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GEOLOGICAL, GEOCHEMICAL, AND GEOTECHNICAL OBSERVATIONS
ON THE BERING SHELF, ALASKA

M.C. Larsen, C.H. Nelson, and D.R. Thor

Multidisciplinary studies of Bering Sea shelf, Alaska, have been
conducted by the U. S. Geological Survey in recent years. Our goal, as
participants in this work, has been to assess the geochemical and geotechnical
characteristics in northern Bering Sea and Norton Sound and the potential
hazards to petroleum development due to various ongoing geologic processes.
The studies have enabled us to examine a number of topical problems that are
discussed in the 15 papers included in this report.

Many of the papers in this report will be published in The Eastern Bering

Sea Shelf: Its Oceanography and Resources (edited by D.W. Hood) or Holocene

Marine Sedimentation in the North Sea Basin (edited Ly S.D. Nio). This cpen-

file report, however, was published because of the constant demand expressed
by private companies and state and federal agencies for current information
concerning ocur studies in the northern Bering Sea.
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Sedimentary Processes and Potential Geologic Hazards

on the Sea Floor of Northern Bering Sea

Matthew C. Larsen, C. Hans Nelson, and Devin R. Thor
U.S. Geological Survey, 345 Middlefield Road
Menlo Park, California 94025
ABSTRACT

A dynamic environment of strong bottom currents, storm waves, and gas-
charged sediment on the shallow sea floor of northern Bering Sea creates
several potential geologic hazards for resource exploration. Thermogenic gas
seeps, sea-floor gas cratering, sediment liquefaction, ice gouging, scour-
depression formation, coastal and offshore storm surge and associated
deposition of storm-sand, and movement of large-scale bedforms all are active
sedimentary processes in this epicontinental shelf region.

Interaction between the processes of liquefaction and the formation of
shallow gas pockets and craters, scour depressions, storm-sand deposits, and
slumps results in sediment instability. Liquefaction of the upper 1-3 m of
sediment may be caused by cyclic storm-wave loading of the Holocene coarse-
grained silt and very fine-grained sand covering Norton Sound. The widespread
occurrence of gas-charged sediment with small surficial craters (3-8 m in
diameter and less than 1 m deep) in central Norton Sound indicates that the
sea-floor sediment is periodically disrupted by escape of biogenic gas fram
the underlying peaty mud. During major storms, liquefaction may not only help
trigger crater formation but also magnify erosional and depositional processes
that create large-scale scour areas and prograde storm sand sheets in the

Yukon prodelta area.



Erosional and depositional processes are most intense in the shallower
parts of northern Bering Sea and along the coastline during storm surge
flooding. Ice gouges are numerous and ubiquitous in the area of the Yukon
prodelta, where the sediment is gouged to depths of 1 m. Though much less
cammon than in the prodelta, ice gouges are present throughout the rest of
northern Bering Sea where water depths are less than 20 m and at times where
water is as much as 30 m deep. In the Yukon prodelta area and in central
Norton Sound, where currents are constricted by shoal areas and flow is made
turbulent by local topographic irregularities (such as ice gouges), storm
induced currents have scoured large (10- to 150-m diamter), shallow (less than
1 m deep) depressions. The many stormsand layers in Yukon prodelta mud show
that storm surge and waves have generated bottom-transport currents that
deposit layers of sand as thick as 20 cm as far as 100 km from land. Storm
surge runoff may reinforce the strong geostrophic currents near Bering Strait,
causing intermittent movement of even the largest sand waves (10-200 m

wavelength, to 2 m height).



INTRODUCTION

Studies of potential geologic hazards on Norton Basin sea floor in
northern Bering Sea have been conducted by the U.S. Geological Survey (USGS)
in evaluating oil and gas lease tracts preparatory to Outer Continental Shelf
(OCS) leasing. The data base for this evaluation included 9000 km of high-
resolution geophysical tracklines (Nelson et al., 1978a; Thor and Nelson,
1978; Larsen et al., 1979) 1000 grab samples, 400 box cores and 60 vibracores;
in addition, hundreds of camera, hydrographic, and current meter stations have
been occupied during the past decade by USGS, National Oceanic and Atmospheric
Administration (NOAR), and University of Washington oceanographic vessels
(Figs. 1 and 2).

The northern Bering Sea is a broad, shallow epicontinental shelf region
covering approximately 200,000 xm? of subarctic sea floor between northern
Alaska and the U.S.S.R. The shelf can be divided into four general
morphologic areas: (1) the western part, an area of undulating, hummocky
relief formed by glacial gravel and transgressive-marine sand substrate
(Nelson and Hopkins, 1972); (2) the southeastern part, a relatively flat
featureless plain with fine-grained transgressive-marine sand substrate
{McManus, et al., 1977); (3) the northeastern part, a complex system of sand
ridges and shoals with fine~ to medium-grained transgressive sand substrate
(Nelson, et al., 1978b); and (4) the eastern part, a broad, flat marine
reentrant (Norton Sound) covered by Holocene silt and very fine sand (Nelson
and Creager, 1977). A detailed discussion of bathymetry and geomorphology of
northern Bering Sea is given by Hopkins and others (1976) (Fig. 3).

The northern Bering Sea is affected by a number of dynamic factors:
winter sea ice, sea level setup, storm waves and strong currents (geostrophic,

tidal, and storm). The sea is covered by pack ice for about half the year,



from November through May. A narrow zone of shorefast ice (sea ice attached
to the shore) develops around the margin of the sea during winter months.
Around the front of the Yukon River Delta, shorefast ice extends to 40 km
offghore (Thor et al., 1978). During the open-water season, the gea is
subject to occasional strong northerly winds, in the fall strong south-
southwesterly winds cause high waves and storm surges along the entire west
Alaskan coast (Fathauer, 1975). Throughout the year, there is a continual
northward flow of water is present with currents intensifying on the east side
of strait areas (Coachman et al., 1976). Although diurnal tidal ranges are
small (less than 0.5 m), strong tidal currents are found in shoreline areas
and within central Norton Sound (Fleming and Heggarty, 1966; Cacchione and
Drake, 1979a).

This paper reviews basic sedimentary processes of this epicontinental
shelf region and discusses certain potential geologic hazards related to these
processes: thermogenic gas seepage, biogenic gas saturation of sediment and
cratering, sediment liquefaction, ice gouging, current scouring, storm sand
deposition, and mobile bedform movement (Fig. 4). These geologic hazards may
pose problems for the future development of offshore resources in Norton
Basin.

SEDIMENTARY PROCESSES
YUKON DELTA PROCESSES

The Yukon River drains an area a little less than 900,000 kmz, providing
a water discharge of approximately 6000 m> per second and a sediment load of
70-90 million metric tons per year (Dupré and Thompson, 1979; Cacchione and
Drake, 1979a). The sediment load, almost 90 % of all sediment entering the
Bering Sea, is composed mainly of very fine sand and coarse silt with very

little clay.



The Yukon delta plain, like many deltas described, is fringed by
prograding tidal flats and distributary mouth bars. The delta front and
prodelta are offset from the prograding shoreline by a broad platform
(referred to as a subice platform) 30 km at its widest reach. This platform
appears to be related to the presence of shorefast ice that fringes the delta
for half the year. The term delta front describes the relatively steep margin
of the offshore delta environment characterized by rapid deposition of
sediment in water 2 to 10 m deep. The prodelta, an area of extremely gentle
slopes, marks the distal edge of the deltaic sediments extending as far as
100 km offshore.

Processes on the Yukon Delta and offshore operate under seasonal regimens
(Dupré and Thompson, 1979). The ice-daminated regimen begins with freeze-up
in late October or November. Shorefast ice extends 10 to 40 km offshore where
it is terminated by a series of pressure ridges and shear zones formed by the
interaction of shorefast ice with the highly mobile seasonal pack ice.

River breakup, typically in May, marks the beginning of the river
dominated regimen. Once the shorefast ice melts or drifts offshore,
sedimentation is daminated by normal deltaic processes under the influence of
the high discharge of the Yukon River.

Increasingly frequent southwest winds and waves associated with major
storms during late summer mark the beginning of the storm-dominated regimen.
High wave energy and decreasing sediment discharge from the Yukon cause
considerable coastal erosion and reworking of deltaic deposits.

COASTAL STORM SURGE

In November 1974, a severe storm moved from southwest to northeast across
the Bering Sea. Peak winds were 111 km per hour from the south, and nearshore
waves were reported to be 3 to 4 m in height (Fathauer; 1975). Coastal

flooding extended from Kotzebue Sound (north of Bering Strait) to just north



of the Aleutian Islands (Fathauer, 1975). The maximum sea level setup,
measured by the elevation of debris lines along the coast of Norton Sound,
ranged fram 3 to 5 m above mean sea level (Sallenger et al., 1978). During
this storm, extensive inland flooding occurred and erosion of 2 to 5 m high
coastal bluffs took place near Nome. Irregular landward erosion, as much as
18 m, occurred west of Name, where bluffs are 3 to 5 m high. East of Name,
where bluffs are 1.5 to 2 m high, landward erosion was as much as 45 m. Water
level in the Norton Sound area reached its peak on 12 November, when as much
as 2 m of water was standing in the village of Unalakleet and the static high-
water line at Name was 4 m above mean low low-water.

STORM CURRENTS

The transport of sediment in Norton Sound and Norton Basin can be
described in terms of distinct quiescent and storm regimes (Cacchione and
Drake, 197%a). The quiescent regime is characterized by generally low levels
of sediment transport caused mainly by tidal currents. Fine silt and clay
move as "wash load,” and bedload transport is negligible except in shallow
areas where surface waves became daminant. Current speeds in this regime are
no greater than 30 cm/sec.

Although calm-weather conditions prevail for about 90% of the year in the
northern Bering Sea, less than 50% of the sediment transport takes place under
these conditions (Cacchione and Drake, 1979a). Norton Sound is commonly
exposed to strong southerly and southwesterly winds generated by low-pressure
weather systems in September, October and November. A two-day storm in
September 1977 transported sediment equal to the transport that would occur
during four months of quiescent conditions. Current speeds were as much as 70

cm/sec during this storm.



Graded storm-sand layers, to 20 cm thick (Nelson, 1977), occur in sea-
floor strata of the northern Bering Sea, widespread evidence of major storm-
surge events. The effects of storm surge are intensified by two factors: 1)
extremely shallow water depth (less than 20 m), and 2) strong bottom return
currents that may move large amounts of sediment northward to the Chukchi
Sea. The thickness of Holocene sediment in Norton Sound, relative to Holocene
sediment input from the Yukon River indicates that significant amounts of
sediment have been resuspended and transported out of Norton Sound (Nelson and
Creager, 1977). About 10% of the Yukon River input into Norton Sound may be
carried as suspended sediment through the Bering Strait into the Chukchi Sea
under nonstorm conditions (Cacchione and Drake, 197%9a). As much as 40% of
Holocene sediment discharged from the Yukon River appears to be missing from
Norton Sound. This difference of 30% may be material that has been
resuspended and transported during storms (Cacchione and Drake 1979a).

Storm currents not only resuspend and transport massive amounts of
suspended sediment, but also appear to move large amounts of sand in bedload
transport for considerable distances offshore. Graded stormsand layers are
extensive throughout southern Norton Sound; their thickening toward the Yukon
subdelta, the apparent source region, suggests massive movement of bedload
sediment away from the delta toward the adjacent offshore region during storms

(Nelson, 1977).

WAVE EFFECTS

wWaves and wave-induced currents are the dominant sedimentological agents
on the inner shelf of northwestern Norton Sound and in the approaches to
Bering Strait (Hunter and Thor, 1979). Sedimentary features common to both
areas include sand and gravel patches and ribbons, wave ripples, sand waves,

and ice gouges (Hunter and Thor, 1979).
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Wave ripples with spacings to 2 m are cammon in both the Port Clarence
and Nane areas in zones where sediment is well sorted and grain size ranges
from coarse sand to pebbly gravel. Ripples in the Port Clarence area trend
northwest-southeast and can be explained as the result of storm waves fram the
southwest Bering Sea. Trends of ripples in the Nome area indicate daminant
wave activity fram south to southwest.

Ribbons of sand and gravel are well developed near the entrance to Port
Clarence. These bedforms may be produced by wave action or by wave=-induced
net water motion in the direction of wave propagation.

A rich assemblage of depositional and erosional features, both wave-
formed and current-formed, occupy the floor in shallow water close to the
southern shore of Seward Peninsula. Wave-formed features are more cammon;
some of the current-formed features imply considerable sediment transport by
strong bottom tidal currents.

Only the broad patterns of wave and current movement in southwestern
Norton Sound are known. The major wave trains originate in the southern
Bering Sea: waves move northward and refract clockwise around protruding
Yukon shoals. Smaller waves with shorter periods are generated by
northeasterly winds and move southwestward.

LIQUEFACTION

The Yukon River sediment that covers most of the bottam of Norton Sound
(McManus et al., 1977) is primarily silt with considerable amounts of very
fine sand in some areas and a generally minor content of clay-size material.
The sediment thickness is generally less than 3 m, except near the Yukon
Delta, where accunulations are as thick as 10 m (Olsen et al., 1979). The
material is generally dense; there are zones of relatively loose sediment

(material of low density) in gas-charged areas. In the delta areas sampled by



6-m vibracores, relatively loose zones of sediment were observed above and
between dense layers.

Fresh-water peaty mud beneath Yukon marine silt is somewhat over-
consolidated and contains substantial amounts of organic carbon and gas. The
presence of gas indicates that the pore pressures in the peaty muds may be
high. 1If it is, the strength of the material could be low despite its highly
consolidated state.

The daminantly coarse-silt to fine-sand-size texture of the material,
occurrence of loose sediment zones, and theoretical calculations utilizing
GEOPROBE cyclic wave loading data (Olsen et al., 1979; Clukey et al., 1980)
irndicate that Yukon prodelta sediment in southwestern Norton Sound is
susceptible to liquefaction. Potential liquefaction of the prodelta deposits
is attributable to cyclic loading resulting from exposure of the Yukon
prodelta to large storm waves from the southwest. Water depths are
sufficiently shallow that much of the wave generated surface energy is
imparted to the bottom sediment, possibly resulting in liquefaction of the
upper 1-2 m of sediment during extreme storm surge events (Clukey et al.,
1980). This liquefaction potential of prodelta sediment influences stormsand
transport, formation of sediment depressions, and gas cratering.

ICE SCOUR

Ice on the Bering shelf scours and gouges surficial sediment of the sea
floor (Fig. 5). The annual ice cover in this subarctic setting is generally
thin (less than 2 m); thick ice capable of gouging forms where pack ice
collides with and piles up against stationary shorefast ice developing
nunerous pressure ridges (Thor and Nelson, this volume). A wide well-
developed shear zone forms in southwest Norton Sound as ice moving southward
from the northeast Bering Sea and westward along southern Norton Sound

converges in the shallow water of the Yukon prodelta. Consequently, numerous
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zones of pressure ridges are formed. This region at 10- to 20-m water depth
has the maximum ice-gouge density. Gouges are found in water to 30 m deep,
and furrows are as much as 1 m deep. Ice-gouging affects the sea floor under
shorefast areas only minimally, or not at all (Thor and Nelson, 1980).
CURRENT SCOUR DEPRESSIONS

Zones of large flat-floored depressions in Norton Sound occur mainly in
two areas: west of the Yukon prodelta and 50 km southeast of Nome, on the
flank of a broad shallow trough (Fig. 6) (Larsen et al., 1879). These
features range fram individual more or less elliptical depressions 10 to 30 m
in diameter to large areas with irregular margins, 80 to 150 m in diameter.
The depressions are 60 to B0 cm deep (Larsen et al., 1980).

Bottam current speeds in depression areas are 20 to 30 cm per second
under nonstorm conditions and were measured at 70 cm per second during a
typical autumn storm (Cacchione and Drake, 1979a). Both zones of depressions
are on flanks of gently sloping shoals, where strong tidal or geostrophic
currents shear against the slopes. Small-scale ripple bedforms are associated
with depression areas and mean grain size ranges from 4 phi to 4.5 phi (0.063
mm to 0.044 mm). Depressions in the Yukon delta area are associated with
extensive ice gouging. The gouge furrows commonly expand into large shallow
depressions (Larsen et al., 1979 and Thor and Nelson, this volume).

Experiments in flumes containing fine sand and silt have shown that
currents flowing over an obstruction will scour material immediately
downcurrent fraom the abstruction (Young and Southard, 1978). The large scour
depressions observed in Norton Sound may be a characteristic erosional bedform
developed during storms when strong currents and high wave energy are focused
on silt-covered slopes where local topographic disruptions set off flow

separation and downcurrent scour.
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SANDWAVE DYNAMICS

Strong geostrophic currents prevail throughout much of the northern
Bering Sea, particularly where westward land projections interject into the
northward flow, as in the eastern Bering Strait area (Flemming and Heggarty,
1966; Coachman et al., 1976). 1In such regions large bedforms develop and
migrate, forming an unstable gea floor (Nelson et al., 1978b). These large
bedforms include large-scale sand waves 1 to 2 m high with wavelengths to
200 m, and small-scale sand waves 0.5-1 m high with wavelengths of 10 m. They
occupy the crests and same flanks of a series of linear sand ridges 2 to 5 km
wide and as much as 20 km long between Port Clarence and King Island.

Sand wave movement and bedload transport take place during calm weather
(Nelson et al., 1978b), but maximum change apparently occurs when severe
southwesterly storms generate sea level set-up in the eastern Bering Sea that
enhances northerly currents. In contrast, strong north winds from the Arctic
reduce the strength of the northerly currents and thereby arrest bedform
migration.

SEDIMENT GAS CHARGING

The distribution of acoustic anomalies suggests that almost 7000 km2 of
sea floor in Norton Sound and Chirikov Basin is underlain by sediment
containing gas sufficient (biogenic and/or thermogenic) to affect sound
transmission through these zones (Holmes, 1979a). Core-penetration rates
(Nelson et al., 1978c and Kvenvolden et al., 1979a) and sediment samples from
2- to 6-m vibracores confirm gas saturation of near-surface sediment at
several locations characterized by acoustic anomalies. The isotopic
compositions of methane at four of the sites range from -69 to -80°/co0

(613CPDB) (Kvenvolden et al., 1978, 1979b). This range of values clearly

indicates that the methane is formed by microbial processes, possibly

1

It



operating on near-surface Pleistocene peat deposits that underlie Holocene
deposits throughout the northern Bering Sea.

At one site in Norton Sound, near-surface sediment is apparently charged
with co, actively seeping fram the sea floor accompanied by less than one
percent hydrocarbon gases (Kvenvolden et al., 1979a). Methane in this gas
mixture has an isotopic composition of -36%00, a value suggesting that it is
derived mainly from thermal processes, probably operating at depth in Norton
Basin (Kvenvolden et al., 1979a). Geophysical evidence indicates that the
hydrocarbon gases migrate into the near-surface sediments along a fault zone
(Nelson et al., 1978c). Subbottom reflector terminations on continuous
seismic profiles near the fault zone outline a large zone of anomalous
acoustic responses about 9.km in diameter and at a 100-m depth caused by a
thick subsurface accumulation of gas. Gas geochemistry and extensive voids
due to gas expansion in vibracores suggest a high degree of gas saturation at
the seep site (Kvenvolden et al., 1979Db).

BIOGENIC GAS CRATERING

Small circular pits on the sea floor are found over a 20,000--km2 area of
central and eastern Norton Sound (Fig. 7). The craters in the northern Bering
Sea are young features, as shown by their presence within modern ice-gouge
grooves and by the fact that relict buried craters have not been observed in
seismic profiles (Nelson et al., 1979b). These craters range from 1 to 10 m
in diameter, averaging 2 m, and are probably less than 0.5 m deep. They are
associated with numerous acoustic anomalies observed on seismic profiles and
with subsurface Pleistocene peaty mud that commonly is saturated with biogenic
methane (Holmes 1979b; Kvenvolden, 1979c; Nelson et al., 1979). The extensive
reflector-termination anomalies and peat with a high gas content in east-
central Norton Sound suggest that gas-charged sediment may be the cause of

crater formation.
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Two basic mechanisms for gas venting can be proposed. The first is that
continuous local degassing may maintain craters as active gas vents on the sea
floor. The second and more likely mechanism is that gas is intermittently
vented, particularly during severe storms when near-surface sediment may
liquefy.

The occurrence of surface craters in overlying marine sediment and the
presence of high quantities of methane trapped beneath cohesive marine mud in
Norton Sound suggest that gas venting may be episodic in this lithologic
setting. Absence of craters in the noncohesive near-surface fine to medium
sand and gravel of Chirikov Basin indicates that gas probably diffuses
gradually through this more porous sediment that overlies the peaty mud
there. Further evidence for intermittent venting of gas is the broad, shallow
shape of the craters, unlike the deep, conical, actively bubbling vents of the
thermogenic seep. Lack of methane in bottom water also suggests that the
craters are not continually active vents.

POTENTIAL GEOLOGIC HAZARDS
THERMOGENIC GAS CAP

The extent of active gas seepage into the water column and gas saturation
in near-surface sediment above a thick sediment section with acoustic
anomalies suggests a possible hazard for future drilling activity in the
thermogenic gas seep area south of Nome. Artificial structures penetrating
the large gas accumulation at 100 m or intersecting associated faults that cut
the gas-charged sediment may provide direct avenues for uncontrolled gas
migration to the sea floor.

SHALLOW GAS POCKETS
Gas-charged sediment creates potentially unstable surficial-sediment

conditions in Norton Sound. Approximately 7,000 km2 of Norton Sound is
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underlain by acoustic anomalies with potential shallow gas pockets everywhere
except under the Yukon prodelta (Holmes, 197%a; Nelson et al., 1979a).
Pipelines built across areas of these potential gas pockets may be damaged by
stress induced fram the unequal bearing strength of gas-charged and normal
sediment, particulary if the near-surface sediment is undergoing liquefaction
caused by cyclic loading of storm waves. The gas saturation and lateral and
subsurface extent of any shallow gas pockets will have to be detailed in any
site investigations for platforms or pipelines.
GAS CRATERS

Gas craters cover a large area of north-central Norton Sound. During
nonstorm conditions, near-surface gas in this area may be trapped by a 1- to
2-m thick layer of impermeable Holocene mud. We postulate that the gas
escapes during periodic storms forming craters at the surface. The storm
processes initiate rapid changes in pore-water pressures because of sea-level
setup, seiches, erosional unloading of covering mud, and possible sediment
liquefaction from cyclic wave loading (Clukey et al., 1980). Gas venting and
sediment craters or depressions, which seem to form during peak storm periods,
may be a potential hazard to offshore facilities because of rapid lateral
changes in bearing strengths and sediment collapse that forms the craters.
Sediment collapse may also expose pipelines to ice gouging hazards. During
nonstorm conditions, the upper several meters of sediment at many locations
has reduced shear strength because of the near-surface gas saturation and
presence of peat layers. Siting of artificial structures will require
extensive local testing of the substrate to determine the extent and actiQity

of gas cratering at a given site.
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LIQUEFACTION

The assessment and prediction of sea-floor stability is affected by the
potential of a sedimentary deposit to liquefy under cyclic loading and behave
as a viscous fluid. The liquefaction potential of Norton Sound sediment is
great in central Norton Sound and in the vicinity of the western Yukon
prodelta (Clukey et al., 1980; Olsen et al., 1979). Possible causes of
liquefaction include upward migration of gas fram thermogenic and biogenic
sources, earthquakes, and ocean waves. Bottam features that may be caused in
part by liquefaction include scour depressions and abundant sediment cratering
where Yukon sediment is thin.

Loss of substrate support by sediment liquefaction is a problem that must
be faced in the construction of pipelines, drilling platforms, and other types
of structures resting on the sea floor. Full assessment of this problem
requires extensive studies of in situ pore pressure, gas saturation, and wave
cyclic loading during storms.

ICE SCOUR

The maximum intensity of ice-gouging occurs in central Norton Sound at
10- to 15-m depths in an area surrounding the Yukon Delta. The remaining area
of Norton Sound, where depths are less than 10 m or more than 20 m, has a low
density of gouying, or none at all. Special studies of nearshore areas off
Nome and Port Clarence were made when they became potential centers for
cammercial development and activity. Offshore Nome, the focal point for
logistics in the northern Bering Sea because it is an area of ice divergence,
only a few gouges were found in water more than 8 m deep (Thor and Nelson,
this volume). Several gouges were found at the northern end of Port Clarence
spit and inside the tidal inlet, but again none occurred in water less than

8 m deep.
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Ice gouging presents same design problems and potential hazards to
installations in or on the sea floor. Pipelines and cables should be buried
at a depth that allows for maximum ice gouging of 1 m, plus a safety factor
for canbined effects with current scour around the western Yukon prodelta
front or gas cratering in central Norton Sound.

CURRENT SCOUR DEPRESSIONS

The highest density of scour depressions in Norton Sound is in two areas:
(1) west and northwest of the Yukon delta and (2) southeast of Name
(Fig. 6). In areas of high density, artificial structures that disrupt
current flow may cause extensive erosion of Yukon-derived silt or very fine-
grained sand and create potentially hazardous undercutting of the
structures. Even buried structures such as pipelines may be subject to scour
because strong currents can greatly broaden and deepen naturally occurring ice
gouges, thus exposing the structures. The severity of scour depressions is
greatest where they occur with ice-gouging in the Yukon delta areas.
Replicate surveys have shown that scour depressions recur annually. Full
assessment of this geologic hazard requires long-term current monitoring in
specific localities of scour to predict current intensity and periodicity,
especially during severe storms, when measured current speeds have increased
more than 100% under moderate storm conditions (Cacchione and Drake, 1979b).
MOBILE BEDFORMS

Large migrating bedforms form an unstable sea floor in the area west of
Port Clarence. Actual rates of bedform movement are not known, but
development and decay of sand waves up to 2 m in height has been observed
during a one-year period. Pipelines could be subject to damaging stress if
free spans developed where the structure crossed such areas of migrating 2-m

high sand waves.
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Studies made to this time indicate that potential for the most extreme
scour exists in regions of sand ribbons and gravel plus shell pavement within
the strait. Sea floor relief changes most rapidly in the Port Clarence sand-
wave area, where the scour in sand-wave troughs may reach depths of 2 m.
Replicate surveys have shown that such scour may occur each year in some areas
of the Port Clarence sand wave field. Long-term monitoring of currents and
bedform movement is particularly important in determining actual rates of
change in this area, the only large natural harbor on the Alaskan coast north
of the Aleutians.

COASTAL AND OFFSHORE STORM SURGE HAZARDS

The northern Bering Sea has a known history of major storm surges
accampanied by widespread changes in sea-floor sedimentation (Cacchione and
Drake, 1979%9a; Fathauer, 1975; Nelson, 1977); these changes complicate
maintenance of sea-floor installations and mass transport of pollutants. The
November 1974 storm is the most intense measured in historic time; storms of
1913 and 1946 caused considerable damage (Fathauer, 1975). Severe storms,
such as the November 1974 storm, have caused extensive flooding along the
Norton Sound coast between Nome and Unalakleet and on the St. Lawrence Island
coast (Sallenger et al., 1978). At Nome, storm surge and waves overtopped a
sea wall, causing damage reported at nearly 15 million dollars (Fathauer,
1975). Storm surge periodicity and intensity will have to be carefully
studied in planning where and whether pipelines should come ashore in this
area.

Rapid sedimentation of thick storm sand layers (15-20 cm) is a problem in
the Yukon delta area. Pipelines, offshore facilities, and other structures
impeding the erosion, transport, and redeposition of sediment in southern

Norton Sound will require careful design. Accurate monitoring of the storm

17



surge process will require long-term deployment of an array of current meters
and tide gauges in the northern Bering Sea.
ACKNOWLEDGMENTS

We thank Keith Kvenvolden for information concerning gas in Norton Sound
sediment, David Cacchione and David Drake for data on current and sediment
movement, William Dupré for information on deltaic processes, Abby Sallenger
and Ralph Hunter for data concerning inner shelf processes, and Harold Olsen
and Edward Clukey for data on geotechnical properties. We are grateful for
the assistance of Phyllis Swenson, Marybeth Gerin, and Joan Esterle in
drafting and preparation of figures and for the assistance of Helen Ogle in
preparing the manuscript. David Drake and David Hopkins made helpful review
comments.

The cruises were supported jointly by the U.S. Geological Survey and the
Bureau of Land Management through interagency agreement with the National
Oceanic and Atmospheric Administration under which a multiyear program
responding to needs of petroleum development of the Alaska continental shelf
is managed by the Outer Continental shelf Environmental Assessment Program

Office.

18




REFERENCES

Cacchione, D.A., and Drake, D.E., 1979a, Sediment transport in Norton Sound,
Alaska: U.S. Geological Survey Open-File Report 79-1555.,

Cacchione, D.A., and Drake, D.E., 1979b, Bottom shear stress generated by
waves and currents in the northern Bering Sea, in: Abstracts volume,
International Association of Sedimentologists, International meeting on
Holocene marine sedimentation in the North Sea Basin, Paper no. 71.

Clukey, E.C., Cacchione, D.A., and Olsen, H.W., 1980, Liquefaction potential
of the Yukon prodelta: Proceedings of the Offshore Technology
Conference, Houston, Texas, 1980, Paper no. 3773, in press.

Coachman, L.K., Aagaard, K., and Tripp, R.B., 1976, Bering Strait: The
Regional Physical Oceanography, Seattle, Washington University Press,
186 p.

Dupré, W.R., and Thompson, R., 1979, The Yukon delta: A model for deltaic
sedimentation in an ice-daminated environment: Proceedings Offshore
Technology Conference, Paper no. 3434, p. 657-661.

Fathauer, T.F., 1975, The great Bering Sea storms of 9-19 November, 1974:
Weatherwise Magazine, American Meteorological Society, v. 28, p. 76-83.

Flemming, R.H., and Heggarty, D., 1966, Oceanography of the southeastern
Chukchi Sea, in: Wilimovsky, N.J., and Wolf, J.M., eds., Environment of
Cape Thompson Region, Alaska: U.S. Atamic Energy Cammission, p. 679-694.

Holmes, M.L., 1979a, Distribution of gas-charged sediment in Norton Basin,
northern Bering Sea, in: Abstracts volume, International Association of
Sedimentologists, International meeting on Holocene marine sedimentation

in the North Sea Basin, Paper no. 78.

19



Holmes, M.L., 1979b, Distribution of gas-charged sediment in Norton Sound and
Chirikov Basin: 4in Environmental Assessment of the Alaskan Continental
Shelf, Annual Report of Principal Investigators for the year ending March
1979, Environmental Research Laboratory, Boulder, Colorado, NOAAR, U.S.
Dept. of Commerce (in press).

Hopkins, D.M., Nelson, C.H., Perry, R.B., and Alpha, T.R., 1976, Physiographic
subdivisions of the Chirikov Basin, northern Bering Sea: U.S. Geological
Survey Professional Paper 759-B, 7 p.

