Geology 633

Multi-equilibrium thermobarometry:
TWQ and AvePT (Thermocalc)
Now that you have calculated from scratch some thermodynamic phase equilibria and tried out conventional geothermobarometry using GTB, you will be better prepared to do multi-equilibrium thermobarometry using PTAX/TWQ and THERMOCALC. These programs take no short-cuts in formulating the free energy expressions. 
For this exercise you will use the PTAX - TWQ software and thermodynamic data base of Berman (1991, Can Mineral), and the “Optimal Thermobarometry” option of THERMOCALC (Powell & Holland, 1994, Am Mineral). The two methods are both multi-equilibrium methods but are different philosophically – see the end of the Powell & Holland paper for a discussion. Note also that Terry Gordon independently devised a comparable scheme to Powell & Holland, WebINVEQ, based on the Berman data base, but it has been retired as of 2006. 

Probably the Powell & Holland method is superior, and their thermodynamic data base is more up-to-date. However, PTAX-TWQ has some useful graphics that makes it a good learning tool.

Berman, R.G., 1991. Thermobarometry using multi-equilibrium calculations: A new technique, with petrological applications. Canadian Mineralogist 29, 833-855.

http://gsc.nrcan.gc.ca/sw/twq_e.php
Powell, R. & Holland, T.J.B. (1994) Optimal geothermometry and geobarometry. American Mineralogist 79, 120-133.

http://www.esc.cam.ac.uk/astaff/holland/thermocalc.html
http://www.earthsci.unimelb.edu.au/tpg/thermocalc/
PTAX-TWQ exercise

A. Pure phases

1. Determine the P-T conditions of the Gr + Qtz = An + 2Wo and Ms + Qtz = Al2SiO5 + Kfs + H2O reactions, assuming pure phases. How does the position of the curves compare to what you calculated in the spreadsheet?

B. Impure phases, with activities input by hand

2. Repeat Q2 using your ideal calculated activities. How different are the position of the curves from the pure phases? 

C. Impure phases, with activities calculated from PTAX – TWQ based on microprobe data: ‘traditional’ thermobarometry based on the intersection of the Grt-Bt geothermometer and Grt-Als-Pl-Qtz geobarometer 

This and the next two exercises focuses on the use of mineral equilibria for P-T calculation rather than as models of actual metamorphic reactions. 

Using the Grt-Bt geothermometer and the Grt-Als-Pl-Qtz geobarometer, determine the P-T conditions of a Ms+Bt+Qtz+Grt+Ky+Pl(+H2O) metapelitic schist from Leslie Reid’s field area in the Cariboo Mountains, Omineca Belt, BC, containing the following mineral compositions:

Regional Kyanite zone sample, Cariboo Mtns., Omineca belt

OXIDES SIO2, AL2O3, TIO2 ,  FEO ,  MNO ,  MGO ,  CAO , NA2O ,  K2O ,   F  ,

GARN, 36.55, 20.85,  0.00, 34.96,  1.34,  3.04,  3.39,  0.00,  0.00,  0.00

PLAG, 61.53, 23.65,  0.00,  0.04,  0.00,  0.00,  5.10,  8.51,  0.00,  0.00

BIOT, 35.66, 19.69,  1.53, 17.34,  0.05, 11.03,  0.00,  0.30,  8.78,  0.16

MICA, 45.22, 36.30,  0.43,  0.86,  0.01,  0.59,  0.00,  1.24,  8.80,  0.02

Plot the P-T intersection on the petrogenetic grid in Lab 5 – is the P-T result consistent with the mineral assemblage from which it was derived?

D. Sensitivity analysis: effect of different mineral compositions

Commonly there is a range of mineral compositions you obtain from microprobe analysis. You have to use your judgment to choose what you think is the ‘best’ (most equilibrated) mineral composition. How sensitive are the P-T results to these choices? 

Repeat the above, with the following changes in mineral composition: 

(a)  Increase MgO in Grt by 1.0 wt% and decrease FeO in Grt by 1.0 wt%.

