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1958
-1966 Project MoHole (USA）

1968
- 1983

Deep Sea Drilling Project, DSDP (USA）

Ocean Drilling Program, ODP (21 nations)

2003 Integrated Ocean Drilling Program, IODP
2005

1985 JOIDES Resolution operation

D/V Chikyu operation

1909 Discovery of Mohorovičić discontinuity
1915 Continental Drift by A. Wegener

2013 International Ocean Discovery Program, IODP

More then 50 years history of 
scientific ocean drilling since 
legacy programs stated in 
1960’s, IODP continues its 
exploration on global ocean.  

1985
- 2003

Provided by J-DESC
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Andrija Mohorovičić
モホロビチッチ

Seismic imaging of
Pacific lithosphere

Mohorovičić Discontinuity (Moho): Intense Seismic 
Reflection, which seismically defines the boundary 
between crust and mantle in the Earth
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Global map of Moho depth (from GOCE data, 2012)

Constant MOHO depth in the global ocean seems to be the
robust evidence for homogeneous cooling of the Earth

Crustal thickness = M
oho depth

Moho depths are quite similar among oceans in contrast to those in continents 
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The MoHole: Journey to the Earth’s Mantle
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Phase I (1957-1961) of Project Mohole

LIFE Magazine（http://www.life.com/image/101231681）
Project Mohole Meeting around a table aboard the vessel CUSS I off 
Guadalupe Island in the Pacific Ocean, 1961. 

Walter H. Munk proposed to drill toward the Mantle.
“What good will it do to get a single sample of the mantle?”

[MoHo + Hole = MoHole]
At Walter’s house on Nov.15, 2016 in his age of 98.

Walter has at least visited to CHIKYU on
board in 2016 in a very last moment of his
century life.
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Location map of a borehole drilled more than 100 m into the deep-
sea floor during the deep-sea drilling program from 1968 to 2020. 

2050SF

Michibayashi (2021, 地学雑誌)

Only a few tens basement drilling sites since 1960’s
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Various lithological models in ocean floor 
question why the Moho depth is so constant?

Michibayashi et al. (2019, Oceanography) after Dick et al. (2006)

Is the Moho the interface between :
magmatic crust & residual mantle ? (Model 1) 

magmatic rocks of different compositions ? (Model 2) 

serpentinized mantle & fresh mantle ? (Model 3) 

mantle + magmatic intrusions & mantle ? (Model 4) 

Problem unsolved!
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Oceanic lithosphere could be characterized by 
crustal thickness and wet conditions

Michibayashi et al. (2019, Oceanography)

Pacific Ocean

MAR
SW Indian Ridge
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How WET the ocean floor is？

Modified after Muller+(2008)

Each ocean floor has unique feature.
DRY OCEAN appears to be closing, WET OCEAN is slowly expanding?

Pacific Ocean

MAR
SW Indian Ridge
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CHIKYU is still waiting for a Mantle drilling project since 2005
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The deep mantle drilling proposal lead by Prof. Susumu Umino et al. (Japan 4, USA 1, UK 1 & France 1)
with 60 co-proponents (Japan 21, USA 19, UK 9, Canada 5, France 4, Germany 2)

The Mohole project has been updated to be 
M2M (MoHole to Mantle ) in 2012
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Selected regions for M2M have been proposed

Additional site surveys are still required
(partly scheduled or applying/waiting for funding)

Site Survey
Ohira et al. 
(2018, EPS)

Coming soon?
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Ohira et al. (2018, Earth, 
Planets and Space)

The MOHOLE site proposed in the Phase 2 of
the Mohole project (Side, 1966)

What a coincidence in the candidate site 
between Mohole (1966) and M2M (2012)!
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Fore-arc Mantle Drilling

Outer Rise Drilling (H-ODIN, BFS)

Godzilla Megamullion Drilling

ICDP Oman Drilling Project

The Road to the Mantle Drilling

2016-2018
Hard-rock analyses 

on D/V CHIKYU

Hard-rock shallow-depth Drilling

Pretty Hard Hard-rock Drilling

Deep water-depth Hard-rock Drilling

SloMo Hard-rock intermediate-depth Drilling

, CHIKYU
Off Hawaii Drilling Deep water-intermediate 

depth Hard-rock Drilling

Morishita et al. (2021)
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Oman Drilling Project: Background
The Samail Ophiolite, in Oman and the United Arab Emirates, is the 
largest, best-exposed section of oceanic lithosphere in the World.

