ISSN 0869-5911, Petrology, 2022, Vol. 30, Suppl. 1, pp. S53—S71. © Pleiades Publishing, Ltd., 2022.
Russian Text © The Author(s), 2023, published in Petrologiya, 2023, Vol. 31, No. 1, pp. 29—48.

Staurolite in Metabasites: P—7—X Parameters and the Ratios
of Major Components as Criteria of Staurolite Stability

E. B. Borisova®* *, Sh. K. Baltybaev~?% **_ and J. A. D. Connolly*

¢ Institute of Precambrian Geology and Geochronology, Russian Academy of Sciences, St. Petersburg, 190034 Russia
b St. Petersburg State University, St. Petersburg, 190034 Russia
¢ Earth Sciences Department, ETH, Zurich, Switzerland
*e-mail: jenyaborisova9§@gmail.com
**e-mail: shauket@mail.ru
Received March 18, 2022; revised May 12, 2022; accepted May 18, 2022

Abstract—Fe—Mg staurolite is a typical and widespread mineral of medium-temperature high-alumina
metapelites, whereas magnesian staurolite is only relatively rarely found in metamorphosed mafic rocks
(metabasites). The most significant factors controlling staurolite stability in metabasites were identified by
thermodynamic modeling and analysis of the common features of the mineral-forming processes. In contrast
to staurolite in low- and medium-pressure metapelites, staurolite in metabasites is stable at medium- and
high-pressure metamorphism. An increase in the proportion of carbon dioxide in the water—carbon dioxide
fluid shifts the staurolite-forming mineral reactions to lower temperatures and higher pressures. Al, Fe, Mg,
and Ca are the major components of rocks that are critically important for the formation of magnesian stau-
rolite in these rocks, and the contents and ratios of these components are of crucial importance for the sta-
bility of staurolite in metabasites. To understand the processes forming the mineral in metabasites, it is instru-
mental to subdivide metabasites into subgroups of predominantly magnesian, ferruginous—magnesian, and
ferruginous protoliths. With regard to this subdivision, three petrochemical modules are proposed in the form
of ratios of major components: MgO/CaO, CaO/FM, and Al,0;/FM, based on which it is possible to predict
the stability of staurolite in mafic rocks at appropriate P—7 parameters of metamorphism.
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INTRODUCTION

The application of the petrochemical moduli
Al,0,/Si0,, CaO/FM!, K,O0/FM, and Na,O/FM
makes it possible to predict the stability Fe—Mg stau-

rolite in metapelites within given temperature and
pressure ranges (Borisova and Baltybaev, 2021).

Ferro-magnesian staurolite is a widespread and
typical mineral of medium-temperature aluminous
metapelites, and magnesian staurolite is occasionally
found in metamorphosed mafic rocks (metabasites)
(Rios et al., 2014 and references therein). Amphibo-
lite-facies metabasites consist mostly of hornblende,
plagioclase, and *quartz and sometimes also contain
chlorite, garnet, and epidote-group minerals, which
are found more often than staurolite. Iron-rich
amphibolites are commonly dominated by mineral
assemblages of staurolite with garnet, whereas their
more magnesian analogues contain chlorite and cord-
ierite. Staurolite is sometimes found as an accessory

"'FM = FeO, + MgO.

mineral, together with kyanite, in corundum amphib-
olites.

Inasmuch as petrochemical moduli have been
proved to be a promising and efficient tool in predict-
ing staurolite mineral assemblages in metapelites of
certain temperature and pressure ranges, it was natural
to try to apply such moduli for predicting the stability
of staurolite in mafic rocks. Below we use thermody-
namic simulations to analyze the possibility of the sta-
ble crystallization of staurolite in metabasites at varia-
tions in the composition of the metamorphic fluid and
concentrations of major components in the protoliths.
Analysis of the P—T—X (pressure—temperature—com-
position) parameters of staurolite-forming processes
led us to identify ratios of major oxides (petrochemical
moduli) necessary for the stability of dominantly mag-
nesian staurolite in metabasites.

Analysis of literature data allowed us to distinguish
some factors necessary for stable staurolite crystalliza-
tion in metabasites.
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Staurolite can be formed as a primary mineral in
aluminous metabasites of the amphibolite metamor-
phic facies. It is believed that staurolite and kyanite (or
sillimanite) can be formed in equilibrium with horn-
blende only at a certain bulk-rock composition (Spear,
1982; Purtscheller and Mogessie, 1984; Selverstone
et al., 1984; Ward, 1984; Grew and Standiford, 1985)
or at certain P—T parameters (Selverstone et al., 1984;
Helms et al., 1987). Staurolite can be formed as a sec-
ondary mineral in high-pressure mineral assemblages
of metabasites and replace chloritoid, corundum,
and/or the garnet—kyanite assemblage. The mineral is
also found as small inclusions in garnet (e.g., Enami
and Zang, 1988).

Staurolite-bearing amphibolites can be formed via
metasomatic exchange at contacts between pelite and
calc-silicate rocks (Thompson, 1975; Lépez and Soto,
1991; Rios et al., 2008; Rios and Castellanos, 2014).
Staurolite metabasites can also be genetically related
to aluminous and silicic rocks, as follows from the
occurrence of mineral assemblages with kyanite, stau-
rolite, and hornblende with identifiable clay or Ca-
rich metamorphosed sediments (Spear, 1982; Selver-
stone et al., 1984; Ward, 1984; Humphreys, 1993;
Kuhns et al., 1994).

Bearing in mind that the stable crystallization of
staurolite may be controlled by numerous factors, we
aimed at (i) identifying the most important major
components of rocks that can control the stability of
magnesian staurolite and (ii) at the more accurate
evaluating of the P—7T—X crystallization parameters of
the mineral in mafic metamorphic rocks. We have
conducted thermodynamic simulations and derived
petrochemical moduli required for the stability of
staurolite, using samples of naturally occurring rocks
that are comprehensively described in the literature.

FACTUAL MATERIALS AND METHODS

The main method we applied to analyze the min-
eral assemblages of staurolite was numerical simula-
tions of the mineral-forming processes by means of
minimizing the Gibbs free energy with the PERPLEX
v. 6.91 software (Connolly, 1990, with updates at 2021,
www.perplex.ethz.ch). The simulations were carried
out using the hp62ver.dat (Holland and Powell, 2011)
thermodynamic database for minerals and solid solu-
tions, which includes actual thermodynamic parame-
ters for plagioclase, amphiboles, biotite, garnet, spi-
nel, olivine, orthopyroxene, omphacite, talc, chlo-
rites, white micas, chloritoid, staurolite, cordierite,
and ilmenite in the system MnNCKFMASH (MnO—
Na,0—Ca0O—-K,0—-FeO—Mg0O—-Al,0,—Si0,—H,0—
CO,).

To constrain the ranges of metabasite compositions
potentially suitable for staurolite stability in them, we
used amphibolites (six samples) in which staurolite
has been unambiguously identified (Purttscheller and
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Mogessie, 1984; Enami and Zang, 1988; Gil Ibarguchi
et al., 1991; Tsujimori and Liou, 2004; Faryad and
Hoinkes, 2006) and approximately 150 additional
analyses to expand the ranges of the real amphibolite
compositions (Fig. 1). These additional compositions
allowed us to more accurately determine the threshold
values of concentrations of various major components
that are critical for staurolite stability in the tested
rocks. The applicability and validity of this approach
has been tested in (Borisova and Baltybaev, 2021).

Although staurolite in metabasites was docu-
mented in numerous publications, we have con-
strained our choice of rocks to correspond as closely as
possible to the term metabasite as a rock with SiO, <
52wt % and CaO > 5 wt %. These compositions are
referred to as basic below.

To identify the compositions of the protoliths of the
metabasites in which staurolite can be formed, the
chosen basic compositions were modified by sequen-
tially increasing or decreasing their major oxide by as
much as 20 wt % from the original (unmodified) com-
positions of these rocks. For all basic and modified
rock compositions, pseudosections were computed at
T =500—800°C and P = 1-38 kbar. Thermodynamic
simulations of mineral-forming processes with the use
of a broad spectrum of sample compositions allowed
us to constrain the threshold concentrations of major
oxides that control the stability of staurolite-bearing
and staurolite-free mineral assemblages in the speci-
fied P—T field.

