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LANDSAT Image of
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FRONTISPIECE:

the Modern Lobe of the Yukon Delta
during Spring Breakup.
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I. SUMMARY

Objectives:

The overall objective of this study is to provide information on

the depositional environments and associated geologic processes which

characterize the Yukon-Kuskokwim delta complex (Fig. 1). These data, in

turn, can aid in evaluating the potential environmental impacts of the

proposed exploration for hydrocarbons in the Norton Sound region.

Specific objectives of this study fall into two categories: a) those

directly related to the initial phase of selecting offshore leases, and b)

those related to the possible subsequent selection of shoreline sites and

transportation facilities. Because of the need for timely information

concerning the selection of offshore tracts, only those objectives and

associated data products related to the first category will be considered

in this part of the Final Report. They include:

1)

2)

3)

4)

Data

will

Provide information on the age of faulting and volcanism in the

region to aid in determining the potential seismic risk.

Provide information on the distribution of permafrost in the

region to aid in determining the probability of offshore perma-

frost.

Map the depositional environments of the modern Yukon delta,

including offshore facies, with an evaluation of the potential

geologic hazards (e.g. liquefaction susceptibility, erosion and

sedimentation potential) which characterize each depositional

environment.

Study the seasonality of coastal processes in the Norton Sound

region, emphasizing the patterns and rates of ice movement during

the winter months as determined from satel~ite imagery.

products related to the latter stages of exploration and development

be provided in the second part of the Final Report to be submitted

Summer, 1980.
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Conclusions :

a) The Yukon Kuskokwim delta region is characterized by widespread

evidence of Quaternary tectonism. Evidence of Holocene faulting, coupled

with the relatively high susceptibility for liquefaction of most of the

fluvial and deltaic sedimemts, constitute potentially serious geologic

constraints to the selection of offshore sites and the design of offshore

structures. The risk from explosive volcanic activicy,  however, appears

minimal.

b) Pleistocene sediments beneath most of Norton Sound contained thick,

ice-bound permafrost which was actively forming as recently as 10,000

years ago; some may remain offshore as relict permafrost. Offshore

permafrost in modern sediments is less likely, and if present, will

be thin, discontinuous, and restricted to watzr degths <1 meter.

c) The depositional environments of the Yukon delta differ from most

previously described deltas, mainly by the presence of a broad, shallow

sub-ice platform and associated sub-ice channels. The potential for rapid

erosion by these actively meandering subaqueous channels is especially

serious, as is the relatively high susceptibility for liquefaction of much

of the offshore sediments.

d) The shallowness of Norton Sound, combined with the marked season-

ality of marine and fluvial processes, has resulted in a complex pattern

of sediment resuspension and reworking. This makes the predicted paths

of sediment (and pollutants) transport more complex than might be expected

in deeper basins in more temperate climates.

e) SaCellite imagery, used in combination

has documented relatively systematic patterns

with available weather data,

of ice movement controlled

largely by local winds and offshore bathymetry. This has allowed the

sub-division of the Norton Sound region into zones, each characterized by

a particular type of ice and ice movement.
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Implications

The selection of offshore sites and the design of offshore structures

must take into account ehe potentially high seismic risk based on the

evidence of nearby Holocene faulting. In addition, the possibility for

seismically induced and wave-induced liquefaction is relatively high

for much of the Norton Sound region underlain by well sorted deltaic

sediments. Other potential gee-hazards include rapid erosion and sedi-

menta~ion  associated with sub-ice channels, the mobility and deformation

of seasonal pack. ice, the extent and variability of shorefast ice, and the

possibility of offshore permafrost beneath part of Norton Sound. Lastly, the

predicting the paths of sediment and/or pollutants is complicated by the

seasonal variability of coastal processes and the shallowness of the

depositional basin which cause extensive reworking and redistribution

of sediment.



11. INTRODUCTION

The overall objective of this study is to provide information on the

depositional  environments and associated geologic processes which charac-

terize the Yukon-Kuskokwim delta complex (Fig. 1). These data, in turn,

can aid in evaluating the potential environmental impacts of the proposed

exploration for hydrocarbons in the Norton Sound region..

Specific objectives of this study fall into two categories: a) those

directly related to the initial phase of selecting offshore leases, and

b) those related to the possible subsequent selection of shoreline sites

and transportation facilities. Because of the need for timely information

concerning the selection of offshore tracts, only those objectives and

associated data products related to the first category will be

in this part of the Final Report. They include:

1)

2)

3)

4)

Provide information on the age of faulting and volcanism

region to aid in determining the potential seismic risk.

Provide information on the distribution of permafrost in

region to aid in determining the probability of offshore

frost.

considered

in the

the

perma-

Map the depositional  environments of the modern Yukon delta,

including offshore facies , with an evaluation of the potential

geologic hazards (e.g. liquefaction susceptibility, erosion and

sedimentation potential) which characterize each depositional

environment.

Study the seasonality  of coastal process~s  in the Norton Sound

region, emphasizing the patterns and rates of ice movement during

the winter months as determined from satellite imagery.

Data products related

ment will be provided

Summer, 1980.

to the latter stages of exploration and develop-

in the second part of the Final Report to be submitted



7

111. CURRENT STATE OF KNOWLEDGE

The suspended sediment load of the Yukon River

in the world (Inman and Nordstrom, 1971), providing

sediment presently entering the northern Bering Sea

The Yukon and Kuskokwim Rivers have combined to form

plain in the world (Inman and Nordstrom, 1971), yet

is the 18th largest

over 90% of the

(Lisitsyn, 1966).

the 7th largest delta

despite its size,

relatively little is known of its Quaternary history or ehe processes by ‘

which the Yukon-Kuskokwim complex was formed.

There has been a significant amount of work done on the Cenozoic

tectonic history of the region (e.g. Patton, 1973; Nelson and others, 1974;

Marlow and others, 1976). Similarly, there have been numerous studies

of Quaternary sediments on the northern Bering Sea shelf (e.g. Moore, 1964;

McManus and others, 1974; 1977; Nelson and Creager,  1977; Drake and others,

1979) as well as the Holocene sediments at the mouth of the Yukon River

(Matthews, 1973). In addition, Thor and Nelson (1979) recently provided

a synthesis of the geologic processes and geologic hazards in the Norton

Sound region.

With the exception of the work of Matthews, however, none of these

studies sampled anything but the most distal portions of the Yukon delta.

In addition, the geologic mapping of the subaerial delta complex has

been largely restricted to regional reconnaissance mapping (e.g. Hoare, 1961;

Hoare and Coonrad, 1959a, 1959b; Hoare and Condon, 1966, 1968,  1971a, 1971b).

Thus this is the first study to deal in detail with the depositional en-

vironments and processes of both the delta plain and associated offshore

facies.
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Iv. STUDY AREA

The combined Yukon-Kuskokwim delta complex (Figure 2) is an area

of unique natural resources covering over 54,000 square kilometers. It

has a large native population living in large part on a subsistence economy.

It provides access to most of the spawning areas for salmon in the region.

It is, in addition, one of the most significant breeding grounds for

migratory birds in North America.

The delta region is largely a flat, featureless plain consisting of

wet and dry tundra, interrupted by innumerable lakes, many of which are

oriented. Many of these lakes have coalesced laterally to form very

large bodies of water (e.g., Baird Inlet) connected to the sea by a series

of ancient river channels. The flatness of the delta complex is interrupted

by numerous small Quarternary shield volcanoes, the major uplifted massifs

of the Askinuk and

which forms Nelson

The coastline

Kuzilvak Mountains, and

Island.

is extremely varied, in

the Quarternary volcanic complex

part because of the complex

geology along the coast, and in part because of the lateral variability of

sediment sources and tidal range. For example, broad tidal flats, locally

bordered by short barrier islands, flank the macro-tidal Kuskukwim delta,

whereas the micro-tidal Yukon delta is fringed by distributary mouth bars

and interdistributary tidal flats. Sandy beaches are present near Hooper

Bay, where Wisconsinan(?) sediments provide the source of sediments,

whereas steep gravel beaches and rocky headlands form along the cliffed  “

shorelines at Cape Romanzof,  Point Ramanof, and Nelson Island where

Cretaceus bedrock crops out. Most of

of low, eroding bluffs cut into poorly

the remaining coastline consists

consolidated Pleistocene deposits.’
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v. SOURCES, METHODS, AND RATIONALE OF DATA COLLECTION

Geologic mapping in the delta complex (including the delineation of

potentially active faults) consisted of the compilation of existing geologic

maps, interpretation of aerial photography and sattelite  (Landsat) imagery,

and field work. Regional reconnaissance mapping by Dr. Joe Hoare and associates

at the U.S. Geologic Survey was available for most of the delta region at

a scale of 1:250,000. In addition, photo coverage of the entire delta

region taken in 1952-1954 is available, as is recent coverage (1973, 1976)

for much of the coastline. Landsat imagery was also very useful for regional

geologic mapping.

Field work during the summers of 1975-1978 included the description of

vegetation assemblages and collection of numerous grab samples and short

cores to describe the various depositional environments, the establishment

and re-occupation  of coastal benchmarks to measure the short-term rates of

shoreline change, and the collection of organic-rich material for radiocarbon

dating. The radiocarbon dating (Univ. Texas Radiocarbon Lab, Austin) aided

in establishing the probable age of most recent faulting in the delta

region. Part of the field work also involved obtaining several cores

from two volcanic lakes in the delta region using a modified Livingston

piston corer from a floating platform. These cores are presently being

analysed by Dr. Tom Ager. (U.S.G.S., Reston, Vs.) to determine the frequency

of explosive volcanism in the region (via ash content), the sources and

rates of sedimentation, and evidence of climatic change (via pollen analysis).

The delineation of offshore depositional enviornments was done mainly

by interpretation of satellite imagery, bathymetric maps, and offshore

cores-provided by the U.S.G.S. (Menlo Park California). The Landsat imagery

was particularly useful in delineating the sub-ice channels during periods

of freezeup and breakup. Existing bathymetric data (mainly vintage 1899),
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was compared with traverses obtained by R/V KARLUK (USGS cruise, 1978)

to estimate long-term rates of erosion and sedimentation of the delta front.

In addition, the locations of the sub-ice channels from 1899 to 1978 were

compared by the use of the Landsat imagery, allowing an estimation of the

rates of lateral migration (and associated erosion and sedimentation).

The KARLUK also collected 22 vibracores off the front of the modern

Yukon delta. These cores, in combination with numerous box cores taken

farther offshore by C. Hans Nelson (U.S.G.S. Menlo Park, California) and

sediments described by McManus and others (1977) allow a better under-

standing of the patterns of sedimentation in the region.

Sequential Landsat imagery (1973-1977) was used to study the patterns

of ice formation from freezeup to breakup in the Norton Sound region.

Sidelap of images taken on successive days allowed the calculation of daily

rates and directions of ice floe movement. The resultant patterns of ice

movement were compared with synoptic weather data obtained from daily

surface synoptic weather charts, as well as available bathymetric data and

information of ice gouging (Thor and Nelson; 1979).



VI. RESULTS

Those data products related to geologic problems on the subaerial

portions of the delta plain (e.g. geologic and tectonic maps, maps of

coastal morphology and shoreline stability) will be included in the second

part of the Final report to be submitted Summer, 1980. The results with

direct implications to the earlier phases of site selection are discussed

in this report. They include the following:

1) Recognition of widespread geomorphic evidence of Quaternary faulting,

some of which cut Holocene fluvial deposits. Some of these faults are

continuations of major fault systems, hence the magnitude of the

potential seismic event may be large, even though the historical

seismicity is rather low.

2) There is no evidence of explosive volcanic activity in the delta

region having occured  during the Holocene, and some suggestion that

it may not have occured  within the last 24,000 years, thus it seems

likely that the risk from volcanism is minimal.

3) Pleistocene sediments beneath most of Norton Sound contained thick,

ice-bound permafrost which was actively forming as recently as 10,000

years ago; some may remain offshore as relict permafrost. Offshore

permafrost in modern sediments is less likely, and if present, wiil

be thin, discontinuous, and restricted to water depths <1 meter.

