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Abstract

On Earth, most of the critical processes happen at the frontiers between envelopes and
especially at the Moho between the mantle and the crust. Beneath oceanic spreading centres,
the dunitic transition zone (DTZ) appears as a major interface between the upwelling and
partially molten peridotitic mantle and the accreting gabbroic lower crust. Better constraints
on the processes taking part in the DTZ allows improved understanding of the interactions
between silicate melts and hydrated fluids, which act competitively to generate the
petrological Moho. Here we combine mineral and whole rock major and trace element data
with a structural approach along three cross-sections up to 300 m thick above the fossil
Magsad mantle diapir (Oman ophiolite) in order to understand the vertical organization of the
DTZ with depth. Our results highlight that most of the faults or fractures cross-cutting the
DTZ were ridge-related and active at an early, high temperature magmatic stage. Chemical

variations along the cross-sections define trends with a characteristic vertical scale of few tens
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of meters. There is a clear correlation between the chemical variation pattern and the
distribution of fault zones, not only for fluid-mobile elements but also for immobile elements
such as REE and HFSE. Faults, despite displaying very limited displacements, enhanced both
melt migration and extraction up to the crust and deep hydrothermal fluids introduction down
to the Moho level. We propose that these faults are a vector for upwelling melt modification
by hybridization, with hydrothermal fluids and/or silicic hydrous melts, and crystallization.
Infiltration of these melts or fluids in the country rock governs part of the gradational
evolutions recorded in composition of both the olivine matrix and interstitial phases away
from faults. Finally, these faults likely control the thermal structure of the mantle-crust
transition as evidenced by the spatial distribution of the crystallization products from
percolating melts, organizing the transition zone into pure dunites to impregnated dunites
horizons. In this context, the DTZ appears as a reactive interface that developed by the
combination of three primary processes: tectonics, magmatism and deep, high temperature
hydrothermal circulations. Accordingly, these features fundamentally contribute to the
variable petrological and geochemical organization of the DTZ and possibly of the lower
crust below oceanic spreading centers, and may be a clue to interpret part the heterogeneity

observed in MORB signatures worldwide.

Keywords
Oman ophiolite, dunitic mantle-crust transition zone, syn-magmatic faulting, melt-rock

reactions, high temperature hydrothermalism, melt hybridization

1. Introduction
The oceanic crust is generated at spreading centers where extensive thermal and chemical

exchanges occur between the mantle, the crust and the external envelopes. Crustal accretion at
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oceanic spreading centres is not a steady state process, proceeding by the cyclic succession of
magmatic and magma-starved episodes, whatever the spreading rate (e.g. Gente et al., 1995;
Sinton et al., 2002; Yeo et al., 2016). During periods of magmatic quiescence, the front of
hydrothermal systems can deepen significantly, a propagation likely triggered by normal
faulting and detachment faults. This leads to the efficient cooling and alteration of the mafic-
ultramafic substratum and to elements mobilization and redistribution (e.g. German et al.,
2016 among recent studies), and therefore impacts chemical exchanges happening along
oceanic spreading centers. In addition, there is accumulating evidence for magmatism-
hydrothermalism relationships beneath oceanic spreading centres, in temperature conditions
high enough to induce the re-melting of previously hydrated rocks (e.g. Amri et al, 1996;
Benoit et al, 1999; Koepke et al., 2005; Zhang et al., 2017 and references therein) or allowing
crystallizing magmas and hydrothermal fluids to interact (e.g. Abily et al., 2011; Rospab¢ et
al., 2017). The Oman ophiolite has been shown to be an excellent analogue of present-day
spreading centres to study deep-seated hydrothermal processes, whatever its precise tectonic
setting (i.e. Mid-Ocean Ridge vs. arc-related basin) (e.g. Bosch et al., 2004; Currin et al.,
2018; France et al., 2009, 2013; Gilgen et al., 2016; Python et al., 2007; Zihlmann et al.,

2018).

In the Oman ophiolite, petrological and isotopic studies have shown that the crust was
affected by hydrothermal circulations ranging from greenschist to upper amphibolite/granulite
facies (e.g. Bosch et al., 2004; Gregory and Taylor, 1981; Koepke et al., 2005; Nehlig and
Juteau, 1988; Currin et al., 2018). The formation of diopsidite and rodingite dikes likewise
involves high temperature hydrothermal fluids circulating down to the Moho and even below
(Akizawa et al., 2011; Python et al., 2007). Most of these alteration features post-date the

crystallization stage and are introduced at depth via fracture networks (Nehlig and Juteau,
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1988; Reuber, 1988). However, when normal faults develop early and root at Moho level,

seawater can locally reach the incompletely crystallized lower crust (Abily et al., 2011).

The dunitic transition zone (DTZ) from the Magsad area (Oman ophiolite), like dunites from
other ophiolites (e.g. Quick, 1981; Ceuleneer and Le Sueur, 2008; Sanfilippo et al., 2014;
2017), displays extensive petrological and geochemical variations that result from the
overprint of several magmatic processes: incongruent melting of harzburgite orthopyroxenes
(i.e. “dunitization”), chemical re-equilibration between the olivine matrix and percolating
melts, refertilization by variably evolved melt batches (Rospabé et al, 2018a). In addition to
interstitial plagioclase and clinopyroxene reflecting the fractionation from a percolating
MORB (Abily and Ceuleneer, 2013; Koga et al., 2001), the occurrence of orthopyroxene,
amphibole, diopside and garnet, both in interstitial position and - with mica - included in
chromite, highlights the early contribution of a more exotic, hydrated and silica-richer
component that variably mixed with the MORB (Rospab¢ et al., 2017). The composition and
bottom to top distribution of minerals that crystallized in response to this hybridization
process calls for a hydrothermal origin of the water rather than a deep, subduction-related
origin. Chromitites associated to minerals of high temperature hydrothermal origin are
ubiquitous at Moho level in the Oman ophiolite. Accordingly, if can be inferred that this
process affected the whole ophiolite. However, the way in which this hydrated component
was introduced at high temperature within the DTZ remains poorly constrained. In order (1)
to specify the petrological, geochemical and tectonic structuration of the DTZ beneath
oceanic spreading centres and (2) to decipher the enigmatic relationships between the tectonic
history of the DTZ and its imbricated magmatic and hydrothermal signatures, we investigated
a portion of the paleo-ridge axis related to the Magsad mantle diapir. This area appears

densely faulted according to previous geological maps (Amri, 1995; Rabu et al., 1986). Our
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results highlight that faults were active early at Moho level, since the magmatic stage, and
that they conditioned the petrological and geochemical organization of the DTZ, and probably
of the overlying lower crust, by exerting a strong control on the mantle harzburgite

dunitization and on melts migration and crystallization.

