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ABSTRACT

Plagioclase peridotites are an important marker of the shallow geodynamic evolution of the lithospheric mantle at extensional settings. Based on low-
pressure experiments, a recent study by Fumagalli et al. (2017) defined and calibrated a geobarometer for peridotitic bulk compositions, based on the Forster-
ite-Anorthite-Ca-Tschermak-Enstatite (FACE) pressure-sensitive equilibrium. The Suvero plagioclase-bearing peridotites, on which the FACE geobarometer
was calibrated, are primarily associated to plagioclase pyroxenites. Assuming that the pyroxenites record the same Pressure-Temperature evolution than the
plagioclase peridotites, they represent ideal candidates to test the applicability of the FACE geobarometer on pyroxenitic compositions. As documented in the
plagioclase peridotites, the pyroxenites are characterized by the development of fine-grained neoblastic assemblages, indicative of partial recrystallization under
plagioclase-facies conditions. Chemical zonations in these neoblastic mineral aggregates suggest equilibration stages at variable pressure and temperature and
allowed to document two re-equilibration stages corresponding to the onset of plagioclase-facies recrystallization (830-850°C, 6.9-8.1+0.5 kbar) and a shallower
colder re-equilibration (770-790°C, 5.8-5.9+0.5 kbar), respectively. The decompressional evolution reported for pyroxenitic bulk compositions is consistent
with the exhumation history documented in the associated Suvero peridotite, although at slightly higher equilibrium pressures (~ 1 kbar). Remarkably, the much
lower X, in pyroxenites reflects in lower Cr incorporation in pyroxenes and, consequently, in significantly higher Ca-Tschermak activity in clinopyroxene that
might introduce the systematic pressure overestimation by FACE geobarometer.

INTRODUCTION

Plagioclase peridotites are extensively described in slow
to ultraslow-spreading ridges and passive margins (e.g.,
Kelemen et al., 2007; Dick et al., 2010; Martin et al., 2014,
Warren, 2016; Basch et al., 2018), where extension is domi-
nated by tectonic denudation and mantle is exhumed by ki-
lometre-scale detachment faults (e.g., Piccardo et al., 1993;
2002; Rampone and Piccardo, 2000; Manatschal and Miin-
tener, 2009; MacLeod et al., 2009). The formation of plagio-
clase in these mantle rocks can be related either to magmatic
crystallization during percolation of tholeiitic melts within
the peridotites or metamorphic recrystallization at plagio-
clase-facies conditions. The two processes imply a different
thermal structure of the lithosphere and can affect different
mantle sections of an extending lithosphere, i.e. hot, infil-
trated mantle domains affected by melt percolation and melt-
rock interaction during exhumation, or cold mantle sectors
which were exhumed at subsolidus conditions, thus record-
ing low-pressure metamorphic recrystallization (Rampone et
al., 2018). In both cases, plagioclase peridotites constitute an
important marker of the shallow geodynamic evolution of the
lithospheric mantle at extensional settings.

Experiments on fertile and depleted peridotites within the
subsolidus plagioclase stability field (Borghini et al., 2010)
demonstrated that the compositions of coexisting plagioclase
and pyroxenes are not dependent on the peridotite bulk com-
position and vary significantly over a rather narrow pressure
range. Borghini et al. (2011) proposed an empirical geoba-
rometer based on the composition of plagioclase and applied

it on chemically zoned plagioclase-bearing neoblastic ag-
gregates in the Suvero plagioclase peridotites (External Li-
guride Unit, Northern Apennines, Italy), obtaining pressure
estimates from 7 to 3 kbar (i.e. ~ 21 to 9 km; Borghini et al.,
2011). More recently, Fumagalli et al. (2017) further investi-
gated experimentally the variability of mineral chemistry in
a Na-rich peridotite within the plagioclase-facies. Profiting
of a consistent experimental database, covering a wide range
of P-T conditions (3-9 kbar, 1000-1150°C) and variable bulk
compositions, they calibrated a geobarometer for plagioclase
peridotites based on the reaction Forsterite® + Anorthite” =
Ca-Tschermak® + Enstatite®” (FACE geobarometer, Fu-
magalli et al., 2017). The application of the FACE geoba-
rometer, adequately supported by detailed microstructural
and mineral chemistry investigations, provides a valuable
tool to track the exhumation of the lithospheric mantle in ex-
tensional environments.

