Excel Problem Set

Preliminary Instruction for teachers:

In the problems below, instructions for teachers are marked in italics.

If you feel that your students are going to be overwhelmed on receiving the entire set of spreadsheets all at one time, feel free to make a copy, and then build up the spreadsheet file page by page with the students. For this, make a copy to save and then delete all but the following pages:

Title

Raw Data

Calculate End Member

Summary and Results

Give this trimmed file a new name and hand it out to students to start working.

[To delete a sheet, 

either 

click on the square on the top left of an excel sheet to mark the entire page and then hit delete – this will delete the contents but leave the sheet with its name in place;

or

click on the tab at the bottom with the name of the sheet and then hit delete – this will delete the entire sheet plus its name.

To insert sheets back in, mark the sheets as above (click on top left) and copy it, then inset a new sheet in your working excel file and paste it in].

As the next step, you will probably want to add the sheet "Water" when you feel ready.

To get a sense of where all of this is headed, consider simple reactions such as:

(1) Kyanite = Sillimanite

(2) Andalusite = Sillimanite

(3) Kyanite = Andalusite

Enter these in the "Summary and Results" sheet as follows:

On column A5, A6 etc., type in the reactions as above (see the samples provided in files such as HPTHERMO and BERTHERMO) and in the corresponding row in column G, type in the following for reactions (1) –(4), respectively (use the Calculate End-member Sheet because these are end member minerals):

= 'Calculate End-member'!V30-'Calculate End-member'!V29

= 'Calculate End-member'!V30-'Calculate End-member'!V40

= 'Calculate End-member'!V40-'Calculate End-member'!V29

( See Rows G 21-G23 in the « Summary and Results » Sheet in HPTHERMO as worked out example. the Berman worksheet can be done as an exercise by the students).

Set the P and T on columns H1 and H2 on this sheet (in HPTHERMO) to 25 °C and 1 bar, save this file, and hand this out to the students. Now have them change P and T to see how the delta G values on column G change for each reaction. Tell the students that a negative value for this parameter implies that the product is stable in each case. Tell the students to compare the results obtained from the two datasets, HPTHERMO & BERTHERMO, for the reactions at particular P-T. This will directly tell them how the choice of dataset affects the results. 

Problems

(1) Thermodynamic properties of minerals - acquainting oneself:
This involves no calculation, and can be tried out with students at any level)

Consider the values of H, S, V and Cp for the following minerals:

Quartz, forsterite, enstatite, ackermanite, kyanite, sillimanite and staurolite.

(Notes to Instructor: or choose any other set, try to retain staurolite as an example of a particularly large G of formation among common minerals)

(a) How do the values of G compare? What range does it cover? Is there any correlation with (i) the crystallography and (ii) the size of the formula unit? Is there any simple correlation between the number of oxide molecular units in a mineral and its G of formation? Test any hypothesis with other minerals in the table.

(b) How do the molar volumes compare? Is there any relationship between the molar volume and what you know about the stability of minerals as a function of pressure? (e.g. compare kyanite and sillimanite in particular).

(c) How do the entropies compare? Is there any relationship between the entropies and what you know about the thermal stability of minerals?

(d) Compare the magnitudes of H, S and Cp - how much does each contribute to the total free energy of formation? Now change the temperature in the "Summary and Results" sheet, and see how these relative contributions change.

(e) Include V into this comparison, change P in "Summary and Results" and see how much this contributes. From this learn an important principle - in general, stability of minerals (i.e. G) is affected far more by changes in temperature than by pressure.

(2) Calculating a simple stability relation - the aluminosilicate phase diagram:

(Notes to the Instructor: This is for the simplest level of thermodynamic calculations, and we have tried it out at the intro. mineralogy course level - where the students have just been told that the parameter G is a measure of mineral stability, lower the better. The last part, involving Clausius-Clapeyron slopes, is for students taking thermo, or ones who have already had it).

Consider the stability of the aluminosilicates - kyanite, sillimanite and andalusite. Try to create your own phase diagram (i.e. limits of stability of the polymorphs) for these minerals. For this, proceed as follows:

(i) Formulate the polymorphic transitions as chemical reactions e.g.

Kyanite = Sillimanite.