4) A map of the depositional environments of the modern Yukon delta

(Fig. 3) illustrates the differences between this delta and those

previously described. Each depositional environment is characterized

as to dominant process and potential geologic hazards. A more

detailed discussion of the modern depositional environments is provided

by Dupr& and Thompson, 1979 (Appendix I).

5) A preliminary map of offshore sediment characteristics (Fig. 5 ) provides

some information as to the degree of sediment reworking and the possible

paths of sediment (and pollutant) transport.

6) A preliminary zonation of ice hazards in Norton Sound (Fig. 6 ) illustrates

the relatively systematic variations in patterns and rates of ice

movement during the winter. A more detailed study of ice movement in

the Norton Sound region is provided by Ray and Dupr~, in review

(Appendix 11).
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VII. DISCUSSION

Tectonic Framework:

The Yukon-Kuskokwim delta complex is located within the Koyukuk volcano-

genic province which has been characterized by recurrent faulting and syntectonic

volcanic activity throughout Mesozoic and Cenozoic time (Patton, 1973). Most

of the major faults in the region (e.g., the Kaltag fault) formed and were most

active during late Cretaceus and early Tertiary time (Hoare, 1961), however,

many of these structures have remained active, albeit at reduced levels of acti-

vity, to the present (e.g., Hoare, 1961; Patton and Hoare, 1968; Grim and

McManus, 1970).

Most of the newly recognized faults, photo-linears, and measured joint sets

within the Quaternary deposits are parallel to or are extension of previously

mapped faults. There is no evidence of the Kaltag fault passing through the

modern lobe of the Yukon delta, as previously suggested by Hoare and Condon

(1971), however this may simply be the result of masking by the relatively

young (<2500 yrs) delta. Alternatively the Kaltag may splay into a series of

southwest-trending faults which transect the Andreski Mountains and continue

across the delta plain.

The age of the most recent faulting remains uncertain, however at least

some of the faults appear to cut Holocene deltaic and fluvial deposits. The

recentness of fault movement, as based on geologic criteria, is consistent with the

recent work on

as well as the

Nelson, 1978).

tion corridors

movement along

microseismicity  in the region by Biswar and Gedney (OCSEAP R.U. 483),

abundance of fault scarps detected by Johnson and Holmes (in

Thus it seems clear that the selection of potential transporta-

must take into account the possibility of significant ground

at least some of the fault zones in the area. In addition, all

site investigations must evaluate the potential for ground shaking and lique-

faction due to such an event, even though the historical seismicity is relatively
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low . This is particularly important as almost all of the Holocene fluvial and

deltaic  sediments are characterized by grain size distributions which suggest

they are highly susceptible to liquefaction.

The Quarternary volcanism probably occurred over a wide period of time, as

evidenced by the various degrees of weathering and slope modification; however

paleomagnetic  data indicate that almost all of the basalts are normally polarized,

hence are younger than 700,000 years old (Hoare

taken from a volcanic lake in the middle of the

deposit which is approximately 3500 years old.

and Condon, 1971b). A core

delta complex contains an ash

However, the composition of the

ash suggests it was derived from a distant source (e.g. Alaska Peninsula). There

is no other evidence of volcanism preserved in the core, which probably records

an interval of approximately 24,000 years, suggesting either that the most recent

volcanism in the region was far removed from the lake or that it predates the

core. The latter seems most likely, as cores taken from a volcanic lake near

St. Michaels, east of the delta, also show a lack of locally derived pyroclastic

material (Dr. Tom Ager, U.S.G.S. , written communication). Thus it seems likely

that the risk due to volcanic activity should be considered minimal.
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Permaf rest:

The presence of permafrost in the

is well established by an abundance of

Yukon-Kuskokwim  delta region

geomorphic criteria, including

polygonal ground,

string bogs. The

by field studies,

palsas, thermokarst  lakes, solifluction  lobes, and

type and extent of permafrost is further documented

unpublished drillers reports, and a study by the

U. S. Geological Survey (Williams, 1970). Previous Annual Reports have

described the extent and variability of permafrost in some detail,

and will not be repeated here. Rather the concern at present is to

discuss the possibility of offshore permafrost in the region.

The modern lobe of the Yukon delta and associated chenier plain

are relatively young geologic features, having formed approximately

2500 years ago. There is evidence of permafrost forming in much of

interior parts of the modern delta plain, however it appears to be

the

discontinuous and relatively thin (2-3 m thick ?). There is little

evidence of permafrost presently forming along the prograding margin

of the delta plain. If permafrost is actively forming in modern

deltaic sediments offshore, it is certain to be thin, discontinuous,

and restricted to sediments in water depths of less than one meter,

coincident with the distribution of bottomfast ice.

The possibility of relict permafrost existing offshore is more

difficult to predict.

10,000 years ago when

rise in sea level (C.

Norton Sound was emergent until as recently as

it was flooded during the last glacio-eustatic

Hans Nelson, U.S.G.S., unpublished data). Thus

until recently Pleistocene sediments similar to those which presently

cover much of the delta region were exposed offshore. The Pleistocene

sediments onland are characterized by extensive permafrost (including
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large ice wedges and massive ice) locally Up tO 200 m thick. The permafrost

began to degrade following the submergence of Norton Sound, however some

may remain offshore as relic~ permafrost depending on 1) the original

thickness of permafrost, 2) the nature of the Pleistocene sediments, 3)

the thermal properties of the overlying water mass, and 4) the possible

presence of Holocene river channels (cf. Hopkins, 1978).

More detailed seismic studies and exploratory drilling are necessary

before a more definitive statement can be made as to the presence of

offshore permafrost in the Norton Sound region. Nevertheless, it is

clear that most of Norton Sound was underlain by thick, ice-bound

permafrost which

Thus a very real

bound permafrost

seems especially

was actively forming as recently as 10,000 years ago.

possibility exists for the presence of relict ice-

underlying parts of Norton Sound. This possibility

high east of the modern delta, between Apoon pass and

St. Michaels, where the shoreline is rapidly eroding Pleistocene sediments

at rates of approximately 17 m/yr.. It seems likely that in this area

the thick permafrost exposed along the shoreline extends for some

distance offshore.
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Depositional  Environments of the Modern Yukon Delta:— —  — ——

The modern Yukon delta has several depositional environments lacking

in deltas formed in more temperate climates. These depositional environ-

ments are but one indication of the extreme seasonality of coastal pro-

cesses which probably characterize many high-la~itude  continental shelves.

Table 1 is a preliminary attempt to assess the relative importance of

these processes within each environment. The ability to predict the types

of processes as well as the sediment characteristics and geotechnical

properties which characterize each environment, should greatly aid in

minimizing both the costs and environmental impacts of”siting both

offshore and onshore structures. This report will emphasize only those

environments and processes which might directly affect the early stages

of site selection. A more detailed description on the onland environments

will be included in the second part of the Final Report.

The subaerial morphology of the Yukon delta is similar to lobate,

high-constructional deltas described by Fisher and others (1969) as

typical of bedload-dominated rivers emptying into shallow depositional

basins. An examination of the subaqueous morphology of the delta,

however, suggests such a classification fails to recognize some of the

unique aspects of the Yukon delta.

The delta plain is fringed by prograding tidal flats and distributary

mouth bars, similar to many previously described deltas. The Yukon is

unusual, however, in that the delta front and prodelta are offset from

the prograding shoreline by a broad platform (here referred to as the sub-

ice platform), typically 1-3 meters deep and locally up to 30 km wide.

The resultant subaqueous profile (Fig. A-5)* is quite unlike those of wave

and river-dominated deltas described

addition, the platform is crossed by

*in Appendix A

by Wright and Coleman (1973). In

a series of subaqueous (sub-ice)
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DEPOSITIONAL ENVIRONMENTS FLOODING ICE SCOUR SEDIMENTATION EROSION PERMAFROST LIQUEFACTION

Active Distributary High Moderate High High None High

Abandoned Distributary Moderate Low Moderate High
DELTA

Low-Mod Mod-High

PLAIN Interdistributary Marsh Moderate Low Low-Mod Low Low-Mod Mod - LOW

Coastal Marsh High Moderate High Variable Low Low

Distributary Mouth Bar High Moderate High Low-Mod Low Mod-High

Tidal Flats High Mod-High High Low Low Variable
DELTA
MARGIN Sub-ice platform N/A Mod-Low Variable Variable None Variable

Sub-ice Channels N/A Low High High None High

DELTA FROST N/A High Variable Variable None Mod-High

PRODELTA N/A Mod-Low Moderate Mod-Low None Low-Mod

Table 1:’ A preliminary ”summary of non-tectonic geological hazards ofehe mbdern Yuko~”Delta
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channels which extend up to 20 km beyond the mouths of the major dis-

tribuarf.es. ,

The sub-ice platform and associated sub-ice channels appear to

be related to the presence of shorefast ice which fringes the delta for

almost half of the year. Several workers (e.g. Reimnitz and Bruder,

1972; Reimnitz and Barnes, 1974; Walker, 1974) have noted that patterns of

nearshore sedimentation along the north slope of Alaska are strongly

influenced by the presence of shorefast ice. Naidu and Mowatt (1975)

suggested that this is unique to deltas formed by polar rivers in the

Arctic. I believe that these smaller arctic deltas , as well as larger

deltas such as the Yukon, Mackenzie, and Lena, actually represent a

separate type of ice-dominated delta , morphologically distinct from

the wave-,river-, and tide-dominated deltas previously described in

the literature (e.g. Galloway, 1975). The Yukon delta may provide a

model for such an ice-dominated delta (Dupr4 and Thompson, 1979; Appendix

A).

Delta Plain: The delta plain consists of a complex assemblage of

active and abandoned distributary channels and channel bars, natural

levees, interdistributary  marshes, and lakes (Fig. t} ), however for the

purpose of this report, it will remain undifferentiated. Much of the

older, more inland parts of the delta plain show clear evidence of

permaforst, however it appears to be discontinuous and relatively thin

(2-3 meters?). Flooding is a major hazard on much of the delta plain,

as is erosion and sedimentation associated with the meandering active

distributary channels. In addition, much of tine sediment deposited in

the channels and channel bars consists of relatively well-sorted sands

and silts with a high susceptibility for liquefaction.



21

A . J D I S T R I B U T A R Y

0

@

MOUTH BAR

~o

>,#’’”!

C .

VE DISTRIBUTARY

\

Figure 4: Depositional Environment within the Delta Plain of the Modern Yukon delta.
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Delta Margin: The delta margin is a term used here informally to

include the programing tidal flats and distributary mouth bars as well

as the sub-ice platform and associated sub-ice channels.

The tidal flats are typically 100-1000 m wide where they occur along—  —

the prograding margin of the modern delta. They consist of poorly-

sorted sandy silts with a low liquefaction susceptibility in areas of

relatively low wave energy (on the northern side of the delta), and

moderately sorted silty sands with a moderate susceptibility for liquefac-

tion in area of higher wave energy (on the western side of the delta).

Rates of net erosion and deposition are relatively small, however rates

of shoreline progradation may be locally up to 50 m/yr. In addition,

some of the tidal flat areas are eroding at rates of up to 5 m/yr.

The distributary mouth bars are typically middle-ground bars which—  —

form at the mouths of the major distributaries. They generally consist

of moderately to well-sorted sand and silty sand with a relatively high

susceptibility for liquefaction. They are dominately prograding features,

however some erosion may occur during storms or where adjacent to

laterally meandering sub-ice channels.

The sub-ice channels are the offshore extensions of the major

distributary channels, and are most common on the western margin of the”

delta. These subaqueous channels are typically 1/2 to 1 km wide, 5-15 m

deep, and extend up to 20 km beyond the shoreline. The channels are

presently actively transporting sediment {at least during parts of che

year) as evidenced by the seaward-migrating sand waves up to lrn high in

the channels (D. Thor, U.S.G.S. , personal communication). The presence

of the well-sorted channels sands, combined with the relatively steep
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channel margins, results in a high potential for liquefaction. This

is further substantiated by the abundance of liquefaction-induced deformation

features observed in cores obtained from channels deposits by the R/V

KARLUK (U.S.G.S. cruise,

changing their course by

Lateral rates of channel

the basis of bathymetric

1978). The channels appear to be actively

a combination of lateral meandering and avulsion.

migration have been measured up to 50 m/yr. on

maps and Landsat imagery. Thus the potential

exists for erosion of adjacent platform deposits to depths of 5-15 m

(equal to the depth of the channels), perhaps during a single flood

event. Similarly, rapid sedimentation may be expected on the subaqueous

point bar deposits.

