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Abstract

Activity-composition (a-x) relations for feldspars for petrological calculations in
KAISi305-NaAlSisOg—CaAlySisOg are calibrated using literature data for (i) plagioclase
cation-exchange experiments at 600 and 700°C, (ii) experimental ternary feldspar pairs at
880 — 900°C, (iii) the alkali feldspar solvus, and (iv) the dry melting loop for plagioclase.
The results are tested against the calorimetric heat of solution data and the experimental
pressures for plagioclase coexisting with grossular, wollastonite and quartz. As the aim is to
produce a-x relations suitable for petrological modelling, we do not attempt to model
complex structural phenomena in feldspar, except where they appear to contribute
significantly to the energetics of high-temperature mixing. Seven models were investigated,
using various formulations of entropy of mixing together with the van Laar model for

non-ideal mixing. The model (4TR) that most satisfactorily reproduces the experimental
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an ordered albite this model allows a peristerite gap closing at 600°C at the albite
composition. The resulting activity-composition relations for feldspar should be applicable
in petrological phase equilibrium calculations over a large range of geologically-relevant

pressure and temperature.
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1 Introduction

Feldspars are ubiquitous in crustal and uppermost mantle rocks, so it is of fundamental
importance that petrological phase equilibrium modelling should approximate their
thermodynamics appropriately. Yet the plagioclase solid solution shows exceptional
structural complexity, including phase transitions, extensive short-range order, and
“long-range order” (aperiodic, incommensurate ordering), and is still being characterised by
mineralogical experiments (e.g. Jin et al., 2019; Jin & Xu, 2017; McConnell, 2008;
Carpenter, 1994; Carpenter & McConnell, 1984).

Numerous thermodynamic models have been proposed that reflect at least part of the
complexity of structural change across the plagioclase solid solution (e.g. Ghiorso 1984,
Green & Usdansky 1986, Fuhrman & Lindsley 1988, Elkins & Grove 1990, Holland &
Powell 1992, Holland & Powell 2003, Benisek et al. 2010). For example, Holland & Powell
(1992) represented the C1-I1 transition, using two models that were made contiguous at the

transition.

In this paper we revisit the modelling of plagioclase for phase equilibrium calculations.
Since our purpose is petrological modelling, we seek a simple model. Our goal is not
primarily to represent the complexity of feldspar structures — in this case the simpler
models (see below) can describe the mixing properties as well as or better than the more
complex ones investigated. We require our model to satisfy the following key experimental
constraints: (a) experimental cation-exchange data for plagioclase- (NaCl-CaCly) fluid
(Orville 1972, Schliestedt & Johannes 1990); (b) alkali feldspar solvus at various pressures
(Orville 1963, Luth & Tuttle 1966, Goldsmith & Newton 1974); (c) experimental ternary
feldspar pairs (Elkins & Grove 1990); and (d) the plagioclase melting loop at 1 bar (Bowen
1913).
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2 Structure of feldspars

In plagioclase feldspar there are four tetrahedral sites on which Al and Si atoms are
distributed. The ordering process can be envisaged as occurring in two stages with
decreasing temperature. In the first stage the Al and Si are distributed over two t1 and two
t2 sites within the structure (Fig. 1). The order parameter for this process, designated @y,
following Carpenter and Salje (1994), can be defined as

tl t2
_ XAl — XA]

Q= xuxe

(1)

and varies smoothly with decreasing temperature. As temperatures decrease a second stage
in ordering occurs in which the t1 site splits into t1lo and t1m sites. In practice these two
processes probably proceed together and a second order parameter (Q,q is required to
monitor this further ordering behaviour. This may be defined as

tlo t1m
XAl — XAI

QOd = tlo tlm
XAZ + XAI

(2)

The thermodynamics of albite, K-feldspar and anorthite, individually, have been handled in
terms of two such order parameters in Holland & Powell (1996), but not as yet together in
ternary feldspars. Here, below, following Holland & Powell (1996), the order parameter

definitions adopted omit the normalisations (the denominators) in equations 1 and 2, so
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a
201 section
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Fig. 1. Structure of feldspars illustrating the t1 and t2 tetrahedral sites and positions of the large cations
Ca, Na and K (circles). (a): (201) section showing 4-member rings of t sites; (b): (010) section showing
albite and anorthite ordering schemes with the unit cell a and ¢ edges and the doubling of the ¢ cell

dimension in anorthite.

