Phase equilibrium modelling using
THERMOCALC
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The plan

DAY 1
* Anintro to thermodynamics
* An intro to THERMOCALC
* Exercise 1 intro

DAY 2
* Tips and tricks
* Exercise 1 finish (?)

« Whatever

Tim Johnson, THERMOCALC short course, 2021



Prologue:

What are we doing here?

Tim Johnson, THERMOCALC short course, 2021



What information is in (metamorphic) rocks?

Preface to Powell (1978) ‘Equilibrium Thermodynamics in Petrology: An Introduction”:

The basic premise in this book is that at least some of the features in
many rocks can be interpreted as the result of the achievement of
equilibrium on some scale at some time or times during their evolution.
Given this premise, equilibrium thermodynamics provides a way of
looking at rocks, not only for discovering at what ¢onditions they
formed, for example the temperature and pressure of formation, but
also for understanding the processes involved in their formation.

| EQUILIBRIUM
| THERMODYNAMICS




Why bother with metamorphic rocks?

Different tectonic settings are characterised by different heat flow (thermal)

regimes,

The metamorphic rocks/assemblages developed in different tectonic

settings can be characteristic.
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Why bother with metamorphic rocks?

Metamorphic petrology is the study of mineralogical and textural
changes that occur within a rock in response to superimposed
conditions such as pressure and temperature within the Earth’s crust.

Metamorphism—changes to minerals and/or mineral assemblages—is
driven by the chemical system wanting to attain (cr.maintain) the lowest
energy configuration for the (changing) imposed conditions.

Expressing, in a quantitative manner, which minerals are stable and how
their chemical compositions change can be done with a
thermodynamic approach (the point of this course)

Without thermodynamics, metamorphic geology is largely a descriptive
science ;



Thermobarometry

Quantitative metamorphic petrology is largely concerned with constraining
the pressure (P) and temperature (T) at which a rock attained equilibrium =
thermobarometry

Conventional thermobarometry uses the constituent minerals in a rock to
back-calculate the conditions of their formation = INVERSE MODELLING.

Alternatively, the bulk composition of a rock can be used to predict which
minerals should be present under particular conditions = FORWARD
MODELLING




What is PEM and why bother?

Phase equilibrium modelling (PEM) uses the measured composition of
a system (a rock) to predict which phases will be stable as a function of
(mostly) pressure (P) and temperature (T) = FORWARD MODELLING

PEM permits the quantitative investigation of processes, including:
* path-specific metamorphism (i.e., specified geotherms)
* therole of fluids (e.g., internal vs external buffering);

* metasomatism;
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Making sense of petrographic observations....




To constrain P-T evolution

5 Nagercoil aluminous metapelite (112-005a)
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* Inferred peak minerals
constrain peak P-T conditions

* Retrograde minerals help
constrain post-peak evolution

Inclusions can help constrain
prograde evolution

Lots more is possible...



What is PEM and why bother?

* Although it predicts which minerals are stable using (mainly) major
element data, we understand increasingly well the mineralogical effects
on trace element partitioning

 The derived conditions, in particular P and T and 6P/3T, when combined
with age (isotopic) and other geochemical data, can tell us about process
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Or Earth processes...

From Johnson et al. (2021)

e
plgem?)  plgem?)
3 4

2

TWM

~nCc =N

10

L, B R )
| SET |

TWM LPUM

L —

\
|
\l
|

|
|
|
N

'
1

2 3 4 52 3 4 5
P (gem™) P (gem™)

Tim Johnson, THERMOCALC short course, 2021



Thermodynamics:

The basis of the calculations

Tim Johnson, THERMOCALC short course, 2021



Thermodynamic basics

Thermodynamics is the branch of physics relating heat with other forms
of energy and how these affect matter

It was formalised beginning in the late 18t century and the driving force
behind the industrial revolution (how you can use heat to do work)

Famous scientists that worked on it include Joule, Thomson (Lord
Kelvin), Clausius, Maxwell and Boltzmann
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Thermodynamic basics — system

« A chemical system is some part of the universe that we wish to consider

- The system may be a planet, a layer within it (e.g. Earth’s mantle), a
magma chamber, a rock, a mineral grain or something else...

- Everything outside the system is the SURROUNDINGS

« Clearly the bulk composition (the average chemical composition) of a
system depends on the size and nature of that system



Thermodynamic basics — system

=

& W

Open Closed [solated

* Asystem can be isolated (nothing can flow in or out), closed (only
energy can flow in or out) or open (energy and mass can flow in and
out)



Thermodynamic basics — system

N

heat

heat

heat heat

heat heat

fluid

heat heat

heat heat
melt

ISOLATED systems cannot exchange
energy or matter with their surroundings
(unlikely in metamorphism)

CLOSED systems exchange energy but
not matter with their surroundings (rock
with no fluid flow in or out)

OPEN systems exchange energy and
matter with the surroundings (e.qg. the
rock is open to fluid flow, or melt loss)

Tim Johnson, THERMOCALC short course, 2021



Thermodynamic basics — system

N

heat

heat

heat heat

heat heat

fluid

heat heat

heat heat
fluid

Most rocks are open systems during
metamorphism, but chemical analyses
show that the only significant chemical
change in most rocks is loss or gain of
H,O and/or CO, (unless/until they melt...)

Loss or gain of other chemical species, or
METASOMATISM, is relatively rare (we will
mostly ignore it)

So most metamorphic rocks behave as a
closed system (ignoring changes in
H,O/CO,) and have bulk compositions
unchanged from their protolith

Tim Johnson, THERMOCALC short course, 2021



Thermodynamic basics — system

Wide range of possible protoliths:

« Quartz-rich sandstone
- Greywacke

- Mudstone

- Marl

- Limestone

- Evaporite

- lronstone

- Granite/rhyolite

- Gabbro/basalt

« Peridotite...

Tim Johnson, THERMOCALC short course, 2021



Thermodynamic basics — component

A component is a chemically-independent constituent of a system.

The number of components represents the minimum number of
independent species (the ‘ingredients’) requires to define the
composition of all phases of the system.

Although there are 94 stable elements of Earth, most are very rare...



Thermodynamic basics — component

Abundances of elements in the
Oxygen, 49.2% Earth’s crust, hydrosphere and
atmosphere in percent by mass

Aluminum, 7.5%

Silicon, 25.7%

lron, 4.7%
Calcium, 3.4%
Sodium, 2.6%
Potassium, 2.4%
Magnesium, 1.9%
Hydrogen, 0.9%

Others, 0.9% =
Chlorine, 0.2%
Titanium, 0.6%

© 1995-2002 by Prentice-Hall, Inc.

* Forour purposes, the most important components (or ‘ingredients’) are
the ten ‘major’ elements O, Si, Al, Fe, Mg, Ca, Na, K, H, Ti

* These are normally expressed as oxides (e.g. SiO,, TiO,, Al,O;, etc.)

* Others minor/trace elements can be VERY important (later)...



Thermodynamic basics — protoliths

Oxide A B C D E F G
SiO2 423 492 713 52 944 624 443
TiO2 0.6 1.8 0.3 0.1 0.1 1.1 0.1
Al203 42 157 143 0.8 1.1 16.6 0.9
Fe20s3 3.6 3.8 1.2 0.3 0.4 3.2 29.2
FeO 6.6 7.1 1.6 0.2 0.2 21 134
MnO 0.4 0.2 0.1 0.1 0.1 0.1 0.2
MgO 31.2 6.7 0.7 7.9 0.1 2.5 2.3
CaO 5.1 9.5 1.8 426 1.6 1.7 1.8
Na20 0.5 2.9 3.7 0.1 0.1 0.9 0.5
K20 0.3 1.1 41 0.3 0.2 3.0 1.3
H20 3.9 1.0 0.6 0.7 0.3 5.2 0.6
COz2 0.3 0.1 01 41.6 1.1 1.0 4.6
Total 99.0 99.1 998 999 99.7 99.8 99.2

- Peridotite (A)
- Gabbro (B)

- Granite (C)

- Limestone (D)
« Sandstone (E)
« Mudstone (F)

« lronstone (Q)

Tim Johnson, THERMOCALC short course, 2021



Thermodynamic basics — phase

* A phaseis a material that is chemically
homogeneous*, physically distinct, and
(often) mechanically separable

* Forour purposes, a phase is a mineral, a
fluid (volatile phase) or a melt

* Solid solutions minerals are phases but,
strictly speaking, zoned minerals are not...




Thermodynamic basics - variance

Gibbs phase rule: FOR A SYSTEM IN EQUILIBRIUM

F=C-P+2

F = degrees of freedom or variance; C =
number of components, P = number of phases

Variance is the number of independent

variables you can change (e.g. P, T) without
‘upsetting’ the system

Lower variance means more phases

In large systems, low-variance regions are
where the bulk of the (re)action takes place

Josiah Willard Gibbs (1839-1909)
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Thermodynamic basics - variance

Gibbs phase rule: FOR A SYSTEM IN EQUILIBRIUM

F=C-P+2
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Pressure / kbar

Thermodynamic basics - variance

Gibbs phase rule: FOR A SYSTEM IN EQUILIBRIUM

F=C-P+2

| 1 1 1
200 400 600 800 1000
Temperature / °C

At an INVARIANT POINT you
can change neither Por T (F=0)
without upsetting the system

On a UNIVARIANT LINE you
can change either PORT (F=1),
but not both, without upsetting
the system = discontinuous
reaction)

Ina DIVARIANT FIELD you can
change both PAND T =
continuous reaction



Thermodynamic basics — equilibrium

* Observation tells us that rocks of
similar bulk composition but
different metamorphic grade
contain different minerals

 Therock undergo reactions in an
attempt to achieve equilibrium

* The driver for these reactions are
mainly changes in P and T that set
up transient gradients in chemical
potential (u)

* The mechanism to flatten the
chemical potentials (= equilibrium)
is DIFFUSION

Tim Johnson, THERMOCALC short course, 2021



Thermodynamic basics — equilibrium

Unstable

Metastable

.............. Potential energy
———————————— barrier

Stable

From Winter (2001) An Introduction to Igneous
and Metamorphic Petrology. Prentice Hall.

