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ABSTRACT

Met hane, ethane, ethene, propane, propene, n-butane, and isobutane are
common in bottom sediment of the northern Bering Sea. At eight sites the
content of nethane rapidly increases downward within the first four neters
of sediment. These concentration gradients, and absolute nethane concentra-
tions, indicate that the interstitial water of the near-surface sedinent at
these sites nay be gas saturated. These gas-charged sedinments may be unstabl e,
creating potential geologic hazards and, in certain areas, causing the forna-
tion of seafloor craters.

The isotopic conpositions of methane at four of the sites range from -69
to -80°/00 (613CPDB). This range of values clearly indicates that the nethane
derives fran mcrobial processes, possibly within the near-surface Pleisto-
cene peat deposits that are common throughout the northern Bering Sea. At

one site in Norton Sound, near-surface sediment is charged with co,, acconpan-

2
ied by minor concentrations of hydrocarbons, that is seeping from the sea-
floor. Methane in this gas mxture has an isotopic conposition of -36°/00,

a value that suggests derivation frem thermal processes at depth in Norton
Basi n.

The presence of sediment charged with nethane or 002 cannot in general be
predi cted fram anal yses of surface sedinent, which usually contains hydro-
carbon gases and OOzat | ow concentrations. Sanpling beneath a sedinent
depth of about 0.5 mis generally required to detect high concentrations of
gas. Acoustic anomalies detected on high-resolution seismic records indicate
the presence of gas-charged sediment, but gas analyses of sedinent sanples
from areas with these anomalies do not always confirm that high concentrations

of gas are there. Conversely, high concentrations of nethane are sonetines

found at sites where no acoustic anonalies are obvious on high-resolution records.




| NTRODUCTI ON

About twenty years ago Enery and Hoggan (1958) described the occurrence of
hydrocarbon gases in near-surface marine sediment from Santa Barbara Basin,
off southern California. These anoxic sedinments contain methane, ethane,
propane, butanes, pentanes, and hexanes, wth nethane being one to alnost five
orders of magnitude greater in concentration than any of the other hydro-
carbons. Geochemical studies that foll owed have generally focused on nethane
and the processes thatcan account for its occurrence and distribution in a
variety of aquatic sedinents (rReeburgh, 1969; Welan, 1974; Martens and
Berner, 1974; CayPool and Kaplan, 1974; oremland, 1975; Barnes and Col dberg,
1976; and Kosi ur and warford, 1979). Recently Bernard et al. (1978) descri bed
the distribution of nethane, ethene, propane, and propene in sedinent from
shel f and slope sediment in the Qulf of Mexico, and Kvenvolden and Redden
(1980) reported onthe occurrence of these gases in sedinent fran the outer
shel f, slope and basin of the Bering Sea. The present study exanines inner
shel f areas of the Bering Sea and consi ders the hydrocarbon gases nethane (Cl) ,
ethane (C,), ethene (CZ:L) , propane (C3), propene (C3:1) , isobutane (_i_-c4) :
and n-butane (n-C,) in sedinent of the inner Bering Shelf in Norton Sound and
the adjacent eastern Chirikov Basin (Fig. 1).

Norton Sound is an elongate, east-west trending bay in the western coast
of Al aska bounded on the north by the Seward Peninsula, on the east by the
Al askan nainland, on the south by the Yukon Delta, and on the west by the
Chirikov Basin. The floor of the sound is very flaty; and water depths average
about 20m. To the west into t he Chirikov Basin water depths increase to

about 50 m especially in the northern part of the basin at the Bering Strait.

When sea |level lowered in late Pleistocene time, the floor of Norton Sound and




eastern chirikov Basin becanme exposed (Nelson and Hopkins, 1972). puring this
time fluvial processes and tundra vegetation characterized the area (Hopkins,
1967), and peaty nud was deposited over nmuch of the region. This mud contains
2to8 percent organic carbon. As sea level rose during |atest Pleistocene
time, nmarine sedinmentation resumed. In Hol ocene time, fine-grained, sandy
silt derived mainly from the Yukon River blanketed the area with a cover up to
10 mthick (McManus et al., 1977; Nelson and Creager, 1977). In contrast to
the nonmarine sediment, the organic content of the overlying sedinment ranges

fromO0.5 to 1.0 percent (Nelson, 1977).