The stability relations are obtained by comparing the  G of the two minerals. This is done by taking the difference of G of these two minerals at any given P and T of interest. By convention, one takes products - reactants i.e. in this case (GSill - Gkyanite). If this value is positive, Gsill is larger i.e. kyanite, with a lower G, is more stable. Try this out.

(Notes to the Instructor: This is done by entering a simple formula in the sheet "Summary and Results", and is shown as an example in the sample file provided. You can either delete this before handling the problem set to the students, or leave this as an example and have them calculate the remaining two phase boundaries following this example).

Next one changes the P and T and tests which one is more stable, where the sign changes, one has moved from the stability field of kyanite to that of sillimanite.

Jot down the P,T coordinates of several such coordinates where a sign change occurs (in a new Excel sheet, or simply on paper). 

Strategy: Use your knowledge of P-T stability of kyanite and sillimanite to guess where such a change of sign will occur. Once you have a change of sign, try to reduce the gap between the bracketing values of (P,T) by choosing P,T points in the middle of the bracket each time. Try to locate the exact point where the difference (GSill - Gkyanite) is essentially zero in this manner i.e. GSill = Gkyanite. This is how one solves equations in a computer. See that you can only get this P,T point to a certain level of accuracy - it is not possible to increase the precision arbitrarily. This is a shortcoming of trying to solve any equation using a computer, which uses a so called discrete number system, and a useful thing to remember.

By definition, one such P,T point is where kyanite and sillimanite co-exist i.e. they are in equilibrium. You have found a point on the line defining the boundary of kyanite and sillimanite on a P-T phase diagram. Change the P and T, and try to find several such P-T points.

When you have more than three such P-T pairs, try to see if these lie on a line - they should, approximately. You can refine these coordinates by "tightening" the brackets some, and the scatter that remains gives you a sense in any real "measurement".

Draw the line connecting these dots (use excel, or simply graph paper) - you have obtained one line on the aluminosilicate phase diagram now.

Repeat this exercise with the other two possible pairs of minerals - andalusite - sillimanite and andalusite - kyanite.

Do the lines go through a single point i.e. have you located the triple point? How does your phase diagram compare with the one from your textbook?

One respect in which your phase diagram differs from that in the text book is that the lines in the textbook all emanate from the triple point, your lines go right across. Let us study what this means.

(If you followed the recipe above, chances are that this happens for at least some of the lines. If it does not, just choose P-T values "across" the triple point - you will find that you are able to locate sign crossovers just like on the other side of the triple point).

Compare the values of GSill, Gkyanite and Gandalusite at each P-T coordinate you have obtained (go to the "Calculate end member" sheet and look up the values). You will find that if you are in the stability field of andalusite, for example, and are looking at the P,T coordinates obtained by testing change of sign for kyanite and sillimanite, then (GSill - Gkyanite) is indeed close to zero, i.e. GSill = Gkyanite, but Gandalusite is actually lower.  Verify this for all the boundaries. This illustrates several important principles:

(i) the mineral with the lowest G is the most stable.

(ii) If a reaction is considered where this mineral does not appear (e.g. kyanite = Sillimanite) above) then one is testing for only the relative stability of the minerals in that reaction, something else (e.g. andalusite here) may be more stable. The mineral that is found to be more stable between kyanite and sillimanite, but is not the most stable, is called metastable. Boundaries between such phases are often shown as dotted, rather than solid lines. But unless necessary, these are usually not shown at all - as in the typical aluminosilicate phase diagram.

This is a general disadvantage of this method of writing reactions and obtaining G of a reaction; to obtain the truly stable minerals, one has to make sure that all possibilities have been considered.

Clausius-Clapeyron (knowledge of thermodynamics required):

Having calculated the phase diagram, you can now try a shortcut. Take any one of the P,T coordinates you determined (say, Pold, Told), and instead of determining several such coordinates to draw a line, try to determine the slope of the phase boundary at this point using the Clausius-Clapeyron equation: P/T = S/V.

For this, go to the "Calculate end member" sheet and look up the values of S and V of the two minerals concerned, calculate the S and V just like G by taking differences. Divide, to get the slope. Use this to get a second P,T coordinate on the phase boundary from the first one using: Pnew = [Slope * (50)] + Pold. The new coordinate is then (Told + 50, Pnew). Of course, one can choose any interval other than 50 for temperature. Draw a line through these coordinates [(Pold, Told) and (Pnew, Tnew)] to get the phase boundary. Compare this with the boundary you obtained before. 