Hunter, R., and Thor, D.R., 1979, Depositional and erosional features of the
northeastern Bering Sea inner shelf, in: Abstracts volume, International
Association of Sedimentologists, International meeting on Holocene marine
sedimentation in the North Sea Basin, Paper no. 80.

Kvenvolden, K.A., Rapp, J.B., and Nelson, Hans, 1978, Low molecular weight
hydrocarbons in sediments fram Norton Sound (abs.): American Association
Petroleum Geologists Bulletin., v. 62, p. 534.

 Weliky, K., and Nelson, Hans, 197%9a, Submarine seep of carbon
dioxide in Norton Sound, Alaska: Science, v. 205, p. 1264-1266.

. Redden, G.D., Nelson, C.H., 1979b, Gases in near-surface sediment of
the northern Bering Sea, in: Abstracts volume, International Association
of Sedimentologists, International meeting on Holocene marine
sedimentation in the North Sea Basin, Paper no. 82.

. Nelson, Hans, Thor, D.R., Larsen, M.C., Redden, G.D., Rapp, J.B.,
and Des Marais, D.J., 1979c, Biogenic and thermogenic gas in gas-charged
sediment of Norton Sound, Alaska: Proceedings Of fshore Technical
Conference, Paper No. 3412.

Larsen, M.C., Nelson, Hans, and Thor, D.R., 1979, Continuous seismic
reflection data, S9-78~BS cruise, northern Bering Sea: U.S. Geological

Survey Open File Report 79-1673, 7 p.

20



. . 1979 , Geologic implications and potential hazards

of scour depressions on Bering shelf, Alaska: Environmental Geology,
Ve 3, P 39-47.

McManus, D.A., Xolla, V., Hopkins, D.M., and Nelson, C.H., 1977, Distribution
of bottam sediments on the continental shelf, northern Bering Sea: U.S.
Geological Survey Professional Paper 759-C, 31 p.

¢+ 1977, Storm surge effects, g_: Environmental assessment of the
Alaskan continental shelf, Annual Report of the Principal Investigators
for the year ending March 1977, Environmental Research Laboratory,
Boulder, Colorado, NOAA, U.S. Department of Commerce, v. 18, p. 111-119,

, and Hopkins, D.M., 1972, Sedimentary processes and distribution of

particulate gold in the northern Beriang Sea: U.S. Geological Survey
Professional Paper 689, 27 p.

, and Creager, J.S., 1977, Displacement of Yukon-derived sediment fram
Bering Sea to Chukchi Sea during the Holocene: Geology, v. 5, p. 141-
146.

, Field, M.E., Cacchione, D.A., and Drake, D.E., 1978b, Activity of
mobile bedforms on northeastern Bering shelf, in: Environmental
Assessment of the Alaskan Continental Shelf, Annual Report of Principal
Investigators for the year ending March 1978, Environmental Research
Labo'ratory,»BO\'zl»der, Colorado, NOAR, U.S. Dept. of Commerce, V.12
p. 291-307.

s Holmes, M.L., Thor, D.R., and Johnson, J.L., 1978a, Continuous
Seismic reflection data, 85-76-BBS cruise, northern Bering Sea: U.S.

Geological Survey Open Flle Report 78-609, 6 p.

21



» Kvenvolden, K.A., and Clukey, E.C., 1978c, Thermogenic gas in
sediment of Norton Sound, Alaska, Proceedings of Offshore Technical
Conference, 1978, Paper No. 3354, p. 1612-1633.

» Thor, D.R., Sandstrom, M.W., and Kvenvolden, K.A., (1980), Modern
biogenic gas-generated craters (sea-floor "pockmarks") on the Bering

shelf, Alaska. Geological Society of America Bulletin (in press).

Olsen, H.W., Clukey, E.C., and Nelson, C.H., 1979, Geotechnical

characteristice of bottam sediments in the northern Bering Sea, in:
Abstracts volume, International Association of Sedimentologists,
International meeting on Holocene marine sedimentation in the North Sea

Basin, Paper no. 91.

Sallenger, A.H., Dingler, J.R., and Hunter, R., 1978, Coastal processes and

morphology of the Bering Sea coast of Alaska, in: Environmental
Assessment of the Alaskan Continental Shelf, Annual Report of Principal
Investigators for the year ending March 1978, Environmental Research
Laboratory, Boulder, Colorado, NOAA, U.S. Dept. of Commerce, v. 12,

P 451-470.

Thor, D.R., and Nelson, Hans, 1978, Continuous seismic reflection data. §&5-

77-BS cruise, northern Bering Sea: U.S. Geological Survey Open File
Report 78-608, 8 p.

’ , and Williams, R.O., 1978, Environmental geologic studies

in northern Bering Sea, in: Blean, K.M., ed., U.S. Geological survey in
Alagka, Accomplishments during 1977: U.S. Geological Survey Circular
772-B, p. B94-B95.

. , 1979, A sunmary of interacting surficial geologic processes

and potential geologic hazards in the Norton Basin, northern Bering
Sea: Proceedings Of fgshore Technical Conference, Paper No. 3400, p. 377-

381.



’ . (1980), Ice gouging on the subarctic Bering Shelf, in:

Hood, D.W., ed., The Bastern Bering Sea Shelf: Its Oceanography and
Re sources.

Young, R.N., and Southard, J.B., 1978, Erosion of fine-grained marine
sediments: Sea-floor and laboratory experiments: Geological Society of

America Bulletin, v. 89, p. 663-672.



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

1.

1a.
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Figure Captions

Sampling station locations for U.S. Geological Survey research in
northern Bering Sea between 1967 and 1978.

Cross-hatched area of Figure 1, showing closely spaced sampling
grid offshore Nome.

Geophysical trackline surveys for U.S. Geological Survey research
in northern Bering Sea 1967-1978.

Generalized bathymetry of northern Bering Sea in 10-m contour
intervals.

Potentially hazardous areas of northern Bering Sea (from Thor and
Nelson, 1979).

Distribution and density of ice gouging, direction of movement pack

ice, and limits of shorefast ice in northern Bering Sea (fram Thor
and Nelson, 1979).

Location of scour depressions, extensive scour and ripple zones,
and strong bottam currents in Norton SOund, showing area of storm
sand deposition (modified fram Larsen et al., 1980).

Distribution and density of craters on sea floor of Norton Sound,

showing isopachs of Holocene mud derived from the Yukon River and

deposited since Holocene postglacial sea-level rise (fram Thor and
Nelson, 1979).
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ABSTRACT

Distinctive Holocene transgressive sand and post-transgressive mud with
attendant physical and biological structures occur on the shallow (<60 m, shelf
of the northern Bering Sea. Thin gravel lag layers, formed during the Holcene
shoreline transgression, veneer exposed glacial moraines. Epifauna dominate
these relict gravel areas and cause little disruption of physical structures.
Some relict submerged beach ridges contain faint rippling that probably is caused
by modern current revorking. Vell-sorted medium sand on exposed shoal crests is
reworked by the sand dollar and tellinid clam coommunities. Buried thin layers ot
transgressive beach sand and gravel retain rare original medium-scale cross—
lamination and flat lamination that have been intensively bioturbated. A thin
layer of an offshore fine-grained sand facies that was deposited by the Holocene
transgression rewains unburied by modern .ud in central Chirikov Basin. Frimarily
because of ampeliscid amphipod bioturbation, this facies has no physical
structurese.

Post-transgressive silty mud from the Yukon River blankets the shallow
(<20 m) areas of Norton Sound. In places the silty mud cont.ins thin beds of
shells and pebbles, and thin sand interbeds and lenses that exhibit ripples and
small-scale flat and cross-lamination. These coarse-grained interbeds are inter-
preted to be storm layers formed by modern storm waves and storm surge currents.
Physical sedimentary structures are wecll preserved only near the delta fringe;
there, the frequency of physical reworking is highest, the potential for
preservation bya high rate of deposition is greatest, and the inhibition of
bioturbation by low salinity is most severe.. At greater
distances trom shore, infaunal deposit-feeding bivalves, polychaete worms, and
small amphipods cause progressively greater disruption of bedforms in prodelta
mud. Almost all modern physical structures have been destroyed at water depths
greater than 25 m. As a result the folloving scquence of storm deposits is
characteristic of profiles extending away from the delta: thick (>5 cm) storm
sand layers, thin storm sand layers, isolated and bioturbated sand lenses, faint
bioturbated shell and pebble beds.



INTRODUCTION
Purpose

The northern Bering Sea region from St. Lawrence Island to Bering Strait
Fig. 1) has continually strong bottom currents, an extremely rich benthic fauna,
nd a wide variety of sediment substrates. These factors, coupled with shallow
picontinental shelf depths that are affected by wave and tidal current activity,
roduce a wide variety of physical and biological sedimentary structures. Our
urpose is to map the distribution of these structures and to correlate the dis-
ribution patterns with the controlling physical and biological factors. Such
nalyses provide a model of factors controlling development of physical and bio-
ogical structures on continental shelves in general and assist in specific
aleoenvironmental reconstruction of ancient epicontinental shelf deposits.

Oceanograrhic Setting

Three water masses have been defined on the northern Bering shelf: Alaskan
ocastal Water, Bering Shelf Water, and Anadyr Water (Fig. 2, Coachman et al.,
976). Alsskan Coastal Water, generated primarily from the Yukon and Kuskokwim
ivers and other runoff (Fig. 2; Saur et al., 1954), has pronounced seasonal
alinity changes. This is particularly true in southern Norton Sound, where
reat changes in discharge from the Yukon River occur from summer to winter.
efore June, salinities are close to 30 0/00 throughout southern Norton Sound.
uring the summer and early fall salinities below 20 0/00 are common (Fig. 2;
oodman et al., 1941; Sharma et al., 1974).

Typically, current speeds in the offshore part (>30 km from shore) of the
laskan Coastal Water are 10 cm/s near the bottom and 20 cm/s near the surface,
nd currents trend northward except for the counterclockwise gyre into Norton
ound (Fig. 3). Nearshore surface and bottom water travels genecrally northward

vallel to the Alaskan coast at typical speeds of 30-40 cm/s (Coacliman and



Aagard, 1966; Fleming and Heggarty, 1966; llusby, 1969; 1971; McManus and Smyth,
1970; Coachman et al., 1976).

The maximum current speeds arce found where the Alaskan coast protrudes
westward and constricts water flow. At the smallest constriction, Bering Strait,
bottom speeds reach 180 cm/s in water depths of 55 m (Fleming and Heggarty, 1966;
Fig. ). Currents in the other two water masses are generally slower, reaching a
maximum of 50 cm/s in eastern Anadyr Strait and minimums of 5-15 cm/s in central
Chirikov Basin (Fleming and Heggarty, 1966; Husby, 1971; McManus and
others, 1977).

Changes in atmospheric pressure and wind velocity during storms can cause
the current speed to fluctuate by as much as 100 percent over periods of a day or
more (Coachman and Tripp, 1970) and can produce storm surges causing sea level
set up of 4 m along the southern coast of Seward Penin;;la (Fathauer, 1975).

Calculations based on linear wave theory suggest that the waves hindcasted
for normal wind conditions can affect the bottom to water depths of 20 m (McManus
et al., 1977). TWave reworking of bottom sediments may extend considerably deeper
during intense storms. For example, the storm of Novewber, 1974 generated waves
6-7 mw high and may have produced water motion capable of affecting the bottom at
depths exceeding any found in the northern Bering Sea (A. Sallenger, oral
commun., 1977).

Geologic Setting

The entire northern Bering Sea floor is less than 60 m deep and generally
flat, but. it has distinctive topographic features in several locations (Fig. 1;
Hopkins et al., 1976). The eastern margins of both Bering and Anadyr Straits ex-
hibit relatively steep scarps. Southeast of Bering Strait and in central Shpan-
berg Strait, a series of linear ridges and depressions are found. Large linear
shoals also occur off the northwestern and northeastern flanks of St. Lawrence
Island. The shallowest area in northern Bering Sea is off the modern Yukon sub-

delta in southern Norton Sound.



The northern Bering epicontinental shelf is a mosaic of modern and relict
surface sediments. The relict sediments formed in shallow water, at the strand,
or in subacrial environments at times when sea level was lower than at present
(Fig. 4). During these times continental glaciers pushed dcbris toward the center
of Chirikov Basin, and valley glaciers deposited sediment scveral kilometers
eyond the present shoreline of Seward Peninsula (Nelson and Hopkins, 1972).
Shorgline regressions and transgressions, most recently during the rise of sea
level since 18,000 BP, reworked the glacial moraines, leaving a lag gravel on the
sea floor north and west of St. Lawrence Island and along the southern side of
Seward Peninsula. Transgression of the shoreline across the Bering shelf blan-
ceted the remainder of the Chirikov Basin with a relatively coarse-grained basal
layer ranging from medium-grained sand to gravel with an overlying thin layer of
fine-sand. Except in central Chirikov Basin, the transgressive deposits are only
1 few tens of centimeters thick and overlie Pleistocene glacial debris, alluvium,
and freshwater mud and peat dated at 10,500 BP or older (Nelson and Hopkins,

1972; Nelson and Creager, 1977).

Holocene sandy silt, mainly originating from the Yukon River (called Yukon
nud hereafter in the paper), has been deposited in Norton Sound. This sediment
lorms deposits tens of centimeéters thick in parts of central Norton Sound and de-
»osits several meters thick off the present subdelta and around the margins of
lorton Sound (Nelson and Creager, 1977). Currents apparently lLave inhibited de-
sosition of Holocene Yukon sand and silt over the older relict transgressive sand
ind gravel found in Chirikov Basin (McManus et al., 1974).

Biological Setting
The continental shelf of the northern Bering Sea is an area of rich macro-
enthic standing stock (Neyman, 1961, Filatova aud Barsanova, 1964; Kuznetzov,
964; Rowland, 1972; Stoker, 1973), though it has a relatively low diversity in

‘erms of major species (Stoker, 1973). While major faunal communities are as yet
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incompletely defined, affinities of Specits for sedimcnt types have been defined

Tr

for shelled forms (Rowland, 1973) and work is 1n progress to delinecate overall

association patterns (Stoker, unpub.). The primary benthic ecosystem is based

mainly on a detrital food web (Kuznetzov, 1964), though other feeding tyﬁeé>ekist/A’

such as the sessile seston feeders of the Bering Strait.

A major problem in describing either trophic structure or distribution of
the Bering Sea benthos 1s the extreme patchiness of the populations (Stoker,
1973). The reasons for such patchiness are incompletely understocd but result
from a combination of variable habitats and biological interactions (Stoker,
1973, and unpub.). |

The major forms in the benthic macrofauna are bivalve moliusks, ophiuroid
and echinoid echinoderms, ampeliscid amphipods, and polychaete worms; other ‘
forms, such as tunicates, holothurians, sipunc-lids, and gastropods;“may'béw '
locally dominant (Neyman, 1961, Rowland, 1973; Stoker, 1973 and unpuﬁ:). Iefet;
ences on the bioturbating capabilities and substrate preference of some taxa can
be drawn from gencral accounts of functionai morphology (Stanley, 1970), distri-
butional studies in other areas (Ockelmann, 1958) and recent Alaskan studies
(Table 1).

Methods of Study
One hundred twenty box cores were obtained from the northern Bering Sea:*
shelf at water depths greater than 10 m (Fig. 5). The cores were sectioned to
1 cm slabs, photographed, and x-rayed; the texture, strétigféSH&? ZﬁdEEttﬁetJféé
were then desprlbed (Fig. 5). Identification of fauna was based primarily on-
specimens from the greater-than—Z—mm sediment fractlon of 25 kg‘Van Veen greeh
ip A

samples (Nelson énd Hopkins, 1972; Rowland, 1973 Stoker, 1973) fhotos of live

o f DY E

fauna observed in box cores at the time of collection also were available. Thesel

ATETNIa S f, B

dgta were compiled to cstimate distrlbution and abundance of types of structures

LR S

I A . @ k2

nd benthic fauna from the region.



PHYSICAL SEDIMENTARY STRUCTURES
External Form

Pebble Lag Layers consist predominantly of clasts from 4 to 64 mm in diameter

(Fig. 6A and B) with little matrix, although large boulders have been reportad by
divers in lag areas off Nome (G. E. Greene, oral commun., 1967). Generally, th
pebble lags occur at the sediment-water interface in layers 5 to 15 cm thick’
(Fig. 6A). However, a well-sorted "pea gravel" interpretllffﬁ be on an ancient
beach strandline at =30 m'in Anadyr Strait is more than 32 cm thick (Fig. 5B).
These surficial pebble lags generally overlie glacial till but locally cover bi
rock outcrops in topographically elevated regiouns (Helson'and Hopkins, 1972)
(Figs. 1, 4, 5, 7).

Shell Lag Layers in the subsurface, several centimeters thick, and.composed

entirely of shell debris, were encountered in transgressive sands at seveval
locations off north-central St. Lawrence Island (Fig. 6). They also were found
in well-sorted, medium-grained sands on shoal crests of Shpanberg Strait and
southeast Bering Strait (Fig. 6D). ?lam shells predominate in layers off St.
Lawrence Island, while sand dollar fragments make up layers of the shoal crests.
In the region southeast of Bering Strait, basal coarse-grained, pebbly sands com-
monly have a high content of shell fragments, but ‘not enovgh to be classed as
shell layers.

Lag Layers of Mixed Pebbles and Shells are .widespread fw the upper sub-

surface, particularly in the mud of the shallow northern and eastern parts of
Norton Sound (Figs. 5, 6G). However, a few such layers occur in subsurface basal
coarse sand and gravel at water depths of 40 m or greater in the strait areas
(Figs. 4, 5, 64, and 7). In both cases, shell and pcbble concentrations range
£rom disti-:t layers a few centimeters thick, composed entirely of pebbles and
shells (Fig. 6G), to diffusc zones 5-10 cm thick containing a matrix of sand and

silt (Fig. 6H).

A



Solitary Rafted Pcbbles are ubiquitous in all water depths, bathymetric

settings, and sediment types (Figs. 4, 7). They are most common in sediment sur-
rounding gravel deposits (Fig. 4), although solitary cobbles up to 20 cm in dia-
meter were encountered in Yukon mud far from gravel sources (Fig. 6J).

Storm Sand Layers are most common in silty muds of the shallow parts of

southern Norton Sound (Figs. 4, 5, 6E, F, G), but a few thin (<l c¢m) coarse~ and
medium-grained sand storm layers are found in fine sand on deeper scarps (>40 m)
southeast of Bering Strait (Figs. 4, 5, 6I, and 7). The sand layers in Norton
typically are 1-2 cm thick except close to shore where they are thicker

(Figs. 6E-G). In the shallowest sampling sites near the main distributaries of
the present Yukon subdelta, surface sand layers from 4 to 12 cm thick have been
detected in areas where mud was sampled in previous years.

In addition to the changes in distribution areally at the surface, the
abundance of sand layers varies with depth in the subsurface. For example, off
Stuart Island approximately 20 sand layers occur in the uppermost 12 cm of the
core, and none are found in the 12 cm of the core beneath (Fig. 6F). In a long
(132 cm) core of Yukon sediment from southeastern Norton Sound, four sand layers
were found from O to 15 ¢m, two from 15 to 60 cm, and two from 60 o 132 cm.

Internal Structures

Flat Lamination is the most common and widely distributed internal structure

in all sediment types, water depths, and topographic settings (Figs. 5, 7). It
is observed most often in sand layers of Norton Sound, where the lamination is
about 1 mm thick and is defined by minor variations in grain size (Fig. 6F and
G). Lamination is least common in gravels, where layers are about 1 cm thick
(Fig. 6B). The best cxamples of flat lamination are found in pre-Holegcne depo-
sits of limnetic mud (Fig. 8A). Although the whitencss of some lamfithl ghggests
volcanic ash or diatom varves, no glass shards or microfossils were found under

the microscope.



Crosg Lamination like flat lamination, is widely distributed and is best

developed in .the sand layers of Norton Sound. Characteristically the sets of
cross~laminae.are of small scale and are inclined at low angles (Figs. 4, 6F and
G). Crossbedding in gravel is rare, but vhen observed is larger in scale and
higher in dip angle than finer-grained sediment (Figs. 6B and 8A).

Ripples are very common at the tops of sand layers of Norton Sound and in
sand at the margin of Chirikov Basin (Figs. 5 and 7). The ripples are generally
asymmetric and small scale (6-8 cm wavelength, 5-1.5 cm wave height) and are
interpreted to be current ripples and corbined flow ripples commonly found in
sand or silt (Harms and others, 1975) Figs. 6F and G). Where sand layers are
thick, ripple forms appear to be nearly continuous (Figs. 6F and G), unless bio-
turbated, in which case the ripples are disrupted, producing sand lenses
(Fig. 6E).

Miscellaneous Structures

atural load and slumwp stiuclures ale observed in laminaled Tieistocene lake
deposits in.a large depression off St. Lawrence Island (Fig. 8F). Other load-
like features are present near the tops of some box cores, but they are suspected
to be coring artifacts (Fig. 6F). Extremely disturbed sediment in a box core
from the shallow area near the Yukon subdelta is the only apparent example of
structures, related to ice gouging (Fig. 8E). A paradox is that new studies show
ice gouging to be ubiquitous. at depths less than 20 m over tiie northern Bering
Sea floor (Thor et al., 1978), but it rarely produces noticeable effects in box
cores (Fig. 9). Large-scale bedforms such as sand waves have a wide distribution
where topography and bathymetry constrict bottom currents (Figs. 1, 3 and 9)
(Jordan, 1962; Grim and McManus, 1970). Characterization of these large bedforms

and ice gouge effects must await detailed investigation with sidescan sonar.
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BIOTURBATION
Ceneral
Once the primary physical structures ;ssociated‘;ith erésion:and deposition
have.develoPed,Vsecondary processes such as slumping, loading, a;d bioturbation
begin. in this gééerally flat epicontinental shelf region, biogénic stfuctures
usually predominate over other secondary structures in the upper.30 cm of the
sediment. | ‘

The size of the area and the patchiness of the benthos (Stoker, 1973) make
it impossible to map benthic faunal Aistributién iﬁ detail ofwto correlate all
types of structures with the‘organisms. Wﬂere single of ver& limited types of
bioturbation characterize certain broad areas of sea floor, complete biologib
sructures can be traced to spec1f1§ species. In dther areas some species, for
example, sand dollars are restricted to cértalnlhabltatsé(Table 1, Figs; 6I;8C, 9
and 10) and can be documented to disturb shallow sands (Fig. 13A), but no éis—
tinct structurés can beriééﬂtifiéd. ‘Commoﬁly 6nlyipart§’§f bufroﬁs are obsérved
in box cores,:and thé b;;gow may not be a581gnable to a s1nglé spec1es (Flgs. 13
and 14\'7t£ié is p;ftlcﬁlafly true for thcAn;merous speéleg'éf burrow1ng claus.
Fortunately, distribution for each”major group of bl&t;rbatlng organléms (sur;
face, shallow, intermediate, and deep can Be sugig;éduby analysis of screened
m-gafauna from grab samples (Rowland, 19;5; Stoker, 1973) (Figs. 10} 115.

Surface Disturbers
Several épeciesléf small organigms disturb‘}hehéediment gﬁrfaqe over large
areas of the Bering Sea floor (Fig. 10, 12). Brittlé stars are one of the domin-
ant organisms in eastern Bering Sea (Neyman, 1961), Egt they arc most‘cémmon in
muddy areas closer to land and least commonmin centfal Chirikov'Basiﬁ&(inAfig. 10

note the absence of brittle stars at the predominant sandy 30-40 m depth of off-

shore Chirikov Basin). Distinctive surface tracks of brittle stars can be

nrEe

identified on the top surface of box coreJ, but burrows (Hettweck 1972) are not
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evident even where massive populations cover the bottom (Fig. 12).
The carnivorous gastropods occasionally leave surface trails also but may
burrow to shallow depths after prey; they are widespread, being rare only in the

shallow region around the Yukon subdelta (see Tachyrhynchus Fig. 10). Crabs and

sea urchins typically are found on gravel substrates and both may excavate slight
depressions, however, they are fewer in number than the other surface disturbers
{Fig. 10). Crabs are common also in sandy areas except for central Chirikov
Basin.

In response to the benthic food resources, large populations of walrus,
bearded seal, and gray whale inhabit the northern Bering Sea on at least a
séasonal basis and are likely to be responsible for considerable reworking of the
shallow sediments over much of the northern Bering shelf. Gray whales are known
to disturb bottom sediment to a depth of several centimeters to feed mainly on
amphipods (Tomilin, 1957). The distribution of the laige awpliipod pupulaiious
{Fig. 11) and the pathways of whale migration (Nasu, 1974) suggest that gray
wihales may cause surface disturbance of the Chirikov Basin area. Walrus and
bearded seals also may disturb the sediment surface as they feed upon large bi-
walves and other infauna (Fay and Stoker, unpub. data).

Shallow Burrowers
The most widespread shallow burrowers (0-5 cm depth) are small, bright-

colored amphipods possibly of the genus Protonedeia, Melita, or Hippomedon

(Fig. 11). These taxa are most abundant off southeastern St. Lawrence Island and
in the western and northern areas of Norton Sound, where they inhabit patches of
Yukon-derived sediment. One or more of these species probably is the builder of
U-shaped burrows about 5 rm in diameter (Fig. 11C, and D). Completely preserved
burrows are distinctive, but fragments are not separable from burrows made by
polychacte worms such as Nephthys (Fig. 13D). In general, we believe most incom-—
rlete burrows were constructed by the more abundant amphipods (Figs. 10 and 11).

Several species of shallow burrowing gastropods (Table.1l) with no posi-
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tively identificd burrowing structures are present throughout northern Bering Sea
except off the Yukon delta (Figs. 10 and 13). Tubes of the polychacte Pec—
tenaria also are widespread (Fig. 10) (Stoker, 1973), and these organisms are
known to develop shallow burrows (Hertweck, 1972), but no identification can be

made in Bering Sea sediment . Numerous bivalves, such as Yoldia, Macoma, Nucu-

lana, Tellina, and Nucula (Rowland, 1973; Stoker, 1973) are undoubtedly responsi-

ble for widespread shallow disturbance (Figs. 20 and lA), but they also have pro-
duced no distinctive burrows.
Intermediate Burrowers

Intense bioturbation from the sediment surface to 10 cm depth can be defined
in central Chirikov Basin and southwest and southeast of St. Lawrence Island. Imn
these areas, abundant populations of large tube-building ampeliscid amphipods
live in fine--grained sand (Figs. 20, 22B, 14A and B; Table 1). 1In mcst other
areas, except central and southern Norton Sound, l-mm~diameter burrows of small
polychaete worms are common to abundant. These structures are particularly com-
mon in the silty mud on the northern and eastern margins of Norton Sound

(Figs. 11, 6G, 14C and D). Bivalves such as Serripes and Clinodardium are par-

ticularly abundant throughout northern Bering sea region, however, the preponder-
ance of amphipod aburrowing in Chirikov Basin and polychaete burrowing in Norton
Sound appears to obliterate most other physical and biological structures at
Intermediate depths.
Deep Burrowers

Bivalves such as Mya and Spisula are the most commem deep burrowing (0 to
>10 cm depth) organisms. Their widespread distributiom suggests that many deep
burrows are caused by pelecypod bioturbation (Figs. 20, 11 and 15; Table 1).
Only rarely (Fig. 8A) is it possible to corrclate the burrow type with ¢lam spe~
cies, since normally only portions of the burrows are evident.

Scveral species of polychaete worms, holothurians, and sipunculids also

burrow deeply into the sediments. Though deep-burrowing worm species occur

11
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throughout the area, they are most common in silty and very fine-grained sand in

deeper water (Figs. 10, 1] and 15A and B).
DISCUSSION

Factors Controlling Distribution of Physical Sedimentary Structures

T

Relict Structures in Relict Sediments

'

Thé physical sedimentary structures oftnorthern Bering Sea are either relict
from Quaternary conditions or developed by modern wave and bottom currents. ig
places, the Holo;ene shorelineAtransgression reworked Pleistocene moraines and
bedrock outcrops exposed on the sea floor. The fine—grgined debris was winnowed
out leaving behind surface lag gravel deposits (Fig. 6A) (Nelson and
Hopkigs, 1972)7 These deposits remain on the surface of current-winnowed topo-
graphic elevations where deposition of Holocene muds has bee prevented. In the
eastern partsuof Ahadyr and Bering Straits as well as along nearshore sogth—
western Seward Peninsula and St. Lawrence Island, the mineralogy and large grain
size of gravel lags‘pius 0ld radiocarbon da.es (15-40,000 BP; Nelson, unpub .
data) of underlying’sediment botﬁ indicate depositién'ﬁnder oléer, high*eﬁergy
conditions not present today (Nelson and Hopkins, 1972 McManus and others,
1974). The coarsér érai; size and different mineralogy of the Chirikov Basin
sand blanket comparedité tge silty-sized sediment of the main modern Yukon sédi—
ment source suggest that Chirikoy Basin sand also is relict.

Relict physical structures in relict sediments are best preserved in the
subsurface sedimené of strait areas with the deepest water, where present-day
wave effects are minimal, coarse gravel armors the boEtom surface, and strong,

currents prevent burial by modern deposits. Here box cores have penctrated into

older transgressive sediments, and even into Pleistocene freshwater deposits with
relict lamination (Fig. 8D). Coarse-grained relict sediment overlying Pleisto-
cene tills contains flat lamination and associated high-angle, medium-scale cross

bedding that evidently originated during the Holocene shoreline transgression

(Figs. 6B, A, 4, 7). Subsurface shell and pebble horizons in such relict sedi-

' .
i .
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ments are now in sufficiently dcep water and buried deeply enough to ensure iso-
lation from modern day storm wave and bottom current effects. These structures
apparently formed as storm lags during lower sea level stands (Figs. 6C, 6ll).

Modern Structures in Relict Sediments

The relict fine-grained sand of central Chirikov Basin is interpreted to
have been deposited as a nearshore belt of sand that migrated along with the
Holocene shoreline as it transgressed across the epicontinental shelf. The mo-
dern Yukon silt has notprograded over the transgressive sand, and it has, there-
fore, been exposed to intense bioturbation for thousands of years. Additionally,
the Chirikov Basin sand has been covered by 35-55 m of water since the sea
reached its present level several thousand years ago, and the development of
physical sedimentary structures by waves thus has veen limited. Bottom currents
in this central area generally are sluggish (Fig. 3; McManus et al., 1977) and in
most places probably are insufficient to develop structures. Even though waves
or bottom currents occasionally possess sufficient emergy to create structures in
this noncohesive sediment, the binding effect of the dense network of ampeliscid
amphipod tubes should inhibit formation of such structures (Fig. 14B;

Rhoads, 1970). Consequently, the sand is completely devoid of sed’mentary struc-—
tures except on a few shoal crests where the sediments are reworked by strong
bottom currents (Figs. 61, 8C).

