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ABSTRACT

The use of equilibrium phase diagrams such as pseudosections has become widespread in recent years, but few
studies tested the phase relations predicted by these models. This work aims at comparing predicted phase rela-
tions with mineral assemblages observed in experimental products and in natural samples, in this latter case
using as reference metamorphic conditions pressures and temperatures determined for metapelites metamor-
phosed under the same conditions as the mafic rocks. Pseudosections were calculated with THERMOCALC for
six mafic bulk-rock compositions, in the range 425-700 °C and 2-8 kbar. The resulting diagrams can be divided
into two groups: one in which a classic sequence of mineral assemblages occur and another where quartz is unsta-
ble and diopside is stable throughout. The results compare well to the independent data in three of the six studied
cases. The main inconsistencies found in the pseudosections are underestimation of the stability field of garnet and
overestimation of the stability fields of diopside and hornblende, which is at odds not only with data specific to the
rocks studied here, but with the literature on metamafic rocks in general. In the case of garnet, the most likely case
of discrepancy is the absence of Mn in the activity-composition models available. On the other hand, the issue with
diopside and hornblende is much harder to evaluate, as it may be related to any of the activity-composition
models, or to relationships between two or more of them. Nonetheless, we can affirm that the overestimation of

the diopside stability field is related to SiO, content, although there are other factors that influence it.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Mineral assemblage stability diagrams, widely known as
pseudosections, are phase diagrams calculated for a specific bulk-rock
composition, or range of compositions. In relation to P-T projections,
or petrogenetic grids, they have the advantage of only presenting equi-
libria relevant to this given composition or range of compositions,
which makes pseudosections much easier to read and interpret. The
use of this kind of diagram has become widespread in Metamorphic Pe-
trology since the 1990s (Connolly and Petrini, 2002; Lanari and
Duesterhoeft, 2019; Powell and Holland, 2008; Yakymchuk et al., 2017).

Despite the intense calculation of these diagrams, there are relatively
few papers that specifically aim at testing thermodynamic modelling re-
sults (e. g.Grant, 2009; Tibaldi et al., 2011; White et al., 2011, Forshaw
etal., 2019) although there are several papers that combine it with other
methods (e.g.Korhonen et al., 2014; Lanari et al., 2013; Tual et al., 2018).

In the present work, the approach is to compare modelled phase rela-
tionships with experimental results and assemblages observed in natural
rocks. In the latter case, we adopt as reference conditions the pressures
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and temperatures determined on metapelites that were metamorphosed
under the same conditions as the mafic rocks we studied. Comparison
with experiments has an evident value, as P and T are controlled. How-
ever, there may be problems, as experiments may not produce equilib-
rium assemblages, and analysis of the products can be problematic (see
White et al., 2011, for a specific discussion on this subject). The P-T esti-
mates we adopt as reference data for the natural rocks have, as any P-T es-
timates, limitations of their own, but we trust that, keeping these
limitations in mind, the comparison can be helpful to the community.
By comparing thermodynamic modelling results with data from other
rock types we are, in principle, testing the approach as whole, i.e. the soft-
ware, thermodynamic descriptions of phases and the activity-
composition models, since the results depend on it all. However, by
now the methods implemented in THERMOCALC (and in other software
such as Perple_X and Theriak-Domino) are, after decades of application,
well established (Connolly and Petrini, 2002; de Capitani and Brown,
1987; Powell et al., 1998, 2005; Powell and Holland, 2008) in a way
that, if there are problems, they are much more likely to stem from the
thermodynamic data. Of these, the activity-composition models are the
most poorly constrained, as their accuracy cannot be directly measured.
So, in a work such as the present one, we are evaluating the activity-
composition models and, to a lesser degree, the thermodynamic data.
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Table 1
Chemical composition of the studied samples. All values given in weight %. FeO values with
a“*” are total Fe.

Sample 1Z 006 RM 201 SM 495 RM 29e AL, 83 Sp, 81
Sio, 54.22 45.81 46.85 51.06 50.44 49.43
TiO, 0.85 223 1.40 297 1.79 1.62
Al,05 18.16 13.66 14.92 10.39 13.37 15.97
FeO 8.04* 12.82 12.07* 13.78 11.93* 9.43*
Fe,03 2.76 2.14

MnO 8.51 0.21 0.20 0.22 0.21 0.18
MgO 331 6.55 7.63 5.43 6.58 8.50
Ca0 0.70 10.26 11.55 8.69 10.95 10.73
Na,O 0.19 343 2,51 2.28 3.76 2.87
K0 8.51 0.62 0.21 0.42 0.19 0.18
P05 3.31 0.18 0.13 0.25 0.20 0.15
Total 97.81 98.53 97.47 97.63 99.42 99.06