The nature of order-disorder in the plagioclase solid solution permits various
phenomena that might have a significant impact on the thermodynamics of mixing. The

C1-11 transition appears to be first-order, and stable between ca. 800°C and the solidus
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(Jin et al., 2018). A model containing the @y and Q),q parameters should in principle be
intrinsically capable of modelling the transition, although, in our “2Q” model (see below),
we did not succeed in producing such a transition. Other structural phenomena seen in
plagioclase are not intrinsic to a model containing Q); and ().q, and it is not clear how they
could be directly modelled. One is the strong tendency towards the reduction of Al-O—-Al
linkages (Al-avoidance; e.g. Kerrick & Darken, 1975), which introduces a short-range order,
equating to a reduction in the configurational entropy contribution from tetrahedral-site
mixing. Another is the incommensurately-ordered (aperiodic) structures taken on by
intermediate-composition plagioclases, known as e-plagioclases, which may be stable at up

to 800°C (Jin et al., 2020, and references therein).

3 Thermodynamic models of feldspar

Many different simple models have been considered and fitted to the experimental database
outlined above in an attempt to find one that is acceptable for real-world petrological
calculations. The models cover a range of assumptions regarding the tetrahedral sites on
which mixing of Si and Al occurs, and a range of behaviours relating to short-range order
on those sites, relating also to the NaSi(CaAl)_; and KSi(CaAl)_; substitutions. The effect
of short-range order is to reduce the entropic contribution to the a-x relationships. We
accommodate the reduction with an empirical approach, introduced in Holland & Powell
(1996), and outlined in Appendix 1 here. A model in the following list, for example 4T,

becomes model 4TR when entropy reduction is invoked.

The non-ideal mixing in the a-x relationships is chosen to be via an asymmetric van
Laar model with an interaction energy Wj; for each pair of end-members and an asymmetry

parameter «; for each end-member (Holland & Powell 2003).

Seven mixing models were considered for the a—x relationships. Of these models, 4, 5
and 6 in the list below were further investigated using a variety of entropy reduction factors.

The seven essential structures were:

1. Simple molecular mixing. This is a fully ordered model in which all tetrahedral

6
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disorder is ignored and taken to be fixed by complete correlation with A-site Na-Ca

occupancy, for example, as in Holland & Powell (2003).

. A full ordering (2Q) model, as outlined above, involving the @ and Q),q order

parameters.

. 1Q model. This model can be thought of as a simplification of model 2, involving only

t1-t2 ordering, implying that further t1m—tlo ordering, which is important only at
more albitic compositions, may be ignored. In the case of complete order this model

reduces to the 2T Al-avoidance model 4.

. 2T model. This is the so-called Al-avoidance model of Kerrick & Darken (1975), in

which Al and Si mix on only 2 of the four tetrahedral sites.

. 4T model. This is the fully disordered plagioclase model in which complete disorder is

assumed to occur on all 4 tetrahedral sites. Model 4TR is the preferred model, as

discussed below.

. Intermediate end-member model. This model involves an additional species, for

example, midway between albite and anorthite, and may be formulated in a variety of

ways depending on whether or not the T sites contribute to mixing.

. Macroscopic ordering model. This involves introducing tetrahedral site ordering

without specifying the sites or number of sites involved. For example, one possibility

investigated involved mixing of AlSiz3 and AlySiy clusters on the T sites.

Calibration of models

s Of the 7 models put forward above, models 1 and 4 were rejected on the basis of poorer fits

126 to one or more of the main constraining datasets (cation exchange, ternary feldspar pairs,

17 plagioclase melting loop), and models 3, 6 and 7 added complexity to calculations without

s providing better fits to the data. In this section we present results of the calibration of the

29 4TR model, along with the 2Q model for comparison, as they are two of the
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best-performing models. The 4TR model is our preferred model, involving complete
disorder on the four T sites in feldspar, and the effect of short-range ordering approximated

by reducing their entropic contribution by a factor of 4 (6 =4 in Appendix 1).

The 2Q model fully describes tetrahedral-site long-range ordering honouring the
underlying order-disorder involving both the partition of Al and Si between the t1 and t2
sites, and then the partition between the t1lo and t1m sites that are present when the t1 site

is split. Further details of the 2Q) model are provided in Appendix 2.

