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Ab stract: A new mixing energy mode! for bin ary systems showing ordered compounds
of in rerrn ediate compositio n is presented . T he mode! starts from disordered solid solu­
tion and incorporares the energetic effect of clustering of atorns or ions (ordering) ovcr
rest r icted intervals of compositio n. T he free energy, enthalpy and chemical potential of
th e ordered inte rrnediate compound are ali represente d as cont inuous funetion s of those
dep ict ing th e properties of th e constituent en d mernbers, In th is respect , th e new mode!
differs from previou s Iormulations (NAVROTSKY & LOUCKS 1977, GROVER 1980).

The passage of an ordered intc rmcdiate co mpound (of stoichiornerric com position) to
the diso rd ered state can be repr esent ed by a first or higher orde r tran sition, each of
which can be incorp orated im o th e rnodel.

Nurnerical param eters to be needed for this forrnulatio n are the inte ractio n param e­
ters of the end member co mp onents (for th e case of th e disordered solid solutio n) and
th e cr it icai tcrnpcrature of loss of o rder (for the case of formation of the ordered inter­
mediare co mpound with a sto ichio metr ic co mpo sirio n).

T he applicatio n of th is mode! to t he systems Ca CO)-MnCO) and CaCO)-MgCO)
showed good co rrespondance between expe rimental data and calculated ph ase relations.
The mode! predicts, for instance, a critica i temperature of the solvus on the CaCO)-rich
side of th e system CaCO)-MgCO) of 1070°C (exp erimenta lly: 1054 - 1074 at Skbar)
and 1300 ° C on the MgC O ) ric h side (1365- 1410 °C at 27 kb: IRVrNG & WYLUE 1975).

For the syste rn CaCO)-MnCO) it predicts, at 1 bar, 550°C for the cr iticai tem pera­
ture of closi ng of che solvus on the MnCO)-rich pare of t hc ph ase diagram (t he same
rcmperature as found experimentally) and of 490°C on thc CaCO)-rich side, The mix­
ing energies for thcse systems including the Ior rnatio n of dolom ite and kut nahorite re­
spectively , are given by

.ó.GMix = RT (XAlnX A+ XolnX o) + XAXo (Wê XA+ w /l; Xo) +
+ G2 ndccexp [G2Wcc. T-O.3)3(0.5 _XA)2] (1)

whe re fo r the system CaCO]"MnCO ]: A = CaCO), B = MnCO), AB = Cao.s
Mno.sCO) cal mo l t ' , r-x

wB= 4370A - LS02T; Wê = 9339.& - 6.965T;
G2Il'cc= 2282 - 2.755T; Te,;, = 555°C;
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and for the system CaC03-MgCOJ: A = CaCOJ, B = MgCO J, AB = Cao.sMgo.SC03

w8 = 7815.2 - 5.36T; Wê = 9436.7 - 1.69T; Te';' = 1210 cC
G~ltcr = 4084.8 - 2.755T;

K e y w o rd s : Carbona tes, mixing properties, so lid solutions, stability.

The evaluation of the free energy of mixing of disordered solid solutions is a
relat ively simple task today. SAXENA (1973) and GROVER (1980) present reviews
of the methods which h ave been used and ap plied to specific cases.

These rnethods, however , do not de!iver satisfactory answers and even fail,
wh en the syst em shows ordering over restricred composit ional ran ges, or
w hen an ordered compound of interrnediate composition is formed, whose
stru ct ure is a sup erstructure of the disordered solid solution (CARPENTER 1980).

The schematic deductions of CARPENTER (198 0) serve as a basis to develop a
new rnodel of mixing energies for systems showin g order ing which should
avoid the pitfalls shown by previous formulations (NAvROTSKY & LOUCKS
1977, G ROVER 1980, 1974).

The new m ode! allows th e quantitative calculat ion of phase relationships in­
cluding rhe evaluat io n of both spinodal and " condiciona l spinodal" exsolut ion
rclations (A LLEN & CAHN 1976).
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Superposit ion of Order-Disorder and Exsolution

A syste m showing simultaneously order-diso rder and exsolution wilI not
only show miscibility gaps but also form an ordered intermediate compound.

Schernatic fr ee en ergy diagrarns for such systems as function of composition
and the resulting T - X diagrams of two possible cases, one with first , the sec­
ond with higher order transitions, are discussed by CARPENTER (1980). In both
cases, the fr ee energy of the ordered compound is a funct ion of an non-ther­
modynamic "order parameter" (GUTIMAN 1956). From the discussion about
rhe order of transition, ir can easily be deduced, thar a distincrion between two
cases as done by CARPENTER (1980~may be artificial and the need to differen­
tiat e only ari ses due to lack of proper characterisation of the energetic relations
of the system. Ir may very well be possible for a system to show simu ltaneous­
Iy different types of transitions at different composition ranges and tempera­
tures (BURTON 1983).

Ir is even possible to imagine composition induced phase transitions of
higher order but firs t order transitions with respect to ternperature, In both
cases it depends on the slope of ôtJ.Glôx at constant temperature or ôtJ.GlÔT at
constant co mposit ion being continuous or not at the passage from th e ordered
to the disordered phase.

Fig. 1. Relations bcrwecn Gibbs free energy G, emhalpy H and entropy S in first order
(A) and sccond order (B) transitions as function of ternperature, The dcciding question
whcthcr a given transition is of type A or B is the coincidance of a and b. The examplcs
A2, A3 and Bl, B2 alI may show the character of a lambda-poim transition .

It is oft en a difficult task to decide on a mode! based on a first or a second
order transition, even when given experimental evidences. In our mode!, this
aspect is not considered relevant, since it applies equally well to those two
cases of transitions. .

.!
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Theoretical considerations about cation disordering and phase
transitions of first or higher order

Interru ptions in phase relations of solid solut ions, depending on the en­
erge tic interactions between components, are mainly of three types: a) forma­
tion of non-isostructural miscib ility gaps, b) isostructural so lvus rel ations, and
c) forrnat ions of intermedi are compounds wi t h concornitant change of sy m me­
try, due to ordering of at orns or ion s on specific lattice sites .

The first rwo processes were exte nsivel y discussed by THOMPSON (1967) and
SAXENA (1973) , w hile the last one was revi ewed by ]AGODZINSKI (1949), and dis­
cussed in det ail by Ssrrz (1940), MÜNSTER (1962) and GUTI'MAN (1956).

No satisfactory quantitative trcatment has, as yet, been offered in the lite ra­
ture, especially for modelling more complex cryst al struc tures, Ir is clear, also,
as show n in the cited lit erature, that phase transitions of the first or higher
ord er cannot be ignored w hen dealing wi th o rder-diso rder phenomena.

