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Marine stratigraphy and amino-acid geochronology of the

Gubik Formation, western Arctic Coastal Plain, Alaska

by

Julie K. Brigham

ABSTRACT

The Pliocene/Pleistocene Gubik Formation that mantles the
Arctic Coastal Plain includes wedges of marine sediment that
represent one of the most complete records of high sea level stands
in Arctic North America. These marine sequences have been
subdivided into six members, each of which corresponds to a
specific aminozone representing a depositional time period when sea
level was above present. The oldest marine units, the Nulavik and
Ki1li Creek Members, are the most poorly preserved along Skull
Cliff and represent high sea level stands that took place > 2.2 and
between 1.7 and 2.2 m.y. ago, respectively. An early Pleistocene
transgression represented by deposits up to 33-36 m a.s.l. of the
Tuapaktushak Member occurred sometime between 0.7 and 1.7 m.y.
B.P. Extralimital mollusk faunas in these latter deposits suggest
that coastal conditions along northern Alaska were warmer than they
are today and that the Arctic Ucean may have lacked perennial sea
ice during a portion of the early Pleistocene. The Karmuk Member
consists of marine sediments deposited when sea level reached about
23 m a.s.1. about 500 ka B.P. and is characterized by marine
conditions similar to today. About 12b ka B.P. sea level reached 8
to 10 m a.s.1. and beach and lagoonal sediments of the Walakpa
Member were deposited. Marine conditions in the Chukchi Sea at
that time were similar to today: however, several mollusks that
today reach their northern limits in the Chukchi Sea expanded their
ranges into the Beaufort Sea at this time.

The youngest transygression onto the coastal plain took
place 80 to 100 ka B.P. and deposited the Flaxman Member. These
sediments are preserved only along the Beaufort Sea coast. At
Barrow, Alaska, this transgression resulted in the formation of a
curved spit about 7 m.a.s.l. that is similar in form to the modern
spit at Point Barrow. Eolian sand was periodically deposited and
redistributed as a discontinuous sand sheet across portions of
Coastal Plain throughout the Wisconsin. Mean annual air
temperatures during the Happy and Duvanny Yar glacial intervals of
the Wisconsinan averaged between -17°C and -23°C, or more than
about 4.5°C lower than at present. Arctic summers throughout these
periods were probably cooler. Finally, a dramatic warm interval,
known as the birch period, initiated the active growth of thaw
lakes and ice wedges and by 8.5 ka B.P. in situ peat began to
accumulate.



CHAPTER I
INTRODUCTION

Throughout late Pliocene and Pleistocene time, world sea
level oscillated repeatedly in response to the intermittent growth
and decay of large ice masses on land. These changes in sea level
are recorded by the often patchy occurrence of coastal sediments
lying above present sea level and transgressive/regressive marine
sequences laced by unconformities blanketing the continental
shelves. Such deposits provide a means of subdividing the last 3
million years into climatically significant periods of regional and
global extent. Moreover, they contain a faunal record of changes
in the distribution and envirommental conditions of contiguous
water masses and the migration and evolution of vertebrate and
invertebrate forms. This biostratigraphic history remains as a key
to reconstructiny late Cenozoic terrestrial climates and
understanding past fluctuations in the ocean/atmosphere system.
This study is concerned with the stratigraphy and Late Cenozoic
history of the Gubik Formation in northwestern Alaska and
represents a contribution toward understanding the paleogeography
of the arctic regions during the last 3 million years.

Description of the Problem

The Arctic Coastal Plain and adjacent continental shelves
of northern Alaska are mantled with unconsolidated deposits that
record multiple sea-level events during Pliocene and Pleistocene
time. This sedimentary complex, collectively recognized as the
Gubik Formation (Payne and others, 1951; Gryc and others, 1951;
Black, 1964) includes beach, nearshore, and shallow-marine shelf
sediments, as well as fluvial, eolian and thaw lake facies.

Because this monotonously flat landscape was never
glaciated throughout Pliocene and Pleistocene time, the
transgressive/regressive marine sequences of the Gubik Formation
probably comprise one of the most complete records of high sea
level stands in Arctic North America. In addition, these deposits
contain an invaluable almanac of paleoclimate in the high arctic,
recording not only the migration and exchange of marine vertebrate
and invertebrate faunal elements between the Pacific and Atlantic
basins via the Arctic Ocean, but also the migration during low sea
level intervals of terrestrial faunal and floral elements across
the Bering Land Bridge between Asia and North America. Hopkins
(1959, 1967a, 1967b, 1972, 1973, 1982a) has repeatedly emphasized
the biogeographic significance of the entire region of Beringia,
pointing out that changes in world sea level throughout the last 3
or 4 my have directly controlled both intercontinental and
interoceanic dispersal routes (Hopkins, 1967a).

The purpose of this study is to describe the physical
stratigraphy, determine the geochronoloyy of the units, elucidate
the sea level history, and synthesize the evidence concerning the
paleoclimatic history of the Gubik Formation exposed across the



western Arctic Coastal Plain, between Point Barrow and Cape
Beaufort (Fig. 1.1). This region includes an exceptionally
complete and well-exposed sequence of late Cenozoic marine
sediments in the long bluff known as Skull Cliff. This bluff is
now recognized as being the only area in Alaska, and probably in
northwestern North America, where all of the known Pliocene and
early and middle Pleistocene marine transgressive units are present
in superposition. Thus, this stretch of coast represents a key
section for understanding the marine fluctuations of the late
Cenozoic in Beringia.

Urganization

Chapter I provides a broad introduction to the physical
characteristics of the northwestern Arctic Coastal Plain, the
purpose and objectives of the dissertation, methods, and background
information concerninyg previous Quaternary investigations in the
area. Chapter II describes the lithostratigraphy of the Gubik
Formation as it is exposed in the bluffs southwest of Barrow,
followed by a discussion of the aminostratigraphy of these units 1in
Chapter III. Chapter IV integrates the morphology of the landscape
with the stratigraphy of marine sediments, particularly those
exposed in riverbanks and coastal bluffs south and west of Peard
Bay. Chapter V introduces the vertebrate and invertebrate
paleontology of the aminostratigraphic units and extracts the
paleoclimatological evidence associated with each superposed marine
deposit. Chapter VI presents paleotemperature reconstructions for
the Coastal Plain during the last 125,000 years based upon the
thermodynamic constraints of the amino acid data. Chapter VII
draws upon the information in previous chapters and presents a
composite stratigraphic and geochronologic subdivision of the Gubik
Formation and a synthesis of the sea level history it records.
Finally, Chapter VIII introduces the correlation of the Gubik
Formation to similar chronologies in adjacent areas of Alaska and
Canada as well as the northeastern coasts of the Kamchatka and
Chukotka peninsulas, USSK.

Background

The unconsolidated deposits of the North Slope of Alaska were
first described by explorers who ventured into the region during
the late 1800's (outlined by Leffingwell, 1919, p. 69-92; Black
1964, p. 62). The first systematic yeologic descriptions were made
by Dall and Harris (1892, p. 260-268) and Schrader (1904, p. 91-93)
who reported the presence of massive ground ice and widely
distributed clay, sand, and gravel containing the remains of
Pleistocene mammals, notably along Skull Cliff and Colville River
(reviewed by Black 1964, p. 62). Dall and Harris (1892) proposed
the name "Kowak clays" for deposits of clay overlying the ground
ice formations. Schrader (1904), on the other hand, proposed the
name "Gubik sand" for surficial deposits of Pleistocene age along
the Colville River; the name was evidently derived from "Kupik",
the Eskimo name for the Colville River (Leffingwell 1919, p. 1b0).
Schrader (1904, p. 93) spoke of the Gubik sand as
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. .« «[a] deposit [that] seems to be distinct from the
Colville series and to extend over a large area of
country. It not only forms the surficial terrane of the
coastal plain along the Colville, but seems to occur at
some localities along the coast from the mouth of the
Colville westward, in some instances apparently overlying
the ground ice and probably the Kowak clay formation, while
its inland margin probably overlaps the coastal edge of the
Upper Cretaceous of the Nanushuk series along the Anaktuvuk
nearly to the mouth of the Tuluga, where, in certain
localities, judging from topographic criteria, it also
appears to overlie gravels which are very tentatively
referred to as glacial, but to which its relation is not
definitely known.

The deposit consists of fine sand, with apparently an
admixture of considerable silt. In some localities it
seems to be more sandy toward the base, and more earthy
toward the top, where it terminates in from one to several
feet of dark brown or black humus, clothed at the surface
with moss and a little yrass. It is ordinarily free from
gravel, but in several instances subangular cherty pebbles
ranging from mere sand yrains to fragments as large as
one-fourth inch in diameter were found. These occur very
scatteringly and are sometimes roughened, as if wind worn.
In some localities a fine gravel seems to intervene between
the base of the deposit and the underlying Tertiary beds, as
if representing the basal part of the deposit.

Leffingwell (1919) later spent several years between 1906 and
1914 mapping and describing all aspects of the bedrock, surficial
materials and ground ice in the valley of the Canning River and
westward along the coast to Point Barrow. Notably, he was the
first to recognize and describe ice wedges and to explain their
origyin (Leffingwell, 1919, p. 206-214). Moreover, he proposed the
name "Flaxman Formation" for what he described as "a deposit of
foreign glacial till, possibly containiny glacial ice, scattered
alonyg the Arctic coastline of America" (Leffingwell, 1919, p.
142). He later added (Ibid., p. 147) that

~ the only workable hypothesis [for the origin of this
deposit] is that the foreign material was brought into its
present location either by an ice sheet that extended over

the Arctic Ocean or by floating icebergs. It seems scarcely
possible that an ice sheet could have extended along the coast
of Alaska without leaving conspicuous marks of its presence.
The material was probably transported by icebergs.

It is interesting to note that the arguments concerning the
hypothesis of an Arctic Ucean ice sheet and the origin of the
Flaxman deposits still continue in the literature (Hughes and



others, 1977; Williams and others 1981; Hopkins, 1982; Clark,
1982).

Leffingwell's (1919) reconnaissance resulted in some of the
first fossil mollusk collections from the Skull Cliff area (Lall,
1920) and expanded the known distribution of the Gubik -Formation
southwestward from Barrow along the Chukchi Sea. Meek (1923)
examined the stratigraphy and fossil mollusks of the Gubik at the
southwestern end of Skull Cliff near Peard Bay, and concluded that
all of the unconsolidated sediments in that area were of
Pleistocene age and represented a single period of deposition.
During reconnaissance work in northwestern Alaska from 1924 to
1926, Smith and Mertie (1930, p. 238) examined unconsolidated
marine sediments between Cape Beaufort and Peard Bay and noted

evidence of former lower stands [of the land] which have
since been uplifted is now recognizable through the marine
deposits then formed, which are seen at many places and
clearly indicate relatively recent uplift. The whole coastal
plain province thus appears to have been at one time under the
sea. . .in no place were very thick deposits of marine
origin laid down, as is shown by the fact that the underlying
hard bedrock is exposed at many places where these deposits
are trenched by the present streams.

They also noted the presence of erratic boulders on the
coastal plain.

In close relation to some of the marine deposits. . .are
numerous fragments of rocks of apparently foreign origin.
At many places along the beach from Point Lay northward to
Barrow and up some of the inlets pieces of red granite,
gray granite, red quartzite and some gneiss or schist were
found. Fraygments of this sort were particularly abundant
in Peard Bay. . . . Foran notes the presence of large angular
blocks of red granite and pink quartzite as much as 5 feet in
each dimension and many smaller ones as much as 8 inches in
diameter at many points along Wainright Inlet along the way
to the head of the Kuk River(Smith and Mertie, 1930, p. 242).

Payne and others (1951) and Gryc and others (19Y%1) renamed
the "Gubik sand" the Gubik Formation and defined it to include all
of the unconsolidated deposits on the Arctic Coastal Plain of
Pleistocene between Demarcation Point and Cape Beaufort. MacNeil
(1957, p. 1UU) expanded the definition of Gubik Formation to
include fossiliferous marine sediments at Ucean Point along the
lower Colville River which Schrader (1904) had assigned to the
Upper Colville Series of Pliocene age. MacNeil (1957) reassigned
these beds to the Pleistocene but more recent studies indicate that
the marine silt yielding the faunas examined by Dall (in Schrader,
1904) and MacNeil (1957) overlies a fossiliferous beach gravel that
enclosed a fossil sea otter estimated to date between 1.7 m.y. and
2.2 m.y. BP (Repenning, 1983; Nelson, 1979, p. 39; Carter and
Galloway, 1Y81; Carter, unpublished). Thus, the base of the Gubik
Formation as redefined by MacNeil (1957) includes sediments of late
Pliocene age.



