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4. SEISMIC REFLECTION PROFILES ON THE BLAKE RIDGE NEAR SITES 994, 995, AND 9971

William P. Dillon,2 Deborah R. Hutchinson,2 and Rebecca M. Drury2

ABSTRACT

Seismic reflection profiles near Sites 994, 995, and 997 were collected with seismic sources that provide maximum resolu-
tion with adequate power to image the zone of gas hydrate stability and the region directly beneath it. The overall structure of
the sediment drift deposit that constitutes the Blake Ridge consists of southwestward-dipping strata. These strata are approxi-
mately conformal to the seafloor on the southwest side of the ridge and are truncated by erosion on the northeast side. A
bottom-simulating reflection (BSR) marks the velocity contrast between gas hydrate-bearing sediment and regions containing
free gas beneath the zone of gas hydrate stability. The BSR is strong and continuous near the ridge crest but becomes discontin-
uous on the flanks, where concentration of gas is reduced and dipping strata pass through the level of the base of gas hydrate
stability or the strata are disrupted by faults. Seismic reflection amplitudes appear to be reduced in the region of gas hydrate for-
mation compared to normal amplitudes. A faulted zone -0.5-0.6 s thick parallels reflections from strata. We infer that this may
represent a formerly gas hydrate-bearing zone that was faulted because of a breakdown of hydrate near its phase limit (at the
base of the zone). Strong reflections at the top of the faulted zone are caused by free-gas accumulation at Site 994. Similar
strong reflections probably are caused by free-gas accumulations where the top of the faulted zone rises above the BSR,
although this would require local free gas within the hydrate-stable zone.

INTRODUCTION

This paper presents the regional structure of the Blake Ridge in
the vicinity of Ocean Drilling Program (ODP) Sites 994, 995, and
997, as interpreted from air gun seismic reflection profiles. The pro-
filing system was designed to provide maximum resolution for the
upper 1-1.5 s of traveltime of the sedimentary section, which is the
region that includes the zone of gas hydrate stability and deeper gas
accumulation.

The Blake Ridge extends seaward (southeastward) across the con-
tinental rise and abyssal seafloor approximately normal to the conti-
nental margin off South Carolina (Fig. 2, "Introduction" chapter, this
volume). It is a large deep-ocean sediment drift that has accumulated
on an unconformity of early Oligocene age known as horizon Au

(Mountain and Tucholke, 1985), and it is continuing to accrete and
migrate as a result of interactions of deep-sea currents—dominantly
southward-flowing contour currents (Bryan, 1970; Markl et al., 1970;
Hollister, Ewing, et al., 1972; Buffler et al , 1978; McCave and
Tucholke, 1986). The Blake Ridge is built above oceanic crust (Klit-
gord et al., 1988) off the southern part of the Carolina Trough (Hutch-
inson et al., 1982; Dillon and Popenoe, 1988). The trough is marked
by a series of diapirs along its seaward side, one of which rises into
the sediments at the landward end of the ridge (Dillon et al., 1982).
Workers have noted unusually strong indications of gas hydrate in
seismic reflection profiles on the Blake Ridge for many years (Stoll
et al., 1971; Ewing and Hollister, 1972; Hollister, Ewing, et al., 1972;
Lancelot and Ewing; 1972; Tucholke et al., 1977; Shipley et al.,
1979; Dillon et al, 1980; Paull and Dillon, 1981; Dillon and Paull,
1983; Kvenvolden and Barnard, 1983; Krason and Ridley, 1985;
Rowe and Gettrust, 1993; Katzman et al , 1994; Lee et al, 1994; Dil-
lon et al., 1993, 1994, 1995). Leg 164 represented the third scientific
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drilling cruise to sample gas hydrate on the Blake Ridge and involved
the most extensive geophysical data gathering; previous drilling was
associated with Deep Sea Drilling Project Legs 11 and 76 (Hollister,
Ewing, et al, 1972; Sheridan, Gradstein, et al, 1983).

