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ABSTRACT

Our knowledge of melt distribu*:>n 1 the lower crust and upper mantle at oceanic fast
spreading centers is very limited. Evidei.~e of melt accumulation, sometimes away from the axis,
has been imaged and interpretec a. *he Moho of the East Pacific Rise; but the detailed structures o
these deep magma lenses re:aine much more difficult to unaeithat of the shallow axial melt
lens at the top of the plutoi.’~ crust. Ophiolites offerlamd sections of oceanic lithosphere that
can complement mai'ne geological and geophysical observations. We present results of a
geological survey of th: Moho tisition zone at a paleospreading center in the Oman ophiolite.
We find that the thickness of this duniteh horizontal layer increases from a few meters at the
axis to hundreds of meters 6 km away from the axis, and is reduced to a few rRietensf@rther
away. The base of the Moho transition zone contains dunite and very depleted harzburgite with
isotropic plagioclase and clinopyroxene impregnations, and stocHikerknagmatic breccia,
indicative of episodic high melt fractions. We conclude thatntled-free dunite horizontal layer
may stop the progression of ascending melt; this lead to melt accumulation within the uppermost

harzburgite beneath the Moho transition zone and forms the isotropic impregnations. As the melt



dissolves the harzburgite oomtyroxene, and is flushed to the top of the MTZ though the breccia,

it leaves new dunite at the base of the Moho transition zone. Repetition of this process renders the
Moho transition zone thicker as it moves away from the ridge axis, until it leavesathearea of

mantle melt delivery. Then, tectonic thinning and intrusion of parts of the MTZ into the lower
crust reduce the MTZ thickness. These processes seem coherent with several marine geophysice

observations.

Keywords: Moho, dunite, melt, mantlegeanic ridges, ophir'ite

1. INTRODUCTION

Magmas erupted during volcanic events 7t 1cst spreading ridges are thought to derive from
a melt lens, 0.8 km wide and several tens ¢f m:ters thick, located at the base of the sheeted dike
complex, centered beneath the ridge (K:znt et al, 1993). Recelissdetail variations in space
and time of the size and melt fractio.” of this shallow axial melt lens (Xu et al, 2014; Marjanovic et
al, 2015), and show that ridge se rentation is related to these variations. However, as this melt
rises from below, meliistribu:‘oni.ear the Mohanay be the real controlling factor of the tectonic
and magmatic segmentaio) (Carbotte et al, 2013). Seismic imaging (Barth et al, 1991),
compliance studies (Crawford and Webb, 2002), and tomographic imaging (Toomey et al, 2007)
point to melt accumulation in the upper mantle, which appears to be segmented, and not always
centered beneath the ridge. Despite recent progress in multichannel seismic techniques (Aghai e
al, 2014), it remains difficult to image the Moho structure amdt distribution at this depth, in as
much detail as the upperust axial melt lens. A complementary view of the oceanic lithosphere is
provided by ophiolites, even though questions remain about the exact geodynamic settings in
which ophiolites are creale

Because of its continuous crustal section with limited faulting, the Oman ophiolite is



considered as an obducted piece of a fast spreading center, with a permanent magma chamber. .
dating study shows ha#fpreading rates of50 cm/yr (Rioux et al, 2002Above the sheeted dike
complex, the basaltic unit (V1, Geotimes Unit), displays MARB compositions (Ernewein et al,

1988; Godard et al, 2006). This unit is overlain by hydrothermal deposits and a later basaltic unit
(V2, Lasail unit) with islanearc affinities (Alabaster et al, 1982; Ernewein et al, 1988). This
prompted the idea that the ophiolite formed in a supra subduction setting. These upper lavas are
associated to gabbronorite, clinopyroxeitd cumulate, and andesitic dikes that intrude the V
related layered gabbros (Adachi and Miyashita, 2003) As theeMBed magmatism clearly
postdates most of the crustal accretion, and is mostiy "und in Northern Oman, the geodynamic
context of the ophioliterustal accretion has long he~n discusse@x&mination of the major
element compositions of the Maeotimes unit show= fractionation trends in a hydrous system,
similar to backarc basin and forearc volcar.. *s (MacLeod et al, 28&8) mapping reveals the
presence of Lasallke lava flows inter -alr-d within the Geotimes unit (Belgrano and Diamond,
2019);and a dating study shows the. the metamorphic sole predates magmatic rocks (Guilmette et
al, 2018). This strongly suggests t.*2. the entire ophiolite formed at a paleospreading center, which
was acive above a subduc:>d siab. The importance of this concern is probably limited when
investigating ridge accreu~r processes because structure, kinematics, buoyancy contrast, anc
thermal conditions, a ~ sunilar in backarc and oceanic spreading. The rtioat parameters that

shape ridge structures are the spreading rate and the presence or absence of a magma chamk
(Small, 1994). This is the case evenwmll-developedbackarc basins, where axial depth and
segmentation patterns are similar to that oaegron midocean ridges (Taylor et al, 1996). Even
though the addition of water should influence viscosity, solidus, and mineral saturation
temperatures, it does not seem to fundamentally change the ridge dynamic; what it does is
enhance the melt produatidan the melting region, potentially shaping a slow spreading center

with an axial high, instead of an axial valley (Taylor and Martinez, 2003). We thus infer that



observations in the Oman ophiolite that are associated to tieediimes magmatism, and the
asthenospheric mantle flow, are applicable to other cases of fast spreading centers with sustainec
melt production. Indeed, a wealth of studies in the Oman ophiolite has provided advances in the
understanding of fast spreading ridgdated processes; maiave been a source of mutually
beneficial and constructive debates with the marine geological and geophysical communities. For
example, the coherency of several findings at the fast spreading East Pacific rise and the Omar
ophiolite is reviewed and disssed by Nicolas and Boudier (2015a).

Relics of melt accumulation beneath the crust hav= 1,~en described in the Oman ophiolite
within a horizon referred to as the Moho transition zo'ie (M Z) (Boudier and Nicolas, 1995). This
is a onemeter to a thousand mesethick zone, ~o.mposed of dunite, with plagioclase and
clinopyroxene impregnated dunite, layered gabkro 'enses, and residual harzburgite. Interfingering
relationships between harzburgite and o« 'niie in the lowermost MTZ, and dunite with
orthopyroxene religssuggest a mef =ric' otite reactional origin for the dunite (Nicolas and
Prinzhofer, 1983). Theenetrative su.*ictures that mark the asthenospheric mantldiéloware
continuous through harzburgitk'nit > JoundariesPetrography and mineral chemistigaashow
that dunite is a reaction prcluct of harzburgite with a MAIR8 orthopyroxenaundersaturated
melt (e.g. Kelemen et a., .995; Akizawa and Arai, 2009). For example, the olivine Mg#
[=Mg/(Mg+Fecta)ad IS ‘ery similar in the MTZ dunite and the wrtlying harzburgite, while
olivine in cumulate dunite should have lower Mg#, and residual olivine in dunite formed from
very high degree of partial melting should have higher Mg# (Koga et al, 2001). Thus few if any
dunites are residual or cumulate, and tafsthe dunite is a product of melt/rock reactions with
orthopyroxene dissolution of the shallowest harzburgite. As in other ophiolites (Nicolas and
Violette, 1982; Nadimi, 2002), thick (>50 meters) MTZs are associateelt&n wide mantle
diapirs. Thebest example of a thick MTZ in the Oman ophiolite is in the Magsad diapir region

(Jousselin et al, 1998), where the crostntle interface (Moho) is nearly horizontal, and the



sheeted dikes are vertical, thus preserving original orientations.

