Author Proof

25

26

A1

A2
A3
A4

A5
A6

A7
A8
A9

A10
A1

A12

A13

Contributions to Mineralogy and Petrology _ ####### it # ### ###H#HHHHHE
https://doi.org/10.1007/500410-019-1640-0

ORIGINAL PAPER t')

Check for
updates

Origin of pyroxenites in the oceanic mantle and their implications
on the reactive percolation of depleted melts

V.Basch’ - Elisabetta Rampone’ - G. Borghini? - C. Ferrando® - A. Zanetti*

Received: 8 July 2019 / Accepted: 25 October 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Pyroxenites are diffuse in fertile mantle peridotites and considered an important component in the mantle source of oceanic
basalts. They are rarely documented in abyssal and ophiolitic peridotites representing residual mantle after melt generation,
and few studies defining their origin are to date available. We present a field-based microstructural and geochemical investiga-
tion of the pyroxenite layers associated with depleted peridotites from the Mt. Maggiore ophiolitic body (Corsica, France).
Field and petrographic evidence indicate that pyroxenite formation preceded the melt-rock interaction history that affected
this mantle sector during Jurassic exhumation, namely (1) spinel-facies reactive porous flow leading to partial dissolution
of the pyroxenites, and (2) plagioclase-facies melt impregnation leading to [plagioclase 4+ orthopyroxene] interstitial crystal-
lization. Pyroxenes show major element compositions similar to abyssal pyroxenites from slow-spreading ridges, indicative
of magmatic segregation at pressures higher than 7 kbar. Both the parental melts of pyroxenites and the melts involved in
the subsequent percolation were characterized by Na,O-poor, LREE-depleted compositions, consistent with unaggregated
melt increments. This implies that they represent the continuous evolution of similarly depleted melts leading to different
processes (pyroxenite segregation and later melt—rock interaction) during their upward migration. To support the genetic
relation and the continuity between the formation of pyroxenites and the subsequent melt—rock interaction history, we mod-
eled all the documented processes in sequence, i.e.: (1) formation of single-melt increments after 6% mantle decompressional
fractional melting; (2) high-pressure segregation of pyroxenites; (iii) spinel-facies reactive porous flow, (4) plagioclase-facies
melt impregnation. The early fractionation of pyroxenites leads to a decrease in pyroxene saturation that is necessary for the
subsequent reactive porous flow process, without any significant change in the melt REE composition.

Keywords Pyroxenite - Melt—rock interaction - Mantle melting - pMELTS - Oceanic lithosphere - Alpine ophiolite

Introduction

Pyroxenite bodies and/or layers are a minor but diffuse
lithotype in fertile mantle peridotites and are considered an
important component in the mantle source of oceanic basalts
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Borghini et al. 2013, 2016); (3) moderate-to-high-pressure
melt segregation derived from asthenospheric melting (Bod-
inier et al. 1987a, b; Vannucci et al. 1993; Rivalenti et al.
1995; Kempton and Stephens 1997; Mukasa and Shervais
1999; Takazawa et al. 1999; Dantas et al. 2007; Keshav et al.
2007; Warren et al. 2009; Gysi et al. 2011).

Pyroxenites are commonly documented in association
with fertile peridotites but only few studies have investigated
pyroxenite layers and veins associated with depleted oceanic
and ophiolitic peridotites representing residual mantle after
partial melting of asthenospheric sources (e.g. Dantas et al.
2007; Warren et al. 2009; Laukert et al. 2014). These stud-
ies in oceanic settings inferred an origin of the pyroxenite
layers as deep-seated (spinel-facies) magmatic segregations
of depleted unaggregated melts and/or as replacive litho-
types after melt-rock interactions. Melt-rock interactions
are increasingly invoked in extensional settings as key pro-
cesses in modifying the modal and chemical composition
of the host rock (lithospheric mantle and/or lower oceanic
crust) and percolating melt (e.g. Collier and Kelemen 2010;
Paquet et al. 2016; Rampone et al. 2016, 2019; Sanfilippo
et al. 2016; Basch et al. 2018, 2019; Borghini et al. 2018;
Ferrando et al. 2018; McCarthy and Muntener 2019). There-
fore, the understanding of the origin of pyroxenites associ-
ated with residual peridotites and deciphering the melt—rock
interaction processes is of utmost importance to constrain
processes of melt production in oceanic environments, as
well as the chemical evolution of melts during percolation
through the oceanic lithosphere.

In the Mt. Maggiore ultramafic massif (Alpine Corsica,
France), partially dissolved pyroxenite layers are associ-
ated with residual mantle peridotites that record a com-
plex melt—rock interaction history from spinel-facies to
plagioclase-facies conditions (Rampone et al. 1997, 2008;
Miintener and Piccardo 2003; Piccardo and Guarnieri 2010;
Basch 2018; Basch et al. 2018). Field evidence clearly
indicates that pyroxenites preceded the latter melt migra-
tion stages. Previous geochemical studies (Rampone et al.
1997, 2008; Piccardo and Guarnieri 2010; Basch et al. 2018)
documented that melts involved in the reactive percolation
process have depleted compositions and likely represent
last melt increments formed at the top of a mantle column
after 5-8% fractional melting of a Depleted MORB Mantle
source (DMM). The percolation of depleted melts in the
oceanic lithosphere has been extensively reported in slow-
spreading oceanic setting, both in ophiolites (Rampone et al.
1997, 2008, 2019; Dijkstra et al. 2003; Piccardo et al. 2007;
Rampone and Borghini 2008; Sanfilippo and Tribuzio 2011;
Basch et al. 2018) and in modern mid-ocean ridges (Dantas
et al. 2007; Dick et al. 2010; Warren and Shimizu 2010;
Laukert et al. 2014). These peculiar melt compositions have
been invoked as parental melts to pyroxenite layers from
South-West Indian Ridge and Lena Trough (Dantas et al.
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2007; Laukert et al. 2014). Records of depleted melts are
mostly found in such relatively cold oceanic environments,
as a result of a thick thermal boundary layer (TBL) and low
melt production (e.g. Langmuir and Forsyth, 2007; Ram-
pone et al. 2019) that does not allow for melt aggregation
before extraction. Their composition and origin as unag-
gregated increments of fractional mantle melting has been
well defined and modeled in terms of trace elements (e.g.
Rampone et al. 2008; Basch et al. 2018) but little is known
about their major element composition.

In this paper, we investigate the formation process of the
Mt. Maggiore pyroxenite layers and its impact on the com-
positional evolution of percolating melts and the melt-rock
interaction history. We used a multi-disciplinary approach
combining field observations, microstructural and mineral
major and trace element analyses. Our results were inte-
grated with the melt—rock interaction history previously
described in the host peridotites. Major outcomes of this
study are: (1) the formation of the pyroxenites as early seg-
regates from unaggregated depleted melts; (2) the necessity
of pyroxene fractionation prior to the documented melt-rock
interaction history; (3) the demonstration of the evolution
of reactive processes and chemical composition of depleted
melts during upward migration in a thick TBL.

Structural and petrologic background

The Corsican peridotitic bodies are part of the Alpine-Apen-
nine ophiolites, interpreted as the oceanic lithosphere rem-
nants of the narrow Jurassic Ligurian Tethys basin. It was
opened by passive lithosphere extension and ultimately led
to slow- to ultra-slow spreading oceanization (20 mm/year;
e.g. Rampone et al. 2014). The Mt. Maggiore peridotitic
massif is thought to represent the base of the reconstructed
“Schistes Lustrés” ophiolitic sequence exposed in the eastern
Alpine Corsica (Jackson and Ohnenstetter 1981). Although
it lacks any crustal cover, it preserves clear field relation-
ships between mantle peridotites and associated pyroxenite
and gabbroic intrusions. Previous geochemical studies dem-
onstrated that clinopyroxenes in clinopyroxene-poor spinel
lherzolites have relatively homogeneous LREE-depleted
trace element compositions, consistent with residual mantle
after low degrees (5-8%) of fractional melting (Rampone
et al. 1997, 2008). The peridotitic body also records a sub-
sequent multi-stage lithospheric exhumation history, through
various episodes of melt-rock interaction from deep (spi-
nel-facies) to shallower mantle depths (plagioclase-facies)
(Miintener and Piccardo 2003; Piccardo and Guarnieri 2010;
Rampone et al. 1997, 2008; Basch et al. 2018).

A first event of olivine-saturated reactive melt percolation
led to the dissolution of clinopyroxene and orthopyroxene,
and crystallization of olivine at spinel-facies conditions. This
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melt—rock interaction is mostly recorded in reactive clinopy-
roxene-poor lherzolites and harzburgites by the development
of olivine embayments partly replacing mantle orthopyroxene
and clinopyroxene. Extensive reactive melt percolation led to
the replacive formation of spinel dunite pods (e.g. Basch et al.
2018) and partial to complete dissolution of associated pyrox-
enite layers (Piccardo and Guarnieri 2010).

