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Abstract

Seafloor geodetic techniques allow for measurements of crustal deforma-
tion over the ~70% of Earth’s surface that is inaccessible to the standard
tools of tectonic geodesy. Precise underwater measurement of position, dis-
placement, strain, and gravity poses technical, logistical, and cost challenges.
Nonetheless, acoustic ranging; pressure sensors; underwater strain-, tilt-
and gravimeters; and repeat multibeam sonar and seismic measurements
are able to capture small-scale or regional deformation with approximately
centimeter-level precision. Pioneering seafloor geodetic measurements off-
shore Japan, Cascadia, and Hawaii have substantially contributed to advances
in our understanding of the motion and deformation of oceanic tectonic
plates, earthquake cycle deformation in subduction zones, and the defor-
mation of submarine volcanoes. Nontectonic deformation related to down-
slope mass movement and underwater extraction of hydrocarbons or other
resources represent other important targets. Recent technological advances
promise further improvements in precision as well as the development of
smaller, more autonomous, and less costly seafloor geodetic systems.
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INTRODUCTION

Geodetic measurements of displacements at Earth’s surface have revealed important information
about the motion of tectonic plates, the distributed deformation at plate boundary zones, and the
dynamics of the earthquake cycle and of active volcanic systems, as well as a range of nontectonic
deformation processes. During the past three decades, advances made by using space geodetic
systems, such as the global positioning system (GPS) and interferometric synthetic aperture radar
(InSAR), have revolutionized our ability to precisely track actively deforming areas with high
spatial and temporal resolution (Biirgmann & Thatcher 2013).

Earth is a water planet, with approximately 70% of its surface covered by deep oceans
(Figure 1). Thus, many important plate boundary zones, volcanoes, and other deforming sys-
tems cannot be studied with the established tools of tectonic geodesy, as water is not a suitable
medium for geodetic systems that depend on the relatively unperturbed transmission of electro-
magnetic waves. Seafloor geodesy is aimed at developing tools to study underwater deformation,
relying on mechanical or acoustic systems suitable for offshore deployment to measure changes in
interstation distances, relative positions, water depth, tilt, or gravity. Over the past three decades,
seafloor geodetic techniques have been developed and optimized to achieve measurement capabil-
ities comparable to those obtained on land. Nonetheless, technical challenges and the high cost of
seafloor observations have largely limited the application of seafloor geodesy to proof-of-concept
studies.

The plate tectonic revolution, and the associated recognition that much of the world’s ac-
tive plate boundaries are hidden under the oceans, provided the rationale for measuring offshore
tectonic deformation (Spiess 1985, Spiess et al. 1983). Several tectonic plates, such as the Juan
de Fuca, Cocos, Scotia, Nazca, and Philippine Sea plates, have few or no islands on them that
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Figure 1

Earth, the water planet. Map of global bathymetry (based on Smith & Sandwell 1997) with submarine
tectonic plate boundaries (white lines), Holocene volcanoes (red triangles), and recent earthquakes from a
depth of <70 km (magenta dots). Areas targeted with seafloor geodesy and oceanic tectonic plates are labeled.
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Schematic diagram of subduction zone structure and mechanics (based on Lay et al. 2012). Regions of unstable frictional slip (red)
represent the rupture zones of large and small earthquakes. Areas of steady or episodic aseismic slip are shown in white. Tan-colored
areas are inferred to be conditionally stable and are expected to slip aseismically, except when accelerated to dynamic failure by stress
changes from ruptures on adjacent seismic patches.

would allow for easy measurement of their current motion and internal deformation by using
space geodetic techniques (Figure 1). Most seismic and volcanic activity on Earth occurs un-
derwater. This includes approximately 60,000 km of mid-ocean spreading ridges, where oceanic
plates grow by volcano-tectonic processes, and associated transform faults. The most actively
deforming portions of the world’s subduction zones are covered by water (Figure 2). Under-
water volcanic activity is also associated with rising mantle plumes that result in the growth of
oceanic islands in plate interiors. Such rapidly formed islands tend to be gravitationally unstable
and deform by steady, seismic, or catastrophic flank failure. Seafloor deformation is not restricted
to active plate boundaries and volcanic systems. Substantial seafloor deformation is also asso-
ciated with submarine landsliding, hydrocarbon extraction, and CO; injection into submarine
reservoirs.

Investigators first began to explore seafloor geodetic techniques for vehicle tracking with
meter-level precision in the mid-1960s (Spiess et al. 1966). Spiess (1980) proposed that improved
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technology, using acoustic transponders and underwater vehicles, and careful consideration of
sound velocity variations would enable the deployment of acoustic ranging systems that could
track displacements at centimeter-level precision over a few kilometers. Only in the 1980s did
improvements to measurement systems provide the capability to track displacements at the preci-
sions needed to capture tectonic deformation (Spiess 1985). The first pressure sensor for measuring
vertical deformation was deployed in 1987 on the summit of Axial Seamount, an active volcano
along the Juan de Fuca Ridge (Fox 1993). For horizontal positioning, both direct-path systems
and integrated GPS-acoustic systems (GPS-A) were developed (Spiess 1980, 1985). Direct-path
systems were first installed on the Cleft segment and Axial Seamount on the Juan de Fuca Ridge in
the early 1990s (see Chadwell et al. 1999, Chadwick et al. 1999, and references therein). The first
seafloor GPS-A station was installed in 1991 to measure the motion of the Juan de Fuca plate near
Vancouver Island, Canada (Spiess et al. 1998). Starting in the 1990s, direct-path ranging, GPS-A,
and ocean-bottom pressure systems were also developed in Japan and deployed there as well as on
the fast-spreading East Pacific Rise (e.g., Fujimoto et al. 1998, Fujita et al. 2006). More recently,
the 2011 M 9 Tohoku earthquake was a major turning point for seafloor geodesy, showing the
importance of such measurements and providing strong motivation for expanding the monitoring
network offshore Japan.

