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’ABSTRACT

Landsat-1 and NOAA satellite imagefy for the winter 1972-73, and
a variety of icerand seafloor data were used to study sea ice zonation
and dyndmics and their relation to bottom morphclogy and geology on the
Beaufort Sea continental shelf of arctic Alaska,

In-early winter the locatibn of the boundary betwaén undeformed
fast ide and tﬁe westward drifting'pack ice of the Pacific Gyre is
cdntrolle& by majér coastal promontories. Pronéunced’linear'préssure*

and shear-ridges, as well as hummock fields, form along this boundary

and are stabilized by grounding, generally between the 10- to 20-m i

isobaths.'k51ippage along this boundary occurs intermittently at ox
seaward of the grounded ridges, forming new grounded ridées in a
;wiaening zone, thekstamukhi zone,'whichkby late winter extends‘outyto
‘the 40-m isobath. Between intermittent events along the stamukhi

zone, pack ice drift and slippége is continuous along the shelf edge.

at average rates of 3 to 10 km/day.  Whether slippage occurs along:

the stamukhikzone or along the shelf edge, it is restricted to a zone
,seVeralvhundred metéts wide énd ice seaward of the slip face moves at
uniform rates for tens of kilometers out into the paqk ice di-ift without:
_ discernible d#agkeffects.‘ ” ’

, A causél rglatioh;is seen between the spétial,distribﬁtion.of
major ice ridge systéﬁs and‘offsﬁore shoils downdrift of major coastal
promontories. kThé‘shoals’appear té have migrated shoreward undexr ﬁha
influence of ice up ﬁo 400 m in thé lést 25 yeats. fﬁgkseafloor'saaward
of theée‘shCals within the,stahukhi géne shows high lce gouge dehéity,

‘large incision depths, and a highkdégree of disruption of internal




sedimentary structures. The concentration of large ice fidges and our
seafloor data in the stamukhi. zone indicate that much of the available
marine energy is expended hexe, while the inner shelf and coast, where
thé relatively undeformed fast ice grows, are shelteréd. Thexe is
evidence that anomalies in the cverali arctic shelf profile are related
to sea‘ice zonation, ice dynamics, and bottcm;processes. A proposed
ice zonation, including zones of (a) bottom—fast ice, (b) floating
faét ice, (c) stamukhi, and (d} seasonal pack ice, émphasizes ice
; ipteraction with the shelf surface and differs from previous zonation.
Certain aspects of the«zesultsfreported,here{a;e directly applicable
to planned offshare deVelopménts in the Pﬁudhoé Bay oil'fields' Properly
placed artificial‘gtrucﬁures similar to offsho;eléhoals should be able-
to withstand the forces of the ice, serve to médify the obsérved ice
zonation, and might be used to make the environment less hostile to

human activities.
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INTRODUCTION

The presence of an ice cover over the continental shelves of the
Arctic sea for eight to nine months of the year may imply to many
marine geologists a p@ried~of quiescence, when the familiar processes
controlling the sedimentologicél eﬁvironmeht are dormant. Wind-driven
current54§£é damped, sediment-laden river plumes are absent,. and there
is no wave activity. It is true that beaches‘in many areas of the

 Arctic éfe relatively stagﬁant for a large pért of the &eai‘while they
-are protected by ice. But several recent reports dealing with the
Beaufort Sea shelf poznt out-that much of it has a dynamlc environment
year round, in which ice plays a domlnant role (Reimnitz and Bruder,
1972; Re;mnltz et.al.; 1972; Barnes and Relmnltz; 1974; Reimnitz et al.,
1974; Reimnitz and Barneé, 1974; Walker, l§74i.

This report describes a study of the winteyr sheaxr zone, which:
lies between the Arctlc pack ice and the fast ice, and its 1ﬁp11cat*ons
to shelf geology, morphology, and bottom processes.

-The shear zone in the w1ntLr jce regime fo northern Alaska occurs
,whére.ice,barried along by the Pécific.Gyre Qf'the‘Beaufort4Sea grinds

% B agaiﬁst statibnary fast ice On Fhe inner continental shelf,‘iesultihg in
thg’fbfmation of pgeséure ridges, Shear’ridges,”and hummodk fiéldsw
fIcé/aynamicé and extrémely roughféﬁrfaée reliefkmake the shear‘ééné a

foxmidable barrier to ice travelland to offShore petroleun explciation‘

and'development. Because many’of‘the ridges surv1 re tha summer melt

season and remain grounded, the shear zone also represents an obstacle

‘tqfshipping. Much of the marine M,ergy’of the Beaufort Sea is eypcnded

E R R 4" B R ‘f S s - ' kiiﬁﬂ?EUDI)IHJIBIIJﬂfY \:2’;« "
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within’thé offshore shear zone. We, therefore, are tempted tp make an

‘analogy ‘between it and the surf zone of lower latitudes, although the

processes and resﬁlts obvicusly are very différent.

Most studies of the shear’zone have déalt with the prleem of
dynamics in the interior of large fields of sea ice, with ice deforma—
tional processes, and the resulting ice features. The overall interaction
of the Arctic pack with the continent has received little a.ttention° )
Because the presentfwork is based largely on reémoits sensing without
sufficient ground observations oh the shear zoﬁe, and on shipboard studies
during the summer, the conclusions drawn can only be considered preliminary.

But the shear zone appears to be an important morphological and

geological boundary on the continental shelf.

PURPOSE OF THE STUDY |
The purpose of this repért is Eo:

(1) ‘Delineate the‘éheaé zone of Alaska's north coast from Landsat—l
and NOAA-2 satellite imagery and to consiée; its relation to béthymetry-
ané coastal configuration, g |

(2) ‘Stu&y interactions between the pack ice drift and_fhe stationary
shore‘ice during wihter, | | |

(3)  Attempt to analyze the factors that control the early winter

. location of the shear zone and its subsequent shift seaward,

(4) Relate shear zone processes to seafloor c¢haracteristics and
bottom processes,
(5) speculate on possible‘side effects of the shear zone on the

oceanographic and sedimentary enviromment, and to




3

(6) Specnlate on some aspects of offshore construction in the shear

zzone,

BACKGROUND INFORMATION
For a general description of the continental shelf and coast in the
study areas (Fig. 1) and its marine environment, including curr;nts;
tides, wind, ice drift, breakup, and river inflow, the readexr is

referred td Barnes and ﬁeimnitz (1974) and Reimnitz and Barnes (1974).
The background information given here is concerned mainly with the sea
ice ;egimé.

The sea ice on the continental shelf of the southern Béaufort‘Sea
‘can be broadly divided into tgree/ZOnes (Kovacs and Méllo:, 1974):

(1) a fast ice zone, extending from the coast to approximately the 20=m -
.,dépth.¢ontour, {(2) a seasonal pack ice zone.that<co§ers the outer shelf
énd continental slope, beyond’which.lies (3) therpolar pack ice zone.
Situated between the fast ice‘ané seasonal pack ice zones, andkgenerally
cqnside%ed part of the latter, is a fourth,éone; the shear zone (Hiblex

et al., 1974; Kovacs and Mellor, 1974) .

. Fast Ice Zone

The term fést:ice, as cdﬁm@gly used, refersﬁto the ice near shore,.
”which by virtue.of-being,étﬁacﬁedvto'ﬁhe coast, to islands, Qnd to shoals -
is re;atively‘imﬁobile for somerunspecified time period during t§e~win£¢r.
It ganerally consists<mostly ofbseasgnal.ice grown in place, undergoes
littlgjdeformatioh, and therefore is"relativel§ smooth. But’varying

amounts of older ice may be inboxpaxate&, depending on its distribution

duringffxéezeup.l
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Study area showing bathymetry and place names. The extent of
relatively undeformed fast ice was largely determined from

Landsat-1l images between March 8 and April 21, 1973. Extent
of 2-m-thick bottom-~fast ice has been trizced from bathymetric

contours.




The seaward extent of the fast ice zone in the Arctic varies from

one region to anothexr, but is similar from year to year in a giveé
area. In the eastern Canadian Arctic , its seawaxd boundary appro;imates
the lBO*m depth,contour accordiﬁg to Jacobs et al. (1975). They use gé
the sole criterion that the ice be fast, and in¢lude any amount of newly
deformed and multi-year ice. Disregarding ice types and morphology, most
of the winter ice,in the Canadian Archipelago, including that covering
some very deep areas, may qualify as fast ice (Dehn, 1974} P. 229), In
the White Sea the boundary lies along the 10-m depth contour, and along the
Siberian Arctic coast along tﬁe 25-m l;ne {(Zubov, 1945). In tha Beaufort
Sea east of the MacKenzie Delta the fast ice zone extends té the 20-m depth
contéur} vhile immediately west of the delta there may be no true fast
ice, but rather "quasi-landfast ice" as described by Cooper (1974).
North of Alaska the 20-m depth centour is commonly éoﬁsidered to be the
seaward limit of fast ice (Weeks et al., 1971; Burns and Harbo, 1972:
Kovacs and Mellor, 1974; Reimnitz and Barnes, 1974). Here the boundary‘is
marked by a change from relatively undeformed, smooth ice inshore to
'higﬁly deformed ice offsﬁorg. Stringer (1974), studying the western
Beaufort Sea, subdividéd the fast ice zone and added the terﬁ
"attached ice", ‘which is a;fioating ice field temporarily éttached to
,the.shorafast‘ice; Many of the authors cited aﬁa still others, including
-us, see probléms with the definition of fast ice, ahd-;oopef-(lQ?@)-
§ugges§ed that the terminology should be“changéd;. | |

vkovécs and Mellor (1874) give a general dascribtion of the growth,

seasonal variability .in extent, deformational features, and behavior of




the fast ice applicable to our study area.  This ice can contain

pressure ridges, shear ridges, and hummock fields, whkich form mainly

in early w1nter when new ice is still thln. Deformation of the fast

ice decreasea from mid-winter to sprlng, as it approaches mazinm
thickness of about 2 m, and as its outer edge becemes stabilized by

grounded pressure ridges and older ice (Stringer, 1974; Kovacs and

‘Mellor, 1974; Reimnitz and Barnes, 1974). Because the outer edge

”extends'to the 10 or 20 m depth contour, much of the fast ice is

et

floating, and fluctuates with astronomical and meteo:ological tides.

" In the Alaska Beaufort Sea there are, however, extensive areas (up to

10 km wide) landward of the 2-m isobath where ice is resting on the
seafloor at the end of the winter. This ice has been called bottam

fast iee (Reimnitz and Barnes, 1974). “At and slightly seaward of the

2-m depth contour the ice is often marked by tidal cracks.

Seasonal Pack Ice Zone

This zone, which alsov has been called the Offshore Province

‘(Weeks et 2Yl.; 1971), extends'ﬁvbm the fa8t ice boundary seaward for

100 to 200 km, which in the _study area is 1n the v1c1nlty of the bacc

 ’Qf the continental slope. The ice in this zone is gcne ally unstable

~and.moﬁale, and is "largely composed of first~year ice that is extensivel?

deformed {Weeks et al., 1971; Kovacs and Mellor, 1974). The zone lies

within the Pacific Gyre of the Beaufort Sea (Campbell, 1965), which

rotates.clockwise. Thus, the ice’moves~generally'westward, with mean

net long~term w1nter dr:rt of about 2 to 2.5 km/day (Coachman and

Barnes, 1961). EN drlitxratc o£ 3 Pm/aay was recenLly calculated

from studles of remote sensxng’lmagery taken aurlng Aprll, 197 in.
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this area (Campbell et al., 1975). A short-term méXimum drift

rate of 50 km/day hasvbeen reported by Hnatiuk and Johnston (1973){
Studies of satellite imagery obtained noith of Alaska ﬁave led to

the conclusion that the ice within the Pacific éyre behaves as a

relatively cohesive mass, with boundary slippage occuring in a 50~k

" wide zone immediately seaward of the fast ice (Crowder et al., 1973;

Hibler et al., 1974). Near the fast ice the seasonal pack ice drift

velocity is thought to be reduced. by drag (Kovacs and Mellor, 1974}.