Plagioclase-bearing peridotites and troctolites show
microstructural characteristics indicative of a plagioclase-
(£ opx) crystallizing, olivine-dissolving melt impregna-
tion (Rampone et al. 1997, 2008; Miintener and Piccardo
2003; Piccardo and Guarnieri 2010; Basch et al. 2018).
Highly impregnated plagioclase peridotites often display
plagioclase-rich gabbronoritic veinlets, crystallized after
segregation of the percolating melts. Rock-forming miner-
als in the gabbronoritic veinlets (plagioclase, orthopyroxene
and clinopyroxene) show LREE-depleted patterns, indicat-
ing a depleted composition of the impregnating melts. This
melt composition has been previously described as consist-
ent with depleted single melt (unaggregated) increments,
formed after 5-8% of mantle fractional melting (Rampone
et al. 1997, 2008; Basch et al. 2018), not corresponding to
classical aggregated MORBs.

Together, the reported melt-rock interaction processes
suggest open-system reactive percolation of olivine-sat-
urated depleted melts at spinel-facies levels, followed by
impregnation of the peridotites by depleted melts at shal-
lower, colder lithospheric depths. Rampone et al. (2008) and
Basch et al. (2018) described the progressive modification of
the composition of percolating melt during upward migra-
tion. They inferred that melt-rock interaction occurring at
spinel-facies led to a progressive decrease in the olivine sat-
uration and increase in pyroxene and plagioclase saturation.
Therefore, the reaction-driven variation of the melt compo-
sition, together with the changes in pressure—temperature
conditions, enabled an evolution in the type of melt-rock
interaction from an olivine-crystallizing, pyroxene-dissolv-
ing reactive melt percolation at spinel-facies to a plagio-
clase + orthopyroxene + clinopyroxene melt impregnation
at plagioclase-facies. This implies a continuity in the docu-
mented multi-stage melt—rock interaction history, tracking
progressive exhumation of this mantle sector (Basch et al.
2018). Both spinel and plagioclase peridotites were intruded
by later gabbroic dykes, ranging from olivine gabbros to
diorites, showing MORB-type affinity (Piccardo and Guarni-
eri 2010).

Field relationships and sampling
The Mt. Maggiore peridotitic massif (Corsica, France) is

mainly composed of granular spinel and plagioclase peri-
dotites, showing in places a weak NW—-SE foliation marked

by a preferential elongation of mantle pyroxenes (see Fig. 1
in Basch et al. 2018). The spinel peridotites show variations
in modal compositions, ranging from clinopyroxene-poor
lherzolites to olivine-rich harzburgites (up to 85 vol % oli-
vine). In places, the spinel peridotites show diffuse to sharp
contacts with metre-size spinel dunitic bodies. Mantle peri-
dotites are associated with decimetre-size spinel pyroxen-
ite layers (Fig. la) showing a constant NW-SE orientation
throughout the ultramafic body, similar to the peridotite
foliation (see Fig. 1 in Basch et al. 2018). In places, spinel
pyroxenite layers show variable amounts of pyroxene dis-
solution (Fig. 1b—d) and replacement by interstitial olivine
(Fig. 1b, d), as previously documented in the host peridotites
during their reactive transformation from clinopyroxene-
poor lherzolite to harzburgite and replacive dunite (Basch
et al. 2018). Within the dunite, the occurrence of aligned
spinel trails also suggests the former presence of a pyrox-
enite layer, in which pyroxenes were completely dissolved
during the spinel-facies reactive porous flow (Piccardo and
Guarnieri 2010; Basch et al. 2018).

A recent study of the Mt. Maggiore peridotitic massif
documented the presence of an impregnation front (Basch
et al. 2018) in the field. The latter marks the transition from
spinel peridotites and associated spinel pyroxenite layers
to plagioclase-bearing peridotites and pyroxenites, show-
ing enrichments in interstitial plagioclase and orthopyrox-
ene (Fig. 1d, e). The most impregnated peridotites (up to
30 vol % interstitial plagioclase + orthopyroxene) show a
steeply dipping (50°-70°S) ESE-WNW modal layering
of plagioclase enrichment and associated gabbronoritic
veinlets crosscutting the peridotite foliation and pyroxenite
layers (Rampone et al. 2008, 2019; Piccardo and Guarnieri
2010; Basch et al. 2018). All spinel- and plagioclase-bearing
lithotypes are crosscut by steeply dipping gabbroic dikes
(60°-80°S), trending E-W to ESE-WNW.

Sampling and analytical methods

We sampled eight pyroxenite layers, associated with both
spinel and plagioclase peridotites (Table 1). These pyroxen-
ites are characterized by variable extents of pyroxene disso-
lution (Fig. 1b, c; Table 1) and plagioclase-bearing impreg-
nation (Fig. 1d, e). Although spinel pyroxenites (M11-6,
M11-7, M11-7B, M11-8; associated with spinel peridotites;
Fig. 1a, b) showed no sign of impregnation on the field, they
all bear microstructural evidence of minor interstitial plagio-
clase and orthopyroxene (Fig. 1d, e; Table 1). Plagioclase
pyroxenites (M11-4C, M11-5B, M11-12A, M11-12C; asso-
ciated with plagioclase peridotites; Fig. 1d, e) show stronger
enrichments in impregnation-related phases (plagioclase up
to 15 vol%).
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Spinel Ierzohte

Fig. 1 Representative field occurrences of pyroxenite layers within
the Mt. Maggiore peridotitic body. a Partially dissolved pyroxenite
layers within country spinel lherzolite; b partially dissolved spinel
pyroxenite; ¢ close-up of one of the least dissolved spinel webster-

@ Springer

ite. Cpx clinopyroxene, Opx orthopyroxene; d close-up of a partially
dissolved spinel websterite; e plagioclase pyroxenite within country
impregnated peridotite; f close-up of a plagioclase pyroxenite, show-
ing interstitial plagioclase and orthopyroxene enrichments

| Journal : Large 410 Article No : 1640 Pages : 25

MS Code : 1640 Dispatch : 4-11-2019




Author Proof

244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271

272

273
274
275
276
277

Contributions to Mineralogy and Petrology _############H###H##HH##_

Page50f25 _#i###

Table 1 Studied samples,

A Sample  Lithotype Modal compositions (vol%) EBSD data

lithotype (based on field

relationship with host Ol Cpx Opx Plagio Sp BA-index N° PfJ[100] PfJ[010] PfJ[001]

peridotite), modal composition,

BA-index, grain number, and MI11-7B  Sp. pyroxenite 20 35 40 5 0 0432 43 2.03 225 2.10

PfJ olivine M11-4C Pl pyroxenite 20 25 45 10 0 0428 42 143 1.81 1.72
MI11-5B Pl pyroxenite 30 35 25 10 0 0.355 62 237 3.87 2.73
M11-6 Sp. pyroxenite 30 10 55 5 0 0379 86 1.71 1.96 1.74
MI11-8 Sp. pyroxenite 40 25 30 5 0 0402 55 22 227 2.00
M11-12C Pl pyroxenite 35 30 15 15 5 0.208 84 1.68 2.55 1.81
MI11-7 Sp. pyroxenite 40 20 35 5 0 0.298 64 1.72 2.35 1.65
M11-12A Pl pyroxenite 45 20 15 15 5 0.182 105 1.56 2.74 1.85

Field-based lithotypes: Sp. pyroxenite spinel pyroxenite, Pl. Pyroxenite plagioclase pyroxenite, Ol oli-
vine, Cpx clinopyroxene, Opx, orthopyroxene, Plagio plagioclase, Sp spinel, N° grain cumber, PfJ fabric
strength of single crystallographic pole

We performed structural electron backscatter diffraction
(EBSD) mapping of all pyroxenite samples at Géosciences
Montpellier (University of Montpellier, France). Mineral
major element analyses (EPMA) have been performed at the
Dipartimento di Scienze della Terra, University of Milano
(Italy) and mineral trace element analyses (LA-ICP-MS)
have been performed at C.N.R., Istituto di Geoscienze e
Georisorse, Unita di Pavia (Italy). Detailed methodologies
for EBSD, major and trace elements analyses can be found
in Supplementary Material.

In the pyroxenites, clinopyroxenes and orthopyroxenes
often show exsolutions of the conjugate pyroxene (see
“Petrography of the pyroxenite layers™). Major element
in situ EPMA analyses were performed on mineral cores,
rims and pyroxene exsolutions and are further referred to as
“spot analyses”. To reconstruct the major element composi-
tion of primary pyroxene porphyroclasts, prior to the sub-
solidus exsolution stage, we performed areal quantitative
analyses of exsolved clinopyroxene and orthopyroxene por-
phyroclastic cores, from 100X 100 um to 300x300 um (Fig.
S1). The areal analyses that respect the stoichiometry of the
bulk mineral (clinopyroxene or orthopyroxene) are used as a
reference for the primary composition of the pyroxene core.
These analyses have been performed at the Dipartimento di
Scienze della Terra, dell’Ambiente e della Vita (DISTAV),
University of Genoa using a TESCAN VEGA3 Scanning
Electron Microscope equipped with an Energy Dispersive
X-ray analyser (accelerating power 20 kV).