Both O'Sullivan (1961) and Black (1964) attempted to
subdivide the Gubik Formation on the basis of stratigraphic
sections in scattered areas of the coastal plain and by mapping
major topographic breaks which they assumed to be paleoshorelines.
These studies included the first published grain-size analyses of
different components of the Gubik Formation. Black (1964)
subdivided the Gubik Formation into three informally-named
lithologic units, the Skull Cliff, the Meade River, and the Barrow
units. Black (1964, pg. 88-89) was unsure of the age of these
individual units, but he hypothesized that

the Barrow unit must represent much, if not all, of the
Wisconsin Glaciation. OUne might then correlate the Meade
River unit with the Sangamon Interglaciation and the Skull
Cliff unit with the Illinoian Glaciation.

Recent (1976-1981) fieldwork by U.S. Geological Survey
field parties led by L.D. Carter, D.M. Hopkins, J.R, Williams, and
J.K. Brigham, has shown that Black's lithologic units are, in fact,
sedimentary facies that are of different ages in different
areas spatially across the coastal plain (Hopkins and others,
unpublished manuscript).

J.R. Williams studied the stratigrapny and surface sediments
of the Gubik Formation along the Chukchi sea coast and inland to
the Meade River during the summers of 1975 to 1979 (in Williams and
others, 1977; Williams, 1979; 1983a, 1983b). Hopkins and
assistants worked along portions of Skull Cliff, Kuk River, the
coast near Icy Cape and the Alaskan coast of the Beaufort Sea in
1976 through 1983, Fieldwork by Carter has focused largely on the
stratigraphy of the Gubik Formation east of the Meade River (Carter
and others, 1979; Carter and Robinson, 1980; Carter and Galloway,
1981; Carter, 1981).

My field work was conducted on the Arctic Coastal Plain
west of the Meade River during the summers of 1980 and 1981. Major
emphasis of the study was placed upon bluff exposures along Skull
Cliff between Barrow and Peard Bay. Reconnaissance studies of
bluff exposures in Wainwright Inlet and along the lower reaches of
the Kuk River were conducted using an inflatable boat and studies
inland along the Utukok, Kokolik, Epizetka, and Kukpowruk Rivers
were conducted by U.S. Geological Survey helicopter,

Hopkins' (1Y67a) classic work, describing a sequence of
late Cenozoic marine transgressions in western Alaska, was the
first systematic documentation of sea level changes across
Beringia. It was in this paper that he proposed names for these
repetitive marine transgressions (Table 1.1) and attempted to
correlate these events with the geographically scattered data known
at that time concerning the stratigraphy of marine transgressions
across the Arctic Coastal Plain. He tentatively correlated the

older units at Ocean Point and the marine section at Skull Cliff
with the Beringian transgression as defined at Nome, Alaska
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Table 1.1. Quaternary Marine Transgressions in Alaska (Hopkins,
1967, 1973).
Climate as Compared - Archaeological or
Transgression Type Locality Altitude of Shoreline with the Present Radiometric Dating
Krusensternian Recent beach ridges Within 2 meters of pres- Same <5,000 yrs. at Cape
at Cape Krusenstern ent sea level for de- Krusenstern; up
posits <4,000 yrs. old to 10,000 yrs. for
terraces along
Gulf of Alaska
coast
Woronzofian! Bootlegger Cove Clay Probably a few meters Water colder <48,000 yrs.:
near Point Woronzof, below present sea Air colder >25,000 yrs.
Anchorage area level
(Miller and Dobro™
volny, 1959)
Pelukian Second Beach at Nome Two distinct high-sea- Water warmer Ca. 100,000 yrs.
(Hopkins et al., 1960) level stands at Air slightly warmer
+7-10 meters
Kot zebuan Marine beds below Probably ca. Water same 170,000 yrs.;
I1linolan drift along +20 meters Air unknown 175,000 yrs.
eastern shore of
Kotzebue Sound
(McCulloch et al.,
1965)
Einahnuhtan? Efanhnuhto Bluffs, Probably ca. Water same <300,000 yrs.;
St. Paul Is. (Cox +20 meters Air unknown >100,000 yrs.
et al., 1966)
Anvilian Third Beach-Interme- Probably much higher Water warmer Probably <1,900,00
diate Beach at Nome than Kotzebuan and Air warmer >700,000
(Hopkins et al., 1960) Einahnuhtan:
<+100 meters;
>+20 meters
Beringian Submarine Beach at Two distinct episodes Water much warmer Last episode ca.

Nome (Hopkins,
et al., 1960)

during which sea
level was higher
than at present but
probably lower than
Anvilian sea level

Air much warmer

2,200,000 yrs. on
St. George Is.

1gecause the Bootlegger Cove Clay has been shown by Schmoll and others (1972) to be only 12,000 to 14,000 years old,
Hopkins (1973, p. 521-522) tacitly abandoned the name Woronzofian Transgression, but he continued to believe that
uplifted beach deposits at an altitude of 7 m near Point Barrow (Sellmann and Brown, 1973) record a mid-Wisconsonian

transgression.

More recently, these uplifted beach deposits have been thought to represent the shoreline facies of the

Flaxman Formation which Hopkins believes to be between 80,000 and 105,000 years old (D.M. Hopkins, written communication,

May 1983).

21pe stratigraphy of the Einahnuhan Bluffs on St. Paul Island has been reevaluated on the basis of field work and

potassium-argon dating carried out during 1975 and 1976 by M.L. Silberman and 0.M. Hopkins.

The older marine beds which

comprised the type locality for the Einahnuhtan Transgression are evidently of Kotzebuan age, and higher beds previously
Oune sand of late Wisconsinan or Holocene

thought to be Kotzebuan are evidently Pelukian (see Fig. 8, Hopkins, 1973).
age to the north of the illustrated section had previously been mistaken for Pelukian beach sand.

This reevaluation

indicates that the term "Einahnuhtan transgression is synonymous with the Kotzebuan transgression and that the term

“Einahnuhtan transgression® should be abandoned (D.M. Hopkins, written communication, May, 1983).



(Hopkins, 1Y67a, p. 58). It has recently become clear, however,
that the Ocean Point sediments probably represent the Anvilian
transgression (Carter and Galloway, 1981) and that the Skull Cliff
section includes evidence of at least 4 marine transgressions, the
oldest of which may be correlative with the Beringian transgression
(this study). Despite these minor modifications, Hopkins' (1967,
1972, 1973) studies remain the basic framework for evaluating
coastal marine sequences all around Alaska.

In a companion paper, McCulloch (1967) described evidence
for a series of paleoshorelines inland from Point Lay and traceable
northward into the Wainwright area at the western edge of the
coastal plain. Based upon their elevation and some
paleontological evidence, he hypothesized that beach deposits
reaching 33 m asl were older than Sangamon deposits and were
probably correlative with “pre?-I11inoian" (Kotzebuan) sediments of
the Kotzebue sound area. Ulder marine sediments were found inland
from these deposits.

It was, in part, McCulloch's renconnaisance (1967) that
drew my interests to the North Slope. From 1976 to 1979, L.M.
Hopkins attempted to refine the transgressive history along the
shores of Alaska using amino acid geochronology to determine the
relative ages of superposed units. The analytical work was carried
out under a contract between the U.S. Geological Survey and G.H,
Miller at the then newly established Amino Acid Geochronology
Laboratory at the Institute of Arctic and Alpine Research,
University of Colorado. As a student research assistant, I became
involved in handling the Alaska contracts, and thus my association
with Hopkins began. It was Hopkins who actually proposed that I
enter a dissertation project concerning the aminostratigraphy of
the Gubik Formation along Skull Cliff, Later after reading
McCulloch's (1967) paper, I proposed to expand the project to a
description of the Gubik Formation between Barrow and Cape
Beaufort, thus realizing a broader, more three-dimensional view of
the marine transgressive history.

Objectives

The objectives of this study are:

1) to describe the physical stratigraphy and develop a
geochronoloyy for the Gubik Formation along the western
border of the Arctic Coastal Plain between Cape Beaufort
and Barrow and to establish a stratigraphic framework
for future work in the area;

2) to elucidate the history of Pliocene and Pleistocene
high sea level events recorded by the Gubik Formation;

3) to assemble and interpret paleoclimatic evidence based
on micro- and macrofossil collections and pollen
analysis. This study realistically represents only a
systematic start on the biostratigraphy of the Gubik
Formation;



4) to provide a more detailed assessment of the
distribution of gravel and sand resources that may be
needed for future development and construction in the
area of the coastal plain and Chukchi Sea;

b) to increase the available knowledge concerning the use
and application of amino acid geochronology at high
latitudes;

6) to correlate the marine events documented on the western
Arctic Coastal Plain with similar stratigraphic
sequences in adjacent areas of Alaska and along the
Bering Sea coast of northeastern Siberia.

7) to outline constraints concerning the paleotemperature
history of the coastal plain since the last interglacial
period.

The results of this study will be of interest to
researchers across a number of Quaternary disciplines, including
stratigraphers, biogeographers, and paleoclimatologists, as well as
those interested in the evolution of both vertebrates and macro-
and micro- invertebrates. It is hoped that this research will be
of use as a stratigraphic and geochronologic reference for years to
come .,

Geography
...In the lower parts of the coastal plain where
the relief is so slight that even an owl looms up
with startling prominence, almost the only topographic
relief is afforded by aeolian deposits . . . .

Smith and Mertie (1930 p. 249)
Location

The North Slope of Alaska includes three broad
physiographic provinces, the Arctic Coastal Plain, the Arctic
Foothills, and the Arctic Mountains (Fig. l.1; Wahrhaftig, 1965).
These areas, which drain into the Arctic Ocean, are recognized
largely on the basis of relief, elevation, yeologic structure and
drainage characteristics. My study was undertaken along the
northwestern edge of the Arctic Coastal Plain province and includes
an area of approximately 28,700 km? and a coastline approximately
400 km long,between Point Barrow (Lat. 71° 22' N; Long. 156° 30'W)
and Cape Beaufort (Lat. 69° 4'N; Long. 163° 49'W) (Fig. 1.1).

The topography of the Arctic Coastal Plain is impressively
flat and featureless, reaching a height of only 65 m asl at its
widest point approximately 160 km south of Barrow. The area
largely represents a marine-abrasion bedrock platform that is
essentially an emergent extension of the adjacent Chukchi and
Beaufort sea continental shelves. Actively eroding coastal bluffs
along the Chukchi Sea average 12 m asl with bluffs as high as 23 m
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occurring locally. This vast tundra landscape is peppered with
literally thousands of oriented and unoriented thaw lakes, low and
high centered ice wedge polygons, solifluction lobes, and
pingos--all related to the presence of continuous permafrost across
Northern Alaska. Numerous meandering streams with broad flood
plains drain the coastal plain and have eroded and reworked a great
deal of the morphologic and stratigraphic record once deposited by
repeated transgressions of the sea. Syntheses by Williams (1983a,
1983b) contain a thorough outline of past studies of periglacial
geomorphic processes on the North Slope.

Eolian processes play an active role in shaping the local
landscape (Black, 1951). Very-fine to fine-grained sand is
actively excavated by wind from beaches, river bars, and eroding
bluffs and redeposited locally as small dunes., A great deal of
this material is redeposited once again in thaw lakes where it
becomes interbedded with thin layers of organic material and clumps
of peat which topple in from the thermally-eroding lake margins.
Blowouts are common in well-drained areas where the wind has
removed vegetation and older eolian deposits.