2. Materials and methods
2.1. Sample choices
Six mafic compositions were selected for modelling (Table 1 and Fig.
1): two amphibolites from the Jusceldndia Sequence, Goias, Brazil,
(Moraes et al., 2003; Moraes and Fuck, 1999), one amphibolite from
20.00 q
18.00 -
16.00 - oo

14.00 A

12.00 A

ALO, (Wt %)

10.00 A

8.00 -

6.00 -

4.00 . ' r r .
45.00 47.00 49.00 51.00 53.00 55.00
SiO, (wt %)

20.00
18.00
16.00
__14.00

12.00 A

CaO (wt %

10.00 4

8.00

6.00 1

4.00 T r T T ]
45.00 47.00 49.00 51.00 53.00 55.00
SiO, (wt %)

A RM 29e

<1zooe [ Sp 8t [OJSM495 A ALS83

109

the Votuverava Group, Sdo Paulo, Brazil (Campanha et al., 2015;
Faleiros et al., 2011), one amphibolite from the Ivrea Zone, Northern
Italy (Kunz et al., 2014) and the compositions utilized in the experimen-
tal works of Spear (1981) and Apted and Liou (1983). The criteria for
selecting the samples were the possibility of performing the kind of
analysis we intended, what means availability of published bulk-rock
composition and experimental/thermobarometric data to which the
modelled phase equlibria could be compared. Additionally, we had ac-
cess to samples of two of the case studies (the samples from Votuverava
Group and Jusceldndia Sequence). In these cases thin sections were an-
alyzed with a petrographic microscope, while for the others the descrip-
tions were taken from the literature along with the compositions.

2.2. Thermodynamic modelling

P-T pseudosections covering the range 425-700 °C and 2-8 kbar
were calculated for all compositions using version 3.45 of
THERMOCALC (Powell and Holland, 1988), and dataset ds62 (Holland
and Powell, 2011, created February 6th, 2012). The activity-
composition models used (including phases that were available but did
not appear in the calculations) were as follows: amphibole, clinopyro-
xene and tonalitic melt from Green et al. (2016); garnet, orthopyroxene,
biotite, muscovite and chlorite from White et al. (2014a); olivine and
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Fig. 1. Bivariate plots comparing the chemical composition of the studied samples. Also plotted is the average basalt composition according to Le Maitre (1976).
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Table 2

The actual, mol % chemical compositions used in the calculations with THERMOCALC. In
the cases where FeO and Fe,03 have been reported separately, Fe was recalculated to be
all FeO, as THERMOCALC handles Xg3- by adding an O component (see Diener and Powell,
2010) whose assumed value for each sample is given in this table. The O entry for sample
AL 83 shows two values because two pseudosections (with different Xg.3 values) were
calculated.

Sample 1Z 006 RM 201 SM 495 RM 29e AL, 83 Sp, 81
Si0, 59.70 49.2 50.2 55.00 53.30 51.90
TiO, 0.70 1.80 1.10 2.40 1.40 130
Al,O3 11.80 8.60 9.40 6.60 8.30 9.90
FeO 7.40 13.70 10.80 14.20 10.50 8.30
MgO 6.00 10.50 12.20 8.70 10.40 13.30
Ca0o 10.00 11.70 13.20 9.90 12.20 12.00
Na,O 3.50 3.60 2.60 2.40 3.90 2.90
K,0 0.50 0.40 0.10 0.30 0.10 0.10
(0] 0.74 1.10 1.10 0.80 0.60/1.21* 0.50

epidote from Holland and Powell (2011); feldspars from Holland and
Powell (2003); spinel (which includes magnetite) from White et al.
(2002) and ilmenite and hematite from White et al. (2000). Quartz, al-
bite, sphene and rutile were considered as pure phases.

Green et al. (2016) present two clinopyroxene activity-composition
models: the “omphacite model”, that takes into account order-disorder
in M1 and M2 sites, thus allowing high pressure omphacite and jadeite
compositions to be calculated, including coexistence between a phase
rich in these end-members and diopside; and the “augite model”, that
does not consider order-disorder in M1 and M2 sites but allows Al
into T site and Fe?* and Mg into M2 site, thus allowing high tempera-
ture augite and pigeonite compositions to be calculated. At the P-T
range covered here, the two models produce similar results (Green
et al., 2016), what is confirmed by tests performed in this work (not
shown). Since for some compositions modelled here omphacite is calcu-
lated to be stable at parts of the covered P-T spectrum (see below), the
“omphacite model” was used in all calculations.

2.3. Bulk-rock compositions

The bulk-rock compositions taken from literature were converted to
oxide mol% in order to be used with THERMOCALC (Table 2). The chem-
ical model system used is NCKFMASHTO, with Mn being ignored. All
P,0s5 was considered to be stored on apatite, and the equivalent amount
of CaO was removed from each composition. This assumption seems
reasonable, as apatite was present in the three samples that could be an-
alyzed petrographically, and no other phosphate was detected. Simi-
larly, Kunz et al. (2014) cite apatite as one of the accessories present
in the group of samples IZ 006 belongs to, and does not mention any
other phosphate. No apatite is mentioned in the run products of Spear
(1981) and Apted and Liou (1983), but neither are other phosphates,
S0, given its common occurrence in mafic rocks of these metamorphic
conditions, apatite is assumed to be the P,Os-bearing phase.

