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PREFACE 

The present work originated during the writer's stay as a Visiting 
Investigator at  the Geophysical Laboratory of the Carnegie Institution 
of Washington, D. C., U. S. A., in the period 1948-1950. This 
opportunity was generously offered by the Trustees of the Institution a t  
the instigation of Dr. L. H. Adams, Director of the Laboratory, and 
Dr. Vannevar Bush, President of the Institution. While engaged in the 
synthesis of the samples investigated calorimetrically, instructions and 
technical advice was given by the staff members of the Laboratory, 
specially by Dr. N. L. Bowen, Dr. J. F. Schairer, and Dr. F. C. Kracek. 
The hydrothermal quenching apparatus was placed at  the writer's disposal 
by Dr. 0. F. Tuttle. The calorimetric operation technique was introduced 
by Dr. Kracek who also offered fruitful advice in discussions of the 
problem. The X-ray diffract.ion technique was demonstrated by Dr. 
Hatten S. Yoder, and samples for comparison in the X-ray examination 
were kindly given by Dr. Schairer. The point counter technique used in 
estimation of the amount of impurities in the natural melilite samples 
was showed by Dr. Felix Chayes. 

After having returned to Finland, the work was continued at  the 
Institute of Ceology, University of Helsinki, were the newly built Solution 
calorimeter was placed at the writer's disposal by Dr. Th. G. Sahama. 
He also contributed assistance and suggestions during the investigation 
and in the preparation of the manuscript. 

A natural melilite specimen was kindly sent by Dr. C. D. Wentworth, 
Board of Water Supply, Honolulu, T. H. A number of other melilite- 
bearing rock specimens were received from different persons. For the 
present work, these have been used only for comparison. Some of the 
mineralogical results obtained on these specimens will be published later. 

A natural brucite, specimen was obtained through the courtesy of 
Dr. Adolf Pabst, of the University of California, Berkeley, Calif. 

The publication of t.his work in the *Bulletin de 1s Commission 
gblogique de Finlande~ was made possible by Professor Aarne Laitakari, 
who also gave a leave of absence for the period from 1948 to 1950. Much 
encouragement during the work was also given by Dr. Ahti Simonen 
who is in charge of the geological mapping of Finland, at  the Geological 
Survey of this Country. 
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The chemical analyses published in this paper were made by Mr. 
H. B. Wiik of the Geological Survey of Finland. 

The figures in the pa er have been drawn by Miss Thyra Aberg and 
Mrs. Toini Mikkola, bot f of the Geological Survey of Finland. 

Constructive criticism of the English used in the manuscript was 
offered by Professor Etta MacDonttld. 

To all the pemons mentioned the writer likes to express his most 
sincere thanks. 

The writer. 



INTRODUCTION 

The importance of the application of physicel chemistry to geology 
has been generally accepted by the petrologists since the days of professor 
J. H. L. Vogt. During the last fifty years the ideas concerning petrological 
processes greatly developed primarily as a result of the increased 
knowledge of physical properties of rook making minerals. Because of 
the need of experimental data on these minerals, a new school arose 
among the petrologists who began to use laboratory equipment in addi- 
tion to pick and hammer. A new method end technique for studying 
liquid-solid equilibrium in the silicate systems was developed a t  the 
Geophysical Laboratory of the Carnegie Institution of Washington. The 
uae of these methods during the last forty years has produced results 
which every petrologist in the field has to note. On the other hand this 
method like any other has its limitations. The major limitation is that 
reactions in silicate systems mostly cannot be examined in the absence 
of a liquid or vapor phase because of the slowness of ions diffusing 
through a solid. 

The application of quantitative thermodynamics may be thought to 
offer aid in the study of the subsolidus field in silicate systems. For doing 
this the heat of formation, heat content, and entropy data are needed 
for minerals. The heat of formation of silicates are obtained through 
heat of solution measurements using hydrofluoric acid (or acid mixtures 
containing HF) as dissolving agent. In  case of silicate minerals, it. is 
convenient to express the heat of formation of a mineral from the 
component oxides and is evaluated from the heat of solution of the 
mineral and from the heats of solution of the corresponding oxide 
components. 

One of the most important ternary silicate systems is the sy~tem 
CaO-MgO-SiO„ in which many significant rock making minerals occur. 
The heat of formation has been previously deterrnined for the following 
crystalline phases in this system: CaSiO„ MgSiO„ Mg ,SiO, (Torgeson 
and Sahama, 1948), Ca,SiO„ Ca,SiO , (King, 1951), CaMgSiO„ 
Ca,MgSi,O, (Neuvonen, 1952). The only cryst~lline compounds in the 
system for which the heat-of-formation values are not known are CaMg 
(SiO,), (diopside), Ca,Si,O „ and Ca,MgSi,O (hkermanite). It is now 



one of the principal purposes of the present study to determine the 
heats of formation of diopside and tikermanite. Akermanite does not;- 
occur in nature as a pure compound, Ca&fgSi,O,, but it does occur in 
solid solution with gehlenite, Ca,Al,SiO,, and with other compounds as 
the mineral group melilite. It is therefore understood that these two 
minerals mnst be investigated together. 

The isomorphic mixture of tikermanite and gehlenite offers one of the  
best examples of a complete solid solution among the silicate minerals, 
as shown by Ferguson and Buddington (1920). Two solid solution series 
of silicate minerals, wiz. Mg-Fe olivines and Mg-Fe orthopyroxenes have 
been previously studied thermochemically by Sahama and Torgeson 
(1949). As stated by these authors, the heat-of-solution values obtained 
indicate that the isomorphism in both these solid solution series 
approaches ideality. The present investigrttion of the hkermanite- 
gehlenite series was undertaken in order to find out whether or not the 
method is able to detect possible deviations from ideality. 

It was first planned to use only natural melilite samples. Artificial 
samples had to be used, howevex, because of the laok of suffioient number 
of natural melilties that could be considered close enough representatives 
of the binary system in question. 



PURIFICATIOX OF THE X'ATYRAG MINERALS USED 

In  purifying the natural minerals for calorimetry, the corresponding 
rock specimens were first ground to approximately the Same grain size 
or finer than that of the rock. After grinding, the finest portion of the 
powder, which remained suspended, was washed out with hot water. The 
separation proper began with centrifuging the material in Clerici's solution 
of a suitable specific gravity. Fron1 several successive centrifugations a 
fraction was obtained that was virtually fiee from grains of foreign 
minerals. This fraction, however, still contained numerous smail in- 
clusions, detectable on examining the powder under the microscope. To 
liberate these inclusions, the material was pulverized in a porcelain ball 
miil. The material, now sufficiently fine-grained, was subjected to further 
purification with the centrifuge and Clerici's solution. A technical limit 
for the separation is given by the grain size required and by the viscosity 
of the Clerici's solution employed. 

The amount of impurities contained in the final fractions to be 
analyzed was estimated by counting a large number of grains (about 
2 000) in a microscopic preparation made in a liquid with an index of 
refractivity close to that of the mineral. The counting was made with a - 

point Counter, and using separate counting keys for ))pure)>, ~impureb and 
,foreigna grains the percentage-of impurities was evaluated. The amount 
of inclusions in the impure grains was roughly estimated from the areal 
ratio of the inclusions to the whole grain. 

The preparation of the synthetic samples of the Akermanite-gehlenite 
series was done a t  the Geophysical Laboratory of the Carnegie Institution 
of Washington. The general technique applied, and the starting materials 
were those used in syntheses a t  this Laboratory. These are a s  follows: 

SiO,: Quartz of the regular Geophysical Laboratory supply of Lake 
Toxaway mineral, leached with hydrochloric acid. The residue from 
evaporation with H F  and H,SO, amounts to  0.04 percent (Dr. J. W. 
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Greig, of the Geophysical Laboratory, personal communication). To 
invert the quartz to cristobalite and to eliminate water, the material 
was heated for one hour a t  1 500°C'. 

MgO: Reagent grade material obtained from J. T. Baker Chemical 
Co., lot No. 83 735, containing 0.2 percent total alkalis. This material 
was heated for one hour a t  1500°C. 

Also3: »Tabular Alumina T 61, free from ironh obtained from the 
Aluminum Company of America. The following impurities are reported 
by the manufacturer: SiO, 0.02, Fe,O, 0.08, TiO, 0.02, and Na,O 0.02 
percent. This material was heated for three hours a t  1 300" C. 

CaCO,: Reagent grade material obtained from J. T. Baker Chemical 
Co., lot No. I0 641. To eliminate moisture it was heated a t  130°C for 
100 hours. 

Calculated amounts of starting materials, corresponding to five or ten 
grams of the product, were weighed into a platinum crucible. After 
mixing, the material was slowly heated to 1100° C and kept a t  that 
temperature for 12 hours. The samples were melted by heating in a 
compressed air gas furnace for one hour a t  1600"-1700° C and quenched 
to glass. The melting and quenching procedure was repeated as many 
times as was necessary to give a homogeneous product. Homogeneity 
was tested under the microscope using dark field illumination and an 
immersion liquid with an appropriate index of refractivity. If the weight. 
of the product after driving off the CO, or after the first quenching 
deviated more than 0.05 percent from the calculated weight, the material 
was discarded. Between the quenchings, the glass was crushed in a 
diamond mortar and tlie pieces of iron were picked out by means of a 
strong hand magnet. 

Following the technique described above, several portions of each 
desired mixture were prepared. The final samples varied in amount 
from 15 to  30 grams. 

For crystallization, approximately ten. grams of each glassy sample 
was heated for one or more hours a t  a temperature of about 30" C below 
the corresponding solidus temperature in the hkermanite-gehlenite series 
as determined by Ferguson and Buddington (1920) and later corrected 
by Osborn and Schairer (1941). Microscopic examination showed that the 
crystallization was complete and that no foreign grains were present in 
the mat.eria1. 