Despite the progress that has been made over the past three decades, seafloor geodesy is only
slowly beginning to transition from demonstration projects to comprehensive monitoring systems.
We expect that the development of more advanced and lower-cost seafloor geodetic systems will
lead to more comprehensive monitoring of a wide range of submarine deformation processes and
the hazards and resources they reveal. Here, we review the main techniques of seafloor geodesy,
summarize key scientific accomplishments enabled by these methods, and close by considering
future challenges and opportunities we anticipate for the field.

METHODS OF SEAFLOOR GEODESY

Acoustic Ranging

Acoustic ranging measures distances and their changes with time, through the use of precisely
timed sound signals between acoustic transponders on the seafloor or from a vehicle to the
transponders. Sound travels at nominally 1,500 m/s through seawater, which requires the time
of flight (TOF) to be resolved to within 10 ps for 1.5-cm resolution of distance. A single pulse
or cycle of a 100-kHz signal has a wavelength of 1.5 ¢cm, and detecting its arrival is a crude but
suitable approach to measure distances from a few tens of meters to 1-2 km. Much beyond this
distance the signal is no longer detected, as its strength diminishes rapidly with the square of the
path length. To compensate, a signal with a frequency dropped to 10 kHz can easily propagate
up to 15 km. The wavelength, however, is now 15 c¢m, and to maintain a timing resolution of
10 ps, a pulse compression approach must be adopted. The pulse or code is typically from 10 to
20 ms long and consists of frequency steps and/or phase changes. Cross-correlating the original
pulse with its return resolves the TOF to a few microseconds.

Extracting geometric distances from the TOF requires accurate knowledge of the medium in
which the signal travels, i.e., its motion and sound speed. Currents move seawater at centimeters
to decimeters per second, and an acoustic pulse traveling in this medium is likewise advanced or
retarded. By measuring the round-trip travel time between two units, the effect over the few mil-
liseconds of an acoustic measurement cycle is practically equal but opposite and cancels. To date,
acoustic ranging systems for seafloor geodesy employ round-trip or two-way TOF measurements
between an interrogator and a transponder.
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Schematic diagrams of acoustic ranging methods for seafloor deformation measurements (modified from Chadwell & Sweeney 2010).
(@) Direct-path ranging between two raised transponders. The baseline length is limited by upward refraction of the acoustic signal.

() Indirect-path system using an interrogator to increase range between transponders. () GPS-A using kinematic GPS positioning of a
ship or buoy to precisely determine the location of a transponder array on the seafloor in a global reference frame.

Ultimately, though, the accuracy of underwater acoustic ranging is limited by uncertainty
in sound speed. In fact, sound speed dictates three different configurations of acoustic ranging:
direct path, indirect path, and surface path to GPS or GPS-A (Figure 3). Sound speed in the
ocean is controlled primarily by seawater temperature, salinity, and pressure. Surface-driven mix-
ing affects temperature and salinity, which predominantly influence the value of sound speed
in the upper ocean. Going deeper, mixing diminishes, temperature and salinity stabilize, and
pressure dominates as it monotonically increases with depth. Below a water depth of approxi-
mately 1,000 m, acoustic energy is refracted upward due to the sound velocity increase caused
by this pressure gradient (Figure 34). Thus, on a flat seafloor, hydrophones must be raised ap-
proximately 3 m to prevent an acoustic signal from hitting the seabed while traveling between
points separated by 1 km (e.g., Chadwell et al. 1999, Chadwick et al. 1999). Ray bending in-
creases with the square of the separation, but higher towers are not practical, both from the
point of view of deployment and because of the difficulty of isolating tower tilt from baseline
change.

To compensate for ray bending, one end of an acoustic range can be floated tens of meters
above the seafloor in an indirect-path configuration, and ranges up to a few kilometers can be
measured between the interrogator and transponders (Figure 35). Because the interrogator is no
longer rigidly attached to the seafloor, range changes are not direct measures of deformation.
The solution is to deploy three or more seafloor transponders and to measure both the depth of
the floating interrogator (with pressure sensors) and the ranges to the seabed units. The position
of the interrogator has three unknowns and four observations. By collecting ranges from an
interrogator moved laterally around the array, or from several individual interrogators/receivers
moored throughout the array, the overdetermined information reveals the relative positions of the
seafloor units. The indirect-path approach can measure the deformation between seafloor points
up to approximately 5 km apart with 1-2-cm resolution (Blum et al. 2010, Sweeney et al. 2005).
Multiple direct-path or indirect-path units can be chained together to increase coverage across
many kilometers, but they cannot span tectonic plates.

Acoustic ranging alone is not suitable to capture tectonic deformation over tens to thousands
of kilometers. Sound speed measurement accuracy is at best approximately 1 to 3 parts in 10° of
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1,500 m/s or approximately +0.05 m/s. Ranges based upon the TOF of acoustic signals through
the ocean maintain decimeter-level accuracy for at most 10 km. By comparison, the speed of light
through Earth’s heterogeneous atmosphere is known to approximately 1 part in 108, or three
orders of magnitude better than the speed of sound in the ocean. Thus, kinematic GPS is used to
precisely locate seafloor sites by tracking a sea-surface platform maintained above transponders
on the seafloor (Figure 3¢). Acoustic ranges from the platform to the transponders connect the
GPS positions to the seafloor. This is the essence of the GPS-A approach (Spiess 1985, Spiess
etal. 1998).

Whereas sound speed from the surface to the seafloor is predominantly horizontally stratified,
sound speed in the upper ocean varies both temporally and spatially over timescales and with
magnitudes significant to acoustic ranging. To date, there is no method to measure all these
effects independently in situ, but their impact can be mitigated by the design of the acoustic array
(Spiess 1985). Three or more transponders are evenly spaced around the perimeter of a circle
with a radius of the nominal water depth (Figure 3c). The baselines between the transponders
are assumed to be fixed, a reasonable assumption in plate-scale tectonics. These baselines act as
yardsticks from which it is possible to measure the time-varying, common-mode sound speed
directly from the acoustic ranges pinned at the surface with GPS. Generally, the dominant lateral
variation in sound speed is confined to the upper few hundred meters and has timescales of tens of
minutes driven by internal waves. Any net lateral bias in the GPS-A position estimate is practically
removed by collecting data for tens of hours to days. In summary, the GPS-A method is capable
of £1.5-cm positioning with 24 h of data and likely of subcentimeter-level precision after 3 to
4 days (Chadwell & Spiess 2008, Fujita et al. 2006, Gagnon et al. 2005).

