Phase Diagram Principles and Computations: A Review*

T

James Connolly, ETH Zu..rich CH-8092

he purpose of these notes is to provide a brief (?) discussion of how computer programs for the calcula- f p tion of multidimensional phase diagrams work. The notes are divided into 2 parts. Part I is a review o hase diagram principles that I wrote for an earlier lecture, it is included here to provide background for d Part II. The focus of Part II is computer strategies specifically developed for the calculation of the phase iagram projections used in metamorphic petrology. At the end of Part I, there is also a discussion of m computational methods. Although this overlaps with the discussion in Part II, I have left it in because it is ore lucid and more general than Part II, though less complete.

A 1. PHASE DIAGRAM PRINCIPLES

scientific communication from Bowen to Gilluly on equilibrium: g m "Having had occasion some years ago to learn the art of lip-reading I noticed yesterday when I was givin y paper that at the end of each of my sentences you said, ’Horse shit.’ Evidently you had made special y note of the word ’equilibria’ in the title of my paper and were from time to time reminding yourself and our neighbors of the gist of the discussion. Youare, however, under a misapprehension as to the deriva- d tion of the word ’equilibria.’ It does not come from equus = horse and libria = things liberated or ischarged, but is from quite different roots. If you will consult a chemist you will be able to learn the s real significance of the word and I may add that I feel one so highly placed in geological circles as you hould make it a point to acquire some familiarity with the exact significance of common terms used in col-

T lateral sciences.

rusting that you will not resent my corrections and suggestions I am, yours sincerely," /s/ Norman L. T Bowen, April 29, 1948. he thermodynamics of chemical equilibrium owes its origin to Gibbs’ treatment of thermodynamic sur- m faces, but unfortunately this way of thinking about thermodynamics is largely neglected in teaching. This ethod is particularly useful for understanding phase equilibria involving phases of variable composition

1 (solutions). In this part several familiar thermodynamic concepts in the context of Gibbs energy surfaces.

.1. G�−X Diagrams The basis of equilibrium thermodynamics is the Gibbs stability criterion, which states that an isobaric- T isothermal system is in stable equilibrium when its Gibbs energy (G) is a minimum. o understand this criterion begin by considering a 2-component phase of variable composition, i.e. a solu- . c tion. If the molar Gibbs energy is plotted (the Gibbs energy of the phase per mole of components, G�) vs omposition (X) (at constant P and T), a curve such as that shown by the heavy curve in Fig 1.1a will be c obtained. Let us consider a system in which this phase is the only possible phase, but ignore the stability riterion, in this case the system may consist of any number of parts each of which will be described by a ( point on the G�−X curve of the phase. The only constraints on the system and its parts are that the mean mole weighted) composition and Gibbs energy of the parts must be equal to the bulk composition and d Gibbs energy of the system. Suppose the system has a composition X , and consists of 2 equal parts a an s f � b, the Gibbs energy of the system will be given by the point on the line connecting the G�−X coordinates o � *These notes were published in "Pressure and Temperature Evolution of Orogenic Belts," Lectures of the V Summer School, Geologia e Petrologia dei Basamenti cristallini of the University of Siena and the Italian National Research Council, 1992, p 203-220.

- 2 -

e a and b at X (G� in Fig 1.1). Now, considering the Gibbs’ stability criterion, it is clear that this is not th s s lowest Gibbs energy for the system, for example if we change the composition of the parts to a’ and b’, we b can lower the Gibbs energy of the system. In fact, we can keep lowering the Gibbs energy of the system y making the composition of the 2 parts of the system approach the bulk composition of the system X , s s , t and the minimum Gibbs energy will be attained when both parts are of composition X . In other words he system will only be in stable equilibrium if the phase has the same composition in all parts of the sys- - f tem. It is noteworthy that this would be true for any bulk composition of the system because the G�−X sur ace** of the phase is concave with respect to the G� ordinate. Solutions which have this property are - o known as continuous solutions, olivine (fo-fa) and most Mg-Fe mineral solutions are examples of continu us solutions. There is no reason to expect that the G�−X surface of all phases should be concave, and indeed they are t not; however, for regions of composition in which the G�−X surface of a phase is convex the phase (with he corresponding composition) is always unstable. This is illustrated in Fig 1.1b, consider that a system s i consists initially of a homogeneous phase a, the system can lower its Gibbs energy if the phase unmixe nto 2 parts with compositions on either side of a, and it will minimize its Gibbs energy if the parts have - t the compositions a’ and b’. This would be true for any bulk composition between a’ and b’. Such solu ions are said to exhibit immiscibility, and the compositions a’ and b’ locate the limbs of the solutions - c solvus at constant P and T, Orthoclase (Or-Ab) and Muscovite (Mu-Pa) are mineral solutions with immis ibility (at least at low temperature). It is also conceivable that the G�−X surface of a solution is always convex as in Fig 1.1c. In this case, a s mechanical mixture of the solution endmembers is always more stable than any solution composition, and o, for practical purposes, there is no solution. In principle the G�−X surface of any solution cannot be - t always convex, that is, on a fine enough scale, the surface must be concave near the endmember composi ions (e.g. there is some solubility of Zr in forsterite, and likewise some solubility of Mg in Zircon). In the fi limit that these concave regions are small they can be ignored and the endmembers regarded as phases with xed compositions, i.e. compounds (e.g. zircon and forsterite, or α and β in Fig 1.1c). The G�−X surface of R a compound is actually a point rather than a surface. emember that in general the shape of the G�−X surface will vary as a function of both P and T; thus, a

1 solution maybe continuous at one P-T condition and immiscible at another.

.2. The Gibbs Energy The Gibbs energy of a c-component system or phase is defined by the summation: ) G≡ μn (1.1 i=1 c i i

i Σ i d a where n is the number of moles of component i, and μ is the chemical potential of the component define s: μ≡ � � �∂n ∂G� � � � . (1.2) i i p,T,nj,j≠i

i i n i The mathematical significance μ is that it tells us how the Gibbs energy will change if we change n by a nfinitesimal amount, holding all the other independently variable properties (p, T, n ) of the system or E phase constant. The physical importance of μ’swill be considered in the next section.^{j,j≠i} q 1.1 enables us to calculate G for a system of arbitrary size, as defined by the number of moles of each s d component, but in the study of phase relations we are only concerned with the state of the system which i etermined by its pressure, temperature, and composition. Thus it is convenient to define a property which d t gives the G as a function of composition, this property is known as the molar Gibbs energy and is relate o G by: � *Throughout these notes the terms surface and plane are used in a general geometric sense, i.e. in an n-dimensional space these are n- a dimensional nonlinear and linear geometric elements. Thus, in the context of a 2-dimensional (c=2) G�−X diagram, a curve is a surface nd a line is a plane.

- 3 -

G� = n �G�. (1.3) c i 1i=Σ If the composition (or "mole fraction") of component i is defined as: ) �, (1.4 n n X ≡_i i=1 c i t Σ i

hen by substituting Eq 1.1 into Eq 1.3 we obtain:

G� = μX. (1.5) c i i 1i=Σ i c f ( Any expression in terms of the integral properties (G and n . . . n ) is equally valid in terms o G� andX . . . X ), but the advantage of the second form is that it involves one less independent variable b^{i c} ecause of the constraint:

X =1. (1.6)

iΣ_{=1}^c i

Thus Eq 1.1 is a linear equation in c-dimensional space, whereas Eq 1.5 is a linear equation in (c-1)- I dimensional space.

f you are already familiar with thermodynamics, you may be thinking that there is something missing in Eqs 1.1 & 1.5, namely p and T, in which case you are confusing the differential form of the Gibbs energy:

dG=VdP− SdT+ μdn, (1.7) c i i 1i=Σ with the integrated forms given here, in which the P, T dependence of G or G� is hidden in the μ’s. Eq 1.7 d s is the basis for calculating the change in G from one condition to another through the use of complicate ounding things like heat capacity, isobaric expansivity, isothermal compressibility, Margules expansions, s and enthalpy. Although such calculations can be mathematically complex, they are unimportant for undertanding thermodynamics, and can be summarized by the simple statement: ) G=f(P,T,n . . . n ). (1.8 i c In practice, it is rarely even necessary to know the actual form of this function, one simply looks up the value at the desired at the P, T,and n . . . n of interest, or calculates them with a computer program such i c as FRENDLY. There is a trick though, the values one looks up, or calculates, are the Gibbs energy per i molar formula unit of the phase (G ) in question. A molar formula unit contains ν moles of component m i (i=1 . . . c), therefore from Eq 1.4:

G� = ν �G�. (1.9) m

i c 1i=Σ m 3 e c Suppose we have calculated G of Enstatite (MgSiO ). If we are interested in a system (c=2) with th omponents MgO and SiO , then ν =1, ν = 1, and G� = G /2. Note that if we choose a m n 2 En,MgO En,SiO2 En E En 2 4 2 n G different set of components for our problem G� will also change, e.g. if we choose Mg SiO and SiO the � = G .^m_n E En E

q 1.5 has the interesting implication that if a tangent to the G�−X surface of a phase is drawn, the intersec- c tion of the tangent with the G� axes of a G�−X diagram gives the value of the μ’s in the phase when its omposition corresponds to the point of tangency (Fig 1.1). This can be demonstrated mathematically by expanding Eq 1.5 for a 2-component (c=2) system:

G� =X μ +X μ. (1.10) 1 1 1 2 2 2 If X =1−X is substituted into Eq 1.10, and the result rearranged, one obtains:

G

- 4 -

� =μ +X (μ − μ). (1.11)

1 2 2 1

1 2 2 2 . 1 which is the equation of a line for which G� =μ atX =0 and G� =μ atX =1