METHODS

The anal ytical procedures for this work have been described previously
(Nelson et al., 1978; Kvenvolden et al., 1979a). Vibracores and surface
sanpl es werge taken during three sunmer field seasons in 1976, 1977 and 1978.
Hydr ocar bon gases and carbon dioxide were extracted from sedi nent
recovered from the surface and from various intervals in cores. Sediment
sanmples were extruded into 0.95-L double-friction-seal cans which had two
septa-covered holes near the top. Heliumpurged distilled water was added to
each can until a 100-mL headspace remai ned. Each can was closed with a lid,
and the headspace was purged with helium through the septa. The cans were
shaken for ten mnutes to release gases into the headspace. Exactly one
milliliter of the headspace gas m xture was anal yzed by gas chronat ography
using both flane ionization (for hydrocarbons) and thermal conductivity (for
carbon dioxide) detectors. Calculations of gas concentrations were determ ned
by peak height nmeasurements on chromatograms. Partition coefficients were
used to correct for the different solubilities of the hydrocarbon gases. Con-

centrations are reported in nL, uL, or mL pex |liter of wet sedinment.

RESULTS

Cy is the nmost abundant hydrocarbon gas found in the first five meters of
4.




sediment in Norton Sound and the eastern Chirikov Basin. Figure 2 shows the
geographi c distribution of maxi mum concentrations of C,- At eight sites this
concentration exceeds 1 mL/L, and at five of these sites (8-4, 8-8, 8-15,

8-21 and 8-22) concentrations exceed 10 mL/L. At the other stations the maxi-

mum anount of €, measured was | ess than 100 uL/L with two exceptions at 7-33

1
and 8-6 where it was about 200 pL/L at each site. The anount of ¢, found
depends to sane extent on the depth of core, for concentrations of Cl general |y
increase with depth. Thus, surface sanples and short cores usually have |ower
anount s of ¢y than do sanples taken fromgreater depths. The vertical distribu-
tion of ¢, at the eight sites mentioned above is shown in Figure 3. For these
sites the concentration of c, increases by 4 or 5 orders of nmagnitude within
the top four or five meters of sediment. Also shown is the distribution of
met hane at Sites 7-17 and 8-3. The data for these sites are conbined because
the sites are at essentially the same |ocation sanpled during two different
field seasons. Here the Cl concentrations, especially in deeper sanples, are
much |lower than at the eight sites. The mjor gas at 7-17/8-3 is not Cl but
Co, .

The second nost abundant hydrocarbon gas in this area is C,; C concentra-
tions are usually slightly lower and generally parallel €, concentration pro-

2

files with depth. The geographic distribution of c, + C3 is shown in Figure 4

The maxi mum concentrations of these two hydrocarbons are usually |ess than

1 pyL/L. At two sites, 8-4 and 8-17, maximum C,+ ¢, concentrations are slightly

3
higher (1.2 and 1.1 uL/L, respectively), but at site 7-17/8-3, c, + ¢, maxi num
concentration is alnost 8 uL/L. At the eight sites where C; show 4-5 orders

of magnitude increase in concentrations with depth, C,+ Cincreases by about
two orders, but the profiles of concentration are nore variable (Fig. 5) than

t he Cy concentration profile (Fig. 3). The concentrations of C,+ Cin sanples
from 7-17/8-3 are nuch higher than in all other sanples.




Bothc,. , and c,., are present in all sanples analyzed. Concentrations are

variable, but as a general rule ¢ exceeds C, in surface sanples and wth

increasing depth the reverse is observed. At Site 7-17/8-3, C,is much nore
abundant than c, ,, with the c,/c, , ratio reaching a naxinum of 340 at 60 cm

depth. & simlar relation holds for and c,. A the surface C, , is usually

€31
more abundant than C,, and the reverse is true for deeper sanples. At 7-17/8-3,

Cis always nore abundant than 3.1 being larger by a factor of 47 at 200 cm

dept h.

The concentrations of i-C, and n-C, are |ower in concentration than the

4

|ighter hydrocarbon gases and in many cases reach the linmt of detection of
t he method, about 2 nL/L. In general the concentrations of i-C4 + n-C, are | ess
than 100 nL/L, and the distribution with depth is variable. In sanmples frcm

7-17/8-3, concentrations of i-C, +n-C

4 reach a maxi num of 14 uL/L at a depth

4
of 200 cm.

Hydr ocar bons from Ce to C, are measured in a single backflush peak from

chromat ography and are designated c Cs, hydr ocar bons commonly occur in | ow

54 “

concentrations in surface sanples from this area and in core sanples from

7-17/ 8- 3.

BIOGENIC METHANE

The occurrence in anoxic sedinment of high concentrations of ¢, resulting from

1
m crobi al deconposition of organic matter is well established (Emery and

Hoggan, 1958; Barnes and Col dberg, 1976; Reeburgh and Heggie, 1977; and Kosi ur
and Varford, 1979). , is both produced and consumed by m croorganisms, and
model s for these processes have been devised (.ClayPool and Kaplan, 1974; Martens
and Bener, 1974; Barnes and Gol dberg, 1976; Kosiur and Warford, 1979). In

| ess reduci ng sedi nents of open narine environnents, c, is also present but at
concentrations as much as five orders of magnitude |ess than those observed in




anoxic nmari ne sedinents (Bernard et al.,1978; Kvenvolden and Redden, 1980) .