A system can be stable, unstable or
metastable

We will only consider systems in
equilibrium

Equilibrium occurs when the
macroscopic properties of a system
do not change

At equilibrium, the chemical
potential (i) of all components are
flat (= no diffusion) and the
composition of each phase is
constant

Practically speaking, it depends on
the scale (in time and space) of the
observation — equilibrium volume



Thermodynamic basics — equilibrium

The equilibrium volume is that volume of the system that has reached
equilibrium

The phases that develop within the equilibrium volume will be a
function of P, T and the bulk composition of the equilibrium volume

A larger equilibrium volume is favoured by high T and the presence of
fluids (melts or volatiles) that lead to large diffusional length scales




Thermodynamic basics — equilibrium

* G-X(Gibbs free energy -
composition) diagram at constant
P, T for phases A, B and C (phase C
exhibits a solvus at intermediate
compositions). Blue dashed
common tangents indicate
equilibria between phases that
could be mass-balanced at bulk
composition X;; black dots indicate
equilibrium compositions.

at constant (P, T)




Thermodynamic basics — equilibrium

at constant (P, T)

The most stable assemblage that
could form in rock X; is coexisting
phase A with composition a and
phase B with composition b (dark
blue tangent).

The next most stable assemblage is
pure phase B with composition Xj,
followed by coexisting A and C
(mid-blue tangent), followed by
two coexisting phases of C's
structure and compositions cand d
(light blue tangent).



Thermodynamic basics — reactions

3 anorthite — grossular + 2 kyanite + quartz
3 CaAl,Si, 04 — CasAlLSis045 + 2 AlLSIO: + SiO,

* As P-T conditions change, rocks equilibrate by undergoing reaction

* Reactions involve phases that are consumed (= REACTANTS; left-
hand-side) and phases that are produced (= PRODUCTS; right hand
side)

 To consume mass (as we must), reactions must be BALANCED (=
equal number of moles of components on each side of the reaction)

« Balancing is achieved using STOICHIOMETRIC COEFFICIENTS



Thermodynamic basics — equilibrium

0=AG+RTInK

AG = Gibbs free energy of the reaction between pure end-members
K = equilibrium constant in terms of end-member activities
I =temperature

R = gas constant



Thermodynamic basics — end-member data

In a ‘simple’ form:

G=E+PV-TS

E = internal energy (total energy)

S = entropy (degree of disorder or ‘randomness’)

V =volume

I =temperature

P = pressure



Thermodynamic basics — end-member data

In a ‘simple’ form:

G=H-TS

H = enthalpy (energy associated with expansion/contraction)

S = entropy (degree of disorder or ‘randomness’)

V =volume

I =temperature

P = pressure



Thermodynamic basics — end-member data

For REACTIONS:

AG = AE+ PAV-TAS

E = internal energy (total energy)

S = entropy (degree of disorder or ‘randomness’)

V =volume

I =temperature

P = pressure



Thermodynamic basics — end-member data

In a ‘simple’ form:

AG=AH-TAS

H = enthalpy (energy associated with expansion/contraction)

S = entropy (degree of disorder or ‘randomness’)

V =volume

I =temperature

P = pressure



Thermodynamic basics — end-member data

In a less simple form:

T T Cp ﬁP
C,dT — j 2dr+Pav (1+ a(T -298) - =)
98 298 T

AG=AH—TAS+j >

2

The important point is that all these thermodynamic data are well
understood and contained within the data set....



Thermodynamic basics — end-member data

338 T.)J.B. HOLLAND & R. POWELL

Table 2a. Molar thermodynamic properties (units: kJ, K, kbar) of the end-members whose formulae can be found in Table 1.

Group End-member AcH o(AcH) S vV Cp oK L

a b c d oo Ko K Ky

Garnet and olivine Almandine (alm) —5260.65 1.31 342.00 11.525  0.6773 0 —3772.7 —5.0440 2.12  1900.0 298  —0.0016
Andradite (andr) —5769.08 1.56 316.40 13204 0.6386 0 —4955.1  —3.9892 286 15880 568  —0.0036
grossular (gr) —6642.95 1.46 25500 12.535  0.6260 0 57792 —4.0029 220 17200 553  —0.0032
Knorringite (knor) —5687.75 3.88 31700 11738 0.6130  0.3606  —4178.0  —3.7294 237 1743.0 4.05 —0.0023
Majorite (maj) 605033 9.62 25520 11457 07136 —0.0997  —11582  —6.6223 1.83  1600.0 4.56  —0.0028
Pyrope (py) —6282.13 1.06 269.50 11313 0.6335 0 —5196.1  —43152 237 1743.0 405 —0.0023
Spessartine (spss) ~5693.65 3.14 33530 11.792  0.6469 0 —45258 44528 227 17400 6.68  —0.0038
Clinohumite (chum) ~ —9609.82 249  443.00 19.785 1.0700 —1.6533  —7899.6  —7.3739 291 11940 479  —0.0040
Fayalite (fa) —1477.74  0.68 151.00 4631 02011 17330  —1960.6  —0.9009 2.82 12560 4.68 —0.0037
Forsterite (fo) 217257 0.57 95.10 4366 0.2333  0.1494 —603.8  —1.8697 285 12850 3.84  —0.0030
Larnite (Irn) -2307.04  0.90 127.60 5160 0.2475  —0.3206 0 —2.0519 290 9850 4.07 —0.0041 1
Monticellite (mont) —2251.31 0.52 109.50 5148 02507 —1.0433 ~797.2  —1.9961 2.87 11340 3.87  —0.0034
Tephroite (teph) ~1733.95 1.05 15590 4899 02196 0 —12927 13083 286 12560 4.68 —0.0037

Aluminosilicates Andalusite (and) ~2588.72  0.68 9270 5153 02773  —0.6588  —1914.1  —22656 181 14420 6.89  —0.0048
Kyanite (ky) ~2593.02  0.67 83.50 4414 02794 —0.7124  —20556  —2.2894 192 1601.0 405  —0.0025
Sillimanite (sill) —258585  0.68 9540 498 02802 —0.6900  —13757  —2.3994 112 1640.0 506 —0.0031 2
Mullite (amul) —2485.51 0.91 113.00 5083 02448  0.0968  -25333  —1.6416 136 17400 4.00 —0.0023
Mullite (smul) ~2569.28  0.69 101.50 4987 02802 —0.6900  —1375.7  —2.3994 136 17400 4.00 —0.0023
Chloritoid (fctd) —3208.31 0.80 167.00 6980 0.4161 —0.3477  —28359  —3.3603 280 14560 4.06 —0.0028
Chloritoid (mctd) —3549.31 0.75 146.00  6.875 04174 —0.3771  —2920.6  —3.4178 263 14560 4.06  —0.0028
Chloritoid (mnctd) ~3336.20 1.68 166.00  7.175 0.4644 —1.2654  —11472  —4.3410 260 14560 4.06  —0.0028
Staurolite (fst) ~23755.04 634  1010.00 44.880 2.8800 —5.6595 —10642.0 —253730 1.83 1800.0 476  —0.0026
Staurolite (mnst) —2424642 860  1034.00 45460 28733 —8.9064 —12688.0 —24.7490 209 1800.0 476  —0.0026
Staurolite (mst) 2512432 6.28 910.00  44.260 2.8205 59366 —13774.0 241260 1.81 16840 405 —0.0024
Topaz (tpz) ~2900.76  0.96 100.50 5339 03877  —0.7120 —857.2  —3.7442 157 13150 4.06  —0.0031

From Holland & Powell (2011)

Tim Johnson, THERMOCALC short course, 2021



Thermodynamic basics — equilibrium

0=AG+RTInK

AG = Gibbs free energy of the reaction between pure end-members
K = equilibrium constant in terms end-member activities in the phase
' =temperature

R = gas constant



Thermodynamic basics — solid-solutions

For a balanced chemical reaction between end members: A + 2B = 3X + 4Y,

3 4
ay.Qy
K =

2
a,.ag

* We can think of activity, g, as the ‘effective’ concentration

* For reactions between pure minerals, a=1so K= 0. For solid solutions
(most minerals) a=1,and K= 0

* Activity is some (commonly complex) function of the actual concentration
(mole fraction, X) of a component

« This function (activity-composition, or a-X, relationship) is part of the
solution models (e.g. White et al. 2014a,b)



Thermodynamic basics — solid-solutions

1.0

0.4

0.2

0.0

T=700°C

)

0.0

1.0

Tim Johnson, THERMOCALC short course, 2021



Thermodynamic basics — requirements satisfied

0=AG" +RTInK

end-member data
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An improved and extended internally consistent thermodynamic
dataset for phases of petrological interest, involving a new
equation of state for solids
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ABSTRACT  The thermodynamic properties of 254 end-members, including 210 mineral end-members, 18 silicate
liquid end-members and 26 aqueous fluid species are presented in a revised and updated internally
consistent thermodynamic data set. The PVT properties of the data set phases are now based on a
modified Tait equation of state (EOS) for the solids and the Pitzer & Sterner (1995) equation for gaseous
components. Thermal expansion and compressibility are linked within the modified Tait EOS (TEOS)
by a thermal pressure formulation using an Einstein temperature to model the temperature dependence
of both the thermal expansion and bulk modulus in a consistent way. The new EOS has led to improved
fitting of the phase equilibrium experiments. Many new end-members have been added, including several
deep mantle phases and, for the first time, sulphur-bearing minerals. Silicate liquid end-members are in
good agreement with both phase equilibrium experiments and measured heat of melting. The new
dataset considerably enhances the capabilities for thermodynamic calculation on rocks, melts and
aqueous fluids under crustal to deep mantle conditions. Implementations are already available in
THERMOCALC to take advantage of the new data set and its methodologies, as illustrated by example
calculations on sapphirine-bearing equilibria, sulphur-bearing equilibria and calculations to 300 kbar
and 2000 °C to extend to lower mantle conditions.

