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Chapter 1

INTRODUCTION

PeRpLeX isa collection of programs for calculating phase diagrams and equilibria. The purpose of this document is
to provide atutorial for PeRpLeX users through a series of documented examples. Thistutoria also discusses some
aspects of phase diagram interpretation, but a basic knowledge of thermodynamicsis assumed. To calculate a phase
diagram with PeRpLeX the first step is to run the program BUILD to create the input file describing the calculation
(Fig 1.1 illustrates the structure of PeRpLeX). Thisfileisthen read by the program VERTEX which does the phase
diagram calculation and outputs summaries of the calculation for printing (the "print" file) and plotting (the "plot"
file). Usually the plot file output generated by VERTEX is converted to PostScript with the program PSVDRAW
and plotted with a laser printer or edited with a PostScript graphical editor. In each example presented here, the
prompts given by BUILD, features of the output from VERTEX, and the uses of PSVDRAW are explained. The
examples are progressive, i.e., an understanding of features which are explained in earlier examples is taken for
granted in subsequent examples. Cour i er and boldface Couri er fonts are used to distinguish computer out-
put and user responses, respectively, from explanatory commentary. The PeRpLeX program documentation pro-
vides detailed information on the thermodynamic equations of state and file structure for the PeRpLeX programs,
references to this documentation are written Doc Sect X.X, whereas references to sections within this tutorial are
written Tut Sect X.X. In afew cases | have also referenced the README and sample problem (in the directory
exanpl es ) filesthat are included with PeRpLeX. | have tried to use alot of section headings, so that if you have
a specific problem you can use the table of contents as an index. For information on compiling, graphics, etc. refer
to the README files.

11 A Quick and Dirty PeRpL eX Program Glossary

Programs marked by an asterisk are not normally supplied with PeRpLeX, but are available upon request.

ABARTEX*: computes phase diagrams as a function of the composition (or species activities) of graphite under-
saturated C-O-H-S fluids (Connolly 1994).

ACTCOR: makesfixed activity corrections for end-member phases in the thermodynamic datafile.

ADIABAT*: converts a Gibb's function thermodynamic data file to an Enthalpy function data file, used to make
entropy or enthalpy into a thermodynamic component. Necessary for calculations of polythermal projections and
for adiabatic systems (Connolly 1990).

BUILD: reads computationa options for calculationswith ABARTEX, TERTEX, or VERTEX.

CTRANSF: transforms chemical componentsin athermodynamic datafile.

COHSRK: calculates fluid properties (and speciation where appropriate) as a function of P, T, X&q,, o, fsor X&,
etc. (see README.COHSRK).

FRENDLY:: genera thermodynamic calculator.



HPTOVER*: converts a Holland & Powell (1990) THERMOCAL C thermodynamic data file to a PeRpLeX data
file.

INPUT9*: reads solution modelsto test for errors.

ISO: computes isochores of COHS fluids assuming either equilibrium speciation, or constant speciation (see
README.ISO).

ISOKOR: converts a Gibb's function thermodynamic data file to an Helmholz function data file, used to make vol-
ume into a thermodynamic component. Necessary for calculations of polybaric projections and for isochoric sys-
tems (Connolly 1990).

PSCONTOR*: produces PostScript contoured plots of tabulated data output by SPECIES or FRENDLY as a func-
tion of two user specified variables.

PSVDRAW: produces PostScript plots of output from SPECIES, FRENDLY, VERTEX, ABARTEX, ISOCOH,
and TERTEX.

SPECIES: calculates fluid properties (and speciation where appropriate) as afunction of P, T, f,, fs,, X&, etc. (see
README.SPECIES).

STOICH?*: calculates all possible singular equilibria involving a binary solution and a set of stoichiometric com-
pounds (see Tut Sect 8).

SUPTOVER*: convertsa SUPCRT thermodynamic datafile (e.g., Helgeson et al. 1978) to a PeRpLeX datafile.
TERTEX*: amodified version of VERTEX for fixed bulk composition calculations (see Tut Sect 9).
UBCTOVER*: converts a UBC/Berman (1988) thermodynamic datafile to a PeRpLeX datafile.

VERTEX: general phase diagram calculator (Connolly 1990, Connolly & Kerrick 1987).

XOXC*: converts bulk fluid composition coordinates to species compositional coordinates (Connolly 1994).

1.2 Other PeRpLeX Help

In addition to the README files (read them first!), this tutorial, the Review of Phase Diagram Principles, and the
PeRpLeX Program Documentation, there are a series of documented examples which may be useful as computation-
al templates. These examples are usually in afolder/directory named exanpl es that includes the following files.
(Fileswith a’.ps suffix are usually supplied as plotted output or are present in the directory special). Aswith this
tutorial, these examples are progressive, i.e., explanations given in earlier examples are not repeated.

sample.l: calculation of a T-X ., Schreinemakers diagram (figure included with documentation).
inl.dat: input file generated in sample.1 for VERTEX by BUILD (provided as atest for VERTEX).
printl.out: printfile generated in sample.1 by VERTEX.

plotl.out: plotfile generated in sample.1 by VERTEX (provided as atest for PSVDRAW).



plotl.out.ps: PostScript plot for sample.l1.

sample.2: calculation of aternary AFM (KAIO, projection) composition diagrams with mineral solutions for a sys-
tem saturated with respect to a graphite-saturated COH fluid.

in2.dat: input file generated in session.2 for VERTEX by BUILD.
print2.out: print file generated in session.1 by VERTEX.
plot2.out.ps: PostScript plot for sample.2.

sample.3: calculation of a P-T Schreinemakers diagram for a system with mineral solutions and several saturation
constraints.

in3.dat: input file generated in session.3 for VERTEX by BUILD.
print3.out: the print file generated in session.3 by VERTEX.
plot3a.out.psand plot3a.out.ps: PostScript plots for sample.3.

ind.dat: an input file for VERTEX similar to that generated in session.2, run VERTEX with this file to see the
effects of changing the component saturation hierarchy in session.2 (see comments in session.2).

sample5: example illustrating the component transformations necessary to calculate classical J.B. Thompson AFM
projections.

in5.dat: input file generated in session.5 for VERTEX by BUILD.

sample.6: calculation of a T-p,, Shreinemakers diagram. demonstrates the use of chemical potentials as indepen-

dent variables. This session also demonstrates an application of FRENDLY, and provides arelatively simple exam-
ple of pseudounivariant mineral equilibria.

in6.dat: theinput file generated in session.6 for VERTEX by BUILD.

sample.7: calculation of p,—ls, Schreinemakers diagram for the Cu-Fe-Ni system. Illustrates the use of compo-
nent transformations to obtain elemental components and the use of FRENDLY .

in7.dat: input file generated in session.7 for VERTEX by BUILD.

sample.8: calculation of a Schreinemakers P-T projection for the mixed volatile system CaO-MgO-SiO,-H,0-CO,
for afluid of variable composition (Connolly & Trommsdorff 1991 and Tut Sect 7).

in8.dat: input file generated in session.8 for VERTEX by BUILD.

in9.dat: input file used for the calculation of plot9, a mixed-variable (T-XMg) diagram for the AFM system after
projection through the aluminosilicate phase.

plot9.out.ps: PostScript plot from in9.dat.
in10.dat: input file to generate a mixed-variable (T-X ) diagram for the supersolidus CaO-SiO, system.

plot10.out.ps: PostScript plot from in10.dat.



sample.11: calculation of a T-X{ diagram for the graphite+fluid+quartz+ aluminosilicate saturated system CaO-
FeO-Al,0,-SI0,-C-O-H-S where fg, constrained by pyrrhotite composition (Connolly & Cesare 1993, Connolly
1994).

plot1l.out.ps: PostScript plot from inll.dat.

13 Help for Solution M odels

Invariably the biggest problem users have with PeRpLeX is using, modifying, and creating solution models. For
modifying solution models see Fig 4.1, Doc Sects 4 & 1.4, and Tut Sect 7.2. For creating solution models see Doc
Sects 1 & 4. For interpreting solution models see Tut Sects 4, 5 & 7, the review of phase diagram principles, and
the example problems.



Chapter 2

A SIMPLE COMPOSITION PHASE DIAGRAM

The most basic type of phase diagram that can be calculated with VERTEX is the composition phase diagram. A
composition phase diagram is a diagram which shows the phase relations of a system as a function of its indepen-
dent compositional variables with all the other variables (usually P, T, and the chemical potentials of constrained
components) held constant. AFM and ACF diagrams are examples of composition phase diagrams that are common
in petrologic analysis. In petrologic jargon such diagrams are often called chemographic diagrams, or simply
chemographies. This example illustrates the calculation of a composition phase diagram for the system
MgO-K,0-Si0O,-Al,0,—H,0-CO, a system saturated with respect to silica and a binary H,0-CO, fluid. The first
step isto run BUILD, the user receives the following prompts and makes the indicated responses:

21 File L ocations and Names.

Enter the name of the conputational option file to be created, left justified,
<15 characters:
i n. dat

This will be the name of the computational option file (Doc Sect 2) written by BUILD and later read by VERTEX.
PeRpLeX does not require any particular format for file names; however, certain operating systems may have some
restrictions. Most IBM machines use a filename.filetype format where filename must be less than 9 characters, and
filetype must be less than 3 characters, DEC machines (VAX, PDP) running VMS aso have this format without any
limit on the length of filename. In most cases, for these machines if the filetype suffix is not supplied a"dat" suffix
is added automatically, e.g., if the user responded to the above prompt with i n the file would be written to
i n.dat. For UNIX and Maclntosh computers there is no specific filename format.

In principle, it is possible to give directory specifications with the file name in response to a PeRpLeX prompt; how-
ever, as the total number of characters must be less than 15 this is generally not possible. Consequently, files used
by the PeRpL eX programs must be located in the directory where the user is working.

Enter thernodynamc data file nanme (e.g. hp94ver.dat), left justified:
hp94ver . dat

This is the name of the thermodynamic data file (Doc Sect 3), which contains the standard state data for compounds
and species. A PeRpLeX thermodynamic data file may contain several thermodynamic databases, in which case the
user is asked to choose one. Thefile hp94ver. dat contains only aversion of the data base created by Holland
and Powell (1989). Most of the names of most thermodynamic data files end in "ver.dat." The integrity of the data
files supplied with PeRpLeX is not guaranteed, and for important cal culations the data should be verified.

Do you want to a print file (Y/N)?
y

Long print file format (Y/N)?

n



Do you want to a graphics file (Y/N)?

y

Enter print file name, <15 characters, left justified:
print. dat

Enter graphics file name, <15 characters, left justified:
pl ot . dat

Whether VERTEX generates print and/or graphics file is optional, the previous prompts determine the names of
these files. The print file format question has no effect on the output for composition diagrams.

Specify type of cal culation:
0 - Composition diagram

1 - Schrei nemakers di agram
3 - M xed-variable diagram
0

2.2 Printing the Dependent Potentials

Print dependent potentials for chenographies (Y/ N ?
n

The user has the option of printing the potentials (usually chemical potentials) of the thermodynamic components
(discussed below) in every phase assemblage of the composition phase diagram. For most purposes this option is
unnecessary. When this option is requested the potentials are printed in the same order the thermodynamic compo-
nents are entered, and follow the list of phase assemblages.

2.3 The Composition Space

The data base conponents are:

NA20 M3O AL2A3 SI2 K2O CAO TI2 MNO FEO @ H20 X2
Transformthem (Y/ N)?

n

VERTEX calculates phase relations within the composition space spanned by a positive linear combination of the
thermodynamic components, or a subset thereof, defined in the thermodynamic data file (Doc Sect 3). Because
phases outside this composition space (i.e., phases with negative compositional variables) are not considered, for a
calculation to be valid the composition space must be a true thermodynamic join, i.e., none of the phase relations
within the composition space may become metastable with respect to a phase outside the composition space. For
example, if the components are CaO-Al,0,-SiO,, the composition space is the triangular region outlined in Fig 2.1.
Alternatively, the components might be chosen as CaSiO,—Al,0,-SiO,, in which case the composition space is the
region outlined by dashed linesin Fig 2.1. Considering the compound phases wo, geh, an, gr, lime, cor, sil, and g,
the CaO-Al,0,-SiO, composition space is valid for all conditions, but the CaSiO,~Al,O,-SiO, composition space is
only valid if there are no tielines crossing the line connecting wo and cor. However, provided the
CaSiO,-Al,0,-SiO, composition space is valid, then it may be more convenient to work with because it has simpler
phase relations.

The foregoing prompt lists the thermodynamic data file components, and permits the user the option of changing

them for the calculation. An example where this is done is presented in Tut Sect 3. Most of the thermodynamic
data files are based on simple oxide components and for most geologic purposes these components define valid,

-6-



although not always optimal, composition spaces.

24 Saturation Constraints

Calculations with a saturated phase (Y/ N ?

The phase is: FLU D

Its conmponents can be: H2O CX2

Its conmpositional variable is: X(CO2)

y

Enter the number of conponents in the FLU D

(1 or 2 for COH buffered fl uids):

2

Cal cul ations with saturated conponents (Y/ N)?

y

Sel ect saturated conponents fromthe foll owi ng set:
NA20 MO AL28 SI2 K20 CAO TIO2 MNO FEO @
How many saturated conponents (naximm 5)?

1

Enter component nanes, left justified, one per line:
SI Q2

In many petrologic problems the analysis of phase relations can be greatly simplified if it is known, or assumed, that
certain phases are stable, i.e., saturated, at all the conditions of interest. In petrologic jargon, the phase relations are
said to be projected through the saturated or "excess' phases. In VERTEX such constraints may be implemented in
one of two ways, distinguished as "phase" and "component" saturation. In the present problem the constraints that
silica and an H,0-CQO, fluid of known composition are present in excess correspond, respectively, to component

and phase saturation constraints. Components which are effected by saturation constraints are not considered to be
thermodynamic components, i.e., the composition space is projected through the constrained components to obtain a
thermodynamic compaosition space with fewer components.

24.1 Phase Saturation

Phase saturation constraints are implemented with the assumption that the specified phaseis stable and no test of the
validity of this assumption is made. For example, if fluid phase saturation is specified no tests are made to deter-
mine if the fluid is miscible, or if the fluid speciation is consistent with other constraints such as externally imposed
Mg, The components of the saturated phases are eliminated from the thermodynamic composition space. In the
present problem, the specification that the system is saturated with respect to an H,0-CO, fluid reduces the thermo-
dynamic composition space from MgO-K,0-SiO,-Al,0,-H,0-CO, to MgO-K,0-SiO,-Al,O,. If a saturated

phase has more than two components then its compositional variables are independent variables for the computation.
Thus, if a phase diagram is to be calculated as a function of Xfcoz, then the fluid phase saturation option, and both
fluid components (H,0-CO,), must be chosen. If a phase diagram is to be calculated with the assumption

P,120=Pio» flUId phase saturation must also be specified, but only the H,O component chosen.

At present, only one phase saturation constraint is permitted in a calculation, although this is not an algorithmic limi-
tation. The identity of the saturated phase and its components are specified in the thermodynamic data file and can
be changed (Doc Sect 3); however the addition of new saturated phases (e.g., feldspar) requires some modification
of the PeRpLeX sources (Doc Sect 1.8). All the data files provided with PeRpLeX are configured for unary or bina
ry H,0-CO, fluids, and graphite-saturated C-O-H-S fluids (the latter are treated as a special case by BUILD, Tut

Sect 6).



242 Component Saturation

In contrast to phase saturation constraints, where the identity of the saturated phase is specified, for component satu-
ration constraints the identities of components are specified and the saturated phases with the corresponding compo-
sitions are determined. Component saturation constraints are implemented after phase saturation constraints; thus if
H,0O-CO, fluid-phase-saturation has been imposed, and CaO were chosen as a saturated component, then the corre-

sponding saturated phase might be calcite, lime, or portlandite depending on the fluid composition and P-T condi-
tions. Each component saturation constraint eliminates one component from the thermodynamic composition space.
In the present problem, the specification of silica as a saturated component means that at any condition the stable sil-
ica polymorph (quartz, B—quartz, coesite, etc.) will be chosen as the saturated phase, and the thermodynamic compo-
sition space will be the ternary MgO-K,0-Al,Q, (i.e., al phase relations will be "projected through" H,O, CO,, and
SO,).

In general, if a given mineral (or polymorph) is present throughout a petrologic sequence it can be represented by a
component saturation constraint. However there is one important restriction on this, namely that if a phase can be
represented by a component saturation constraint its composition (after whatever other constraints imposed have
been applied) must correspond to a valid component (Tur Sect 2.3). If the mineral is a complex oxide it is usually
necessary to redefine the thermodynamic components (as defined in the thermodynamic data file) to provide acom-
ponent with the same composition as the mineral. For example consider rocks represented by the system shown in
Fig 2.1, assuming wollastonite is always stable. As noted earlier, for wollastonite composition to be a valid compo-
nent no tielines may cross the wo + co join. If thisis true and CaSiO, taken as a saturated component, then either
Ca0 and AlLO,, or ALLO, and SO, may be chosen as the remaining thermodynamic components depending on

which side of the composition space, relative to the wo + co jain, is of interest. Note that if phases on both sides of
the wo + co join are observed then it would be necessary to do calculations for both systems separately.

It is possible to specify up to six component saturation constraints for a calculation. Multiple component saturation
constraints are applied hierarchically with the result that it is possible to represent complex saturation sequences
(Tut Sect 3).

24.3 Buffered Components
Saturated component constraints are evaluated determining the thermodynamic entity that yields the lowest chemical
potential for the component in question. Normally such entities are phases, but they may also be afictive entity that

has the chemical potential appropriate for a buffer equilibria (Doc Sect 6). For example, such fictitious entities are
useful in calculations where 1, is assumed to be aknown function of Pand T.

25 Chemical Potentials as Independent Variables

Use chem cal potentials as independent variables (Y/N)?
n

This option permits the user to compute diagrams with the potentials of the thermodynamic components on one or
more phase diagram axes (Tut Sect 10 and files Sample.6 and Sample.7), or a composition phase diagram with one
or two fixed potentials (in addition to those fixed by saturation constraints). If a potential is chosen an independent
variable, the corresponding component is eliminated from the thermodynamic composition space.



2.6 Thermodynamic Components

Sel ect thernmodynam ¢ conponents from set:

NA20 M3O AL2A3 K2O CAO TIQ2 MNO FEO @
How many t her nodynam ¢ conmponents (<7)7?

3

Enter component nanes, left justified, one per line:
M30

K20

AL2C3

The components selected in response to this prompt will be the ¢ thermodynamic components for the phase diagram
calculation.

2.7 Constrained Bulk Compositions

Const rai ned bul k conpositions (y/n)?
n

Normally PeRpLeX computes phase relations over the entire composition space of the system spanned by the ther-

modynamic components. However in some cases it may be desired to compute phase relations that would be
observed for a specific bulk composition, this option (Tut Sect 8, and file README ) permits such calculations.

