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1. | NTRODUCTI ON

over nuch of the Arctic Shelf, scouring of the seafloor by
ice disrupts and nodifies the seabed, affecting seabed sedinents,
i ce zonation, and petrol eum devel opnent activities. Scouring
occurs where sea ice cones into contact with the seafloor to form
ice gouges. As sedinents are disrupted, atmospheric and oceanic
energy is absorbed, ice novenent is arrested, the ice canopy on
the shelf is stabilized, and an areal ice zonation results.
Devel opnent activities that place pipelines and subsea structures
on the seafloor are affected by the plowing forces involved in ice
scouring (Grantz et al., 1980).

Since 1972, we have recorded norphologic data of the ice-
scoured continental shelf of the Al askan Beaufort Sea using side-
scan sonar and fathoneters. The primary objective has been to
assenbl e quantitative data on ice-gouge characteristics and
processes and to analyze these data for trends. Initial
compari son of seabed norphol ogy and shelf-ice zonation suggested a
relationship between ice gouging and sea ice ridges on the inner
Beaufort Sea shelf (Reimitz and Barnes, 1974). In this report we
update earlier work, summarize new data regarding the character
and variability of ice gouges on the Beaufort Sea shelf (Fig. 1),
and discuss the gouging process, suggesting relationships to
seabed norphol ogy, sedinents, and ice dynamics.

11.  TERM NOLOGY

Terminol ogy for features produced by ice interaction with the
seafl oor has not been standardized. Researchers have used one
termto describe both a process and the resulting feature. Terms
such as “ice plow mark” (Belderson and Wl son, 1973), “ice score”
(Kovacs, 1972; Pilkington and Marcellus, 1981), “ice scour”
(Pelletier and Shearer, 1972; Brooks, 1974; Lew s, 1977a,b), “ice-
scour track” (\Wahlgren, 1979; MlLaren, 1982), and “ice gouge”
(Reimitz and Barnes, 1974, Thor and Nelson, 1981) have been used
to describe a single feature. Accordingly, the processes were
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pl owi ng, scoring, scouring, and gouging. A 1982 National Research
Counci| of Canada workshop elected to use the term ice scouring
for the processes of ice interaction with the seatloor. We use
the term ice gouging interchangeably in this paper for the same
processes to clearly seperate ice scouring from hydraulic

scouring. But only the term <ce gouge is used here for cthe
characteristic seafloor turrow and associ ated norphol ogy caused by
ice gouging. Each furrow is considered a separate gouge even when
many gouges result from the same ice scouring event. W& consider
each gouge separately, as we are primarily interested in seafloor
processes and secondarily in the events that caused them. The
following termnology is used for the quantitative enumeration of
an ice-gouged seafl oor.

Gouge density - the density of all ice-produced sublinear
features preserved on the seafloor. The neasurenent expresses the
nunber of preserved gouges per square Kiloneter of seatloor by the
nornmalizing of trackline data (Barnes et al,, 1978). scour
density or frequency as used by Lewis (1977a) and MlLaren (1982)
identifies and enunerates scouring events, each of which may have
resulted in one or nore gouges.

Rouge depth - the depth oragouge neasured vertically from
the average level of the surrounding seafloor to the deepest point
in the gouge (Fig. 2). Due to sedinentation and slumping, this
depth is usually not equivalent to the original incision depth
made by the ice. This value is simlar to Lewis's (1977a) scour

depth. CGouge depth is not to be confused with depth bel ow sea
| evel .

Gouge width - the width of a gouge measured horizontally at
the average level of the surrounding seafloor (Fig. 2). This
measur enent does not include sedinent ridges which commonly bound

the gouges. Gouge width is equivalent to Lewis’ s (1L977a) scour
wi dt h.

Ridge height - thehei ght ot the ridge or sedi ments bounding
a gouge, measured vertically fromthe averaged seatloor depth toO
the highest point on the ridge (Fig. 2). Lewis (1977a) used the
term | ateral enbankment for the ridges bounding a “scour.”

Gouge relief - the sum of gouge depth and ridge height.

Gouge orientation - the orientation of an ice gouge relative
to true north (T). W report orientation as a vector between 180°
and 360°. Using this convention, we inply a sense of notion, but
recogni ze that gouging may occur in either of two directions
(Reimitz and Barnes, 1974). Considerable variation in the gouge
orientations commonly made these observations subjective.
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N - True North ® - powge orientation

dw - water depth d - gouge depth
sf - seafloor W ‘gouge width
k - keel depth r ridge height
8 - call height m - multiplet disruption width

Figure 2. An idealized ice gouge and gouge multiplet,
showing terms used to quantify the character of ice gouges

Gouge intensity - a quantitative estimate ot visible sedinent
disruption calculated as the product of gouge density, maximm
gouge depth, and maximum gouge width. No units are assignea tO
this measure.

fouge multiplet - A gouge multiplet i s defined as two or nore
gouges, closely paralleling or overlapping one another, suggesting
formation by a single multiple-keeled ice mass (Fig. 3). Lewis
{1977b) cal l ed such features “nmultiple scour tracks” but did not
clearly distinguish them from “ice scours,” which are features
that also may have nultiple tracks. we consider each individual
gouge within a gouge multiplet as a separate geologic feature
created by a single ice event (Fig. 2).

Couges per multiplet - the nunmber ot individual gouges naking
up a Single gouge multiplet.

Multiplet disruption width - the width ot seavea disrupted by
a scouring event neasured normal to a multiplet incision and
i ncludi ng the riages on either side (Fig. 2). Disruption wdths
of individual gouges were not neasured but are approxinmately 25%
greater than tne gouge W dth.
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Multiplet orientation - theorientation of a gouge multiplet
relative to true north.

