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ABSTRACT 

The occurrence of gas hydrates at the Blake Outer Ridge, as confirmed by the 
Deep Sea Drilling Project (DSDP), is governed not only by gas-water phase 
relationships but also by interrelated geological constraints. 
this reexamination of the DSDP data show that seafloor processes, topography, 
and sediment properties are among the factors that impact the stability and 
distribution of gas hydrate at the ridge. 
local and transient effects on thermal gradients, which cause the base of the 
hydrate stability zone to migrate. 
Blake Outer Ridge allows gas hydrates to be stable. Low-permeability sediments 
occupy the interval in which the stability zone exists, and they influence 
hydrate occurrence by controlling the distribution of gas. 

The results of 

Rapid sedimentation and erosion have 

To a large degree, the convex shape of the 

A brief comparison of the Blake Outer Ridge with two more recently confirmed 
hydrate localities (the northern Gulf of Mexico and the Middle America's trench) 
shows little similarity among the three hydrate environments, but calls atten- 
tion to the complex and often subtle effects that the geological system imposes 
on hydrate stability. 
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1.0 INTRODUCTION 

Gas hydrates have recently been noted as an indicator of the geothermal gradient 
(Yamano and others 1982; MacLeod 1982), as a geologic agent that fractionates 
oxygen isotopes (Hesse and Harrison 1981), and most significantly, as a possible 
widespread source of hydrocarbons (Shipley and others 1979). While phase dia- 
grams of methane-water systems (Figure l) represent an approximation of the 
natural system and thus provide some basic physical limits on gas hydrate sta- 
bility, they do not explain why gas hydrates occur in some places where tem- 
perature and pressure stability conditions are satisfied and not in others. 
Furthermore, there have been relatively few attempts to ascertain what, if any, 
geological factors contribute to hydrate stability, especially in the marine 
environment. The principal reason for this seems to be a lack of data. 
shallow nor deep marine environments had been investigated for gas hydrates 
until a few years ago. 
at great depths by coring or drilling, because hydrates tend to at least par- 
tially decompose during sampling and transportation to the ocean's surface. 
Hence, all evidence of gas hydrates may be lost during recovery. 
the bottom simulating reflectors (BSR's) that are frequently associated with 
gas hydrate occurrences have only recently been recognized in marine seismic 
records. 
For these reasons, it is difficult to quantify the extent of gas hydrate 
deposits in the world's oceans. 

Neither 

It is difficult to confirm the existence of gas hydrates 

In addition, 

Their appearance and disappearance are not completely understood. 

However, some geological constraints can be developed for marine gas hydrate 
occurrences by combining available data, conventional geologic reasoning, and 
knowledge of the phase behavior of gas hydrates. This has been attempted for 
the Blake Outer Ridge, one of the first marine localities where the existence 
of gas hydrates was confirmed by recovery of a sample. 
chemical constraints on gas hydrate formation in the marine environment are 
reviewed in this report. 
conditions are satisfied at the Blake Outer Ridge is discussed. 
it is possible, given the limited amount of data available, generalized descrip- 
tions are offered for mechanisms that seem to be important in controlling the 
stability, distribution, and seismic expression of gas hydrates at the Blake 
Outer Ridge. While the operation of these mechanisms may be speculative in some 
cases, it is believed that processes suggested herein will be useful in the fur- 
ther refinement of models of hydrate evolution in oceanic environments. 

2.0 GEOLOGTC FACTORS CONTR 

Fundamentally, the formation o 
require only (1) the presence of water, (2) a source of gas, and (3) tempere- 
tures and pressures within the gas hydrate stability field (Figure 1). Each of 
these requirements is discussed. 

2 .1  WATER 

Water is abundant in marine sediments, although the amount of water present 
depends upon porosity. Water forms the cages in which guest molecules become 
trapped to form hydrate crystals. As with ice, the crystallization of hydrates 
is inhibited by the presence of dissolved salts in seawater, and many workers 
use phase diagrams that are based on a water salinity of 3.5 percent. 
Figure 1.) 

The general physical and 

Using data from the DSDP Legs 11 and 76, how these 
To the extent 

eologic environment should 

(See 
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from MacLeod 1982). Nonmethane gases and dissolved salt ions present 
in the system have opposing- effects on hydiate stability and cancel each- other 
(Field and Kvenvolden 1985). 
valid approximation for marine environments. 

Thus, the pure water-pure methane system is a 
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Dissolved salts are excluded from the crystal structure of hydrates, an effect 
that may explain observed pore-water salinity fluctuations in hydrate-bearing 
sections (e.g., Hesse and Harrison 1981; discussed in Section 2.2). Salinity 
must therefore increase in the vicinity of a growing hydrate, but this increase 
may be slight even when greater than 50 percent of the available pore space 
contains gas hydrates (Ridley 1985). Ionic diffusion and fluid migration within 
marine sediments probably cause any concentrated salt ions to dissipate readily, 
which normalizes pore-water salinities. This may explain why highly saline pore 
waters are not commonly associated with recovered gas hydrates. 
gests that the salting-out effect does not inhibit the growth of gas hydrates. 

