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ABSTRACT

The Oman ophiolites offer exceptional exposure of fossil oceanic lithosphere and have been used as a proxy to define the Penrose model of fast-spread
oceanic lithosphere. It is composed of several large massifs in which extensive field mapping allowed to reconstruct the position of several paleo-spreading
segments. Yet, the geodynamic setting of formation and evolution of this oceanic lithosphere is still debated, between a mid-ocean ridge and back-arc set-
ting. The southern massifs are widely recognized to best expose the primary accretion of the lithosphere, whereas the northern massifs expose a widespread
secondary andesitic magmatic phase. To constrain the geodynamic evolution of the Oman oceanic lithosphere, we investigate the processes registered by the
upper mantle section from the Wadi Tayin, sampled during the Oman Drilling Project (Holes CM1A and CM2B). We here provide a petrochemical study of
spinel harzburgites and pyroxenites sampled within the uppermost mantle, few tens of meters from the Moho Transition Zone. The main processes that we
document are: i) the segregation of pyroxenite veins during (reactive) melt percolation at spinel-facies conditions, ii) cooling of the mantle, with partial re-
equilibration of the mantle harzburgites and pyroxenites and, iii) reactive porous flow and partial dissolution of mantle pyroxenes. Notably, this chronological
evolution involves cooling of the mantle section and incorporation in lithospheric environment prior to the magmatic event leading to percolation of melts
through the spinel- to plagioclase-facies lithosphere. Further geochemical studies will allow to constrain the magmatic affinity of percolating melts and the

geodynamic setting in which the Oman lithosphere was accreted.

INTRODUCTION

The Oman ophiolites offer exceptional exposure of fos-
sil oceanic lithosphere and have been used as a proxy to
define the Penrose model of layered oceanic crust (Anony-
mous, 1972). It is considered as a fast-spreading analogue,
with half-spreading rates of 10 centimetres/year (Rioux et al.,
2012; 2013) and displays a complete stratigraphic sequence
from ultramafic lithologies to mafic gabbros and its volcano-
sedimentary cover (e.g., Boudier and Nicolas, 1985). The
Oman ophiolite is composed of several large massifs expos-
ing a more or less complete stratigraphy. Notably, two main
magmatic sequences can be distinguished in the extrusive
section of the Oman ophiolites (Pearce et al., 1981; Alabas-
ter et al., 1982; Lippard et al., 1986; Beurrier, 1987; Erne-
wein et al., 1988; Einaudi et al., 2003; Godard et al., 2003;
Belgrano et al., 2019). The lower V1 Geotimes extrusive se-
quence (Pearce et al., 1981; Lippard et al., 1986; Beurrier,
1987; Ernewein et al., 1988; Nicolas et al., 2000; Einaudi et
al., 2003; Godard et al., 2003) is exposed along all ophiol-
itic massifs (Fig. 1a) and shows compositions mostly con-
sistent with tholeiitic basalts, associated with the accretion
of the Oman paleo-ridge (94-95 My; e.g., Alabaster et al.,
1982; Ernewein et al., 1988; Hacker et al., 1996; Einaudi et
al., 2000). The upper V2 sequence is mainly exposed in the
northern part of the ophiolite (Pearce et al., 1981; Alabaster
etal., 1982; Lippard et al., 1986; Beurrier, 1987; Ernewein et
al., 1988; Einaudi et al., 2003; Godard et al., 2003; Belgrano
et al., 2019). It is characterized by low-Ti tholeiitic melts,
depleted in incompatible trace elements, interpreted either as
the first stages of island arc volcanism in an immature arc en-
vironment (Pearce et al., 1981; Beurrier et al., 1989; Godard
et al., 2003), or as the product of the fluid-enhanced melting

of the over-ridden lithosphere during intra-oceanic thrusting
of the Oman paleo-ridge (Boudier et al., 1988; Ernewein et
al., 1988). At deeper levels within the exposed Oman litho-
sphere, the numerous intrusions and melt migration struc-
tures within the upper mantle have revealed the occurrence
of two distinct magmatic suites, between a MORB-type and a
depleted andesitic magmatism (Python and Ceuleneer, 2003;
Goodenough et al., 2014; Akizawa et al., 2016). Although the
context of formation and evolution of the lithosphere is still
matter of debate (e.g., MacLeod et al., 2013; Koepke et al.,
2021), the differences in parental melt compositions likely
reflect an evolution in the geodynamic setting of the Oman
ophiolite; the spatial organisation of the Oman intrusives and
extrusives thus indicates an increased “arc signature” in the
northern massifs, whereas the southern ophiolitic massifs
best preserve the decompressional melting-related crustal ac-
cretion at the Oman paleo-ridge (e.g., Godard et al., 2003;
Goodenough et al., 2014; Belgrano and Diamond, 2019;
Guilmette et al., 2021).