The Suvero ultramafic body is heterogeneous and char-
acterized by the occurrence of parallel spinel pyroxenite
layers within spinel lherzolites (Borghini et al., 2011; 2013;
2016; 2019). These pyroxenite layers were interpreted as
the result of old (Ordovician; 433+51 Ma; Borghini et al.,
2013) high-pressure segregation (P > 15 kbar) and reactive
crystallization of low-MgO silica-saturated melts likely
originated by melting of a heterogeneous mantle source
(Borghini et al., 2016). Host peridotites and pyroxenite lay-
ers were already associated prior to the Jurassic exhumation
of this subcontinental mantle sector and presumably expe-
rienced the same decompressional Pressure-Temperature
evolution leading to partial recrystallization at plagioclase-



facies conditions. Pyroxenite layers are characterized by
rather fertile bulk compositions and are, therefore, more
sensible to plagioclase-facies recrystallization (Hidas et
al., 2013; Fumagalli et al., 2017; Borghini and Fumagalli,
2018). Subsolidus phase relations have been experimentally
defined for a pyroxenite sample (GV10) from the Suvero
massif (Borghini and Fumagalli, 2018). Few experiments
on pyroxenite GV10 at plagioclase-facies conditions have
provided plagioclase composition comparable with those
observed in the host peridotite, but more experimental data
on plagioclase-bearing pyroxenites are needed to extend
the applicability of the FACE geobarometer to pyroxenitic
compositions. The more fertile character of pyroxenites
with respect to peridotites enhances subsolidus recrystalli-
zation processes (Hidas et al., 2013; Borghini et al., 2016;

Borghini and Fumagalli, 2018) and can therefore facilitate
the geobarometric estimates for pyroxenite-bearing mantle
sectors. Moreover, fertile pyroxenites are expected to en-
counter plagioclase appearance at significantly higher pres-
sure than peridotite (Borghini and Fumagalli, 2018) and
thus they are potentially good markers of low-pressure
equilibration of the mantle rocks.

In this article, we present a detailed microstructural-based
chemical work on the neoblastic plagioclase-facies mineral
assemblage on selected pyroxenite samples. The main ob-
jectives of this paper are to: i) document the low-pressure
evolution as recorded by pyroxenite layers that are directly
associated to plagioclase peridotites previously investigated
(Borghini et al., 2011); and ii) test the applicability of the
FACE geobarometer on pyroxenitic compositions.

Fig. 1 - Photomicrographs and BSE image of representative textures observed in the Suvero plagioclase-bearing pyroxenites. a) Partially recrystallized
spinel-facies porphyroclastic assemblage; b) Detail of the plagioclase-bearing neoblastic assemblage; ¢) BSE image of the plagioclase-bearing neoblastic
assemblage. The colour variation within plagioclase is indicative of a core-rim chemical zoning. cpx- clinopyroxene; opx- orthopyroxene; plg- plagioclase;
ol- olivine.



PETROLOGICAL BACKGROUND AND SAMPLES

The Alpine-Apennine ophiolites represent lithospheric
remnants of the Ligurian Tethys Ocean (e.g., Rampone et al.,
2018 and references therein). Jurassic opening of the oceanic
basin led to a progressive uplift and exhumation of subcon-
tinental lithospheric mantle (e.g., Manatschal and Miintener,
2009). Most of these mantle bodies have been affected by
refertilization processes related to the asthenospheric upwell-
ing during rifting and subsequent oceanization (e.g., Rampone
et al., 1997; 2004; 2008; 2016; 2018, Miintener et al., 2004;
Borghini et al., 2007; Piccardo et al., 2002; 2007; Basch et al.,
2018; 2019a; 2019b). However, some mantle units from the
Northern Apennines (including the External Liguride Unit)
have escaped this melt-rock interaction history and preserve
their pristine subcontinental lithospheric mantle composition
(Beccaluva et al., 1984; Rampone et al., 1995; Montanini et
al., 2006; Borghini et al., 2011; 2016).

The External Liguride (EL) ophiolites are composed of ki-
lometre-scale bodies of ultramafic rocks and minor MORB-
type gabbros and basalts, embedded in Cretaceous sedi-
mentary mélanges that were obducted during closure of the
Ligurian Tethys oceanic basin (Rampone et al., 1993; 1995;
Tribuzio et al., 2004; Montanini et al. 2008). The External
Liguride ophiolitic mantle sequences have therefore been
inferred to represent remnants of a fossil ocean-continent
transition, where exhumed subcontinental mantle was asso-
ciated with embryonic oceanic crust and rocks of continental
origin (Marroni et al., 1998; Rampone and Piccardo, 2000;
Tribuzio et al., 2004; Montanini et al., 2008). The mantle
sequences consist of fertile spinel and plagioclase lherzolites
with disseminated Ti-rich amphibole and widespread spinel-
or garnet-bearing pyroxenite layers (Beccaluva et al., 1984;
Rampone et al., 1993; 1995; Montanini et al., 2006; 2012;
Borghini et al., 2013; 2016; Montanini and Tribuzio, 2015).