During the height of the late Wisconsin glacial stage,
vegetation was sparse in contrast to today and the continental
shelves were subaerially exposed (Carter, 1982). This allowed the
intensive development of aeolian deposits, especially east of the
Meade River where fields of lonyitudinal dunes are now stabilized
by vegetation (Carter, 1981). In contrast, much of the western
coastal plain is blanketed by only a thin cover of eolian sands.
Nevertheless, small local stabilized dune fields are present, e.y.
SW of the Kuk River estuary.

Bedrock

Across the Arctic Coastal Plain, the Gubik Formation rests
on a wave-cut marine platform composed of Cretaceous and Tertiary
bedrock (Fig 1.2; Dutro, 1981; Grantz and others, 1981, 1982).
Cretaceous strata beneath the Gubik Formation include, in ascending
order, the Torok Formation, composed of marine sandstone, shale,
and siltstone; the Nanushuk Group, composed of marine and nonmarine
shale, limestone, sandstone, coal and bentonite; and the Colville
Group, composed predominately of nonmarine sandstone, siltstone and
conglomeratic facies to the west and shallow-to deep-marine
sandstone, siltstone and organic shale to the east. Un the
northeastern part of the coastal plain, several hundred km to the
east of the area of this study, there are thick Tertiary strata,
the Sagavanirktok Formation, composed of poorly consolidated marine
and nonmarine shale, sandstone and conglomerate including the
uppermost Nuwok member of marine silty shale, sandstone and
mudstone (Nuwok Formation of MacNeil, 1957). These units represent
the final infilling of a major east-west elongate trough known as
the Colville Foredeep, a major structural feature bounded on the
north by the anticlinal Barrow arch and on the south by the
and uplifted Brooks Range. The infilling of this trough prograded
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northeastward from the Brooks Range throughout the upper Lower and
Upper Cretaceous and Tertiary periods, and evidently breached the
Barrow arch, allowing sediments of the upper Colville Group and the
Sagavanirktok Formation to prograde onto the Beaufort shelf (Grantz
and others, 1981, 1982). The western Arctic Coastal Plain appears
to have undergyone a great deal of erosion throughout Tertiary time,
as Tertiary-aye sediments are not known southwest of Peard Bay and
are thin and discontinuous further north.

East of the Colville River, the predominant bedrock beneath
the Gubik deposits includes portions of the Colville Group and the
Sagavanirktok Formation. West of the Colville River, the basal
Gubik sediments overlie a continuation of the Colville Group;
however, at Barrrow, erosion of the NW-SE axis of the Barrow Arch
has exposed portions of the Nanushuk Group and the older Torok
Formation (Fig. 1.3) (Grantz and others, 1982). From Walakpa Bay
south to Peard Bay, the Nanushuk group crops out intermittently as
nearly flat-lying, but gently undulating beds at the base of the
coastal bluffs (Williams, 1983a). These are overlain by patches of
shallow marine silty-clays of middle (?) Miocene age, which were
discovered during the course of this study (see Plate I and II).
Additional outcrops of the Nanushuk Group and minor constituents of
the Colville Group were observed along the banks of the Kuk River
near Wainwright and along the major reaches of the Utukok, Koklik,
Epizetka, and Kukpowruk rivers inland from Icy Cape and Point-Lay
(Chapman and Sable, 196U). Near Icy Cape and further southward,
these beds become intensely folded into an east-west trending
series of anticlines and synclines known as the fForeland Fold Beilt
which extends northwestward under the Chukchi Sea (Chapman and
Sable, 1960, Plate I; Grantz and others, 1982).

Climate and Permafrost

The longest and most continuous climatic records for the
Arctic Coastal Plain are those from Barrow and Barter Island where
observations have been continuously maintained since 1949 and
discontinuous records date back to approximately 19Y21.
Supplemental data is available from a number of sites across the
coastal plain including Wainwright and Point Lay at the western
edge of the study area (Fig. 1.4).

The Arctic Coastal Plain can be generally described as an
Arctic desert; winters are long, dry, and, cold; summers are short,
moist, and cool. MWinter conditions are fairly uniform across the
north slope; however, in summer, the climate of the coastal regions
is directly modified by the cooling effect of open water adjacent
to the coast and the proximity of the arctic pack ice (Dingman and
others, 198U). Consequently, mean daily summer temperatures
dramatically increase with distance from the refrigerated coast
(Haugen and Brown, 1980). Coastal fog is frequent throughout the
summer when moisture is available from areas of open water and from
puddles on sea ice. Fog is rare inland. A seabreeze from the open
Arct}c waters dominates the coastal climate in summer (Moritz,
1977).
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Figure 1.3.

Cross-section of the bedrock stratigraphy based on

test wells in National Petroleum Reserve in Alaska

(NPRA) along the Chukchi Sea coast (from Grantz and
others, 1982).
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The mean annual temperatures across the coastal plain range
between -10.8° C at Point Lay at the western edge of the coistal
plain to -13.7° C at Frankiin Bluffs on the eastern coastal plain
50 km inland from Prudhoe Bay. Annual precipitation is somewhat
uniform, averaging between 125 and 167 mm of water equivalent
(w.e.) per year. Summer precipitation is greatest in August.
Winter snowfall patterns, in contrast, peak twice; once in Uctober
and again in spring with monthly accumulations rarely exceeding
17 mm w.e. at Barrow.

The harsh temperatures of the coastal plain are accompanied
by moderate wind speeds generally from the east to northeast,
averaging b m s-1 (18 mph), which can cause blowing snow in winter
(Dingman and others, 1980). Winds are generally less frequent
inland. The coastal stations, Barrow and Barter Island, average
only 1 percent and 4 percent calm days per year, respectively;
Uniat which lies in a sheltered inland valley, averayes 17.1
percent calm days per year (Skelkregy, 197b5). Winds at Barrow
rarely exceed 12 m s-! (43.2 mph), even in January (Fig. 1.5).

Storms carryinyg significant precipitation usually enter the
coastal plain region from the Soviet Arctic to the west or through
the Bering Strait to the southwest. Storms moving northward from
the Aleutian Islands through the Bering Strait during August
deliver the greatest monthly amounts of precipitation (Skelkrey,
1974). Storms during August and September produce occasional
storm surges along the Arctic Coast (Hume and Schalk, 1967; Wiseman
and others, 1973).

Northern Alaska lies in the region of continuous
permafrost, the southern boundry of which lies just south of the
Brooks range at approximately the -6° C isotherm (Gold and
Lachenbruch, 1973). Permafrost on the coastal plain varies in
thickness from 200-4U0 m near Barrow to ca. 650 m near Prudhoe Bay
(Pewe, 1975; Osterkamp and Payne, 1Y81) and occurs as relict
permafrost beneath the recently submerged continental shelf of the
Beaufort Sea (Barnes and Hopkins, 1978). Uuring the summer months,
the active layer typically thaws to a depth of only 30 cm which
impedes drainage and produces the wet to moist tundra of the
coastal plain, Ubiquitous ice wedges, ice-wedge casts, thaw lakes,
pingos, and localized solifluction lobes, are all by-products of
this frigid environment.

The depth and temperature gradient in permafrost varies
across the coastal plain as illustrated by Gold and Lachenbruch
(1973) and Osterkamp (1982) (Fig. 1.6, this study). Anomolies are
readily apparent and illustrate that the correlation between
permafrost depth and temperature is poor. For example, at Cape
Thompson where the mean annual air temperature is -7° C, permafrost
is 2b% deeper than that at Cape Simpson where the mean annual air
temperature is close to -12° C. Because geothermal heat flow is
approximately the same at all sites, Gold and Lachenbruch (1973)
and Osterkamp (1982) have shown that variations in permafrost
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thickness depend largely upon the thermal conductivity of the
sediments and, to a lesser extent, on the surface temperature.

Vegetation

The veyetation on the Arctic Coastal Plain is herbaceous
tundra and can be subdivided into zones of predominantly wet,
moist, and dry tundra vegetation types. These areas are typified
by grass, sedye and moss communities mixed with lichens and
prostrate woody shrubs (Britton, 1957). The wide variety of
habitats including low and high-centered polygons, thaw lakes,
riverbanks, and dune fields create a mosaic of complex plant
communities characterized by parameters of microclimate
temperatures, soil pH and soil moisture (Webber and others, 1980).
Uther detailed studies outlining interrelationships between
vegetation types and micro-, meso-, and macro-relief habitats .
include those of Wiggins (1951), Cantlon (1961), Wiggins and Thomas
(1962), and Britton (1967). A general list of common vegetation
communities for the entire coastal plain appears on Table 1.2
(D.A. Walker, INSTAAR, oral communication, 1983; Walker, 1982).

Methods

Field work for this study was conducted during the
open-water months of July and August, 1980 and 1981, to support a
detailed analysis of the coastal stratigraphy by using a Zodiak
inflatable boat. This work was carried out between Peard Bay and
Barrow and within Wainwright Inlet and lower Kuk River (Fig. 1.1).
Base camps for an assistant and myself were established at a series
of sites spaced 20-30 km apart to allow quick access to nearby
coastal cliff exposures. Field studies in the areas of the Utukok,
Kokolik, and Kukpowruk Rivers south of Wainwright and eastward as
far as the Meade River, were conducted by helicopter during 1U days
in late August and early September, 1981.

Field strategy was largely aimed at the description and
measurement of stratigraphic sections and the tracing and
correlating of individual litholoyic units and/or facies changes
between sections in Skull Cliff and other bluffs between Barrow and
Peard Bay. Seventy-four stratigraphic sections (a density of
approximately 1 section km-!) were studied between Barrow Villaye
and Peard Bay. In addition, thirty-eight stratigraphic sections
and less well-exposed surficial sediments were examined at many
sites along river banks, shores of thaw lakes, and frost scars on
the tundra surface scattered across the western coastal plain. At
each section the physical characteristics of each lithologic unit
were noted, especially with respect to grain-size, sorting, and bed
forms. Where they occurred, fossil mollusks were collected from
each lithologic unit for amino acid analysis and biostratigraphic
studies. Mollusks were identified by Louie Marincovich and George
Kennedy assisted by Dale Russell, all of the U.S. Geological Survey
in Menlo Park. Similarly, sediment samples were taken for
microfaunal analysis, grain-size analysis and pollen studies.
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a catena of wet aquatic to dry habitats (Walker, 1982;
1983, pers. comm.

Habitat

Species

Common names

Aquatic Tundra
(water 0 cm-1m
deep)

Wet Tundra

Moist Tundra

Ory Tundra

Shrub communities

Arctophila fulva
Carex aquatilius

Carex aquatilus
Eriophorum
angustifolium
E. russeolum

Pedicularis sudetica
ssp. albolabiata
Saxifraga hirculus
Caltha palustris
Potentilla palustris

Drepanoclaudus spp.
Scorpidiun scorpiodes
Canpylium stellatum
Calliergon spp.
Sphagnum spp.

Salix arctica
S. pulchra

Dryas integrifolia
Betula nana
Vaccinium uliginosum
Arctastaphylos rubra
Carex agquatilus
Carex bigelowi{

Luzula arctica
Eriophorum vaginatum

E. angustifolium ssp.
tristi
Arctagrostis latifolia

Petasites frigidus

Chrysanthemum
integrifolium
Tomenthypnum nitens
Dicranum elongatum
Sphagnum spp.

Salix rotund folia
Dryas integrifolia
Arctostaphylos rubra
A.alpina

Ledun palustre ssp.
decumbens

Luzula arctica

Saxifraga oppositfolia
Polytrichum sp.
Rhacamitrium
languinosum

Thamnoli spp.
Ochrolichia frigida

mostly Salix spp.

Betula nana spp. exilis

spendant grass)
aquatic sedge)

(aquatic sedge)
{common cotton-
?rass)

russet cotton-
rass)

Sudetan louse-
wart)

(bog saxifraga)
marsh marigold
(marsh five-
finger)

(moss)

(moss)

(moss)

noss;

moss

arctic willow)
diamond leaf
willow)

(arctic avens)
(Owarf birch)
bog blueberry)
Bearberry)
aquatic sedge)
Bigelous
sedge)

(arctic wood-
rush)
{sheathed
cottongrass)

(wideleaf
arctogrostis)
(1apland
butterbur)
(entireleaf
Chrysanthemun)
(moss)

(woss)

(bearberry)

{arctic wood-
rush)

mss}
moss

lichen)
1ichen)

(somewhat
inland)
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Foraminifera were identified by Kristen McUougall, U.S.G.S., Menlo
Park, and ostracodes by Elizabeth Brouwers, U.S.G.S., Denver.
Organic material and peat were sampled for additional polien
studies and plant microfossil identifications; several samples were
examined by Robert E. Nelson, Colby College. Finally, wood
(including, rare in situ growth forms and fossil driftwood) was
collected for radiocarbon dating and also for amino acid analysis
at the University of Alberta, Edmonton. Preliminary maps of
remnant beach features and paleoshorelines were made using aerial
photographs and Side-Looking Radar imagery (SLAR) provided by John
Cady, U.S.G.S., Denver, and these were subsequently field checked
during the helicopter reconnaissance. At several sites, oriented
samples of fine-grained sediment were collected for paleomagnetic
studies.