2. Geological setting

2.1. Geology of the Oman ophiolite

The Oman ophiolite is the largest (~500 x 50 km) remaining oceanic lithosphere fragment
from the Tethyan ocean. It formed along a (possibly fast) spreading ridge ~95-97 million
years ago (e.g. Boudier et al., 1988; Rioux et al., 2013 and references therein). The synoptic
mapping of plastic deformation structures preserved in mantle peridotites allowed
characterizing vertical flow patterns in several areas; they were interpreted as upwelling
asthenospheric diapirs beneath the former oceanic ridge axis along which the lithosphere
accreted (Ceuleneer et al., 1988; Jousselin et al., 1998; Nicolas et al., 1988). The paleo-ridge
axis orientation evolves from a N-S direction in the north of the ophiolite to NW-SE in the
south, although exceptions to this general tendency can be observed locally (e.g. MacLeod
and Rothery, 1992; Nicolas et al., 1988; Pallister, 1981). The mapping of the nature of the
dikes cropping out within the mantle section (Python and Ceuleneer, 2003) has evidenced a
MORB-like environment mainly in the SE massifs of the ophiolite, together with other

restricted occurrences, while a depleted calc-alkaline magmatism is observed elsewhere.

2.2. The Sumail Massif
The Sumail massif, located in the SE of the ophiolite and focus of the present study, exposes
the well preserved Maqsad fossil mantle diapir and its associated N130 trending paleo-

spreading centre (Ceuleneer, 1991; Ceuleneer et al., 1988; Jousselin et al., 1998) (Fig. 1A). It
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fed the largest (~80 x ~30 km) MORB area of the Oman ophiolite (Python and Ceuleneer,
2003). The intense igneous activity related to the diapir is witnessed by abundant melt
migration structures cropping out in mantle harzburgites (Benoit et al., 1996; Ceuleneer et al.,
1996; Python and Ceuleneer, 2003), by the 300-400 m thick DTZ in between mantle and
crustal sequences (Abily and Ceuleneer, 2013; Boudier and Nicolas, 1995; Ceuleneer and
Nicolas, 1985; Jousselin et al., 1998; Rospabé, 2018), and by abundant chromitite ore bodies
(Ceuleneer and Nicolas, 1985). The Sumail massif was slightly tilted by post-accretion

tectonism, its regional dip does not exceed 10° to the SE.

Two sets of highly dipping faults confer to the Magsad area its more salient tectonic and
morphologic features according to geological maps (Amri, 1995; Rabu et al., 1986): (1) One
strikes N130 and is parallel to the strike of the sheeted dike complex in this area, i.e. parallel
to the regional orientation of the inferred paleo-ridge axis (Ceuleneer, 1991; MacLeod and
Rothery, 1992; Pallister, 1981) (Fig. 1A). This system may reasonably be related to the
former spreading activity since it has been evidenced that N130-trending faults have generally
a normal offset and have locally disturbed crystallization sequences in the lowermost gabbroic
crust in this area, in association with hydrothermal fluids (Abily et al., 2011). N130 is also the
azimuth of the olivine gabbro dykes in the mantle section of the Magsad area (Ceuleneer et al,
1996). (2) The other fault system strikes N160 to N-S, parallel to the Mugbariah high
temperature mylonitic shear zone (Amri et al., 1996; Ceuleneer, 1991) (Fig. 1A). Moving
away from the diapir, the diverging mantle flow is limited to the SW by the Mugbariah shear
zone, itself injected by numerous dikes from a depleted andesite kindred, contrasting with the
MORB signature of the dykes present in the diapir and at its immediate periphery, and to the
NE by an area injected by pegmatitic dikes and intrusions from the same andesitic melts

(Amri, 1995; Amri et al., 1996; Benoit et al., 1999). It has been proposed on the basis of
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geological and isotopic arguments that these intrusions and dykes originated from
“lithospheric” melts generated by the remelting of hydrothermally altered peridotites at an
early stage of interaction between the lithosphere and the rising Maqsad diapir (Amri et al.,
1996; Benoit et al., 1999; Clénet et al., 2010). Although no detailed study was conducted yet
about the interplay between SW-NE spreading and shearing along N160-180 shear zones, first

evidence show they took place early during the Magsad ridge development.

3. Organization of the DTZ along the Maqsad paleo-ridge axis

We report here below on the structural, petrological and geochemical characteristics of three
cross-sections sampled through the Magsad DTZ. These sections were selected among twenty
we explored in this area (Rospabé, 2018) because they particularly well illustrate the
interactions between early faulting and geochemical evolution of the DTZ. They were
collected along the inferred paleo-ridge axis northwest to the centre of the fossil diapir (Fig.
1A), with from north to south the sections #1, #2 and #3 (Fig. 1B, Supplementary Table S1).
The sampling was performed in a W-E orientation from the wadi Mahram to the west
(altitude ~635 m) to the top of the DTZ to the east, exposed at an altitude of ~1070 m in this
area (Fig. 1B). The sampling interval ranges from 10 to 20 m vertically. We adopted this
strategy in order to cross the two N130 and N165-180 trending fault systems cross-cutting the
DTZ. Chemical evolutions along the DTZ are presented for mineral and whole rock major
elements as well as for whole rock trace elements for a total of 125 samples. Mineral and
whole rock compositions are given in Supplementary Table S2 and Supplementary Table S3

respectively. Analytical methods are detailed in the Electronic Supplement 1.

3.1. Tectonic structuration of the DTZ

3.1.1. The N130 fault system
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The N130 faults are regularly spaced by horizontal distances of ~250 meters on average. They
can be followed along strike on up to 2 km and have generally a dip of 65-70° toward the NE.
The cross-section #2 exposes conversely two successive faults with a dip toward the SW (Fig.
1B). The amplitude of the displacement along N130 faults has been established in a few cases
where they offset plurimetric troctolites intrusions: the movement is normal and the
displacement is limited to a few meters at most. A troctolite lens located about 1.5 km
westward of the considered cross-sections developed a strong high temperature deformation
along a N130.70NE normal fault (Fig. 2A), similarly to what was described at the base of the
crustal section near Magsad (Abily et al., 2011). The N130 fault zones display clear brittle
features near the top of the DTZ and appear to be progressively rooted through the DTZ
where they evolve to serpentine and carbonate breccias. Brecciated zones reach up to about
10 meters in thickness concerning major faults. The alteration halo having affected the dunitic

wall rock does not exceed a few meters.

