
Deeply towed 100-kHz side-scan sonar 
(200-m range) and 3.5-kHz subbottom pro- 
filer sensors are routinelv used to survev Reports 

Evidence for Sediment Eruption on Deep Sea Floor, 
Gulf of Mexico 

A large crater has been diswvered on the sea floor, Gulf of Mexiw, in a water depth 
of 2176 meters. Deep-tow high-resolution imagery shows that the crater is cut into a 
low hill surrounded by near-surface concentric faults. Approximately 2 million cubic 
meters of ejected sediment forms a peripheral debris field. The low hill and faults may 
be related to mud diapirism or intrusion of gas hydrates into near-surface sediments. A 
recent eruption evacuated sediments from the crater, apparently because of release of 
overpressured petrogenic gas. 

T HE WORLD'S OCEAN FLOORS ARE 
affected by various high-energy sedi- 
ment transport processes, such as 

turbidity currents, debris flows, slides, and 
benthic storms [for example (1-4)]. These 
processes affect sedimentation patterns and 
can be hazardous to sea-floor engineering. 
During recent high-resolution geophysical 
surveying in the Gulf of Mexico, we discov- 
ered a large crater and neighboring debris 
field. The bottom features indicate that local 
sediment eruptions may also be significant, 
natural, high-energy phenomena. 

Deeptow acoustic imagery revealed a 
large, fresh, elliptical crater (58 m deep, 280 
m across, and 400 m long) in a water depth 
of 2176 m (Fig. 1). Approximately 2 x lo6 
m3 of sediment has been evacuated. A sur- 

rounding debris field extends up to 430 m 
fiom the crater and is composed of blocky 
fragments of sediment. The crater is lo- 
cated 115 km southeast of the Mississippi 
River delta on the lower continental slope 
(28°16'%''N, 88°8'5'Wj. 

The regional sea-floor topography has a 
maximum relief of about 200 m. Shale and 
salt diapirs buried under more than 900 m 
of Pleistocene and Holocene sediments (5) 
have formed broad domes and basins (5 to 7 
km across) on the sea floor. The top of the 
sediment sequence consists of 50 to 100 m 
of upper Pleistocene parallel-bedded depos- 
its. Dating of cores from a similar setting 35 
km to the northwest indicates that the Holo- 
cene deposition rate was 2 to 3 m per 
10,000 years. 

bottom morphology and geologic structures 
(6). The crater could not be seen with 
surface-deployed geophysical equipment be- 
cause of beam spreading and signal attenua- 
tion effects. The deep-tow side-scan sonar 
mosaic (Figs. 1 and 2) and subbottom pro- 
files (Fig. 3, A and B) allowed construction 
of a three-dimensional interpretation of the 
crater and related geologic features (Fig. 4). 

The crater is located on the west side of a 
low hill, much of which was destroyed 
during sediment evacuation. The near-sur- 
face parallel-bedded sediments forming the 
hill are domed upward and truncated by the 
crater walls (Fig. 3A). The crater floor lies 
about 65 to 70 m below the original hilltop 
and -40 m below the surrounding sea floor. 
The sidewalls of the crater are steep (23") 
and have sharp, slightly irregular crests. 
Several small gullies separated by ridges lead 
upward toward the west, where the crater 
lip is lowest. Subtle sediment splays radiate 
away from the ends of the gullies on the 
crater rim. Debris ejected from the crater 
forms a lobate apron over the lower western 
slopes of the hill (Figs. 2, 3B, and 4). The 
ejecta field extends 430 m south and west of 
the crater and has several different compo- 
nents. Distally, the debris forms thinning 
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Faults 

Fig. 1. (Left) Composite side-scan sonar mosaic of sea-floor crater, 
debris field, and concentric faults. Scale in meters. Fig. 2. (Right) 
Closc-up side-scan sonar image of crater and debris field. 
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wedges of acoustically opaque material that 
onlap the bedded sediments (Fig. 3B). 
Large pieces of sediment evacuated from the 
crater are scattered throughout the deposi- 
tional area. Individual blocks are up to 35 m 
across. Close to the western lip, a debris lobe 
emanates fiom the lowest part of the crater 
rim, near the foot of the hill slope, and 
extends 200 to 250 m to the northwest 
(Figs. 2 and 4). A low, rounded pressure 
ridge surrounds the outer margins of the 
lobe, with peripheral concentrations of 
blocks. 

Near armlar, concentric patterns of sea- 
floor steps or low scarps with relief of 1 to 3 
m surround the hill, crater, and debris field 
(Figs. 1 and 4). Subbottom profiles (Fig. 3, 
A and B) reveal that the scarps are the result 
of near-surface, normal faulting around the 
low hill. The faults, which locally form 

I Faults 

Flg. 3. (A) Subbottom profile (3.5 kHz) across 
the crater and peripheral faults (location is shown 
on Figs. 1 and 4). (B) Subbottom profile (3.5 
kHz) across some of the debris flow fiom the 
crater (location is shown on Figs. 1. and 4). 

grabens, extend only to depths of 30 to 40 
m and have produced maximum offsets of 3 
to 4 m. 