CALORIXETRIC TECHSIQUE 

The first evperiments of measuring the heat of solution of the synthetic 
rnelilites were undertaken a t  the Geophysical Laboratory, using 20 percent 
hydrofluoric acid a s  dissolving agent. The calorimeter used was that 
b&lt by Dr. F. C. Kracek (Adams, 1949), of that Laboratory. In  this 



acid, however, a precipitate was formed in the calorimeter and, accord- 
ingly, the results could not be reproduced with reasonable accuracy. 

Later, the work was continued a t  the Institute of Geology, University 
of Helsinki, Finland, using the newly built solution calorimeter, and the 
general technique briefly described by Sahama and Neuvonen (1951). 
After some preliminary tests it was found necessary to lower the HF 
content of the acid as much as possible. The acid mixture selected for 
the work contained 5 percent by weight of hydrofluoric acid and 20 
percent by weight (actually 1 9 . 9 5  %) of hydrochloric acid. In  this acid 
mixture no precipitate was formed in any of the solution experiments, 
provided that the amount of Ca0 content of the sample did not exceed 
about 300 milligrams. In most cases it also was possible to dissolve two 
fair size samples in one acid filling (856 -t 0 . 5  grams of the acid mixture). 

Pure akermanite, contained in a gelatin capsule, dissolved in the acid 
mixture mentioned without any difficulties. The more gehlenite rich 
members of the series, however, did not dissolve a t  all or dissolved much 
too slowly, when contained in a gelatin capsule. Being very easily soluble 
in acids the melilite powder reacts so vigorously that a gelatinous silicic 
acid, liberated in the reaction, forms a mantle around the clumpy 
material, thus preventing further reaction. The gelatinous silica once 
formed dissolves too slowly to give good reproducible results. 

Considerably shorter runs and better reproducible results were 
obtained by a method in which the powdered material was contained in 
folded paper envelope instead of a gelatin capsule. This paper envelope 
was folded in a way easily opened by means of silk yarn when immersed 
in the acid. If the grain size of the material was not too fine (coarser 
than 65 mesh), this method worked quite well. 

According to the final procedure, used for most of the sainples, the 
material to be dissolved was spread as a thin layer on a filter paper of 
suitable form and size, and the paper was rolled to a firm roll easily opened 
by itself when wetted by the acid. As an extra precaution, a silk yarn 
was attached to the paper to improve opening of the roll. This form of n 
container proved to be very reliable and useful also for inaterials that 
showed no tendency to form silicic acid mhntle around the grains. In  
fact, the writer is of the opinion that the dissolution of quart,z in this 
acid mixture was made possible by the use of this type of container. 
A more detailed description of the method might, therefore, be desirable. 

A piece of filter paper, treated with hydrochloric and hydrofluoric 
acid by the manufacturer, is cut in a form of a broad NT* (Fig. 1 A). 
Using a needle and Silk thread a loop is formed a t  the lower end of the 
>T, and the thread, continuing under the paper, is fastend to the top 
edge of the paper with a knot. The thread exceeds the knot. in length 
with about 3 0  Cm. and is marked to indicate the distance from the surface 
of the acid to the top of the capsule tube. 
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-+ Fig. 1, Making the fiiter paper oontaher. 
A. Materiais assembled, loop sewed in the T- 
shaped paper. B. Pa ers rolled on the glasa rod. 
C. Roll completed. !. Container oompleted, pla- 
tiniim weight attached, 19ng on plastic moiint. 

E'ig. '2. Platinum 
skeleton for gelatin 

capsules. 

The material to be dissolved is spread on the surface of the lower 
part of the %T„. If necessary, additional layers of material may be applied 
separated by thin sheets of paper. The folio so formed, is rolled around 
a glass rod (Fig. 1, Band C), the rod removed, and the ends of the paper 
roll are closed b-y a firm twisting. A platinum weight is fastened to the 
loop of the silk thread (Fig. 1, D). If the material is hygroscopic, it is 
advisable to keep the filled container in a desiccator up to the moment 
of dropping into the calorimeter. As it is dropped, one gives a firm pul1 
to the Silk yarn a t  the moment when the sample gets immersed in the 
acid. This insures a fast opening of the container. As is Seen from the 
figure, the platinum weight was fastened outside the paper container. 

If a gelatin capsule was used, it was placed inside a skeleton made of 
platinum wire. A drawing of this weight is shown in Fig. 2. 
All materials to be dissolved except Ca0 and Al,O, were dried a t  

130" C and cooled in a desiccator before weighing. The treatment for 
Ca0 and Also, was somewhat different and is described later. 

Weighing of the calorimetric acid was made with an accuracy of 0.1 
gram, using hydrochloric and hydrofluoric acid of exactly known 
concentration, to give 856 grams of the desired acid mixture. A calibra- 
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tion of the calorimeter was made for every individual heat-of-solution 
measurement. When two subsequent runs were made in t-he Same acid 
filling, a common calibration for the two runs was used. 

The thermal leakage calculations were based on the method of 
t 

Regnault-Pfaundler (White, 1928, p. 40) and the area J f (X) d X was 
evaluated using the trapeze formula. t~ 

The galvanometer readings were taken every two minutes during 
the rating periods and every one minute during t.he solution or heating 
period. The temperature rise, measured in absolute microvolts, was 
converted to defined calories using the individual calibration values 
(joules/microvolt) and the relationship: 1 defined calorie = 4. i sso interna- 
tional j oules. 

CORREGTIONS APPLIED 

The heat-of-solution values given in the next chapter, incliide several 
corrections. These corrections must be briefly described. 

All the heat-of-solution ralues are given for materials a t  25" C! 
dissolved in the acid mixture a t  75" C. Therefore, a correction was 
applied for the deviation of the actiial temperature of the sample from 
26" C a t  the time of dropping the capsule. The following figures were 
used for the heat capacities of the dissolved materials, celculated on the 
basis of the heat capacity equations listed by Kelley (1949): 

CF 
Gehlenite .............................. 0. r e s cal/gram/degree 
Akermanite ............................ 0.2 4 i *) 
Quartr ................................ 0.176 
Calcium oxide ......................... 0. i s9 
Diopside .............................. 0. i 89 
Brucite ................................ 0. $ 1  i 

If gelatin capsules were used, an  error was introdiiced because of the 
heat of reaction of gelatin with the acid. This error was corrected by 
measuring the heat of solution of gelatin in the acid misture, and 
subtracting this value from the observed heat-of-solution value. The 
five runs made gave: 

Heat of solution of gelatin 
i n  the acid mixture used. 

Run No.  1. + 10. 14 callgram 
2. + 11.07 
3. + 10.73 
4. 4- 10.79 
6. + 10.41 

Average: + 10.6s & 0 . 3 2  caligram. 

*). Experimental measurements of the heat capacity of Akermanite not being available, 
this figure was calcdated on the basis ot the assumed relationship: 
C = Cp +Cp . The error introdiiced theieby is negligible. 

kermctnite CaBIO, W I O P  
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This average value for gelatin at  25" C diissolved in acid at  75" C was 
used for corrections. An additional correction due to deviation of the 
temperature of gelatin from 25" C was also applied using 0.5 cal/degree/ 
gram as the heat capacity of gelatin. 

Filter paper, used for capsules, did not show any heat of reaction with 
the acid. Thus the only correction caused by the paper was that due to 
the differente in heat content between the paper a t  the temperature a t  
the moment of dropping and at  the temperature of acid. The mean heat 
capacity of the paper for that temperature range was determined by 
dropping considerably large samples of paper into the calorimeter. Four 
measurements gave: 

Mean heat capaaity o£ filter prtper 
*No. 41, W. and R. Bdstone in the 

temperature range 26'-76' C. 
Run No. 1. 0.2 i 7 oal/grrtm/degree 

2. 0.212 

3. 0.219 

4. O.rzi 

Average: 0.21 7 2 0. o OS cal/gram/degree. 

The correction due to deviation of the temperature of the platinum 
weight from the temperature of the acid was made in a similar manner 
than that applied for the filter paper. For the heat capacity of platinum 
the figure O.oea cal/gram/degree was used. 

Correotions caused by the water content of the samples and by other 
deviations from the theoretical composition are described in connection 
with the listed heat-of-solution values of dissolved materials. 

Of each sample, a t  least four reliable heat-of-solution runs were made. 
The arithmetic average of these individual measurements was adopted 
for the calculations. The uncertainty was computed according to the 
relationship: 

in which A equals the deviation of an individual measurement from the 
average rtnd n indicates the number of runs included. 

MATERIALS 

XATURAL MELILITES 

Two natural melilite minerals were separated and purified following 
the technique described above. 

1. Melilite from melilite basalt, Honolulu, Hawaii, belonging to the 
Sugar Loaf Smies (Cross, 1915). This specimen was obtained through 



the courtesy of Dr. C. D. Wentworth, Board of Water Supply, Honolulu, 
Hawaii. 

Melilite grains occur in the rock in association with olivine, nepheline, 
magnetite, some augite, and aocessories. Chemical analysis b t e d  in 
Table I, shows that the mineral is very rich in soda. The estimated 
amount of impurities in the sample and the optical properties of the 
mineral are also given in Table I. 

2. Melilite, derived from a massive melilite 0)gehleniteo) specimen 
purchased from Ward's Natural Science Establishment, Inc., and 
originating from Luna County, New Mexico. The chemical analysie, 
optical properties, and an estimation of the amount of impurities of the 
sample are given in Table I. 

Table I. ChemiGd composition and optical properties of two melilites used for 
celorimetrie msasl~rernsnts. Analvut H. B. Wiik. 

Using the oNorelc;o, Geiger Counter recording X-my spectirom&er, 
Type No. 12021, of the North Ameriean Philips Co., Inc., with Cu-K 
rrtdiation and Ni-filter, powder Mraction-patterns were obtained for 
both natural melilites. These patterns show rt full similerity with those 
obtained for synthetic preparations given on p. 16. All the criticel npet%ksb 

iUeiiiite fmm meiilfta bsselt, 
Siigar Loat Se* Honolnlu. 

~ a i i . '  
Xelilitm Luna County, 

X& Maieo. 