DATA

Seismic profiles shown in this paper were collected using moder-
ately small, high-pressure, pneumatic seismic sources to penetrate to
below the region of gas hydrate stability but maintain the best possi-
ble resolution. Profiles collected in 1992 used a 160-in3 (2.62 L) air
gun, whereas profiles collected in 1995 employed a generator-
injector gun in which the generator chamber (which generates the pri-
mary signal) was 105 in3 (1.72 L) and the injector chamber (which
controls bubble pulsing) was also 105 in3. Data were recorded digi-
tally with 2-ms sampling. Profile locations are shown in Figure 1.
Two long profiles, USGS 92-11 and USGS 92-12, collected in 1992,
cross the entire ridge in the vicinity of Sites 994, 995, and 997 (pro-
files: Figs. 2, 3; interpretations: Figs. 4, 5). Several shorter profiles,
collected in 1995 while shooting for vertical seismic profiles (VSPs)
at Sites 994 and 997 tie these profiles to the drill sites (Figs. 6-9; also
see Fig. 1 in Section 2, this volume). Processing of data included de-
bias, predictive deconvolution, band-pass filtering (8-160 Hz) with a
notch filter (8-12 Hz), and true amplitude recovery; 1992 lines were
migrated, and 1995 lines were not.

INTERPRETATION OF PROFILES

Overall Structure

The overall structure of the Blake Ridge is that of a southwest-
ward-migrating sediment drift. All reflections dip toward the south-
west (downdrift) side of the ridge and are approximately parallel to
the seafloor on that side, whereas those on the northeast side are trun-
cated at the seafloor (Figs. 2-5). As a result of the truncation, older
strata crop out on the lower part of the northeast flank, forming dif-
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Figure 1. Locations of seismic reflection profiles presented in this paper.
Lines 11 and 12 were collected in 1992; the remainder, in 1995.

ferentially eroded, rough seafloor. On the upper part of the northeast
flank, the eroded, dipping strata terminate at an unconformity that is
covered by strata of possibly Pleistocene age that are conformal to the
seafloor.

Reflection Features Associated with Gas Hydrate
Bottom-Simulating Reflection

A region of weak reflections just below the seafloor, -0.5-0.6 s
thick, is marked at its base by a strong reflection or set of reflections
that parallel the seafloor and are known as the bottom-simulating re-
flection (BSR). A single strong BSR that appears continuous at these
frequencies (-12-180 Hz) exists only near the crest of the ridge
(Figs. 2, 3; indicated by a continuous line with circles in the interpre-
tations on Figs. 4, 5). Elsewhere, the BSR is marked by a series of
strong but horizontally discontinuous reflections (marked by X; Figs.
4, 5). This series of reflections would appear as a continuous BSR in
profiles filtered for lower frequencies (Lee et al., 1994) and also will
be referred to as the BSR.

The BSR is considered to mark the shallowest limits of strata that
contain free gas—above this level, gas is included in gas hydrate,
which may form a high-velocity cement in the sediment and enhance
the velocity contrast with the low velocities caused by presence of
free gas (Brandt, 1960) that exists below the hydrate phase boundary.
Where the BSR is continuous (Figs. 2, 3), we infer that the sediments
are filled with free gas, although the lack of a reflection from a flat
bottom of the gas layer (so-called "bright spot") and analyses by
Katzman et al. (1994) suggest that the gas-saturated zone on the
Blake Ridge is thin (<25 m) with a gradational base. Where the BSR
is discontinuous, as on the flanks of the ridge (Figs. 2, 3), gas concen-
tration probably is less, and discontinuities seem to have two alterna-
tive causes. In some cases, a series of dipping strata passes through
the level of the hydrate phase boundary, and significant amounts of
free gas in the more porous strata, alternating with little gas in less po-
rous layers, cause variations in reflection strength.This creates a shin-

gled appearance to the BSR. In other cases, minor faulting has frac-
tured the strata, creating disruptions in gas trapping and, hence, in the
BSR, as is indicated in an enlarged view of part of Profile 92-12 (Fig.
10; the BSR is marked X, as it is in the interpretation in Fig. 5; the
location of Fig. 10 is indicated by the photo corner bracket in Fig. 5).
An expanded plot of 100 shots (Fig. 11; location indicated on Fig. 10)
shows more clearly the relative reflection strengths at the BSR (at
-4.7 s) and in the regions above and below it. The polarity of the seis-
mic wave also can be observed in this plot. At the seafloor, the seis-
mic wave passes from lower to higher acoustic impedance (primarily
because of an increase in density), and at the BSR the wave would be
expected to pass from higher to lower acoustic impedance (because
of the lower velocity associated with the presence of free gas in the
sediment). Thus, the reflections at the seafloor and BSR would be ex-
pected to display reversed polarity, but they do not appear to do so in
this case.