Fluid is considered to be in excess in all calculations, and the fluid is
considered to be pure H,O0. Since this will generally lead to unrealistic
melt proportions (e.g. Droop and Brodie, 2012; Weinberg and Hasalova,
2015), no melt bearing equilibria were calculated, except for the solidus
curve.

Regarding the Fe**/(Fe>*+Fe?™) ratio, therefore denoted as Xre3 .,
the compositions used in experiments and the compositions intended
to be compared to natural samples represent different situations: exper-
iments, as discussed by Diener and Powell (2010), are carried out under
controlled fo,, while in nature this is unlikely. Following the cited au-
thors, in the case of pseudosections intended to be compared to exper-
imental work, the chemical potential of oxygen, Lo, was calculated
simultaneously with the phase diagram results, via calcmuo script,
and the values obtained were compared to the P-T-Lip diagrams for buff-
ering assemblages presented by Diener and Powell (2010), in order to
define the Xpg.3, value that should be used. Obviously, since the

calculated o varies along the covered P-T range, this is not an exact ap-
proach, but it remains a reasonable approximation.

On the other hand, the compositions intended to be compared to
data from natural rocks pose the same challenge faced by regular stud-
ies using pseudosections, since reliable X3~ data is much harder to ob-
tain than regular bulk-rock an mineral chemistry data (Diener and
Powell, 2010; White et al., 2000). For two of the compositions used
only total Fe was reported. In these cases Xg.3 was set to 0.2, close to
the mean value given for MORBs by Lecuyer and Ricard (1999), and, ad-
ditionally, the effects of varying the ratio were investigated using P-Xg.3
+ pseudosections covering values of Xr.3.~ between 0.0 and 0.3. For the
other two samples bulk-rock Fe,0; contents were reported. As
discussed by Diener and Powell (2010) bulk-rock analysis are likely to
overestimate (to some unknown extent) the Fe>* content, due to
weathering and to oxidation during sample preparation. As these anal-
ysis returned X3, values already below those used for the other two
samples, the values were only rounded down to 0.12 and 0.16.

3. General features of pseudosections for mafic compositions

The calculated pseudosections can be divided in two groups: the first
includes samples IZ 006, RM 29e and the sample used in the experimen-
tal work of Spear (1981), which will therefore be referred to as “Sp 81”
(Figs. 2a-b, 3a). Diagrams calculated for this group display sequences of
mineral assemblages compatible with the classic metamorphic facies
(Apted and Liou, 1983; Bucher and Grapes, 2011; Laird, 1980). They re-
semble the pseudosections presented by Diener et al. (2007), Diener
and Powell (2012) and Green et al. (2016): greenschist facies conditions
are characterized by the mineral assemblage actinolite + epidote +
chlorite + albite 4+ sphene + quartz + biotite and, as temperature
rises, actinolite, chlorite, albite and epidote are consumed, while horn-
blende and plagioclase become stable, followed by diopside at middle
amphibolite facies (Figs. 2a-b, 3a). Under low pressure conditions pla-
gioclase can be predicted to be stable at lower temperatures than horn-
blende, and chlorite and actinolite persist to temperatures higher than
those reached by epidote, while at higher pressure the reverse occurs.
Albite is predicted to be consumed shortly after plagioclase appearance,
except for sample Sp 81 at low pressures, where epidote is removed and
albite is calculated to persist for some tens of °C after plagioclase appear-
ance. Low pressure and high temperature conditions favor ilmenite over
sphene. Quartz is present throughout, except for temperatures higher
than 590 °C and pressures lower than 3 kbar in sample Sp 81 (Fig. 2b).
Garnet only appears at P> 11 kbar (see below) and glaucophane ap-
pears at low temperature, and pressure higher than 7 kbar in the
pseudosection calculated for sample RM29e (Fig. 3a).

The second group includes the remaining samples: The composition
used in the experimental work of Apted and Liou (1983), which will
therefore be referred to as “AL 83” and samples RM 201 and SM495.
The main differences between this group and the previous one are the
predicted stability fields of diopside and quartz, with the first being
present and the second being absent from greenschist facies conditions
through most of the covered P-T spectrum (Figs. 3b, 4a-b). Other differ-
ences include hornblende being stable at lower temperatures than in
the first group, and that the onset of blueschist facies mineral assem-
blages is marked by the appearance of omphacite, rather than
glaucophane. The behavior of other minerals, such as actinolite, chlorite
and epidote, is similar to what is observed for bulk compositions of the
first group.

