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Melt/rock ratios and melt fluxes during reactive percolation: from
matrix- to melt-controlled dynamics

Valentin Basch'%D . Marguerite Godard? - Andrea Tommasi? - Elisabetta Rampone*

Abstract

Deep melt migration processes occurring beneath spreading ridges largely occur by porous flow and involve reaction with the
pre-existing crystal matrix. The control of the melt/rock ratios and melt fluxes involved in these reactive percolation
processes on the structural and chemical evolution of oceanic magmatic systems is yet to be fully constrained. We here
report a combined petro-geochemical study of variably evolved gabbroic layers in the Oman Moho Transition Zone, atop the
Magsad mantle diapir, ranging from dunites, troctolites and wehrlites to olivine gabbros. The layering characterizing the
base of the crustal section formed during a process of reactive porous flow and hybridization of a dunitic precursor.
Positive feedback between melt distribution and deformation focusing allowed for the development of two distinct per-
colation behaviours, between focused melt percolation and diffuse melt impregnation. This geological setting provides an
ideal case study to assess the impact of the melt/rock ratios and percolation dynamics on the evolution of textures and
chemical compositions during focused and diffuse percolation. Namely, the former leads to a modification of the
crystallographic preferred orientation and complete chemical reequilibration of the matrix, while the latter allowed for
preservation of the pre-existing structure and buffer of the melt composition by the matrix and reactive processes. We
quantify the melt/rock ratios associated with the two magmatic systems using Plate Models to demonstrate that focused
percolation easily resets the matrix composition from melt/rock ratios integrated over time ~ 2—3, whereas diffuse, low-
flux melt impregnation would require elevated melt/rock ratios (> 20) to allow for chemical reequilibration. Furthermore, we
provide a global overview of the evolution of mineral compositions and textures of a percolated olivine-rich protolith as a
function of the melt migration style and the involved melt/rock ratios, both instantaneous and integrated over time.

Keywords Reactive porous flow - Melt/rock ratio - Focused reactive percolation - Diffuse melt impregnation - Chemical
reequilibration

Introduction

Valentin Basch

valentin.basch@gmail.com Oceanic lithosphere is continuously accreted along mid-

ocean ridges, either by magmatic addition or by tectonic

Department of Earth and Environmental Sciences, University extension and exhumation as commonly observed at slow-
of Pavia, Via Ferrata, 1, 27100 Pavia, Italy spreading ridges (e.g., Dick et al. 2006). The extensive
CNR-IGG, Sezione di Pavia, Pavia, Italy magma supply characterizing fast-spreading ridge environ-
Géosciences Montpellier, CNRS, University of Montpellier, ments’ leads to the format19n Of a Penrose-type st’ratlﬁed
Montpellier, France oceanic crust, up to 6 km in thickness (e.g., Boudier and
Department of Earth, Environmental and Life Sciences, Nicolas 1985; Niu 2021). The upper third of this crust is

University of Genova, Genoa, Italy composed of pillow basalts and sheeted dikes (Teagle et al.
2006) that are fed by a relatively stable axial melt lens at
their base (e.g., France et al. 2021 and references therein).
On the other hand, the lower part of the oceanic crust forms
by slow crystallization of a magmatic system dominated by
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crystal mushes (i.e., crystal-rich magma reservoirs;

see Lissenberg et al. 2019).

The evolution of a crystal mush involves multiple processes
occurring concomitantly: magma replenishment,

mixing, extraction, crystallization, assimilation, compaction,
and deformation (e.g., Coogan and Dosso 2016;

O’Neill and Jenner 2016; Cashman et al. 2017; Edmonds

et al. 2019; Boulanger et al. 2020; Basch et al. 2023). Yet,
the overarching characteristic of crystal mushes is that melt
migration mainly occurs by porous flow of melts through a
crystal-dominated matrix (Leuthold et al. 2018; Lissenberg
et al. 2019; Zhang et al. 2020; Boulanger et al. 2021;
Ferrando et al. 2021a, b), rather than by episodic and focused
melt extraction. Such diffuse migration of melts through a
pre-existing matrix has strong implications on the chemical
and structural evolution of the crystallizing lithologies; it
favours reactive processes that impact on the compositional
evolution of melt (e.g., Lissenberg et al. 2013; Leuthold

et al. 2018; Sanfilippo et al. 2020; Ferrando et al. 2021a),
and possibly drives the development of flow-induced fabrics
within lower crustal gabbroic lithologies (Cheadle and

Gee 2017; Lissenberg et al. 2019; Ferrando et al. 2021b).
However, the role of the instantaneous melt/rock ratio (i.e.,
the porosity of the magmatic system) or melt/rock ratio
integrated over time (i.e., the total amount of melt involved
in the reactive percolation over time) in the structural and
chemical evolution of crystal mush systems is not well
constrained yet.

Here, we combine microstructural and in situ geochemical
data to highlight the control of melt flow and distribution

on the structural and chemical evolution of the base

of the crustal section—the Moho Transition Zone—atop

the Magsad mantle diapir in the Oman ophiolite. The Moho
Transition Zone is characterized by a compositional layering
of dunite, troctolite and gabbroic rocks. Previous studies
argued that this layering formed during reactive melt
migration processes that led to progressive impregnation and
hybridization of a dunitic protolith into gabbroic lithologies
(e.g., Boudier and Nicolas 1995; Dijkstra et al. 2002; Higgie
and Tommasi 2012; Jousselin et al. 2021). At the Moho
Transition Zone, deformation-controlled melt distribution
created a centimetre-size layering between mildly
impregnated dunites and strongly percolated and hybridized
olivine gabbros (Higgie and Tommasi 2012), thus providing
an ideal setting to document the evolution of textures and
mineral chemical compositions during diffuse and focused
percolation. Combining our new dataset with geochemical
models, we investigate the linkage between deformation,
reactive melt flow, and their contribution to incipient
layering and magma transport at the mantle/crust interface
beneath a fast-spreading ridge.

Geological setting of the Magsad Moho
transition zone

The Oman ophiolite is among the best preserved outcrop-
ping section of fossil oceanic lithosphere in the world (e.g.,
Browning 1984; Boudier and Nicolas 1985; Boudier et al.
1996). It is composed of a thick stratified oceanic crustal
sequence, recording the presence of long-lived magma
chambers in a former fast-spreading ridge environment
(e.g., Nicolas and Boudier 1995; Boudier et al. 1997; Gram-
bling et al. 2022). High-resolution dating constrained the
half-spreading rate of the Oman lithosphere to be ~ 10 centi-
metres/year (Rioux et al. 2012, 2013), similar to present-day
East Pacific Rise (Toomey et al. 2007; Miiller et al. 2008).

Throughout the Oman ophiolite, differences in melt com-
position of different magmatic events reflect a progressive
evolution in the geodynamic setting of the Oman ophiol-
ite, from decompressional melting-related crustal accre-
tion to an increased “arc signature”, mostly evident in the
northern massifs (e.g., Godard et al. 2003; Goodenough
et al. 2014; Belgrano and Diamond 2019; Guilmette et al.
2021). Namely, two main magmatic suites have been dis-
tinguished in the extrusive and intrusive sections (e.g., Ein-
audi et al. 2003; Godard et al. 2003; Belgrano et al. 2019).
The N-MORB-type V1 magmatism is exposed ubiquitously
along the Oman ophiolitic massifs and is associated with
crustal accretion at the Oman paleo-ridge axis (94-95 Ma;
e.g., Belgrano and Diamond 2019 and references therein).
On the other hand, V2 magmatism is made of low-Ti tho-
leiitic melts, depleted in incompatible trace elements, and
is interpreted either as the first stages of island arc volca-
nism in an immature arc environment (Pierce et al. 1981;
Beurrier et al. 1989; Godard et al. 2003), or as the product
of fluid-enhanced melting during intra-oceanic thrusting of
the Oman paleo-ridge (Boudier et al. 1988; Ernewein et al.
1988).