Fig.1 (modified afte r DE BOERS 1952) shows how several thermodynam ic
parameters of a specific compoun d vary, as a function of temperatu re, for
transitions of the first and second order .

It is clearly observed that ali possible var iations exist, thus defining an almost
co nt in uous sequence of types of transitions, of which the pure first order and
pure second order t ransitions are bu t extreme cases.
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The Problem of Short-Range-Order and Long-Range-Order and
the definition of intrinsic order

The definition of these rwo rypes of order, short-range order (SRO) and
long-range-order (LRO), depends on the appearance or not of the so-called su­
perstructure X-ray reflecrions indicaring a macroscopic change in the crys­
talstructure of phases. Wirh the onset of formarion of superstructure reflec­
tions, LRO is said ro be esrablished, although the degree of LRO may not yet
be high. This is rhe reason for the dcfinirion of the LRO order paramerer S
varying from O to 1 for perfect LRO.

Ar a value of S = O, standard X-ray invesrigarions do not show anymore su­
perstructure reflections.

More detailed invesrigations, however, revealed very ofren diffuse intensity
maxima in apparently disordered phases ar posirions of former superstructure
refleetions indicaring a certain degree of order not observable by normal X-ray
investigations. To reconcile the theory of order-disorder, a pararneter (J for rhis
rype of SRO has been defined wirh values from Oto 1 (GurrMANN, 1956).

The total order exisring in a phase is therefore a funetion of S and (J and any
truly disordered phase rnust necessarily show S = (J = O . Ar fixed cornposi­
tion, the rernperatures for loss of LRO and of SRO may be different, whereby
rhe criticai ternperature for loss of SRO is generally higher.

As shown by PUTNIS (1984) under certain P, T condirions exists a continuous
change from short range order to long range order, confirming the conclusion
above .

This facr introduces some cornplications for systerns showing order-disorder
relations superimposed on a mixing mode! wirh miscibiliry gaps.

As shown above and by CARPENTER (1980), rhe formarion of a miscibiliry gap
in a binary A-B systern indicares posirive excess energies of mixing. On an
atornistic scale like bonds AA or BB are favored. Order relations, on the other
hand, indicare preference for un-like bonds (AB) leading ultimately to the for­
marion of ordered compounds in certain composirion ranges, wirh negative ex­
cess energies. Ir is intuitively clear that the introduction of B particles in a
phase composed predominantly of A wilI create under certain P, T and crystal
structural condirions some AB bonds with the creation of local order (SRO)
reducing in rhis way rhe posirive excess energy applicable ro rhe disordered
mixing case. Therefore partial order may show up over larger P, T and X
condirions in phases generally considered disordered. The above mentioned
crysral srruetural condirions refer to rhe mechanical and energeric responses of
rhe rhree dimensional larrice of A, which derermines wherher local order may
be ser up or nor by rhe introducrion of B particIes and vice versa. The srrong
correlarion berween rhe mixing enthalpy and rhe ocrahedral disrortion in rhe
sysrem CaC03-MgC03 (SCHULTZ-GÜTILER 1984) confirms rhe rôle of crysral
srructural paramerers on solid solurion formarion. To characrerise now ali
srares of order, rhis paper uses "intrinsic order" (WAGNER & SCHOTIKY 1930)

to indicare any P, T, X region in the phase diagram wirh partial order in phases
showing supersrrueture X-ray reflections or nor,

The appearance of superstructure X-ray reflections, indicaring a very ad­
vanced state of ordering, may then be characterised by some special fearures in
the ordering free energy curves versus composirion as shown in Fig. 3 d of
CARPENTER (1980).

One such point may be the turning point, whereby c5liGorder/c5X2 = O ser­
araring stable frorn unsrable regions in normal miscibiliry gaps.

Thermodynamic partial molar quantities

Despire alI the work done in systems containing ordered compounds (Gurr­
MAN 1956), precise dara abour partial molar entropies, chemical potentials, ac­
tivities and acriviry-eoefficients of the components in ordered compounds and
their P-T - X dependance are hard ro find in the literature.

Concerning solids, the work by STElNER & KOMAREK (1964) and T. B. HOL­
LAND (1983) about the acrivity-composition relations of the compound NiAI
and ornphacitic pyroxene, respectively, may be mentioned. More precise dara
are displayed by KuPPA (1976) from work in molten sair rnixtures forming
anion-cornplexes with high degrees of order in certain composirion ranges.
The partial entropies in such systerns show characteristic sigmoidal shapcd
curves, rhe negarive mixing enthalpies display Gaussian distribution curves as
funcrion of cornposition, with minima ar rhe stoichiornetric composirion of
the anion-complex.

In alI cases, large negarive deviarions from regular behaviour are found and,
characreristically, the curves of the partial molar quantities are ali continuous
in the range of stability of the ordercd compound or anion-complex.

The lack of more data precIudes the derivation of an algebraic funcrion relat­
ing these properties to changcs in composirion or ternpcrature. On the other .
hand, the data discussed above and the theoretical free encrgy-composirion re­
larions shown by CARPENTER (1980) and AllEN & CAHN (1976) makes ir likeIy
that any funcrion describing these properties may indude some exponenrial
terrns in contrast to most models of mixing used in geology. This reasoning in
mind, Fig.2 then shows a theoretical chemical potential (/l)-composirion (X)
diagram oThe dashed and fulI line'Show rhe /l-X relarions for disordered and a
partially ordered solid solurion respecrive!y.

Fig. 3 presents rhe In -y - X relarions deduced from Fig.2. The negarive devia­
rions (due to ordering) from rhe -y-X and In -y-X reIarions for rhe disordered
case are cIeary evident. Unfortunare!y, no mcans cxisrs ro deduce rhe way
orher partial order srares wilI show up in Fig. 2 and Fig. 3.

They may be confined berween rhe respecrive curves shown or may involve
larger or smalIer composirional ranges, depending on rhe particular T - X
condirions and crysral srrucrural requirements (see above) of rhe ordered or
disordered phases. A scan rhrough rhe specialised physico-chemical lirerarure
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Fig . 2. Chemical potencial (JL) versus composition (Xi) for disordered solid solution (d)
and partially ordered solid solution (o). In case of symmetrical mixture, the JL - X, rela­
t ion for the second component is a mirror image of rhe above shown relations with rnir­
ror plane at X = 0.5.

o Xi

Fig. 3. Logarithm of activity coefficiem (InOYi) versus composition X, for sy mmetric dis­
ordered solid solut ions (d) and partially ordered solid solution (o). The curve of the In
'Yi - X, relat ion for the second cornponent has the same shape, but starting at X, = O.

in search for an algebraic equation reproducing the above shown experimental
results did not bring up much except the mode! of WAGNER & SCHOTIKY
(1930), which failed grossly when applied by STElNER & KOMAREK(1964).