.3. Chemical Potentials To understand the physical significance of μ’s,it is useful to draw an analogy between μ’sand temperature ( or pressure. There are 3 kinds of thermodynamic processes, heat (entropy) transfer, mechanical work volume transfer), and mass transfer. A system is in stable equilibrium when no thermodynamic processes s are possible. Intuitively, you will probably accept that heat transfer will only occur between 2 parts of a ystem if there is a temperature difference between the parts of the system (Fig 1.2). Moreover you know f t from experience that the heat will be transferred from the high-T part to the low-T part. Likewise 1 part o he system will only do mechanical work on the other if there is a pressure difference within the system. v This work is done by the high pressure part of the system compressing the low pressure part (i.e. negative olume transfer) In these cases, we can think of temperature and pressure, respectively, as the thermal and l p mechanical potentials for the system, and if these potentials are uniform then no thermal or mechanica rocesses can occur. Chemical potentials are exactly analogous, that is, they are a measure of the potential c for chemical processes (mass transfer) in a system, and in the absence of a μdifference no chemical proess will occur. These process will always occur such that mass is transferred from an area where its μis - d high to one in which it is low (so-called "uphill" processes, which may occur when more than 1 thermo ynamic process occurs at the same time, are not considered here). d a For those familiar with elementary mechanics it may be useful to note that work in mechanics is define s: W≡ Fdx (1.12) w ∫ here dx is the displacement of an object, and F is the opposing force. The only difference between mechanics and thermodynamics is that in thermodynamics we consider 3 kinds of work:

W ≡ pd(−V), W ≡ TdS, and W ≡ μdn. (1.13)

mechanical thermal chemical i i ∫ ∫ ∫ s a Comparison of eqs (12) and (13) suggests that p, T, and μcan be thought of as the thermodynamic force gainst which mechanical, thermal, and chemical work are done. If these forces are equal in all parts of a R system, then no work will be done by any part of the system. eturning to the 2 part system of Fig 1.2, it is now easy to see why Gibbs’ criterion works, as the μ’sin . T different parts of the system can only be the same if all parts of the system have the same composition his will always be true for a system in which the only possible phase is a continuous solution.

I 1.4. Heteroge neous Systems n the previous section it has been argued that Gibbs’ stability criterion requires that the μ of each com- c ponent must be uniform in all parts of a stable equilibrium system. For a system composed of a single ontinuous solution, this implies that all parts of the system must have the same composition because the e w values of the μ’sare different for every composition. In systems where more than 1 phase may occur ther ill be a separate G�−X curve corresponding to every possible phase (e.g. α, β, γ, and δ in Fig 1.3). As the r p μ’s of the components can be determined for any composition of any phase by drawing a tangent line o lane if c>2) at the composition of interest, it is evident that the μ’sof the components must be equal in e c phases which are tangent to a common line in G�−X space. In general, such phases will not have the sam omposition, but because the μ’sare uniform no thermodynamic process may occur and the phases will be s s in equilibrium. Thus for a c-component heterogeneous system composed of p coexisting phases, the Gibb tability criterion requires:

μ = . . . =μ for i=1 . . . c. (1.14) T 1i pi

he foregoing discussion has been a little oversimplified, in addition to thermal, mechanical, and chemical t processes, thermodynamics has spontaneous processes which occur (in theory) in the absence of any potenial gradients (in reality, or in statistical mechanics, which is at least closer to reality, they occur because of t microscopic gradients). Thus, the equality of potentials at equilibrium is considered a necessary, but no

- 5 -

d u sufficient criterion for stable equilibrium, and it becomes necessary to distinguish stable, metastable, an nstable equilibria. In unstable equilibria, there are no potential gradients in the system, but the composi- m tion of at least 1 phase is in a convex region of the G�−X surface of the phase (e.g. point a in Fig 1.1b). In etastable equilibria, all the phases have compositions along the concave portions of their G�−X surfaces, e but there is an accessible state (involving at least 1 additional phase) of lower Gibbs energy (e.g. the quilibrium of phases δ and γ, tangent to the dashed line in Fig 1.3b, is metastable with respect to phases β T and α). he fundamental problem in equilibrium thermodynamics is the determination of the stable state of a sys- a tem in which there is more than 1 phase possible. In fact, there is no analytical solution to this problem nd there are several journals (e.g. CALPHAD and the Bull. of Alloy Phase Diagrams) devoted to trying to . W find one, but it is easy to answer graphically. As an example, consider the system illustrated in Fig 1.3a e can determine all the possible stable equilibrium by draping a rope under the G�−X surfaces of all the e t phases and then pulling upwards on the ends of the rope (Fig 1.3a). When the rope is taut it will defin he minimum Gibbs energy surface (MFES) of the system, that is, it will define all possible stable states of r r the system (at constant P and T). Along this surface we can distinguish 2 different kinds of regions, linea egions in which the surface spans the surfaces of 2 phases and nonlinear one-phase regions in which the T surface overlaps the surface of a single phase. his diagram demonstrates 3 important points:

1) Linear regions of the surface define the composition interval over which a particular 2-phase assemblage f t is stable, and in such a region the compositions of the phases and the μ’sof the system are independent o he composition of the system. 2) Because the MFES surface of the system is never convex, the μof any component will always increase 3 if the composition of the component in the system is increased.

) If the surfaces of the phases are independent (and they are) and the P-T condition arbitrarily specified, T the probability that more than 2 phases will ever be stable in a 2-component system is zero. hese arguments can easily be made more general, for example in a 3-component system the G�−X space is . T 3-dimensional and we can expect the maximum number of phases tangent to a 3-dimensional plane to be 3 his is just a graphical statement of "Goldschmidts mineralogical phase rule," p≤ c (this rule is valid if the r T P and T are independent of the system in question; however in many geologic systems the systems buffe and/or P). More importantly, it implies that in any c-component system, if c-phases are in equilibrium

1 their composition is a uniquely determined at any P and T.

.4.1. Heteroge neous Systems Composed Entirely of Compound s n h Many minerals can be regarded to a good approximation as stoichiometric compounds. This approximatio as the interesting consequence that all the phase regions of the system are defined by c-phases (Fig 1.3c)

1 and the μ’sin any region can be determined by linear algebraic solution of Eqs 1.1 or 1.5.

.5. Thermobarometry Mineral thermobarometry makes use of the thermodynamic fact that we have just deduced, namely, that in t a a c-component system the compositions of the phases in a c-phase equilibrium are uniquely determined a ny pressure and temperature (in practice, mineral thermobarometry is applied to a subset of a rocks real M components, with the supposition that the only significant variation occurs in this subsystem, e.g. the Feg subsystem is used for garnet-biotite thermometry). Because the position of the G�−X surface of each i phase is an independent function of pressure and temperature, if the pressure and temperature of a system s changed, the G�−X surfaces of the phases will shift relative to each other and hence the compositions of I coexistent phases will also change as illustrated by Fig 1.4a.

n the foregoing discussion we have been using thermodynamics to tell us what composition phases will l c have at a given P-T, mineral thermobarometry turns the problem around, that is we observe certain minera ompositions and try to find the P-T at which the minerals were in equilibrium. To demonstrate how this t t is done consider our simple 2-component system. If we have observed 2 phases together, α andβ, then a he pressure and temperature of their equilibrium the chemical potential of each component must be equal in both phases, i.e. μ =μ and μ =μ . Each μcan be expressed as a function of pressure and temperature a α a β b α b β

- 6 -

- of the form μ =G� +RTlna , where G� is the molar Gibbs energy of the pure a endmember of α (a func a α a α a α a α a α tion of P and T), and a is the thermodynamic activity of the a endmember of α (a function of composi- - n tion and generally also a function of P and T). Thus, each equality of μ’sgives us 2 equations in 2 unk owns (the X’s are known, P and T are the unknowns), which can be solved simultaneously for the "equili- N brium" T, if P is known, or P, if T is known.

ow there are always at least 2 μ equalities, and either of these can be solved for P or T, but in mineral . thermobarometry only 1 equality, e.g. μ =μ , is solved, this is the root of all evil in thermobarometry a α a β The reason for this is illustrated in Fig 1.4b which shows that if we solve only 1 equality for P or T (and it s is always possible to find a solution to just one), it is quite probable that the second equality will not be atisfied. In other words, either the mineral compositions are not the equilibrium compositions (very prob- o able), or the thermodynamic formulation of the thermobarometer is incorrect (even more probable). The nly way to test for consistency is to solve all the chemical potential equalities, unfortunately the thermo- . A dynamic data is often not available (although this is done in a few cases, such as feldspar thermometry) n interesting observation which follows from this discussion, is that if one has the thermodynamic data to - t solve all the μ equalities, then any mineral assemblage of variable composition provides enough informa ion to obtain a unique solution for both P and T.

This is not intended as an indictment of mineral thermobarometry, but rather merely a warning that mineral p thermobarometry does not (as applied in petrology) provide any test for the validity of the measured comositions, nor even whether or not the observed phase assemblage was stable. In contrast, phase diagram, t or equilibrium, calculations have the merit of being thermodynamically consistent in that they show (or hey should, when done correctly with correct data) the stability fields and equilibrium compositions of all b phases in a system. In defense of thermobarometry, it must be remarked that most thermobarometers are ased on careful empirical observations, and that phase diagrams calculations are based on thermodynamic

1 databases which have a much weaker link to the stark reality posed by real data.

