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Seismic velocities measured in three drill holes through a gas hydrate deposit on the 
Blake Ridge, offshore South Carolina, indicate that substantial free gas exists to at least 
250 meters beneath the bottom-simulating reflection (BSR). Both methane hydrate and 
free gas exist even where a clear BSR is absent. The low reflectance, or blanking, above 
the BSR is caused by lithologic homogeneity of the sediments rather than by hydrate 
cementation. The average methane hydrate saturation above the BSR is relatively low 
(5 to 7 percent of porosity), which suggests that earlier global estimates of methane in 
hydrates may be too high by as much as a factor of 3. 

M a r i n e  sediments can contain large quan- 
tities of natural gas (usually methane) in 
the form of gas hydrate, a solid compound 
binding water and gas molecules, which is 
stable at the high pressures and low temper- 
atures found near the sea floor on continen- 
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tal margins ( 1 ,  2).  Gas hydrate deposits are 
identified principally on  the basis of their 
acoustic expression: The  phase boundary 
between methane hydrate and methane 
plus water gives rise to a prominent nega- 
tive-polarity event known as a BSR (3, 4),  
and the addition of hydrate to pore fluids 
has been interpreted to cause acoustic 
blanking, a suppression of sediment reflec- 
tivity (5, 6). Knowledge of the amount and 
distribution of methane present as hydrates 
or free gas is crucial to understanding the 
potential of methane hydrates as an energy 
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resource and their role in the global carbon 
cycle, continental slope stability, glaciation, 
and climate change (2, 7-9). 

Over the past few years, a debate over 
the precise cause of the BSR (10, 11) has 
given way to an emerging consensus that 
the reflection is due principally to free 
methane gas trapped beneath the hydrate 
stability zone rather than to the presence of 
concentrated hydrate just above the phase 
boundary (1 2-1 7). However, in situ data 
relating seismic properties to the chemical 
and sedimentological characteristics of the 
host sediments and their pore fluids are 
rare. Knowledge of such fundamental prop- 
erties as seismic velocity in the hydrate 
stability zone, the amount of hydrate 
present in pore spaces above the BSR, and 
the distribution of free gas beneath the BSR 
has been lacking, incomplete, or equivocal. 

Here, we present the results of vertical 
seismic profiles (VSPs) acquired on Ocean 
Drilling Program (ODP) Leg 164 on the 
Blake Ridge ( 18, 19), offshore South Caro- 
lina (Fig. l ), in an area of prominent acous- 
tic blanking and strong lateral changes in 
BSR amplitude. A strong BSR occurs at 
Sites 995 and 997 but disappears at Site 994 
(Fig. 2). Zero-offset VSP data were acquired 
in all three holes (20). We analyzed travel- 
times of the down-going wave with a con- 
strained least squares inversion (21 ) to yield 
an accurate measure (within 250 m/s) of 
compressional (P) wave velocity versus 
depth (Fig. 2). 

In the upper 450 m at all three sites, 
velocity increases with depth, from -1550 
m/s at 150 m below the sea floor (mbsf) to 
1750 to 1850 m/s at 450 mbsf (Fig. 2). This 
increase primarily reflects a decrease in po- 
rosity from about .65 to 50% with depth in 
the holes. These velocities are broadly con- 
sistent with velocity estimates based on 
ocean-bottom hydrophone data in the area 
(14, 22) and cast some doubt on substan- 
tially lower velocity estimates of 2300 to 
2500 m/s elsewhere on the Blake Ridge 
(23). The velocities above the BSR are not 

Fig. 1. Location of ODP Leg 164 (box), Blake 
Ridge. Bathymetric contours are shown at 500-m 
intervals. 

unusually high for sediments at these depths 
and porosities, and, as discussed below, they 
limit methane hydrate to a small percentage 
of porosity. 