Calibration of the new thermodynamic models involves using (a) the plagioclase
cation-exchange experiments, (b) the alkali feldspar solvus, (c) experimental ternary
feldspar pairs at 880 — 900°C, and (d) the dry melting loop for plagioclase at 1 bar. These
are discussed in turn below. These data were fitted simultaneously using a Monte-Carlo
approach in which pressure, temperature and feldspar compositions were calculated in
THERMOCALC and filtered via brackets derived from the experimental studies. Model
parameters were varied in the Monte-Carlo runs until 100 successful runs (those generating
results within the filter brackets) were achieved (see Green et al., 2016, p848, Holland et al.,
2018). The experimental data used in fitting for the parameters of the plagioclase and melt
model discussed above are listed in tables in Appendix 3. These tables comprise 36 sets of

brackets (filters) for the Monte-Carlo runs.

On the basis of the calibration shown below, the 4TR model was selected as our
preferred model, even though it is the 2Q) model that explicitly represents order—disorder on
the tetrahedral sites. The simplicity of the 4TR model recommends it over the 2QQ model,
given that its performance is no worse — indeed, somewhat better — than the 2Q model. We
note that a good fit was achieved even though none of the models investigated represents
the C1-11 transition, or an e-plagioclase structure, in any way. Apparently, these structural
phenomena make an insignificant energetic contribution to phase equilibria, at least by

comparison with the short-range order induced by Al-avoidance.
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4.1 (a) Ca-Na cation exchange experiments

Orville (1972) and Schliestedt and Johannes (1990) presented experimental details of
equilibrated pairs of plagioclase feldspar and NaCl-CaCl, fluid at 2 kilobars pressure at
700°C and 600°C, and used the following exchange reaction to deduce the activities of albite
and anorthite.

2 ab + CaCly, = an + 2 NaCl + 4 ¢
Brackets (see Appendix 3) from the experimental data shown in Fig. 2 were used for
calibration, together with the assumption of ideal mixing in the aqueous fluid phase
(aNac1 = MNaCl, ACacl, = Mcacl,). Lhis assumption is justified a posteriori by the
satisfactory agreement with the other experimental data for plagioclase and ternary
feldspars discussed below. The results are expressed in Ca/(Ca+Na) equivalent units (i.e.
2Ca/(2Ca+Na)) as discussed in Orville (1972) in order to compare with his diagram. As
may be seen in Fig. 2, the cation exchange is closely approximated by the calculated
models, except for small departures at high X,, with the 2QQ model. It should be
remembered that rather few experiments are true reversals using crystalline starting
compositions, and those only at Ca-poor compositions. In addition, only compositions less

than X,, = 0.82 were approached from both directions. Brackets from Schliestedt &

This article is protected by copyright. All rights reserved.



s Johannes (1990) at 600°C and 2 and 5 kbar were also used in the Monte-Carlo analysis.
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Fig. 2. Experimental Ca-Na cation-exchange data for plagioclase-fluid at 700°C (boxes, Orville 1972) and

calculated curves for the 2Q and 4TR models. Thin lines join starting and final compositions. Error boxes

approximated as slightly smaller than those of Schliestedt and Johannes (1990) to reflect the smaller data

scatter.

The experiments of Schliestedt and Johannes (1990) are slightly more scattered and

displaced to slightly higher Ca contents of plagioclase at any fluid composition (Fig. 3) than

those of Orville (1972), although possibly within combined experimental uncertainties, and

are slightly less consistent with all the other data fitted simultaneously in the Monte-Carlo

analysis. As shown in Fig. 3 and noted by Schliestedt and Johannes (1990) their data at

2kb, 700°C, 2kb, 600°C and 5 kb, 600°C show the virtually identical exchange behaviour.

10
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Fig. 3. Experimental Ca-Na cation-exchange data for plagioclase-fluid at 600°C (a) and at 700°C (b).

Data of Schliestedt and Johannes (1990) and calculated curves for the 4TR model. Calculated curves at 2

kb and 5 kb are coincident within error. Size of error bar from Schliestedt and Johannes (1990).

4.2 (b) Alkali feldspar solvus experiments

The alkali feldspar solvus was modelled previously by Holland & Powell (2003) and the

parameters used there were taken as starting points in this study. Brackets at 2 kbar and

550, 600, 650°C (Luth & Tuttle 1966, Orville 1963) and at 14-15 kbar and 500, 550, 600°C

(Goldsmith & Newton 1974) were used in the Monte-Carlo runs to ensure consistency with

the other experimental constraints discussed below. The fit

(Wb san = 24.1 — 0.00957T + 0.338P (£0.2) kJ, ctap, = 0.674 (£0.02), With cga set at 1.0)

differs slightly from that presented in Holland & Powell (2003) but the calculated solvi are

almost indistinguishable from Fig. 3 in that work. In the case of the 2Q model, the

calculated solvus is the same as for the 4TR model, but using the W and « values given in

Appendix 3 involving the three albite end-members and disordered sanidine.