(b)  Change plagioclase composition to:

PLAG, 58.10, 26.44,  0.00,  0.04,  0.00,  0.00,  7.84,  6.48,  0.00,  0.00

How different are the results in each case?

E. ‘Multi-equilibrium’ (or ‘multi-species’)  thermobarometry

Using the Cariboo sample above, or the one below if you prefer, employ all relevant end members to determine the P-T conditions of the rock. 
The rock below, from Jordan Falls, Nova Scotia, contains the very low variance mineral assemblage Ms+Bt+Qtz+Pl+Grt+Crd+St+And(+H2O).
Raeside (unpub. data, writt. comm. 96/05/17) Jordan Falls Sample JF-2 Rims

OXIDES SIO2, AL2O3, TIO2 ,  FEO ,  MNO ,  MGO ,  CAO , NA2O ,  K2O ,   F  ,

CORD, 48.81, 33.17,  0.00,  6.30,  0.58,  9.19,  0.00,  0.45,  0.00,  0.00

GARN, 36.47, 20.47,  0.00, 25.34, 12.32,  2.44,  2.11,  0.00,  0.00,  0.00

PLAG, 63.80, 23.30,  0.00,  0.00,  0.00,  0.00,  4.29,  8.82,  0.00,  0.00

BIOT, 36.09, 18.99,  1.29, 16.19,  0.26, 12.70,  0.00,  0.40,  8.33,  0.00

MICA, 45.84, 35.69,  0.32,  2.48,  0.00,  0.41,  0.00,  1.20,  7.93,  0.00

Procedure for PTAX-TWQ exercises

A. Pure phases

1. Launch PTAX.exe. Choose the P-T diagram option. Choose your system components based on what minerals you have. Accept the default P-T limits, and assume pure water. Choose stable curves.

2. Choose the appropriate mineral end members for each reaction (choose a-quartz rather than b-quartz, and choose straight K-feldspar rather than high or low Kfs). 

3. Ignore the activities stuff. Let the program do the calculations.

4. Launch PLOT.exe, and look at your diagram. 

5. You can print it out by launching LASER.exe. For Q1, plot the reaction positions from the spreadsheets on the same diagram and compare. 

B. Impure phases, with activities input by hand

Repeat, except after each end member is chosen, you type in the activity you calculated. 

Plot on the same diagrams as above.

C. Impure phases, with activities calculated from PTAX – TWQ based on microprobe data: ‘traditional’ thermobarometry based on the intersection of the Grt-Bt geothermometer and Grt-Als-Pl-Qtz geobarometer 

1. You need to make a .cmp file of the mineral compositions, which is then used by PTAX. First make an .oxi file like that shown above. Then run CMP102.exe. The result is a file containing key cation parameters for each mineral that is used for activity calculations. 

2. Repeat the above steps from A, except choose metastable curves. For the Grt-Bt thermometer, choose the almandine, pyrope, annite and phlogopite end members. For the Grt-Als-Pl-Qtz barometer, choose the grossular, anorthite, kyanite and a-quartz end members. * Note: you can do both equilibria at the same time by choosing all eight end members because they are in separate composition spaces, ie, they will not generate lots of other equilibria like you will see in the next exercise. *  

3. Accept all of the default activity models. Type in the filename of the .cmp file. Let the calculations proceed.

4. Look at, and print out, the results using PLOT.exe and LASER.exe. 

D. Sensitivity analysis: effect of different mineral compositions

Make two new .cmp files for the new analyses and repeat the above.

E. ‘Multi-equilibrium’ (or ‘multi-species’)  thermobarometry

Repeat the above from scratch, and choose whatever relevant end members of the phases you like from the list below. (** See the section below about number of equilibria). 

