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The Problem: Resolving the Subsurface Structure of Marine 
Methane Hydrate Deposits

For several years, the Monterey Bay Aquarium Research Institute has devoted 
considerable effort to the study of the geological and geochemical processes asso-
ciated with the formation and dissociation of methane hydrate deposits (e.g. 
Brewer et al., 2002; Hester et al., 2007a,b; Naehr et al., 2000; Paull, 2002; Paull et 
al., 2003, 2005, 2007, 2008; Peltzer and Brewer, 2000, Ussler and Paull, 2001). 
These projects have made use of a combination of ROV-based exploration, sam-
pling, in situ analyses (e.g. laser raman spectroscopy), seismic reflection profiling, 
and AUV-based high resolution seafloor mapping and subbottom imaging (Paull 
et al., 2008; Caress et al., 2008). However, MBARI’s ability to investigate the 
mechanisms for formation of massive hydrate exposures have been limited by an 
inability to resolve the subsurface structure of these deposits. Although AUV-
mounted chirp subbottom profiler sonars can achieve penetrations of 50 m or 
more in soft, well stratified sediments, these systems tend to poorly image the 
subsurface where hydrates are present because the high sound velocity hydrates 
and/or authigenic carbonates mask the pre-existing sedimentary features. Also, 
gas bubbles, when present, highly attenuate the acoustic signals, thereby contrib-
uting to blank zones in seismic reflection and subbottom profiler sections. The 
figures below present results from ROV dives and a Mapping AUV survey of gas 
seep mounds in Santa Monica Basin (Paull et al., 2008); these data fail to un-
equivocally discriminate between plausible models for the formations of these 
mounds. Observations constraining the shallow subsurface distribution of hy-
drates at a resolution of a few meters are required.

(Right) Cartoon showing the three possible mechanisms for pro-
ducing seafloor mounds. Part A represents a mud volcano where 
the topography is composed of reconstituted material extruded 
as a slurry from the subsurface. Part B represents a diapir where 
the solids have flowed upward and deform the seafloor. Part C 
illustrates the effect of expansion associated with the growth and 
accumulation of gas hydrate in the subsurface. Paull et al. 
(2008) prefer C, but the existing data do not conclsively distin-
guish between these models.
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(Left) Video images collected during dives of the ROV Tiburon show-
ing the seafloor on the NE Santa Monica Mound and photographs of 
samples collected from the NE Mound. Part A shows a crack near the 
crest of the mound from which a continuous plume of gas emanates. 
Bubbles can be seen above the ROV's manipulator. The manipulator is 
holding an overturned cylinder with an attached funnel to collect the 
gas. The white material in the cylinder is a mush of gas-hydrate-
coated bubbles. Cylinder is 9 cm in diameter. Part B shows the contact 
between a white-fringed patch of orange microbial mat and a bed of 
living clams on a terrace on the southwestern flank of the mound. Part 
C shows a densely packed bed of V. elongata. Part D shows a cross 
section of authigenic carbonate rock. Articulated valves of V. elongata 
shells are contained within this sample. A 2.5-cm long V. elongata 
shell found nearby is shown for scale. It also provides a coarse scale 
for the images in Parts B and C.
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2010 High-Resolution Refraction Experiment at 
the Northern Santa Monica Gas Seep Mound

The next phase of the MBARI high-resolution refraction project will be a test 
at the northern Santa Monica gas seep mound in the spring of 2010. This ex-
periment is intended to compare the seismic velocity structure of the upper 100 
m beneath the crest of the mound, from which free methane escapes, with that 
beneath the seafloor north of the mound, where no evidence for subsurface gas 
or hydrate exists. Five hydrophones will be deployed along a 1.5 km long pro-
file along the crest (shown on the map) using the ROV Doc Ricketts on R/V 
Western Flyer, and then the Mapping AUV (deployed from R/V Zephyr) will 
fly the profile at a 10 m altitude, pinging the 1-6 kHz source at 3 second inter-
vals. The ROV will be used to move the 
instruments to a second profile located 
500 m to the northwest, and then the 
AUV will run a second refraction profile. 
In addition to using the quieter AUV as 
the source platform, the likelihood of 
success will be augmented by using a 
new version of the Acousonde 
hydrophone with an additional 10 dB of 
preamplifier gain.