11
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4.3 (c) Ternary feldspar equilibration experiments of Elkins &

Grove (1990)

The ternary feldspar system has been investigated extensively by Ghiorso (1984), Green &
Usdansky (1986), Fuhrmann & Lindsley (1988) and Elkins & Grove (1990), using the
Margules formulation for mixing energetics. Elkins & Grove (1990) analyzed their
experimental results in the range 700-900°C with a one-site entropy of mixing and a
subregular solution. In Holland & Powell (2003) the solution model also used a one-site
entropy of mixing model in demonstrating the applicability of the van Laar and DQF

approach, whereas we here use a reduced-entropy tetrahedral site model as described above.

The four experimental tie line pairs shown joining the grey composition regions in Fig.
4 (at 1 kbar and around 900°C) were taken in the Monte-Carlo fitting, together with pairs
at 1 and 2 kbar at 800°C. As may be seen, for the 4TR model the calculated tie lines are
slightly less steep at high Ca contents than implied by the experimental data, although it
should be noted that the earlier work of Seck (1971) has slopes similar to the 4TR
calculated ones. The 2QQ model performs somewhat less well than that 4TR model, yielding

still less steep tielines.
The 4TR model plagioclase solid solution parameters are
Wapan = 14.6 —0.009357 — 0.04P (£0.3) kJ

Wipor = 24.1—0.00957T + 0.338P (£0.2) kJ
Wanor = 48.5—0.13P (£0.5) kJ

Qay = 0.674 (£0.002)
Qan = 0.550 (£0.003)
aor = 1.00 (fixed)

The uncertainties given above are just those that come from the ranges consistent with the
filters in the Monte-Carlo fitting. They represent merely a guide to likely magnitudes, in

the context of the essentially unquantifiable underlying model assumptions.

12
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Fig. 4. Ternary feldspar relations at 1 kbar and 880-900°C. Grey fields are experimental
plagioclase-K-feldspar pairs with tie lines (heavy lines) from Elkins & Grove (1990). Tie lines joining

plagioclase and K-feldspar (light lines) are calculated.

4.4 (d) Binary plagioclase melting at 1 bar of Bowen (1913)

Experimental data from Bowen (1913) on binary plagioclase melting were also used in the
Monte-Carlo analysis as additional constraints on the model. Pairs of coexisting plagioclase
and melt at 1120, 1200, 1300, 1400, 1500 and 1552°C were used as constraints. To ensure
correct melting temperatures for pure albite and pure anorthite, Gibbs free energy

mod

increment parameters (AG®94 and AG1SY) were also determined along with a symmetric

(regular solution) mixing parameter (Wur abr) for melt.

The calculated melting loop is shown in Fig. 5 compared with the experiments of
Bowen (1913). The agreement is good for both liquid and plagioclase compositions,
especially considering the difficulties of equilibration in dry feldspar melting experiments,
and hence in obtaining appropriate plagioclase compositions (Johannes et al. 1995). The

performance of the 4TR model is marginally better than that of the 2Q model.

13
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The abL—anL, melt mixing parameters are

WanL abl, = 2.2 (£0.2) kJ

AGTSY = —0.15 (£0.2) kJ
AGRYd = (.50 (£0.2) kJ

As in the earlier work of Holland & Powell (2001) anorthite-albite melt is found to be a

nearly ideal solution.

1600

r T r
— 4TR model
t ———-—2Q model

1500

1400

T°C

1300

1200

1100 - - - -
0.0 0.2 0.4 0.6 08 1.0

Fig. 5. Plagioclase melting loop at 1 bar. Circles are experimental results of Bowen (1913). Curves are

calculated with the 4TR and 2Q models.

5 Testing and application of the 4TR model

The 4TR model described and calibrated above is consistent with a wide range of
experimental data over a range in temperature from 600-1550°C, suggesting that this
entropy model and associated non-ideal mixing terms is appropriate for calculations for a
wide range in rock formation conditions. We have left two experimental studies from our

fitting in order to provide a check on the consistency of the model. The studies involve

14
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calorimetric data on enthalpy of mixing in plagioclase and displaced-activity phase

equilibrium experiments involving plagioclase at high pressures.