The primary objective of this study was to define the
stratiyraphy and geochronology of the Gubik Formation across the
western coastal plain. Due to the disjunct nature of inland
exposures, the size of the field area, and most importantly, the
fact that successive transgressive units are not lithologically
distinct, stratigraphic control was provided by establishing an
amino acid chronology for the deposits. The stratigraphic
potential of this technique is well documented (see Schroeder and
Bada, 1976; Williams and Smith, 1977; Hare and others, 1980;
Wehmiller, 1Y82a, for reviews) and in this study provided the most
useful means of differentiating superposed marine-transgressive
deposits. Because the kinetic parameters associated with shell
protein diagenesis are not entirely understood, absolute age
estimates are limited to first approximations or “ball park" age
estimates. Nevertheless, the method is invaluable as an index of
relative age. Indirectly this dissertation is intended to
supplement what is currently known concerning the applications and
limitations of amino acid geochronology to Quaternary problems at
high latitudes.

Stratigraphic Nomenclature

The North American Stratigrapic Code (North American
Commission on Stratigraphic Nomenclature or ACSN, 1983) now
recognizes six material categories for defining stratigraphic
units; lithostratiyraphic, biostratiyraphic, lithodemic,
magnetopolarity, pedostratigraphic and allostratigraphic units.

The first two categories appeared in the previous code (ACSN, 1970)
and are the only descriptive units recognized by the International
Guide (ISSN, 1976). The remaining categories, in contrast, are new
units introduced by the ACSN (1983) to accomodate a number of
inadequacies that emeryged through the use of the International
Guide and the previous code (ACSN, 1970). Of particular concern
was the lack of adequate nomenclature for subdividing deposits of
Quaternary age that are biostratigraphically similar and
lithologically indistinguishable (Brigham, 1980, p. 10-16).

The allostratigraphic unit (allo meaning “other,
different") developed and introduced by the ACSN (1983, Article 58)
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is intended, in part, to facilitate the subdivision of
unconsolidated sediments. It is defined as a “"mappable stratiform
body of sedimentary rock that is defined and identified on the
basis of its bounding discontinuities.” Its specific purpose is
"to distinguish superimposed, contiguous, and/or yeographically
separated, discontinuity-bounded deposits of similar 1ithology."
Geoloyic history, genesis, age, or inferred depositional time spans
can not be used to define an allostratigraphic unit but “they may
influence the choice of the unit's boundaries." Technically then,
age, or the chemical expression of age in the context of amino acid
geochronology, may be used as a criterion for choosing relevant
boundaries to define allostratigraphic units.

In principle, the subdivision of unconsolidated sediments
on allostratigraphic criteria is a useful addition to the code. In
practice, however, the additional nomenclature of alloformations
and allomembers seems redundant and confusing especially when used
adjacent to the traditional nomenclature. If applied to the Gubik
Formation, it would be necessary to establish a new alloformation
name and subdivide the deposits into allomembers. Members of my
committee and colleagues within the U.S. Geological Survey agreed
that they did not favor the adoption of these terms.

In this study, the lithostratigraphic Gubik Formation has
been subdivided into members based on allostratigraphic criteria,
i.e. they are distinguished by bounding transgressive
disconformities or erosional unconformities and can be
differentiated by the extent of amino-acid diagenesis observed in
fossil mollusks from each unit. In a stratigraphic sequence where
transgressive marine units lie disconformably, the extent of amino
acid diagenesis in enclosed fossil mollusks has been used to chose
relevant boundaries (Fiyg. 1.7). Formal adoption of the new Code by
the U.S. Geological Survey will require that the nomenclature used

here be altered to strictly accommodate the guidelines of the
Code.
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CHAPTER II
GENESIS OF LITHUFACIES

Introduction

The Gubik Formation consists of a complex of interbedded
marine, fluvial, eolian, thaw lake and in situ peat deposits. West
of the Meade River, offshore marine and beach facies comprise a
significant portion of the Gubik deposits. These sediments are
best known between Peard Bay and Barrow, where sea bluffs over 70
km in length expose the most complete sequence of marine deposits
known on the North Slope. These bluffs, in fact, contain the most
complete sequence of superposed late Cenozoic marine units known in
northern and western Alaska and consequently provide the
stratigraphic key for the lithological and chronological
subdivision of the Gubik Formation. This chapter describes the
marine and non-marine lithofacies exposed in the bluffs southwest
of Barrow. In addition, the discussion includes observations
concerning the nature and preservation of marine transgressive
deposits on the Arctic Coastal Plain.

Black (1964) made the only previous attempt to subdivide
the Gubik Formation. From oldest to youngest, his subdivision
(Black, 1964, p. 65) includes:

the Skull Cliff unit - sticky or greasy, yenerally poorly
sorted, blue-black to dark-gray,
marine clay-silt-sand-cobble unit;
possibly glacially derived, in
part, and deposited unconformably
on the Upper Cretaceous rocks in
much of the coastal plain west of
the Colville River.

the Meade River unit - white, yellow, buff, or light-
tan sand; generally clean and
well sorted; marine; conformable
to discomformable on the Skull
Cliff unit but in places deposited
on the Cretaceous rocks. Locally,
whipped into surface dunes; in the
south and southeast commonly
loesslike, and

the Barrow unit - poorly sorted to well-sorted
mixtures of clay, silt, sand,
and gravel; unit grades from
yellow, tan, and brown to
black; in part, contemporaneous
with and grades laterally into
the Meade River sand, and, in
part, younger; rarely deposited
directly on Upper Cretaceous rocks;
mostly marine; locally, in upper
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part, fluvial deposits and
lacustrine deposits are
characteristic.

Black recoynized and correlated the units outlined above largely on
the presence or absence of clay and gravel. Although his
lithologic motif describes many ygeneral aspects of the Gubik
Formation, particularly along the Skull Cliff bluffs; it is an
oversimplification. In many exposures the Gubik Formation is
composed of superposed offshore shelf sediments, consequently
marine events of different ages are commonly lithologically
indistinguishable. Moreover, transgressive shoreface erosional
surfaces are not always obvious as unconformities. This study
indicates that Black's 1ithologic units do not recognize the
complex lithofacies associated with successive transgressions and
that his units are of different age in different places across the
coastal plain.

During the course of this study seventy-four stratigraphic
sections (a density of approximately 1 section km-!) were studied,
between Barrow village and Peard Bay (Fig. 2.1a). At each section,
the physical characterictics of each lithofacies were described
including observations on the nature of disconformaties, and the
lateral extent of these features (Plate I and II). Sediment and
microfaunal collections were made from most units represented at
each site. Thirty-eight additional disjunct sections were
described from inland sites across the coastal plain west of the
Meade River (Fig. 2.1b). Mollusks were collected for amino acid
analysis from all sections (Chapter III) and to examine the
biostratigraphic, as well as, paleoclimatic significance of the
fossil assemblages (Chapter V). All of the grain-size information
contained therein are qualitative in nature.

Modern Shallow Shelf and Nearshore Sedimentation

Modern nearshore and offshore sediments of the Chukchi and
Beaufort sea shelves provide the only useful analogues for
evaluating the marine stratigraphy of the Gubik Formation.

Although the sedimentary processes operating on arctic shelves are
similar to those observed at lower latitudes, the persistence of
sea ice nine to ten months of the year markedly retards sediment
movement. Most sediment transport occurs during the open-water
months of July, August, and September at which time storm waves and
wind-driven currents dramatically influence the coast and shallow-
shelf environments (Short and others, 1974; Barnes and Reimnitz,
1974). During the winter months, in contrast, the sea is
ice-covered and stream and river discharge is reduced, resulting in
a shelf environment nearly closed to sedimentation. Slight
currents persist (McManus and others, 1969), and some fine-grained
sediment moves across the arctic shelves throughout the winter.

Investigations of sediment movement on the arctic shelves
of Alaska have, until recently, been confined to the Beaufort Sea
where interest was first stimulated by petroleum exploration.
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Figure 2.1b. Location of stratigraphic sections
southwest of Peard Bay. (A1l sections
not shown.
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Studies of sediment movement on the Chukchi shelf are limited and
it is difficult to extrapolate the sediment patterns in the
Beaufort Sea to the Chukchi Sea. Extreme diversity across short
distances characterizes the sediment of both arctic shelves (Barnes
and Hopkins, 1978).

Barnes and Reimnitz (1974) recoynize five facies zones
across the Beaufort shelf, which have characteristic textural
properties and sedimentary structures resulting from the influence
of currents, waves, and the action of ice as follows: (1) The
nearshore zone from the beach to 3-4 m depth is complexly effected
by waves and ice. Its sediments of sand, silt, and gravel are
derived from river effluents (cf. Naidu and Mowatt, 1983) and the
coastal erosion of older sediment. (2) The inner shelf area from
the nearshore zone to the winter ice shear zone at about the 20 m
bathymetric contour is influenced by grounded ice, but is dominated
to a greater extent by waves and longshore currents. Sediments in
this zone are better sorted and consist of layers of silt and sand
affected by the seasonal wave regime. (3) The central shelf of the
Beaufort Sea from -20 m depth to the shelf break is influenced by
ice-gouging that results in the deposition and reworking of
unstructured gravelly muds. Much of the fine-grained material in
this area is derived from local rivers or ice-rafting (Naidu and
others, 1971), whereas the striated coarse-grained material is
interpreted as relict ice-rafted debris that originated from
glaciers calving into the eastern Beaufort Sea from the Canadian
Arctic Archipelago (Rodeick, 1975). The amount of coarse-grained
material on the Beaufort seabed diminishes westward.

The final two facies zones recognized by Barnes and
Reimnitz (1974) subdivide the deeper portions of the shelf. (4)
The shelf edge is similar to the central shelf in being dominated
by relict surficial gravel apparently ice-rafted from the same
source as that on the central shelf. In contrast to the central
shelf, however, the fine-yrained sediments are scarce and appear to
be continually removed, perhaps by strong currents (Barnes and
Reimnitz, 1974). Below the shelf edge at depths greater than
200 m, the surficial sediment of the continental slope consists of
bioturbated "silt-clay", often with faint laminations. A distinct
lack of coarse-grained material is characteristic of this zone and
remains unexplained, although this zone may be the main depot for
fine-grained sediments swept from the central shelf and shelf edge,
effectively burying relict ice-rafted sediments (Barnes and
Reimnitz, 1974, pg. 467).

Knowledge of the sediment distribution on the shallow
Chukchi Sea shelf (average depth, ca. 50 m) is derived primarily
from the work of Creager and McManus (1967), McManus and others
(1969, 1983), Phillips and others (1984) and is summarized by
Sharma (1979). Creager and McManus (1967) and McManus and others
(1969) provide a generalized description of modern sedimentation
across the northeastern Chukchi Sea (Fig. 2.2). Sediments at the
surface are largely composed of sand that becomes finer-grained
northward toward Barrow with minor admixture of sandy silt and
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silty sand, becoming even finer-grained more than 100 km offshore.