Continuous Pressure-Sensor Monitoring of Vertical Motions

Another proven seafloor geodetic technique measures vertical seafloor displacements by sensing
the resulting change in seawater pressure that occurs at the shifted seabed (Figure 44). Changes
in atmospheric pressure are routinely used to determine elevation in a variety of terrestrial navi-
gation applications, though the relatively low density of the atmosphere and its oscillations from
environmental forcing severely limit the use of barometers as geodetic sensors. Seawater is much
denser, with pressure increasing by approximately 1 atm for every 10-m increase in depth. A 1-cm
change in depth generates a significant, measureable change in pressure.

Presently, the best technology uses a Bourdon tube, a tube in the shape of the letter J. The
top of the long axis of the tube is open to seawater, while the end on the short axis is capped. A
small quartz strain gauge is attached at the capped end and extends across to the middle of the
long axis. An increase in seawater pressure slightly straightens the tube, exerting a proportional
strain that is measured as a corresponding change with the frequency of the quartz oscillator. This
configuration can detect the equivalent of a few millimeters of height change over a wide range
of pressures from 1 atm at the surface to extreme high pressures at 6,000-m depths. Short, sharp
shifts are easily captured, but small, slow displacements are more challenging. The difficulty arises
because the gauges have an inherent, unpredictable drift of approximately 8 cm/yr and because
the deformation signal can easily be produced by a variety of natural pressure signals with similar
magnitude and time constants (Polster et al. 2009).

On the deep seafloor below the influence of waves and other near-surface processes, pres-
sure variations result from tides, tsunamis, and regional or mesoscale atmospheric/oceanographic
changes. One approach to isolate a gradual deformation signal is to place a reference benchmark
outside the region of expected deformation and make campaign-style relative depth measurements
atan array of benchmarks. Pressure is recorded at the benchmark, and the gauges are moved using
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a remotely operated vehicle into the active field, where pressure is recorded at additional monu-
ments before returning to the far-field reference mark. The depth difference is calculated between
the reference and benchmarks in the active field. Over the few hours to days of the survey, the
gauge has negligible drift. Tidal signals can be removed by using a predictive model or, prefer-
ably, by continuously recording pressure with an independent, autonomous gauge deployed on
the seafloor during the survey.

An active area of research is the development of a drift-free or self-calibrated pressure gauge,
with the goal of reducing instrument drift from ~8 cm/yr to 1 cm/yr or better. Sasagawa &
Zumberge (2013) have developed a calibration system that is deployed with the gauge. An initial
test of the device at a depth of over 600 m, lasting 104 days, kept the gauge uncertainty to
1.3 cm.

Repeat Active-Source Sonar and Seismic Surveying

Ranging with sound is also used in multibeam mapping systems to collect soundings (depths) in
several-kilometer-wide swaths of the ocean floor below a transiting ship (Figure 45). In the deep
ocean, depth resolution is ~15 m and the size of the signal footprintis ~70 m. Repeat bathymetric
mapping from ships can capture only the largest seafloor displacements associated with edifice

a b S
C S -

Ship-based Ship-based
active multibeam
seismic sonar

Figure 4

Schematic diagrams of a range of methods for seafloor measurements of seafloor displacements, tilt, gravity changes, and strain.

(@) Pressure sensors, which can be deployed in infrequent campaigns or in continuous and cabled installations, detect vertical seafloor
motions. Gravity measurements are sensitive to both vertical motions and subsurface mass redistributions. Ocean drilling boreholes can
be instrumented with tiltmeters, strainmeters, and fluid pressure sensors. (5) Ship-based sonar can obtain bathymetric maps, which can
be differenced for change measurements on the order of several meters. Sonar from autonomous underwater vehicles (AUVs) allows for
higher-resolution bathymetry. Active-source seismic exploration from ships (sometimes aided by cabled seafloor geophone arrays)
provides 4D time-lapse images of subsurface deformation.
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collapse, mid-ocean ridge eruptions, and subduction earthquake-related fault ruptures (Fujiwara
et al. 2011). Higher-resolution mapping is possible from an autonomous or towed underwater
vehicle operated tens of meters above the seafloor (e.g., Caress et al. 2012). A precisely navigated
underwater vehicle can obtain seafloor bathymetric surveys at centimeter-level resolution by
combining synthetic aperture interferometry and multibeam processing techniques (Asada & Ura
2010). Interferometric sonar provides enhanced precision of bathymetric measurements, relying
on two or more vertically spaced receiving elements that can determine the direction from which
the signal was received in addition to the range distance (Geen 1998). Interferometric techniques
from ships analogous to InSAR (i.e., interferometric synthetic aperture sonar, or InSAS) hold
promise for meter- to decimeter-level resolution, and this is an area of active research, but to
date there has been no practical demonstration.

Lower-frequency sound propagates into the seabed and can seismically image subsurface struc-
ture. The lower-frequency signals have longer wavelengths and reduced vertical resolution com-
pared with multibeam sonars imaging the seafloor. Repeated active-source seismic surveys can be
used to detect changes in travel times associated with changes in layer thickness and seismic velocity
due to strain (e.g., Guilbot & Smith 2002, Hatchell & Bourne 2005). As seismic velocity depends
on deformation and changing rock properties (e.g., anisotropic crack densities), interpretation and
modeling of such data is complex (Hatchell & Bourne 2005).

Other Methods

Several additional techniques have been developed, but most of them have yet to be deployed in
sufficient numbers or for sufficient durations to capture real geophysical deformation. The fiber-
optic strain sensor times the propagation of a light pulse over a fiber-optical cable stretched across
the seafloor (Zumberge 1997). It can detect movements of a few millimeters over cable lengths
up to several hundred meters. Its primary advantage is that it is isolated from seawater sound
speed variations that can affect acoustic ranging in hydrothermally active regions of the ocean,
e.g., mid-ocean ridges.

