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OVERVI EW

I. Summary of Objectives, Conclusions and Inplications with Respect to
OCS O and Gas Devel oprent.

The principal objective of this study is to provide interpretive maps and
reports of seafloor hazards in the Navarin Basin province preparatory for ocs
| ease sale 83 presently schedul ed for Decenber, 1984. Several geol ogic
processes that are active in Navarin Basin province are potentially hazardous
to commercial developrment. Prelininary conclusions and inplications
pertaining to OCS devel opment follow

1. Navarin Basin province appears to be an area of low seismcity and no
faults mapped to date rupture the seafloor. However, several faults indicate
moverment in the last 12,000 years and, thus, are potentially active

2. Submarine landslides are commn in the heads of submarine canyons and
on the upper continental slope and nust be considered in the design of any
seafl oor structures

3. Fields of large sedinent waves have been discovered near the heads of
the three large canyons. These sedinment waves if active could be hazardous to
seafl oor structures

4. Gas-charged sedinment, present throughout a large part of the
province, has reduced strength and bearing capacity as conpared to strength of
gas-free sedinment.

5 Intense storns produce exceptionally large waves which are not only
capabl e of eroding bottom sedinent, but are also dangerous to surface
structures and vessels.

6. Sea-ice commonly covers much of the Navarin Basin province for
several months of the year and could pose a problemto exploration,
devel opment, or production of oil and gas during years of heavy
concentrations.

11.  Introduction
A Ceneral Nature and Scope of Study

Navarin Basin province is an OCS (Quter Continental Shelf) |ease sale
area that is scheduled for leasing in 1984. This basin potentially contains
vast accumul ations of oil and gas and with the escalating energy problems will
be the subject of extensive exploration activity. Prelimnary to the sale, an
environmental inpact statenment nust be released by BM. Qur study in Navarin
Basin will provide information about the seafloor geologic hazards that need
to be considered during the exploration for and devel opnent of petrol eum on
the outer continental shelf. No previous geohazards investigations had been
conducted in the Navarin Basin province. Thus, we began in the sunmer of
1980, to collect reconnaissance geophysical and geol ogical data. This report
includes prelimnary findings fromthe 1980 and 1981 field seasons
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B. Specific Objectives

The specific objectives of this final report are to synthesize the
results of the 1980 and 1981 field seasons and to update the maps and
interpretations presented in the 1980 annual report. These objectives are
acconpl i shed by including chapters on various specific topics neWwy witten
for this report by experts and by appending reports and papers witten and
published in the interval of time that occurred after the release of the 1980
annual report and before preparation of this final report.

c. Relevance to Problens of Petrol eum Devel opnent

The Navarin Basin province enconpasses an area of 45,000 knf and contains
three sedimentary basins filled with thick sequences of Cenozoic strata
Interpretation of the stratigraphy and structure of these basins suggests
areas which could trap accumul ations of economcally exploitable hydrocarbon
deposits. The province, which includes the outer continental shelf and upper
slope, is deeply dissected by large submarine canyons. The steep gradients
within the canyons and along the upper continental slope result in potentia
instability problems in a large part of the province. Zones of gas-charged
sediment that also may cause problens of seafloor instability are present over
much of the outer continental shelf in the Navarin province. Al areas of
unstabl e seafloor must be carefully considered during the design and the
installation of exploration and devel opment platforms. Prelimnary data from
this potential petroleum province have revealed the existence of |arge
bedforms near the heads of the |arge submarine canyons. The potential inpact
of these bedforms as well as the occurrences of gas-charged sedinent and
sedi ment slides nust be considered during devel opnent phases when planning
pi pelines and hol ding tanks

[11.  Current State of Know edge

Prior to the summer of 1980, no geohazards data had been collected in the
Navarin Basin province. Several marine geology and geophysics cruises to the
Bering Sea had, however, collected data adjacent to and even within part of
the province. The thick sedinentary sequence that makes up Navarin Basin was
first discovered on a 1970 cruise of the R'V BARTLETT (Scholl and others
1975, 1976). Marlow and others (1976) named this 10-15 km thick sedinentary
sequence of Mesozoic and Cenozoic age deposits. However, detailed mapping of
the “acoustic basement” was not conpleted until seismc-reflection surveys of
1976, 1977, and 1980 provided nulti-channel coverage necessary to allow
delineation of the northwest-trending basins (Marlow and ot hers, 1981).

The Russians published the first generalized maps of sedinent
distribution in the study area (Lisitsyn, 1966). Wthout access to the
original data, we only have been able to extract a few data points along the
northern border of the Navarin province which we are using to supplement our
sediment distribution maps. of nuch greater use are data fromthe University
of \Washington cores and grab sanples, sonme of which were collected in the
eastern part of the Navarin Basin (Knebel, 1972). G her studies that will
provi de conparative sedimentologic data have been conducted in adjacent parts
of the Bering Sea (Anadyr Basin: Kummer and Creager, 1971; Bristol Bay:
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sharma and ot hers, 1977, Kvenvolden and ot hers, 1979; Drake and ot hers,
1980; St. Ceorge Basin, Gardner and others, 1980; vallier and others, 1980).

Al t hough oceanographic data have been gathered from the Bering Sea for at
| east 100 years (Dan, N. H., 1881 to Cacchione and others, 1982) and by
scientists from nunerous countries (e.g. USSR-Natarov, 1963; Japan-Takenouti
and oOhtani, 1974; U. S. A -Hughes and others, 1974), very little is known about
the details of circulation and other oceanographic paraneters within the
Navarin Basin province. These other studies have involved water nass
characteristics (sayles and others, 1979) or |arge scale circulation (Hughes
and others, 1974) of the entire Bering Sea or the deep Al eutian Basin or have
concentrated on novement and characteristics of the water in and through the
maj or outlets, the Bering Strait (Coachman and others, 1975) or the passes in
the Aleutian Chain (Favorite, 1974).

Sea-ice is often present throughout nost of the Wavarin Basin province
for about five nonths of the year, January through May. Whereas the average
monthly limt of sea-ice in the Bering Sea has been determ ned (Wbster,

1979), little is known about the novement and deformation of the sea-ice field
(Tabata, 1974). The increasing availability of satellite imagery (Muench,
1974; ahlnas and Wendler, 1980) together with winter field work (Drake and
others, 1979; Paquette and Bourke, 1980) w || provide needed detail ed
information helping to delineate the sea-ice fields in the Navarin Basin

provi nce.

IV. Study Area

The Navarin Basin province is located on the outer continental shelf and
upper slope in the northwestern Bering Sea (Fig. 1) . This promsing petroleum
region, scheduled for |ease sale in 1984, is bounded on the northwest by the
U. S. - USSR Convention Line of 1867, on the southwest by the base of the
continental slope and extends to within 100 km of St. Matthew Island to the
northeast and St. Paul Island to the southeast, an area of about 45,000 kmZ.
This province consists of a very flat continental shelf (average gradient
0.02°) and a rugged continental slope (gradient ranges from 3° to 8°) that has
been deeply dissected by five large submarine canyons. Bathynetric maps of
the Bering Sea constructed by Pratt and Walton (1974) and Schumacher (1976),
include very limted bathynetric data from the Navarin area. W have made a
more detailed bathymetric map (Fig. 2) of the study area by conbining the
bat hymetric data obtained on the DI SCOVERER cruises of 1980 and 1981 and the
R/'V s.p. LEE cruise of 1982 with data fromseveral U S. Ceol ogical Survey
Crui ses during the past decade (Scholl, Buffington, and Marlow, 1976; Marlow
and Cooper, 1979). The map and a discussion of the norphol ogy of the,

Navarin continental margin are included in the appended results section
(Fi scher and others, 1982).

v. Sources, Methods and Rationale of Data Collection
The principal sources of data for this study have been the seisnmic
reflection profiles and sedinent sanples collected on the 1980 and 1981 Rr/V

DI SCOVERER crui ses (Carlson and Karl, 1981, 1982; Karl and carlson, 1982).
Sone additional data were collected in 1980 from the uscG POLAR STAR and in
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1980 and 1982 fromthe R'V s.p. LEE. W are also incorporating into our data
base seismic reflection records that were collected over the past fifteen
years by the u.s.G.s. for resource evaluation {(Marlow and others, 1981).

Ot her sources of data include studies by the University of Washington and
the University of Al aska, Russian and Japanese scientists (e.g., Knebel,
1972; Sharma, 1979; Lisitsyn, 1966; Takenouti and Ohtani, 1974).

We acknow edge the assistance provided by the officers and crew of the
NOAA ship DI SCOVERER during the two cruises which conprise the principal
source of data for this report. During DI SCOVERER crui ses DC 4/5-80-BS/NB
(July 2 - August 17, 1980) the scientific party collected 6700 Iine km of
seismc reflection profiles, 104 gravity cores, 10 grab sanples, and 1 dredge
sample (Figs. 3, 5); 8050 line km of seisnmic reflection profiles, 88 gravity
cores, 10 grab sanples, 6 box cores, and 5vibracores were collected during
Dl SCOVERER crui se DC 2/3-81-BS/NB (Figs. 4, 5). NOAA officers and survey
techni cians provided navigational control using LORAN C and satellite fixes.

Following is a list of the vU.s.G.s. scientific party on each cruise.

DC 4/5-80-BS/NB:

Paul carlson Co- Chief scientist

Her man Kar | Co- Chief scientist

Brian Edwards Engi neering GCeol ogi st

Jeff Fischer Physi cal Science Technician
CGeorge Ford " " "

Sarah Griscom
Ken Johnson

Beth Lanb
Grant Lichtman
Paul a Quinterno
Jeff Rapert
John saladin
Rick Vail

Ti m Vogel

Pat W berg

Bob W/ son

Mark Yeats

DC 2/3-81-BS/NB:
Paul Carl son
Her man Kar |
Jack Baldauf
Neal Barnes
M ke Bennett
Dave Bl unt
Drew Coner
Merid Dates
John Eriksen
Jeff Fischer
Dan Hurl burt
Ken Johnson
Jim Joyce

Data coordi nator

Physi cal Science Technician
Micropaleontologist

Mechani cal Techni ci an

El ectronics Technician

El ectronics Techni cian
Geochemi st

Physi cal Science Technician
Mechani cal Techni ci an

Physi cal Science Technician

Chief Scientist, DC 2

Chief Scientist, DC 3
Micropaleontologist

CGeol ogi st

Engi neering Geol ogi st
CGeochem st

CGeol ogi st ( MVB)

Physi cal Science Technician
Mechani cal Techni ci an

Physi cal Science Technician
Mechani cal Techni ci an

Physi cal Science Technician
Physi cal Science Technician
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Larry Kooker
Beth Lanb

Larry Lawer
Sue McGeary
Jim Ni chol son
Robert Patrick
Paul a Quinterno
Robi n Ross

John Sal adin
Denni s Thurston
Ti m Vogel

Hal WIIlians
Mark Yeats

El ectronics Technician

Physi cal Science Technician
CGeophysi ci st (LDGO)

CGeophysi ci st

El ectronic Technician

El ectronic Technician
Micropaleontologist

Physi cal Science Technician
El ectronics Technician

CGeol ogi st (MvB)

Geochem st

Mechani cal Techni ci an

Physi cal Science Technician

We acknow edge also the assistance of the officers and crew of the USCG
POLAR STAR and USGS R/V sS.P. LEE and the scientific personnel on these

suppl enental crui ses:
Gol an-Bat, Rick Herrera, CGordie Hess,
Larkin, Carol Madison,

Bri an Edwards,

Jeff Fischer, Richard Garlow, Marge
Dan Hurliburt, Larry Kooker, Chris
Bob Mallonee, Kevin O Tool e, Paul a Quinterno, Ji m

Vaughn .
Sanpl i ng Methods:

State of the art high-resolution geophysical equipment (air gun, mni--
sparker, 3.5 kHz), bottom sanplers (gravity corer, grab, dredge) near-bottom
suspended sedi nment sanplers, and navigation (Satellite and Loran c) were used
to collect data on the two cruises. Spacing between track |ines was
approxi mately 30km., with nmore closely spaced lines in selected areas.

CGeol ogi ¢ samples were collected at the intersections of tracklines and at
| ocations deened to be geologically inportant by the chief scientists.

The geophysical systems used on the Navarin Basin cruises were as follows:

System Resol ution
1. Ar gun (up to 80 in’) 5- 10 m
2. Mnisparker (800 J) I - 3 m
3* 3.5 kHz Im

The bottom sanplers used were: gravity corer, box corer, vibracorer, dredge,
and grab sanplers.

Anal ytical Methods:

The geophysical records are analyzed by standard nethods, whereby slunps
and shallow faults are identified by discontinuity of reflectors and by
characteristic geometry, and seismic stratigraphic units are correlated by
their continuity and seismc-reflection signature. The sedinment cores are
bei ng studi ed megascopically and microscopically in order to classify
sedimentary units and to gather data for deciphering dispersal patterns.
Cores have been x-radiographed for study of internal structures that provide
inferences as to depositional mechanics and post-depositional di sturbance.
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Gain size and mneralogy will be used to determine provenance and sedi nent
pat hways.

The types of analytical systens used in the sedimentological Laboratory are
descri bed bel ow.

A Ceneral

(1) PDP-11/34 computer serving as controller for several analytical
devi ces. Used to store analyzed data and interface with the main
USGS computer.

(2) X-radiography unit for analyzing sedinmentary structures in core
sanpl es.

(3) Suspended sedinent concentrations are determined by gravimetric
analysis of material collected on filters.

B. Particle Size Analysis

(1) Rapid sedinment analyzer (height: 2.3 m dianeter: 20 cm to
measure grain-size distribution in the range of 2000 to 64 microns;
fall velocities nmeasured by a sem-conductor strain-gauge elenent.

(2) coulter Counter for analysis of fine-grained sedinents in the size
range 2 to 64 mcrons.

(3) Hydrophotometer for analysis of fine-grained sedinments in the size
range 2 to 64 nmicrons by measuring changes in |ight transm ssion.

(4) Pipette analysis of fine-grained sedinents in the size range 2 to 64
mcrons by neasuring rate of particle setting.

C. Mneral and Chemical Analysis

(1) LECO Carbon Analyzer - automatic analysis of total and organic
carbon concentrations in sediments.
(2) Carbonate Determner attached te LECO unit for neasuring the anount of
cal cium carbonate in marine sedinments.
(3) Scanning Electron Mcroscope (a Mni-SEM having a capability for
magni fications up to 40,000 X for viewi ng, identifying and
phot ographing particulate matter.

In addition to routine geologic analysis, core sanples will be subject to
several routine |aboratory tests to deternine geotechnical index properties.
Most routine tests will be conducted on subsamples fromthe core surface and
at intervals downcore. Laboratory procedures will follow Anerican Society for
Testing and Materials (AasTM standards where avail abl e.

Test ASTM
Water content D2216
Specific gravity of solids D 854

Bul k unit weight

Atterberg limts D423, 424
Vane shear strength --
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speci al i zed tests, such as one-dinensional consolidation (ASTM D 2435) and
triaxial conpression are being conducted on replicate cores taken at a few
selected stations in an endeavor to characterize different sedimentary

facies. Core sections taken for these and other |aboratory tests were seal ed
in wax, refrigerated and stored in an upright position until analyzed

vi. - VI, Resul ts, Discussion, and Concl usions

We have chosen to incorporate these three parts as a series of chapters
to this final report. Each chapter, witten by different authors, is an
i ndependent report on a specific topic conplete within itself. oOwing to time
constraints on report submttal it was necessary for the authors to reduce and
interpret great amounts of data relatively quickly, therefore we must stress
the prelimnary nature of these reports. The reports are organized into the
foll owi ng chapters:

1. Reports pertaining to Navarin Basin province published as of January 1983
2. Geologi c hazards

3. Textural variations of surficial bottom sedi ment

4*  Rates of sediment accunulation

5. Rocks and sem -consolidated sedinment from the Navarin continental margin
6. Isopach map of Unit A, youngest sedinentary sequence in Navarin Basin

7. Summary of geotechnical characteristics

8. Hydrocarbon gases in sedinents - results from 1981 field season

9. Benthic foramnifers

10. Diatom analysis of surface samples recovered from Pervenets Canyon

11. Aspartic acid geochronology of noll usks

12. Appended reports and large format maps

IX.  Needs for Further Study

We have had approximately 3 nmonths total shiptime in Navarin basin
province in 1980 and 1981. During that time we have conpleted what is
essentially a reconnaissance grid of seismc track lines and bottom sanple
stations over the ﬂSfOOO‘kﬁ1study area. In 1981, we not only increased
systematic reconnai ssance coverage but also, in anticipation of no further
cruises, concentrated track lines and sanples in those areas that contained
potential geologic hazards as determned from 1980 results

Further investigations will require that closely spaced seismc profile
lines and bottom sanples be located in specific sites chosen for exploratory
drilling. Additionally, more closely spaced track lines are needed on a
regional basis in order to map out the trace of near-surface faults and to
deci pher possible relationships between fault trends and zones of gas-charged
sedi ment.

Anot her area of fruitful research involves the deploynent of current
measuring instruments to determine whether bottom currents of sufficient
strength exist which may be potential hazards to pipelines and platformns.
Investigations of this type also are necessary to understand the origin of the
sand waves which are found in the heads of the large submarine canyons.
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At | east 2-3 years of additional data gathering are needed to refine our
interpretations of the geology of Navarin basin province, although we feel
that sufficient data has been collected for an adequate prelimnary assessment
of the potential geologic hazards in |lease sale area 83.
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CHAPTER 2. GECLOG C HAZARDS

by
ii. A Karl and P. R Carlson

Based on data collected during the 1980 and 1981 DI SCOVERER crui ses
(Carlson and Karl, 1981; 1982; Karl and Carlson, 1982) and the results of an
Environnental Hazards Workshop that was part of the Navarin Synthesis neeting
convened by NOAA/ OCSEAP and held in Anchorage on 25-27 Cctober, 1982, we have
identified 10 elements and processes that are potential hazards to commerci al
devel opment of the Navarin basin province. These are:

- Sea ice

- Superstructure icing
- Waves

- Fog

- Sedinent mass novenent
- Seismicity

- Faulting

- Gas-charged sedinment
- Large bedforms

- Unstabl e sedinent

Sea ice, superstructure icing, waves, and fog obviously are not seafl oor
geol ogi ¢ hazards, and, therefore, we do not discuss these at length. These
envirommental hazards are considered by other OCSEAP investigators-
oceanogr aphers and meteorologists~ and specific treatnents of these hazards
are found in their reports. In this report we only mention briefly the
effects of these four hazards on conmercial devel opnment. Superstructure icing
and fog are operational hazards and nust be dealt with on a day-to-day
basis. The wave climate in the Navarin area can be severe; however, industry
is currently operating in areas that have a nore severe wave climte, for
exanple, the North Sea. Sea ice is a problemfor part of the year in Navarin,
however, it is less of a problemthan in the Beaufort Sea which is presently
being developed for oil and gas. Water depth and distance fromland, however,
are factors which may conplicate devel opment of Navarin basin. Consequently,
structures that are now successful in the North Sea and the Beaufort Sea may
require additional engineering before use in Navarin basin.

The six elenments and processes that are seafloor geologic hazards have
been described in depth in several reports and papers witten and published
since the 1980 annual report, Geologic Hazards in Navarin basin, was issued;
these articles are reproduced as appendices to this report. Figure 6 shows
the distribution of geohazards mapped during the 1980 and 1981 field seasons;
maps of geotechnical indices are presented in Chapter 7 of this report.

Mass moverent of sedinent is ubiquitous on the slope in water depths
greater than about 200 m and in the heads of the submarine canyons (Fig. 6;
appendices F and G. Sedinent nmass novenment is the process nost likely to
pose a hazard to the siting of drilling structures, production platforms, and
pipelines. W are not able to assess the recency or the frequency of nass
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failures in Navarin basin province. |Industry has built structures in areas
prone to the mass failure of sedinent deposits, the Mssissippi delta, for
exanpl e; however, the scale of the slunp and slide blocks and the water depth
in Navarin basin province may pose additional engineering problens.

Only six earthquakes, each less than magnitude 6, have been reported from
Navarin Basin Province (Meyers, 1979). This data base spans less than the
| ast 100 years. Even though earthquakes have occurred infrequently during the
historic past in Navarin basin province, the numerous exanples of sedinment
mass novenent, for want of a better triggering nechanism suggest that
frequent earthquakes of significant nagnitude have occurred in the geologic
past (see appendix Q. Seismicity, must be considered in design criteria.
However, as a potential hazard it is certainly less likely a problemthan in
an area like southern California - a region which has undergone extensive
petrol eum devel opnent.

None of the faults mapped to date show any offset of the Hol ocene
seafloor. Although the ages of these faults are unknown, Y4e dates of
sediment in the Navarin basin province indicate accurmulation rates of the
upper 6 m of sedinent to range from about 16 to 25 cm 10°yr (Askren, 1972;
Knebel, 1972; carlson and Karl, Chap. 4, this report). Therefore, faults that
reach within 2-3 m of the seafloor nmay cut sedinent as young as Hol ocene and
are considered to be active. Faulting must be considered a potential hazard,
but, like seismicity, the probability of fault-related damage to platforns and
pipelines is certainly less than that in an area |ike southern California.

Gas-charged sedinment can have a |ower shear strength and bearing capacity
than does equival ent gas-free sedinment (Nelson and others, 1978; Whelan and
others, 1976). An increase in the concentration of free or bubble-phase gas
results in an increase of pore pressure and a conconitant decrease in shear
strength until failure can occur. Such increases in bubbl e-phase gas can
result fromdrilling into gas-charged sedinment or disruption of the sedinent
by cyclic loading, and this may lead to failure of pipelines or platforms
(U S. Ceological Survey, 1977). Exanmples of gas-charged sedinment identified
on high-resolution seisnmic-reflection profiles are shown in Carlson and others
(1982; appendix F) and the hydrocarbon analysis of Navarin cores is discussed
in Chapter 8 of this report. The potential hazard of gas-charged sedinent
will have to be assessed by the surveying of specific sites chosen for
devel opnent.

Large bedforms are found in the heads of the subnmarine canyons incising
the Navarin continental nargin (Fig. 6; appendix H). The bedforms occur on a
swstrate of silty, very fine sand and have wavel engt hs of about 600 m and
hei ghts that vary between 5-15 m W do not know if the sand waves are
active. If the sand waves are active, they, as well as the processes
responsi ble for them could represent hazards.

A regional study of geotechnical properties of Navarin basin sedinents
are discussed in Chapter 7. It will be necessary to do geotechnical anal yses
on cores collected at specific sites chosen for developrment in order to
determine design criteria for structures with foundations on the seafl oor.
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CHAPTER 3: TEXTURAL VARI ATI ON OF SURFICIAL BOTTaM SEDI MENT

by

H A Karl and P. R carlson

| NTRODUCTI ON

A total of 278 sedinent sanpling stations were occupied during the 1980
PCLAR STAR crui se and the 1980 and 1981 DI SCOVERER crui ses (Karl and carlson,
1982, Appendi x C, Fig. 5). The distribution of sedinent types derived from
visual descriptions of surface sanples reveals that (1) silts and sandy silts
generally characterize the shelf and slope, (2) zones of coarser sedinent
(coarse silt and sand) occur at the shelf edge, on the upper slope and in the
heads of submarine canyons, (3) surficial sedi ment on the shelf tends to be
coarser in the southeastern part of the area than el sewhere on the shelf, and
(4) nuds typify the lower slope and rise (see appendix C for plot of visua
descriptions)

METHODS

Subsamples taken fromthe gravity cores and grab sanples were soaked in
H,0, solution or acetone solution to renove oxidizable organic matter. the
sanples were then wet sieved on a 63 nicron screen to separate mud (<63
mcrons) and sand (>63 microns). If gravel (»>2 nm was present, it was
separated from sand by dry sieving. The fine fraction (<63 mcrons) was
anal yzed by standard pipette method and the sand-size material analyzed by
standard rapid settling tube (RsAa) method. Statistical paraneters were
cal cul ated as nonent measures

RESULTS

Table 1 contains the results of detailed sediment analyses of eight cores
and grab sanmples selected as typical exanples of each textural enviromment
listed above (Fig. 7). Al the sanples are poorly sorted (Table 1, Fig. 8).
Mean grain-size of the rise and slope sanples is in the very fine silt
class. The distribution of sediment sizes in the rise and slope sanples is
very similar; the sanples that happen to have been chosen are both weakly
bimodal and differ only in that the dom nant node shifts fromclay (10.5 phi)
on the rise to fine silt (6.5 phi) on the lower slope (Fig. 9). Sanples from
the shelf edge are considerably coarser than samples from the slope and rise
with mean grain-sizes of 0.02 nmand 0.07 nm The finer of the shelf-edge
sanpl es overlaps mean grain dianeters typical of the shelf (Fig. 8). Sedinent
in both shelf-edge sanples is concentrated in the coarser silt and finer sand
classes with nodes in the coarse silt (4.5 phi) and fine sand (3.5 phi)
classes (Fig. 9). Gain-size distribution of the sanple (80-G8%) fromthe
sout heastern part of the shelf resenbles shelf-edge distributions in that
sediment tends to be concentrated in the finer sand and coarser silt classes
with a strong node in the coarse silt (4.5 phi) class (Fig. 9). Sanple 80-G23
from the northwestern part of the shelf differs from sanple 80-G85 in that
sediment particles are nore uniformy distributed over the very fine sand
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Table 1. Results of grain-size analysis on selected sanples

Envi ronnent Shel f Shel f  kage Slope Rise Canyon Head

Sample number _80-¢23  ©6U-06d gl - WU 81 -G63 81-G13 81-G70 B1-VV75 81 -Vv8y
Elplhe type gravi ty core gravi ty core Van Veen gravity gravity gravity Van Veen Van Veen

th of

agbsample (cm) 10-12 10-12 sur. 23-33 10-15 40-50 sur. sur.
v Gavel 0.00 0.00 0.00 0.00 0.00 0.00 0.00 19.05
s Sand 10. 30 20, 82 74.20 21.34 5.11 3.68 94,12 76.43
v Silt 59. 99 67,23 22.11 61.66 57.57 51.97 4.60 3.04
e clay 29. 62 11.94 3.68 16.99 37.30 44. 33 1.19 0.66
Mean grain size (f) 6,65 5*34 3.77 5*59 7.31 7.65 2.93 2.05
Mean grain size (nun) 0.010 0.025 0.07 0.02 0.006 0. 005 0.13 0.24
std. devi ation ($) 2.26 1.90 1.46 2.17 2.07 2.11 0.96 1.92
Skewness (9) 0.27 1.12 2.23 0.94 0.03 -0.18 2.15 -0.50
Kartosis (f) -1.01 0.70 5.63 -0.19 -0.98 -1.07 15.73 1.10



] — | |

NAVARIN BASIN SEDIMENT SAMPLES

i -

51, Matthew
e nd

+

EXPLANATION
isobaths in Meters

SCALE
0 50 100KM
= = = = = ]

Albers Equol Aree Conic Projection

® GRAVITY CORE
& BOX CORE

0= DC4/5-80BS

1= ocass-aies .{2??

+ s TR
,%0

L

i78°e o

t
4 N Il 1.3
I78°w 176° i74° 72

Figure 7. Location of sediment sanples selected as typical exanples of

textural environments characterizing Navarin Basin province.
(The solid triangle identifies Van Veen samples).

423

61°

St

Isle d

57°

56°N
\70°W



vy

(IHd) NOILVIA3A QHVANV1S

O RISE (O SHELF
SLOPE €) SHELF EDGE

Y CANYON HEAD

3

2* O$ O <O

@
L8 I ¢
0

3 4

5 6 7 8

MEAN DIAMETER (PHI)

Figure 8. Plot of nean diameter vs. standard deviation.



4 5 8
801 8+Ge3 ]
8+VV4
60- i 0
SHELF EDGE, 135m SELF EDGE, 143m
40 ‘ ] :
204 -
0
45 8 34 8
80- -
8-G70
81-G13
60- I
RSE
+3390m SOPE,2080m
40 ]
20
0 oy ] ‘ H_-‘—%ﬁl'_]j
4 8 10 11 4 6 7 8
100- _
81-vv7s 8rVV89
80

CANYON HEAD,310m

PHI
Fi gure 9.

sanpl es.

L
1234567891011

H stograns of selected sanples.
by hachuring; domi nant nmode is hatchured in biomodal

CWYON HEAD,328m

' A‘%ﬂ—!—l—l

-101234567891011
| sano | st | cray

Mbdes identified

425



through clay classes with a weak node in the coarse silt class (Fig. 9). The
coarsest mean grain-sizes occur in the heads of the submarine canyons. In the
sanpl es considered here, sedinent particles are concentrated in the sand
classes with a very strong node in the fine sand (2.5 phi) class (Fig. 9).

DI SCUSSI ON

Except for the sanples from the rise and slope, the factors responsible
for these grain-size distributions and regional textural variations are not
obvi ous. The predominance of fine silt and clay size material in the rise and
slope sanmples is typical of deep water environnents. Depositional conditions
in these environments during the low stands of sea level in the Pleistocene
probably would not have been appreciably different than present-day
condi tions. This, however, is not true of the shelf and canyon heads. Th e
zones of coarser sedinent at the shelf edge and in the canyon heads could be
due in part to |lower sea |levels when shorelines were at or near these areas.

I n which case coarser sedinent was either supplied to the shelf edge and
canyon heads by streans, for exanple, or energy levels were sufficiently high
to winnow out the fines from sediment being deposited. Alternatively, the
coarser sedinment in these environments relative to the shelf and slope m ght
refl ect modern processes that supply sufficient energy to w nnow sediment at
the shelf edge and in the canyon heads. The Bering Slope Current, which flows
northward parallel to the slope, and internal waves, which nay be focused in
and adjacent to the heads of the submarine canyons, are potential nechanisns
tosupply energy to w nnow sedinents. The finer shelf sediments in the
northwestern section of the shelf relative to the southeastern part may
indicate that relict sediment from lower sea levels is being diluted with
finer material follow ng flooding of the shelf; present sedinent sources are
over 400 km distant. These hypothesis are conjectures, however, as not enough
textural data are available at present to allow us to choose between these
interpretations.

