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1 | INTRODUCTION

Participants of an international Penrose Field Conference on ophio-
lites in September 1972 produced a consensus statement that defined
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Abstract

It is common knowledge that the Moho is the boundary between the crust and the
Earth's mantle. Here we show along several seismic profiles through the Pacific Plate
that a correlation exists between the strength of Moho reflections, crustal thickness, and
water depth. Where the Moho can be detected clearly, the overlying oceanic crust is
systematically thicker and the water depths are shallower. We suggest that two end-
members of oceanic crust exist in fast spreading environments: one thick, underlain by a
clear Moho; the other thinner, without a Moho; with all intermediate situations. In the
Oman ophiolite, the best-preserved on-land analogue of fossil oceanic lithosphere cre-
ated by fast-spreading, the boundary between the mantle peridotites and the lower
crustal gabbros mainly consists of a dunitic transition zone (DTZ) ranging from a few
meters to a few hundred meters in thickness. A sudden influx of seawater down to the
base of the crust at the mid-ocean ridge (MOR) results in the hydrous (re-)melting of
mantle peridotites, producing a dunitic residue at the crust-mantle boundary that repre-
sents the most reflective Moho. At the same time, the hydrous melting, in addition to
the normal decompression melting, beneath the MOR, increases the thickness of the
oceanic crust by enhancing magma production. In the absence of hydrous melting, the
DTZ is thin or absent at the crust-mantle boundary, and instead the uppermost mantle
harzburgite is intruded by gabbros, and/or the overlying crustal gabbro is intruded by

numerous wehrlite bodies, which will be seismically gradational.

KEYWORDS
boninite, crust-mantle boundary, dunite, hydrous melting, Moho, Oman ophiolite, Pacific Plate,
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an ophiolite from bottom to top to be: (1) ultramafic rocks of the
upper mantle, consisting of variable proportions of harzburgite,
Iherzolite and dunite; (2) layered and isotropic gabbros; (3) a sheeted
dike complex (diabase); and (4) basaltic lavas, commonly pillowed
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FIGURE 1 The “Penrose-type” ophiolite showing a layer-cake
pseudo-stratigraphy represented by the Samail ophiolite, Sultanate of
Oman (e.g., Boudier & Nicolas, 1985; Dick et al., 2006). The Moho is
defined as a boundary between dunites and the gabbros

(Conference participants, 1972). The Oman ophiolite (Samail ophiolite,
Sultanate of Oman) fits this layer-cake “Penrose-type” ophiolite
pseudo-stratigraphy (e.g., Boudier & Nicolas, 1985; Dick et al., 2006;
Dilek & Furnes, 2011), shown in Figure 1. Christensen and Smewing
(1981) recognized that the thickness and seismic properties of the
igneous oceanic crust and upper mantle in the Samail ophiolite were
similar to those of Pacific crust and upper mantle formed at
intermediate- to fast-spreading ridges.

Kempner and Gettrust (1982) suggested that synthetic seismo-
grams for the Samail ophiolite velocity-depth functions and observa-
tions from the ROSE refraction data from the East Pacific Rise have
striking similarities, and that ophiolites represent good analogues of
the oceanic lithosphere. If this is the case, the petrologic features that
are responsible for oceanic crustal and upper mantle seismic struc-
tures can be observed directly in ophiolites (Christensen &
Smewing, 1981). The assumption has developed that the Penrose-
type ophiolites are ancient and largely intact sections of oceanic crust
and upper mantle created at fast spreading mid-ocean ridges (MORs)
preserved on land (e.g., Dick et al., 2006; Dilek, 2003; Michibayashi
et al., 2019): this is called the Penrose model, which is now a widely
accepted paradigm.

Our target in this paper is to verify that the Penrose model faith-
fully represents the petrology of the Oman ophiolite and accurately
models fast-spreading MORs. The Moho is defined as a boundary
between the lower crust (layered gabbros) and the uppermost mantle
(dunites). Crustal accretion processes at MORs differ from fast-
through slow- to ultraslow-spreading ridges. While the Penrose model
is widely accepted for the Pacific crust created at fast-spreading
ridges (Dick et al., 2006), Cannat (1996) and Cannat et al. (1997)

proposed that the lower crust generated at slow-spreading ridges
consists of serpentinized peridotite variably intruded by gabbroic bod-
ies and overlain by a thin veneer of pillow basalt with a poorly devel-
oped or absent sheeted dike complex.

A major limitation in determining the nature and origin of the
Moho in the present-day oceanic lithosphere is the scarcity of rock
samples from the crust-mantle transition or boundary to compare
with the geophysical survey data. The petrology of the oceanic crust-
mantle interface has been mostly established in specific geotectonic
contexts where the lower crust, crust-mantle transition and even the
uppermost mantle outcrop on the seafloor, are exhumed along
detachment faults of oceanic core complexes at slow to ultra-slow
spreading centers (e.g., Dick et al., 2003; Sauter et al., 2013) or are
exhumed along transform faults at spreading centers with various
accretion rates (e.g., Bonatti et al., 2003; Bonatti & Honnorez, 1976;
Cannat et al., 1990; Cipriani et al., 2009; Maia et al., 2016; Mével
et al., 1991). In these cases, samples are frequently overprinted by
deformation, as well as fluid-rock and/or melt-rock interactions
potentially related to the exhumation itself. The accretion of a hetero-
geneous igneous oceanic lithosphere potentially shows the character-
istics of slow-spreading ridges (e.g. Cannat, 1996; Ildefonse
et al., 2007), and on-land versions of such incomplete oceanic crust
may be exemplified by the Alpine ophiolites (Dilek & Furnes, 2011;
Ishiwatari, 1985a, 1985b, and references therein), which did not nec-
essarily form at fast-spreading ridges. Hard-rock deep drillings in the
oceanic crust had been designed to test the Penrose model. However,
only four holes in the entire international ocean drilling program have
penetrated the oceanic crust beyond 1 km, but no further than 2 km
(Dick et al., 2006; Michibayashi et al., 2019). A more ambitious project
(“MoHole™), whose aim is to reach the Moho beneath 5-6 km of crust,
was proposed more than 60 years ago and has still not been achieved.
In this context, the comparison of geophysical survey data with petro-
logical and geochemical features (together with field and structural
observations) characterizing ophiolites that accreted in various con-
texts and were created at spreading centers spreading at a variety of
rates, especially fast spreading rates, is essential for petrologists and
geophysicists to reach an accord on the nature of the Moho.

Combined studies of the seismic structure of the Pacific Plate and
the petrology of the Oman ophiolite are the best approach to advance
our knowledge of MORs and to test the Penrose model. Based on
this, there is still much that is a matter for debate. We present here
new seismic studies of Moho reflections in the Pacific Plate and show
that the Moho reflections are not ubiquitous features. Then, we inter-
pret the results in the light of recent petrological, geochemical and

structural observations in the Oman ophiolite.