This method is less work, but works well only for boundaries that are straight. In the phase diagrams you have seen, can you think of some boundaries that are curved? 

(Notes to instructor: Point to melting reactions, dehydration reactions etc. i.e. reactions involving a fluid phase. Have the students think about the reason for the curvature - S and /or V changes with P, T. Fluids are more compressible and change their volumes with P,T, etc. and this affects their stability fields. With a really good class, one can even go the flipping over backwards of dehydration curves, and consequences in a subduction zone - devolatilization with increasing pressure!).

(3) Calculating a simple reaction using more than one mineral:

At the next stage let us calculate (G of simple reactions involving three or more minerals. For example, let us try a reaction involving enstatite, spinel, forsterite and pyrope in the ternary system MAS. This relates to the transition from spinel peridotites to garnet peridotites in the earth's mantle.

[Instruction to Teachers: You can hand out the entire problem set, or the part from step (e) on for a simpler assignment to lower level students]

(a) First balance the reactions using “matrix”. See instructions on how to use the Matrix.xls spreadsheet in the separate file attached with this. Take care about the chemical formulae of the minerals, for example, enstatite is Mg2Si2O6 in the sheet “raw data” in HPTHERMO, and not MgSiO3.

(b) Type in the balanced chemical reaction in the column A in the “Summary and Results” sheet in HPTHERMO & BERTHERMO. Some examples are given in the rows A5-A13 (HPTHERMO) and in A 5-A10 (BERTHERMO). 

Let us choose the reaction 2 enstatite + spinel = forsterite + pyrope (Row A5 in HPTHERMO, A8 in BERTHERMO) to work out.

(c) Using the values given in the column V in the sheet “Calculate End-member” in HPTHERMO (and in the column Y in the sheet “Calculate End- member in BERTHERMO), type in the following in the column G (column C in BERTHERMO) of the “Summary and Results” sheet for this reaction

=='Calculate End-member'!V9+'Calculate End-member'!V36-2*'Calculate End-member'!V34-'Calculate End-member'!V38 (HPTHERMO)

or

= Y49+Y76-2*Y46-Y13 (BERTHERMO) [refer to the proper sheet, as for the HP data set in the preceding line,  for each address, the formula is written like this for clarity]

(d) Set the P and T on columns H1 and H2 on this sheet (in HPTHERMO) , and E1 and E2 (BERTHERMO) to 25 °C and 1 bar, save this file, and hand this out to the students. Now have them change P and T to see how the delta G values on column G change for each reaction. Tell the students that a negative value for this parameter implies that the product is stable in each case.
(e) Suppose at a given P & T you have got positive delta G for the reaction. It means that the assemblage enstatite +spinel is stable. Go on changing P & T and watch the sign of delta G. As soon as you have a change in sign, it means that forsterite + pyrope has become stable. Noting the P-T co-ordinate where you observed a change in sign, make minor adjustments in P & T to obtain a value of delta G = 0. This is the point where all the four phases are stable, and you have obtained equilibrium condition.

(f) Change the P and T, and try to find several such P-T points. Draw the line connecting these dots (use excel, or simply graph paper) - you have located the reaction in P-T co-ordinate.

(g)Normally such reactions (that involve only solid phases) have either positive or negative slope on a P-T diagram. But this particular reaction has a peculiar property. It changes its slope with varying P-T. 

[Note to teacher: Try out these values of P-T. The reaction line passes through the P-T co-ordinates ~ 16 kbar, 1000oC, ~ 18.5 kbar, 500oC, and ~19 kbar, 1500oC. A simple plot on a graph paper will show that these three points can not be connected with a straight line. Therefore, the reaction “line” is not a line, but a curve.]

(h) Why does this reaction behave in this manner? What causes the change of slope? Look at the values of the various thermodynamic properties to identify the "culprit". Consider what implications this may have for the Earth's mantle. Bernie Wood has suggested some interesting consequences based on this, can you figure out what these may be?