The sub-ice platform has an extremely gentle slope (typically 1:1000.—

or less) and shallow water depths (l-3 m) extending up to 30 km beyond

the shoreline. The sub-ice platform on the western margin of the delta

is dominated by the proximity of numerous sub-ice channels, hence sub-

aqueous levee deposits are common. In contrast, the platform on the

northern side of the delta appears to be characterized by more reworking

of sediment, with undulatory ridges and troughs especially common near

the outer edge of the platform.

Unlike most deltas, there is an offshore increase in the precent

of sand on the sub-ice platform (Fig, A-7)* due to the increased reworking

of sediment on the outer edge of the platform. The liquefaction potential

of these sands may not be as high as first expected, however, because

much of the sand is relatively densely packed due to the higher wave

energy on the outer platform. In contrast, the sandy levee deposits

probably have a high potential for liquefaction. There is little net

erosion or deposition on the platform, as it is largely an area of

~-in Appendix A
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sediment erosion and

where erosion can be

The delta front.  —

bypass. The main exception is near

both substantial and unpredicted.

is a term used here to describe the

sub-ice channels,

relatively

steep (typically greater than 1:500) zone which fringes the delta in

water depths of approximately 3-14 m. It is an area of relatively rapid

deposition in the western portions of the delta due to the proximity of

the major sub-ice channels which empty much of their sediment load on

the delta front. Up to 6 m of sediment appears to have accumulated in

this area during the last 80 years. Most of that deposition was as a

series of storm-induced (?) sand layers typically 5-20 cm thick, thus

the amount of deposition during any given event is probably relatively

small. The northwestern margin of the delta front consists of a series

of large (2-5 m high) shoals, locally up .CO 50 km long, These shoals

appear to be migrating laterally

pattern of long-term erosion and

the northern margin of the delta

into Norton Sound resulting in a complex

sedimentation. The delta front along

appears to be eroding, with up to 4 m

of sediment having been removed during the past 80 years. The amount

of sediment removed during a single storm event remains uncertain.

Most of the delta front along the western margin of the delta is

in the zone of wave buildup and appears to consist of relatively well-

sorted, fine grained sand with a relatively high susceptibility for

liquefaction. Similarly, the linear shoals consist of moderately well

sorted sand with a relatively high susceptibility for liquefaction. The

sediment characteristics of the delta front along the northern margin

of the delta are less well known, hence their susceptibility for lique-

faction remains uncertain.

The prodelta is characterized by extremely gentle slopes (typically
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1:2000) marking the distal edge of the deltaic sediments which extend

up to 100 km offshore. Sediment is initially deposited from suspension

in this environment, however water depths are still relatively shallow

(10-20 m) hence much of the sediment is subsequently reworked. Evidence

of such reworking is clearly demonstrated by the unusual pattern of tex-

tural parameters (Fig. 5 ). The southwestern margin of the prodelta

sediments (adjacent to the largest distributaries) consist of well-

sorted silty sand, grading northward to moderately sorted silty sand

and eastward to poorly sorted sandy silt and silt.

The potential hazards due to sedimentation andlor erosion appear

to be minimal in these deposits, as it seems unlikely that the resuspen-

sion of sediment occurs to any great depth. The liquefaction suscepti-

bility of these sediments may be relatively ‘nigh, particularly in the

silty sands and sands of the western part of the prodelta. These sands

are relatively thin, however (typically less than 2 m; Nelson and Creager,

1977), thus they would probably have little

structures. The silts in the northern part

(up to 8 m), however they may be too poorly

effect on deep-seated

of the prodelta are thicker

sorted to liquefy.
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Sediment Dispersion Patterns:

Most of the sediment introduced into Norton Sound is transported

by the Yukon River during the summer, much during the relatively short

interval of

tidal flats

transported

breakup. Some of the sediment is deposited in programing

and distributary mouth bars along the coast, however most is

offshore as bedload with the sub-ice channels and as suspended

sediment within the sediment plume of the Yukon. Some of the sediment

is deposited on the subaqueous levees adjacent to the channels, however

much of the bedload appears to be deposited up to 20 km beyond the

shoreline at the delta front. In addition, the suspended sediment

plume may extend up to 75 b offshore. Once the sediment is initially

deposited it may be extensively reworked by a variety cf processes. The

result (Figure 5) is quite unlike the more typical graded shelf pattern

where sediments become progressively finer grained and more poorly

sorted offshore.

The sediment on the western portion of the sub-ice platform is

typically coarser grained and better sorted than sediment to the northeast;

this is due to the proximity of the main distributary channels and the

longer fetch and greater wave energy on the western margin of the delta.

The sediment on the outer edge of the sub-ice platform is better sorted

than closer to the shore because of the reworking by waves and perhaps

accelerated sub-ice currents as well. The delta front is generally

within the zone of wave buildup, hence consists largely of relatively

well sorted sands reworked by wave-induced currents. Similarly the

linear shoals of the delta front consist of relatively well sorted sands

which appear to be migrating to the northeast, perhaps due to storm-

induced currents or a bifurcation of the Alaska Coastal Water. Sediment
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initially deposited from suspension on

delta is periodically resuspended by a

and storms) and reworked. Much of the

the western margin of the pro-

variety of processes (e.g. tides

sediment may remain within

the Alaska Coastal Water to be ultimately deposited in the Chukchi

Sea, up to 1000 km to the northwest (Mclflanus and others, 1977, Nelson

and Creager, 1977). In other cases, the resuspended sediment appears

to be transported

induced currents,

The sediment

the winter due to

to the northeast, perhaps in response to storm-

to be deposited in the central part of Norton Sound.

supply into Norton Sound is virtually cut off during

the reduced flow of the Yukon River. Nevertheless,

Drake and others (1979) have documented significant amounts of suspended

sediment beneath the ice canopy. This implies that sediment is being

resuspended during winter as well, although the exact processes and

directions of sediment transport remain unclear.

In summary, the patterns of sediment dispersion in the Yukon delta

region of Norton ‘sound are complicated by the shallowness of the deposi-

‘tional basin, the extensive reworking of sediment, and the extreme

seasonality of marine processes. This increases the necessity of

obtaining much more information before it will be possible to make

accurate predictive models of pollutant paths.
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The patterns of ice formation, movement, and deformation in the

Norton Sound region were studied with the use of Landsat and NOAA

satellite imagery for the years 1973-1977. The results document not

only the marked seasonality of marine processes throughout the year,

but also the significant role of bathymetric

in controlling the patterns and rates of ice

The results have been summarized in a map of

and meteorologic conditions

movement in the region.

generalized ice hazards

Figure 6) , similar in many ways to the maps done for the entire

Bering Sea by Stringer (1978). The following is a brief summary of

the types of ice-related hazards which characterize each of the

zones. The reader is referred to Appendix B for a more detailed dis-

cussion of the ice-dominated regime

in review) .

Zone Ia is a zone of shorefast

edge of the sub-ice platform of the

of Norton Sound (Ray and Dupr&,

ice which extends to the outer

Yukon delta, approximately coinci-

dent with the 2-3 meters

throughout the winter in

distributaries (shown in

water depth. Over-ice flow (aufeis)  occurs

areas of bottomfast ice near the major

hatchered pattern). Sub-ice currents

beneath the floating fast ice may result in some resuspension of sedi-

ments in the sub-ice channels and on the outer edge of the sub-ice

platform. This is a relatively stable zone throughout the winter,

however large sheets of ice may break off during Spring breakup. Zone Ib

is a slightly less stable area characterized by floating fast ice during

most of the winter, however ice can be completely lacking and replaced

by a large area of open water under some conditions (e.g. March 13-15,

1976) . Zone Ic is the zone of shorefast ice which fringes most of Norton
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Sound . It is largely floating fast ice, and

tent and less stable, as large sheets of ice

throughout the winter. .

is more variable in ex-

may break off repeatedly

Zone IIa is a broad, seaward accreting stamukhi zone formed by

the convergence and deformation of ice formed mainly in Norton Sound.

The configuration of the outer margin of this zone appears to be con-

trolled by Stuart Island to the east and a series of offshore shoals

to the west; it is approximately coincident with the 14m isobath. It

is characterized by extensive ice shearing and a relatively high ititensity

of” ice gouging of the sea floor (as delineated by Thor and Nelson, 1979).

Zone IIb is located west of the delta in water depths from 3 to 14 m.

It is a relatively unstable area characterized by ice deformation and

accretion to the shorefast ice (Zone Ia) during periods of onshore

(westerly) winds and an offshore movement of ice and the development

of a large> open water area

winds. It is characterized

gouging.

Zone III is an area of

(polyna) during

by a moderately

periods of offshore (easterly)

high intensity of ice

seasonal pack ice formed mainly in situ,.—

within Norton Sound. The ice typically moves south and west in response

to the dominate northeasterly winds throughout the winter, however it

may drift slowly in response to oceanic currents during periods of low

winds. The southern portion of this zone is characterized by widespread

shearing of ice, and is approximately coincident with the area of very

high density of ice gouging delineated by Thor and Nelson (1979). The

western boundary is approximately coincident with the 20m isobath,

separating pack ice formed in Norton Sound from the thicker pack ice

formed farther to the north. Bering and Chukchi pack ice enter the

sound only rarely when especially strong northwesterly winds blow.
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Zone IV consists of seasonal pack ice formed in the northern Bering

and Chuckchi Seas. It typically moves to the south in response to

northerly winds for most of the winter, however short-lived periods of

northerly ice

systems. The

late April or
.

movement can occur during the passage of low pressure

ice typically begins to consistently move to the north

early May. Zone IVa is the “racetrack”, characterized

in

by

intervals of extremely rapid, southerly movement of pack ice (up to

45 km\day) following major ice deformation events north of the Bering

Straits (described by Shapiro and Burns) 1975) . This zone is character-

ized by highly fractured nilas ice during periods of relative quiescence.

The eastern margin of this zone is approximately coincident with the

22 m isobath. The western margin is more variable, as it appears to be

controlled by the geometry of ice piling

St. Lawrence Island. The rapid movement

grounded ice, as well as the lack of ice

and Nelson, 1979). Zone IVb is in water

characterized by less rapid ice movement

Some grounded ice may occur in

shoals southwest of the delta.

this zone,

Zone IVC

up on the northern side of

is evidence of the lack of

gouging (as delineated by

depths of 22 to 20 m, and

than in the “racetrack”.

Thor

is

particularly in the area of

is in water depths of 20 to 14mj

and is characterized by open water during periods of easterly winds, and

by onshore moving pack ice during periods of westerly winds. It differs

from zone IIb mainly by its mobility, i.e. it rarely forms a stamukhi

the shorefast ice. Nonetheless, some grounded ice and

occur in this zone as well. Zone IVd is similar to zone

studied in detail.

zone accreted to

ice gouging will

IVb, and was not

Zones Va and Vb are zones of ice”divergence formed—

offshore winds (cf. Muench and Ahlas, 1976) . “These are

of open water where ice is actively forming for most of

by persistent

typically areas

the winter.
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VIII CONCLUSIONS

1. The Yukon Kuskokwim delta region is characterized by widespread

evidence of Quaternary tectonism. Evidence of Holocene faulting, coupled

with the relatively high susceptibility for liquefaction of most of the

fluvial and deltaic sediments, constitute potentially serious geologic

constraints to the selection of offshore sites and the design of offshore

structures. The risk from explosive volcanic activity, howev+r, appears

minimal.

2. Pleistocene sediments beneath most of Norton Sound contained thick,

ice-bound permafrost which was actively forming as recently as 10,000

years ago; some may remain offshore as relict permafrost. Offshore

permafrost in modern sediments is less likely, and if present, will

be thin, discontinuous, and restricted to water depths <l meter.

