Quasi-Syllabus OF THEORY
1) Thermodynamic state functions.

a) Potential energy and the Gibbs differential.

b) Thermodynamic forces (potentials) => conjugate variables.

c) Equilibrium => no processes => equality of potentials.

d) Phases U=f(S, V, n,...) => phase rule.

e) Spontaneous processes => dS=dQ/T+dSinternal => stability => reduction of potentials for useful work.

 2) Open systems.

a) The rules of the game.

b) Other state functions, =f().

c) Phase rule for open systems.

d) Reversible changes.

3) Variables.

a) State and extent.

b) State variables => compositional variables.

c) Gibbs-Duhem.

d) Invariant states => c-phases, k-phases.

4) GX diagrams => all states.

a) The three G's.

b) A one phase system, and Systems.

c) The tangent point.

d) Activity and fugacity.

e) Shapes of G-X surfaces.

f) Heterogeneous systems.

5) Phase diagrams => stable states.

a) A composition diagram.

b) A mixed-variable diagram => reactions.

c) Reactions, G minimization vs G = 0.

d) Generalized Clapeyron relation.

e) Multivariable phase diagrams P-T-X, P-T-.

f) What is a phase diagram?

g) Transformation of a simple composition diagram.

h) Transformation of a simple P-T diagram.

i) Schreinemaker's diagrams.

j) Phase diagram sections.

k) The phase rule in phase diagrams.

6) Saturated and mobile components.

a) Saturated phase constraints.

b) Saturated components.

c) Saturation hierarchy.

7) "Apparent" thermodynamic properties.

8) Phase diagrams with solution phases.

a) Singular equilibria.

b) Phase diagram projections for a fluid of variable comp.

c) Projection through solutions.

d) Pseudocompounds.

9) Thermo-barometry.

a) Reverse modeling, fixed activity corrections.

b) THERMOCALC/TWEEQU.

c) Level I & II foward modeling, THERMOCALC/PERPLEX.

10) Fixed bulk composition constraints.

11) Single-site solutions.

a) Ideal solutions.

b) Non-ideal interactions

c) End-members with different configurational entropy.

12) Multi-site solutions

a) Mixture properties, Bragg-Williams summation.

b) Non-ideal interactions.

c) End-members with different configurational entropy. 

13) Phase Diagrams for graphitic rocks and systems with multispecies fluids.

PRACTICALS

1) Using the hp94ver.dat data file and the CORK fluid equation of state for the H2OCO2 fluid saturated system CaOAl2O3SiO2 make the following calculations at P=3 kbar: i) Composition diagrams at XCO2=0.05 and T=673, 683, 793, 853, 913, 1073 K. ii) With the additional constraint of SiO2-saturation compute a TXCaO diagram (i.e., a mixed variable diagram) at XCO2=0.05 for T=6731073 K. Label the different phase fields. iii) Compute a TXCO2 Schreinemakers projection for T=6731073 K, XCO2=01. Use PSVDRAW to locate the stability field for Gr+An+Cc. iv) Compute a TXCO2 section for T=6731073 K, XCO2=01 for the bulk composition nCaO=0.317 mol, nAl2O3=0.321 mol, nSiO2=0.333 mol. What are the stable assemblages and the mineral modes in each region of the section. (NOTE: for this calculation you must specify that it is a Schreinemakers-type diagram calculation, then respond "yes" to the "constrained bulk composition" and "show only univariant equilibria that effect the thermodynamic composition" prompts.

2) Using the hp94ver.dat and solut.dat data files and the CORK fluid equation of state compute an AFM projection (i.e., quartz+muscovite-saturation) at 853 K and 7 kbar for a pure H2O fluid. For this calculation choose solution models Gt, St, Chl, Bio, and Crd. What are the invariant phase regions? What is the composition of biotite in equilibrium with garnet+chlorite (i.e., its formula)? To do this problem you must make a component transformation as outlined in Chapter 4 of the tutorial. 

3) Using the hp94ver.dat and solut.dat data files and the CORK fluid equation of state (for pure H2O) for the quartz+aluminosilicate+fluid saturated system K2ONa2OAl2O3SiO2H2O compute a mixed-variable TXK2O diagram at 4 kbar and T=773973 K. Use the solution models Ab(h), Kf(h), Mu, and Pa (file solut.dat), exclude the ordered feldspar end-members ab, kf, etc. BEFORE making a plot with PSVDRAW, sketch the topology of this diagram from the print output. Where is the "second sillimanite" isograd (i.e., muscovite+quartz dehydration)? Over what temperature interval does it occur?