2 | OVERVIEW OF THE MOHO IN
PRESENT-DAY OCEANS

“The origin of the Moho has been debated since its discovery, and the

debate is still ongoing” (Prodehl et al., 2013). The Moho is a major
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global seismic discontinuity between Earth's crust and upper mantle,
discovered by and named after the Croatian seismologist Andrija
Mohorovici¢ (1910). An enthusiasm and genuine curiosity were stimu-
lated regarding the nature of the materials on either side of the dis-
continuity since its discovery (Jarchow & Thompson, 1989). The
continental Moho is beyond the scope of this paper. The nature of
the crust-mantle boundary in cratonic regions remain enigmatic, due
to a lack of key xenoliths or exposed sections, and the Moho does not
necessarily coincide with the base of the continental crust (O'Reilly &
Griffin, 2013). We focus on the oceanic Moho produced at fast-
spreading MORs.

Hess (1962) proposed that the oceanic Moho is a boundary
between fresh and serpentinized peridotite, which makes the seismic
Moho deeper than the crust-mantle boundary. Coleman (1971)
rejected Hess' model based on the heat flow recorded along the axis
of oceanic ridges (Lee & Uyeda, 1965) combined with the evidence
that the amount of water in the mantle is exceedingly low. O'Reilly
et al. (1996) suggested that the shallow mantle below the Rockall
Trough of the northeastern Atlantic Ocean developed a zone of par-
tially serpentinized upper mantle peridotites not above, but beneath,
the Moho. The Moho was not displaced by the zone of serpentiniza-
tion, which has a velocity of 7.5-7.8 km/s and higher V,/Vs and
became shallower toward the edges of the trough. More recently,
the fact that the Moho is a boundary between serpentinized and
fresh peridotites has been shown partly to be valid at slow spreading
rates but that the water was coming from hydrothermal fluids
(Cannat, 1993).

Since 1980, the position of the Moho in the oceanic lithosphere
has been determined almost exclusively by seismic refraction mea-
surements (Oliver, 1982), although Stoffa et al. (1980) used reflections
in multi-channel seismic data that are continuous beneath the axial
zone of the active East Pacific Rise near 9° N to suggest that the
Moho forms nearly contemporaneously with the oceanic crust. Collins
et al. (1986) investigated the origin and characteristics of oceanic
Moho reflections by computing two-dimensional synthetic seismo-
gram profiles of the inferred fossil oceanic crust/mantle transition
observed in the Bay of Islands ophiolite, western Newfoundland. The
synthetic multiphase Moho reflection events are laterally discontinu-
ous on a scale similar to that observed in the western North Atlan-
tic, suggesting that the structures observed in the inferred fossil
crust/mantle transition of the ophiolite are characteristic of oceanic
lithosphere (Collins et al., 1986). Brocher et al. (1985) calculated
synthetic seismograms that model vertical-incidence seismic
reflections in the oceanic Moho from detailed laterally varying
velocity-depth models of two ophiolite complexes, the Bay of
Islands ophiolite, in Newfoundland, and the Rustaq massif in the
Samail ophiolite. Their principal result was that the observed lateral
variability of seismic reflections from the oceanic Moho can be
explained primarily by lateral variations in the geology at the Moho
(Brocher et al., 1985). The nature of Moho reflections of the Pacific
Plate, produced at fast spreading centers, could thus reflect the
nature and variation of the materials that should be juxtaposed

across the Moho in the Oman ophiolite.

20° N

FIGURE 2 Solid red lines show seismic reflection and refraction
profiles conducted by JAMSTEC and Japan coast guard in the
northwestern Pacific Ocean, which have been examined in this study.
The seismic reflection and refraction survey line by Ohira et al. (2017)
was approximately 1130 km long, which is one of the longest single
seismic profiles in the northwestern Pacific, and it spans old Pacific
plate ranging from 148 Ma, at the southwestern end, to 128 Ma at
the northeastern end. Strong and continuous Moho reflections were
only observed at the southwestern end of the profile (for about

50 km), whereas Moho reflections were diffuse, weak, or absent along
the rest of the profile (about 1080 km). The survey line (MTr5) by
Kaneda et al. (2010) crossed two large seamounts, Batiza and Tayama
guyots in the Marcus-wake seamount chain, and also includes Jurassic
oceanic seafloor in the northern basin (about 159 Ma), at the northern
end, and in the southern basin (about 167 Ma), at the southern end.
These two basins have significantly different Moho reflections and
crustal thickness. A2, A3, and A4 are seismic survey lines studied by
Fujie et al. (2018, 2020). This part of the Pacific plate was formed at
130-140 Ma at a fast-spreading ridge. The appearance of the Moho
reflections and crustal thickness are variable in the region

200-400 km along the profile

3 | MATERIALS AND QUESTIONS
Seismic waves reflect at a boundary between two distinct layers with
contrasting acoustic impedances, which have been induced by large
differences in densities and seismic velocities. The lower oceanic
crust, essentially gabbroic, and the shallow mantle below it, which is
deemed to be composed of spinel peridotite, have acoustic imped-
ances of about 22 and 28 MPasm™ %, respectively (e.g., Yamane
et al, 2012). Thus, the boundary or transition between the gabbro
and peridotite is supposed to be reflective enough to represent the
Moho. However, seismic profiles generally show that Moho reflec-
tions are not universal, and many places in the world appear to lack a
Moho in reflection data. Is this an imaging problem or is the Moho
actually missing?

We have reviewed and examined several seismic survey profiles
in the Pacific Plate, which have been conducted by JAMSTEC and the
Japan Coast Guard (Figure 2). To avoid or reduce the imaging
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problems, which may result from different sea and/or weather conditions
and by using different methods or specifications, reflection and refraction
images are compared within individual survey lines. Notably, the same
seismic survey lines can show both strong and weak reflections. We sug-
gest that if the Moho is missing this is not an imaging problem, instead
different types of crust-mantle boundary actually exist: some are reflec-
tive and many others are not. We have also discovered a relationship
between the dynamics of Moho reflectivity, the overlying crustal thick-
ness, and the water depth. The oceanic crust is thicker and the water
depth is shallower where the Moho has a strong reflectivity.

As the Oman ophiolite and the Pacific Plate both formed at fast-
spreading centers, the clear relationship between the strong seismic
reflections at the Moho and the thicker overlying crust in the Pacific
Plate can be explored using the Oman ophiolite dunitic transition zone
(DTZ) as an exposed analogue in which hypotheses and models of for-
mation can be more easily tested. Starting with the hypothesis that
fluid-melt-rock reactions generate a thicker DTZ (rather than simply
melt-rock reaction), which is the main petrological process discussed
here for the origin of the crust-mantle dunites, we will now discuss
how such processes may be responsible for strong Moho reflections
on one hand, and weak or no Moho reflections on the other hand.