Petrography of the pyroxenite layers

The pyroxenite layers are mainly websterites (Table 1).
The primary mineral assemblage consists of coarse-
grained clinopyroxene, orthopyroxene and spinel
(Figs. 1, 2). Clinopyroxenes are coarse porphyroclasts,
partially corroded by interstitial olivine (Fig. 2a). They

are deformed, as evidenced by undulatory extinction, and
display exsolutions of variable sizes, from thin lamellas
of orthopyroxene (Figs. 2e, S1) to 100 um-size orthopy-
roxene + plagioclase aggregates (Fig. 2f). Orthopyroxenes
are found in two different microstructural situations: (1)
coarse porphyroclasts partially corroded by interstitial
olivine (opx1, Fig. 2b), showing undulatory extinctions
and thin lamellas of clinopyroxene exsolutions (Fig. S1),
and (2) interstitial to poikilitic orthopyroxene, associated
with interstitial plagioclase, often forming orthopyrox-
ene + plagioclase intergrowths (opx2, Fig. 2c, d). Intersti-
tial orthopyroxene is mainly observed in the plagioclase
pyroxenite samples showing extensive impregnation fea-
tures (M11-5B, M11-12A, M11-12C). These interstitial
orthopyroxenes are mostly undeformed and show few
to no exsolutions of clinopyroxene. Olivines are always
interstitial, showing lobate contacts against clinopyroxene
and orthopyroxene porphyroclasts (Fig. 2a, b). They are
deformed and often display kink bands. Plagioclases are
always undeformed and occur as interstitial to poikilitic
crystals showing lobate contacts against both pyroxene
porphyroclasts and interstitial olivine (Fig. 2d). In the
pyroxenite layers, they are mostly replaced by low-grade
alteration products (Fig. 2c, d). Spinels are mostly black
to brownish granular millimetre-size crystals associated
with porphyroclastic pyroxenes and partially dissolved by
interstitial olivine and plagioclase.

The main petrological features characterizing the
pyroxenite layers therefore indicate that: (1) spinel-facies
reactive porous flow led to the partial dissolution of the
porphyroclastic pyroxenes and to the interstitial crystal-
lization of olivine; (2) plagioclase-facies impregnation
led to enrichments in interstitial plagioclase and orthopy-
roxene at the expense of the porphyroclastic pyroxenes
and interstitial olivine; (3) the pyroxenites were partially
reequilibrated to plagioclase-facies sub-solidus conditions.
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«Fig. 2 Representative microstructures of the spinel and plagioclase
pyroxenites. a Spinel pyroxenite. Interstitial olivine develops embay-
ments on porphyroclastic clinopyroxene; b spinel pyroxenite. Intersti-
tial olivine develops embayments on porphyroclastic orthopyroxene;
¢ plagioclase pyroxenite. Interstitial plagioclase+orthopyroxene
intergrowths develops embayments on interstitial olivine and porphy-
roclastic clinopyroxene; d plagioclase pyroxenite. Interstitial plagio-
clase and orthopyroxene develop embayments on interstitial olivine
and exsolved porphyroclastic clinopyroxene; e plagioclase pyroxenite.
Extensive orthopyroxene exsolution development in porphyroclastic
clinopyroxene; f plagioclase pyroxenite. Interstitial orthopyroxene
and plagioclase intergrowth at the expense of a porphyroclastic clino-
pyroxene showing extensive [orthopyroxene+ plagioclase] exsolu-
tions

Crystallographic preferred orientation
of olivine

Pyroxenite layers all show a clear olivine Crystallographic
Preferred Orientation (CPO) pattern. Despite the large grain
size, the well-defined patterns allow to investigate qualita-
tively the olivine CPO (grain number ranging from 42 to 105
crystals; Table 1). Figure 3 shows the modal composition,
olivine CPO, grain number and BA-index (representative
of the qualitative CPO symmetry of the olivine [100] and
[010] axes; Mainprice et al. 2014) of all the pyroxenite layer
samples.

Olivines in the pyroxenite layers are characterized by an
axial-[010] CPO (BA-index < 0.45; Mainprice et al. 2014;
Tommasi and Ishikawa 2014), with [010] being the strong-
est axis orientation, normal to the pyroxenite layer plane
(Fig. 3). Such axial-[010] olivine CPOs have been previously
described in impregnated peridotites (Ben Ismail et al. 2001;
Le Roux et al. 2008; Tommasi et al. 2008), replacive olivine-
rich gabbroic rocks (Higgie and Tommasi 2012, 2014) and
experiments of melt segregation during deformation (Holtz-
man et al. 2003). Recently, Basch et al. (2018) performed a
microstructural study of the Mt. Maggiore ultramafic body
and interpreted the olivine axial-[010] CPO in reacted spi-
nel peridotite (olivine-enriched harzburgite), spinel dunite,
olivine-rich troctolite, and troctolite as an indicator of defor-
mation in the presence of melt (Holtzman et al. 2003; Le
Roux et al. 2008; Kaczmarek and Tommasi 2011).

Major and trace element mineral
compositions

Major and trace element compositions of clinopyroxene,
orthopyroxene, spinel, olivine and plagioclase from the
studied pyroxenite layers are reported in Table S1-5 of Sup-
plementary Material.

Clinopyroxene Porphyroclast spot analyses (Table S1)
are characterized by relatively high Al,O; concentrations,
progressively decreasing at increasing Mg-value from

cores (Mg#=_88.0-90.5 mol%; Al,0;=4.57-7.24 wt%), to
rims (Mg#=89.3-91.4 mol%; Al,0;=3.20-5.95 wt%), to
clinopyroxene exsolutions within orthopyroxene (Fig. 4a;
Mg#=90.3-92.0 mol%; Al,0;=2.24-4.88 wt%). All
spot analyses of clinopyroxene show low Na,O and TiO,
(Fig. 4b; Na,0=0.08-0.24 wt%; TiO,=0.2-0.4 wt%), and
high CaO and Cr,0; contents (CaO =20.12-24.30 wt%;
Cr,0,=0.7-1.3 wt%). Clinopyroxene areal analyses of
exsolved cores show compositions similar to spot core anal-
yses in terms of Mg-value (Mg#=89-89.6 mol%; Fig. 4a,
b), Al,O5 (5.96-7.07 wt%; Fig. 4a) and Na,O concentra-
tions (0.08-0.16 wt%; Fig. 4b), but they show higher MgO
(19.53-19.81 wt%) and FeO (4.26-4.36 wt%), and lower
CaO (18.10-18.44 wt%) concentrations, consistent with
the bulk clinopyroxene composition prior to orthopyroxene
exsolution. Porphyroclastic cores (both areal and spot analy-
ses; Fig. 4a, b) show similar Mg-values, Al,O; compositions
and lower Na,O contents relative to clinopyroxenes analysed
in spinel peridotites from Mt. Maggiore (Basch et al. 2018)
and in spinel websterites from the South-West Indian Ridge
(Dantas et al. 2007). Clinopyroxenes analysed in variably
reequilibrated plagioclase websterites from the Lena Trough
(Fig. 4a, b) show a range of variation of Al,O; and Mg-
value similar to the core-rim variation in the Mt. Maggiore
pyroxenites but higher Na,O concentrations (Laukert et al.
2014). Trace element compositions of clinopyroxene por-
phyroclastic cores (Fig. 5a) show strong LREE depletion
(Cen/Smy=0.015-0.037) and flat MREE-HREE patterns
(Yby=8.4-10.4 times C1), similar to clinopyroxenes ana-
lysed in plagioclase peridotites and gabbronoritic veinlets
from Mt. Maggiore (Rampone et al. 2008; Basch et al.
2018), plagioclase websterites from the Lena Trough (Lauk-
ert et al. 2014), and spinel websterites from the South-West
Indian Ridge (Dantas et al. 2007). These LREE-depleted
compositions do not correspond to a MORB-type composi-
tion (Fig. 5a), unlike clinopyroxenes reported in webster-
ites from the Internal Ligurian ophiolites (Sanfilippo and
Tribuzio 2011) and in part of the websterites from the South-
West Indian Ridge (Warren et al. 2009).