Newton et al. (1980) and Carpenter et al. (1985) provide enthalpy of solution data for
plagioclases equilibrated at high temperatures (1100-1400°C) and run in a high-temper-
ature solution calorimeter at 970K. As a test of the 4TR model we present a comparison of
the calculated enthalpy of solution in Fig. 6 where the model compares favourably with the
calorimetric data within its relatively large scatter. There appears to be slightly better
agreement with the Newton et al. (1980) data perhaps because the model and their

calorimetry are both based on synthetic plagioclases.

72@ T T T T T T T T
—— 4TR model O
—————— 2Q model

®)

70
®

H soln kJ

[e2]
S

62

60 . L . L . L . L .
0.0 0.2 0.4 0.6 0.8 1.0

Xan

Fig. 6. Plagioclase enthalpy of solution data from Newton et al. (1980), shown as black circles and the
calculated 4TR and 2QQ model curves for comparison. Open circles are heat-treated samples of Carpenter et
al. (1985). Open squares are data of Benisek et al. (2003). Calculated values for albite and anorthite are

arbitrarily taken as 69.5 and 66.5 kJ respectively. Vertical bar shows average error for experimental points.

As a final test, the experimental data of Windom & Boettcher (1976) on plagioclases
equilibrated with wollastonite + grossular + quartz at 1100°C are compared with the 4TR

model calculation. Figure 6 shows the experimental pressure brackets with the 4TR model

15
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284

providing a reasonable fit to the experimental data. In Fig. 7 the experimental pressures
have been adjusted by -0.7 kbar such that the pressure for pure an + wo = gr + q agrees
with Windom & Boettcher’s brackets, because the Holland & Powell (2011) dataset yields a
pressure of 14 kbar at that temperature. This corresponds to a 5% friction correction and is
typical of those applied to piston-cylinder experiments. The good agreement with the
plagioclase trend in X, from 0.3 to 1.0 at pressures of 15-20 kbar suggest that the

plagioclase model is reliable through the pressure range of plagioclase stability.

20.0 . N . : : : T .
\ —— 4TR model
———-2Q model
19.0 |- 1100°C ]
18.0 - .
Grossular + quartz
I (+ plagioclase)
. 17.0F .
@©
o] L
X
% 460t -
Plagioclase
+ wollastonite
15.0 -
14.0
130 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Xan

Fig. 7 Experimental determination of plagioclase compositions coexisting with grossular, wollastonite &
quartz from Windom & Boettcher (1976). Circles with error bars are experimental brackets, and the curves

are calculated with the 4TR and 2Q models.

The 4TR (and the 2Q) model predict increasing non-ideality with decreasing
temperature, which, at low temperatures, leads to a miscibility gap which closes at about
260°C and widens to lower temperature (Fig. 8). It is not meaningful to compare this
calculated gap with either the Hiittenlocher or Bgggild gaps, as neither any stable regions of

e-plagioclase nor the C1-I1 transition have been taken into account here.

In metabasic systems in particular, the peristerite gap is an important feature,

especially in the greenschist to amphibolite facies transition. In order to simulate a

16
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299

peristerite gap, we introduce a low albite feldspar with properties that yield a narrow
peristerite-like gap at very low X,, and which closes at around 600°C (e.g. Carpenter 1981,
Nord et al. 1978). The mixing properties of the low albite solid solution involve a simple
1-site entropy of mixing and the parameters below. These generate a first order transition
at 600°C and the miscibility gap shown in Fig. 8, and considerably widen the miscibility
gap between albite and plagioclase at low temperatures. As discussed in Nord et al. (1978)
and Starr and Pattison (2019), whether the miscibility gap is a solvus or a binary loop is

unresolved; our model assumes the latter.

Wanay, = 3.4 (£0.3) kJ
Qlan = 1.00 (fixed)
Qay = 0.64 (£0.02)
AGmod = 1746 + 0.002T (£0.05) kJ

AGmd = 10.00 (£0.05) kJ

600 : . : r . r . r

500

T°C

plagioclase
400 -
| | albite
300 -
albite +
plagioclase
2 plagioclases
, albite + plagioclase
200 L 1 L 1 L 1 L 1 L
0.0 0.2 0.4 0.6 0.8 1.0
Xan

Fig. 8. Calculated T—Xgp section, showing the miscibility gap below around 260°C and the model

peristerite gap at very low Xgap separating almost pure albite from an-rich plagioclase at lower temperature.