Recent evidence from sidescan sonar, underwater television, and vibracores
verifies physical formation of sedimentary structures in certain shoal areas of
relict sediment in Chirikov Basin. In the shallower upper parts of sand ridges
with sand waves (Figs. 1, 4 and 9), the surface and near-surface coarse sand and
shell storm lags (Fig. 6D) along with faint ripple structures (Figs. 6I and 8CK)
appear to be necar-surface modifications of relict sand by modern storm waves and
bottom currents. On underwater television, storm waves have been observed to
winnow shell pavement and to superimpose small-scale oscillation ripples over the

larger sand-wave structures (Figs. 9A and B). Sidescan sonar records show large-
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scale asymmetric sand waves covering- ridge tops and trending northward in phase
with the present strong northward bottom currents in northeastern Chirikov Basin
(Fig. 3) (Fig. 9C, Nelson et al., 1977; MNelson, 1977); a thousand-year—-old radio-
carbon date (Teledyne Isotopes I-9773) on wood from 30 cm depth in a sand wave
field documents that modification of sediments by sand wave formation has taken
place recently during the present stand of high sea level.

Either wave or current effects could be responsible for individual faint
ripple structures observed in specific box cores from sand ridges. However, the
dominance and type of asymmetric sand wave and ripple fields in all sidescan re-
cords and bottom photographs from the region indicate that the majority of mo-
dern ripple structures in Chirikov Basin must derive from bottom current activity
(Fig. 9).

Modern Structures in Modern Sediments

Numerous radiocarbon dates substantiate that the blanket of mud with inter-
bedded sand in Norton Sound has a Holocene origin and contains contemporary sedi-
mentary structures (Nelson et al., 1975; Nelson and Creager, 1977). Development
and preservation of these physical structures varies widely both spatially and
stratigraphiczally over the contemporary surface in Norton Sound. Historical
change from complete bioturbation to complete preservation of physical structures
within the past several thousand years can be demonstrated in several locations
(Figs. 6F, G). 1In those locations closest to the Yukon delta, such dramatic
alteration in preservation of physical structures may be attributable to salinity
and circulation changes caused by a shift in location of a major Yukon distribu-
tary (Fig. 6F; Nelson and Creager, 1977).

The storm sand layers that are interbedded with mud surrounding the Yukon
delta contain the best developed physical sedimentary structures because of se-
veral interacting factors. The prodelta area is subject to the most intense and
frequent wave reworking of any northern Bering Sea area owing to its extreme

shallowness. In addition, the Norton Sound shape acts to focus storm surge set-
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up of water level (Fathauer, 1975) and this in turn results in development of
strong bottom currents as storm-surge water runo{f moves northward from the re-
gion (Fleming and Heggarty, 1965 ; Nelson and Creager, 1977). Such "runoff" cur-
rents may be the final mechanism to rework and form physical structures in sand
layers of the prodelta area.

Formation of the thickest sand layers and their rapid burial due to the
high sedimentation rates in the prodelta area both inhibit bioturbation and
enhance preservation of the physical structures. Even more impnrtant, the low
salinity and more cxtensive ice formation in the prodelta area (Figs. 2 and 1l1)
appear to restrict faunal populations and consequent bioturbation of the phys.ical
structures. The complete bioturbation of physical structures at similar water
depths but normal salinity on the northern side of Norton Sound appears to
confirm this hypothesis.

Much of the cross-lamination and lenticularity in modern sand layers of
Norton Sound appears to result from rippling by unidirectional bottom currents.
The ripples are usually asymmetric, and the ripple form, where it can be observed
in box cores, bottom photographs, underwater TV, and sidescan sonar, is sinuous
and irregular, not straight-crested like oscillation ripples (Nelson, 1977),
(Figs. 8 and 9). Furthermore, the basal surfaces on sand layers are regular, the
internal structure conforms to ripple form, and bundlewise buildup or offshoots
passing from adjoining troughs and crests are absent. Each of these points
suggest formation primarily by unidirectional bottom currents (Reineck and Singh,
1973).

Waves still are important in forming bottom structures, and formation of
oscillation ripples over asymmetric ripples and sand waves has been observed in
Chirikov Basin at water depths similar to those of Norton Sound (Nelson et al.,
1977) (Fig. 9). Hindcasting of wave data indicates that wave reworking can
affect most of the Norton Sound sea floor (McManus et al., 1977). However, in

the >10 m water depths with very fine sand that this study covers, Clifton’s
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(1976) conceptual model predicts that wave-related currents should not produce
asymmetric rippling. Apparentl&, the dominant storm effect on sand layers is
reworking by bottom currents, which are intensified by storm-induced sca level
changes (Fathauer, 1975). Later modification by less intense wave effects may
cause some oscillation ripples to be superimposed over the dominant
unidirectional features, but in general they appear to be subordinate.

Eastward and northward from the present delta, storm sand layers become
fewer and fewer, and only diffuse storm layers rich in shells and pebbles are
observed. Near the delta, where biota appear to be restricted and no rocky
headlands are present, few shells or pebbles are encountered in storm layers.
With increasing distance from the delta into higher salinity water, more and more
shells are encountered and bioturbation increases. In addition, the intensiéy of
storm-vwave reworking decreases and sand layers become thinner, while headiands
along the coast awav from the delta provide a pebhle source. Figs. 6T-G. AT, 13R-
D exemplify such a proximal (delta) to distal (central Norton Sound) or shallow
to deep sequence of storm layers. The change from sand layers to coarse lags of
pebbles and shells offshore also suggests that processes change from dominantly
transport and deposition of sand shcets to mainly erosion of mud leaving pebble
and shell lags offshore.

The Yukon muds of Norton Sound, both massive and those interbedded with
storm sand layers, remain nearly devoid of physical structures, except for
occasional laminations (Fig. 13B,E). Because the mud deposition represents slow,
continual deposition under non-storm conditions, bioturbation apparently can
almost always keep pace with formation of physical structures, and thus physical
structures are not generally preserved in nuds.

Present-Day Pebble Rafting and Ice Gouginpg

Isolated pebbles are widespread in sediment of the Bering Sea region and may
have been transported by several processes. Pebbles are most common in areas

surrounding ceafloor gravel(Fig. 4). This distribution pattern may result from
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ice grounding in gravel arcas. The ice may pluck pecbbles from the gravel source
and drop them nearby after -the iceberg works free and begins melting. Other
mechanisms such as transport of walrus gastroliths (stomach stones) (S5.W. Stoker
and F.H. Fay unpub. data) and sea grass rafting (Stoker, 1973) may also carry
isolated pebbles offshore.

Recent studies indicate that gouging into the sea floor by icebergs occurs
everywhere at depths shallower than 20 m (Thor et al., 1977) (Fig. 9), except in
strait areas, where ice jams may cause gouging at much greater water depths (G.
Bloom, oral commun, 1970). The gouging is most intense (reaching depths of up to
1 m in the sediment) in the prodelta area surrouﬁding the modern Yukon subdelta;
this is the same region where physical sedimentary structures are best preserved
(Fig.5). The question remains, why does this intense gouging have such little
effect on physical structures? Perhaps sediment rates are rapid enough ncar the
modern subdelta to keep ahead of the rate of ice gouging.

Factors Controlling Bioturbation

Biological Factors

A few ubiquitous species show little environmental control and account for a
signific ant amount of the bioturbation anywhere in the northern Bering Sea area.
Examples of these species have been described in the previous bioturbation

section such as the ophiuroid and gastropod (Tachyrhynchus erosus) surface

dirturbers, the clams (i.e. Yoldia myalis) and small amphipod shallew burrowers,

the clams (i.e. Serripes groenlandicas) and small polychaete (thread worm)

intermediate burrowers and the clams (i.e. Mya truncata) and large polychaete

(i.e. Ampharete) deep burrowers (Table 1, Figs. 10,11, and 12).

Except for the cosmoepolitan species just mentioned, distribution of most
species 1is controlled by environmental factors such as hydrographic conditions,
morphologic setting, and substrate type. Consequently, bioturbation of most
specics has definite patterns of areal distribution (Figs. 10 and 11). All

specics appear to be restricted by the seasonally low saliity off the modern
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Yukon subdelta (Figs. 2, 5 and 11; Lisitsyn, 1966). Regions of strong currents
and resulting coarse-grained seaiment support epifaunal communities such as the

suspension-feeder assemblages found in straits, or the sand dollar (Echinavachnus

parma) and bivalve community (Tellina lutea alternidentata, Spisula polynyma)

found in sandy areas on crests of shoals (Fig. 10).

Because of the small depth range (0 - 50 m) on northern Bering shelf, water
depth has little direct influence on’ abundance or type of bioturbating organisms.
Instead, benthic communities typically show pronounced association with
substrate. For example, the large ampeliscid amphipods are the dominant
organisms disturbing the transgressive fine-grained sand in Chirikov Basin
(Figs. 10 and 11; Table 2). They are not evid~ut in Yukon silt of Norton Sound,
where the smaller amphipods, brittle stars, and denosit-feeding worms and clams
are predominant (Figs. 10 and 11, Table 1, P~wland, 1972, 1973). Gravel lags are
habitats for an abundant epifauna of rocky substrate type consisting of
bryozoans, barnacles and brachiopods. However, the thickness and coarseness of
the lag layers and the sessile 1ivi3g habits of fauna on them seem to prevent
significant bioturbation. Many other substrate associations of bioturbating
organisms, particularly bivalves, have been outlined in other Bering Sea studies
(Table 1; Rowland, 1972, 1973; Stoker, 1973 and unpub.).

Interplay of Biological and Physical Factors

Intensity of bioturbation is controlled by rates of several processes such
as the frequency of formation of physical structures, rate of reworking by
organisms, and sedimentation rate (Fig. 16). Changes in these rates through geo-
logic time cause variations in the intensity of bioturbation at a site. The fol-
lowing physical factors cause a relative increase in the rate of formation of
physical sedimentary structures and decrease in intensity of bilogenic reworking:
shallow water with intensec wave reworking, swift bottom currents, rapid rates of
deposition, and low=-salinity water. These physical variables plus ogher environ-

ental characteristics like those mentioned in the previous section control spe-
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cies dispersal and cause patchiness of faunal distribution. As a result, the
rate of biogenic reworking varies from one location to the next and with time at
a given location.

In the shallow prodelta region off the Yukon River subdelta, bioturbation
typically does not keep pace with the formation and rapid burial of physical
structures (Fig. 5). An area just east of the prodelta near Stuart Island also
shows no bioturbation in deposits of the last 5,000 years (Figs. 5 and 6J; Nelson
and Creager, 1977). This is true even though the area has low sedimentation
rates and is at a greater water depth, where the formation of wave-formed struc—
tures is expected to be slower. The well-devehped physical structures probably
result from the shoreline constriction of coastal currents. The extremely good
preservation of physical structures here and in the prodelta area may resulf both
from continued formation by bottom currents or waves and from the inhibition of
biogenic activity by the great seasonal changes in salinity. Complete bioturba-
tion of sediment older than 5,000 years near Stuart Island strongly suggests that
Yukon delta distributaries shifted into the region after 5,000 BP (Nelson and
Creager, 1977) and that salinity is the predominant factor controlling bioturba-
tion in this area. ~

Another stratigraphic sequence for the last 2,000 years in eastern Norton
Sound (Figs. 5 and 6G) shows complete bioturbation in the lower third of tne
sediment, nearly complete preservation in the middle, and completec bioturbation
in the upper third. Either faunal populations diminished during the time of
deposition of the middle sequence, or frequent storms prevented bioturbation from
keeping pace with deposition.

GEOLOGIC SIGNIFICANCE
Geologic Effects of Bioturbation
In addition to disturbing physical structures and creating trace fossils,
bioturbation may severely disrupt fossil assemnblages and organic debris used in

dating deposits. The disruption is especially severe in regions of thin trans-
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gressive sequences such as the epicontinental shelf of the northern Bering Sea.
In several cores (Figs. 8A and 8D), present-day burrows extend at least 30 cm
into Pleistocene freshwater deposits that are tens of thousands of years old. As
a result, in part because of this upward mixing of older materials, radiocarbon
dates of 1,740 to 5,085 BP are found for bulk organic carbon in the top 1 - 2 cm
of modern surface sediment on the northern Bering shelf (Teledyne Isotopes
I—8134, 8135, 8226, Fig. 6F). Downward homogenization of Holocene sediment by
bioturbation helps to explain radiocarbon dates of only a few thousand years for
older~buried transgressive deposits (Figs. 6I, 8D; Teledyne lIsotopes 1-7482,
7483).

Radiocarbon dates on calcium carbonate of shells again suggest significant
biologic mixing of modern shells downward into buried transgressive gravel and
sand (Fig.-6B, C, H, and I). Dates on fossil, surface-dwelling mollusk species
are just several hundred years old, even though only those shells buried in older
sediment far below their normal living habitat were dated (M. Rubin, USGS Radio-
cargon Lab. W-2462, 2464, 2466, 2467, 2681-2685). 1In Chirikov basin, where the

!
transgressive sequences are thin and dates on shells do not appear to be reli-
able, 1rxed modern and transgressive foraminiferal assen\Blages are found
throughout the entire transgressive sequences (Figs. 8A and 8D) (R. Echols,
written commun., 1974). Only where sedimentation rates are high, producing
rapid, deep burial such as near the modern Yukon subdelta, do radiocarbon dates
on shells and organic carbon agree with stratigraphy (M. Rubin, USGS, Radiocarbon
Lab W-26180; Teledyne Isotopes I-7316, 8134), and can unmixed transgressive
sequences of microfossils be detected.

Rhoads (1973) points out another aspect of bioturbation that may have par-
ticular geologic significance for the northeastern part of the Bering shelf. The
predominance of deposit feeders can reduce the bulk density of fine-grained sedi-
ment and greatly enhance the potential for erosiog. The dominance of deposit

feeders in Norton Sound (Figs. 10 and'il; Rowland, 1972) may be a contributing
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factor to the resuspension of considerable fine-grained sediment there. The
resuspension of sediment by storm waves and its removal by storm-generated and
continuous currents may have displaced about half of the Holocene sediment of
Yukon source from Norton Sound to the Chukchi Sea (Nelson and Creager, 1977).
Comparison of Bering Shelf and Similar Sedimentary Environments

Prodelta and Inner Shelf Facies

Prodelta mud facies develop in the shallow regions surrounding the Yukon
River mouth where the low-salinity river plume is the dominant water mass (Figs.
2 and 5). The proximal deposits are characterized by thin mud interbedded with
thick storm sand layers that contain well-developed sedimentary structures
resulting from waves and icurrents generated by storm surge (Table 2, C1).
Offshore from the most proximal prodelta facies, layers become thinner, more
highly rippled, well structured with cross lamination, and increasingly biotur-
bated. The most distal prodelta deposits are dominated by higly bioturbated muds
with sand lenses containing bioturbated remnants of physical structures. Further
seaward, shell and pebble-~rich storm lag layers. occur (sge Figs. 6E, 6F, 6G, 13B
and 14C for a specific sequence; Figs. 5 and 16 show general patterns of distri-
bution). Bioturbation in the muddier facies is dominated by tube-building detri-
tus feeders and burrowing deposit feeders (Table 1, G-C; Fig. 10 and ll} TableJZ,Cl),

The physical and biological structures in similar ancient stratigraphic se-~
quences reflect this same proximal to distal energy gradation. For example
proximal to distal sequences of physical structures and storm sand layers like
those in Norton Sound are described for Jurassic deposits by Anderton (1976). 1In
the Upper Cretaceous Blackhawk formation in Utah, a regressive sequence begins
with completely bioturbated offshore muds (Howard, 1972). Sand beds appear up-
section and thicken upward with incfeasingly well-preserved physical structures,
indicating greater wave cnergy. The faunas also change up-section from deposit to

suspension feeders as the depositional environments shallowed.



Variations in wave climate and topographic setting can greatly extend or
reduce proximal-to-distal offshore gradation of.physical structures generated by
waves. For example, in the Gulf of Gaeta in the low-energy wave climate of the
Mediterranean, well-developed physical structures are limited to less than 6 m of
water depth (Reineck and Singh, 1973) below which bioturbation predominates. In
the higher energy environments of the northern Bering Sea and off Southern
California, well-preserved recent physical structures exist to 15-20 m water
depth (Figs. 5 and 7) (Karl, 1975). 1In the very high energy environment off
Oregon, well-preserved physical structures occur in sediments in over 50 m of
water (Kulm and others, 1975). Well-preserved physical structures also may exist
anomalously far offshore on topographic elevations.

Sediment type and rate of influx als. may influence the maximum offshore
extent and water depth at which physical structures are preserved. In muddy
areas, such as near deltas, fine-grained sand layers and their structures are
readily identifiable ir modern or ancient sequences (Fig. 6E-G) Moore and Scru-
ton, 1957; Masters, 1967; Howard, 1972). Commonly, in the most distal locations
of deposition, isolated pods or lenses of rippled and laminated sediment are the
last recognizable vestige of a storm sand layer (Figs. 6J and 13B) (Reineck,
197Q;»Winston and Anderson, 1970). Such thin sand lenses are usually destroyed
by bioturbation closer to shore or at shallower depths than are similar storm lag
layers composed of shell and pebble lags (Figs. 5 and 7). For example, faint
shell and pebble horizons ofbcoarse-grained storm lags are identifiable to water
depths of 30 m in modern sediments of Norton Sound even after very cxtensive bio-
turbation; the last vestiges of fine-grdined sand layers occur in 25 m of water
(Fig. 7). In most delta areas, the formation of such shell and pebble layers is
inhibited by the paucity of rocky hecadland pebble sources and by the influx of
fine-grained sediment and low salinity water, which appears to discourage large

bivalve mollusk populations, the source of most shell material.
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The distribution pattern of the prodelta facies may be controlled as much
by water circulation and freshwater plume d15persql as by the shallow, nearshore
location and shape of the prodelta topography (Figs. 2, 3 and 5). This is
because variations in salinity and oxygen and nutrient content of sea water can
influence benthic productivity and thus affect formation and preservation of
physical structures. The best preservation ot physical structures coincides with
the location of the low-salinity plumes (Figs. 3 and 5; Nelson et al., 1975) sur-
rounding the Mississippi and Yukon deltas; a progressive reduction in bioturba-
tion also has been correclated with with decreasing salinity up estuaries (Winston
and Anderson, 1970; Moore and Scruton, 1957). The importance of salinity com-
pared to other factors, like rapid sedimentation, is suggested by thin (12 cm)
late Holocene sequences that have remained unbioturbated for at least 5,000 years
off the Yukon (Fig. 6F).

In some geographic settings physical structures may be preserved in un=-
expected epicontinental shelf areas where the benthic fauna is depauperate
because of low oxygen content in bottom water (Seibold et al., 1971). Excellent
preservation of physical structures found in the Mesaverde Formation of qorth—
wester:: Colorado (Masters, 1967) suggests that these ancient deposits similar to
those off the Yukon were formed under shallow, low-salinity water near a delta,
or where environmental factors inhibited bioturbation.

T.ansgressive and Current-Winnowed Facies

The transgressive fine-grained sands in northern Bering Sca are charac-
terized by a homogencous texture, the general absence of physical structures, and
intense bioturbation by tube-building detritus feeders (Table 2B1). This sedi-
ment facles may typify thin transgressive sands on epicontinental shelves with
low wave energy, but where burial by offshore mud is prevgnted by strong bottom
currents or isolation from sediment sources. In contrast, in areas where there
is a very high energy wave regime, such as prese?tly off Oregon, some.physical
structures are found in the offshorc~fclict transgfessivc sana-tavics (Kulm and

thers, 1975).
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The basal transgressive gravel and pebbly coarse to medium-grained sand of
the Bering shelf in many places overlie Pleistocene moraines either as surface
relict deposits or as subsurface strata beneath transgressive fine sand. These
coarse-grained transgressive sediments take several forms that may be dis-
tinguishable in the stratigraphic record. The deposits with rounded pebbles,
water-worn and thick-shelled mollusks, and medium-scale crcess and flat lamination
appear to be typical sediments associated with shoreline stillstands (Table 2, Az;
Clifton et al., 1971; Reineck and Singh, 1973). The angular pebble lags that
develop over glacial till and bedrock apparently form during very rapid shoreline
transgressions. Criteria for such deposits are angular gravels, little or no fine-
grained matrix, and the remains of a rocky intertidal fauna (Table 2, Al). éessile
benthic fauna consists largely of epifaunal forms (Craig and Jones, 1966). As a
result, the thin pebble lags show little disruption from bioturbatirg organisms
and may remain well preserved in the stratigraphic record For example, thin,
structureless, transgressive sands overlying well-preserved glacial deposits have
been noted in the Paleozoic transgressive sequence of the Algerian Sahara region
(Beuf et al., 1971).

The well-sorted current-winnowed medium sand on the shoal crests of the
northern Bering shelf is another sediment facies that may be recognizable in
ancient shelf deposits (Table 2). Remnants of ripples and flat lamination are
common; shell lag horizons and clay stringers, possibly representing major fluc-
tuations in currents, are locally present. An important key to such deposits in

ancient sequences would be dominance of sand dollars and filter feeding bivalves

or similar ancient organisms (Table BZ)'

Shelf Model
The physical und biological structures observed on the Bering shelf agree

with other similar studics; these data permit conceptualization of a model of ty-
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pical shelf sedimentary structures and factors controlling their distribution on
an open shelf with clastic d0position dominated by muds and no organic reefs
(Fig. 16). The inshore margin of the model presented here phases into the well-
defined shoreline sequences of physical structures caused by breaking waves that
have been depicted in the conceptual models outlined by Clifton et al. (1971).
The model presented here does not consider the series of large-scale bedforms
caused by extremely strong bottom currénts in constricted bathymetric regions
with hLigh tidal or dynamic current flux. Such sequences have been described by
Belderson et al. (1971) in the English Channel shelf and appear to be present in
the Bering Strait area (Figs. 1, 4, and 16).

In the model we present, physical sedimentary structures caused by waves
will dominate the open shelf sediment just offshore from beach-related features.
The best developed physical sedimentary structures gaused by strong bottom <ur-
rents associated with periodic tides (Mofjeld, 1976), storm tides and shoreline
constrictions of dynamic currents will generally occur just offshore from the
wave-~related structures. Seaward fro% strong wave—- and tide-formed sedimentary
structures, there occurs a spatial series of physical structures resulting from
waning wave and bottom~current processes associated with storms. This complete
sequence of storm sand to pebble-~ and shell-rich layers has been well documented
in Norton Sound (Fig. 16).

As physical energy from waves and currents diminishes ofishore, the fre-
quency of physical sedimentary structures lessens and the physical structures are
bioturbated and replaced by trace fossils to a progressively greater degree. The
sequence of biological structures indirectly follows gradients of wave and cur-
rent encrgy because these gradients regulate substrate types, which are the main
control on biological assemblages (Craig and Jones, 1966°* Rowland, 1973; Stoker,
1973). Typically, suspension-feeding organisus will be more prominent nearshore
in coarse-grained substrates associated with high physical energy. In this

environment, filtering apparatus is less likely to be clogged by fine-prained
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jebris (Rhoads and Young, 1970), and the circulation of suspended debris 1is vi-
gorouc. Suspension-feeding organisms will tend to disturb sediment less because
they only nced to anchor onto or into the bottom surface and do not nced to bur-
row through the sediment to acquire food. In contrast, discrete burrows and com-
plete bioturbation characterize offshore muds (Howard and Frey, 1973) because
Jeposit feeders and detritus feeders require the higher content of organic de-
>ris found in fine-grained sediments of lower energy settings.

The conceptual model (Fig. 16) portrays an open graded shelf that gradually
*hanges in depth, wave energy, sediment character, and current energy offshore.
ividence from the northern Bering epicontinental shelf and elsewhere indicates
that many variables, including topographic setting, hydrographic characteristics,
»iologic productivity, and type and location of sediment sources can modify this
idealized sequence. Several examples have already ' 2en cited to show that varia-
tion of wave climate can greatly extend or reduce offshore extent of physical
structures generated by waves.

Topographic projections outward from the adjacent shorelines such as deltas
>r upward from the surrounding sea floor, such as offshore sand ridges (Nelson
and others, 1975) are important variables controlling the development of current-—
formed physical structures. Where water circulation is constricted and strength-
:ned by major shoreline projections as in the Bering Strait or English Channel
(Belderson et al., 1970), Ledforms and internal physical structures will be well
leveloped no matter what the water depth or distance from shore. Offshore areas.
»f sea-floor topographic relief such as sand ridges that constrict and focus bot-
tom currents are also sites of well-developed physical structures without regard
;0 their distance from shore (Fig. OL).

Variation in the amount and type of sediment is another influence on -the
levelopment and preservation of physical structures. Where rates of deposition

e high aud interbedded muds are commoun, as off the Yukon and Mississippi deltas

ore and Scruton, 1957), prescervation of physical structures is cnhanced and
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‘may extendto unusually great depths or distances from shore considering the

wave-energy setting. The final shell and pcbble remnants of an offshore storm layer

may extend far offshore beyond the distance usually expected because of unusual

sources of pebbles and mechanisms like ice or organic rafting to disperse them

over the shelf.

All the factors of increased wave energy, current velocity and deposition
rates, in addition to decreased benthic productivity will extend areas dominated
by physical sedimentary structures farther seaward than biocturbation would other-
wise allow (Fig. 16). These variations in basic physical, chemical, and biologi-
cal factors are predictable at least partially and must be considered when sedi-
mentary structures are utilized for paleoenvironmental reconstructions.
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TABLE 1 - LIST OF MOST COMMON BIOTURBATING ORGANISMS, AND, WHERE

KNOWN, THEIR SUBSTRATLE ASSOCIATIONS AND TYPE OF SEDIMENT

DISTURBANCE IS GIVEN.

WITHIN EACH GROUP THE SPECIES ARE

LISTED IN ORDER ‘OF ABUDANCE AND WHERE KNOWN, THE PERCENT
OF OCCURRENCE AT SAMPLING STATIONS IS GLVEN IN PARENTHE=-
SES IN FRONT OF THE SPECIES.

Depth Organism Substrate and Living Habits Data Source
group Distribution
Brachyuran crabs Create shallow Stoker, unpu
Choanoecetes opilio Ubiquitous surface depressions Fig. 10
Choanoecetes bairdi do
Hyas coarctatus do Same as above
Telmessus cheiragonus
Anamuran crabs
Pagarus Ubiquitous
Paralithodes seasonal and uncertain
%)
% Crangonid shrimp
g Crangon Ub iquitous
&
E Ophiuroid echinoderms ' .
@ Ophiura sarsi Muddy silt, nearshore Create extensive Fig.12;
Q Ophiura maculata surface tracks Neymen, 1960
fy Stegaphiura nodosa Silty sand Fig. 10
2 Gorgonecephalus caryi Stoker. unpu
Echioid echinoderms Create shallow Fig. 10
(6%)Strongylocentro~ surface depressions
tus drcbachiensis {Gravel and pebble lags '
Gastropod mollusks Ubiquitous, most Surface trails and Fig. 10
common nearshore shallow burrows when
preying
(19%)Tachyrhynchus
erosus
2 (15%)Natica Ubiquitous Predatory, drilling Rowland, 197
5 bivalves
< (9%)Neptunea do Scavenger creating Schafer, 197
g trails plus shallow
8 burrows
H (7%)Polinices do Predatory, drilling
= bivalves
8 (2%)Buccinum Scavenger
-
:

Bivalve mollusks
(36%)Yoldia myalis

Most common in muddy
sediment , but wide-
spread in all environ-
ments.

Deposit feeders?

Fig. 10, 11
Rowland, 197
Stanley, 197




pth Organism Substrate and Living Uabits Data Source
Dup Distribution
(167)Yoldia hvporborea| Mud or muddy sand Deposit feeder? Figs. 11,14
or amygralea Stanley, 19
Rowland, 19
(15%)Nucula tenuis do " do Figs. 11,
Stanley, 19
Nuculana radiata do " do Rowland, 19
Clinocardium Sandy silt substrates Suspension Petrov, 196
ciliatun fecders
Tellina Current-winnowed Figs. 13, 1
n alternidentata | clean sand
Y
3 Anphincda
4
% .
Q Pratnmadeia sn. Mud and fine sand Detritus fceders,
9 Melita sp. do one or more of
3 (27%Z)} lipconedon spa do these species
4 Haplocns lzevis do create U-shaped and
5 Pontonoreiz do vertical burrows
1 ferorata with widened c¢ir-
Q cular area .
Polychacta
t S — S a—
) (8%)Repthvs Ubiquitous Errant polychaete Fig. 13
A Haplecescoloplos Burrows parallel Fig. 10
? elongata to bottom surface
E Sterraspis scutata
* Pectinaria Fine, silty sand
) hvporborea necarshore
Brada sp.
Echinoidea
(11%)Echinarachnius Sorted-nedium sand Shallow horizontal Fig. 10
parma on shoals ’ burrows Lisitsyn, 1




Jepth
jroup

Organism

Substrate and
Distribution

Living Habits

Data Source

INTERMEDIATE BIOTURBATERS

Bivalve mollusks

(58%)Serrines
groenlandicus

(45%)Macora calcarea

Venericardia
crebricostala
Liocvma fluctusa

Ubiquitous
Ubiquitous, sandy
silt and sand

Sandy silt

Sand ard sandy silt

Filter feeder

Detritus and

filter feeder
do

do

Fig. 10

Coan, 1971

Echiroidea

Echiuvrus echiurus

Fine to coarse sand

Deposit feeder

Awphipoda

(28%)Acpelisca sp.

Bvblis geimardi

Silty sand

Polychaeta
Myriochele herri
Opuphis sp.
Spiophanes borbyx

Detritus feeder
that builds narrow,
V-shaped,
mucus-lined tube

Figs. 11, 14

Ubiquitous
Fine sand

Figs. 10, 11

DEEP BIOTURBATERS

Holothuroidea

(1%) Cucumaria
calcivifcera

Detritus feeder

Fig. 10

Tunicata

(3%Z)Polenia corrugata

pass]

Bivalve mollusks
(28%)Mva truncata

(1%)Mva priapus
(7%)Spisula polvnvus

alaskana

Sand to gravel

Ubiquitous, hard
sand or nud

Sand

Filter feeder

do

do
Decp burrowers
and filter
fceders

Fig. 10

Figs. 10, 11
Quayle, 1970

Chawberlain and
Stearns, 1963

i\



Organism Substrate and Living Habits
pth Distribution
oup

Data Sourc:

(1%)Sipunculida

Golfingia
margaritaceun

Polychaeta All deposit feeders
g (9Z)YLumhbrinereis Ub iquitous Errant Polychaeta(?) Fig. 10
1)
[
% (4%)Amphareta Tube building Fig. 10
D
8 Maldane sarsi fud and silt do
m Praxillella
'y practerinissa
E Axijothella
Q

catenate
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FIGURE CAPTIONS

Fig. 1 -Setting, physiography, and location of large-scale bedforms presently
known 1in northern Bering Sca. Bathymetry modified from lopkins et al.
(1976). Llarge-scale bedforms from Jordan, 19062; Grim and McManus, 1970;
L. Toimil, 1975, oral commun., and Relson, unpublished data.