Orthopyroxene Porphyroclast spot analyses (Table S2)
show high Mg-value, Al,05, and Cr,O; contents in
orthopyroxene cores (Fig. 4c, d; Mg#=_88.8-90.1 mol%;
Al,05=2.22-4.90 wt%; Cr,0;=0.47-0.95 wt%) and
rims (Mg# =88.7-90.1 mol%; Al,0;=1.79-4.85 wt%;
Cr,0,=0.43-0.93 wt%). Orthopyroxene exsolutions in
clinopyroxene show similar Mg-values, Cr,O5; compositions
(Mg#=88.4-89.9 mol%; Cr,0;=0.55-0.87 wt%; Fig. 4c, d),
and lower Al,O; contents (Al,0;=1.71-3.76 wt%; Fig. 4c,
d) relative to the orthopyroxene porphyroclastic cores and
rims. Orthopyroxene porphyroclastic cores and rims show
variable CaO concentrations (CaO=0.6—1.4 wt%), as a func-
tion of the extent of clinopyroxene exsolution. Orthopyrox-
ene areal analyses of exsolved porphyroclastic cores show
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Fig.3 Olivine Crystallographic
Preferred Orientation of pla-
gioclase pyroxenites from the
Mt. Maggiore peridotitic body.
One point-per-grain equal-area,
lower hemisphere stereographic
projections. The colour bar is
scaled to the maximum concen-
tration of the three crystallo-
graphic axes. BA refers to the
calculated BA-index (Mainprice
et al. 2014), n to the grain
number
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Fig.4 Major element concentrations of clinopyroxene (a, b) and
orthopyroxene (¢, d) in spinel pyroxenites and plagioclase pyroxen-
ites. a Mg# (mol%) vs Al,O; (Wt%); b Na,O vs Al,O5 (Wt%); ¢ Mg#
(mol%) vs AlO; (Wt%); d Cr,03 vs Al,O5 (wt%). Compositional

higher CaO (CaO=2.1-2.5 wt%) and lower SiO, contents
(Si02=53.9-54.3 wt%) than the spot porphyroclastic core
analyses. Interstitial and poikilitic orthopyroxenes also show
higher CaO contents in crystal cores (CaO=1.0-2.5 wt%)
and rims (CaO=0.9-1.5 wt%) than the orthopyroxene por-
phyroclasts. The analysed orthopyroxene porphyroclastic
core compositions are similar to the ones reported in plagio-
clase websterites from the Lena Trough (Fig. 4c, d; Laukert
et al. 2014) and to orthopyroxenes analysed in the associated
plagioclase peridotites from Mt. Maggiore (Fig. 4c, d; Basch

Cr203 (opx)

fields of Mt. Maggiore spinel and plagioclase peridotites after Basch
et al. (2018), and single analyses of spinel websterites from South-
West Indian Ridge (Dantas et al. 2007) and plagioclase websterites
from Lena Trough (Laukert et al. 2014)

et al. 2018). Porphyroclastic and interstitial orthopyroxene
cores (Fig. 5b) all show rather strong LREE depletion (Cey/
Yby=0.001-0.003), and MREE-HREE concentrations
(Yby=2.3-3.1 times C1) similar to orthopyroxenes analysed
in spinel websterites from South-West Indian Ridge (Dantas
et al. 2007), in plagioclase websterites from Lena Trough
(Laukert et al. 2014) and in plagioclase peridotites from Mt.
Maggiore (Basch et al. 2018).

Plagioclase cores (Table S3) are characterized by anor-
thite-rich compositions (An=93.1-95.4 mol%), consistent
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Fig.5 Cl-normalized REE composition of rock-forming minerals in
the impregnated pyroxenites. a Porphyroclastic clinopyroxene core,
b porphyroclastic and interstitial orthopyroxene core; ¢ interstitial
plagioclase core. Cl-chondrite normalization values after Sun and
McDonough (1989). Internal Ligurian websterite after Sanfilippo and
Tribuzio (2011), compositional field for Mt. Maggiore plagioclase
peridotites after Basch et al. (2018), plagioclase websterite from Lena
Trough after Laukert et al. (2014), and spinel websterite 1 and 2 from
9°-16° South-West Indian Ridge after Warren et al. (2009) and Dan-
tas et al. (2007), respectively

with their low Na,O concentrations (Na,0=0.52-0.78
wt%). The Na,O contents decrease towards the rims of
the crystals, leading to more anorthitic rim compositions

@ Springer

(Na,0=0.32-0.52 wt%; An=95.4-97.1 mol%). Plagio-
clase cores (Fig. 5¢) all show strong LREE and HREE
depletion (Cep/Smy=0.08-0.15; Smy=0.45-0.55 times
Cl; Yy=0.08-0.12 times C1) similar to plagioclase com-
positions reported in plagioclase websterites from the Lena
Trough (Laukert et al. 2014) and in the associated plagio-
clase peridotites from Mt. Maggiore (Basch et al. 2018).

Olivine (Table S4) shows a narrow compositional
range in all pyroxenite layers, at high Forsterite contents
(Fo=288.9-90.2 mol%), similar to the olivine compositions
reported in the associated spinel peridotites, plagioclase
peridotites, spinel dunites and troctolites from Mt. Maggiore
(Fo=89.5-90.2 mol%; Basch et al. 2018).

Spinel (Table S5) shows variable compositions between
spinel pyroxenite and plagioclase pyroxenite. In the spinel
pyroxenites, spinels show Cr-values, Mg-values and TiO,
contents (Cr# =15 mol%; Mg#="72 mol%; TiO,=0.12 wt%)
similar to what was documented in spinel websterites from
the South-West Indian Ridge (Dantas et al. 2007). In the
plagioclase pyroxenites, spinels show higher Cr-values and
TiO, contents (Cr#=32-42mol%; TiO2=0.32-0.40 wt%)
and lower Mg-values (Mg#=62-67 mol%).

Geothermobarometric estimates

Equilibration temperatures of the different stages recorded
in the pyroxenite layers were obtained using two-pyroxene
Fe-Mg geothermometers (Brey and Kohler 1990; Taylor
1998) and Ca-in-orthopyroxene geothermometer (Brey
and Kohler 1990). The calculated equilibrium temperature
estimates are representative of: (1) the formation of the
pyroxenite layers, using areal analyses of orthopyroxene
and clinopyroxene as representative of their primary com-
position (Fig. S1); (2) the plagioclase-facies impregnation
stage of the pyroxenite, using spot analyses of interstitial
orthopyroxene cores (using Ca-in-opx geothermometer).
These estimates are complemented by coupled orthopyrox-
ene-clinopyroxene cores from the gabbronorite segregations
found within the plagioclase peridotites (data after Rampone
et al. 2008; Basch et al. 2018); (3) the plagioclase-facies
sub-solidus reequilibration, using spot analyses of variably
exsolved cores and rims of porphyroclastic clinopyrox-
ene and orthopyroxene, and coupling clinopyroxene and
orthopyroxene exsolutions (Fig. 2e, f).

Additionally, we obtained geobarometric estimates of
the plagioclase-bearing equilibrium applying the FACE
geobarometer to clinopyroxene-orthopyroxene-plagi-
oclase-olivine association (Fumagalli et al. 2017). We
emphasize, however, that the FACE geobarometer was
calibrated using experimental data on plagioclase peri-
dotite compositions (Borghini et al. 2010, 2011; Fuma-
galli et al. 2017), meaning that our equilibration pressure
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calculations for olivine-bearing gabbronoritic composi-
tions represent indicative pressure estimates. This miner-
alogical association is found in different microstructural
occurrences giving pressure estimates of: (1) plagioclase-
facies impregnation stage of the pyroxenite represented
by the gabbronoritic segregation mineral cores (data after
Rampone et al. 2008; Basch et al. 2018); (2) plagioclase-
facies sub-solidus reequilibration represented by the min-
eral reequilibrated rims in impregnated pyroxenites. We
used porphyroclastic rims of clinopyroxene, rims of inter-
stitial olivine, and rims of interstitial orthopyroxene and
plagioclase; (3) advanced stages of sub-solidus reequili-
bration represented by large orthopyroxene + plagioclase
exsolution aggregates (Fig. 2f). The clinopyroxene and
olivine considered in the calculation are the reequilibrated
clinopyroxene at the contact with the exsolution and the
rims of interstitial olivine.

The geothermobarometric estimates obtained are sum-
marized in Table 2. The areal analyses of porphyroclas-
tic clinopyroxene and orthopyroxene, representative of
the spinel-facies formation of the pyroxenites, yield the
highest equilibrium temperatures of 1210-1300 °C. The
plagioclase-facies melt impregnation process is character-
ized by high equilibrium temperatures of 1080-1290 °C,
at pressures of 6.4—6.6 kbar. The high variability of the
temperature estimates is the expression of different extents
of exsolution of the interstitial orthopyroxene cores (lower
temperatures represent higher extents of exsolution). The
sub-solidus reequilibration calculated at the rims of the
porphyroclastic and interstitial crystals yield lower equi-
librium temperatures and pressures of 880-1080 °C at
4.2-4.6 kbar. The more extensive sub-solidus reequilibra-
tion represented by the plagioclase + orthopyroxene exso-
lution is characterized by low equilibrium temperatures of
780-900 °C at 2.9-3.1 kbar.