Seismic velocities in the deeper parts of 
the holes vary significantly for the three 
sites. At Sites 995 and 997, a decrease in 
velocity near 440 mbsf indicates that free gas 
is present beneath the BSR. Site 994, in 
contrast, lacks a BSR at the expected depth, 
and velocities do not decrease there until 
-550 mbsf. Low seismic velocities (-1500 
4 s )  in the deeper portions of the holes 
strongly indicate the presence of free gas in 
the pore fluid. The free gas zone is surpris- 
ingly thick. At Site 997, low velocities per- 
sist to the base of the hole, 250 m beneath 
the BSR. The presence of a thick free gas 
zone suggests that methane gas is produced 
well beneath the base of the hvdrate stabilitv 
zone (24). A thick free gas zone may not be 
restricted to rifted margins: VSP and sonic 
log measurements on the Cascadia accre- 
tionary prism (Site 892) show that free gas 
exists at least 50 m beneath the BSR (13). 

A comparison of VSP-derived P veloci- 
ties with chemical and litholoeical data de- 
rived from Leg 164 sediment-cores shows 
that reflectance on the Blake Ridge can be 
explained entirely by two properties: litho- 
logic variations and low velocities indica- 
tive of free gas. Strong vertical lithological 
variations, as evidenced by the total calci- 
um carbonate (CaCO,) content of the sed- 
iment, occur in the upper 150 mbsf (Fig. 3, 
A to C) and are responsible for the shallow 
reflections observed there (25). Deeper 
(>440 mbsf) reflections, in contrast, are 
not associated with lithological change* 
the section beneath 150 mbsf is remarkably 
uniform-but instead correlate with low 

velocities. At Sites 995 and 997, the BSR 
marks the  to^ of the thick low-velocitv 
zone, and deeper reflections are found with- 
in it. At Site 994, where no BSR is observed 
at 450 mbsf, strong reflections at 550 to 600 
mbsf correspond to the top of the deeper 
low-velocity zone. P velocity decreases 
strongly in the presence of small quantities 
of free gas (26); thus, the reflectivity seen at 
and beneath the BSR indicates layers con- 
taining trapped gas in pore fluids. The nu- 
merous reflections within the low-velocity 
zone (Fig. 2) indicate that gas is trapped 
between stratigraphic layers, probably by 
subtle differences in permeability between 
lithologically similar units. The BSR, there- 
fore, is not the sole indicator of free gas but 
simply represents the shallowest level at 
which gas is present. 

The am~litude of the BSR is controlled 
by local concentrations of methane gas in 
thin (<20 m) layers and is not directly 
related to the total amount of free gas 
present beneath the stability zone at a par- 
ticular site, nor is it related to the amount of 
hydrate present above the BSR. On the 
drilling transect, the BSR is strongest at 
Site 995 (Fig. 3B), but the total amount of 
free gas in the 250 m beneath the BSR is 
greatest beneath Site 997, as evidenced by 
the low average velocities there (Fig. 2). 
The presence of hydrate above the BSR can 
be inferred from the C1- content of pore 
waters squeezed from core samples; values 
that depart from the background C1- trend 
are due to hydrate dissociation during core 
recovery (27) (Fig. 3). The C1- values in- 
dicate that hydrate is present at all three 
sites at about 220 to 450 mbsf and that 
greater amounts of hydrate (revealed by 
very low C1- values) are present at all three 

Distance (km) 

Fig. 2. Single-channel seismic data on Blake Ridge (14), depth-converted using velocity-depth func- 
tions (right panel) determined from traveltime inversion of vertical seismic profile data. Solid lines show 
positions of drill holes 994D, 9958, and 9978. Two highly reflective zones are observed: one at 0 to 150 
mbsf, and the other at and beneath the BSR [strong reflection at 3220 to 3250 m below sea level (mbsl)]. 
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Fig. 3. Comparison of seismic velocity from VSPs, chlorinity ([CI-I), CaCO, 450 mbsf at all three sites. Seismic reflections correlate with vertical lithological 
content (as weight percent of total matrix), and vertical-incidence seismic changes in the upper 150 mbsf and with low seismic velocities indicative of free 
reflection data from (A) Site 994, (B) Site 995, and (C) Site 997. Anomalous gas (bright spots) beneath the hydrate stability zone. The low reflectance above 
chlorinity values indicate that methane hydrate is present between 220 and the BSR is the expected response of lithologically uniform sediments. 

sites near the base of the hydrate stability 
zone (Fig. 3)  (18, 19). Yet no BSR is ob- 
served at Site 994, which indicates that 
hydrate can be present even where a BSR is 
absent. 