2 .2  GAS 

Rapid deposition of hemipelagic sediments is a feature of many continental 
margins. Anoxic conditions are established in seafloor sediments where accumu- 
lation is rapid, resulting in the preservation of organic carbon. From this 
supply of organic carbon, biologic or abiotic processes can produce large 
volumes of gas, primarily methane. Thermal maturation can produce methane, but 
Claypool and Kaplan (1974) note that this process is unimportant at tempera- 
tures of less than 5OoC (122OF). 
breakdown of organic matter. 
by direct acetate fermentation. 
tion occur are discussed in detail by Rice and Claypool (1981). 
bacteria are generally held to be the most important producers of gas in the 
upper 1,000 meters (3,281 ft) of the sediment column (Claypool and Kaplan 1974; 
Claypool and Threlkeld 1983; Kvenvolden and Barnard 1983). 

An important question that has not been resolved is the solubility of methane 
at in situ temperatures and pressures. 
reliable measurements have not been made in the pressure and temperature region 
of methane hydrate stability, 
phase is not necessary to stabilize hydrates (Katz 1972; Hand, Katz, and 
Verma 1974), which may indicate that methane need not reach bubble-point satu- 
ration before hydrates will form. 

When the zone of anaerob 
hydrate stability zone, 
distributed throughout the hydrate stability zone wherever sufficient gas is 

It also sug- 

Anaerobic bacteria derive energy from the 
They produce methane either by Cop reduction or 

Anaerobic 
The mechanisms by which microbial gas produc- 

Rice and Claypool (1981) noted that 

It is significant that the presence of a gas 

methane production is within the boundaries of a 
s hydrates should be produced in place, and should be 

. It is possible that gas produced at depth may migrate upward, increas- 
concentration and triggering hydrate formation. If the migrating gas 

is the only source of guest molecules for hydrate, gas hydrates should form at 
the base of the hydrate stability zone only. 
once formed, could prevent further upward migration of gas, and could limit the 
mobility of underlying free gas, thus const 
(White 1979; Downey 1984). 

An impermeable hydrate layer, 

uting a self-sealing gas trap 

2.3 TEMPERATURE AND PRESSURE CONDITIONS 

The temperature and pressure stability conditions for methane hydrates are 
shown in the phase diagram in Figure 1. 
floor, temperature and pressure increase. 
hydrate dissociation, while increased pressure promotes hydrate stability. 
With a given geothermal gradient, the temperature increase overcomes the pres- 
sure increase, i.e., the geothermal gradient intersects the hydrate stability 

With increasing depth below the sea- 
Increased temperature promotes 
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boundary. This fact has two important implications. First, there must be a 
lower boundary to the hydrate stability zone. The depth of the base of the 
hydrate zone is probably equal to the depth of the bottom simulating reflector 
(BSR). Some workers have used the depth to the BSR to calculate geothermal 
gradients, based on this assumption (MacLeod 1982; Yamano and others 1982). 
Second, hydrate-bearing sediments may eventually be buried to a depth at which 
they are unstable and where they dissociate. 

Rapid sedimentation causes thermal perturbations in the near-surface sediment 
column, which may affect hydrate stability. Rapid deposition coupled with basin 
subsidence should depress isotherms. This situation would favor a thick hydrate 
stability zone in the basin sediments, since the isotherm that controls hydrate 
stability moves progressively downward, but the temperature at the sediment- 
water interface remains constant. 
subsidence, the sediment pile grows away from the heat source at depth and the 
geothermal gradient decreases. 
hydrate stability zone. 

Where rapid sedimentation occurs without 

This configuration would also produce a thick 

If deposition without subsidence results in the development of a bathymetric 
high, the surface area of the seafloor per unit cross-sectional area is 
increased. Heat flow varies as the inverse of the surface area, and so will 
decrease when surface area is increased. Assuming steady-state conditions in 
the sediment, heat flow and geothermal gradient are directly proportional when 
the thermal conductivity of the sediment remains constant. Thus, the decrease 
in heat flow at the bathymetric high is accompanied by a decrease in the geo- 
thermal gradient. 
the hydrate stability zone to occur deeper within the sediments on the bathy- 
metric high than it occurs within smooth seafloor sediments. Therefore, a posi- 
tive feature on the seafloor is a likely site of a thick hydrate stability zone. 

The depression of the geothermal gradient causes the base of 

Rapid erosion also causes near-surface thermal perturbations. If there is no 
change in hydrostatic pressure (e.g., change in sea level), initially the 
hydrate zone is attenuated, since a portion of the zone in the upper sediment 
column is removed. 
stability zone moves downward and eventually the stability zone returns to its 
pre-erosion thickness (Figure 2) .  Thus, although there is no net effect on 
hydrate zone thickness, erosion does exercise local control on the depth of the 
hydrate base. 