Extensive mapping of mantle flow patterns has been
performed within the southern Oman ophiolite (Samail,
Wadi Tayin), which best exposes the lithospheric accretion
phase (V1 magmatism). This provided evidence of diapiric
structures displaying kilometre-scale zones of steeply-
dipping peridotite lineations and foliations with radial pat-
terns (Fig. 1) (Nicolas et al. 2000 and references therein).
These diapirs are the direct expression of mantle upwelling
underneath a ridge axis and are topped by a layer of dunites
indicative of large quantities of melt flowing through and
accumulating at the mantle-crust transition (Boudier and
Nicolas 1995; Godard et al. 2000; Higgie and Tommasi
2012; Abily and Ceuleneer 2013; Rospabé et al. 2018). This
layer, located at the top of the mantle sequence (Fig. 1b) and
named the Dunitic or Moho Transition Zone (MTZ), repre-
sents an important interface controlling melt evolution and
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Fig. 1 Geological setting and field occurrences of the studied samples,
after Higgie and Tommasi (2012). a Map of the Oman ophiolite, locat-
ing the Magsad area; b Map showing individual foliation measure-
ments and interpreted foliation trajectories, highlighting the vicinity
of the study area (red box) to the Maqsad diapir, and the proposed
position of the paleo-ridge axis, redrawn after Jousselin and Mainprice
(1998); ¢ Photograph of sub-horizontal layering in the central part of
the investigated MTZ section with gabbroic lenses (grey, up to 10 cm-

delivery to crustal levels. The origin of this dunitic pile has
been previously interpreted either through magmatic accu-
mulation of olivine from Mg-rich melts (e.g., Elthon 1979;
Abily and Ceuleneer 2013; Kelemen et al. 2020) or after
reactive percolation processes, progressively transforming
mantle peridotites into dunites (e.g., Boudier and Nicolas
1995; Kelemen et al. 1995; Rospabé et al. 2018; Jousselin et
al. 2021; Klaessens et al. 2021). Notably, regardless of the
origin of the dunitic matrix, the investigated melt migration
and reactive processes are known to occur in the lowermost
crust and subridge mantle (e.g., Lissenberg et al. 2019),
and mantle-derived lithologies can be strongly hybridized
and incorporated into the crustal sequence (see Jousselin
et al. 2012; Ferrando et al. 2020). We thus argue that the
formation process of the Oman MTZ dunite has no funda-
mental implication on the melt migration processes here
investigated.

Olivine

@ MTZ impreg. dunite
O MTZ olivine gabbro

thick) intercalated with thin olivine-rich layers (brown) parallel to foli-
ation; d Ternary modal composition diagram of studied samples from
the Oman MTZ. Note that sample groups MTZ impregnated dunite and
MTZ olivine gabbro are defined on the basis of olivine modal amount
(> 50 vol% and < 50 vol%, respectively) and microstructure (e.g. oliv-
ine CPO available by Higgie and Tommasi 2012; see text for further
details)

In the Magsad Massif, the MTZ is a hundred-metre-size
unit composed of sub-horizontal interlayered centime-
tre- to metre-thick dunites, wehrlites, troctolites and oliv-
ine gabbros, which separates the lower gabbros from the
dominantly harzburgitic mantle (Fig. 1c; e,g., Boudier and
Nicolas 1995; Kelemen et al. 1997; Koga et al. 2001; Jous-
selin et al. 2012; Koepke et al. 2021; Miiller et al. 2022;
Tamura et al. 2022). The layering is sub-parallel to the folia-
tion (Higgie and Tommasi 2012) and occurs at all scales.
Based on detailed petrostructural data, in particular the anal-
ysis of the olivine crystal preferred orientation (CPO) in the
different layers, several authors (e.g., Boudier and Nicolas
1995; Dijkstra et al. 2002; Higgie and Tommasi 2012) inter-
preted the MTZ troctolites and olivine gabbros as formed by
reactive processes involving focused percolation within pre-
existing dunites (whether reactive or cumulitic). According
to this interpretation, the layering between MTZ dunites and
olivine gabbros resulted from variable amounts of reactive



melt percolation within a dunitic precursor, progressively
hybridizing the latter ultramafic lithology into gabbroic
rocks.

Studied samples

The studied samples have been recovered from an
80 m-thick continuous section of the 250 m-thick Magsad
MTZ near Tuf (23°07°00”N, 57°56°21”E). We selected 19
olivine-bearing layers, ranging from dunites to troctolites,
wehrlites and olivine gabbros. These samples were previ-
ously investigated by Higgie and Tommasi (2012), who
provided a detailed characterization of their modal content
and microstructures (Fig. 2; Supplementary Figures S1, S2).
Four of the studied thin sections show modal layering with
straight and relatively sharp contacts (Fig. 1d) ; we consid-
ered each compositional layer at the thin section scale as a
separate sample (Supplementary Table S1; Supplementary
Figure S3). Our rock collection is spread throughout the
section and covers the whole lithological and microstruc-
tural variability observed in the Magsad MTZ (Figs. 1c and
d and 2; Supplementary Table S1). Based on the previous
microstructural study by Higgie and Tommasi (2012) iden-
tifying a transition in olivine CPO between 70 and 40 vol%,
together with new petrographic and major element chemical
features, we redefined the sample division into: Group (1)
MTZ impregnated dunites, containing more than 50 vol%
olivine and less than 25 vol% clinopyroxene, and Group (2)
MTZ olivine gabbros, containing less than 50 vol% olivine
and more than 25 vol% clinopyroxene.

Petrography and microstructure of the
selected layers

The MTZ impregnated dunite samples (Group 1) comprise
2 dunites, 2 troctolites, 1 wehrlite and 8 olivine gabbros
(Fig. 1d). All MTZ impregnated dunites are composed of
abundant modal olivine and variable proportions of clino-
pyroxene and plagioclase (Fig. 2a, b; Supplementary
Table S1). Spinel locally forms trails parallel to the oliv-
ine foliation in the most olivine-rich samples (Fig. 2a); the
latter dunitic samples commonly exhibit larger propor-
tions of clinopyroxene than plagioclase (Fig. 1d). Olivine
mainly occurs as millimetre-size grains showing lobate
contacts with clinopyroxene and plagioclase (Fig. 3a, b,c),
and in places as 100 pm-size rounded olivine chadacrysts
included in interstitial clinopyroxene and plagioclase
(Fig. 3b, c). Olivine forms a foliation of slightly elongated
and deformed crystals (aspect ratios 2:1; Fig. 3a, b,c), with
common occurrence of subgrain boundaries normal to the

crystal elongation. With decreasing modal contents, olivine
tends to decrease in grain size and form an irregular and
discontinuous “network” of elongated crystals, which pro-
gressively display more irregular shapes (Fig. 3b, c). In the
MTZ impregnated dunite samples, olivine CPO 1is charac-
terized by a strong to moderate axial-[100] crystallographic
preferred orientation (Fig. 2a, b; data from Higgie and Tom-
masi 2012). The fabric strength, quantified by the J-index,
ranges from 3 to 6.5 and the BA-index, which quantifies the
symmetry of the CPO (i.e., 0 for axial-[010] and 1 for axial-
[100]; see Mainprice et al. 2014), varies from 0.5 to 0.9 and
slightly decreases with decreasing olivine modal contents
(Supplementary Figure S1). Clinopyroxene and plagio-
clase occur mainly as irregularly shaped crystals slightly
elongated parallel to the foliation, but rounded crystals are
locally observed (Figs. 2b and 3a, b and c). In contrast with
olivine, plagioclase and clinopyroxene display no evidence
for intracrystalline deformation.