The BSR appears shallower by -0.05 s on the northeast side of the
ridge compared to similar water depths on the southwest side (Figs.
2, 3). Two factors might explain this difference. Higher sediment ve-
locities on the northeast side would produce shallower time depths
for equivalent real depths. Such higher velocities might be anticipat-
ed on the northeast side because the sediments there have been sub-
jected to compaction by overburden that was subsequently removed
by erosion, and therefore they may be overcompacted. Velocity stud-
ies using ocean-bottom hydrophones seem to support this hypothesis
(fig. 6 in Katzman et al., 1994). Alternatively, the thermal gradient
may be greater on the northeast side, which would raise the base of
gas hydrate stability. An increased thermal gradient could result from
circulation of fluids squeezed out of the compacting sediments of the
ridge. These warm fluids from greater depths might be expected to
preferentially flow along stratal pathways, which would cause them
to be expressed from the ridge dominantly toward the north. Mea-
surements in a transect across the ridge (Ruppel et al., 1995) provide
a weak indication of increased thermal gradients toward the north-
east.

Seismic Amplitude Reduction—Blanking

The amplitudes of reflections above the BSR are generally re-
duced compared to those below. For example, consider the true am-
plitude Profile 92-11 (Fig. 2). With low-power sources, such as ours,
deep reflections are weakened by attenuation, but the pattern of re-
duced amplitudes above the BSR and increased amplitudes below it
is apparent in Figure 11. In this plot, large-amplitude reflections near
the seafloor no doubt arise from stratigraphic variations. Strong re-
flections at and just below the BSR (marked X) probably are caused
by the presence of free gas trapped in the beds just below the hydrate
stability zone, but the zone of free gas may be thin (<25 m, perhaps
0.02 s; Katzman et al., 1994). Even if free gas exists in a much thicker
zone than that (Holbrook et al., in press, suggest presence of a zone
at least 200 m thick), reflections below -5 s (0.3 s below the BSR)
probably represent normal reflection amplitudes and are larger than
amplitudes in the hydrate zone. Because of the structure of the Blake
Ridge, reflections from continuations of these same deeper reflectors
of Figure 11 can be observed where they extend into the hydrate zone
above the BSR (Fig. 5). Reflectors represented in the lower part of
Figure 11 (shotpoints 2500-2600 on Line 12) show much-reduced
reflection amplitudes at their continuation above the BSR at about
shotpoints 1000-1300 on the same line (Fig. 3). In profiles collected
with high-power seismic sources (e.g., Shipley et al., 1979; Dillon
and Popenoe, 1988), amplitudes beneath the BSR are observed to be
greater than those above it, even to considerable depths. The reflec-
tion marked with a square in Figure 11 is an anomalous event that
will be discussed subsequently.

At Sites 994, 995, and 997, near the crest of the Blake Ridge, re-
flection amplitudes generally decrease downward through the zone
of gas hydrate stability and reach a minimum just above the BSR
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Figure 2. Seismic Profile USGS 92-11. Drill site locations were projected parallel to the crest of the Blake Ridge. VE = vertical exaggeration.
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Figure 3. Seismic Profile USGS 92-12. Drill site locations were projected parallel to the crest of the Blake Ridge. VE = vertical exaggeration.