From this general discussion of the basic requirements for gas hydrate forma- 
tion, two points should be emphasized: (1) although temperature and pressure 
conditions for hydrate stability are apparently satisfied over much of the 
world's seafloor, local or regional conditions (e.g., subsidence, rapid deposi- 
tion, topography) complicate the distribution of gas hydrate; and (2) it is 
likely that gas hydrates are restricted to continental margins, where rapid 
deposition of hemipelagic sediment produces anoxic conditions and preserves 
organic carbon for gas production (Kvenvolden and McMenamin 1980), and where 
the near-surface geothermal gradient is likely to be low because of rapid depo- 
sition and non-subsidence. 

As thermal equilibrium is reestablished, the base of the 
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3:6 GAS HYDRATE OCCURRENCE AT THE BLAKE OUTER'RIDGE 

3.1 GEOLOGIC-. SETTING 

uter Ridge, with a maximum relief o f  2,900 m (9,500 ft), is the 
imentary ridge in the world's bceans. It extends over 500 km 

e Blake Platea south of Cape Hatteras 

on a Cretaceo 
ginning durin 

of the north-directed Florida Current with the south-direcded Western Boundary 
Undercurrent stabilized the currents that were flowing clockwise around the 
growing ridge (Bryan and Markl 1966; Bryan 1970; Markl, Bryan, and Ewing 1970). 
A change in current interaction caused a change in depositional style from 
strata that conformed with the ridge shape, to landward-dipping contourite 
lenses (Markl and Bryan 1983). 

ene'age abyssal plain by 
cene' a'ge, the interaction 
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The Ridge is constructed principally of grey-green hemipelagic silty muds. 
Deposition was very rapid (80 to 170 m/my; 260 to 560 ft/my) and led to the 
preservation of organic carbon (Ewing and Hollister 1972). The percent of 
carbonate is variable and is irregularly distributed (Lancelot and Ewing 1972; 
Matsumoto 1983). 
authigenic forms dominate most sections (Matsumoto 1983). Sources of sediment 
were to the north, transported by the Western Boundary Undercurrent, and to the 
southeast, transported across the Florida shelf and Blake Plateau by the Florida 
Current. Terrestrial sources are indicated for organic carbon as well as for 
clastic sediments (Ewing and Hollister 1972). 

Although the carbonate was probably initially biogenic, 

Subaqueous erosion has also been important in shaping the Blake Outer Ridge, 
particularly at the ridge flanks (Jacobi, Vassallo, and Shor 1984). Enhanced 
deep circulation of the Western Boundary Undercurrent during Pleistocene-age 
glaciation may have eroded as much as 200 q (656 ft) from the northeastern 
flank (Matsumoto 1983). 

3.2 DISCOVERY OF GAS HYDRATES 
- . . .  r. . . . .  ~. * ...I .. a . -. . . .. . . I tias nyara.tes were first suspectea to occur at rne BiaKe'uuter Hiage in m e  rare 
1960's when seismic profiles across the ridge revealed an anomalous reflector 
(Markl, Bryan, and Ewing 1970). (See Figure 4.) This reflector "Y" was later 
discovered to mimic seafloor topography, cut across stratigraphic reflectors, 
and to increase in subbottom depth with increasing water depth. DSDP Leg 11 
investigated the causes of the BSR (Hollister, Ewing, and others 1972). Cores 
recovered from Sites 102, 103, and 104 contained gas-rich sediments, as evi- 
denced by gas pockets and extrusion of sediments from core liners, but no direct 
evidence of gas hydrates was seen. However, the anomalously high acoustic velo- 
cities measured at the three sites ed Stoll, Ewing, and Bryan (19711, and 
Lancelot and Ewing (1972), to propose the existence of gas hydrates at the 
Blake Outer Ridge. 

DSDP Leg 76 confirmed the existence of hydrates when a site was drilled that 
exhibited a BSR on seismic records. 
recovered at Site 533, to the northwest of the Leg 11 sites (Kvenvolden and 
Barnard 1983). 

Several publications have evolved from the DSDP research at the Blake Outer 
Ridge. 
and other cruise data by Paull and Dillon (1979); Tucholke, Bryan, and 
Ewing (1977); and Markl and Bryan (1983). 
and others (1982) summarized the findings at Site 533. Kvenvolden and Barnard 
(1983) presented a detailed description of the gas hydrate occurrence at 
Site 533, and Kvenvolden (1984) compared the geochemistry of gas hydrates at 
Site 533 the geochemistry of Guatemalan hydrates recovered on DSDP Leg 84 
(Site 568). Dillon, Grow, and Paull (1980) discussed the velocity structure 
of the BSR and the possible development of gas traps beneath impermeable gas 
hydrate zones in the Blake Outer Ridge region. 
tion data from a northeastward traverse across the ridge were interpreted by 
Shipley and others (1979), who identified BSR' 
contourite lenses. 