Shear Zone.

The zone of differential icéi@otioni or slippage, along the fast
ice bounaary has béen gene:ally referred to as the shear zone. It’is
characterized.by large shear ridges, éressure ?iiges, an& huﬁmodk fields‘

(Kovacs and Melloxr, 1974). Certain ice observations made by early

explorers in the Beaufort Sea fit this general concept, in that the

"roughest ice terrain was encountered just seaward of the smooth fast

ice of the coastal zone (Stefaﬁsson, 1821). A winter shear ridge:
field 16 km long was reported by Stockton (1880) to be grounded in 24 m-
of water north of Cross Island, in the middle of our study area. &

grounded pressureyridge was measured by Stefansson (l921)vto be 23 m

“high, and he mentionsbmanYVhigher‘oncs.grounded in up to 39 m of water

- off Banks Island. Zubov (1945) reports that "stamukhi® - grounded sea

ice formations formed as a result of "ice heaping" ~ occur over a distance

of about 500 km along the 20 m iscbath east of the New Siberianllslands,
Recent studies by Klimovich (1972) show that in the inner 5 km of the

_shear. zone, adjacent to the fast ice, ridges are up to 20 percent higher




than in the outér part. ReSult; from other studies showihg the increased
density, height, and draft (keel depth) of ridges near the coast have
béen summarized by Kovacs and Mellor (1974). Stringer (1974) shows thek
reiation of major shear events in the winter ice of tﬁis area to
bathymetry. Reimnitz ahd Barnes (1974) repdrt a sudden increase in
icergougéidegsity seaward of thé fast ice edge, which the§ relatekto

shear zone pfocessés, and Barnes and Reimnitz (1974) £ind that internal

ksediméntéry structures seen in box cores show the éffects of physical

disruption by gtounded ice in the inner part of the shear zone.

METHODS OF STUDY

our study is heavily based on‘interpretations of Landsat«i and

NOAA~2 ‘satellite imagery of_l972f73. -Cou?led;with these data are a

variety of observations gathergd during ice~based and shipboard opera—

tiong. Methods used are outlined by,Barnes and Reimnitz (1974) and

Reimnitz and Barnes (1974). More recent side-scan sonar and precisely

controlledrbathymetric surveys conducted in 1975 have aisb.beenkincoré
porated'info this study.

o Utlllzatlon‘of'Landsat—l repetltlQe imagery over reglons of hlgh
latltude‘has the advantace of image ovevlap of succes 51ve,satelllte

S

passes. Cloud cover pexmitting,‘we were able to trace particular ice

© features for three consecutlve days every 18 days.

In the Landsat lmages the shear zone is. generally characterlzed bv :
pronounced llneatlons in the ice cover that appr0Y1mately pnxallel the

shore. Shear rldges are common features along the northern.Alaskan

coast and are then tens: of kilometers,long (Kovacs-and;Mellor, 1974),
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whereas pressure ridges are irrégular apd randomly distributed.(Anderson,
l970).> Therefore, we interprgt manyrof the light—coloréd.linear featurés
seen ih the imagery as shear ridges. Narrow leads and refréien leads are
also éften linear bﬁt are darker than the thicker ice. Cémparihg ground = -
obsexrvations with the imagery we find that linear zonations Jless than
30 m;wide can be detected undér favorable.COnditicns.i
rESULTS
Remote S.er‘zsiné

Landsat-1 iﬁagery discﬁsse& béiéw co&ersﬂthg'period from freeze-
up in the fall of 1872 through Athé:break‘i‘:lp in the summer of 1973. Io
image:y waé obtained during the Arctié night from November through
Februaryf | | ' ‘

Thé onset of winter and formétion of a new icekcovér afe shown

in Figure 2. This image, taken on October 4th, 1972 (1073-21223) covers

' an area of about 180 km.squapé. The coastal plain is blanketed by thin
snow, and most of the rivers have stopped flowing. New ice is mainly

" seen on the shallow ihner"sheif, where salinity is lower and water

cools faster than offshore. . A light southwesterly wind is moving the

“thin ice obliquely offéhore, where in many spots it is trapbed by

islands.  The total absence of ©ld ice-on the shelf, conflrmed by Nlmbus
5 mlcrowave lmages £or December 16, 19/2 and February lO, 1973 (Campbell
et al., 1974) is SLgnlflcanL to our later dlscuSSIOn. Condltlons~therefore'k

differed con51derablykfrom thqse of the previots years, in which large

”~numbérs‘of7ice iSland fragments were grounded on the shelf (for éxample,

Breslanaet‘al.k 1971). fThe last‘rEmnants of these fragments were seen

in Landsat imagery of August 1972. .




Figure 2.

October 4th, 1972 Landsat-l image showing formation of new

ice on the shallow inner shelf, and drift accumulation against
south side of barrier islands. No old ice is visible within
the 100 x 100 nautical miles covered by the image (1073-21223).
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Early 1973 Landsat-l imageé of the Beaufort Sea were recorded from
March 8 to April 21. At this time the fastkice along the coast between
Herschel Isiand in Canada and Point Barrow, Alaska (Fig. l).is well
stabilizéd and approaching its maximum thickness af about. 2 m. The
outer boundaiy of the relatively undeformed fast ice adjacent to the
- coast is generally marked by pronounced lineations in the Landsat-l
imagés; ‘These are interpreted as shear ridges formed earlier during
the‘Qintéf. Tge first prénounced shearline near the qoast, or the
first marked change in ice appearance from uniform to irregular,
was inapped és representing the seaward boundary of thé relaFively
undeformed floating'fast ice (seaward extent of’stippled.pattern in
Fig. 1). In some areas‘it was difficult to deci&e where to place the
. boundary. In these cases later images, when;icé features;wéré.
enhanced ﬁy melting of the sea ice surface, were used. éomparing the
various images obtzined. along the coast from early,ﬁarch to ice breakup

in July we found no new maﬁor ice deformational features forming within
the floating’fast ice zone shoﬁn.in‘Figure l. ' The cross~hatched area

near the coast in Figure 1l represents regions in which water depth is

less than 2 m, where the fast ice is resting on the seafloor at the end

bf the Winter;

The most detailed analysis of ice processes was donme in the area

‘ between'cape Halketﬁyand Cannihg'River; where our previous seafloor studiés,

‘were concentrated;;,In this area March 14 thbugh 16 images (nos. 1234-

21175, 1235-21241, 1236-21297) show that the most recent events were the

- formation of a prohounced lead;trending'irregularly-acrdss the‘shelf,




(Fig. 3,B) and one trending parailel to the coast (Fig. 3,A). Both are
refrozen but the ice $S'still thin, as interpreted from its :elatively
dark color. Matching'thé'sides of the shore-paral}el-lead (A) indicates
that the pack ice was displaced eastward relative to the fastbice landward -

of the lead by 2 km. Wind records for the North Slope suggést that this

‘may have occurred on March 7 (Stringer; l974) during relatively strong

westerly winds. Because shearing along the shore-parallel lead was
associated with the ice movement, this feature may be called a shearline.

It is located seaward of the undeformed fast~-ice edge (Fig. 1), indicatihg

accretion of the fast ice zone.

The shore-parallel shearline and the lead trending obliquely across

 the continental shelf were well preserved between March 14-16 and April 1-3

“when new imaggs were obtained in the area (nes. 1252~21175, 1253~21233,

12$4w21292). _No changéé.could bevdetected by matching these images and
£he earlier énes to coastal features, and comparing the location and
ccnfigﬁiation of ice features. This match is accurate to within about
300~ﬁ; ;Thus, all ice across the width of the Shelf moved less than
306_@, 1£ any, during a 20-day paribd@r_ o

Eaxrly April imagery shows a‘large'lead (D) and an active shearline

: ‘(C)lbérely‘seaward of and parallel to the edge of the continental shelf

,(stippled_area,'Fig.;3). The shearline mﬁy'have been active -for

several weeks, but no imagery is,available,to confirm such activity.

Matching*particulariice;featu:es seen in the images of April 1 and 2.

a 4 km/day westward displacement of the pack ice relative to the

stationary ice sheet over the shelf is indicated. The rate of ice

»mQVementfwas uniform through a 24-km-wide zone seaward of the shearline,
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as indicated by the length of the ice-displacement vectors on Figure 3.
No drag effects along the shearline were noted.

Visible-band NOAA-2 satellite imagery taken dﬁring the same time
period permits a large-scale view of ice conditions in the entire
Beaufort Sea. Figure 4 is an example of a small portion of such an
image, taken on April 5, 1973. The active shearline seen in the Landsat
imagery of April 1-3 along the shelf edge (Fig. 3,C) can be seen in the
NOAA image. It also shows a pronounced linear lead (traced in Fig. 5)

extending hundreds of kilometers into the Axrctic Ocean. Using.this lead

as a marker, large-scale pack ice movement and its relation to the

“

- associated shearline along the Beaufort Sea shelf was monitored.

Figufe.S shows the. location of the major lead on NOAA-2 imagery
of March 26, March 31, and April 1. These images are somewhat distorted
but could be matchéd ﬁiﬁh a fairvdegree of confidence to.northérn B
Alaska. The‘widé pléce‘in the shearline along’thekedge of the

continental shelf is ths large open lead (40x15 km) seen in Landsat

images at this time (Fig. 3,D). The large dots are identifiable points

sein along the lead in all three images. This cbmpilation shows that -
the,pack‘ice in a 350~-km~wide zone north of the shearline is moving
westward'xather uniformly at about 10 km/daf.” The lead seems to be

;ittle;affgcted by drag along the’shearlingg which roughly corresponds

to the edge of the shelf. This confirms the more detailed Landsat

studies shown in Figure 3.

Thers is‘no;dseable Landsat-1l imagery in the study areé betwééh

- April 3rd and May 26427;-‘May_27*icevconditions axe‘éhown;in fiéure,sviW

- (no. 1308~21290) . The pronounced coastfparallelfshearline and coast~




Figure 4. Visible-band NCAA-2 satellite image taken April 5, 1973. The
large (40 x 15 km) polynya shown in Figure 3(D) can be
identified on this image. A curvilinear lead extends from
the shelf-parallel shearline for hundreds of kilometers into

the Arctic Ocean.
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Figure 5. Comparison of the location éf major lead seen on NOAA~2
imagery March 26, March 31, and April 1, 1973. The large
dots mark points along the lead identifiable in all three
images. The pack ice in a 350-km-wide zone north of the

coast-parallel shearline moved uniformly at about 10 km/day.
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normal lead seen in images from March 14 to April 3 have disappeared.

These features may have been destroyed by deformation or displacement
of the entire ice canopy’seawardiof the early winter shearliné (Fig. 1),
le;ving only the true fast ice landward of this line intact. Such
deformation is suggested by the formation of short, irreguler, refrozen,
nottheast—striking leads about 16 km west of Cross Island (Fig. 6),
whi.ch haveigeen preﬁiously noted by Stringer (1974)° The lead and shear-
line uhder discussion may also have been masked by new or drifting snow.
A new pronounced coast-parallel lineation not present on April 3 isrseen
in the image of Figure 6. This lineation can be traced westward across
. Harrison Bay, where it bulges northward roughly following the 20-m depth )
contour, far seaward of the early winter shearline. This bulge was
pointed Qut.by Stringer (1974) usigg the same imagery and by Burns and
Harbo (1972). It will be discussed again béloﬁ.f

The onset of summer, marked,by river leoding of the fast ice in
the eastern part of the image a#ea (Sagavanirktok River)}, is evident in
- Figure 6. A strongly linear active shearline can be seen on this and
the previous day's iﬁage. Overléying these images, we f£ind ﬁhat the>ice
landward‘of Ehe shearline is immobile.  Seaward of ﬁhe line it is moving
west&ard-~ Compariné‘ﬁhe location of identifiable ice féatures during
+this 24-hour. period, indicated by dots:gn Figure 6{ indicates ice
1,displacemén£ Westward\at a:fate of 6 km/d;y. Close to the shearline
. the ice drift vectors are’paxéllel. Further seaward a small onshore
cohgoneht;is indicatéd,~implying thét some portion of the ice canopy
'is:useq up in the formaﬁioh of sﬁear'and,préssure ridges. ?he entire ice

‘Canopy out.td 90 km from the shearline is highly fractured but apparently

- inteudhm ey e VT ks s b s et




Figure 6.

