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STATISTICAL ASPECTS OF ICE GOUGING
ON THE ALASKAN SHELF OF THE
BEAUFORT SEA

W.F. Weeks, P.W. Barnes, D.M. Rearic and E. Reimnitz

INTRODUCTION was heavily marked by long linear depressions,

which we will refer to as gouges, produced by the
A survey of the bathymetry of the Beaufort Sea ploughing action of ice. The depths and w.,idths of

shows that large areas of this marginal sea of the gouge incisions in the sea floor reached se'eral
Arctic Ocean have water depths of less than 60 meters and several tens of meters respectiely,
meters. In this region ungrounded pressure ridge %kith gouges occurring as both indistidual isolated
keels may protrude downward for at least 50 m, events and as multiple events, presumabl. pro-
and ice floes containing such keels drift in a gener- duced by projections on the same pressure ridge
al pattern from east to west along the Beaufort keel gouging the sea floor as part of the same ice
coast. Therefore it is reasonable to presume that motion (Kovacs and Mellor 1974, Reimntiit/ and
such sea ice masses could interact with the sea Barnes 1974).
floor. Indeed, ice-related disturbances of the sea In this paper .,e discuss sorne randoni-appear-
floor have been inferred for some decades from ing aspects of WCe-produced gouges that occur
observations of sea floor sediments entrained in along a 190-km stretch of the2 coast of the Beau-
obviously grounded ice masses (Kindle 1924). At fort Sea between Smith Bas and Camiden Bay (re-
the time, such processes were largely of academic fer to Fig. 1). \e also include a brief discussion of
interest, and there was little motivation to explore the statistical concepts and techniques that are
tnem systematically. utilized. As much of the si tids area is part of the

With the discovery of oil and gas along the mar- 1979, 1982, and 1984 lease sales offered bN the
gins of the Beaufort Sea at Prudhoe Bay and off State of Alaska and the i-ederal (Goscrnent, we
the Mackenzie Delta, processes modifying the believe that the results reported here are of inie-
floor of the Beaufort Sea became of interest due to diate interest to the engineering cotnnlunit% in
their possible effect on offshore design and opera- volved in offshore design for the tieaufort Sea as
tions. Early side-scan sonar and precision fathom- well as of long-term interest to the scientiic coni-
etry data coupled with diving observations (Shear- munity interested in near-shore processes in ,hal-
er et al. 1971, Kovacs 1972, Pelletier and Shearer low, ice-covered seas. The paper toncludes h% diN-

1972) showed clearly that much of the sea floor cussing some of these potential applicatIon.,
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BAt hGRO NI) AND) the process and the rates of' t)goug rCcurrece.-. In
ENV IRONMIENTAL. SETTINt. most ofithe studies little attention ss as. paid to hov,

theobsrsd gug parameters varied or ito
Because of their importance to offshore design methiods for estimating inifrequenlt gougig esents

in arctic areas, ice-produced gouges have been the such as the formation of deeper gouges.. [:\cep-
subject of a number of insestigations. especially tions to this are the papers. by I ew\is I l9-1a.b) and
since they were recognized as a recurring sea-floor Walgren I 1979a~b). \\Ihich examine thle statistical
feature in the shallow portions of ice-covered seas, aspects of the gouges located int the general area of
Rather than re%,ie\% this literature here, we will the Mackeniie D~elta.
simply mention publications of general interest Present evidence suggest,, that the Beatif'or 'sC,
that provide more exhaustive reference lists. Re- shelf has beetn relatiselN stable during the last
views of early work can be found in Kovacs (1972) 10,000O years (i.e. major tectonic or glacto-isostatic:
and Kovacs and Mellor (1974). Farly studies off' adjustments have not taken place liopksin
the Mackenzie Delta are described by Shearer et 1967]). As sea level has risen appromately 35 in
al. (1971), Pelletier and Shearer (1972), arid by iti this time period, the etntire sea floor of' thle pres-
Kovacs and Mellor (1974). Early work off thle ent study area was land in the geologicall\ recent
Alaskan coast is reported by Skinner (1971), past. The gentle slope of" the presr'ttt larid surface
Reimnitz et a]. (1972, 1973), Barnes and Reimnit; continues northward to a water depth of 60 to -0
(1974), and Reimnitz and Barnes (1974). More re- m., where the shelf break occurs (Hat nes and
cent work is discussed by Shearer and Blasco Reiiit7 1974). Figure 2 gives genteralized baths -
(1975), Hnatiuk and Brown (1977). Reimnit7 et al. metrv for the studyv area. The broad, geit> slop.
(1977a.b; 1978), Barnes et al. (1978), and Barnes ing shelf is quite evident. When the sea-floor topl
and Reimnitz (1979). These studies provide a de- ographs. in thle study area is examnined in more LIC-
scription of the nature of the gouges, the charac- tail it is found to be NerN conple\ (see mnap gis en
teristics of the ice involved in the gouging process, as Appendix A: Barnes arid \lcI~ov-ell 1978 ). Iie
the general distribution of gouging along the most notable features are a number of'subrttergcd
coast, and, to some extent, the forces involved in
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Itgure 2. (G'neralizcd hathyme tric chart of the .stud.v area.

shoals and bottom irregularities that have been re- thermohaline drainage out of the Wre
lated to ice zonation (Reimnitiz et a!. 1977b). On regime of dense, cold. salt-rich %Nater pr "
the scale of the gouging it is een more conplex the formation of sea ice (Mathexs 1981,
(not shown). Holocene sediments (chiefly poorly The ice regime of the region shoNs great nang-
sorted silt% clas.s and sa nd% muds) exhibit ma.i- es with season and distance from shore. During
mum thicknesses of 5 to 10 m over the inner shelf, the summer, ice conditions are extremely \ariable.
The seabed of the region is characterized by ex- Much of the study area is commonly ice-free, with
treme disersity and variability of sediment types, the southern edge of the multiyear pack ice occur-
seabed character, and sedimentary structures. ring between 10 and 100 km offshore. Nes, ice
Sedimentary structures are dominated by wave- starts to form in October; during the early stages
and current-related processes inshore of 10 m, by of its formation ice movement velocities nearshore
ice-, wave-, and current-related processes between are similar to velocities offshore (5 km da. on the
10 and 20 m, and by primarily ice-related pro- average with highs of .15 km day during storms
cesses out to water depths of 50 m or more, where [Thomas and Pritchard 1979]). As the new ice
water-related depositional processes again domi- thickens, velocities decrease at nearshore locations
nate. Noteworthy is the nearly ubiquitous occur- until the ice becomes truly fast, experiencing typi-
rence of stiff silty clays in outcrops on the inner cal motions of only a few tens of meters o5er the
shelf, remainder of the winter (on occasion notions e\-

The oceanographic regime of the region has ceeding 1000 m have been observed IKo\acs
been little studied. The near-shore circulation ap- 1979]). At offshore locations, motions also de-
pears to be strongly wind-driven during the sum- crease somewhat but average nmovements still re-
mer, with flushing rates and currents closely re- main significant (I to 2 km day). At times the
l5ted to local winds. The most striking oceano- whole ice pack may be nearly motionless for ses-
graphic events are waves, currents, and surges re- eral days. Numerous pressure ridges form in the
suiting from late summer storms. Local sea-level moving ice, and in shallower areas many of these
rises of 3 m coupled with 3-m waves have been ob- ridges become grounded. Areas of particularly
served. Limited data during the summer suggest a heavy groundings occur off the barrier islands in
general westward water motion produced by the water depths of roughly 15 to 20 m. In areas such
prevailing easterlies, but wind-driven reversals are as Harrison Bay that are not protected by barrier
not rare. During the winter the dominant currents islands, large grounded ridges occur in shallosser
on the inner shelf are believed to be the results of waters (roughly 10-m depth). Once the grounded
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sumed to result from ice contact vith the bottom determined. It should be noted that, because olin-
+'ka, counted, Including indisidual gouges pro- filling by sediment, the measured d values are pre-
duced b_. diterent segments oft,% hat aas probabl. sumably less than the d values at the time the
the same prcssurc ridge keel (our interest is in the gouge formed. It is also important to note that the
number of gouges in the botton, not in the num- gouge depth is almost always less than the depth to
her of ice ecnt,) these .\ %alues were then cor- the base of the ice mass that produced the gouge,
rected in order to etitate , the expected num- because of ploughed sediment sliding back into
her Of gouges, that %%ould hase been seen on a I-ki the gouge as soon as the keel moves on.
,artpling line it the ship's track "ere oriented nor- Ma.vitnum gouge width IWmax). This measure-
ral to the dornant gouge trend. This correction ment was taken between the inside walls of the
ssa, made b. u,,ng .\ - .\ sin,,. ",here (x is an gouge at the level of the undisturbed surrounding

acute angle betsseen the sip's track and the gouge sea floor (see Fig. 6); the maximum value in each
orientation . ..\ most gouges are oriented parallel kilometer of sample track was recorded.
to the coast and the majorit, of the sampling lines laxitnum lateral embanktment heieht (hma).
%ei e roughl% normal to the coast. these correc- This measurement is the maximum height (in each
ions wsere usualts small. (louges 5ii(h depths of kilometer of sample track) of the embankments of

less than (.2 in Acre not counted, as it was often sediment plowaed from the gouges, measured rela-
difticult to identif.', positicly all of these small tive to the undisturbed sea floor (see Fig. 6) and
gouge,, on the tathogram. Actuall, in the original occurring along the margins of the gouges.
data tabulations <Rearic et al. 1991) a value +'as It should be noted that values of d and htma\ are
gi, en for the number of gouges in the 0 to 0.2-tn determined purely from the linear fathometer pro-
range that could be distinguished on the Sonar files. It is, however, kno%% n from other data (sono-
record. Although this value can be useful, it grams, dise obser\ations, and repetitis e track-
should not be combined wsith the data on gouges lines) that both gouge depths and lateral embank-
deeper than 0.2 in, as it includes a number of ment heights can iar% considetabl, along the
gouges that do not cross beneath the ship's track length of a given gouge.
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1, e Kvl

* gouge .. dth
9-gouge orientation
hlateral emrbtankmrent height

z aer, depth

N tline north

/ment,, rchretl to m/ the4 livt.