4) Contour the composition of the AFM mineral that coexists with quartz+rutile+aluminosilicate+muscovite+ilmenite +H2O for P=110 kbar and T=673973 K, i.e., devise a component saturation hierarchy to determine the chemical potentials of H2OSiO2Al2O3K2OTiO2FeO. Where is the projection valid (hint: compute a phase diagram projection that will show you where quartz+rutile+aluminosilicate+muscovite+ilmenite+H2O is stable)? 

5) At a metapelite-metacarbonate contact a petrologist identifies the (metasomatic) assemblage phlogopite+dolomite+ calcite+diopside in a carbonate lithology near the pelite contact, a little further from the contact (< 10 m) he identifies the assemblage sanidine+tremolite+dolomite+calcite in a second carbonate lithology. The calc silicate minerals can all be represented within the system KAlSi3O8SiO2CaOMgOH2OCO2 determine the possible PT conditions for the metasomatism using a PT projection for an H2OCO2 fluid of variable composition. Use the solution model "F" for the fluid and to reduce the problem to its essential details consider the phases cc, do, san, tr, q, fo, phl, and di with the Holland & Powell data base. Consider a range of PT conditions of 773923 K and 18 kbar. It may be helpful to first determine the stability of the calc-silicate assemblages in a TXCO2 diagram at 5 kbar from this you should be able to establish which univariant curves in the PT projection are important. Locate the forsterite absent singular point on the cc+fo+tr+do+di+fluid univariant curve. Repeat the analysis using the Berman data base, why is the topology computed with the Berman data inconsistent with the field constraints?
6) Thermobarometry as described in Chapter 8 of the tutorial.

7) The most important rock in Switzerland (is in Italy) and is a serpentinized lherzolite with the following molar bulk composition: nCaO=0.0214, nSiO2=0.6707, nMgO=0.9896, nFeO=0.05254, nAl2O3=0.0142, nFe2O3=0.0213. Compute the phase relations for this bulk composition for P=14 kbar, T=573973 K with a pure H2O fluid. Use the solution model data file called "serp.dat" and consider the solutions Ant (antigorite), B (brucite), Chl (chlorite), Di (diopside), Ta (talc), Tr (tremolite), O (olivine), Ap (anthophyllite) and E (enstatite). You will have to create the (binary, ideal) solution models for chlorite (endmembers clin-daph) and tremolite (tr-ftr). Use PSVDRAW to determine the stability field of each mineral, and then superimpose these fields to determine the stable phase assemblages. What is the oxygen fugacity for the rock at 673 K and 3.5 kbar (hint: print the dependent chemical potentials)? If graphite were also present in this rock, what would the methane content of the fluid be at these PTfO2 conditions (use program COHSRK to determine the fluid speciation). 

GENERAL PROBLEMS

Basics

1.1) If the energy of an isolated system is constant why is Gibb's criterion for stability, dUS,V,n > 0, valid?

1.2) Why must left ((2U/(S2)V,n be > 0 for a homogeneous equilibrium system (consider the possible states of the system in a U vs. S diagram)?

1.3) What function does one obtain from a Legendre transform of dU(S,V,n) to d(T,P,  )?

1.4) Compute U, A, S, V for andalusite (and), kyanite (ky), and sillimanite (sill) at 4 kb and 800 K using FRENDLY and the hp94ver.dat data base (be careful! FRENDLY outputs U, A, H, and G in units of kJ, but S and V in units of J). a) From U(S, V, n), S, V, n solve for the PT conditions of the triple point. b) From A(T, V, n), V, n solve for the pressure conditions of the equilibria and = ky, and = sill and sill = ky at 800 K. c) Why does one obtain different results by this method than with VERTEX? d) Sketch a ternary SVn composition diagram for the three polymorphs how does this transform to a PT diagram. e) If a system containing the three polymorphs has S = 246 j/K, V = 4.9 J/bar, and n = 1 mole Al2SiO5, what are the molar proportions of the polymorphs.

G-X Diagrams

2.1) The Gibbs energies of quartz (SiO2), periclase (MgO), forsterite (Mg2SiO4) and enstatite (MgSiO3) are 1, 1.5, 6 and 4 kJ/mol respectively (at 1 bar and 500 K). a) Use these data to construct a GX diagram for the system MgOSiO2. b) What are the stable assemblages? c) What would the activity of silica in quartz (aSiO2) have to be to stabilize quartz with the assemblage forsterite + enstatite? d) Show the stable phase assemblages as a function of MgO. d) What are the maximum and minimum MgO? e) What would SiO2 and MgO be if the system had the composition MgSiO3? Be careful to distinguish between the free energy per mole of phase and the free energy per mole of system components (G).

2.2) a) Sketch GX diagrams at T1, T2 and T3 for the phase diagram I (attached). b) Sketch a T diagram for the same system. c) Why is the geometry of diagram II (attached) wrong?