Well-sorted relict sand and some gravel exist at water depths of 25

to 35 m offshore from Pt. Lay and Icy Cape. As in much of the

Chukchi and Bering seas, unconsolidated Quaternary sediment across

the northeastern Chukchi Sea is less than a few meters thick and

Tg% ge absent, but can locally reach thicknesses of 12 .m (Moore,
4),

Phillips and others (1984) conducted a detajled study of
the unconsolidated marine sediment shallower than 20 to 30 m water
depth on the inner Chukchi Sea shelf between Wainwright and Skull
Cliff. Their study substantiated that surficial sediment in this
area is extremely thin. The deposits thin to less than 2 m b km
offshore of Pt. Belcher and to only 1 m within U.5 km offshore of
Skull Cliff (Fig. 2.3). Only in areas of converging currents where
velocities diminish, e.g. off Point Franklin or Icy Cape, does
sediment accumulate to thicknesses of 10-15 m. These large capes
are formed where wave and current patterns converge causing
progradation at the points parallel to the northeasterly longshore
ig;gint (Alaskan Coastal Current) (Short, 1975, 1979; Sharma,

Textures of bottom sediment between Skull Cliff and
Wainwright range from the silt and clay-dominated lagoonal deposits
in Peard Bay to pure gravel, probably relict or lag, at 30 m depth
along the coast. The extreme local diversity is well illustrated
near Skull Cl1iff where grab samples varied from 21% to 96% sand and
from 4% to 77% silt and clay (Phillips and others, 1984).

The paucity of Pleistocene sediment just offshore in the
Chukchi Sea is also reflected by the thin blanket of marine
sediments perserved on shore across the western coastal plain. The
Gubik Formation reaches a maximum thickness of only 17.5 m over
Cretaceous bedrock at Skull Cliff where as many as 3 transgressive
episodes are present in superposition., More typical are sediment
thicknesses of 8 to 10U m representing one, and often two, marine
transgressive episodes; these are typically overlain by U.b to Z m
of eolian sand or thaw lake facies. The erosional capacity of the
most recent Holocene transgression probably provides a suitable
analogue to the amount of shoreface erosion that took place during
previous transgressions, leaving at best only a thin veneer of
older sediments preserved over the undulating bedrock surface. In
addition, this transgression demonstrates that the initial sediment
cover following submergence can be extremely thin, in places
limited to a lag of gravel on scoured bedrock.

Lithostratigraphic subdivision of the Gubik Formation

The sediments of the Gubik Formation can be subdivided into
numerous depositional facies of marine and non-marine origin; I
recognize eight primary lithofacies, each of which represents a
distinct depositional environment or mode of deposition but is
independent of chronology. Each facies is distinguished on the
basis of textural characteristics and primary sedimentary
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structures, in addition to information assembled concerning the
habitat requirements of enclosed micro- and macrofaunas (Chapter V)
and analogues with the modern shelf and nearshore environments.

The following discussion, that includes a brief description of the
bedrock exposed along Sku]l Cliff, is keyed to the strat1graph1c
sections shown on Plates I and II attached.

Bedrock exposures

Cross-bedded arenaceous sandstone and mud shale of the
Nanushak Group crop out at the base of bluffs from Peard Bay to
Sec. 28 near Nulavik. These consolidated rocks of lower Cretaceous
age project up to 7 m above sea level (a.s.l.) and where present
severely retard the rate of cliff retreat and subsequent
wave-induced thermal-erosion of the overlying sediments. The top
of bedrock is marked by an undulating erosional surface which is
superimposed onto broad structural undulations.

A discontinuous unit of massive, plastic, blue-gray clay to
silty clay overlies the Cretacous bedrock between Peard Bay and
Sec. 42, some 5 km south of Walakpa Bay (Fig. 2.4). The unit is
internally structureless and macrofossils have not been found.
Because of the very stiff, putty-like consistency of the clay,
exposures are difficult to excavate. The best exposures of the
clay are from Section 7 to Section 5 between the mouth of Kunarak
Creek and Peard Bay (Plate I) where the unit reaches its maximum
exposed thickness of 7 m and between Section 32 and Section 3b
north of Nulavik (Plate II) where it is thinner. This unit forms
part of Black's (1964 p. 77) original Skull Cliff unit and blankets
the erosional surface of the underlying Cretaceous bedrock.
Foraminifera washed from the clay at Sec. 10, 22, and 64 (Fig. 2.5
and Table 5.4) indicate that the sediment is of Miocene age and
probably equivalent to the middle Miocene Nuwok Member of the
Sagavanirktok Formation exposed at Carter Creek and elsewhere in
northeastern Alaska (Detterman and others, 1975) (the foraminifera
were examined by Kristin McDougall, U.S.G.S.). Paleoecologically,
the fauna is interpreted as a margina] marine facies,
characteristic of shallower water environments than those found in
the Nuwok Member at Carter Creek (located some 490 km east of the
sites at Skull Cliff). This represents the first documentation of
Miocene marine sediments beneath the coastal plain west of the
Colville River.

It may be reasonable to refer to the Miocene clay at Skull
Cliff as the Nuwok member, because they are lithologically and
faunally similar. The two areas are, however, Separated by several
hundred kilometers and further study will be necessary before the
correlation can be confirmed. Because the Skull Cliff clay is so
widespread, I have given it an informal provincial name, the
Papigak clay, named after Papigak Creek near Peard Bay where it is
well exposed.

Blue-gray clay similar to the Papigak clay exposed at Skull
Cliff was also found beneath unconsolidated sediments near Karmuk
Point in the Kuk Inlet (Fig. 2.5, see also Fig. 4.17). A single
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sediment sample from the Karmuk Point section was washed for
microfossils, but like many samples of the clay along Skull Cliff,
it was barren. The blue clay in the area of the Kuk Inlet was
first described by Webber (1947 p.9) who hypothesized that the
sediment represented "a post-Upper Cretaceous soil, possibly of
Tertiary age, formed by long continued weathering at or near sea
level." James Gilluly described a similar clay occurring along the
Inaru River (Fig. 2.5), some 12-15 km inland from Skull Cliff
(Smith and Mertie, 1930, p. 241). Possibly all of the clayey
sediments in these areas are correlative.

Miocene sediments perhaps marking a contemporaneous marine
transgression are known from two other areas surrounding the Arctic
Basin: the Beaufort Formation on Meighan Island in the Canadian
Arctic Archipelago (Matthews, 1976) and the Mackenzie Bay Formation
of the Mackenzie Delta region (Young and McNeil, 1982). The
paleogeographic importance of these Miocene sites is discussed by
Hopkins (in press) who suggests that they represent the peak
Miocene transgression of Vail and others (1977).

Gravel/Cobble Lag Lithofacies

A lag deposit composed of sandy silty gravel or cobble
gravel is commonly found along portions of Skull Cliff where it
directly overlies Cretaceous sandstone and, less commonly, the
Papigak clay. In this position, it marks a major unconformity
between the regional bedrock and deposits of the unconsolidated
Gubik Formation. Elsewhere, similar lag deposits are found marking
unconformities between successive marine units suggesting episodes
of marine erosion between accretionary events.

The nature of the lag gravel varies from section to section
depending upon the erodibility of the underlying material, i.e.
whether the underlying material is Cretaceous sandstone, Papigak
clay, or older marine sediment. Above Cretaceous sandstone, (for
example, at Sec. 61, 62, and 17-19) the lag gravel ranges in
thickness from b to 35 cm and consists of cobbly, sandy gravel
commonly including subangular or subrounded clasts 10 to 15 cm in
diameter. The cobbles include pink and white granite, dolomite,
red sandstone and mafic igneous erratics as well as cobbles of
Cretaceous sandstone of local origin. Locally these materials are
stained with iron-oxides and in some sections the matrix sand and
gravel is firmly cemented.

Lag gravel positioned over Papigak clay, in contrast, forms
a more diffuse unit commonly consisting of more clayey, silty
gravel and sand. The lithologic contact between the clay and the
gravel is most often gradational, although some exceptions can be
found (e.g., section 16, near Killi Creek, and section 10 between
Kunarak and Papigak creeks). In a few places, the contact is
marked by a layer 1-2 cm thick of cherty pebbles.

Discontinuities between successive marine units are also
commonly marked by lag gravel and sand. The unconformity at the
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base of these lay deposits can be abrupt (e.g., as in sections 20
and 65 at ca. 15.5m a.sl., or Sec. 77 at 6.5 m a.sl.) and
accompanied by gentle relief (i.e. <1 m). Lag deposits may also be
missing or obscure and unconformities are marked only by abrupt to
gradational changes in lithology (e.g. as in Sec. 25 and 26 at Y
and 10 m a.s.l., or Sec. 76 at 5.80 m and Sec. 78 at ca. 7 m
a.s.1.). Such unconformities are commonly marked by less than a
scattering of cherty pebbles. Elsewhere, deposits along
unconformities consist of interbeds of pebbles and clay, sometimes
containing considerable amount of organic material. These deposits
are thought to represent remnants of the upper shoreface of the
transgressive beach.

Lag gravel and sand thicker than a few cm is generally
fossiliferous and commonly contains paired valves of Cardita,
Hiatella, or Macoma suggesting minimal reworking. Broken and whole
single valves, however, are found most commonly.

Based upon their nature and stratigraphic setting, I
interpret the lag deposits and associated unconformities exposed in
the Gubik Formation as shoreface erosional surfaces, developed
during episodes of rising sea level when sediment was removed from
the upper shoreface and dispersed into the lower shoreface and
offshore areas or moved laterally along the coast by currents
(E1liott 1978, pg. 162 and references therein). This process may
or may not have been followed by the Tandward migration of a
barrier bar system in different areas.

Presumably as the shoreface and foreshore environments
migrated inland with each sea level rise, the underlying facies
deposited during the initial stages of the transgression (i.e.,
lagoonal deposits) were eroded along with portions of older marine
sequences deposited during earlier transgressions. Therefore, the
base of each transgressive sequence should include a nearly planar
erosional surface. It is apparent along some sections of Skull
Cliff that during each subsequent transyression this erosive
process partially removed older sediments and left only remnants
between unconformities.

Rarely are remnants of a former tundra surface, such as
that presumably developed during intervening periods of low sea
level, found sandwiched between marine units. Such surfaces must
have been almost completely eroded during the transgressive phase.
Remnants of former tundra surfaces are found (1) at Sec. 98 along
the Kokolik River, where middle Pleistocene lagoonal sediments
overlie ice-wedge pseudomorphs developed in fluvial gravels
(Chapter IV) and (2) offshore in boreholes of the Beaufort Sea
where thaw lake sediments enclosing fresh-water ostracodes are
found bracketed by marine units (Peygy A. Smith, written comm.,
Nov. 1982). D.M. Hopkins (written comm., 1983) reports that he
found evidence of eolian sand and a paleosol between Karmuk beds
and an older marine unit near my section 62.

The presence of erratic cobbles often striated, within the
gravel lag facies along many of these unconformities sugyests that
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some transgressive episodes were accompanied by ice-rafting across
the Arctic Basin (c.f., Hopkins, 1982b). Although the
concentration of these cobbles and boulders along erosional
surfaces may be, in part, a product of the erosion of still-older
erratic-bearing marine units, their presence on the northern coast
of Alaska in marine units older than the Flaxman Formation
(Leffingwell, 1919; MacCarthy, 1958) is evidence of late Pliocene
and early Pleistocene ice-rafting.

Inner-shelf lithofacies

The most common lithofacies exposed in the bluffs between
Skull Cl1iff and Peard Bay is the inner-shelf facies, a unit
composed of fine interbeds of moderately well-sorted medium to fine
sand, silty sand, clayey silt and silty clay. This unit commonly
overlies the shoreface erosional unconformity and gravel lag facies
with a sharp or gradational contact. It is laterally the most
continuous sequence in the bluffs. Typical examples of the inner
shelf lithofacies are exposed in Sec. 61 and 62 between ca. 6 and
10 m a.s.1. and in Sec. 56 between 7 and 14 m a.s.l.

Beds and laminae range from a few mm to a few cm in
thickness. Contacts are abrupt or gradational over a few
centimeters. Lines and layers of chert pebbles are common within
the sandier layers. Medium to fine sand beds may also display
ripple cross-bedding and flazer bedding. The wavey-bedded nature
of some interbeds is apparent in many sections, a feature produced
perhaps by seabed currents. These units are generally
fossiliferous throughout, but mollusk shells tend to be
concentrated in the sandier layers.