2.8 Equations of State for H,O-CO,, Fluids

Select fluid equation of state:

- X(C2) Mdified Redlich-Kwong (MRK/ DeSanti s/ Hol | oway)
- X(CR) Kerrick & Jacobs 1981 ( HSMRK)

- X(C2) Hybrid MRK/ HSMRK

- X(CR2) Saxena & Fei 1987 pseudo-virial expansion
Bottinga & Richet 1981 (CO2 RK)

- X(C2) Holland & Powel | 1991 (CORK)

- X(C2) Hybrid Haar et al 1979/ HSMRK ( TRKMRK)

- f(R/ICR)-f(S2) Gaphite buffered COHS MRK fluid

- f(R/ICR)-f(S2) Gaphite buffered COHS hybrid- EoS fl ui
- Max X(H20 GCOH fluid Cesare & Connolly 1993

10 - X(O GCOHfluid hybrid-EoS Connolly & Cesare 1993

11 - X(O GCOHfluid MK Connolly & Cesare 1993

12 - X(O-f(S2) GCOHS-fluid hybrid-EoS Connolly & Cesare 19
13 - X(H2) H2-H20 hybri d- EoS

14 - EoS Birch & Feebl ebop (1993)

15 - X(H2) low T H2-H20O hybri d- EoS

16 - X(O H O HSMRK/ MRK hybri d- EoS

17 - X(O H O S HSMRK/ MRK hybri d- EoS

18 - X(CQ2) Del any/ HSMRK/ MRK hybri d- EoS, for P > 10 kb

19 - X(O-X(S) COHS hybrid-EoS Connolly & Cesare 1993

20 - X(O-X(C) COHS hybrid-EoS Connolly & Cesare 1993

©Co~NOOOUTA~,WNEO
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The foregoing prompt is issued if either of the specia (fluid) phase components (usually H,O or CO,) are entered in

response to the prompts for saturation constraints or thermodynamic components (Tut Sect 7). Of the equations of
state listed choices 0, 1, 2, 3, 5, 6, and 18 are vaid for binary or unary H,0-CO, fluids. Choice 4 isvalid only for
CO, fluids. Most thermodynamic data bases are based on equilibria which involve a fluid phase, and are therefore
derived with a specific fluid equation of state. When using such data bases it is usually wise to choose (if possible)
the fluid equation of state used in the data derivation for calculations. Thus, the Holland and Powell (1991) equation
of state is optimal for the Holland and Powell (1990) data base; and Kerrick and Jacobs' (1981) equation of state (or
the hybrid equations of state, choices 2, 6 or 18) for Berman's (1988) data base. At P-T conditions near the
H,0-CO, solvus these equations of state fail, in which case the MRK (choice 0) is useful, the MRK is an equation

of state proposed by DeSantis (1974) with some parameters from Connolly (1981). At high pressures above 20 kbar
most of the equations of state for water become thermodynamically unrealistic, CORK (choice 5) and the hybrid
equation (choice 18) based on Delany & Helgeson's water equation of state (1984) minimizes this problem. For
rough calculations the differences between the equations of state are not important and in the interest of saving com-
puter time choices 5 and 0 are optimal. Choices 7-17 are equations of state for multispecies H-O, H-O-S, C-O-H
and C-O-H-S fluids (Tut Sect 6). See the file README. COHSRK for the most up-to-date description of PeRpLeX
fluid equations of state.

29 Excluding Compound Phases and Fictive Composants

Excl ude phases (Y/N)?

y
Do you want to be pronpted for phases (Y/N)?

)éxcl ude k2o (YI'N)?
nExcl ude si o2 (YI'N)?
)éxcl ude al 203 (YI'N)?
)éxcl ude ngo (YI'N)?
)éxcl ude mu (YI'N)?
nExcl ude ...

By default VERTEX does calculations with all the compound phases in the data base with appropriate compositions.
Because of the relative efficiency of the program, this does not pose a notable computational burden except on very
dow computers. However, it is often desirable to simplify computational results by excluding some phases from
consideration. If the user elects to exclude compound phases, she has the option of entering the list herself, or, as
done here, of being prompted for the appropriate phases. The latter option is sure, but tedious, whereas the former
requires familiarity with the compound phase names.

Frequently users exclude so many phases from consideration that their calculations become meaningless. For exam-
ple, suppose a user has observed the phases staurolite, biotite, quartz, and muscovite; often the user then reasons that
since he does not observe garnet, chlorite, cordierite, chloritoid, etc. in his rock that these phases are irrelevant and
can be excluded. Thisisflawed reasoning because if these phases are excluded there are virtually no phases remain-
ing with respect to which the observed phases can become metastable.

VERTEX requires that for every component there must be at least one compound (a composant) with the same com-

position as the component. For many possible components, e.g. K,O, no true composant exists in the thermodynam-
ic data, but to permit calculations with such components "fictive" composants are included in the data base. The
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phase relations calculated with a fictive composant do not represent possible phase equilibria, therefore phase dia-
grams calculated with fictive composants are only valid at those conditions where the fictive composants are not sta-
ble. Inthe PeRpLeX thermodynamic datafiles, fictive composants are usually near the beginning of the file, and are
given the corresponding component name in lower case characters. If components are redefined (Tur Sect 2.3) it is
possible that no suitable composant exists for the new component, in which case it is necessary to create a com-
posant as described in Doc Sect 1.6.

In the present example, the compounds k20, sio2, al203, and mgo are fictive composants, of which al but k2o may

be excluded because of the true compounds quartz, corundum, and periclase. When in doubt as to whether a com-
posant is necessary or not it is best to allow the composant.

210  Solution Phases

Consi der sol ution phases (Y/N)?
n

This question refers to solution phases other than the saturated fluid phase, examples involving solutions are dis-
cussed in Tut Sects4 & 5.

211  Running VERTEX and PSYDRAW

Enter a one-line title for your calcul ation:
A Sinmpl e Conposition Phase Di agram
How many conposition diagranms do you want to cal cul ate?
1
Specify values for :
P(bars) T(K) X(C2)
For cal cul ati on nunmber 1
2000 773 0.5

After the foregoing prompts BUILD terminates and writesthefile i n. dat .

2111 VERTEX
The user then runs VERTEX which issues the prompt:

Enter conputational option file name, left justified:
i n. dat

and the user messages:
Readi ng t hermodynanmi c data fromfile: hp94ver. dat
Witing print output to file: print.dat

Witing plot output to file: plot.dat
Readi ng solution nodels fromfile: none requested
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2112 PSVDRAW Graphics

PSVDRAW can only plot ternary composition phase diagrams (as in the present example). To make such plots the
user runs PSVDRAW, with the following dialogue:

Enter plot file nane:
pl ot . dat
Post Script will be witten to file: plot.dat.ps

PSVDRAW creates a name for its output file by appending the suffix ".ps" to the input file name, on some operating
systems such three part names may not be permitted (perhaps VMS), in which case a simpler plot file name should
be used. The graphics generated from the output file plot.dat.ps are shown in Fig 2.2. Notethat in Fig 2.2, there are
two phase regions, kf + phl + k20 and ta + phl + k20, which involve the fictive composant k20. Consequently only
those regions on the aluminous side of the kf + phl + cumm join represent real phase relations. It would have been
possible to eliminate the fictive portion of the diagram by defining a component with the composition KAIO,,.

212  Print File Output

The print file generated by VERTEX for composition phase diagrams consists of two parts, the first part is basically
an echo of the usersinput, and the second summarizes the computational results.

2121  Title Segment

Problemtitle: A Sinple Conposition Phase Di agram

Ther nodynani ¢ data base from HOLLAND AND POWNELL 1989
Flui d equation of state: Holland and Powel | 1990 (CORK)

i ndependently constrai ned potentials:

P(bars) T(K) X( CR)
sat urat ed phase conponents:
H20 c2
saturated or buffered conponents:
Sl 2
conponents with unconstrai ned potentials:
M30 K20 AL2C3

21211  Phase Namesand Compositions

The next section of the title segment lists all the phases in the thermodynamic composition space for the calculation
(i.e., phases whose stabilities are not determined solely by saturation constraints). Note that the compositions given
are the mole fractions of the thermodynamic components (i.e., the compositions after the constrained components
have been subtracted from the general composition).

The PeRpLeX programs use abbreviated phase names defined in the thermodynamic data file (Doc Sect 3, Read 1)
and in many cases these may be cryptic. Often it is possible to determine the identity of such a phase from its ther-
modynamic composition, when this is not possible the full composition can be determined from the thermodynamic
datafile (Doc Sect 3).
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Phases and (projected) conposition

ant
ngo
phl

n( h&p)
ky
ncar

0. 00
0. 00
0.12

0. 00
0. 00
0. 00

0. 00
0. 00
0.12

0. 00
1.00
0. 50

k20
nmu
east

nm( t &)
sill
per

1.00
0.25
0.12

0. 00
0. 00
0. 00

with respect to K20 and

0. 00
0.75
0. 38

0. 00
1.00
0. 00

al 203 0.
cel 0.
clin 0.
and 0.
sp 0.
cor 0.

00
25
00

00
00
00

1.
0.
0.

1.
0.
1.

AL2C8
00
25
17

00
50
00

This section lists those phases whose stabilities are determined entirely by component saturation constraints (in the
present case pure silica compounds):

phases on saturation and buffering surfaces:
si 02 q bq coe

This section lists those phases which have been excluded from consideration by the user:

excl uded phases:

cao pswo czl

2122  Computational Results

Composition phase diagrams calculated by VERTEX are described in the print file by listing all the stable phase
assemblages of the diagrams for each value of the independent variables. For calculations with three or more ther-
modynamic components, each assemblage is described by giving the names of the coexisting phases (except for
those determined by the saturation constraints) separated by dashes and followed by an integer number in parenthe-
ses. Thisinteger number is used to distinguish different types of assemblages in problems with solution phases in
the thermodynamic composition space, but isirrelevant in the present problem. Binary composition phase diagrams
are described by listing the stable phases in the order that they occur along the binary join in question.

t he stabl e assenbl ages at:

P(bars) = 2000.00

T(K) = 773.000

X( ) = 0. 500000
are:
ta - k20 - phl (1) ta -clin - phl (1)
clin - and -mu (1) k20 - kf - phl (1)
kf -mu - phl (1) clin - phl -mu (1)

Following the list of phase assemblages in the thermodynamic composition space the identities of those phases
determined by the component saturation constraints are listed. These phases coexist with all the assemblages in the
thermodynamic composition space, as does the saturated (fluid) phase, if specified.

t hese assenbl ages are conpatible with the foll owi ng phases or species
det erm ned by conmponent saturation or buffering constraints:

q
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Chapter 3

SCHREINEMAKERS DIAGRAMS, COMPONENT TRANSFORMATIONS AND
SATURATION HIERARCHIES

Schreinemakers diagrams are by far the most common type of diagram used to represent petrologic phase equilibria.

A Schreinemakers diagram is any diagram in which the invariant and univariant phase relations of a multicompo-

nent system are projected onto a two-dimensional potential variable (P, T, W, Xi,, X, f,, or a, etc.) coordinate

frame. For simple problems, such as that outlined in the previous chapter, the responses to the prompts given by

BUILD that are necessary to calculate a P—T—XfCO2 Schreinemakers diagram should now be evident (the user may

wish to verify this for herself). Therefore, this chapter will consider a more complex problem in the fluid-saturated
system Ca0O-MgO-K,0-Al,0,-SiO, at P = 2000 bar, T = 673 to 753 K, and X[,= 0 to 1 moles CO2.

It would be straightforward to treat this problem by entering all the components as thermodynamic components, but
this would result in a complicated diagram with many equilibria that are irrelevant to most geologic problems. Ina
given system, if one observes that there is an s-component subsystem in which one component is consistently satu-
rated and there are at least s phases stable in the subsystem, then it is possible to eliminate the s-component subsys-
tem from the thermodynamic composition space by using multiple component saturation constraints. If the total
number of components for the system is n, these constraints reduce the thermodynamic composition space to c=n-s

components. For calculations with multiple component-saturation constraints, VERTEX computes the phase assem-
blage in the s-component subsystem at every P—T—XfCO2 condition and then determines the stable phase assemblages

in the c-component thermodynamic composition space consistent with the existence of the s-phase assemblage. As
an example of this, here the Schreinemakers diagram will be calculated for a system which is always saturated with
respect to silica (quartz) and two compound phases in the chemical subsystem K,0-Al,0,-SiO,, the phase relations
of which are shown in Fig 3.1. From Fig 3.1 it can be seen that at low X[, for more aluminous compositions, the

stable phase assemblageis q + mu + and, if temperature isincreased eventually mu dehydrates and the stable alumi-
nous silica-saturated assemblage will be q + kf + and. Alternatively, for relatively more potassic compositions at

low X[, the stable silica-saturated assemblage will be g + kf + mu, and q + kf + and at higher X{,, The user can

control which sequence of saturated phase assemblages will be computed by VERTEX by the order in which the sat-
urated components are specified, i.e., the component saturation hierarchy.

3.1 Component Saturation Hierarchies

The necessity of component saturation hierarchies can be demonstrated by considering what would happen if each
saturated component were evaluated independently. For example, suppose that in the K,0-Al,0,-SiO, system
(after projection through the saturated fluid-phase components) both Al,O, and SiO, were chosen as saturated com-
ponents, then, for the conditions illustrated in Fig 3.1, the saturated-phase assemblage would be q + co, but this
assemblage is not stable with respect to aluminosilicate (and), therefore this approach is thermodynamically incon-
sistent. VERTEX makes use of an alternative approach, in which multiple component saturation constraints are
evaluated sequentialy, this sequence is the component saturation hierarchy. In the previous example, if the compo-
nent saturation hierarchy Al,0,-SiO,, is specified, VERTEX will first determine the stable Al,O, compound (co),
and then the stable Al,0,—SiO, compound (and) that coexists with co, this assemblage (or actualy the values of
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Maos 8Nd Hg, determined by the assemblage) is then used to compute the other stable phases in the system.
Another way of thinking about this procedure, is that after the stable Al,O, compound is determined, al the
AlO,-SiO, compounds are be projected into the SiO, subsystem, and the phase with the lowest projected free ener-
gy taken to represent the SO, saturation constraint. If K,O was specified as the third saturated component, &l the
K,0-Al,0,-SiO, compounds would then be projected into the K,O subsystem and the phase with the lowest pro-
jected free energy chosen to represent the K ,O saturation constraint, this will be the phase with tielines to co + and at

the P-T-X{., condition of interest (either mu or kf in Fig 3.1).

For the calculation proposed in this chapter, it is stipulated that the system is always saturated with respect to silica;
thus, silica must be specified as the first component in the saturation hierarchy. If the K,0-Al,0,-SiO, phases are
now projected onto the K,0-Al O, join (Fig 3.2) it can be seen from Fig 3.1 that if Al,O, is chosen as the second
saturated component, andalusite will be the Al,O,-saturated phase, and either mu or kf will be the
K,O-saturatedphase. Thus, the saturation hierarchy SiO,—Al,0,—K,0O will yield the aluminous series of phase assem-
blages g + and + mu and q + and + kf. There is a complication in specifying the alternative hierarchy,
Si0,-K,0-Al,O,, namely that there is no true phase with the K,O composition after projection through SiO,
(VERTEX would alow such a calculation, but phase relations saturated with respect to afictive phase are meaning-
less). Thus, to obtain the potassic series of assemblages it is necessary to redefine the potassic component K,O as
KAIQ,. If the saturation hierarchy SiO,-KAIO,-AlQ, is then specified, for the conditions of interest the saturated-
phase assemblages will be q + kf + mu and g + kf + and.

The definition of new components, and their use in VERTEX, can sometimes be very tricky, it is particularly impor-
tant to remember that a component defined for VERTEX must be a valid thermodynamic component (Tur Sect 2.4).
For example, in the present case it would be possible to define KAILO, as a component to calculate g + mu-saturated
phase assemblages, but such calculations would only be valid within the g + mu stability field and VERTEX will not
inform the user if thisis not the case. Users should always check carefully that the saturated phase assemblages are
those desired. Often it is helpful to first make a calculation in the subsystem of the saturated components (asin Fig
3.1 for the present problem) to determine the best approach to a calculation.

3.2 Running BUILD

This section summarizes the output generated by BUILD to do the calculation outlined above, assuming the compo-
nent saturation hierarchy SiO,-KAIO,~-Al,O,. The first few prompts and responses are not shown, these are identi-
cal tothosein Tut Sect 2.1 with the exception that the user selects the Schreinemakers diagram option (2). The out-
put shown here commences with the print file format prompt (prompts for which the responses are obvious are
omitted here).

321 Print File For mat

Long print file format (Y/N)?
y

If long print file format is requested, as done here, VERTEX outputs the loci of each equilibrium asit is determined.
In many cases an equilibrium may be traced many times and as series of overlapping segments. Given that this
information is plotted by PSVDRAW, often it is not needed by the user and can be eliminated from the print file by
responding n to this prompt. If thisis done VERTEX writes only problem set-up information and a list of al equi-
librium identified. For experienced VERTEX users this information is al that is needed in conjunction with plotted
output. For complicated problems use of the short print file form can result in a considerable savings in computer
time, disk space, and paper.

-15-



322 Reliability Levels

Specify reliability level [1-5, default is 5]:

1 - gives lowest efficiency, highest reliability

5 - gives highest efficiency, lowest reliability
Hi gh val ues increase the probability that a curve
may be only partially determned or skipped entirely.
5

One of the drawbacks of the VERTEX algorithm is that VERTEX makes a large number redundant calculations for
Schreinemakers diagrams. The problem in attempting to reduce these is that making the program more efficient
increases the probability that VERTEX will skip part of a univariant curve. This prompt permits the user to choose
the level of reliability for acalculation, usually level 4 or 5 is adequate. With low reliability levels errors most often
occur in complex systems with a high degree of compositional degeneracy. Generaly such errors are obvious in
that they results in lopsided looking invariant points (i.e., a barren sector of more than 180 degrees about an invari-
ant point). Even with the lowest (5) reliability level the probability of an error occurring is small. Should there be

any doubts about a Schreinemakers diagram, it can always be checked by computing a mixed-variable diagram sec-
tion through it, or alternatively composition diagrams can be calculated in suspicious P—T—X'COZ regions. The algo-

rithms for both composition and mixed-variable diagrams are completely reliable.

323 Reaction Equation Format

Wite full reaction equations (Y/ N)?
n

By default reaction eguations (Tut Sect 3.4.3.1) are written only with the names of phases in the thermodynamic
composition space. The stable phases determined by component and phase saturation constraints, and stoichiomet-
ric coefficients of the reaction are listed separately. Alternatively a single reaction equation can be written that
includes all, or some, of this information.

324 Console M essages

Suppress consol e status nmessages (Y/N)?
n

Ordinarily VERTEX writes information on the status of a calculation to the users terminal screen (console). This
may cause jobs to run more slowly or may interfere with the users other activities. This can be stopped by respond-
ing yesto this prompt.

3.25 Redefining Components

The following prompts concerns the definition of the KAIO, component as discussed in Tut Sect 3.1, these prompts

are largely self-explanatory. The only exception to this is the choice of the data base component to be replaced by
the newly defined component. Because VERTEX determines the amount of the new component in a phase from the
amount of the component to be replaced, the amount of the component to be replaced in the new component must be
non-zero. In the present case, KAIO, is defined in terms of two of the data base components, K,O and Al,O,, and

therefore only these components may be replaced by KAIO, however, the Al,O, component is necessary for the cal-
culation, and so the user must replace K,O.
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The data base conponents are now.
NA20 M3O AL2A3 SI2 K2O CAO TI2 MNO FEO @ H20 X2
Transformthem (Y/ N)?

y

Enter the new conponent nane (< 5 characters left justified, blank to finish):

KALCB

Enter the ol d conmponent you wi sh to replace wi th KALGB:

K20

Enter the other conponents (<12) in KALO3 one per line, blank to finish:
AL2C3

Enter the stoichionetric coefficients of:

K20 AL233
in KALG3 (in the above order):
0.5 0.5
KALG3 = 0.50 K20 0.50 AL233
Is this correct (Y/N)?

y

Calculations with a saturated phase (Y/ N ?
The phase is: FLU D
Its conmponents can be: H2O CO2
Its conmpositional variable is: X(CO2)
y
Enter the number of conponents in the FLU D
(1 or 2 for COH buffered fl uids):
2
Cal cul ations with saturated conponents (Y/N)?
y
Sel ect saturated components fromthe follow ng set:
NA2O0 MO AL28 SIQ2 KALGB CAO TIO2 MNO FEO @
How many saturated conponents (naximm 5)?
3
Enter component nanes, left justified, one per line:
SI Q2
KALO3
AL2C3
Use chem cal potentials as independent variables (Y/N)?
n
Sel ect remai ni ng conmponents fromthe foll ow ng set:
NA20O MO CAO TIQ2 MNO FEO O
How many t her nodynam ¢ conmponents (<8)7?
2
Enter component nanes, left justified, one per line:
CAO
M30
Select the fluid equation of state:
0 - Modified Redlich-Kwong (MK)

18 - Del any/ HSMRK/ MRK hybri d- EoS, for P > 10 kb
6
Excl ude phases (Y/N)?
n
Sel ect x-axis variabl e:
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1 - P(bars)
2 - T(K)
3 - X(C®)
3
Enter m ni num and nmaxi mum val ues, respectively, for: X(COR)
01
Sel ect y-axis variable:
2 - T(K)
3 - P(bars)
2
Enter m ni num and maxi mum val ues, respectively, for: T(K)
673 873

3.26 Multiple Sections

Cal cul ate sections as a function of a third variable (Y/N)?
n

The present calculation will be a single isobaric section, this prompt provides the user with the option of calculating
multiple sections. However, PSVDRAW will only plot one section.