.6. What is a phase diagram? A phase diagram is a diagram which indicates the relative amount and state of every phase in a stable s t equilibrium system. The most basic kind of phase diagram is an isobaric-isothermal diagram which show he phase relations of a system as a function of composition, i.e. a composition diagram (the chemographic e a diagrams of petrography). Such diagrams are simply the projections of the MFES onto composition spac s illustrated by the vertical projection of Fig 1.5. By projecting the tangents of the MFES onto the G� axis r of a G�−X diagram we can derive a second kind of phase diagram which tells us how the system would espond if we could control μ. T 1 here is an interesting distinction (see Hillert 1985 for a good discussion of this) between the diagrams, in e p the composition diagram if we arbitrarily specify the composition of the system we have about the sam robability of being in a 1-phase region as in a 2-phase region. In contrast, in the μ diagram we have 1 1 t v zero probability of landing in a 2-phase region (if μ is arbitrarily specified, i.e. it is a true independen ariable). Recognition of this difference led Korzhinskii (1959) to restate the mineralogic phase rule as

1 p≤ c−m, where m is the number of independent potentials for a system.

.6.1. Phase diagrams as a function of P and T More complex phase diagrams are derived by looking at the changes in the MFES as a function of vari- m ables like P and T, such phase diagrams are known as mixed-variable phase diagrams. To illustrate how ixed variable diagrams can be computed consider a system with 3 phases, α, β, and γ, such that at low y o T, only α and γ are on the MFES. Then we have 3 phase fields, α, α+γ, and γ. Now, if the Gibbs energ f β decreases relative to the other phases as temperature increases, then eventually the system will reach a . condition (T ) at which all 3 (c+1) phases, alpha, beta, andγ are simultaneously tangent to a G�−X plane 2 This condition is a c+1-phase equilibrium, if we cross the equilibrium condition α+γ will react to form β. d Any c+1 phase equilibrium can be described by a mass balance reaction, the stoichiometry of which will epend on the compositions of the phases as given by their points of tangency with the MFES. When the s α G�−X surface of β crosses the α+γ G�−X plane, α+γ becomes metastable with respect to the assemblage +β and β+γ. If temperature is increased still further, the system will reach a point (>T ) at which the_3 s G�−X surface of pure β crosses that of pure α in the component 1 subsystem (i.e. at X = 0). Thi

- 7 -

, a corresponds to the reaction α=β, which would never be observed in a true binary system (i.e. 0 < X < 1) nd marks the thermal limit of the assemblage α+β, a similar reaction, γ=β, will limit the stability of γ+β. t e You probably have seen many diagrams like these for melt systems (eutectic-peritectic diagrams), bu xactly the same kinds of diagrams exist for solid solutions (but they have been generally ignored by Y petrologists, an exception to this is Thompson 1981, yes, our very own).

ou may also be wondering why this diagram looks so much different than the T-X diagrams of petro- f 2 CO f 2 CO - p logic fame, the reason is that the X here is a composition variable of the system, whereas X is the com osition of a phase (which is assumed to be stable). When used as a phase diagram variable X determ_{2 2}^{CO2} ines the potential of H O and CO and is therefore not really a compositional variable at all, but more like a potential. For this reason, the petrologists habit of calling P-T-X diagrams simply P-T-X CO2 T diagrams is sloppy and misleading. f he foregoing procedure could be repeated for other pressures, and if the pressures were reasonably close, d the resulting diagrams could be stacked upon each other, and the phase relations interpolated between the iagrams, to obtain a 3-dimensional P-T-X phase diagram. For simplicity, let us construct such a diagram - i assuming that the phase equilibria of our T-X diagram are only shifted to higher temperature with increas ng pressure.

1.6.2. P-T-X phase diagrams Given that phase diagram shown in Fig 1.7a is only for a binary system, and that each additional com- p ponent to be treated would add another dimension to the diagram, the complexity of the phase diagram roblem is apparent. In fact, multidimensional phase diagrams are in themselves to complex to be of any e r value and they must be simplified for our use. In this respect, there are 2 methods by which the phas elations of a multicomponent system may be represented in the P-T plane, sectioning or projection.

T 1.6.3. P-T Phase Diagram Sections he P-T phase diagram section is conceptually simple, it is a 2-dimensional slice at constant composition c p through the multidimensional phase diagram (Fig 1.7b). The resulting section consists of regions of ≤ hases, which represent regions of homogeneous reaction, i.e. regions where the amount and compositions n of the phase. The boundaries of such regions can be distinguished from true univariant equilibria by the umber of phases represented, for example in Fig 1.7b, the boundary between the β and β+α field involves p only 2 (=c) phases and therefore is not a univariant equilibrium. The section in Fig 1.7b includes only hase regions of ≤ c phases; however, it is possible to obtain sections which represent equilibria of c+1 and - s c+2 phases. For example, if a section of Fig 1.7a were constructed, at constant composition, so as to inter ect the β eutectic, a c+1 phase equilibrium, then the section would include a line representing the eutectic P reaction.

hase diagram sections can be very useful for interpreting the phase relations of systems in which the bulk r i composition of the system is fixed, for example, as in isochemical metamorphism of a subducted basalt o n mantle phase relations (Saxena and Erickson 1986, Wood and Holloway 1986). There are 2 major t disadvantages to using phase diagram sections: (i) the boundaries in sections can be extremely sensitive to he bulk composition chosen; and (ii) their application requires bulk equilibrium, however, in many crustal c metamorphic rocks mineral zonation indicates that this cannot be assumed. Phase diagram sections can ontain some unusual topologic features and these, as well as topologic rules for such sections are dis-

1 cussed in great detail by Palatnik and Landau (1963, also Hillert 1985)

.6.4. P-T Phase Diagram Projections By far the most widely used type of petrologic diagram is the P-T phase diagram projection. Phase a P diagram projections are obtained by projecting the phase fields of a multidimensional phase diagram onto -T coordinate frame. In principle, it is possible to project all the phase fields, however, because phase t c fields of fewer than c+1 phases project as overlapping fields (e.g. α+β and β+γ in Fig 1.7d), as a resul omplete projections are so complex as to be almost meaningless. As an alternative, in the conventional p Schreinemakers projection (with which you are probably quite familiar), only the geometric elements of the hase diagram which project as lines (univariant curves) and points (invariant points) are shown. A feature o

- 8 -

f Fig 1.7d which may be confusing, is that there are 3 univariant curves which limit the stability of the β. r The reason this is not a violation of Schreinemakers rules is that 2 of the curves, α=β and γ=β, represent eactions which would only be observed in the pure component 1 or component 2 subsystems. In systems 2 with more phases it is possible to get even more curves, for example consider what would happen if β had eutectoids separated by a thermal maximum for the phase δ as in Fig 1.7e. Then we would have five e e univariant curves α=β, β=α+δ, δ=β, β=δ+γ, and γ=β. In this case, each 2-phase curve represents th quilibrium, and P-T limit of a special composition of β, such curves are known as singular curves (in sys- r tems with more components this gets even more complex). It is a general rule that if there are 2 c+1-phase eactions limiting the stability of a phase then there is a c-phase singular reaction limiting the stability of o the phase as well. This c-phase reaction will be for a composition of the phase between the compositions f the phase in the 2 c+1-phase reactions. Singular reactions do not occur in systems in which there are no A solutions.

s a result of projection we lose a lot of information, but the projection has the advantage of telling us the t absolute P-T stability field of the stable phase assemblages of the system. For example, the curve α+γ=β ells us the lowest temperature that β can be stable, however, β will only appear in the system if the bulk n o composition of the system is between the eutectoidal compositions of α and β. Likewise from the positio f the singular curves, we may deduce that the assemblages α+β and γ+β will only occur at temperatures I between the curve α+γ=β and the curves α=βthe curve γ=β, respectively. n this example we have an unfair advantage in that we have seen the complete phase diagram, but con- p sider what would happen if you only had the projection. In this situation, if someone were to ask you if 2 hases coexist, say δandε, you would have no way of answering from the projection alone, which only , S tells you there is no reaction involving δandε over the P-T range of the projection. In essence chreinemakers projections tell you the changes in the topology of the compositional phase relations for a d system; thus, you must have some idea of the compositional phase relations (or better still, a composition iagram) at some P-T point within the projection coordinate frame.

T 1.7. COMPUTATIONAL METHODS here are 2 broad approaches to computing phase diagrams or projections and sections of phase diagrams, m Gibbs energy minimization, and combinatorial enumeration. The following sections briefly describe each ethod and discuss the applications and limitations of the methods with respect to geologic problems.

T 1.7.1. Free Energy Minimization. he oldest and most basic computational method is numerical Gibbs energy minimization, by this method s d the user specifies a P-T-X coordinate for a system and the stable phase assemblage at this coordinate i etermined. For example, the user might specify the system is at pressure P, temperature T, and composition X as in Fig 1.8a. A minimization method would then determine the stable phases for these condition 1 and the amount and composition of each phase (i.e. phases b and d, Fig 1.8a). If this procedure were m repeated for a number of different compositions at the same P-T condition, the results could be used to ap out the compositional phase relations of the system. This would be a 1-dimensional composition e e diagram, the problem with this method for calculating phase diagrams becomes apparent if we consider th ffect of adding variables like P and T or additional components. For the sake of argument let us suppose s a that we decide to divide our P-T-X space into a grid by spacing the points so that we will have 10 point long each axis (this would in fact be a rather coarse spacing). If we have a five component system, we t will have 4 independent composition variables and P and T, thus our grid would consist of 10 points. A^6 s a each point we would have to do a minimization, and the number of operations for each minimization goe s πc , where π is the total number of possible phases. Therefore, not only would the method involve an a 2 stronomical number of operations (even for a super computer), but we would be left with the job of inter- - n polating between a million grid points in six-dimensional space. The difficulty with minimization tech iques is that they require as input P-T-X conditions, but in a phase diagram there are an infinite number , u of possible P-T-X conditions and there is no a priori means of choosing the important ones. Basically sing minimization methods to determine a phase diagram of more than 2 dimensions is like trying to map the moon with a microscope.

