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. ‘ \\ ) HUDSON CANYON l ‘ Introduction using seismic-reflection profiles (Tucholke and others, 1977; Shipley and of digital seismic data that is available in a grid dense enough to allow
s o 3 | others, 1979; Dillon and Paull, 1983; Collins and Watkins, 1985; Miller and mapping is vertical-incidence seismic data. Vertical-incidence data is collected
y N % | NEW These maps present the inferred distribution of natural-gas hydrate within others, 1991; Rowe and Gettrust, 1993). The calculated effect of gas-hydrate with no offset (horizontal separation between seismic source and receiver), and
( % / it 1 > JERSEY the sediments of the eastern United States continental margin (Exclusive cementation on the amplitude of seismic reflections is demonstrated by the therefore it does not allow the calculation of interval velocities but does allow
/ AN : / ~ . s ] | Economic Zone) in the offshore region from Georgia to New Jersey (fig. 1). series of synthetic seismograms in figure 3, and maps indicating the the measurement of blanking. Our strategy to estimate hydrate concentration
) iR d P | The maps, which were created on the basis of seismic interpretations, distribution of hydrate, created on the basis of seismic-reflection data, are in the study area consisted of the following steps: (1) quantify interval velocity
r 5 p | represent the first attempt to map volume estimates for gas hydrate. Gas presented as figures 4, 5, and 6. Hydrate has a very strong effect on acoustic and amplitude blanking in the hydrate-cemented zone in the few available
P \ hydrate forms a large reservoir for methane in oceanic sediments. Therefore reflections because it has a high acoustic velocity (approximately 3.3 km/s-- - multichannel seismic-reflection profiles in the study area; (2) estimate the
/7 \ : | it potentially may represent a future source of energy and it may influence about twice that of sea-floor sediments; Sloan, 1990), and thus cementation of amount of hydrate indicated by velocity; (3) establish the relation between
29°— + ( N L = N ‘ climate change because methane is a very effective greenhouse gas. Hydrate grains by hydrates produces a high-velocity deposit due to the mixing of hydrate and blanking; and (4) apply this relation to measure hydrate
/ \ 39° breakdown probably is a controlling factor for sea-floor landslides, and its hydrate with the sediment. Sediments below the hydrate-cemented zone, if concentrations indicated by blanking in the vertical-incidence data (Lee and
= < | Spa : . . y y
S - E + + presence has significant effect on the acoustic velocity of sea-floor sediments. water saturated, have lower velocities (water velocity is about 1.5 km/s), and others, 1992; 1993a,b; 1994).
P oL ¢ AN . I -+ A gas hydrate is a crystalline solid; its building blocks consist of a gas if gas is trapped in the sediments below the hydrate, the velocity is much Initially, interval velocity and median reflectance were determined for a
. o N % . ' | molecule surrounded by a cage of water molecules. Thus it is similar to ice, lower (even with just a few percent of gas; Brandt, 1960). Because reflection layer 250 milliseconds (ms) thick within the gas-hydrate-cemented zone (above
i // \ > . ’ | except that the crystalline structure is stabilized by the guest gas molecule strength at an interface is a function of the change in acoustic impedance, - the BSR) in six U.S. Geological Survey multichannel seismic profiles located
/ N ( B 7 | within the cage of water molecules. Many gases have molecular sizes suitable which is the product of velocity times density, the base of the in the survey area (not shown on maps, as they were not used for the final
/7 L to form hydrate, including such naturally occurring gases as carbon dioxide, hydrate-cemented zone produces a very strong reflection.  The reflection is hydrate analysis). Blanking is measured as the decrease in median reflectance
! | < 02 | hydrogen sulfide, and several low-carbon-number hydrocarbons, but most also sharply defined, because the phase boundary is a distinct limit to hydrate within the layer. Median reflectance is the seismic amplitude adjusted for
e Y. iy | marine gas hydrates that have been analyzed are methane hydrates. Gas occurrence, whereas the top of hydrate within the sediments has no such factors other than hydrate cementation that are also known to affect amplitude;
{ / | DELAWARE herates are stable at the temperatures and pressures that occur in ocean-floor precisely defined boundary--it may be diffuse and very irregular--so it does not these are travel distance due to water depth variations, and sea-floor
; g | sediments at water depths greater than about 500 m, and at these pressures produce a sharp reflection. Because the base of the gas-hydrate-stable zone - reflectivity. Concentrations of gas hydrate were calculated using the known
¥ ) « ; they are stable at temperatures above those for ice stability. Gas hydrates also occurs at an approximately uniform subbottom depth throughout any small velocities of rock (the sediment grains), water, and hydrate, and the porosity,
y 7 | ~ are stable in association with permafrost in the polar regions, both in offshore area, the well-defined seismic reflection from the base of the zone roughly which is the proportion of sediment volume occupied by water plus hydrate.
S | and onshore sediments. In deep-sea sediments, where temperature normally parallels the sea floor; it is called the "bottom simulating reflection”, or BSR. The porosity of near-bottom sediments off the southeastern United States was