I 

A gas hydrate sample was successfully 

Maps showing the distribution of BSR's have been compiled using DSDP 

(See Figure 5.) Sheridan, Gradstein, 

~ 

High resolution seismic reflec- 

ssociated with landward-dipping 

i 
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FIGURE 4. SEISMIC SECTION ACROSS BLAKE OUTER RIDGE WITH THE CRESTAL 
REGION EXPANDED 

(From Holl ister,  Ewing, and,others 1972). 
reflectors.  

The BSR tuts  across bedding plane 
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3.3 GAS GEOCHEMISTRY OF HYDRATES AT SITE 533 

Site 533 was the only DSDP site at the Blake Outer Ridge from which gas hydrates 
were recovered. The interval containing gas hydrates was recovered from a water 
depth of 4,600 m (15,090 ft), at a subbottom depth of 238 m (780 ft). 
white crystals of gas hydrates were dispersed in 5- to 10-cm (2- to 4-in) thick 
layers of frothy sediment. The crystals occupied about 10 percent of the total 
pore space of the sediment. Kvenvolden and Barnard (1983) suggest that much of 
the hydrates must have been finely dispersed throughout the sediment column, so 
that upon decomposition, there was little evidence of sediment disruption, 

turbed and frothy. 
position experiments. The core was not retrieved at in situ pressure; however, 
the experiments determined the ratio of gas volume t o  pore water volume to be 
20:1, at least four times the solubility of gas in pore water at in situ pres- 
sure and temperature conditions. The volumetric measurements can be explained 
by the presence of  gas hydrates in the sample. 

Small 

except in the interval of 152 to 250 m (500 to 825 ft) where sediment was dis- 5 
Upon recovery, portions of the core were subjected to decom- 

Compositional analysis of the gas contained in the recovered hydrate sample 
(Table 1) reveals methane (C,) to be the dominant hydrocarbon. Most of the gas 
hydrates in the sample were, therefore, probably Structure I hydrates. Propane 
(C3) and butanes (C4) may have been present as a few crystals of Structure I1 
hydrates. The i - C s  and n-Cs molecules must have occurred as either free or 
dissolved fluids, since these compounds are too large to fit into either Struc- 
ture I or I1 hydrate lattices. 

TABLE 1 .  GAS ANALYSIS OF HYDRATE SAMPLE RECOVERED AT SITE 533 
(From Kvenvolden and Barnard 1983) 

98.596 3.369 0.055 0.055 0.002 0 .004  0 . 0 0 4  1.369 

Isotopic analyses of interstitial water and gas from Site 533 (Claypool and 
Threlkeld 1983; Galimov and Kvenvolden 1983) indicate that methane for hydrate 
formation is generated by microbial reduction of Cog under the anoxic conditions 
within the Blake Outer Ridge sediments. However, other methanogenic process 
such as spontaneous decarboxylation may contribute significant volumes of 
methane and cannot be excluded on the basis of the isotopic analyses. 

4.0 CONTROLS ON HYDRATE OCCURRENCE AT THE BLAKE OUTER RIDGE 

The DSDP surveys on Legs 11 and 76 provide much information on the geological 
framework of gas hydrate occurrences at the Blake Outer Ridge. Figure 6 sum- 
marizes the physical and chemical data from the four drill sites in a diagram- 
matical cross section of the ridge. Assumed values listed in Figure 6 were 
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adopted from t h e  DSDP s i t e  r epor t s .  Downhole pressures  and temperatures were 
ca l cu la t ed  using these  assumed values,  sediment w e t  bulk dens i ty  da t a  from t h e  
s i t e  r epor t s ,  and bottom-water temperature data  ( F u g l i s t e r  1960; Amos, Gordon, 
and Schneider 1971). 
and t h e  base of  t he  hydrate s t a b i l i t y  zone a s  might be expected, because a 
s i n g l e  geothermal g rad ien t  was used t o  cons t ruc t  t h e  c ros s  sect ion.  

Figure 6 does not show an exact  coincidence of t h e  BSR 
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Gas hydrate formation excludes s a l t  ions  from t h e  c r y s t a l  l a t t i c e .  
hydrate d i s soc ia t ion  t h a t  is  caused by coring and d r i l l i n g ,  f r e s h  water i s  
released. Downhole ch lo r ide  ion concentration, a s  shown on c h l o r i n i t y  p r o f i l e s  
from squeezed sediment samples, may decrease a s  a r e s u l t  of t h e  d i l u t i o n  of 
normal seawater. Thus, pore water freshening, determined from c h l o r i n i t y  logs,  
may be a r e l i a b l e  i n d i c a t o r  of the presence of gas hydrates (Hesse and 
Harrison 1981). 
decrease i n  c h l o r i n i t y  is  a d i r e c t  i nd ica t ion  of t h e  amount of hydrates p re sen t  
i n  t h e  i n t e r v a l  sampled. 