Table 2 Geothermobarometric estimates of different

recorded in the pyroxenite layers

processes

Temperature (°C) Pressure (kbar)

b

opx-cpx®  opx cpx-opx-pl-ol®

1210-1240 1260-1300 —
1080-1290 6.4-6.6

Formation of pyroxenites
Melt impregnation -

Sub-solidus reequilibra- 880-1050 900-1080 4.2-4.6
tion
Extensive sub-solidus 780-900 900-980 2.9-3.1

reequ.

See the text for more detail

#After Brey and Kohler (1990) and Taylor (1998)
b After Taylor (1998)

¢ After Fumagalli et al. (2017)

Discussion
What do the pyroxenite layers represent?

Previous studies of the Mt. Maggiore peridotitic mas-
sif described a complex melt-rock interaction history
recorded in the spinel and plagioclase peridotites, dunites
and troctolites (Rampone et al. 1997, 2008; Miintener and
Piccardo 2003; Piccardo and Guarnieri 2010; Basch et al.
2018). The evidence that pyroxenite layers record the pro-
cesses of melt—rock interaction documented in the associ-
ated peridotites (e.g., Basch et al. 2018), indicates that
their formation predates the spinel- to plagioclase-facies
melt-rock interaction history.

In the studied pyroxenites, olivine is always intersti-
tial and shows lobate contacts against clinopyroxene and
orthopyroxene porphyroclasts (Fig. 2a, b). These micro-
structures are progressively more developed the more the
pyroxenite layer is dissolved (Fig. 1c, d). Thus, based on
petrographic evidence and supported by previous micro-
structural studies of the reactive percolation process within
the host peridotites (e.g., Basch et al., 2018), we infer that
olivine is entirely the product of the spinel-facies reactive
porous flow. The relationship between interstitial olivine
and the reactive porous flow process is also suggested by
the axial-[010] olivine CPO measured in the pyroxenite
layers (0.18 < BA-index < 0.43; Fig. 3). Similar axial-
[010] olivine CPO were reported in the most reacted spi-
nel harzburgites and spinel dunites from Mt. Maggiore
(BA-index < 0.5; Basch et al. 2018) and interpreted as
a melt-assisted deformation feature associated with the
spinel-facies reactive porous flow process. Although such
an olivine CPO (Fig. 3) within the pyroxenite layers does
not require the crystallization of olivine from the melt, but
rather its presence during melt-assisted deformation, we
infer that together with the petrographic evidence, it sup-
ports crystallization of the olivine during reactive porous
flow.

Within the pyroxenite layers, melt impregnation led to
the interstitial crystallization of plagioclase and orthopyrox-
ene at the expense of olivine and clinopyroxene porphyro-
clasts (Fig. 2c, d). These microstructural observations imply
that plagioclase (10-15 vol%; Table 1) and at least part of
the orthopyroxene abundance measured in the pyroxenites
(15-50 vol%; Table 1) are the products of melt impregnation
at plagioclase-facies conditions. Based on microstructural
and EBSD map observations, we thus infer that the pyrox-
enite layers were primarily formed by large porphyroclastic
clinopyroxene (~60 to 90 vol%), porphyroclastic orthopy-
roxene (~ 10 to 30 vol%) and spinel (~0 to 10 vol%).

Pyroxene porphyroclast cores in the studied pyrox-
enites have Al,O; compositions (Fig. 4) similar to those
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of South-West Indian Ridge and Lena Trough webster-
ites (Seyler et al. 2001; Dantas et al. 2007; Laukert et al.
2014). These oceanic pyroxenites associated with residual
peridotites were interpreted as formed by relatively high-
pressure melt segregations (> 7 kbar; Dantas et al. 2007;
Laukert et al. 2014). Experimental studies of MORB
crystallization evidenced the possible formation of web-
sterites during fractional and equilibrium crystallization
processes occurring at pressures of 7-10 kbar (e.g. Villiger
et al. 2004, 2007; Husen et al. 2016). The crystallization
of websterites (clinopyroxene-orthopyroxene-spinel) is
related to early saturation of pyroxenes, as a result of the
increasing stability of pyroxenes and decreasing stability
of plagioclase at increasing pressure. Villiger et al. (2004)
also documented an increase in Al,O; concentration in
clinopyroxene and orthopyroxene with pressure (up to 7
wt% Al,O5 in clinopyroxene at 10 kbar). We infer that the
primary modal composition, and the high Al,O; contents
and Mg-values in porphyroclastic pyroxenes forming the
Mt. Maggiore pyroxenites resulted from high-pressure
fractionation (8-10 kbar) of a migrating melt.

The pyroxene porphyroclasts show Na,O-poor (Fig. 4b)
and LREE-depleted compositions (Fig. 5a, b), indicative
of depleted parental melts (Fig. 6). In terms of LREE
depletion, computed melts in equilibrium with clinopy-
roxenes are consistent with single-melt increments formed
after 5-7% fractional melting of a Depleted Mantle source
(Fig. 6; Workman and Hart 2005; Warren 2016), as pro-
posed for the melts percolating in the host peridotites
(Rampone et al. 2008; Basch et al. 2018). A similar origin
from depleted single-melt increments was inferred for spi-
nel websterites from the Southwest Indian Ridge (Dantas
et al. 2007). The MREE-HREE enrichment observed in
the clinopyroxene porphyroclasts (Fig. 6), relative to the
clinopyroxene in equilibrium with single-melt increments,
can be ascribed to the sub-solidus exsolution process in
clinopyroxenes. Hellebrand et al. (2005) documented
strong enrichments in clinopyroxene trace elements during
extensive clinopyroxene exsolution, as what is observed
at Mt. Maggiore (Fig. 2d—f). Moreover, Rampone et al.
(2008) and Basch et al. (2018) modeled the REE evolution
of melts percolating during an olivine-dissolving assim-
ilation-fractional crystallization process and documented
increasing MREE-HREE concentrations at constant LREE
depletion. A reequilibration between the pyroxene por-
phyroclasts and the melt modified during reactive porous
flow could therefore participate in the HREE enrichments
observed in the pyroxenites.

Interstitial plagioclase and orthopyroxene show
Na,O-poor and LREE-depleted compositions (Fig. 5b, ¢),
similar to the porphyroclastic pyroxenes forming the pri-
mary mineral assemblage. This suggests a depleted composi-
tion of the impregnating melt, as previously documented in
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Fig.6 Cl-normalized REE spectra of residual clinopyroxenes after
variable degrees (F) of fractional melting. Clinopyroxene DMM
compositions are from Warren (2016) and partition coefficients from
Basch et al. (2018). Cl-chondrite normalization values after Sun and
McDonough (1989). Also reported is the compositional field defined
by clinopyroxenes porphyroclastic cores in the spinel websterites and
the compositional field of residual abyssal peridotites after Warren
(2016)

the host impregnated plagioclase peridotites (Rampone et al.
1997, 2008, 2019; Basch et al. 2018).

In summary, both the parental melts of pyroxenites and
the melts involved in the subsequent percolation were char-
acterized by Na,O-poor, LREE-depleted compositions,
consistent with unaggregated melt increments rather than
aggregated MORBs (Figs. 4, 5). This implies that they
represent the continuous evolution of similar melts lead-
ing to different processes (pyroxenite segregation and later
melt-rock interaction) during their upward migration at
changing pressure—temperature conditions from spinel-
facies to plagioclase-facies depths. Such a continuity implies
not only a temporal but also a spatial evolution of the type
of process occurring during percolation of the melts in a
mantle column in exhumation. To support the genetic rela-
tion and the continuity between the formation of pyroxen-
ites and the subsequent melt-rock interaction history, we
modeled all the documented processes in sequence, i.e.: (1)
formation of single-melt increments after 6% mantle decom-
pressional fractional melting; (2) high-pressure segregation
of pyroxenites; (3) spinel-facies reactive porous flow, (4)
plagioclase-facies melt impregnation. We used the pMELTS
thermodynamic program (Ghiorso et al. 2002) that allows to
assess the evolution of the melt phase saturation and chemi-
cal composition, and the major element composition of the
fractionated phases.

Basch et al. (2018) recently modeled the REE compo-
sitional evolution of depleted melts during the melt-rock
interaction history documented at Mt. Maggiore. However,
major element modeling of the formation of melt during
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decompressional melting and subsequent chemical evolution
during percolation was never performed in oceanic envi-
ronments. The Mt. Maggiore peridotitic massif provides a
good field (Fig. 1) and microstructural control (Fig. 2) on
the chronology of the different processes documented within
the pyroxenites, thus allowing to test the described dynamic
model.

