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S P E C I A L  I S S U E  F E AT U R E

Global seismic observations are es-

sential for understanding earthquake 

mechanisms and for building a three-

dimensional picture of Earth’s internal 

structure. Seismic waves generated by 

large earthquakes, in particular, travel 

through Earth’s deep interior and can be 

recorded at stations around the globe. 

This seismological information, together 

with other geophysical and geological 

data, can be used to infer Earth’s geologic 

history and also to study its present-day 

dynamics, such as mantle convection 

and plate motions.

Data quality and quantity increased 

signifi cantly in the 1960s as seismic sta-

tions were installed on continents and 

islands globally (e.g., World-Wide Stan-

dardized Seismograph Network). An-

other revolution took place in the 1980s 

when seismic observatories shifted to 

digital data acquisition and broadband 

(1 mHz–10 Hz) sensors. This global 

presence and standard technology en-

abled scientists to build the fi rst three-

dimensional Earth models. The seismo-

logical community expects that further 

refi nement of such models will come 

from fi lling in the gaps in global coverage 

through establishing seismic stations in 

the deep ocean where coverage is poor.

Some questions that might be an-

swered with additional data from ocean 

stations include: How are plate motion 

and mantle convection related? What 

processes distinguish seismic (with 

earthquakes) from aseismic (without 

earthquakes) sections of subduction 

zones? What processes control magma 

generation in the subduction zones sur-

rounding the Pacifi c Ocean? What is 

the relationship between the physics 

of earthquake rupture and the excited 

ground vibrations?

The scientifi c community has been 

taking steps towards establishing ocean 

stations, though we are still in the ex-

perimental stage. The results so far are 

promising, suggesting that seismology 

might again experience a decade of rapid 

advancement through the expansion of 

ocean seismic stations. This paper out-

lines current initiatives and future goals 

for ocean-based seismic observatories.
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THE INTERNATIONAL 

OCEAN NETWORK

The international scientifi c community 

recognizes the importance of estab-

lishing long-term ocean observatories 

through international coordination and 

cooperation. The International Ocean 

Network (ION) was formed in 1993 to:

• foster synergies among different dis-

ciplines requiring long-term observa-

tions in the ocean,

• facilitate cooperation in the develop-

ment of critical elements of observing 

systems,

• encourage standards and best prac-

tices for shared maintenance of 

observatories,

• develop common plans for the use of 

international resources,

• encourage the timely exchange of 

data, and

• coordinate location plans (more in-

formation available at www.deos.

org/ion).

A multidisciplinary approach and multi-

ple-purpose investigations are considered 

important factors to bear in mind when 

constructing ocean-network nodes.

Implementing an ocean network is a 

very diffi cult task: hostile environmental 

conditions prevail at the bottom of the 

ocean; it is diffi cult to maintain stable 

observations for extended time periods; 

timely data retrieval is critical; and pow-

er supplies must be maintained often for 

several years at a time. Scientifi c commu-

nity workshops addressing these issues 

have defi ned a three-phase approach to 

installing ocean seismic observatories 

(Purdy and Dziewonski, 1988; Mon-

tagner and Lancelot, 1995). In Phase 1 

(now complete), pilot experiments ad-

dressed the fundamental problems of 

sensor coupling in holes, noise, devising 

solutions for power, data retrieval, and 

reliability on multiple-year timescales. 

In Phase 2, a small number of prototype 

observatories will be installed, which will 

immediately contribute data to the seis-

mological community. Phase 3 is the full 

implementation of the global network.