Atomic ratio 
multlplied 
by 10,000 

Si 7 128 
Al 1293 
Fes+ " Fez+ 426 
Mn 11 
Mg 1855 
Ca 0933 
Na '"M K 
Ti 15 
P - 
OH 477 

Weight 
1)ewent 

Total 
inlpurities ? &  percent; 

C 9  1.630 

E 1.637 

--P .- 

.&tomlc r&o 
mzilt&pileä 
in 1Os@M 1 

Si 5 &B 
Al 3 551 
Fea- 119 
Fe%+ 128 
Mn 3 
Mg 1 711 
Ca 7 147 
Ka 58 
K 44 
Ti - 
P - 
OH 533 

Weight 
pereent 

Si0  da 
I Baoa 

XnO 

Ca0 
Na 0  ab 
T i 0 2  

23; 
H,O-. 

Total 

SiOp 
Ai&s 

,Mn0 
Mg0 
Ca0 

P t  
~ i b ,  
Pa0 6 
HaO + 
H,O- 

$2.81 
6-59 
1.90 
3.06 
0.08 
7.18 

33.27 
3.7s 
0.33 
0.12 
n. d. 
0.43 
0.00 

99.82 

32.60 
18.10 
0.95 
0.02 
0.0% 
6.~1 
40.08 
0.18 
0.21 
0.011 
0.00 
0.U 
0.00 

Totd 100.45 1 

perctent 

1.656 

1.654 
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in the patterns were sharp and clear, indicating that zoned structure 
was not present in the samples in detectable amounts. Unit cell dimen- 
sions, measured directly from the cliarts, without any internal standrtrd. 
are for the two natural samples: 

Melilite, Honolulii, Hawaii. a, = T. 78, c0  = 5 . 0 2  

Melilite, Luna Coitnty, a o =  7 . 7 7 ,  o O = 5 . o 5  A 
New Mexico. 

Employing the preparation technique described above, glassy and 
crystalline samples of pure kkermanite, pure gehlenite, and of isomorphic 
mixture corresponding to 85, 74, 50, and 25 molecular percent of 
Lkermanite, respectively, were synthesized. 

The composition of the preparations was-tested by optical and X-ray 
methods. The optical properties of the glassy and crystalline samples 
are shown in Table I1 and in Fig. 3. For comparison, the optical 
properties of the kkermanite-gehlenite series, as determined by Ferguson 
and Buddington (1920), ,are plotted in the diagram in Fig. 3. 
The agreement between the values is very close. 

Table 11. Index of refraction of tile synthetic melilites for Ne-light. 

X-ray powder diffraction patterns were obtained for all crystalline 
preparations, using the fiNorelcou reoording spectrometer. The d-spacings 
were assigned indices applying the unit cell dimensions given by Andrews 
(1948). Because of some deviation from his valuerr, the unit cell dimensions 
were determined for all the crystalline preparations by measuring 
the d-spacings of several (hkO) and (001) planes, utilizing the counting 
ciroait of the instrument. For this purpose some additional samples 
originating from the work on the ternary System pseudowollastonite- 
kkermanite-gehlenite by Osborn and Schairer (1941), were k i n d l  placed 
a t  the writer's disposal by Dr. J. F. Schairer. 

Molecular compositioii i I 
A .............................. 

............................. 

............................. 

............................. 

1.631 ! 1,638 
1.637 I 1.643 
1.643 1.647 
1.653 1.671 
1.663 1 

1.640 i 
1.639 
1.639 
1.638 

............................. I.kZ5 1.63 7 .......................... 1 1.667 1.657 1.636 
- 
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mole fraction of Akermanite 
Fig. 3. Index of refractivitv in the Akermanite-gehlenite series for Na-light. 

A after Ferguson and Biiddington (1920). 
present determinations. 

The dimensions of the unit cell and the ratio co/ao are shown in Table 
I11 and plotted against composition in Fig. 4. 

Table 111. Unit  cell dimensions i n  Angström unitts and the ratio c,,/a, i n  the  
srtificial akermanite-gehlenite series. Uncertainty & 0. oo  a A. 

These values obtained are in good agreement with the values given by 
Ervin and Osborn (1949). No such deviation from linearity as observed 
by Andrews (1948) can be Seen in the present measurements. 

I n  the paper by Ervin and Osborn (op. cit.), diagrams are given for 
d-spacings of some of the lines plotted against the composition. Since 
the unit cell dimensions a o  and C, change in opposite directions with 
changing composition, some of the d-spacings shift towards higher, some 
towards lower d-values. The distance between two lines, shifting in 
opposite directions on the chart, serves thus as a more accurate indication 
-of the composition. Furthermore, no internal standard is needed in this 
method, .while it is necessary if absolute d-values are used. Several pairs of 
lines could be used, the only limitation is the interference of other lines in 

Mole percent 
gehienite 1 100 I , 5 0 1 2 6 1  0 

4 

I I 
Co 5.0i6 ' 5.060 5.045 5.015 j 

I 1 
I aC, 1 7.685 1 7.720 1 7.760 1 7.800 1 7.840 , 

CU ,230 1 0.661 1 0.655 I 0.650 I 0.645 1 0.640 , 



the pattern. 
(2 13)-(62 l), 

Fig. 4. The dimension of the unit cell, the ratio o o / ~ o ,  
and the unit ceii volume of synthetic ikermanite-gehle- 
nite series. A. The length of the C-axis determined from 
the d-s acings of (004), (Oe), and (213) in h g s t r ö m  
units. E. The lenght of the a -u i s  determined hom tha 
d-spacings of (400), (UO), and (620) in Angström units, 
C. The ratio C oiao. D. The unit ceil roliime in cubic 

Angströms. 

The variation of the distance of the pairs (213) 
which are useful throughout the series, is showi 

-(440) a 
n in Fig. 
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moic hoction of 6kermanHc 

A B 
Fig. 6. Variation of the distance between two selected lines in the powder diffraction pattern 
of the ikermanite-gehlenite series. 8. Dishce  between (213) and (621). B. Distance between 

(213) and (440). 

The diopside sample used, is derived from a Limestone from Juva, 
Finland, recently described by Juurinen and Hytönen (1952). The heat- 
of-solution measurements were carried out on the original material of 
these authors. The physical properties and chemical analysis of the 
material as given by them are reproduced in Table IV. 
Table IV. Chemical composition and phpical properties of diopside from Juva, 

Finland. 

I 

Mn0 
MeO 
Ca0 
Ti0 , 
H20 + 
H*O- 

Weight 
percent 

54.66 
0.07 
0.68 
0.07 
0.02 

18.78 
25.85 
0.00 
0.22 
0.00 

100.35 

Calcnlstmi composttion 
Atomic mtio 1 red~~ced l ae. Lindred percent 

multd lied 1 -- - 
by 1~000 

Si 9 101 
Al 14 
Fes+ 85 
F&+ 10 
Mn 3 
Mg 1658 
Ca 4 609 
OH 341 

CaSiO, 
MeSiO, 
MnSiO, 
FeSiO, 

62.70 1 49.22 
46.03 49.74 
0.04 I 0.03 
1.23 1.01 

Total 1 100.00 I 100.00 
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OXIDE COMPONENTS 

QUARTZ. 

The quartz sample used for heat-of-solution measurements was 
purchased from Mr. Ambrosi Cavenz, Sedrun, Switzerland. The material 
was in form of clear crystals. Hand picked crystals were crushed and 
pulverized with a hammer mill. The iron contamination was dissolved 
out with hydrochloric acid, and fine-grained carbon from the steel of 
the machinery, remaining in the material, was oxidized by boiling' the 
powder in a concentrated mixture of snlphuric and chromic acids. After 
filtration and washing witk hot water, a Snow white product was 
obtained. According to microscopic examination it was absolutely free 
from impurities. 

Beeause of the low HF concentmtion in the calorimetric acid, it was 
necessary to use extremely fine quartz powder. For that reason, the 
coarse particles were removed from the purified powder by eluting the 
material 20 rninutes in water of room temperature, using a beaker 20 
Cm. high. Before weighing, the material was dried at  300' C for 48 hours. 

The water content of quartz dissolved was determined by loss on 
ignition to be 0.18 percent and the residue from evaporation with HF 
and H,SO, 0.10 percent. 

0ALcIWn OXIDE. 

Calcium oxide was prepared from Calcium Carbonate, precipitated, 
for analysis of Silicates acc. to Smith, of E. Merck, Darmstadt,. The 
Carbonate was transfered to oxide at llOO°C and the material heated 
rtfter that for two hours a t  1400° C. Between the runs, the oxide powder 
was kept a t  1000" C and cooled for weighing in a desiccator for 20 minutes 

ALUMiNITM OXIDE. 

The aluminum oxide used for the heat-of-solution meawrements was 
obtained through the courtesy of Dr. E. F. Osborn, Pennsylvania State 
College. The material is fine powdered (0.1 micron and less) y-alumina 
from Linde Air Product Co. The total content of foreign oxides is 
0.017 %, according to an average of spectrosaopic analyses of thirteen 
batches carried out by the manufacturer. According to a test lundly 
performed by Dr. Osborn, the material gives an X-ray pattern of pure 
y - alurnina, indicating that there cannot be any greater amounts of 
corundum present in the sample. No corundum can be detected in the 
material under the microscope and no residue is remained when the 
powder is dissolved in calorimetric acid. 

Because of the hygroscopic character of the y-alumina used, a Special 
procedure was necessary in storing and weighing the samples. It is 
described as follows: 
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y-alumina powder dried a t  130°C for 40 hours was placed in several 
small weighing bottles sealed with grease and kept in a desiccator. 
Material from such a bottle was used for filling of only one gelatin capsule, 
and the rest of the material was subjected to an  immediate water 
determination. In  this way, the content of water of each b&ch dissolved 
in the calorimeter was individually determined end the result applied 
for correcting the velue of heat of solution to water-free y-alumina. 

3TAQNESIUM HYDROXIDE. 

The heat of solution of magnesium oxide itself was not deterrnined, 
but obtained by dissolving crystalline Mg(OH),. For this purpose a 
natural brucite from Wood's Mine, Texas, Lancaster Co., Pennsylvania, 
U. S. A., was used. This sample of watei'clear brucite was obtained 
through the courtesy of Dr. Adolf Pabst, of the Univ. of California, 
Berkeley, Calif. Hand picked and pulverized material was analyzed. 
This analysis is shown in Table V. 