In order tounderstand how the MTZ is accreted, and what is the Moho structure at a fast
spreading center, we present a lithological and structural survey of theramtdé boundary and
the underlying Moho transition zone (MTZ) in the Maqgsad area, which is intedpies a
paleospreading center. Old and new structural data are presented to confirm the presence of :
mantle diapir, and precisely determine the location of the paleoridge. A map of the thickness of
the MTZ in this diapiric area, is presented with 15 tkeddogs of the MTZ. Together, these data
suggest a model where successive pulses of magmatic '*naorplating, and interaction with the hos
harzburgite, thicken the MTZ as it drifts away from thz 1:1ge axis. When the MTZ is too far from
the axis to collectfurther melt, tectonic thinning. a1 injection of MTZ material in the crust
reduce its thickness. We compare our data with mc.-ine geophysical observations and find that our

model seems coherent with several procecsc < Lnveiled at tHededst Rise.

2. GEOLOGICAL SETTING AND kiDGE AXIS LOCATION

The Oman ophiolite was en n'aced as a >10 km thick nappe. Low temperature deformation
associated with its detachient, or later deformation overprinting primary features, is readily
identified because it is as_~ridtto fine grained porphyroclastic textures with strong degrees of
recrystallization inio ~evwvlasts. Global mapping show that this type of deformation is mostly
restricted to the base of the ophiolite (Fig. 1a). Also, even though many fractures candbatfoun
the sample scale, high temperature penetrative flow fields and the Moho show very little
displacement at scales from tens of meters to an entire massif, except for a few well identified
faults. Inside the massifs, asthenospheric and magmatic stsuthiatdormed at, and drifted away
from, a paleospreading center are therefore preserved, unmodified through obduction (Nicolas and
Boudier, 1995). Independent of the geodynamic context of the spreading center, the short time

span between igneous crystadiiion of the ophiolite and the formation of its metamorphic sole



constrains the location of intra oceanic thrusting to the region adjacent to the paleospreading
center (Boudier et al, 1988; Hacker, 1994, Warren et al, 2005). The discovery of several mantl
diapirs, aligned parallel to the N\BE sheeted dike system along the southern part of the ophiolite
belt, suggested the possibility that the ridge itself was sampled within the ophiolite (Nicolas et al,
1988). The diapirs were defined by irregular clustef steeply plunging lineations, rimmed by
horizontal lineations, with varying azimuths suggesting a radial flow outward from the diapir,
correlated with evidences of local intense magmatic activity, such as numerous dikes and a >100
meters thick MTZ besath the crust, not seen in other areas Nicolas et al, 1988; Jousselin et al,
1998). Nicolas and Boudier (1995) provided three iraeendent ways of defining the location of
the paleo ridge axis: (1) as a line through a diapir ~0.=, parallel to the stidetedmplex; (2) as

a limit between opposed shear senses for horizeni! lineations in the mantle; (3) as a limit between
opposed dipping directions for the foliat'o.” 0. the upper gabbros. These have proved to be
strongly coherent for the Nakhl dia;ir NadkRustag massif) and the Maqgsad diapir (Sumail
massif), as, within each of the aonirs, the three methods define similaSEWhes with
variations contained in < 2 km wid hands. Also, this axis seems continuous from one diapir to the
other. Another as was suglesied in the Wadi Tayin massif, going through the Batin diapir
(Boudier et al, 1997) Th's inferred location has been confirmed by both a detailed
geochronological scud) uirough a westst section showing the youngest age near the proposed
axis location (658471 UTM (E)) with increasing ages outward (Rioux et al, 2012), and by a
structural study of the upper gabbro section (Nicolas and Boudier, 2015b). Following the
definition of the ridge axis at the diapir scale, the ridge segment geometryefirreddbased on

the orientations of the sheeted dike complex and dikes in the mantle in the southern massifs
(Boudier et al, 1997). While the center of the ophiolite contains 3BMikes, it is bounded on

both sides of the Sumail massif by a {S8#/ dike syseem (Fig. la). Crosseutting field

relationships seen at the boundaries show that thiSWESystem is older than the central hN&&



system. This appears possible only if a center of accretion opened between those two boundarie:
and produced a 50 km wide mion of new lithosphere, nearly centered on the Maqgsad diapir.
This complex, yet realistic geometry is interpreted as relics of a microplate (Boudier et al, 1997).
Several other pieces of evidence further suggest that most diapirs, including Maqgsad,
undefay a ridge axis and were not @ikis. Major and rare earth element peridotite compositions
of the onaxis Magsad and Nakhl diapirs confirm that they are areas of high melt flow (Godard et
al, 2000). Since the layered gabbros above these areas showamb istwisions, the melt
extracted from the diapirs had to be emplaced when the 'ayered gabbros were forming, thus
presumably at the ridge axis, or close enough that the raobros were not crystallized. The layered
gabbros at the base of the crust are maigaipt deicrmed (i.e. without any crystal internal
deformation, and with a shape preferred orierta.on of crystals, ascribed to flow in a dense
suspension), with a lineation parallel to tha. of the plastic lineation of the uppermost peridotite.
This showghat their deformation is ¢ ntr. mporaneous (Nicolas, et al, 1994). The diapir plunging
lineations rotate to the horizontal .‘ith the plunge progressively decreasing outward from the
diapir; while this farshaped georeiry is not well understood, this strattoontinuity from
vertical to horizontal flow i\ istrates that diapirs, with peridotite flowing under asthenospheric
condition, reached the he~e of the crust (Jousselin et al, 1998). Asthenospheric flow, at such
shallow depth benea.™ uie crust, is onlggible at the rise, where there is no frozen lithospheric
mantle in between the crust and the flowing mantle. On the other hand;aisodfiapir found in
the Mansah region (Jousselin and Nicolas, 2000a) has contrasting characteristics. In this case, th
steeply plunging lineations are separated from horizontal lineation by a shear zone, which is
interpreted as the result of the impingement of the diapir on thaxaflaminated lithospheric
mantle. The crust immediately above theaffs diapir is brokn, with tectonic brecciation, and is
heavily affected by hydrothermal alteration. Moreover, around and above tagiofiiapir, but

not within the diapir itself, the mantle and the lower crust are intruded by microgabbroic dikes and



bodies, which showhtat magma extracted from the diapir was emplaced in a frozen and cooled
lithosphere. Similar intrusions are not reported elsewhere. A geochemical study also illustrates the
contrast between the @xis Magsad diapir, which carries a MOREBe J|d signature while

rocks of the offaxis Mansah diapir indicate a less depleted mantle source (Nicolle et al, 2016).

In Jousselin et al (1998), we detailed the irregular shape of tagisaqgsad diapir, and
discussed the location of the axis in this area. Tegethith the use of previous criteria, we
DVVRFLDWHG WKH D[LV WR D 8§ P ZLGH EDQG ZKHUH OLQF
argued that ridge parallel flow should be restricted to th~ rndge axis (Fig. 1b). Séventgw
field stationsconfirm the predictive value of the 1995 s‘ructural map made from 460 lineation
PHDVXUHPHQWY ,Q GHWDLO 7' PRYHG Waast comparéditolppktv 8§
studies (Jousselin et al, 1998; 2003) to adjust fr ."e new lineation measiseameinnew data
on the Moho transition zone thickness (ser v« 2Irw); however a precision smaller than the kilometer
scale is probably elusive, as volcanic ac.ivity on the surface spans a one kilometer width, and the

axis at depth should probably be de@eda broad zone rather than a precise line.