In the Suvero peridotites, the development of fine-grained
plagioclase-bearing neoblastic aggregates is indicative of
partial metamorphic recrystallization of the spinel-facies
porphyroclastic mineral assemblage (Rampone et al., 1993;
1995; Borghini et al., 2011). This recrystallization witnesses
the decompressional evolution of the peridotites from spinel-
facies (1.2-1.5 GPa, 950-1000°C) to plagioclase-facies condi-
tions (< 1 GPa, 800-900°C; Borghini et al., 2011). Moreover,
compositional zoning in neoblasts (e.g., anorthite content re-
verse zoning; An = Ca/(Ca + Na) mol%) resulted from sub-
solidus decompressional evolution of the peridotites within
plagioclase-facies stability field. In the peridotites, detailed
microstructural-geochemical analyses (Borghini et al., 2011)
combined with the application of the FACE geobarometer
(Fumagalli et al., 2017), allowed to estimate two stages of
recrystallization, from 6.3-7.0 kbar at 840-900°C to 4.3-4.8
kbar at 800-850°C (Fumagalli et al. 2017).

At Suvero, peridotites are associated to spinel-bearing
pyroxenite occurring as parallel layers within the lherzolites
and ranging in thickness from millimetre- to decimetre-scale.
Pyroxenite layers are parallel to the mantle tectonite foliation
plane and show sharp contacts with the host peridotites char-
acterized by occurrence of thin irregular orthopyroxene-rich
borders along pyroxenite-peridotite contact (Borghini et al.,
2019). Pyroxenite abundance is variable and can be as high as
50% in some outcrops (see Fig. 2 in Borghini et al., 2016). In
some places, pyroxenite layers alternate with harzburgite and
dunite, forming compositional layering parallel to the tectonite.

Pyroxenites consist of a primary spinel-bearing mineral
association made by coarse-grained clinopyroxene, orthopy-

roxene and spinel (up to centimetre-size crystals; Fig. la),
elongated along the mantle foliation observed in the perido-
tites. The porphyroclastic minerals are partially recrystallized,
indicating low-pressure metamorphic reequilibration during
decompression from spinel- to plagioclase-facies conditions
(Borghini et al., 2016). This recrystallization is marked by the
development of: i) sub-millimetre to millimetre-size coronas
of plagioclase and olivine around coarse porphyroclasts of
greenish spinel; ii) orthopyroxene and plagioclase exsolution
in porphyroclastic clinopyroxenes; and iii) fine-grained neo-
blastic aggregates (~ 100-200 pm) of pyroxenes, plagioclase
and olivine partially replacing the spinel-facies pyroxene por-
phyroclasts (Fig. 1b, ).

In order to study the plagioclase-facies geothermobaro-
metric evolution recorded in the pyroxenite layers, we se-
lected three pyroxenite samples previously investigated by
Borghini et al. (2016). They are two websterites (GV8 and
GV10) and a clinopyroxene-rich websterite (BG13) and pre-
serve unaltered neoblastic aggregates of clinopyroxene, +
orthopyroxene, + plagioclase + olivine. These samples ex-
hibit more fertile bulk compositions than the host peridotites
i.e. they are characterized by lower Mg-values (82.53-84.98
mol%), higher CaO (12.6-14.0 wt%), AL,O; (9.9-13.8 wt%)
and Na,O (0.4-0.5 wt%) (Table 1, Fig. 2). The Na,0O/CaO and
Cr/(Cr + Al) ratios of the pyroxenite samples (Na,0/CaO =
0.032-0.041; Cr/(Cr + Al) =0.007-0.011 mol%) also plot far
from the compositional range defined by the host plagioclase
peridotites (Fig. 3). Moreover, the pyroxenite GV 10 has been
selected as starting bulk composition for partial melting and
subsolidus experiments at 7-15 kbar (Borghini et al., 2017;
Borghini and Fumagalli, 2018).

ANALYTICAL METHODS

Major element (SiO,, TiO,, Al,O;, Cr,0,4, FeO, MgO,
MnO, CaO, NiO and Na,O) compositions of olivine,
clinopyroxene, orthopyroxene and plagioclase were ana-
lyzed by JEOL JXA 8200 Superprobe equipped with five

Table 1 - Bulk rock major element compositions
of the plagioclase pyroxenite, after Borghini et al.
(2016).

