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. SUMVARY

Qbj ecti ves:

The overall objective of this study is to provide information on
t he depositional environments and associated geol ogi ¢ processes which
characterize the Yukon-Kuskokwi m delta conplex (Fig. 1). These data, in
turn, can aid in evaluating the potential environmental inpacts 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 |eases, 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
associ ated data products related to the first category will be considered
inthis part of the Final Report. They include:

1) Provide information on the age of faulting and vol canismin the
region to aid in determning the potential seismc risk.

2) Provide information on the distribution of permafrost in the
region to aid in determning the probability of offshore perma-
frost.

3) Map the depositiomal environnents of the nodern Yukon delta
including offshore facies, with an evaluation of the potentia

geol ogic hazards (e.g. liquefaction susceptibility, erosion and
sedinentation potential) which characterize each depositiona
envi ronnent .

4)  Study the seasonality of coastal processes in the Norton Sound
region, enphasizing the patterns and rates of ice movenment during
the winter nonths as determned from satellite imagery.

Data products related to the latter stages of exploration and devel opnent
will be provided in the second part of the Final Report to be submtted

Summrer, 1980.
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Figure 1: Location of project area _

Study (r.u. 208).

190
ALASKA
&t
USSR
Nortton YUKON RIVER
Sound
?O
O >
PROJECT /u /(/ KUSKOKWIM RIVER o7
//// 7, '
/ 7
5°
X
0 Bristol Bay Kodiak
o Island
'Q
o
: > 5l
:5% Q - X4 <
J

Yukon Delta Coastal Processes




Concl usions_:

@) The Yukon Kuskokwim delta region is characterized by w despread
evi dence of Quaternary tectonism. Evidence of Hol ocene faulting, coupled
with the relatively high susceptibility for |iquefaction of mpst of the
fluvial and deltaic sediments, constitute potentially serious geol ogic
constraints to the selection of offshore sites and the design of offshore
structures. The risk from explosive volcanic activity, however, appears
m ni nal

b) Pleistocene sedinments beneath most of Norton Sound contained thick
i ce-bound permafrost which was actively formng as recently as 10, 000
years ago; some may remain offshore as relict permafrost. O fshore
pernmafrost in nodern sediments is less likely, and if present, wll
be thin, discontinuous, and restricted to watsr depths <1 neter.

¢) The depositional environnents of the vukon delta differ from nost
previously described deltas, nmainly by the presence of a broad, shallow
sub-ice platformand associ ated sub-ice channels. The potential for rapid
erosion by these actively meandering subaqueous channels is especially
serious, as is the relatively high susceptibility for Iiquefaction of nuch
of the offshore sedinents.

d) The shallowness of Norton Sound, conbined with the narked season-
ality of marine and fluvial processes, has resulted in a conplex pattern
of sediment resuspension and reworking. This makes the predicted paths
of sedinent (and pollutants) transport nore conplex than m ght be expected
in deeper basins in nore tenperate climates.

e) satellite immgery, used in conbination with available weather data
has docunmented relatively systematic patterns of ice novenent controlled
largely by local winds and of fshore bathymetry. This has allowed the
sub-division of the Norton Sound region into zones, each characterized by

a particular type of ice and ice novenent.



| nplications

The selection of offshore sites and the design of offshore structures
must take into account the potentially high seismc risk based on the
evi dence of nearby Hol ocene faulting. In addition, the possibility for
seismcally induced and wave-induced |iquefaction is relatively high
for nmuch of the Norton Sound region underlain by well sorted deltaic
sedi ments. Qther potential gee-hazards include rapid erosion and sedi-
mentation associated with sub-ice channels, the nobility and defornation
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 sedinent and/or pollutants is conplicated by the
seasonal variability of coastal processes and the shall owness of the
deposi tional basin which cause extensive reworking and redistribution

of sedinent.



11. | NTRCDUCTI ON

The overall objective of this study is to provide information on the
depositional environments and associated geol ogic processes which charac-
terize the Yukon-Kuskokwi m delta conplex (Fig. 1). These data, in turn,
can aid in evaluating the potential environnental inpacts 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 |eases, and
b) those related to the possible subsequent selection of shoreline sites
and transportation facilities. Because of the need for timely informtion
concerning the selection of offshore tracts, only those objectives and
associ ated data products related to the first category will be considered
inthis part of the Final Report. They include:

1) Provide information on the ageoffaulting and vol canismin the
region to aid in determning the potential seismc risk.

2) Provide information on the distribution of permafrost in the
region to aid in determning the probability of offshore perma-
frost.

3) Map the depositional environnents of the nodern Yukon delta,

i ncluding offshore facies, With an evaluation of the potenti al

geol ogi ¢ hazards (e.g. liquefaction susceptibility, erosion and
sedi mentation potential) which characterize each depositional
envi ronnent.

4)  Study the seasonality of coastal processés in the Norton Sound
region, enphasizing the patterns and rates of ice novenent during
the winter nonths as determned fromsatellite imagery.

Data products related to the latter stages of exploration and develop-
ment Wi || be provided in the second part of the Final Report to be submtted

Summer, 1980.



111,  CURRENT STATE OF KNOALEDGE

The suspended sediment |oad of the Yukon River is the 18th |argest
in the world (Imman and Nordstrom 1971), providing over 90% of the
sediment presently entering the northern Bering Sea (Lisitsyn, 1966).

The Yukon and Ruskokwim Rivers have conbined to form the 7th largest delta
plain in the world (Imman and Nordstrom 1971), yet despite its size,
relatively little is known of its Quaternary history or the processes by -
whi ch the Yukon-Kuskokwi m conpl ex wasformed.

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. More, 1964,
McManus and ot hers, 1974; 1977; Nel son and Creager, 1977; Drake and others,
1979) as well as the Hol ocene sedinents at the mouth of the Yukon River
(Matthews, 1973). In addition, Thor and Nelson (1979) recently provided
a synthesis of the geologic processes and geologichazards in the Norton
Sound region.

Wth the exception of the work of Mtthews, however, none of these
studi es sanpled anything but the nost distal portions of the Yukon delta.

In addition, the geologic nmapping of the subaerial delta conplex has

been largely restricted to regional reconnai ssance mapping (e.g. Hoare, 1961;
Hoare and cCoonrad, 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.



lv.  STUDY AREA

The conbi ned Yukon- Kuskokwi m delta conplex (Figure 2) is an area
of uni que natural resources covering over 54,000 square kilometers. It
has a large native population living in large part on a subsistence econony.
It provides access to nost of the spawning areas for salnon in the region
It is, in addition, one of the most significant breeding grounds for
mgratory birds in North America.

The delta region is largely a flat, featureless plain consisting of
wet and dry tundra, interrupted by innunerable |akes, nmany of which are
oriented. Mny of these |akes have coal esced laterally to formvery
| arge bodies of water (e.g., Baird Inlet) connected to the ssaby a series
of ancient river channels. The flatness of the delta conplex is interrupted
by nunerous small Quarternary shield vol canoes, the major uplifted massifs
of the Askinuk and guzilvak Mountains, and the Quarternary volcanic conplex
which fornms Nel son |sland.

The coastline is extremely varied, in part because of the conplex
geol ogy along the coast, and in part because of the lateral variability of
sedi ment sources and tidal range. For exanple, broad tidal flats, locally
bordered by short barrier islands, flank the macro-tidal Kuskukw m delta,
whereas the mcro-tidal Yukon delta is fringed by distributary nmouth bars
and interdistributary tidal flats. Sandy beaches are present near Hooper
Bay, where Wisconsinan(?) sedinents provide the source of sedinents
whereas steep gravel beaches and rocky headl ands form along the cliffed *
shorelines at Cape Romanzof, Point Ramanof, and Nelson Island where
Cretaceus bedrock crops out. Mst of the remining coastline consists

of low, eroding bluffs cut into pooriy consolidated Pleistocene deposits.’
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V. SOURCES, METHODS, AND RATI ONALE OF DATA COLLECTI ON

Geol ogic mapping in the delta conplex (including the delineation of
potentially active faults) consisted of the conpilation of existing geologic
maps, interpretation of aerial photography and sattelite (Landsat) inmagery,
and field work. Regional reconnaissance mapping by Dr. Joe Hoare and associates
at the U S. Ceologic Survey was available for nost 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
geol ogi ¢ mappi ng.

Field work during the sumers of 1975-1978 included the description of
vegetation assenbl ages and col | ection of numerous grab sanples and short
cores to describe the various depositional environments, the establishnent
and re-occupation of coastal benchmarks to nmeasure 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 nost recent faulting in the delta
region. Part of the field work also involved obtaining several cores
fromtwo volcanic lakes in the delta region using a nodified Livingston
piston corer froma floating platform These cores are presently being
analysed by Dr. Tom Ager. (U.S.G.S., Reston, Vs.) to determne the frequency
of explosive volcanismin the region (via ash content), the sources and
rates of sedinmentation, and evidence of climtic change (via pollen analysis).

The delineation of offshore depositional enviornments was done nainly
by interpretation of satellite imagery, bathymetric maps, and offshore
cores-provided by the U0.s.G.S5. (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 conpared with traverses obtained by RV KARLUK (USGS cruise, 1978)

to estimate long-termrates of erosion and sedimentation of the delta front.
In addition, the locations of the sub-ice channels from 1899 to 1978 were
conpared by the use of the Landsat inagery, allowing an estimation of the
rates of lateral mgration (and associated erosion and sedi mentation).

The KARLUK al so collected 22 vibracores off the front of the nobdern
Yukon delta. These cores, in combination with nunerous box cores taken
farther offshore by €. Hans Nel son (U.S.G.S. Menlo Park, California) and
sedi nents described by MManus and others (1977) allow a better under-
standing of the patterns of sedinentation in the region

Sequential Landsat inagery (1973-1977) was used to study the patterns
of ice formation fromfreezeup to breakup in the Norton Sound region.
Sidelap of imges taken on successive days allowed the calculation of daily
rates and directions of ice floe novenment. The resultant patterns of ice
movement were conpared wth synoptic weather data obtained fromdaily
surface synoptic weather charts, as well as available bathymetric data and

information of ice gouging (Thor and Nel son; 1979).
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VI.  RESULTS

Those data products related to geol ogic problens on the subaeria
portions of the delta plain (e.g. geologic and tectonic maps, naps of
coastal morphol ogy and shoreline stability) will be included in the second
part of the Final report to be submtted Summer, 1980. The results with
direct inplications to the earlier phases of site selection are discussed
in this report. They include the follow ng:

1) Recognition of w despread geonorphic evidence of Quaternary faulting,
sone of which cut Hol ocene fluvial deposits. Sone of these faults are
continuations of major fault systens, hence the magnitude of the
potential seismc event may be |arge, even though the historica
seismcity is rather |ow

2) There is no evidence of explosive volcanic activity in the delta
regi on having occured during the Hol ocene, and sonme suggestion that
It may not have occured within the [ast 24,000 years, thus it seems

likely that the risk fromvolcanismis mnimal.
3) Pleistocene sediments beneath nmost of Norton Sound contained thick

i ce-bound pernmafrost which was actively formng as recently as 10,000
years ago;, some may remain offshore as relict permafrost. Cffshore
permafrost in nodern sedinents is less likely, and if present, will
be thin, discontinuous, and restricted to water depths £ 1 neter

4) A map of the depositional environments of the nodern Yukon delta
(Fig. 3 illustrates the differences between this delta and those
previously described. Each depositional environment is characterized
as to dom nant process and potential geologic hazards. A nore
detail ed discussion of the nodern depositional environments is provided
by Dupré and Thonpson, 1979 (Appendix I).