Speci fy sectioning value for: P(bars)

2000

Consi der sol ution phases (Y/N)?

n

Enter a one-line title for your calcul ation:
A Schrei nemakers Di agram (CaO MyO

3.3 Running VERTEX and PSVDRAW

After running BUILD, the user runs VERTEX which prompts for the name of the file created by BUILD, and writes
some information on the progress of the calculation. PSVDRAW can then be run to generate a PostScript plot, if the
user elects to accept the default plotting options a plot such as that shown in Fig 3.3 is obtained. Wherever possible
PSVDRAW attempts to label curves by the associated reaction equation, when this is not possible PSVDRAW iden-
tifies the curve by number; points are always labeled by number. The identities of curves and points labeled by
number can be determined from the lists given in the print file (Tut Sect 3.4). A peculiarity of diagrams calculated
with saturated components is that univariant curves may abruptly change slope, these changes correspond to a
change in the saturated-phase assemblage. In Fig 3.3, this occurs for the cc = an and dol = m(h&p) + an (curve 10)

curves when the saturated-phase assemblage changes from q + kf + mu to q + kf + and with increasing Xfcoz.

331 M oaodifying Default Plot Options

The default plot options in PSVDRAW can be modified to effect several features, in particular to control the way in
which curves and points or labeled. The following dialogue illustrates some of these features.

Enter plot file nane:

pl ot

PostScript will be witten to file: plot.ps
Modi fy the default plot (y/n)?
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y
Modi fy default drafting options (y/n)?

y

To reduce the number of prompts, two classes of modifications are considered, raw drafting options, and options
which effect the kind and identities of the equilibriato be shown.

Modify x-y limts (y/n)?
n

This prompt permits the user the option of plotting only a portion of the diagram.

Fit curves with B-splines (y/n)?
y

The PSVDRAW default is to smooth curves with B-splines.

Suppress curve labels (y/n)?
n

This option permits the user to suppress al curve labeling.

Change the default |abeling of curve segments (y/n)?
y

The PSVDRAW default is to label only curve segments that have alength of more than 2% of the axes length, seg-
ments that have a length greater than this, but less than 15% of the axes length, receive numeric labels, and segments
with alength of greater than 15% of the axes length receive text labels. Note that a univariant curve may consist of
several curve segments, and only the first segment identified in the plot file will be labeled.

Enter mininumfraction of the axes length that a

curve must be to receive a text label (0-1):

0.2

The user specifiesthat all curve segments > 20% of the axes length will receive text labels.
Enter mininumfraction of the axes length that a

curve must be to receive a nuneric |abel (0-0.200):

0. 05

The user specifies that a curve must exceed 5% of the axes length to be labeled, and therefore by default that curve
segments with lengths between 5 and 20% of the axes length will receive numeric labels.

Reset default size for text labels (y/n)?

y
Scal e default text size by a factor of:

1.2
This option only effects the size of the characters used to label curves and points.

Suppress point labels (y/n)?
n

This option permits the user to suppress al point labeling.
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332 Restricting Plotted Phase Fields

The following options control which phase fields (i.e., univariant points and curves) will be plotted by PSVDRAW.
These options are useful for determining the stability fields of assemblages or individual phases. Note that
PSVDRAW does not have information on the saturated-phase assemblages, and therefore it cannot be used to deter-
mine these.

Restrict phase fields (y/n)?

y

Suppress high-variance equilibria (y/n)?

n

This option is only relevant for problems in which there are solution phases stable in the thermodynamic composi-
tion space (Tut Sect 5).

Restrict phase fields (y/n)?

y
Show only with assenbl age (y/n)?

y

Enter the name of a phase present in the fields
(left justified, <cr> to finish):

n( h&p)

Enter the name of a phase present in the fields
(left justified, <cr> to finish):

an

Enter the name of a phase present in the fields
(left justified, <cr> to finish):

This option permits the user to plot only those phase fields which contain all the phases of a specified assemblage.

Show only without phases (y/n)?

y

Enter the name of a phase absent in all fields
(left justified, <cr> to finish):

cz

Enter the name of a phase absent in all fields
(left justified, <cr> to finish):

This option permits the user to plot only those phase fields which do not contain any of the specified phases.

Show only with phases (y/n)?

y

Enter the name of a phase present in all fields
(left justified, <cr> to finish):

clin

Enter the name of a phase present in all fields
(left justified, <cr> to finish):

This option permits the user to plot only those phase fields which contain any one, or more, of the specified phases.

curves have the assenbl age: n(h&p) an
curves have one of the phases: clin
curves have none of the phases: cz

poi nts have the assenbl age: n({hé&p) an
poi nts do have one of the phases: clin

ADNDNOPE
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1 points do not have any of the phases: cz

If more than one type of restriction is specified, PSVDRAW plots all phase fields which satisfy any one of the
restrictions. Once PSVDRAW determines that a phase field meets the requirements of a restriction, it does not
attempt to determine if the field meets the requirements of any other restrictions. Consequently, the above message
only indicates the number of fields plotted because of a particular restriction, but it does not necessarily indicate the
total number of fields which satisfy the restriction. For example, suppose that in the above case all the phase fields
contained the assemblage m(h&p) + an, then PSYDRAW would report that no curves or points representing clin.
PSVDRAW determines which fields represent assemblages first, then those that include any specified phase second,
and lastly those fields that do not contain any of the specified "absent” phases. The above example does not illus-
trate a particularly useful application of PSVDRAW because ailmost all the phase fields do not contain cz, therefore
PSVDRAW essentially reproduces Fig 3.3.

333 Phase Assemblage Stability Fields

The stability field of any equilibrium phase assemblage in a Schreinemakers diagram is bounded by univariant
curves which connect at invariant points. However, in many geologic problems if the user asks PSVDRAW to show
only phase fields containing a particular assemblage, with the goal of defining the stability field for the assemblage,
PSVDRAW will not show the bounding univariant curves. Thisis because VERTEX identifies univariant curves by
the phases with non-zero reaction coefficients in the associated reaction equation, and not by the complete
c+1-phase equilibrium assemblage, i.e., VERTEX does not list al the phases which coexist in univariant equilibri-
um, but rather only those phases which are necessary to write the reaction equation. In contrast, invariant points are
identified by all c+2 phases of the invariant equilibrium; therefore although PSVDRAW will not necessarily plot the
bounding univariant curves of a stability field, it will always plot the bounding invariant points. As an example con-
sider the stability field of dol + phl in Fig 3.3, thisis the trapezoidal region bounded by invariant points (3), (4), (5),
and (6). if PSVDRAW were asked to plot al fields with this assemblage, the only univariant curve drawn would be
dol = phl + an, but al four bounding invariant points would be plotted. If a specified phase assemblage consists of
fewer than ¢ phases then, generally, some phase fields within the stability field of the assemblage will be plotted in
addition to the bounding fields. Therefore, care should be taken in interpreting the stability fields defined by
PSVDRAW.

34 Print File Output

The print file output consists of five parts: (i) atitle segment; (ii) a composition diagram calculated for the thermo-
dynamic composition space at the minimum values for both the independent potential variables of the Schreinemak-
ers diagram; (iii) the loci and reaction equations of the stable univariant equilibria; (iv) the loci of the stable invari-
ant equilibria; and (v) lists summarizing the univariant and invariant equilibria. The first two parts are identical to
the output generated for composition diagram calculations (Tut Sect 2.12), they are reproduced here for the sake of
completeness.

341 Title Segment

Problemtitle: A Schreinemakers Di agram (CaO MyO

Ther nodynamni ¢ data base from HOLLAND AND POANELL 1994
Flui d equation of state: Holland and Powel | 1991 (CORK)

i ndependently constrained potentials:
X(C2) T(K) P(bars)
sat urat ed phase conponents:
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H20 co2
saturated or buffered conponents:

SI Q2 KALO3 AL2C3
conponents with unconstrai ned potenti al s:
CAO M30

Phases and (projected) nol fraction MO
ant 1.000 ngo 1.000 cao 0
ma 0. 000 phl 1. 000 east 1
anes 1.000 an 0.000 en 1
ngt s 1. 000 di 0.500 c-en 1
WO 0.000 pswo 0.000 py 1
tr 0.714 hb 0. 667 ap 1
zo 0.000 cz1 0.000 cz 0
fo 1. 000 nont 0.500 crd 1
nmst 1.000 ta 1.000 tats 1
chr 1.000 pre 0.000 punp 0
ak 0.333 nerw 0.250 ty 0
spu 0.000 nme 0.000 cc 0
m( hé&p) 1.000 n(t&c) 1. 000 dol 0
VSV 0. 095 ntar 1.000 line 0

3411 Phase on Saturation and Buffering Surfaces

phases on saturation and buffering surfaces:
si 02 q bq coe kf
I c al 203 nu di a pyh
sill cor

. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 200
. 000
. 000
. 500
. 000

cel
clin
o-di
cats
gr
cumnmm
| aw
nctd
br
geh
rnk
arag
Sp
per

san
and

PRPOOORPRPOROOORE

000
000
500
000
000
000
000
000
000
000
000
000
000
000

kal s
ky

In comparison to the problem in Tut Sect 2, here the number of phases which may become saturated is relatively
large. The possible saturated-phases are listed in the order of the saturated components they may represent, i.e.,
sio2, g, bg, and coe may represent the SiO,—composant, kf, san, kals, and Ic may represent the KAIO,-composant,
and al203, mus, dia, pyhl, and, ky, sill, and cor may represent the Al, O, - composant. The compounds al203 and
sio2 are fictive composants (Tut Sect 2.9), they are not necessary for this calculation but were not excluded. Should
afictive composant appear as a stable saturated phase the calculation isinvalid and must be repeated with the fictive

composant excluded.

34.2 The (Binary) Composition Diagram

t he stabl e assenbl ages at:

X( C2) = 0.
T(K) = 673.000
P(bars) = 2000.00
are:
cz clin

t hese assenbl age(s) are conpatible with the follow ng phases or species
det erm ned by conmponent saturation or buffering constraints:

q kf mu

The composition phase diagram output here is for the lower-left corner of the Schreinemakers diagram (Fig 3). In
this case the composition diagram is extremely simple as there is only one stable phase assemblage possible in the
thermodynamic composition space (cz + clin), this assemblage coexists with pure H,O-fluid (the saturated-phase),

-22-



and the phases q + kf + mu determined from the component-saturation constraints.

343 Computational Results

The univariant phase field section is prefaced by commentary which echoes any potential variable constraints
imposed for the problem (here, constant pressure), and informs the user of the coordinates to be output for each uni-

variant field (here, the XfCOZ—T coordinate pairs will be output for each field).

The X(CR)-T(K) loci of (pseudo-) univariant fields follow
the fields are subject to the constraint(s):
P(bars) = 2000. 00

These fields are consistent with saturation or buffering constraints
on the conponent(s): SIQ2 KALG3 AL238

The significance of the next two statementsis clarified in the next section.

NOTE: For each field the values of the dependent extensities are output for
the first equilibrium condition, in general these properties vary with the
i ndependent potenti al s.

Reaction equations are witten such that the high T(K) assenblage is on the
right of the = sign.

3431 Univariant Fields, Reactions, and Alphas and Deltas

VERTEX writes the following information for each univariant field:

( 1-1) cc =cz

Al pha(-1.00, 0.500)

Delta( SI®2 ) =-.750 (saturated conposant =q)
Delta( KAL®B3) =-.750 (saturated conposant =kf)
Delta( AL2@3) =0.750 (saturated conposant =mu)
Delta( H20 ) =-.500 (saturated phase component)
Delta( CO2 ) =-1.00 (saturated phase component)
Delta(-V(j/b)) =-4.76 (dependent conjugate of P(bars))
Delta(S(j/k) ) = 152. (dependent conjugate of T(K))
0. 282527E-01 673.000 0.291267E-01 674.000 0. 300277E-01 675.000
0. 628314E-01 698.922 0. 628470E-01 698. 930 0. 628547E-01 698.934

the equilibriumextends to invariant point ( 1)

Each univariant field is identified by the thermodynamic reaction equation and a label consisting of two integer
numbers in parentheses. The first integer number is the reaction index, it is used to identify the reaction in the lists
at the end of the print file and it may be used to identify the univariant field in plots generated by PSVDRAW. The
second number is a flag which indicates the true variance of the field, if the field is truly univariant thisflagis 1. In
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the present example, in which there are no solution phases in the thermodynamic composition space, all the univari-
ant fields represent true univariant equilibria. More generally, it is possible that some of the univariant fields output
by VERTEX represent divariant or higher variance phase fields in which case the second integer would be 2.
VERTEX uses a reaction equation of the general form:

p
O:Zai(pi’
i=1

where p is the number of phases in the reaction, @ is a vector containing the amounts of the thermodynamic compo-
nents per mole of phase i, and q, is the reaction coefficient of phasei. The numbers following alpha in the second
line of the above output are the values of a,'s for the phases in the same order as they are output in the first line.
Thus, in this case the thermodynamic reaction equation is:

_ 1 _1
0=-1 Ot 2 @, o 1 @ = E(pcz'
For each reaction equation, VERTEX also computes the molar change in every dependent extensive property (i.e.,
any extensive property whose value is determined entirely by the independent potentials or saturation constraints.
The change in a property W,, AW, is computed as:

If the property ¥, is a saturated component, the corresponding DELTA represents the molar amount of the phase
which represents that component, not the amount of the component itself. The identities of the phases determined
by component saturation constraints, i.e., the composants, are printed with the corresponding Delta. If ®, is a vector
which defines al n independent extensive properties of a phase, then:

p n-c
0=> a & - ZAwJ
i=1 j=1

is the general reaction equation, i.e., an equation which balances al the extensive properties of the phases in the
reaction; in this case the reaction may be written:

0=-10 +lq> +§¢> +§(D +lﬁ +1h 3
cc 2 2z 4 ¢ 2

o oo+ Loy = 5 @, — 476V - 15285,

where A, o, Mg, S, and V are unit quantities of H,0, CO,, entropy, and volume. Most users are only interested in

the complete chemical reaction, in this case if the relevant composition vectors are represented by the phase, or com-
ponent, names the above reaction can be written:

cc+§mu:£cz+§q+§kf+iHO+CO,
4 2 4 4 2 2 2

where AS =152 JK and AV = 4.76 Jbar (47.6 cm3).

The values for the Deltas output for each field are determined at the first P-T-X{, coordinate determined for the

equilibrium (i.e., the first independent variable coordinate pair output). These values may change as the loci of the
phase field is traced, in particular it is important to realize that the saturated composants may change and that this

-24-



may have a drastic effect on the reaction stoichiometry and properties.

The independent variable coordinates for the univariant curve, or a segment of it, are output following the reaction
equation. VERTEX always traces the stability of a c+1 phase univariant equilibria, but if one or more phasesin an
equilibrium has a zero reaction coefficient it is possible that the same c+1 phase equilibrium will not be stable along
the entire length of univariant curve identified only by the phases with non-zero coefficients (in principle such uni-
variant curves represent several different equilibria). Thus, the conditions for what appears to be only a segment of
a continuous univariant curve may be output at a given point in the print file. The same univariant curve, but usually
different segments of it, may appear many times throughout the plot file. For example, consider the cc = an curvein
Fig 3.2 which passes from invariant point (1), through invariant points (2) and (5) to the right-hand edge of the dia-
gram. At invariant point (1) this curve represents the (c+1)-phase equilibrium cc + an + clin, but this equilibrium
becomes metastable with respect to cc + an + phl to the right of invariant point (2), and to the right of invariant point
(5) the univariant equilibrium will be cc + an + dol. Thus, the univariant curve will be output as at least three seg-
ments in the print file.

If no errors occur during the tracing of a univariant curve segment, the segment will be traced to an edge of the dia-
gram or to an invariant point. In the latter case, as above, VERTEX prints the identity of the invariant point. Once
such a point has been identified, VERTEX then traces all the univariant curves which emanate from this point and
keeps track of any new invariant points. This processis repeated for sequentially for any new invariant points iden-
tified. For each invariant point VERTEX prints a message of the form:
equi libria about invariant point ( 1):

cz clin cc an
are |isted bel ow
before enumerating the new univariant curves that emanate from the invariant point. Note that following such a
message VERTEX usually only outputs curve segments that have not already been output, i.e., VERTEX generally
does not output all the univariant curves emanating from an invariant point following the identification of the point.
3432 Invariant Phase Fields

(Pseudo-) invariant points are summari zed bel ow

( 1-1) cz clin cc an

occurs at:
X(CO2) =0.628547E-01
T(K) = 698. 934
P(bars) = 2000. 00

After theloci of al the univariant curve segments have been output, VERTEX printsalist of theloci of the invariant
points identified. Asis the case for univariant fields, two integers are associated with each invariant field, the first
number is an identifier (used by PSVDRAW) and the second indicates the true variance of the field. A value of 1
indicates the field is a true invariant field, whereas a value of 2 indicates that the field is only pseudo-invariant (Tut
Sect 5).
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34.33 Degenerate Invariant Phase Fields

In highly degenerate systems more than one invariant field may occur at the same P—T—X’Co2 condition, VERTEX

may or may not identify overlapping invariant fields depending on the reliability level specified for the calculation.
For example, consider the aluminosilicate triple point in the system SiO,—-AlQ,, at this P-T condition either quartz

or corundum may coexist with the 3 aluminosilicate phases; thus, there are 2 possible c+2 phase assemblages, q +
and + sil + ky and co + and + sil + ky, at thetriple point.

344 Phase Field Lists

(Pseudo-) invariant points are summari zed bel ow

( 1-1) cz clin cc an

( 2-1) clin cc an phl

( 3-1) clin cc phl dol

( 4-1) clin dol phl n( h&p)
( 5-1) cc phl dol an

( 6-1) dol phl n( h&p) an

( 7-1) phl an n( h&p) crd

(Pseudo-) univariant equilibria are summari zed bel ow

( 1-1) cc =cz

( 2-1) cz = an

( 3-1) cc = an

( 4-1) clin = phl

( 5-1) dol =clin cc
( 6-1) dol = cc phl
( 7-1) mh&p) =clin
( 8-1) n(h&p) = phl
( 9-1) dol = phl an
( 10-1) dol = m(h&p) an
( 11-1) phl = crd

( 12-1) mh&p) = crd

The last section of the output lists all the phase fields identified by VERTEX. If the user is able to plot the output
from PSVDRAW, these listsin combination with the plot are all that is needed to interpret the computational resuilts.
Thus it might be possible to secure the happiness of an innocent tree if the user restricts himself to printing the title
information and these lists, rather than the entirefile.
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Chapter 4

AN AFM DIAGRAM: SOLUTION PHASESAND IMAGINARY COMPONENTS

The previous chapters have considered problems in which all the phases in the thermodynamic composition space
are compounds; however, in many geologic systems the compositional variations of minerals have profound effects
on their stability. For some time, geologists have treated such problems by computing phase relations in an end-
member chemical subsystem where no compositional variations are possible. Activity corrections are then made to
account for difference between the observed mineral compositions and their compositions in the endmember subsys-
tem. In effect, in this approach solutions are treated as compounds in a simpler composition space, thus it isa mis-
nomer to claim that such methods treat phases of variable composition. Activity corrections can be made with the
program Actcor which generates a new thermodynamic data file that can be used as an input file for BUILD and
VERTEX. However, the activity correction method is fundamentally flawed in two ways: (i) the compositions of
the minerals in an equilibrium phase assemblage will vary as afunction of the systems variables, but this possibility
is precluded in fixed-activity calculations; and (ii) the compositions for the activity corrections are assumed to be
equilibrium compositions and no tests are made to validate this assumption, which is generally not consistent with
the thermodynamic models being used. For these reasons, activity corrections should only be used as a method of
last recourse.

The alternative to the activity corrections, is to make calculations in the full composition space, or a reasonable
approximation. The compositions of the minerals are then variables which are determined for every composition
and environmental condition. For such calculations to be feasible there must be thermodynamic data for every pos-
sible endmember composition of every possible solution phase in the system, and it must be possible to formulate at
least arudimentary model of how these endmembers mix.