A\s is cecar f~rori comparing our terms s it h tilhe arid 25 \%ecre nol Used, a' tile 'onar record' In -
litlks of' paper,, in our reference list, terrninologv dicated sand s\ as s arid at tier teatunres that
for ice-induced sea floor teat ures is far fromt stall- suggested emtensir. mos ement o: bottomi
dardiied. This shoutld not be a problem as tong as sediment )
iridisidual aut hors clearly spelt out their usage of' d. lone', Islands Oines 2-15,.1'. 21. 31. 66.
specific terms. -There is little \%e canl do here to re- 67 , 1; 9-92 ,obser' at ions from northt of Sp'
solve terminology disputes. We would simply like Isrlanid to thle north of thle Mlidss a\ Is'lands)
to point out that gouge arid gouging inl the present e. Nic(lure I stands (linies, 3-9. t0. It1. 13. 14:
study correspond to scour and scouring in thle 5-3. 4: 7-76; 9-44, 63. 65. 06. 78; obsersa-
papers of Pelletier and Shearer (1972) and Lewis lions from Cross Island to Camden Ba\)
I 1977a. h) and to score anld scoring in the papers of' tf Jones I stands arid Fast (a com binat ion oft tile

Kos acs, (1972) and Koxacs arid M~ellor (1974). Jones arid thle Mc~lu.e Islands data set': i.e.
In the analvsis tihe data are cornrniv comibinied all thle data seas~ ard of tile barrier islands

itto se\serat different groups based primarily onl ard east of' Harrison Bar)
geographic location. A given group is referred to g. Harrison Bay and Fast (a comnbinat ion of thle
by either a geomnorphic characteristic common to data sets fromr Harrison Bay. Jlones Islands.
the group or by the name of a geographic feature arid NMcClure Islands, i.e. all thle data sea-
occurring within or near the location of the group. ward of' thle barrier islands escept tile four
Specifically, the groups are: tracks off' I onels).

a. Lagoons (lines 2-4, 14, 15; 3-7, 8, 9, 12, 13,
14; 5-3, 12; 8-37, 40, 41) D)ATA ANAlYSIS

b. Lonely (lines 7-39, 40, 41, 42)
c. Harrison Bay (lines 2-19, 5-12, 6-22. 7-.35; It, thle following five sections, sse "sill arnals ie

note that nearshore lines 6-20, 21, 23, 24. our field results concerning a) gougt depths. b)

7



0!C 0e orI C IIit I( IN. C gOuge fCII icqIuIucs OU !Co c of ii c\ poiicit iaI d isti I filltiI in adlIdIailis N ii1d

idliatid C) laICiil nbaiknrlCiit h1CIVIht. HIlr c 1 9S0)
I igUIC sfios~ A sCillilOg plot Of file IniiirhCI of

Goiuge~ dcplh% !OnccWS %ifii diffCrCIIt 00110C dCptfr.' tot fOUr ICI'IC
I o C\ariill ie distrihibrtr it of conec depths, %c selitdti\c areais of t1 stC Juds reIe loll: I ) I IrliI the

prcpdiced ofsogdr go1 e L'IJC II cth ot di) creiir lagioons (41 data )olintsf). fiOur ILINrO:r BO,
reios lie Veneral 1iaruic of 1these L!Iiphs .ip- (S42 datai poiiis. 1) fromi ofIt I olici (2h9 darli

IpCIICdI (1 lie a I rdii C\p)OiiciitId.I ll 1,illtaid points). aud 4) frolm the plio h' s,rmarl of tle
all11 OfIII thle el~IuIcIIc oft oc::Icur k icue o IigerC bdr ir islanids tiild Cai of [frillsonl ILV\ ( 16.62il

g!oUges. \s1ignilr [CndLCri10 id~s becri njoted b\ both data11i 10iri1s). (11C )tcrgoupInIgs Of (i e kiild durd dia

I C\% is1 9d Mid k 6 .111100i ( I9'9aij tor troll) other 'lleas Vine slnilay plots. I he tour
L!o)iLges occult img north otfithe Mackcii OI~cta. csc dc sCll NcpaidatCd t)Cc.LI thle 11itirirber O

bIim i'\,iit aIidOjI of tfil dtia (I CA1 is 9-'ij) slitisL'kit, Ob'sci SCLI II Il1k111 tiL kgllii Ire LJLite' kitl

1l1.0 thle iiurirhtcr Otril g!Onecs is sigrirtrc,1ritl\ frcirt. I his is tiie rcsirli Of dii ci riLg IliLills ol
less 111,ri \sould occkur III ain ep1olicritial iodcl. SdnIplig 1riC dudi Of dif tCr rig! I)AIMI 2OLILeC IC
siuggesting that sonic otfrci rI pe of distrtiou,111 qucrici~k7Cs lNSOCrlICd \Nls itt IICIC dit ic cics i iier

ririg0rt also he a possibriliti. As "II he b seein. tist deph11. It tile sn11C sell ot idlra arc piottCd I'
r. oii-c\1poniil- diccrcasc it (tic nunmber oft iclatis c trcquic * \title ioi tori101 of firc rotl

r11,111 L'Orics is r1ot apparcit III tfile.f data sc Isudied IiiItiiIrCr Of ObsersairrIrsl f10 r orI r,ir reglion tiraf 01

ifr tile precirl Impel A c allso nte ithat [tie as- curN III ca1li of ttw 0.2-ni1 dciCI cLtSsCl) tilc shapesC
lirtrprtiOlit alf iic\poiiciiI ldl distribtion101 of kina of iw curscs are idtical hilt ItICI is coiis1drdabC

gongILc dcprfis is, as I first IpPrommiiationi. casori- 0 cldip. Note that ll[ plots arc rcasoiiabklsriear
able ill thiat tile dcpths of prcssuirc iidyc kcels o\s ileh comipletc rangc of four decades (r ALues
11iitcas1cd to tilic north of tfie stLuds ilrea b\ subl- ar% fiorri i0.94 to 0.98 it- giscs thic fraction it fie
ritariu1c soiiar cantiNalO 1-C %kCIl dcsci ibcdl hs t1 is N driation it) tire inuinei of eongcs obscrscd ac:-

:ouiited for h\ ie rcgressron line: fi this case. 94
- - . - -to 98%jf). 1 l;s suggcsts that tileutilutioi of air

e, s a C\1101iCF11til distribution ilile rh \Idojt/j stridics
-,ze I esis 1 9-7a is, icatsortablc as ati inital approvi-

milliron. Hosscs er %%c niofe t11a Ccci though (tic
s corrcfar ionr cocffIicicnts arc highf. N test,, for good-

iless of fi arc .oinronlv failcd. I -ture stuldies of
gotigtrg should e\plorc tlc possibility of' eithcr

finding at more satisfactor\ distributionl funlcllti
* ~or of hettcr rat ioriahiuii nlw dcs aittioin fronm es-

poireiftlit
I ti eikloticittial distribution Is a? contI CIficu.

ssell-strdandisriurti 90 ille scan Io ioersH19r
It Tile simrple f[i qncnc\ disiribufroit is a iieitdtis c
C'sponcrnial. rheir rtile probbilii\ dlcrtsit\ futnctioti

8b~ * I )) oft X ssill also he of at simi11l form

41

(Here krcpresecirts tile aies that tile iandoil \.I
able X nra acquire.) 11ecause tile integral of ./\(x
frontl 0 to xL nitist equal 1. ats it c:ontamis, all tfie

saimple Points ss ith nionl-Ieo plobabihitics.

Ig~ure 7 Sjilit()if pAc) ol ilt nube '0 gog~

0,servv&d viS i:I~i,(' deth (d) or four rei'i,'irr l uong,'
tit, .ljci.%ktjpi t(luijS o/ tilt R('rimIort Seia.



Note alIso thftat wen (het ,ttd m /,r o1 v iu is

Cl Vt'fl, 011/V goidgt's i/detseulI)rera
thanrw~ 0.2 in art, couitled. Th1 se ofC a utoff 1 Ila', anI
untdes irabhie efflect oit) th es tim a tes of tire inc ani

I hi~s e% thfie folloss Ing I'M) gouge depth III thlat thle di salue obtained depends
Upon thle Cutoff in) use (InI Table I the %alue ti ,

.t~f X) Ne 0' i. 1I refers to a mecan gouge depith calculated uising [the
0.2-tn1 cutoffl). To facilitate conmparisons hetsseet

ereC file tiaMITIIutII likelihtood eNtIttate Of tite fice our data set attd those of' other itt~cstigatotsvk
paranieter X is situpis the recipi ocal of the saniple also include dlsalites itt Table I that arc calculated
incait (sf\h first estimnating thle nuttib1er of gotiges if) thle 0

to 0.2-tn class inter' al bk exponetial ext rapola-
N I ~. tio and thlen) itncluditng this estitnate in thre calcu-

lation of (the tIteati. [(tic use of [the resultinig %alues.
Ithe probabilit\ that a ratidoin s ariable %k ill as- of Course, implicitly assumecs that the distribution
SuIIit a saluc it) (the tnters ats I,,i thenr of goug&e depths is exiponential. T he %alues giseit ii

parent heses itt Table,, Ila and lb for the 0.1- ini class,
itters. al are thre extrapolated , aluies.

fix~~~~ ~~ C-x f,(s~~ \ e~d It is, hos e% er, possible to shiarpent up Ithe abo% c
-' b\ noting that, at( least off tfle \lackettite Delta,

the nature of' the gouge depth distribution is

File cuntuIlatise distributiott futtuctioit ((1)1) IN. knowit to chtange with .kaicr depth (I ess 197'a).

tittegrttoti asses, t hat presutttabl , produce the deep gouges
obsecrved in deeper ss amer are itot, because Of

I. PI A] .\I Iut)du I C grounditng. as ailable to produce suimilar gouges iii
\(5 I[Ashallow water.

0 We \k ill noss examntte thle effect of suich a s aria-
ion witbin our st ud area. that similar chtatgcs

s\%here v 0. Uinally. because ss e arc initerested lit \% ill be fouttd to occur its the Beaufort Sea Calt be
te probabilim v of' Occurrentce of' gougecs thiat has e surntised front Figure 7 in that the shallower areas

depths greater than or equal to .oie specified (lagoot,,. Harrisont BaN I shoss ito deep gougeCS.
\attic, %\e arc target\. concernted ss It theC aILue Of' The antd el values corresponding to \ariouIs 5-tn1
the esceedatice probabilim gise cit\ thre cotttple- skiller depith classes inl the different regions, are
ItnmarsT. distribumtiomn functiott (;\() giseit inl T-able lit, and the I s\allies are plotted

against ss ater depth (z) lit Figure S. There is, clearly.
(;tf P[X sC k%-(. c . (2) at general decrease it n w %.ithI icreasing z witI hut t tc

rantge of the data set.
(;\(.x ) is at particularlv simpleI funct iott to graph as, For at discussion of' thre area in getneral, we has e
It s at st raighf lite ott seittilog paper attd hits a combitned all tihe data for offshore areas unpro-
aILue Of' I at Xs 0. Therefore tire simiple relam ott tected by b arrier islanids (Lonely, Harrison Ilas.