In simulating equilibria between mineral phases
with the PERPLEX software (Connolly, 1990), the
input data were chemical analyses of metabasites
(Table 1). When solving the direct modeling problem
to reproduce naturally occurring mineral assemblages
based on a specified composition of a rock and P—T
parameters, we assumed that the system contains
either pure H,0 or H,0—CO, fluid. For the latter, we
recalculated the phase diagrams by stepwise adding
(with increments of 0.2) CO, to the fluid to a maxi-
mum CO, mole fraction of 0.8, a value above which

(Xco, > 0.8) staurolite ceases to remain stable in any
rocks in the whole spectrum of the studied composi-
tions.

Rocks

This section summarizes the characteristics of the
rocks that were identified as having basic composition.
Note that we have compiled literature data on the
compositions of amphibolites in which staurolite was
found and identified and for which staurolite stability
was proved by thermodynamic simulations. The diver-
sity of tectonic settings in which staurolite-bearing
amphibolites were found predetermines the broad
ranges of P—T parameters in which these rocks can be
formed.
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Fig. 1. (a) MgO—Si0,, (b) CaO—Si0,, (c) FeO;—Si0,, (d) Al,03—SiO, diagrams for staurolite-bearing metabasites. Data points
correspond to the composition of natural rocks from which the theoretical compositions were calculated, and the ranges are

shown with horizontal and vertical bars.

Sample Lm-185 (Faryad and Hoinkes, 2006) is an
aluminous amphibolite from the Speik complex in the
Eastern Alps, which contains coexisting kyanite, stau-
rolite, garnet, and calcic amphibole. Textural features
of the minerals, mineral thermobarometry, and ther-
modynamic simulations suggest that the rock was
affected by prograde metamorphism to the high-pres-
sure amphibolite facies (P = 11—12 kbar, 7'= 580°C)
and was affected by subsequent decompression to
5 kbar. The sample was taken from the central part of
the metabasite belt of the Speik complex, but it is
uncertain whether its high alumina concentration is
primary or resulted from overprinted hydrothermal
alterations before the amphibolite-facies metamor-

2022
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phic event. Ifthe protolith of the rock was of magmatic
nature, it corresponded to gabbro. The rock is coarse-
grained, with large garnet porphyroblasts, but without
garnet where the rock is sheared. The rock consists of
amphibole (close to 58 vol %), garnet (14 vol %), cli-
nozoisite (6 vol %), plagioclase (5 vol %), margarite +
muscovite (8 vol %), chlorite (5 vol %), kyanite (4 vol %)
and accessory staurolite, with some other minerals
found as inclusions in garnet. Textural relationships
seen in this rock indicate that it has been formed by
four pulses of mineral-forming processes: prograde

metamorphism (Gr> + Ky + St + Kfs? + Rt + Tur +

2 Mineral symbols are according to (Whitney and Evans, 2010).
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Table 1. Concentration of major components (wt %) in the rocks of the metabasite group

Composition of naturallstaurohte—bearmg Theoretical compositions
metabasites
Oxide

group 1 group 2 group 3 All Max Only Max
(Fe/Mg < 1)| (Fe/Mg ~ 1) |(Fe/Mg > 1) Min St-bearing Min
sio, 42.55 40.88 43.80 40.73 48.73 40.88 48.73
4.13 0.20 4.29 3.09 27.31 3.06 30.79
ALO, 22.67 21.31 23.84 24.11 41.84 24.20 38.36
6.10 0.68 1.63 4.17 16.14 4.11 16.14
FeOL 6.19 10.21 10.1 7.80 13.80 7.60 11.50
1.57 1.29 0.79 2.18 3.66 2.16 3.66
MiO 0.15 0.21 0.18 0.16 0.25 0.16 0.25
0.05 0.05 0.07 0.05 0.07 0.05 0.07
MgO 13.61 7.84 3.49 9.95 16.60 10.05 15.21
0.46 1.10 0.89 3.33 3.50 3.29 3.50
Ca0 12.06 11.64 9.91 12.22 18.35 12.14 18.35
0.91 2.44 5.38 1.81 7.36 1.83 7.36
Na,0 0.9 1.52 0.83 1.12 221 1.08 221
0.42 0.32 0.08 0.45 0.12 0.43 0.12
K,0 0.19 0.68 0.61 0.46 1.89 0.47 1.89
0.15 0.32 0.03 0.24 0.00 0.26 0.00
P,O. 0.11 0.08 0.04 0.10 0.33 0.1 0.33
0.11 0.03 0.03 0.08 0.00 0.08 0.00
TiO, 0.32 0.77 0.76 0.45 0.78 0.4 0.78
0.27 0.01 0.26 0.27 0.02 0.28 0.02

Number of samples 4 2 2 144 90

For natural samples, numerators list the arithmetic mean values, and denominators are the mean square deviation values. For theoreti-
cal (“expanded”) compositions, numerals in italics in numerates are the maximum concentrations of the components, and numerals in

denominators are the minimum values.

Ap + Amp + Ep + Ms?) and three episodes of retro-
gression. The absence of cordierite from this rock
indicates that the maximum temperature at decom-
pression to 6.5 kbar was lower than 590°C (Faryad and
Hoinkes, 2006).

The staurolite of this rock is Fe-rich: Xy, = 0.21—

24. The ZnO concentration of this mineral is very low,
0.13 to 0.47 wt %, which corresponds to 0.013—0.046

Zn p.f.u.? The mineral always contains minor concen-
trations of Mn and Ti (no more than 0.4 wt %).

Sample S-5 (Purttscheller and Mogessie, 1984) is
staurolite-bearing garnet amphibolite (St + Hbl + Grt +
Ky) from the Otztal Alps. The rock was affected by
Hercynian metamorphism to P = 3—4 kbar, T =
670°C. The protolith of the rock is of reportedly
undoubted magmatic nature. The rock contains stau-
rolite as small (2—10 nm) inclusions of acicular crys-

3 p.f.u. is the number of ions per formula unit.

tals in hornblende and garnet and, mostly, as such
crystals at contacts of these minerals. The staurolite
has X\, = 100 Mg/(Mg + Fe) = 0.32, which is higher
than that of this mineral in metapelites (X, = 0.21).
All other compositional characteristics of the stauro-
lite are the same as those of this mineral in
metapelites. We are in doubt as to whether these
authors have accurately and realistically evaluated the
metamorphic parameters of the rock, but neverthe-
less, we use the analysis of this sample to cover as
much as possible the compositions of the protoliths
whose metamorphism might have resulted in stauro-
lite-bearing rocks.

Sample TS-03 (Enami and Zang, 1988) is a gar-
net—corundum rock that contains magnesian (Xy, =
0.68—0.74) staurolite and was found as isolated blocks
in an ultramafic complex emplaced into Precambrian
pelitic gneisses in the Donghai district, Jiangsu prov-
ince, east China. The rock is dominated by garnet and
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corundum and contains some amounts of zoisite and
sodic phlogopite, along with secondary magnesian
staurolite, chlorite, aluminous pargasite, clinozoisite,
and magnesian allanite. The corundum hosts fine-
crystalline inclusions of aggregates of diaspore, mar-
garite, dolomite, and calcite (<0.03 mm). The equilib-
rium crystallization conditions of the primary assem-
blage were evaluated at 7= 800—850°C, P= 11—30 kbar.
The Mg-staurolite occurs as acicular and/or prismatic
crystals and pseudomorphs after garnet and corun-
dum with chlorite, which were formed according to
the reaction Grt + Crd + H,0 = Mg-St + Chl. The
equilibrium crystallization pressure of the staurolite
was evaluated at >11 kbar, whereas the equilibrium
temperature was slightly lower than that of the primary
assemblage.