REFERENCES
Karl, H A, and Carlson, P. R, 1982, Location and description of sedinent

sanples:  Navarin basin province, Bering Sea, 1980-81: U S Ceol ogical
Survey Open-File Report 82-958, 5 p.
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CHAPTER 4: RATES OF SEDI MENT ACCUMJLATI ON

by
Paul R Carlson and Herman A. Karl

| NTRODUCTI ON

The Navarin basin province is located on the outer part of the flat, wide
Bering continental shelf, a great distance (>300 knm) from nodern sources of
detrital sedinent. However, during |ow stands of sea |evel the ancestral
Anadyr and Yukon Rivers nust have transported vast quantities of sediment
across the shelf to about the present-day 130 misobath where the suspended
and bottom sedinments were entrained in the coastal currents that were sweeping
through what is the present site of the Navarin basin. In order to understand
the devel opnent of the Navarin continental margin, rates of accunulation of
the sediment on the margin must be determined. This chapter presents sone
preliminary estimates of sedinent accunul ation rates based upon C 14
measurenents of gravity core sub-sanples fromthe Navarin shelf, slope, and
rise.

DATA COLLECTI ON AND ANALYSI S

Gavity cores (8 cmdianeter) subsampled for radi ocarbon dating were
collected on two cruises of the NOAA ship DI SCOVERER in 1980 and 1981 (Karl
and cCarlson, 1982). A total of 22 cores were selected for dating (Table 2;
Fig. 10). The cores collected on both the 1980 and 1981 cruises were split
longitudinally and described while at sea. After each cruise, prelimnary
studies of core descriptions (including X-radiographs) , microfaunal contents,
organi ¢ carbon neasurenents, and interpretations of high-resolution seismc
reflection records were utilized to select the cores for radiocarbon dating.
The working hal f of each selected core was carefully sub-sanpled to avoid the
“smear-affect” along the core-liner. Sufficient sedinent was collected to
provide the analyst with about one gram of carbon from the “whol e-core”
sanples. The intervals sanpled from each core are listed in Table 2.

Anal yses were performed by the USGS radiocarbon dating lab in Menlo Park,
California, for the 1980 cores and by Geochron Labs* in Canbridge,
Massachusetts for the 1981 cores.

Cal cul ations of prelinmnary rates of sedinent accumulation (Table 3) are

based on the assumption of a constant rate of sedinent deposition to a depth
in the core of the md-point of the sanpled interval.

*Any use of trade names in this publication is for descriptive purposes only
and does not constitute endorsement by the uU.S. Geol ogical Survey.
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Tab le 2. G 14 dates of Navarin sanples

Core No.* Depth in core (cm) C-l14date (yrs BP) Water depth (m
0o- 12 211-230 16,670 £ 100 3164
0- 13 188-228 5580 * 45 2692
0- 13 245-270 34,520 * 490 n
0- 26 188-222 10,880 % 80 3373
0- 26 235-260 33,990 + 610 "
0- 26 322-333 33,300 * 1800 "
0- 33 65- 90 28,980 + 2200 210
0- 33 210-240 28,200 * 3000 "
0- 42 170-183 13,650 * 100 141
0- 44 125-145 14,900 £ 110 138
0- 66 65- 84 19,370 £ 160 1336
0- 66 325-335 37,500 * 1200 v
0- 66 380-385 >32,000 "
0-115 170-200 9,505 % 300 2870
0-115 237-262 19,990 * 1400 "
1- 02 100-130 11,755 * 395 143
1- 03 0- 30 7,375 % 270 133
1- 15 65- 90 5,330 ¢ 180 2750
1- 15 250-275 15,975 £ 850 "
1- 31 160-190 8,815 * 355 137
1- 32 160-190 7,500 * 305 130
1- 44 65- 90 4,460 & 190 3400
1- 44 220-245 10,925 * 365 n
1- 58 25- 50 9,215 £ 310 179
1- 58 60- 88 >37,000 "
1- 58 240-265 >27,000 "
1- 65 25- 50 10,485 £ 355 436
1- 65 160-185 >32,000 "
1- 66 65- 90 >37,000 580
1- 67 65- 90 17,725 £ 680 167
1- 88 65- 90 >29,000 205
1- 88 350-375 >37,000 "
1-105 160-190 8,385 * 310 144
1-106 160-190 8,700 * 355 135
1-107 65- 90 8,900 * 290 116

* o = DC 4/5-80 1 = DC 2/3-81
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Table 3. C 14 dates and rates of sedinent accurmulation listed by water depth

Core No. * Water Depth (m C 14 Date Depth in Rate of Accunul ation
(yrs BP) core (cm (cm 1000 yrs)

Shel f 1-107 116 8,900 77 8.8
1- 32 130 7,500 175 23.3

1- 03 133 7,375 15 2*0

1- 106 135 8, 700 175 20.1

0- 44 138 14,900 135 9.1

1- 31 137 8,815 175 19.9

0- 42 141 13, 650 176 12.8

1- 02 143 11,755 115 9.8

1- 105 144 8, 385 175 20.9

Sl ope 1- 67 167 17,725 77 4.4
(upper) 1- 58 179 9,215 37 4.1
n " >37, 000 74 <2.0

" » >27, 000 252 <9*4

1- 88 205 >29, 000 77 <2.7

" " >37, 000 363 <9.8

o- 33 210 28, 980 77 2.7

" " 28, 200 225 8.0

1- 65 436 10, 485 37 3.6

" " >32, 000 172 5.4

1- 66 580 >37, 000 77 <2.1

0- 66 1,336 19,370 74 3.9

" n >37,500 330 8.8

" " >32,000 382 11.9

Sl ope 0- 13 2,692 5,580 208 37.1
(I ower) " " 34,520 257 7.5
1- 15 2,750 5,330 77 14.6

u n 15,975 262 16.5

0-115 2,870 9,505 185 19.5

" » 19,990 249 12.5

Ri se o- 12 3,164 16,670 220 13.3
0- 26 3,373 10,880 215 19.8

" " 33,990 247 7.3

» " 33,300 327 9.9

1- 44 3,400 4,460 77 17.5

" " 10,925 232 21.3

*o = DC 4/5-80; 1 = DC 2/3-81

430



DI SCUSSI ON

If we conpare the rate of sedinent accunulation with water depth
(Table 3), some trends enmerge for the various physiographic subdivi si ons of
the Navarin continental margin. The average rate for all the shelf sub-
sanpl es (<150 m water depth) analysed is 14.1 cm/103 yrs. However, a plot of
these values (Fig. 11) shows that the sanples make up two groups. A cluster
of four cores located between the heads of Navarinsky and Pervenets canyons
have an average rate of sedinent accumul ation of 21 cn 10°yrs, whereas shel f
sedi ment north and south of the cluster averages 8.5 cm 10°yrs, including a
| ow val ue of 2 cn1103yrs froma core taken less than 10 kil ometers fromthe
shel f-slope break. The four cores that have an average rate of 21 cm 10°yrs
plot near the center of greatest sedinment thickness in Navarin basin (Chapter
6, this volune). Previous sedimentologic studies in the region illustrate the
variable nature of the rates of sediment accunulation on the Bering shelf.
Knebel (1972) reported rates ranging from2.5 to 40 cnm 10°yrs for cores
col lected northeast of Navarin basin. Askren (1972) reported rates ranging
from1l to 67 cm 10°yrs for cores collected along the southeastern edge of
Navarin basin.

Accurmul ation rates of sedinent cored on the upper slope range from 2 to
nearly 10 cm10°yrs, with an average value of 5 cm/1,03 yrs (Table 3). Eight
of eleven of these subsamples yiel ded dates greater than 25,000 yrs BP, half
of which cane from sedinment |ess than one neter deep in the core, suggesting
either a very slow rate of deposition or erosion of some of the surficial
sedi ment

Cores from the lower slope range in accunmulation rates from about 4 to 37
cm 10°yrs with an average of 15 cm 10°yrs (Table 3). Age dates from the
upper neter of these cores, except O 66 which was obtained from m d-sl ope
depths, are less than 10,000 yrs B.P. indicating a much nore rapid rate of
deposition than onthe upper slope. An explanation for the large difference
in rates between upper and |ower slope may be the wi despread mass novenent
that has been noted on the Navarin continental slope (Carlson, Karl,

Fi scher, and Edwards, 1982), resulting in renoval of sedinent from the upper
sl ope and deposition on the lower slope and rise.

Continental rise sedinment apparently has accurmulated at rates ranging
fromabout 7 to 21 cm 10°yrs, with an average rate of nearly 15 cm/13yrs
(Table 3). Some of the cores from|lower slope and rise depths that are
associated with the large subnarine canyon systems contain coarse, graded
layers attributed to turbidity current deposition (Carlson, Karl, and
Quinterno, 1982). Deposition recorded by these cores that contain coarse

| ayers interbedded with hemiplagic nuds nust be episodic, which very likely
accounts for the variability in core O 26 for exanple (Table 3).
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CHAPTER 5: PRE-QUATERNARY ROCKS AND SEM - CONSCLI DATED SEDI MENT
FRM THE NAVARIN CONTI NENTAL MARG N

by
Paul R cCarlson, Jack G Baldauf, and Christopher Larkin

| NTRODUCTI ON

The purpose of this chapter is to describe pre-Quaternary rocks and semi-
consol i dated sedinment that have been collected from the outer shelf and slope
of the Navarin basin province (see appendix D, Fischer and others, 1982, for a
bathynetric map of the area). This chapter also conpares these samples to
rocks dredged from other parts of the Bering continental margin.

Al t hough many of the sanples we collected in 1980 and 1981 on cruises of
t he NOAA ship DI SCOVERER (Karl and carlson, 1982) are linmited to the
unconsol i dat ed Hol ocene sedi ment bl anket that covers nost of the Navarin
province, a fewof the gravity cores penetrated through thin spots in the
Hol ocene sediment coverinto the underlying Pleistocene unit (Baldauf, 1982;
Quinterno, 1981). Also, two gravity cores recovered seni-consolidated
Tertiary-age strata that was cropping out on the continental slope. In
addition to these cores, we also collected one chain-bag dredge of pre-
Quaternary rocks from a steep scarp on the south side of Zhemchug Canyon. The
| ocations of these three samples (1 dredge and 2 cores) are shown in figure
12.

Pre-Quaternary rocks al so have been dredged fromthe Navarin nmargin from
the USGS RV s.P. LEE (Marlow and others, 1979; Jones and others, 1981; see
Fig. 12). Additional dredge sanples ware collected along the Bering margin
south of Navarin basin fromthe RV THMAS G* THOMPSON (Hopkins and others,
1969) and fromthe USGS RV SEA SOUNDER {vallier and others, 1980).

RESULTS

Prelimnary anal yses of sanples we collected in the Navarin province in
1980 and 1981 show that two cores and a single dredge haul recovered pre-
Quaternary age naterial.

Core 80-106 (DC 4/5-80-106). Core 106 was taken from the |ower
continental slope at a water depth of 1785 mon the north side of a ridge
separating M ddl e and zhemchug Canyons (Fig. 12). This gravity core recovered
55 cm of very stiff olive gray (5Y 3/2) clayey silt with shale chips scattered
t hroughout the lower 15 cm of the recovered interval. Diatons from this semi-
lithified core were assigned to the Denticulopsis seminae var. fossilis - D
kamtschatica zone of Barron (1980) which is the age equival ent of early late-
Pliocene. An organic carbon analysis of a subsample (10-12 cm depth) from
this core produced a value of 0.36 percent.

Core 81-46 (DC 2/3-81-46). Gavity core 46 was collected from the base
of the continental slope south of Zhemchug Canyon in water 2530 m deep
(Fig. 12). The 70 cm long core contained the nost distinctive color change of
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any of the cores we collected. The upper 28 cm consisted of |ight olive brown
(5Y 5/6) nmud. At about 27-30 cm there was an abrupt color change to a dark
olive green gray (5GY 4/1) nud. There was no apparent textural change.

Organic carbon contents of these two different colored nuds was very simlar,
0.41% at 11-15 cm and 0.48% at 45-49 cm Clay mneral content in the tw nuds
was quite different, however, with the upper unit containing 61% smectite, 18%
illite, and 21% kaolinite plus chlorite conpared to 46% snectite, 24% illite,
and 30% kaolinite plus chlorite in the lower unit. Diatoms from both color
units in this core are late Pliocene in age.

Dredge-1 (DC 4/5-80-91). A steep scarp on the wall of Pribilof Ridge,
south of the main axis of zhemchug Canyon (Fig. 12), was sanpled by chain bag
dredge in water depths between 2200 and 268 m  The excessive depth range of
the dredge haul was due to a faulty tensioneter on the deep-sea w nch,
resulting in uncertainty of when the dredge was in contact with the
seafloor. The dredge recovered a rather wide variety of rocks including one
pi ece of ultra-basic rock (Pyroxenite), several small pieces of basalt, a
large (40X28 cm) angul ar boul der of greenstone (probably metamorphosed
basalt), several pieces of highly indurated congl onerate, an angul ar piece of
bl ack argillite, a small fragnment of |imestone, a small piece of calcareous
siltstone, a snmall piece of calcareous sandstone, and many pieces of
di at onaceous mudstone.

The cobbl e-size piece of linmestone was found to be barren of calcareous
nannof ossils and of pollen and spores, thus not datable. The diatoms in the
numerous pi eces of mudstone provided age information ranging fromearly to
late Mocene and the cal careous sandstone contained reworked nid-late M ocene
di at ons.

Organic carbon contents of the nudstones range from 0.24% to 0.77% and
average 0.56%  Carbonate carbon contents of the mudstones were all 0.01% or
| ess. The calcareous siltstone has an organi c carbon content of 0.79% and an
i norgani c carbon value of 3.63% The limestone fragment consists of 0.72%
organic and 7.28% inorganic carbon. The sandstone had the |owest organic
carbon content of all sanples nmeasured (0.12%), but yielded an inorganic carbon
value of 2.74% CQur carbon values agree quite closely with those reportedby
vallier and others (1980), for rocks south of Navarin that yielded average
organi ¢ carbon values of 0.52% and with Jones and others (1981) for nudstones
fromthe northern half of the Bering nargin, especially the Navarin nargin,
that have average organic carbon values of 0.55% The inorganic carbon
content of those nudstones averaged 0.08% Jones and others (1981) also
reported val ues from vol canic sandstones and tuffs that averaged 0.28% organic
and 0.70% carbonate carbon, and from nuddy and tuffaceous |inmestones that
averaged 0.64% organic and 7.36% carbonate carbon. By way of conparison with
the Tertiary mudstone sanpl es dredged fromthe Bering margin, average organic
carbon val ues of 93 Quaternary-age nuds and sandy nuds from cores we collected
throughout the Navarin basin province was 0.83% with the values ranging from
0.26% to 1.56% inorganic carbon values also were higher than those of the
Tertiary mudstones, averaging 0.13% and ranging from0.03%to 0.57% (Fi scher,
1981).
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A point count of 400 grains in a thin section of the nid-late M ocene
sandst one (pc4/5-80-91) yielded a conposition of quartz 37% feldspar 17%,
rock fragnments 40% (61% of r.f. are vol canic), glauconite 3% heavy mnerals
2% and others 1% including diatoms, and forams. The grains are sub-angul ar
to sub-rounded, poorly-sorted, and range in size from fine sand to granul es;
the intergranular cement consists of mcrocrystalline calcite and makes up
about 30% of the sample. According to Folk (1974), this sandstone would be
classified as a submature calcareous Vol canic arenite.
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CHAPTER 6: IsoPAacH MAP OF UNIT A, YOUNGEST SEDI MENTARY
SEQUENCE | N NAVARI N BASI N

by

Paul R carlson, Jeffrey M Fischer,
Herman A Karl, and Christopher Larkin

| NTRODUCTI ON

Navarin Basin as defined by Mrlow and others (1976) consists of a thick
(>12 km section of Mesozoic and Cenozoic sedinmentary material that covers an
area of 49,700 knfon the northwestern portion of the Bering continental shelf
(Fig. 13). The main part of the basin, as delineated by the 2 km isopleth, is
oriented northwest-southeast, parallel to the shelf-slope break.

The principal map in this chapter shows the thickness of only the
uppernost unit, herein referred to as unit A of the Navarin basin sedinentary
sequence (Fig. 14). Figure 13 provides a comparison of the area covered by
t he isopached Unit A and the entirety of Navarin basin as napped by Mrlow and
others (1979).

DATA COLLECTI ON AND REDUCTI ON

The high-resolution seismc-reflection data used in the devel opnent of
the unit A isopach map were coll ected on cruises of the NOAA ship DI SCOVERER
in 1980 (DC 4/5-80) and 1981 (DC 2/3-81) (carlson and Karl, 1981; 1982).

Navi gational control was by Loran C updated by satellite “fixes.” Thicknesses
of sedinent seen on 3.5 kHz and minisparker records were neasured on a
digitizing table at five mnute intervals. The Unit A was defined by a
relatively flat-lying strong, persistent reflector that narked the base of the
uppernost sedinmentary unit (Fig. 15) . This reflector could be traced with
confidence throughout the mapped portion of the basin. The edges of the
isopached area nark either an area where the reflector crops out at the
seafloor (at |east appears to do so within the limts of resolution of the

hi gh-resolution profiles) or the reflector cannot be traced further due to
one of three factors (1) poor quality records, (2) disappearance or |oss of
strength of the reflector, or (3) insufficient track |ine coverage.

DI SCUSSI ON

Unit A, the uppernost seismic-stratigraphic unit in the Navarin basin
sequence, has been mapped over an area of 100,000 knfon the outer shelf in
the northern Bering Sea (Fig. 14). This unit consists of unconsolidated
sediment that ranges in type fromclayey silt to nmuddy sand (Karl and Carlson,
1982) of Quaternary age (Baldauf, 1981). The average thickness of this
unconsolidated unit is about 20 m Unit A attains a maxi mum thickness of
45 mwthin a narrow (5-10 km w de) el ongate trough | ocated near the
sout heastern edge of Navarinsky Canyon, and just east of the deepest part of
Navarin Basin (Fig. 13). This trough is part of a broader (40 km w de),
shal lower (30 m thick) depression filled with unit A sediment, that parallels
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the shelf break in present water depths of 130-150 m. The isopached unit

pi nches out to the northwest near the head of WNavarinsky Canyon and al so near
the head of Pervenets Canyon. W have collected gravity cores near both
canyons across the area of the outcropping reflector and are attenpting to
date this unit. At this time, we can only estimate that Unit Ais |less than
30,000 yrs B.P. based on C-14 dates and faunal data obtained from cores

col l ected near the "pinchouts" {see Chapter 4).
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CHAPTER 7: SUVWMARY OF GEOTECHNI CAL CHARACTERI STI CS
by
Brian D. Edwards and Homa J. Lee

| NTRODUCTI ON

Geotechnical properties were determ ned on recovered cores as a neans of
assessing sedimentary processes of engineering inportance. One such property
the estimated in-place shearing strength, is acritical sedi ment geotechnical
property used in the evaluation of geol ogic hazards. Al so determned were
index properties and consolidation (i.e. , relative degree of conpaction)
characteristics of the sediment. Index properties (e.g., undrained vane shear
strength, water content, and grain-size distribution) were measured to
classify the sediment and to correlate with advanced strength test results
Consol i dation properties were neasured to correlate with relative shearing
strength (Ladd and Foott, 1974) and to determ ne the effects of past geologic
events (e.g., erosion of overburden).

Figure 16 shows mmj or physiographic features in the Navarin Basin

province. O the 212 gravity cores and grab sanples collected fromthe

R/'V DI SCOVERER in 1980 and 1981 (Fig. 16), 149 were anal yzed for geotechnical
information. The majority of these cores were analysed only for sinple index
properties (vane shear strength and water content). Seven cores fromthe 1980
R/'V D scoverer crui se were taken as replicate cores at selected coring sites
{(Fig. 17). Each replicate core was analysed for the index properties |listed
above in addition to grain specific gravity, Attexberg |imts, one-dinmensiona
consolidation characteristics, and static and cyclic triaxial shear strength.

After collection, each core was cut into multiple sections onboard ship
using a rotary knife blade cutter. Core sections, excluding those of
replicate cores, were split longitudinally using a specially designed cutting
system and a wire saw. Al though sanple disturbance is aggravated by such
 ongi tudinal splitting, this procedure allows nore frequent downcore testing
while maintaining sanple integrity for other analyses (e.g., X-ray
radi ography, photography, and textural analysis). Testing for undrained vane
shear strength and water content subsampling was conducted onboard ship.

The replicate cores collected for nore advanced geotechnical testing were
sectioned as described above, but were not split longitudinally. Vane shear
tests were conducted and water content subsamples were taken at the top of
each unsplit core section. End caps were sealed on both ends of each core
section. The core sections were then wapped in cheesecloth, sealed with a
non-shrinking, mcrocrystalline wax, labelled, and stored vertically under
refrigeration. The replicate cores were shipped by refrigerated air transport
from Kodi ak, Al aska, to refrigerated storage facilities at the U S. Geologica
Survey |aboratory in Palo Alto, California. These cores were subsequently
shipped by refrigerated freight to Ertec Western, Inc., a conmercial
geotechnical testing |aboratory in Long Beach, California, for advanced
geotechnical anal yses.
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TESTING PROGRAM

I ndex Property Tests

Undr ai ned Vane Shear Strength

Met hods.  Strength nmeasurements were made using a notorized wWykeham-
Farrance mniature vane shear device. Tests were nmade with a four-bladed 1/2
inch vane which was inserted into the cores so the top of the vane was buried
by an ambunt equivalent to bl ade heiaght. Torque was applied to the vane by
either a toraue cell that rotates the vane directly, or by a calibrated
spring., Rotation rate of the torque cell and the top of the calibrated sprina
was a constant 90° per ninute. Wien the spring system was used, torsion was
measured and correlated directly with toraue applied at the vane. Because of
the spring's flexibility, rotation rate at the vane changed throughout the
test. Tests were made on the ends of each core section and at 20 cm intervals
on longitudinally split core sections.

Undr ai ned vane shearing strength (S), as determ ned with the Wyvkeham-
Ferrance device, was cal culated from peak torque by assuming that the sedi nent
bui | ds a peak shearina resistance everywhere, and at the sane time, alonag a
right-circular cylinder inscribed around the vane. This term(S) is commonly
equated with the undrained shear strenqth of the sediment (S); tests were
made in the triaxial testing proaram t0 assess the validity of this method.

Findings. Figure 18 presents acomparison of vaneshear strenath as
determned on split and unsplit sections with the torque cell and calibrated
spri n q. The method of torque nmeasurenent (spring vs torque cell) and the core
state (split vs unsplit) appeared to have little inmpact on the general trend
of the shear strength versus depth variation.

The Navarin Basin province can be divided into 3 norphol ogic zones: (1)
the shelf, typically shallower than the 150 misobath; (2) the shelf edge and
uppermost slope (about 150 to 200 m); and (3) the continental slope and
continental rise (about 200 mto 3600 n). The shelf edge and uppernost sl ope
is typically a zone of sand and nuddy sand (Karl and others, 1981 ). Because
vane shear strengths of cohesionless sedinents such as those at the shelf edge
have little value due to pore water drainage during samplinag and testing, the
zone of cohesionless sedi ment has been identified and excluded fromthe data
base for undrai ned vane shear strength,

The areal distribution of vane shear strength at subbottom depth
intervals of 1 mis shown in Fiqures 19-23. Data control is shown by the
larage, solid circles. At asubbottom depth of 1 m on the shelf, undrained
vane shear strengths range from 2 kPa to 22 kPa. A zone of relatively weak
sedi ment (<10 kPa) occupies the shelf about 150 km west of St. Matthew
Island. West of this zone, adjacent to Pervenets Ridge, is a zone of
relatively high(>15kPa) shear strenath. To the southeast, near the head of
Zhemchug Canyon, is another zone of relatively high (>10 kPa) shear strenath,

The few cores that recovered nmore than 2 m of sediment on the shelf were
all less than 3 mlong and were concentrated in the northern part of the area
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(Figs. 20 and 21). At a subbottom depth of 2 m shelf sedi ment sheaxr
strengths ranged from 7 kPa to 19 kPa. Distinct trends were not definable.

For slope cores, shear strengths ranged from2 kPa to 51 kPa at a
subbottom depth of 1 m (Pig. 19). Shear strengths were relatively high {>10
kPa) at the heads of canyons (e.g., Navaringky Canyon). Most of the | ower
sl ope sediment, below 1500 m,had shear strengths less than 5 kPa. Three
sites, one in Pervenets Canyon, one bel ow Navarin Ridge, and a third at the
headwall of Zhemchug Canyon, had high shear strengths (ranging from 38 to 51
kPa) . Evidence from one-dinenional consolidation tests conducted on a
replicate core fromthe headwal | of Zhemchug Canyon (core G97) shows t hat
sedi ment to be overconsolidated and |ikely represents ol der sedinments exposed
due to slunping or erosion. At greater subbottom depth these isolated sites
of high shear strength become zonesof anonalously strong sedinment {(cf., Figs.
19 through 23) and likely represent ol der (possibly Pleistocene?) sedinent
exposed by slunping or erosion. Few (7) cores achieved penetrations of 5 mor
more. These cores were all located on the slope or rise; shear strengths at 5
m subbottom depth ranged from5 kPa to 27 kPa (Fig. 23).

Wat er Cont ent

Met hods. Water content (conputed as percent dry weight of sediment) and
bul k density subsamples Wwere obtained fromthe |ocation of the vane test
imediately following strength testing. These sanples were taken with a snall
tube sanpler and stored in sealed sanple bottles for subsequent anal yses at
t he shorebased |aboratory.

Water contents were determ ned followi ng ASTM D2216-80, The data were
salt corrected using an assumed salinity of 32.5 parts per thousand and the
rel ationship:

_ _1.0325w
WC - 1-0 o 0325W L] 13 13 - . - . '. . 1 13 “ L] 13 13 13 1 L 1 " ( 1 )
wher e W,_.= corrected water content

c

w = water content with no salt correction

Findings. Maps presenting water content are shown at subbottom depth
intervals of 1 min Figures 24 through 28. Shelf sedinents at 1 m have water
contents ranging from 20% to 137% with the highest values being associated
Wi th the zone of weak sedinment 150 }m west of St. Matthew Island. The | owest
neasured water contents at 1 m subbottom depth are associated with the Navarin
Ridge. Shelf sediment water contents at 2 m show an unrenarkabl e distribution
that ranges from 43% to 107%

At a 1 m subbottom depth, slope sedinent water contents increase to the
south and with increasing water depth (Fig. 24). Wth increasing subbottom
depth, water contents decrease across the entire area, but, at each horizon,
the trend of increasing values to the south and with increasing water depth
conti nues.
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Bul k densities were conputed directly fromthe water content data
following standard formulas and assuming 100% saturation {e.g., Lambe and

Vhitman, 1969). In-place effective overburden stress (o' ) was conputed as:
Zz
g =ZY'AZ.0(2)
v o] C

wher e Y’c = sedi ment subnerged bul k density; Y'o Yo - Vs,

Y. = sedinent bulk density

You - density of seawater

Z = subbottom depth in cm

Det ai | ed downcore conputations were nade for nost cores; values of ¢
fromthe replicate cores agreed closely {2 kPa) with this data set. For the
short (less than 4 m) cores used in this study, effective overburden stress
increased alnmost linearly with depth. Figure 29 shows linear regression fits
for each of the replicate cores; correlation coefficients were better than
r=0.999 in all cases. This data set was conbined with the one-dinmensional
consolidation data to estimate overconsolidation ratios (OCR' S) for the neag-
surface sedi ment of Navarin Basin.

Grain Specific Gavity

Twenty-one grain specific gravity tests were performed in accordance wth
ASTM p854-58. Most of the sanple specinmens were taken from trinmmngs of the
triaxial test sanples. Salt corrections were not applied in the
conputations. Values of grain specific gravity ranged from 2.55 to 2.77, with
an average value of 2.64. The smaller values are |lower than npost continental
shel f sedinment grain specific gravity values and likely indicate the presence
of diat ons.

Atterbexrg Linmts

Met hods. Atterbexrg Linmits tests were performed on 50 sanples follow ng
the procedures of ASTM D423-66,. ASTM D424-59, and ASTM p2217-66. A salt
correction assuming a salinity of 32.5 parts per thousand was applied in the
conput ati on.

Findings. The plasticity index {p1) ranged from3 to 38 and the liquid
limt (LL) ranged from27 to 83. On a plot of liguid limt versus plasticity
index (plasticity chart, Fig. 30), Wavarin Basin province sedinment varies
dramatically. Wthin the Unified Soil Cassification System (e.g., Mtchell,
1976), descriptive names are assigned to different parts O the plasticity
chart based on enpirical observations. According to this system Navarin
Basin shelf sedinents {cores (61, Gil)axe inorganic silts of medium to high
compressibility and are nore highly conpressible (core 61) in the northern
part of the province near Wavarinsky Canyon. Sedinent from Navarinsky Canyon,
(cores G31 and G34) however, is typically inorganic clay of |ow to medium
plasticity conbined with sone inorganic silts of medium conpressibility.
Farther south, near the head of St. Matthew Canyon {(core G74), the sediment
behaves as a highly conpressible inorganic silt or organic clay exhibiting a
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wide range of 1liquid limt and plasticity index values. This behavior likely
reflects significant variations in diatom content. Slope sedinent near the
head of Zzhemchug Canyon (core (07) behaves as a highly conpressible inorganic
silt .

Grain-Size Distribution

Procedures and results from grain-size analyses are sunmmarized in Chapter
3, this report.

Advanced Geotechnical Tests

Consol i dati on Tests

Met hods.  One dinensional consolidation tests were perforned in general
accordance wth ASTM D2435-70 on 15 specinens trinmmed to a sanple size of 6.35
cmin diameter by 2.54 cmin length. BAn initial or seating stress of 2.4 kPa
and a pressure increnent ratio of one were used in all tests. After reaching
equi l i briumunder a vertical stress of 383 kPa, the sanple was unloaded to
48 kPa and then rel oaded until a vertical stress of 1532 kPa was reached. The
speci nens were unl oaded in one step and renoved fromthe consolidometers.
Deformation versus tinme readings were recorded for each |oading increnent.