Jones Isands, attd east) ittto otte data set (Fable
I'llDj"U" -( % (l Ib). F-igure 9 gisves three represenitative plots of

V(3 data fronm this cottbined set for three di fferett
5-nm water depth intersals. and shom,% [the fitted

can be used to estintate [)c (the expected curses based onl eq 1. Figure 10 slto\ws the seseri
number of' gouges with depths greater thatn or salue% for this combined set plotted s ersus z. \\e
equal to d, gis-en that V gouges have occurred). has-e chosen to fit the ss, data with at tegatis e
Values for for the four data sets shown in Figure exponential (r-: 0.95) purely as, a matter of cont-
7 arc given in Table )a. In determuining I~ the fact venienee. 'This curve, should itot be extrapolated
that the 0 to 0.2-rn gouge depth class was excluded beyond the range of- te data. For Itstane, it is,
was handled by letting d' = (d c) where c --0.2 known (Lewis 1977a) that gouges off' t Nt acken-
m. the cutoff value. (Note that in Figure 9 the ;ie Delta do tiot appear on the sea floor at ssater
nominal d =0 localtion is, in fact, d =0.2 in.) depths greater thatn 0 in and shtoss a peak itt filte
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hIabie I (cont'd). Summarn o1 gouge (eptth ()/i idtasuremnh.

Mid oint

of class All relions (C+D+E) excluding R. Laqoons

Interval 0-5 m 5-10 m 10-15 m 15-20 m 20-25 m 25-30 m 30-35 m

0.1 (1849) (2196) (1953) (5273) (7006) (3390) (40)

0.3 43 609 1761 21t0 4155 2427 7h4

0,5 I 78 532 616 1587 1486 52o

0.7 13 196 184 428 604 241

0.9 6 61 85 250 482 17t

1.1 24 34 93 252 8h

1.3 7 11 41 94 47

1.5 5 5 28 72 35

1.7 1 1 8 21 10

1.9 0 3 12 11

2.1 0 3 5 1

2.
,  

1 4 1

2.5 1 1

2.7 1 1

2.9 0 1

3.1 0

3.3 0

3.5 1

N 44 706 2588 3046 6576 5464 1893

x 9.57 7.43 5.03 5.09 4.48 2.98 2.73

d 0.30 0.33 0.40 0.40 0.42 0.54 0.57
0.2

d 0.10 0.16 0.27 0.21 0.26 0.37 0.36

r
2  

1.00 0.97 0.92 0.99 0.99 0.94 0.95

II
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2 *Jones Is and East2

'Lonely

*HOfrison Bay
o Lagoons

0 10 20 30

figure 8. Plot o ' X in ') vs water dejtth 0.) tit l1,igre 10. X Calves (tit .s t at'r deptili (1) ltawd(
ineters for fouer geogralphic areas a/ol h ognlt wi/C I/ e io /7s/ore ar'as vnp~rv'cited hi
AIlasksan coast ofth/u Beaufort Sea. harrier islanids.

_______ - --- --- mecan gouge density at a water depth of 23 m1.
5 ~ Therefore, one might expect that in thle present
5-22,CU area X salues miav increase again at c 35

25 - 3>

.0 ~ A ((arl\ ss at er depth is a miost in)port ant param -
cee in studies ot' gouging.

- Gouge orientation
~\ N 'Determining thle absolute cartographic orienta-

10 ltion of everv gouge ss ould be ecry timle-consumn-
X - 7 43. ing. To provide somne in form~at ion on gouge orier)-

tat ions we have \isuall\ estimated the dominant
C509 Norientation that exists 'along eachi kilometer of-

sample track. These orientation %alues. hosses er.
~ 2% do not proside ;nformiat ion onl thle actunal direction

of the ice mnoemecnt; for inst ance, the direct ion
90" indicates only that thle gouge runs, along thle
90' to 27()' line ('in an east -%west direction I.

-0[ Figure I I shoss s linear histograms of' the proba-
bility of the occurrence of different orientation,,.
The data are display.ed between 0) and 180 . T his
proved to be conmenient, as there was a natural
break in the observations at this orientation (i.e.

1002 I -2 ves-ry few gouge% were aligned north-south). Sumn-
d.Googe Depth (1mary statistics for these observatiots are pre-

sented in Table 2. The mean given here is the cir-
figure 9. Relativ'e frequener' of occurrence o/ cular mecan as calculated for axial data; thle circu-
gouges of differing depths based on all dlata from lar variance has a value near 0 if the data are tight-
offshore areas unpmflecied bY harrier islands. ly clustered and a value near I if the directions are

12
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igure I.Linear histogramns of the observed 1 ,robablitvs o . domitnant e~'ii oru'fltatonf.
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1ablv 2. Dc~ripti% e statistics on '.ltriations in the dominant gouge orienta-
tion.

It Ulr',',, f1II'

d"101N~ lk ', '5l dIIg'ly,', k / r .1 / a 4,ht

I ag.'1i11 all Im ')s _, ) 142 1 1

I o.lk 0 it) SO Iu (I

It) 20 4 96 f, t 2 A

s n 1,siI tl 21 )_ ( II lih

Ilne Islitid 0I 1() 14 '/l 5 0124

- 20 1291 92 1 0 1"1 1 1

I tp~ I W ,il 0 Io 41 - I tI 1. 6q 4
9, 1)6M4 o.149I

. N1) YI 9' ) 0 ONO 11

AIII hICN~ id' dipese .d stanidard des lton Is skittle- I(N) and 145 1, it alue range iust abllse that oh.
wAhat analoyous ito ( he ordi iar s sta ndard de% wt i eriCd. Seconlll. because thie fast ice edgec geni-
on a hnie \lardia 9-2. rp Is 2-) erallk parallel,, thle isobathis, ice--icc Intlt~actioll

ligUI It and 1 able C2010 sci lal ohs1 I"C ta- lend to force the near-shore ice to drift parallel to
tureN. IFirst. thle dominmant g0Uge or leIta,1tilns ap- the coast eien .% hen thle free-drift direction is 110t
pear to hase at uniniodal dist ributioni That is rea- es~actl\ parallel .k ith thle coast.-
sonabl,\ clustered. Scond, gouge Orientat ions lall%. as mniti oned, the IiiLher i esistatice
shows more \ariabilits in the lagoons and in ortc herOD comotl, encountered b, grounded feat Ores oil
s.hallo"s wsater (0)-I)o inl) ar eas. I-art her off the thle near-shore (shlallow% ss ater) side of t a10 %No111il
coast in deeper ss atrr these %ariat ions generall,\ cauise gouges to formi at angles less thanl espeted
decrease (icreased clustering; loss er S,, and .s %al- fromn a free-drit t situat ion. The end result is theie-
ues). rhe average orientation in wsater deeper than fore anlas erage gouge direction iii t he range of 8t)
20 tn is 97 to 99 1', sshich is just a 1'e\& degrees, to 12 5 1T, as o bsers %ed.
less than parallel to the coast (I110"7). In shalloss%
areas the gouges generally shosw a higher angle Couge frequenc,-
(71 -' to 83071) to the coast, although this tendenicy We no\% has e a reasonable description of' the
is not evident in the mecasurements, made off the probability of' a gouge has itg different gouge
Jones Islands. It is reasonable to expect a ground- depths, given that a gouge has occurred. Next \,\e
ed floe to rotate and move toward the coast (this need to determine howk many gouges hasec occurred
effect has been observed in radar imagery at Bar- so that we can estimate A itt eq 3. Fhe number of
row by Shapiro [pers. comm. I). HowAever, it is not gouges that is of' primary interest is tile itmporal
clear to us why this phenomenon should he more gouge frequetic\ that is.. thle titniber of golige,
pronounced in shallow water. The mean gouge that intersect a unit length Of' litle per unit Of ltme
orientation in the lagoons is 99 'T, which is similar (gouges per kilometer per yecar) .- s,, %ill be seen,
to the gouge orientations in water deeper than 20 data leading to such estimates. are extiremels
M.- sparse. What is available are measourentent s of the

Three factors presumably control the orienta- spatial gouge frequenicy leg. gouges, per kiloI11-
tion of the gouges. The first factor is the wind di- eter) as seen at a givenl location at essetialk at
rection, which at Kaktosik is predominantly in fixedt instance inl time. We swill tno\\ discuss these
two directions: from the FNF-E (55'- 1001T) two parameters.
3507 of the time and WSW-W (235 >'28007) 23%l~
of the rime (the mean wind speed is the same 16.7 Spaftial gouge frequenc-
m! s] in both directions (APO) 19781). Therefore 'To study variations in the spatial gouge fre-
the ice drift, s4hich is roughly 45 to the right of' quency, the inmber of gouges deeper than 0.2 mr
the surface wind, would be expected to he between per kilometer was determiined for each kilormeter

14



200

E

100I
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N, 10-*

0 0 20 30 40

Water Depth (m)

•ir 12 M..e

tre',t oj the' gouges rNj, vs wafer fdept/i (z).

of sampling track. These values were then con- in thle water depths sampled in the different area,,.
verted to N,. thle number of' gouges per kilometer Therefore all four regions were combined and
that would have been encountered if the sampling considered as one. Figure 12 shows theV %s z plot
track were oriented perpendicular to thle trend of for the combined data. A data tabulation is
the gouges. The values were then separated into presented in Yable 3. As was the case in thle
five different groups (lagoons, Lonely, Harrison lagoons, in shallow water N\, values of zero (.,
Bay, Jones Islands. and MicClure Islands and east) values) are commnon and N, values greater than 50
and plots were made of N, vs water depth. Exami- are rare. In water 15 to 20 mn deep. zero sales be-
ination of these plots showed that lagoons differed comle less common and larger A, Aues are en-
from the other four areas in that gouges were rare countered. Finally, as, water depthis increase abos e
(920,' of the 298 kilometers sampled contained no 22 in, all samples shiow 20) or more gouges per kil-
gouges and the largest N, value was 12 gouges omecter.
kin). The four other regions showed differences These changes can be show~ it (Fig. 1!) by taking
but these appeared to be largely caused by chatnges 10-ru-wide \ertical slices through ligure 12 and

• , " ,. . o ,



I able 3. Summar-, of the number of gouges per kilometer deeper than 0.2 m.