3. RESULTS

3.1. Moho transitinl, 7r ne thickness variations

Prior to our fie. survey, we tried to pick the base and summit of the MTZ, which is also
the base of the crust (the Moho), from aerial photographs available in Google Earth, with help
from the BRGMOman ministry of Industry geological map (198887), anda compilation of
our previous field investigations (Nicolas and Boudier, 1995; Jousselin et al, 1998; Nicolle et al,
2016). Ouir field survey includes 15 logs where the altitudes of the base of the MTZ and of the
Moho, are well constrained by ite Globd Positioning System measurements. Cross
examination of the work on the aerial photograph with the field survey results shows that we were

able to consistently pick the Moho, but not the base of the MTZ, which needs to be precisely



locatedin the field toconstrain its altitudeThus we added tour 15 logs 24 sites where we found

the base of the MTx the field, and we picked the Moho on aerial photographs, pergnits to
constrain the MTZ thickness at 39 locations, with-a01meter precision (Fig. 1b). Also, less
precise picking of the MTZ limits on aerial photographs throughout the entire region allowed us to
build a three dimensional digital model of the bottamd #op surfaces of the MTZ. All the logs

(Fig. DR1a), the position of transects (Fig. DR1b), further details on the methods, and illustrations
of the MTZ three dimensional digital model (Fig. DR2) are given in the Supplemental Information

section.

In Fig. 2, we plot the MTZ thickness against t1,> distance from the ridge. The striking result
LV WKDW WKH 07= WKLFNQHVV LV WKLQ 8 PHWHUV EHQH
meters) 6 kilometers away from the axis, 2e’ar2 thinning again with siogedistance from the
axis. Eight kilometers away from the idce, the MTZ is 30 meters thick or less. At the scale of the
Magsad area, this thickness reducucn seems supported by only three sites (one outside of the ma
of Fig.1). That is because, =wcwrin the Maqgsad diapir plateau, which offers multiple
topographic outliers where the nloho can be observed, the interception of the Moho and of the
topographic surface form: only a line, which does not offer various points of observation.
However, larger scai.apping has repeatedly shown that away from mantle diapirs, the MTZ is
consistently thin (<50 meters) (Nicolas et al, 1996). Aboui80% of the ophiolite belt is
associated to a thin MTZ. These areas show horizontal mantle flow structures, with fineatio
azimuth consistentlyrendingat a high angle with the azimuth of the sheeted dike complex, as is
expected for mantle flow on the ridge flanks. Prime examples of thin MTZs are the well studied
Wadi Al Abyad ("Bani Kharus" in Juteau et al, 1988a) in thakiN massif, with a 20 meters
thick MTZ (at 23°26'N57°40'05"E and 23°26'37'187°39'26"E), and the MTZ of the Hilti massif

(lldefonse et al, 1995).



3.2. Structure and lithologies of the MTZ

The 15 logs of the MTZ are presented in Figure DR1a, withexts@h in Fig.3, which
shows the main features, and is arranged at increasing distance from the ridge axis from left to
right. Fig.4 shows field observations, with an emphasis on new observations (Big.4 c

3.2.1. Results consistent with previous studies

The logs contain all the classic lithologies described in Boudier and Nicolas (1995), that is
dunite, plagioclase and clinopyroxene bearing dunites c=!lel! impregnated dunite, layered gabbro
lenses in dunite, few chromite pods, ultramafic intrus.oi.zenldiver crust that are rooted in the
MTZ or transposed in the lower layered gabbros. and centimetric to metric patches of harzburgite
within the dunite. Here we mostly describe the frecuency of these classic lithologies rather than
describe individual logsas no systematic nv: trton in occurrences of these facies can be found
from one log to the other. All the logs shr.w the prominence of the dunite component (<95% of the
MTZ). Except in the case of dunite . ith isotropic impregnations (see below), alitlitesl show
an asthenospheric planar and 'inear structure marked by spinel grains, usually visiblecoh saw
samples bleached with dil.>ed 1iydrochloric acid. Sometimes the spinel grains are very small,
which make the structure iff'cult to see, however tthin sections show porphyroclastic textures,
with a strong crystalic raphic preferred orientation (most grains have a similar angle of extinction
under polarized light). A small part of the dunites and impregnated dunites (17 samples out of 128
in thin sctions) contains small isolated orthopyroxene grains with corroded boundaries, which
represent a transitional stage from harzburgite to dunite, formed by reactive dissolution of
orthopyroxene (figure 9 in Boudier and Nicolas, 1995). This can be foundheetp of the MTZ
(Fig. 4a, Fig. DR3, 50m beneath the Moho within a 450m thick MTZ), or near the base, as in the
isotropic impregnations of the Mahram outcrop (Fig. 1 and 3). Beside these observations at the

thin section scale, about half of the $oghow clear centimetric patches or centimetric to metric



bands of harzburgite within the first 25 meters at the base of the MTZ, and few bands of dunite in
the shallowest harzburgite. This forms a gradational contact between the MTZ and the underlying
harzburgte. In the other half of the logs, the base of the MTZ is sharp. A third of the logs contain
a few outcrops with centimeter to meter scale layered gabbro lenses in the dunite; the maximum
thickness of gabbro lenses is of the order of 10 meters {sectsn 110D10, and near the oasis

of Tuff at 23°06'13.7"N, 57°57'19.7"E, figure 2.2 in Boudier and Nicolas, 1995). Half of the logs
show dunites impregnated with plagioclase and/or clinopyroxene, dispersed within layers several
centimeters or meters thick, wh are often too thin to be w=l ;2presented on logs at the scale of
several tens of meters. These impregnations can be iu.'nd at any height within the MTZ section,
with no particular systematics. Plagioclase and rli.~oyroxene grains display no intthoeysta
deformation, but they do have a shape fabric, para:‘el to the gspar&ked plastic lineation of the

host dunite (Jousselin and Mainprice, 19¢8, T.eir modal composition is very variable, and they
sometimes grade from dunite with1Z % "slagioclase tdroctolites, and layered gabbros within

few centimeters or few meters (Fig. 4b; see also Jousselin et al, 2012). More rarely, impregnated
dunite contains euhedral plaginc.2<e crystals (Fig. 4c), particularly in the MTZ between the
Mahram outcrop and the l1ah outcrop. 25% of the logs contain crassting ultramafic
intrusions and concordarn. l=.yers of the same composition in the lowermost crust; two of the
intrusions are cleaily -ou.ed into the top of the MTZ. These intrusions have been well described
andreferred as "wehrlites" or "plagioclase wehrlites" in several studies (Benn et al, 1988; Juteau
et al, 1988; Boudier and Nicolas, 1995; Jousselin and Nicolas, 2000b; Koga et al, 2001; Kaneko et
al, 2014), which all point that they derive from the MTZ. Thedal composition of three samples,

and their similarity with samples from other studies is shown in Fig. 5; this shows that these rocks
should not be called wehrlites in a strict genkhis is also pointedut by Kaneko et al (2014),

who explain thatthey use the term "wehrlitic intrusion" in a "descriptive &n#t the sample

scale, like for the MTZ, the composition can vary strongly within few meters or centimeters, and



ranges from dunite to olivinach trocotlites, even gabbro, and very rarely Wigdyrin the Maqgsad
region, most of them contain >10 % plagioclase, and <5% clinopyroxene.