Al t hough there is nuch less €, in sedinents of open narine environnents, the

1l
processes that generate gas are probably simlar to those in anoxic sedinments,
but nuch sl ower.

At eight sites in Norton Sound and the eastern Chirikov Basin abundances of

C, increase by four or five orders of magnitude within the first five meters

1
of sedinment, reaching concentrations near or exceeding saturation of the inter-
stitial water. These shallow sedinents are likely anoxic, and the ¢ probably
is being generated by the deconposition of peaty nmud that contains 2 to 8 per-
centorgani c carbon, and is buried under marine sedinment of |ower carbon con-
tent (0.5 to 1.0 percent). This sedinent cover is thickest near the front of
the Yukon Delta and thins to the north (McManus et al., 1977; Nelson and Crea-
ger, 1977; Nel son, 1977). The depth of burial of the peaty nud may account

for the groupings of the c; concentration profiles shown in Figure 3. Seven

of the sites (6-121, 6-125, 6-131, 8-4, 8-8, 8-15, and 8-21) have profiles that
group together. These seven sites are |located in the eastern and northern parts
of Norton Sound and in the Chirikov Basin near Port Carence (Fig. 2) . In these
areas, peatysediment is buried under about 2 meters Of sandy silt. The seven
profiles show maxi mnum concentrations bel ow about 1.5 neters. Therefore, if
peaty nud is the source of the methane, the depth of #ts burial accounts for

the depth at which high C; concentrations are found. In contrast, one €, concen-
tration profile (.8-22) reaches maxi mum val ues below 3 nmeters. This site was

| ocated northwest of the Yukon Delta in the southern part of Norton Sound

where the sedinent cover is thicker and the peaty nmud is nore deeply buried

Thus there is a correlation between the depth of buried organic natter and the
depth at which C,concentrations reach high values. At Site 7-17/8-3, c, con-
centrations follow a different trend to be discussed bel ow

That the high concentrations of c, at eight sites result from mcrobiologica

1




processes is supported by both chem cal and isotopic data. Hi gher nolecul ar
wei ght hydrocarbons acconpany Cyr and the ratio ¢,/(c, + C;) can be used as
a guide to interpret node of formation. Likew se, the carbon isotopic composi-

tion of c, can be used to interpret process of formation (Bernard et al.,

1976, 1977). Mcrobial degradation of organic matter produces hydrocarbon

gases with c /(c, + ) ratios greater than 1000, and with §13c li ghter

1PDB
than -60°/00. Table 1l shows these parameters for sanples from the eight sites.

Clearly, based on the criteria stated above, the C, at the eight sites was

1
derived from mi crobi ol ogi cal processes, and the buried peaty nud, in which the

organi ¢ carbon has as isotopic conposition of -28°/00 (Kvenvolden et al.,
1979 a,b) is the likely source.

Qther sites may exist in Norton Sound and eastern Chirikov Basin where cl

concentrations exceed 1 mL/L. Finding these locations will require sampling
bel ow about one neter of sedinent (three neters or nmore off the Yukon Delta),
because the occurrence of high anounts of c, at shal | ow depths is not manifest

at the surface. The surface layer of sandy silt either seals the c, prevent-

1
ing its mgration to the surface or the rate of consunption or diffusion of

c, in the upper nmeter is very rapid, leading to |ow concentrations of C, at the

1

surface. At two sites, 8-6 and 7-33 (Fig. 2), naxinmum concentrations of Cl of

224 and 196 wL/L, respectively, may hint that nuch higher concentrations are
present at greater depths. At Site 7-33, the deepest sample (Fig. 1) cane from
70 cm  If this sanple, containing 196 uL/L, were plotted on Figure 3 it would
fall within the envel ope of Cy -concentration profiles of cores in which Cy
exceeds 1 mL/L at depth. The case for site 8-6 is not so clear. The sanple
containing 224 pL/L cones froma depth of 220 cm (Fig. 1). If plotted on Figure

3, this value would fall below the envel ope of €, -concentration profiles. At

1
Site 8-6, peaty nud may be nore deeply buried than at other sites in northern

Norton Sound. Only deeper sanpling can directly verify the presence of higher




Table 1.