- 9 -

d u Although minimization methods are not practical for multidimensional phase diagrams, they have prove seful for the calculation of phase diagram sections (Fig 1.7b). For example they have been used to calcu- a late how the phase relations of a rock with fixed bulk composition (e.g. pyrolite) change as a function of P nd T (e.g. Saxena and Eriksson 1983, Wood and Holloway 1986). More generally, minimization can be - p used to calculate any 2-dimensional section through a multidimensional space, thus it is possible to com ute how a multicomponent system behaves if only 1 compositional variable is changed, i.e. the pseudo- t binary phase diagrams of igneous and mantle petrology fame. Minimization methods have the advantage hat they are capable of treating complex solution behavior and systems with any number of components. D Two recent examples of minimization programs designed specifically for geologic problems are given by eCapitani and Brown (THERIAK, 1987) and Harvie et al. (1987). There is also a wealth of literature on n l minimization techniques in the engineering and metallurgical journals (see references) which has bee argely ignored by the geoscientific community.

A major drawback of minimization methods applied to crustal metamorphism problems is that the methods t assume bulk equilibrium. Thus, they are not applicable to systems where mineral zonation occurs or where he phase rule is violated. It also should be remembered that the phase relations of a multicomponent sys-

1 tem can be extremely sensitive to the bulk composition of the system.

.7.2. Combinatorial Methods for Computing Phase Diagram Projections s i Combinatorial methods make use of the fact that although there are an infinite number of P-T-X condition n a phase diagram there are only a finite number of phase equilibria, or phase fields. Consider the system 6 2 of Fig 1.8a, there are a total of 4 phases possible in the system, thus there are a total of 4 1-phase and -phase equilibria. The composition of the phases in the 2-phase equilibria are fixed, so the phase diagram - p can be determined in a 3 step process, first a 2-phase assemblage is chosen, say a+c, then equilibrium com osition of a and c is determined (i.e. the plane tangent to the G�−X surface of both a and c is located), and g 1 lastly the stability of a+c is evaluated by testing whether any phases lie below the a+c G�−X plane (in Fi .8a a+c is metastable with respect to phases b and d). If this were repeated for all the 2-phase assem- - p blages then all the 2-phase fields of the composition diagram would be known, and the identity of the 1 hase fields which fill the gaps between the 2-phase fields could be determined from the 2-phase fields. c Strategies of this sort are used in a number of metallurgical programs, they become a little more compliated for multicomponent systems, but they are generally quite efficient and reliable (e.g. Sundman et al.

1 1985, Lukas et al. 1982).

.7.2.1. Schreinemakers Projections, GEO-CALC and THERMOCALC e a For phase diagrams as a function of P-T combinatorial methods become less efficient because c-phas ssemblages are stable over regions in P-T space, and these regions can only be determined by incremental p or grid mapping. However, the combinatorial method is still feasible for the calculation of Schreinemakers rojections, because in this case it is only necessary to determine the stability of c+1-phase assemblages. t A simple combinatorial method algorithm for this is: (i) a c+1 phase assemblage is selected, (ii) temperaure (or pressure) is specified, (iii) the equilibrium pressure and the equilibrium compositions of the phases s t are determined (i.e. the G�−X plane), and (iv) the stability of the equilibrium is tested. The temperature i hen incremented and steps (ii)-(iv) repeated until the stability of equilibrium has been determined over the o entire temperature range of the diagram (Fig 9b). This process is repeated for every possible permutation f c+1 phases. This method has been implemented by Perkins et al. (1986) in a computer program now r called GEO-CALC for calculating Schreinemakers projections as a function of P-T-X * In the compute CO2 f - t program THERMOCALC, Powell & Holland (1990) have used a similar but more efficient strategy. Nei her THERMOCALC nor GEO-CALC are capable of treating solution phases in a fully automated mode t � (all the programs are capable of making activity corrections; however, fixed activity corrections are almos � *In geologic literature the variable X and T-X phase diagram projections are often incorrectly referred to as a composition vari- f 2 f CO 2 a CO ble and temperature-composition phase diagrams, respectively. In contrast to the variable X as used here to represent the composition s of a thermodynamic system, X is a variable that represents the composition of a phase which is assumed to be stable. With thi CO2 C f O2 f CO2 f T p restriction, X is basically equivalent to a complex μvariable. Thus, T-X phase diagram projections are of the same class as Projections, and should not be confused with composition or mixed-variable phase diagrams, as noted earlier (sections 1.5 and 1.6).

a

- 10 -

lways thermodynamically inconsistent and should be avoided, see section 1.1.4), but THERMOCALC can A be used to calculate solution phase equilibria (although it will not tell you if they are stable).

drawback of combinatorial methods is that they become inefficient as the number components and possi- r e ble phases for a system, because the number of c+1-phase permutations rapidly becomes very large. Fo xample in the system CaO-SiO -Al O -CO -H O there are a total of about 80 phases possible and the

2 2 3 2 2 8 . 1 number of c+1 phase permutations is 3.2×10 , each of which must be tested for stability

.7.2.2. PeRpLeX The necessity for combinatorial methods arises from the difficulties involved in evaluating and keeping s h track of all the changes that occur on the MFES of a system as a function of P and T. These difficultie ave been overcome by a relatively simple linear algorithm for evaluating thermodynamic surfaces (Con- - s nolly and Kerrick 1987) used in the PeRpLeX program (Connolly 1990). Through this algorithm it is pos ible to calculate composition diagrams, i.e. chemographies, for systems with up to ten components. It is s l then a relatively simple matter to monitor the changes in such chemographies as a function of variable ike pressure and temperature in order to obtain mixed-variable phase diagrams or Schreinemakers-type o phase diagram projections. The advantages of this method are twofold; it can be used to calculate any kind f phase diagram; and, in contrast to pure combinatorial methods, it is extremely efficient and virtually o t independent of the number of phases considered in a calculation. In addition the program can be used t reat highly non-ideal solutions.

The PeRpLeX algorithm is numerically exact only for phases with fixed composition. For problems in s G which it is necessary to consider phases of variable composition, PeRpLeX approximates the continuou �−X surface of solutions by a series of arbitrarily defined compounds, designated pseudocompounds. As a - d result, the G�−X surface of each phase is approximated as a polyhedra, the vertices of which are the pseu ocompounds (Fig 2.4). The user controls the number and positions of the pseudocompounds, and thereby t b the accuracy of the approximation. The primary weakness of the pseudocompound approximation is that i ecomes impractical for solutions with more than 3 species mixing on a single lattice site.

" 2. PETROLOGICAL PHASE DIAGRAM CALCULATORS Thermodynamics is the science of the impossible. It enables you to tell with certainty what cannot happen. n Thermodynamics is noncommittal about the things that are possible. Thermodynamics is at its best when othing can happen, a condition called equilibrium. The concept of equilibrium has been fruitfully extended - c to reversible processes. Here everything is impossible except one very specific process and even this pro ess is on the verge of being impossible." -- An anonymous, slightly inaccurate, wit. , T The purpose of this chapter is to provide a more detailed overview of the software packages, GEO-CALC HERMOCALC and PeRpLeX, for petrological phase diagram calculations. As the author of PeRpLeX, I I w will use PeRpLeX as a vehicle for explaining how these computer programs work in general. Thereafter ill briefly outline how the other programs work and some of their special capabilities. Both THERMO- - i CALC and PeRpLeX can be used to calculate equilibria involving solution phases, and I will begin by try ng to demonstrate why this is preferable to "activity corrections".

V 2.1. Why Consider Solution Phases?

ery commonly petrologists treat the effects of mineral solution by making activity-corrections. Basically, , b this approach consists of identifying a subcomposition of the system in which no solution behavior occurs ut in which 1 or more of the minerals has an endmember component. For specified compositions of the - b solutions it is then possible to determine activity corrected endmember properties, and the "stable" equili ria between these endmembers are then computed. Problems with this approach are twofold: (i) activity n b corrected reactions may bear little resemblance to the actual metamorphic process; and (ii) computatio egins with the assumption that the equilibrium solution compositions are known, as often in ther- A mobarometry (Sect 1.6), but provides no test for the validity of the assumption.

s an example consider a 2-component system with 3 solution phases (G-X diagram of Fig 2.1), all of - t which have an A-endmember and a B-endmember. Suppose that our friend Joe-petrologist observes solu ion α and β with compositions indicated by the dots in Fig 2.1. He now makes activity corrections to the

A-endmembers of these solutions:

- 11 -

G =G +RTlna^α and B α B o,α B

G =G +RTlna^β B B β B o,β B o,α where G is the G of the B endmember of α at the P-T condition of interest, etc.; and computes the - activity corrected equilibrium by finding P-T conditions such that G =G , as is the case for the P-T condi B α B β e w tion illustrated in the G-X diagram of Fig 2.1. Regardless of anything to do with equilibrium conditions h ill always find a P-T curve where G =G (Fig 2.1), but as can be seem in the G-X diagram the condit^B α B β ions of this curve will not necessarily be those of a true equilibrium. In general, at best, only 1 point c along such curves will represent a true equilibrium, but Joe has no way of knowing this. There are few onstraints on the relation of the true univariant equilibrium β =γ+α (in the A−B system) to the activity s p corrected "univariant" equilibrium α =β (in the A subsystem); thus a configuration such as in Fig 2.1 i erfectly possible. Clearly in this case, admittedly a worst case scenario, the activity corrected reaction - s bears no relation to the actual reaction that limits the stability of β. Moreover, because β becomes meta table in the A-B system the loci of the activity corrected α =β equilibrium is not even possible over much

2 of its extent.

