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ABSTRACT

The surficial sediments present on the continental
shelf off the north ctoast of Alaska in the vicinity of
Harrison Bay consist dominantly of fine grained sand,
silt, and mud that were deposited during Holocene time.
Deposi tional environments in Harrison Bay range from
outer shelf to prodelta and delta front.

Ice sediment interaction has overprinted structural
deformation on many of the sediments present in Harrison
Ray, and has in some cases obliterated the original
lithologiz continuity of the sedrments. Ice related
deformation ranges from simple loading features to more
complex faolded and faulted structures. A hypothetical
mode)l has been proposed which relates the type of
deformational features found in recent sediments from an
ice impacted area to the process of ice gouging.

The deformational structures observed In the
sediments from Harrison Bay were compared to
deformational features found in sediments from ancient
environments that are known to have had floating ice
present. The results indicate that structurec found in
the modern environment bear a remarkable similarity to
structures found 1m the ancient environments, and that
the structures found Iin the ancient enviroenments are
believed to have beew —aused by the process of ice
gouging.
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work to the end.
INTRODIW.TION

Depositional processes on high latitude continental
shelves are obscured by the presence of pack jce for at
least three—fourths of every year. The role which the
ice plays in influencing the sediment deposited on the
continental shelf is not yet fully understood. although
many ideas have been formulated. One 1ce-sediment
interactive process known to occur is that of ice
gouging or ice ploughing. The internal deformation of
sediments associated with this process is little kriown
and is the main topic of investigation in this report.

LOCATION AND GEOLORIC SETTING

The study area is located off the northern Alaska
coast between 130°00" and (32700% west long. and 707 30"
and 71200" north lat. in the Beaufort Sea off the
Colville River delta in Harrison Bay (Figure 1a and ).
Water depths in the study area range from approximately
two meters near the Colville deita. to 20 meters in the
northern part.

The coastline 1n the study area is being eroded at
the rate of approximately 2.5 m/yr, except for the
eastern, active part of the Colville Delta:. wmhich is
accretine (Reimnitz et al., in press’y. This erosion
Zreates coastal bluffs that are typically 2 te Z m high
but may reach a height of & meters (Retmnitz and BRarness
1974: Reimnitz et al.. 111 press). The line of bluffs ic
broken by the 1mpingement of several river systemsg whose
geneval morphologrcal chara:c-ter consists of 1ows
prograding deltaic mudflats at the river mouths
(Reimnitz and Barnes, 1974). The coastal plain is an
area of low broad relief capped by tundra vegetation.
This coastal platn is underlain by Tertiary toa
Fletstocene and Holo:zene moraines. glaciomarine
deposits, errvatic—bearing gravel, eolian sand. gravel:
gand and gilt (Black. 19464: FPayne et al., 1951; Carter,
1983k .

The continental shelf in the area is generally flat
and remains shallow for a c¢onsiderable distance from
shore (Reimnmitz and Barnes. 1274). A detailed
examination of shelf topoaraphy shows it to be extremely
rough on a small scale. The small scale morphological
character of the shelf is dominated by the presence of
long linear criss—crossing grooves produced by the
grounding of ice keels below pressure ridges (Barnes gt
al.> 1984). The grooves are characterized by troughs
and ridges that are typically i m deep and 7 m wide
(Barves et al.. 1984). although some may reach 10 m deep
and 30 m wide (Barnes and Rearic. 1995) (Figure Z2).

The surface sediments on the shelf are dominantly
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fine mud. c-lay and sand, but gravel and occasional
boulders are en-ountered (Barnes and Resmnitz, 1974).
The Colville River and eroding coastal bluffs are
introducing large amounts of fibrous organic matter to
the sea> and some is found incorporated in recent
sediments (Barnes et al.. 1979).

PREVIOUS WDORK

One of the earliest investigations on the process
of ice gouging was done by Tarr (1897) who observed and
documented the effects of grounded ice on sediments.
Emery (194%) and Carsola (1954} gerformed early studies
of the topography and sediments in the Beaufort Sea,
while Rex (1955} described sea—floor microrelief causesd
by grounded sea ice in the novthern Chukch: Sea. More
recent work defining characteristice and rates of ice
gouging was done by Kovacs (1972). Felletier and Shearer
(1972). Barnes and Remmnitz (1972.1973: 1274). Reimnit:
and Barnes (1972, 1973. 1974). Barnes et al. (1973;
1979, 1985 . FReimmitz et al. (1972. 1973: 1974). and
Fempema (1983) analyzed the stratiagraphy of an
individual ice gouge. Naidu (1774), and Naidu et al.
(1971, 1972. 1974 analyzed ciay mineralogy.
sedimentation, and sediment geochemistry of the Beaufort
Sea. VYorath et al. (1270) interpreted seismic profiles
and sediments of the Beaufort Sea.

PURPQZE OF INVESTIGATION

The major emphacsis of this report is to:

1) Ascertain what sedimentary structures, textures-
and lithologies character)ze depogition in an arctic
shelf environment that is influenced by a large fluvial
system,

2) Delineate the tvpe of deformational structures
that may be overprinted on the sediments in that
environment through ice—sediment interaction.

3) Describe in detail cores collected in the
Harrison Bay area of the Beaufort Sea during 1974 and
1977 by the United States Geological Survey branch of
FPacific Marine Geolocv.

The study area was chougen because the north—south
transect of available cores might provide a
cross—section through surficial sediments on the shelf
perpendicular to the coastline:. from a shallow del ta:c
environment to the midshelf at 20 m, where ice gouging
may strongly influence deposition.

METHOD OF STUDY

The cores were gathered using a vibratory coring
device lowered from the research vessel to the sea
floor. A pair of electrically driven. counter rotating:
eccentric weights in the core head rapidly hammers
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structure is overlain by Late Paleozoic and Mesozoic
rocks that arch over the crest of the ridge. and are
truncated by an urmconformity. The unconformity is
capped by Cretaceous shale (Stearn et al., 1979).

The coastal plain in the study area is
geomorphically dominated by the presence of the Colville
River Delta. The Colville River has created a del ta
that has an areal exposure of approximately 400 sqQ. km.
The delta is approximately 40 km from its apex to the
ccean: and is approximately 45 km wide along its front
(Walker, 1973). The Colville River is the largest river
in arctic Alaska, and has a drainage basin dimension of
40,000 sq. km (Walker, 197&).

THE SHELF

The continental shelf off the north coast of Alaska
was subaerially exposed to approximately the 100m
isobath as a result of a eustatic sea level minimum-
caused by late Wisconsin glaciation (Dinter. 1982
Dillon and Oldale,. 1978). The glacial maximum and
sealevel minimum occurred approximately 17,000 years ago
(Ointer. 19282: Dillon and Oldales. 1973). The shel f at
that time formed an unconformable surface which has been
del sneated seismically and assigned a tentative age of
Fleisto-ene, based on the timing of the retreat of the
last glaciation (Craig and Thrasher. 19227 Dinter,
1982). In the study area. Holocene sediments that
overlie the unconformity are believed to reach a
thickness of no greater than Sm (Reimnitz arnd BRarnes:
1974),

The Guaternary sediments have been delineated
seismically into three generalized uni¥s by Craig and
Thrasher (1982). The surficial Holocene unit s 0 teo
approximately 5 m thick and consists of an acoustically
transparent layer displaying vague. continuous bedding
subparallel to the seafloor. The underlying
Holocene-Pleistocene boundary consists of a strong
continuous reflector cut locally by shallow channels and
low terraces (Figure Ja and b). The Pleistocene unit
has beern broken into twp units (A and B respectively)
based onn acoustic character- only urat A tan be
recognized in the study area.

The upper boundary of unit A consists seismically
of a diffuse to sharp reflecting surface that is
commonly characterized by a very jagged or " jumpy”
appearance (Figure 3a and b). The surface of unit A is
believed to correlate in appearance to the morphological
features of the present day coastal plain: including
V-ghaped stream channels: thaw lakes: beach ridges:. and
thermokarst topography (Craig and Thrasher. 19€2).



-aoyjne Ag uoljeyaadaa g -bu|bnob

831 J0 (NS84 @ S| JA0O[4 23S ;0 a>uedeadde Adwiig “S»¥20u
P3JPI}UAAA}JIPUN SNOADE}IUL]) PUR AJRI} 43| 34® S10}I3[J3
acsejansqns daaqg (Isel <eayseay) pue bHieuy jo

YV 3i1un) 82ejuns ujeld (ejseod-oared au3loilsiald pasaddns
uo ATQewJojuacun 4SaJd SHUAW(PAS AUITO[OH T4 X3} Ay} Ut
Pa}IE}S Plad}tdd S d8ysesyl pur Bieu) dursn pajaddiaju]
sem aull siyy “Z 3anbyy ur abew) seuos ueds apis

03 uo(}ts0od Ul sSpundsaddod aypijoud ayy -eaue Apnjs ay)
U] wWo}}j0q uPaso 30 aylj;odd dDrws|as wooqlun “eg 3unbigy




L P R S PSRRI ITEN ST A ot e .

;“ ! 3 [ Ha

-4mqf 'ﬂ;'ﬂ? KH?GOUGEm

5
_AJﬂ;r;ﬂ' |
é

__L’___;__ I _'.r _..L,Llp - .'4 SRR l_._. ], — I' [_3L " j.:_f__L_r . 'ﬁ I - {» I:_, |J r,l I.'_I.
W L Y A 0% S—— 200Khz-j
W@W@M-\Mwwﬁ“ e »
_ """"'ﬁ"'"] o S _ 5. - 7Khz -

HOLOCENE

1

Y 1 a4 ] 1[ i F 1 T !
i 1 F L 1 »
I I.| | | H i | L 1, 4 ' Sl W bl \
. i! ! ! |' J 1 w5ty
1 | l|, : Iy ‘ A . ; 3‘ . R B N f
LG, | PLElSTOCENE AT 5L AN (N
H 145‘_HJ ‘i Figure 3Ib. Fathogram and sub-bottom pruflle {7 Khz and F‘*?n ——+H ,
1 jﬁ 5 200 Khz) of ocean bottom in study area. The prefile ST ' B
- L corresponds in position to uniboom profile in figure 3a F;“”"%T“V+T”“”
, and side scan sonar image in figure 2. Holocene S——T——— 3@:
11 sediments rest unconformably on well defined Pleistocene "*“"“"TffF}
paleo—coastal plain surface (it A of Crajig and 'P . T
Thrasher, 17282). Ice Qouges are well defined on this oot o

profile at seafloor as very jagged peaks and troughs.
Interpretation by author.



Unit B selsmically congcists of a sharp, strongly
reflective surface of uniformly low relief that is
believed to represent a marine deposit contemporaneous
with unit A. Several morphological features indicative
of a marine environment such as sedimentary bedformss,
beaches, and offshore bars have been interpreted (Craig
and Thrasher, 1982). The contact between unit A and
unit B represents a facies change and generally faollows
the 20m isobath. The almost vertical contact is very
abrupt and is interpreted azs a shoreline bluff several
meters high. The morphological expression of the
shoreline is not reflected at the seafloor (Craig and
Thrasher, 1982). It should be noted that the inferred
shoreline corresponds in pasition to the inner edge of
the stamukhi zone af Reimnitz et al. (1978)> an area of
intense ice reworking by pressure~ridge keels, Unit A
and unit B are approximately 10 to 12 m thick in the
study area (Barnes, 1987, personal communication). and
are believed to correspond to the Gubic Formation
onshore (Craig and Thrasher, 1982).