5) A prelimnary map of offshore sedinment characteristics (Fig. 5 ) provides
some information as tothe degree of sedinent reworking and the possible
paths of sediment (and pollutant) transport.

6) A prelimnary zonation Of ice hazards in Norton Sound (Fig. 6 ) illustrates
the relatively systematic variations in patterns and rates of ice
movenent during the winter. A nore detailed study of ice novement in
the Norton Sound region is provided by Ray and Dupréd, in review

(Appendi x II).
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VIT. DI SCUSSI ON

Tectoni ¢ FranmeworKk:

The Yukon- Kuskokwi m delta conplex is located within the Koyukuk wvolcano-
geni c province which has been characterized by recurrent faulting and syntectonic
vol canic activity throughout Mesozoic and Cenozoic tinme (Patton, 1973). Most
of the major faults in the region (e.g., the Raltag fault) formed and were nost
active during late Cretaceus and early Tertiary tine (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; Gim and
McManus, 1970).

Most of the newy recognized faults, photo-linears, and neasured 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 sinply be the result of masking by the relatively
young (<2500 yrs) delta. Alternatively the Kaltag may splay into a series of
sout hwest-trending faults which transect the Andreski Muntains and continue
across the delta plain.

The age of the nmost recent faulting remains uncertain, however at |east
some of the faults appear to cut Hol ocene deltaic and fluvial deposits. The
recentness of fault novement, as based on geologic criteria, is consistent with the
recent work on microseismicity in the region by Biswar and Gedney (OCSEAP R.U., 483),
as well as the abundance of fault scarps detected by Johnson and Holnes (in
Nel son, 1978). Thus it seens clear that the selection of potential transporta-
tion corridors nust take into account the possibility of significant ground
nmovenent along at |east some of the fault zones in the area. In addition, al
site investigations nust evaluate the potential for ground shaking and Iique-

faction due to such an event, even though the historical seismicity is relatively



low. This is particularly inmportant as almost all of the Hol ocene fluyvial and
deltaic sedinents are characterized by grain size distributions which suggest
they are highly susceptible to Iiquefaction.

The Quarternary vol cani sm probably occurred over a wi de period of tine, as
evi denced by the various degrees of weathering and slope nodification; however
paleomagnetic data indicate that alnost all of the basalts are normally polarized,
hence are younger than 700,000 years ol d (Hoare and Condon, 1971b). A core
taken froma volcanic lake in the mddl e of the delta conplex contains an ash
deposit which is approxi mately 3500 years old. However, the conposition of the
ash suggests it was derived froma distant source (e.g. Alaska Peninsula). There
I's no other evidence of volcanism preserved in the core, which probably records
an interval of approximtely 24,000 years, suggesting either that the nost recent
volcanismin the region was far renoved fromthe [ake or that it predates the
core. The latter seens nost likely, as cores taken from a vol canic |ake near
St. Mchaels, east of the delta, also show a lack of locally derived pyroclastic
material (Dr. Tom Ager, US.GS , witten comunication). Thus it seens |ikely

that the risk due to volcanic activity should be considered mninal.

14
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Permaf rest

The presence of permafrost in the Yukon-Kuskokwim delta region
is well established by an abundance of geonmorphic criteria, including
pol ygonal ground, palsas, thermokarst | akes, solifluction | Obes, and
string bogs. The type and extent of permafrost is further documented
by field studies, unpublished drillers reports, and a study by the
U S. Geological Survey (WIlians, 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 |obe of the Yukon delta and associated chenier plain
are relatively young geol ogic features, having formed approxi mately
2500 years ago. There is evidence of permafrost forming in much of the
interior parts of the nodern delta plain, however it appears to be
di scontinuous and relatively thin (2-3 mthick ?). There is little
evi dence of permafrost presently formng along the prograding margin
of the delta plain. |f permafrost is actively formng in nodern
deltaic sediments offshore, it is certain to be thin, discontinuous,
and restricted to sedinents in water depths of |ess than one neter,
coincident with the distribution of bottomfast ice

The possibility of relict permafrost existing offshore is nore
difficult to predict. Norton Sound was energent wuntil as recently as
10,000 years ago when it was flooded during the |ast glacio-eustatic
rise in sealevel (C. Hans Nelson, U S.GS., unpublished data). Thus
until recently Pleistocene sedinents simlar to those which presently
cover much of the delta region were exposed offshore. The Pleistocene

sedinents onland are characterized by extensive pernmafrost (including
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| arge ice wedges and massive ice) locally Up to 200 m thick. The permafrost
began to degrade follow ng the submergence of Norton Sound, however some
may remain offshore as relict permafrost depending on 1) the original
thickness of permafrost, 2) the nature of the Pleistocene sedinents, 3)
the thermal properties of the overlying water mass, and 4) the possible
presence of Holocene river channels (cf. Hopkins, 1978).

Mre detailed seismc studies and exploratory drilling are necessary
before a nmore definitive statenment can be made as to the presence of
of fshore permafrost in the Norton Sound region. Nevertheless, it is
clear that nost of Norton Sound was underlain by thick, ice-bound
permaf rost which was actively formng 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. This possibility
seens especially high east of the nodern delta, between Apoon pass and
. Michaels, where the shoreline is rapidly eroding Pleistocene sedinments
at rates of approximately 17 m/yr.. It seems likely that in this area
the thick permafrost exposed along the shoreline extends for sone

di stance offshore.
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Depositional Environnents of the Mbdern Yukon Delta:

The modern Yukon delta has several depositional environnents |acking
in deltas formed in nore tenperate climates. These depositional environ-
ments are but one indication of the extreme seasonality of coastal pro-
cesses which probably characterize many high-latitude continental shelves.
Table 1 is a prelimnary attenpt to assess the relative inportance 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
mnimzing both the costs and environmental inpacts of ‘siting both
of fshore and onshore structures. This report will enphasize only those
envi ronments and processes which mght directly affect the early stages
of site selection. A nore detailed description on the onland environnents
will be included in the second part of the Final Report.

The subaerial norphol ogy of the Yukon delta is simlar to lobate,
hi gh-constructional deltas described by Fisher and others (1969) as
typi cal of bedl oad-dom nated rivers enptying into shallow depositiona
basins. An exam nation of the subaqueous norphol ogy of the delta,
however, suggests such a classification fails to recognize some of the
uni que aspects of the Yukon delta.

The delta plain is fringed by prograding tidal flats and distributary
mouth bars, sinilar 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 platformj, typically 1-3 meters deep and locally up to 30 km wi de.

The resul tant subaqueous profile (Fig. A-5)* is quite unlike those of wave
and river-dom nated deltas described by Wight and Col eman (1973). In

addition, the platformis crossed by a series of subaqueous (sub-ice)

*in Appendi x A
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DEPCSI TI ONAL  ENVI RONMENTS
Active Distributary

Abandoned Distributary

DELTA

PLAIN Interdistributary Marsh
Coastal Marsh
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None
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Low
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None
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hazards of the modern Yukon Delta
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channel s which extend up to 20 km beyond the mouths of the major dis-
tribuaries, ,

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; Wl ker, 1974) have noted that patterns of
near shore sedimentation along the north slope of Alaska are strongly
i nfluenced by the presence of shorefast ice. Naidu and Mowatt (1975)
suggested that this is unique to deltas formed by polar rivers in the
Arctic. | believe that these smaller arctic deltas, as well as |arger
deltas such as the Yukon, Mackenzie, and Lena, actually represent a
separate type of ice-dom nated delta, norphologically distinct from
t he wave-,river-, and tide-dom nated deltas previously described in
the literature (e.g. Galloway, 1975). The Yukon delta may provide a
model for such an ice-domnated delta (bupré and Thonpson, 1979; Appendix
A.

Delta Plain: The delta plain consists of a conplex assenbl age of
active and abandoned distributary channels and channel bars, natura
| evees, interdistributary marshes, and |akes (Fig. & ), however for the
purpose of this report, it will remain undifferentiated. Mich of the
older, nore inland parts of the delta plain show clear evidence of
pernaforst, however it appears to be discontinuous and relatively thin
(2-3 nmeters?). Flooding is a major hazard on much of the delta plain
asi s erosion and sedimentation associated with the nmeandering active
distributary channels. In addition, nmuch of tine sedinent deposited in
the channel s and channel bars consists of relatively well-sorted sands

and silts with a high susceptibility for liquefaction
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Delta Margin: The delta margin is a term used here informally to

include the program ng tidal flats and distributary nouth bars as well
as the sub-ice platformand associated sub-ice channels.

The tidal flats are typically 100-1000 m wi de where they occur along
the prograding margin of the nodern delta. They consist of poorly-
sorted sandy silts with a low |iquefaction susceptibility in areas of
relatively |ow wave energy (on the northern side of the delta), and
moderately sorted silty sands with a noderate susceptibility for Iiquefac-
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
sone of the tidal flat areas are eroding at rates of up to5 m/yr.

The distributary mouth bars are typically mddle-ground bars which
format the nouths of the nmajor distributaries. They generally consist
of noderately to well-sorted sand and silty sand with a relatively high
susceptibility for liquefaction. They are dominately progradi ng features,
however some erosion may occur during storns or where adjacent to
| ateral |y meandering sub-ice channels.