We present a new hypothesis for how the crust-mantle boundary
forms at fast spreading MORs, which explains why below thick oce-
anic crust there are strong Moho reflections, and, conversely, below
thin oceanic crust there are weak or no Moho reflections.

4 | ANALYTICAL METHODS USED:
EXPERIMENTS AND DATA PROCESSING

The seafloor topography (water depth) was derived from the multi-
narrow beam bathymetric data obtained during the individual survey

cruises.

4.1 | The profile of Ohira et al. (2017)

In 2014, JAMSTEC carried out a multichannel seismic reflection
(MCS) survey using R/V Kairei along a 1130 km-long survey line on
the northwestern part of the Pacific Plate southeast of the Shatsky
Rise. The survey vessel fired a tuned air-gun array with a total volume
of 130 L at a spacing of 200 m. The seismic signals were recorded by
a 5.5 km-long, 444-channel hydrophone streamer cable (hydrophone
spacing was 12.5 m) towed by the vessel and five ocean bottom seis-
mometers (OBSs) equipped with a three-component geophone and a
hydrophone sparsely deployed along the profile. The depths of the
air-gun array and streamer cable were 10 and 12 m, respectively.

4.2 | MTr5 of Kaneda et al. (2010)

The MCS survey and wide-angle seismic reflection and refraction sur-

vey using OBSs were individually conducted by the Hydrographic and

Oceanographic Department, Japan Coast Guard (JCG) in 2006.
A tuned air-gun array with a total volume of 132 L was used as a con-
trolled seismic source for both of MCS and OBS surveys. During the
MCS survey, R/V Tairikudana fired the air-gun array at every 50 m
and towed a 6-km-long streamer cable with 480 channels (receiver
interval 12.5 m) at a depth of 12 m. One hundred eighty OBSs
equipped with a three-component geophone and a hydrophone were
deployed at 5 km intervals. The shooting interval for the OBSs was

200 m and the depth of the air-gun array was 10 m.

43 | A2, A3, and A4 of Fujie et al. (2018, 2020)
Since 2009, JAMSTEC has conducted several MCS and OBS surveys at
the outer rise of the Japan and Kuril Trenches on the oceanic Pacific
Plate along lines up to as several hundred kilometers long (Fujie
et al., 2013, 2018; Kodaira et al., 2014). MCS data were collected using
the same system as Ohira et al. (2017), but the shooting interval was
50 m. To collect the wide-angle seismic reflection and refraction data,
OBSs were deployed at 6 km interval along lines A2, A3, and A4; the
total numbers of OBSs were 80, 86, and 80, respectively. The air-gun
depth for OBS data was 12 m and shot interval was 200 m.

44 | Data processing
The MCS data were processed following conventional procedures includ-
ing datum correction, band-pass filtering, predictive deconvolution
(JAMSTEC data) or signature deconvolution (JCG data), amplitude recov-
ery, common midpoint sorting, velocity analysis, parabolic Radon demulti-
plex, normal moveout correction, stacking, and post-stack time migration.
First internal clocks of each OBS were calibrated by using GPS
time recorded just before release and after retrieval. Then positions of
the OBSs on the seafloor were determined by an inverse calculation
using arrival times of direct water waves and seafloor topography. For
travel-time picking, band-pass filter and predictive deconvolution
were applied. Seismic velocity models were derived by forward
modeling (Ohira et al, 2017), by travel-time inversion using first
arrivals and Moho reflections (Fujie et al., 2013, 2018, 2020), or by a
combination of travel-time inversion and forward modeling (Kaneda

et al.,, 2010). See the relevant references for more details.

5 | MOHO REFLECTIONS, CRUSTAL
THICKNESSES, AND WATER DEPTHS IN THE
PACIFIC OCEAN

The relationships between Moho reflections, crustal thickness, and
water depth have been investigated in studies from three different
areas of the northwestern Pacific Ocean (Ohira et al., 2017; Kaneda
et al., 2010; Fujie et al., 2018, 2020). Additionally, a summary of the
Moho reflections beneath the East Pacific Rise (EPR) is provided in
Section 5.4.
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5.1 | Southeast of the Shatsky rise

Ohira et al. (2017) studied Moho reflections in a typical ocean basin
produced at a MOR, which is located about 600 km southeast of the
Shatsky Rise (Figure 2) and perpendicular to the Hawaiian magnetic
anomalies. Their seismic reflection survey line was approximately
1130 km long, which is one of the longest single seismic profiles in
the northwestern Pacific. It spans old Pacific Plate ranging from
148 Ma to 128 Ma, from the southwestern to the northeastern end,
respectively. The oceanic crust was formed at the Pacific-Farallon
spreading ridge, with a half spreading rate estimated to be fast to
intermediate, and constant at about 40 mmyear ! (Nakanishi
et al, 1992). Strong and continuous Moho reflections are observed
only at the southwestern end of the profile (about 50 km in length),
whereas Moho reflections are diffuse, weak, or absent along the rest
and most of the profile (about 1080 km). Figure 3 shows the MCS
image of the first 100 km of the profile after Ohira et al. (2017),
including the first 50 km where the Moho reflections are sharp, single,
flat, and continuous, and of large amplitude. At 60 km along the pro-
file, the Moho reflections change from clear to diffuse northeast-
wards. A sub-Moho event, which could be gabbroic intrusions, or

more generally mafic intrusions, in the uppermost mantle, and sills

—
Q
~

within the crust are observed from 60 to 100 km along the profile.
Crust is thick in the section from O to 50 km, but is thin in the
section from 60 to 100 km along the profile. Ohira et al. (2017)
showed that “At 55 km distance, clear Moho reflections become
250 ms TWTT (two-way travel time) shallower within a horizontal
range of a few kilometers, although the seafloor topography is smooth
and the igneous basement has little roughness.” Along the profile
from the southwestern end, the seafloor becomes younger from M20
(146 Ma) to M19 (145 Ma) and the average water depth increases
from 5847 + 18 (16) m (30-50 km from the southwestern end) to
5925 + 7 (16) m (80-100 km from the southwestern end) (Figure 3b),
which coincides with the decrease in crustal thickness. Thus, where
the Moho reflections change from strong/clear to weak/diffused,
crustal thickness changes from thick to thin, and water depths also

become deeper.