Quartz and diopside behave very similarly in the pseudosections cal-
culated for these samples: diopside can be modally important in
greenschist facies (up to 20%), then quickly decreases after hornblende
appearance (its proportion actually goes to zero for two compositions)
and then increases gradually with T increase, with a quick increase
after ilmenite starts to replace sphene as the Ti-bearing phase. Quartz
appears at 450-500 °C and is usually not stable below 3-4 kbar. In a
T-x pseudosection between compositions of samples belonging to
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Fig. 2. (a) P-T pseudosection calculated for sample IZ 006. The blue field represents the P-T field delimited by Redler et al. (2012) for a metapelite associated to the rock studied here. The
dashed borders sign that this field extends to temperatures lower than the low T limit of Redler et al.'s (2012) pseudosection and higher than the high-T limit of the pseudosection
calculated here. All mineral abbreviations follow Holland and Powell (2011) (b) P-T pseudosection calculated for sample Sp 81. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 3. P-T pseudosections calculated for samples RM 29e (a) and SM 495 (b).

each group (Fig. 5) it can be shown that the two characteristics (absence fields. Furthermore a pattern such what is predicted for SM 495,
of quartz and presence of diopside) are linked: along the compositional where diopside runs out after hornblende appearance and returns to
traverse, diopside appears shortly after quartz runs out. In fact it can be the assemblage at temperatures 80-100 °C higher, is reproduced by a
noted in the P-T pseudosections that compositions that display the composition in the middle of the Sp 81-AL83 traverse, like x = 0.7, for
highest diopside modes are the ones with the smaller quartz stability example.
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Fig. 5. T-x pseudosection calculated between the compositions of the samples Sp 81 and AL 83, showing the transition between “normal” mineral assemblages and diopside-bearing

assemblages. P = 5.0 kbar.

4. Comparison between modelled and observed mineral assemblages
4.1. Sample 1Z 006

This sample is an amphibolite from the Ivrea Zone (northern Italy),
whose description and composition were taken from Kunz et al.
(2014). There are numerous works on all aspects of the geology of this
region (e.g. Schmid et al., 1987; Henk et al., 1997; Handy et al., 1999;
Luvizotto and Zack, 2009; Sinigoi et al., 2011; Redler et al., 2012,
among many others). As reference conditions we adopt the results ob-
tained by Redler et al. (2012), who studied a metapelite (sample 1Z
010) from the same unit as sample 1Z 006, and geographically close to
it, as seen in the maps presented by the two works (Fig. 5 from Redler
et al., 2012 and Fig. 2 from Kunz et al., 2014). Redler et al. (2012) calcu-
lated pseudosections and refined the P-T results using the mineral
modes. Specifically for sample 1Z 010, they obtained a field extending
from <650 °C to = 710 °C and from =~ 3.4 to = 8 kbar (Fig. 2a, see
also their Fig. 10).

1Z 006 is a weakly foliated amphibolite composed of hornblende,
plagioclase, quartz, biotite and ilmenite. In the pseudosection, this as-
semblage is predicted to be stable at a rather large field, which stretches
from 590 °C to >700 °C, and from <2 kbar to just over 4.5 kbar (Fig. 2a).
The temperatures calculated for the metapelites and the metamafic
rocks are in good agreement, but the pressures inferred by modelling
the mafic composition are lower, so that the stability fields actually su-
perimpose only in a tiny area of the diagram at approximately 650 °C
and 4.7 kbar.

Fig. 6 is a P-Xg.3.~ pseudosection calculated at 655 °C and between
Xre3+~ = 0.0 and Xge3. = 0.3. It shows that, reducing Xr.3 . has the gen-
eral effect of shifting phase boundaries up pressure. The P range of the
metapelite stability field, for T = 655 °C, is superimposed on the
pseudosection, and it can be seen that for slightly lower Xp.3 values,
there is good agreement between the conditions inferred by modelling
the mafic composition and the reference conditions.

4.2. Sample Sp 81

The sample used by Spear (1981) is as olivine tholeiite dragged
from the Juan de Fuca ridge. It is composed of olivine phenocrysts
in a groundmass of plagioclase, clinopyroxene and ilmenite. The ex-
periments were performed in the range 500-900 °C and 1-5 kbar.
The pseudosection was made to be comparable to the experiments
with oxygen fugacity controlled by the quartz-fayalite-magnetite
(QFM) buffer.

Nine runs overlap the conditions for which the pseudosection was
calculated (Table S1). One characteristic of the pseudosection is that
quartz and biotite are present in most fields (Fig. 2b), while neither bi-
otite nor quartz were identified in the experimental runs. If these two
phases are ignored, there is a good agreement between the experiments
and the pseudosection, with only the lowest temperature run, at 498 °C,
5 kbar, presenting a mineral assemblage (hornblende + epidote + al-
bite + sphene + quartz + biotite) different from the calculated one
(hornblende + plagioclase + ilmenite 4 sphene).