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

distributary channels, and are nost common on the western margin of the”
delta. These subaqueous channels are typically 1/2 to 1 kmwide, 5-15 m
deep, and extend up to 20 km beyond the shoreline. The channels are
presently actively transporting sedinent {at |east during parts of the
year) as evidenced by the seaward-mgrating sand waves up to Im high in
the channels (D. Thor, v.s.c.s., personal commnication). The presence

of the well-sorted channels sands, conbined with the relatively steep



channel margins, results in a high potential for liquefaction. This

is further substantiated by the abundance of |iquefaction-induced defornation
features observed in cores obtained from channels deposits by the RV
RARLUK (U.S.G.S. cruise, 1978). The channels appear to be actively
changing their course by a conbination of lateral neandering and avulsion.
Lateral rates of channel mgration have been measured up to 50 m/yr. on
the basis of bathynetric maps and Landsat imagery. Thus the potentia
exists for erosion of adjacent platform deposits to depths of 5-15 m
(equal tothe depth of the channels), perhaps during a single flood

event. Simlarly, rapid sedinmentation 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 (1-3 m extending up to 30 km beyond
the shoreline. The sub-ice platformon the western margin of the delta
is dominated by the proximty of numerous sub-ice channels, hence sub-
aqueous | evee deposits are common. In contrast, the platform on the
northern side of the delta appears to be characterized by nore reworking
of sedinent, with undulatory ridges and troughs especially comon near
the outer edge of the platform

Unlike nost 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 sedinent on the outer edge of the platform The liquefaction potentia
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 1n contrast, the sandy |evee deposits
probably have a high potential for liquefaction. There is little net

erosion or deposition on the platform asitis |argely an area of

*in Appendi x A
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sedi ment erosion and bypass. The nain exception is near sub-ice channels
where erosion can be both substantial and unpredicted.

The delta front_is a termused here to describe the relatively
steep (typically greater than 1:500) zone which fringes the delta in
wat er depths of approximately 3-14 m It is an area of relatively rapid
deposition in the western portions of the delta due to the proximty of
the major sub-ice channels which enpty nmuch of their sedinent |oad on
the delta front. Up to 6 mof sedinent appears to have accunulated in
this area during the last 80 years. Mst of that deposition was as a
series of storminduced (?) sand layers typically 5-20 cm thick, thus
the anount 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 to 50 km tong. These shoals
appear to be mgrating laterally into Norton Sound resulting in a conplex
pattern of long-termerosion and sedinentation. The delta front al ong
the northern margin of the delta appears to be eroding, with up to 4 m
of sedi nent having been renoved during the past 80 years. The anmount
of sedinent renmoved during a single stormevent remains uncertain.

Most of the delta front along the western nmargin 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. Simlarly, the linear shoals consist of noderately well
sorted sand with a relatively high susceptibility for Iiquefaction. The
sedi nent characteristics of the delta front along the northern nargin
of the delta are less well known, hence their susceptibility for |ique-
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 sedi nments which extend
up to 100 km offshore. Sediment is initially deposited from suspension
in this environnent, however water depths are still relatively shallow
(10-20 m hence much of the sedinent is subsequently reworked. Evidence
of such reworking is clearly denonstrated by the unusual pattern of tex-
tural parameters (Fig. 5 ). The southwestern margin of the prodelta
sedinents (adjacent to the largest distributaries) consist of well-
sorted silty sand, grading northward to noderately sorted silty sand
and eastward to poorly sorted sandy silt and silt.

The potential hazards due to sedinentation and/or erosion appear
to be miniml in these deposits, as it seems unlikely that the resuspen-
sion of sedinent occurs to any great depth. The |iquefaction suscepta-
bility of these sedinents 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 effect on deep-seated
structures. The silts in the northern part of the prodelta are thicker

(up to 8 m, however they may be too poorly sorted to |iquefy.
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Sedi nent Di spersi on Patterns:

Most of the sedinment introduced into Norton Sound is transported
by the Yukon River during the summer, nuch during the relatively short
interval of breakup. Sonme of the sedinment is deposited in programng
tidal flats and distributary mouth bars along the coast, however nost is
transported offshore as bedload With the sub-ice channels and as suspended
sedi ment within the sediment plunme of the Yukon. Sonme of the sediment
I's deposited on the subaqueous |evees adjacent to the channels, however
much of the bedl oad appears to be deposited up t020 km beyond the
shoreline at the delta front. In addition, the suspended sedi nent
plume may extend up to 75 km 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 nmore typical graded shelf pattern
where sedinents become progressively finer grained and nmore poorly
sorted offshore.

The sedinment on the western portion of the sub-ice platformis
typically coarser grained and better sorted than sedinent to the northeast;
this is due to the proximty of the main distributary channels and the
longer fetch and greater wave energy on the western nmargin of the delta.
The sedinent on the outer edge of the sub-ice platformis better sorted
than closer to the shore because of the reworking by waves and perhaps
accel erated sub-ice currents as well. The delta front is generally
within the zone of wave buildup, hence consists largely of relatively
wel | sorted sands reworked by wave-induced currents. Simlarly the
| inear shoals of the delta front consist of relatively well sorted sands
whi ch appear to be mgrating to the northeast, perhaps due to storm-

induced currents or a bifurcation of the Al aska Coastal Water. Sediment
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initially deposited from suspension on the western margin of the pro-
delta is periodically resuspended by a variety of processes (e.g. tides
and storms) and reworked. Mich of the sedinment nmay remain within
the Alaska Coastal Water to be ultimately deposited in the chukchi
Sea, up to 1000 kmto the northwest (McManus and others, 1977, Nelson
and Creager, 1977). In other cases, the resuspended sedinent appears
to be transported to the northeast, perhaps in response to storm-
induced currents, to be deposited in the central part of Norton Sound
The sediment supply into Norton Sound is virtually cut off during
the winter due to the reduced flow of the Yukon River. Nevertheless,
Drake and others (1979) have docunmented significant anounts of suspended
sedi ment beneath the ice canopy. This inplies 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 sedinent dispersion in the Yukon delta
region of Norton Sound are conplicated by the shall owness of the deposi-
‘tional basin, the extensive reworking of sediment, and the extrene
seasonality of marine processes. This increases the necessity of
obtaining nuch nore information before it will be possible to make

accurate predictive nmodels of pollutant paths.
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|ce Hazards in the Norton Sound-Yukon Delta Region

The patterns of ice formation, nmovement, 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 docunment not
only the marked seasonality of marine processes throughout the year,
but also the significant role of bathymetric and meteorol ogic conditions
in controlling the patterns and rates of ice movement in the region
The results have been sunmarized in a map of generalized ice hazards
Figure 6) , simlar in nmany 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 nore detailed dis-
cussion of the ice-domnated regime of Norton Sound (Ray and Dupré,
inreview .

Zone la is a zone of shorefast ice which extends to the outer
edge of the sub-ice platformof the Yukon delta, approximately coinci-
dent with the 2-3 neters water depth. Over-ice flow (aufeis) occurs
throughout the winter in areas of bottomfast ice near the mgjor
distributaries (shown in hatchered pattern). Sub-ice currents
beneath the floating fast ice may result in sone 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 wnter,
however |arge sheets of ice may break off during Spring breakup. Zone ib
is a slightly less stable area characterized by floating fast ice during
nmost of the winter, however ice can be conpletely lacking and replaced
by a large area of open water under sone conditions (e.g. March 13-15,

1976) . Zone Ic is the zone of shorefast ice which fringes nost of Norton
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Sound . It is largely floating fast ice, and is nore variable in ex-
tent and less stable, as large sheets of ice may break off repeatedly
throughout the winter.

Zone Ila 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 1l4m isobath. It

I's characterized by extensive ice shearing and a relatively high intensity
of” ice gouging of the sea floor (as delineated by Thor and Nel son, 1979).
Zone lIb is located west of the delta in water depths from3 to 14 m

It is a relatively unstable area characterized by ice deformation and
accretion to the shorefast ice (Zone 1a) during periods of onshore
(westerly) wi nds and an of fshore movement of ice and the devel opnent

of a large, open water area (polyna) during periods of offshore (easterly)
winds. It is characterized by a noderately high intensity of ice

gougi ng.

Zone |11 is an area of seasonal pack ice formed mainly in situ,
within Norton Sound. The ice typically noves south and west in response
to the domnate northeasterly w nds throughout the w nter, however it
may drift slowy in response to oceanic currents during periods of |ow
winds. The southern portion of this zone is characterized by w despread
shearing of ice, and is approximtely coincident with the area of very
hi gh density of ice gouging delineated by Thor and Nelson (1979). The
western boundary is approxinmately 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 w nds bl ow.
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Zone |V consists of seasonal pack ice formed in the northern Bering
and chuckchi Seas. It typically noves to the south in response to
northerly winds for nost of the winter, however short-lived periods of
northerly ice movement can occur during the passage of |ow pressure
systems. The ice typically begins to consistently nove to the north in
late April or early May. Zone |Va is the “racetrack”, characterized by
intervals of extremely rapid, southerly novement of pack ice (up to
45 xm/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 approximtely coincident with the
22 m isobath. The western margin is nore variable, as it appears to be
controlled by the geonetry of ice piling up on the northern side of
St. Lawence Island. The rapid novenent is evidence of the |ack of
grounded ice, as well as the lack of ice gouging (as delineated by Thor
and Nel son, 1979). Zone IVb is in water depths of 22 to 20 =, and is
characterized by less rapid ice novenent than in the “racetrack”.
some grounded ice may occur in this zone, particularly in the area of
shoal s southwest of the delta. Zone IVC is in water depths of 20 to 14m,
and is characterized by open water during periods of easterly w nds, and
by onshore noving pack ice during periods of westerly winds. It differs
fromzone 1Ib mainly by its nobility, i.e. it rarely forms a stanukh
zone accreted to the shorefast ice. Nonetheless, sone grounded ice and
ice gouging will occur in this zone as well. Zone IVd is simlar to zone
Ivb, and was not studied in detail.

Zones Va and Vh are zones of ice divergence formed by persistent
of fshore winds (cf. wMuench and ahlas, 1976) . “These are typically areas

of open water where ice is actively formng for most of the wnter
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VI'TT CONCLUSI ONS

L The Yukon Kuskokwi m delta region is characterized by w despread

evi dence of Quaternary tectonism. Evidence of Hol ocene faulting, coupled
with the relatively high susceptibility for liquefaction of nost of the
fluvial and deltaic sedinents, constitute potentially serious geologic
constraints to the selection of offshore sites and the design of offshore
structures. The risk from explosive volcanic activity, howevér, appears

m ni mal .

2. Pl ei stocene sedinents beneath nmost of Norton Sound contained thick,
i ce-bound pernmafrost which was actively formng as recently as 10,000
years ago;, some nay remain offshore as relict permafrost. Offshore
pernafrost in modern sedinents is less |ikely, and if present, wll

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

3. The depositional environments of the Yukon delta differ frommost
previously described deltas, mainly by the presence of a broad, shallow
sub-ice platformand associated sub-ice channels. The potential for rapid
erosion by these actively neandering subaqueous channels is especially
serious, as is the relatively high susceptibility for liquefaction of much
of the offshore sedinents,

4, The shal | owness of Norton Sound, combined with the marked season-
ality of marine and fluvial processes, has resulted in a conplex pattern
of sediment resuspension and reworking. This nakes the predicted paths

of sedinent (and pollutants) transport nore conplex than might be expected
in deeper basins in nore tenperate clinmates.