3.2.2. New observations in the MTZ.

At the base of the MTZ, we found seven outcrops of impregnated dunite with an isotropic
fabric (Fig. 1 and 4d). This lithology balso been described before with the two examples of the
Mahram outcrop (Boudier and Nicolas, 1995), and the Khilah outcrop (Jousselin et al, 2012).
However, as we find more of them, we notice that they all are at the base of the MTZ, or very near
the bas. The isotropic outcrops are a few meters to 70" mcters wide, with a thickness of a few
meters, up to 50 meters. Two contain 20 cm wiue nianar vertical dunite veins devoid of
impregnations, implying that melt has locally beenr €, tracted upward (Fig. #eNWSE strike
of these veins is the same as that of the overly’ny sheeted dike complex. Another new finding is
the occurrence of horizontal levels of stcci: mde magmatic breccias (Fig. 4d). Three were
found at the top of the MTZ, while f: ‘e “jtherscoc at the base of the MTZ, with two of these
overlying and in continuity with isowpic impregnations in depleted harzburgite. None are found
in the MTZ midsection. The brecc 2+, consist of webs of centimstate gabbro veins, encasing
pluri-centimetricblocks of du:ite \~ig. 4f). In three cases (Mahram, 110A69, 110A76 logs in Fig.
DR1), series of dikes are rooted in the breccias at the base of the MTZ. The dikes are several
centimeters to onaewr uick, parallel to the crustal sheetikes. In six otiof the fifteen cross
sections, the base of the crustal section shows steeply dipping gabbro layers that are at high angle
to the subhorizontal Moho (Fig. 4g). Similarly, discordance of dunite foliations had been observed
in one crosssection (figure 7én Jousselin et al, 1998), suggesting that rigid blocks, separated by
melt rich zones, had been rotated with respect to another, as magmatic breccias do at the
centimetric scale. Observation of the gabpesidotite interface does not show any evidenca of
shear zone, or of plastic or brittle deformation, and the lateral continuity of this interface is

irregular (Fig. 4h) unlike for a planar faulted contact.



4. DISCUSSION

The MTZ is the deepest site where melt accumulates and starts crystallizatiothéiow
MTZ develops, how far it extends, how melt circutateside, may play a role in the accretion of
the crust above. Our most important, and surprising result is to find areas with a thin MTZ above
the core of the Maqgsad diapir, as mantle diapirs arayslvassociated with a thick MTZ. This
finding, coupled with few new observations lead us to propose a model for the formation of the
MTZ. We then examine what should be observed at s=a .’ the same processes are active, an

discuss if current geophysicalsdyvations fit with the mouol.

4.1. Melt accumulation, and dunite format'orn 2t the base of the MTZ

The outcrops with isotropicmpregnati. ne fronmelt are only found at the base of the
MTZ, beneath pure dunite, and partv rosted by depleted harzburpeefact that the mantle
anisotropic plastic fabric was obliteicted implies that the solid connection between grains was lost,
thus enough melt accumulated VWL V/ X WR UHDFK W K H40RA4 Vav dér DVoleh @miF W L F
Paterson, 1979), which ma.’s tuansition from impregnated solid to suspension flow. Olivine
grains coated with films o, nlugioclase illustrate the loss of the olivine grain interconnection (Fig.
4c). Also the presence ur euhedral plagioclase within impregnated dunite (Fig. 4d) shows th
crystals grew in suspension before melt extraction. The location and the restricted extension of
such outcrops suggest that each derives from a single melt pulse, which stopped beneath the bas
of the MTZ. As shown by several studies (Boudier and N#&adl@95; Koga et al, 2001), most of
the dunite is a product of melt/rock reaction where orthopyroxene of the host harzburgite is
dissolved. With the harzburgite bordering the outcrops, and the presence of orthopyroxene relics
in one of theoutcrop with isotropic impregnationgthe Mahram outcrop)we infer that the

accumulated melt transforms the shallowest harzburgite into dunite, thus making the MTZ thicker



4.2. What stops melt ascent at the base of the MTZ?

It is unclear why melts stop and accumulatethe base of the MTZ, rather than rise
through the MTZ. We infer that the base of the MTZ may act as a barrier for at least a portion of
the rising melt, and propose possible mechanisms depending on the mode of melt transport. The
guestion of whether nlteis transported in hydrofractures (Nicolas, 1986, Richardson, 1998,
Klaessens et a£02]) or in porousflow channels (Kelemen et al, 1995) remains controversial. In
the MTZ itself, we observe dikes and impregnations, whi~h suggest that both proceds$dseco

active, but we cannot present cleart evidence for what ncnpens further beneath.

In the case of dikes propagation, it can .~ arrested by several factors (Dahm, 2000;
Gudmunson and Brenner, 200In¢cluding rlis ‘ortinuities such as a bedding surface or a pre
existing fracture, changes in the ho<- rcck stiffness, and stress barriers. The contrast in Young's
modulus, which quantifies the relaucnship between stress and strain in elastic mateneaien bet
harzburgite and the MTZ is unkno v and largely depends on the melt fraction that could already
be present at the base of th» M\Z; if the MTZ is a soft layer in extension, it is conceivable that it
acts as a boundary, imne/'iny the propagation of-filietl fractures (Gudmunson and Brenner,

2001).

In the case of porous flow models, it is assumed that melt can circulate along grain
boundaries in a way similar to a liquid flowing through a porous media, following Darcy's law
(e.g. Ahern and Turcotte 979). However, peridotites do not contain open pores as sedimentary
rocks do; some space has first to be created for melt to infiltrate the olivine matrix. This constraint
is illustrated in the setup of experimental work by Pec et al (2015), in which @Eesatready

containing melffilled space has to be placed between a melt source and a melt sink to investigate



melt migration. The melt would not migrate from the source to the sink without theirbuilt
presence of melt in between, giving the needed -gmsiee, and allowing transmission of a
pressure gradient to drive melt flow. This constraint may be released in harzburgite as Daines and
Kohlstedt (1994) have shown that the presence of orthopyroxene may operate as a sink for
orthopyroxenaundersaturated rite In this case, the chemical disequilibrium between melt and
harzburgite can drive melt flow, and the dissolution of orthopyroxene could provide the needed
melt-filled space for the reactingelt progression, although it is possible that local volume
increase needed for orthopyroxene melting, may be imr=acd by the lithostatic pressure. On the
other hand, at the base of the MTZ, if orthopyroxene i1s 1ot present, or if an earlier melt does not
wet grain boundaries, offering a reaayde porosity network, nietannot benefit from any
available space to progress. With olivine dissolut*io:. heing nonexistent or negligible (kelemen et al,

1995), the dunite grain boundaries may be s:alzd and hinder "porous” migration of melt.

Once melt stops beneath ti.~ lowermoshitd, it reacts with the host harzburgite and
transforms it into dunite. Once thic 7unite is compacted andfreelt it could, in turn, stop the
next melt pulse. If a dunite Lrrie, is needed to stop rising melt and form new dunite, how does the
first layer of dunite form’s A possibility is that dunite produced in the rising mantle may have
reached the Moho. A ouier possibility is that the uppermost dunite has a cumulate origin (Abily
and Ceuleneer, 2012). An alternative proposition is that it was prodscadeaction zone at the
base of the crust, similar to dunite produced by reaction aroundileelhydrofractures, as found
along coars@rained gabbro dikeis the harzburgitgBoudier and Nicolas, 1977; Morgan and
Liang, 2003). Whenever melt is in m@act with harzburgite, a reaction zone in which
orthopyroxene is dissolved, is formed. Magma at the base of the crust must incite the same dunite
forming reaction. In this case, the presence of magma responsible for the reaction front is

continuous in time, unlike for a shortived dike. If the reaction front beneath the Moho progresses



faster than the harzburgite rises from below, several meters of dunite may form over time.
Reacting kesin the harzburgitgive a rough estimate of how fast a dunite tieaczone grows:

they bear dunite rims that are several centimeters wide, and formed within the lifetime of the dike
possibly a few weeks to a year if it fits the duration of a magmatic event (e.g. Embly et al, 1995,
Buck et al, 2006). This observationggests that, wherever the lowermost gabbros contain some
melt, several tens of centimeters of dunite per year may be formed by this reagtianreaction

front moving downward from the MohoAssuming that mantle flow velocity is of the same order

as pPODWH VSUHDGLQJ 8 FP \HDU ‘WKH GXQLWH VKRXOG
progression of the dunitization front. Thus, over time, a 1unite reaction zone, a few meters thick,
should form beneath the Moho. Interestingly, the s.iaht increasswlard in olivine Mg# and
nickel content, and decrease in TiO2 content in ci.-oRspmel, found at the top of one section

of the Magsad MTZ by Abily and Ceulene2i - 27%1&)g similar totrends observed ithe smaller

scale reaction zone produced in gxpe ‘im2nt of Morgan and Liang (200&) which harzburgite

is juxtaposedvith the overlyingbasan: melt

4.3. Melt transfer fror,> the base of the MTZ to the base of the crust
The outcrops with isotronic irapregnations must represent a transient stage of melt emplacement.
Their position near v 2 apex of the diapir, close to the ridge axis, may explain why some are
preserved and are not strongly affected by the diverging ridge ¥hen they are not fossilized
in this stage, they must endure plastic flow of the host mantle. Indeed, the Khilah outcrop shows
external parts of the outcrop that are partjaliygtonically transposed (Jousselin et al, 2012). Melt
accumulation, its congeztion due to mantle flow, and possible melt volume increase due to the
dissolution of orthopyroxene in the host harzburgite, should induce fluid overpressure. This can
explain the formation of the melt breccia and dikes (Fig. 4f) that are found neaasthebthe

MTZ, sometimes in continuity with the isotropic impregnations. When the overpressure is enough,



the hydrofracturing dikes may breach through the horizontal dunite barrier that had temporarily
stopped the melt migration, abdoughtmelt to the bse of the crust. When the melt is extracted,

it leaves planar zones of mdiee dunite in the mush zone (Fig. 4e). In the end, melt extraction is
not always complete; remaining melt forms impregnations, and gabbro lenses in the dunite, which
are progressely transposed by mantle flow (Jousselin and Mainprice, 1998; Jousselin et al, 2012).
We have seen that layered gabbro at the base of the crust, that are usually horizontal and paralle
to the Moho, can be rotated at a steep angle with the Moho (Fig). 4pwever, no fault is
observed at the peridotitgabbro contact, and the gabbr~ s not affected by plastic nor brittle
deformation; this deformation occurréad the magmati. ~*ate, anhile the gabbros wernot
crystallized during ridge accretion. Weropose that w..~n batches of magma reach the top of the
MTZ, they form an unstable floor for the partial'y \~olten crust at the ridge ablasying slide

and tilt of gabbro blocksand caumg the forma.ar of the discordant structures.

4.4. How much mdl is needeu to form the MTZ?

It is difficult to precisely ~stimate how much melt is needed to dissolve pyroxene over the
extent of the MTZ thicknes: It depends on the melt composition, the time of residence for the
melt, and whether melt . cistributedoad grain boundaries and forms a nveltk intimate
mixture, or is distriL.'teu in dikes and sills. While investigating the reaction stoichiometry,
Kelemen (1990) calculated that 40 g harzburgite with 30 wt. % enstatite needs 60 g liquid
saturated in Forstite + Anorthite to form 37g Forsterite + 63 g liquid. This suggests that in a
closed system, with a harzburgite density of 3.2 g/amd liquid density of 2.7 g/cin64% melt
volume is required to transform harzburgite into dunite; and with a forsterissty of 3.27 g/crh
one volume of dunite is associated to two volumes of melt that participated to its formation. In an
open system such as the MTZ, the melt fraction could be less at any given time. Also, Oman

harzburgites often have a lower-286 % orhopyroxene content (e.g. Godard et al, 2000), which



should require less melt to dissolve. These considerations suggest that-g0300maximum
thickness of the MTZ beneath the Magsad diapir formed by interaction with the equivalent in
thickness of abou600 to 900 m of liquid. Comparison with the65km thick crust above the
GLDSLU VXJJHVWYV WKDW WR ILUVW RUGHU RQO\ 8§ WR

is needed to buildhe MTZ. As ths fraction of themelt may be less undersatigd in
orthopyroxene than the rest of the crust, this process may explain the presence of orthopyroxene
as a minor cumulus phase in layered gabbros recovered aDideps(Gillis et al, 2013)What
happened with the rest of the meltusclear;we can only <oc-ulate thparts of it may have
stagnated with the reacting meltgtaces where orthopy.u..2ne was already dissolved or that it did

not stop at the base of the MTZ because conditiors \2r the melt to stop were not fulfilled.

4.5 The MTZ thickness reduction ave* f.om diapirs: tectonic thinning and intrusion
into the crust.

The MTZ thickness reductiu. has been addressed in earlier studies (Benn et al, 1988;
Jousselin and Nicolas, 2000b). wich we recall here. First, the MTZ is accreted lonéea
region above the mantle dic.nir, und above the horizontal radial mantle flow at the outskirt of the
diapir (Fig 1b); this imphe: *tahat the MTZ thins when it is stretched over a wider surface as it
spreads away from ti.» wapir. Schematically, a 2aG8ick MTZ over a 3.2 km radius is the same
volume as a 20 m thick MTZ over a 10 km radius. Thus, as the MTZ spreads away from where it
is accreted, the radial flow geometry imposes a tectonic thinning of the MTZ. Second, as was
observed in previous studieultramafic intrusions in the lower crust are directly rooted in the top
of the MTZ. While called "wehrlites" or "plagioclase wehrlite" as a generic term, in detail these
intrusions are also described as dunites, +treletolites, troctolites, melalivine gabbros, and are
fairly similar to impregnated facies of the MTZ (Juteau et al, 1988a; Benn et al, 1988; Boudier and

Nicolas, 1995; Jousselin and Nicolas, 2000b; Koga et al, 2001; Kaneko et al, 2014). It was thus



proposed that the intrusions simply @spond to a mixture of melt with olivine dunitenocrysts

and possibly few phenocrysts, formed in the MTZ, and squeezed into the overlying crust, thus
participatingin the MTZ thinning (Juteau et al, 1988a; Benn et al, 1988; Jousselin and Nicolas,
2000b).The chemistry of olivine, plagioclase and clinopyroxene in the intrusions is similar to that
of the MTZ (Kaneko et al, 2014); the trace element compositions of their clinopyroxene also
support the genetic link between the MTZ and theated "wehrlitic" intrusions, and record
equilibrium with a MORBtype melt (Koga et al, 2001); this has lead to associate these intrusions
to the magmatic phase of the N&eotimes Unit, rather thar a \>ter depleted magmatism (Kaneko
et al, 2014; Koga et al, 200IZhe proess of intruding par. or the MTZ into the crust is probably
more important than tectonic thinning as it explains hdtterdramatic shift from a peak MTZ
thickness to a thin one; it is also requiredré@'is..~ally balance the volume of the crustal

ultramafic units with the production of the ' 7 /Jousselin and Nicolas, 2000Db).