Formation of the depleted single-melt increments

To simulate decompressional mantle melting and major
element composition of single-melt increments during frac-
tional melting, we performed a model of adiabatic decom-
pression of a Depleted MORB Mantle (DMM; Workman
and Hart 2005). An adiabatic temperature gradient (~0.8 °C/
km; e.g. Hebert and Montési 2010) is imposed to the DMM
mantle, upwelling from 25 kbar, 1400 °C to 9 kbar, 1360 °C.
The adiabat crosses the DMM solidus at 13.6 kbar, 1372 °C,
therefore initiating the mantle melting process (Fig. S3). At
10 kbar, 1362 °C, fractional melting reaches 6% (Fig. S3),
which is consistent with the mineral compositions docu-
mented in the residual peridotites (e.g. Rampone et al. 2008)
and to the parental melt involved in the formation of pyrox-
enites and melt-rock interaction history (e.g. Basch et al.
2018). At this depth (~30 km) we infer that the residual
mantle was incorporated in the TBL and started cooling con-
ductively, which in turn led to the cessation of the melting
process (e.g. Langmuir et al. 1992; Shen and Forsyth 1995;
Niu 1997; Niu and Hékinian 1997; Langmuir and Forsyth
2007; Montési and Behn 2007; D’Errico et al. 2016). The
narrow range of pressure involving mantle melting (13.6—-10
kbar) and the thick TBL inferred are consistent with the cold
ultra-slow-spreading environment described at Mt. Maggiore
(e.g. Rampone et al. 2014, 2019).

In Fig. 7, we compare the chemical evolution of single-
melt increments and aggregated melts along progressive
melting. At increasing degree of melting, the melt compo-
sitions show decreasing concentrations of Al,0O5, Na,O and
increasing SiO,, CaO and Ca# (Ca#=Ca/(Ca+ Na) mol%).
Single-melt increments show larger compositional variations
than the aggregated melts, which are calculated as weighted
mass balance of the different single-melt increments (Fig. 7;
Table S6). Both single-melt increments and aggregated melts
show high Mg# (~75 to 76 mol%), consistent with primi-
tive MORB compositions and/or unaggregated melts formed
by multi-stage melting processes, as previously reported in
experimental mantle melting studies (Duncan and Green
1987; Falloon and Green 1988; Kinzler and Grove 1992;
Hirose and Kushiro 1993) and in natural samples and melt
inclusions (Duncan and Green 1980; Sobolev and Shimizu
1993). The strongest compositional differences are observed
for Na,O, CaO and therefore Ca#, that is much higher in the
single-melt increments, in comparison with the aggregated

melts (+ 15 mol% after 6% total melting). The composi-
tion of the selected melt, i.e. single-melt increment after
6% of DMM melting (light red stripe in Fig. 7) is given in
Table 3 and shows high Mg-value (Mg# =75 mol%), CaO-
rich (CaO =13 wt%), Na,O-poor compositions (Na,0=0.7
wt%), consistently with the melt compositions documented
at Mt. Maggiore (Basch et al. 2018).

High-pressure segregation of the pyroxenite layers

To constrain the magmatic formation of the pyroxenite lay-
ers, we performed a model of high-pressure reactive frac-
tional crystallization. We used as starting melt composition
the single-melt increment calculated in the previous mod-
eling stage after 6% DMM melting (Table 3). This melt frac-
tion forms at 1362 °C, 10 kbar while the mantle likely enters
the TBL. We model the reactive fractional crystallization of
this melt during its percolation in the lithospheric mantle
from 10 to 9.5 kbar, at temperatures decreasing from 1360
to 1310 °C. The temperatures assumed for the model are
slightly higher than the geothermometric estimates obtained
for porphyroclastic pyroxene pairs (up to 1300 °C; Table 2).
We infer that the difference between the modeled and calcu-
lated temperatures is the result of analytical uncertainty in
the measurement of areal analyses and in the geothermomet-
ric estimates. The selected melt is only saturated in clinopy-
roxene at the pressures considered in our model. This model
assumes the assimilation of 0.2 g/ °C of host lherzolite (ol:0
px:cpx:spinel =58:27:12:3; computed by pMELTS from the
most fertile host lherzolite bulk composition, after Piccardo
and Guarnieri 2010). Small amounts of mantle assimilation
are necessary in our model to reach orthopyroxene saturation
in the melt. We infer that the reactivity of this melt towards
the host lherzolite is the result of the decompression and
cooling of these newly formed melts. Such a model of reac-
tive melt percolation assuming the assimilation of a bulk
peridotite have been previously proposed by Dijkstra et al.
(2003), Collier and Kelemen (2010) and Sanfilippo et al.
(2016) to simulate deep melt percolation within the mantle.

Figure 8 shows the modal composition of the crystallized
and assimilated mineral phases in the reactive fractional
crystallization model. After 20% fractionation at 1335 °C
(Fig. 8a), the melt crystallizes a spinel websterite formed
by clinopyroxene (~ 80 vol%), orthopyroxene (~ 15 vol%),
spinel (~ 3 vol%), and minor olivine (~2 vol%) (Fig. 8b). The
computed modal compositions reproduce well the inferred
modal compositions of the primary pyroxenite layers at Mt.
Maggiore. The ratio mass assimilated/mass crystallized
remains low and rather constant during the whole process
of reactive fractional crystallization (Ma/Mc ~0.2; Fig. 8b),
and thus indicates that the process is dominated by melt
fractionation, at decreasing melt mass.
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Table 3 Initial melt compositions used in the pMELTS thermodynamic models of reactive percolation

Melt composition T (°C) P (kbar) SiO, TiO, AlL,O; Fe,O; Cr,0; FeO MnO MgO NiO CaO Na,0O Total Mg# Ca#
Pyrox. Formation  1362.5 10 4754 0.81 1552 0.84 0.05 806 0.0l 13.64 001 12.86 0.67 100.0 75.10 91.40
Reac. porous flow 1335 9.75 46.73 091 17.04 133 0.00 846 0.02 1255 0.02 12.14 0.80 100.0 72.57 89.37
Melt impregnation 1290  7.00 4748 092 1739 135 0.00 821 000 11.38 0.00 1245 081 100.0 71.19 89.51

Mg#=Mg/(Mg+ Fe); Ca#=Ca/(Ca+ Na)
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Fig.8 Temperature (°C) vs cumulated modal composition of the
assimilated and fractionated phases during the pMELTS model of
reactive fractional crystallization from 10 kbar, 1360 °C to 9 kbar,
1310 °C. Initial melt composition is the single-melt increment formed
after 6% fractional melting of DMM mantle (Table S6). a Mass (g) of
the assimilated and fractionated phases, on the basis of 100 grams of
melt; b Modal proportion (vol%) of the assimilated and fractionated
phases

The clinopyroxene and orthopyroxene compositions
(Table S6) computed after 20% fractionation of the melt
at 1335 °C (Fig. 9) fit the areal analyses of porphyroclas-
tic clinopyroxene and orthopyroxene analysed in the Mt.
Maggiore pyroxenites (Tables S1, S2). Spot analyses of

clinopyroxene porphyroclastic cores (Fig. 9c, d; Table S1)
show lower MgO and FeO concentrations and higher CaO
contents as a result of extensive orthopyroxene exsolu-
tion, and therefore are not reproduced by the model. We
emphasize the importance of the use of areal analyses of
the porphyroclastic pyroxene cores to reconstruct their pri-
mary composition (Fig. S1). Yet, discrepancies are observed
between the areal analyses and the computed Al,O; con-
centrations in orthopyroxene, which is overestimated
by pMELTS modeling (Fig. 9¢). It is worth noting that
pMELTS thermodynamic models (Ghiorso et al. 2002) do
not integrate Cr,05 in pyroxenes and given the high Cr,0;
concentration in porphyroclastic orthopyroxenes (Fig. 4d),
a substitution of Cr,05; by Al,O5 in the modeled orthopy-
roxene M1 site would lead to a large computational error.
Our modeling thus shows that the Mt. Maggiore pyroxen-
ites correspond in terms of modal and chemical composi-
tions (Figs. 8, 9) to spinel websterites formed by reactive
fractional crystallization after 20% fractionation of depleted
melts at 1335 °C.

Spinel-facies reactive porous flow

To simulate the reactive porous flow process occurring at
spinel-facies, leading to partial dissolution of pyroxene por-
phyroclasts and crystallization of interstitial olivine (Fig. 2a,
b) we performed a model of reactive fractional crystalliza-
tion from 8 kbar to 7 kbar, at temperatures decreasing from
1320 to 1290 °C. We used as initial melt composition the
computed melt after formation of the pyroxenite at 1335 °C
in the previous model (Table 3). Based on microstructural
constraints (Fig. 2a, b), this model assumes the assimilation
of 0.1 g/ °C of porphyroclastic pyroxenes (75% orthopyrox-
ene, 25% clinopyroxene). The melt reactivity is related to the
expansion of the olivine stability field at decreasing pressure
(Kelemen et al. 2007).