5. Satellite imgery, used in conbination with available weather data,
has documented relatively systematic patterns of ice novenent controlled
largely by local w nds and offshore bathynmetry. This has allowed the
sub-division of the Norton Sound region into zones, each characterized by

a particular type of ice and ice novenent.
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| X RECOMMENDATI ONS FOR FUTURE WORK

There are a variety of potential geol ogic hazards which nust be
consi dered in the course of devel oping Norton Basin. Many of these
relate to the Quaternary deposits and the processes by which they formed
(including those active today). Sone of the problens require substantia
additional study. They include the follow ng:

1) LI QUEFACTI ON

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 |ique-
faction. These sedinents conmmonly occur in the sub-ice channels,
the outer edge of the sub-ice platformand 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 |iquefaction-induced defornation
features noted in cores fromthe xarluk, particularly where sub-ice
channel facies were cored

Recommendati on ; Look at the relationship between the potentia

for liquefaction as a function of depositional environment, enphasizing
the correlation between grain size, liquefaction-induced features, and
environment. |f the ‘correlation exists ‘(and | believe strongly that
it does) , spend nore effort in obtaining more ‘information on the
geotechnical properties of sedinments in the various environnents
and a nore detailed map on the distribution of the depositional environ-
ments (N8B the distribution -of the-sub-ice channel and delta front *
facies as well as the thickness of the Hol ocene sediments).
2)  SUB-ICE CHANNELS
These channel s appear restricted to ice-dom nated deltas, hence
they may present sone 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 1/2 kmw de and up to 10 m
deep, and appear to be areas of active sediment transport as well, wth
sand waves up to 1 mhigh locally. There is, therefore, potential for
scour and fill in these channels, especially during spring breakup.
Recommendation:  Conpile existing Landsat and bathynetric data on
the geometry and distribution of these channels, including any evi-
dence on the rates of channel mgration conparing the old maps with
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the newer data. Consider in situ nonitoring before, during, and
after breakup to determne the amount of scour and fill that m ght
occur (alternatively, obtain vibracores in the channels to determne
the thickness of the channel fill deposits, which should approximate
the depth of scour during flooding). Al so consider in situ nmoni’
toring of currents in the channels during stornms and under the ice,
as they may serve as conduits for return flows resulting in flushing
of sedinents.
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 nouths of the
major distributaries. It appears to be an area of erosion, however,
on the northern parts of the delta based on prelimnary conparisons
of 1899 bathynetry with data collected from the Rr/v KARLUK (USGS
cruise, 1978). In addition, the northwestern part of the delta
front appears to consist of a series of mgrating linear shoals
with a resulting conplicated patterns of erosion and deposition. This
is also an area where |iquefaction-induced slope failures are likely
to occur

Recomendat i on: Make a detailed conparison of the pre-1978 bathy-
metry Wi th that collected by the r/v KARLUK to determne the direction
and rates of movement. |f the rates are such as to represent po-

tential hazards, nmore 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
| ooking for evidence of |iquefaction-induced slunp features, and
vibracores t0 determ ne the geotechnical properties of the sedinents.
4)  OFFSHORE PERMAFROST

There is abundant evidence that much (most?) of Norton Sound
was underlain by thick, ice-bound pernafrost which was actively formng
as recently as 10,000 years ago. Thus a very real possibility exists
for the presence of relict ice-bound pernafrost underlying parts
of Norton Sound today.

Recommendation:  Delineate the distribution of Hol ocene and
Pl ei stocene deposits beneath Norton Sound, perhaps with the use of
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hi gh-resol ution seismc profiling, coupled with test drilling to
determ ne the geotechnical properties of the sedinents, including
the presence, if any, of relict, ice-bound permafrost.
5) SEASONAL VARI ABILITY OF MARI NE PROCESSES
It has become increasingly apparent that the processes of sedinent
transport and deposition (and resuspension) are far nore conplex than
previously thought. The extrenme seasonality of processes, including
those associated with river influx, wind and waves, oceanic and tida
currents, and ice nust be studied in nore detail if predictive nodels
of sedinent (and pollutant) transport are to be properly devel oped.
Reconmmendat i on: Fund a series of coordinated, interdisciplinary
studies of in situ nonitoring of processes during several periods of
the year. -Such a program could be patterned as foll ows:
a) Whnter-domnated period: this would include both_lab studies
of weather patterns and ice novenent as detectable on satellite
imagery, as well as field studies to nmeasure ice thickness and
patterns of ice novement and deformation, as well as sub-ice
processes such as oceanic currents and tides in a variety of
envi ronments such as sub-ice channels, the delta front, and

prodelta.

b) Breakup: This period is of extreme inportance in establishing
and nmai ntai ning many of the environnent which appear unique to

i ce-dom nated coastal zones. |In situ nonitoring of currents and
sedi ment 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-domnated period: This is a period doninated by the

hi gh sedi ment discharge of the Yukon. Studies enphasizing the
pattern of sedimentation during this time would be extremely use-
ful . O fshore wave and current meters would be installed at this
tine.

d) Stormdom nated period: Late summer and early fall is a period
dom nated by the conbined effects of decreasing sediment input and
increasing storm frequency (hence sediment reworking) . In situ_

monitoring of offshore processes is particularly inportant at this

tine.



e) Freezeup: It also would be useful to study the processes by which
the shorefast ice forns and expands over the sub-ice platform and

associated channels. This also would require in situ nonitoring
during late Cctober to early Novenber.
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| sBSTRACT

Field mapping in the Yukon delta regton of
western Al aska, conbined with |aboratory analysis of
sediment anti Landsat i magery, has provided insi ghts
into tha role of climate and tectonics On deltaic
processes on high-lazitude cent.inentai she ives. The
climtic and tectonic influences On sediment type, in
conbi nati on with the role of river and sea ice tn
controlling patterns of sediment transport and
deposition, suggest that the Yukon delta may provide z

nodel for deltaic sedimentacion in an ice-daninated
« NVirannenz.
The cembinationof an arctic and sub-arctic

climate and » Xt anst ve Cenozaic tectenism has resulted
in the production of alineralogtcally immature suite
of silts  and sands (typically  feldspathic
litharenites) With a relative paucity of clays.The
textural and mineral ogi cal camposition of these
sediments will, {n turn, 1influence their geotechnical
properties as well as poste-depositional cempaction and
dlagenetic effects.

The processes of sediment transport and
deposition in the Yukon delta vary systematically
throughout the year. nere exists an ice-daminated,
river-daminated, and stormdaai nstad regimen, «ach
consisting of a characteristic nmet of processes.
These procesesascan constitute geologic hazards which

vary withseeson and depositional environment, <thezeby
significantly e ffecting ¢he siting of off shore
facilities.

The gecmetry of the delta « d it s various

depositionsl enviromments are strongly influenced by
the effects ofsea 1ice. A compartison of the
subaqueocus Prof tle of the Yukon delta wi th those of
previcusly described rove- and river=dominated deltas
reveals « broad ‘sub-ice platfomm® typtcally less than
2m deep and up to 30 km wide separating ehs
intertidal depcsits from the prograding delta front.
This platform, « s welle 0 ¢« *aOciaeed ‘'sub-ice
channelg” which «xtend tens of kilameters offshore
from the maj or distributaries, consti tute =ajor
dif ferences with previously described deltas. Thus,

Re ferences. Nd illustrationsate. nd of paper.

the Yukon may representa distinct class of ice=
daminated delta, simtlar in nany respects to deltas
presently forming in the Arctic. Fa ilure o recegn i ze
the unique characteristics oftice-daminated deltas can
result in serious errors in the estimation of the
reservoir potential of deltaic sediments deposited

under simlar climatic conditions.

|_1wrropocTron

The prospect of oil and gas exploration in
Norton sound (Fig. 1) has focused increase d atzentian
on the Yukon delta, both as an area that might be
significantly affected bysuch devel opnent, and as a
possi bl e analogue for older, Yukon-derived deltaic
sedi nent which might serve as possible reservoir rocks
in Noreon Basin, preliminary studi es demonstrate that
the depositional envirorments and rel ated processes
associated withthe Yukon delta differ narkedly from
those of most previously described deltas. The
purpose of this paper is eo desecribe the se
enviromments and processes, as they may provide a
possible model for a newly defined elass of ice-
dominated deltag. Partsof the model are specuiative,
however {itmay provide a basis for future discussion
en the roleof ice in deltaic sedimentation On highe
latitude continental shelves.

METHODS

Field work during the summers of 1975 through

1978, and interpretation oOf bat hymetric and
topographi c naps, aerial photographs, and landsat
imagery, have provided an overview of themajor

depositional environments of ths Yukon delta as well
a8 the processes Whi Ch characterize each environment.
Sedi nent  from most of the deposttional environnments
was analyzed using ths Rice Univers ity Automated
Sediment Analyzer { ROnsa ). This system uses a large
settling tube to analyze thesand, a smaller seetling
tube tO snalyze the coarse silt, and a hydrophotometer
t0 analyze the fine siltand clay. Additional grain
Size {nformation was also.vailable fer a limted
number of sarples fram ehs delta froat and prodelta
envirnrasnts {McManusand others, 1977 ] and f rom a
lazge, sub-ice channel ({Matthews, 1973). A=-ray
photographs of numerous coses were examined to provide
o«dditional information on sedimentary structures and
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proturbation, particularl y in intertidal deposi ta. In
addition, point counts were made of Qgrain mounts Of
sand collected frem. variety of anviromments toO
determine thes ffaet s of provensnce and climate on the
canposition of ths sediment.

QLOGIC SETTING

The Yukon River dratns.n area of approximately
855, 000 km?, |providing_ a w tt: discharae Of
e pproxtmatsly 6220 m“/sece nd o sediment |o0ad of
approxi mately 88 ®ill ion tons/year, reprasenting
« 3nsosc 908 of the total sediment presently enterting
the Bering Sed {(Lisitsyn, 1972). The source area is a

raglon of continuous to discontinuous permafrost
dcminated by nechanical weathering ( including the
effects of glaciation). 'i’he result of such weathering

processes should be a sediment high in stlt and with a
relative paucity of clays [e.g. Taber, 19431 Hill and
Tadrow, 1961 }.,e nd this {6 confirmed by size analysis
of Yukon sediments { Fig. 2). The source area has a
complex history of Cenozoic tectontsm, which, in
combination with the relative lack of chemical
waathering, has resulted in the production of a
cmpos {tionally immature sulte of sands (typically
feldspathic litharenttes). Thus both the texture and
canposition of the sediments strongly reflect ths
climatic and tactonic setting of the drainage basin.

