6
2 0 . 9 8
2 5 . 0 5
2 9 . 5 3
3 3 . 7 9
5 8 . 1 1

4 3 . 1  7
4 6 . 0 4

5 E . 0 9
6 5 . 2 3
6 6 . 1 J
7 3 . 6 E
7 8 . 9 6
a l  . 3 2
E 9 . 6 E

9 5 . 0 6
1 0 0 . 5
1 0 5 . 9
1 1 1 . 3
' t  1 6  . 7
1 2 2 . 1
1 2 7 . 5
1 3 2 . 9
1 3 8 . 5
1  1 t . 7

1  1 9 . 0
1 5 1  . 1
1 5 9 . 7
1 0 2 . 2
1 1 5 . ?

1 6 0
1 7 0
1 E 0
1 9 0
2 0 0
2 1 0
2 2 0
2  3 0

2 5 0

260
2 7 0
2 8 0
? 9 0
3 0 0
3 1 0
3 2 0
3 3 0
3 1 0
3 5 0

K J

dlsord€red ordeted

l esc t ton  (5a)

structures. This disorder is frozen in at low temperatures
and, accordingly, to our measured values ofSi - Sfi, one
must add a configurational term to account for this
disorder (see below).

Inasmuch as the enthalpy of formation of paragonite
has not yet been determined calorimetrically, we have
combined our entropy and heat capacity data with equi-
librium studies for the reactions

NaAl2[AlSi3Oro](OH)z : NaAlSirOe + Al2O3 + H2O (4)
- r 5 4 . 4 0  - 1 7 3 . 1 0  - 5 . 4 8  6 5 . 7 3  A O . 2 2  9 5 . 9 9
- 1 5 3 . 1 0  - 1 7 1 . 8 0  - 5 , 5 2  6 7 . 2 9  8 2 . 5 8  9 9 . 3 7
- 1 5 3 . 7 0  - 1 7 2 . 4 0  - 6 . 6 0  6 8 . 9 7  8 0 . 5 5  9 6 . 8 9
-152.97 -r7t.67 -6.62 69,64 81.E7 9E.76
- 1 s 3 . 2 5  - 1 7 1 . 9 5  - 7 . 1 r  7 r . 7 9  8 0 . 4 5  9 7 . 1 5
- 1 5 2 . 7 0  - 1 7 1 . 4 0  - 7 . 7 3  7 2 , 2 0  8 r . 2 3  9 8 . 3 0

7 4 3

7 E 3
8 0 3
8 1 3
8 3 3
8 3 3
E 5 3
8 6 3
8 7 3

1000 -165. n
1000 -165.00

2 0 0 0  - t & . 6 7

2000 -r&.32

3000 - l&.r2
3000 -163,70

4 0 0 0  - 1 5 3 . 7 0
4000 -163.26

5000 -163.03

5000 -152.80

-184.00  4 .32  49 .78
-183.70  4 .32  50 .58
- r83 .37  -0 .65  5s .  r0
-183.02  -0 ,66  s5 .79
-182.82 -0.98 59.27
- r82 .40  -0 .99  s9 .93
-182,40  - r .32  62 .79
- r 8 1 . 9 6  - 1 . 3 3  6 3 . 3 3
- r81 .73  -1 .65  66 .23
- r81 .50  -1 .66  66 .47

8 6 . 1 5  1 0 0 . 0 5
8 7 . 6 3  1 0 1 . 9 0
8 6 . 4 4  r 0 1 . 0 9
87,80 rO2.82
8 6 . 2 3  1 0 1 . 4  3
8 7 . 4 3  r 0 3 . 0 r
8 5 . 3 E  1 0 0 . 9 s
86.57 rO2.52
8 5 . 2 0  1 0 1 . 3 3
8 5 . 7 5  r 0 2 . 0 8

React lon  (5b)

U . 3
898
8 7 3
9 0 3
8 9 3
9 1 3

5000
5000
6000
6000
7000
7000

and

paragonite analbite corundum steam
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equilibrium curve for reaction (5a and 5b), and Holland
(1979) has studied reaction (6).