Maxi mum past overburden stress (o ) Was determined by the Casagrande
procedure {Casagrande, 1936); values are sunmarized in Table 4. These
maxi mum past stresses were used to determne consolidation pressures for
triaxial tests and to estimate the amount of overburden renoval due to
sl unmping or erosion in some areas.

A useful consolidation state paraneter is the excess past overburden
stress (9' ). The o'  paranmeter is determined from the one-dimensional
consol idation tests used to determine o' and the in-situ effective
over burden stress (c') and is conmputed as:

G'e=°'vm-°'v ® 8 & 8 6 e & & s o s s 2 " e P e & e (3)

A nore commonly reported variable is the overconsolidation ratio (OCR)
which is the ratio of °'vm to o' . For normally consolidated sedinent,
'm =%y and thus ocr=1 and or.=0.

Findings. Al of the Navarin Basin sediment tested was overconsolidated
(o' >0) as shown in Figure 31 and Table 4. A characteristic of the Navarin
replicate cores is very high OCR s at shall ow (<30cm)subbottom dept hs
(e.g.,see core G 78, 10-15 cmof Table 4). Such large OCR s are accentuated
by the extrenme contrast between ¢' _ and U, that characterizes the uppernost
part of the cores. Such high levels of overconsolidation are unlikely,
however, given the low surface strengths, lack of obvious depositional
hi atuses, and uniform increase in vane shear strength with depth which all
suggest nornmal consolidation. The ¢, parameter is a useful conpliment to OCR
because e is not enlarged at very low (e.g., <1 kPa) val ues of o
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Table 4. summary of Consolidation test results

Core z 0'vm °'v 0'e OCR
cm {(kPa) { kPa ) { kPa )
G 31 10-13 30 0.7 29 43
119-122 20 8 12 2.5
214-217 65 15 50 4.3
G 34 121-124 35 8 27 4.4
220-223 52 15 37 3.5
G 61 119-121 30 6 24 5
223-226 35 1 24 3.2
G 74 22-25 19 0.7 18 27
164-168 30 6 24 5
G 78 10- 15 90 0.8 89 112
G 76 50- 55 100 3.3 96 30
G 97 35-40 22 2 20 11
187-192 116 10 106 11.6
G 111 15-20 20 1.1 19 18
95- 100 60 6 54 10
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Excluding the uppernmost 30 cm cores (31, &34, 61, and Gr4 are lightly
to noderately overconsolidated (OCR 2-5). Core Gr6, taken from the shelf near
Navarin Ri dge, is heavily overconsclidated throughout (ocr~30). Core @7,
recovered from the headwal | of 2Zhemchug Canyon, is overconsolidated throughout
{OCR™~11) but a dramatic increase in ¢'_ is seen at the base of the core (Fig.
31). The observed | evel of excess overburden pressure at the base of the core
likely results fromthe renoval of about 15 m of sedi ment. Core Gill,
collected fromthe shelf about 60 ¥m north of the head of 2Zhemchug Canyon,
exhi bits overconsolidation throughout (O0CrR~10). The cause of the observed
overconsolidation i S uncertain for the shelf cores. Sedinment on the shelf can
be subjected to a nunmber of loads capabl e of inducing this overconsolidation
state (e.g., erosion of overlying material, cyclic loading, cenentation, ice
| oadi ng, and subaerial exposure at |ow sea |evel stands). At present, we have
insufficient data to evaluate these mechanisns.

Strength Eval uation

Appr oach

The quality and usefulness of the strength data are limted by both the
short core length (typically less than 5 m) and sedi nent di sturbance during
the coring process. Mny features of geotechnical interest (e.g., basal shear
surfaces of sedinment failure zones) occur nuch deeper {50 mor nore) than
conventional coring devices can penetrate. Thus, the sedinment involved at
that horizon may not have the sane properties as the sanpled sedinent.

Further, the engineering properties of the sanpled sedinent can be nodified by
the coring process. That is, disturbance by thick-walled coring devices can
alter the properties of the sanpled sediment from the properties of the in
place sediment. Both limtations (short corer penetration and sanple

di sturbance) can reduce the validity of a geotechnical study.

As an approach to overcomng these limtations, we used the nornalized
soi | paraneter (MSP) method (Ladd and Foott, 1974; Mayne, 1980). The wsP
met hod is based on enpirical results that show certain engineering properties
of a wide range of cohesive soils to be constant if normalized by appropriate
consol i dation stresses. The resulting data can be applied to a w de range of
in place stress conditions. The nmpst frequently used NSP is § RV The
8,/% ¢ ratio is often a constant for a given value of OCR and can be used to
construct strength profiles when overburden stresses are known. Thus, the
over burden stresses and consolidation state of the sedinent in question must
be evaluated. By knowing the variation of OCR with depth in the sediment
colum, the strength profile can be predicted using the NSP derived equation
(Mayne, 1980):

A

G o
Su/G - {OCR) snc T Y

wher e S, = undrained shearing strength

U'V = effective overburden stress

OCR = overconsolidation ratio
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Ao = Normalized strength paraneter that is
a constant for a given sedinment
Snc = ratio of static undrained shearing strength

to isotropic consolidation stress for
normal |y consolidated conditions

As described in the preceding section on consolidation, OCR is evaluated from
the deternmination of o' and o' . The paraneter A_ is sinply the slope of
the |inear relationshi pwbet ween s /o' (overconsolidated)/s . and the
appropriate OCR on a log-log scale. The paranmeter S, is the value of 5,79y
for normally consolidated sedinent.

One advantage of the NSP approach is the determination of paraneters that
are independent of consolidation stress and depth in the sedinment colum.
These normalized paraneters can therefore be used as site properties that can
be mapped. A second advantage of the approach is that the normalized
parameters can circumvent the effect of coring disturbance by conducting all
of the strength tests at consolidation stresses nuch greater than those
experienced in place (Ladd and Foott, 1974). That is, both a relatively
undi sturbed sample and a disturbed sanple produce approxi mately equival ent
normal i zed soil paranmeters if each is consolidated (in the triaxial cell) to a
high stress level before testing for shear. Once the normalized strength
parameters have been deternined at high stress levels, the data can be applied
to any stress level including the |ow stress state that the sanple experienced
in place.

Met hods. A triaxial testing program was designed to evaluate the
strength characteristics, including strength degradation due to cyclic
| oading, of the Navarin Basin sedinment. A total of 36 static, consolidated,
undr ai ned triaxial conpression tests were performed in general accordance with
procedures described by Bishop and Henkel (1962). Samplespeci nens were
selected using X-ray radiograph interpretations of each core section. After
hand trimming to a final size of 15 cm{length) by 6.35 cm (diameter), each
speci nen was enclosed in a thin latex membrane, placed in the triaxial cell,
and flushed under |owgradient back pressure with fresh distilled water.
Tests requiring OCR s greater than 1.0 were first consolidated to the
specified consolidation stresses multiplied by the required OCR and then
rebounded to the final consolidation stresses under drained conditions.
Failure was defined as 20waxial strain.

Ei ghteen additional triaxial tests were performed to evaluate the
behavi or of Wavarin Basin sedi nent under cyclic |oading. Specimens were
prepared, consolidated, and back-pressured according to the sane procedures
described for the 36 static triaxial tests.

Cyclic loads, beginning with conpression, were applied in bursts with a
sinusoidal, 1 Hz waveform for all isotropically consolidated sanples. A
series of cyclic loads consisted of three bursts of 10 cycles followed by two
bursts of 35 cycles and two bursts of 100 cycles. Each burst was separated by
about one hour to allow pore water pressure equalization. The cyclic |oads
were approximately 75 and 50 percent of the static deviator stress at failure.
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All cyclic tests were term nated when either a single anplitude axial
strain of 15 percent or a pore water pressure ratio of 80% was reached. In
sone cases, if sanples did not fail within the first series of cyclic | oads, a
second series of ecyclic | oads with an anplitude of 100% of static strength was
applied. If the sanples d4id not fail after the second series, a nonotonic
| oad was applied until failure was reached.

The testing program (Table 5, Fig. 32) was divided into Special (S) and
Routine (R) cores; the main distinction being that additional tests were
performed on the Special cores. For the static suite, tests Rl and R2 were
designed to neasure the sanple strength directly. Tests R3 and R4 were
desi gned to estimate S, for normally consolidat ed sediment (S,) at stress

u
levels wel | above the nmaxi num past stress (0! Val ues of 2.5 a° and 4.0
were used to eval uate the NSP approach. ersts s8 and R5 were desi gned to
determne S, at elevated OCR' s as a neans of evaluating Ao

For the cyclic suite, tests R6 and R7 weredesigned to eval uate the
degree of strength degradation due to cyclic loading from earthquake or wave
(surface or internal) sources. Stress levels were designed to assess failure
in the vicinity of 10 cycles. Tests S9 - Sl11 were designed to assess the
effect of induced OCR on cyclic strength degradation.

Findings. The triaxial test results are sumarized in Table 6. Aplot
defining the normalized strength parameter Ao is presented in Figure 33.
Three approaches were used as estimates of S:  (1)undrained vane shear
tests, S, (2)direct triaxial cell tests at isotropic consolidation stresses
of 1.0 kPa (R1) and ¢'_ (R2), and (3)the NsSP estinmate follow ng equation 4.
In nmost cases the three nethods gave simlar estinates of S,atthe overburden
stresses experienced in the upper 3 mof the sedinment colum. For exanple,
Figure 34 shows a conparison of the S, estinmates from cores G31 and G32,
collected from the head of Navarinsky Canyon. Note the close approxi mation of
the three methods. Figure 35 presents sinmilar data for cores (97 and (98
collected fromthe headwall of Zhemchug Canyon. I n this case vane shear
estimates for core (P8 depart dramatically from vane and triaxial cell
estimates fromcore 7. This difference probably results from sl unping or
erosion at the head of Zhemchug Canyon. As previously described,
consolidation tests show that about 15 m of sedinent has been removed from the
site of core @7. The two cores were not collected from precisely the sane
| ocation. Both sanpled the overconsolidated | ayer hut differing anounts of
subsequent sedimentation overlie the slip surface. Athough at a different
scal e, these data support the conclusion of slunping in the canyon head t hat
i s based on geophysical evidence (Carlson et al., 1982).

Undrai ned shear strengths were reduced to 51% to 80% of static strength
(AD) during 10 cycles of dynamic |oading (Table 6). Core 31 showed an
i ncrease in strength during cyclic |oading that possibly was erroneous due to
procedural difficulties wWith that test.
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Table 5. Triaxial test specifications for Routine (R)
and Special (S) cores(t)

Test Static Consol i dati on I nduced Cyclic
or Devi at or

Nunber Cyclic Stress OCR Stress
R1 static 1 kPa 1.0 N A*
R-2 static O'v 1.0 N A
R-3 static 2,50 'vm 1.0 N A
R-4 static 4.00'vm 1.0 N A
R-5 static 2/30'vm 6.0 N A
R-6 cyclic 4,00' vm 1.0 75%Su
R-7 cyclic 4, 00'vm 1.0 50%Su
S8 static 4,00 'vm 3.0 N A
s-9 cyclic 2/ 3a 'vm 6.0 75%Su
s-lo cyclic 2/30 'vm 6.0 50%Su
s-11 cyclic 4,00'vm 3.0 75%Su

t refer to Fiqure 32 for location of tests in each core.
* NAindicates value is not applicable.
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Table 6. Summary of triaxial test results -
NSP estimate of undrained sharing strength.
Depth in Initial CR= 1 OCR=6
* * [
Core Core OCR o She o', 5, (NSP) Ay Ay
{cm) (kPa) l'(1kPa) % %
G 31 10-13 43 0.87 0.36 0.7 6.6 162
119-122 2.5 8 6.4
214-217 4.3 15 19.2
G 34 121-124 4.4 0.94 0.33 8 10.6 80 75
220-223 3.5 15 16.1
G 61 119-121 5*0 0.84 0.48 6 11.1 75
223-226 3.2 11 14.0
G 74 22-25 27.0 0.74 0.57 0.7 4.6 63
164- 168 5.0 6 11.2
G 78 10-15 112 0.77 0.69 0.8 20.9 51
G 76 50-55 30 3.3 31.2
G 97 35-40 11.0 0.87 0.51 2 8.2 71
187-192 11.6 10 43.0
G 11 15-20 18 0.85 0.60 1.1 7.7 75
95-100 10 6 25.5

*Val ues apply to entire core
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Figure 33. Plot of the normalized strength paraneter Ao as defined by a
| og-1 og plot of Su/o'v(overconsolidated)/sn versus COCR for
replicate cores collected on the 1980 R’V DISCOVERER cr Ui se.
See text for explanation.
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UNDRAINED SHEAR STRENGTH ESTIMATES
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Figqure 34. Exanple of multiple estinmates of undrained shear strength (S) for
paired cores G31 and G32, 1980 R/'V DI SCOVERER cr ui se.
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Figure 35. Exanple of nultiple estimates of undrained shear strength (s,) for
paired cores @7 and (P8, 1980 R/V DI SCOVERER cruise. Disparity
between P7 and 698 strength estimates is due to the renoval of
approximately 15 m of sedinent. See text forexplanation.



Stability Applications

The normalized cyclic strength (10 cycles to failure) for normal consoli-
dation is the cyclic decrradation factor, A, times S .. Using values from
Table 6, the nornmalized 10-cycle cyclic strenath varies between 0.26 and 0.58,
with a representative shelf value of 0.36. During a major storm the nunber of
significant cycles might range from 100 to perhaps as nany as 1000, From Lee
and Focht (1976) such an increase in cycle nunber might further degrade the
strength by 50% assuming no drainagqe. Therefore, the representative
normal i zed, storm wave-deqraded, cvclic strength for the shelf would he
0.18. For an assuned peak wave height of 22 mand a wave length of 400 m the
procedures of Seed and Rahman (1978) vield a peak nornalized wave-induced
shearing stress of 0.18 at a water depth of 57 m At areater water depths,
such as the entire Navarin PRasin province, the level of shearing stress woul d
be less and would be insufficient to cause failure in the cohesive sedinments.

In sandy areas the |evel of strenath degradati on resulting from cyclic
loading i s probably higher. Seed and ldriss (in press) show that [|iquefaction
during earthquakes has occurred at nornalized shear stress l|levels of ahout
0.10 If storm waves produce a further 50% strenqth dearadation beyond the
i nfluence of earthquakes, the critical normalized shearing stress for a sand
subjected to wave loading might be as | ow as 0.05. Such a shearing stress
[ evel could be generated in water depths to 146 mfor the stormwaves assuned
above. Sonme of the cohesionless sediment in the Navarin Basin province exists
at this and shallower water depths and might be susceptible to liquefaction
during major storm waves. Such anoccurrenceisfairly unlikely, however,
because partial drainage from the pervious sedinment would limt pore water
pressure buil dup.
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

SUMMARY OF FI NDI NGS
A zone of cohesionless sedi nent exists at the shelf break.

Undrai ned vane shear strengths on the shelf are lowest on the central
shel f about 150 km west of st. Matthew I sl and.

Undrai ned vane shear strengths are highly variable across the continental
sl ope, possibly due to slunping, erosion, or changes in the depositional
regime. In general, strengths increase downcore, and decrease to the
south and with increasing water depth.

Water contents on the shelf arehighest in the zone of weak shelf
sedi nent.

Water contents in the slope province decrease wth subbottom depth, and
increase to the south and with increasing water depth.

Gain specific gravities ranged from 2.55 to 2.77 with an average val ue
of 2.64. The variability likely results from changes in diatom content.

Where plastic behavior is exhibited, Atterberg Linmits and the Unified
Soil Classification System show the shelf sedinent to be npstly inorganic
silts of nmediumto high conpressibility. Slope sedinents are typically
highly conpressible inorganic silts or organic clays.

Navarin Basin sedinent is typically overconsolidated, but not heavily
except for a few locations. OCR values on the shelf are conmonly greater
than 10. El sewhere in the province, values are OCR ~ 2-5. About 15 m of
sedi ment has been renoved fromthe headwal | s of 2zhemchug Canyon {core
@7) .

Undrai ned vane shear determ nations provide estimates of undrained shear
strength in the upper 3 mof the sediment colum that agree with triaxial
strength determinations corrected for coring disturbance. Cyclic |oading
reduces static strength by 20 to 50%

Navarin Basin province shelf cohesionless sedi ment may be susceptible to

liquefaction by severe storm|oading. The cohesive sedinent is probably
not susceptible to stormwave-induced failure.
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LL =

NSP =

Pl =

PL =

NOMVENCLATURE

cyclic degradation factor applied to S,asa result of cyclic
loading

liquid limt from atterberg Limt determ nations

Normal i zed Soil Parameter nethod of shear strenath determination
overconsolidation ratio; defined as OCR = O'WMO‘ v

plasticity index of Atterberg Limits; defined as PI = LL-PL
plastic limt of Atterberg Limt determinations

ratio of static undrained shearing strength to isotropic
consolidation stress for normally consolidated conditions

static undrai ned shear strenath

undrai ned peak vane shear strength

sedi ment water content by dry weight

sedi ment water content corrected for salt content
subbottom depth in cm

sedi ment bulk density

sediment bulk density corrected for the density of seawater;
Y . =Yc-st

density of seawater

excess past overburden stress; defined as U, = ' %y
in place effective overburden stress

maximum past over bur den stress

normal i zed strength paranmeter that is a constant for a given
sedi ment
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CHAPTER 8: HYDROCARBON GASES | N SEDI MENTS --
RESULTS FROM 1981 FIELD SEASON

by

Margaret Col an-Bat and keith A. Kvenvol den

This study examines the distribution and origin of the hydrocarbon gases
net hane (C,), ethane (C,), ethene (c,_), ProPane (c,), ProPene (c,_),
i sobutane (i-c,), and normal butane (n-C,) in surficial sedinments from the
shel f, slope, and rise areas of the Navarin Basin province in the Bering
Sea. The report covers results obtained on sanmples collected in 1981
Results for sanples collected in 1980 have been reported previously (Vogel and
Kvenvol den, 1981).

METHODS

Conventional gravity cores were taken from the shelf, slope, and rise
areas of the Navarin Basin province. The 8 cminternal diameter core |iner
was cut into 10 cm sections at approximately 1 meter intervals (usually 90-
100, 190-200, 290-300 cm etc.). The sedinent section was inmediately
extruded into one liter unlined paint cans which had two septa-covered hol es
on the side near the top. Each can was filled with hel i um purged salt water
and 100 m of water was renpoved before the can was closed with a double-
friction-seal lid. This resulting 100 m headspace was then purged with
helium through the septa, and the cans were inmediately inverted and frozen.
In the shore-based |aboratory, the cans of sedinent were brought to room
temperature and shaken for 10m nutes by a mechani cal shaker to equilibrate
the hydrocarbon gases that are released from the sediment and are partitioned
into the helium headspace. A sample of gas in this headspace was w thdrawn
through a septa with a gas-tight syringe. One mlliliter of this sanple was
anal yzed by gas chronatography using both flame ionization and therna
conductivity detectors. Concentrations of gases were deternmined by conparison
of the integrated area of each hydrocarbon with the integrated area of a
quantitative hydrocarbon standard. These values were then corrected for the
di fferent solubilities of the hydrocarbon gases in the interstitial water of
the sediment sanple by use of partition coefficients (0.8 for methane; 0.7 for
ethane, propane, and butanes; 0.6 for ethene and propene).

The method of extraction yields sem-quantitative results; however,
because all the sanples were processed in the sane manner, the results can be
conpared. The concentrations reported in Table 7 are rounded with respect to
limtations of the analytical techniques. The detection linmt is
approxi mately 01ul of methane/liter of wet sediment and 1 nl of gas/liter of
wet sediment for the other hydrocarbon gases. Error determined from
anal ytical variation and repeat analysis is less than 20%

RESULTS

Core locations, concentrations of hydrocarbon gas, and other relevant
information for Navarin Basin province are listed in Table 7. This table is
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Table 7. Hydrocarbon Gas (C 1'"C4) Concentrate ions and Rat ios from Sedinent sanples
from the Navarin Basin Province (1981)
Core No. VWater  station c c, < c, Cin i-c, n-c, (N
and pepth No. P : : —
Interval (p) “1/1‘ nl/1 C,*Cy
m we
(cm sedi nent wet sedi ment
Shel f _sediment
Gl 90- 100 135 1 50 78 44 26 28 n.d. n.d. 480
202-212 140 690 42 47 250 n.d. n.d. 190
@ 90- 100 143 1 47 270 150 170 68 12 33 110
&4  90-100 104 22 8.1 47 58 34 95 3 n.d. 99
190- 200 13 100 100 73 130 6 14 73
@5 90-100 123 23 79 190 67 39 86 8 4 340
190- 200 210 470 33 82 210 36 6 380
@6  90-100 122 24 7.8 43 57 31 81 11 n.d. 110
190- 200 18 66 81 44 200 6 5 160
@7 90-100 145 25 11 33 51 28 65 5 4 180
190- 200 19 27 15 9 12 n.d. n.d. 530
G628  90-100 128 26 29 42 66 31 83 4 3 400
X9 90-100 128 26 4.8 26 60 27 93 n.d. 5 90
631 90-100 137 28 120 270 94 54 97 8 6 380
190- 200 37 34 44 22 85 4 n.d. 660
&2  90-100 130 29 34 120 210 100 130 21 22 160
190- 200 62 70 61 30 20 4 n.d. 610
&3 90-100 130 29 47 43 86 26 89 3 n.d. 670
190- 200 160 340 91 80 81 8 13 380
G344  90-100 115 30 3.9 42 72 34 120 4 6 51
&5 90-100 115 30 7.5 34 39 24 67 4 n.d. 130
G0  90-100 140 56 23 270 40 34 34 5 6 77
190- 200 1 390 55 62 n 15 n.d. 25
66l  90-100 141 57 36 230 30 28 98 n.d. n.d. 140
@2  90-100 139 58 33 250 38 36 63 4 n.d. 120
159-199 92 1300 56 52 120 6 n.d. 66
663  90-100 135 59 28 180 17 23 65 18 2 140
673 90-100 146 69 28 200 31 20 88 3 n.d. 130
GI7  90-100 145 73 33 470 270 330 120 25 62 4
G78  90-100 139 74 18 420 430 360 190 66 26 23
Gr9  90-100 141 75 56 31 51 15 25 n.d. n.d. 1200
190- 200 120 370 130 130 75 13 28 240
GL05 90- 100 144 95 29 31 20 15 35 n.d. n.d. 630
191-201 140 180 18 31 34 5 n.d. 670
G106 90-100 135 96 57 40 38 18 36 n.d. n.d. 970
190- 200 180 540 27 26 57 5 n.d. 320

C2 Locat ion
e Latitude Longitude
“2:1
1.0 59"28.9 175"35. 7’
16
1.8 59" 05. 6’ 176"20. 1’
0.B2 61°31.6' 176" 25. 5
1.0
2.8 61"46.2' 177°30. 2
14.0
0.76 61°27.11 177°25.2'
0.82
0.64 61"09. 0’ 177"47.0
1.8
0.64 61"13.5 177°23. 4
0.44 61"13.5 177" 23. 6"
2.9 60"12. 1’ 176" 35.5 °
0.76
0.54 60"11.0' 176"13. 1
1.1
0.50 60°11. 1 176°13. 1
3.7
0.59 57°20. 1 172°42.7
0.88 57°20.0’ 172°42. 7
6.7 59"48.3'  177"24.¢'
7.1
1.4 59°48.3*  177°26.0'
6.4 59°49. 6’ 177°29. 8
24
11 59°51. 2 177"29. 5
6.5 59"27.1 176°29. 4
1.8 59054. 1 178°09. 1’
0.96 60°13.1 177733. 1
0.6 60"30.1 176°59. 2'
2.7
1.6 60°09. 0’ 176"59. 3
4.8
1.1 59°40. 0’ 175°59. 3
20
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Table 7. (Continued)

Core No. Vat er Station c c,, c c.. i-¢ n-C o Locat i 0N
and Depth No. u(1:}1 2 2:1 3 3:1 4 4 e c z. Latitude  Longitude
Interval m) wet nl/1 2773 2:1
(cn sedi nent et  sedi ment

Sl ope Sedi ment

(e73 90-100 2816 5 8.2 n.d. n.d. 23 34 n.d. n.d. 360 58"31. 3 177°26.0'
190-200 11 67 82 49 36 4 10 96 0.82
290-300 17 76 46 40 32 n.d. 8 150 1.6

G7 95-105 173 7 53 420 140 110 55 16 21 99 3.0 59"38.3' 178°15. 3

Gll  90-100 980 11 180 230 24 52 3490 170 170 630 9.8 60°39. 2" 179°34. 6
190-200 84000 950 110 3400 150 180 19000 8.7

G12  90-100 1683 12 9.6 59 63 32 36 6 4 110 0.94 60°34.3 179°45. 1
190-200 17 150 41 410 25 180 46 30 3.6
262272 25 300 22 610 37 260 46 28 13

G13  90-100 2080 13 5.8 38 36 34 29 n.d. n.d. 81 1.0 60°19. 3 179"49. 1
190-200 460 360 14 59 770 46 n.d. 1100 2?
290-300 49000 450 150 700 . 32 36 43000 3.1

G14 90-100 1826 14 37 160 75 140 39 9 26 120 2.1 60°09. 6’ 179"50. 1’
190-200 230 300 19 610 120 65 49 260 16
290-300 780 430 22 690 130 84 59 700 20
390-400 12000 410 39 2700 34 26 3900 10
552-562 44000 270 420 1700 . 55 28 22000 0.63

G15  90-100 2744 15 25 42 73 24 50 5 3 370 0.58 59°52. 4 179"59.5'
190-200 57 33 74 19 31 4 n.d. 1100 0. 44
290-300 150 640 40 49 33 5 n.d. 220 16
390-400 1400 1300 22 240 63 20 n.d. 900 61

Gl7 90-100 900 17 1.2 26 50 18 29 1 n.d. 28 0.51 60"12.6' 179°21. 5
190-200 4.5 57 45 28 45 4 n.d. 54 1.2
283-203 6.4 49 30 21 43 6 n.d. 92 1.6

Gl8  90-100 884 17 2.8 37 36 18 23 3 n.d 50 1.0 60°13.1' 179°21.51
190-200 11 37 35 13 52 3 n.d 230 1.1

G19  90-100 1018 18 16 100 41 39 55 8 3 110 2.4 60" 10. 2’ 179°27.9'
190-200 13 270 190 130 70 9 17 34 1.4
200-300 170 1000 22 210 70 24 2 140 47
370-380 290 990 39 240 110 5 s 230 2

n.d. = not detectable
= not reported .
* = concentration notreported due to nethane interference
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|"able 7. {(cont inued)

Core No. Water  Station [« c o3 c c i-c n-C c c. Locat i 0N
and Dept h No. 1 2 2:1 3 3:1 4 4 —1 2— Lat itude Longitude
Int(ec:n\;al () u%etl nl/l Cy+ey €y
sedi ment wet sedi nent
Slope Sedi ment (continued )
90-100 1005 18 15 270 180 85 80 8 14 41 1.5 60°10. 6’ 179"26.9'
190- 200 27 510 200 130 83 12 17 43 2.6
290300 47 710 93 150 48 12 19 55 7.6
364- 374 52 780 180 270 97 30 36 50 4.3
@1 90-100 1630 19 5.7 61 59 36 51 6 n.d. 58 1.0 60°06.1' 179 °34.5'
190- 200 8.8 100 170 54 61 7 3 56 0.60
X2 90-100 1670 19 5.7 150 200 120 75 12 20 21 0.76 60"06. 1’ 179 °34.5
190- 200 5.8 140 120 100 52 9 17 24 1.1
290- 300 7.0 52 44 28 27 5 n.a 89 1.2
390- 400 8.5 65 36 26 36 3 n.d 93 1.8
G37  190-200 1100 32 5.7 9| 52 32 68 7 n.d. 45 1.8 57749.6° 174" 23.5’
290- 300 8.9 160 130 46 120 9 10 42 1.2
G3s 90-100 1080 33 1.3 37 41 32 53 3 n.d. 18 0.91 58°10.1’ 175°29.2"
190- 200 7.8 81 36 29 85 3 n.d. 71 2.3
290- 300 130 1600 70 43 130 10 4 77 23
G39 90- 100 915 34 13 56 66 39 65 7 6 140 0.84 58°20.1" 174°29. 1
190- 200 32 60 56 32 84 8 4 350 1.1
290 300 39 250 36 35 31 4 n-d 140 6.9
G44 90-100 2530 39 5.4 20 54 16 86 3 n.d. 150 0.37 56°51. 4* 174"08. 5
190- 200 13 26 52 17 61 n.d. n.d. 310 0.50
290- 300 14 54 63 39 63 4 n.d. 150 0.86
390-400 19 45 56 29 52 3 n.d. 260 0.80
490-500 17 41 86 26 67 3 n.d. 250 0.47
A7 90-100 2760 41 2.7 36 87 23 81 3 n.d. 45 0.41 56°58. 2’ 174"21. 2
190- 200 7.5 150 240 120 130 19 20 27 0. 64
290- 300 6.8 39 59 21 86 3 n.d. 110 0.67
390-400 7.0 67 100 42 110 7 9 64 0. 65
490-500 6.2 41 56 28 68 4 n.d. 91 0.73
49  90-100 1770 43 4.8 30 47 26 71 n.d.  n.d. 85 0. 64 57°38.5'  175°38.0’
190- 200 7.8 a5 75 28 57 n.d. 3 110 0.61
290- 300 10 2 92 18 57 n.d.  rid 210 0.34
390- 400 14 57 51 23 92 4 n.d. 180 1.1
490- 500 16 63 1 32 80 4 n.d. 170 0.89

n.d. = not detectable
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Tabiv 7.  [cContinued)