cl/(c2+c3) rati os and 613Cl val ues for sanples

cont ai ni ng Cl concentrations in excess of 1 mL/L

Site thinun1cl/(c2+c3) 613c1*(°/°°)
8-4 24000 -gol

8-8 71000 nd

8- 15 28000 nd

8-21 440000 nd

8- 22 88000 nd

6- 121 6500 _r22

6- 125 28000 -692

6- 131 5400 -752

*
relative to the PDB standard

1
Kvenvolden et al. (1979a,b)

2Nelson et al. (1979)




amounts of C At other sites in Norton Sound and eastern Chirikov Basin, €1

1ll
concentrations are bel ow 100 yL/L and at nany sites below 10 wL/L (Fig. 2).
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POSSIBLE BIOLOG C ORIG N OF OTHER HYDROCARBONS
Besi des Cyr ot her hydrocarbon gases are present in these sedinments, but quan-
titatively, they have nuch less significance than C,. The maxi mum concentra-
J_.

tions of C, + Ccyare in the same range as the mninum concentrations of Cl“

At sites where ¢, increases rapidly with depth (Fig. 3) , C, + ¢y al so generally

increases (Fig. 5) but nuch nore slowly than C Concentrations of i-g and

1((

g—C4 are even lower than concentrations of c2 + C3,

tions are erratic with depth. As a generalization, however, the abun-

and the i-C+ n-Cc, concentra-

dances of the higher hydrocarbons, ¢,. Cand C,r are greater in sanples where

concentrations of c, are larger. Therefore, the processes that produce ¢, may

1
al so be responsible in part for the generation of the higher hydrocarbons.

M crobi ol ogi cal production and consunption provides a reasonable mnechanism to

account for C, at the eight sites where €, concentrations increase beyond 1 mL/L.

1
Therefore, mcrobial processes may also explain the occurrence of the higher

1

mol ecul ar wei ght hydrocarbons, although evidence for this process remains circum
stantial. Laboratory experinments have denonstrated the microbial formation of
c, and C, (Davis and Squires, 1954). Thus, there is support for the suggestion
that the c, and the cy hydr ocarbons at these sites can oome from nicrobial pro-
cesses, but there is no precedent in the literature on microbiology for the pro-
duction of C, hydrocarbons.

The presence and distribution of ¢C is probably controlled by biological

2:1
processes but these processes likely differ fromthose which ascount for the very
hi gh ¢, concentrations. These unsaturated hydrocarbons have been formed by

m crobial action in the laboratory (Davis and Squires, 1954), and C2:1 is pro-
duced in soils by bacteria (Prinrose and bilworth, 1976). In the sedinent the
process seens to take place uniformly' because there is no obvi ous concentration

gradient with depth. In surface sanples concentrations of C and c3, are

2:1 1

1l1.




| arger respectively than concentrations of ¢, and Cy- Wth depth, concentra-

2

tions of c, and c, increase slightly so that below the surface ratios of

cz/cq‘_;,*and C,/C, . are usual ly equal to or greater than one.

THERMOGENIC HYDROCARBONS
The above discussion focused mainly on sites where ; concentration increases
rapidly with depth, and consideration has been given to the heavier
hydrocarbons associated with this Cl' At one site, 7-17/8-3, however,

C, concentrations are not unusually high, less than 100 uL/L (Fig. 3) , but con-

1

centrations of ¢, + C, (Fig. 5) and i-C+ n-c, are unusually large relative to

2 4

concentrati ons seen elsewhere in the sediments of this area, or for that matter,
anywhere el se in marine sedi nents off Al aska.

Site 7-17/8-3 has been studied in great detail since anomal ous hydrocarbon
concentrations were first discovered in the water colum at the site (Cline and
Hol mes, 1977). Nelson et al. (1978) showed that the sedinents here al so contain
anomal ous hydrocarbon concentrations. Kvenvolaen et al. (1979a, b) confirned
t he hydrocarbon chenmistry and discovered that the nmjor gas component W thin
the sediment and escaping into the water colum is C0,. The cl/(c2+c3) ratios
in sediment at this site are less than 10 ana the 61301 is -36"/,  These
nunbers differ greatly from those discussed earlier where mcrobiological pro-
cesses were inferred.

The hydrocarbons at Site 7-17/8-3 are likely derived from thernochen cal

processes, judging fromthe nolecular distribution of C and C, and the isotopic

1’ C2'

conposition of ¢ In addition, anomalously high concentrations of i-C,, n-C

4 =4
and C5+ (gasol i ne-range hydrocarbons) support the mechani sm of thernocheni cal

1

processes (Xvenvolden and Claypool, unpublished). Heat for this process nust be
avai l able at depth in Norton Basin. The hydrocarbons resulting from the thermal
deconposition of organic matter within the basin nust nigrate along with C0,

up fault zones to the surface and escape as a seep. Although the hydrocarbon

12.




