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| NTRODUCTI ON

This report concerns primarily with the description of the surficia
or near surficial sedinments of the continental shelf of the Alaskan portion
of the Beaufort Sea. The distributional patterns of the granulonetric,
clay mineralogic and chemical conpositions of the surficial sedinents are
di splayed on maps. The characteristics of the size distributions of par-
ticles are discussed in light of the present hydrodynamc and ice condi-
tions and on the limted knowl edge of the late Pl eistocene history of the
Beaufort Sea continental shelf. Clay mneral conpositions are discussed
in ternms of the possible terrigenous sources and their dispersal by pre-
vailing currents. Baseline concentrations and yearly fluxes of a suite
of metals pertaining to sediments are established. An attenpt is made to
understand the partitioning patterns of the nmetals in various sedi nent
fractions.

In this report an effort is nade to relate the granulonetric conposi-
tion of surficial sediments to potential engineering hazards in the Al askan
Beaufort Sea. However, sone of the foregoing discussions nust be consid-
ered somewhat speculative, in view of the fact that no specific conpl enen-
tary neasurenents of the engineering properties of substrates were made.
The potential usefulness of mapping the surficial geology of any marine
area, to provide a basis for presenting and understanding sone of the
hazards that may be associated with engineering construction activities,
was |lucidly discussed (with special reference to the Canadian Arctic)
el sewhere by Pelletier (1379).

Addi tional discussions in this report refer to the sedimentation rate

nmeasurenents in the | agoons, possible mechanism for the unusual concentrations
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of sediments in sea-ice, and the origin and stability of the barrier
i sl and-1agoon systens.

This report should provide baseline data to detect and, possibly
also provide criteria to predict inpacts of anthropogenic activities in
the North Arctic Al aska.

Salient features of the regional climte, geology and hydrography
for the Beaufort Sea nearshore, North Arctic Al aska were earlier sunms-
rized by Naidu and Mowatt (1974) and Northern Technical Services (1981),

and therefore these will not be repeated here

MATERI ALS AND METHODS

Al data available since 1972 (Dygas et al., 1971, Tucker, 1973;
Barnes, 1974; Al exander et al., 1975; Naidu, 1979, 1982; and Nai du and
Mwat t, 1974, 1975a, 1975b, 1976 and 1982) on the size distributions of
sediments were collated and integrated into this paper. The textura
data gathered by Carsola (1954), however, were purposely excluded because
the calculation of grain size statistical paraneters by him were based on
Inman's nethod (1952), which was significantly different than those
adopted since 1970 (e.g., Folk and Ward, 1957). This synthesis is based on
size analysis of 330 grab or core top sedinment sanples from the open
Beaufort Sea (Fig. 1), and about 100 anal yses of grab sedinment sanples and
10 vibrocore sanples fromthe deltaic environnent (e.g., |agoons, sound
bays, beaches, dunes, etc.). The locations of the latter suite are shown
in Figures 2a, 2b, 3, 4 and 5a. The granul onetric anal yses were achieved
by the usual sieve-pipette technique (Folk, 1968). Each of the val ues of

gross textural attributes (e.g., percentages of gravel, sand, silt, clay
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and mud) as well as two conventional grain size statistical paraneters,
nmean size and graphical standard deviation (after Folk and Ward, 1957)
were digitally transferred onto maps of the Beaufort Sea and isopleths
pl otted.

The clay mneral analytical procedures were discussed in detail else-
where (Naidu and Mowatt, 1974); therefore, only a brief description
follows. The sediment was initially treated with H?_O2 to renmove organic
matter, and then dispersed in deionized-distilled water into suspensions.
Di spersion was achi eved by repeated washing. The < 2 um equivalent
spherical diameter (e.s.d.) size fraction from each of the sedinent sus-
pensi ons was separated by settling techniques. The < 2 um fractions were
smeared on glass slides (G bbs, 1965) and air dried. Prior to, as well
as follow ng glycolation by vapor phase exposure for 24 hours, the slides
were run for clay mneral analysis on a Phillips-Norelco X-ray diffracto-
meter with a scintillation detector, using Ni-filtered copper Karadi ation.

Criteria adopted for the identification of the various clay mnerals
were outlined el sewhere (Mowatt et al. , 1974; Naidu and Mwatt, 1974).

The Expandable G oup included all clay minerals that expanded upon glycola-
tion and displayed a basal diffraction peak in the vicinity of 17 I&

G ven the large number of sanples involved, and the reconnai ssance nature
of this initial work, we have refrained fromattenpting to resolve further
the various expandable mineral phases (e.g. , vermculites, mixed-|ayer
phases, etc.) besides smectite that mght be enbraced within the above
group. However it should be noted that some of the expandable clay mneral
conmponents exhibit characteristics simlar to materials described by Waver

(1958a) in Ordovician Womble Shale of southeastern Cklahoma, and, hence are
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most |ikely “degraded” (depotassicated) detrital illites. This is sub-
stantiated by studies (Mowatt et al. , 1974) on several unglycolated and
glycolated clay sanples that were initially saturated with either
IN MgC1l, or KCl sol utions. Al t hough we recognize the potential value of
more detailed characterization (Hayes, 1973), no attenpt was made to
resolve and quantify the nore conplex mi xed-layer clay nmineral phases,
m nor amounts of which appear to be present in sone sanples as illite-
smectite or illite-chlorite, with varying anounts of “vermiculite”. The
term "illite" is used primarily in the sense of Brindley (in Brindley and
Brown, 1980, p. 182), but includes various mcas in the < 2 um particle
size range as well. Despite certain linmtations, in particular with
regard to interpretation of mixed-layering, the nethod adopted by Biscaye
(1965) was followed for sem-quantitative estimation of clay minerals. The
rel ati ve abundances of chlorite and kaolinite were estimated on the basis
of the 3.5 R region diffraction peaks (Biscaye, 1964). Overall analytical
precision was # 5 percent. The relative abundances of the various clay
mnerals and the kaolinite/chlorite ratios were digitally transferred onto
maps of the Beaufort Sea and isopleths plotted.

Carbonate in the sedi nent was deterni ned manometrically (Hillsemann,
1966) .  Organic carbon abundance in the sedinment was calculated fromthe
di fference between total carbon and carbonate carbon. Total carbon was
estimated in a LECO, TC-12 automatic carbon deternmninator.

Baseline trace el enment anal yses were perforned on gross sedi nent
sanples. For this purpose a representative portion of the gross sedinent
sanmpl e was taken, dried at 110°C and pul verized into fine powders using an

agate nortar and pestle. Subsequent elemental analyses were on 10% HNO3
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sol utions of HF—HNO3 di gests of sediments (Rader and Grimaldi, 1961), by
atom c absorption spectroscopy using a Perkin-Elmer, Model 603, unit.
Anal ytical precision for the gross netal analysis was better than 12%
and the accuracy was checked with reference to U.5.G.S. Standard rock
powders G 2, AGV-1l and BCR-1 (Table 1).

Sel ective leaching experiments (see results section) were done on
lightly disaggregate sanple splits to acquire information on the par-
titioning of eight netals (e.g. Fe, M, Zn, V, Cr, Co, Cu and N) anong
the sediment constituents. The netal analyses were perfornmed using the
Mbdel 603, and the Perkin-Elmer Mbdel 5000 unit with HGA 500 graphite
furnace.

Thin sections of 105 selected rock chip specimens of erratic boul ders
and cobbl es strewn al ong the beaches and coastal plain were studied under
a petrographic mcroscope, and the rock identification was suppl emented by
X-ray diffraction analysis as appropriate. The depositional rates were

derived from 210Pb measurenents as a function of core depth, using the

approach described by Koide et aZ. (1972). The method for 21OPb anal ysi s
was simlar to that described by Nittrouer et al. (1979). Coarse frac-
tions (> 62 um) and microfossils of various sections of twoofthe wibro-
core sanmples (V-48 and V-49) were studied under a binocul ar mcroscope.
Representative microfossil speci mens were submitted to Dr. D. M Hopkins
of the U S. Ceological Survey (Menlo Park) for identification by the
survey personnel.

In attenpting to understand the processes of sedinment entrainnent in

sea ice of lagoons and sounds, four sanples of ice cores were taken from

the Stefansson Sound, and 6- to 7-cml ong continuous sections of the ice
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TABLE 1

AVERAGE CONCENTRATIONS (ng/g, except for Fe which is in 10% ug/g)

OF SOME HEAVY METALS IN STANDARD U.S. GEOLCA CAL SURVEY ROCKS

AGV-1, BCR-1, & G 2.

U.S.G.S. Standard

Sanpl e v Cr Mn Fe co Ni Cu Zn

AGV-1

This Study -1 9.6 4.67 15.0 13.0 59.2 99

This Study -2 127 12.8 767 4.79 14.6 14.5
Reported Literature Values

Fl anagan, 1969 121 12.9 728 4.76 15.5 17.8 63.7 112

Fl anagan, 1973 125 12.2 763 4.73 14.1 18.5 59.7 84
Range (Flanagan, 1969) 70-171 8- 45 640- 870 4.26-5.21 10-30 11-27 52-83 64-304
BCR-1

This Study -1 10.7 33.7 5.9 17.5 136

This Study -2 500 14.6 1425 8.98-8.94 35.7 6.4
Reported Literature Values

Fl anagan, 1969 384 16.3 1350 9.44 35.5 15.0 22.4 132

Fl anagan, 1973 399 17.6 1406 9.37 38 15.8 18. 4 120
Range (Flanagan, 1969) 120- 700 8-45 1040- 1600 9.02-9.97 29-60 8-30 7-33 94-278
G2

This Study 38 10 258 1.58 15 17 7.6 88
Reported Literature Values

Fl anagan, 1969 37 9.0 265 1.93 4.9 6.4 10.7 74.9

Fl anagan, 1973 35.4 7.0 260 1.85 5.5 5.1 11.7 85
Range (Flanagan, 1969) 26- 60 5-29 180- 360 1.53-2. 44 2-21 2-14 <2-17 42-138



cores were split, thawed and the particle concentrations analyzed. One
red/dark pink granite sanple fromthe Flaxman |sland was submitted to
Dr. D. L. Turner of the University of Alaska for dating by the K-Ar
met hod. Representative portions of two basal peats, one separated at 150 cm
fromthe top of the wvibrocore V-49, and the other from under an 84-cm
over burden of sand and gravel exposed in a section at the seaward beach
of the spit west of Pingok Island, were dated by the C 14 method

For the estimation of sedinentation rates in Sinpson Lagoon seven
short (15 to 33 cmlong) core sanples were collected fromthe western and
central lagoon (Fig. 5b). Al cores were obtained frommore than 2 m
depth to avoid sanpling of sedinent sequences that might have been dis-
turbed by ice gouging. The westernnost core sanple was retrieved by a
Phleger gravity corer and the others by a manually driven unit. Sedi nen-

tation rates were derived without be. -fit of correction for the quantity
210

of background- supported Pb. Such a correction was not possible because
backgr ound- support ed 210Pb concentrations could not be obtained as the
cores were quite short and facilities for direct measurenent of 226Ra wer e

not available with us for every core split. Thus, the rates presented re-

present upper limts of sedinmentation

GRANULOMETRIC COWPOSI TI ON
Continental Shelf Sedinents
The broad regional variations in the granulometric conpositions of
the Beaufort Sea substrate are graphically displayed in Figures 6 to 12.
Cenerally, the nmiddle and outer continental shelf areas are carpeted

by poorly-sorted sandy muds (with al nost equal proportions of silt and

330



T€E

BEAUFORT SEA

~_ e 7
/\ —— “\—g\t_)m
—_— / Ssm Sk Thetis s, 1 5
ﬂ\ ingok [5! «25m

SIMPSON  LAGOON

e
SL8979.4 SL8979-5  SL4979.7 Bodhis 1Ry 2
A .
SL 897919 . . o k:SL8979-6 Milne Pt, S
874, iktak Pt R N\
SL8879-20¢ (B o VS ‘K

20°30°

Stwudy Area
.
‘ 7
‘ COLVILLE QDL‘I&M ake
RIVER
7

7015 I

] 0

/‘ Kilometer
- 19v

Fi.gure 5b The area of Study owi ocations Of the core sa les
. S ll l.n g -]~ _ ll S8 Il‘l) 1331 i o l] ] ‘ll ) 3 1 8
. in the Si son LagOOﬂ cast
"ﬂrrl.‘ion Bily and Duleen Lﬂk(_‘ . [ ,

~
70*30°



A%

Figure 6.

Map of the Beaufort Sea showing the distribution of gravel concentrations (wt. %).
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Figure 7.
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Map of the Beaufort Sea showing the distribution of sand (wt. Z).
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Map <f the Beaufort Sea showing the distribution of clay (wt. 7%).
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Flgure 10. Map <f the Beaufort Sea showing the distribution of wmud (wt. %).
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Map of the Beaufort Sea showing the variation of the phi nean size (Mz) of the sedinents.
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Figure 12.

Map of the Beaufort Sea showing the variation -n sorting of sediments.
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clay) . Invariably size distribution curves of these sedinents are positive-
skewed to nearly symretrical and platykurtic. The inner shelf and inland
bays are characterized by silty-sand to sandy-silt substrate with mnor clay
and occasional gravel-size particles. No unequivocal lithological gradation
is observed across the Beaufort Sea shelf. There are a few extensive
regions within the mddle shelf of the eastern Al askan Beaufort Sea where
significant amounts of gravel are encountered (Fig. 6). WNaidu (1974) and
Nai du and Mowatt (1974) have discussed the various possible nodes of origin
of these gravel deposits. The consensus of the above authors and the
mejority of geologists working in the Beaufort Sea area would seemto
suggest that the gravels are ice-rafted deposits. However, sonme differ-
ences in opinion exist as to whether the gravels are contenporaneously
transported by ice or are relict ice-rafted elastics laid down during

Pl ei stocene higher sea-|evels. | believe that for the nost part the gravels
on the Beaufort Sea shelf are relict. This conclusion is primarily based

on the observations that the transport presently of gravel by ice-rafting

is insignificant (Naidu, 1974). Furthernore, several of the gravels have

a thick, horizontal rim of Fe-M encrustations (Naidu, 1974) inplying that
these gravels have been lying undisturbed on the Beaufort Sea floor for
quite a while. These relict deposits have remai ned exposed on the shelf
surface because they have not been bl anketed by contenporary nuds and/ or
sands. In this context | agree with Carsola's (1954) contention that the
eastern shelf of the Al askan Beaufort Sea is essentially devoid of supply

of mud fromthe Mackenzie River. Likewise it would al so seem that although

[ arge volunmes of terrigenous nud are being ice-rafted offshore fromthe

Al askan coast, the transport and deposition of this nmud is apparently
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bypassed in the shelf area of the Al askan eastern Beaufort Sea. It is
believed that the western Beaufort is the depositional site for the

coastal -derived mud. Thus , it would seemthat the presence of relatively
hi gher amounts of gravel in the eastern shelf perhaps does not reflect a
state of unusually higher wave-current regine in that area. Therefore

engi neering construction in this area may not be faced with any speci al
problens at |east as far as hydrodynanic conditions are concerned. How
ever, the occurrence of the gravels may offer greater resistance and thus
i npede drilling operations or pile driving. Nowhere on the shelf outcrops
of rocks were encountered, which neans that for foundation concerns speci al
care must be exercised in designing shallow engineering structures.

