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FOREWORD

The mission of the U.S. Geological Survey is to provide up-to-date geologic,
topographic, and hydrologic information that can contribute to the wise management
of the nation’s natural resources and promote the health, safety, and well-being of its
people. In keeping with our mission, this report sets out the petroleum geology data
used in assessing the oil and gas resources of the coastal plain (1002 area) portion of
the Arctic National Wildlife Refuge (ANWR) in northeastern Alaska.

In the Alaska National Interest Lands Conservation Act (ANILCA) of 1980,
Congress called for a detailed and comprehensive evaluation of the fish and wildlife
and energy values of the 1002 area, which contains about 8 percent of the total area of
the ANWR. Specifically, the ANILCA authorized the Secretary of the Interior:

1. To conduct a comprehensive, continuing baseline study of the fish and wildlife
resources of the 1002 area,
2. To develop guidelines for, initiate, and monitor a surface geological and seismic
exploration program for oil and gas, and
3. To prepare a report to Congress that would describe the fish and wildlife resources
of the 1002 area; identify and estimate the volume and area of potential
hydrocarbon resources; assess the potential impact of development; discuss the
transportation of oil and gas; review the national need for domestic sources of oil
and gas; and recommend whether further exploration, development, and production
of oil and gas should be allowed, and if so, what additional legal authority is
necessary to avoid or minimize adverse effects on the environment.
The Geological Survey and the Bureau of Land Management, through a
formal agreement, assisted the Fish and Wildlife Service, which is the lead agency in
the evaluation of the ANWR. The former two agencies provided technical expertise
in reviewing industry- proposed geophysical and geological exploration plans, in
conducting geologic studies, in assessing the hydrocarbon potential of the 1002 area,
and in compiling the formal report to Congress, which contained a brief and
nontechnical summary of the geology and resource assessment of the coastal plain.
This publication is offered as a supplement to the Secretary of the Interior’s
report to Congress. Together with a separately published geologic map of the northern
part of the ANWR (Bader and Bird, 1986), it provides the complete and detailed
technical information that was only summarized in the congressional report. Its 23
individually authored chapters, by scientists of the Geological Survey and the Bureau
of Land Management, are based on studies conducted over a five year period. The
authors not only give the detailed geologic information developed and utilized in the
oil and gas resource assessment, but also provide a description of assessment
techmquel and results. Also included are govemment interpretations of selected raw
data from the industry seismic exploration program—a program authorized by the
ANILCA |and regulated by the Fish and Wildlife Service.
Finally, all of these studies derive from a foundation of geologic knowledge
and information representing nearly eight decades of investigations in northeastern
Alaska, primarily by the Geological Survey and for a variety of goals within our
mission.

Dallas L. Peck
Director
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Petroleum Geology of the Northern Part of the Arctic National
Wildlife Refuge, Northeastern Alaska

By Kenneth J. Bird' and Leslie B. Magoon,1 Editors

Abstract

These 23 individually authored chapters by
Geological Survey, Bureau of Land Management, and
associated scientists relate the geologic data used in
assessing the oil and gas resources of the coastal plain
part of the 76,890-km? (19-million acre) Arctic National
Wildlife Refuge (ANWR) in northeastern Alaska, The
assessment and its report to Congress were called for by
the Alaska National Interest Lands Conservation Act of
1980. This publication serves as a supplement to the
report to Congress by providing complete and detailed
technical information, not included in that report,
conceming hydrocarbon source rocks, thermal history,
reservoir rocks, traps (and seals), and the timing of
hydrocarbon generation. The amounts of oil and gas in
the study area are estimated by using assessment
techniques that assign probabilities on the basis of these
factors.

The assessment area lies in the northeasternmost
part of Alaska between the Brooks Range and the Arctic
Ocean. Nearby major oil-bearing areas include Prudhoe
Bay to the west and the Mackenzie Delta to the east. The
assessment area consists of treeless, tundra-covered

plains and rolling hills, and it covers some 6,070 km?
(1.5 million acres) or about 8 percent of the ANWR. It is
an arctic desert with permafrost as thick as 600 m (2,000
ft) and few bedrock exposures. Although this region is
seismically the most active part of northern Alaska, the
number of earthquakes and their magnitudes are small
compared with southern Alaska.

The ANWR coastal plain is part of the Arctic
Alaskan tectonic plate, which includes all of the Alaskan
North Slope and parts of adjacent areas. Although the
position of this plate relative to other plates in pre-
Cretaceous time is uncertain, the position and movement
of the ANWR part of the plate in Cretaceous and
Tertiary time can be described as a complex interplay
among several large-scale tectonic features and
processes. These include (1) a continental margin and
tectonic hinge line formed by rifting during Early
Cretaceous time, (2) a progradational Late Cretaceous to
Holocene clastic wedge, (3) northward-directed Eocene

13.5. Geological Survey, Menlo Park, Calif.

to Holocene thrust faulting, and (4) late Cenozoic
continental-margin collapse along north-dipping listric
normal faults. The coastal plain area is underlain by as
much as 7 km (23,000 ft) thickness of Cretaceous and
Tertiary sedimentary rocks that overlie a Lower
Cretaceous unconformity. All but the northwestern
quarter of the area, which is undeformed, is involved in
an east- and northeast-trending, north-verging imbricate
fold and thrust-fault system related to Brooks Range
deformation.

Rocks with petroleum potential in the coastal
plain area are mostly younger than Devonian and are
dividled into an older sequence (Ellesmerian) of
Mississippian to Early Cretaceous age and a younger
sequence (Brookian) of Cretaceous and Cenozoic age.
Basement rocks consist of Precambrian to Devonian
metasedimentary rocks with minor amounts of igneous
rocks. South of the coastal plain, the Ellesmerian
sequence is about 1 km (3,300 ft) thick and is composed
of nearly equal amounts of carbonate and clastic rocks.
These rocks record marine and nonmarine deposition
along a slowly subsiding continental margin in which the
land lay to the north and the sea lay to the south.
Ellesmerian reservoirs are the primary oil-producing
rocks in the Prudhoe Bay area. The Lower Cretaceous
unconformity truncates the Ellesmerian sequence and
older rocks northward across the coastal plain. This
unconformity is believed to limit the occurrence of
Ellesmerian rock units in much of the northern part of
the coastal plain area. The Brookian sequence consists of
as much as 7 km (23,000 ft) thickness of marine and
nonmarine siliciclastic deposits representing debris shed
from the ancestral Brooks Range. The locus of
deposition initially was in a foredeep basin adjacent to
the ancestral Brooks Range and, then, migrated
northeasterly across a subsiding basement ridge and
rifted margin. The Brookian sequence provides the deep
burial and attendant heat necessary for hydrocarbon
maturation in both Ellesmerian and Brookian source
rocks on the North Slope.

The most likely petroleum reservoir rocks
beneath the coastal plain are intrabasement carbonate
rocks, Ellesmerian sandstone similar to that of the Kemik
Sandstone or Thomson sand of local usage, and Brookian
turbidite sandstone in the Canning Formation or deltaic
sandstone in the Sagavanirktok and Jago River
Formations. Ellesmerian reservoir rocks are expected to
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occur in the southern parts of the coastal plain, but their
distribution is difficult to map. The low porosity and
permeability of most rocks observed in outcrops may be
improved in the subsurface by development of secondary
porosity, possibly in proximity to the Lower Cretaceous
unconformity, or by the occurrence of abnormally high
fluid pressures that inhibit compaction and cementation.

Oil seeps and oil-stained rocks on the ANWR
coastal plain indicate that thermally mature petroleum
source rocks are present. Measured helium and
aeromagnetic anomalies, which are attributed to
hydrocarbon microseepages near the surface, may
indicate that oil and gas accumulations are present.
Analyses suggest that three types of oil, named after
nearby geographic features, are present: (1) Jago, (2)
Manning, and (3) Kavik. None are similar to oil from
the Prudhoe Bay area. The Brookian Hue Shale is the
only oil-prone source rock in the coastal plain area and
is the likely source of the Jago oil. Other rock units
analyzed are considered gas prone, although pre-
Cretaceous rocks in the Brooks Range could not be
evaluated because of their high levels of thermal
maturity. With a present-day geothermal gradient of
about 30 °C/km (1.6 °F/100 ft), hydrocarbon-generation
thresholds on the coastal plain are estimated to be as
follows: oil generation between depths of 3.7 and 6.9 km
(12,000-22,500 ft), condensate generation between 6.9
and 8.5 km (22,500-28,000 ft), and gas generation below
8.5 km (28,000 ft). Oil generation probably began about
50 million years ago at the southern edge of the coastal
plain and progressed northward, reaching the coastline
about 10 million years ago. Clay-mineral transformation
and abnormal fluid-pressure development accompanied
the onset of oil generation.

Seismic data indicate that many more structures
(potential hydrocarbon traps) are present on the coastal
plain than previously suspected. Stratigraphic or
combination structural and stratigraphic traps may also
be present but have not been identified. Two types of
structural traps are present: short-wavelength folds and
long-wavelength folds. Short-wavelength folds, which
are commonly highly faulted and involve mostly
Brookian rocks, are more numerous. These structures
may number in the hundreds, but they are small relative
to the 4.8 by 9.6 km (3 by 6 mi) seismic survey grid,
and four-way closure is difficult to demonstrate. The
Marsh Creek anticline is interpreted to be an intensely
deformed anticlinorium or triangle zone, rather than
being a simple anticline. The short-wavelength structures
overlie one or more regionally extensive low-angle faults
that structurally detach them from long-wavelength,

moderately faulted structures composed mostly of pre-
Brookian rocks. Twenty-six of these structures have been

mapped, and the largest is about 920 km? (227,000 acres)
in area with 3 km (10,000 ft) of vertical closure. Other
structures, smaller than the seismic grid, may also be
present. These 26 structures provide the basis for
estimating economically recoverable oil resources in this
study.

The timing of hydrocarbon generation relative to
the formation of traps is judged to be favorable for the
retention of oil in the coastal plain area. Structural traps
are believed to have formed before, during, and after oil
generation and migration. Beneath the northern part of
the coastal plain and offshore, oil generation and the
formation of structures are probably still occurring.

The evaluation of hydrocarbon resources of the
study area was accomplished in two stages: (1) an
assessment of in-place oil and gas resources based on a
play-analysis method, and (2) a separate assessment of
economically recoverable oil based on a prospect-specific
method. Estimates of in-place oil and gas are (1) a 95
percent chance for more than 4.8 billion barrels of oil
(bbo) and 11.5 trillion cubic feet of gas (tcfg); (2) a 5
percent chance for more than 29.4 bbo and 64.5 tcfg; and
(3) a mean estimated resource of 13.8 bbo and 31.3 tcfg.
Estimates of economically recoverable oil for the 26
structures (mentioned above) are a 95 percent chance of
0.6 bbo, a 5 percent chance of 9.2 bbo, and a mean of
3.2 bbo. Natural gas was not considered economically
recoverable in this study.
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Chapter 1.

Introduction

By Cornelius M. Molenaar!

INTRODUCTION

This publication presents the results of a
multifaceted study of the geology of the coastal plain
and adjacent areas of the Arctic National Wildlife
Refuge (ANWR) and estimates of its yet to be
discovered oil and gas resources. The purpose of these
studies was to collect and evaluate geologic data in order
to assess the petroleum potential of a specific area of the
ANWR coastal plain as mandated by Congress in section
1002(h) of the Alaska National Interest Lands
Conservation Act (ANILCA), Public Law 96-487,
December 2, 1980. The specified land area is referred to
as the 1002 area in this publication (fig. 1.1).

This report serves as an appendix to the
congressional report on the ANWR 1002 area (Clough
and others, 1987) by supplying technical geologic and
assessment details not found in that report. Because this
publication is intended for a broader readership than just
earth scientists, the following chapter describes in
layman terms the principles of petroleum geology and
exploration methods.

GENERAL SETTING

The 1002 area comprises about 6,270 km? (1.55
million acres), or about 75 percent of the total coastal
plain of the ANWR. These lands lie north of the Brooks
Range and are bounded on the north by either the
Beaufort Sea or the southern boundary of the Kaktovik
Inupiat Corporation (KIC) lands. The western boundary
is formed by the Canning and Staines Rivers, and the
eastern boundary is the Aichilik River. The southemn
boundary follows township lines. Although referred to
overall as coastal plain, some of the topography
(especially in the southern part) consists of broad, low-
relief foothills, which are dissected by numerous north-
and northeast-flowing streams and rivers. Some hills rise
as much as 150 m (490 ft) above adjacent rivers. Across

1U.S. Geological Survey, Denver, Colo.

the 25 to 55 km (16 to 34 mi) breadth of the area, the
general elevation ranges from at or near sea level on the
north to about 300 m (1,000 ft) on the south. Many
small, shallow lakes are present in poorly drained
localities, especially in the eastern part of the area.

Except for very small willow trees or bushes
along river valleys in the southern part of the area, the
coastal plain is treeless and is covered by tundra-type
vegetation. Loosely consolidated sand, mud, gravel, or a
soil zone underlies much of the vegetated cover. Unlike
most of the coastal plain west of the ANWR,
consolidated older rocks are exposed along several of the
larger streams and rivers (see geologic map by Bader and
Bird, 1986). This is attributed to the more recent and
more intense folding in the 1002 area than in areas to the
west. Permafrost, perennially frozen ground, is present
throughout the area, probably to a depth of 300 to 600 m
(1,000 to 2,000 ft). During the summer, the ground
thaws to a depth of 0.5 m (1.5 ft) or less (see chap. 4).

The mountain belt south of the 1002 area is
made up of several east-trending subranges of the Brooks
Range. From north to south, the western subranges are
the Sadlerochit Mountains, the Shublik Mountains, and
the Third and Fourth Ranges of the Franklin Mountains
(fig. 1.1B). The Romanzof Mountains are south of the
eastern half of the coastal plain. The highest peaks of
the entire Brooks Range are in this general area with the
highest being Mt. Chamberlin at 2,749 m (9,020 ft).
Most of the peaks along the immediate mountain front
range in elevation from 900 to 1,800 m (3,000 to 6,000
ft). The abrupt topographic relief along the mountain
front is due to the contrast in resistance to erosion
between the more resistant, older sedimentary and
igneous rocks of the mountains and the less resistant,
younger sedimentary rocks of the coastal plain and
foothills area.

The larger valleys in the mountains were carved
by glaciers during the Pleistocene, and remnant glaciers
are still present around the higher mountain peaks. At
times during the past, glaciers in some of the larger
valleys extended into the coastal plain area, as indicated
by the presence of morainal material.

Chapter 1: Introduction 3
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Figure 1.1. Index maps showing location of study area. A, Northern Alaska, showing ANWR and 1002

area. B, Enlargement of 1002 area. KIC, Kaktovik Inupiat Corporation.
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PREVIOUS WORK

The earliest geological investigations of the
ANWR area were by Leffingwell (1919) between 1906
and 1914. Much of ‘his work involved studying ice and
permafrost features along the coast and mapping the
coastline, but he did make several reconnaissance trips
inland, where he examined bedrock exposures in the
Sadlerochit Mountains area. His general stratigraphic
observations led to the naming of several geologic
formations, and these names still are used today.
Another early survey was the geologic reconnaissance
associated with the Alaska-Canada boundary survey from
the Porcupine River to the Arctic Ocean reported by
Maddren (1912).

Table 1.1. Exploratory wells drilled adjacent to ANWR

Reconnaissance  and  detailed  geological
investigations by the U.S. Geological Survey (USGS)
were begun in the general area during the summer of
1947, continued intermittently through 1961, and then
almost continuously from 1966 to 1985. Geologists from
the oil industry, the U.S. Bureau of Land Management
(BLM), the State of Alaska, and various universities have
also conducted geological field work in the ANWR,
Industry has drilled 27 exploratory and development
wells to the west and north of the ANWR (table 1.1).

CURRENT WORK

As provided by ANILCA sections 1002(a), (d),
and (e), regulated exploration (including seismic surveys)

[See figure 1.1B for well locations; #, well information not available to the U.S. Geological Survey for this study}]

Well Company Well name and number Total depth location Total depth
Sec. T. R. Latitude Longitude (fr)
1 Atlantic Richfield Co. Kavik Unit-2 11 3N 22E 7,500
2. Pan Am. Petroleum Corp. Kavik-1 3N 23E 9,564
3. Atlantic Richfield Co. Kavik Unit-3 8 3N 23E 5,850
4. Exxon Corp. Canning River Unit A-1 19 3N 24E 8,874
5. Mobil Oil Corp. Beli Unit-1 8 4N 23E 14,632
6. Exxon Corp. Canning River Unit B-1 32 4N 24E 10,803
7. Exxon Comp. Alaska State J-1* 23 6N 2E 13,644
8. Chevron USA Inc. KIC-I# 1 8N  36E 15,193
9. Union Oil Co. of Calif. E. de K. Lefﬁngwell-l# 25 SN 22E 14,824
10. Humble Oil and Refining Co.  East Mikkelsen Bay State-1 7 9N 21E 15,205
11. Exxon Corp. Point Thomson Unit-2 3 9N 22E 14,117
12. Mobil Oil Corp. West Staines State-2 25 ON 22E 13,171
13. Exxon Corp. Alaska State C-1 14 ON 23E 13,761
14. Mobil Oil Corp. West Staines State 18-9-23 18 ON 23E 13,329
15. Phillips Petroleum Co. North Staines River-l# 5 9N 24E 14,266
16. Mobil Oil Corp. Staines River State—l# 19 9N 24E 13,238
17. Sohio Petroleum Co. Alaska Island-1 10N  22E 15,222
18. Sohio Petroleum Co. Challenge Island-1 8 10N 22E 13,587
19. Exxon Corp. Point Thomson Unit-4 29 1ION 22E 15,074
20. Exxon Corp. Alaska State F-1 18 iON 23E 14,316
21 Exxon Corp. Alaska State D-1 23 10N  23E 13,050
22. Exxon Corp. Point Thomson Unit-1 32 10N 23E 13,298
23. Exxon Corp. Point Thomson Unit-3 35 10N 23E 14,125
24. Exxon Corp. Alaska State G-2* 25 10N 24E 16,527
25. Exxon Corp. Alaska State A-1 27 10N  24E 14,206
26. Union Oil Co. of Calif. Hammerhead prospect# 70° 21’'52.6"'N 146° 1°27.9"W 8,034
27. Shell Western E & P, Inc. Corona prospect 70° 18'52.6"'N  144° 45'31.6”W  (Drilling)
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was allowed in the 1002 area during the 1984 and 1985
winter seasons, and surface geological investigations
were allowed in the ANWR, both inside and outside the
1002 area, in order to provide the geological and
geophysical information necessary to evaluate the area’s
oil and gas resources. During the first year’s seismic
program, 760 line mi were surveyed. Because the 1984
seismic survey revealed a complex subsurface structure,
a second season of seismic surveying, comprising 692
line mi, was allowed in order to better evaluate the
area’s hydrocarbon potential. During these seismic
surveys, gravity measurements were made at selected
stations along the seismic lines, and many of the 75- to
100-ft-deep shot holes were sampled for paleontological
and geochemical analyses. The contractors and services
provided in the industry exploration program of 1984 and
1985 are listed in table 1.2. In addition, 15 oil

companies or groups, as well as USGS and BLM parties,
also conducted surface geological studies in and adjacent
to the 1002 area during the 1984 and 1985 seasons.