The inner shelf lithofacies exposed along Skull Cliff are
similar to sediments described by Barnes and Reimnitz (1974, p.
451-452) from the inner shelf of the Beaufort Sea where wind-driven
waves and longshore currents influence the seabed. This
similarity, the interbedded character of the Skull Cliff deposits,
and the depth requirement of mollusk fossils suggests that these
sediments were deposited in an inner shelf environment at water
depths less than 30 m.

The most obvious difference between the inner-shelf
lithofacies and modern shelf sediments is that bedding disruptions
caused by iceberg scouring are rarely observed in the older
sediments. The frequency of scouring is high on the modern shelf
(Phillips and others, 1984), hence one might expect to see such
evidence in older similar deposits. The apparent lack of ice berg
scour may imply perhaps that scouring was less frequent during this
period or that such scoured sediments have been eroded. On the
other hand, the rapid infilling of such scours with sediments
similar to the host sediments may make them difficult to recognize
when excavating sections.

The mixed and interbedded character of this lithofacies is
a product of the wave and current regime in the inner shelf zone.
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Sandier layers represent sediment redistributed and deposited
during the open-water season when storms accompanied by a large
fetch can generate waves that influence the sea bed. Large waves
generate oscillatory bottom currents capable of resuspending sand
which then may be moved laterally. In contrast, during periods of
loose ice cover or quiet water, finer-grained sediments are
deposited and winnowed by the longshore and shelf currents. During
the winter, when sediment input from local rivers or eroding
coastal bluffs effectively ceases and currents are minimal, only
very fine grained sediments are deposited. This process must have
resulted in the net accumulation of inner shelf sediments during
episodes of higher sea level, quite unlike the modern Chukchi sheif
where very little sediment is accumulating today (Phillips and
others, 1984).

Inner shelf sediments in Sec. 16, 17, 20, 21, 24, 26, and
65 display discordant folds that are not readily attributable to
gouging by grounded ice (Reimnitz and Barnes, 1974) nor to ice-
wedge growth (Black, 1974). Notably these folded sediments have
been documented as far south as Kilimantavi, 30 km south of
Wainwright (Sec. 112, Fig. 2.1b), and as far north as Barrow (Sec.
48, Fig., 2.1a). At Sec. 20 and in Sec. 16 and 65, inner-sheif
sediments are isoclinally folded into structures with an original
amplitude of over 6m. These features slid by some unknown
mechanism over clay-rich sediments and were passively folded,
retaining all of their primary sedimentary structures and bedding
characteristics. Marine units above and below the folds are
notably horizontal and undisturbed. The deformation is quite
localized; yenerally it dampens rapidly and the beds flatten to the
horizontal within a distance of less than 400 m. Folds exposed at
Sec. 20 appear to be overturned, seaward and toward the north.
Folding is observed most commonly in the early Pleistocene
Tuapaktushak beds (Aminozone 3) and less commonly in the middle
Pleia%ggene Karmuk beds (Aminozone 2) (beds defined in Chapter III
and .

The origin of this discordant folding is unknown. Une
possible explanation is that the high amplitude folds were caused
by low-angle sediment slides that occurred while the sediments
remained submerged. Even on very low angle slopes, elevated
pore-water pressures in one particular layer may be enough to
create unstable conditons locally within the sediment pile. Such
slides have been interpreted from seismic profiles in the Canadian
segment of the Beaufort Sea, but it is unclear how they are
actually deformed in cross-section (S. Blasco, GSC, pers. comm.,
1982). The possibility that these features were deformed by
ice-push can not be completely dismissed, although the nature of
the folding appears more compressional than that usually associated
with the gouging of ice keels (Reimnitz and Barnes, 1974). The
origin of these features of the inner-shelf lithofacies remains an
enigma and warrants further study.
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Beach and barrier bar lithofacies

Cross-bedded coarse, cobbly gravel and coarse to medium sand
occupies portions of the bluffs facing the Chukchi Sea at Barrow,
Walakpa Bay, and in the Wainwright area. Similar deposits are
found exposed where they intersect river bluffs inland from Icy
Cape and Point Lay. Based upon their textural character, primary
sedimentary features, and stratigraphic setting, these deposits are
interpreted as beach and barrier bar lithofacies. The recognition
of these sequences is of critical importance (1) for determining
the position of sea level at different times in the past and (2)
for locating sources of gravel and sand for construction.

At Barrow, deposits of beach gravel and sand crop out in
coastal bluffs extensive for about 2 km southwestward from the
village (Sec. 49, Plate II) toward Walakpa Bay (south of Sec. 46,
Plate II) where the transgressive sequence is inset into an older
inner shelf lithofacies belonging to Aminozone 2 of middle
Pleistocene age (bed defined Chapter III) (Fig. 2.6). The sequence
consists of low-angle, planar crossbedded to horizontally bedded
medium sand, coal-rich sand, and coarse sandy gravel that coarsens
upward into the higher-angle planar-crossbedded, coarse sandy to
cobbly gravel and pea gravel. This facies is interpreted, by
analogy with the modern beach system, as representing some portion
of the shoreface or lower foreshore beach complex. Wave-action has
concentrated mollusk valves and fragments, mostly Hiatella arctica,
Mya sp., and Macoma, throughout, leaving the sequence highly
fossiliferous.

A similar sequence of planar-crossbedded beach gravel and
sand containing thin laminae of detrital coal crops out up to 8 m
a.s.l.for about 2.5 km along the bluffs just south of Walakpa Bay.
The deposits at this site, like those at Barrow, are inset into
older interbedded inner shelf deposits of Aminozone 3 (defined in
Chapter III). Frayed and frozen logs of spruce (Picea sp.),
initially delivered to the ancient beach as driftwood, protrude
from the perennially frozen gravel at numerous points along the
exposure. Abundant fragments and whole valves of Hiatella, Mya,
Astarte, and Macoma are also found embedded in the gravel sequence.

Wainwright village is situated on a low ridge partially
blocking Wainwright Inlet from the Chuckchi Sea. The ridge is
interpreted to be an ancient spit or baymouth bar. Crossbedded
coarse sand and gravel, characteristic of the beach and barrier bar
lithofacies crops out in the bluffs lining the inner edge of this
ridge on the northwestern shore of Wainwright Inlet (Sec. 79, 81,
82, Fig. 4.19). Sections in this bar are rich in fossil mollusks,
plant macrofossils and large fragments of frozen driftwood (mostly
spruce, Picea). Large foreset beds of sand and gravel dip 23° to
25° to the northeast at the base of the bluff near Sec. 79 and are
overlain by planar to horizontally bedded coal-rich sand. Similar
foreset sequences are exposed elsewhere in the bluffs. The
character of these foresets suggests that a portion of beach
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sequence beneath Wainwright developed as a northeastward prograding
baymouth bar or barrier bar complex. During a period of higher sea
level this bar complex incompletely partitioned the then swollen
Kuk River estuary from the Chukchi Sea.

Lagoonal lithofacies

Lagoon-backed barrier bar systems occupy nearly 50% of the
northern coast of Alaska today (Short, 1979). Fine-grained
sediments, similar to those in modern lagoons, are preserved within
portions of the Gubik Formation and indicate that lagoonal
environments lined portions of the coast during former episodes of
higher sea level.

Horizontal to small-ripple-bedded deposits of silty sand
and silt occupy portions of the bluff between Barrow and Walakpa
Bay (Sec. 39, 77, 78) and are also exposed at a few inland sites
along the Kokolik (Sec. 105 and 98) and Kukpowruk rivers (Sec. 90
and Y4). These sediments are commonly dark brown in color and rich
in disseminated peats, plant fragments, and twigs. Moreover,
specimens of the brackish water mollusk Macoma balthica were found
in several of these deposits. Their presence adds strength to the
interpretation that these fine-grained sediments represent former
lagoonal environments.

Stratigraphic and amino acid data indicate that the
lagoonal lithofacies exposed south of Barrow were deposited
contemporaneously with the beach and barrier bar lithofacies
exposed near Walakpa Bay and Barrow. The base of the lagoonal
deposits is marked by an erosional unconformity (e.g., Sec. 77 at
6.5 m asl) which truncates older, and contorted inner-shelf
lithofacies. The lagoonal sediments appear to grade laterally into
the beach sequences, although I have not actually been able to

physically trace them into the Barrow gravels due to the lack of
exposures near Nunavak Bay. The stratigraphic setting resembles

transgressive barrier bar systems studied along the United States
coast of the Gulf of Mexico (Fig. 2.7). The Barrow complex
differs, however, in that the Barrow region was, and still is, a
major point of convergence between the northeastward flowiny
Alaskan Coastal Current and the westward flowing Beaufort Gyre.
This convergence results in the development of the modern cuspate
spit complex known as Point Barrow. A similar feature developed
during an earlier higher sea level event. The shoreline at that
time may have resembled the modern spit complex between Barrow
village and Point Barrow to the north, but the entire coast was
evidently displaced southwestward (Fig 4.20). The lack of older
Pleistocene sediments exposed in many sections between Walakpa Bay
and Barrow suggests at least partial removal of such deposits by
shoreface erosion during this transgression, although remnants
probably exist in the subsurface. Progradation was initiated
during the culmination of the sea level rise to about 10 m a.s.l.
at which time the extensive gravel complex at Walakpa Bay was
deposited, eventually forming an eastward trending cuspate spit
complex in the Barrow area (see discussion in Chapter IV).
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Tidal Delta (?) lithofacies

Planar-crossbedded to trough-crossbedded fine pebbles,
coarse to medium sand, and detrital coal characterize the sediment
exposed in the upper half of the bluffs from section 6 to section
10 half way between Kunarak and Papigak creeks. Viewed in section
from the modern beach, these sediments appear as very low angle to
sub-horizontal prograding foreset beds dipping about 5.5° toward
the north; individual beddiny planes vary from 1° to 7°N. In
cross-section, normal to the modern beach where sediments are
exposed alony erosional gullies, the bedding is more complex in
character indicating bidirectional flow nearly perpendicular to the
modern coast (Fig. 2.8). In general the sequence is more coal-rich
at the base becoming sandier upwards. Much of the sandier beds are
highly oxidized. Mollusks, including Natica and other gastropods,
are common throughout the sequence and paired valves of Hiatella
arctica can be observed in growth position. Where the mollusks are
interbedded with a great deal of coal, the fossils are soft and
punky as if partially decomposed by the more acidic environment
generated by the coal.

The origin of this deposit is not entirely clear and
similar sediments have not been found exposed elsewhere on the
coastal plain., The rather large scale bidirectional cross-bedding
and high energy character of the sediments has suggested to earlier
workers (D.M. Hopkins, pers. comm., 1981) that this may represent
an ancient tidal-delta formed at the outlet between barrier islands
fronting a lagoon when sea level was higher than at present. Amino
acid data on Hiatella arctica, Macoma, and Siliqua patula from
these sediments fall into aminozone II (Chapter III) suggesting
that deposition took place during the middle Pleistocene (AAL-2833,
2839, and 2840) when sea level was approximately 23 m a.s.l. The
abundance of detrital coal in these sediments may have been derived
from an ancient fluvial system draining into the lagoon much like
the nearby Kogru River where the modern beaches are black with
detrital Cretaceous coal.

Eolian Sand lithofacies

Medium to fine-grained sand of eolian origin blankets large
portions of the Arctic Coastal Plain west of the Colville River,in
places forming extensive dune fields. These deposits were
initially described by Black (1951) and U'Sullivan (1961) and
recently have been the focus of studies by Carter and Robinson
(1978) Carter and Galloway 1981, Carter (198la, 1981b), Galloway
(1982), and Carter (1982, 1983a, 1983b). The longitudinal dunes of
the sand sea between the Colville and the Meade rivers began
forming either between 36 ka and 50 ka B.P. or beyond the range of
radiocarbon and remained active until about 12 ka B.P. (Carter
1983a, 1983b). An extensive blanket of loess (also known as the
"Upland Silt" or the "Foothills silt") was also deposited during
this period as a distal eolian facies along the margin of the
Arctic Foothils southwest of the dunes (Carter, 1983b). A thin
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Figure 2.8.