3. The depositional environments of the Yukon delta differ from m o s t

previously described deltas, mainly by the presence of a broad, shallow

sub-ice platform and associated sub-ice channels. The potential for rapid

erosion by these actively meandering subaqueous channels is especially

serious, as is the relatively high susceptibility for liquefaction of much

of the offshore sediments,

4. The shallowness of Norton Sound, combined with the marked season-

ality of marine and fluvial processes, has resulted

of sediment resuspension and reworking. This makes

of sediment (and pollutants) transport more complex

in deeper basins in more temperate climates.

in a complex pattern

the predicted paths

than might be expected

5. Satellite imagery, used in combination with available weather data$

has documented relatively systematic patterns of ice movement controlled

largely by local winds and offshore bathymetry. This has allowed the

sub-division of the Norton Sound region into zones, each characterized by

a particular type of ice and ice movement.
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IX RECOMMENDATIONS FOR FUTURE WORK

There are a variety of potential geologic hazards which must be

considered in the course of developing Norton Basin. Many of these

relate to the Quaternary deposits and the processes by which they formed

(including those active today). Some of the problems require substantial

additional study. They include the following:

1) LIQUEFACTION

Most of the sediments on the delta margin and delta front consist

of well-sorted sands and silts which may have a high potential for lique-

faction. These sediments commonly occur in the sub-ice channels,

the outer edge of the sub-ice platform} and on the delta front in the

western part of the delta. This is based not only on the grain size

analyses> but also on the abundance of liquefaction-induced deformation

features noted in cores from the Karluk, particularly where sub-ice

channel facies were cored.

Recommendation : Look at the relationship between the potential

for liquefaction as a function of depositional environment, emphasizing

the correlation between grain size, liquefaction-induced features, and

envircmment. If the ‘correlation exists ‘(and I believe strongly that
.

it does) , spend more effort in obtaining more ‘information on the

geotechnical properties of sediments in the various environments

and a more detailed”map on the distribution of the depositional environ-

ments (NB the distr.ibutien “of the’sub-ice  channel and delta front “

facies as well as the thickness of the Holocene sediments).

2) SUB-ICE CHANNELS

These channels appear restricted to ice-dominated deltas> hence

they may present some unexpected problems. They are presently actively

meandering with erosion on the cut banks and deposition on the sub-

aqueous point bars. The channels are up to l\2 km wide and up to 10 m

deep, and appear to be areas of active sediment transport as well, with

sand waves up to 1 m high locally. There is, thereforq~. Potential for

scour and fill in these channels, especially during spring breakup.

Recommendation: Compile existing Landsat and bathymetric data on

the geometry and distribution of these channels, including any evi-

dence on the rates of channel migration comparing the old maps with
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the newer data. Consider in situ monitoring before, during, and——
after breakup to determine the amount of scour and fill that might

occur (alternatively, obtain vibracores in the channels to determine

the thickness of the channel fill deposits, which should approximate

the depth of scour during flooding). Also consider a situ moni-

toring of currents in the channels during storms and under the ice,

as they may serve as conduits for return flows resulting in flushing

of sediments.

3) DELTA FRONT

The delta front is a relatively steeply dipping area from

3 to 15m water depth which appears to be an area of relatively active

deposition in the western part of the delta, near the mouths of the

major distributaries. It appears to be an area of erosion, however,

on the northern parts of the delta based on preliminary comparisons

of 1899 bathymetry with data collected from the R\V KARLUK (USGS

cruise, 1978). In addition, the northwestern part of the delta

front appears to consist of a series of migrating linear shoals

with a resulting complicated patterns of erosion and deposition. This

is also an area where liquefaction-induced slope failures are likely

to occur.

Recommendation: Make a detailed comparison of the pre-1978 bathy-

metry with that collected by the R\V KARLUK to determine the direction

and rates of movement. If the rates are such as to represent po-

tential hazards, more detailed bathymetric data should be collected

(this is probably necessary in any case, as the existing data is

quite insufficient). Also obtain side scan data on the delta front

looking for evidence of liquefaction-induced slump features, and

vibracores  to determine the geotechnical  properties of the sediments.

4) OFFSHORE PERMAFROST

There is abundant evidence that much (most?) of Norton Sound

was underlain by thick, ice-bound permafrost which was actively forming

as recently as 10,000 years ago. Thus a very real possibility exists

for the presence of relict ice-bound permafrost underlying parts

of Norton Sound today.

Recommendation: Delineate the distribution of Holocene and

Pleistocene deposits beneath Norton Sound, perhaps with the use of
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high-resolution seismic profiling, coupled with test drilling to

determine the geotechnical properties of the sediments, including

the presence, if any, of relict, ice-bound permafrost.

5) SEASONAL VARIABILITY OF MARINE PROCESSES

It has become increasingly apparent that the processes of sediment

transport and deposition (and resuspension) are far more complex than

previously thought. The extreme seasonality of processes, including

those associated with river influx, wind and waves, oceanic and tidal

currents, and ice must be studied in more detail if predictive models

of sediment (and pollutant) transport are to be properly developed.

Recommendation: Fund a series of coordinated, interdisciplinary—

studies of in situ monitoring of processes during several periods of.—
the year. -Such a program could be patterned as follows:

a) Winter-dominated period: this would include both.lab studies

of weather patterns and ice movement as detectable on satellite

imagery, as well as field studies to measure ice thickness and

patterns of ice movement and deformation, as well as sub-ice

processes such as oceanic currents and

environments such as sub-ice channels,

prodelta.

b) Breakup: This period is of extreme

tides in a variety of

the delta front, and

importance in establishing

and maintaining many of the environment which appear unique to

ice-dominated coastal zones. In situ monitoring of currents and.—
sediment transport on top of the fast ice and below the ice canopy,

both in sub-ice channels and in the sub-ice platform.

c) River-dominated period: This is a period dominated by the

high sediment discharge of the Yukon. Studies emphasizing the

pattern of sedimentation during this time would be extremely use-

ful . Offshore wave and current meters would be installed at this

time.

d) Storm-dominated period: Late summer and early fall is a period

dominated by the combined effects of decreasing sediment input and

increasing storm frequency (hence sediment reworking) . In situ— .—
monitoring of offshore processes is particularly important at this

time.
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e) Freezeup: It also would be useful to study the processes by which

the shorefast ice forms and expands over the sub-ice platform and

associated channels. This also would require in situ monitoring——
during late October to early November.
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THE YUKON
TATION IN

APPENDIX A:

DELTA : A MODEL FOR OELTA I C SEDI k!EN-
AN IIX-OOMI  NATED ENk I RONMENT

by w. R. Oupre’ and R. rh~w.ont
University of Houston

kSSTNACT tha Yukon may rejxessnt a distinct class of ..c@-
daninated delta, sbilar in many respscts  to deltas

Field mapping in the Yukon delta region of pressntly  fozming  in the Arctic. Fa il,ure to reccgn  ize
western Alaska, combined %nth laboratory analysis of the unique characteristics of tce-dcminated  deltas can
*dtmsnt  anti Undsa% imagery, has provided insi qhts result in asrtous errors in the estimation of the
into tha role of climate and tsctonics on deltaic ressrvoir  potential of deltsic  ssdiments  deposited
procesess on htgh-latitude cent.inentai she lves. The under similar climatic conditions.
climatic aed tectonic inflwnces  on ssdiment type, in
combination wtth the role of river and ssa ice tn INTROOETION
comcrolling patterns of esdiment trans+ert  and
dspvsition, suggest that thr Yukon dolts may provide a The prasprct of oil and gas expIoratton  in
nudel for deltsic ssdimeneation  in cn ice-daain.sted Norton sound [Fiq. 1) has focused increas. sd attaiatian
● nvirannenz. fan ehe rukon delta,  both as an area that might be

significantly affected by such development, and as a
The cm!bination  of an arctic and sub-arctic possible afial.5que for older, Yukon-derived delta\c

cltiaee and ● xtanstve Csnozotc  tsceonism  has resulted sediment which might same as possibls reservoir rocks
in the production of a ❑ ineralogtcally immatuze  suite in Mortan Sasin.  PTeltminary  studies demone.rata  that
of silts and sands [WPICSLIY felds~thic the de~sitional  enviromr!ents  and related processes
litharenitstr) with a relatise paucity  of clays. me associated vith the Yukon delta differ markedly frcm
textural and mineralogical ccmpesition  of these thos@ of most previously described deltas. The
aedimsmts till, in turn, infl~rm ttbsir  geotechnical purpose o f this XP=r is tO de$cribs the se
pro~rtias as tell as ~st-~pcsitional  cranfaction and enviroanents  and processes, as they nay provide a
diqsnmtic  cffecta. pxsible ui~el for a newly defined chas of iee-

dauinatsd  deltas. Psrts of the medel  are spcetiative,
me processes of aedimsnt trsnspon and hotmver it nay prcmide  a basis for :uture discuaston

deposition in the Yukon dslta vacy sysceroaticslly en the rOle Of ice in delt.aic  aedtientation  on high-
threughoue the war. mere exists M ice-daoinatsd, lstitude  continental shelves.
river-dasinated, and storm-daainstad rx!gimen, ● ach
consisting Of a Characwristie  met of processss. KmNoos
These prececsas  can constitute geoltqic  harards  which —
~= ~* *CASOm -d dspositkmal environment, thsreby
significantly

Held work during the swnoarrs  of 797S through
● ffecting eke siting of off shera 19?8, and intsrprecatton  o f bathymetric and

facilities. topographic maps, aerial photc#graphs, and L+ndsat
tiaqery, have provided am overview of ‘rhs  ma] or

Zhe geuaeery  o f  the &l- ●  d  i t s  various de~sltional environments of ths Yukon delta as wall
dspcsiticmril  enviao~nts  are strongly influenced by ae the pgocesses  which charae%eri.?e  each  environment.
the effects Of sea ice , A caprison  of the Sediment fxm most of thn depesition,al  environments
subaq_McxIs prof $1* of tk Yukon delta u-i th those of was anslyzsd  u s i n g  t h s Rice Un lW rs iey Aueomted
previOucZy  drscribod  rove- and rimr-dminated delta- Sedlsmnt  A&Qyzer  ( ROASA 1. This system uses a Larse
reveals ● bi?md ‘sub-ice platfom” typ:cally  Less than
2m deep and

settling tube @ .snslyze the sand, a smaller rettltnq
up $0 30 km tide separating ehs tubs to analyte the edaxm silt,  ane a hydrophotometer

intertidal depcgits rrrm elm prc-qrading delte  front. to aaalyr..e th@ fine 5U: and clay. Addtticmal  ?raln
mi~ p latform, ● s -11 ● o ● * a O c i a e e d  ‘ s u b - i c e size infozmaeton  MS also  ● vailable far a limited
chsnnels* which ● xtend tans of kilmster$  offshore nuuiber of saEples  fr~ ehs delta front and prodelta
fzoa ths major distributeria*, cormti ewe ma~ or ● nvirmrasnts {*lsnnu.s  and othsrs, 1977 ] and f rm a
dlf ferenoee tith previously described &Ltae. ~us, large, sub-ice channsl  [Hatthevm, 1973). x-ray

phet.cgraphs  of n-rows csres urns .xam  imd tQ provtde
N@ ferencmm  ● nd 111..wtgaetons  ae ● nd OS pa-r. ● dditional information on aedbaneary structures and

.
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rooturbstten,  wrticularl y in tnmrtidal  da~si cc. In
addition, pcint counts =re made et grain mounts  of
sand collected frm  ● var iety of anvtrorrnents  to
d.rtemine  * ● ffaets of Pcawmnem ad elk- Om *
cm!~aition of ths ndtuemt.

=OLOSIC  s.STT2WG

The Yukon Rtvsr dratnS  ● n mea of approximstsly
655, 000 kmz, provtd<nq a Va te s discharae  o f
● pproxtmatsly 6220 m3/xec  ● nd ● Mdbsnt load of
approximately 6S mill ton eon8/yaar, rcpressnctng
● 3nsosc 90s of ths total sedts!cnt  preaanely  entsrtnq
tk+ WStng sea (Ltsitsyn, 1972). Tha soucce area is a
region  of continuous to discontinuous prroufrost
dminated  by mechanical ueetMring ( including the
effaces  of glaciation). ‘i’he result  of such weathering
procssses rhould  & a ssdiment high in stlt mid with a
relative ~uo’ity of clays [e.g. Teber, 19431 Hill and
Tedrow,  1961 ). ● nd thim {S confinsdd  by size analysis
of Yukon wdtmsnts ( Fig. 2). The source area has a
crsnplex history of Cenozoic tsctontsm, whtch, in
c o m b i n a t i o n  w i t h  ths relmtvs lack of chsmtc~l
wathsring,  has rsmlted in CM prcductton  of a
capes  itionally t=ature  suite of ssnds (typically
felde+athic  lithsrenitss). Thus both the tsxture and
caposltton of tke -dtrnrnta  strongly reflect ths
climstic and actanic sattinq of tk drainage basin.