The c h l o r i n i t y  p r o f i l e s  f o r  t h e  fou r  DSDP sites a t  t he  Blake Outer Ridge a r e  
shown i n  Figure 7. 
f o r  t he  e n t i r e  d r i l l e d  i n t e r v a l ;  only one d r i l l  hole  ( S i t e  104) terminated near  

During t h e  

Kvenvolden (1984) even speculates  t h a t  t h e  magnitude of t h e  

A t  only two si tes (102 and 533) were pore waters analyzed 

the  base of the  hydrate s t a b i l i t y  zone (corresponding t o  t h e  BSR) . S t i l l ,  t h e r e  
SITE 

& 
1-0 

1 
SITE 
104 

CHLOAINITV lo 001 
I6 1 7  1.8 I 9  t0 31 

SITE 

G z E h z  
17 IO IS 20 7 

FIGURE 7. CHLORINITY LOGS FROM THE FOUR DSDP SITES CONSTRUCTED FROM 
INTERSTITIAL WATER DATA 

(Water data  from Sayles,  Monheim, and Waterman 1972; and Jenden and Gieskes 1983) 
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i s  a d i sce rn ib l e  downhole freshening t rend ,  which may be a t t r i b u t a b l e  t o  the  
presence of gas hydrates.  S i t e  533's p r o f i l e  shows t h r e e  well-defined def lec-  
t i o n s  i n  the  i n t e r v a l  where gas hydrates were observed. These def lec t ions  may 
be r e l a t ed  t o  t h e  d i f fus ion  of chlor ide ions above and below a hydrate r i c h  
l a y e r ,  a s  suggested by Jenden and Gieskes (1983). Downhole chlor ide ion  concen- 
t r a t i o n s  appear to reach a minimum within the  zone of hydrate  s t a b i l i t y .  The 
approximate downhole loca t ion  of t he  c h l o r i n i t y  minimum f o r  each hole (using t h e  
apparent'minima f o r  S i t e s  103 and 104) i s  p lo t t ed  i n  Figure 6. 
of these  minima is  f o r  i l l u s t r a t i o n  purposes, and i s  not based on ac tua l  da ta .  

According t o  t h e  phase diagram, gas hydrates could be s t a b l e  a t  t he  sediment- 
water i n t e r f ace .  
(e .g . ,  gas voids ,  f ro thy  tex tures)  occurs a t  subbottom depths between 25 and 
125 m (80 t o  410 f t ) .  I t  is  l i k e l y  t h a t  gas hydrates do not occur : ' a t  depths 
shdllower than these  because the re  is  probably i n s u f f i c i e n t  gas within the  
sediments. 
volume a t  i n  s i t u  pressures  and temperatures, t h i s  i s  only a f i r s t  approxima- 
t i o n  of t he  loca t ion  of the  top of t he  hydrate zone. 

Upward migration of gas from sources below the  base of the  hydrate s t a b i l i t y  
'zone may be cont ro l led  by the  geometry of t he  bedding planes with respect  t o '  
the  hydrate base. In  p a r t i c u l a r ,  seismic records from the  Blake Outer Ridge 
show t h a t  r e f l e c t o r s  beneath the  s t rong BSR i n  t h e  c r e s t a l  region d ip  toward 
each o ther ,  opposi te  t h e  d ip  of t h e  BSR (Tucholke, Bryan, and Ewing 1977). 
(See Figure 8.) 
the  lower s g a b i l i t y  boundary and t o  form hydrates ,  c r ea t ing  an impermeable 
layer .  
impedance c o n t r a s t  t h a t  i s  associated with the BSR (Dillon, Grow, and 
Paul1 1980) .' 
An impl i c i t  requirement of t h i s  model is  t h e  
and along bedding planes i n  t h e  shallow-dipping c l ay  sediments of the  ridge.  
If gas migration below the  BSR is  accepted, ik is  a l s o  important t o  consider 
the  p o s s i b i l i t y  of ,  and cont ro ls  on, gas migr'ation above t h e  BSR. 

Examination of t he  seismic c ross  sec t ion  of t he  Blake Outer Ridge revea ls  t h a t  
although the r idge  is  an ant i formal  f ea tu re ,  i does not  possess the  bedding 

I plane geomet+ of an  a n t i c l i n e .  That is, beds n opposi te  f lanks  of t h e  r idge 
do not  necessa r i ly  d ip  away from each o the r ,  c In 
the  near-surface sediments, d ips  of beds change cross  t h e  r idge (Figure 8 ) .  
Those a t  t h e  r idge  crest are near ly  horizontal .  If gas generated i n  t h e  sedi-  
ments can migrate along t h e  bedding planes,  then t h e  bedding plane geometry 
above the  BSR ind ica t e s  t h a t  t h e  gas above t h e  B R escapes from the  s t a b i l i t y  
zone and perhaps from t h e  system, 

Yet gas hydrates a r e  above t h e  l e v  
S i t e  533. 
by some property of t h e  sediment; r a t h e r  than by,bedding plane geometry. 