May 27, 1973, Landsat image (no. 1308-21290) showing recent
irregular'rafrozen cracks about 10 kn west of Cross Island

produced by ice deformation along early winter shearline.

A pronounced coast-parallel, active shearline bulges seaward

along the 20-m isobath across Harrison Bay. Comparison

with ice features identifiable on previous days image reveals
uniform disvlacement of 6 km/day over the shown str;in network
extending some 80 km seaward of the shearline. No drag
effects near the stationary ice/drifting pack ice boundary

are visible.
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moving as a rather coherent mass. The westward displacement rates do not
seem to be affected by drag along the shearline, but are instead somewhat
hlgher there than further offshore.

Visible~band NOAA-2 satellite imagery can be used during this times
period to study large-scale ice movement in the Arctic Ocean north of:

. Alaska. The images of April‘Sth and May 27th (Fig. 7) show the long
lead discussed earlierrand presented in Figqures 4 and 5. The projection
of these images is not the same as that of the others, resulting in a
different distortion of the Earth's surface. But their matchvto the
continent is more reliable and the ice diéplacement vectors therefore
more,accufate. The weseward displacement of the lead during the 52 days
preceding the 27th of May ranges from 160 km (3‘km/day)rnear-the
continent’to 80 km (1.5 km/day) ap arpeint 450 'km seaward of the coast.

The next Landsat images in the study area cover the period from
June 13 to June 15. At that time no coast-parallel shear could be seen
on the continental‘shelf, and east of 0OliktoX Point all ice on the shelf
was stetionary during,the.twc~day pefiod. West of Oliktok Point, ice
was mov1ng obllquely onshore towald Cape Helkett alonéba consplcuous
lead. This movement ls clearly seen seawald of the 30~m isobath but
apparently'did not affect the shearlinelﬁirst seen.along the central.
shelf on May 26. | | |

From the above diecuesion of Landsat'and NOAA~2 imeges, it is.
apparenL that shear events along the inner and ceutral shelf are
1ntermlttent, whereas wcstwald lce drift along the shelf edge is. con-
tlnuousae This lmplles that ahearlng occuﬁs eeaward.of the shelf edge 

between the times ofvshear events on the_shelf, as was seen in early April.
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Tracing frcm NOAL-2 visible-bhand images of April 5 and

May 27, 1973, shoving westward displaceoment of long lead

seen in Figures 4 ana 5, Durine the ~day period aisplace~ !
ments ranged from lGQ km (3 km/day) near the continent to

80 km (1.5 km/day) at a point. 450 km scaward of the coast.

Differcnces in dicplacoments are counsidired representative
of points at various distances from the center of the clock=- T

wise rotition within the Pacific Gyre.
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Figure 8 shows the initiation of sea ice breakup, as seen in the

following dataf;ggle (June 30, no. 1342-21170, July 2 and 3, nos.

“
R

%

1344-21283, 1345'*,:3';;};'_2)' - At this time of the year, meltwater drains
~ from relief £eatu;es, leaving the ice and snow white, and collects
_on smooth iée, enhancing image definition of morphological features.
East of 6liktok Point, the ice is stili intact and ryzo‘ active shearline
is.séen on the shglf° Preserved shear feétures are clearly visible.
West of Oliktok Point, thé ice is begiﬁnigg’to break up and move west-
warq,close to the Colville Delta and along the outer shelf. Howeyer,
in a‘ikam—wide zone bulging seaward across Harrison Bay along the
20-m isobath, and coinciding with major shear events of late winter,
the ice iemainé intact.
Figﬁre 9 shows a strip of U«é photbgraph%, taken f:om an altitude
i 6f 20,000 m on June. 21, 1974, This strip, éxtending from Prudhoe Bay,
horth, shows the various»ice zoﬁes and features discussed above in
bgreat detail. The sea ice morphology is similar to that‘of the-previous
year, with the-relatively unaeformed fast ice extending é shoxrt distance-
beyond Reindeer Island. ;t.ié followed by a zone of highly @eformed.an&
probably grounded ice in the stamukhi zone, and ﬁhe mobile ice beyond.
Thg.most prohounced'linéar ice features, taken mainly from the early
July 1973 Laﬁdsat imégery,'which records major shear events along the
inner pait of the shear zone, are showhriﬁ Figu:e 10ob The resultént
ice driit,vectors, implying the generalfdirécﬁion,in whidﬁ.the pack;
‘icgfisfmoved alongfthe sheariines,kaﬁd,#be'dominant,wind direction,
aﬁe also shown, along wiﬁh the locations‘and“appxoxgmata extént of.

charted shoals (hachured areas),
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Figure 9. Mosaic of U-2 color infrared photos taken from an altitude
— of 20,000 m on July 21, 1974. Flightline extends north from
Prudhoe Bay. Sea ice morphology is similar to that of 1973.
Smooth fast ice, lightly deformed shortly after freezeup,
extends to just beyond Reindeer Island, followed by strongly
lineated and rough ice in the stamukhi zone and a zone of i

mobile ice on the outer shelf.
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Figure 10.

‘Generalized model of ice drift within are of detailed stuly,

showing predominant movement of pack ice along well-defined
shearlines, 'dominznt wind directicn, and 1Qcation'of charted
shoals (bachuxed areas) . Note ctriking correlation between

distribution of shoals and major ice lineations traced from

Landsat images, which represent shear ridges, pressure ridges,

andlineer hummock f£ialds.
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The striking correlation between the distribution of shoals and
ice lineation (that is, shear ridges, pressure ridges, and linear
hummock fields which are all known to have considerable draft) suggests

that the ice is interacting with the seafloor.

Swmmer Ice Observations

Dﬁring summer, érounded ice is coﬁmonly found on offshoxre shoais
(Reimnitz et ai., 1972, 1974). This ice generally appears to be of
pressure-ridge origin, with sail’heights of'5 to 8 m, keel depths: of
at least 10 m, and is elongated parallel’to isobaﬁhsi ’D:ifting_
shalle: floes frequently accumulate along'the seaward side df'theée
grounded floes, which act as fencés. Sometimes the grounded ridges

occur in long lines paralleling isobaths, marking a distinct boundary

between scattered ice on the inner shelf and tightly packed ice on

the central shelf., Figure 11 is an example of such a boundary,
photographed from the air northeast of Barrow on August 31, 1975.
Such boundaries roughly correspond with the seaward boundary of the

fast ice. It closely approaches major promontories and offshore

islands, as at Herschel Island, Barter Island, and Cross Island.

,Norﬁh and east of Cross Island, large stationary ice floes in average

years block small-boat passage offshore.

A continuous belt of apparently grounded floes was observed along

neaxly the entire«AlaSkaaneaufort Sea coast by W. Starley Hugget

(Ocean and Aquatic Afféiis, Dept. of Environment, Canada) in late August,

1966,(perSOnalvdommﬁnf, 1974). This‘belt straddled the 18-m' isobath,

: separatingfrelatively'ice—free waters on either side, and was impenetrable




Figure 1ll. Oblique aerial photcgraph taken northeast of Pt. Barrow on

August 13, 1975. Grounded ridges (stamukhi) occuf along lines
paralleling isobaths (upper fourth of photo), marking a

distinct boundary between scattered ice on inner shelf

(central part of photo) and tightly packed ice beyond.
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Figure 12. June 1970 photograph of ice push features on Narwhal Island.

Such ice push features and associated beach deformation recur
annuglly on major coastal promontories such as Narwhal Island
and Cross

earzone ice dynamics.




to small veésels. Its location again roughly corresponds with the zone
of major ice ridges formed along the seaward boundary of the undeformed

fast ice (Fig. 1).

Interaction of ice and continental margin
The relation between pronounce&‘ice lineation preservéd by‘the end
" of the winter (Figs. 8 and 10) and‘Shélf bathymetry, the stabilizing .
effect of ice ridges on the fast ice, and the location of grounded ice
in summer, indicate that the zone broadly straddling the 20-m isobath
Vis the locus 6f the strongest interaction between the ice‘pack and
the seafloor;
Ice ridging is best»defiged, most concentrated, and closesé to land
off Narwhal and Cross Islands. Downdrift (westward) from Cioss Island
‘ridges spread;;n é wi&ening zone, following the pattexrn of shoals at
;increasing distance”from shore. = On the seaward-facing beaches of Narwhal
’andACross ISlénés,rwhere ridgeéﬂaré formed close to shore} one can
observe year after year the effects of proncunced ice push and remnantv
iée piles from thg previous winter. Figure 12 is a photograph of ice.
kdeiérmatioﬁ onvNarwhal Island takeﬁ‘in,June 1970. Argo and Reindeer
Islands, downdrift of and somewhat protécted bkaross Island, are
felatively»little affected by ice push. Still farther downdrift 
vanaiseveral kilometers from the‘majdr igglr;agé.SYStems, beéphes are
: litﬁié affected by winter ice push; ‘Eiggre:Lﬁ.isjé tygiéal‘exaﬁple' 
' cf sﬁ§hfaibarrier island beach,:aé photogiaphed iﬁ May'1972'§n;'
% ‘  >Long Isléna; The fast icé reétsysmﬁothly against the beach face and
| y - ; : L

~seafloor out to the vicinity of the~2—m:isobath,rwhich is marked by

-several tidal cracks. Beyond the cracks the.fast ice is floating

T e R




Figure 13. Example of barrier island beaches that lie downdrift of major

=4

promontories and landward of shoals. Photographed May 1972
on Long Island. The 2-m isobath seaward of beach is marked

by characteristic tidal crack in relatively smooth fast ice.
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and undeformed out to-the first major shoals,_discussed later. ' Still
farther westward, across Harrison Bay, the undeformed fast ice stretches
for many kilometers from shore, protecting the coast. Nearshore bo&tom
profiles, off Cross Island, where the shear zone impinges on the coast,
and Spy Island, where it lies sohe distance offshore, are very
different (Fig. 14). ,Spy Island (Fig. 15), typical bf regions protected
from- the drifﬁing(ice pack, has a gentle and smooth seaward slope,
while the bottom at Cross Island ié steep and irregular.

" The innexr shelf bathymetry of the central part of our study area
is éhown in Figure 15, as surveyed from 1949 to 1951. During the summer
of 1975, the U.S. Geological Survey's‘R/v Kariluk was used to runvbathya
metric surveys across some of the shoals. With a Del Norte Trisponder
system and shére control stations at the established bench marks indicated
by triangles in Figure 15, the navigational control for the surveys was

accurate to within 5 meters. From the 1949-51 and 1975 surveys a

comparison of certain ridge cross sections and their locations was made.

These are presented in Figure 16, with individual profiles keyed to

Fiqure 15 by letters A through H. The 1949*51 bottom configuration is

- represented by the dashed line, .the new configuration by a solid line,

which also»shows micro~relief due to ice gouging.

| The shoals are very svbtle features, considering that the'vertical
exaggeiation is about i:30~ Shoals A and B,’located north ofiSpy Islaﬁd;:‘b
are about 3-ﬁ:ﬁigh. The seaward one (A)‘has shifted‘landward by aﬁout
200im,:fetaihihg‘its shape,’while the landward one (B)kshifted~only

120 m, but increased in size. Among the shoals north of Cottle Island,

C is closest to shore. Considering that the dashed line represents an
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Figure 1l4. Comparison of lottom profiles off Cro. : Island, where the
shear zone impinges on the coast, and Spy Island, {rig. 15},

protecied by struukhi on offshore shoxls.
proty |
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Bachyuctyy of inner shelf within central part of study ¢
The contours arc based on U.S. Cozct and Geolutic Survey
smoolh sheet:, surveyed 194% through 1951 along a dense
patten of coourately conticlled sounding lines. The

jocation of ind.ricuil shral profiles showr in Figuze 10

arc keved by letters.