Table V. Chemicd composition of brucite from Wood's Mine, Texas, Lancaster 
Co., Pennsylvania. Analyst H. B. Wiik. 

Keight I Calculated eom~>ositioii 
percent 1 redueed to one hundred 

4 weight prceut 
- - - - - 

. S~O.  .......................... 1 0.00 1 11~(0H)~  .................. 98-85 
(Al, Fe),O, .................... 0.10 M~(OH) .................... 1.05 
M ~ O  ......................... 0.84 ( A I , F ~ ) , ~  , ................... 0.10 
Mg0 ......................... 68.39 
Ca0 0.00 Total 100.0o .......................... 
H@+ ....................... 30.65 
H,O- ....................... 0.00 I 

Total 99.97 -- I 

RESULTS OF TRE HEAT-OF-SOLUTION MEASLTREMENTS 

I n  the following, the results are given of calorimetric nieasurements 
of heat of solution for the materials described in the previous chapter. 
The values obtained on individual runs, the corresponding weights of the 
samples dropped into the calorimeter, and the calculated arithmetic 
avereges and uncertainties are listed for each substance dissolved. All 
weighte are corrected to vacuum. The results, not corrected for ohemical 
compoaition, are expressed in calories per gram. These observed: heat- 
of-solution values are corrected for deviation of the actual chernical 
composition from the ideal one. At the present stage of our knowledge 
of the thermochemistry of natural minerals it seems likely that the most 
serious uncertainty in the resulbs arises from the fact that natural minerals 
usually are not pure but contain other elements or compounds in solid 
solution. Corrections due to these contaminations, whether present as 



foreign inclusions or belonging to the structure of the minera.1 itself, 
are necessarily more or less inaccurate. Therefore, corrections made in 
the following are described in more detail. The corrected values of heat 
of solution are expressed in calories per gram and in calories per mole. 

The calculated uncertainties in the heat-of-solution measurements are 
in geneml 0.1-0.2 percent of the total values. Occasionally, the 
uncertainties of the measurements are as high as 0.23 percent, but for 
some substances less than 0. i percent. While this calculated uncertainty 
gives an idea of the reproducibility of the measurements proper it does 
not, however, include errors of methodical and instrumental origin. It 
was not possible, to compare the results obtained with measurements 
made by using an  entirely different method and apparatus, but some 
studies were carried out to establish the order of magnitude of errors 
of this kind. 

Tor that purpose the heat of solution of synthetic hkermanite was 
determined separately six months apart. Averages of these measurements 
differ 0.2 percent. The heat of solution of synthetic gehlenite was 
measured within a period of one month, but no systhematic difference 
aan be observed in the results obtained. No difference was also found in 
values measured by using different resistance thermometers. In  dissolving 
the crystalline mixture containing 50 molecular percent hkermanite and 
50 molecular percent gehlenite, two different batches of synthetic 
preparations were used, but no systematic difference was observed in 
the values, despite the fact that these two samples differed also in mode 
of preparation and in grain size. 

Since the results of heat-of-solution measurements are mainly used in 
a relative manner, it is obvious that the errors of instrumental origin 
will diminish or entirely disappear. This will be the case not only when 
conclusions are drawn based on the relative differences in the values 
obtained but also when the heats of formation are computed by means 
of the measured heat-of-solution values. 

HEAT OF SOLTJTION O F  QUART2 

To obtain a reliable value for the heat of solution of quartz in the 
acid rnixture concerned, five runs were made. The results, uncorrected 
for chemical composition of th. quartz sample used, are given below: 

Weight of the aample 
dissolved. 

Run No. 1. 0. a  9  8 7 grams 
2. 0 . 4 4 6 9  

3. O . e a s 4  

4. O . a e e 5  

5. 0.8763 
Average: 

Heat of solution of quartz. Not 
correc ted for chemical composition. 
- 554.3 4 cal/grern 
- 554. 8 2  

-- 554.87 
- 565. o 7 

- 565.7 7 

- 554. s 7 + 0 . 4  7 cal/gram 



K. J .  Nezcvolam: ThenmochRmioail Investigation of the hrmanite-Cfehlenite Series. 23 

For the residue from evaporation with H F  and H,SO, (p. 20) no 
correction was applied. A correction for the water content (0. i 8 percent) 
was performed assuming that water is present in the quartz sample in a 
form thermally equivalent to  ice. Accordingly, the corrected value for 
the heat of solution of quartz was calculated as follows: 

-554.97 = O.ggsa X A HQuartz + 0. oo i s X (latent heat of fusion of ice) 
+ 0. o o i 8 X (heat of solution of liquid water). 

In this equation, A HQuartz denotes the heat of solution of water- 
free quartz. 

The heat of solution of liquid water in the acid mixture was determined 
in four runs yielding the following results: 

Run No. 1. 
2. 
3. 
4. 

Average 

Heat of solution of 
liquid water. 

+ 29.5 5 cal/gram 
+ 30.13 
+ 30.67 
+ 31.18 

Using the value of + 30.a8 cal/gram for the heat of solution of liquid 
water and the figure + 79.71 cal/gram for the latent heat of fusion of 
ice, as given by Osborne (1939), the corrected heat of solution of quartz 
i n  the acid mixture is calculated to 

HEAT OF SOLUTIOX OF CALCIUN OXIDE 

All heat-of-solution measurements of calcium oxide were made in an  
acid mixture in whioh 0.4 grams of Si0, was previously dissolved. The 
following five runs were made: 

Weight of the Heat of solution of 
smple dissolved. calcium oxide. 

Run No. 1. 0.1 8 1 5 grams - 883. i i cai/gram 
8. O.ieto - 883.9 e 
3. 0.2178 - 884. o 9 
4. 0.2~58 - 884. i 9 
5. 0.1780 - 884. SO 

Average: A Hcao = - 883.99 & 0.50 cal/gram or 
=-  49,570 f 30 cal/mole. 
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The sample of calcium oxide being one hundred percent pure, no correc- 
tions for the chemical composition are needed. 

HEAT OF SOLUTION OF ALUMINUM OXIDE 

The heat-of-solution measurements on aluminum oxide, in form of 
y-alumina, were made in an acid mixture in which 0 . 4  grams of SiO, was. 
previously dissolved. As has been mentioned above (p. 21), the water 
content of each sample dropped into the calorimeter was determined 
individually. The results of six runs are as follows: 

weVeight Of the mater eouteut beorrected 
sample of the sample. heat of 

diesolved. soliitiou. 

Heat of soiution 
correeted 
for nater. 

Run No. 1. 0.iooi grams 3.14 percent - 796. eo cal/grain - 828. e o  cal/gram 
2. 0.1571 3.88 - 793.80 - 829.2 8 
3. 0.1815 3. 88 - 794. I 2 - 830. 1 8 
4. 0.1900 3.74 - 795.0 3 - 830.20 
5. 0.noio ' 3.55 -- 797.08 - 831.00 

The water correction was made in a manner similar to that on 
quartz assuming that the water contained in the sample of y-alumIna 
used is thermally equivalent to ice. The water-corrected heat-of-solution 
values listed average to: 

This accounts for aluminum oxide in form of y-alumina having the thermal 
properties of the particular sample available for this work. 

HEAT OF SOLUTION OF MAUNESPUM HYDRQ&IDE (BRUCITE) 

Of the natural brucite described above (p. 21) six heat-of-solution 
runs were' made in the acid mixture in which 0.4 grams of SiO, had been 
previously dissolved. The results are as follows: 

Weigt of the 
mmple dissolved. 

Run No. 1. 0.2 5 4 3 grams 
2. 0.2406 

3. . 0.2464 
4. 0.2881 

5. 0.2473 

6. 0.2604 

Average: 

Heat of aolution of 
brucite. Not corrected 

for manganese. 
- 439.00 cal/gram 
- 440.5 1 

- 441.24 
- 441.3 6 

- 442.5 5 
- 442. B 2 
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No correction was applied for the content of (Al,Fe),O, shown by 
the analysis in Table V to be 0.10 percent by weight. According to  this 
analysis, the mineral contains 1.0 5 percent by weight Mn(OH),. This 
must be corrected for. The correction was made in the following way: 
According to figures taken from the tables given by Bichowsky and 
Rossini (1936) the heat of the reaction 

amounts to  A HB-R = - 400 cal/mole. Subtracting this reaction from 
the reaction 

Mg(OH),(cryst.) + BHCl(so1.) -t MgCl ,(sol.) + 2H,O(sol.) 

yields 

with a heat of reaction 

In this equation A HbLn(OH), arid LI H ~ g ( ~ ~ ) .  denote the heat oI 
solution of manganese and magnesium hydroxides in diluted hydro- 
chloric acid, respectively. 

The heat of solution of pure magnesium oxide in form of crystalline 
brucite, A is now calculated according to the following 
relationship: 

which yields 

To this value an  estimated uncertainty of f 70 cdlories must be ad&. 
The procedure of correcting for the manganese content was performed 
on the assumption that diluted hydrochloric acid, instead of the acid 
mixture, was used as the dissolving agent. The total correction being 
relatively smali in this cese, the error introduced through this assump- 
tion is considered negligible. 



