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Figure 1. Map of the study area, roughly defining the shelf break between the 60 and 200 m iso-
baths and the farthest seaward points along our 10 survey tracks to which ice gouges
can be traced with different survey tools. The locations for bottom photographs and a
current meter mooring are shown.

Figure 2. Simpson Lagoon paleoshorelives (after Naidu et al, 1984) and our interpretation of
Jagoon profile evolution along shaded N-S line. Depths to massive fluvial gravel gen-
eralized from soil borings.

Figure 8, The yearly variation in the average disruption width per kilometer observed in each of
the corridors.

Figure 4. Trajectories of bottom and surface current drifters from their August 1983 drop points
to their late 1983 and summer 1984 recovery points. In contrast to the westward tro-
jectories from previous studies in the western Beaufort Sea, nearly all drifters released
pear the border traveled eastward.

Figures 5A and 5B. Isopach maps of Holocene marine sediment accumulations in the western part
of the study area with available borehole locations. Arrows mark the locations of cut~
and-fill channels, and adjacent numbers give depth of channel ill in meters.
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The Deepwater Limit of Ice Gouging on the Beaufort Sea Shelf

Ice gouge patterns on the Alaskan Beaufort Sea shelf extend from the coast seaward to
water depths of at least 64 m (Figure 1). The maximum mensured draft of sea ice in the Arctic
Ocean, however, is only 47 m (Lyon, 1867). Thus the numerous gouges seaward of the 47 m iso-
bath might be relict, cut during times of lower sealevel many thousand years ago (Lewis, et al.,
1982). Furthermore, sedimentation rates along the shelf break are very low, and a rain of particles
settling vertically in a quiet environment on these bedforms would not likely obliterate them soon.
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Figure 1. Map of the study area, roughly defining the shelf bresk between the 80 and 200 m iso-
baths and the farthest seaward points along our 10 survey tracks to which ice gouges
ead be traced with different survey tools. The locations for bottom photographs and a
current meter mooring are shown.

Severa! lines of evidence suggest, however, that these deep~water gouges are modern features
(Reimnitz, et al., 1984). Continuous, 380-day current records at 60 m depth near the shell edge
show that the environment i1a dynamic, with long-period current pulses up to 70 ¢em/se¢ capable of
transporting redium to coarse sand as bedload and fine sand in intermittent suspension. A rich
benthic fanna also reworks the upper 20 cm of sediment and provides sedimentary particles for
current transport. One would expect that the water depth along the seaward limit of the ice
gouged shelf surface, if of relict origin, should shoal eastward in the region where isostatic
rebound after deglaciation has oceurred. The depth limit of gouging instead varies irregularly
between 49 and 84 m water depth along the shelf edge, as one would expect from an interaction
of sporadic ice reworking to 64 m depth during the last 200 years and continuous reworking by
currents and organisms. For offshore petroleum development, this interpretation is important in
that bottom-founded structures at >47 m water depth may not be safe from ice irapact.



The Eroding Coast of the Alaskan Beaufort Ses,
its Sediment Supply and Sinks

Using two 1:50,000-scale NOS charts, from surveys spaced 30 years apart, this study del-
ineates patterns in coastline changes and sediment yields from erosion for 344 kms of Alaska’s
Beaufort Sea coast. Excluding the large Colville Delta, which advances at an average rate of 0.4
m/yr, the overall coastline is eroding at a rate of 2.5 m/yr. In places the Jocal long-term erosion
rates are as high as 18 m/yr, while accretion rates near the active mouths of the Colville River
are as high as 20 m/yr. The coastal plain deposits in the western third of the study area are fine-
grained mud; here average erosion rates are highest (5.4 m/yr). The rest of the study area is com-
posed of sandy to gravelly deposits, which erode at a rate of 1.4 m/yr. This difference suggests
that the grain size of bluff material exerts the dominant control on coastal retreat rates. Other
important factors include blufl height, ice content and thaw settling, bluff orientation, and degree
of exposure to the marine environment. Vertical crusta] motion has not played ar important role
during Holocene time, as evidenced by the constant elevation of 120,000 yr old shoreline deposits
traceable for 200 km from Barrow to the Colville River (Hopkins and Carter, 1680), and by 30 yr
observations on tidal benchmarks along the Beaufort Sea coast.