For each reaction, the calculations were made by
assuming (a) that paragonite is AUSi ordered, i.e., Sin, =
277.1 Jl(mol . K), and (b) that paragonite is disordered
and accordingly S3 I 0 but has a zero-point entropy of
18.7 J/(mol . K) corresponding to the completely random
distribution of the tetrahedral aluminum atoms and that,
therefore, Sise = 295.8 J/(mol . K). Because the tempera-
ture ranges of the equilibrium data for reactions (4) and
(5a and 5b) are essentially the same, we have assumed
that the NaAlSi3Os phase is analbite in both equilibria.
The results for the calculation using Chatterjee's (1970,
1972) equilibrium data are listed in Tables 8 and 9. The
data ofBurnham et al. (1969) were used for the properties
of H2O and the molar volume of paragonite was taken
from Chatterj ee (197 4).

For these calculations, the heat capacity of paragonite
was extrapolated to 1000 K by assuming Cg to vary
linearly above 800 K with a slope, dCFldT, evaluated
from equation (3) at 775 K. The equations used to fit our
high-temperature CF measurements are intended only for
representation within the stated temperature limits and
should not be used to extrapolate Ci beyond the stated
limits.

In Figure 5 we show the resultant values for Alli.2e6 for
both ordered and disordered models ofparagonite calcu-

Table 9. Third-law calculation of Llf;.2s for the reaction
paragonite : analbite * corundum + steam from the
experimental brackets of Chattedee (1970), reaction (4), and for
the reaction paragonite = jadeite * kyanite + steam from the

experimental brackets of Holland (1979), reaction (6).

t o*ro at(cfr-algg)/rl (p-l)^-vlr RlnfE2o alri,zga

J/K J/K J/K kJ

K ba:e  d lEordered ordered d l6ordered ordered

R€ectton (4 )
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603 1000
823 1000
824 2000
84E 2000
853 3000
873 3000
898 5000
9r3 5000
893 6000
923 6000
923 7000
94 3 7000

- I 5 5 . I 0  - 1 8 4 . 8 0
- 1 6 5 . 5 9  - 1 8 4 . 3 9
- 1 6 s . 5 E  - 1 8 4 . 2 E
- 1 6 5 , 1 7  - 1 8 3 . E 7
- r 6 5 . 0 7  - 1 8 3 . 7 7
- 1 6 4 . 6 6  - 1 8 3 . 3 6
- L & . r 4  - 1 8 2 . 8 4
- 1 6 3 . 7 3  - 1 8 2 . 4 3
-l6t t .U -1a2.*
-163.44 -La2.r4
- 1 6 3 . 7 3  - 1 a 2 . 4 3
- 1 6 2 . 4 7  - 1 8 1 . 5 7

- 0 . 5 5  5 1 . 9 1  9 2 . 9
- 0 . 6 5  5 2 . 4 7  9 3 . E 3
- 1 . 3 0  5 6 . 5 9  9 1 . 5 4
-1. 30 57.16 92.90
- 1 . 9 6  6 0 . 4 8  9 1 . 1 8
- t . 9 7  6 r . 0 0  9 2 . 4 7
- 3 . 3 0  6 7 . 0 7  9 0 . 4 7
- 3 . 3 0  6 7 . 4 0  9 1 . 2 5
- 3 . 9 6  6 9 . 4 3  8 A . 6 2
- 3 . 9 7  7 0 . 0 5  9 0 . 1 7
4 , &  1 2 . 9  8 E . 9 5
4 . 5 5  7 2 . 7 4  8 9 . 6 5

