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Minerals are interesting because of the story they tell of those complex

physical and chemical processes that have operated in the building and

modification of our earth and its crust. one of the most fascinating prob-

lems of earth science is the delineation of the physical chemistry of the

crystallization of rock-forming minerals from magmas.

The rock magma--a molten solution of complex silicates--is the parent

source of the igneous rocks and their minerals. Many igneous rock types

may result from the cooling and crystallization of this magma'

Much information on the processes involved in igneous-rock origin

has been obtained from detailed petrographic examinations of samples

of igneous rocks and from geological field data on the interrelations of

the various rocks. However, in order to understand and interpret the

complex phenomena of crystallization, with changing mineral assem-

blages responding to changes in thermodynamic environment brought

about by cooling or by changes in pressure, it has been necessary to study

the phase equilibrium relations in a large number of silicate systems.

Fundamental information concerning the mode of origin of the minerals

of the igneous rocks has been obtained through the preparation of silicate

melts (simplified artificial magmas) in the laboratory with controlled

variations of chemical composition, and a study of the behavior of these

melts at equilibrium under a wide variety of temperature and pressure

conditions.
we have been particularly interested in the mutual melting and

crystallization relations, which cause changes in chemical composition

and crystal system in response to changing temperature conditions, of

the olivines, the pyroxenes and pyroxenoids (especially those containing

* At the request of the Council, Dr. J. F. Schairer has prepared ttris Presidential ad-
dress, which beiause of the cancellation of the annual meeting was not presented orally.

Although heavily burdened with war work the author has kindly consented to prepare, on

short notice, this general survey article which we are pleased to present at this time'
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Feo) and the melilites. we have also been interested in the direction of
change of chemical composition of the residual liquid phase as crystal-
lization proceeds in artificial melts that may approach the compositions
of natural magmas.

All of the important rock-forming minerals of the igneous rocks, with
the exception of quartz, have a variable composition. They are solid
solutions which uhdergo progressive changes in chemical composition
during cooling and crystallization of the magma. Even when there are
no interruptions in the cooling cycle, there are continuous or discontinu-
ous changes in the compositions of individual minerals and in the kinds
of minerals crystallizing from the liquid phase. A mineral or assemblage
of minerals stable at an early stage in the crystallization process may
become unstable at a later stage and undergo transformation to new
mineral assemblages with changes in both chemical composition and
crystal system.

Of the various oxides that enter into the composition of the minerals
of the igneous rocks, SiOr, AlzO:, iron oxides, MgO, CaO, NazO and KzO
are of greatest importance. rn order to obtain the desired information
concerning the processes involved in the crystallization of a rock magma,
one by one the fundamental unary, binary and ternary systems of rock-
forming oxides have been studied in the laboratory. Studies of four of
the quaternary systems which include these oxides are in progress. We
propose to review briefly what progress has been made from a study of
artificial silicate melts towards the understanding of the crystallization
chemistry of three groups of rock-forming minerals--the olivines, the
pyroxenes and related pyroxenoids and the melilites.

Orrvrxes

The olivines are a series of polycomponent orthosilicate solid solutions.
Most rock-forming olivines consist essentially of the two molecules
forsterite (MgzSiOa) and fayalite (FezSiOa). Other molecules which may
be present in rock-forming olivines are Ca2SiOn (which exists in at
Ieast two crystalline modifications, one of which is the monoclinic
mineral larnite), merwinite (Ca3Mg(SiOa)2, monoclinic), monticellite
(CaMgSiOn), Fe-monticell i te (CaFeSiOa), tephroite (MnrSiOa) and
glaucochroite (CaMnSiOa).