The calculated solvus relations below 300°C, even if predicted correctly, are metastable with

17
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respect to e-plagioclase and the phase relationships associated with the Hiittenlocher and
Boggild gaps.

A simple example of the application of the feldspar model is to investigate the melting
relationships of quartzofeldspathic rocks in the absence of HyO. Given the difficulty of
determining metamorphic temperatures for UHT rocks, the dry melting relationships
provide an effective upper temperature limit of crustal metamorphism, considered in terms
of the metamorphism of broadly granitic rocks. Calculations in the system
Ca0O — NayO — K50 — Al;O3—Si09, with quartz and sillimanite in excess, can be projected
onto the ternary feldpar compatibility diagram, ab—an—or. Dry melting in ab-or starts at an
azeotropic point at 1105°C and then spreads rapidly into the interior of the ternary feldspar
triangle. By 1108°C there is a pl-ksp-liq tie triangle. With temperature increase, this tie
triangle swings up and across towards the an—or side of the diagram (Fig. 9a). This shows
that for normal granitic crustal compositions the upper limit of crustal metamorphic
temperatures is 1100°C. Figure 9b shows the phase relationships at 1110°C. In the presence
of even a small amount of H,O in the bulk composition of a granitic rock, melting will
occur at markedly lower temperature than 1100°C. For example, at ap,o = 0.05, the

equivalent position of the pl-ksp-liq tie triangle in (b) is 1025°C.

an
a 1132

1128
1124

plag

1110

1108
1107.8

ab or

Fig. 9. The 4TR model ternary diagrams, with excess sillimanite and quartz, at 8 kbar. (a) Migration of
the 2-feldspar + liquid triangle with temperature (in °C). The lowest temperature “tie trangle”, essentially

a colinear relationship between the phases, marks the temperature at which liq breaks through the feldspar
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one-phase field into the body of the ab-an-or triangle, via a singular reaction. The positions of plag, liq and
ksp at 1116°C are highlighted to show relative locations. (b) Showing phase relations of feldspars and liquid

at 1110°C.

6 Discussion and Conclusions

Although the full order-disorder 2QQ model is shown to be in reasonable agreement with
experimental constraints, the simpler 4TR model can satisfy them as well, if not better.
Both models omit the C1-11 transition, and the presence of intermediate-composition
e-plagioclase (whether stable or metastable). However, there is no clear evidence in
calibration data that these phenomena significantly affect the results of the
lower-temperature experiments. They appear to have only small consequences for the

thermodynamics of the solid solution.

The plagioclase a—z relations of Holland & Powell (1992) explicitly represented the
C1-11 transition, by having a separate thermodynamic model for each structure, Given that
at least above 800°C, the C1-I1 transition is a line in a T-z diagram (not a 2-phase field),
the separate thermodynamic models were made to be contiguous at the transition. Holland
& Powell (2003) extended this approach into the ternary feldspar system. We now realise
that it is not possible to make this extension into ternary feldspars without breaking the
contiguity constraints, resulting in complex coexisting feldspar relations as an unwanted
artefact. The new 4TR feldspar model can be seen as a replacement for the Holland &
Powell (2003) model, which appropriately if implicitly represents the entropic consequences
of configurational order-disorder. Like its predecessor, it is suitable for use in petrological
phase equilibrium calculations along with version 6 of the Holland & Powell dataset
(Holland & Powell, 2011), and associated families of activity-composition relations (White
et al., 2014; Green et al., 2016; Holland et al., 2018). The new plagioclase model should
produce results that differ inconsequentially from the earlier models, but obviates the need
to decide on whether the calculated plagioclase is C1 or I1 and removes any small

disconnects or artificial C1-I1 coexisting feldspar pairs. The plagioclase of Tomlinson &
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1s  Holland (2021) is based on model 6 of this study and, while it should produce similar

ao  results, the new 4TR model presented here is recommended.
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Appendix 1: Simulation of short-range ordering

The reduction of the entropy of mixing to simulate the effect of local, or short-range,
ordering is an empirical device introduced in Holland & Powell (1996) for spinel Mg-Al
ordering and Holland & Powell (1998) for amphiboles, and has been used widely in a-x
modelling since then, e.g. White et al. (2014). Such entropy reduction is illustrated here

using the 2T and 4T models (see text) for plagioclase. First, for the 2T model

ideal __ 2
Aan = TCaA (xAl,TB)
ideal __ 1
A = 4vxNaa (TALTB TSiTB)

Now consider a 2TR model (R meaning reduced entropic contribution), with the entropic
contribution of the tetrahedral sites to be reduced by a factor, . With # > 1, this amounts
to asserting that the NaSi(CaAl)_; coupled substitution exerts an additional short-range

effect, on top of that provided by Al avoidance.

ideal __ 2 1
Gan = TcCaA (mAl,TB) o

ideal __ L 1
e = 49TNaa (TaLTB TSiTB)?