5.2 | Across the Marcus-Wake seamount chain
Kaneda et al. (2010) conducted seismic surveys across the Marcus-
Wake seamount chain in the northwestern Pacific Ocean. The survey

line (MTr5) crossed the centers of two large seamounts, Batiza and
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SubMohoevent
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Tayama guyots, in the vicinity of Minami-Tori Shima, which is the
easternmost Japanese island and the only one on the Pacific Plate
(Figure 2). This seismic line includes Jurassic oceanic seafloor at both
its northern and southern ends (framing the seamount chain area),
which were referred to as the northern and southern basins
(Figure 4a). Magnetic anomalies suggest Jurassic ages of M32
(159 Ma) and M42 (167 Ma) for the northern and southern basins,
respectively. These two basins have significantly different Moho
reflections, crustal thicknesses, and water depths (Figure 4b-d). The
southern basin has clear Moho reflections, which are characteristically
sharp, single, flat, and continuous, and of large amplitude. In the
northern basin Moho reflections are extremely weak or even absent

(Figure 4b). Interestingly, the crust of the southern basin has a

constant thickness of about 7.5-8.0 km, whereas the crust of the
northern basin has a constant thickness of 6 km, 1.5-2 km thinner
than that of the southern basin (Figure 4c). Figure 4c compares the
P-wave velocity profiles in the southern and northern basins from
MTr5 from Kaneda et al. (2010) with the areas where the Moho is
absent in the profile from Ohira et al. (2017). The areas where the
Moho is absent in the Ohira et al. (2017) profile have a much thinner
crust compared to the southern basin. Moreover, the changes in the
P-wave velocities from the lower crust to the upper mantle are not
sharp, but have a gentle slope where Moho reflections are not
observed (Ohira et al., 2017). Figure 4d shows the depth of water
according to the distance along the profile. Average water depths in
the southern and northern basins are 5657 + 21 (1c) m and 5870
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(a) Representative 50-km segments of the time-migrated multi-channel seismic reflection (MCS) profiles from seismic survey lines

A2, A3, and A4 of Fuijie et al. (2018, 2020), showing strong Moho reflections (left) and weak Moho reflections (right) of the Pacific Ocean floor off
East Japan. The vertical axis shows two-way travel time (seconds), the horizontal axis is the distance from the trench axis (km). (b) Crustal
thickness (km) (green line) and water depth (km) (blue line) for the same representative 50-km segments as shown in (a). Crustal thickness
estimated from seismic refraction studies, error bars show one standard deviation. To avoid or reduce the imaging problems, reflection and
refraction images have been compared within individual survey lines. In each seismic survey line, the crust is thicker by a few hundred meters to a
kilometer and water depths are shallower where Moho reflections are strong. The 100-150 km segment of A2 has the strongest Moho
reflections, the thickest crust (about 7 km), and the shallowest water depth

+ 30 (1o) m, respectively. The southern basin has a reflective Moho, thick
oceanic crust and shallow water depths. The northern basin is the oppo-
site. The differences between the northern and southern basins are simi-
lar to those observed by Ohira et al. (2017) in their seismic profile, with
strong Moho reflections coinciding with thicker oceanic crust and shal-
lower water depths than that with weak Moho reflections.

5.3 | EastofJapan

The area of the Pacific Plate that was surveyed by Fujie et al. (2018,
2020) was formed between 130 and 140 Ma at a fast spreading ridge
(Nakanishi, 2017). Figure 5a shows representative time-migrated MCS
reflection profiles from seismic survey lines A2, A3, and A4 of the Fujie
et al. (2018, 2020) studies. Moho reflections and crustal thickness are
variable at 200-400 km along the lines. Sections from each profile dis-

playing strong (left) and weak (right) Moho reflections have been

extracted. The two-way travel times of the top of the seafloor also sug-
gest that the seafloor is shallower where the Moho reflections are
strong. The diagrams in Figure 5b show the thickness of the overlying
crust and the depth of water for the sections of the profiles shown in
Figure 5a. The 100-150 km section of A2 has the strongest Moho
reflections, the thickest crust (about 7 km) and the shallowest water
depths. Oceanic crust ranges from about 5 to 7 km in thickness
(Figure 5b), but in each seismic survey line, the crust is systematically
thicker, by about a few hundred meters to one kilometer, and water
depths systematically shallower, where Moho reflections are stronger
compared to the areas where the Moho reflections are weak or absent.

5.4 | East Pacific rise (EPR)

Dunn et al. (2000) showed the three-dimensional seismic structure

and physical properties of the crust and shallow mantle beneath
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the EPR at 9°30’ N and estimated the thermal structure and melt
distribution beneath the spreading center. They suggested a sub-
stantial increase in width of the high-temperature and melt-
containing regions from the lower crust to the mantle, indicating
that the focused ascent of magma had a strong local influence on
the accretion of oceanic crust.

Using three-dimensional seismic reflection images, Singh et al.
(2006) reported the presence of Moho reflections beneath a crustal
magma chamber at the 9°03’ N overlapping with the spreading center
of the EPR. The presence of the Moho very close to or even exactly
beneath the ridge crest implies that it was formed at essentially zero
age (Mutter & Carton, 2013).

A recent 3D seismic reflection study at the EPR, between
9°42’ N and 9°57’ N and extending ~12 km away from the ridge
axis shows that the character of the Moho reflections vary from
impulsive to shingled to diffuse, even in this newly formed crust
where spreading rate is constant and far from any plume activity
(Aghaei et al., 2014). This variation is interpreted by these authors
to reflect variations in accretion processes, for example, efficient
mantle melt extraction to the crust forms the impulsive Moho
character, while crustal accretion models from multiple magma
bodies can explain the diffused Moho character (Aghaei
et al., 2014). In their figure 12, Aghaei et al. (2014) showed that in
the southern area between 9°42" N and 9°48' N the crust is
~5550 m thick, which is 100-200 m thicker than it is in the north-
ern area between 9°52" and 9°56’. The Moho reflections are also
stronger and shingled in the southern area compared to the
northern area.

5.5 | Systematic relationships between Moho
reflections, crustal thickness, and water depths

Figure 6 shows a schematic diagram to summarize the relationship
between Moho reflections, oceanic crustal thicknesses and water
depths deduced from the seismic profiles described above. Moho
reflections return from the boundaries between the lowermost crust
and uppermost mantle. A thick oceanic crust overlays strong Moho
reflections, and weak or no Moho reflections are observed at the base
of a thin oceanic crust. Moreover, seafloor tends to be shallower
where the crust is thicker even though the formation ages of thick
and thin crust are similar, suggesting that the water depth is related to
crustal thickness via isostasy.

Acoustic impedance is a product of density multiplied by P-
wave velocity. The strong Moho reflections could result from a
large and sudden change in the acoustic impedance at the bound-
aries as shown on the left of Figure 6. Where Moho reflections are
weak or absent there could be a gradual change in the acoustic
impedance at the boundaries as shown on the right of Figure 6.
Can these different acoustic impedances at the crust-mantle
boundaries be related to variations in geochemistry and petrology?
How are the crustal thicknesses related to the acoustic impedance
at the boundaries?