Units A and B unconformably overlie Late
Cretaceocus and Tertiary undifferentiated sedimentary
rocks know as "Colville Group and younger rocks" and
consist of shale and laterally discontinuous sand bodies
characteristic of a regressive marine msequence (Craig
and Thrasher, 1982).

GENERAL CORE DESCRIPTIONS AND ENVIRONMENTS OF
DEPGOSITION

In this section, each core is first described and
then assigned a depositional environment based on
lithologic, textural. and structural criteria.
Photographs of peels and radiographs are used to
illustrate and support each case. Detailed descriptions
of individual cores can be found in Appendix A.

The cores studied in this report display
characteristics of several distinct depositional
environments when compared to sediments described by
Tucker (1981), Reineck and Singh (1980), and Reading
(198¢) from lower latitude shelves. The depositional
environments are on occasion overprinted by deformation
causaed by ice—sediment interaction and by coring.

The general sedimentological characteristics
described for a lower offshore depositional environment
are laminated to highly bioturbated muds, derived from
suspension settling, interbedded with parallel
laminated, occasionally ripple laminated, fine grained
sands, derived from storm—generated currents (Tucker-
1981; Reineck and Singh, 1980: Reading, 1986). This
environment is usually found in water depths greater
than 10 @ (Tucker, 1981; Reineck and Singh, 1980;

11



Reading. 1984).

Reineck and Singh (1920) and Reading (1984)
desrcribe an upper aoffshare environment in water depths
of 2 to 10 m as consisting of muddy fine sand.
interbedded with parallel laminated and bioturbated mud
and sand.

Tucker (19381), Reineck and Singh (1920), and
Reading (1924&) describe distal prodelta deposits as
consisting of laminated. fine grained muddy sediments;
dominantly clay and silty clay. that can be transitional
intg either upper offshore or lower offshore shelf
deposits. Frodelta sediments proximal to the Jelta
front environment are slightly more coarse grained ard
display a variety of bedforms including ripple hedding-
small scale graded bedding. and lenticular lJaminations
(Reineck and Singh: 19801, -

Tucker (1981). Reineck and Singh (1980). and
Reading (1934) describe delta front deposits as
consisting of parallel laminated sand and silt,
interbedded with parallel laminated and occasionally
ripple laminated silty and sandy clays and organic
detritus.

Deformational features found in the cores were
classified to either of two origins: coring~related
deformation. or ize—~related deformation. Coring-related
deformatson encompass all structures that digplay a
consistavit concave-down riature-. that is. laminations onr
bedding whose ends at the edge of the core were
distinctly bent down as a result of penetration of the
core barrel. Alsc any highly deformed sediments at the
bottom of a core were suspect, and were believed to have
beern derived from suction creates at the bottom of the
cove when it was extracted from the bottom.

Ice—related deformational features vary greatly.
but in general consist of laminations or bedding that
display a consigstant concave up nature, or any highly
deformed area (ie. folded or offset) that is bounded on
top and bottom by hovizontally laminated or bedded
sediments.

HARRISOM BAY SAMPLES

CORE V-13

Core V-13 was extracted from 12 m of water,
approximately 37 km from shore. Normal neritic
deposition is represented by massive to laminated;
bioturbated clay and silty clay deposits (Figure 4b,
arrow 1) (Tucker. 12281; Reading, 19%&). Interbedded.
horizontally laminated. fine grained silty sands
probably represent intermittent coarser grained
deposition by storm currents (Figure 4b. arrow 2)
(Tucker, 1981: Reading. 198&). Deformation in the lower

12



Figure 4a and b. A and b are peel and radiograph
photographs respectively of core V-13. Arrow 1 points
to clay. arrow Z poirrts Yo sand. Arrow 3 points to
coring artifact in lower portion of core. Arrow 4
points to loaded contacts. GScale is in cm.

13



part of this core is an artifact produced by coring
(Figure 4b, arrow 3). The massive to laminated clay and
silty clay. interbedded with thin units of fine grained
silty sand are characteristics for depositian in a lower
offshore shelf environment (Tucker. 19813 Reineck and
Singh, 19205 Reading: 1926).

CORE V-14
Core V~14 was extracted from 15 m of water,
approximately 22 km from shore. Normal neritic shelf

deposition is represented by massive to slightly
laminated, clay amd silty clay (Tucker, 1981: Reading:
1924) ., Bedded fine sand, pebbles: and shell fragments in
upper part of core probably represent deposition from
storm currents (Figure Za and b: arrow 1) (Tucker, 1981;
Reading. 19846). Defarmation is a result of coring. The
massive to laminated clay and silty clay, interbhedded
with thin units of fine sand containing pebbles and
shell fragments may be indicative of deposition in a
lower offshore shelf environment (Tucker, 1951t Retneck
and Singh: 1920; Reading., 198%&).

CORE V-15

Core V-15 was extracted from 12.4 m of water:
approximately 20 km from shore. Normal neritic
sedimentation i1s represented by sandy and silty clays
(Reading. 1986). The presence of coarse material (sand
and ilt) incorporated with the clay is possibly
indicative of higher terriginous input resulting from
closer proximity to stiore. or wave winpowing resulting
from closer proximity to wave base. Horizontally
laminated, fine to very fine grained sands and silty
sands may represent Jdeposition from storm currents and
rmormal bottom curyrents (Tucker. 1981). Tabular
srossbedding is present in middle part of core and 1s
probably the result of sandwave propagation (Reineck and
Singh: 1720) (Figure 4éa and b). This core is physically
deformed in its lower part. Rip up clasts (Figure &b,
arrow 1) are believed to be the result of ice gouging.
and highly contarted bedding (Figure 4b: arrow Z) are
believed to be the result of coring. The sandy and
silty clays may be indicat:ve of deposition in a lower
offzshore shkelf environment,. or an upper offshore shelf
environment, and is probably a transitional zone between
the two (Tuckers. 19813 Reineck and S:ngh, 1930: Reading.
1984) .

CORE V-16

Core V-1é& was extracted from 11.5 m of water-
approximately 15 km from shore. This core is composed
of highly deformed clay: sandy clay- and sand (Figure 7a
and b). Physical mixing of the sediment in this area
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Figure 3a and b. A and b are peel and radiograph aof
core V-14. Arrow 1l points to bedded fine sand: pebbles:
and shell fragments in upper portion of core. Arrow Z
points to concave doun laminations., Scale is in cm,
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Figure é&a and b.

A and b are peel and radiograph of
core V-135,

Arrow 1 points to rip-up clasts, arrow 2
points to deformed bedding. Arrow 3 points to loaded
contacts., Scale is n cm.

16



due to Jce gouging has obliterated the common structural
and textural criterlia normally used to classify
sedimente to an environment of deposition. Also the
possible influence of prodelta muds from the Colville
river delta may have delivered a high percentage of clay
to this depositional environment. Original horizontal
laminations bhave been deformed into highly contorted
bedding in the upper part of the core (Figure 7b, arrow
1), and have been physically folded and offset in the
lower part of the core (Figure 7b, arrow 2). probably by
ice keel turbation. This core probably represents
deposition in the upper offshore shelf environment, and
has been clamsified based upon the position of the core
in the transect relative to other cores in the study;
and the water depth from which it was extracted, rather
than by the sedimentological evidence.

CORE V—-17

Core ¥~17 was extracted from 8.5 m of waters,
approximately 10 km from shore. This core is composed
of highly deformed clay and silty clay (Figure 8a and
b). The normal sequence of horizaoantally laminated clays
has been overprinted by the effects of ice gouging and
most of the sediments in the core are deformed (Figure
8b, arrow 1). Some of the deformatjon in this core is
likely the result of the coring procedure itself,
however, only the concave down laminations (Figure &b
arrow 2) may be directly assigned tp this category. The
overall fine grained character of the sediments in this
core relative to the water depth from which it was
extracted and its proximity to the Colville River delta
is Indicative of a prodelta depositional environment
(Reineck and Singh. 19803 Reading, 1986).

CORE V-18

Core V—18 wazs extracted from 3.3 m of water:
approximately 9 km from shore. The upper portion of
this core congsists of horizontally laminated clay, sandy
clay, and sand interbeds with high organic content
(Figure 9a and b). Cross—laminated and ripple
croscs—laminated sands are abundant in this portion of
the core as well as thin beds (2 c¢m or less) of organic
detritus. Truncation of horizontal and
cross—laminations is present resulting in small cut and
fill structurea. The thin horizontally laminated clay
and cross laminated sand interbeds and high erganic
content in this portion of the core may be indicative of
the delta front depositional environment (Figure 9b.,
arrow 1) (Tucker. 198153 Reineck and Singh, 19803
Reading. 1986).

The lower portion of this core is composed of
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Figure 7a and b. A and b are peel and radiograph of
core V-14. Arrow 1 points to highly deformed bedding in
upper portion of core. Arrow 2 points to folded and
faul ted bedding in lower portion of core. Arrow 3
points to small rip-up clast incorporated in folded
beds. Scale is in cm.
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Figure Ba and b. A and b are peel and

core V-17.
deformation.
deformation.
in cm.

Arrow 1 points to probable
Arrow 2 points to coring
Arrow 3 points tp rip up

19

radiograph of

ice gouge related
der ived

clasts. Scale is



Figure 9a and b. A and b are peel and radiograph of
core V-18, Arrow ! points to horizontally laminated
sands, silts. and clays of the delta front. Arrow 2
points to highly deformed bedding that may be a result
of ice gouging. Arrow X points to clay with abundant

rootlets that may represent a subaerially exposed marsh
deposit, Scale is in cm.
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massive clay and sandy clay beds with few sand and
organic interbeds. The lower SO cm of the core shous
extreme deformation of a sandy unit above a massive clay
unit with abundant rootlets and plant stems (Figure 9%9b,
arrow 2). The presence of the rootlets may indicate
that this portion of the core was a mat of tundra
vegetation that has subsequently been buried. However,
because this part of the core is dominantly mud
(approximately 85%4), and a tundra mat would most likely
contatn a larger organic component (ie. >15% organics),
this interpretation is improbable. The presence of
rootlets in mud may indicate subaerial exposure (Reineck
and Singh, 19803 Reading, 1984),. and this poertion of the
core therefore may represent deposition in a tidal marsh
environment (Figure 9b, arrow 3) (Reineck and Singh-
19803 Reading: 19863 Tucker, 1981).

CORE V-19

Core V—-19 was not physically available for study in
this project, but prior description of this core by
Barnes and Reimmitz, and its position in the sampling
transect warrants the discussion of the depositional
environment for this sample.

