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Abstract

A complete literature review, critical evaluation and thermodynamic modeling of phase diagrams and thermodynamic properties of all oxide
phases in the CaO-MgO-SiGystem at 1 bar pressure are presented. The molten oxide phase is described by the Modified Quasichemical
Model, and the Gibbs energies of the olivine and pyroxene solid solutions are modeled using the compound energy formalism. A set of
optimized model parameters of all phases is obtained which reproduces all available and reliable thermodynamic and phase-equilibrium
data within experimental error limits from 28 to above the liquidus temperatures over the entire composition range. The complex phase
relationships in the system have been elucidated, and discrepancies among the data have been resolved. The database of the model paramets
can be used along with software for Gibbs energy minimization in order to calculate all thermodynamic properties and any phase diagram
section or phase equilibrium of interest.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction phase diagram measurements can be used to deduce ther-
modynamic properties. Discrepancies in the available data
The CaO-MgO-Si@ system is of great importance in can often be resolved, and interpolations and extrapolations
metallurgy and geochemistry. The phase equilibria, thermo- can be made in a thermodynamically correct manner. A
dynamic properties of solid and liquid phases and structural small set of model parameters is obtained. This is ideal for
properties of solid solutions have been widely investigated at computer storage and calculation of properties and phase
1 bar and also at high pressure. The purpose of this study isdiagrams.
to critically evaluate and optimize all available experimental ~ Thermodynamic optimizations for this system have al-
data at 1 bar pressure. ready been reported by Pelton and Erikssasing simple
In a thermodynamic “optimization” of a system, all avail- solid solution models and the Modified Quasichemical
able thermodynamic and phase-equilibrium data are eval-ModeP~ for the liquid oxide, and by Huang et &lwho
uated simultaneously in order to obtain one set of model used the two-sublattice compound energy formafigor
equations for the Gibbs energies of all phases as functionsthe solid solutions and the ionic liquid mo8édor the liquid
of temperature and composition. From these equations, alloxide. However, several important experimental studies of
of the thermodynamic properties and the phase diagramsthermodynamic properties and phase equilibria have been
can be back-calculated. In this way, all the data are ren- performed subsequently. A wider range of experimental
dered self-consistent and consistent with thermodynamic data, including structural information on solid solutions
principles. Thermodynamic property data, such as activity such as olivine, has been collected, evaluated and optimized
data, can aid in the evaluation of the phase diagram, andin the course of the present study, and a better overall
description of all the experimental data was obtained com-
msponding author. Tek:-1-514-340-4711x4531, pared to.the previous optimizations. .
fox: +1-514.340-5840. ’ The binary sub-systems, CaO-M§a;a0O-SiQ° and
E-mail address: arthur.pelton@polymtl.ca (A.D. Pelton). MgO-SiQ;!! have already been optimized and the opti-
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Fig. 1. Calculated CaO-MgO phase diagram.
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Fig. 2. Calculated CaO-SjOphase diagrarf

mized binary model parameters are used without change inprovides the best presently available description of the ther-
the present study. Phase diagrams calculated from the opimodynamic properties and phase equilibria.

timized parameters are shown kigs. 1-3 In the evalua-

tions/optimizations, all available phase diagram data from

several sources, metastable phase-equilibrium data, data oR. Thermodynamic models

the Gibbs energies of all compounds, and measured activities

of Si0, in the CaO-Si@ and MgO-SiQ slags were simul- All compounds and solutions are summarizedable 1
taneously taken into account. The optimized binary model to clarify the names of the minerals and solutions used in this
parameters for the Modified Quasichemical Model for the study. All optimized model parameters are listedable 2
liquid phase as well as optimized expressions for the Gibbs

energies of all compounds and for the CaO-MgO solid so- 2.1, Molten oxide (slag)

lution are given in Wu et al.'* and Eriksson et & Based

on these binary assessments, the CaO-MgO;-SyStem is For the molten oxide (slag) phase, the Modified Qua-
optimized in the present study. The resultant model databasesijchemical Modeét3 has been used. This model has
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Fig. 3. Calculated MgO-Si©phase diagrarht

been recently further developed and summarfzed. Ada s of these reactions, which may be expanded as em-
Short-range ordering is taken into account by consider- pirical functions of composition.
ing second-nearest-neighbor pair exchange reactions. For The optimized binary model parameters as well as the

example, for the CaO-MgO-SiGlags these reactions are: Optimized expressions for the Gibbs energies of all stoichio-
metric compounds are given in Wu et%dl! and Eriksson

(Ca—Ca + (Si-S) = 2(Ca-S), Agcaqsio, 1) et al1? along with the second-nearest-neighbor “coordina-
. tion numbers” of Ca, Mg and Si used in the Modified Qua-
(Mg-Mg) + (SI=S) = 2(Mg-SD,  Agmgo,sic, 2) sichemical Model. The asymmetric “Toop-lik&"extension
(Ca—Ca + (Mg-Mg) = 2(Ca—M9, Agcagmgo () of binary model parameters is used in order to calculate the
Gibbs energy of the ternary liquid, with Si@s the “asym-
where (A-B) represents a second-nearest-neighbor A—Bmetric component”. In order to reproduce the ternary phase
pair. The parameters of the model are the Gibbs energiesdiagram of the CaO-MgO-SiOsystem, three small opti-