Table 1.2. List of contractors and services rendered in
the ANWR 1002 exploration program of 1984 and 1985

Contractor Service

Geophysical Service Inc. Seismic survey
Geophysical Service Inc.
International Technology, Inc.
Brown and Ruth, Inc.

Micropaleo Consultants, Inc.

Gravity survey
Gravity survey
Shot-hole geochemistry
Shot-hole paleontology
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Chapter 2.

Principles of Petroleum Geology and Exploration Methods

By Cornelius M. Molenaar!

INTRODUCTION

Ever since the first oil well in the United States
was drilled near Titusville, Pennsylvania, in 1859, the
science of petroleum geology has steadily advanced and
methods of petroleum exploration have become
increasingly sophisticated. In the early days, test wells
were commonly located near oil seeps or on obvious
surface-expressed anticlines. The more obvious geologic
structures have now been drilled, and remaining
prospects are more difficult to detect; these difficulties
have helped spur the great advances in geologic concepts
and exploration methods that have been made, especially
in the last 15 or 20 years.

To assist the lay reader, this chapter briefly
reviews the many facets of petroleum geology and the
methods used in exploring for crude oil and natural gas,
or petroleum as they are collectively known. Although
the discussion is not specific to the Arctic National
Wwildlife Refuge (ANWR), the general concepts are
applicable. Details of the geology and of the oil and gas
resource assessment of the ANWR are discussed in
following chapters.

There are many good reference publications on
the different aspects of petroleum geology, a few of
which are listed at the end of each section in this
chapter.

PETROLEUM GEOLOGY

Petroleum is a general term for all naturally
occurring hydrocarbons, whether gaseous, liquid, or
solid. Natural gas, the common term for gaseous
hydrocarbons, is composed mainly of methane, with
lesser amounts of "heavier" gases, such as propane and
butane. Crude oil, the common term for the liquid
phase, is actually a complex mixture of various types of
hydrocarbons, known as paraffins, naphthenes, and
aromatics, and of nonhydrocarbons, known as resins and
asphaltenes. Solid hydrocarbons, the familiar "tar" or
asphalt, usually occur at or near the Earth’s surface and

1U.S. Geological Survey, Denver, Colo.

are residual hydrocarbons formed by the escape of the
"lighter" fractions from the oil. Chemical variations in
petroleum are primarily due to differences in the source
material, thermal history, and distances the petroleum
may have moved or migrated.

The prevailing theory for the origin of
petroleum is that it is one of the products of thermal
transformation of biogenic material buried with rock and
mineral debris (sediments) in a sedimentary basin. Oil
and gas accumulations result when organic-carbon-rich
(source) rocks are subjected to sufficient heat and
geologic time (maturation) to generate petroleum, which
then moves (migrates) from the source rocks to porous
(reservoir) rocks that are overlain by impermeable
(sealing) rocks in a geometrical arrangement preventing
the escape of oil and gas (a trap). All of the steps in this
process are critical, interrelated factors that may or may
not occur in a particular sedimentary basin.

Useful references on petroleum geology are
Link (1982), Perrodon (1983), and Selley (1982).

Sedimentary Basin

A sedimentary basin is a large area of the
Earth’s surface that has subsided and allowed the
accumulation of great thicknesses of sedimentary
material. The history of sedimentary basins is usually
measured in tens of millions of years. In their early
stages, these basins are usually water-filled, elongate
depressions (seaways or lakes) with dimensions measured
in tens to hundreds of miles. Ultimately, they are filled
with sediments a few thousand to greater than 30,000 ft
thick. Some basins have a complex history with multiple
episodes of subsidence, sedimentary filling, uplift,
deformation, and erosion. Sedimentary basins may form
along the margins of continents (crustal plates) or within
continents. Those basins along continental margins form
where plates pull apart from, slide past, or collide with
one another. The origins of intraplate basins are not well
understood. Subsidence is believed to be related to a
combination of crustal cooling and loading. Loading
may be caused by (1) deposition of sediments, (2) water,
resulting from a rise in sea level, or (3) thrusting of one
earth slab on top of another.

Chapter 2: Principles of Petroleum Geology 7



The North Slope or Colville basin, of which the
coastal plain of the ANWR is a part, was originally
about 300 km (200 mi) wide and covered the entire
width of northern Alaska (1,000 km, 600 mi), extending
into Canada on the east and the Chukchi Sea on the
west. It is a complex basin with multiple episodes of
subsidence, uplift, erosion, and deformation.

The age of a sedimentary basin is important
because geologically old basins (Precambrian) generally
have less organic material (poor source rocks) and are
more likely to have experienced extreme heating and
deformation, making preservation of oil and gas deposits
unlikely. Worldwide, most oil and gas deposits occur in
rocks younger than 570 million years (fig. 2.1). This
segment of geologic time coincides with the rise and
predominance of complex, multicellular life forms.

Useful references on sedimentary basins are
Biddle and Christie-Blick (1985) and Miall (1984).

Sedimentary Rocks

Sedimentary rocks are formed by the
consolidation of muds, sands, or gravels that are
transported into a basin by streams or the wind, or that
are formed by the accumulation of lime or silica particles
produced by biologic activity. As the deposits gradually
accumulate in greater and greater thicknesses, interstitial
water is forced out of the pore spaces as the sediment
grains assume a tighter packing, and cementing material
(commonly calcium carbonate) binds the grains together.
The sediment then becomes a sedimentary rock. Gravels
become conglomerate, sands become sandstone, and
muds become mudstone or shale. In carbonate
sediments, lime mud and particulate carbonate grains are
cemented, usually by calcium carbonate that precipitates
out of circulating pore water, and become a carbonate
rock termed either limestone or dolomite, depending on
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Figure 2.1. Geologic time scale and approximate age in millions of years. Time scale in years is based on radioactive
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show divisions of geologic time throughout Earth’s history.
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the amount of magnesium present. Different rock types
are the basis for subdividing thick sedimentary rock
sequences into mappable rock units called formations.
Geologically related formations may be lumped together
into groups, or a formation may be subdivided into
smaller units called members. Naming rock units is
essential for communication purposes.

Useful references on sedimentary rocks are Blatt
and others (1980), Friedman and Sanders (1978),
Reading (1986), and Selley (1976).

Petroleum Source Rocks

Petroleum source rocks are sedimentary rocks
rich enough in organic matter to generate petroleum.
The organic matter usually consists of some combination
of (1) land-derived (terrestrial) material mostly
comprised of plant remains such as pollen, spores, leaf
cuticles, and other material, which is washed into a basin
together with rock and mineral particles by streams and
rivers, and (2) aquatically derived (marine or lacustrine)
material comprised of plants and animals, generally
microscopic in size, that live in the ocean or in lakes.
The organic matter sinks to the seafloor with the finer silt
and clay particles, where it is incorporated into the
sediments. If the bottom water of a basin has poor
circulation and consequently low oxygen content, thus
making the environment uninhabitable for bottom-
dwelling scavengers, the organic matter is preserved and
becomes a constituent of the sediments. When
compacted, these sediments become organic-carbon-rich
shales or limestones and are potential source rocks. The
lower limit for a potential source rock is usually
considered 0.5 weight percent organic matter, while
greater than 2 percent organic matter is considered a rich
potential source rock. Some very rich source rocks
contain greater than 5 percent organic matter. The
weight percent and type of organic matter (terrestrial or
marine) in a sediment can be determined by laboratory
analyses.

The type of organic matter and its thermal
history determine the type of petroleum that is generated.
Woody or inertinitic (coaly) material generates only
methane gas, whereas herbaceous, algal, and marine
plant materials usually generate oil. To generate oil or
"thermal” gas, the potential source rock must be heated,
usually by deep burial, to certain threshold temperatures
for a minimum period of time. Source rocks heated to
less than sufficient temperatures for oil generation are
known as immature or potential source rocks, those
heated to sufficient temperatures are known as mature
source rocks or oil source rocks, and those subjected to
extreme temperatures are known as overmature or
postmature source rocks. The first petroleum products
generated are the heavier oils. As the source rock is
heated to higher temperatures (buried deeper) for longer

periods, the lighter oils are generated; at still higher
temperatures, only methane gas is generated (fig. 2.2).
The complete sequence of generation usually occurs over
a temperature range of 65 to 175 °C (150-350 °F), a
timespan of millions of years, and a depth range of
2,400-5,500 m (8,000-18,000 ft). At greater
temperatures and depths, the chances for petroleum
occurrence are greatly diminished.

In addition to being generated by thermal
processes, gas known as biogenic methane gas can be
created by the action of bacterial consumption of organic
matter at lower temperatures than are required for
thermal gas generation. Swamp gas is a common
example of this process. The Kenai gas field in southern
Alaska is biogenic methane.

Useful references on petroleum source rocks and
geochemistry are Hunt (1979), Tissot and Welte (1984),
and Waples (1981, 1985).

Reservoir Rocks

A reservoir rock is one that is sufficiently
porous and permeable so that its contained fluids can be
"produced,” that is, extracted. Sandstone, conglomerate,
and carbonate rocks are the most common petroleum
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£ o HYDROCARBONS
= AN%'{OR)
E MATURE
a (catagenesis) /
ES ~ THERMAL
E WET GAS- METHANE
CONDENSATE . ,
POSTMATURE
(metagenesis) DRY GAS

Figure 2.2. Sequences of hydrocarbon (petroleum)
generation as temperature increases (from Rice and
Claypool, 1981).
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reservoir rocks. But these rock types do not always form
reservoirs because they may have lost much of their
original porosity and permeability. For example,
unconsolidated sand, such as that found on a beach, may
have 40 percent porosity (40 percent of the total volume
of the sand is pore space). Compaction and cementation
by minerals that precipitate from fluids moving through
the sand will greatly reduce this pore space. Any
alteration of chemically unstable types of sand grains
(such as feldspar, volcanic rock fragments, or certain
other nonquartz grains) by fluids moving through the
system lessens the porosity and permeability even more.
Thus, the sandstone may end up with greatly diminished
reservoir properties and may become so cemented that it
is not an effective reservoir. In some cases, however,
open fractures in an otherwise low-permeability
sandstone, or even in a nonreservoir shale or siltstone,
can provide the necessary interconnections for the system
to become an effective reservoir. Porosity may also be
created by dissolution of mineral cements or grains by a
fluid with a different chemical composition moving
through the rock. Porosity developed in this way is
known as secondary porosity. Porosity in the main
reservoir rock in the Prudhoe Bay field is an example of
secondary porosity.

The changes that a sediment undergoes from the
time of deposition to the present-day sedimentary rock
are called diagenetic effects, or diagenesis. By studying
thinly ground slices of the rock (thin sections) under a
microscope, geologists not only can determine the
composition of the rock but also can reconstruct or
interpret its diagenetic history.

Useful references on reservoir rocks and
diagenesis are Roehl and Choquette (1985) and Scholle
(1978, 1979).

Petroleum Traps

As petroleum is generated, pressure increases
within the source rock and forces the petroluem into the
fluid system of the basin. Being lighter than water (the
other fluid in the system), oil moves upward, generally
along tilted, more permeable carrier beds, until it either
seeps out at the surface or meets a barrier (trap) that
stops its flow. Petroleum traps are of three types:
structural, stratigraphic, and a combination of these two.

Structural traps are formed by folding (bending)
or faulting (breaking) of the reservoir-rock layers. When
the layers are arched (folded) so that they tilt in opposite
directions, they are called anticlines (fig. 2.34). The top
or crest of the fold is called the anticlinal axis; to be a
trap, the anticlinal axis' must also tilt in opposite
directions, forming a dome. Many of the large fields of
California, the Middle East, and the Rocky Mountains
occur in anticlinal traps.

A fault trap is formed by the juxtaposition of
the reservoir bed against an impermeable formation, such
as shale across a fault (fig. 2.3B). Sometimes, however,
the fault plane or fractures associated with the fault
provide avenues of escape for the petroleum. Many Gulf
Coast fields associated with salt domes or growth faults
are fault traps.

Structural traps, especially anticlinal traps, are
easiest to find and are likely to produce petroleum at
several levels. They are often evident at the surface or
can be found relatively easily with geophysical methods,
especially seismic techniques.

Stratigraphic traps are formed when a reservoir
bed terminates as a result of internal changes within the
rock sequence. One kind of stratigraphic trap is formed
when a reservoir bed thins to zero thickness or grades
into impermeable strata (fig. 2.3C). Many oil fields with
carbonate reservoirs, such as those of the Permian basin
of West Texas and eastern New Mexico, the Aneth field
of southeastern Utah, the Silurian reef fields of Michigan,
and the Devonian reef fields of Alberta, Canada, are
stratigraphic traps. Another type of stratigraphic trap,
called an unconformity trap, is formed when tilted strata,
including reservoir beds, are truncated by erosion and
subsequently covered by impermeable deposits such as
shale (fig. 2.3D). The giant East Texas field is this type
of trap. Stratigraphic traps are subtle, may have only
one producing zone, and are difficult to find. However,
they can be prolific petroleum producers.

Combination traps require both structural and
stratigraphic features to complete the trap. An example
is a plunging anticline in which the reservoir rock
terminates up the plunge of the anticlinal axis. The
updip termination provides the stratigraphic component,
and the anticlinal reversal of the plunging anticline
provides the structural component. Combination traps
may be subtle and as difficult to find as stratigraphic
traps. They too can be prolific petroleum producers. The
giant Prudhoe Bay field is the result of a combination
anticlinal-unconformity type of trap.

Useful references on traps are Braunstein
(1976), Halbouty (1970, 1981, 1982), and King (1972).

Summary

The factors involved in the making of an oil or
gas field are (1) petroleum source rocks, (2) sufficient
heat or depth of burial to transform the organic matter
into petroleum, (3) carrier beds to move the generated
petroleum, (4) traps in which the petroleum can move no
farther, (5) adequate reservoir beds from which the
petroleum can be produced, and (6) proper timing of
petroleum generation and migration relative to trap
formation. These six factors must be considered in
evaluating the petroleum potential of an area.
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PETROLEUM EXPLORATION METHODS

Petroleum exploration is a risky business; as a
general rule, only two or three of every 20 exploratory
wells find economically recoverable oil or gas. Even
more revealing are the statistics on significant
discoveries—discoveries greater than 1 million barrels of

recoverable oil or 6 billion ft® of recoverable gas.
Between 1946 and 1979, the rate of significant
discoveries declined from slightly more than three to less
than two for every 100 exploratory wells drilled
(Johnston, 1986). To reduce the risk, a modern petroleum
exploration program evaluates each of the six factors
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necessary for the occurrence of a petroleum
accumulation (see above) by integrating geological,
geochemical, and geophysical data with ever-increasing
sophistication. Such a program generally includes
surface outcrop studies and subsurface studies of any
nearby wells, including paleontological and geochemical
analyses of well and outcrop samples, seismic surveys,
gravity surveys, magnetometer surveys, and several other
less-used types of surveys. Additionally, in some areas
drilling is done in off-structure positions purely for
stratigraphic information. All these studies and surveys
yield different types of information that relate to the six
factors. A petroleum assessment or exploration program
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Figure 2.3. Schematic diagram showing four basic types of hydrocarbon traps. Shaded area is oil accumulation. A,
Anticlinal or domal trap. E, oil column; F, gas column; G, oil-water contact; H, gas-oil contact; J, vertical closure of
structure; K, spill point, which does not correspond to oil-water contact if trap is not full. B, Fault trap. Arrows on
fault indicate direction of relative movement. C, Stratigraphic pinch-out trap. D, Unconformity trap.
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that does not attempt to evaluate each of the factors is
incomplete. The ultimate goal of an exploration program
is to identify and drill indicated traps (prospects).
Drilling is the only sure method to determine if a
petroleum accumulation actually exists.

Useful references providing an overview of
petroleum exploration methods are Curtis and others
(1981) and Hyne (1984).

Surface and Subsurface Geological Studies

Surface and subsurface geological exploration,
which includes analysis of stratigraphy, structure,
paleontology, and geochemistry, is generally the first
method used in unexplored (frontier) areas because such
studies are less costly than geophysical surveys and
drilling and can yield a great deal of important
information about the rocks likely to be present in the
subsurface. In prospective areas where the bedrock is
exposed and the surface structure can be mapped,
drillable prospects can be directly located; many of the
early fields in the Rocky Mountains and California were
found by this method. Bedrock is not exposed in many
areas of the ANWR, however, and data gathered from
rocks exposed in adjacent areas, such as the Brooks
Range and its foothills, are extrapolated into the covered
areas, such as the coastal plain of the ANWR. Surface
geological studies include (1) determining the order and
age of the stratigraphic sequence, (2) measuring the
thickness of various stratigraphic units, (3) making
sedimentologic  studies to determine depositional
environments, (4) sampling different rock units for age,
reservoir, and source-rock analysis, and (5) determining
the structural style and timing of any deformation.

Studies of nearby wells are also very important.
Borehole measurements (well logs) provide information
on the character of the sedimentary section, such as
lithology (rock type), rock-unit thickness, reservoir
quality, and presence of potential petroleum source
rocks. Examination and analysis of cores and drill
cuttings yield information on the presence of oil "shows"
(oil-stained samples or other indications of petroleum
encountered while drilling). In addition, well samples are
analyzed for fossil content and source-rock quality.
Examination of outcrop and well samples for
microfossils is necessary for dating and correlating rock
units. Geochemical analyses of shale samples yield
information on organic richness, type of organic material
(oil prone versus gas prone), and thermal maturity (have
they been buried deep enough to generate petroleum or
have they been buried so deep as to be overmature?). In
addition, analyses of oils collected from surface seeps or
from wells may provide information on which rocks
were the source for the oil.