4.1 The Pseudocompound Approximation

In VERTEX variable composition phases are approximated by a series of arbitrarily defined compounds designated
pseudocompounds. By this method VERTEX can treat solutions with up to 3 independent mixing sites and up to 3
species mixing on each site. The accuracy of the approximation depends on how closely spaced the pseudocom-
pounds are in composition space, this is determined by the subdivision scheme specified by the user in a file that
describes the solution models for VERTEX (the version of this file supplied with PeRpLeX isnamed sol ut . dat
). The details of how to formulate solution models for PeRpLeX are described in depth, with examples, in Doc Sect
1.3, 1.4 & 4 and are not treated further here. Although formulation of new models may be too complicated for some
users to undertake, modification of subdivision schemes used for existing models is relatively straight forward (Doc
Sect 1.4 & 4). Examples of these subdivision schemes are illustrated in Fig 4.1; by varying the parameters for these
schemesit is possible to obtain almost any degree of accuracy.
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4.2 Imaginary Components

In the classical AFM projection, compositions are reduced by successive projections through H,O, SiO, (quartz),
KAI O, (muscovite) onto the subcomposition MgO-FgO-Al,O,. This projection can be made with VERTEX as dis-
cussed in Tut Sect 3.1, by specifying water as a saturated phase and SiO, and KAI,O; as saturated components (the
latter being defined by a component transformation from K, O). The difficulty with this projection is that after it is
done phlogopite (phl, KMg,AISi;0,,(OH), => Mg,Al ;) and annite (ann, KFe;AlSI;O,,(OH), => Fe,Al ) have neg-
ative compositions in the MgO-FgO-Al,O, subcomposition, i.e., they plot outside the MgO-FgO-Al,O, ternary.
Phases with negative compositions are automatically excluded by VERTEX, so it is necessary to introduce a compo-
nent transformation to make the compositions positive. While it may seem paradoxical, this can be done by replac-
ing the "real" components MgO and FeO by the "imaginary" components M (Mg,Al_,) and F (Fe;Al ,) so that the
compositions of ann and phl become "real," i.e., positive. Of course it is not necessary that you define the imaginary
components to correspond to real phases, but unless you do it will also be necessary create an imaginary composant
in the thermodynamic datafile for each imaginary component (Tut Sect 2.9, Doc Sect 1.6).

4.3 Running BUILD

No new prompts appear from BUILD for this calculation, as compared to that in Tut Sect 2, and only the component
transformations, component choices and solution model prompts are shown here. The thermodynamic data file used
for this examplewas hp94ver . dat .

431 Component Transformations

For this problem the user must make three component transformations as in Tut Sect 3.2.2: (i) replacing component
K,0 by the component K (KAI;O;) = 0.5K,0 + 1.5 AL,O,, this component is the muscovite endmember composi-
tion after projection through water and quartz. (ii) replacing component FeO by the component F (Fe;Al ) =
3 FeO - Al,O,, this component is the annite endmember composition after projection through water, quartz, and
muscovite. (iii) replacing component MgO by the component M (Mg,Al ;) = 3 MgO — Al,O,, this component is the
phlogopite endmember composition after projection through water, quartz, and muscovite. Note that by defining
component K to permit projection through stoichiometric muscovite, K-feldpars will have negative compositions
and be rejected by VERTEX. Consequently, VERTEX will not recognize any thermal limit for muscovite stability
and the calculations will only be valid within the stability field for muscovite + quartz (Tut Sect 3.1)

The user then specifies water fluid as a saturated phase (Tut Sect 2.4), two saturated components with the saturation
hierarchy SiO,-KAI;O; (Tut Sect 3.1), and Mg;Al_,, Fe;Al, and Al O, as thermodynamic components.

4.3.2 Solution Model Prompt

PeRpLex is supplied with afile named sol ut . dat containing a number of different models for phases of geolog-
ic interest. Some of these models (particularly for non-ideal solutions) may have limited ranges of applicability, and
before you seriously use any results from PeRpLeX you should carefully check the models you are using.

Enter the solution nodel file nane (e.g. solut.dat),left justified:
sol ut . dat

Following this prompt VERTEX checks each model in the file to determine if it is appropriate for the selected com-
ponents and endmembers. A model may be inappropriate because all its endmembers either do not lie within the
composition space for the problem, do not exist in the thermodynamic data file, or have been excluded by the user.
In these cases BUILD issues awarning such as:
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**war ni ng ver 025** no endnmenbers for humite, the solution will not be
consi der ed.

If some, but not all, the endmembers are identified BUILD will attempt to recast the model as a simpler solution, for
example the ternary grossular-pyrope-almandine model GrPyAl(B) can be used as a model for pyrope-amandine
garnet. Because the rules BUILD use for recasting may not produce the results (particularly the subdivision
scheme) the user wants, BUILD issues the warning:

**war ni ng ver117** the subdivision scheme for GPyAl (B) will be interpreted
as a binary nodel on site 1 (originally site 1) with:
i mod= 0

Xxmax= 1. 000

xm n= 0. 000

Xi nc= 0. 100
To change this, or if an error (probably fromroutine CART) follows,
nodi fy the solution nodel (docunentation sect. 4.1)

For single site models such as GrPyAl(B), recasting is usually successful because there are relatively few choices
involved. However for multi-site models care should be taken to avoid unpleasant surprises. If BUILD cannot
recast amulti-site model, or if only one endmember for a solution model is found, it issues the warning:

**war ni ng ver 034** Neph(F&B) could not be recast as a sinpler nodel.
The solution will not be considered.

Once BUILD hasidentified valid solution models it writes the prompt:

Sel ect phases fromthe following list, enter the
nanes one at a time and left justified, ENTER A BLANK WHEN YOU ARE DONE.

Chl Tlc Bi o K- Phen St Carp
Crd Cumm Ant h EnFs a Sp(J&R)
Sp( G&S) Sp(Q Sp G (i-b) G (i-c) cd

G (isa) GD G G PyAl (B)

In response to this prompt the user selectsthemodels:. Chl, Cd, Bio, St, G and Sp

Some solution model names may be cryptic and the user has no choice but to read the comments (or endmember
identities) in the solution model file to determine what phase they represent. Several models for the same solution
may be available (e.g., here there are five garnet models Gt(isa), GtD, Gt, GrPyAl(B), Gt(i-c)). In some casesit may
be desirable to use two or more models to describe a single solution, for example to minimize computations it is
possible to use amodel that provides very coarse resolution of compositions that are unimportant, and a second high
resolution model in the region of interest. Often it is also useful to use two models for a solution that may exhibit
immiscibility.

433 Solution Modelsfor the Saturated (Fluid) Phase

As currently set up, the only possible saturated phases are molecular fluids. There are also "solution" models (actu-
ally they are only subdivision schemes) for molecular fluids (e.g., models Fluid, F, and H20M in the solut.dat);
however, if you specify fluid as a saturated phase then do not choose these models as solutions. Usually BUILD

will not allow you to this, hence the warnings:

**warning ver113** Fluid is not a valid nbpdel because conponent H2ZO or CQ2 is
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constrai ned.
**war ni ng ver 025** no endmenbers for F the solution will not be considered.
**war ni ng ver 025** no endnmenbers for H2OM the solution will not be considered.

These models are only applicable if the components of the fluid are specified as thermodynamic components; as is
necessary for the construction of petrogenetic grids for all possible fluid compositions and fluid-absent conditions
(Connolly & Trommsdorff 1991, Connolly 1994).

434 Projection Through Solution Phases

It is often said, following Greenwood (1975), that it is only possible to project through the composition of phases
with fixed compositions. Thisis not true, and through specification of a component saturation in VERTEX it is pos-
sible to project through solution phases. Provided this is done correctly VERTEX will establish the stable composi-
tion of the solution as a function of the independent potential variables and other saturation constraints. The last
prompt (4.3.2) lists K-Phen (phengitic muscovite) as a possible solution. Because the calculation is for a system sat-
urated in muscovite component, selecting K-Phen would require extension of the thermodynamic composition space
to include celadonites (after projection through SiO, and KAI,O;), i.e., definition of components M and F as
MgAIl_,O_, and FeAl ,0_,, respectively. However this would have catastrophic consequences, because VERTEX
would always identify the two most muscovite-rich phengite pseudocompounds as being the stable phases at the M
and F apices of the diagram. In other words, the composition of the K-Phengite phase would be determined by mus-
covite component saturation, and not by the real equilibrium phase relations. An example of a valid solution phase
projection would be the projection of ilmenite-hematite solution in arutile saturated system as an implicit or explicit
function of p or X,

Asagenera rule, it isnever possible to consider a solution phase that lies entirely or partially within the satu-
rated component composition space if an endmember of the solution is stable in this composition space. In
this example, ignoring the phengite component in muscovite is a reasonable approximation, provided the muscovite
phengite content is not specifically of interest (if it is why use the AFM?). The effect of this approximation is to
raise Wy 505 resulting in a slightly larger stability for potassic phases (biotite). Whether this effect is significant or
not can be tested by doing a calculation without projection through muscovite, i.e., by adding KAIO,, K,O, or
KAI;O; as a thermodynamic component and including K-phengite as a solution. If the compositions of the AFM
minerals coexisting with K-Phengite in this extended calculation differ significantly from the AFM calculation as
done here, then clearly the effect of phengite solution can not be ignored.

4.4 Composition Diagram Output for Problemswith Solutions

Running VERTEX and PSVDRAW for a problem with solution models is no different than in the examples illus-
trated earlier.

441 Pseudocompound Names

All output from VERTEX for composition diagram calculations is done in terms of pseudocompounds. Pseudocom-
pounds are named in terms of the solution endmembers and not the solution name itself. Thus the user must deter-
mine from the solution model, or pseudocompound stoichiometry, which endmembers belong to which solution. In

the present example the pseudocompounds correspond to solutions as indicated below:

phases and (projected) conposition with respect to F and AL238
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ant 0.00 0.50 al 203 0.00 1.00 ngo 0.00 0.50

Pseudocompounds for Chl (chlorite) a solution among clin (clinochlore), da (daphnite), ame (amesite) and fame (fer-
roamesite):

cl 12-16 0.26 0.70 cl 14- 16 0.26 0.70 cl 17-16 0.25 0.70

Pseudocompounds for Bio (biotite) a solution among phl (phlogopite), ann (annite), east (eastonite) and sdph
(siderophyllite):

ph19 80 0.70 0.13 ph29-80 0.61 0.13 ph39-80 0.53 0.13
Pééddocompoundsfor St (staurolite) a solution between mst (magnesiostaurolite), and fst (ferrostaurolite):

m;2 5 0.11 0.89 11:33) 0.11 0.89 ns7 0.11 0.89
Pééddocompoundsfor Crd (cordierite) a solution between crd (cordierite), and fcrd (ferrocordierite):

c.r 16 0.17 0.80 cr24 0.15 0.80 cr33 0.13 0.80
Pééddocompoundsfor Ctd (chloritoid) a solution between mctd (magnesiochloritoid), and fctd (ferrochloritoid):
m:50 0.10 0.80 nc58 0.08 0.80 nc66 0.07 0.80
Pééddocompoundsfor Gt (garnet) a solution between py (pyrope), and am (almandine):

py9 0.30 0.67 py18 0.27 0.67 py27 0.24 0.67
The conventions used for naming pseudocompounds are listed below:

4411 Binary Single Site Solutions

Pseudocompound names are the first two letters of the first endmember of the solution followed by its percent mole
fraction, e.g., ms2.5 is a staurolite pseudocompound composed of 2.5 mole % mst and 97.5 mole % fst. If two solu-
tions have endmembers that begin with the same letters, the resulting names are ambiguous. This problem can be
avoided by switching the positions of the endmembersin one of the model definitions.

4412 Ternary Single Site Solutions

Pseudocompound names are the first letter of the first two endmembers followed by the mole fraction of the end-
member, e.g., for solution ABC the pseudocompound A10B20 is composed of 10 mole % endmember A, 20 mole %
endmember B and 70 mole % endmember C.

4413 Two Binary Site Solutions

Pseudocompound names are the first two letters of the first endmember followed by the mole fractions of that end-
members site species on the first and second sites, separated by a hyphen. To decipher these namesit is necessary to

determine from the solution model (or pseudocompound compositions) which species mix on which site. Taking
Chl (chlorite) as an example, M1 is the first independent site and Mg and Fe mix on this site, and T2 is the second
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independent mixing site and SIAl and Al, mix on this site (see file solut.dat and Doc Sect 1.3.1 for elaboration).
Clinochlore endmember has Mg on M1 and SIAlI on T2, thus the pseudocompound cl14-16 has Xm;‘ =0.14 and
X%, =0.16, or the composition (Fe, ,,M 0y 55)™4(Fey13M Ty 02Al 1 85)M2(Sig 16211 82) T20;0(OH)g, Where the M2 site
population is determined by the M1 and T2 populations.

4414 Other Multiple Site Solutions

Pseudocompound names are given by the site fractions of the first c-1 species on each site sequentially in units of 10
mole %. For athree site model (ABC)!(DE)"(EF)", the designation 5346 indicates 50 % A and 30 % B on site |,
40% D on sitell, and 60 % E on site l11. For such compounds VERTEX also outputs a specia list giving the mole
fraction of each endmember.

442 Pseudocompound Assemblages

As aresult of the pseudocompound approximation all the assemblages consist of as many compounds as there are
thermodynamic components. In this example each assemblage therefore consists of three phases (in addition to the

saturated phases), the abridged listing of these assemblages follows:

t he stabl e assenbl ages at:

P(bars) = 4000.00

T(K) = 840. 000

Y( COR) = 0.
are:
and -cl 83-50 -cl 75-50 (2) nms2.5 - py9 -cl 24-50 (1)
and -5 -cl41-50 (1) nms2.5 -5 -cl 24-50 (2)
ph83- 89 -ph91-80 -ph83-80 (3) ph75-89 -ph83-80 -ph75-80 (3)
ph66- 89 -ph75-80 -ph66-80 (3) ph58- 89 -ph66-80 -ph58-80 (3)
ph50- 89 -ph58-80 -cl 50-62 (2) ph41-89 -cl 50-62 -cl 41-62 (2)
ph33-89 -cl 41-62 -cl 33-62 (2) ph24-89 -cl 33-62 -cl 24-62 (2)

t hese assenbl ages are conpatible with the foll owi ng phases or species
det erm ned by conmponent saturation or buffering constraints:
q mu

** no immscibility occurs in the stable solution phases **

4421 Variance of Pseudocompound Assemblages
Although each pseudocompound assemblage consists of three compounds or pseudocompounds, a given assemblage

will correspond either to a three-phase region, a part of atwo-phase region, or a part of a one phase region in the true
AFM diagram. VERTEX distinguishes these cases as indicated by the integer in parentheses following each assem-

blage:
(0) The assemblage consists entirely of true compounds.

(1) The assemblage is invariant, i.e., every pseudocompound represents a different solution. For example, the
andalusite + staurolite + chlorite AFM assemblage { and-ms5-cl41-50 (1)} .
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(2) The assemblage is part of a high variance heterogeneous phase region. For example, the pseudocompound
assemblage { ph33-89-cl41-62-cI33-62 (2)} comprises part of the biotite + chlorite AFM assemblage. The averaged
compositions of the pseudocompounds in such assemblages can be used to estimate the compositions of coexisting

phases, the assemblage { ph33-89+cl41-62+cl33-62 (2)} suggests Xj,; = 0.37 and X,° = 0.33 in the coexisting phas-
es.

(3) The assemblage is pat of a homogeneous phase region. For example, the assemblage
{ ph83-89+ph91-80+ph83-80 (3)} is part of the biotite phase region.

(4) The assemblage contains includes two or more phases of an immiscible solution. VERTEX tests for immiscibili-
ty by determining whether the compositions of pseudocompounds from a solution in an assemblage span the compo-
sition of an additional compound of that solution.

443 Plotted Output

Fig 4.2 shows the plot generated by PSYDRAW. PSVDRAW only writes the names of pseudocompound assem-
blages that correspond to invariant compositions. Invariant 3-phase regions are drawn with heavy solid lines. Pseu-
docompounds in divariant 2-phase regions are connected by short dashed lines that approximate tielines. One-phase
regions are shaded. Pseudocompounds within solvi are connected by long dashed lines approximating tielines.
These plotting rules may lead to several peculiarities illustrated in Fig 4.2: (i) The stable compositions of binary
solutions are shown only by dashed lines, e.g., Gt and Chl are stable between py18 and alm and cl83-62 and cl58-62,
respectively. (ii) If atwo phase region, such as Bio + ky, is the same width as the pseudocompound spacing, no
dashed "tielines’ will be visible within it. (iii) Every tieline is drawn twice, in some cases this overlapping causes
dashed lines to appear as solid lines (e.g., the thin solid lines within the Chl + Bio and Gt + Bio fields. It may aso
be noted that although Chl is aternary solution due to variable Mg:Fe ratio and Tschermaks substitution, it appears
as a binary Mg-Fe solution in Fig 4.1. Thisis an artifact of the pseudocompound approximation and indicates that
the maximum range in Tschermaks content is less than the assigned spacing between pseudocompounds for this sub-
stitution (a spacing of about 12% of the possible range was used for the calculation).
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Chapter 5

MIXED-VARIABLE AND SCHREINEMAKERSDIAGRAMSWITH SOLUTION
PHASES

A Mixed-Variable diagram is any diagram in which compositional variables of the system are plotted against a
potential veriable or related quantity (P, T, p, Xfcoz, Xfo, f,, or g, etc.), the most common petrological examples of
mixed-variable diagrams are the T-X eutectic diagrams used in igneous petrology. PSVDRAW can only plot two-
dimensional diagrams, so to obtain plotted mixed-variable diagrams with PeRpLeX it is necessary to limit calcula
tions to systems with two thermodynamic components. The invariant reactions of mixed-variable diagrams corre-
spond to the univariant reactions of Schreinemakers projections. For this reason, it is often useful to calculate
multi-dimensional mixed-variable diagrams as an aid in interpreting complex Schreinemakers projections, or to veri-
fy the integrity of a projection computed by VERTEX.

Computational problems with solution phases involve only a few prompts from BUILD or VERTEX that have not

been discussed in earlier Chapters. Accordingly, this Chapter focuses on the output generated by VERTEX and
PSVDRAW.

51 Running BUILD for a Mixed-Variable Diagram

The system K,0-MgO-FeO-Al,0,-Si0,-H,0 will be considered here. To reduce the problem to one with two ther-
modynamic components, water will be treated as a saturated phase, and the component saturation hierarchy
Si0,-AlL,045-K, O will be applied. At the conditions of interest the component saturation hierarchy implies that all
phase assemblages in the thermodynamic composition space (MgO-FeO) will coexist with quartz, aluminosilicate,
and muscovite or K-feldspar. This projection is equivalent to looking at the phases that coexist with the aluminosili-
cate at the A-apex of the AFM diagram (Tut Sect 3) as a function of Xpg FOr the example here, hp94ver . dat
and sol ut . dat were used as the thermodynamic and solution model files. Both print and plot files were request-
ed, the print file format prompt isirrelevant. No phases were excluded from the calculation, and the solutions mod-
es @&, Bio, &, Chl, Cd, Crdand Sp wereincluded. The calculation was made at P=7 kbar, for T =
803-913 K.

511 Reaction Equation Format Prompt

For mixed-variable diagrams, by default, VERTEX will only output an abbreviated reaction equation including only
those phases that are within the thermodynamic composition space. Additional information, such as the stoichio-
metric coefficients, stable phases in the saturated component space, or the entropy and volume change of the reac-
tion, can only be obtained by requesting extended reaction equation format (Tut Sect 3.2.2).



5.2 Mixed-Variable Diagram Output

The print file output by VERTEX for mixed-variable diagram consists of atitle segment (as for earlier examples),
followed by alist of reactions and their equilibrium conditions. The abridged listing below begins with the binary
composition diagram output in the title ssgment:

t he stabl e assenbl ages at:

T(K) = 803. 000
P(bars) = 7000.00
Y(C2) = 0.
are:
fctd nc8 ncl6 cl 50-50 cl 57-50 cl 64-50

cl71-50 ¢l 78-50 ¢l 85-50 cl92-50 cl99-50

t hese assenbl age(s) are conpatible with the foll ow ng phases or species
det erm ned by conmponent saturation or buffering constraints:

q ky m

** no immscibility occurs in the stable solution phases **
The stable phases are listed in the order that they occur along the FeO-MgO binary.

