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Abstract. The architecture, formation, and modification of oceanic plates are fundamental to our understand-
ing of key geologic processes of the Earth. Geophysical surveys were conducted around a site near the Hawaiian
Islands (northeastern Hawaiian North Arch region; Hawaiian North Arch hereafter), which is one of three po-
tential sites for an International Ocean Discovery Program mantle drilling proposal for the Pacific plate that
was submitted in 2012. The Hawaiian North Arch site is located in 78—81 Ma Cretaceous crust, which had an
estimated full spreading rate of 7-8 cmyr~!. This site fills a major gap in our understanding of oceanic crust.
Previously drilling has been skewed to young or older crust (< 15 or > 110Ma) and slow-spread crust. P-wave
velocity structure in the uppermost mantle of the Hawaiian North Arch shows a strong azimuthal anisotropy,
whereas Moho reflections below the basement are variable: strong and continuous, weak, diffuse, or unclear.
We assume that the strength of the Moho reflection is related to the aging of the oceanic plate. The Hawaiian
volcanic chain (200 km to the southwest of the proposed drill site) and the nearby North Arch magmatism on the
proposed Hawaiian North Arch sites might also have affected recognition of the Moho via deformation and/or
magma intrusion into the lower crust of the uppermost mantle. This workshop report describes scientific targets
for 2 km deep-ocean drilling in the Hawaiian North Arch region in order to provide information about the lower
crust from unrecovered age and spreading rate gaps from previous ocean drillings. Other scientific objectives to
be achieved by drilling cores before reaching the target depth of the project are also described in this report.

Published by Copernicus Publications on behalf of the IODP and the ICDP.

suoday doysMJopn



48 T. Morishita et al.: Workshop report on hard-rock drilling into the Hawaiian North Arch

1 Introduction

The architecture of oceanic plates is the fundamental ques-
tion for understanding why plate tectonics has occurred on
the present Earth. Subsequent to crustal accretion and prior
to obduction, a broad array of processes leads to the mod-
ification of oceanic crust including tectonic overprint dur-
ing ridge-to-trench seafloor spreading, chemical mass trans-
fer and mineral modifications during low-temperature hy-
drothermal alteration and weathering, and biological activ-
ity. The nature of oceanic plates prior to subduction is key to
describing and quantifying water and carbon fluxes into the
deep Earth. The study of ophiolites, interpreted to represent
obducted oceanic plate, has provided variable lines of infor-
mation on the architecture of oceanic plates. However, the
timing of mineralogical, chemical, physical, and biological
processes during the aging of oceanic lithosphere exposed in
ophiolites is often poorly constrained. Drilling is, therefore,
still the only way to recover stratigraphically controlled sam-
ples of reasonable depth directly from the ocean floor.

Despite over 50 years of scientific ocean drilling, from the
Deep Sea Drilling Project (DSDP, 1968-1983), the Ocean
Drilling Program (ODP, 1985-2003), the Integrated Ocean
Drilling Program (IODP, 2003-2013) to the International
Ocean Discovery Program (IODP, 2013—present), only 18
holes have been drilled into more than 200 m of hard rocks of
oceanic plates formed at the mid-ocean ridge (Michibayashi
et al., 2019). Only one hole, Hole 1256D, was successfully
drilled into the intact uppermost gabbro after the penetration
of basalts and sheeted dikes (Wilson et al., 2006; Fig. 1).

Chikyu is the first riser drilling-equipped scientific re-
search vessel, which is capable of drilling deep enough to
reach the mantle. An IODP mantle drilling proposal for the
Pacific plate was submitted in 2012 (Umino et al., 2013).
The Pacific Moho to Mantle drilling project, abbreviated as
M2M, is aimed at obtaining the most pristine material so that
it can serve as a reference for the less-altered oceanic plate.
Because the mantle drilling will produce the deepest hole in
the ocean floor, we can also address many other fundamen-
tal and diverse questions such as the nature of the Moho, the
construction of the lower crust, and the limits of life. Thus,
the M2M helps understand the life of the oceanic plate in
novel and exciting ways.