The co r re l a t ion  

However t h e  f i r s t  ind ica t ion  of gas within t h e  sediments 

However, s ince  no accurate  measurements were made of the  gas 

This configurat ion would cause upward-migrating gas t o  reach 

Gas trapped beneath t h i s  horizon ma$ be responsible  f o r  t he  acous t ic  

f gas t o  migrate upward 

1 

a t i n g  a t r a p  a t  t h e  c r e s t .  

s preventing hydrate formation. 

of t h e  bSR,'as demonstrated a t  
This spggests t h a t  gas concentrat ion abovejthe BSR may be cont ro l led  

kmeabili ty may permit gas t o  accumulate i n  sediments f a s t e r  than it 
and the  onse t  of hydrate f o  
"Gas hydrates may fom'in t 

Low 

ion  would f u r t h e r  decrease l o c a l  per- 
taI5'23fty zone *fzomd gas prodhced i n  

1E.hydrate "formation i n  the  upper p lace ,  so migration may not  be necessary.' 
i t y  zone is  not  s t r i c t l y  dependent on gas mobil i ty ,  it i s  d i f f i c u l t  t o  
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predict where gases will be sufficiently concentrated to form hydrates at the 
Ridge. This is because the rates of gas generation and migration within the low 
permeability sediments have not been quantified. However, rates of gas genera- 
tion have been estimated (Claypool and Threlkeld 1983). 

Another aspect of the depositional setting of the Blake Outer Ridge that may be 
important is the thermal regime that has been created by the convex shape of 
the Ridge. Because of its shape, the ridge has a large surface area compared 
to its horizontal area, causing decreased heat flow and a decreased geothermal 
gradient relative to the adjacent smooth seafloor (MacLeod 1982). 
cooler temperatures at a given depth beneath the ridge surface than those 
encountered at the same depth beneath the adjacent smooth seafloor. Conse- 
quently, the isotherm that controls the base of the hydrate stability zone should 
exist deeper beneath the ridge surface than beneath smooth seafloor. This 
allows for a greater volume of gas-bearing sediments to occupy the hydrate 
stability zone within the ridge and to form gas hydrates. 

It is generally accepted that the BSR represents the base of the hydrate sta- 
bility zone, and it has been suggested that free gas beneath the hydrates is 
responsible for the acoustic impedance contrast causing the BSR (Bryan 1974; 
Tucholke, Bryan, and Ewing 1977). 
it becomes conformable with bedding plane reflectors, this does not explain 
the weakening of the BSR at the Blake Outer Ridge near Site 103 (Figure 8). 
It has been noted by some workers that rapid erosion has occurred at the ridge. 
Matsumoto (1983) estimated that 110 to 200 m (360 to 650 ft) of sediment were 
eroded from the ridge flanks duriqg Pleistocene-age glaciation, based on car- 
bonate mineral zonations. Echo character mapping by Jacobi, Vassallo, and 
Shor (1984) showed signs of rapid erosion near Site 103, at the mapped limit 
of the BSR according to Mark1 and Bryan (1983). 
pearance of BSR's, advanced by Paul1 and Dillon (1979), may apply at the ridge: 
e'rosion causes local, but transient, increases in heat flow and geothermal 
gradient as once-buried sediments come in contact with seawater. 
that controls the base of the hydrate stability zone migrates downward as the 
sediment column cools. Free gas that once existed below the hydrate base 
becomes incorporated into gas hydrates. Thus, the acoustic impedance contrast 
that existed between the hydrate-cemented sediments above and the free gas below 
is lost, and the BSR vanishes even though gas hydrates may be present. The loss 
of the BSR may be temporary, since free gas may 'eventually accumulate beneath 
the new hydrate base in sufficient concentrations to create another acoustic 
velocity contrast. 

5 . 0  OTHER GAS HYDRATE OCCURRENCES 

Gas hydrates have been recovered from two marine settings that are somewhat 
different from the Blake Outer Ridge. 
trench off southern Mexico and western Guatemala yielded hydrates at Site 492 
(Watkins, Moore, and others 1981), Sites 497 and 498 (Aubouin, von Huene, and 
others 1982), and Sites 568 and 570 (von Huene, Aubouin, and others in press). 
Numerous gas hydrate samples have been recovered in the slope sediments of the 
northwestern and north-central Gulf of Mexico (Brooks, Cox, and Kennicutt 1984; 
Leg 96 Scientific Party 1984). 
the Blake Outer Ridge and these sites are summarized in Table 2. 