Wt% BGI3 GVE  GVI0
Sio, 43.84 46.46 45.99
TiO, 0.42 0.45 0.44
Cr,0; 0.14 0.17 0.16
ALO; 13.83 115 9.94
FeOt 6.55 6.71 7.77
MnO 0.19 0.14 0.16
MgO 18.06 19.17 18.53
Ca0 13.33 12.64 13.96
Na,O 0.42 0.52 0.48
LOI 4.48 3.13 2.82
Total 10126 100.89  100.25
Mg# 84.52 84.98 82.53
Na,0/Ca0 0.032 0.041 0.034
Cr/(Cr+Al) 0.007 0.010 0.011

Mg# = Mg/(Mg + Fe).
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Fig. 2 - Variation diagrams of Mg# vs a) SiO,, b) Al,O;, ¢) Na,O, d) CaO (wt%) for the External Ligurides (EL) plagioclase pyroxenites (Borghini et al.,
2016) and studied samples. Compositional fields are garnet pyroxenites and spinel websterites from ultramafic orogenic massifs: Beni Bousera, Morocco
(Pearson et al., 1993; Kumar et al., 1996; Gysi et al., 2011); Ronda, Spain (Suen and Frey, 1987; Garrido and Bodinier, 1999; Bodinier et al., 2008); Ho-
roman, Japan (Takazawa et al., 1999; Morishita and Arai, 2001); Pyrénées, France (Bodinier et al., 1987a; 1987b); Balmuccia, Italy (Sinigoi et al., 1983;
Voshage et al., 1988; Mukasa and Shervais, 1999). The EL field refers to the bulk compositions of garnet pyroxenites of the External Liguride Units investi-
gated by Montanini et al. (2006), and the grey squares represent the bulk composition of the Suvero plagioclase peridotites used by Fumagalli et al. (2017) to

calibrate the FACE geobarometer. Mg# = Mg/(Mg+Fe) x 100.
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Fig. 3 - Cr/(Cr + Al) vs. Na,0/CaO diagram comparing the External
Ligurides pyroxenite bulk compositions (Table 1) to the composition
of starting materials used in experimental studies. FLZ fertile lherzolite
(Borghini et al., 2010; 2011; Fumagalli et al., 2017), DLZ depleted lherzo-
lite (Borghini et al., 2010; Fumagalli et al., 2017) and HNa-FLZ high-Na
fertile lherzolite (HNa-FLZ, Fumagalli et al., 2017) bulk compositions
have been used to calibrate the FACE geobarometer (Fumagalli et al.,
2017). Experimental starting materials are compared with the compositions
of ophiolitic, orogenic and oceanic peridotites (Sinigoi et al., 1980; Bodi-
nier et al., 1988; 2008; Voshage et al., 1988; Piccardo et al., 1988; Frey
et al., 1991; Van der Wal and Vissers, 1996; Rampone et al., 1995; 1996;
2005; 2008; Takazawa et al., 2000; Niu 2004; Sano and Kimura, 2007; Le
Roux et al., 2007; Kaczmarek and Miintener, 2010), and mantle xenoliths
(Tonov et al., 1995; Bonadiman et al., 2005; Martin et al., 2014).



wavelength-dispersive spectrometers, an energy dispersive
spectrometer, and a cathodoluminescence detector (accel-
erating potential 15 kV, beam current 15nA), operating
at the Dipartimento di Scienze della Terra, University of
Milano. Mineral chemistry of clinopyroxene, orthopyrox-
ene, plagioclase and olivine from the studied pyroxenites
are reported in Supplementary Tables 1S-4S. Our data are
consistent with mineral compositions reported for these py-
roxenite samples by Borghini et al. (2016).

MINERAL CHEMISTRY

Clinopyroxene, orthopyroxene and olivine show Mg-val-
ues consistent with their respective bulk-rock major element
composition (Table 1). Within each sample, pyroxenes and
olivine also show variations in Mg-value correlated to the
mineral assemblage (porphyroclasts vs neoblasts) and micro-
structural site (core vs rim) they are found in.