Shallow I Ocean

Deep

Oceanic
Crust

Weak or no Moho

Reflection
Strong Moho
Reflection

Depth
Depth

FIGURE 6 A schematic diagram to summarize the relationship
between Moho reflections, crustal thickness and water depth in seismic
profiles. Thick oceanic crust has strong Moho reflections at its base; thin
oceanic crust weak or no Moho reflections at its base. Water depths
tend to be shallower when the crust of the same age is thicker. Moho
reflections are sent back from the boundaries between the lowermost
crust and uppermost mantle. Strong Moho reflections could result from
a large and sudden change in the acoustic impedance (density multiplied
by P wave velocity, p x V) at the crust-mantle boundary as shown on
the left of the diagram. Where the Moho reflections are weak or absent,
the change in the acoustic impedance across the boundary is more
gradual as shown on the right of the diagram.

6 | THEBOUNDARY BETWEEN THE
OCEANIC CRUST AND THE MANTLE IN THE
OMAN OPHIOLITE

6.1 | Oman ophiolite

The Oman ophiolite is the largest and best-preserved ophiolite world-
wide (Figure 7). It is a remnant of the Tethys oceanic crust that
accreted c. 95Ma (e.g., Rioux et al, 2012, 2013, 2016; Tippit
et al, 1981). Among other petrological and structural evidence, the
thickness of the crust (about 5 km thick on average)—especially its
continuous layered gabbro section (3.6 km thick on average; Nicolas
et al, 1996)—has been used as a strong argument for the crust to
have originated at a fast spreading center (Boudier et al., 1997;
Ceuleneer, 1986; Ceuleneer et al., 1988; MacLeod & Rothery, 1992;
Nicolas et al., 1988; Pallister & Hopson, 1981; Smewing, 1981; Tilton
et al,, 1981). As a result, the Oman ophiolite has regularly been com-
pared to the East Pacific Rise (e.g., Boudier et al., 1997; Pallister &
Hopson, 1981). The petrology and geochemistry of the crust-mantle
transition above a fossil mantle diapir that fed the main mid-ocean
ridge basalt (MORB) segment of the Oman ophiolite has been widely
studied, especially recently (e.g., Rospabé et al., 2017, 2018; Rospabé,
Benoit, et al., 2019; Rospabé, Ceuleneer, et al., 2019), which makes
this part of the ophiolite a particularly good candidate to understand
the processes operating at the Moho beneath highly productive
spreading centers that are likely to be fast spreading.

6.2 | Dunitic transition zone (DTZ)

In the Oman ophiolite, the boundary between mantle peridotites and

layered gabbros from the lower oceanic crust is not sharp, but mainly
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FIGURE 7 The Oman ophiolite along the northern coast of the Sultanate of Oman is the largest and best sub-aerial exposure of oceanic crust
and upper mantle in the world. Crustal units consist of pillow basalts, sheeted dikes, and gabbroic plutonic rocks. Mantle harzburgites represent
residual upper mantle peridotites that underwent partial melting to form the magmas that comprise the overlying igneous oceanic crust. The
boundary between mantle harzburgites and layered gabbros from the lower oceanic crust (the Moho boundary) is not sharp, but mainly consists
of a dunitic transition zone (DTZ) as shown in Figure 1. The right diagram is modified from Nicolas et al. (2009). The left locality map is by

courtesy of Natsue Abe

consists of a DTZ. Dunite is a rock dominated by olivine with a few
percent of scattered chromite and variable amounts of interstitial pla-
gioclase and clinopyroxene, which may locally occur in high enough
abundances for the rock to be classified as troctolite or wehrlite.
In this context, dunite at the mantle-crust transition has been
mainly interpreted to be a mantle-derived rock (e.g., Abily &
Ceuleneer, 2013; Boudier & Nicolas, 1995; Godard et al., 2000; Koga
et al., 2001; Rabinowicz et al., 1987; Rospabé et al., 2017, 2018; Ros-
pabé, Benoit, et al., 2019), i.e. formerly a residual harzburgite that has
been depleted in orthopyroxene due to reaction with a percolating
melt and/or fluid (e.g. Dick, 1977; Kelemen, 1990). This reaction can
be described as the transformation of an orthopyroxene crystal into
solid olivine + liquid silica. In reality, the reaction is more complex due
to the relatively high content of minor elements in orthopyroxene,
mostly Al and Cr, that will distribute into newly formed chromite crys-
tals and the silica-rich melt. This reaction is accompanied by a signifi-
cant increase in permeability as olivine is more easily “wetted” by an
interstitial melt than orthopyroxene leading to a higher permeability
of dunite compared to harzburgite and Iherzolite. Dunite is thus an
efficient media for the extraction of melts from the mantle to the oce-
anic crust, while cooling may lead to the crystallization of interstitial
minerals, such as plagioclase and clinopyroxene (e.g., Ceuleneer
et al.,, 1996; Kelemen et al., 1995).

6.3 | Thick DTZ

The thickness of the DTZ in Oman ranges from a few meters to a few
hundred meters (Boudier & Nicolas, 1995; Rabinowicz et al., 1987).
Along the ophiolite, there are several areas where the foliations and

lineations of the mantle peridotite have been imprinted during

asthenospheric flow; they are perpendicular to the paleo-Moho and
have been interpreted to be paleo-mantle diapirs (Ceuleneer
et al., 1988). The thickness of the DTZ appears to be higher above the
diapirs and to decrease away from these structures (Ceuleneer, 1991).
In off-axis positions above the thinnest crust-mantle transitions, more
numerous wehrlite bodies originating from the DTZ and intruding into
the overlying crustal gabbroic cumulates have been observed and
interpreted as extracted materials related to the compaction of the
dunitic mush (e.g., Benn et al., 1988; Jousselin & Nicolas, 2000; Juteau
et al.,, 1988;). A synoptic survey across the crustal section and DTZ
has shown that the thinnest crust (actually the thinnest gabbro units,
assuming that extrusive basalts and the sheeted dike complex have a
constant thickness) is underlain by the thickest DTZ, particularly in
the southeastern massifs of the ophiolite (Nicolas et al., 1996), but it
is not always easy to define precisely the upper limits of the DTZ
because of the plagioclase impregnations and greater concentration
of gabbro sills and intrusions in the upper part of the DTZ. Thus, a
thick DTZ does not always correspond to a thick “purely” dunitic
layer.