Bowen and Schairerl studied the system MgO-FeO-SiOz. By means
of a series of isothermal planes they showed in detail the compositions
of all liquid and solid phases from the liquidus temperatures to below
955'C. and discussed the paths of crystallization of typical liquids. Their

r Bowen, N. L., and Schairer, J. F., The system MgO-FeO-SiOz: Am. Jour. Sci.,
29,15r-2r7 (1935).
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studies on this system showed the chemical compositions, optical prop-

erties and mutual melting and stability relations of three sets of solid

solutions--the magnesia-iron olivines, the magnesia-iron pyroxenes and

the magnesio-wiistites (MgO-FeO solid solutions). Their equilibrium

diagram for the magnesia-iron olivines is given here as Fig. 1'
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In like manner, Bowen, Schairer and Posnjak2 in two papers presented

their study of the system CaO-FeO-SiOz with data on the chemical

compositions, optical properties and mutual melting and stability rela-

tions of two sets of solid solutions--the lime-iron olivines with composi-

tions between CazSiOr and FezSiOa and the lime-iron pyroxenes and

pyroxenoids with compositions between CaSiOa and FeSiOe. By means

of a series oI isothermal planes, they showed in detail the compositions

of all liquid and solid phases from the liquidus temperatures to 700oC.

and discussed the paths of crystallization of typical liquids. Their equi-

librium diagram for the system CazSiOa-FerSiO+ is given here as Fig. 2.

2 (a) Bowen, N. L., Schairer, J. F., and Posnjak, E', The system Ca2SiOr-FesSiOr:

Arn. Jour.ici.,25,273-297 (1933): (b) The system CaO-FeO-SiOz dbid',26,193-284
(1e33).
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Some years ago, Ferguson and Merwins presented data for the system
CaO-MgO-SiOz. The composition join CazSiOa-MgzSiOa cuts this sys-
tem. They established the incongruent nature of the melting of monti-
cellite (CaMgSiO) and show a field of monticellite solid solutions on the
liquidus surface in the ternary system. Recently, Osborna has made some
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Frc. 2. Equilibrium diagram of the binary system Ca2SiOr-FezSiOr.
(Diagram of Bowen, Schairer and posnjak.)

corrections to the diagram for cao-Mgo-Sioz, including stability data
on the orthosilicate merwinite which melts incongruently and has a field
on the liquidus surface in the ternary system. Preliminary data suggesr
that there is limited solid solution extending from cazSior toward mer-
winite. His diagrams for CazSiOa-akermanite and merwinite-akermanite
are reproduced here as Figs. 3 and 4, respectively.

3 Ierguson, J. 8., and Merwin, H. E., The ternary system CaO-MgO-SiOz: Am. f our.
Sci.., 48, 81-123 (1919).

a Osborn, E. F., The compound meru,inite (3CaO.MgO.2SiOz) and its stability rela-
tions within the system cao-Mgo-sio:. (preliminary report.) ; Jour. Am. ceram. soc.,
26,321-332 (1943).
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Frc. 3. Equilibrium diagram of the join CarSiOn-akermanite, heavy lines represent
binary equilibrium relations, light lines illustrate relations lying outside the plane of this
diagram in the ternary system CaO-MgO-SiOz. (Diagram of Osborn.)

Pvnoxpnes AND RELATED PyRoxENorDS

The pyroxenes and related pyroxenoids present exceptional com-
plexity both of crystalline modifications and chemical composition. They
are a series of polycomponent solid solutions, some of the molecules of
which are completely miscible and others only partly so. The important
mineral molecules which enter into the composition of the rock-forming
pyroxenes are given in Table 1.

The three most important molecules are the metasilicate molecules
CaSiO3, MgSiOr and FeSiOs. The composition triangle, which is given
as Fig. 5, shows the chemical relations between diopside and hedenbergite
and the simple metasilicates.

2 CaO Si02 and Liquid

2 CaO Si02,  Merwinr te and Liquid 
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Frc. 4. Equilibrium diagram of the join merwinite-akermanite; heavy lines repre-
sent binary equilibrium; light lines illustrate relations lying outside the plane of this
diagram in the system CaO-MgO-SiO2. (Diagram of Osborn.)
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CaSiOr
MgSiOa
CaSiOs.MgSiO:
FeSiOs

CaSiOa.FeSiOa
MnSiOa
CaSiOg.MnSiOa
Molecules containing

AlzOa
FezOg
TiOz

NazO.AlzOs.4SiOz
NazO.FezOa.4SiO:

Wollastonite, pseudowollastonite

Enstatite, clinoenstatite
Diopside
Ferrosilite, clinof errosilite
Hedenbergite
Rhodonite, bustamite

Johannsenite

Augites
Augites and babingtonite
Titaniferous augites

Jadeite
Acmite, aegirite
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fl As already mentioned, Bowen, Schairer and Posnjak2b studied the

system CaO-FeO-SiOz. Their studies showed the chemical composi-

tions, optical properties, and mutual melting and stability relations of

the lime-iron pyroxenes and pyroxenoids (all compositions between

Frc. 5. Composition triangle CaSiOrMgSiO3-FeSiOa showing the chemical relations
between diopside, hedenbergite, and the three simple metasilicates.

CaSiOa and FeSiOs), including pseudowollastonite (a-CaSiOa), wol-
lastonite (B-CaSiOa solid solutions with up to 76 per cent FeSiOa),
hedenbergite (with hedenbergite solid solutions containing up to 80 per

cent FeSiOa), and the lime-iron olivines. Their diagram for the join

CaSiOg-FeSiO3 is given here as Fig. 6.

MeSrO,
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In like manner, in their study of the system MgO-FeO-SiOz, Bowen
and Schairerl presented complete data on chemical compositions, optical
properties, and mutual melting and stability relations of the MgSiOa-

Frc. 6. Equilibrium diagram of the join caSio5FeSio3 in the system cao-Feo-sioz.
Heavy curves refer to binary equilibrium and light curves to ternary equilibrium. (Dia-
gram of Bowen, Schairer and Posnjak.)

FeSiOa pyroxenes, including both the clino-pyroxenes and the ortho-
pyroxenes, and their relations to the magnesia-iron olivines. Their dia-
gram for the join MgSiO3-FeSiO3 is reproduced here as Fig. Z.

Bowen,s in his study of the system diopside-forsterite-silica, showed

6 Bowen, N. L., The ternary system: diopside-forsterite-silica: Am. Jour. Sci.r3gr 207-
264 (1er4).
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the presence of a complete series of solid solutions between diopside and

clinoenstatite and gave their optical properties and complete melting

relations. His equilibrium diagram is reproduced here as Fig. 8.
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Frc. 7. Equilibrium diagram of the join MgSiOrFeSiOs in the system MgO-FeO-SiOz
Heavy curves refer to binary equilibrium and light curves to ternary equilibrium. (Dia-
gram of Bowen and Schairer.)

Recently, Schairer and Bowen6 showed that in the system CaSiOa-

diopside there is little or no solid solution of diopside in pseudowollaston-

ite (d-CaSiOr) or of CaSiOg in diopside, but that wollastonite (B-

CaSiOs) may take up to a maximum ol 22 pet cent of diopside in solid

solution. Their equilibrium diagram is reproduced here as Fig. 9.

Bowen and Schairer? showed that acmite (NarO'Fe2Oa'4SiO2) melts

0 Schairer, J. F., and Bowen, N. L., The binary system casio;-diopside and the
relations between CaSiOg and akermanite: Am. Jour. Sci'.,240,725-742 (1935)'

7 Bowen, N. L., and Schairer, J. F., The fusion relations of acmite: Am' Iour' Sci',18,

36s-374 (re2e).
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incongruently at 990"C. to hematite and liquid. In a later paper, Bowen,
schairer and willemss described the melting relations of acmite in the
presence of an excess of any of its component oxides. Their equilibrium
diagram is given here as Fig. 10.
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Frc. 8. Equilibrium diagram of the ternary system forsterite-diopside-silica showing
the melting relations of pyroxenes between diopside and clinoenstatite (Mgsio). (Dia-
gram of Bowen.)