Sites for the mantle drilling were selected by both sci-
entific requirements and by technological constraints. First,
the temperature of the Moho at the site must be below
250 and 150°C to safely drill and log, respectively. A lo-
cation in a young hot plate is, therefore, not suitable for
mantle drilling. Another major restriction is water depth,
which should be shallower than circa 4000 m below sea level
(mb.s.l. hereafter), because the anticipated maximum total
length of the Chikyu riser system is 11 000 m (4000 m water
depth + 7000 m penetration to the Moho in normal oceanic
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crust). Therefore, most of the oceanic plate in the Pacific
Ocean is too deep for mantle drilling.

Considering these constraints, three candidate drill sites
have been suggested: off the coast of Hawaii (off-Hawaii
hereafter), off the coast of Mexico (off-Mexico hereafter),
and the Cocos plate (Umino et al., 2013; Fig. 2). The Cocos
plate region, which includes ODP Site 1256, is advantageous
as the shallowest water depth among the candidate regions,
but this crust is higher than the temperature at which log-
ging tools can be used properly. At the off-Mexico site, 20 to
30Ma crust is likely low in temperature at the depth of the
Moho, but there are no reasonable seismic data sets to eval-
uate the characteristics of the Moho. The Hawaiian North
Arch region is a unique site of lithospheric flexure surround-
ing the Hawaiian Islands (Bianco et al., 2005) that elevates
the seafloor to shallow enough depths for access by Chikyu.
The water depth in the northeastern Hawaiian North Arch
(Hawaiian North Arch region hereafter) is around 4200 m
(Ohira et al., 2018): ~ 1500 m shallower compared with
the average depth of 5500 m for a normal 80Ma seafloor
(McKenzie et al., 2005). Beyond the advantages and disad-
vantages of each site, we must obtain a clear seismic im-
age of the Moho for the final site selection of the mantle
drilling project. As shown below, a geophysical survey was
conducted around the Hawaiian North Arch region, and new
results on the diversity of the nature of the oceanic plate were
reported (Ohira et al., 2018).

A workshop on developing a proposal for ocean drilling
in the Hawaiian North Arch region was held in Kanazawa,
Japan, on 6-7 November 2018. The goals of this workshop
were (1) to share information about the Hawaiian North Arch
region and other proposed hard-rock drilling sites that would
use Chikyu, (2) to identify major scientific objectives for
ocean drilling into the northeastern Hawaiian North Arch,
and (3) to evaluate possible drilling sites; 37 researchers and
students participated in this workshop.

2 The Hawaiian North Arch region

2.1 Recent geophysical survey results

In order to investigate the detailed seismic structure of the
crust and the uppermost mantle at the off-Hawaii site, the
Japan Agency for Marine-Earth Science and Technology
(JAMSTEC) and the University of Hawai‘i conducted a 2-
D marine seismic survey (an active-source refraction and
reflection survey) in the central Pacific Ocean north of the
Hawaiian Islands from August to November 2017 (Fig. 3).
Multi-channel seismic (MCS) reflection data were acquired
with a 444-channel, 6000 m long streamer cable with a
12.5m interval between hydrophones, towed at a depth of
12 m. For the acquisition of the wide-angle seismic data, five
ocean bottom seismographs (OBSs) were deployed by the
R/V Marcus G. Langseth and recovered by the R/V Kilo
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Figure 1. Ocean drill holes deeper than 50 m into the oceanic basement plotted against (a) the basement age and (b) categorized on the basis
of spreading rate that formed the basement crust. World average age and spreading rate are based on the 3.6 min grid data from the Earth

Byte age grid (Miiller et al., 2008).
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Figure 2. Bathymetric map of the Pacific Ocean showing candidate
sites for the Moho to Mantle (M2M) drilling proposal.