Core No. Water Stat ion ¢ (o8 C. C i~C n-¢ C C, Locat ion
and Depth No. c 2 2:1 3 31 4 4 ! ‘ Latitude Longi tude
In&i;;al (1 uiét 171 — €, +Cy ¢
sedi ment wet sed iment
Slope Sediment_(conti nued)
2  90-100 1070 46 4.3 48 31 22 21 n.d. 61 1.5 58°33.6' 177°53.2*
190-200 4.3 22 20 13 17 n.d. n.d. 120 1.1
290-300 5.6 22 22 11 19 3 n.d. 170 1.0
390-400 5.1 15 28 11 12 n.d. n.d. 180 0.53
490-500 5.3 26 17 16 25 n.d. n.d. 130 1.6
570-580 5.3 30 23 14 30 3 n.d. 120 1.3
&3 90-100 2676 47 3.0 53 72 45 32 3 9 31 0.74 58"23.2' 176°25.1'
@5  90-100 2320 49 5.2 21 12 13 10 n.d. n.d. 130 2.3 57045. 7' 175°30.4"
190- 200 18 36 14 13 23 n.d. n.d. 360 2.5
290300 25 55 23 16 21 n.d. n.d. 350 2.5
390- 400 34 210 22 26 28 3 n.d. 140 9.5
8  90-100 179 53 11 44 39 41 22 n.d, n.d. 130 1.1 59°26.1' 177°28. 4'
190- 200 19 1400 250 350 110 25 61 11 5.5
Ges  90-100 436 61 6.3 35 24 22 23 3 n.d. 110 1.5 59°25. 4’ 177%51. 2
190- 200 7.3 34 28 24 56 5 n.d. 130 1.2
®6  90-100 580 62 56 62 31 500 54 200 24 100 2.0 59"24. 7 178°14.5'
190- 200 110 4800 a3 790 77 260 kil 20 58
290- 300 200 7300 17 970 110 320 26 24 440
G657  90-100 167 63 74 540 71 80 66 8 1 120 7.6 59"38. 7’ 178%14.2
668  90-100 1048 64 19 130 23 20 75 n.d. n.d. 130 5.7 5938.6' 17537. 2
190- 200 63 440 13 26 130 n.d. n.d. 130 34
G69  90-100 1230 65 1.6 76 62 57 90 n.d. n.d. 12 1.2 59”15. 8’ 178"34. 4
190- 200 8.8 57 32 32 100 3 n.d. 99 1.8
6 90-100 520 67 18 180 8 22 130 7 n.d. 89 4.7 58"48.0’ 178°00.0'
190- 200 71 1400 37 45 50 10 n.d. 47 39
290- 300 170 93 16 120 57 10 n.d. 790 6.0
G/4  85-95 152 70 30 190 17 18 140 n.d. n.d. 150 11 59°25. 5 177%11. 9
(80  90-100 152 76 16 180 180 150 73 9 3l 48 1.0 60°29. 4 177°53.3"
(82  90-100 860 78 5.6 61 37 23 33 5 n.d. 66 1.6 60°27.2° 179"29.1
G83  90-100 1120 79 2.4 38 48 21 49 n.d. 4 37 0.8 60°26. 2’ 179053. 4'
84 90-100 780 80 23 74 33 31 68 4 n.d. 220 2.2 59"57. 9’ 178"59.2'
&85  90-100 1745 81 6.4 28 41 21 52 4 n.d. 130 0.68 59"51. 9’ 179"09. 7'
190- 200 10 49 41 34 51 5 n.d. 130 1.2
(86  90-100 2195 82 64 90 150 74 80 " 18 190 0.59 60°09. 21 179"51. 4
190- 200 320 930 34 120 170 21 7 310 24
280- 290 34000 1900 54 1700 . 54 n.d., 9400 35
Ge8  90-100 205 83 4.8 120 32 52 31 a 8 2a 3.6 61"08. 1" 17B*46.1 "
190200 9.2 290 86 120 47 n.d. 14 23 3.3
n. d. . not detectable

= concentration not reported due to nethane interference
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Table 7. (Continued)
Core No. Water  Station ‘ c c i-C n-C c Locati on
and Pepth uf}l 2 2:1 G 3: 4 4 —1 C. Latitude  Longitude
Interval - vet nl/l Cp*c G
(cm sedi ment vet sedi ment

Ri se Sedi nent

G6 90- 100 3395 6 4.1 39 140 49 58 5 1 47 0.29 58 °0S. 3 177°23. 5
190- 200 8.5 41 58 27 34 5 n.d. 120 0.71
290- 300 3.5 120 310 95 120 8 19 16 0.39
390- 400 7 29 23 8 33 n.d. n.d. 190 1.3

42 90-100 3150 37 8.4 20 34 19 50 1 n.d. 210 0.59 57"57".8' 175*00. o'
190- 200 17 43 66 32 77 3 n.d. 220 0. 65
290- 300 21 48 4s 22 69 2 n.d. 300 0.99

Ga8  90-100 2910 42 7.7 24 39 22 8l n.d. n.d. 170 0.62 57°06. 6’ 174035. 5'
190- 200 13 45 88 26 59 3 n.gd. 190 0.50
290- 300 15 23 52 16 77 3 n.d. 380 0.44
390- 400 20 37 100 24 65 5 n.d. 320 0.37

G0  90-100 3430 44 4.4 21 55 22 89 3 n.d. 100 0.39 57°52.2' 176 °2S.5'
190- 200 6.3 36 69 28 74 2 n.d. 98 0.52
290- 300 7.9 47 62 30 75 3 n.d. 100 0.77
390- 400 12 26 43 17 97 n.d. n.d. 290 0.60
490- 500 19 100 91 54 29 5 73 120 1.1

Gl  90-100 3220 45 4.3 1s 26 13 28 n.d. n.d. 140 0.71 55'20. 4" 177°25. 1
190- 200 7.5 20 24 16 24 n.d. n.d. 210 0.s3

G4 90-100 3220 48 10 60 32 24 19 n.d. n.d. 120 1.9 58°08. 4’ 176" 02. 9
190- 200 18 29 28 15 32 n.d. n.d. 420 1.0
290- 300 16 30 25 16 28 n.d. n.d. 350 1.2

cs6 90-100 2925 50 6.0 19 34 14 70 n.d. n.d. 1s0 0.55 58°11.6' 176°00. 1’
190- 200 16 27 44 16 96 4 n.d. 360 0.60

G7  90-100 3395 51 3.9 14 25 10 25 n.d. n.d. 160 0.5s 57 ¢57.3* 176 °58. S
190- 200 6.9 24 32 16 54 4 n.d. 170 0.77
290- 300 13 240 270 200 110 15 39 30 0.90
390- 400 12 190 320 170 130 15 39 33 0.59
470- 480 26 520 18 71 22 7 n.d. 44 29

Gr0  90-100 3390 66 6.5 13 22 41 22 n.d. n.d. 300 0.61 55"31.6' 178 °2S.0'
190- 200 8 1s 25 16 62 n.d. n.d. 230 0.72
290- 300 12 51 35 25 89 4 n.d. 160 1.3
390- 400 8.7 15 20 16 46 n.d. n.d. 2s0 0.76

G/6  90-100 3210 72 4.4 36 74 39 42 n.d. 5 59 0.49 59°21. 5 179°06. 6
190- 200 11 130 170 110 79 8 19 45 0.72

n. d. = not detectable



divided into three sections, nanely, cores taken from the outer shelf (water
depths from 100 to ?50 m), the slope (water depths from 150 to 2800 m, and
the rise (water depths from 2800 to approxi mately 3600n). These three areas
are delineated by the 150 m and 2800 m contour lines, and in Figure 36 sanples
are identified by their core number.

Informati on relative to the ranges of concentrations of hydrocarbon gases
found in sediments of the shelf, slope, and rise are summarized in Table 8.
Met hane is the nost abundant hydrocarbon gas in all the sedinent samples
anal yzed and is typically present in concentrations that are 2 to 3 orders of
magni tude greater than the concentrations of the other |ow molecular weight
hydr ocar bons (LMwH).

Areal distributions of maxinum concentrations of O, C,+C; and n-C,+i-C,
are shown in Figures 37, 38 and 39, respectively. These maximm
concentrations generally reflect results of analyses of the deepest sanples
obtained at a given core |ocation, because the deepest sanples usually have

the highest concentrations of gas (Table 7). In five cores (11, 13, 14, 15
and 86), all located on the slope, the maximum concentrations of C exceed
1000 Hi/1 and range from 1400 to 84000 Pi/l. In each of these cores C

concentrations increase 2 to 4 orders of nmagnitude with depth (Table 7).

Concentrations of €., exceed 1000 nl/1 in sanples from seven cores of
sl ope sediment (15, 19, 38, 58, 66, 71 and 86) and from one core of shelf
sediment (62). 1In these cores, C, concentrations increase 1 to 2 orders of
magni tude with depth (Table 7). %Joncentrations of €5 are usually less than
concentrations of c,, but the distributions of these gases tend to be
parallel. Figure 38 shows |ocations of eleven cores where the nmaxi mum
concentrations of C+ Cexceed 1000 n1/1. These cores include numbers 11,13
and 14 in addition to the eight cores |isted above.

Butane (n-c, and i-C,) is generally the |east abundant IMWH in shelf,
sl ope and rise sediment. \Werever detected, i-C,/is generally nore abundant
than n~c4; in sanples n-C, could not be neasured. The highest concentrations
of n-c,+i-c, are found in slope sedinent. Core 66 had the highest anount of
i-C4(3§0 nl/1) and core 11 had the nost n-c, (100 nl/1).

The alkenes (C. and C.) are present in npst sedinent sanples in anmounts
less than C but generally greater than C. Concentrations of Co and C_
show no discernible trends with depth. In those sanples where Cy
concentrations exceeded about 12000 Hir1, C_ could not be neasured because of
interference resulting from our nethod of analysis.

Biogenic Met hane

The nost abundant gas in sedinments of Navarin Basin province is O, and
in five cores (11, 13, 14, 15, 86), all l|located in NWavarinsky Canyon, maxinmm
concentrations exceed 1000Pi/l (Table 7 and Figure 37). During the 1980
season, the only core (G37) analyzed with concentrations of ¢, exceeding 1000
U171 (1900 M1/1) was from the rise near the nouth of Navarinsky Canyon (Vogel
and Kvenvolden, 1981). Concentrations for four of the five cores (11, 13, 14,
and 86) taken during 1981 approach or exceed the saturation of the
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Figure 36. Location of hydrocarbon gas sanpling sites in the Navarin
Basin province. Sites are designated with core nunbers.
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interstitial water at atrmospheric pressure and temperature (about 40 m of C
per liter of seawater according to Yamamoto et al., 1976). Because C
volubility increases with increasing pressure, the neasured concentrations
only represent mninum values; some quantity of gas likely escaped during the
sanpling procedure. In fact, core descriptions for three of the five cores
include remarks about cracks attributed to escape of gas. The possibility
that C is present at concentrations exceeding its volubility in the intersti-
tial water at depth may lead to high pore-water pressures and hence, sediment
instability; seismc evidence indicates sluming of the sediments in the
Navari nsky Canyon region {(Carlson et al, 1982) which may be due in part to the
hi gh concentrations of gas present. C concentration profiles with depth for
these five cores are shown in Figure 40a. The rapid increase in amount. of C
with depth can be attributed to the presence of C-producing bacteria
operating under anoxic conditions. A zone of low C concentration probably
exi sts between the sediment-water interface and about 100 cm depth where the
first measurenents were made. This zone is generally referred to as the zone
of sulfate reduction, where the low C concentrations have been attributed to
bioturbation and oxidation by nolecul ar oxygen {Reeburgh, 1969), sulfate

i nhi bition of nethanogenesis (Martens and Bernexr, 1974), and to anaerobic C
oxi dation by sulfate-reducing bacteria (Barnes and CGol dberg, 1976; Reeburgh
and Heggie, 1977). Below the zone of sulfate reduction is the zone of C
production where high concentration of C occurs. Here the C is being
generated by the anaerobic microbial deconposition of the organic-rich mud
which ranges from 0.7 to 1.43% organic carbon (Fischer, 1981). Those sanples
having high O concentrations (greater than 1000 ¥1/1) al so have |arge
c1/(c2+c3) val ues ranging from 900 to 43,000 (Table 7). These ratios indicate
a biogenic source for C according to criteria defined by Bernard et al.
(1977).

At nmost stations in Navarin Basin the C concentrations are |less than
1000 ¥i/1 (Table 7 and Fig. 37). For these stations C,/(Cy+Cq) val ues are
usually low In fact, for many sanples the ratio is less than 50, which is
the upper limt of the range of values assigned by Bernard et al. (1978) to
gas from thermogenic sources. However, as pointed out by Xvenvolden and
Redden (1980), use of this ratio for assigning source is equivocal where gas
concentrations are low. In the case of Navarin Basin, we believe that nost of
the ¢, and other hydrocarbon gases present are from biogenic sources and not
from thernmogenic sources. The |ow c1/(c +c3) ratios are attributed to
preferential loss of O during sampling ?rom sedinents in which the original
concentrations of C are nuch lower than 1000 Pi/l.

Qt her Biogenic Hydrocarbons

Ot her mMwe hesides O may be biologically produced, as suggested by Emery
and Hoggan (1958) and Bernard et al. (1978). The relationship of ¢, to these
ot her hydrocarbon gases may provide a clue to their origin. At the eleven
sites . itn C,+C, coOncentrations greater than 1000 ni1/1 (11, 13, 14, 15, 19,
38, 58, 62, 66, 71, and 86), five sites (11, 13, 14, 15, and 86) show a strong
correl ation between increasing G concentrations and increasing C,+Cy con-
centrations with depth (Figure 41). This correlation suggests that the
m crobi ol ogi cal processes that produced O nay be operating in parallel wth
‘“the process responsible for Cand C. Sanples at all five sites also have
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anonmal ously high butane values (Table 7, Figs. 39 and 42) which suggest butane
may also result from m crobiological processes.

The production of alkenes is controlled by biol ogi cal processes and has
heen produced by mcrobes in the l|aboratory (Davis and Saquires, 1954), by
marine organi sms (Hunt,1974), and by bacteria in soils (Prinrose and
Dilworth, 1976). In the Navarin Basin province, alkene concentrations vary
with depth but generally remain at about the sanme |evel of concentration
t hroughout the area.

Thexmogenic Hydrocarbons

Two ratios (C4/(C,+C3) and C,/C,_) were used by Xvenvolden et al. (1981)
to attenpt to distinguish biogenic and thernogeni ¢ hydrocarbon gases in sedi -
ments. Extrapolating fromthe work of Bernard et al. (1976) and from Cline
and Hol mes (1977) they proposed that sanples containing gases with C,/(C,+Cy)
values less than 50 and with c¢,/C,_ val ues greater thanimayhave therm)genl c
sour ces.

of the thirteen sites (12, 19, 20, 22, 38, 57, 58, 60, 62, 66, 71, 77, and
88) where C,/(C,+C,) ratios are |ow and C,/C,_ ratios are high (Table 7), core
66 is of partlcul ar interest. The ¢ /(c2+c ) val ues incore 66 are20 and 24
at 200 and 300 cm depth. These val ues are corrparable to the ratios of
possi bl e thermogenic gas inm cores from St. Ceorge Basin (Xvenvolden and
Redden, 1980) and core 36 fromthe 1980 work in Navarin Basin (Vogel and
Kvenvol den, 1981). The c,/c,_ratio of 440 in Core 66 is the highest in the
sampling area and in fact, is two orders of nagnitude greater than nost of the
other ratios in the region. The value of the ratio is one order of magnitude
greater than the highest value (50) at a mnor anomaly observed on the Bering
Shel f of St. George Basin (Xvenvolden and Redden, 1980; Kvenvolden et al.,
1981). The value of the C,/C,_ ratio in core 66 is almost a factor of three
greater than the highest value (160) obtained fromthe 1980 Navarin Basin
study fromcore 36 (Vogel and Xvenvolden, 1981).

Figure 42 sumuarizes the cores with anomal ous concentrations of C4. C,
and/or C; and with C,/(C,+C5) and C,/C,_ val ues indicating a possible thermo-
genic origin. Of the thirtéen cores nentioned above, where the Cy/(Cy+C3)
values are less than 50 and the ¢,/C,_values are greater than 1, the ngjority
are not of special interest for various reasons. For exanple, concentrations
fromcore 12434 not increase particularly rapidly with depth. Core 38 has
mostly background concentration levels, with only one anomal ous concentration
(ethane) at the 300-cm depth, the deepest sanple analyzed in the core. Core
77 was only sanpled at the 90-100 cm depth interval and also had high concen-
trations of alkenes. Core 88 has background concentrations and cores 22, 57,
and 71 have erratic concentration versus depth profiles. Cores 19 and 20 are
at alnmost the sane coring location and have nostly high anounts of ethane. A
| onger core is needed here to determi ne if these highvaluescontinue to
increase with depth. Cores 60 and 62 on the shelf and core 58 on the slope
are of sone interest, but due to the short cores obtained from these |oca-
tions, itisdifficult to predict and interpret the concentration gradient
wi th depth.
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Figure 40. Graph of concentrations of C. in ul/l and ml/1 wet sediment vs. depth in
centimeters for sediment samples from the eleven sites in the Navarin
Basin Province where C2+C concentrations reach or exceed 1 pl/l wet
sediment at some depth in%erval. Figure A groups those profiles whose Cl
concentrations exceed 1 ml/l wet sediment at some depth interval while
Figure B groups the remaining cores. The dashed line in Figure B is the
profile of a core which represents background concentration levels.
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Anomalous*
Core %
Parameters
cl c2¢8 R Shelf Slope Basin
R 61,73,79 7,67
. 32 6,76
. 22,88
. 1, 25,31, 33,
* 105, 106
. . 13,14
2,78
[ ] [ ]
o . 60
. . 12
. . 11,15, B6é
[ ]
. o o 62 38,71
77 20,58 57
[ ] [] [ ]
® R . . 19,66

* Concentrations of d (nethane) , C2 (ethane) , C3
(propane) that are above background for the region
indicated and R (ratios) that indicate a thermo-
genic origin (Ccl/{(cz+C3) values that are |ow and
c2/c2= val ues that are high).

Figure 42. Tally of anomal ous parameters for coresin the regions
i ndi cat ed.
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RELATI ONSHI P TO CGEOPHYSI CAL ACOUSTI C ANOVALI ES

CGeophysical evidence shows that extensive areas in the northern shelf
areas of the Wavaxrin Basin province may contain gas-charged sedinent (Carlson
and others, 1982). Geochemical data from the same areas on the shelf show
that gas is present in cores collected where seisnic anonalies suggest gas-
charged sedinent. However, the amount of gas observed is not |arge enough to
be responsi bl e for the seisnmc anomalies. Actually, the anomalies occur at
depths bel ow whi ch sedinent sanples could be recovered (i.e. greater than
about 15 nm). Thus, a correlation between our geochemical data and the
occurrence of geophysical anonalies attributed to gas-charging of sedinent
cannot be firmly establ i shed.

CONCLUSI ONS

Hydr ocarbon gases are common in the upper five neters of sedinment in the
Navarin Basin province. Locations with highest concentrations of gases are
found in the slope sedinment, followed by sediment of the shelf and rise,
respectively. O is the npst abundant hydrocarbon gas in all three regions
and is generally present in concentrations that are two to three orders of
magni tude greater than the higher nolecular weight hydrocarbon gases. In four
cores, all fromthe slope, the concentration of ¢, ranged from 12,000 to
84,000 #1/1 and is probably being generated from the microbial deconposition
of organics in the anoxic mud found in Navarinsky Canyon. Ratios of
c1/(c +C,) are very large for these sanples, ranging from 900 to 43,000,
indicatihg mainly a biogenic source. These concentrations nmay be near or
exceed the solubility of O in interstitial water at depth and thus the gas
may affect the stability of the sedinent.

Cy+C concentrations are greater than 1000 nl/1 in el even cores taken at
nine locations on the slope and two on the shelf. In seven of these cores,
the trends of increasing €,+C, concentration strongly correlate with
increasing concentration of  CI" down the core. Therefore, the mcrobiological
processes that account for the C concentrations may be related to the
processes producing the high C,+C, concentrations in these cores.

Low concentrations of i-c, and n-C,are present but are not detectable in
many samples. The highest i-c,+n-C, concentrations are found in the slope
sedinent.  Anomalously high i-C,+n-C, concentrations were found in all five
cores that had concentrations of C,*+C4>1000 n1/1 and G >1000 H1/1.

The alkenes are generally present in all the sanples and are likely the
result of biological activity in the sediment. Concentrations are generally
| ow and average about 50 n1/1 in the sedinment of the shelf and slope and are
slightly higher in the rise sedinment, averaging about 70 nl/l1. Concentrations
of the alkenes do not show distinctive trends with depth.

One core in the Navarin Basin province isof particular interest with
respect to geochemical prospecting. Core 66 has a mixture of gases that
suggest a thermogenic source. The c¢,/(C +C,) ratios are 20 and 24 at the 200
and 300 cm depths, respectively, and 2the’ cz/c2= ratios are58 and 440. C.+C
has the highest concentration (>8000 n1/1) of any neasured in the 1981 study
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Tabl e 8. Hydrocarbon Gas (Cl—nc4) Concentration and Ratio Ranges from
Sedi ment Sanples from the Navarin Basin Province (1981).
Met hane (Cl) concentrations are in ul/l; the other hydrocarbon
concentrations are in nl/l.
Shel f Sl ope
C 4 - 200 1 - 84000 2 6
1
27 - 1300 n.d.- 7300 13 - 520
Cy 10- 360 11 - 3400 8 - 200
o 15 - 430 n.d. - 420 18 - 320
c3= 12 - 250 n.d.- 3400 - 130
i—c4 n.d.- 66 n.d. - 320 15
n-C4 n.d.- 62 n.d.- 180 73
Cy/Cy*Cy 23 - 1200 11 - 43000 16 - 420
C,/Ch 0.44- 24 0. 44- 440 29
n.d. - not detectable

area. C,/sare also present in anomalously hi gh

concentrations:

for exanple,

the anount of the i-C, (320 nl/1) is the highest measured in the study area.
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CHAPTER 9. BENTHIC FORAMINIFERS
by

Paul a Quinterno

| NTRODUCTI ON

Sampl es collected by the U S. Geol ogical Survey fromthe Navarin Basin
provi nce were analyzed for benthic foraminifers. This study is a continua-
tion of previous work (Quinterno, 1981) and includes sanples collected
during both 1980 and 1981 (Fig. 43).

Ot her studies of benthic foraminifers in the Bering Sea have been in
areas to the north and west (Saidova, 1967; Lisitsyn, 1966) and in shallow
waters to the east and northeast of the study area (Anderson, 1963; Knebel
and others, 1974).

The purpose of this study is to determne the distribution of benthic
foraminifers in the surface sedinments and to record faunal changes with depth
in the cores.

METHODS

Sanpl es were processed by washing the sediment over a 62 micron-nesh
sieve to renove silt and clay. In sanmples with nuch sedinent, foramnifers
were concentrated by floating in carbon tetrachloride. A microsplitter was
used to obtain a representative split of approximately 300 benthic foramini-
fers. The actual number of benthic foraminifers in the splits ranged from 3
to 2,860.

Forami nifers were nmounted on cardboard slides, identified, and the
relative frequency percentage of each species calculated

SURFACE DI STRI BUTI ON

Sampl es from the approximate upper 2 cm of forty-two gravity cores or
grab sanples were examined for benthic foramnifers; the relative frequency
percentages of the species present are listed in Table 9. Table 10 is the key
to abbreviations for species. |In order to recognize faunal trends that m ght
be related to water depth, stations were arranged fromleft to right in order
of increasing water depth and the relative frequency percentages of the nost
abundant species were plotted (Fig. 44). To sinplify plotting and to nake
Figure 44 nmore legible, the species abundances for sanples having sinilar
wat er depths were averaged and the average plotted. Al though percentages
fluctuate with depth, sone general trends are apparent.

The peak abundances of Reophax arctica (35 and 37% are at depths of 91
and 99 m At depths greater than 150 m the abundance decreases to 5% or |ess
(Fig. 44). Anderson (1963) reports R_arctica in the Bering Sea as doni nant
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in his Central Shelf fauna (48-100 m) with very |ow percentages in deeper
wat er . Knebel and others (1974) report the maxi num abundance for this
species in the BeringSea between 35-105 m

Percentages of Elphidium clavatum are |ow throughout nmy sanples with
the peak abundance of 15% occurring at 99 m This species is absent at nost
stations having water depths greater than 150 m (Fig. 44). This agrees with
previous studies which show that E. clavatum i s typical of shelf environnents
(Knebel and ot hers, 1974; Anderson, 1963; Matoba, 1976).

Peak abundances of Eggerella advena and Spiroplectammina biformis occur
in water depths shallower than 150 mp there is a general decrease in
abundance with increasing water depth (Fig. 44). Anderson (1963) reports the
maxi mum abundance of E. advena on the Inner Shelf (22-48 m) but finds it
present in | esser numbers in the Central and Quter Shelf faunas (48-200 n.

Epistominella vitrea and Trifarina fluens reach maximabetween appr ox-
imately 150 m and 900 m water depth and di sappear below 1,800 m (Fig. 44).

Fursenkoina spp., Reophax spp., Textul aria torquata, Bolivina pacifica,
and Elphidium batialis are nost abundant bel ow 900 m (Fig. 44).

Several species of Fursenkoina Were grouped together as Fursenkoina
spp., because the tests are extremely small and fragile and are difficult to
separate into species. Further subdividing into species nmight show nore
clearly-defined depth trends.

Elphidium_is usually considered a shelf species with highest abundance
in water less than 200 m deep. However, there have been reports of a deep-
wat er speci es, Elphidium batialis (Saidova, 1961; Matoba, 1976). Thi s
| arge, robust species has asharp periphery and makes up more than 6% of the
fauna at 9 stations with water depths greater than 1,100 min the Navarin
Basin province (Fig. 44). with one exception, (80-110) it is absent in water
shal | ower than 975 m (Table 9).

The depth trends noted above may be dependent on one or nore environ-
nmental factors (such as salinity, dissolved oxygen, tenperature, and
sedi ment type); however, detailed neasurenents of these parameters are not
available at this time. Furthernore, the distribution of some tests has been
affected by bottom currents, storm waves, and downslope transport.

DOMN- CORE  STUDI ES

Rel ative frequency percentages for benthic foraminiferal species which
are present at various intervals in core 81-12 are listed in Table 11, and
graphs showi ng down-core distribution of species are presented in Fig. 45.

Gavity core 81-12 is 262 cmin length and was collected fromthe floor
of Navarinsky Canyon in 1683 m of water. A pronounced faunal and lithologic

break exists between 130 cmand 140 cmwithin the core (Fig. 45). Visual
i nspection of the greater than 62 mcron portion of sediment from5 sanples

above 130 cm shows it to be fine sand. The eleven sanples below 130 cm are
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general ly coarser (nost contain pebbles or pebble-sized silt aggregates),
and contain glauconite and/or iron-stained grains. The sanple at 180 cm
contains several irregularly-shaped iron-sulfide plates up to 8 mm |ong.

Rel ative frequency percentages of the deep-water species Elphidium
batialis range from 2-30% in the 5 uppernost sanples (0-130 cm of the core.
The shal | ow-water species E. clavatum iS not present in these 5 sanples (Fig.
45 . However, E. batialis is absent in all el even sanples bel ow 130 cm
whereas E. clavatum is present in abundances ranging from 4-15%  Based on
t he present-day distribution of E.clavatumw th respect to water depth, it
is unlikely that this species could live at station 81-12 (1,683 m). Even
with glacially lowered sea level, the water depth would be too great.
Downslope transport of E. clavatum tests is a possible explanation for the
presence of this species in deep water.

The follow ng species have peak abundances above 130 cmin core 81-12
and decrease markedly below.  Wvigerina peregrina, Epistominella pacifica,
Buccella spp., Trifarina fluens, and Florilus labradoricum. The follow ng
speci es show the opposite trend--1ow abundances above 130 cm and peak
abundances bel ow Fur senkoi na spp., Epistominella vitrea, Nonionella
turgida digitata, and large, poorly-preserved specimens of Cassidulina

(probably reworked) (Fig. 45).

The pronounced faunal and lithelogic break between 130 and 140 cmin
core 81-12 may reflect physical and chem cal changes in the environment
resulting from a change from glacial to interglacial conditions and may
represent the Pleistocene/Hol ocene boundary. Wth |owered sea |evel during
Pl ei stocene gl aciation, a wide area of the continental shelf was subaerially
exposed, and the subnerged portion of the shelf was nuch narrower than at
present. During these times, rivers dissected the shelf and transported
sediment to the present-day outer shelf (Nelson, Hopkins, and Scholl, 1974).
Turbidity currents and debris flows also contributed to down-slope transport
(vallier, Underwood, Gardner, and Barron, 1980; carlson, Karl, and Quin-
terno, 1982). Under these conditions, coarser sedinment and shal | ow water,
an organism such as E. clavatum, could easily be transported into deeper

wat er .
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ADRGLO
ALVSPP
AMOBAC
AMDSPP
AMSSPP
AMTCAS
ASTSPP
BTYSI P
BOLDEC
BOLPAC
BOLPSE
BOLSEM
BOLSPI
BCLSPP
BUCSPP
BULELE
BULTEN
CALSP1
CASCAL
CASDEL
CASLI M
CASLRG
CASMIN
CASSPP
CSDSPP
CHISPP
CHNFIM
CIBLOB
CIBSPP
CRBSPP
CYCSPP
DENSPP
EGGADV
EGGSCR
EGGSUB
ELPBAT
ELPCLA
ELPSPP
EPIPAC
EPIVIT
EPCLEV
EPOSPP
FISSPP
FLOLAB

Table 10. List of Benthic Foraminiferal Species.

Adercotryma glomeratum
Alveolophragmium SPp.
Ammobaculites

Ammodiscus spp.
Ammoscalaria 38pp.
Ammotium cassie
Astrononion spp.
Bathysiphon

Bolivina decussata
Bolivina pacifica
Bolivina pseudobeyrichi
Bolivina eeminuda and B. seminuda var. foraminata
Bolivina spissa

Bolivina Spp.

Buccella spp.

Buliminella elegantissima
Buliminella tenuata

smal |, transparent calcareous foram
Cagsidulina californica
Cassiduling delicata
Cassidulina limbata
Cassidulina lomitensis and C. Z. elegantula
Cassidulina minuta
Cassidulina spp.
Cassidulinoides Spp,
Chilostomella spp.
Chilostomellina fimbriata
Cibiecides lobatulus
Cibicides Spp.
Cribrostomoides spp.
Cyelammina Jp.

Dentalina spp.