Table 1

Names of all solid and liquid phases in the CaO-MgO-S#stem at 1 bar pressure

Phase name Formula Other names

Olivine (C&t Mg?t)(Cd* ,Mg?+)SiO, Forsterite (Fors): MgSiO;, rich olivine

Monticellite (Mont): CaMgSiQ rich olivine
v-CaSiO4 (y): CaSiO4 rich olivine

Clino-pyroxene (cpx) (monoclinic, C2/c) (Ea,Mg?t)(Mg?t)Si>Og Diopside (Diop): CaMgS$iOg rich clino-pyroxene
Pigeonite (Pig): MgSi@ rich clino-pyroxene
Ortho-pyroxene (opx) (orthorhombic, Pbca) fEaMg?t)(Mg?H)Si,Op Ortho-enstatite (MgSi@rich ortho-pyroxene)
Proto-pyroxene (ppx) (orthorhombic, Pbcn) fecag?t)(Mg?+)SirOg Proto-enstatite (MgSi@rich proto-pyroxene)
Low clino-pyroxene (monoclinic, P21/c) (Ea,Mg?t)(Mg?t)Si,Og Low clino-enstatite (MgSi@ rich low clino-pyroxene)
Monoxide (C&*,Mg?h)o Lime (CaO): CaO rich monoxide
Periclase (MgO): MgO rich monoxide
Wollastonite (Woll) (C&t,Mg?t)Sios
o -CaSiOy (o) (Cat ,Mg?+),Si0y
a-CaSiOy (o) (Ca2+,Mgz+)28iO4
Molten oxide (L) CaO-MgO-Si® Slag
Akermanite (Aker) CaMgSi,O7
Merwinite (Merw) CaMgSipOg
Pseudo-wollastonite (P-Woll) CaSio
Silica SiI® Quartz, tridymite (Trid), cristobalite (Crist)
Hatrurite (Hatr) CaSiOs

Rankinite (Rank) Ce8ibO7
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Table 2
Optimized model parameters of solutions and compounds in the
CaO-MgO-Si@ system (J/mol)

Olivine: (C&*,Mg?H)M2(Ca&+,Mg?t)M1SiO,
GMgMg = GO(M928i04)35
Gcaca= G° (C@Si04)35
Gcamg = G°(CaMgSiQy18) — 3345
Gmgca = Gcamg + 146440
OLcamg:ca = °Lcamgmg = 32235.53
1Lcamg:ca= *Lcamgmg = 4279.92
OLca:camg = Lmg:camg = 28032.8— 12,55

Pyroxene: (C&,Mg?H)M2(Mg2+)M1Si, O
G°(MgSiQs, low clino-), G°(MgSiOs, proto-), G°(MgSiOs, ortho-)
from F*A*C*T. 35
G°(MgSiQ;s, clino-) = G°(MgSiOs, low clino-) 4+ 4694.5— 3.70T
G°(CaMgSpOs, clino-) = G°(clino-CaMgSOg'8) + 837
G°(CaMgSp0g, low clino-) =G°(CaMgSp0Os, clino-) + 28368
G°(CaMgSpOs, ortho-) = G°(CaMgSpOg, clino-) + 19740+ 0.02T
G°(CaMgSp0Og, proto-) = G°(CaMgSpOg, clino-) + 17071.2
Low cIino—pyroxene:OLCaMQ;Mg = 25304.0+ 2.358"
Ortho-pyroxene®Lcamgmg = 27247.8— 8.622T
Proto-pyroxene®Lcamg:mg = 25304.0+ 2.358T
Clino-pyroxene:®Lcamg:mg = 25304.0+ 2.358T,
1Lcamgmg = —3018.6

Wollastonite: (C&",Mg?*+)SiOs
G°(MgSiOz) = G°(MgSiOs, ortho-pyroxenen- 48987.6— 17.145°

a-CaSi0y: (Cat,Mg?H),Si0s
G°(a-Mg2SiOy) = G°(Mg2SiOy, olivine) 4+ 83680.0
digca = —35564

OL/-CEQSiO4Z (Ca2+,Mgz+)ZSiO4
G°(o’-Mg2SiOs) = G°(Mg2SiOy, olivine) + 85772
dyca = —35564

Liquid oxide: CaO-MgO-Si@

001

9Mg0,sioy(Ca0 = 4184

= 8368
—29288

4Ca0 Sioy(MgO)
4CcaQsioy(Mgo) =

The quasichemical parameters are defined in Pelton ©tThle other
binary model parameters for the liquid oxide can be found in the pre-
vious studie$™1! Thermodynamic propertiesSfog1s, Hoog1s, Cp) Of
CaMgsSiQ, clino-CaMgSj0Ogs, CayMgSirO7 and CaMgSi,Og were taken
from Bermarit® with the enthalpies of formation at 298.15K changed
by —3345, 837,—5850 and—18280 J/mol, respectively. The Gibbs en-
ergies of the other end-members of the solid and liquid solutions and of
the other stoichiometric compounds in the CaO-MgO-S#@stem are
taken from the F*A*C*T databasé and previous studies2! The binary
model parameters for the monoxide and liquid oxide solutions are given
in the previous studie¥:1!
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Because the M2 sites are bigger than M1 sites>tCa
preferentially enters the M2 sites. Monticellite, CaMg&iO
is part of the olivine solution. For the olivine solution, the
model is developed within the framework of the compound
energy formalism (CEF).The Gibbs energy expression in
the CEF per formula unit of a solution is as follows:

§ § M2 y,M1 E
i

()

where YM2 and YM! represent the site fractions of con-
stituentsi andj on the M2 and M1 sublattice€;;; is the
Gibbs energy of an “end-membei)\?(j)M1SiOy, in which
the M2 and M1 sublattices are occupied only ibgnd |
cations, respectivel\&c is the configurational entropy as-
suming random mixing on each sublattice given by:

Sc=—R[> yMInyM 4+ >y iny)t (6)
i J
andGE is the excess Gibbs energy given by:
E M2y, M2y, M1
GE=3 > > vy v L
ik
(7)

22 2 WY L
ik

wherel;;.x andLy;; are interaction energies between cations

i andj on one sublattice when the other sublattice is occupied
by k. The dependence of the interaction energies on compo-
sition can be expressed by Redlich—Kister power series:

m
Lijx = Z Lij:k(Y,Mz — yM2ym (8)
m

m
Ligg =Y Ligj(Y}t — yMym 9)
m

Optimized model parameters are listedTable 2
2.3. Pyroxene solid solution
There are four pyroxene solutions with different crystal

structures: ortho-, proto-, clino-, and low clino-. Like olivine,
the pyroxenes have two distinct octahedral sublattices, M2

mized ternary model parameters were added in the presengnd M125-17 However, unlike olivine, the amount of Ca on

study. These are listed ifable 2

2.2. Olivine solid solution

The olivine solid solution has two distinct octahedral sub-
lattices, called M2 and M$315

(Ca2+, Mg2+)M2(Ca2+, M92+)Mlsio4 (4)

the M1 sites is negligibly small, so that the formula unit of
pyroxenes can be written as

(cat, Mg?HM? (Mg*HMEsip06 (10)
In the CaO-MgO-Si@system, the end-members of the py-
roxene solutions are M&i»Os and CaMgSiOg, and the
mixing of cations occurs only on the M2 sites. The Gibbs
energy of a pyroxene solution is expressed ugng (5) of

where cations shown within a set of brackets occupy the the compound energy formalism. Optimized model param-

same sublattice.

eters are listed iTable 2
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2.4. Wollastonite, «-Ca;S0,4 and o’-CapS 04 ubilities in each other forming a solid miscibility gap. The
solid solutions model parameters were taken from the previous study by
Wu et al?