5 a')) thani 11,2la ,1 r~c'a ml 1 , 111 i0U s / ii1a;f W o W/11, 11W 'l W0111

h./.v~ ~ ~ ~ ~~ ~~e 110~ U2', /a a',,C IC5la)(It. , 0 )fi, 1ll 2(; ,1 20~

Si s

I ii '2j)

displayin th reut-shsorm iigrlt ~ tw udb ovnett aeoedsrbto
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%%here thle parameter is the sample niean, x% hich ott to rpidk at large \ltxalkiex lic Pl'oi'

inl Our case saries from 0.08 or lagoonsx to 8.0' tot distribution also poN~clc hic adJmt c pi opem
depths inl ewces. of 2t inl..\ AN e haxe plotted that thle "till oft mxO nitpcIiiii P0oi''011 TMindotri
A\ 10. these samtple meanN correspond ito \ x ariabtes x\ ith pataritct, Aii mJ akxoi
sallies of 0.8 and $0.7 VOuges kml t he use kit Pois'ori randomi %atiablc x% ith patameiTt
.\ 10 %kas necessitatedl b\ thle tact that Ns %atuex 1 . '
axN large as 270 gouges kml occur. Ih1 PoixOnl lte tile Of tie P011Oloi LIlltlhtlOl on ML 1r e )
distribution, Off thle Otlher handL. is no0t OcIreiICnt mind its association \%fit tile t'oi-.ot pro css. de
!or \atlies much inl e\,cxs of 20. When s\ 10 1, lClibing th1C frequncxlC Of iandoin cx cult' 0,AAHIt r
used, the Poixxon probabitits v r ant inlecr suhl at a cotistafl lite along! a COMMInJOI' space 10)
as 3 is used to represent thle probabitit\ o .\ oc- time CI Sxcale. 10o be a t'Oisxon pOce'x. hie MInderlv
curringe inl the interx at 25 ~- .\ - 5ougel. per ink! pttvxiat rnechaniltr general mL thle c enlts
kitometer. Lsamination ot Figure t13 ltoss that 1Ituis atisfx thle tOltox inc1 thtiee all Lll)pt 1011l:
thle POiSS~On diStribution Wit he iscreie \atics) dIoe', t .tatlonan! r - - Ithc prObabhit\ 0t at 1t, )one

inl tact, cix e a reasontable representtationi of' the Ire- c cut fit ans htort ttter~at is propo, iontal to

tquenc\% ptots of' lte N sallies, atthou0h it dlrops thle lngth Of [tie interat
2. 'sonmidldiciti - I tic piobabihalit of w xOor

more ex uts inl a short i nterx at A I, ttcgaga-

C' ~ ~ ~ ble inl cotmparison to A.
IF -0 OmXC 3. Inde'pi'di'nci- [hle trinbet1C Of exe11N ill an\

-1 intersat is ittdepettdent oft tile number Of
-, Cel ents itl anM n1Oti-ox eappitic inter' at.

SHie probabitit\ distributionl of the tlint er Of
cx ents .\ ill dist atce A tor a P01ssOt1 procx',

gix enlb

VAA -

12 0.t12. .. ix .

Min ~ere v% ha' replaced ( t ellq( 4 alit] parameter is

-te 4oge Pe, C'o thle a\verage spat iat rate of occurrence ot the c% en:.

10-20 m 20-38
(a 25) 1 8 07)

J: 4~ 010 J.

0 '

02 1 0 5

0 to 3 1) to20 3
N 10 (n~rnb- of 4qeqs pe, 100,)

f ig ure 13. Re/wtivefrequencr 'f v di elfferent N 10 values for lagioons and three (l4itrn waer d',ttnie~
offx1hore of tile harrier islands. Thme %oud line bar *erajrh reprexentu t/e data, the distcrete valuesx mtdicate the filred
Poisson (fiwrihut ion, and tMe %tipplexi area indicates the f1itted t'a,,mm distribion.
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We A~ould judge that. MlC hen OUging ix looked "A c
ort as an annual Cerett. it ssoLd xlatisfv thle reqluire- /(.X) YC (6)
ments for a fPoisson process, reasonablh sselI as a
first approOnation. We note hoss es r that Mi ent 0(X7,0
the spatial dist ribut iont Of goLMine ix examined in
more detail it is found that there are locat ions A here UFt is the gammna funct iotn
wshere gouges occur in groups (onl the seawsard
sides of shoals, for exanmple). fin addition, if goug-
ing is examined on a time scale finer than .earl\ , F'~)
the assumption of stationarit\ is clearly no t sants- 0

fied, since in many locations no gouging occur,,
during the summer months. Howsever, these prob-
ems are probably no worse thatn in many other Here the two free parameters il and X canl be con-
areas, such as customer arrivals and nuimber of sidered to be shape and scale parameters respec-
telephone calls per unit time, where tile Poisson isl.The mean, variance, and coefficiettt of'
process has oeen bound to he a sery useful model. skes', for thle dtstribution are respecttsely

It is, of course, possible to Use other dist ribu
tton functions, such as a gamma distribution. IhixLv k 8
distribution is attractive for several reasonsN. Virst,
it is capable of ass umring shapes similar to those Var(.v) wX: (9)
shown in Figure 13 MHahn and Shapiro 1967. Fig-
tires 3-7b and 3-8). It is also an applicable distri- 2,- q. (10)
bution to data such as N, that are bounded ort one
end (however it is not capable of treating the oc- The exponential distribution is. in fact, a special
currence of zero values). In addition, this distribu- case of the gamma distribution w ith v=I
tion has been used successfully in a variety of engi- As can be seen in Figure 13, the gamma distri-
neering problems because of its flex~bility (Benja- butionl (the dashed lines) gives a sery reasonable
min and Cornell 1970). The gamma distribution is representation of' V' data if thle presence of' zero
given by values is arbitrarily introduced in calculating thle
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I ahle 4. Parameters of (tiin a disIribulions filled ti ohserialional data on spatial gougc Irequenc . I or th,
combined oflshore dala %el. Ihe data are e~prresed in term' (i the number o1 gouges per kilometer 10).

appropriate probabilitie\,. Note that the gani0a 102-106). 1n conipar mg the Poi,,,on and the gain-
distribution is more alcek'tl imm 0li1mg le larvel Ina ieanl ,alJI it 0hoUld be ree,.lhtelCd 1h;1 the
. 10 \alues than 1, the Poi,,on diqtribnuioll, Poion Ican includes the effect, of the preNClnC

%%hich drop, ofi too quckl , at liarge \altec, 
01 of 1eo \ 01 limeIOhile the ualmatman doeslto.

.\ 10. Fable 4 gie tle .Alte. (f the paratetr,
of the fitted gammna distributions. I hle A and q %al- lJ/npral I'//1'tett V

ue,, %kere obtained uNing the na'amunm likelihood In in ,tigating problem,. Concrning i,:c

procedure suggested by Ihont {bee -Iaan 19-7, pp. induced gouging of the sea tloo- it i,, highl deIt
able to hae independent inlormation on the rate,

I able 5. Number of ne" gouges during the indicated time and space inler~als. (trcermincd from
replirate %onar data collet led during ihe tumncr (if the ear% indit aed.

I1 O ' ! "'

.3 9,(l I
4 o siu 2 " H* II 

1  
. 1 "4 H

4 IH)) II , 14 I

( I l) ' I 14' " 114 I

9, 112 I( "4 14 l 4 1 4

' + In II .s II 19 
+  

15 I 2 I 
1 

1 I

I ll 1 2"l 6 6 4 I 6, ) I 14+0

I1112 I~ n - ) I6l~i 2 141. t1
121 1) 2 K> 4 5 13 1

I1 14 I)" 9 33 lB O l I 5.4 12

14 142i - 13 18") 4 6. 1

1" 6 4 1.51II ii I9I)s I I o

V-B 1 1 I 3 2I9 I I," i
19 9 1.4 I i 1

2o 21 15 s I0 I

21 22 16 01 2 1 6
- '1 61 3 2o I )

21 24 6 4 9 204 (I
24-25 16.5 2)2
2'-26 92

26. P K)
-28 V 3 0

28-29 I

OA.4 2.1 44 9.2 .1 2.5 q6l9

Note: The 1973 -7 and 1915 76 dawa are rom Barnes ct al. (197).
rhe ,vrnol -indicates no dat a 'a cotlected.

Ato gi,,en are .alies of i,. the a',tage nnimber ot nem goulge, per kilonie o %ear
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t Muh new. gouges t'orin (fi number ot ne'.' obtain an as rageAg alue 0) 5.2 gouges pr k ulom
grouges' per kilometer per %ear). Infort Unatlck eter per year w'.ith '.alue'. for indi'. dual ecars '.at'.

suhdata are rather limited; for our sr ud at ea ing from 2.4 (197S 76) to 3.5 (1976 77) to - 9
the\ are largeR conta ied in a paper bs Battnes et (1977 78). these are appreciabis larger . alues,
al. I197S). Til w'.ork describes, replicate obser'. a- than ha'.e been obtainted using simnilar procdure'
tion'. made onl sample lie 35 (see Vig. 5 tor loca- off the Macken,'ie Dlia in) 15 ito 20 mf ot A.'afer
nronl) during thre surnmer'. of 1973, )975,, 1976, and (0(.19 ((0.06 gouges. per kilometer per sear. I es'.,
S9-- and onl line 3I during thle sunmmers ot I 95. 1 9-7 a ( arid thes giv'.e a return period per kilometer
19'6, and 1 9'7. W\e hasve reanals ied the data '.et of (0.2 Nears. as. compared to 5.3 ear'.
from line 31 f'or 1976-77 anid ott line 35; for thle 1 igure 15 ,hoio\As a plot of' Observ.ed ! %allues \
1976-77 anid 19-77 intersal. so that thre count,, w.ater depth. There is no s.trong trend. In addition,
ot news gouges are based onl I[-kml sampling line,, there is a large s.catter and iero %alues (1-kmi lines.
Wie bave also anialyied replicate runs ott line 39 wsith no ness gouges.) are rather es enly distributed
(north of' Cape Halkeft) for 1977, -78. at all \&ater depth'.. Because of this se hase treated