The low reflectance above the BSR is 
readily explained as the naturally low back- 
ground reflectance of a uniform sedimenta- 
rv section. Sediments drilled on the Blake 
Ridge consist almost entirely of greenish- 
gray nannofossil clay (18), with little lith- 
ologic variation below the uppermost 150 In 
(Fig. 3). The blanking for which the Blake 
Ridge is known (4-6) can thus be attribut- 
ed to the relative homogeneitv of the sedi- - 
ments rather than to hydrate cementation 
or to diagenesis beneath the BSR (1 0). The 
reflectanie pattern on the Blake ~ i d g e  rep- 
resents not a blanked (cemented) zone 
overlying strong background reflectance but 
rather weak background reflectance overlv- - 
ing bright spots, reflections enhanced by 
gas-charged layers. This finding circum- 
vents two long-standing problelns with the 
blanking hypothesis. First, blanking is not 
associated with BSRs on convergent mar- 
gins (1 7, 28) and is not always observed on 
rifted margins [for example, the nearby 
Carolina Rise (22)]. Second, any physical 
model of hvdrate cementation that Derva- 
sively suppresses impedance contrasts would 
also raise average P velocities well above 
the modest values (1700 to 1800 m/s) seen 
in the Blake Ridge section (29). " . . 

The seismic velocities measured by the 
VSPs urovide a means of estimating the - 
mass of lnethane present as hydrate and free 
gas on the Blake Ridge. Velocities from 200 
to 450 ~nbsf are consistent with hydrate 
filling 2% of porosity at Site 994 and 5 to 

7% of porosity at Sites 995 and 997 (30). A 
200-m-thick zone with 55% porosity con- 
taining 5% hydrate produces a 5-m "equiv- 
alent thickness" of pure hydrate in the sed- 
iment column, substantially less than prior 
estimates of >30 m for this part of the 
Blake Ridge based on a model of acoustic 
blanking (5). A 5-m thickness of hydrate in 
the sediment column yields 615 kg of meth- 
ane per square meter of area (31). If we 
assume that half of this hydrate concentra- 
tion is representative of the -100,000 k1n2 
area interpreted to contain methane hy- 
drates on the southeast U.S. margin (5), 
then a total of -30 billion metric tons (Gt)  
of methane (-23 Gt  of carbon) exists as 
hydrate there. 

Although our estimate of the amount of 
methane hydrate is lower than earlier esti- 
mates, the considerable thickness of the free 
gas zone implies that far more methane is 
present beneath the BSR than previously re- 
alized. The velocity decrease to 1500 to 1600 
m/s at all three sites yields a conservative 
estimate of 1% of porosity, on average, occu- 
pied by free gas. This yields 1 kg of methane 
per cubic meter of sediment (32). If the free 
gas zone is 200 In thick beneath the BSR (as 
appears to be the case at Site 995 and is a 
minimum estimate for Site 997), then free gas 
adds -200 kg of methane per square meter of 
area, adding to the inventory of methane from 
hydrate beneath the Blake Ridge by nearly 
one-third. If only half of this amount of free 
gas is representative of the hydrate-bearing 
region of the southeastern U.S. Atlantic mar- 
gin, then 10 Gt of methane (7.5 Gt of carbon) 
is present in gas bubbles. The total amount of 
methane in hydrate and free gas may therefore 
be -40 Gt. 