HEAT O F  SOLUTIOK OF MAGNESIUM OXIDE 

For obtaining heats of formation of magnesium minerals, an accurate 
value for the heat of solution of magnesium oxide is needed. For 
mineralogical purposes, the heat of formation of a compound usually is 
given from the component oxides. The magnesium oxide on which the 
heat-of-formation value is based should correspond to the natural mineral 
periclase. This mineral is, however, not readily soluble in any acid in 
calorimetric conditions. As shown by Taylor and Wells (1938), both the 
rate and the heat of reaction of magnesium oxide with hydrochloric acid 
largely depends on the thermal pre-history of the material to be dissolved. 
These authors prepared their magnesium oxide through dehydrating 
magnesium hydroxide a t  different temperatures and found that the heat 
evolved in the solution of magnesium oxide in hydrochloric acid decreased 
as the temperature a t  which the material was prepared was increased. 
Also the rate of dissolution decreases on increasing temperature of 
preparation. Natural periclase obviously corresponds to fused or dead-  
burned)) synthetic magnesium oxide. Accordingly, the magnesium oxide 
used for reference in computing heat-of-formation values for magnesium 
minerals should be prepared a t  as high a temperature as possible. Taylor 
and Wells (op. cit.) prepared a sample of magnesium oxide a t  1425" C 
that was still soluble in hydrochloric acid. They also regard it very 
probable that the differente in heat of solution between this material 
and fused magnesium oxide will be relatively small. The sample of 
magnesium oxide prepared a t  this temperature apparently is closest to 
the natural periclase in thermal properties. The corresponding value of 
the heat of solution of this material in hydrochloric acid reported by the 
said authors is, therefore, adopted in the following. 

The heat of solution of magnesium oxide in the acid mixture concerned 
was computed from the heats of the following reactions: 

A) Mg0 (cryst., 25" C; dehydrated 2.5 hours a t  1425" C) + H,O (liquid, 
25' C)+ Mg (OH), (brucite, 25" C) 

According to Taylor and Wells (op.  c i t . )  the heat of this reaction 
amounts to 

A HA = - 9,080 & 30 cal. 

B) Mg (OH), (brucite, 25" C) + 2HC1 (sol., 78" C) $ MgC1, (sol., 
75" C) + 2H,O (liquid, 75" C )  

The heat of this reaction, given on p. 25, amounts to 

A HB = - 25,850 & 70 cal. 



C) H,O (liquid, 2 5 O  C) -+ H,O (sol., 75" C) 

The heat of this reaction, given on p. 23, yields 

A Ho = + 550 &- 15 oal. 

The value for A HC was rounded up to the next ten calorics. 

The heat of solution of magnesium oxide, eriz. the heat of the following 
reaction 

Mg0 (cryst., 25" C; dehydrated 2.5 hours a t  1425O C) + 
2HCl (sol., 75" C) -+ MgCl, (sol., 75" C) + H,O (sol., 75" C) 

is computed as 

This value accounts for the heat of solution of magnesium oxide, prepared 
through dehydrating magnesium hydroxide 2.5 hours at  1425" C, in the 
acid mixture of 20 percent HCl and 5 percent HF by weight. 

Hmts of solution in the acid mixture for the synthetic melilite glasses 
are given in Table V1 and for the synthetic crystailine melilites in Table 
VII. In these tables es well as later in the text of this Paper, the composi- 
tion of a synthetic glassy or crysta.lline melilite preparation is indicated 
by a subscript giving the molecular percentage of hkermanite in that pre- 
paration. Thus A7& denotes a glassy or crystalline melilite containing 74 
molecular percent of Akermanite and 26 molecular percent of gehlenite. 
The synthetic preparations being made of chemically pure starting 
materials, no corrections due to chemica.1 composition are necessary. 

Table VI. Heat of solution of synthetic melilite glasses of rarying Akermmite- 
gehlenite ratio in an acid mixture conteining 20 percent by weight HG1 and 5 

percent by weight HF. 

~ 0 1 ~ ~ ~ r  
composition 
of tha glass 

I 

' Weight of 1 ~vemge 
?dolmular tbe uuple of solution . . - P -  

disaolved gram ' cai/grani 1 cal/aairi 1 caliiuule 
I 
I , 
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Table VII. Heat of solution of synthetic crystailine melilites of vaihying hkerrnanite- 
gehlenik ratio in an acid mixture containing 20 pereent by weight HCl and 5 

percent by weight HF. 

blolecular 
m111positio11 
of meliiite 

-4100 

I 
Ai* 

-460 

Aso 

A0 = G 

Weight of / of 1 i callrrram 
solution 

I 

272.60 

272.83 

973.01 

273.38 

273.7 7 

Average 
- 

ml/gram I cai/moie 

-- 578.1 1 f 0.71 

- 587.85 f 1.15 

-- 600.70 -+ 0.97 

-- 626.32 1 0.68 

- 650.5 9 & 0.77 

-667.41&1.16 

0.4708 
0.3054 
0.5661 
0.3853 
0.3734 

0.4071 
0.3888 
0.3891 
0.4171 

0.3275 
0.3815 
0.2514 
0.2737 

0.4167 
0.4368 
0.3452 
0.3821 

0.6816 
0.3032 
0.4945 
0.6eas 

I 

- 157,590 f 190 

- 160,380 f 310 

- 164,000 & 260 

- 171,220 f 190 

- 178,170 f 210 

-188,980&320 

I 

- 577.31 
- 677.38 - 578.07 
- 578.69 
- 579.11 

- 586.22 
-587.86 
- 588.63 
-588.68 

- 599.44 
- 600.47 
-601.25 
-601.63 

- 625.45 
- 626.24 
- 626.50 
- 627.07 

- 649.65 
- 660.97 
- 651.22 
- 651.30 

1 0.4527 
274.16 ' 0.4207 

1 0.3041 
1 0.2847 
P P 

-666.69 
-667.81 
-667.95 
-668.20 

- - 



HEATS OF SOLUTION OP THE TWO NATURAL MELILITE SAMPLES 

The heats of solution of the melilites from Honolulu and from Luna 
County were determined in the acid mixture. The results of four runs 
on each of the rninerals are as follows: 

Weight of the sample 
dimolved. 

Run No. 1. 0. 2  60  i grams 
2. 0 . 2 3 1 6  

3. 0 . 2 5 5 3  

4. 0 . 2 3 7 6  

Average: 

Weight of the 
sample dissolved. 

Run No. 1. 0 . 4 0  7 9  grams 
2. 0 . 4 3 7 4  

3. 0 . ~ 6 7 6  

4. O . 3 e z o  

Average: 

Heat of solution. 
Melilite from Honolulu. 

Heat of solution. 
Gehlenite from Luna County. 

The chemical compositions of these two natural melilites, expressed in 
terms of hypothetical melilite end members, are somewhat complicated. 
Therefore, the corrections due to the chemical composition of the minerals 
will be discussed later in connection with the interpretation of the heat- 
of-solution measurements. 

HEAT OF SOLUTION OF THE DIOPSIDE FRQM JUVA 

The heat of solution of the diopside sample in the acid mixture was 
determined in five runs: 

Weight of the 
sample dissolved. 

Run No. 1. 0 . 2  5  o  1 grams 
2. 0 . 3 7 3 8  

3. 0 . 2 4 8 7  

4. 0 . 2 9 2 0  

5. 0 . 3 0 2 4  

Average: 

Heat of solution. 
Diopside from Juva. 

Not corrected for chemical 
composition. 

- 534.7 s cal/gram 
- 534.80 
- 536.10 
- 536. i 3  

- 537. 21 

-- 535.8 i & 0. s z  cai/gram. 

This value must be corrected to correspond to pure CaMg(SiO,),. The 
analysis of the diopside from Juva given in Table IV, p. 19, shows a very 
slight deficiency of calcium metasilicate with respect to the metasilicates 
of magnesium, ferrous iron, and manganese. Although this deficiency 
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apparently is of such an order of magnitude that it might simply be due 
to analytical errors, it is corrected for the following calculations. The 
corrections were performed as follows. According to the analysis, the 
composition of the diopside from Juva may be expressed as follows: 

CaMg(SiO,), .................... 98.86 percent by weight 
MgSiO, . . . . . . . . . . . . . . . . . . . . . . . . .  0.48 
MnSiO, . . . . . . . . . . . . . . . . . . . . . . . . .  0.04 

.......................... FeSiO, 1.23 

Total 100.00 

The heat of solution of pure CaMg (SiO,), is thus calculated from the 
equation: 

In this equation A Hc~O(SiOJ; A HMgsio: A arid A 
denote the heats of solution of the corresponding pure compounds 
in the acid mixture. The heats of solution of M ~ S ~ O , ,  M ~ S ~ O ~ ,  and 
FeSiO, in the acid mixture concerned have not been mmsured 
experimentally. The heat of solution of MgSiO, may be computed from 
the heats of solution of Mg0 and SiO, given in this paper on p. 27 and 23, 
and on the basis of the value for the heat of formation of MgSiO, from 
the component oxides as given by Torgeson and Sahama (1948) viz. 
- 8,690 & 150 cal/mole. The calculation yields A HMgSi03 = - 60,190 & 
180 cal/mole. 

The heat of solution of FeSiO, may be calculated on the basis of the 
reaction Fe,SiO, + SiO, -t 2 FeSiO,, for which Sahama and Torgeson 
(1949) give the heat of reaction A H = - 310 f 210 cal. The heat of 
solution of Fe,SiO, was estimated on the basis of two preliminary ex- 
periments in the acid mixture used to amount to - 76,100 cal/mole. 
Using these figures and the heat-of-solution value of quartz given above 
the heat of solution of FeSiO, in the acid mixture is aalculated to amount 
to A HFeSiO, = - 54,600 cal/mole. 

Sahama and Torgeson (op. cit.) measured the heat of solution of 
MnSiO, to be 240 cal/mole less than that of FeSiO,. Because the heat 
of solution of quartz is olmost identical in both acids, it may be assumed 
that this differente is about the Same also in the present acid mixture. 
According to this assumpt.ion, the heat of solution of MnSiO, may be 

- - 54,360 cal/mole. This estimation is con- estimated to A HMnSiO, - 
sidered close enough for purpose of correction. Substituting these 
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figures in the equafion above gives - 537.09 callgram for the h a t  of 
solution of pure CaMg(SiO,),. This figure rnust still be corrected for 
the 0.22 percent water shown by the analysis. The water correction, 
made in a similar manner as for quartz, yields 

To this value an  uncertainty of f 250 cal/mole must be added. 