Core V-19 was extracted from the delta front in 2 m
of water, approximately 7 km from shore. The core
consists of horizontally laminated, medium te fine
grained sand, clayey sand, clay, and organic interbeds
(Figure 10a and b). Some bioturbation is seen in the
upper portion of the core, and ripple cross—-lamination
is present in the middle portion of the core (Figure
10b, arraow 2). A high percentage of coal concentrates
is present in the sands as thin laminae and as component
grains. The horizontally laminated sand. clay, and
organic interbeds may be indicative of depoasition in the
delta front environment (Figure 10b, arrow 3) (Tucker-
1981; Reineck and Singh: 19B0; Reading, 19864).

CORE V~-20

Core V-20 was extracted from the delta front in 1.5
m of water, approximately 3 km from shore. The core
consists of horizontally laminated sand, sandy clay,
clay, and organic interbeds (Figure 1ia and b)., Areas
of mottling and possible bioturbation are present. The
horizontally laminated sand, clay and organic interbeds
may be indicative of deposition in the delta front
environment (Figure 1tb, arrow 1) (Tucker, 1981: Reineck
and Singh, 1980; Reading, 1984). A 23 cm long U-shaped
fold is present in the upper half of the core (Figure
11b, arrow 2}, as well as a truncated overturned fold in
the lower balf (Figure 11b, arrow 3). These structures
are believed to be the result of ice—keel turbation.
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Figure 10 a and b. A and b are peel and radiograph of
core V-19. Arrow 1 points to large burrow in upper
paortion of core. Arrow 2 points to cross laminations.
Arrow 3 points to horizontally laminated sands and siltws
of the deita front. Scale is in cm.
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Figure 11a and b. A and b are peel and radiograph of
core V-20. Arrow 1 points to undefaormed borizontally
laminated sediments of the delta front. Arrow 2 points
to large box fold in upper portion of core. Arrow 3

points to truncated overturned fold in lower portion of
core. 8Scale is in cm.
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CORE V-21

Core V-21 was extracted from 4 m of water,
approximately (8 km from shore. The core consists of
horizontally laminated sand, clay, and organic interbeds
commonly indicative of the delta front depositional
environment (Figure 12a and b) (Tucker. 19213 Reineck
and Singh, 19205 Reading: 1986). Clay units in the
upper portion of the core are extensively bioturbated
and mottled (Figure 12b, arrow 1). Wavy and contorted
contacts indicative of ice overloading are dominant
(Figure 12b, arrow 2). The upper 29 cm of the care
displays highly contorted and deformed bedding (Figure
1Z2b, arrow 3), and these structures are believed ta have
resul ted from ice gouging.

CORE V-22

Core V22 was extracted from .6 m of water:
approximately 135 km from shore. The upper portion of
this core consists of horizontal to sieeply dipping
laminated and cross laminated sands. The sands are
relatively clean: but contain visible fibrous organic
matter. At S) cm & large bedform consisting of planar
crosgbeds and ripple cross laminations exist. A minor
portion of thic structure consists of well bedded: crose
and planar laminated peat. This portion of the core
represents a shoaling ypwardg of sediments anc is
indicative of deposition in a subaqueons distritutary
mecuth bar (Figure 13b. arrow 1) (Reineck and Singh-:
1930; Reading. 1984 . The lower portion of this core
consists of horrzontally laminated. partially deforme<-
sand, clay, awd organic interbeds which may suggest
depocition in the delta frant depositional environment
(Figure 13b. arrow ) (Tucker: 1981; Reineck and Singh-
172803 Reading. 1984:. Some bioturbation is evident in
this portion of the core, and organ:c content is highly
visible.

CORE V-23
Core V-23 was extracted fraom the delta front ini 1 m
of water. approximately & km from shgre. The core

consists of horizontally laminated and ripple
cross—laminated sand. clay. and organic interbeds
(Figure 14b, arrows). Some climbing ripple cross
laminations are evident. Abraded twigs and plant stems
are abundant in the upper portion of the lower half of
the core. Bioturbation and mottling are restricted to a
few small units. No deformation is seen in the core.

al though some wavy contacts that may be indicative of
ice—overloading do exist (Figure 14a and b). The
horizontal and ripple cross laminated sand, clay and
organic interbeds may be indicative of deposition in the
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a b

Figure 12a and b. A and b are peel and radiograph of
core V-21. Arrow |1 points to bioturbated horizon.
Arrow 2 ppints to wavy and undulatory contacts. Arrow
3 points to highly deformed bedding in upper portion of
core. Scale is in cm.

23



. LY . . . :_ . . ~X, . . - [N TaY
O A LAt T Nl e e e
Mivn! i ‘.!10 g -, " dtallid - S

Sy

»
«
3
A4
i
s

¥
e
-3
i
4
&
o [y
<

L

[

s o ©
T T R T ]

i R
Sty A e L
»muu«qn.;w—-w

Figure 13a and b. A and b are peel and radiograph of
care V-22. Arrow 1 points to steeply dipping laminated
and cross laminated sands of the distributary mouth bar.
Arrow 2 points to horizontally laminated sediments of
the delta front. Scale is in cm.



Figure 14a and b. A and b are peel and radiograph bof
core V-23. Arrow points to dark areas which represent
organic interbeds. Scale Is in cm.

27



delta front environment (Tucker. 19813 Reineck and
Singh: 19303 Reading. 19864).

CORE V-53

Core V-53 was extracted from 13 m of water.
approximately 20 km from shore. The core consists of
horizontally laminated sand, sandy clay, and clay
interbeds. The sands are clean. lensoidal and cross
laminated in part, and may be the result of storm
currents and current reworking and suggest deposition in
the uypper offshore environment (Reineck and Singh, 17803
Reading, 1924). The horizontally laminated clay units
represent normal neritic deposition from suspension
settling, which is believed to have been influenced by
the high influx of suspended sediment from the prodeita
region (Reineck and Singh. 19803 Reading. 198&) (Figure
15a and b). The bottom portion of this cere is slightly
deformed. most likely from coring (Figure 135h. arrow
1).

CORE V-325

Core V-55 was extracted from 7 m of water:
approximately 10 km freom shore. The upper half of this
core consists dominantly of massive to partially
iaminated clay:. interbedded with thin sand units (Figure
l14a and b: arvow 1) that may be indicative of depesition
in the prodelta environment (Tucker. 1981: Reineck anc
Singh. 1990; Reading. 1924). The clay is believed to
tave beern deposited from suspension by sediment-laden
mwater of the river (Reineck and Singh. 1920G; Reading-
1924)s and by current and ice reworking (Reimnitz and
Barnes. 1%74: Barnes et al.. 197%). The sand units may
be derived fraom storm—generated currents. or strong
current reworking (Reineck and Singh, 19303 Reading:
12863 . The lower half of this core consists of thin.
horizontally laminated sand. sandy clay. and clay units
that may be indicative of the delta front environment
(Figure 1&b: arvow 2) (Tucker. 1931: Reineck and Singh.
1920;: Reading., 1984). Minor cross bedding and wavy
contacts are present. organic material is notably
abtsent. The middle portion of this core shows a high
degree of deformation that i bounded on top and boticom
by horizontally laminated sediments. most likely the
result of ice gouging (Figure 1&b, arrow 3).

CORE V-7¢&

Core V-7& was extracted from 10.7 m of water
approximately 12 km from shore. This core was reported
by Barnes and Reimnitz (1977) to have been taken on top
of a sediment wave, (which were typically less than 1 m
high) a hydraulically produced mega-ripple bedform. The
upper 1/3 of the core consists of finely laminated.
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Figure 15 & and b. A and b are peel and radiograph of
core V-33. Arrow 1 points to coring artifact in lower
portion of core. Scale is in cm.
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Figure 14a and b. A and b are peel and radiograph of
core V-5%5. Arrow | points to massive to partially
laminated sediments of the prodel ta,. and loaded deformed
contact. Arrow 2 poinis to horizontally laminated
sediments of the delta front. Arrow 3 points to
probable ice deformation. Scale is in cm.
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medium {0 coarse-Qrained clean m=and with minor silt
interbeds. Thame sadiments probably represent
deposition in the sediment wave that was sampled (Figure
17, arrow 1). A proainsnt scour and fill structure is
present in the middle of this portion and all
laminatjons are pronouncedly deformed into a concave-—up
fold structure, deformation is probably the result of
ice gouging (Figure 17, arrow 2).

The lower 2/3 of this core consists of highly
bioturbated and mottled clay and finely laminated sand
interbeds smuggesting deposition in the delta front
environment (Figure 17, arrow 3) (Tucker, 19813 Reineck
and Singh, 19803 Reading: 1984). The clay contains
abundant shell fragments and whole shells and displays
no bedding. The sand is horizontally and trough
cross—laminated, medium to fine grained, and clean.

Some rip—up clasts of clay with high organic content are
present.

PISCUSSION

DEPOSITIONAL ENVIRONMENTS

The analysis of cores in this study was undertaken
with two major questions in mind? 1) What sedimentary
gstructures,. textures. and lithologies characterize
deposition in an arctic shelf environment that is
encroached upon by a major fluvial system; and 2) What
type pf deformational structures may be overprinted on
the sediments in this environment through ice—keel
turbation?

It was assumed that the sedimentological character
of each core reflected its dapositional environment when
sampled. This assumption appears to be well founded
based on the sedimentological evidence present in the
cores. Thix assumption fails in the event that the sea
floor in the study area is erosional, in which case the
depositional environments described may reflect Early
Holocene deposition rather than present processes. In
all cases: the sedimentological characteristics of each
core were compared to the sedimentaological
characteristics of similar environments (i.e., water
depth, distance from shore, sediment influx) on lower
latitude shelves that have been well documented in the
literature (Tucker, 19815 Reineck and Singh, 19803
Reading, 1986). In any instances where sediasentary
features in the cores diverged from documented features
of the particular depositional environaent in question.
and no other source of inforsation could be found that
described such a feature, it was assumed that such a
feature is pscul jar to deposition in that environment on
high latitude shelves. The following discussion is &
sumaary of general sedimentological features displayed
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Figure 17. Sketch of core V-76. Peel and radiograph
photographs not avajlable for this core. Arrow 1 points
to sediment wave deposit. Arrow 2 points to highly
deformed laminations. Arrow 3 points to del ta front
deposits. Scale is in centimeters.



in the offshore to onshore transect through the study
area.

The water depths, depositional environments, and
stratigraphy of cores V-13, V-14, and V-13 compared
well to the lower offshore shelf environment.
Sediments described from low latitude, lower offshare
shel f environment in depths of 10 to 30 m: generally
consist of muds. laminated to highly bioturbated,
derived from suspension settling: interbtedded w) th
parallel laminated, occasionally ripple laminated. fiwne
grained sands. derived from storm generated curren‘s
(Tuckers, 19813 Reineck and Singh., 19803 Readirg. 1984).
Cores V—-13 and V-14 cponeist of massive te faintly
laminated clays interbedded with horizontally laminated
fine grained sands (Figures 4 and S). Core V-17%
displayed characteristics of both laower and upper
offshore shelf environments (Figure &). The upper
offcshore shelf ie charasterized by muwidy fine send
admixed and interbedded with the sediments (mud and
sand) of the lower offshore shelf (Reimeck and Singh:
19303 Reading. 1994).