Most previous estimates of hydrate satu- 
ration on other (mostly convergent) mar- 
gins exceed our estimate of 5 to 7% of 
porosity (33, 34). Kvenvolden and Grantz 
(34) calculated 540 Gt of carbon as meth- 
ane in sediment on the Arctic margin off 
Alaska. 18 times our estimate in an area 
only five times as large. Our results suggest 
either that the Blake Ridge contains less 
lnethane per unit area than other continen- 
tal margins where hydrates have been stud- 
ied (which is possible but seems unlikely, 
given the thick free-gas zone at the Blake 
Ridge) or that global estimates of methane 
in hydrates (9, 35) are too high by as much 
as a factor of 3. 
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Peculiarities of Methane Clathrate Hydrate 
Formation and Solid-State Deformation, 

Including Possible Superheating of Water Ice 
Laura A. Stern,* Stephen H. Kirby, William B. Durham 

Slow, constant-volume heating of water ice plus methane gas mixtures forms methane 
clathrate hydrate by a progressive reaction that occurs at the nascent ice/liquid water 
interface. As this reaction proceeds, the rate of melting of metastable water ice may be 
suppressed to allow short-lived superheating of ice to at least 276 kelvin. Plastic flow 
properties measured on clathrate test specimens are significantly different from those 
of water ice; under nonhydrostatic stress, methane clathrate undergoes extensive strain 
hardening and a process of solid-state disproportionation or exsolution at conditions well 
within its conventional hydrostatic stability field. 

G a s  hydrates, also called clathrate hv- 
drates, are nonstoichiometric compounds 
wlth structures consisting of a network of 
H 2 0  molecules hydrogen-bonded together 
like ice and encaging molecules of small- 
diameter gases. Common natural gas hy- 
drates may have either of two crystal struc- 
tures, and methane hydrate, CH4.5.75H,0 
(ideally), is a structure I hydrate construct- 
ed from 46 H 2 0  molecules with eight cav- 
ities available for CH, gas molecules. In 
addition to its possible' occurrence on the 
icv moons of the outer solar svstem at Sat- 
urn and beyond ( I ) ,  methane'clathrate oc- 
curs on Earth in a variety of geologic set- 
tings where CH4 and H 2 0  are in chemical 
contact at low temperature (T) and elevat- 
ed pressure (P), and possibly harbors the 
largest untapped reservoir of natural gas on 
Earth (2, 3). Although discovery of exten- 
sive clathrate reservoirs in sediments under- 
lying permafrost regions, deep-oceanic en- 
vironments, and continental margins and 
shelves has stimulated recent interest in 
their formation and recoverability (4) ,  
many basic physical properties of methane 
clathrate are poorly known or unmeasured. 
We have developed a method for fabricat- 
ing pure aggregates of methane clathrate in 
quantities suitable for materials testing and 
have documented anomalous behavior in 
the formation, stability, and rheology of this 
compound at elevated P (5). 

Our objective was to synthesize large- 
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volume, low-porosity, cohesive polycrystal- 
line clathrate aggregates with a uniform fine 
grain size and random crystallographic grain 
orientation. Our technique differed from 
those of previous studies (6),  most of which 
involved dynamic conditions of rocking, 
rotation, or continuous agitation of reaction 
mixtures, resulting in loose or very porous 
granular aggregates or strongly textured ma- 
terial unsuitable for physical property mea- 
surements. We produced our samples by the 
reaction CH4 (g) + 6 H 2 0  (s + 1) + 
CH4.6H20 (s), by the mixing and subse- 
quent slow, regulated heating of sieved, 
granular H,O ice and cold, pressurized CH, 
gas in an ipproximately constant-volume 

Fig. 1. Phase diagram for the CH,-H20 system. 
Shaded region shows field of methane clathrate 
stability. At low pressures or high temperatures, 
clathrate dissociates to H 2 0  plus CH, gas. The 
metastable extension of the H 2 0  melting curve is 
delineated by the gray curve. Dotted lines trace 
the sample fabrication reaction path. 
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