The poorly-sorted nature of the central and outer continental shelf
sediments are probably a resultant of reworking and mixing of various
sedimentary units that is brought about by ice gouging action (Reimnitz
and Barnes, 1974, Reimitz et al., 1972, 1973, 1977) and bioturbation.
| am however, not aware how frequently any area on the Beaufort Sea shelf
is exposed to the bulldozing effect of grounded ice, although sone attenpts
have been nade to estimate this by Barnes and Reimitz (1979). This later
information would be of potential use in the designing of offshore engi-
neering structures, for the effects of ice keel dragging and undercutting
by ice gouging, and the possible subsequent burial of pipelines, cables,
as well as footings (that may be placed on the sea floor) by the gouged
sedi ment coul d be substanti al

No volunmetric estimates are available on the gravel deposits of the
Beaufort Sea continental shelf as a potential source for building naterial

Consi dering the extensive deposits nore readily available on the adjacent
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coastal plain (in paleofluvial channels), | believe that exploitation of
the shelf gravels, at least at present, may not prove very cost effective
Additionally, although the gravel deposits on the shelf seemto be quite
extensive they occur typically as haphazard patches interspersed between
stiff nuddy deposits. Consequently, systematic exploitation of such
deposits may pose a problem In anot her context effects of any future
dredgi ng operation associated with gravel mining on the Beaufort Sea eco-
system are unknown, but could very well have del eterious inmpact on the
ecosyst em

In the continental shelf of the Al askan Beaufort Sea patchy deposits
of an “over-consolidated”, stiff nud are quite frequently observed either
on the shelf surface or a few centimeters below.  These nuds have al so
been frequently encountered in the nearshore between the Reindeer Island
and the Prudhoe Bay. Presumably these deposits are relict and their un-
usual stiff nature has been commonly attributed to progressive dewatering
of the mud resulting fromalternate freezing and thawing of the substrate
brought about perhaps by periodic ice loading in the past. However, as
far asl know no enpirical data are available to substantiate such a
contention. At any rate it would seeminportant to note that these stiff
muddy substrates which apparently do not exhibit thixotropic character-
istics may provide a nore favorable foundation for offshore engineering
structures. However, in another context these areas may be specially
hazar dous. Because of the higher inperneability of the stiff nuds, the
surface of permafrost zone may be relatively shall ower under these nuds.

Recapitul ation of the Pleistocene depositional history of the Beaufort

Sea continental shelf region has been sonmewhat thwarted, primarily because
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of the absence of some typical” subnarine geonorphic clues (e.g. terraces/
benches, paleofluvial channels, etc.) that can be related to episodes of
climatically induced sea-level oscillations. The Pleistocene paleogeography
of the adjacent shelf areas (e.g. Chukchi, east Siberian and Laptev Seas)
are presumably better understood. However, it would seem unreasonable to
extrapol ate data fromthe latter areas to the Beaufort Sea, for the glacial
history of the different shelf areas were probably not the sane. | believe
that the reconstruction of the Pleistocene history of the Beaufort Sea
woul d be quite crucial to the devel opnment of any nodel to predict the
distribution of permafrost in the coastal and upper continental margin
areas of the Beaufort Sea. | am aware of the progress made on studies
along this direction by Dr. D. M Hopkins (RU 204 and 473), but do fee

that serious data gaps still exist.

One of the justifications for carrying out size analysis of surfi-
cial sedinents and preparing lithological maps was to identify different
benthic substrate habitats for the Beaufort Sea. However, whether such
habitats can actually be delineated or not on basis of sedinent granulo-
metric distributions can only be verified in cooperation with the benthic
zool ogists (e.g. Dr. AL G Carey, RU6). M responsibility was to generate
the necessary grain size statistical paraneters for sedinment sanples that
were jointly collected with the biological sanples, and this task has been
fulfilled. | assume that sufficient nunber of sedimentological and benthic
data sets are available for several of the stations that a neaningful at-
tenpt can be made to correlate the two. The outcone of such a conparative
study will be of great potential use to managers who may | ook for guidelines

applicable to the Beaufort Sea, to predict the changes in benthic conmunities
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resulting from possible large-scale alteration in substrate sedi nment
budgets triggered by anthropogenic activities (e.g. causeway, dock, off-

shore island constructions, etc.).

Deltaic Sedinents

Gain size statistical parameters for contenporary sedinent sanples
from several subfacies of the deltaic conplex in North Arctic Al aska were
det er m ned

Results of the granulometric analysis of the various subenvironnents
are summarized in Table I1. Evidently the deposits of the |agoon, bay and
open shal |l ow nmarine environnents cannot be differentiated on the basis of
the conventional grain size statistical parameters. However, the coasta
beach, dune and deltaic plain sedinments have distinctive lithologies. It
is contended that with the exception for coastal dune (Table I11) gross
textural relationships do not seemto be rigorously definitive with regard
to delineating pal eosedi mentary subfacies of polar deltas and this endorses
our earlier observations (Naidu and Mowatt, 1975, 1976). The distinctive
granulometric conposition of North Sl ope coastal beaches is predonminantly
attributable to a local unique provenance (e.g. , gravel-enriched Quaternary
Gubik Formation underlying coastal tundra), rather than solely to deposi-
tional processes prevailing in the polar region. Naidu and Mowatt (1975,
1976) have suggested that other criteria, such as the overall three-
di mensi onal framework of the deltaic sequences and sedinment structures may
be nore reliable means to reconstruct the paleogeography of the shallow-
mari ne and coastal areas of the Beaufort Sea. These restrictions nmust nean

that any attenpts to develop nodels on the basis of the geol ogical history,
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TABLE 11.

SUMVARI ZED DATA ON THE TEXTURE OF RECENT DELTAIC SEDIMENTS ON, THE NORTH SLOPE,
ARCTIC ALASKA. DESCRI PTI VE GRAIN S| ZE PARAMETERS CALCULATED 8Y FOLKS (1958) METHOD

Md My .
Envi ronnment G oss Texture ($) (¢ °1 Sk, ke
Ri ver Channel Gavel | y-sand -3.4 -2.4  Very poorly to Positive to Platykurtic tO
to clayey-sand to to poorly sorted very positive extremely
5.6 5.9 leptokurtic
Tundra Deltaic Structurel ess peaty
Plain (Marsh) organi ¢ nuck, with”
sparse inorganic
particles, and
occasional frost-
heaved gravela and
eolian Ssand
Mai nl and Gavel -gravel | y- -2.8 -2.8  Poorly sort ed Cont i nuous Platvkurtic
Coastal Beach  sand, and sand to to (many); moderat- range from (predominantly) to
1.3 .06 ely sorted (few) positive to leptokurtic
negative
Bay Sand, silty-sand 2.8 2.9  Very poorly Cont i nuous Platvkurtic to very
and sandy-silt to to sorted to range from leptodurtic
6.6 6.8 poorly sorted; positive to
few well sorted negative
Lagoon Sand, sandy-silt, 2.2 2.1 Very poorly Mbst positive, Highly variable
silty-sand, amd to to sorted; few few nearly mesokurtic tO
sand-silt-clay 6.2 7.0 well sorted symmetrical extrenely leptokurtic
Coastal Dune Medium to fine 1.8 1.8 eIl to very Nearly Mesokurtic
sand well sorted symetri cal
Barriers G avel, gravelly- -2.5 -1.5 \Well sorted to Very positive (Not available)
sand, and sand to to very poorly to very nega-
-8.0 -8.0 sorted tive
QOpen Marine Sand-silt-clay 2.2 1.2 Very poorly Mbst  posi - Platykurtic toO
(Delta f r ont silty-clay to to sorted tive, few extrenely
pl at f or n?) 8.3 8.1 very positive leptokurtic
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topredict the distribution of pernmafrost in the Beaufort Sea coasta
area, will be faced with difficulties

Further discussion on the characteristics of the granulometric conpo-
sitions of lagoon sedinments of North Arctic Al aska are included in latter

sections of this report.

STRATI GRAPHI C STUDI ES ON CORE SAMPLES

In this section are discussed the depositional processes in the marine
facies of the Colville Delta area (Fig. 5) as inferred from exam nation of
the stratigraphic variations in lithology of short unconsolidated cores
(Figs. 13 and 14). It would seemthat in the proxinmal end of the pro-
delta (?) sedinments are deposited under fluctuating hydrodynam ¢ conditions.
This is evident fromthe presence of alternate bands and |amni nations of
relatively high and | ow sand contents as displayed in cores PWB76-18, 19,
20 and 23. It is possible that the highly sandy layers reflect deposition
at intensified wave action during storns. Additionally, it is suggested
that in the area of the shelf from where these cores were retrieved rework-
ing of sediments by bioturbation and/or ice gouging has not prevailed in
recent times. This is inferred fromthe lack of stratigraphic honogeneity
in the four core sanples. However, the core PWB76-1 (Fig. 13), which was
retrieved fromthe Central Prudhoe Bay (Fig. 12) at 3 mwater depth, con-
sists essentially of honmpbgeneous clayey silt with no evidence of sedinent
| ayering on basis of textural and/or structural analysis. This would
obviously mean that sedinents of the Prudnce Bay have either not been com
pletely free fromreworking by ice gouging, or deposition in the bay has

continued under simlar hydrodynamic conditions during recent tines.
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210Pb stratigraphic studies on a sedinent core collected fromthe centra

Prudhoe Bay show no definite exponential decrease in 210Pb down the core,
whi ch seem to substantiate that reworking of sedinents perhaps by ice
gouging in the area has been quite intense. This would inply that cau-
tionary steps nmust be taken to mtigate possible undercutting by ice on
engi neering structures and submarine pipe lines that may be enplaced in
“this and simlar shallow marine areas.

The granulometric analysis on a suite of core sanples shows that the
overal | volune of gravel are generally low within the surficial 1 to 2 m
sedi nent sequences fromthe Beaufort Sea nearshore. On the basis of this
restricted sanpling it would seemthat the prospect for potential gravel
deposits in the nearshore for econom c exploitation is generally not very

hi gh.

BARRI ER | SLAND- LAGOON SYSTEM OF THE ALASKAN NORTH ARCTI C COAST
Geonor phic Characteristics

A number of chains of barrier islands border the Beaufort Sea coast
of Alaska (Figs. Ib and 2a). In the west a chain designated as the Plover
I sl ands extends eastward of the barrier spit anchored to Pt. Barrow. Two
chains of barrier islands stretch westward from west of the Sagavanirktok
River and Canning River mouths. There is a third interspersed chain east
of the Canning Delta that continues up to Demarcati on Point.

By conventional definition, barrier islands, barrier spits and bay
barriers are offsnore subaerial depositional features of current/wave
action. Therefore, offshore |ands such as nud islands, erosional remmants

of relict coastal plains, subaerial reefs, volcanic islands, and sea stacks
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-sensyu stricto are not barrier islands. Following this definition sone
of fshore islands along the Beaufort Sea coast, such as Pingok, Bertoncini,
Bodfish, Flaxman, Ti gvariak and perhaps al so Cottle are not barrier islands.
Unlike the barrier islands, the latter islands for the nost part have nuch
higher relief, up to 5 m above nmean sea |level (a.m.s.l.), and are remants
of ancient coastal plain as suggested by the presence of an active tundra
bl anket, a stratigraphy simlar to the adjacent coastal plain and continuous
per maf r ost . Long barrier spits have subsequently extended laterally to
some of these islands. Thus, in this paper unless otherw se stated, dis-
cussions will not be apropos to the tundra-blanketed islands.

The islands are typically low (1 to 3 mabove MHW), with | engths
ranging from 100 mto 27 km and are elongated parallel to the coastline.
The notable exception to the latter pattern is the island chain extending
due west of the Canning River nouth, the alienation of which progressively
deviates farther away from the coast towards the west. Cenerally the sea-
war d beaches of the Alaskan arctic barriers are straight; it is only foll ow
ing an occasional storm that beach cusps and/or ridge-runnel physiography
is observed along the barrier islands. There are, however, a nunber of
microrelief features typically associated with the ice-stressed beaches of
the Arctic. For the nost part these are el ongated sand/gravel ridges
resulting fromlandward bul | dozi ng of beach deposits by overriding ice or
novenent of the deposit from backshore to foreshore by shifting ice at
spring thaw. Furrows resulting fromice gouging are seen across the beaches;
| ow mounds of gravel piling ('kaimoos') are also observed and believed to
have formed fromin-place ablation of shorefast ice entrained with gravel
and/or stormice foots. These features were nore thoroughly characterized

by Rex (1964) and G eene (1970).
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The barrier islands are separated from one another by tidal inlets
(or channels), the depths of which can vary between less than 1 mto about
6 m (e.g., Egg Island inlet). The dinensions of thel agoons —semi~
encl osed bodies of waters enconpassed by the barrier islands and the
mai nl and coast —can vary widely. The widths may extend from a few hundreds
of meters to 4 km, whereas the length may continuously stretch up to 40 km
The lagoons are typically 1 to 3 mdeep. The sem -enclosed body of water
enconpassed by the Midway-McClure-Stockton-Maguire group of islands and the
mai nl and coast east of the Canning River Delta (Figs. Ib and 2a) is rela-
tively wider, nore extensive and deeper (about 5.5 m average depth; 10 m
maxi num depth) than the typical adjacent |agoons. Additionally, the hydro-
dynam c conditions in this littoral water body are influenced to a greater
extent by the open marine environnent. It would, therefore, seem nore
appropriate to class such an environment as a sound rather than a |agoon.
Following this reasoning, this water body is presently called Stefansson
Sound. However, such a definition should not construe that Stefansson
Sound has di mensi ons conparative to sone well-known |arger sounds el sewhere
(e.g., Pamlico and Long Island Sounds in the U S. east coast) and its usage
inthis paper is purely descriptive. Review of the open literature clearly
denonstrates that there can be marked variability in the dinmensions, geo-
nor phol ogy, sedinent characteristics and the physiochenical and biol ogical
facies between the barrier island-lagoon systens of different regions of
the world. Glaesser (1978) contended that barrier islands are typically
devel oped along marginal sea and trailing edge (passive or non-subductive)
coasts (Inman and Nordstrom 1971; Davies, 1973). Hayes (1979), fromhis

wor | dwi de experience, classified barrier island norphol ogy as a function of
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tidal current and wave energy, and concluded that the devel opnent of
barriers are more extensive in coastal areas where the tidal range is

less than 4 mand that are wave domi nated. Furthernore, Hayes (1976

1979) noted a distinct norphol ogical difference between barriers from
microtidal (O-2 mtidal range) and mesotidal (2-4 mtidal range) coasta
belts. The generalizations asserted by Glaesser (1978) and Hayes (1979)
can be extended to the North Arctic coast of Alaska only to a limted
extent. The latter coast with a mean tidal range of less than 16 cm do

i ndeed have extensively devel oped barrier island-1agoon systens. However

al ong the Beaufort Sea coast of the Arctic some significant deviations are
observed from the ideal geonorphic nodel related to barrier islands of
microtidal areas of the tenperate coasts. Presence of a “hot dog” norphol -
ogy, stormsurge washover terraces and fans, as well as large flood-tida
deltas and a paucity of tidal inlets, are claimed as typical features of
barriers of microtidal provinces (Hayes, 1979). However, presence of these
features is not substantiated in the Beaufort Sea. It is of interest to
note that occurrence of the washover terraces and fans were reported by
Hayes (1979, p. 11) in an adjacent microtidal area of the Al askan arctic
(e.g., Kotzebue Sound, along the Al askan Chukchi Sea coast).