The rock has a very high Al,0,/SiO, ratio and a low
FeO, (4.7 wt %), which makes this chemical composi-
tion close to that of diaspore bauxite. The rock is also
relatively rich in MgO and CaO, whose concentrations
are explained by the authors as related to dolomite and
limestone in association with the bauxite. Similar to
the composition of the previous sample, we used the
composition of this one to as widely as possible cover
of protolith compositions in which staurolite can be
formed at metamorphism.

Sample LMG, FEA (Tsujimori and Liou, 2004) is
kyanite—staurolite—epidote amphibolite from a
metacumulus sequence of the Fuko Pass in the
Oeyama belt, southwestern Japan. The rocks are leu-
cocratic metagabbro that consists mostly of clino-
zoisite and kyanite with subordinate amounts of horn-
blende, margarite, paragonite, staurolite, rutile, chlo-
rite, zoisite, and muscovite; the accessory minerals are
ilmenite and apatite. Evidence of the following three
metamorphic events was identified in the rocks: relics
of granulite-facies metamorphism Cpx + Pl + Spl +
Opx (M1), of the high-pressure epidote-amphibolite
facies Hbl+ Czo + Ky + St+ Pg+ Rt + Ab + Crn (M2),
and of retrogression when margarite, paragonite,
muscovite, chlorite and sometimes plagioclase pseu-
domorphs were formed (M3). The metamorphic peak
parameters were evaluated at P = 11—19 kbar, T =
550—800°C. The coarse-crystalline clinozoisite (up to
15 mm) hosts inclusions of all M2 minerals. The stau-
rolite has Xy, = 0.16—0.29 and contains ZnO = 0.9—
2.0 wt %. Sample FEA differs from LMG in that the
former is more intensely sheared.

Sample 80 (Gil Ibarguchi et al.,, 1991) is a
kyanite—staurolite ultramafic rock that was found as
lenses (10 X 1 m) in eclogites (whose composition is
close to N-MORB) in the Cabo Ortegal complex in
northwestern Spain. The parameters of metamor-
phism to the eclogite facies were evaluated at 7 =
800°C, P> 17 kbar. The kyanite—staurolite rock shows
a mineral lineation accentuated by elongate amphi-
bole, zoisite, and kyanite crystals, with this lineation
coinciding with that in the eclogite (due to elongate
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omphacite crystals). The primary phases other than
hornblende, zoisite, and kyanite are garnet, staurolite,
and spinel. This rock is unusual in that its kyanite and
staurolite are enriched in Crto 4.35wt % and 6.4 wt %,
respectively. The staurolite has X,= 0.58—0.74.

SIMULATION OF THE MINERAL-FORMING
PROCESSES: NATURAL AND THEORETICAL
METABASITE COMPOSITIONS

Effect of the Protolith Composition

Our simulation results show that the mineralogical
composition of the metabasites strongly depends on
the chemical composition of their protoliths. Varia-
tions were identified both in the number of the mod-
eled P—T fields of mineral assemblages with staurolite
and in the configuration and size of these fields. To
generalize the results and identify the leading trends in
the mineral-forming processes, the compositions of
the metabasites were classified according to their con-
centrations of major components able to affect stauro-
lite stability. The most informative compositions were
those of samples 80, LM G, and Lm-185, which nota-
bly differ from one another in the FeO,/MgO and
Al,0;/MgO ratios. Below we discuss mineral-forming
processes in both the starting compositions of the
rocks and in these compositions variably modified.

Sample 80. The following three fields of staurolite-
bearing mineral assemblages were simulated for the
original composition of sample 80 (Fig. 2, gray fields):
(1) a higher pressure region, P = 26—29 kbar (7T =
630—690°C), in which such high-pressure minerals
are present as omphacite and lawsonite, including
accessory rutile: St + Grt + Amp + Cpx + Bt = Tlc =
Chl = Ky = Lws = Zo = Rt; (2) a field significantly
stretching along the pressure axis, P = 11—20 kbar
(T=670—700°C), which is characterized by the dom-
inance of talc and the absence of high-pressure minerals
but the presence of muscovite: St + Grt + Amp + Zo =
Bt = Tic = Chl = Ms £ Ky; and (3) the smallest field,
P =8—10kbar (T=690—-730°C), in which plagioclase
is stable: St + Grt + Amp + Pl = Chl = Ms.

Effect of the bulk-rock Al,O; concentration on stau-
rolite stability (Fig. 2a). At P= 27 kbar, T=660°C, and
the original (unmodified) rock composition, this rock
is dominated by garnet and clinopyroxene and con-
tains subordinate amounts of staurolite, kyanite, bio-
tite, and zoisite (in vol %): St 4.92, Grt 53.79, Cpx
30.38, Ky 4.73, Bt 4.43, Zo 1.94. The staurolite is
mostly magnesian (X, s, = 0.89), with Xg, ¢, = 0.06 and
has a much lower Mn mole fraction of 0.001. The garnet
is pyrope rich in the grossular component and contains
relatively little almandine (Prp s5sGrsg0AImg 155080 .002)-
The clinopyroxene is dominated by diopside (Ca—Mg
pyroxene), Xp; = 0.71, and contains less of the jadeite
component (Na—Al pyroxene), X;; = 0.21, and much
less hedenbergite (Ca—Fe Cpx), Xy, = 0.01. The bio-
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Fig. 2. Changes in the configurations of staurolite stability fields in P—7 diagrams with variations in the concentrations of major
components in the protolith. The basic composition of the metabasite was assumed to be that of sample 80. (a) Al,O3, (b) FeO,,
(c) CaO, (d) MgO, where «t+10», «+20», «—10», and «—20» mean the increase or decrease in the content of the respective com-
ponent by 10 or 20% relative to the original (unmodified) composition of the rock. Gray fields are the fields with staurolite at the
unmodified composition of the rock, green lines contour fields at the addition of 10% of the components, blue lines correspond
to the addition of 20%, and red and brown ones pertain to a decrease by 10 and 20%, respectively.

tite is phlogopite (Xp,; = 0.77) that is relatively poor in
the eastonite end member (Xg,, = 0.08), even poorer in
the Ti-biotite end member (Xt = 0.07), much
poorer in the annite (X, = 0.02), and Fe—Mg biotite

(X et Mg 0.04) components.
An increase in the Al,O; concentration (from

—10Al to +20Al) leads to a significant expansion of the
staurolite stability fields and their mergence into a sin-

gle field. At constant P—T parameters (P = 27 kbar,
T= 660°C), the rock enriches in garnet (from 49 to
57 vol %) and staurolite (up to 7.4 vol %) but reduces
clinopyroxene abundance from 34 vol % to zero when
amphibole is formed (up to 23 vol %). Therewith
kyanite decomposes and zoisite and chlorite are

formed. An increase in the Xy, of the staurolite*

4 The coupled variations in the Xpg of the minerals are discussed
in more detail below.
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(Xpg-sr = 0.81-0.92) is associated with a decrease in
that of the garnet (to Prp,4s). A 10% decrease in the
Al,O; concentration from the original composition
results in a significant shrinkage of the fields of the
staurolite-bearing assemblages, and no staurolite is
formed at all when the Al,O; is further decreased.

Changes in the Al,O; concentration thus strongly
affect the configuration of the P—7 region of staurolite
stability in mafic rocks and is one of the most import-
ant parameters of staurolite stability.

Effect of the bulk-rock FeO, concentration on stauro-
lite stability (Fig. 2b). At P = 27.15 kbar, T = 635°C,
and the unmodified composition of the rock, this rock
is dominated by garnet and clinopyroxene and con-
tains much biotite, talc, zoisite, and chlorite. The rock
contains relatively much staurolite (in vol %): St 7.99,
Grt 44.48, Cpx 25.61, Bt 4.32, Tlc 5.42, Zo 9.71, and
Chl 2.48. The staurolite is magnesian: Xy, 5 = 0.89,
Xre.s; = 0.07. The garnet is pyrope that is rich in gros-
sular  and contains a little almandine:
Prpy 5,Grs, 30AImg 155psy o03- The clinopyroxene has a
dominantly Ca—Mg composition, X, = 0.61, X, =
0.19, and X, = 0.01. The biotite is phlogopite, Xp,; =
0.80, Xz, = 0.06, X,,, = 0.02.