Key words: equation of state; internally consistent dataset; thermodynamic data.
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New mineral activity—composition relations for thermodynamic
calculations in metapelitic systems
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TInstitute of Geoscience, University of Mainz, D-55099, Mainz, Germany

?School of Earth Sciences, University of Melbourne, Melbourne, Vic.3010, Australia

?Department of Earth Sciences, University of Cambridge, Cambridge, CB2 3EQ, UK

*Present address: Department of Applied Geology, The Institute for Geoscience Research (TIGeR), Curtin University,
GPO Box U1987, Perth, WA 6845, Australia

ABSTRACT  New activity—composition (¢—x) relations for minerals commonly occurring in metapelites are presented
for use with the internally consistent thermodynamic dataset of Holland & Powell (2011, Journal of
Metamorphic Geology, 29, 333-383). The «x relations include a broader consideration of Fe,Os in min-
erals, changes to the formalism of several phases and order—disorder in all ferromagnesian minerals
where Fe-Mg mixing occurs on multiple sites. The a—x relations for chlorite, biotite, garnet, chloritoid,
staurolite, cordierite, orthopyroxene, muscovite, paragonite and margarite have been substantially repa-
rameterized using the approach outlined in the companion paper in this issue. For the first time, the
entire set of a—x relations for the common ferromagnesian minerals in metapelitic rocks is parameterized
simultaneously, with attention paid to ensuring that they can be used together to calculate phase
diagrams of geologically appropriate topology. The a-x relations developed are for use in the Na,O—
Ca0O-K,0-FeO-MgO-Al,0;-Si0,-H,0-TiO,-0, (NCKFMASHTO) system for both subsolidus and
suprasolidus conditions. Petrogenetic grids in KFMASH and KFMASHTO are similar in topology to
those produced with earlier end-member datasets and ¢—x relations, but with some notable differences.
In particular, in subsolidus equilibria, the FeO/(FeO + MgO) of garnet is now greater than in coexisting
staurolite, bringing a number of key staurolite-bearing equilibria into better agreement with inferences
from field and petrographic observations. Furthermore, the addition of Fe*" and Ti to a number of
silicate phases allows more plausible equilibria to be calculated in relevant systems. Pseudosections cal-
culated with the new a-x relations are also topologically similar to equivalent diagrams using earlier ¢—x
relations, although with many low variance fields shifting in P-T space to somewhat lower pressure
conditions.

Key words: a—x relations; metapelite; NCKFMASHTO; pseudosection; THERMOCALC.

Holland & Powell (2011)

White et al. (2014a)

Tim Johnson, THERMOCALC short course, 2021



The main tools:

Take your pick
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Methods of calculation — the main players

THERMO
Perple X | <
CALC
DATASET 6
Connolly (2009) Powell & Holland (1988) de Capitani & Petrakakis (2010)

All are (sophisticated) tools that rely on end-member data, solution
models and data input by the user

Perple_X and Theriak-Domino are Gibbs free energy minimizers — they
should automatically find the stable assemblage

THERMOCALC uses an algorithm to solve non-linear equations — it has no
‘idea’ what the equilibrium (lowest G) assemblage is

As/if they use the same input, they should produce the same diagrams



Methods of calculation — the main players

Perple X

http://www.perplex.ethz.ch/

Very easy to use (this has positive and negative connotations)

Calculations can take a long time, but can be hugely speeded up by using
Paralyzer, a Matlab script written by Mark Caddick (Virginia Tech.)

Diagrams contoured easily for other rock properties (abundance and
composition of minerals, V, S, p, seismic velocity, etc...)

Perple_X produces (to me) aesthetically-challenged diagrams



Methods of calculation — the main players

https://titan.minpet.unibas.ch/minpet/theriak/theruser.html

Very easy to use (this has positive and negative connotations)
Can also be used to extract other useful rock information

Lags behind somewhat with updates (e.g. no hp dsé models yet)
Produces aesthetically pleasing diagrams of publication standard

| have limited experience but what | have heard is all very positive



Methods of calculation — the main players

THERMO

<

CALC
DATASET 6

https://hpxeosandthermocalc.org/

Much more challenging to use (with positive and negative connotations)

Used to be painful to contour diagrams, but this is being solved (see also
the TCInvestigator GUI by Pearce et al. (2015)

With some exceptions (the abundance and composition of minerals,
activities), extracting other useful rock properties in the format (in terms of
variables) you might desire is non-trivial, but this is also changing

My program of choice for anybody learning phase equilibrium modelling



Danger!

/J\It,\it@i%\

SLIPPERY FLOOR

The largest uncertainties in phase equilibrium modelling derive from the user

Take care in the selection and calculation of bulk composition - they involve
educated guesswork

For Perple_X and Theriak Domino, take EXTRA care in your choice of solution
models

In the end, the models are models. DO NOT OVER-INTERPRET THE RESULTS!



Danger!

* Phase equilibrium is very powerful, but is useless without:
* CAREFUL FIELD AND PETROGRAPHIC OBSERVATIONS
 COLLECTING AND ANALYSING APPROPRIATE ROCKS
 THOUGHT

Tim Johnson, THERMOCALC short course, 2021



What types of rocks can |
model?

From the top of the crust to the deep mantle

Tim Johnson, THERMOCALC short course, 2021



Partial melting — solution models

Journal of
METAMORPHIC GEOLO -

J. metamorphic Geol,, 2014, 32, 261-286 doi:10.1111/jmg.12071

New mineral activity—composition relations for thermodynamic
calculations in metapelitic systems

R W. WHITE,' R. POWELL,” T. J. B. HOLLAND,? T. E. JOHNSON""* AND E. C. R. GREEN'
'Institute of Geoscience, Umvers‘ly of Mainz, D-55099, Mainz, Germany
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1 1 q

ABSTRACT  New activity-composition (a-x) relations for minerals occurring in p are p
for use with the internally consistent thermodynamic dataset of Holland & Powell (2011, Joumal of
Metamorphic Geology, 29, 333-383). The a-x relations include a broader consideration of Pezo, in mm-
erals, changes to the formalism of several phases and order-disorder in all fer
where Fe-Mg mixing occurs on multiple sites. The a-x relations for chlorite, biotite, g.:mcl chloritoid,
staurolite, cordierite, orthopyroxene, muscovite, paragonite and margarite have been substantially repa-
rameterized using the approach outlined in the companion paper in this issue. For the first time, lhc
cnurc set of a—x relations for the ferr gnesian minerals in litic rocks is p
ly, \mh ion paid to cnsunng that they can be used together to calculate phase
ically appropriate topology. The a-x relations developed are for use in the Na,O-
CaO—Kwo—PcO—VzO—ALO\—SIO\—H»O TiO,-0, (NCKFMASHTO) system for both subsolidus and
diti Petrogeneti gndﬁ in KFMASH and KFMASHTO are similar in topology to
lhosc p d with earlier end and a-x relati but with some notable differences.
In particular, in subsolidus equilibria, the FeO/(FeO + MgO) of garnet is now greater than in coexisting
staurolite, bringing a number of key staurolite-bearing equilibria into better agrccmcnl with inferences
from field and petrographic observations. Furthermore, the addition of Fe'* and Ti to a number of
silicate phases allows more plausible equilibria to be calculated in relevant sys(cms Pscudosections cal-

3

4

culated with the new a-x relations are also topologically similar to eq 1 using carlier a-x
relations, although with many low variance fields shifting in P-T space to somewhat lower pressure
conditions.

Key words: a-x relations; metapelite; NCKFMASHTO; pscudosection; THERMOCALC.

INTRODUCTION et al., 2001 2007; Dicner & Powell, 2012) were built

Quantitative phase petrology has developed over the
last decades into a widely used approach for under-
standing the evolution of metamorphic rocks and for
deriving P-T information. Such progress has been
ﬁnnly rooted in the development of better thermody-
namic data for the end-members of minerals, fluid and

up over more than a decade using a range of
approaches, different dataset versions and different a-
x relations for the other minerals mvolved This has

Ited in inh the a-x
relations for the different minerals of interest. This is
reflected in calculated mineral compositions and min-
eral propomom being unrellahle. even if fields in

melt, improved and ded activity-comp

(a-x) relations for minerals and the improvement of
software to undertake calculations. Using these tools,
metamorphic petrologists have increased understand-
ing of many metamorphic processes and placed better
quantitative constraints on the conditions of formation
of metamorphic rocks. Despite this progress, there
remain many limitations and sources of uncertainty in
the approach. In particular, it is the lack of, or limits
on, the a-x relations that currently represents the
greatest constraint on the efficacy of the approach.
Existing sets of a-x relations of minerals (¢.g. White

© 2013 John Wiley & Sons Ltd

can ly be found to match
those observed in rocks.

The release of the newly updated internally consis-
tent thermodynamic dataset of Holland & Powell
(2011) offers an opportunity for reparameterizing and
substantially improving a-x relations. In fact, the pre-
vious family of a-x relations as used with the Hol-
land & Powell (1998) dataset are not valid for use
with the new dataset and must be replaced, for the
following reasons: (i) An advance in dataset genera-
tion means that a wider range of experimental data
involving solid solutions are used, requiring that parts

261

Models permitting the
guantitative investigation of
partial melting of ‘pelitic’
systems (i.e. haplogranitic
melts) have been around since

These were updated to work
with the most recently
available Holland & Powell
(2011) end-member
thermodynamic data in 2014.

Tim Johnson, THERMOCALC short course, 2021



Crustal protoliths

Zabriskie Point, Death Valley, USA © Brigitte Werner

Tim Johnson, THERMOCALC short course, 2021



Crustal protoliths
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Cerro Torre (http.://V\_/WW.summitpost.org/)



Melting an aluminous metapelite

. Nagercoil aluminous metapelite (112-005a)
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Using these models, we
can make granite =

evolved continental crust



Relatively recent ‘game changers’
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A Simple Thermodynamic Model for Melting of
Peridotite in the System NCFMASOCr
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ABSTRACT

A new ic model is for phase relations in peridotite, from 0.001
to 60 kbar and from 800°C to liquidus temperatures, in the system NCFMASOCT. This model system
is large enough to simulate phase relations and melting of natural peridotite and basaltic liquids.
Calculations in the program TerwocaLc illustrate mantle phase relationships and melting condi-
tions, specifically for the peridotite composition KLB-1. The garnet-spinel transition zone intersects
the solidus at 21-4-21.7 kbar, where both Fe** and Cr increase spinel stability, expanding the width
of the transition. Orthopyroxene is lost at the solidus at 42 kbar in KLB-1, although this pressure is
very sensitive to bulk composition. Calculated oxidation states are in excellent agreement with
measured log fO, for xenolith suites with mantle Fe,O5 contents in the range 0-1-0-3wt %. It
appears that mantle oxidation state is not just a simple function of Pand T, but depends on phase
assemblage, and may vary in a complex way within a single assemblage. The liquid model
performs well, such that calculated solidus, melt productivity and liquid compositions compare
favourably with those of experimental studies, permitting its use in interpolating between, and
ing from, i P-T conditi i ing but i
useful regimes can be explored, such as subsolidus samples and very low melt fractions, with
application to both mantle xenoliths and the origin of basalt.