(Fig. 2). A pattern of velocities increasing down to the BSR and de-
creasing below it is also apparent in the vertical seismic profiling and
velocity logging at the two sites where the BSR exists (995 and 997).
This pattern is consistent with the vertical distribution of hydrate in
the sediments inferred from velocity and from pore-water chloride
variations recorded at the drill sites. We infer that the reduction in re-
flection amplitude, known as "blanking," is the result of the presence
of gas hydrate, which increases the velocity of the more porous,
lower velocity sedimentary beds by the introduction of a high-
velocity material in the pores and thus results in a more uniform ve-
locity for the sedimentary section. Thus, an increase in the amount of
gas hydrate should be correlatable to an increase in blanking (Lee et
al., 1993, 1994), although this has been disputed (Holbrook et al, in
press) based on the VSP results at Sites 994, 995, and 997. Blanking,
and by inference the amount of hydrate, appears to increase at loca-
tions where a shallowing of the BSR would lead to the trapping of gas
and, thus, result in more effective gas recycling into the gas hydrate
as the seafloor accretes (Dillon et al., 1994, 1995; Paull et al., 1994).
Locations that trap and concentrate gas occur at hills on the seafloor
(such as at the Blake Ridge), where the BSR, following the isotherms,
is upwarped to form a dome, or at salt diapirs (such as those along the
seaward side of the Carolina Trough), where the BSR is upwarped
due perhaps to both thermal and chemical effects (Dillon et al., 1993).
In contrast, blanking within the zone of gas hydrate stability is very

weak in the region from Wilmington Canyon to Cape Hatteras (Dil-
lon et al., 1995), where landslide scars are common. The scars are ev-
idence for mass movements that may have triggered hydrate break-
down due to pressure reduction effects (Carpenter, 1981; Paull et al.,
1991; Popenoe et al., 1993; Dillon et al., 1994).

Faults
Buried Faults

A pattern of faulting extends across the Blake Ridge in the vicin-
ity of Sites 994, 995, and 997, as indicated in the interpretations of
Profiles 92-11 and 92-12 (Figs. 4,5). An enlarged view of part of the
faulted section is shown in Figure 10. The faults seem to exist in a
zone of uniform thickness of 0.5-0.6 s that, across most of the ridge,
extends from within the zone of hydrate stability to below the base of
the zone. The top of the zone is -0.3-0.4 s below the seafloor on the
southwest end of the profiles and deepens (relative to the rising sea-
floor) toward the ridge crest. On Line USGS 92-11 (Figs. 2, 4), the
top of the zone occurs at -0.7 s below the seafloor just south of the
crest and 0.4 s just north of the crest. In contrast, the top of the inter-
preted faulted zone rises more abruptly on Line USGS 92-12 (Figs.
3, 5) and is -0.5 s below the seafloor just south of the ridge crest and
0.2 s just to the north. Some smaller offsets of strata may exist above
the top of the faulted zone; these are considered to be draping effects
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Figure 4. Line drawing interpretation of seismic Profile USGS 92-11 (profile shown in Fig. 2). The reflection indicated as the BSR is a strong, continuous
event. The extension of the BSR, where it is disrupted or appears as shingled strong reflections, is indicated as the apparent base of gas hydrate stability. Both of
these reflection events are considered to indicate seismic evidence for the bottom of the gas hydrate zone. The location is shown for Sites 994. 995, and 997,
projected parallel to the crest of the Blake Ridge. VE = vertical exaggeration.
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Figure 5. Line drawing interpretation of seismic Profile USGS 92-12 (profile shown in Fig. 3). Symbols are the same as in Figure 4. The locations are shown for
ODP Sites 994, 995, and 997, projected parallel to the crest of the Blake Ridge. VE = vertical exaggeration.

or the effect of minor adjustments of fault blocks after the main fault-
ing episode.

The top of the faulted zone approximately parallels the trend of re-
flections in each line. Note that the reflections dip more steeply, and
the top of the faulted zone rises more abruptly beneath the ridge crest
in Line 92-12 than in 92—11. The reflectors are assumed to represent
strata; therefore, we suggest that the top of the faulted zone probably
represents a time horizon that was the seafloor when the crest of the
ridge was further to the northwest. The time thickness of the faulted
zone is essentially the same as the present zone of gas hydrate stabil-
ity. Thus, it seems possible that, at the time of faulting, the faults oc-
curred dominantly in the gas hydrate-bearing zone and extended be-
tween the seafloor and the then BSR. The gas hydrate-cemented
zone might have faulted independent of deeper strata because the hy-
drate at the limit of phase stability (at the base of the hydrate stable
zone) had broken down because of changing conditions, such as a
temperature increase or pressure decrease (caused by sea-level low-

ering) and, thus, had decoupled the overlying strata from sediments
below. Examples of comparable faulting in more recent strata have
been noted by Rowe and Gettrust (1993) elsewhere on the Blake
Ridge and also exist near Sites 994, 995, and 997 just northwestward
along the ridge (see "Shallow Faults" below).