Anot her notable feature of the Beaufort Sea barrier island systemis
the lack of any definite pattern of lateral variations in the interbarrier
inlet widths, or degree of downdrift offsets. A close exam nation of
LANDSAT images and aerial photographs of the Beaufort Sea coast discloses
that in the magjority of cases the relatively wider end of the barrier
islands is disposed toward the downdrift of the net littoral currents.

The foregoing observations on the north-Al askan barriers are in contrast
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to the conclusions on barrier islands of mesotidal coasts (Hayes, 1976,
1979) .  Additional peculiarities of the north-arctic barrier islands are
the virtual absence of some of the depositional subfacies such as the sand
dunes at barrier crests, fringing salt narshes (with halophytic vegetation),
tidal channels and flats on the |agoonward shores, and beach ridges. These
subfacies are commonly well evolved in tenperate and tropical barrier is-
lands (Shepard and Mbore, 1955; Chapnan, 1960; Shepard, 1960; Allen, 1965;
Di cki nson et al., 1972; Hayes and Kana, 1976; Hill and Hunter, 1976;
Godfrey et al., 1979; and McCann, 1979), and several of the facies are
reported to be developed as well in the barriers along the microtidal
southern coast of Qulf of St. Lawence, Canada (MCann, 1979).

The tundra-covered islands are, as nentioned earlier, significantly
different fromthe barrier islands. The |agoonward beaches of the tundra
islands are generally irregular and the |ower foreshores are bl anketed by
sl ushy, peaty deposits. The seaward shore (excluding that of the barrier
spit) may or may not have a clearly defined beach. Wen a seaward beach is
wel | devel oped, as on Pingok and Bodfish Islands, it is quite simlar to
the barrier island beach. Alternately, when the seaward beach is virtually
absent (e.g., Flaxman |sland) the shoreline is characterized by steep
coastal bluffs.

The foregoing suggests that the barrier islands of North Arctic Al aska
have a nunber of unique characteristics. Because the barrier island-Ilagoon
environnent in the North Alaskan Arctic is quite extensive, it was necszs-
sary to restrict the sedimentologic and geonorphic studies to a few type
areas. ‘The Jones |sland-Sinpson Lagoon situated along the central Beaufort

Sea coast of Alaska (Fig. |b) represents a type area off gently sloping
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coastal plain adjacent to an extensive deltaic conplex, whereas the lcy
Reef - Beauf ort Lagoon in the eastern end of the study area represents a type
area off a relatively steep coastal plain with |ess w despread deltation.
Stefansson Sound, which is the only representative of the so-called sound
environnent al ong the above coast, is situated between the two type areas

of barrier island-lagoon systems (Fig. |b).

Reasons for Arctic Barrier Island Peculiarity

In the preceding section it was contended that the barrier islands
along the Beaufort Sea coast have geonorphic characteristics that do not
conformto the nodel generally outlined by Hayes (1976; 1979) for barrier
i sl ands of microtidal coasts of the tropical and tenperate clinmatic belts.
The uni queness of the Beaufort Sea barriers is considered part of a loca
phenonmenon that cannot be extended to the entire ice-stressed circum-
coastal regime of the Arctic. It is suggested that the very unusual char-
acteristics of the Beaufort Sea barriers are nost likely related to the
preval ence in the area of |ow annual current/wave energy. The Beaufort
Sea coast is subjected to a nmean astronomical tidal range of |ess than
16 cm and the tidal current velocities in the tidal inlets are also sug-
gested to be generally low (less than 6 to 7 cnlsedl). The absence of
flood tidal deltas nay be ascribed to the net seaward flow of bottom cur-
rents (of tidal and fluvial outflow origin), and by inplication an over-
all sedinment transport fromthe |agoon to the open sea. Because of the
unusually low tidal range it is contended that devel opnent of extensive

tidal flats and salt marshes is particularly hanmpered on the |agoonward

shores of the north Al askan barriers. There is, as yet, no conprehensive
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statistical data base available on the wave climate f or t he Beaufort Sea
coast. Prelimnary data gathered by Wseman et al. (1973) and Dygas and
Burrell (1976) suggested that the wave field in ice-free seasons is dom -
nated generally by w nd-waves with 1.9 to 3.0-second period, that are
punctuated by occasional swells with 8.0 to 10.0-second period and heights
of 1.5t0 2.0 minpinging on the Beaufort Sea coast. However, storm-
surges with heights ranging from1.5 to 3.0 m a.m.s.1. are known to occur
atabout 25 to 50 years intervals (Reimitz and Maurer, 1978). One of the
primary reasons for the preval ence generally of the | ow wave energy, and

| ess frequent stormsurge annually in the north A askan Arctic, is to be
attributed to the extended period of ice cover. For eight to nine nonths
in a year the Beaufort Sea is blanketed totally by ice, while during the
summer three nonths open water nay extend only within the 10-15 km inshore.
The total fetch for wave generation is thus effectively nmuch reduced in the
Beaufort Sea in conparison to the ice-free tropical-tenperate microtidal
coasts. Therefore, except during periods of rare storns when the barrier
i slands can be conpletely inundated by sea (Reimitz and Maurer, 1978),
the potential devel opment of the washover terraces and fans is generally
inhibited in the North Arctic barriers.

In another context the |ack of washover features can perhaps also be
accounted for in the presence of numerous tidal inlets between the Beaufort
Sea barriers. The inlets, by serving as suitable channels to transfer por-
tions of the stormsurges into the |lagoons, would concurrently minimze the
possibility of surges passing over barriers. W also suspect that the pro-
| onged ice-stress conditions in some, as yet, unknown way deviates the
barrier norphology fromthe ideal ‘hot dog’ type, and better understanding

of the role of ice will be a part of our future study.

354



Thus, it is quite evident that the nodel of barrier island-formation,
as stipulated by Hayes (1976, 1979), did not adequately take into account
the possibility that there can be a nmarked variation in the nodel because
of the role of ice in microtidal coasts such as those of North Arctic
Alaska. The close resenbl ance of the West Arctic Al askan barriers to the
“hot dog’ prototype, and the association of washover terraces and fans
with them (e.g. barriers of Kotzebue Sound) are considered by us as atypical
features of the barriers of intensely ice-stressed microtidal coasts. The
above ‘abnormality’ is attributable perhaps to relatively nuch intense
stormsurge and wi nd-wave actions in that particular arctic area. In com
parison to the Beaufort Sea, the Al askan Chukchi Sea is knhown thave a
much wi der ice-free marginal zone in sumer (Wiseman et al., 1973)plus a
significantly shorter duration of ice cover annually.

The absence of sand dunes on the Beaufort Sea barrier islands is an
additional peculiarity in contrast to barrier islands of tenperate-tropical
coasts. Sone of the prerequisites for the devel opnent of sand dunes on
barrier islands are the presence of (1) and adequate source of sand on the
seaward beach, (2) net onshore winds with threshol ds adequate to transfer
the beach sand to the dune site at the backshore, (3) vegetation and/or
sonme other barriers to promote the accunul ation of the onshore transported
sand, and, (4)sufficient exposure of the beach sands, in a dry state, for
onshore winds to pick themup. The availability of the beach sand, in
turn, is effected by a nunber of nore primary hydrodynam ¢ and geonor phic
factors that control the overall sedinent budget at the beaches (e.g. the
conpetency, capacity and rate of alongshore sedinent drift, barrier config-

uration with respect to the wind-wave fronts, the volune of sedinent
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exported periodically fromthe beaches and across the barriers by storm-
surge washovers, etc.). W contend that the chief reasons for the virtual
absence of sand dunes on the North Arctic barriers are the |ack of vegeta-
tion and prol onged exposure of the beach sands to wind transport, notwith-
standing that there is adequate volume of beach sand as a source and a

net strong onshore wi nd. It is conceivable that because of the prol onged
annual ice cover the total onshore transport of sand by wind is consider-
ably reduced in conparison with ice-free barrier regions. MCann (1979,
p. 49) referring to Onens (1974, 1975) maintained that barrier elevations
and extent of dunes on barriers are closely associated with |ongshore

sedi ment transport rates. Although along the Beaufort Sea barriers sone
short-termlittoral transport rates were estinmated (Wseman et al., 1973;
Burrell et al., 1975), these data are grossly inadequate to take into

serious consideration in context of Oaens’ contentions.

Granulometric Conpositions of Lagoon Substrates

The areal variations in the granulometric characteristics of the
Si npson Lagoon substrate are displayed in Figure 15 whereas those of the
Beaufort Lagoon (Fig. 4) were reported by Naidu (1980, 1981).

Fol lowing the classification schene of Folk (1954), it is surmsed
that Sinpson Lagoon sediments are very poorly sorted, slightly gravelly,
nmuddy sands to slightly gravelly, sandy nmuds with the nmean size generally
in the silt category. In addition, the sedinments display very positive-
to positive-skewed (fine-skewed) and platykurtic to leptokurtic size dis-
tributions. Some broad areal variations in the gross texture were iden-

tified within Sinpson Lagoon (Tucker, 1973; Naidu, 1981). From trend
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surface anal ysis, Tucker (1973) concluded that there is a net decrease in
the nean size of sedinents from the nearshore shallower portion to the
deeper central |agoon. Substantiating this trend is the areal variation

in the sand and rmud contents (Fig. 15) . No definite regional patterns,
however, were noted in the sorting and skewness val ues of size distribu-
tions. For the nost part, Beaufort Lagoon sediments have textures quite
simlar to those of Sinpson Lagoon; the only notable difference is in the
virtual absence of gravel-size particles in Beaufort Lagoon. The Stefansson
Sound substrate varies wi dely between nmuddy sands and sandy nuds with
occasi onal mnor anpbunts of gravel and clean sands. Cenerally, the sedi-
ments are very poorly sorted, and strongly fine-skewed with the mean size
between fine sand to fine silt. The above generalization on the Stefansson
Sound substrates, which is based on analysis of grab sanples, does not
convey the actual situation, for the sound is widely strewn with boul ders
up to 1 mwide (K Dunton, personal conmunication). In places, the course
debris is sufficiently concentrated to form discrete boul der patches. All
deposits of the barrier islands as well as those of the seaward beaches of
the tundra islands are poorly to very poorly sorted, and consist either of
gravel ly sands, sandy gravels or clean gravels; the gravels are generally
in the pebble size category. The mainland coastal beach sedinents have
simlar size distributions. More precise size analysis data show that
these sedinments are either gravels, gravelly sands or sands that have poor
to very poorly sorted, coarse- to fine-skewed and platykurtic size distri-
butions. Exposures of boulders are restricted to beaches and onshore areas
of the tundra islands and mainland coast, in addition to Stefansson Sound

in the area of study.
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Longi tudi nal sections of the four vibrocores from central Sinpson
Lagoon are displayed in Figure 16, and stratigraphic variations of the
textures of two of the vibrocores are further shown in Tables IIl and IV.
The lithology and structure between the four cores vary widely. In core
V-49 the basal section (140-150 cnm) is constituted nostly of finely
divided and fluffy peat intermixed with fine sand, silt and occasiona
fossil residues of the freshwater gastropod Valvata and the pelecypod
Psidium. Overlying this section is a 65-cm sequence of cross-bedded;
silty fine sand with a few pelecypod shells of Cyrtodaria kuriana and
Serripes groenlandicus (at 120-130 cm core section). This bed, in turn,
is overlain by a 75-cm sequence of clayey to sandy silt displaying typica
nottled structure in the base and | ami nated deposits the rest of the core.
Core v-48 which shows nore dramatic stratigraphic changes in lithology
(Fig. 16) apparently is devoid of any freshwater sedinment sequence. The
lower 55 cmis a section with typical nmottled structure with a nunber of
the ostracod Heterocyprideis sorbyana Jones, 1886. There is a 20-cm | am -
nated silty sand sequence intercal ated between two layers (60 to 90 cm and
110 to 115 cm) constituted chiefly of gravels and pel ecypod fragnents. The
top 60 cmof this core is a hompbgeneous silty sand. Stratigraphic analysis
on cores V-47 and V-50 have not been conpl et ed. Presence of a | am nated
| ayer, however, is obvious in the top 50 cm of core V-50, whereas the rest
of *his core and the entire core V-47 are apparently structurel ess and
consi st of homogenous clay-silt-sand. Examination of the vibrocore sanples
suggests that any designing of piling or footing driven into |agoon sub-

strate nust provide allowance for possible soft, peaty, nuddy substrate
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TABLE 111

Stratigraphic Variations in the Sedinent

the Vibrocore Sanple V-48 from Sinpson Lagoon

Texture in

Core
Section G avel Sand Silt d ay
(cm % % % % \Ys} M 61 SkI G
0- 10 21.20 68.28 12.52 .21 .45 2.16 0.19 .20
10- 20 13.60 77.24 9.16 .03 .42 1.73 0.33 -38
20- 30 26.55 68.02 5.42 .76 .91 1.94 0.09 .18
30- 50 1.42 28.80 65.96 3.83 .41 .68 1.92 0.15 .09
40- 50 3.74 33.25 59.40 3.61 .30 .31 2.15 0.03 .92
50- 60 2.55 69.38 25.58 2.49 .06 .35 1.94 0.65 .95
60- 64 0.39 67.95 27.83 3.83 .75 .69 2.08 0.61 .09
64- 70 0.08 75.81 21.48 2.62 .66 17 1.72 0.55 .31
70- 75 3.21 65.16 29.36 2.26 .97 .10 1.84 0.11 .42
75- 95 100 -
95-100 100
110-120 0.31 75.64 23.50 0.55 .40 .29 1.25 0.06 .55
120-130 0.75 72.14 24.75 -2.36 .23 .18 1.43 0.13 .41
130-140 0.71 71.48 25.18 2.62 .15 .20 1.48 0.24 .37
140-150 0.18 64.36 33.11 2.35 .53 .45 1.40 0.13 .44
150-160 67.09 30.71 2.20 .36 .36 1.45 0.19 .33
160-165 56.13 40.12 3.75 .79 .03 1.79 0.23 -39
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TABLE |V

Stratigraphic Variations in the Sedinent Texture in
t he Vibrocore Sanmple V-49 from Sinpson Lagoon

Core

Section Gravel Sand Silt d ay

(cm YA A A A (Yl Mz GI SkI KG
o- 10 15.35 78.55 6.10 4.72 5.16 1.46 0.47 1.08
10- 20 0.14 9.05 81.31 950 5.21 5.54 1.74 0.40 1.38
20- 30 5.52 86.79 7.69 5.91 5.90 1.38 0.13  1.40
30- 40 0.09 25.73 61.03 13.15 5.29 5.38 2.24 -0.02 2.56
40- 50 48.91 46.38 4.71 4.11 -3.98 2.07 0.03 0.92
50- 60 0.73 64.26 31.39 3.63 2.78 3.73 2.12 0.58 1.03
60- 70 30.45 63.11 6.45 4.94 4.77 2.16 -0.02 1.03
70- 80 0.54 73.72 23.21 254 2.38 3.02 1.82 0.54 1.08
80- 90 0.67 99.33 - 1.87 1.85 0.49 -0.06 1.10
90-100 0.09 99.91 - 2.10 2.15 0.47 -0.15 1.21
100-110 0.12 99.88 - 2.39 2.39 0.39 -0.01 0.92
110-120 100.00 - 2.11 2.05 0.71 -0.17 0.91
120-130 0.46 92.02 5.98 1.53 2.19 2.12 1.00 0.02 1.46
130-150 1.70 51.25 26.13 20.92 3.69 4.18 2.63 0.21 1.22
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Evolution of the Barrier Islands and the Associated Lagoons

Qur studies relating tothe evolution of the barrier islands along the
Al askan Beaufort Sea coast are not conpl ete as yet. At this point in tine
we have rudinentary know edge of the direction of alongshore net mass sand
transport, which isbased | argely on the norphol ogy of the barrier spits
and long-termnmigration patterns of barrier islands. Studies were recently
extended on the.stratigraphy of vibrocore sanples. Wthout adequate know
| edge of the paleogeographic history of the inshore area, wave refraction
patterns, sources and transport pathways of sand-sized particles, and
submarine bottom profiles off the islands, it would be difficult for us to
el ucidate the barrier island evolution.