Greig and Barths in studies of the system nepheline-albite, and
Schairer and Bowen in unpublished studies of the system Na2O-AbOB-
Sioz, found that there was no field of jadeite on the riquidus surface and

8 Bowen, N. L., Schairer, J. F., and Willems, H. W. V., The ternary system Na2SiO3-
Fe2OySiO2: Am. f our. Sci.,2O,40S-4S5 (1930).

e Greig, J. W., and Barth, T. F. W., The system, NazO.AlzOa.2SiO2 (nephelite, car-
negieite)-Na2O.AlrO:.6SiO, (albite) : Am. Jour. Sci., 35-A, g3-ll2 (1938).

o2
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that no crystals of jadeite (NazO'AlrOr'4SiOt appeared at any of the

temperatures studied. A crystallized charge of the composition NazO'

AlrOa.4SiOz consisted of crystals of nepheline and albite' Jadeite might

be a stable phase onlv at low temperatures or at pressures above at-

40
WEIGHT

50 60 10
PER CENT Drops'de

Fro. 9. Equilibrium diagram of the binary system CaSiO3 (wollastonite, pseudowollaston-
ite)-CaMgsiro6 (diopside). (Diagram of Scbairer and Bowen.)

mospheric pressure or it might only be stable in solid solution with other
pyroxene molecules. More experimental work is necessary.

Recently, Schairerlo presented an equilibrium diagram showing the
liquidus relations in the system FeO-ALOr-SiOz. No compound of

FeO, AlzOa and SiOz was encountered which might enter into solid solu-

tion with other pyroxene or pyroxenoid molecules in the aluminous
pyroxenes. Experiments at sub-liquidus temperatures are not yet com-

10 Schairer, J. F., The system CaO-FeO-AhOs-SiOr: I, Results of quenching experi-

ments on five joins. Iour. Arn. Ceratn. Soc.,2Sr 24l-27 4 (1942); see page 245'

pCaSio3 So l id  So lu |ons
and Dropside
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pleted. In this same paper, the results of quenching experiments on five
joins through the tetrahedron representing the quaternary system
CaO-FeO-AhOg-SiOz were presented. The mutual melting relations
between olivines, pyroxenoids and melilites whose compositions Iie in
this system were given. Exact data on the chemical composition of the

3oz

tVa2O.SrO2 /o 50 60 70
No2O.4FerO3.5 SiQ

Frc. 10. Equilibrium diagram of NazSiOr-FezOa-SiOz, a portion of the ternary system
NazO-Fe:Oa-SiOz without isotherms but showing the fields of stability and the incon-
gruent nature of the melting of the pyroxene, acmite. (Diagram of Bowen, Schairer and
Willems.)

several solid phases of variable composition (solid solutions) have not
yet been obtained.

Mnr.rr,rtns

The melilites are complex solid solutions of several different molecules
which are wholly or partially miscible in the solid state and form well

rridJf
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crystallized tetragonal crystals. From studies of the analyses of melilite

it has been shown that akermanite (2CaO'MgO'2SiOz) and gehlenite

(2CaO'Al2O3'SiO) are the dominant molecules.

(Gehlenite)
40 so 60

W E I G H T  P E R  C E N T

Frc. 11. Equilibrium diagram of the binary system gehlenite-akermanite. Dashed line is

solidus curve of Ferguson and Buddington. (Diagram of Osborn and Schairer.)

Ferguson and Buddingtonll showed that akermanite and gehlenite

form a complete series of solid solutions with a temperature minimum

on the liquidus surface. They recorded the optical properties of these

solid solutions. Further optical and thermal data were given by Budding-

ton12 on more complex artificial melilite solid solutions. Recently, Osborn

and Schairerls corrected the position of the solidus curve for the system

akermanite-gehlenite. Their diagram is given here as Fig. 11.