Other treatrnents dealing with similar problems used rhe law of mass action
and resemble in this way the thermodynamic mode! presented by GROVER

I

(1)A(x) = Ao(z)exp. - A;,(z)(Xo-X?

(1980, 1974). His approach needs much energy parameters and shows some
conceptual difficulties, although it is very instructive. The shortcomings of the
previous models prompted now to try to find a suitable algebr aic equation
which reproduces the main features of thermodynamic properties in systems
with order relations discussed above .

The Proposed Gaussian Distribution Function for the Ordering
energy

To inquire theorerically about possible form s of the required numerical
equations, th e differences of the chemical potentials of the ordered and disord­
ered case, shown in Fig.2, have been evaluated and plotted as a function of
composition for each component. These differences represent the partia!
chemical potentials of ordering of the components.

The equations Ll.Gorder = XAdJLA +XBdJLB, giving the free energy of order as a
sum of the partial chemical potential of order of the cornponents, has been
used to con struct the curve of Ll.Gorde< as function of composition. The result­
ing curve is very much like a G aussian distribution curve showing a maximum
at the stoichiometric composition of the ordered compound, points of inflec­
tion symmetrical to the cornposition axis and approaching zero at low and
high values of X.

From statistical rnathematics it is well known that such curves may be for­
mulated as follows

whereby A, indicares the value of A at the mean value, X, indicates the mean
of the distribution and (X,-X) the distance of X from the rnean. A~ is re­
lated to A" but not to X, and may be a function of a parameter Z.

It appears then, that the ord er energy may equally well be described by such
numerical equations rep resenting distribution curves . In that case, A indicares
the order energy, A, the order energy at the sto ichiornetric composition of the
ordered compound, X the rnolefraction and X, the molefraction of the
stoichiometric compound.

If X, = 0.5, the curve is symmetrical and bell-shaped, if X, * 0.5 the curve is
skewed to higher or lower X-values . The Z-parameter may be in this case the
ternperature, giving the arder energy for the stoichiornetric composition as
function of temperature.

It is then possible to write

Ll.Gorde«x) = Ll.G~I~~[, . (T)expLl.G/ ~l~~[, . (T) F(To) (X"oõ<h-X)2 (2)

As for equation (2), Ll.G' ~l~~[, . is related to Ll.G~I~~[,. by the same pararneter T
but with a different funct ional relation F(To). Equations of these types will
have the exponential terrn in the derivatives (for instance chemical potentials,
partial entropies versus composition), a fact reflected in the relations of JLordered­
JLdisorde<ed versus composition discussed in the preceding paragraph.

oXi
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The relation ~G~I~~V~G' ~l';,~~r. gives a measure of th e steepness of the result­
ing bell shaped curve with ~Gorder(X) restricted over cert ain composition
intervals at low ternperature and spreading over the whole range of X at higher
temperature as one possibility or with large compositional range of order at

low and shrinking regions at higher temperatures. The first case applies for in­
crease of solubility with T for the ordered compound, th e latt er for reduced so­
lubili ty re!ations at higher temperatures. Both cases can be observed in ph ase
diagram s.

The proposed mode! for the energy of ordering

The deduetions of the preceed ing paragraphs define th e follo wing boundary
condition s for any numer ical quantification:

1) T he process of order-disorder at certain P, T and X conditions is super­
imposed on the mode! of disordered solid solutions.

2) The passage of the ordered compound with stoichiometric composition to
th e disordered state as a function of temperature can be character ized by any
typ e of phase transition. At off-stoichiometric compositions it can show transi­
tio ns of first or higher order , depending on the particular P , T and X relations
(BuRToN 1983).

3) T he activ ities of the cornponents of the ordered compound at a stoichio­
metric composition have well defined values; both, free energy of exchange
~G~ (GRovER 1980) and configurational enthalpy He (GRov ER 1980) stay finite.
The curve of activity versus composition is continuous when passing through
th e stoichiornetric composition.

4) T he ordering is a complex function of th e chemical interactions of the in­
volved species, of th e " strain-energy" of the crystallattice and of th e tempera­
ture and composition (GUTTMAN 1956). There w ill be no particular dist in etion
between short-range and long-range order, which will be defined by an "in­
trinsic ord er" of the crystal (WAGNER & SCHOTTKY 1930).

5) T he order-disord er energy is represented to a first approx irnat ion by a
typ e of G auss-Laplace equation (equation 2).

In equation (2) th e term ~G;:~?giom. characterizes th e free energy of order of
th e stoichiornetriccompound and is a function of temperature only. The te m­
perature may be th e temperature of the systern (giving th e equilibrium order)
or , in states of fro zen-in order, the particular order temperature (T Order).

The exponential term (zero at stoichiornetric composition) takes into ac­
count the combined influences fro m deviations in composition, temperature
and effect of strain energy of the crystallattice on th e ord er-disord er energy.
These influences define th e slopes of Il~GOrder/IlX and especially th e latter the
re!ation between ~G;:~?;~iomelrie and ~G' ~~?g;om. of equation (2) at constant tem­
perature. Trial computations wi th equation (2) revealed th e great influence of
the relation ~G~~?;U~G' ?~1~~. on the slope MGOrder(X)/IlX and on th e com­
posi ti onal ran ge of order ing.

These five conditions stated above lead to the numerical syinbolism

GM"'(X) = GidcaJ(X) + GCJ<ccS$(X) + GOrder(x) (3)

L1GOrder(X) = L1G~~1g6;om (Torder expL1G'~~1g~ .(To) . f(To). (X"Oich.-X? (4)

For systems, discussed below, showing binary intermediate ordered com­
pounds of 1 : 1 cornposition, the equ ation for the order-disorder energy is as
follows.

L1GOrder(x) = L1G~~1g~iom(To)exp L1G~~1eh(To) f(To)(D5-X? (5)

with f(To) = T .;- I/n (n ;;!:3) for ordered compounds with increased solubility of
the components at higher temperatures, as is normally observed in mineral
systems. If f(To)equals To (n = -1), the slope of Il~GOrder(X)/1lX is toe steep at
higher temperatures, if n equal one or two, however, the slope is toa small and
ordering spreads over the total composition range.

The critical temperature Te of th e ordered compound is defined by the
condition of random occupancy of the ions or atoms on the lattice sites, ex­
pressed as In K, = o. The enthalpy of order-disorder is then given by

L1H disorder = 2RTe(XAlnXA+XBln XB). (6)

Inserting the values of XA= 0.5 and Xa = 0.5 for the 1 : 1 ordered compound
results in equation (7)and gives as first approximation

- aH disorder = 2.755TeriticaJ (7)

The free energy of mixing of the system CaC03-MnC03

This system contains three phases, calcite, rhodochrosite and kutnahorite
CaMn(C03)2. Details about st ru ctures, physical properties and ther­
modynamic quantities can be found in GOLDSMITH (1959), LIPPMANN (1973),
ALTHOFF (1977), ROBIE et alo (1978), HELGESON er alo (1978) and ]ACOBS et alo
(1981) . Problems arising from possible an ion-rotational disorder in carbonates
are discussed by SALJE & VISWANATHAN (1976), MIRWALD (1976, 1979), CARLSON
(1980) and REEoER (1981) and will nor be considered here due to lack of suffi ­
cient experimental data .