Field observations would seemto suggest that the Pingok, Bertoncini,
Bodfish, Flaxman and other tundra bl anketed islands are Pleistocene relict
coastal hi ghl ands. In contrast to the above, islands with sand and/ or
gravel substrates, which are nmobre abundant along the Beaufort Sea coast,
are nost likely resultants of contenmporary marine constructive processes.
By conventional definition* they are to be considered nmbdem notwithstand-
ing that the gravel and sand constituting them may have been reworked from
ol der residual deposit (e.g. deposit left from erosion of ancient tundra
i slands and/or coastal bluffs). The presence of several bars, hundreds of
neters long and elongated roughly parallel to the Beaufort Sea coast, sug-
gests that at |east some of the barriers might have grown subaerially from
bars as a result of progressive sedinment accretion via alongshore drift.

Incidental |y, Wiseman et al. (1973) have reported the formati on of several

*For conventional definitions of relict , cont enpor ary (or nodern and
pal i npsest deposits, refer to Swift et al. (1971).
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bars in the Beaufort Sea inshore as a result of standing wave action

Al though evolution of the barriers can be addressed from several stand
points (refer to Schwartz, 1973 for a review), our approach has been
restricted to gathering geol ogi cal evidences.

At the beginning of the investigations it was felt that the interpre-
tation of the stratigraphic changes in both lithology and structure of the
Si mpson Lagoon cores (Fig. 16) would be a straight-forward sinple effort,
and that the recapitulation of the Hol ocene pal eogeography of the North Slope
coastal area and thus the origin of the barrier islands would not be too
difficult to follow. However, it would seem that the recent paleogeographic
history of the Sinmpson Lagoon area has been quite conmplex. This is indicated
by the stratigraphic dissimlarities observed between the four cores that were
collected from not-too-widely-apart locations within the lagoon. In spite of
this fact, identification of the progressive changes in lithology, Sstructure
and coarse fractions of sedinents in two core sanples retrieved from Sinpson
Lagoon due southeast and south of Pingok Island (cores v-48 and V-49 in Fig.
5a), and coastal retreat neasurenents (Naidu et al., 1982), have provided us
with sufficient data that can be used to recapitulate the pal eogeographic
scenario pertaining to the |agoon evol ution.

Basal sections of core V-49 suggest that the Sinpson Lagoon region due
west and south of the tundra islands was dominated in the recent geol ogic
past by lowlying tundra coastal plain with a nunber of freshwater coasta
| akes and/or ponds very sinmilar to that of the present time. These |akes
supported the freshwater gastropod Valvata and the pelecypod Psidium, and
provided a relatively quiescent environnment for growth of freshwater marsh
vegetation and/or accunul ation of terrigenous plant debris, now represented

as a basal peat. As suggested by the carbon-14 date of the basal peat sanple
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(separated at approximately 150 cmfromthe top of core V-49), the afore
mentioned coastal plain with |akes dom nated the above area around 4500
years B.P., Some time thereafter, it is believed that the | akes were occa-
sionally breached and cane to be in tidal communication with the sea either
through tidal channels and/or hei ghtened wave surge, as inplied by a npdest
presence of faunal residues such as Cyrtodaria kurriana, Serripes groenlandicus
and speci es of estuarine and/or marine foraminifera and cstracods (Table V)
intercal ated with seeds of a nunber of freshwater plants (e.g., Chara, Hippuris
vulgaris L., and Potamogeton over the basal peat |ayer (at 120-130 cm bel ow
the V-49 core top, Fig. 16). The breached | akes then progressively coal esced
anu eventually were inundated by sea water (nost |ikely coincident with sub-
sidence of the |ake beds resulting from subsurface pernafrost thaw ng, and
synchronous with the progressive deglacial rise in sea |evel).

Pi ngok Island and the adjacent tundra-blanketed islands delineated
the inundated | akes fromthe open sea to formthe present Sinpson Lagoon.
Qobviously the upper 70 cm of nuddy sedinents in core V-49 are contenporary
lagoonal deposits, whereas the sandy cross-bedded sequences between 70 cm
and 145 cmin core V-49 nost probably represent beach facies of the
ancient shallow | agoon.

It is uncertain how nuch time el apsed between the formation of the
lacustrine peat and narine inundation at the site of core V-49. Based

1, about 2500 years are required

solely on mean coastal retreat of 1.1 myr
to inundate Sinpson Lagoon to this point according tothe nodel of coastal
bluff retreat (Naidu et al., 1982). This inplies a hiatus of 2000 years.
Alternately, coastal retreat then may have been slower than the present

mean rate, and Sinpson Lagoon may have been inundated to the site of core

V-49 shortly after 4500 y.B.P.
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TABLE V

Speci es of Foraminifera and Ostracods in Some Sections of
Vibrocore Sanpl es of Sinpson Lagoon, and in recent
Sedi nents of Beaufort Lagoon

CORE_v-48

120-130 cm Foram nifera

130-140 cm Ostracod:

CORE_v-49

120-130 cm Ostracods:

For am ni f era:

Beauf ort Lagoon (Recent Sedi nents)

For am ni f era:

Ostracod:
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Elphidium excavatam alba
Elphidium incertum
Elphidium Orbiculare
Buccella frigida
Polymorphina suboblongata

Heterocyprideis sorbyana

Rabilimis septentrionalis
Paracyprideis pseudopunetillata
Eucytheridea bradii

Cytheretta edwardsi

Candona rectangulata
Illyocypris bradii

Elphidium excavatum alba

Elphidium excavatum alba
Buccella frigida
Polymorphina suboblongata
Elphidiwn nanum

Paracyprideis pseudopunctillata
Cytheromorpha macchesneyt



The evolutionary history of eastern Sinpson Lagoon has been conpl ex
and, perhaps, this is true for all |agoon areas of north-arctic Al aska
that are now enconpassed by barrier islands. It is probable that core
V-48 did not extend sufficiently deep to encounter coastal plain deposits.
A lack of any well-defined freshwater deposits, and the presénce of well-
preserved foram nifera and ostracod tests throughout core V-48 inply that
eastern Sinpson Lagoon was probably in tidal communication roughly at the
time when the western |lagoon was part of a coastal plain. This inter-
pretation is consistent with the coastal bluff retreat npdel discussed
by Naidu et al., 1982. Again, based on nean coastal retreat of 1.1 m yf{
only about 1500 years are required to inundate Sinmpson Lagoon to the site
of core V-48. Regardless of when inundation occurred, it is possible that
i nundation of site V-48 preceded inundation of site V-49 by approxinately
1000 years. The mottled structure as displayed in the lower 50 to 55 cm
| ayer of gravelly silty sand of the core is suggestive of intense bioturba-
tion of substrate sone tine in the past. The occurrence, however, of a
wel | -defined, thin gravel |ayer between 75 cmand 95 cm of V-48 and sand-

w ched between gravelly silty sands connotes that the depositional process
in the eastern |lagoon was briefly punctuated by the fornation of a transient

gravel bar, barrier island or barrier spit.

Stability and Gowh Rate of the Pingok Island Barrier Spit

It is now reasonably well docunented that alnost all barrier islands
al ong the Al askan Beaufort Sea coast have undergone some degree of tenpora
geonor phi ¢ changes, irrespective of the nature of the islands whether they

are tundra bl anketed or not. The changes in the configuration of some of
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the islands over a few decades (from 1906 to 1974) have been assessed by
Wiseman et al. (1973), Barnes et al. (1977), Lewellen (see Hopkins et al.,
1977 and Naidu et al., 1982). The relatively short-term changes within

one summer season for the Pingok-Leavitt island have been docunented by
Wiseman et aZ. (1973) and Dygas et al. (1972). Arevi ewof the above litera-
ture shows that the lateral growth rates of the barrier spits of the various
islands are significantly different, and within any one sumrer great fluc-
tuations in the above rate can be noted. However, there is a general con-
sensus anong nost geol ogists working in the Beaufort Seacoast that the net
alongshore drift of sedinents along that coast is toward the west.

One of the many research objectives, enbodied in RU 529, was to | ook
for evidences that might assist in assessing the |long-term net al ongshore
sedi ment transport direction, aswellastoestimatethe |ong-term growh
rate of barrier spits along the Al askan Beaufort Sea coast. In attenpting
to fulfill the latter objective, field surveys on Pingok Island were con-
duc ted. During the course of this survey a peat fornmation was encountered
on the seaward beach at the proxi mal end of the sand-gravel barrier spit
extending to the west of the Pingok Island (e.g., the Leavitt Island).
Evidently the peat deposit was not a remmant of an old collapsed coasta
bluff, because it was quite an extensive contiguous formation. At the high-

water mark where a vertical section of the north shore of the spit was
exposed, the peat was observed to |lie under an overburden of 84 cm of sand
and gravel. Apparently the sane peat |ayer extended continuously under
the barrier spit, as suggested by the detection of another peat deposit
under 79 cm of sand-gravel over-burden in a trench in the center of the

barrier spit. It was assuned that a radiocarbon date on a sanple of the
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upper layer of the peat would indicate the geol ogi c age when the sandy-gravel
barrier spit nost likely started to grow westward from the Pingok Island*.
The peat sanple thus dated provided an age of 2600 years B.P., inplying that
the barrier spit was geologically quite a young formation. Additionally, on
the basis of this date and the approximate 5.5 kmlength of the spit (included
the Leavitt Island) as recorded in 1977 it would seem that the average long-
termlinear growth rate of the spit on a steady state basis was around 2 m
year. Further, assuming that the average thickness and width of the spit (as
estimated in 1977) was 1 m and 140 mrespectively, it would seem that the
long-term accretion rate of the spit volume was in the order of approxinately
280 mi/ year.

Itis interesting to conpare the growth rates for the western Pingok
Island spit that we have estimated on long-term basis and those reported
earlier by Wseman et al. (1973) on a seasonal basis. The latter estimated
the spit growth rate in summer 1972 based on evidences gathered in the field,
as well as taking into consideration data from Dygas et al. (1972).

The linear growh rate of the Pingok barrier spit, as cited by Wsenman
et al. (1973) was 6 nmiyear while the rate for volunetric increase was about
7.1 x 103/summer. These accretion rates of the barrier spit in question
are considerably higher than our figures. It would be of interest to check
what portions of the total length and volume of the spit accretion in sunmmer
could be ascribed to catastrophic storm action and what portions to normnal

current/wave action. It would also be of inportance to estimte the decrease

*This contention assunmes that the upper portion of the peat and the sand-

gravel unit lying over it are nmore or |less a continuous sequence of sedi-
ments and that there was no great depositional time gap between the
sedimentary units.
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in the spit areal size consequent to ice bulldozing during the ice stress
season. As observed by us as well as several others, occasional storm
surges can bring about |arge-scale degradation (e.g., in the order of 10-15 m
al ong some beach stretches, with alnpst conconitant progradation at other
beach sites along the Beaufort Sea barriers. The sumtotal resultant of the
storm and ice-ploughed actions on the sedinent “budget” of the spit is unknown,
but is conceivable that the two counteracting processes will eventually anmpunt
to net spit growth rates which are relatively nuch | ower than the estimtes
that were provided by Wseman et al. (1973) on a seasonal basis. It is,
therefore, no wonder that Wseman et aZ. (1973) have observed only a nodest
change in the spit length westof Pingok (tundra) |sland between 1908 and
1972 (e.g., 64 years). Presently it would seeminperative that additional
long-term data nust be gathered before nore precise estimtes can be provided
of the barrier spit growh rate on the Pingok Island.

In conclusion, barrier islands of the North Arctic coast of Al aska
are a dynam c conponent of the geomorphology of the above coast. Mgration
and growth rates of these islands vary w dely (perhaps between 1 to 30 m
and their lateral growh on along-term basis is determ ned by sand nourish-
nent via the net westward rittoral drift. No reliable, quantitative estimate
of the littoral drift are available presently. Wthout the latter data and
conpl enentary information on the wave energy flux as well as wave diffrac-
tion patterns, it would be difficult to predict what may be the possible
i npacts on the physical integrity of the barrier island-lagoon-inlet com
posite, consequent to building of causeways, offshore islands and docks,
and dredging. It is quite conceivable that the overall sedinment budget in

the Beaufort Sea littoral zone may be so significantly perturbed as a
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result of the above anthropogenic activities that |arge-scale erosion of
some barriers followed by unusually high deposition of the eroded sedinents
at inlets or other barriers may finally alter the circulation pattern in
t he adj acent | agoons and nearshore. This could ultinately lead to dele-
terious effect on the ecosystens of the adjacent |agoon and the nearshore.
At present there is a serious data gap pertaining to littoral transport
estimates. Perhaps these estinmates nmust be obtained on a site specific
basis or for various stretches of the Beaufort Sea coast, because the rate
of migration and growth of the various barrier islands vary widely and thus
data from one coastal area to another can not sinply be extrapol ated.

In another context, the highly mgratory nature of the barriers and
adj acent bars inplies that any pipelines, cables and footings enplaced on

the sea bottom surface of the inshore areas nay be buried.

STRUCTURE AND ORI G N OF TURBID PLUMES I N COASTAL AREAS IN LATE SUMVER
Satellite images clearly display that novenment of turbid plunes

al ong the nearshore |agoons and bays of North Al askan Arctic was either

in the formof long continuous plunes or disconnected irregular streaks
and wedges. Wth the exception of the Tigvarik Island area where an
eastward moving turbid gyre was apparent, along the rest of the Al askan
Beaufort Sea coast the nearshore turbid plune was invariably seen to nove
westward. The latter water novenent was inpelled by the prevailing west-
ward littoral currents. However, it would seemthat the tongues of turbid
plunes in the lagoons and bays in md and late sumrer (i.e., latve July-
Septenber) could not, to any large extent, be ascribed to fluvial di scharge

and/ or thermoerosion of coastal bluffs and barriers. No such direct
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associ ation was apparent from detailed scrutiny of several multi-year
satellite inmages, although invariably extensive turbid plumes do occur in

the vicinity of large river nouths. It is inportant to note that waters
relatively free from suspensions (about 1 mg/l) are discharged in late summer
from nouths of the major distributary channels, while presence of relatively
turbid waters can be delineated at some distance off the mouths. Addition-
ally, the satellite images displayed that the parcels of |agoon waters extend-
ing up to a few neters away fromthe coastal bluffs and barrier islands were
observed to be relatively less turbid than the rest of the lagoon. A notable
exanmpl e was the Dease Inlet region. Al of these observations led us to sus-
pect that in md and |ate sumer when the fluvial outflow was |ow, nuch of

the turbidity in coastal waters could be associated to resuspension of the
cohesionless substrate particles from shall owwater regions by wave induced
agi tation. Since the region slightly off the river nmouths are generally

nore shallow and are constituted of unconsolidated clays it was not surprising
that relatively high turbid waters are associated with such areas. Subsequent
to resuspension the particles are carried westward in the formof a turbid

pl une.