The crater and associated features are 
located above a deep fault zone on the flank 
of one of the subsurface shale or salt diapirs 
(Fig. 5). The faults have formed a graben in 
the sediments below the crater but do not 
reach the sea floor. The subsurface faults are 
partly obscured by two laterally extensive 
zones of high-amplitude seismic reflections 
at depths of 75 and 250 m. The high- 
amplitude reflections extend over the diapir 
crest and are most distinctive where they 
intersect the subsurface faults. 

The flanks of diapirs are well-known hy- 
drocarbon traps in the Gulf of Mexico. 
Faulting commonly allows hydrocarbons, 
especially gas, to migrate upward and to 
permeate overlying sediments. The high- 
amplitude zones associated with the subsur- 
fic; faults and in the sediments above the 
diapir may be areas that contain hydrocar- 
bons. The low hill, crater, and surrounding 
faults thus apparently lie directly above a 
region of petrogenic gas seepage. The water 
depth (2176 m) where these features occur 
is well within the theoretical temperature 
and depth limits for near-surface hydrate 
formation [for example (71. In the Gulf of 
Mexico, seepage of petrogenic fluids leads to 
hydrates at or near the sea floor in water 
depths greater than 500 m. Mounds up to 
40 m high with surface hydrate-sediment 
mixnues have been identified in cores (8- 
10). 

The development of the hill and concen- 
tric faults involved local deformation of the 
near-surface sediments over an area of about 
1.5 x lo6 m2. The shallow beds have been 
pushed upward to form the hill, an activity 
associated with peripheral faulting and sub  
sidence. The deeper beds were unaffected by 
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Fig. 4. Interpretive three-dimensional schematic diagram of the sea floor and near-surface features. 
Profile 1 is Fig. 3A and profile 2 is Fig. 3B. 

Fig. 5. Multichannel seismic profile oriented 
north-northwestsouth-southeast approximately 
1000 m east of the crater. 

the uplift. The deformation geometry re- 
quires an intrusive force immediately below 
the hill and tensional stresses in the sur- 
rounding area. The exact mechanism of in- 
trusion cannot be determined solely from 
the acoustic data but is probably related to 
upward seepage of hydrocarbons; areas with 
mounds of gas-rich mud or mud diapirs 
formed by flowage of sediment and gas 
mixtures are common sea-floor features in 
the Gulf of Mexico (10-12). Alternatively, 
the growth of gas hydrates in the near- 
surface sediment could have formed the hill 
by local expansion of sediment, water, and 
hydrate miunws. An analogy is the develop- 
ment of some arctic ice-cored hills. Pingos 
commonly have comparable morphology 
(13)- 

Crater formation subsequently removed 
much of the hill. The debris lobe and pres- 
sure ridge on the west side suggest that 
initially sliding may have occurred on the 
oversteepened hillside. As the crater deep- 
ened the scattered blocks and splays were 
emplaced by both outward and upward 
sediment transport. The final depth of the 
crater, the size of the largest blocks, long 
transport distances, and upward sediment 
movement to the surrounding sea floor all 
suggest highly energetic conditions. The 
crater geometry and debris field are similar 
to features produced by violent, drilling- 
induced gas blowouts (14). The features are, 
however, quite different from subtle pock- 
marks ascribed to gradual gas venting and 
sediment resuspension (15). Thus, natural 
rapid release of large volumes of overpres- 
sured gas appears to be the most likely 
explanation for the crater and ejected debris. 
Catastrophic venting could have been the 
result of high-pressure surges from the hy- 
drocarbon reservoir. Alternatively, develop- 
ment of a relatively impermeable hydrate 
layer in the near-surface zone, above a 
source of gas seepage, could have led to a 
local buildup of pressurized gas. Tensional 
rupturing of the hilltop or sliding of sedi- 
ments off the slopes may have triggered 
release. 

The precise date for crater formation is 
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not known. The subbottom profile data 
show that the most recently deposited Holo- 
cene sediments are truncated by the crater 
(Fig. 3A). There is no evidence of a recent 
sediment drape over the deposits (Figs. 2 
and 3B). The crater rim, internal walls, and 
debris field appear fresh (Fig. 2) .  Erosion or 
smoothing by bottom currents is not appar- 
ent. Together, the evidence suggests that the 
crater formed recently, probably within a 
few hundred years. An unusual sea-surface 
disturbance (possibly gas venting) was ob- 
served in the same vicinity in September 
1906, but it is not possible to link this event 
with formation of the crater (16). 