The nodern delta of the Yukon River ts a
relatively young geologic feature, having formed stince
approxi mately 2500 years ago, when the river course
shifted to where it presentl y e nte rs Norton Sound
{Dupre, 1978). Norton Sound ts a broad re-entrant of
the northern Bering Sea, characterized by | ow rates of
tectonic subsi dence and extremel y shal | ow water depths
(generally less than 20 m). The shallowness of the
depositional basin has allowed extensive reworkting of
the deltaic sediments by & varietyof processes,
including waves, wind- and tidally~induced currents,
and oceaniccurrrents, as well as processes associated
wWth iece movement. The relative inportance of these
processes varies Systenmatical .|y througheut the Year,
snowi ng the 2e finition Of an ice=daminated, river-
dominated, and storm-daminated regimen [ Fig. 3).

SEASONALITY OF COASTAL PRCCESSES

The ice=-dominated reqlmen_ begins with freezeeup
e long the ©coast {n late October or November.
Shorefast ice. xtende from 10 to 30 km of fahore, where
it is termnated by «series of pressureridges. nd
shear ridges{Stamukhi zone of Re {mnitz and others,
1977 ) formed by the interaction of the shoref ast ice
with ths highly [J obil e, =seasonal pack i ce (Fig. 4A].
mts typically occurs in water depths of 5§ co 10 m
e nd ts an area of intense ice gouging. Gouging may
result ta the resuspension of sediment whichis then
avai | abl e for zeworki ng end reedistributtion Dby
relatively weak, sub-ice currents, some of which may
be {nduced Py wvertical movement of the floating fast
i ce (Barnes and Reimnitz, 1973 ).

Rtver breakup typically occurs in late May,

puring breakup, much of ths sediment bypasses the
nearshore zone Dy a cambtnation of over-ice flow (ef
Colville delta)e nd sub-ice flow through « series of
channel s whiehe xtend up to 30 k@ OF fshore ( Fig. 48).
once ths shorefast {ce melts or drifts of fshore,
sedimentation is dominated by normal daltatie processes
under the influence of the high discharge of the Yukeon
river. The dooinant northeasterly winds. re usually
weak © Nd bl ow over e relatively limtted fetch, hence

the wave energy e |oOng
during thtis tires of year.

the coagt L& generally low

Increasingly freguent southwasterly winds and
waves associated with major storms during the late
summer mark the beginning of t he
regimen. The relatively leng fetch and high winds
resultin high wavee nery particularly on the western
side of the delta. High wave e nerqy and rapidly
decreasing sediment di Scharge from the Yukonregsultin
significant coastal erosione nd rewdrking of deltaic
deposits iN ethe late summer. This continues until
f reeze-up when ice-related processes regain chs ir
deaminance.

The northwesterly-flowing Alaska Coagtal Water
(ACW) impinges oOn the western stde of the delza
throughout the yaar, although there «re large seasonal
variations 4m {zs laterale xterit ( Coachman and others,
1975). High flow velocities tnthe ACW appear
responsible for e« large amount of f {neegrained
sediment bypassing Norton Sound for final deposition
in the Chukehi Sea, 500-1000 km to ths northwest
(Nelson and Creagexr, 1977). Simtlarly, tides wth a
range Of 1-1 1/2 m and tidally-induced currents are
active throughout the year, but their significance
rema ias unclear . It seems ! ikely that both the flow
within tha ACW and ths tidally-induced currents ars
most important i n transport iag sedi ment re-suspe nded
by other processes (e.g. storm waves, ice gouging)

DEPOS | T IONAL ENVIRONMENTS

marking the beginning of tin river-dam{nated regimen.

The subaerial norphology of the Yukon delta is
simlar to lobate, high=-contructional deltas described
by Fisher andothers(1969) astypical of bedload-
dominated riverse nptying into shallow depasitional
bagins. Thists Consistent with the geol0giC setting
of the Yukon, however a more careful examination of
the subaque ous morphology suggests that such a
classification fatls to recognize some of the unique
aspects of the Yukon delta.

The delta platn is fringed by prograning zidai
flats and distribuecary nouth bars, similar to many
previously described deltas. The Yukon delta is
unusual, however, in that ths delta front and prodelta
« re offset f romthe prograding shorel ine by a broad
platform (hems referred o as a sub-ice pl atformg,
locally up to 30 km tide. The result is a subaqueous
pr Of ile (Pig. 5 ) qui - unlike those of wave~ and
river-daninated deltas described by wright and Col eman
(1973).

The broad platform (and assoclazed subagqueocus
channels ) appear related tO the presence of shorefast
iee Which fringes the deltaforalmost half the year.
Several workers (e.g. Reimnitz and Bruder, 1972
Reimnttz and Barnes, 1974; Wil ker, 1974 ) note that
patterns Of nearshore sedimentation along ths nercsh
slope of Alaska azre strongly influenced by the
presence of shorefast ice. Naidu and Mowate ( 9975 )
suggest that this is uiique to deltas formmed by pol ar
rivers I n the Arctic. We believe that these sneller
aretic deltas, «S well as larger deltas such aa the
Yukon, Mackenzie, and Lens, &ctually represent a
separate type Of \ce-dom {naced delta, norphologically
distinct frem the wave-, river-,e nd tide-dominated
deltas previously described in the literature (e .g.
Galloway, 1975 ). The Yukon deltallayprovide s retie 1
fOr such an ice-dominated delta ( Fig. 61.

The deltaplain contains a complex assemblage Of

o ctive edbandoned distributaries, levees,

storm=dominated
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tnterdiatributary warshes, ¢ nd lakes. The e ctive
distributaries have & radtally bifurcating pattern;
individual channels have low to moderate sinuosity.
The ziver hse two main distributaries ( 1-1 1/2 km wide
and 10=-15 o deep) e Nd nuserous smaller distributaries
(sea as small as 20 mwide and 2-5 = deep) typically
spaced every 1-2 km along the ¢0a st. Point bars and
mid-channel bars are common, particularly aleng the
larger distributaries. Channel and bar deposits. re
sypically camposed of moderately to well sorted sand
and silt y sand,gradingupwardsand |aterally trite
organic=rich, poorly sorted siite nd mud deposited on
natural lavees snd in meander svales.

The distributaries frequentl y shift the ir course
via channel e vulsion, oftea precipitated by {ce jams
zesulting in the deposition of e n abandoned channel
£411 typteally consisting eof organic-rich sandy silt
and silt. Abandoned channels are highly prone to
fleocding ond ore freqently re-occupl ed by
distributaries, resulting 1in a complex delta
stratigraphy.

Interdistributary areas in ths ol der, tnactive
parts of the delta ace largely marshss characterized
by poorly-sorted peaty silt e nd nud. Freshwater peats
may be up to 1 0thick ia the ol dest parts of the
delta . Bane e hallow | akes oeceur between natural
|evee 6, however[Jost are in the process of being
filled with wvegetation. Incipient permmafrost
development hss resulted in the formation of peat
mounds (palsen} in  many fomer | ake beds .
Interdistributary .reas e long the coast.r e
characterized by marshes of e alt-tol erant grasses and
sedges, typially foming over e ctively pregrading
tidal deposits. Low washover ridges record shore
intervals of shorel ine erosion, probably during ma jar
stoms |

The delta marcin is a termusedinformally here
to 1include rapidly ~ prograding tidal flats angd
digtributary nouth bars as well as the sub-ice
platform ande ssociated offshore channels. Tidal
flats ore typically 100- 1000 mwide where they occur
along the prograding margin of the delta. The flats
consist of pearly-sorted sandy silt in areas of
relatively lew wave energy (on the nerthernside of
the delta ) to moderately and pvrly-sorted sil ty sand
in areas of higher wawve energy (on the western sideof
the delta) . The tidal flat deposits commonly form a
f ining~upwards sequence [ e pproximately 1 mthick) of
mixed bedded, ripple and paral | el -1 ami nated siley sand
and stlt. Primazy sedimentary structures are often
Obscured, however, by e xtenstve bloturbation,
e specially in areas of high stle content. Datrital
peat is local ly abundant, particularly in the upper
parts of the progradings equences. The tidal flats
show abundant e viol ence of iee scour and ice plucking
simlar te that described by Dionns ( 1962) , however
the preservation potential ofsuch fsatures may be
small |

Middle~grouhd bars commonly occur ¢ € the nout hs
of the larger distzibutaries. These sre characterized
by noderately to well-sorted sand tn.reaa of high
wave energy e nd by poorly=-sorted silty sand inareas
of low wave energy. |n addition, individualbarsare
typically coarser grained and better sorted in the
mere proximal parts, getting finer grained on their
mere distal o dge. Sedimentary structures ere nostly
ripple and paral |l el laminations, with little detrital
peat or e vtdsnce of bioturbation.

Unlike most deltas, the nmjor distributaries

continue of fshoree fter bifurcation at the shoreline.
These offshore extsnsions of the distribucaries ( here
referred to as sub~ice channels),.re 1/2 vo 1 k@ wide
and 5 to 1S m deep; they extand up to 30 kmacross the
sub-ice platfomm. The channels have & | ow to noderate
stauosity With nost showing clear evidence of lateral
migration and the deposition of subaqueous peint bar
depoeits. These depositsere probably characterized
by e fining=upwazds sequence (Up to t S m thick)
censisting of an erasicnal channsl base overlain by
moderatsly sorted, fine to very fi ne sand grading
upwar ds to noderately sorted sand and stlty sand
depcatited On subaq | evees. landsat imagery shows
evi dence of these channels Dbeing areas of active
bedload transport throughout npat of the summer: they
may alse serve asconduil tsfare ub-ica currents during
the winter months « S well.

The sub-ice platform {or2-meeer bench of
Toimil, 19771 has anextremely gentle alope (typically
1: 1000 or less) extending 10-30 km ocffshore. The
average depth over nost of the platform |s 1=2 m,
however there commenly is an erosional( ? ] trough up to
5 = deep near the outer edgs of tba platf om,
particularly aleng the northern e dgs ofthe delca.
Uniike the nearshore sediment of most deltas, t h e
pl atform appears to be characterized by an offshore

increasein the percent of sand ( Fig. 7}, ranging from

puocly-sorted sandy silt nearshore to peorly and
moderately sorted sand and silty sand near the outer
edge of whe platform This &§ sinilar to trends
reported of f the north slope of Alaska by Barnes and
Re mnitz {1973).