INTERPRETATION OF THE RESULTS OF HEAT-OB'-SOLUTION 
MEASUREMENTS ON SYNTHETIC MELILITE PREPARATIONS 

The values for heat of solution in the acid mixture obtained for 
synthetic melilite glasses and crystalline melilites, given in Tables V1 and 
VII, are plotted against hkermanite-to-gehlenite ratio in Fig. 6. The size 
of the circles around the points indicates the calculated uncertainty of 
the respective measurements. Smooth curves are drawn in the figure 
through the points representing the melilite glasses and the crystalline 
melilites, respectively. These curves illustrate the dependence of the 
megnitude of heat of solution upon the hkermanite-to-gehlenite ratio 
of the sample dissolved. 

For both glmsy and crystalline melilites, the curves shown in Fig. 6 
clearly deviate from the straight lines comecting the corresponding 
points for pure hkermanite and pure gehlenite. For the glassy melilites, 
the deviation from linearity is very pronounced and is not readily ex- 
plained by either experiment or systematic instrumental errors associated 
with the method. 

The curve drawn through the points for the crystalline melilites 
exhibits a rather peculiar S-shaped form. The point corresponding to the 
semple A„ lies on the line between the pure end members within the 
uncertainty of the measurements. The point for A, is definitely below 
and, on the other hand, those for ASO and A„ are well above the straight 
line. 

It is admitted that, especially for the crystalline melilites, additional 
point's corresponding to other akermanite-gehlenite solid solutions would 
be desirable. However, the values obtained can herdly be interpreted as 
being accidental. As has been pointed out in the previous chapter, there 
is no evidence according to the X-ray and optical methods that the 
chemical composition of the synthetic preparations does not oorrespond 
to the oompositions given. Because the uncertainty of the measurements 
on the different samples, a t  least for purpose of relative comparison,with 
each other, is definitely of a smaller order of magnitude than the devia- 
tions from linearity observed, there seems to be a thermal reason for 
this deviation. 



rnole fraction of gehlenite 
+ 

Fig. 6. Values for heat of solution of synthetic glassy and crystalline 
melilites of the ikermctnite-gehlenite series. 

From a thermochemical point of view, a deviation of the kind 
observed may indicate that the formation of the Akermanite-gehlenite 
solid solutions is accompanied by a heat effect. This may, on the other 
hand, be interpreted to mean deviation from the ideal behaviour. 

It is possible, however, that the observed deviation from linearity in 
heat of solution for glassy melilites is caused by a different degree of 
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.order in the glasses originating from differences in thermal pre-history. 
Such differences may be caused by variation in quenching technique. 
The order of magnitude of such effect is not known, but it alone would 
hardly be enough to cause the observed deviation. The fact that two 
separate preparations of the crystalline mixture Am, used for calori- 
metric measurements, gave identical values for heat of solution, indicates 
tha t , the  thermal pre-history of the sample is not responsible for the 
deviation from linearity observed for the crystalline melilites. 

I n  addition to the heat effect, a nonideal mixing of components is 
accompanied with a change in volume. This should be Seen in the 
dbnsities and in the unit cell dimensions of the dolid solutions. According 
to Ferguson and Buddington (1920), the densities of the synthetic glasses 
and of the crystalline preparations of the kkermanite-gehlenite series 
exhibit linear relationships between density and composition. A deviation 
from Vegard's law was found by Andrews (1948) in the unit cell 
dimensions of the akermanihe-gehlenite series. Later more accurate 
studies made by Ervin and Osborn (1949) have not confirmed his observa- 
tion. No systematic deviation from linearity can be Seen in the values 
obtained by the present writer either. 

The lack of deviation from Vegard's law contradicts the thermal 
behavior observed. It would be interesting, therefore, to find out the 
order of magnitude of the deviation in structural dimensions able to cause 
the found heat effect upon mixing. A possibility for doing this is offered 
by application of Born's theory of lattice energy. 

The lattice energy of an  ionic crystal may be defined as the energy 
change in the process of bringing the ions from infinity to the positions 
they occupy in the crystal. According to Born, between the ions of an 
ionic crystal the attractive Coulomb forces and the repulsive forces, 
rapidly changing with distance, are in equilibrium. The potential @ of a 
system of ions wit>h the interionic distance r is given by the equation 

in which a equals the Coulomb forces and b equals the repulsive forces 
in the system, and n > 1. This function has a minimum for @. Assuming 
that  this minimum value of the potential indicates stability in the system, 
Born and Lande marked the corresponding value for the interionic 
distance ro, and derived a formula which gives the lattice energy U, 
of an ionic crystal per mole: 



In  this equation, A denotes a constant depending only on the nature and 
number of ions present end on the structural type of the crystal and is 
independent of the interionic distance. 

Later, more exact expressions have been introduced for lattice energy 
including both the van der Waal's att'ractive forces and more correct 
expressions for the repulsive potential (Born, 1940; Wasastjerna, 1949)- 
In  discussing the order of magnitude of the structural effect, for the  
present purpose the accuracy of the original formula may be considered 
sufficient. 

We may assume that an ideal solid solution differs from a real one 
only in slightly different structural dimensions corresponding to a small 
difference in heat content. If these two crystals are identical in all other 
respects, the lattice energies are 

U, = A/r, (1-1111) and U, = A/r, (I-l/n) 

and the difference of the lattice energies of these two crystals is 

and, since A/r , (1-l/n) = U „ 
then 

The difference in the lattice parameters i,-r, may be referred to 
A r. The difference in lattice energies of these two solid solutions may be 
set equal to A H, the observed deviation from linearity in the heat-of- 
solution values. Accordingly, 

This equation gives the mutual relationship between t.he heat effect (heat 
of formation of mixed crystal from the end members) and corresponding 
change in the structure upon mixing. For numerical solution of this 
equation U, and r, should be known. 

An approximation for the lattice energy of solid solutions in the 
kkermanite-gehlenite series may be evaluated by means of the Born- 
Haber thermochemical cycle (Sherman, 1932). According to this 
procedure, the lattice energy of a crystal can be related to measurable 
thermal data. The principle of the cycle is as follows: 
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The lattice energy for hkermanite calculated on the basis of the Born- 
Haber cycle, using figures from Table VIII amounts to 

and that of gehlenite to 

These figures may be in error by not more than 10 percent due to  the 
inaccuracy of the energy values used. As an  average, we may consider 
that U, is of the order of magnitude of - 9.106 cal/mole. If r, is taken 
as the edge of a cube having the Same volume as the unit cell in the 
skermanite-gehlenite series, it will amount to  6.7 hgs t röm units. The 
maximum deviation from linertrity in the heat-of-solution curve for 
crystalline samples is about 1600 calories. Hence, substituting these 
numerical values to the equation 

yields 

from which 
r - 1.a.  104 - 0 . 0 0 1  Angström units. 

The methodical accuracy in determing structural dimensions is about 
& 0.003 a, if a )Norelco~ type X-ray spectrometer is used. It is therefore 
understood that the deviation clearly observed in the thermal studies, 
cannot be found in the unit cell dimensions. 

Since the change in the density corresponding to  a change of a 
structural dimension of 0.001 A amounts to about 0.001 s, it is evident 
that no deviation from linearity can be Seen in the density values 
measured. 

The result obtained was calculated numerically for melilites. Since 
the order of magnitude of the lattice energy is about the Same for all 
complex silicates of equal number of atoms in the formula weight, i t  is 
evident that the mutual relationship between the struct+al and thermal 
deviation from linearity just obtained for melilite solid solutions holds 
in general. This fact justifies the postulation that solution calorimetry 
offers an  accurate tool for investigating the degree of ideality of iso- 
morphism in silicate minerals. Very few solid solution series of silicates 
have been calorimetrically investigated so far, but the results obtained 
indicate (Sahama and Torgeson, 1949) that the ideality may in some 



cases be so complete that no deviation can be Seen in the heat-of-solution 
values measured. 

One more physical property of minerals which possibly could be used 
in detecting ideality of mixed crystals is the index of refractivity. The 
mutual relationship between the optical properties and other charac- 
teristics of mixed crystals is, however, so complicated (Barth, 1930) 
that it is a t  present impossible to state anything about the order of 
magnitude of the influence of nonideal mixing to the refractive indices. 
It is expected, however, that a clear deviation from ideality would cause 
a deviation from linearity in variation of the indices with the composi- 
tion, although such a feature can also originate from a change of chemical 
bonds as emphasized by Barth (op. cit.). 

As stated above, the deviation from linearity of the heat-of-solution 
curve for the crystalline melilites indicates a heat effect upon formation 
of the solid solutions from pure end members. This heat of the reaction 

Akermanite + Gehlenite + Solid solution phase 

may be calculated on the basis of the measured heat-of-solution values 
for the solid solutions dissolved. The results of these calculations are given 
in Table IX. 

Table IX. Heat of formation of the crystalline hkermanite-gehlenite solid solutions 
from pure crystaiiine end members at 25'C. 

Heat of 

at 25' C 
I 

The heat of formation of solid solution formed froni the end meinbers 
is Zero within the accuracy of measurements for the mixture corresponding 
to the rninimum melting point, while the heat effect is positive near the 
gehlenite-rich end and negative near the Akermanite-rich end of the series. 
The large positive heat of formation of some of the solid solutions may 
indicate that an immiscibility gap exists a t  lower temperatures in the 
system. However, in lack of sufficient thermal data a more detailed 
thermodynamic examinat.ion of the problem cannot be performed a t  
present . 



INTERPRETATION OF HEAT OP SOLUTION OF THE NATURAL 
MELILITES 

In listing the heat-of-solution values in a previous chapter no correc- 
tion was performed for the heats of solution of the natural melilites 
dissolved. For correction purposes the compositions of these two melilites, 
given in Table I, p. 15, may be expressed in the following mapner: 

Xeliiite MeliUte, 
Sugar Loaf keries, Luna County, 
Honolnlo, Hawaii. New Mexlco. 