Because the quality of the 1973 sonar record., all the ob'.ers aton a'. a single group.
ssas poor (Reitnnitz et a[. 1 977a), data based On F-igure 16 s.howss a plot of the obsers ed probabil.
thle 1973-"' time interv.a! should receive less it\ of occurrence ot'different values of g. the di'.-
ss .ight than the later observations. 'The res.ults of' tribotion showss a strong positiv e skess 'The Pois-
thi'. anlalysis and that of Barnes et al. (1 978) are son distribution for this set of' data is also shown.
combined and presented in -Table 5. We have arbi- Thle representation of the data is not encouraging
trarily deleted thle g~ values obtained onl line 39 at (again the probability of occurrence falls oft much
20.3 mn and farther offshore, since this portion of' too rapidly at large g %-aluies). Also showsn is a
the line is knoswn to be in the shadows of' a nearbv gamma distribution, which gives, a better fit (thle
shoal area, thereby receiving f'eser gouges. if' the shape anid scale parameters are re'.pectisels q -

1973-75 data on test line 35 are also excluded be- 1.205 and X 0. 196).
cause of' the poor quality of the sonar record, we While the characteristics of' the newA gouge'. are

being discussed, it is of interest to examine the dis-
6C tribution of' their depths to see if they appear to

folio\&' an exponential distribution similar to that
obtained by sampling all the gouges on the sea
floor, a data set that contains a number of' old
gouges that presumably have been partially filled
with seditment as well as new unfilled gouge'.. The
observations used (n -- 76) were from both test

-~ 40~lines 31 and 35 and occurred between 1976 and
E

Ct

0

0

E 20-

z

0
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10° I-- Extreme value analysis4 Another way to view portions ,'f the gouging
data is by extreme value analysis. In this case the
complete data set is not examined. Instead the
largest (or smalles) value in each of a number of
specified sampling intervals is used. In most appli-
cations, such as hdrologv, the data are in the
form f time series, and the largest (smallest)
event in each of a sequence of fixed time intervals
is Used to generate a distribution of rare e'ents. In

\" our study, the basic data set is a space series, as
separate frequency distributions of gouge charac-

0 .. 4 teristics were developed for each kilometer ot
sampling line. For instance, in a kilometer of line
one might observe 85 gouges of different depths,
with the largest gouge having a value of 2.2 m: in
the next kilometer there might be 178 gouges with
a maximum value of 3.1 m. The extreme value
distribution would then be composed of the values
2.2, 3. 1, and subsequent values. (lood discussions
of the different types of extreme value distribu-
tions can be found in Hahn and Shapiro (1967),
Benjamin and Cornell (1970) al d Haan (1977).

'The particular extreme ,alut distribution ap-

02 0 4 06 0 10 0 2 plicable to a given situation depends on the nature
d. Gouge Depth (m) of the initial distribution being sampled and on the

sample size n, with the extreme distribution being
higure 17. Setnlog ptlot oflreluttvefre- approached asymptotically as n becomes large. A
quenc / ofoccurrence of new gouges of common problem is that many times n does not
d(iffering deplths (d. appear to have been large enough, and the extreme

value distribution that would be expected to apply
to a given data set is not particularly successful in

1977. The results are shown in Figure 17. Again fitting it. For instance, a Type I extreme value dis-
the data appears to show an exponential dropoff tribution should apply to maximum values sam-
with a X value of 4.52 m'. This value is close to pled from an initial distribution that is of the ex-
but somewhat lower than the values obtained ponential type. However, Tucker et al. (1979), in
from the samples of all the gouges (taking 15 m as their study of maximum pressure ridge heights
a mean water depth along the replicate sampling whose initial distribution appears to be the expo-
lines, we obtain a value of 5.5 m-' from Figure 10, nential type, found that their data were not linear
as contrasted with 4.5 m-1 from the new gouges). on Type I paper but were effectively linearized by
That new gouges should have a lower X value than standard probability paper. Similar results have
a corresponding distribution of old and new been obtained by other workers in hydrology and
gouges could be anticipated (E. Phifer, pers. in Monte Carlo simulations by Slack et al. (1975).
comm.) from the observation that at other loca- In practice, a number of different approaches
tions deep gouges in the sea floor receive more fill (Type I, normal, log-normal, log-Pearson Type
per year than do shallow gouges (Fredsoe 1979). III) are commonly tested, and the most successful
At the present there clearly is no strong reason to relation is selected to analyze the data.
doubt that the distribution of new gouge depths is
exponential or that the X values that will be ob- Gouge depths
tained are greatly different (presumably slightly As we have shown, gouge depths appear to be
less) than values obtained from our earlier analysis exponentially distributed. Therefore, the appro-
of all the gouges. priate extreme value distribution for maximum
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Figure 18. Plots of d,,a., vs water depth (1)lor different regions within the study area.

gouge depths should be a Type I distribution. - LA'
However, testing shows that the data were not lin- N
earized by either a Type 1, a normal, or a log-nor-
mal distribution. However, a log-Pearson Type IlS -I(X )1,
(LPIII) distribution proved to be quite effective. N- I
This distribution, which is in fact a three-
parameter gamma distribution fitted to the log,. G NL(X-)'
of the extreme values, has been used successfully (N- 1)(N- 2)S'
in treating flood observations (USWRC 1977).
The three parameters describing an LPIII distribu- The computed dmax value is then given by the rela-
tion are the mean k, the standard deviation S, and tion
the skew coefficient G, which, if X m log,0 dmax,
where dmax is the maximum gouge depth in a kil- log,,, d..ax = X+4 KS (II)
ometer track and N is the number of maximum
gouges, are calculated as follows: where K is the Pearson Type III coordinate ex-

pressed in magnitudes of the standard deviation
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from the mean for various exceedance percent - detcrinme precisels theII deptl ft l tntIe 'inalict
ages. Values of K are functions of G and are giv en gouges, only th(fat J gouge CXISICd and that H,
in Appendix~ 3 in IJSWRC (1977), as are the com- depth Aas less than soine specified vaict. .Sujih
puting equations for N\ S, and G. gouge depths are ideilied hs Circle" Mi I ]ut e IS

In anals'iing thle din 5 vaIlues Onl gouging, i udi- 11n most1 LAWeN thle% had % allies ot less t hat) ft1 m
x idual plots (Fig. 18) \%ere prepared show Ing and \&ecre situated in shafoo% "ater. ThIs OceatILd
\s zfor f'ive different areas. I'lhe different regions, considerable uncertain(\ ii speci f rug thle esal~

were comnpa red b\ overlaying the figures ott at light [lunmber Of gouges, ill the 0. I anid 0t.2-1n ep CICI
table. If differences in water depth are taken in classes. Where such g0FNruescrc COurtion 1.a
consideration, the dlata fromt ILornely arison s ate! depthts of less t fan tl mul, large (G %alus and(
Bav. Jones Islands, and McClure Islands, overlap I PIll istrrbutIIOtrs %%ere obtained tiit "~ere niot
very well and appear to form one continuous dis,- particularly good fits, to the data atl the larger ci,,
ribut ion. Therefore, ats before, the data \,\ere %alles wfilcli, Of coLI se. is thie area of prlime Iter -

pooled into one sample. The data from thle est ).
lagoons were treated separately, both hecause thes, Both of these problenis s\ ere handled uising a
appear different and tiley, represent a different procedure des eloped for treal ieg /crn flood \ears,
marine environmnent, arid incomplete records. inl fi diolog . I Irsr , tile (t.

Another characteristic of' tile d 0  data, whjich 0. t -, arid 0.2-rn s alues, %%ere decleted from the satir -
might be anticipated fronm our earlier discussion pies,. Then thle X. S. arid 0 parameters \% ere calcir-
and that is apparent in Figure 18. is that the \alues lated frointile censored distrIibuttils atnd used ito
clearly change with water depth. There are null calculate d,,, as a funiction of esceedarice probla-
values. tnanv small values, and no large v.aluies in bility - These e\ceedatice prohatilities \,.ere their
shallow Aater; large values of ',rsbecome iil- adjusted by. rult iplyitig thIem by thc ratio ot thle
creasitigly common with increasing z;aid small number of %aluies in thle cenisot ed disiibutroi to
valuies are rare in water deeper than 20 in. thle number of values, in thle Utncenisored disi ribu-
Therefore, as before thle pooled offshore d1 1 5 tion (i.e. with the 0. 0. 1. and 0.2 values, included).
data were separated into 5-ni water depth in- The results w ere th'enr plotted onl log-probabrlit\
crenients. As no similar z trend was apparent in paper for comparisons .s ith thle obsers ed data. Inr
the data front lagoons arid, ats the depth range was plotting the data against thle adjuisted curse, thle
limited, these results were niot separated inito plotting positionis \xere determined by rising thle
similar groups. Weibull plotting formula

In analyzing the data, two problems wvere en-
countered. First, in a number of shallow water P = ? (N +n If
areas we commonly found appreciable lengths of
track that did not contain gouges. resulting iii where ill is the exceedatlce probabiliry: tri thle se-
dmax = 0 values. For instance, in the data set for quence of d1 1 v. , alues. w~ith the largest valuies cor-
lagoons, 119 kin of the 324 kml sampled (371o) responding to Mr = , the niext largest value corre-
were gouge-free. This precludes the normal statis- sponding to in 2. etc..' arid N thle total riumtber
tical analysis of the data using anl LPIII distribu- of data points before censoring (i.e. including 0,.
tion, as the log., of zero is minus infinity. See- 0. 1. arid 0.2 valuies).
ondly, in a number of eases it was impossible to

Table 6. Parameters of the log-Pearson Tyope Ill distribution (determined from ,alues (of d.,,s ohserled along
1-km Sampling lines. %lues outside (he harrier islands include data fruo Harrison Ba% and north or Loner..

1 i 192 1i'1 124 in. 622 I2 ns'

As ~ 0 4 1 1 nrr 11 N0 Y

ill Ii 14h, 5 1 2 h4 t ~ ,12 2n 14141

nrI n r nI :') 111 0 1, oi "I).II

23
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ther Iadjusmenrtio an th e numorer of ceeal-s cure laoos hi apch isnttoter.sn As there are onot
%i s equal t eo tdet eiroa 0.3 and ero. The three dat 5 a n in te 0 to 5-i t se. t
exedeprobabiliti aaethrgvte prbaiitethat rsuld also esoiote thine thwer palots, to I d l
nume o sngl kilometer of samleo track mute x- romd cth \ase t peltia rio 'Simesia Io tile
served goge deth mailbeual oorrertha n th cr~ les t' eperk water approiittatesntd iian
thsoni idicatesi alu ed -arequsor excit d Figure deres i dee os ate t rmlaon

19.. Aoshwisthe spaam t(ial recurree inter al Inigue1 the 0 to g-iva a andonbl the dcrat (on '
fomr -k kiegmetes pith onekorlmoe eamcedti-cs 0 te Slaon oat rpt acs otell sthr.aeot

taineh impqul to mthreiprocaln the epcepae -three ta osintrste in he o indt et I he p
cedeprobability hi parameter girves eep reto ofe cesrinepthe lors talns thoe conc-
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wths kioterets s expected. 0 to eqa5o-xce Figuee 19 is sdo the dathiar lnragos nd
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G;ouge wvIddh.