Terrestrial sensors for measuring gravity and tilt have been adapted for seafloor use by en-
closing them in air-filled, watertight vessels that maintain the internal air pressure at nominally
1 atm. A variety of relative gravimeters have been used on the seafloor (Zumberge et al. 2008).
Short-baseline tilt sensors measure the tilt over the approximately 1-m-wide aperture of the sensor
frame (Fabian & Villinger 2008). Although resolution approaches 0.1 prad/day, long-term drift
limits applications to concentrated strain events. Additionally, coupling of the instrument to the
seafloor can be disturbed by water movement (Anderson et al. 1997, Tolstoy et al. 1998). A bore-
hole tiltmeter to be deployed in Cascadia will avoid this source of spurious signal (J. McGuire,
personal communication). Additionally, borehole pressure sensors can detect small fluid pres-
sure changes associated with crustal strain from volcanic or faulting processes (Davis et al. 2004,
2011).

APPLICATIONS AND ACCOMPLISHMENTS OF SEAFLOOR GEODESY

Improving our understanding of the processes involved in plate tectonics and quantifying tectonic
plate motions, intraplate strain, and earthquake cycle deformation at plate boundary faults provide
a strong rationale to carry out precise geodetic measurement in general, but especially on the
seafloor. Seafloor displacements associated with submarine volcanoes, landslides, and extraction
or injection of fluids and gas represent additional important targets. Here we provide an overview
of some results from seafloor geodesy during the past two decades.
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The Juan de Fuca Plate: Plate Motion, Ridge Spreading, and Subduction

The Juan de Fuca plate represents a natural laboratory for seafloor geodetic studies of oceanic
plate creation, motion, and subduction. It is subducting at a rate of ~40 mm/yr under western
North America along the Cascadia subduction zone. A system of spreading ridges and transform
faults bounds the plate to the west and south (Figure 54).

Starting in the early 1990s, acoustic ranging systems were deployed to measure horizontal
extension across the 1-km-wide axial valley at the south Cleft segment of the Juan de Fuca Ridge.
Whereas the long-term spreading rate established from seafloor magnetic lineations is 52 =+
1 mm/yr (Wilson 1993), the short-baseline measurements found no significant extension (with
~5 mm/yr uncertainty) across the axial valley during 1994-1999 and 2000-2003 (Chadwell et al.
1999, Chadwick & Stapp 2002). This suggests that spreading on the ridge axis occurs only episod-
ically. Although no spreading could be measured at the rift valley, the velocity of a GPS-A station
~25 km east of the south Cleft ridge shows motion of the Juan de Fuca plate consistent with the
magnetic lineation data (Figure 5b) (Chadwell & Spiess 2008). Thus, similar to the earthquake
cycle, involving many years of elastic shear stress accumulation relieved by seismic slip events,
oceanic ridge spreading involves long periods of broadly distributed stress buildup relieved by
relatively short-duration magmatic dike intrusions.

Two additional GPS-A stations on the Juan de Fuca plate, closer to the trench, are moving in the
direction of the predicted plate motion, but at velocities less than predicted by the geologic plate
motion model (Figure 54) (Spiess et al. 1998; D. Chadwell, unpublished results). This indicates
either elastic or permanent deformation of the Juan de Fuca plate near the locked subduction
thrust. Multiple GPS-A profiles across the plate margin are needed to determine the distribution
of coupling of the shallow portion of the Cascadia megathrust.

Subduction Zone Earthquake Cycle Deformation

Earthquakes, as large as M, >9 with tens of meters of slip, accommodate most of the plate conver-
gence at subduction zones. Although most subduction megathrusts appear to be interseismically
locked at depths shallower than ~50 km, some are found to be partially uncoupled and accom-
modate part of their slip budget by aseismic creep. On-land geodetic studies can help resolve the
down-dip edge of the locked zone, but as most of the subduction thrust is located offshore, the
resolution of such studies is limited and the degree of coupling in the near-trench region cannot
be determined (Biirgmann et al. 2005, Loveless & Meade 2011, McCaffrey et al. 2013). Studies of
the distribution and frequency content of subduction earthquakes suggest a complex assemblage
of seismic and aseismic patches and areas that are conditionally stable; i.e., they are capable of both
aseismic slip and coseismic rupture (Figure 2) (Lay et al. 2012, Scholz 1998). Time-dependent
subduction slip between, just before, and immediately after earthquake ruptures has been observed
(Schwartz & Rokosky 2007). In situ monitoring of such slip is likely to improve our understanding
of subduction earthquake cycles, precursory slip transients, and tsunami earthquakes.

To date, seafloor geodetic studies have targeted subduction zones off Peru (Gagnon et al.
2005), Costa Rica (Davis et al. 2011), the New Hebrides in the southwest Pacific (Ballu et al.
2013), and Japan. Gagnon et al. (2005) obtained interseismic velocities of two stations located
on the accretionary complex overlying the subducting oceanic Nazca plate offshore Peru. The
observed velocities relative to the overriding South American plate are within 20% of the total
plate convergence rate. These high rates support models of a fully coupled subduction thrust
from a depth of 2 to 40 km (Gagnon et al. 2005). The strong locking at shallow depths suggests
that earthquakes rupturing the megathrust in this section of the Peru-Chile trench may have
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Figure 5