An increase in the FeO, content of the rock leads to
a decrease in the amount of staurolite at high pressures
(from 8 to 3 vol %) and a small decrease in its Xy, from
0.89 t0 0.85. At the same time, the content of garnet in
the rock increases from 44 to 53 vol % without any sig-
nificant changes in its composition. At +10Fe, chlo-
rite is formed, and a further increase in the content of
FeOy leads to an increase in its content in the rock (to
7.8 vol %).

With decreasing FeO, of the rock, the content of
staurolite in the rock remains close to 8 vol %, whereas
a decrease in FeO, by 20% leads to a decrease in its
content to 1.5 vol %, and the Xy of the staurolite
simultaneously drops from 0.89 to 0.83. The same per-
tains to the clinopyroxene: its amount decreases from
26 to 15 vol %. The content of magnesian talc
increases from 5 to 23 vol %, and the content of zoisite
increases from 10 to 24 vol %. At —20Fe, kyanite is
formed, seemingly because alumina is released.

A decrease in the FeO, content of the rock results in
a decrease in the staurolite content at P = 11—20 kbar
(up to the complete absence of this mineral), the con-
tent of garnet simultaneously decreases from 17 to
7 vol %, the amphibole amount decreases from 57 to
44 vol %, and biotite disappears. Therewith the con-
tents of talc and zoisite increase, and muscovite,
kyanite, and quartz are formed. The garnet simultane-
ously depletes in the pyrope component.

The mineral assemblage at P = 8—10 kbar consists
of amphibole and a dominant amount of plagioclase
(anorthite), garnet, and staurolite. The staurolite is

PETROLOGY Vol. 30

Suppl. 1 2022

S59

notably ferrous (X, s, = 0.76). A 10% decrease in the
FeO, content results in that muscovite is formed.

An increase in the FeO, content (from —10Fe to
+20Fe) and the transition from high to intermediate
pressures result in that the staurolite field is slightly
shifted, and at low pressures, staurolite disappears at
+10Fe. Changes in the FeO, content generally do not
affect the location and size of the staurolite fields as
significantly as Al,O; concentrations do.

Effect of the bulk-rock CaO concentration on stauro-
lite stability (Fig. 2c). At P=28.5kbar, T=640°C, and
the unmodified rock composition, the rock consists of
the following mineral assemblage (in vol %): St 3.64,
Grt 55.43, Cpx 24.00, Lws 12.07, Bt 4.32, Tlc 0.54.

An increase in the CaO content by 10% results in
that talc and lawsonite disappear from the assemblage
and instead chlorite and zoisite are formed. The stau-
rolite content dramatically decreases from 3.4 to
0.4 vol %, and the mineral becomes less magnesian
from 0.88 to 0.84. The amount of garnet increases,
with simultaneous increase of the grossular compo-
nent from 0.28 to 0.36. The clinopyroxene content
decreases from 24 to 17 vol %, and it strongly depletes
in the diopside component, from 0.57 to 0.29.

At decreasing CaO content by 10%, the amount of
staurolite decreases from 3.6 to 1.1 vol %, which is
accompanied by the decrease of its Xy;, from 0.88 to
0.82. The amount of garnet and omphacite also
decreases, while that of lawsonite and talc, increases.

A change in the CaO content notably modifies the
configurations of the fields of staurolite stability. At an
insignificant increase in the CaO content, the field
with staurolite expands at high pressures, but starting
with a certain CaO concentration, no staurolite is
formed in the rock any more. A decrease in the CaO
concentration is less critical for a change in staurolite
stability, although there seems to be a tendency toward
staurolite disappearance from the low-pressure por-
tion of the diagram.

Effect of the bulk-rock MgO concentration on stauro-
lite stability (Fig. 2d). At P=27.3 kbar, T=635°C, and
the unmodified composition of the rock, it is domi-
nated by garnet and clinopyroxene and contains much
biotite, talc, and zoisite. The rock contains relatively
much staurolite (in vol %): St 11.11, Grt 45.50, Cpx
30.14, Bt 4.37, Tlc 3.68, and Zo 5.20. The staurolite is
magnesian, Xy, s = 0.90, Xg, 5 = 0.06. The garnet is
pyrope rich in grossular and poor in almandine:
Prpy 5,Grsg 30AImg 155psg 003 The clinopyroxene is of
Ca—Mg composition, Xp; = 0.70, X, = 0.20, Xy, =
0.01. The biotite is phlogopite, Xp,; = 0.80, Xg,, = 0.07,
Xy = 0.02.

At an increase in the MgO content by 10%, the
content of staurolite in the rock significantly
decreases, from 11 to 3 vol %, and its Xy, therewith
decreases from 0.9 to 0.86. Simultaneously the content
of clinopyroxene decreases, talc disappears, and chlo-
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rite is formed (up to 16 vol %) because of the increase
in MgO content. A further increase in the MgO con-
tent is not associated with the crystallization of stauro-
lite, the amount of garnet and omphacite thereby
decrease, and that of chlorite strongly increases up to
32 vol %. Simultaneously, the Xy, of garnet decreases,
the Prp concentration decreases from 0.51 to 0.39, and
the clinopyroxene therewith significantly depletes in
the diopside component, from 0.50 to 0.24.

A decrease in the MgO content by 10% leads to a
drastic decrease in the staurolite content from 11 to
0.6 vol %, and its Xy, thereby significantly decreases
to 0.81. The decrease in the clinopyroxene content is
associated with that lawsonite is formed in the mineral
assemblage. Neither the composition of the garnet nor
its content are therewith changed any significantly. No
staurolite is formed with a further decrease in MgO
content in the rock, the content of garnet decreases
from 42 to 32 vol %, the lawsonite content increases to
31 vol %, and muscovite is formed in the rock. The
concentration of the pyrope component in the garnet
decreases from 0.51 to 0.46.

In general, both an increase and a decrease in MgO
content in the rock by 10% leads to a significant
shrinkage of the stability fields of staurolite and its
content in the rock. At —20Mg, +20Mg, no staurolite
is formed at all.

Sample LMG. For the composition of amphibolite
LMG (Tsujimori and Liou, 2004), staurolite-bearing
mineral assemblages occur at high pressures (P = 25—
37 kbar, T= 610—720°C) and are characterized by the
presence of such high-pressure minerals as omphacite,
lawsonite, and kyanite: St + Grt + Cpx + Ms + Rt = Bt =
Lws £ Amp = Crn = Zo + Ky (Figs. 3a—3d).

Effect of the bulk-rock Al,0; concentration on stau-
rolite stability (Fig. 3a). At P=30kbar, T=670°C, and
the unmodified composition of the rock, it is domi-
nated by garnet and zoisite and contains smaller
amounts of clinopyroxene, muscovite, and staurolite
(in vol %): St 3.96, Grt 61.19, Zo 19.65, Cpx 8.00, Ms
6.78, Rt 0.42. The staurolite has Xy;, 5, = 0.68, X, 5 =
0.23. The garnet is dominated by grossular and contains
lower concentrations of almandine and pyrope and prac-
tically no spessartine (Prp13Grsy 46AIMg 31508 003)- The
clinopyroxene is jadeite X;;, = 0.80 and is poor in the
diopside component X, = 0.11.

An increase in the Al,O; content by 10% relative to
the unmodified composition results in an increase in
the staurolite content in the rock from 4 to 7 vol % and
in the crystallization of corundum in this rock. The
composition of minerals in the assemblages thereby
does not change. No staurolite is formed in the rock at
a further increase in the Al,O; concentration, musco-
vite becomes unstable, and corundum and biotite are
formed instead of it. A decrease in the Al,O; content
by 10% leads to the disappearance of staurolite and the
appearance of lawsonite and coesite.

BORISOVA et al.