Several forces have been \.~voked to provide the pressure necessary to extrude MTZ
material upward in the crust. ~acb.os layers at the borders of the intrusions are deformed with
folds, with ultramafic matei:al penetrating into the layers, showing that the intrusion occurred
when the gabbros were su'' .ot and not fully crystallized. With these crosscutting relationships in
mind, Juteau et al (L.2%0d) and Kaneko et al (2014) canside the intrusions are slightly late
relative to the gabbro formation, and that the tectonic inversion during the ophiolite detachment
from the spreading center may have helped the upward movement of magmatic mush in the MTZ.
On the other hand, the lowgabbros contain concordant layers of the same ultramafic lithologies,
deformed by magmatic flow, showing that they are contemporaneous with the magma chamber
activity. Thus, the crosscutting intrusions may have been emplaced on the flanks of the magma
chamber and preserved from tectonic transposition, while intrusions emplaced in the partially

molten gabbro at the base of the crust were transposed into concordance with the gabbro layering



In a mockl where the intrusions are formed during the crustaksiocr process, Benn et al (1988)
andJousselin and Nicolas (2000b) propose that the driving force for squeezing weak parts of the
MTZ into the crust is the horizontal forced mantle flow produced by diagtitee spreading

center.

For clarity, we pointhat not all the ultramafic intrusions in the lower crust have the same
origin; clear distinctions are evidenced by Adachi and Miyashita, 2003 and Kaneko et al, 2014.
Other intrusions that are true webhrlites, with stronger c.nopyroxene content, are probabl
produced by adding water (possibly from the subducung siab beneath) to primitive MORB melts
(Koepke et al, 2009). These rocks are always dis~o: Jant with respect to gabbro layering. They are
more common in the northern massifs, have d‘su.ct depletedrahinompositions, that differ
from the MTZ; in particular their clinopyrox2i.2< are characterized by very low Ti and Na contents,

akin to those of the \fRasail Unit, sug_tes’ing that they belong to the lateilirecphase.

4.6. A synthetic model of M""Zccretion and thinning

Our model is synthe*izeu in Fig. 6. Melt accumulates beneathfreeltdunite in the
shallowest harzburgite. It ~euches a fraction greater than 30% which leads to destroy the solid
framework of the hos. neiidotite (Fig 4d). Asétacts with the harzburgite, it forms dunite, which
makes the MTZ thicker (Fig. 2). With greater melt fraction, and compaction linked to the
lithostatic pressure and mantle flow, melt is overpressured, and forms melt breccias (Fig. 4f) that
extract melt tahe base of the crust. This episodic melt delivery may perturb the orientation of the
crustal lowermost layered gabbros (Fig. 4g,h). Then the MTZ thickness is reduced because of
tectonic thinning, and probably the injection of weak zones (melt loadediedTZ into the

crust.



4.7. Predictions for marine geophysical observations, and coherency with existing
data.

In this section, we tentatively derive from our results and model some predictions for
marine geophysical observations. By doing so, we assume that our observations and our model are
related to the V1 magmatism, and that this phase of accretion is ampglod af processes at fast
spreading ridges. We also gather marine geophysical observations that unveil features at the Mohc
and beneath the Moho at the fast spreading East Pacific Rise (Fig. 7) and discuss how they coulc
be interpreted in light of our ress. Our observations from the Oman ophiolite suggest that sub
Moho melt lenses should exist mainly (if not only) @’ u.= pase of the MTZ near oceanic ridges.
The thickening of the MTZ with distance from the a.is seen in the ophiolite leads to predict that
subMoho meltlens reflectors should be observera.fs, at increasing depth with distance from
the rise. The melt lenses have a limited life «;'a*, as once emplaced at the base of the MTZ, melt is
later expelled into the crust; thus refaectors may gisap and new ones may appear with time.
Conversely, no reflectors deeper ti."n the Moho should be found directly right beneath the axis.
The mantle tomography study ~f "comey et al (2007) provides an image of the last 4 km layer
beneath the Moho; it cannc:solve the presence of a MTZ, but reveals the presence of several
enhanced melt upwellina ~eaters, approximately at 9°57'N, 9°43'N, 9°30'N, 9°15'N, 9°05'N, a
more diffuse one ac 5”5/ 1, and another at 8°30'N not shown in Fig. 7. Modeling shows that these
anomalies could be consistent with the presence of Qikeudiapirs (Jousselin et al, 2003). The
anomalies have a near-26 km spacing that matches the Oman diapir spacing. They nevertheless
VHHP D ELW-1@ ks Widith) #han théOmandiapirs, and tis larger size may lead to a
thicker MTZ extending further than 6 km from the ridge. Seismic rays with a vertical incidence
through the MTZ should travel along the slow axis of the anisotropic horizontal dunite, with a
seismic velocity on the order of 7kdn/s + 0.2s (Jousselin and Mainprice, 2000). With a <1 km

thick MTZ, 510 km from the rise, this suggests that reflectors should be four@lDsl(tweway



travel time) beneath the Moho. This result partly matches observations-dMahubreflectors by

Barth et al (1991) at 0:-R.4s beneath the Moho; the consistent dip towards the ridge of the most
outward reflectors may correspond to the zone where the MTZ thins ow& kanlhorizontal
distance. Melrich zones found at greater distances, at or abovdlthe (Crawford and Webb,
2002) are more probably related to the "wehrlite" (MKk2) intrusions in the crust, and may
explain the surprising crustal thickening observed on the ridge flanks, 5 to 10 km from the ridge
axis (fig 7d in Aghaei et al, 2014)h& abrupt thinning of the MTZ suggests that no detectable
trace of the MTZ should remain tens of kilometers away *ro..» the ridge. This fits the distribution
of upper mantle reflections, which are found at 7.1 £2. “m from the ridge, and not beyond (Barth
ard Mutter, 1991), while seismic lines extend wen heyond this distance from the ridge. One
incoherent observation, if we were to associatz mantle diapirs with the strongest lows in the
mantle low velocity zone (MLVZ) (Jousse'in, =t al, 2003), is that uppeentla reflectors are not
always strictly associated to the stre:'gest lows in the MLVZ, and can be found in between these
maxima (figure 7). Also, the mantle eflectors should be found on either side of the MLVZ. That
is not the case between 9°20'N ar.1 XR3@here the MLVZ is 12 km oféixis, and two reflectors

DUH 8§ NP DSDUW ILRP WKH ULGJH ZHVW RI WKH 0/9= ZKLF

Another aspec: or the seismic Moho at the EPR, is that it is sometimes absent, or has
differing expressions (Kerdt al, 1994; Aghaei et al, 2014). Thick MTZs are believed to generate
a seismic diffusive Moho type, while thin MTZs would correspond to impulsive or shingled Moho
types (Aghaei et al, 2014). While this is not clearly stated, this interpretation proekdsyon the
assumption that the MTZ is composed of thin alternating gabbro and dunite layers, where the ratio
of dunite to gabbro gradually increases with depth (Nedimovic et al, 2005). This idealized view
corresponds to descriptions of the very thick M{up to 3 km) in the Bay of Islands ophiolite

complex (Karson et al, 1984), but departs from our observations in Oman, and the log of Abily



and Ceuleneer (2012), where gabbro lenses are rare and <10 meters thick. Thus the
correspondence between the setstype of Moho and the MTZ thickness is unclear. If the top of

the MTZ is mainly composed of dunite as in Oman, its seismic velocity is greater than the velocity
of harzbugite, providing a stronger contrast with the crustal velocity, especially if theisrus
devoid of wehrlitic injections; thus a thick MTZ could correspond to impulsive Moho types. This
may explain why the 9°4219°49.5'N region of the EPR, which is nearly centered on a MLVZ at
9°43'N, possibly corresponding to a mantle diapir, is assutwith more strong and impulsive
Moho reflections (Aghaei et al, 2014). Following previous <tullies (Benn et al, 1988; Jousselin and
Nicolas, 2000), we associate troctoltehrlite intrusiors ..~ tne crust to a strong compaction of

the MTZ at the periphergf mantle diapirs. According'v, wehrlitidch, and olivinerich gabbro

units -with fast seismic velocities associated to the livime particularly present in the crust at

the periphery of mantle diapirs. Similar rcci:: .nterpreted as intrusive ros&ngples from the