Clinopyroxene (Table 1S) porphyroclasts show increas-
ing Mg-values and decreasing Al,O; contents from crystal
cores (coloured circles; GV10: Mg# = 81.8-82.4 mol%, GV8
and BG13: Mg# = 83.7-84.0 mol%, Al,O, = 7.8-8.4 wt%, Al
a.p.f.u.=0.32-0.37) to rims (open circles; BG13: Mg# = 85.2-
87.5 mol%, Al,0,=3.7-5.7 wt%, Al a.p.f.u. =0.16-0.25; Fig.
4a). They exhibit lower Cr,O5 contents (Cr,0O, = 0.10-0.35
wt%) than spinel-facies clinopyroxenes analyzed in the host
peridotite (Borghini et al., 2011). Neoblastic clinopyroxenes
(triangles in Fig. 4a) show higher Mg-values, lower Al,O;
and similar Cr,O, contents relative to porphyroclasts, and in-
creasing Mg-values at decreasing Al,O, contents from crystal
cores (GV10: Mg# = 81.2-82.0 mol%, GV8 and BG13: Mg#
= 84.6-86.8 mol%, Al,O, = 4.5-6.4 wt%, Al ap.fu. =0.20-
0.28, Cr,0; = 0.09-0.39 wt%) to rims (GV10: Mg# = 81.3-
82.0 mol%,GV8 and BG13: Mg# = 85.0-88.2 mol%, Al,O, =
3.1-5.8 wt%, Al a.p.fu.=0.14-0.26, Cr,0, = 0.13-0.39 wt%).

Orthopyroxene (Table 2S) porphyroclasts show increas-
ing Mg-values at decreasing Al,O; contents from crystal
cores (GV10: Mg# = 81.5-82.3 mol%, GV8 and BG13: Mg#
= 83.7-85.3 mol%, Al,O, = 4.8-6.7 wt%, Al a.pfu.=0.16-
0.28) to rims (GV8: Mg# = 84.1-86.7 mol%, Al,0, =2.3-3.7
wt%, Al a.p.fu. =0.09-0.15; Fig. 4b). Porphyroclasts show
similar CaO contents (CaO = 0.6-1.4 wt%) and lower Cr,0,
contents (Cr,0, =0.11-0.31 wt%) than spinel-facies orthopy-
roxenes analyzed in the host peridotite (Borghini et al.,2011).
Granular orthopyroxenes (cores and rims) show similar Mg-
values (GV10: Mg# = 81.1-81.5 mol%, GV8 and BG13 =
83.8-86.9 mol%), ALLO, (ALLO; =2.0-3.9 wt%, Al apfu. =
0.09-0.15) and Cr,0O; contents (Cr,O; = 0.04-0.21 wt%) to
orthopyroxene porphyroclast rims (Fig. 4b).

Plagioclase (Table 3S) cores show rather homogeneous
composition in all the analyzed samples. Anorthite content
in plagioclase (An = Ca/(Ca + Na) x 100) varies from 56.2
to 62.4 mol%, and almost overlaps the anorthite variation ob-
served in associated peridotite (An = 56-59 mol%, Borghini
et al., 2011; Fig. 5). Rims of plagioclase crystals show vari-
able compositions depending on which phase they are associ-
ated with. Rims at the contact with granular orthopyroxene
and olivine show compositions similar to plagioclase cores
(An =55.5-59.2 mol%, Fig. 5). Some plagioclase rims at the
contact with granular clinopyroxene show higher anorthite
content (An = 74.3-76.6 mol%, Fig. 5), similar to the compo-

sitions of plagioclase rims in the host peridotites (An = 74-79
mol%, Borghini et al., 2011).

Olivine (Table 4S) cores in the different samples show
rather homogeneous Forsterite contents that are positively
correlated with their respective bulk-rock Mg-value (GV10:
Fo =80.5-81.7mol%, GV8 and BG13: Fo=86.1-86.9 mol%).

DISCUSSION

Thermobarometry of pyroxenites at plagioclase-facies
conditions

The selected samples record the development of neoblastic
aggregates (cpx, + opx, + plagioclase + olivine) at the ex-
pense of the primary spinel-facies porphyroclastic minerals,
as a witness of partial plagioclase-facies recrystallization (Fig.
1). Core-to-rim chemical zonations in neoblastic mineral ag-
gregates (Figs. 4, 5) suggest their re-equilibration at different
stages of pressure and temperature (Borghini et al., 2011).
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Following Borghini et al. (2011) approach on Suvero pla-
gioclase peridotites, we focused on the most preserved pla-
gioclase-bearing neoblastic assemblages in the studied pyrox-
enites. Careful microstructural observations combined with
detailed mineral chemistry analysis allowed us to group the
compositions of neoblasts cores, referring to an earlier recrys-
tallization stage (Stage 1), and those of neoblastic rims, which
record a shallower re-equilibration (Stage 2). The assumption
that cores and rims of plagioclase and pyroxenes neoblasts are
in chemical equilibrium is strongly supported by microstruc-
tural evidence indicating textural equilibrium (Fig. 3).