4.3. Sample RM 29e

Sample RM 29e is an amphibolite from the Juscelandia Sequence, in
the central part of the Brasilia Orogen (central Brazil). Works on the ge-
ology of this region and specifically on the Jusceléndia Sequence include
Moraes and Fuck (1999), Dardenne (2000), Moraes et al. (2003),
Valeriano et al. (2004) and Pimentel (2016). A thin section of this sam-
ple was described for this work, while the bulk composition was taken
from Moraes et al. (2003). The reference conditions adopted are the
pressure and temperature determined by Moraes and Fuck (1999).
They used multi-equilibrium thermobarometry with THERMOCALC on
a metapelite from the same unit as RM 29e, composed of garnet, stauro-
lite, sillimanite, biotite, quartz, muscovite and plagioclase; and obtained
600 °C and 5.5 kbar.
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Sample RM 29e is a fine-grained amphibolite with nematoblastic
texture, which presents the assemblage hornblende + plagioclase + il-
menite + garnet + quartz + carbonate. No carbonate-bearing equilib-
ria was calculated, but carbonate is a minor phase (< 1%), and it was
simply disregarded. At the reference conditions, the mineral assem-
blage, according to the pseudosection, would be hornblende + plagio-
clase + sphene + ilmenite + quartz + biotite (Fig. 3a). Even ignoring
biotite, the observed mineral assemblage does not agree with what is
calculated in the pseudosection. One of the mismatches is the absence
of garnet in the calculated assemblage, so the pseudosection for this
sample was calculated for a larger P range, up to 12 kbar. With this
range, garnet does appear, but just at P > 11 kbar, associated with
sphene and diopside. The other main difference is that, in the assumed
conditions, sphene is calculated to be stable alongside ilmenite. Its sta-
bility field is calculated to extend up to 650 °C, in a way that it runs
out only after diopside enters the assemblage. In short, the observed as-
semblage is not predicted to be stable anywhere in the covered P-T
spectrum.

4.4. Sample SM 495

Sample SM 495 comes from the Votuverava Group, part of the south-
ern Ribeira Fold Belt (southeastern Brazil). For information on regional
geology, the reader is referred to Heilbron et al. (2004), Campanha
et al. (2015), Faleiros et al. (2007, 2010, 2011) and references therein.
A thin section of this sample was described for this work, while the com-
position was taken from Faleiros et al. (2011). The reference conditions
adopted are the pressure and temperature determined by Yogi (2016)
for a metapelite from the same unit as the mafic rock studied here.
Yogi (2016) combined pseudosections calculated with Perple_X,
multi-equilibrium calculations with THERMOCALC and the GASP
barometer (Hodges & Crowley, 1985) to determine the conditions

of formation of her sample as 620-650 °C and 6.0-7.0 kbar (see Fig.
7a). The bulk composition of the rock modelled by Yogi is given in
table S2.

Sample SM 495 is medium-grained nematoblastic amphibolite
composed mainly of prismatic to acicular hornblende and polygonal
plagioclase, with sphene and epidote as accessories. At the reference
conditions, the predicted mineral assemblage is hornblende + plagio-
clase + diopside + sphene + quartz (Figs. 3b, 7a). The observed min-
eral assemblage is different from the one predicted to be stable at the
reference conditions, but, in this case, if quartz is ignored, the observed
assemblage is predicted to be stable within the covered range, as a
rather small field stretching from ~ 490 to =~ 515 °C and from ~ 3 to
=~ 4.8 kbar. In Fig. 7a, the results of Yogi (2016) are superimposed on
the pseudosection, and two stability fields are highlighted: the field of
the assemblage described above and the field of the epidote-absent as-
semblage, hornblende + plagioclase + sphene + quartz (considered
because of epidote low mode in the sample), which is larger, going
from ~500 to 675 °C, and from 2.2 to 4.0 kbar, at its largest P span, at
~600 °C. In this latter, rather loose approximation, the temperature
that would be inferred from the pseudosection agrees with the estimate
made from the metapelite, while the pressure does not. The difference,
in this case, would be that the modelling predicts the presence of diop-
side in the amphibolite. Diopside mode is predicted to increase with
pressure increase, being over 6% at 7 kbar.

Since Fe> " content is not constrained in this example, we calculated
a P-Xpe3 .+ pseudosection (Fig. 7b) between Xg.3 . values of 0.0 and 0.3, at
T =640 °C, i.e. in the middle of the Tinterval defined by Yogi (2016). As
in the previous examples in this work (Fig. 6) and in the literature (e.g.
Diener and Powell, 2010), reducing Xr.3+ has the general effect of
shifting phase boundaries up pressure. Although the observed assem-
blage is still not calculated to be stable at the same conditions estimated
using the metapelites (6.1-7 kbar), at Xg.3. = 0.09 the differences are
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negligible, since quartz is absent and calculated diopside mode is
about 2%.