OXFORD

Key words: basalt; mantle; partial melting; peridotite; thermodynamics

INTRODUCTION

Much experimental effort has been expended in deduc-
ing the mineralogy of the upper mantle and its melting
behaviour, with the principal aim of understanding the
origin of basaltic melts, and the underlying mantle
geodynamic processes and the evolution of the Earth.
T i to ing melting in
the mantle have been less successful, although the
MELTS (and pMELTS) program has been of great value
in understanding the way in which melts are generated
from mantle melting and then crystallized on subse-
quent segregation, rise and cooling (Ghiorso & Sack,
1995; Asimow & Ghiorso, 1998; Ghiorso et al., 2002).
The subsolidus relations in peridotite have vet to be
modelled in detail for compositions that contain ferric
iron, particularly with respect to the effects of this com-
ponent on the spinel to garnet transition interval. We
also luate the ther ic properties of

©The Author 2015, Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative C

Cr-bearing end-members and their effect on phase
equilibria (see Klemme, 2004; Klemme et al,, 2009), par-
ticularly with respect to the effects of these elements on
the spinel to garnet transition interval. In addition, there
remains a need to model the initial melting of peridotite
in the range 0-60 kbar such that the phase relations and
melt compositions are predicted accurately enough to
be useful for trace-element geochemical modelling of
melting processes. Although Green et al. (2012a) and
Green et al. (2012b) made progress on subsolidus rela-
tions and on melting in the simplified CMAS system, re-
spectively, the results were limited in application to
more complex natural systems. This study, which
builds on the dataset of Holland & Powell (2011), ex-
plores a simple thermodynamic model that aims to
shed light on some of these aspects of mantle subsoli-
dus and melting behaviour. It is, however, preliminary
in scope and application.

ibution License 00, which pernits

unrestricted reuse, distribution, and reproduction in any medium, provided the original work s properly cited.
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Activity—composition relations for the calculation of partial
melting equilibria in metabasic rocks
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ABSTRACT

INTRODUCTION

A set of thermodynamic models is presented that, for the first time, allows partial melting equilibria
to be calculated for metabasic rocks. The models consist of new activity-composition relations com-
bined with end-member thermodynamic properties from the Holland & Powell dataset, version 6.
They allow for forward modelling in the system NayO-CaO-K,0-FeO-MgO-ALOs-Si0,-H,0-
TiOy-Fe;05. In particular, new activity-composition relations are presented for silicate melt of
broadly trondhjemitic-tonalitic composition, and for augitic clinopyroxene with Si-Al mixing on the
tetrahedral sites, while existing activity-composition relations for hornblende are extended to include
K;0 and TiO,. Calibration of the activity-composition relations was carried out with the aim of
reproducing major experimental phase-in/phase-out boundaries that define the amphibolite-granulite
transition, across a range of bulk compositions, at <I3 kbar.

Key word:

mphibolite; calibration; granulite; Holland & Powell dataset; pseudosection

(e.g. Wood & Banno, 1973; Stormer, 1975; Thomp-
son, 1976; Newton & Haselton, 1981). Model a-x

The introduction in recent decades of forward mod-
elling via calculated phase diagrams (c.g. Powell &
Holland, 1988; Powell et al., 1998) represents a major
development in metamorphic petrology. Suitable
phase diagrams, commonly known as pseudosections,
map the equilibrium phase assemblages subject to
constraints of bulk composition, usually in pressure—
(P-T). bulk
(T-X) or pressure-bulk composition (P-X) space. To
produce such diagrams, the thermodynamics of each
of the phases involved must be described by a model
A model consists of one or more end-members, with
thermodynamic properties typically taken from an
internally consistent thermodynamic dataset. For
multiple-end-member phases, such as solid solutions,
the end-member properties must be combined with
activity-composition (a-x) relations describing the
thermodynamics of mixing of the end-members.
End-member thermodynamic datasets in current
use include those of Holland & Powell (2011), Ber-
man (1988), Gottschalk (1996) and Chatterjee e al.
(1998). The development of model a—x relations for
minerals and melts has a long history, with much
early work having the purpose of generating thermo-
dynamically based thermometers and barometers

© 2016 John Wiley & Sons Lid

relations are almost inevitably under-constrained by
the available data, and so, when the aim is to calcu-
late phase diagrams, it is sensible to select a—x rela-
tions for the various phases that have been
parameterized to work together as a set. In this way,
deficiencies in the thermodynamic model for one
phase may compensate for those in the model for
another phase, producing appropriate stable assem-
blages overall. Widely used sets of a-x relations
include those developed for the modelling of metape-
litic or ultramafic rocks based on the Holland &
Powell (1998, 2011) datasets (e.g. White et al., 2007
2014; Klemme et al., 2009; Chu & Ague, 2013; Hol-
land et al., 2013), and those incorporated into the
MELTS software and its extensions pMELTS,
pHMELTS and rhyolite-MELTS, for modelling of
partial melting cquilibria in ultramafic and felsic
systems (Ghiorso & Sack, 1995; Ghiorso et al., 2002;
Asimow et al., 2004; Smith & Asimow, 2005; Gualda
et al., 2012)

Until now, no set of a—x relations has been avail-
able for the modelling of partial melting equilibria in
metabasic rocks. The current MELTS, pMELTS and
rhyolite-MELTS models are not intended to calculate
equilibria between melt and amphibole or biotite.

845

Models permitting the quantitative investigation of partial melting of
ultramafic and mafic systems appeared in 2015 and 2016, respectively

These three systems work INDEPENDENTLY (the melt models are different



Crustal protoliths
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Melting a Paleoarchaean basalt

g aug hb
+mu biqgsphrul mol. % melt

* NCKFMASHTO using
Green et al. (2016)
solution models

13

p 12
(kbar)
" * Using these models, we
can make tonalite and
trondhjemite = primitive

continental crust

10
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Tim Johnson, THERMOCALC short course, 2021



Mantle protoliths
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Mantle Peridotite, Samail Ophiolite, Oman © Evelyn Mervine
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P kbar

900

1000

Melting the mantle

1100 1200 1300 1400 1500 1600 1700
T°C

From Jennings & Holland (2015)

* Extends simple CMAS models
(Green et al., 2012) into the

NCFMASOCr system

e Using these models, we can
make primary basaltic
(oceanic) crust

Tim Johnson, THERMOCALC short course, 2021



A more recent ‘game changer’
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ABSTRACT

A new set of thermodynamic models is p d for calculating phase relati in bulk

tions extending from peridotite to granite, from 0.001 to 70kbar and from 650°C to peridotite
liquidus temperatures, in the system K;0-Na,0-CaO-FeO-MgO-Al,05-SiOx~H,0-TiO~Fe 04~
Cr,03 (KNCFMASHTOCT). The models may be used to calculate phase equilibria in partial melting
of a large range of mantle and crustal compositions. They provide a good fit to experimental phase
relation topologies and melt compositions across the compositional range of the model.
Compared with the preliminary model of Jennings, E. S. & Holland, T. J. B. (2015) (A simple
thermodynamic model for melting of peridotite in the system NCFMASOCr. Journal of Petrology
56, 869-892) for peridotite-basalt melting relations, the inclusion of K;0 and TiO; allows for better
modelling of small melt fractions in peridotite melting, and in reproducing rutile-bearing eclogite
melting at high pressures. An improved order-disorder model for spinel is now incorporated.
Above 10kbar pressure, wet partial melting relations may be significantly affected by the dissol-
ution of silicates in aqueous fluid, so the set of models includes an aqueous low-density silicate-
bearing fluid in addition to a high-density H,O-bearing silicate melt. Oxygen fugacity may be
readily calculated for the whole range of bulk compositions investigated, and the effect of water
content on melt fO; is assessed.

Key words: basalt; mantle; partial melting; peridotite; thermodynamics

INTRODUCTION

OXFORD

In order to model partial melting, a thermodynamic

The modelling of melting relations in rock bulk compo-
sitions is an important goal in petrology. Modelling

description is needed for each of the phases involved.
The silicate melt is perhaps the most difficult. This is

makes it possible to predict mineral + melt
lages at pressures, temperatures and compositions
where existing experimental data must be interpolated.
Model predictions may even, with caution, be extrapo-
lated to regimes where experimental constraints would
be challenging or time-consuming to obtain. Partial
melting plays a major role in both modulating and prob-
ing Earth processes, the former by advecting heat and
matter, and the latter by influencing seismic velocities.
Consequently, the capacity to make accurate predic-
tions of partial melting relations has great significance
for Earth system science.

©The Author(s) 2018. Published by Oxford Universty Press.

fund. Ity there is no obvis way to write
the entropy of the melt, unlike in a crystalline solid, for
which the configurational entropy of cation mixing on
lattice sites is well defined. However, the problem is
exacerbated by the enormous extent of composition
space that melts are able to occupy, relative to any solid
solution. Thermodynamic modellers have previously
handled this problem by modelling subsets of this po-
tential composition space, relevant to melt in a limited
range of settings.

Using this approach, partial melting can now be
handled in a wide range of contexts using different

This is an Open Access article Gistributed under the terms of the Creative Commons Amtribution License (httpJ/creativecommans.orgficenses/byid 01, which permits
unrestrictod reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 881

A new paper provides a SINGLE
melt model for calculating
phase relations with respect to
partial melting of lithologies
ranging from peridotite to
granite

It includes a model for low-
density silicate-bearing fluids,
so works to much higher P

If it is shown to work well, it is
difficult to underestimate the
importance of this
development to phase
equilibrium modelling...