| increases downward, a temperature eventually is reached at which hydrate is The BSR is characteristic of hydrate-bearing sediments. A strong BSR is estimated from results of scientific drilling (Hollister, Ewing and others, 1972;
L § WILMINGTON CANYON unstable, even though the pressure continues to increase with depth.  Thus shown in figure 74, the BSR is especially conspicuous where it intersects Sheridan, Gradstein and others, 1983). Once the hydrate concentrations for
, G | aa S S . S, B R el N a zone within the sediments will exist in which gas hydrate is potentially stable reflections from strata that do not parallel the sea floor. The coincidence in the six multichannel seismic lines were calculated, variations in concentration
‘ / from the sea floor down to a depth at which the gas-hydrate phase boundary depth of the BSR with the theoretical, extrapolated pressure/temperature of hydrate could be correlated with the measured blanking. This relation then
is reached, commonly several hundred to a thousand meters below the sea conditions that define the hydrate phase boundary at various locations in the was used to estimate the proportion of hydrate in the vertical-incidence,
80° 70° 60° \ \ floor. If gas (methane) saturation exists within this zone, gas hydrate will world and the widespread sampling of hydrate above BSR’s give confidence two-channel profiles for which the calculation of velocity was not possible.
: : pl : form. Over a small area, the base of the hydrate stability zone within the that this seismic indication of hydrates is dependable (Kvenvolden and The relation of blanking to hydrate concentration is not considered to be
e A\ 3 . / sediments will approximately parallel the sea floor at any particular water Barnard, 1982, 1983; Shipley and Didyk, 1982; Kvenvolden and Kastner, precise, so in estimating blanking in seismic profiles we divided the effect into
0 5 MARYLAND BALTIMORE CANYON. depth (equivalent to a single pressure value) because the thermal gradient 1990). only three blanking classes. Class boundaries were selected at amplitude
Q . within a restricted area is generally fairly constant, that is, the isotherms A second significant seismic characteristic of hydrate cementation is called reductions of 6 decibels. To illustrate how the presence of increased amounts
_ o I\ G2 B (surfaces of constant temperature) will tend to parallel the sea floor. Over "blanking". Blanking is the reduction of the amplitude of seismic reflections of gas hydrate cement in sediments affects seismic reflections, and to show the
£ o g g p s
3oL + larger areas, the thermal field may be distorted and even the pressure field and which apparently is caused by cementation by hydrate of the strata that form three classes of blanking, we modeled a series of synthetic seismograms (fig.
9 Y + —1 38° the chemistry of pore water may vary unpredictably; all are factors that affect reflectors. The effect of blanking is shown in the synthetic seismograms of 3). In order to simulate a seismogram for non-cemented sediments, 200
_+_ - the phase stability of hydrate. Therefore the variation in depth to the base of figure 3 and in the seismic profile in figure 74. The amplitudes of reflections random porosities in the porosity range of 50-70 percent (similar to the range
140° = — . / + el the gas—hydrate—stable zone can indicate a geat deal about sub-sea-floor in figure 74 are much smaller above the BSR, where sediments are cemented in measurements for the study area) were generated and the corresponding
) / conditions. e by gas hydrates, than they are below the BSR. Relative amplitudes are velocities and densities were computed. We then computationally "replaced”
_ . N ‘/ Gas }}ydrates bind immense amounts of methane in sea-floor sediments. indicated by the magnitudes of the excursions of the wiggle traces that are non-hydrate-cemented sediment with increasing amounts of a representative
40° Exclusive > . ’ e Hydrate is a gas concentrator; the breakdown of a unit volume of methane shown in figure 74. Blanking consistently appears in sediments containing gas hydrate-cemented sediment (hydrate concentration 27.5 percent, porosity 57.5
e . Economic t ) hydrate at a pressure of one atmosphere produces about 160 unit volumes of hydrates, indicating that the acoustic-impedance changes between the strata are percent); velocities and densities were modified accordingly. A reflection
. L Zone 1 - 5 gas. The worldwide amount of methane in gas hydrates is considered to much reduced by hydrate cementation. coefficient series was computed on the basis of the modified velocities and
- boundary - - contain at least 1x10* gigatons of carbon in a very conservative est{mate A third seismic characteristic of gas hydrates is velocity inversion, in densities and an appropriate bandpass filter was applied. In illustrating the
\\\\\ / (Kvenvolden, 1988). This is about twice the amount of carbon held in all which an abrupt decrease in acoustic velocity occurs across the boundary effect on blanking of increasing proportions of gas-hydrate cement, figure 3
/ fossil ﬁ‘xels on earth. Furthermore, hydrates a{sg seem to have the capacity to between hydrate-cemented sediments above the BSR and non-cemented shows a series of synthetic seismograms, in which the representative
1300 \ 5 fill sediment pore space and reduce permeability, so that hydrate-cemented sediments below it, where sediments are water- or even gas-filled. hydrate-cemented sediment replaces non-hydrate-bearing sediment in
