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Control of Methane Sediment-Water Bubble Transport by 
Macroinfaunal Irrigation in Cape Lookout Bight, North Carolina 

Abstract. Methane transport by bubble ebullition through bubble tubes from sedi- 
ments to overlying waters in Cape Lookout Bight, Outer Banks of North Carolina, oc- 
curs only in the absence of burrowing macroinfauna, which indirectly prevent satura- 
tion methane concentrations by irrigating surface sediments with dissolved sulfate. 
Distribution of macroinfauna in the bight is limited to bottom areas not subjected to 
periodic anoxic conditions. 

Saturation methane concentrations re- 
sulting from anaerobic methanogenesis 
are known to result in the formation of 
bubbles in the interstitial waters of ma- 
rine sediments (1-4). Bubble ebullition 
has recently been inferred as a signifi- 
cant methane transport mechanism to 
overlying water in the Hudson River (4), 
and direct observations of extensive bub- 
bling and water column measurements 
during June to August 1975 show that it 
is a major source for overlying waters in 
Cape Lookout Bight, a small, period- 
ically anoxic basin (Fig. 1) on the Outer 
Banks of North Carolina. 

Saturation concentrations of methane, 
which result in the formation of methane 
bubbles in the interstitial waters of ma- 
rine sediments, build up only when low 
concentrations of dissolved sulfate occur 
(3-5); therefore, processes that control 
the distribution of dissolved sulfate 
should indirectly control the transport of 
methane to overlying waters by bubble 
ebullition. During investigations of meth- 
ane production in organic-rich sediments 
found in Cape Lookout Bight (6), large 
numbers of bubbles approximately 0.5 to 
2 cm in diameter were observed surfac- 
ing in a restricted area in the bight's inte- 
rior. A diving survey conducted at this 
site (station 1, Fig. 1) revealed that the 
bubbles were regularly leaving the sedi- 
ments through large numbers (> 6 per 
square meter) of randomly distributed, 
easily visible cylindrical tubes (Fig. 2A) 
approximately 0.5 to 1.5 cm in diameter, 
for which the term "bubble tubes" was 
coined. Sediment sieving to a depth of 
approximately 30 cm revealed no evi- 
dence for any macroinfauna capable of 
creating such tubes (7). Two samples of 
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approximately 75 ml of gas each were 
collected on separate occasions over ran- 
domly chosen bubble tubes within 2 m of 

Fig. 1. Cape Lookout Bight study area, Outer 
Banks of North Carolina. Stations 1, 2, and 3 
are indicated on the drawing. The aerial view 
is from the south. [Photograph courtesy of 
J. Stivers] 

the bottom by a diver holding an inverted 
Winkler dissolved oxygen bottle. The 
gas composition of these samples aver- 
aged 88 percent methane and 11 percent 
nitrogen. 

Evidence that overlying water near the 
bottom of this interior area of the bight 
had been periodically anoxic was pro- 
vided by the complete lack of an observ- 
able brown oxidized layer of sediment as 
well as the complete absence of macroin- 
faunal organisms, which maintain a sup- 
ply of oxygen in their burrows by pump- 
ing in overlying water, a process known 
as irrigation. 

In contrast, a second dive closer to the 
bight's entrance, where no bubbles have 
been observed (station 3, Fig. 1), re- 
vealed a brown oxidized sediment layer 
0.5 to 1 cm thick and the presence of 
many burrowing macroinfauna capable 
of extensive irrigation, including large 
decapod crustaceans, enteropneusts, and 
a variety of polychaetes, along with 
large numbers of burrow holes. 

We hypothesized that the irrigation 
process prevented bubble formation and 
subsequent ebullition by pumping dis- 
solved sulfate into the highly reducing 
sediments, the continuous resupply re- 
placing sulfate reduced to hydrogen sul- 
fide. This would prevent methane satura- 
tion from occurring near the sediment- 
water interface (3), thus preventing bub- 
ble formation in this zone and the 
maintenance of bubble tubes through 
ebullition. Recently irrigation has been 
shown to be a major influence on the in- 
terstitial water composition of the upper 
15 cm of nearshore Long Island Sound 
sediments (8), where vertical linear sul- 
fate concentration profiles are main- 
tained close to the overlying water value 
during the late summer months, when 
macroinfaunal activity is highest. Gold- 
haber (9) has observed irrigation control 
of sulfate and other dissolved species to 
depths of more than 50 cm in Gulf of Cali- 
fornia sediments. 