Magnesium can substitute for calcium in wollastonite,
CaSiQ, which has a silicate chain structure andeinand 2.6. Soichiometric compounds
o’-CaSiOy. A simple random mixing model with a polyno-
mial expansion of the excess Gibbs energy is used for these Pseudowollastonite (CaSip hatrurite (CgSiOs), ranki-

solutions: nite (CaSi,O7), Si0Oy, akermanite (CaVigSi>O7) and mer-
winite (CaMgSipOg) are considered to be stoichiometric
G = (GaXa + GgXg) + NRT(XA In Xa compounds in this study.
+XgInXp) + GE (11)

e . _ ) 3. Evaluation/optimization of experimental data
GE =Y dpg(Xa) (Xs)’ (12)

The liquidus surface calculated from the optimized param-
whereG is the Gibbs energy per formula unit of a solution  eters is shown iffFig. 4. Along the orthosilicate and metasil-
(seeTable ), G, and Gg are the Gibbs energies of the jcate sections, extensive solid solutions such as olivine and
pure end-member&* is the excess Gibbs energgs and  pyroxenes exist. The other solid solutions such as wollas-
Xg are mole fractions of end-membetgg are the model  tonite,a- anda’-CaSiOs exhibit limited solubility. Al cal-
parameters, and = 1 for wollastonite and: = 2 for the culated invariant points involving the liquid oxide are given
a- anda’-C&SiOy solutions. Optimized model parameters in Table 3 The details of various phase diagram sections

are listed inTable 2 will be discussed in the following. The Gibbs energies of
the akermanite, diopside, merwinite and monticellite ternary
2.5. Monoxide solid solution compounds were taken from the assessment by Betfhan,

with small corrections being made to the enthalpies of for-
The monoxide solid solution exists in the CaO-MgO bi- mation, H544,5 as shown iriTable 2in order to reproduce
nary system (se€ig. 1). MgO and CaO have limited sol- the phase diagram data.

Sio,
(1723)
AN\

MgO
(2825)

; 2374 -
Ca0 mole fraction

(2572)

Fig. 4. Calculated (optimized) liquidus surface of the CaO-MgO->Sifstem at 1bar pressure. Temperatures in degree CelsiusTabée 1 for
abbreviations of phase names.
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Table 3
Comparison of the calculated and experimental ternary invariant points involving liquid oxide in the CaO-MgQySi€m
Invariant point T(°C) Liquid composition (mol%) Reference

Calc. Exp. CaO MgO Si®

Calc. Exp. Calc. Exp. Calc. Exp.

L - Ca0O+ MgO + « 1923 63.0 8.4 28.6
L +MgO + a — Merw 1576 1575 415 41.1 24.6 243 33.9 346 21
L + MgO + Merw — Mont 1507 34.1 31.6 34.3
L + MgO + Fors — Mont 1516 1502 29.8 29.8 35.9 34.2 34.3 36.0 22
L + Merw + Mont — Aker 1438 1436 35.5 37.4 26.6 24.4 37.9 382 28
L + Mont + Fors — Aker 1429 1430 31.4 315 29.7 29.3 38.9 39.2 28
L + Merw + Aker — P-woll 1392 49.7 8.8 415
L — a + Merw + P-woll 1391 51.2 7.6 41.2
L + Rank— a + P-woll 1461 56.5 15 42.0
L — Aker 4 Diop + Fors 1366 1357 27.0 26.9 28.2 28.5 44.8 446 28
L — Aker + Diop + Woll 1361 1350 33.7 35.1 18.0 175 48.3 47.4 53
L + Aker + P-woll — Woll 1366 1360 34.4 36.4 17.3 16.2 48.3 47.4 53
L + Tridy + P-woll — Woll 1336 1336 31.0 32.0 12.0 9.5 57.0 58.5 53
L — Woll + Tridy + Diop 1331 1320 30.3 30.8 12.6 11.2 57.1 58.0 53
L + Fors+ ppx — opx 1438 1445 10.1 11.7 38.6 35.8 51.3 525 43
L + Fors+ opx — Pige 1410 1410 12.4 14.8 36.3 32.7 51.3 525 43
L + Fors— Diop + Pige 1382 1385 15.1 17.0 33.9 31.0 51.0 52.0 43
L + ppx + Tridy — opx 1409 1419 11.7 12.7 334 31.0 54.9 56.3 43
L + opx + Tridy — Pige 1395 1387 12.8 15.0 32.4 28.4 54.8 56.6 43
L — Pige+ Diop + Tridy 1369 1373 15.1 16.4 30.1 275 54.8 56.1 43

a The ambiguous invariant points involving hatrurite §S&0s) and rankinite (CgSi>O;) estimated by Ricker and Oshdéfnand Osborf® are not
included in the table (see text for details).

3.1. Orthosilicate section appears as a primary crystalline phase in the middle of the
phase diagram.

Fig. 5 shows the calculated phase diagram of the Gutt!® measured the phase diagram over the composition
CaSiOs—MgSiO4 section. y-CaSiO4, monticellite and region between G&iO4 and merwinite from 25C to lig-
forsterite all belong to the olivine solution. Between monti- uidus temperatures. His results are showfign 6. Liquidus
cellite and forsterite, the olivine solution is known to exhibit temperatures between 1800 and 2130vere measured by
a miscibility gap. MgO dissolving a small amount of CaO high-temperature microscopy. The subsolidus regions were
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Fig. 5. Calculated phase diagram of the,8#,—Mg,SiO, orthosilicate section.
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Fig. 6. Calculated phase diagram of the,88,—CaMgSiQ section.