, 4 _,é{ sediments act as seals for gas traps. Thus, there are two ways in which The BSR and velocity inversion, as seismic manifestations of hydrates in proportions of 0, 25, 50, 60, 70, 80, and 90 percent. The blanking classes
A hydrates can create deposits of energy gases {prlmar ll}f methane, but ch?r sea-floor sediments, have been used to recognize gas hydrates in seismic also are shown. The characteristics of gas-hydrate-cemented sediments within
/S hydrocarbon gases as well):  either by binding gas into hydrates within profiles on the U.S. Atlantic continental margin (Tucholke and others, 1977; these classes are indicated in table 1.
30° / - K WASHINGTON CANYON. sediments, or by creating a trap for free gas in the underlying sediments, using Shipley and others, 1979; Dillon and others, 1980; Paull and Dillon, 1981;
A : hydrate-cemented se(_ilments as the seal. Such a trap can form where. the base Krason and Ridley, 1985). The BSR and velocity inversion are related only Table 1.--Properties of the blanking classes of gas-hydrate-cemented
9f the hydrat_e layer Is configured to prevent the escape of gas. This occurs to the bottom boundary of the hydrate-cemented zone. The blanking effect, sediments
: ),' - in the following settings: (1) where the sea floor forms a hill, and therefore however, occurs throughout the entire hydrate-cemented zone and can be ‘
A \ / ,} ‘:/ the base of the gas-hydrate-cemented layer forms a dome because that horizon quantified to estimate the amount of gas hydrate that is present (Lee and : Class I Class II Class 11T
80° 7090 ; tends to follow a bottom-paralleling isotherm (fig. 2a); (2) above a salt diapir, others, 1993a).
‘ becaus? thermal conducti\fity' of. salt is highf:r than for sediments, so a warm Median reflectance <0.024 0.05-0.025 >0.05
Fgure, L-Tatdton s v e, siem o/ spot W111+f0fm above the diapir (isotherms will be warped upward) and the salt Estimating Volume of Gas Hydrates in Sediments Bulk volume
Uinited Sistesandl. oiffshore sepion,  Hox 7 ions (N a™ and CI) tl?at are released from the diapir will act as antifreeze; their from Seismic-Reflection Data of hydrate (percent) 12-16 8-12 0-8
st e R e combined effects will raise the base of the hydrate zone and form a dome Average volume
BT~ -+ fipures4; 5, and 6, ' Pvd NORFOLK CANYON above the diapir (fig. 2b); and (3) where alternating permeable and The strong acoustic effect of gas hydrate, causing increase in seismic of hydrate (percent) 14 10 4
4+ — 37° impermeable strata dip relative to the sea floor, because gas-hydrate interval velocity, would allow quantitative mapping of gas hydrate in marine Range in interval
us 4 cementation can provide a seal at the updip end of a permeable stratum (fig. sediments if the distribution of velocities in the sediments within the zone of velocity (km/s) 1.94-2.02 1.85-1.94 1.7-1.85
. K + 2¢). hydrate stability were completely known. Hydrate generally does not
- completely fill the pores in sediment, and interval velocity is assumed to
; Recognition of Gas Hydrates in Sediments by Remote-Sensing Methods: depend on the proportions of sedimentary volume filled by rock (the sediment Data Collection and Processing
Seismic-Reflection Profiles grains), water, and hydrate, and their respective velocities. Velocity in the
i hydrate-cemented zone can be estimated from multichannel seismic-reflection 1 The majority of the seismic-reflection lines used in this study were
VIRGINIA Although gas hydrate has been recognized in drilled cores, its presence profiles or wide-angle seismic measurements, but unfortunately such data are - collected during five cruises of the research vessel (RV) Farnella conducted
over large areas can be detected much more efficiently by acoustical methods, not widely available on the U.S. Atlantic continental margin. The only type between February and May 1987, which were intended primarily to gather
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Figure 2.--The gas-hydrate layer can provide an impermeable seal. If the seal E”L::f;:?e offiydrate, ), 6 40 7.9 95 111 127 142
is configured properly, it can form a gas trap. Diagrams of types of o
such traps that have been observed in seismic profiles are shown here. Figure 3.--Synthetic seismograms showing the calculated effect (from left
BSR, bottom simulating reflection. ‘ to right) of the increase of hydrate content on reflection amplitudes.
) The reduction in amplitude, which apparently is caused by
cementation of reflecting layers by gas hydrate, is known as
"blanking". Blanking class boundaries are indicated. Class I
represents the greatest concentration of hydrate (see table 1).
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GLORIA sidescan-sonar data. A 160-in* airgun was fired at 10-s intervals,
and data were. recorded digitally at sea using a two-channel hydrophone
streamer. Sidescan-sonar mosaics and unprocessed seismic-reflection,
bathymetric, and magnetic profiles collected on these cruises are presented in
EEZ-Scan 87 Scientific Staff (1991). Additional seismic-reflection lines were
run on the RV Cape Hatteras in 1991. These lines were collected using a
120-in® airgun fired at 10-s intervals and also recorded digitally at sea from a
two-channel hydrophone streamer. The tracks for all of these two-channel
seismic-reflection profiles, from which estimates of amount of gas hydrate and
thickness of the gas-hydrate-stable zone were made, are shown in figures 4,
5, and 6. :