Fig. 2 -VWater masses in northern Bering Sca (modified from Coachman et al.,
1976). The Alaskan Coastal water (l4 - 31.5 0/00, .8°C) occupies the
eastern portion of the study arca, the Bering Shelf Water (sometimes
called Modified Shelf Water) (31.5-33 0/00, O—&OC) covers the central
area, and the Anadyr Water (33 0/00, 1-3°C) occurs in the western
portion of the study area. Data on scasonal salinity changes from
Goodman, et al., (1942), G.D. Sharma (1975, written commun.) and Nelson
et al., (1975). Data on shorefast ice margin from Thor et al., (1977).

Fig. 3 -Offshore water circulation (from Goodman et al., 1942), and maximum
bottom current velocities from availeble measurements in northern Bering
Sea (from Ileming and Heggarty, 1966; Husby, 1971; MclManus and Smyth,
1970; Nelson and Hopkins, 1972).

Fig. 4 =Surfac=z sediment distributon in northern Bering Sea (wodificd from
Nelson and Hopkins, 1972; Knebel and Creager, 1973; McManus ct al.,
1974, 1977).

Fig. 5 =Box core locations and descriptions of physical scdimentary structures
observed ih the upper 40 cm of sediment in northern Bering Sca.
Structures in relict transgressive deposits and figure numbers of text
photos are keyed to location.

Fig. 6 -Lag and storm layers in northern Bering Sea sediments: locations of box
core photos shown in Fig. 5. Individual centimeter scale is shown in
lover right corner of each photograph or radiograph.

‘Fig. 6A -Transgressive lag gravel over glacial till shown in box core slab face.
Note Hemithvris psittacea (brachiopod) and bryozoan skeletons on
surface. 41 m water depth.

Fig. 6B ~Epoxy cast of box core conEafning thick, well-sorted transgressive lag
gravel from -30 m shoreline stillstand (Nelson and Hopkins, 1972). Note
faint cross-bcdding in center of cast, 30 m water depth.

Fig. 6C -Box core slab face exhibiting shell lag at base of transgressive fine-
grained sand. The shell layer was composed of equal amounts of lyatella
arctica and Macoma calcarca and probably formed as a storm lag during
lower sea level. The laycer was found in an isolated small basin at 43 n
water depth.

Fig. 6D -Bioturbated coarse sand and shell layer composed cntirely of
Echinarachnius parma (sand dollars) in current-winnowed fince sand over a
shoal crest, 35 m water depth.
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Fig. 6E -Box core slab face showing thick light-colored storm sand layecrs in
Yukon silt 30 km f{rom the modern Yukon subdelta. Note that the thick
upper .sand most recently formed is not bioturbated, whercas only cross-
laminated sand lenses remain in the lower bioturbated bed. 11 m water

depth.

Fig. 6F -Radiograph of well-defined thin storm sand layers in late Holocene Yukon
' silt 75 km offshore from the present subdelta. Thoroughly bioturbated
older Yukon silt underlies well-structured beds in younger Yukon silt
(after Nelson and Creager, 1977). Note rippled and wavy bedded sand
beds (light-colored) with small-scale cross and flat lamination. 16 m
water depth.

Fig. 6G -Radiograph showing shell and pecbble lags in the upper and lower parts of
the core and numerous thin sand layers in between. Both probably
developed by storm reworking of Yukon silt located 110 km from the
present Yukon subdelta. tlote that upper shell lag is only slightly
disrupted, whereas basal layers are highly bioturbated. The middle
unbioturbated section has sand beds (light-colored) that exhibit
discontinuous parallel bedding in the upper two layers and nonparallel
and lenticular bedding in the lower three layers. Wood at the core base
had an age of 2,120 years BP (Teledyne Isotopes sample No. I-7320).
Note the l-mm-diameter burrows in the upper part of the core that
probably are caused by polychaete worms (see Howard, 1969, Figs. 8, 13
and Hertweck, 1972, Figs. 3, 5). l4 m water depth.

Fig. 6H ~Radiograph showing bioturbated shell and pebble lag layers (lower half
of core) in transgressive coarse to medium sand. Lag apparently
developed dm‘ing the Holocene t‘ranggrncg'inn- ﬂvgrlyg’_ng fing—gr:iggd
transgressive sand in the upper half of the core is highly bioturbated
by amphipods and clams. 47 m water depth.

Fig. 61 -Box core slab face of medium-grained sand from a shoal crest containing
coarse sand lag layers and clay laminae probably formed by current
revorking. 31 m water depth.

Fig. 6J ~Yukon silt containing a large rafted pebble. Note thin sand ienses near
the surface. 18 m water depth.

Fig. 7 Frequency of various physical sedimentary structures in different depth,
substrate, and topographic settings.

Fig. 8 -Internal physical sedimentary structures.

Fig. 8A -Radiograph showing the following sequence: transgressive fine-grained
sand overlying transgressive pebbly wedium—-grained sand with flat
lamination and medium-scale cross—lamination, which overlies pre-
transgressive limnetic clays with {reshwater ostracodes (P. Valintin,
written commun., 1971). Note deep burrowing prebably by Mya sp., after
marine transgression (see Fig. 29 of Mya arenaria burrows shown in
Reineck, 1970). 36 m water depth.

Fig. 8B -Plan scction of a ripple sct impression at a parting surface near sthe
bottom of a box core, together with an cpoxy slab cross soction(adjacent
upper right) showing the same dark-colored lower sand layer aud another
surface sand layer. HNote that apparent ripple crests (dotted line) are
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irregular and asymmctric with tonque-like projections (cf. with Harms et
al., 1975, Fig. 3-7 and Reineck and $ingh, 1973, rig. 30). Ripple

index (length/height) is 5-8 basal and 10-12 for surface sand layerse.

12 m water depth.

8C -Radiograph of remnant asymmetric ripples that have been altered by
bioturbation of medium-grained shoal crest sand. 21.9 m water depth.

8D -Core slab face showing loading, slump or ice-disrupted structures (near
the core bottom) in laminated late Pleistocene mud deposited before the
Holocenc transgression. Mud contains freshwatcr ostracodes (sec
reference for 8a). These have an age of 14,920 BP (Teledyne Isctopes
No. I-7318) based on organic carbon from a whole sediment samplc. 51 m
water depth.

B8E -Radiograph showing highly contorted sand lags possibly caused by ice
push or scour of the sea floor. WNote shallow u-shaped burrows cauced by
small amphipods and large, deep burrow (on the right) probably made by a
clame. 12 m water depth.

9 =-Sonographs and underwater TV and camera photographs of sea-floor surface
features.

9A -Sand dollar pavement covering current-winnowed shoal crest at 36 m.
9B ~Oscillation ripples on sand ridge crest at 9 m during severe storm.

9C =-Asymmetric ripples on similar shoal crest, as 2B, with strong
unidirectional currents during non-storm conditions in 17 m water depth.

8D -Sonograph showing large-scale sand waves over crests of sand ridges at
30 m water depth.

9E -Sonograph showing intense ice scour that covers most of sea floor in
10-20 m of water (14 m water depth). There is no side-scan data in less
than 10 m of water.

10 -Frequency of various surface, shallow (0-5 cm), intermediate (0-10 cm)
and deep (0->10 cm) bioturbating species versus water depth, substrate,
and topographic setting.

11 -Distribution of the most common shallow (0- 5 cm) (A), intermediate
(0-10 cm)(B) and deep (0->10 cm) (C) biological structures that could be
identified. Note that small amphipod tubes in A, ampeliscid tubes in B,
and unidentified deep burrows in C are present everywhere in at least
rare quantities.

12 -Surface-disturbing organisms. and sea-floor traces in northern Bering
Sea. Fig. 12A-Photo of box core surface showing surface trails of
brittle star Ophiura sarsi on Yukon silt. 14 m water depth.

12B~Serripes groenlandicus that has severly disturbed the box core surface
of Yukon silt. 18 m water depth.

13 ~Shallow burrowing (0-5 cm) organisms and their structures in Northern
Bering Sca.

13A-Ampharcte sp. burrows shown in radiograph of core 207. Sediment type is
clayey silt. 42 m water depthe
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13B~Field photograph of Ampharcte sp. tubes and worms from box core 207
surface just after collection.

13C-Photograph of box core vertical and horizontal surface showing ccmented
tubes and subsurface mucus-lined burrows of sabellid-terribellid worms
that occur in large numbers within muddy gravels. Note also the live
shallow burrowing Yoldia sp. in the upper center of photograph. 27 m
water depth.

“13D-Photograph of box core vertical slab face showing burrow of tunicate

Pelonia corrugata in fine-grained transgressive sand. Note
characteristic corrugations of burrow. 44 m water 'depth.

13E-Field box core photograph showing Holothurian Cucumaria calcigera
burrowing vertically downward through very fine sand. 37 m water depth.

13F-Photo of bhox core vertical slab surface showing burrowing of polychacte
worm (probably Lumbrinereis) in fine-grained sand. 19.6 m water depth.

13G-Box core photo of horizontal burrow of Macoma brota from specimen living
at the time of core collection. Sediment is Yukon silt and burrow is at
a depth of 7 cm from the seodiment water interface. 19 m water depth.

14 -Intermediate burrowing (0-10 cm) organisms and their structures.

14A-Radi-~graph of large amphipod (Ampzlisca macrocephala) tube structures
occurring in great abundance in fne transgressive sand of central
Chirikov Basin. Box core 237 from 27 m water depth.

14B-Field photograph of surface of box core 237 taken immediately after
collection. Silt-like, mucus-lined burrows shown are typical of large
amphipod spccies Ampelisca macrocephala.

15 -Deep burrowing structures and organisms.

15A-Sand dollar (Echinarachnius pama) burrowing in medium sands cf a choal
crest; photo of box core surface was taken in the field immediately
after collection; it shows organisms in living position. 31 m water
depth.

15B~-Radiograph of box core 103 from Yukon mud showing numerous u-shaped and
straight 5-mm burrows assumed to result from burrowing of small amphipod
species (see 11C). Note that nearly all storm sand layers structures
are destroyed in the upper core but some sand lamination and rippling
remain in the lower core. 19 m water depth.

15C-rield photograph of surface of box core 103 taken immediately after
collection; surface holes of small amphipods are apparent and appear to
be responsible for u-shaped burrows observed in 11B.

15D~Core photograph showing horizontal shallow burrowing pattern of
polychaecte Nepthys in Yukon silt. (T. Roonan, oral commun., 1976). 20 m
water depth.

15E~Ficld photograph of living Yoldia sp. on surface and intermecdiate
burrowing Serripes groenlandicus within fine-grained sand. 20 m-water
depth.
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Fig. 15F~Radlograph showing shallow burrowing tachyrhynchus erosus in Yukon silt.
14 m water depth.

Fig. 16 -Conceptual model showing importance of physical structures versus
biological structures in shelf sediments. Thickness of wedge depicts
relative intensity of process from high energy to low e¢nergy shelf
environments. Current and wave fields could be various sizes depending
on current or wave donrination of a particular shelf. All areas of
physical structures would shift seaward with higher encrgy (sce arr
or toward shore with lower energy. Unidirectional current features .n
shelves will be more common seaward of nearshore wave structures but the
frequency of structures will relate to current intensity rather. than
distance seaward (for example, see Fig. 7) A
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(Fig. 1) (Flemming and Heggarty, 1966; Coachman et al., 1976; Cacchione and
Drake, 1979; Schumacher and Tripp, 1979).

Another important influence on the sedimentation in southern Norton Sound
is the effect of seasonal processes on the Yukon River delta. During the
winter months from November to May the Yukon River averages 40,000 cfs when
the ice-covered river is fed mainly by base flow (Dupré, 1976). Within less
than a week of river breakup, peak discharges may reach 1,000,000 cfs or more
and then decline throughout the summer.

Characteristics of Graded Sand Storm layers

Oover 10,000 km?

of southern Norton Sound display graded sand layers
interbedded with silty mud. This paper focuses on the prominent interbedded
very fine sand and coarse silt layers that show definite vertical size
gradation of grain size and sedimentary structures. In addition to the
vertical gradation within individual beds, there are lateral gradations in
grain size, thickness of layers, and sedimentary structures for the complete
system of beds from onshore to offshore. Vertical grading and areal
gradations are found in a common surface sand layer throughout southern Norton
Sound. Graded sand layers in the subsurface at each location are like the
surface layer (Fig., 2) (Larsen et al. 1980). Patterns of grain size and layer
thickness also vary areally from west to east across the front of the Yukon
delta.

Onshore to offshore, the graded sand beds become finer grained and
thinner, contain a smaller percentage of graded sand layers, and show less
complete sequences of vertical sedimentary structures (Figs. 3 and 4).

Inshore the graded sand laygrs make up 50-100 percent of the total sedimentary
section (Fig; 3); they range from 10-20 cm thick and the basal part of the

layer is made up of fine-grained sand (Fig. 5). Approximately 60-75 km from



the Yukon Delta shoreline, the graded sands are generally 1-2 cm thick, less
than 35 percent of the total section, and the base of the layers is composed
of very fine sand or coarse silt (Figs. 2-5).

The graded layers typically contain a vertical sequence of sedimentary
structures (Sb-Se, see Fig. 5). The base of a layer may or may not contain
flat-laminated medium to fine sand (Sb). In the center section of a sand
layer, cross lamination and convolute lamination are dominant (Sc). In the
upper part of the layer, in the very fine sand or coarse silt, flat lamination
again predominates and often laminated beds of epiclastic plant fragments
become very prominent (Sd). The upper flat-laminated sequence of the
individual sand beds grades into normal, continuous mud deposition (Se)in most
instances, although this mud cap may be lacking.

Going from nearshore to offshore, there is a less complete sequence of
vertical structures in graded sand layers (Figs. 3 and 5). In the nearshore
graded layers lower (Sb) flat lamination is often present whereas in distal
layers, flat lamination at the base is not encountered (Figs 3 and 5). 1In
addition, in the most distal layers, occasionally both the lower flat
lamination and cross lamination are missing leaving only flat laminated
sands. Trough cross lamination characterizes the nearshore graded sand beds
whereas ripple lamination or starved ripple drift prevails in the distal
graded sand beds (Fig. 5).

A surface sand layer is present in many of the cores and could
potentially be a correlative layer from the 1974 storm surge (Fathauer, 1975)
(Fig. 2). Such a continuous layer was not encountered at the surface and sand
content was 30% less over wide regions of Norton Sound in field seasons prior
to 1974 (Fig. 6) (Nelson et al., in press). Oxidized grain coatings also were

noted in surface sands, giving the thicker sands a yellowish color rather than



the usual olive drab hue. Such coatings suggest a subareal source and that
progradation of sand layers offshore may correlate with extensive shoreline
erosion. Such shoreline erosion extended up to several hundred meters inland
in the 1974 storm (Sallenger et al., 1978). Offshore movement of extensive
sand masses from delta source areas from the 1974 storms is also indicated by
the grading of thicker to thinner layers offshore (Fig. 2). It is not
possible to confirm the dating of this upper sand layer, but it does exhibit a
consistent pattern of trends in thickness, grain size and vertical sequence of
sedimentary structures that is the same as the average of these
characteristics thrcughout theentire core sequences. Thus, the surface layer
appears to be a verification of the areal patterns of gradation in these
vertical sequences of graded sand beds.

In addition, extensive change in surface texture of the sediment since
1974 can be shown in certain areas of the sea floor (Fig. 6). Change is most
prominent nearshore off the modern Yukon subdelta where storm sand layers are
thicker than they are far offshore. Coarser texture is found in most inshore
areas where pre and post 1974 data is available. A 30-50 percent increase in
sand content is noted in these regions. In the furthest offshore region of
the central sound, no change is apparent, as would be expected in ths distal
region where storm sands are poorly developed at best and are subject to more
intense bioturbation (Nelson et al., in press).

Characteristics of graded sand beds also vary from the western side of
the delta to the eastern nearshore area of the delta. In the western delta
the individual sand layers are approximately 18 cm thick whereas in the
eastern area most sand layers are 8-9 cm thick with occasional layers of up to
20 cm in thickness (Fige. 5). Similarly, in the distal areas off the western
delta, sand layers average 5-10 cm thick whereas off the eastern area sand

layers average 1-2 cm thick (Fig. 2).
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Thickness of graded sand layers varies areally, depending on local
morphology vertically in different stratigraphic horizons. Some cores change
from thicker to thinner layers from base to top (Fig. 5) and others change
from thinner to thicker layers from base to top. The cores taken in channels
consist almost entirely of sand and may or may not contain thick graded sands,
whereas cores taken on the flanks of the channels and on the delta front
platform have well-developed graded beds; these become thinner at greater
distances from the channels.

Depositional Processes of the Graded Sand Layers

The vertical and areal trends of graded sand layers permits speculation
concerning the method of deposition. The well-developed vertical sequence of
sedimentary structures and vertical gradation of grain size in the individual
beds suggests that a rapidly waning current deposits these beds. It is
apparent that this rapidly waning current is stronger inshore and gradually
relaxes offshore, as shown by the pronounced change to thinner beds, fewer
beds, and finer-grained beds offshore. 1In addition, it is apparent that
sources vary and that pathways of the rapidly waning current are influenced by
the sub-ice channel system (Dupré, 1979). It seems that the western delta,
where 90 percent of the sediment is introduced, has a much more vigorous
transport of the prograded sand beds from onshore to offshore. 1In contrast,
the eastern delta is a region with much less effective sand transport from
onshore to offshore.

Two possible mechanisms may' be suggested for deposition of prograding
graded sand beds in southern Norton Sound. One possible cause, particularly
associated with inshore sub-ice channel locations, may be the sudden high
river dischargeat the time of spring breakup. The graded sand sheets may be

deposited annually during the high discharge. The lack of evidence of an even



cyclic event in the stratigraphy and the extent of deposition over 100 km from
shore, suggest that such a deposit is unlikely from a freshwater flood plume
entering salt water.

The second and favored hypothsis is that the prograding sand beds are
deposited by storm surge runoff currents that develop from the relaxation of
sea level set-up after passage of the strong south to southwesterly winds that
usually accompany the major low-pressure storms in this region (Fathauer,
1975) (Fig. 7). 1In small storms, sea surface set up of a meter and current
speed increases of over 100% have been measured in central Norton Sound
(Cacchione and Drake, 1979; Schumacher and Tripp, 1979). Measurement of
offshore set-up nearly equal to shoreline set-up and known occurrences of up
to 5 m of shoreline set-up (Sallenger et al., 1978) indicate storm surge
runoff currents several orders of magnitude greater than normal current speeds
are possible.

The progradation of sand from onshore to offshore is potentially enhanced
by cyclic wave loading on the delta front that can interact with the favorable
grain size that is present. The possibility of cyclic wave loading and
liquefaction potential appears to be verified by theoretical calculations
based on wave pressures measured at the GEOPROBE site (Cacchione and Drake,
1979; Clukey et al., 1980). Consequently, a synergistic effect of sea level
set-up, wave cyclic loading and liquefaction, and strong bottom return flow
onshore toward offshore, is reinforced by the relaxing of the sea surface set-
up. The pathway of the bottom return flow is apparently affected by the
onshore channel systems whgreps offshore, beyond the 30 km reach of the
channel, sheet flow apparently gives a uniform distribution of thin sands
(Fig. 7).

Another possible gradational process may be due to the greater effect of



waves .inshore. There, trough cross lamination predominates, whereas offshore
current ripple lamination and starved ripple drift are apparent as the sand
progradation process may be dominated mainly be bottom current flow with
lesser influence of waves and a waning source of sand in the distal regions.

Isopach thicknesses of Holocene sediment in Norton Sound (Nelson and
Creager, 1977) and comparison of these thicknesses with total sedment input
from the Yukon River during the Holocene, indicate that significant amounts of
sediment have been removed from the sea floor by sediment resuspension (Nelson
and Creager, 1977). Detailed stratigraphy and lithology suggest the same
conclusion. The section of Yukon Holocene muds is exceptionally thin in many
places adjacent to the delta source region and this indicates sediment
removal. Numerous lag layers of pebbles and shells and thin sands are
apparent in the distal areas of Yukon muds of central and northern Norton
Sound (Fig. 5). These form when storm waves resuspend the bottom mud but
leave behind coarse ice-rafted pebbles, shell fragments, and coarse fraction
in the bottom muds.

Additional new evidence of resuspension appears in the form of a thick
storm sand layer now observed on the surface of southern Norton Sound; a layer
of this thickness is not apparent in the past thousands of years of
stratigraphy. This suggests that originally thick sand layers of major storms
are eroded away due to resuspension by smaller storm events subsequent to the
major event, so that the stratigraphic record may preserve storm sand layers
that are thinner than those originally deposited. A generally thicker surface
sand, compared to the other sand layers in each individual core, verifies the
model of sediment resuspension.

Resuspension of bottom gediment by waves is also suggested by side-scan
sonar and underwater television videotapes which show large scour depressions

and formation of oscillation ripples by storm waves (Larsen et al., 1979).



Ice gouges covered by sediment in regions of intense ice scouring again
suggest significant sediment resuspension and movement in southern Norton
Sound (Thor and Nelson, 1980).

Potential Hazards and Storm-surge Deposition and Erosion

All evidence indicates that unusually large amounts of sediment are
resuspended and then transported from Bering Sea to Chukchi Sea (Nelson and
Creager, 1977) consequently any structure impeding this movement requires
careful design. Data on suspended sediment verifies that about 10 percent of
the Yukon River input to Norton Sound may be carried as part of the normal
suspended sediment load that is bypassing through the Bering Strait. Because
as much as 40 percent of the late Holocene discharge of the Yukon River
appears to be missing from Norton Sound (Nelson and Creager, 1977), then, up
to 20 million metric tons of sediment per year, on the average, may be
suspended and carried to Chukchi Sea by the strong northward flowing
currents. The several hundred percent increase of suspended sediment
transport, observed during a small storm in 1977, by Cacchione and Drake
(1979), suggests that most of the 40 percent displacement of the suspended
sediment occurs during storm events.

In summary, there are extremely large amounts of suspended sediment
moving rapidly in the coastal waters along Alaska, often in intermittent large
concentrations generated by storms and the early summer seasonal runoff. The
fall storm season consequently could cause extremely wide dispersal of any oil
spill material residing on the sea floor. Recent data by Drake (in press)
suggest sediment resuspension may also be vigorous, even during the season of
ice cover, because of greate;ﬂconstriction of currents in the delta region
where the most rapid deposition occurs. Thus, any pollutants residing on the
sea floor face extremely wide dispersal from northern Bering Sea to distances

as far as a thousand kilometers to the north into the Arctic Ocean.



Storm surges generally dominate the mass movements of suspended sediment
and also can be seen to move large amounts of rapidly prograding sand in
bedload transport for distances of up to 60 km offshore. This intensive
transport and deposition could affect offshore facilities, especially
pipelines. Storm sand layers deposited by such events could be impeded in
their transport by any structures that protrude on the sea floor. These
protruding structures could act as a dam, holding back the sediment transport
and of course, would be put under severe stress if the sediment piled up
rapidly against any feature such as a pipeline on the sea floor.

Conclusions and Suggestions for Future Work

A complex and vigorous setof sedimentary processes are apparent in the
shallow Yukon Delta front platform and prodelta regions. A major depositional
sequence of graded sands may prograde offshore in storm surges. These graded
sand beds with a vertical sequence of structures that mimic those of
turbidites (Bouma, 1962) provide an example of shallow water deposition from
rapidly waning storm surge currents that is very much like that of turbidity
currents.

Storm surges and their concommitant wave and current activity have
important effects on this basin that must be considered in planning for
offshore development. Extensive erosion of the sea floor, resuspension of
sediment, and transport of materials and any attached pollutants is one
aspect. The second potential effect is movement of extensive sand sheets from
shoreline and nearshore sources to offshore areas. Rapid deposition of 15 cm
or more of sand can smother biota immediately and alter texture of the
substrate over extensive areas for a number of years. Thus, a sea-floor
baseline measured at-one time, alters markedly in post-storm conditions.

Future studies should monitor conditions with an instrument such as the



GEOPROBE which can help to determine the severity of sea-floor erosion in
different locations during a storm. A number of deep vibracores are needed to
determine recurrence intervals of such events and charateristics before and
after such a catastrophic episode.
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Figures
Bottom water currents and bathymetry of the northern Bering Sea.

Thickness and distribution of a surface sand layer in samples taken
after the 1974 storm surge.

Distribution of vertical sequences of sedimentary structures in
storm sand layers in southern Norton Sound and thickness of graded
sand beds expressed as a prercent of total core length.

Mean Grain size change in graded sand layers with distance from the
Yukon Delta shoreline.

Sedimentary structures of storm sand layers

A. Homogeneous trough cross-~bedded sand from the thalweg of the
sub-ice channel extending off the southwest distributary of the
Yukn River, 3 km from shoreline.

B. Inshore (5 km from shoreline) graded sand layer from
interchannel area of sub-ice channel off the southwest distributary
showing lower flat lamination S, cross lamination S, upper flat
lamination and Se mud cap.

C. Offshore graded sand showing Sc_e and Sd e Sequences froma 2 m
vibracore, 22 km from shoreline off the norfheastern part of the
delta.

D. Radiograph of distal graded sands and pebble and shell lags from
a box core 115 km from Yukon Delta shoreline.

Model depicting sedimentary processes of a storm surge runoff
current that may deposit graded storm sand layers off the Yukon

Delta in Norton Sound.

Change in surface texture, pre- and post-1974 storm surge in Norton
Sound.
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JCE GOUGING ON THE SUBARCTIC BERING SHELF
Devin R. Thor and C. Hans Nelson

U. S. Geological Survey, Menlo Park, California 94025

ABSTRACT

Ice impacting the sea floor gouges surficial sediment of the shallow,
Bering epicontinental shelf, Alaska. Two types of ice gouge have been
recognized: the single gouge, a single gouge furrow, and multiple gouges or
raking, a wide zone of numerous, subparallel gouge furrows. Single gouges,
the most common type, are cut by single-keeled pieces of thick ice, whereas
multiple gouges are formed by multikeeled, thick, pressure-ridge ice. Gouges
occur in water depths of 30 m or less, but are most dense in water 10 to 20 m
deep. Although some gouge incisions are as deep as 1 m, most gouges are 0.5 m
or less. Ice gouges trend parallel to pack ice movement, which in turn
generally moves parallel to isobaths and coastline configuration. Mean gouge
trend in Norton Sound is west-east, in northeastern Bering Sea north-south,

The annual ice cover in this subarctic setting is thin (less than 2 wn).
Ice thick enough to gouge the substrate forms in compression and in shear
zones; there moving pack ice collides with and piles up against other pack ice
or stationary shorefast ice to develop numerous pressure ridges. Southward-
moving pack ice in northeastern Bering Sea and westward=-moving pack ice in
Norton Sound converge with, and shear past, a 10-30-km wide shorefast ice zone
that covers the shallow water offshore of the Yukon Delta. The iitansity of
ice deformation in this zone causes the highest gouge densit: in the study
area, In contrast, northeastern Norton Sound is an area of ics divergence and
only minimal ice gouging. The rest of Norton Sound and northeastern Bering
Sea is either in ice-divergence areas or water depths are too great for ice to
touch bottom, thus ice gouge density in these places is low. Gouging is
extremely rare inshore of the shear zone, because shorefast ice is relatively
static and protects inshore areas from the dynamics of the shear or
compression zone and consequent ice gouging.



INTRODUCTION

Development of natural resources in northern latitudes has led to
increased research on the effects of ice on shelf sediment in arctic regions
such as the Beaufort Sea (Reed and Sater, 1974; Reimnitz and others, 1973;
Reimnitz and others, 1977; Barnes and others, 1978). Until recently, however,
research on ice gouging had not been done in subarctic regions such as the
Bering Sea. A variety of gouge features are found in many areas of
northeastern Bering Sea, even though ice conditions there are not as severe as
in high-latitude arctic regions. Ice gouging into the sea floor is a
potential hazard to future resource development and sea-floor installations
such as pipelines and wellheads.

This paper discusses general ice conditions and ice movement in
northeastern Bering Sea, the effect of ice as an erosional and depositional
agent that influences the geomorphology and depositional history of the
shallow subarctic Bering Sea shelf, and ice gouging as a potential hazard to
resource development in and around Norton Basin. Terminology used is adopted
from Barnes and others (1978), particularly in the use of the word "gouge'to
describe the feature and the process of ice interacting with the sea floor.

Geographic Setting

The floor of northeastern Bering Sea is a broad, shallow epicontinental
shelf (Figs. 1 and 2). Water depths in Chirikov Basin range from 20 m on the
eastern side to 50 m in the central part. The shelf is generally flat and
featureless except for a prominent series of ridges and swales that
subparallel the coastline off Port Clarence. A large, elongate marine re-
entrant forms Norton Sound, bounded on the north by Seward Peninsula, on the

east by the Alaskan mainland, and on the south by the Yukon Delta. Except in



a broad trough in the northern part of the sound, where depths are as great as
27 m, water depths in Norton Sound range from 10 to 20 m. The offshore part

of the Yukon Delta is a zone of extensive shoals covering about 8000 km2

(Fig.
2). Water depths 10 to 30 km offshore do not exceed 3 m, at which point there
is a gentle break in slope and the depth increases to 10 m as far as 50 to 70
km from shore. The substrate of the Yukon prodelta, derived from the Yukon
River, consists of coarse silt to very fine sand, whereas sediment in Chirikov

Basin consists mostly of glacial gravel and transgressive fine sand (Nelson

and Hopkins, 1972; McManus and others, 1977).

Ice Conditions and Movement

Ice overlies northern Bering Sea annually from November through June
(Muench and Ahlnas, 1976; Shapiro and Burns, 1975). Depending on the severity
of the winter, multiyear ice may migrate into Bering Sea from southern Chukchi
Sea. Keel depth of 90% of the pack ice (any free-floating ice regardless of
origin) is less than 1 m, although depths to 20 m have been reported (Arctic
Research lLaboratory, 1973).

Ice in open sea pans in Norton Sound is 0.7 to 1.2 m thick (Brower, and
others, 1977), but can get as thick as 2 m (Carole Pease, 1979, pers.
comm.). Shorefast ice (ice anchored to the land) extends seaward to about the
10 m isobath and is best developed in the southern part of Norton Sound,
around the Yukon Delta (Ralph Hunter, written comm., 1976; Dupré, 1977,

Stringer and others, 1977) (Fig. 2).