[11. BACKGROUND

The Beaufort Sea shelf can be characterized as a narrow,
shal | ow shel f, whose promnent features are broad shallows oft
maj or rivers (pupre' and Thompson, 1479), sana and gravel island
chains trending in echelon parallel to the coast, and a series of
sand and gravel shoals in water 10 to 20 mUeep (Fig. 1). The
surficial sedinents are characterized by textural variability over
short lateral and vertical distances (Naidu and Mowatt, 1975;
Barnes et al., 1980a). 1n nearshore areas (water depths to 15 nj,
surficial sediments may be reworked to depths ot tens of
centinmeters by episodic storm waves and currents (Barnes and
Reimitz, 1979). In water depths of Oto 40 m or nore, the
seafloor is episodically reworked by ice. Thus, the seafloor is
exposed to an interplay between hydrodynamc and ice-related
processes (Barnes and Reimnitz, 1974).

A. Tce Regime

Termporal and spatial studies orf ice zonation and the
distribution of ice ridges and keels are critical to an
understanding of the correlation between sea ice and the scouring
events it causes. Regi onal ice ridge distributions and
di scussions ot the ice regime have been presented py Reimitz et
al. (1978) and by Stringer (1978). ‘The relation of ice ridge sail
height to ice keel depth, primarily in the central part ot the
arctic ice pack, has been studied by wecks et al, (L971), Hibler
et al. (1972), Kovacs and meilor (1974), ana Wadhams (LY75,
1980)., However, ridging intensities and energy expenditures in
ridge building are greatest on the edge or the polar pack, where
it rubs against the coast (mibler et al,, 1974, Reimnitz etal.
1978; Stringer, 1978; Pritchard, 19s0). &as Wadhans (197>, p. 44)
notes: “the coastal areas of the Arctic, such as the Beautort Sea,
are propably the Site of the deepest keels in the Arctic Ocean,
since they have a conbination of high ridge frequency and a
preponderance of first year ridges of dense ice which results in
deeper keels for the same ridge height.

The seasonal ice patterns change in the follow ng general
manner. as winter progresses, ice motion inside the barrier
islands and in shallow water are small, while at the seawara
boundary of the fast ice, repeated incursions of the polar pack
cause ice ridging. Along this boundary, grounded first-year and
mul ti-year ridges forma stanmukhi zone (zone of grounded ice
ridges) (rig. 1). This zone forms in water depths of about 15-45
m strung from pronontory to pronontory or trom shoal to shoal
along the inner shelf (kKovacs, 1978; Reimitz et al., 197s). In
Harri son Bay, two stamukhi zones form (Reimnitz et al., 1978;
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Stringer, 1978). An inshore zone occurs near the 8 to 12 m
isobaths, Further offshore, the nmgjor stanukhi zone is located
along the 15 to 20 misobaths and appears to be linmited in
shoreward extent by shoals in the northeast part of Harrison Bay
and farther east. Additional ridges are conmonly added to the
stamukhi zone throughout w nter, expanding the zone to 35 to 45 m
wat er depths (Reimitz et al., 1978).

In spring (May and June), Arctic rivers flood the nearshore
ice, hastening the onset otr nelting and deterioration ot the fast-
i ce canopy, which is finally broken and dispersed by the w nd.
Grounded remants ot the stamukhi zone may persist through the
summer open-water period. As sea ice melts and pack ice retreats
during summer, the nearshore wave ana current regi NS intensify as
more water surface is exposed to wind stress. Mxinum open water
generally occurs in Septenber ana early QCctober and corresponds to
the period of nost intense storms (Reimitz and Maurer, 1979).

B. Ice Scouring

Studi es by carsola (1954) and Rex (1955) were the first
directed at seabed relief features related to ice scouring,
al though reports indicate that early arctic explorers had known
scouring to occur (Kindle, 1924;wahlgren, 1979). Studies during
the early 197v's culminated in a series ot descriptive papers on
these features (pelletier and Shearer, 1972; Kovacs and Mellor,
1974; Reimmitz and Barnes, 1974; Lewi s,1977a; and McLaren,
1981). Subsequent studies have concentrated on quantifying the
processes and, in particular, have attenpted to ascertain the
annual rate of gouging (Lewis, 1977b; Reimitz et al., 1977;
Barnes et al., 1978; Toimil, 1973; Barnes and Reimmitz, 19"/9;
Wahlgren, 1979; Thor and Nel son, 1981; Ppilkington and mMarcellus,
1981; Weeks et al., this volune).

In a paper describing ice characteristics in relation to
seabed gougi ng Kovacs and Mellor (1974) exawined ice keel
structure and the forces required and torces available from W nd
ana nmonmentum tor gouging. ‘They round that virtually all ice keels
have enough strength tfor scouring. Enough wind energy was
accunul ated by the ice pack to easily cause gouging by an ice keel
protruding from the pack. <«whey found that when energy would be in
the term ot nonmentum ot individual dritting floes driven by Wi nds
and currents, only short (tens of meters) and shallow (maxinmm
about ou cm) scour tracks would be created. cChari ana Gunha (1978)
consi dered the gouging forces available from the novement of the
massi ve icebergs of the east coast ot Canada. Wen their data are
extrapol ated to the snaller ice nmasses of the Beaufort Sea, only
shallow (less than 1 m deep) or short gouges would result fromice
monentum al one. Thus the nost intense gouging should be
associated with ice keels driven by forces amassed from an
enconpassi ng i ce pack.
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In studies by Reimitz and Barnes (1974) and Barnes and
Reimitz (1974), ice-gouge character was related to ice and
sedi ment type. These authors noted that the bulk of the gouges
were less than 1 m deep with a maximal depth of 5.5 m Domi nant

gouge orientations were parallel to isobaths. ‘They indicated that
in water less than 20 m |ower gouge densities could reflect
sedi ment reworked by waves and currents filling gouges rapidly.