4.5. Sample AL 83

The sample used in the experiments by Apted and Liou (1983)
was a basaltic glass from the Juan de Fuca Ridge. The experiments
were carried out in the range 400-700 °C, 5-7 kbar, thus mostly
overlapping the P-T range considered in this work (table S3). Two
pseudosections were calculated, one whose Xp.3» makes it compara-
ble to the experiments with oxygen fugacity controlled by the
quartz-fayalite-magnetite (QFM) buffer (Fig. 4a) and a second one,
comparable to the experiments with oxygen fugacity controlled by
the nickel-nickel oxide (NNO) buffer (Fig. 8). Despite the fact that
Apted and Liou (1983) briefly discuss the phase relations between
the Ti-bearing phases, sphene and ilmenite, they are not explicitly
accounted for as run products in their run table (their table 7, page
336), so the presence or absence of ilmenite and sphene will not be
discussed here.

In general terms, the pseudosections for AL 83 predict typical am-
phibolite facies minerals, such as hornblende, plagioclase and diop-
side, to be stable at lower temperatures than those indicated by the
experimental data (Figs. 4a, 8), while experimental data indicate
typical greenschist facies minerals, specially epidote and albite, to
be stable at higher temperatures than those predicted in the
pseudosections. Both pseudosections show diopside to be stable
throughout the covered P-T range (Figs. 4a, 8), while none of
the runs produced it, regardless of the fo, buffer utilized. For the
pressures at which the experiments were carried out both
pseudosections predict hornblende to be stable at temperatures as
low as 460 °C, while in the experiments the lowest temperatures at
which hornblende was produced were 600 °C (7 kbar/QFM), 575 °C
(7 kbar/NNO) and 525 °C (5 kbar/NNO); plagioclase is predicted in

Pressure (kbar)
[4)]

425 450 475 500 525 550 575

the pseudosections to be stable at temperatures higher than 530-
560 °C, while in the experiments it was produced only in the highest
temperature runs, at 7 kbar/700 °C (QFM) and 7 kbar/700 °C and
5 kbar/650 °C (NNO). The runs at 675 °C (7 kbar/QFM), 700 °C (7
kbar/QFM) and 700 °C (5 kbar/NNO) fall in the suprasolidus field of
the corresponding pseudosections, but no melt was detected in the
experiments.

Epidote was produced in all but one of the considered runs, at 650 °C
(5 kbar/NNO), while the pseudosections predict it to be stable up to
525 °C (7 kbar/ “QFM” pseudosection), 560 °C (7 kbar/ “NNO” pseu-
dosection) and 530 °C (5 kbar/ “NNO” pseudosection). Albite, in turn,
was obtained in the experiments at temperatures 70-100 °C higher
than the stability fields predicted in the pseudosections.

4.6. Sample RM 201

Like sample RM 29e, sample RM 201 comes from the Juscelandia
Sequence (see above for more information) and the reference condi-
tions are the same as the ones adopted for RM 29e (600 °C; 5.5 kbar).
Sample RM 201 is a medium-grained amphibolite that presents the
mineral assemblage hornblende + plagioclase + sphene + ilmenite.
At the reference conditions, the stable mineral assemblage according
to the pseudosection would be hornblende + plagioclase + diopside
+ albite + sphene + biotite (Fig. 4b). Ignoring, quartz and biotite,
the main mismatch between the observed mineral assemblage and
the calculated pseudosection is the presence of diopside. In fact, as
stressed before, diopside is calculated to be stable along all the cov-
ered P-T range, so that the observed mineral assemblage is not
calculated to be stable anywhere in the pseudosection. Other dis-
crepancies include the absence of ilmenite and presence of sphene
in the calculated assemblage at the P-T conditions calculated by
Moraes and Fuck (1999).
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Fig. 8. P-T pseudosections calculated for sample AL 83, with Xg.3 - = 0.22, value chosen to make the pseudosection comparable to the experiments whose oxygen fugacity was controlled

by the NNO buffer.
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5. Discussion
5.1. Garnet stability

In the discussion of the results for sample RM 29e, it was shown that
there is a difference of 5.5 kbar between the reference pressure and the
lowest pressure at which garnet is predicted to be formed at the
pseudosection. Of course, there are uncertainties in the data we used
for comparison (see below, also Introduction), but this is a large differ-
ence, and, in calculations using this set of activity composition models
it is common for garnet to be predicted in this range of pressures, as ex-
emplified by the absence of garnet in all the other pseudosections calcu-
lated in this work (see also Green et al., 2016). This is in contradiction
not only with the data presented here, but also with other occurrences
(e.g. Laird, 1980). The most likely cause to this difference is the absence
of Mn in the activity-composition models, since Mn is usually strongly
partitioned into garnet (Deer et al., 1982). Several studies show, for
metapelitic systems, that the inclusion of Mn expands the predicted sta-
bility field of garnet to lower temperature and pressure (Droop and
Harte, 1995; Mahar et al., 1997; Spear and Cheney, 1989; Symmes &
Ferry, 1992). It is noteworthy, however, that there are no studies that
evaluate this effect in mafic compositions.