studied systematically by high-temperature X-ray analysis Mg/(Ca+ Mg) ratio in merwinite varied from 0.25 to 0.26
up to 15753°C, and quenching in combination with X-ray (0.25 corresponds to stoichiometric merwinite), but the (Ca
analysis was used between 1575 and 1%20Gutt found + Mg)/Si ratio was equal to 2 indicating that the merwinite
very limited solubility of M¢?* in /- andy-C&SiO4, and solution exists only along the @&i0O4—Mg>SiO4 orthosili-

no solubility in a-C&Si0y4. Phase transitions from to o’ cate join. In the present study the limited homogeneity range
and froma’ to y-CaSiO4 were reported at 1360 and 990, of merwinite is ignored; i.e. merwinite is considered to be a

respectively. The so called™ phase, Ca7Mgp 3SiO4, was stoichiometric compound.

found to be stable up to 146C and to decompose to Osborrf3 investigated phase relations in the merwinite—

a-CaSiOs and merwinite. However, the topology of the monticellite region using a quenching technique followed by

phase diagram constructed by G8is incorrect. microscopic phase determination ($6g. 6). Merwinite was

Schlaudt and R& studied the C£S8i04-monticellite join found to melt incongruently to MgO, G8i0O4 and liquid at
at temperatures up to 160G using a standard quenching 1575°C. The liquidus of MgO was measured above 1700
technique followed by microscopic and X-ray analysis (see  Ricker and Osborf investigated the monticellite—for-
Fig. 6). For temperatures higher than 16@ a platinum sterite part of the orthosilicate section from 1100 to 1750
or iridium strip furnace was used and temperatures were de-using a quenching technique followed by optical and X-ray
termined by an optical pyrometer. High-temperature DTA phase analysis (s&&g. 7). Maximum solubilities of 30 wt.%
and high-temperature X-ray diffraction were used to study monticellite in forsterite and of 30 wt.% forsterite in monti-
the o’ to a transition in CaSiOy4, which was found to oc- cellite were observed at 150Q.
cur at 1400C. X-ray diffraction was shown to be unsuit- The olivine miscibility gap was investigated more thor-
able for determination of the solubility of Mg in CaySiO4 oughly in several studies2° Biggar and O’Har#® stud-
because the shifts in the diffraction peaks with additions ied subsolidus phase equilibria between monticellite and
of magnesium were less than the experimental uncertainty.forsterite from 1200 to 1490C by the quenching technique
(This might explain the underestimated magnesium solubil- using both gel and crystalline precursors in combination with
ity in CapSiO4 reported by Gutt?) Therefore, the phase optical and X-ray analysis. YaRgused EPMA of quenched
boundaries of the G&iO, solid solutions were determined samples to obtain the compositions of coexisting forsterite
by the first appearance of phases other thasBE. Mer- and monticellite solid solutions over the temperature range
winite was found to melt incongruently at 1575 to form between 1440 and 149€. Hatfield et af® used the quench-
CaSi0y4, MgO and liquid. The T" phase was observed in  ing method and microscopic analysis to measure the com-
the temperature range from 979 to 13&lwhen gel starting  patibility triangles among MgO solid solution, olivine and
materials were used. However, when crystalline oxide start- liquid oxide at 1550 and 170&. The phase boundary of
ing materials were used, this phase was not found. Schlaudthe forsterite solid solution obtained from these triangles
and Roy° reported very limited solubility of monticellite  substantiates the data of Biggar and O’Hérand Yang?®
in merwinite. Sharp et &' also observed a small solubil-  The high pressure experiments by Warner and #u#nd
ity from electron microprobe analysis of merwinite sam- by Adams and Bishd{ also confirmed that the miscibility
ples equilibrated at about 5-10 kbar by Yoéelhe molar ~ gap reported by Ricker and Osbéfris too narrow.
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Fig. 7. Calculated phase diagram of the CaMgsillg,SiO, section.

Monticellite (CaMgSiQ) is often considered to be a
stoichiometric mineral. Ricker and Osbéfrreported that
the olivine solid solution extends from the CaMg%iO
composition towards Mg5i0;, but not towards merwinite.
Strictly speaking, monticellite of the exact stoichiometric
CaMgSiQ, composition is not stable. Biggar and O’'H&ta
equilibrated this composition for 21 days at about 1500
and observed a mixture of 90% monticellite (olivine solid
solution) and 10% merwinite identified by optical mi-
croscopy and X-ray diffraction. The instability of stoichio-
metric monticellite was also reported in other studies3

The calculated G&5i0,—CaMgSiQ phase diagram sec-
tion is compared with experimental dataHig. 6. Because
the existence of theT” phase as a stable compound is still
guestionable, this phase is not shown. As seeriign 6,
Schlaudt and R&’ observed two or three phases in re-

composition not only towards the M8iO, side, but also
towards the Cz5iOy side in contradiction to several stud-
ies mentioned abov#2%33 The liquidus of MgO at the
monticellite composition measured by Ricker and Osbrn
is substantially lower than the calculated liquidus which
is consistent with the results of Osbéfrand Ricker and
Osborn at other compositions. This could result from a
small deviation of their experimental samples from the
orthosilicate section combined with the very steep MgO
liquidus in that region (se€ig. 4). Overall, the calculated
CaSiOs—Mg2SiO4 phase diagram section and the experi-
mental data agree within experimental error limits.
Lumpkin and Ribb& and Lumpkin et al* studied the
distribution of C&" and Mt cations between the M1 and
M2 sites of the olivine solid solution by measuring lattice
parameters. Ca, with an ionic radius of 1.00 %, strongly

gions where the calculations indicate the existence of one orprefers the larger M2 sites, whereas #Mg(ionic radius of
two phases, respectively. The phases were not identified by0.72 A3) is distributed between the M1 and M2 sites. The

Schlaudt and Ro$? The most likely explanation is that the
overall compositions of their samples did not lie exactly on
the orthosilicate section.

Kosa et aP* reported the enthalpy of incongruent de-
composition of merwinite into liquid, G&iO4 and MgO at
1575°C to be 125t 15 kJ/mol of merwinite. The calculated
value is 120.0 kJ/mol at 157€.