The title segment is followed by a list of invariant (peritectoid, eutectoid, or singular) and pseudoinvariant
(explained below) equilibria. The equilibrium reactions are listed in order of increasing temperature (or more gener-
ally the independent potential). Each equilibrium is assigned a two part numerical identifier, the first number identi-
fies the equilibrium, and the second number indicates if the reaction isinvariant (1) or pseudoinvariant (2).

The equilibrium of the pseudoi nvariant reaction:

( 1-2) CGtd(fctd) CGd(nc8) = St(ns2.5)
occurs at T(K) = 815.581 and P(bars) = 7000. 00
The equilibriumof the invariant reaction:

( 11-1) Ctd(fctd) = St(fst)
occurs at T(K) = 816. 387 and P(bars) = 7000. 00
The equilibrium of the pseudoi nvariant reaction:

( 10-2) Chl(cl99-50) = Chl(cl99-62)
occurs at T(K) = 821. 264 and P(bars) = 7000. 00

The equilibrium of the pseudoi nvariant reaction:
( 12-2) st(ms2.5) Ctd(nc8) = St(nsb5)
occurs at T(K) = 825. 390 and P(bars) = 7000. 00

The equilibrium of the pseudoi nvariant reaction:
( 2-2) d(nc8) = Ctd(ncl6) St(msb)
occurs at T(K) = 826. 828 and P(bars) = 7000. 00

The equilibriumof the invariant reaction:
( 16-1) Ctd(ncl6) = St(nms7) Chl(cl42-62)
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occurs at T(K) = 833.272 and P(bars) = 7000. 00

5.3 Pseudocompound Reactions

The default plot generated by PSVDRAW for this example is shown in Fig 5.1 (phase fields |abeling within the dia-
gram has been added). Asaresult of the pseudocompound approximation, VERTEX distinguishes two of reactions,
invariant reactions in which every compound represents a distinct phase, and pseudoinvariant reactions in which at
least two pseudocompounds represent the same phase. Invariant reactions define eutectoids or peritectoids (an
upside down eutectoid) in mixed-variable diagrams (case 3, Fig 5.2). For example, Equilibrium (16) in the above
listing, defines the peritectoidal decomposition of chloritoid to staurolite + chlorite. Most commonly, pseudoinvari-
ant reactions represent the stepwise variation in phase fields that can be seen in Fig 5.1 (case 1, Fig 5.2). Pseudouni-
variant equilibria (12) and (2) are examples of this, such equilibria can be thought of as defining an isopleth at which
the true composition of the solution is given by the average of the pseudocompound compositions.

It is also possible that a pseudoinvariant reaction defines the conditions of an invariant singular reaction (case 2, Fig
5.2). Equilibria (1) above is identified by VERTEX as such areaction; however often, and specifically in this case,
such reactions are an artifact of the pseudocompound approximation. This artifact occurs frequently at the composi-
tional extremes for solutions. It arises in this case because the staurolite compounds have a much finer composition-
al spacing (2.5 mol % Mg) than chloritoid (8 mol % Mg). Frequently thiskind of problem can be avoided by chang-
ing subdivision schemes so that all the solutions are modeled by pseudocompounds with roughly the same
compositional spacing. However it is also important to avoid using models with identical spacing because then
VERTEX and PSVDRAW are unable to determine the true variance of pseudocompound reactions (Doc Sect 1.4).
Another problem that arises due to pseudocompound spacing occurs when coexisting solutions have nearly the same
(i.e., on the same scale as the pseudocompound spacing) compositions. For example, suppose Fe-Mg olivine (white
pseudocompounds in Fig 5.3) slightly more magnesian than coexisting Fe-Mg enstatite (black pseudocompounds),
and that both phases become more Fe-rich with temperature. If the pseudocompound spacing is as shown in Fig
5.3b, VERTEX and PSVDRAW will become "confused" about the kinds of reactions that occur because the approx-
imated phase fields of olivine and enstatite interfinger. This problem would not occur with the pseudocompounds as
shown in Fig 5.3a.

Two additional types of reaction occur in which all the pseudocompounds of the reaction represent a single solution
phase: (i) If the solution has a solvus, such reactions define either a pseudounivariant contour of the solvus (a reac-
tion of the form A +A =A, analogous to case 1, Fig 5.2) or the solvus critical point (a reaction of the form
AFA=AY). (i) If the compositional variation of the solution is determined partially by component or phase satura-
tion constraints, this variation will occur solely as a function of the potential variables and will involve only the
solution in question. For example, the Tschermaks content of chlorite is determined by the saturation hierarchy in
the above problem. Thus, as temperature is increased, the Chl pseudocompound for a given X,,  must eventually
change to account for changing Tschermaks activity, equilibrium (10), above, is an example of this. VERTEX does
not attempt to distinguish these types of reactions, but PSVDRAW does. The conditions for equilibria of the latter
type are shown by open circles (e.g., the open circlesin Fig 5.1), whereas the latter are drawn as the normal stepped
phase boundaries.

PSVDRAW does not label the phase fields within mixed-variable diagrams (the labeling in Fig 5.1 has been added),
but by default it writes the identity of all invariant equilibria aong the right border of the diagram. This information
is enough to identify the diagrams phase, but to resolve ambiguity the initial phase fields can also be determined
from the composition diagram given in the title segment of the print output. PSVDRAW may be very sensitive to
minor flaws resulting from the pseudocompound approximation, usually these errors are obvious, but they can be
subtle. Accordingly, phase relations should be carefully checked to verify that they make sense. A good test for this
isto recalculate the mixed-variable diagram over a smaller interval for the independent potential and to compare this
diagram to thefirst. In general, the smaller the interval then the lower the chance of an error.
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54 Schreinemaker s Diagrams with Pseudocompounds

Fig 5.4a shows of a Schreinemakers diagram for the system CaO-FeO-Al,0,-Si0,-H,0-CO,-0,. as a function of
temperature and fluid composition at constant pressure (2 kbar) and i, (-195 kJ). This system is relevant for inter-

preting skarn formation, but it is to be emphasized that the diagram is used mainly for purposes of demonstration, as
the i, constraint has no quantitative meaning (can you imagine a system in which p, is independent of tempera-

ture?). To further simplify the example the system was assumed to be saturated with respect to quartz and the stable

SiO, - CaO compound that coexists with quartz (either calcite or wollastonite, depending on T- X'Coz conditions).

Two binary solutions were considered, epidote-zoisite (EpCz) and andradite-grossularite (GrAd).

As in mixed-variable diagrams it is possible to distinguish to types of equilibria. Dashed curves correspond to the
equilibrium loci of a pseudounivariant assemblage, in which two or more compounds represent the same solution.
These curves contour homogeneous equilibria, e.g. the pseudounivariant curve cz50 = an + cz41 can be thought of

as representing the continuous decomposition of epidote by a discrete step in which the epidote becomes depleted in

zoisite component with increasing X'COZ. The loci actually defines conditions where anorthite is in equilibrium with

both epidote pseudocompounds, and is best interpreted as indicating conditions where anorthite is in equilibrium
with an epidote composition equal to the average of the pseudocompounds (i.e. about cz45); more zoisite-rich com-
positions being confined to water-rich conditions. Solid lines define conditions of true univariant equilibria; ordi-
narily the stoichiometry of a univariant reaction involving a solution varies continuously as the composition of the
solution changes; but as a consegquence of the pseudocompound approximation this variation occurs discretely at
pseudoinvariant points (small dots in Fig 5.48) where one or more pseudounivariant curves intersect the univariant
curve. Thus, epidote stability is limited in CO,-rich fluids by the univariant reaction epidote = hematite (hm) +
anorthite, where the epidote becomes progressively less aluminous with increasing T.

Because it is possible to show continuous equilibria in Schreinemakers projections, as well as the univariant equilib-
ria conventionally shown, there are two ways in which the projections can be used. If only true univariant equilibri-

um are shown, the diagrams define the maximum stability of the possible phase assemblages of a system. For exam-

ple, the assemblage anorthite + epidote is only stable within the T- XfCO2 region bound by the univariant curves

epidote = an + garnet (high T) and epidote = an + hm (high Xfcoz). Alternatively, if the specific composition of the
epidote solution is considered, then the pseudounivariant curves can be used to define a much narrower region for

stability of the assemblage. Thisis basically a form of thermobarometry; it differs from the conventional approach
in that one uses thermodynamic models to predict mineral compositions as a function of environmental variables.

Fig 5.4ais ssmplified in that only pseudounivariant equilibriainvolving one solution are shown, thus the pseudouni-
variant curves that show the compositions of coexisting epidote and garnet (between the epidote-out reaction epidote
= an + garnet and the garnet-out reaction garnet = epidote + epidote) are not shown.

54.1 High Variance Phase Field Prompt

Cal cul ate high variance phase fields (Y/N)?

The only new prompt is written by BUILD for a Schreinemakers projections follows the solution model prompts
and concerns high variance phase fields. If the user answers no, the pseudounivariant equilibriawill not be calculat-

ed. Calculations are dlightly more reliable if these equilibria are calculated, and they can always be suppressed later
in PSYDRAW.
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54.2 PSVDRAW with Solutions

Solutions can be identified by either the name of a specific pseudocompound (e.g. cz54), or by the name of the
entire solution (EpCz). The former is useful when the user is concerned with determining conditions where a specif-
ic composition of a solution is in equilibrium, whereas the latter is useful when the user wishes to determined the
entire stability field for the solution in question.
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Chapter 6

PHASE DIAGRAMS FOR GRAPHITIC ROCKSAND C-O-H-SFLUIDS

PeRpLeX includes a number of fluid equations of state for multispecies molecular fluids and specifically for
graphitic rocks. This chapter briefly outlines some of the ways you can use these equationsin VERTEX. A C-O-H
fluid in equilibrium with graphite has one compositional degree of freedom (for you nitpickers, here | am disregard-
ing the degree of freedom that would arise if fluid pressure were independent of total pressure, see Skippen & Mar-
shall 1992). This single degree of freedom may be specified by any property of the fluid and in this regard there are
two practical choices for geologic problems: (i) species potentials (i.e., the concentration, fugacity or activity of a
fluid species); or (ii) abulk compositional variable:

f nO

o +
ny+n,

related to the H/O ratio of the fluid (Connolly & Cesare 1993, Connolly 1994). Although species potentials are
widely (ab-)used, they are actually only useful if the species is buffered by mineral equilibriaat all P-T conditions of
interest. In this case the fluids composition is a function only of pressure and temperature, and there is no need to
consider the fluid composition explicitly (for phase diagrams). For any other situation X/ is the only wise choice, if
you want to read more about this point | have discussed it ad nauseum in a paper in Contributions to Mineralogy and
Petrology (Connolly 1994, also Connolly & Cesare 1993). The significance of X is illustrated in Fig 6.1, which
shows that X varies from O to 1 as fluid composition varies from the C-H join to the C-O join. A fluid that is pro-
duced by the reaction of water (e.g., released by dehydration) with graphite will have X, = 1/3, which is the C-O-H
fluid composition at which the activity of water is a maximum. Another way of thinking about XJ is to consider a
thermodynamic projection of C-O-H fluid composition through carbon. After projection the fluid becomes a binary
fluid in the H-O system, and in this sense can be treated in exactly the same way we treat other binary fluids, e.g.,
H,O-CO, mixtures. In the geologically applicable limit that a C-O-H fluid can be regarded as binary H,0-CO, and
H,O-CH, mixtures (Connolly 1994):

f
f ~3Xo_1 f

1
X .= X >=
2 xl+1 3
f
o 1% i
CH, Xf+l o 3’
O

The PeRpLeX program COHSRK can be use to obtain the exact speciation of the fluid at any P-T-X_ condition of
interest.

Regardless of whether the user chooses to use a species potential or XfO as afluid "compositional" variable, there are
two methods of doing the desired calculations. In the simpler method, at least in a mechanical sense, the user tricks
VERTEX into computing the three fugacities of interest (f,, f-, and f,,,.) as afunction of a single variable with-
out specifically referring to a carbon component. A more complex, but also more elegant, method is to actually
redefine the default components for VERTEX so that the fluid composition space can be projected through the car-
bon component. After this projection the fluid is completely described by two components, H and O, and the result-

-39-



ing calculations can be interpreted in exactly the same way as those for binary H,O-CO, fluids. These methods are
referred to as Methods | and 11, below. Method 11 isonly strictly necessary if the user isinterested in doing calcula-
tions in which the system may become fluid-absent (i.e., as in calculation of a P-T projection for all possible fluid
compositions, in such cases the fluid components are treated as thermodynamic components, Tut Sect 7).

6.1 Buffered f, or fo,- Method |

In graphite-saturated systems, if a mineral equilibrium buffers the potential of any C-O-H fluid species, then fluid
composition is uniquely determined as a function of P-T conditions. In principleit is possible to solve C-O-H fluid
speciation as function of any species; however, it is arithmetically cumbersome to do so for H,0. Consequently, in
PeRpLeX the only fluid speciation routines currently provided are for buffered f,, which is also equivalent to
buffering of f_,. This equivalence follows from the relation:

HCOZ = HOZ + uC’

where . =G Thus an equilibrium such as:

graphite”

calcite + quartz = wollastonite + Co,

can also be written as:

calcite + quartz = wollastonite + graphite + O,

6.1.1 Fluid Components

If you wish do make calculations for buffered species fugacities you should answer the saturated phase prompts as
follows:

Calculations with a saturated phase (Y/N)?
The phase is: FLU D

Its conponents can be: H2O CX2

Its conpositional variable is: Y(CQ2)

y

Ent er nunber of conponents in the FLU D
(1 or 2 for COH buffered fl uids):

2

The number of components entered in response to the last prompt does not effect the way VERTEX does fluid spe-
ciation calculations, it merely defines the chemical system of interest to the user. If the user answers 2, as above,
then both hydrates and carbonates are considered, whereas if the user responds with a 1, then she/he/it is asked to
select either H,0 or CO,. Inthis case only minerals containing the specified component will be considered.

The "trick" in method | computations comesin getting VERTEX to make use of f, of the fluid phase. For any fluid
routine that uses or computes an f, for the fluid phase, VERTEX automatically looksto seeif O, is specified as sat-
urated component; if it is, VERTEX adds {RT In (f,,)} to the reference state free energy of the O, component and
redox equilibria consistent with the saturation constraint are computed. Thus in response to the saturated component
prompt:
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Sel ect saturated conponents fromthe set:

NA20 MO AL28 SI2 K20 CAO TIO2 MNO FEO @
How many saturated conmponents (<8)?

1

Enter component nanes, left justified, one per line:

o2

The user must select O, as a saturated component if redox equilibria are to be computed. If additional saturated
components are specified, it does not matter where O, is placed in the component saturation hierarchy. Aswith H,0
and CO,, choosing O, as a saturated component has no effect on the fluid speciation calculations, so it is pointless to
specify O, as a saturated component if no redox equilibria are possible in the system of interest.

6.1.2 Fluid Equations of State for Buffered C-O-H Fluids

The fluid routines that currently support C-O-H fluid buffering are choices 7 and 8. My personal bias is that routine
8 ispreferable at all conditions where it converges. When these routines are selected, the user receives the following
prompts:

Modi fy default buffer (max H20 (Y/N)?
y

The default buffer "max H20" is an f, buffer that corresponds to the conditions at which C-O-H fluids have the
maximum thermodynamic activity of H,O. As discussed by Connolly & Cesare (1993), this is the composition of
fluids produced by entirely by dehydration in the presence of graphite, it is also the composition which dehydration
reactions will buffer toward if there are no other simultaneous devolatilization processes. The "max H20" condi-
tions are equivaent to the X’O = 1/3 fluid composition. Because C-O-H fluid composition is relatively insensitive to
fo, it is actually more accurate to use X, as an independent variable when you are interested in "max H20" condi-
tions.

Sel ect buffer:

- aQFM Hol l and & Powel |, 298-1200K

- Maxi mum H2O content, 523-1273K, .5-30kbar

- constant f(Q2)

aQ Ru- Cc- Tn- Gph, Hol l and & Powel |

- In(f2) =a + (b +c*p)/t + d/t**2 + e/t**3

PO OWNPRE
1

The f_/f ., buffers permitted here are those entered in the routine "fo2buf" in the file flib.f. It is easy to add new

buffers to this routine, or by choosing option 5, you can specify your own buffer. Note that for option 5, p is the
pressure in bar, t is the temperature in K, and the user is prompted for the values of the parameters a-e. Thef, for
many buffers can be adequately expressed as:

— _(AH(Tref' Pref)_(T_Tref) AS(Tref' Pref)+(P_Pref) AV(Tref' Pref))

Inf
O, RT

inwhich casg, for option 5, a=-AS/R, b=—-(AH + T, , AS- P, AV)/R,c=-AV/Randd=e =0.

Modi fy cal culated fO2 by a constant (Y/N)?

y
Enter constant in units of |o0glO(fQ2):
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1

For some strange reason, petrologists are fond of defining f, by a constant (log) displacement relative to a buffer,
e.g., QFM+1 or NNO-1. While | doubt the utility of this, the foregoing prompts permit it, specifically here the cal-
culation would yield fluid speciation consistent with f,, being one log,, unit above that of the quartz-fayalite-

magnetite equilibrium.

While there is no lower limit on the log(f,) of fluids in equilibrium with graphite, there is an upper limit, namely
the f, of a graphite saturated C-O fluid. If the f, buffer specified for a calculation lies above this limit PeRpLeX
writes awarning message and treats the fluid as a pure CO, fluid, regardless of the actual f, value. If you are inter-

ested in such fluid compositionsit is better to do a calculation with X = 1.

Conpute f(H2) & f(Q2) as the dependent fugacities
(do not unless you project through carbon) (Y/N)?
n

For Method | calculations the response to the above prompt is always no.

Reduce graphite activity (Y/N)?
n

By responding yes to the above prompt it is possible to explore the effects of reduced (or increased graphite activi-
ty).

BEWARE, there is one catch to Method | calculations, if VERTEX is instructed to treat O, as a saturated compo-
nent, then VERTEX will compute the p,, by adding the f,, of the fluid to the free energy of the standard state entity
with the lowest free energy for O,. This should be the hypothetical ideal gas O,, but in some cases there may be oth-
er entities in the thermodynamic data base with the O, composition, namely, some data bases may include O, buffers

defined as a linear combination of oxides (Doc Sect 1.5), e.g., hematite - magnetite or magnetite + quartz - fayalite.
These buffers invariably yield alower standard state free energy for O, than the ideal gas standard state. It is there-
fore imperative that the user exclude any phases with the O, composition before calculations with VERTEX. If you

have any doubts, you can aways do the calculation and then look at the output to identify the stable O, composant.
If it is something other than "O2" it should be excluded.

At present there is no provision in BUILD for the calculation of Schreinemakers diagrams as an explicit function of
f., thisis because | believe that anything you can do with f, can be done better with XL If you really want to do
calculations as a function of f_, tell me and | will explain how to do them (it is possible with the current version of
PeRpL eX).

6.2 P-T-X{ Diagrams: Method |

The practical aspects of computation of P—T—Xg diagrams requires little explanation because the variable X’O is

treated by PeRpLeX in exactly the same way as the XfCo2 variable. Indeed you can verify this for yourself by repeat-

ing the calculation done in Tut Sect 2, for a graphite saturated C-O-H fluid and because X £ > 1/3 fluids are essen-
tially H,0-CO, mixtures, the T-X £ and T-X{, topologies are virtually identical.
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6.2.1 Fluid Components

The choice of fluid components for P—T—XfO diagrams is exactly as for computations with buffered f, (previous sec-
tion); i.e., normally both H20 and CO2 are chosen as components of the saturated phase, O2 is chosen as a saturated
component, and any entity other than ideal gas O2 with the composition O, must be excluded. The complete record

of aBUILD session foraT—Xfo diagramisinfile sanpl e. 8.