Effect of the bulk-rock FeO, concentration on stauro-
lite stability (Fig. 3b). At P = 29.5 kbar, T = 640°C,
and the unmodified composition of the rock, it is
dominated by garnet and zoisite and consists of the
following assemblage (in vol %): St 4.06, Grt 61.16, Zo
19.60, Cpx 8.01, Ms 6.73, Rt 0.42, Bt 0.01. The garnet
is mostly grossular with lower concentrations of
almandine and pyrope. The staurolite is magnesian:
Xyg-s: = 0.69. The clinopyroxene is jadeite.

An increase in the FeO, content by 10% leads to an
increase in the staurolite content from 4 to 6.5 vol %
and a decrease in its Xy;, from 0.69 to 0.63. The con-
tent of biotite decreases up to its virtually complete
disappearance, but corundum is therewith formed.
The garnet becomes depleted in pyrope (from 0.23 to
0.18) and enriched in grossular (from 0.46 to 0.49) and
almandine (from 0.31 to 0.33). The clinopyroxene
becomes depleted in the diopside end member and
enriched in the jadeite component. A further increase
in the FeO, content by 20% results in a significant
decrease in the staurolite content to 0.12 vol % and an
increase in the garnet content to 70 vol %. No other
critical changes in this mineral assemblages were
detected.

A decrease in the FeO, content by 10% leads to a
decrease in the staurolite content in the rock from 4 to
0.6 vol %, a decrease in the garnet amount, and the
disappearance of biotite and appearance of lawsonite.
The Xy, of both the staurolite and the garnet slightly
increases. A further decrease in the FeO, content
results in that no staurolite is formed in this rock.

Effect of the bulk-rock CaO concentration on stauro-
lite stability (Fig. 3¢). An increase in the CaO content
by 10% (from 15.3 to 16.8 wt %) completely suppresses
staurolite, and the following staurolite-free mineral
assemblage is stable at P=30.6 kbar, 7= 650°C (invol %):
Grt (66.1) + Cpx (7.8) + Bt (6.7) + Zo (31.1) + Rt (0.4) +
Crn (3.1). The content of zoisite increases, as also does
Ca concentration in the garnet, and biotite is formed
instead of muscovite.

A decrease in the CaO concentration by 10% (to
13.76 wt %) leads to the practically complete disap-
pearance of staurolite from the rock, and the following
mineral assemblage thus “remains” at P = 25.8 kbar,
T=610°C: St + Grt + Cpx + Ms + Rt £ Bt + Lws + Zo.
No staurolite is formed in the rock at a further
decrease in the CaO content.

Effect of the bulk-rock MgO concentration on stauro-
lite stability (Fig. 3d). At P=26.6 kbar, T=660°C, and
the unmodified composition of the rock, it is made up
of a mineral assemblage that is dominated by garnet
and zoisite (in vol %): St2.25, Grt 53.22, Z0 29.15, Cpx
8.15, Ms 3.95, Rt 0.38, Bt 2.90. The garnet is domi-
nated by grossular and contains lower concentrations
of almandine and pyrope. The staurolite is magnesian:
Xygs: = 0.69. The clinopyroxene is jadeite.
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FeOq, (c) CaO, (d) MgO. Other symbols are as in Fig. 2.

An increase in the MgO content by 10% leads to a
small increase in the amount of staurolite to 3.7 vol %,
a decrease in the biotite content, and the disappear-
ance of muscovite. The composition of the minerals
practically does not change. An increase in the MgO
content by 20% relative to the unmodified composi-
tion results in an insignificant increase in the staurolite
content, the crystallization of amphibole, and in that
the clinopyroxene enriches in the jadeite component.

Sample Lm-185. For the composition of the meta-
basite of sample Lm-185, staurolite-bearing mineral
assemblages were modeled at P = 25—32 kbar, T =
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610—680°C. At P=26 kbar, T= 630°C (which roughly
corresponds to the central part of the staurolite-bear-
ing region), and the rock consists of (in vol %) St (2.3) +
Grt (63.3) + Cpx (18.5) + Ms (12.2) + Ky (2.5) + Rt (1)
(Figs. 4a—4d).

Effect of the bulk-rock Al,0; concentration on stau-
rolite stability (Fig. 4a). At P = 28.0 kbar, T= 640°C,
and the unmodified composition of the rock, it con-
sists mostly of garnet, clinopyroxene, and muscovite
and contains lower concentrations of staurolite,
kyanite, and rutile (in vol %): St 1.04, Grt 65.38, Cpx
17.47, Ms 12.24, Ky 3.17, Rt 0.69. The staurolite is
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mostly magnesian (X, s, = 0.76), and the garnet is
dominantly pyrope and contains approximately equal
concentrations of the grossular and almandine com-
ponents: Prpy 4,Grs 304Img 235pS 00s- The clinopyrox-
ene has the composition Xp; = 0.06, X;;, = 0.19, Xy, =
0.008, X,,, = 0.67. The mica consists mostly of musco-
vite: Xy, = 0.65, Xp, = 0.33, X¢,, = 0.23.

An increase in the Al,O; content by 10% signifi-
cantly increases the amount of staurolite in the rock
and leads to the crystallization of biotite and instability
of kyanite (in vol %): St 13.92, Grt 57.64, Cpx 16.08, Bt

8.17, Ms 3.68, Rt 0.51. The garnet becomes thereby less
magnesian (Prp 34Grsy 354Img 305080 009), as also does
the staurolite (X5, = 0.74). A further increase in the
alumina content by 20% leads to an increase in the
staurolite content in the rock, a drastic decrease in the
omphacite content because of the development of
amphibole, and the disappearance of muscovite (in
vol %): St 17.37, Grt 52.19, Cpx 4.23, Amp 14.41, Bt
11.37, Rt 0.43. The Xy, of the staurolite and garnet
continues to decrease (Prpy »;Grsy 4, Almg 305pso 01, Xng-st =
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0.72), and the biotite is mostly magnesian (Xp,; = 0.50,
Xeae =0.23, X, = 0.06).

A decrease in the Al,O; content by 10% from that
in the unmodified composition results in that no stau-
rolite is formed, and instead talc and lawsonite are sta-
ble and quartz starts to crystallize (in vol %): Grt
(49.85) + Cpx (18.85) + Ms (11.73) + Lws (11.0) + Tlc
(6.39) + Ky (0.66) + 0z (0.84) + Rt (0.67).

An increase in the Al,O; content in the rock gener-
ally leads to a significant increase in the staurolite con-
tent (from 1 to 17.4 vol %), whereas the contents of
garnet and clinopyroxene, conversely, decrease,
kyanite ceases to be stable, and biotite becomes stable.
A further increase in the Al,O; content results in that
muscovite ceases to be stable, but amphibole begins to
crystallize. The Xy, of both the staurolite and the gar-
net decrease: Xy, 5, = 0.76—0.72 and Prp = 0.42—0.27.
A further decrease in the alumina content leads to that
no staurolite is formed, any more and quartz is pro-
duced, together with lawsonite and talc.

Effect of the bulk-rock FeO, concentration on stauro-
lite stability (Fig. 4b). At P = 28.0 kbar, T = 640°C,
and the unmodified bulk-rock composition, the rock
is dominated by garnet, clinopyroxene, and muscovite
and contains subordinate amounts of staurolite,
kyanite, and rutile (in vol %): St 1.04, Grt 65.38, Cpx
17.47, Ms 12.24, Ky 3.17, Rt 0.69. The garnet has the
composition Prpy 4, Grs, 30AImg 2358 003, and the stau-
rolite possesses Xy, s, = 0.76.

An increase in the FeO, content by 10% leads to a
substantial increase in staurolite abundance and to a
decrease in the content of muscovite, and to the disap-
pearance of kyanite (in vol %): St 5.47, Grt 65.37, Cpx
16.48, Ms 8.87, Rt0.63. The Xy, of the garnet and stau-
rolite decreases: Prp 33Grs, 31 AImg 305psg 003, Xngsr =
0.74. As the FeO, content continues to increase, the
amount of staurolite increases, those of clinopyroxene
and muscovite decrease, and biotite is formed (in vol
%): St 7.13, Grt 64.80, Cpx 15.52, Bt 8.17, Ms 3.83, Rt
0.56. The Xy, of the garnet and staurolite continues to
decrease: Prp 35Grsg 3AImy 355p80 008, Xmg-se = 0.73.
The biotite is dominated by the phlogopite end mem-
ber: Xp,; = 0.59, Xp,, = 0.14, X, = 0.05, X1;_5, = 0.09.