In these expressions the TB sites are the sites that admit Al and Si and the pre-factor
for ab is a normalisation constant. In the simple 2T (or Al-avoidance) model, § = 1. If 0 is

large the ideal mixing activities reduce to those of molecular mixing, as used in Holland &

ideal

Powell (2003), with ald = x, A, @l = . A, and al9°

an = ok a. The magnitude of 6 for

any model to successfully explain the experimental data is related to the entropy of mixing

in the model.

For the 4T model

aif™ = (32) Taa (Talr 28 )
aiaieal = JTCaA ($?\1,T x%i,T)

Now consider a 4TR model, with the entropic contribution of the tetrahedral sites to be

reduced by a factor, #. The ideal mixing activities are then:

ideal __  [256\1 3 1
ap® = (57)7 TNaa (TALT T 1)7
ideal __ 2 2 1
Uan ™ = ZTCaA ($A1,T xSi,T) 0
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w7 As noted in the text, the 4TR model is the only one that fits all of the experimental
ws constraints well, and involves complete disorder on the four T sites in feldspar (see text)

w0 and with @ = 4. Then, the ideal mixing activities for ab, an and or are:

alded = (Z0)7 ayan (warradip)i
o gl = ()T gy o (wayradig)

; 1

aﬁleal = ZCaA (l’il,T x%i,T)4
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« Appendix 2: The 2(Q) model

sc ' The end-members used, in terms of the A, tlo, t1m and t2 sites in the 2Q) model, are

503 A tlo tim t2

504 Na Ca K Al Si Al Si Al Si
505  oab 1 0 0 1 0 0 1 0 2
s dab 1 0 O 1/4 3/4 1/4 3/4 1/2 3/2
sr oan 0 1 O 1 0 1 0 0 2
s¢ tab 1 0 O 1/2 1/2 1/2 1/2 0 2
s san O 0 1 1/4 3/4 1/4 3/4 1/2 3/2

sio where oab and dab are ordered and disordered albite, tab is t1-t2 ordered albite, oan is

5

s

1 ordered anorthite, and san is disordered sanidine. With the 4 independent variables

_ A
T = X&,
_ A
512
0, = My
t - 2 Al

_ tlo t1lm
QOd - XAI _XAl

s13. Note that these expressions for the order parameters are different from those of Carpenter

-

5

ey

+ & Salje (1994) in equations 1 and 2 in that the normalisation in the denominators is

si5. missing, as noted in the text. This difference is not relevant to the thermodynamic analysis.

iy

si6 and site fractions

X8 = 1—-k-—x
517 Xéa =

Xt = &
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XE° = 1+ 3Qua+3Qc+ e

g = 4 1u- o

Xam = i - %Qod + %Qt + i:v
518

X4™ = 34 2Q0a—3Q¢ — %

X = 1 3Q+4e

X = 1+3Q -

5

iy

o and end-member proportions poa, = Qod, Paab = 1 — k + = — Qt, Poan = T,

520  Ptab = _Qod + Qt - 21‘7 Psan = k
ss1 and ideal mixing activities

Qoab = Xléanﬁngim(ng
agay = ZEXR(XE0)T(XLe)
G = XEXEPXHR(XGY

(XA™)3 (X™)3 (X2 (X))

NN

522

N
N

aab = AXR (XD (XE2)2 ()2 (™) (Xg)?
F(xaoyd (xgm) (xgm)

3
Goan = FPXRXE) 5 (XE) (XHm)F (XE™) 3 (XF) 2 (XE)>

23 and non-ideal mixing terms via van Laar model (in kJ)

W (oab,dab) = 11+ 0.04P
(oab,0an) = 19.2+0.35P
(oab,tab) = 5.4+ 0.04P
(oab,san) = 30.4+ 0.365P
(dab,oan) = 40.8 4+ 0.34P

- W(dab,tab) = 0.6+ 0.04P
(dab,san) = 12.2+0.365P
(oan,tab) = 8+0.27P
(oan,san) = 77.1 —0.093P
(

W (tab,san) = 14.4+ 0.365P

s»s and the Gibbs energies of the end-members are taken to be: san = sanidine, oab = ordered

s albite, oan = ordered anorthite, tab = ordered albite +15.17 — 0.0115267" + 0.04P (kJ), dab
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527

528

529

530

531

532

533

534

535

536

537

538

539

= ordered albite +18.12 — 0.0187027 + 0.04P (kJ). Asymmetry parameters are: a(san) =
1.00, a(oan) = 0.667, a(oab) = a(dab) = a(tab) = 0.685.