6.4 | Hydrous mantle melting

A particularly thick DTZ (>300 m) has developed above the Magsad
mantle diapir in the Sumail massif, southeast of the Oman ophiolite
(Ceuleneer & Nicolas, 1985; Rabinowicz et al., 1987). The Magsad dia-
pir is located at the center of a former ridge segment that was 80 km
long and, at a maximum, 30 km wide. This segment was fed with melt
that has a clear MORB affinity (Benoit et al., 1996; Ceuleneer
et al., 1996; Python et al., 2008; Python & Ceuleneer, 2003). In addi-
tion to the interstitial plagioclase and clinopyroxene between olivine
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grains in the DTZ dunites (Abily & Ceuleneer, 2013; Boudier &
Nicolas, 1995; Koga et al., 2001), consistent with a MORB igneous
environment, orthopyroxene and amphibole are believed to have crys-
tallized from the interstitial melt (Rospabé et al., 2017). This suggests
crystallization under hydrous conditions, which is unexpected as the
troctolitic and gabbroic cumulates cropping out deeper in the mantle
section in this area are believed to have crystallized from a dry MORB
derived from partial melting of the Magsad diapir (Benoit et al., 1996;
Ceuleneer et al., 1996). A possible explanation to account for the
phases derived from water- and silica-richer parent melts, restricted
to the crust-mantle transition, is the mixing between MORB and
more silicic hydrous melts produced by the re-melting of the partially
1996; Benoit
et al.,, 1999). The higher abundance up-section along the DTZ of min-

serpentinized shallowest mantle (Amri et al,
eral phases that are exotic in a MORB environment is consistent with
the water being seawater in origin, and connected to hydrothermal
systems (Rospabé et al., 2017). When the mantle melts under hydrous
conditions the liquidus field of forsterite expands relative to that of
enstatite and incongruent melting of enstatite is triggered, producing
high amounts of dunites and andesitic and even more silica-rich melts,
the latter now crystallized as tonalite-trondhjemites pods and dikes.

The similar nature of the silicate minerals (mostly amphibole,
orthopyroxene and mica) included within newly formed chromite sup-
ports the involvement of a hydrated and silica-rich component
(Borisova et al., 2012; Rospabé et al., 2017, 2020; Rospabé,
Ceuleneer, et al., 2019; Yao et al., 2020). Old chromite grains in some
ophiolites are diamond-bearing and were produced at depths greater
than 400 km, and the mineral inclusions in such chromites may have
more complex histories (e.g., Arai, 2010; Arai, 2013; Lian &
Yang, 2019; Miura et al., 2012; Robinson et al., 2004; Yamamoto
et al.,, 2009; Yang et al., 2007). These are not relevant to this study,
and we focus on newly formed chromite grains that crystallized in the
uppermost mantle beneath MORs.

The hydrated component within chromite may be involved at an
early stage, as the dunite and chromitite forms at the expense of harz-
burgite, probably enhancing the (fluid-) melt-rock reaction, and is
likely to be responsible for the petrological and geochemical diversity
within the DTZ (Rospabé et al., 2017, 2018). Moreover, the vertical
evolution of the petrology and geochemistry in the Magsad DTZ
strongly correlates with the presence of fault zones, highlighting that
the DTZ dunites (and chromitites) formed by the interaction between
three main processes: (1) magmatism; (2) high temperature hydrother-
mal activity; and (3) faulting. This process of faulting, active over a
wide range of temperatures from magmatic to very low-grade meta-
morphic conditions (e.g., Abily et al.,, 2011; Zihlmann et al., 2018),
makes the hybridization of hydrothermal-derived fluids and mantle-
derived silicate melts possible (Rospabé, Benoit, et al., 2019; Rospabé,
Ceuleneer, et al., 2019). Hybridization may thus contribute to the for-
mation of a thicker DTZ beneath oceanic spreading centers.

In the early work on the Oman ophiolite, the thicker DTZ was
interpreted to be solely the result of more melt being delivered to the
spreading center by the partially melted mantle diapir. Primarily, thin

oceanic crust results from low degrees of partial melting of the

mantle, and thick oceanic crust from high degrees of partial melting. In
the Magsad area, however, while there is evidence of intense mag-
matic activity related to the paleo-diapir and the thick DTZ
(i.e. numerous mafic dikes and/or melt percolation features), there is
also more abundant evidence for hydrated magmatism (producing
orthopyroxene, amphibole, chromitites) at the top of the diapir (con-
trasting with the troctolitic cumulates that crystallized from a MORB
parent melt deeper in the mantle; Benoit et al, 1996; Clénet
et al.,, 2010; Rospabé et al., 2017). Potential explanations are that:
(1) a more developed mantle diapir better reheats the base of the cold
lithosphere, previously partially hydrothermally altered during alter-
nating magmatic and tectonic-hydrothermal cycles, and thus better
“recycles” or re-involves the fluid fractions with the newly produced
silicate melts; (2) an along-axis migration of the upwelling mantle
materials; or (3) a combination of both, during spatially and temporally
varying magmatic activity along the spreading center. In consequence
and according to field, structural and petrological/geochemical obser-
vations in the Oman ophiolite, a thick DTZ apparently resulted from
an abundant supply of both MORB and hydrothermal fluids. Thus the
thickness of the DTZ beneath oceanic ridges might be correlated to

the thickness of the overlying crust.

7 | REVIEW OF HYDROUS PARTIAL
MELTING IN A MOR SETTING

There is evidence of interactions between seawater, or seawater-
derived fluids, and the oceanic crust in present-day MOR settings,
triggering the hydrous partial melting of the already (partially or
completely) crystallized surrounding rocks (Benoit et al., 1999;
Nonnotte et al., 2005). At shallow levels, the introduction of seawater
is mainly responsible for the pervasive alteration of the MORB and
the underlying sheeted dike complex (SDC) (e.g., Alt et al., 1986). The
felsic intrusions (i.e., plagiogranites) at the transition between the SDC
and the gabbros, and within the upper gabbroic sequence, are attrib-
uted to the anatexis of the altered, hydrated mafic rocks by a new
magma pulse following an amagmatic, tectono-hydrothermal cycle
(e.g., France et al, 2009, 2013; Koepke et al, 2007; Wanless
et al., 2010; Zhang et al., 2017).

Deeper in the oceanic crust orthopyroxene and amphibole crys-
tals have been observed locally along olivine, plagioclase and clinopyr-
oxene grain boundaries in layered gabbros (Koepke et al., 2005). At
high temperatures (near 1000°C), this is explained by the water-rich
fluids propagating along grain boundaries and triggering hydrous,
incongruent partial melting of the primary minerals (Koepke
et al.,, 2005, 2014). This reaction is indeed accompanied by the crystal-
lization of both orthopyroxene and amphibole from the newly formed
water- and silica-rich melt fraction. Experimental work confirms the
plagiogranitic nature of the melt associated with such fluid-melt-rock
reactions (Wolff et al., 2013). Interestingly, the presence of discrete
amphibole and orthopyroxene crystals in present-day oceanic gabbros
has been observed in crust created at MORs with different spreading

rates; from slow spreading ridges, such as the Mid-Atlantic Ridge or
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the Southwest Indian Ridge, to the faster spreading East Pacific Rise
(Koepke et al., 2005).