This creates 

While the BSR may become undetectable where 

An explanation for the disap- 

The isotherm 

The landward side of the Middle America's 

The major similarities and differences among 
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TABLE 2. COMPARISON OF BLAKE OUTER RIDGE WITH OTHER KNOWN HYDRATE LOCALITIES 

LOCATION 

MIDDLE AMERICAS NORTHWEST & 
BLAKE OUTER TRENCH, DSDP LEGS NORTH CENTRAL 

RIDGE 66,67,84 GULF OF MEXICO 

GENERAL 1. SEDIMENTARY RIDGE OFF CONTINENTAL 1. LANOWARO SIDE OF ARC.TRENCH, 1. CONTINENTAL SLOPE 
PHYSIOGRAPHIC SLOPE-PASSIVE MARGIN NOW ACCRETIONARY MARGIN 2. OEPTH RANGES 500 900 m 
XTTING 2. OEPTH RANGES 2.4 k m  

3. TECTONICALLY OUIET. NO SUBSIDENCE 
2. OEPTH RANGES 2-6 k m  
3. TECTONICALLY ACTIVE REGION WITH 

IORCA BASIN * 2400 m l  
3. STRONGLY SUBSIDING BASIN 

WITH SALT OIAPRISM SUBSIDENCE AN0 UPLIFT 

OEWSITIONAL CURRENT OEPOSITEO SEDIMENTS WITH CHANNEL OEPOSlTlON FROM CONTINENT: OEPOSlTlON FROM CONTINENT OFF 
ENVIRONMENT MICROFOSSILS: TERRIGENOUS SOURCE FOR MASS WASTING INCLUOING TURBlOlTY FLOW, MISSISSIPPI FAN. MASS WASTING AN0 

CLASTICS AN0 ORGANIC CARBON. DEBRIS FLOW, SLUMPING. GROWTH FAULTING CREATE COMPLEX 
SEAFLOOR MORPHOLOGY. 

SEOIMENT TfPE FINE GRAIMO HEMIPELAGIC MUOS FINE GRAINED HEMIPELAGIC MUOS WITH 
OCCASIONAL ASH 

FINE GRAINEO HEMIPELAGIC MUOS WITH 
OIL STAINING - - - - - - - 

RATES OF RAPID AN0 VARIABLE THROUGHOUT . LOCALLY RAPIO BUT VARIABLE RAP10 
DEPOSITION RIOGE'S HISTORY 

GASES PAEOOMINANTLY BIOGENIC METHANE BlO&NlC METHANE WITH S M A U  THERMOGENIC 
COMPONENT (BREAKDOWN OF ORGANIC 
MATERIAL NEAR OPHlOLlllC BASEMENT1 

SITE 4 9 2  AS THIN BAWDS I N  FAULTEO 

NOOULES AN0 FROZEN SEDIMENTS 
300400 m SUBBOTTOM. SlTE 
568: IN FRACTURES IN BASEMENT 
ROCK, AN0 THROUGHOUT ENTIRE 
416 m COREO. SITE 5 7 0  MASSIVE 

BIOGENIC AN0 LARGE THERMOGENIC 
COMPONENTS PROPANE, ETHANE, BUTANES 
AS W E U  AS METHANE 

GREEN CANYON: SMALL CRYSTALS 
1 cm OIAM.; MASSIVE LAYER 
IO cm THICK: NOOULES 2.5 an OIAM. 
ORCA BASIN SMALl  CRYSTALS 
DISPERSE0 IN MUOS. 

SlTE 5 3 3  SMALL CRYSTALS -240m 

DISPERSE0 THROUGHOUT CORE 

HYORATE 
OCCURRENCE SUBBOTTOM. MICROCRYSTALS TnTEo ASH LAYER. SITES 497,498: 

LAYER 34 in THICK. AT 2 5 0  m 
SUBBOTTOM: DISPERSE0 CRYSTALS 
FROM 250 m TO BASEMENT. 

BSR OlSTlNCT AN0 CONTINUOUS ACROSS 
RIOGE. FAINT BENEATH SITES OF 
EROSION le.&, OSOP SITE 1031. 

PATCHY ON LEG 66. 
ABSENT ON LEGS 67 AN0 E4 

NONE. 
3.5 kHz ECHOGRAMS SHOW 
OISTURBEO SEOIMENTS PROBABLY 
RELATE0 TO HYDRATES. 

CHLORINITY LOGS W I C A T E  PRESENCE 

HYORATE NOT UNIFORMLY OISTRIBUTEO 

ACOUSTIC VELOCITY AN0 ELECTRICAL 

SHOWED PROMINENT KICKS IN 

ENTIRE LANOWARO SlOE OF TRENCH I METHANE GASES STABILIZES HYORATE. 
I N  STABILITY ZONE BUT HYDRATES 
ARE PATCHY. 

BOTTOM WATER TEMPERATURES AT 

FOR METHANE HYORATE AT 530 m 

CHLORINITY LOGS NOT RELIABLE I N  
DETECTING HYDRATES BECAUSE OF HIGH 
CI' CONCENTRATIONS FROM SALT DIAPIRS. 

OTHER 
REMARKS OF HYORATE. RESISTIVITY LOGS AT SITE 570 GREEN CANYON l6.10'CI ARE UNSUITABLE 

ABOVE HYDRATE BASE. MASSIVE HYDRATE INTERVAL. SUBBOTTOM. PRESENCE OF NON. 