The sub-ice platform appears to & an area of
sedinent bypassing and reworking throughout muzh of
the year. Sediment bypa sses the tinner part of the
platform duriag river breakup tnitally by over-ice
flow (similar to that described by Reimnitz and
Bruder, 1972 and wWalker, 1974], as well as by sub-ice
flow in the of fshore channels crossing the platform.
Sedi ment {is deposited from suspension during the
summer months, however [0 uch of that sedinent \is
reworked during storms and perhaps during the winte r
months as well . The entire platform is suf ficiently
shallow to be reworked by waves, however most of the
larger waves break at the outer margin. This suggests
that e outer [ @rgin of the platform is an area of
relatively high wave energy, providing one mechanism
to e xplatn the offshore 1increase 4{n sand. In
addition, the reduced cross-sectional araa of the
wat er eolumn overlying the sediment nay e ct to
e ccelerate e uk-ice currants ef various origins. The
tnner part of ths pl atform 4sfrozen to tha bottom
Wi th bottomfast ice,” however the outer portion is
overlain by floating fast iee where the accentuated
sub-tee currents could provide aa additional mechantism
for winnowting of f ine=gra i ned sediment f rein the outer
margin of the sub-ice platform ( cfBarnes and
Reimnitz, 1973).

The delta front ts a termused here ®s describe
the zrelatively steep (typically greater than 1:500 )
margtn of ths delta characterized by apparently rapid
depositionof sedi ment in water depths of 2-10 m
Maximum rates of progradat ion probably occur adjscent
to the [l aj or distributaries (and sssoctated sub-ice
channels ), presumably during the sumver nonths. The
nor phol ogy of the delta frontis roofs cemplex along
the northwestern partofthe delta ( Fig. 6B), where it
includes a series of large ( 3-S m high) shoals which
% ppear to be migrating laterally into NortonSound.
This northeasterly movement {s perpendicular to t he
daxinant direction of o - X eediment transport,
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perhaps representinge ither «secondary bifurcation of
the Alaska Coastal Water or thee ffect of superimposed
storm~ or tidally-induced currents. The outs r margis
of the delta front (im 5-10 pwater depths) tsenerea
of intense ice gougi Ng during the winter months ( Thor
and others, 1977 ] , which may result in stgnificant
resuspension and reworkingof the sediment.

The sediment charactertatics of the delta front
are pooxly xncwn, bLut =the western aazgta probably
consists of parallel laminated poorly=-sorted silty
sand and candy silt, presweably fiaing offshore. The
shoals on the northwestsrn side of the delta probably
consist of better sorted, sandy sediment.

The odelta 1is characterized by extremely
gentle o | Opea ( typieallys 2000) marking tha distal
e dge of the deltaic sediments which e xtend up to
100 km offshore . Sediment is tnitially deposited frem
suspension in this environment, however watear deptha
are still relatively shallow ( 10-20 m) hence nuch of
the ssdiment is e ubrsqwnely reworked. Zvidence of
such rewarking ts clearly denonstrated by the unusual
pattern of textural paramete rs described by McManus
and others (1977 ). Tire southwe sternmarginof the
prodelta sediments (ad jacent to the | ar gest
iistributartes) consist of wellesorted silty sand,
gradi ng northward tomoderately sorted silty aandand
eastward to poorly sorted sandy silt and silt. The
presence of sandy sediments in the western part of the
prodelta appears to be in part the result of
resuspensi on of fine-gratned sedinents and theiT
subsequent renpval from Borton Sound by the relatively
nigh flow velocities within the Alaska Coastal Water
(McManus and others, 1977; delson and Creager, 1977).

| MPLI CATI ONS

The modern Yukon del ta has several depositional
enviroments lacking in deltas formed in Oore
temperate Clinates. These depositional enviromments
are but one indication ef tha extreme seasonality of
coastal processes which probably characterize many
high-latitude continental shelves. Table 1 is a
prelimnary attenpt to assess the relative importance
of these processes within each eavironment. The
akility to predict the types of processes aa vail as
the sediment characteristics and geotechnical
props sties which characterize each enviromment, should
greatly aid in min imtzing both the cases and
enviromrental impacts of siting both offshore and
onshore Structures.

The delta als0 provides 8 modern analogue for
elder dsltaic sediments formed under, similax tectonic
and climatic settings. In particular, tba rates of
progradation are nuchgreatar than the ratea of
tectonic substdence, hence the thickaess of individual
progradational sequences ie limited by the water
depths of ths depositional basin (Fig. 6B) This
results in the formation of . blanket-like deposit, a
few tens of metars thick and thousands of is® in
serial extent. The distribution of ehs sand-rich
depos 1its also dif fers from mose previ ously described
delta models. Wich of ths dalta plain econsistsof a
canplexpatternof radially bifurcating distributary
sands, however nany of these wellesorted sands extend
tens of kilemeters Of f Shore, having been deposited in
sub-its channels. These depos | €S represent off shore

extensions of potential reservoir rocks. [n e ddition,
acme of the coarsest. best sorted sands have baan
deposited not ¢ tehe “shoreline, butzather in water

depths of 2-3 m at distances ofup to 30 km of £shore
along theouter margin of ths sub=ice platform These

sands ¢ hould form & blanket-like deposit which may
provide ¢ noehar potential reservoir. The textural and
m neral ogi cal compesition of the sadiment significant
affects the post -depositional history ofthe sediment.

The lack of primary clays, particularly n the
prodelta deposits, results in relatively little soft=-
red iment cocmpact ion and deformation, however the
abundant vol cani ¢ roc k fragemnts may undergo
diagenetic alteration to form an extensive matrix of
secondary  claye | the reby sigrificantly reduc ing
intially  high porosities and permeabilities. In

summary, the failure to recognize the unigque geometry
and sediment characterisitica Of deltaic deposits
formed {ne {ce=dom inated enviromment could result ie
serious errors ine atinattng the reserveir potential
of older rocks.

| ACINOWLEGMENTS

This study s supported tnparz by the Bureau of
Land Management through interagency agreement with the
National Oceanic and Atmospheric Administration, under
whi ch a0 u.lti-ysar pregram responding te the nerds of
petroleum development of the outer continental shelf
i managed by ths Outer  Continental  Shelf
Environmental Assessment Program (OCSEAF ) office. we
would 4also 1like to thank John Anderson ( Rice
University} for the use of hia automated sediment
analyzer, Devia Thor (U S. G S, Menlc Pazk) for kindly
providing sediment samples and bathymetric daca from
the sub-ice platform as well as Erk Reimnitz,
Saris Nelson, and Peter Barnes (U. S. G. S., Menlo Park)
whoaa experience in Alaska has provided many insights
into the deltaic processes (N Norten Sound. The
San ier author also wi shes o acknow edge ehe u.S.
Ceol ogi cal Survey's Pacif {c=Arctic Branch of Marine
Ceol ogy for providing facilities durting the final
preparation of the paper. Iastly, we wish to thank
Cave Hopkins (U S. GsS., Menlo Park) , who conceived and
initiated the study of coastal processesalong the
Yukon delta.

REFERENCES

1. Barnes,P.W. and Reimnitz, Erk,1973,The shore fa=s
ice cover and its influence on the eur rents and
sediment along the coast of northern Al aska (abs},
EQS _Transactions, her. Geophys. Union, v. 54,

p.
2. Coschman, L. K, Aagaard,K. and Tripp., R.B. , 1975,

Univ. of Washington Press, Seattle, 172P.

3. Dionne, J.C. ;1969, Tidal flat erosion by ice at
La Pocatiere, Se. Lawerence estuary, Jour. Sed.
Betrology, v.39, p.1174-1181.

4. Dupre' , W.R.,197S, Yukon Delta Coastal Processes
Study, in Annual Report of Principal Investigators
for year ending Macch, 1978, NOAA-OCSEAP

5. Fisher, W L., andothers, 1969, Delta Systems in
the Exploration for G| end Gas: searc
Collogium: Bur. Econ. Geology, Univ. Texas, Austin

6. Galloway, W.B. ,h 1975, Process frameworkfor des-
e .crieing the norphol ogical andstratigraphic
evol ution ofdeltaic depositional systems: in

Houston. Geol, So¢c. , p.87-98.

?. Bill, D. E . and Tedrow,J.C.F, 1961, Weathering
and soi |l formation in the Aretiee nvironnent:
Amer. Jour. Sei. , v. 259, p. 84-101

6. Lisitzin, A. P., 1972, Sedinentation in the World
Ocean; SEPM Special Pub. Beo. 17, 218 p. -

Bering Strait: The Regional Physical Oceanographv,

Broussard, M.L.(cd) Del tas: Models for exploration

46



10.

12.

13.

14,

Macthews, M.D., 1973, Flocculation ase xenplified
in theturbidity maximum of Aeharon Channel, Yukon
Ri ver Delta, Alaska; Unpublished Ph.D. Dissertatio
Northwestern University, B88p.

McManus, D. A, and others, 1977, Distributien of
bottom sedi ments on the continental shelf, nerther

Bering Sea; U S. Gad. Survey Prof. Ppaper, 759-C,
3lp.
Naidu, A, S., and Mowatt, T.C.,b 1975, Depositional

environnments and sedi nent characteristics ofthe
Colville and adjacent deltas, noctheznm Arctic

Al aska;
for Expl oration, Houston Gael. %., p.283-309.
Nelson, G.H.and Creager, J. S, 1977, Di spl acenent
of Yukon~derived sediment from Bering Sea to
Chukehi Sea during Hol ocene time; Geolegy.v. 5,

p. 141-146.

Reimnitz, Erk and Barnes, P.W.,6 1974, Sea ice as a
geoclogic agent on the Beauford Sea shelf of Alaska

in Reed, J.C. and Sater, J.E.(eds) The Coast and

Shel f of the Beaufort Sea, Arctic Institute of
North America, p.301=-353.

Reimnitz, Erk and Bruder,R.F., 1972, River
chatge into an ice-covered ocean and rel ated
sedi nent dispersal, Beaufort Sea, coeast of Al aska,
Gael . Sot. Anerica Bull. v.83, p.861~-866.,

dis-

in Broussard, M. L.S. {ed) , Deltas: Models

18.

19.

Reimnitz, Exk, Toimil, L. J.. and Barnes. P. W., 977,
stamukhi zone processes: inplications for devel oping

the Arctic coast; i n_Proceedings ofthe (Ffshore
Technology Conference, NSy 2-5,1977, OTC Paper 2945

p. 513-5i8.