In an attempt to evaluate the influence of other compositional fac-
tors, we calculated a pseudosection where the composition of RM 29e
(the one garnet-bearing sample) is enriched in Al,03 and total iron.
The reasoning was to push Al,03 to the values observed in high-
alumina basalts (e.g. Crawford et al., 1987) and total iron to values ob-
served in tholeiitic ferro-basalts (e.g. Brooks et al., 1991; Toplis and
Carrol, 1996) with the constraint of silica not being lowered below
45% (the lower limit of basic rocks in the diagram of Le Maitre et al.,
1989). The final composition used is given in table S4. This diagram
(Fig. 9) shows that, although predicted garnet stability is expanded
down pressure along such a compositional vector, garnet is still not cal-
culated to be stable at the reference pressure for this sample and, with
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effect, it is predicted to be stable alongside plagioclase (thus forming a
garnet amphibolite) only in the extreme of the diagram, with both
Al,05 and FeO (total) above 18 wt%. Thus, this diagram support our
point on the influence of MnO.

Though almandine is usually the dominant end-member in garnet
from metamafic rocks, grossular and pyrope are important as well
(Deer et al., 1982). It means that the presence or absence of garnet af-
fects the stability and mode of all main constituents of metamafic
rocks in these pseudosections, because if its components are not being
“used” to form garnet, they will be available to stabilize other phases,
like diopside and epidote (e.g. Forshaw et al., 2019). White et al.
(2014b), working with thermodynamic modelling of metapelitic sys-
tems, pointed out that, with exception for the addition of garnet, there
is little difference between the mineral assemblages calculated to be sta-
ble in Mn-bearing and Mn-free systems. An equivalent study about the
influence of Mn on mafic systems is still to be undertaken, though.

5.2. Clinopyroxene and hornblende stability

In four of the pseudosections calculated here diopside is stable at
greenschist facies conditions, and, in fact, in two of them it is stable all
along the covered P-T range. These features occur along with overesti-
mation stability field of hornblende and with predicted omphacite sta-
bility at pressures as low as =~ 6 kbar, at T = 425-450 °C. Diopside
mode contours show that calculated diopside amounts are significant
(up to 20%) and the highest modes occur at the lowest temperatures
considered. Diopside and hornblende stability under such low temper-
atures is in disagreement not only with experimental and thermobaro-
metric calculations specific to the studied samples, but also with
mineral assemblages observed in mafic rocks in general (e.g. Apted
and Liou, 1983; Bevins and Robinson, 1993; Cooper and Lovering,
1970; Laird, 1980; Spear, 1981, 1982; Wiseman, 1934) and, although
not investigated in detail here, omphacite predicted stability in this
rocks seems to be overestimated as well (Ernst, 1973, Brothers and
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decreasing from left to right.

Yokoyama, 1982; Evans, 1990<!——>; Bucher and Grapes, 2011. The
comparison with the other investigated ). Bulk-rock compositions
(Fig. 1) indicate that these features are mainly related to SiO, content:
Figs. 10 and 11 show T-SiO, content pseudosections calculated for the

compositions of samples 1Z 006, Sp 81, RM 29e and RM 201. In the
first three cases SiO, content was decreased to 45% (the limit between
basic and ultrabasic rocks in the diagram of Le Maitre et al., 1989)
while in the last one (in which greenschist facies diopside was originally
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predicted) SiO, content was raised to the arbitrary value of 52%. In the actinolite 4 epidote + chlorite + albite + sphene + quartz, just as is
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case of RM 201 (Fig. 11b), at SiO, contents above ~ 50% quartz is pre- the case for samples IZ 006, Sp 01 and RM 29e.

dicted to be stable, and low-grade diopside- and hornblende-bearing

The other three pseudosections show somewhat different stories: in
assemblages are not, as the full predicted assemblage becomes all three, the predicted stability field of hornblende is enlarged after
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quartz becomes unstable, but only in the case of IZ 006 low temperature
diopside is also predicted to be stable, and even so, only at a limited SiO,
range (~47-48 wt%). So, although these issues are certainly related to
SiO, content, there are other factors at play. In fact, in the case of RM
201, despite the fact that raising SiO, raises the temperature at which
diopside is predicted to be stable, this rise (to 492 °C, at 6 kbar) is too
small.