Extensive mapping of mantle flow patterns allowed to
evidence that crustal accretion is related to mantle diapiric
structures representing zones of focussed melt flow and man-
tle upwelling. The southern ophiolitic massifs (Sumail, Wadi
Tayin; see Godard et al., 2000; 2003) display the best ex-
posed examples of such fossil mantle diapirs (Fig. 1), show-
ing kilometre-scale continuous flow structures and radiating
peridotite lineations (Rabinowicz et al., 1987; Ceuleneer et
al., 1988; 1996; Ceuleneer, 1991; Ceuleneer and Rabinow-
icz, 1992; Ildefonse et al., 1993; 1995; Nicolas and Boudier,
1995; Boudier et al., 1997; Jousselin and Mainprice, 1998;
Godard et al., 2000; Nicolas et al., 2000). These mantle dia-
pirs are the direct expression of asthenospheric upwelling un-
derneath a ridge axis and are topped by a layer of replacive
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dunites indicative of the accumulation of large quantities of
melt at the mantle-crust transition (Nicolas and Prinzhofer,
1982; Boudier and Nicolas, 1995; Godard et al., 2000; Jous-
selin and Nicolas, 2000; Koga et al., 2001; Higgie et al., 2012;
Abily and Ceuleneer, 2013; Rospabé et al., 2018). Major at-
tention has been given to the Moho Transition Zone in the
southern Oman ophiolites, as an important interface control-
ling melt evolution and delivery to crustal levels. Conversely,
no detailed petrographic and chemical study of the evolution
of the upper mantle is available to date. In this framework, the
following study aims at documenting the processes registered
in the upper mantle harzburgites and pyroxenites, in relation
to the spinel-facies evolution of the Oman ophiolite.

GEOLOGICAL SETTING
OF THE OMAN DRILLING PROJECT

The Oman ophiolite is an elongated belt exposing 30.000
km? of fossil Tethyan oceanic lithosphere along the coastline
(Fig. 1a). It formed ~ 95-97 million years ago (e.g., Rioux et
al.,2012; 2013) and was followed by its obduction on the Ara-
bian margin ~ 80 million years ago (e.g., Boudier et al., 1988;
Montigny et al., 1988). Decades of mapping and sampling of
the extrusives and intrusives along the Oman ophiolite (see
Godard et al., 2003; Python and Ceuleneer, 2003; Python et
al., 2008; Belgrano et al., 2019) revealed that two main mag-
matic suites contributed to the accretion of the lithosphere: i) a
tholeiitic magmatism mostly preserved in the southern ophiol-
itic massifs and, ii) a depleted andesitic magmatism attributed
either to subduction or to water-induced re-melting of the shal-
low lithosphere (Benoit et al., 1999; Python and Ceuleneer,
2003; Yamasaki et al., 2006; MacLeod et al., 2013; Akizawa et
al.,2016; Belgrano et al., 2019; Koepke et al., 2021).

Although the context of formation of the Oman ophiolite
is complex and still matter of debate, the exceptional expo-
sure of the complete stratigraphy of this oceanic lithosphere,
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from the mantle section to the volcano-sedimentary cover,
is key to the understanding of the accretion of fast-spread
oceanic crust. Accordingly, a complete section of the Wadi
Tayin southern ophiolitic massif has recently been sampled
during the Oman Dirilling Project (OmanDP), from lower
crustal gabbros (GT sites) to the crust-mantle transition (CM
sites; Fig. 1b) and mantle peridotites (BA sites), for a total
of more than 3 kilometres of recovered drillcores. This study
focuses on mantle harzburgites from the CM1 and CM2 drill-
cores (Kelemen et al., 2021a; 2021b) sampled in the northern
end of Wadi Zeeb, away from the mantle diapirs reported in
the Wadi Tayin area (Fig. 1a; Kelemen et al., 2021a; 2021b).
They respectively provide 400m and 300m cores across the
crust-mantle transition zone, from the lowermost layered
gabbros to the uppermost mantle peridotites (Fig. 1c).

CMI1A drill site has been implemented within the Wadi
Tayin layered gabbros with a dip of 60°, allowing for sam-
pling roughly perpendicular to the stratigraphy and struc-
ture of the ophiolitic massif (Fig. 1c). This core recovered
160 m of layered gabbros, 150 m of massive dunites before
transitioning to 90 m of alternating dunite lenses and mantle
harzburgites (Fig. 1d). CM2B drill site has been positioned
directly within the dunitic transition zone and penetrated
the crust-mantle boundary vertically (Fig. 1c). It recovered
a similar structure to the other core, with 120 m of massive
dunites and minor gabbroic sills overlying a 180 m mantle
sequence characterized by alternation between dunite lenses
and mantle harzburgites (Fig. 1d).