Taber, Stephen,1943, Perennially frozen ground in

Al aska: its origin and history: Geol, Sac.  Amer ica |
Bull. , v. 54, p.1433-1548,

Thor, D. R, Nelson, C.H., e nd Evans, J. E. ,1977,
Prelimnary assessnent of ice gougang i n borton
Sound, Alaska: in Nelson, C.H. (cd) , Eaultina
Sediment Instability, FErosion and Cepositionai
Hazards of the Morton Basin Sea floor; Annual Report
of Principal Investigators £or Year ending March,
1977, BOAA-OCSEAP.

Toimil, L.J. , 1977, Morphol ogi c character of the

* 2 neter bench”, Colville River delta: in Barnes,
P.W. and Reimnitz, Erk (eds) , Geoloaic Processes
and Hazards of the Beaufort Sea Shelf and Coastal
Regions, Quarterly Report for quarter e riding Dec. ,
1977, NOAA-QCSEAP .

Wight, L.D. and Coleman, J.M. , 1973, Variations ir
mor phol ogy of major river deltas as functions of
ocean wave and river discharge regimes; Amer. ASSos |
Petroleum Geol. Bull. , v. S7, p.370-398.

Table 1-

A prelinminary summary of non-tectonic geol ogical

DEPCS ITIONAL ENVIRONMENTS FLOODING
Active Distributary High
DELTA | Abandoned Distributary Modecate
BLAIN Interdistr ibutary Marsh Moderate
Coastal Harsh Hi gh
Distributary Mouth Bar High
DELTA |Tidal Flats sigh
MARGIN Sub-ice Platform N A
Sub-ice Channels N A
DELTA FRONT N/A
PRODELTA N/A

hazards of the modern Yukon Delta

| CE SCOUR SED IMENTATION EROSION PERMAFROST
Moderate High High None
Low Moderate HBigh Low=Mod
Low Low-Mcod Low Low=Mod
Moderate Bigh Variabl e Low
Moderate Hi gh Low-Mod Low
Mod-~8igh High Low Low
Mod-Low Variabl e Vari abl e None
Low Bigh Righ None
High High Low? None
Mod-Low Mcoderate Mod-Low None
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Appendi x B
THE | CE- DOM NATED REG MEN OF THE NORTON SOUND REG ON OF ALASKA

Ray, Verna M and Dupré, Wlliam R

Departnment of GCeol ogy
University of Houston
Houst on, Texas 77004

ABSTRACT

The patterns of ice formation, movenent, and deformation in
the Norton Sound region of the Bering Sea were studied with the
use of Landsat and NOAA satellite imgery for theyears1973-1977.
The results denonstrate not only the marked seasonality of marine
processes, but also the significant role of bathymetry and neteoro-
logic conditions in controlling ice novenent in the region.

The ice-dom nated reginen of the Norton Sound begins with ice
freezeup i N Cctober and |asts through the winter to spring breakup,
sonetime in May. Freezeup begins as tenperatures drop in early
fall, and ice starts to accunulate around the Yukon Delta, during
which tine water and sedinent discharge fromthe Yukon River and
its distributaries becomes insignificant. Cceanographic currents
are relatively ineffective in transporting ice during the wnter
nonths, as strong northerly winds generally control ice novenent
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 comon throughout the phase.
lce ridging” and associated gouging result from the conpaction of
shorefast ice along the northern prodelta. Shearing and gouging
al so occurs along the western margin of the delta, where pack
i ce pushed southward by the w nds, 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 wnter phase. Such
events generate ice floe novenent 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 tine of warming tenperatures
which nelt ice fromthe river channels, as well as a shift to
predom nantly offshore winds. The higher tenperatures and increased
discharge fromthe river triggers ice breakup along the coast.
Northward flow ng water currents (aided by offshore wnds) carry
ice away from the delta, and by June the high sedinent input of
the Yukon River dom nates the coastal processes in the delta region.
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INTRODUCTION

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 beconme increasingly apparent, however,
_that these processes vary systematically throughout the year allow ng
the recognition of an ice-doninated, river-dom nated, and storm-
donminated reginen (Fig. 2), each consisting of a characteristic suite
of geol ogi c processes and associ ated geologic hazards (Dupré and
Thonpson, 1979).

It is the purpose of this paper to discuss the ice-dom nated reginmen
of Norton Sound from its inception at freezeup typically in late
October or early Novenber to its end at breakup in May (Fig. 3). O
particular interest is the extent and variability of shorefast ice,
the patterns and rates of novenent of seasonal pack ice, and the weat her
condi ti ons under which such novenent occurs. Mst of this work
has been based on the interpretation of satellite imagery; however
hopefully it can provide the background for nore detailed studies based on
ground nonitoring and in situ measurenents.

Previ ous Wirk

Most of the work on ice dynamics and its effect on offshore petrol eum

devel opment has been concentrated in Arctic regions such as the Beafort

Sea. In contrast, relatively 1little work has been published to date

on ice novement and nmorphol ogy in subarctic regions such as the Bering
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Sea and Norton Sound. Miench and Ahlas (1974) were the first to

use satellite imagery to study regional patterns of ice nmovenent in

the Northern Bering Sea, however the relatively |ow resolution of

their imgery (NOAA weather satellite data) and the relatively short
period of record (March to June, 1974) limted the utility of their

work. Shapiro and Burns (1975) used higher resolution Landsat inagery
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. Simlarly, Dupré (1978) used Landsat imagery to

study the conmplex interrelationships between ice and patterns of

deltaic sedinentation associated with the Yukon delta. This present
study is designed to expand on these previous studies, enphasizing

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

it also provides information to aid in the explanation and extrapol ation
of patterns of ice gouging in Norton Sound as described by Thor and

others (1978).

Met hods of study

The data used in this study were conpiled from the photographic
products of inmgery acquired by the Multispectral Scanner system of
the Landsat and NoAA-2, 3, 4 satellites. Meteorologic data also were
taken fromdaily surface synoptic charts fromthe National Cimatic
Center in North Carolina. The extent of shorefast ice and ice floes
was mapped from Landsat i mages (1:1,000,000) on acetate overlays

whi ch were superinposed on standard bathynetric base maps of the
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northern Bering Sea. Overlays for successive days could be super-

i nposed to chart the novenent of particular ice floes over an

approxi mate 24-hour period. |mages were registered with respect to
landforms in order to map the positions of the ice floes on successive
days. In general, sea ice novement cannot be accurately nonitored

by referencing the scenes to coordinates, as coordinates provided on
the margin of Landsat images allow for only approxi mate registration
(Colvocoresses and MEwen, 1973). According to Colvocoresses and
McEwen (1973), the systematic, root mean square error of position for
points on the satellite inmages ranges from 200-450meters, wth no
detectabl e additional error associated with image duplication. The
sea ice is nmoving on the order of kilometers per day, hence this error
shoul d be considered as insignificant for the purposes of this paper

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

The inmages 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 nore useful for defining the sea-ice boundary and delineating
pack-ice floes and areas of shorefast ice. There is no distinction

made between newy formed ice and open water on nmpst 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 novenent, however they were not used for detailed
measurements.  Wnd patterns and weather systens could be observed from
NOAA i magery, but wind velocity and directional information was obtained

fromdaily surface synoptic charts. Sone weather station readings are

i nfluenced by |ocal orographic conditions, but in general, nost of the

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



| CE- DOM NATED REG MEN

The pattern of ice formation, novenent, and deformation in the Norton
Sound region are significantly affected by the nearshore norphol ogy of the
Yukon delta. The Yukon River has formed an ice-dom nated delta characterized
by a broad, shallow sub-ice platform and associated sub-ice channels which
extend up to 25kmbeyond 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 nore dynam c ice (and sedinent)
novenent, particularly during breakup. The nore steeply dipping delta front
Is an area of relatively intense deformation and rel ated gouging, whereas
the nore distal portions of the delta are areas of relatively conplex
novement of seasonal pack ice. Because of the conplexity of ice novement,
both in space and time, it seens best to discuss the intervals of freezeup

wi nter, and breakup separately (Fig. 3 ).

Freezeup

Ice crystals typically begin to formand accumul ate as new ice al ong
the shore of Norton Sound in |ate QOctober, as coastal tenperatures drop bel ow
0°C (Fig. 2). Bottomfast ice forms along the shallow margins of the delta
(e.g. on intertidal mudflats and subaqueous |evees); sone of the smaller
sub-ice channel s begin to be covered by floating fast ice as well. The larger
sub-ice channel s which extend beyondthemaindistributaries are relatively
deep and continue to naintain a channelized flow of freshwater offshore

hence are the |last of the nearshore areas to freeze.
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The shorefast ice continues to expand farther offshore in Novenber,
until it reaches its maximumwi dth of from 15 to 30 km approxi mately
coincident with the sub-ice platform Most of the shorefast ice is floating
fast ice (Fig, 4),separated fromthe bottomfast ice by active tida
cracks which coincide approximately with the 1 misobath. 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 tine pressure
ridges devel op and becone grounded and a seaward-accreting Stamukhi zone
devel ops, approximately coincident with the delta front in water depths
of 5 - 15 m This generally has occurred by the beginning of Decenber

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

W nt er

The winter phase of the ice-domnated reginmen is characterized by the
establishment of a relatively stable band of shorefast ice fringed by a
conpl ex zone of ice deformation features which formthe Stanukhi zone (as

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

t he Stamukhi zone are rather conplex, reflecting both local and regional meteorologic
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events as well as the effect of bathenetry in deflecting and grounding ice
flows .

Ice movement in Norton Sound iS generally controlled by the predom nantly
northeasterly w nds which form ip response to a relatively stable high pressure
system whi ch develops during the winter nmonths. 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
wat er mass which can be detected in the eastern part of Norton Sound during
the summer nonths as well (Schumacher and others, 1978), Southwesterly flow ng
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
tinme as ice can readily nove 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 al nost continuous ice deformation on the northern side of
the Yukon delta as seen on Landsat inagery is also evidenced by the high
density of ice gouging in the area as described by Thor and others (1978)
usi ng side-scan sonar

In general, the seasonal pack ice in Norton Sound is largely derived
in situ, and tends to flew to the west and southwest in response to the
prevailing winds (Fig. 6) or flowsluggishlyin 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 w nds

The pattern of ice novement to the west of Norton Sound is relatively
conpl ex, 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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as illustrated on the Landsat and weather data for Feb. 23-27, 1976 (Fig. 7).
During this period wnds 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 kmday were charted (Fig. 7). The rapid reversal was the result of the
passage of two large | ow pressure systens (Fig. 8A-B) and illustrates the extent
to which ice noverment is responsive to meteorologic events.