The MTZ olivine gabbros (Group 2) include 6 olivine
gabbros sensu stricto (Fig. 1d; Supplementary Table S1).
MTZ olivine gabbros are distinguished from MTZ impreg-
nated dunites by a marked foliation defined by smaller and
elongated olivine crystals (aspect ratio>3:1) and a weak
shape-preferred orientation of plagioclase and clinopyrox-
ene (Fig. 2d). This foliation is parallel to the modal layering
observed in some samples at the scale of the thin section.
At decreasing olivine modal contents, olivine crystals show
increasingly irregular and cusped grain boundaries at the
contact with plagioclase and clinopyroxene (Fig. 3d, e,f).
Subgrain boundaries in olivine crystals are rarer than in M7Z
impregnated dunites but are locally observed. In the most
olivine-poor samples (~ 5—10 vol% olivine), fine-grained
olivine crystals (100-300 um) are embedded in a plagio-
clase and clinopyroxene matrix with interstitial to poikilitic
habitus (Fig. 3e, f). When compared to MTZ impregnated
dunites, olivine CPO has similar to slightly weaker intensi-
ties (J-index =3-5) of axial-[010] patterns (Fig. 2c, d), with
BA-index ranging from 0.2 to 0.4 (data from Higgie and
Tommasi 2012). Similar to Group 1 samples, plagioclase
and clinopyroxene forming Group 2 MTZ olivine gabbros
display no evidence for intracrystalline deformation.

Analytical methods

We performed major and trace element analyses of olivine,
plagioclase and clinopyroxene (Supplementary Table S1)
from 8 layers: 4 MTZ impregnated dunite layers (1 dunite
and 3 olivine gabbro sensu stricto) and 4 MTZ olivine gab-
bros layers (4 olivine gabbros sensu stricto).

Major element compositions (SiO,, TiO,, Al,O3, Cr,0;,
FeO, MgO, MnO, CaO, NiO, Na,O and K,0O) were analysed
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Fig. 2 Plain-polarized thin section photomicrograph and associated
olivine CPO of representative samples of MTZ impregnated dunite
(Group 1, a, a) and MTZ olivine gabbro (Group 2, ¢, d). a Dunite
characterized by a strong axial-[100] olivine CPO; b Olivine-rich gab-

bro characterized by a moderate axial-[100] olivine CPO; (c) Olivine
gabbro characterized by an axial-[010] olivine CPO; (d) Olivine gab-
bro characterized by an axial-[010] olivine CPO. Microstructural data
are after Higgie and Tommasi (2012)



Fig. 3 Representative crossed-nicols (XPL) photomicrographs. White
contours outline the contact between olivine and interstitial minerals;
aMTZ impregnated dunite 100K27, showing an millimetre-size
undeformed clinopyroxene crystal developing embayments on the
olivine matrix; bMTZ impregnated dunite 100K34B, showing
interstitial to poikilitic plagioclase developing embayments on olivine
crystals; cMTZ impregnated dunite 100K 35, illustrating the
development of an irregular network of elongated olivine crystals;
dMTZ olivine gabbro, 100K25A-2, showing widespread embayments

of interstitial to poikilitic plagioclase and clinopyroxene onto olivine

irregular network; eMTZ olivine gabbro 100K25A-1 showing
development of cusped grain boundaries of olivine after extensive
dissolution and formation of interstitial plagioclase and
clinopyroxene; (f) MTZ olivine gabbro 100K16A evidencing the
disaggregation of olivine crystals charac-terized by common
extinction. Both clinopyroxene and plagioclase include 100-300 um
olivine chadacrysts



at the Dipartimento di Scienze della Terra, University
of Milano using a JEOL JXA 8200 Superprobe equipped
with five wavelength-dispersive (WDS) spectrometers, an
energy dispersive (EDS) spectrometer, and a cathodolumi-
nescence detector (with accelerating potential 15 kV, beam
current 15nA). The analyses of all elements and phases
were performed with a beam size of 3 um; different peak
and background time of analysis have been used for each
element, depending on the analysed phase, to maximize
accuracy and sensitivity. Analyses with total oxide percent-
age lower than 98%, and higher than 102% were excluded.
A mixture of natural and synthetic minerals and oxides were
used as standards. Furthermore, the quality of analyses was
assessed on the basis of the atom per formula units and by
repeated analyses of San Carlos olivine and Kakanui augite
as external standards (Jarosewich et al. 1980).

In-situ trace element compositions were determined at
Géosciences Montpellier by Laser Ablation-Inductively
Coupled Plasma Mass Spectrometry (AETE-ISO facility,
University of Montpellier, France). Analyses were per-
formed with a Thermo Scientific Element XR (eXtended
Range) high resolution ICP-MS, coupled to a laser ablation
system consisting of a Geolas (Microlas) automated plat-
form with a 193 nm Excimer Compex 102 laser from Lamb-
daPhysik. The laser energy density was set to 12 J.cm 2 ata
frequency of 8 Hz and the laser spot size was set to 100 um,
for an ablation time of one minute. NIST 612 was analysed
as internal standard, and the acquired data were processed
with GLITTER (Van Achterberg et al. 2001), filtered for
spikes, using »°Si for the standardization for all minerals.
Mean detection limits were <7 ppb for Rb, Sr, Y, Zr, Nb,
Sb, Ba, REE, Hf, Ta, Pb, Th, U, <70 ppb for Zn, Cu, Co,
Mn, V, Sc, <170 ppb for Li and B and <1 ppm for Ti, Cr
and Ni. Values that were within 1o of the detection limit
were excluded during data reduction. Sensitivities were
> 300 cps/ppm for Ni and Ti, > 1000 cps/ppm for B and Zn,
1000-5000 cps/ppm for Li, Cr, Cu, Ba, Nd, Sm, Gd, Dy,
Er, Yb and Hf and > 5000 cps/ppm for all other elements.
Reproducibility and accuracy have been constrained by 14
analyses of reference basalt BIR 1-G as an external stan-
dard (Supplementary Table S1). Reproducibility was better
than 10% for all elements except Li, (10.4%), Gd (10.8%),
Tm (10.7%), Hf (11.0%), Th (12.2%), and measured values
were comparable within analytical uncertainties to GEO-
REM accepted values (Jochum et al. 2005).

Results
Mineral major and minor element compositions

Olivine shows a strong variability of forsterite content
(Fo=Mg/[Mg+ Fe] mol%), with the highest values in the
MTZ impregnated dunites (Fo=87.1-89.0 mol%) and the
lowest in the MTZ olivine gabbros (Fo=82.7-84.9 mol%).
Notably, Group 1 and Group 2 samples are characterized by
two distinct and narrow compositional ranges (Figs. 4 and
5) despite their drastic variability in olivine modal contents
(from 93 vol% to 12 vol%). Mn and Ni display negative and
positive correlations with Forsterite contents, respectively.
MTZ impregnated dunites show high Ni (1450-2651 ppm)
and low Mn contents (1447-1693 ppm) compared to MTZ
olivine gabbros (Ni=1179-1625 ppm; Mn=1778-2052
ppm) (Fig. 5a, b). In the MTZ olivine gabbros, olivine does
not show any core-to-rim zonation associated with dissolu-
tion textures (Supplementary Figure S4). The high Ni and
Forsterite contents of some of the MTZ impregnated dunites
are comparable to olivine compositions in spinel perido-
tites from the Oman ophiolite mantle section (Fig. 5b; e.g.,
Hanghoj et al. 2010; Rospabé et al. 2018). Overall, the anal-
ysed olivine chemical composition cover the compositional
field previously reported for the Oman MTZ (Fig. 5a, b;
Korenaga and Kelemen 1997; Rospabé et al. 2018).