No estimates are available on the concentrations of sedinment particles
that are resuspended off the river nmouths by waves in late sumrer. T have
docunented for 1981 summer the concentrations of suspended particles on
wat er sanples that were collected from certain known geographic |ocations
of the Beaufort Sea nearshore and which coincided with the LANDSAT satel -
lite passages overhead in that region. These ground truth data on suspen-
sates were forwarded to Dr. W J. Stringer of the Geophysical Institute,

University of Alaska (Fairbanks). Dr. Stringer will be generating density-sliced
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LANDSAT i mages synchronizing for those days and time when our water sanples
were collected. Hopefully, correlating the inmage densities with the ground
truths on suspensate concentrations reliable criteria would be devel oped to
provide with a means to infer the concentrations of particles off the river
mout hs.

It is contended that the quantification of the concentration of par-
ticles resuspended naturally by wave-induced turbul ence nay have inportant
bearing in attenpting to predict the possible ecological inpacts of in-
creased turbidity resulting from anthropogenic activities such as dredging
and occasional discharge of drilling spoils. Will the concentrations of
particles that are naturally resuspended be sinmlar to those in the discharged
spoils? If no significant difference can be identified between the two then
t he above-nentioned anthropogenic activities may not pose a serious environ-
mental hazard in the Beaufort Sea. Alternately, if substantial differences
in the suspended | oads are shown then environnental managers will be conpelled
to regulate the rate and volume of discharge of dredge and drilling spoils to
closely match natural situations of water turbidity.

Qur investigations has led us tobelieve that any initial deposition
of fine-grained dredge or drilling spoils (and perhaps al so any inorganic
or organic pollutant scavenged by naturally depositing nud) will be periodi-
cally resuspended fromthe inshore areas of the Beaufort Sea, during the
open-wat er season by wave-induced turbul ence. Because such resuspended par-
ticles will be quickly redispersed and laterally diffused by the littora
currents the initial deposition of any pollutants may not pose a permanent
hazard to benthic communities of the inshore areas. This seens to be sub-

stantiated by the field and conplenentary |aboratory studies conducted by
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Nort hern Technical Services, Anchorage (1981) on drilling effluents in

the Reindeer Island site of the Beaufort Sea. However, any |arge-scale
resuspension of pollutant charged substrate at the freeze-up period may
get entrained and concentrated in the sea-ice, wth possible deleterons

effect on the frazil organisns in the sea-ice.

SEDI MENT DYNAM CS STUDY

Tripod Experinents

It was only recently that serious process-response sedimentological
investigations were -initiated for the Beaufort Sea nearshore. Resul ts of
prelimnary sedinment dynamc studies were reported by Naidu (see 1979 to 1981
Annual Reports Submitted to OCSEAP). Qur progress was limted by quite fre-
quent |osses of instrunments which were not specifically designed for work
under ice-stressed conditions. The instrunented package on a tripod — the
Sedi nent Dynamnics Sphere (SDS) -which was used by us was originally designed
by the University of Washington (Lahore et al., 1977), to obtain tine-series
hydrodynami ¢ parameters in context with sedinent dynamic studies, in ice-free
continental shelf area. This instrument was subsequently redesigned by us
to operate satisfactorily in the arctic; the fabrication of the latter pro-
tot ype nodel was conpleted and is ready to be deployed. Ve believe, therefore,
that we have now the right type of instrunents to pursue sedinent dynamc
studies in the Alaskan Arctic. Limted investigations would seemto suggest
that the processes of sedinment entrainnment, transport and deposition in sunmer
1979 in the Sinpson Lagoon were not the some as those which prevailed in
summer 1978. Plotting of the sunmer 1978 tine-series data exhibited apparent

correl ations between wind strengths and suspensate concentrations at the
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Milne Pt. tripod station. On the basis of those correlations, Naidu (1979)
suggested that the threshold of wind to induce wave-current sedi nent resuspen-
sion in Sinpson Lagoon at the tripod station was about 8 nisee. That concl usion
does not seemto be well substantiated by the summer 1979 data which indicate
quite suspension-free waters at 10.5 to 13 nisee winds at the tripod station
(about 2.9 mwater depth) in the Sinpson Lagoon. It is to be noted that in

1979 the spring break-up was unusually earlier, and in nmddle and late

summer (August - Sept enber) abnormally high sedinent-laden fluvial di scharge

was observed. Implication of these unusual events, if any, on summer 1979
suspended | oad budgets could not be assessed because of |ack of LANDSAT

i mges for the period

Conceptual Mdel for Sedinent Concentration in Frazil Sea-ice
of North Arctic Al aska

The presence of sedinents in frazil sea-ice, in concentrations 2 to
3 orders of magnitude higher than in arbient coastal waters, has been an
enignma to investigators working on sea-ice problems in the nearshore of
Beaufort Sea. The question that has been time and again raised refers to
the mechani sm which |leads to the entrapment of sedinments in ususual con-
centrations in the ice. Many ideas were presented (refer to Schell, 1980
for detailed discussion on the subject), but none seem tohave offered a
satisfactory answer. A commonly held notion has been that occurrence of
storns during the incipient freeze-up period is critical to entrain large
quantities of sedinents into the water columm, and that the subsequent fixa-
tion of the suspended particles on ice could account for the unusual parti-
cle concentration in the sea-ice (Barnes et al., 1982). However, the exact

nmechani sm for such fixation was not defined by the above authors. The other
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i deas prescribed took into consideration adfreezing of suspended charged

wat ers, which would seem untenable in nost cases. It is hard to believe

that in the Beaufort Sea nearshore intensified wave action during occasiona

storns is capable of suspending fine sediments in concentrations as nuch as

200 to 750 mg/% — the levels generally observed in sea-ice*. Alternate

concepts for the unusual sedinent accurulation in sea-ice refer to possible

anchor ice sedinment entrainment, or to occasional ‘ducking’ and sedinent

scraping by highly fragmented frazil ice by storm surge wave action. The

lack of any textural correlation between sedi ments of substrate and overlying

sea-ice for any specific inshore region, does not seemto add nmuch credence to

thet hesi s of sea-ice scraping bottom sedinents. Additionally, the occasional

scrappi ng process would tend to be manifested in sedinments occurring as streaks,

blebs, and bands in an otherw se clean sea-ice, which are definitely not observed.
In the following is presented a hypothesis that night explain the

processes |leading to the unusual sedinent concentrations in sea-ice.

During freeze-up period** when continuous fluxes of suspended particles,

borne in laterally moving currents of water inpinge on highly porous, un-

dul ating slushy*** sea-ice the particles are assuned to retain by the nesh

of slushy ice crystals. It is further contended that as the sea-ice grows,

fresh surfaces are successively exposed for continuous retention of suspended

sedinent particles. Mreover, occurrence of storns during freeze-up tinme

woul d seemto be a critical factor for the sedinent accurmulation at the vicinity

*The extrenely turbid water debauching from the North Slope rivers generally
has between 70-100 mg/% of suspended-particles, and this fluvial plune
stands out in LANDSAT images. None of the LANDSAT inages during freeze-up
time (or storns) show such turbid waters offshore

**After the formation of pan-cake ice.

**%Slushy and rough nature of sea-ice seems critical for particle adherence.
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of sea-ice/water interface, because higher water turbulence will maintain
the slushy nature of the accreting sea-ice surface in addition to providing
| arger fluxes of suspended particles for potential accumulation at the
surface. For particles to accumulate at concentration |evels equivalent to
those generally observed in the ice (i.e., 200 to 750 mg/%) it would be
crucial that the concentrations, supply and accunul ation rates of particles
at the sea-ice/water interface are sustained at a certain optinum|level and
are comensurate with the sea-ice growth rate. It would seemthat in the
Beaufort sea nearshore the critical particle supply and accurul ation rates
are adequately carried, assuggested by the followup conputations. Assum
ing that during freeze up period the nean suspensate concentration in the
nearshore waters is about 1 mg/%, nean current strength is at 10 cnl see,

and the slush-ice accretion rate is about 1 cniday, it is estinated that

t he maxi num possi bl e sedi ment accurul ati on on sea-ice will anount to about
850 mg/%. However, it is nost likely that the suggested sedi nent accumnu-
lation process is less than 100 percent efficient. Assuming that the
process is only25 percent efficient it would still be possible to satis-
factorily explain, within the said process franework, the nearly 200 mg/%
sedi nent concentrations generally observed in frazilseaice.

The general |ack of sedinment concentrations in the |ower segnents of
sea-ice is perhaps attributable to the process by which those segnents are
formed. Accretion of sea-ice in the |ower portions presumably occurs as
relatively smooth, horizontal, and consolidated sheets rather than as
porous, undulating slush. The lack of slushiness seens to be pronotes by
relatively tranquil waters, which in turn obviously results fromthe |ack

of fetch sonetinme after the initial frazil ice fornmation. [t is surm sed
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that the horizontal consolidated sheets do not offer as effective a sur-
face as the rough surface of slush ice for sedinent accunul ation.

The hypot hesis presented above is of course conceptual in nature, and
nust be verified by l|aboratory experiments conducted in freezing tanks and
suppl emented by correlation of tinme-series hydrographic neasurenents during
freeze-up period and chromnologic characterization of the ice structure and
concentration of particles in sea-ice. At any rate, understanding of the
processes which lead to the concentration of sedinents in sea-ice wll
certainly have inplication on several environmental related problens (e.g.
pol | utant entrapment by ice; the relevance of sedinment in sea-ice to light

attenuation and hence spring primary productivity, etc.)

Sedi ment ati on Rates

Several gravity and box core sanples were taken to estimte the upper
l[imt of sedinentation rates, based on 21OPb dating techniques, for the
Si npson Lagoon, Prudhoe Bay, Harrison Bay, a coastal |ake, continental shelf
and continental slope of the Beaufort Sea (Fig. 5b). In the eastern margin
of Harrison Bay the rate ranged between 0.60 cmyr_l and 1.64 cnlyr-l, and
in the Sinpson Lagoon there was a net decrease from 0. 82 cmyr'1 in the west-
ern end to 0.52 cmyr-‘L in the central |agoon due south of Pingok Island
(Fig. 17). The lateral variations in the sedinmentation rates within the
conti nuous bay-lagoon region was obviously a reflection of the volune of
deposition of the Colville River debris. No meaningful rate could be obtained
for the continental shelf, central and western Harrison Bay, and centra
Prudhoe Bay because of a lack of a clear-cut net |inear exponential decay

in 210Pb. Presumably, reworking of sedinents by ice-gouging and bioturbation
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honogeni zed the 210Pb stratigraphy in the above regions. In the conti-
nental slope the sedinentation rate was relatively low (i.e. , between 0.70
to 0.45 nn1yr'%. In the coastal |ake the rate was about 0.89 cm yfl.

Qur 210Pb stratigraphic work suggests that with the exception of some
sem -encl osed bodies of coastal waters, such as the |agoons, the sedinents
of the Beaufort Sea for the nost part are subjected to frequent reworking
and redistribution by ice-gouge action. The undisturbed nature of the
| agoon sediments was additionally attested to in upper sections of vibrocore
samples (Fig. 16), which clearly display the preservation of primry sedinmen-
tary structures and sedi nent sequences that are sharply delineated. On the
basis of these observations it would seemthat any pollutant that nay be
scavenged by, or codeposited with, the substrate narine sedinents they would
frequently be rempbilized from subsurface |ayers and thus could be exposed
periodically to biological comunities. The common notion that sedinents
are generally a very effective means to permanently scavenge pollutants nmay
have a limted relevance to the arctic shallow narine area

Estination of the baselines of sedinentation rates for various deposi-
tional sites would seemto be crucial in developing criteria to detect
possi bl e changes in sedinent budgets and netal fluxes resulting from
i ndustry-rel ated coastal activities. As discussed earlier, the 2lOPb
technique in the north arctic would seemto offer a linmted nmeans to esti-

mate these rates and fluxes and, as such other nethods nmust be expl ored
Sources and Origin of Erratic Boulders on Alaskan Beaufort Sea Coast

Results of the detail ed petrographic studies on 105 separate sanples

of boul der chips and visual inspection of hundreds of sanmples in the field
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have enabled us to define the conposition of the boulders that are
scattered on the beaches of the Pingok, Bodfish and Flaxman |slands, and
on the coastal plain in the vicinity of Prudhoe Bay and | ower Canning
River of North Arctic Alaska. Petrographically the coastal boul der and
cobbl e specinens are diabases, volcanics, granites, elastic sedinentary
rocks, carbonates, cherts and netanorphic (nedium to high-grade) rocks.
Detailed descriptions of these rock types are included in Mowatt and Nai du
(1974) and Naidu (1979). Based on know edge of known rock types in the
Brooks Range, Davidson, British and Romanzof Mountains and the MacKenzie
Ri ver drainage area it would seem npst unlikely that the boul der sanples
had their source in the hinterland of Northern Arctic Al aska or the adja-
cent Northwest Canada (i.e., MacKenzie Valley). Besi des, no concei vabl e
node of transport can be invoked to explain the nmeans of noving boul ders
fromthe far hinterland highlands to the Beaufort Coast. The |ower area of
the coastal plain of the North Slope was not glaciated by nmountain glaciers
during the 1ast twoglacial epochs and therefore, the boul ders are not
ancient norainic debris fromthe Alaskan Arctic. Possible fluvial trans-
port of the boul ders seens unacceptable considering the presence of glacial
striae on some of the boulders and the angul ar nature of the boul ders, and
the long travel distances that nmight have been involved. Additionally,
representatives of some of the typical lithologies anpong the boul der assem
bl ages were not observed in the present fluvial bed |oads of the North Sl ope
rivers.

Based on the unique lithologic assenblage and the relatively old age

of three separate sanples of a red/dark pink granite (i.e., 1.6%, 2.1* and

*Ages kindly provided by S. Rawlinson from his unpublished reports

381



2.4 billion years), and the regional geology of the archipelago and shield
areas of Canada (Geol. Sot. Canada, 1970), it is contended that the boul ders
probably have a mmjor source in the region due south of the Coronation Qulf
of Northwest Territories, Canada (i.e., east of the Great Slave and Geat
Bear Lake Provinces). In thepast, we had believed that the Ellesmere
Island in the Canadian Archipelago could have been an inportant additiona
provenance for the boul der deposits. However, this notion is not consistent
with the virtual absence of dolomites and |imestones on the ice island T-3
(Stoiber et al., 1956), and the common presence of boul ders of these two
rock types along the Al askan Arctic coast. It is generally contended that
the ice island T-3 calved fromthe Ellesmere Island ice shelf. W have not
rul ed out other possible source areas such as Northern G eenland (Hopkins,
1978a) for the coastal boulders in question. It is suggested that only
further detailed geol ogical mapping of the various potential areas will
hel p resol ve the boul der source(s).