Fig. 7 compares the calculated CaMgQid1g,SiOy
phase diagram section with experimental data. The solu-
bility of monticellite in forsterite and vice versa (that is,
the miscibility gap in the olivine solution) and the non-
stoichiometry of monticellite are well reproduceldig. 8
shows an enlargement of the peritectic melting of monti-
cellite (olivine solid solution). In the previous assessment
by Huang et al5 the range of stoichiometry of monticel-
lite (olivine) was shown extending from the CaMgQiO

degree of disordering was determined fromdtaendb lattice
parameters of olivine, which are affected sufficiently by the
distribution of Ca and Mg cations. Adams and Bishopsed
the same technique as Lumpkin et al. to study the cation
distribution in olivine solutions from 1200 to 140Q. They
found the amount of Ca on the M1 sites to be from 11 to
15% and 2 to 5% of the total Ca on the forsterite-rich side
and monticellite-rich side of the miscibility gap, respectively.
The calculated cation distribution in olivine is compared
with experimental data iRig. 9. The more ordered structure
is calculated in monticellite at lower temperatures. This is
consistent with the experimental data.

The olivine solution is modeled by the two-sublattice
compound energy formalism. The Gibbs energies of three
out of four end-members are know#3® (Mg)M?(Mg)M*
SiO4 (forsterite), (CdY?(CaM!SiO; (y-CaSi0Os) and
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Fig. 8. Melting behavior of monticellite (olivine solid solution). Phase diagram is calculated from the optimization.

1. L Trr T LI L R R L e S MY
- Mg(M1) °° |
0.9 Mg(M1)
08 [ caM2) 3 T=1400C ]
8 07 I i
ji 06 | o Lumpkin et al.[14] _
[ - ¢ Adams and Bishop[27]
[2]
c 05 4
= A )
g 0.4 4
% 03} ——— Miscibility gap ———— .
= I )
02r Ca(M2)T]
- § <4
01} CAN 8
0.0 T Lo vy Ly [T ST :
0.5 0.6 0.7 0.8 0.9 1.0
Ca, SO, molefraction Mg,SO,

Fig. 9. Calculated cation distribution of Ca and Mg between M2 and M1 sites in olivine solid solutions &tCL4@le fractions of Ca and Mg on
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(CaM2(Mg)M1Si0, (monticellite). The Gibbs energy of 3.2. Metasilicate section

(Mg)M?2(CaM1Sios was optimized as shown iffable 2

to reproduce the measured cation distribution. In order to  Fig. 10 shows the calculated phase diagram of the
reproduce the measured phase-equilibrium diagrams, twoCaSiG—MgSiO; metasilicate section. The phase equilibria
miscibility gaps are necessary, on the 23§0,—CaMgSiQ between the pyroxene solutions are very complicated in the
side and on the G&iO4—CaMgSiQ side. The miscibility CaMgSpOg (diopside)-M@Si»Og (enstatite) region. Wol-
gap between monticellite and forsterite was modeled using lastonite dissolves up to about 10 mol% of Mggj@hile

an asymmetrit.camg:mg (=Lcamg:ca) Parameter. The sec-  pseudo-wollastonite is a stoichiometric compound.

ond miscibility gap betweern-CgSiO; and monticellite The phase equilibria in the diopside—enstatite section,
was modeled using the paramet&fa:camg (=Lmg:camg) which are of particular importance in geochemistry, have
Without this gap, merwinite becomes thermodynamically been studied extensively. Bow®ninvestigated the phase
unstable. The model parameters are listed@ahle 2 equilibria in the forsterite—diopside—SiGection using the
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Fig. 10. Calculated phase diagram of the CaSikdgSiO; metasilicate section.

quenching technique followed by optical microscopic phase CaMgSpOs—CaFeSiOs—FeSiOs. Biggar™ reviewed the
determination. In the experiments, primary crystallization compositions of proto-pyroxene, ortho-pyroxene and pi-
of SiOy, pyroxene and forsterite was detected. Moreover, geonite (clino-pyroxene), coexisting with liquid in the
the phase diagrams of the diopside—enstatite, diopside—SiO CaO-MgO-SiQ system using previously published data
and diopside—forsterite pseudo-binary joins were measured.and his new data obtained by X-ray diffraction on quenched
Boyd and Schairéf studied the diopside—enstatite sec- samples. Recently, a more accurate phase diagram was pro-
tion using the quenching technique followed by optical posed by Carlsdif based on his own experiments as well as
microscopic and X-ray phase determination. The liquidus on previous studies. Carlson measured the phase equilibria
was measured for forsterite and pyroxene solutions. The between pyroxene solid solutions in the enstatite—diopside
phase equilibria between diopside and enstatite (proto-section over the temperature range from 925 to 425
and ortho-pyroxene) solid solutions were studied in the Each point on a phase boundary was bracketed by two
temperature range between 800 and 1380The com- measured compositions. ;@5 and PbO solvents were
positions of the solid solutions were determined by X-ray used to facilitate equilibration and to promote crystal
measurements of lattice parameters. KusKistudied the growth to sizes permitting unambiguous phase identifica-
forsterite—diopside—silica system using electron probe anal-tion by X-ray diffraction and accurate chemical analysis
ysis of quenched samples. The phase equilibria between enby the electron microprobe, thereby resolving substantial
statite and diopside were measured and a small deviation ofdiscrepancies among previous studies of pyroxene phase
the diopside solid solution from the metasilicate section to- equilibria.

wards lower silica was reported. Schairer and Yédstud- Fig. 11 compares the calculated phase diagram of the
ied phase equilibria in the forsterite—diopside—silica system CaMgSpOs—M@oSi>Og section with experimental data.
below 1410 C using the quenching technique. Kushiro and Diopside and forsterite (olivine containing less than 1 mol%
Schairef® obtained the diopside—enstatite phase diagram of CaSiO;) appear as primary crystalline phases. Pi-
using the quenching technique and reported a maximumgeonite and diopside have the same clino-pyroxene struc-

on the diopside liquidus at about 90% CaMg3. Yand' ture. Ortho-pyroxene reappears in the narrow temperature
and Longht? studied the metastable phase equilibria of range between 1373 and 1441 The calculated liquidus
ortho-pyroxene in the metasilicate section. of forsterite is systemically lower than the experimental

The phase diagram of the diopside—enstatite section wasdata of BoweR® by about 30°C. This could be the result
constructed by Longhi and Boudrédubased on mea- of a small deviation of the experimental samples from the
surements of the ortho-enstatite liquidus in the forste- metasilicate stoichiometry combined with the steep slope
rite—diopside—-Si@ system using the quenching technique of the forsterite liquidus. (A section calculated Xgio, =
followed by EPMA (EDS) and X-ray phase analysis. Jen- 0.49 is in good agreement with the experimental liquidus.)
ner and Greet! determined the phase equilibria in the An enlargement of the small pigeonite and ortho-pyroxene
Mg-rich part of the pyroxene quadrilateral Mgj>Op— fields is shown irFig. 12
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Fig. 12. Enlargement of the calculated phase diagram around the pigeonite (clino-pyroxene) region in the metasilicate section.