MTZ have been reported at the EP R #nd the-Midntic Ridge (Girardeau and Francheteau,
1993). This stratigraphy may produce a progressive velocity gradient from the lower crust to the
crustmantle interface, which wrul'' wroduce a dsguMoho at the periphery of diapirs. We also
found that some gabbro la,=rs may be vertical just above the horizontahemide interface

(Fig 49, h) The conseotiec2 is that the fast velocity axis in the gabbro canlinearowith
reflected seismic sainciaence. The juxtaposition with a vertical slow axis in the mantle beneath
may reduce the crust/mantle velocity contrast, and explain the absence of a seismic Moho, or
produce a weak and diffuse Moho. This could be true for the diffuse Moho alon§'Bk9%67'N,

at the southern edge of the anomaly centered on 9°57'N, in an area which contains seadgal off
melt lenses in the lower crust and a large one in the upper crust, and where plate loading by the
Lamont seamounts causes a steeper than norestem ridge flank, with a 150 meters deep
depression. These factors may cause significant deformation and upleakdrotations of

layered gabbrosAghaei et al (2014) also suggest that melt source interactions between the ridge



and the Lamont seamoumsay occur and affect the Moho. For sites ofaffs eruptions, away
from the axial low velocity zone, we refer to the geology of aragif melt delivery zone

(Jousselin and Nicolas, 2000a), which suggests a more complex structure.

5. SUMMARY AND CONCL USION

The Oman ophiolite has preserved accretion centers that fed a fast spreading center; it
provides a useful window into processes that occur at the-mausie boundary, which are
complementary to marine geophysical data collected at ~in ontly aickyes. The Oman paleo
ridge is underlain by mantle diapirs, which are simi'ar ‘n size and spacing to those of velocity
minima found in the mantle,-@ km beneath the Mo, n at the EPR (Toomey et al, 2007). The
diapirs are capped by a Moho transition zonainty 1.,"ade of dunite (> 95%), which sometimes
contains "melt" (plagioclase and clinopyrox: af) impregnations, and layered gabbro lenses (less
than 5% vol.). We found that the N'TZ grows from a few meters thickness at the ridge, to a
maximum 450 meters thickss appru‘imately 6 kilometers from the ridge axis, and thins to a few
meters in the next further 2 kilormeters. Several outcrops of isotropic melt impregnation in dunite
and depleted harzburgite arc found, only at the base of the MTZ section. They thajgestlly,
a fraction of melt, large en2ovgh to disconnect most crystal of the host rock, accumulated in a time
frame small enougn ~au strain related to the host mantle flow was not recorded by the magmatic
mush. They also suggest that the base of th& cts as a barrier for some of the melt rising
from below. We propose that the presence of harzburgite, which coattiopyroxenehat can
be dissolved by melt, helps melt migration, while dunite of the MTZ could be hard to penetrate for
melt if grainboundaries are not opened with melt already present. This suggests that dunite could
transport melt only when it is being formed, not after it is compacted (dunite offers a "single ride"
as a porous matrix). Howevdurther investigations are certainlgeded to understand why melt

stops and accumulates at the base of the MTZ. Once melt is ponding at this barrier, it dissolves the



remaining orthopyroxene of the uppermost harzburgite, thus forming new dunite. Compaction
leads to melt overpressure and fotima of melt breccia and dikes that can extract the melt
upward. This suggests to a model, in which successive pulses of magmatic underplating, and
interaction with the host harzburgite, thicken the MTZ as it drifts away from the ridge axis. The
model predtts that magma lenses should be found only at the Moho when beneath the ridge, and
at growing depth with increasing distance from the ridge. Depending on the size of the melt
delivery zone (up to 6 km away from the ridge axis in Oman, maybe up to 10tkenEEPR), the

melt lenses could be found at depths ofDJm. Once furthar o vay, melt lenses should be found

in the lower crust only (not beneath the Moho), and stou'a correspond to bits of the MTZ expelled
upward, forming sealled webhrlitic intrusionsthat cignificantly thicken the crust. These
predictions seem broadly coherent with the distr’bu:on ofMaoho seismic reflectors at the EPR,
crustatthickening within 7 kilometers from e rise, and provide tentative explanations for the
different typesof Moho unveiled by rrariae geophysical experiments, which are different from

those derived from the MTZ structu ~ described in the Bay of Island ophiolite.
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FIGURE CAPTIONS

Figure 1. Geological setting; a) simplified map o: dike distribution throughout the southern
massifs of the Omarophiolite; it also shows e emplacemeekated low temperature
deformation and the asthenospheric defc:ri-ation preserved in the mantle section (adapted from
Boudier et al, 1997). b) MTZ thickne s cstribution (39 thickness measurements in meters, boxes
correspond to thicknesses constrai>ed by logs, dark boxes correspond to logs shown in Fig. 3),
and simplified lineation map f the Magsad mantle diapir, showing in particular that mantle
lineations striking parallel 1~ the sheeted dike orientations areineshto a <2 km NWSE

corridor taken as the ridne 2v,s (thick dashed line).

Figure 2. Graph of MTZ thickness as a function of distance from the ridge axis. MTZ thickness

LQFUHDVHY IURP D PLQLPXP YDOXH DW WKH D[LV WyRaD PD|
drastic reduction at greater distances; error range shown in lighter shade. As thick MTZs are
associated to the presence of a mantle diapir beneath, it is well established that at any further

distance from this structure, the MTZ remains thin (Nis@&gaal, 1996).

Figure 3. Six examples of logs in the MTZ section (locations in Fig. 1), organized from left to



right with increasing distance from the ridge axis. Isotropic impregnation outcrops are found only
at the base of the MTZ, while magmatic dwi& outcrop at the base and/or the top of the MTZ. (4

c-h refer to illustrations in Fig. 4).

Figure 4. Field observations in the MTZ: (a) impregnated dunite with orthopyroxene grains relics
in thin section (white: olivine with dashed lines as subgramsdaries; light grey: orthopyroxene

with exsolution lamellae when visible; darker grey: altered impregnating clinopyroxene; black:
spinel grains); (b) segregated and transposed plagioclr=e ‘mpregnations in dunite, grading into
olivine-rich gabbro lenses) euhedral plagioclase crys.a ‘'n melt impregnated dunite/troctolite in
the MTZ; (d) isotropic melt impregnation typical nf u>aose found at seven sites at the base of the
MTZ; (e) planar vertical dunite zone void of isctrohic impregnation; (f) Magmaticclaewith

clasts of dunite; (g) view of a near horizcn. ¢l ~rust/mantle contact with gabbro layers at a high
DQJOH ZLWK WKH FRQNIFW 8§ P KLIJK YLHZ K FORVH XS
at the base of the crust, and dunite at the topeMTZ; gabbro layers are at a high angle with

the irregular contact which is net fe''ied.

Figure 5. Modal composiu~rs of samples from our study and others that have been referred as

wehrlite, wehrlitic ititrusiuns, and plagioclagehrlite.