The free energy of mixing of the disordered solid solution

A first step towards calculating .the effects of order-disorder superposed
upon exsolution is to evaluate the mixing energy of the disordered solid solu­
tion through the calculation of the activities of all components. These figures
were calculated using the decomposition re!ations of binary mixtures of
CaC03 and MnC03 presented by GOLDSMITH & GRAF (1957). The equilibrium
temperatures of (Ca,Mn)C03 solid solutions in coexistence with pure MnO at
se!ected compositions XMnCO, are given in T able l.

The activities and activiry coefficients of the respeetive components are eva­
Iuated by the relation log a~~':"le = log fco,/f~ol (T = const) and log 'Y ~~,:,,'e

= log fco,/f8o, - log XMnCO,.

17 N . Jb. Miner. Abh. 154
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XMnCO, A B R2

0.1 -1.4741 925.28 -0.999926
0.15 - 1.39122 936.73 -0.99899
0.20 -1.3 6744 973.66 -0.99916
0.30 -1.00893 737.824 -0.99925
0.40 -0.819112 619.88 -0.99929
0.60 -0.4697 373.15 -'0.99983
0.80 - 0.1923 157.2 -0.99993
0.90 -0.06934 56.47 -0.99997

co mposm on re!ations, the criticai point of th e solvus is found to be near
Xeaco, = 0.4 and T = 550°C.

The formation of an intermediate compound CaMn(C03h,du e to orderin g,
wilI split thi s extensive solvus into two miscibil ity gaps, one at th e CaC03-rich
side of the diagram, the other between CaMn(C03h and MnC03• It is there­
fore necessary to int ro duce into equation (9) a term characterizing the free en­
ergy of order-disorder of the ord ered compou nd CaMn(C03)2.

As stated before, the criticai temperature of loss of order (Ter) and the condi­
tion that at T cr the order-disorder energy approach es zero are sufficient to de­
fine .ó.GOrdcr(X) in equation (5).

As for kutnahorite, GOLOSMITH & GRAF (1957) only state rhat th e order re­
fIections begin to weaken at about 450 °C. On the other hand , only slightest
evidences of order were observed at abo ut 555°C (the lowest temperature used
for activity computations, cf. Table 1) and none is reported at 600°C in the ex­
periments of CAPOBIANCO & NAVROTSKY(1983) . T hus the disordering tempera­
ture of CaMn(C03h is constrained between 450° and 555°C.

Syst ematic trends of ph ase relations in th e systems CdC03-MgC03 and
CaC03-MgC03 show the disorder temperature of the ordered compound
being slightly be!ow the maximum temperature of the miscibility gaps and the
disorder process taking place over a temperature intervaI of about 200 °C for
CaMg(C03h (GOLOSMITH & HEARD 1959) and about 150 °C for CdMg(C03h
(GOLOSMITH 1972).

T he minimum temperature above w hich only continuous solid solutions
exist in the systern CaC03-MnC03 is about 550°C (GOLOSMITH & G RAF 1957).
This ternperature, then, is taken as the one defining the loss of order of
CaMn(C03h,giving thus a maximum criticai ternp erature for disordering.

This maximum ternperature estimare leads to a disordering int ervaI of about
100°C, which is con sidered reasonable when th e ionic radii of Ca-Mg, Cd­
Mg and Ca-Mn are compared.

U sing equat ion (7), a figure of-2281 cal/mole is calcul ated for the disordering

enthal py of CaMn(C0 3)2'

Table 2. Coefficients A and B of the equation log a:t.:i:ô,· le = A+BIT to calculare the ac­
tivities of MnC03 in solid solutions of CaC0 3-MnC0 3• The compositions are given in
molefractions of MnC03, T in °K. R2 = square of the coefficient of correlation of least
squares fitting.

------------ -----::---

1.0 555 604 667 715 777
0.9 555 605 668 717 780
0.8 555 606 672 721 785
0.7 556 607 676 725 792
0.6 557 610 682 732 800
0.5 560 615 690 740 811
0.4 563 621 702 752 826
0.3 570 630 716 768 847
0.2 585 644 738 797
0.15 597 655 752 814
0.10 610 675 768 834
0.05 650 710 795

Table 1. Equilibrium ternperatures of solid solutions of CaC03-MnC03 coexisting with
MnO and CO2• The CO 2 pressure is given in bars, the cornpositions in molefractions of
MnC03 and the equilibrium tempcratures in centrigrades. Interpolations and extrapola­
tions of data given by GOLDSMITH & GRAF(1957).

Pco, 82.8 200.1 552.0 1028.1 2070.0
X M nCO, T equiJibrium

The formation of kut nahor it e CaMn(C03h
Equa tion (9) represents an asy mmetric type of mixin g energy alIowing only

a single solvus between the en d me mbers CaC03 an d Mn C0 3• N eglecting de-

T he term fco, indicates the fug acity of CO2 at th e given composition X MnCO,
of the sol id solution, f~o, the fu gacity of CO2 for the decomposition of pure
MnC03 at the sarne temperature.

The latter, a fit of experimental data, is given by equation (8)
10g F~0, = 8.888 - 5759.97/T+0.0944(p-l)/T(R2 = -0.99997) (8)

using the CO2-pressures and equ ilibrium rernp eratures cited by GOLOSMITH &
GRAF (1957); the mol ar volumes of solids were taken frorn ROBIE et ai. (1978)
and the act iviry coefficients of CO2 from PERCHUK (1977). W ith t he furt her as­
sumption of an ideal mixing vo lume, th e aet iviti es of M nC 0 3 we re determined
as a function of te mperarure (Table 2). A fit of the activ ity coefficients "Yf1~~·tc

an d "Y g:é"c3~·tc (derived by use of t he Gibbs-Duhem rela tion) to the asymmetric
mi xing mode! of THOMPSON (1967) permitted the evaluation of th e interaction
param eters w gaco, and w~nCO, as a funetion of temperature.