Melting whatever we like
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From Johnson et al. (in prep.)
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Types of phase diagram:

P-T, T-X, P-X, ‘modebox’, etc.
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Types of diagram
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little quantitative use in more realistic (= large) systems



Types of diagram — Compatibility diagrams

+ mu, g, H,0

bi

* Generally only of use in (artificially) small systems, such as KFMASH

* Very useful for thinking about what higher variance assemblages can be
stable either side of a univariant reaction



Types of diagram — P-T pseudosections
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Most commonly drawn
diagram

Drawn for a fixed bulk
composition (in this case

in the NCKFMASHTO
system)

Simply a P-T map of the
stable assemblages (paler
= lower variance = more

minerals, darker = higher
variance = fewer
minerals)



Contouring pseudosections

2 NCKFMASHTO (+ pl + q)

Pettijohn1 « Pseudosections are more
1 o 4 7 0 5 f20
p |/ Lo | e useful when contoured for
-/ bi mu ksp ilm i lig o) sl & J19opx
kbar | )/ AN /3 //kspilm, abundance and/or
, X l e
10 sp m Labi 1\ B composition of phases
i lig / lks:? mt/ /
iq /
- bi mu k P .
T <o o Formallly, all co’n’Fourlng.was
g [© i Y // 3 done ‘by hand’, line by line
2 e Y and point by point
i /h— - 40
 bi v Y, * For THERMOCALC users,
6 . mu o
ksp Spx 25 TClnvestigator (Pearce et al.
- ilm / .
H0 / _ o (2015) has made things
B k/sp mtlig / .
4L sedbilsp | /)] . MUCH easier...
-/ /bi / o mii
ksp 60
mt H,O X X
) 7 ksp ilm mt lig
2 cd bi 7 opx cd bi t Vi y Y ,65
ksp mt H>0 kspmtliq // /7// liq /,/OPX Cd, s /7
vy 0 /7 immtliq /7 70
ol | / NS L S NS S s
650 700 750 800 850 900 1, 950

From Johnson et al. (2008)



P-X & T-Xdiagrams

o5y NCKFMASHTO (+pl+ Q) * Requires either P (isobaric) or
T opxiimlia T (isothermal) to be fixed
oo - «  Allows examination of other
~opxcd bi ksp ilm lig variables, generally
P composition
850
|  Mkspmtlia 7~  Of particular use are
800 | ormiep 3 biksp mt isil- / diagrams exammmg the
effects of H,0 influx and melt
loss
750
700 |
650
0.2 0.3 04 0.5 0.6 0.7 0.8
XMg

From Johnson et al. (2008)

Tim Johnson, THERMOCALC short course, 2021



T-H,0 influx

1.5

2.0

2.5

F (mol.%)
sl —eo_*s__¢ —

Sample 87535a
(Sisson et al., 2005)
NCKFMASHTO (+hb, pl)

30 35 40 45 50 55 6.0
HZO (Wt%)

From Huang et al. in review

Melt fraction increases
dramatically with H,O influx

May be a good analogy for
melting at the base of arcs

Tim Johnson, THERMOCALC short course, 2021



T-X melt loss

NCKFMASHTO (+ pl + g + ilm) * Solidus migrates to higher T
as meltis lost
("0

e This is what permits
900

preservation of ‘dry’ granulite

facies assemblages
850

800
750

700

650

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

From Johnson et al. (2008) melt loss

Tim Johnson, THERMOCALC short course, 2021



Chemical potential (1—11) diagrams

-400

* Investigating transient
disequilibrium and diffusion

 Permits examination of the
spatial organization of
microstructures

-401

-402

-403

-404

i M FeO (kJmol™)
405 L

-705 -704 -703 -702 -701 -700

From Mitchell et al. (2019)



Comp. B at 5 kbar

20 40 60 80 vol% 20 40 60 80

‘Mode’v T (or P)

Comp. AS at 5 kbar Comp. AS at 10 kbar

Comp. B at 10 kbar

20 40 60 80

1000 “

950 A
lig

kfs/pl/qtz

kfs/pl/qtz

crd

800+

b pl
750 —

opx

kfs

qtz

20 40 60 80 mol% 20 40 60 80
From White et al. (2011)

sil/kfs/pl/qtz

20 40 60 80

sil/kfs/pl/qtz

20 40 60 80 20 40 60 80

The match with experiments is decent — there are advantages and pitfalls

with both methods

Tim Johnson, THERMOCALC short course, 2021



An introduction to THERMOCALC

The nuts and bolts of calculations

THERMO

<

CALC
DATASET 6

Tim Johnson, THERMOCALC short course, 2021



So, you've identified a rock you’d like to model...

Tim Johnson, THERMOCALC short course, 2021



What is required?

The bulk rock composition in terms of major element oxides:

XRF or dissolution ICP-MS (+/- Fe-titration);
point-counting or X-ray maps and mineral chemistry;

existing (literature) data.

It's very cheap!

Tim Johnson, THERMOCALC short course, 2021



The importance of sampling properly

* Usually choose samples with the lowest variance = most minerals
* Select samples that are as HOMOGENEOUS as possible

* If the sample is heterogeneous, separate homogeneous portions (by
saw) prior to crushing/powdering

It's very cheap!

Tim Johnson, THERMOCALC short course, 2021



Bulk compositions — weight% to mol.%

* THERMOCALC requires that you input the bulk composition in MOLES of the
components (oxides) = MO; XRF analyses come as WEIGHT% oxides = WO

* To convert to MO, you need to divide WO by the molecular weight (MW) of
the oxides (MO = WO/WM), then normalize to 100% (although THERMOCALC
will automatically normalize for you

* You need to make decisions about ferric iron and H-,0, and think about
those components that are cannot (currently ) be modelled, such as P,0s.
We'll get to this later...

* See the file '"bulk compositions.xls’ ...

- g

,
Ié




The choice of chemical system

& P(kbar) o»

700
KFMASH (+q)

& P(kban) o

NCKFMASHTO (+q +ilm)

750

7 NCKFMASH (+ q)

6
5
g
=
a
4
2
T(C) 800 850 700 750  T(C) 800 850
7 - -
[ SP absent g cd sill -bearing assemblages
- sp q -bearing assemblages
gttt . . NCKFMASHTO
6|
5|
= I
S|
<[
o
cd sp 4
cdsillspksplig ksp lig
cd sill sp ‘ :
ksp li i
=3 5k 7
L NCKFMASH
NCKFMASHTO
2 L L iy L L | L " L L |
T(C 800 850 700 750  T(C) 800 850

Tim Johnson, THERMOCALC short course, 2021
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The choice of chemical system

MnNCKFMASHTO (+mu +q + H20)

gbiplhemru gbiplilmhemru

ep\ilm hem ru

g'chl bi pa k ;

8" gbipa gbi
epilmru

~~ _gbi
- “plilmru

paplilmru

1) g chl bi pa ep sph

500

550
6) g chl bi paep hemru

T(C) 600
11) g chl bi plep ilm mt

7) g bi paep hemru

8) g bipa ep ilm hem ru
9) g chlbipaplabepilm
10) g chl biplab epilm

2) g chl bi pa ab ep sph
3) gchlpaab ep sph

4) chl ab ep sphru

5) chl bi ab ep sph ru

" - paragonite ~ ~.margarite ~ - . plagioclase

12) g chl bipa plepilm
13) g chl bi pa ma ep ilm
14) g bi pa ma epilm mt
15) g bi pa ma pl epilm mt
zero-mode boundaries . garnet - aluminosilicate - chlorite

~ staurolite

~~.albite — epidote ~~ all others

From White et al. (2014b)

A\ gbiplimru

650 700

16) g st chl bi pa pl ilm mt
17) chl bi pl ab ep ilm ru
18) chl bi pl ab ep ilm

19) chl bi pl ep ilm mt

20) and cd bi pl ilm mt

- biotite

Largest available system is
MnNCKFMASHTO (for ‘pelites &
mafic) or NCKFMASHTOCr (mafic
& ultramafic)

TiO, (T) and Fe, 05 (O) allow more
realistic treatment of silicates and
consideration of Fe-Ti oxides
(rutile, ilmenite, magnetite,
hematite)

Mn mainly affects garnet stability

A limitation is that the contents of
H,O and ferric/ferrous iron are
educated guesswork...

Another is that there are many
other (minor/trace) elements that

cannot currently be modelled...
Tim Johnson, THERMOCALC short course, 2021



Pseudosections — logic puzzles

NKFMASH :
, * P-Tpseudosections are drawn

for a single bulk composition (a
‘rock’)

L +ky
14 ¢

gfspqliq

* They consist of fields that
represent mineral assemblages

 Darker shade = HIGHER variance
= FEWER minerals (F=C-P + 2)

12 |

n |

10 |

*  We try to match the calculated
stability of mineral assemblages
with the assemblages we
observe in our rocks

750 800 850 900 950 1000 1050 1100 1150 1200
Tco

P-T pseudosection based on the bulk composition of the experimental
starting materials of Rich Taylor (e.g. Taylor et al., 2015)

Tim Johnson, THERMOCALC short course, 2021



P (kbar)

Pseudosections — logic puzzles

NKFMASH

15

+ky
14 q

3 gfsp qliq

12 g lig

11 || gbi

&

~
&
(o))

10 lig

opx sp liq

750 800 850 900 950 1000 1050 1100

Tco

P-T pseudosection based on the bulk composition of the experimental

starting materials of Rich Taylor (e.g. Taylor et al., 2015)

1150

The assemblage fields are
bounded by lines and points

Each and every point® has
FOUR lines emanating from it

Crossing a line represents to
appearance or disappearance
of a phase (F changes by 1)

In other words, a line
represents where the
abundance (‘mode’) of a
mineral goes to zero

A point is where the modes of
two minerals go to zero

“Except UNIVARIANT LINES!









Band C=0
A+ C or [B C] A+B+C







Pseudosections — logic puzzles

 UNIVARIANT LINES (discontinuous reactions) behave exactly the same
providing you think about them as INFINITELY THIN FIELDS...

Aky

+ mu, g, H,0

bi




Pseudosections — logic puzzles

* UNIVARIANT LINES (discontinuous reactions) behave exactly the same
providing you think about them as infinitely thin fields...

Tim Johnson, THERMOCALC short course, 2021



Pseudosections — logic puzzles

* UNIVARIANT LINES (discontinuous reactions) behave exactly the same
providing you think about them as infinitely thin fields...

Tim Johnson, THERMOCALC short course, 2021



THERMOCALC files

* There are two programs,
THERMOCALC (in this case tc333i)

[ archive (ignore) © » @ 0_version_notes.txt and drawpd (in this case

' key papers @ » W dr-prefs.txt .

B tcalc_SC_2021.pdf © & dr-tutel.txt dr115i)

CXGIE

8 tute 1 winbows @ » @ metapelite_...criptions.txt * THERMOCALC is for running the

9 tute 2 mac @ » ' README.txt .