Moana. Tuned airgun arrays (volume 7800 cubic inches)
were fired by the R/V Kairei at intervals of 50 m along the
EW, NS2, NS5 lines and at intervals of 50 and 200 m along
the NS1 line. The total length of survey lines is 1150 km.
The preliminary results of MCS profiles and P-wave
velocity structure using OBSs were reported by Ohira et
al. (2018). Their results show typical oceanic crustal struc-
ture of oceanic crust from the Hawaiian Arch to the ocean
basin. The P-wave velocity structure in the uppermost man-
tle shows strong azimuthal anisotropy. To image the detailed
reflection structure, we applied the prestack migration tech-
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nique using the initial velocity of the P-wave velocity struc-
ture by Ohira et al. (2018) for MCS data. The reflections
from the Moho are characterized by images of a sharp, flat,
continuous, and large amplitude (Fig. 4). The clear refrac-
tion phase from the boundary with an apparent velocity of
more than 8kms~! is also observed in record sections of
the OBSs (Ohira et al., 2018). Moho reflections from about
every 2s in two-way travel time below the basement are lo-
cally strong and continuous as expected for “normal” oceanic
plate, whereas weak, diffuse, or no Moho reflections were
observed in other parts of the seismic profile. The appear-
ance of spatially variable Moho reflections is hereafter called
Moho diversity. In order to recognize the spatial crustal char-
acteristics for the drilling proposal, we focus on the 3-D im-
age around the OBSs. Although the OBSs were sparsely ar-
ranged, many reflectors from the upper crust to the upper
mantle are identified around the crossing point of survey lines
(Figs. 5 and 6). It is important to obtain high-resolution ve-
locity information in order to evaluate the Moho reflection
for the drilling proposal.

2.2 Significance of drilling into the Pacific crust on the
Hawaiian North Arch

Although seismic observations provide information of the ar-
chitecture of the in situ oceanic crust, direct geological infor-
mation of deeper portions of tectonically undisturbed normal
oceanic crust can only be obtained by deep-ocean drilling. A
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Figure 3. Map showing the seismic survey lines (black) northeast off the Hawaiian Islands. Yellow circles indicate the location of ocean
bottom seismographs (OBSs). Thin white lines indicate seafloor age (Ma) from Miiller et al. (2008). The black dashed line indicates the axis
of the Hawaiian Arch (e.g., Ballmer et al., 2011; Holcomb and Robinson, 2004). The North Arch Volcanic Field, indicated by gray shading,
is characterized by strong acoustic reflectivity (Clague et al., 1990, 2002; Normark et al., 1989).
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Figure 4. (a) Detailed bathymetry image along the EW line. Pink boxes show the location of Figs. 3 and 4. (b) Prestack time-migrated

section of the EW line.

long-standing question is the nature of the seismic Layer 2—
3 transition. Only Hole 504B penetrated through the Layer
2-3 transition within the sheeted dike complex, which ap-
pears to be controlled by alteration mineralogy or a change
in porosity (Detrick et al., 1994; Alt et al., 1996). To test
whether this Layer 2-3 transition is typical and true for crust
spread at faster rates, Hole 1256D was aimed to drill into the
15Ma crust, created by spreading at 22cmyr~!. Although
the hole ultimately reached the gabbro below the sheeted
dikes, seismic data suggest the Layer 2-3 transition has not
been reached yet (Teagle et al., 2006). Besides these two,
only limited numbers of holes have been drilled more than
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a few hundred meters into the basement of normal oceanic
crust (Fig. 1; Michibayashi et al., 2019).

Oceanic drillings deeper than 50 m into mid-oceanic base-
ment were skewed to young (< 15Ma) or slow-spread crust
(Fig. 1), with a wide gap of crust age between 20 and 110 Ma,
including the world average age of 62.5Ma and spread-
ing rate of 7.6cmyr~! (Fig. 1). For example, deep base-
ment drillings (Holes 504B and 1256D) were conducted in
young crust (< 15Ma). Among the three candidate sites of
M2M, only the off-Hawaii site can provide information about
oceanic crust within the gap regarding age and spreading
rate. Deep drilling at the off-Hawaii site, penetrating through
the upper crust and into the gabbros, will enhance our un-
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Figure 5. Three-dimensional view from the southwest to the northeast around the OBS1. (a) Prestack time-migrated section. (b) Reflector

interpretation. M denotes the Moho reflection.

(b)

Figure 6. Three-dimensional view from the southwest to the northeast around the OBS2. (a) Prestack time-migrated section. (b) Reflector

interpretation. M denotes the Moho reflection.

derstanding of the nature of the Layer 2-3 transition and the
magmatic accretion and hydrothermal cooling at depth.