707 .
1o9.22
107.02
10E.75
1 0 7 . 1 3
r 0 8 . 7 9
ro7 .26
10E.32
r 0 5 . 3 2
to?.4 3
106.22
r07 .28

lated from Chatterjee's data for reaction (5a). The mean
values for the enthalpy of reaction (5a) at 298.15 K are
86.4610.58 kJ and 101.72+0.58 kJ, and those of reaction
(5b) at 298.15 K are 81.1510.75 kJ and 97.74!1.04 kJ,
each respectively, for disordered and ordered paragonite.
Using our calculated value for Alfr2ss for reaction (5b)
based on the disordered model for paragonite together
with the necessary data for kyanite and andalusite from
Robie and Hemingway (1984) and for the other phases
from the tables of Robie et al. (1979), we obtain Llfi.zsa =
-5932.50-+4.20 kJ/mol; for the ordered model, we obtain
-5949.06-14.30 kJ/mol. Similarly, from reaction (4), we
obtain Affiea -5932.87'+4.00 kJ/mol (disordered) and
-5949.26-14.00 kJ/mol (ordered), and from reaction (5a),
we obtain -5933.71*4.20 kJlmol (disordered) and
- 5948.97 -+ 4.20 kJ/mol (ordered).

Similar calculations were also made using Holland's
(1979) data for the breakdown ofparagonite tojadeite and
kyanite. For these calculations, we used values for the
fugacity of H2O calculated by J. L. Haas, Jr. (U. S. Geol.
Survey, written commuirication, July 1980) using the
equation of state proposed by Haar et al. (1980). The
fugacities obtained from their equation of state agree with
those given by Delany and Helgeson (1978) to within 0.3
percent in the range 23 to26 kilobars and at temperatures
of 800 to 1000 K. The pressure-temperature correction to
the volume change for the solid phases for reaction (6)
was made using the thermal expansion and compressibil-
ity data tabulated by Holland (1979).

Our third-law calculation leads to an enthalpy change
for reaction (6) at 298.15 K of 65.50t1.25 kJ/mol if
paragonite is disordered and 82.32t0.75 kJ ifparagonite
is ordered. These values were used to calculate AIli,2es of
paragonite together with the necessary enthalpies of
formation for kyanite from Robie and Hemingway (1984)
and for steam from Robie and others (1979) and forjadeite
from Hemingway et al. (1981), and lead to A,Hi.2es (disor-
dered) = -5933.21+4.70 kJ/mol and Afii,2e3 (ordered) :
-5950.03 -+4.60 kJ/mol.

If the equilibrium brackets are correct, then the com-
bined equilibrium and calorimetric data should provide a
means ofchecking the state ofthe tetrahedral Al/Si order
in paragonite (and phlogopite). The results ofour calcula-
tions are somewhat ambiguous, principally because of the
width of the "equilibrium" brackets. The data for reac-
tions (4), (5a,b), and (6) are in reasonable agreement, as
noted previously by Holland (1979), but do not clearly
exclude either the ordered or disordered model for parag-
onite, i.e., both models lead to values for L,II)esthatvary
somewhat with the equilibrium temperature. For reac-
tions (4), (5a,b), and (6), the ordered model actually gives
a slightly better fit to the equilibrium data contrary to
what the crystal structure data would lead us to expect.
The average values of Llfr2gs obtained from the com-
bined data of (4), (5a,b), and (6) are -5933.07+4.70 kll
mol and -5949.33+4.60 kJ/mol, respectively, for the
disordered and ordered models. The equivalent values for

React toa  (6 )

823
423
873
a73
921
923
973
973

24000 -104.07
26000 -104.07
uooo -103.08
25500 -r03.08
%000 - l0 r ,87
25000 -r01.87
2E)00 -100.4 3
24500 - r00 .43

- t22 .77  -80 .22
-122.77 -86.9r
-L21.74  -75 .63
- r2 t ,78  -80 .  35
- r20 .57  -7 r .53
- t20 .57  -74 .51
- r 1 9 . 1 3  - 6 5 . 0 3
-119.13  -69 .27