Seafloor geodetic measurements of plate motion, mid-ocean ridge spreading, and subduction-related deformation of the Juan de Fuca
plate. (#) Map of existing and in-progress measurements. Three GPS-A velocities (red arrows) are compared with geologic plate motion
of the Juan de Fuca plate with respect to stable North America (Wilson 1993) (black arrows). Northeast-directed GPS velocities along
the coast (blue arrows) reflect the broad interseismic elastic strain accumulation across the Cascadia subduction zone (McCaffrey et al.
2013). Red and orange squares are recently funded and proposed GPS-A profiles, respectively, across the locked subduction thrust. Red
triangles are existing Ocean Drilling Program boreholes instrumented with formation and seafloor pressure sensors (Davis et al. 2004),
and red circles are seafloor pressure sensors, on or near the NEPTUNE Canada cable (red /ine) (E. Davis, personal communication). A
borehole tiltmeter, seafloor geodetic benchmarks, and a pressure-sensor array (orange circles) are to contribute additional data in real
time via the Canadian cable system (red /ine) (J. McGuire, personal communication). Orange triangles mark nodes instrumented with
pressure sensors of a new seafloor cable system off Oregon (green line; Ocean Observatories Initiative Regional Scale Nodes). Purple
dots are M >3 earthquakes, dark yellow lines are spreading ridges, and orange lines are oceanic transform faults. () Summary of
seafloor measurements of extension across the Cleft segment of the Juan de Fuca Ridge (modified from Chadwell & Spiess 2008).
Velocities away from the rift and bathymetry are shown as a function of distance from the ridge axis. Whereas acoustic direct-path
ranging systems across the ridge by USGS and Oregon State University (OSU) did not observe a spreading signal, far-field GPS-A
measurements are consistent with the tectonic motion of the Juan de Fuca plate.
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high coseismic slip up to near the trench. Such shallow earthquake slip produces substantial uplift
of the seafloor near the trench and is likely to result in particularly large tsunamis (Satake &
Tanioka 1999), like the 1996 M, 7.5 earthquake off Peru, located ~200 km north of the GPS-A
profile.

Comprehensive seafloor monitoring of subduction zone deformation and hazard has progressed
most impressively off Japan. Complementing a >1,300-station continuous GPS network onshore,
tens of GPS-A stations have been established along the east coast of Japan (Figure 64). The
data gathered at these stations provide valuable information about the distribution of interseismic
coupling, earthquake displacements, and postseismic deformation. T'wo stations deployed by the
Japan Coast Guard (MYGI and MYGW) are located near the rupture zones of both the 2005 M
7.2 Miyagi-oki earthquake and the 2011 M 9 Tohoku earthquake (Figure 65). Westward motions
prior to the 2005 event document strong interseismic coupling below these stations. The sites
shifted eastward by several centimeters during the 2005 earthquake (Matsumoto et al. 2006), and
MYGW continued moving eastward for another year, indicative of postseismic afterslip (Sato
et al. 2011b). Interseismic coupling was reestablished in 2007, but it appears that the degree of
coupling was somewhat less than before 2005 (see 2002-2005 versus 20062011 velocity vectors
of station MYGI in Figure 6b). Whereas interseismic coupling off Miyagi is strong, the slow
motion of station FUKU approximately 150 km to the south suggests a very weakly coupled
subduction thrust along this section of the megathrust (Matsumoto et al. 2008). Inferences of the
first-order distribution of coupling from the seafloor GPS-A stations are consistent with results
from inversions of land-based GPS stations (Hashimoto et al. 2009, Loveless & Meade 2011) and
from the distribution and rate of repeating microearthquakes on the subduction thrust (Uchida &
Matsuzawa 2013).

A network of continuously operating ocean-bottom pressure sensors provided valuable in-
formation about the dynamic deformation processes in the subduction system leading up to the
2011 Tohoku earthquake (Ohta et al. 2012). The earthquake was preceded by several months
of accelerated seismicity, including small repeating earthquakes indicative of nearby fault creep
(Kato et al. 2012, Uchida & Matsuzawa 2013). Two days before the mainshock, an M 7.3 event
occurred within a few tens of kilometers of the hypocenter. The pressure-sensor data provide
detailed information about deformation from the foreshock and its afterslip, which continued at
a rapid pace up to the M 9 mainshock (Figure 74) (Ohta et al. 2012). The pattern of uplift and
subsidence during the postseismic period supports models of the afterslip reaching to near the
M 9 hypocenter (Figure 7b). The spatial expansion of the aftershock zone of the M 7.3 event also
suggests southward propagation of the slow-slip zone toward the mainshock hypocenter (Kato
etal. 2012). It appears that this precursory activity was part of a progressive unfastening process
preceding the event, for several months and possibly years (Kato et al. 2012, Uchida & Matsuzawa
2013, Ito et al. 2013). However, the continuous pressure-sensor measurements do not reveal re-
solvable short-term precursory deformation near the Tohoku earthquake nucleation zone in the
hours or minutes before the rupture (Hino et al. 2013).

The 2011 M 9 Tohoku earthquake produced horizontal displacements as large as 31 m at seven
GPS-A stations near the coseismic rupture (Figure 6¢) and resulted in a devastating tsunami from
large-scale seafloor uplift near the trench (Kido et al. 2011, Sato et al. 2011a). Six continuously
operating pressure gauges also captured the coseismic deformation of the earthquake, providing
evidence for uplift of more than 5 m near the trench (Ito et al. 2011). The seafloor geodetic
data add particularly valuable constraints in inversions for the submarine slip distribution of the
coseismic rupture (e.g., linuma et al. 2012). Relatively imprecise horizontal positioning of two of
the pressure gauges supports horizontal motions of more than 50 m within 20 km of the trench
(Figure 8b) (Ito et al. 2011). Such large displacements near the trench are also indicated by
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Figure 7

Coseismic and postseismic slip of the March 9, 2011, M 7.3 foreshock of the March 11 M 9 Tohoku earthquake from pressure-sensor
time series and onshore GPS displacements (modified from Ohta et al. 2012 and R. Hino, personal communication). () Twelve-day
time series of pressure sensors relative to station P08, spanning the foreshock and mainshock. Note the offset of P09 due to a nearby
M 6.5 event. (b) Gray and red shaded contours show the coseismic and afterslip distributions of the M 7.3 foreshock, respectively. The
blue contours indicate 20-m intervals of the Tohoku earthquake slip distribution from Iinuma et al. (2012). The black and red stars are
the epicenters of the foreshock and Tohoku mainshock, respectively. Circles show aftershocks of the M 7.3 event color-coded by time
since the foreshock. Dashed contours show the depth to the megathrust at 10-km intervals. The gray shaded bar shows the location of

the bathymetric and seismic profile shown in Figure 8.

one collected 11 days after the earthquake (Figure 8¢) shows an intensively deformed and uplifted
sedimentary sequence near the trench. Kodaira et al. (2012) interpreted this as a zone of multiple
fault thrust splays, showing that the Tohoku earthquake rupture reached the seafloor. A narrow
zone of subsidence just to the west of the uplift zone is interpreted as a slump. The large vertical
seafloor displacements near the trench enhanced the catastrophic tsunami that resulted from the

earthquake.