Figure 21 show, all maximum gouge widths
("M4) measured outside the barrier islands coin-
pared with the average water depth (z). The trend,,
are similar to those present in Iligure 18, which
plotted di... vs a,,erage water depth. Ihere is a
general increase in Wna \ as z increases. [his nta \ \ "\
simply reflect that, on the whole, gouges that arc e
deeper are also %% ider. In addition, in deeper ,,ate\
there do not appear to be any small wmd \ alues as ",
there \w.ere in shallow water. \\ \

Lateral etmhankinent heihtiit
Finally, a comparison of It a, tile maximum

lateral embankment height, and (maI is presented
in Figure 22 (tile numbers indicate the number of\.
,alues). It is hardly surprising that, on the aer-
age, regions with deeper gouges should contain
higher embankments as the material from the .

gouges produces the embankments. However, we
were surprised at how symmetrically the values
were distributed around the one-to-one line. This
is shown by the histogram (see the inset in Fig. 22)

of the relatie frequency of deviations from the
one-to-one line (measured normal to that line). ,,,o ,

I' wu.,e 2.3. 111wlt) ll .e t'vel'.dullt lprob]ab/ilill (. XJj

APPLI(ATIONS TO VA 'oltl(t depth Ior d(I./'rent wiater depltI/t (/l ill li,'
OFFSHORE DESIGN off1/nir' region unprotected t t'awtr ls/tUs. 1'.' i! ,[

culating t Gi y 5) I/l t' X It4'llW tit' '/ '1 lIlMCd
In the preceeding sections we have attempted to tont til, re'haiolltol It i figur' /0.

systematize and clarify some of the essential char-
acteristizs of a large set of measurements on the
geometry of ice-induced gouges in the sediments gouging has occurred, the relation in figure t0 cat
of the Alaskan portion of the shelf of the Beaufort be used to obtain an estimate of X applicable to the
Sea. These observations are, of course, valuable in water depth of interest. The exceedancc prohabil-
themselves. For instance, it is useful to know% that ity is then obtained from eq 2. 1-or instance, for ,a
outside of the barrier islands in water up to 38 in water depth of 5 in, X 8.16 and
deep the deepest gouge observe0 vas 2.6 m, ob-
tained from a sample of 20,313 gouges collected PID- I] exp[ 8.16(1-0.2)1 - 1.46- 10
over 15M km of sampling track. In the protected
lagoons, on the other hand, the deepest gouge (0.7 gives the probability of a gouge exceeding I n in
m) was much shallower (from a -nmple of 41 depth. Therefore, using eq 3, one gouge it 685
gouges obtained from 298 km of samplin& track) would be expected to be at least I it deep. The
and a large percentage (92%o) of the I-km -,eg- 0.2-i correction in the above calculation is caused
ments examined contained no gouges at i'£. In the by the fact that the 0 to 0.2-nt depth class %as de-
remainder of this section we will attempt to use the leted in the estimation of X. At the same \,ater
data anaiysis performed earlier in this paper to depth, one gouge it 2.39 million mould be expect-
make a series of preliminary estimates of the prob- ed to be at least 2 m deep. For 35 in of water (X
ability of occurrence of gouges with certain pre- 2.46) things are very different; one gouge in sexen
scribed depths and frequencies. exceeds I m and one in 980 exceeds 3 in. A graphic

display of the ,ariations in the exceedance proba
Gouge depths bility as a function of water depth for the offshorc

To obtain the exceedance probability for the oc- region is given in I-igure 23.
currence of gouges of different depths, given that
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The X sit IueS det ermntted to r lagoons appear to goutge greater t hairtir equal 0 lt~ Necit tidc-
be in thle 7- to 9-ni1 range, i.e. tin general agree- both a~pproaches- M)r be 11i0set ii 111i1plCd 1j11i10p'11
miii w~ith thie X values obtained f'rom Similar afelv.
\%ater depthis in the offtshore data set. Consider three 2(0 kinl pipeilie r outc" onein IIIhcI

latis0' atnd 1\,%O at Sites ittiproteCted1. bs islan1ds Ill
Extreme %alue statistics 5 to It0 arid 25 t 10 ill otfs \\ticr respectlI ls 1 '11

It is importanti to note tsko f'actors concertini thle laL'00tts. life estrCtie) aILue eCeedrCen pI oH-
the emitrme value statistics, that hiase been pre- bill[\ itot -Krir sattiphiriti iritersals 1 api Os~itiatl
seted. Firs;t. thle satmpling lines, cross, the gouges 0(X)65 atid ((IXi I fll3 tongouge deptIh Of ot1.5 ai
at at variet of' angles. Theref~ore. fromi anl area .)tnepcisl orsNdn nosa lrer-
Mi ere thle gouging is st ronglv aligned, thle niaxi- rentic itersals ot 154 Urid "(,92 kill. ( ortsporid
niuni %alueC used was selected, tin some cases, f'ront ig %ales for 5- to 101-mn arid 25 ro) 31-i ssare
a small nuniber of' gouges (when thle Sampling litie dept h out side of tilie barrier island arcer enict iii
nearly paralleled the gouges) atid in othter cases 'i able . Wised oi this table \%L wil on onclude
tront a nimuch larg~er number (%0 eir the sarnphini that if one %sas to contem~lplateIN~ Uiii 1rt etlierneetI
%% as perpenidicular to the gouges). We has e trot at - itig t cCIliI qe that s ould etteournI11r di ffrIt.HI It l
rentptedCL to correct the emitre s ale data iii(fie thie presene (if goujges of I fit or rmore, \% e a. oid
manner that %% e corrected thle obserations onl thle nlot anrticipate probletris in cotist r tier i if 2(1-Kin
obisered numnber of' gouges per kilometer 0\) -,o litre wi hut the lagoons . ()It the or lici birld, at
lie numb er that "s ou1d be expctedL ift fle satipliiw i at er depths of 25 TO 10 Inl \%C e%~l Cis"~ otW spc erl

were perpendicular to thle gouging (N ). We do tot coutiIt I!Otitts at leatl 1 [11 deepI Ill TOtiLI! I"O
knoss hoss to imake such a correction. tlire 21) kill.

Secotidl\ , it should be reati'd t hat tie estrete Anotheri pinaineter ofl iterest i, tile probabilit
%alue and the conmplete distribution1 techniues P)(A) (that the tnammtnut gouge der':hn per K rlonnicv
give estimates of i ivo di fferenit f'actors. The eC\- is ill equal or extceed at gis enl salue (eC. I nt 1 1 flilit
trele value approach pros ides anl stiiate oitfrite (tire pipel ire. Thlis is calculat ed as t ohloss =
number of' I -km segmntsiv that %iH l have titll eas
one gouge greater than or equal to some1 spcified MA(t I lP(Bf

vallue d1na, alotig a gisen length of sanplitig l ine
On the other hand, an estimtate using tilte complete "shere IPlB) is rthe piobabrlrt I hat 11 tIreriaMtnIrTi
P1)1 gives the expected number of' gouges along gouge depth periier is111C \Ill ri equal or eC\11Cd
the line that are greater than or equal to Tm.ile I ti fin am of tile 21) kill. Pt H) lin t it eq inal r fi

twko estimates are trot the samec because a giit probalbihits thatl tire nIlamitiu gortgx V depth per K'
I-km sampling segment mia\ base miore thatn otne lotineter )m ll not tie I tnt illth ift-ur t kilollitelet

-table 7. I-~ceedanve probahiliies. *

I ', ,Jth 4, (ph I'fHA, Iii ,A,(i

O uiside harrier istand' It. it 14 -I (I q0 [(I

(depth tI 1 il) 1 11 01 1 Oll Imi 0 1) J5)

0 M 11irti2 1,1< 4S I' is W

(intside bitriei Istands I oi 0 16 t 1 1

(deptih _2 to 1 i ll n it (I 11) ii iii 0i

Ai 0 i 112 SA 1) it :t 4 s

4 0i 0i (Il ( it 0154

( iscri I Oir of a~nipic track, -panali feijc llend IllieT sit' Ii I kil scrilICs-nn ll

irrobahitics i -1i that the maxinurn aige depthi per kioiwir suti cqut of t-%
ceed the irdis-acit gougec depih along a 2 1Ii k I e se t oC hA k1011it' CsOIT ('111 s .11tic

,taIsc
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titluitplied b (thc ptobabilt that it% ill tot be - depths of 5 to 1In it ni 25 to 310 itt Outside the bat
In Ilic sc olld UOIOCite , 42tc. tup to the t ull1ethti fi Islands. \VC mil ASO alo osidet the case'hi ICI
kilointeii .. ssuinig that caci kihitnetet has the tite di cioti of the line is 20) Otf the direett11Oit
%jiute probability IN() that tile 111ta\ttttttttt gouge the gouges as ssell as notital to the ihimicttoit ot ML't
depth pe.r kilomecter \\ill not be - I itt, thent INH) gouges. Ior Inistance, at a s%atet dlepth of 25 to 30t

JIV1)". M( ) in, hounei ual to I nuitire Int MCe mould espect to econtter in aserac ot So
plobability P(D)) that the maiium gouge depth gotiges per ktlottteIer if' hte line is t101t ma1 to the
pet ilometerC \% ill be 1 I i. In short, gouges anid 5(1 itl 2t 27 gotigesc pet ktlotteteItI

thre 11t1le iC tet the gouges anid the line is 20
I'Ll) I f I'(1))j"(12) otsdtte211-kiti lite,. t1hiS correspotidS to l1tN)

and 540 gotiges. especti isel NesMi otte it lst ie-
mthere aj is the ituitibei of 1 -kit eginteitis coinpo,- cide ho iaiiy gouges cain bic tolet ated deepect

hng the line. In our c~amlpke, it 20 anid P'(D) titan1 the depth Of burial. W\C %\Ill take itmo cases:
t.)tI)13 for lagoontS SO that J'l .tX26. [hlese Otne C\CeedaucC pet 20 kill and Oite e'.ceedattce per
%alues as \,ell as sintilar 'alles at \kaiei depths of 5 1(K) kill. 11urial1 depts 0) Call thtett he calculated
to 10 In and 25 1o 30 in arc also iitcluded iii Iable fr eq 3. s iuch, ~hen e rCatted attd it0Odite