3.1.2. The N165-180 fault system

The N165-180 system accommodated a transtensional movement with a clear normal and
more subtle dextral components. This system is represented by two main discontinuities in the
explored area, the western N165-180-trending one making the contact between the mantle
section and the DTZ, and the easternmost ~N165 being internal to the DTZ (Fig. 1B):

- The westernmost N165-180 major discontinuity is organized as an asymmetric
graben-type structure limited by two N165.85E to vertical and N180.80W faults (Fig. 1B). It
induced the collapse of a layered troctolite unit down to the base of the DTZ, supporting a
significant normal movement. This system clearly evolved during a long time scale, starting
with early, syn- to sub-magmatic deformations - gabbros boudins, elongated mafic intrusions

(Fig. 2B) -, and becoming progressively affected by increasingly brittle fracturing as well as
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by greenschist facies alteration of surrounding rocks. The schistosity within the N165.85E
fault centre, making the contact between mantle harzburgites and DTZ dunites (Fig. 1B),
points to an intense dextral movement similar to the dominant motion recorded by the
Mugbariah mylonitic shear zone (Amri et al., 1996).

- The second system affecting the DTZ internally evolves from a N155.65NE direction
to the south, along the cross-section #3, to a N170 sub-vertical orientation to the north along
the two cross-sections #1 and #2 (Fig 1B). It accommodated a transtensional movement with
a normal displacement much lower than along the westernmost system in regard to the
absence of deformation in its centre. The strike-slip along this discontinuity is estimated to
about 80 m at most regarding two N130 fault segments offset, with a dextral movement, north
to the cross-section #1. Likewise, the geological map from Rabu et al. (1986) generally shows
N130 faults cross-cut and shifted by the later N165 system. However, we also observed the
reverse relationships in some locations with the disruption of N165-180 factures by later
N130 faults, pointing out the contemporaneity of both systems.

Other minor N165-180 faults or fractures affecting the DTZ, few meters in width at most,
become more abundant upsection. They confer a shale-like parting to the dunites while
examination of thin section reveals no evidence of high-temperature mylonitic deformation
(Fig. 2C). Shear sense indicators are poorly developed and vertical offsets seem to be
restricted to a few meters, making of these fractures transtensional to purely extensional
cracks. They are mostly subvertical or with a strong dipping generally to the west. Along
these fractures, troctolite intrusions are affected by greenschist facies metamorphism while
serpentine and carbonate developed into or parallel to the fracture plans in surrounding
dunites. Along a companion N165.80W fault right to the west of the easternmost major
discontinuity, a swarm of undeformed gabbro dikes oriented according to both N125.70NE

and N105.60NE orientations cuts across the N165-trending schistosity, stressing on the early
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fault development before melt percolation and fluids circulation and subsequent alteration

(Fig. 20).

3.2. Petrological sequences within the DTZ

Previous studies described a highly variable mineralogical content within the Maqgsad DTZ,
with dunites evolving from “pure”, containing only olivine together with a few percent of
scattered chromite grains and rare, small clinopyroxene, to strongly impregnated (up to 30%
of interstitial minerals) (e.g. Abily and Ceuleneer, 2013; Boudier and Nicolas, 1995; Koga et
al., 2001). Impregnated dunites contain one or more interstitial mineral phases among
clinopyroxene, plagioclase, orthopyroxene, amphibole and other accessory minerals (e.g.
hydrothermal diopside, grossular garnet) (Rospabé et al., 2017). Hence, dunites from the
Magsad DTZ are classified in the present study as pure dunites, cpx-bearing dunites, pl/cpx-
bearing dunites, opx/pl/cpx-bearing dunites and amph-bearing dunites (= opx/pl/cpx)

(Rospabé et al., 2018a).

The contacts between the main units composing the ophiolite are frequently faulted within the
studied area. Mantle harzburgites were not observed along the wadi Mahram except to the
west of the major westernmost N165 tectonic accident (Fig. 1B). The three sampled cross-
sections are entirely made of variably impregnated dunites and contain a high abundance of
troctolite intrusions upsection (Fig. 3). These intrusions, plurimetric in size and cumulative in
texture, display clear intrusive relationships at the contact with surrounding dunites showing
they were injected within the near-solidified DTZ. The cross-sections #1 and #3 present a
similar lithological succession, with a lower half part made of pure dunites and an upper part
widely impregnated. The transition from pure to impregnated portions corresponds to the

major easternmost ~N165 discontinuity. The pure dunitic lower units regularly contain small
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size (100 pm at most) clinopyroxene or hybrid diopside (i.e. hybrid between igneous
clinopyroxene and hydrothermal diopside; Rospabé et al., 2017) in interstitial position along
olivine grain boundaries (Fig. 4A). We observed locally, approaching fault zones, a higher
amount of chromite, occurring as schlierens and more rarely as massive dikes (Fig. 4B).
Along the cross-section #1, clinopyroxene and a scarce amount of plagioclase progressively
appear just above the major eastern N170 fault (Fig. 3). They become much more abundant
together with the appearance of orthopyroxene and amphibole twenty meters above, in the
uppermost section part, beyond a NI130.60NE fault. Along the cross-section #3,
clinopyroxene, plagioclase, orthopyroxene and amphibole appear all together above the N155
segment, directly in the southward continuity of the eastern ~N165 major discontinuity (Fig.
3). These mineral phases are observed all along the impregnated upper part. Plagioclase is
slightly more abundant than clinopyroxene until a N175 fault zone, while clinopyroxene and
orthopyroxene are more frequently observed above (Fig. 4C). Amphibole is unequally

distributed along the section.

The cross-section #2, located midway from sections #1 and #3, does not respect this
dichotomous structuration (Fig. 3). Interstitial amphibole, plagioclase and clinopyroxene are
more frequent all along this section (Figs. 4D and E) while pure dunites are quite uncommon.
Despite this erratic mineral distribution, amphibole appears more abundant in specific
subsections, limited by both N130 and N165-N180 faults zones, while orthopyroxene is

restricted to the uppermost level above a N130.55SW fault.