2.3 North Arch volcanism and its effects on
modifications of the oceanic plate

The North Arch Volcanic Field covers ~ 24000km? of
ocean floor (Fig. 3). The volume and age of North Arch vol-
canism is poorly constrained, but they are estimated to be
103km? and 0.5-1.5Ma (Clague et al., 2002). The calcu-
lated eruption rates are ~ 1 km3 kyr~! corresponding with
~ 1%-2 % of the Kilauea eruption rate during peak times
of eruption. The geochemistry of the lavas is highly alkaline
basalts (Dixon and Clague, 2001). Due to the timing of erup-
tions, eruption rate, and chemistry, the North Arch volcan-
ism is compared with the rejuvenated stage volcanic activity
in the axial Hawaiian volcanic chain, which occurs after the
shield until the post-shield stage (Garcia et al., 2010). Source
mantle chemistry of the North Arch basalts is thought to con-
nect them to the Hawaiian plume (Dixon and Clague, 2001;
Garcia et al., 2010; Kimura et al., 2006). Estimated equi-
librium melting pressure of the North Arch magmas corre-
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sponds with the lithosphere—asthenosphere boundary at 70—
80km (Li et al., 2004). Although the original seismic struc-
ture of the uppermost mantle is unaffected by the North Arch
volcanism, crustal P-wave velocity (Vp) beneath the North
Arch, which is slower than for the undeformed Pacific plate
by 0.2-0.3 km s, is ascribed to the presence of open cracks
in the upper crust by extensional stress on the flexured North
Arch lithosphere (Ohira et al., 2018).

3 Workshop outcomes

The unusually shallow seafloor allows Chikyu to access the
lower oceanic crust and mantle in 80 Ma seafloor. Drilling
the off-Hawaii region is appealing based on two important
geological features: (1) to date no lower crustal materials
from the 80 Ma Pacific plate have been sampled (Fig. 1), and
(2) unusual Moho diversity is observed in the Pacific plate
(Figs. 4, 5, and 6). The workshop briefly summarized the pre-
vious hard-rock drilling results and considered what should
be addressed by a new drilling project in the Hawaiian North
Arch regions. The target depth of the drilling should exceed

Sci. Dril., 26, 47-58, 2019
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the seismic Layer 2 and Layer 3 boundary, in order to acquire
a complete section of intact lower crust from the 80 Ma Pa-
cific plate. In order to understand the nature of the oceanic
plate, it is essential to observe and describe the conditions
for the boundary and transition between seismic Layer 2 and
Layer 3 by drilling. We also discussed the scientific objec-
tives that can be achieved by drilling cores before reaching
the target depth of the project.

3.1 Lessons from previous drilling efforts
3.1.1  Formation of the oceanic crust

Seismic observations along the Galapagos Spreading Cen-
ter (GSC) show thickening on-axis and thinning total extru-
sive rocks with axial magma chamber (AMC) depth, indi-
cating that axial valleys, which are formed by dike intrusions
and/or fault displacement, develop to trap thick on-axis flows
with a deepening AMC and a decreasing magma supply rate
(Fig. 7; Blacic et al., 2004). For the GSC spreading rate of
4.5-5.5cmyr~!, more than 50 % of flows in the axial valleys
are pillows (Fig. 8; Ayadi et al., 1998; Bonatti and Harrison,
1988; Meyer and White, 2007; Tominaga et al., 2009; Tom-
inaga and Umino, 2010; Susumu Umino, unpublished data,
2019). Consequently, the GSC is underlain by less dense pil-
lows interbedded with fault breccias, which decreases the av-
erage density of the extrusive section with the development
of an “apparent” level of neutral buoyancy (LNB; Rubin,
1990, 1995). The accumulated stress on the upper crust is re-
laxed by fault displacement in the uppermost extrusive rocks
and by dike intrusions emplaced in the level of neutral buoy-
ancy, which leads to the development of a rugged summit
and axial troughs. This density structure of the upper crust is
essentially the same as that of the ODP 504B crust (Dick et
al., 1992; Fig. 9a).