Eggerella advera
Eggerella serippsti
Eggerella subadvena
Elphidium batialis
Elphidium clavatum
Elphidium Spp
Epistominella pacifica
Epistominella vitrea
Eponides leviculus
Eponides spp.

Fissurina Spp.

Florilus labradoricum
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FURSPP
GLOSPP
GYRSPP
HAPBRA
HAPCOL
HAPSPP
HYPSPP
ISTRNR
KARBAC
LAGSPP
MAROBS
MARSPP
MELPOM
NONPUL
NONTGD
NONSPP
00LSPP
PATCOR
PELVAR
PRTORB
PSENON
PULSPP
PYRSPP
QNQSPP
RECSPP
RECARC
REOCUR
REODIF
REOFUS
REOSCO
RECSPP
RHBSPP
SACSPH
SPRBIF
SPRSPP
TEXTOR
TEXSPP
TRIFLU
TRLTRI
TROGLO
TRONIT
TROPAC
TROSPP
UVGPRG
UVGSEN
UVGSPP
VALCON
VALGLA
VIRSPP
OTHAGG
OTHCAL

OTHMIL

Fursenkoina spp.
Globobulimina spp.
Gyroidina spp.

Hap lophragmoides bradyi
Haplophragmoides eolumbiense
Haplophragmoides spp.
Hyperammina spp.
Islandiella teretie/norerossi
Karreriella baceata
Lagena SPP.

Marginulina obesa
Martinottiella Spp.
Melonis pompiliodes
Nonionella pulchella
Nonionella turgida digitata
Nonionella spp.

Oolina spp.

Patellina corrugata
Pelosina variabilis
Protelphidium orbiculare
Pseudononio» spp.
Pullenia SpPp.

Pyrgo Spp.

Quinqueloculina SpPP.
Reeurvoides SPp.

Reophar arctica

Reophax curtus

Reophax difflugiformis
Reophax fusiformis
Reophax scorpiurus
Reophax spp.

Rhabdammina Spp.
Saceammina sphaerica
Spiroplectammina biformis
Spiroplectammina spp.
Textularia torquata
Textularia Spp.

Trifarina fluens
Triloculina spp.
Trochammina globigerinaformis
Trochammina nitida
Trochammina pactfica
Trochammina spp.
Uvigerina peregrina
Uvigerina senticosa
Uvigerina Spp.

Valvulina conica
Valvulineria glabra
Virgulina epp.

Qther agglutinated species
Ot her calcareous species
Miliollids
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Table 11. Relative frequency percentages o< benthic foraminiferal species in core 81-12.
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CHRPTER 10: DIATM ANALYSI S OF SURFACE SAMPLES
RECOVERED FraM PERVENETS CANYON

by
Jack G Baldauf
| NTRODUCTI ON

The Navarin Basin province within the Bering Sea (Fig. 46) is
geographically divided into a shallow shelf, steep slope, and a deep narginal
basin. Five major submarine canyons (Zhemchug, Pervenets, St. Matthew,

M ddl e, and Navarinsky) occur within this region (Fisher and others, 1982).

Previously, Baldauf (1982) anal yzed thirty surface sanples fromthis
region and documented the existence of two distinct diatom assenblages
separated from each other by the shelf-slope break. The basin-slope
assenbl age is characterized by the speci es Denticulopsis Seninae which
typically comprises 20-40 percent of the entire assenblage. O her species
within this group include; Coscinodiscus marginatus, Cosci nodi scus oculus-
iridis, Rhizosolenia hebatata formm hebatata, and Thal assiorsira oestrupii.
Most basi n-sl ope species, although nost abundant in the deeper waters, are
present on the shelf. For exanple, Denticulopsis Seni nae conposes |ess than
10 percent of the overall assenblage onthe continental shelf conpared to 20-
40 percent in the basin-slope region.

The shall ow wat er assenbl age is dominated by Nitzschia grunowii
(previously referred to as Nitzschia oceani ca in Baldauf (1981, 1982)) which
conposes greater than 20 percent of the shelf assenblage. Additional species
in this assenblage include: Nitzschia cylindrus, Thal assiorsira
nordenskioldii, and an increase in abundance of both benthonic and brackish
wat er speci es.

The presence of these two assenblages within the surface sedinment nay be
useful in deternmning the effect that secondary processes such as sedinent
transport or winnowing have on surface sediment within the canyon and sl ope
regionsof the Navarin basin province. The very abundant occurrence of shelf
species within the surface sanples exanined fromthe canyon regions wuld
suggest the erosion and transportation of sedinent from the shelf and
deposition of these sedinents in the canyon.

To exanine the usefulness of diatons for interpreting the effect of
sedi mentary processes, thirty-three surface sanples were examned within the
region of Pervenets Canyon (Fig. 47). Pervenets Canyon was selected for this
prelimnary study due to its relatively small size in conmparison to the
di mensi ons of Zzhemchug and Navarinsky Canyons. An additional notive for
sel ecting Pervenets Canyon, Was the occurrence of Rhizosolenia cuUrvirostris
and Thalassiosira nidulus in sanple G 80-66 recovered fromwthin this
canyon.  The presence of these species suggests that sanple G 80-66 has an age
greater than 0.26 Ma, the age cited by Donahue (1970) and Schrader (1976) for
the last occurrence of Rhizosolenia curvirostris.
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Pervenets Canyon, |located within the central portion of the Navarin Basin
province, is approximately 125kilometers | ong and heads in a water depth of
approximately 150 neters. The mouth of this canyon occurs at an approximte
wat er depth of 3000 nmeters. Pervenets Canyon is approximately 30 kil oneters
wi de at the shelf break, which is narrow when conpared to both zhemchug and
Navari nsky Canyons whi ch have an approximate width of 100 kiloneters. Two
main tributaries which forma right angle at the head of Pervenets Canyon are
80-90 kiloneters long and have an approximte gradient of 0.30 degrees.

METHODS AND PROCEDURES

In addition to sanples previously exam ned (Baldauf 1981, 1982), thirty-
three surface sanpl es were obtained fromcores collected in and around
Pervenets Canyon by the NOAA research vessel DI SCOVERER during the sunmmers of
1980, 1981, and fromthe U S. Ceol ogical Survey vessel s.p. LEE during the
summer of 1982. Strewn slides of unprocessed sediment were prepared for each
sanpl e and exami ned at 500x for age diagnostic species. Sanples of Quaternary
age were further examned at 1250x with the first 300 specinens tabulated to
determ ne the abundance of individual species within each sanple.

The preservational quality of each sanple is based on the presence and
absence of delicate forms such as Thalassiosira hyalina, Pseudopodosira
elegans, and Asteromphalus robustus and heavily silicified forms such as
Coscinodiscus Nargi nat us, Rhizosolenia hebatata forna hebatata, Stephanopyxis
turris, Bacteriosira fragilis, and Thalassiosira gravida. The occurrence of
both robust and delicate species suggests well preserved sanmples whereas the
presence of only robust forns indicated poorly preserved sanples.

RESULTS

Wth the exception of sanples G 82-18, G-82-20 and G 81-66 all sanples
exam ned are latest Quaternary in age. Sanples G-82-18 and G 82-20 are
equivalent in age with previously exam ned sanple G 81-66, based on the
presence of Rhizosolenia curvirostris and Thalassiosira nidulus. The
occurrence of these two species suggests that these sanples are ol der than
0.26 M. Sanpl es G 81-66, G 82-18, and G 82-20 are located in Pervenets
Canyon at a water depth of 580, 625, and 739 meters, respectively (Fig. 47).

Sanpl e G-82-19,which is |ocated between sanples G 82-18 and G 82-20
(Fig. 47) at a water depth of 852 neters, is latest Quaternary in age, as it
| acks both Rhizosolenia curvirostris and Thalassiosira nidulus. Thi s suggests
that material is swept clean of the canyon walls and deposited on the canyon
floor. However, the sedinent associated with core G82-19 also could be
derived from the adjacent continental shelf.

A seismic profile perpendicular to the canyon's axis (Figs. 47 and 48)
shows surface exposures of stratigraphically ol der seismic reflectors within
the upper canyon walls. A portion of these reflectors occur in proximty of
sanmpl es G-81-66, G-82-18, and G- 82- 20 which suggests an age greater than 0.26
Ma for these reflectors. Al though exact correlation between t hese sanpl es and
specific seismc reflectors is uncertain, the water depth of each sanple
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al l ows approximate correlation and suggests that the reflectors of interest
are exposed surficially between the depths of 580-739 neters.

Table 12 shows the occurrence of species encountered during the
exam nation of the latest Quaternary age surface sedinment from Pervenets
Canyon. The over-all species distribution agrees well with the previous
concl usi ons of Baldauf (1982) in which two assenbl ages separated by the shelf=-
sl ope break were observed. The deeper water assenblage is dominated by
Denticulopsis seninae fromthe shelf, to mid-slope, to lower slope and basin
Nitzschia grunowii.

The latest Quaternary sanples from the Pervenets Canyon area (Fig. 47)
range in water depth from 145 neters to 3230 neters. One mmjor transect from
the shelf (sanple G 80-79, 128 neters) to the basin (sample G 81-76, 3230
meters; Fig. 47 transect 1) shows an increase in the abundance of
Denticul opsis senmnae fromthe shelf, to nmd slope, to lower slope and basin
(Fig. 49). In sanple G 80-65 water depth 1609 neters, D. sem nae conposes
approxi mately 33percent of the assenblage. This unusally high concentration
of D. senminme is the probable result of either high productivity within a very
restricted microenvironment or sedinment transport. The abundance of ot her
species within this sanple is equivalent to their abundance w thin nearby

sanpl es.

The abundance of Denticulopsis seninae in sanples fromtransect 2 (Figs.
47 and 48) perpendicular to the canyon axis (sanples G 82-16,17,19, and G 81-
67, Fig. 49) is simlar to the above results. D. seminae CONpOSes
approxi mately 15-17 percent of the assenbl age at a depth between 100- 500
meters, and increases in abundance to 23-26 percent of the assenblage at a
wat er depth greater than 500 neters. Although sanples G 80-76,77 are
exceptions to this trend for presently unknown reasons, the conformty of all
other sanples to this trend suggest that depth either directly or as a
secondary factor is responsible for the distribution of D seminae within the
Navarin Basin province.

To determne the abundance of shelf species in the surface sedinents of
Pervenets Canyon, the sane sanples used in the transects for determning the
distribution of Denticul opsis seninae, were also used to conpare the abundance
of the shelf species Nitzschia grunowii.

The abundance of Nitzschia grunowii within surface sanples from Pervenets
Canyon (Fig. 50) shows nore irregularities than that observed in the
distribution pattern of Denticul opsis seminae. As a general trend, Nitzschia
grunow i increases in abundance as oneproceeds from the slope region to the
i nner shelf (see Baldauf, 1982).

The abundance of Nitzschia grunowii Wi thin Pervenets Canyon, however,
disagrees with this pattern. Ne. grunowii in nost sanples within the canyon
between the depths of 150-2400 neters constitutes approximately 10-17 percent
of the entire assenblage. No trend in abundance vs. depth is observed.
Furthernore, in sanple G 80-26, Nitzschia grunowii conposes 19 percent of the
assenbl age which is equivalent elsewhere in the Navarin Basin to its abundance
within water depths of less than 125 neters.

532



Abundance (in percent) of species encountered during the
exam nation of surface sediments from the Pervenets

Canyon region

Table 12
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Table 12. cent’ d
SAMPLE
SPECIES
Actinocyclus curvatulus
divisus

A. octanerus
Actinoptychus undulatus
A.  wulgaris
Asteromphalus robustus
Bacteriosira fragilis
Biddulphia ¢ urita
Coscinodiscys lacustris
marginatus

C. oculus-iridis

C. radiatus
C. atellaris

C. tabularis
Denticulopsis seminae
Melosira “GROUP*
Navicula sp. 1.
Navicula sp. 2.
Navicula sp. 3.
Bitzechia cylindrus

. grunowii
Pleurosigma Sp.
Podosira glacialis
Pgeudopodosira elegans
Rhaphoneis sachalinensis
R. surirella
Rhizosolenia hebatata
R styli formis
Stephanopyxis turrig
Thalassionema nitzschoidea
Thalassiosira dacipians
?. eccentrics

gravida

hyalina

leptopus
nordenskioldii
oestrupii

trifulta
. undulosa
Thalasgsiothrix longissima
Xanthiopyxis ovalis .
FRESH WATER SPECIES
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Figure 49. Distribution of Denticulopsis seminae in the surface sedinents
(values are in percent) .
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Figure 50. Distribution of Nitzschia

: grunowii in the surface sediment (val ues
are in percent).
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The difference in abundance patterns of N_ grunowii between sanples
wi thin Pervenets Canyon and el sewhere within thé Navarin Basin (see Baldauf,

1982) suggests that sediments within the canyon may be under the influence of
post depositional processes of which sediment transport of shelf sediments in
to the canyon may be a prinmary factor.

However, further studies are required to determne all factors which
influence this process as well as to exanine in detail additional distribution
patterns of species not only restricted to shelf environnments but also to the
sl ope and basin regions as well.
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CHAPTER 11: ASPARTIC ACI D GEOCHRONOLOGY OF MOLLUSKS

by

David J. Blunt and Keith A Kvenvol den
U S. Ceol ogical survey, Menlo Park, CA 94025

This report considers relative and absolute ages of fossil nollusks from
the Navarin Basin Province, Bering Sea, as estinmated by the nethod of amino-
aci d geochronoclogy. Blunt and Kvenvol den (1981) first reported leucine geo=-
chronol ogy of fossil nollusks from the Navarin Basin province (Fig. 51). In
the present study, aspartic acid is used for the purpose of establishing the
age of fossil nollusks.

THEORY

I ndividual amino acids that are no longer being biologically reproduced
in the protein of shell matrix undergo a stereochemical change from the -
enantionmeric to a mxture of the - and D-enantioneric configurations during
natural hydrol ysis. The process of interconversion of enantioners is called
racem zation and takes place over geologic tine. The kinetics of racem zation
can be expressed as a reversible first-order reaction:

. k . .

L-aspartic acid —L— D-aspartic acid
kp

where k; and k, are the respective reaction rate constants for the L- and p-

aspartic acid enantiomers. The integrated rate expression for the racemiza-

tion reaction as derived by Bada and Schroeder (1972) is:

ﬁ-D/’ l—D/L .

where k is the racem zation rate constant, D/L is the ratio of D0 and 1-
aspartic acid enantiomers, and t is tine. The logarithmic termat t = 0 is
evaluated by neasuring the DYL value obtained from nodern specinens. Aspartic
acid has a DL value of about 0.06 in nodern mollusks (Rvenvolden and ot hers,
1980; Blunt, unpublished data).

RESULTS

Fossil nollusks recovered from the Bering Sea have been analyzed for
aspartic acid DL values by the nmethod of <Xvenvolden and others (1973).
Further characterization of the amino acid content in sone of the molluscs is
repo-rted by Blunt and Kvenvol den (1981). Twenty-four specinens fromten
genera of Mollusca (nine pelecypeds and one gastropod, Neptunea) are reported
in Table 13. These specimens occur within the top two neters of the sedinen-
tary colutm. The aspartic acid values range from 0.06 in Panonya (DC-5-80, G
71) to 0.43 in Neptunea (DC-5-80, G 98). Radi ocar bon anal yses of organic
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Tabl e 13.--Summary of asparticacid D/ L val ues in nol |l usks from the Navarin Basin province

540

Specimenl Crui se’ Stat ion  core so’Depth (cm DL Age 14¢ Comment
Macoma sp. DC- 4- 80 3 G6 10 0.07
Macoma sp. DC-3-81 58 G 62 18 0.07
Macoma sp. DC- 5- 80 47 G 59 13-14 0.08
Macoma calcarea DC- 3-81 95 G 105 100 0.14 8,385% 310 160-190 cm
Macoma ap. DC-2-81 28 G31 38-39 0.14 8,815% 355 160-190 cm
Macoma brota DC-5-80 49 G 62 214-220 0.21
Macoma cf. M obliqua DC-5- 80 34 G 44 203 0.23 14,980 ¢ 110 125-145 o
Nuculana fossa DC-2-81 22 G24 205 0.23
Nuculana radiata DC-5- SO 39 G50 219- 230 0.23
Nuculana fossa DC-5-B0 34 G 44 125 0.24 . 14,980 * 110 125-145 cm
Nuculana fossa DC-5-80 32 G4 2 170 0.30 . 13,650 ¢ 100 170-183 enm
Nuculana radiata DG-5-80 20 G 26 223-230 0.30 22,000 10, BBO ¢80 to  188-222 cm
33,900 ¢ 610 235-260 cm
Neptunea sp. 0G3-8 1 76 Gso 164 0.26 21, 000
Neptunea neptunea s-4-76 G116 90-98 0.33 . 29,197 £ 320 90-98 cm
on she116
Neptunea sp. DC-5-B0 79 G 9B 140 0.43 41.000
Yoldia myalis DC-3-81 71 V. V75 0-2 D.07
Yoldie myalis DC-5-B0 20 G 26 223-230 0.23¢.01 14,000 10,8B0* 8o to 18 B-222 cm
33,990 * 610 235-260 cm
¥oldia myalis DC-5- 00 53 G 66 60 0.30 . 19,370 * 160 65- 64 en
Clinocarium sp. DG 2-81 29 G32 220 0.20 . 1, 500 * 305 160-190 cm
Clinocardium nuttallii DC-5-80 3 G4 2 97 0.21 8,000 13,650 ¢ 100 170-103 em
Cyclocardia crebricostata DC-5-80 21 G28 B 0.10
Mya truncata DG-5-S0 19 G25 173 0.21
Serripes groenlandicus pC-2-81 36 G4l 0-2 D.08
Panomya sp. DC-5-80 60 G711 1-6 0.06
1 possil mollusks are identified by L. Marincovich, USGS, Menl o Park
-2 DC, NOAA Research Vessel DI SCOVERER; s, USGS Research Vessel Sea SDuNDER
3 G gravity core: V V., Van Veen sanpler; B. C, box core
4 ASP, D-aspartic acid/L-aspartic acid
Spepths of F adi ocarbon anal ysis differs from depthe Of mollusk occurrence
Sample from southern Bering Sea, radiocarbon anal ysi s on shell carbonat e (Jim Gardner, personal communication)
.Sanpl e used for determination of calibrated rate constant for amino acid dating
/



carbon in the bulk sedinments rangefrom 7,500 to 33,990 vyears.
DI SCUSSI ON
Rel ative Age

Rel ative ages for the same genera of nollusks are inferred by the order
of extent of aspartic acid racemization (colum 6, Table 13). O der fossils
have progressively larger DL values. For exanple, Macoma of Dc-4-80 G 6 has
an aspartic acid DL value of 0.07 at 10 cm depth, whereas, Macoma of DC 5-80
G 44 has an aspartic acid DL value of 0.23 at203 cm depth. Yoldia from DC
3-81 Vv.v.-75 and DC-5-80 G 66 has aspartic acid DL values that range from
0.07 at 0.2 cmto 0.30 at 60 cm respectively.

I n several i nstances, however, sanples with simlar DL values occur at
quite different sedi ment-depths. For exanple, Macoma specinens from DC- 3-81
G 105 and DC-2-81 G 31 have aspartic acid DL values of 0.14 and sanple depths
of 100 cm and 38-39 cm respectively. Speci nens of Yoldia from DC-5-80 G 26
and DC-5-80 G 66 have D/L values and depth relationships of 0.23 ¢ .01 at 223-
230 cmand 0.30 at 60 cm respectively. Possi bl e expl anations for sanples
having relatively high D)L values and shallow sample depths are: 1) specinmens
may have been reworked; 2) sediment accunulation rates may be different at the
sites.

Absol ute Ages

Absolute ages of specimens are deternmined with equation 1, the expression
of linear first-order racem zation Kkinetics. Sanmpl es which have radi ocarbon
ages neasured imediately next to them are wused for the «calculation of a
calibrated rate constant (Bada and Protoch, 1973). The neasured aspartic acid
D/ L val ue, radiocarbon age and correction at t = o are inserted into equation
(I'), and the equation is solved for k, the calibrated rate constant. The
calibrated rate constant represents the integrated tenperature history of the
mol | usk over the radiocarbon span of tinme. A calibrated rate constant cannot
be cal cul ated for Macoma, because radiocarbon ages are not available adjacent
to these specimens. Calibrated rate constants for four general of nollusks

are:
1

Nuculana kasp = 1.53 * 0.30 x 10°yr
Nept unea kasp = 9.69 x 10°yr !

N _ -5 "1
Yoldia kasp = 1.29 x 10" yr
Clinocardium _ so=1

kasp = 1.90 x 10”7 yxr

These rate constants permt age estimations to be made for other speci-
mens-of the same genera that |ack radiocarbon age control (Table 13). The age
of Nuculana in G 26 from DC-5-80 is calculated to be 22,000 years by this
met hod. This value is in agreement with the range of 10,880 to 33,990 years
based on radi ocarbon dates that bracket an erosional surface close to where
t he Nuculana was recovered. Yoldia fromthe sane interval in G 26 gives an
age of 14000years which also is in agreement with the radiocarbon range of
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10,880 to 33,990 years. In core G 42 from DC-5-SO Clinocardium at 97 cm has
an age of 8,000 years which is in general agreenent with the radi ocarbon date
of 13,650 at 170-183 cm depth. Neptunea from DC-3-81 G 80 has a calibrated
age of 21,000 years. The Neptunea from DC-5-80 G-98 has an age of 41, 000
years at a depth of 140 cm This is the ol dest sanple nmeasured in this inves-
tigation.

Summary

Aspartic acid enantionmeric ratios were used to establish the age of five
molluscan sanmples collected from sedinent cores from the Navarin Basin
province. These sanples range in age from 8,000 to 41,000 years old. In
general, the ages given by the amno acid nethod agree with radi ocarbon dates.
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APPENDI X A

H GH RESCLUTI ON SEI SM C REFLECTI ON PROFI LES:

NAVARI N BASI N PROVI NCE, NORTHERN BERI NG SEA, 1980

by

Paul R Carlson and Herman A. Karl

U. S. Ceol ogical Survey

547



[ NTRODUCTI ON

In June and July 1980, the U.S. Ceol ogical Survey conducted a high
resol uti on geophysical and seafl oor sanpling cruise (DC 4/5-80 BS/NB) in the
northern Bering Sea to obtain data onseafl oor hazards pertinent to OCS oil
and gas lease sale activity. This report contains a list of the seisnmc
reflection records that are publicly available and includes a trackline nmap of
the Navarin Basin province. Mcrofilmcopies of the seisnic reflection
records are available for viewng:

(1) U S. Geological Survey
Pacific-Arctic Branch of Marine Geol ogy, Room B171

Menl o Park, CA 94025
or for purchase:

(2) National Geophysical and Sol ar
Terrestrial Data Center

EDS/NOAA
Boul der, CO 80302

DATA COLLECTI ON

DI SCOVERER crui se DC 4/5-80 BS/NB | eft Kodiak July 2, 1980, for woxk in
COCS lease sale are 83 (Navarin Basin). The first leg, which was 75 percent
geophysics and 25 percent sanpling, ended aAdak July 24, 1980. The second
leg of the cruise which began July 28, 1980, consisted of 60 per cent sanpling
and 40 percent geophysics, and ended at Kodiak August 17, 1980.

Navi gation positions were determned by satellite and Loran C. Position
accuracies are probably on the order of 0.5 km

Three separate seismic reflection systens were operated sinultaneously,
t hroughout nmuch of the study area, providing high and internediate frequency
acoustic records. The systenms were: 3.5 kHz transducer (12,842 knj, 400-800
Joul e minisparker (4624 km, and two 40 in’airguns (6757 knj. The 3.5 kHz
system was operated continuously throughout the cruise, including transit
lines to and fromthe study area and to and from St. Paul Island for three
medi vacs. The airguns ware deployed along all except transit and sanpling
lines. The ninisparker systemwas operated in shelf and uppersl ope water
depths (to about 800 m). (See Table Al and Figure Al for line numbers alana
whi ch the various systens were operational). - Z

ACKNOWLED@IENTS

W appreciate the assistance provided by the scientific personnel on the
cruise (Brian Edwards, Jeff Fischer, George Ford, Sarah Giscom Ken Johnson,
Beth Lanb, Grant Lichtman, Paul a Quinterno, Jeff Rupert, John Saladin, Rick
Vail, Tim Vogel, Pat wiberg, Bob WI|son, and Mark Yeats), the ship's captain
and crew, and the marine |ogistics group.

The cruise was supported jointly by the uv.s. Geol ogi cal Survey and by the
Bureau of Land Management through interagency agreement with the National
Qceanic and Atnospheric Administration, under which a nulti-year €nvironnmental
hazards study of the Alaskan continental shelf is managed by the OCSEAP
of fice.
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Table Al.

Leg 1
(DC-4-80)

Leg 2
(DC-5-80)

Track lines al ong which seisnic systens were operational.

3.5 only*

Transit

T-1, 1, 26, 27,
32, 33, 38

30, 98, 99

Study Area

None

48-51
53-62
72-74
81-86
93-95
100
105-108
114-115
121-123

Minisparker

1-3, 4-14, 18,
22-25, 28-29
31, 34-37

40-43, 45-47,
63-67, 69,
76-79, 87-91
97, 102-103
110, 117,
125-126

*3.5 kHz system was operated continuously during both legs of cruise.

Airguns

1-25, 28-31
34-37

40-47 52

63-71, 75-80,
87-92, 96-97,
101-104, 109-113,
116-120, 124-127
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| NTRODUCTI ON

In June and July 1981, the U 'S. Ceological Survey conducted a high
resol uti on geophysical and seafl oor sanpling cruise (DC 2/3-82 BS/NB) in the
northern Bering Sea to obtain data on seafloor hazards pertinent to OCS oil
and gas lease sale activity. This report contains a list of the seismc
reflection records that are publicly available and includes a trackline nap
of the Navarin Basin province. Mcrofilm copies of the seismc reflection
records are available for reviewing:

(1) U S, Ceological Survey
Pacific-Arctic Branch of Marine Ceol ogy, Room B164
Deer Creek Facility
Menl o Park, CA 94025

or for purchase:

(2) National Ceophysical and Sol ar
Terrestrial Data Center
EDS/NOAA
Boul der, CO 80302

DATA COLLECTI ON

DI SCOVERER crui se Dc2/3-81BS/NB | eft Kodiak June 8, 1981, for work in
OCS | ease sale area 83 (Navarin Basin)s The first | eg, which was 65 percent
geophysics and 35 percent sanpling, ended at Adak July 2, 1981, The second
l eg of the cruise which began July 6, 1981, consisted of 55 percent geophysics
and 45 percent sanpling, and ended at Dutch Harbor July 29, 1981,

Navi gation positions were determned by satellite and Loran C. Position
accuracies are probably on the order of 0.5 km

Three separate seismic reflection systems were operated sinultaneously
t hroughout nuch of the study area, providing high and intermediate frequency
acoustic records. The systems were: 3.5 kHz transducer (10,143 km, 400-800
Joule minisparker (5247 km), and two 40 in’airguns (8050 km). The 3.5 kHz
systens as operated continuously throughout the cruise, including transit
lines to the study area and part of the way to and from st. Paul |sland for
two medivacs. The airguns were depl oyed along all except transit and sanpling
lines. The minisparker system was operated in shelf and upper-slope water
depths (to about 800 m). {See Table Bl and FigureA-f? for line nunbers along
which the various systens were operational.)

ACKNOWLED@Q ENTS

W appreci ate the assistance provi ded by the scientific personnel on the
crui se (Jack Baldauf, Neal Barnes, M ke Bennett, Dave Blunt, Drew Comer, Merid
Dates, Jon Erickson, Jeff Fischer, Dan Hurlbert, Ken Johnson, Jim Joyce, Larry
Kooker, Beth Lanb, Larry Lawer, Sue McGeary, Ji m Ni chol son, Robert Patri ck,
Paul a Quinterno, Robin Ross, Jeff Rupert, John Saladin, Denni s Thurston, Tim
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Vogel, Hal Wlliams, and Mark Yeats) the ship’'s captain and crew, and the
marine | ogistics group.

The cruise was supported jointly by the U.S. Geol ogical Survey and by the
Bureau of Land Managenent through interagency agreenent with the National
Cceani ¢ and At nospheric Administration, under which a multi-year environnenta
hazards study of the Al askan continental shelf is managed by the OCSEAP
of fice.

Table B1. Track lines along which seisnmic systens were operational

3.5 onl y* M ni spar ker Ai rguns
Transit Study Area
Leg 1
(DC~2-81) T1-74 48, 49, 63,70 T2,T4,1~5, 1-47, 50- 62
8- 20, 24- 28 64-69, 71-92
31-47, 50-60
62, 64-68
73-82
Leg 2
(DC-3-81) None 111, 119-122 106-110, 95-110, 112-118,
112-118, 123-188
123-137,
141-153,
159-188
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| NTRODUCTI ON

Three cruises have been conducted in the Navarin Basin province (lease
sale area 83) in the northern Bering Sea to obtain data on seafloor hazards
pertinent to OCS oil and gas |lease sale activity. This report summarizes the
information that is presently available regarding sedinment sanmples collected
during those cruises. Included in this report are a station |ocation map
(Figure d) and a map of sedinent types (Figure C2) derived from qualitative
visual descriptions of surface sanples. Mcrofilmcopies of the visual core
description logs are available for view ng:

(1) U S. Geological Survey
Pacific-Arctic Branch of Marine Geol ogy, Room B 171

Menl o Park, CA 94025
or for purchase:

(2) National Geophysical and Solar Terrestrial Data Center

EDS/NOAA
Boul der, CO 80302

DATA COLLECTI ON

USCG | ce breaker PCLAR STAR followed the ice in spring (My 2-29) 1980
and 22 gravity cores and 33 grab sanpl es were col |l ected during this cruise

desi ghat ed PsT-80-BS; 104 gravity cores, 10 grab samples and 1 dredge sanple
were collected in summrer (July 2 - August 17) 1980 during NOAA ship DI SCOVERER

crui se DC 4/5-80-Bs/NB; and 88 gravity cores, 10 grab samples,6 box cores,
and 5 vibracores were collected in sumer (June 8 - July 29) 1981 during
DI SCOVERER crui se bc2/3-81-BS/NB.