Fig. 13shows the calculated enthalpy of the CaMg%—
Mg2SioOg clino-pyroxene solution at 970K. Newton
et al*’ measured the enthalpy of dissolution of synthetic
clino-pyroxenes in 2Pb®,03 melts at 970K. The mea-
sured enthalpy showed positive deviations from ideality.
This is well reproduced by the calculated curveFig. 13
This positive deviation implies the existence of a miscibility
gap in the clino-pyroxene solution.

Before modeling the pyroxene solutions, the Gibbs ener-
gies of the MgSiQ@ enstatite phases had to be determined

of Huang et af and then slightly modified to reproduce
the metastable phase transitions of enstatite. Perrotta and
Stephensd¥ and Smith® reported the metastable transfor-
mation from low clino-enstatite to clino-enstatite at about
995°C. The transition temperature calculated in the present
study is 978C. Newton et aft’ estimated the enthalpy of
transition from clino-enstatite to ortho-enstatite to be about
—4.6+0.45kJ/mol at 970K from extrapolation of the mea-
sured enthalpy of dissolution of the clino-pyroxene solution
to the pure MgSi@ composition and from the dissolution

because the phase transformations of enstatite were not welknthalpy of ortho-enstatite. If the enthalpy of dissolution of

treated in the previous optimization of the MgO-gi@nary
systemt! The Gibbs energies of different crystal modifica-
tions of enstatite, MgSig) were taken from the assessment

ortho-enstatite obtained by Shearer and Kléfga used
instead of the value of Newton et al., the corresponding
enthalpy of transition is-3.6 £ 0.6 kJ/mol. In the present
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Fig. 13. Calculated enthalpy of mixing of the clino-pyroxene solution at 970K.

study, the enthalpy of transition from clino-enstatite to parameters was found necessary to reproduce the mea-
ortho-enstatite is calculated to be&8.55 kJ/mol. The slightly  sured miscibility gap between diopside and pigeonite. Low
modified Gibbs energies of Huang et’adre now stored in  clino-pyroxene and proto-pyroxene were modeled using
the F*A*C*T databasé€? It should be noted that the Gibbs  similar excess parameters and optimized Gibbs energies of
energies of ortho- and proto-enstatite used in the presentthe CaMgSiOg end-members as shownTable 2 The ex-
study are very close to Berman’s recommended valties.  cess parameters for all pyroxene phases can be s@ablie

The pyroxene solutions were modeled based on the 2to have very similar numerical values except in the case of
calorimetric dataKig. 13 and the phase diagrarki¢. 11). ortho-pyroxene. An interaction enerdly:a mg:mg With neg-
Clino-pyroxene was modeled first, taking advantage of ative temperature dependence was necessary to reproduce
the available thermodynamic data. Pigeonite and diopsidethe reappearance of ortho-pyroxene at high temperatures.
have the same clino-pyroxene structure and are modeled as The calculated phase diagram of the Casi0aMgSOg
one solution with a miscibility gap. A slightly asymmetric section is compared with experimental dataRiy. 14
interaction energy invoIvingPL(;(,U\AQ,;,\Ag and 1LcaMg;Mg Allen et al®! were the first to study the phase relations
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Fig. 14. Calculated phase diagram of the CaSiCaMgSyOg section.
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in this section. They used heating curves and microscopic melting begins approximately at 1606 K. Stebbins etal.
phase examination. They reported the presence of up toand Richet and Bottin§4 also reported the heat content
17wt.% of diopside in wollastonite, about 3—4wt.% of of the liquid at the diopside composition. Their data are in
diopside in pseudo-wollastonite and less than 3wt.% of agreement with the measurements of Lange &t al.

CaSiQ in diopside. Ferguson and Merwhinvestigated The enthalpy of the liquid phase between the CaSiO
the CaO-MgO-Si@system below 1600C using a quench-  and diopside compositions, and the enthalpy of melting of
ing technique followed by microscopic phase determination. diopside are calculated iigs. 15 and 16The calculated
The solid solution of diopside in wollastonite was observed. curves are in excellent agreement with experimental data.
Later, Schairer and Bowef used the same method for a |n particular, in the case of the enthalpy change during the
thorough study of phase equilibria between CaSBMd  melting of stoichiometric diopside, the incongruent melting
diopside. They concluded that a maximum of 22 wt.% diop- behavior pointed out by Ziegler and Navrots&y’ is well
side dissolves in wollastonite and there is almost no solu- reproduced. This can be understood by referenéégola
bility of wollastonite in diopside. OsboA measured the  Diopside begins to melt at 1636 K and melting is complete
primary crystallization region of the wollastonite solution at 1665 K. The calculated enthalpy of fusion is 129.6 kJ/mol,
in the CaO-MgO-Si@system using quenching in combi-  which is slightly lower than the experimental daf> 5761

nation with OptiCﬂ' microscopic phase determination. The The measurements of DeYoreo ePakre also well repro-
calculated diagram is in good agreement with the experi- duced by the calculations.

mental data of Schairer and Bowen. No excess Gibbs energy
parameter was necessary to model wollastonite. However,
the Gibbs energy of the fictive MgSiGend-member was  3.3. Other phase diagram sections
optimized as shown iffable 2