T he mixing ene rgy of the disordered solid solut ion (Ca,Mn)C03 is then
given by equ ati on (9)

.ó.G~a~O,-MnCO, = RT (Xeaco,lnXeaco, + XMnco,lnXMnco,)+
+ Xeaco,XMnCO, [(4370.4 - 1.803T)Xcaco,+ (9339.8 - 6.965T)XMnco,] (9)

(cal.mol, °K)

From equ at ion (9), maximum values of .ó.H~r;ss and .ó.S~:;Ss , r esp ect ively
1.764kcal/mol and 1.176 calmol r Ik " ' , are found at Xc•co, = 0.4. T hese values
compare welI w ith those dete rmined and estirnated from calorimetric results
(1.5 kcal/mol an d 0.9calmol - IK - I respecti vely) by CAPOBIANCO & NAVROTSKY
(1983).
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The caIculated phase diagram of the system C aCOl,M nCO l

With the help of equation (11), as put forward in the preceeding seetions, a
phase diagram for the system CaCOl-MnCOl was calculated. The results are
shown in Fig. 5. In this figure , stippled lines represent the mutual solubilities
for the disordered solutions, while fuIl lines show rhe case where ordering and
the formation of kutnahorite occurs.

Fig. 5. Subsolidus phase diagrarn of the CaCOl-MnCOl system. Fulllines indicare the
mutual solubilities with formation of CaMn(COlh, broken lines those for the disord­
ered case. Shown by symbols are experimental results: f--l DE CAPITANI & PETERS
(1981), O GOLOSMITH & GRAF (1957) two phases coexisting, x one homogeneous phase.
The dot-dash line with question mark indicares the field of superstrueture refleetions of
CaMn(COlh that may be observedby powder diffraction (GOLOSMITH & GRAF 1960).
The shaded field encIosesthe regionof thermodynam ic " intrinsic order", which may be
observable or not (cf.FigA) by x-ray diffraction.

(COlh (To max = 550°C). At higher temperatures To stays at a value of
550 oC, the temperature of loss of order.

FigA shows the form of the .6.GM;x curves calculated with equation (11) at
var ious temperatures. Stippled lines indicate the (metastable) regions of the
free energy of mixing for the disordered case (a - s = o) and fuIl lines indicate
the free energy of mixing in the presence of the ordered compound CaMn­
(COlh in its stable state of intrinsic order.

Tangents drawn on the CaCO l-rich side define two coexisting phases, a man­
ganese-bearing calcite and a kutnahorite with CaCOl in solid solutions. Tan­
gents on t he MnCOl-rich side define likewise a kutnahorite with MnCOl in
solid solution and a calcite-bearing rhodochrosite.
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The free energy of order can then be expressed by

- lIG~~~;6iom = 2281.8 - 2.755T

258

(cal,PK)

With equation (10), all parameters for the description of the mixing be­
haviour in the system CaCO-MnCO l are known, in cluding those related with
the formation of the ordered compound CaM n(CO l)2:

lIG~O,-MnCO, = RT (Xcsco.lnXcsco, + XMnco,lnXMnCO,)
+ Xeaco,XMnCO, [(4370.4 - 1.803T)Xeaco, +
+ (9339.8 - 6.965T)XMnco,) - (2282 - 2.755To)

exp [- (2282 - 2.755To).To-0.333. (0.5-Xeaco,)2] (11)

This equation (11) permits the calculation of the free energy of mixing for
the system CaCOl-MnCOl over the temperature range of stabiliry of CaMn- '

Fig. 4. The free energy of mixing of the CaCOl,MnCOl system calculated by equation
(11) - fulllines - and by equation (9) - broken lines - a t 300°C, 450 °C and 5000c.
Equation (11) gives th e values of the free energy of mixing with format ion of CaMn­
(COlh, equation 9 those for the disordered case. Irnportant are the small values of the
free energy and the small energy differences for the ordered and disordered case, leading
to metasrable results in experimental work. The form of the curves correspond exactly
to those show n by CARPENTER (1980).

'i
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For comparative purposes, the experimentaI solvus is aIso shown (GOLO­
SMITH & GRAF 1957, DE CAPITANI & PETERS 1981). The caIculated phase diagram
indicates a peak temperature of about 490°C for the solvus berween man­
ganese-bearing calcites and kutnahorite solid solution, while the one between
rhodochrosite solid solution and kutnahorite reaches about 550°C, in good
agreement with the experimental results.

On the other hand, our calculated results and the irregular distribution of
the experirnenral poinrs in Fig. 5 suggest most of the determined solubilities are
not equilibrium values.

Considerations about spinodaI exsolution, especiaIly in systerns with forma­
tion of ordered compounds (CARPENTER 1980, ALLEN & CAHN 1976) combined
with the energetic relations shown in Fig.4 give strong evidence that most ex­
perimentaI data lie in regions of rnetastabiliry possibly caused by lack of com­
plete equilibrium order of the dolomitic compound or due to kinetic problems
influenced by the small energy differences between stable and metastable states
in rhis system (cf. discussion in the next section on the system CaCOJ­
MgCOJ). The lack of experimental evidence for a miscibility gap on the
CaCOJ-rich side of the phase diagram, pointed out by crosses in Fig. 5, is cer­
tainl y causcd by the same problems as discussed above (metasrability].

On the other hand , there is strong evidence for the opening of a miscibility
gap on the caIcite-rich side of the phase diagram at temperatures below 500°C,
as indicated by th e work of GOI.DSMITH & GRAF (1960).

The high vaIue of the ÂH""ccss determined by CAPOBIANCO & NAVROTSKY
(1983) may give aIso some indication about metastability of the experimental
results,

The free energy of mixing of the system CaCOJ-MgCOJ

Given its greater geologicaI significance, plenty of experimentaI work was
perforrned on this system (GRAF & GOI.DSMITH 1955,1958, GOI.DSMITH & GRAF
1958, GOI.DSMITH 1959, GOI.DSMITH & NEWTON 1969, GOI.DSMITH 1980, HARKER
& TUTTLE 1955, IRvlNG & WYLUE 1975, BYRNES & WYLUE 1981).

The phase relations are in generaI similar to those of the system CaCOJ­
MnCOJ and CdCOJ-MgCO J, wirh the difference, however, of much higher
temperatures of closing of the miscibiliry gaps and disordering of dolomite
[Terilica1 of dolomite -1200°C, Tcrilica1 of solvus berween calcite... and dolo­
mit e., 1054-1074°C at 8 kb (GOI.DSMITH & HuRD 1961); about 1365­
1410 °C, at 27 kb, T criticai of solvus between magnesite., and dolornite, (IRvING
& WYLUE 1975].

Very few experimental data are available to evaluate the interaction parame­
ters for the cornpletely disordered solid soluciono We are therefore forced to
estimate these parameters from experimental data, combining the results of
GOI.DSMITH & N EWTON (1969), GOI.DSMITH & HEARD (1961) and fuRKER &
TUTTLE (1955).