In contrast, isostasy-dominated fast-spreading East Pacific
Rise (EPR) extends solely by dike intrusions. Total extru-
sive thickness decreases with AMC depth, whereas on-axis
flow thickness remains constant (Fig. 7; Hooft, 1996; Hooft
et al., 1997). This indicates the absence of axial troughs even
at a minimum magma budget, and the upper crust extends
by dike intrusions without fault development. This is facil-
itated by the presence of dense extrusive rocks comprising
more than 80 % sheet flows, considering the spreading rates
of 11-14 cmyr~! (Fig. 8). This crust architecture is primarily
the same as that of the ODP 1256D crust. As is expected for
the ultrafast spreading rate of 22 cmyr~! at Site 1256D, the
extrusive rocks are dominantly of massive and lobate sheet
flows, which are as dense as the extruding magma (Teagle
et al., 2006). This results in the upper crust being without
an apparent LNB and the persistently over-pressurized ax-
ial magma chamber (Fig. 9b; Umino et al., 2008). Only a
small increase in magmatic pressure or reduction in horizon-
tal stress leads to dike intrusions followed by eruptions, and
so the upper crust extends solely by dike intrusions.
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Figure 7. Extrusive thickness plotted against the AMC depth for
the present Galapagos Spreading Center and the East Pacific Rise
(EPR) segments and the 15Ma 1256D crust. Solid and open sym-
bols are data based on total and on-axis extrusive thicknesses. Data
sources are Hooft et al. (1997; SEPR, NEPR), Blacic et al. (2004;
GSC), Tominaga et al. (2009; Hole 1256D), and Tominaga and
Umino (2010; Hole 1256D).

These observations suggest that magma-starved upper
crust will have less dense extrusive layers than magma under-
lain by a thicker-sheeted dike complex, whereas a magmati-
cally robust upper crust has dense extrusive layers compara-
ble to the magma underlain by a thin-sheeted dike complex.
These two types of upper-crust architecture result from the
interplay of magmatic accretion and tectonic deformation,
which determines the bulk density of extrusive layers and
axial topography. Spreading rate dependency of axial flow
morphology and ridge topography suggests that high-density
crust is formed on the ridge axis spreading at > 10cmyr~!
with sheet flows covering more than 70 % of the smooth ridge
axes, whereas low-density crust is formed on the ridge axis
spreading at < 7cmyr~! and is dominantly created by pil-
low flows with deeper axial troughs (Fig. 8). However, it is
not clear whether the two types of upper-crust architecture
gradually change from one type to the other or if there is
any critical threshold that distinguishes two distinct types of
upper crust. Upper crust created by spreading at an interval
between 7 and 10cm yr‘1 is, therefore, key to understand-
ing the governing factors of the upper-crust architecture. The
Hawaiian North Arch site on the 78-81 Ma Cretaceous crust
with an estimated full spreading rate of 7-8 cm yr~! will pro-
vide a missing link that connects the two crust architectures
and brings a more thorough understanding of seafloor spread-
ing.
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Figure 8. Spreading rate dependency of flow morphology of the
mid-ocean ridges. Open, gray, and black symbols represent on-axis,
ridge slope, and all data from on-axis to off-axis. Note that the
spreading rate dependency of flow morphology stands only for on-
axis flows. Even if the spreading rate exceeds 10cm yr_l, steep
ridge slopes are overwhelmingly covered with elongate pillows.
This is because flow morphology of basalt lava extruded at a low
rate is mainly determined by the basement slopes and changes from
lobate lobes (~ 0°) through elongate, flattened pahoehoe-like lobes
(< 7°) to elongate pillows (> 10°; Umino et al., 2000, 2002). The
data sources are Ayadi et al. (1998), Bonatti and Harrison (1988),
Meyer and White (2007), Tominaga et al. (2009), and Susumu
Umino, unpublished data, 2019.