Figure 10 shows the modal composition of the products
and assimilated phases of the reactive porous flow process.
While temperature decreases from 1320 to 1290 °C, the per-
colating melt assimilates a total of 3 g of pyroxenes (2.25 g
orthopyroxene, 0.75 g clinopyroxene) and fractionates 4.5 g
of olivine (Fig. 10a; Table S6). This implies a rather high
Ma/Mc of ~0.6-0.7 (Fig. 10b) and an almost constant liquid
mass during the reactive porous flow process (Table S6),
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«Fig.9 Mg# (mol%) vs Major element concentrations of clinopy-
roxenes (a—d) and orthopyroxenes (e-h) analysed in Mt. Maggiore
pyroxenites and modeled by the pMELTS reactive fractional crystal-
lization process. a, e ALL,O; (Wt%); b, £ Na,O (wt%); ¢, g MgO (wt%);
d, h FeO (wt%). Numbers associated with the crystallization trends
correspond to crystallization temperatures
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Fig. 10 Temperature (°C) vs cumulated modal composition of the
assimilated and fractionated phases during the pMELTS model of
reactive porous flow from 8 kbar, 1320 °C to 7 kbar, 1290 °C. Ini-
tial melt composition used is the 1335 °C melt output from the previ-
ous model of reactive fractional crystallization (Table S6). a Mass (g)
of the assimilated and fractionated phases, on the basis of 100 g of
melt; b MODAL proportion (vol%) of the assimilated and fraction-
ated phases

consistent with what was described in previous studies
(Rampone et al. 2008; Basch et al. 2018). The low amount
of assimilation and fractionation of the melt along the pro-
cess (Fig. 10a) is also consistent with the microstructural
evidence of a reactive porous flow process integrated over
time (Basch et al. 2018), i.e. each single portion of melt
percolating through the matrix leads to only part of the dis-
solution—precipitation process observed in the pyroxenite

and peridotite. The composition of the olivine fractionated
from the melt is almost constant during the modeled pro-
cess (Fo=89.5-90.0 mol%; Table S6) and corresponds to
the composition of olivines analysed in the pyroxenites and
peridotites at Mt. Maggiore (Table S4; Rampone et al. 1997,
2008; Miintener and Piccardo 2003; Piccardo and Guarnieri
2010; Basch et al. 2018).

We attempted to perform this pMELTS thermodynamic
model using as initial melt composition the 6% depleted
single-melt increment (Table 3), without considering the
previous stage of high-pressure segregation of the pyroxen-
ite layers. The results of this model are shown in Figure S3
and indicate the saturation of clinopyroxene at 1305 °C, and
therefore the formation of a wehrlite at decreasing tempera-
tures (70 vol% clinopyroxene, 30 vol% olivine at 1285 °C;
Fig. S4b). This does not correspond to the microstructural
observations of partial dissolution of pyroxenes and crystal-
lization of interstitial olivine related to reactive porous flow
(Fig. 2a, b). This implies that the early stage of fractiona-
tion of the pyroxenite layers at high pressure is necessary
to decrease the pyroxene saturation in the melt during its
decompressional evolution.

Previous studies of the melt—rock interaction history at
Mt. Maggiore investigated the REE evolution of depleted
melts during the processes of spinel-facies reactive porous
flow and melt impregnation (Rampone et al. 2008; Picca-
rdo and Guarnieri 2010; Basch et al. 2018). However, these
studies did not consider the early fractionation of pyrox-
enites in the melt REE evolution. We performed a simple
Assimilation-Fractional Crystallization (AFC) REE model
(De Paolo 1981) of the high-pressure formation of pyrox-
enite layers, to assess its impact on the initial depleted
melt REE composition. We assume 20% fractionation of
the depleted melt (melt REE composition after Basch et al.
2018), during assimilation of the country lherzolite at Ma/
Mc =0.2 (mineral compositions after Basch et al. 2018).
Figure S4 shows that pyroxenite segregation does not lead
to significant modification in the REE composition of the
percolating melt (Cey/Yby from 0.16 to 0.17; Yby from
15.7 to 17.2 times C1). Therefore, the early formation of
pyroxenites does not affect the previously described REE
trace element evolution during reactive porous flow and
impregnation processes (Basch et al. 2018).

Plagioclase-facies melt impregnation

We simulated the melt impregnation stage documented in
the peridotites and pyroxenites assuming a stage of melt
reactive fractional crystallization from 7 kbar, 1280 °C
to 6 kbar, 1200 °C. These conditions are consistent with
our geothermobarometric estimates of the impregnation
process (Table 2), indicating temperatures up to 1290 °C,
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Fig. 11 Temperature (°C) vs cumulated modal composition of the
assimilated and fractionated phases during the pMELTS model of
melt impregnation from 7 kbar, 1280 °C to 6 kbar, 1200 °C. Initial
melt composition used is the 1290 °C melt output from the previous
model of reactive porous flow (Table S6). a Mass (g) of the assimi-
lated and fractionated phases, on the basis of 100 g of melt; b modal
proportion (vol%) of the assimilated and fractionated phases

at pressures of 6.4-6.6 kbar. We used as initial melt com-
position the computed melt after the previous model of
reactive porous flow at 1290 °C (Table 3). Based on micro-
structural constraints (Fig. 2c, d), this model assumes the
assimilation of 0.2 g/ °C of cooling of interstitial olivine
Fogj.

Figure 11 represents the modal composition of the
products and assimilated phases during the melt impreg-
nation model. The latter leads to an extensive crystalliza-
tion of a gabbronoritic assemblage at first (plagioclase,
orthopyroxene, clinopyroxene, ~ 10 g/5 °C until 1260 °C;
Fig. 11a) and is then dominated by the crystallization
of plagioclase alone (<1260 °C; Fig. 11a). The gab-
bronoritic modal composition of the high-temperature
impregnation products (Fig. 11b) is consistent with the
[plagioclase + orthopyroxene + clinopyroxene] character

@ Springer

Fig. 12 Major element concentrations of orthopyroxenes (Mg# vs a— »

d) and plagioclase (SiO, vs e-h) analysed in Mt. Maggiore pyroxen-
ites and modeled by the pMELTS melt impregnation process. a Al,O5
(wt%); b Na,O (wt%); ¢ MgO (wt%); d FeO (wt%); e An (mol%); f
Na,O (wt%); g ALL,O; (Wt%); CaO (wt%). Numbers associated with
the crystallization trends correspond to crystallization temperatures

of the impregnation (Fig. 2c, d) and the occurrence of
gabbronoritic veinlets within the most impregnated peri-
dotites and pyroxenites (Basch et al. 2018). Ma/Mc is low
(~0.1 to 0.3; Fig. 11b), implying that the melt mass and
porosity decrease rapidly during the impregnation process,
consistently with what was described in previous studies
(Rampone et al. 2008; Basch et al. 2018).

The major element compositions of interstitial plagioclase
and orthopyroxene analysed in the pyroxenites (Tables S2,
S3) fit well to the compositions of plagioclase and orthopy-
roxene fractionated from the melt at 1270-1280 °C in the
pMELTS model (Fig. 12). Again, the largest discrepancy
between the measured and computed mineral compositions
is the Al,O; content in orthopyroxene (Fig. 12a). We infer
that this mismatch is due to a pMELTS computational error
as previously discussed (see “High-pressure segregation of
the pyroxenite layers”). This model therefore reproduces
the microstructural observations related to the stage of melt
impregnation (Fig. 11) and the geochemical composition
of the mineral phases (plagioclase, orthopyroxene, clinopy-
roxene) as products of melt impregnation at 1270-1280 °C
(Fig. 12).

Depleted melts in slow-spreading oceanic
environments

Melt migration in a thick thermal boundary layer

The peridotites from Mt. Maggiore have been previously
described as one of the few occurrences of oceanic mantle in
the Alpine-Apennine ophiolites (e.g. Rampone et al. 2019).
They record a multi-stage history of decompressional melt-
ing and subsequent melt—rock interactions, related to the
opening of the ultra-slow-spreading Ligurian Tethys basin
(Fig. 13a). In this oceanic context, the pMELTS thermody-
namic models developed in this study allowed to reconstruct
the pressure—temperature evolution (Fig. S5), ranging from
adiabatic decompression to conductive cooling in the oce-
anic lithosphere. The thermodynamic models define a cold
thermal regime (Fig. S5), in which decompressional melting
of the peridotite occurs over a restricted range of pressure
(13.6-10 kbar), and stops at relatively high pressures (10
kbar ~30 km) while being incorporated into the TBL (Fig.
S6; e.g. Langmuir and Forsyth 2007). In this thick TBL,
high-temperature magmatic processes are followed by plagi-
oclase-facies sub-solidus reequilibration documented in the
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Fig. 13 Interpretative sketches
of the geological context of

the Mt. Maggiore peridotitic
body. a Context of formation

of the pyroxenite layers and
melt percolation through a thick
lithosphere in the Jurassic Ligu-
rian Tethys basin; b mantle col-
umn representing the different
modeled stages (from mantle
melting to spinel-facies reactive
percolation to plagioclase-facies
melt impregnation; see detail in