9 tute 2 windows @ » & samecodin..._guesses.txt calculatlons (there are many
2 ordng2a different versions)
W tc-log.txt

W tc-mp50KFMASH . txt

W tc-mp50Mn...MASHTO.txt
W tc-mpS5ONC..MASHTO.txt
W tc-prefs.txt

W tc-tutel1-o.txt

W _tc-tute1.txt

M tc350

B tute1(PT).pdf

« drawpd is for plotting the
diagrams (there are many
different versions)

CO0Q000C000C0CO0COCOCOCOOQOOQDVO




B Bulk compositions.xlsx

.| MORB

| peridotite

| PT_tutorial-mac
.| TX_ tutorial-mac

o
&>

o>

THERMOCALC files

W dr-log.txt

dr-pfin.eps

W dr-pfin.txt
W dr-prefs.txt

-

dr-ptpstute.txt
dr115i
drptpstute.pdf
pt-pseudo-tute.pdf

Ni tC-dSSS.tXt

tc—log.txt

W tc-NCKFMASHD.txt

W tc-prefs.txt
W tc-ptpstute-dr.txt
W tc-ptpstute-o.txt

W tc-ptpstute.txt

tc333i

CO0O00000000O00COOO

There are two data files, tc-
ds55.txt and tc-
NCKFMASHDp.txt

tc-ds55.txt is the Holland &
Powell end-member
thermodynamic data (in this
case the 1998 version)

tc-NCKFMASHp.txt contains
the activity—-composition
models for the different
minerals

THESE FILES ARE LOOK BUT
DO NOT TOUCH



THERMOCALC files

0=AG+RTInK

end-member data

Journal of

METAMORPHIC GEOLOGY

J. metamorphic Geol., 2011, 29, 333-383 doi:10.1111/.1525-1314.2010.00923 .x

An improved and extended internally consistent thermodynamic
dataset for phases of petrological interest, involving a new
equation of state for solids

T.J. B. HOLLAND' AND R. POWELL?
"Department of Earth Sciences, University of Cambridge, Cambridge, CB2 3EQ, UK
2School of Earth Sciences, The University of Melbourne, Victoria 3010, Australia (powell@unimelb.edu.au)

ABSTRACT  The thermodynamic properties of 254 end-members, including 210 mineral end-members, 18 silicate
liquid end-members and 26 aqueous fluid species are presented in a revised and updated internally
consistent thermodynamic data set. The PVT properties of the data set phases are now based on a
modified Tait equation of state (EOS) for the solids and the Pitzer & Sterner (1995) equation for gaseous
components. Thermal expansion and compressibility are linked within the modified Tait EOS (TEOS)
by a thermal pressure formulation using an Einstein temperature to model the temperature dependence
of both the thermal expansion and bulk modulus in a consistent way. The new EOS has led to improved
fitting of the phase equilibrium experiments. Many new end-members have been added, including several
deep mantle phases and, for the first time, sulphur-bearing minerals. Silicate liquid end-members are in
good agreement with both phase equilibrium experiments and measured heat of melting. The new
dataset considerably enhances the capabilities for thermodynamic calculation on rocks, melts and
aqueous fluids under crustal to deep mantle conditions. Implementations are already available in
THERMOCALC to take advantage of the new data set and its methodologies, as illustrated by example
calculations on sapphirine-bearing equilibria, sulphur-bearing equilibria and calculations to 300 kbar
and 2000 °C to extend to lower mantle conditions.

Key words: equation of state; internally consistent dataset; thermodynamic data.

solution models

doi:10.1111/jmg.12071

1of
AMORPHIC GEOLOG

J. metamorphic Geol., 2014, 32, 261-286

New mineral activity—composition relations for thermodynamic
calculations in metapelitic systems

R. W. WHITE,' R. POWELL,” T. ). B. HOLLAND,” T. E. JOHNSON'"* AND E. C. R. GREEN'
TInstitute of Geoscience, University of Mainz, D-55099, Mainz, Germany

?School of Earth Sciences, University of Melbourne, Melbourne, Vic.3010, Australia

?Department of Earth Sciences, University of Cambridge, Cambridge, CB2 3EQ, UK

*Present address: Department of Applied Geology, The Institute for Geoscience Research (TIGeR), Curtin University,
GPO Box U1987, Perth, WA 6845, Australia

ABSTRACT  New activity—composition (¢—x) relations for minerals commonly occurring in metapelites are presented
for use with the internally consistent thermodynamic dataset of Holland & Powell (2011, Journal of
Metamorphic Geology, 29, 333-383). The «x relations include a broader consideration of Fe,Os in min-
erals, changes to the formalism of several phases and order—disorder in all ferromagnesian minerals
where Fe-Mg mixing occurs on multiple sites. The a—x relations for chlorite, biotite, garnet, chloritoid,
staurolite, cordierite, orthopyroxene, muscovite, paragonite and margarite have been substantially repa-
rameterized using the approach outlined in the companion paper in this issue. For the first time, the
entire set of a—x relations for the common ferromagnesian minerals in metapelitic rocks is parameterized
simultaneously, with attention paid to ensuring that they can be used together to calculate phase
diagrams of geologically appropriate topology. The a-x relations developed are for use in the Na,O—
Ca0O-K,0-FeO-MgO-Al,0;-Si0,-H,0-TiO,-0, (NCKFMASHTO) system for both subsolidus and
suprasolidus conditions. Petrogenetic grids in KFMASH and KFMASHTO are similar in topology to
those produced with earlier end-member datasets and ¢—x relations, but with some notable differences.
In particular, in subsolidus equilibria, the FeO/(FeO + MgO) of garnet is now greater than in coexisting
staurolite, bringing a number of key staurolite-bearing equilibria into better agreement with inferences
from field and petrographic observations. Furthermore, the addition of Fe*" and Ti to a number of
silicate phases allows more plausible equilibria to be calculated in relevant systems. Pseudosections cal-
culated with the new a-x relations are also topologically similar to equivalent diagrams using earlier ¢—x
relations, although with many low variance fields shifting in P-T space to somewhat lower pressure
conditions.

Key words: a—x relations; metapelite; NCKFMASHTO; pseudosection; THERMOCALC.

Holland & Powell (2011)

White et al. (2014a)

Tim Johnson, THERMOCALC short course, 2021
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THERMOCALC files

¥ dr-log.txt

dr-pfin.eps

W dr-pfin.txt
W dr-prefs.txt

L

Ly
B
&

< l
oo

)

Y dr-ptpstute.txt

dr115i
drptpstute.pdf
pt-pseudo-tute.pdf

W tc-ds55.txt

W tc-log.txt

v tc-NCKFMASHp.txt
W tc-prefs.txt

tc-ptpstute-dr.txt
tc-ptpstute-o.txt

W tc-ptpstute.txt

tc333i

CO0O00000000O00COOO

The file containing user specific
input, here called tc-

ptpstute.txt, is called the script
file

Here you input your bulk
composition, the P-T window
of interest, and many other
scripts allowing control of
many aspects of THERMOCALC,
(both input and output)



B Bulk compositions.xlsx
.| MORB
| peridotite
| PT_tutorial-mac
.| TX_tutorial-mac

@

o
o
v
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THERMOCALC files

Y dr-log.txt
dr-pfin.eps

W dr-pfin.txt

W dr-prefs.txt

% dr-ptpstute.txt
M dr115i
[# drptpstute.pdf
[#] pt-pseudo-tute.pdf
W tc-dsS55.txt

tc—log.txt

W tc-NCKFMASHDp.txt
v _tc-prefs.txt

W tc-ptpstute-dr.txt

W tc-ptpstute-o.txt

W tc-ptpstute.txt
M tc333i

CO0O00000000O00COOO

Three files (in this version of
tcalc) are automatically
generated when you run
THERMOCALC

The output file (tc-ptpstute-
o.txt) contains, well, output...

The drawpd file (tc-ptpstute-
dr.txt) contains the
coordinates of lines and points
to paste into a drawpd script
file (dr-ptpstute.txt)

The log file (tc-log.txt) contains
detailed output, including
starting compositions, bulk
compositions, etc...



X8
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Bulk compositions.xlIsx

.| MORB

| peridotite

| PT_tutorial-mac
| TX_ tutorial-mac

THERMOCALC files

@ v dr-log.txt

o dr-pfin.eps

@ »_« dr-pfin.txt

@ » & dr-prefs.txt
@ » & dr-ptpstute.txt

M dr115i

=] drptpstute.pdf

D pt-pseudo-tute.pdf
¥ tc-ds55.txt

& tc-log.txt

W tc-NCKFMASHDp.txt

W tc-prefs.txt

W tc-ptpstute-dr.txt
% tc-ptpstute-o.txt
% tc-ptpstute.txt
M tc333i

CO0O00000000O00COOO

Two files (tc-prefs.txt and dr-
prefs.txt allow users to specify
some first-order preferences

For example, in tc-prefs.txt
you can specify the type of
calculation, the end-member
thermodynamic data to be
used, and the width of the
console window

In both prefs files, you can tell
THERMOCALC and drawpd which
script file to work with, which
saves lots of time



B Bulk compositions.xlsx
| MORB

| peridotite

| PT_tutorial-mac

.| TX_tutorial-mac

THERMOCALC files

@ & dr-log.txt

@ » dr-pfin.eps

@ » & dr-pfin.txt

@ » & dr-prefs.txt
@ » « dr-ptpstute.txt

M dr115i

=] drptpstute.pdf

D pt-pseudo-tute.pdf
¥ tc-ds55.txt

& tc-log.txt

W tc-NCKFMASHp.txt
W tc-prefs.txt

W tc-ptpstute-dr.txt
% tc-ptpstute-o.txt

% tc-ptpstute.txt

M tc333i

CO0O00000000O00COOO

The files (dr-ptpstute.txt
contains everything that
drawpd needs to draw the
phase diagram

This includes the data for lines
and points, which data to plot

on which axes, what colour to

use to shade fields, whether or
not to number lines, etc.

When you run this file through
drawpd it (should) make a nice
encapsulated postscript file (dr-
ptpstute.eps)

Details of the drawpd calcs can
be found in dr-log.txt



THERMOCALC files

* You will save yourself lots of
time if you get into the habit of
organizing your desktop so
that you know where all of the
windows and files are...




THERMOCALC

tips and tricks

Tim Johnson, THERMOCALC short course, 2021



Bulk compositions — problem components

You can and will save yourself lots of time by thinking about what you
want to do and how you want to do it BEFORE you start any calculations

A thorough characterisation of your samples using field and petrographic

observations is required prior to going anywhere near thermodynamic
calculations




Bulk compositions — problem components

The bulk composition you use can only ever be an approximation of the
real composition. Many minor and almost all trace elements have to be
ignored.