.2. PeRpLeX The independent variables of greatest geological interest are P, T, and chemical composition so the most . T useful thermodynamic state function is the Gibbs function which I will use as a vehicle for discussion here he discussion (and PeRpLeX), is however completely general if one replaces G by a general free energy , C function, Ω,P & T by potential variables, and chemical composition by physical composition (Hillert 1985 onnolly 1990). There are 2 basic kinds of phase diagrams, phase diagrams as a function of composition, a and phase diagrams that show the changes in the composition diagram as a function of environmental varibles like P & T. Because of this relationship a natural computational scheme is to first calculate the com- - s position diagram of the system of interest, and then to monitor the phase relations in this diagram as pres ure and temperature are varied. The immediate problem is thus one of finding the isobaric-isothermal

2 stable phase assemblages, i.e. the phase assemblages that minimize G as a function of composition.

.2.1. Calculating the Minimum G Surface and Composition Diagrams f 2 Determining assemblages of minimum free energy is not as straightforward as one might expect because o problems illustrated by the schematic G-X diagram for a system with solution phases α, β, γ, etc. The e e first is that the Gibbs energy of each phase is a nonlinear function of composition. Thus determining th quilibrium compositions of the phases will involve numerical methods that are costly and unstable. A d c more important problem, though, is that the stable equilibrium G−X surface for the system (the heavy soli urve in Fig 2.2) is difficult to describe analytically since its geometry is a composite of nonlinear surfaces . T in 1-phase regions (or generally in p < c phase regions) and linear surfaces in two (or p = c) phase regions hese complications combine to make numerically exact calculations of multidimensional phase diagrams f t impractical for many systems unless some simplification is made. One simplification is that the phases o he system can be assumed to be stoichiometric, i.e. compounds. This simplification provides an adequate I model for many metamorphic phase systems and was the starting point for PeRpLeX. f a system includes only compounds, 1-phase fields degenerate to points and each phase region of the sys- i tem must be comprised of p = c phases (i.e. invariant at fixed P-T, or divariant as a function of P and T) as llustrated in Fig 2.3. Consequently the minimum G surface of the system becomes linear. This has 2 ; a advantages: (i) the μ’s for any phase assemblage can now be determined efficiently by analytic methods nd (ii) because the stable compounds define the vertices on the polygonal or polyhedral minimum G sur- o face of the system, the geometry of this surface can be described by simply specifying the G−X coordinates f the stable compounds.

The stable compound assemblages can be identified by an abbreviated combinatorial algorithm that consists s i essentially of 3 steps discussed with reference to Fig 2.3: (i) The stable 1-component compound α i dentified by simply determining the 1-component phase with the lowest G. (ii) Multicomponent c

- 12 -

ompounds are then tested for compatibility with this phase. For example, as a first guess it is assumed ε e m is compatible with α, the assemblage α +ε is then used to define a G−X plane. The assemblage must b etastable if another compound lies below the G−X plane, as does β in Fig 2.3. As it is known that α is . I stable, then β must be more stable with α than ε is; therefore, a new G−X plane can be defined by α +β f the G−X coordinates of the compounds are tested relative to this plane it is found that the assemblage , a α +β is stable, i.e. no compounds lie below the α +β G−X plane. (iii) It is now known that β is stable nd therefore an additional compound compatible with β is sought. The search is simpler than before, because this additional phase must lie at X > X . In this example, this phase would be γ and the G−X sur- β face would be completely defined, more generally the compound might be binary, in which case step (iii) is repeated. Arithmetically, the G−X planes are determined by solving the equation: � � � � � �n . . n

. . . .

. . . .

n . . n � � � � � �

� � � � � �μ . . μ � � � � � � = � � � � � �G . . G � � � � � (2.1) 1

p

1

c c 1

p

1 1

c p

c 1 p where n is the amount of component c in phase p. Given the μ’s from Eq 1, a phase p lies below the G−X plane defined by these μ’sif:

G < n μ (2.2) c i p i 1 p i=Σ As one might anticipate, this procedure gets more complicated for hyperdimensional composition spaces - t (Connolly & Kerrick 1987), but despite this, the algorithm is so efficient that it is possible to model solu ions by series of stoichiometric compounds.

In effect this is equivalent to modeling nonlinear surfaces by inscribed polyhedra. For instance, a hypothetical solution B can be modeled by a series of arbitrarily defined compounds B −B (Fig 2.4). To 1 8 . A emphasize the fact that these compounds are arbitrarily chosen they are called pseudocompounds lthough all regions of the thermodynamic surface become linear as a result of this polyhedral approxima- a tion, it is still possible to recognize the true phase regions; e.g. in Fig 2.4, it is apparent that regions such s A+B represent a heterogeneous 2-phase region, whereas the B +B is a portion of the true homogeneo^{2 3 4} us region of B. It is not difficult for a computer program to distinguish such regions; thus, as far as users - d are concerned both input and output to PeRpLeX is expressed in terms of solutions, rather than the pseu ocompounds actually used in the calculations. As in Fig 2.4, the true and approximated regions of a e p given solution will not coincide, the maximum error of the approximation being equal to the spacing of th seudocompounds. The approximation can be made as accurate as necessary by simply increasing the T number of pseudocompounds.

he pseudocompound approximation is not a particularly profound method, but it makes PeRpLeX a t i remarkably stable and general program. Three features of the algorithm are particularly noteworthy: (i) i s independent of assumptions about the stable phase configurations of the system in question; (ii) the algo- i rithm defines the entire thermodynamic surface of the system, ensuring that all stable equilibria will be dentified; and (iii) the algorithm is independent of the analytical form of the compositional equations of F state. ig 2.5 shows a composition phase diagram for the system CaO−Al O −SiO at 1 bar and 1673 K, calcu-

2 3 2 n t lated with the pseudocompound approximation. Three types of phase regions may be distinguished withi he diagram; homogeneous melt regions are shaded; 2-phase regions such as pW + melt are shown by . W dashed tielines; and invariant 3-phase regions such as An + Co + melt are drawn with heavy solid lines ithin the melt regions smaller triangular regions are visible, each of these is defined by 3 of the roughly n S 700 pseudocompounds used to represent the melt phase. Total time for the calculation was 0.26 s on a Su parc 2 computer.

2.2.2. Mixed-Variable Phase Diagrams If the minimum G−X surface of a system modeled by pseudocompounds, then all assemblages will consist of p = c compositionally nondegenerate (i.e. all p phases have linearly independent compositions)

- 13 -

- compounds {ϕ . . . ϕ }. An assemblage of c-phases can only become metastable with respect to an addi 1 c c+1 tional phase {ϕ } and because the c-phases are nondegenerate it must be possible to write a mass balance reaction:

α ϕ =0 (2.3)

iΣ_{=1}^{c+1} i i

between the assemblage and this additional phase. The signed (i.e. products + and reactants −) stoichiometric coefficients, α , in Eq 2.3 can be determined by solving: i

c 1

1 1

c p

1 p

c

1

c c+1

1 c+1

� � � � � �

n . . n

. . . .

. . . .

n . . n � � � � � �

� � � � � �α . . α � � � � � � =− � � � � � �n . . n � � � � � � (2.4)

, where α ≡ 1. If the assemblage {ϕ . . . ϕ } is metastable with respect to only 1 phase (Eqs 2.1 & 2.2)

c+1 1 c

then the equilibrium of the reaction must also be stable. The P or T condition for this equilibrium can be found by solving:

α G (p,T)=ΔG=0 (2.5)

iΣ_{=1}^{c+1} i i

by a numerical method. The stable p=c-phase assemblages at conditions beyond the c+1-phase equilibrium t i can be deduced from the reaction stoichiometry. The phases with null or positive coefficients must coexis n every c-phase assemblage generated by the reaction; thus there will be c+1−k new c-phase assemblages, p consisting of each unique permutation of c−k phase with negative stoichiometric coefficients plus the k hases with null or positive coefficients.

The foregoing logic suggests a simple algorithm for calculating mixed-variable diagrams that is described - p here with reference to the hypothetical T-X diagram for a binary system as in Fig 2.6: Once the stable c hase assemblages are determined at the minimum T for the diagram, then 1 of these assemblages, α +β, is α selected and its stability tested as T is varied (Eqs 2.1 & 2.2). Eventually a condition is reached at which +β become metastable with respect to δ; it follows that a stable reaction involving α +β +γ must occur ) a at lower T. The reaction is determined from Eq 2.4 to be δ− ⁄ α +⁄ β =0 (or ⁄ α +⁄ β =δ, eutectoidal nd located exactly by Eq 2.5. There are now 2 new c-phase assemblages, α +δ and δ+β, and the stability - t of each of these is tested as T is varied from the α +β =δ eutectoid. α +δ is stable at all higher tempera ures, but δ+β eventually becomes metastable with respect to γ beyond the peritectoidal reaction β =δ+γ. r The assemblage δ+γ generated by the peritectoid remains stable at all higher temperatures. There is no eason to expect that any single one of the original c-phase assemblages will be affected by every possible e o reaction, so this procedure must be repeated for each of the original c-phase assemblages identified at th utset of the calculation. In this case there is only 1 additional assemblage, β +γ and it is only affected by I the β−peritec toid, and therefore does not lead to the identification of any new equilibria. f a system is comprised entirely of true compound phases, all the reactions identified by this procedure h will be true invariant eutectoidal or peritectoidal reactions (variance of a p−phase assemblage is defined ere in the context of a phase diagram n−p where n−1 is the dimension of the diagram). More generally it d is possible to distinguish 2 categories of equilibrium reactions that manifest changes in mixed-variable iagrams, discontinuous invariant reactions (as for compounds) and continuous high-variance reactions that m cannot be written stoichiometrically. As a result of the pseudocompound approximation, all changes are odeled by discontinuous reactions among c+1 pseudocompounds; but some of the reactions are only pseu- t r doinvariant in that 1 or more pseudocompounds represents a single homogeneous phase. Pseudoinvarian eactions approximate the continuous variations of a phase field by a discrete step. Three basic types of F reactions that result from the pseudocompound approximation, and there "real" meaning are illustrated in ig 2.7. PeRpLeX can (usually) distinguish the different types of reactions, with the result that the true - c mixed-variable diagram can be reconstructed from its output. Fig 2.8 shows a mixed-variable diagram cal ulated by PeRpLeX for the system K O−Na O−Al O −SiO −H O after projection through water, quartz a^{2 2 2 3 2 2} nd the stable aluminosilicate. Two immiscible solutions are stable in this system, Mica (paragonitemuscovite solution) and K-feldspar (albite- sanidine). This system is of considerable importance in