Figure 6

Seafloor GPS-A measurements of subduction zone deformation off Japan. (#) Existing and new GPS-A stations deployed by Japan
Coast Guard, Tohoku University, and Nagoya University (M. Sato, personal communication). (5) Interseismic velocities in the North
America reference frame measured during 2001-2011 (Sato et al. 2013). Error ellipses represent one-standard-deviation confidence
regions of the estimated velocities. The two velocities for station MYGI are for before and after the 2005 M 7.2 Miyagi-oki earthquake.
The two velocities for station FUKU reflect an apparent offset or rate change around 2008, possibly associated with extensive
postseismic afterslip of the 2008 M 6.9 Fukushima-oki earthquake. The white velocity vector shows the Pacific-North America
convergence rate from the geologic plate motion model (DeMets et al. 1994). Black arrows show velocities of terrestrial continuous
GPS stations of the GPS Earth Observation Network (GEONET) operated by the Geospatial Information Authority of Japan.

(¢) Coseismic seafloor displacements (red arrows) of the 2011 M 9.0 Tohoku earthquake from GPS-A measurements by Japan Coast
Guard (Japan Coast Guard 2011, Sato et al. 2011a) and Tohoku University (GJ T3, GJT4) (Kido et al. 2011). For comparison, the
displacement of a coastal GEONET station (blue arrows) with the largest measured coseismic offset is shown (Ozawa et al. 2011).

(d) Postseismic motions of seafloor stations during a ~10-month period following the earthquake (Japan Coast Guard 2012). The dark
yellow and orange stars show the epicenters of the mainshock and two large aftershocks, respectively. All depths are in meters.
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Figure 8

Coseismic vertical and horizontal displacements of the Tohoku earthquake near the trench (modified from Fujiwara et al. 2011, Ito
etal. 2011, Kodaira et al. 2012). () Bathymetry and bathymetric change from multibeam bathymetric surveys acquired in 1999 and
after the earthquake. By shifting the bathymetry obtained after the earthquake landward by 50 m and downward by 10 m, the apparent
difference from the 1999 data is greatly reduced (Kodaira et al. 2012). (») Red arrows show horizontal and vertical displacements
measured with GPS-A (GJT3) and standard GPS with acoustic ranging and ocean-bottom pressure sensors (T]JT1, T]JT2) near the
seismic profile (Ito et al. 2011). See Figure 7 for station and profile locations. (¢) Seismic reflection image (no vertical exaggeration) of
the accretionary prism from data collected 11 days after the earthquake (Kodaira et al. 2012). Qualitative comparison of seismic
reflection data from 1999 and after the earthquake reveals substantial deformation and mass transport in the trench axis.

Resurveys of five GPS-A stations within about 10 months of the first occupation after the
earthquake revealed postseismic transient motions (Figure 6d) (Japan Coast Guard 2012). Sta-
tions FUKU and CHOS to the south of the coseismic rupture zone moved trenchward by several
decimeters, consistent with substantial afterslip induced on aseismically slipping portions of the
megathrust below this area. Surprisingly, station MYGI moved ~23 c¢m toward shore. Explana-
tion of this displacement requires either postseismic backward (normal) slip on the megathrust to
recover overshoot during the rupture (Ide et al. 2011) or surface motion due to viscous relaxation
of coseismic stress changes in the underlying mantle asthenosphere (Wang et al. 2012).
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In 2011, there were approximately 30 offshore GPS-A stations to monitor interseismic coupling
and earthquake potential of the Nankai and Japan subduction zones. Twenty more GPS-A stations
were installed along the Japan Trench in 2012, and nine new stations were added in the Nankai
subduction zone (Figure 64). Also, a network of approximately 150 ocean-bottom pressure sensors
and seismometers connected by fiber-optic cables for continuous monitoring of earthquakes,
vertical motions, and tsunamis off northeast Japan is in development (Monastersky 2012), similar
to existing smaller cabled systems in the Nankai trough area (Mikada & Asakawa 2008). Data from
the enhanced seafloor geodetic networks are sure to provide new insights into the dynamics of
active subduction zone systems.

The Growth and Collapse of Oceanic Volcanoes

A target of seafloor-geodetic investigations for more than two decades, Axial Seamountis a volcano
on the Juan de Fuca Ridge (Figure 54), where additional magma supply from the Cobb hot spot
enhances volcanic activity. The volcano features a large summit caldera and two rift zones extend-
ing to the north and south (Figure 94). Two eruptions in 1998 and 2011 occurred since geodetic
monitoring began at Axial Seamount. The 1998 eruption along the south rift zone was preceded
by extension and accompanied by contraction at an acoustic ranging site across the northern rift
segment (Chadwick et al. 1999). The ranging and pressure measurements suggest pre-eruption
extension and uplift across Axial Seamount followed by subsidence and contraction across the
summit during the eruption. The 2011 eruption and summit subsidence also lasted for 6 days, but
deflation associated with the 2011 eruption was less than in 1998 (Figure 9b) (Chadwick et al.
2012). The data support a model of a relatively regular inflation-deflation cycle with precursory
signals in the final minutes to hours as the dike intrusion nears the seafloor, allowing for possible
forecasting and short-term prediction of future eruptions (Chadwick et al. 2012). Caress et al.
(2012) differenced pre- and posteruption bathymetric surveys by an autonomous underwater ve-
hicle with 1-m lateral resolution and 0.2-m vertical precision, to determine the extent and volume
of the 2011 lava flows (Figure 9c). The results show that the 2011 eruptive fissures in part reoc-
cupied those from 1998 and prior eruptions. A cabled observatory and additional pressure-sensor
sites will soon enhance seafloor geodetic monitoring of Axial Seamount (Figure 54), allowing for
testing of these ideas in future eruptive episodes.