Figure 6.Model of MTZ accretion. As the MTZ grows from left to right with time, it also drifts
away from the axis. (@) Because neimpregnated dunite forms a dam for rising melt, melt
accumulates beneath the base of the MTZ until the harzburgite solid framesvddstroyed
forming a texture of isotropic melt impregnation. At the same time, orthopyroxene is dissolved
and the harzburgite is transformed into dunite, thus thickening the MT4d) (delt is

overpressured and forms magmatic breccia and dikes ableaio threugh the overlying dunite



barrier; as melt reaches the crust, new breccia may form; thisuvesaéble basement may be the
cause of perturbations and rotations of modal layering and magmatic flow structures in the
overlying partially molten crust. JePlastic flow in the mantle and magmatic flow in the crust
progressively erase features produced during stagksttas process is repeated as new melt
pulses are delivered as long as the MTZ is above the 12 km wide melt delivery zone. (f) Tectonic

thinning, and intrusion of bits of the MTZ into the crust reduce the MTZ thickness.

Figure 7. Compilation of pertaining marine geophysical 1a.> from 8°50'N to 10°N, at the East
Pacific Rise (solid line), with contours from the mar.ue low velocity zone fronmEgoet al,
2007 (7.5 km/s; 7.4 km/s; 7.3 km/s), seismic lines {arey lines) witAiviato reflectors (thick
nail-like bars) from Barth et al, 1991, and color zocad diffusive (D), shingled (S), and impulsive

() Moho from Aghai et al, 2014.

SUPPLEMENTAL INF ORMATION

Transect locations / locations of nf.~*ographs in Fig. 4
15 precise transects were Ilcxgeu (figure DR1a); each is associated to a field station (figure DR1b)
as follow

-960D74

base of MTZ: 23°07.879'N; 57°55.5974E; 700 m
summitof MTZ: 23°07.686'N; 57°56.219'E; 900 m
-110A69

base of MTZ: 23°06.249'N; 57°56.595'E; 910 m
summit of MTZ: 23°06.447'N; 57°56.728'E; 1040 m
-110A76

base of MTZ: 23°06.205'N; 57°56.78'E; 900 m



summit of MTZ: 23°06.445'N; 57°56.97'E; 1050 m
-130D13

base oMTZ:23°01.761'N; 58°0.003'E; 725
summit of MTZ: 23°02.484'N; 58°00.295E; 850 m
-Mahram outcrop

base of MTZ: 23°01.571'N; 57°59.906'E; 710 m
summit of MTZ: 23°01.361'N; 58°00.184'E; 730 m
-Khilah outcrop

base of MTZ: 22°59.755'N; 57°59.073'E; 750 m
summitof MTZ: 22°59.564'N; 57°59.327'E; 840 m
-110A48

base of MTZ: 23°0.667'N; 57°59.73'E; 82C n.
summit of MTZ: 23°0.467'N; 57°59.77'E: 370 m
-950D116

base of MTZ: 23°0.48'N; 57°57 K57.'F:; 930 m
summit of MTZ: 23°0125'N; 7°57.538'E; 1180 m
-110A57

baseof MTZ: 23°02.6C% v, 57°55.293'E; 910 m
summit of MTZ: 23°03.003'N; 57°55.285'E; 1020 m
-110A28

base of MTZ: 23°05.074'N; 57°55.415; 1018 m
summit of MTZ: 23°05.065'N; 57°55.371'E; 1045 m
-110A20

base of MTZ: 23°05.235'N; 57°55.501'E ;1000 m

summit of MTZ: 23°05.241'N; 57°55.462'E; 1020 m



-110A18

base of MTZ: 23°05.65'N; 57°55.509E; 1090 m
summit of MTZ: 23°05.646'N; 57°55.47'E; 1120 m
-110A10

base of MTZ: 23°05.548'N; 57°55.535'E; 1060 m
summit of MTZ: 23°05.55'N; 57°55.475'E; 1115 m
-110A1

base of MTZ:23°05.98'N; 57°55.23'E; 960 m
summit of MTZ: 23°05.97'N; 57°55.1'E; 1060 m
-120A21

base of MTZ: 23°06.999'N; 57°54.408'E; 950 m

summit of MTZ: 23°07.046'N; 57°54.249'E; . 107 m

Fig. 4a: 23°04.47'N; 57°59.92'E; Fiy. 4b: 23°01.4'N; 57°59.84'E;

Fig. 4c:23°00.75'N; 57°59.76E" Fi¢g /«d: 22°59.62'N; 57°59.62'E;

Fig. 4e: 23°06.25'N; 57°56.C *'E; ~ig. 4f 23°01.5'N; 58°00'E

Fig. 4 g/h: 23°02.5'N; 5&°L2 " 'E.

Methods

Our field investigations show that the base of the MTZ often does not match that picked on
photogaphs from Google Earth, even when guided by the BR@®ian ministry of industry map,

so the altitude of the base of the MTZ was constrained by field observations only. On the other
hand, we verified in the field that we were able to correctly pick the Mwohaerial photographs;

this allowed us to complement field observations of the base of the MTZ, with the Moho altitude

picked on photographs, and constrain the MTZ thickness at 24 locations, in addition to our 15 logs

(figure DR1). Despite the imprecisianentioned above, we attempted to continuously define the



base and summit of the MTZ on Goo#larth photographs. This map was imported into the
Gocad modeling software (available from the Paradigm Geophysical company) and superimposed
on a digital elevatio model (DEM) of the area obtained from the Advanced Spaceborne Thermal
Emission and Reflection Radiometer Global Digital Elevation Map program. The DEM accuracy
is estimated to be 20 meters at 95% confidence for vertical data, and 30 meters at 95%ceonfide
for horizontal data, and the dip of our picked surfaces on Gdegyth views seems coherent with

the dip in the numerical model. From our picking, we derived ttdmeensional surfaces of the
base and top of the MTZ (figure DR2). To do so, the Graevare uses the discrete smooth
interpolation method, which is tailored for geological u.'ects (Caumon et al, 2009). Logs in the
northern part show that the Moho is close to 109 meters altitude; however hills along the
spreading axis reach that altitudath harzburgite ci>oping out at their summit, demonstrating
doming of the Moho along the axis. In our fi' <t 'TZ model, the Moho was predicted to cross the
onaxis hills; thus an uphill slope tov. ards the axis was needed for the limits of the MTZ to take
into account the doming effect. Althctgh the BR&NMhan Ministry of Industry map shows some
fractured contacts between th= La<e of the MTZ and the harzburgite, no fault is required to
accommodate the geometry »f the MTZ.

Reference in supplementa; ir/ormation

Caumon, G., Colloini cuaalet, P., De Veslud, C. L. C., Viseur, S. & Sausse, J.. Subased 3D
modeling of geological structures. Mathematical Geosciences, 41(894%(2009).

Figure caption in supplemental information

Figure DR1: a)15 logs of the ppr mantle section and MTZ in the Magsad region b) location of
the logs within a simplified lineation map of the Magsad diapir.

Figure DR2: a) illustration of the picking of the MTZ boundaries on an aerial photograph; b) same
view as in 2a in our DEM (pinis the topography, green surface is the base of the MTZ, yellow

surface is the top of the MTZ/base of the crust. The location of this view is shown on figure DR1.



c-d) global views of the interpolated base and top surface of the MTZ throughout the area.

Figure DR3: photograph of the thin section sketched in Fig. 4a
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Highlights

In Oman ophioliteMoho transition zone (MTZ) below the crust made of reactive dunite
MTZ grows to peak thickness (500 meters) 6 km away from ridge axis

Melt-free dunite acts as barrier for ascending melt, which accumulates at base of MTZ
Accumulated melt turns uppermost Hawrgite into dunite, thickening the dunite layer

We predict sulMoho melt lenses at growing depth with distance from oceanic ridges






&IPUE



&IPUE 1



&|PUE



&IPUE &



&|PUE



&IPUE

0



&IPUE 6