Determining the depositional environment for core
V-14, 4 km inshore of zore V-1% (Figure 1b) was
complicated by the overprinted deformation associated
with ice gouging. The assignation of this care to the
uzsper offshore sheZf enviranment relies more on general
lithologicz trend reiative to position with other cores
in the transect. actual position of core V-14 in the
transest, and the water depth (11.S m) from which it was
extracted. ©TCore V-14 has a higher percentage (visual
estimate) of sand than does core V-15. 1In the clascs:cal
shelf environment, where 1ce does not play a dominant
role, the upper offgshore shelf zone proximal to the
lower shoreface (Re:necl and S ingh. 192Q) would contain
thicker and mor-re abundanit sard (nterbeds than the distal
upser offshore shelf (Reineck and Singh, 193803 Reading:
19865 . In core V—14 the h:gher percemntage of sand that
might normally be associated with proximal upger
cffshore shelf i= present. but clay appearcs to be
dominaat in the lithology. It is this autheor’s baligf
that the apparent abundance of clay i® due to the
proximity of the Colville Delta and the influence of
prodelta mucge 1n the area. The sand present is not in
the form of interbeds. but rather as an admixture with
clays, believed to result from vigorous reworking by ice
and currents. Barnes et al.: (1979) hypothesized that
bedding would not survive in an area of vigorous seabed
scouring by grounded ice keels. Perhaps the distinct
ur:its of sand and clay seen in core V-13 and V-14 are
reworked by ice gouging into the highly deformed sandy
clay seen in core V-1& (Figure 7).

Core V-5S3 is spatially located in the transect
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between, and to the sast of, V-15 and V-14. While the
core is from a similar metting as cores V-15 and V-14,
it does not display the same characteristice of vigorous
ice reworking shown in V-15 and V-146. Only the lower
portion of the core Jdisplays distinct deformation and is
composed of sandy clay (Figure 15Sb, arrow 1). Cores
V-~1& and V-53 are believed to represent a transitional
zone between upper offshore shelf depositien and
prodel ta deposition.

Cores V-17 through V-23, and V-55 were all extracted
onshore of the 10 m imaobath and show a trend from
offshore to onshore pf increasing degrees of fluvially
dominated sedimentation. Cores V-17 and V-355 show a
relative shoreward increase in clay content and a
decrease in fine sand content (visual estimation)
(Figure 8 and 14) and represent the prodel ta
environment.

All of the cores taken landward of the 2 m isobath
are conspicupusly similar. Sedimentation at the 2 m
isobath is a dramatic change from massive clays offshore
to thin finely laminated clay and fine sand interbeds
shoreward. It is this author’s opinion that the 2 m
izcbath represents the approximate seaward 1limit of the
delta front. Cores V-1%2 through V-23 all represent
deposition o the deita frant.

Cores V—17 through V-23. and V-55 were compared to
the delta front and prodel ta environments described by
Tucker (1921). Reineck and Singh (1980). and Reading
(1925 . Figure 18a and b shows cores takern from the
Guadalupe Delta (from Reineck and Singh, 1980).
dispiaying the characteristics of natural levee: marsh-
Jelta front: and prodelta environments. Cores from the
Colville Delta (Figures 8. 9. 10- 11 12: 13, 14, and
14) show a striking similarity with those of the
Guadalupe Delta. The most marked similarity is that of
the cores of the delta front and prodelta. The natural
levee: and marsh environments were not cored in this
study. and therefore ro comparison can be made.

The sediments from the Colville Delta are genegralily
more fine grained. but the overall similarity in the
morphological character between the sets of cores is
impressive.

In summary. the cores from Harrison Bay generally
display a trend from offshore to onshore, of mucs
deposi ted from suspension settling. interbedded with
fine sande derived from storm currents on the lower
offshore shelf at depths greater than 10 m (Figure 19)-
to increasingly more sandy sediments to about the 10m
isaobath (upper offshore shelf). In the vicinity of the
10 m isobath a transition zone between upper offshore
shelf and prodel ta environments is present-
characterized by the muds of the prodel ta admixed and

34



MARSH
e 4
DELTA FRONT

Q
—_—

cm

'PRODELTA
0

" NATURAL LEVEE

DELTA FRONT

ym— Wa,;

Figure 18a. Cores from the Guadalupe Del ta showing
characteristice of delta front. prodel ta, and marsh
deposits. Compare the characteristics 0f these cores
with cores from the study area (From Reineck and Singh.
1980} .



] INO¥ VIHa

1
‘ _

1 , *._ ~ ,_.

3

v

ol » S | v
._.ZOE_ vilaa

s R I

2. BN 4<~_2<z

t

g

1

CORE 14

More cores from the Guadalupe Delta.

Figure 18b.

th cores from the study area (From

1980) .

Compare these cores wi
Reineck and Singh,

36



0=
" Delta
Y 3 F"ﬂé UPPQ.V‘
g ters L‘“’
O £f shere 0Ffshere

Figure 19. Shelf profile along ship®s trackline and

coring transect (A-A’

) showing core leocalities and

hypothetical facies assoclations.

3?7




interbedded with the muddy fine sand of the upper
offshore. Shoreward of the 10 m Isobath te
approximately the 2 m isobath is the prodelta
envivonment characterized by partially laminated very
fine grained sediments (Figure 19), and shoreward of the
2 m isobath is the delta front environment that is
characterized by thin horizontally laminated interbeds
of clay, sand. and organic detritus (Figure 19).

ICE-RELATED DEFORMATION

The literature on ice keel deformation of the
seabed is sparse (Reimnitz and Barnes, 1974; Barnes et
al., 1979; Reineck and Singh, 1980) . Models discussing
the formation of ice gouges are abundant (see previous
work section), however no models discussing seabed
deformation associated with ice gouging have been found.
The following hypothesis is proposed for ice-related
deformation.

The process of ice gougings regardless of genetic
form (that is either pack—ice related or ice-berg
related) leaves evidence in the stratigraphic record in
the form of either the preserved gouge or the
deformation associated with the process of gouging. As
an ice keel plows through the seabed, it leaves in lIts
wake a groove cut into the soft sediments of the ocean
floor. As the ice keel passes through the sediment, two
forces are acting simul taneously upon it. The
horizontal force acting as the transport mechanism
(il.e.» wind, currents, rotation of the ice pack,. etc.),
angd the vertical force based on the weight of the ice
supported by the seabed due to gravity. In Figure 20a-,
Va represents the volume of ice above the waterline when
the ice is completely buoyant (equilibrium)- and Vb
represents the volume of ice below the waterline at
equilibrium. The mass of the ice above the waterline
when the ice is not moving can then be represented by Fa
where Fa=(Va x density of sea ice) 1 gravity, and the
mass of the ice below the waterline can be represented
by Fb where Fb=(Vb x density of seawater — density of
sea ice) x gravity. The net force exerted downward
(Fnet} ¢then will be equal to Fnet = Fa-Fb. Fnet = O
when the buoyancy forces acting on the ice below the
waterline balance with force exerted by the mass of the
ice above the waterline. Because of the density
difference betwesen ice and water the ice floats with
approximately 1/5th of its volume above the waterline
(Kovacs and Mellor. 1974; Gross: 1982).

In the case where ice is touching the bottom
(Figure 20b), Va becomeg Va + some newly exposed volume
(Vnew) above the water after touching the bottom. here
callied V1. The force thern acting above the waterline
(Fa) becomes Fa = ((Va + Vnew) x density of sea ice x
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Fa= (Vo' pis)-8

Fba (Vo' pup=Pice) -4
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Figure 20a through 20c. Graphic repraesentation of
hypothetical model of ice gouging. Q@A) Floating ice, Fa
equals Fb so net force = 0. B) Ice touching bottom: new
total velume exposed above waterline is Vi (Va + Vnew),
Fa is not equal to Fb and the net force, Fnet, ies
greater than O by the amount of mass in Unew. C) Pbot
is pressure exerted on bottom by ice keel. This model
can be likened to & woman standing in high heels, large
weight distributed over small surface area creates great
pressures.
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gravity), and the force acting below the waterline Is Fb
= (Vb ~ Vnew) x [ (density of seawater) — (density of sea
ice)l x (gravity). The net force acting on thes bottom
in this case is Fnet = Fa-Fb where Fnet will be >0 by
the amount of mass in Vnew.

1f we now consider the net force acting on the
bottom and the disequilibrium between the size of the
ice mass relative to the size of the ice keel contacting
the bottom we can see that the forces acting on the
bottom from a grounded ice keel can be tremendous. To
loock at this example in terms of pressure, let’s call
the pressure exerted on the bottom as Pbot. Pbot then
becomes Pbot=Fnet/surface area of the ice keel touching
bottom.

A typical cross-sectional dimension of a pressure
ridge is roughly 35 m wide at the waterline and the
width of the keel is roughly S m at the bottom (Kovacs
and Mellor, 1974). These proportions can be likened to
a8 woman wearing high heeled shoes. The large mass of
the woman distributed over the very small surface area
af the bottom of the high heel creates extremely large
pressures. In the case of the ice keel, the large mass
of ice above the waterline distributed over the small
surface area of the keel touching the bottom creates
great pressdres. In this case, the pressures exerted on
the bottom by such a geometry are great, certainly
enough to deform soft sediments.

There are obviously other factors that play a role
in the deformation of any substrate, but this discussion
is only a basic explanation and the inclusion of other
factors here is beyond the scope of this report. For a
more in—depth analysis of the physics and ice forces
refer to Kovacs and Mellor (1974).

In all cases, except where ice just touches
bottom, some type of subsurface deformation probably
occurs in soft sediments. The combination of loading
by the weight of the ice, coupled with a horizontal
translation, caused by transport processes; plows the
seabed at the surface, and aay result in lateral
subsurface movement of relatively soft and mobile
sediments in response to loading pressures exerted by
the ice keel.

Deformation caused by ice keel overloading should
range from simple load structures to more complex folded
structures as seen in cores V-13 (Figure 4b, arrow 4).,
V-15 (Figure &b, arrow 3), V-14 (Figure 7b, arrows 1 and
2), V=17 (Figure Bb, arrow 1), V-18 (Figure 9b, arrow
2), V=20 (Figure 11b, arrows 2 and 3), V-21 (Figure 12b,
arrow 2), V-55 (Figure 14b, arrows 1 and 3), and V-7&
(Figure 17, arrow 2) . If an jce keel comes ta rest on
the bottom, simple loading will occur through the
pressure axerted by the weight of the ice. The
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resulting structures may be flame mtructures, ball and
pillow structures or dish structures, seen in cores V-13
(Figure 4b, arrow 4), V-13 (Figure &b, arrow 3J), V-21
(Figure 12b. arrow 2), and V-33 (Figure 146b, arrow 1),
If the grounded ice keel is mubsequently moved. then a
squeezing of the soft sediment below and away from the
keel may occur and the result may be simple asymmetrical
folds seen in cores V-1& (Figure 7b, arrow 1 and 2).,
V~-17 (Figure 8b, arrow 1), V-18 (Figure 9b, arrow 2),
V-20 (Figure 11b, arrows 2 and 3), V-21 (Figure 12b,
arrow 3), V-353 (Figure 16b, arrow 3}, and V~746 (Figure
17, arrow 2), pointing away from the bottom of the ice
gouge, much like tooth paste squeezed out of a tube
(Figure 21). Because the sediments are soft (fine
grained and unconsol idated), the tendency for the
material to flow is high and the result should be
elongation (thickening) of the folds in the hinge area
and thinning along the limbs (Billings, 1972). In
actual cases of ice gouged sedimentms, a combination of
loading and folding can be seen (Cores V—-14 (Figure 7b-
arrows 1, 2, and 3), V-17 (Figure 8b- arrow 1), V-18
(Figure 9b, arrow 2), V-20 (Figure 11lb, arrows 2 and 3),
V-21 (Figure 12b, arrows 2 and 3). V-55 (Figure 1éb,
arrows 1 and 3), V-76 (Figure 17, arrow 2 and 3).