The modern delta of the Yukon Rtvsr  is a
relatively y0un9 geologic feature, havtnq fotmed  since
approximately 2500 years ago, when ths rtvsr course
shifted to where it presenti y e nts rs Norton Sound
IImpre, 1978). Norton Sound ts a broad rs-mtrant  of
ths riarthsrn  6artn.g -a, chsiracterired  by low rates of
tec-anic  subsidence and extrsmsl  y shallow water depths
(qsnerally  legs thsn 20 m). The shallomess of ths
depositioncl  ASin has allowsd  extesuzivs rewerktnq  of
the deltaic sediments by a variety  of processes,
including vases, wind- and tidelly-<nduced  cwrents,
and oreanic Currrents, as WS1l as processes associated
wtth ice movement. The relative importance of these
proceeses  varies systematical.ly thzouqheut  the Year,
snowing the da ftnition  of an tce-dcrnineted, river-
daninatsd,  and Storm-d.aminated  mgtmen [ Ft.q. 3).

s=SONALITY  OF COASTAL PRO=.SS2S

T h e  tce-dciainated  rsqtmen -gins  with freers-up
● long the Cocst in lsts *tober or  N o v e m b e r .
Sherefaat ice  ● xtende fran 10 to 30 Ian of fshors, where
tt is terminated by ● series of pzessure  r<dges  ● nd
s h e a r  $idgss  ( Stsmukhi zone of * i.mnitz and Oth@Zs,
1977 ) fmmrd by the tstaxaction  of the shoref cm ice
with ths highly  ❑ obile, xsaxonal  pxck ice (Fig. 4A].
tl!is typically occurs tn uatsr dspths of S to 10 m,
● nd ts an area of intenxe  ice qeugtng. Gxsqing nay
result to the resuspension of sed-nt vhich  is then
available for rsuotki  ng ● nd re=distrtbutton  by
relatively Xsak, sub-ice currents, sane of xhich may
M tndured by vmrtica2  move=snt  of the flostinq  fast
ice (Sansrs snd -kmnitz,  1973 ).

Rinr breskup  typieslly  occurs tn late NSy,
msrkinq tke bxginninq  af t i n  r<ver-dcmtnated  r.raimen.
Ourtng breakup, much of ths esdi.ment  byp.ssssa  the
nsarshore zone by a cabination of over-ice flow [ cf
Cclvtlle dsltal ● nd sub-ice flow through ● xsries of
channels ~tch  ● xtend up to 30 km Of fehore ( Ftg. 48).
Cmce ths shos’efaat iee mslts  or drifts offshore,
ssdimmatton  is dariinatsd  by nonual *ltaic processes
u n d e r  ths tnflusncs  of th high dtseharge  of the Yhkon
rtvsr. The dantnsnt  northsaatarly  winds  ● re USUS1lY
s8ak ● nd blow over ● relactvsly  ltxited  f8tch, hence

the wave energy  ● long the caemt ta generally 10U
durtng this tires of year.

Increasingly frcqmnt  .Ouchun.tarly winds and
w~s.ss  associated wtth major stems d&rtnq the Iate
suunr,ar  mark che bsqinninq  of t h e mtonn-dcmtnaced

~ The relatively long fetch and h~qh winds
result  in high wavs ● nery particularly on ths usstern
side of chs delta. High wave ● nerqy and rap~dly
decrsasin:  8edi4MnC discharge frm chc Yukon  result  ~n
significant COSStal erOStOn  ● nd reworktng  of deltaic
dspeaits  in elw late stmvssr. Thts continue  until
f rse=-up  vtten ice-related proceasss  regain chs iz
d-lnsnce.

The northwasterIy-floutng  .Uaska Coa-3,  Uster
(ACW) Impinqea on the usstern ctde of the delts
throughout the yaar, although there ● re Larqs seasonsl
variations in ita lateral ● xterit ( coactuaan rind others,
!975). Kigh flow  vclccittes  in the A C W  a p p e a r
responsible for ● larqr amount  Of f ine-gratned
sedhnt bypa~stng  Mrton sound for finsl deposition
in the Chukchi sea, 500-1000 km co ths northwest
(NSlfiOn  and Creager, 1977). .!itmtlarly,  tides wtth a
ranqe of 1-1 1/2 m and ttdclly-induced  currents are
actiws throughout the yxar, but th+ir significance
ma ins UnCleer . It ssems 1 iksly that both the :lw
wtthin  tha ACW and ths tidally-xnduced  currents ars
mast impertant in t:anspert  tag sediment re-sus~ ndeti
by other prccesses  (e.g. storm waves, ice gouging) .

0S3Wi IT IONAL  ENVIROWM2WS

The subaerial morphology of the Yukon delta is
similar to lobate,  hiqh-centructtonal  deltas descrtbsd
by Fisher snd others  ( 1969) as typical af bedlc.ad-
daninatsd  rtvers ● nptyinq into shallow depasttional
basinx. This  is Consistent with the geologic ssttinq
of the Yukon, houwer a mers carefu3 exsminatton  of
the Sukwlqu$ Ous morpholtqy Suggssts that such a
classification fails to recogntrs swe of the unique
aapects  of ehs Yukon delta.

The delta plain G $ringed by programing tidal
flats and dtstributcry  mouth bars, stiilar  to many
previously descrtbsd  deltae. The Yukon delta is
unumsl,  hmevar, i n  t h a t  t h s  deltc front and prodel-d
● re offset f ran ths prqradtng shorel he by a broad
platform (hems referred to as a sub-ice platform},
l-ally up to 30 ha tide. The result is a subaqueous
p r O f  il.S  (Fig. 5  ) qui  - unlike  chess  o f  wave-.  and
ri’nr-dmttnatsd  dsltas descri,bsd  by wright and Coleman
(1973).

Tim brosd platfazm  (and amsoctated  snbaqwmus
ChnIISIS  } appear rela-d to the prsissnce  of shorefast
ice which fringes ths delts far almost half the ysar.
Ssvsral  werkars (e.q. ~tinitz  a n d  Bruder, 1972:
Peimnttz and Sarnas, 1974: Walker, 1974 ) note thst
pstter!ia  of nearshore  sedtientation  along ths north
Szape Of A.hskc are atrenqly influenced by the
presence of shorefaat  ice. Wsidu and wowatr [ 9975 )
6W9=$t that th~= is untgw to deltae formed by polar
rtvers In the Arctic. Ws bslieve  that thscs smeller
arctic deltas, ● s u!ll ss Larqer deltes  such as the
Yukon, Mackenzfe, and lcna, actual:y  repressnt  a
=-ra~ ti%= Of tee-d.=. inated delta,  morphologically
distinct fra the mavs-, rivmr-,  ● nd ttde-dminated
dcltae previously described in ths literature (a .g.
@lloway,  1975 ). ‘rh.r Yukon dalts ❑ ay provide s retie 1
fOr such an tce-doninatsd delta ( Ft9. 61.

The de Ita ~ contsina a cmplex asssmblags  of
● ctive ● nd— a b a n d o n e d dtstrtbut.artes, levses,
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fntsrdiatrtbuca~  marshas, ● nd lakes. The ● ctive
d18trtiutar:9s  hava a radially  bifurcating pttern;
i n d i v i d u a l  chcnncls  hsvs low to mcderaee sinuoeity.
The riwr hse two main dtstributertee ( 1-1 1/2 km wide
snd 10-15 m &epl ● nd nu,msroua  aasller distributaries
(sea as smsll ae 20 m wide and 2-5 m &ep) typically
epced every 1-2 km along ths CO. MJ?.. mint bars and
mtd-ch.mnel  Ars .ars ccmuaan, particularly along th.r
larger distrl.butartes. ~annel and bsr &posits ● r e
:ypical:y cwposed of modaretaly  to USIJ sortsd and
and silt y 8end.  grading  upwarde smd laterally trite
orqantc-rich,  peorly sorted silt ● nd mud &@eited on
nstural  lsvees snd in meander wales.

The dieeributarles freqwnt3 y shift thr tr ceurss
via channel ● vulsion, often precipitated by tce jsm
MeUlttnq  in the dspesition  of ● n abandoned channel
fill typicslly  consisting of organic-rich asndy eilt
and eilt. kbsndomsd  channels are highly prone to
flccding ● nd ● re freqently re-eccupi ed by
distributaries, reeulting  in a crmplex delta
stratigraphy.

Im-erdtstrlbutary  areas in ths older, inective
parts of the delta ace larqely mershes  characterized
bY pO=lY_o=d  peatY cllt ● nd mud. Reahwatsr psats
msy bs up ta 1 ❑ thick in the oldest psrte  of tlw
delta . Bane ● hallow lakes occur between netural
levee 6, howa=r  ❑ ost are in the prccess of being
filled with vage-tion. Inctpient prmsfrost
develqment hss resulted in the formation of peat
mounds (palsen)  tn many fomuer lake beds .
Interdistrlbutary ● reas ● long tie cast  ● r e
characterized by msrshee  of ● alt-tolerant grasses and
ssdqes, typially  faxming over ● ctively prcqrading
tidal deposits. Lew wsahover  rtdgss  record short
intervals of shard ins erosion, prebsbly  during  ma jar
storms  .

The delta maruin  is a tsr!a used informally here
to includ= —raptdly pregrsdtng tidal flats and
distribufam mouth bars 6s w!ll as the sub-ice
phtfom and ● ssociated offshore channels. Ttdal
flats ● re typicelly 100-1000 m wide where they occur
along tbr progradtng  msrgtn of the delta. The flats
consist of pearly-sorted sandy silt in areas of
relatively low wave energy (on the nonhsrn  side of
tlm delta 1 to modera~ly and pvrly-sorted SU ty sand
in areas of higkr  vsvs energy (on tlw western etde  of
ths dslta) . The tidal flat de~slts caamomly  form a
f tning-upwards  sequence [ ● pproximately 1 m thick) of
mixed  brdded,  ripple and parallel-laminated silty sand
and eilt. Prtmary ndimentazy  structures are often
Obscured, howwer,  b y ● xtenstve bioturbation,
● s~cially  in areaa of high stlt content. Cptritsl
peat ia lecel ly abundant, particularly in the upper
parts of the pregrading  ● eq~ncas. ‘21ia tidal f lats
8how abundant ● violence of ice scour and tce plucking
similar to that desertbed by Mormo ( 1969) , ho-vez
tke preservation potential of such featuea  IMy be
Small .

!4iddle-grouhd  bus  e-only eccnr ● t ths mouths
of tha larger dtstributariaa. These are chmractertsed
by moderately to well-nortsd  sand tn ● reaa of htgh
wave energy ● nd by Po.arly-soned silty sand tn arees
of low wave energy. In additton, tndivtdual  bsrs are
typically coarser grained and bstter  sorted in the
mere prextml psrts, getting finer grained  on thetr
mere diacsl ● dge. Sadt-ntary  structures ● re mostly
ripple and parallel lamtnsttons, with little datrttsl
prat or ● vtdsnce of bioturbation.

I ~liks meet deltaa, ths major dtstributariea

centinu of fshors  ● fter bifurcation at ths shoreline.
Thess offshore extsneiam of ths distribucariea  ( here
referred to as 8ub-ic* chmncla), ● re 1/2 co 1 km wide
and 5 to 1 S m deep;  they extsnd  up to 30 km across ths
sub-ice platfonri. l%e chsnnsls  havs a low to moderate
atnuestty with most showing cLear evtdcnce  of- lacerai
mtgrataon  and the depxsztion  of subaqueous peint bar
depmsits. Thase de~sics  ● re probably characterized
by ● f ining-upvarda  ee~nce (up to 1 S m thtck)
ccnst.sting of an erasiona: ckanfiel iaae ove?:ain by
mderataly  s o r t e d ,  f i ne  to very fine s a n d  grading
upwards to moderately sorted sand and atlty sand
depcmtted on sub+useua levees. Mndsat tiegery ahowe
evidence of thsse channela being arena ef aotivs
bedload  transpfm throughout moat of ths su=mar: thy
may alao serve aa condut ts far ● ub-ica currents durtng
tb vtnter  months ● s wail.