An increase in FeO, content in the rock thus leads
to an increase in staurolite content (from 1 to 7 vol %),
adecrease in the contents of muscovite, and the disap-
pearance of kyanite. The Xy, of the staurolite and gar-
net may also slightly decrease. A significant increase in
the FeO, content leads to the crystallization of biotite,
and a decrease in the FeO, content significantly
diminishes the fields of staurolite-bearing mineral
assemblages and leads to the crystallization of amphi-
bole, plagioclase, and quartz.

Effect of the bulk-rock CaO concentration on stauro-

lite stability (Fig. 4c). At P=28.0 kbar, 7= 640°C, and
the unmodified rock composition, this rock is domi-
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nated by garnet, clinopyroxene, and muscovite and
contains smaller amounts of staurolite, kyanite, and
rutile (in vol %): St 1.04, Grt 65.38, Cpx 17.47, Ms
12.24, Ky 3.17, Rt 0.69. The composition of the garnet
is  Prpy 4,Grsy 304Img 25880003, and the equilibrium
staurolite has Xy, 5, = 0.76.

An increase in the CaO content by 10% increases
the content of staurolite and leads to that kyanite
ceases to be stable but biotite crystallizes (in vol %):
St6.11, Grt 64.30, Cpx 16.98, Ms 7.73, Bt 4.27, Rt 0.61.
The garnet therewith is depleted in pyrope,
Prpy 37Grsy 35AImg 535ps, 003, and the composition of the
staurolite does not change: Xy, 5, = 0.76. A further
increase in the CaO content by 20% slightly increases
the amount of staurolite in the rock and leads to the
disappearance of muscovite and to the appearance of
zoisite (in vol %): St 7.79, Grt 61.22, Cpx 16.13, Bt
11.75, Zo 2.60, Rt 0.50. The garnet becomes less mag-
nesian, as also does the staurolite:
Prpy 3,Grs) 30AImg 255pS). 000 and Xy, s, = 0.74, respec-
tively.

An increase in the CaO content thus expands the
stability region of staurolite-bearing mineral assem-
blages and increases the amount of staurolite from 1 to
7.8 vol % and results in that kyanite and biotite cease
to be stable and that zoisite becomes stable. The stau-
rolite becomes less magnesian, and the garnet
becomes depleted in the pyrope end member at an
increase in the grossular concentration. A decrease in
the CaO content does not lead to changes in the stabil-
ity region of staurolite-bearing mineral assemblages at
low pressures, under which assemblages are stable that
are dominated by amphibole and plagioclase (anor-
thite) and contain subordinate amounts of garnet. Stau-
rolite in the low-pressure region is notably less magne-
sian: Xy s, = 0.46.

Effect of the bulk-rock MgO concentration on stauro-
lite stability (Fig. 4d). At P = 28.0 kbar, T = 640°C,
and the unmodified rock composition, the rock con-
sists mostly of garnet, clinopyroxene, and muscovite
and contains lower concentrations of staurolite,
kyanite, and rutile (in vol %): St 1.04, Grt 65.38, Cpx
17.47, Ms 12.24, Ky 3.17, Rt 0.69. The garnet has the
composition Prp 4, Grs, 30AIm 155pSy 003, and the stau-
rolite has Xy, g = 0.76.

An increase in the bulk-rock MgO concentration
by 10% increases the content of staurolite in the rock,
and therewith kyanite disappears and biotite appears
(in vol %): St 6.76, Grt 63.42, Cpx 17.29, Ms 6.41, Bt
5.53, Rt 0.58. The garnet slightly depletes in pyrope,
and the compositions of all other minerals practically
do not change. An increase in the MgO content by
20% relative to the unmodified rock composition leads
to that muscovite ceases to be stable and chloritoid
crystallizes (in vol %): St 5.02, Grt 60.84, Cpx 16.38,
Ctd 5.57, Bt 11.66, Rt 0.53. Because the rock is highly
magnesian, the chloritoid has Xy, ¢, = 0.86, although
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the garnet slightly depletes in the pyrope component:
Prpg 33Grsg 33AImg ,55pS 009-  The staurolite becomes
slightly more magnesian: Xy, s, = 0.77. The biotite is
magnesian: Xp,; = 0.64, Xz, = 0.13, X, = 0.04, X, 5=
0.09. A decrease in the bulk-rock MgO content by
10% results in that no staurolite is formed, but law-
sonite and talc become stable.

An increase in the MgO content in the rock thus
increases the staurolite content (from 1 to 5—6 vol %),
kyanite becomes unstable, biotite starts to crystallize,
and what is important, magnesian chloritoid becomes
stable (to 5.6 vol %). Pyrope concentration in the gar-
net decreases, and the composition of the staurolite
practically does not change. If MgO content in the
rock decreases, no staurolite is formed at all.

Mineral Assemblages, Crystallization Sequences
of Minerals, and Systematic Variations
in the Xy, of the Minerals

The general features of the mineral assemblages
and their systematic variations with temperature and
pressure variations are described in much detail below
with reference to amphibolite with roughly equal Fe
and Mg contents (sample Lm-185, Fig. 5a—5c). The
changes in the mineral assemblages are discussed for
the P—T field passing across the region with stauro-
lite-bearing assemblages (Fig. 5b). For this pseudo-
section, staurolite is modeled to become stable after
such Fe—Mg minerals as chlorite and amphibole
become unstable. Talc becomes unstable slightly
before, and kyanite appears in the rock in a while.
Therewith the staurolite-bearing assemblage contains
much garnet and muscovite (Fig. 5b).

Note that the Xy, of the staurolite is higher than
that of the garnet (Fig. 5c), which is consistent with
the aforementioned data that this is indeed the case
under high pressures (Koch-Miiller, 1997). The Xy, of
the staurolite is weakly negatively correlated with these
parameters of the clinopyroxene and garnet and with
the concentration of the celadonite end member in the
muscovite (Fig. 5¢).

The discussed example demonstrates that an ele-
vated Xy, of staurolite in amphibolites is inherited
from the high X),, of minerals whose decomposition
gave rise to the staurolite.

Estimation of the Effect of the Metamorphic Fluid
Composition on the Stability of Staurolite-Bearing
Mineral Assemblages

To estimate how the mineral assemblages depend
on the fluid composition, we have simulated the min-
eral-forming processes at various H,O and CO, pro-
portions in the fluid. The composition of the fluid var-
ied from pure H,O to almost pure CO, by adding CO,

at X, increments of 0.2 ()(C02 = 0—0.8). The
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changes were simulated for the compositions of meta-
basite samples 80 (Gil Ibarguchi et al., 1991), LMG
(Tsujimori and Liou, 2004), and Lm-185 (Faryad and
Hoinkes, 2006), all of which are rich in alumina but
differ from one another in the Fe/Mg ratio, which
turned out to be critical for staurolite stability.

For sample 80, mineral assemblages stable in the
presence of pure H,O fluid were characterized above
(Fig. 2). An increase in the Xcq, to 0.8 significantly
expands the stability fields of staurolite-bearing
assemblages and shifts them toward lower tempera-
tures and pressures (Fig. 6a). For example, an increase
in X¢o, by 0.2 results in a shift of the staurolite-bearing
region by 20—30°C and ~1 kbar. Also, it is worth men-
tioning that the high- and medium-pressure regions
merge into a single one at X¢o, = 0.6, this region max-
imally expands at Xc, = 0.2 in the range of P=7.6—
30 kbar, T= 530—630°C, and this is not accompanied
by any qualitative changes in the mineral assemblages.