Akermanite-gehlenite solid solution ..... 68.2 8 94.0 s 
Alkali melilite 1) . . . . . . . . . . . . . . . . . . . . . .  15.6 I I. S O  

FeSiO, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 . 6 2  I. e s  
&fnSio, .............................. 0 . 1 4  0 .04 

Fe,O, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 . 0 0  0. 9 4  

CagiO,  .............................. 8. o n 0.93 

H20 + ............................... 0 . 4 3  0. 4 8  

Total 100. o o  

The composition of the tikermanite-gehlenite solid solution of the 
specimen from Hawaii amounts to about 74 molecular percent Aker- 
manite and that of the specimen from Luna County to about 50 mole- 
cular percent tikermanite. 

For correcting the heat of solution, it can be assumed that the 
observed heat of solution equala the sum of the heats of solution of the 
components. This makes it possible to calculate an approximation for 
the heat of solution of a hypothetical melilite solid solution consisting of 
hkermanite, gehlenite, and alkali melilite provided that the heat-of- 
solution values of all the other components may be evaluated. Estimated 
heat-of-solution values for FeSiO, and MnSiO, were calculated in the 
present paper (p. 30). For Ca2Si04, an estimation can be obtrtined assum- 
ing that the heat of solution of tikermanite equala the sum of the heats 

- of solution of MgSiO, and Ca&3i04, yielding A - - 365.3 
callgram. For Fe,03 a rough value inay be calculated on the basis of 
figlures from Bichowsky and Rossini (1936) for the reaction: Fe203 (cryst.) 
+ 6 HC1 (sol.) + 2 FeC'l, (sol.) + 3 H,O (sol.), end gives A HFerOs = 

- 170 callgram. Using all of these figures the heat of solution of the 
natural melilite from Hawaii, may be corrected accoding to the follow- 
ing equation: 

- - 599.5 callgram. From which A Hsolid - 

1) The composition of alkali melilite is takenfrom Bermn (1929) cand bldemith (1948) 
&s (Na,K),Si,O ,. 
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This value is for a melilite solid solution consisting of 81.4 weight 
percent of mixture A,, and of 18.6 weight percent of alkali melilite 
and is 1.2 cnllgram lower than the value for the pure solid solution A,4. 

In  a similar manner, the heat of soliition of the natural melilite froni 
Tluna County may by corrected to  give 

This value, then, is for a meUte solid solution sonsi@ting of 98.6 weight 
percent of mixture A „ and of 1.3 weight percent of alkali melilite and is 
4.7 callgram lower than the measured value for the synthetic mixture R „. 

Both of these calculated heat-of-solution values are lower than the 
heat of soliition of t4he corresponding synthetic samples having the same 
Akermanite-to-gehlenite ratio. This might suggest that the alkali content- 
in melilite structure makes the structure more stable with respect to the 
pure hkermanite-gehlenite solid solutions. The constant occurence of 
alkali content in natural melilite minerals also indicates the same. 

HEAT OF THE REACTION CRYSTAL -t GLAS8 FOR THE AKERMANITE 
GEHLENITE SOLID SOLUTIONS 

The heat-of-solution data given above in Tables VJ and V11 for 
melilite glasses and crystalliie melilites are d i c i e n t  for computing 
the heat of react.iori 

Crystal (26" C) -t Glass (25" C) 

for different hkermanite-gehlenite solid solutions. The results of the 
computation are given in Table X. 

Table X. Heat of the reaction Crystal + Glass at 26' C for hkermanite-gehlenite 
series. 

As is seen from the figures in Table X, the heat of the reaction Crystal 
+ Glass for hkermanite-gehlenite solid solutions a t  25OC is positive and 
varies but slightly throughout the series with exception of the 
Akermanite end. 

Because of lack of data for high temperature heat content, it is not 
possible to evaluate the heat of the corresponding reaction a t  elevated 

AH = + 7,770 & 350 cal/mole + 12,380 & 460 + 12,970 & 300 + 12,940 & 260 + 11,910 & 440 

\ 

Akermanite, Am, 
A7a 

A25 
Gehlenite, A, 
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temperatures. Thus the latent heats of fusion cannot be calculated for  
hkermanite, gehlenite, or for the solid solution corresponding to t h e  
minimum melting point. 

HEAT OF FORMATIOR DATA 

The heat-of-solution values given in the previous chapter allow t h e  
calculation of the heat of formation of the corresponding minerals. These 
data and some additional heat-of-formation values from literature, needed 
in the discussion of the decomposition of Akermanite, are listed below- 

HEATS OF FORMATION OF CRYSTALLINE AKERMANITE-OEHLENITE SOLID 

SOLUTION8 FROM THE COMPONENT OXIDES 

For Bkermanite, the heat of formation is calculated from the following 
reactions the heats of which are known: 

I. Ca,MgSi,O, (cryst., 25" C) + 18 HF (sol., 75" C) + 
2 CaF, (sol., 75" C) + MgF, (sol., 75" C) + 2H,SiF6 (sol., 75" C) 
+ 7 H,O (sol., 75" C) 

11. Ca0 (cryst., 25OC) + 2 HF (sol., 75" C) -+ CaF, (sol., 75°C) + 
H,O (sol., 75" C) 

111. Mg0 (cryst., 25" C; dehydrated 2.5 hours a t  1425" C) + 
2HF (sol., 75" C) + MgF, (sol., 75" C) + H 2 0  (sol., 75" C) 

IV. SiO, (quartz, 25" C) + 6HF (sol., 75" C) + H,SiF6 (so]., 75" C) 
+ 2H,O (sol., 75" C) 

Subtracting reaction I from the sum of (2 I1 + I11 + 2 IV) yields 

V. 2CaO (cryst., 25O C) + Mg0 (cryst., 25" C; dehydrated 2.5 hours 
a t  1425" C) + 2Si0, (quartz, 25" C) + Ca2MgSi207 (cryst., 25" C) 

with the heat of reaction 
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This value represents the heat of formation of Akermanite from the 
component oxides as defined above a t  25OC. 

In  the equation for the heat of formation of akermanite given above, 
A HI, A HII, A HIII, and A HIV denote the heats of solution of Aker- 
manite and of its component oxides, respectively, in the Same acid. 
The equation may, of Course, be generalized. The heat of formation of a 
complex silicate from the component oxides is obtained by subtracting 
the heat of solution of the silicate from the sum of the heats of solution 
of the oxides in corresponding stoichiometric ratio. Strictly speaking, 
this rule holds only if the heats of solution of the individual oxides are 
not influenced by 'other ions simultaneously in solution. The more dilute 
the solution is, the better the requirement is fulfifilled. Errors due to the 
mutual influence of the ions in solution are avoided by using relatively 
small samples and by uslng an  acid mixture carrying a small amount of 
silica in solution in determining the heats of solution of the oxide 
components. 

Following the procedure applied for obtaining the heat of formation 
of kkermanite, the heats of formakion of the Akermanite-gehlenite solid 
solutions may be derived from the general equation: 

The general chemical formula of the Akermanite-gehlenite solid solutions 
is indicated in this equation by Ca,,Mg,AI„Si,@. The results computed 
according to this equation are shown in Table XI. 

Table XI. Heats of formation of crystalline Akerinanite-gehleriite solid solutions 
from the component oxides at 26O C. 

Molecular 
compositioii U I 9 

cal/mole 

I I I I I I I 

All these heat-of-formation values refer to following crystalline 
component oxides: 



SiO,: natural low quartz, 
MgO: dehydrated from Mg(OH), a t  1425" C 2,; hours, 
CaO: obtained through decomposition of CaCO, a t  

1 100" C, ignited two hours a t  1400" C, 
A1,0,: y-alumina, manufactured under unknown conditions, dried 

at 130°C for 40 hours. 

y-alumina had to be used because corundum is insoluble in acids. 
This is unfortunate, because y-aluinina shows varying degree of order in 
the structure as recently suggested by Ervin (1952), and does not hare 
unique thermochemical properties (Kelley and collaborators, 1946). For 
tliis reason, the heats of formation evaluated, except that for pure 
Akermanite, cannot be used except for comparison with other heat-of- 
formation data for aluminum minerab based on the Same batch of y- 
alumina. Because of the lack of uniformity in the thermal properties of 
y-alumina, the heat of reaction y-alumina -t Corundum is very inaccur- 
ately known. It is, therefore, not possible to recalculate the heat-of- 
formation values given in Table X I  of Akermanite-gehlenite solid solutions 
on the basis of corundum. 

HEAT OF FORMATION O F  DIOPSIDE 

The heat of formation of diopside, evaluated from the heat-of-solution 
data given in the previous chapter of this Paper, is computed according 
to the following equation: 

This value is for the pure mineral of composition CaMg(SiO,),. 

OTHER HEAT-OF-FORMATION DATA NEEDED 

The heats of formation of tricalcium silicate and calciuni ortho- 
Silicate (ß) have been determined by King (1951): 

These values are based on natural quartz and on calcium oxide 
prepared from calcium carbonate Ly ignition for 12 hours a t  1100°C. 

The heats of formation of wollastonite, clinoenstatite, and forsterite 
have been determined by Torgeson and Sahama (1948) as follows: 



K. J. Nezc~onen: ThermochemioaJ. Inmtigation of the &rm&nite-Gehlenite Series. 43 

H ~ a s i ~ 8  
- - - 21,250 f 130 cal/mole, 

- 8,690 f 150 cal/mole, and * H ~ g $ i O a  - - 
* H ~ g 8 i ~ 4 =  - 16,120 f 210 cal!mole. 

All these X-alues are for pure minerals having the theoretical composi- 
tion, and are b a d  on natural quartz, on calcium oxide prepared a t  
1150" C, and on magnesium oxide which was obtained from dehydrating 
magnesiuin hydroxide for one hundred hours in temperatures rising 
gradually from 4-00' through 1000" C. 

The heats of formation of monticellite and merw-inite measured by 
Neuvonen (1952) are: 

= - 27,560 f 140 caltmole and 

= - 57,020 f 380 aal/mole. 

These are based on the Same component oxide materials as described in 
the present Paper. The values account for pure theoretical compositions. 