3.3. DTZ geochemical patterns
The olivine chemical content is highly variable in dunites collected along the Magsad DTZ,

with Fo and NiO contents varying from 93.2 to 85.7 and from 0.16 to 0.45 wt.% respectively.
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The olivine composition does not correlate with the presence/abundance of other minerals
(Fig. 5A).

Pure dunites are characterized by U- or V-shaped REE patterns (Lacn/Smen = 0.60-3.8;
Gden/Yben = 0.05-0.27) and by enrichment in LILE and positive Pb, Sr and Ti anomalies in
regard to REE in their extended trace element patterns (Fig. 6B). Impregnated samples
containing clinopyroxene, plagioclase, orthopyroxene and/or amphibole interstitially between
olivine grains generally show convex-upward REE patterns characterized by HREE to LREE
depletion (Lacn/Yben = 0.02-0.42) (Fig. 6B).

Mineral and whole rock compositions as a function of the sampling altitude are shown in
figures 6 and 7 (see also the Electronic Supplement 2). The regional N130 and N165-180
faults are reported at the altitude they cut across each section respectively (see Figure 3 for
their dipping). Chemical variations are not randomly distributed from one sampling point to
another: they display progressive and successive increasing or decreasing evolutions
(depending on the regarded element) with inversions from a trend to another every hundred
meters approximately. In the following we propose to show how the different chemical trends
are related (1) to the samples modal composition, (2) to their position relative to fault zones,

or (3) if they are essentially cryptic (i.e. unrelated to lithological or structural features).

3.3.1. Chemical trends related to lithological facies

Mineral and whole rock chemical compositions are highly variable in the Magsad DTZ
dunites (Rospabé et al., 2018a). Whole rock vertical composition evolutions are partly
controlled by the modal composition of the samples. High amount of interstitial phases
(essentially plagioclase and pyroxene), likely related to impregnation (Fig. 4), leads to an
increase in CaO and Li contents, in the Gden/Yben ratio and the concavity of REE patterns

(V(Smen * Gden)/N(Ceen * Yben) -1), and to a decrease in Lacn/Smey and Nb/Ta ratios (Fig.
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7 and Electronic Supplement 2). The Cr content directly reflects the few percent of
disseminated chromite in dunites, which also seems to control the whole rock Zr/Hf ratio

(Electronic Supplement 2).

The most impressive mineral composition variations along the three cross-sections are
observed in pure dunites or more generally at the base of each section below the N155-170
fault (Fig. 6). They are unpredictable as they are not related to the samples modal
composition. Conversely, Fo in olivine (100 x molar Mg/(Mg + Fear)), XCr in chromite
(100 x molar Cr/(Cr + Al)) (Fig. 6) and Mg# in whole rock (100 x molar Mg/(Mg + Fetar))
(Fig. 7) are much less variable in impregnated dunites, whatever the nature of interstitial

minerals.

3.3.2. Chemical trends related to fault zones

In some cases, especially in pure dunites, the vertical evolution of chemical signatures along
the cross-sections define patterns that appear to be influenced by the distribution of major
fault zones, whatever their orientation. In details, the Fo in olivine, XCr in chromite and Mg#
in whole rock decrease down to values of about 88 or below, ~45 and ~87 respectively
approaching faults (e.g. the interval ~700-725 m in the three sections; Figs. 5 and 6). NiO in
olivine and Ni in whole rock follow the same tendency as well as the Mg# (100 x molar
Mg/(Mg + Fe*")) in clinopyroxene, orthopyroxene and amphibole, both when they are
interstitial between olivine grains or as inclusions in chromite (Electronic Supplement 2). The
Lacn/Smen and U/Th ratios in pure dunites also decrease until 1 and below 0.75 respectively
(toward 700 m and 775 m in altitude in the cross-section #1, 725 m and 850 m in the cross-
section #3; Fig. 7). These variations are correlated with an increase of the CaO content in

olivine in pure dunites (until ~0.3 wt.%), TiO, content in pyroxenes (up to 0.5 wt.%) (Fig. 6
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and Electronic Supplement 2). Similarly, Gden/Yben (and thus the concavity of the REE
patterns) and Nb/Ta ratios in whole rocks increase in pure dunites toward most of the fault

zones (Fig. 7 and Electronic Supplement 2).

3.3.3. Chemical trends unrelated to lithological or structural features

Beyond variations related to the amount of interstitial phases (local-scale) or approaching
fault zones (tens of meter-scale), we can observe chemical evolutions depending on the
altitude along the whole DTZ. In this frame, Mg# and Ni content in both whole rock and
minerals generally decrease in the uppermost part of the DTZ. In the same time TiO, content
in ortho- and clinopyroxene and Na,O content in amphibole increase whatever their mode of
occurrence (i.e. interstitial between olivine grains or included in chromite). This suggests that
DTZ dunites recorded the cumulate effect of several processes involved in their formation.
Concerning few chemical proxies, such as Co in whole rock or YFe®™ in chromite, their
vertical evolution is partly correlated to the presence of fault zones but without clear
systematic increasing or decreasing trend (Electronic Supplement 2). This leads to the
alternation of positive and negative correlations between Ni and Co in some horizons like at

the base of the cross-section #1.

3.3.4. Focus on clinopyroxene major element zoning

It was shown in previous studies that chemical zonings in interstitial minerals in deeply
impregnated mantle-derived rocks probably reflect melt/rock reactions (e.g. Drouin et al.,
2009; Sanfilippo et al., 2015). Among the studied impregnated samples, twenty chemical
profiles were performed across single grains of clinopyroxene in order to investigate the
pattern of possible zoning in their major element composition as it was already reported (even

if not systematic) in some cases (Koga et al., 2001; Rospabé et al., 2018a). This was made for
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clinopyroxene of various sizes in 11 samples displaying various interstitial minerals in
variable amount. Half of the analyzed clinopyroxene shows an increase in Mg# (up to 92.5),
and in Si0, and TiO; contents (up to 53.8 wt.% and 0.33 wt.% respectively), associated to a
decrease of Al,O; and Cr,O3; contents (down to 2.8 wt.% and 1.2 wt.% respectively), from
core to rims (Fig. 8A). The other half does not show zoning in Mg# and SiO,, and show
normal zoning in Al,O3 and Cr,O; in some cases only (Fig. 8B). It appears that both the
chemical content of and the presence/absence of zoning in clinopyroxene are independent of
the paragenetic assemblage, neither with the degree of impregnation nor with the size of the
considered clinopyroxene crystal. However, well-defined zonings are systematically observed
in samples collected close to fault zones. Oppositely, chemically weakly zoned
clinopyroxenes are observed in samples located everywhere in the DTZ, independently from

any fault location.