A few strong reflections mark the top of the faulted zone (Figs.
10-13). These reflection events approximate the appearance of a
BSR, although they do not parallel the seafloor. They appear to have
reversed polarity compared to the seafloor reflection (Fig. 11 at -4.5
s), but this is not certain and further work is needed. If polarity is re-
versed, this implies a negative impedance contrast, most easily ex-
plained by the presence of free gas, although that would require an
excess of gas, allowed by conversion of all water to hydrate in a local
zone.

The top of the faulted zone and the associated strong reflections
pass northward from above the base of gas hydrate stability to below
it, ~5 km southwest of the projected location of Site 994 on Profile

50



SEISMIC REFLECTION PROFILES ON THE BLAKE RIDGE

NW
200

Site 994
Shotpoints

400

SE
600 800

10

4 -

92-11 (Figs. 2, 4, 13; also see Profile 2A on Fig. 8). At Site 994, we
estimate the depth to the strong reflections to be -530 m subbottom on
the basis of the traveltime-depth curves in the "Geophysics" section
of the "Site 994" chapter (this volume). At Site 994, interval velocity
derived from vertical seismic profiling (see "Geophysics" section,
"Site 994" chapter, this volume) begins to drop precipitously from
more than 1800 m/s at this depth to slightly more than 1500 m/s at the
base of the hole. The depth of the projected BSR (base of gas hydrate
stability) at the site is -440 m, but the BSR appears to terminate a
short distance toward the ridge crest from the drill site and is not
present at Site 994 in most profiles (e.g., Figs. 2, 8,9, this chapter, and
Fig. 1 in Section 2, this volume). No downward decrease in velocity
is indicated at the level of the inferred base of hydrate stability (see
"Geophysics" section, "Site 994" chapter, this volume). At Site 995,
the BSR is well developed and a velocity decrease occurs at that level,
but a secondary further decrease in velocity appears at -550 m subbot-
tom and seems to correlate with the top of faulting (see "Geophysics"
section, "Site 995" chapter, this volume; Figs. 2, 9, this chapter; and
Fig. 1 in Section 2, this volume) At Site 997, the top of the faulted
zone seems to be near the BSR and is lost in the strong blanking above
and strong reflections below the BSR (Figs. 3, 9, this chapter; also see
Fig. 1 in Section 2, this volume).

Thus, strong reflections, polarity reversal and low velocity appear
to be associated with the top of the faulted zone, both above and be-
low the base of gas hydrate stability. We speculate that gas may have
migrated up the faults to some permeability barrier at the top of the
zone and has become trapped there, both where the top of faulting is
above the base of gas hydrate stability and where it is below that lev-
el. Above the base of gas hydrate stability, this apparently would re-
quire a large amount of gas that, in a small region, used up all the wa-
ter in forming hydrate, allowing the excess to collect as free gas.

Shallow Faults

Faults that cut the seafloor northeast of the ridge crest appear in
Profile 92-11 (Figs. 2, 4). These faults are related to an extensive re-

Figure 6. Profile 95-2B. VE = vertical exaggeration.

gion of recent faulting that disrupts the seafloor and is indicated by
the irregular contours in the northwest corner of Figure 1. The depres-
sion of the seafloor at the northwest ends of Profiles 2B and 5 is part
of a complex graben associated with this faulting.

SUMMARY AND CONCLUSIONS

1. The Blake Ridge displays the structure of a southwestward-
migrating sediment drift.

2. A strong, continuous BSR exists near the ridge crest, where
free-gas concentrations beneath the BSR appear to be greatest. On the
flanks of the ridge the BSR is discontinuous, at some locations be-
cause the base of gas hydrate stability passes through dipping strata,
and elsewhere because the strata are disrupted by faulting.