The earliest attempts to install ocean 

borehole seismographs in Deep Sea Drill-

ing Project (DSDP) holes were made by 

groups in Britain and the United States 

between 1976 and 1982, before the era 

of digital broadband sensors. Digital 

and broadband stations were developed 

later, during the Ocean Drilling Program 

(ODP). Several groups in Japan, France, 

and the United States began preliminary 

experiments with the goal of install-

ing permanent seismic stations in ODP 

boreholes. These experiments included 

the Japanese test at ODP Hole 794D in 

the Sea of Japan in 1989 (Kanazawa et 

al., 1992; Suyehiro et al., 1992) and the 

French SISMOBS seismometer test at 

Hole 396B near the Mid-Atlantic Ridge 

in 1992 (Montagner et al., 1994; Beaudu-

in et al., 1996). The Japan Sea experiment 

recorded teleseismic (distant) events and 

obtained broadband seismic noise spec-

tra verifying that ocean boreholes require 

installation of extremely sensitive sensors 

(Kanazawa et al., 1992).

In May 1992, French scientists suc-

cessfully conducted the pilot experiment 

OFM/SISMOBS in the North Atlantic 

Ocean. Two sets of very sensitive broad-

band seismometers were installed inside 

DSDP Hole 396B (23°N, 43.3°W) and 

another was buried beside it. These in-

struments operated for more than one 

week and were then recovered (Montag-

ner et al., 1994). The experiment required 

the simultaneous use of the oceano-

graphic vessel Nadir, the submersible 

Nautile, and the reentry logging system 

Nadia. Scientists observed that the am-

plitude of noise decreased systematically 

and rapidly for the borehole sensor at 

long periods (greater than 50 seconds), 

which was not the case for the seafl oor-

buried sensor. Based on these results, it 

was determined that an experiment of 

longer duration was desirable.

A more comprehensive test was the 

Ocean Seismic Network Pilot Experi-

ment (OSNPE) in 1998, which compared 

seafl oor, shallow-buried, and borehole 

broadband seismometers at the same 

location (ODP Site 843, Southwest of 

Oahu, Hawaii) for a duration of four 

months (Collins et al., 2001; Stephen 

et al., 2003; Sutherland et al., 2004). All 

three systems were exposed simultane-

ously to the same ambient noise envi-

ronment and acquired data for the same 

earthquake events. The most meaning-

ful test of the three confi gurations was 

a comparison of earthquake event de-

tectability (Sutherland et al., 2004). The 

test indicated that although burying a 

broadband sensor gave considerable im-

provement over a seafl oor sensor at low 

frequencies, the best detector across the 

spectrum for teleseismic P, teleseismic S, 

and Rayleigh and Love waves was the 

borehole sensor. In fact, the borehole 

seismometer outperformed the Global 

Seismic Network (GSN) station (KIP) on 

Oahu in all cases (Stephen et al., 2003). 

The borehole sensor was estimated to be 

able to detect teleseismic P-waves from 

earthquakes down to M (magnitude) 4.3 

and to detect teleseismic S-waves 

and surface waves from earthquakes 

down to M 4.0.
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RECENT DEVELOPMENTS 

AND FINDINGS

Table 1 summarizes eight sites that were 

identifi ed for prototype stations by ION 

during ODP (1998–2003). All of the sites 

drilled are thoroughly documented in 

the ODP literature.

Japanese scientists, under the Ocean 

Hemisphere Network Project (1996–

2001), instrumented two boreholes in 

the Japan Trench (JT-1 and JT-2), one 

in the Philippine Sea (WP-1), and one 

in the Northwest Pacifi c (WP-2) (Fig-

ure 1a). These four sites use autono-

mous, battery-powered recording and 

data packages that are retrieved by re-

motely operated vehicles (ROVs) (Shi-

nohara et al., 2002; Suyehiro et al., 2002) 

(Figure 1b). There are cables near JT-1, 

JT-2, and WP-1 that could be used for 

power and data telemetry in future de-

velopments at these sites.

To understand the consequences of 

plate subduction, data from land stations 

are insuffi cient simply because they can-

not cover the fault zone. For example, 

across northern Japan, land covers only 

a portion of the whole plate subduc-

tion zone. Furthermore, large interplate 

earthquake slips mainly occur seaward of 

the coastline. Therefore, it is imperative 

to have permanent offshore stations to 

monitor seismicity and crustal deforma-

tion (Sacks et al., 2000). For the JT sites, 

tiltmeters and strainmeters also were 

included in the installation. The installed 

tiltmeter measures the tilt of the ground 

to nanoradians (1 nanoradian is 1 mm 

tilt over 1000 km). The strainmeter mea-

sures down to picostrains (rocks fracture 

at 10-4–10-5 strain).