Kilauea Volcano on the Big Island of Hawaii is volcanically active and periodically undergoes
rapid deformation and collapse of its southern edifice. Phillips et al. (2008) used an array of nine
pressure sensors to characterize the offshore vertical deformation field of Kilauea’s mobile south
flank (Figure 104). The 2000-2004 measurements show up to 9 cm/yr of uplift on a large slump
structure ~15 km southeast of the coastline (Figure 105). Elastic dislocation modeling of the
uplift data shows that the observed deformation can be fit by rapid slip of nearly 30 cm/yr on a
25-km-wide, shallowly dipping fault plane at the base of the volcanic edifice. The results support
a view of the south flank décollement system of Kilauea being active in large earthquake ruptures
(Owen & Biirgmann 2006); in continuous, rapid aseismic slip (Phillips et al. 2008); in episodic
slow slip transients (Brooks et al. 2006); and in catastrophic large-scale slope failures (Morgan
etal. 2003).

Submarine Fluid Extraction and Injection

Extraction of oil and gas from submarine formations and injection of fluids and CO, for ex-
traction enhancement or storage lead to redistribution of mass and deformation of the reser-
voir. Characterization of this deformation is important to optimize extraction/injection strategies
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and to minimize damage to drilling infrastructure. Monitoring of offshore reservoir deformation
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of deforming reservoirs (e.g., Guilbot & Smith 2002, Hatchell & Bourne 2005). The use of other
wave types, such as surface waves and critically refracted compressional waves, enables a detailed
look at the geomechanical response to deformation of the reservoir overburden in the near surface
(Wills et al. 2008). Figure 11 provides an example showing surface subsidence and seismic time-
lapse time shifts resulting from reservoir compaction and overburden extension accompanying oil
and gas production in the Dan field in chalk formations offshore Denmark, from 1988 to 2005
(Hatchell et al. 2007).

Acoustic ranging, pressure, and gravity measurements are considered low-costalternative reser-
voir monitoring approaches, compared with seismic time-lapse techniques (Bourne et al. 2009).
Bourne et al. (2009) described a networked acoustic ranging system that autonomously measures
horizontal deformation over the compacting Ormen Lange gas/oil reservoir offshore Norway from
hourly distance measurements among the networked stations. Gravity- and pressure-change data
provide information about both vertical deformation and redistribution of mass below the seafloor
associated with fluid extraction and injection (e.g., Alnes et al. 2011, Eiken et al. 2008). Eiken et al.
(2008) used both pressure and gravity measurements to characterize the changing distribution
of gas, oil, water, and porosity in the Troll field in the North Sea (Figure 12). An integrated
pressure-gravity monitoring system has also been used in the Sleipner field in the North Sea
where CO; is separated from natural gas, compressed, and reinjected into an underground saline
aquifer. Once the contribution of elevation changes (measured with few-millimeter-level preci-
sion) and other factors (natural gas extraction and water intrusion in the reservoir) are accounted
for, gravity-change measurements allow estimation of the density and thus the temperature of the
sequestered CO, (Alnes et al. 2011, Nooner et al. 2007).

DISCUSSION

Enhanced seafloor deformation monitoring in the world’s oceans will likely reveal a panoply of dy-
namic deformation processes of tectonic, volcanic, and nontectonic systems. The seafloor geodetic
systems offshore northeast Japan provided extremely valuable constraints on preseismic, coseis-
mic, and postseismic deformation associated with the March 11, 2011, M 9 Tohoku earthquake
and have motivated expansion of seafloor deformation monitoring in Japan and along the Cascadia
subduction zone. More research is also indicated with a focus on fast-spreading mid-ocean rift
systems and oceanic transform faults. Oceanic transform faults accommodate much of their slip
budget by aseismic slip, and larger events are commonly preceded by foreshock activity and are
thus highly predictable (McGuire et al. 2012). Precise seafloor geodetic monitoring of oceanic
transform faults will greatly illuminate their dynamic slip behavior (McGuire & Collins 2013).
The precision and accuracy of seafloor systems can likely be substantially improved in the future.
For example, improvements in the kinematic GPS positioning of the surface vehicle and improved
transponder positioning through further characterization and modeling of signal refraction in the

Figure 9

Deformation and lava flows at Axial Seamount (modified from Caress et al. 2012, Chadwick et al. 2012). (#) Bathymetric map of the
summit caldera of Axial Seamount showing the locations of two continuously operating bottom pressure sensors (white circles). Blue and
red lines indicate the partial extent of April 2011 lava flows and their eruptive vents. () Cycle of inflation and deflation at Axial
Seamount from pressure-sensor data at the center site (Chadwick et al. 2012). Red and blue time series show abrupt deflation
accompanying the 1998 and 2011 eruptions. Relative uplift between the 1998 measurements and the initiation of intereruption
measurements using a mobile pressure recorder system (purple dots) is unknown. The dark yellow curve shows a time-predictable
forecast scenario, assuming the next eruption occurs at a critical level of inflation. (¢) Difference between pre- and posteruption
bathymetry showing the thickness of 2011 lava flows (Caress et al. 2012).
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Figure 11

Subsidence and changes in seismic velocities in the compacting Dan field in the North Sea offshore Denmark, from 1988 to 2005
(modified from Hatchell et al. 2007 and P. Hatchell, personal communication). () Subsidence measured with echo sounding and GPS
on two oil platforms (white squares). (b) Vertical cross-section of cross-correlation time shifts along B-B’ displayed in panel 4.