6.2.2 Fluid Equations of Statefor P-T-X/ Calculations

The X’O variable is substituted for X, automatically by PeRpLeX if the user chooses a fluid routine that supports it
(i.e., routines 10-12, 16, 17, 19, 20, see file README. COHSRK ). For graphitic (C-O-H fluids) rocks routines
10-12 are appropriate, 10 and 12 being preferable to 11. Routine 12 is a little more general in that it includes O, a

potentially important speciesin S-free fluids at very low graphite activities. If you wish to compute fluid speciation
explicitly seefiles README. COHSRK, README. SPECI ES, and README. | SO.

The prompts that follow the choice of fluid routine 12 are as follows:

Choose a buffer:

1 - Pyrite + Pyrrhotite
2 - Pyrrhotite

3 - f(S2)

3

This prompt determines how the f, for the fluid is computed. Option 1 gives the fg, in equilibrium with pyrite +
pyrrhotite, option 2 gives the f, for a user specified pyrrhotite composition, and option 3 permits specification of a
fixed f,.

Enter 10gl0[f(S2)]:
-400

By choosing an extremely low f,, as done here, it is possible to use routine 12 for effectively S-free fluids.
Conpute f(H2) & f(O2) as the dependent fugacities
(do not unless you project through carbon) (Y/N)?

n

As before, for Method | calculations the answer to the previous prompt is aways no, and the response to the follow-
ing prompt can be whatever the user desires.

Reduce graphite activity (Y/N)?
n
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6.3 P-T-X{ Diagrams: Method 11

In method 11 computations of graphite-saturated phase equilibria, the C-O-H fluid composition space is actually pro-
jected through carbon component into the O-H subcomposition. For such a projection to be possible in PeRpLeX it
is necessary that the fluid composition be defined in terms of the components C, H,, and O,, instead of the default
components CO,, H,0O and O,. Although this component transformation can be done in BUILD it is so tedious that
| generally create a new data base file with the components C, H,, and O, with the program CTRANSF, once this
has been done the new data base file can used with BUILD and VERTEX.

6.3.1 Running CTRANSF
The prompts from CTRANSF are as follows:

Enter thernodynamic data file name (e.g. hp94ver.dat):
hp94ver . dat
Qutput will be witten to file: ctransf. dat

i.e., the new thermodynamic data file will be named ct r ansf. dat, you can, of course, give it a more conven-
ient name.

The data base conponents are now.
NA20 M3O AL2A3 SI2 K2O CAO TI&2 MNO FEO @ H20 X2
Transformthem (Y/ N)?

y

Because X{ is treated in the same manner as X, in PeRpLeX, it is necessary to make the component transforma-
tion in such a way that H,O becomes H, and CO, becomes O,. This leads to the rather odd requirement that the
original O, component must be transformed into C as the first transformation. Also despite the fact that | used O
and H as components in my paper on phase diagram methods for graphitic rocks (Connolly 1994), the fluid routines
in PeRpLeX require O, and H, as components.

Enter new conmponent nanme (< 5 characters, left justified):

C

Enter ol d conmponent to be replaced with C

(02

Enter other conponents (<12) in C 1 per line, <cr> to finish:
co2

Enter stoichionetric coefficients of:

(02 co2

inC (in above order):

-11

C = -1.00 & 1.00 CO2

Is this correct (Y/N)?

y

The data base conponents are now.

NA20 M3O AL2A3 SI2 K2O CAO TI2 MNO FEO C H20 X2
Transformthem (Y/ N)?

y

Note that CTRANSF (and all other PeRpLeX programs) uses the new component as soon asit is created.



Enter new conmponent nanme (< 5 characters, left justified):

(07

Enter ol d conponent to be replaced with Q2

co2

Enter other conponents (<12) in Q2 1 per line, <cr> to finish:
C

Enter stoichionetric coefficients of:

co2 C

in (in above order):

1-1

(07 = 1.00 C2 -1.00 C

Is this correct (Y/N)?

y

The data base conponents are now.

NA20 M3O AL2A3 SI2 K2O CAO TI2 MNO FEO C HO o
Transformthem (Y/ N)?

y

Enter new conmponent nanme (< 5 characters, left justified):

H2

Enter ol d conponent to be replaced with H2

H20

Enter other conponents (<12) in H2 1 per line, <cr> to finish:
(07

Enter stoichionetric coefficients of:
HO o

in H (in above order):

1-.5

H2 = 1.00 O -0.50 2

Is this correct (Y/N)?

y

The data base conponents are now.
NA20 M3O AL2A3 SI2 K2O CAO TI2 MNO FEO C H2 (07
Transformthem (Y/ N)?

n

For the sake of completeness you may want to change the name of the saturated phase variable in the new data file
ctransf. dat from"X(CO2)" to "X(0)". NOTE that you can not use the transformed data file for P—T—XfCOZ dia
grams.

6.3.2 BUILD

To make a P—T—Xg calculation, run BUILD with ctransf.dat as the thermodynamic data file. The saturated phase
prompt will become:

Calculations with a saturated phase (Y/ N ?
The phase is: FLU D

Its conmponents can be: H2 2

Its conmpositional variable is: X(O

y
Ent er nunmber of conponents in the FLU D
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(1 or 2 for COH buffered fl uids):
2

As with Method 1, the number of components entered in response to the last prompt does not effect the way
VERTEX does fluid speciation calculations, but it does determine which phases will be considered. Hereif O2 is
excluded neither carbonates nor oxidized phases will be included in the calculation, and if H2 is excluded any phase
that contains H will be rejected.

The only other difference from normal P-T-X[, calculations is that in calculations for carbon-bearing systems it is
essential that carbon be specified as a saturated component. At present there is no provision in the fluid speciation
routines for the graphite-diamond transition, consequently PeRpLeX should not be used in the diamond stability
field.

BEWARE, aswith Method I, PeRpLeX will seek out the thermodynamic entities with the lowest standard state free

energy to compute p, and p,,,. To be on the safe side it is wise (although possibly unnecessary) to exclude al ideal
gas species other than H, and O,, as well asany f, buffers that may be included in the thermodynamic datafile.
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Chapter 7

P-T PROJECTIONSFOR A SYSTEM INCLUDING A FLUID OF VARIABLE
COMPOSITION

P—T—XfCOZ and P—T—Xfo diagrams are not particularly useful if one variable cannot be independently constrained. A
useful, though initialy difficult to understand, aternative is to compute a P-T phase diagram projection that shows
phase equilibria for all possible fluid compositions as well as fluid absent conditions. The construction and theory
of these diagrams with PeRpLeX is discussed in Connolly & Trommsdorff (1991, also Abart et al. 1992, Connolly
1994), in particular the Appendix of Connolly & Trommsdorff (1991) details some of the peculiarities that result
from the pseudocompound approximation. Conventionally petrologists treat the compositional variable of the fluid
phase as an explicit variable; however, in the calculation of variable fluid composition P-T projections the composi-
tion of the fluid is an implicit variable. 1n other words, the fluid is treated in the same way as a mineral solution and
the components of the fluid are treated as thermodynamic components rather than saturated phase components. In
the interests of demonstrating the value of the projections a simplified version of a field problem in graphitic
metacarbonate rocks discussed by Alcock (1995) is presented here (beware | reconstructed this example from mem-
ory, so it may differ substantially from Alcock’s analysis). The problem is asfollows: In isothermal-isobaric meta-
morphism at a pelite-carbonate contact the assemblage phlogopite (phl) + diopside (di) + dolomite (do) + calcite (cc)
occurs nearer to the pelite contact than the assemblage potassium feldspar (kf) + do + cc + tr. Since the metamor-
phism is isobaric and isothermal, the variation in mineral assemblages away from the contact can be reasonably
assumed to be the result of a compositional gradient in the fluid between the water-rich pelite and the CO,-rich car-

bonate. This implies that the assemblage kf + do + cc + tr must occur at higher X'O (see Tut Sect 6, or Xfcoz) than
does phl + di + do + cc at the P-T conditions for the metamorphism. The inevitable petrologic question is: what
were these conditions? Because the solid phases are al very nearly stoichiometric the problem can be modeled in
the system KAISi,0,-~CaO-MgO-Si0,~C—O-H. To reduce the problem here to its most elementary aspects, note

that the only other relevant phases are quartz (q) and forsterite (fo). Because the presence of graphite has minor
influence on C-O-H fluid speciation within the stability field of calcite in siliceous rocks (i.e., the graphite-saturated
fluid is very nearly an H,0-CO, mixture) the fluid could be treated as a simple binary fluid, but a multispecies
C-O-H fluid will be assumed here for the sake of generality and because it does not involve any additional complica
tions.

A complete example of the BUILD prompts and responses for the calculation of a P-T projection for an H,0-CO,
fluidisinfile sanpl e. 8

7.1 BUILD

To do aP-T projection for a system with afluid of variable composition it is essential that the thermodynamic com-
ponents are identical to the endmember components of the fluid phase. Thus in the present case, it is assumed that
the user has aready run CTRANSF (Tut Sect 6.3), to create a thermodynamic data file named ctransf. dat

with the components C, O, and H,

NOTE 1: To get VERTEX to do this calculation correctly (without computing high variance equilibria), it may be
necessary to increase the "reliability level" to 3.
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NOTE 2: This calculation may take 10-20 minutes on small computers (e.g. aMac I1).

An abridged listing of the prompts from BUILD follows:

Enter thernodynamic data file name (e.g. hp94ver.dat), left justified:
ctransf . dat

Specify type of cal culation:
0 - Composition diagram
1 - Schrei nemakers-type di agram
3 - M xed-variable diagram

1

The current data base conponents are:

NA20 M3O AL2A3 SI2 K2O CAO TI2 MNO FEO C H2 (07
Redefine them (Y/N)?
y

Because phl and kf contain K,O and Al,O, in the same proportions it is possible to eliminate one component by
defining the kf-composition as a component.

Enter new conponent name (< 5 characters left justified, blank to finish):
kf

Enter ol d conponent to be replaced with kf

K20

Enter other conponents (<12) in kf 1 per line, <cr> to finish:
AL2C8

Sl 2

Enter stoichionmetric coefficients of:

K20 AL2B SIx2

in kf (in above order):

0.5 0.5 3

kf = 0.50 K20 0.50 AL2B 3.00 Sl

Is this correct (Y/N)?

y
Enter new conponent name (< 5 characters left justified, blank to finish):

Calculations with a saturated phase (Y/N)?
The phase is: FLU D

Its conponents can be: H2 07

Its conpositional variable is: X(O

n

Answer no to the above prompt!!!

Cal cul ations with saturated conponents (Y/N)?
y

For graphite saturated conditions it is necessary to saturate the system in carbon. Note that although the calcite is
always stable in the rocks described by Alcock (1995), it is not possible to saturate the system in CAO component
because VERTEX will not be projecting through the fluid components; thus the saturated CAO phase would always
be atrue CaO phase. However, after the calculation is done, the user can use PSVDRAW to exclude any equilibria
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that do not include calcite explicitly.

Sel ect saturated conponents fromthe set:

NA2O0 MO  AL2O8 SI 2 kf CAO TI® MO FEO C H2 o2
How many saturated conmponents (<8)?

1

Enter component nanes, left justified, one per line:

C

Use chem cal potentials as independent variables (Y/N)?

n

Sel ect thernmodynam ¢ conponents fromthe set:

NA20 M3O AL2O3 SI 2 kf CAO TI®2 MO FEO H2 (07
How many t her nodynam ¢ conmponents (<8)7?

6

The user must enter the fluid components here, i.e., H2 and O2 for the present case, or H20 and CO2 for an
H,O-CO, fluid.

Enter conmponent nanes, left justified, one per line:

kf

Sl &2

CAO

M30

H2

(07

**war ni ng ver016** you are going to treat a saturated (fluid) phase component
as a thernodynani c component, this may not be what you want to do.

In this case, this is exactly what the user wants to do!' NOTE that, in the computational option file, BUILD writes
the components of the fluid phase first, and in the order in which they appear in the thermodynamic datafile. Thisis
important for bookkeeping in PeRpLeX. Thus, while it does not matter how they are entered here, if the computa-
tional option file is edited later, be careful to keep the fluid components in the same position as they were written
originally by BUILD.

Constrai ned bul k conpositions (y/n)?
n

You can, of course, do fixed bulk composition calculations by answering yes here.
Select fluid equation of state:

10 - X(O GCOHfluid hybrid-EoS Connolly & Cesare 1993
10

For the present calculation routines 10-12 are valid choices, whereas for an H,0-CO, fluid routines 0-6 and 18 are
valid, and routines 15-17 can be used for carbon-free fluids.

Conpute f(H2) & f(Q2) as the dependent fugacities
(do not unless you project through carbon) (Y/N)?

y
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As discussed in Tut Sect 6.3.2 it is essential to answer yes to the above prompt. The parenthetical comment is not
gtrictly correct, i.e., if you are crazy enough to want to treat H-O or H-O-S fluids by this method then you would
also answer yes here.

Reduce graphite activity (Y/N)?
n

If you want to reduce/increase graphite activity you can here.

Excl ude phases (Y/N)?
y

Exclude al phases except the phases of interest (g, cc, dol, phl, tr, di, fo, kf, and graphite (gph)), the fluid endmem-
bers H2 and O2, and the composants sio2, cao, mgo. In any case, be sure to exclude CH4, H20, CO2, CO if you are
doing calculations for a C-O-H fluid.

Consi der sol ution phases (Y/N)?
y

At the very least, there is one solution in the system, i.e., the fluid, so answer yes to the above prompt.

Enter solution nodel file nane (e.g. solut.dat), left justified:
sol ut . dat

Sel ect phases fromthe following |ist,

one per line, left justified, <cr> to finish.
F GCOHF H20M M A)
GCOHF

sol ut . dat usually contains at least two models for fluid "solution." In the version used here there are three, Fis
for an H,0-CO, fluid, GCOHF is for a fluid with the endmembers H, and O,, i.e.,, H-O, H-O-S, C-O-H, and
C-O-H-S fluids; and H20OM which is a duplicate of GCOHF. The reason for including such duplicates is that they
can be used to trick PeRpLeX into computing singular equilibria, or to make it easier to eliminate less interesting

parts of the diagram with PSYDRAW (i.e., the user can create solution models for X’O <l3and X’O > 1/3 C-O-H
fluids, the models being identical except for their names and the compositional ranges considered). Here, H20M
yields a single composition, X'O = 1/3, which is the fluid composition at which pure dehydration equilibria have
extremain T—XfO and P—X'O, as such equilibria are of no importance in the present case only GCOHF is included for
the calculation.

Cal cul ate high variance phase fields (Y/N)?
n

In general, | answer no to this prompt at least for preliminary calculations. Answering yes can improve the reliabili-
ty of the calculation (i.e, if you see incomplete invariant points or univariant fields, it usualy helps to compute
pseudounivariant equilibria, even if you later exclude them with PSVDRAW), and also helps in locating singular
fields.
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7.2 Binary Subdivision and Solution Modelsfor a Fluid

Although it is a little out of place here, it may be helpful to describe the format of the solution model in
sol ut . dat for the fluid phase. Thisformat is discussed in detail in Doc Sect 4. The model used for the specific
calculation here has the format:

GCOHF sol ution nane
1 isite
2 0 isp(l), ist(1)
07 H2 endnmenber nanes
0 O endnenber fl ags
1.06 -.67 10. 1 subdi vi si on ranges and nodel
0 O iterm iord
0 neite
0 ifix

with the explanatory comments to the right. The only difference between this model and that for an ideal binary
(isp(1) = 1) single mixing-site (isite = 1) model, is that both the chemical and configurational site multiplicities are
zero(i.e, ist(1l) = msite = 0). Thisactsasaflag, which signals that VERTEX should compute the solu-
tion properties of the fluid from an internal subroutine, selected with BUILD, rather than the solution model in
sol ut. dat. Thus, the solution model in sol ut. dat isused only to identify the fluid endmember composi-
tions (line 2) and determine the subdivision scheme for generating pseudocompounds (line 4). In line 4 the parame-
ters are, respectively, XMN(1,1), XMX(1,1), XNC(1,1), and IMD(1). The assignment IMD(1) = 1 in combination
with the fact that solution is binary (ISP(1) = 2), indicates that VERTEX should generate pseudocompounds by sym-
metric transform subdivision (Fig 4.1b). For symmetric transform subdivision: XMN(1,1) is a stretching parameter
that makes distribution of pseudocompounds more skewed towards the limits of the compositional range as
XMN(1,1) approaches 1; if > 0, XMX(1,1) is the maximum concentration of the first endmember component,
whereas if XMX(1,1) is < 0, its absolute value is the maximum concentration of the second endmember (in either
case the corresponding minimum concentration is taken as 0); and the number of pseudocompounds to be generated
is computed as 2(XNC(1,1)-1)-1.

Thus, the foregoing model will generate 17 pseudocompounds for the fluid with compositions from Xg=0.33 to
Xg=1.00, with finer compositional resolution near these compositions. The reasons for choosing this scheme are: (i)
isthat it can be anticipated that the relevant carbonate equilibria occur on the CO,-rich side of the Xg=1/3 composi-

tion; and (ii) it is desirable to have better compositional resolution near the XID:]./S and X‘O=1 because low variance
equilibriatend to occur in these regions.

Users should have no qualms about modifying or replacing the subdivision schemes currently in place in
sol ut. dat. For example to abtain evenly spaced compounds at 5 mol % O intervals from X'O=0 to Xg=1, line 4
in the above model could be replaced by:

20. 0.0 20 1 subdi vi si on ranges and node

here the large value for the stretching parameter (XMN(1,1)) will yield evenly spaced compounds. Alternatively,
the same thing can be accomplished by the scheme:

0.00 1.00 .05 0 subdi vi si on ranges and node
IMD(1) = 0 indicates cartesian subdivision (Fig 4.1a), XMN(1,1) and XMX(1,1) are the minimum and maximum

mole fractions of the first solution endmember (i.e., X&), and XNC(1,1) is the compositional increment between
adjacent pseudocompounds.
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7.3 Output

The computed phase diagram projection is shown in Fig 7.1, and the isobaric T—Xg section (Tut Sect 6.3) in Fig 7.2

shows the fluid-saturated equilibria of Fig 7.1 at 4400 bar. An abridged summary of the equilibria shown in Fig 7.1,
from the end of the print fileis:

(pseudo-) invariant points are summari zed bel ow

( 1-2) cc dol q di tr kf 95 93
( 2-2) cc dol q di tr kf 93 289
( 3-2) cc dol q di tr kf 289 285
( 4-2) cc dol q di tr kf 285 79
( 5-2) cc dol fo di tr phl 253 47
( 6-2) cc dol fo di tr phl 47 243
( 7-2) cc dol fo di tr phl 243 239
( 8-2) cc dol fo di tr phl 239 37
( 9-2) cc dol fo di tr phl 37 235
( 10-2) cc dol fo di tr phl 235 233
( 11-2) 299.1 q fo tr dol phl kf 97.
( 12-2) cc dol phl kf tr di 93 289
( 13-2) cc dol phl kf tr di 289 285
( 14-2) cc dol phl kf tr di 285 79
( 15-2) fo di dol tr kf phl 0299.1  Q297.
( 16-2) 273 phl q dol kf tr cc 79
( 17-2) phl q dol kf tr cc 79 285
( 18-2) kf r99.1 q fo di tr dol 7]

(pseudo-) univariant equilibria are summari zed bel ow

1-1) dol g = GCOHF(Q2) di

2-1) cc dol g tr di GCOHF( O295)

3-1) cc dol g tr di GCOHF( O293)

4-1) cc dol g tr di GCOHF( 0O289)

5-1) cc dol g tr di GCOHF( O285)

6-1) cc dol g tr di GCOHF( O279)

7-1) cc fo tr dol di GCOHF((O253)

8-1) cc fo tr dol di GCOHF(247)

9-1) cc fo tr dol di GCOHF((243)
10-1) cc fo tr dol di GCOHF((O239)
11-1) cc fo tr dol di GCOHF(237)
12-1) cc fo tr dol di GCOHF((235)
13-1) cc fo tr dol di GCOHF((233)
14-1) g dol phl = GCOHF((299.1) fo tr kf
15-1) g dol phl = fo tr kf GCOHF(O297.7)
16-1) cc dol kf tr phl di GCOHF(0293)
17-1) cc dol kf tr phl di GCOHF(0289)
18-1) cc dol kf tr phl di GCOHF( 0285)
19-1) cc dol kf tr phl di GCOHF(0279)
20-1) dol tr kf = fo di phl GCOHF(0299. 1)
21-1) dol tr kf = fo di phl GCOHF(0297.7)
22-1) phl g cc = GCOHF(O273) dol kf tr
23-1) phl g dol cc = kf tr GCOHF(O279)
24-1) phl g dol cc = kf tr GCOHF((O285)

ANAN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN S
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( 25-1) g tr dol = GOOHF(CR99.1) fo di

Note that the fluid pseudocompound names are made from the name of the first solution endmember (O2) followed
by its mole fraction in the compound (Tut Sect 4.4). Thus O279 is the fluid composition Xfo =79mole% O,

Only afew aspects of the calculation are addressed here, a more detailed discussion is in the Appendix of Connolly
& Trommsdorff (1991). There are two basic types of fluid-present univariant equilibria that appear in P-T projec-
tions: (i) true univariant equilibria (involving c+1 phases in non-degenerate systems), in which the fluid has a vari-
able composition fluid; and (ii) singular univariant equilibria (involving ¢ phases in non-degenerate systems), in
which the fluid phase has a fixed composition if the other phases are stoichiometric (as in the present case).