The scenario which has been drawn in attenpting to define the trans-
port nechanics of the erratic boulders to the Al askan arctic coast, dwells
upon the theme that the boulders were ice-rafted by |arge bergs (Leffing-
wel |, 1919; Naidu, 1974; Mwatt and Naidu, 1974) presunmbly sone tine
during interglacial interval (s) when sea-level was at least 3 or 4 neters
hi gher than the present (Naidu, 1974; Hopkins, 1978a,b). Hopkins (1979)
further contended that with a synchronous rise in sea-level during
the Pelukian Transgression (last interglacial) the above icebergs were
calved and set free (with the toulder burden associated with them from
an ice shelf that presumably extended into the arctic continental shelf

fromnorthern Keewatin and sout h-central Elizabeth |slands of Canada
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(Hughes et al., 1977; Denton and Hughes, 1981; Hopkins, 1979). Lately |
have becone quite skeptical of the ice-rafted concept, because of the
difficulty in accepting the incursion of large bergs with deep drafts into
i nshores of the Al askan Beaufort Sea. It would seem that bergs, suffi-
ciently large to be able to carry big boul ders, would have been grounded
around the continental shelf margin of the ancient Beaufort Sea just the
way some of the larger ice islands (w th mean thickness of about 17 m do
moving inshore in present tine. Alternatively, the ice-rafting concept
woul d inmply that the ancient Beaufort Sea shelf was tectonically or iso-
statically depressed during the interglacial transgression when the boul ders
were ice-rafted and deposited at the North Al askan Arctic coastal area.
However, there is no substantiative evidence to support that the above
coastal area has been tectonically very active.

In light of the foregoing context, I have been tenpted to entertain an
alternative idea. It is quite possible that the erratic boul ders of the
Al askan Arctic coast were borne and transported by a continental ice sheet
rather than icebergs. | contend that such a sheet was a distal tongue of
the much larger Laurentide ice complex (Flint, 1943). Conceivably, such a
sheet had extended at the height of the Wsconsinan glaciation (late Wirm;
around 18,000 y.B.P.) across the Northwest Territories (Canada) and al ong
the southern margin of the Beaufort Sea continental shelf, as well as the
adj acent coastal hinterland via the Coronation Gulf, Dolphin and Union Straits,
and had an outlet into the Beaufort Sea at Amundsen Cul f. It is further
concei vabl e that the boul ders which were carried by such an ice were stranded
as residual lag deposits at nore or less their present sites of occurrence

upon the melting of the Wsconsinan ice sheet. The possibility that such an
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ice sheet extended into the Beaufort Shelf is apparently inplied by the
successive inferred positions of glacial ice margins during the Wsconsin
for North America (Prest, 1969; Denton and Hughes, 1981). It has been
specul ated by Prest (1969) that the retreating margin of the North Anmerican
ice was at the vicinity of the nouth of the Amundsen Gulf around 14, 000
years ago. Therefore, it would not seem unreasonable to assune that

at he hei ght of the late Wirm gl acial epoch (i.e., centered around 18, 000
y.B.P.) the Wiscomsinan ice nmight have extended farther out perhaps along
the present Beaufort Sea coast and the adjacent hinterland and, thus,
carried the train of boulders along with it. The foregoing scenario, although
per haps somewhat sinplistic, nevertheless would seemto be nmore credible
than the ice-rafting idea. It is suggestive that.Prest's (1969) map show ng
the speculative ice-marginal positions during recession of the Wisconsinan
i ce-sheet conplex may be sonmewhat out dated (see Hughes et al., 1977; and
Hopki ns, 1979 for further discussion and additional references). If this
is true, then the timng of the suggested extension of the Wisconsinan ice-
sheet into the Beaufort Sea shelf may have to be revised (perhaps to early
W sconsin). Mre recently Hughes et al. (1981) offered explicit evidence
to show that Laurentide ice |obes had in fact engulfed the coastal region
of northeastern Yukon Territory in late Wsconsin tine. Therefore, the
proposed idea of transport of the boulders by an ice sheet rather than ice-

bergs, remmins for serious consideration.

CLAY M NERALOGY OF THE BEAUFORT SEA
The predominant clay mineral in the < 2 um fraction was illite (45-70%

with relatively mnor amounts of glycol expandable minerals, kaolinite,
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chlorite and mi xed-1ayered phases. The dispersal patterns of the expand-
able mnerals and the kaolinite/chlorite ratios in the continental shelf of
the Beaufort Sea are exhibited as Figures 18,19 and 20, and the distribution
of illite is shown in Figure 21 and was discussed el sewhere (Naidu and Mowatt,
1982) . Significant regional variations existed in the concentrations of the
expandabl e minerals in the Beaufort Sea. The marine facies of the Colville
Delta had the highest concentrations (30 percent or slightly nore) followed
by a net seaward decrease to |ess than 10 percent off the delta. The adjacent
nearshore region north of the Kuparuk and Sagavanirktok Deltas, the outer
continental shelf of the Al askan Beaufort Sea and the entire shelf off the
Mackenzie Delta had a general paucity of expandable mnerals. It is notable
that a narrow isolated band, extending east-west in the central continental
shelf off the Canning River, had relatively more (20 to 28 percent) expand-
able mnerals (Figs. 18 and 19). Although no systematic downstream vari a-
tions in the expandable minerals was recognized within the |ower 170 km

of Colville River (Mowatt et al. , 1974; Naidu and Mowatt, 1975), a definite
net decrease in the concentrations of these mineral phases was identified
seaward from the contenporary subaerial part of the Colville Delta (Fig. 22).
An illite-enriched belt extended eastward of Point Barrow into the Beaufort
Sea and was confined to the nearshore up to the western margin of the Colville
Delta {Fig. 21). Subsequent lateral variations in illite abundances were
sharply delineated along the coasts of the najor deltaic systems of North
Arctic Alaska. For exanple, sedinments with relatively low (38 to 40 percent)
illite weve restricted to the marine facies of the Colville Delta including
Harrison Bay, whereas a sharp increase (> 60 percent) was apparent off the

Kuparuk and Sagavanirktok Rivers (Fig. 21). Coinciding with the relatively
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i ncreased abundance of expandable minerals was an isolated, eastwest elon-
gated band of |ow anounts of illite in the mddle continental shelf north
of the Canning River. The rest of the Beaufort Sea shelf was bl anketed by
nmoderately high (48 to 59 percent) anounts of illite (Fig. 21).

Addi tional clay mineral studies on the Colville deltaic sedi nments
showed, as in case of the expandable nminerals, no systematic downstream
pattern of variation along the lower 170 km of the Colville River (Mowatt
et al., 1974; Naidu and Mwatt, 1975). However, an unequivocal net increase
in illite seaward from the contenporary subaerial part of the Colville
Delta are noted (Fig. 23).

The concentrations of kaolinite in the < 2 um fraction of sedinents
ranged from 10 to 15 percent. The kaclinite/chlorite ratios (Fig. 20) seem
to have offered a useful neans to identify the relative variations of the
two mnerals. In the Beaufort Sea, the ratios were generally high throughout
(> 0.5) as conpared to the rest of the Al askan shelves (Naidu and Mowatt,
1982), al though appreciable lateral variations were observed in the ratios
(Fig. 20). There was a net seaward decrease fromthe Colville River nouth
A band with the highest ratio (> 0.7) extended westward from the Kuparuk River,
whereas the |lowest ratios were identified adjacent to the coast of the Saga-
vani rkt ok and Canning Deltas, and extended up to Barter Island. In the
central Beaufort Sea shelf, the lowestrati o extended northeast of Point
Barrow, whereas a tongue of sedinments with the highest kaolinite/chlorite
rati os existed off the Canning River—Barter Island area.

The observed clay mineral distribution patterns on the inner conti-
nental shelf of Alaska (especially the Sinpson Lagoon area, Fig. 24) generally

can be attributed to various terrigenous sources, and to the subsequent dis-
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persal of the clays to the depositional sites by the prevailing current systens,
rather than to chemnical reactions between detrital clays and cations in sea
wat er (Nai du and Mowatt, 1982).

A nunber of investigators (Biscaye, 1965, Giffin et al., 1968; Rateev
et al., 1969) have shown that broad latitudinal trends existed in the distri-
bution of kaolinite and chlorite in the world s oceans. Such trends were
related to the generation of characteristic clay mneral assenbl ages under
di fferent pedogenic processes associated with latitudinal variations in climte.
Qur studies in the Beaufort Sea of Al aska would seemto show that the latitu-
dinal trends in the distribution patterns of the clay mnerals, as suggested
by the above authors, were not nmintained, for the concentrations of kaolinite
and the kaolinite/chlorite ratios were simlar to those found at niddle
| atitudes. It was suggested (Naidu et a«l., 1971) that this apparent discrepancy
was related to the reworking of kaolinite-bearing sedinentary rocks of Northern
Al aska, and the subsequent supply of kaolinite to the adjacent Beaufort Sea.

In the Beaufort Sea, with the exception of the coastal area, the clay
m neral assenbl ages do not appear to provide unequivocal means to el ucidate
the sources and depositional sites of fine-grained sedinents in the middle
and outer continental shelf areas. The patchy distribution of clay mnerals
in the central and outer continental shelves are presunably attributable to
the highly seasonal nature of sedinentary regimes, ice-cover effects, the
haphazard transport of clays by ice-rafting, and the occasional reworking
and redistribution of sedinents resulting fromice gouging, all of which are
phenonmena peculiar to the arctic sedinentary regime (Reimnitz and Barnes,
1974; Reimmitz et al., 1977). The identification of an extensive, isolated

area of sediment, with unexpectedly low illite (Fig. 21), acconpanied by
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relatively high proportions of expandable clay minerals (Figs. 18 and 19)
and high kaolinite/chlorite ratios, in the outer eastern shelf of the Al askan
Beaufort Sea (north and east of the Canning River delta) has proved to be an
enigma. Initially, we were led to believe that the clay deposit was a con-
temporary sedinent originally derived fromthe Colville River. This conclusion
was based on the presence of |arge anounts of expandable clay mnerals in the
Colville River bedl oad (Naidu and Mowatt, 1982) as well as in the deltaic sedi-
ments off the river nouth. Currents with anet eastward vector and of sufficient
strength (up to 100 cnisee; average 40 cmisee) were reported to prevail in
the central and outer continental shelf of the Beaufort Sea (Johnson, 1956
Huf ford, 1973; Mountain, 1974). Conceivably therefore, clay size particles
fromthe Colville Delta could be transported readily to the Al askan sector of
the Eastern Beaufort Sea. However, the isolated and di scontinuous position
relative to the Colville Delta strongly suggests that the deposit was relict.
A possible source in the Mackenzie River was considered unlikely, for there
are relatively high proportions of illite and |ow concentrations of expandable
m neral phases in the Mackenzie bedload and also in the deltaic sediments
off the river mouth (Naidu and Mowatt, 1982). In addition, the distribution
pattern of illite (Fig. 21) does not support a significant westward flux of
Mackenzi e River clays.

In the coastal Al askan part of the Beaufort Sea the lateral variations
in clay mneral assenbl ages were shown by Naidu and Mowatt (1974, 1982) to
reflect the differences in the clay mneral suites of the major rivers of
the North Slope of Alaska and to show limts of westward littoral transport
of the clays from the various fluvial outfalls. The presence of a net west-

ward littoral drift in the above area was confirned by investigations based
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on nearshore current measurements and experinments involving drifters (Wsenman
et al., 1973; Dygas and Burrell, 1976; Barnes and Toimil, 1979; Matthews, 1981).

In attempting to explain the seaward decrease in expandable clay mnerals
relative to illite, we have considered possible authigenic and di agenetic
changes in clay mneral suites resulting from changing salinities, particularly
in light of the experinental data gathered by Witehouse et al. (1960), in
addition to our own studies on Colville River clays (Mowatt et al., 1974)..
Naidu and Mowatt (1975, 1982) suggested that the observed variations in the
clay mneral assenblages of Colville Delta are largely due to “reconstitution”
(Weaver, 1958a, 1958b) of some of the expandable material by K adsorption
by degraded (depotassicated) illites and/or by mnixed-|ayered illite/smectite
that had intercal ated degraded illite phases. The proposed mineral reconstitu-
tion probably occurred through a process of halmyrolysis as some of the expand-
able clay minerals were passed fromnon-saline to the saline environment. This
further seened likely considering that a portion of the expandable mnerals
(other than the depotassicated illites) of the Colville River are predom nantly
wel | -defined smectite, derived principally fromthe Uniat Bentonite, thoroughly
characterized by Anderson and Reynolds (1966). The conversion of such a smec-
tite toillite in the contenporary narine environment is difficult to conceive
particularly in light of thernodynam c arguments (Eberl and Hewer, 1976), and
the character of illites and m xed-layer illite/montmorillonites (Hewer and
Mowatt, 1966).

In summary, our ability to fingerprint the clay mneral assenbl ages of
the various fluvial systens of the North Slope offers a unique criterion to
interpret the disposition of paleochannels, and also of paleocurrent directions?

for the Beaufort Sea nearshore. Additionally, based on our studies, it would
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seem that dispersal patterns and depositional sites of any pollutants that
woul d be scavenged by clay mnerals and discharged from specific discharge

points, can be predicted for the Beaufort Sea inner continental shelf.

SEDI MENT GECCHEM STRY

Organic Carbon and G/ N Ratios: The average concentrations (by dry weight
% of organic carbon and nitrogen-and the average C/' N ratios of narine sedinents
for various environments of the North Alaskan Arctic are presented in Table
VI. The distribution pattern of organic carbon in the Beaufort Sea and the
Si npson Lagoon are shown in Figures 25 and 26 respectively. The C/'N ratios of
the arctic deltaic sedinents are slightly higher than the 8 to 12 ratios that
were reported as typical for the lowlatitude deltaic sedinments. A net decrease
inthe C&Nratios of sediments fromthe nearshore to deeper waters are recog-
nized. It is surmsed that the latter variations are nost likely attributable
to seaward decrease in the proportion of terrigenous organic detritus as opposed
to marine detritus. This is consistent with the pattern of seaward variations
in the stable isotope ratios (8§ 13C) of total organic carbon in continental
mar gi n sedi ments of Beaufort Sea (Gearing et al., 1977).

Organic carbon in the particulate and di ssolved phases of a few water
sanpl es were analyzed. The content of particulate organic carbon (POC) in
the Colville River fresh-water reginme was 0.54 ng SL-l, whereas in the |ower
saline or brackish portion it was about 0.34 ny Sil. In the east Harrison
Bay and Sinpson Lagoon the POC values were 0.28 and 0.31 ng 2_1, respectively.

The di ssol ved organi ¢ carbon (DOC) i n the Colville River and east Harrison

Bay waters were 4.4 and 2.9 ny &L'l, respectively.
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TABLE VI

AVERAGE CONTENTS (BY DRY WI. % OF ORGANI C CARBON AND NI TROGEN,
AND AVERAGE C/' N RATI OS OF COASTAL TUNDRA PEAT, AND
SURFICIAL SEDI MENTS OF THE CONTI NENTAL MARG N
OF THE BEAUFORT SEA AND CANADA BASIN

Envi r onment Organi ¢ Carbon Ni trogen C'N Ratios
Harrison Bay 0.88 0.08 11.7
Si npson Lagoon 1.12 0.08 13.2
Open Beaufort Sea Shel f

(21 m to 64m 0.73 0.08 9.0
Continental Slope

(64-1000 m 0.89 0.12 7.0
Deep- Sea (>1000 m 0.81 0.17 5.2
Coastal Tundra Peat * 19. o*

*
Average of C/N ratios of several sanples provided by Dr. D. Schell
(personal conmuni cation).
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Figure 25, Mapofthe Beaufort Sea showing the distribution of organic carbon (wt. %) in bottom
sediments.