Cores collected on USCG POLAR STAR during crui se PST-B0-BS cores were
stored at Adak, Alaska fromlate May to late July and then transferred to NOAA
shi p DI SCOVERER for study. PST-80-BS, DC4/5-80-BS/NB, and DC2/3-81~BS/NB
cores were split and described and subsamples were col |l ected for grain-size,
geochemical, faunal, clay mineral, carbon, and geotechnical anal yses at
onshore |aboratories. ‘The split cores were placed in D-tubes and kept with
subsamples in cold storage and are archived at the U.S. Geol ogi cal Survey
refrigerated core locker in Menlo Park.

Navi gation was by Loran C and satellite; position accuracies are probably
on the order of 0.5 km
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OBSERVATI ONS

Sedi nent sanpling stations are plotted in Figure . Figure €2 shows the
distribution of sediment types derived from qualitative visual descriptions of
surface sanples, defined as bul k subsamples from grab sanples and discrete
subsamples from the upper 35 cm of gravity cores. Silts generally
characterize the shelf and slope, but there are zones of coarser sediments at
the shelf break, onthe upper slope, and in the heads of submarine canyons.
surficial sedinent on the shelf tends to be coarser in the southeastern part
of the area than elsewhere.
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| NTRODUCTI ON

This bathynetric nmap of the Navarin basin province is part of the ongoing
research in preparation for OCS Lease Sale 83 which is scheduled for the
spring of 1984. The intended use of this map, in addition to show ng the
mor phol ogy of the Navarin continental margin, is for the plotting of geologic
and geophysical data. It is not intended for use in navigation. Nanes used
herein for seafloor features are from historical and general usage and have
not been formally approved.

Navarin Basin province includes an area of over 150,000 knfand contains
the large, deep, sedinent-filled Navarin Basin naned by Marlow and others
(1976). Thestudyareais |ocated in the northern Bering Sea (see index nap)
and extends to within 100 km of St. Matthew Island on the northeast and to
within 100 km of st. Paul Island on the southeast. To the southwest, the
boundary of the study area is the 3600 m isobath, and to the northwest, the
U. S.-Russia Convention Line of 1867; however, the basin itself continues to
within 150 km of the Siberian Coast (Marlow, Cooper, Parker, and Childs, 1981).

Previous studies of the Bering Sea have concentrated on the Siberian and
Al askan coasts, in addition to the Aleutian arec and portions of the
sout heastern Bering continental nmargin. Wthin the Navarin Basin province,
few studies were conducted previous to the 1960’s. Maps by Baranov and others
(1967), Pratt and walton (1974), Scholl and others (1974), and Schumacher
(1976) inproved coverage, but the Navarin basin area has received little
detailed attention, and consequently inaccuracies abounded, especially
nort hwest of Zzhemchug Canyon. The present study inproves coverage up to the
U S.-Russia Convention Line of 1867 and makes significant changes in the
publ i shed bathymetry, especially in the Navarinsky Canyon area.

DATA COLLECTI ON

The data base for the map consists of over 23,000 kms of 3.5 kHz
tracklines obtained on U S. Geol ogical Survey cruises from 1976 to 1982
(see Fig. D1 and Table D1). Navigation was based on Loran C, updated wth
satellite fixes. On the continental shelf the trackline grid spacing averages
about 30 km Digitized depths al ong each trackline were spaced 2 km apart on
the continental shelf and rise and depths were spaced 0.2 km or |less apart on
the continental slope. W assumed a water velocity of 1500 neters/see with no
correction for tides, tenperature, or salinity. Tides in the Bering Sea,
al though poorly understood, are generally |less than ameter (Lisitsyn, 1966)
and waves during the survey periods were negligible. The depth data and
navi gation data were conmputer nerged, contoured by hand, and conmpared with a
conputer contoured nmap as a final check. Contour intervals range from 200 m
for depths below 200 m to 25 mbetween 150 to 200 m to 10 mfromOto 150 m
wat er depths. Contours shallower than 100 m are taken from Pratt and Valton

(1974).
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Table IIl. Sources of bathynetric data

Cr ui se* km of tracklines
L-5-76 800
s-3-77 700
L-5-77 1,000
L-8-77 2, 300
DC- 4/ 5- 80 6, 800
DC- 2/ 3-81 10, 100
L- 10- 82 1, 600

*cruise identifier includes ship (L=s.p. Lee, S=Sea Sounder, DC=Discoverer) ,
consecutive crui se number and year.

CEOLOGY

A tectonic nodel of the Bering shelf margin proposed by Scholl and others
(1975) suggest s that during the Mesozoic era the ocean plate boundary was a
subduction zone of small convergence angle which ran along the present Bering
shelf margin. As a result of subduction, fore-arc-eugeosynclinal rocks were
uplifted and an inner magmatic arc formed (Marlow and others, 1976) . Remants
of these fore~arc-magmatic-arc facies can be traced southeast from Siberia
through St. Matthew and St. Law ence Islands, where they change trend to the
northeast and extend into Al aska (Patton and others, 1976). Sonetine in
Cretaceus or earliest Tertiary tine, the subduction zone either junped or
mgrated to its present position at the Al eutian Trench (Scholl and others,
1975; Patton and others, 1976). Wth thecessati on of subduction, both fore-
arc and magmatic-arc rocks were uplifted and eroded. About the sane tine, the
compressional deformation ceased and changed to extensional rifting (Marlow
and others, 1976). Extension, erosion, and subsequent subsidence have
continued during nuch of the Cenozoic, creating the Navarin basin, anong
others, and influencing much of the present bathymetry. Navarin basin

contains as nmuch as 12 kmof fill in olaces beneath the continental shelf
{Marlow, Cooper, Parker, and Childs, 1981; Marlow, Carlson, Cooper, Karl,
McLean, McMullin, and Lynch, 1981). The sedinmentary fill consists of semi-

consol i dated to unconsolidated, generally flat-lying, relatively undefornmed,
hemipelagic deposits of Cenozoic age (Scholl and others, 1968; Marlow and
others, 1979; Karl and Carlson, 1982).

GEOMORPHOLOG Y

The Navarin basin province is an area of great contrasts, including the
very flat continental shelf with its subtle structures, to the steep
continental slope with its spectacular precipices and large canyons, and the
gentle continental rise crossed by turbidity current channels and buried deep-

sea fan channels. These norphologic features are influenced by, if not
directly related to, the tectonic history of the region.

The continental shelf within the Navarin Basin province is extrenely flat
and enconpasses an area of 100,000 knfbetween the 100 m and 150 m i sobat hs.
The width of the shelf in the province variesfrom 100 kmto 250 km and
gradients range from 0.04° to O Ol°. Conpared to Shepard s (1963) worl dw de
average shelf gradient of 0.12°, the Bering shelf appears to be one of the
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flattest in the world. The nost prominent features are |arge canyons incised
into the shelf and |large submarine ridges oriented parallel to and |ocated
next to the shelf break. Two |arge submarine ridges, Navarin and Pribilof
(Marlow and others, 1976), are each outlined by the 130 m isobath and are
south of Pervenets and zhemchug Canyons respectively. These ridges appear to
be surface expressions of structural highs where acoustic baserment rises to
within less than one kiloneter of the seafloor (Cooper and others, 1981) . A
few protrusions of probable acoustic basenent crop out along these ridges, but
are too small to show at this scale. Three such protruding knobs crop out on
Navarin Ridge just north of Mddle Canyon. Another knob, just south of
Zhemchug Canyon, on Pribilof Ridge, rises to within 100 neters of the

surface. The third and snallest ridge north of Pervenets Canyon, herein
called Pervenets Ridge, is somewhat anomal ous since shallow acoustic basenent
is not discernible on the seismc records.

The shelf break in Navarin Basin province occurs between the 150-175 m
i sobaths.  Around the canyons, the break varies sonewhat; Navarinsky Canyon
has no distinct shelf break, in Pervenets the break is very gentle, and in
Zhemchug the break is very abrupt. In general, from northwest to southeast,
the depth of the break decreases until at Zzhemchug Canyon the shelf break
occurs at about 150 m

The continental slope, an area of 40,000 km%, begi ns at about the 150 m
i sobath and extends to the 2800 misobath. The slope is dissected by five
| arge subnmarine canyon systens which from north to south are Navarinsky,
Pervenets, St. Matthew, M ddle, and 2zhemchug Canyons. It should be noted that
all the above are large canyon systems, conposed of numerous tributary canyons
many of which are too small to resolve at our present grid spacing and map
scale. The slope within the Navarin Basin province has a |l ength of 600 km and
varies in width from 200 km near Navarinsky Canyon to 15 km near st.Matthew
Canyon.  The Navarin continental slope ranges in gradient from 3° to 10",
compared to a world-w de average of 4.3° (shepard, 1963)

Navari nsky Canyon has a width of 150 km at the shelf break, an axial
length of 200 km and an approxi mate volune of 4900 kni. The Navarinsky
system consists of two main branches, the western which is oriented roughly
north-south and the eastern which trends northeast-southwest. Above the 400 m
i sobath, these branches form |arge, broad, gently sloping shelf valleys that
have axial gradients of |less than o0.2¢, Between 400 m and 3600 m where these
two branches merge into a single deep-sea fan channel, the gradients are about
1.2°, The gradient of the fan channel between 3200 and 3600 mis
approximately 0.3°. Still, both of these gradients are gentle conpared to the
other Navarin margin canyons.

The next major canyon to the southeast, Pervenets, is incised
perpendicular to the slope and trends east to west. Pervenets Canyon has a
width of 70 km at the shelf break, a downslope length of 120 km and a vol une
of 1200 kmi; the major portion of this volume is above the 1000 m isobat h.
Above 1000 m the canyon bifurcates into two branches which can be traced to
the 150 misobath. Each of these main branches has an axial gradient of
0.4°. The larger northern branch |located just south of Pervenets Ridge is
wel | -defined, whereas the smaller southern branch of Pervenets Canyon is
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poorly devel oped and has little expression above 600 meters. Bel ow 1000
meters the canyon systemis less well-devel oped than any of the Navarin nmargin
canyons. Bet ween 1000 m and 3000 mthe canyon thalweg attains a gradient of
3.8°.

The St. Matthew Canyon system the smallest of the five canyons, contains
some of the steepest relief in the Navarin basin area and is |located south of
the Navarin Ridge. St. Matthew Canyon consists of at |east two main branches
and several tributaries, the west branch with a gradient of 2.5° being the
| onger and the east the shorter and steeper with a gradient of 5* (Carlson and
others, in press). The upper part of St. Mtthew Canyon is parallel to
Navarin Ridge and bounded to the southwest by the steep continental slope that
reaches declivities of greater than 15°. Adjacent to St. Matthew Canyon is a
| arge broad ridge about 30 km long and 20 km wide in water depths between 400
mand 1000 m  Another large linear ridge over 80 km long extends along the
1770 Wrneridian and separates St. Matthew and M ddl e Canyons.

Directly to the east of St. Matthew Canyon lies the Mddle Canyon system
which is very simlar to the St. Matthew system but tw ce as |arge (Carlson
and others, in press). The east and west branches of Mddle Canyon are
roughly equal in size and each branch has two large and several snaller
tributaries. The west branch is the steeper attaining a thalweg gradient of
4.1° compared to a gradient of 3.2° for the east branch.

Neither the St. Matthew or Mddle Canyon systems are incised into the
shel f, perhaps due to the noderately well-consolidated nature of the
sedimentary rocks and the apparent young age of both canyon systens.

Zhemchug Canyon, |ocated in the southeast corner of the Navarin Basin
province, is perhaps the nost spectacular of all the Navarin margin canyons
Wth a length of 160 km and a width of 40 km this canyon has a volume of over
6300 km>. The upper half of the Zhemchug Canyon systemis incised deeply into
the continental shelf between Navarin Ridge and Pribilof Ridge. The main
thalweg of this giant canyon cuts deeply through the structural high formed at
the shelf break by Pribilof Ri dge and debouches onto the continental rise at a
depth of about 2600 m The axial gradient of this canyon is about 2° and the
gradient of the fan channel is 1°. Nunerous small tributaries run into the
mai n canyon and numerous small slunps occur on its sides. A long ridge, total
length of 130 km separates Zhemchug and M ddl e canyons. This ridge has a
maxi mum relief of about 1200 m (1800-3200 m) , and extends from the shelf edge
across the slope and intersects the rise.

The continental rise begins at the 2800 m isobath at the base of the
sl ope and continues beyond the 3600 m isobath, the limt of our bathynetric
data. The rise varies in width from25 kmto 100 km and gradient from 0.5° to
1.8°. Many deep-sea channels dissect the rise and all five of the previously
mentioned canyon systens have well| devel oped channels that extend across the
continental rise. Cores taken in and near these channels contain sand |enses
and graded sand beds suggesting turbidity current deposition (carlson and
ot hers, 1981b).
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Two Newly Discovered Submarine Canyons, on Al askan Continental
Margin of Bering Sea

by

Paul R Carl Son, Jeffrey M Fischer, and Herman A Karl

| NTRODUCTI ON

The search for new energy resources by the U S. Geological Survey has
focused increasing attention on the Al askan continental margin in the Bering
Sea, sometinmes called the Beringian margin. Al though there has been enphasis
on the Aleutian Islands and the Bering Strait, partly due to their strategic
| ocations, there has been limted oceanographic and geol ogic coverage of the
Beringian margin until the last decade. The bathymetric and geophysical track
line coverage across the northern part of the margin was, until 1980, very
sparse. However, regional studies by Marlow and others (1976; in press) and
Schol | and others (1976), resulted in the discovery of large basins filled
with thick sequences of sedinentary material of Cenozoic and perhaps Mesozoic
age. These thick sedinentary sequences have becone the targets of severa
petrol eum | ease sales planned for the next few years. In preparation for the
schedul ed sales, we collected the first publicly available, detailed
bat hymetric and high-resolution geophysical data over the northern Beringian
margin in the sumrer of 1980 (carlson and Karl, 1981). From these data, we
devel oped a better understanding of the margin, and in particular the three
| arge submarine canyons, Navarinsky, Pervenets, and 2zhemchug Canyons (Plate 1
and carison and others, 1981). The data collected in 1980 al so suggested the
presence of another noderate-size canyon between Pervenets and Zhemchug
Canyons. A second cruise, conducted in 1981 {(carlson and Karl, 1982) provided
additional data on the northern Beringian nmargin that showed two canyon
systems to be present between Pervenets and zhemchug Canyons (Fischer and
others, 1982).

The purpose of this paper is to describe, delineate and conpare these
new y-di scovered submarine canyons. Included in the report are a detailed
bat hymetric map of the two canyon systens and sketches of seismic profiles
showi ng the canyons and the subbottom units into which they were carved. we
al so speculate briefly on the mode and tine of formation of these canyons.

Data Col |l ection

Data used to devel op "smooth sheets" are taken primarily from 3.3 kHz

transducer records conplinmented by simultaneously collected airgun seismc
profiles collected in 1980 and 1981 (carlson and Karl, 1981, 1982). These
data aresuppl enented by depth data from several other cruises (Marlow and
Cooper, 1979, 1980; Scholl, Buffington, and Marlow, 1976; Scholl and Marlow,
1970). Navigational control was obtained from Loran C updated with satellite
positions. \Water depths for the Navarin study area were digitized assumng
1500 km see for speed of sound in water. Records were corrected for the hull-
depth of transponder systems but no other corrections were made of the depth
dat a.
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MORPHOLOGY OF THE BERI NG AN CONTI NENTAL MARG N

Thr ee physiographic provinces make up the Beringian continental nargin.
These are the flat, wde, continental shelf, the steep, rugged continental
slope, and the gently sloping continental rise that extends from the base of
the slope to the 3600-m isobath. Large submarine canyons deeply dissect the
outer shelf and slope. Coalescing fans at the nouths of these canyons form
part of the wedge of sediment of the continental rise. The continental shelf,
one of the widest and flattest in the world, is about 450 km wide and has a
gradi ent of 0.02° seaward of the Yukon River delta. By conparison, Shepard
(1963) reported a world-w de average continental -shelf gradient of 0.12". The
continental slope begins at about the 150-m isobath and extends to a depth of
about 2800 m  The width of the continental slope is about 50 km  The
gradients of the Navarin slope range from3e to 8° and even steeper gradients
exist locally (Fischer and others, 1982). These slopes compare fairly well
with the world-wi de average gradient for continental slopes of about 4.3°
(Shepard, 1963). The continental rise begins at the base of the slope at a
depth of about 2800 m and extends to the 3600-m isobath that appears to nark
t he begi nning of the abyssal plain. The average width of the rise is about 75
km and the gradients across the rise range from0.5" to 1.8° (Fischer and
others, 1982). Deep-sea channels cross the rise in the area of the canyon
mout hs and apparently are connected to the submarine canyons.

Descriptions of Newy Discovered Canyons

The Beringian continental slope between the Aleutian Island chain to the
sout heast and Cape NWavarin, U S.S.R to the northwest, is dissected by seven
| arge subnarine canyon systems. They are from north to south Navarinsky,
Pervenets, St. Matthew, Mddle, Zhemchug, Pribilof and Bering Canyons
Five of these canyons have been known for at |east 17 years (Kotenev, 1965).
The nanes of St. Matthew and M ddle canyons are proposed for the two canyons
that have just been discovered.

The name St. Matthew Canyon is taken from St. Matthew |Island | ocated
about 300 km northeast of the canyon head. Mddle Canyon is the nane proposed
for the other canyon system for two reasons: (1) it is the middle-nost canyon
of the seven large slope canyons and (2) it is located at a midway point on
the continental slope between the Aleutian Islands to the southeast and the
US SR, to the northwest.

A St. Mtthew Canyon system

This conplex dendritic canyon system consisting of two main branches,
heads near the shelf break in about 140 m of water (Plate 1). The west
thalweg trends southeast obliquely across the continental slope for about
65kmwhere it bends to the south and continues another 12kmwhere the canyon
debouches onto a deep-sea fan at a depth of 3200 m St. Matthew Canyon west
has an average thalweg gradi ent of 2.5° and reaches a gradient of 3.3" over
the steepest part of the canyon (Fig. El; Table e). Below 3200 m as the
canyon norphol ogy changes to that of a deep-sea fan channel, the gradient
changes to 0.4° and the channel extends at |east another 55 km across the
fan. Selected cross-canyon profiles show a V-shaped canyon that has maximm

571



WATER DEPTH, IN METERS
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Figure El . Thal weg profiles of main branches of St. Matthew and Middle

Canyons.
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Canyons and Fan Channels of the St.
and M ddle Systens

Table El. Principal

Canvon Length(km) Head(m)

St. Matthew

West  Branch 70 150

East Branch 34 150

M ddl e

West  Branch 40 130

East Branch 60 140
Fan Channel

St. Matthew

West  Branch 55 3200

East Branch 64 3200

M ddl e

West Branch 67 3000

East Branch 60 3200
* Marks extent of deepest

cont our

Figure E3 fO location of canyon systens.
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Mat t hew

Mouth(m) G adient St eepest
G adi ent

3000 2.5° 3.3

3000 5.1° 7.60

3000 4, 1° 6.4°

3200 2.90 4,30

3600* 0.4°

3600* 0.4¢°

3600* 0.5°

3600* Q.40

channel extends further onto fan

See



relief of 2200 mon the northeast wall and 1250 m on the southwest wall

(Fig. E2). The walls of the canyon have average declivities of 8.1°, ranging
fromas steep as 16° (profile GH northeast wall) to as gentle as 2° (profile
O P, east wall; Table E2a). The western branch of St. Mitthew Canyon has at

| east nine tributaries (Fig. E3) that average 23 kmin length and 5.2° in
gradient, ranging in length from6 to 42 kmand in gradient from8.5° to 2.9°
(Tabl e E3a).

The eastern branch of the St. Mitthew Canyon system begins at a water
depth of about 150 m and trends sout h-southwest for a distance of about 34km
where the canyon discharges onto a deep-sea fan at 3000 m (Plate 1). The
average axial gradient of the eastern branch is about 5° and reaches a
gradient of 7.6° over the steepest part of the canyon (Fig. El; Table El). The
deep-sea channel that extends from the east branch canyon about 64 km across
the fan to the 3600 misobath, has a gradient of 0.4°. The eastern and
western branches of the St. Matthew Canyon system nmerge on the fan at a depth
of about 3600 m

Selected cross-canyon profiles of the eastern branch of St. Matthew
Canyon are nuch less v-shaped than those of the west branch and show maxi mum
wal | relief of 1100 m (Fig. E2b; Table E2b). The walls have average declivities
of 8.2°, ranging fromas steep as 16.7° (profile C-D, west wall) to as gentle
as 1.1° (profile I-J, west wall). The east branch of St. Mtthew Canyon has
three good-sized tributaries that range in length from 26.5 to 30 kmand in
axial gradient from2.3 to 4.8° (Table E3b).

B. Middle Canyon system

This conpl ex canyon system consisting of two main branches and nunerous
tributaries (Plate 1), has a dendritic pattern simlar to the St. Mtthew
system but has approxi mat elz\L twice the areal extent. (St. Matthew= 3290 knf
and M ddl e Canyon = 6620 km®). The west branch of Mddle Canyon, has cut a
shal l ow val l ey about 20 kminto the shelf. The west branch heads in 130 m of
wat er and trends southerly across the slope about 40 km where it debouches
onto a deep-sea fan at a water depth of 3000 m The average thalweg gradi ent
of the west branch of Mddle Canyon is 4.1° and this thalweg attains a
gradient of 6.4° over the steepest part of the canyon (Fig. El; Table El). The
conti guous deep-sea fan channel extends at least 67 kmacross the fan at a
gradient of 0.5°. Selected cross-canyon profiles areV-shaped on the slope
and open up dramatically to broad channels (12-20 km wi de) on the deep-sea fan
(Fig. E4a). The canyon has a maximumrelief of 1100 m on the west wall and
650 mon the east wall (Table E4a). The walls of the west branch canyon

attain an apparent maximum steepness of 20.6° (east wall, profile CD,
Fig. Ed4a; Table E4a) and as low a gradient as 1.6° on the fan channel east wall
(profile K-L). The walls have an average slope of 9.3". The west branch of

M ddl e Canyon has seven tributaries that join the canyon above a depth of
3200 m and four that merge with the fan channel between 3200 and 3600 m
{(Fig. E3). The longest of these eleven valleys neasures 79 km (32 km above
3000 m and the shortest is about 6 kmin length (Table E5a). The gradients
range from 11.3° for a slope tributary to 0.8° for a fan valley.
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Tabl e WEsT. BFanch, st 7 Matt hew Canyon wal’l™ gradients

Secti on* Lengt h(km Relief (m) G adi ent
A 5.1 650 7.3°
B 6.0 1050 10.0°
c 4.0 800 11.30
D 8.2 1800 12.4°
E 5.0 1250 14.1°
F 8.3 2200 14.8°
G 7.6 400 3.0°
H 7.6 2200 16.1°
| 6.7 340 2.9.
J 9*5 1600 9.6°
K 7.0 1025 8.3°
L 12.3 1300 6.0°
M 8.0 800 5.7°
N 9.5 550 3*3"
0 9.0 450 2.90
P 8.0 300 2.2"

Table E2b. East Branch, St. Matthew Canyon wall gradients

Secti on* Length(km) Relief(m G adi ent
A 1.5 100 3.80
B 1.5 100 3.8°
¢’ 1 300 16.7°
D 2 300 8.5°
E 3 650 12. 27
F 3 500 9.5°
G 2 400 11.3°
H 5.5 1000 10.3°
|’ 6.5 125 1.1
J' 12 1100 5.2°

*Side of transverse profile from top of wall to thalweg of canyon.
(See Fig. E3 for profile locations).
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Table E3a. Tributaries of the west branch of St. Mtthew Canyon system

West  branch
Tributaries Lengt h(km Head( m Mouth (m) G adi ent

1 6 200 1100 8.5°

2 8 800 1500 5.0”

3 42 140 2300 2.9°

4 22 140 2500 6.1°

5 20 140 2700 7.3”

6 16 2000 3200 4.3”

7 34 750 3200 4.1°

8 13 2200 3300 4.8°

9 14 2200 3350 4*7”
10 48 200 3500 3.9°
avg. 23.2 5.2°
Fan Channel Lengt h( km Head(m Mout h( m) G adi ent
8 3 3200 3300 1.9°
9 8 3200 3500 2.1°

Table E3b. Tributaries of the east branch of St. Mtthew Canyon system

East branch

Tributaries* Lengt h(km Head(m Mouth ( Gr adi ent
1 29 600 3050 4.80
2 26.5 2200 3250 2.3°
3 30 1600 3250 3.2°
avg. 28.5 3.4°

*See Figure E3 for locations of tributaries.
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Tabl e E4a. Wall gradients of the west branch of Mddle Canyon

Section* Lengt h(km Relief(m
A 2 500
B 2 500
c 3 500
D 1.2 450
E 4 1100
F 2 500
G 6 850
H 14 650
| 8 1050
J 16 450
K 13 650
L 10 300
M 14.5 725
N 12 350

Gr adi ent

14.0"
14. 0
9.5
20. 6°
15.40
14.0°
8.1°
2.7¢
7.50
1.6°
2.90
1.7¢
2.9°
1.7°

Table E4b. Vall gradients of the east branch of Mddle Canyon

A
B
¢
D
E
E
G
H
K
7
K
L
M
N
0
P

*

125
125
125
125
150
125
450
725
450
850
700
450
500
300
125
125

o1 o1 o1

FA
O WNOOUINRNDWWWWN U W
ol ol

*
o o1 ;o

Side of transverse profile fromtop of wal
(See Fig. E3 for profile locations).
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2.40
2.0°
2.9
2.0°
2,50
2.40
8.5¢
19*9”
5*70
6.90°
7.3°

4.3
2.90

2.30

2.0°
1.2

to thalweg of canyon.



Table ESa. Tributaries of the west branch of M ddl e Canyon.

west branch

Tr ibutaries* Length (Length

O 00 N U D WN -

300 m)

12
33 (26)
26 (16)
36 (26)
79 (32)
26 ( 9)
17 ( 8)
58 ( 4)
29

Fan_Channel s* Length(km

5 6

6 7

7 10

8 10

9 47
10 17
11 9
12 54
avg. 15%1

to

Table ESh. Tributaries of the east branch of wuiddle Canyon

Tributari es*

km to 3000 m

1 52

2 22

3 24

4 11

5 8

6 7

7 23

8 19

9 32 (28)
10 12.5
11 77 (37)
12 31

13 84 (30)
14 23 (19)
15 40 (17)
ave. 31

Length (length

Fan Channels Length(h)

]
i

avg.

4
40
54

4
23
25

H e a d ( kwh)(m G adi ent
800 1700 8.5¢
1100 2300 11, 3%
140 2650 5.5°
600 3025 6. 3%
2200 3100 4.3 (7.60)
200 3100 5.0 (6.2%)
1400 3200 4.0 (5.7°)
600 3200 4.1 (5.3°)
200 3425 2.3 (5.0°)
2200 34s0 2.8 (5.19)
2400 3400 3.4 (4.3°)
2800 3575 0.8 (2.99)
4,90
H e d ( Mouth(m) G adi ent
3000 3100 1.0°
3000 3100 0.8°
3000 3200 1. 1%
3000 3200 1.1°
3000 3425 0.5"
3000 34s0 1.54
3000 3400 2.5"
3000 3575 0. 6*
1.2°
Head(m Mout h(m G adi ent
150 2900 3. 2%
200 2100 4,9
600 2700 5.0¢
1400 2300 4.79
2000 2850 6. 1°
2400 2900 4,19
1200 3050 4.60°
1200 3025 5.50
1400 3225 3.32 (3.7°)
2700 3200 2. 3%
1000 3450 2.5% (3.4°)
1200 3200 3.7°
1200 3475 1.6* (3.8°)
2000 3225 3.10 (3.6°)
2800 3600 1.2° (1.4°)
3!7.
Head(m Mouth(m) G adi ent
3200 3225 0.4°
3200 3450 0.4°
3200 3475 0.3°
3200 3225 0.4°
3200 3600 1.0°
0.5°

* See Figure E3 for location of tributaries and fan channels. .
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The east branch of the Mddle Canyon system is about the same size as the
west branch and al so has a conpl ex dendritic “drainage” (Plate 1). The east
branch begins at a water depth of 140m and wi nds across the slope in a south-
sout heasterly direction for 60 km where it debouches onto a deep-sea fan at a
depth of 3200 m The east branch of Mddle Canyon has an average axi al
gradi ent of 2.9° and reaches a gradient of at least 4.3" in the steepest part
of the canyon (Fig. El; Table El). At 3200 mthe axial gradient becomes greatly
reduced resulting in an average gradient of 0.4° for the 60 km of channel to a
depth of 3600 m The east branch nerges with the west branch of M ddle Canyon
at a depth of about 3600 m

Transverse profiles of the east branch of Mddle Canyon are |ess V-shaped
than those of the west branch, coning closer in profile to the east branch of
the St. Matthew Canyon system (conpare Figs. E2b and E4b). The walls of the
east branch of Mddle Canyon show maxinmum relief of 850 m and range in
steepness from 19.9° (profile CD, east wall) to 1.2° (profile I-J, southeast
wall of fan channel). The walls have an average slope of 6.5° (Table E4b).
The east branch of Mddle Canyon has six tributaries that join the main
thalweg at about 3000 m and nine that join the east branch deep-sea channel
between 3200 and 3600 m (Fig. E3). These tributaries have an average |ength of
about 30 km and an average gradient of 3.7° (Table E5b). The six canyon
tributaries range in length from7 to 35 kmand in gradient from4.1° to
6.1°. The nine tributaries, that join the east brench of M ddl e Canyon bel ow
3200 m range in length from12.5 to 84 kmand in gradient from1.2° to 5.5
(Tabl e ESb). The gradients of these tributary valleys across the upper part of
the deep-sea fan vary from0.3° to 1.00.