1 0 3 . 9 8  6 6 . 1 0  8 1 . 4  9
1 0 7 . 4 5  6 A . 7 4  E 4 . 1 3
1 0 3 . 7 6  6 5 . 4 3  A t . 7 6
to6.2h 67.39 83.71
1 0 3 . 5 0  e r . 5 2  8 1 . 7 8
r o 5 . 0 E  6 5 . 8 1  8 3 . 0 7
1 0 1 , 5 8  6 2 . 0 6  E O , 2 5
1 0 3 . 9 7  6 3 . 9 6  8 2 . 1 5



AQ.zee are -5557.88-t-4.70 and -5568.4614.60 kJ/mol for
the disordered and ordered models respectively.

Unfortunately, no direct calorimetric data exist for the
enthalpy of formation for hydroxyphlogopite. To obtain
L,Ift,2es, of phlogopite we have combined our heat capaci-
ty and entropy data with the P-T data of Wood (1976),
and of Wones and Dodge (1977) for the reaction

phlogopite * 3 quartz: 3 enstatite * sanadine + steam

From Wood's equilibrium data, we obtained 130.8 and
111.3 kJ for the enthalpy change for the above reaction
depending, respectively, upon whether we assume Al/Si
in phlogopite is ordered or disordered. From Wones and
Dodge's (1977) dala we calculate 136.3 and 115.6 kJ
respectively for the enthalpy of this reaction for ordered
and disordered phlogopite. If we simply average the
results of Wood, and of Wones and Dodge and combine
them with the data tabulated in Robie et al. (1979) for
qvartz, clinoenstatite, sanidine, and H2O and assuming a
negligible difference for AIli.zgs between clinoenstatite
and orthoenstatite, we obtain for ordered phlogopite Sieg
: 315.9+1.0 J/(mol ' K), AIlF,zss : -6246.1+6.4 kJ/mol,
and AGi,2es : -5860.516.5 kJ/mol, and for a completely
AI/Si disordered phlogopite Siss : 334.6r- 1.0 J/(mol ' K),
AH?,zse -6226.0-r6.4 kJ/mol ,  and AG?,zsr
-5846.0a6.5 kJ/mol. We have not used the data of Bird
and Fawcett (1973) for the reaction

3 clinochlore * 5 muscovite = 8 kyanite + 5 phlogopite
+ quartz * 12 steam

to calculate a value for AGi for phlogopite because the
state of tetrahedral AUSi order in clinochlore, muscovite,
and phlogopite are unknown and the difference in AGF
between an ordered and a fully disordered clinochlore is
approximately 37 kJ/mol (Henderson et al., 1983).

Acknowledgments

We are most grateful to John L. Haas, Jr., U.S. Geological
Survey, for providing us with his free-energy calculations for
water prior to publication, to Walter Maresch, Bochum Univer-
sity, for collecting the paragonite schist for us, and to Malcolm
R. Ross, U.S. Geological Survey, for his determinations of the
unit-cell parameters and the structure types of the phlogopite and
paragonite samples used in this study. We also wish to thank
E-anZen and J. J. Hemley of the U.S. Geological Survey for
many helpful suggestions for improving the manuscript.

References

Bird, G. W. and Anderson, G. M. (1973) The free energy of
formation of magnesian cordierite and phlogopite. American
Journal of Science. 273.84-91.

Bird, G. W. and Fawcett, J. J. (1973) Stability relations of Mg-
chlorite-muscovite and quartz between 5 and l0 kb water
pressure. Journal of Petrology, 14, 415428.

Burnham, C. W., Holloway, J. R., and Davis, N. F. (1969)
Thermodynamic properties of water to 1000'C and 10,000
bars. Geological Society ofAmerica Special Paper 132.

E67

Burnham, C. W. and Radoslovich, E. W. (1964) Crystal struc-
tures ofcoexisting muscovite and paragonite. Carnegie Institu-
tion of Washington Year Book 63, 232-237.