The cores in this report provide examples of ice
deformed sediments, however, the observer (g limited to
a 12 ¢m wide, unoriented cross—section through sediments
that are known to be ice gouged. This makes the
observation of large scale or continuous structures
difficult. Figure 22 is a hypothetical cross—section
through lce gouged sediments based on model
consliderations and cores. Figure 23 is a sketch of core
V-14 from this study that might have been taken from an
area not unlike Figure 22. Figure 24 is a photograph of
a wider core taken through ice deformed sediments on the
North Sea tidal flats and could also have been taken
from an area of deformation modeled in Figure 22.

ICE-SEDIMENT INTERACTION

The cores analyzed in this study have offered a
unjque opportunity to observe the effects of ice
sediment disturbance by drift ice on a high latitude
shelf environment. The transect of cores intersects
zones with different intensity of seabed disruption by
ice. This situation has allowed us to obmerve the
deformation of several deposzitional environments
associated with varying degrees of ice—-disturbed ocsan
bottom.

Figure 25 is a map of ice gouge intensity (a
product of maximum gouge depth, maximum gouge width, and
gouyge density per kilometar) in the study area with the
locationg of the coring sites (after Barnes et al.,
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Figure 21. Schematic drawing of ice gouging process and
related deformation of sea floor that may occur
(modified after Barnes and Rearic, 1983). 1t is the
author’s belief that the sediments below the gouge would
tend to flow away from the bottom of the gouge causing
asymmetrical folds that are elongate (thickened) In the
hinge areas and thin along the )l imbs. resulting in the
apparent lengthening of lamina or bedding.
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Figure 22. Schematic drawing of hypothetical
cross-section through (presesrved)

ice gouged sadiments.
Heavy lines In cross—section are preserved gouge
troughs. Refer ta text for explanation,
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Figure 23.

Sketch of core V-16, highlighting deforaed

zones in core. Compare this Figure with Figure 22 and

Figure 24.

Note similarity in deformational strucures.



Figure 24. Photograph of ice deformed sediments from
North Sea tidal flats. Note similarities to cores from
study area. Scale is in centimeters. (Photo from
Reineck and Singh, 1980).
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Figure 25 . Ice gouge intensity map with coring
localities overlain (modified after Barnes ot al, 1984).
Note that core trangect crosses several different mapped
intensities of ice gouging. Refer to this figure
throughout discussgion of ice sediment interaction.
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1984). It can be seen that gouge intensity is low
shoreward of the 10m isobath (Barnes et al., 1984).
Offshore of the 10 m isobath ice gouge intensity quickly
increases and varies froa medium to very high (Barnes et
al., 1984).

The variability in ice gouge intensity has been
related to variability in ice cover (Barnes et al.,
1984) . Onshore of the 10 m isobath is the zone of fast
ice; an essentially stationary ice canopy that acts as
an extension of the land (Reimnitz et al., 1978). Few
winter gouges form in this area as ice movements are
rare. At approximately the 10 m isobath, an inshore
stamukhi zone forms during early winter where the
stationary fast ice and the moving pack ice meet
(Reimnitz et al.» 1978; Barnes et al.» 1984). Grounded
first year pressure ridges develop at this boundary and
actively scour the bottom as the pack rotates westward
(Reimnitz et al, 1978; Barnes et al. 1984).

Consequently the intensity of ice gouging increases at
this boundary (Figure 25). Gouge intensity is variable
and decreases slightly offshore of 10 @ until
approximately the 20 m isobath (Barnes et al., 1984)
where the major stamukhi 2one forms (Reimnitz et al..
1978). The grounded ice ridges aof this stamukhi zone
are believed responsible for the highest ice gouge
intensities encountered on the shelf (Barnes et al.,
1984). 1Intense gouging continues out to approximately
the 40 m isobath and then decreases sharply because
fewer ice keels can reach the bottom (Barnes et al.:
1984) .

Cores V-13 and 14 were taken from water depths of
19 m and 15 m respectively. Deformation in these cores
is concave downward and is attributed to penetration of
the core barrel (Figures 4b, arrow 3, and Sb, arrow 2).
Small scale load features are present (Figure 4b, arrow
4) which is this author’s belief result from
overpressuring by grounded ice. 1In general, these cores
show little ice-related deformation and this correlates
with a decrease in ice gouge intensgity in these water
depths (Figure 25).

Cores V-15 through 17, 53 and 8% taken from the 13
m to 7 » depth range (Figqure 1b), are bel ieved to
display intense deformation caused by ice gouging.
Contorted and folded bedding. and loaded contacts are
dominant. Rip—up clasts (Figures &b, arrow 1, 7b, arrow
3» 8b, arrow 3) as well as truncated and offset bedding
(Figures 7b, arrows 1 and 2, 8b, arrow 1, 16b. arrow 3)
are present. In general, internal core stratigraphy is
abliterated (Figure 7b). Here the intensity of possible
ice related deformation cores corresponds to their
position within the inshore stamukhi zone. The inshore
stamukhi zone extends from approximately the 8 m isobath

47



to the 12 m isobath (Barnes et a2l.,1984), and cores
extracted from this zone display the most intense ice
related deformation. V-55 shpws the smallest degree of
daformation (visual estimate is less than 15X of core)
of cores from this area and most likely lies just
inshore of the most intense ice turbation.

With the exception of core V-20, cores V-18 through
23, all from water depths less than 4 m display little
or no ice gouge related deformation. Internal
stratigraphy within each core is coherent and consists
dominantly of horizontally laminated sands. silts, and
muds. These cores were extracted from the area that is
covered by the fast ice canopy. It might be expected
that little or no deformation is present in these cores,
because there is little or no ice movement for most of
the winter (Barnes et al., $1984), and any deformation
may possibly be related to either shoreward ice push
during winter, or to grounded ice during spring
break-up. A few loaded contacts are present (Figure %b.
arrow 1, 11b, between arrows 1 and 2, 12b, arraow 2) but
truncated laminations and bedding are probably related
to hydraulic processes rather than ice. Core V-20 from
1.5 m of water and only 3 Km from the delta is the
anomaly for this group of cores. A box fold is present
in the upper half of the core (Figure 11b, arrow 2) and
an overturned fold occurs in the lower half (Figure 11b,
arrow 3). This author bel ieves that these folds
rerpesent rare ice related disrutptions. ’

If ice deformation of primary sedimentary
structures occurs in the Beaufort Sea, as suggested by
my observations, then ancient analogs of ice gouged
sediments may be preserved in the stratigraphic record,
and should be recognizable on the basis of their
structural deformation. Two examples of environments
from the literature known to have had floating ice
present suggest the presence of ice gouged strata.

GLACIAL LAKE AGASSIZ: AN EXAMPLE OF PRESERVED ICE
GOUGES

The preserved lake plain of former Glacial Lake
Agassiz In southern Manitoba, eastern North Dakota, and
western Minnesota around the Red River Valley displays a
lake bed surface morphology that is characteristic of
present day sea floor morphology in heavily lce gouged
areas of the continental shelf off the north siope of
Alaska (Clayton et al., 1965).

Lineations in the Lake Agassi2 plain are typically
characterized by ridges and troughs averaging 33 m wide
and 2 m deep (Horberg, 19351) and bear a unigque
resemblance to ridges and troughs on the sea floor off
the north slope of Alaska, where ridges and troughs are
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typically 3 m wide and 1 m deep (Reimnitz and
Barnes, 1974). In both instances, lineations may be as
long as several kilometers.

Horberg (1931) was first to observe and
characterize the ridges and troughs on the Lake Agassiz
plain. Horberg hypothesized that the ridges were formed
by either fracture filling betwean blocks of lake ice,
or as tundra ridges due to grounded ice wedges. Colton
(1958) stated that the ridges were the result of frozen
ground structures formed during the retreat of the late
Wisconsin ice sheet, and based his hypothesis on the
occurrence of periglacial involutionm, fossil ice
wedges, and polygonal and network soil patterns.
Clayton et al. (1963) reinterpretgd the ridges and
troughs as being lce—drag marks resulting from the
grounding of floating (glacial) icebergs. Gerhard
(1980) also interpreted the ridges to be the result
grounded ice. Dredge (1981), Fenton et al. (1983),
Mollard (1983)> and others have interpreted the
lineations present on the Lake Agassiz plain to be
ice—drag features.

Horberg’s earliest observations also documented the
occurrence of deformation below ridges and troughs on
the Lake Agassiz plain. His original description is as
follows:

“"Folded lake clays occur 3-8ft below the
surface for a distance of about 25ft.
Asymmetrical folds with dips up to vertical
could be traced from one side of the ditch
across its bottom to the nther side. The
largest fold has a height of at least 6ft.

Other deformed zones a few hundred feet away are
separated by areas in which the clay appears to
be horizontal- At this locality it is difficult
to explain the deformation other than by the
former presence of grounded ice."

Fenton et al. (1983) documents the presence of
preserved cut and fill structures and folds in the
deposits of the Lake Agassiz plain. The cut and fill
structures are believed to be preserved ice gouges below
the present day surface, and the folds are believed to
be a direct result of ice overloading. An outcrop
sketch by Fenton et al. (1983) can be seen in Figure 24.
Mollard (1983) prements the occurrence of large—scale
folds and cut and fill structures for his hypothesis for
the lineations being caused by ice smcour.

The aforementioned surface amorphology and
structural features from the lake bed of Glacial Lake
Agassiz are similar to thomse reported here from ice
gouged sediments on the continental shelf off the North
Slope of Alaska.
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Figure 26. Outcrop sketch of preserved ice gouges and
associated deformation from the Lake Agassiz plain.
(From Teller and Clayton: eds. Fenton et al, 1983).
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The documented occurrence of asymmetrical folds
below the large cut an fill features on the Lake Agassiz
plain by previous researchers supports my hypothesis for
the type of deformatipn that may occur in the process of
ice gouging. The similarities between the Beaufort
Shel f surface morphology and core stratigraphy with Lake
Agassiz surface morphology and sediments supports the
interpretation that the features pregerved {n the Lake
Agassiz plain are paleo ice gouges and that these
features may be characterized on the basis of the
sedimentary and deformational structures associated with
them. The ability to trace lithologic units between ice
gouges on the Lake Agassiz plain, in contrast to the
lateral discontinuity in the Beaufort Sea, suggests a
lower intensity of ice gouging, or more rapid
sedimentation in Lake Agassiz. The lack of preservation
of laterally continuous lithologic units in the Beaufort
sea may reflect rapid reworking in relation to ths rates
of sedimentation.