It has been proposed that such seawater-derived fluids, triggering
the hydrous partial melting of surrounding rocks, can reach the upper-
most mantle in MOR settings. First observed in the MORB part of the
Oman ophiolite (Benoit et al., 1999), similar gabbronorite cumulates
have been identified along the Mid-Atlantic Ridge as the crystalliza-
tion product from an andesitic melt produced by hydrous melting of
the shallow mantle (Nonnotte et al., 2005). Their Nd isotopic composi-
tions are consistent with the parent melt originating from a depleted
N-MORB mantle source, while their Sr isotopes reflect seawater being
introduced throughout the magmatic evolution of the system during
partial melting and fractional crystallization.

To summarize, the hydrous partial melting of mafic and/or ultra-
mafic rocks beneath MORs occurs along what can be called a “meta-
morphic interface” between the downgoing hydrothermal front and
MORB uprising from partial melting of the deeper mantle (i.e., on-axis
melt lens in the case of the SDC-gabbro transition, e.g., Koepke
et al,, 2009).

8 | ROCKTYPES AND MOHO
REFLECTIONS

8.1 | Dunite

A “pure dunite,” mainly made of olivine and a few percent of chro-
mite, and thus devoid of melt migration features (e.g., plagioclase, clin-
opyroxene), would have a density similar to mantle peridotites, and
slightly higher than, and thus with a greater contrast to the density of
crustal gabbros. In this way, a thick dunite would produce strong and
sharp Moho reflections.

If there is: (1) a well-developed mantle diapir; and (2) stronger
involvement of the hydrated component in the fluid-melt-rock reac-
tion leading to the mantle harzburgite dunitization (Rospabé
et al., 2017), more magma will be produced, which will result in thicker

overlying crust and a thicker dunite.

8.2 | Troctolite in DTZ and wehrlite in gabbro
Where the DTZ includes melt migration features, interstitial minerals
(e.g., plagioclase, clinopyroxene, orthopyroxene, amphibole) between
olivine grains (e.g., Abily & Ceuleneer, 2013; Boudier & Nicolas, 1995;
Koga et al., 2001; Rospabé et al., 2017), such as in the Magsad area,
troctolite and/or wehrlite modal compositions are reached, which do
not have such a strong contrast to crustal gabbros. The Magsad DTZ
consists of lower “pure dunites” and upper “impregnated dunites”
(Rospabé, 2018; Rospabé, Benoit, et al., 2019). The density of a
strongly impregnated dunite will be intermediate between peridotites
and crustal gabbros, resulting in a gradual decrease in density across
the DTZ from the mantle to the crust, producing diffuse Moho
reflections.

The thickness of the impregnated DTZ could decrease due to the
compaction of the mush in off-axis areas (Benn et al, 1988;
Jousselin & Nicolas, 2000; Juteau et al., 1988). This compaction pro-
cess expels the interstitial material that will crystallize in the crust as
wehrlite intrusions upsection, sometimes causing the base of the crust
to become a hybrid between the partially crystallized gabbro and the
webhrlite (e.g., Juteau et al., 1988).

8.3 | Serpentinized peridotite

A thicker DTZ has the potential (i.e., the high abundance of olivine) to
allow a thicker serpentine-rich layer to develop as the result of the cir-
culation of significant amounts of low-temperature seawater and sub-
sequent serpentinization. This will have a big impact on the seismic
data (e.g., Minshull et al., 1998). The recent drilling of the Oman
ophiolite during the Oman Drilling Project (Kelemen et al., 2020),
recovered altered and extensively serpentinized dunite from the
mantle-derived DTZ. This has a higher permeability than the serpenti-
nized harzburgites from the mantle section (Katayama et al., 2020).
The difference is significant enough that it would be detected using
seismic instruments in present-day oceanic lithosphere as shown by
O'Reilly et al. (1996), but to date such high permeabilities have not
been measured in the oceanic mantle. In the model, we propose here
for fast-spreading ridges, the role of hydrothermal fluids is important
but as we invoke processes that take place at very high temperature,
above the stability of serpentine, serpentinization is not expected to

play a major role compared to dunitization.

9 | NEWHYPOTHESIS FOR THE MOHO
FORMATION

We present a new three-stage hypothesis to explain the formation of
the Moho beneath fast-spreading centers. (1) An accidental and sud-
den influx of hydrothermal water to the crust-mantle boundary trig-
gered by faulting results in the hydrous re-melting of depleted mantle
peridotite and, possibly, previously crystallized and altered gabbroic
rocks. (2) The formation of dunite at the crust-mantle boundary is
related to the destabilization of orthopyroxene induced by the
hydrous re-melting of depleted upper mantle peridotite, which is dra-
matically enhanced by the addition of water in the system, and the
reaction between the mantle peridotite and migrating MORB under-
saturated in pyroxene at low pressure. The development of this thick
dunite layer, analogous to those observed in ophiolites, may represent
the clearest and most reflective Moho. (3) The addition of melts (and
eventually cumulates) produced by hydrous melting of shallowest
mantle, the efficient extraction of melts from the mantle to the oce-
anic crust through permeable dunites, and the development of deep
crustal mafic/ultramafic cumulates increases the thickness of the oce-
anic crust. In addition, the formation of a DTZ could be enhanced at
the top of mantle diapirs, resulting in a thicker DTZ. Consequently,
dunites and a reflective Moho correlate with thicker crust.
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the basis for a revised 3D Penrose model. The crust-mantle boundary in the Oman ophiolite ranges from (a) thick dunite layers to (b) many mafic/
ultramafic intrusions within mantle harzburgite and the lower crust. The thick dunite layers will give strong Moho reflections, resulting in a clear
Moho, but many mafic/ultramafic intrusions will cause a gradual change in the acoustic impedance, resulting in weak or no Moho reflections. The
water depths tend to be shallower when the crust is thicker probably due to isostatic response. (a) A model to produce thick crust and thick
dunite layers. © indicates hydrous melting, @ decompression melting. Decompression melting of the upwelling mantle (@) is the major process
that produces MORB magmas and oceanic crust. In addition to this process, seawater could infiltrate into the shallowest mantle through normal
faults at the MOR. Incorporation of water into the mantle will lower the solidus and could trigger mantle melting (©), which otherwise cannot
occur, to produce primary andesite magmas (see (c)). (b) A model to produce thin crust and gabbroic intrusions at the crust-mantle boundary.
Decompression melting of upwelling mantle (@) is the major process. Red bars show a swarm of gabbroic intrusions within the uppermost mantle
harzburgite, which grade to crustal cumulates. Thus, the boundary between the lower crust and upper mantle is seismically gradational. A swarm
of wehrlite intrusions within the lower crustal gabbro could also make the seismically gradational boundary. (c) at low pressure and under hydrous
conditions, the liquidus field of olivine expands relative to that of enstatite, with the result that enstatite melts incongruently to produce primary