SAMPLING AND PETROGRAPHY

The recovered upper mantle section of the Wadi Tayin
ophiolitic massif (~ 90m in CM1A and ~180m in CM2B; Fig.
1d) is composed of an alternation of decimetre-thick dunitic
layers concordant with weakly foliated mantle harzburgites
(Fig. 2a, b). The latter are characterized by millimetre- to



centimetre-size rounded to porphyroclastic orthopyroxenes
and submillimetric spinels within a matrix of variably serpen-
tinized olivine matrix (average modal composition ol:opx:sp
= 79:20:1 vol%; Kelemen et al., 2021a; 2021b). Rare cen-
timetre-thick pyroxenite veins are found within the mantle
harzburgites (Fig. 2c, d) and are in places folded by the har-
zburgite foliation (see Kelemen et al., 2021c). The mantle
sequence also displays widespread plagioclase impregnation
of the peridotites (dunite and harzburgite), concordant with
the weak orthopyroxene foliation of the harzburgites. Addi-
tionally, the recovered peridotites are crosscut by discordant
millimetre- to centimetre-thick gabbroic dikelets. This study
focuses on the spinel-facies evolution recorded by the mantle
sequence; detailed characterization of the plagioclase-facies
impregnation and intrusion will be provided in a separate
contribution. Accordingly, we sampled 6 spinel harzburgites
and 1 spinel pyroxenite vein from Hole CM2B (Fig. 1d).

The spinel harzburgites are characterized by a porphyro-
clastic texture of olivine, orthopyroxene and irregular spinel
(Fig. 3a), defining a weak foliation with a shape preferred
orientation of orthopyroxene and trails of elongated and cor-
roded spinel. Olivine modal composition ranges up to 85
vol%; olivine is highly serpentinized but kink bands are pre-
served in some millimetre-size crystals. The centimetre-size
pyroxenes observed within the olivine matrix at macroscopic
scale (Figs. 2, 3a and b), ranging between 15 and 30 vol%,
can occur either as aggregates of sub-millimetric undeformed
orthopyroxene, clinopyroxene and spinel neoblasts showing
equilibrated textures (Fig. 3c, e), or as large porphyroclas-
tic orthopyroxenes showing clinopyroxene exsolutions (Fig.
3d). Minor primary clinopyroxene, ranging from 100 ym to
200 ym in size and from 1 to 2 vol%, shows cusped resorbed
shapes and in places the occurrence of orthopyroxene exso-
Iutions. Olivine often shows lobate contacts with irregular
spinels, clinopyroxenes and orthopyroxenes (Fig. 3c, d). No-
tably, olivine can also be found interstitial to the pyroxene
recrystallized aggregates, defining lobate contacts with other-
wise equilibrated crystals (Fig. 4).

The spinel pyroxenite is mainly characterized by an ag-
gregate of sub-millimetric undeformed orthopyroxenes and
minor clinopyroxenes and spinel showing equilibrated tex-
tures (Fig. 3f). Minor irregular and deformed orthopyroxene
porphyroclasts can be found within the crystal aggregate. The
pyroxenite vein shows a strongly irregular contact with its host
spinel harzburgite (Fig. 3b, f), with widespread lobate contacts
between the olivine matrix and the pyroxenes. Notably, olivine
is also found within the pyroxenite vein, showing interstitial
textures and lobate contacts with equilibrated pyroxene crys-
tals commonly showing triple grain junctions (Fig. 3f).

Energy Dispersive Spectrometry (EDS) maps performed
in recrystallized orthopyroxene-clinopyroxene-spinel aggre-
gates are a useful tool to document the textural and chemical
complexity characterizing the crystal aggregates. Fig. 4 high-
lights the following features: i) porphyroclastic orthopyrox-
ene shows widespread occurrence of clinopyroxene exsolu-
tions (Fig. 4b, c); ii) the largest recrystallized orthopyroxenes
(opx recryst 1 in the following) showing triple grain junctions
are frequently associated with interstitial clinopyroxene and
often show the occurrence of clinopyroxene exsolutions (Fig.
4a, b, d); iii) the smallest aggregates of orthopyroxene (opx
recryst 2 in the following) are rarely associated to interstitial
clinopyroxene and show no clinopyroxene exsolutions (Fig.
4a, b, ¢). Fig. 4 also shows the common occurrence of in-
terstitial olivine within the pyroxene aggregates, developing
lobate contacts with the equilibrated orthopyroxene crystals.
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Fig. 2 - Representative petrographic features of the spinel-facies evolution
of the Oman ophiolite upper mantle: a) Association between poorly foliated
spinel harzburgites and decimetre-thick dunitic layers; b) Close-up of the
gradational contact between poorly foliated spinel harzburgites and dunitic
layer; c¢) Association between a pyroxenite vein and its host spinel harzbur-
gite; d) Close-up of the partially dissolved pyroxenite vein.