LATE PLEISTOCENE LACUSTRINE SEDIMENTS OF THE ONTARIO
BASIN, CANADA: AN ALTERNATIVE INTERPRETATION.

Glacial and postglacial sediments exposed in the
cliffs along the Scarborough Bluffs at Lake Ontaria,
Canada consist in part of hummocky and sSwaley
crosa—stratified sands contained within a
glaciolacustrine complex compused of fine grained
sediments (Eyles and Clark, 1986).

The rocks. locally known as the Don Beds, represent
sediments deposited on the floor of a glacier—-dammed
lake during early and middle Wisconsin time (Eyles and
Clark, 1986). The sedimentary structures observed in
the locality are described as subparallel undulatory
cross—~strata with low angle terminations and truncations
that are either convex-up or concave—up defining a
hummock or a swale respectively. The structures appear
to be radially symmetrical and have wavelengths up to 4
m and heights up to 40 cm. Laminations along the top of
the hummocky forms are typically truncated and mantled
by symmetrical wave ripples and mud drapes. In many
cases these bedforms are in erosional contact with
similar bedforms above and below. These structures
commonly contain ice-rafted dropstones and in some cases
are reported to display convoluted and deformed bedding
(Eyles and Clark, 1986). A typical outcrop and sketch
can be seen in figure 27.

Thaese deposits are interpreted to have forsed as a
result of sedimentation below storm waves that sntrain
large volumes of sand, and that hummocks say bs very
large post-vorter ripples with individual laminations
representing pulses of liquefaction, suspension, and
sedimentation of Sand by a mingle storm wave or wave
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Figure 27. Outcrop photagraph and sketch of believed
storm generated bedforms in the Scarborough Bluffs,
Ontario, Note the similarity to ice gouged sediments in
Lake AQassiz (Figure 26):; and compare to hypothetical
cross section (Figure 22) and to structures present in
cores (Figures 6. 7, B: 95 11, 12. 16, and 17). Thesne
unusual bedforms may very well be ice gouge related.
(From Eyles and Clark, 1986)
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train (Eyles and Clark, 1984). Eyles and Clark state
that the precise hydrodynamic setting and evolution of
such deposits are not fully understood, but belisve that
they must result from strong nscillatory flows, or at
least oscillatory dominant combined flow (Eyles and

Clark, 1984).

An al ternative hypothesis for the development of
the hummocky and swaley bedforms present Iin the
Scarborough Bluffs suggests these structures may in part
result from ice gouging. The paleoclimatic setting at
the time of deposition of the units certainly favors the
presence of floating ice, and is in part confirmed by
the presence of dropstones.

The preservation of well defined cut and fill
structures below which are deformed, laminated
sediments, coupled with the presence of floating ice
suqggests the origin of these unusual structures could be
related to drifting ice keels. It may be that some aof
these features are derived from storm generated waves,
but the loaded nature of underlying contacts, and the
deformed character of the sediments involved, as well as
the similarity to described localities of known ice
gouged sedimants (Fenton et al., 1983), give strong
evidence in favor of lce disrupted sedimentation in the
arega.
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SUMMARY

The relative Intensity of disturbance caused by
grounded f(ce seen in a transect of sediment cores can be
directly correlated to patterns of mapped ice gouge
intensity In the same area, and the ice gouge intensity
can subsequently be correlated tpo areas of greatest
pressure ridge development.

A hypothetical model based on the sedimentological
characteristics of cores in this study has been
developed for the deformation associated with the ice
gouging process. Soft sediment deformation in areas
where ice gouging is dominant is believed to range from
simple load structures to more complex folded and
faul ted bedding. This deformation has been depicted
schematically in a hypothetical cross—sectional model
(Figures 21 and 22).

The data gathered in this study have been compared
to ancient rocks from areas where floating ice was known
to be pregsent. Deformation in sediments documented in
the ancient environment correlates tc deformation
observed in the modern analog and is believed to fit the
hypothetical model .

Furthermore. smediments and structures in the
Ontaric Basin bel ieved to have been derived from storm
generated currents have been compared to cores and
observations in this study. An alternative
interpretation of those sedimentary structures proposed
here is that they are the resgult of sediment disturbance
by drifting ice.

CONCLUSIONS

The sediments investigated in this study have a
complex depositional history that has in many caseg been
overprinted by deformation caused by the process of ice
gouging. The fact that ice-msediment interaction plays
an important role in the development 0f deformational
structures is evident from the cores analyzed in this
study.

1. Ice related deformation has been preserved in
recent sediments from the study area.

2. Ice related deformation can range from simple
load structures to complex folded and faul ted
structures.

3. The intenmity of ice related deformation can be
tentatively correlated with mapped trends In ice gouge
intensity.

4. Lithologic, textural, and structural criteria
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normally used to classify sediments to a depositional
environment may be entirely obliterated if ice was
present during deposition or prior to lithification.
Areal extent of one laterally continuous lithologic unit
is probably greatly influenced by the relative intensity

of the ice gouging process.
S. Deformational features found in ice gouged

sediments are unusual enough to be used as a base
criteria for the identification and iInterpretation of
ancient ice—-deformed sediments, and two examples have
been used to illustrate and support this argument.

This has been a preliminary investigations
in—depth experiments on the formation of ice related
deformation, and exhaustive field work to find more
examples in the stratigraphic record bave not been
conducted. Emphasis in future studies should be
concentrated on working laboratory models of ice
gouging, and extensive field work should be conducted to
ascertain if other examples of preserved ice gouges and
the associated deformation exist in the ancient rock
record.

APPENDIX A

CORE DESCRIPTIONS

CORE V-13B

Core V-13B located at 70’44.38" north latjtude,
150 28.1" west longitude in 19 m of water.

0-10 cm is composed of clay. green to green gray.
massive, burrows and pelecypod fragments present. Sand
interbeds and laminae scattered with contorted contacts.
Sand is pink, clear, and translucent, fine to very fine
grained quartz. Hematite (limonite ?) staining common
in sand.

10-14 cm is sand. pink, clear, and translucent
Quartz, commonly with Fe oxide stain, fine to very fine
grained, scattered medium grains and shell fragments.
Mud balls common Iin this unit, composed of green to gray
clay.

16-19 cm is sandy clay, green to green—gray-
pelacypod fragments common, upper and lower contacts
deformed.

19-25 cm is clay and sand interbeds. Clay is green
to green—gray, massive, slightly mottled. sand is fine
to very fine grained clean quartz., Bedding and contacts
very irregular and contorted, deformed.

25-39 cm is clays green to gresn—gray, sandy in
part with shell fragments common. massive, upper contact
deformed.

39-49 cm is sand, pink, clear, and translucent,
fine to very fine grained quart2, horizantally
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laminated, upper and lower contacts deformed, loaded.

49-51 cm is sandy clay, massive, upper and lower
contacts deformed.

51-53 cm is clay, green to green gray, sassive.
deformed contacts.

33-59 ¢m is sandy clay, visibly laminated in upper
4cm, laminations slightly deformeds some possibly
truncated, lower 2 cm is massive.

59-61 cm sand lense extending upward at 30 degrees
and in 3 cm inte sandy clay, contacts irregular.

61-76 cm is sandy clay, scattered coarse sand
graina and pebbles, rare pelecypod fragments, some
distorted laminations in upper part, slightly mottled
with irregular pockets of sand or pebbly mud. Lower
contact visibly deformed.

76~87 cm is composed of interbedded clay and sandy
clay, laminations well defined> and in places highly
deformed, very tight recumbent fold in the middle of
this =ection, deformation may be a result of caring
disturbance.

CORE V-14

Core V-14 located at 70741.5" north latitude,
150727 .2”" west laongitude in 15 m of water,

0-9.5 cm is composed of silty sandy clay, slightly
mottled, no distinct bedding, brown to brounish-gray.

9.5-11.5 cm is composed of sand, fine to very fine
grained with abundant pelecypod fragments and pebbles.
Upper and lower contacts deformed, (loaded 7).

11.5-63.3 cm is composed of clay, dark to drab
green, and brown, silty in spots but with random
arientation. massive in core and peel, faint bedding and
laminations visible in radiograph-, highly deformed in
spots, smome actual offset observed in laminations on
radiograph. Slight edge deformation due to coring.

Overall character of core is coarsening upward.

CORE V-15

Core V—-13 located at 70°37" north latitude, 150727"
west longitude in 12.4 m of water.

0~-9 cm is composed of sand, fine to very fine
grained with silty matrix, no visible bedding in core or
peel, but large burrow evident on radiograph fram O to 4
cm. Burrow has cleaner sand of same grain size. Sand
is relatively homogeneous with cleaner sand in lower
part. Lower contact is highly deformed.

9-14 cm iwx clays gray to green, massive, very sandy
in part (pockets?). Upper and lower contacts deformed.
14-18.5 cm is sand, fine to very fine grained,
silty matrix, laminated, with some laminations truncated
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just below upper contact.

18.5-20.5 cm is a lense of clay, green to gray and
massive.

20.5-23.5 cm Is sand, fine grained and adeixed with
sandy clay, moderately well laminated, some shell
fragments present, upper contact with clay lens is
highly deformed (loaded), lower contact only moderately
deformed.

23.5-25 cm is a lens of clay,» green to gray-»
massive.

25-29.% cm is sandy clay, gray to greenish> some
laminations vigsible on radiograph near top contact,
moderately deformed, shell fragments visible on
radiograph and in core.

29.5-31 cm is sand: very fine grained, silty
matrix, upper and lower contacts highly deformed.

31-41 ¢m is clays gray to green, massive: some
laminations evident in lower part, all laminations are
deformed giving a distinct mottled appearance on the
radiograph, laminations not visible on core, but are
faint on peel,.

41-44.5 cm is sand, fine to very fine grained.,
moderately well laminated, possible ripple cross
laminations in upper part. Upper contact also
deformed.

44 .5-44.5 c¢m is sandy clay, gray to greenish-
grading into sand in lower part.

46.5-50 cm is sand, fine to very fine grained-
silty in top part grading into clean sand in bottom.
steep angular cross laminations are truncated at upper
contact. Large block of moderately clean sand is
apparent on radiograph, however the same area appears
only deformed on peel. Laminations in block are
horizontal.

S0-51.9 cm is clay> green to greenish gray,
massives, upper and lower contacts highly deformed.

351.5-55.5 cm is sand and sandy clay, clay pockets
present, highly irregular and deformed upper and lower
contacts.

55.5-62.5 em is clay and sandy clay, green to gray
and dark gray, massive except where very sandy, two
1x4cm blocks of sandy clay are visible on the radiograph
in the middle of this section. Blocks are well
laminated and rest together with great angular
discontinuity, upper contact highly deformed. lower
contact slightly deformed.

&2.5~-77.5 ¢m is sand and sandy clay, sand is very
clean, dark gray> and appears to be tightly folded. very
fine grainad. The sandy clay occupies the inside of the
fold. The sand also contains scattered pebbles and
shell fragments.

77.9-97.5 ¢cm is composed of highly deformed sandy
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clay and silt, gray to dark gray. sand is very fine
grained. Some sandy pockets. Deformation appears to be
the result of core removal.