In calculating sediment yield we consider not only the materials in coastal blufis above sea
Jeve], but the submerged profile to 2m depths. Assuming this profile to be in dynamic equilibrium,
we sccount for material eroded to a depth of 2m below msl as the profile migrates landward. The
upper part of this roughly 5 m thick eroded section contains up to 75% ice, and the sediment
yield is reduced accordingly in our calculations. The annual yield from coastal retreat thus
calculated is 2.5 x 10°m?, with the oflshore contribution slightly higher than the onshore contribu-
tion. Based on our evaluation of sparse data on sediment carried by Arctic streams, we estimate
the annual sediment yield from the adjacent drainage areas is 2 x 10%°m?3, & rate that is slightly
less than that from coastal erosion.

Knowledge of recent patterns in coastal retreat, coupled with knowledge of factors control-
ling thiz retreat, allows us to estimate the configuration and location of past and future coastlines
(Figure 1). We find no support for the theory of Wiseman, et al. (1973), that the evolution of
coastal embayments and lagoons begins with the breaching and coalescing of large lakes, followed
by thaw settlement. Rather, the existence of older, coarse-grained, and erosion-resistant barrier-
island and beach deposits excerts a strong influence on the locus and shape of some of the newly
forming embayments. Others, however, remain unexplained.

If the present coastal-retreat rates have been sustained since sea level approached its present
position about 5,000 yr BP, then the corresponding ancient shoreline (at 5,000 yr BP) could have
ranged from 7 to 27 km seaward of the present one, in accordance mainly with grain-size varia-
tions in coastal blufls. Furthermore, if erosion occurred only to 2-m water depths, as assumed in
our gediment yield ealeculations, 10-20 km wide and 2m deep platforms shonld be widespread
around the Arctic Ocean, Since such wide platforms do not exist, and since we can show that
thaw settling contributes much less to the shape of the marine profile in the Arctic than previ-
ously proposed (Klyuyev, 1865; Tomirdiaro, 1975) coastal retreat must be sssociated with erosion
reaching to depths much greater than 2 m. The sediment yield therefore could be many times
larger than we calculated. A growing body of evidence from interpretations of boreholes, seismic
reflection data, Foraminifera, and soil engineering properties of surficia) sediments shows thst the
seafloor of the inner shelf seaward to at least 20-m depth is indeed av erosional surface truncating
older strata. Considering the rapid, and deep-reaching erosion, shallow bays, lagoons, and barrier
islands do not provide adequate long-term sediment ginks accommodating matenals introduced at
the present high rates. Modern deposits found in some of these features may be held there for
some time, but are scon re-introduced to the ses as the shelf profile moves through the locality
(Figure 2). We therefore conclude thst the sediment yield from coastal retreat and rivers largely
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Figure 2. Simpeon Lagoon paleoshorelines (after Naidu et al, 1884) and our interpretation of

lagoon profile evolution along shaded N-S line. Depths to massive fluvial gravel gen-
eralised from soil borings.

by-passes the shelf. Part of this sediment flux is seen in form of a 2-3 m thick, transient roto-till”

layer draped over large regions of the open shelf, a result of ice-keels plowing up underlying strata
and mixing these sediments with modern materials and fauna.

Within the conterminous Upited States, the Gulf of Mexico coast has the highest erosion
rates. The Texas coast, fringed by a low coastal plain of unconsolidated sediments, marked by
vertical crustal stabjlity, and therefore in some respects similar to that of the Beaufort Sea,
retreats about 1.2 m/yr (May, et al, 1983), or sbout half the Beaufort Ses average. Since coastal
erosion in Arctic regions is restricted to three summer months when waves and coastal currents
are active, erogion rates there must be muitiplied by a factor of four for a meaningful comparison
with the rates of ice-free low-latitude coasts, which experience waves and currents yesar round.
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Actordingly, Arctic erosion rates are 8 times higher than Texas rates, when compa_red oD 3 year
round basis. Additionally, Arctic fetches are severely restricted during the navigation geason _by
the ever present polar pack, unlike the long and constant Texas fetch which allows for‘ generation
of larger and more pervasive waves. Lastly, most of the damage to low latit.'ude coastlines is doue
by winter storms, when the Arctic coastline is well protected by ice. Classic wave -theory there-
fore can not account for the sediment dynamics of the Arctic coastal zone.