2.3) The GX surfaces of ordered solution phases tend to have strong curvatures, whereas disordered phases tend to have relatively flatter GX surfaces. Based on this, draw an isobaric TX diagram showing the transition from an ordered to disordered binary solution.

2.4) What would the isobaric TX diagram look like if beta first became tangent to the + GX plane to the left of alpha in Fig 1.6 of "Phase Diagram Principles and Computations: A Review".

Legendre Transforms and Phase Diagram Geometry

3.1) A famous French petrologist has recently "proven" that the isochore of system cannot cross a univariant phase field more than once. Is he correct? 

Hint: consider the transformation of a univariant reaction A=B in a PT diagram to a VT diagram, what geometry would be necessary to permit an isochore to cross the univariant field twice?

3.2) If the upper thermal stability of a ternary garnet is limited by an eutectoidal reaction, how many univariant curves will appear limiting the upper thermal stability of garnet in a Schreinemakers projection?

3.3) Using the lecture handout: a) Determine the reactions represented by the univariant curves of the PT projection. b) The stable and metastable extensions of these univariant curves divide the PT plane into eight sectors, sketch the GX diagram for the system in each sector. c) What properties are conserved by the reactions in the T projection? d) Sketch the chemography of the phases in the "composition" space for these properties. e) Sketch the phase relations in this composition space as function of 2 at T1. f) Derive the state function () that you minimize to determine the stable phases in this composition space. g) What kind of physicochemical system would the composition space be useful for? h) Construct an isobaric section of the PT diagram for a pressure condition slightly below the PT invariant point.

3.4) On planet Zorgon there is only 1 kind of matter and 3 possible minerals (A, B and C) with the following thermodynamic properties:


U(J/mol)
S(J/mol/K)
V(J/bar)
n(mol)

A
0
130
5.5
1

B
-800
125
5
1

C
-8800
120
6
1

In a Zorgon "skarn" formed by contact metamorphism, a petrologist observes the assemblage A+C within 50 m of the contact, and B+C at greater distances. Does this observation support the petrologists belief that the skarn formation occurred at constant volume? Why? What were the physicochemical conditions at isograd represented by the transition from A+C to B+C? What is the balanced isograd reaction? If the petrologist knows the thermal gradient in the aureole was 1 K per meter, what was the pressure in the skarn at the contact? Derive a relationship between the metamorphic temperature and pressure within the A+C zone.

3.5) The Schreinemakers projection (in the PT plane) of the phase diagram for a system composed of 2 kinds of matter (n1 and n2), and an isobaric T2 section (at P = P2) is as shown in the attached figures. a) If processes in the system conserve n1 and n2, what reactions are represented by the T2 section invariant points? Alternatively, if the processes conserve entropy (S) and n1, what reactions are represented by the T2 invariant points? b) Thermodynamic composition in this latter case can be expressed by the variable XS = S/(S+n1), use the T section to determine the relative compositions of the phases as a function of XS. c) Sketch an isobaric 2X sub S diagram at P=P2. d) What kind of problem would such a diagram be useful for? e) Derive the state function () that you would use to determine the stable phases for such a problem. f) Write the complete differential of this function. g) Sketch the Schreinemakers diagram for the system if the univariant phase relations are projected onto the P2 plane. h) How is (dP/d2) for a univariant field related to extensive properties? i) Sketch an XS diagram for the system at p2 conditions between the () and () univariant fields. j) What potentials are equivalent to  at the XS = 0 and compositions?

Fluid Speciation

4.1) At XO>1/3, COH fluids are nearly binary H2OCO2 mixtures. Derive an expression in terms of XO for the mole fraction of CO2 in such fluids. 

4.2) Graphite-saturated COHS fluids can be regarded as H2SCH4CO2 mixtures. Given this, what is the relation between the concentrations of H2S, CH4, and CO2 at XO = 1/3?

4.3) Derive a TXO topology for the quartz+kyanite-saturated system containing the phases margarite (ma, CaAl4Si2O10(OH)2), zoisite (zo, Ca 2Al3Si3O10(OH)), anorthite (an, CaAl2Si2O8), and calcite (cc). The univariant reactions are:



extremal XO ?

(ma)
cc + zo = an + 0.5  + 2 CO2
___

(zo)
cc + ma = an +  + 3 CO2
___

(an)
cc + ma = zo +  + CO2
___

(cc)
an + ma = zo + 0.5 
___

Orient the univariant fields by assuming volatiles are liberated with increasing T and that the calcite-absent univariant equilibrium (cc) is stable at XO  =  1/3. Locate the TXO extremum points.