LANDWARD SEAWARD

Figure 16. Cross-seciional profiles of shoaly as surveye? 1949=51
(dashed line) and 197% (calid line). A1l but one of the
shoals have migrated landward throuch distences of 100 to
400 meters over 25 years,
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while the solid line was traced directly from the fathogram with all

‘zone have changed more than‘thdse further inshore. The 1975 bathymetric

'.boundary of the previous winter showed a change in ice gouge density in

gouges and areas with more than 100 gougss per kilometer of ship's track.

" the relatively undisturbed fast ice shown in Figures'l and 17. The

'fwinter Shéarline)kthe change in gouge;density was very abrupt and.

*

average drawn through a number of data points on the contour chart,

detail, the two profiles are remarkably similar. Ridge cross sections
D through H, located farther offshore, show pronounced changes in
profile and location. All have migrated landward 100 to 400 meters
(avg. 200 m), and all but D have undergone cbnsiderablevchanges in

shape.‘ In general, the offshore ridges lying within the shear

data is unsuitable for evaluating any shore~parallel migration of shoals,

Side-scan sonar records obtained in 1973 across the fast ice -~ pack ice

~the‘vicinity of the boundary (Reimnitz‘and Barnes, 1974). The present'
detailed analySis of shear'evénts on the shelf has enabledkus‘tb loock
more closely at how these relate to gouge density on the shelf,

Sﬁear events on ﬁhe shelf  that wére actually observed in Landsat

images, or to which some broad time limits could be assigned, are shown

3
H
H
¥

in Figure 17. In the eastern'part of the.figure, where six sonar survey
lines were run the following summer, ice gouge'density patterns are shown

by'crbss‘hatching. Pigure 17 diStinguishes;between areas with 50 to 100

ot b

The highest gouge densities occur in an 8- to Il4-km-wide zone seaward of

average gouge depths also are greater in this zone than on either side ; R
(Reimnitz and Barnes; 1974) .

In several of our crossings of the undeformed fast-ice edge (early"
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Figure 17. Locations of scveral major 1973 shear eventcs (dotted Lipo:s)
that. were actually observed in Lendsut images, uf cousd he
date A within narrow time limits. Rclauved to thesc events
arc ice gouge density values (hachunce) from 1973 senogri: hic
surveys after Reimnitz and Ragnes (1€74). The dark ares off
the Scgavanir).tok River dcfines the cxtent of frcshwater

overflow during the shear event of May 26-27.
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coriesponded with this line to within the limits of reSolution.of Landsat
imagery;' The‘lower‘part of Figure 18 is a iine draving of ice gouges seen
in sonographs along both sides of the éhip's traég (represeﬁted'by the

two parallel lines in the middle of the record) across the early winter
shearline near Cross Island. 'In the fast-ice zone there are only a few
' mind:‘gouges, but séaward.the,bottom_is densely gouged.

‘The upper partkof Figure 18 is a line drawing based on a high-
résolution seismic reflection record obtained along exactly the same
:ﬁrack as the sonog:aph 5elowa It shows the ﬁighly irregqular nature of
intérnal reflectors within thevérea of abundant gouges, and rather evenly
bedded materials in the area of smooth bottom. |

‘Both the seismic record and the sonograph show a slight break in
slope at the boundary’bétween the-two bottom ﬁarphologies. 4Landward of
.the break the seafloor is about l-m shallower. The same phenomehon
can be seén iﬁ seﬁeralbother crossings of the ice bbundary, and wee;.zg§.
therefore dé not consider this a meré.ccincidéhce. If indeed a causal
relation exists between ice zonation and bottpm:morphology, the smooth
high grouhd overlain by a thin qnitkof evenly bedded materials landward
of the gouged area may be the result of (1)‘accretion from;éediment;
1aden'waters retainéd inshore‘pf‘the first major groundéd ice barrier;
=1(2) faster sediment accretion due to ipwar rates of‘idergouging and
- related réspséension.and wipnoﬁing, oxr- (3) current scouf and redeposi-
ﬁioﬁ along akgroundéd1;idge sttem servingkaska circuiatién boundary.
Voﬁher‘possible explanations ﬁnrelated to the preseﬁt ice zonatidnr
include thé‘oufcropping of more resistant older sedimentS'of the

presence of permafrost at the seafloor. While we feel that the
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densely gouged.
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phenomenon observed is significant, and probably related.to ice zonation,

‘there are insufficient data to make an interpretation..

DISCUSSION
Ice Zonation and Terminology

The. results of this investigation indicate the presence of a distinct

“ice zonation on the Alaskan Beaufort Sea shelf, a pattern that usually

recursr(annually) ahd is process—controlled. - The data also suggests that
previously used tei:ms "fast Vice zone" and "seasonal pack ice zone" are |
too bkoéd and ill-defined, and reguire subdivision.

Fast ice zone. Usingkas the sole criterion that the ice be fast to

shore or the seafloor for an unspecified period of time, and ignoring

“ice types and intermittent events, all ice on -the shelf may qualify

as fast ice, including the large early winter ridges of the shear zone,

k'which are firmly grounded on the seafloor (?ig. 19) . The zone in which

these occur is very important in terms of ice morphology, dynamics, L ’

, interaction‘with the shelf surface, and future commercial offshore-

development. This zone should be;distinguished~from the zone landward.
"In this report we incluae within the fast ice zone those areas in

which the sea ice has (a) essentially grown in place, (b) undergcone

- -relatively little deformation, (¢) is truly fast after formation of

the firstAmajor'shore~pa:allel grounaed shear or pressure ridge system
(in wate: deéthvgenétally ranging from. 10 to 20 m), and (d) only that
,icé which'lies 5etween land’and.theffirst major ridge sgystem (Figs, 1
and‘lg). ;The fast iée'zone‘does ﬁot include thé sysﬁem of groﬁnded
ridges alqﬁg,itsfseangd boun&éry, and in this respéét we differ from

the aefinition used by Stringexr (1974) and Kovacs and Mellor (1974).
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Figure 19. Scasonal dcvelopment of ice zonation in relation to

morphology. Drawings by Tau Rho Alpha.
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While it is the most meaningful-one for the northern cecast of Alaska,
our definition may not be useful everywhere along the margin of the
Arctic Ocean.-

The fast icé zone as defined herevis on the average 15 km wide

between Point Barrow and Herschel Island (Fig. 1), with a minimum of

* less -than 5 km at Herschel Island.and a maximum of about 30 km west of

the éolville Delta. 1In the eastern part of the area of Figure 1 the
outer edge approximates the 20-m depth contour; in the western part it
lies between the 10~ and 15-m depth contours. Figures 8 and 10 éﬁgﬁ
that seaward of the early winter shearline in Harrison Bay lies
another bréad zone of relatiVely undeformed ice extending_seawérdftoi

the 20-m depth contour, up to 80 km from shore. Our observations of

_the ice breakup in‘1973>and of ice gouge densities indicate that the

major grounded ridges lie along the 20-m depth contour in this area.
However, an increase in the gougé_density along the early wintex
'shearline‘inshore (L0-m depth contouxr), indicates that some of the

inshore ridges were also grounded. ‘On the basis of its morphology

o andJstabiiity during late Wintef, this Harxison Bay ice between the
10~ and 20-m depth iéobath might have to be included under fast ice,

Cor it may require still another term.

Ten to 75 percent of the fast ice zone along. the cqast'of northern
'Alaska lies between the shore and the Z-m depth contour. Bedause]m{

late winter the Ffast ice reaches a thickness of two meters, it rests on

the bottom in most of these areas. In Harrison Bay this zone is up to

15 km wide (Eig.‘l).brThe seawaxd‘boundary of the bottom-fast ice zone

COmmanY‘is marked by tidal cracks (Figs. 13 and 19) . Where the 2-m -




contour is far from shore, the bottom from this point seaward drops off
sharply (Reimnitz and Bruder, 1972), aﬁd the bottom sediments change
abrﬁptiy from well-sorted sand inshore to poo;ly sortedrmud offshore.
These facts and various other observations (Bérnes and Reimnitz, 1974;
Reimnitz and Barnes, 1974) lead us to conclude that in terms of ice,
bottoﬁ, hydraulic, and tﬁermal processes the Z—mvdepth contour represents
an important boundary. For these reasons we propose that ﬁhe fast ice
zone be further,subdivided into floating fast ice -and bottom~fast ice
(Figs. 1 and l9),_with the boundary at 2-m water depth. = Kovacs and
Mellor'ﬁi974h.ﬁig;“3) use the term(iée-foot for this part of the fast ice.
'_This term, however, has generally been used for narrow belté of ice '
:along'beaches, rocky shores, or ice in contactkwith open water, formed
» by»various processes of adfreeziné on top or at the margin duriﬁg‘onset‘
o 'of winter (for example, Zumberge-énd Wilson, 1953; Nichols, 1961;
>Owens and McCann, 1970; Cary, McAfee and Wolf, 1972; McCann and

"Carllsle, 1972; and Marsh et al., 1973)  Ice-foot therefore should’

be ‘distinguished from fast ice‘by‘its meané:of formation.

Stwmckhi zone. Large 'grol.md'ed ridges .form’al'oﬁcr the inner part d:’-‘ the
éhear zone seaward.df‘thé’fasﬁ'iée. The fast ice boundary is marked by’
thevflrst majoxr 1ce—déformatlonal llnaament (heddLng out from ShOLe)
seeﬁ ;n Landsat 1magery. In the area of our'detalled studles thlS
shearlipe runs téngential to CroséyIslana.4JWestward the line swirgs
 1andward.and again closely‘approaches the next islaﬁd’chain‘some

60 km doﬁndrift, From here it roughly'follcws the 10-m isobath in a .
broad lardward curve acrass Harrlson Bay and thcn seaward past

"Cape Hdlkett CFlgs. 1 and lO)




Once formation of a grounded ridge stabilizes the fast ice, successive

,sheéi events generally occur further seaward. These events commonly are

localized by offshore shoals'(Figs. 10 and 19);'whére ridges interact

‘with the sea floor. Grounded ice ridges forming on well-developed shoals

in the area between Cross  Island and Harrison Bay eventually stabilize
the ice canopy to such distance from shore that the westward drift of
pack ice within the Pacific Gyre is deflected offshore across Harrison

Bay. This protects. the bay and ‘allows the formation of another extensiVe

sheet of undeformed and immobile ice seaward of the early winter shear-—

line inshore. The edge of the drifting pack ice off Harrison Bay is
then localized along the 20-m isobath; where ridges form in contact

with shoals (Fig. 10).

N .

There appears to be great similarities between the Alaskan

Beaufort Sea and the Siberian Sea in the location of thé fast ice

edge near the 20-m isobath, and in its protection by grounded ice

x

seaward. ~As pointed: out eadarlier, stamukhi - grounded sea-ice featureg-

oceur for hﬁndreds of kilometers along the 20-m isobath in the Siberian

© Arctic. - Zubpv (1945) states that (1) stamukhi often ocawr on shoals,

(2) stamukhi'imitially are made up of piles of blocks of various
0 : .

dimensions and forms, (3) stamukhi usually last a few years, (4) stamukhi

in tﬁejshallcw regions of the Arctic Seas play the role of islands,

"protecting the shore from the pressure of ice, and (5) as a result the

ice between the shore and the row of stamukhi that border the shore

:is not heaped but is flat and éven, The‘fe:m.stamukha (singular for

stamukhi) as defined_in'Eﬁglish*iangdage glossaries does not convey

the meaning implied by;Zubov~(l945). ~According to the Glossary of
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Geology (Gory et al., 1S72), a stamukha is "a fragment.ofvsea ice stranded
on a shoal or a shallows." Burke (1940) and Zubov (1945) include the
grounding of floes as a mechanism that triggers the formation of stamukhi,
bué indicate that they also form by hummocking of thin ice over shoals. -
o . .The zone of grounded ridges that form seaward ;f the relatively
undefo:med\fast ice off northern Alaska is a’very important factor in
the overall marine environment, and for future offshore devélopment.
It therefore seems appropriate to introduce a new term for .this zone.
FolloWing the Russian usé of the term stamukhi, we propose the term
"stamukhi zbne" for the recuring belt of grounded ridges and hummocks
(Fig. 19).