11 Ferguson, J.8., and Buddington, A. F., The binary system &kermanite-gehlenite:

Am. Jour. Sci., 50, 131-140 (1920).
12Buddington, A. F., On some natural and synthetic meiilites: Am. Jour. Sci',3t

s5-87 (1922).
13 Osborn, E. F., and Schairer, J. F., The ternary system pseudowollastonite-aker-

manite-gehleni te : A tn. J our. S ci., 239, 7 | 5-7 63 (19 4l) .
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Bowen, Schairer and Posnjakla described the iron analogue of aker-
manite, 2CaO' FeO.2SiOz, and gave its optical properties. This com-
pound is stable only below 775"C. and above this temperature breaks up
into a pyroxenoid, wollastonite (B-CaSiOs) and an olivine, Fe-monti-
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Frc. 12. Equilibrium diagram of the binary system CaSiO3-CaFeSiOr showing sta-
bility relations of the melilite, Fe-akermanite. (Diagram of Bowen, Schairer and Posnjak.)

cellite (CaFeSiOD. Their diagram for CaSiOgCaFeSiOn is reproduced
here as Fig. 12. They also call attention to the fact that in attempts to
prepare crystalline akermanite from a glass of that composition, a single
phase, akermanite was obtained at 1375'C. while this same glass crystal-
lized at 1050"C. gave a crystal complex with CarSiOr irS orr€ of the phases.

la  See ref .  2b,pp.2l l  and276.
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Frc. 13. Preliminary equilibrium diagram of the join Fe-akermanite-akermanite; a

portion of the join CaSiOs-MgO-FeO in the quaternary system CaO-MgO-FeO-SiOz'

(Unpublished diagram of Schairer and Osborn.)

As a part of the study of the quaternary system CaO-MgO-FeO-

SiOz now in progress, Schairer and Osbornlo have obtained some data

for the join CaSiOr-MgO-FeO. The line akermanite-Fe-akermanite

15 osborn, E. F., and Schairer, J. F., The ternary system pseudowollastonite-aker-

manite-gehlenite: Am. Iour. Sci.,239t 715-763 (1941); see page 718.
t6 These preliminary data were presented by J. F. Schairer and E' F' Osborn at the

44th Annual Meeting of the American Ceramic Society April 22,1942, at Cincinnati, Ohio,

in order to make the information immediately available while progress on the investiga'

tion was temporarily interrupted by other work.
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lies in this join. The preliminary data for this line, which have not yer
been published, are reproduced here as Figs. 13 and 14, with the kind
permission of Dr. E. F. Osborn.

The complex crystallization relations in the system CaSiO3-aker-
manite-gehlenite, which combines simple melilites and a pyroxenoid

2Sr 02
t re -AKe fmanL re ,  WEIGHT pER CENT (Akenman l t e )

Fro. 14. Diagram showing indices of refraction of artificial melilites lying between
Fe-akermanite and akermanite in chemicai composition. (unpublished diagram of
Schairer and Osborn.)

are given by osborn and Schairer.lT There is no ternary eutectic. The
lowest temperature at which l iquid is present is at the teinary minimum
(1302'c.) on the boundary curve between the fields of melilite and
a-caSioa. rt is shown that zoned solid solution crystals possessing one
or more reversals in the direction of zoning (oscillatory zoning) may be
produced by normal processes of crystallization with continuously d.e-
creasing temperature.

CoNcrulrnc Rplranrs

The foregoing briei discussion is perhaps sufficient to indicate that
substantial progress has been made on determining the exact chemical
compositions and range of compositions and the temperature stability
relations of the various rock-forming olivines, pyroxenes (and related

17 Osborn, E. F., and Schairer, J. F., The ternary system pseudowollastonite-aker-
manite-gehlenit.e : A m. J our. S ci., 2gg, 7 1S-7 63 (Ig4l).

4Na
t 7 0

|  6 9 ,

t 6 8

r 6 6

t 6 5

t 6 +

r 6 3

?CaO FeO 2Si
(Fe-Akerman te)



CRYSTALLIZATION OF ROCR-FORtr'IING MINERALS 9.1

pyroxenoids), and melilites. Some progress has been made on determina-
tion of the mutual melting relations of these groups of minerals and of

these minerals with other rock-forming specigs. More progress on both
aspects of the problem may be expected from studies of four quaternary

systems now in progress: CaO-FeO-AIsOs-SiOz, CaO-MgO-AlzOe-SiOr
and CaO-NIgO-FeO-SiOz at the Geophysical Laboratory, and CaO-
NazO-ALOa-SiOz by Bowen and his students at the University of

Chicaso.