The sub-ice platform (or 2-mmsr  bench of
lbi.mil,  19771 ha an axzrsmely  gentle slope (typically
1:1000 or leas) axtendf.nq 10-30 bn effshors. l%e
avsrage depth over most of the piatform  IS 1-2 %
ho=var  thsre cramonly ia an eroatonal(  ? I trough up to
5 m deep near ths outer edgs of tba platf onn,
particularly along ths northern ● dqs of ths delcs.
Cnlika the nearshors  eedbent  of mo6t  d e l t a s ,  t h e
platform apprara to bs chdrac-~rired  by an offshore
increasa  in the ~rcent of sand ( Fig. 7) , ranging from
puocly-sorted sandy silt nearshore  to poorly  and
rntierately sorted sand and silty sand near the outer
edge of the platform. llIzs \s similar to trends
re~rted off the north slope of Alaska by Earnee and
I@. tmnttz {1973).

The sub-ice platform ap~ars to & an area of
eadimant bypassing and reworking throughout much of
the year. Ssdtient  bypa ases the inner psrt  of the
platform durisg rivsr breakup initally by over-ice
flow (similar to that described by Faimnitz  and
Bruder,  1972 and Welker,  1974], as well ae by sub-ice
flow in ths of fahora chsnnels  crossing ths platfom.
S e d i m e n t  is daposited frca suapenston  duruiq  the
sufmer  months, however ❑ uch of chat sediment is
reworked during atoms and perhaps during the winta r
months as Usll . The entire platfozm  is auf ftciently
shallow to be reworked by waves, however most of the
larger wavsa break at the outer margin. This suggests
thst the outer ❑ argin of the platform is an area of
relatively high wave energy, providing ona mechaniam
to ● xplatn ths offshore Lncrease in sand. In
addttion, the reduced cross-sectional araa of the
water column everlytng  the ssdtiant  may ● ct m
● ccelerate ● uk-ice currants of various origins. The
tamer  wrt of ths platform is frozen to tha bottom
with bottomfast  ice,” however the outer porciar!  is
evarlain  by flcattng  fast ice where the accentuated
sub-tee currents could provide an additional mechcntsm
for winnowtnq  of f ine-grs ined ssdtment f rein the outer
margin of tb sub-ice platfem ( Cf Bsrnes  and
*im.nitz,  1973).

The delta front {s a term used here to describe
the relati~ s- (typically greater than 1:500 )
msrgtn of ths delta characterized by apparently rapid
defomition  of sediment in uster depths of 2-10 m.
Msxinum rates of preqradat  ion probably occur ad] scent
to the ❑ ajor diatrtbutartes (and eaaociated sub-ice
channals  ), praaumably  during the summer months. The
morphology of the delta front is roofs canplex  along
the narchwsstern  psrt of ths delta ( Fig. 6B), where it
includes a Sartea of large ( 3-S m hiqh] choals idtich
● p~= tO b= migratinq  laterslly  into Narton  *und.
This  nOrtheastarly  mc.vement is >r~ndieular  to t h e
dar.tnant dtrectton  o f  ●  - x -dtment tranaport,
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perhaps repreranting  ● ither ● ascondary btfucation of sands ● hould form a blanket-like deposit  vhich  may
Lisa klasti Coaetal Uater or tha ● ffect of superimpcasd provtde ● noehar potrnttal  raaarvoir. TiIe textural and

ctorm-  or tidally-induced current-. The outs r marqin mineralogical caugmsation  of tkm asdiment significant

of tb delta front (in 5-10 ❑ vatar depths) is ● n ● rea affects the post -depeaittenal history of the asdiment.
of int.tnae ice gouging during tha wtntrr aonths  (Thor The lack of prbsry clays, particularly tn the
and others, 1977 ] , which may r~~ult in SiqnlfiCaAC prodelti depatts, results in relati=ly little soft-
reauaprnsion  and reworkinq  of the erdiment. red bent c.aipect ion and deformation, howrver the

abundant volcanic zoc k fragemnts may undergo
‘ltw mrdimsnt ch=racteriatica  of thr delta front diaqenetic  alteration to form an axtensxve  matzlx  of

are pxly “mcwfi, Let zhe hessarn aargtn  probably sec0n2aX~ clays , t?.e reby si5t>fic&GtLj’ reduc tn5
c o n s i s t s  of AraUel laminared pcorly-rortad  siltY tntially high garosities  and p!msabilitles. rn
tad and candy silt,  presursbly fining  offshore. The s-ry, t h e  failuxe to rscogntze  eke unirpu?  geometxy
mhoals  on tha nortbwastern  stda of the delta probably and ~d~ent characteriait~cs  Of daltaic de~sits
eerrriat of bstter  so-d, candy asdimsnt. formed in  ● ice-d= tnatad errvtroment  could result ic

serious errors in ● atimattng th recarvoir  petential
The ~odelta is characterirsd  by extremely ef oldar rocks.

grntie ● lopea ( typiCally  1: 2000) marking tha distal
● dge of thr daltatc  aadbenta whicti  ● xtend up to Ac~--wrs
100 km offshore . Sedimant is inxtially deposited frcm
suspension in this environment, howrver vater deptha Tlrts study is supported tn part by the Bureau  of
are still relatively shallov ( 10-20 m) hence much of Land ?mr.tqement  through interagency &grsement vLth tht
tk =dtmrnt is ● ubrsqwnely revurkad. ntdsnce of ~tiOml ~eani= and A~aspheric kdmnistzation.  under
such rewrking 1s clearly demonstrated by the unusual which a ❑ u.lti-ysar pr~ram responding co the nerds of
pattern of textural parrmea  rs descrtid by Mctanus petro leum davslopnent  of tk outer conttnentsl  shelf
and othrrs  ( 1977 ). Tire south= stern  margtn of the is managed by ths cuter Cmtinencal fhelf
predelta ssdimsnts [ad jacent to the largest ~vtra~en~l u=s=ent Rngrsm (CCSEAF ) office. we
iiatrtbutartes}  consist of usll-sorted  silty sand, ~~d also like to thank John Anderson ( Rice
grading nnrthward to !noderaL?ly  sorted silty #and and Untvsrsity) for the usa of his autcmatad  esdiment
eastward to poorly sorted sandy silt and silt. The anslyzer, riavin ‘Mor (U. S. G. S., Pirnlo Psrk) for kindly
presence of sandy ssdirms.nts in the =stern ~rt of the prOvidinq  sed~ent  ee=ples and ~thme=ic data from
prodelta appears to bs in part the result of tba sub-ice platform, as Usll as Srk Rsuuiltz,
resuspension of ftne-qrained sediments and tk, r Saris Nelson, and Fetsr Barnes IU. S. G. S., !+?nlo  Park)
subs.rqurnt removal frcm Nnrton 5mnd by the relattvsly whoaa experience in ,%lasks has prov>ded many insights
blah flow velocities within the Alaska Cosstal Water intO ~ d=lf-=ic  pr==sses in ~=On =~d. The
(NcMnus and others, 19771 Nrlaon and Creaqer,  1977). San ioz author also w{ shes to acknowledge ehe U.S.

Geological Survey’s Pscif <c-Mctic Branch  of $iarine
IMPLICATIONS Geology for providing facilities durtnq the final

pre~ration of the psper. Lsstly, ve wish to thank
The mcdern Yukon delta has saveral depositianal Cave Sopkins  (U. S. G.S. , Msnlo Park) , who conceived and

enviromnents l a c k i n g  in d e l t a s formed in ❑ o r e inittated the study of coastal prcceesss  along  the
eemptrate  climates. These deposttional  envtromnents yukon d=~~.
are but one indication of tha extreme aaasonaltty  of
coastal proceeses  which probably characterize many ~
high-latitude continental shelves. Tsble 1 is a
preliminary attempt to as=ss the relative im~rtance 1. Sernes,  P.ii. and Reiouritz,  Erk,1973,The  shoze fes

of these processss  within each envtrorrnsnt.  ‘lIre ice cover and its influence on the cur cents and

atility to predict the typss of proceeaes  aa vail as SSdi!OSne alOng  the coast of northern Alaska (Abs),

the mdimant characteristics and ~otechnical EOS Transactions, her. Geophys. Union, v. 54,

props sties viticir characterize each envirormrent,  should p. 1108
greatly aid in fain Imtztng both the cases 2. Coachmarl,  L. K., Aegsard,  K., and Tripp, R.B. ,1975,and
Cnviromnentul iMFUctS Of siting bvth offshore  and -Iina Strait: The Raqional Physical Ceesnnaraphv,

onshore Structures. Univ. of Washington Press, Seatele,  172P.
3. Dionne,  J.C. ,1969,  Tidal flat erosion by ice at

Ttie delta also  prevides  & m o d e r n  ana2cgua f o r
elder &lta ic  aadiments  formed under, similar tactontc
a n d  c$titic  ratting=. rrr p a r t i c u l a r ,  t b a  ratee  of
proqradation  are much  greatar than the ratsa  of
tectonic aubatdcnce, hence C& tbtckne~.r  of indiv{duel
progradational  aa~nces ie limited by elk? water
depths of tkm tipesitienal  &sin (Fig. ~) . This
reaulta in th formation of ● blanlee-lika  dep&sit, 8
few tans of Datnra thick and thousands of -2 in
asrial srreent. The distr ibut ion of ehs sand-rich
depoa its alae  dif fs  rs frcm ~se previously dsacri&d
&lta medala. Wuch of ths dolts plain eermises  of a
cmnplex pnttern  of radially bifurcating distributary
ssnds, hensear  many of !S)sra wll-saread smnds extend
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sub-its channels. There dapm ies rcpreaant  off shora
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acme of the c-zaest, best sorted aarrda  have baan
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Table 1 -

A preliminary surm!ary of non-tectonic geological hazards of the rrcdern  Yukon Dslta

DEPOS  2TIWAL  WI~S FLOODING ICE SCOUR S= I-ATION sRosIoN PEsMAPROST

I
Active Distributary

D~TA A&iindoned  Distributary
PIAIN

2mterdistr ibutary Narsh

Coastsl  Harsh

I
Distributary Muth Bar

DELTA Tidal Flats
14ARG2w

Suk-ica Platform

Sub-ice Chsnnela

DELTA PRoNT

fligh

W2derate

Hcderate

High

Ei.gh

sigh

N/A

N/A

t4/A

Mcderate

raw

law

tierate
lbderske
Md-Eigh

W-LOW

I.Ow

High

Eigh

Merste

m-wed

fIigh

High

Eigh

Variable

Righ

High

High

Eigh

-

Variable

Iar@40d

Ial

Variable

Eigh

Lw?

NOna

Law-Hod

Gcw-wd

3AW

Low

Low

lame
None
Ncne

PRODELTA N/A wcd-Lcw %cderata !@d-L4s# None
*
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F I G, ” 1 - LO C A T I O N  M A P  A N D  L A N D S A T  IMAGE O F  T H E  M O D E R N  L O B E  O F  T H E  Y U K O N

D ELTA TAKEN DURING BREAKUP ,

S/LT C LAY

~;:&~  - GRAIN SIZE CHARACTERISTICS OF SEDIMENTS FROM THE DELTA PLAIN AND DELTA MARG IN OF THE YUKON
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Figure A-7: Comparison of offshore trends of sediment
textures off the Mississippi, Fraserj and Yukon Deltas.
Note the decreased amounts of clay in areas where mecha-
nical weathering predominates.



52

1

THE ICE-DOMINATED REGIMEN

Appendix B

OF THE NORTON SOUND REGION OF ALASKA

Ray, Verna M. and Dupr&, William R.

Department of Geology
University of Houston
Houston, Texas 77004

ABSTRACT

The patterns of ice formation, movement, and deformation in
the Norton Sound region of the Bering Sea were studied with the
use of Landsat and NOAA satellite imagery for the years 1973-1977.
The results demonstrate not only the marked seasonality  of marine
processes, but also the significant role of bathyrnetry  and meteoro-
logic conditions in controlling ice movement in tile region.