Element partitioning between texturally associated miner-
als has been used to test chemical equilibrium, mandatory for
application of geothermobarometry. Xy, in clinopyroxene,
orthopyroxene and olivine cores and rims are coherent with
Fe Mg partitioning in ultramafic compositions (Table 1 and
Table 1S, 2S, 4S). Plagioclase and clinopyroxene composi-
tions further establish chemical equilibrium: anorthite in pla-
gioclase vs. aluminium content in M1 of clinopyroxene (X, M';
Fig. 6) follows the pressure-related trend observed in experi-
ments (Fumagalli et al., 2017). Furthermore, Ca, Na partition-
ing between clinopyroxene and plagioclase (Fig. 6b) is strictly
consistent with previous experimental and natural observations
(Borghini et al., 2010; 2011; Fumagalli et al., 2017).

The geothermobarometric estimates obtained for the two
equilibration conditions, Stage 1 and Stage 2, are reported in
Table 2. Only the equilibrated mineral couples, i.e. respect-
ing the documented Aly;-An and Ca-Na element partition-
ing, were used for geothermobarometric calculations. We
first estimated temperatures applying the two-pyroxene Fe-
Mg geothermometer (Brey and Kohler, 1990; Taylor, 1998)
and Ca-in-orthopyroxene geothermometer (Brey and Kohler,
1990). Overall, crystal cores yield equilibrium temperatures
(Trepe ~ 830-850°C) higher than the crystal rims (T, \, ~
770-790°C), consistently with the temperatures computed for
the plagioclase-facies assemblages of the Suvero peridotites
using the same geothermometers (Borghini et al., 2011; Fu-
magalli et al., 2017).

Pressure estimates were then obtained using the spread-
sheet provided as supplementary material in Fumagalli et al.
(2017) (Table 2). Cores record equilibrium pressures rang-
ing from 6.9 to 8.1+0.5 kbar (Stage 1). According to the de-
compressional evolution recorded by plagioclase peridotites,
the FACE estimates on the rims (Stage 2) give pressures of
5.8-5.9+0.5 kbar (Table 2). These two pressure intervals re-
spectively represent the upper and lower pressure condition
limits of the reequilibration stage in the plagioclase stability
field. The core-rim zoning in neoblasts is likely the result of
continuous chemical re-equilibration via solid-state element
diffusion among plagioclase and pyroxenes during the de-
compressional evolution. In the peridotites, this has been well
documented by progressive chemical variation along profiles
on neoblasts (Borghini et al., 2011).

Plagioclase-facies evolution
of the Suvero pyroxenite-peridotite association

FACE geobarometer applied to the Suvero plagioclase pe-
ridotites provided two stages of low-pressure re-crystalliza-
tion at 6.3-7.0 and 4.3-4.8+0.5 kbar (Fumagalli et al., 2017).
As the pyroxenites formation predates the exhumation of this
mantle sector, we can assume that they experienced the same
decompressional path. Indeed, thermobarometric estimates
for pyroxenites (Table 2) indicate comparable pressure and
temperature decrease (approx. 60°C, and 1.0-1.5 kbar) from
the event recorded by neoblastic cores to the stage testified by
rims. Nonetheless, pyroxenites yield slightly lower tempera-
tures (AT ~ -30-40°C) and higher pressures (AP ~ 1 kbar)
than neoblastic cores and rims in plagioclase peridotites.

Subsolidus experiments on mantle peridotites in com-
plex chemical systems determined that the pressure of the
plagioclase to spinel transition is strongly influenced by the

Table 2 - Geothermobarometric estimates based on major element compositions of the neoblastic minerals.

Brey & Kohler (1990) Taylor (1998)

Fumagalli et al. (2017)

Sample Assemblage opx-cpx  Ca-in-opx OpX-CpX aCaTs (cpx) aEn Xan (plg) aFo Kd (FACE) P (kbar)
GV10 g.core 850 972 838 0.025 0.630  0.745 0.648 0.0327 7.5
GV10 g.core 809 972 789 0.031 0.630  0.723 0.648 0.0412 8.1
GV8B g.core 806 922 768 0.025 0.725  0.738 0.756  0.0328 7.5
GV8B g.core 938 887 926 0.017 0.687  0.942 0.756  0.0165 7.5
BG13 g. core 889 965 869 0.027 0.674 0.742 0.756  0.0327 6.9
BGI13 g.core 828 962 814 0.017 0.685 1.003 0.756  0.0157 7.2
GV8B rim-rim 772 883 747 0.022 0.677  0.781 0.744  0.0259 5.9
GV8B  rim-rim 801 907 786 0.025 0.668  0.770 0.744 0.0294 5.8
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Fig. 6 - Diagrams showing the element partitioning between plagioclase
and clinopyroxene from the selected mineral associations; a) pressure-de-
pendent correlation between the XAl M1 in clinopyroxene and Anorthite
content in plagioclase. Experimental data are from Fumagalli et al. (2017)
and Borghini and Fumagalli et al. (2018); b) correlation between Ca/(C +
Na) in clinopyroxene and Anorthite content in plagioclase. Data for com-
parison are from Borghini et al. (2010; 2011) and references therein.