As is shs ,the probability of etteotuttiiri an to tr eat [tic abos e cases, becolits
cuttrine gouge ss th a depth equal tw or greater
than 4 in in mter 25 to 30 i deep is apprecially)d nl d _ ~ (3
lager than the probabiliy of ertcotutteriii a I-in A (sin it)!

e \i ettie gouge in [the lagoons'

or , reCarrangintg
Burial depths

I'he problen of burial depi i can be coitsiderei 0. 1 I it14)- f
on ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ i Icca ifrn as lal.ccygueX()

grea~teihaul a Specified \alue is tinp1Ortant, NO it is

ntecessary to use tlie FPi1l based ott tire coitipleie AS stated, at a1 utaer depth of 5 to I0)) in -. 3
set of gouge depiths. as opposed to the exti-rie \al- N /0. 0 20 oi 9)) 1 2(N1 or1 IN) kitt attd
tie disiributtoit based oin tMe ntasvionuitt gouge ini nUj) -d] 1 itasinuelt as ste ott" "Ais to ao\s
each kilometeC(r. otte e'scecdaricc. I'h result,, of set era) sucht

lVirsi ste cotisider the sit nation ss here ste ssish to calculations are gt it in t'able S.
bury lie pipeline: at a dcp I so Wiar it in all cosered Unitfortunately, the problem ste msould really like
id ssuiiiting a ir accept ably t o\% pro babi lity oif* en1- to solve is so uts' itat ifferenital Min oreT itffi cul t
countterig a gouige deeper than our buria deptht thain the abose; at pipeline is hurilid andi ste sh i o
that would lease the lite uncosered). Ini titis case estimlate as a fuitICiioit Of burlial dleptht ttos ofte[t
ste are dealitg stith gouge idepthis as they- eit ott (wt i tite seilse thte pip te cant be es~pecte cii the
the sea floor at a giseit iinstantce of tiie. Agail as itupacteil by a piessitri iige keel. I hos pi obletit
ait ewanple mte will consiiie a 20 n kmlie that sI als\o reqjires Kntiossleilge Of thie rates Of oculTre!tce
bic. itt turnt, restiricted to lagoons and to stlr

Fable N. ENtimaed burll dypth assuming Me! one exising gouge ttil eumed the biurial
depth along the length of the line.

)/ ii fl depr'h'; \ us,,,2i' "I las l q'
15 ju n (IllI Ig'live All?) (A'I ) m Ano on,' Ii'i' Ili),:, (,

I agm' 1) - 2o iI, 6 (I1'2 042

Out side hairt C I stands 10 0i 20 to')3 1 42 o, 0 x

(depth ti0n iim i I 1 lox) 1 10)

(liuside harrier stainds . 2 WAii 2ot 2 '1 io 2' 16 11 2
Wderth 21 1 i ni l 10t oil i0o, 2s
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of' ne,.% gCttees. %%hilt length of ltle do thle Ohl- inore than 25 se ars. I "~cnts -tis e ears appeals to
sits ed gouige sets reprlesent?. I his quest onl canl tic be a rectsottmblc est imtate for (tic ret urn period of

ekatitired froit ses etal differentt s es poitits. litst, stetiiticalt isorml surges alotng thle (oast of (the
"se Call eStimlate "fdinleuttation rate,, InI thle Stud\ Beautort Sea ) Reititiit/ and Mlaurer 19-78), esent
areCa to see hO% last gouges ss uld be erased that %%ould presuiita.bihe aSSOcIatedI "Ii 11111iilar

(tilled), assumling unit'form sedimntation. Asei of ire energetic hs~drodsnannic conditionis. Ini
age Sedimentation rtes, appear ito be quite loss short, although sedimienitationi rates miight lead
Reimiiti ci al. (19''obtaitted anl ta[ragc salue ot onte to belies that thle Beaufort Shelf is, a rather
0.06 elm' \r h\ dIidineL thle obsers.ed asetace Static ens ruonii sedinterirologicall\, this is tat
thickness of recent (HIolocene) sedirlnits (3 Ii) b\ fromn thle case: paruicularl\ Itt locations \Aliere

thle per iod olI tlime thle ir Istuds areCa 5%3S belies ed to 'A ater depth Is are less than 10 inl.
hasC eCI beeti L cos N erd sthe sea (() ears.). I e' is I lIIIeelOt e. Ill Mtts of the atrea %%ce has e sitidied.

(1977a) Obtained Similar but geiterall\ highei s\al- se s OLd not hase contfidence Inl thle assumtiott
ties (0.1)5 to 0.2 cmi sr ) for his Stud\ area itort I of that tire Sea floor, as welli at at giset i tme, repr-
rlie \Iacken,'ie D~elta. U sitig (tic 0(06 cIii srI saile Serits a stassaeconditiont s"Ith thle number of
and assumfiing that ito oilher processes ale actis e, it IIess gouges per unit lttme equLaling thle number 01

ssoitld take abouit 1666 .\ears ito fill a I-itt-deep gouges ifilled bN Sedintentationi Plus thle nlumtber
gouge arid 5(Xx) eCars ito fill at 3-itt -deep goulge. of nesw gouges, Uperiniposed onistin gouges.
Based OrIl~ ott tis InI forma!tio . anl obsers ed Such Statistical lttle ins arice of the gougintg i,

gouge Set sso(uld represent a ite1L period Of rimte. art essenttial assumtption it thle rate oft productionl
Il theC abuse. thle aitiripiton101 Of UiitfOil Sii sedi 1104 gouges IS estinated tisitig the Scourl budgetC

ientariort onl rie shell Is prohbl\ itt ciroT. A.- approach deselOped b\ L e\-S is 9?aj)b. \kc ethitnk
go uged bottom ti lorpliolo\ ccs abhr t local the ittet hod is interestittg anld quilte pOSSI bl *rppli
relief arnd local sedirneritattOir (tre anM al),ies that cable ito certain regionts of g ougirig f Ior inlsi dice

,1tt101nt ito large differenIIcs Ill edtiMIteIiattor rtes offshore areas Ii rthe Ciuketi 'Sea ss it ssait
user short distances. (Gottge emibati trert s i1% be depth,,s of 30 to 50 fii- Hoss -s r, I or rite 1k an toi
sites of erosion s%%title te gouiges, as depressions. Sea Iit general, antd iii particular for swat er dept his

act as, loci oifrituch higher rates oft sedimientatioin less thtan 20 iii. t"t feel that thle appltcabln, of the
liati ss ould be apparent ott a reCOutal basis. I ur- steads-stare assumnption is, doubtful.
heriture. sedititertiars structlures, itt-shore of 20 In AXnother approach used ro get a rouigh est iniiate

Shosw Shelf deposits to conisist Of gOllige infill Mte- of the age of' ait obsers ed 'set Of goulges is to dis ide
rial ( Barnes anid Reinttiti 1974. Barnes er al.- the as erage s alue for thle annual 101in of theC gouge
1979). ssidths bN the lenigith of the sample track (Reittiutiii

Ili addition, it is, becoming ittcreasiitgl\ ap- et al. I197 7a). For inst ance. if" our sample linte is, 10
parent that Shallows k ater gouges are rapidlY oblit - krill lung atid we obtain anl average of SW~ Ii of nessA
erated due to high levels of hydrodynamice activity gouges crossing the line each \ear, we then take 20
(kovacs. 1972, Pilkingion atid Niareellus 1981). vears as art estimate of the lime period Ii sAhich
F-or instance, recent field obsers ations by Barnes the gouige., are conmpletely replaced. Ini fact, Such
and Reirniit. (1979) shows that the estensis e open- estimtate,, give the Shortest period of' time Iii ss hich
water cotnditions that Occurred durinig thle sumimer the gouge set could be replaced (art eserir of' ser,
of 1977 resulted in htsdrodvnaniic coniditionis (pre- low probability), as ice presumnahls plosws the sea
sumnably. large waves and wind-gerterated Shelf floor in a randonm (not a systematic) mariner.
currenits associated with the presence of a large Therefore, the fact that a given segmetnt of' at line
fetch) that have obliterated ice gouges to a water has just been gougedl has rio effect ott the proha-
depth of 13 m and caused protnounceed infilling of' bility that the segment will be gouged the utest \,ear
gouges in deeper water. Apparently, the rates of' (or the nemi month).
reworking a.id redepositing sedimienit from suich Still another approach using tie Same diuta set
episodic events are muuch greater thtan the average assunmes that an increasingly large proportioni of'
sediment accumulation rate oin the Beaufort Sea the bottom is regouged before the entire bottom is,
shelf, gouged (Blartnes et al. 1979). In this scheme, if 1I0'o

We know of no studies of the recurrence fre- of the seabed is gouged cacti year thtent in tile first
quencv of conditions such a- those observed dur- year 100'o is impacted with niew% gouges hut Ii the
ing the summer of 1977. but we would guess that second year otily 190 is gouged ats I O'o of the
they are fairly common, with return periods of no
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gouges occurred in areas already gouged. I his can 1 Ing tihl, Il 1 i.t'l on t s. a rim j no ia k Ir' L

be expressed as the polynonial liminat. etimats t thle h urial dcpth-, re'quitd,

that a1 pipehlte tit a Vi'., h+cile th t'III. on tie a+t'l
I (I K) (15) age, be LzOnlgld ont.e dill.III ,t L .e -tLied pClt Od ol

t le (tot Il ne i m 11111t In I(Xi or il INX
where G, is tile fraction of the bottom gouged years). lo do 1lit,. Itl CNIt t c .t i he total ntrnl
since T , K is the fraction of' the bottom gouged het ot gouge, that %A i1 ,,T diL ig tlile pioposcd
each year, and 1+is the time in years measured rel- litetiteuc of (ti pipchlinc h
atise to T,,.