ANALYTICAL METHODS

Mineral major element Electron Probe Micro-Analyses
(EPMA) were performed on 6 samples, including 5 spinel
harzburgites and 1 spinel pyroxenite. Major element (SiO,,
TiO,, AL,O,, Cr,05, FeO, MgO, MnO, CaO, NiO, Na,O and
K,0O) compositions of olivine, orthopyroxene, clinopyroxene
and spinel were analyzed by JEOL JXA 8200 Superprobe
equipped with five wavelength-dispersive (WDS) spectrome-
ters, an energy dispersive (EDS) spectrometer, and a cathodo-
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Fig. 3 - Photomicrographs of the representative petrographic features characterizing the Wadi Tayin spinel harzburgite and spinel pyroxenite: a) Spinel harz-
burgite. Black boxes indicate the location of close-ups ¢) and d); b) Partially dissolved spinel pyroxenite vein. The black box indicates the location of close-up
f); ¢) Crossed-nicols photomicrograph of partially dissolved spinel crystal and an orthopyroxene aggregate showing lobate contacts with partially serpentinized
olivine matrix; d) Crossed-nicols photomicrograph of a porphyroclastic orthopyroxene showing lobate contacts with partially serpentinized olivine matrix; e)
Detail of recrystallized orthopyroxene aggregate showing triple grain junctions; f) Crossed-nicols photomicrograph of the contact between the pyroxenite vein
and the spinel harzburgite. The dashed red line outlines the irregular contact. The top left insets in a), b) and f) show line drawings evidencing pyroxene crys-
tals within the matrix of partly serpentinized olivine.
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Fig, 4 - EDS chemical maps of Ca within aggregates of partially recrystallized orthopyroxenes. Dark red is clinopyroxene and dark blue is olivine, see colour
bar and legend for more detail: a) Harzburgite CM2B_727Z4_45-50cm; b) Harzburgite CM2B_727Z4_50-55cm; c¢) Harzburgite CM2B_116Z3_3-8cm; d) Py-

roxenite CM2B_7274_50-55cm.

luminescence detector (accelerating potential 15 kV, beam
current 15nA), operating at the Dipartimento di Scienze della
Terra, University of Milano. The analyses of all elements
were performed with a 30-second counting time. Addition-
ally, EDS maps of Ca were performed within recrystallized
orthopyroxene aggregates for petrographic purposes, in order
to identify different generations of orthopyroxenes, as well
as zones where to perform areal analyses of exsolved miner-
als. The latter areal analyses (~ 150x150xm) are designed to
“reconstruct” the composition of a crystal core prior to ex-
solution. The stoichiometry of areal analyses has been used
as a mean of checking the quality of the primary chemical
composition reconstruction. We performed areal analyses of
the porphyroclastic orthopyroxenes and of the largest recrys-
tallized orthopyroxenes (opx recryst 1), both showing the oc-
currence of clinopyroxene exsolutions.

MINERAL CHEMISTRY

The major element compositions of the rock-forming
minerals, namely olivine, spinel, clinopyroxene and orthopy-
roxene, are reported in Tables S1-S4 of the Supplementary
Material. Mineral compositions within the peridotites and the
pyroxenite are similar; this study focuses on mineral compo-
sitions in harzburgites.

Olivines (Table S1) are characterized by homogeneous
compositions in both spinel harzburgites and pyroxenites,
with Mg-numbers (Mg# = 100 x Mg/[Mg + Fe] mol%)
ranging from 90.2 mol% to 91.1 mol%, and elevated NiO
contents (0.32-0.52 wt%), falling within the compositional
field reported for spinel harzburgites from the Wadi Tayin
Massif (Hanghgj et al., 2010) and within the compositional



range of residual peridotites worldwide (Warren, 2016).