Considering the rapid shoreline development by petroleum industry, our poor understanding
of Arctic coastal processes begs for accelerated research in this unique setiing.

Rates of Sediment Reworking by Sea Ice in the Beaufort Sea ~

Repetitive sidescan sonar and precision bathymetric surveys made between 1975 and 1980
were used to assess seafloor changes due to ice gouging along 8 shore-perpendicular corridors, and
to gain insight into the question of when, where, and how gouges are produced on the inner shelf
of the Beaufort Sea. We find that the petcentage of seafloor area impacted annually by ice keels
increases from the coast seaward to at least the 25m isobath, the offshore limit of repeated sur
veys. Up to 7.4% of the total seabed area scanned along the roughly 15 km-long corridors may be
disrupted in a single year (Figure 3). Total seafloor disruption in single km-long segments ranges
as high as 60 %. The maximum new gouge incision depth measured is 1.4 m. High gouge densities
are associated with wide, shallow "multiplet” gouging events (Barnes, et al, 1984), where long sec-
tiops of pressure-ridge keels raked the bottom. Small annual variations in the amount and inten-
sity of new gouges indicate rather consistent reworking of the inner shelf by this process. Where
shoals oceur within survey corridors our seafloor monitoring has documented the predicted shelter
ing of seafloor areas on the landward side.
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Figure 3. The yearly variation in the average disruption width per kilometer observed in each of
the corridors.



Flow Divergence nesr U.S./Canada Boundary
confirmed from Recent Drifter Releases

Ice gouges on the Alaskan Beaufort shelf are produced by keels plowing from northeast to
southwest, sexni-parallel to the coastline (Barnes ct al, 1984). In contrast, gouges on the Canadian
Besufort shelf are produced by ice plowing from northwest to southeast (Lewis, 1877). The diver-
gence indicsted by changing ice gouge patterns across the international border suggests a diver
geoce in the water circulation on the continental shelf. On the Alaskan shelf, currents are wingd-
driven aud predominantly westerly (Matthews, 1981), while off the Mackenzie River, easterly
currents predominate (Harper, in press). Again, a divergence is indicated. In 1972 surface drifters
were relessed on the Alaskan shelf from about Barter Island to the west. Most of the drifters
traveled westward, as would be expected. However, several drifters originating from the eastern-
most drop points moved eastward into Canadsa, also suggesting a divergence (Barnes and Toimil,
1679).

In 1883 both surface- and bottom-drifters were released in the vicinity of Barter Island to
better define the suggested divergence. Virtually all of the recovered drifters bad traveled east
(Figure 4), apparently largely in response to predominant westerly winds which followed the
August release. A few of the drifters traveled several bundred km to recovery sites east of the
Mackenzie River.

An examination of several years of Landsat imagery of the eastern Alaskan Beaufort Sea
shows numerous sediment plumes deflected eastward from their points of origin, indicating eas-
terly surface drift. This agrees with Barter Island wind records, which show that summer winds
from the west are much more common here than at Prudhoe Bay. Based only on late 1983 drifter
recoveries, the minimum velocities for surface and near-bottom waters are between 0.3 to 18.2
km/day. Tbus, suspended msatter and any future pollutants entrained in inner shelf waters can
be expected to travel castward st similar or faster speeds. The study confirms our theory that
coastal currents off eastern Alaska have s etrong eastward component, with a divergence in the
area between 141 and 143°'W,