3.1.2 Hydrothermal alteration of the oceanic crust

Hydrothermal circulation is a pivotal process in the trans-
fer of heat and mass in ridge crest and ridge flank envi-
ronments and provides the nutrients and energy for (sub-
)seafloor life. Much of our knowledge about hydrothermal
circulation is based on geophysical, mineralogical, chemical,
and isotopic studies at or near spreading centers and ophi-
olites. In ophiolites, however, it is not always possible to
differentiate between distinct hydrothermal events and pro-
cesses prior to obduction. Except for two holes in the Pacific,
504B and 1256D, intact lower oceanic crust has not been
sampled. The alteration patterns in both holes are broadly
similar with low temperature phases in the volcanic section
to (sub-)greenschist facies phases in the sheeted dikes (Tea-
gle et al., 2006; Alt et al., 2010). The dike—gabbro transition,
which was only sampled at 1256D, shows multistage alter-
ation patterns from early amphibolite facies alteration and
granulite facies overprint to subsequent alteration at (sub-
)greenschist facies conditions (Alt et al., 2010; Harris et al.,
2017).
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While Holes 504B and 1256D have provided a wealth
of information about hydrothermal processes in relatively
young oceanic crust, it is evident from heat flow measure-
ments that fluid percolation continues to 65+ 10 Ma (Stein
and Stein, 1994). Heat transported by fluid flow in oceanic
crust decreases with age, and it has been suggested that this
is due to the clogging of pore space and decreased perme-
ability (Stein and Stein, 1994). The volume of water circu-
lating through ridge flanks and the aging oceanic crust (1—
65 Ma) may be as high as 2 x 10'° kg yr~!, which is orders of
magnitude higher than water circulation through ridge crest
hydrothermal systems (e.g., Schultz and Elderfield, 1997).
Beyond 65 Ma predicted and measured heat flow converge,
but fluid—rock interaction may still continue. As a result,
the oceanic basement rock may undergo prolonged oxidation
(e.g., Klein et al., 2017), mineral dissolution, and precipita-
tion, as well as chemical and isotopic changes, though it is
largely isolated from the water column by sediments. While
the dissolution and precipitation of minerals control porosity
with important consequences for fluid flow, heat and mass
transfer, and life (see below), we have been unable to assess
these processes in aged intact oceanic crust due the lack of
samples specifically from below the volcanic section.

3.2 Moho diversity in the Pacific plate

Aging of lithosphere is the cause of the diversity of the Moho
in the Pacific plate (Ohira et al., 2018). The Moho reflection
is weak in magma-starved segments and becomes obscured
by deep crustal intrusions and by hydration and deforma-
tion of the lithosphere. Correlation of magma geochemistry,
alteration, stress conditions, and seismic structures investi-
gated by drilling enables us to understand the relationship
between the Moho diversity and the aging of oceanic litho-
sphere, as well as by comparing these results with data for
younger crust at Sites 504 and 1256 and older crust at Site
801.

P-wave velocity in the uppermost mantle obtained from
the forward analyses in the seismic lines of Fig. 3 is 8.50-
8.65 and 7.9-8.0km s~ ! across and along the paleo-ridge di-
rection, respectively (Fig. 9 of Ohira et al., 2018), which is
common for the lithospheric upper mantle produced at fast-
spreading ridges. This suggests that the uppermost mantle
preserves its original structure formed at the ridge. The seis-
mic cross section shows a reduction of crustal P-wave ve-
locity from the un-deformed Pacific plate of ~7.0kms~! to
the deformed North Arch with a Vp of ~ 6.7kms™! (Fig. 9
of Ohira et al., 2018). However, shallow faults found in the
Layer 1 sediment do not differ much between the two areas.
Further, the intra-crustal and Moho reflectors are consider-
ably heterogeneous over these areas, and differences between
the two areas are obscure (Ohira et al., 2018).