Spinels (Table S2) analyzed within spinel harzburgites
show narrow compositional variations, with elevated Mg-
numbers (Mg# = 48.3-59.6 mol%) and Cr-numbers (100 x
Cr/[Cr + Al] = 50.2-55.5 mol%) (Fig. 5a). These composi-
tions plot on the most depleted end of the depleted mantle
melting trend (Warren, 2016) and correspond to estimated
degrees of melting of over 15% following Hellebrand et al.
(2002). Additionally, spinels show low TiO, contents (Fig.
5b), in agreement with their refractory character and the lack
of refertilization veinlets within the analyzed samples (e.g.,
Hanghgj et al., 2010; Sani et al., 2020). These compositions
are consistent with those reported in spinel harzburgites
from the Wadi Tayin Massif (Hanghgj et al., 2010) and from
highly refractory abyssal peridotites (Dick and Bullen, 1984;
Warren, 2016).

Clinopyroxenes (Table S3) analyzed within the spinel
harzburgites and pyroxenite have been identified as relics of
primary clinopyroxene showing cusped shapes and intersti-
tial within recrystallized and equilibrated crystal aggregates
(Figs. 3c and 4). Both clinopyroxene textures show similar
compositions, with elevated Mg-numbers (Mg# = 91.4-93.5
mol%), low Al,O, (2.13-3.02 wt%; Fig. 6a), Na,O (0.07-0.37
wt%; Fig. 6b) and TiO, contents (0.01-0.15 wt%; Fig. 6¢)
with respect to the compositional fields of Oman residual
peridotites from the northern (Fizh Massif; Takazawa et al.,
2003; Yoshikawa et al., 2015), central (Wadi Sarami; Khedr
et al., 2014), and southern ophiolitic massifs (Wadi Tayin;
Hanghoj et al., 2010), as well as the compositional fields of
Alpine peridotites (Basch et al., 2019; Rampone et al., 2020)
and abyssal peridotites worldwide (Warren, 2016). Notably,
a negative correlation is usually observed between Mg-num-
bers and Al,O; contents of clinopyroxenes from residual pe-
ridotites, together with a positive correlation between Na,O,
Al,O, and TiO, (e.g., Warren, 2016; Basch et al.,2019). Such
correlations are not observed in our Oman peridotite samples,
which plot at the depleted end of the composition field of
abyssal peridotites (e.g., Takazawa et al., 2003; Yoshikawa et
al., 2015), and show no differences in composition between
the primary relic clinopyroxenes and the secondary clinopy-
roxene in the recrystallized aggregates.

Orthopyroxenes (Table S4) analyzed within the spinel
harzburgites and pyroxenite have been identified as orthopy-
roxene porphyroclasts (Fig. 3d) and as two different genera-
tions of recrystallized orthopyroxene presenting triple grain
junctions within crystal aggregates (Figs. 3c, e and 4). All
orthopyroxenes show elevated Mg-numbers (Mg# = 90.6-
91.6 mol%), low Al,O, (1.72-2.30 wt%; Fig. 7a) and Cr,0,
contents (0.58-0.81 wt%; Fig. 7b) with respect to the compo-
sitional fields of Oman residual peridotites from the north-
ern (Fizh Massif; Takazawa et al., 2003; Yoshikawa et al.,
2015) and central ophiolitic massifs (Wadi Sarami; Khedr
et al., 2014), as well as the compositional field of abyssal
peridotites worldwide (Warren, 2016), but plot within the
compositional range previously reported within the southern
Oman ophiolites (Wadi Tayin; Hanghgj et al., 2010). Except
for slightly higher average Mg-numbers and lower Al,O, and
Cr,0, contents (Fig. 7) in the smallest recrystallized orthopy-
roxene aggregates (opx recryst 2), no substantial composi-
tional differences are observed between the punctual analyses
of orthopyroxene porphyroclasts and the two generations of
recrystallized orthopyroxenes. Such homogeneous compo-
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Fig. 5 - Spinel major elements chemistry; a) Cr-number vs Mg-number; b)
Cr-number vs TiO, of partially resorbed spinels analysed in the Wadi Tayin
spinel harzburgite and pyroxenite. Also shown are compositions of spinels
from residual and impregnated abyssal peridotites, after Warren (2016) and
Sani et al. (2020) and DM compositions after Salters and Stracke (2004).
Partial melting and melt-rock interaction trends are after Sani et al. (2020)
and estimated degree of melting extent is based on the Cr-number, follow-
ing Hellebrand et al. (2002).

sitions could result from the last recrystallization process
leading to the formation of the clinopyroxene exsolutions
within orthopyroxene porphyroclasts and the largest recrys-
tallized orthopyroxenes. To assess the chemical composition
of the latter crystals prior to exsolution, we performed areal
analyses of the exsolved crystals, which revealed decreas-
ing Ca contents (Fig. 7c) from orthopyroxene porphyroclasts
(CaO,,; =2.02-2.99 wt%) to the first (CaO, o,y = 2.26-2.77
wt%) and second generation (CaO, ., = 1.20-1.89 wt%) of
recrystallized orthopyroxene aggregates.