[Instruction to Teachers: See Wood, B.J., and Yuen, D.A., 1983, The role of 

lithospheric phases transitions on seafloor flattening at old ages: 

Earth and Planetary Science Letters, v. 66, p. 303-314. for more on this aspect.

Provides a link between the big and thesmall picture. This problem set if courtesy of Dr. Laurence Coogan at Leicester]

4. Calculations involving solid solution phases

Since many natural minerals are solid solution phases, our next endeavour will be to see the effect of solid solution on the stability of minerals. As an example, let us consider a variant of the reaction in Problem 3, take the reaction  enstatite + spinel + quartz = pyrope (A 13  in the “Summary and Results” sheet of HPTHERMO and BERTHERMO). Following the procedure outlined in the previous section, plot the reaction boundary in P-T co-ordinates. Note that the compositions of the phases can be expressed in the three component system MgO-Al2O3-SiO2. The reaction is balanced using the sheet “MAS 3” in the accompanying spreadsheet “MATRIX”. 

We will now introduce FeO in the system that converts it to a four component system FeO-MgO-Al2O3-SiO2 (see the sheet “FMAS” in “MATRIX”). In order to make a square matrix, we need to have an extra phase before proceeding with balancing. We introduce olivine as an extra phase and distribute Fe and Mg among the four ferromagnesian phases (orthopyroxene, spinel, olivine and garnet) in a way that the reaction coefficient of olivine turns out to be zero. This effectively means that olivine does not participate in the reaction, which now stands:

(Fe0.5Mg1.5Si2O6) orthopyroxene + (Fe0.5Mg0.5Al2O4) spinel + quartz = (FeMg2Al2Si3O12) garnet (see the sheet “FMAS). 

This reaction is typed into A 14 in the “Summary and Results” sheet in HPTHERMO and BERTHERMO. In actual practice, however, you will get the compositions of the phases from microprobe data, and can perform balancing without such arbitrary adjustments.

(a) Next, go to the sheet “Non-ideal Solutions in HPTHERMO and BERTHERMO, and type in the relevant mole fractions; 0.25 for ferrosilite, 0.75 for enstatite, 0.5 for spinel, 0.5 for hercynite, and 0.3333 for almandine, 0.66667 for pyrope. The G’s of the solid solution phases can now be read from the column AH (HPTHERMO) and AE (BERTHERMO) in the same sheet. 

(b) Then, go to  G 14  in the sheet “Summary and Results” in HPTHERMO (C 14 in BERTHERMO), and determine delta G of the reaction by typing in:

='Non-Ideal Solution'!AH10-'Non-Ideal Solution'!AH35-'Non-Ideal Solution'!AH39-'Calculate Solutions'!U14 (HPTHERMO)

='Calculate solutions'!AE6-'Calculate solutions'!X34-'Calculate solutions'!AE20-'Calculate solutions'!AE28 (BERTHERMO)  

(Note that we have taken the G of quartz from column U in the sheet ”Calculate Solutions” (HPTHERMO) because it is a pure phase)).

(c) Follow the same procedure as outlined in the previous section (that is changing P & T in the same sheet) to locate the P-T co-ordinates of the reaction where delta G becomes zero.

Compare the P-T co-ordinates of this reaction with those of the end-member reaction

Enstatite + spinel + quartz = pyrope, which you have determined earlier. 

(d) Compare the results that come out in G13 and G 14 (in HPTHERMO) and C13 and C14 (IN BERTHERMO) at a particular P & T. You will observe large changes in the values, often with opposite signs. This illustrates the effect of solid solution on the stability of mineral assemblages.

5. Calculations involving hydrous phases

(POSSIBLE ONLY WITH HPTHERMO)

So far we have calculated reactions that involved solid phases only. Since many reactions in natural rocks involve hydrous/carbonate phases, H2O/CO2 participates in such reactions. In the following example we will treat a fluid phase composed of H2O only. Since the G(P,T) relations in a fluid phase is different from that for solids and are much more sensitive to changes in P and T, one has to calculate free energy of water separately. For this purpose, we have introduced the sheet “Water” in HPTHERMO. Water fugacity data from Holland & Powell (1998) have been fitted to yield ( (P,T) or G(P,T) of H2O at any desired temperature, but at pressures below 10 kbar. To keep things small, we have set it up such that calculations can be carried out only at 0.5 kbar interval – results may be interpolated in between. This is another useful numerical skill to learn. To calculate, go to the sheet “Water” in HPTHERMO. Type in the desired temperature in F12 (in kelvin). Then read out the value of ( H2O from the column F at your desired pressure.