Carbonate Contents: The distributional pattern of carbonate contents
(dry weight 9% in bottom sediments of the Beaufort Sea are illustrated in
Figure 27. A net seaward decrease in carbonate contents is apparent.

Heavy Metal Geochemistry: The baseline average concentrations of eight
metals (e.g., Fe, M, Cu, Co, Cr, N, V and zn) in gross sedinents and
“readily” nmobilized sediment fractions in four depositional facies (e.g.
continental shelf, Harrison Bay, Sinpson and Beaufort Lagoons) of the
Beaufort Sea are conpared in Table VII. Mre detailed fractionation patterns of
the metals for six different Sinpson Lagoon sedinents are shown in Tables VIII
to XIII. The distributional patterns of the eight netals surface sedinents of
Beaufort Sea are displayed in Figures 28 to 35.

An abbreviated reaction description, for data presented in Tables VIII
to XIIl, with the corresponding sedi ment constituent presumably under attack
I's shown for each treatment. The seven-step treatment scheme is simlar to the
schene used by GQupta and Chen (1975, anong nany others), in basic form and
rationale. The nore easily |eached netal phases (or the nore “readily” nobilized
fractions) are selectively renmoved first and the relatively nore stable forms
are attacked in successive steps.

The references for treatnments adopted were:

| deal i zed Fraction Ref erences

Exchangeabl e Jackson, 1958

Car bonat es Si bbesen, 1977

Organi ¢ Conpl ex Giovannini and Sequi, 1976
Manganese and Easily Reducible Oxides Daly and Binnie, 1974
Moderately Reducible and Crystalline

Iron Oxides Coffin, 1963

Remai ni ng Nonsilicates, Sul fides and Agem an and Chau, 1977,
Organics Olade and Fletcher, 1974
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TABLE VI'|

AVERAGE CONCENTRATI ONS (ng/g, EXCEPT Fe WHICH IS IN 10 ug/g) OF SOME HEAVY METALS IN THE TOTAL (T)

AND THE ACETI C ACI D- HYDROXYLAM NE HYDROCHLORI DE EXTRACTS (E), W TH CALCULATED PERCENT
EXTRACTABLE QUANTI TIES (%E) FROM 54 SI MPSON LAGOON, 19 BEAUFORT LAGOCN,
7 BEAUFORT SEA SHELF AND 7 HARRI SON BAY SEDI MENTS

v Cr Vh Fe co Ni Cu Zn

Envi r onnent T E %% T E 28 T E Y9 T E % T E 8 T E ZYE T E ZE T E ZE
Si npson Lagoon 70 4 6451 2 260 130 50 2.0 .22 11 8 2 25 23 3 14 17 3 18 76 13 17
Beaufort

Lagoon 100 9 9 55 1.6 3 400 200 50 2.8 .,31 11 10 3.5 35 30 3 10 27 4 15 80 15 19
Beaufort Sea

Shel f 140 10 17 85 1.6 2 560 230 40 4.1 .42 10 16 3.9 24 40 3.7 9 33 8 24 112 21 19
Harrison Bay 108 14 13 67 2.5 4 410 180 44 2.8 .57 20 10 2.5 25 28 4.5 16 30 7 23 80 22 28



AVERAGE CONCENTRAT EONS ( ug/z) OF SOME UEAVY METALS (N EXT gacrs FRUM A SEVEN-STEP

TAB LE VIT X

TUO-STEP |

AND S [NGLE CHEM fCAL ! REATMENT |

AS WELL A3 TOTAL U 1S SOLUTION OF SL377-2 (SAND SEDIMENT, SINPSON LAGOON)

EXTRACTION PROCEDURE IDF.ALIZEi‘ FRACT | OX TARGET v Cr Mn Fo co 1 Cu Zn
|, Swen- Seep l'rc:u:uu:ncb
1. 0.2 ¥ MgCl, - Exchangeab le n.13 0.02 9 3 0.02 0.07 0.23
triecthanolamine;
pH 8.1; 5 mnutes
2. Cation exchange resin Car bonat es 0.12 0.12 20 40 0.18 0.5 0.6 2.5
in nylen met bag;
pH 5 8 hours
3. Acetylacetone in benzene Organi c comp lex 0.2 0.03 15 200 0.15 0.03 1
(3:95) ; 200 hours
4. 0.1 N hydroxylamine~HCL Manganese and easily 0.2 0.03 1s 100 0.2 0.2 0.37 2
in 0.01 M HNO3 (PH 2); reducibl e oxides
30 minutes
5. 0.2 ¥ acid ammonium Anor phous iron oxides 1.7 0.2.5 5 1,100 0.2 0.4 1 2
oxalate; pi 3.3 buffered;
2 hours
6. 5% sodiumd ithionite in Moderately reducible and z 0.5 12 2,100 0.8 0.8 0.3
0.2 ¥ citrate buffer crystalline irom oxides
(PH4 .8); 30 mnutes; 50"C
7. 2%¥Cl03 in 0.5 N HCL; Remaining nonsilicaces; 0.55 0.2 5 400 0.25 0.9 1
e 0.3: 24 hours authigenic sul fides,
organic complex
Extractable Total 4.9 1.05 81 3,943 1.8 2.9 4.5
Concentrated HF (482) and . Residual, resistant NA 16.35 35 5, 000 NA 3.2 4.4 11.6
HNO3 (70% digestion (1:1} mneral s
Sum_Tot al 17.4 116 8,943 6.1 8.9
II. _TVO Seep Treamen:d
1. 0.1 M hydroxylamine-HCl Exchangeable, carbonat es,
in 0.01 M HNQ3 (PH 2); easily reducible oxides
30 mnutes
2. 0.5 N HCL; Iron oxides, orgamic conplex,
pi 0.3; 12 hours authigenic sul fides
Extractable Total
[Il. Single Treatment®
1 M hydroxylamine-HCl in Exchangeabl e, carbonates, 2.0 0.44 80 1,100 0. 66 1.0 1.1 3.0
25% acecic acid; wanganese OXi des,
pi 1.5, 4 hours some iron OXi des
V. single Total Dissolution
Concentrated HF-HNO3 Encire sedinent 36 21 146 9, 500 3.6 1 11 28

digescion (1:1)

®remperature of 25°Cunlessotherwise specified.

Sequence nDdi fied after Gupta and Chen, 1975 (see text for detalls).

“Rader and Grizaldi, 1961.

dAs suggested i N this study (see text for details)

‘Chester and Hughes, 1967.
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TABLE IX

AVERAGE CONCENTRAT [ONS ( ug/ g) OF SCME HEAVY METALS [N exTRACTS FROM A S EVEN- STEP, THO-STEP .
AS WELL AS TOTAL DISSOLUTION OF 5L877-1J) (SILT SEDIMENT, SIMPSON LAGOON)

AND S | NGLE CHEM ICAL TREATMENT |

EXTRACT 10N PROCEDURE" IDEALIZED FRACTI OX TARGET v o] Ma Fe Co Ni Cu 7n
|, Seven-Step Treacmen:b
1. 0.2 ¥ MgCl; - Exchangeabl e 0.25 0.06 37 15 0.05 0.23 0.7
t r iethano lamine;
PN 3.1; 5 minutes
2. Cation exchange resin Car bonat es 0.6 1 70 150 0.3 1.8 2.7 9
in nylon net bag;
pH 5; 8 hours
3. Acety lace tone in benzene Organic conpl ex 0.5 0.05 60 400 0.3 0.02 3
(5:95); 200 hours
4. 0.1 M hydroxylamine-HCL Manganese and easily 0.5 0.05 37 85 0.15 0.2 0.2 1.3
in d.0L M HNO3 (PH 2); reducible oxides
30 minutes
5 0.2 ¥ acid ammonium Anor phous iron oxides 4 1 28 4,500 0.8 2 4.5 8
oxalate; pH 3.3 buffered:
2 hours
6. 5% sodium dithionite in Moderately reducible and 3.7 1 40 4,050 2 3.5 1.3
0.2 mcitrate buffer crystalline iron oxides
(pH 6.8); 30 minutes; 50°C
7. 2% KC10,in 0.S N HCl: Remai ni ng nonsilicates : 3.45 3.5 28 3. 000 1 4.5 2.6
oH 0.3; 24 hours authigenic sul fides,
organic conpl ex
Extractabl e Total 13 6.66 300 12, 200 4.6 12.25 15
Concentrated HF (48% and . Residual, resistant
HNO3 (70% digestion (1:1) mneral s
Sum Total
11. Two-Step Treatnent’
1. 0.1 M hydroxylamine-HCl Exchangeabl e, carbonat es,
in 0.01 M HNOy (pH 2); easily reducible oxides
30 minutes
2. 0.5 N HCY; Iron oxides, organic conplex,
pH 0.3; 12 hours authigenic sulfides
Extractable Total
IIl. Single Treatment®
1 ¥ hydroxylamine<~HCL in Exchangeabl e, carbonates, 5.1 1.8 300 3,700 3.0 5.0 3.5 18
25% acetic acid; manganese oxi des,
pH 1.5; 4 hours some iron oxides
|v. Single Total Dissolution®
Concentrated HF-HNO, Entire sedimeat 79 60 467 26, 400 9.2 29 23 88

digestion (l:1)

*Tenperature of 25°C unless ot herwise specified.
bSequence mod {f led after Gupta and Chen, 1975 (see text for details)

“Rader and Grimaldi , 1961,

dAs Suggest ed in this seudy (see text for details)

®Chester and Hughes , 1967,
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TABLE X

AVERAGE CONCENTRAT [ONS (.gf p) OF SOME HEAVY METALS 1N ENTRACTS FROM |\ SEVEN-STEP |

AS WELL AS TOTAL DISSOLUTION OF SL877-18 (PEATY, SLLTY SANU SEDLMENT, SIMPSON LAGOUN )

TRY=sTEP

AN SINGL E CHEMICA L IR EATM ENT,

EXTRACTION PROCEDURE® | DEAL 1Z2ED FRACTION TARGET v o3 Mn Fa ] Ni Cu Zn
|. S xen-Seep Treatmen:b
1. 0.2 N MgCl, - Exchangeabl e
t rvie chanolamine:
pH 8.1, 3 minutes
2, Cation exchange resin Car bonat es 3.7 0.14 16 660 1.2 2.5 3.4 10.5
in nylon nec bag;
pit 5; 8 hours
3. Ace cylacetone in benzene Organic conpl ex 1 0.06 1 1,000 0.5 0.05 a7
(5:95); 200 hours
4. 0.1 M hydroxylamine-HCl Manganese and easily 1.3 0.1 12 250 0.3 0.7 0.2 2.5
in 0.01 M HNO3 (pH 2); reduci bl e oxi des
30 minutes
5 0.2 Hacid ammonium Anor phous iron oxides 5 0.9 7 4,000 0.7 3 4.6 5
oxalate; pH 3.3 buffered;
2 hours
6. 5% sodium dithionite in Moderatel y reduci bl e and 1.3 0.9 10 1. 500 1.4 1.7 0.7
0.2 M citrare butfer crystalline iron oxides
(pH 6.8): 30 wminutes; 50°C
7. 2% KC103 in 0.5 N HC1; Remai ni ng nonsilicates; 2 2 16 2,080 1.3 3.5 2.1
pH 0.3; 24 hours authigenic sul fides,
organic conpl ex
Extractabl e Total 14.5 4.2 70 9, 500 5.2 11.6 16
Concentrated HF (48% and c Resi dual, res istant
ENOy (702) digestion (l:1) minerals
Sum Toeal
||. Two=Ste P Trea::en:d
1. 0.1 M hydroxylamine~HCl Exchangeabl e,  carbonat es, 5 0.5 44 670 1.3 3 5 16
in 0.01 M HNO;y (pH 2): easily reducibl e oxides
30 minu tes
2. 0.5 N RC1; Iron OXi des, organic complex, 8 1.6 23 4,810 1.7 4 8.5 19
PI1 O 3; 12 hours authigenic sul fides
Extractabl e Total 13 2.1 67 5,480 3 7 13.5 35
111. Single Trea:menr.e
1 ¥ hydroxylamine-HCl in Exchangeabl e,  carbonates, 6.7 1.7 60 4,100 3.1 6.1 2.3 22
25% acetic acid; manganese oxi des,
pH 1.5, 4 hours some iron OXi des
|v. Single To tal Dissolution®
Concentrated HF-HNOj Entire sedinent 74 54 163 19. 300 8.7 27 20 78

digestion (1:1)

‘Tenperature of 25"c unless ot herw se specified.

bSequence modi fied after Gupta and Chem, 1975 (see textfOr details)
Rader and Grimaldi, 1961.

drs suggested in this study (see text for details) .

“Ches tere nd Hughes, 1967.
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TABLE X7

AV ERACE CUNCENTRATIONS ( .y/z) OF SOME HEAVY METALS IN EXTRACTS FRUM A SEVEN-STEP . TWO-STEP ,  AND S 1 NGLE CHEM { CAL TREATMENT ,
AS WELL AS TOTAL DISSOLUTION oF SUB77 .23 (SANDY S LILT SEDIMENT, S IMPSON LAGOUN)

EXTRACTION PROCEDURE® [DEALIZED FRACTLION TARGET \ Cr Ma Fe Co Ni Cu Za

b
|. _Seven-Step Treatment

1. 0.2 N MgCly - Exchangeabl e 0.4 0.2 20 10 0.03 0.2 0.8
t rie thanolamine;
pit 8.1; 3 ninutes

2. Cac ion exchange resin carbonat es 1.5 0.6 80 300 0.7 2.5 2.5 13
in nylon net bag;
pH 5; 8 hours
3. Acetylace cone in benzene Organi ¢ conpl ex 0.4 0.2 20 400 0.2 0.05 3.5
(5:95): 200 hours
4. 0.1 M hydrox ylamine-HCl Manganese and easily 0.4 0.1 20 200 0.3 0.5 0.2 3.5
in 0.01 ¥ nvoy (pE 2); reduci bl e oxides
30 minutes
5. 0.2 ¥ acid ammonium Anorphous iron oxides 4 1 20 4,000 1 2 5 6
oxalate; PH 3.3 buffered,
2 hours
6. 5% sodium dichionite in Moderately reducible and 3 1 40 5, 000 1.7 3 1.5
0.2 M citrace buffer crystalline irom oxides
(pH 4.8); 30 minutes; SO C
7. 2%KC103 in 0.5 N HC1: Remai ni ng nonsilicates; 1.5 2 20 1,800 0.7 3 2.5
pH 0.3; 24 hours authigenic sul fides,
organi ¢ conpl ex
Extractabl e Total 11.2 5.1 220 11,710 4.6 11.3 16
Concencrated HF (48% ‘and Residual, resistant 60 80 13, 000 15 5.5 37
HNO3 (70%) di gestion (1:1) minerals
Sum Total 65.1 300 24,710 26.3 21.5
11. Two-Steo Trea:mencd
1. 0.1 M hydroxylamine-HCL Exchangeabl e.  carbonates, 1.5 0.2 151 170 0.8 0.3 0 3.1
in 0.01 N HNO3 (PH 2); eas ily reducible oxides
30 ninutes
2. 0.5 ¥ HC1; Iron oxides, organic conplex. 8.8 2.5 84 4,700 2.5 7 12.2 25.4
pH 0.3; 12 hours authigenic sul fides
Extractabl e Total 10.3 2.7 235 4,870 3.3 7.3 12.2 28.5
111.  Singie Treatnent’
1 M hydroxylamine-HCl in Exchangeabl e, carbonates, 4.4 1.2 215 2,480 2.7 4.7 2.7 15
252 acetic acid; manganese  oxi des,
pd 1.5; 4 hours sone iron oxides
Iv. Single Total Dissolution
Concentrated HF-HNO3 Entire sediment 70 56 380 20, 900 8.4 27 21 93

digestion (1:1)

%Temperature of 25*°C unless ot herwise speci fi ed.