I _  A-85-307-01 B4-85 



All three sites are characterized by rapid deposition of hemipelagic sediment, 
which preserves organic carbon for eventual gas prbduction. 
America's trench slope is similar to the Blake Outer Ridge in water depths and 
bottom water temperatures. 
to the Blake Outer Ridge as a passive continental margin depocenter. However, 
in most other geologic aspects, the three localities are different and represent 
three distinct environments for gas hydrate occurrence. 

In the north and northwestern Gulf of Mexico, bottom water temperatures are 
warmer and depths are shallower than at the Blake Outer Ridge. 
bility is widespread. Gas hydrates of both thermogenic and biogenic origin 
have been recovered in the fine-grained sediments of the Green Canyon area. 

The Middle 

The northern Gulf of Mexico is tectonically similar 

Sediment insta- 

Thermogenic gas hydrates that have been recovered contain a large portion of 
hydrocarbons other than methane, e. g. , ethane, propane, and butane. These 
hydrates occur in association with oil-stained sediments. As indicated by 
Brooks and others (1984), these hydrocarbons have migrated upward from deep 
within the sedimentary column. These mixed-hydrocarbon hydrates can occur 
within 2 m (about 7 ft) of the sediment-water interface, where warm bottom 
water temperatures and depths of 500 to 600 m (1,650 to 1,980 ft) would not 
permit pure methane hydrates to be stable. Biogenic gas hydrates have been 
recovered and consist primarily of methane. These hydrates are restricted to 
deeper water; the Orca Basin (about 2,400 m; about 8,000 ft) is the deepest 
known biogenic hydrate locality in the Gulf. Unlike the Blake Outer Ridge, no 
BSR's have' been observed in connection with gas hydrates in the continental 
slope region of the northern Gulf of Mexico. 

At the Middle America's trench, evidence of tectonic uplift and subsidence since 
the slope's formation have been reported (JOIDES Journal 1982). 
sediments are commonly subjected to mass wasting, and are thus less stable than 
those at ttie Blake Outer Ridge. The BSR is absent, and hydrate is irregularly 
distributed and variable in character. Unlike the Blake Outer Ridge, at least 
one massive hydrate zone, approximately 3 m (9.8 ft) thick has been discovered 
by the DSDP at Site 570 (von Huene, Aubouin, and others. 
hydrates were encountered in low concentrations throughout the lower 200 m 
(660 ft) of the 418 m (1380 ft) drilled at DSDP S i t e  568 (JOIDES Journal 1982). 

Near-surface 

In press). Gas 

The preceding paragraphs serve to illustrate the,variability of possible 
environments fbr hydrate formation.- The only characteristic the three sites 
seem to have in common is rapid hemipelagic sedimentation on continental mar- 
gins. Abundance of gas appears to be the limiting factor where other hydrate 
stability conditions are satisfied. This is most clearly demonstrated at the 
Blake Outer Ridge, where the hydrate stability zone extends from the BSR to the 
sediment-water interface, but hydrates are absent in the upper 25 to 125 m 
(80'to 410 ft) because of low gas concentrations. 
factors, if any, are necessary for gas hydrate formation. 

It is important to note that the presence of a BSR usually indicates the exis- 
tence of hydrates (diagenetic boundaries may produce similar anomalous reflec- 
tors; see Hein, and,others 19811, but the reverse is not necessarily true; 
hydrates do not always produce strong BSR's. 
massive hydrates discovered to date (Site 570, Middle Americas trench) appar- 
ently has no associated BSR. 
even more widespread than the distribution of BSR's indicates. 
and others 1979 for a summary of BSR occurrences.) 

It is not clear what other 

For example, the thickest zone of 

Thus, worldwide marine hydrate occurrence may be 
(See Shipley 
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6.0 SUMMARY 

The occurrence of gas hydrates at the Blake Outer Ridge is not as straight- 
forward as it first appears from examination of the phase relationships of gas 
and water. In general, hydrate occurrence is governed by gas availability, low 
temperatures, and high pressures. 
subtle and complex geological factors, such as seafloor processes, gas composi- 
tions, sediment permeability, and, particularly at the Blake Outer Ridge, topo- 
graphy. 
Mexico and Middle America's trench reinforces the notion of the complex rela- 
tionships between geology and hydrate stability. 

Some general conclusions on the hydrate occurrence at the Blake Outer Ridge 
have arisen from this study, however. 
gest that the hydrate zone extends from 25 to 125 m (80 to 410 ft) below the 
sediment-water interface to about 600 m (1970 ft) subbottom depth. On the 
basis of data from the four holes, most of the gas hydrates within the hydrate 
zone at the Blake Outer Ridge probably occur as small crystals in the pore 
spaces of the hemipelagic muds, rather than as widespread massive horizons. 
The loss of the BSR's on the ridge flanks, particularly in the vicinity of 
Site 103, is probably related to local erosion and cooling, and does not neces- 
sarily indicate a depletion of hydrates. 
would probably produce gas hydrates or evidence thereof. 
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