- 14 -

n t metamorphic petrology, because the Muscovite (+ quartz) decomposition reaction is easily recognized i he field (the famous "second sillimanite isograd"). It is interesting to observe that although this reaction is , t usually modeled by the discontinuous pure KASH equilibrium, if any Na is present (and it invariably is) he reaction will be continuous commencing at temperatures as low as the Or-eutectoid (ca. 20 K below the . T KASH equilibrium). The steps in the phase field boundaries in Fig 2.8 locate pseudoinvariant reactions his calculation was done with each solution represented by 35 pseudocompounds, the spacing of which

2 decreases toward the compositional limits of the diagram. Time for the calculation was 17 s.

.2.3. Schreinemakers Diagrams PeRpLeX’s algorithm for calculating Schreinemakers diagrams is basically the same as that for mixed- - j variable diagrams; this should not be too surprising because a Schreinemakers diagram is simply the pro ection of a the univariant fields of a mixed-variable diagram with 2 independent potential variables (P & e S T) onto the P-T coordinate frame. The algorithm may be summarized as follows with reference to th chreinemakers diagram for a hypothetical binary system in Fig 2.9. The stable c-phase assemblages are - b determined at 1 corner of the P-T coordinate frame of interest. The stability of a stable c-phase assem lage, α +β, is tested as P varied along the edge of the diagram, eventually it becomes metastable with - b respect to δ. The stable reaction between α, β and δ is found to be β =δ by solving Eq 2.4, and the equili rium conditions for the reaction are traced by solving Eq 2.5 as either independent variable is incre- - n mented. After each increment the stability of the univariant field* is tested, by scanning the G-X coordi ates of all phases in the system relative to the G-X plane defined by Eq 2.1 for a non-degenerate subset of t w c-phases of the c+1 phase univariant assemblage (i.e. α +β or α +δ). Eventually a condition is reached a hich an additional phase, γ becomes tangent to the G-X plane. This condition corresponds to an invariant a field at which all c+2 phases coexist. There are c+1 additional univariant fields emanating from the invarint field (the fields α +β +δ and β +δ+γ overlap), and these may be established by enumerating the possi- l i ble c+1 phase univariant assemblages. These fields are likewise traced until they intersect additiona nvariant fields or the boundaries of the diagram. Once this has been done the program returns to the con- d dition at which it located the first univariant equilibrium, evaluates the stable divariant assemblages (as escribed for mixed-variable diagrams), and resumes testing their stability around the edge of the diagram - b to locate additional univariant fields. This procedure is repeated for each of the initial divariant assem lages and when completed successfully ensures all stable equilibria are identified. a Fig 2.10 shows of a Schreinemakers diagram for the system CaO−FeO−Al O −SiO −H O−CO −O as

2 3 2 2 2 2

O2 m i function of temperature and fluid composition at constant pressure (2 kbar) and μ (−195 kJ). This syste s relevant for interpreting skarn formation, but it is to be emphasized that the diagram is used mainly for purposes of demonstration, as the μ constraint has no quantitative meaning (can you imagine a system in O2 O2 which μ is independent of T?). To further simplify the example the system was assumed to be saturated - with respect to quartz and the stable CaO−SiO compound that coexists with quartz (either calcite or wol 2 CO2 l^f astonite, depending on T−X conditions). The foregoing constraints determine the μ’sof all the chemical components except FeO and Al O ; thus the compositional phase relations can be projected into the 2 3 2 3 O2 , e FeO−Al O subsystem. Because of the relatively high μ , only 2 binary solutions need be considered pidote-zoisite and andradite-grossularite; the pseudocompounds of these solutions are designated by the . c abbreviation for the more aluminous endmember (cz or gr) followed by the mol % of that endmember; e.g z23 is an epidote with 23 mol % clinozoisite endmember. As in mixed-variable diagrams it is possible to t a distinguish to types of equilibria. Dashed curves correspond to the equilibrium loci of a pseudounivarian ssemblage, in which 2 or more compounds represent the same solution. These curves contour homogene- - t ous equilibria, e.g. the pseudounivariant curve cz50 = an + cz41 can be thought of as representing the con inuous decomposition of epidote by a discrete step in which the epidote becomes depleted in zoisite component with increasing X . The loci actually defines conditions where anorthite is in equilibrium with CO2 * � f Because β and δ are compositionally degenerate the univariant assemblage should be distinguished from the univariant reaction. The t assemblage β + δ cannot be a univariant assemblage of the 2-component system because it does not define a plane in G-X space, and herefore Eq 2.2 would be indeterminate. A univariant assemblage must always include c+1 phases, and because of the degeneracy t fi between β and δ there are 2 possible univariant assemblages in the system illustrated, α +β +δ and β +δ+γ. In this case the univarian elds of both assemblages are identical, although this is not generally true. At this point the program only "knows" about the assemblage α +β +δ, and hence this is the univariant assemblage discussed here.

- 15 -

- b both epidote pseudocompounds, and is best interpreted as indicating conditions where anorthite is in equili rium with an epidote composition equal to the average of the pseudocompounds (i.e. ∼ cz45); more e u zoisite-rich compositions being confined to water-rich conditions. Solid lines define conditions of tru nivariant equilibria; ordinarily the stoichiometry of a univariant reaction involving a solution varies con- - i tinuously as the composition of the solution changes; but as a consequence of the pseudocompound approx mation this variation occurs discretely at pseudoinvariant points (small dots in Fig 2.10) where 1 or more s pseudounivariant curves intersect the univariant curve. Thus, epidote stability is limited in CO -rich fluid_2 y l by the univariant reaction epidote = hematite (hm) + anorthite, where the epidote becomes progressivel ess aluminous with increasing T.

Because it is possible to show continuous equilibria in Schreinemakers projections, as well as the univari- u ant equilibria conventionally shown, there are 2 ways in which the projections can be used. If only true nivariant equilibrium are shown, the diagrams define the maximum stability of the possible phase assemblages of a system. For example, the assemblage anorthite + epidote is only stable within the T−X_{CO2f}^f 2 CO . A region bound by the univariant curves epidote = an + garnet (high T) and epidote = an + hm (high X ) lternatively, if the specific composition of the epidote solution is considered, then the pseudounivariant f curves can be used to define a much narrower region for stability of the assemblage. This is basically a orm of thermobarometry; it differs from the conventional approach in that one uses thermodynamic F models to predict mineral compositions as a function of environmental variables. ig 2.10 is the projection of a mixed-variable diagram with the variables T−X −X (where X = f FeO FeO 2 n_{FeO FeO Al2O3)}^{CO}

/(n +n ). Consequently it is possible to get a better understanding of the diagrams phase rela- - p tions by computing mixed-variable diagrams at constant fluid composition as shown in Fig 2.11. Com arison of Figs 2.10 & 2.11 reveals that Fig 2.10 is simplified in that only pseudounivariant equilibria e involving 1 solution are shown, thus the pseudounivariant curves that show the compositions of coexisting pidote and garnet (between the epidote-out reaction epidote = an + garnet and the garnet-out reaction gar- p net = epidote + epidote) are not shown. A peculiar feature of Fig 2.10 are the kinks in the univariant and seudounivariant curves that occur along the faint dotted curve. This occurs because the phases that deter- t mine the chemical potentials of the saturated components CaO and SiO , change from calcite + quartz (a 2 . 2 low T) to wollastonite (at high T) (the way in which PeRpLeX decides this is discussed below)

.2.4. Saturation and Potential Constraints In many geologic systems the dimension of the composition space that must be considered can be reduced e k because 1 or more μ’s are constrained by the presence of relatively pure phases. Such constraints ar nown as saturation constraints. For example, if quartz, or 1 of the silica polymorphs, is known to be stable at all conditions of interest it can be assumed to a good approximation that μ ∼G . If the μ

SiO2 SiO2 m SiO2 s is known then it is no longer necessary to consider silica as a chemical component, and the composition pace of the system can be reduced by 1 dimension. This follows because the μof a component, c, must t be the same in all coexisting phases; thus from Eq 1.1, for any composition of any phase, we can create a ransformed G function: . G′=G− n μ = μn c c i=1 c−1 i i I Σ t is easily demonstrated that G′must be a minimum at equilibrium, but G′is only a function of c−1 com- p ponents so instead of having to deal with a c−dimensiona l G−X space, we may solve the phase equilibrium roblem in the c−1 dimensional G′−X space. The transformation from G to G′is known as a Legendre ’ transform, and by adding the total differential of μn (μdn + n dμ) to Eq 1.7 the differential form of G

c c c c c c is: dG′=VdP− SdT− n dμ + μ dn .^{c−1}_{c c1} c c i=Σ c m c 1 c−1 e g Since μ is equal to G of a pure phase, μ = f(P, T) and therefore G′ = f(P, T, n . . . n ). Th eometric equivalent of the transformation is illustrated in Fig 2.12. y a In principle any number of saturation constraints can be applied simultaneously, but situations can easil rise where the constraints become inconsistent. Consider a system in which we assume a system is s