chem stry indicates that the hydrocarbons at Site 7-17/8-3 likely migrate

from depth, the concentration profiles (Figs. 3 and 5) indicate that special
conditions of mgration nust exist. The fact that hydrocarbons are [eaking
into the water column suggests that surface sedi ments should contain |arge
anounts of these hydrocarbons. On the contrary, surface sanples at this site
contain very low concentrations of hydrocarbons. In fact, surface sanples
(0-10 cm at this site show no evidence of the high concentrations of hydrocar-
bons deeper in the sediment. The gradients of ¢, (Fig. 3), ¢, +Cy (Fig. 3
and i-C4 + n-C, decrease rapidly toward the sedinent surface. This rapid
decrease and lack of significant quantities of hydrocarbons at the sedinment
surface can be explained by rapid diffusion of hydrocarbons into the water col-
um fromthe first few centineters of sediment or the presence of discrete gas
vents that pipe the hydrocarbons through the sedinment |eaving few hydrocarbons
remaining in the sediment. The second explanation is nore reasonable, because
active gas vents were seen by television in 1978 (Kvenvolden et al., 1979a)

The concentration profiles (Figs. 3 and 5) at Site 7-17/8-3 reach a maxi num
value at about 1 to 2 meters depth and then decrease. This profile suggests
that migration fram greater depths does not involve diffusion of hydrocarbons
within the underlying sediment but rather that the hydrocarbons are follow ng
distinct conduits such as faults. Near the surface the hydrocarbons are dis-
persed into the sedi ment where they eventually vent along with co,, into the
water. That the hydrocarbons fromthis seep are present in the water column
has been documented by cline and Hol mes (1977). The waters of Norton Sound and
the eastern Chirikov Basin also contain a regionaldistribu/tiSP hydr ocar bon
gases (Cline et al., 1978) whose sources, in part, may be the underlying surface

and near-surface sedinent.

CGEOPHYSI CAL  EVI DENCE

The presence of gas in near-surface sedinents can cause acoustic anonalies

13.




on high.resol ution geophysical records where the gas is no longer in solution
in the interstitial water but takes the form of bubbles. Schubel
(1974), for exanple, dermonstrated how high concentrations of gas affect acous-
tic properties of sedinents. At the eight sites where c, concentrations exceeded
1 mL/L and may have reached and exceeded interstitial water volubility, bubble-
phase C; may be present. Acoustic anomalies would be expected on high-
resolution records from these sites if free gas is indeed present.

Geophysi cal transects, utilizing 800-J boomer, 3.5 kHz subbottom profiler and
120 kJ sparker systens, jndicate that near-surface acoustic anomalies are w despread
Norton Sound. Figure 6 shows those sites, sanpled for hydrocarbon gases, at which
acoustic anonalies are seen on geophysical records. At three sites (6-125, 8-4,
and 8-21) , acoustic ancmalies correspond to sanpl es having high concentrations
of C The acoustic anomaly and associ at ed ¢, at 8-4 were di scussed in
det ai | by Kvenvolden et al. (197%a,b). The characteristics of the
acoustic anomaly at 8-21 suggest that the cause may be controlled nore by the
presence of glacial till deposits than by gas. At Sites 7-17/8-3, geophysi cal
records show both near-surface and deeper acoustic anomalies. There the

sedinent is charged with CO,rather than c,,and the CO, is escaping from the

L 2

seaf |l oor as a submarine seep, observed acoustically and by television (Kvenvolden
et al., 1979a). At five sites (6-121, 6-131, 8-8, 8-15, and 8-22) on Figure 6,
wher e high concentrations of C, were measured, no acoustic anomalies were detected.
At sites 6-121 and 6-131 no geophysical records were obtained; therefore, it is
uncertain whether or not acoustic anonalies are presént at these sites. At

Sites 8-8, 8-15,and 8-22, high-resolution geophysical records show no w dence

of acoustic anomalies although the geochemical neasurenents indicate high concen-
trations of ¢y (Figs. 2 and 4). Apparently the gas concentrations at these sites

were not in the proper range to produce anonalies on the records of the geophys-

ical systens enployed. On the other hand, acoustic anonalies were observed on

14.




records at Sites 8-1, 8-9, and 8-10, but maxi mum (:l abundances in cores at
these sites were only 6, 4, and 15uL/L, respectively. Concentrations this |ow
are not expected to produce acoustic anomalies. In addition, acoustic ancmalies
were found in geophysical records at Sites 6-168, 7-22, and 7-25 but sampli ng
at these sites was not deep enough (Fig. 1) to test the presence of high c, or
002 concentrations at depth.

H gh concentrations of C, in near-surface sediment ney cause instability
and may |ead to crater formation whenever the gas vents abruptly into the water
column. Nelson et al. (1978) di scussed sane prelininary engineering informa-
tion related to the stability of gas-charged sedinment in Norton Sound, and Nelson

et al. (1979) proposed that the craters found in central Norton Sound mayresult

from the rapi d escape of gas from gas-charged sedinents.