7.3.1 True Univariant Curves

True (i.e., Type (i)) univariant equilibria correspond to invariant pointsin T—X'O diagrams. For example, in Fig 7.1,
the true univariant equilibrium cc + fo + tr = do + di + Fluid, corresponds to the invariant point (7) in Fig 7.2 that
defines the lower thermal stability of do + di in water-rich fluids. In establishing the fluid composition along such a
univariant curve it is best to estimate fluid compositions from the pseudoinvariant points, e.g., at pseudoinvarint
point (10) (in the above list and Fig 7.1) the fluid has an X = 34 mole % O, given by the average of the fluid pseu-
docompounds 0233 and 0235. In Fig 7.1, the true univariant equilibrium di = tr + g + do + cc (invariant point (2)
in Fig 7.2) limits the stability of di + do assemblagesin CO,-rich (i.e., high X{) fluid.

732 Singular Univariant Curves

Singular univariant equilibria correspond to P-T extrema in the univariant curves of T—X'O or P—Xg diagrams. For
example, these two univariant equilibria mentioned above are related by the singular curve (dashed) 3 cc + tr = 4 dol
+ di + GCOHF(0O260) that defines the P-T conditions of the maximum in the cc + tr = do + di T—Xfo univariant field
of Fig 7.2. The singular fluid composition can be computed from the stoichiometry of H, and O,, i.e.,

An obvious limitation of VERTEX is that it will not identify singular equilibria unless there is a pseudocompound
with the singular fluid composition. Thus, in the present case VERTEX did not identify the 3 cc +tr =4 dol + di +
GCOHF(0260) singular curvein Fig 7.1, rather | computed the conditions for the singular curve using FRENDLY
(one could also do this with VERTEX) and superimposed them on the P-T diagram. Comparison of Figs 7.1 & 7.2
reveals that all the additional singular equilibria, except those for the XI) composition, are not shown in Fig 7.2.

However, the singular equilibria are unimportant in the context of the present problem, so | did not bother to com-
pute them.

Singular curves may merge into true univariant curves at conditions known as singular points across which the stoi-
chiometric coefficient of one phase in the true univariant curve changes sign. Even though VERTEX will not gener-
ally locate singular equilibria, it always possible to locate singular points by looking for such stoichiometric changes
inthelist of univariant equilibria. In the present calculation it can be seen by inspection that the phl + g + cc + dol +
kf + tr + Fluid univariant curve has a singular point in the vicinity of the pseudoinvariant point (16). At pressures
above this point the univariant reaction (22) is phl + q + cc = dol + kf + tr + Fluid, whereas below it the reaction
(23) isphl + g + dol + cc = kf + tr + Fluid. It followsthat the singular reactionisphl + 4.8 q+ 1.2cc=kf + 0.6 tr +

04H,+140,(.e, Xfo =0.778) thus the real singular point probably occurs at lower pressure than pseudoinvariant
point (16) (XfO:0.76) and by topologic arguments it can be shown that the phl + q + cc = kf + tr +
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FIuid(Xg =0.778) singular curve can only be stable at pressures below the singular point and temperatures above the
phl + g + cc + dol = kf + tr + Fluid univariant equilibrium.

7.3.3 Graphite Stoichiometry (about as clear as mud)

The stoichiometries output by VERTEX do not take into account the amount of carbon in the fluid phase (because
this varies continuoudly). If it is desired to know these stoichiometries at a specific condition the user can determine
them from the output in conjunction with program COHSRK. For example, consider the output:

( 2-1) cc dol g tr = di GCOHF(0O295)

Al pha(-.124, -.407, -.897, -.413E-01, 0.614, 1.00)

Delta( C ) =-.938 (saturated conposant =gph )

Delta(-V(j/b)) =-3.59 (dependent conjugate of P(bars) )

Delta(S(j/k) ) = 87.1 (dependent conjugate of T(K) )
786. 373 2000. 00 788. 419 2050. 00

the indicated reaction is: 0.124 cc + .407 do + .897 g + .0413 tr = 0.614 di + 1.00 Fluid. At 786 K and 2000 bar,
COHSRK indicates that the fluid has the atomic fractions: Y (C) = 0.31641, Y (H) = 0.03418 and Y (O) = 0.6491. In

the limit of a binary H,0-CO, mixture, Xg =0.95is equivalent to X', = 0.9487 (Tut Sect 6), for which the atomic

Cc0o2
fractions would be: Y(C) = 0.31623, Y (H) = 0.03421 and Y(O) = 0.64956. Thus at this condition, a graphite-
saturated fluid containing 0.95 mole O and 0.05 mole H, will contain 1.46353 mole C (i.e., /(Y (H)+Y (O))), where-
as, in the binary limit, the fluid would contain 1.46248 mole C. The difference in these carbon contents must be
made up by the consumption of graphite, i.e., the stoichiometric coefficient of graphite is 0.001 in the above reac-
tion. Thisillustrates the generality that, in contrast to redox processes, dehydration-decarbonation reactions involve
negligible amounts of graphite.

74 Alcock’s Phase Diagram Problem

For users who are unfamiliar with P-T projections, probably the easiest way of solving the problem posed in this
chapter is to compute aT—Xfo or P—X'O diagram to establish which P-T univariant curves are of interest. Thus, refer-

ring to the T—XfO diagram of Fig 7.2 it can be seen that kf + cc + do + tr can only be stable within the shaded triangu-
lar region bounded by invariant points (1), (2) and (4), whereas phl + di + do + cc can only occur within the region
bounded at low temperature by invariant points (7), (1) and (3). Thus for both assemblages to be stable at the same
P-T condition, the T—Xg invariant point (7) must occur at temperatures below T—Xfo invariant point (1). T—Xfo invari-
ant points (7) and (1) correspond to the cc + fo + tr = do + di + Fluid and cc + do + kf + tr = di + Fluid P-T univari-
ant curves, and the minimum temperature for the kf + tr + Fluid, defined by T—Xfo invariant point (4) corresponds to
the phl + g + dol + cc = kf + tr + Fluid univariant curve. Consequently, the equilibrium P-T conditions for Alcock’s
assemblages must be within the shaded region of Fig 7.1. You could easily determine this by first instructing
PSVDRAW to show only equilibria involving the assemblage cc + do + di and then the assemblage cc + kf + tr +
do; and then superimposing the two stability fields. Note that this would not work if you asked PSVDRAW to show
the stability field of phl + cc + do + di, because phl is an indifferent phase (i.e., has a zero stoichiometric coefficient)
in the equilibrium that limits the stability of di + do.

It may be useful to note that if this calculation is done with Berman's data a vastly different topology is derived,
because Bermans data predicts that the right hand side of the fluid-absent reaction kf + tr = g + phl + di is stable
within much of the P-T region shown in Fig 7.1. Thus, in the context of the present problem it appears that only
Holland & Powell’ s datais consistent with Alcock’s observations.
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75 Determination of Singular Equilibria: Program STOICH

Usually | locate singular equilibria by using T—X‘O sections, but another method is the PeRpLeX program STOICH.
At present al STOICH does is determine all possible singular equilibria among a collection of phases in which all
the phases are stoichiometric except the fluid. In cases where non-stoichiometric phases are present the stoichiom-
etry of a singular reaction and the singular fluid composition are no longer fixed; hence | have not bothered to
improve STOICH beyond its present primitive state, but it would not require much to make STOICH determine the
stable P-T condition. STOICH reads adatafilenamed st oi ch. dat that hasthe following format:

3 | CP

H2 (07 FLU D COVPONENT NANMES
Fo PHASE NAME

0.0 2.01.0 31.0 0.0 COVPCSI Tl ON VECTOR
Cc

1.0 0.0 0.0 0.0 1.0

Di

1.0 1.0 2.0 0.0 0.0

Do

1.0 1.0 0.0 0.0 2.0

Tr

2.0 5.08.01.00.5

Q

0.0 0.01.00.00.0

In line 1, ICP is the number of non-fluid components. Line 2 lists the names of the volatile components (format
aB,1x,a8). The following lines are the name for each phase (other than the fluid), and a composition vector for the
phase. The order in which the user enters the component non-fluid componentsisimmaterial (provided it is kept the
same for all the phases), but the fluid components must be entered last and in the order in which they are specified
on line 2. In the above example, the composition vectors are for CaO, MgO, SiO,, H, and O,, these compositions
are for the CaO-MgO-Si0,-C-O-H system after projection through graphite.

STOICH determines the stoichiometries of all possible reactions between < ICP + 1 of the non-fluid phases (these
are the univariant equilibria of T—Xg diagrams) and in each case determines if the reaction is a possible singular
equilibrium. The output from STOICH for the above datafileis:

the (Fo, Cc) singular conposition is x(Q ) = 1.000
0. 500 -.500 0. -1.00
the (Fo,Di) singular point does not exist.
0. 375 -.625 0.125 -1.00
t he (Fo, Do) singular conposition is x(O2 ) = 0.7778
-1.50 2.50 -.500 -1.00
the (Fo, Tr) singular conposition is x(Q ) = 1.000
0. 0. 500 -.500 -1.00
the (Fo, Q) singular conposition is x(Q ) = 0.6000
-3.00 4.00 1.00 -1.00
the (Cc,Di) singular point does not exist.
-.231 -.308 0. 154 -1.00
the (Cc, Do) singular conposition is x(O2 ) = 0.3333
-. 600 -. 800 0. 400 -1.00
the (Cc, Tr) singular conposition is x(Q ) = 1.000
0. 0. 500 -.500 -1.00
the (Cc, Q) singular conposition is x(Q ) = 0.7500
1.50 3.25 -1.25 -1.00
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the (Di, Do) singular point does not exist.

-.455 -.364 0.182 -1.00

the (Di, Tr) singular conposition is x(Q ) = 1.000
1.00 2.00 -2.00 -1.00

the (Di,Q ) singular conposition is x(0O2 ) = 0.9048
8. 00 13.0 -11.0 -1.00

the (Do, Tr) singular conposition is x(Q ) = 1.000

-.333 -. 667 0. 667 -1.00

the (Do, Q) singular conposition is x(O2 ) = 0.6842

0. 667 -1.67 3.67 -1.00

the (Tr, Q) singular conposition is x(Q ) = 1.000

0. 667 1.33 -.333 -1.00

Each equilibrium is identified by those phases not present, and is followed by the stoichiometric coefficients of the
phases in the same order as the phases are entered in the datafile. Thus, the line:

the (Fo, Q) singular conposition is x(Q ) = 0.6000
-3.00 4.00 1.00 -1.00

indicates that the reaction 3 cc + tr = 4 di + do is apossible singular reaction.
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Chapter 8

THERMOBAROMETRY

Thermobarometry and estimation of fluid composition from mineral equilibria is done almost invariably by an
inverse approach in which it is assumed that observed mineral compositions represent stable equilibrium composi-
tions. These mineral compositions are then used to make activity corrections to compute the displacement of equi-
libriain some chemical subsystem of the rock. Drawbacks of this method are that it provides no test for the equilib-
rium assumption and that the reactions corresponding to the equilibria in the chemical subsystem often bear little
resemblance to actual metamorphic processes. PeRpLeX provides a basis for an alternative approach in that it can
be used to compute equilibria for the full chemical system of interest, or a close approximation thereof. The predict-
ed and observed mineral assemblages can then be compared to estimate conditions of equilibration. This approach
has the advantages that it provides a rigorous test for consistency between the observed mineral compositions and
the thermodynamic models used to describe mineral behavior, and that the computed reactions correspond to those
observed in nature.

This chapter presents two problems from diploma theses done at the ETH to illustrate how PeRpLeX can be used for
thermobarometry.

8.1 Cima L unga Garnet Schists, Wahl (1995)

Wahl (1995) observed microinclusion assemblages of epidote + margarite + anorthite + kyanite + quartz included
within garnets from the Cima Lunga garnet schists. In these assemblages kyanite and quartz are essentially pure and
epidote, margarite and anorthite are effectively binary solutions with the compositions cz,,,,, pa,,,, and ang,,.
Assuming these assemblages represent relicts of an early equilibrium, the P-T conditions can be estimated from the
Na,O-Ca0-Al,0,-FeO-H,0-0, phase diagram.

811 BUILD

The calculation reproduced here was done with the following specifications: (i) thermodynamic data from
hp94ver.dat file; (ii) saturation with a pure H,O fluid; (iii) saturation with SIO, and Al O, i.e. quartz + aluminosili-
cate; (iv) CaO-Na,0-FeO-0, as thermodynamic components; (v) fluid routine 5 (Holland & Powell 1991); (vi) com-
pound zo was excluded; (vii) solution models EpCz (epidote), MaPa (margarite) AnPl (anorthite), AbPl (albite), Gt
(garnet), T (talc), Chl (chlorite) from solution model file solut.dat; (viii) pressure isin the range 6-12 kbar, and tem-
perature 860-1000 K; and (ix) high variance equilibria must be computed.

8.12 Thermobarometric Analysisand PSVDRAW
Thermobarometric analysis can be done with PeRpLeX at two different levels. Atalow level (Level 1) itis possible
to pose the question as to whether the observed paragenesis is predicted to be stable within the model system. Once

this has been confirmed, the analysis can be refined (Level 11) to determine the conditions at which the observed and
predicted mineral compositions match.
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8121 Level |

The stability field of margarite + epidote + anorthite (water, quartz, and kyanite are saturated phases) can be deter-
mined from the plot generated by PSVDRAW with the following dialog:

Modi fy the default plot (y/n)?

y

Modi fy default drafting options (y/n)?

n

Restrict phase fields (y/n)?

y

Suppress high variance equilibria (y/n)?

n

Show only with assenbl age (y/n)?

y

Enter the name of a phase present in the fields
(left justified, <cr> to finish):

EpCz

Enter the name of a phase present in the fields
(left justified, <cr> to finish):

MaPa

Enter the name of a phase present in the fields
(left justified, <cr> to finish):

AnPI|

Enter the name of a phase present in the fields
(left justified, <cr> to finish):

Show only wi t hout phases (y/n)?
n

Show only with phases (y/n)?

n

The resulting plot (Fig 8.1) shows that the assemblage is predicted to be stable, and that it is stable within a quadri-
lateral region of P-T space. Consequently, alLevel 11 refinement can be justified. Note that because MgO is present
in the rock (in garnet), but is absent from the inclusion assemblages, the addition of MgO component might reduce
the Ma + Ep + An Level | stahility field by stabilizing garnet. Fluid composition is also a potential variable that
could be considered for Wahl’s problem (it was for asimilar problem addressed by Connolly et al. 1994).

8122 Level 11

Level Il refinement consists of finding the conditions where the closest agreement between the observed and pre-
dicted mineral compositions. Generaly the best approach for thisisto instruct PSVDRAW to determine that stabili-
ty field for a specific composition, or range of compositions, for each solution, while the compositions of the
remaining solutions are unspecified. If an assemblage consists of p phases, then it is possible to determine at least p
stability fields, and the region of overlap of these fields gives the range of conditions where al the predicted and
observed compositions match. In the example illustrated in Fig 8.1, the dashed ellipses span the stability fields
(determined by PSVDRAW, as above) of the assemblages: (1) {MaPa+ EpCz + ab11 + ab17} (2) {MaPa+ cz90 +
cz95 + AnPl} and (3) {pa8 + pal2 + EpCz + AnPl}. Because the assemblage Ma + Ep + Anisdivariant in the pro-
jection (within the degenerate subcomposition CaO-Na,0-Fe,O,) each of these assemblages is stable along alinein
P-T space; where the composition of plagioclase is ab14 for assemblage (1), that of epidoteiscz92 in (2), and that of
margarite is pal0 in (3). As the three ellipses do not overlap it can be concluded that there is no condition where
margarite + epidote + anorthite have the compositions ab14 + palO + ¢z92. The source of the discrepancy being
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(neglecting model error) that either the anorthite content of AnPl should be lower or the pa content of MaPa higher.
The best (subjective) estimate for equilibrium conditions is then the smallest ellipse (shaded in Fig 8.1) drawn so as
to overlap all three stability fields. The composition of the minerals at the the center of this ellipse can be estimated
from the pseudo-invariant points to be ab8 + pal7 + cz92; the discrepancy in predicted and observed compositionsis
thus almost certainly not statistically significant.

The foregoing analysis was somewhat streamlined in that 2 pseudocompound compositions were specified for each
assemblage. A more rigorous approach, which would give a clear picture of the role of compositional error, would
be to determine the stability fields of the assemblages: (1) {MaPa + EpCz + ab11} (2) {MaPa + EpCz + ab17} (3)
{MaPa + cz95 + AnPl} (4) {MaPa+ cz90 + AnPl} (5) {pa8 + EpCz + AnPl} (6) {pal2 + EpCz + AnPi}. In this
case the combined stability fields of assemblages (1) & (2), (3) & (4), and (5) & (6) would give the region in which
anorthite, epidote, and margarite have the compositions in the range X_, = 8-20 mole %, X, = 88-98 mole %, and
X ;a = 6-14 %; ranges that are probably more representative of the compositional uncertainties for the natural parage-
nesis.

8.2 Cima L unga Gneisses, Fixed-Activity Method, Grond (1995)

Grond (1995) describes coronas of plagioclase (an,,) and orthopyroxene (engg) developed between kyanite, quartz,
and garnets (gry, Py, - 9rgbyss) (none of the minerals show compositional zoning). This analysis could be done asin
the previous example for the quartz + kyanite-saturated system Na,0-CaO-MgO-FeO-SiO,-Al,O,, but instead a
simpler but less rigorous fixed-activity approach is demonstrated here. Fixed-activity methods involve the premise
that one or more observed mineral compositions are those of a relict equilibrium. In the present casg, if thisis
assumed for plagioclase, then Na,O can be eliminated as a component, and, after projection through SiO, and
AlQ,, it is aso becomes possible to project through CaO component so that the analysis can be done with just two
thermodynamic components, MgO and FeO. Basically thisisatrick to get VERTEX to compute the composition of
the orthopyroxene and garnet in equilibrium with the specified plagioclase. The catch being that the Level | analysis
is no longer possible, since the user tells (rather than asks) VERTEX what the plagioclase composition is. To some
extent the predicted compositions of the garnet and orthopyroxene provide atest for the vaidity of the analysis.

821 Fixed-Activity Correctionswith FRENDLY

Thereis no provision for fixed-activity corrections within VERTEX; thus it is necessary to make the activity correc-
tion to the anorthite endmember of plagioclase in the thermodynamic data file. This can be done using either
ACTCOR or FRENDLY, the latter is more difficult but will be illustrated here.

The abridged dialog from FRENDLY follows:

Enter the thernodynanmic data file nane, left justified, < 15 characters
(e.g. hp94ver.dat):
hp94ver . dat

Choose from fol |l owi ng opti ons:

1) calculate equilibriumcoordinates for a reaction.

2) calculate thernodynam c properties for a phase or reaction relative to
the reference state.

3) cal culate change in thernmodynanmic properties fromone p-t-x
condi tion to another.

4) create new thernodynanmic data file entries.

5) quit.
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Wth options 1-3 you may al so nodi fy thernodynam ¢ dat a,

nodi fi ed data can then be stored as a new entry in the thernodynani c data
file.