Clinopyroxene Mg-numbers (Mg# = Mg/[Mg+ Fe]x100
mol%) are positively correlated with the olivine Fo content
and follow Fe-Mg equilibrium between olivine and clino-
pyroxene (Supplementary Figure S5, e.g., Lissenberg and
Dick 2008). MTZ impregnated dunites are characterized by
high clinopyroxene Mg-numbers (Mg# = 87.9-90.8 mol%)
and Cr,0; contents (Cr,0;=0.94-1.38 wt%), whereas the
MTZ olivine gabbros show lower Mg-numbers and Cr,0,
contents (Mg# = 84.9-89.0 mol%, Cr,0;=0.25-0.64 wt%)
(Fig. 5¢). Similar to olivine, clinopyroxenes do not define a
continuous trend of chemical variation but rather define two
distinct compositional fields (Fig. 5c). Clinopyroxene com-
positions within MTZ olivine gabbros are similar to clinopy-
roxenes previously reported in the Oman MTZ (Korenaga
and Kelemen 1997; Koga et al. 2001), and show slightly
more primitive compositions with respect to the Oman
lower crustal gabbros (i.e., Miiller et al. 2022; VanTongeren
et al. 2022), with higher Mg-numbers and Cr,0; contents
(Fig. 5¢; Supplementary Figure S5).

Plagioclase is characterized by a wide range of Anorthite
contents (An =Ca/[Ca+Na+K] mol%) (Fig. 6). Within
the MTZ impregnated dunite samples, Anorthite content is
negatively correlated with olivine modal contents, showing
lower and more variable An (82.6—-86.2 mol%) in the dunites
sensu stricto and increasing An contents (89.1-92.3 mol%)
with decreasing olivine modal amount. Plagioclase within



92

€ MTZ impreg. dunite

[J MTZ olivine gabbro
(D Higgie and Tommasi, 2012

©
(@)
T

0o
(0 0]
T

(0]
a
—O~

Olivine Fo content (mol%)
(00)
D

0o
N
T

80 L L 1 1

0 10 20 30 40

50 60 70 80 90 100

Modal olivine (vol%)

Fig. 4 Modal composition of olivine within the studied samples vs. olivine forsterite content (Fo=Mg/[Mg+ Fe] mol%). Error bars for samples
from Higgie and Tommasi (2012) correspond to the standard deviation of the olivine Fo content

the MTZ olivine gabbro samples show more homogeneous
Anorthite contents (An =87.1-92.5 mol%), similar to MTZ
impregnated dunites having the lowest olivine abundances
(50-65 vol%). Notably, in the Forsterite, - Anorthitey,,
space, these compositions define two distinct trends; MTZ
impregnated dunites show variability in Anorthite contents
at relatively constant Forsterite values, whereas MTZ oliv-
ine gabbros show a positive correlation between olivine
and plagioclase compositions, at relatively lower Forsterite
and high Anorthite contents (Fig. 6). Plagioclase composi-
tions are similar to those previously reported in the Oman
MTZ (Korenaga and Kelemen 1997; Koga et al. 2001) and
show slightly higher Anorthite contents respect to the Oman
lower gabbroic crust (Browning 1982; Miiller et al. 2022;
VanTongeren et al. 2022).

Mineral trace element compositions

Olivine is characterized by low abundances of incompat-
ible trace elements and a strong decrease in concentration
from Heavy (H-) to Middle (M-) Rare Earth Elements
(REE) (Fig. 7a). Olivine from the MTZ impregnated dunite
samples show higher and more variable H-REE and M-REE
concentrations (Yby = 0.023-0.077, = PM-normalized,
after Sun and McDonough 1989) than olivine in MTZ olivine
gabbros (Yby = 0.015-0.022). In MTZ impregnated dunite
samples, the highest HREE concentrations are measured in
samples having the highest olivine fraction (Supplementary
Table S1). The compositions of olivines within the Magsad
MTZ are intermediate between the compositional fields of
replacive olivine-rich troctolites from Atlantis Massif (Mid-
Atlantic Ridge; Drouin et al. 2009; Ferrando et al. 2018) and
Erro-Tobbio ophiolite (Ligurian Alps; Rampone et al. 2016;
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Fig. 6 Anorthite content (mol%) in plagioclase vs. forster-

ite content (mol%) in olivine. Oman lower crustal gabbros
(Browning 1982; Miiller et al. 2022; VanTongeren et al.
2022) and Moho Transition Zone gabbros (Korenaga and
Kelemen 1997; Koga et al. 2001) are shown for comparison.
Also shown are models of dry and hydrous (0.5-2 wt% H,0)
fractional crystallization of a tholeiitic melt (AH6 after Husen
et al. 2016) computed using Rhyolite-MELTS v1.2 (Ghiorso
and Gualda 2015), and models of assimilation-fractional crys-
tallization (AFC) involving the assimilation of 0.5 to 2 g of
olivine Fogg ¢ (dunite composition) for each degree of cooling
of the hydrous melt. Each symbol along the modeled trends
correspond to 5 °C cooling interval. Grey italic numbers near
the modeled trends indicate the computed remaining propor-
tion of melt

Olivine Fo content (mol%)

Basch et al. 2021), and mantle-derived olivines (Demouchy
and Alard 2021).

Clinopyroxene trace eclement compositions in MT7Z
impregnated dunite and MTZ olivine gabbro samples
mostly overlap and are comparable to those of clinopy-
roxenes previously reported in MTZ gabbros (Kelemen et
al. 1997; Koga et al. 2001) and in the most trace element
depleted lower crustal gabbros (Kelemen et al. 1997; Miiller
et al. 2022). They are characterized by almost flat Heavy to
Middle-REE and depleted Light (L-) REE on PM-normal-
ized trace element patterns (Fig. 7b). In MTZ impregnated
dunite samples, clinopyroxene shows slightly higher and
more variable H-REE concentrations (Yby = 1.48-2.33)
relative to clinopyroxene in MTZ olivine gabbros (Yby
= 1.19-1.82). L-REE/H-REE ratios are low in both MTZ
impregnated dunites (Cey/Yby = 0.11-0.23) and MTZ
olivine gabbros (Cey/Yby = 0.14-0.16). Zr and Hf show
negative anomalies relative to neighbouring elements in all
samples, with Zr characterized by stronger depletion than
Hf. Clinopyroxene within MTZ impregnated dunite samples
are also distinguished by negative anomaly of Sr (St/Sr* =
0.48-0.86), whereas the MTZ olivine gabbros are character-
ized by positive anomalies (Sr/Sr* = 1.14-2.08) (Fig. 7b).

Plagioclase is characterized by relatively homoge-
neous compositions of incompatible trace elements in
MTZ impregnated dunite and MTZ olivine gabbro samples
(Fig. 7¢), overlapping with compositions reported for MTZ
gabbros (Kelemen et al. 1997; Koga et al. 2001; Nicolle
et al. 2016) and slightly more trace element-depleted than
those analysed in Oman lower crustal gabbros (Miiller et al.
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2022). PM-normalized trace element patterns show decreas-
ing concentrations from L-REE to H-REE, with strong posi-
tive anomalies in Eu and Sr, and negative anomalies of Zr
respect to neighbouring Nd in all samples (Fig. 7c). Plagio-
clase shows low L-REE contents and L-REE/M-REE ratios
in MTZ impregnated dunite samples (Cey = 0.05-0.11, Cey/
Smy = 1.19-2.05) and MTZ olivine gabbros (Cey = 0.05—
0.08, Cey/Smy = 0.72-2.39).