QO her areas of |ow gouge density included shoals, |agoons and the
lee of islands. Gouges in water deeper than 50 mwere thought by
Kovacs (1972) and pelletier and Shearer (1972) to be relict since
present ice keels are not that deep. However, Reimitz and Barnes
(1974) thought deep water gouges were possibly nmbdern. They
reasoned that ridge keels on the shelf may be deeper than in the
deep sea, because here the highest concentrations of ridges

occur. They also pointed out that average sedinentation rates are
not applicable to gouge troughs, which serve as traps.

Lewis (1977p), in his landmark paper on Canadian ice
scouring, indicated that the floor ot the Canadian Beaufort Sea is
saturated with gouges between 15 and 40 m water depths and that
gouges are best preserved in cohesive silt and ciay sedinents.

The |ess cohesive sand usually found inshore is seasonally
reworked by waves and currents. Scouring also dimnished in
deeper water. Gouge depths averaged less than 1 mbut rangea up
to 7.6 mbelow the seafloor. Lewis was the first to note that the
nunbers of shallow and deep gouge depths followed an exponential
distribution. He also suggested that the nmaxi num water depth for
moder n gougi ng was the 50-m isobath as the deepest reported ice

ri dge keels are 47 m deep.

| V. METHODS
A. Data Collection

Data were gathered using a 105-kHz Si de-scanning sonar system
and 12- and 200-k#z fathometers recording at 3 to 5 knots ship.
speed. Seafloor profile data were obtained al nost exclusively
with the 200-kHz recordi ng fathometer, Whi ch has a resol ution of
approximately 10 cmin calm seas. The side-scan sonar was
operated at slant ranges of 100 to 125 m covering a swath of the
seafloor up to 250 mwide. Mny features were visible on the
sonar that were not resolved by the fathometer, indicating that
this system could resol ve seabed features less t han 10 cm hi gh.
Navi gati onal accuracy varied according to the nethods enpl oyed,
whi ch ranged from dead reckoning to the use of precision range-
range systens. Estimated location errors range from a maxi num of
1 km at distances greater than 20 km otfshore t0 a tew Neters in
nearshore surveys. A nore conplete discussion ot equi pnent ana
techniques is given in Rearic et al. (1981).
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The data presented in this report result from exam nation ot
more than 2000 km of trackline records and the observation and
measurenent of more than 100,000 ice gouges. Tracklines Were
sel ected to give continuous coverage of the Al askan shelt from
near shore to the shelf break at approxinmately 60 to 90 m depths
and from Snmith Bay to Canden Bay (Rearic et al., 1981, and
Fig. 1).

R Data Analysis

The trackline spacing on the inner shelf is approximately
10 km and the spacing on the outer shelf is approximtely 25 km
‘The survey tracklines, nonographs and tathograws Were dividea into
| -km segnents tor anal ysis. Monographs were used to measure gouge
density, gouge width, orientation, and gouge multiplet
characteristics. Gouge depths and ridge heights were measurea
from the tathograws. In each kiloneter segment, the total numoer
of gouges were counted and the doninant orientation estinated.
This allowed us to nornalize the gouge numpers tO arrive at a
gouge density py accounting for the angle at which the gouges were
crossed (Barnes et al., 1978)., A distribution was preparea trom
t he fathograms ot gouge depths in 20-cm increments for each
kiloneter segment. (Gouges less than 2v cm deep were entered as
the difference between the nunber counted on the fathogram in the
depth distribution and the nunber counted on the sonograph in
det erm ni ng gouge density. The maxi mum gouge depth, maximm
wi dth, and maxi mum ridge height were deternmines in each seyuent,
as were the nunmber and dominant orientation ot nultiples and the
maxi num nunber of gouges per multiplet. Maxinum gouge reliet Was
comput ed from maxi mum gouge depth and maxi num ridge hei ght which
are not normally found on the same gouge in the segnent.

Subj ective judgnent was required in interpretating the data
because equi pment nal functions, weather, or natural randomess in
gouge occurrence and orientation made the quality ot the data
variable. To “keep this judgment factor consistent, one of us
(rRearic) examined and interpreted all records.

V. RESULTS
A. Typical and Maximum Gouges

1. ™mdividual gOUQES. The "typical" gouge from our data, the
one enbodying the mean values or all parameters, occurs in water
apout 18 m deep, torms @ rurrow e Cm deep witn tlanking ridges 47
cmhigh, and has a width of 7.8 m it has a total relief ot nore
than 1 m (Table |). In the vicinity or this gouge, the bottomis
scoured to a density of 70 gouges per square kilometer with a
dominant orientation ot 273°. ‘rhese gouge data represent an
average or maxi mum values froml-kmlong trackline segnents. 'The
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wide scatter and variability of the data are shown by the standard
deviations which, in many cases, are as large as the mean val ues
(Table I).

TABLF |. Means and Fxtremes of Data on Gouges
and Gouge Multiples (19?2 to 1980 Data)

Standard Number—of

Parameter Mean deviation Range observations
Water depth (M) 18.0 144 12 - 125 2400
Gouge density (noJdm2) 7 0 71.8 0-490 2191
Gouge orientation (0O?) 2730 30.1 1917
Individual gouges

Tnetston width (M) 7.78 796 0.5 - 67 2184
Ineision depth (m) (A) 0.56 (?65 02 - 4 2179
Ridge height (m)  (B) 0.47 049 02 - 5 2176
Gouge relief (M) (A+B) 1.02 1.09 0.2 - 8 2176
Couge multiples

Density (multipbles km=I1)1.6 2.3 0-15 1842
No.of gouges multiplet'z 4.8 3.7 2 - 27 884
Disruption width (m) 28.4 21.4 2 - 150 884
Orientation (°T) 266° 40.6 884

The maximum val ues show that gouge densities reach alnmost 500
kn=2 - Gouges up to 67 mwide and up to 4 m deep! ana flanking
ridges as much as 5 m high have been neasured. Maximumrelief ot
a single gouge has been neasured at8 m

2. Gouge Multiplets. (Couge multiples occur an average of 1.6
times per Kkiloneter of trackline, contain an average of al nbst 5
gouges per multiplet, and disrupt the seabed over a width of about
30 m(Table I). ‘The average orientation of gouge multiples is
nearly east-west (2660), |ess than 10° from the nmean orientation
of all gouges.