Tarina et aP* used transposed-temperature drop calorime- ~ The calculated phase diagram of the diopside—forsterite
try to measure the enthalpy change for the heating and melt-section is compared with the experimental datdig. 17.
ing of (pseudo-wollastonite- diopside) mixtures (seEig. Bower?® measured the liquidus of forsterite in this sec-
15). The results showed a very small negative enthalpy of tion using a quenching technique and optical microscopic
mixing. DeYoreo et aP®> measured the heat content of the phase determination, and suggested that this system is a
mixture of wollastonite and diopside (83 mol% diopside) quasi-binary system with a eutectic at 12 wt.% forsterite and
using a scanning calorimetric technique in the temperature 1387°C. Later, the phase equilibria in the diopside—forsterite
range from 1375 to 1750 K. Navrotsky et°8land Ziegler section were studied by Kushiro and Schdifeusing a
and Navrotsky®>7 obtained the heat content of diopside us- quenching technique followed by X-ray diffraction. The
ing drop calorimetry. The incongruent melting behavior of diopside and forsterite solutions were found to be in equi-
diopside above 1634 K was observed. Lange € ahea- librium with compositions off this join. Therefore, the
sured the heat content of diopside between 1403 and 1763 Kdiopside—forsterite section is not a true quasi-binary sys-
using scanning calorimetry. They found that incongruent tem. It was reported that forsterite can contain up to about
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Fig. 15. The calculated and experimental enthalpy change for the heating and melting of (pseudowollastirptsEde) mixtures.
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Fig. 17. Calculated phase diagram of the CaM@+Mg,SiO, section.

8 mol% of monticellite in equilibrium with the diopside
solution at 1350C. The value calculated in the present
study from the optimized model parameters is 11 mol%. As
can be seen fronkig. 17, the calculated liquidus and the

guasi-binary system. Diopside was reported to dissolve up
to 7.5mol% of enstatite based on X-ray diffraction analy-
sis. The calculated maximum solubility is about 8.5 mol%
Mg,SipOg. The calculated phase diagram is in excellent

phase boundary of diopside are in good agreement with theagreement with the experimental data.

experimental data. The eutectic point mentioned by Bowen
is actually a saddle point (see alBm. 4).

The calculated phase diagram of the diopside-Si€x-
tion is shown inFig. 18 This section was also first studied
by Bowen3¢ Schairer and Kushif$ found a three-phase
region (diopsidet SiO, + liquid) and reported that X-ray
patterns of diopside coexisting with liquid or with liquid
and tridymite were different from those of pure diopside.
They concluded that the diopside—Si€ection is not a true

The phase diagrams of the diopside-akermanite and
CaSiG—akermanite sections are givenHigs. 19 and 20
Kushiro and Schairé? obtained the phase diagram of the
diopside-akermanite section using a quenching technique
followed by X-ray analysis. They reported up to about
5mol% solubility of akermanite in diopside at 1355
based on X-ray measurements of the diopside lattice pa-
rameters. A very small solubility of akermanite in diopside
was also deduced by Valley and Ess¥énfeom the simi-
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Fig. 18. Calculated phase diagram of the CaM@&+SiO, section.

1500 T T T T T T T T T T T T T T T T T
O Kushiro and Schairer[63]
® Ferguson and Merwin[31]
1450
@)
o
[
S
% 1400 Akermanite+L
g_ Diop+L ]
(@] iop
% 1370 i - o
Aker+Diop+L an a A
= o o5 1361 O %o /]
1350 )2/_
Diop+Woll+L 1
Aker+Diop+Woll
1300 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1

00 01 02 03 04 05 06 07 08 09 10
Ca,Mgs;,0, mole fraction CaMgsi,O;

Fig. 19. Calculated phase diagram of the,KgSi,O;—CaMgSyOg section.

lar X-ray experiments on the quenched samples from the guson and Merwift who reported that the wollastonite solid
earlier study? which contained both diopside and aker- solution extended towards akermanite.
manite. A substantial solubility of akermanite in diopside  Yoder®67 suggested that akermanite may form a solid
seems unlikely and was neglected in the present study.solution with other phases in the CaO-MgO—gi€ystem
More direct evidence such as EPMA measurements, isat about 10 kbar. The EPMA study of Yoder's sampfest
needed to prove the extension of the diopside solid so-about 5-10kbar by Sharp et @l.revealed the possibility
lution towards akermanite. The minimum on the liquidus of up to 2% substitution of Mg for Ca in GRIgSiOy.
in the CaMgSi,O;—CaMgSy0Og section was measured at On the other hand, a constant (GaMg)/Si ratio of 3/2
1367°C in the quenching experiments of Ferguson and was obtained, indicating no detectable solid solution towards
Merwin 31 olivine. In the present study, akermanite is assumed to be a
Schairer and BowéH studied the phase equilibria in the  stoichiometric compound at ambient pressure.
CaSiQ—akermanite section using a quenching technique Proks et af® measured the heat content of akerman-
and microscopic phase determination. They found no solid ite from 1469 to 1865K using drop calorimetry. The
solutions in this section contrary to the earlier study of Fer- enthalpy of fusion of akermanite at its melting tempera-
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Fig. 20. Calculated phase diagram of the CaSiCeMgSi»O; section.

ture of 1725K was found to be 1ZB+ 3.2kJ/mol. The the first two sections by quenching experiments and micro-
calculated enthalpy of fusion is 118.7 kJ/mol at 1727 K. scopic phase determination. The ;S&80, and merwinite
Adamkovicova et a2 70 measured the enthalpy of melts in phases were not distinguishable by microscopic analysis.
the CaSiQ@-akermanite section over the temperature range Osbortf3 reported problems with quenching for most of the
from 1760 to 1930 K using high-temperature drop calorime- studied compositions. Instead of the glass phase, a prod-
try and solution calorimetry. The enthalpy of mixing was uct of devitrification was commonly observed in quenched
found to be almost zero at any composition. The calculated samples. The calculated liquidus is somewhat lower than
enthalpy of mixing of the akermanite—CaSitiquid shows the experimental dat® This is most likely due to the
a minimum of —1.4 kJ/mol at a mole fraction of CaSi0O  unquenchability of the liquid.
equal to 0.62 which is in agreement with the calorimetric ~ Osborrf? tried to establish the primary phase region of
data within experimental error limits. rankinite, CaSi,O7. The exaggerated rankinite primary re-
The calculated phase diagrams of the &i@,—akerma- gion in his tentative phase diagram is not supported by solid
nite, merwinite—akermanite and monticellite—akermanite experimental evidence. The rankinite primary phase region
sections are presentedfigs. 21-230sborr? investigated calculated in the present study is very small as can be seen
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Fig. 21. Calculated phase diagram of the;Si®,—CaMgSi,O7 section.
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Fig. 23. Calculated phase diagram of the CaMgSiCaMgSi»O; section.
from Fig. 4 Similarly, the primary crystallization field of Spencer et al! measured several tie-lines between liquid