SUMVARY
Hydr ocarbon gases, nethane, ethane, ethene, propane, propene, isobutane,
and n-butane are commonin surface and near-surface sedinent of Norton Sound

and eastern Chirikov Basin. Froma quantitative standpoint nethane is the nost

i mportant hydrocarbon gas. At eight sites in this area nethane abundances

increase with depth in the sediment by four or five orders of magnitude, reaching
concentrations near or exceeding saturation of the interstitial water. The

hi ghest val ue nmeasured is about 55 mL/L. This nmethane is probably being generated
by nicrobial deconposition of peat that is buried with nud under a

cover of fine-grained, sandy silt derived fromthe yukon Delta. Maximum ratios

of methane to ethane plus propane at the eight sites are large, ranging from

about 5 x 10°to 440 x 10°. Carbon isotopic conpositions range from-69 to -80"/,
(relative to the PDB standard). These nolecul ar and isotopic conpositions strongly
suggest that mcrobiological processes are involved in the production of at |east

met hane.  Higher nol ecul ar weight hydrocarbons arepresent in much lower concen-

15.




trations than nethane, but, as a general rule over the area, the trends in con-
centrations of tie hydrocarbons, at |east through propane, are roughly the same.
Therefore, mcrobiological processes ny also be responsible for the hydrocarbon
gases heavier than nethane.

At one site in Norton Sound the concentrations of all hydrocarbon gases are
anomal ous.  For exanple, nethane is anomalously low in concentration relative to
the methane at the eight sites nentioned above. on the other hand, ethane,
propane, and the butanes are all anonalously high in concentration. The ratiocs
of methane to ethane plus propane are less than 10 and the isotopic conposition
of methane is about -36°/00. The magnitude of these parameters sharply contrasts
with the values obtained el sewhere in the area and indicates that thernocheni cal
rather than biochenmical processes are at work. The maxi num concentration of

hydrocarbons from sanples at this site is about 100 uL/L.

The maj or camponent i s carbon dioxide. The carbon dioxide and hydrocarbons are
actively seeping from the sedinent into the water colum.

A nunber of geol ogi cal consequences result fram the presence of gases in
near-surface sedinent of this area. Were gas concentrations approach and exceed
their solubilities in the interstitial water, free gas in the form of bubbles
occurs . This gas nodifies the acoustic properties of the sedinents, and near-
surface acoustic anomalies are detected on high-resolution geophysical records.
Acoustic anomal i es were observed at three of the eight sites where nmethane is
very abundant and also at the site where carbon dioxide was observed along with
hydrocarbons. On the other hand, acoustic ancmalies were al so seen in geo-
physical records from three sites where maxi num gas concentrations in core
sanpl es were too | ow to cause anomalies. At three other sites there was no geo-
physi cal evidence for acoustic anomalies although geochemical measurements indicated
hi gh methane concentrations in the sediment. The presence of high gas concen-

trations innearsurface sediments can lead to sedinent instability and the

16.




possibility of seafloor cratering. Finally, the thernochenical hydrocarbons,
observed at one site, may have been produced deep within Norton Basin and be
mgrating to the surface. These hydrocarbons have petroleumlike characteristics

and may be indicative of petroleum generation and accunul ation at depth.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

FIGURE CAPTI ONS

Location of hydrocarbon gas sanpling sites in Norton Sound and
Chirikov Basin (dots). Sites aredesignated with the last digit
of the year when the site was occupied followed by the station
nunber. In parentheses is the internal in centinmeters fromwhich
sanples were taken. After the colon is the number of sanples

anal yzed for hydrocarbon gases in that interval.

Di stribution of maxi num concentrations of C_,L in uL/L and mL/L

of wet sedinent at each site.

G aph of concentrations of c1 in uL/L and mL/L of wet sedinment
vs. depth (cn) for sediment sanples frem cores taken at nine sites
in Norton Sound and eastern Chirikov Basin. Site 7-17 and 8-3

are the sane location; results are combined into one curve.

Di stribution of maxi mum concentrations of Cz + c3 in nL/L and

uL/L of wet sedinent at each site.

G aph of concentrations of c, + C,in nL/L and uL/L of wet

3
sediment wvs depth (cn) for sediment sanples from cores taken at

nine sites in Norton Sound and eastern Chirikov Basin.