lsample the whole ophiolite
sequence (crust and mantle)

lin a series of diamond- and 
rotary-drilled boreholes

lanalysis of rock core

lgeophysical logging

lfluid sampling

lhydrological measurements

lmicrobiological sampling

JGR special issue (2020-2022), Lithos special issue in progress!
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Oman Drilling Project (2016–2018)

To test Penrose model and water-rock interaction

Pacific Ocean

MAR
SW Indian Ridge
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Oceanic Crust

Uppermost mantle

Oman Drilling Project
CM Site (Crust-Mantle Boundary)

CM1CM2
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Oman Drilling Project (2016–2018)

Mantle could get wet, although ocean crust could be less wet (e.g., Yoshida+20)

Nicolas+(2000)
Kelemen+(2021)Kelemen+(2020) Michibayashi+(2018 AGU)

Katayama+(2021)

Olivine gabbro

Highly serpentinized dunite

Oman drilling cores are prety wet 
unlike the Penrose model
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Fore-arc Mantle Drilling

Outer Rise Drilling (H-ODIN, BFS)

Godzilla Megamullion Drilling

ICDP Oman Drilling Project

The Road to the Mantle Drilling

2016-2018
Hard-rock analyses 

on D/V CHIKYU

Hard-rock shallow-depth Drilling

Pretty Hard Hard-rock Drilling

Deep water-depth Hard-rock Drilling

SloMo Hard-rock intermediate-depth Drilling

, CHIKYU

Probing the Deep Earth via
hard-rock drilling has great
demand after more than 50
years since the end of the
Mohole project

Off Hawaii Drilling Deep water-intermediate 
depth Hard-rock Drilling

Morishita et al. (2021)



[Keynote2] Deep Earth: Katsuyoshi Michibayashi (Nagoya Univ., JAPAN) Mantle Drilling Projects: We still haven’t found what we are looking for

Godzilla Megamullion Project, Coming Soon!?
K. Michibayashi et al. / Earth and Planetary Science Letters 408 (2014) 16–23 17

Fig. 1. Bathymetric map showing the location of the Godzilla Megamullion (area outlined by the dashed white line in the right panel). The inactive segment S1 is marked by 
the black dashed line (Ohara et al., 2001). D6: dredge site KR03-01-D6; D10: dredge site KR03-01-D10; D18: dredge site KH07-02-D18. The spreading rate of 2.54 cm/yr is 
estimated for the entire Godzilla Megamullion (Tani et al., 2011).

collected from the Godzilla Megamullion, Parece Vela Rift, Philip-
pine Sea (e.g., Ohara et al., 2001). Although the role of the de-
tachment shear zone is significant for the development of asym-
metric spreading (e.g., Tucholke et al., 1998; Karson et al., 2006;
Escartin et al., 2008), it is not yet obvious how such detachment 
shear zones occur. Besides, deep sea-floor geology such as the 
Godzilla Megamullion in this study is commonly based on a long 
period of sampling of rock fragments exposed on the deep-sea 
floor, entrained by dredging or sampling by submersible dives (e.g., 
Harigane et al., 2008, 2010, 2011a, 2011b; Loocke et al., 2013;
Sanfilippo et al., 2013). Therefore, as geological structures be-
low the deep-sea floor cannot be directly observed, theoretical 
approaches are alternatively required to understand the develop-
ment of the detachment shear zones (e.g., Mehl and Hirth, 2008;
Hansen et al., 2013).

We show that plagioclase-dominated shear zones in the lower 
oceanic crust act to maintain networks of multiple narrower bands 
of localized shear zones (1 to ∼100 m thick) within a few-
hundred-meters-thick detachment shear zone during asymmetric 
spreading. This mechanism provides a significant contribution to 
enable continuing the detachment shear zone and the formation 
of large-scale megamullions such as the Godzilla Megamullion in 
the lower oceanic crust.