Mineral

End members in PTAX

Biotite
 

Annite (Fe), Phlogopite (Mg)

Garnet
 

Almandine (Fe), Pyrope (Mg), Grossular (Ca)

Plagioclase 

Anorthite (Ca), Albite (Na)

Cordierite

Cordierite dry (Mg), Fe-cordierite dry (Fe)

Muscovite 

Muscovite (K), Paragonite (Na)

Quartz


a-Quartz

Staurolite*

Staurolite (Fe)*

Fluid


Water

Al2SiO5 mineral
Andalusite

* To use St, you will need to calculate your own activity of Fe-St. For the 48 oxygen St formula used by PTAX-TWQ, there are 4 sites that contain Fe, Mg, Mn and Zn (the rest of the mineral being more or less stoichiometric), so aFe-StSt = 

( Fe/(Fe+Mg+Mn+Zn) )4. For the Jordan Falls sample, aFe-StSt = 0.754 = 0.3164. 

A good place to start is to input the eight end members from Part C and then add one new end member at a time (eg, muscovite, then Crd end members, then St end member), and see what happens. Experiment! You will see an increasing number of equilibria, and often an increasing degree of scatter, each time you add another end member. Some end members will ‘mess up’ the diagram more than others, indicating either that that phase was not in equilibrium with the others, or that the thermodynamic model of that end member is poor (see discussion below). 

Time-saving note:

For experimenting, the easiest approach is to open up the file entitled ‘RESTART.res’ in Wordpad or Notepad after you have finished one calculation using all possible end members. All the set-up parameters for the problem are contained therein. You can remove end members by changing the number at the front of the end member’s line from 0 to 1, and add end members by doing the opposite. If you wish to input the activity of an end member that you calculated yourself, you can do that by putting in the appropriate value following the 0/1 switch for each end member. You can also change the name of the .cmp file name, and indeed change the P-T axes and a bunch of other stuff. 

Once you have made your changes to RESTART.res and saved it, you launch PTAX.exe again and simply type ‘Ctrl-R’ when the opening screen appears. Bingo! – a new calculation is done. This way you can rapidly experiment by adding and subtracting different end members. 

Use of CLEAN.dat and CLEAN.lst

When you have lots of equilibria, the diagram can become a total mess with labels making things worse. You can clean up the diagram by launching CLEAN.exe, which will produce an unlabelled but numbered diagram called CLEAN.dat and a full list of all equilibria that is put in a file called CLEAN.lst, which you can print out for reference. 

A note about System components, Phase components and Number of equilibria

Maximum number of equilibria

The maximum number of possible equilibria involving p end members (sometimes called phase components) and c independent system components = p! / [ (c +1)! (p – c +1)! ]. This arises because there are c+1 phases or end members involved in each (univariant) equilibrium (F = 1 (univariant) = c – p + 2 = therefore p = c + 1). You are therefore determining combinations of p things taken c+1 at a time. The reason this figure is a maximum is because there may be compositional degeneracies in the system (meaning, reactions can be written in subsystems of the full system, in which some of the components in the full system are not used). 

Number of independent system components 

Sometimes the number of independent system components is less than the number of elements or species (eg, oxides) by which the end members are specified, a situation which may arise if some elements or species are always found in the same ratio with other elements or species whenever they occur in end members. For example, in the composition matrix below:

Qtz
Sil
An
Grs
Prp
Alm
Phl
Ann
Ms 

SiO2
1
1
2
3
3
3
3
3
3 

Al2O3
0
1
1
1
1
1
0.50
0.5
1.5

FeO
0
0
0
0
0
3
0
3
0

MgO
0
0
0
0
3
0
3
0
0

CaO
0
0
1
3
0
0
0
0
0

K2O
0
0
0
0
0
0
0.5
0.5
0.5

H2O
0
0
0
0
0
0
1
1
1

there are six rather than seven independent system components for this collection of end members, because K2O:H2O is the same in the three mica end members, and no other end members contain K2O or H2O. Ignoring oxygen, the independent system components are Ca-Fe-Mg-Al-Si-(K+H). 

In general, the number of independent system components for a given collection of end members is equal to the rank of the composition matrix, which can be determined using MATLAB or other matrix software packages. In the second example below, in which the Phl end member has been exchanged for an H2O (free fluid) end member, the K2O:H2O is no longer the same in all end members (the fluid end member has no K2O in it). In this case, the rank of the composition matrix is 7 rather than 6, so that there are seven independent system components, the same as the number of oxide species used to describe the end members. 