- 16 -

aturated with respect to the components CO -fluid, SiO , and CaO. Clearly such an assumption has e^{2 2} xtremely limited validity because components may react to form various multicomponent compounds, s most notably wollastonite and calcite. To get around this problem PeRpLeX applies saturation constraints uccessively rather than simultaneously. Thus the user specifies a hierarchy listing the order in which e r saturation constraints are to be applied. At each condition of interest PeRpLeX determines the stable phas epresenting the first component and then projects the remaining phases through this component. After this o projection, all phases consisting of only the first and second components will project onto the composition f the second component. Of these phases, the one with the lowest G�′coordinate will be stable and the μ - p of the second component will be the G�′of this phase. A projection can then be done through this com onent and the potential of the third component determined. This is repeated for each component until the T chemical potential of every saturated component, and the saturated phases, are determined. he advantage of this approach is that if the saturated phases are compounds they will always be compati- p ble, and that under certain circumstances it is possible to project through the composition of solution hases. To understand how and when this is permitted consider the system TiO −FeO−Fe O after projec-

2 2 3 2 t_{2 2 O} ion through O component into the TiO −FeO subcomposition (this first projection implies μ is known e s from some constraint, such as the composition of a C-O-H fluid). If the only stable phases are an ilmenit olution (Il) and rutile (ru, essentially pure TiO ) then the G′−X diagram of the system will be as in Fig O 2 2 2.14. In this case at any P-T-μ condition there is only 1 possible composition of ilmenite that coexists - with rutile. If the system is rutile saturated (μ =G� ), we can find the rutile-saturated Ilmenite composi

TiO2 ru : tion by making the transformation (shown graphically in Fig 2.14) μ =G�′′=G�′ − X μ . Il TiO2 2 FeO Il Il TiO

Il FeO d n The stable Il composition is that which minimizes G�′′, and this composition also gives μ , so we coul ow project through FeO component. In PeRpLeX this is done with pseudocompounds, and at every P-T-μ the program would determine the stable Ilmenite composition before projecting through FeO. Note O2 that projection is not valid if made through FeO first because the FeO-ilmenite endmember (hematite) would be the stable FeO-saturated phase; however this composition cannot be stable if there is any TiO_2 l b component in the system. In general, projection through a solution phase is possible provided the μ’sof al ut 1 of the components of the solution have been determined by previous projections. Another way of a putting this is that such projections are only possible if the solution is in an invariant composition diagram ssemblage (i.e. an assemblage of c = p phases). Fig 2.15 illustrates valid saturated component hierarchies for the system CaO−TiO −FeO after projections though O , CO , and SiO .

2 2 2 2

P 2.3. PTX-PTAX-GEOCALC-TWEEQU TX-PTAX-GEOCALC are software packages for calculating phase equilibria. The basis of these pack- o ages is a program written by Perkins et al. (1986) for calculating Schreinemakers projections as a function f P−T−X −a coordinates. The program works only for compound phases (or solution components with f i 2 fi^{CO} xed-activity corrections) and uses a combinatorial algorithm. The algorithm consists of enumerating every e w possible univariant assemblage of p = c + 1 phases and then testing whether each assemblage is stabl ithin the specified P−T−X −a coordinate frame. The difficulty with this algorithm can be demonstrated f i 2 CO 2 3 2 n t by considering that in a 3 component system with 80 phases (e.g. CaO−Al O −SiO after projectio hrough H O−CO ) there are 1,581,580 (p!/(p−c−1)!/(c+1)!) p=c+1-phase assemblages possible. The equilib^{2 2} rium conditions of each of these assemblages must be traced in the coordinate-frame of interest and at s each point a test must be made to determine its stability. In practice, things are not as bleak as they may eem at first because degeneracy in geologic systems reduces the number of possible assemblages, and the s w stability of the univariant equilibrium can be tested at the corners of the diagram to determine if it occur ithin the diagrams coordinate frame. Although this algorithm is nevertheless slow it is robust and the , s programs are easy to use and self-contained. The source of the original program is available from Perkins ubsequent modifications are generally available only as programs compiled for IBM PC’s. The IBM PC s ( versions also incorporate computer driven graphics. PTAX and GEOCALC are set up to use Berman’ 1988) data base; however, data with the same heat-capacity and volumetric functions can be added to the T data-base.

WEEQU is a thermobarometry program developed by Berman (1990) and included in recent versions of GEO-CALC. TWEEQU is similar to the Average P-T calculation program in THERMOCALC, but in

- 17 -

a s contrast to THERMOCALC, TWEEQU considers all possible mineral component equilibria rather than et of p−c independent equilibria, where p is the number of compounds or solution endmembers in the assemblage of interest. All these equilibria are plotted in the P−T−X −a coordinate frame of interest and CO2 f i . I in the ideal situation they will intersect at a single point representing the conditions of equilibration nvariably equilibria will not do this because of flawed thermodynamic data (and solution models) and dise- . T quilibrium. The P-T condition is then determined by calculating a weighted average intersection point here are 2 problems resulting from the use of all possible component equilibria: (i) Results are influenced y u by the number of reactions that it is possible to write, rather than the quality of the data. (ii) For unwar sers TWEEQU can produce deceptive results because for any 2 independent equilibria involving p end- l i members TWEEQU will generate up to p!/(p−c−1)!/(c+1)! dependent equilibria. All these equilibria wil ntersect at a single P−T−X −a regardless of whether the assemblage is in equilibrium or not. Thus, f i 2 g^{CO} raphical assessment of TWEEQU’s output is highly biased.

T 2.4. THERMOCALC(s) here are 2 programs for calculating phase equilibria called THERMOCALC. The version of Sundman et b al. (1985) uses Eriksson’s (e.g. Saxena & Eriksson 1983) free energy minimization algorithm and is capale of treating solution phases. This program has been applied to geologic problems (e.g. Saxena & - s Erikkson 1983) and is very useful for situations where, but it is not well suited for computing multidimen ional phase diagram projections. The petrological THERMOCALC program, discussed here was . P developed by Powell & Holland and is briefly described in their thermodynamic data base papers (e.g owell & Holland 1988). Compiled versions of the program are available for IBM PC’s and MacIntosh

T computers from either author.

HERMOCALC has 3 computational modes, discussed below.

2.4.1. Schreinemakers Projections (P−T−X Diagrams) CO2 F f or systems comprised entirely of compounds it calculates Schreinemakers projections by an algorithm

i that is roughly as outlined here:

) Enumerate all possible divariant (p = c) assemblages. e f ii) Test stability of every assemblage each of the 4 corners of the phase diagram projection coordinat rame. Saving the identity of any assemblage that changes stability within the coordinate frame in a list. e l ii) Enumerate all possible univariant (p = c + 1) assemblages. Compare each univariant assemblage to th ist of divariant assemblages. If the univariant assemblage includes 1 of the divariant assemblages then T determine the stable equilibrium conditions for the univariant reaction.

his algorithm makes use of the facts that the maximum variance of any phase field in a system composed a u entirely of compounds is 2 (i.e. divariant), and that the stability of divariant field can only be affected by nivariant field. Thus if a univariant assemblage includes the phases of a divariant field that changes sta- f t bility in the projection coordinate frame then the univariant field must be stable within the boundaries o he diagram. As univariant fields can only terminate at invariant fields (points), the invariant fields are also - b located by this method. By testing the stability of divariant assemblages, rather than univariant assem lages as in GEO-CALC, the THERMOCALC algorithm saves a considerable amount of computer time. , Taking the ∼ 80 phase CaO−Al O −SiO system (after projection through fluid components) as an example

2 3 2

the maximum number of divariant assemblages is 82,160; compared to 1,581,580 univariant assemblages.

T 2.4.2. Solution Phase Equilibrium Calculator HERMOCALC includes a sophisticated calculator that can be used to determine solution phase equilibria c w subject to a variety of different kinds constraints (Powell 1978). In this mode the user supplies thermocal ith a list of phases, and instructs the program to locate phase equilibria involving a specified number (p ≤ s c + 2) of phases. If the p > c, the program will determine the P-T-X conditions for the equilibria a CO2 f f 2 well as the phase compositions. If p = c, the phase compositions are determined as a function of P-T-X_{CO}

- 18 -

- conditions; and if p < c they are determined as a function of P-T-X conditions and an additional vari CO2 f e w able such as the composition of one phase. In all cases it is possible to have THERMOCALC determin hether a the calculated equilibria would be "seen" by a specified bulk composition, or range of bulk com- d positions. At present the program does not determine the stability of the equilibria; thus, it is necessary to etermine the stable configuration of the equilibria in a phase diagram from Schreinemakers principles and , a geologic constraints. In many geologic systems this is not critical, because the stable equilibria are known nd the problem is primarily determining the compositions of the participating phases, as in the case of c many important isograd equilibria. There are no restrictions on the types of solution models used for the alculations. A number of petrogenetic grids and phase diagram constant composition sections calculated

2 by this method have been published in recent literature (e.g. Powell & Holland 1990)

.4.3. Average P-T Calculations Given minerals of known composition, THERMOCALC computes the independent (activity corrected) - mineral component equilibria and then determines, by least squares, the P−T−X conditions that minim CO2 f d f ize the discrepancies in the equilibria (Powell & Holland 1988). This is basically a slightly more advance orm of the TWEEQU analysis proposed by Berman (1990). In comparison to TWEEQU it has the advan-

2 tage that THERMOCALC provides a statistical assessment of the error in the analysis.