Adriatic margin

Asthenosphere

the text >
v [ Continental crust [ Spinel peridotite Impr. peridotite [ Gabbroic bodies
ar antle process
— b P (kb T(°C)  Mantle p
e | | |
o] ] B
b l 4+ 900
—
S)
L=
; .
< Sub-solidus
5 reequilibration
Plagioclase
facies
6 1200 — o — — o— =
Melt impregnation
[- ol; + pl; + cpx; + opx]
7 1280- — — — — -
Reactive porous flow
[+ of; - cpx; - opx]
8 1320~ — = — — =
Spinel
facies :
Diffuse porous flow
9
ik =S 1340~ Formation of
TBL pyroxenite layers
10 1360 ~ [Fopx +opx]
| Asthenosphere Mantle fractional
melting
| | |
[ Spinel peridotite == Pyroxenite layers
[ Reacted spinel peridotite — Single melt increment (F = 6%)
[ ] Impregnated plagioclase peridotite ~—> Si-saturated melt
Reequilibrated plagioclase peridotite —> Evolved melt
@ Springer

| Journal : Large 410 Article No : 1640 Pages : 25 MS Code : 1640 Dispatch : 4-11-2019




Author Proof

909
910
oM
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939

940

941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959

Contributions to Mineralogy and Petrology _############H###H##HH##_

Page210f 25 _####

plagioclase-bearing assemblage within the peridotites and
associated pyroxenites (780—1080 °C, 3-5 kbar; Table 2).
Thick TBL have been described in slow-spreading ophiolitic
(Miintener et al. 2010; Sanfilippo et al. 2017; Rampone
et al. 2019; Basch et al. 2019) and oceanic environments
(Langmuir et al. 1992; Cannat 1996; Niu 1997; Kelemen
et al. 2007; Langmuir and Forsyth 2007; Montési and Behn
2007; Dick et al. 2010; Hebert and Montési 2010; War-
ren and Shimizu 2010; Sleep and Warren 2014; D’Errico
et al. 2016), consistent with the geodynamic context of the
Mt. Maggiore peridotitic body and Ligurian Tethys basin
(Fig. 13a). Deep conductive cooling in slow-spreading litho-
sphere favours the freezing of melts percolating in the shal-
low mantle.

Hebert and Montési (2010) modeled the depth of the
crystallization front as a function of spreading rate at mid-
ocean ridges. The crystallization front corresponds to the
depth at which migrating melts experience extensive crys-
tallization at the double saturation of plagioclase and clino-
pyroxene. At spreading rates comparable to those estimated
for the Ligurian Tethys basin (20 mm/year full spreading
rate; see Rampone et al. 2014 and cited references), their
model predicts the depth of the crystallization front at 18 km
(~6 kbar). This is consistent with our pMELTS models indi-
cating double saturation of plagioclase and clinopyroxene
and extensive crystallization rates at 7 kbar (Fig. 11; see
“Plagioclase-facies melt impregnation”). Therefore, the
pMELTS thermodynamic models developed in this study
are in good agreement with the typical thermal architecture
(Fig. S5) expected for a cold ultra-slow-spreading environ-
ment (Fig. 13a).

Continuous evolution of depleted melts in a mantle column

The thermodynamic models evidence the continuity of the
described processes and therefore a continuous evolution
of the depleted initial melt composition, from the forma-
tion of the pyroxenite layers to the reactive porous flow
and impregnation processes (Fig. S5). The major element
pPMELTS modeling demonstrated the necessity of including
the early fractionation of pyroxenes in the melt evolution,
leading to a decrease of pyroxene saturation in the melt (see
“Spinel-facies reactive porous flow; Fig. S4). This decreased
saturation is crucial to model the following spinel-facies
reactive porous flow process without reaching saturation
of clinopyroxene (Fig. S4) and, therefore, to reproduce the
microstructural observations of a pyroxene-dissolving, oli-
vine-crystallizing reactive porous flow.

The continuity of these reactive processes occurring
at different depths in the conductive lithosphere (Fig.
S5) also implies a vertical evolution of the types of
melt-rock interactions (Rampone et al. 2019). Therefore,
all processes occur at the same time at different depths

in a mantle column in exhumation (Fig. 13b). To form
the microstructural assemblages observed in our samples
(impregnated pyroxenite reequilibrated to sub-solidus
plagioclase-facies conditions), a pyroxenite layer formed
at 10 kbar needs to reach the pressure—temperature condi-
tions that account for extensive sub-solidus reequilibra-
tion (800 °C, 3 kbar; Table 3). The full spreading rate
of the Ligurian Tethys has been estimated to be 20 mm/
year (Rampone et al. 2014), which, following the equa-
tions of McKenzie (1969) and Warren et al. (2009), cor-
responds to an exhumation rate of 12.7 mm/year. At this
rate, a pyroxenite layer formed at relatively high pressure
(10 kbar—30 km) would be exhumed to shallow depths (3
kbar-9 km) in 1.6 Ma (Fig. 13b). Their formation and sub-
sequent impregnation by depleted melts imply that genera-
tion of these melts is a continuous process characterized
by steady-state isotherms over the estimated duration of
mantle exhumation. Our models demonstrate that a single
process of mantle adiabatic decompression governs the
formation of depleted melts. Percolation of such depleted
melts in turn drive all the documented reactive processes
occurring in the thick oceanic lithosphere.

Pyroxenites at ultra-slow-spreading ridges

The Mt. Maggiore pyroxenites, similar to what was docu-
mented for abyssal pyroxenites from the South-West Indian
Ridge and Gakkel Ridge, originated as deep melt segre-
gations from depleted melts (Dantas et al. 2007; Laukert
et al. 2014). Our modeling shows that the same depleted
melts subsequently percolated this mantle sector, origi-
nating reactive harzburgites and dunites (at spinel-facies
depth) and impregnated peridotites (at plagioclase-facies
depth) during progressive upward migration. As discussed
by Rampone et al. (2019), we thus infer that the depleted
signature of these melts is a primary feature, reflecting
their origin as single depleted melt increments. Depleted
melts are presently documented in oceanic and ophiolitic
peridotites from ultra-slow-spreading environments only
(e.g., South-West Indian Ridge, Dantas et al. 2007; Othris
peridotites, Dijkstra et al. 2003; Lanzo peridotites, Pic-
cardo et al. 2007; Mt. Maggiore peridotites, Piccardo and
Guarnieri 2010; Basch et al. 2018). At such settings, low
melt production and thick TBL may favour the preserva-
tion of unaggregated last depleted melt increments formed
at the top of an upwelling melting mantle column.

Our models demonstrate that the expansion of olivine
stability field during upward migration of the depleted
melts does not account alone for the spinel-facies reac-
tive porous flow leading to dissolution of mantle pyrox-
enes (see “Spinel-facies reactive porous flow”). Thus, the
early segregation of pyroxenitic components is a necessary
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process in lowering the pyroxene saturation in the migrat-
ing melt and could be fundamental in the formation of oli-
vine-saturated pyroxene-undersaturated melts. Migration
of unaggregated melts and high-pressure crystallization of
pyroxenites are favoured in a thick TBL and are likely to
be a common feature at ultra-slow spreading ridges, such
as the South-West Indian Ridge and Lena Trough (Dantas
et al. 2007; Laukert et al. 2014).

Summary and conclusions

This study investigates the formation of the pyroxenite layers
associated with the residual peridotites of the Mt. Maggiore.
Combined microstructural and geochemical analyses point
to a magmatic formation of the pyroxenite, as part of the
complex reactive percolation history of depleted single-melt
increments. We performed pMELTS models of this evolu-
tion as follows:

1. Formation of the depleted melts by fractional melting
of a DMM in an ultra-slow-spreading environment, in
which the thick TBL terminates the melting process at
rather high pressure (10 kbar);

2. Reactive crystallization of the pyroxenite layers (75%
clinopyroxene, 20% orthopyroxene, 5% spinel) during
fractionation of the depleted melt at depth (Mc=20%),
and assuming the assimilation of small quantities of host
peridotite (Ma/Mc=0.2).

3. Spinel-facies reactive porous flow of the modified melt
leads to the assimilation of pyroxenes and crystallization
of interstitial olivine, without significant modification in
the melt mass (Ma/Mc=0.6-0.7; Mc <5%).

4. The percolation of the modified depleted melts at shal-
lower levels leads to the crystallization of gabbronoritic
assemblages (plagioclase, orthopyroxene, clinopyrox-
ene) at the expense of olivine (Ma/Mc=0.1-0.2) during
impregnation of the peridotites and associated pyroxenites.

The formation of pyroxenite layers from unaggregated
depleted melts in ultra-slow spreading environments testifies
their importance in the geochemical evolution of the melt
percolating in the oceanic lithosphere. The early fractiona-
tion of pyroxenites leads to a decrease in pyroxene satura-
tion, in turn favouring the subsequent reactive porous flow
process leading to the dissolution of mantle pyroxenes at
spinel-facies.
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