‘the ice-dominated regimen of the Norton Sound begins with ice
frcezeup  in October and lasts through the winter to spring breakup,
sometime in May. Freezeup begins as temperatures drop in early
fall, and ice starts to accumulate around the Yukon Delta, during
which time water and sediment discharge from the Yukon River and
its distributaries becomes insignificant. Oceanographic currents
are relatively ineffective in transporting ice during the winter
months, as strong northerly winds generally control ice movement
in the winter phase. Consequently, ice divergence from the northern
coast of Norton Sound, and ice convergence along the, northern
margin of the Yukon delta front is common throughout the phase.
Ice ridging” and associated gouging result from the compaction of
shorefast ice along the northern prodelta. Shearing and gouging
also occurs along the western margin of the delta, where pack
ice pushed southward by the winds, shears past the fast ice boundary.
Periods of rapid advection of pack ice from the Chukchi Sea through
the Bering Strait are also indigenous to the winter phase. Such
events generate ice floe movement of up to 45 km per day which
tends to occur along a relatively narrow band (i.e., the “racetrack”)
west of Norton Sound. May marks a time of warming temperatures
which melt ice from the river channels, as well as a shift to
predominantly offshore winds. The higher temperatures and increased
discharge from the river triggers ice breakup along the coast.
Northward flowing water currents (aided by offshore winds) carry
ice away from the delta, and by June the high sediment input of
tlw Yukon River dominates the coastal processes in the delta region.
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The prospect of oil and gas exploration in Norton Sound (Fig. 1)

has focused increased attention on the sedimentary processes which

characterize the region. It has become increasingly apparent, however,

..that these processes vary systematically throughout the year allowing

the recognition of an ice-dominated, river-dominated, and storm-

dominated regimen (Fig. 2), each consisting of a characteristic suite

of geologic processes and associated ggologic hazards (Dupr& and

Thompson, 1979).

It is the purpose of this paper to discuss the ice-dominated regimen

of Norton Sound from its inception at freezeup typically in late

October or early November to its end at breakup in May (Fig. 3). Of

particular interest is the extent and variability of shorefast ice,

the patterns and rates of movement of seasonal pack ice, and the weather

conditions under which such movement occurs. Most of this work

has been based on the interpretation of satellite imagery; however

hopefullyit can provide the background for more detailed studies based on

ground monitoring and in situ measurements.——

Previous Work

Most of the work on ice dynamics and its effect on offshore petroleum

development has been concentrated in Arctic regions such as the Beafort

Sea. In contrast, relatively little work has been published to date

on ice movement and morphology in subarctic regions such as the Bering
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Sea and Norton Sound. Muench and Ahlas (1974) were the first to

use satellite imagery to study regional patterns of ice movement in

the Northern Bering Sea, however the relatively low resolution of

their imagery (NOAA weather satellite data) and the relatively short

period of record (March to June, 1974) limited the utility of their

work. Shapiro and Burns (1975) used higher resolution Landsat imagery

to document a short-lived ice deformation event just to the north of

the Bering Straits. Stringer (1977, 1978) mapped a variety of ice-related

features in the Beaufort, Chuckchi, and Bering Seas with the use of

Landsat imagery. Similarly, Dupr4 (1978) used Landsat imagery to

study the complex interrelationships between ice and patterns of

deltaic sedimentation associated with the Yukon delta. This present

study is designed to expand on these previous studies, emphasizing

the patterns and rates of ice movement in Norton Sound. In doing so,

it also provides information to aid in the explanation and extrapolation

of patterns of ice gouging in Norton Sound as described by Thor and

others (1978).

Methods of study

The data used in this study were compiled from the photographic

products of imagery acquired by the Multispectral  Scanner system of

the Landsat and NOM-2, 3, 4 satellites. Meteorologic data also were

taken from daily surface synoptic charts from the National Climatic

Center in North Carolina. The extent of shorefast ice and ice floes

was mapped from Landsat images (1:1,000,000) on acetate overlays

which were superimposed on standard bathymetric base maps of the
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Figure B-2: Diagram illustrating the seasonality of processes in the Yukon
Delta - Norton Sound region of the Bering Sea. Sources of data include:
(a) Summary of average monthly temperatures at Unalakleet, 1941-1970,
(NOAA); (b) Summary of ice observations for Yukon Delta region from Elrower
et al. (1977); (c) Frequency of major low pressure centers in the northern
Bering Sea region, from Brewer et al. (1977); and (d) Discharge of the
Yukon River at Kaltag, 1962 (U.S.G.S. Water Resources Data).
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Figure B3: Three phases of the ice-dominated regimen.
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northern Bering Sea. Overlays for successive days could be super-

imposed to chart the movement of particular ice floes over an

approximate 24-hour period. Images were registered with respect to

landforms in order

days. In general,

by referencing the

to map the positions of the ice floes on successive

sea ice movement cannot be accurately monitored

scenes to coordinates, as coordinates provided on

the margin of Landsat images allow for only approximate registration

(Colvocoresses and McEwen, 1973). According to Colvocoresses and

McEwen (1973), the systematic, root mean square error of position for

points on the satellite images ranges from 200-450 meters, with no

detectable additional error associated with image duplication. The

sea ice is moving on the order of kilometers per day, hence this error

should be considered as insignificant for the purposes of this paper.

The Landsat images were band 5 and 7, 9x9-inch positive prints.

The images and the base map appeared to be perfect overlays. The

band-5 images proved to be most useful in defining nilas ice, whereas

band 7 was more useful for defining the sea-ice boundary and delineating

pack-ice floes and

made between newly

areas of shorefast ice. There is no distinction

formed ice and open water on most maps in this

paper, because of the difficulty in distinguishing the two.

The NOAA 10x10-inch satellite photoprints (infrared) furnished

only general meteorological information. They did provide a good

overview of ice movement, however they were not used for detailed

measurements. Wind patterns and weather systems could be observed from

NOAA imagery, but wind velocity and directional information was obtained

from daily surface synoptic charts. Some weaeher station readings are

influenced by local orographic conditions, but in general, most of the

information is believed to be useful for the purposes of this study.
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The pattern of ice

ICE-DOMINATED REGIMEN

formation, movement, and deformation in the Norton

Sound region

Yukon delta.

by a broad,

extend up to

are significantly affected by the nearshore morphology of the

The Yukon River has formed an ice-dominated delta characterized

shallow sub-ice platform and associated sub-ice channels which

25 km beyond the major distributaries (Fig. 4 ). The platform

is an area characterized by relatively stable shorefast ice for much of the

year, whereas the sub-ice channels are areas of more dynamic ice (and sediment)

movement, particularly during breakup. The more steeply dipping delta front -

is an area of relatively intense deformation and related gouging, whereas

the more distal portions of the delta are areas of relatively complex

movement of seasonal pack ice. Because of the complexity of ice movement,

both in space and time, it seems best to discuss the intervals of freezeup,

winter, and breakup separately (Fig. 3 ).

Freezeup

Ice crystals typically begin to form and accumulate as new ice along

the shore of Norton Sound in late October, as coastal temperatures drop below

O“C (Fig. 2). Bottomfast ice forms along the shallow margins of the delta

(e.g. on intertidal mudflats and subaqueous levees); some of the smaller

sub-ice channels begin to be covered by floating fast ice as well. The larger

sub-ice channels which extend beyond  the main  distributaries are relatively

deep and continue to maintain a channelized flow of freshwater offshore,

hence are the last of the nearshore areas to freeze.
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Figure B4: Depositional  environments of the modern
lobe of the Yukon delta (from Dupr& and Thompson,
1979) ●
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The shorefast ice continues to expand farther offshore in November,

until it reaches its maximum width of from 15 to 30 km, approximately

coincident with the sub-ice platform. 140st of the shorefast ice is floating

fast ice (Fig, 4), separated from the bottom fast ice by active tidal

cracks which coincide approximately with the 1 m isobath. The inner zone

of bottomfast ice is often covered with aufeis (Fig. 5 ) formed by over-ice

flow associated with the rise and fall of floating fast ice due to

tides, storms, or both. The seaward expansion of the shorefast ice

continues until it encounters mobile, seasonal pack-ice, at which time pressure

ridges develop and become grounded and a seaward-accreting Stamukhi zone

develops, approximately coincident with the delta front in water depths

of 5 - 15 m. This generally has occurred by the beginning of December,

and for the purpose of this report, marks the beginning of the winter period.

Winter

The winter phase of the ice-dominated regimen is characterized by the

establishment of a relatively stable band of shorefast ice fringed by a

complex zone of ice deformation features which form the Stamukhi zone (as

defined by Reimnitz and others, 1977). The patterns of ice movement beyond

the Stamukhi  zone are rather complex, reflecting both local and regional meteorologic
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Figure B5: Location of shear zones as determined
from LANDSAT imagery, 3/13/73 - 3/6/75. Hatching
delineates aufeis formed by over-ice flow; approxi-
mately coincident with bottomfast  ice. Dots
delineate the 5-10 m bathymetric interval.
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events as well as the effect of bathemetry in deflecting and grounding ice

flows .

Ice movement in Norton Sound is generally controlled by the predominantly

northeasterly winds which form in response to a relatively stable high pressure

system which develops during the winter months. The northeastern side of

Norton Sound is a zone of ice divergence, hence is an area of ice formation

throughout the winter. This results in the formation of a very dense winter

water mass which can be detected in the eastern part of Norton Sound during

the summer months as well (Schumacher and others, 1978), Southwesterly flowing

ice formed in the ice divergence zone in the northern part of the sound tends

to deform in the ice convergence zone in the southern part of the sound. This

results in the formation of a Stamuki zone which accretes seaward until such

time as ice can readily move parallel to the shorefast ice and exit the

Sound, there to join the stream of rapidly moving Bering Sea pack ice (Fig. 6 ).

The extensive and almost continuous ice deformation on the northern side of

the Yukon delta as seen on Landsat imagery is also evidenced by the high

density of ice gouging in the area as described by Thor and others (1978)

using side-scan sonar.
.

In general, the seasonal pack ice in Norton Sound is largely derived

in situ, and tends to flow to the west and southwest in response to the.—

prevailing winds (Fig. 6) or flow sluggishly in response  to relatively weak

oceanic currents during periods of relatively weak winds (Fig. 7 ). Only

rarely does Bering Sea pack ice enter Norton Sound in response to prolonged

periods of strong westerly winds

The pattern of ice movement to the west of Norton Sound is relatively

complex, however it too flows mainly to the south in response to the prevailing

northerly winds. Significant reversals in the path of the flow can occur, however,
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Figure B6: Patterns of ice movement from March 14-15,
1974. Length of ice drift vectors measures distance
moved in one day. Dashed lines to north of delta are
inactive shear zones.
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as illustrated on the Landsat and weather data for Feb. 23-27, 1976 (Fig. j).

During this period winds began to blow up to 25 knots from the south, and as

a result the southerly flow of ice ceased, and northerly flows of ice up

to 15 km/day were charted (Fig. 7 ). The rapid reversal was the result of the

passage of two large low pressure systems (Fig. 8A-B) ancl illustrates the extent

to which ice movement is responsive to meteorologic events.

Shapiro and Burns (1975) noted that unusually strong northerly winds can

result in a major ice deformation event where masses of ice are deformed and

funneled out of the Chukchi S,ea and through the Bering Straits. Similar

deformation features were noted on NOW (VHRR)  imagery  for 13-15 March, 1976.

During this time, ice floes west of the Yukon delta were moving up to 45 Ian/day

(W. 9 ), presumably in response to a major ice deformation event similar

to that described by Shapiro and Burns.

It is important to note that the zone of very rapid

restricted to a relatively narrow band approximately 70

ice movement is

km wide, which is

here referred to as the “racetrack”. This zone is often recognized as a band

of highly fractured nilas ice (Fig. 7 ) which pre-surnably  forms as the

source of the pack ice (the Chukchi Sea) becomes temporarily plugged at

the Bering Straits. The racetrack can be seen on Landsat imagery throughout

much of the winter months, and is a recurring feature from year to year.

Its eastern boundary is approximately coincident with the 20 m isobath,

suggesting that it may reflect the grounding of ice flows at the entrance

to Norton Sound and the resultant deflecting of the ice to the south,

parallel to the isobaths.