To enhance the appearance of the subbottom region where blanking and
the BSR are present, the following processes and process parameters were
used: debias, mute, gain proportional to first power of traveltime,
deconvolution (design window = 0-1.4 s below the sea floor; filter length =
0.16 s; prewhitening = 10 percent; prediction distance = 0.02 s), bandpass
filter (passed between 10 and 100 Hz), and two-channel stack. The stack
summed the two channels with no moveout correction applied, and served to
increase the signal-to-noise ratio compared to single-channel display. This
processing strategy preserved relative true amplitude. From these processed
data, median reflectance was estimated for a window extending from 250 to
500 ms below the sea floor (within the gas-hydrate-stable zone), and a plot
was created of median reflectance along the profile with a moving median
applied (fig. 7B).

Mapping

Median reflectance plots along each two-channel seismic-reflection profile
(tracks shown in figures 4, 5, and 6) allowed assignment of average hydrate-
blanking-class level (1, II, or III) within the selected 250- to 500-ms window
(fig. 7B). - Using this calibration as a guide, an interpretation of the areal
extent of each class was drawn on each seismic section; an example of this
technique is shown in figure 74. Then each of these interpretations was
digitized and the values of thickness in acoustic traveltime of each blanking
class were multiplied by appropriate velocities for that class (table 1) at
intervals along the tracklines. A summary of the volume distribution of
deposits representing each class was made by integrating between the
calculation points using a surface-modeling, gridding, and contouring program
(Interactive Surface Modeling [ISM], developed by Dynamic Graphics, Inc.).