DECOMPOSITION O F  AKERMANITE 

On cooling a melt of the ßkerma.nite composition T-e~y slowly, Carsten 
and Kristoffersen (1931) found the crystalline product obtained to consist 
of &kermanite and of small amount of diopside. Bowen, Schairer, and 
Posnjak (1933) observed that ßkermanite glass that crystallized a t  1375°C 
as  a single phase akermanite, gives a crystalline complex with Ca2Si0, 
as one of the phases when it is crystallized a t  1050' C. On heating large 
homogeneous crystals of akermanite Osborn and Schairer (1941) found 
that  the crystals remained homogeneous a t  temperatures above 1325" C. 
At temperatures below 1325" C, very sma.ll euhedral crystals grew within 
the ßkermanite crystals. These crystals had approxiniately the indices of 
refraction and general appearance of diopside. No crystals were found 
with optical characteristics of Ca2Si0,. Preliminary investigations made . 
by these authors showed that solid solutions tikermanite-gehlenite near 
ßkermanite end become ys t ab le  a t  much lower temperatures. 

Although the fact that Akermanite is unstable a t  low temperatures is 
shown clearly by the observations mentioned it is not definitely known 
to what components Akermanite inverts when subjected to heating at 
temperatures below its stability field. 

As is Seen from the diagram in Fig. 7 indicating the possible silicate 
phases in the ternary system Ca0-Mg0-Si0„ the decomposition of 
ßkermanite to two crystalline phases may proceed according to the 
following three reactions: 
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SICr, 

Fig. 7. The crystalline silicate hases in the System 
c * ~ M ~ s ~ & .  

äe .  Menvinite. 
340. Monticellip. 
W. Wollashnite (pseudowoliastonite). 

1. Äkermanite -t Diopside + Merwinite. 
2. Akermanite + Monticellite + Wollastonite. 
3. Akermanite + Clinoenstatite + Calcium orthosilicate. 

The heats of formation from the component oxides for the minerals 
included in the abore reactions a t  25OC are given in a previous chapter 
of this paper (p. 42 and p. 43). On the basis of these data the heats of 
reaction may be calculated to yield the following values:* 

Reaction 1. A H, = - 2,310 f 300 cal/mole 
2. A = - 4,980 f 300 
3. A H, = + 4,950 k.360 

The heats of reaction 1. and 2. are negative, and that of reaction 3. 
is positive. The figures are given for one mole of Akermanit,e. 

The reaction 1. may proceed further due to hypothetical decomposi- 
tion of diopside to wollastonite and enstatite, and due to decomposition 
P P 

*) 'Qe heat-of-forniatioii values measured by Torgeson and Sahama (op .  cit.) and by 
King (op. cd.) are based on roinponent oxides pre med slightly different from those used bp 
the writer. The wrcir intioiliired will not ehangr tRe diseussion, howevei. 
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of merwinite to monticellite and wollastonite. A limit for such further 
decomposition is determined by the mineralogical phase rule, according 
to which the number of phases cannot exceed three in the present case. 
The heat of decomposition of diopside is positive and would decrease the 
negative value of the heat of reaction 1. The heat of reaction merwinite 
+ monticellite + Ca2Si04 amoiints to - 730 cal, thus giking the hea t 
of the reaction 

1 a. Akermanite + Diopside + Monticellite + Ca,Si04 

A Hla = - 2,670 f 300 cal1Akermanit.e mole. 

The further decomposition of monticellite to Ca2Si04 and Mg2Si04 
has a strongly positive heat of reaction end would accordingly decrease 
the negative value for the heat of reaction 1 a. and also would decrease 
that of the heat of reaction 2. Decomposition of merwinite to Ca,SiO, 
and enstatite, is accompanied with a positive heat of reaction, thus also 
causing a decrease in the heat of reaction 1. 

To judge whether or not the reactions above are possible from a 
thermodynamic point of view, the change of free energy should be'known 
for each reaction. Calculation of the free energy change according to the 
relationship A F = A H - TAS would presuppose experimental va- 
lues for the entropies of the minerals concerned. For nlagnesium ortho- 
silicate, magnesium metasilicate (Kelley, 1943), wollastonite (Wagner, 
1932), tricalcium silicate, and calcium orthosilicate (Todd, 1951) the 
entropy values are known a t  25" C. For hkermanite, merwinite, and 
monticellite, however, no entropy values are given in literature. There- 
fore, accurate free energy calculations must await until these are known. 
It is to be expected, on the other hand, that the entropy increment in 
the reactions concerned is relatively small. 

An exception to t.his rule is given by the reaction: albite + nepheline 
+ jadeite for which the change of the entropy, according to the 
measurements made by Kelley (Yoder and Weir, 1951), amounts to 
A S200 C = - 14.7 entropy units. Such a large entropy increment is 
obviously not common in reactions between silicate minerals. 

To calculate the free energy change for the reactions mentioned a t  
elevated temperatures, high temperature heat content data are needed 
for all the minerals in consideration. Unfortunately, these data are given 
in literature for only a few of the compounds concerned (Kelley, 1949). 
For first approximat,ion, the effect of temperature is but relatix-ely sinall. 
Accordingly, in lack of adequate entropy and heat content data the 
heats of the reactions given above may be used to indicate the direction 
of the reactions given. According to this assumption, the reactions l., 
1 a., and 2. having a negative heat of reaction at 25" C, are theoretically 
possible from t,he thermodynamic point of view. 
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Using the hydr~t~hexmal quenching apparatus built by Tuttle (1948) 
the writer performed some experjments to  decompose bkermanite. The 
pressure in a11 these experiments was about 2000 kg/orn2 and t'he 
temperature varied from 400" to 900" C. In microscopic examination of 
the material? subjected to hydrothermal heating, it was observed that 
smsll quantities of tiny crysta 1s had grown within the crystalline melilite 
when pure tikermanite was used. Small grain size did not enable 
indentification of these crystals under the microscope. The material was, 
therefore, subjected to further investigation with the ~Norelcoo type 
X-ray spectrometer. The low percentage of the decompositian products, 
present in the sample, made the extra lines (in addition to the Gkermanite 
lines) in the pattern weak and broad. As is seen from Table XI1 summariz- 
ing the hydrothermal experiments, several extra lines appeared in the 
materials. The values of d-spacings measured for these extra lines are 
accurate only within 0.0 5 - 4 .  i Kx units. 

Table XII. Powcler diffrection lines of the products of rlecoinposition of 
Akermranite. 

Starting ' Pryure Extra lines found in 
Haterin1 1 kg cm' Haurs order of intensidy. 

Iis iinits. I 

If these extra d-spacings found are compared with the X-ray powder 
diffraction lines given by Clark (1946) for different crystalline compounds 
in the system Ca0-Mg0-Si0„ it becomes evident that there are different 
possibilities for interpretation. The only mineral among the hypothetical 
deoomposition products of hkermanite, the presence of which cannot be 
established on the basis of the d-spacings is monticellite. Accordingly, 
the X-ray study made of the decomposition products, indicates that 
the decomposition follows the reaction: 

Akermanite + Merwinite + Diopside. 

2.97 
4 3.82, 3.90, 3.15, 2.67 1 1-67 

This result contradiets the thermodynamic calculations according to  
which the formation of monticellite and wollastonite, or monticellite, 
diopside, and Ca2Si0, from &kerma*nite was more probable. It is to be 
kept in mind, on the other hand, that the free energy change, and not 
the heat of reaction should have been used in Judging the probability 

400 700 Akermtlnite 
glass 

dkermanite I J OI I 0  
cryst 

- - 

2 U(KI 

700 I 32 1 2 . 9 7  

2.57 

dass 1.0; 
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of the different reactions. In  addition the present calculations are made 
for reactions a t  25OC while the decomposition of the Akermanite in all 
the experiments made has taken place a t  considerably higher tempera- 
tures. It is possible that these facts are sufficient to  explain the 
disagreement. The stability of merwinite is not f'ully known (Osborn, 
1943), but its mode of occurrence in nature suggests that it is formed a t  
high temperatures (Bowen, 1940). It seems evident therefore that the 
decomposition of Akermanite proceeds in the following steps nith 
decreasing temperature: 

iaeg C" Akermanite , Diopside + Merwinite -t 
Diopside + Monticellite + Ca,SiO, -t 

Monticellite + Woilastonite. 

In  the present connection, it is interesting to note that the solid 
solution A„ did not show any sign of decomposition sfter a hydrothermal 
treatment. This agrees with the statement made by Osborn and Schairer 
(loc. cit.) according to which the stability of the solid solution extends 
to lower temperatures with increasing gehlenite content. 

SUMMARY 

The present paper deals with the thermochemical inuestigation of the 
kkermanite-gehlenite solid solutions by means of solution calorimetry. 

The methods of preparing natural melilite specimens and synthetic 
glassy and crystalline hkermanite-gehlenite solid solutions are described. 
The calorimetric measurements have been made using a mixture of 
hydrochloric snd hydrofluoric acid as the dissolving agent a t  75" C. The 
calorimetric technique and the corrections required are discussed. Diffi- 
culties due to slow dissolving rate of the samples were overcome by 
using paper containers of special form. 

The materials used for the study were examined by microscopic and 
X-ray methods. Unit cell dimensions were determined and found to 
agree with the values given by earlier investigators. An alternative 
method is suggested for evaluating the composition of akermanite- 
gehlenite solid solution by means of powder diffraction p~ t t e rn .  

Heats of solution in the acid mixture were measured for synthetic 
and natural melilites, for diopside, for quartz, for Calcium oxide, for 
y-alumina, and for natural brucite. Values of heat of solution obtained 
for synthetic glassy and crystalline melilites are plotted against composi- 
tion. The relationship between heat of solution and the &kermanite-to- 
gehlenite ratio is not linear, indicatjng a nonideal isomorphism between 
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the end members. The possibility of using solution calorimetry for 
investigation of the character of isomorphism is discussed. 

Latent heats of crystallization of the hkermanite-gehlenite solid 
solutions are computed from the heat-of-solution data. 

Heats of formation from the component oxides are given for 
akermanite, gehlenite, and for their mutual solid solutions as well as 
for diopside. 

The decomposition of hkermanite below its stability field is discussed 
on the basis of the thermal dat,a obtained. 
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