Anchor Ice and Sediment Dynamics

Much indirect evidence for the formation of anchor ice and related processes incorporating
sediment into the ice canopy has been seen by OCSEAP investigators and others in the Beaufort
Sea (i.e. Barnes, et al., 1882; Osterkarmp snd Gosink, 1982). Anchor ice is well known from high
latitude streams and lakes, largely because it aflects water flow characteristics snd the operation
of bydro-electric plants (Wigle, 1870, Arden and Wigle, 1972). Engineers concerned with such
operations bave observed the capability of anchor ice to raise large amounts of sediment, includ-
ing 30 kg boulders, off the bottom. But no concerted eflort has ever been made to relate anchor
ice to sediment dynamics. Very little is known about anchor ice in the ocean, except for its effect
on a benthic community in the Antarctic (Dayton, et al., 1869). We noted signs for frozen bot-
tom at several sites and in different {all storms in the Beaufort Sea. Diving observations during
1982 fall storms finally documented the formation of anchor ice and of ice -bonded surface sedi-
ments in the Beaufort Sea. These findings indicate what poasibly ia the most important sediment
transporl process for polar seas is unknown to marine geologists, We speculate that anchor ice
aflects sediment dynamice in two important ways. The first effect is passive: anchor ice forms a
protective cover for the sea floor, particularly in the surf zone, and probably largely arrests previ-
ously moving bedforms. The second effect is active: underwater ice during its formation reportedly
is sticky, adhering to any particles within the water column and on the bottom (Martin, 1881).
Where the substrate is fine grained, sediment particles are too light to overcome the bnoysnce of
ice crystals in turbulent flow, and therefore are carried away (Martin, 1881). River studies of the
pbenorsenon indicate that dunng the sticky stage, flocs and masses of ice with entrained sediment
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move along the bed. This suggests that the large volumes of sediment included by the seasonal ice
in some winters represents oply a small fraction of the sediment volumes actually moved during
the fall storms. An understanding of the phenomenon will also be important for understanding
the dispersal of pollutants. -

Seismic Stratigraphy of Late Quaternary Inner Shelf Sediment from Prudhoe
Bay to Demarcation Point

High resolution seismic reflection records collected during fourteen field seasons over the
inner shell between Prudhoe Bay and the U.S./Canada border at Demarcation Point have been
interpreted. West of mid-Camden Bay seismic horizons correlate well with stratigraphic interpre-
tations of over 20 oflshore boreholes. From mid-Camden Bay to about 20 km east of Barter
Island, tectonism has deformed the section, trackline coverage is sparse, and continuity, therefore,
is Jost. But from there eastward to the U.S/Canads border, the seismic stratigraphy appears so
similar to that of the western region that correlations can be drawn with considerable certainty.
Two of the msjor seismic borizons sre unconformities marked by a number of cut-and-fill chan-
nels up to 10-m deep. These two borizons dip gently northward, and are interpreted to be the
result of erosion during the last two major glaciations and lowered sea levels. These episodes were
followed by deposition of at least 10 to 20 m of shallow-water marine sediments on the inner o
mid-shelf, grading to deltaic and fluvial outwash deposits near the coast. The two seismic units
are thought to correlate with the Sangamonian and Pelukian interglacial transgressions (Smith,
1985). Except for the tectonically deformed section near Barter Island, the lobate configuration of
the two units agrees well with the locations of the present major North Slope drainage systems
and sediment sources. Evidence for major offshore paleo valleys previously thought to exist was
pot seen in the geophysica! data. The glaciomarine Flaxman unit Jaid down during a short
Wisconsinap transgression about 70,000 to 80,000 year BP (Carter, 1983), has been eroded away
in the ofishore, as evidenced by only a thic lag deposit of Flaxman lithologies mantling the inner
shelf surface. The modern shelf surface is also eroding into underlying, oflshore dipping pre-
Flaxman units. From Prudboe Bay esstward to the U.S./Canada border st Demareation Point
the entire inner shelf is an erosional surface devoid of Holocene sediment accumulations. Erosion
here is clearly facilitated by ice keels digging into the sea floor, continually excavating succes
sively older underlying materials and mixing these with that supplied by cosstal erosion and
upland sources. The “Roto-tilled” unit thus produced is transient and is not accreting, but
instead maintains a thickness corresponding to the maximum ice-gouge incision depth, ss the level
of the shelf surface is being lowered by erosion. Sediment supply to any particular ares is bal-
anced by removal through pormsl marine and ice-related processes. Aress where Holocene sedi-
ments are found and possibly continue to accrete sre entirely restricted to bays, lagoons, barrier

islands and beaches, and to oflshore shoals, as shown for the western half of the study area in
figures 5A and 5B.
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