GEOTHERMOMETRIC ESTIMATES

To provide constraints on the thermal state of the Oman
residual spinel harzburgites, we computed geothermomet-
ric estimates of the primary assemblage and the subsequent
recrystallization events. Given that the primary assemblage
and recrystallized aggregates are formed of orthopyroxene-
clinopyroxene-spinel crystals, we report the temperature es-
timates of three independent and widely used geothermom-
eters, namely 1) orthopyroxene-clinopyroxene from Taylor
(1998), 2) orthopyroxene-clinopyroxene from Brey and
Kohler (1990) and 3) single clinopyroxene from Nimis and
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Sani et al., 2020).

Taylor (2000). The equilibrium temperature estimates are
representative of: (1) equilibrium temperature prior to partial
recrystallization stage, using couples of areal and punctual
analyses of orthopyroxene and clinopyroxene porphyroclasts,
within both harzburgites and pyroxenite (Opx/-Cpx/ in Fig.
8); (2) Recrystallization temperature of the equilibrated crys-
tal aggregates, using couples of areal and punctual analyses
of recrystallized orthopyroxenes and clinopyroxenes within
both harzburgites and pyroxenites (Opx2-Cpx2 in Fig. 8).
Overall, the three geothermometers used yield similar results
(Table S5) and are presented as a single range.

The areal analyses of the porphyroclastic assemblage
(dark red symbols in Fig. 8) yield slightly higher temperature
estimates within the spinel harzburgite, in the range of 996-
1104°C (average of 1057°C), respect to the spinel pyroxenite,
in the range of 962-1044°C (average of 997°C). The areal
analyses of the recrystallized assemblage (orange symbols in
Fig. 8) give similar estimated temperatures within the spi-
nel harzburgites and pyroxenites, in the range of 908-1036°C
(average of 986°C) and 955-1015°C (average of 983°C),
respectively. Punctual analyses of the porphyroclastic as-
semblage (light red symbols in Fig. 8) yield similar results
within the spinel harzburgites and pyroxenite, in the range
862-1000°C (average of 933°C) and 888-1044°C (average of
949°C), respectively. Similarly, punctual analyses of the re-
crystallized assemblage (yellow symbols in Fig. 8) estimate
similar temperatures within the spinel harzburgites and py-
roxenite, in the range 837-1031°C (average of 929°C) and
820-1015°C (average of 919°C), respectively.

The higher temperature estimates obtained for areal anal-
yses testify of the efficiency of the reconstruction of the crys-
tal composition prior to secondary exsolution and further re-
equilibration. Conversely, all punctual analyses yield similar
equilibrium temperatures (Table S5), as a result of a global
“reset” of the compositions at lower temperatures during the
last registered cooling event, i.e., the exsolution stage. Our
geothermometric estimates therefore document a progressive
cooling of this mantle domain from equilibrated porphyro-
clasts (~ 1000-1050°C) to the recrystallization event leading
to the formation of the crystal aggregates (~ 950-1000°C) and
finally the exsolution of both orthopyroxene porphyroclasts
and equilibrated aggregates (~ 900-950°C).

DISCUSSION
Chronology of the magmatic and subsolidus evolution

The Wadi Tayin upper mantle peridotites are commonly
documented as showing “coarse-grained porphyroclastic
textures associated with asthenospheric mantle flow” (Go-
dard et al., 2000), or “typical characteristic porphyroclastic
mantle textures” (Kelemen et al., 2021a; 2021b). Consistent-
ly, our harzburgite samples from CM1A and CM2B exhibit a
weak foliation defined by an orthopyroxene shape-preferred
orientation at macroscopic scale (Fig. 2a, b). However, these
centimetre-size elongated orthopyroxene “porphyroclasts”
mostly occur as recrystallized aggregates of equilibrated
orthopyroxenes, clinopyroxenes and spinel (Figs. 3c, e and
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Fig. 7 - Orthopyroxene major elements chemistry from spinel harzburgites
(Hzb) and spinel pyroxenite (Pxt): a) Mg-number vs Al,O5; b) Mg-number
vs Cr,O5; ¢) Mg-number vs CaO of porphyroclastic and recrystallized or-
thopyroxenes analysed in the Wadi Tayin mantle section. Also shown are
compositional fields of orthopyroxenes analysed in peridotites from the
Fizh Massif (Takazawa et al., 2003; Yoshikawa et al., 2015), Wadi Sarami
(Khedr et al., 2014) and Wadi Tayin (Hanghgj et al., 2010) in the Oman
ophiolite, and from abyssal peridotites worldwide (Warren, 2016; Sani et
al., 2020).