The maximal val ues for gouge multiples fromour data show as
many as 15 nultiples per kiloneter of trackline. These
multiples contain up to 27 gouges with a seabea disruption wdth
up to 150 m(Table I). Records taken in 1981 contain an even
larger multiplet 2“/5 m w de conmposed of 64 gouges (Reimnitz

Tpsingle gouge 5.5 m deep was measured in water 39 m deep
northwest of Cape Halkett. POOP fathometer records due to rough

weather precluded enumeration of gouges on tkis |I-km segment
except forthislarge one,; thereforethis gouge does not show in

our routine Statistics.
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etal., 1982, and Fig. 3).

The volume of sediment excavated by gouging can be inpressive
(Fig. 4. A gouge couplet noted in outer Harrison Bay had a width
of 78 M total relief of 6.3 m and a cross-sectional area ot the
incision estimated at 234 ni.

_______ .. .. Depth of seafloor =~ _____ __
— e

18
3 2 [\N A a ;;‘ - Gouge Multiplet
- v WA F Harrison Boy, 1980
x 4 hed Y,
P2y VLS M
8 2ed Fathogram Trace Maximum gouge depth = 4. Ometers
?_l 26 0 100 200 300 Maximum gouge width - T8 meters
3 o8- VETERS VE. 20x Moximum ridge height - 2.3mefers

Figure 4. Major gouge couplet observed in outer Harrison
Ray in 21-m water depth redrawm to remove vertical
exaggeration. The total cross-sect<onaz area of the incision
cut by the double ice keels is approximately 234 m'(3 m by
78 m).

Miul tiples can be divided into two distinct classes.
Multiples with nore than 4 or 5 gouges rarely contain any deep
ones and are commonly conposed of gouges of nearly equal depth.
These depths are usually less than 20 cm (Fig. 3). Miltiples
made up of fewer than 4 or 5 gouges may be shallow, but usually
are nore deeply and unevenly incised (Fig. 4).

B. Distribution of Data With Water Depth

1. Tndividual fouges. CGouge paraneters plotted as neans
against water depth create bell-shaped curves, wth highest nean
val ues of the parameters in 20 to 50 mwater depths (Fig. 5).

Hi ghest gouge densities are in water between 20 and 40 m
deep, with nmean val ues of nore than 100 km® |ow gouge densities
there are alnost nonexistent. rrackline segments in these water
depths always contained significant scouring. Lowest density
val ues occur in water less than 5 m deep or nore than 45 m deep
(Fig. 5A). The maxi mum depths of gouges (Fig. 58), maxi mum wi dth
(Fig. 5¢), and maxi num ridge hei ght (rig. 5b) tollow a pattern
simlar to gouge density except that the deepest gouges occur in
wat er 30-40 m deep. The peak maxi mum wi dths (Fig. 5C) occur in
even deeper water (40-50 m. The figures show that the frequency
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of features associated with ice gouges diminishes abruptly in
wat er deeper than about 40 m (Fig. 5). Another feature of the
curves is a persistent nickpoint in the data at about 18 neters,
and another at 30 to 40 m

CGouge depths were enunerated in 20-cmincrenments. As not all
gouges Observed on the nonographs (areal observations) were
crossed by the fathometer (linear observations), the nunber ot
gouges reported as |less than 20 cm deep should be anonal ously
high. The plot of these depth values is an exponenti al
distribution from the shall owest gouges to gouges .2.5 m deep
(Fig. b) and suggests that our approxinmation of the |ess-than-2U
cm gouges is reasonable.

10 S,

Number of Gouges
-t
(@]
"
[}

(11 I VP
1057 2 3 4

Gouge Depth (m)

Figure 6. Total rumber of gouges observed versus their
depth.

The rel ati onship between gouge depth and ridge hei ght was
exam ned. In taking the neasurenents, we noted that the maximm
hei ght and maxi mum depth in each segment werefrom diftferent
gouges and that ridges were normally asymmetric. Using the
maxi mum ridge height and the maxi mum gouge depth in each |-km
segment, the mean maximum gouge relief (Fig. 7A) displayed the
same bell-shaped curve as density, depth, width, and ridge height
(Fig. 5). In an idealized gouge the ridges mght be expected to
be approximately half as high as the gouge is deep, with half ox
the debris piled on either side, or a ratio of about 1:2. mwhe
data, plotting maxi mum heights versus maxi mum depths (rFig. 78),
show that gouges up to 1 mdeep are associate with ridges of
equal height; a 1:1 ratio. The ratio of the mean val ues becones
closer to 1:3 for deeper gouges; that is, ridges are not as high
as gouges are deep. This suggests that the material from
i nci sions deeper than 1 mis distributed over a larger flanking
area or conpressed.

Dom nant orientations of gouges plotted against water depth
(Fig. 7¢) show that in water more than 10 m deep the gouge trends
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are generally within 2u® of being parallel to the coastline
orientation. In waters less than 10 m and nmore than 50 m deep the
deviation from coast-parallel scouring increases to alnost 50°
onshore.

Mil tiplying three gouge paranmeters - maxi num depth, mnaxinmm
width, and density - approxi mates the volune ot the sedinents
involved in scouring and may be the best neasure ot gouge
intensity. The derivative graph of nean intensity versus water
depth (Fig. 7p) enphasizes the simlar bell-shaped character as
seen in the individual components (Figs. 5A, B, and C). Couge
intensity increases with depth very slowy to water depths of 17
to 19 m then increases rapidly to peak values in water depths oz
30 to 40 m before decreasing to very |ow values in depths over
55 m(Fig. 7v). The scatter of values about the mean, expressed
as the standard deviation, is comonly greater than the wean value
(Fig. 7). This may be due in part to the fact that the data
conposing this plot are maxi num values and not nean val ues for
each segment. Mean val ues for each segnent could show |ess
variation.