CaSiOs was exaggerated in the tentative phase diagram of and forsterite or periclase at 1800 using an air quenching
Ricker and OsborA? Since quenching of liquid is prob-  technique followed by X-ray diffraction and EPMA analysis.
lematic in this area, a substantial primary phase region of Sakai and Suit6® measured the liquidus of forsterite, peri-
CagSiOs is not supported by direct experimental evidence. clase and C5i04 at 1600°C using equilibration in MgO
Even in the binary CaO-SiOsystem, several experimental or Pt crucibles followed by quenching and EPMA or induc-
studies reported contradictory results on the upper temper-tively couple plasma analysis. These phase-equilibrium data
ature of stability of CgSiOs. In the latest optimization of  are also well reproduced by the calculations based on the op-
the CaO-SiQ system (se&ig. 2), preference was given to  timized model parameters (see the corresponding isotherms
the experimental data indicating decomposition 0f%i6s in Fig. 4).

below the liquidus. Therefore, there is no primary field of  Greig’® studied the (two liquids- crystobalite) univariant
this compound on the calculated liquidus projection shown line by a quenching technique and microscopic analysis.
in Fig. 4. He found this line to be slightly convex, whereas a slightly



330 I.-H. Jung et al. / Journal of the European Ceramic Society 25 (2005) 313-333

510,

a0
(mol% Ca0)

(b)

sio,

T = 1600°C

Y LY vV AV AR ¥ N N Y \ v Vv

MgO mole fraction cao
(c)

Fig. 24. Activities of SiQ (relative to solid cristobalite) in the CaO-MgO-Siliquid slag at 1600C: (a) Rein and Chipmaft, (b) Morita et al.’® (c)
calculated in the present study.

concave univariant line is calculated in the present study librium reaction (wollastonite- monticellite= akermanite)
(seeFig. 4). It should be noted that the latter shape is due to from 6 to 0.8 kbar total pressure. Extrapolation of these
the contribution of the configurational entropy to the Gibbs data to ambient pressure suggests that akermanite dissociates
energy of liquid and this shape is found in many similar into wollastonite and monticellite below about 7@D. The
ternary systems. The liquid miscibility gap was also studied dissociation temperature calculated in the present study is
by Kirschen and DeCapitaffiat temperatures up to 1940 701°C.

using the levitation technique. A few tie-lines were obtained ~ Walter® and Yodef? obtained the pressure versus

by EPMA analysis of quenched samples. temperature univariant line for the equilibrium (diopside
+ monticellite = forsterite + akermanite) from 5 to 1 bar.
3.4. Sub-solidus equilibria They found that the equilibrium low temperature phase

assemblage (diopside- monticellite) gave way to the
Harker and Tuttl®® and Yodef? determined the low-  (forsterite + akermanite) assemblage above about €70
temperature stability limit of akermanite. The temperature at ambient pressure. The calculated transition temperature
versus pressure univariant line was obtained for the equi-is 838°C.
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Fig. 25. Comparison of the calculated activities of Si@elative to solid cristobalite standard state) in the CaO-MgO»Si@g with experimental data
by Henderson and Tayld® (a) 1500°C and (b) 1550C.

3.5. Activities of components in molten oxide Henderson and Tayl6t determined the activity of silica
in Ca0O-MgO-SiQ liquid slags saturated with both graphite

Rein and Chipmaff obtained the activities of silica in  and SiC at 1500 and 155C by measuring the slag com-
the CaO-MgO-Si@ liquid at 1600°C from the composi- position and the equilibrium pressure of Cldg. 25shows
tions of the slag and Fe—Si—C alloys equilibrated in carbon these experimental data and the calculated activities of SiO
or silicon carbide crucibles in atmospheres of CO. Morita in slags of constant MgO content. The activities of CaO in
et al/® also reported the activities of Sjan the slag at  the CaO-MgO-Si@slag were reported in two studig%2!
1600°C based on equilibration of the slag and Si alloys in The first set of data was obtained by a complex emf tech-
graphite crucibles. The measured compositions of the slagnique at 1600C. In the second study, the CaO activities
and alloy in combination with known Henrian activity co- in the slag at 1500C were calculated from the equilibrium
efficients of Ca and Mg in Si alloys allowed the authors constant of the reaction (Ca® 1/2S$ = CaS+ 1/20;) The
to calculate the activities of all slag components using the composition of the slag was measured, including the CaS
Gibbs—Duhem relationship. The results of Morita ef8l.  content. The activity coefficient of CaS in the slag was as-
and Rein and Chipmdh are compared with the activites sumed to be equal to 1.0, and the partial pressures,of O
of SiO, calculated in the present study fig. 24 and $ were calculated from the equilibrium gas composi-
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tion. The reliability of the reporté$ 1 CaO activities is be- ~ 7-

lieved to be relatively low due to experimental difficulties,
the assumptions made in calculating the activities, and the g
sensitivity of small activity values to experimental errors.

4. Conclusions

A complete critical evaluation of all available phase
diagram, thermodynamic and structural data for the CaO-

MgO-SiQ, system at a total pressure of 1bar has been 1.

made, and parameters of thermodynamic models have been
optimized to reproduce all experimental data within ex-
perimental error limits. The evaluation/optimization of the
Ca0O-MgO-SiQ@ system reported in this study is part of
a wider research program aimed at complete characteri-
zation of phase equilibria and thermodynamic properties
of the entire six-component system CaO-MgO»2d—
FeO-FeO03-Si0,, which has numerous applications in the
ceramic, cement and glass industries, metallurgy, geochem-l
istry, etc. The model parameters obtained in this study are
included in the general F*A*C*¥° database of optimized
model parameters for the CaO-MgO-B—FeO—-FgOs—
SiO, system. This database can be readily used with soft-
ware for Gibbs energy minimization in order to calculate
any phase equilibrium or phase diagram of interest.
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