In the area of oﬁr detailed studies the sgtamukhi zone is encompassed
by the area of heavy black arrows in Figure 10. Off Cross Island the
sﬁamukhi zone is about 20 km,wide and well defined. Off Harrison Bay

it is over 50 km wide, but actually consists of two zones separated by

- a broad expanse of relatively undeformed ice. Previous studies of this

area have assigned the ice of this zone to the fast ice zone (Stringer,

1974; Kovacs and Mellor, 1974). Considering ice dynamics, the

- stamukhi zone in early winter is a part of the shear zone (Kovaos and
’Mellow, 1974) , where the pack ice of the Pacific Gyre rubs along the-

~continent (Fig. 10).

- Pack Ice Drift

Stﬁdying repetitive Landsat and NOAA~2 satellite imagery from the

middle of March to the end of May 1973, we found that the pack ice in

the Pacific Gyre moves westward along the continental shelf at 3 to 10
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km/éay. But muéh higher’short~terﬁ/drift velocities have been reported
by others (Hibler et al., 1974; Hnatluk and Johnston, 1973). During
the period covered by our imagery, élippage between the Pacific Gyre
and stétionary ice along the coast generally occurred at the shelf edge.
Ice on thé éontinental shelf remained stationary within fhe spatial
resolution of Landsat imagery (300 m) for up to 20 days and ﬁrobably
lopger. Slippage occurred intermittently’with;n or along the seaward
edge of the stamukhi zone on the continental shelf, where much of the
available energy is expended on the sea floor.

Regardless of where the slippége occurs, we found individual
events to be restricted to a'zoné several hundred meters wide dnd not
vdistributed over a 50-km-wide zone as stated by Crowder et al. (1973)
and Hibler et al. (1974). Thus, the calculated ige movement vectors did
g not indicate drag effects near the edge of the étationary ice as

postulatea by Xovacs agd Mellor (1974). In fact, the rate of movement
in-several instances was highérrat,the shearliné than it was ten or moxe

i kilometers seaward.

Factors Controlling Location of Fast Ice Edge

Because the edge of the fast ice and the stamukhi zone’forms year
after year at roﬁghiy the samé locétions in.the Arctic, iﬁ is of interest
to ekamine the cauégs that localize the formation of major grOundéa
ridges and hummocks in our study area. B
i 'Croasdale (1974, p. 298) has pointed out tﬁat‘thé fast ice boﬁndaxy
| o being Slﬂllar krom yeakbto year regardless of the presence of multi~year

rloes, mmnl;es thau grounded ridges along the fast ice edge must be firste

year ridges. He also mentions the furtherfimplication.that newly formed
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ridges may thereforekseldom have keels deeper than 18 m, the presumed
water depth at the fast ice edge. Indeed, submarine sonar data indicates
that only 1 percent of all ridge keels are deeper Fhan 18 m (Hibler, 1974,
p. 299), a depth that may be related to the mechanisms snd styructure

of pressure ridges {Parmenter and Coon, 1973). Hibler (1974, p. 300Q)
‘believes thatbmore important than the distribution of keel depths may be
the increased current drag on ridge keels, where the boundary layer
under‘a moving ice'cover impinges on the bottom in shallow water. The
fast icé generally grows from the shore outward in response to the“
faster cooling rafe of shallow water, and the lower éalinity inshore.

Is there some factor of fast ice thickness or strength at a particulaxr

time. of the season that determines at what distance from shore the

forces of the pack ice are arrested? In some areas of the Arctic the

extent of fast ice is determined by the configuration of land masses,
providing shelter against the forces of the drifting pack.. All of the

above factors were considered in our attempt to answer what controls

~the location of the fast ice edge in our study area.

Conditions in the winter of‘l972f73 were iaeal for determining
vhat ice types are involved in the-stamﬁkhirzqne protecting thé fast
ice edge. - There was no multi-year ice,onﬁthé shelf from fxeezeup
until mideinter and therefore the ri&geé of the stamukhi zone were
forﬁed fr¢m first-year ice. Our study‘of ice»morphology and behavior

indicates that the stamukhi zone st:addleé the 10~ to 30-m depth rangé;

Ice gouge density patterns off Harrison Bay, surveyed in 1972, imply

that the stamukhi zone extends to at least 40 m depth. Thus, the 18-m

ridge-keel depth‘iimit reported for 99 percent of free~floating ridges




seems to have no specia£ significance for shallow water aépth. 1f,

on the other hand, increased current drag on ice keels in shallow

water were effective in stabilizing the edge of pack ice drift on the

shélf, this should also result in the formation of hydraulic bedforms.

Side~scan sonar techniques used in our studies are well suited for

the detection of.hydraulic bedfo&ms, we ha&e not noticed anomalous

“increases of current-produced bottom features.in the stamukhi zone.

Therefbre, current drag probably is not an important factor in

controlling the location of the fast ice edge and the stamukhi zone.
Evaluating how the strength of the fést ice infiuences the locatioﬁ

of the stamukhi zone is difficult without adequate seésonal aafa.b

The fasﬁ ice growth rate and strength should be_influencéd'by variations

in surface water salinity and temperatures on the shelf. Tﬁese paxa-

meters were plotted for August and September 1972 in the $tudy area

(Hufford et al., 1974). The configuration'of the fast ice edge during

o

“the followihg winter does not show irrégularities that can be attributed

v to changes'ih water characteristics along thé coast. Also, the’greater
width of faét.ice in Harrison Bay, where post-summer watér cooling rates
in extensive shallow areas should be higher than elsewhere, apparently
is best explained in terms of icekdynamics, as outlined eailier‘ For
these reasons we féel that the fast ice itéelf is not-a primary factﬁr
in’determining where shearing evénts and ridge form;tion occurs on the
shelf.

The last factor.to consider is the relation of cOastal~cohfi§uration
to packkice drift, and'hqﬁ.this may infiuénce theflocaﬁion 6f the fast

ice edge and stamukhi Zone. The regicnal setting is that of an irrégular
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coastline.tangential to- the érctic pack-ice drift within the Pacific
“éyre. Hibler et al. (1974) thought of this gyre as "a large cchesive
wheel‘slipping at the edge." In this model, the location of the
wheel's (gyre's) rim is‘determined by the bumps in thé road su;face -
the coastal promontories.

'Major promontories in fhe area are Hérséhel Island, Barter Island;
Crosé Island, Capé Halkett, and Point Barrow (Fig. 1l).

At the firsﬁvthree promontpries our observations are consistent
with the assumed model. The fagt ice ‘zone is narrow, and ridge systems
sgaward are closely spaced. and parallel, describing the tréjectories
albng which the wheel slips (Figs. 8 and 10). Downdrift from the -
promontories the early winter slip surfaces tend to swing landward,
following the broad indentations in the coastline. lLater in the season
ﬁhe slip surfaces generally lie farther seaward, along rather straight
1ines extending from one proméntory to the next. In keeéping with the
assumed model, the widely spaced slip surfaces in the regions between

promontories can be related to changes in rotation rate of the slipping

‘wheel. When it slows down, the pressure of the pack is applied Detween

the promontories on the faét,ice in early winter, oi on>the strongly
resistant‘stamnkhi zone later in winter.

Tﬁe configuration of the fast ice: zone in the vicinity of
Cape Halkett néeds further explanation in terms of our assumed model.
The ‘early wirnter shearliﬁe and ice ridges describe a broad landward
curve across the 90-km wide Harrison Bay (Figs. 8 and 10), roughly
follbwiﬁg the lOQm depthkcohtbur. Ice slipping wesﬁward élong this line

piles up toward Cape Halkett and is deflected‘seawardrfor some distance
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north of the cape. Later in the season, shear events projecting
straight across theybay interact with the early riége systems at an
anéle. The interaction of earlj winter ridges éith late winter ice
drift nortl of Cape Halkett results in the formation of major but
highly irregular ridge and hummock patterns (Fig. lO)"n Parts of
these a?parently aré grounded, and provide’sheltet for the growth of
aﬁoﬁheriextensive sheet of undeformed ice seaward of the early winter
shearline in Harrison Bay.

The data analyZed suggest that the configuration and location
of the recurring stamukhi zone and extent of the fast ice in thé
study area may be best explained in terms of a model in which the
westward pack ice drift interacts with an irregular coastline and

offshore shoals.

Effects of Ice Zonation on Harine Geology and Bottom Processes.

" For the greater part of the year the relatively undeformed fast ice
rests quietly against the shoreface, ﬁnaffected by the forces of the
mariné environment. Pronounced deformation of beach deposits by éeabice
during the winter time is largely restricted tofthe major prcmontories
sﬁch as Cross Isléng. Even dufing the short summers, the grounded
ridges of the stamukhi zone commonly shelter the inner shelf and shore
from drifting ice and limié the fetch for wavekgeneration“

The stamukhi zone, straddling the mid-shelf region, is where much
gf the available marihe énergy is expended on the shelf surfécevon a
year—rouna bésis.k Ridging initiallf occurs between thé 10~ and. 20-m

v‘isobathsf stabilizing the fast-ice edge. Ridge accretion against the




initial ridge system and stabilization by bottom contact gradually
shifts the dynamically active zone seaward (Fig. 19). The end result
is a wide stamukhi zone. The high amount of energy expended on the
seafloor during this Procéss and the eventual dislodging of groundéd
ice in the succeeding summers is manifestediin the high ice gouge
intensities in this zone and the Chaotic‘natu;eiof internal sedi=~
mentary structures. Also, a sediment textural boundary (Ba;nes and
Reimnitz, 1974) roﬁghly_éorresponés with the fast ice edge as
delineated in Figur? 1, éuggesting a possible relation between ice
zonation and sediment ﬁransport,

There is a striking relation between ice ridge linéation in the
stamukhi zone and bathymetric shoalé (Fig. 10), This suggests that ice
deformational events may be affected by ice interaction with these
shoals. Arsimilar relation haé been inferred for regioﬁs alohg the
Siberian céast, where recurrent stamukhi form: on offshore shoals

{Zubov, 1945). Offshore shoals between Harrison Bay and Cross Island

have been studied with seismic profiling technigues. The Holocene

marine sediments in this region generally are only se&@ral mcters thick
on a flat~lying sub-bottom reflector. The shoals correqund-to a
thickeniﬁg*marine saction, indicating that they are constructional
features pOStdatihg the last marine transgression. The shbals and the
modexn barriervisland have rather éimilar Cross sections; Howevéf,‘the

shoals are composed of well-sorted sand with some individual pebbles

' (Reimnitz and Barnes, 1974), while the barrier islands consist of sandy

0

gravel to gravelly sand. Because of this difference in composition the

shoals do not appear to represent drowned barrier islands. Nearshore .
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bars 1 to 3 m high are present along Pingok and adjacent islands.
These are migrating undexr the influencerf summer waves and currents
kshort, 1875), The much larger shoals under discussion clearly do
not form or migrate under the influence of similar nearshore processes.
All available evidence leads to the conclusion that the shoéls'
are not hydraulic bedforms related to open-water conditions, but were
formed and presently are migrating under the influence of ice-related
processes; Futuré studies will have to show whether such shoals fqrmk
kby {a) the bulldozing action of icé during one or several major e§ents,
,(b) the cumulative effects of several thousand vears of ice push by
gtounded ridges along the edge of the Pacific Gyre rubbing against
the continent, () wiﬁter curients being channeled along major
grbunded ridge systems to conbent:ate available sediments into sand
ridges, or whether (d4) severél of these proceéses act together to form
the shoals.

Shoals in the stamukhi zone are not restricted to the region of
our studies but extend westward to Point Barrow, accorxding to Naticnal
Ocean Survey chart N§, N.O. 16004 t1973 edition). East of Cross Island
similar shoals are shown, but they are not asknumerous as in the western
‘éector; This may be due to a lack of sounding data.

Where the stamukhi zone lies close to coastal promontories, as

of£f Cross Island, the seafloor slopes steeply away from the béach,

whéreas bottom slopes are gentle in other areas where the stamukhi

N : - =
zone lies several kilometers offshore.