CORE V-16

Core V-14 located at 70'34.3" north latitude,
150728.2" west longitude in 11.5 m of water.

0-5 cm is clay, dark green to drab, massive in
core, some bedding in peel, appears mottled on
radiograph. $Sandy in part with sand occurring in small
pockets.

S-47 ¢cm is clay, sandy clay and sand laminae. Clay
is dark green to brown. massive in core and peel,
laminated in radiograph. Sandy clay is green to gray in
core., gray in peel. massive in core. some structure is
evident in peel, laminated in radiograph. Sand is fine
to very fine grained quartz with silty matrix. massive
in core- laminated in peel and radiograph. This portion
of core is extremely disrupted and deforamed.
Deformation is best explained by coring effects since
much of the greatest deformation occurs at core edge.

47-S0 cm is sand, brown to gray. fine to very fine
grained, laminated, deformed.

S0-62 cm is clay and sandy clay. Clay is dark
green to broun,. and gray. mottled in core and peel-
laminated and deformed in radiograph. Sandy clay is
green to gray in core and peel. laminated in core and
peel, laminated and deformed in radiograph. Upper and
lower contacts of this unit are deformed.

62-97.5 cm is composed of clay and sandy clay
with sand pockets. Clay is green to gray. massive in
core. laminated in peel and radiograph. Sandy clay is
light to dark gray, massive in core laminated in peel
and radiograph. This section of core is extremely
deformed. Some small scale folds exist as well as
numerous shear planes and pffset laminations. Folds and
offset are best visualized on radiograph. Deformation
is probably not coring related as some overlying units
are relatively undeformed.

CORE V-17

Core V~-17 located at 70°34" north latitude,
150"28.2" west longitude in 8.5 m of water.

0-10 cm is clay. dark green, massive in core, but
sl ightly silty in part, vertical structure visible in
radiograph may be a relic burrow or some type of coring
disturbance.

10-10.5 cm is a lens of light gray, fine grained
sand, appears to be the terminating point of vertical
structure mentioned above.
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10.5-20.5 co s clay, dark green, massive, with
very fine grained, laminated silty sand pockets.
Laminations in sand pockets are deformed.

20.3-23.5 cm is clay, dark green, massive, some
contorted laminations visible on radiograph.

23.5—-24 cm is sand,light gray, very fine grained,
silty, deformed.

24-40.5 cm is clay. dark green: massive in core and
peel, highly deformed in radiograph, sandy in part,
scattered pelecypod and gastropod shell fragments.

40.5—47.5 cm is clay and sandy clay. Clay is green
to gray, faint bedding in core and peel, deformed in
radiograph., Sandy clay is gray,» laminated in core and
peel, highly deformed in radiograph. This unit grades
down into sand and clay interbeds.

47 .5-62.5 cm is sand and clay interbeds. Sand is
gray-. fine to very fine grained, laminated. Clay is
green to gray, mostly massive but mottled in part. This
unit has a highly mottled appearance due to the highly
contorted nature of the sand/clay lamination contacts.
Some deformed lenses of mand are also present.

62.5-67.5 cm is sand, gray., very fine grained.
silty, deformed.

67.5-74.5 cm is clay, dark green to gray, massive
to horizontally laminated, some contacts deformed.

74 .5-79.5 cm is sand, fine to very fine grained.
very silty matrix, laminated. 7Two small blocks of this
material reat inside this unit with an angular
discontinuity of laminations. and appear to be blocky
intraclasts or rip up clasts.

79.5-82.5 cm is clay, green, faintly laminated,
deformed.

82.5-84.5 cm is interbedded very fine sand and
silt> and clay. Laminations in this unit are deformed
and sheared,. and offset is apparent on radiograph.
Contacts highly deformed.

84.5-93.5 ¢m is composed of interbedded clay and
sandy clay. Appears massive in core, some bedding in
peel, Laminated and deformed on radiograph. Small folds
and shear plane with offset are visible in battom of
core on radiograph. -

CORE V-18

Core V-18 located at 70°33.2" north lati tude-
150727 .9” west longitude in 3.3 m of water.

0-17 cm is compossd of sand and clay interbeds.
The sand Is gray, fine to very fine grained, partially
oxidized, horizontally laminated. The clay is medium to
light gray, silty in part, horizontally laminated.
Slight sdge deformation due to coring.

17-18 cm is clay, gray, massive in core, laminated
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in peel and radiograph, upper contact deformed.

18-22 ca in clay, sandy clay: and sand interbeds.
Sand and clay as above, horizontally laminated.

22-23 cm is sand, gray, very fine grained:, ripple
cross lamination which are truncated at upper contact.

23-23 cm Is clay. greenish gray, massive.

25-246.5 cm is sand and organic interbeds. Sand is
gray. fine to very fine grained, lenticular with
laminations truncated against edge of organics.
Organics a light to dark brown and black. fibrous plant
material and detritus, lensaoidal.

26.5-28.5 cm is sand, gray to light gray. fine to
very fine grained, silty, horizontally laminated with
some laminations approaching crossbedding, erosional
upper contact with unit above. markedly angular.

28.5~-32 cm is sand and organic (peat) interbeds.
Sand is as above but truncates horizontally laminated
organics. Organics consists of partially oxidized
compacted fibrous plant debris.

32-40.5 cm is horizontally laminated sand. clay.
and organic interbeds. The sand is gray- fine to very
fine grained, disseminated organic component to grains,
Silty in part, horizontally laminated. Clay is green to
grays faintly laminated, rich in organics. some wholly
organic laminae.

40.5~41 cm is peat, horizontally laminated with
slightly deformed lower contact.

41-43 .3 cm is clean sand, very fine graineds
horizontally laminated.

41 .3-43.3 cm is peats green to dark brown and
black. some coal possible, horizontally laminated
highly deformed lower contact.

43 .3-350 cm is clay with minor sand and organic
interbeds. Clay is grean to gray. massive in core,
faintly laminated in peel and radiograph. Organic
content of clay is high (25-30X) and is very visible on
radiograph.

50-51 cm i’ sand: gray, fine to very fine grained,
silty, ripple cross laminated. Cross laminations are
truncated along upper contact.

S1-55 cm Is sand, light gray. fine to very fine
grained. silty matrix, horizontally laminated with
abundant eorganics. DOrganic laminations truncated by
sand body.

35-54 ¢m im clay, greenish gray,. massive, grading
downward into sandy clay and clay.

56-39 cm is clay and sandy clay with minor
interbedded organics and sand pods. Clay and sandy clay
is green to gray, slightly mottled, horizontally
laminated, mmall organic component. Small sand pods are
fine grained, silty, well laminated, and show up on
radiograph as wall laminated blocks and angular chunks
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suspended in the clay.

39-77 cm is clay: dark green to gray, massive in
core, well laminated on radiograph. Some lamination
contacts show minor deformation (loading?), mineor
organic component.

77-78 cm is peat,; green to brown and black. some
coal possible, compacted, well laminated.

78-111 ¢m is clay and sandy clay. Clay im green to
green gray, massive in core and radiograph, minor
organic component, appears highly bioturbated on
radiograph but no burrows can be discerned, Clay grades
downward into sandy clay. Sandy clay is gray, massive,
also appears bioturbated, but no burrows evident. Sandy
clay in this unit grades to clayey sand along It’s
bottom contact. Obvious overall fining upward
sequence.

111-112.5 cm is clay, greenish gray, massive,
deformed upper and lower contacts.

112.5-119.5 cm is sand, gray, fine grained, &ilt
and clay matrixs bigh organic content, massive.

119.5-146 cm is composed dominantly of clay with
one large structure in it composed of sand and organics.
The sand is gray», fine gralned and interbedded with
compacted fibrouam plant debris, (grasses?). The
structure forms a partial fold with the laminations
being vertical in relation to the core at the top of the
structure, and tapering off to about 30 degrees in the
bottom part of the structurg. This atructure is
suspended in a body of clay and has no similar
lithologies above or below it. The clay surrounding
this astructure is green to gray, smassive in core and
radiograph but hag a high organic content that appears
to be rootlets of grasses and plant stems. The organics
incorporated into the clay do not form any crude
beddingr but do, bowever, appear to be in growth
position. There is also no evidence of bioturbation in
this section, but (it is highly suspect.

CORE V-20

Core V-20 located at 70" 31.4" north latitude:
150*27 .5” west longitude in 1.5 m of water,

0~9.3 cm is camposed of sand, brown teo dark brown.
oxidized, fine to very fine grained, horizontally
moderate to well laminated.

9.5-10.5 cm is sand: medium to dark brown, fine to
very fine grained, interbedded with fibrous erganic
matter, ripple croms laminated with cross laminations
truncated along upper contact.

10.5-15 ce is mand. dark gray to brown, fine
grained, silty, interbedded with organic debris and
coal, horizontally laminated. Organic matter is a
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component grain in the sand.

15-24 cm is sand, clay and organic interbeds. The
sand is light gray, fine grained, has a silt and clay
matrix, horizontally laminated. Clay is green to gray.,
massive in core, faintly laminated in peel, well
laminated in radiograph. The organic laminae are dark
brown to black, well laminated fibrous organic matter.

26—40.5 cm is sandy clay interbedded with orqganics.
The sandy clay is Qray> with fine to very fine sand,
well laminated with dark brown fibrous organic
interbeds. This section of core is highly deformed into
a box fold like structure. The structure is most
visible on the peel. but does show up on the radiograph.
The structure is concave up and is most likely not the
result of coring.

40.5-47.5 ¢m is clay and organic interbeds.

Organic interbeds in this section are large and average
1 cm in thickness, are brown, and have a large coal
component. All laminae in this section are affected by
deformation in unit above, and show a concave up
structure.

47 .5-592.5 cm is sand, gray to brown. fine to very
fine grained: some organic component and interbeds,
highly deformed laminations.

59.9-70.5 ¢m i= of sand and clay interbeds. The
sand and clay is as above, but the interbeds are highly
deformed into a structure that resembles a recumbent
fold. The fold is truncated along a shear plane just
upwards of its axiss and holds a great resemblance to a
thrust plane. This structure is extremely well defined
in both the peel and radiograph.

70.5-87.5 cm is sand, gray to brown, fine to very
fine grained, massive with a distinct mottled appearance
on core, peel and radiograph. This section shows many
irregular truncated planes and appears highly deformed,
al though no consistent lamination planes are present.

87.5-122.5 cm Iis composed of sand: sandy clay. and
silt and organic interbeds. The sand and sandy clay
occupy the upper 3 cm of this unit and are medium to
light gray with very fine grained sand. moderately
laminated with little deformation. This sandy clay
grades down into silt, green to gray, and brown, with
dark brown fibrous organic interbeds. This unit is"’
moderately well laminated and shows no deformatjon other
than edge effect dues to coring. Several sets of
asymmetrical ripple marks with cross lamination exist
with the cross laminations on all sets being truncated
along their upper contact.

CORE V-21
Core V-21 located at 70°33.8" north latitude,
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151" .01" went longitude in 4 m of water.

0-1 cm is composed of clay, light gray, massive.