The reaction:

As an example, we have chosen the reaction staurolite + quartz = garnet + kyanite + H2O, and have balanced it using the compositions of  Fe- end members of staurolite and garnet (Fe-staurolite and almandine respectively) in the system FeO-Al2O3-SiO2-H2O (see the sheet FASH in "MATRIX"). The reaction is balanced as:

3.125Qtz+0.75FeSt=Alm+5.75Ky+1.5H2O

The reaction is typed in A 15 in the sheet “Summary and Results” in HPTHERMO.

(a) Then type in a desired P in H2 in “Summary and Results”. Remember that you can use P= 500 bars to 10000 bars at 500 bars intervals only to get the ( H2O.

(b) Now change T in H1 in “Summary and Results”, and type in the same T in F12 in the sheet “Water”. As an example, let us take P=6000 bars, and T = 600oC. We then calculate the delta G of the reaction in G15 in “summary and Results” as follows:

='Calculate End-member'!V8+5.75*'Calculate End-member'!V29+1.5*Water!F25-3.125*'Calculate End-member'!V14-0.75*'Calculate End-member'!V27

The result is delta G (600oC, 6000 bars) =4877 Joules

So, the left hand side of the reaction is stable at this condition.

(c) Change T to 650oC in H1 in “Summary and Results”, and do not forget to input 923 K in F12 in the sheet “Water”.

The result now stands at:

Delta G(650oC, 6000 bars) = 848 Joules

We are still in the stability field of the left hand side.

(d) Next change T to 700oC (H1 in “Summary and Results”), and correspondingly 973oK in F12 (“Water”).

The result now stands at:

Delta G (700oC, 6000 bars)= -3250 Joules

Therefore, we have entered the stability field of the right hand side of the reaction.

(e) One can now try to bracket the temperature more tightly (keeping P constant) to find out where delta G approaches zero at this pressure. Then, you have located a temperature (at 5000 bars) thru which the reaction curve passes. Similarly, by keeping the pressure fixed at 7000 bars, one can repeat the steps to obtain the temperature at which the reaction curve is located. Do not forget to read the ( H2O value from F27 (in sheet “Water”), corresponding to this pressure, instead of that in F25. Therefore, make minor modifications in the formula given in  G15 in the sheet “Summary and Results”.

(f) This reaction serves another purpose -  it illustrates the contributions of the individual phases in determining the overall delta G of the reaction. Just look at the respective G values in the column V of the sheet “Calculate End-members”. It is obvious that staurolite has a much larger value compared to the others (refer to point (a) under section 1 of this note). Therefore, the contribution of staurolite in the delta G of the reaction is very large, and overwhelms others. Try this out by changing the stoichiometric coefficients of the reaction. For example, a minor change in the stoichiometric coefficient of staurolite from 0.75 to 0.77 will cause a reversal of the sign of delta G. Since the stoichiometric coefficient is derived from analytical data that have their own uncertainties, such minor changes are entirely possible in natural situations. Therefore, one can understand the important role played by minerals like staurolite on the delta G of reactions involving them, and on the resultant conclusion regarding stability of mineral assemblages.

(g)  Once you are accustomed to handling hydrous phases in the manner described above, you may go for more complicated chemical systems. As an example, we have balanced a reaction

0.25Chl + 1.25Grt + 2Mus = biotite + Qtz + 4Ky + 2H2O

in the system K2O-FeO-MgO-Al2O3-SiO2-H2O (see the sheet KFMASH in “MATRIX”). Chlorite, garnet and biotite in this example are solid solution phases involving the end members daphnite-clinochlore, almandine-pyrope and annite-phlogopite respectively. The chemical compositions of these phases are taken from microprobe analysis of a natural rock.

You may now try to locate this reaction boundary in P-T space following the procedure outlined above.

[Final Note to teachers: Once the students are comfortable with these, the Goal Seek feature of Excel may be used to map out reaction boundaries much more quickly, where they seek Delta G equals zero for changing values of P or T]