CGEOPHYSI CAL PROFI LES AND SEAFLOOR SAMPLES

Several seismic reflection profiles (sound source: 2 - 40 in’airguns)
were shot across the new y-di scovered canyon systens {cCarlson and Karl, 1981,
1982 ) .  Rocks were dredged fromthe walls of the two canyons (Jones and others,
1981; Marlow, pers. commun., 1982) and a total of 17 gravity cores (8.0 cm
dianmeter) were collected fromthe two canyons and adjacent fans, six from the
St. Matthew Canyon system and eleven from the Mddle Canyon system (Karl and
Carlson, 1982). Locations of these airgun profiles, dredges and gravity cores
are shown in Figure #5.

Seismic-reflection profiles across both the St. Matthew and Mddle Canyon
systens show V-shaped gorges cut in layered sedinentary rocks. The reflectors
that characterize the layered sedinmentary sequences aresharply truncated at
the canyon walls (Fig. #6). Hummocky, broken reflectors are present on sone of
the canyon walls and in sone parts of the floor (Fig. 7).

A diapir-like feature has been found near the shelf-break adjacent to the
sout hwest wall of St. Mtthew Canyon (Fig. E8). A mmgnetoneter record collected
across this feature shows a 100 m gal anomally, suggesting that the feature
could be related to some type of igneous intrusive. The effect of this diapir-
| i ke mass on the overlying 200+ neters of sedinmentary material is a slight
amount of doming of the strata. This diapiric feature does not appear to have
had a noticeable effect on the west branch of St. Matthew Canyon.
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Several of the airgun profiles that were shot across the east and west
branches of St. Matthew and the west branch of Mddle Canyon (Fig. E9) show
walls devoid of reflectors. In Mddle Canyon, the opposite wall shows well-
devel oped reflectors truncated by the canyon (Fig. #9). A dredge haul fromthe
reflectorless Wall of the east branch of St. Matthew Canyon (Fig. 10) yiel ded
several pieces of basalt, one of which was dated by K-Ar nethods to be at
| east as old as Eocene (Jones and others, 1981). A recent cruise of the RV
S.P. LEE (L-9-82] produced a dredge haul fromthe northeastern wall of the
west branch of St. Mtthew Canyon that yielded several igneous rocks ranging
in type frombasalt to dacite (M Marlcw, pers. commun., 1982). (O her basalts
and sone tuffs were dredged from other areas on the Beringian margin (Jones
and others, 1981).

Burrowed, noderately indurated nudstones dredged from the wall of the
west branch of Mddle Canyon, that contains well-bedded reflectors, were dated
as Eocene using silicoflagellates and foraminifers (Jones and ot hers, 1981).

QO her sedinentary rocks, principally burrowed nudstones and a few sandstones,
dredged fromthe Beringian margin have ranged in age fromJurassic to
Quarternary (Jones and ot hers, 1981).

Gavity corescollected on the walls of the two canyon systens contain
sediment that is primarily clayey silt and ranges in age from Pliocene to
Hol ocene (Baldauf, 1981). Tais sedinent is in many places draped over the
ol der Tertiary mudstones.

Air-gun profiles across the fan channels show broad (10-15 km wide), flat
val leys at the present seafloor underlain by buried channels that contain as
much as 400 m of sedinentary fill (Fig. Ell). Some of the deep-sea fan channel
wal l's contain flat-lying reflectors and in other places the walls are
characterized by junbl ed and broken reflectors and hummocky nor phol ogy.
Gavity cores (3-5 mlength) collected fromthe floor of St. Mtthew and other
Navarin margin canyons and channels contain occasional thin sand or silt
layers interlayered with the diatomrich, clayey silt that pervades the
Navarin margin (Baldauf, 1981). Sonme of these coarse |ayers are graded and
many contain benthic foramnifers that are typically thought to be diagnostic
of much shall ower water (Quinterno, 1981; carlson and others, 1982). Sone of
the canyon cores also contain sections of pebbly, sandy, nud and disrupted,
contorted sediment that is primarily Quaternary in age (Baldauf, 1981).

DI SCUSSI ON

Simlarities in the tw canyon systens

St. Matthew and M ddle Canyon systens, although smaller than the five
| arge canyons of the Beringian margin, are conparable in size to nost of the
submarine canyons that cut into the continental margin of the east coast of
the United States, and are considerably larger than the canyons off southern
California (Table E6).

The large Beringian margin canyons are cut back further into the shelf
than are the St. Matthew and M ddle Canyons and as a result have considerably
lower axial gradients (Table E6). The very steep gradient of the east branch
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Tabl e E6

East

Conpari son of

canyons of

the Beringian continental

margin with

canyons of the east and west coasts of the U S. (Data for east and

west coast canyons from shepard and Dill,

Coast Canyons

st

Corsair
Lydon ia

Gi | bert
Oceanogr apher
Welker
Hydr ogr apher
Hudson

W | m ngt on
Bal ti more
Washi ngt on
Nor f ol k

Coast Canyons

Astori a
Ee 1
Mont er ey
Mugu
Dune
Redondo
Scripps
La Jolla
Cor onado

Beringi an Margin Canyons

Navar i nsky
Pervenets
St. Matthew
M ddl e
Zhemchug
Pribilof
Bering

| ength (km

26
30
37
32
50
50
92
43
52
52
70

115
50
111
15

15

14
15

270
160
70
40
125
90
875
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3*4”
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3.4”
3.6°
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1.3°
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1.9°
2.1°
2.0°

1.0°
2.9°
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2.8°
5*50
2.20
5%50
2.3°
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2.5°
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of St. Matthew Canyon, 5.1° (Table El), is steeper than nost of the subnarine
canyons reported by Shepard and Dill (1966) and even steeper than the world

wi de average gradient of continental slopes (4.3°, Shepard, 1963). The east
branch is cut into a slope that has an average gradient of about 60. The west
branch of Mddle Canyon {thalweg gradient 4.1°) is also steeper than nost of
the world s submarine canyons. There are other simlarities between

St. Matthew and M ddle Canyons in addition to their size and steepness. The
west branch of each canyon makes an oblique traverse across the slope and the
west branch of each is nore V-shaped than the east branch. The two canyon
systens apparently contribute to the build-up of one deep-sea fan; the fan
channel s appear to merge on the fan beyond the 3600 misobath (Plate 1).

Both canyons are cut into Tertiary strata that ranges in age from Eocene
to Pliocene. The principal rock type is a burrowed, noderately indurated
mudstone. In many places throughout the Navarin province, this Tertiary
nudstone is covered, probably disconformably, by several tens of neters of
Pl ei st ocene- Hol ocene unconsol i dated sediment.

Sediment from the floor of both St. Mtthew and M ddle Canyon-fan-channe
systens contains fine sand and silt l|ayers interbedded with the nornmal diatom-
rich nud. Many of these coarse layers are graded and nany contain benthic
foramnifers that are nore typical of shallow water environnents, suggesting
enpl acement by turbidity currents. The young ages of the sedinent suggest
that some turbidity current activity occurs fromtine to tinme even today.
Several of the gravity cores also contain pebbly, sandy mud |ayers and sone
contain highly contorted, disrupted layers that indicate this material has
slumped or slid to its present locality. The submarine sliding that is
indicated by these coarse and contorted sedinents very likely generates the
turbidity currents. Both sliding and turbidity current activity can also be
inferred from the seismic-reflection profiles we have obtained from these
canyon-fan systens.

Differences between the two canyon systens

There are also several differences between the two canyons. Mddle
Canyon has the larger “drainage” area, has nore tributaries, and has |onger
fan channels, whereas St. Matthew Canyon has the |ongest and shortest
principal canyons.

Stratigraphically, the biggest difference between the canyons is the
presence of an outcrop of Eocene basalt that forms part of the east wall of
the east branch of st. Matthew Canyon. Basalt also has been dredged from the
west branch of St. Matthew Canyon. In conparison, only sedinmentary rocks have
been dredged from the walls of Mddle Canyon; however, additional dredging may
show that the reflectorless wall of Middle Canyon (Figure E9) also contains
basalt outcrops.

enesi s of the canyon systens

We subscribe to the hypothesis of Scholl and others (1976), that the
| arge canyons of the Beringian margin were cut when |owered sea |evel exposed
the Bering shelf to a depth of about 150 m and allowed |arge rivers such as
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the Yukon and Anadyr to carry large amounts of sediment to the shelf edge.

The nost likely canyon-cutting agents were slunps and resulting turbidity
currents suppl emented by bioturbation of canyon walls and by erosional effects
of canyon-focused waves and currents (Carlson and others, 1982).

We have deduced from seismc-reflection profiles and sediment-sanples
that simlar processes appear to have been responsible for the carving of the
St. Matthew and M ddle Canyon systems. At question, however, is the reason
for the nuch |arger size of Navarinsky, Pervenets, and zhemchug Canyons
conpared to st. Matthew and M ddl e Canyons. Perhaps the position of the
canyons with respect to the major rivers (anadyr and Yukon) that neandered
across the flat Eering Shelf during Pleistocene and earlier |owstands of sea
| evel was a key factor. If we look at a map of the Bering shelf (Plate 1
inset), we see that St. Matthew Island lies directly in line between the Yukon
Delta and the heads of the St. Mitthew and Mddle Canyon systems. According
to Patton and others (1976), St. Matthew Island is nade up of sonme 500 m of
subaerial volcanic rocks intruded by an early Tertiary age granodiorite. They
suggest that the island is a southeastward extension of the Cretaceous-Early
Tertiary volcanic arc that borders the Siberian Pacific margin. Perhaps this
resistant island platform served as a deflector of the Yukon River as it
meandered seaward across the broad shelf, thus inhibiting initiation of
St. Matthew and M ddle Canyons perhaps until the Pleistocene. BAlso the
western edge of the large Navarin Basin, beneath the outer shelf and upper
slope, is bordered by a northwestward trending basenment high buried by 0.5 -
1.0 km of Cenozoic sedinent {(Marlow and others, 1976). This basement ridge
woul d also result in restricted access of the large rivers to nuch of the area
of the present continental slope until the basin was nearly full of
sedi nent. Just as with any ridge system the water gap is determned not only
by low spots in the ridge but also by the presence of |ess-resistant or nore
faulted and fractured segnents of the barrier. Conpounding the problem is
the presence of basalt on the walls of at least St. Matthew Canyon and perhaps
M ddl e Canyon. If this igneous rock is present as an elongate ridge parallel
to the shelf-break, the cutting of these two-smaller canyons would indeed be
retarded. However, igneous rocks al so have been dredged fromthe walls of
Zhemchug and Pervenets Canyons (Jones and others, 1981). Wthout further
dredgi ng we cannot assess the relative inmportance of the igneous rocks asto
their influence on the rates of canyon cutting in any of the four canyons.

Qur model of canyon devel opnent suggests that the large canyons began
formng much earlier than did the St. Mtthew and Mddl e Canyon systens.
During low stands of sea level perhaps in the late Tertiary, the ancestral
Yukon and Anadyr Rivers contributed to the devel opment of the three large
canyons. Geographically the Anadyr River seens nost likely to have
contributed to the formati on of Navarinsky Canyon and the Yukon to Zhemchug
Canyon. Pervenets Canyon could have been influenced by distributaries from
either of the two mgjor rivers. Proximty would suggest that distributaries
of the Yukon Riverwould be the nost likely contributors to the St. Matthew
and M ddl e Canyon systens.
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ABSTRACT

Navarin Basin, scheduled for leasing in 1984 (0oCS
sale 83), may contain vast accumul ations of oil and
gas. Several geologic and oceanographic processes thai
may be active in and around Navarin Basin province
could be hazardous to commercial devel opnent. These
potential hazards include submarine slides; sea-floor
instability resulting from disturbance of gas-charged
sedi ment: sedinment transport and erosion caused by

storm waves, tsunams, internal waves, or bottom
currents; pack ice; and active faults and ground
not i on.

| NTRODUCTI ON

The quest for energy independence by the United
States includes exploration of new segnents of the
outer continental shelf. The Navarin Basin |ease sale
(OCS sale 83) is scheduled for the spring of 1984. The
study area, hereafter referred to as the ®"Navarin Basir
province,” is located on the outer continental shelf
end upper slope in the northern Bering Sea (Fig. Fl).
The area is bounded on the northwest by the US.-

U S.S.R convention line of 1867 and on the southwest
by the base of the continental slope; it extends to
within 100 km of St. Mtthew Island to the northeast
and of St. Paul 1Island to the southeast. This region
potentially contains comrercially exploitable

accunul ations of oil and gas, and it is likely to be
the subject of inteneive exploration. The purpose of
this paper is to delineate, describe, and assess
potential geol ogi c hazards on the sea floor in the
Navarin Basin province that must be considered in the
design of offshore facilities.

Data Col | ecti on

The principal sources of data for this study have
been seismc-reflection profiles and sediment sanples
collected in 1980 and 1981 on the R/v Discoverer
{carlson and Karl, 1981). The seisnic-reflection
systens used included two 40-in’ airguns, an 800-J3
minisparker, and a 3.5-kHz transducer as acoustic
sources.  Spacing between geophysical tracklines over
this immense area averages about 15 km sea-floor
geol ogi cal sanples were taken at intersections of track
lines and at selected geologically significant sites.
Navi gational control was LORAN C updated with satellite

posi ti oni ng.

Shear-strength measurements were made on selected
cores by means of a notorized Wykeham-Farrance*
m ni ature-vane shear device. Tests were made at 20-cm
intervals on core segments that had been split
| ongi tudinal ly. Imediately follow ng strength
testing, water-content and bul k-density subsamples were
obtained at the locations ofthe vane teats.
Consol i dati on anal yses were performed on selected
cores.
in 1980 from the USCG

Additional data collected

Polar Star and the R'V §.P. LEE were incorporated into

our data baee as were seismic-reflection records
collected over the past 15 years by the U S. Geol ogical
Survey for resource evaluation (Marlow and others,
1981). other sources of data include studies by
scientists from the Universities of Washington and

Al aska, and from Russia, and Japan (e.g. Knebel, 1972;
Sharma, 1979; Lisitsyn, 1966; Takenouti and Ohtani,

1974) .
MORPHOLOGY OF NAVARIN BASIN PROVI NCE

Three physiographic provinces conprise the Navarin
study area. These are the flat, w de, continental
shel f; the steep, rugged continental slope, and the
continental rise that extends from the base of the
slope to the 3600-m isobath. Three large subnarine
canyons deeply dissect the outer shelf and el ope
(Fig. F2). Coalescing fans at the nouths of these
canyons form part of the wedge of sedinment of the
continental rise.

| shel

The Bering Sea continental shelf, one of the
widest and flattest in the world, is about 700 km wide
and has a gradient of 0.02" seaward of the Yukon River
delta. By comparison, Shepard (1963) reported a world
W de average continental -shelf gradient of 0.12°. The
part of the Bering shelf that includes the Navarin
Basin province |ies between the 100-m and 150-m
isobaths and ranges in width from about 120 kmin the

e Use of trade names is for descriptive purposes only
and does not constitute endorsement by the U.S.

ological Survey.
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northern and southern parts of the study area to a
maximum of about 235 kmin the central part (Fig. F2).
These boundaries define an area of about 100.000 ..
Although the outer continental shelf is cut by three
rassive submarine canyons, there are no apparent

mor phol ogi ¢ expressions ofthese canyons landward of

the 125-m i sobat h.

Slope

The continental slope that forma the southeastern
boundary of the Wavarin Basin province begins at the
150-m i sobath and extends to a depth of 2800 m
(Fig. F2). The width of the continental slope ranges
Erom 47 km in the middle of the province to 19 km south
Df zhemchug Canyon. The slope includes an area of
about 47,000 km ¢ The gradients of the Navarin slope
range Trom Fto 8°with even st eeper gradients
Locally. Thie compares with the world wide average
gradient for continental slopes of about 4.30 (Shepard,
1963) .

Submarine Canyons

The three major submarine canyons that cut deeply
into the Bering continental margin head in water depths
less than 140 m (Fig. F2). Extensive deep-sea fens have
devel oped at the nouths of the canyons in water depths
of about 3000 m Wavarinsky is the |ongest canyon (340
km), Pervenets the shortest (125 kn), and Zhemchug i s
internediate in length (240 kn). Both Navarinsky and
Zhemchug Canyons are about 100 km wi de at the shelf
break, but the sneller Pervenete Canyon is only 30 km
wide there. Local wall relief of the three canyons at
the shelf break ranges from 700 min Navarin and 800 m
in Pervenets, to a spectacular 2600 m in Zhemchug.

Each of the three canyons consists of two main branches
or tributaries on the landwardside of the shelf

break. The two tributaries of 2zhemchug Canyon trend
180° away from each other, formng a |arge trough-
shaped basin. Al three canyons are incised into
Neogene and ol der, nore 1lithified Paleogene rocks,
principally mudstones, that are thought to make up nuch
of Navarin Basin (Marlow and others, 1976). The shapes
of the canyons, especially of 2zhemchug, are apparently
controlled by structures as old as raleogene (Schol |
and others, 1975). The major cutting of the canyons
probably occurred when glacio-ecstatically |owered sea
| evel s exposed nost of the Bering shelf.

Ri se

The continental rise begins at the base of the
slope at a depth of about 2800 m and extends to the
3600-misobath that marks the beginning of the abyssal
plain (Fig. F2). The aerage Wi dth of the rise is about
75 km ranging from 25 km northwest of 2Zhemchug Canyon
to nore then 100 km adj acent to the mouths of the three
large canyons. The rise enconpasses an area of 40, 000
km“. The gradients across the rise range from0.5" to
1.8°, Deep-sea channels crossthe rise in the area of
the canyon mouths and apparently are connected tothe
submarine canyons. Gavity cores collected near the
mouths of t he canyons and on the adjacent rise contain
sand |enses that suggest their deposition by turbidity
currents.

subsidence or bl owouts resulting from the disturbance
> gas-charged sediment; ice: and faulting with
ittendant ground sheking (Fig. F2).

SEAFLOOR | NSTABI LI TY

within the broad category of sea-floor

instability, we have included discussions of three
najor types: submarine sliding, sediment transport
erosion, and gas-charged sedinent. Li quefaction of
saturated sands |Is another possible cause of sedinent
instability (seedand Lee, 1966), but at this tinme we
have inefficient data to assess the |iquefaction
potential Of Navarin shelf sedinent.

and

Submarine Sedinent Slides

Submarine elide is used as an all-inclusive term
Eor a variety of slope nmovenents. The prelimnary
nature of our study mekes it inpractical at this tine
to attenpt to classify each ofthe areas according to
type of novement and type of material. Many of the
submarine elides have been found in association wth
the large submarine canyons that are cut into the
continental margin (Fig. F2).

Because ofthe w de spacing between tracklines, we
can not correlate slide masses fromline to line. None
of the slides begin in water shallower than 150 m
several head below 400 m and one appears to originate
at a depth of greater than 1200 m sone of the zones
affected by down-slope movenent are 50 km in length and
some appear to be 25 km wide. Composite slides may
effect the uppar 200-300 m of the sedinent colum (Fig.-
F3). Gavity cores (2-5m in length) were collected
froma few of the slide masses. These cores recovered
a variety of sedinment types, from pebbly nud to sandy
mud to very soft nud. Preliminary evaluation of tha
mor phol ogy and internal reflectors observed on seismic
profiles that cross the outer continental shelf and
sl ope suggest that the siides include slunps, debris-
fl OW @eposits, and nud-flow deposits according to the

classification used by Nardin and others, (1979). The
cauees of these failures are unknown, but likely are
related to seismic ground accel erations. The build-up

of pore-water pressures with attendant decrease in
shear strength that results from seismic shaking and
the reduction of shear strength that acconpanies build-
up of bubbl e-phase gas can both contribute to sediment
instability (Hampton and others, 1978). Considering
the sedimentation rates in the area (1-25 cm 10°yr;
Askren, 1972; Blunt and Kvenvolden, 1981), the
coefficients of consolidation, and the overcon=-
solidation ratios (Table F1) and using G bson’s
equations (1958), it appears unlikely that the sedinment

is significantly underconsolidated. However, if the
observed failures are Pleistocene in age and
sedinentation rates were significantly higher at that

time, underconsolidation MRy be a relatively more
inmportant factor. Instability due to the strength
reduction caused by the cyclic loading that is
associated with storm waves, internal waves, or
tsunanmis is minimal at the water depths (200 to 1200 m)
in which the elide deposits are observed (eee seedand
Rahman, 1978).

Sedi ment _ Transport and Brosion

SEA-FLOCR GEOLOG C  HAZARDS

Potential geol ogic hazards in the Navarin Basin
province include sea-floor Instability marked by

submarine slides, sedinment transport and erosion, and

Large Bedforms

Large sediment waves have been found at the heads
of zhemchug, Pervenets, and Navarinsky Submarine
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Canyons (Fig. F2). The sediment waves in these areas
are alike. Those at the head of Navarinsky Canyon have
been studied in the greatest detail. These |arge
bedforms occur ONaeubstrate of silty, very fine sand
within a 600 to 700 knfarea between the 215- and 450-m
isobaths. Crests ofthese bedforms trend approxi mately
north-gouth; the waves have an average |ength of about
600 m an average height of about & m and a maximum
height of 15 m (Fig. F4). Both synmmetrical (the nore
common) and asymmetrical waves have been observed.
bedforms not only are expressed at the surface, but
al so are remarkably well defined in the subsurface.
The stratigraphic unit containing the sedinment waves
devel oped over a flat-lying reflector, and it attains a
maxi num thickness of about 120 m in the sedi ment wave
field. In a few places, the bedforms are covered by a
thin layer ofapparently younger sedinent. one such
locality occurs at the head of Parvenets Canyon, where
the buried sediment waves are part of an intricate
stratigraphiec conplex that lies below a unit of

paral |l el -bedded reflectors (Fig. F5). The parallel-
bedded unit |s generally about 20 mthick, but it
rangee in thickness fromleee than 5 mto about 110m.
If the sea-floor featurea are active, they, as well as
the processes responsible for them could repreeent
hazards.

The

Surface Waves

Currents generated by surface waves probably ara a
more Significant factor in the tramsport of silt and
| arger size particles on the open slope and shelf of
Navarin Basin than, for exanple, tidal currents or the
mean circulation. Bottom currents have not been
measured in the study area. nor have there been good
observation ofsurface wavee. Nowever, sone surface-
wave data have been conpiled in areas adjacent to and
including a part of the eastern boundary of the |ease
sale area (Brewer and others, 1977).

Storms, and consequently stormgenerated waves,
are strongest and most frequent during the fall and
W nter (Litsitsyn, 1966; Brower and others, 1977).
Waves as high as 15 mand with possible periods of 9 t
11 s have been observed eaet of the lease area (Brewer
and others, 1977). \Waves with these heights and
periods do not generate bottomcurrents ofa strength
sufficient to erode sediments overa large part of the
shelf.  Forexanple,” assuming a threshold val ue of 10
cma fortransporting fine aand (Kemar and ot hers,
1972), an n-a, 15-mhigh wave generates currents
strong enough to erode fine sand and sneller grains
only in water shallower than about 135 m A lower, bu
| onger period wave, for exanple a wave 10mhigh with
15-s period, produces near-bottom currente greater tha
1 cnm's in water ae deep as 208 m Extreme waves,
enpirically estimated to be as large as 42.5 mhigh,
occur on the average once every 100 years in the
Navarin area (Brewer and others, 1977).

Gas- charged sedi nent

CGas-charged sediment can have a |ower ahear
strength and bearing capacity than does equival ent gaa
free sediment (Nelson and others, 1978; whelan and
others, 1976). An increase in the concentration of
free or bubble-phase gas results im an increase of pox
pressure and a conconitant decrease in shear strength
until failure can occur. Such increases in bubble-
phaae gas can result fromdrilling inte gas-charged
sediment or disruption of tha sediment by cyclic
| oading, and they may lead to the failure of pipelines

or platforns (U S. GCeological Survey, 1977).

The nunerous areas of gas-charged sediment mapped
in Navarin Basin (Fig. r2areidentifiable on the high-
resol uti on seismic-reflection profiles by acoustic
anonmal i es such as displaced reflectors and "wipe out”
zones (Fig. F6). These anonalies are Prevalent in the
upper 50 to 100 mofsediment. Commonly these shallow
anomalies coincide closely with well-developed “bri ght
spots” that appear to occur deeper in the section on
mul ti-channel or nediumresolution single~channel
profiles.

Gravity cores collected throughout the besin
province were anal yzed for hydrocarbon (methane
t hrough but anea) {vogel and Xvenvolden, 1981). All of
the cores sanpled contained hydrocarbon gases, but none
showed significant amunts of thermogenic hydrocarbons.
Most of the hydrocarbon ratios can be attributed to
microbial activity. Three cores, two fromthe shelf
and one from the slope, contained concentrations of
methane (5 to 9 tines) and ethane (10 to 20 tines)
hi gher than background val ues (Vogel and others,
19s1). These cores al so contained ratios of ethane to
ethene and of nethane to ethane and propane that
margi nal |y suggest the presence ofsone thermogenic
hydrocarbons.  Possi bl e explanations for the |ow
concentration of hydrocarbons include the short Iength
ofthe cores (i.e., <6m most of the cores collected
on the shelf ware <2 mlong) and the exceedingly spotty
areal concerdtrations of the hydr ocar bons.

Geotechnical properties of Navarin Basin sedi nent

Cores from 68 stations were teated to define
geotechnical variabl es useful in describing regional
changes in Navarin Basin sediment propertied. Shelf
sediment (<150 m water depth) typically has a peek
shear strength (S) that rances between 10 and 15 kPa
at 1 m subbottom (1 psi = 6.9 kPa) (Fig. F7). An
elongate zona of weaker sedinment (shear strength <10
kPa) extends into the central part of the study araa
fromthe north and reflects the presence of a tongue of

fine-grained, high-water-content sedi nent (Karl and
others, 1961). A zone of stronger sedinment (shear
strength > 15 kPa) exista to the southeast, although

t he stationsthere are too sparse to allow definition.
Shear strengths in the region of the shelf break (Fig.
F7, lined area) are not shown because high sand content
al lows pore-water drainage during testing which in turn
conprom se measured S, values, or because insufficient
sanpl e was recovered to warrant testing. Typically,
peak shear strength Qecreases downslope, ranging from
11kPa near tha shelf break to 3 kPa on the abyssal
floor. Nowever, anomalously strong sedinent waa
encountered at two stationa, both at about sgeag'w,
178°30'W, in 3000 m of water. Nere, the shear
strengths are between 19 and 39 kPa.

Sedi nent at a 1-m-subbottom depth on the shelf has
a water content that ranges from 40 to 1100 by dry
weight (Fig.F8). An elongate zone having water
contents greater than 100% is seen in the north-central
part of the shelf. This zone coincides with the area
of anomal ously | ow peak undrai ned shear strength. The
water content of shelf sedinment is |owest toward the
southeast, except for two stations that hava water
contents greater than 50%  Sediment from the shelf
edge and uppernost slope typically haa a | ow water
content (<50%, a value which correlates with increased
sand percentage. Water content increases downslope and
reaches a maxi mum (>300% to the southeast, in the
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ricinity of 2Zhemchug Canyon.

Near - surface sedi nent from Navarin Basin is
.ightly t 0 moderately overconsolidated (over-
:onsolidation rati o, 05 OCR. 3 - 4) except on the shelf
there OCR's as high as 2 are obser ved (Tabl e F1). The
:auge of the observed overconsolidation is not known.
jediment Oon the shelf is subjected to e nunber ofl oads
‘hat m ght be capable ofinducing this state of
werconsolidation (e.g., erosion of overlying material,
:;yclic | oading, ice, and subaerial exposure at low sea-
level stands). At present, our data are insufficient
;0o val uete these mechanisns.

[CF

We have estimated ice conditions in Wavarin Basin
srovince by synthesizing data reported by Lisitsyn
'1966), McRoy and Goering {1974), and Brower and other:
[1977). The proposed |ease area is ice free from June
chrough Cctober. Magratory pack ice begins to encroact
ipon the northern part of the lease area in Novanber.
rhe pack ice is fully developed by March or April, at
vhich tine the extreme southern limt oftha ice edge
sxtends over ntst of the |lease area (Fig. F1). lIce
concentrations begin to decrease in April, and the ice
adge continues to retreat northward through Nay.
First-year ice in the southern portion of the Bering
Sea rangee in thickness from 30 to 71 cm whereas ice
farther north can attain a thickness ofl1-2min
unstressed floes (Lisitsyn, 1966). The southern linit
ind the concentration of the pack ice vary from year t¢
rear depending upon weather conditions--in sone years
nigratory pack ice may not affect the lease area, but
in other years concentration of ice may conpletely
zover it. In addition to the hazards that pack ica
sreates for man-nmade structures and for ships, Ivanhoe
(1981) points out the significant problem of severe
superstructure icing that ships will undergo while
sperating in the Bering Sea during the wnter.

FAULTI NG AND SEISMICITY

The limted seismic-reflection coverage of the
Navarin Basin province restricts interpretation of
length, orientation, and age of the faults. The
distribution of the faults is shown in figure 2;
however, because the spacing between the tracklines is
aa much as 30 km correlation fromline to line ie
uncertain. The only extensive correlation that we haw
attenpted is to connect those points that represent th
bounding faults on a graben that is oriented in a
nort hwest - southeast direction (Fig. F2). This graben i
about 5 km wide, and it has been nmapped over a distant
of nearly 240 km The nmaxi num apparent relief of this
structure (Fig. F9) is about 50 m the result of a
series of offsets on each side ofthe down-thrown
bl ock. The throw ofthei ndi vidual faults varies from
about 10 to 20 m The graban is buried beneath 130 m
of sedi ment over the depressed bl ock and about 80 m of
sedi nent over the adjacent flat-lying strata. The
faults detected on lines oriented perpendicular to the
I ong axis ofNavarin basin greatly outnunber those on
lines that parallel the basin; this pattern suggests
that the faults have a northwest-southeast trend. Thi
trend is parallel to the basin and to the shelf
break. The majority of these faulta occur on the
continental elope and the outernost shelf.

t he

Many of the faults shown on FigureF2 are mapped
from high-resolution seismc-reflection records that
have resolution of 1-3 neters; however, none of the

!aults mapped to date show any offset oftha Holocene
sea floor. Although the ages ofthe faults are
anknown, 14 C datea of sediment in the southern part of
the area indicate the maxi num accunul ation gat es ofthe
ipper 6 mofsedi nent to be about 25 cm/10° yr (Askren,
1972) . Therefore, faults that reach to within 3 m of
the seafloor nmy cut sediment ae young as Helocene and
are considered to be active.