Hydrocarbon seepage is a relatively com- 
mon process in the Gulf of Mexico, account- 
ing for various phenomena such as gas-rich 
sediments hydrates, mud diapirs, and water 
column anomalies (9, 10, 17, 18). Release is 
usually gradual, but may be persistent (18). 
One example of natural high-energy venting 
was reported in 1200-m water depth (16). 
Also, a crater (about 40 m deep, 500 m in 
diameter) was tentatively recognized from a 
single acoustic profile in a water depth of 
900 m (19). The high-resolution, deep-tow 
data now indicate that blowout-type craters 
and ejecta fields can form naturally in deep 
water following intrusive deformation of the 
sea floor. 
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Rhenium-Osmium Isotope Systematics of 
Carbonaceous Chondrites 

Rhenium and osmium concentrations and 0 s  isotopic compositions of eight carbona- 
ceous chondrites, one LL3 ordinary chondrite, and two iron meteorites were deter- 
mined by resonance ionization mass spectrometry. Iron meteorite 187~e11s60s and 
'870sl'860s ratios plot on the previously determined iron meteorite isochron, but most 
chondrite data plot 1 to 2 percent above this meteorite isochron. This suggests either 
that irons have significantly younger Re-0s closure ages than chondrites or that 
chondrites were formed from precursor materials with different chemical histories 
from the precursors of irons. Some samples of Semarkona (LL3) and Murray (C2M) 
meteorites plot 4 to 6 percent above the iron meteorite isochron, well above the field 
delineated by other chondrites. Murray may have lost Re by aqueous leaching during 
its preterrestrial history. Semarkona could have experienced a similar loss of Re, but 
only slight aqueous alteration is evident in the meteorite. Therefore, the isotopic 
composition of Semarkona could reflect assembly of isotopically heterogeneous 
components subsequent to 4.55 billion years ago or 0 s  isotopic heterogeneities in the 
primordial solar nebula. 

refractory and siderophile elements, 
the Re-0s isotope system is particu- 

larly important in studies concerned with 
metal phases and high-temperature inclu- 
sions of meteorites. Potential applications of 
the system include dating meteorites, espe- 
cially with respect to the chronology of the 
assembly and subsequent metamorphism of 
genetically disparate components, and pro- 
viding estimates of the initial 0 s  isotopic 
composition and ReiOs ratio of the early 
earth. This ratio is an important chemical 
tracer for understanding the formation of 
the earth's core and the-chemical evolution 
of the mantle and crust. Because of analytical 
limitations, most Re-0s isotopic analyses of 
meteorites have been obtained from those 
metal phases that concentrated Re and 0 s  
(1-3). Data for IA, IIA, IIIA, and IVB iron 
meteorites define a line on a '87~ei '860s  
versus '870si'860s plot. Geochronologic ap- 
plications, however, have been hindered by 
the lack of an accurate determination of the 
I s 7 ~ e  half-life. Herr and co-workers (3) 
concluded that iron meteorites crystallized 
between 4 and 5 billion years ago ( ~ a )  using 
a I g 7 ~ e  half-life of (4.3 i- 0.5) x 10'' years 
that was based on terrestrial molybdenite 
data (4). More recently, iron meteoiites and 
metal separates from ordinary chondrites 
have been examined with secondary ion 
mass spectrometry (1, 2). A Ia7Re half-life of 
(4.56 i- 0.12) x 10'' years was derived with 
the assumption that chondrites and irons 
have a common age of 4.55 Ga. This result 
is within uncertainty of the half-life estimat- 
ed from molybdenites and also of a value of 
(4.36 i- 0.13) x 10" years based on the 
laboratory determination of the growth of 
ls70s in highly purified HRe04  (5 ) .  Recent 

refinements of the laboratory determination, 
however, have yielded a half-life of (4.23 i- 
0.13) x 10'' years (6), which is significant- 
ly less than the meteorite-derived half-life. 

We have measured the Re and 0 s  concen- 
tration and 0 s  isotopic composition for 
whole rock samples of eight carbonaceous 
chondrites and the uneauilibrated LL3 ordi- 
nary chondrite Semarkona, as well as two 
iron meteorites. Chondrites represent one of 
the least distorted samples o f  the composi- 
tional and isotopic characteristics of the 
primordial solar nebula and thus provide 
information regarding the initial isotopic 
composition of 0 s  in the early solar system. 

We dissolved and equilibrated the samples 
(7-9) with enriched '900s and ' " ~ e  spikes 
by alkaline fusion. Osmium was distilled 
twice as OsO4 from H2S04-H202 solution; 
Re was recovered from the residual solution 
by anion exchange. Both Re and 0 s  were 
further purified by adsorption onto anion 
exchange beads and loaded onto a Ta fila- 
ment. Total analytical blanks were <70 pg 
for Re and <20 pg for 0 s .  Four 0 s  isotopic 
ratios were measured with a resonance ion- 
ization mass spectrometer (10): '900s to 
Ig20s for determination of 0 s  concentration 
by isotope dilution (ID); Ig20s to '880s for 
correction for mass fractionation, typical- 
ly <1% per mass; and Ig20s to ls70s and 
'880s to I8'0s for measurement of the rela- 
tive abundance of I8'0s. These ratios were 
converted to '870s/'860s, the most com- 
monly reported ratio, with '920si'860s and 
1880si'860s values of 25.59 and 8.302, re- 
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