4. Interpretations and discussion

4.1. Early syn-magmatic faulting at Moho level

The faults located between the distinctive main units of the Sumail massif were originally
attributed to later tectonic events postdating the oceanic lithosphere accretion, potentially
related to the emplacement of the ophiolitic nappe onto the Arabian margin (Amri, 1995;
Glennie et al., 1974; Rabu et al., 1986). Other studies interpreted the development of the both
N130 and N165 tectonic systems as synchronous with magmatism, these features being
responsible for the deformation and disturbed crystallization in the lower crustal, layered
gabbros along N130 faults (Abily et al., 2011; Jousselin et al., 1998), and of the genesis of
plagiogranitic and andesitic intrusions within the N165-trending Mugbariah regional shear

zone system (Amri et al., 1996; Benoit et al., 1999).
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We observed that the DTZ was also affected by the both N130 and N165-180 systems (Fig.
1B), which led to a stronger serpentinization and carbonation of surrounding dunites. In spite
of these ubiquitous witnesses of low temperature hydrothermal circulations, some outcrops
preserved strong evidence of a high temperature deformation of the magmatic products along
the both fault systems (Figs. 2A and B). Excepting the two main N165-180 discontinuities,
which accommodated a significant strike-slip displacement (i.e. estimated to 80 m
horizontally concerning the easternmost one), other faults are better described as cracks with a
movement restricted to a few meters at most. The N130-trending faults may reasonably be
related to the ridge accretion, the strike of the sheeted dike complex displaying the same
orientation in this area (MacLeod and Rothery, 1992; Pallister, 1981). The slight normal
displacement on fault planes, generally measured with a dip of 50 to 70° at a regional scale,
locally induced the syn-magmatic deformation and the disturbance of crystallization
sequences in layered troctolites and gabbros at the transition between the crustal section and
the DTZ (Fig. 2A; see also Abily and Ceuleneer, 2011). The two areas affected by N130
faults with an opposite dipping toward the SW (along the cross-section #2) define local
graben-type structures accommodating the general extensional frame (Fig. 1B). We observed
that N130 oriented mafic dikes, viewed as cumulates after the last basaltic melt batches
discharged from the Magqgsad diapir (Ceuleneer et al., 1996), cut across the tectonic
lineaments, especially the transtensional N165 ones (Fig. 2C). This supports that most of the
N130 and N165 tectonic events on one hand and the magmatic activity on the other hand

developed then ceased contemporaneously.

Otherwise, chemical variations observed vertically along the DTZ constitute an independent
and indirect argument supporting syn-magmatic fluid circulation along faults that experienced

moderate displacement. The minerals (both olivine and impregnating phases) and bulk-rock
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display evolutions of their composition over tens of meters vertically toward the fault zones,
including for immobile elements or element ratios, expected to be related to magmatic
processes only (e.g. XCr in chromite, TiO; in impregnant minerals or REE and HFSE in bulk-
samples; Figs. 5 and 6, Electronic Supplement 2). Such continuous evolutions suggest that
faults played an important role in the DTZ genesis and are consistent with a moderate
amplitude of the displacements along fault planes: major offsets post-dating the DTZ
formation would have partly erased the systematic chemical trends observed approaching the
faults. It is worth mentioning that common vertical chemical evolutions are observed both in
minerals composing dunites as well as in silicate inclusions, supposed to be isolated early by
their host chromite. Consequently, all these observations allow us to interpret both N130 and
N165 oriented faults as structures developed early at a high temperature, syn-magmatic stage.
They strongly influenced the petrological and geochemical organization of the DTZ, although
they continued to be main vectors for hydrothermal fluids at lower temperature, following the

cessation of any magmatic activity.

4.2. Relationships between faulting and melt-rock reactions

4.2.1. Faulting and percolating melts characteristics

The relationship between fault zones and minerals/whole rock compositions designs several
similar chemical evolutions along the three cross-sections - especially between cross-sections
#1 and #3 that also display a similar petrological sequence (Fig. 3). Fault zones partly
condition the chemical patterns recorded in the dunitic matrix as revealed by olivine and pure
dunites whole rock compositions. The decrease of Fo in olivine and Lacn/Smen ratio
associated to an increase of the CaO content in olivine and Gdcn/Yben ratio in pure dunites
(Figs. 6 and 7) was previously attributed to the percolation of MORB and subsequent

reequilibration with the surrounding olivine (Abily and Ceuleneer, 2013; Rospabé et al.,
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2018a). This implies the overprint of a MORB signature over a prior enriched signature
potentially related to the genesis of small melt batches enriched in H,O, silica and
incompatible trace elements during the early dunitization (Rospabé et al., 2018a). This
interpretation is also supported by the fractionation of U/Th and Nb/Ta ratios from the dunitic
horizons toward fault zones (decrease of U/Th and increase of Nb/Ta toward faults with few
exceptions; Fig. 7), considering that U is known to be a fluid/hydrous melt mobile element
and Ta is likewise expected to be much more easily mobilized by hydrous fluids or melts than
by dry (or slightly hydrated) melt - MORB in our case - relative to Nb (Green, 1995).
Evolutions of the chemical composition of the dunitic matrix, as well as of impregnant
minerals (chromite, clinopyroxene, orthopyroxene and amphibole) at the approach of fault
zones indicates that syn-magmatic faults conditioned the nature of the melt that circulated
through the DTZ. A reasonable way to account for these observations is to envision a
hybridization process between different melt batches within fault zones, which hence leads to
an evolving reequilibration signature within the host olivine matrix, i.e. starting from faults

and propagating into the surrounding dunitic horizons.