Diopside stability at low temperatures is not a problem per se, as
it is recorded, for example, in metaultramafic rocks (Evans, 1977;
Trommsdorff and Evans, 1972) which are poorer in SiO, than metamafic
rocks. However, in the case of mafic rocks, diopside stability in such low
temperatures is clearly wrong. The cause of this behavior in the activity-
composition models is hard to unravel. The activity-composition
models used here (Green et al., 2016; White et al., 2014a; see also
Powell et al., 2014) were designed to work as set, meaning that a dis-
crepancy in some calculation can be related to any of the models, or to
the relationships between two or more of them. Forshaw et al. (2019),
working with upper amphibolite- and granulite-facies mafic rocks,
found discrepancies between observed clinopyroxene and hornblende
compositions and compositions calculated using THERMOCALC and
the same activity-composition models used here. They point out several
causes for these mismatches, including incorrect partitioning of Fe?™
and Mg between clinopyroxene and amphibole and a “direct”
overstabilization of Al-rich hornblende (i.e. a problem in the amphibole
activity-composition model). It is possible that the issues pointed out by
Forshaw et al. (2019) and the ones pointed out here are related, but our
data do not allow this possibility to be evaluated.

5.3. Other discrepancies

Besides the problems discussed above, there are other, minor dis-
crepancies that have been found. One such discrepancy is the presence
of biotite: it was detected only in IZ 006, but is predicted to be stable at
the reference conditions in all but one natural sample (SM 495) and in
most relevant experimental conditions. In the case of the experiments,
it may have been overlooked, or may not have nucleated, as predicted
modes are always very low, below 1%. In the case of natural samples
RM 201 and RM 29e the situation is different, as predicted biotite
modes, at the reference conditions, are between 3 and 5%. The composi-
tions studied here are K;O-poor (as are mafic rocks in general) and, at
greenschist and amphibolite conditions biotite is typically the one
phase that has K,0 as an essential component. So, biotite stability will
depend on the relationship between bulk K,0 content and how much
K0 is taken by other phases, what, in this case, means mainly horn-
blende and plagioclase. As both examples have issues related to major
phases (diopside in the case of RM 201, garnet in the case of RM 29e)
that certainly have an effect, at the very least, on predicted modes of pla-
gioclase and hornblende, it is likely that predicted biotite stability is
linked to the same issues pointed before. This cannot be affirmed with
certainty, though.

Another discrepancy refers to predicted quartz stability in samples
SM 495, AL 83 and Sp 81, where it was not observed. In the case of SM
495, its mode is low, and, as discussed above, with slightly lower Xges3
it is not predicted to be stable, while, in the case of AL 83 quartz pre-
dicted stability is linked to other issues discussed previously. As for Sp
81, predicted quartz mode is below 1% in the 3 kbar experiments, but
may be as high as 5% in the conditions of the 5 kbar experiments.
Given the simple nature of the predicted and observed assemblages
(see table S3), the predicted stability of quartz have to be linked to pre-
dicted compositions of either plagioclase or hornblende or both being
too SiO,-poor. This cannot be verified, though, as the compositions of
the products of these runs are not explicitly accounted in Spear
(1981) (see their table 3, page 702).

Finally, three experimental runs from Apted and Liou (1983) fall in
the suprasolidus field of the corresponding pseudosections. The position

of the solidus curve was one of the main points of the study by Green
etal. (2016), so it seems likely that the models are correct in this regard.

6. Conclusions

The activity-composition models developed by Green et al. (2016),
based on previous work by Diener et al. (2007) and Green et al.
(2007), have been successful in describing the metamorphism of rocks
of broad mafic composition, as can be seen in several works (Palin and
White, 2016; Schorn, 2018; Tang et al.,, 2017; White et al., 2017). Specif-
ically in this work, predictions based on pseudosections for mafic rocks
agree (mostly) with the data used for comparison in three out of the six
studied examples. In the cases where there are mismatches, part of
them are minor, sample-specific differences, that can, actually, be indic-
ative of problems in the data used for comparison as much as problems
in the activity-composition models used for construction of the
pseudosections. However, most of the mismatches verified here are re-
lated to issues where the activity-composition models are clearly at
fault, namely the stability fields of garnet and diopside and hornblende.
While the absence of manganese in the activity-composition models is
easily identified as a very likely cause of the problem of the garnet sta-
bility field, the overestimation of the stability fields of diopside and
hornblende is a quite different and more complex problem, for which
we do not have an answer. Nonetheless, the data shows that this behav-
ior is linked to SiO, content, and also that there are other factors at play.
It should be stressed that this kind of problem cannot, in principle, be
worked around simply by ignoring the phases at issue, because compo-
nents either being (or not being) “used” in these phases will either be
unavailable or be available “in excess” to other phases, thus affecting
their mode, composition and stability fields. Researchers should be
aware of these issues when modelling SiO,-poor and garnet-bearing
low- to medium-grade metamafic rocks.

Despite, the enormous advances made in metamorphic petrology in
the recent years, P-T estimates must always be seen critically, and the
methods used for thermobarometric estimates should be thoroughly
tested.
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