Subsurface geologic structure is not always
indicated by surface outcrops. In this situation and in

those in which rock outcrops are poor or entirely absent,
such as the 1002 area, geophysical prospecting is used.
Three commonly used methods are seismic, gravity, and
magnetic surveys. The latter two provide general
information on large-magnitude structural features and
rock types. Because this information is not as detailed
as that provided by seismic methods, it is seldom used in
selecting drilling sites.

Seismic Surveys

Seismic surveys are the most often used of the
geophysical methods because they provide the most
useful results. A seismic survey gathers subsurface
geologic information by recording impulses from an
artificially generated shock wave. The two fundamental
types of seismic surveys are refraction and reflection.
The refraction method was used more commonly during
the 1930’s and is used for determining the larger features
and structures of sedimentary basins. The reflection
method gives a more direct and detailed picture of the
subsurface structure than the refraction method and is
used almost exclusively in petroleum exploration today.
Results are easily translated into geological terms,
although the methods and techniques used for acquiring,
processing, and interpreting the data are very
complicated and expensive. The seismic survey of the
1002 area used the reflection method exclusively.

The common procedure for seismic-reflection
surveys on land consists of creating artificial shock
waves and recording the resultant seismic energy as it
arrives at groups (arrays) of vibration detectors
(seismometers or geophones) on the surface. These
geophone arrays are connected by electrical cable to an
instrument truck that receives and records the seismic
signals. Seismic energy reaches the geophones by
several different routes. One signal spreads over the
ground as a surface wave. Another travels along a
subsurface layer and is refracted to the surface. The
third and most important signal travels downward until it
reaches an abrupt change in rock character and is then
reflected back to the surface (fig. 2.4).

The geophones are spaced at intervals (34 m
(110 ft) apart in most of the ANWR survey) along a line
extending 3-5 km (2-3 mi) from the energy input point
(shothole or vibrator station). The signals from the
geophones are recorded electronically in an instrument
vehicle. By repeating this process with a series of shots
(spaced 67 m (220 ft) apart in most of the ANWR
survey) along the long line of geophones and
progressively moving the entire line ahead, a seismic
profile is made by plotting the arrival times of the sound
(or acoustic) waves from various reflectors under each
shotpoint. This is called the common-depth-point (CDP)
method.
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The type of seismic-reflection survey is usually
referred to by the method of generating the shock wave.
On land, the most commonly used are the explosive (or
dynamite) and vibrator methods, both of which were
used in the 1002 area.

Historically, explosives have been the most
widely used way to generate seismic shock waves. With
this method, 2-45 kg (5-100 1b) of explosive charge are
detonated at the bottom of an 8- to 60-m-deep (25-200 ft)
hole drilled with a truck-mounted drill. This method was
used in the 1002 area during the first season of data
collection.

The vibrator (or Vibroseis—a registered
trademark of Continental Oil Company) method was
used on the coastal plain for the second season of data
collection and is replacing the explosive method in many
areas. A typical operation uses three or four large trucks
or tractors, each equipped with a vibrator pad mounted
between the front and rear wheels, and four or five
support vehicles. The vibrator pads (about 1.2 m?, 4 ft?)
are lowered to the ground, and vibrators on all trucks
then  vibrate  simultaneously, being  triggered
electronically from the recorder truck. After the
reflections are recorded, the trucks are moved forward a
short distance and the process is repeated.

A seismic profile covering many miles of
traverse shows the various reflectors as flat, sloping,
curving, or broken depending on the structural
configuration (fig. 2.5). The reflectors are recorded in
time (seconds or microseconds). Therefore, the velocity
of the acoustic wave traveling through the different rock
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Figure 2.4. Paths of seismic waves from dynamite
explosion near surface to reflecting rock layer and back
to surface. Arrival time of reflected seismic wave at
geophone B is a fraction of a second later than at
geophone A. Hence the reflection for geophone B is
plotted slightly lower on the seismic profile than for
geophone A.

formations must be known or approximated to convert
time to depth. This velocity can be obtained from the
reflection data itself if structural complications are not
too severe, or from velocity surveys in nearby wells if
such data are available. Structure-contour maps and
rock-thickness maps are made from the significant
reflecting horizons—those that can be correlated from
one seismic line to another. Because of the many
variations in the magnitude of the reflected seismic
energy, poor continuity or lack of reflectors, poorly
known velocities, and complex structure, such as is
present in the 1002 area, much interpretive skill is
involved in mapping the subsurface structure. Where the
rocks are relatively undeformed and the seismic records
are of high quality, valuable information on probable
rock types, environments of deposition, and lateral
relationships can be obtained from careful interpretation
of the seismic records. Such studies are called seismic
stratigraphy.

Useful references on seismic methods and
interpretation are Anstey (1982), Berg and Woolverton
(1985), Dobrin (1960), and Sheriff (1980).

Gravity and Magnetic Surveys

Gravity and magnetic surveys are two separate
methods that provide regional information on the
presence and general thickness of sedimentary rocks, and
perhaps on the presence and extent of some of the larger
structures and  faults.  Gravity and magnetic
measurements are plotted on maps and contoured to
show trends. Gravity surveys measure small differences
in the Earth’s gravitational field that are caused by small
differences in the density of various types of rocks. This
is generally done with small portable instruments called
gravimeters. With  these sensitive  instruments,
measurements are taken along profiles across an area
with stations spaced from less than 1 km (0.6 mi) to 5
km (3 mi) apart. After correcting for latitude and
topographic effects and adjusting the data to a common
base level, one can interpret any remaining differences as
reflecting variations in the density of the underlying
rocks. By modeling the thicknesses and densities of
different kinds of rocks (sedimentary, igneous, or
metamorphic) that may underlie the arca—shale (least
dense), sandstone (more dense), limestone (more dense),
and their underlying nonsedimentary basement rocks
(usually most dense)—an approximate configuration of
the basin can be determined.

Magnetic surveys are often used to supplement
gravity surveys. These surveys utilize relatively small,
airborne or portable ground-based instruments called
magnetometers. The instruments measure slight
variations in the Earth’s magnetic field caused by small
variations in the magnetic propertiecs of the different
kinds of rocks that make up the Earth’s crust. Generally,
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magnetic surveys show the approximate configuration of
the basin by the contrast between the usually more
magnetic basement rocks and the overlying, less
magnetic sedimentary rocks. In the 1002 area, however,
most basement rocks are similar in magnetic character to
the overlying sedimentary rocks.

A useful reference on gravity and magnetic
methods is Dobrin (1960).

Other Types of Surveys

Several other types of surveys have been useful
in solving special problems or in providing specific
information on a particular basin. These include
electrical, magnetotelluric, and radiation surveys (see
Dobrin, 1960).

Two relatively new methods have been used in
parts of the coastal plain area of the ANWR. These
methods, sometimes referred to as direct-detection
methods, involve measuring the horizontal magnetic
gradient and the helium content of soil samples,
respectively (see chap. 14). Both methods measure small
changes in the near surface caused by hydrocarbon

Syncline

microseepages, which commonly occur over hydrocarbon
accumulations. The horizontal-gradient magnetometer
survey, made with low-flying aircraft, measures small
changes in the horizontal gradient of the Earth’s
magnetic field that are related to near-surface magnetic
minerals formed by chemical reduction of ferric iron to
ferrous iron by petroleum microseepage. The helium
survey analyzes near-surface borehole samples (about 1
m (3 ft) deep) for helium content. Helium is a by-
product of radioactive decay of certain elements, some of
which are associated with petroleum. Thus, anomalously
high helium content in soil samples may indicate
petroleum microseepages.

Stratigraphic Test Wells

In some undrilled areas, such as some offshore
basins, a well will be drilled in a position least likely to
find petroleum for the sole purpose of obtaining
stratigraphic, geochemical, and geophysical information
on the rocks present in the basin. These wells are called
stratigraphic tests or, in the case of the offshore areas,
COST (continental offshore stratigraphic test) wells.
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Figure 2.5. Seismic profile showing how seismic data are displayed. An anticline, syncline, and flank of another
anticline are shown, from right to left, in shallower beds. (Example is from line 80-77-G in central North Slope 12 mi

west of Umiat.)
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Cuttings and core samples are examined for
rock type, microfossils, source- and reservoir-rock
characteristics, and oil indications. However,
examination of drill cuttings is only one part in
evaluating the strata penetrated by the drill. At intervals
during the drilling and after reaching the final depth,
various types of geophysical or mechanical
measurements of the borehole are conducted by lowering
instruments on a cable into the borehole. The resulting
measurements are called well logs. The most common
are electrical (resistivity and spontaneous potential),
gamma-ray, acoustic, neutron, density, and caliper
surveys. Each log records certain characteristics of the
strata penetrated; the suite of logs reveals much about
rock type, thickness, acoustic velocity, density, porosity,
and fluid content.

Summary of Exploration Methods

All of the exploration methods discussed
provide information important in assessing the petroleum
potential of an area. Certainly, surface and subsurface

studies, seismic surveys, and stratigraphic tests (if
appropriate to the evaluation program) are extremely
important. All information gathered is considered in
making petroleum evaluations or in locating drill sites.
Ultimately, however, the presence or absence of
commercial petroleum accumulations cannot be
ascertained without drilling one or more wells on the
different types of prospects, depending on the complexity
of the structure and of the stratigraphy. There are many
examples of prospects or areas that were rated as having
very high potential that proved to be nonproductive when
they were drilled. A recent example is the Mukluk
structure in the Beaufort Sea, which was drilled in 1983.
Other examples are the Barrow high near Point Barrow
and the Colville high on the Colville River delta west of
Prudhoe Bay. Both structures originally looked more
promising than the later-drilled Prudhoe Bay structure.
This demonstrates that areas must continually be
reassessed as new data become available, because not all
factors necessary to make an oil field are precisely
known. This uncertainty adds to the exploration risk and
results in differences in exploration strategy, bidding, and
the range of estimates of petroleum potential.
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Chapter 3.

Regional Geologic Setting and History of Petroleum Exploration

By Kenneth J. Bird' and Jeffrey W. Bader'

INTRODUCTION

In the northeastern part of Alaska occupied by
the Arctic National Wildlife Refuge (ANWR), the
Brooks Range reaches its greatest elevation and is nearly
twice as wide as elsewhere, whereas the foothills and
coastal plain belt (the 1002 area) are reduced to a
fraction of their width farther west. The North Slope,
adjacent continental shelves, part of northeastern Siberia,
and most of the Brooks Range (including its extension
into Canada) are part of a single crustal plate. Its
relationship to adjacent plates prior to Cretaceous time is
uncertain, and thus it is considered a suspect terrane
(Coney and Jones, 1985). Several regional, intraplate
geologic trends overlap or converge in the northern part
of the ANWR and account for a geologic complexity not
found elsewhere on the North Slope. As previously
noted by Mast and others (1980), the ANWR coastal
plain has geologic similarities to both nearby petroleum-
bearing areas—the Prudhoe Bay area to the west and the
Mackenzie Delta-Beaufort Sea area to the east.

This paper places the 1002 area in its regional
geologic context and shows its relationship to nearby
petroleum-bearing areas. While large amounts of oil and
gas have already been discovered in these areas, their
petroleum exploration history offers an example of the
amount of time involved in the exploration and
development of oil and gas resources in frontier regions
that is measured in decades.

REGIONAL SETTING

Arctic Alaska Plate

The North Slope, the adjacent continental
shelves, most of the Brooks Range and its extension into
Canada (the British Mountains), and part of northeastern
Siberia are all considered part of a continental plate
herein referred to as the Arctic Alaska tectonic plate (fig.
3.1, inset). This plate consists of a basement of
Precambrian to Middle Devonian metasedimentary rocks
of both deep- and shallow-marine origin, volcanic rocks,

lU.S. Geological Survey, Menlo Park, Calif.

and scattered granitic plutons dated as Devonian.
Unconformably overlying the basement are two
sedimentary sequences: (1) a south-facing passive margin
sequence (Ellesmerian) of Mississippian to Early
Cretaceous age derived from a landmass that lay to the
north, and (2) a foredeep and northward-facing passive
margin sequence (Brookian) of Cretaceous and Tertiary
age derived from the Brooks Range orogenic highlands
to the south.

The boundaries of the plate are only
approximately located and poorly understood (Churkin
and Trexler, 1980; Coney and Jones, 1985; Hubbard and
others, 1987). The Arctic Alaska plate is bordered (1)
on the north by oceanic crust of the Arctic Ocean basin
(Canada basin), the boundary of which is postulated to
lie north of a tectonic hinge line (fig. 3.1) beneath the
continental slope (Grantz and May, 1983; chap. 21); (2)
on the east by the North American plate, the boundary of
which is marked by a zone of northeast-trending strike-
slip faults in northwestern Canada (McWhae, 1986;
Hubbard and others, 1987); and (3) on the south and
west by allochthonous terranes (Churkin and Trexler,
1980; Coney and Jones, 1985), the boundary of which is
marked in Alaska by the structurally complex Brooks
Range, composed in its southern parts of an enormous
stack of north-vergent nappes that Coney and Jones
(1985, p. 276) provisionally regard as being composed of
four separate terranes.

The Arctic Alaska plate is considered a suspect
terrane (Coney and Jones, 1985) because (1) it is difficult
to demonstrate that continental crust of any sort lay
where Alaska is today in pre-Cretaceous time, and (2)
because the pre-Cretaceous geology of the Arctic Alaska
plate cannot be traced directly into adjacent areas. Plate
tectonic reconstructions in the western Arctic are made
more difficult by the absence of clearly discernible
magnetic lineations in the seafloor of the Canada basin.
Utilizing other lines of evidence has led to numerous
plate reconstructions for the Arctic Ocean basin and
adjacent plates. (See summaries by Lawver and others
(1984) and Nilsen (1981) and the recent reports by Green
and others (1982), McWhae (1986), and Hubbard and
others (1987)). These various reconstructions have in
common the postulate of hundreds of kilometers of
translational and (or) rotational motion—motion that
occurred during Cretaceous time. However, they restore
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Chapter 3: Regional Geologic Setting 19



the Arctic Alaska plate to diverse locations such as
adjacent to parts of Arctic Canada, the northern
Cordillera of Canada, or the proto-Pacific Ocean south of
present-day Alaska.

One of the oldest and widely accepted models
explaining the origin of Arctic Alaska is the rifting and
rotation of the Arctic Alaska plate away from Arctic
Canada about a pivot near the Mackenzie Delta (Carey,
1958; Tailleur, 1973; Mull, 1982; Grantz and May, 1983;
fig. 3.1). This hypothesis accounts for (1) the inferred
Cretaceous age of the Canada basin, (2) the fit of the
restored blocks (with respect to bathymetry, gravity-
anomalies, and geology of Late Paleozoic and younger
rocks), and an apparent linkage with deformation in the
Brooks Range, in which the amount of tectonic
shortening was inferred to decrease from west to east
(Mull, 1982). Problems with this hypothesis include
structural and metamorphic  differences between
Devonian and older rocks across the restored boundary
between Canada and Alaska, opposition of mid-Paleozoic
sediment transport directions, a similar amount of
tectonic shortening throughout the Brooks Range, and the
cause of Tertiary (postrotational) deformation in
northeastern Alaska and northwestern Canada. To
accommodate these problems, the hypothesis may be
modified to include as much as 2,000 km (1,200 mi) of
left-lateral displacement of the Arctic Alaska plate in
mid-Paleozoic time from a site north and east of
Ellesmere Island (Sweeney, 1982; Eisbacher, 1983), a
cause of Brooks Range deformation unrelated to or only
partly related to rotational opening of the Canada basin,
and causes of Tertiary deformation that may be external
to the Arctic Alaska plate (Moore and others, 4985b).

Geologic Complexity of the Northern ANWR

The geologic complexity of the northern part of
the ANWR, as described in the accompanying papers of
this volume, is not found elsewhere on the North Slope.
This complexity results from the particular overlap and
composition of the sedimentary sequences and the
convergence of several intraplate structural features.

Stratigraphic features that contribute to the
geologic complexity of the ANWR are as follows. Pre-
Mississippian carbonate and quartzite units many
kilometers thick provide a rigid basement in the northern
part of the ANWR that is unknown in the subsurface to
the west. The erosional northern limit of Ellesmerian
rocks, related to rift-margin uplift, projects into the
coastal plain area (fig. 3.1), thus restricting the
occurrence of these relatively competent rocks that
include both source and reservoir rocks for petroleum at
Prudhoe Bay. In contrast to the relatively thin
Ellesmerian rocks beneath the coastal plain, Brookian
clastic rocks are very thick, relatively incompetent, and

show pronounced lateral facies changes related to
northeasterly progradation. At least one regional
unconformity, provisionally dated as Eocene, is known
within this sequence.

Structural features that contribute to the
complexity of the ANWR are from north to south, a
tectonic hinge line, a southeast-trending basement ridge
(Barrow arch), and a fold and thrust belt (Brooks Range
and adjacent foothills)(fig. 3.1). The tectonic hinge line,
the Barrow arch, and a system of associated normal
faults are features located generally north of Alaska that
are believed to be related to Early Cretaceous rifting and
(or) later subsidence (Grantz and May, 1983). The
tectonic hinge line marks the area where prerift
continental crust dips sharply seaward toward transitional
and oceanic crust (chap. 21) and the Barrow arch, the
line of inflection where the regional southward-dipping
basement surface is downwarped and downfaulted to the
north in response to rifting and later subsidence. All of
these features trend east-southeast and project into the
northern part of the ANWR.

The fold and thrust belt trends eastward across
most of northern Alaska. At about 149° W. longitude,
just east of the trans-Alaska pipeline system (TAPS), it
makes a pronounced northward bulge (fig. 3.1).
Onshore, structural axes are curvilinear, northeast- and
east-trending in Alaska and southeast-trending in Canada.
Offshore, in Brookian rocks, structural axes are broadly
parallel to onshore trends, suggesting a genetic
relationship. The eastern Brooks Range was previously
interpreted to show relatively little telescoping and
mostly vertical uplift (Mast and others, 1980; Mull,
1982). A more recent interpretation (Rattey, 1985),
however, estimates more than 400 km (250 mi) of
telescoping, an amount comparable to that of the western
and central Brooks Range (Mayfield and others, 1983;
Butler and others, 1985). Deformation is thin skinned
but, unlike the western and central Brooks Range,
involves significant amounts of the basement rocks
(Rattey, 1985; Vann and others, 1986; chaps. 17-20).