.5. A Practical Comparison of GEO-CALC, THERMOCALC and PeRpLeX d T Each package has particular advantages that make it uniquely useful in certain situations. GEO-CALC an HERMOCALC are well managed by their authors and relatively easy to use; PeRpLeX offers more flexi- r m bility and is accordingly more difficult to use and easier to abuse, as well as being managed in an amateu anner. GEO-CALC and THERMOCALC are available only as compiled programs. THERMOCALC f P runs on IBM PC’s or MacIntosh Computers, GEO-CALC runs on IBM PC’s. The FORTRAN source o eRpLeX is supplied to users, thus the program can be made to run on any computer on which it can be l p compiled, but the user has to compile it. GEO-CALC software includes computer graphics as an integra art of the package; PeRpLeX includes a separate program that generates PostScript plot information that w can be printed and edited by many different computer systems; THERMOCALC is not currently supplied ith graphics support. All 3 packages can do fully automated calculations of phase diagram projections of f P systems comprised entirely of compounds (or solution components with specified activities) as a function o −T−X . GEO-CALC will also do phase diagram projections as a function of a components activity, f 2 a^{CO} nd PeRpLeX will do calculations as a function of entropy, enthalpy, volume, μ’s,and a composition variable, X , for C−O−H−S fluids. Both GEO-CALC and THERMOCALC are both designed to be used with O f the data bases of their respective authors, PeRpLeX runs with virtually all of the geologic data bases (a t c current exception being the high pressure data base of Saxena & Fei 1989). PeRpLeX is unique in that i an do automated calculations of composition and mixed-variable phase diagrams, and in that it can treat C phases of variable composition, although it does this through an approximation. In contrast, THERMO- ALC can determine, by numerically exact procedures, the equilibrium compositions of coexisting phases, c but it cannot, at present, determine whether the equilibrium is stable. Thus in principle THERMOCALC an be used to calculate any kind of phase diagram, but the construction is not fully automated and - s requires user expertise. This is not necessarily a limitation because it requires a certain level of user under tanding, whereas fully automated calculations lead users to generate diagrams that they cannot properly B interpret.

oth GEO-CALC and THERMOCALC have special routines for thermobarometry, TWEEQU and Average c P-T calculations. To my way of thinking, these routines are superceded by phase diagram or equilibrium alculations for the system in question. The distinction is equivalent to that between forward and and s t backward modeling. In thermobarometry one begins with observed mineral compositions and then attempt o deduce conditions of formation, in essence a backward modeling approach. The problem is that flaws in y e thermodynamic models employed and the complexities of natural equilibria (and disequilibria) virtuall nsure inconsistency between natural and modeled equilibria. THERMOCALC attempts to resolve this by k b an objective (statistical) approach, but even so I dislike these methods because they encourage a "blac ox" attitude toward thermobarometry. In this respect, I favor classical thermobarometry where practition- d ers must carefully consider which phases are in equilibrium, and the causes for discrepancies. Phase iagram and equilibrium calculations for solution phases provide a preferable alternative to t

- 19 -

hermobarometry. Such calculations permit prediction, i.e. forward modeling, of both the composition and, . T in the case of phase diagrams, stability of coexisting phases as a function of pressure and temperature his approach is thermodynamically consistent, by definition, and in attempting to match observed and

3 predicted assemblages practitioners can easily assess the significance of discrepancies.

. ANNOTATED BIBLIOGRAPHY Berman RG (1988) Internally consistent thermodynamic data for minerals in the system Na2O-K2O-CaO- MgO-FeO-Fe2O-SiO -TiO2-H O-CO . J Petrology 29:445-552. Thermodynamic data for minerals derived

2 2 2

by linear programming, good quality for most phases with the probable exception of Mg-bearing phases,

B you should obtain the latest revision from Berman.

erman RG, Brown TH Perkins E (1987) GEO-CALC: Software for calculation and display of pressure- - k temperature-composition phase diagrams. American Mineralogist 72:861-862. A brief description of Per ins’ et al (1986) programs, the title is misleading, the programs can only compute P-T-X phase^f_{2CO} n u diagram projections. Presently only generally available for IBM-PC’s, but I think its possible to obtain a nofficial teletype MacIntosh PC version.

Bucher-Nurminen K (1990) Geological phase diagram software, Terra 2:401-410. A comparison of 3 g p different computer programs (Perkins et al. 1986, Holland and Powell 1990, Connolly 1990) for calculatin hase diagram projections (not phase diagrams as stated in the title). : A Connolly JAD (1990) Multivariable phase diagrams: an algorithm based on generalized thermodynamics merican J Science 290:666-718. An almost unintelligible description of my phase diagram algorithm and

C some generalized thermodynamics.

onnolly JAD, Kerrick DM (1987) An algorithm and computer program for calculating composition g c diagrams. CALPHAD 11:1-54. A reasonably good description of the part of my programs for calculatin omposition diagrams.

DeCapitani C, Brown TH (1987) The computation of chemical equilibrium in complex systems containing n p non-ideal solutions: Geochimica Cosmochimica Acta 51:2639-2652. A general free energy minimizatio rogram, uses Berman’s (1988) data.

Eriksson G, Hack K (1984) Calculation of phase equilibria in multicomponent alloy systems using a spe- u cially adapted version of the program SOLGASMIX. CALPHAD 8:15-24. An example of the most widely sed free energy minimization program.

Harvie CE, Greenberg JP, Weare JH (1987) A chemical equilibrium algorithm for highly non-ideal sys- m tems: Free energy minimization: Geochimica Cosmochimica Acta 51:1045-1057. A general free energy inimization program.

Helgeson HC, Delany JM, Nesbitt HW, Bird DK (1978) summary and critique of the thermodynamic pro- - m perties of rock forming minerals: American J Science 278-A:1-229. The first widely used geological ther odynamic data base. The data base has been recently updated (SUPCRT92) and includes many data for

H aqueous problems a copy can be obtained from the Laboratory of Theoretical Chemistry at Berkely.

illert M (1981) A discussion of methods of calculating phase diagrams. Bulletin of Alloy Phase Diagrams

H 2:265-268. Description of an elegant combinatorial phase diagram algorithm.

illert M (1985) Principles of phase diagrams: International Metals Reviews 30:45-67. A good review of

H phase diagrams, presented in a general form.

olland TJB, Powell R (1985) An internally consistent thermodynamic dataset with uncertainties and corre- r lations. Data and results: J Metamorphic Petrology 3:343-370. The broadest thermodynamic data base fo

- 20 -

o p minerals. Derived by regression analysis. The latest update should be obtained from Holland, the paper als resents some examples of the use of THERMOCALC and describes how to obtain the program. , C Korzhinskii DS (1959) Physicochemical basis of the analysis of the paragenesis of minerals. New York onsultants Bureau, Inc., 142 p. A good introduction to thermodynamics. D 6 Lukas HL, Weiss J, Henig E-Th (1982) Strategies for the calculation of phase diagrams. CALPHA :229-251. A confusing description of free energy minimization techniques coupled with strategies for

P phase diagram calculation.

alatnik LS Landau AI (1964) Phase equilibria in multicomponent systems. New York, Holt, Rinehart, and

P Winston, Inc., 454 p. A good introduction to thermodynamics and phase diagrams.

erkins EH, Brown TH, Berman RG (1986) PTX-SYSTEM: Three programs for calculation of pressure- f P temperature-composition phase diagrams. Computers and Geosciences 12:749-755. A brief description o erkin’s combinatorial phase diagram projection program. The title is misleading, the programs only compute P-T-X phase diagram projections. Although Berman (1987 above) does not provide the source CO2 code of his modified version of this program, it is still possible to get the original source code from Per-

P kins, and therefore to compile the programs for computers other than IBM PC’s.

owell R (1978) Equilibrium thermodynamics in petrology: an introduction London, Harper & Row 284 p. m An good introductory textbook, that also includes what I assume to be THERMOCALC’s method of deterining the compositions of coexisting phases.

Powell R, Holland TJB (1990) Calculated mineral equilibria in the pelite system, KFMASH - (K O−MgO−FeO−Al O −SiO −H O). Am Min 75:376-386. An example of THERMOCALC’s use to cal

2 2 3 2 2

R culate solution phase equilibria.

obie RA, Hemingway BS, Fisher JR (1978) Thermodynamic properties of minerals and related substances - f at 298.15 K and 1 Bar (10**5 Pascals) pressure and at higher temperatures: USGS Bull 1452, 456 p A use ul reference for thermodynamic data.

Saxena SK, Eriksson G (1983) Theoretical computation of mineral assemblages in pyrolite and lherzolite. J f Petrology 24:538-555. An example of the application of Eriksson’s minimization program SOLGASMIX or calculating phase diagram sections.

Sundman B, Jansson B, Andersson J-O (1985) Thermo-Calc databank system: CALPHAD 9.:153-186. This - l is not the petrologic THERMOCALC of Powell and Holland, but rather a sophisticated program for calcu ating alloy phase diagrams, the program is entirely general and could be of considerable value for petrolo-

V gic problems.

an Zeggeren F, Storey SH (1970) The computation of chemical equilibria: Cambridge, Cambridge Univ

W Press, 333 p. A discussion of minimization techniques.

ood BJ, Holloway JR (1984) A thermodynamic model for subsolidus equilibria in the system CaO-MgO- - Al O -SiO : Geochimica Cosmochimica Acta 48:159-176. Application of a minimization program for cal

2 3 2

culation of constant composition phase diagram sections, the program is available, but it is not very flexi-

Z ble.

eleznik FJ, Gordon S (1968) Calculation of complex chemical equilibria: Industrial Engineering Chemis-

Z try 60:27-57. A discussion of minimization techniques.

en E-A (1966) Construction of pressure-temperature diagrams after the method of Schreinemakers--A geometric approach: USGS Bull 1225, 56 p. An introduction to Schreinemakers projections.

- 21 -