Di stribution of acoustic anomalies and sites with high concentra-

tions of gas.
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Introduction to papers from  Holocene Marine Sedinentation in the North Sea Basin

The papers that follow cover a decade of interdisciplinary research on
Hol ocene sedinmentation in the northern Bering Sea. The U S. GCeol ogical Survey
environmental assessnent studies in this region result in interfacing
studi es of a nunmber of marine geol ogic, physical oceanographic, geochemical,
and geotechnical specialists. This epicentinental shelf research focuses on a
poorly known, but significantly large type of environment of northern North
Arerica. Although nearly half of the continental shelf area of the United
States is made up of epicontinental shelves that surround Al aska, npst studies
of Hol ocene shelf sedinentation in north Anerica have focused either on the
narrow, tectonically active Pacific coast shelves or the Atlantic continental
margi n shelves. The general lack of information on nodern epicontinental
shelves is a severe handicap to understanding the extensive ancient rock
record of these types of environnents, for exanple, the Mesozoic of the
interior of western North America.

We feel it is mpst useful for mdern and ancient conparative studies to
incorporate our papers into this volune containing the significant body of
European work on the North Sea. The environment of the northern Bering Sea is
simlar in many ways to that of the North Sea. Both shelf areas are domi nated
by strong currents constricted by land nasses. Asa result, large sand ridges
and sand-wave fields are common, and significant reworking, resuspension, and
relocation of Hol ocene sediment masses is apparent on both shelves. storm
waves are conmon to all shelf areas, but |large stormsurges and strong storm-
driven currents are nore restricted, occurring nostly in broad shallow
embaynents such as those found in the North and Bering Seas. Wde variation

in tidal range and sediment input in different parts of the basins is also



characteristic of both regions and results in sinilar Hol ocene sedinment types
and distribution patterns in the two areas.

The first paper on the late Pleistocene to Hol ocene sedinmentation points
out that two very different sequences of transgressive deposits can devel op
within the same shelf region. In Chirikov Basin, Pleistocene peaty mud is
covered by typical, but extrenmely thin, basal and inner shelf transgressive
sand units. The strong currents and circulation of water nasses, however,
prevent deposition of a nodern nud blanket to conplete a normal transgressive
sequence. Instead, currents rework the surface sedinent into a distribution
that confornms to the strong geostrophic flow patterns rather than a wave-
generated gradation from coarse-grained deposits in shoreline regions to
finer-grained deposits in offshore regions.

The seafloor of Norton Sound is overlain by Pleistocene peaty nud but, in
contrast to Chirikov Basin, it lacks transgressive sand |ayers. Here marine
transgressi ve sequences consist of nmud interbedded With thick storm sand
| ayers which grade upsection to thinner storm sands and then to bioturbated
mud facies. Progradation of the nodern Yukon prodelta reverses this sequence
in southern Norton Sound so that storm sand layers are found in the uppernost
Hol ocene sedinent. Patterns of late Pleistocene-Hol ocene sedinmentation in
both Chirikov Basin and Norton Sound are different fromthose in southern
Bering shelf where a classic wave-generated seaward-fining is found in
Hol ocene deposits. Thus, when interpretations are made of ancient
epicontinental shelf sequences, deposits in current-dominated settings like
the North Sea and the northern Bering Sea nust be considereded because
gradations in sedinment texture and thickness may have little relation to
shoreline location or depth-related variations in wave energy.

The second paper anal yzi ng microfauna in shelf deposits of the northern




Bering Sea shows that biostratigraphical changes and paleoecological patterns
may aid in reconstruction of epicontinental shelf environnments. In Chirikov
Basin there is a vertical change fromfreshwater to marine facies. In Norton
Sound the sane change is evident, but nearshore and of fshore faunal

assenbl ages can be distinguished in thicker transgressive deposits. In the
late Hol ocene sedinent, however, a reversal back to brackish water
environments is encountered because of formation of the present active delta
| obe in southern Norton Sound.

Sedinentary structures in Norton Sound described in the third paper also
mrror the effects of the transgressive and progradational history. Nearshore
physi cal structures occur at the base of the sequence and grade upsection to
bi oturbated nud; the uppernost sequence, however, changes to well-devel oped
nearshore structures in southern Norton Sound where the delta progrades over
the of fshore sequences laid down in the earlier Holocene. Because of the
delta progradation in southern Norton Sound, well-devel oped physical
structures in surface sedinment grade offshore to highly bioturbated deposits
as nmght be expected in onshore to offshore sequences. The high degree of
bioturbation nearshore in northern Norton Sound, however, it is unexpected
near shorelines and reflects |ow sedinentation rates caused by resuspension
and advection of npst Hol ocene sediment fromthis region by the Al aska Coastal
Water. Because of the large freshwater discharge from the Yukon River into
sout hern Norton Sound, bioturbation there is similar to that found in |ocal
coastal enmbaynents and estuaries elsewhereyeven though Norton Sound is an
open-shelf region. Again, this is an exanple to be kept in mnd when
interpreting ancient epicontinental shelf deposits.