Observations from the Mackenzie Delta coupled
with those in and adjacent to the ANWR suggest that
this region experienced at least three episodes of
deformation during the Cenozoic: (1) early Tertiary
(Paleocene and Eocene) thrust faulting and folding in the
northem ANWR (chap. 20) and diapiric folding and
faulting in the Mackenzie Delta and offshore (Dixon and
others, 1985), (2) middle Tertiary (early Miocene)
extensional faulting in the Mackenzie Delta and offshore
area (Dixon and others, 1985), and (3) late Tertiary and
Quaternary (Pliocene to Holocene) folding and faulting
in the northern ANWR and offshore (chaps. 17-21).
Only the western part of the coastal plain and the area
offshore are experiencing present-day deformation (chap.
21).

The stratigraphic similarities of the northern
ANWR and adjacent oil-bearing areas are illustrated in
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figure 3.2. Stratigraphic columns for the Prudhoe Bay n HISTORY OF PETROLEUM EXPLORATION
region, the northern part of the ANWR, and the = AND DEVELOPMENT OF ADJACENT AREAS
Mackenzie Delta region show that the ANWR has both
an Ellesmerian sequence and a Brookian sequence
similar to those of the Prudhoe Bay area. The Brookian
sequence in the ANWR is thicker and the Ellesmerian
sequence thinner than those at Prudhoe Bay. The