Schematic diagram of the tidal-delta (?) sediments
exposed at Sec. 10. Stratified bidirectional
cross-bedding in the gully exposure suggests
paleocurrents moving nearly perpendicular to the
modern coast. Most crossbed sets dip landward
toward the E-SE probably caused by onshore summer
storm waves. Sea level at the time of deposition
may have been about 23 mas] indicating a
paleo-waterdepth of less than 6.5 m.
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cover of younger eolian sand subsequently obscured the older
Pleistocene dunes between 8 and 11 ka B.P., and smaller parabolic
and longitudinal dunes, now stabilized, formed at sometime after
3500 years B.P. (L.D. Carter, quoted in Williams, 1983b).

A thin discontinuous mantle of eolian sand covers portions
of the western coastal plain (Williams, 1983a, 1983b). It is
distingushed from other facies by being composed of well-sorted
medium sand with a massive to weakly stratified character. It
lacks any marine macrofossils but on occassion contains reworked,
windblown, ostracode valves. Good examples of eolian sand are
exposed in the bluffs at Sec. 12, 16, 25, 26, and 38 along Skull
Cliff (Plates I and II) and in Sec. 7Y, 80, 81 and 82 near
Wainwright (Fig. 4.17 and 4.19). Although extensive,
well-developed dune complexes are not found, localized dune fields
are present along major river courses and on the upland southwest
of Karmuk Point. Radiocarbon dates on buried peats in dunes along
the Meade River indicate eolian activity in that area more recently
than 11,500 years B.P. (Williams, 1983a).

Eolian deposits exposed in bluff sections between Barrow
and Peard Bay form a thin discontinuous mantle blanketing the older
marine units. A portion of this sand cover, mapped by Black (1964)
as part of the Barrow unit, is actually composed of thaw-lake
sediments developed after about 11 ka B.P. As the lakes grew, they
trapped eolian sand. Complicating the recognition of such deposits
is the fact that many thaw lakes developed in ice-rich marine
sand--sand that also acts as a local source for eolian transport.
Hence, lakes formed in marine sand later acted as catchments for
eolian sand, the latter of which is then mixed with the host
material as the lake expands.

The materials of eolian origin vary in grain size from
medium (2 to 1¢) to fine (3 to 2¢) sand and are typically frosted
and subangular to subrounded in shape. Where eolian processes have
ready access to marine sands, however, the eolian deposits often
include a greater portion of polished, more rounded grains. The
sand is primarily composed of clear quartz. Black chert, feldspar,
and heavy minerals are minor constituents. Stratigraphically, the
eolian sands, when present occupy only the highest portion of the
bluff or form stabilized dunes in many stream valleys facing the
Chukchi Sea. Rarely are eolian sediments found interbedded between
marine units.

Thaw-lake Facies

Thaw-lake sediments, like the eolian facies above, form a
discontinuous cover overlying the older marine units in many
sections along Skull Cliff. In aerial photoyraphs of the coast
the outline of old, drained thaw lakes can be seen where such
sediments are exposed in the bluffs. Due to the loss of ice in the
surface sediments during thermokarst aggradation, the tundra
surface over the drained lake is commonly a few meters lower than
the surrounding terrain (cf. Seliman and others, 1975). All
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radiocarbon-dated thaw-lake sequences between Barrow and Peard Bay
are less than 12 ka old.

The thaw lake sequences are generally similar though they
vary in detail. The base is commonly undulatory with a relief of
less than 0.5 m. A layer of disseminated organics or peat forms
the base. As the lake expands, host sediment and vegetation topple
from the banks into the lake, and eolian sand maybe added through
time. The basal layer becomes covered with material carried first
by traction and then in suspension. The actual lake bottom
gradually comes to consist of mud or fine sand with plant debris
continuing to accumulate at the lake margins. In most cases, this
process results in the gradual accumulation of medium-fine sand and
sandy silt interbedded with stringers or clots of detrital peat.
In modern thaw lakes with sandy bottoms small symmetrical wave
ripples with continuous and some bifurcating crestlines can be
observed. Such features can sometimes be seen in section. Fresh
water ostracods are ubiquitous in these sediments and distributed
to new lakes on the legs of birds or in their feces. If the
thaw-lake is developed in marine sediments, both fresh water and
reworked marine forms will be preserved. Ostracodes provide a
useful means of distinguishing among fresh-water, marine, and
eolian lithofacies. Because the ostracod valve is somewhat
aerodynamic ("frisbee-like"), fossil valves can be reworked into
eolian sediments; but reworked valves are noticeably worn and
abraded.

Superposed thaw-lake facies of different ages have been
observed at Sec. 64 and 66 (Plate I). Where observed, the lower,
older lake deposit is intruded by ice-wedge pseudomorphs,
indicating that ice wedges formed shortly after the first lake had
drained. Subsequently this surface was somehow flooded and a
second thaw lake later formed on the site of the older lake. The
younger thaw lake sediments in Sec. 64 cited are dated at 10,430 =
150 yrs B.P. (I-12923) and those in Sec. 66 are 8950 * 150 yrs
B.P. old (I-12951).

To date, thaw lake sediments have not been found beneath
any marine beds along Skull Cliff. In shallow boreholes in the
Beaufort Sea, however, P.A. Smith (USGS, pers. comm., 1983) has
reportedly found two thaw lake sequences buried by marine
sediments.

Fluvial lithofacies

Fluvial gravel, sand, and fine-grained overbank sediments
comprise a significant portion of the Gubik Formation, especially
east of the Colville River. Fluvial processes have reworked and
removed portions of the marine record across the western edge of
the coastal plain particularly between the Utukok and Kukpowruk
Rivers leaving only broad meandering stream valleys entrenched into
the Cretaceous bedrock. Marine deposits are, however, patchily
preserved in the subsurface along interfluves. The complex fluvial
history of these rivers south of Wainwright has yet to be studied
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in adequate detail. DUeposits exposed beneath terraces in many of
the meander scars contain reworked valves of marine mollusks
indicating the presence of older marine units upriver.

Gravel and sand deposits of fluvial origin are
distinguished from the beach and barrier bar lithofacies by the
nature of the bedding and the stratigraphic setting. Well-rounded
gravel and cobbles can occur in both marine and fluvial
environments as river materials are reworked during transgressions
and marine units are fluvially eroded, hence particle shape is not
always a useful criteria.

Observations Concerning Shallow-Marine and
Nearshore Sedimentation Across the Western Coastal Plain

The stratigraphy of the various lithofacies and associated
discontinuities observed in the Gubik Formation conform closely
with depositional models described for both Holocene and ancient
asymmetric transgressive and regressive sequences (Reading 1978;
Ryer 1977, and references therein). Particularly in the bluffs
between Barrow and Peard Bay, the marine sediments associated with
each high sea stand are bounded below by a disconformity at the
base of a coarse layer and above by the disconformity associated
with the next younger transgression. Because of the effects of
shoreface erosion, little depositional record of the beachface
remains (Bruum, 1962; Swift, 1968). Progradation occurs only when
the rate of sea level rise dramatically decreases and a stable
shoreline profile can be maintained. "Transgressions are
recognized by the presence of erosional disconformities that
separate progradational sequences" (Ryer, 1977, pg. 186).
Similarly, the stratigraphic record of marine transgression along
Skull Cliff consists of inner-shelf marine lithofacies
disconformably overlying older inner- or central-shelf
lithofacies. Stratigraphic examples of transgressive shoreface
erosion (Fig. 2.9), particularly along barrier island coasts
adjacent to gently sloping coastal plains, are most commonly cited
from the eastern coast of the United States (Fischer, 1961; Dillon,
1970; Kraft, 1971; Swift, 1975) and from the coastal areas of the
Gulf of Mexico (Bernard, LeBlanc, and Major, 1962). Based upon my
observations of the Gubik stratigraphy, and discussions of similar
sequences in the literature, particularly Ryer (1977), a model for
transgressive marine sedimentation on the coastal plain can be
summarized as follows:

Coincident with hemispheric deglaciation, a relatively
rapid eustatic rise of sea level results in the southward
enchroachment of the sea across the Chukchi Shelf. Because of the
flat topography of the shelf, the horizontal migration of the
shoreline during this period is probably dramatic. Rivers draining
the coastal plain begin alluviating in their lower reaches as they
attempt to adjust to the rapidly risiny base level. Most of this
material, along with migrating beachface deposits, is subsequently
eroded and removed as the sea transgresses across this bedrock
plain. Similarly unconsolidated marine or eolian sediments
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stranded during and after the previous regression and subaerial
exposure are partially eroded and removed to offshore

environments. This shoreface erosion results in the formation of a
transgressive disconformity, upon which lag deposits of sand or
coarse gravel or portions of the transgressive beach are

deposited. The presence of striated, erratic cobbles and boulders
upon some of these surfaces or incorporated in shelf sediments
suggests that certain transgressive events were times of glacial
ice-rafting in the Arctic Basin. The preservation of older marine
units beneath a disconformity seems to be fortuitous, dependent
upon the configuration of the coast and the rate of sea level rise.

During the waning stages of the transgression as the rate
of sea level rise diminished, progradation begins. Sediments are
deposited on the disconformity as soon as water deepens enough so
that the bottom is below wavebase. Sediment is continually
supplied to the offshore areas by river effluent and by the erosion
of unconsolidated materials from the coastal bluffs. Subsequently,
beach and barrier bar environments prograde and mature, probably
resembling their modern counterparts.

Coincident with the following glacial episode, or as a
consequence of gentle uplift, regression commences. Regressive
sediments have not been clearly recognized in the Gubik Formation
at Skull Cliff, therefore, it is difficult to reconstruct how this
process proceeded. Presumably as regression continued and the
shoreline retreated seaward, a thin offlap sequence of lithofacies
was deposited across the Chukchi Shelf. Laterally migrating river
systems may have assisted with the removal of some of these
sediments particularly south of the Utukok River. Gradually, a
polar desert environment dominated by extensive eolian activity and
sparse vegetative cover evolved across the arctic coastal plain and
exposed continental shelves (cf., Carter, 1982). During the
subsequent marine transgression, however, a portion of the
depositional record of this period, along with much of the
regressional record, were eroded. The preservation of paleosols,
aeolian sediments, and some older ice-wedge pseudomorphs, however,
suggests that the paucity of Pleistocene sediment is also a
function of limited primary deposition.

The repeated inundation of the western coastal plain
throughout the late Cenozoic has left a thin, but extensive
sediment record from which one may reconstruct the sea level
history. Unlike the sloping Beaufort Sea shelf where continual
subsidence(?) has preserved a more continuous marine record
(Dinter, 1983), the sea level record of the western coastal plain
is limited to only high sea level events. No doubt, the sea level
history recorded on the western Arctic Coastal Plain is fragmentary
and incomplete, particularly for those events that never rose above
present sea level.

Conclusion

Evaluation of the environmental significance of different
sediment types observed in bluffs between Barrow and Peard Bay
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resulted in the recognition of several lithofacies that can be
explained in terms of modern depositional regimes. These
lithofacies include; (1) the gravel/cobble lag facies deposited
following transgressive shoreface erosion; (2) the inner-shelf
facies deposited in water depths less than 30 m; (3) the beach and
barrier bar lithofacies deposited in the nearshore environment;

(4) the lagoonal facies deposited behind barrier island chains; (5)
tidal-delta sequences deposited between barrier islands; (6) the
the eolian sand facies deposited as a thin discontinuous blanket
across the coastal plain; (7) the thaw-lake facies deposited
beneath short-lived thermokarst lakes; and (8) the fluvial facies
deposited by major rivers draining the western coastal plain. The
distribution and preservation of these lithofacies allows the
reconstruction of nearshore and shallow marine sedimentation on the
North Slope. The marine stratigraphy of the Gubik Formation is not
a symmetrical transgressive/regressive stratigraphy. Rather, its
stratigraphy is highly asymmetric, recording primarily the
shoreface erosion and progradational phases of the ideal
transgressive/regressive cycle (symmetric model of Kauffman, 1969).
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CHAPTER 111
AMINOSTRATIGRAPHY

Introduction

Since the advent of amino acid geochronology in the late
60's and early 70's, the technique has been successfully applied to
a broad variety of Quaternary stratigraphic problems (see Hare and
others, 1980; Wehmiller, 1982a, for reviews). Although knowledge
concerning the kinetics of amino acid diagenesis and protein
hydrolysis in fossil materials is incomplete; the method is of
fundamental importance to Quaternary researchers as it provides an
objective dating tool useful beyond the range of the radiocarbon
method with the potential for differentiating materials more than
two million years old in some areas and perhaps over b5 million
years old in the Arctic.