The introduction of hydrous fluids into the DTZ from above at an early magmatic stage is
strongly supported by the petrological sequences along both cross-sections #1 and #3:
interstitial orthopyroxene and amphibole appear in the shallowest levels of the DTZ, just
above fault zones (N130 in the case of cross-section #1, N155 in the case of cross-section #3).
This observation was previously attributed to the hybridization of upwelling MORB with
downwelling hydrothermal fluids and/or hydrated silica-rich melts issued from the hydrous
melting of surrounding rocks, with an increase of the hydrothermal component upsection
(Rospabé et al., 2017). The correlation between syn-magmatic faults (see paragraph 4.1) and

the appearance of minerals indicative of a hydrated magmatic environment supports that the
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DTZ was continuously hydrated all along its development thanks to fracturing, from the prior
dunitization stage until the later stage when more and more percolating melts invaded the
DTZ. Finally, along fault zones occurs the hybridization between (1) the first interstitial H,O-
and silica-rich melts batches, (2) MORB issued from the deeper mantle partial melting and
drained along faults through the DTZ, and (3) possibly continuous supply of hydrothermal
fluids. The low Nb/Ta ratios within pure dunitic horizons (Fig. 7) may reflect melt-rock
reaction at low melt/rock ratio (see Kelemen et al. (1993) concerning arc magmas generation
and evolution, and Rospabé et al. (2018) concerning the present Maqgsad DTZ), and/or that the
early hydrated, enriched melt has fractionated a small amount of hydrous and Ti-rich minerals
such as amphibole or mica (Bodinier et al., 1996; Green, 1995) prior to the reequilibration
with the surrounding dunitic matrix. This later hypothesis is in accordance with (1) the
assumption that this exotic melt was involved in the transport and the widespread
fractionation of chromite at Moho level, chromite that entrapped inclusions of amphibole and
mica (Rospabé et al., 2017; 2018), and (2) the observation of an increasing amount of
chromite, especially as schlierens, approaching the faults (Figs. 3 and 4B; see also the vertical
evolution of Cr in whole rock in the Electronic Supplement 2). It is worth noting that pure
dunites that present a quite high Nb/Ta ratio while being located few tens of meters far from
fault zones, chiefly at the base of the cross-section #1 (Fig. 7), generally correspond to
samples containing schlierens of chromite (see the correspondence between the whole rock Cr
content and HFSE ratios in the Electronic Supplement 2) that contain Ti-rich mineral
inclusions. At a much larger scale, chromitite deposits were regularly observed along major
shear zones within the DTZ and the uppermost part of the mantle section of the Oman

ophiolite (Boudier and Al-Rajhi, 2014; Zagrtdenov et al., 2018).

4.2.2. Faulting and refertilization
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Accordingly, the fact that the cross-section #2, in intermediate location between sections #1
and #3 (Figs. 1B and 3), is more impregnated all the way up may be related to its peculiar
structural situation. A large part of this section is enclosed in a graben structure, bordered by
N130 fault zones with an opposite dip. Accordingly, we interpret this location as a main
avenue for melt percolation, issued from the mantle partial melting, and for hydrothermal
fluids circulation, introduced along fault zones. This led to strong fluid-melt-rock reactions
and to the refertilization of the dunitic matrix, potentially linked to a temperature decrease
within the graben structure. Contrariwise, pure dunitic horizons in sections 1 and 3 were

compacted at higher temperature before massive crystallization from interstitial melts.

Clinopyroxene grains from samples collected few meters from faults preserve a chemical
zoning while zoning is uncommon at larger distance (Fig. 8 A). The occurrence or absence of
zoning is unrelated to the modal composition of the rock and from the grain size and seems to
depend only on the vicinity of a fault. Such chemical zonings in strongly impregnated
peridotites (frequently described as “olivine-rich troctolites”) collected along detachment
faults in present-day ridges and in ophiolites were previously interpreted as the result of
reactive crystallization (e.g. Drouin et al., 2009; Sanfilippo et al., 2015 and references
therein), i.e. mineral fractionation associated to harzburgite orthopyroxene or dunite olivine
assimilation (Collier and Kelemen, 2010). The importance of reactive crystallization relative
to fractional crystallization was previously considered as limited in the case of the Magsad
DTZ (Rospabé et al., 2018a). Nonetheless, our results allow us to consider that, even if the
refertilization process was dominated by fractional crystallization from percolating melts, the
development of syn-magmatic fault zones during the DTZ formation reinforced local (fluid-
)melt-rock reactions triggering reactive crystallization. Therefore, we propose that strong

relationships between the structural environment and mantle refertilization may be the key to
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decipher the origin of hybrid olivine-rich troctolites along oceanic core complex (Sanfilippo

et al., 2015 and references therein).

4.3. Implications for the development of the DTZ and melt migration beneath spreading
centres
The progressive chemical evolution vertically along the DTZ, starting from a enriched melt
and acquiring progressively a MORB signature, reflects that the hybridization between
different melt batches is enhanced in fault zones that are avenues for both melt and fluids
circulations. The syn-magmatic faults affecting the DTZ, whatever their orientation but with a
dipping frequently higher than 60°, may have assisted the MORB extraction from the Maqsad
diapir. In this way, the most salient MORB signature is markedly recorded in dunites located
close to N165-N180 fault zones (e.g. higher CaO values; Fig. 6), the percolation having
potentially been facilitated by the transtensional feature. Moreover, troctolite intrusions
observed in the highest levels of the DTZ might represent the last extracted melt batches,
which suffered fractional crystallization due to cooling. In other words, it appears that the
DTZ recorded the switch between different melt extraction modes, starting with pervasive
porous flow within the host dunite (strongest MORB-reequilibrated signature at the approach
of faults), then followed in time when temperature decreases by melt discharges focused
along fault zones (cumulate troctolite intrusions). In Figure 9 we propose a synthetic scenario
for the DTZ formation above the Magsad diapir:

- Stage A: Fault zones (important dipping, slight displacement) affect the DTZ early.
They allow the introduction of fluids at Moho level that potentially assist the orthopyroxene
melting out, leading to the mantle harzburgite transformation into dunite (Rospabé et al.,
2017), and to the early generation of small volume of H,O-, SiO, and incompatible trace

elements enriched melts (Rospabé et al., 2018a).
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- Stages B and C: Subsequently, fault zones focus the percolation of MORB issued
from the continuous partial melting of mantle peridotites, allowing (1) to a more or less strong
chemical reequilibration with host dunite, (2) to their hybridization with prior enriched melt
which has a direct influence on the Cr redistribution at Moho level, (3) to their accumulation
at certain levels, and (4) to the refertilization of the host dunite, mainly to the top of the DTZ,
with anhydrous or hydrated minerals fractionation interstitially (fractional or reactive
crystallization).