North Slope-Beaufort Sea Area

General Setting and Geology

Mackenzie Delta region has a very thick Brookian The North Slope-Beaufort Sea area includes
sequence and an abbreviated Ellesmerian sequence  land north of the Brooks Range drainage divide and the
limited to Jurassic and younger strata. offshore area extending to the edge of the continental
WEST EAST
SEQUENCE MACKENZIE DELTA
(from Lerand, 1973) AGE PRUDHOE BAY AREA 1002 AREA AREA AGE
w E w E
Oligocene
and Pleistocene
> younger and
g Pliocene
=
&
= Eocene -
BROOKIAN m
AKPAK SEQUENCE 3
Paleocene Miocene ;
=<
MACKENZIE BAY :
2 SEQUENCE
8 Late ; * ;
IE)J Cretaceous CANNING \ AN S
a FORMATION \\ . :
. Gamma— \ . 3
W Early  ray zone 2 =———Y———7} PEBBLE SHALE It N Oligocene |
O [Cretaceous y jparuk _?’VWV& AND PUT RIVER $8.°\ S Y o
ey \ Voo . |SEQUENCE °
olss. /] \ > ) : o
JURASSIC KINGAK SHALE \ N KOPANOAR o
SAG RIVER SS. \ M. SEQUENGE -
\ AN - -
SHUBLIK
TRIASSIC SADLEROCHIT FORMATION \\ FORMATION AN RICHARDS <
ELLESMERIAN PERMIAN GROUP \ N N SEQUENCE Eocene s
\ N
PENNSYLVANIAN A\ ™ RO -
LISBURNE GROUP \ \ ‘ \\ L REN ‘.Ci’
\ A ~
MISSISSIPPIAN HUE SHALE S :
PEBBLE SHALE UNIT ¥ = b
ENDICOTT GROUP " AND KEMIK S 1 Gamma 'aY\Z\“‘E Paleocene
AN h KINGAK SHALE N RIVER
PRE - PRE— BASEMENT \ CREEX S5 "o seavence
AN N - -
ELLESMERIAN MISSISSIPPIAN Cmastly argillite) N SHUBLIK _FM. \\,9 ____
ROCKS N ¥ SADLEROGHIT “ N
GROUP » SMOKING HILLS Late
- FORMATION
EXPLANATION 4 Ao~~~ Cretaceous
LISBURNE GROUP BOUNDARY CREEK o
Upper Cretaceous and Tertiary deposits \ FORMATION ]
Deltaic ARCTIC RED FM ﬂ
e FToom ENDICOTT GROUP RAT RIVER j t*ATKINSON >
, . FORMATION <> MOUNT 2 @] ponT o
Shelf and slope/basin plain 00 BASEMENT m
’ Gincludes more than \W FORMATION 8
~=?-- Time line——Queried where uncertain B 6.000 ft of SIKU FORMATION Early (]
Nanock Limestone ﬁ- Cretaceous
~~~~? Unconformity--Queried where uncertain - 500 and Kata‘kturuk PARSONS GROUP W
. . 2000 Dolomite)
Significant hydrocarbon accumulations B
d oil B HUSKY FORMATION
Lt Gas - 1000
Oil and gas .
#* 9 4000 4 sus creek croup|  JURASSIC
Footnotes
1 Well located just west of ANWR 41500
IMPERIAL
2 Of Hue Shale L FORMATION PRE-LATE
6000 - * CANOL FORMATION
[
* Thicknesses of units in the Mackenzie Delta region VERTICAL SCALE HUME FORMATION DEVONIAN

show significant lateral variations. Therefore this
scale is not applicable to that region

Figure 3.2. Generalized columnar sections illustrating stratigraphic similarities between northern part of the ANWR
and adjacent oil-bearing areas, Prudhoe Bay and Mackenzie Delta.
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shelf at a water depth of about 200 m (700 ft). This
region is underlain by Paleozoic to Cenozoic petroleum-
prospective sedimentary rocks, which are generally
subdivided into lower and upper sequences. The lower
sequence (Ellesmerian) consists of Mississippian to
lowermost Cretaceous sandstone, shale, and carbonate
rocks that were deposited in a basin in which the land
area lay to the north (the area of the present-day Arctic
Ocean) and the sea lay to the south. These rocks, which
only locally are more than 3 km (10,000 ft) thick, are
faulted to varying degrees and with older rocks form the
Brooks Range. The upper sequence (Brookian) consists
of a very thick section (more than 7.6 km, 25,000 ft) of
Lower Cretaceous to Holocene sandstone and shale.
These rocks represent erosional debris shed from the
ancestral Brooks Range and deposited in a subsiding,
troughlike basin adjacent to the range. These sediments
gradually filled the basin and, in a series of migrating
deltaic wedges, built northward and eastward across a
submerged ridge and into the deeper parts of the
Beaufort Sea (fig. 3.34).

Drilling History

The North Slope is unique among United States
petroleum basins because of the Federal Government’s
long involvement in petroleum evaluation and
exploration there (Bird, 1981). The first North Slope
well was drilled in 1944 by the U.S. Navy in the
National Petroleum Reserve in Alaska (NPRA) (then
called Naval Petroleum Reserve No. 4). From 1944 to
1981 the Navy and USGS drilled 66 exploratory wells,
most of which are located in the NPRA. The first
industry well was drilled by Colorado QOil and Gas
Corporation in 1963, and through 1984 a total of 205
onshore and offshore industry wells had been drilled.
The first offshore well, located on a natural barrier
island, was drilled by BP Alaska Inc. in 1975. A total of
37 offshore exploratory wells had been drilled through
1984. The area initially available to industry for drilling
was limited to the lands between the NPRA and the
ANWR. Later, lands became available west of the
NPRA and offshore. The NPRA was opened for leasing
in 1981. In early 1985 and continuing in 1986, an
exploratory well was drilled on Kaktovik Inupiat
Corporation lands adjacent to the 1002 area (well no. 8,
fig. 1.1B).

Hydrocarbon Discoveries

The first discovery was made by the U.S. Navy
in 1946 in the third year of exploration, after drilling 17
wells and shallow core tests. Through 1984, 234 onshore
and 37 offshore government and industry exploratory
wells have resulted in the discovery of 22 oil and gas
fields onshore and 3 offshore. Although many of the
fields are noncommercial by current North Slope
standards, the total ultimate recovery from all the fields

is estimated to be nearly 13 billion barrels of oil and

more than 37 trillion ft® of gas (see fig. 3.1, table 3.1).
The first hydrocarbon production was in 1949, when the
government produced natural gas for local use at Barrow.
Commercial oil production from the Prudhoe Bay field
began in 1977 with the completion of the trans-Alaska
pipeline—almost 10 years after the field was discovered.
The Prudhoe Bay and Kuparuk River fields, the two
leading U.S. oil producers, were supplying 1.67 million
barrels of oil per day in 1984, or about 20 percent of the
total U.S. production. Development of the Lisburne and
Endicott fields is underway. In 1985, Milne Point field
was put on production. Oil and gas have also been
discovered in the Flaxman Island and Point Thomson
areas, both less than 16 km (10 mi) from the northwest
corner of the 1002 area (Nos. 21 and 22, fig. 3.1 and
table 3.1). The areal extent of these accumulations is
unknown, and it is possible that one or both may extend
into the 1002 area.

Mackenzie Delta-Beaufort Sea Area

General Setting

The Mackenzie Delta—Beaufort Sea area, as
described by Procter and others (1984), includes the
onshore Mackenzie Delta, the Tuktoyaktuk Peninsula,
and that part of the offshore area extending to the edge
of the continental shelf at a water depth of approximately
200 m (700 ft). The region is underlain by deltaic
sandstones and shales of Mesozoic and Cenozoic age that
thicken rapidly to more than 12 km (39,000 ft) a short
distance seaward from the present delta. These beds
overlie faulted Paleozoic rocks stepping down steeply
beneath the Mesozoic and Cenozoic cover. The Paleozoic
rocks rise to the surface and are exposed in the southemn
part of the area. The basin contains a series of Mesozoic
and Cenozoic depocenters. Thick Upper Cretaceous to
Holocene clastic sediments were deposited in a series of
migrating deltaic wedges, which built out over the
passive-type margin of the southern Beaufort Sea (fig.
3.3B).

Drilling History

The first well in this region was drilled onshore
east of the Tuktoyaktuk Peninsula in 1962. By the end
of 1984, a total of 170 wells had been drilled (J.R.
Dietrich, Geological Survey of Canada, oral commun.,
1985). Exploration for oil and gas in this region has
progressed from onshore drilling to drilling in shallow
water (0-26 m, 0-85 ft) from artificial islands, to drilling
in water depths greater than 26 m (85 ft) from drillships
and floating platforms. The first onshore well was drilled
in 1962, the first shallow-water offshore well in 1973, and
the first deeper water offshore well from a drillship in
1976.
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Hydrocarbon Discoveries

The first discovery was made in 1970 after more
than eight years of exploration and drilling 21 dry holes.
Through 1984, 114 onshore wells and 56 offshore wells
had resulted in the discovery of 18 oil and gas fields
onshore and 18 offshore (see fig. 3.1, table 3.1).
Recoverable hydrocarbon reserves for all but the two
reported 1985 discoveries (table 3.1) total 740 million
barrels of oil and 10 trillion ft* of gas. Reserves for
individual fields are reported for only S of the 34 fields;
reserves of the remaining fields are estimates. The wide
spectrum of reserve estimates for oil and gas in this
region reflects the many geological complexities and the
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sparcity of definitive drill-stem tests. These estimates are
conservative and certainly subject to significant change
(Procter and others, 1984). One such significant change
occurred in 1986 when Gulf Canada Resources Ltd.
amnounced that evaluation of test data from recently
drilled delineation wells in the Amauligak field (No. 34,
table 3.1) supported their earlier reserve estimates of 700
to 800 million barrels of oil (Oil and Gas Journal, 1986).
In early 1987, the company announced development
plans for this field that include water-borne production
starting as soon as 1988 followed in about four years by
construction of a crude oil pipeline up the Mackenzie
River valley (Oil and Gas Journal, 1987).
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Table 3.1. Oil and gas discoveries through 1985 for the North Slope, Mackenzie Delta, and Beaufort Sea

[Field numbers correspond to locations shown on figure 3.1; field sizes on North Slope-Beaufort Sea from Bird (1981), Van Dyke (1980), Wemer
(1984), several issues of the Oil and Gas Joumnal, and the Alaska Oil and Gas Conservation Commission (1985); field sizes and totals for Mackenzie
Delta-Beaufort Sea from Procter and others (1984); -, oil or gas not present; n.a., oil or gas present, amount unknown; *, recoverable oil in millions
of barrels; **, recoverable gas in billions of cubic feet; +, heavy oil and tar deposits with a total estimated amount of in-place oil of 2644 billion bar-
rels (Wemer, 1984); ++, oil and gas totals do not include discoveries made in 1985]

No. North Slope-Beaufort Sea Year No. Mackenzie Delta—Beaufort Sea
Field Oil* Gas** Field Oil* Gas**
1 Umiat 70 n.a. 1946
2 South Barrow - 25 1949
3 Fish Creek n.a. - 1949
4 Simpson 10 n.a. 1950
5 Meade - 15 1950
6 Wolf Creek - n.a. 1951
7 Gubik - 150 1951
8 Square Lake - 45 1952
9 East Umiat - n.a. 1963
10 Prudhoe Bay 9,600 28,500 1968
11 Lisburne 210 800 1968
12 Kuparuk 1,480 640 1969
13 Kavik - n.a. 1969
14 Milne Point 100 n.a. 1969
15 Gwydyr Bay area 80 n.a. 1969
16 West Sak + - 1969
17 Ugnu + - 1969
18 North Prudhoe 75 n.a. 1970 1 Atkinson - n.a.
1971 2 Mayogiak n.a. -
1971 3 Taglu 45 2,400
19 Kemik - n.a. 1972 4 Parsons 23 2,200
1972 5 Ivik N.E. n.a. -
1972 6 Mallik n.a.
1973 7 Ya Ya S. - n.a.
1973 8 Reindeer - na.
1973 9 Titalik - n.a.
1973 10 Niglintgak 23 800
1973 11 Kugpik n.a. -
1973 12 Ivik S.W. n.a. -
20 East Barrow - 19 1974 13 Kumak n.a. n.a.
1974 14 Ya YaN. n.a. -
1974 15 Adgo n.a. n.a.
21 Flaxman Island n.a. n.a. 1975 16 Imnak n.a.
1975 17 Pelly - n.a.
1976 18 Garry S. n.a. n.a.
1976 19 Kamik n.a. -
1976 20 Netserk - n.a.
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Table 3.1. Oil and gas discoveries through 1985 for the North Slope, Mackenzie Delta, and Beaufort Sea—Continued

[Field numbers correspond to locations shown on figure 3.1; field sizes on North Slope-Beaufort Sea from Bird (1981), Van Dyke (1980), Wemer
(1984), several issues of the Oil and Gas Journal, and the Alaska Oil and Gas Conservation Commission (1985); field sizes and totals for Mackenzie
Delta—Beaufort Sea from Procter and others (1984); -, oil or gas not present; n.a., oil or gas present, amount unknown; *, recoverable oil in millions
of barrels; **, recoverable gas in billions of cubic feet; +, heavy oil and tar deposits with a total estimated amount of in-place oil of 2644 billion bar-
rels (Wemer, 1984); ++, oil and gas totals do not include discoveries made in 1985]

No. North Slope-Beaufort Sea Year No. Mackenzie Delta-Beaufort Sea

Field Oil* Gas** Field Oil* Gas**
22 Point Thomson 350 5,000 1977 21 Ukalerk - n.a.
1977 22 Nektoralik n.a. n.a.
23 Endicott 375 731 1978 23 Garry N. n.a. n.a.
1978 24 Kopanoar n.a. -
1978 25 Isserk n.a. -
1979 26 Tarsiut 150 85
1979 27 Nerlerk n.a. -
24 Walakpa - n.a. 1980 28 Issungnak 100 2,500
1981 29 Koakoak - n.a.
1982 30 Kenalooak - n.a.
1982 31 W. Atkinson - n.a.
1983 32 Pitsiulak n.a. n.a.
1983 33 Itiyok n.a. n.a.
25 Seal Island 300 n.a. 1984 34 Amauligak n.a. n.a.
26 Colville Delta n.a. n.a. 1985 35 Nipterk n.a. n.a.
1985 36 Amerk - n.a.
Totals ++ 12,650 36,765 740 10,170
Summary and relatively thin Ellesmerian rocks of the Mackenzie

The 1002 area lies near the northeastern edge of
the Arctic Alaska tectonic plate between the Prudhoe
Bay and Mackenzie Delta oil-bearing areas. The
relationship of this plate to other plates in the Arctic is
unknown in pre-Cretaceous time, but it may have
traveled as much as 2,000 km (1,200 mi). Intraplate
structural and stratigraphic features combine in the 1002
area to produce a geologic complexity unknown
elsewhere on the North Slope. The post-Devonian
stratigraphy of the 1002 area is intermediate between the
nearly equal thicknesses of Ellesmerian and Brookian
rocks of the Prudhoe Bay area and the thick Brookian

Delta area. Stratigraphic truncation, a system of normal
faults, and hinge lines related to Early Cretaceous rifting
project into the 1002 area, where they are overridden by
and incorporated into a Cenozoic fold and thrust belt.

Numerous oil and gas fields are known from the
North Slope and the Mackenzie Delta. Oil exploration
dates from the 1940’s on the North Slope and the 1960°s
in the Mackenzie Delta region. At the end of 1984, the
amount of estimated recoverable oil for the North Slope
was about 13 billion barrels and for the Mackenzie Delta
about 1-2 billion barrels. In both regions, the time
between first exploration and commercial production is
measured in decades.
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Chapter 4.

Surficial Geology, Permafrost, and Physical Processes

By Max C. Brewer'

INTRODUCTION

The 1002 area is within the tundra-covered
Arctic Coastal Plain Province, the only extension of the
Interior Plains of North America in Alaska (Wahrhaftig,
1965). Except for scattered bedrock outcrops in about 4
percent of its area, the 1002 area is covered by a thin
mantle of unconsolidated, frozen sediments of Cenozoic
age that range in thickness from less than 1 m (3 ft) to
about 30 m (100 ft). The outcrops are mainly poorly
consolidated Tertiary siltstone, mudstone, sandstone, and
conglomerate in the Marsh Creek and middle Jago River
areas; a few minor outcrops of Cretaceous and Jurassic
shales along the lower Jago River; and Cretaceous and
Jurassic shale near the Niguanak River and in the
Sadlerochit Spring area.

Oil seeps have been found in the Manning Point
area, about 10 km (6 mi) north of the 1002 area, and
near Angun Point, within the 1002 area. Oil-stained
sandstones are found in outcrops near the middle reaches
of the Katakturuk River; and oil-bearing sands and shales
having an odor of oil occur in outcrops along the lower
Jago River, about 16 km (10 mi) south of Barter Island
(chap. 12).

Despite the arctic climate prevailing during the
Pleistocene, glaciers were absent from about 90 percent
of the 1002 area. A large valley glacier formed a
piedmont lobe that extended approximately 20 km (12
mi) into the area along the Canning River and probably
about 11 km (7 mi) along the Tamayariak River. Smaller
valley glaciers extended about 6 km (4 mi) into the area
along the Hulahula River, just across the 1002 area
boundary along the Jago River, and 3 km (2 mi) along
the Aichilik River. Glacial fluvial deposits and eolian
materials are widespread, even in unglaciated areas.

The Beaufort Sea coastline, with its narrow
beaches, is low lying, gradually receding, and irregular in
shape. It has numerous points, many offshore shoals,
mudflats, spits, bars, and low-lying barrier islands behind
which are shallow lagoons. The coastline is punctuated
by deltas, the most pronounced being those of the
Canning, Hulahula-Okpilak, Jago, and Aichilik Rivers.

1U.S. Geological Survey, Anchorage, Alas.

Tides are small; the diurnal tide rarely exceeds 0.3 m (1
ft), and the maximum annual tide is less than 1 m (3 ft).
Wind tides occasionally exceed the maximum lunar tides
during periods of open water, particularly in late
September — early October. The coast is characterized
by bluffs commonly 1 to 2 m (3 to 7 ft) high, locally as
high as 8 m (26 ft). The 15-m (50 ft) contour is
generally 2 — 3 mi inland, except at Barter Island, which
is only about 5 km (3 mi) wide but is higher than 15 m
(50 ft) in the central area. In the low-lying Canning
River delta, a comparable elevation is found about 13 km
(8 mi) inland.

Lagoons and bays are generally shallow, 1 to 4
m (3 to 13 ft) deep, except in Camden Bay, where the
5-m (16 ft) depth contour is within about 180 m (200 yd)
of shore. Camden Bay offers the best reasonably deep,
protected harborage along the Arctic coast of Alaska.

CLIMATE

The climate of the 1002 area is arctic marine,
having extremely low winter temperatures and short, cool
summers. Persistent winds occur throughout the year.
Blizzards are frequent during the long, dark winter.
Along the coast the climate is moderated by the sea and
is less extreme. Meteorological data are limited; those
of most value for this study are the marine data from
Barter Island (Kaktovik) (see fig. 1.1B) and the data from
Umiat (to the west and about 120 km (75 mi) inland),
which has more of an arctic continental climate. Umiat
is the closest area for which inland climate records exist.
The recorded extreme temperatures and the average
annual temperatures for both stations (table 4.1),
however, do not indicate any significant differences
between the arctic marine and continental climates and
thus effectively mask- the important parameters. The
maximum and minimum temperatures are of very short
duration, often only minutes, and thus do not really
affect either the environment or man’s activities.

The average monthly temperatures, however,
can markedly affect the environment and man’s
activities. From year to year the average monthly
temperatures, especially in winter, can vary widely. At
Barter Island, the average January temperature was -15.3
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°C (+4.5 °F) in 1981 and -29.9 °C (-21.8 °F) in 1983.
At Umiat, the average January temperature was -24 °C
(-11.2 °F) in 1982 and -41.2 °C (42.2 °F) in 1984. In
summer, variations are less pronounced but more
important because the accumulation of the degree days
above freezing (thaw index) greatly influences the depth
of thaw in the soil, the rate of the melting of ice on
water bodies, and the growth and reproduction of plants.
Some of the important average monthly temperature data
and temperature-related parameters are tabulated below
(table 4.2). The thaw indices indicate that approximately
three times as much heat energy is usually received at
the ground surface in the Umiat area than at Barter
Island during the summer months. Because the
difference in the departure from the norm is most
important, the effects of an unusually warm summer can
be relatively greater at Barter Island than in the Umiat
area.

In the Arctic, the chill factor is more important
than the air temperature in evaluating the temperature’s
effect. Strong winds of 48 km/h (30 mi/h) coupled with
cold temperatures (-37.2 °C, -35.0 °F) produce chill
temperatures sometimes colder than -73.3 °C (-99.9 °F;
Selkregg, 1975). The average wind-chill factor at Barter
Island during February 1984 resulted in a temperature of
-62.2 °C (-80.0 °F) from an ambient temperature of -36.2
°C (-33.2 °F) with a wind speed of 249 km/h (15.5
mi/h).

Precipitation over the 1002 area is light but
frequent; it occurs as drizzle in the summer and as light
snow in the winter. Published summaries indicate that
the annual precipitation at Barter Island averages 15.95
cm (6.28 in) and has ranged from 744 cm (2.93 in) in
1974 to 31.04 cm (12.22 in) in 1955. Average summer
precipitation is 1.32 cm (0.52 in) in June, 2.57 cm (1.01
in) in July, and 277 cm (1.09 in) in August. The
reported remaining 9.30 cm (3.66 in) generally occur as
snow throughout the rest of the year. Rainfall rarely
exceeds 1.3 cm (0.5 in) in any one day (three times in

Table 4.1. Extreme and average annual temperatures at
Barter Island and Umiat

the last 15 years). On the North Slope, the relative
humidity is generally high during the summer — 80 to
95 percent along the coast. During winter it falls to
about 60 percent. Absolute humidity in winter is
generally low, often S to 20 percent.

Snow can occur at any time on the 1002 area,
although snowfall is greatest during
September-November and in January, with a lesser fall
in May. Ablation becomes important during May, and
melting begins in late May and is largely completed by
early June. Winds continually redistribute snowdrifts,
baring inland ridgetops and drifting in the valleys, with
drifts adjacent to stream cutbanks sometimes becoming 6
m (20 ft) deep. Higher microsites, such as tussock tops
and "high-centered" polygons, are frequently exposed
with hard-packed snow drifted between them. Felix and
others (1986), who traveled with the seismic crews in the
spring of 1985, noted that the area west of the
Sadlerochit River had significantly less snow than the
eastern part of the 1002 area. According to numerous
measurements taken throughout the 1002 area from
January to May, average depths of snow actually
accumulated on the ground were 30 cm (12 in) in 1984
and 23 cm (9 in) in 1985; measured depths ranged from
0 cm (0 in) to at least 81 cm (32 in) (Felix and others,
1986).

During 1955 to 1984, the recorded average
seasonal snowfall at Barter Island was 1069 cm (42.1
in); the minimum was 50.6 cm (19.9 in) in 1980-81, and
the maximum was 1814 cm (71.4 in) in 1961-62.
Because the wind blows almost continuously, the snow
crystals are broken up and pack much like fine sand, and
the snow often develops a density of about 0.4 g/em®,
Snowfall has been reported from average depths of snow
measured on the ground and converted to 10 in of snow,
equal to 1 in of water; thus, the actual winter
precipitation is believed to be about four times the 9.30
cm (3.66 in) officially reported (Black, 1954).

Easterly winds predominate most of the year in
the 1002 area. However, during January through April

Table 4.2, Average temperatures and thaw index, Barter
Island and Umiat, 1976-84

Recorded Recorded Average annual
maximum minimum temperature (°F) Barter Umiat
(°F) (°F) during 1976-84 Island
Barter Islan dl Average temperature (°F):
Coldest month -33.1 (Feb. 84) -42.1 (Jan. 84)
78 (July 78) -59 (Feb 50) +10.4 Warmest month 42.9 (Aug. 79) 58.0 (Jul. 79)
Umiat? .
Thaw index (degree days above freezing):
85 (July 77) -65 (Feb 77) +10.7 Maximum (summer) 793 2.183
! Maximum and minimum for 1955-84. Minimum (summer) 456 1,371
2 Maximum and minimum for 1967-84. Average (summer) 549 1,671
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westerly winds are often associated with peak gusts and
storms. The windiest month usually is January (mean
15.0 mi/h), and the calmest month is July (mean 10.7