2

The user could respond with 1-3 here and below, for option 1 the user would just specify areaction with one phase.

Cal cul ate thernodynanic properties for a reaction (y/n)?

n
Cal cul at e thernmodynani ¢ properties for phase:

an

Enter activity of: an (enter 1.0 for H20 or C2):
0. 69

Non-ideal solutions generally have P-T dependent activity composition relations you can put these in explicitly by
modifying the phase properties. Alternatively, as done here, you can specify a fixed activity considered to be rea-
sonable at the conditions of interest. The value 0.69 was computed with the PeRpLeX auxilliary program GTPL at
6000 bar and 873 K.

wite a properties table (Y/ N?
n

By answering yes here you can tabulate thermodynamic properties as a function of P-T—X conditions, and then con-
tour these with PSCONTOR.

Enter p(bars) and t(k) (zeroes to quit):
1 298.15

The values entered above are immaterial.

At 298. 15 k and 1. 00000 bar :

A kj) = ...
Modi fy or output thernodynani c paraneters of a phase (y/n)?
y
Do you only want to output data (y/n)?
y

The user would enter no above, to add in a P-T dependent activity correction.

Qut put reaction properties (y/n)?

n
Sel ect phase to nodify or output:
1) an
1
Enter a nane (<8 characters left justified) to distinguish the nodified
versi on of an . WARNING. if you intend to store nodified data
in the data file this name nust be uni que.
an30

BEWARE by doing this the user makes a new entry in the thermodynamic data file hp94ver . dat. If you for-
get about this entry (i.e., if you do not delete it after you are done) you may confuse other users of the same file, or
yoursdlf, in subsequent calculations (e.g., the activity corrected anorthite an30 will always be more stable than the
true anorthite endmember).

-60 -



Enter p(bars) and t(k) (zeroes to quit):
00
Choose from fol |l owi ng opti ons:
1) calculate equilibriumcoordinates for a reaction.

5) quit.
5

8.2.2 BUILD

The calculation reproduced here was done with the following specifications: (i) thermodynamic data from
hp94ver.dat file as modified above; (ii) no fluid phase; (iii) saturation with SIO,, Al, O, and Ca0, i.e. quartz + alu-
minosilicate + activity-corrected anorthite; (iv) MgO and FeO as thermodynamic components; (v) solution models E
(orthopyroxene en-fs), GrPyAl(B) (ternary garnet), Crd (cordierite), O (olivene), Sp (spinel sp-hc), HeDi (clinopy-
roxene di-hed) from solution model file solut.dat; (vi) pressure isin the range 2-8 kbar, and temperature 673-873 K;
and (vii) high variance equilibria must be computed.

8.2.3 Level || Thermobarometric Analysis

After doing the calculation outlined above with VERTEX, the user obtains the diagram shown in Fig 8.2b by
instructing PSVDRAW to show only equilibriainvolving the assemblage orthopyroxene (E) + garnet (GrPyAl(B) or
Gt). The resulting Opx + Gt stability field should not be confused with a Level | stability field because the phase
compositions and locations of (pseudo-) univariant equilibria are dependent on the plagioclase composition specified
for the calculation. Since the plagioclase composition was probably P-T dependent, it follows that the equilibriain
Fig 8.2b are only thermodynamically consistent at the one P-T condition where the plagioclase equilibrated.

The Level 1l analysis of the can be done by recognizing that pseudouninvariant curves of Fig 8.2a indicate the com-
positions of coexisting garnet + orthopyroxene (+ plagioclase + kyanite + quartz). Because orthopyroxene has only
one compositional variable, the pseudounivariant equilibriainvolving two opx compounds can be interpreted simply
as contours of the opx compositions (as in Fig 8.2b). Pseudounivariant equilibria involving two garnet compounds
define the boundaries of polygonal P-T regions in which one garnet pseudocompound is stable. Because garnet has
two compositional degrees of freedom there is no direct relation between these boundaries and compositional con-
tours, although it is possible to discern a general trend of decreasing grossular content with decreasing pressure, and
of increasing pyrope-content with increasing enstatite-content in opx. The garnet pseudocompound composition
will most nearly match the true solution composition at the centroid of each polygon. Thus, Grond's (1995) gr,,py.,
garnet should occur near the center of the g11p27 polygon, whereas his more pyrope-rich compositions should lie
along a trend toward the upper edge of the g5p38 polygon. The range of predicted Opx compositions along this
trend can be estimated from the ferrosilite isopleths to be eng;—en,, in reasonable agreement with the observed com-

position of eng This agreement supports the assumption that the coronas represent an equilibrium that occurred at

roughly 7000 bar and surprisingly low temperatures (773-823 K). Before accepting this result it would be advisable
to determine how sensitive the results are to variations in anorthite activity.
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Chapter 9

CALCULATIONSFOR FIXED BULK COMPOSITIONS

VERTEX was designed to compute phase diagrams for all possible compositions of a thermodynamic system, but it
is also possible to use VERTEX to compute phase equilibria for specified bulk compositions of a system. In this
mode VERTEX outputs the same kind of information as free energy minimization programs. Users should be aware
that free energy minimization programs can treat much more complex solution behavior, so such programs may be
better suited for some fixed-bulk composition calculations, particularly those involving complex aqueous solutions
or melts. However, VERTEX has the advantage of permitting saturation constraints, and some other features, which
are generally not supported in free energy minimization programs.

Users should aso be aware that a key assumption in any fixed-bulk composition calculation is that the system isin
overall equilibrium (an assumption which is of much less importance in phase diagram methods). Thisisrarely true
in crustal rocks because: (i) minerals often show compositional zoning and (ii) often there are relicts of several dif-
ferent equilibria present in the same rock. Furthermore rocks are often heterogeneous on so fine a scale that it is not
possible to define a representative bulk composition. Despite these caveats, such calculations are surprisingly use-
ful. Because they are easy to interpret, they provide a means of understanding the significance of their more com-
plex brethren, phase diagrams. The innumerable pseudo-sections published by Powell, Holland, and coworkers bear
grim testimony to this. Fixed-bulk calculations can aso be useful in thermobarometry because many assemblages
have very restricted stability fields for a specific composition.

This chapter presents details the calcul ation of aT—XfCO2 diagram for pelite composition in the KFMASHC system.

9.1 BUILD

Most of the prompts for BUILD are answered as for any other type of calculation. An abridged BUILD dialog fol-
lows:

Enter thernodynamic data file name (e.g. hp94ver.dat), left justified:
hp94ver . dat
Specify type of cal culation:
0 - Composition diagram
1 - Schrei nemakers-type di agram
3 - M xed-variable diagram
1

Any type of calculation can be done for fixed-bulk compositions.
Calculations with a saturated phase (Y/ N ?
The phase is: FLU D

Its conmponents can be: H2O CX2
Its conpositional variable is: Y(CO2)
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y
Ent er nunmber of conponents in the FLU D

(1 or 2 for COH fluids):

2

Cal cul ations with saturated conponents (Y/N)?

y

Sel ect saturated conponents fromthe set:

NA20 MO AL28 SI2 K20 CAO TIO2 MNO FEO @
How many saturated conponents (<8)?

3

Enter component nanes, left justified, one per line:
SI Q2

AL2C3

K20

Use chem cal potentials as independent variables (Y/N)?
n

Sel ect thernmodynam ¢ conponents fromthe set:

NA20O MO CAO TIQ2 MNO FEO O

How many t her nodynam ¢ components (<8)7?

2

Enter component nanes, left justified, one per line:
FEO

M30

If you think about it long enough (5 seconds?) you will realize that specification of saturated components is a form
of compositional constraint; and is, in fact, redundant if you are also going to specify the amounts of the saturated
components. There are still two reasons to specify saturated components: (1) you can do a calculation where you
only specify the amounts of the thermodynamic components; and (2) it makes the computation simpler, so you can
specify alarger total number of chemical components. The disadvantage here is that the phase diagram plot will not
show the aluminosilicate, muscovite, and K-feldspar phase boundaries.

Constrai ned bul k conpositions (y/n)?
y

How many bul k compositions (< 21)?

1

Multiple compositions are possible, but the results get difficult to interpret for any calculation other than a composi-
tion diagram.

Skip equilibria that do not effect the bul k conpositions (y/n)?
y

It isimperative to answer yes to the above prompt. Otherwise the calculation will mostly involve irrelevant equilib-
ria

Only specify thernodynam ¢ conponents (y/n)?
n
Enter nol ar proportions of the conponents:
MO FEO SI2 AL2G3 K20
in conposition 1:
0.078 0.0573 0.9754 0.245 0.0356
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By answering yes to the above prompt, it would be possible to do a calculation in which none, or only some, of the
saturated components are specified. An example where this might be appropriate would be a when a series of gtz +
mu/kf + aluminosilicate rocks have variable proportions of the saturated components SiO,—Al,0,—K,0 but relatively
constant FeO-MgO proportions. All the rocks would then have the same composition in the thermodynamic compo-
sition space. At present BUILD does not permit the user to specify saturated phase components (i.e., H,0 and CO,
here), because usually in petrologic problems the bulk analysis does not include the fluid that is presumed to have
been present in the system. However, the computational option file can be modified so that VERTEX will include
the fluid components as part of the bulk composition.

NOTE if you enter fictitious bulk compositions be careful to avoid specifying a degenerate compositions (usually
simple proportions), e.g. for a calculation in the system MgO-SiO, specification of the composition 0.5 mol MgO
0.5 mole SiO, would lead to problems if enstatite were stable, since PeRpLeX would be unable to decide if the sta-
ble assemblage should be enstatite + quartz or enstatite + forsterite (PeRpLeX would assume both were stable).

The user selects: fluid routine 5, Xfc02 (0-1) as the x-axis variable, temperature (673-923 K) as the y-axis variable,
and a pressure for the section of 4000 bar. The user then opts to treat solutions, using the solution model data file
sol ut. dat, and selectsthesolutionmodels: Chl, Cd, &, Bio, St, M E, Cd, and T (chlorite,
cordierite, garnet, biotite staurolite, magnesite-siderite, orthopyroxene, chloritoid, and talc, respectively).

Cal cul ate high variance phase fields (Y/N)?
y

If the system involves solutions, it is essential to calculate high variance phase fields because it is probable that these
may determine when phases appear or disappear.

9.2 Print Output

For a fixed-bulk composition computation the print output includes the compositional and modal information for
every relevant assemblage in addition to the norma VERTEX output.

The first set output for type 1 and type 3 calculations is aways for the minimum values of all selected variables. In
the present case, the first mode, reproduced below, isat T = 673 K, P = 4000 bar, and X ., = 0 mol.

Conposition 1 is bounded by the assenbl age:
nc24 cl 57-24
in the thernmodynam ¢ conposition space.

mol % w % vol %

nc24 7.67 15. 43 12.75

cl 57-24 2.12 10.73 10. 68

q 75.79 37.52 41.09

ky 5. 64 7.53 5.95

nmu 8.77 28.79 29.52
mol % w %
FEO 4,89 5.69
MGO 3.60 2.35
S 61.21 59.51
AL2C3 15. 37 25. 36
K20 2.23 3.40
H2O 12. 69 3.70



c2 0. 00 0. 00

Ref erence state density (g/cnB): 2.900
( 4000. 00 673. 000 0. 0. 0. )

This output indicates that at the specified conditions the rock would be composed of 12.75 vol % chloritoid
(X=0.24), 10.68 vol % chlorite (X,,,=0.57, X =0.76), 41.09 vol % quartz, 5.95 vol % kyanite, and 29.52 vol

tschermaks

% muscovite. Note that mineral modes and the bulk density are computed using reference state densities; thus the
(minor) effects of mineral expansivity and compressihilities are not incorporated (although they are for the computa-
tion of phase equilibria).

VERTEX &l so outputs a back-calculated chemical composition for each assemblage. If acomponent is not specified
in the bulk composition, but is present as a saturated component then VERTEX determines the minimum amount of
this component necessary to maintain saturation (i.e., the amount of the saturated components present in the phases
whose abundances are determined by the specified components). If the user has specified that a component is satu-
rated, but the bulk composition is, or becomes, inconsistent with this constraint, then the amount of the correspond-
ing composant will be negative and VERTEX will write a warning message following the mode. BEWARE
VERTEX will continue with phase diagram calculations regardless of whether the composition and saturation con-
straints are consistent, so the user is strongly advised to scan the print output for such warnings.

The final line indicates, respectively, the P, T, saturated phase composition, and the first and second independent
chemical potentials (the last three values are only significant if the variables are being used in the calculation) when
the mode was computed.

9.3 Plot Output

If an assemblage involves solutions in a real system then the modes of the minerals will vary continuously with the
independent intensive variables of the system. In VERTEX this continuous variation is replaced by a stepwise
changes defined by pseudo-univariant equilibria. Thus, provided the user has entered only a single bulk composi-
tion and has instructed VERTEX to compute only those equilibria that effect the bulk composition (as above), with-
in each region bounded by (pseudo-)univariant curves of a Schreinemaker’s projection there is only one pseudocom-
pound assemblage possible. The T-X £, projection for the present problem is shown in Fig 9.1. By analysing such
a grid, given the identity of the stable assemblage at some point within it, it is possible to determine the stable
assemblagesin every region of the grid. Alternatively, one can refer to the mineral proportions and P-T-X ., condi-
tions reported in the print file to determine the mineral modes as a function of the intensive variables. Unfortunate-
ly, because | have not yet thought of a way of organizing the information in the print file this can be fairly tedious.
PSVDRAW can be used as a shortcut in this kind of analysis in several different ways. For example, Fig 9.1b,
which shows the stable phase assemblages represented in Fig 9.1a, was constructed by requesting PSVDRAW to
construct diagrams showing equilibria involving one solution. The region encompassed by the equilibriain each of
these diagrams corresponds to the stability field of the specified solution, when these fields are outlined and super-
imposed upon eachother Fig 9.1b is obtained (in Fig 9.1b thick lines indicate univariant fields and thin lines repre-
sent higher variance phase field boundaries). In the case of systems with saturated components, the complete assem-
blages can be determined by constructing a second diagram, such as Fig 9.1c, that shows the stability of the phases
determined by the saturation constraints.

When a diagram is constructed as described above, if two fields share a common boundary, then the boundary must
be a univariant curve (these can be determined from topology or by instructing PSVDRAW to show only low vari-
ance fields and superimposing these fields on the diagram). However in contrast to a phase diagram projection, the
univariant curves in such diagrams, which are phase diagram sections, may terminate at either an equilibrium of
higher or lower variance. The only general rule being that the number of phases in adjacent fields (regardiess of
dimension) must always differ by one.
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9.4 TERTEX, a Program for Fixed-Bulk Compositions

The kinds of problems that can be done with fixed bulk compositions can be much more complex than those done
normally with VERTEX. This means that the default dimensioning of arrays in VERTEX may be inadequate for
some problems. To save the user the trouble of redimensioning VERTEX, there is a second PeRpLeX program
named TERTEX. TERTEX determines stable phase assemblages by a brute force algorithm that requires much less
memory.

Except for the algorithm and one interactive prompt TERTEX isidentical to VERTEX (i.e., the user sets the prob-
lem up using BUILD, etc.). TERTEX can be run in two ways determined by the users response to the TERTEX
prompt:

enter the assenbl age yourself (y/n)?

If the user answers no, the program behaves identically to VERTEX (although it is considerably slower in theinitial
stage of the calculation).

If the user responds yes, the user must then input the assemblage that is stable at the minimum values for al the vari-
ables of the requested (in the computational option file) phase diagram section. By doing this the user is able to
bypass the inefficient part of TERTEX’s algorithm. Thus, once the user has computed one phase diagram section
with VERTEX or TERTEX, he/shefit can make use of her/hig/its knowledge of the stable assemblagesin a system to
make cal culations very efficiently with PeRpLeX.

As an example, suppose that after making the T-X £, section discussed above with VERTEX, the user attempts to
make a P-T section for X£,, = 0 for P = 4000-10000 bar and T = 673-973. For the sake of argument suppose the
user first tries thiswith VERTEX, but he finds that the saturation constraints are no longer valid, and when he relax-
es the saturation constraints VERTEX responds that its current dimensioning is inadequate. Rather than redimen-
sioning VERTEX (a painful excursion into FORTRAN), the user can now use TERTEX given that he knows that
the stable assemblage in the system at X{, = 0, 673 K, and 4000 bar is mc24, cl57-24, q, ky, and mu. Because
TERTEX asks for the phase indices (which may vary if the user adds phases or changes subdivision schemes) the
user should responds yes to the prompt:

out put phase indices (y/n)?
y

Upon which TERTEX outputs a list (abridged here) like:

1 H20 2 Cx2 3 kal 30 4 kal 02 5 k2o

6 sio2 7 al 203 8 nu 9 kf 10 san 11

11 kal s 12 1c 13 dia 14 pyhl 15 kao 16

16 and 17 ky 18 sill 19 cor 20 ¢ 21
186 cl 78-99 187 cl 85-99 188 cl 92-99 189 cl 7-0 190 cl 14-0 191
191 cl 21-0 192 cl 28-0 193 cl 35-0 194 cl 42-0 195 cl 50-0 196
466 py60 467 py65 468 py70 469 py75 470 py80 471
471 py85 472 py90 473 py95s

The user can then identify the indices for his assemblage (i.e., 20 for g, 17 for ky, etc), and enter them in response to

the final TERTEX prompt:

ent er phase indices
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There are many ways of using TERTEX efficiently, the key to al of them is finding some way, by hook or crook, of
identifying the initial assemblage. Usually | do this by solving some very simplified problem (e.g., by excluding
solutions, or using very restricted subdivision schemes) at the initial condition with VERTEX.
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Chapter 10

CALCULATIONSWITH VARIABLE CHEMICAL POTENTIALS, FUGACITIES
AND ACTIVITIES

Oops, hold your horses! Sorry, not yet written. For some help see examples 6 and 7 in the examples folder/
directory. Well obvioudly I've had it with writing this stuff. Stay tuned, some year | may revise the last 5 chapters
so they can be read by humans.
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Figure 3.3

A Schreinemakers Projection (CaO-MgO)
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Figure 4.1. Pseudocompound subdivision schemes.

a) Cartesian binary.

isp(i) = 2
imod (i) = 0
xmx (1,1)
xmn (1,1)
xnc(i,1)

o n
oo
[y

c) Asymetric transform

binary.

isp(i) = 2

imod (i) = 2
xmx (i,1)
xmn (i, 1)

(i,1 1.03
xnec (1i,1)

e) Fourth order barycentric ternary.

/AN

N,
NN
\ >

7

A0
‘ e
A\
JIER
W
N

AIAKAN

AN

/ #(' K 4h7§‘w\

TN
%z

2z

s

WIANRNSEE RN
é@g%l;%\&\u/};@\&h

N

AR

KSR

N\
iwm%m%mxgg\
A2 &A\‘
VS TN Vave \
A k @ \‘&“é\\‘\

O\

’gﬁ’imNmA

isp(i) = 3
imod (i

LI [ | R B
oOoroOoOoOr

Q
X

b) Symmetric transform binary.

isp(i) =

imod (i) =

xmx (i,1)
xmn (i, 1)
xnc (i, 1)

2

d) Cartesian ternary.

isp(i) =
imod (i

1

OORrOORr

.05

f) Second order barycentric ternary.

7N

isp(i) =
imod (1)

xmx (i,1)
i, 1)

3
2

loNololoNoNe]

N W

N W



Figure 4.2. An AFM diagram calculated with pseudocompounds.
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Fig 5.1. Mixed variable diagram for the FMASH system at 7 kbar after projection through quartz,
aluminosilicate and muscovite. Calculated using data from files hp90ver.dat and solut.dat, the
computational option file in51. Upper diagram as output by Psvdraw, lower after spline smoothing.
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Fig 5.2. Relation between pseudocompound relations and real phase diagram features. Schematic
pseudocompounds are given sequential numbering, e.g., the average composition of compounds

A(1) and A(2) is A(1.5).
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Fig 5.6 Valid component saturation hierarchies after projection through SiO2, CO2,
and O2 in the system CaO TiO2 FeO, The saturated phases are indicated for each
hierarchy, assuming the phase compatibilities shown in the composition diagram.
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Tutorial Fig 6.1
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Tutorial Fig 8.1
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