(¢) Time-lapse time shifts observed from stacked seismic data at the top of the chalk reservoir shown by the dark yellow line in

panel 4. The time-lapse time shifts provide 4D mapping of strain and velocity changes in the reservoir.

oceans should push the precision of GPS-A horizontal positions to subcentimeter levels. More
frequent measurements through permanent installations or by automated vehicles will improve
the precision of deformation rates and the resolution of time-dependent processes. From an oper-
ational perspective, continuous GPS-A measurements remain challenging, requiring a sustained
presence at the sea surface of a buoy or autonomous vehicle. Stable monumentation—for example,
via drilled anchoring systems—will be necessary to ensure full precision of these measurements.
For many of the processes targeted with seafloor geodesy, including volcano, fault, landslide,
and reservoir monitoring, the availability of continuous, and often real-time, measurements is
extremely advantageous. Thus, the use of cabled systems that provide power and continuously
transmit data back to shore from a range of seafloor instruments is desirable.

One of the most severe challenges to the advance of seafloor geodesy is the high cost and
logistics requirements for deploying and operating measurement systems. Research vessel costs
exceeding $30,000/day can be forbidding. Thus, a key requirement for more widespread use of
the techniques described in this article lies in the development of autonomous systems relying
on buoys, autonomous surface and underwater vehicles, and other small-scale, lower-cost tech-
nologies. For example, autonomous, wave-powered surface vehicles could be used to carry out
frequent GPS-A measurements of a network of transponder clusters at a fraction of the cost needed

Figure 10

Rapid submarine uplift of the south flank of Kilauea Volcano, Hawaii. (#) Map of geodetic network on the Hilina slump (outlined by
white dashed line) on a topographic/bathymetric map (modified from Brooks et al. 2011 and J. Foster, personal communication). Orange
arrows show 1997-2005 velocities of continuous GPS sites. Symbols indicate locations of existing and planned seafloor instrumentation
including extensometers, pressure sensors, and ocean-bottom seismometers (OBS). (5) Cross-section through Kilauea’s active
submarine flank and uplift measurements (modified from Morgan et al. 2003, 2009; Phillips et al. 2008). The south flank is forced
seaward by magmatic rift intrusions and gravitational spreading with aseismic slip along an active décollement (red ) producing the
GPS-measured seaward motion on land and uplift offshore. Uplift data (black arrows) and predicted uplift from an elastic fault model
(red arrows) are from Phillips et al. (2008). All depths are in meters.
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Elevation and gravity changes over Troll field, in the North Sea off Norway (modified from Eiken et al. 2008
and O. Eiken, personal communication). (z) NW-SE geologic cross-section across the field (see the gray
dashed line in panel & for approximate location). (#) Seafloor elevation changes from pressure-sensor
measurements spanning 2002 to 2005. The uncertainty (one standard deviation) of the depth differences is
estimated at 1 cm. The green line outlines the hydrocarbon reservoir. (¢) 2002-2005 gravity changes
corrected for elevation changes, showing mass changes in the field. The one-standard-deviation uncertainty
of gravity differences is 6.5 pGal. The gravity decrease in Troll West can be explained by oil production and

a downward-moving gas-oil contact, whereas the gravity increase in Troll East is interpreted to be due to the
influx of water from outside.
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Comparison of horizontal and vertical accuracy of seafloor geodetic methods over a range of spatial and temporal scales. The log-log
plots illustrate the ability of various seafloor geodetic sensors to resolve a 1-cm displacement over the spatial and temporal scales
specified by labeled boxes in the plots. (2) Continuous GPS-A measurements (b/ue box) promise substantially improved temporal
resolution of horizontal positioning. () Continuous pressure measurements with drift corrections provide increased long-term
coverage of vertical motions.

to commit a research vessel to such an effort. Autonomous underwater vehicles are capable of pro-
viding many operations and maintenance activities on the seafloor. Assuming continued progress
in the development of increasingly precise and cost-efficient seafloor geodetic monitoring tools,
we envision a technological and scientific revolution.

The advent of continuous measurements in space-based, subaerial geodesy improved tempo-
ral resolution and both understanding and reduction of positioning errors. A similar evolution is
underway in seafloor geodesy (Figure 13). Most seafloor geodetic sensors are easily configured
for continuous measurements, including pressure and direct- and indirect-path acoustics. Cabled
sensors offer the additional advantage of practically unlimited power and real-time communica-
tions. Recent accomplishments, strong scientific rationale, and technical improvements in seafloor

geodesy suggest that the field will advance rapidly during the next decade.

SUMMARY POINTS

1. Seafloor geodetic measurements of deformation, strain, tilt, and gravity changes are
possible with precision comparable to that of terrestrial systems.

2. Submarine observations of mid-ocean ridge deformation document episodic dike intru-
sion cycles with components similar to the earthquake cycle.

3. Seafloor measurements of earthquake cycle deformation off northeast Japan are revealing
unique information about interseismic coupling, pre-earthquake slip transients, >50-m
near-trench megathrustslip, and the rheology governing postseismic afterslip and viscous
relaxation.
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4. Seafloor geodesy using pressure sensors, gravimeters, and multibeam sonar and seismic
time-lapse imaging allows for characterization of reservoir changes due to extraction or
injection of fluids.

5. Recent technical advances and strong scientific rationale suggest rapid growth of seafloor
geodetic applications.

FUTURE ISSUES
1. The development of seafloor geodetic systems relying on autonomous buoys and surface

and subsurface vehicles will greatly enable more comprehensive monitoring efforts and
reduce the cost of deployment.

2. Deployment of permanent benchmarks on the seafloor should extend positional time
series beyond the life of a single seafloor sensor, analogous to the use of long-lasting
monuments in subaerial geodesy.

3. Cabled systems will allow for continuous and real-time monitoring of subduction zone
and volcanic systems and improve our understanding of their dynamics and associated
hazards.

4. Self-calibrated pressure sensors should improve the detection of slow interseismic vertical
motions.

5. Interferometric synthetic aperture sonar (InSAS) for high-resolution seafloor mapping
and change detection may revolutionize seafloor geodesy, just as InNSAR did in terrestrial
geodesy.
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