4). Two generations of orthopyroxene neoblasts can be iden-
tified within the crystal aggregates, with the occurrence of
clinopyroxene exsolutions within the largest recrystallized
orthopyroxenes (Fig. 4) and a progressive decrease in Ca con-
tents from larger to smaller crystals (Fig. 7c). Such extensive
subgrain formation and recrystallization of primary orthopy-
roxene porphyroclasts evidence progressive cooling of this
mantle portion within the lithospheric mantle (Borghini et al.,
2010; 2011; Basch et al., 2020), as confirmed by our geother-
mometric estimates (Fig. 8). Similar partial recrystallization
is observed within the spinel pyroxenite vein (Figs. 3f and 4),
suggesting that the association between spinel harzburgites
and pyroxenites predates this cooling event (Fig. 9a, b).
Additionally, interstitial olivine commonly develops lo-

Morgan and Liang, 2005). This process, occurring at spinel-
facies depths, progressively dissolves mantle pyroxenes and
crystallizes secondary olivine and can ultimately lead to the
formation of replacive dunites (e.g., Kelemen et al., 1995a;
1995b; Morgan and Liang, 2005). Remarkably, the interstitial
olivine is found within the recrystallized pyroxene aggregates
and partially dissolves the equilibrated crystals displaying tri-
ple junctions (Figs. 4 and 9c). This places an important tem-
poral constraint on the reactive porous flow process, which
likely occurred after the cooling and associated recrystalli-
zation process. Our geothermometric estimates indicate that
the Oman uppermost mantle cooled substantially, to tempera-
tures of ~ 950-1000°C down to spinel-facies depths (P >~ 7
kbar; Fumagalli et al., 2017). Based on textural observations,
we here infer that cooling at lithospheric conditions took
place before the reactive porous flow process, in turn indicat-
ing that diffuse reactive percolation of olivine-saturated melts
occurred at spinel facies within a previously cooled and par-
tially recrystallized harzburgite-pyroxenite association (Fig.
9c). This is consistent with the results of geochemical inves-
tigations on the main harzburgitic mantle section by Godard
et al. (2000), suggesting that the Oman harzburgites were
pervasively affected by diffuse melt flow at shallow levels,
leading to olivine addition.

In the succession of processes that we here propose, the
spinel-facies pyroxenite vein is primarily associated with
mantle harzburgites and could represent either: i) metamor-



phic recycling of subducted oceanic crust (e.g., Allegre and
Turcotte, 1986; Morishita and Arai, 2001; Morishita et al.,
2003; Yuetal.,2010), ii) “refertilization” of a depleted mantle
during reactive melt percolation (e.g., Garrido and Bodinier,
1999; van Acken et al., 2010; Laukert et al., 2014; Borghini
et al., 2016) or, iii) spinel-facies segregations from a pyrox-
ene-saturated melt (e.g., Takazawa et al., 1999; Dantas et al.,
2007; Gysi et al. 2011; Basch et al., 2019). The pyroxenes and
spinels forming the harzburgites and pyroxenites show simi-
lar major element compositions that do not allow a detailed
assessment of the pyroxenite veins formation process. How-
ever, we emphasize that the pyroxenite is primarily associated
with strongly depleted spinel harzburgites showing only relics
of clinopyroxenes and recording high degrees of melting (>
15%; Fig. 5a, b; e.g., Godard et al., 2000; Le Mée et al., 2004).
We infer that a pyroxenite vein would not have been preserved
during such extensive melting (e.g., Stracke et al., 2000), and
we therefore favour a process during which the pyroxenite
formed within the extending lithosphere, during refertilization
or segregation from melts percolating within the upwelling
mantle, as it was previously documented in the Magsad and
Mansah area of the Oman ophiolite (e.g., Nicolle et al., 2016).
Notably, the elevated orthopyroxene modal content character-
izing the pyroxenite vein (Figs. 3f, and 4d) could possibly in-
dicate a reactive component of its parental melt, that partially
dissolved orthopyroxene from the percolated harzburgites and
increased its orthopyroxene saturation prior to crystallization
(e.g., Borghini et al., 2016; Basch et al., 2019).

To summarize, the studied peridotites and associated py-
roxenite from the Wadi Tayin uppermost mantle record the
magmatic formation of spinel-facies pyroxenite veins (Fig.
9a), followed by cooling and partial recrystallization of or-
thopyroxene porphyroclasts and pyroxenite veins (Fig. 9b),
and reactive porous flow at spinel facies (Fig. 9c).