\g\a



Analysis of Landsat photographs (Dupré and Ray, Sec. II, this volume;
Stringer and others, 1977; Muench and Ahlnas, 1976; Shapiro and Burns, 1975)
has contributed to a preliminary understanding of ice dynamics in the Bering
Sea. Pack ice in the northern Bering Sea originates from (1) in situ
northeastern Bering Sea ice and (2) advected Chukchi Sea ice. Chukchi Sea ice
can move through the Bering Strait and into the northern Bering Sea during
episodes of rapid deformation and subsequent rapid southerly movement of pack
ice caused by episodes of strong northerly winds (Shapiro and Burns, 1975).

Ice movement in the northeastern Bering Sea is controlled by the
interplay of: (1) prevailing winter northeasterly geostrophic wind (Muench
and Ahlnas, 1976), (2) erratic onshore wind (NOAA, 1974), (3) northward-
flowing water current on the eastern side of the Bering Sea (Coachman and
others, 1976) (Fig. 2), and (4) a counterclockwise current gyre in Norton
Sound (Nelson and Creager, 1977) (Fig. 2). Late winter and early spring winds
tend to push ice generally southward in northeastern Bering Sea, whereas
waning late spring winds allow pack ice to be increasingly influenced by the
northward-flowing water currents (Fig. 2).

In Norton Sound the dominant direction of ice movement is southwestward
out of the sound. This drift creates a zone of divergence in the northeastern
part of the sound and a zone of convergence in the southwestern or Yukon
prodelta area of the sound (Dupré and Ray, Sec. II, this volume; Stringer and
others, 1977) (Fig. 2). Periodic changes in wind and water current tend to
move ice in and out of the sound, thereby making it possible for Bering Sea
ice, or even advected Chukchi Sea ice, to work its way into the sound.

Zones of convergence can be zones of pressure-ridge or shear-ridge

formation characterized by colliding, piling up, and deforming of the edges of
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fast ice and of pack ice (Reimnitz and Barnes, 1974). The best-developed

pressure ridges in northeastern Bering Sea form around the Yukon Delta, where
Bering Sea pack ice on the western prodelta and Norton Sound pack ice on the
northern prodelta collides with the Yukon Delta fast ice (Dupré and Ray, Sec.

IX, this volume; Stringer and others, 1977).

Methods

Data for this study were gathered by the U.S. Geological Survey during
September 1976, July 1977, and September 1978 aboard R/V SEA SOUNDER and
during June and July 1978 aboard R/V KARLUK. Approximately 5,100 km of side-
scan sonar trackline was obtained (Fig. 1). Normally, seismic units with
energy sources of 200 kHz, 12 kHz, 7 kHz, 3.5 kHz, and 2 kHz were run
simultaneously with side scan for additional bottom and subbottom
information. The 6-m keel depth of the R/V SEA SOUNDER limited ship
operations to water deeper than 8 m, whereas the shallow draft of the R/V
KARLUK (1 m) allowed surveying in nearshore areas and in the shallow waters
off the Yukon Delta. Geophysical and navigational operations are described in
Thor (1978).

An EG and G side-scan sonar system*, consisting of a dual-channel graphic
recorder and a towed transducer fish, was used to survey the sea floor. Side-
scan sonar, an alternative method to conventional vertical echo sounding,
employs a 105 kHz acoustic beam whose axis is slightly below horizontal. This

acoustic beam can resolve topographic irregularities and objects on the sea

*Any use of trade names and trademarks in this publication is for descriptive
purposes only and does not constitute endorsement by the U.S. Geological
Survey.



floor with as little as 10 cm of relief. Reflected echoes are graphically
recorded in a form that approaches a plan view map. Discussions on
theoretical and practical aspects of side-scan operation and interpretation
can be found in Belderson and others (1972) and Flemming (1976). Normally the
side~-scan was operated at 100-m sweep (the scan range on either side of the
ship); although at times, the 50-m sweep was used to help resolve details of
the gouging. In addition, a 200 kHz high-resolution fathometer was operated
to measure the incision depth of ice gouges (Fig. 3). Vertical relief of
gouges on the fathometer record or on the horizon line of sonographs is
generally masked by the recording of sea swell or ship's motion on the chart
paper.

Gouge data were collected from the sonographs by counting the number,
measuring the trend, and noting the time of occurrence of all gouges seen on
the records. Distortion of sea floor features on the sonograph occurs
parallel to the line of travel because of the difference in ship's speed and
the recorder's paper-advance speed., To obtain absolute compass trend of
gouges, a distortion ellipse protractor, which corrects for the apparent angle
produced by ship paper speed, was used to measure gouge angle with respect to
ship's track. This information was then normalized at 10-~km intervals.
Normalization entailed two procedures: (1) correction of the number of
observed gouges and (2) averaging of observed gouge trends. The number of
observed gouges per 10-km interval was multiplied by 1/sin (where angle
equals the angle between ship's course and gouge trend) to correct for the
fact that ship's course usually was not normal to the gouge trend. Any angle
other than 900 between ship's course and gouge trend will give a false picture

of gouge density (Barnes and others, 1978). Averaging observed gouge trends
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involved graphing the measured trends for the 10-km intervals and noting the
average dominant and subordinate trend or trends. Each average trend per
10-km interval was then plotted on the base map to define areas of similar

gouge trend.

GEOMETRY AND TYPE OF ICE GOUGING

Two basic types of ice gouge have been recognized on the sea floor of
northeastern Bering Sea: (1) single gouges and (2) multiple gouges or
raking. A single gouge, the dominant type of ice-produced mark on the Bering
Sea floor, is a groove produced by a single ice keel plowing through the
surficial sediment (Figs. 3-A, 3-B, 4-A, 4-B, and 4-C) (Reimnitz and others,
1973; Reimnitz and Barnes, 1974). Single gouges are ubiquitous throughout
Norton Sound; although the highest density occurs around the prodelta of the
Yukon River (Fig. 5).

Single gouge widths range from 5 to 60 m; a width of 15 to 25 m is most
common. Gouge patterns range from straight, through sinuous, to sharp-angled
turns (Fig. 4). Incision depths of gouges, as measured on the sea-floor
profile of sonographs (Fig. 4-E) and on the 200 kHz fathometer record
(Fig. 3-B), can be as deep as 1 m. Most gouges range in depth from 0.25 to
0.5 m or less. These figures may be conservative because of the geometric
relation between the narrow width of the gouge and the spread of the acoustic
cone of the fathometer transducer (Reimnitz and others, 1977). The original
incision depth is impossible to determine unless the gouge is seen as the keel
plows the bottom, because the gouge has subsequently been infilled.

Multiple gouges or raking (Figs. 4-F-and 4-G) are produced when multi-
keeled floes (such as pressure ridges) plow or rake the bottom sediment,

creating numerous parallel furrows (Reimnitz and others, 1973; Reimnitz and

7

\*\)



Barnes, 1974). Unlike single gouges, raking is not ubiquitous, but in the
Yukon prodelta area the raking process is locally more prevalent than single
gouging. 2Zones of raking are 50-100 m to several kilometers wide. The
deepest incisions caused by raking observed on the records are about 1 m; but
raking, iike single gouges, usually produces incisions less than 0.25-0.5 m
deep.

TREND AND DISTRIBUTION OF GOUGES

Analysis of the trend and distribution of gouges allows recognition of
five areas of gouging with similar trends (areas I - V), and two large areas
almost devoid of gouges (VI and shorefast ice zone) (Fig. 5). Absolute
direction of ice movement cannot be predicted because criteria needed to make
certain distinctions, such as gouge terminations, were not seen on the
sonographs.

In areas I and II (Fig. 5), the dominant trend of gouges is distinct’y
subparallel to isobaths and the coastline. There is more data scatter in
areas III, IV, and V, but gouges again are generaly parallel to isobaths and
the coastline. The greatest data scatter is seen in area V, but this may
reflect ‘the irregular bathymetry of ridge and swale topography off Port
Clarence. Except for a couple of gouges off the northwestern end of St.
Lawrence Island, area VI is devoid of ice gouges.

Density of ice gouges is as much as 25 times higher around the Yukon
Delta area, where the water is 10 to 20m deep, than in other areas of
northeastern Bering Sea (Table I and Fig. 5, areas I and II). Not
coincidentally, the Yukon prodelta is the largest expanse of shallow water in
the study region. Here density of ice gouges can be as high as 75
gouges/kmz. Density of ice gouging is 60 times higher in water 10 to 20 m
dégp than in water 5 to 10 m deep or in water 20 to 39 m deep (Table II).
Gouging has not been seen in water shallower than 5 m or deeper than 30 m.
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Table 1

Gouge Density by Area

Trackline Total number Average density
Area km2 km of gouges (gouges/km“*)
1 5,500 530 1,684 3.18
I1 8,000 1,008 5,080 5.05
II1I 9,500 1,100 917 0.83
v 15,500 400 993 2.48
v 7,900 1,120 216 0.19
VI 50,400 766 4 0.03

*Assuming x “m trackline of side-scan sonar is representative of 1 kmz.



Table II

Gouge Density by Water Depth Interval

Depth 2 Trackline Total number N
interval (m) km km of gouges Gouges/km~*
0-10 16,500 480 147 0.31
10-20 24,600 2100 8,593 4.09
20-30 32,700 1300 143 0.11
30-40 26,000 750 0 0

40-50 12,600 450 0 0

>50 5,400 170 0 0

*Same as Table 1.

GEOLOGICAL SIGNIFICANCE

Trend and Density of Gouges

The interplay of geomorphology, water depth, oceanic conditions, and
location of compression or of shear zones (Fig. 2) determines the pattern of
ice gouging in northern Bering Sea (Figs. 5 and 6). The orientation of ice
gouges is dependent on the direction of ice drift under the influence of wind
and water current. .The dominant trend of ice gouges, therefore, in Norton

Sound is east-west and in the Bering Sea north-south (Figs. 5 and 6).
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Land promontories, such as the Yukon Delta, tend to block ice movement
and to cause the formation of compression and shear zones. Formation of ice
ridges around the Yukon Delta by the collision and shearing of moving pack ice
with stationary shorefast ice accounts for the high density of ice gouges in
areas I and II (Fig- 5). Areas within the zone of shorefast ice, such as the
large area around the Yukon Delta (Fig. 5), are devoid of gouges. This is
because only the edge of the shorefast ice is deformed by the pack ice, and
subsequent deformation occurs continually seaward through a process of
migration of the compression/shear zone through time (Dupré, 1978). Areas III
and 1V are characterized by low density of ice gouges (Fig. 5). Gouging in
areas III and 1V is the product of ridges formed in an ice-divergence zone by
intercollisions of pack ice. Density of ice gouges in area V is low because
this area is not in a convergence zone and at most places water depth exceeds
normal ice~keel depths. Area VI does not seem to have any ice gouging because
water depths (Fig. 2) exceed normal ice-keel depths (Fig. S).

Age of Ice Gouges

Although no specific studies were made to determine the age and longevity
of gouges, the gouges seem to be modern ephemeral phenomena that recur
annually. West of Port Clarence and in the nearshore area of Nome, ice gouges
cut through ripple- and sand-wave fields that are in dynamic equilibrium with
present wave or current motion (Nelson and others, 1978; Hunter and Thor,
1979) (Figs. 4-A and B). Here old gouges, highly modified by ripples or sand
waves. and new gouges suggests that gouges are being formed each winter.

A number of geologic processes act to rapidly destroy gouges once they
have formed. 1Initial smoothing of ice gouges can be enhanced by: (1) the

saturated, silty substrate that tends to seek a minimum relief equilibrium
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with sides of the gouge flowing or slumping toward the center of the gouge,
and (2) the constant oscillatory pounding of wave motion on the sea floor that
causes shear failure in the soft sediment (Henkel, 1970), causing gouge sides
to collapse toward the center. The 'dish-shape' profiles of most gouges
(Figs. 4-E and G) indicate that these are normal factors in the process of
gouge destruction.

Repeated surveys of ice gouges in water less than 20 m deep in the
Beaufort Sea have shown that gouges are frequently smoothed over completely in
one season (Barnes and Reimnitz, 1979). 1In the Bering Sea, the ice-free
season is 3 to 4 months longer than in the Beaufort Sea, allowing more time
for considerably stronger open-water wave and current regimes of the Bering
Sea to destroy gouges. In Norton Sound, storm waves and currents caused by
advance and retreat of storm-surge water, in addition to normal tidal and
geostrophic currents, resuspend and transport large quantities of surficial
sediment (Cacchione and Drake, 1978; Nelson and Creager, 1977). Destruction
of gouges is augmented by bioclogical reworking of surficial sediment, an
active process in Norton Sound (Nelson and others, in press). In summary,
gouges will tend to be either eroded or buried because they are not in
equilibrium with the dynamic physical processes on the sea floor. This
reinforces the hypothesis that gouges in Bering Sea are present-day phenomena

involving development of some new gouges each ice season.
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Ice/Sediment Interaction

Ice acts as both an erosional and a depositional agent. 1Ice gouges,
mixes, and deforms the substrate, and promotes current scour. Ice partially
controls the geomorphology of the Yukon Delta (Dupré and Thompson, 1979).

Sediment mixing and deformation of the substrate are important processes
in densely gouged areas such as the Yukon prodelta where pressure-ridge raking
can gouge 1 m into the sediment. One event of pressure ridge raking can
affect several square kilometers of sea floor.* Such an event can mix or
disrupt several million cubic meters of sediment. A zone of deformed sediment
in box core No. 48 (11-18 cm interval, Fig. 3-C) possibly represents an ice-
gouge event.

Sharpness of gouge morphology is highly dependent on the type of
substrate being gouged. The sediment of the Yukon prodelta is a moderately
cohesive sandy silt that will hold a shape better than the coarser-grained
sediment of central Norton Sound or offshore from Port Clarence (Clukey and
others, 1978; Nelson and Hopkins, 1972; McManus and others, 1977). The gouge
shown in figure 5-A and some gouges shown in figure 4 are examples of forms
with sharp relief in a competent substrate. Gouges shown in figure 4-A are
smoother in form because they cut into a cohesionless sand substrate in the
Port Clarence area.

Prominent broad (50-150 m wide), shallow (0.6-0.8 m deep) depressions on
the western Yukon prodelta are associated with areas of intense ice gouging
and strong bottom currents (Larsen and others, 1979). Topographic disruption
by ice gouges in these areas apparently causes flow separation in the strong

*Area of gouging times depth of gouging. Ex. 2000 m (length of gouged zone) x
1000 m (width of gouged zone) x 0.5 m (depth of gouge) = 1,000,000 m".
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currents, thereby initiating scour depression for extensive distances
downstream. Consequently, large regions of scour may continue to expand
away from intensely gouged areas (Fig. 4-H).

The extensive depositional sand shoals of the Yukon Delta front coincide
with the seaward extent of shorefast ice, stamukhi (grounded pressure ridges)
and zones of dense ice gouging (Figs., 2 and 6). Reimnitz and Barnes (1974)
have noted this relation in the Colville Delta area of the Beaufort Sea. They
postulate that pressure ridges and stamukhi act as sediment traps or dams,
channelize winter currents, or bulldoze sediment to form shoals. Thus, a
cycle is formed in the sense that shoal areas determine the extent of
shorefast ice and the location of a shear zone and pressure ridges, which in
turn cause shoals to develop. Dupré (1979) hypothesizes that the
geomorphology of onshore and offshore parts of the Yukon Delta are similarly
controlled by ice.

RESOURCE DEVELOPMENT: POTENTIAL HAZARDS

To summarize, gouges are ubiquitous throughout northeastern Bering Sea in
water depths of 5 to 30 m. Ice~-gouge density varies from rare to sparse in
northeastern Bering sea and northern Norton Sound; maximum density is around
the Yukon Delta (Fig. 6)., Depth of ice gouges is fairly uniform throughout
northeastern Bering Sea and seems to be independent of gouge density.

Although maximum observed ice-gouge depth is about 1 m and maximum observed
current scour about 1 m, the combination of these forces could affect the
bottom to depths of several meters, thus presenting some design problems and

potential hazards to installations in or on the sea floor. Pipelines and
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cables should be buried below the combined effective depth of ice gouging and
current scour, plus a safety factor.

Special studies of nearshore areas off Nome and Port Clarence were
conducted because both are potential centers for commercial development and
activity. Nome, already a well established small city, is the focal point for
barge traffic in the northern Bering Sea. Port Clarence, the only natural
harbor in the northern Bering Sea has high potential for development as a site
for future shipping activity.

Of fshore Nome, being an area of ice divergence, is not heavily gouged.
Although several gouges were found offshore, none were in water shallower than
8 m. Several of these gouges are probably not related to ice. They are very
narrow (less than 1 m) compared to typical ice gouges (more than 5 m wide) and
are possibly produced by anchor, anchor chain, or cable drag from the tugs and
barges that frequent the port of Nome.,

Several gouges were found near Port Clarence at the northern end of the
Port Clarence spit and on the northern side of Port Clarence inside the tidal
inlet. But, none occurred in water less than 8 m deep.
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ABSTRACT

The Yukon prodelta is exposed to large storm waves propagating northward
from the southern Bering Sea. Shallow water depths of the prodelta enhance
the transfer of energy from the surface waves to the bottom. As the bottom

deposits are cyclically loaded by large storm waves, potential decrease in

their resistance to shear could ultimately cause liquefaction. A preliminary-

assessment of the engineering properties of Yukon sandy silt suggests that the
prodelta deposits may be susceptible to wave-induced liquefaction during
severe storm events. In addition, erosion and resuspension of sediment in the

prodelta may be intensified because of the liquefaction process.

INTRODUCTION

The stability of granular sea-floor deposits can be upset by liquefaction
of the deposits under cyclic loading and their behavior as a viscous fluid.
This liquefaction or fluidization of bottom sediment may pose severe problems
to the integrity of offshore installations. The bearing capacity of the sea
floor beneath offshore structures (Lee and Focht, 1975; Rahman et al., 1977)
may be seriously impaired if the upper few meters of deposits liquefy and mass
flows result. Erosion and sediment scouring caused by current-induced bottom
shear stresses are other processes significantly related to liquefaction
vulnerability. The net effect may be the erosion of foundation-bearing
sediment beneath platforms sited on the bottom. The extent of the damage
potential would depend on the areal distribution of the liquefiable material
and recognition of the liquefaction potential in design considerations.

The liquefaction of sea-floor sediment results from repeated loading
during either earthquakes or high-intensity storm waves, when pore-water

pressures reduce the shearing resistance of the material. In this report we



consider the potential of Yukon prodelta deposits (Fig. 1) to liquefy under
large-amplitude surface water waves. Although Norton Basin does possess
several active faults that could pose a moderate seismic risk, the
liquefaction potential under wave loading is considered particularly
destabilizing on the basis of sediment-type (borderline sand-silt) in the
prodelta (Fig. 2) and exposure of the prodelta to large storm waves. Typical
late-fall storms in Bering Sea generate large—amplitude low-frequency waves
that propagate into Norton Sound from the southern Bering Sea. Water depths
(Fig. 1) throughout Norton Sound are also sufficiently shallow (<20 m), that
most wave-generated surface energy is imparted to the bottom deposits. Under
these conditions, bottom deposits may liquefy during storms. To investigate
this possibility, we have made a preliminary assessment of the liquefaction
potential of Yukon prodelta deposits.

This study was in part based on samples from, and bottom—pressure
measurements in, the Yukon prodelta (Fig. 1). At present, however, no direct
cyclic strength data have been gathered on undisturbed samples from the area,
and thus our conclusions should be considered tentative. This assessment of
the liquefaction potential was supplemented by results obtained by other
investigators on similar sediment. The dissipation of pore-water pressures
for a typical and an extreme storm event was modeled by an isoparametric one-
dimensional finite-element method (FEM) of analysis. Although our results are
not site specific, they do represent the general sea-floor conditions
throughout the prodelta area and provide insights for more detailed studies
aimed at defining the degree of liquefaction susceptibility on a regional
basis, using techniques recently devised for onshore deposits (Youd and

Perkins, 1978).



DATA COLLECTION

Data for this investigation were collected aboard the research vessel Sea
Sounder during 1976, 1977, and 1978. Bottom pressure measured at 2.2 m above
the sea floor and current measurements taken at 1 m above the sea floor were
recorded with a multi-instrumented bottom tripod, GEOPROBE (Cacchione and
Drake, 1979), used to investigate sediment transport on continental shelves.
The GEOPROBE (Fig. 3) collected 80 days of bottom data during July=-September
1977 at a water depth of 19 m approximately 50 km south of Nome, Alaska (Fig.
1). During that time, data were collected on one moderate storm that
generated 3-m surface waves with approximately 10- to 12~-s periods (Fig. 4).

Core samples were taken with a variety of coring devices including
shallow grab samplers as well as 2- and 5-m vibracoring samplers (Fig. 1).
Only rarely did core stratigraphy appear to be disturbed by coring.

The cores were subsampled at sea immediately after collection, typically
at the core surface and at 0.5-m intervals thereafter, and above and below
distinct stratigraphic changes. Grain-size distributions were determined from
subsamples using wet—sieve splits made at 2 mm (Sieve 18) and at 0.0625 mm
(sieve 230), and the mud fraction was run in a hydrophotometer measuring silt
and clay grain sizes less than 0.0625 mm (Clukey and others, 1978).

Bulk densities were determined on a few whole-core sections before
opening. Generally, the in-situ density was estimated by taking small plugs
of known volume. The densities of samples could also be determined from their
water content (assuming 100-percent pore-water saturation). Appropriate
corrections were made in all cases for the salinity of the pore water.

Minimum and maximum densities were calculated on the basis of mean grain size
and sorting characteristics of the deposits, and from results obtained by

other investigators on approximately similar types of deposits.



GEOLOGIC AND OCEANOGRAPHIC SETTING

The Yukon prodelta is in the southwest part of Norton Sound in the
northern Bering Sea (Fig. 1). During the Pleistocene, tundra-derived peat
deposits formed when the entire northern Bering shelf, including Norton Sound,
was emergent because of lowered sea levels (Nelson, in press). These peaty
deposits generally overlie Pleistocene glacial and alluvial deposits that are
underlain by pre—Quaternary bedrock. About 12,000 years B.P. Sphanberg Strait
(Fig. 1) was flooded during sea-level transgression, and transgressive fine
sand and silt began to be deposited there. By 9500 B.P. Norton Sound had been
indundated by water, and modern Holocene sandy-silty mud began prograding over
the Pleistocene freshwater peaty mud (Nelson and Creager, 1977). The modern
Yukon subdelta moved north to its present position about 5000 years B.P. or
later.

The Yukon River presently carries 60 to 100 million tons of sediment into
the Bering Sea each year (Lisitsyn, 1966). Currents transport much of the
Yukon-derived sediment into the Chukchi Sea (Drake and others, 1980).

Sediment remaining in Norton Sound is deposited onto a deltaic wedge that
thickens from 2~ to 10-m depth toward the modern Yukon subdelta (Fig. 2)
(Nelson and Creager, 1977). The southwest margin of the prodelta consists of
well-gorted silty sand grading northward to moderately sorted silty sand and
eastward to poorly sorted sandy silt and silt (Dupre and Thompson, 1978). The
Holocene sandy and silty mud of the Yukon River (Fig. 2) covers central and
northern Norton Sound with surficial deposits as thick as 2 m. Chirikov
basin, west of Norton Sound is entirely bypassed, and no modern very fine sand
and silt are deposited there (Nelson, in press).

Investigation of large-scale current patterns in the northern Bering and

Chukchi Seas were summarized by Coachman and others (1976). The regional



circulation is relatively simple: Bering shelf water flows northward into the
Arctic basin throughout most of the year. This flow is principally driven by
sea-level differences across the Bering Strait and is modified by surface-wind
stresses generated by large-scale atmospheric-pressure systems. Surface-wind
stresses associated with the predominant northerly winds decrease the
magnitude of this nrthward flow and occasionally reverse the surface-current
direction. When the flow is northward, topographic constriction approaching
the Bering Strait effectively enhances the current speed north of about
latitude 64°30° N. Bottom deposits in the approaches to the Bering Strait are
predominantly made up of sand that has been molded into a variety of bedforms
characteristic of progressively stronger bottom currents.

Energetic atmospheric storms normally transit the northern Berng Sea with
increasing frequency, commencing in September. Typically, these early storms
have low-pressure centers that pass north of Nome, Alaska. These storm tracks
are favorable for the formation of large surface waves by sustained strong
southwesterly winds blowing across a relatively unimpeded fetch that
terminates along the outer northern margin of Norton Sound (Fig. 1). Such
conditions have historically caused intense storm surges and extensive wave
erosion of the Nome coastline (Sallenger and Dingler, 1978).

Monthly averages of sea state and winds compiled by the Arctic
Environmental Information and Data Center (1977) indicate that over the last
35 years, in the northwestern Bering Sea (the area contained within latitude
60°N and the coastline to longitude 175° W). the maximum observed wave heights
have been 7 m in September and 8 m in October. The statistical recurrence
interval for extreme waves of 24~m height in the deeper southernmost part of
the study area is only 5 yr; the maximum significant wave height for this same

recurrence period is 13.5 m (Arctic Environment Information and Data Center,



1977, p. 438). At Nome, Alaska, the recurrence period for sustained
windspeeds of 50 knots is 5 yr. We note that during the period November 11-
13, 1974, a storm surge estimated to be a once-in-30-yr occurrence severely
damaged the Nome area; during this storm an estimated water rise of 7.6 m
caused extensive flooding over the entire north margin of Norton Sound
(Sallenger and Dingler, 1978). Normal tidal range for that period was 1.2 m.
These data indicate the extreme importance of wind-driven and wave events
in the study area. Estimates of bottom erosion and sediment transport must
include measurement and evaluation of not only normal fair-weather turbulent

shear stresses but also excessive stresses induced by high waves.

LIQUEFACTION OF A SEDIMENTARY DEPOSIT

Temporary or permanent loss in the strength of ocean deposits generally
occurs in loose fine-grained sand to coarse silty sediment (Lee and Fitton,
1969). 1In extreme cases, this loss in strength can cause liquefaction of the
deposits. Liquefaction is controlled by the buildup of excess pore-water
pressures, that is, above hydrostatic, as the deposits are subjected to
cyclically induced shear stresses. As the material responds to these shear
stresses, the particles tend to compact. If the permeability of the deposits
is insufficient to allow for instantaneous reorientation of the particles,
excess pore-water pressures develop. As these pressures increase with
successive cycles, the deposits weaken and become less resistant to the
imposed load. The shear resistance is then associated with a critical level
of repeated loading (Sangrey and others, 1978). As pore-water pressures
dissipate over time, the particles tend to move closer together, and the
deposits become more stable. If the rate of pore-water—-pressure dissipation

is sufficiently rapid relative to the rate of pore-water-pressure generation,



the deposits will remain stable under the prevailing load. If, however, the

applied load is sufficient to overcome dissipation effects, the deposits will
tend to fail and may ultimately liquefy.

The permeability of the deposits controls the rate of pore-pressure
dissipation. Thus, the more permeable the deposits, the greater will be the
critical level of repeated loading required to induce liquefaction. In an
earthquake~related situation, in which the frequency of loading is relatively
high, pore-water—dissipation effects are generally negligible. The loading
frequencies for storm waves, however, can be an order of magnitude less than
those associated with earthquake frequencies, so dissipation of pore-water
pressures over time must be considered.

Deposits that are sufficiently dense before loading do not generate long-
term positive excess pore-water pressures. The soil particles in these
deposits after finite displacements tend to dilate when sheared and thereby
generate a negative pore-water pressure that temporarily increases the
strength of the deposit. The relative density Dr’ numerically expresses the
relation of the onsite density to the maximum and minimum densities of the

deposits; that is,

Y-
'Ymax( min)
Pr = ( - ) (8
Ymax Ymin

where: Yy = the in=-situ dry unit weight

(y=pg, where = density and

g = acceleration due to gravity)

[

Y max the maximum dry unit weight of sediment

and weight of sediment

Y min = the minimum dry unit
This relative density commonly is used as an index for the density state of

granular material. Deposits with greater relative densities tend to be less
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susceptible to liquefaction and therefore require higher critical levels of
repeated loading in order to liquefy. The liquefaction potential then depends
on the integrated effects of:

(1) the density state of the deposits,

(2) the level of loading imposed by storm waves,

and

(3) pore-water—dissipation effects.

A fourth parameter, the relation between the effective confining stress
and the density state of the deposits, is also important in evaluating the
liquefaction potential. Unfortunately, more detailed laboratory data are
necessary before its importance can be assessed. In the absence of these
data, in the present study we consider the deposits to be normally
consolidated, and so the density state, level of loading, and dissipation
effects will govern the response.

LIQUEFACTION ASSESSMENT

To evaluate the liquefaction potential from wave loading, we can
effectively apply techniques used in earthquake engineering with some minor
modifications (Nataraja and Singh, 1979). Once the level of imposed stresses
has initially been determined, the number of cycles required to liquefy the
sediment calculated under undrained conditions, at a given relative density,
can be calculated (Seed and Rahman, 1978). The effects of drainage on bed
response can then be modeled by an FEM analysis (Seed and Rahman, 1978). This
model includes the dissipation of pore-water pressure after the passage of
each wave. The total pore-pressure buildup as a function of the overburden
pressure is then continually monitored throughout the duration of the storm or
until 100-percent pore-water—pressure response is achieved. Although

100-percent pore-water—pressure response is not necessarily sufficient for



S

liquefaction, it does represent a condition whereby at least a temporary loss

in strength occurs as a result of excess pore-water pressures.
\

~

T~ WAVE-INDUCED STRESSES
Several\teghniques are presently available to determine both the pore-

water—-pressure resﬁSESe\agd the cyclically imposed shear and normal stresses

—

—

in the deposits (Fig. 5). Mosﬁ;ézﬁ\En&\¥éfum"ffg757/ﬁsed the heat-conduction
equation, together with the assumptions that the pore-water is incompressible
and that the porous bed is undeformable, to predict the transitory wave-

induced pore-water-pressure response; these responses are infiltration pore-

water pressures, not those associated with shear stresses. This approach,

however, does not predict the induced stresses in the deposits. Other ————.._

investigators (Prevost and others, 1975), concerned with bed deformation and
the resulting stresses, assumed the bed to be elastic and not to interact with
the pore-water; the conclusions reached from this approach are those derived
from classical solid mechanics. More recently, Yamamoto (1978) and Madsen
(1978) have used a three-dimensional consolidation model for the bed to
predict the wave-induced pore-water-pressure and effective-stress changes in
the bed during a single wave cycle. The results of their work indicate that
the bed response is strongly affected by the permeability and stiffness of the
sediment as well as by the thickness of the bed.