3. A decrease in reflection amplitude, known as blanking, is ob-
served in reflections from within the zone of gas hydrate stability. We
infer that blanking is caused by cementation of strata by gas hydrate,
and thus the intensity of blanking may reflect the amount of gas hy-
drate present. Both the presence of blanking and this inference are
controversial, however. Vertically, blanking is correlated, in a gener-
al way, with variations in gas hydrate concentration that are noted
from drilling results—both blanking and hydrate concentration in-
crease downward toward the BSR. Laterally, variations in blanking
suggest that concentrations of gas hydrate are greater at the Blake
Ridge than elsewhere on the U.S. Atlantic continental margin and
that hydrate is concentrated toward the crest of the Blake Ridge.

4. A zone of minor faulting extends across the Blake Ridge in the
region of Sites 994, 995, and 997. Across most of the ridge, the top
of the faulted zone is above the base of gas hydrate stability (BSR),
but at the ridge crest, near Site 994, the top of the faulted section dips
below the BSR. The thickness of the faulted zone is about the same
as the present hydrate stable zone. We hypothesize that the top of the
faulted zone was the seafloor at the time of faulting and that the base
of the zone was the base of gas hydrate stability. Such a pattern of
faulting that extends across a vertical distance roughly equivalent to
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Figure 7. Profile 95-5. VE = vertical exaggeration. Line 5

the zone of expected gas hydrate stability might be considered to be
a piece of evidence for former presence of gas hydrate in old rocks.

5. The top of the faulted zone is marked by a very strong set of re-
flections and the top of the zone passes continuously from beneath
the base of gas hydrate stability at Site 994 to above the base further
down the flank of the ridge. Near the ridge crest, the level of the top
of the zone correlates to a major downward decrease in interval ve-
locity at Site 994, and to a lesser extent at Site 995 (see "Geophysics"
sections, "Site 994" and "Site 995" chapters, this volume). On the
ridge flank, consideration of the waveform suggests that a phase re-
versal may occur compared to the seafloor reflection, which also sug-
gests a velocity decrease downward. Such a velocity inversion at the
top of the faulted zone is consistent with the presence of trapped gas
both below and above the base of hydrate stability.
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Figure 8. Profile 95-2A. VE = vertical exaggeration.
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Figure 9. Profile 95-1. VE = vertical exaggeration.
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SEISMIC REFLECTION PROFILES ON THE BLAKE RIDGE

U Figure 11

4 . 0 - 1

- . - . """"• . >.... LJ^ VJs£&&k2BMmm.

:.h~^ -~l » * ...̂ w ^ i * f e ^

5.0
Figure 10. Enlarged view of part of Profile 92-12 (location
shown by photo corner bracket on Fig. 5). Faulted section
occurs below -4.5 s. Symbols are the same as in Figure 4.
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Figure 11. Expanded wiggle-trace true amplitude presenta-
tion of 100 shots from Profile 12 (location shown on Fig. 10).
Symbols are the same as in Figure 4.
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Figure 12. Enlarged view of part of Profile 92-11 (loca-
tion shown by photo corner bracket on Fig. 4). The BSR
occurs at 4.7 s, and strong reflections at the top of the
faulted zone occur at 4.4-4.5 s. Symbols are the same as
in Figure 4.

Figure 13. Enlarged view of part of Profile 92-11 (loca-
tion shown by photo corner bracket on Fig. 4). In this
region, the base of hydrate stability, shown by the BSR
and the extended base of gas hydrate, which does not
display a strong BSR, dip left and intersect the strong
reflections at the top of the faulted zone. Symbols are the
same as in Figure 4. Site 994 was drilled near this pro-
file, and the well passed through the level of the base of
gas hydrate stability, which did not show a strong BSR
reflection at the drill site, without displaying any
decrease of seismic velocity (see "Geophysics" section,
"Site 994" chapter, this volume). A decrease in velocity
was noted at a depth equivalent to the strong reflections
at the top of the faulted zone, suggesting that this level is
the shallowest concentration of free gas at the site.