2. Gouge Multiplets. mMultiplets are NDSt abundant i N water 25
to 35 mdeep and are relatively uncommon in shallow water and in
deeper parts or the sheit (Fig. 8A). rhe numper or gouges per
multiplet and the disruption widths increase to water depths of 2»
to 3> m deep, then decrease as water deptn continues increasing
(Fig. 8B and C). Disruption widths triple from 10 min water |ess
than L0 mdeep to nore than 35 min water depths greater than 25 m
(Fig. 8c). Wde nultiples are prevalent from35 mto the seaward
limt ot the data set.

Gouge nmultiples are oriented slightly onshore fromthe trend
of the coastline and isobaths (Fig. 8v and Table 1). Miltiples
do not show the increasing onshore trend that was opserved in the
distribution of all gouge orientations inshore ot tne 20-m isobath
(Figs. 7¢ and 8D).

z. Parameter Correlations

Al though the neasured gouge paraneters share similar bell-
shaped curves, correlation coefficients (raple Il) show generally
poor correlation between thewn, The low correlation value MY be
due to the siight positive and negative skewedness exhibited in
the graphs ot these paraneters or to the rfact that hydraulic
reworking has reshaped many of the gouges since their inception.
The low correlation could al so inuicate tnat the paranmeters are
unr el at ed.
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Figure 8. Mean gouge multiplet parameters versus water depth
measured <in I-km sonograph segments and divided into

2-m depth increments. Mean value is shown by solid

line, standard deviation by shaded area. N refers to

the number of observations in the distribution.

A) Gouge multiplet density, B) Gouges per multiplet,

C) Multiplet disruption width, and D) gouge multiplet

dominant orientation.
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Tone Il. Pearson Correlation Coefficients’

Multiplet
Gouge Gouge Ridge  Gouge Gouges per disruption
depth Width height multiples multiplet Width
Gouge 0.54 0.35 0.58 0.72 0.32 0.14
density
Gouge 0. 56 0. 84 0.57 0.14 0.27
depth
Gouge 0.51 0.33 0.02 0.24
width
Ridge 0.59 0.14 0.25
height
Gouge 0.31 0.26
mutiplets

Gouges per 0.70
multiplet

Walues are statistically significant at the 0.05 level.

Exceptions are the positive correlation between ridge height and
gouge depth (0.84), between gouge density and the nunber of gouge
mul tiples (0.72), and between the nunber of gouges per multiplet
and the total disruption width of that event (0.70). These
correlations suggest that (1) higher ridge heights are found in
segments with deeper gouges, (2) high gouge densities are

associ ated with areas of numerous gouge nultiples, and (3) the

w dest sedi nment disruptions are frommultiples containing many
gouges.

c. Regional Distribution of Data

Toprovide an understanding of the regional distribution of
ice keels contacting the shelf surface gouge densities, maxi num
gouge depths, gouge relief, gouge intensities, and gouge
multiples were contoured. In this effort the data had to be
treated as if all records were of equal quality and that data were
synopti c. However, where tracklines from different years crossed
each other, there were comonly disparities in the data because
the records were of uneven quality and the non-synoptic data
represent various stages of scouring and reworking by waves and
currents. As a result subjective conpromi ses were made to
acconplish the contouring.

H ghest densities of gouges are found in the stanukhi zone,
in water 20 to 30 mdeep. Gouge densities are |owest inshore and
at the seaward edges of our data in zones paralleling the genera
trend of the coast (Fig. 9). Low densities also appear in the lee
of the islands and to the southwest of the offshore shoals. The
central portion of Harrison Bay also has relatively |ow gouge
densities.
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Gouge depths are greatest in a zone parallel to the isobaths
in water depths between 20 and 40 m (Fig. 10), in deeper water
than the correspondi ng val ues of hi gh gouge densities. Lower
gouge depths are associated with central Harrison Bay east of Cape
Hal kett and in the vicinity of shoals.

Gouge relief in excess of 2 mis conmon in a band of varying
wi dth that extends across the central part of the shelt
(Fig. 11). Gouge relief is generally less than 1 min the coastal
enmbaynents and inside the coastal island chains. Oher areas ot
| ow gouge relief occur in the central part of Harrison Bay and at
the seaward linmit of our data.

Gouge intensities are greatest in a band or varying width on
the central shelf and in an inshore area off the colville River
(Fig. 12). Low values occur within the coastal embaynents, inside
the coastal island chains, and at isolated |locations in the
central portion of Harrison Bay, as well as at theseaward|imt
of the area studied.

The regional distribution ot gouge multiples is patchy.
Multiplet densities are highest in the vicinity of the 20-m
isopbath, particularly oftf the Prudnoe bay area (Fig. 13). Low
multiplet densities are present in the central part of Harrison
Bay. CQccasional nultiples occur inside the islands or in the
shal | ow portions of the coastal enbaynents.

In the analysis of regi onal gouge orientation variability the
shelf was divided into 26 regions. The boundaries ot each of
these regions enconpass what we judge to pe uniform settings in
terns of bathymetry and ice zonation. The dom nant orientations
within these regions were plotted as rose diagrans (Fig. 14). The
orientation of gouges between the 20- and 40-m contours is
essentially coast-parallel but slightly onshore. The dom nance of
isobath-parallel orientations also holds in the shallow water of
Stetansson Sound and the shallow area off the colville River
delta. A slight counterclockwi se rotation of orientations is
observed nearshore. This rotation is nost pronounced just seaward
of the islands, and along sections of the open coast, southeast of
Cape Hal kett.