According to Scholl and others (1975). Cooper and
sthers (1976), Marlow and others (1976), subduction of
the xula plate beneath the Baring Sea margin apparently
ceased in | ate Mesozoic or early Tertiary time, and
subduction of the Pacific plate shifted to the Aeutian
Trench. Thie transfer tectonically deactivated the
Bering Baa margin. The absence of nbdern seismicity is
readily seen on the maps of Al aska earthquake
epicenters publishedby Meyers (1976). only six
earthquakes have been reported from the Navarin Basin
province for the tinme period prior to 1974, and all
were |lese than magnitude six. These data, however, may
be somewhat nisleading because of the wide spacing and
limted nunber of seisnpgraph stations in wastern
Alaska.

CONCLUSI ONS

Several seafloor geologic processes of a
potentially hazardous nature are identifiable in the
wavarin Basin province (OCS |ease-sale 83): they
include sea-floor instability due to submarine slides,
sediment transport and erosion, and subsidence or
bl owouts resulting from disturbance of gas-charged
sediments ice: and faulting with attendant ground
shaki ng. These processes nust be carefully delineated
and wel |l understood before drilling and other sea-floo:
operations pertinent to exploration and production,
such as pipeline siting, can be acconplished with a
good degree of safety.

on the continental
especially in association

Submarine slides are preval ent
sl ope throughout the area,
with the submarine canyons. Large bedforms are found
at tha heads of each ofthe three canyons. However,
gas-charged sediment apparently is the primary concern
as apossi bl e geologic hazard on the continental shelf
because it is particularly common in the northern two-
thirds ofthe study area. The gas is primarily
biogenic net hane; however, a few cores contai ned highe:
hydr ocar bon homolegs, the ratios of which suggest
possi bl e thermogenic origin.

An inverse correlation exists between the peak
undrai ned shear strength (S) and the water content of
Navarin Basin sedinent. At a 1-m-subbottom depth, a
tongue ofrelatively weak (<10 xpa), high water conten
(>100%, fine-grained sedi ment extends onto the centra
shelf fromthe north. To the southeast, near the head
of Zhemehug Canyon, shear strengths are anonal ously
high (>15 kPa). Strength of the fine-grained, high-
wat er-content sedinent on the slors decreases with
wat er depth froma typical value of 11kPa near the
shelf break to a low of 3 kPa at the baee of the
slope. Prelimnary consolidation data indicate that
the shelf sedinment is lightly to heavily over=-
consolidated (OCR's range from 3 to 22 at a subbottom
depth of 1 m. It is apparent that the central shelf
is nore heavily overconsolidated than are the adjacent
areas.

Mgratory pack ice will be a problem during nost
years in the Navarin Basin |lease area. This ice can
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attain thicknesses oOf
irea.

1-2 min the northern pert of th

Earthquakes appear to be rarein the Navarin area
rowever, some shallow faults may cut Holocene sedi nent
and reach to within 3 m of the see floor. These fault
nust be considered to be active and that activity
should be accounted for in design plans forsea-floor
structures.
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TABLE F1. Summary consolidation data of neer-surface* sedinent
Core v vn’\ 67’ QOCR Physiographic
(kPa) (kPa) (cnfl s% x 10°) Provi nce

&1 20 6.8 1.5 (120) 3 Shel

@34 28 7.0 - 4 CanP/on

61 21 4.5 0.5 (120 b Shel f

Gr4 25 9.2 3.5 (165 3 sl ope
TGI8 95(58) 4.3(58) - 22 Shel f

@7 30 5.0 0.5 (190) 6 CanP/0n

Gill 60 6.5 1.0 9 Shefl f

e valuea at 100 cm subbottom depth except where shown in parentheses

(e.g., (58) = 58 cm subbottom).

Gwa

G"" = effective overburden stress

=maximim peat pressure

Cy

OCR = overcensolidation ratio

coefficient of consolidation
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Puzzling Features in the Head of Wawvarinsky Canyon, Bering Sea
by

Paul R Carlson, Herman A Xarl, and Brian D Edwards
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ABSTRACT

™ types of norphol ogic features mapped in the head of Navarinsky Canyon
are attributed to mass novenent of the near-surface sediment. A series of
pull-aparts(?) is | ocated downsl ope of a field of large sand waves. These
pull-aparts(?), possibly induced by |iquefaction, affect the upper 5-10 m of
sandy sedinment in water depths of 350-600 mon a 1° slope. A hummocky
el ongate nound of nuddy sand in water depths of 550-800 mthat contains
chaotic, disrupted internal reflectors to a subbottom depth of 30-40 mis
believed to be the product of a shallow slide. W speculate that Hol ocene
seismicity is the likely triggering mechani sm

[ NTRODUCTI ON

Mass movement has been an inportant process in the evolution of the
worl d' s continental margins [1-3]. As coverage of frontier areas is
increased, so is know edge of the various fornms of nass novenent that are
continually at work nodifying the continental slopes.

The purpose of this report is to illustrate and discuss two puzzling
types of nass-novenent featuresdi scovered in the head of wavarinsky Canyon,
one of the largest (4,900-km> volume) of the large canyons incised into the
continental margin of the Bering Sea [4,5] (Fig. 4d).

The study area is a part of the navarin Basin province, a potential
petrol eum province that is scheduled for leasing in 1984. The Navarin Basin
contains as much as 12 kmof Tertiary and Cretaceus sedinmentary strata [61 ,
and thus has stinulated the interest of the petroleumindustry. Understanding
of the nass novenent processes on the upper slope will be vital to the safe
siting of sea-floor structures in water depths of >150m.

Data Col |l ection

Seismic-reflection profiles and sediment sanples (Fig. @) discussed in
this report were collected in 3 successive years of reconnai ssance geohazards
studies in the Navarin Basin area [7, 8]. Seismc systens included 20-80-in
airguns, a 500-1000-J minisparker, a hull-nounted Uni boonft, and 3.5 kHz, and
12 kHz sound sources. Seafl oor-sedinment sanples were collected primrily

*Any use of trade nanmes in this publication is for descriptive
purposes only and does not constitute endorsenent by the U S
Ceol ogi cal  Survey.
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with a gravity corer (8-cm-diameter barrel) : supplenentary sanples were
obtai ned with box corer and vibra-corer and a Van Veen* grab sanpler.

MORPHOLOGY OF CANYON HEAD

Navaringky Canyon is the northernmost of the |arge canyons that dissect
the Bering continental margin (Fig. d). The U.S.-U. S.S.R 1867 convention
line nearly bisects this canyon, which heads in 1S0 m of water: the canyon
extends 270 km across the slope ‘at an average axial gradient of 0.50, where it
debouches onto the continental rise at a depth of ‘3,200 m[9]. Navarinsky
Canyon is cut into the extrenmely flat Bering shelf, which has a gradient of
“0.040-0.10 [9]. The head of the canyon is 3 broad shal | ow anphitheater-shaped
depression that covers an area of 16,600 km®  The study area is in the head
of the canyon between the two main thalwegs, both of which have axi al
gradients of '0.2° to a depth of 400 m and steepen to~1° between 400- and
1, 000-m depth [9].

Wthin the head of Navarinsky Canyon, we mapped a field of |arge bedforms
(1,000- knf area) that is bounded by the 200-400-m isobaths and has a
seafl oor gradient of 0.6° (Fig. &). These bedforms have wavel engths of 600
m heights of 5-15 m and appear on seismc-reflection records as a stack of
climbing dunes that extend to a subbottom depth of 75-100 m (Fig. G3b). Gab
sanmpl es, box cores, and vibracores collected in the bedform field all
recovered noderately well-sorted very fine to fine sand. W specul ate that
the sand in these |arge bedforms was transported to its present site near the
shel f break during Pleistocene | ow stands of sea level. At that time, the
shoreline was near the present 130-140-m isobath and |arge rivers meandered
across the broad flat subaerial reaches of the Bering shelf [10].
Cal cul ations that take into account the bathymetry, Sea-floor gradient,
present water depth, sedinment type, and oceanographi c conditions suggest that
t hese | arge sand waves are possible products of internal waves {11].

TYPES OF MASS MOVEMENT

Seismc-reflection records from the head of Navarinsky Canyon show two
kinds of seafloor irregularities that we interpret to be the result of mass.
movenent. These mass-nmovenent phenonena include: (1) depression or
pul | -apart-like features that adjoin and overlap the field of |arge bedfotms,
and (2) a mound or ridge-shaped nmass of slide debris. Figures & and 3 show
the areal relations of all three features -- bedforms, pull-aparts, and slide
mass.

Pull-aparts?

H gh-resolution seismc-reflection profiles show some unusual breaks in
the surface sedinment downsl ope fromthe bedform field (Figs. &, G3a, G3c).
These features are irregularly spaced depressions or notches in the seafloor,

-O*1 - 2.0 km apart; they average ~50 mw de, have a relief of 3-5 m and
appear to affect only the upper 5-10 mof sediment (Fig. e3c). Absence of
si de-scan-sonar coverage prevents determnation of the true shape of these
features; however, the notches are nore abundant on |ines perpendicul ar
rather than parallel to the isobaths, and thus the notches appear to be
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oriented parallel to the isobaths. The notches, which are situated between
the 350- and 600- m isobaths on a slope of ‘1°, have been mapped over an area
of 300 km? (Fig. G2). The sediment in this part of the canyon is noderately
wel | -sorted nuddy to fine sand containing sone pebbles and granul es

The zone of depressions, notches, or breaks in the surface sedinment
downsl ope fromthe field of |arge bedforms has the appearance and apparent
orientation of pull-aparts or tensional breaks that may result from downsl ope
flow.  Another possibility is that these features are shallow craters,
pocknmarks, or sand boils forned by expulsion of “liquefied” sedinent. The
zone of pull-aparts or depressions overlaps the downsl ope side of the bedform
field and thus has devel oped after the formation of the bedforms and may be
continuing to develop at the present tine.

Slide Zone

an el ongat e nound- shaped mass of sedinment of hummocky surface norphol ogy
that occupies an area of ~50 knfis situated 4-5 km downsl ope from the area of
surface breaks (Figs. &, G3a). The hummocky nound of nuddy sand has the
characteristics comonly associated with a submarine slide mass. This
elongate nmound is ‘3 by 14 km and its long axis is oriented obliquely to the
550- 800- m isobaths. The nound has a relief of 10-15 mi, contains chaotic
internal reflectors, affects the upper 30-40 m of sediment, and has forned
where the slope gradient of the canyon changes from 1.1° to 2.6° (Fig. &4).
Al'though some seismic-reflection profiles show junbled and broken reflectors
within the mound of sedinent, all the profiles show well-devel oped relatively
continuous reflectors beneath the mound, starting at a subbottom depth of
40 m (Fig. &4). Both upslope and downslope from the nound the interna
reflectors are also continuous at all levels beneath the seafl oor.

The hummocky nmound of nuddy sand that is apparently a product of a
shallow slide (Figs. Ga, &4) may have been caused by liquefaction, as
postul ated for the formation of the pull-aparts, or el se these features nay
have formed totally independently.

TRI GGERI NG MECHANI SM

To generate the types of mass novenment that have occurred in the head of
Navari nsky Canyon, both a supply of sediment and a mechanism to trigger the
mass novenent are necessary. The present rate of sedinent accunulation on the
outer Wavarin shelf is relatively low (<20 cm 1,000 yrs on the basis of
ages;, see ref. [12] ) because of the great distance (3400 kn) to the nearest
river mouth. The rate of sediment accumul ation rmust have been high during | ow
stands of sea |level, however, when large rivers, such as the ancestral 2anadyr
and Yukon, crossed the subaerially exposed shelf. \Wen the rate of sedinent
accurmul ation is rapid, high pore-water pressures can devel op and cause
sediment instability [13, 141. Although underconsolidation may be responsible
for sone of the sedinent instability along parts of the Navarin nargin,
undexrconsolidation is unlikely in the head of wavarinsky Canyon because the
sedinent there is primarily noncohesive and pore-water drainage and pressure
equal i zation are presumably rapid.
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The Bering Sea is a region of severe storms in which winds comonly
exceed 100 kmh (62 mi/h) and, at tines, exceed 165 kmh (103 mi/h); waves
generated by storns of this magnitude may be as high as 15-20 m[15]. In the
head of Navarinsky Canyon, the cohesionless sedinment in the area of the pull-
aparts and in the slide zone is presently in water depths of 350 m and
probably was at »>200-m depth during Pleistocene |ow stands of sea level. On
the basis of wave-theory calculations according to the procedures of Seed and
Rahman (1978), the cohesionless sedinment in these areas woul d not appear to be
vul nerable to cyclic loading from large storm waves. Thus, storm waves,
either at present or during Pleistocene |ow stands of sea |level, are an
unlikely triggering nechanism for the observed failures.

Karl, and others [11] have shown that internal tides and higher frequency
internal waves possibly formed the | arge bedfoxrms in the head of Navarinsky
Canyon. \Wereas Karl and others [11] deternined that energy from 4- and 12-h
period internal waves is anplified in the sand-wave field and just downslope
fromthis field, the cohesionless nature of the sedinent and the small density
contrasts across the pycnocline make internal waves an unlikely triggering
nmechani sm for the mss-nmovenent phenonena farther downsl ope.

Although the Aleutian Island arc is seismcally active [17]1, the great
di stance (1,000 knm) between the Al eutians and Navarinsky Canyon nininmizes the
effect of horizontal accelerations associated with ground shaking because
accelerations drop off rapidly with distance from the epicenter [18]. Even a
great (M»8) earthquake occurring along the Aleutian Island arc would |ikely
cause |l ow accelerations in the Navarinsky Canyon. Additional, Sereda (1980)
| ocated the epicenters for two small (M<4) earthquakes at Cape Navarin,
US SR Even these events, however, were >200 km from the head of Wavarinsky
Canyon and thus would have had little effect on the canyon sedinent.
Seismicity in the northern Bering Sea has been niniml over the past 85
years. Only eight earthquakes have had epicenters within a radius of 200 km
of the study area, all of which were of M<5.8 [17]. On the basis of enpirical
evidence, for events of this magnitude to cause sedinent flow or |iquefaction
on the Navarinsky slope the epicenter nust be within "30 km [20]. Even though
we find little evidence in the nmobdem seisnologic record to support
earthquakes as a triggering nechanism a few traces of shallow faults have
been mapped in the head of wavarinsky Canyon [21]. Although none of these
faults shows offset of the seafloor, all appear to cut sedinent as young as
Hol ocene and therefore are considered to be active.

We conclude that earthquakes are the nost likely triggering nmechanism
In spite of the sparsity of local seismic events in the historical record, we

note that our data base covers |ess than 100years,and the features under
di scussion could have formed anytime in the past several thousand years.
Thus, the odds of an M> 6.0 event occurring in the proximty of Navarinsky
Canyon and possibly causing licuefaction of the cohesionless sedinment are
greatly inproved.
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ABSTRACT

Sand waves occur in the heads of |arge submarine canyons in the
nort hwestern Bering Sea. These sand waves vary in height between~~5 t0 15 m
and have wavel engths of 600 m They are not only expressed on the seafl oor,
but are also well defined in the subsurface and resenble enornous clinbing bed
forms. we conjecture that the sand waves Originated during | ower stands of
sea level in the Pleistocene. A though we cannot explain the mechanics of
formation of the sand waves, internal-wave generated currents are anong four
types of current that could account for the sand waves.

| NTRODUCTI ON

We observed large bed forms in the heads of three enornous submarine
canyons that incise the continental nmargin of the northern Bering Sea
(Fig. H). Athough sinmlar in size and sedinent conposition to many of the
large bed forns described by others, the depositional setting, internal
stratification, and stratigraphic thickness of these bed forns conbine to make
these features unique among the bed forns heretofore reported in the
literature [1,2,3,4,5]. The purpose of this paper is to describe these bed
forms and to frame hypotheses about their depositional history and nmpbde of
formation.

Regi onal Setting.

W investigated an 80,000-km® area of the Beri ng Sea continental nmargin
that |ies about 100 km west of St. Matthew Island (Fig. H). The 156-m i sobath
delineates the northwest-trending shelf break that separates the broad, flat
(average gradient of 0.02°) continental shelf from the rugged, steep
(gradients range from3° to 8°) continental slope. Three |arge canyons
di ssect the slope and outer shelf [6]. Navarinsky and Zhemchug Canyons are
each about 100 km wide at the shelf break. Pervenets Canyon is about 30 km
wi de there. The canyons appear to be controlled by structures at |east of
Pal eocene age [7], but we presume that the najor canyon erosion occurred
during lowered sea levels in the Pleistocene.

The cl osest point sources of sedinment, the anadyr River to the north in
the US.S.R and the Yukon River to the east in A aska, are over 400 km from
the study area. Surface sedinents on the shelf and slope generally consist of
silts and silty sands; however, there are zones of fine sand at the shelf
break, on the upper slope, and in the heads of the submarine canyons [6].

Qceanographic data for this area of the Bering Sea is neager. The Bering
Slope Current flows from southeast to northwest, paralleling the continental

slope [8]. Circulation onthe shelf is poorly understood. Investigation of
the outer continental shelf of the southern Bering Sea indicates predoninantly
east-west tidal currents with little net flow [9]. Storns can generate waves

| arge enough to affect sedinment as deep as 200 m [61.
Met hods.

We collected seismic reflection profiles and sedinent sanples in the
study area in the sumrers of 1980 and 1981 (Fig. H ). Reconnai ssance track
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Figure H1. Map of study area showi ng seism c survey tracklines and
distribution of sand waves (stippled areas). Dashed |ines are 1980
tracklines and solid lines are 1981 tracklines; 1981 data were
collected during preparation of this manuscript; for clarity
tracklines have notbeen shown within sand wave fields. The deeper
sand wave area in Pervenets Canyon was defined alnost entirely by

buried bed forns.
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lines were spaced 30 km apart in a rectilinear pattern; sone areas were
surveyed in greater detail. Sedinment sanples were taken at many alternate
grid intersections and at sites chosen from seismic reflection profiles

Navi gati on was by Loran C updated by satellite.
OBSERVATI ONS OF SAND WAVES

The surface sediment in the bed formarea in the head of each of the
submarine canyons (Fig. H) is fine and very fine sand. Vibracores in the
Navarinsky and Pervenets areas showed that sand conprised at |east the upper
1.5 mof sedinent. A box core collected in the Navarinsky area preserved the
sedi ment at the water-sedinent interface and revealed a thin (~=2 cn |ayer
of mud covering the sand.

A detailed survey of the sand waves in the head of Navarinsky Canyon
di scl osed that sand waves are confined w thin about a 1400 knfarea between
the 215- and 450-misobaths. The area of the Pervenets sand wave fields is
approxi mately 800 knfand that of the zhemchug fields is about 400 knf. By
nmeasuring the apparent wavel engths of sand waves on three seismc lines that
pass through the Navarinsky field at different azinuths and that nearly
intersect in the southeastern corner of the sand wavefield, we determ ned
that the crests of the sand waves stri ke approxi mately north-south (N5°E),
that the true wavelength is nominally 600 m and that the heights vary from
about 5 to 15 m The sand waves are not only expressed on the seafl oor,
but also are remarkably well defined in the subsurface (Fig. H2). The
stratigraphic unit containing the sand waves attains an aggregate thickness of
100-120 m and overlies flat, parallel reflectors. The cross-bedded unit thins
to 10-15 mtoward the northwestern boundary of the field, thins to about 70-90
mtoward the southeastern nargin, and appears to wedge out at the extrene
sout heastern corner of the field. The best devel oped sand waves occur in
wat er depths of about 300-350 m In shallower water the sand waves decrease
progressively in anplitude, and in deeper water the bedforms often deteriorate
into a "hummocky" norphology [10]. At least seven sets can be recognized in
the thickest part of the section (Fig. H2). Individual cross-bedded pods
within sets are as much as 20 mthick. Te nunber of sets decreases as the
unit thins. Both symetric and asymetric forms have been observed on the sea
floor and in the subsurface. The steep faces of asymmetric waves and the
internal stratification in this field have an apparent easterly dip.

DI SCUSSI ON

The follow ng discussion and conclusion pertain to the Navarinsky field
sand waves, because we have investigated this field nost thoroughly. W are
convinced t hat the surface and buried Navarinsky field sand waves are current-
generated bed forms; there is no evidence to justify the interpretation of
these bed forns and cross-bedded sequences as foresets of prograding deltas or
as slunps

Mbde of Fornation.

Large sand waves and dunes on the continental shelf of about the same
size as the Navarinsky sand waves have been attributed to unidirectional
currents and to very strong tidal currents [1,11,12). | N general, though,
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these sand waves are nmore closely spaced and much nore asymmetric than the
Navarinsky field sand waves. Because Of their sinusoidal form and | ow height-
to-length ratio, the Navarinsky field sand waves are more closely anal ogous in
formto those abyssal sedi nent waves that have been interpreted as antidunes
formed by density currents -- that is to say, turbidity currents and strongly
stratified flows [2,3]. However, the sand waves known to us that are nost
simlar in shape and size to the Navarinsky field sand waves occur near the
edge of the continental shelf off France in water depths of 150-160 m (La
Chapelle bank); these sand waves range in height fromabout 8 to 12 mand are
spaced about 850 m apart, and are thought to be caused by internal waves [4].

We do not know which (if any) of the four types of currents mentioned
above - wunidirectional, reversing unidirectional, density, and internal wave
generated - is responsible for the Navarinsky field sand waves. Wi chever
mechani sm or conbination of mechanisms is responsible for the sand waves we
observed, the nechanism nust also explain four aspects of the sand wave
fields: (1) distribution, (2) stratigraphic sequence, (3) lithology, and (4)
si ze.

Gven the uniformty of our seismc coverage of the study area, it is
probably not by chance that we observed sand waves only in the heads of the
submarine canyons; we think that the sand waves are causally associated with
the subnarine canyons. This suggests that there are processes that operate in
submarine canyons that do not affect, at least as intensely, the nonincised
outer shelf and upper slope. In order to deduce the node of formation of the
sand waves, it is necessary not only to identify these canyon-related
processes, but also to determne whether the sand waves are active or relict
features

Using seismic reflection profiles, we have isopached the youngest
stratigraphic unit in the study area [13]. The reflector defining the baseof
this unit is at least as old as 30 x 10°yr [14]. we have been able to trace
this reflector into the upper 10-20 m of the Navarinsky sand wave sequence
however, we cannot follow the reflector through the sand wave field (Carlson
and Karl, unpublished data) . The sets below this reflector are certainly
relict and we speculate that those above are also ol der than Hol ocene.

Two |ines of evidence support the interpretation that the uppernost set
of sand waves is not active. First, no available oceanographic data indicate
any strong or unusual currents that could generate the sand waves. Published
oceanographic reports are based on summertinme neasurenments, so we do not know
the winter currents and circulation patterns; it is conceivable that
conditions intensify sufficiently during the winter to activate the bed
forms .  However, we are not even sure that strong currents are required to
generate the sand waves. Second, the thin layer of nud covering the sand
waves and the absence of any evidence of small current ripples or other
bedl oad grain novenent suggest that the bed forns were not active at the tine
we observed them

The thick stratigraphic sequence of bed forms in the Navarinsky Canyon
field suggests that the processes responsible for the bed forns have operated
over a long period of tinme and that a |arge ambunt of sand wasdelivered to
the area during this period. The sequence of seven sets of cross-beds
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resenbles a greatly scal ed-up sequence of clinbing ripples (Fig. H2b). This
anal ogy suggests continuously high rakes of sedimentation during the fornmation
of the 100-mthick section. On the other hand, the seven sets appear to be
stacked one on top of the other being separated by either non-depositiona
surfaces or strata draped over the sand wave surface (Fig. H2b); if this is
the case, each set of sand waves was formed during a discrete period of
activity that was followed by an interval of inactivity.

The sand waves on the surface, if inactive, remain unburied for at |east
two reasons. Only very snmall amounts of silt and clay are being deposited
over the sand waves because the area is so great a distance from a significant
sedi ment source; or currents in the area are sufficiently strong to inhibit
deposition or to periodically remove the fine sediment that is currently being
deposited; or both.

The fine and very fine sand in the canyon heads could result fromthe
wi nnowi ng out of finer sedinent by currents peculiar to the canyons. Cean
sand and silty sand, however, conmposes the entire length of cores so long as
1.5 m and it is not likely that this material was concentrated solely by
wi nnowi ng.  Major sources of sand lie hundreds of kiloneters from the canyon
heads. This sand coul d have been deposited at the canyon heads during |ower
stands of sea level in the Pleistocene, when numercus. streans presunably
flowed over the exposed shelf toward the topographically depressed canyon
heads.

Concept ual Model of Depositional Environnent.

Most workers estimate that the maxi mum eustatic |owering of sea |eve
during the Pleistocene was 130 m [15]. A vast expanse of the Bering Sea
continental shelf would have been exposed when the sea level was 130 m bel ow
the present nean sea level (Fig. H3) [16]. Pratt and Dill [17] have suggested
seal evel stands as low as 240 min the Bering Sea, but their interpretation is
highly speculative. Hopkins [18] has synthesized the sealevel history of
the Bering Sea during the last 250,000 years; one deduces that the
paleogeography Of the area is not reconstructed by sinply lowering the sea
level 130 m  because local tectonic and isostatic events conplicate any
reconstruction. Parts of the Bering Sea shelf nmay not have been tectonically
stable during the Pleistocene (M S. Marlow, U S. Geol ogical Survey, pers.
comm., 1981). Moreover, it is possible that the outer shelf could have
rebounded isostatically after the renoval of 130 mof water; in which case,
the Pleistocene shoreline during the |owest stand of sea |evel would have been
seaward of the present-day 130-m isobath. W cannot accurately deternine the
position of the Pleistocene shoreline, because the amount and rate of
isostatic adjustnent and the tectonic effects are unknown factors. Sinply as
a basis for discussion, then, let us take local sea level in our study area
during the Pleistocene to have been 150 m bel ow present sea |evel

If local sea level in the Bering Sea was 150 m below the present mean sea
| evel, much of the area of the canyon heads would have been |arge shallow
embayments al ong the Pl eistocene coastline {Fig. H3; note caption). We use
the nanes of the three canyons to designate these enbaynents. Streans draining
the low ands adjacent to these canyons would have discharged large quantities
of sediment into the three enbaynents. OsMng to the |ow gradients of the
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shelf edge and indicates the position of the Pleistocene shoreline
assuming an arbitrary anmount of tectonic and isostatic influence
that caused |local sea level to be 150 m bel ow present sea |evel.
Dashed line follows the present 130 misobath. The area between
these lines is that part of the shelf that would be subnerged under
20 m of water assumng no local conplications and only that sea
level was |ower ecstatically by 130 m  Presence of streams is
specul ati ve.
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exposed shelf, the streans would not have been conpetent to carry coarse
material, and nost of the sediment entering the enbaynents woul d have been
fine sand, silt and clay. Sand would have accunul ated near shore and in
shal | ow areas of the embaynents and in the heads of the subnmarine canyons

Mst of the silt and clay in suspension would have settled out farther from
shore; waves and other strong currents would have wi nnowed out those silts and
clays that had been deposited in shallow water. The fine-grained material
could have been supplied in quantities sufficient to provide the
concentrations necessary to produce a lowvelocity density flow, the material
settling out of this flow could form antidunes

The canyons would have dom nated the submarine physiography of the
embayments. Submarine canyons influence coastal and shelf sedinent dynamcs
in several inportant ways. Canyons that head close to shore trap sediment
movi ng down current in the littoral drift [19]. Internal tides and other
i nternal waves of higher frequency are funnelled al ong the axes of subnarine
canyons and are generated at the shelf break around canyon heads [20, 21]

Thus, internal wave energy can be amplified in the canyons and can be
concentrated on the adjacent shelf [22]. Southard and Caccicne (1972) have
shown in laboratory experiments that breaking internal waves can produce
bedforms. Several studies present geologic evidence that suggests that
currents and water circulation patterns nodified by canyons do affect the
movenment of sedinent on the shelf [5,24]. The physiographic configuration of
the enbayments and canyons also may anplify such water notions as the diurna
and semidiurnal tides [25]. Lowfrequency reversing water notions generated
by surface or internal tides could produce symmetric sand waves or breaking
internal waves of higher frequency could generate the sand waves.

The topography of the enmbaynments coul d have induced vorticity in an
ancestral Bering Slope Current causing a secondary circulation system in each
embayment [12,26]. The asymretry of sone of the sand waves and the apparent
easterly dip of internal strata indicate a net migration toward the east which
is toward shore and oblique to isobaths and opposite to the northwesterly flow
the present-day Bering Slope Current. Anticyclonic eddies w thin Navarinsky
Bay shed by an ancestral Bering Sl ope Current could account for this direction
of mgration.

CONCLUSI ONS

We hypot hesi ze that the sand waves in the heads of Navarinsky, Pervenets
and zhemchug submari ne canyons originated in shall ow embayments during | ower
stands of sea level in the Pleistocene. (oviously, sufficient data are not
available to prove this conclusions, and we do not intend, by focusing on this
prelimnary working hypothesis, to discount or refute alternative hypotheses,
as for exanple that the sand waves devel oped only after the Hol ocene
t ransgressi on.

The working hypothesis described herein is satisfying for severa
reasons: (1) It accounts for the fact that sand waves have only been observed
in the heads of the canyons and not on the upper slope and outer shelf between
canyons; (2) It helps explain the size of each sand wave field in that the
area of each field correlates with the physiography of the enbaynents. For
exanpl e, Navarinsky Bay had the | argest expanse of shallow water (shoal area)
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and the Navarinsky sand wave field, is the npbst extensive. (3) Fl uct uati ng
sea levels help explain the stratigraphy of the bed forms in the Navarinsky
field if the sand waves are individual sets stacked one on the other;
alternatively, the interpretation of this sequence as clinbing bed forns is
plausible if large anounts of sedinent were supplied to the enbaynments during

a continuous rise of sea |evel. The oceanic processes responsible for the
sand waves becane operative, and sedinment was supplied to the sand wave sites,
at tinmes of Ilower sea level. This dynamic system was shut off or dimnished

in intensity during higher sea level stands. Small changes of sea level woul d
rapidly affect large areas of the Bering Sea shelf.
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