The extent of amino acid diagenesis in the indigenous
protein of fossil mollusks provided the most useful means of
differentiating and correlating the marine strata of the Gubik
Formation across the western Arctic Coastal Plain. The
aminostratigraphic and geochronologic achievements of the method in
this study are intended to supplement existing knowledge (Miller
and others, 1977; Nelson, 1982; Brigham 1983a; Miller, 1982)
concerning the applications and limitations of amino acid
geochemistry as a geochronological tool in Arctic areas.

Fundamental Background

Amino acids are the structural components of protein in all
living cells. Although hundreds of amino acids exist, only twenty
are common in the proteins of living organisms (Kvenvolden, 1975).
In mollusk shells, protein exists as a structural matrix secreted
into the extrapallial fluid between the mantle and the shell upon
which calcium carbonate is deposited during shell growth (Hare,
1967; Kennedy and others, 1969).

Amino acids may occur in one of two optically-active forms,

or enantiomers which are mirror images of each other (Fig. 3.1).
Amino acids which rotate plane-polarized light to the rignt
(dextrorotary) are D-amino acids, whereas those which rotate
Eo]arized light to the left (levorotatory) are L-amino acids.
ssentially all protein amino acids in living organisms are of the
L-stereoislomer configuration and it is this fundamental
observation that allows amino-acid diagenesis to be used as a
geochronological tool (Hare and Abelson, 1968). Following death of
the organism, the L-amino acids slowly and reversibly invert to the
D-stereoisomer until a thermodynamically-stable equilibrium mixture
is attained. For an amino acid with a single chiral carbon, such
as aspartic acid or leucine, this process is called racemization
(Fig. 3.1). Racemization proceeds until the proportion of the two
isomers, expressed as a ratio of D/L, increases to an equilibrium
value of 1.00. For amino acids with two chiral carbons, such as



L~-isoleucine D-isoleucine
COOH COOH
IO P '0
NHy,=C™—H — H—C=NH;
e racemization lo
CHa—(i‘,-H -~ H—(|:—CH2
CHs CHs
L-alloisoleucine D-alloisoleucine
COOH COOH
I i
NHy—C*—H H—C*~NH,
| | .
H—C"—CH,4 CHga—C*%H

| |
CHs CHs
Racemic mixture =1.30*.05

¢ = chiral carbon

Fig. 3.1. Stereoisomers of isoleucine illustrating the
epimerization of L-isoleucine intc
D-alloisoleucine.

51



52

isoleucine and theronine, the interconversion is from the
L-configuration to the D-configuration of its diastereomer.
Consequently, L-isoleucine (hereafter, Ile) reversibly converts to
D-alloisoleucine (hereafter, alle) until the proportion of D/L
increases to 1.30 * U.05 (Miller and others, 1979). This process
of intgrcgnversion about the a-carbon is called epimerization
(Fig. 3.1).

The extent of racemization (or epimerization) is primarily
dependent on temperature, time, and taxon. Because of the natural
integrity and buffering character of the carbonate matrix, leaching
and pH have little direct influence on shell diagenesis (Hare and
Mitterer, 1969; Miller and others, 1979; Miller and Hopkins,

1980). Temperature, however, is the most critical rate-controlling
factor, approximately doubling the rate of epimerization for every
4°C rise in temperature.

Each amino acid racemizes at a slightly different rate and
is also influenced by its state in the decaying protein matrix.
Kriausakul and Mitterer (1978, 1983) have illustrated that
racemization proceeds relatively slowly in amino acids internally
bound within a polypeptide chain and in structurally free amino
acids. In contrast, terminally-bound amino acids (i.e. those at
the ends of peptide chains) invert at a much faster rate.
Moreover, those bound at the NHpo-terminus racemize faster than
those bound at the COOH-terminus. This rate, especially in NH,-
terminal amino acids, is apparently influenced by the formation of
diketopiperazines (Mitterer, 1982; Bada and others, 1982).

The state of each amino acid, as above, is also dependent
upon the continued protein deconvolution and hydrolysis of peptide
bonds (i.e., the addition of water) between adjacent amino acids.
Moreover, bond strength varies between different amino acids.
Hence, the rate of hydrolysis influences the apparent or overall
rate of racemization. Generally, the extent of hydrolysis,
determined by the proportion of free to bound amino acids,
increases with increasing fossil age (Miller and Hare, 1980;
Brigham, 1983) (Fig. 3.2). Exactly how the rate of hydrolysis
changes with time, and precisely how it effects rates of
racemization is not known. Hare (1980) has shown that hydrolysis
in bone collagen proceeds through two phases such that
epimerization begins only after denaturation has reduced the
complex protein molecules to lower molecular weight forms. The
activation energy for at least the initial denaturation step, may
be twice as high as for racemization. Whether or not this initial
slow diagenesis proceeds in a similar manner in the less complex
matrix protein of shells at low temperatures (i.e., <-5°C) is not
known. It is possible that at cold sites insufficient energ% may
be available to complete denaturation of bone collagen in 10° to
106 years (P.E. Hare, unpubl.), a fact that would, in turn,
severely retard the rate of epimerization.

Because the rates of racemization (epimerization) and
hydrolysis are most sensitive to temperature, the accuracy of
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absolute age determinations from amino acid analyses is a function
of the accuracy of the thermal history estimated for a particular
sample (see Chapter VI). Such an estimate is difficult to
determine, especially for the Quaternary when air and oceanic
temperatures fluctuated rapidly. It is possible to minimize the
effect of the thermal parameter by analyzing samples collected from
a limited geographical area across which one can reasonably assume
that the paleotemperature fluctuations have uniformly influenced
all deposits of similar age. When evaluated in this context, amino
acid ratios provide a valuable index of relative age, particularly
where stratigraphic relationships are ambiguous (Miller and others,
1977).

In this study, amino acid ratios have been used to
determine the relative age of superposed strata and to correlate
such strata across the northwestern Arctic Coastal Plain. This
application, termed aminostratigraphy (Nelson, 1978; Miller and
Hare, 1980), provided the most useful means for differentiating
stratigraphic units in individual exposures of the Gubik Formation
and for determining their relative ages. Moreover, it provided a
chemical means for evaluating the correlation of these units with
other marine sequences in adjacent arctic areas. Age-calibration
of the ratios is based upon radiocarbon dates, paleontological age
estimates, paleomagnetic inclination data, U-series dates, a single
U-trend date, and kinetic model age estimates (Chapter VII).

Analytical Methods

Many geologists and geochemists using amino acid
stereochemistry for relative or absolute age dating rely upon the
extent of isoleucine epimerization in the total acid hydrolysate
(free plus peptide-bound amino acid assemblage: hereafter, Total).
Because this reaction proceeds slowly in arctic areas due to the
low temperatures and limited hydrolysis, early diayenesis is more
reliably measured by the extent of isoleucine epimerization in the
free, or naturally hyrolyzed, (hereafter, Free) amino acid fraction
(Miller and others, 1977). In this study, the extent of isoleucine
epimerization, expressed as a ratio of D-alloisoleucine/
L-isoleucine (hereafter, alle/Ile) in both the Free and Total
fractions, was used to distinguish marine units of different age
and to identify disconformities between conformable units of
similar lithology. Additional parameters, including the percentage
of free amino acids and the concentration of free leucine were
examined to assess the increasing extent of natural protein
hydrolysis in the samples. Leucine, in particular, is of interest
because it is a stable amino acid retained by the shell matrix over
long periods of geologic time. Amino acid determinations were made
using a cation-exchange high performance liquid chromatographic
(HPLC) analyzer automated by Dr. Gifford Miller (University of
Colorado, unpublished) and similar to that described by Hare (197%)
uti];zing 0O-Pthalaldehyde fluoresence detection (Benson and Hare,
1975).
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Molluscan Taxa Analyzed

Amino acid analyses undertaken for the purpose of
establishing a regional stratigraphic framework were restricted to
specimens of Hiatella arctica Linné, Mya sp. (including M. truncata
Linné and M. arenaria Linné, Macoma sp. (including M. balthica, M.
brota, M. lama and M. obliqua ), and Astarte sp. (primarily A.
borealis). Representatives of at least one and often two of these
genera were present in nearly all fossiliferous marine deposits and
produced consistent, comparable results. By analyzing several
genera from selected units, other strata enclosing only one of the
above types could be correlated. Analyzing several genera also
provided a useful means of cross-checking the correlations and
detecting reworked populations.

X-ray diffraction analyses were carried out on powders of
selected shells from several stratigraphic units (including
aminozones 1, 2, and 3) to determine whether recrystallization of
aragonite to calcite had occurred. Such recrystallization is
thought to alter the preservation of shell protein. Modern samples
of Hiatella arctica were also analyzed for comparison. Although
several samples of Hiatella arctica and Mya truncata were
suspiciously dark ygray in color, all of the samples were found to
be unaltered and composed entirely of aragonite (Steve Forman,
pers. comm., February, 1983).

Because the relative proportion of each amino acid variesin
different genera, the rate of epimerization is different for each
genera. Consequently, the absolute value of the alle/Ile ratios
derived from one genus are not directly comparible to ratios
derived from another genus of the same age. Isoleucine in Hiatella
and Mya epimerizes at a similar rate. In general alle/lle ratios
in Mya sp. are <b percent lower than in Hiatella sp. from the same
unit. Astarte epimerize slightly faster than Hiatella and produce
ratios only slightly higher in similar strata. Macoma, by
comparison, racemize much faster than Hiatella and produce ratios
in the Total fraction nearly twice those observed in Hiatella. 1In
rare cases when sample identification is difficult, due to either
small sample size or abrasion of the shell fragment, these four
genera can be distinguished from one another by diagnostic amino
acid patterns (Andrews and others, 1982; submitted).

Wehmiller (1980) hypothesized that the differences observed in
the relative rate of racemization (epimerization) between genera is
caused by the greater stability of aspartic acid peptide bonds in
carbonate matrices. That is, genera with a greater proportion of
aspartic acid (expressed as a ratio of aspartic acid/leucine)
containing a greater proportion of "hydrolysis-resistent” peptide
bonds are expected to racemize more slowly than genera with less
aspartic acid (i.e., the rate of racemization is inversely
proportional to the amount of aspartic acid in the sample).
Wehmiller found that faster racemizing genera have an aspartic
acid/leucine ratio of less than 3.0 whereas slower racemizing
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genera have a ratio between 5.0 and 7.0. This relationship
generally holds for the four genera studied here, however, the
relationship is not straight-forward (Table 3.1). Among those
genera analyzed, Wehmiller's hypothesis would predict that the
relative rates of epimerization would be as follows:

Fastest >Slowest
Macoma > Astarte > Mya > Hiatella
increasing amount of aspartic acid —

Macoma is by far the fastest epimerizer and contains the least
amount of aspartic acid. In theory, Mya should epimerize faster
than Hiatella, however, in practice this is certainly not true. In
most cases, Mya ratios are lower than Hiatella and are rarely
higher. The relationship between rates of epimerization and the
concentration of aspartic acid is evidently more complex than
sugyested by Wehmiller (198V).

Analytical and geological variation

Ideally, all valves of a single genus of the same age, with
the same thermal history should yield the same ratio of alle/lle.
Alle/Ile ratios in monospecific specimens of the same age do differ
however, and the difference is derived from both geological and
analytical sources.

Geological sources of variation include subtle differences
in the ground temperature history; differences in burial history;
and differences inherent in the shell. Brigham (1983b) has shown,
for example, that alle/Ile ratios and the absolute concentration of
amino acids in Hiatella can vary slightly from one anatomical
region of a valve to another. Most importantly this paper
demonstrates that the scatter of alle/Ile ratios in a monospecific
sample from a single stratum can be reduced by consistently
analyzing a single region of the shell, preferably the hinge. In
addition, Brigham (1983b) showed that an extreme scatter of
alle/Ile values can be obtained from a single deposit, particularly
if samples for analysis are taken from the anterior or posterior
growth edge. Layered mollusks, such as Protothaca, Saxidomus, and
Glycymeris are<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>