Fmally, attempts have been made to combine .\ e 11 sii (I hI
information on pressure ridge keels, pack ice drift.
and observed distributions of gouge depths to esti- wherc V a',eragc number ot gougcs kil ri
mate required burial depths (Pilkington and Mar- occutrrir(g along rthe pipchne oule
cellus 1981. Wadhams 1983). As the first two of I proposed lirnlC in ,eats
these parameters are %cry poorly known, such esti- I length i of tilt line in kilotelcer
mates are uncertain. This technique also appears -> angle betier tire route and the trend
to gi.e maximum gouge depths that are apprecia- of tile gouges.
bly deeper than observed. More will be said about
this later. As we onl% consider one conta,: i I, N11)._ill

We believe that at present to examine adequate- in eq 3 equals I and swe obtain
ly the problem of pipeline burial, independent in-
formation on gouging rates and the depths of re- c 1
cent gouges is essential. As we have described, our e (17

.g TL in. ,
information on this subject is hardly what we
would desire. Nevertheless it is enough to allow, us or
to make an initial approach to estimating burial
depths. To summarize our obser.ations on recent 0.n l2 1
gouges, we found that g, the number of gouges per .- (.2 , 1  r " (181
km per year, varied from 2.4 to 7.9 with a mean of
5.2. There also was no apparent relation between.e In Table 9 we shot a series of burial depth esli-
and water depth. The PDF for recent gouges was mates made using eq 18. hi these calculations w.e
exponential with a'/ value of 4.5 in'. a value that have used both the observed , value for the exis:-
is I m-' less than comparable"X values from all the ing gouge set fromr Figure 10 as ,,ell as X - I as al
gouges existing on the sea floor at a given time. estimate of the corresponding parameter for ne\

Table 9. Estimated burial depths assuming one contact between a pressure ridge keel and the pipeline in 100
years. (aIcuialtions made using eq t.)

I tm' no(ripal t( it?,, I "at 2(0 toel u~'

I H'uiciIi (;ou '.'ci i si,'.' B urial ( u11 ti rs lv: B ui rial

5 (or X II Of Il lit' dluring iI'0 line durt deplth
I o'ation (giug'e kt sr i On (A In) o- I-r /,hI nel IMa) 1(I ) Ir il7)

t agoons ?.7 2o 1i0.Mi) 1.40 3.142 1 26

t.7 1W 50,101 1.61 1 10 1 1 .6t

6.7 21 0 I0,M) 1.5 3,420 1 41
6.7 1M SiliS ) 181 1r,111 .8I

i)utside barrier stands 7.1 20 1.1O M 1 46 3,420 1.31
(depth 5 to 10 m) 7.1 1(1) 50,M) 168 t7.11 1s.54

6.3 21 0 I1(5) I 66 3,4211 1.4)

6.3 I(S 5MtJix I 142 'I .1 1r.

Outside harrier islands 5.2 210 1 (),0(X 108 1.4211 2 74

(depth 25 to 30 ml 3.2 r)) 50M) 3. 58 1",l i M3 25

2.2 210 1 OMs 4.39' 3.42(0 1 11X

2.2 101() 50(. 3.12 I t, 1.0 4, .1
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table I0. (omparisons beteen burial oteplh% to (he (op of a 7-kin pipeline for a
IO4)-. 1100-, and i0-iear return period."

-Hl'itr'; t'
' '  

i, ,t :, .5l

Ir(II I" € 2 ' 4 Ihi, paper ir' I)

tS 4t

I 0 24 1 ad qlt [ ,

2 9 2 .6~22

2 24 \kajhaln, 119SI )

I I, 12 lhi, papci

5,4 24

Ii ' 52 24

S 24'

I
' g  

4,40 |Plkinglon and Marilr lti, (19S]I
' $; 5 H) \\ i idh llls (190.)

25 5 2 1 hi, pe

452 241

4
ill 4 - 2J

25 4 ' ' iksinglon and Ma[celhlu, (1'i I

25 -,0)2 adhan, 19S3)

M5 5 5 I.o lill papcr
4 1; 2

10 I I K2

Ill 2 19

24. "'h adham, I 1983)

25 5 243 ihi, papct

5 2 1 )32

10 1.7 2.62
0 2. 3.5 1

25 5.94 ,.'adha n' 1983)

"Calculated using eq IS and b\, Pilkington and Mlaro.'lhu (19811 and \\'adhd, ,s (1983).

gouges. In using the table, note that a 20-year life- The return period for an impact is takei- to be 10,
time for a 100-km line is identical to a 100)-year 100, arid 100 .,,ars. There are large difference, i i
lifetime for a 20-kin hl,' As can be seen in tile the estimates, %, th our burial depths being
table, it is very import, (o obtain data that will roughly 3 m less than Vadhass. In fact, for the

allow improved estimates of X and g- for new 25-m water depth out estimates \Aould only tic
gouges. In general it can be said that slight in- 4.05 arid 5.47 m (assuming, X 3.7 and 2.7 respe,'-
creases in the burial depth (a few tens of centime- tively) if we took g to be 20; a %ale 4 tmes that
ters) result in appreciable increases in the safety of observed. W\e believe the difficuh. \,,ilh WVad-
the line. This statement is particularly true in shal- hams' approach lies not in it,, principles but inl tile
low water where A is large. difficult , ' obtaining appropriate %alues to use in

In Table 10 we have also included a comparison. the theo,-v. 'or instance, keel depth characteristic,,
between our estimates of burial depths and ihosL, iln deepe: vatei where it is possible to probe tile
of Pilkington and Marcellus (1981) and of Wad- underside -' the ice via submarine are probabl
hams (1983) for a 6-kin line (the distance from appreciabl 1iffrent from those in water of 50 i
(he artificial gravel island Kopanoar to the shoreewr less where go,.ing is current taking place. In

goge. n enra i cnbesa~ ha sigt n 405an 547m asumn X-- - md' r31c



addition. it is at present particularis difficult to appreciable changes inl such parameter, onl a rt:
Is t%%% at % alties t0 a, tI IIC I r tIwl distIance CiCta scale (fo linItanircv, bet~kent thI tOLIiii
dilt"i per seat bs IheICOC ic os C e a is en poit. depih ll in thep CIen studs alrea and those Oh-

' ici couni ne starts, ihe ice is slosked and nvius: scrsco ed T off %1lacken/ic D~elta). Studies shoUld
1111w' sipped, as til grounded ice tend,, to also he carried out to qu~antifs thle effton OlL'-~

'labiii the nearbi pack,.oceritinif it) last ice. ing of differences in slope angle and aspect and The
I hie dit'ereTCIes betsseen our eStHtuateN anid thlose nature of' bed material. Such %%ork, Ill 011-ilk:111)[1

,0t Iilkitwton and %iarcellus I 19SlI )are less by I to skuji detailed %k~pcti iui k.uold he 'e1
In th an omkit differences %sku \i\ adhanis' esil- uiseful inl es aluatin ha/ards alon! specilic pipeline

1111re1'. se 1111d this sontess,1 hat 11[in supi i . their routes.
pt oedtures Appear ito be esseritialls identlical. Fihe 11heOretical tIesCIC shOUld al'o be 111111pltICeIted
ditcteuces inl their estimate,, %%ould appear ito be to adsanICe our ability to treat Louinei a,, a stin-

lares tirte result of differences itt tile data used to chastic process. [ or instantce. it %%ould be useful to
e1111r 1 unite le 11iuttiber of' gouges kml yr . In that look at gouging as a simnple cos ering problem inl

'A d hint usedt di recct obser\ atiotis of' keels %\ile geometric probability, If such des elopireni aire
l'mlk1IrIrrOn and NharcellUs indirectl\ Inferred the sut ficiettl general. thiey can hie applied to ditter-
Im uttiher o I keels fron laser mecasuremient s of" ridge et geographic area, by simipl\ changing thle %a!-
lail', one ss ould e-spct W\adhatus' number to be Lie' of' the input paramneters.
more realist ic. ('[car[\ we are a long, "say from We also note that although ss e has eutiiiliz'ed ait
achies mug a cor, 'ensus regarditng suitable pipelitne espotteitial distributiotn to des~cribe lie relat is e
burial depths. freq uettcv of' occurrence o' Igonoes Oif t ften?~

dlepths because of it', simrplicits, and thle fact That
pressure ridi!e keels Call be ss eli described b) \'ucm

CONCILUSION a dist ributiotn. \ tests Of goodnFess of' fit ate corn1-
mnl\ failed. Thierefore at tempts shouild heitimade

[It this paper %% e have presentted a large amiount to Obtin it amnore sat isfactor\ distribution to~ de-
of' data otti lie statistical characteristics of' t ho ice- scribe gouge dept hs. The sanie general conmrniet
ptroduced gouges that occur otl the Alaskan shelf' catl be mrade about our utilizat ion of a Poissoir
of' the Beaufort Sea itl shalloss wsater ( 38 m). Al- distribution to describe .\ ii tLat, a' "sa,, rioted
houtgh at first glatnce thle gouges appear to be earlier, t(here are consisiti " ml ore large A 10)

rather chaotically. distributed. itt a statistical sense s a!mteS thati predicted b\ the f'it ted Poissotr. WeC
they are \ery systematic. Consequentil ss e hasve suggest that at least some of these difficulties ari'e
used this in formatiott to estimate thre requisite bur- frot the fact t hat t here is rio adequate treatmitent
ial depthIts of pipelines that wsould alloss one lii bs of the in f'illingV Of' tile gouLCs in cithber t his or other
anl ice mass in a specified number of years. published papers onl gouging. The dleselopment of'

In Cottclusion w~e would like to comment on a numrerical sim ulation mto~del that includes a die-
sonmc problems, the study of* sshich would coit- scriptiomi of' both intal gougving and suibsequet
tribute to the understanding of [tire geophi\sics of itifilling of' existing gouges could prose to be il11-
gouging and to the safe design of sea-tloor pipe- mnating.
lines in regions where gouging is known ito occur. Finrally, it would be useful to imrpros e our unt-
We believe the weakest link in the present study is derstanding of' tile interactions bemsseeni pressure
the paucity of information on the rate of' occur- ridge and ice islattd keels attd the sea floor. Per-
rence of new gouges and their characteristics. haps such studies will provide insight into the pos-
Field programs, should he expanded to collect this sibility of determtining nmaximumt probable g-ige
type of information. In areas where offshore depths for a giveni sedimetnt type. Uintil Such tutor-
development is contemplated, it is important to iation is available, we can only assume that even
start studies of gouging rates as soon as possible, apparently "impossibly" deep gouges hase a fi-
as the collection of an adequate data set takes nite probability of occutrrentce.
several years.

Systematic regional sampling is also required to
reveal changes, if any, in the probability density LITERATUT RE CITED
functions of parameters such as gouge depth with
changes in location and in environment on the Alaska Projects Office (APO) (1978) Environ-
shelf. Current information suggests that there are mental assessmetrt of the continental shelf', interim
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APPENDIX k: DETAILED BATHYMETRIC MAP OF THE ALASKAN PORTION OF THE BEAUFORT SEA
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