In summary then, we see a causal relation between the overall shelf




profile and winter ice‘dynamics and ice zonation. On low=latitude
shelves the high-energy surf zone shapes the shelf profile in the
coastal environment., Along the Béaufqrt;Sea'coast, ice dynagics in the
stamukhi zone of the central shelf leave an imprint in the form of

pronounced shelf profile anomalies. But the effects of the stamukhi

' zone are probably not restricted to marine geology, geomorphology;

“and seafloor dynamics.

If major ice ridge systems conform to the bottom for considerable
distances, the stamukhi. zone may be ‘an oceanographic barrier separating

the inner shelf from the open ocean. The reported sediment boundary

‘along the fast ice edge may be rélated to this in some still unknown

- waye.

- Winter temperature profiles ¢f floating ridges with values as low
‘as -24°C in the upper part, increasing to seawater'temperature at the
keel, have been reported. Elimination of water circulation by bottom.

contact would result in lower keel temperatures of a grdunded ridge,

‘and such lowered temperatures would ultimately reach the sea Floor.

Thus, the thermal effects of gruunded ridges in the stamukhi zone'may

affect the nature and distribution of offshore permafrost.

Implications for Offshore &evelopment

“Several aspects of’result§'reporte6.hérékare of relevance to
plaﬁneafoffshére developﬁentfcfithe Prﬁdhoeféay 0il field. In the
near'futﬁré offshoré dévelopmentkpxobablyxwill be restricﬁea to the
sheif landﬁard of the stamukhi zone, the least hostile én&ironment._f

Such developments may include construction of artificial islands, as in




the MacKenzie Delta région, and special‘drilling platforms to withstand
the forces of drifting ice floes and ice island fragments.

The extent of the fast ice zohe off Prudhoe Bay is controlled by
Cross Island, which appeaxé to be a typical barrier islana. This island
r has changed little since it was nmapped accuratély sohewzs years ago.

A small_houée on this island has been unaffected by ice push for some
30 to 40 Yearso The shoals between Cross Island and Harrison Bay,
z - whatever'theirquigin, today take the brunt of the ice forces year round.
Moreove?,‘they éc!m to influencebwinter j.ce dynamics and extent of the
fast ice. The shoals have mig;éted several hundred ﬁeters during a
25-year period, yet they have retained their overall identity.

| From these observations it appears that artificial drilling islands,
piaced within.the fast ice zone shoreward of the stamukhi zone, have a
good chance ofkwithsténding the foxces of the ice in his area. Further—
hqreg similar structures proper1§1placed in. the stamukhi zone miéht be

used to extend the area of fast ice seaward,

: - . . 4 4 RODU s ~f Y
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SUMMARY OF CONCLUSIONS

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

The ice pack rotating clockwise within the Pacific Gyre rubs

along the continental margin north of Alaska, resulting in the

- formation of major linear ridge systems every winter. Initially,

their location is principally confrolled by major promontories.
These ridges are stébilized.by grounding, which is focused by
Shoals downdrift of major promont;)ries° |

Slippage odcufs ihtermittently along or seaward of the grounded

ridges, forming new grounded ridges in a widening zone, the

"stamukhi zone", at depths of 10 to 40 Mo

During long periods between £hese intermittent events along the

~ stamukhi zone, pack ice drift and slippage is continuous along the

shelf edge at average rates of 3 to 10 km/day.

»

Slippage is observed to occur in a zone several hundred meters wide,

the ice for tens of kilometers seaward of the slip boundary moving

‘at uniform rates, generally with no observed drag effects.

The seasonal fast ice érows in:the protected belt between: the
stamukhi zone and the iand, remaining relatively undeformed.

This fast ice zoﬁe is»further subdivided into floating and bottom-
fast iéé. The latter may extend up té 15 km from land, and can
composelas much as 75 percent of the total fast icé zone;

This zqnatioh is different from previously'usedxzonétidns;’in that
the stamukhi‘zone islnot part of the fasﬁ'ice-zone_ ‘The proposed
ﬁomenciatu:c-émphasiZes ice interaction with the shelf sﬁ:face.
Much of ﬁha availéble marine energy is expended on the seafléor
Qithin thé Stamukhi zone, while the inﬁer shelf and céaétiaré

relatively protected year round.
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(9)

Energy expended on the seafloor is manifested in the high ice

gouge density, deep ice gouges, and intensely disrupteii ..nternal

sedimentary structures within the stamukhi zone. There also is

strong evidence that the stamukhi zone influences distribution

of sediment textures on the $helf.

(10) Shoals that presently localize major linear shear ridge elements

within‘the stamukhi zone may ¢riginally have formed in response
: to:ice—bottom interaction within the shear zone and today appéar
t&ybe migrating'under the influence of ice-bottom interaction.
(11) Anomalies in the artic shelf profile are related to sea ice
zonation and sea ice dynamics.
{12) Artificial islands similar in nature and location to the shoals
'studied should be able to with;tand the’forceS‘of the ice for
10 to 20 years.
(13) It seems possible that artificial islands, properly’placed,;may

be used to modify the location of the shear zone and open largexn

areas of the shelf to development. -
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Study area showing bathymetry and place names. The extent of
relatively undeformed fast ice was‘largely determined f:dm
Landsat~1l images between March 8 and April 21, 1973. Extent
of 2-m-thick bottom~fast ice has been traced from baﬁhymetric
contours. |

October 4th, 1972 Landsat-l image showing formation of new

ice on the shallow inner shelf, and drift accumulation against
south side of barrier islands. No old ice is visible within

the 100 x 100 nautical miles covered by the image (1073-21223).

.

March 14 through‘16, 1973 Landsat images (nos. 1234-21175,
1235-21241, '1236~21297) show é recent shore-parallel lead
(a) and roughly shbre—hormal lead (B). The configuration
of (A) indicates that the ice seaward has 5een displaced

eastward by 2 km relative to the stationary ice. In early

April (Landsat image nos. 1252-21175, 1253—21233, 125421292,

an active shearline {C) paralleligg the shelf edge was
éssociated with westward pack ice displacements of 4 km/day.
The displacement, shown by length of arrows, was uniform -
fhrough,a_24~kmrwide zone seaward of théAslip face.
vis;ble-bandAﬁoaAezysatel;ite image taken April 5, 1973. The
1arge (40 x 15 km) polynya shown in Figure 3(D) can be

identified on this image. A curvilinear lead extends from-

,thé shelf—pa:allel shearline for hundreds of kilometers into

the Arctic Ocean.




Figure 5.

Figure 6,

Figure 7.

Figure 8.

. A pronounced coast-parallel, active shearline bulges seawérd

s~

Comparison of the location of‘major lead seen on NOAA-2
imagery March 26, March 31, and April 1, 1973. The large
dots mark points along the lead identifiable in all three

images. The pack ice in a 350~km-wide zone north of the

_coast~parallel shearline moved uniformly at about 10 km/day.

May 27, 1973, Landsat image (no. 1308-21290) showing recent
irregular refrozen cracks about 10 km west of Cross Island

produced by ice deformation along early winter shearline.

A

.

along the 20-m isobath across Harrison Bay. Comparison

with ice featurés»identifiable on previous days image revealé
uniform displacement of 6 km/day over the shown strain network
extending’some 80 km seaward of the shearline. No drag
effects near the stationary ice/drifting pack ice boundary
are visiblé.

Tracing from NOAA-2 visible-band images of April 5 and

May 27, 1973, showing westward displacement of long lead -
seen in Figures 4 and 5; During the 52-day period displace=
ments ranged .from 169 km (é km/day) near the continent to

80 knt(l.ﬁ km/day) -at a.boint/450 km seaward of the coast.
Differences in displacements are éonsidered representative
of peoints-at various-distéﬁées fﬁom,thé center of the clock-
wise rotation within the Pacifié Gyre.

July 2; 1973 Landsat-1l imaéé‘Ll344~21283’ showing initiation
of sea ice breakup.v Ice on inner and outer shelf west‘of
Oliktok Point is;breakihg up and moVing westward; A lS—kﬁs

wide zone coinciding with zone of major shear events during




Figure 8. cont'd

Figure 9.

Figure 10.

Figure 1l.

Figure 12.

winter remains intact. This breakup pattern suggests the
presence of stamukhi along the 20-m isobath.

Moéaic of U-2 color infrared photos takén from an altitude
of 20,000 m on July 21, 1974. Flightline extends northifrom
Prudhoe Bay. $Sea ice morphology is similar to that of 1973.
Smooth fast ice, lightly deformed shortly after freezeup,
extends to just beyond Reindeer Island, followed by stronély
lineated and rough icé in the stamukhi zoﬁe aﬁd a zone of
mobile ice on the outer shelf.

Generalized model of ice drift within are of detailed study,
showing prédominant movement of pack ice along well-defined
shéarlines, dominant wind direction, and locatidn of charted
shoals (hachured areas). Note striking correlation between
distribution of shoals and major ice lineations traced from
Landsat images, which represent shear ridges,; pressure ridges,

*

and linear hummock fields,
Oblique aerial photograph taken northeast of Pt. Barrow on
August 13, 1975. Grounded ridges (stamukhi) occur along lines

paralleling isobaths (upper fourth of photo), marking a

‘distinct boundary between scattered ice on inner shelf

(ceﬁtral part of photo) and tightly,paéked jice beyond.

June 1970 photograph.of’ice push features on Narwhal Iéland.
Such ice push features and associated beach’deformatioh recur
annually on major coastal promontories such as Narxrwhal Island

and Cross Island that are exposed to shearzone ice dynamics.
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Figure 13.

Figure 14.

Figure 15.

Figqure 16.

Figqure 17.

Example of barrier island beaches that lie downdrift of major
promontories and landward of shoals. Photcographed May 1972
on Long Island. The 2-m isobath seaward of beach is marked‘
by characteristic tidal crack in relatively smooth fast ice.
Comparison of bottom profiles off Cross Island, where the
shear éone impinges on the'coast, and Spy Island, (Fig. 15),
protected by stamukhi on offshore shoals,

Bathymetry of inner shelf within central part of study area.
The contours are based on U.S. Coast and Geodetic Survey
smooth sheets, surveyed 1949 through 1951 along a dense
pattern of accurately controlled socunding lines. The
location of’individual shoal‘profilgs shovm .in Figure 16

are keyed by letters.

Cross~sectional profiles of shoals as surveyed 1949-51
(dashed line) and 1975 (solid line). All but one of the
shqals have migrated landward through distances of 100 to
400 meters over 25 years.

Locations of severa; major 1973 shear events (dotted lines)
that were actually observed in Landsat images, oxr could he
dgted withih nairow time limits. Related to these events
are ice gouge density values (hachures)‘from.1973 sonographic
surveys after Reimnitz and Barnes (1974).  The dark aree off
the Sagavanirktok Rivexr defiﬁes the extent of freshwater

overflow during the shear event of May 26-27.




Figure 18.

Figure 19.

densély gouged.

Line drawing of 1973 high-resolution seismic reflection

(top) and ice gouges on side~scan sonar (bottom) records,

obtained concurrently across early winter (1972) shearline

boundary off Cross Island. BAbrupt break in ice gouge
density and nature of sub-bottom reflectors coincide with

slight break in bottom slope. Landward of the shearline

- only minor gouges are apparent while seaward the bottom is

-

Seasonal development of ice zonation in relation to bottom

morphology. Drawings by‘Tau Rho Alpha.
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Abstract

An examination Qf the distribution of rivef naieds seen in
Landsat sétellite imagery and high- and low-altitude aerial photography
of Alaska's North Slope indicates that these features are widespréad east
of the Colville River and less abundant to the west. Where naleds occur,
stream channels are wide and often‘form braided channels. Their
distribution can be related to changes in stream gradient and to the
occﬁrrence of springs. .Large naleds, such as on the Kongakut River,
often remain through the summer melt season to form the nuclgus of icing.
in the sﬁcceeding winter. Major naleds also are likely to significantly
infiuence the nature oé permafrost in their immediété vicinity. .The map

of naleds may serve as a guide to the occurrence of year-round flowing

water, a sparse commodity in northern Alaska.
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Introduction

Repetitive Landsat-l imagery can be used for seasonal observations of
naleds on a regional scalé. Although the existence of naleds on the
North Sleope of Alaska (Fig. 1) has been known for some time (Leffingwell,
l9l9),yregional mapping and seasonal monitoring have not been attempted.
ﬁere, we present a study of the distribution, longevity, and character of
arctic river naleds and speculate on their causes and effects, and also
their importaﬁce to human development in the region.