mi/h). The peak gust (westerly) recorded at Barter
Island was 75 mi/h in January 1980. Ice storms or
occasionally heavy rains occur in October and January.
The coastal part of the 1002 area can be subjected to
storms rolling in from the Beaufort Sea during the open-
water season. Even though Barter Island, the barrier
islands, the shallow lagoons, and often nearby sea ice
provide some shelter to coastal areas, these storms can
cause severe erosion of the coastline.

In the 1002 area, particularly along the coastline
and up to 8 km (5 mi) inland, fog frequently reduces
visibility. Three types of fog occur within the 1002 area:

1. Advection fog—occasional during warmer
months when relatively warm, moist air moves over a
cold surface such as sea ice.

2. Steam fog (and "sea smoke")—during open-
water season when the difference between air and water
temperatures is great; most extensive over open leads in
ice-covered sea.

3. Ice fog —more frequent during winter, when
moisture is released into cold, calm air (below about -30
°C (-20 °F)), forming ice crystals; reduced by persistent
winds.

Along the coast, fog occurs most frequently
during summer. At Barter Island, it reduces visibility to
10 km (6 mi) or less about 27 percent of the time during
May-September, reaching a maximum of 31.5 percent in
August. Fog occurs an average of 10 percent of the time
during the rest of the year. Inland, Umiat has fog about
15 percent of the time during September—May, and less
than 10 percent of the time during June—August.

Stratus clouds are prevalent in the Arctic during
summer months, often persisting for weeks. The base of
these clouds is often below 200 m (700 ft). At Barter
Island and Umiat, skies are cloud covered 54 percent of
the year.

In the winter, blowing snow and whiteouts can
create conditions in which neither shadows nor horizon
nor clouds are discernible, and in which depth perception
and orientation are lost. At Barter Island, blowing snow
reduces visibility to 10 km (6 mi) or less about 10 to 22
percent of the winter. This is in addition to loss of
visibility caused by fog.

At Barter Island, the sun is continuously above
the horizon from May 15 to July 27 and continuously
below the horizon from November 24 to January 17. In
winter, when the sun is not more than 6° below the
horizon, twilight permits many activities; at the latitude
of Barter Island, moonlight can be an important source
of illumination. In the 1002 area, twilight amounts to 6
or 7 hours in late November and is reduced to about 3
hours by December 21.

The arctic winter is characterized by frequent
temperature inversions. Whereas the lower atmospheric
air temperature normally decreases with increasing
altitude, in a temperature inversion, colder air is overlain
by a warmer air layer. Surface temperatures are warmer
during the summer, and thus fewer inversions occur; and
for those inversions that do occur, their base generally is
above the ground surface.

Freezeup normally begins in early to mid-
September. Drier areas begin freezing first, sometimes
cycling between freeze and thaw for several days. Wet
tundra and ponds freeze over next, then lakes and rivers
and protected shallow lagoons. In wet areas, as many as
eight weeks may be required to completely freeze the
"active layer" (the layer above the permafrost that
annually freezes and thaws; Brewer, 1958a). A sudden
cold snap, particularly if accompanied by wind, can
cause all areas to freeze over within a day or two.
Freezeup on the sea depends on late-summer water
temperatures, nearness of the ocean icepack, winds, and
prevailing air temperatures. Generally, at least the
nearshore sea areas are iced over by early to mid-
October.

Ice thickness is determined by numerous factors,
including thickness and insulating value of the snow
cover. Data from the Arctic coast indicate ice
thicknesses of 0.6 m (2 ft) in mid- to late November, 1
m (3 ft) in mid- to late December, and 1.2 m (4 ft) by
mid- to late January. At the end of winter, the average
maximum thickness of seasonal sea ice and freshwater
lake ice is about 1.8 m (6 ft; Brewer, 1958b). Near the
cutbank of a river or a sea bluff, where deep snowdrifts
may occur, the ice may be only 0.4 to 0.5 m (16 to 20
in) thick, whereas in the middle of the river it may be
1.8 m (6 ft) thick. Similarly, should the winter
temperatures remain average or even mild with a very
light snowpack, the ice may be as much as 2.3 to 24 m
(7.5 to 8 ft) thick.

In the 1002 area, the ground is frozen until early
June. Rivers fed from melting snow in the foothills may
start to flow as early as mid-May. Ponds, lakes, lagoons,
and nearshore sea ice begin to melt in early June. Ice on
deeper lakes may not completely melt until early to
mid-July. Ice breakup in coastal lagoons and nearshore
arcas depends on runoff from the land, offshore
grounding, and ocean currents. Where runoff is
negligible, melting follows a pattern similar to that in
deeper lakes. Melting off river mouths is markedly
different: freshwater runoff begins in late May,
depositing river sediments on top of the ice (Walker,
1973); channels are often cut on both the top and bottom
of the ice surfaces, and large holes may be cut through
by river waters draining in a swirling, fast-cutting
manner. Nearshore, land-fast sea ice often does not
completely melt in place but instead floats away,
beginning as early as late June.
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PERMAFROST

Permafrost is defined as a thickness of soil or
other superficial deposit (even of bedrock) at a variable
depth beneath the surface of the Earth in which a
temperature below freezing (0 °C, 32 °F) has existed
continuously for a long time (from two years to tens of
thousands of years; Muller, 1947). It may include soil,
rock, minerals, interstitial and massive ice (the latter as
wedges or, less frequently, lenses), organic matter, or
other materials both naturally occurring and those buried
by man. Permafrost is often considered to be
synonymous with "perennially frozen ground"; however,
it need not be "frozen hard,” because the material could
contain water having an elevated salinity, as is often
found in the NPRA, or could contain liquid
hydrocarbons, such as oil seeps found in northern Alaska.
Because of confining pressures, such as at the base of
permafrost, the contained water could have a depressed
freezing point. Or, because of low water content and
particle-surface forces, the material could be unfrozen.
The volume of ice in permafrost soils, particularly in the
first few tens of feet below the ground surface, can be
several times the volume of the mineral components; it
can even approximate pure ice. At the other extreme,
some gravel may contain little, if any, ice.

Except for a small area at Sadlerochit Spring,
which flows year round, the 1002 area is believed to be
completely underlain by permafrost.

The minimal permafrost-temperature data
available for Barter Island suggest an average permafrost
temperature of -7.9 to -9 °C (17.8 to 15.8 °F; M.C.
Brewer, unpubl. data). Similar temperatures have been
found in a series of shotholes extending from the coast
inland for 32 km (20 mi) in the 1002 area (T.E.
Osterkamp, oral commun., 1986). Temperatures also vary
with season and depth (Brewer, 1958a, fig. 3). Near
Barrow, at a depth of 21.3 m (70 ft), where annual
change is negligible (Brewer, 1958a), permafrost
temperatures range from about -0.5 °C (31 °F) under the
ocean to about -7.5 °C (18.5 °F) beneath sandy
unvegetated beaches to about -9.5 °C (15 °F) under dry
tundra areas to a minimum of about -10.6 °C (12.9 °F)
under very wet, low-centered, polygonal tundra areas
(Brewer, 1976). Similar temperatures and variations in
temperature are believed to occur throughout the 1002
area.

The greatest reported thickness of permafrost in
Alaska is about 685 m (2,250 ft) near Prudhoe Bay
(Lachenbruch and others, 1987), believed to result from
an anomalous thermal conductivity because of the
unusually thick gravel in that area. Permafrost thickness
decreases markedly in all directions within a few miles.
In the NPRA, the maximum known thickness is 405 m
(1,330 ft), inland near Barrow (Brewer, 1958a). At Umiat
the thickness ranges approximately from 213 to 322 m
(700 to 1,055 ft; Brewer, 1958c). No wells have been
drilled through the permafrost in the 1002 area; about 15

km (9 mi) south of the southwest corner of the 1002
area, at the Canning River Unit-1 well, the measured
permafrost thickness is 283 m (928 ft) (Lachenbruch and
others, 1987). The thickness of the active layer ranges
from less than 0.3 to 1.5 m (< 1 to 5 ft) and averages
about 0.6 m (2 ft).

Depending on their depths and areal extents,
lakes and rivers influence the shape of the permafrost
table. Shallow lakes freeze to the bottom and are
directly underlain by permafrost. Deep lakes greater
than 2 m (7 ft) deep typically do not freeze to the
bottom and consequently are underlain by a thaw bulb in
the permafrost table (Brewer, 1958a, b). Shallow rivers
and creeks freeze to the bottom, with the permafrost
table usually a few inches to a few feet beneath. Some
deeper rivers, such as the Canning, may have unfrozen
pockets of water in deeper parts (2 m (7 ft) or more at
freezeup) but may be frozen to the bottom in shallower
areas. Thus, the permafrost table beneath a river may be
very irregular. The effects of surface features on
distribution of permafrost are shown in figure 4.1.

Studies of seawater and borehole temperatures
in the Mackenzie Bay, Flaxman Island, Prudhoe Bay,
Harrison Bay, and Barrow areas (fig. 1.1) indicate that
subsea permafrost occurs in the nearshore area of the
Beaufort Sea (Brewer, 1955a) and probably extends in a
thin layer out to water depths approximating 152 m (500
ft). Subsea temperatures range from approximately 30.1
°F at 4.6 m (15.0 ft) below sea bottom in the Chukchi
Sea off Barrow (Brewer, 1955a, 1958a) to 29.5 °F at 6.8
m (22.3 ft) in Harrison Bay off Atigaru Point to 29.3 °F
at 54 m (17.7 ft) in Prudhoe Bay off Reindeer Island
(the latter two temperatures from Osterkamp and
Harrison, 1985). Permafrost temperatures in the
nearshore Beaufort Sea parallel mean annual bottom-
water temperatures (Selkregg, 1975), approximately 31.1
°F to 30.8 °F for the Chukchi Sea, and 30.0 °F to 29.7
°F for the Beaufort Sea. Where the water in the shallow
nearshore areas freezes to the bottom, the permafrost
temperatures decrease markedly, and the permafrost-
temperature profiles are similar to those found on land
(Osterkamp and Harrison, 1985). Farther east, eroded
pingos occur well offshore in Mackenzie Bay.

Few data are available concerning (1) the
amounts of ice in subsea sediments, (2) whether the ice
is mostly interstitial, and (3) whether, at least nearshore,
a significant portion of it occurs as ice wedges.
Information is also lacking regarding near-surface
variability in ice content resulting from shoreline
regression (about 1 m (3.3 ft) per year) (Leffingwell,
1919; MacCarthy, 1953) because of migrating spits, bars,
and barrier islands, and because of warmer water inflow
from major rivers.

Permafrost-related stream data for the 1002 area
are sparse. However, data from the Shaviovik River, 56
km (35 mi) west of the ANWR, are pertinent because the
Shaviovik has many characteristics common to most
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rivers in the 1002 area, with the exceptions of the
Canning and Aichilik Rivers. It is shallow and has many
bars, few potholes, heavy spring runoff, summer low-
and high-water periods, and low water at freezeup. The
average annual temperature in shallow sediments beneath
the Shaviovik (Brewer, 1958a) is about 5.4 °F warmer
than beneath adjacent well-drained tundra, although well
below the freezing point of freshwater. Measurements
from the upper part of the geothermal profile beneath a
narrow sand bar in midriver do not indicate any unfrozen
zones in the river channel on either side of the bar in
late winter. Temperature data for the 4.6- and 7.6-m (15
and 25 ft) depths suggest that water is present in the
channel at the time of freezeup, which delays the
freezing process. Temperature profiles through and
beneath shallow lakes are similar. Apparently, shallow
rivers freeze to the bottom; sands and gravels in the river
bottoms rest on permafrost and by early November
usually are also frozen.

Ice wedges form when the upper few feet of
ground, exposed to temperatures well below freezing,
contract and crack, usually in a polygonal pattern.
Hoarfrost is formed in these cracks and is cemented by
the spring meltwater, which leaves a vertical stringer of
ice. This ice limits summer expansion of warming

permafrost, displacing the adjacent mineral soils upward;
repeated cracking and widening of the ice wedges over
many years eventually results in elevated ridges of
material on each side of the wedges (Lachenbruch and
others, 1962).

Polygonal ground is the common surface feature
in the 1002 area. Most polygons range in diameter from
10 to 60 m (30 to 200 ft) and are easily recognized on
the surface; some in the southern part of the 1002 area
are masked by tussock-type tundra. Usually each polygon
is separated from adjacent polygons by ice wedges a few
inches to several feet wide at the permafrost table.
These ice wedges are 3-6 m (10-20 ft) deep and are
interconnected. Some small streams may have originated
by the melting of a long series of ice wedges. Beaded
streams, with the beads located at the intersections of ice
wedges, follow this pattern.

Most polygonal areas in the 1002 area contain
"low-centered” polygons, characterized at the outer edges
by upthrust ridges that impede drainage from the polygon
and give the enclosed area a rice-paddy appearance.

Where slopes near streams or some lake banks
allow drainage, "high-centered" polygons may occur.
These polygons originate in the same manner as low-
centered polygons, but during exceptionally warm

Small

deep lake
Large

deep lake

Figure 4.1. Schematic representation of effect of surface features on distribution of permafrost in continuous
permafrost zone. From Lachenbruch and others (1962).
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summers with deeper thaw, the tops of the ice wedges
melt, water drains off, and the soil and tundra slump into
the voids. The slumping, when continued over tens of
years, produces ditches between the polygons, thus
leaving the polygons as erosional remnants separated by
partially filled voids.

SOILS AND OTHER RELATED MATERIALS

The 1002 area is crossed by numerous north-
flowing rivers that have their headwaters in the glaciated
mountains rising about 10-20 km (6-12 mi) south of the
area’s southern boundary. Outwash plains, active flood
plains, river terraces, and eolian deposits resulting from
winds during glaciation characterize much of the 1002
area, which has a thin mantle of unconsolidated
(although frozen) sediments about 1 to 30 m (3 to 100 ft)
thick.

The valleys of larger streams are underlain by
large quantities of coarse sand and gravel. These include
the valleys of the Canning, Tamayariak, Katakturuk,
Sadlerochit, Hulahula, Okpilak, Jago, Okerokovik,
Kogotpak, and Aichilik Rivers. These rivers, especially
the Canning, Sadlerochit, Hulahula, Jago, and Aichilik,
are heavily braided and have extensive unvegetated
gravel bars. Gravel also occurs in the southern part of
the 1002 area between the Canning River and Marsh
Creek, along the tops and flanks of ridges between the
Katakturuk and Sadlerochit Rivers, and on spits and bars
along the Beaufort Sea coastline. On the spits and bars,
the deposits range from fine- to medium-grained sandy
gravel to sand. Granular deposits typically present in
stream valleys range from coarse- to medium-grained
sandy gravels with cobbles along the southern boundary
of the 1002 area. Downstream toward the Beaufort Sea,
the materials become progressively finer grained; in the
deltaic areas, they range from fine- to medium-grained
sandy gravels to silt. Sand dunes occur in the deltas of
the Canning, Hulahula-Okpilak, and Jago Rivers.
Extensive mudflats are found in front of the Canning,
Okpilak, Jago, and Aichilik deltas. Numerous sizable
sandy shoals are prominent between the deltas of the
Sadlerochit and Okpilak Rivers.

Soils in the 1002 area are poorly developed, are
frequently water saturated, and can generally be classed
as tundra soils, bog soils, or sand dunes. They tend to
be sticky claylike soil in the beginning process of
leaching (except in better drained dune areas) because of
cold ground temperatures, the presence of permafrost,
and the thinness of the "active layer." Polygonal
patterning is well developed throughout the area,
although surface expressions tend to be more pronounced
adjacent to breaks in slope, especially those associated
with drainage. A soils study in the valleys of the upper
Okpilak and Jago Rivers (Brown and Tedrow, 1964)

reported mineral uniformity in the soils, with quartz and
feldspar each amounting to 40-50 percent in the sands,
and heavy-mineral suites consisting of opaques, epidote,
tourmaline, chlorite, actinolite, zircon, and minor
amounts of other minerals. In view of the geomorphic
history of the 1002 area, this type of mineral
composition may be assumed to prevail there (Brown
and Tedrow, 1964).

Except in the sand dunes, on ridgetops, and in
unvegetated gravel areas, much of the 1002 area is
covered by a 2- to 5-cm-thick (1 to 2 in) organic mat of
living vegetation overlying a fibrous layer containing
sand, silt, and small cobbles. That fibrous layer, in turn,
overlies mineral soils of loam, silt, or sand. In well-
drained areas, thaw progresses to greater depths, and
mineral soils near the base of the "active layer" may
have a pronounced brownish appearance owing to an
accumulation of well-humified organic matter.

WATER RESOURCES

Water resources in the 1002 area are very
limited and are confined to the surface. The estimated
250- to 300-m-thick (800 to 1,000 ft) impermeable
permafrost layer precludes obtaining nonsaline water
from within this zone. Although no wells penetrate the
permafrost zone in the 1002 area, any water that might
occur beneath that zone probably would be brackish or at
least moderately saline (Cederstrom and others, 1953;
Hopkins and others, 1955; Brewer, 1958a, b, 1974;
Williams, 1970).

Lakes are a major source of, and storage for,
water on the North Slope coastal plain; however, only a
few large lakes occur in the 1002 area. A few shallow
thaw lakes are found near the coast east of the Canning
River delta and east of the Hulahula-Okpilak River delta,
the latter being on Native lands and outside the 1002
area. Except for two near the Canning River delta, the

lakes each cover less than 2.6 km? (1 mi®); most have
basins less than 2 m (7 ft) deep and freeze to bottom by
late winter. These shallow lakes could provide a source
of potable water in early winter.

Rapid spring snowmelt (10-14 days) causes
water to accumulate on and flow over the river ice,
fracturing and rapidly eroding it. Large chunks of ice
break loose from the banks and bottoms of the river and
float downriver. In constricted areas, ice may lodge,
causing jams and extensive spring flooding, particularly
in the deltas. Even if this does not occur, the rivers run
very full because of the rapid snowmelt. Surface runoff
often resembles sheetflow because of the frozen ground.
Suspended-sediment content is very high, perhaps 75
percent of the annual transport (Walker, 1973), and river
banks are severely eroded, with higher cutbanks often
being undercut. By the third or fourth week in June,
rivers may subside to summer low-water stages. Late
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summer and fall rains may rapidly bring the rivers to one
or more flood stages. Warm weather may also cause the
rapid rise of glacial rivers such as the Hulahula, Jago,
and Okpilak. Low water prevails at the time of
freezeup; by midwinter, most rivers in the 1002 area go
dry or freeze to bottom throughout most of their length,
with the possible exception of a few basins or "potholes”
near the mouth of the Canning and perhaps one or two
other major rivers. Even early in the freezeup period, if
the basins or potholes in the lower Canning are
connected to the sea, water may be brackish because of
seawater intrusion. The Canning River has not been
intensively studied, but comprehensive studies of the
Colville River (approximately 3.5 times the length and
11 times the drainage basin of the Canning) show that
streamflow even ceases in that river during winter, and
saltwater intrusions eventually reach as far as 58 km (36
mi) upstream (Walker, 1973).

Data from water-availability studies for the
proposed Alaska Natural Gas Pipeline are shown in table
4.3. These data were obtained 19-43 km (12-27 mi)
inland, approximately along the midsection of the 1002
area, and suggest that in winter, rivers in the 1002 area
are not a potential source of water for industrial use.
Note that water depths beneath ice do vary throughout
the length of these rivers. Water is available in some
local areas, providing overwintering habitat for fish.

Several springs occur along the northern edge of
the eastern Brooks Range. The largest of these is

Table 4.3. Winter river water depths at selected loca-
tions in the 1002 area in 1973

[Data from U.S. Department of the Interior (1976, p. 99)]

Date  Thickness Water  Approximate
River sampled/ of ice  depth straight-line
observed distance upstream

(mo /d ) (v (ft) (mi)
Canning 4/18 7.54 0 19.8
(downstream)  11/05 1.15 0 14.0
Tamayariak 11/07 0 0 14.0
Do. 11/07 0 1.15 13.0
Katakturuk 11/07 0 0 11.8
Sadlerochit 11/07 .03 0 18.9
Hulahula 4/18 0 0 21.7
Do. 11/08 0 82 19.2
Jago 4/18 0 0 26.7
Do. 11/07 .85 0 26.7
Okerokovik 11/07 0 .66 25.7
Aichilik 11/07 2.16 0 19.8

Sadlerochit Spring, just inside the southern boundary of
the 1002 area (fig. 4.2). The spring flows year round; its
rate of discharge and water temperature are variable.
This spring has had a reported discharge of 21.2 ft’/s
(Craig and McCart, 1974) and a temperature of 43 °F.
Discharges of 37 ft*/s (U.S Fish and Wildlife Service,
U.S. Geological Survey, and U.S Bureau of Land
Management, 1983) and 88.3 ft®/s (Williams, 1970) and
temperatures of 55 °F (U.S Fish and Wildlife Service,
U.S. Geological Survey, and U.S. Bureau of Land
Management, 1983) and 52 °F (Williams, 1970) also
have been reported.

Numerous small springs have been reported
from indirect evidence on rivers or in valleys south of
the 1002 area where large icings have been observed
(U.S. Fish and Wildlife Service, U.S. Geological Survey,
and U.S. Bureau of Land Management, 1983; Williams,
1970). Selected physical parameters have been measured
for some springs (U.S. Fish and Wildlife Service, 1982).
Icings (aufeis), especially those reported on rivers,
require investigation to determine whether they result
from discharge from true springs or are the result of
meltwater in areas having a relatively steep gradient.

The availability of freshwater in the 1002 area
varies greatly with season and locality. Although water
usually can be obtained within a reasonable distance
from rivers and streams during the summer, there is
virtually no water during the winter except that occurring
as snow and ice.

Turbidity from suspended sediments impairs
water quality. Suspended-sediment concentrations are
highest in the major streams and rivers during spring
breakup and late summer and fall high-flow periods (U.S.
Fish and Wildlife Service, U.S. Geological Survey, and