Discussion
Formation of the Moho Transition Zone layering

The Moho Transition Zone is located at the base of the
oceanic crustal sequence and is thought to exert a certain
control on the chemical evolution of melts feeding the
spreading ridge (e.g., Einaudi et al. 2003; Abily and Ceu-
leneer 2013). Yet, better constraints on melt transport pro-
cesses are required in our global understanding of the ridge
system. In the Magsad Massif MTZ, decreasing olivine
modal contents within MTZ impregnated dunites and MTZ
olivine gabbros are correlated with a progressive decrease
in olivine grain size and an increase in textural irregular-
ity and dissolution features (Fig. 3; Higgie and Tommasi
2012). These microstructures are associated with a modi-
fication of the olivine CPO, from axial-[100] to axial-[010]
symmetry, the latter microstructure being indicative of the
presence of melt during deformation of the olivine matrix
(e.g., Holtzman et al. 2003; Le Roux et al. 2008). Higgie



Fig. 7 Primitive Mantle-normalized
trace element compositions of: a olivine
(average per sample), compared with
compositional fields of olivines analysed
in replacive olivine-rich troctolites
(Drouin et al. 2009; Rampone et al.
2016; Ferrando et al. 2018; Basch et

al. 2021) and mantle-derived litholo-
gies (Demouchy and Alard 2021); b
clinopyroxene (single analyses), and ¢
plagioclase (single analyses), compared
with compositional fields representing
clinopyroxene and plagioclase composi-
tions in Moho Transition Zone gabbroic
sills (Kelemen et al. 1997; Koga et al.
2001; Nicolle et al. 2016) and lower
crustal gabbros (Kelemen et al. 1997,
Miiller et al. 2022). Normalisation
values are after Sun and McDonough
(1989)
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Fig. 8 Representative sketch of
the formation process of the MTZ
dunite-olivine gabbro layering.
Positive feedback between melt
focusing and deformation leads to
focused percolation within actively
deforming layers, allowing for the
progressive replacive formation of
olivine gabbros

Dunite

Deformation focuses in
the weak layers

and Tommasi (2012) interpreted this evolution as driven by
a positive feedback between deformation and melt distri-
bution, leading to focused percolation within the actively
deforming layers (Fig. 8) and continuous reaction between
the dunitic matrix and melts. They posit that this reactive
process ultimately led to the formation of olivine gabbros
containing as low as ~ 10 vol% olivine in the most perco-
lated layers. However, early petrological and geochemical
studies of the MTZ from the Maqsad massif had interpreted
these gabbroic layers as sills within the crust-mantle transi-
tion zone (e.g., Kelemen et al. 1997; Korenaga and Kelemen
1997; Koga et al. 2001; Jousselin et al. 2012). Thereafter,
we review the petrological and geochemical criteria provid-
ing insights on the magmatic processes that drive the devel-
opment of the MTZ layering.

Considering the complex evolution of the geodynamic
setting and magmatism recorded in the Oman ophiolite
(e.g., Belgrano and Diamond 2019 and references within),
the assessment of the magmatic processes at play and asso-
ciated compositional evolution first require constraining the
geochemical composition of melts infiltrating the Maqsad
MTZ layers. We calculated the composition of melts in

Melt
focusing

Deformation
of the
weakest layer

Enhanced
porosity

Melt focuses in the
deformed layers

equilibrium with clinopyroxene cores, using the compilation
of partition coefficients given in Warren (2016). Computed
melts show primitive geochemical signature, with low Yby
concentrations and M-REE/H-REE fractionation similar to
N-MORB melts (Sun and McDonough 1989; Workman and
Hart 2005) and most V1 lavas (Fig. 9a; Einaudi et al. 2003;
Godard et al. 2003), in agreement with previous studies of
the Magsad MTZ (e.g., Koga et al. 2001). These equilibrium
melts are also similar but slightly more primitive (i.e., lower
Yby contents) than parental melts to the lower gabbroic
crust (Fig. 9a; clinopyroxene data after Miiller et al. 2022).
Consistently, clinopyroxenes in the studied samples show
MORB-type trace element compositions, characterized by
low Yby contents and Zr\/Ndy plotting at the most primi-
tive end of the compositional field defined by lower oceanic
gabbros from both fast- and slow-spreading ridges (Fig. 9b;
Wadi Gideah, Oman: Miiller et al. 2022; Hess Deep: Basch
et al. 2024; Atlantis Bank: Ferrando et al. 2021a). More-
over, their alikeness with the trace element composition of
clinopyroxenes in the Oman lower crustal gabbros (Fig. 7b)
suggests that the melts that formed the layered MTZ perco-
lated upwards to form the lower crustal gabbroic sequence



Fig.9 Trace element composition of clinopyrox-
ene and melts in equilibrium with clinopyrox-
ene (compilation of partition coefficients after
Warren 2016); a Cl-normalized Yby vs. Ndy/
Yby, ratios of melts in equilibrium with clinopy-
roxene, compared with N-MORB composition
(Sun and McDonough 1989; Workman and Hart
2005), the Oman Moho Transition Zone (Koga
et al. 2001; Nicolle et al. 2016), Oman lower
gabbroic crust (Miiller et al. 2022) and Oman V1
and V2 lavas (Einaudi et al. 2003; Godard et al.
2003); b Cl-normalized clinopyroxene Yby vs.
Zry\/Ndy, compared with clinopyroxene compo-
sitions from the lower gabbroic crust from Oman
(Wadi Gideah; Miiller et al. 2022), Hess Deep
lower gabbroic crust (East Pacific Rise; Basch et
al. 2024) and Atlantis Bank lower gabbroic crust
(Southwest Indian Ridge; Ferrando et al. 2021a)
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(Kelemen et al. 1997; Koga et al. 2001). This in turn indi-
cates that the formation of the layered MTZ is associated
with the V1 lithospheric accretion stage.

The similarity between the trace element patterns of the
interstitial phases from MTZ impregnated dunites and MTZ
olivine gabbros (i.e., clinopyroxene and plagioclase; Fig. 7b,
¢) further indicates that a single parental melt was respon-
sible for the formation of all the layers. The parental melts
of all clinopyroxenes were more trace element-depleted
than a primitive N-MORB (Fig. 9a; N-MORB composition
after Workman and Hart 2005). Such systematic primitive
character of the parental melt, regardless of the considered
lithotype and modal composition, calls for limited fraction-
ation of the melt upon migration through the Maqsad MTZ.
This suggests an iterative process of constant extraction of
the fractionated melt and replenishment of primitive melt,
i.e., a process of continuous melt injection and percolation
(see “melt flush process” in Boulanger and France 2023).

The MTZ impregnated dunites and MTZ olivine gab-
bros show two distinct and homogeneous compositional
ranges of olivine modes and Forsterite contents (Fig. 4), as
opposed with the correlation resulting from fractional crys-
tallization processes (e.g., Villiger et al. 2007; Miller et al.
2009; Husen et al. 2016). Namely, the covariation of olivine
Forsterite and plagioclase Anorthite contents is expected
to define a positive correlation upon progressive fraction-
ation of the melt; within the MTZ impregnated dunites and
MTZ olivine gabbros, mineral compositions do not follow
the modeled crystal lines of descent for fractional crystal-
lization of tholeiitic melts (see Fig. 6 for detail), but rather
display two distinct chemical trends of evolution between
the two sample groups (Fig. 5). Furthermore, mineral trace
element contents are expected to increase during progres-
sive melt fractionation, from the most primitive (i.e., dunite,
troctolite) to more evolved lithotypes (i.e., olivine gabbros).
By contrast, in the Magsad MTZ samples the trace element
compositions of olivine, clinopyroxene and plagioclase
show the lowest REE concentrations in the most evolved
MTZ olivine gabbros (Fig. 7). The discrepancies between
modal compositions and mineral major and trace element
features thus rule out a genetic relationship between the
two groups and the initially envisioned process of fractional
crystallization within sills for the MTZ gabbroic layers.

The most striking chemical features differentiating the
two sample groups, in addition to the modal compositions,
are major element compositional trends of mineral phases.
Consistently with the results of textural evolution between
MTZ impregnated dunites and MTZ olivine gabbros (Hig-
gie and Tommasi 2012), we here assess that all layers have
formed through a single process of reactive percolation,
but that positive feedback between deformation and melt
distribution allowed for variations in melt/rock ratios and

percolation intensity at the centimetre-scale (Fig. 8). In the
following, we document the interplays between reaction
(crystallization, dissolution), melt fluxes (melt localization,
redistribution, and renewal) and the evolution of the struc-
ture of reacting domains (deformation, porosity), before
providing chemical models of compositional evolution of
the percolated matrix to constrain the control of the melt/
rock ratios and melt fluxes on the evolution of the magmatic
system. Our hypotheses are that: (i) the composition of the
interstitial melt was dominated by the crystal matrix in the
MTZ impregnated dunites, and that (ii) enhanced perme-
ability and melt percolation within the actively deforming
layers accounted for the formation of the MTZ olivine gab-
bros, in a magmatic system dominated by the incoming melt
composition.