To map total hydrate, the volume of each class was multiplied by the
average proportion of gas hydrate for that class, and the results for the three
classes were summed. This resulted in the estimate of total volume of gas
hydrate within the study area that is shown by the isopach contours in figure
4. The quantity of hydrate is expressed by contours showing inferred total
volume of hydrate existing within the sediments; that is, the amount of hydrate
that would appear if all the hydrate that is dispersed in the sediments from the
sea floor to the BSR were extracted and piled on the sea floor above. In areas
where hydrate is most concentrated, total thickness is greater than 45 m,
although this is distributed throughout the few hundred meters of sediment
above the BSR. The hydrate is likely to be disseminated in the sediment as
small grains and also to be concentrated in nodules, veins, and layers. To
show where hydrate is most corcentrated we also present a similar map
showing the distribution of hydrate that exists in Class I deposits (fig. 5).
Most concentrations of gas hydrate represent locations where sedimentation

- rates either are high presently or have been high in the geologically recent

past, because these are areas where organic material is preserved and
converted to biogenic gas by bacteria in the sediments (Dillon and others,
1993, 1994).

Having mapped the estimated volume of gas hydrate, it is possible to
calculate the volume of hydrate in specific areas and the amount of gas that
would be required to form this much hydrate. The volume of natural gas in
gas hydrate at standard temperature and pressure is about 160 times the
volume of the hydrate as a crystalline solid. Two areas of high hydrate
concentration were selected to make these estimates, indicated by diagonal
hatching in figure 4. The first, represented by the large rectilinear polygon,
is located between approximately lat 31.2° to 33.8° N. and long 74.8° to
76.5° W. The second area, which is within the larger rectilinear area, is
irregularly shaped. It is a region of unusually high hydrate concentration that
is defined by the 30-m contour of total hydrate and located between
approximately lat 31.4° to 32.1° N. and long 74.9° to 76.1° W. Table 2
presents the estimates of hydrate and gas in the two areas. Areas are given
in square kilometers, volumes in cubic meters and in trillion cubic feet (TCF),
and mass of carbon in gigatons (Gt).

Table 2.--Estimated hydrate and gas volumes and carbon mass in selected
areas, indicated by diagonal hatching in figure 4

Location Area Hydrate  Methane  Methane  Carbon
(km?) (m’) (m’) (TCF) (GY)

Large polygon 20,200  4.87x10' 7.8x10" 2750 42.3
30-m contour 3,050 1.12x10" 1.8x10% 630 9.7

For purposes of comparison, the consumption of gas in the United States in
1989 was 18.8 TCF.

Figure 6 is a map of the depth of the BSR below the sea floor. The
interval from the sea floor down to the BSR represents the zone in which gas
hydrate is stable. This map, like figures 4 and 5, was created using the
seismic data and the interpretation of blanking classes. The depth of the BSR
at any given point was calculated by identifying the thickness in acoustic
traveltime for deposits of each class and multiplying the time-thickness of each
class by a characteristic velocity associated with that class (table 1). These
thicknesses were then summed to get the total depth to the base of the gas
hydrate. Velocities used were as follows: Class I, 2 km/s; Class II, 1.9
km/s; and Class III, 1.8 km/s. Because gas hydrate is stable to higher
temperatures as pressure increases and because pressure increases as water
deepens, the base of hydrate stability might be expected to extend deeper into
the sediments as water depth increases. This assumes that pressure change
depends only on change of water depth and that the thermal and chemical

. regimes are constant. This simple seaward thickening of the gas-hydrate-

stable zone does not occur, however. Clearly, the structure of the gas-hydrate
zone is far more complicated than anticipated and thus is affected by factors
other than pressure alone (Dillon and others, 1993, 1994).

Conclusions

These maps represent the first effort to estimate the volume of gas hydrate
and structure of the gas-hydrate zone over a significant region. Thus they are
an important early step in analyzing the significance of gas hydrate as a
possible energy resource, as a control on sea-floor stability, and as a possible
reservoir of a greenhouse gas, methane.
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