The fourth paper, describing the Bering shelf sand body types and their

processes of formation, provides new information to trace petrol eum reservoirs




in ancient shelf systems. The sand bodies of the Bering shelf, although
simlar to one another in their linearity, size, and sedinent types, can be
separated into genetic types based on subtleties of grain size, sedinentary
structure, norphology, and orientation. Recognition of leeside sand bodies
formed of very fine sand may help to distinguish |arge sand bodi es deposited
far offshore and not parallel to shorelines, fromthe nmore common and
general |y coarser—grained, shore-parallel sand bodies of the inner shelf.

Several of the process-oriented papers that follow the first four papers
describing sedinentary features show that devel opnent of different sand body
types is aresult of a wide variation in hydrographic setting and sedi ment
input on the Bering shelf. In the nodern inner shelf area, out to water
depths of 10-15 m the sea floor is typically affected by wave energy. Along
sout hern Seward Peninsula, however, a conplex pattern of bedforms related to
wave and unidirectional currents is evident. |Interplay of current-forned
features with ice scour in this subarctic environnent adds to the conplexity
of bedforms in this region. The result is a nosaic of oscillation and
unidirectional current ripples, ice-gouge features, and a conplex pattern of
varying sedinent types.

The inner shelf off the Yukon delta conplex of southern Norton Sound

contrasts with that of the rocky headland and coastal plain coast of
the Seward Peninsula. It is domnated by deltaic sedinentation and a seasona
set of fluvial, hydrographic, and ice processes. In winter, river discharge

is alnost totally lacking and extensive shorefast ice devel ops. The wi de
apron of shorefast ice results in much further extension of distributary
channel s offshore fromthe delta than is the case in tenmperate or tropica
deltas. The sub-ice channels serve as sedinment conduits during maximum

di scharge conditions in late spring and summer. Thus, extrenely |arge




quantities of sedinment enter the sound in a very short period of tine and
accunul ate rapidly in southern Norton Sound. Mjor storms in the fall rework
resuspend, and renmpve large quantities of sediment from Norton Sound.
Cccasional extrermely large stormsurge events cause progradation of major sand
sheets from the delta shoreline out over southern Norton Sound

Quantitative neasurenents of significant reworking and resuspension of
bottom sedi nent during storns have been made in northern Norton Sound using
GEOPROBE i nstrunentation. The longterm in situ neasurenents of currents and
suspended sedi ment made with the GEOPROBE in the benthic boundary-|ayer
provide new information that has broad inplications for any epicontinental
shel f region. The continuous monitoring of shear velocities proves that
stormrelated currents are the major process in the constricted shallow waters
of epicontinental shelf regions |ike northern Bering Sea. Measurenents also
show the inportance of continual advective suspended sedi ment transport over
northern Bering shelf and sediment resuspension and transport during spring
tidal conditions

In contrast to the nore classic wave and current processes outlined in
several papers, new concepts of epicontinental shelf processes are suggested
by the geotechnical, geochemical, and geophysical studies. Poorly
consol i dated nmud of restricted quiet-water |agoons and sheltered, but open-
shel f embayments, contrasts with other regions of highly overconsolidated
sediment; there, fetch of the open sea pernits strong cyclic |oading on
shal | ow bottom sedi ment by l|arge open-shelf waves. Biogenic gas trapped
beneath Hol ocene mud of Norton Sound can create poorly consolidated zones and
regi ons of gas-charged sedinent traced by acoustic anonalies in geophysical
records. New studies also show that cyclic wave loading during major storm

surge events may have the potential to liquefy the very fine sand of the Yukon




delta region. Thus, liquefaction may be a very inportant process in
conjunction with strong, stormgenerated currents to develop the prograding
storm sand sheets and extensive scour observed on epicontinental shelves |ike
Bering Sea.

Qur research on Bering shelf suggests that sedinentary processes on
shal | ow epicontinental shel ves include synergistic effects of wind, tidal, and
barotrophic-driven currents and also poorly understood effects of instability
due to sedinment gas-charging and cyclic wave |oading. Future
interdisciplinary research on epicontinental shelves is required to define the
relative inmportance of these factors in sedi nent transport.

W hope that this set of papers on the Bering epicontinental shelf will
show some simlarities and contrasts with the North Sea as well as provoke
some new thoughts regarding Hol ocene sedinmentation processes common to al
epicontinental shelf settings. Large new studies are being Instigated in
ot her epicontinental shelves like the east China Sea and it appears that
commonalities of Hol ocene transgressive sedinmentation and nodern sedinmentary
processes are present. Once this nodern data base is provided from a wide
variety of settings like the east China, Bering and North Seas, new refined

interpretations can be applied to simlar ancient environments

Hans Nel son