P,O; — in most rocks, P,O; is mostly in apatite. However, this leaves an
excess of Ca which must go somewhere, affecting the stability of other Ca-
bearing phases

To account for the presence of apatite, subtract an amount of Ca equal to
3.33 x P,O; ONCE YOU HAVE CONVERTED TO MOL.%

However, you might have lots of monazite...




Bulk compositions — problem components

H,O - some rocks (like mantle peridotite) are nominally ‘dry’ and you can
ignore H,O

Most crustal metamorphic rocks contain hydrous minerals, so H,O is rather
important

When modelling subsolidus conditions (the rocks haven’t melted), for most
compositions you can consider H,O to be in excess (it is constantly neing
produced by dehydration reactions)

In migmatites, the amount of H,O governs the amount of melt, so you have
to ‘guess’ an appropriate amount of H,O




Bulk compositions — problem components

If your rocks are unaltered, the loss on ignition (LOI) from an XRF analysis is
a decent approximation

However, not if you have lots of cordierite (CO,) or other volatile-bearing
minerals

You can also estimate H,O (and other components) using mineral
chemistry and the calculated modes of H,O-bearing minerals in thin
sections

You can commonly make an educated guess on an appropriate H,O
content, for example, enough to just saturate the solidus as a reasonable P




Bulk compositions — problem components

* Ferriciron (Fe3*) —ferriciron is VERY important for the stability of many
minerals, both major and accessory minerals

* You can measure (via titration) the amounts of FeO and Fe, 03, which will
only give you a MAXIMUM amount of Fe,O; (rocks don’t tend to become
more reduced in the atmosphere)

* Unless you have shed-loads of magnetite or ilmenite, a good guess is to
use an Fe3*/ZFe of 0.1 for Archaean rocks, and 0.2 for younger rocks

Tim Johnson, THERMOCALC short course, 2021



Bulk compositions — problem components

THERMOCALC uses O to define the amount of Fe,03, by combining O with 2
lots of FeO in your MOL>% BULK COMPQOSITION (Fe,O5 = 2FeO + O)

As there are 2 Fe3* cations in Fe,03, to get Fe3*/ZFe = 0.1, you need to
divide your initial FeO content by 20. Fe3*/ZFe = 0.2 is FeO/10

Tim Johnson, THERMOCALC short course, 2021



Thermodynamic basics — equilibrium

The equilibrium volume is that volume of the system that has reached
equilibrium

The phases that develop within the equilibrium volume will be a
function of P, T and the bulk composition of the equilibrium volume

A larger equilibrium volume is favoured by high T and the presence of
fluids (melts or volatiles) that lead to large diffusional length scales

—



Thermodynamic basics — equilibrium

In general, higher temperatures will lead to larger equilibrium
volumes, such that many high-grade metamorphic rocks can be
assumed to have reached equilibrium on a thin-section, hand specimen

or even outcrop scale

However, in rocks that reached ~1100°C...

Xyg (cd) =0.65 Xy (cd) = 0.60
Xug (5P)=0.16  Xyg (sp) =0.12




Domainal equilibrium at UHT

5mm
|

| garnet
orthoclase

cordierite
quartz

)

sillimanite
plagioclase

ilmenite

biotite

hercynite
magnetite/hematite
sapphirine

orthopyroxene
rutile
muscovite
zircon

* Domainsrich in: opx + sill (nho g) and g + sill (no opx) did not equilibrate

* Requires calculation of an assumed equilibration volume

Tim Johnson, THERMOCALC short course, 2021



Domainal equilibrium at UHT

10

4
750 800 850 900 950 1000 1050 1100 750 800 850 900 950 1000 1050 1100

* The assemblage in the different domains defines overlapping fields

* Late cordierite suggests some minor decompression

Tim Johnson, THERMOCALC short course, 2021



Adjusting bulk compositions

« Bulks can be set/adjusted using the mineral modes (mole proportions) and the
mineral compositions

« Uses the rbi code (rbi = read bulk info) — see web-based tutorial at
http://www.metamorph.geo.uni-mainz.de/thermocalc/tutorials/index.html

«  You can make THERMOCALC output the rbi info into the tc-log.txt file using the
command ‘printbulkinfo yes’

%

% liq ksp pl bi cd g ilm sill q R

rbi yes 0.02388 0.03271 0.07669 0.3172 0 0 0.01311 0.1977 0.3388 mineral modes

% H20 S$102 A1203 Ca0 Mg0 FeO K20 Na20 T102 0

rbi 0.49808 1.6565 0.17949 0.0050594 0.0015289 0.0076801 0.084630 ©0.065008 0 0 % liq
rbi 0 2.9955 0.50224 0.0044738 0 0 0.41815 0.079615 0 0 % ksp
rbi 0 2.7228 0.63859 0.27718 0 0 0.031436 0.32997 0 0 % pl
rbi 1.0000 2.5183 0.97268 0 0.72478 1.7233 0.50000 0 0.044128 ©.0090505 % bi
rbi 0.57016 5.0000 2.0000 0 0.91768 1.0823 0 0 0 0 % cd
rbi 0 3.0000 0.99368 0.087875 0.31250 2.6123 0 0 0 0.0063241 % g
rbi 0 0 0 0 0 1.0657 0 0 0.93434 0.065657 % ilm
rbi 0 1.0000 1.0000 0 0 0 0 0 0 0 % sill
rbi 0 1.0000 0 0 0 0 0 0 0 0 % q

%

mineral compositions



Adjusting bulk compositions

- The bulk rock can be read from rbi code in the script file “tc-blah.txt” instead of
the usual mole oxide %s

here I've used rbi to remove melt from a modelled rock composition

pseudosection yes

%

% liq ksp pl bi g ilm

rbi yes 0.00 ©0.4997 0.02795 0.04152 0.01854 0.001830

% H20 Si02 A1203 Ca0 MgO0 FeO
rbi 0.55458 1.4730 0.15744 0.0061140 0.00068111 0.0041943
rbi 0 2.9961 0.50194 0.0038747 0 0
rbi 0 2.6361 0.68196 0.36393 0 0
rbi 1.0000 2.4695 1.0178 0 0.53815 1.8701
rbi 0 3.0000 0.99053 0.14650 0.21561 2.6568
rbi 0 0 0 0 0 1.1210
rbi 0 1.0000 1.0000 0 0 0
rbi 0 1.0000 0 0 0 0
%

/gy

% RHQ11 xrf composition

S

% H20 Si02 A1203 Ca0 MgO0 FeO K20 Na20 Ti02

%setbulk yes 11.42 65.15 10.20 ©.55 1.10 5.76 4.09 1.58 0.11

sill
0.04876

K20
0.078664
0.43780
0.020277
0.50000
0

0
0
0

0

q
0.2527

Na20
0.055416
0.000261

0.29776

(SESESESES]

Ti02

0

0

0
0.043337
0
0.87903
0

0

0
0
0

S

0.012671
0.0094682
0.12097

0

0

R R R R R RRRXR

liq
ksp

bi

ilm
sill



Contouring pseudosections

NCKFMASHTO (+ pl + q) Pettijohn |
P B // ksp mt I //-\9‘/
N bi mu kso ilm li liq g bi ksp .§/ g opx
kbar | // e . / immtliq / /3 kspilm
bi mu / I /- lig
li Iksp mt / ¥y
i q p & /
i . ) | lig / /O)/ /
— I mu Ksp . / g opx
: . gopxbi / /) 9PP2 30
- ilm mt liq ol / ks/p ilm |Ij]/
8 j% Imt Ilq/ , Y, ;
-2 g opx bi / .
A ksp mt liq
i 40
_ bi
6 [ mu
" ksp 45

bi ksp
ilm mt liq

ksp mt liq

50

/¢d bi ksp
i 55
bi
ksp
mt H,O X X
Y ) 7 ksp ilm mt lig
2 cd bi opx cd bi t o (59
L ksp mt H>0 kspmtliq // /// liq /7 °9P*<@ s/
7y s /7 immtliq, /7 /70
1 | | 1 | L 1 | 7 | a L L 1 1 | 1 | L |/1 /1
650 700 750 800 850 900 Tc 950

From Johnson et al. (2008)

Pseudosections are more
useful when contoured for
abundance and/or
composition of phases

Formally, all contouring was
done ‘by hand’, line by line
and point by point using the
‘setmode’ and ‘zeromode’
scripts

For THERMOCALC users,

TClnvestigator (Pearce et al.
(2015) has made things
MUCH easier...



Contouring pseudosections

TClnvestigator:
Automated Calculation of Contours

for THERMOCALC Pseudosections

Take a completed THERMOCALC pseudosection and produce
contoured plots for all compositional variables and modal
proportions

Load pseudosection, script
file and assemblage list into
the graphical user interface

— R
/Export contoured plots
and values in a range of

file types

Download TClnvestigator at:

doi: 10.4225/08/54C99E2D47150 =+

FOR FURTHER INFORMATION CONTACT DETAILS PUBLISHED IN
Mark A. Pearce Pearce et al., 2015.
e markpearce@csiro.au J. Met. Geol., 33, 413-425, doi: 10.1111/jmg.12126

Pseudosections are more
useful when contoured for
abundance and/or
composition of phases

Formally, all contouring was
done ‘by hand’, line by line
and point by point

For THERMOCALC users,
TClnvestigator (Pearce et al.
(2015) has made things
MUCH easier...



Contouring pseudosections

MnNCKFMASHTO (+pl, q, ilm, mt)

Average Argyll Group g bisill ksp liq g cdsill
epleted in spss-rich garne
p . | depletedinspss-rich garnet Sl
(kbar)
bi sill ks
45 . p
g cd ksp lig
4 L
35 § cd bi sill ksp
cd bi sill g opx cd " gopxcd
k bi li § ksp liq
3 sp H,0 i ksp lig é\'
. ()
Sify
9, Elll _,
25 K \', cd bi ksp liq g
: %
cd biand cd bi ksp H,0 liq
2 | kspH,0 — opx cd ksp lig
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Ol(’\r
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From Johnson et al. (2015)

Pseudosections are more
useful when contoured for
abundance and/or
composition of phases

Formally, all contouring was
done ‘by hand’, line by line
and point by point

For THERMOCALC users,
TClnvestigator (Pearce et al.
(2015) has made things
MUCH easier...