combined effect of Na,O/CaO (Ab/Di) and Cr/(Cr+Al) (Xc,)
ratios of the bulk composition (Green and Falloon, 1998;
Borghini et al., 2010; Fumagalli et al., 2017). Increasing Ab/
Di ratio favours the stability of plagioclase towards higher
pressures, whereas an increase in X, moves the plagioclase
appearance to lower pressures (Borghini et al., 2010). There-
fore, the plagioclase stability field is expected to progressive-
ly expand toward higher pressure from depleted peridotite
to fertile peridotite and pyroxenite. Suvero pyroxenites have
slightly lower Ab/Di (0.09-0.11) than the associated perido-
tites (Ab/Di = 0.15-0.16) and much lower bulk X (pyrox-
enites: X, = 0.01; peridotites: X, = 0.07). Accordingly, the
transition from plagioclase to spinel facies for pyroxenite
bulk compositions (GV10) has been experimentally located
at 1 kbar higher than fertile peridotitic compositions, mostly
due to its lower X, (Fig. 2; Borghini and Fumagalli, 2018).

Fig. 7 displays the thermobarometric estimates obtained in
the Suvero pyroxenites and peridotites at plagioclase-facies
conditions (Fumagalli et al., 2017), compared to the experi-
mentally determined plagioclase to spinel transition for their
respective bulk composition (Fumagalli et al., 2017; Borghini
and Fumagalli, 2018). The onset of plagioclase crystallization
provided by the pressure estimate on the neoblastic cores (stage
S1; Fig. 7) falls at the upper limit of the plagioclase-bearing
field experimentally determined for the pyroxenite GV10 and
the fertile lherzolite, respectively 8 kbar and 7 kbar at 850°C
(Fig. 7). This result could indicate that pyroxenites record an
initial stage of plagioclase-facies recrystallization at higher
pressure than the associated peridotites in response to their
more fertile bulk composition (i.e. much lower X,). Howev-
er, the shift towards higher pressure also obtained for Stage 2
(Fig. 7) suggests a slight systematic deviation when the FACE
geobarometer is applied to pyroxenitic bulks. Indeed, FACE
geobarometer was calibrated for mantle peridotites and a bulk
composition effect on its pressure estimates on pyroxenites
need to be further considered (Borghini and Fumagalli, 2018).

Bulk composition effect on FACE barometric estimates

As the Suvero peridotites and pyroxenites were exhumed
together, they are expected to record the same, or rather simi-
lar, pressure and temperature conditions of the plagioclase-
facies recrystallization stages (S1 and S2, Fig. 7). Although
the onset of plagioclase-bearing crystallization may be antici-
pated to slightly higher depth in the pyroxenite as an effect of
more fertile bulk composition, the pressure shift of Stage 2 is
not easily explainable. FACE geobarometer was calibrated
for peridotite bulks having a narrow range of Na,O/CaO and
X, ratios (Fig. 2). Olivine-bearing websterites may have
bulk composition significantly different from the peridotite
range and this potentially introduces a deviation in the FACE
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Fig. 7 - Geothermobarometric estimates for the peridotite and pyroxenite
samples represented in a Pressure-Temperature diagram. Plagioclase-out
boundaries for FLZ and GV 10 bulk compositions were determined experi-
mentally by Fumagalli et al. (2017) and Borghini and Fumagalli (2018).
Stage S1 corresponds to the partial plagioclase-facies recrystallization
provided by the cores of the neoblastic minerals (onset of recrystallization)
and stage S2 corresponds to the subsequent shallower equilibration indi-
cated by the compositions of the neoblastic rims



pressure estimates. Equilibrium temperatures yielded by py-
roxenites are similar, or very close, to those estimated for pe-
ridotite; anyway, temperature has a minor effect on pressures
computed by FACE geobarometer (Fumagalli et al., 2017).