Figure 2 summarizes ambient noise 

spectra from all of the broadband bore-

hole seismic installations that have been 

instrumented to date (Shinohara et al., 

in press). The seafl oor borehole spectra 

fall within the high- and low-noise mod-

els based on land stations except at very 

low frequencies on the horizontal chan-

nels of two stations. Ambient noise at 

seafl oor stations is not, in general, great-

er than at continental or island stations 

as previously suspected. At some fre-

quencies, some of the seafl oor borehole 

stations are as quiet as the quietest land 

stations. Figure 3 schematically shows 

how borehole sensors can outperform 

seafl oor sensors.

Building a network in the oceans and 

accumulating natural earthquake data 

takes persistent effort and time. Prelimi-

nary results indicate that the scientifi c 

reward will accelerate with increasing 

network density. For example, data from 

WP-1 in the middle of the Philippine Sea 

Plate were used to look at mantle discon-

tinuities immediately below that location 

(Suetsugu et al., 2005). The observed 

velocity jumps are created by mineral 

phase changes caused by temperature 

and pressure conditions. Results suggest 

lower-than-normal temperature at the 

boundary between the upper and lower 

mantle at around 660-km depth, caused 

by the cold subducted Pacifi c Plate that is 

Table 1. Summary of holes proposed for ION prototype stations 1998–2003

Area
Data 

Recovery
Drilling Program

Leg/Site Instrumented

Active Processes

 Japan Trench (OHP-JT-1, JT-2)—subduction dynamics Ship 186/1150, 1151 Yes (two sites)

Global Seismology

Philippine Sea (OHP-WP-1)—fate of subducted plate Ship 195/1201 Yes

Northwest Pacifi c (OHP-WP-2)—global coverage Ship 191/1179 Yes

Northeast Pacifi c (OSN-H2O)—global coverage Cable 200/1224 No

Center of Nazca Plate (OSN)—global coverage Ship No No

Eastern Equatorial Pacifi c (OSN)—global coverage Ship 203/1243 No

Ninetyeast Ridge (OFM-NERO)—global coverage Ship 179/1107 No

Existing Hole from Deep Sea Drilling Project

Middle Atlantic (OFM-SISMOBS, OFP)—global coverage Ship 46/396B Formerly
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Figure 1. (a) Location of Ocean Hemisphere Proj-

ect (OHP) observatories in the western Pacifi c. 

Stations are spaced at about 1000-km apart. 

Orange circles are the OHP borehole stations as 

part of the ION network, from which long-term 

data have been obtained. IRIS is the Incorporated 

Research Institutions for Seismology (http://www.

iris.edu). (b) Observation platform at the WP-2 

borehole observatory viewed from the JAMSTEC 

remotely operated vehicle (ROV) “Kaiko,” which is 

one of the ROVs that maintain the Japanese bore-

hole stations.

a

b

Figure 2. Comparison of ambient seismic noise among the borehole stations that have been instrumented to date. (a) Vertical component. (b) Horizon-

tal component. See Table 1 for most station identifi cations; OSN-1 is the OSNPE. HNM and LNM are the high- and low-noise models accepted by the 

seismological community (Peterson, 1993). Results show that seafl oor stations are not, in general, noisier than continental or island stations as previ-

ously suspected. Th ere is no horizontal record for OFP. Because each installation diff ers in many aspects, it is important to recognize the specifi c envi-

ronmental conditions of each.

a b
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Figure 3. Schematic view of how borehole sensors can out-perform seafl oor sensors. Boreholes 

are signifi cantly quieter than ocean-fl oor installations (even buried ones) at body wave fre-

quencies, because they avoid signal-generated noise from reverberations in the soft sediment 

layers. When properly installed, boreholes are also signifi cantly quieter at low frequencies (sur-

face wave and free oscillation band) because the sensors are less aff ected by tilts due to ocean 

currents (Araki et al., 2004).

unable to penetrate the lower mantle.