Diffuse melt percolation in MTZ impregnated dunite layers

The MTZ impregnated dunites best preserve the microstruc-
ture and chemical composition of the precursor dunites;
they show fewer evidence of dissolution microstructures
(Figs. 2a and b and 3a, b and c) and the olivine matrix pre-
serves the axial-[100] olivine CPO, typical of high-temper-
ature deformation under melt-free conditions (Ben Ismail
and Mainprice 1998; Tommasi et al. 2000). Olivine from
MTZ impregnated dunites shows Forsterite contents similar
to MTZ dunites (Fo=87-89 mol%,; Rospabé et al. 2018;
Kelemen et al. 2020; Kourim et al. 2022), even in samples
composed of only ~ 50 vol% olivine (Figs. 4 and 5). Preser-
vation of the precursor dunite composition implies that the
olivine matrix was mildly reequilibrated with the percolat-
ing melts at the most. It is worth noting that olivine and
clinopyroxene display Mg-Fe equilibrium within the MTZ
impregnated dunite layers (Supplementary Figure S5). This
in turn suggests that rather than being reequilibrated with
the percolating melt, the olivine matrix buffered the perco-
lating melt towards elevated Mg-numbers. We argue that
this lack of reequilibration of the olivine matrix in the MTZ
impregnated dunite layers results from low melt/rock ratios
integrated over time within these layers, and to a magmatic
system characterized by scarse melt renewal, in which com-
positions were dominated by the dissolution-precipitation
reaction (see lonov et al. 2005 and Discussionsection 7.2 for
modeling of the reequilibration process). This is further sup-
ported by slightly more evolved compositions of interstitial
clinopyroxene and plagioclase, with decreasing Anorthite
contents and slightly increasing HREE contents in clino-
pyroxene and olivine (Figs. 6 and 7). Such compositional
variations result from higher degrees of fractionation of the
percolating melt during reactive melt percolation (e.g., Dick
et al. 2002; Miller et al. 2009) with respect to the MTZ oliv-
ine gabbro layers. Notably, the chemical trend defined by



constant olivine Forsterite at decreasing plagioclase Anor-
thite contents (Fig. 6) is mirrored by MELTS models of reac-
tive crystallization involving extensive olivine dissolution;
while olivine Forsterite content is buffered by extensive dis-
solution of the dunitic matrix, plagioclase composition can
evolve freely during melt fractionation (see AFC models in
Fig. 6; e.g., Basch et al. 2019). Nevertheless, although melt
fractionation is slightly stronger than in MTZ olivine gabbro
layers, the trace element compositions remain primitive in
MTZ impregnated dunites and no strong increase in clinopy-
roxene Zry/Ndy is observed.

Progressive reaction-driven evolution of the melt com-
position during fractional crystallization is in line with a
process of diffuse melt impregnation, during which single
melt aliquots fractionate as they pond and react with the
crystal matrix. Such a process of melt impregnation is also
consistent with the high clinopyroxene Cr,0O; contents
documented in the MTZ impregnated dunites (Fig. 5c).
This feature is commonly reported as evidence for melt-
rock interaction processes involving partial assimilation
of primitive Cr-spinel-bearing assemblages in deep-seated
magmatic systems (Mid-Atlantic Ridge: Lissenberg and
Dick 2008; Boulanger et al. 2024; Southwest Indian Ridge:
Zhang et al. 2020; Ferrando et al. 202 1a; Erro-Tobbio ophi-
olite: Borghini and Rampone 2007; Rampone et al. 2016;
experimental constraints: Van den Bleeken, 2010; Yang
et al. 2019). The partial preservation of primitive olivine
compositions in all MTZ impregnated dunites (Fo=87.3—
89.0 mol%; Fig. 4) thus advocates for limited reequilibra-
tion between the crystal matrix and the percolating melt, in
a system which composition was dominated by the crystal
matrix and dissolution-precipitation processes.

Such matrix-dominated magmatic systems involving
modification of the melt composition during reaction pro-
cesses have been widely documented in the lower oceanic
crust. One of the best documented example of such reactive
processes is the formation of replacive olivine-rich trocto-
lites through reaction between a dunitic matrix and percolat-
ing melts. This hybridization process has been reported in
the modern oceanic lithosphere (e.g., Mid-Atlantic Ridge:
Suhr et al. 2008; Drouin et al. 2009, 2010; Ferrando et al.
2018, 2020; Boulanger et al. 2024; Parece Vela back-arc
spreading ridge: Sanfilippo et al. 2013), ophiolitic settings
(Alpine-Apennine ophiolites: Renna and Tribuzio 2011;
Sanfilippo et al. 2014; Rampone et al. 2016; Basch et al.
2018, 2019, 2021; East Taiwan ophiolite: Morishita et al.
2018), and has been reproduced experimentally (Van den
Bleeken et al. 2010; Tursack and Liang 2012; Saper and
Liang 2014; Borghini et al. 2018; Yang et al. 2019). Nota-
bly, although the modal composition and formation process
of all these olivine-rich troctolites are similar, with progres-
sive dissolution of an olivine matrix during crystallization

of interstitial plagioclase and clinopyroxene, olivine-rich
troctolites worldwide show drastically different microstruc-
tural and chemical features, from preservation to complete
reequilibration of the precursor CPO and chemical compo-
sition. We argue that the preservation or evolution of the lat-
ter features are directly correlated to the physical parameters
involved in the melt reactive percolation process, i.e., the
percolation intensity and the instantaneous and time-inte-
grated melt/rock ratios. At the Atlantis Massif OCC, along
the Mid-Atlantic Ridge, olivine-rich troctolites show strong
modifications of the olivine matrix CPO (Drouin et al. 2010;
Ferrando et al. 2018) and effective chemical reequilibration
during impregnation of precursor dunites involving high
instantaneous and time-integrated melt/rock ratios (Drouin
et al. 2009; Ferrando et al. 2020; Boulanger et al. 2024).
These microstructural and chemical modifications during
hybridization of the Atlantis Massif dunites are indicative
of a melt-dominated magmatic system, in which the matrix
was reequilibrated with the percolating melt without strong
compositional modification of the latter. On the contrary,
olivine-rich troctolites from the Erro-Tobbio ophiolite, in
the Ligurian Alps, show preserved and constant composi-
tion of the olivine matrix within hybridized troctolitic sam-
ples, regardless of olivine modal contents (Rampone et al.
2016; Basch et al. 2019). Similar to what we document in
the MTZ impregnated dunites (Figs. 4, 5a and b and 7a),
the preservation of the olivine matrix compositions in the
Erro-Tobbio olivine-rich troctolites is correlated with strong
compositional variability of interstitial minerals, such as
decreasing plagioclase Anorthite contents and increasing
clinopyroxene Cr,0; concentrations. These compositional
features, together with the preservation of the olivine matrix
axial-[100] CPO, suggest that the hybridization occurred in
a magmatic system dominated by the crystal matrix for both
the Erro-Tobbio ophiolite and our samples of MTZ Impreg-
nated dunites.

Focused percolation in MTZ olivine gabbro layers

MTZ olivine gabbros show the strongest olivine grain size
reduction and dissolution features (Figs. 2¢ and d and 3d,
e and f), and correspond to the most hybridized samples
during the melt percolation process forming the Magsad
MTZ layering (Fig. 8; Higgie and Tommasi 2012). MTZ
olivine gabbros show relatively homogeneous and primi-
tive mineral chemical compositions, broadly fitting with
the most primitive end of fractional crystallization trends of
hydrous N-MORB melts (Fig. 6; MELTS models following
MacLeod et al. 2013; see caption for modeling detail). Even
within the most olivine-poor sample (12 vol% olivine),
major element compositions of mineral phases fit within the
initial 20% fractionated mass of a primitive melt (Fig. 6).