Table3. Ternperatures (0C) and selected compositions, given in molefraetions, of mag­
nesiancalcires and magnesites containing CaCOJ in solution used to calculate the inter­
action parameters wg;co, andW~8CO, (cal!moi).
Data are cornpiled from GOLDSMITH & NEWTON (1969), GOLDSMITH & HEARD (1961) and
fuRKER & TUTILE (1955).

Neglecting, at first, the presence of the phase dolornite, it is possible to treat
Mg-caIcites and caIcian magnesites (as a first approximation) as defining an iso­
structuraI single solvus and to calculate interaction parameters WÕ"co, and
W~8CO' with equations given by BLENCOE(1977) or THOMPSON (1967).

The results are presented in Table3, which lists the temperatures (0C), the
compositions of the phases (moI%) and the first estimare of interaction para­
meters (caImol- I).

These latter vaIues have now to be corrected for the energetic influence of
the presence of dolomite.

As a first assumption, it is supposed that the int eraction parameters are only
slightly affected by the energetic effects of the doiomite in the temperature
interval from 400 to 650°C. A fit of these values, seleeted from Table3, as
function of temperature is represented by equation (12) and (13):

W8.co, = 9362.7 - O.1647T (12)

W~8CO, = 6759.2 - 2.393T (calmol "'' , PK) (13)

The interaction parameters of equation (12) and (13) will still have to be mod­
ified, and adapted, once more, due to the not yet predictable energetic in­
fluence of the dolornite phase on the rnutual solubilities of MgCOJ in caIcite
and CaCOJ in magnesite. •

The influence of dolomite on the interaction pararneters

A wealth of experimental data allows some irnportant deductions about the
influence of doIomite showing varying degrees of order on the mutuaI solubili­
ties between Mg-calcites and calcian magnesites. To clarify this point, Fig.6
shows schernatically the curves of the free energy of mixing, at constant P and
T conditions, for different degrees of order of dolomite (S = O disordered,
Se= equil. order, 0< S< Se = partially ordered).
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Fig. 6. T he free energies of mixing at constant temperature showing the curves for com­
plete disorder (5 = O), for intermediate ordered states of dolomit e (O < 5 < 5eQuilibrium) and
for the equilibri um state of order of dolomite (5equilibrium).

The mut ual solubility of the components is different for each curve (shown by tan­
gents and at the composition abcissa). This is a continuous process, exsolurion and
ordering acting simultaneous.

The composition of the coexisting phases, defined by tangents, vary as func­
tion of the degree of order,

The analysis of Fig. 6 shows two important conclusions:
1) The degree of order of dolomite influences strongly the composition of

coexisting calcite solid solutions and magnesite solid solutions. Mutual solubili­
tie s are highest for the disordered solid solution.

2) At low degrees of order of dolomite, two carbonate phases can be meta­
stably associated w ith dolomite.

Supporting evidence for these statements can be found in alI experimental
work dealing with car bonates, especially those carried out at low temperature
as shown in a review by LIPPMANN (1973). ~ "

Even at higher temperatures, experimental work has clearly shown that the
Mg-content in Mg-calcites decreases apparently as a function of the degree of
order of coexist ing dolomite. • :

fiARKER & TUTfI.E (1955) found, for instanc e, a decrease of XMgCO, in calcite.,
of up to 20 % as longer run times (which went fro~í4 to 576 hours at 600°C)
allowed for a better ordering of doiomite. Similarly, the Mg-content in Mg-cal­
cite decreased up to 50 % at 450 °C as run times went from 4 to 1008 hours
(I-iARKER & TUTILE 1955, G OLDSMITH & N EWTON 1969) .

These facts call then for a revision of the values estimated for the interaction

parameters,
Thus, the true solubility of M gC03 in calcite and thar of CaC03 in mag­

nesite ar e much higher than the ones given in Table 2, possibly by a factor of
two, ]udging from the 50 % decrease in solubility at 450°C as a funetion of
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(15)
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WE·co, = 9436.7 - 1.69T

w~gCO, = 7815.25 - 5.36T(calmol: ', PK)

tl.G~tO,-MgCO' = RT (Xeaco,lnXe.co,+ XMgco,lnXMgco,)+XC. CO,XMgCO,
[(9436.7 - 1.69T)XMgCO,+ (7815.2 - 5.36T)Xc•co,J -
- (4084.8 - 2.755To)exp - [(4084.8 - 2.755To)' T; O.331

0.5 - Xeaco,?J (calmol" ' , °K) (16)

A comparison with the values of the first estimare show a slight increase in
the interaction enthalpy, but a marked one for the excess entropy. This in­
crease is as expected, since high excess entropies are to be predicted equally
well for solid so lutions in t he system CaC0 3-MgC0 3 as also shown by the ex­
cess entropy val ue of the similiar system CaC 0 3-M n C0 3 by CAPOBIANCO &
N AVROTSKY(1983).

It appears then, that equations (14) and (15) represents val ues of the interac­
tion parameters quite near the true values which could not been evaluated ex­
actly.

grearer order of dolomite, all compositions of Table2 have been doubled in
amount to represent the limiting solubilit ies for disordered solid sol ution.

These new values of sol ubil ities have been used to calculare the following
interaction parameters as function of temperature (450 to 650 °C):

The calculated phase diagram for the system CaC0 3-M gC0 3

An equation can now be set up, using the following auxiliary values or para­
me ters: 1) estimares of the interaction pararneters, as represented by values
given in equations (14) and (15); 2) a dolornite order-disorder en thalpy pararne­
ter of - 4084calmol - 1, computed for a critical ternperature of 1210 °C (GOLD­

SMITH & HEARD 1961); 3) the condition rhat ÂG:r~~e';'ite = O at T = TcrilieaJ for
LRO andSRO.

Equation (16) incorporares the above mentioned parameters and represents
the free energy of mixing of the systern CaC03-MgC03, including the forma­
tion of dolomite .

Equation (16) is valid up to the critical temperature of stoichiometric dol ­
omite; at higher temperatures, To remains flXed at Tcrilical (1210 0C) Fig.7
sh ows the phase diagram for the system CaC03-MgC0 3 calculated by use of
equation (16).

The stippled lines indicare the mutual solubilities of the components for the
hypotherical case of disordered solid solution, while the full lines show the
equilibrium diagram for the coexi stence of Mg-calcites and dolomites and cal­
cian magnesites and dolomites, respeetively. Plotted with appropriate symbols
are also the experimental results obtained by G RAF & G OLDSMITH (1955),
G OLDSMITH & NEWTON (1969), HARKER & TUTfI.E(1955), G OLDSMITH& HEARD

(196 1)and lRVING & WYLLIE (1975).
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Fig. 7. The calculated subsolidus phase diagram of the CaCOJ-MgCOJ system. Full lines
indicate phase boundaries for the coexistence of dolomite in its state of equilibrium ar­
der. Broken lines, the co rnpletely disordered case. Experimental results are shown by
symbols: O GRAF& GOLOSMITH (1955) I GOLOSMITH & HEARD(1961) • GOLOSM1TH &
NEWTON (1969) • IRVING & W YLUE (1975). The dot-dash line indicaresthe appearanceof
superstructure refleetions as determined experimentally. The shaded ficld encloses the
region of thermodynamie "intrinsie order",

T he calculated temperature for the closing of the miscibility gap in the
CaCOJ-rich part of th e system is at 1070 °C which compares very favorable
with 1055-1074 °C, the experimental result at 8 kb as obtained by GOLOSMITH
& H EARD (1961).