Data from WP-2 show that M 4.5 

earthquakes can be clearly recorded, 

similar to the OSNPE result. There are 

modes (phases) of P and S waves that 

travel in the lithosphere for long dis-

tances and WP-2 is an optimal position 

to record seismic waves for pure oceanic 

paths. Data showed that such S phases 

persist for 2,500 km (Araki et al., 2003). 

Explaining such arrivals requires upper-

mantle velocities that are several percent 

faster than standard models. Evidence 

from recorded surface waves also indi-

cates meaningful discrepancies from the 

model. These results are strong indicators 

that mantle structure beneath the oceans 

is still largely unconstrained. More ocean 

stations recording more data are needed 

to reconcile models with observations.

OBSERVING THE EARTH 

FROM THE OCEANS

A modest network of high-quality 

broadband stations in the deep ocean 

far from any accessible landmasses can 

go a long way toward addressing many 

important issues. The current spatial 

resolving power of global mantle to-

mographic models is reaching 1000 km 

in lateral extent. As resolving power 

improves, more attention will be given 

to the details that are critical for under-

standing the physical and chemical basis 

of how Earth developed into its present-

day confi guration.

Figure 4 is an initial attempt to pro-

pose a set of sites, which would fi ll the 

most important gaps in ocean coverage, 

not only for seismology but for other 

oceanographic disciplines as well. Not all 

sites are equally important for all seismic 

studies. For example, the mid-Atlantic 

site (DSDP Site 396B) does not improve 

the already adequate coverage for surface 

waves, but provides a valuable geometry 

for body-wave sampling of both the up-

per and lower mantle. It will be necessary 

for specifi c site proposals to take into 

account the broad spectrum of scientifi c 

problems being addressed and the actual 

distribution of earthquake sources. It 

must be noted that all of the proposed 

sites in Figure 4 also represent gaps for 

geomagnetic and geodetic observatories 

and that the possibility of sharing sites is 

strongly encouraged.

Although data acquisition has oc-

curred over too short a span to yet 

lead to signifi cant discoveries, the pilot 

experiments have demonstrated that 

ocean-fl oor stations can provide useful 

data for global seismological investiga-

tions. It is the results from these Phase 2 

stations that have encouraged global 

seismologists to extend their networks to 

the seafl oor. The global seismic commu-

nity is among the strongest supporters of 

the Integrated Ocean Drilling Program 

and the Ocean Research Interactive Ob-

servatory Networks (ORION), the Eu-

ropean Seafl oor Observatory Network 

(ESONET), and the Advanced Real-Time 

Earth Monitoring Network in the Area 

(ARENA)/DONET being planned by 

American, European, and Japanese sci-

entists, respectively.
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Figure 4. Th e potential role of ocean borehole 

sites in global seismic coverage (from Stephen et 

al., 2003). Th e grey shaded regions indicate the 

surface coverage out to 1000 km from continent 

and island stations. White spaces are gaps in 

the land-based coverage. Existing and proposed 

ocean stations for global coverage are indicated 

by symbols surrounded by black circles at ap-

proximately 1000-km radius. Th e diff erent symbols 

show diff erent levels of progress at the ocean sites: 

red star—the Mid-Atlantic Ridge test site; blue 

stars—presently operating borehole observatories 

(the Japan Trench regional sites are not shown); 

maroon stars—sites at which boreholes have been 

drilled but have not yet been instrumented; solid 

and open black circles—high-priority ION sites 

proposed in 1996 but not yet drilled; and yellow 

stars—other proposed sites that have not yet been 

drilled. Many of these seafl oor sites share multi-

disciplinary objectives. Copyright 2003, American 

Geophysical Union. Reproduced with permission.