Implications on the geodynamic evolution
of the Oman ophiolite

Although the geodynamic setting in which the Oman oce-
anic lithosphere formed and evolved is still debated, accumu-
lating structural and chemical evidence progressively drove
a conceptual shift in the envisioned formation environment
of the Oman lithosphere, from mid-ocean ridge (e.g., Nico-
las et al., 2000; Godard et al., 2003) to a subduction-related
proto-arc setting (e.g., MacLeod et al., 2013; Goodenough et
al., 2014; Belgrano and Diamond, 2019). In this debate, ex-
tensive field mapping of the large-scale mantle and intrusion
structures are crucial in defining the evolution of this complex
system (e.g., Ceuleneer et al., 1996; Python and Ceuleneer,
2003). Yet, we argue that a detailed petrographic description
of the different processes recorded by the mantle lithologies
is equally important in defining the evolution of the oceanic
lithosphere. In this study, we document the cooling and partial
recrystallization of the mantle at lithospheric conditions, pri-
or to the magmatic history recorded within CM1A and CM2B
drillcores. The latter magmatic history includes the reactive
melt percolation of olivine-saturated melts, the impregnation
of the mantle section at plagioclase facies and the formation
of crosscutting gabbroic dikelets and anorthosite and diop-
sidite veinlets (Kelemen et al., 2021a; 202b). Although the
present study focuses on the spinel-facies evolution of this
mantle portion, further petrographic and geochemical studies
of the plagioclase-facies magmatic events will be carried out
in a complementary study, allowing detailed constrain of the
magmatic affinity of this subsequent magmatism.

a) Pyroxenite layer formation

b) Cooling stage
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Fig. 9 - Interpretative sketch retracing the spinel-facies evolution steps
documented in the Wadi Tayin peridotites and pyroxenite: a) formation of
pyroxenite veins during whether high-pressure melt segregation or melt-
peridotite interaction; b) accretion of the Wadi Tayin mantle at lithospheric
levels during progressive cooling of the upper mantle; c) reactive porous
flow, leading to partial dissolution of peridotite and pyroxenite pyroxenes
and crystallization/growth of interstitial olivine.

In a first attempt to replacing the documented spinel-facies
evolution in the context of formation of the Oman oceanic
lithosphere, it is crucial to constrain the geodynamic setting in
which the mantle section was able to cool substantially down
to spinel facies depths. Given that the accretion of the Oman
ophiolite occurred at a fast-spreading ridge (e.g., Rioux et al.,
2013), constant melt addition at the ridge axis most likely led to
a buffer of the isotherms in the vicinity of the spreading centre.
Thus, if the Oman lithosphere formed at a mid-ocean ridge, its
cooling would only have been possible away from the ridge
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axis. Consequently, all the documented magmatic episodes fol-
lowing the cooling event would not be related to the main ac-
cretion phase but rather to a minor “off-axis”” magmatic phase,
similar to what is documented by Nicolle et al. (2016) for the
Mansah diapir. In alternative, the formation of the Oman litho-
sphere above a nascent subduction would involve a previously
cooled, depleted mantle section, during reactivation of a pre-
existing oceanic lithosphere as previously suggested by Go-
dard et al. (2000) and Python and Ceuleneer (2003). In this
scenario, the magmatic events following the cooling of the up-
per mantle could belong to the accretionary phase of the Oman
lithosphere in a proto-arc setting, as it is increasingly suggested
by recent studies of the Oman ophiolite (e.g., MacLeod et al.,
2013; Goodenough et al., 2014; Belgrano and Diamond, 2019;
Guilmette et al., 2021). Together with this study, detailed pe-
trographic and geochemical investigations of the mantle im-
pregnation features and crosscutting dikes are needed and will
provide accurate constraints on the formation environment of
the Oman lithosphere sampled at sites CM1A and CM2B.

CONCLUDING REMARKS

This study provides a petrographic and chemical inves-
tigation of the upper mantle section sampled at OmanDP
CM sites, aimed at constraining the spinel-facies evolution
recorded in the residual harzburgites and associated pyroxe-
nites. The main processes that we document are: 1) formation
of pyroxenite veins as melt segregations, ii) cooling of the
upper mantle and partial re-equilibration of the mantle har-
zburgites and pyroxenites and, iii) reactive porous flow and
partial dissolution of mantle pyroxenes. Most importantly,
this chronological evolution involves cooling at lithospheric
conditions prior to reactive melt porous flow, plagioclase-fa-
cies mantle impregnation and formation of gabbroic dikelets.
Further geochemical studies of the plagioclase-facies mag-
matism will allow to thoroughly assess if the latter is corre-
lated with the main accretionary phase of the Oman crust or
with a late off-axis magmatism in an open-ocean setting, thus
providing substantial constraints on the geodynamic environ-
ment of formation of the Oman lithosphere.
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