The corresponding temperature in the MgCOJ-rieh part of th e system is
1300°C at 1 atrn, neglecting decomposition . Compar ing th is temp erature and
the calculated miscibility gap with th e experimental results of IRVING& WYLUE
(1975), the agreement is very satisfactory, notwithstanding th e approximations
th at had to be made and the limited temperature interval of 400- 650°C used
to calculate the int eraction paramete rs.

The solubilities of CaCOJ in magnesite and of MgCOJ in dolornite (or its
disordered equivalent at T> 1210 0C) shown by IRVING & WYLLIE (1975) can
well be nearer th e calculated compositions if one takes into account the very
short run times (about 2 to 5 minutes at T> 1200 0C) and rhe high applied
pressure.

T he calculated phase diagram is very similar to the one of the system
CdCOJ-MgCOJ (GOLOSMITH 1972). This Íarter syst ern shows rwo, rather syrn-

I"
i
lli

Considerations about the influence of pressure

As for the influence of pressure on solubilities, onl y qualitative staternents
can be put forward, since very littl e is known about partial molar volumes and
expansion or compressibility coeffieients of the solid solutions and ordered
ph ases.

T he solubility of MgCO) in calcite increases with pressure (GOLOSMITH &
N EWTON 1969) and the critical temp erature of closing of the miscibil ity gap on
the CaCOJ-rich side decreases. On the other hand , due to the great size differ-

metrical, miscibility gaps with crit icaI compositions near the on es caleulated
for the systern CaCOJ-MgCOJ. Th e experimentally determined difference of
the criticai temperatures of the two "solvi" in the system CdCOJ-MgCOJ is
about 175°C, while the calculated difference for th e systern CaCOJ-MgCOJ is
about 230°C.

T he ealculated ph ase diagram of this work shows one solvus closing below
th e ternperature of loss of order of dolomite and th e other one above this tem­
perature as confirmed by experimental results. This is in contrast to calcula­
t ions of phase relationships of the sarne system by NAVROTSKY & LOUCKS
(1977) showing the closing of both "solvi" below th e critical temperature of
dolomite.

The ealculated solubilities of the components CaCOJ and MgCOJ in dol­
omite correspond satisfactorily with experimental data (higher XCaCO, in dol­
om ite on the CaCOJ-rich side and lower XMgCO, on the MgC03-rich side of th e
phase diagram at the same temperature). Tri al cornputations were perforrned
with changed values of interaetion parameters and DoGOrder to increase the cal­
culat ed solubilities of MgCO) in calcite, but the results only increased the dis­
crepancy to experimental data.

If there are no other processes aeting in the systern (anion rotacional dis­
order, for instance) increasing the MgCOJ-eontent of the calcites, calculations
with varying degree of order of dolomites give perfect agreement between ex­
perim ental solubilities and calculated ones. At 800°C, for instance, a frozen-in
disorder of dolomite (corresponding to Torder = 1000°C) doubles th e solub il­
ity frorn 8 to 16 moI % MgCO) in caleite and increases the one of CaCOJ in
dolomite from 2.5 to 3.5 moi %, in excellent agreement with data of GOLO­
SMITH & NEWTON (1969).

In our model, two extreme curves of solubilities can be calculat ed: one as­
suming dolornit e for mation (equil.order) and thu s showing the smallest
mutual solubilities of the components, and the other wh ich allows for com­
plete disorder and the largest possible values of solubility. Most experimental
points fit within the two extreme values obt ained by our calculations, thus
strongly suggesting non-equilibrium order-disorder relations of dolomites in
th e experiment al runs.
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ence berween Mg and Ca, the temperature of cIosing of the miscibility gap on
the MgC03-rich side may increase (IRVING & WYLLIE 1975, BREY et aI. 1983).

Comparison with other mixing models applied to the system
CaC03-MgC03

The only other mixing mode!s applied to the system CaC03-MgC03 are
based on a more conventional treatment. The model of NAVROTSKY & LOUCKS
(1977), a BRAGG-WILLIAMS type of order-disorder relation, used more energy
pararneter than the present work, but was not able to reproduce the solubility
relations over the whole composition range. Typical for this conventional
treatrnent is the result that the critical ternperature for loss of order of the ord­
ered phase is always above the ternperatures of the cIosing of the miscibility
gaps. It is weIl known, that the BRAGG-WILLIAM treatment is a quite poor ap­
proximation (GUTTMANN 1956) and it is therefore not surprising that the au­

thors did not succeed with this approach.
A more sophisticated mode!, based on the cluster variation method, has been

applied by BURTON & KIKUCHI (1984). Although this method gives good results
for simpler systems (KIKUCHI 1974), it shows, when applied to the system

CaC03-MgCOJ, a phase diagram alike the one presented by NAVROTSKY &
LOUCKS (1977).

Both mode!s fail to reproduce the experimental findings, name!y that the
ternperatures for loss of order of dolomite lies berween the ternperatures of
cIosing of the miscibility gaps and that this system shows, ar the MgC03-rich

side, a miscibility gap between two R3C (disordered) carbonates above T
critical of dolomite. This R 3C miscibility gap is the piercing of the disordered
mixing mode! in P - T - X regions where dolomite is not any more stable,

The present model appears to show more agreement with the experimental
results (Fig.7) and even allows to calculate metastable phase relations, some­
times to be found by experimental work (HARKER & TUTTLE 1955), by fixing a
type of frozen-in temperature for dolomite, which may be different frorn the
system ternperature, In that way, the solubility relations may be calculated
showing different degrees of order of dolomite. Comparing the energetic rela­
tions of the present mode! with those of BURTON & KIKUCHI (1984) one notes

that ~H~~rdcred and ~:J'cred at Xeaco, = 0.5 obey alI the constraints on the
intra- and intersublattice energies given by BURTON & KIKUCHI (1984).