The North Arch magmatism also potentially modified the
original architecture of the Pacific plate. The temperature of
an 80Ma oceanic crust is low (100-200°C; McKenzie et
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Figure 9. Estimated lithostatic-magmastatic pressure variations for Sites (a) 504B and (b) 1256D when they were at the ridge axis. (a) Us-
ing the lithodensity logs obtained during Leg 111, density structures of the upper crust were estimated by integrating all density data
> 2000 kg m~3 with depth, assuming water depth at the ridge axis of 3000 m, identical to that of the present Costa Rica Rift. The up-
permost 50 m thick flows were emplaced out of the neovolcanic zone (Ayadi et al., 1998), and so they were eliminated from the lithostatic
pressure estimate. Hole 504B lavas and dikes are nearly aphyric, relatively primitive (Mg# (100 x Mg/[Mg + Fe]) 68 %—56 %, MgO 8 %—
9.5 %, FeO* (total Fe as FeO) 8 %—10.5 %), and are among the most depleted end-members of NMORB (Dick et al., 1992; Umino, 2003).
Magma density was estimated using the program adiabat_1ph (Smith and Asimow, 2005) run in MELTS (Ghiorso and Sack, 1995) mode
for representative primitive and differentiated compositions at an appropriate AMC depth up to the surface and at liquidus temperatures. The
lower crust gabbro is presumed to be close to the bottom of the hole at 1526 m below seafloor; however, it is yet to be reached. Consequently,
the AMC beneath the ridge axis is assumed to be at 1060 m in depth. Oxygen fugacity was assumed to be 2 log10 units below the quartz—
fayalite—magnetite buffer (Christie et al., 1986). (b) Hole 1256D was penetrated through a 15 Ma ultrafast-spread (22 cm yrfl) crust formed
at the East Pacific Rise. Assuming the water depth at ridge axis of 2600 m, the densities of magmas at the AMC pressures of 53.7 MPa are
estimated as 2698 and 2703 kg m~3 for primitive (FeO* 8.39 %) and differentiated (FeO* 10.2 wt %) magmas, respectively. Please refer to
Umino et al. (2008) for more detail.

al., 2005). Therefore, the magma chambers that developed in kali basalts (Kimura et al., 2006). Basalt feeder dikes are

such cold oceanic crust are unlikely to be long-lived tholeiitic likely present within the Layer 3 gabbro. Such alkali basalt
shallow systems like Kilauea (Poland et al., 2014), but rather, dikes appear to provide little thermal and chemical overprints
they are likely deep-seated chambers near the lithosphere— of the surrounding crust. All those assumptions can be tested
asthenosphere boundary, as estimated by the post-shield al- by drilling because of the contrasting compositions of the

Sci. Dril., 26, 47-58, 2019 www.sci-dril.net/26/47/2019/



T. Morishita et al.: Workshop report on hard-rock drilling into the Hawaiian North Arch 55

~ 80 Myr old mid-ocean ridge-type Pacific plate basalts and
the ~ 0.5-1.5 Myr old alkaline North Arch basalts.

3.3 Deep biosphere in relatively old oceanic crust

The relatively old oceanic plate results in temperatures of
< 150°C even at the Moho depths, which is close to the
upper temperature limit of life. Thus, the potential drilling
sites are intriguing targets for studying a deep subseafloor
biosphere in aged, hydrothermally overprinted igneous rocks
of the lower crust.

In contrast to sedimentary rocks, crystalline igneous rocks
are generally low in organic carbon and porosity, thus pro-
viding extremely low nutrient and energy supplies. How-
ever, microorganisms are possibly transported and migrate
to fractures and interconnected pores. Compared to sedimen-
tary rocks, the habitability of igneous rocks and their altered
equivalents in the lower oceanic crust remain poorly under-
stood and limited to slow-spreading ridges (Mason et al.,
2010). Exploration of the deep subseafloor biosphere from
the lower crust of intermediate-to-fast-spreading oceanic
plates will provide a unique opportunity to investigate the
diversity and survival strategies of microbial ecosystems in
rocks that make up the majority of the Pacific seafloor.

3.4 Nature of the North Arch volcano

No primitive basalt was found from the North Arch area,
suggesting either primitive basalts are undiscovered beneath
sedimentary cover or efficiently differentiated (Dixon and
Clague, 2001; Garcia et al., 2010). The presence of cracks
in the upper crust on the flexured North Arch lithosphere
reduces the bulk density of the upper crust, leading to the
presence of apparent LNB in the mid-crust, where magma
is trapped, fractionates crystals, and interacts with the wall
rocks. Fundamental issues are if there is any primitive basalt
hidden beneath differentiated lavas on the surface, how any
mid-crustal magma chambers formed associated with the
flexure, and to what extent and how the lithosphere is geo-
chemically altered and structurally disturbed by the North
Arch volcanism. Assimilation of Layer 2-3 (basalt—gabbro)
characteristics by the North Arch basalts can also be explored
by geochemical signatures, such as lower O, Sr, and Pb iso-
topes. Those can also be tested by drilling to recover more
primitive North Arch basalt samples.