Low trace element contents within the interstitial phases are
also consistent with these small amounts of fractionation of
the parental melt (Figs. 7 and 9b). Such homogeneous and
primitive compositions of the interstitial phases crystallized
in MTZ olivine gabbro layers are the expression of the open-
system character of the reactive melt migration process, dur-
ing which each single MORB-type melt aliquot dissolved
only a small fraction of the percolated matrix and fraction-
ated a small amount of its mass before being extracted from
the sample and replaced by a new melt increment. Nota-
bly, positive St/Sr* anomalies in interstitial clinopyroxenes
(Fig. 7b) suggest that the reactive percolation process driv-
ing the hybridization of the dunitic matrix likely involved
partial dissolution of olivine together with minor amounts
of plagioclase, in turn leading to Sr enrichments within the
reactive melt and crystallized phases. Conversely, clinopy-
roxene Zry/Ndy ratios, widely recognized as an efficient
tracer of melt/rock interaction processes (e.g.Ferrando et
al. 2021a; Basch et al. 2024), remain low and comparable
to the most primitive gabbroic samples from Oman, Hess
Deep and Atlantis Bank (Fig. 9b). This further substanti-
ates that the reaction process, although locally driving Sr
enrichments, did not buffer the melt composition and that
the amount of olivine dissolution was not able to drive
Zr-Hf over-enrichments in the melt phase (see Rampone et
al. 2016, 2020; Sanfilippo et al. 2020; Basch et al. 2022;
Ferrando et al. 2021a).

In this progressive hybridization scenario, olivine in the
MTZ olivine gabbros did not all crystallize from the percolat-
ing melt but at least in part represents the pre-existing solid
matrix that was partially dissolved and reequilibrated dur-
ing the reactive percolation process. It is worth noting that
olivine most likely recrystallized from the percolating melt
during the dissolution-recrystallization process. Yet, olivine
is characterized by relatively homogeneous major and trace
element compositions, clearly distinct from those within the
MTZ impregnated dunites (Fig. 4); it shows relatively low
Forsterite, Ni and REE, high Mn contents (Figs. 5a and b
and 7a), and no core-to-rim zonation in olivines showing
clear dissolution features (Supplementary Figure S4). Oliv-
ine is in Mg-Fe equilibrium with clinopyroxene crystallized
from the interstitial melt (Supplementary Figure SS5), in
turn indicating that the relitic olivine matrix was efficiently
reequilibrated with the percolating melt during continuous
melt migration. In this context of efficient melt renewal,
such complete reequilibration of the olivine matrix most
likely resulted from processes of melt/rock interaction inte-
grated over time (see Discussionsection 7.2 for modeling
of the reequilibration process). Furthermore, the preserva-
tion of a clear olivine axial-[010] CPO pattern indicates that
the instantaneous melt/rock ratios remained low and did not
reach the critical value allowing for the loss of cohesion of

the solid matrix (20-40% instantaneous melt fraction; e.g.,
Rosenberg and Handy 2005; Higgie and Tommasi 2012).
Shear-induced melt focusing thus promoted iterative and
continuous chemical exchange between the percolated
matrix and a limited proportion of migrating melt. In these
layers, the major and trace element compositions of both the
interstitial phase and the reequilibrated olivine matrix were
driven by the composition of the incoming melt rather than
buffered by the dissolution-precipitation reaction.

Mg# modeling of reactive melt percolation

To assess the compositional evolution of a dunitic matrix
and quantify melt/rock ratios involved during (i) diffuse
melt impregnation, and (i) focused reactive melt perco-
lation, we performed numerical simulations of olivine-
dissolving melt-rock interaction processes using the Plate
Model of Vernieres et al. (1997) modified for modelling Mg-
numbers (see Bedini et al. 2002; Ionov et al. 2005; Bodinier
et al. 2008). The Plate Model has been designed to compute
the progressive chemical reequilibration of a melt phase
and a percolated rock column during reactive percolation
processes. The model simulates iterative steps of dissolu-
tion and concomitant crystallization, in turn modifying the
porosity of the system and the melt/rock ratio involved in the
reaction process. Furthermore, the Plate Model allows us to
evaluate the impact of melt renewal on chemical reequili-
bration; at low melt flux, the incoming melt is buffered by
the solid matrix, while at high flux conditions, the melt
phase dominates the composition of the magmatic system.
Hence, to assess the control of these physical parameters on
the chemical evolution of the melt and percolated rock, we
here performed reactive percolation models involving vari-
able porosities (i.e., melt/rock ratio) and melt fluxes.

As discussed by Hanson and Langmuir (1978), Mg and
Fe can be considered as trace elements during melt-rock
interaction processes; an approach based on partition coeffi-
cients can thus be applied to the modeling, provided that the
stoichiometry of the solid phases is respected (e.g. the sum
MgO + FeO in olivine must be kept constant at 66.67 mol%).
In turn, the mineral stoichiometry imposes strong limita-
tions on the extent of Mg—Fe exchange between solid and
liquid phases. To avoid the stoichiometry violation, the total
inverse method from Tarantola and Valette (1982) is used
to constrain Mg—Fe redistribution between solid and liquid
phases after each reaction increment, following the method
described in Bedini et al. (2002) and Ionov et al. (2005). Mg
and Fe mineral/melt partition coefficients were fixed after
Ulmer (1989) for a pressure of 2 kbar and a temperature of
1200 °C, and are allowed to vary during numerical simula-
tions to account for Mg and Fe variations in the melt phase,
based on experimental constraints (Ulmer 1989).
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Following petrographic and textural constraints, we
modeled diffuse and focused open-system reactive perco-
lation involving the crystallization of clinopyroxene at the
expense of the interstitial melt and the pre-existing olivine
matrix, following the reaction:

(14 100f) ligo + gaol — (100f) lig, + qepucpx (1)

in which liq, and liq, represent the incoming and reacted
melt, respectively, fis the residual mass fraction of melt after
each reaction increment (with franging from 0 to 1), and ¢,
and ¢, the dissolved and crystallized mass of olivine and
clinopyroxene, respectively (with g,, + g.,, = 1) (Verniéres
et al. 1997). All models were performed at decreasing melt
mass, with farbitrarily fixed at 0.99, meaning that each reac-
tion increment decreased the initial melt fraction by 1%. We
simulated the reactive melt percolation process at different
porosities (¢ =5-20%) and different mass ratios of crystal-
lised minerals to incoming melt (R=0.01-0.03). Notably,
variations of the latter parameter R=g,,, / (1+100f) at
fixed f'implies that the increased crystallised mass of clino-
pyroxene is balanced by dissolution of olivine; the higher
the R parameter is, the more intense the reactive process
will be. Furthermore, to assess the impact of initial melt
composition on the evolution of the magmatic system, we
computed reactive melt percolation within a dunitic matrix
(Fo=288.8 mol%) using two different initial melt composi-
tions characterized by variable Mg-numbers, (i) AH6 tho-
leiitic after Husen et al. (2016), Mg# = 61.8; (ii) primitive
N-MORB after Workman and Hart (2005), Mg# = 68.3.

To simulate focused melt percolation within a deforming
rock, similar to what Higgie and Tommasi (2012) described
for the MTZ olivine gabbro layers, the matrix-dominated
percolation models were performed with successive itera-
tions at low melt flux, using for each increment the output
of the previous reaction step as initial matrix composition.
Additionally, at each iteration the porosity and incoming
melt composition were reset to their initial values (i.e., AH6
incoming melt composition, 5, 10, 20% porosity, see Sup-
plementary Figure S6), simulating constant re-opening of
the system.