Icing refers to the process of progressive .ice growth or accreticn
on a frozen surface. It is an imprecise term, in that it isralso used

to designate many other phenomena of the Arctic. In reference.to arctic

rivers, it has been used to designate both the processes of ice buildup

“and the actual body of ice thus formed (Carey, 1973). Equivalent terms

are the Russian "naled"” and the German "aufeis", both of which refer
to the physical feature formed. We suggest that "icing" be used for the
process and "naled" for the feature formed. Thus, naleds are formed by
icing.

The type of iciﬁg'with which‘wg are concerned occurs when watexr
repeatedly or continuously emerges dnto the‘land oxr iée surface during the
winter periods of subfreezing temperatures’and frgezes in successive

layers. This water may seep from the ground, from a river, or from a spring

(Carey, 1973; Anisimova et al., 1973; Hopkins et al., 1955). Thus, naleds

may be classified geneticallykas ground~. , Yriver—~ , or spring-naleds,
although most result from a combination of these factors.
Russian studies (Anisimova et al., 1973) have shown that in some river

basins in northeasterxn Siberia naleds accumulate up to 25-30% of the annual
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volume of river flow ana up to 60-80% of the subsurface drainage. Naleds
commonly form year after year in the same locations, generally with the
éame'shape and size. River flood plains commgnly are widened as spring
floodwaters are forced to flow around naled mounds. Tﬁe same studies also
indicate that the size and location of naleds are a function of (1) discharge
source (stream, groundwater, or spring), (2) hydrostatic head, and (3)
geologic setting. )

Naleds that éppear to persist and continue to grow throughout the
‘winter indicate usable fresh water sources (Hopkins et al., 1955). Con=
sidering the present rapid development of the arctic region and fhe
scarcity of fresh watexr, knowledge of the distribution and cha;gcter of
naleds could have important implications. In addition, construction
projects such as rcads are affected by both naturally occuring naleds and
those induced by development activities (Anderson et al., 1973). Potentially,
any. alteration of a balanced hydrologic~permafrost—geoiogic regime may
induce icing conditions and éause naleds to form. = In areas where naleds
extend to the coast, as in the Icy Reef area (Fig. 4), they have definite

influence on the deltaic and coastal-marine processes.

Background Information
The North Slope of Alaska falls into thfeé-major phy§iographic provinces
(Wahrhaftig, 1965; Figs. 1 and 2): (1) the Arctic Coastal Plain, (2) the
Arctic Foothills Province, and (3) the Brooks Range.  The coastal plain is
a- ‘broad, flat tunaré surface with ﬁumerous lakeé that includes the deltas
and streams draining the higher terrain to the south. West of the Colville
River the streams are meandering,'while to the’east braiding is moﬁe Common ..

The Foothills Province is characterized by rclling terrain with some bluffs
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along the river courses. Most of the known springs occur in this province,
where abrupt decreases in river gradients occur. Both the Arctic Coastal
Plain and the Foothills Province narrow toward the east, where the Brooks
Range approaches the coast near the Canadian bounéary. The Brooks Range
is the source for all of the major north-flowing rivers,

The seasonal fréeze—thaw cycle controls the development and diséi—k
pation of river ice in northern Alaska. All of the riyers of the North
Slope flow in the zone of continuous permafrést‘(walker, 1974). River
’iCe forms during mid to late Séptember,yafter mean temperatures are
below 0°C.. By the end of December when températurés are often below
—26&, river ice>is commonly more‘than 1 metre thick. Ice continues to
thicken to a maximum of about 2 metres until Maf, when temperatures rise

above freezing and the melt season begins. During late May and early

.June, thawing proceeds rapidly, flow begins on top of river and sea ice,

and éventually'most of the river ice breaks up and flows downstream
(Walker, 1974). During éummer, temperatures are above freezing and
streamflow is unimpeded by ice.

Twé conditions must be met before icing occurs and‘a naled forms.’
First, there must be-a sourée Qf flowing water beneath a surface whose
temperature is below 0°C. Se;ond, there must be a barrier to the flqw

of water that forces it to the surface. These barriers are commonly

provided by the total freezing of the river cross section, ground freezing,

- or reduction in aquifer permability owing to permafrost or outcrops of

impermeable strata (Sokoldv, 1873; Carey, 1972).
River naleds develop after the formation vf the seasonal ice cover

(Carey,yl973). If water remains unfrozen below the ice cover in the
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Figure 2. Distributicon of naleds in northeastorn Alaska frem Landsat

imaqgery.  Contours in metres, Sorg

Sloo, and Mockel (1973,
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stream channel or in an alluvial layer above the permafrdét or bedrock,-

it will continue to flow as long as water is supplied to the system. If
flow is sufficiently restricted, as by a sudden change in stream gradient,
or‘by a decrease in the permeability or thickness of the channel £ill,
water is forced upward over the river ice. Continuing or subseguent
overflows build sheets of fresh ice over the original naled surface. The
total thickness may‘reaqh 5 to 6 metres under such conditieons (Péwé? 1973; )

Williams, 1953, 1970).

Methods

Imagery from the multispectral scanner (MSS) of the Landsat-l
Satellite was used to delineate naleds on the Nofth Sldpe of Alaska and
adjacent areas of Canada. Our study area extends from the coasf‘to about
200 km inland. - Imagery was recgiéed from late July 1572 through thé fall
of 1973, e#cept during the polar night (mid;0ctobef tﬁrough late Februaxry).,
Thus, it was ééssible to monitor one seasonal cycle of river icing and to
compare naled remnanfs during August and September 1872 with those of 1973,

Satellite imagery covered the study area at lS—déy intervals. ' Overlap

of succegsive images often provided three consecutive days of coverage of

a given location. However, sinee delineation of ground features is dependent

.. on the absence of cloud cover, the frequency of observations was often

limited by weather conditions.

Each image covers an area approximately 100 nautical miles (185 km)

square at a scale of about 1:1,000,000. This scale enables us clearly to

identify naleds larger than about 300 metres square.  Smaller naleds are
discernible when high.contrast between ice and tundra or water and

snow exists.
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The scanner operates in four spectral bands: band 4, 500-500 nm
(green), band 5, 600~700 nm (red), band 6, 700-800 nm (visible-near IR),
and band 7, 800-1100 nm (near IR). One image is taken in each band for
eveéry satellite.bass. |

During the summer months, bands 4 and 5 sho; the greatest contrast
between the naleds, the unfrozen channels, and the surrounding tundra.
On these images, naleds appear white, channels‘and deltas are light toned,.
and the higher ground a darker shade (Figs. 7a, d). During the winter,
band 7 shows the greatest contrast between the naleds and the snow-
covered tundra and stream channels (Fig. 7b). In these images fresh ice
or water appears dark and the‘surrounding’terrain wﬁite, except where
relief is sufficient to prodﬁce shadowé°

Additional information was available froﬁ a high-altitude U~2 flight
nf 21 June, 1974 (NASA Flight No. 74~101). This flight utilized a RC-10
camera with color infrared film at a f£light altitude of 65,000 £t (1%8.9

km) on flight lines north and south over the Sagavanirktok River and east

and west across the middle of the Arctic Coastal Plain.

Distribution of Naleds ;

River‘néleds detectable on Landsat-~l imagery during laté winter are
shown in Fiéure 2. +The Colville River is the largest river in the study
area. A cursoryvinspection of imagery of rivers west of and including
the lower Colville showed almost no naleds, with the exception of a
possible naled,élong the Ikpikpﬁk River (approximately 155°W long),. about
40 km from the coast (for example, see image 1257»21463);k |

East of the Colﬁiile Rivef,.mést of the’iéréei étreams between the

- Anaktuvuk and Firth Rivers show naleds in the Foothills Province (Fig. 2).
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Comparative 1Ma ¢ of the naleds on the Kongakut
River Delta, September 1972 through September 1973. Landsat
amages no. 1050-20541, 1228-20435, 1318-20476, 1409-20475.
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The larger deltas also éommonly show naleds. Fewest naleds occur in the
reaches between the foothills and the river mouths.

The downstream ends of naléds are diffus¢ and feathery, presumably
because surface flow continues dovnstream for varying distances after
initial overflow. These downstream tails may extend for considgrable
distances and interconnect naleds. For instance, the Canning River shows
almost one continuous naled from the Brooks Range o within about 10 km
of its mouth (Figé. 2 and 3).

The distribution of naleds shows good correlation with that of tﬁe
shallow reaches of braided streams (Figs. 2 and 4). HNaleds may be the
cause or the result of the braiding. During summer, the elevated surfaces
of naled remnants may divert channels around ice patches. Once formed,
the shallow channels’readily freeze down -to the bottom, creating conditions
favorable to blocking the underflow and forcing overflow. = On the other
hand, low-altitude aerial photographs show channels dissecting naleds
subseguent to spring'flooding'(Figs. 4 and 5), indicating that naleds do
not always cause stream diversion.

A compérison of known perennial springs -(Childers et al., 1873) with
the sites of river naleds shows that all of the springs correspond to
locations of naleds (Fig. 2). Naledé may indicate other unmapped springs,
especially in areas with no apparent upstream water sources (Wzlliams and
Van Everdingern, 1973),' Presumably, perennially’flowing‘springs exlist at

or upstream from such naleds.

Develorment of Naleds

Landsat lragery from mid»Septémber to the shut—off of the cameras for

the arctic night in late October 1272 does not show new naled development.




Figure 3,

Naleds on lower Canning and Sagavanirktok Rivers on April 19,

1973. ILandsat images no. 1270-2117S and 1270-21181,
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Many rivers were still flowing at this time, indicating that the basic
reguirements of an initial ice cover and water flow barrier had not yet
been met.

During the period from the first 1973 imagery in early March until

spring breakup in June, many naleds increased in size. However, some

were.apparently unchanged throughout this part of winter, indicating

3

that their water sources were cut‘off, had greatly decreased flow, or
were frozen prior to Maxrxch.

During the first week of August 1973, weather conditions permitted
exce}lent coverage -0of most of the study area by Landsat imagery. At this
timé, remnants of most of the larger naleds are visible (for example
image numbers 1376-21112, 1378-21164,; 3 and 5 AU§USt)o They are considerably
less extensive than the winter naleds, and soﬁe‘undoubtedly meited before
autumn freezeQup. The largest naleds of the previcus winter, such as on
the Kongakut-Sagavanirktok and Canning Rivers, still had remnants in
September (for example image numbers 1410—20533, 1414-21162). It is
probable that these large naleds persist for more than one season under
favorable conditions. Such naleds would result in lower ground’temperatures
below than in adjacent terrain not covered by reflecting ice during suufmerm
This would in turn promote early icing in the following winter.  Thus,

long-lived naleds may be self-perpetuating.

Naleds on the Kongakut River

The delta of the Xongakut River (Kangikat on some charts) located in
the Arctic Wildlife Refuge (Fig. 2) repeatedly came to our attention
during the icing study. HNaleds on this river are particularly large

(Figs. "4 and 5) and long lived. The delta ice buildup commonly extends
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Figure 5. U-2 photographic mosaic taken June 21, 1974, of naleds along

the Kongakut River. :
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into éhe lagoon seaward of the delta front and out to Icy Reef. This
interaction of river icing with the marine enviropment and delta front
is unique along the Alaskan coastline,

Icy Reef was named by the Franklin expedition in August 1826, when
heavy ice outside the reef necessitated dragging boats over the mudflats
..at the mouth of the Kongakut River to Beaufort Lagoon (Leffingwell, 1919) .
‘Leffingwell's description thus indicates that the name did not result
from the extension of naleds into the lagoon.