3.5 Giant Hawaiian landslides: frequency, size, and
mechanics

The enormous size (up to 8.5km of relief and 80000 km?)
and rapid growth (~ 1 to 1.5Myr) of Hawaiian volcanoes
causes them to become gravitationally unstable and collapse
(Moore et al., 1989). These collapses have generated some
of the largest landslides on Earth, and they have undoubtedly
produced colossal tsunami (e.g., Satake et al., 2002). Dozens
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of giant landslides, some with deposits extending more than
200km from their source and with volumes > 1000 km?,
have been recognized along the Hawaiian Ridge (Moore et
al., 1994). Considering only the deposits exposed on the
ocean floor, the Hawaiian Ridge has major landslides ev-
ery 32km along its length. This suggests that a major land-
slide has occurred about every 350 kyr (Moore et al., 1994).
However, drilling at ODP Site 1223 revealed that Ko‘olau
Volcano, a moderately sized Hawaiian volcano, produced at
least four major and three other slides during a period of
~ 0.7 Myr, and many more potential landslide deposits ap-
pear to be buried at depth (Garcia et al., 2006). Thus, exist-
ing data argue that large landslides are a common occurrence
(once in ~ 100 kyr) and are an important geologic hazard that
requires additional investigation to assess their impact on the
circum-Pacific regions. Drilling at the proposed site north of
the main Hawaiian Islands will allow the frequency, size, and
possible failure mechanics of such landslides to be better un-
derstood.

4 Summary

The diversity of the nature of the oceanic plate was reported
by a geophysical survey around the Hawaiian North Arch re-
gion, which is one of three candidate drill sites of the Pacific
Moho to Mantle drilling project. We summarize the scien-
tific rationale of a workshop on developing a proposal for
ocean drilling in the Hawaiian Arch region located in 78—
81 Ma Cretaceous crust with an estimated full spreading rate
of 7-8 cmyr~!. The main objective of the drilling proposal
is to understand the architecture and evolution of the oceanic
crust and the relationship between the diversity of the Moho
and aging of oceanic lithosphere. Previous drilling into tec-
tonically undisturbed oceanic crust was limited and skewed
to young (< 15Ma) and slow (< 4 cm yr~!) spreading rates.
This leaves a substantial gap in our knowledge about crust
age between 20 and 110Ma, including the world average
age of 63 Ma and spreading rate of 8 cmyr~!. The Hawaiian
North Arch site, with a spreading rate of 7-10cmyr~—!, will
enhance our understanding of the transition between slow-
spreading ridges, which are dominated by extension, and
fast-spreading ridges, which dominated by magmatism. The
drilling into the Hawaiian North Arch region can also address
other scientific objectives such as investigating a deep bio-
sphere in relatively old oceanic crust, the North Arch mag-
matism, and giant Hawaiian landslides.

5 Participants of the hard-rock drilling workshop in
Kanazawa, Japan

Natsue Abe (JAMSTEC), Yuya Akamatsu (Hiroshima
Univ.), Norikatsu Akizawa (Univ. Tokyo), Bidisha Dey (Hi-
roshima Univ.), Henry Dick (WHOI), Mike Garcia (Univ.
Hawaii), Juan Miguel Guotana (Kanazawa Univ.), Mori-
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hisa Hamada (JAMSTEC), Takeshi Hanyu (JAMSTEC),
Defry Hastria (Kanazawa Univ.), Kohei Hatakeyama (Hi-
roshima Univ.), Yasuhiro Hirai (Kanazawa Univ.), Takehiro
Hirayama (Hiroshima Univ.), Benoit Ildefonse (Montpellier
Univ.), Yuki Kakihata (Shizuoka Univ.), Ikuo Katayama (Hi-
roshima Univ.), Jun-Ichi Kimura (JAMSTEC), Frieder Klein
(WHOI), Shuichi Kodaira (JAMSTEC), Jiirgen Koepke
(Hanover Univ.), Katsuyoshi Michibayashi (Nagoya Univ.),
Tomoyuki Mizukami (Kanazawa Univ.), Tomoaki Morishita
(Kanazawa Univ.), Yasuhiro Nanba (JAMSTEC), Khac Du
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