D. Distribution of Ice Ridges

Compressional and shearing forces in the ice pack commonly
cause failure of the ice sheet and piling of ice blocks. The
result is an ice ridge, conposed of a submerged keel which
isostatically supports a subaerial sail (Fig. 2). asit is
dirficult to measure keel depth, erforts have peen made to
determine the relationship between depth geometry and the nore
readily measured ridge sail height (weeks et al., 19'/1; kovacs and
Mellor, 1974; Kovacs and sodhi, 1980; Wadhanms, 1980; Tucker and
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Govoni, 1981 ). This work suggests a sail-to-keel ratio ot apbout
1: 4.5 for first-year ice ridges (formed during the nost recent
winter) and 1:3,3 tor multiyear ridyes.

Laser profile studies ot seasonal and areal distribution
reveal consi derable annual variation in ice ridges on the Beautort
Sea shelf({Tucker, this volune). Tucker et al. (1979) analyzed the
distribution ot ridge sails on three profiles across the shelt
(Fig. 15): one off Barter Island, a second off Prudhoe Bay, and a
third west of Cape Halkett. Ice 20 to 8 kmtrom the coast over
the central and outer portions of the shelf contained the highest
nunber of ridges. These authors also suggested that grounced ice
floes (stamukhi) stabilize ice inshore of about 20 kmand linit
ridging, and thus the devel opment of sails. Further otfshore,
where no grounding occurs, weak first-year ice is subject to
increased ridging (Fig., 15). The 1978 Prudhoe Bay protrile
reflects the fact that no multiyear i ce was encountered on the
i nner 15ukm of trackline; thus no core ot multivear stamukhi
fornmed to protect the inner shelf, with the result that ridging
extended up to the coast (Tucker and Govoni, 1981). This suggests
that year-to-year variability in ice ridging depends upon the tine
ot stanukhi zone devel opnent.

— Bathymetry

---- Ridges per kilometer ( 1976)
........ Ridges per kilometer (1978)

300 -
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Figure 15. Number Of ice ridges (sails) per km on three
transects perpendicular t0 the coast compared to shkelf depths
on the same transect (modified after Tucker and others,

1979) .
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Stringer (1978) examined satellite inmagery for the period
from 1973 to 1977 to assess the distribution of ice sails. The 5-
year conposite map produced by this study snooths the considerable
seasonal and year-to-year variability. W have overlaid a 5 km by
5 kmgrid onto the 5-year conposite ridge map to gquantity the
density of ice ridges on the shelf. The result (Fig. 16) shows
that densities are highest (more than 6 ridges per 25 knR2) between
the 20 and 50 misobaths in the area between Prudhoe Bay and
eastern Harrison Bay. Low ridge densities occur inshore, in
central Harrison Bay, and in isolated areas on the outer shelf.
The regional ice ridge abundance observed on satellite imagery
also illustrates the increased occurrence of ridges in the
stanukhi zone (Fig. 17).

VI. DI SCUSSI ON

Those familiar with the literature recognize that this study
of ice gouging on the Beaufort Sea Shelf and the relationship to
ice regime are a quantification and reinforcement of earlier work
presented with much sketchier data and ol der techniques (Reimitz
and Barnes, 1974; Lewis, 1977a). Several aspects deserve
addi tional discussion. A usetul tool for the study of sedinment
dynam cs woul d be a nmeasure of the severity ot nodern gougi ng.
The trend of gouges are indications of the direction of ice notion
during the plowing actions which has inplications for the
direction of sediment transport on the shelt. The break in gouge
character at 15-20 m suggest a relationship between seatlioor
geol ogi ¢ character and ice zonation, Gouge nultiples tform a
uni que set of gouges which may be indicative of only certain ice
conditions, which would indicate the character and |ocation of
these ice conditions on the shelt now and in the past tens to
hundreds of years.

P. Severity of Gouging

The severity of ice gouging is a result of the recurrence
rate and intensity of ice-seabed interaction. H gh gouge density
values do not always indicate severe gougi Nng but may rerlect
predonminantly shallow, narrow, and infrequent scouring in an area
with relatively little sedinment movenent. Conversely, areas with
relatively |ow gouge densities may experience nmany |arge gouge
events whose record in the form of gouges has been partially or
compl etely erased by sedinmentation or hydraulic reworking (Barnes
and Reimitz, 1979; Reimitz and Kenpema, this volune).

For determining actual gouge severity, either the spatial ana
tenporal distribution of ice keels or tenporal occurrence of new
gouges is needed. Few data on gouge recurrence rates and the
character of nNew gouges exist. There are no puplic data ON the
tenporal distribution of keels, only a qualitative know edge ot
i ce sail distribution, and an even sketchier knowleage or the
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quantitative relationship between s3ils and keels (Reimnitz et
al., 1978; Kovacs and Mellor; 1974, Tucker et al,, 1979; Wadhans,
1975). The rate ot seabed reworking by ice as determ ned from
repetitive surveys is linmted to only a small part of the shelf,
primarily inshore of the stamukhi zone, or to statistica

consi derations of gouge distribution (Lewis, 1977a,p0; Barnes

et al,, 1978; wahlgren, 1979; pilkington and Marcellus, 1981;
Weeks etal., this volune).

The npst severe ice scouring should result with deeper,
wi der, and |onger gouges and by this definition is approximted
where gouge intensities are highest (Fig. 12). Qur inplications
about gouge severity are therefore linmted to a discussion of the
general physical characteristics ot gouge features ana the
overlying ice canopy.