To test this hypothesis we collected a 
series of three cores on 18 October 1975 
along a 1.0-km transect from the bight in- 
terior where bubbling was observed (sta- 
tion 1) to near the bight's entrance where 
macroinfauna were observed (station 3), 
and at an intermediate point (station 2). 
Several gravity cores approximately 30 
to 50 cm long were collected at each sta- 
tion, allowing only 1 to 2 m of free fall of 
the cores before impact with the sedi- 
ments. All cores were immediately exam- 
ined for evidence of disturbance of the 
brown oxidized surface layer or visible 
burrow structures. Similar color charac- 
teristics were noted below the interface, 
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Fig. 2. (A) Arrow points to a bubble tube through which bubbles escape the sediments at depth of 10 m near station 1 in Cape Lookout Bight. The 
field of view is approximately 1 m in the front of the photograph. Note the sulfur bacteria (Beggiatoa), which appear as white flocculent material 
on the sediment surface. (B) Intact macroinfaunal burrow structures approximately 0.2 to 0.5 cm in diameter found at a depth of 15 cm near the 
bight entrance (station 3). By pumping overlying water through these burrows, macroinfauna maintain high sulfate concentrations near the 
sediment-water interface. [Photograph (B) courtesy of J. Kohlmeyer] 

with a black zone followed by a lighter 
gray zone appearing at depths ranging 
from 35 to 55 cm. Cores selected for fur- 
ther observations were transported with- 
in 2 hours to the University of North Car- 
olina's Institute of Marine Sciences in 
nearby Morehead City, and either 
checked for evidence of bubble and bur- 
row structures or immediately extruded, 
centrifuged to separate interstitial water 
from sediment (10), and analyzed for 
dissolved sulfate by the gravimetric 
barium sulfate method. Sulfate concen- 
trations plotted against sediment depth 
at the three stations are shown in Fig. 
3. 

The sulfate concentration-depth pro- 
file observed in the upper 10 cm of a box 
core near station I in July 1975 is also 
shown in Fig. 3 for comparison ( 11). Bur- 
row structures observed at a depth of ap- 
proximately 15 cm in a sister core collect- 
ed at station 3 are shown in Fig. 2B. Two 
live polychaetes, both of the family Ne- 
reidae and one identified as Ceratonereis 
irritabilis, were recovered in the upper 
11 cm of the station 3 core processed for 
sulfate distribution. 

At coring station I a steep negative gra- 
dient in sulfate resulting from its reduc- 
tion to hydrogen sulfide indicated little or 
no influence of irrigation and probable 
maintenance of the concentration profile 
by a combination of diffusion and reduc- 
tion (12). At station 2, where a brown oxi- 
dized surface layer was observed, a 
steep concentration gradient with depth 
also occurred (13). At station 3, where 
many burrow structures appeared and 
live irrigating organisms were found, a 
vertical linear sulfate concentration pro- 
file with values near those in the over- 
lying water was maintained to a depth of 
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Fig. 3. Concentrations of sulfate in the interstitial waters of sediments at the three stations in 
Cape Lookout Bight. 

approximately 24 cm by extensive irriga- 
tion, although active sulfate reduction 
was indicated by a strong odor of hydro- 
gen sulfide and by the presence of jet 
black iron monosulfides. The lack of 
bubble ebullition from sediments in this 
area of the bight appears to be caused by 
the high concentrations of sulfate, which 
indirectly prevent saturation methane 
concentrations (5) and thus prevent bub- 
bles from forming near the sediment-wa- 
ter interface. 