None of these solutions, however, considers the response of the bed under
repeated loading. Pore-water pressures would increase under application of
cyclic shear stresses. This increase in pore-water pressure varies as a
function of the number of applied loads, that is, waves, and reduces the
normal effective stresses acting on the bed. This increase in pore-water
pressure also depends on the drainage characteristics, frequency of loading,

and duration of loading. Seed and Rahman (1977) considered the cyclic-loading

10

\q'}/



effects of storm—-generated waves and proposed an FEM solution to model the -
pore-water—pressure dissipation effects throughout a storm. In their/gofﬁiion

the wave-induced stresses were calculated by considering the/;afﬁi/;;ress
P

state in the bed and applying an appropriate stress fgncfion. Their solution
/

-
is similar to that proposed by Prev?ffﬂggd/etﬁérs (1975). Where the deposits

e —

are idealized as a semi—-infinite half-space, the expression for the horizontal

(1977), is identical to that of Yamamoto (1978) and Madsen (1978); that is,

T, = 2rAp (%) exp(%r-z), (2)

where: P the bottom wave—induced pressure,

=
]

the wavelength,

and z = the depth in the sediment.
The geometry is illustrated in Figure 5. If we subtract the pore-water
pressures determined by Moshagen and Tdrum (1975) from the total stresses, the
effective principal stresses are also identical to those determined by
Yamamoto (1978) and Madsen (1978).

The horizontal shear stress can then be normalized with respect to the

v
O,

overburden stress © that is,
g =y Z (3)

where: Yy = the buoyant unit weight of the sediment.
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The resulting expression then gives the maximum shear-stress ratio at a depth

depth z:
"h Ap 26
s = 2 - exp ={— z}. (4)
v % 1

Once the maximum shear-stress ratio has been determined, the number of cycles
required to cause liquefaction under undrained conditions (for a given
relative density) can be calculated from an experimental curve similar to that
shown in Figure 6. Although data from actual tests performed on Yukon
prodelta sediment may differ from these results, the curve in Figure 6 can be
used to make a preliminary estimate of the response characteristics of sandy

marine deposits under cyclic loading. The shear-stress ratios (Tc/<{v ), with
’
o

depth for 3- and 6-m surface waves are shown in Figure 7. The 3-m wave was
selected to represent the maximum storm conditions recorded by the GEOPROBE,
whereas the 6-m wave would have a l-percent occurence frequency for the months
of September and October (Arctic Environmental Information and Data Center,
1977).
DENSITY STATE

The relative density of the sediment must be determined to correlate the
number of cycles required to cause liquefaction at the imposed-stress level
(Fig. 6). Higher relative densities would transpose the curve in Figure 6
upward, whereas lower relative densities would transpose it downward. Typical
maximum and minimum density values can be estimated from the grain sizes and
sorting characteristics of the deposits. The grain—-size analyses of several
grab samples are summarized in Table 1. The average-uniformity coefficient c
for this sand (2.2) indicates a well-sorted material. On the basis of data
presented by Johnston (1973) for a similar sand, the respective minimum and

maximum densities for Yukon prodelta material were estimated at between 1280~
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1320 kg/m3 and 1600-1630 kg/m3. These values were increased slightly to take
into account the average percent fines in the samples tested (Townsend,

1973). The final minimum and maximum densities were then estimated to be 1370
and 1760 kg/m3, respectively. These values were somewhat corroborated in
tests by other investigators (Lee and Focht, 1975) on marine sediment from the
North Sea with similar grain-size characteristics (dgg = 0.1l mm, ¢ = 2.0).
Their results show minimum and maximum densities of 1340 and 1740 kg/m3,
respectively, in good agreement with the values in this study.

Thus, relative density of typical Yukon prodelta sediment can be
calculated on the basis of estimated minimum and maximum densities, and the
in-situ densities determined from water-—content or bulk-density estimates
(Table 2). Although the relative densities obtained using the above methods
rely on limited data and are initial estimates, they do suggest that the
relative density of deposits throughout the study area varies considerably and
is not restricted to a unique value or range of values. Thus, pockets or
lenses of loose material could conceivably exist throughout the prodelta that
would be susceptible to pore-water-pressure generation and possible
liquefaction. Despite the variations in the data, a relative density of 54
percent is considered an approximate upper estimate for the sediment within
the prodelta. Several of the higher relative densites listed in Table 2 are
attributable to dense layers of different material within the stratigraphic
section, or to compaction due to vibracoring action.

LIQUEFACTION SUSCEPTIBILITY

We can assess the liquefaction susceptibility for undrained conditions by
correlating the number of cycles necessary to cause liquefaction with the
shear-stress ratio (Th/o'V ), as shown in Figure 6. The 3-m storm—wave height

0
would appear to require an extremely large number of cycles to cause
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liquefaction, and the deposits would be even less susceptible if drainage were
allowed to occur throughout the storm. Failure, as defined by Egan and
Sangrey (1978), could possibly occur, however, if an effective-stress approach
similar to Yamamoto's (1978) and Madsen's (1978) were used and the entire
stress state were considered in the analysis. On the basis of our analysis,
the likelihood of liquefaction from storm waves of 3-m height appears
extremely small.

For the 6-m storm wave height, however, full pore-water-pressure response
could occur in the upper several meters of sediment within a relatively small
number of cycles under undrained conditions in the bed. I1f drainage were
allowed, a greater number of cycles would be necessary to liquefy the
deposits; an FEM analysis can then be used to investigate the effects of
drainage during the storm. The 6-m storm~ wave height was investigated with
this technique for a storm duration of one hour. Because the dissipation
effects depend on the permeability and compressibility of the deposits, two
different permeability—-compressibility combinations were used in the
analysis. The buildup of pore pressure for each time increment was governed

by the equation

1/26

r = % arc sin(x z) (5)

where: r, the ratio of excess pore-water pressure to initial vertical
effective stress,

X = the ratio of the applied cycle (n) to the number of cycles (nl)
required to cause liquefaction,

and O = an empirical shape constant for the pore-water—-pressure

curve (1.2 in this analysis).
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The results of the analysis indicate (Fig. 8) that even with pore-water-
pressure dissipation taken into consideration, the deposits will liquefy to a
depth of 3 to 3.5 m. The permeability of the material significantly
influences the time required for liquefaction to occur. For a coefficient of
permeability of of 5 x 10-5m/s, which would correspond to a medium- to coarse-
grained sand like that encountered in Chirikov Basin, the sediment would not
liquefy. The coefficients of permeability, derived from laboratory
consolidation test results (1.5 x 107 ~ 1.5 x 10" /ms), that represent a range
of values typical for Yukon prodelta sandy silt show that ligquefaction is
possible. In this case pore-wateer pressure dissipation effects do not
preclude full pore-water pressure response and possible liguefaction.

GEOLOGICAL IMPLICATIONS; HAZARD POTENTIAL

The present analysis suggests that modern Yukon prodelta sediment could
at least temporarily liquefy to significant depths during severe storms. The
widespread distribution of thick storm-sand layers within 50 km of the modern
prodelta shoreline (Nelson, 1977) suggests that liquefaction and mass movement
processes may be important mechanisms in the movement of major sheets of sand
offshore. These sand layers range from 1 cm thick in central Norton Sound to
over 20 cm thick within 30 km of the delta (Nelson, 1977). The more massive
sand layers close to the delta may in part result from mass movement of
liquefied material under major storm-wave and surge conditions. Bottom-
friction velocities from tidally dominant bottom currents are insufficient to
transport massive quantities of material. Drake and others (1980) suggest
(from GEOPROBE data) that the very fine sand consituting about 50 percent of
the sediment on the outer part of the Yukon prodelta is mostly transported
during a few late summer and fall storms each year. The mean transport

velocities for the September 1977 storm that generated 3-m-high waves, as
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recorded by the GEOPROBE, were well in excess of those required to initiate
transport of sediment (Cacchione and Drake, 1980). The effects of this
trangport mechanism during more severe storm events would be magnified if the
bed were partially softened by liquefaction and the zone of material
influenced by the mean transport velocity were several meters thick.
Integration of the liquefaction susceptibility with the critical mean
transport velocity in future sediment-transport models could provide useful
insights into the rate and amount of sediment transport in this area.

Severe erosional effects can be observed in the delta area in the form of
large scour depressions (Larsen and others, 1979). These depressions, which
range as large as 250 m in diameter and 1 m in depth, are triggered by local
topographic disruptions in prodelta areas where strong currents shear against
steeper offshore topography. The potential for liquefaction in this area may
greatly enhance the formation of these scour depressions. Weakening of the
deposits by increased pore-water pressures, along with mixing of the deposits
with water by storm-wave action, could lead to erosion and transport of
sediment from scour depressions.

Liquefaction to a depth of 2.5 to 3 m and consequent movement of massive
storm-sand sheets could cause severe hazards to sea-floor structures; this is
particularly true if the protective sedimentary cover were removed from buried
pipelines, or the sea floor around foundations were undermined. The
undermining of a foundation can be partly predicted by more extensive and
detailed site investigation, whereas pipeline construction must rely on a more
regional data base and interpretation. Techniques similar to those presented
herein would be useful in the selection of possible pipeline routes leading to

onshore terminal facilities.
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Preliminary strength tests on several samples from the study area (Olsen
and others, 1979) suggest that some of the Yukon prodelta sediment may be
significantly overconsolidated. This overconsolidation is due to the removal
of past higher stresses from the deposits or the effects of a constant wave
stress over a prolonged period. The overconsolidation leads to increased
shear resistance in the deposits. For deposits with the same relative
density, those that are overconsolidated would be less prone to liquefy (Seed,
1977) than those that are normally consolidated. Additional tests are
required, however, for a more comprehensive assessment of such
overconsolidation effects on the liquefaction potential.

SUMMARY

The vulnerability of Yukon prodelta sandy silt to wave-induced
liquefaction has been evaluated using engineering analysis and data on storm-
wave and sediment characteristics. The combination of sediment type, exposure
to large storm systems, shallow water depths, and at least some fairly loose
layers of material suggests that the prodelta may be susceptible to the
generation of excess pore-water pressures and to consequent loss in strength
and ultimate liquefaction. Geologic evidence of potential ligquefaction
effects includes the presence of prograded storm sand sheets and fairly broad
scour depressions throughout the prodelta area.

We adapted methods currently practiced in earthquake engineering to our
analysis, which considers two simplified storm systems. The principal
difference between the earthquake- and storm-wave-based analyses is a longer
duration for the storm event and consequently greater dissipation of pore-
water pressures. A 3-m surface wave height was found to be insufficient to
liquefy the deposits, even when the effects of pore-water-pressure dissipation

were neglected. However, a storm event with 6-m wave heights theoretically
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would generate 100-percent pore-water-pressure response and liquefaction in
the sediment to a depth of approximately 3.5 m in one hour. Recent
preliminary strength tests, however, indicate significant overconsolidation of
the same Yukon deposits that may decrease the liquefaction danger, although
the significant reduction in strength within the upper several meters of
sediment may remain as a hazard to construction in the study area.
Liquefaction, coupled with the shallow gas-charged deposits that are
widespread in this area, (Nelson and others, 1979), may further complicate
foundation engineering. Additional testing, however, is clearly needed before
any final assessment of the extent of hazard potential can be properly made.
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Table 2.--Density data on samples from Norton Sound

Sample Depth  Water content (%) Dry unit weight Dry density Relative density
Designation (cm) corrected Y(lbs/ft) (Kg/m Drl
Box 147 2-6 30.9 96 1.54 51
Sutar 149 Surface 106.1 45 0.72 *
Box 154 4-5 43.0 72 1.15 *
13-14 56.1 70 1.12 *
10-18 46.6 77 1.23 *
26-29 45.0 80 1.28 *
Box 156 33-35 81.7 55 0.88 *
Box 161 2-12 51.8 73 1.17 *
Vibracore
17 6-8 37.6 87 1.39 9
23-25 37.8 85 1.36 *
40-42 31.6 94 1.51 42
54-56 34.5 90 1.44 26
72-74 32.3 93 1.49 39
90-92 31.7 94 1.51 43
123-125 73.3 59 0.95 *
134-136 26.5 102 1.63 *
Box 17 0-2 35.9 89 1.43 18
8-10 49,1 75 1.20 *
13-15 39.5 84 1.35
18-20 38.0 86 1.38 *
24-26 29.1 99 1.59 58
19-21 42.7 81 1.30 *
Vibracore
16 10-12 30.6 96 1.54 49
29-31 33.3 92 1.47 33
39-41 26.9 101 1.62 69
49-51 29.2 98 1.57 57
64-66 28.3 99 1.59 62
74-76 27.2 100 1.60 68
84-86 26.6 101 1.62 71
109-111 22.0 109 1.75 98
119-121 19.3 114 1.83 100
129-131 28.7 98 1.57 59
139-141 24.0 106 1.70 87
Box 27A 0-3 44.7 77 1.23 -
5-7 37.6 84 1.35 -
15-17 35.4 87 1.39 22

18-20 41.1 82 1.31 -



Figures

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Station locations for core samples taken during 1976, 1977, and 1978
field seasons; site of GEOPROBE deployment during July-September
-1977. The Yukon prodelta extends out to 90 km into North basin;
isopach contours in Figure 2.

Surficial sediment distribution in Norton Sound (modified after
Nelson, 1980) and isopach thickness of Holocene-Yukon derived
sediment (modified after Thor, in prep.).

GEOPROBE tripod during launch into Norton Sound, July 1977.
Horizontal distance between attachment points of footpads is 3.2 m;
overall height is about 3.5 m. Flotation package in upper part of
photograph rests on plastic (PVC) buckets containing recovery

line. Current sensors are visible within center of tripod.
Undersea strobe attached to leg at right; pressure cases contain
electronic systems and sensor packages (see Cacchione and Drake,
1979).

Current-meter and pressure data taken with GEOPROBE during storm on
Sept. 14, 1977, in Norton Sound, Alaska. Data were taken every
second for 60 s. Current speeds (computed from north-south and
east-west components) at 0.2, 0.5, 0.7, and 1 m above sea floor are
designated by CM1, CM2, CM3, and CM4, respectively. Pressure (PRS)
is measured at 2 m above sea floor and expressed in equivalent
meters of water. Averages have not been removed from data.

Simplified wave profile used in liquefaction-potential analysis.
Bottom-pressure wave data were obtained from linearized wave
theory. Bottom pressures induce horizontal shear stresses that
cause a pore-water-pressure response and reduced strength.

Normalized cyclic horizontal shear-stress ratio (¢ /g% ) vs number
of cycles required for initial liquefaction h o

(undrained conditions) for deposits with a relative density of

54 percent (Seed, 1977).

Wave-induced shear stress ratio (t /bé )} vs depth (2Z) for 3- and
6-m-surface wave heights during © storm events.

Results of preliminary analysis of wave-induced liquefaction
potential of Holocene Yukon sandy silt near Yukon prodelta: H, wave
height; T, wave period; Dr’ relative density; K, coefficient of
permeability; u/¢Yyy ratio of wave-induced excess pore-water
pressure to initial effective overburden stress.
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SURFACE AND SUBSURFACE FAULTING IN NORTON SOUND AND

CHIRIKOV BASIN, ALASKA

By

Janice L. Johnson and Mark L. Holmes

SUMMARY

Seismic reflection data were obtained in July 1977 by the U. S.
Geological Survey aboard R/V SEA SOUNDER along 2800 km of track in
Norton Sound and northeastern Chirikov basin. These data and records
from several previous surveys were analyzed in order to determine the
location, extent, and possible age and activity potential of offshore
faulting. Acoustic reflection records were obtained using sparkers
(160 and 0.8 kilojoule), Uniboom (1200 joule), and 3.5 kHz subbottom profiler.
Sidescan sonar measurements were made along some of the tracklines when-
ever the large sparker was not deployed.

Maps showing the distribution of surface, near-surface, and deeper
subbottom faults show that faulting occurs most commonly within 50 km
of the margins of Norton basin, the deep sedimentary trough which under-
lies Norton Sound and Chirikov basin. A smaller number of faults were
detected in the central regions of the basin.

Surface fault scarps were seen in several places in northern Chirikov
basin. These sea-floor offsets rangéd .in height from 5 to 15 m along
several west-trending faults which may be associated with some of the

major transcurrent faults in Alaska. The existence of these scarps



indicates possible disturbance of sedimentary deposits over the fault,
although the scarps may have been maintained by non-deposition. Evidence
from both onshore and offshore field studies indicate that movement along
these faults may have occurred between 12,000-120,000 years ago.

Many northwest-trending faults were mapped around the margins and
in the central regions of Norton basin; they appear to show increasing
displacement with depth and a thickening of the strata as they dip basin-
ward away from the fault. These characteristics indicate a more or less
continual movement along the faults as Norton basin was subsiding. The
lack of recorded earthquakes in Norton basin during historical time implies
that either activity along the offshore faults has ceased, or that move-
ment is taking place at a slow but steady rate, preventing a buildup of
strain and consequent earthquake-producing ruptures.

The west-trending faults in northern Chirikov basin appear to offset,
and therefore postdate, the northwest trending faults which parallel the
Norton basin axis. These two intersecting trends may have resulted from
a change in the direction of regional compression during late Tertiary or
early Quaternary time.

Considerable sea-floor relief hampered identification of surface
scarps associated with offshore faults near St. Lawrence Island; and
horizontal (transcurrent) motions along these faults may have taken place
during Quaternary time in conjunction with movements on the Kaltag Fault

which displaced Pleistocene deposits in western Alaska.
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INTRODUCTION

Geological and geophysical studies were carried out by U. S. Geolog-
ical Survey personnel aboard R/V SEA SOUNDER in Norton Sound and Chirikov
basin during July 1977 (Fig. Bl). Acoustic survey systems used included
160 and 0.8 kilojoule sparkers, a 1200 joule (four transducer) Uniboom,

a 3.5 kHz bathymetric/subbottom profiling system, and sidescan sonar.
This section of the annual report deals primarily with an interpretation
of the extent and hazard potential of the surface and subsurface faults
shown on the sparker and Uniboom records. Discussions of the 3.5 kHz and
sidescan sonar data will be found in other sections.

The geophysical data obtained on this recent USGS cruise has been
supplemented in places by seismic reflection information which was col-
lected on previous expeditions by the USGS, NOAA, and the University of
Washington (Fig. Bl). In 1967 a joint USGS/University of Washington
cruise obtained 4200 km of 150 joule sparker data (Grim and McManus,
1970), and 3200 km of 120 kilojoule sparker records (Scholl and Hopkins,
1969). High-resolution seismic reflection surveys were conducted in
1967 in the nearshore region south of Nome between Sledge Island and Cape
Nome (Tagg and Greene, 1973). Walton et al. (1969) shot 3840 km of single
channel 40 in3 air gun records during a joint USGS/NOAA (then ESSA) survey
in 1969, and that same year an additional 800 km of 150 joule sparker
records were collected in Chirikov basin on a joint USGS/University of
Washington cruise. Johnson and Holmes (1977) reported on preliminary
results of a study of recent faulting in the northern Bering Sea, based
primarily on examination of approximately 3000 km of seismic reflection data

collected aboard R/V SEA SOUNDER in September and October 1976. Holmes



et al. (1978) obtained an additional 675 km of single channel air gun
reflection data and 13 refraction profiles in Norton Sound during a
survey conducted by the USGS abecard R/V LEE in October 1977.

All seismic records, sidescan records, and navigational data from
the 1976 and 1977 R/V SEA SOUNDER cruises are on microfilm. Copies can
be obtained from the National Geophysical and Solar-Terrestrial Data
Center, EDS/NOAA, Boulder, Colorado 80302, or from the Alaska Technical

Data Unit, USGS, 345 Middlefield Road, Menlo Park, California 94025.
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METHODS

This section discusses the instrumentation and procedures used in
collecting navigation and acoustic survey data on the R/V SEA SOUNDER
cruise in July 1977.

Navigation

Navigational information was obtained by two independent systems.
A Magnavox satellite navigator with integrated Teledyne Loran C received
inputs from the ship's speed log and gyro. This system computed dead
reckoning positions every two seconds and the data were stored on mag-
netic tape and a teleprinter. Performance of the system was degraded
somewhat by proximity to the Loran C master station at Port Clarence
and the high elevation of many of the satellites during transit.

A Motorola mini-Ranger system was used to obtain fixes every seven
and one-half minutes which were recorded on paper tape in digital form.
This system measures the range to two or more shore-based transponders
which were maintained by survey personnel on land. On a few occasions
the included angle between the transponders was too small to permit
obtaining reliable fix information.

Fixes were plotted at least every fifteen minutes on the naviga-
tional charts with appropriate notations made at the time of major
course and speed changes. Radar and line-of-sight bearings were some-
times used to augment the other navigational information, and naviga-

tional accuracy probably averaged * 150 m.



Acoustic Survey Techniques

Figure Bl shows the tracklines for the 1977 R/V SEA SOUNDER cruise,
as well as those of previous expeditions on which seismic reflection
data were collected. The figure also notes which acoustic systems were
used during the various cruises. The bathymetry-subbottom profiler and
sidescan sonar systems used aboard R/V SEA SOUNDER will be briefly dis-
cussed, although interpretation of these data will be, as previously
mentioned, found in other sections of the report.

Seismic profiling operations aboard R/V SEA SOUNDER were carried
out at speeds ranging from 4-6 knots. It was found that speeds greater
or less than this range resulted in generation of ''ship noise' by the
propulsion machinery which produced a significant amount of interference
on the records.

Sparker. A Teledyne SSP (Seismic Section Profiler) was used to
obtain 325 km of single channel seismic reflection records in Norton
Sound and northeastern Chirikov basin. Power output was normally 160
kilojoules, but was reduced to 120 kilojoules at times because of equip-
ment casualties. The signals were received by a Teledyne 100-element
Hydrostreamer and processed through a Teledyne seismic amplifier before
being printed off a modified Raytheon PFR (Precision Fathometer Recorder).
Frequency pass band was normally set at 20-98 Hz, and sweep and fire rate
was 4 seconds. The records were annotated at 30 minute intervals with
date, time (GMT), line number, water depth, and appropriate instrument
settings. Changes in course, speed, or instrumentation were noted when

they occurred.



Maximum penetration achieved by the sparker was approximately 2.1
km. The quality of the records was affected adversely by the shallow
water and the generally flat nature of the bottom and subbottom reflectors.
The shallow depth caused the water bottom multiple to appear at small
distances below the initial sea-floor reflection, thus partially obscur-
ing signals from deeper reflectors. The flat subbottom layering produced
intra-formational or ''peg-leg'" multiples which also obscured or interfered
with the primary reflections. In only a few places was an acoustic base-
ment detected; more commonly the reflection amplitudes slowly d;creased
as the signal was attenuated in the sedimentary section.

Uniboom. Approximately 2800 km of high-resolution records were
obtained using a hull-mounted EG § G Uniboom system consisting of four
transducer plates. Total power level for this array was 1200 joules. An
EG § G model 265 hydrophone streamer (l10-element) was used as a receiver.
Records were printed on an EPC 4100 recorder after passing through a
Krohn-Hite filter. Sweep and fire rate was normally 1/4 second, although
a 1/2 second sweep was used on occasion. The filter pass band was typically
set from 400-4000 Hz. Time marks were made at S minute intervals and
record annotations similar to those for the sparker were made at 15 minute
intervals.

The quality of the Uniboom records was most affected by sea state,
surficial bottom sediment type, and machinery generated ship noise. The
hydrophone streamer was towed alongside the ship and only 20-30 cm below
the surface. Consistently choppy seas were responsible for a significant

amount of noise on the record which sometimes totally obscured subbottom



reflectors. Maximum penetration achieved was approximately 100 m, but
was typically less than 75 m. Whenever coarse-grained and hard sediments
were encountered penetration was severely reduced, and in some instances,
such as near the Yukon Delta, the records are very poor.

Bathymetry/Subbottom Profiler. These data were collected along

2800 km of track using a Raytheon 3.5 kHz CESP II system. A hull-
mounted transducer array consisting of 12 TR-109A units was used to send
and receive the signals. Pulse generation and correlation functions
were done by a CESP II (Correlator Echo Sounder Processor) and a PTR-105B
Precision Transmitter Receiver) was used as a tone burst amplifier during
pulse transmission. Sweep and fire rates were normally 1/2 second. Time
marks were made every 5 minutes and the records were annotated and depth
measurements taken at 15-minute intervals.

Clarity of the records and amount of penetration varied considerably
over the survey area. This system seemed less sensitive to ship-generated
rnoise than the Uniboom, but the 3.5 kHz records were more adversely
affected by hard bottom sediment. The long (50 msec) pulse generated
during transmission also created an internal '"ringing" in the transducer
array which masked not only the weak subbottom reflections but sometimes
the bottom echo as well in shallow water. Pqpetration ranged from 0-20 m.

Sidescan Sonar. An EG § G sidescan sonar system was used to record

1000 km of gdod to high quality data. Scales (sweeps) of 50 m and 100 m
were used, and the "fish" altitude above the sea-floor was maintained at
approximately 10 percent of the scale being used. The sidescan system was

used in shallow water areas of known or suspected sand waves and ice-gouge
features, and at such times the sparker system was shut down and its
associated arc cables and hydrostreamer were brought aboard to prevent

their fouling the sidescan cable.



GEOLOGIC SETTING
Tectonic Framework

The structural features and evolution of the Bering Sea continental
shelf have been discussed by Scholl and Hopkins, 1969; Scholl et al.,
1968; Pratt et al., 1972; Churkin, 1972; Lathram, 1973; Nelson et al.,
1974; and Marlow et al., 1976. Figure B2 shows the major Cenozoic struc-
tures of western Alaska and eastern Siberia.

The generul tectonic framework is characterized by large scale
oroclinal bending forming two distinct flexures in central Alaska and
eastern Siberia concave toward the Pacific Ocean. The Bering and Chukchi
continental shelves are part of the broad intervening structural arc
which is concave toward the Arctic Ocean.

This large scale oroclinal folding appears to have been completed
before Oligocene time (Nelson et al., 1974), but continued activity along
the major Alaskan transcurrent faults has displaced upper Tertiary and
Quaternary sediment in several places on land and beneath the shelf areas
(Patton and Hcare, 1968; Scholl et al., 1970; Grim and McManus, 1970).
Total horizontal (right-lateral) movement along some of these large trans-
current faults has been approximately 130 km since the beginning of the

Tertiary (Grantz, 1966; Patton and Hoare, 1968).



Regional Geology

Norton Basin. The geology of Norton basin has been discussed by
Moore, 1964; Scholl and Hopkins, 1969; Grim and McManus, 1970; Tagg and
Greene, 1973; Nelson et al., 1974; and Holmes et al., 1978. A submarine
seepage of natural gas 40 km south of Nome has been described by Cline
and Holmes (1977). Seismic reflection data suggest that the basin area
is about 130,000 kmZ; maximum basin depth has recently been estimated to
be approximately 5.5 km (Anon., 1976). The basin probably contains as
much as 180,000 km3 of sediment.

The basin fill consists of three major stratified units (Homes et al.,
1978), which are in turn covered by a thin mantle of Quaternary sediment
(Grim and McManus, 1970; Tagg and Greene, 1973; Nelson and Creager, 1977).
The lowermost unit in the basin, with a velocity of 4.9 km/sec (Holmes et
al., 1978), may consist of Cretaceous nonmarine sandstones similar to
those mapped onshore in the Koyukuk geosyncline (Patton and Hoare, 1968;
Cobb, 1974). A velocity discontinuity at the top of this unit indicates
that this interface may be an erosional unconformity.

Two other units of the basin fill can also be distinguished on the
basis of compressional velocities (Holmes et al., 1978). A strong reflector
on the reflection records corresponds to an apparent unconformity separat-
ing those units; the unconformity lies at a depth of about 1.2 km near the
basin axis and approaches to within a few tens of meters of the sea floor
near the basin margins. The compressional velocities above this uncon-
formity are low, ranging from 1.6 to 2.1 km/sec; this section is probably
composed of recent marine and glaciomarine sediment and loosely cemented

sandstones and shales. The higher velocities 2.3-3.7 km/sec) below the
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unconformity are more characteristic of compact or indurated sandstones
and shales (Grant And West, 1965; Gardner et al., 1974). The unconformity
was probably formed du;ing the late Miocene marine transgression which
inundated the northern Bering Sea continental shelf (Nelson et al., 1974).
Strata of the unit below the unconformity form a broad synclinorium whose
principal axis trends generally northwest; the beds of the upper unit are
more nearly flat-lying.

Although younger Quaternary deposits everywhere cover the older
Cenozoic and Mesozoic basin fill, some onshore outcrops and drill-hole
data give clues as to the nature of the two upper units. Nonmarine coal-
bearing strata of late Oligocene age are exposed on northwestern St.
Lawrence Island (Patton and Csejtey, 1970), and several offshore holes
drilled by the U.S. Bureau of Mines near Nome encountered marine sands
and clayey silts of early Pliocene age at a subbottom depth of approxi-
mately 18 m (Scholl and Hopkins, 1969; Nelson et al., 1974). Late Miocene
or early Pliocene marine limestone was recovered from a dredge haul 30 km
south of St. Lawrence Island, just outside the basin.

These facts and the regional stratigraphic patterns indicate that
the basin fill probably consists of late Cretaceous and lower to middle
Tertiary sedimentary rock in the lower two units and upper Tertiary and
Plio-Pleistocene sedimentary rocks and sediment in the upper unit. All
direct evidence suggests that the lower units are nonmarine, but the
size of the basin is such that unseen transitions to marine facies could

occur within this sequence.

11
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Acoustic Basement. The high compressional velocity contrast across

the acoustic basement is indicative of a marked lithologic change at this
interface (Holmes et al., 1978). Velocities of 5.5 to 6.5 km/sec are
characteristic of igneous and metamorphic rocks (Grant and West, 1965),
indicating that Norton basin is probably floored by a basement surface
formed on strata which are analogous to the diverse older rocks which occur
on land around the basin margins. Sedimentary, metamorphic, and igneous
rocks of Precambrian through Mesozoic age are exposed on the Chukotka
Peninsula (Nalivkin, 1960); and Seward Peninsula is formed primarily of
Paleozoic sedimentary and metamorphic units with some Mesozoic and Cenozoic
intrusive and extrusive rocks. Mesozoic sedimentary rocks (some slightly
metamorphosed) and Cenozoic volcanics have been mapped onshore in the
Yukon-Koyukuk basin east and southeast of Norton Sound (Miller et al.,
1959; Patton and Hoare, 1968). At the southern margin of Norton basin,
St. Lawrence Island is constructed mainly of Paleozoic, Mesozoic, and
Cenozoic intrusive and extrusive rocks with some Cenozoic sedimentary
deposits (Miller et al., 1959; Scholl and Hopkins, 1969; Patton and
Csejtey, 1970). The acoustic basement probably represents an erosional
surface which has been steepened by tectonic subsidence during develop-
ment of Norton basin.
RESULTS AND DISCUSSION
Observed Faults and Structures

Locations of faults observed on seismic reflection profiles from
Norton Sound and Chirikov basin are shown in Fig. B3. The majority of
faults, especially those extending close to the sea floor, occur within

50 km of the basin margins. Most faults in Chirikov basin and western

12
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Norton Sound trend northwest in alignment with the major axis of Norton
basin. Synclinal and anticlinal axes mapped by Greene and Perry (unpub.),
and shown in Johnson and Holmes (1977, Fig. B3), reflect this same trend.
In eastern Norton Sound, the structural grain is nearly east-west.