For the amphibolite of sample LMG, for which a
broad P—T region of staurolite-bearing mineral
assemblages was modeled in the presence of H,O fluid
(Fig. 6b), an increase in )(CO2 significantly shifts the
stability region of staurolite-bearing assemblages
toward lower temperatures and expands it along the
pressure axis. At Xco, = 0.8, staurolite is stable at P =
20—41 kbar, T = 520—610°C, but its temperature sta-
bility range dramatically shrinks at P = 23—26 kbar,
T = 540—560°C. No qualitative changes in the min-
eral assemblages have been found.

Sample Lm-185 shows a significant difference
between the stability regions of staurolite-bearing
mineral assemblages in the presence of pure H,O and
H,0—CO, fluids (Fig. 6¢). At Xco, = 0.2, the stability
region of staurolite-bearing mineral assemblages shifts
for ~1.5 kbar toward higher pressures and for ~20°C
toward lower temperatures. At X, = 0.4, the high-
pressure region shrinks and is shifted toward higher
pressures and lower temperatures. Therewith a small
region appears at low pressures, at P=6—6.5kbar, 7=
620—635°C, in which staurolite assemblages with
amphibole, plagioclase, and quartz occur. At Xco, =
0.6, the high-pressure staurolite-bearing region sig-
nificantly shrinks and is shifted toward higher pressure
and lower temperature: P = 32—34 kbar, T = 580—
600°C. The low-pressure region, conversely, expands
and is shifted toward lower pressures and tempera-
tures. At XCO2 = (.8, only the low-pressure region

remains, which expands and is shifted toward lower
temperature: P=4.5—8 kbar, T'= 500—530°C.

An increase in X¢q, inthe H,0—CO, fluid system-

atically shifts the stability region of staurolite-bearing
mineral assemblages toward lower temperatures. For
some of the metabasite samples (samples 80 and
LMG), an increase in Xco, expands the stability field

PETROLOGY Vol. 30  Suppl. 1 2022
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of staurolite assemblages along both the temperature
and the pressure axes, whereas this high-pressure
region of sample Lm-185, conversely, decreases and is
shifted far up the pressure axis. A low-pressure field in
which staurolite assemblages with amphibole, pla-
gioclase, and quartz are stable appears only starting at
Xco, = 0.4, and a further increase in X¢,, in the fluid

expands this field.

The aforementioned changes in the configuration
of the stability fields with variations in Xco in the
fluid can be explained by changes in the H,O activity,
whose decrease with increasing X, diminishes the

temperature stability of hydrous minerals, instead of
which relatively less hydrous minerals are formed, for
example, staurolite.

Effect of the Fe’* /Fe?* Ratio of the Rock
on Staurolite Stability

Earlier simulations of the mineral-forming pro-
cesses have convincingly demonstrated (White et al.,
2000) that staurolite stability should be necessarily
analyzed with regard to the average Fe3* concentration
in the rock. Although it is hard to reasonably accu-
rately and confidently evaluate the Fe?*/Fe?" ratio of
rocks when the mineral-forming processes proceeded
in them, if can be assumed that the Fe,O;/FeO ratio of
the basites was 0.15 (Brooks, 1976) or 0.20—0.25
(Hughes and Hussey, 1979), and this leads to a slight
expansion of the staurolite stability field in these rocks
than in compositions with FeO, = FeO. However,
bearing in mind that the thermodynamic data on
Fe3*-bearing silicates are still sparse, one has to be
cautious with such evaluations, and hence, herein we
do not included Fe*" in our simulations.

DISCUSSION AND DETERMINING
THE PETROCHEMICAL MODULI

The broad diversity of naturally occurring mineral
assemblages of metabasites suggests that the number
of phases and their relationships strongly depend on
the P—T parameters, bulk-rock compositions, and the
composition of the fluids (Figs. 6a—6c, 7). Alumina
content in the rocks is crucial for the stability of horn-
blende and staurolite. This conclusion is consistent
with data in (Arnold et al., 2000) that staurolite and
hornblende are formed in rocks with Al,05/(Al,O5 +

Fig. 6. Changes in the configurations of the stability fields
of staurolite-bearing mineral assemblages depending on
the fraction of CO, in the H,O—CO, fluid. Gray fields are

the stability fields of staurolite in the presence of pure H,O
fluid. Various lines show variations in Xcq, of the fluid,
from 0.2 to 0.8. (a) Modeling for the composition of sample
80, (b) same for sample Lm-185, (c) same for sample LMG.
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FeO + MgO + CaO + Na,0) = 35 wt % at tempera-
tures above 550°C and 595°C, respectively. The Xy, of
the staurolite lies within the range of 0.2 to 0.7. Ther-
modynamic simulations with the THERMOCALC
software (Powell and Holland, 1988) indicate that
staurolite- and hornblende-bearing mineral assem-
blages can be formed at pressures of 4—10 kbar and
temperatures of 560—650°C. In such rocks (except Al-
and Fe-richer lithologies), staurolite assemblages are
stable within a narrow P—T field (Arnold et al., 2000).
Analogously, according to (Tsujimori and Liou, 2004),
the assemblage Hbl + Czo + Ky = St + Pg+ Ab = Crn in
Al-rich metabasites is typical of metamorphic param-
eters of the high-pressure epidote-amphibolite facies.

Although the occurrence of staurolite in “typical”
amphibolites may be indicative of metamorphism
under a relatively high pressure, interpretations of
these assemblages in more aluminous lithologies are
more ambiguous. Because of the high variability of
staurolite-bearing mineral assemblages, the crystalli-
zation sequences of the minerals during metamor-
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phism are uncertain (Arnold et al., 2000; Faryad and
Hoinkes, 2006).

It is difficult to anticipate the stability of staurolite
in the mineral assemblages of metabasites because this
mineral is rarely documented in such rocks. One of the
reasons for this is (Purttscheller and Mogessie, 1984)
that it is difficult to identify staurolite phases in meta-
basites because their grains are small.

Although staurolite and kyanite are found in
amphibolite-facies rocks and usually occur in associa-
tion with paragonite and garnet, amphibole may be
absent from some Al-rich metabasites (Faryad and
Hoinkes, 2006). Staurolite was also documented in
metabasites containing gedrite (Spear, 1977, 1978,
1980).

The aforementioned facts and considerations
imply that staurolite-forming reactions in metabasites
are controlled by several factors in addition to alumina
content. Staurolite and kyanite stability in rocks
strongly depends on their Fe and Mg concentrations
(Arnold et al., 2000; Faryad and Hoinkes, 2006).
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Sometimes an important role is played by K,O. Low
K,0O concentrations hamper the formation of potassic
feldspar, and hence, excess Al (if present), is accom-
modated to some extent in plagioclase and is favorable
for staurolite stability in the presence of relatively high
Fe concentrations.

Data in (Faryad and Hoinkes, 2006) show that
staurolite can be formed in high-Al metabasites at 7=
570°C, P > 10 kbar, together with clinozoisite, or at
T = 540—450°C, P = 7—8 kbar, with plagioclase. The
absence of chloritoid from the studied rock samples
suggests either that this mineral has been completely
replaced or that the prograde P—T path did not cross
the stability field of chloritoid (Faryad and Hoinkes,
2006).

Metabasites typically contain staurolite that is
more magnesian than it is in metapelites. Staurolite in
which much Fe?* is substituted for Mg was first found
in high-pressure metamorphic rocks in the 1980s
(Schreyer et al., 1984). Later on, magnesian staurolite
has been found in other metabasites (e.g., Enami and
Zang, 1988; Gil Ibarguchi et al., 1991). One of the first
studied magnesian staurolite (X, = 0.965) samples
originated from the Dora-Maira massif in the western
Alps (Simon et al., 1997; Simon and Chopin, 2001)
and contained much H*. This staurolite was report-
edly formed under ultrahigh-pressure metamorphism
at 7= 700°C and P = 30 kbar (Simon et al., 1997;
Simon and Chopin, 2001).