In summary, methane transport to 
overlying waters in Cape Lookout Bight 
by bubble ebullition occurs only in the 
absence of macroinfauna, which main- 
tain high pore water sulfate concentra- 
tions in the upper 20 to 30 cm of sedi- 
ments through irrigation. The correlation 
between active bubbling periods in the 
summer and early fall and high methane 
concentrations in bottom waters (14) sug- 
gests that bubble transport is a major, 
seasonally regulated methane source for 
Cape Lookout Bight waters. The distri- 
bution of irrigating macroinfauna is con- 

trolled by requirements for continuously 
oxygenated overlying water, which is in 
turn controlled by mixing and respiration 
processes in the water column. 

CHRISTOPHER S. MARTENS 
Marine Sciences Program and 
Department of Geology, University of 
North Carolina, Chapel Hill 27514 
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Meteoroid Storms Detected on the Moon 

Abstract. Seismometers on the moon have detected several brief periods of en- 
hanced meteoroid-impact activity, believed to represent encounters of the moon ivith 
"clouds 'of objects in the kilogram range. The latest and most active encounter, in 
Jutne 1975, is interpreted as a meteoroid cloud of diameter 0.1 astronomical unit and 
total mass 1013 to 1014 grams. 
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and the seismic data yield information on 
the mass and spatial distribution of these 
large particles in space. In this report we 
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Year 
Fig. 1. Occurrence of meteoroid impacts detected by the Apollo seismic network. Each data 
point is the number of events in a 9-day window, with the window stepped 3 days per data point. 
The solid line represents all impacts and the dashed line represents only small impacts (see 
text). Shown in the inset are the daily numbers of impacts during the period from 7 June 1975 
(day 158) to 6 July 1975 (day 187), which includes the most active interval. Solid and dashed 
lines are used as in the main figure. The data have been compiled from Passive Seismic Experi- 
ment Long Period Event Catalog (13). 
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describe time variations in the number of 
meteoroids hitting the moon. The large 
fluctuations observed suggest that some 
massive fragments are not randomly dis- 
tributed in space, but are concentrated in 
clouds that sweep past the earth-moon 
system. 

The passive seismic network, de- 
ployed by the Apollo astronauts, con- 
sists of four stations arranged in an ap- 
proximately equilateral triangle 1100 km 
on a side with two stations 180 km apart 
at one corner. Each station consists of a 
set of three long-period (1 hertz and be- 
low) seismometers sensitive to motion in 
orthogonal directions and one short-peri- 
od (I hertz and above) seismometer sen- 
sitive to vertical motion. Each in- 
strument can detect ground motions of 
about 0.05 nm at the peak of its re- 
sponse. A more detailed description of 
the instruments is found in Latham et al. 
(1). 

The mass distribution of meteoroids 
has been measured by several earth- 
based methods (2), by satellite detectors 
(3), and from the lunar seismic data (1, 
4). The latter yield mass distribution esti- 
mates that are lower by about an order of 
magnitude than those determined by 
earth-based methods. The mass distribu- 
tion estimated by Duennebier and Sutton 
(5) from lunar short-period seismic data 
was very close to earth-based estimates 
in the mass range around 1 g. However, 
a correction in amplitude calibration for 
the Active Seismic Experiment (6) re- 
duces their flux estimate by about an or- 
der of magnitude, making it an order of 
magnitude lower than the earth-based ob- 
servations. In all known methods of me- 
teoroid flux estimation, however, the pa- 
rameter measured is difficult to relate to 
the mass of the impacting body. 

Dainty et al. (7) used the lunar seismic 
data to determine the direction of ap- 
proach of meteoroids in near-earth 
space. They concluded from studies of 
the variation in numbers of events ob- 
served as a function of phase of the 
moon that most meteoroid orbits lie near 
the plane of the ecliptic and that the or- 
bits have aphelia between 2 and 5 A.U. 
In this report we note large temporal fluc- 
tuations in the numbers of impacts ob- 
served and interpret this observation in 
terms of the spatial distribution of mete- 
oroids. 

Between 1 January 1973 and 13 July 
1975 (924 days), the long-period com- 
ponents of the passive seismometer ar- 
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representing meteoroid impacts. These 
signals are similar to the signals from im- 
pacts of the lunar module and Saturn- 
rocket boosters. They differ from those 
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