Chatterjee, N. D. (1970) Synthesis and upper stability of parago-

nite. Contributions to Mineralogy and Petrology, 27 ' 244-257.
Chatterjee, N. D. (1972) The upper stability limit of the assem-

blage paragonite + quartz and its natural occurrences. Contri-
butions to Mineralogy and Petrology, 34, 288-303.

Chattedee, N. D. (1974) X-ray powder pattern and molar volume

of synthetic 2M-paragonite: a refinement. Contributions to

Mineralogy and Petrology, 43, 25-28.
Clarke, F. W. and Schneider, E. A. (1890) Experiments upon the

constitution of the natural silicates. American Journal of

Science, XL (third series), 405-415.
Delany, J. M. and Helgeson, H. C. (1978) Calculation of the

thermodynamic consequences of dehydration in subducting
oceanic crust to 100 kb and >800"C. American Journal of

Science. 278. 638-686.
Faul, H. and Davis, G. L. (1959) Mineral separation with

asymmetric vibrators. American Mineralogist, 44, 107 6-1082.
Gopal, E. S. R. (1966) Specific Heats at Low Temperatures.

Plenum Press, New York.
Gulgenheim, E. A. (1950) Thermodynamics (second edition).

North Holland, Amsterdam.
Haar, L., Gallagher, J., and Kell, G. S. (1980) Thermodynamic

properties for fluid water. In J. Straub and K. Schefler, Eds.,
Water and Steam, International Association for the Properties
of Steam, Proceedings of the 9th International Conference on
the Properties of Steam, p. 69-82. Pergamon, New York.

Hazen, R. M. and Burnham, C. W. (1973) The crystal structures
of oneJayer phlogopite and annite. American Mineralogist, 58'
889-900.

Hemingway, B. S., Krupka, K. M., and Robie, R. A. (1981) Heat
capacities ofthe alkali feldspars between 350 and 1000 K from
differential scanning calorimetry, the thermodynamic func-
tions of the alkali feldspars from 298'15 to 1400 K, and the
reaction quartz + jadeite : analbite. American Mineralogist,
66,1202-1215.

Henderson, C. E., Essene, E. J., Anovitz, L. M', Westrum, E.
F., Jr., Hemingway, B. S., and Bowman, J. R. (1983) Thermo-
dynamics and phase equilibria of clinochlore, (MgsAlXSi:Al)

oro(oH)r. Eos, 64,466.
Hendricks, S. B. and Jefferson, M. E. (1939) Polymorphism of

the micas. American Mineralogist, 24,729J71.
Holland, T. J. B. (1979) Experimental determination of the

reaction paragonite : jadeite + kyanite + H2O and internally
consistent thermodynamic data for part of the system Na2O-
Al2O3-SiOrH2O with application to eclogites and blueschists.
Contributions to Mineralogy and Petrology, 68, 293-301'

Ivanov, I. P. and Gusynin, V. F. (1970) Stability of paragonite in
the system SiO2-NaAlSi3OrAl2O3-H2O. Geochemistry Inter-
national, T,578-587.

Jakob, J. and Parga-Pondal, I. (1932) Beitrage zur chemischen
Konstitution des Glimmer. X. Mitteilung: Uber die Rolle des
Titans in den Phlogopiten. Zeitschrift fiir Kristallgraphie' 82,
271-284.

Joswig, W. (1972) Neutronenbeugungsmesseungen an einem lM-
phlogopit. Neues Jahrbuch fiir Mineralogie Monatshefte, hefte
I ,  p .  1 - l l .

Justice, G. H. (1969) Thermal data fitting with orthogonal
functions and combined table generation. The rrrer program.

U.S. Atomic Energy Commission C00-1149-143.

ROBIE AND HEMINGWAY: PHLOGOPITE AND PARAGONITE



E6E ROBIE AND HEMINGWAY: PHLOGOPITE AND PARAGONITE

Kelley, K. K., Barany, R., King, E. G., and Christensen, A. U.
(1959) Some thermodynamic properties of fluorphlogopite
mica. U.S. Bureau of Mines Report of Investigation 5436.