Naleds were present on the delta throughout the yéa; of our Landsat
coverage (Figs. 6 and 7). .During the winter of 1972-73 the naleds
increased in size (Figs. 6c¢,d), starting sometime after September and
continuing through March, 1973. (2April and May images were gloudy)°
Beginning with the stért of the thaw season in late May and contiﬁuing
until mid-August; the naleds shrank to about'oneFtenfh their former extent
(Figs. 6e;f,g;h, and 7c¢,d). It appears thét the delta naled was unchanged
from'mid—August to mid-September, 1973 (Figs. 6a,b;h,i).

During tﬁe winter of 1973, the naled extended into the lagoon in front
of the delta (Figs. 6c,d; 7b). An image obtainedAabout.two weeks after
the initiation of river flow (Figs. 6e and 7c¢) indicates that naleds
remained in the lagoon through the flooding period. ¥Field observations
during August l972k;nd September 1973, as well as thie Laﬁdsat imagery shown
in’Figures’Bg}h,i and 7a, 4 sho&ed‘nd ice‘inathe‘l;goon during thesek
periods. ILow altitude imagery in early August'1973 (Fié; 4) shows naled
ice on the delta front abutting the lagooﬁ. puring field operations in
late August of 1971, ice was obsexrved in the lagoon Behind Icy Reef.
According to thé CQaétVPilOt (U.S. Dept. Commerce, 1964), ice is commanly

present in the lagéeg;behind Icy Reef throughout the summer.
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Figure 6. Development and decay of the delta and lageon naled on the {
Kongakut River Delta. Data from Landsat images no.

1308-20424, 1050-20541, 1228-20435, 2147-20493, 1318-20426,

1356-20542, 1374-20541, 1390-20423, 1409-20475.
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In trying to explain the lagoon ice seen in 1971 and reported in
the Coast Pilot, we considered that the‘coastline may have retreatgd
very recently o0ff the Kongakut River, and that permafrost may be near the
surface of the lagoon, thereby enhancing the summer occurrence of ice by
lowering the water temperature in the lagoon. A comparison of Leffingwell's
(1919) map of the coastline, which is gquite accurate in most areas, with
the modern maps, suggests such a retreat of the coastline over a period of
about 35 years. éowever, further investigations of aerial photography
taken during the past 20 years and modern coverage suggest that the early
maps are in errot and that the coastline is rather stable.

It has become apparent from the study of Landsat imagery that river
icing is an important factor influencing the marine processes along the
delta front of the Kongakut River. A comparison of 1972 and 1873 imagery
in mid-August and early September shows little difference in tﬁe size of
the Xongakut River naled, although channel patterns on it are somewhat‘
different (Figs. 6a,b,h,i; 7a,d). In years following extensive icing
the lagoon in front of the delta remains ice-covered through the swumer.
The fact that naleds on the delta last through the summexr makes them the

logical sites for icing during the succeeding winter.

Climate and Naleds

In order to assess the effect of weather conditions on the size of
naleds, monthly rainfall and snow accumulation data for the nearest
weather station (Barter Island) were analyzed for 19871, 1972 and 1973
(U.S. Dept. Comme:ce, 197l~1973);

Heavy summer precipitation wauld presumably;p:omote ieing during

the following winter by creating an abundant ground water Supply, In

10




growth with our present information.  There appears to have been no AR

. BB

;ontrast, the insulating effect of heavy sn;wfall during the early wiqfég.y‘f
winter would decrease the growth rate of river ice cover, thus producing;v°j
unfavorable icing conditions. Heavy snow cover late in the winter mafi" ;;
extend the period of icing by preserving lower temperatures in the 'Ejjx
ground, but according to Carey (1973), tﬂi; insulating effect is less k;g?‘
important thanarain and snow conditions~dﬁxing the preceding summer and
early winter. 1£; '

- F

During the two seasons studied, the influence of varied summer
precipitation was apparently balanced by:opposing snowfall conditions.
Precipitation was much greater than average dﬁring the summer of 1971 and
below average the following summer season. Groundwater conditions would !

therefore have been more favorable for naled development during the winter
Y : - "

of 1971-72 than in the following winter. On the other hand, snowfall s

R

was heavier during the early winter of 1971 than during the same periodmwy’
in 1972, which would have insulated the ground and led to less favorablé 
icing conditions in 1971-72, Finally, snbwfall during late winter was
greater in 1972 than in 1573, which would have been more favorable to
1971572 icing,

Because of the contrasting and balancing climatic influences during

1971-1973, it is not possible to evaluate the impact of climate on naled

significant differende in the area of naleds remaining duiing‘ﬁhé twb
summers of Landsat observations (Figs. 6b,i; 7a,d).  In order to assesé;
the variability ih weather aﬁd iéing conditions, several more seasons
would have to be- gtudied. >Furthermore, consideiing the abundance of springs

in the Arctic, the influence of seasonal variation in precipitaticn patterns

11
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on spring and groundwater flow neads to be evaluated. Spring discharge may
be relatively constant from season to season and from year to year owing to
reservoir storage. Furthermore, there may be a considerable time lag

Letween recharge of the reservoir and spring discharge.

Discussion
‘Naleds on the North Slope of Alaska are Qidespread but are concen-
tratéd east of the Colville River, at the heads of deltas, and where
sﬁreams leave confined mountain channels. The Colville'River has few

naleds and almost none along the lower * chirds of its course. One

might assume that there is continuous flow to the sea along the channel

under the ice or within the river bed. The work of Walker and others
(Arnborg and others, 1966; Walker, 1974) has indicated that the delta
channels are below sea level and are connected to the sea, even at the
maximum ice growth, Walkex's work.also shows that saline waﬂer extends
upstream for 60 km below the ice cover, This would suggest either thét
there is no continuous source of water in the drainage basin of this
large system, or that the river flow is so greatly reduced in volume and
force that it éan be accommodéted in a thin layer between the ice.and

an intruding salt water wedge. Measﬁrementé at three locations along the

lower Colville above the ,delta showed no flow in April 1975 (Joe Childers,

‘U.S. Geological Survey, personal comm.,. 1975). This and the apparent lack

of springs along this river (Fig. 2} suggests that there may be virtually -

no winter freshwater flow in the Colville River system. This would be

significant in any search for a year-round water supply.
Pumping from a xiver with little or no winter recharge could result

in salt water intxusion, or the deplation'of stagnant freshwater pools,.

12
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Pumping down of freshwater poolé in March 1976 for the Prudhoe Bay Oil
Field Complex from the Sagavanirktok and Kuparuk Rivers has already forced
overwintering fish to retreat to isolated pockéts within the river bed
(Tefry Bendock, Alaska Department of Fish and Game, personal comm., 1976).
The Sagavanirktok River has numerous naleds (Fig. 2) suggestive of year—
round water recharge, although the water deple?ion rate by éumping near
Prudhoe suggests little or no flow reaches this far downstream in late
winter.

Naleds influence the ground temperature, permafrost, and channel form
in such a way as to favor the continued development of naleds at the same
locations. In the long sumer days, when groun& temperatures are raised
and the surficial thaw layer is formed, much of the iﬁcoming solar energy
is reflected from the naled surface. Therefofe, ground temperatures would
be lower and the active layer &bove the permafrost thinner in the
immediate vicinity of naleds. This in turn would enhance icing in the
same area during the following freeze season.

The morphology of North Slope streams where icing occurs is strongly
influenced by the naled masses. Spring flooding and Subsequrnt flow are
conéeqpént upon the relief surfasce present in the spring. Tﬁus, under

some conditions much of the spring floocawater is initially forced to

detour around elevated naled surfaces, causing the channels to widen.

Consequently, wost of the braided sections of streams and rivers shown
in Figure 2 are probable locations of recent or present-day naleds. Once

formed, the braided charnels are favorable sites for continued"icing. The

wide shallow £low favors rapid freezing to the bottom in the fall and early

winter.

13
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Naleds on the deltas appear to be dissected readily by the seasonal
river flow (Fig. 4), although the location of the -dissection may differ
from year to year (Figs. éb,c; 72,d). Floodwaters are often high enough
to overtop the naled. The f£low then seeks low areas within the naled
that foxm the forerunhers of dissecting channels.

Naleds that extend into the lagoon off the delta of the Xongakut
River are boundea on‘the seaward side by Icy Reef, a barrier beach
(Figs.'4, 6 and 7).  New lagoon ice floats duriné the fall freezeup;
however, where it is depressed by naled tails as winter proceeds, it
reéts on the botton. Subéequentlyr a mound of ice develops, covering
theféglta and lagoon (Fig. 6c¢). During the flooding of the river, Waté£ '
fléwing over this mound will’bypass the delta and lagoon to anoint"
beyond the barrier island. Since most of the ¥iver sediment load is
transported at this time (Walker, 1974), the sediments will also bypass
the delta and lagoon.

-During glaciai episodes along the arctic coast of Alaska, the climate
waskcolder and dryerr(Hopkins, 1967). Thus, it is presumed that less -
surface water would have been availabie, the fiéw season would have been
shoxrter, and the depﬁh,of winter freeze greater. The latitudinal depression
of isétherms-suggests that naleds of thé ﬁype'foundkin the Arctic today

',wquld piébably'have béén more wideépfeadrét lOWet latitudes. Naledskalong{
thékarctic coasﬁ wéuid have béen unaffected in ‘areds where thermal springs
'éxiSt. In general,'naled deveioémenﬁ wOuldbérobablf have been enhanced’by

' the shorter thaw season and the greater probability that naleds would last

5‘*\} | e
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from one year to the next,kbut hindered by the lesser amounts of pre-
B cipitation.
w# .
The map of naleds (Fig. 2) is alsoc a map ‘of potentially useful fresh-

water sources. The map may also serve-as a quide in the planning of future

construction, which might interact with the hydrologic regime to create e -

- problems. Naled areas indicate nearby springs that are overwintering
sites for some fish species (Childers and others, 1973) and are therefore

important in the biological regime of the Arctic.  The scarcity of naleds

west of the Colville River suggests limited water resources or extensive
~unimpeded groundwater flow. Considering the importance of developing a

water supply in the Arctic, further investigation in this arxea s needed.
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Conclusions

Naleds on the North Slope of Alaska are widespread but are concentrated
east of the Colville River, primarily where the streams ileave the
confined mountain channels and at the heads of deltas.

Some larger haleds can last through the sunmer melt season to form

' the nucleus of naled: that grow during the following years, although

channels commonly dissect the naleds during the melt season.

The deflection of spring floods around naleds may commonly cause

. shallow braided channels to develop.

Some naleds are, and others may be, the site of groundwater discharge
ih the form of springs. ;They are thus potential sources of year-round
fresh watex.

PrecipitaéiOn patterns‘should affect icing patterns unleés naleds are
fed by bedrock springs. The major controlling climatic factors tended
to‘cancel each ofher in the two years studied; and the influence is

as yet unknovwn.
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FPigure Captions

Physiographic diagram of study area. Diagram by Tau Rho Alpha.
Distribution of naleds in northeastern Alaska from Landsat
imagery; Contours in metres. Spring locations from Childers,
Sldan, and Meckel (1873).

Naleds on lower Canning and. Sagavanirktok Rivers on April 19,
1273, TLandsat images no. 1270-21175 and 1270-21181.

Naled on Xongakut River Delta, near international boundary,
August 2, 1973. (Phéto courtesy of Andrew Short, Louisiana
State Univ., Inst. of Coastal Studies}.

-2 photographic mosaic taken June 21, 1974, of naléds along
the Kongakut River.

Development and decay of the delta and lagoon naled on the
Kongakut River Delta. Data from Landsat images no.
1308~20424, 1050-20541, 1223-20435, 2147-20483, 1318-20426,
1356~20542, 1374-20541, 1390-20423, 1409-20475.

Comparative Landsat imagery of the naleds on the Rongakut
River Delta, Septemb=r 1972 throuch September 1973. TLandsat

images no. 10F0-20541, 1228~20435, 1318-20476, 1409-20475,