U.S. Bureau of Land Management, 1983). During low-
flow periods, most streams are almost clear. However,
the Canning, Hulahula, Okpilak, Jago, and Aichilik
Rivers are somewhat turbid owing to glacial inflow from
tributaries (U.S. Fish and Wildlife Service, U.S.
Geological Survey, and U.S. Bureau of Land
Management, 1983). Some shallow lakes are turbid
during the summer, when wind and wave action disturb
bottom sediments. Aside from periods of turbidity, the
water in most rivers and lakes is virtually colorless.
Tea-colored water, resulting from high concentrations of
dissolved organic materials, occurs in some smaller
tundra streams and ponds.

Water quality in lakes and streams is lessened in
winter because salts and dissolved organic material are
excluded from the downward-growing ice (U.S.
Department of the Interior, 1976). The concentrations of
those materials depend on the ratio of water to ice as the
ice thickens. Water in lakes and river pools that freeze
nearly to the bottom is usually unpotable by late winter.

Dissolved oxygen is at or near saturation in
lakes and streams during summer. Under winter ice
cover, dissolved-oxygen levels can be severely depressed
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owing to lack of aeration and the extended darkness that
limits photosynthesis (U.S. Fish and Wildlife Service,
U.S. Geological Survey, and Bureau of Land
Management, 1983).

Coliform-bacteria counts in lakes and ponds
peak in early June because of the "washing action" of
surface runoff. A secondary peak follows in mid- to late
summer in areas where large concentrations of waterfowl
arrive for molting and staging (Boyd and Boyd, 1963).

Because of the lack of freshwater for industrial
use within the 1002 area, the adjacent marine waters
must be viewed as a water resource. Lagoons begin
breakup in early June with an influx of fresh, silt-laden,
relatively warm water from river and stream runoff and
snowmelt. Much of this water initially flows over the
top of the sea ice; silt deposits as thick as 10-15 c¢m
(4-6 in) and thinning seaward have been observed on the

ice (Walker, 1973). Overflows can continue for several
kilometers offshore until they meet cracks in the ice. In
shallow lagoons (less than about 2 m (7 ft) deep), the ice
is often frozen to bottom, and water may puddle on top
until the ice becomes free and floats. Moats form along
the shore in early June, and by early to mid-July the
lagoons are generally ice free. Freezeup begins again in
late September—early October.

By the time the lagoons are ice free, the influx
of freshwater, coupled with some ocean-current flushing
of hypersaline brines formed beneath the ice during the
winter, often drastically reduces salinity from a normal
32-33 parts per thousand (ppt) to <10 ppt. Salinity
gradually increases during the balance of the summer
owing to the influx of marine water through inlets and
the lowered discharges of freshwater.
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Gravel and sand— Consists of river flood plains and terraces,
upland surfaces that lack a silt cover

Silt and very fine sand over gravel — Fine-grained cover general-

ly more than 6.6-10 ft thick and ice rich; commonly contains
disseminated fine-grained organic debris
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Figure 4.2. Generalized surficial deposits of the 1002 area, indicating surface materials only and not what could be

borrowed for fill. Geology by Carter and others (1986).

34 Petroleum Geology of the Northern Part of the Arctic National Wildlife Refuge



EROSION AND MASS MOVEMENT

Water and wind are the major shapers of the
landscape of the 1002 because of the ice-rich permafrost,
unconsolidated sediments, and exposed river channels,
deltas, and offshore bars and barrier islands. Water
causes the most erosion, especially during spring
breakup. It flushes heavy sediment loads onto the sea
ice (Walker, 1973); undercuts high banks and ice-rich
terraces, which causes frozen blocks of soil to fall into
the rivers; and builds deltas and mudflats. Even though
the results of lateral erosion are obvious in the
multichannel braiding of the major rivers, stream
gradients across the 1002 area demonstrate the potential
for vertical erosion. Gradients range from approximately
3.7 m/mi (12 ft/mi) on the Canning River to 9 m/mi (30
ft/mi) on the Hulahula and Aichilik to 12.3 m/mi (40
ft/mi) on the Katakturuk and Sadlerochit to about 15.2
m/mi (50 ft/mi) on Marsh Creek, which cuts through
ridges of Tertiary sandstone and conglomerate.

Erosion along the coast and offshore during
open water is less obvious. Leffingwell (1919) and
MacCarthy (1953) suggested that bluffs and beaches
erode at a rate of approximately 1 m/yr (3 ft/yr);
Leffingwell also reported an extreme shoreline recession
rate of more than 9 m/yr (30 ft/yr). Wiseman and others
(1973) measured 50 m (164 ft) of bluff erosion on the
east end of Pingok Island, west of Prudhoe Bay, during
three weeks in 1972; this was also an extreme. Beach
erosion varies greatly from place to place and year to
year along the entire Beaufort coast, depending on storm
intensites and the nearness of pack ice. Erosion on the
order of 1 to 2 m/yr (3 to 6 ft/yr) may be the average.
Erosion and deposition of eroded sands and gravel also
produces barrier-island or spit migration. This occurs
especially where no established vegetation mat exists.
Such migration can introduce major variations in the
temperature and thickness of subsea permafrost.

Thaw lakes elongated north-south  are
characteristic of the Arctic coastal plain farther west, but
they are not a pronounced feature in the 1002 area,
where the few small lakes (except in the Canning-
Tamayariak delta) are oriented either randomly or
somewhat east-west. Because prevailing winds are not
greatly different, the general absence of north-south
orientation suggests that the small thaw lakes found there
are enlarged more by thermal erosion than by mechanical
(current) erosion.

Although precipitation over the 1002 area is
light, in summer the soils are frequently water saturated
because (1) evaporation rates are low, (2) the permafrost
barrier prevents water loss to underground aquifers, and
(3) irregularities in the permafrost table impede surface
drainage. Despite the fact that saturation is usually
conducive to solifluction and creep or slump in areas of
steeper terrain, the surface impact of these processes is
not widespread in the 1002 area because of its generally
coarser material. However, once the surface is disturbed,

these processes can become active, especially along
coastal bluffs, terrace escarpments, lake margins, and
ridge slopes. Locally, along a stretch of the Katakturuk
River and near Marsh and Carter Creeks, landslides have
occurred in weathered and poorly indurated Tertiary
shale, siltstone, and sandstone. In all areas having
exposed mineral soil and any appreciable slope, the soil
migrates gradually downslope because of seasonal frost-
jacking of individual soil grains.

Wind erosion is generally confined to the deltas
of the Canning, Hulahula-Okpilak, and Jago Rivers
(where active dunes are found along their western banks)
and to sandy river bluffs, exposed bars in braided rivers,
and exposed spits and barrier islands. Though considered
to be a summer phenomenon, wind erosion actually
occurs during much of the year in exposed areas along
river bluffs and on barrier islands.

SEISMICITY

Earthquakes of magnitude 6 and larger on the
Richter scale of intensity are potentially destructive;
earthquakes of magnitude 5 could cause damage locally.
There has been some earthquake activity in the 1002
area, but historically the level of this activity has been
reported to be low (U.S. Department of the Interior,
1976, p. 84), with at least six shocks (five of them
offshore) with magnitudes greater than 4.0 having
occurred between the mid-1960’s and the mid-1970’s.
The reported epicenters were located within about 65 km
(40 mi) of the 1002 area between longitudes 143° W.
and 146° W., with an uncertainty in epicenter locations
estimated at about 40 km (25 mi). (Seec fig. 214 for
locations of earthquake epicenters.)

More recent work (Grantz and others, 1983a)
suggests that the area is tectonically more active than
previously reported. This activity is often interpreted to
be caused by slumping on the Beaufort Sea continental
shelf and slope. Grantz and others (1983a) have reported
for the period 1966-78 what appears to be 38
earthquakes of magnitudes 3.6 to 4.7 and 1 earthquake of
magnitude 5.3 with epicenters ranging from about 13 km
(8 mi) to about 56 km (35 mi) offshore from the 1002
area; 6 earthquakes of magnitudes 3.6 to 4.7 with
epicenters near the coast; and 10 earthquakes of
magnitudes 3.6 to 4.7 either within the 1002 area or
within about 40 km (25 mi) of its landward boundaries.
The estimated epicenter location accuracy was reported
to be about 5 km (3 mi) onshore and to range between 5
and 48 km (3 and 30 mi) offshore. Folding has affected
Quaternary deposits in the area (Carter and others, 1986),
and this could conceivably be related to seismically
active faults at depth.

As seismically active faults are possible,
earthquake potential within or adjacent to the 1002 area
may be specified as a maximum expectable earthquake
of magnitude 5.5 (U.S. Department of the Interior, 1976,
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p- 86; Page and others, 1972). The maximum expectable
earthquake is the largest earthquake that may reasonably
be expected to occur.

AIR QUALITY

Relatively few long-term air-quality data are
published for Arctic Alaska. Most of the measurements,
including those for selected pollutants, have been made
at the Naval Arctic Research Laboratory (NARL) at
Barrow and appear to be apropos for Barter Island and
the 1002 area because of similar air-mass movement,
location, physiographic  setting, and lack of
industrialization.

The North Slope air is generally of very good
quality, and the air at Barrow has been described as the
purest in the nation (Burro, 1973). The low levels of
pollutants that do occur generally result from natural
sources and natural atmospheric reactions. In recent
years, however, there have been reports of Arctic haze,
with the suggestion that some pollutants originate from
the Ural Mountains (U.S.S.R.) industrial complex.
Locally, particulate-matter content may be very high
because of windblown dust from beaches, sand bars, and
sand dunes, because of salt spray near the coast, or
because of industrial operations such as road traffic at
Prudhoe Bay. Low concentrations of carbon monoxide
have been measured (Cavanagh and others, 1969),
ranging from 0.055 to 0.250 parts per million (ppm) and
averaging 0.090 ppm, with the trend toward an increase
during the past 20 years. Carbon-dioxide concentrations
show an annual cycle (Kelley and Weaver, 1966;
National Oceanic and Atmospheric Administration,

1975). Concentrations are higher during the winter and
under the snow (Kelley and Weaver, 1966), and they are
at their minimum in August, corresponding closely to the
maximum vegetative bloom on the tundra.

The effects of human activity on air quality are
localized, being restricted mostly to the vicinity of
villages and to the Prudhoe Bay/Kuparuk area, and are
strongly dependent on local meteorological conditions
and topography.

Strong temperature inversions on the coastal
plain, particularly during the winter, often begin near
ground level and hinder vertical air circulation and
mixing. An inversion, if coupled with low, near-surface
wind speeds, can produce prolonged stagnant air
conditions, especially in areas having topographic
obstructions such as hills and mountains. Although
inversions are common in the 1002 area, persistent
surface winds tend to prevent air stagnation.

NOISE

Ambient noise levels over most of the 1002 area
are low and result predominantly from natural sources or
processes. During the winter, the principal sounds are
those associated with the wind. Noise carries
considerable distances (but not upwind), especially
during calm, cold (-40 °F) conditions because of the
increased air density. Water noises, including those of
wave action, occur during the summer. Manmade sounds
are confined to village activities and to some isolated
activities, such as hunting. Other manmade sources
include those from aircraft, vehicles, and equipment
operations.
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Chapter 5.

Stratigraphy
By Kenneth J. Bird' and Cornelius M. Molenaar®

INTRODUCTION

The coastal plain and mountains of the Arctic
National Wildlife Refuge (ANWR) are underlain by
sedimentary and igneous rocks many thousands of meters
thick. These rocks probably represent as much as a
billion years of geologic time, but those with petroleum
potential are mostly younger than Devonian (360 Ma) in
age. The rocks are grouped into sequences to emphasize
the major features and important geologic events.
Sequences are assemblages of formations and groups,
separated either by unconformities or depositional
contacts, that identify suites of rocks of fundamentally
different origins and commonly different compositions
(Norris, 1985a). Four or five sequences may be present
in the coastal plain and mountains of the ANWR. Only
the upper two sequences are considered prospective for
petroleum. These are the Ellesmerian sequence of
Mississippian to earliest Cretaceous age and the Brookian
sequence of Early Cretaceous to Quaternary age (fig.
5.1). The older sequences are combined in the
discussion of pre-Mississippian rocks.  General
comments on petroleum reservoir- and source-rock
qualities are made in this chapter; more detailed
information is contained in other chapters of this
publication.

PRE-MISSISSIPPIAN ROCKS

Pre-Mississippian rocks in the mountains
adjacent to the ANWR coastal plain consist of as many
as three sequences ranging in age from Precambrian to
Devonian. Most of these rocks have been subjected to
deep burial, heating, and deformation to such an extent
that they are generally not considered prospective for
indigenous oil or gas and are referred to in this report as
the basement complex. However, some rocks in this
assemblage have sufficient porosity for an oil or gas
accumulation under conditions where hydrocarbons
generated in younger (post-Devonian) source rocks could
migrate into these older reservoir rocks. These
conditions apparently exist in the Alaska State F-1 and

lU.S. Geological Survey, Menlo Park, Calif.
U.S. Geological Survey, Denver, Colo.

Alaska Island-1 wells on the barrier islands north of
Point Thomson (wells 20 and 17, respectively, figs. 1.1B,
5.2), where oil and gas have been recovered from
basement rocks. Similar conditions may occur
elsewhere, and therefore these rocks must be considered
in discussions of the petroleum potential of the coastal
plain.

The pre-Mississippian rocks in northeastern
Alaska consist of metamorphosed sedimentary rocks with
locally significant amounts of volcanic and intrusive
igneous rocks. These rocks are extensively exposed in
the northeastern Brooks Range, including the southern
part of the Mount Michelson and Demarcation Point
quadrangles, and in the core areas of the Shublik and
Sadlerochit Mountains; they are also penetrated by
numerous wells along the coast west of the ANWR. All
rocks of this assemblage lie unconformably beneath
Mississippian or younger rocks.

The geologic complexity of these rocks is
indicated by the mapping of at least 40 different rock
units in the Demarcation Point quadrangle, mostly south
and east of the eastern half of the 1002 area (Reiser and
others, 1980). As noted by Moore and others (1985),
these include both miogeoclinal lithologies such as
quartzite and carbonate rocks, and various eugeoclinal
lithologies such as radiolarian chert, argillite,
volcanogenic graywacke, and mafic to intermediate
volcanic rocks. These pre-Mississippian rocks have been
interpreted as a conformable stratigraphic succession
(Dutro and others, 1972; Norris, 1985b) or as fault-
bounded tectono-stratigraphic terranes (Moore and others,
1985). In northeastern Alaska, Dutro and others (1972)
have identified as many as six different sequences in the
pre-Mississippian rocks. In the adjacent part of the
Yukon Territory of Canada, Norris (1985b) subdivided
these rocks into seven informal lithostratigraphic units.
Two unconformities are reported within the Precambrian,
a third at the top of the Precambrian, and a fourth at the
base of the Middle(?) Devonian. Volcanic rocks are of
Precambrian, Cambrian, and Ordovician age, whereas
intrusive igneous rocks are of Silurian or Devonian age
(Sable, 1977). The thickness of the basement complex is
unknown but is very thick. Norris (1985b) estimates that
the Precambrian part of this assemblage alone is more
than 13.4 km (44,000 ft) thick and, in spite of locally
intense deformation, dips generally southwest.
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Figure 5.1. Generalized stratigraphic column for northern part of the ANWR showing significant geologic events, oil-
bearing formations west of ANWR (see chap. 7), and potential source rocks (see chaps. 11, 12). Vertical scale is not
uniform. Hue Shale may range into the Paleocene in parts of this area.
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A thick section of pre-Mississippian carbonate
rocks in the basement complex is exposed in the Shublik
and Sadlerochit Mountains. These rocks, which could be
important reservoirs for oil and gas, are called the
Nanook Limestone and the Katakturuk Dolomite (Dutro,
1970). The Katakturuk Dolomite, which is probably
Proterozoic in age and consists predominantly of light-
gray vuggy dolomite (fig. 5.3A), is about 1,070 m (3,500
ft) thick in the Shublik Mountains. About 3,000 m
(10,000 ft) is exposed in the Sadlerochit Mountains, but
this section may be repeated by faults. The Nanook
Limestone, which is Late Proterozoic or Early Cambrian
to Early and (or) Middle Devonian in age, crops out in
the Shublik Mountains, where it overlies (probably
disconformably) the Katakturuk Dolomite (Blodgett and
others, 1986). It is about 900 m (3,000 ft) thick and
consists of nearly equal amounts of fine-grained
limestone and medium- to coarse-grained, partly vuggy,
stromatolitic dolomite.

In addition to pre-Mississippian carbonate rocks
exposed in the mountains, as much as 100 m (330 ft) of
carbonate rocks, some with reservoir potential, occur in a
basement complex composed predominantly of argillite
in wells in the Point Thomson-Flaxman Island area
northwest of the 1002 area (pl. 1, fig. 7.3). Seismic data
indicate that these rocks may also extend into the 1002
area. The age of the argillite and carbonate rocks is
poorly known. They may be Ordovician and Silurian,
similar to paleontologically dated argillite in the Prudhoe
Bay and Point Barrow areas (Carter and Laufeld, 1975)
or they may be Proterozoic, if the suite of radiometric
(K-Ar) ages (547-584 Ma) from argillite in the West
Staines State 18-9-23 well date the metamorphism of
these rocks (Drummond, 1974, p. 802).

Seismic data from the 1002 area add to our
knowledge of the large-scale structure of the pre-
Mississippian rocks. Fisher and Bruns (chap. 18) show
the presence of a broad east-west-trending asymmetric
antiform beneath the western part of the 1002 area.
South-dipping reflections are nearly horizontal, whereas
north-dipping reflections are steep relative to the pre-
Mississippian unconformity. Outcrop data suggest that
the south-dipping reflections may originate from bedding.
Outcrops of pre-Mississippian rocks in the mountains
south of the western 1002 area have an east-west grain
and are almost universally south-dipping (Reiser, 1970,
p. K4). J.S. Kelley (U.S. Geological Survey, oral
commun., 1985) reports that the angle of dip of these
rocks is about 15 degrees relative to the pre-
Mississippian unconformity.

Norris (1985b) interprets the Precambrian rocks
(his Neruokpuk Formation) in the northern Yukon
Territory of Canada to comprise a deep-water slope
sequence, deposited in large part by turbidity currents,
shed from a provenance that was sedimentary and
perhaps metamorphic. He hypothesizes that these rocks
are the thick, distal slope equivalent of the platformal

deposits of the upper Tindir Group, now 450 km (280
mi) to the south. In contrast, Moore and others (1985)
interpret the pre-Mississippian rocks of northeastern
Alaska to represent several tectono-stratigraphic terranes
assembled by accretionary processes along an active
continental margin prior to Middle Devonian time.

Rocks of the basement complex in the ANWR
encompass a long, poorly understood period of geologic
time during which marine and probably nonmarine
sediments accumulated in one or more sedimentary
basins adjacent to active volcanoes. Several periods of
uplift and erosion are indicated by unconformities, and at
least one period of mountain building is indicated by the
intrusion of granitic rocks. .

ELLESMERIAN SEQUENCE

The Ellesmerian sequence was named by Lerand
(1973) for Mississippian to Jurassic sedimentary rocks in
Arctic Canada. Grantz and others (1975) applied the
name to rocks of similar age in northern Alaska. These
rocks record marine to nonmarine deposition along a
slowly subsiding continental margin in which the land
area was to the north and the seaway was to the south.
In the Sadlerochit Mountains, the sequence may reach a
thickness of 900 m (3,000 ft). A schematic diagram of
the Ellesmerian rocks exposed in the mountains south of
the 1002 area is given in figure 5.4.

A regional unconformity that developed during
mid-Neocomian time across an uplift associated with the
rifted margin of the Arctic Alaska plate in northernmost
Alaska truncates older rocks northward.  This
unconformity, referred to herein as the Lower Cretaceous
unconformity, is of great importance to the petroleum
potential of the 1002 area because it controls the
northern distribution of most Ellesmerian reservoir rocks
(see chap. 7). In addition, the shale overlying the
unconformity may provide a seal and source rock for
truncated reservoirs. Most of the pre-Cretaceous
Ellesmerian rocks may have been removed by erosion
under the Lower Cretaceous unconformity in much of the
1002 area (pl. 1, fig. 7.1). However, they could be
preserved in pre-unconformity down-dropped blocks in
the 1002 area, although seismic data neither support nor
preclude this possibility. Because these rocks are
probably present in at least part of the 1002 area, they
are described in ascending order as follows.

Endicott Group

The Endicott Group, the basal unit of the
Ellesmerian sequence, unconformably overlies the
basement complex. In the mountains south of the 1002
area, it consists of Mississippian clastic and carbonate
rocks generally assigned to three formations: the
Kekiktuk Conglomerate, the Kayak Shale, and the

40 Petroleum Geology of the Northern Part of the Arctic National Wildlife Refuge



Figure 5.3. Outcrops. A, Algal heads in Proterozoic
Katakturuk Dolomite exposed on ridge above Hue Creek,
north side of Shublik Mountains (SW¥% sec. 6, T. 2 N.,
R. 26 E.). Pocket knife for scale (lower-left center). B,
South-dipping Lisburne Group unconformably overlying
pre-Mississippian basement complex, here composed of
Neruokpuk Quartzite and near-vertical mafic igneous
dike(?) (prominent dark ridge). View eastward (secs. 5-8,
T. 3 N, R. 31 E). C, Steeply north-dipping Kavik
Member of Ivishak Formation, Sadlerochit Group,