In the 2Q model there are two internal equilibria that need to be solved to determine
the state of order—@Q; and (),q—for any composition of feldspar. These internal equilibria
are Ap = 0 equations for each of the independent reactions between the end-members, for
example, oab=dab and oab=tab. Figure A2.1 shows the variation of Q; and Q.q at 600°C
in plagioclase, solving the internal equilibria, and using the parameters listed above. At
high anorthite contents, the feldspar is almost completely ordered onto the t1 and t2 sites
with no ordering onto the tlo and t1 m sites, while at albitic compositions the t1 and t2 are
approximately half ordered and there is a high degree of ordering onto the tol and t1m

sites, as expected.

1.0

0.8

06|

04 ¢

0.2

0.0

Xan

Fig. A2.1. Calculated variation of @y and QQ,q with plagioclase composition at 600°C for the 2Q model.

30

This article is protected by copyright. All rights reserved.



« Appendix 3: Data used in fitting

sa0 1. Orville (1972) cation exchange, 2 kbar 700°C

Xcap  Ca/(Ca+ Na)g
11]0.12-0.16 0.025
21 0.24-0.28 0.053
31 0.39-0.44 0.11
" 4 | 0.54-0.59 0.18
5 | 0.74-0.83 0.33
6 | 0.94-0.98 0.74
7 0.38 0.08-0.12

543 Where pl and fl refer to plagioclase and fluid.

s« 2. Ternary feldspars, Elkins & Grove (1990)

Xcapl XK pl Xcaksp  Xkksp P kbar T°C

8 10.33-0.50 0.018-0.09 0.01-0.04 0.75 2 800

9 0.31-0.46 0.022-0.09 0.01-0.04 0.73 2 800

10 | 0.30-0.43 0.025-0.13  0.01-0.04 0.71 2 800

ses 11| 0.38-0.46 0.025-0.10 0.01-0.049  0.67 1 800
12 1 0.24-0.33 0.06-0.12  0.02-0.057 0.56 1 890

13 | 0.72-0.76 0.0085-0.05 0.01-0.045 0.82 1 900

14 | 0.85-0.91 0.0027-0.05 0.01-0.041  0.89 1 890

15 ] 0.10-0.16 0.10-0.20 0.01-0.05 045 1 800
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se6 3. Alkali feldspar solvus: 2kb Orville, (1963), Luth & Tuttle (1966); 14 kb
sev  Goldsmith & Newton (1974)

XK,ab XK,ksp P kbar TOC

16 | 0.05-0.10 0.69-0.75 2 250
17 1 0.07-0.14 0.60-0.67 2 600
s 18 1 0.14-0.21 0.47-0.56 2 650
191 0.01-0.05 0.87-0.93 14 200
20 | 0.02-0.06 0.84-0.91 14 250
21 1 0.02-0.08 0.79-0.85 14 600

s 4. Plagioclase melting loop, Bowen (1913)

Xcar ~ Xcap P kbar T°C

221 0.04-0.07 0.27-0.34 0.001 1200
23 10.12-0.17 0.48-0.55 0.001 1300
sso 241 0.31-0.34 0.68-0.73  0.001 1400
251 0.62-0.72 0.84-0.93 0.001 1500
26 | 0.0-0.02 0.0-0.05 0.001 1118

271 0.94-1.00 0.98-1.00 0.001 1551
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ss1 5. Schliestedt & Johannes (1990) cation exchange

Xcap  Ca/(Ca+Na)g T7T°C Pkb
28 1 0.91-0.98 0.62 700 2
29 | 0.80-0.90 0.40 700 2
30 | 0.58-0.64 0.20 700 2
31| 0.91-0.98 0.62 600 2
- 32 | 0.72-0.82 0.30 600 2
33 | 0.47-0.55 0.15 600 2
34 | 0.32-0.40 0.10 600 5
35 | 0.56-0.64 0.20 600 5
36 | 0.78-0.85 0.38 600 5
553 Where pl and fl refer to plagioclase and fluid.
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