Krupka, K. M., Robie, R. A., and Hemingway, B. S. (1979)
High-temperature heat capacities of corundum, periclase, an-
orthite, CaAl2Si2O* glass, muscovite, pyrophyllite, KAlSirO8
glass, grossular and, NaAlSi3Os glass. American Mineralogist,
64 ,86-101.

Maresch, W. V. (1972) The Metamorphism and Structure of
Northeastern Margarita Island, Venezuela. ph.D. thesis,
Princeton University.

McCauley, J. W., Newnham, R. L.,  and Gibbs, G. V. (1973)
Crystal structure analysis of synthetic fluorophlogopite.
American Mineralogist, 58, 249-254.

Robie, R. A. (1965) Heats and free energies of formarion of
troilite, herzenbergite, magnesite, and rhodochrosite calculat-
ed from equilibrium data. U.S. Geological Survey professional
Paper 525-D,65-72.

Robie, R. A. and Hemingway, B. S. (1972) Calorimerers for heat
of solution and low-temperature heat capacity measurements.
U.S. Geological Survey Professional paper 755.

Robie, R. A. and Hemingway, B. S. (1984) Entropies of kyanite,
andalusite, and sillimanite: Additional constraints on the pres-
sure and temperature of the Al2SiO-5 triple point. American
Mineralogist, 69, 298-306.

Robie, R. A., Hemingway, B. S., and Wilson, W. H. (1976) The
heat capacities of Calorimetry Conference copper and of
muscovite KAlr(AlSi3)O,o(OH):, pyrophyl l i te Al2Si4Oro
(OH)r, and illite K3(AliMg)(Sir4Al2)O4o(OH)3 between l5 and
375 K and their standard entropies at 298.15 K. U.S. Geologi-
caf Survey Journal of Research, 4,6j1-644.

Robie, R. A., Hemingway, B. S., and Fisher, J. R. (1979)
Thermodynamic properties of minerals and related substances

at 298.15 K and l bar (105 pascals) pressure and at higher
temperatures. U.S. Geological Survey Bulletin 1452.

Robie, R. A. and Stout, J. W. (1963) Heat capacity from l2 to 305
K and entropy of talc and tremolite. Journal of Physical
Chemistry, 67, 2252-2256.

Shapiro, L. (1975) Rapid analysis of silicate, carbonate, and
phosphate rocks-revised edition. U.S. Geological Survey Bul-
let in 1401.

Sidorenko, O. Y., Zvyagin, B. S., and Soboleva, S. V. (1974)
Refinement of the crystal structure of 2M1 paragonite by the
method of high voltage electron diffraction. Soviet Physics
Crystallography, 22, 554-556.

Stout, J. W. and Catalano, E. (1955) Heat capacity of zinc
fluoride, entropy and heat capacity associated with the antifer-
romagnetic ordering of manganous fluoride, ferrous fluoride,
cobaltous fluoride, and nickelous fluoride. Journal ofChemi-
cal Physics, 23, 2013-2022.

Wones, D. R. and Dodge, F. C. W. (1977) The stability of
phlogopite in the presence of quartz and diopside. In D. G.
Fraser, Ed., Thermodynamics in Geology , p. 229-247 . Reidel
Dordrecht, Holland.

Wood, B. J. (1976) The reaction phlogopite + quarrz : ensratite
* sanidine + H2O. Progress in Experimental Petrology,
Natural Environment Research Council, publication series D,
No.  6 ,  l7 -19 .

Yoder, H. S. and Eugster, H. P. (1954) Phlogopite synthesis and
stability range. Geochimica et Cosmichimica Acta, 6, 157-185.

Zen, E-an (1972) Gibbs free energy, enthalpy, and entropy of ten
rock-forming minerals: calculations, discrepancies, implica-
tions. American Mineralosist. 57. 524-553.

Manuscript received, July 26, 1983;
accepted for publication, May 8, 1984.