4.4) OH fluids can be described as a mixture of 3 species, H2,  and O2. a) Derive a relationship between the bulk composition of such a fluid, as described by the variable XO = nO/(nO + nH), and the abundances of the species. b) In most geologic fluids the abundance of O2 is negligible, if this is true what is the relation between the molecular species fraction of  and XO? c) Sketch an isobaric T XO diagram for the quartz-saturated FeOSiO2HO system with grunerite (Fe7Si8O22(OH)2), magnetite (Fe3O4) and fayalite (Fe2SiO4), assuming that all 3 phases coexist at an invariant point that occurs at XO > 1/3. Orient the univariant fields by assuming volatiles are liberated with increasing T and locate TXO extremum points. d) Sketch the PT projection of the TXO invariant and extremum points assuming that the TXO invariant point shifts to more hydrogen-rich compositions with increasing pressure.

P-T-Xf Projections

5.1) Construct the TX(CO2) topology of an invariant point involving the phases zoisite (zo, Ca2Al3 Si3O10(OH)), quartz (q), calcite (cc), grossularite (gr, Ca3 Al2 Si3 O12), and anorthite (an, CaAl2Si2O8). Where is the univariant equilibrium an + cc + gr + zo stable?

5.2) A petrologist working in an ultramafic terrain discovers veins containing anthophyllite (A) + magnesite (M) + talc (T) + olivine (O) + enstatite (E), where anthophyllite appears to have formed at the expense of enstatite. These veins are surrounded by a zone containing M + T + O + E in which the proportions of magnesite and enstatite decrease continuously away from the veins as the rock grades into an olivine-talc schist that contains minor magnesite, but no enstatite. 

Use the attached phase diagram projection for the FeOMgOSiO2H2OCO2 system to explain the origin of the veins. In this projection fluid composition in the univariant field M + T + A + O + E + fluid becomes progressively more water-rich with increasing pressure.

Begin by sketching an isobaric TX(CO2) section for the system, indicate if the pressure for your  section is: above the S2 singular point,  between the S1 and S2 singular points, or below the S1 singular point. In the TX(CO2) section locate the stable and metastable extremum points ([M], [T], and [O]). Address the following questions: Did fluid-rock interaction buffer fluid composition during vein formation? Could the veins have formed at a single PT condition? If not, what constraints are there on the PT evolution of the system? What pressure, relative to the S1 and S2 singular points, did the veins form at? What is the most probable reason that the A + M + T + O + E paragenesis is preserved?

Hints: 

i) Although the solid phases are FeMg solutions, solid-solution behavior is not important in the context of the problem, which can be solved without knowledge of the chemographic phase relations.

ii) The enstatite and anthophyllite-absent isobaric univariant TX(CO2) reactions are:

(E) O + T + CO2 = A + M + 
(A) O + T + CO2 = E + M + 
iii) If a reaction A = B + C + Fluid is univariant in PT space, then at the corresponding invariant point of an isobaric TX(CO2) diagram, the univariant equilibria (B) and (C) can only be stable in the stability field of A, and (A) can only be stable in the stability field of B+C.

Mineral Solutions

6.1) In the water+magnetite+hematite-saturated FeOMgOSiO2H2 OO2 system the thermodynamic composition of the system can be described by the two thermodynamic components, MgO and SiO2. An experimental petrologist makes the following observations involving the phases antigorite (At), anthophyllite (Ap), Olivine (O) and Talc (T) (where X = nMg/(nMg+nSi), and P1 > P2, etc.):

P
T
reactants
products
composition

P1
T1
Ap+T
O+T
XT > XO > XAp
P1
T2
At+T
O+T
XAt > XO > XT 

P2
T3
At+T
O+T
XAt > XO > XT
P2
T4
Ap+T
O+Ap
XO > XT > XAp
a) Construct isobaric temperature-composition sections consistent with the observations at P1 and P2. b) Construct a PT projection that shows the univariant phase relations in this system. c) Within each region of the PT projection sketch the compositional phase relations.

Saturation Constraints

7.1) a) Under what conditions is it possible to make a valid thermodynamic projection through a phase of variable composition? b) A petrologist working in metacarbonate rocks within the fluid-saturated system CaOMgOSiO2CO2 observes diopside in all assemblages. Can he simplify the phase relations of these assemblages by projecting through diopside? If so, can he do the projection in Vertex? c) In the graphite+fluid-saturated system K2 OTiO2FeOMgOCaONa2OAl2O3SiO2COH, with the stable phases muscovite, kyanite, staurolite, ilmenite, plagioclase, quartz, rutile. How many of the phases can be specified by a component saturation hierarchy for an isobaric phase diagram? Write a possible hierarchy. d) If the muscovite is phengitic, is your saturation hierarchy still valid? If not, specify a valid saturation hierarchy. e) How could you test the validity of the hierarchies?