Contouring pseudosections

andalusite

<~

orthopyroxene plagioclase

From Johnson et al. (2015)

Pseudosections are more
useful when contoured for
abundance and/or
composition of phases

Formally, all contouring was
done ‘by hand’, line by line
and point by point

For THERMOCALC users,
TClnvestigator (Pearce et al.
(2015) has made things
MUCH easier...



Getting started

- You can save yourself lots of time by organising your desktop so you can
easily navigate between the various applications, windows and files

(THERMOCALC and drawpd) you are going to use to both calculate and plot
your phase diagram....




Getting started

Knowing where to start is not always straightforward

It is easy to accidentally calculate a metastable higher variance
assemblage rather than the stable lower variance one

Some rocks are dominated by high-variance assemblages in large
chemical systems (e.g. greywackes, metabasic rocks)

There are some smaller system equilibria that form the backbone for
larger systems

In pelitic systems, the classic KFMASH univariant equilibria occur as narrow
fields in bigger chemical systems

NCFMASH univariant equilibria in metabasic rocks may still be there in
some form in bigger chemical systems



Getting started

Knowing where to start is not
always straightforward

It is easy to accidentally calculate a
metastable higher variance
assemblage rather than the stable
lower variance one

Some rocks are dominated by
high-variance assemblages in large
chemical systems (e.g. greywackes,
metabasic rocks)

P
kbari
10 |

|

/

7

R
//opx/cdllq/ S

7

IS4

NCKFMASHTO (+ pl + g + ilm) Pettijohn H
2 L 1 s . 7 10 15 . 20
- ;9 bi ky mu lig g bi ky ksp gbi
kspru /
i %
bi mu lia /
H,0 bi ky mu i <7
2 7 i Ky mu lig / g ksp
, rulig
// bi mu liq / -
7/
[ qbisil
| ksp liq / /
/ d\ | lig/ 9oP% A0
/ JiopXc / y/kspruliq 30
bi sill 7 I biksp lig I/, y
ksplig / . opx
4 / lig
gopxcd /
ksp qu/ 40
7/ 9 opx//
// cdli
g ? 45
/
y L
/ /
/ / /
/) /50
7 e
7 // // /
7 y / 55
7 TN
7 7 Te A

/) 60

7 /L

7/ 65
V 1 / 1 1

650

700

750

800

850

900 - 950
Tc



Getting started

In pelitic systems, the classic
KFMASH univariant equilibria occur
as narrow fields in bigger chemical
systems

NCFMASH univariant equilibria in
metabasic rocks may still be there
in some form in bigger chemical
systems

In most cases the broad topology
of a pseudosection will be well
enough understood that you will
know what some of the main
equilibria will be (by looking in the
literature)

NCKFMASHTO (+ pl + q + ilm) Pettijohn H
12 ¢ T ; 47 70 15 20
F~ , gbikymuliq , g bi ky ksp gbi
P | bimu / L i ruliq ksp "/
- . ' _ |9 bi ky lig //
kbar [ H> bi ky mu lig I ksp liq g ksp
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N

bi mu liq

|

bi sill
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Getting started

If you can’t find a boundary to get started, you have two options:

Calculate part of a T-X or P-X diagram from a known bulk composition (X
= 0) to your unknown bulk (X=1)

— Work your way across the diagram, find an equilibria that occurs in
your new bulk and build up your P-T pseudosection from there (see
Tutorial )

Use the ‘dogmin’ script in to try and find the most stable assemblage at P-
T

— This is a Gibbs energy minimisation method, but may not be reliable



Getting started

Calculate your way across diagram from left to right

>
680 - |
: \ pl bi mu sill g lig // \'n, \
_ \ ﬁ".l \ -
660 ) —_— / pl bi mu ksp \\ _
| qlig \:
_ \
640 |- \—-
pl bi mu sill g H20 *
_ |.' . pl bi mu ksp
620 |- f| pl bi mu"‘~.H q H20
' qH20 |
" Pelite | | felsic gneiss
600 ' ‘ L A . ‘
0o 0.4 0.6 0.8 1

P-T pseudosection
known for this
composition

P-T pseudosection
unknown for this
composition



Getting started

< >

phases : liq, bi, c<d, g, ksp, pl, mt, g, H20, (ilm) or [and]

<== nothing found ==>
<

<== nothing found ==>

>
phases : liq, bi, cd, g, ksp, pl, and, q, H20, (ilm) or [mt]

< >
phases : liq, bi, cd, g, ksp, mt, and, q, H20, (ilm) or [pl]

<== nothing found ==>

>

<
phases : liq, bi, <d, g, pl, mt, and, q, H20, (ilm) or [ksp]

P(kbar) TC O q(l)  fspCL) na(L) an(L)

XCg)Z 5 z(9) f(g) ca(pl) k(pL)
0.9904 0.016780.0009456 ©0.3590 0.02207

x(mt) y(mt) z(mt) x(ilm)
0.9982 0.2126 0.1948 0.8907

< >

phases : liq, bi, cd, ksp, pl, mt, and, q, H20, (ilm) or [g]
P(kbar) TC O q(l)  fspCL) na(L) an(L)

naCksp) caCksp) ca(pl) k(pl) x(mt)

2.50 700.0 0.2423 0.2572 0.2286 ©.010200.0005283

0.07818 0.008334 0.7474 0.01239 0.9908

y(mt) z(mt)  xCilm)  QCilm)
0.09993 0.1504 0.8230 -0.7300

< >

ol(L)
700.0 0.2020 ©0.2662 ©.5529 0.005351 0.001617

QCilm)
-0.8177

g
ol(L)

x(L)
0.9751

x(L)
0.8829

h2o(L)
0.5034

h2o(L)
0.4687

0.9778

x(b1)

0.8358

x(b1)

y(bi) f(bid t(bi)
0.6390 0.007200 ©.06982 0.005263

y(bi) f(bid t(bi)
0.6251 0.01313 0.08482 0.03828

QCbi)

Q(bi)
0.6485

x(cd)

0.9339

x(cd)

Always check all of the output carefully especially the compositions of phases (look at
starting guesses as well) and use you intuition-does the result look sensible?

Gibbs energy minimisation info

P(Ckbar) T(C C) 1lig bi «cd g ksp
2.50 700.0 o ° - - )

(Use these results at your own risk!)

liq bi cd g ksp pl
0.211 0.234 - - 0.010 0.003
- 0.073 0.235 - - 0.204

- 0.073 0.235 - 0.204 -
- 0.235 - - 0.103 0.012

pl
[ ]

mt
0.013
0.012
0.012
0.012

mt ilm and

ilm
0.009
0.013
0.013
0.009

and
0.309
0.240
0.240
0.313

g H20

0.212
0.177
0.177
0.277

n
4

H20

0.046
0.046
0.037

G
-1045.80957

-1045. 80957
-1045.79675
-1045.79675
-1045.76746

del

0.01283

0.01283
0.01283
0.04212

0.01283
0.00000
0.02929

h(cd)

0.4864

h(cd)

0.4864



Sketching your diagram

It is very wise indeed to sketch the diagram as you go

— No need to make this sketch an in-proportion and precise rendering
of the phase diagram-that’s what drawpd is for

The sketch is there to help you draw the diagram and for labelling

— Very small fields can be drawn bigger than they really are or as
separate diagrams

— Allows you to keep track of what assemblage the labels for
‘out/in’ lines (u1, u2 etc) and points (i1, i2 etc..) correspond to

— New drawpd features allow you to colour and dash lines



, KFMASH (+q)
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Tim Johnson, THERMOCALC short course, 2021



Orientation of field boundatries

Most assemblage field boundaries on a pseudosection are close to
linear

Strongly curved boundaries do occur and can be difficult to calculate in
one run
Very steep & very shallow boundaries & reactions can also present
problems

— For shallow boundaries calculate Pata given T

— For steep boundaries calculate T at a given P

calctatp ask You are prompted at each calculation
calctatp yes YouinputPtogetT
calctatp no You input T to get P




Starting guesses

THERMOCALC uses the starting guesses in the a—x file “tc-
system.txt” as a point from which to begin the (iterative)
calculation.

— ‘Starting guesses’ refers to values for the compositional variables of
solid solution phases, e.g. x(bi), y(bi), q(L), y(opx), x(cd), z(g) etc...

These starting guesses have to:
— Be reasonably close to the actual calculated results

— Have common exchange variables in the right order for the minerals
e.g. Xg. g>bi>cd

As the phase diagram calculations proceed, the starting guesses in
the a—x file may no longer be useful

— i.e.lines and/or points might cease to calculate in a part of the diagram



Starting guesses

This may mean having to change the starting guesses to calculate
different parts of the diagram

Thankfully, when changing starting guesses, the a-x file “tc-
system.txt” does not have to be modified

Instead, there is a script/function ( ‘printxyz yes’ ) that appears in
the script file “tc-blah.txt” that tabulates the compositional
variables from all solid-solution phases used in the most recent
calculation

The tabulated compositional variables can be found in the “tec-
log.txt” file



Starting guesses

These tabulated compositional variables can copied and pasted to
the “tc-blah.txt” script file (above the *) — these values become the
starting guesses for the for the next calculation

In this way, every time you need to update the starting guesses, the
a-x file remains unchanged (you should never need to modify it)
and the script file (“tc-blah.txt”) is the only input file that is
changed.

The script ‘readxyz yes’ in the script file reads the tabulated
starting guesses you pasted in

Using the most recently output compositional variables is a good
way to ensure starting guesses are appropriate for the next/future
calculations



Starting guesses

XyzZguess
Xyzguess
Xyzguess
Xyzguess
Xyzguess
Xyzguess
Xyzguess
Xyzguess
XyzZguess
Xyzguess
Xyzguess
Xyzguess
Xyzguess
Xyzguess
Xyzguess
Xyzguess
Xyzguess
Xyzguess
XyZguess
Xyzguess
Xyzguess
Xyzguess

0.158272
0.280595
0.0791040
0.165881
0.145927
0.369423
0.0207947
0.0135418
0.228604
0.155044
0.206365
0.0219122
0.231015
0.0218892
0.440472
0.0488462
0. 829984
0.0927136
0.0240336
0.247730

1.17633e-5
0.00847350

- Every time starting guesses need
to be updated, simply paste the
new table of variables above the
previous/older ones in the tc-
blah.txt script file and type a *
between the tables. This will
make the older unreadable by
THERMOCALC (anything below
the * is storage and not read).

range -0.800 0.800
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