The stamukhi zone is an area in which ice forces fromthe
pol ar pack are expended, in part by building ice ridges (rhomas
and Pritchard, 1930), but alsoc On the seaped by di srupting
sedinents to form gouges. Reimitz et al.(1978) showed that the
nost severe ice ridging occurs on the sneltf. Sail heignt data
(Tucker et al.,, 1979)support this earlier concept
(Fig. 15). The ice data also suggest that ridging and presumably
grounding occur in this zone on a yearly basis (Stringer, 1978;
Reimitz and Kenpemm, this volune; Tucker et al., 1979). Sedi ment
cores from the stanukhi zone are turbated and |ack horizonta
| ami nations, while seaward and landward of the zone current-
related lamnations are common (Barnes and Reimitz, 1974). This
suggests frequent bottom reworking by ice in the stamukhi zone and
ales inplies that all gouges could be nodern features. Thus, we
bel i eve that seabed disruption is nost severe where the stamukhi
zone devel ops.

In Harrison Bay the relationsnip between ice reginme and sea-
floor processes is espcially clear. The two zones of ice ridging
near 10-m and 20-m water depths (Fig. Ib) correlate weli with the
hi ghest gouge densities, maximm gouge depths, and highest gouge
intensities as contoured in Figs. 9, 10, and 12.

In waters shallower than 10-15 m the values of gouge
intensity (Figs. eb and 12) may not be true indicators of the rate
of ice-seabed interaction. Here, hydraulic reworking of the seabed
by waves and currents is frequent and the gouges represent fewer
years of ice action (Barnes and Reimitz, 1974, 1979). This
interplay of ice and current is pronounced on shoal crests. The
shoals are conposed primarily of sand and gravel (Reimitz and
Maurer, 1979; Reimmitz and kempema, this volume) on which gouges
may readily fill through failure ot the gouge ridges or through
hydraulic reworking ot sedinents, either by storms or by
intensified flow in the vicinity of grounded, or nearly grounded,
ice keels.
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Considering the ice regime alone, we would expect the nunber
of ice gouge events in shallow water to increase While the depth
and width of these events would decrease. Hibler et al., (1972)
and \Wadhans (1975, 1980) showed that the distribution of ice
ridges and keels is exponential; thus, nmany more shallow keels
are available to scour in shallow water than there are deep keels
available in deep water. The depth and width of gouges in shallow
wat er should reflect the smaller size of the keels, resulting in
shal l ow, narrow gouges. Furthermore, shallow water sedinent my
be able to resist gouging to a higher degree being coarser and
nore consolidated (Barnes and Reimnitz, 1974, Reimitz et al.,

1980) .

R. Iee Motion During Gouging

I nshore of the stamukhi zone (Fig. 1), ice notion in wnter
(and hence scouring) is restricted to tens of neters by the coast
and the grounded ridges of the stamukhi zone. During the summer
open-water period, this zone is often ice-free (Barry, 1979;
Stringer, 1978). The most likely tinme for scouring within the
fast ice zone is during spring breakup (June-July) and during fall
freeze-up (october-Novemper), when CONsi derable ice may be present
and in notion.

During formation of the stamukhi zone in wi nter, grounding
and thus scouring occurs (Kovacs, 1976; Reimnitz et al., 1978;
Rei mitz and Kempema, this volune; Stringer, 1978). Once
groundi ng has stabilized the zone (Reimitz et al., 1978; Kovacs
1976; kKovacs and Gow, 1976), tne possibility of further scour to
occur is limted. In waters beyond the stamukhi zone, ice ridges
of sufficient draft are nore rare although ice is present and in
notion throughout nost of the year (uibler et al., 1974; kovacs
and Mellor, 1974).

C.Direction ofF lce Motion

The dominant ice notions along the Beautort Sea coast in
winter, when npbst scouring occurs, are from east to west
(Canpbel |, 1965; Hibler et al., 1974; xovacs and Mellor, 1974,
Reimnitz etal., 1978). Thus , the domi nant gouge orientation
slightly oblique to isonaths indicates slightly onshore conponents
of ice notion. This southwestward scouring action results in
scour shaaows in the |ee of shoals inshore ot the stamukhi zone.

When orientations are anal yzed ny water depth (Fig. 7c), the
shailow i nshore regions show orientations that are directed nore
onshore than in regions farther seaward. This onshore-turning
also is characteristic tor gouges and for ice novement in the
Point Barrow area (Barnes, Shapiro, unpublished data) and for
Harrison Bay (Rearic, unpublished data). we suggest thdt the
long-termice notion related to boundary stresses of the polar
pack on the ice or the inner shelf may produce this pattern with
shear (shore-parallel) notion nore preval ent offshore and
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compressional (onshore) notion nore preval ent inshore.

P. 7he 15-20 MPRoundary

Brooks (1974) was the first to note that a cnange occurs in
i ce gouge character in water 18 m deep. He reported thdt gouge
density, width, and length decrease insnore of 18 mana held the
opi nion that the 18-m isobath marks the linmt of the onshore
notion ot the deep dratt ice-island tragments. These fragments
were presumably responsible for the [arger gouges seaward ot 18 m

The inshore edge or the stamukhi zone in many areas is
associated with a change in geologic character near the 20-m
isobath. ‘This change is particularly pronounced from prudnoe Bay
to the Canning River. Cohesive but unconsolidated unstructured
muday gravel ottshore abuts agai nst overconsolidated layered muddy
gravel inshore (Barnes and Reimitz, 1974; Reimmitz and Barnes,
1974). Couge depths are greater in the area of unconsolidated
sedinent due to its lower Shear strength (Reimnitz et al.,
198Ub). The sedinent boundary i s al so associated with a bench or
a shoal 2 to 4 mhigh (rReimnitz and Barnes, 1974, Barnes et al.,
198ub; Rearic and Barnes, 19s80).

The boundary iS al so seen as a jog on graphs of mean val ues
of ice-gouge characteristics (Fig. 5), including gouge nultiples
(Figs. 8a and sc), in water 15to20m deep. Gouge
characteristics show increasing nmeans with increasing water depth
to depths of 35 to 45 m whis general trena in nNeans i s broken
consistently in water depths of 15 to 20 mwth one or two
decreasi ng values petore the continued increases toward deeper
wat er .