Initial Test Results
On September 22, 2009, the ROV-based chirp refraction concept 
was tested from R/V Point Lobos using ROV Ventana, the 1-6 
kHz chirp source described above, and two Acousonde hydro-
phones. The test site was in about 380 m of water in the upper 
Monterey Canyon. Initially, the hydrophones were lowered to 110 
m depth and the ROV brought to within 30 m range so that the 
actual source pulses achieved could be recorded without interfer-
ence from reflections. Then the hydrophones were deployed on 
the seafloor at 382 m on a bench south of the canyon axis, and 
Ventana ran four 1 km long refraction profiles along the bottom 
pinging at 3 second intervals using tapered 0.25-6 kHz chirps with 
25, 50, 100 and 200 millisecond pulse durations, respectively. 
Similar results where achieved with all four pulses; the 25 milli-
second case is displayed to the right. The match filtering was ap-
plied using the actual rather than modeled sources. The raw wave-
field data is dominated by noise from the ROV and ship. The 
match filtering succeeds admirably in resolving the direct and sur-
face reflected arrivals, but no refracted arrivals are observed. The 
noise analysis below suggests that the ROV is simply too noisy 
for low amplitude refractions to be observed. A less noisy source 
platform will be required for an acoustic chirp refraction system 
to work.

1-6 kHz Chirp Acoustic Source
The ROV-mounted acoustic source consists of the am-
plifier and projector for an Edgetech 1-6 kHz subbottom 
sonar driven by a National Instruments cRIO realtime 
controller and LabView software. 
This architecture allows us to test a 
wide variety of source waveforms. 
The projector is shown at right 
mounted to the swing arm of ROV 
Ventana. The source strength is 
approximately 206 dB re 1 uPa at 
1 m range.

Results from Mapping AUV survey and 
ROV dives on Santa Monica gas seep 
mounds (Paull et al., 2008). 
(Top left) Bathymetric maps generated by 
AUV multibeam surveys across the NE 
and SW Mounds and Swells shown at 5 m 
contour interval. Location of chirp seismic 
profile sections illustrated in A-E are 
indicated (black lines). Locations of ROV 
dives (thin red lines), the axial trace of the 
anticline (red dashed line) and inferred strike 
slip faults (blue line) are also indicated. 
(Top right)  1 m contour maps and 
perspective views of the Santa Monica 
mounds. (Right) High-resolution seismic 
reflection profiles of the Santa Monica 
Mounds and swells collected using the chirp 
system on MBARI’s mapping AUV. 
Profile A extends NE-SW across the SW 
Mound and illustrates that this topographic high is associated with an anticline. Profile B extends NW-SE along the crest of 
the swell and crosses the SW Mound. The reflection profile does not resolve internal structure of the mound. Profile C is an 
expanded view of part of profile B and shows several small normal faults (F) on its NW limb.  Profile D shows a crossing of 
the NE Swell and shows faulting (F) on its southwest limb. Profile E crosses the NE Mound. 
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The Concept: High-Resolution Seismic Refraction using 
Seafloor Hydrophones and an Acoustic Chirp Source

One approach to imaging subsurface hydrate distribution is seismic refraction, in which seismic 
sources and receivers are separated so that arrivals reflect energy that has propogated laterally 
through the subsurface. The refraction technique is attractive because “hydrated” sediments have a 
significantly higher compressional seismic velocity than water-saturated sediments (e.g. Lee et al., 
1996), as do authigenic carbonates associated with methane-related diagenesis. Refraction experi-
ments typically combine seismometers or hydrophones deployed on the seafloor with pneumatic 
sound sources (airguns), or similar devices, operated at the sea surface from ships. However, in 
order to achieve the desired resolution, both sources and receivers must be located on or near the 
seafloor. Although discrete explosive and implosive sources (e.g. Christensen et al., 1992; Hammer 
et al., 1994) have been used in deep-ocean on-bottom refraction experiments, sources that are more 
repeatable, easier to generate, and higher in frequency (on the order of 1-5 kHz rather than 1-100 
Hz) are needed. Subbottom profiler sonars generate highly repeatable acoustic signals at depth, and 
can use long duration swept-frequency (chirp) source functions to improve both the signal-to-noise 
ratio and time-resolution of arrivals. In addition, to make experiments logistically feasible,  the re-
ceivers should be easily deployable in precise locations and the source 
must be capable of being operated continuously along profiles on or 
near the seafloor. 
The cartoon illustrates our initial concept for an ROV-based, deep-
ocean, high resolution seismic refraction system. The acoustic source 
is an ROV-mounted sonar producing a 1-6 kHz chirp signal, and the 
receivers are small hydrophone recording packages. Operationally we 
deploy a number of small hydrophone recording systems on the sea-
floor from the ROV, run the refraction profiles along the bottom with 
the vehicle, and the recover the instruments.