This deviation might be considered looking at the activities
used to calculate the Kd of the reaction Forsterite® + Anor-
thite” = Ca-Tschermak®* + Enstatite®? (Table 2). In spite of
different bulk Na,O/CaO ratios, anorthite in plagioclase is not
significantly different between the Suvero pyroxenites and pe-
ridotites (Fig. 5). This reflects the coherent Na-Ca partitioning
between plagioclase and clinopyroxene in pyroxenites as well
as in peridotites (Fig. 6b). The activity of enstatite in orthopy-
roxene (a,,) and of forsterite in olivine (a;,) decreases concomi-
tantly in agreement with the bulk Xy, (Table 2). The discrep-
ancy between the two compositional systems (pyroxenite vs.
peridotite) is related to the variability of Ca-Tschermak activ-
ity in clinopyroxene (ac,r, = 4Xc, XM X\ "X "). The latter is
significantly higher in clinopyroxenes of pyroxenites resulting
in higher pressure estimates provided by the FACE equation.
Cr-Al partitioning between spinel and pyroxene is controlled
by the spinel-pyroxene and clinopyroxene-orthopyroxene ex-
change reactions (Borghini et al., 2010):

MgCr,0, + 2CaAl,SiO, = MgALO, + 2CaCrAlSiOg (1)
spinel cpx spinel cpx
MgCr,0, + 2MgALSiO, = MgAlL O, + 2MgCrAlSiO, (2)
spinel cpx spinel cpx
CaAl,SiO4 + MgCrAlISiO, = CaCrAlSiO, + MgALSiO, (3)
cpx cpx cpx cpx

Atrelatively low pressure, this partitioning is further com-
plicated by the contribution of plagioclase according to the
reaction:

MgCr,0, + CaAl,Si,04 = MgCrAlSiOg + CaCrAlSiOq (4)
spinel anorthite opx cpx

As demonstrated by Borghini et al. (2010), X, of spinel is
positively correlated to the abundance of plagioclase, therefore,
according to the continuous spinel-plagioclase reaction, at de-
creasing pressure the increase of X, in spinel and pyroxenes
is balanced by the modal plagioclase increase that is coupled
to the decrease of spinel and pyroxene abundances. Hence, de-
spite the role of spinel in incorporating Cr, pyroxenes represent
important Chromium hosts even at low pressure (Borghini et
al., 2010). For very low-X, bulk compositions, as those of the
pyroxenites studied here, the low Cr contents strongly limits
these exchange reactions inhibiting the formation of Ca,Cr-
Tschermak and Mg, Cr-Tschermak molecules in clinopyroxene
and orthopyroxene, respectively. Therefore, at fixed P-T con-
ditions and decreasing bulk X, the activity of Ca-Tschermak
in equilibrium clinopyroxene is expected to increase. This is
indeed shown by the negative correlation of the a.,p, and X,
in clinopyroxene observed in Suvero peridotites and associated
pyroxenites (Fig. 8). This could explain the deviation observed
in pressure estimates computed for plagioclase-facies recrystal-
lization stages by FACE geobarometer. However, experimental
data on the mineral chemistry and element partitioning (e.g., Cr-
Al partitioning between spinel and pyroxene) in low-pressure
pyroxenite assemblages are so far very limited and more evi-
dence of such deviation would need to be further investigated.

CONCLUDING REMARKS

Suvero pyroxenites show fine-grained neoblastic assem-
blages indicative of partial recrystallization at plagioclase-
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Fig. 8 - Activity of Ca-Tschermak vs. X, (X, = Cr/(Cr + Aly,) in clino-
pyroxene from Suvero pyroxenites and peridotites. Data for peridotites
are from Fumagalli et al. (2017). a.,q, is calculated using the spread sheet
provided by Fumagalli et al. (2017).

facies conditions. Core to rim chemical zonations in neoblas-
tic mineral aggregates suggest equilibration stages at variable
pressure and temperature. Combining microstructural observa-
tions and mineral chemistry, we identified two re-equilibration
stages referring to the onset of plagioclase-facies re-crystalli-
zation (Tg,;, ~ 830-850°C, Stage 1) and a shallower colder
re-equilibration (T, y;, ~ 770-790°C, Stage 2). Application of
FACE geobarometer provided equilibrium pressures ranging
from 6.9 to 8.1+0.5 kbar for the Stage 1 and 5.8-5.9+0.5 kbar for
the Stage 2. This decompressional evolution is consistent with
exhumation history documented in the associated Suvero peri-
dotite although at slightly higher equilibrium pressures. As the
FACE geobarometer was calibrated for mantle peridotites, its
application to pyroxenites, having significantly different bulk
Na,O/Ca0 and X, compositions, may introduce a systematic
deviation in pressure estimates. The variation of anorthite in
plagioclase is rather similar in Suvero pyroxenites and perido-
tites. Remarkably, the much lower X, in pyroxenites reflects
in lower Cr incorporation in pyroxenes and, consequently, in
significantly higher Ca-Tschermak activity in clinopyroxene.
This might imply the systematic higher equilibrium pressure
derived by FACE geobarometer.
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