Lower than expected values at 15 tw 20 m deptn may be due to
resi stance to gouging by the overconsolidated sedinments that are
comon shoreward Of this deptn zone (Reiwnitz et al., L9s0).
Alternatively, hydraulic reworking ot unconsolidated sediments on
the numerous shoals associated witn this depth zone (#ig. 1 ) nay
be responsinle for reducing the nean values. ‘the small bench or

shoal-like teatures (Barnes et al., 198Ub; Rearic and Barnes,
1980) and the large shoals, do proviae shelter on tne "down-drift
sise, “ where less scouring occurs. rhis sheltering, snown by a
detail ed study of stamukhi Shoal (Reimitz and Kenpenm, this
volune) and discussed further below, 1s partially responsivle tor
the anonaly in ice gouge paraneters at the inner poundaryotthe
stamnukhl zone.

We are uncertaln as to the OriginN or thls geoloylc bounvary
and corresponding change in gouge character. However, either the
i Nnner edye ot the Stdnukhi zone is controlled py this poundary or
the seasonal ly reform ng stamukhi zone sonmehow i s responsible tor
the gecloyic poundary. ‘The overconsolldated sedlilents may De the
result ot treeze-thaw processes (Chanberlain et al., 197s8) during
the norocene transgyression whensed level was lower or they nay pe
caused by dynamic vertical, ana perhaps nore important, horizontai
torces{Charl and Guha, 1978) dassoClaled With Tie inlitense lce-—
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seabed interaction at the inner edge of the stanukhi zone.
McLaren (1982) docurented higher sedinent shear strengths in gouge
troughs which he attributed to conpaction during gouging.

E, Gouge Multiplets and First-Year Ice Ridges

As stated above, gouge nultiples are divided into two
types. The first type has commmonly two, and always |ess than
five gouges, and scours into the seabed to a depth of 50 cm or
more (Fig. 4). The second type creates many incisions and is
al nost al ways unresol vabl e on the fathograms, which indicates that
the gouge depths are less than 20 cm (Fig. 3).

The parallel tracks of multiples indicate single scour
events. The uniformy shallow gouges cut into a horizontal shelf
surface indicate scouring by adjoining ice keels that extend to
the same depth below the sea surface. The formation of an ice
ridge with multiple keels aligned as tines on a rake extending
tens of neters laterally, all of about the same depth beneath the
surtace and creating gouge depths within as little as 20 cm of one
another, is a highly inprobable event. Yet we comonly observe
gouge nultiples that suggest this characteristic (Fig. 3).

we propose that gouge multiples are forned oy ridge keels
conmposed of first-year ice. This ice crunbled into piles ot | oose
bl ocks, is shoved downward to conformto the seafloor over
extensive areas. In order to gouge the bottom the initially
| oose aggregate must be at least partially fused when its novenent
to another site takes place, otherwise short, interrupted, or
irregular tracks would result, as blocks are rolled or dislodged
from the keel. Instead, the tracks commonly are continuous, for
hundreds of meters, as if made by a rake. A partial welding of
the ice aggregate may occur during, or soon arter ridge formation,
because a heat sink from surface exposure to very cold
tenperatures is brought to the keels during ridge formation

(Kovacs and Mellor, 1974). Seawater close to freezing point
driven by oceanic circulation through such porous piles should.
result in rapid ice growth between the bl ocks. If such |oosely

bondedridges were shoved into shallower water, its strength would
be further increased cy the resulting uplift (kovacs and wmellor,
1974). 'The ability ot first-year pressure ridges to gouge the
bottom was observed in a study in Lake Erie (Bruce G aham

personal comm. ). |If the multiples under discussion really are
formed by first year pressure ridges in the manner outlined, then
they formed fromice tools made at the site. ‘This neans that
multiples can formin depressions that seemto be protected from
ice scouring by surrounding shallow sills such as |agoons.

Singl e gouges and nmultiples with few incisions are the
deepest and wi dest gouges observed (Fig. 4). W believe that
these features result fromice gouging by keels of multiyear ice
ridges forned in deeper water. The multiple freezing seasons
available for the welding of ice keels in a multiyear ridge makes

for ice scouring tools nore capable of forming deep es _than
. . . s}
newy forned first-year ridges (kovacs 2nd mei1or, 197497° rhe
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gouging of these deep features by multiyear ice ridges also
inplies that the keels of multiyear ridges are uneven in depth and
gouge the bottomwith only a few or their deepest keels.

VIT. CONCLUSI ONS

The npbst intense gougi ng on the Alaskan Beautort Sea shelf i S
associated with the major ice ridging in the stamukhi zone.  Couge
intensity is greatest in water between 15 and 45 m deep. The
resul tant gouges may be incised 4 mor nore into the seafloor,
have relief of 7 mor nore, and saturate the seatloor W th
densities of nore than 200 km’. Gouge orientations indicate an
uphitl scouring notion trom east to west, principally parallel to
shore. CGouging tends to decrease in intensity both inshore and
seaward of the stanukhi zone. Gouge intensity inshore is |ess,
even though ice-seabed inpacts may be nore frequent, because ice
motion is less and the ice nasses availaple to scour are small.
The intensity of gouging is nodified by non-ice-related factors
such as shoals and seabed sedimentologic character, the increased
rate of seabed inpacts inshore, and increased rate of hydrodynamc
reworking ot the seabed in shallow water.

The inner edge of the stamukhi zone at 15t0 20 mis a
geol ogi ¢ boundary marked by shoals, an acrupt decrease in the
intensity of scouring, the presence of overconsolidated surficial
sedinents, and a change from of fshore turbated to inshore beaded
Hol ocene sedi nent.

Gouge nultiples consisting of many shaliow gouges are
believed to be caused by the formation of first-year ice ridges
whose keel s are forced t0 contorm to the seatloor over a wide
swath during formation and indicate that first-year ridges can
scour the seafloor.
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