There is often a zone of open water between the Bering Sea pack ice and

the edge of the shorefast ice west of the Yukon delta. This typically forms
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Figure Bi’: Patterns of ice movement from” 23-27 February 1976.
Length of ice drift vectors measures distance ice moved in one
day. Dashed lines within the shorefast ice zone to the west of
the delta are inactive shear zones. The configuration of shear
lines to the north of the delta indicates stamukhi.



Figure B8: Weather conditions for the period
24 Feb. to 27 Feb., 1976 (from NOAA Surface .
Synoptic weather charts). Note the reversal of
winds in the Bering Straits area due to the west-
ward migration of low pressure system a and b.
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during periods of offshore (i.e., easterly) winds, and may be completely

closed during periods of onshore winds. Some of the open water may, however,

result from the grounding of relatively deeper ice keels in water depths

of 15 - 18 m, thereby acting as an offshore ice barrier to some onshore

movement Of ice, This zone of opm ice west of the delta is of particular

interest to the Eskimos in the area, as it greatly facilitates winter hunting.

Little, if any, sediment enters Norton Sound during the winter months,

yet the suspended sediment concentration measured beneath the ice in the

west-central part of Norton Sound is essentially as high as during much of

the summer (personal communication, Dave Drake, U.S.G.S.). This suggests that

a significant amount of sediment initially

is resuspended during the winter, hence is

by sub-ice currents. The unusual offshore

deposited during the summer months

available to be redistributed

increase in sand off the Yukon

delta (Dupr& and Thompson, 1979) may be the result of such a process, however

the exact mechanism(s) for such resuspension are unclear.

Breakup

s Breakup along the

transition between the

coast is a relatively brief event which marks the

ice-dominated and river-dominated regimens, however ‘its

significance far outweighs its brevity. River breakup along the Yukon (as

with most of the coastal rivers in northern Alaska) is marked by a tremendous

increase in sediment and water discharge, resulting in ice jams, extensive

inland flooding, and river bank erosion.

As river discharge begins to increase, floating fast ice begins to

lift, both in the river and along the coast. The thalweg  of the sub-ice

channels are especially well delineated by the floating fast ice at this time.
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Figure B1O: Diagram of ovcr- ICe flow and s(lb-fcc
cl]z~nnels,  wh[cl] provide two mechanisms for sed{-
mellts to by-p3ss tl}e s~]t>-lce platform.
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The bottomfast

which has been

Walker, 1974.

ice begins to be flooded by an over-ice flow (Fig. 9 )

described on the North Slope by Reimnitz and Bruder, 1972 and

Some sediment is carried onto the ice, thereby effectively bypassing

much of the inner sub-ice platform. Much of the sediment appears to remain

in the sub-ice channels, which cross the sub-ice platform. Some of the

sediment is probably deposited from suspension on subaqueous levees farther

offshore, however much of it probably bypasses the sub-ice platform completely,

to be deposited on the delta front or prodelta. The role of sub-ice sediment

transport during breakup is particularly intriguing, yet it remains almost.

unknown. The floating ice that marks the sub-ice channels soon breaks up and

is removed to sea. Much of the over-ice flow may drain

(Reimnitz and Bruder, 1972) or cause the bottomfast ice

pieces of floating fast ice break off to be transported

through strudel holes

to melt in place. Large

farther offshore.

Grounded ice may remain in some shallow areas co the northwest of the delta;

floating pack ice may remain trapped in the middle of Norton Sound because of

the sluggish currents.

Figure 10

movement’ is to

winds die down

illustrates conditions, which are typical during breakup, Floe

the north as is common during late April and May when northerly

and northward flowing currents become more effective in trans-

porting ice (cf. Muench and Ahlnas, 1974). The floes were moving up to 20 km/day

on 7 May, 1974 (Fig. 10), however a low pressure system moved into the ==

on the 8th, bringing a temporary restoration of “winter-phase” northerlies.

Temporary reversals

May, 1974 by Muench

associated with the

of ice movement towards the south were also noted in late

and Ahlnas(1974). These short-lived events are typically

passage of a low pressure system crossing the Bering Sea,



7 0

Figure Bll: Patterns of ice movement from 7-!3 May 1974. Length of ice drift
vectors measures distance moved in one day. Pack ice is less consolidated
Ehan earlier in the year.
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however south-erly  winds typically follow, facilitating the breakup and

removal of the shorefast ice. By early June the shorefast ice is usually

no longer present, although some areas of unconsolidated pack-ice floes

may be present, particularly in the center of Norton Sound. At this time

the distributary channels have been cleared of ice and are introducing an

apron of sediment-laden water over much of the prodelta  region, marking the

beginning of the river-dominated regimen.

Discussion of Ice Gougin~

Throughout the winter phase of the ice-dominated regimen, shorefast

ice stretches to the 5 - 10 m isobath, and follows it around Norton Sound

and down the western edge of the Yukon prodelta  front. In situ ice approximately.—

0.7 - 1.2 m thick (Brewer and others, 1977) diverges from the Norton Bay

area, and compacts to form stamukhi  and pressure ridge zones against the

shorefast ice fringing the Yukon delta. These zones become incorporated

into the shorefast ice zone, stabilizing the fast-ice edge (Reimnitz and

others, 1977). The impact and subsequent deformation of ice convergence

can cause pressure ridge raking, producing numerous parallel furrows as the

keels plow through the bottom sediments (Reimnitz and Barnes, 1974).

Solitary, or single-keel ice gouge is also ubiquitous in Norton Sound (Thor

and others, 1978).

Seasonal pack ice shears past the grounded, or fast ice along the

7 - 12 m isobath,  which trends nearly north-south from Shpanberg Strait to

Etolon Struit. Thick Bering Sea ice, or advected Chukchi Sea ice up to

12 m and 20 ‘m thickness respectively (Thor and others, 1978) becomes caught



72

up in this shear zone, as floes are propelled southward by Arctic northerlies,

during the ice-dominated regimen. In the dynamic zone where moving sea ice

collides with stationary fast ice, high energy is expended on the sea floor.

The result is an area of intense gouge between the 7 m and 20 m isobaths.

Thor and others (1978) observed this phenomena in the Norton Basin. A

corresponding area of intense gouging between the 10

was studied earlier by Reimnitz and others (1977) on

ental shelf.

m and 20 m water depths

the Beaufort Sea contin-

The Yukon prodelta is the site of 85% of all ice Sougcs measured by

Tl~or and others (1978), with 78X of the ice gouging in water 10 - 20 m deep.

For the most part, the major gouge trends parallel isobaths, as would be

expected based on the bathymetric contour of the stamukhi  zone marking the

interface between stationary and moving ice along this contour. None of the

data collected by Thor and others (1978) were in water depths of less than

10 m, hence the potential for ice gouging in more shallow depths is uncertain.

Nonetheless, the inner part of the stamukhi  zones typically begin at 5 - 7 m

water depths, hence some gouging would also be expected (Fig. 4) in this

zone as well.
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The patterns of ice for?, ation, movement, and deformation in th?

Norton Sound region were studied wit>, the use of I.andsat ~.n~ NOAA

satellite inaqery f~r the years 1973-1977. T!Ie res’ults lTcument not

U:lly tile In.ilk,){.i Sc.l,;oi’,.11.LL’y” (-):  !li.i~~[l~ pro-” es:; ,!s ~h~~}.d:~~,:,:,~.! Lilf? yczr,

but .I1.;o the significant role of ba.chyrnetric  ~nd meturolc>glc condltior,s

in controlling the patterns and rates of ice mov(:?ment in the region.

The results have been summ.lri?,ed  in a map of genc:rali.zed ice hazards

~i(jlJL-~ b) , similar  in many ways to the maps clone for the eztire .

Ecr.ing Sea by stringer [1978). The following is a brief surmary o?

the types of ice-related hazards which characterize each. of t’ne

:Lol!es.

edge

dent

Zone Ia is a zone of shorefast ice which ext(:r!ds to the outer

of the sub-ice platform of the ‘fuko~ d~lta, approximately coinci-

with the 2-3 meters water depth. Over-ice flow (dufeis) occurs

throughout the winter in areas of bottomfast ice near the major

distributaries (shown in hatchered pattern). Sub-ice currents

be~eath the floating

ments in the sub-ice

platform. This is a

however large sheets

fast ice may result in some resuspension of sedi-

ch~nnels and cm the outer edcje of the sub-ice

relatively stable zone throughout the winter,

of ice may break off during Spring breakup. Zone Ib

is a slightly less stable area characterize by floatincj fast ice during

F.ost of the winter, however ice can be completely lacking and r?placed

b’{ 2 Idrgc area of open water under some conditions (e.q. March 13-15,

1976) . Zone- Ic is the zone of skorefast ice which frinc~cs  most of Norton
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_..

Figure 12B: Zonati. on of ice hazards in the Yukcn Delta - Nor Con
Sound Region based mainly on UNDSAT and XOAA satellite ima$ery,
supplemented by information on ice gouging by Thor and Nelson
(1979)
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sound . It is largely floating fast ice, and

tent and less stable, as large sheets of ice

throughout the winter. .

is more varisble in ex-

may break off repeatedly

to the west; it is approximately coincident with the 14m isobath. It

is characterized by extensive ice shearing and a relatively high intensity

of ic~ gouging of tiw sca floor (as dclin::.ited  by Thor and ?!elscn, 1979) .

Zone IIb is located west of x’ae delta in water depths from 3 to lC m.

It is a relatively unstable area Characterized by ice deformation and

;:<~ret.i~n LO ~.}1~ s~~o~-~f~st i~:: (210:1’:: 111) [luri:l’J }Jcriods of onshore

(westerly) winds and an offshore movement of ice and the development

of a large, open water area

winds. It is characterized

qouqinq.

Xo!le 111 is an ared of—.——-

(polyna) during

by a modt’rately

periods of offshore (easterly)

high intensity of ice

seasonal ~ack ice formed mainly in situ,.—

within Eorton Sound. The ice tyjjically  moves south and ti-esti  in res,ponse

to the dominate northeasterly winds throughout the winter, however it

m.~y drift slowly in response to oceanic currents during periods of low

winds. The southern portion of this zone is characterized by widespread

shearing of ice, and is approximately coincident with the area of very

high density of ice

western boundary is

s<’;?<lrzking  pack ice

gouging delineated by Thor and Nelson (197’9). The

aj>proximately  coincident with the 20m isobath,

formed in Narton Sound from the thicker pack ice

formed farther to the north. Wring and Chukchi pack ice enter the

s:,ul~d only rarc~.y when especial].y strong northwesterly winds blow.

●
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Zone IV consists of seasonal pack ice formed in the northern Bering-—

and Chuckchi Seas. It typically moves to the south in response to

northerly winds for most of the winter, however short-lived periods of

northerly ice

syskL’ms. ‘r’h(?

late April or

in

by

intervals of extremely rapid, southerly movement of pack ice (up to

45 kalday) following major ice deformation events north of the Bering

Straits (described by Sh.lpiro and J3urris,  1975) . !],his ~o~(: js character-

St. I.awrence  Island. ‘llm rapid mcv~m~fit

grounded ice, as well as the lack of icc

and Nelson, 1979). Zon~ IVb is in water

characterized by less rapid ice movement

some grounded ice may occur ii] this zonc~

k]:> :;[! ( }:? i r~ort_F, crn s idc. o F

is cvi.dcnce of the lack of

<jo=ging (as delineated by Thor

depths of 22 tO 20 m~ alld ‘s

than in the “racetrack”.

particularly in the area of

shoals southwest of the delta. Zone IVC is in water depths bf 20 to 14m,

and is characterized by open water during periods of easterly winds> and

by onshore moving pack ice during periods of westerly winds. It differs

from zone IIb mainly by its mobility, i.e. it rarely forms a stamukhi

zone accreted to

ice cjouging will

IVb, end wzs not

the shorefast ice. Nonetheless, some cjrounded  ice and

occur in this zon~ as well. Zone IVd is similar to zone

Zolles Va and Vi; are zones of ice diverqcnce fern.ed—

offshore winds (cf. Kuench aild Ahlas, 1976) . These are

of open w~ter where ice is a?tivcly forming for most of

?2>7 persistent

typically arezs

the winter.
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