Seismic records from the basin margins generally show sediments of
the upper two units of basin fill, the Main Layered Sequence of Scholl
and Hopkins (1969), resting with onlap unconformity against the eroded
surface of the acoustic basement. The single channel seismic reflection
systems were unable to resolve acoustic basement in the deeper basin
areas where sediment thickness exceeded 2 km. Numerous faults offset
the acoustic basement, often displacing overlying sediments. Many normal
and antithetic faults displace the basin fill and extend to within 100
meters of the sediment surface. A few of these have topographic expres-
sion as fault scarps.

Faulting appears to be most complex, and the fault density is high-
est, in the area west of Port Clarence (Fig. B3). Several west-trending
faults appear to intersect, and can be seen to offset, the dominant
pattern of northwest-trending faults. These west-trending faults must
therefore be younger than the others, and may be indicative of a change
in the direction of regional compression during Quaternary time.

One of the major faults comprising this major east-west trend is
the Bering Strait Fault (BSF) of Hopkins (unpub.). It forms the northern

boundary of the Bering Strait Depression (BSD) named by Greene and Perry
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(unpub.) and appears to extend for over 90 km west from Port Clarence
(Fig. B3). A south-facing scarp 5 meters high marks the fault near the
Bering Strait Depression. The scarp decreases in height eastward; no
trace of the fault has been found beneath Port Clarence. This fault
appears to have been active as recently as 12,000 years ago (Hopkins,
unpub. ).

The Port Clarence Rift (PCR) (Hopkins, unpub.) is a narrow fault-
bounded depression extending eastward from the Bering Strait Depression;
the fault along the northern margin of the depression is probably equiv-
alent to the Cape York Fault of Greene and Perry (unpub.). This northern
fault has a scarp 9 meters high near the Bering Strait Depression, which
decreases to the east. No trace of this fault has been observed beneath
Port Clarence, but displacement of bedrock beneath Grantley Harbor has
been suggested as evidence for extension of the Port Clarence Rift
further to the east. The Rocks beneath Grantley Harbor have experienced
16 km of left-lateral movement (Hopkins, unpub.). Several other west-
trending faults with scarps up to 15 m high have been observed in the
area west of Port Clarence (Fig. B3).

The rough seafloor topography north of St. Lawrence Island made
identification of fault scarps difficult, but a few have been tentatively
mapped (Fig. B3). A large west-trending fault has been inferred by
Hopkins (unpub.) to parallel the northern coast of St. Lawrence Island
and bend northward before reaching the western end of the island (Fig. B3).
Existence of the St. Lawrence Fault Zone (SLF) is based on swarms of

volcanic vents which trend N80°W through the axis of the Kookooligit
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Mountains, and on the extension of these volcanic rocks into offshore
regions. Hopkins has suggested that movement along this fault has been
left-lateral. Possibly it is related to movement along the Kaltag Fault
(KF), a large transcurrent fault in western Alaska that has been known
to displace Pleistocene sediments onshore.

Many deep-seated and near-surface normal faults occur in the central
part of Norton basin, although no surface expressions of these have been
identified. An increase in displacement with depth, and apparent thicken-
ing of beds on the downthrown side of these faults, indicates that they
Qre probably growth faults along which movement has taken place more or
less continuously during the major episodes of basin subsidence.

Several subbottom faults occur along the southern and eastern
margins of Norton Sound (Fig. B3). Short line segments indicate faults
have been observed on one crossing, and therefore, their exact orientation
is unknown. However, several faults appear to parallel the trend of the
Kaltag Fault; others may represent splays of the Kaltag Fault. No
surface scarps were associated with the near-surface faults along the
eastern margin of Norton Sound.

Fault Activity and Hazard Potential

Surface fault scarps in northern Chirikov basin are associated with
the Bering Strait Fault, the Port Clarence Rift, and other nearby faults
(Fig. B3). The Bering Strait Fault and Port Clarence Rift may represent
extensions or splays of the large transcurrent faults which have been
mapped in western Alaska and Seward Peninsula (Fig. B2). The scarps may
have been caused by recent vertical movement on these faults, and there-

fore would indicate a definite hazard to man-made structures placed over



or near these fault zones. There is also the possibility, that the fauits
have been inactive for some time, and the scarps have been maintained by
nondeposition or lack of erosion. Currents west of Port Clarence flow
almost normal to the trend of these scarps, and carry almost one third

of the Yukon River sediment load into the Chukchi Sea (Nelson and Creager,
1977). The persistence of the surface expression of the faults in spite
of apparently vigorous erosional agents would argue for the fault scarps
to be recently formed features.

The Bering Strait Fault must have formed between 12,000 and 120,000
years ago; evidence exists that a lake was formed during the Wisconsin
glaciation when development of the fault scarp dammed a northward-flowing
river west of present day Port Clarence. Marine terraces on Seward
Peninsula may have been uplifted during the Illinoian glaciation as a
result of movement along the fault 130,000 years ago. Although no
specific age can be given to movements along these faults in northern
Chirikov basin, the area should definitely be considered as potentially
hazardous to placement of structures on the bottom in the vicinity of the
fault scarps.

Only a few surface scarps have been noted in association with faults
along the northern side of the St. Lawrence Island or in southern and
eastern Norton Sound; the rough sea-floor topography in this area makes
identification of fault scarps difficult. Movement may have occurred along
these faults during Tertiary and Quaternary time in conjunction with known
displacement in western Alaska along the large transcurrent Kaltag Fault.
Further study is necessary to determine if this represents a hazard to

resource development.
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Earthquake records show an almost complete lack of epicenters beneath
Norton basin. This iack of seismicity can be interpreted to indicate
either inactivity or, conversely, that strain release is being accomplished
by small but frequent adjustments along the faults. The growth nature of
most of the northwest trending faults which parallel the Norton basin axis
support the latter interpretation, although the rate of basin subsidence
may have decreased since the end of Pleistocene time when rising sea-
level opened Bering Strait and resulted in a significant change in deposi-

tion patterns in the northern Bering Sea.
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~_CONCLUSIONS

Based on the foregoing discussion, the following conclusions may be
made regarding the faulting observed in Norton Sound and Chirikov basin:

1. Faults are most numerous in a belt approximately 50 km wide
around the margins of Norton basin. 'Near surface faults are more
numerous in central Norton basin than previously reported, but are still
less prevalent than around the periphery of the basin. Most of the
faults trend generally northwest, with the basinward sides down-dropped;
antithetic faults are also common, resulting in series of narrow horsts
and grabens along the basin margins. These faults and the many associ-
ated anticlinal and synclinal folds involving the basin fill and
acoustic basement are the result of tectonic activity which occurred
during subsidence and filling of the 5.5-km deep Norton basin. Initial
subsidence of the basin probably began during late Cretaceous time, and
has continued to the present with two apparent major interruptions during
early and late Tertiary time.

2. Surface scarps up to 15 m high are associated with some of the
long west-trending faults in northern Chirikov basin. These scarps can
indicate either recent activity or persistence due to lack of erosion or
burial by sedimentation since the last movement. Scarps occur on the
Bering Strait Fault and on the northern side of the Port Clarence Rift,
and movement along these faults possibly occurred as recently as 12,000

years ago in conjunction with uplift of marine terraces on Seward Peninsula.
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3. The west-trending faults in northern Chirikov basin intersect
and appear to offset the northwest-trending faults and structures south
of Bering Strait. This relationship implies that the west-trending
features postdate the main Norton basin structures; the different trends
could also be indicative of a shift in regional compressive axes.

4, None of the faults can definitely be classed as historically
active, however the area of northern Chirikov basin west of Port
Clarence should be considered potentially hazardous to any bottom
mounted structures. The fault scarps in this region are still well
defined in spite of the swift currents and bottom sediment transport
which occur normal to the trend of the fault zones. Basin subsidence
is probably still taking place, and the lack of recorded earthquakes
beneath Norton basin may indicate that strain release is being accom-
plished by small but frequent movement along some of these faults.

S. West-trending subbottom faults without surface fault scarps
occur along the southern margin of Norton basin. These may represent
splays or displacements related to the Kaltag Fault, one of the major
transcurrent faults in western Alaska. Movement along onshore portions
of the Kaltag Fault have displaced Pleistocene deposits, but data regard-

ing age of movements along the offshore portion are inconclusive.
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Figure 1.

Figure 2.

Figure 3.

Coverage of geophysical studies conducted in northeastern

Bering Sea.

Regional tectonic map of northern Bering Sea area.

Faults in Chirikov Basin and Norton Sound.



SFLIENTLITY

‘aa)sedg (008 ‘unb a1y "ui*
‘leuos uess apis
ZH) S°€ pue ‘wooqiun

1vpiedg [ oGl

ZHY G'E pue

ndo 08 L1610 SHSN
901y Iy 091 2261 AIne SHSN ——
1901y 09 9L61 SHSN
19)1joid woljoqqng zHY G'€ 0L6L SHSN
unb 1ly "uInd o 6961 VVON/SHSN
soqledg [osy L96L SDSN

6961 ‘2961 MN/SHSN

\




182°  178°  174° 170° 166° 162°

158° 154° 150° 146°

l I \ \ \ \

BASIN

UPLIFT

— |

7 AN TN

146°

68°

ALASKA
150¢

66°

154°
64°

62°
Nisge
4 160°

- ,2458°

56°

i78°



08 09 Oy 0z O O

~
\, o

»9L M.plL

sJajowo)y

| 1 i T

€}12Q uoiNA

uoisua)xe pasiaju]

apIs umoiyidn

Uo Ssi19}aW ul YbB1ay ‘dieog wus
sjineq deaqg  ww

S}ineq 99BJING-1BAN PUB 3IBJING  wuwww

094

\ NS \




HYDROCARBON GASES IN NEAR-SURFACE SEDIMENT OF NORTHERN

BERING SEA (NORTON SOUND AND CHIRIKOV BASIN)

Keith A. Kvenvolden, George D. Redden,

Devin R. Thor, and C. Hans Nelson

U.S. Geological Survey, Menlo Park, California 94025

Prepared for publication in book "Eastern Bering Sea Shelf:
Oceanography and Resources" y\
¥



ABSTRACT

Methane, ethane, ethene, propane, propene, n-butane, and isobutane are
common in bottom sediment of the northern Bering Sea. At eight sites the
content of methane rapidly increases downward within the first four meters
of sediment. These concentration gradients, and absolute methane concentra-
tions, indicate that the interstitial water of the near-surface sediment at
these sites may be gas saturated. These gas-charged sediments may be unstable,
creating potential geologic hazards and, in certain areas, causing the forma-
tion of seafloor craters.

The isotopic compositions of methane at four of the sites range from -69
to -80°/

0o (613CPD ). This range of values clearly indicates that the methane

B
derives from microbial 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,, accompan-

2
ied by minor concentrations of hydrocarbons, that is seeping from the sea-
floor. Methane in this gas mixture has an isotopic composition of =-36°/,.,
a value that suggests derivation from thermal processes at depth in Norton
Basin.

The presence of sediment charged with methane or CO, cannot in general be

2
predicted from analyses of surface sediment, which usually contains hydro-
carbon gases and CO2 at low concentrations. Sampling beneath a sediment

depth of about 0.5 m is 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 sediment samples
from areas with these anomalies do not always confirm that high concentrations

of gas are there. Conversely, high concentrations of methane are sometimes

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



INTRODUCTION

About twenty years ago Emery and Hoggan (1958) described the occurrence of
hydrocarbon gases in near-surface marine sediment from Santa Barbara Basin,
off southern California. These anoxic sediments contain methane, ethane,
propane, butanes, pentanes, and hexanes, with methane being one to almost five
orders of magnitude greater in concentration than any of the other hydro-
carbons. Geochemical studies that followed have generally focused on methare
and the processes that can account for its occurrence and distribution in a
variety of aquatic sediments (Reeburgh, 1969; Whelan, 1974; Martens and
Berner, 1974; Claypool and Kaplan, 1974; Oremland, 1975; Barnes and Goldberg,
1976; and Kosiur and Warford, 1979). Recently Bernard et al. (1978) described
the distribution of methane, ethene, propane, and propene in sediment fram
shelf and slope sediment in the Gulf of Mexico, and Kvenvolden and Redden
(1980) reported on the occurrence of these gases in sediment from the outer
shelf, slope and basin of the Bering Sea. The present study examines inner
shelf areas of the Bering Sea and considers the hydrocarbon gases methane (Cl)'
ethane (Cz), ethene (C2:1)’ propane (CB), propene (C3:1), isobutane (ifC4),
and n-butane (EfC4) in sediment 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 Alaska bounded on the north by the Seward Peninsula, on the east by the
Alaskan mainland, on the south by the Yukon Delta, and on the west by the
Chirikov Basin. The floor of the sound is very flat, and watér depths average
about 20 m. To the west into the 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 became exposed (Nelson and Hopkins, 1972). During this
time fluvial processes and tundra vegetation characterized the area (Hopkins,
1967), and peaty mud was deposited over much of the region. This mud contains
2 to 8 percent organic carbon. As sea level rose during latest Pleistocene
time, marine sedimentation resumed. In Holocene time, fine-grained, sandy
silt derived mainly from the Yukon River blanketed the area with a eover up to
10 m thick (McManus et al., 1977; Nelson and Creager, 1977). 1In contrast to
the nonmarine sediment, the organic content of the overlying sediment ranges

from 0.5 to 1.0 percent (Nelson, 1977).

METHODS
The analytical procedures for this work have been described previously
(Nelson et al., 1978; Kvenvolden et al., 1979a). Vibracores and surface

samples were taken during three summer field seasons in 1976, 1977 and 1978.

Hydrocarbon gases and carbon dioxide were extracted from sediment

recovered from the surface and from various intervals in cores. Sediment
samples were extruded into 0.95-L double-friction-seal cans which had two
septa-covered holes near the top. Helium-purged distilled water was added to
each can until a 100-mL headspace remained. Each can was closed with a 1id,
and the headspace was purged with helium through the septa. The cans were
shaken for ten minutes to release gases into the headspace. Exactly one
milliliter of the headspace gas mixture was analyzed by gas chromatography
using both flame ionization (for hydrocarbons) and thermal conductivity (for
carbon dioxide) detectors. Calculations of gas concentrations were determined
by peak height measurements 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 per liter of wet sediment.

RESULTS

Cl is the most abundant hydrocarbon gas found in the first five meters of
4.



sediment in Norton Sound and the eastern Chirikov Basin. Figure 2 shows the

geographic distribution of maximum concentrations of C At eight sites this

1
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 amount of C1 measured was less than 100 uL/L with two exceptions at 7-33

and 8-6 where it was about 200 uL/L at each site. The amount of Cl found

depends to some extent on the depth of core, for concentrations of Cl generally
increase with depth. Thus, surface samples and short cores usually have lower

amounts of Cl than do samples taken from greater depths. The vertical distribu-

tion of C1 at the eight sites mentioned above is shown in Figure 3. For these

sites the concentration of C1 increases by 4 or 5 orders of magnitude within

the top four or five meters of sediment. Also shown is the distribution of
methane at Sites 7-17 and 8-3. The data for these sites are combined because
the sites are at essentially the same location sampled during two different

field seasons. Here the Cl concentrations, especially in deeper samples, are

much lower than at the eight sites. The major gas at 7-17/8-3 is not Cl but

C02.

C., concentra-

The second most abundant hydrocarbon gas in this area is C2; 3

tions are usually slightly lower and generally parallel C_ concentration pro-

2

files with depth. The geographic distribution of C_, + C, is shown in Figure 4.

3

The maximum concentrations of these two hydrocarbons are usually less than

1 yL/L. At two sites, 8-4 and 8-17, maximum C2 + C3 concentrations are slightly

higher (1.2 and 1.1 uL/L, respectively), but at Site 7-17/8-3, C2 + C3 maximum

concentration is almost 8 uL/L. At the eight sites where Cl show 4-5 orders

of magnitude increase in concentrations with depth, C2 + C3 increases by about

two orders, but the profiles of concentration are more variable (Fig. 5) than
the C1 concentration profile (Fig. 3). The concentrations of C2 + C3 in samples

fram 7-17/8-3 are much higher than in all other samples.

> 4



Both C2_l and are present in all samples analyzed. Concentrations are

c3:l

variable, but as a general rule C2~1 exceeds C2 in surface samples and with

increasing depth the reverse is observed. At Site 7-17/8-3, C, is much more

2
abundant than c2'1' with the C2/C2.1 ratio reaching a maximum of 340 at 60 cm

depth. A similar relation holds for C3‘1 and C3. At the surface C3.1 is usually

more abundant than C3, and the reverse is true for deeper samples. At 7-17/8-3,

C3 is always more abundant than C

depth.

3.1 being larger by a factor of 47 at 200 cm

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

4 4

lighter hydrocarbon gases and in many cases reach the limit of detection of

the method, about 2 nL/L. In general the concentrations of i-C, + n-C, are less

4 4

than 100 nL/L, and the distribution with depth is variable. In samples from

7-17/8-3, concentrations of i—C4 + n-C, reach a maximum of 14 uL/L at a depth

4
of 200 cm.

Hydrocarbons from C_. to C7 are measured in a single backflush peak from

5

chromatography and are designated C5+. hydrocarbons commonly occur in low

C5+

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

7-17/8-3.

BIOGENIC METHANE

The occurrence in anoxic sediment of high concentrations of C., resulting from

1

microbial decomposition of organic matter is well established (Emery and

Hoggan, 1958; Barnes and Goldberg, 1976; Reeburgh and Heggie, 1977; and Kosiur
and Warford, 1979). Cl is both produced and consumed by microorganisms, and
models for these processes have been devised (Claypool and Kaplan, 1974; Martens
and Berner, 1974; Barnes and Goldberg, 1976; Kosiur and Warford, 1979). 1In

less reducing sediments of open marine environments, C, is also present but at

1

concentrations as much as five orders of magnitude less than those observed in

AW



anoxic marine sediments (Bernard et al., 1978; Kvenvolden and Redden, 1980).

Although there is much less C, in sediments of open marine environments, the

1
processes that generate gas are probably similar to those in anoxic sediments,
but much slower.

At eight sites in Norton Sound and the eastern Chirikov Basin abundances of
Cl increase by four or five orders of magnitude within the first five meters
of sediment, reaching concentrations near or exceeding saturation of the inter-
stitial water. These shallow sediments are likely anoxic, and the C1 probably
is being generated by the decamposition of peaty mud that contains 2 to 8 per-
cent organic carbon, and is buried under marine sediment of lower carbon con-
tent (0.5 to 1.0 percent). This sediment cover is thickest near the front of
the Yukon Delta and thins to the north (McManus et al., 1977; Nelson and Crea-
ger, 1977; Nelson, 1977). The depth of burial of the peaty mud may account

for the groupings of the C., concentration profiles shown in Figure 3. Seven

1
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 Clarence (Fig. 2). 1In these
areas, peaty sediment is buried under about 2 meters of sandy silt. The seven
profiles show maximum concentrations below about 1.5 meters. Therefore, if

peaty mud is the source of the methane, the depth of its burial accounts for

the depth at which high C1 concentrations are found. In contrast, one C1 concen-
tration profile (8-22) reaches maximum values below 3 meters. This site was
located northwest of the Yukon Delta in the southern part of Norton Sound

where the sediment cover is thicker and the peaty mud is more deeply buried.

Thus there is a correlation between the depth of buried organic matter and the
depth at which C

concentrations reach high values. At Site 7-17/8-3, C, con-

1 1

centrations follow a different trend to be discussed below.

That the high concentrations of C, at eight sites result from microbiological

1

7.



processes is supported by both chemical and isotopic data. Higher molecular

weight hydrocarbons accompany C.,, and the ratio Cl/(c2 + C3) can be used as

1

a guide to interpret mode of formation. Likewise, the carbon isotopic composi-

tion of C1 can be used to interpret process of formation (Bernard et al.,

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

gases with Cl/(C2 + C3) ratios greater than 1000, and with §13¢ lighter

1PDB

than -60°/,,. Table 1 shows these parameters for samples from the eight sites.

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

1 )

derived from microbiological processes, and the buried peaty mud, in which the
organic carbon has as isotopic composition of -28°/ (Kvenvolden et al.,
1979 a,b) is the likely source.

Other sites may exist in Norton Sound and eastern Chirikov Basin where C1

concentrations exceed 1 mL/L. Finding these locations will require sampling
below about one meter of sediment (three meters or more off the Yukon Delta),
because the occurrence of high amounts of Cl at shallow depths is not manifest

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

1

ing its migration to the surface or the rate of consumption or diffusion of

Cl in the upper meter is very rapid, leading to low concentrations of C1 at the

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

224 and 196 uL/L, respectively, may hint that much higher concentrations are

present at greater depths. At Site 7-33, the deepest sample (Fig. 1) came from

»

70 cm. If this sample, containing 196 uL/L, were plotted on Figure 3 it would

fall within the envelope of C, ~concentration profiles of cores in which C1

1
exceeds 1 mL/L at depth. The case for Site 8-6 is not so clear. The sample

containing 224 uL/L comes from a depth of 220 cm (Fig. 1). If plotted on Figure

3, this value would fall below the envelope of C, -concentration profiles. At

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

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



, 13
Cl/(C2+C3) ratios and §°°C

containing Cl

Table 1.

values for samples

concentrations in excess of 1 mL/L

Site Maximum Cl/(C2+C3) 513Cl*(°/oo)
8-4 24000 -gol
8-8 71000 nd
8-15 28000 nd
8-21 440000 nd
8-22 88000 nd
6-121 6500 -722
6-125 28000 -692
6-131 5400 -752

*
relative to the PDB standard

lKvenvolden et al.

2Nelson et al.

(1979)

(1979a,b)



amounts of Cl. At other sites in Norton Sound and eastern Chirikov Basin, C1

concentrations are below 100 uL/L and at many sites below 10 uL/L (Fig. 2).

10.
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POSSIBLE BIOLOGIC ORIGIN OF OTHER HYDROCARBONS
Besides Cl' other hydrocarbon gases are present in these sediments, but quan-

titatively, they have much less significance than C The maximum concentra-

1:
tions of C2 + C3 are in the same range as the minimum concentrations of Cl'

At sites where Cl increases rapidly with depth (Fig. 3), C_. + C3 also generally

2

increases (Fig. 5) but much more slowly than C Concentrations of i-C, and

1° 4
Efc4 are even lower than concentrations of C2 + C3, and the i—c4 + Efc4 concentra-
tions are erratic with depth. As a generalization, however, the abun-

dances of the higher hydrocarbons, C2, C3 and C4, are greater in samples where

concentrations of C, are larger. Therefore, the processes that produce C

1 may

1

also be responsible in part for the generation of the higher hydrocarbons.
Microbiological production and consumption provides a reasonable mechanism to

account for C, at the eight sites where C

1 concentrations increase beyond 1 mL/L.

1

Therefore, microbial processes may also explain the occurrence of the higher
molecular weight hydrocarbons, although evidence for this process remains circum-
stantial. Laboratory experiments have demonstrated the microbial formation of

C2 and C3 (Davis and Squires, 1954). Thus, there is support for the suggestion

that the C2 and the C3 hydrocarbons at these sites can come from microbial pro-

cesses, but there is no precedent in the literature on microbiology for the pro-
duction of C4 hydrocarbons.

The presence and distribution of C is probably controlled by biological

2:1
processes ,but these processes likely differ from those which account for the very
high C1 concentrations. These unsaturated hydrocarbons have been formed by

microbial action in the laboratory (Davis and Squires, 1954L and C is pro-

2:1
duced in soils by bacteria (Primrose and Dilworth, 1976). 1In the sediment the

process seems to take place uniformlx,because there is no obvious concentration

gradient with depth. In surface samples concentrations of C2-1 and C3-1 are

11.



larger respectively than concentrations of C2 and C3. With depth, concentra-

tions of C2 and C3 increase slightly so that below the surface ratios of

CZ/C and C3/C are usually equal to or greater than one.

2:1 3:1

THERMOGENIC HYDROCARBONS
The above discussion focused mainly on sites where C1 concentration increases
rapidly with depth, and consideration has been given to the heavier

hydrocarbons associated with this C At one site, 7-17/8-3, however,

1°
C1 concentrations are not unusually high, less than 100 uL/L (Fig. 3), but con-

centrations of C, + C, (Fig. 5) and i-C

5 3 + n-C

are unusually large relative to

4 4

concentrations seen elsewhere in the sediments of this area, or for that matter,
anywhere else in marine sediments off Alaska.

Site 7-17/8-3 has been studied in great detail since anomalous hydrocarbon
concentrations were first discovered in the water column at the site (Cline and
Holmes, 1977). Nelson et al. (1978) showed that the sediments here also contain
anomalous hydrocarbon concentrations. Kvenvolaen et al. (197%9a, b) confirmed
the hydrocarbon chemistry and discovered that the major gas component within

the sediment and escaping into the water column is CO The Cl/(C2+C3) ratios

2°
in sediment at this site are less than 10 and the 61301 is -36°/,,. These
numbers differ greatly from those discussed earlier where microbiological pro-
cesses were inferred.

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

processes, judging from the molecular distribution of Cl, C,, and C_, and the isotopi«

2 3

composition of Cl. In addition, anomalously high concentrations of i—C4, n-C

4

and C5+ (gasoline-range hydrocarbens) support the mechanism of thermochemical

processes (Kvenvolden and Claypool, unpublished). Heat for this process must be
available at depth in Norton Basin. The hydrocarbons resulting from the thermal
decomposition of organic matter within the basin must migrate along with CO2

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

12.
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chemistry 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 migration must exist. The fact that hydrocarbons are leaking
into the water column suggests that surface sediments should contain large
amounts of these hydrocarbons. On the contrary, surface samples at this site
contain very low concentrations of hydrocarbons. In fact, surface samples
(0-10 cm) at this site show no evidence of the high concentrations of hydrocar-

bons deeper in the sediment. The gradients of C, (Fig. 3), C, + C_, (Fig. 5)

1 2 3

and i-C, + n-C

4 decrease rapidly toward the sediment surface. This rapid

4
decrease and lack of significant quantities of hydrocarbons at the sediment
surface can be explained by rapid diffusion of hydrocarbons into the water col-
umn from the first few centimeters of sediment or the presence of discrete gas
vents that pipe the hydrocarbons through the sediment leaving few hydrocarbons
remaining in the sediment. The second explanation is more 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 maximum
value at about 1 to 2 meters depth and then decrease. This profile suggests
that migration from greater depths does not involve diffusion of hydrocarbons
within the underlying sediment but rather that the hydrocarbons are following
distinct conduits such as faults. Near the surface the hydrocarbons are dis-
persed into the sediment where they eventually vent along with CO2 into the
water. That the hydrocarbons from this seep are present in the water column
has been documented by Cline and Holmes (1977). The waters of Norton Sound and
the eastern Chirikov Basin also contain a regionaldistribu/t%QP hydrocarbon

gases (Cline et al., 1978) whose sources, in part, may be the underlying surface

and near-surface sediment.

GEOPHYSICAL EVIDENCE

The presence of gas in near-surface sediments can cause acoustic anamalies

13. 9,53



on high_resolution geophysical records where the gas is no longer in solution
in the interstitial water but takes the form of bubbles. Schubel
(1974), for example, demonstrated how high concentrations of gas affect acous-
tic properties of sediments. At the eight sites where Cl concentrations exceeded

1 mL/L and may have reached and exceeded interstitial water solubility, bubble-

phase C., may be present. Acoustic anomalies would be expected on high-

1
resolution records from these sites if free gas is indeed present.

Geophysical transects, utilizing 800-J boomer, 3.5 kHz subbottom profiler and
120 kJ sparker systems, indicate that near-surface acoustic anomalies are widespread
Norton Sound. Figure 6 shows those sites, sampled for hydrocarbon gases, at which
acoustic anomalies are seen on geophysical records. At three sites (6-125, 8-4,
and 8-21), acoustic anomalies correspond to samples having high concentrations

of Cl' The acoustic anamaly and associated C, at 8-4 were discussed in

1
detail by Kvenvolden et al. (1979a,b). The characteristics of the
acoustic anomaly at 8-21 suggest that the cause may be controlled more by the
presence of glacial till deposits than by gas. At Sites 7-17/8-3, geophysical
records show both near-surface and deeper acoustic anomalies. fThere the
sediment is charged with CO

rather than Cl,and the CO, is escaping from the

2 2

seafloor 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,
where high concentrations of Cl were measured, no acoustic anamalies were detected.
At sites 6-121 and 6-131 no geophysical records were obtained; therefore, it is
uncertain whether or not acoustic anomalies are presént at these sites. At

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

of acoustic anomalies although the geochemical measurements indicate high concen-
trations of Cl (Figs. 2 and 4). Apparently the gas concentrations at these sites
were not in the proper range to produce anomalies on the records of the geophys-

ical systems employed. On the other hand, acoustic anomalies were observed on

14.



records at Sites 8-1, 8-9, and 8-10, but maximum C1 abundances in cores at
these sites were only 6, 4, and 15uL/L, respectively. Concentrations this low
are not expected to produce acoustic anamalies. In addition, acoustic anomalies
were found in geophysical records at Sites 6-168, 7-22, and 7-25, but sampling
at these sites was not deep enough (Fig. 1) to test the presence of high Cl or
CO2 concentrations it depth.

High concentrations of C1 in near-surface sediment may cause instability
and may lead to crater formation whenever the gas vents abruptly into the water
column. Nelson et al. (1978) discussed some preliminary engineering informa-
tion related to the stability of gas-charged sediment in Norton Sound, and Nelson
et al. (1979) proposed that the craters found in central Norton Sound may result

from the rapid escape of gas from gas-charged sediments.

SUMMARY
Hydrocarbon gases, methane, ethane, ethene, propane, propene, isobutane,
and n-butane are common in surface and near-surface sediment of Norton Sound

and eastern Chirikov Basin. From a quantitative standpoint methane is the most

important hydrocarbon gas. At eight sites in this area methane 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
highest value measured is about 55 mL/L. This methane is probably being generated
by microbial decomposition of peat that is buried with mud under a

cover of fine-grained, sandy silt derived from the Yukon Delta. Maximum ratios

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

about 5 x 103 to 440 x 103. Carbon isotopic compositions range from -69 to -80°/,,
(relative to the PDB standard). These molecular and isotopic compositions strongly
suggest that microbiological processes are involved in the production of at least

methane. Higher molecular weight hydrocarbons are present in much lower concen-

15.
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trations than methane, but, as a general rule over the area, the trends in con-

centrations of the hydrocarbons, at least through propane, are roughly the same.
Therefore, microbiological processes may also be responsible for the hydrocarboﬁ
gases heavier than methane.