1-36 cm is sand. light brown to gray, fine to very
fine grained, silty matrix, well laminated, highly
deformed, scattered clayballs. This unit is highly
deformed, with a structure resembling a large fold in
the top 1S5S cm. Laminations around clay bodies show
evidence of flow> minor folds throughout unit. Faint
vertical burrow can be seen on radiograph.

36—37 ¢cm is clay> gray, massive.

37-38 cm is sand, medium gray, fine grained with
silty matrix, well laminated, slightly deformed.

38-41 cm is clay, sand, and organics. Clay and
sand as above, organics are light brown to brown and
blacks some coal evident, well laminated.

41-48 cm is clay, green to gray. massive, partially
mottled on radiograph.

68-70 cm is sand, gray, fine to very fine grainad,
poorly laminated, highly deformed upper and lower
contacts (loaded?).

70-72 ¢m is clay, greenish gray, mostly massive
with some mottled texture in radiograph.

72=77 cm is sand. fine grained, silty matrix, Some
lamination apparent on radiograph, highly deformed lower
contact.

77-83 cm is clay and sand interbeds. Clay is gray
to green>and massive. €Sand is gray, fine grained, very
silty, faintly laminated, lensoidal.

83-91.5 cm is clay, green to gray, massive with
some sandy pockets.

91.5-92.5 ¢m is sand, gray, fine grained. silty>
faintly laminated, upper and lower centacts slightly
deformed.

92.3-93.5 ¢m is clay, grayr massive.

93.5-96 cm is sand, gray to brown, fine to very
fine grained, silty, faintly laminated, lensoidal.

96—~117 cm is clay, gray, partially laminated in
upper and lower part. mottled to massive in remainder.
Upper and lower contacts slightly deformed.

117-119 ¢m is sand, gray. fine grained, silty,
massive, upper and lower contacts deformed, with lower
contact highly deformed.

119-121 ecm is clay, gray to green. massive. Upper
contact highly deformed, lower contact undeformed.

121-122 ¢m is sand, gray. fine grained, silty,
massive.

122~-137 cm is clay, greenish gray, mostly msassive
but has some evidence of faint laminations in upper and
lower part on radiograph, some minor shell fragments.

137-140 cm is sand, gray, fine to very fine
grained, silty in part, well laminated. highly deformed.
may be partially folded.
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140-15S ca is clay, green to gray. massive. some
evidence of faint laminations on radiograph, highly
deformed upper and lower contacts.

195-157 cm is clay with abundant organics. Clay is
gray> and massive. Organics are disseminated peat and
plant stems or small twigs?.

157-177 cm is composed of clay (as above) with
small organic rich pockets and interbeds. Moderately
laminated with some deformation along lamination
contacts.

CORE V-22

Core V-22 located at 70°32.5" north latitude,
150’39.6" west longitude in .6 m of water.

0-12 cm is composed of silty sand> medium to light
gray, fine to very fine grained. scattered shell
fragments and mudballs, faintly laminated.

12-87 cm is sand with intermixed organics. The
sand is brown to dark gray, fine to very fine grained,
very silty,. high organic component as grains (coal)s
well laminated, highly deformed. Organic interbeds are
very fine fibrous plant debris, compacted, well
laminated.: deformed. This unit shows an unusual
structure in its middle. The structure is composed of
steeply dipping laminations dipping in different
directions about a central axis. Near the central axis
the laminations dip less and approach horizontal.
Several ripple cross lamination sets are prevalent in
this unit, and are subsequently deformed by this
structure. Below this structure is undeformed
horizontal laminations.

87-88 cm is clay, green, massive, with some shell
fragments.

88-98 cm is sand, brown te gray- fine to very fine
grained. silty. small organic component. horizontally
laminated.

98-114 ¢cm is sand and clay interbeds. The sand is
brownish gray, fine grained, silty, faintly laminated,
deformed. The clay is gray, generally massive but with
some faint lamination, laminated in radiograph.

114-170 cm is composed of sand, clay. and organic
interbeds. The sand is gray to brown, fine to very fine
grained, very silty in part, horizontally moderately to
well laminated, high organic component to grains.
several sets of ripple cross lamination apparent. The
clay is gray, massive with a moderate organic component.
The organics are well laminated, highly abraded plant
debris and coal, including twigs, grasses. plant stems.
and peat. DOne organic rich lamination containg a twig t
cm in diameter. A vertical burrow 45 cm long is present
in this unit and can easily be meen on the radiograph as
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well as the peel. The burrow has caused little to no
disturbance of the laminations that it penetrates.

CORE V-23

Core V-23 located at 70°29.5" north latitude:
150’°59.5 west longitude in 1 m of water.

0-4 cm is composed of sand, brown to gray, fine to
very fine grained. silty, horizontally laminated.

4-7 cm is clay, green, massive.

7-8 cm is sand, gray, clean, oxidized, fine
grained, horizontally laminated.

8-10.5 cm is clay, greenish gray, faintly
laminated, some fine sand laminations.

10.5-15.5 cm is sand> brown to gray, fine to very
fine grained, silty. horizontally laminated with
undulating contacts.

15.5-34.83 cm is clay and organic interbeds. The
clay is greenish gray- and massive. The organics are
brown to black, very fine, fibrous: horizontally
laminated.

34.5-44.5 cm is sand, medium to fine grained-
mottled, bioturbated?:. faintly deformed laminae.

44 .5-48.5 ¢m is clay and sand interbeds. Clay as
above, sand is gray fine grained,. silty, laminated.

48.5-51.35 ¢m is clay and organic Iinterbeds. Clay
as above, organics are thin fibrous laminae of plant
detritus.

51.5-52 cm is sand. gray, fine grained, silty;s
ripple cross laminated to horizontally laminated.

S52-57 cm is clay., organics, and minor sand laminae.
Clay. sand, and organics as above, herizontally
laminated.

S57-61 ¢m is sand, gray, fine grained, silty,
several ripple cross laminated set with laminations
truncated along top contacts of individual sets. Appear
almost as climbing ripple marks.

61-73 cm is clays gresnish gray. massive to
horizontally laminated, minor organic component.

73-74.5 cm is sand, gray. fine grained, silty-
massive. .

74.5-96.5 cm is sand and organic laminae. The sand
is gray, fine grained silty. well laminated. The
organic matter is composed of brown fibrous plant
detritus. rootlets, stems and twigs. This unijit is
dominantly ripple cross laminated with the cross
laminationg reflected in the organics as well as the
sand. HMomt nf the cross lamination sets are truncated
along the upper contacts. The bottom most S ce aof this
unit is horizontally laminated.

96.35-144 cm is composed of clay and organic
interbeds and laminations, with minor sand laminations.
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The sand, clay and organics are as above, but this unit
is dominantly horizontally laminated. Some ripple cross
lamination does occur in the small sand bodies and in
some of the organics.

CORE V-33

Core V-53 located at 70°36.69” north latitude,
150* 24 .8" west longitude in 13 m of water.

0-6.5 cm Is composed of clay, greenish gray, highly
mottled, bioturbated?, some shell]l fragments and
pebbles.

6.9-19.5 cm is sand, gray, fine grained, well
laminated with abundant shall fragments in lower part,
upper contact deformed.

19.5-21.59 cm is clay, green gray, massive with
distorted (loaded?) lower contact.

21.5-28 ¢cm is sand, gray, fine grained, silty,
oxidized in part, horizontally laminated.

28-73 cm is clay to sandy clay, mostly massive, but
where sandy shows laminations. Some ripple cross
lamination present, highly deformed in part, some shell
(pelecypod) fragments present.

73-84 cm is composed of sand and clay. The sand is
qray, fine to very fine grained, silty, laminated,
highly deformed. The clay is greenish gray, sandy in
part, laminated, deformed. This unit displays a highly
deformed structure in its center. The structure is
composed of sand and shows the flow features around its
boundaries and in the clay. This was most likely
produced by coring.

CORE V-33

Core V-355 located at 70"33.88" north lati tude.,
130’ 28" west longlitude in 7 m of water.

0—-10 cm is composed of clay, greenish gray. massive
fo mpttled, defaormed.

Next is 3 cm of sand., gray, fine to very fine
grained, silty to clayey, laminated.

10~-146 ¢m is clay, greenish gray, massive to faintly
laminated, slightly deformad.

16—24 cm is sand, mediwn to light gray. fine to
very fine grained, silty, horizontally laminated. lgwer
contact highly deformed.

24—49 cm is clay. gray, massive to mottled, some
parts faintly laminated. bioturbated, slightly
deformed.

49-30 ¢m is sand, Qray, fine to very fine grained.,
silty, horizontally laminated, lensoidal.

30-84 cm ls clay, green gray, massive to faintly
laminated, bioturbated?, Highly defprmed in lower part
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of unit with some folding evident.

B4-88.5 cm of =mandy clay and organic interbeds.
The clay is gray. and massive. The organics are brown
to brown-black, fine grained fibrous plant detrjtus, and
peat. This unit shows some moderate deformation.

88.5-124.5 cm Is clay: green gray. massive to
mottled and faintly laminated, bioturbated?, some minor
interbeds and packets of fine sand, deformed.

124 .,5-154.3 cm is sand and clay interbeds. The
sand is brownish gray-, fine grained, silty, laminated.
slightly deformed. The clay is green gray, massive to
faintly laminated, slightly deformed.

CORE Vv-76

Core V—76 located at 70°37" north latitude,
150* 34 .8" west longitude in 10.7 m of water.

0-55 cm is composed of sand, gQray, medium to fine
grained, silty in part. well laminated, deformed. Thix
unit shows a great deal of deformation. The upper
portion of this unit displays a dominant concave up
moderate deformation. The lower portion of this section
displays steeply dipping to partially folded laminations
which show some evidence of flow along lamination
interfaces, highly deformed. The two different types
of deformation are distinctly different and the lower
set of deformed laminations is truncated at the top by
the upper set.

55-646 cm is clay, gray to gray-black. partially
oxidized>, highly mottled, with abundant pelecypod
fragments and some complete half shells.

66-91.5 cm i® sand. gray. fine grained- very silty,
horizontally well laminated to deformed well laminated.
The upper portion of this unit is composed of
horizontally well laminated silty sand. The lower
portion of this unit is composed of horizontally well
laminated sand that has been deformed into a concave up
low amplitude fepld. The laminations along the upper
contact in the lower part are truncated and the cantact
is visibly dipping. Everything above the contact is
borizontally well laminated and undeformed. A large
clay block (containing organics) 3x3 cm sits directly on
the contact between the two parts of this unit.

91.5-96.5 cm of clay. gray to gray—-black, highly
mottled with a large gastropod shell visible in the
radiograph:, bioturbated.

96.5-112.5 cm im sand, gray. fine grained, silty.
massive, deformed lower contact, some small msud
pockets.

112.5-113 cm is clay:, gray to gray-black, faintly
laminated, deformed upper and lower contacts.

115-123.35 ¢ is sand, gray, fine grained, silty.,
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laminated, deformed upper and lower contacts.

123.5-137 cm Is composed of clay. gray to
gray—-black, massive to faintly laminated with several
ripple cross laminated fine grained silty sand
stringerss slightly deformed.
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