andesite magma and dunite

Figure 8 shows schematic diagrams that explain the relationship
between crustal thicknesses and the nature of the crust-mantle
boundaries. These diagrams provide the basis for a revised 3D Pen-
rose model. The crust-mantle boundaries in the Oman ophiolite range
from two endmember configurations: (1) a thick (a few hundred
meters) dunite layer with rare gabbroic sills; and (2) a swarm of gab-
broic sills or more generally mafic intrusions within mantle harzburgite
grading to crustal cumulates (cf. Akizawa et al., 2016; Rabinowicz &
Ceuleneer, 2005). The former will cause strong Moho reflections,
while the latter will induce gradual changes in the acoustic impedance,
which finally result in weak or no Moho reflections. The influx of sea-
water at MORs (Figure 8a) can thus produce the thick crust and thick

dunite layers at the same time.

Decompression melting of upwelling mantle, shown as @ in
Figure 8a,b, is the major process that results in the genesis of MORB
magmas and in the formation of oceanic crust. In addition to this pro-
cess, the infiltration of seawater into the shallowest mantle could be
enhanced by normal faults that are a common feature at MORs
(Figure 8a). The incorporation of water into the mantle rocks lowers
their solidus, making melting of the peridotite and primitive cumulates,
which are quite refractory and cannot usually melt in dry conditions,
possible. Hydrous melting of harzburgites produces magmas with the
composition of a depleted, high-Mg andesite or boninites (Figure 8c).

Boninites are found in many ophiolites, the on-land remnants of
the oceanic lithosphere (Ishiwatari, 2010). This should have led scien-

tists to investigate whether it is possible that boninite magmas can
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erupt in a MOR setting. Initially ophiolite complexes were thought
to have been created at MORs (e.g., Dewey & Bird, 1971). How-
ever, the presence of boninites pointed scientists in a different
direction. Miyashiro (1973) proposed that the Troodos ophiolitic
complex formed in an island arc. This was based on the presence of
tholeiitic and calc-alkalic series rocks in the Troodos ophiolite, as
found in volcanic arc lavas, whereas mid-ocean ridge lavas all
belong to the tholeiitic series. Pearce and Robinson (2010) summa-
rized the debate about the origins of the Troodos ophiolite com-
plex. They concluded that the Troodos ophiolite is comprised of
magmas from the boninitic and tholeiitic series, not tholeiitic and
calc-alkalic series as advocated by Miyashiro (1973), and that the
Troodos ophiolite formed in a subduction initiation or slab edge
setting rather than an island arc setting.

Boninites have not been found at MORs, or in crust generated at
MORs. We think the reason for this is the andesitic melts, which are
the outgrowth of dunites (Figure 8c), mix with much more dominant
basaltic melts extracted from the deeper parts of the melting column.
However, Benoit et al. (1999) shows that there are some rocks,
including cumulates, at MORs that appear to be the residuum of melts
that contain more silica and are much more depleted in incompatible
elements than MORB. We believe that these observations indirectly
suggest that boninites are produced beneath MORs and thus the
presence of boninites in the Troodos ophiolitic complex does not rule
out formation in a MOR setting and the idea that ophiolites can form
in MOR settings should rise from the dead.

In contrast, normal decompression melting results in thin crust
and mafic, mostly gabbroic intrusions at the crust-mantle boundary
(Figure 8b). In dry conditions, a melt resulting from 15% to 20% of
partial melting of a peridotite and multiply saturated with olivine,
spinel and both ortho- and clinopyroxene in the pressure range of
2.5-1.0 GPa has the composition of an olivine tholeiite. With increas-
ing pressure, the partial melt will become more Mg-rich and silica-
poor (e.g., Presnall et al., 1979; Stolper, 1980). MORBs are complex
mixtures of melt fractions whose compositions evolve continuously in
the melting column during the decompression melting process. This
is due to the combined effect of: (1) the evolution of the multiple
saturation points toward compositions richer in silica with decreasing
pressure; and (2) the progressive depletion of the source as partial
melting progresses (e.g., Grove et al., 1992). Although the andesitic
melts, which are the outgrowth of dunites (Figure 8c), would be mixed
with much more dominant basaltic melts extracted from the deeper
parts of the melting column (Figure 8a), there must be systematic and
significant differences between crustal materials where the Moho is
present and where it is absent.

Tamura et al. (2016, 2019) suggests that shallow melting of
hydrous mantle and primary andesite magma generation could be
responsible for continental crust formation in subduction zones. Such
mantle melting results in residual dunites and plays a role in producing
reflective boundaries in the oceanic crust (Figure 8a). Although the
mechanism for hydrating the mantle is quite different, the recipe for
mantle melting (Figure 8c) to form the continental crust and the

oceanic Moho is similar.
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Based on new seismic studies, we show that Moho reflections are
rare, not ubiquitous, features in the Pacific Plate. Below thick oceanic
crust the Moho reflections are strong, whereas below thin oceanic
crust they are weak or absent. These results are interpreted in the
light of recent petrological, geochemical and structural observations in
the Oman ophiolite. The crust-mantle boundaries in the Oman ophio-
lite range between two endmember configurations: (1) a thick dunite
layer with rare gabbroic sills; and (2) a swarm of gabbroic sills, or more
generally mafic intrusions, within mantle harzburgite grading into
crustal cumulates. The former will cause strong Moho reflections,
while the latter will induce gradual changes in acoustic impedance
resulting in weak or no Moho reflections. We suggest that thick crust
and thick dunite layers could be simultaneously generated by hydrous
melting of the upper mantle. We discuss the crust formation process
at MORs, and propose that faults, developing as the crust forms, can
enable seawater, that otherwise rarely penetrates that far, to reach
the mantle. This promotes mantle melting and results in thicker crust
and thick dunite layers. This new hypothesis explains the origin of the
Moho based on seismological and petrological observations, and could
be considered as a revised 3D Penrose model.

Direct drilling and sampling of the Moho is the best way to test
this hypothesis. However, it will require different types of oceanic
crust to be sampled to compare MORBs and understand the petro-
logic origins of the crust-mantle boundary in different MOR settings.
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