At one site in Norton Sound the concentrations of all hydrocarbon gases are
anomalous. For example, methane is anomalously low in concentration relative to
the methane at the eight sites mentioned above. On the other hand, ethane,
propane, and the butanes are all anomalously high in concentration. The ratios
of methane to ethane plus propane are less than 10 and the isotopic compositon
of methane is about -36°/,,. The magnitude of these parameters sharply contrasts
with the values obtained elsewhere in the area and indicates that thermochemical
rather than biochemical processes are at work. The maximum concentration of

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

The major camponent is carbon dioxide. The carbon dioxide and hydrocarbons are
actively seeping from the sediment into the water column.

A number of geological consequences result from the presence of gases in
near-surface sediment of this area. Where gas concentrations approach and exceed
their solubilities in the interstitial water, free gas in the form of bubbles
occurs. This gas modifies the acoustic properties of the sediments, and near-
surface acoustic anomalies are detected on high-resolution geophysical records.
Acoustic anomalies were observed at three of the eight sites where methane is
very abundant and also at the site where carbon dioxide was observed along with
hydrocarbons. On the other hand, acoustic anomalies were also seen in geo-
physical records from three sites where maximum gas concentrations in core
samples were too low to cause anomalies. At three other sites there was no geo-
physical evidence for acoustic anomalies although geochemical measurements indicated
high methane concentrations in the sediment. The presence of high gas concen-

trations in near-surface sediments can lead to sediment instability and the

7
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possibility of seafloor cratering. Finally, the thermochemical hydrocarbons,
observed at one site, may have been produced deep within Norton Basin and be
migrating to the surface. These hydrocarbons have petroleum-like characteristics

and may be indicative of petroleum generation and accumulation at depth.

17.



REFERENCES CITED
Barnes, R.O. and Goldberg, E.D. (1976) Methane production and consumption

in anoxic marine sediments: Geology 4, 297-300.

Bernard, B.B., Brooks, J.M., and Sackett, W.M. (1976) Natural gas seepage

in the Gulf of Mexico. Earth and Planet. Sci. Lett. 31, 48-54.

Bernard, B.B., Brooks, J.M., and Sackett, W.M. (1977) A geochemical model
for characterization of hydrocarbon gas sources in marine sediments:

Proc. 9th Offshore Tech. Conf., 1, 435-438.

Bernard, B.B., Brooks, J.M., and Sackett, W.M. (1978) Light hydrocarbons in

recent Texas continental shelf and slope sediments. Jour. Geophys. Res.,

83, 4053-4061.

Claypool, G.E. and Kaplan, I.R. (1974) The origin and distribution of methane

in marine sediments. 1In Natural Gases in Marine Sediments, Kaplan, I.R.,

ed., Plenum, New York, 99-139,

Cline, J.D., Feely, R.A., and Young, A. (1978) Identification of natural and
anthropogenic petroleum sources in the Alaskan shelf areas utilizing low
molecular weight hydrocarbons: Environmental Assessment of the Alaskan

Continental Shelf, Ann. Report, v. 8, NOAA, BLM, p. 73-198.

Cline, J.D. and Holmes, M.L. (1977) Submarine seepage of natural gas in Norton

Sound, Alaska: Science, 198, 1149-1153.

18. W



David, J.B. and Squires, R.M. (1954) Detection of microbially produced gaseous

hydrocarbons other than methane. Science, 119, 381-382.

Emery, K.O0. and Hoggan, D. (1958) Gases in marine sediments. Am. Assoc.

Petrol. Geol. Bull., 42, 2174-2188.

Hopkins, D.M. (1967) Quaternary marine transgression in Alaska. In The Bering
Land Bridge, Hopkins, D.M., ed., Stanford University Press, Stanford,

California, 47-90.

Kosiur, D.R., and Warford, A.L. (1979) Methane production and oxidation in

Santa Barbara Basin Sediments: Estuarine and Coastal Marine Science, 8,

379-385.

Kvenvolden, K.A., Nelson, C.H., Thor, D.R., Larsen, M.C., Redden, G.D., Rapp,
J.B., and DesMarais, D.J. (1979a) Biogenic and thermogenic gas in gas-

charged sediment of Norton Sound, Alaska. Proc. 1llth Offshore Tech. Conf.

1, 479-486.

Kvenvolden, K.A., Weliky, K., Nelson, C.H., and DesMarais, D.J. (1979b)

Submarine seep of carbon dioxide in Norton Sound, Alaska: Science, 205,

1264-1266.

Kvenvolden, K.A. and Claypool, G.E. (1980) Migration of gasoline-range
hydrocarbons by solution in carbon dioxide as observed in Norton Basin,

Alaska: (unpublished).

19.



Kvenvolden, K.A. and Redden, G.D. (1980) Hydrocarbon gas in sediment from the

shelf, slope and basin of the Bering Sea: Geochim. Cosmochim. Acta,

(submitted).

Martens, C.S. and Berner, R.A. (1974) Methane production in the interstitial

waters of sulfate-depleted marine sediments. Science, 185, 1167-1169.

McManus, D.A., Venkatarathan, K., Hopkins, D.M., and Nelson, C.H. (1977)
Distribution of bottom sediments on the continental shelf, northern Bering

Sea: U.S. Geol. Survey Prof. Paper 759-C, 31 pp.

Nelson, C.H. (1977) Potential seafloor instability from gas-rich sediments

and sediment depression craters. In Environmental Assessment of the

Alaskan Continental Shelf, Ann. Rept, Prin. Inv. for 1977, NOAA, Env. Res.

Lab, U.S. Dept. of Commerce, Boulder, Colo., 79-92.

Nelson, C.H. and Creager, J.S. (1977) Displacement of Yukon-derived sediment

from Bering Sea to Chukchi Sea during Holocene time: Geology, 5, 141-146.

Nelson, C.H. and Hopkins, D.M. (1972) Sedimentary processes and distribution

of particulate gold in northern Bering Sea: U.S. Geol. Survey Prof. Paper

689, 27 pp.

Nelson, C.H., Kvenvolden, K.A., and Clukey, E.C, (1978) Thermogenic gases in

near-surface sediments of Norton Sound, Alaska. Proc. 1Cth Offshore

Tech. Conf. 4, 2623-2633,.

20.



Nelson, C.H., Thor, D.R., Sandstram, M.W., and Kvenvolden, K.A. (1979) Modern
biogenic gas-generated craters (seafloor "pockmarks") on the Bering Shelf.

Geol. Soc. Am. Bull. (accepted).

Oremland, R.S. (1975) Methane production in shallow-water, tropical marine

sediments. Appl. Microbiol. 30, 602-608.

Primrose, S.B. and Dilworth, M.J. (1976) Ethylene production by bacteria:

Jour. General Microbiology, 93, 177-181.

Reeburgh, W.S. (1969) Observations of gases in Chesapeake Bay sediments.

Limnol. Oceanog. 14, 368-375.

Reeburgh, W.S. and Heggie, D.T. (1977) Microbial methane consumption reactions

and their effect on methane distributions in freshwater and marine environ-

ments. Limnology and Oceanography 22, 1-9.

Schubel, J.R. (18974) Gas bubbles and the acoustically impenetratable, or turbigd,

character of some estuarine sediment. In Natural Gases in Marine Sediments,

Kaplan, I.R., ed., Plenum Publ. Corp., New York, 275-298.

Whelan, T. (1974) Methane, carbon dioxide and dissolved sulfide from interstitial

water of coastal marsh sediments: Estuarine and Coastal Marine Science 2,

407-415.

21.



Pigure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

FIGURE CAPTIONS

Location of hydrocarbon gas sampling sites in Norton Sound and
Chirikov Basin (dots). 8ites are designated with the last digit
of the year when the site was occupied followed by the station
number. In parentheses is the interval in centimeters from which
samples were taken. After the colon is the number of samples

analyzed for hydrocarbon gases in that interval.

Distribution of maximum concentrations of C1 in uL/L and mL/L
of wet sediment at each site.

Graph of concentrations of C, in uL/L and mL/L of wet sediment

1
vs. depth (cm) for sediment samples from cores taken at nine sites
in Norton Sound and eastern Chirikov Basin. Site 7-17 and 8-3

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

Distribution of maximum concentrations of Cz + c3 in nL/L and

uL/L of wet sediment at each site.

Graph of concentrations of C2 + C3 in nL/L and uL/L of wet
sediment vs depth (cm) for sediment samples from cores taken at

nine sites in Norton Sound and eastern Chirikov Basin.

Distribution of acoustic anomalies and sites with high concentra-

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

The papers that follow cover a decade of interdisciplinary research on
Holocene sedimentation in the northern Bering Sea. The U.S. Geolqgical Survey
environmental assessment studies in this region result in interfacing
studies of a number of marine geologic, physical oceanographic, geochemical,
and geotechnical specialists. This epicontinental shelf research focuses on a
poorly known, but significantly large type of environment of northern North
America. Although nearly half of the continental shelf area of the United
States is made up of epicontinental shelves that surround Alaska, most studies
of Holocene shelf sedimentation in north America have focused either on the
narrow, tectonically active Pacific coast shelves or the Atlantic continental
margin shelves. The general lack of information on modern epicontinental
shelves is a severe handicap to understanding the extensive ancient rock
record of these types of environments, for example, the Mesozoic of the
interior of western North America.

We feel it is most useful for modern and ancient comparative studies to
incorporate our papers into this volume containing the significant body of
European work on the North Sea. The environment of the northern Bering Sea is
similar in many ways to that of the North Sea. Both shelf areas are dominated
by strong currents constricted by land masses. As a result, large sand ridges
and sand-wave fields are common, and significant reworking, resuspension, and
relocation of Holocene sediment masses is apparent on both shelves. Storm
waves are common to all shelf areas, but large storm surges and strong storm—
driven currents are more restricted, occurring mostly in broad shallow
embayments such as those found in the North and Bering Seas. Wide variation

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




characteristic of both regions and results in similar Holocene sediment types
and distribution patterns in the two areas.

The first paper on the late Pleistocene to Holocene sedimentation points
out that two very different sequences of transgressive deposits can develop
within the same shelf region. In Chirikov Basin, Pleistocene peaty mud is
covered by typical, but extremely thin, basal and inner shelf transgressive
sand units. The strong currents and circulation of water masses, however,
prevent deposition of a modern mud blanket to complete a normal transgressive
sequence. Instead, currents rework the surface sediment into a distribution
that conforms to the strong geostrophic flow patterns rather than a wave-
generated gradation from coarse-grained deposits in shoreline regiomns to
finer-grained deposits in offshore regions.

The seafloor of Norton Sound is overlain by Pleistocene peaty mud but, in
contrast to Chirikov Basin, it lacks transgressive sand layers. Here marine
transgressive sequences consist of mud interbedded with thick storm sand
layers which grade upsection to thinner storm sands and then to bioturbated
mud facies. Progradation of the modern Yukon prodelta reverses this sequence
in southern Norton Sound so that storm sand layers are found in the uppermost
Holocene sediment. Patterns of late Pleistocene~Holocene sedimentation in
both Chirikov Basin and Norton Sound are different from those in southern
Bering shelf where a classic wave-generated seaward-fining is found in
Holocene 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 must be considereded because
gradations in sediment texture and thickness may have little relation to
shoreline location or depth-related variations in wave energy.

The second paper analyzing microfauna in shelf deposits of the northern



Bering Sea shows that biostratigraphical changes and paleoecological patterns
may aid in reconstruction of epicontinental shelf environments. In Chirikov
Basin there is a vertical change from freshwater to marine facies. In Norton
Sound the same change is evident, but nearshore and offshore faunal
assemblages can be distinguished in thicker transgressive deposits. In the
late Holocene sediment, however, a reversal back to brackish water
environments is encountered because of formation of the present active delta
lobe in southern Norton Sound.

Sedimentary structures in Norton Sound described in the third paper also
mirror the effects of the transgressive and progradational history. Nearshore
physical structures occur at the base of the sequence and grade upsection to
bioturbated mud; the uppermost sequence, however, changes to well-developed
nearshore structures in southern Norton Sound where the delta progrades over
the offshore sequences laid down in the earlier Holocene. Because of the
delta progradation in southern Norton Sound, well-developed physical
structures in surface sediment grade offshore to highly bioturbated deposits
as might 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 low sedimentation rates caused by resuspension
and advection of most Holocene sediment from this region by the Alaska Coastal
Water. Because of the large freshwater discharge from the Yukon River into
southern Norton Sound, bioturbation there is similar to that found in local
coastal embayments and estuaries elsewherejeven though Norton Sound is an
open-shelf region. Again, this is an example to be kept in mind 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 petroleum reservoirs
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in ancient shelf systems. The sand bodies of the Bering shelf, although
similar to one another in their linearity, size, and sediment types, can be
separated into genetic types based on subtleties of grain size, sedimentary
structure, morphology, and orientation. Recognition of leeside sand bodies
formed of very fine sand may help to distinguish large sand bodies deposited
far offshore and not parallel to shorelines, from the more common and
generally coarser—-grained, shore-parallel sand bodies of the inner shelf.

Several of the process—oriented papers that follow the first four papers
describing sedimentary features show that development of different sand body
types is a result of a wide variation in hydrographic setting and sediment
input on the Bering shelf. In the modern inner shelf area, out to water
depths of 10-15 m, the sea floor is typically affected by wave energy. Along
southern Seward Peninsula, however, a complex pattern of bedforms related to
wave and unidirectional currents is evident. Interplay of current-formed
features with ice scour in this subarctic environment adds to the complexity
of bedforms in this region. The result is a mosaic of oscillation and
unidirectonal current ripples, ice-gouge features, and a complex pattern of
varying sediment types.

The inner shelf off the Yukon delta complex of southern Norton Sound
contrasts with that of the rocky headland and coastal plain coast of
the Seward Peninsula. It is dominated by deltaic sedimentation and a seasonal
set of fluvial, hydrographic, and ice processes. In winter, river discharge
is almost totally lacking and extensive shorefast ice develops. The wide
apron of shorefast ice results in much further extension of distributary
channels offshore from the delta than is the case in temperate or tropical
deltas. The sub—ice channels serve as sediment conduits during maximum

discharge conditions in late spring and summer. Thus, extremely large
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quantities of sediment enter the sound in a very short period of time and
accumulate rapidly in southern Norton Sound. Major storms in the fall rework,
resuspend, and remove large quantities of sediment from Norton Sound.
Occasional extremely large storm-surge events cause progradation of major sand
sheets from the delta shoreline out over southern Norton Sound.

Quantitative measurements of significant reworking and resuspension of
bottom sediment during storms have been made in northern Norton Sound using
GEOPROBE instrumentation. The longterm in situ measurements of currents and
suspended sediment made with the GEOPROBE in the benthic boundary-layer
provide new information that has broad implications for any epicontinental
shelf region. The continuous monitoring of shear velocities proves that
storm~related currents are the major process in the constricted shallow waters
of epicontinental shelf regions like northern Bering Sea. Measurements also
show the importance of continual advective suspended sediment transport over
northern Bering shelf and sediment resuspension and transport during spring
tidal conditions.

In contrast to the more 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
consolidated mud of restricted quiet-water lagoons and sheltered, but open-
shelf embayments, contrasts with other regions of highly overconsolidated
sediment; there, fetch of the open sea permits strong cyclic loading on
shallow bottom sediment by large open-shelf waves. Biogenic gas trapped
beneath Holocene mud of Norton Sound can create poorly consolidated zones and
regions of gas-charged sediment traced by acoustic anomalies 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
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delta region. Thus, liquefaction may be a very important process in
conjunction with strong, storm—generated currents to develop the prograding
storm—sand sheets and extensive scour observed on epicontinental shelves like
Bering Sea.

Our research on Bering shelf suggests that sedimentary processes on
shallow epicontinental shelves include synergistic effects of wind, tidal, and
barotrophic-driven currents and also poorly understood effects of instability
due to sediment gas-charging and cyclic wave loading. Future
interdisciplinary research on epicontinental shelves is required to define the
relative importance of these factors in sediment transport.

We hope that this set of papers on the Bering epicontinental shelf will
show some similarities and contrasts with the North Sea as well as provoke
some new thoughts regarding Holocene sedimentation processes common to all
epicontinental shelf settings. Large new studies are being instigated in
other epicontinental shelves like the east China Sea and it appears that
commonalities of Holocene transgressive sedimentation and modern sedimentary
processes are present. Once this modern 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 similar ancient environments.

Hans Nelson



Late Pleistocene-Holocene Transgressive Sedimentation in Deltaic
and Non-Deltaic Areas of the Bering
Epicontinental Shelf
by C. Hans Nelson
United States Geological Survey, Menlo Park, California 94025

ABSTRACT

The distribution of late Pleistocene (>10,000 years BP)1 and Holocene
(£10,000 years BP) surface sediment on the northern Bering Sea floor is patchy
and dependent upon locations of seafloor bedrock and pre-late Pleistocene
glacial debris, late Holocene river sediment influx, and modern strong bottom
currents. Seafloor vibracores and high-resolution profiles record two
different sedimentary environments in the northern Bering shelf: late
Pleistocene-Holocene shoreline transgression (£16,000 years BP) in Chirikov
Basin, and Holocene deposition from the Yukon River in Norton Sound.

Lag gravels remain exposed on the margins of Chirikov Basin where the
transgression of the late Pleistocene-Holocene shoreline reworked pre-
Quaternary bedrock and glacial moraines deposited during earlier low sea
levels. The shoreline transgression over most of central Chirikov Basin left
a cover of inner-shelf fine-sand facies that is underlain in places by a
pebbly to medium sand basal transgressive facies, both of which overlie
Pleistocene limnic peaty mud of emergent shelf deposition. Water circulation
patterns have inhibited deposition of Holocene Yukon River silt over
transgressive sand and lag gravels of Chirikov Basin.

About 9,500 BP, rapid marine transgression of Norton Sound began, to
deposit a basal nearshore facies of thick storm-sand layers in marine silt
overlain by an offshore bioturbated silt, both deposited over the Pleistocene
freshwater peaty mud. Progradation of thick storm-sand layers and Holocene
brackish-water silt deposits (up to 14 m) in southern Norton Sound is
attributed to a shift of the present active Yukon delta lobe into its present
position after about 2,500 BP.

Late Pleistocene and Holocene sedimentation on Bering shelf has
implications for interpretation of ancient epicontinental shelf deposits. In
Norton Sound, early Holocene transgressive sequences of coarser to fine muddy
facies up~section are covered by regressive coarser facies in areas of deltaic
progradation. In contrast, Chirikov Basin displays extremely thin
transgressive deposits (<1 m) that are a complex mosaic of gravel, sand, and
mud lenses unrelated to shoreline sources, just as sediment thickness is in
parts of Norton Sound. Holocene sediments derived from the Yukon River bypass
Chirikov Basin to accumulate hundreds of kilometers away in the Arctic Ocean
in deposits averaging 10 m thick; however, thin accumulations (<2 m) occur in
northern Norton Sound near the present Yukon Delta. In contrast to the
complex transgressive sequences of the northern Bering shelf, the southern
Bering shelf exhibits generally classic offshore gradation of coarse- to fine-
grained Holocene deposits.

1
For consistant stratigraphic nomenclature,deposits 10,000 years BP and
younger are defined as Holocene in this paper (see Hopkins, 1975).



INTRODUCTION

The Bering epicontinental shelf is much like the North Sea shelf because
of its strong currents (Cacchione and Drake, 1979) and numerous insular and
peninsular constrictions. In addition, input of the Rhine and Elbe Rivers
into the North Sea results in deltaic and non-deltaic areas of Holocene
sedimentation (Nio et al., 1979) similar to those caused by discharge of the
Yukon River on Bering shelf. On the northern Bering shelf during shoreline
transgression of the late Pleistocene to Holocene, different transgressive
sedimentary facies developed in the non-deltaic region of Chirikov Basin to
the west and the deltaic area of Norton Sound to the east (Fig. 1).
Definition of these two types of transgressive sedimentation in the Bering
epicontinental shelf region provides important information to compare with
similar deposits in other areas, like the North Sea, and to distinguish
similar facies in ancient analogs.

The extremely thin transgressive sandy facies of the Chirikov Basin is
described in this paper and compared to the thick, muddy sequence of Yukon-
derived Holocene deposits in Norton Sound. In these different environments,
the general lithology, sedimentary processes, and sedimentary history are
outlined throughout the late Pleistocene and Holocene time. The present
distribution of transgressive late Pleistocene and Holocene deposits is also
explained in terms of modern oceanographic processes. Sediment distribution
patterns and processes of northern Bering shelf are then compared to the
overall patterns of epicontinental shelf sedimentation in the eastern Bering
Sea. In the geologic significance section description of these highly
variable sediment facies patterns on Bering shelf is used to provide new

insights for the interpretation of similar ancient shelf deposits.



METHODS

The summary of late Pleistocene and Holocene history of sedimentation on
the northern Bering shelf spans a decade of marine geologic research by the
U.S. Geological Survey in this region. The findings in this paper are based
on box cores and vibracoring up to 6 m into the seafloor and on more than
10,000 km of tracklines covered by high-resolution sparker, Uniboom, and
3.5-kHz continuous seismic profiling systems. Nearly 50 vibracores and 250
box cores have been described from lithologic analyses, X-ray radiography and
epoxy peels. Samples also have been analyzed for texture, microfauna, and
radiocarbon dates (see also McDougall, this volume).

OCEANOGRAPHIC SETTING

The northern Bering Sea is a very shallow epicontinental shelf area (<60
m deep) that can be divided into two provinces, Chirikov Basin and Norton
Sound (Fig. 1). The shallow eastern half of the area, the Norton Sound
embayment, is generally less than 20 m deep (Fig. 1). The very shallow
prograding Yukon Delta wedge in southern Norton Sound is an important
morphologic feature of Norton Sound that influences wave and storm-surge
processes in this region. The western region, Chirikov Basin, is surrounded
by projecting land masses on the northwest and northeast, and the large St.
Lawrence island on the south that constrict and reinforce the strong
geostrophic current flow (Fig. 1).

The Bering shelf, like that of the North Sea, is dominated by currents.
Whereas all the North Sea shelf is strongly tidal, only the north part of
Norton Sound is dominated by tidal currents; Chirikov Basin is influenced
mainly by the strong northward geostrophic current (Fig. 1) (Cacchione and
Drake, 1979). Currents are intensified along the eastern Bering Sea margin

wherever land projects westward into them. Even more important is the



increase in geostrophic current speeds, which have been observed to double,
during moderate storm events (Cacchione and Drake, 1979; Schumacher and Tripp,
1979). As in the North Sea, storm—surge set—up along the Alaskan coast
results in storm-related currents that cause major sedimentation events
(Nelson, 1977).

GEOLOGIC BACKGROUND

A number of past eustatic sea~level changes determine distribution of the
present Holocene and late Pleistocene shelf deposits. The most important
influence, the last late Pleistocene and Holocene transgression, began about
12,000 to 13,000 years ago in straits where the water was deepest (Hopkins,
1973). At first a narrow seaway developed from Anadyr Strait to Bering Strait
(Hopkins, 1979) and then from Shpanberg Strait to Bering Strait (Nelson and
Creager, 1977). The narrow seaways expanded southeastward to fill out the
deeper western area of Chirikov Basin until about 10,000 years ago. During
shoreline transgression in Chirikov Basin a number of stillstand features were
created. For example, ancient shorelines remain as large submerged sand
ridges between King Island and Port Clarence (Figs. 2 and 3, B-B’), (see
Nelson et al., this vol.), and recognizable ancient strandlines occur in
numerous other locations, particularly off Nome (Nelson and Hopkins, 1972;
Hopkins, 1973). :

The entire Norton Sound region remained emergent until about 10,000 years
ago. Sea-level fluctuations determined elsewhere (Field et al., 1979) and
radiocarbon dates in Norton Sound show that from 10,000 to 9,500 years B.P.,
the shoreline rapidly transgressed eastward over Norton Sound, and buried
tundra peat deposits.

The transgressing shoreline planed over a number of previous alluvial,

glacial, and bedrock exposures. Bedrock remains exposed on the seafloor in



regions near insular and peninsular granitic stocks and volcanic outcrops,
such as near Cape Prince of Wales, King Island, and off northern St. Lawrence
Island (Fig. 4) (Nelson and Hopkins, 1972). Another extensive area of sea-
floor bedrock occurs north of a major fault scarp (Johnson and Holmes, 1978)
along the subsurface channel west of Port Clarence (Fig. 4) to the Cape Prince
of Wales shoreline, and is perhaps correlative with Precambrian to Paleozoic
limestone of the adjacent shoreline area (Nelson and Hopkins, 1972).

Numerous subsurface alluvial channels covered by the transgressive
deposits have been mapped in the Norton Sound region where the most detailed
grid of seismic profiles is present (Fig. 4). In Chirikov Basin the limited
grid of seismic profiles (Fig. 2) does not permit detailed mapping of the
subsurface channels, but major subsurface channels are known to exist west of
Port Clarence, extending toward Bering Strait, and in the sea valley extending
south from King Island (Hopkins et al., 1976) (Fig. 4).

Early and middle Pleistocene continental glaciation extending off
(U.S.S.R.~Chukotka) to central Bering Sea, and local valley glaciation
offshore from Seward Peninsula have been determined both by seismic profiling
and by sediment sampling (Grim and McManus, 1970; Nelson and Hopkins, 1972;
Tagg and Greene, 1973; Hopkins, 1975 and 1979). The glacial moraines extend
in the subsurface of the central Chirikov Basin and emerge toward land as
gravel ridges (Figs. 4 and 5A). Complete sequences of moraines and outwash
were documented in the nearshore areas off Nome from detailed profiling (Tagg
and Greene, 1973) and drillholes as deep as 75 m below the seafloor (Nelson
and Hopkins, 1972).

The other major geologic event that significantly influenced the
distribution of late Pleistocene and Holocene deposits is the change in

position of the active Yukon delta lobe on the Bering shelf. About 16,000



years ago, the Yukon River apparently crossed the present Bering shelf in the
vicinity of Cape Romanzof and deposited a deltaic sequence south of St.
Lawrence Island (Knebel and Creager, 1973a). As sea level rose in the the
early Holocene, various active lobes developed far south of Norton Sound in
the Black subdelta and Cape Romanzof regions (Fig. 1) (Nelson and Creager,
1977). The present active delta lobe first developed in southern Norton Sound
after 2,500 years BP as shown by dating of onshore delta deposits (Dupré, this
volume) and of offshore change from marine to brackish-water fauna (see core C
in Fig. 3,AzA’) (McDougall, this volume). Since then the Yukon River has
prograded significantly into Norton Sound and altered biological activity and
attendent bioturbation patterns (Nelson et al., in press; Howard and Nelson,
this volume).

LATE PLEISTOCENE TRANSGRESSIVE SEDIMENTATION IN CHIRIKOV BASIN

Transgressive Deposits

The late Pleistocene to Holocene shoreline transgression deposited a thin
sequence of transgressive deposits on the margins of Chirikov Basin. On some
margins, only a thin gravel lag is found over bedrock outcrops or glacial
deposits (Fig. 3, B-B’, core D, and Figs. 4 and 5B). On other margins, the
typical sequence is late Pleistocene freshwater peaty silt overlain by
transgressive sand (Figs.3, B-B’ and Fig. 5B). The Pleistocene peaty silt
occurs near the seafloor in troughs between sand ridges where strong bottom
currents have either prevented deposition or have scoured through the
transgressive sand into . the peaty mud (Fig. 3, B=B’, King Is. shoal to Port
Clarence). The presence of very old radiocarbon dates from peaty mud in some
trough locations suggests that significant scour has taken place there.

A typical trough sequence is fine sand above medium-grained sand

overlying the peaty freshwater silt (Fig. 3, B-B'). An example of a complete



eustatic cycle in northeastern Chirikov Basin is found in Core No. 247, taken
between Tin City and York shoal (Figs. 3, B-B’ and Fig. 5B). At the very
base, a thin layer of coarse—grained regressive sand containing a fauna
typical of cold, brackish water (P. Valentine, U.S. Geological Survey Woods
Hole, 1976, written commun.) is overlain by a 20-cm-thick sequence of
freshwater mud (McDougall, this volume) cut into by sand-filled burrows of
marine clams. Above this is medium sand showing good trough cross-lamination
that in turn is overlain by flat-~laminated to massive fine sand (Fig. 5B).

The different transgressive gravel and sand facies exhibit an areal
pattern related to underlying older deposits. The thin gravel lags are found
close to shore over bedrock and parallel to emergent seafloor moraines that
project into central Chirikov Basin south from Cape Prince of Wales and north
from St. Lawrence Island (Fig. 3, B=B’, Core D and Figs. 4 and 5A). Offshore
from the bedrock gravel lag of Seward Peninsula, medium—-grained sand fringes
the northeastern edge of Chirikov Basin (Fig. 6). The surface of central and
southern Chirikov Basin is covered by fine sand that overlies the medium sand
or late Pleistocene freshwater muds (Figs. 3, B=B’, and 5B and C).

Transgressive History

The oldest deposits in Chirikov Basin are the gravel lags that occur over
bedrock and pre-late Pleistocene glacial deposits (Fig. 6). These lags
developed as the late Pleistocene-Holocene transgessive shoreline reworked
bedrock or glacial deposits, removed fine-grained sediment and left a gravel
lag deposit over their surface (Nelson and Hopkins, 1972). 1In places, the
lags are much better rounded, contain higher percentages of quartz, and
exhibit modes of medium~ to coarse—grained sand, all of which indicate late
Pleistocene-Holocene stillstands of the strand line at these particular depths
of 10-12 m, 20-24 m, 30 m, and 38 m (Nelson et al., 1969; Nelson and Hopkins,

1972; Hopkins, 1973).



At locations where topographic elevations of bedrock and glacial moraines
were not present, late Pleistocene tundra and freshwater silt with occasional
alluvial deposits developed (Figs. 3 and 4). As the shoreline transgressed
over the freshwater peaty mud of the once emergent seafloor, a basal coarse-
to medium-grained sand, only a few centimeters thick, was deposited and
remains uncovered in northern Chirikov Basin (Fig. 6). A fine-grained, inner
shelf sand (Nelson et al., 1969) was laid down immediately off the shoreline
as it transgressed; this generally overlies the basal coarser sand facies and
forms a blanket deposit now covering most of the surface of central and
southern Chirikov Basin (Fig. 6). The few vibracores from central Chirikov
Basin suggest that this inner-shelf sand facies is no more than a few tens of
centimeters thick (Fig. 3, B-B’, cores E and F). The mineralogy and texture
of this sand contain no evidence of the modern Yukon River sediment source
(McManus et al., 1974). Thus, the Yuko<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>