Staurolite samples with Xy, up to ~0.4—0.6 were
found in various rocks metamorphosed under high
pressures (Schreyer et al., 1984; Ward, 1984, Grew and
Sandiford, 1984; Nicollet, 1986). Magnesian stauro-
lite is often found in equilibrium coexistence with
corundum. This indicates that an environment under-
saturated with silica is favorable for the origin of highly
magnesian staurolite (e.g., Schreyer, 1967; Grew and
Sandiford, 1985). However, it is important to recall
that these finds of highly magnesian staurolite were
made in metapelites of unusual composition, under-
saturated with K,O (Korikovsky, 1979), whose other
stable phases are amphibole of the gedrite—antho-
phyllite series, Al,SiO5 polymorphs, cordierite, gar-
net, orthopyroxene, and some other minerals. It has
been found that the Xy, of staurolite depends nonlin-
early on pressure (see below). It should be kept in
mind that detailed studies of staurolite have revealed
that the isomorphous exchange of Fe in this mineral
can proceed not only for Mg but also for Co, Zn, Mn,
and perhaps, also Ca (Fed’kin, 1975). It is still not
possible to elucidate how this isomorphic exchange
can affect staurolite stability because the properties of
such staurolites are still explored very poorly.

It has been hypothesized (Schreyer, 1967) that the
absence of natural magnesian staurolite from the
upper mantle, in which P—T parameters are reached
that are necessary for the stability of magnesian stau-
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rolite (>11 kbar), is explained by the absence of highly
aluminous rocks. W. Shreyer has also suggested that
magnesian staurolite and quartz cannot be stable with
each other because of the alternative stability of
kyanite or other magnesian silicates. Indeed, kyanite
and other aluminous minerals are typical of high-pres-
sure eclogites (e.g., Dawson, 1980), and the break-
down of these minerals at a temperature decrease may
result in Mg-rich staurolite.

When the possible sources of highly aluminous
rocks at mantle depths were discussed, it was suggested
that staurolite can be produced by high-pressure
metamorphism in mafic rocks with minor amounts of
crustal material, which is characterized by high alu-
mina contents (Hellman and Green, 1979).

It has been experimentally proven (Hellman and
Green, 1979) that staurolite can be formed in a mafic
rock under a high pressure, in the presence of water.
Experiments aimed at constraining the stability field
of staurolite in the MgO—Al,0;—SiO,—H,0 system
(Fockenberg, 1995) under various water pressure have
demonstrated that the mineral is stable at P = 12—
66 kbar and 7= 608—918°C. Hydrogen concentration
in magnesian staurolite usually increases with increas-
ing pressure (Holdaway et al., 1995; Fockenberg,
1995).

Scarce data are currently available that magnesian
staurolite can be formed at very high temperatures
(> 900—1000°C), as in the Central Zone of the Lim-
popo complex in South Africa (Schreyer et al., 1984;
Tsunogae and Van Reenen, 2010), where magnesian
(X = 0.44—0.58) staurolite was found in an equilib-
rium assemblage with sapphirine and quartz. Another
find was made in southern India (Tsunogae and San-
tosh, 2003; Santosh et al., 2004; Shimpo et al., 2006),
where magnesian (X, ~ 0.58) accessory staurolite was
found out to coexist with garnet, gedrite, sapphirine,
corundum, spinel, and rutile.

Staurolite can have Xy, < 0.3, which is lower than
this parameter of other silicates coexisting with it (e.g.,
Deer et al., 1982; Enami, 1988). However, it is well

known that K™ of staurolite with, for example, gar-
net shows an inversion with increasing pressure
(Koch-Miiller, 1997). Staurolite-bearing K-poor
rocks (without muscovite and potassic feldspar) some-
times contain unusual mineral assemblages with
gedrite and cordierite, and the staurolite and garnet
have the highest Xy,,, much higher than these param-
eters of the minerals in the surrounding muscovite-
bearing metapelites metamorphosed to the same tem-
perature and pressure. It is also known (from data on
natural rocks) that the reactions forming and decom-
posing staurolite at prograde metamorphism are prin-
cipally different: cordierite rims around staurolite have
been found and documented in (Mezger and Pass-
chier, 2003).
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Table 2. Petrochemical moduli for metabasite groups differing in the FeO/MgO ratio

Metabasites FeO/MgO MgO/CaO CaO/FM* Al,O3;/FM
Group 1 >1 0.33 1.11 2.07 max
0.29 0.97 1.77 min
Group 2 ~1 1.21 0.52 1.37 max
0.97 0.45 1.23 min
Group 3 <] 1.31 0.67 1.22 max
.11 0.58 1.21 min

*FM = FeO, + MgO.

Magnesian staurolite has been synthesized at 7' =
700—950°C and P > 11 kbar (Schreyer, 1967; Schreyer
and Seifert, 1969). Staurolite rich in Mg (Xy;, = 0.53—
0.57) was experimentally synthesized from olivine
tholeiite at 7= 740—760°C and P = 24—26 kbar (Hell-
man and Green, 1979).

These and other experimental data suggest that
Mg-rich staurolite can be stable in Mg- and Al-rich
metamorphic rocks produced at high temperatures
and pressures, which is consistent with our simulation
results.

It follows that the metabasite compositions favor-
able for staurolite stability in them can be most com-
prehensively characterized by their Al,O5, MgO, FeO,,
and CaO concentrations, and because the concentra-
tions of other major components are lower than or
close to unity, variations in the concentrations of these
components practically do not affect staurolite stabil-
ity. With regard to this, the following ratios were

wt %
30
25+
20

151

ca I .
B | §eg a
5L i i

0
FeO/MgO >>1 FeO/MgO ~1 FeO/MgO << 1
Metabasites

Fig. 8. Ranges of concentrations of major components
(Al,O3, FeO,, MgO, and CaO) in mafic protoliths in
which staurolite is expected to be formed by metamor-
phism.
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assumed as the petrochemical moduli that primarily
control staurolite stability: MgO/CaO, CaO/FM, and
Al,O;/FM. With regard to some features of the stabil-
ity fields of staurolite in protoliths with various FeO,
contents, these moduli were calculated separately for
three compositional groups of the metabasites with con-
trastingly different FeO/MgO ratios (Table 2, Fig. 8).

The petrochemical moduli can be utilized to provi-
sionally predict whether staurolite can be stable in
metamorphic rocks formed at intermediate and high
pressures after certain protoliths.

CONCLUSIONS

The wide variety of mineral assemblages with stau-
rolite in metabasites indicates that the stability of stau-
rolite-bearing assemblages is controlled by several fac-
tors: P—T parameters of metamorphism, bulk-rock
compositions of the protoliths, and the composition of
the fluids. To better understand the origin of staurolite
in the group of metabasites, we classified these rocks
into subgroups with different contents of Fe, Mg, Ca,
and Al, because ratios of these elements differently
affect the configuration and number of P—T fields of
staurolite mineral assemblages. This feature is inher-
ent to metabasites but not metapelites.

The key factors and conditions of staurolite stabil-
ity are as follows:

1. Staurolite is most typical of metabasites meta-
morphosed under medium and high pressures.

2. Alumina content in metabasites is of paramount
importance for the stability of staurolite-bearing min-
eral assemblages and directly controls the configura-
tion of the stability field(s) in P—T space.

3. An increase in the FeO, content in the rocks
decreases the Xy, of the staurolite, and a significant
decrease in the FeO, content results in that amphibole
and/or biotite are formed instead of staurolite.

4. A change in the CaO content notably affects the
configuration of the staurolite fields: a moderate
increase in the CaO content expands the staurolite-
bearing region toward higher pressures. However the
rock contains a significant highest CaO content, no
staurolite is formed. An increase in the CaO content is
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associated with a decrease in the Xy, of the staurolite,
which is usually controlled by the dominance of
amphibole and/or clinopyroxene or sometimes also
biotite, which are more magnesian than staurolite.
A decrease in the CaO content is less important for
staurolite stability: assemblages of this mineral with
amphibole and plagioclase with subordinate amounts
of garnet are formed at low pressures.

5. The role of MgO content in metabasites is that a
decrease in the content of this component drastically
decreases the content of staurolite in the rock and
simultaneously decreases its Xy;,.

6. An increase in the CO, mole fraction in the
H,0—CO, fluid shifts the stability fields of staurolite
assemblages toward lower temperatures and higher
pressures in the P—7 diagrams.
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