Sequence Nnodified after Gupca and Chen, 1975 (see text for details)
“Rader and Grimald{, 1961.

d:‘\s suggested in this study (see cext for details) .

“Chester and Hughes, 1967.

o
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TABLE X111

AVERAGE CONCENTRATIONS (.:/y) UF SOME HEAVY METALS IN EXTRACTS FROM .\ SEVEN-STI i, TWO-STEF , AND S | NGLE GIEEMICAL 1 REATMENT,
A3 W ELL A8 TOTAL DISSOLUTION OF $L377-28 (CLAYEY S LLT SEDIMENT SLIPSON LACOCN)

EXTMCTI S proceoLge™ EDEALIZED FRACT 10N TARGET v Cr Mn Fe Co 5 Cu

}
= 9
1. Seven-Step Treacaent

1. 0.2 x MgCl, - Exchangeable 0.3 0.07 10 7 0.0} n.2 0.7
tricthanolamine;
pH 8.1, 5 ainuces

~

. cacion exchange resin Car bonat es 1.3 0.3 30 300 0.42 3 H
ia nylon net bag;
ot 3; 8 hours

3. Acetylacetone in benzene Organic conpl ex 1.3 0.06 5 600 0B 0 13
(5:93); 200 hours
4. 0.1 M hydroxylamine-HCL Manganese and easily 1.8 0.04 20 83 0.10 0.2 0.2
in 0.01 ¥ #x0, (PH 2); reduci bl e oxides
30 minutes
5. 0.2 ¥ acid ammonium Amorphous iron oxides 5 1 20 4,100 1.2 3.5 6
oxalate; pH 3.3 buffered;
2 hours
6. 5% sodium dithionite iN Moderacely reducible and 4.3 0.7 45 4,900 2 3.5 1.2
0.2 2! citrate buffer crystalline iron oxides
(PH 4.8) ; 30 minutes; 50°C
7. 2%KC10x in 0.5 N HCl: Remaining nonsilicates: 2.5 2 30 2,700 1 4 3.5
pd 0.3 ; 24 hours auchizenic sul fides,
organi ¢ conpl ex
Extractabl e Tocal 16.5 4.17 160 12,690 4.9 14. 4 19.6
Concenzrated HF (48%) and Residual , resistant
%0, (70%) digestion (1:1)° ninerals
Sum Total
I, Two-Step Treacmenc?
1. 0.1 ¥ hydroxy lamine-HCl Exchangeabl e, carbonat es.
in 0.01 M HNOj (pi 2); easily reducible oxides
30 nminutes
2. 0.5 N HCl; Iron oxides, organic conplex,
PH O 3; 12 hours authigenic sul fides
Extractabl e Total
111, Single Treatment®
1 M h ydroxy lamine-HCl in Exchangeabl e, carbonat es, 5.1 1.8 114 2,740 2.3 4.3 2.8
25% acetic acid; manganese oxi des,
pH 1.5) 4 hours sone iron oxides

|V. Sinz )o Total Dissoluefon®

Concen t rated HF-HNO; Entire sedinent 93 62 290 26, 700 9.3 32 23 100
digestion (1:1)

“Temperatuce of 25° C unless otherwise Speci fied.

SequUeNCe modified after Cuptaand Chin. 1975 (see texc for details)
“Rader arid Crimaldi, 1961.

As sugpe sreq Ln this study (see text fOr details).

eC]‘lesu: ¢ and Hughes , 1967,
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TABLE ¥ [11

AVERAGE CONCENTRATIONS ( .g/yg) OF SOME HEAVY METALS | S EXTRACTS FROM A SEVEN-STEP |
AS WELL AS TOTAL D | SSOLUT ION OF UG~1 ( PEATY , CLAYEY -S 1 LT SAN D SE DIMENT | S [MPSON LAGOON)

TWO-STEP |

AND S INGLE CHEM [CAL TREATMENT ,

EXTRACTION PROCEDURL® T DEAL IZED FRACT [ON TARGET v Cr Ma Fe co Nt Cu 2a
1. Seven-Step I‘reamen:b
1. 0.2 aMgCl, - Exchangeabl e 0.4 0.05 17 30 0.03 0.25 0.53
triethanolamine;
PH 8.1; 5 mnutes
2. Cation exchange resin Car bonat es 1 0.5 34 220 0.47 4.3 2.5 12
in nvlon net bag;
pH 3; S hours
3. Acetylacetone in benzene Organi ¢ conpl ex 0.4 0.05 10 200 0.1 0.05 2
(5:95); 200 hours
4, 0.1 M hydroxylamine-HCl Manganese and easily 0.4 0.05 11 170 0.2 0.7 0.05 2.5
in 0,01 M HNO3 (pH 2); reduci bl e oxi des
30 Oinutes
5 0.2 M acid ammonium Anor phous iron oxides 2.6 0.85 7 3,000 0.5 2 3.5 6
oxalate; pH 3.3 buffered,
2 hours
6. 5% sodium dithionite in Moderately reducible and 4 1.5 26 3,700 1.7 2.7 1.2
0.2 o eirrace buffer crystal line iron oxides
(PH 4.8); 30 ninutes; 50"C
7. ‘2% KC103 in 0.5 ¥ HCYl; Remai ni ng nomsilicates; 2 2.2 12 1,400 0.5 3 2
PH 0.3; 24 hours authigenic sul fides,
organic conpl ex
Extractabl e Total 10.8 5.2 117 8.720 3.5 13 11.8
Concentrated KF (48% and Residual, resistant
mNoy (70% digestion (1:1)¢  nminerals
Sum_ Total
11. Two-Step 'J.'teatmentd
1. 0.1 ¥ hydroxylamine-HCl Exchangeabl e, carbonates,
in 0.01 M0y (PH 2) easily reducible oxides
30 ninutes
2. 0.5 N HCL; Iron oxides, organic conplex,
pit 0.3; 12 hours authigenie sul fides
Extractabl e Total
111.  Single Treatnent.®
1 M hydroxy lamine-HCl in Exchangeabl e, carbonates. 3.5 0.7 90 1,500 2.1 4 0.4 12
25.2 acetic acid; manganese oxi des,
pi 1.5, 4 hours some iron OXides
Ilv. Single Total Dissolution®
Entire sedinent 56 46 211 16, 500 6 21 16 65

Concentrated HF-HNOj
digestion (1:1)

*Temperature of 25°C unless otherwise specified.

Sequence modified after Gup ta and Chen, 1975 (see text for details).
“Rader and Grimaldi, 1961.
dAs suggested in this study (see text for details).

‘ Chester and Hughes ,

1967.
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Map Of the Beaufort Sea showi ng the distribution of carbonate (W .

sedi ments.
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Map of the Beaufort Sea showing the variations in the concentrations (ug/g) of chromium
in bottom sediments.
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Figure 29. Map OF the Beaufort Sea showing the variation in the concentrations (ug/g) of nickel in
bottom sedi ments.
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Figure 30. Map of the Beaufort Sea showi ng the variation of the concentrations '(_101' xpg/g) of iron in
bottom sedi ments.
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Figure 31. Map of the Beaufort Sea showing variation in the concelltrations (ug, g) of vanadium in
bottom sediments.
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Map of the Beaufort Sea showing variation in the concertrations (p

bottom sediments.
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Figure 33.

141

Map of the Beauforc Sea showiny variacioo in the concentrations of zinc in the bottom
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Figure 34. Map of the Beaufort Sea showing variation in the concentrations of manganese in bottom
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A two-step abridgement of the above six steps is also shown for two
of the six sanples. Here, the very conplex sediment assenblage was sinplified
into two categories: easily leachable and noderately |eachable.

The single treatment was the famliar hydroxylamine hydrochloride-
acetic acid procedure of Chester and Hughes (1967).

The foregoing |aboratory investigations, and the interelement and the
elemental-lithological correlation matrix (Table I X) have assisted in under-
standing the partitioning of the eight netals in the sedinents.

The bulk of the iron occurred in the last steps of the sequential schene,
i.e., oxalate, dithionite, HCl, and HF-HNO,, treatments. Approxinmately half
of the total iron was non-residual, i.e. , renoved into the seven extractions.
The oxalate, dithionite, and HC1 steps account for 90% of the non-residual
iron. Therefore, nost of the available iron required a noderate to strong
chemical attack to be released fromthe sedinent. \Wile the remaining ele-
ments showed great variation in the proportion of residual to non-residual
partitioning, they generally followed iron’s non-residual distribution pattern
among the various leachates.

Iron oxides appeared to account for a large share of the nonsilicate
metal partitioning. Note, however, the abundance of metals renoved by
step 2 (cation exchange resin). This inplies that a significant amount of
the metals can be released from sedinents nerely by a small |owering of the
pH of the environnent.

Copper displayed the most distinctive extraction behaviour of all the
trace elements. It showed the |east association with oxides phases. Rela-
tively nore copper was removed by the weaker treatments and it had the

hi ghest non-residual proportion of the eight metals studied (up to 80%.
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630
638 -0.987

.465 -0.829
.630 -1.000

490 -0.843
249% -0. 546

.676 -0.944
.513 -0,841
. 647 -0.887

.353* -0.696

655 -0.817

.405 -0.813
.585 -0.876
.465 -0.853

596 -0.924
399 -0.796

.587 -0.929

313* -0.7s5
301* -0.680

482 -0.694

.453 -0.717
468 -0.778

St

o

. 829

o

. 520

o

. 917

S

820

0.783
0.761
0.835
0.816
0.889
0.774

0.726
0. 653

0.759

cl

0.829
0.712
0. 587
0.841
0.767
0.793
0.613
0.771
0. 886
0.897
0. 882
0.908
0.724
0.898
0.750
0.721
0.701
0.675
0.709

Mu

0.843
0. 546
0.944
0.841
0.887
0.696
0.817
0.813
0.876
0. 853
0.924
0.796
0.929
0.755
0.680
0.694
0.717
0.778

a )
Spearman nonparametric correlation problem

Al

co,

0.413
0.776
0. 687
0.709
0.671
0.705
0.745
0.785
0.670
0.727
0.716
0.788
0. 656
0.585
0. 659
0. 623

0.626

oc

0.520
0. 600
0. 546
0.499
0.473
0.603
0.569
0.575
0.568
0.531
0.552
0. 667
0.618
0. 284*
0. 439
0.635

NE Fe

0.844
0.934
0.680
0. 847
0.776
0.916
0. 846
0.937
0.737
0.933
0.709
0.674
0.749
0.757
0.777

*
These coefficients aresignif fcant only at the 95% confidence |evel.

b

procedure (Chester & Hughes, 1967).
U sd, St, €1, Mi, C03, and OC are abbreviations for depth, sand + gravel | wile, clay, nud, carb omate, and organic tarbon, respectively,

TABLE X'V

CORRELATI ON COEFFICTENTS® FOR CHEMICAL AND TEXTURAL COMVUSITIUNSb
ARCTIC COAST OF NORTHEK: ALASKA

OF 54 S 1MPSON LAGOON SELIMENTS ,

E Fe

0.839
0.744
U 720
0.814
0.771
0. 899
0.829
0.863
0.817
0.792
0.709
0.634
0.548
0.866

NE M

0.709
0.817
0,692
0.815
0.794
0.8921
0.744
0.488
0. 664
0.718
0.673
0.676
0.753

E Nn

0.580
0.598
0. 608
0.631
0.617
0.717
0.659
0.732
0.574
0.561
0.433
0.772

NE Zn

0.704
0. 846
0.726
0.827
0. 661
0,821
0.589
0.635
0. 660
0. 557
0.671

E Zn

0. 852
0.892
0. 843
0. 764
0. 824
0. 806
0.764
0. 754
0.585
0.763

NE V

0.832
0.918
0.683
0.908
0.729
0.693
0. 698
0.730

0.729

coefficients are significant at or above the 99,9% con fidence level,

EV

0.914
0. 825
0. 882
0.798
0.709
0.704
0.628
0.815

not extracted by the sane reagent,

NE Cr

0.726
0.950
0. 746
0.723
0.724
0.736
0.77U

The prefix "E" to the heavy metals connotes the amount of the metal extractable by an hydroxylamine hydrochl oride-acetic acid leach ing
The prefix "NE" connotes the amouat of the netal

E cr

0. 756
0.811
0.616
0.579
0.473
0.797

NE NI

0.736

£ Xi NE G E tu
0.684
0.498 0.579

0.474 0. 88  g.o07
0.901 o0.649 0.56;

RE Co

Q.473
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A conparison of the two-step With the seven-step treatment results
revealed the additive effect of several chemcal attacks on the sediment
particles: The seven-step sum was greater for every elenment except nanganese
Al'so, was observed that the number of steps, the severity and duration of treat-
nents, would nodify the anount of metals |eached. There was no firm | each-

able value, it was relative to the schene and treatnents enployed

Rel evance of the Geochemical Studies on Metal Pollutant Behaviour

The foregoing sequential extraction data may be used as a potential means
to estimate the proportion of each of the eight netals that can be nobilized
into the seawater of the Beaufort Sea by changing the pH and oxidation-reduc-
tion potential of the sedinentary environnent. \Mether the perturbation is
an oil spill or dredge spoil dispersed in the nearshore arctic environnent,
it would appear that only a minor portion of the total netal content in the
marine substrate would be potentially available for release into the water
colum. Most likely, the direct physical and chemcal effects of an oil spill
and/or dredge spoil (e.g., water turbidity change, sedimentation rate change
etc.) to the environment would be far nore inportant than any small increases
in dissolved netallic species mobilized from the natural bottom material.
The rate of release of the netals and their concentration gradi ent between
the sediment and the entire water colum, the nature of the netal species
rel eased, and the circulation characteristics, as well as turbulence, to dif-
fuse and renove the supplenentary netal nust be understood before one can
realize the relationship of the total released netal to the overall varia-

tions of dissolved netals in time and space
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The current fluxes of the eight metals into the Sinpson Lagoon are
listed in Table XV. The netal inventories, their partitioning patterns and
fluxes would provide a bench mark to nonitoring of pollution in the Beaufort

Sea shelf and adjacent coastal areas.

TABLE XV

AVERAGE FLUXES (ng chfyr.l, EXCERT.EA.MH CH IS IN 10'ug cmi 2 yhy |
FOR TOTAL (T) AND ACETI C ACTD-HYDROXYLAMINE HYDROCHLORI DE EXTRACTABLE (E)
HEAVY METALS IN SIMPSON LAGOON SEDI MENTS

<
(9]
~
m=
]
4]
(o]
o
=
e
N
o]

T E T E T

90 5.6 60 1.2 340 165 2.6 .29 9.6 2.5 30 4.2 22 4.0 100 17
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