Low-flux diffuse melt impregnation

The Fig. 10a illustrates the impact of variable extents of
the dissolution-precipitation process (i.e., of increasing
iterations and time-integrated melt/rock ratio) on the pro-
gressive evolution in modal composition of the percolated
matrix. More intense reaction (R=0.03) leads to more effi-
cient dissolution of the olivine matrix and thus requires
lower melt/rock ratios integrated over time to account for
the range of olivine modal compositions characterizing the

MTZ impregnated dunites. More intense reaction is also
more efficient in driving the chemical reequilibration of
the percolated matrix. Another key parameter in control-
ling the reequilibration of the olivine matrix is the poros-
ity of the system. Considering constant reaction parameters
(fixed £, R, q,; and q,,), a given Mg# of the reequilibrated
matrix is obtained at lower melt/rock ratios for low porosi-
ties (Fig. 10b). Yet, it is worth noting that to reequilibrate
the matrix, low porosities require higher melt pore volume,
which represents the ratio between melt/rock ratio and
porosity, i.e., the number of times the porosity is filled with
new incoming melt (Supplementary Figure S7). Figure 10b
shows that for a highly porous dunitic matrix (20% poros-
ity), even at a melt/rock ratio integrated over time of ~ 20
(pore volume=100; Supplementary Figure S7) and after
dissolution of more than 40 vol% olivine, the remaining
olivine matrix is far from equilibrium with the input melt
(Mg# = 61.8, equilibrium olivine Fo =83 mol%; Fig. 10b).
These models thus substantiate that low-flux melt percola-
tion processes are not efficient in reequilibrating the reacted
matrix with the incoming melt, but rather the contrary.

High-flux focused melt percolation

The Fig. 10c shows the results of the high-flux melt per-
colation models, using similar parameters to the previous
low-flux models. In this melt-dominated system, complete
reequilibration of the olivine matrix is attained. Namely,
a highly porous dunite (20% porosity) fully reequilibrates
with the incoming melt at a time-integrated melt/rock ratio
of ~ 10, after 28 vol% of the olivine matrix is dissolved. A
less porous dunitic matrix (5% porosity) is reequilibrated at
melt/rock ratios as low as ~ 2.5 (yellow trend in Fig. 10c),
after dissolving only 8 vol% of the olivine matrix. Notably,
the extensive olivine dissolution associated with the high-
porosity models seemingly lead to a buffer of the melt com-
positions by the reactive process, in turn leading to slightly
higher equilibrium Fo contents (Fo.g, = 83.9 mol% for 20%
porosity, Fo,, = 83.1 mol% for 5% porosity). These models
therefore clearly indicate that focused and high-flux reactive
melt percolation is drastically more efficient than low-flux
processes in reequilibrating the percolated matrix. Nota-
bly, the preservation of the precursor olivine composition
at decreasing modal olivine in MTZ Impregnated dunites is
not compatible with reequilibration during high-flux melt
percolation (Fig. 10c), but rather require low-flux melt
migration.

The same reactive percolation models were performed
using a primitive N-MORB melt (green trends in Fig. 10c;
melt composition after Workman and Hart 2005) and did not
allow to fit the olivine composition analysed in MTZ oliv-
ine gabbros (Fo=_83-84 mol%,; Supplementary Table S1).
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Instead, in these models, the matrix reequilibrated with the
incoming melt composition only shows slightly decreasing
Forsterite contents upon percolation of the melt with Mg#
= 68.3 (after Workman and Hart 2005). A slightly more
evolved melt, akin AH6 with Mg# = 61.8 (after Husen et al.
2016) and similar to parental melts to the Oman lowermost
gabbros (see Garbe-Schonberg et al. 2022d ller et al., 2022),
is therefore required to allow for the reequilibration of the
MTZ olivine gabbros.

It is worth noting that in the Magsad MTZ, the positive
feedback between deformation and melt distribution leads to
constant and focused melt percolation within the MTZ oliv-
ine gabbro layers (Fig. 8), implying that the melt flux and
associated melt/rock ratios integrated over time within these
layers are likely to be elevated, and easily sufficient for fully
reequilibrating the percolated matrix (melt/rock ratios rang-
ing between ~ 2.5 and 10; Fig. 10c). Conversely, the dif-
fuse melt percolation process forming the MTZ impregnated
dunite layers does not bear continuous melt percolation and
is unlikely to reach the elevated melt/rock ratios required for
complete reequilibration of the percolated matrix (i.e., melt/
rock ratios >20; Fig. 10b).

Control of melt/rock ratios and melt flux on
structural and chemical evolution

Deformation-assisted melt distribution within the Oman
MTZ led to drastic variability in porosity and melt flux at
the centimetre-scale, during reactive melt percolation pro-
cesses, from focused percolation within highly porous lay-
ers and diffuse impregnation of undeformed dunite portions
(Fig. 8). This in turn allows to constrain the control of melt
fluxes on the structural and geochemical evolution of a com-
mon dunitic precursor.

Focused deformation drove continuous and intense melt
percolation within the MTZ olivine gabbro layers (Supple-
mentary Figure S5), while allowing for the preservation of
the dunitic protolith within the MTZ impregnated dunite
layers (Fig. 11a). Consistently, these processes led to the
respective modification and preservation of the pre-existing
olivine matrix CPO (Fig. 2). Figure 11b provides an over-
view of the control of melt/rock ratios, both instantaneous
and integrated over time, on the structure of a percolated
matrix. Starting from the initial dunitic matrix characterized
by axial-[100] olivine CPO, as developed after high-temper-
ature low-strain deformation, percolation of melt at elevated
instantaneous melt/rock ratios leads to the disaggregation
of the solid matrix, in turn driving a loss of the pre-existing
structure. Conversely, when melt/rock ratios are kept below
the disaggregation threshold (~ 20-40 vol%; Rosenberg ad

Handy, 2005), the preservation or modification of the matrix
CPO is a function of the melt/rock ratios integrated over
time. In the Magsad MTZ, elevated melt/rock ratios asso-
ciated to focused percolation within MTZ olivine gabbro
layers drive the development of an axial-[010] olivine CPO
(Fig. 2c, d; Higgie and Tommasi 2012), while low-flux dif-
fuse melt input within the MTZ impregnated dunite layers
allows for the preservation of the initial axial-[100] CPO
(Fig. 11b).

In association with such microstructural evolution, ele-
vated melt/rock ratios integrated over time drive the com-
plete reequilibration of the chemical system only in the case
of a focused, high-flux melt percolation (Figs. 10c and 11c).
Our Plate Models demonstrate that low-flux diffuse mag-
matic systems, in which the melt composition is strongly
buffered by the solid matrix, require very elevated melt/
rock ratios (>20) to allow for the full reequilibration of the
composition of the percolated matrix (Fig. 10b). Notably,
while at low instantaneous melt/rock ratios, the preserva-
tion or modification of the matrix CPO directly indicates the
extent of integrated melt/rock ratios, only mineral chemistry
can give insights on the dynamics of the percolation process
once the disaggregation threshold has been reached at high
instantaneous melt/rock ratios.

Summary and conclusions

Deformation-driven focused percolation within the Oman
Moho Transition Zone offers a unique opportunity to assess
the control of percolation intensity and melt/rock ratios on
the structural and chemical evolution of a percolated matrix.
In low-flux magmatic systems akin to the MTZ impregnated
dunites, the structure and geochemical composition of the
protolith are preserved, and the melt composition is buffered
by the solid matrix and dissolution-precipitation reaction.
Conversely, continuous and high-flux reactive melt percola-
tion as documented within the MTZ olivine gabbros leads
to the modification of the matrix CPO and to the complete
chemical reequilibration of the olivine matrix; the matrix is
easily buffered by the composition of the incoming melt and
reactive processes exert limited control on the liquid line
of descent. This in turn implies that only melts involved in
low-flux magmatic systems can drive significant modifica-
tion of the tholeiitic melts during their upwards reactive per-
colation. Furthermore, we here provide a global overview of
the evolution of the composition and texture of an olivine-
rich protolith as a function of the percolation dynamics and
the involved melt/rock ratios, both instantaneous and inte-
grated over time.
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