Qtz
Sil
An
Grs
Prp
Alm
H2O
Ann
Ms 

SiO2
1
1
2
3
3
3
0
3
3 

Al2O3
0
1
1
1
1
1
0
0.5
1.5

FeO
0
0
0
0
0
3
0
3
0

MgO
0
0
0
0
3
0
0
0
0

CaO
0
0
1
3
0
0
0
0
0

K2O
0
0
0
0
0
0
0
0.5
0.5

H2O
0
0
0
0
0
0
1
1
1

Number of independent equilibria

Even though there may be many possible equilibria in a given system, many of these equilibria may be obtained by linear combinations of other equilibria, and so do not actually give you extra information. Therefore it is important to know the number of independent equilibria. The number of independent equilibria = p – c. 
Examples

Consider the assemblage Ms+Bt+Qtz+Ky+Grt+Pl plus a fluid phase that is assumed to have been present when the rock equilibrated. 

First, consider the following 9 phase components, or end members, of the phases (ignoring annite for now): 3 in garnet - Alm, Pyr, Gros; 1 in plagioclase - An; 1 in biotite - Phl; 1 in kyanite – Ky; 1 in quartz – Qtz; 1 in muscovite – Ms; 1 in fluid – H2O. From the rank of the composition matrix, there are are 7 independent system components that account for these end members: CaO-FeO-MgO-Al2O3-SiO2-K2O-H2O.There are therefore a maximum of:

9! / (7+1)! (9 – 7+1)! = 9 possible equilibria, but only:  

9 – 7 = 2 independent equilibria. Any two will suffice. The others can be obtained by combining the two independent equilibria in various ways. Note that 9 phase components and 7 system components defines a ‘univariant’ condition (F = c – p + 2 = 7 – 9 + 2 = 0). You could apply Schreinemakers’ analysis! 

Let’s add one new phase component, phlogopite, to the above system. Now there are a total of 10 phase components and the same 7 system components, leading to a maximum  of:

10! / (7+1)! (10 – 7+1)! = 45 possible equilibria, but only:  

10 – 7 = 3 independent equilibria. Note how the total number of equilibria has mushroomed, yet the number of independent equilibria has only gone up by one. This will explain how your TWQ diagrams can quickly become very complex when you use of lots of end members. Many of those extra lines are not actually giving you a better determined P-T estimate than the independent equilibria.

If you have two independent equilibria, you will always get a single, exact P-T intersection (all the lines intersect at a point). If you have more than two independent equilibria, the situation is known as ‘over-determined’, and you have lots of lines that do not all intersect at a point. Determining the ‘BEST’ P-T estimate from all of these lines and intersections is the obvious question….. 

“Optimal thermobarometry” using THERMOCALC
Powell & Holland (1994) solved the above problem by taking a least squares approach, and you must read their paper to get the full treatment. 

Run the same samples as for TWQ (Cariboo or Jordan Falls) through the AvePT option of THERMOCALC. AvePT gives you an average P-T estimate and an accompanying error elipse, in addition to a series of diagnostics to help evaluate the results.

To use AvePT, you first have to get the mineral end member activities specific to your samples. You do this by running A-X. Edit one of the existing data files for your mineral compositions, and then run A-X, choosing an appropriate ‘starting guess’ P and T. Then run Thermocalc and choose the AvePT option. If the AvePT result is very different from your ‘starting guess’ P and T, go back to A-X and use the AvePT result as your starting guess.

You may have to download the appropriate documentation from the Thermocalc website for further guidance in running A-X and Thermocalc. 
Experiment with the results by omitting and adding different end members. Try doing some calculations using exactly the same set of end members as you used for PTAX – the results won’t be identical because the thermodynamioc data sets are different, but they should be close (one hopes….).
Final exercise
How do the TWQ and THERMOCALC thermobarometry results compare with plotting the mineral assemblage(s) in the petrogenetic grid of Lab 5?