Hydrophone Recording System
The hydrophone package is an Acousonde miniature 
autonomous acoustic recorder recently developed with 
ONR funding by Acoustimetrics, part of Greeneridge 
Sciences, Inc. The primary purpose of this instrument is 
marine mammal monitoring. Specifications relevant to 
the refraction application include:
 - 26 kHz sampling rate
 - 10 Hz to 9.2 kHz bandwidth
 - 16 bit sampling
 - 8 GB flash storage
 - 42 hour recording duration
 - 6-pole elliptic anti-aliasing 
  filter
 - 167 dB re 1 uPa saturation 
  at 20 dB gain setting
 - 3000 m depth rating
A combination of internal clock discipline, and post-
deployment calibration achieves timing accuracy well 
within the 250 microsecond theoretical resolution of re-
fracted arrival travel times.

Acoustic Noise Measurements of the MBARI Mapping AUV
In order to test the suitability of Dorado AUVs 
as refraction source platforms, we deployed two 
Acousonde hydrophones on the seafloor at a 
depth of 110 m in the path of the MBARI Map-
ping AUV during a seafloor mapping survey. 
The AUV ran at a 50 m altitude at 1.5 m/sec, 
pinging a subbottom profiler every 0.5 seconds 
with a 2-10 kHz, 20 msec chirp pulse. The so-
nogram at right shows that the acoustic noise 
generated by the AUV has peaks of about 70 dB 
at 1.2 kHz and 1.8 kHz, with negligible noise 
above 2 kHz. The subbottom profiler signal ap-
pears strongest in the sonogram at 300 m range, 
presumably due to reverberation in the water 
column. Clearly the AUV is a quieter and there-
fore better platform for the refraction acoustic 
source. We are currently upgrading the Map-
ping AUV subbottom profiler to use the 1-6 
kHz source, and future refraction tests will 
use the AUV as the acoustic source platform.

A) Acoustic source mounted on ROV Ventana swing arm. B. Prepar-
ing hydrophones for deployment - when on the seafloor the hydro-
phones are pushed into the sediment through holes in a steel plate by 
elastic cord under tension. C) Hydrophone assembly in ROV drawer 
with attached float/beacon. D) Deploying hydrophone assembly on 
seafloor. E) Location figure. The Hydrophones were deployed at 382 
m depth on a bench above the inner canyon axis (site indicated by 
star), and the refraction profiles where shot along a 1 km line to the 
southwest.
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25 millisecond 0.25-6 kHz chirp as 
recorded at 30 m range

 25 millisecond 0.25-6 kHz chirp source 

A) 25 millisecond 0.25-6 kHz chirp as re-
corded in midwater at 30 m range. The mid-
water tests allowed the achieved source 
function to be recorded without interference 
from seafloor and seasurface reflections. 
The frequency sweep started at 0.25 kHz to 
determine if the source transducer can be 
driven below its rated frequency range of 
1-6 kHz. B) 25 millisecond 0.25-6 kHz 
chirp source function. Note that actual 
source achieved in (A) has little energy 
below 1 kHz. In the future the source func-
tions will run 1-6 kHz. (C) Klauder wavelet 
obtained as the autocorrelation of (B). This 
represents the idealized impulse response 
function obtained by “dechirping” (match 
filtering) the recorded acoustic data. The 
best possible time resolution of an arrival 
after match filtering is about 0.25 millisec-
onds.
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High Resolution Refraction Testing (22 September 2009)

Raw Acoustic Data
25 msec 0.25-6 kHz Chirp

Dominated by ROV Ventana Noise

Match-�ltered Correlate
25 msec 0.25-6 kHz Chirp

Ventana adjacent to hydrophones

Ventana 1 km from hydrophones

Surface Re�ected Arrival

Direct Arrival

Example of test refraction data using a 25 millisecond chirp. 
(Top) Raw wavefield recorded by hydrophones. This is 
dominated by a combination of ROV and ship acoustic noise. 
(Bottom) Result of match filtering, or “dechirping” the hy-
drophone data. The direct and surface bounced arrivals are 
resolved as expected, but no refracted arrivals are observed.

Spectrograms of hydrophone data 
formed by calculating power spec-
tra as a function of time. (Left) 
Spectrogram for hydrophones hung 
in midwater near the ROV. The 
acoustic noise generated by ROV 
Ventana is obvious. Noise reduction 
observed when the vehicle hydrau-
lics are turned off verifies that the 
hydraulic pump and associated vi-
bration are a large source of noise. 
Interestingly, the ROV noise is ap-
parently dominated by harmonics of 
565 Hz extending to nearly 10 kHz. 
(Right) Spectrogram from hydro-
phones deployed on seafloor as re-
fraction profiles were run using 25, 
50, 100, and 200 millisecond 0.25-6 
kHz chirp pulses.The hydrophones 
were saturated by ship and ROV 
noise during deployment, recovery, 
and when the ROV approached 
closely at the start and ends of the 
profiles.
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