-Stage D: In addition to their strong influence on fluid-melt-rock reactions at Moho
level, fault zones drain residual melts from the DTZ to the lower crust. Plurimetric intrusions
of cumulate troctolites, becoming more and more abundant in the uppermost DTZ, are

witnesses of these melt discharges before/during the magmatic activity cessation.

Beyond the structural control on the magmatic processes that occur within the oceanic Moho,
fault zones continued to focus fluid circulation at lower temperature after the cessation of the
magmatic activity. In addition to the Cr transport at high temperature and its massive
fractionation as chromitite ore bodies that may have occurred preferentially along fault zones
(Boudier and Al Rajhi, 2014; Zagrtdenov et al., 2018), later hydrothermal circulations along
long-standing fractures should have led to strong chemical exchanges during low temperature
alteration of the lower crust (Zihlmann et al., 2018) and serpentinization and carbonation at

Moho level.

5. Conclusion
The fluid-melt-rocks reactions occurring at the mantle-crust transition below oceanic
spreading centers are expected to significantly influence the nature of the melts that feed the

crust and the chemical exchanges between the deep lithosphere and superficial envelopes. Our
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combined structural, petrological and geochemical study of the DTZ in the Sumail massif
reveals that syn-magmatic tectonic lineaments primarily control these reactions. The Magsad
DTZ evolved in a transtensional environment induced by two N130 and N165-180 fault
systems related to the complex (asymmetric) oceanic accretion geometry. Surprisingly, both
systems seem to have influenced the petrological and geochemical organization of the DTZ,
supporting their contemporaneity as formulated on the basis of field evidence. They both
govern:

(1) the vertical chemical evolutions recorded in the olivine matrix and the interstitial minerals
over tens of meters approaching faults zones, concerning elements considered immobile in
fluids or during alteration such as REE, HFSE or Th (i.e. reflecting the overprint of several
processes: the prior dunitization process, the focused migration of interstitial melts and/or
fluids through the dunitic matrix along fault zones, and the modification of the percolating
melt chemistry by hybridization);

(2) the petrological organization of the DTZ (i.e. the succession of pure and impregnated
horizons, that reflects the spatial distribution of melt crystallization products).

In this frame, the fact that faults affect syn-magmatically the mantle-crust transition zone may
be considered as the missing link between high temperature magmatic-related chemical
imprints in DTZ dunites, the evident involvement of a hydrous component, the migration and
extraction of percolating melts, and the mobilization and precipitation of a high amount of Cr
within this interface. Moreover, the successive melt discharges from the DTZ to the crust,
following different extraction modes, may have potentially contributed to the heterogeneity
observed in the Oman ophiolite crust (Jansen et al., 2018) and along oceanic spreading centers
worldwide.

Finally, syn-magmatic faults may have a great effect on the thermal and rheological structure

of the oceanic lithosphere while they also apparently strongly influence chemical
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geodynamics (metals, sulfur and carbon cycles and so on) in oceanic ridges environment since
fluids are introduced continuously along fault zones, from (more or less hydrated) magmatic
stage to later, low temperature serpentinization and carbonation related to solely seawater-
derived hydrothermal circulations. These findings may contribute to better understand the
connection between the petrological, chemical and alteration reactions at Moho level and
within the lower oceanic crust, and the thermal, tectonic and rheological structure of the

whole oceanic lithosphere.
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Figure 1. (A) Simplified geological map of the Sumail massif (modified after Béchennec et
al. (1992) and Wyns et al. (1992)). The massif exposes a N130-oriented paleo-ridge spreading

centre. It is centred on a mantle paleo-diapir structure defined by the vertical mantle flow
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structure observed in the Magsad area (Ceuleneer et al., 1988; Jousselin et al., 1998). The
dunitic transition zone is well exposed along the ridge axis and to the SW between the ridge
axis and the N165 ductile Mugbariah fault system. The white rectangle highlights our study
area. (B) Detailed geological map of the studied area (modified after Rabu et al. (1986)). The
dunitic transition zone (DTZ) is more than 300 m thick along the ridge axis. The three studied
cross-sections (cross-sections #1, #2 and #3 from north to south) were sampled from the wadi
Mahram to the west to the higher levels of the DTZ to the east. The sampling density we
adopted (step of 10 to 20 meters of elevation) has been previously shown to be optimal to the
description of the vertical petrological and geochemical variability through the DTZ (Abily
and Ceuleneer, 2013; Rospab¢, 2018), particularly in the Sumail massif where the paleo-
Moho is sub-horizontal with a weak ESE regional dip (i.e. current absolute altitudes
correspond closely to paleo-depth). Structural measurements completed during our field
exploration are also reported on this sketch, especially the dipping and the dipping direction
along the two N130 and N165-N180 main fault systems identified in this area. The along

strike extent of the main faults exceeds several kilometers.

Figure 2. Three examples of relationships between deformed magmatic features and N130
(A) or N165-180 (B and C) fault zones affecting the DTZ in the studied area. A) A layered
troctolite lens is offset by about few meters along a N130.70NE normal fault making the
contact with surrounding dunite (left). These mafic cumulates recorded a strong deformation
near the fault plane (centre) while plagioclases show a remarkable elongation within the
groundmass (right). B) Deformation of magmatic products in the tectonic corridor located at
the base of the studied cross-sections and separating the DTZ from the harzburgite mantle
section (Fig. 1B). Among others, we observed an elongated gabbroic boudin (top) or flames

structures displayed by gabbros laminated within the host dunite (centre) along the N180.80W
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fault, as well as aligned and elongated plagioclase impregnations in dunites (bottom) along
the N165.85E major fault. C) A N165.80W fault zone cross-cutting the cross-section #1 is
characterized by a well organized schistose parting in dunites (left) with no evidence of
mylonitic deformation (right top). An undeformed amphibole-bearing gabbroic dike, oriented

N125.70NE, cross-cut the schistosity of the N165.80W fault zone (right bottom).

Figure 3. Petrological and structural logs of the three studied cross-sections: from north to
south the section #1 (293 m), the section #2 (343 m) and the section #3 (371 m). Regardless
of the petrological sequences of the DTZ - a lower pure dunitic half surmounted by an
impregnated half (cross-sections #1 and #3), or more extensively impregnated (cross-section
#2) -, the transition from a lithological facies to another generally corresponds to the presence
of a fault zone. There is no systematics between the direction of the fault, N130 or N165-180,

and the minerals distribution.