2. The Godzilla Megamullion

Most of the known megamullions have been identified along 
the Mid-Atlantic Ridge (e.g., Dick, 1989; Karson, 1990; Dick et al., 
1991; Tucholke and Lin, 1994; Cann et al., 1997; Blackman et 
al., 1998; Tucholke et al., 1996, 1998, 2001). Megamullions typ-
ically occur close to the intersection of a transform fault and a 
spreading ridge, and are characterized by corrugations on domal 

surface oriented parallel to the spreading direction, a high man-
tle Bouguer anomaly, and exposed lower-crust and mantle mate-
rial (e.g., Blackman et al., 1998; Tucholke et al., 1998). By anal-
ogy to continental metamorphic core complexes, megamullions 
are commonly interpreted as oceanic core complexes, represent-
ing the exhumed footwalls of oceanic detachment faults (Tucholke 
et al., 1998). However, the exact way in which detachment fault-
ing results in these areas of anomalously high bathymetry remains 
contentious (e.g., Tucholke et al., 1998; Escartin et al., 2003; Dick 
et al., 2000, 2008; Ildefonse et al., 2007; Blackman et al., 2011;
Hansen et al., 2013).

An extremely large megamullion in the Parece Vela Rift of the 
central Parece Vela Basin, Philippine Sea, is located on the south-
west flank of the inactive S1 spreading segment (Fig. 1; Ohara 
et al., 2001). Topographic corrugations oriented perpendicular to 
the S1 spreading segment are clearly visible across the surface 
of the complex, which extends 55 km along and 125 km per-
pendicular to the axis of spreading, and covers an area about 10 
times larger than that of the megamullions located along the Mid-
Atlantic Ridge (Fig. 1; Ohara et al., 2001). In appreciation of its re-
markable size, Ohara et al. (2003) named this feature the Godzilla 
Megamullion. Despite the enormous size of the Godzilla Megamul-
lion, all the gabbroic rocks sampled were similarly deformed at 
temperatures of 650–850 ◦C, but experienced varying degrees of 
hydrothermal activity in the lower crust while being exhumed at 
the Parece Vela Rift (Harigane et al., 2008, 2010, 2011a, 2011b; 
Harigane, 2009). Nonetheless, the localized nature of deformation 
over a horizontal distance of 125 km allows us to investigate the 
processes responsible for the formation of the Godzilla Megamul-
lion.

In this study, we apply plagioclase flow laws to the deformed 
gabbroic rocks in the Godzilla Megamullion (Fig. 1). This approach 

This project may be the first Mantle Drilling Project

PI: Yashiko OHARA
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Hard-rock Drilling Science is the link between
ocean floor science (geology) and seismology

Not accessible

106 m10510410310210110010-110-210-3

1km1m1mm
SeismologyOcean Floor Science (Geology)

1000km

Mantle Drilling (M2M)
Hard-rock Drilling Science

PC

Hard-rock 
Drilling

Sea floor OBS
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Moreover, Mantle Drilling is not only for Earth 
Science, but it must also be for Planetary Science
Earth history ＝ Cooling history of a planet in the Solar System

ContinentArc

（Rock）
（Metal）

Outer Core
Inner Core

Lower Mantle

Meteorite
Asteroid 

Belt
(Bennu）
(Ryugu)

Upper Mantle

Oceanic crust

Formation of 
the Earth

The presentFormation of 
the Solar system

Ocean

Global cycle

Mantle Drilling

Melt！
Altered Mantle 

material

How far can we understand the evolution of this planet without mantle drilling?



[Keynote2] Deep Earth: Katsuyoshi Michibayashi (Nagoya Univ., JAPAN) Mantle Drilling Projects: We still haven’t found what we are looking for



[Keynote2] Deep Earth: Katsuyoshi Michibayashi (Nagoya Univ., JAPAN) Mantle Drilling Projects: We still haven’t found what we are looking for

EXP352

Fore Arc M2M Project
toward the deepest ocean

After Ishizuka et al. (2011)
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Fore Arc M2M will drill into mantle from sea floor 
at 6000 mbsl instead of 6000 m of oceanic crust!

We hope to submit a full proposal of Fore Arc M2M in a few years