Shapiro and Burns (1975) noted that unusually strong northerly w nds can
result in a major ice deformation event Where masses of ice are deformed and
funnel ed out of the Chukchi Sea and through the Bering Straits. Similar
deformation features were noted on NOAA (VHRR)imagery for 13-15 March, 1976.
During this time, ice floes west of the Yukon delta were moving up to 451 an/ day
(Fig. 9 ), presumably in response to a major ice deformation event simlar
to that described by Shapiro and Burns.

It is inportant to note that the zone of very rapid ice novenent is
restricted to a relatively narrow band approximately 70 km wi de, which is
here referred to as the “racetrack”. This zone is often recognized as a band
of highly fractured nilas ice (Fig. 7 ) which presumably forns as the
source of the pack ice (the Chukchi Sea) becones temporarily pl ugged at
the Bering Straits. The racetrack can be seen on Landsat inmagery throughout
much of the winter nmonths, and is a recurring feature fromyear to year
Its eastern boundary is approxi mately 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 tothe 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 forns
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the delta are inactive shear zones. The configuration of shear
lines tothe north of the delta indicates stanmukhi.
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Figure B8: Wather 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 |ow pressure systema and b.
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during periods of offshore (i.e., easterly) wnds, and may be conpletely

cl osed during periods of onshore winds. Sone of the open water may, however

result fromthe grounding of relatively deeper ice keels in water depths

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

movenment of ice, This zone of open ice west of the delta is of particular

interest to the Eskimos in the area, as it greatly facilitates winter hunting.
Little, if any, sedinent enters Norton Sound during the w nter nonths,

yet the suspended sedinent concentration neasured beneath the ice in the

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

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

a significant amount of sedinment initially deposited during the summer nonths

is resuspended during the winter, hence is available to be redistributed

by sub-ice currents. The unusual offshore increase in sand off the Yukon

del ta (Dupré and Thonpson, 1979) may be the result of such a process, however

the exact mechanisn(s) for such resuspension are unclear

Breakup

* Breakup al ong the coast is a relatively brief event which marks the
transition between the ice-domnated and river-dom nated reginens, however ‘its
significance far outweighs its brevity. River breakup along the Yukon (as
with nmost of the coastal rivers in northern Alaska) is narked by a tremendous
increase in sedinent and water discharge, resulting in ice jans, 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

channel s are especially well delineated by the floating fast ice at this time.
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Figure BLO Diagram of over-fce fl ow andsub-ice

channels, which provi de two mechani sns for sedi-
ments to by-pass the sub-ice platform
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The bottomfast ice begins to be flooded by an over-ice flow (Fig. 9 }
whi ch has been described on the North Slope by Reimmnitz and Bruder, 1972 and
Val ker, 1974.

Sone sediment is carried onto the ice, thereby effectively bypassing
nuch of the inner sub-ice platform Mich of the sedinment appears to remain
in the sub-ice channels, which cross the sub-ice platform  Some of the
sedinent is probably deposited from suspension on subaqueous |evees farther
of fshore, however much of it probably bypasses the sub-ice platform conpletely,
to be deposited on the delta front or prodelta. The role of sub-ice sedinent
transport during breakup is particularly intriguing, yet it remains al nost.
unknown.  The floating ice that marks the sub-ice channels soon breaks up and
is removed to sea. Mich of the over-ice flow may drain through strudel holes
{Reimnitz and Bruder, 1972) or cause the bottomfast ice to melt in place. Large
pieces of floating fast ice break off to be transported farther offshore.
G ounded ice may remain in sone shallow areas to the northwest of the delta

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

the sluggish currents.

Figure 10 illustrates conditions, which are typical during breakup, Floe
movement’ is to the north as is common during late April and May when northerly
wi nds die down and northward flowing currents becone nore effective in trans-
porting ice (cf. Muench and Ahlnas, 1974). The floes were noving up to 20 km/day
on 7 May, 1974 (Fig. 10), however a | ow pressure system moved into the area
on the 8th, bringing a tenporary restoration of “w nter-phase” northerlies.
Tenporary reversals of ice novenent towards the south were also noted in late
May, 1974 by Miench and Ahlnas(1974). These short-lived events are typically

associated with the passage of a | ow pressure system crossing the Bering Sea,
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Figure B1l: Patterns of ice novenent from 7-9 May 1974, Length of ice drift
vectors neasures distance noved in one day. pack ice is |ess consolidated
than earlier in the year.
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however southerly winds typically follow, facilitating the breakup and
renoval of the shorefast ice. By early June the shorefast ice is usually
no |onger 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 sedinent-laden water over nuch of the prodelta region, marking the

begi nning of the river-dom nated reginmen.

Di scussion of Ice Gouging

Throughout the wi nter phase of the ice-domnated reginen, shorefast
ice stretches to the 5 - 10 misobath, and follows it around Norton Sound
and down the western edge of the Yukon prodelta front. In situ ice approximtely
0.7 - 1.2 mthick (Brewer and others, 1977) diverges from the Norton Bay
area, and conpacts 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 inpact and subsequent deformation of ice convergence
can cause pressure ridge raking, producing numerous parallel furrows as the
keel s plow through the bottom sedi nents (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 Strait. Thick Bering Sea ice, or advected Chukchi Sea ice up to

12 mand 20 ‘m thickness respectively (Thor and others, 1978) becones caught
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up in this shear zone, as floes are propelled southward by Arctic northerlies,
during the ice-dom nated reginmen. In the dynanic zone where noving 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 mand 20 misobaths.
Thor and others (1978) observed this phenomena in the Norton Basin, A
corresponding area of intense gouging between the 10 mand 20 m water depths
was studied earlier by Reimnitz and others (1977) on the Beaufort Sea contin-
ental shelf.

The Yukon prodelta is the site of 85% of all ice gouges neasured by
Thor and Others (1978), with 78% of the ice gouging in water 10 - 20 m deep
For the npost part, the major gouge trends parallel isobaths, as woul d be
expected based on the bathymetric contour of the stamukhi zone marking the
interface between stationary and nmoving ice along this contour. None of the
data collected by Thor and others (1978) were in water depths of |ess than
10 m, hence the potential for ice gouging in nore shallow depths is uncertain.
Nonet hel ess, the inner part of the stamukhi zones typically begin at 5 - 7 m
wat er depths, hence sone gouging woul d also be expected (Fig. 4) in this

zone as well.



SUTRMARY

The patterns of ice form ation, movement, and deformation i N the
dorton Sound region were Studied with the USEe of Landsat and NOAA
satellite imagery for the years 1973-1977. The results 3scument NoOt
only the  marked  scaality ofmarine proc ess g throuahout the year,
but alse the significant role of bathymetric and meterologic conditions
in controlling the patterns and rates of ice movement in the region.
The results have been summarizedinamap of generalized ice hazards
Figure g), similarin 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

ZOones.

Zone la is a zone of shorefast ice which extends to the outer
edge of the sub-ice platformof the Yukon delta, approxi mately coinci-
dent wWith the 2-3 nmeters water depth. Over-ice flow (aufeis) occurs
t hroughout the winter in areas of bottonfast ice near the ngjor
distributaries (shown in hatchered pattern). Sub-ice currents
bernieath 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 1Ib
is a slightly less stable area characterize by ficating fast ice during
most Of the winter, however ice can be conpletely lacking and replaced
by a large area Of open water under same conditions (e.q. March 13-15,

1976) . Zone lC IS the zone of shorefast ice Whi ch fringes most of Norton
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Figure 12B; Zvonati on of ice hazards in the Yuken Delta - Nor Con
Sound Region based mainly on LANDSAT and NOAA satellite imagery,
suppl enented by information on ice gouging by Thor and Nelson
(L979)
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Sound . It is largely floating fast ice, and is nobre variable in ex-
tent and | ess stable, as large sheets of ice My break off repeatedly
t hroughout the wi nter.

Zone IIa is a broad, seaward accreting stamukhi zone formed by
the convergenca and deformation of ice formed mainly in Norton Sound.
Th2 configuration of the outer margin of this zone appears to bo con-
trolled by Stuart Island to the east and a series of offshore shoals

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

is characterized by extensive ice shearing and a relatively high intensity

of ice gouging of the scafloor (as cdelincated by Thor and HNelson, 1979)
Zone IIb i S |ocated west of <the delta in water depths from3 to ¢ m
It is arelatively unstable area Characterized by ice deformation and
accretion to the shorefast ice (zons 1a) during periods of onshore
(westerly) winds and an of fshore novenent of ice and the devel opnent
of a large, open water area (polyna) during periods of offshore (easterly)
Wi nds. It is characterized by a moderately high intensity of ice
gouging.

Zone I1I IS an area of seasona packice formed mainly in_situ,
W thin Norton Sound. The ice typically noves south and west in response
to the domi nate northeasterly winds throughout the winter, however it
may drift slowy in response to oceanic currents during periods of low
winds. The southern portion of this zone is characterized by w despread
shearing of ice, and is approximtely coincident with the area of very
high density of ice gouging delineated by Thor and Nel son (197%). 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.

75



_Zone 1v consists of seasonal pack ice formed in the northern Bering
and Chuckchi Seas. It typically noves to the south in response to
northerly Wi nds for most of the winter, however short-lived periods of

northerly ice movement can occur during the passage of low pressure

systems, The ice typically begins to consistantly move to the north in
late April Or early May. Zone IVa is the "raccetrack”, characterizod by

intervals of extrenely 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 Burms, 1975) .  This zone 18 character-
i';cd by highly fracturced pilas ice daring periods of relative guinscenocs,
The eastern margin of this zonre is approximately coincidant with the
22 m iscobath. The western margin is mora variable, as it appears to o=
controlled by the geornctry of ice piling us on the northernside o F
St. Iawrence Island. The rapid mcvement is evidence of the |ack of
grounded ice, as well as the lack of icc gouging {(as del i neated by Thor
and Nelson, 1979). zone IVb is in water depths of 22 to20m,and:s
characterized by less rapid ice nmovement than in the “racetrack”.
some yrounded ice may occur in this zone particularly in the area of
shoals southwest of the delta. Zone 1vcis in water depths of 20 to 1l4m,
and is characterized by open water during periods of easterly winds, and
by onshore noving pack ice during periods of westerly winds. It differs
fromzone 1I1b mainly by its mobility, i.e. it rarely forns a stamukhi
zone accreted to the shorefast ice. Nonet hel ess, some grounded ice and
ice gouging Will occur in this zone as well. Zone ivd is simlar to zone
Ivb, and was not studied in detail.

Zones Va and Vi are zones of ice divergence fern.ed by persistent
of fshore wi nds (cf. Muench and Ahlas, 1976) . These are typically areas

of open waterwhere ice IS actively forming for nost orf the winter.
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