Figure 4. Photomicrographs showing the different mineral contents characterizing the DTZ
dunites in the Magsad area, with A) a “pure dunite”, almost made of olivine and chromite
only and containing a very few amount (<0.5%) of small (few hundreds microns at most)
clinopyroxene rims between two olivine grains or located at 120° olivine grains triple
junctions (160MO7A - cross-section #3), B) a dunite containing chromite organized as
schlierens (160M24A - cross-section #3), C) an orthopyroxene oikocryst in an opx/pl/cpx-
bearing dunite (160M29 - cross-section #3), D) a part of a clinopyroxene oikocryst up to 5
mm in a strongly impregnated pl/cpx-bearing dunite (160M49 - cross-section #2), and E)
interstitial amphibole in an amph-bearing dunite (£ opx/pl/cpx) (160M74B - cross-section

4).
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Figure 5. Chemical variations along cross-sections 1, 2 and 3 in the Magsad dunitic transition
zone (data for cross-section 1 are from Rospabé et al. (2018), data for cross-sections 2 and 3
are newly presented here). A) NiO content as a function of Fo in olivine, B) whole rock
chondrite-normalized REE and Primitive Mantle-normalized multi-elements patterns of pure
dunites (in the middle) and impregnated dunites (at the bottom). The precision is better than
10% for LILE, REE, Pb, Th and U, and better than 20% for HFSE (see also Rospabé¢ et al.,
2018b). Grey fields represent the entire variation ranges described in Rospabé et al. (2018).
Analytical methods used to acquire the data are detailed in the Electronic Supplement 1.
Chondrite and Primitive Mantle normalizing values are from Barrat et al. (2012) and Sun and

McDonough (1989) respectively.

Figure 6. Vertical evolution of the mineral chemical composition along the studied cross-
sections, plotted as a function of the altitude. The colours of the dots represent the different
lithological facies, with pure dunites in blue, cpx-bearing dunites in red, pl/cpx-bearing in
orange, opx/pl/cpx-bearing dunite in purple and amph-bearing dunites in green. Red dashed
lines are faults, each being localized where they respectively cut across each section. The grey
gradient highlights the vertical increasing or decreasing characteristic of each element or
element ratio, in some case related to the presence of fault zones. Are represented the Fo (100
x molar Mg/(Mg + Few)) and the CaO content (wt.%) in olivine, the XCr (100 x molar
Cr/(Cr + Al)) in chromite and the TiO, content (wt.%) in clinopyroxene. Mineral
compositions for samples from the cross-section #1 are issued from Rospabé et al. (2018),
corresponding to the “Buri cross-section”. The amount of impregnation is also reported to the
left as a function of the altitude. The modal content, available in Supplementary Table 1, was
calculated using the MINSQ least squares method (Herrmann and Berry, 2002) based on

whole rock and minerals major element compositions.
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Figure 7. Vertical evolution of the whole rock chemical composition along the studied cross-
sections, plotted as a function of the altitude. The colours of the dots represent the different
lithological facies, with pure dunites in blue, cpx-bearing dunites in red, pl/cpx-bearing in
orange, opx/pl/cpx-bearing dunite in purple and amph-bearing dunites in green. Red dashed
lines are faults, each being localized where they respectively cut across each section. The grey
gradient highlights the vertical increasing or decreasing characteristic of each element or
element ratio, in some case related to the presence of fault zones. Are represented the Mg#
(100 x molar Mg/(Mg + Fear)), Lacn/Smen, Nb/Ta and U/Th ratios. Chondrite normalizing
values used to calculate the Lacn/Smen ratio are from Barrat et al. (2012). Whole rock
compositions for samples from the cross-section #1 are issued from Rospabé¢ et al. (2018),
corresponding to the “Buri cross-section”. The amount of impregnation is also reported to the
left as a function of the altitude. The modal content, available in Supplementary Table 1, was
calculated using the MINSQ least squares method (Herrmann and Berry, 2002) based on

whole rock and minerals major element compositions.

Figure 8. Magnesium number (Mg# = 100 x molar Mg/(Mg + Fe?™)) and SiO,, Al,Os, Cr,05
and TiO;, concentration profile across two clinopyroxenes from opx/pl/cpx-bearing dunites
(150MO3A to the left, I60M26 to the right). A) The first one to the left shows a well-defined
composition zoning with an increase of Mg# and SiO, and TiO; contents, together with the
decrease of Al,O3 and Cr,0Os3, from core to rims. This pattern is similar to what is observed in
the case of reactive crystallization in abyssal olivine-rich troctolites, when the surrounding
peridotite is partly assimilated during fractional crystallization (Sanfilippo et al., 2015 and
reference therein). B) The second one to the right exhibits patterns more random in Mg#,

flattest in SiO, and TiO,, and similar to the first one in Al,O3 and Cr,O; with the same
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decrease toward grain rims.

Figure 9. Synthetic model for the DTZ vertical structuration in the Magsad area. Stage A:
Introduction of fluids at Moho level along fault zones which potentially assist the upper
mantle dunitization (Rospabé et al., 2017) and, consequently, leads to the generation of small
melts batches enriched in H,O-, SiO, and incompatible trace elements (Rospabé et al.,
2018a). Stage B: Ascending MORB percolation focused along fault zones, hybridization
between MORB and the early interstitial enriched melt, reequilibration with the surrounding
dunitic matrix, melt accumulation and interstitial mineral crystallization in the upper levels of
the DTZ (fractional or reactive crystallization depending on the distance to faults). Stage C:
Fractionation of hydrous minerals, or anhydrous minerals witnessing of hydrous melts
percolation, following the continuous hybridization between MORB and other exotic melts
through the DTZ. This hybrid melt is involved in the mobilization and precipitation of Cr.
Note that stages B and C may be contemporaneous since it has been evidenced that exotic
H,0- and SiO;-rich melt were involved as early as the dunitization itself (Rospabé et al.,
2017; 2018). The two stages were here decoupled to make easier the understanding of the
structural, petrological and geochemical organization of the DTZ. Stage D: Residual melts
extraction from the DTZ to the crust, with the formation of entrapment zones represented by
cumulate troctolite intrusions at the top of the DTZ. Subsequent alteration (serpentinization,
carbonation) of the DTZ dunites, especially along faults and fractures, follows the magmatic

activity cessation.
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