The enthalpy of stabilization of doI omite, as calculated in the present work,
amounts to about - 1.9 kcal/mol, nearly the value of the cIuster-variation
method for E ira/E eir = 0.5, which can be compared with the relation H~~~I

~:J'cr = 0.54 as presented in this model.
Furthermore, the compositions of the cIosing of the miscibility gaps in this

system, as calculated by BURTON & KIKUCHI (1984) coincides with the composi­

tions deduced by the present mode! (XMgCO, == 0.3 and XMgCO, == 0.72). It may
be, from these coincidences, that the use of better energy values in the cI~ster

..

variation method may give better approximations on the experimental facts,
bur surely with much more energy constants than in the present mode!, which
needs only the usual mixing mode! for disordered solid solutions, the critical
remperature of loss of the ordered compound and a Gaussian free energy of
order equation.

Summary

The energetic charaeterisation of mineral systern showing the Formation of inter­
mediare compounds due to the simultaneous process of exsolution and ordering is one
of the most difficult task to solve numerically. A schematic treatrnent, however, may be
set up easily, as shown by discussionsof CAlU'ENTER (1980) and ALLEN & CAHN (1976).

In this first part of a series of papers dealing with the same topic, an empirical
mathernatical model is presented to calculate quantitatively phase diagrams for such
systems.

The mode! starts from the disordered real solid solution and takes into account the
energetic effeet of ordering, leading to the formation of a distinet phase, but related to
rhe disordered solid solution bya superstrueture.

The mathernatical form of the model needs only a minimum amount of parameters,
dcpending on the complcxity of the representation of the free cnergy of the disordercd
solid solution and on the number of intermediate ordered compounds.

In the caseof a symmetric model for the free energy of mixing of the disordcrcd solid
solution, given the formation of one intcrmediate ordered commpound, only two para­
meters (WO and áGOrdcr) are nccessaryto characterize the free cnergy of mixing of the
system, For an asymmetric model and one ordcred compound, only three parameters
are suffieicnt (W~, wg and áGOrdc'). Additional ordcred compounds can be easily in­
corporated into the proposed equations, since each new compound only adds one more
paramctcr (áGOrdcr). The application of this model to the binary systerns CaCO r
MnCOJ and CaCOJ -MgCOJ showed very good corrcspondance berween the experi­
mentally deterrnined phase relations and the calculated ones. The model reproduced the
phase relations quantitatively, in contrast to other formulations (NAVROTSKY & LOUCKS
1977)and avoids inconsistencies in thermodynamic properties (GRovER 1980).

The interaction parameters calculated for the system CaC03-MnCOJ were verified
by calorimetric work (CAPOBIANCO & NAVROTSKY 1983)and the high excess enthalpy
and excess entropy strongly suggest,that the CaCOJ-rich part of this system must have
a miscibility gap; the experimental results of GOLDSMITH & GRAF (1957) thus probably
show metastable relations.

The interaction parameters of the systern CaC03-MgCOJ, although estimated, pre­
dict likewise high excessentropies.

This predietion is in accordance with lhe energetic effect of e!ongated thermal ellip­
soids for Mg-ions in Mg-calcites (ALTHOFF 1977). Thc model, as proposed here, implies a
phase transition for stoichiometric dolomite apparently of first order, a likely result as
shown by theoretical analysis (BURTON 1983) and experimental data (GOLDSMITH 1980,
BREY et ai. 1983),at least with respeet of temperature. Experimental problems (IRVlNG &
WYI.LlE 1975,BYRNES & WnuE 1981), however, may not allow to trace exaetly the dis­
order relations near the criticai temperature.

For both carbonate systems, the model predicts "intrinsic order" spread over larger
composition intervals at higher temperatures or higher degreesof disorder at lower tem­
peratures, apparently in contrm to powder diffraetion evidences. Single crystal diffrac­
tion may be a better means to detect order-<iisorder phenomena (GUTTMAN 1956) and
the experimental results may be an artifaet of the powder method. On the other hand,
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the enlarged compositional range of ordering is a necessary feature to permit the closing
of the solvi in accordance with exp erimental phase relation s.

To derive the necessary parameters for the calculation of the phase relations, no oth er
experim ental data of the ordered compound except the criticai temp erature of loss of
order has been used and th e only curve-fining was appl ied to evaluate the interaction
pararneters for the disordercd solid solutions.

The resulting calculated quantitative phase relations showing the mutual solubilit ies
of components in calcites.., magnesitesa , rhodochrositesa ; dolornites., and kutnahor i­
tesss are therefore the result only of the characterisation of the order-disorder energy
proposed in th is work. Studi es to show and to test the appl icability of thi s mode! to
other systems (binary and tern ary) are in preparation or pr ogress (SCHULTZ-GOTn..ER
1982).
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Mica-chlorite intergrowths in very low-grade metamorphosed
sedimentary rocks fram Norway
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Sadoon Morad, Uppsala, Sweden

With 12 figures and 3 tables in the text

MORA0, S.: Mica-chlorite intergrowths in very low-grade metarnorphosed sedimentary
rocks from Norway. - Neues Jahrbuch Miner. Abh. 154: 271-287; Stuttgart 1986.

Abstract: Grains composed of chlorite-mica (biotite and/or phengite) intergrowths are
common in very low-grade metarnorphosed shales, siltstones and sandstones of the
Brettum Formation (Upper Proterozoic; the Sparagmite region of southern Norway).
Mineralogical and chemical evidence indicate that chlorite-phengite intergrowths in the
rocks studied and most probably in similar rocks elsewhere result from differential alter­
ation of detrital biotite during late diagenesis-early metamorphism.

K e y wo r d s : Mica-chlorite, intergrowths, low-grade metamorphisrn, c1astic sedi­
mentary rocks, biotite, alteration; Norway.

Introduction

Significam textural, mineralogical and crystal chemical changes occur in
clastic sedimentary rocks during progressive transition frorn diagenesis to low­
grade metamorphism. One of the commonly reported mineral textural fea­
tures formed during late diagenesis-early metamorphism is grains showing
chlorite-illite/muscovite intergrowths (VOLL 1960; KOSSOVSKAYA & SHUTOV
1970; WILUAMS 1972; HOLEYWELL & TULUS 1975; BEUTNER 1978; WHITE &
KNIPE 1978; CRAIG et ai. 1982). Several terms were suggested for such grains
(see review by VAN DER PWIJM & KAARS-SIJPESTEIJN 1984). These authors have
suggested different origins for the intergrowths (for details, see review by
CRAIG et aI. 1982), which are: 1) strain-controlled growth of chlorite in
openings a!ong deavage planes of detrital muscovite (e.g. VOLL 1960; VAN DER
PLUJIM 1984), 2) detrital (BWTNER 1978), 3) strain-controlled synkinernatic
growth of chlorite-white mica intergrowths (WEBER 1980, quoted in CRAIG et
aI. 1982) and 4) pre-tectonic replacernent of day minerais (monrrnorillonite)
during burial (CRAIG et ai. 1982).

In the present paper, an origin related to alteration of detrital biotire is
suggested (see also WHITE et ai. 1985) based on a detailed textura! and chemical
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