exposed on Marsh Creek, north flank of Sadlerochit
Mountains (sec. 19, T. 4 N., R. 30 E.). D, Massive beds
of Ledge Sandstone Member of Ivishak Formation,

F

Sadlerochit Group, exposed along Fire Creek at east end
of Shublik Mountains (sec. 15, T. 2 N, R. 28 E.). E,
Medium-bedded Ledge Sandstone Member of Ivishak
Formation, Sadlerochit Group, exposed along Fire Creek
at east end of Shublik Mountains (sec. 15, T. 2 N., R. 28
E.). F, Kingak CIliff viewed from the air southeasterly
across the Sadlerochit River (secs. 1, 2, 11, 12, T. 2 N,,
R. 30 E.). Contact between Kingak Shale and pebble
shale unit (no Kemik Sandstone) is near base of hill
(probably in lower scarp). Slope and hill above are shale
and sandstone of Arctic Creek facies. Photographs C, D,
and E by R.K. Marinai.
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Itkilyariak Formation. These rocks range in thickness
from a few meters or less to more than 600 m (2,000 ft).
Thickness variations may be caused by differential
subsidence during deposition or by truncation beneath the
Lower Cretaceous unconformity. The Endicott Group
may be missing from parts of the 1002 area for either or
both reasons.

The Kekiktuk Conglomerate is composed of as
much as 137 m (450 ft) of nonmarine conglomerate,
sandstone, shale, and minor amounts of coal in outcrops.
It is discontinuous in the mountains south of the 1002
arca and, where present, is the basal formation of the
group (Brosgé and others, 1962). This formation and the
overlying Kayak Shale and (or) Itkilyariak Formation are
much thicker in local downwarpings such as the
elongate, half-graben that extends from just east of
Prudhoe Bay southeasterly toward the ANWR as
interpreted from well data (fig. 7.5). At its type section
west of Lake Peters, 48 km (30 mi) south of the 1002
area, the Kekiktuk Conglomerate is 80 m (262 ft) thick.
Nilsen (1981) reports that this section consists of a basal
breccia 1 to 3 m (3-10 ft) thick, overlain by fining-
upward couplets of conglomerate and sandstone 58 m
(190 ft) thick, succeeded by fining-upward cycles of
conglomerate, sandstone, and shale 20 m (66 ft) thick

that gradually pass into marine and tidal deposits of the
Kayak Shale. Conglomerate clasts are compositionally
mature, being composed of quartz, chert, and quartzite.
Nilsen interprets the lower 60 m (197 ft) of this section
as representing deposits formed mostly by braided
streams, and the upper 20 m (66 ft) of the section as
representing deposits formed mostly by meandering
streams. The Kekiktuk contains oil and gas in the
Endicott field, located about 16 km (10 mi) east of
Prudhoe Bay (Behrman and others, 1985).

The Kayak Shale either gradationally overlies
the Kekiktuk or, where the Kekiktuk is absent,
unconformably overlies the basement complex (Brosgé
and others, 1962). The Kayak consists of dark-gray
marine shale, generally with minor amounts of
interbedded sandstone near the base and increasing
amounts of interbedded limestone and dolomite toward
the top. This formation may be thin or absent, as in the
Sadlerochit Mountains area (fig. 5.3B), or as much as
400 m (1,300 ft) thick. Microfossils and megafossils
from limestone interbeds indicate that the Kayak Shale is
Late Mississippian (Meramecian) in the northern part of
the ANWR (Armstrong and Mamet, 1977; Brosgé and
others, 1962). The Kayak Shale grades upward and
laterally into the Lisburne Group.
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Figure 5.4. Diagrammatic section showing stratigraphic relations of the Ellesmerian sequence along mountain front in
the ANWR. LCU, Lower Cretaceous unconformity; PMU, pre-Mississippian unconformity.
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The Itkilyariak Formation is a rock unit of
similar stratigraphic position and lithology to the Kayak
Shale and is distinguished primarily by its red color. It
occurs in outcrop only in scattered, small areas of the
northernmost northeastern Brooks Range, where it may
be as much as 45 m (150 ft) thick. In the subsurface
west of the ANWR, it reaches thicknesses greater than
150 m (500 ft)(Mull and Mangus, 1972). Well data west
of the ANWR (pl. 1) indicate that the Kayak Shale
grades laterally (northward) and upward into the
Itkilyariak Formation. Its basin-margin position, lateral
relations, and lithology all suggest that the Itkilyariak
Formation represents a mixed, marine-nonmarine
depositional environment, probably in large part tidal-flat
deposition in an arid climate (Bird and Jordan, 1977).

Rock types, thicknesses, and stratigraphic
relations of the Endicott Group in the northem part of
the ANWR indicate a northern landmass bordered on the
south by a swampy coastal plain traversed by streams or
rivers emptying into a sea that lay farther south.
Through time, subsidence continued and the seas
transgressed the landmass, which caused these
depositional environments to shift northward.

Lisburne Group

The Mississippian and Pennsylvanian Lisburne
Group is composed of limestone with lesser amounts of
dolomite and minor amounts of shale and sandstone. It
occurs throughout the northeastern Brooks Range and in
the subsurface as far west as the National Petroleum
Reserve in Alaska (fig. 1.14), where it is as young as
Permian (Bird, 1978; Molenaar and others, 1986). It is
absent in wells in the Point Thomson area because of
truncation by the Lower Cretaceous unconformity, and it
may also be missing from part of the 1002 area.
Generally, the Lisburne gradationally overlies the Kayak
Shale and is unconformably overlain by the Sadlerochit
Group. Locally, however, the Lisburne Group may lie
directly on pre-Mississippian basement rocks (fig. 5.3B)
or on a very thin Endicott Group, as in the Sadlerochit
Mountains area and perhaps some of the 1002 area. This
relationship may be important in seismic-reflection
interpretations in the 1002 area. The prominent seismic
reflection from the top of the basement complex (chaps.
17 — 20) may be absent in areas where the Lisburne lies
directly on the basement because of insufficient acoustic
contrast between these two rock units.

The Lisburne in the outcrop belt is composed of
430 to 855 m (1,400 to 2,800 ft) of Upper Mississippian
to Middle Pennsylvanian cherty limestone and dolomite
(Armstrong, 1972; Armstrong and Mamet, 1975, 1977;
Wood and Armstrong, 1975). The lower part of the
Lisburne, known as the Alapah Limestone, consists of
medium-gray, recessive-weathering limestone and
dolomite. The upper part, known as the Wahoo

Limestone, consists of light-gray, massive and resistant-
weathering limestone with minor amounts of dolomite
(figs. 5.3B, 5.54). Dolomite and dolomitic limestone in
the Lisburne may have good porosity. At Prudhoe Bay,
the Lisburne contains oil and gas. Comparison of the
Lisburne at Prudhoe Bay with the northernmost Lisburne
outcrops in the ANWR (Armstrong and Mamet, 1974)
shows a remarkable similarity in thickness, rock type,
rock sequence, and age.

Stratigraphic relations, rock types, and fossils
indicate that the Lisburne was deposited in a clear,
relatively warm, shallow sea. The gradation from
predominantly clastic sedimentary rocks (Endicott
Group) to predominantly carbonate rocks (Lisburne
Group) indicates continued subsidence and a significant
reduction in the amount of terrigenous sediment reaching
the sea. The formation of intertidal to supratidal
dolomite during Late Mississippian time indicates a
minor regression of the sea. From the latest
Mississippian to the Middle Pennsylvanian, sedimen-
tation kept pace with subsidence and produced thick,
shallow-water, bioclastic limestones. Regional
upwarping, sometime between the Middle Pennsylvanian
and the Early Permian, resulted in a retreat of the sea
and the development of an erosional unconformity at the
top of the Lisburne.

Sadlerochit Group

The Sadlerochit Group crops out throughout the
northeastern Brooks Range and occurs in the subsurface
to the west. It is absent because of Early Cretaceous
erosion evident in northern coastal wells from a few
kilometers (miles) east of Prudhoe Bay eastward to the
Point Thomson area and perhaps throughout most of the
1002 area (pl. 1, fig. 7.1). The Sadlerochit Group
unconformably overlies the Lisburne Group (fig. 5.54)
and is overlain either by the Shublik Formation or, in the
area of truncation, by the Lower Cretaceous informally
named pebble shale unit (fig. 5.6B, C). The Sadlerochit
is composed of as much as 380 m (1,250 ft) of
shallow-marine  sandstone, siltstone, and shale.
Detterman and others (1975) subdivided these strata into
two formations, the basal Echooka Formation of Early
and Late Permian age and the overlying Ivishak
Formation of Early Triassic age. The Ivishak has been
further subdivided into three members named the Kavik,
Ledge Sandstone, and Fire Creek Siltstone Members.
Reports by Detterman (1970, 1974, 1976, 1984a, b)
provide the following details.

The Echooka Formation consists of 45 to 137 m
(150 to 450 ft) of sandstone and siltstone in the northern
mountains of the ANWR. Locally, channels are cut into
the upper part of the Lisburne Group and are filled with
chert-pebble conglomerate (Detterman and others, 1975).
Reiser and others (1971) observed some of these
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channels near the east end of the Shublik Mountains
(sec. 16, T. 2 N., R. 28 E.). These conglomerates
probably represent fluvial deposition during the
development of the erosional unconformity between the
Echooka Formation and the Lisburne Group. The
overlying sandstone and siltstone typical of the Echooka
Formation comprise the basal marine transgressive
deposits formed during the northward advance of the sea
across the eroded platform composed of Lisburne Group
carbonate rocks.

The Kavik Member of the Ivishak Formation
abruptly overlies the Echooka Formation. It consists of
30 to 122 m (100 to 400 ft) of dark-colored, laminated to
thin-bedded, silty shale and siltstone (fig. 5.3C). These
rocks represent prodelta deposits that thicken southward

Figure 5.5. Outcrops. A, View southeastward across
Katakturuk Canyon into upper Ignek Valley. Resistant
ledges (foreground) are Lisburne Group unconformably
overlain by Sadlerochit Group forming the smooth
recessive slope and resistant ridge-capping unit, the
Ledge Sandstone Member of the Ivishak Formation.
Valley floor beyond the ridge is underlain by Kingak
Shale, and Kemik Sandstone forms the low, sinuous

and grade upward into the massive deltaic sandstones of
the Ledge Sandstone Member. The Ledge ranges in
thickness from 30 m (100 ft) to more than 175 m (575
ft) and consists of northward-thickening and coarsening
sandstone beds with thin siltstone interbeds (fig. 5.3D,
E). Sedimentary structures, burrows, and occasional
fossils indicate- a shallow-marine environment of
deposition. The sandstone has low porosity because of
silica cementation (see chap. 8). This low porosity
contrasts with the high porosities in equivalent
sandstones—the main oil-producing reservoir—in the
Prudhoe Bay field. The Ledge Sandstone Member
grades upward into the northward-thinning Fire Creek
Siltstone Member. This member is composed of as
much as 30 m (100 ft) of siltstone and argillaceous

ridge across the valley. Shublik Mountains in distance.
Photograph by K.F. Watts. B, Fossiliferous limestone
and calcareous shale in lower part of Shublik Formation
at Fire Creek near east end of Shublik Mountains (NEYs
sec. 15, T. 2 N,, R. 28 E.). C, Karen Creek Sandstone
near Fire Creek at east end of Shublik Mountains (SW¥4
sec. 11, T. 2 N, R. 28 E.).

44 Petroleum Geology of the Northern Part of the Arctic National Wildlife Refuge



sandstone, deposited during a deepening of the sea. It is
missing along the north flank of the Sadlerochit
Mountains, where it and probably some of the Ledge
Sandstone Member have been removed by Early
Cretaceous erosion (fig. 5.6B, C). The Fire Creek
Siltstone Member is gradationally overlain by the
Shublik Formation.

The Sadlerochit Group represents renewed
subsidence of the basin and uplift of the northern
landmass. Transgressive marine deposits at the base of
the group records this subsidence. Following deposition
of offshore muds, regressive deltaic deposits indicate
uplift in the source area. The change from deltaic
sandstone to finer grained siltstone deposition indicates
continued subsidence and (or) a wearing down of the
source area.

Shublik Formation

The Shublik Formation, of Middle and Late
Triassic age, is a distinctive dark-colored unit primarily
consisting of fossiliferous limestone and calcareous shale

(fig. 5.5B). It conformably overlies the Sadlerochit
Group, except in some of the northernmost outcrops,
where Detterman and others (1975) interpret the contact
to be disconformable. The Shublik crops out along the
mountain front and occurs in the subsurface to the west.
It is 90 to 150 m (300 to 500 ft) thick in the outcrop belt
and depositionally thins to the north in the subsurface
west of the 1002 area. It is missing in a large area
extending from near Prudhoe Bay eastward to the Point
Thomson area because of truncation by the Lower
Cretaceous unconformity (pl. 1, fig. 7.1). It is also
probably missing from a large part of the 1002 area for
the same reason.

The Shublik consists of four vertically separated
facies: a lower siltstone, a fossiliferous limestone, a
mudstone, and a calcareous siltstone (Detterman and
others, 1975; Tourtelot and Tailleur, 1971). Phosphatic
nodules and cements are common just above and below
the limestone facies. The Shublik is rich in organic
carbon and is considered to be an important source rock
for Prudhoe Bay oil (Seifert and others, 1979; Magoon
and Bird, 1985).

Figure 5.5. Continued.
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The Shublik Formation represents continued
subsidence of the basin following Sadlerochit deposition.
Fine-grained clastic and chemical sedimentation
predominated then in a sea rich with organisms. A
minor regression of the sea is recorded at the top of the
Shublik by deposition of the overlying Karen Creek
Sandstone.

Karen Creek Sandstone

The Karen Creek Sandstone of Late Triassic age
is a gray, resistant, quartzitic sandstone that conformably
overlies the Shublik Formation over most of its outcrop
area. The Karen Creek crops out along the mountain
front from a few kilometers east of the Aichilik River to

Figure 5.6. Outcrops. A, View to east along north side
of Bathtub Ridge. Type section of Kongakut Formation
is along ridge near center of photograph. B, Pebble shale
unit and thin basal Kemik Sandstone unconformably
overlying Ledge Sandstone Member of Ivishak
Formation (Sadlerochit Group) at Marsh Creek on north
side of Sadlerochit Mountains (sec. 19, T. 4 N., R. 30
E.). C, Close-up of B. Man’s hand is on contact. D,
Kemik Sandstone, 30 m (100 ft) thick, in Ignek Valley
on southeast side of syncline in lower part of photograph
57A (W% sec. 2, T.2N.,R. 27 E.).
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west of the Canning River. It ranges in thickness from 3
m (10 ft) on the Kavik River southwest of the 1002 area
to about 38 m (125 ft) along the mountain front near the
Jago and Aichilik Rivers (Detterman and others, 1975).
It is very hard in outcrops, consisting primarily of well-
cemented, very fine to coarse silt-size quartz grains.
Burrows and bioturbation are common, and the bedding
is thick to massive (fig. 5.5C). Bivalve fossils indicate a
Late Triassic (Norian) age for the Karen Creek
Sandstone.

Marine fossils, bioturbation, bedding features,
and the widespread distribution of the Karen Creek
Sandstone indicate deposition over a broad, shallow
shelf. Thickness variations are probably due to the
marine currents responsible for depositing the sand,
rather than indicating a source direction. Regional
considerations, as well as the quartzose composition,
indicate that the Karen Creek had a northern source.

The Karen Creek Sandstone is not considered a
good reservoir rock because of its very fine grained
texture, cementation, and generally limited thickness.
However, the Sag River Sandstone, with which the
Karen Creek is correlative, is oil productive in some
wells in the Prudhoe Bay area and contains gas in the
Kavik field.

Kingak Shale

The Kingak Shale, of Jurassic and Early
Cretaceous (Berriasian—Valanginian) age, is a thick,
marine shale that conformably overlies the Karen Creek
Sandstone. The Kingak crops out discontinuously along
the mountain front, around the Sadlerochit Mountains,
and in one small part of the 1002 area west of the
Niguanak River (labeled Jurassic on fig. 5.2). Detterman
and others (1975) reported thicknesses ranging from 45
to 365 m (150 to 1,200 ft) in the Ignek Valley area and
at least 427 m (1,400 ft) along the Aichilik River.
Keller and others (196l) reported a thickness of about
900 m (3,000 ft) at Kemik Creek, west of the Canning
River. In general, the Kingak thins to the north because
of truncation by the Lower Cretaceous unconformity (fig.
5.4). In the Marsh Creek area, immediately north of the
Sadlerochit Mountains, the Kingak has been totally
removed under the unconformity. However, it is present
again about 2 km (1 mi) north on a thrust plate that has
been transported farther north than the block where the
Kingak is missing. Much of the thickness variation of
the Kingak is probably due to structural repetition by
thrust faults (see chap. 20). The Kingak Shale exposed
in the Niguanak River area, from which Middle Jurassic
(Bajocian) megafossils were collected (Reiser and others,
1980), is also thought to have been transported from the
south and uplifted by thrust faults.

The Kingak Shale consists primarily of dark-
gray to black, fissile, noncalcareous, clayey to silty shale
and lesser amounts of siltstone. The siltstone and silty

shale constitute the middle part of the formation, and
ironstone concretions are common to rare throughout the
formation (Detterman and others, 1975). The uppermost
(Lower Cretaceous) part of the Kingak contains rare,
matrix-supported, fine to very fine quartz grains
(Molenaar, 1983) and very rare chert and limestone
pebbles. Parts of the Kingak may be potential source
rocks for petroleum.

The Kingak Shale is interpreted to have been
deposited in outer-shelf, slope, and basinal depositional
environments. Fossil data indicate ages ranging from the
Early Jurassic to the Early Cretaceous with some missing
fossil zones within the thick unit. The missing zones
may represent times of little or no deposition rather than
erosional unconformities. Regional considerations,
including shallow-marine tongues of quartzose sandstone
that pinch out to the south in northern coastal areas
between Prudhoe Bay and Point Barrow, indicate that
sandstones in the Kingak had a northern source
(Molenaar, 1981; Carman and Hardwick, 1983). In the
Mackenzie Delta area to the east, the Kingak or age-
equivalent units generally had a southeastern source
(Poulton, 1982). However, there has been considerable
differential plate movement between northeastern Alaska
and the Mackenzie Delta area since the Kingak was
deposited. Although direct evidence is lacking, the area
of separation of the present-day northern-source Kingak
from the southeastern-source Kingak is thought to be east
of the Alaska-Canada border (Poulton, 1982, p. 16;
Balkwill and others, 1983, p. 17). If this line of
separation was within the 1002 area, the distribution of
Jurassic and younger potential reservoir sandstones
would be affected east of the line.

An interesting sidelight on the Kingak Shale is
that the upper part of the type section consists of
Albian(?) or younger Brookian turbidites (fig. 5.3F). The
Kingak was named by Leffingwell (1919, p. 119) for
exposures extending from the upper part of Camp 263
Creek on the south side of the eastern part of the
Sadlerochit Mountains, across the Sadlerochit River, and
up to the resistant sandstone bed capping Kingak CIiff
(Mt. Michelson C-2 quadrangle). Apparently, Leffingwell
thought that the resistant sandstone bed was what is now
called the Kemik Sandstone, which overlies the Kingak
Shale at the head of Ignek Valley, 24 km (15 mi) west.
Actually, the top of the Kingak is near the base of
Kingak Cliff, south of the Sadlerochit River, where it is
overlain by the pebble shale unit. The Kemik Sandstone
is not present. The slope above, which Leffingwell
described as "dirty green" shale, consists of bentonitic
shale and thin-bedded sandstone rubble capped by a thick
amalgamated turbidite sandstone bed, all of which we
include in the Arctic Creek facies (to be discussed). In
addition, a sole thrust fault of large displacement is
probably present within the Kingak Shale. This would
explain the absence of the Kemik Sandstone to the
southeast and the juxtaposition of the Arctic Creek facies
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and the Jago River Formation with unlike facies to the
west mentioned in the discussion of those units.

Morgridge and Smith (1972) and Jones and
Speers (1976) considered the Kingak Shale as a possible
source for the oil in the Prudhoe Bay field. Seifert and
others (1979) demonstrated geochemically that the
Kingak Shale was a major source rock for the oil in the
Prudhoe Bay field.

Kemik Sandstone and Pebble Shale Unit

Erosion of an uplifted segment of the rifted
margin of the Arctic Alaska plate resulted in removal of
much of the Ellesmerian sequence in northernmost
Alaska during mid-Neocomian time (figs. 3.1, 54, pL. 1).
Subsequent subsidence of this northern uplift resulted in
northward transgression of the sea in late Neocomian
time and deposition of the discontinuous Kemik
Sandstone and the associated, informally named pebble
shale unit (Molenaar and others, 1987). Detterman and
others (1975, p. 21) included these units—their Kemik
Sandstone Member and pebble shale member,
respectively—in the lower (but not basal) part of the
Kongakut Formation, a 600-1,200-m-thick (2,000~
4,000 ft) section of predominantly shale and siltstone that
crops out in the Bathtub Ridge area 56 km (35 mi) south
of the mountain front (figs. 5.2, 5.64). Because only the
Kemik Sandstone Member and pebble shale member, as
well as parts of the clay shale member (upper part of the
Kingak Shale) of this thick formation, are present along
the mountain front and coastal plain (Molenaar, 1983, p.
1072), Molenaar and others (1987) recommended (1) that
the Kongakut Formation be geographically restricted
from the area along the mountain front and coastal plain,
(2) that the Kemik in this area be raised to formational
rank and called the Kemik Sandstone, and (3) that the
pebble shale member should likewise be raised to
formational rank in this area and called the pebble shale
unit. The Kemik Sandstone is widely distributed along
the mountain front and in wells in the coastal plain west
of the ANWR. The term "pebble shale unit" is used in
this report for the unit throughout the mountain front and
coastal plain. Photographs of outcrops relating to the
Kemik Sandstone, pebble shale unit, and overlying
Brookian rocks are shown in figures 5.6 to 5.9.

The Kemik Sandstone and pebble shale unit rest
on progressively older formations from south to north
(fig. 54, pl. 1). On the north side of the Sadlerochit
Mountains, they rest on the Permian and Triassic
Sadlerochit Group (fig. 5.6B, C), and in wells in the
Staines  River-Point Thomson area immediately
northwest of the ANWR, they rest on the basement
complex (pl. 1). Although the Kemik Sandstone and
pebble shale unit are separated by a regional
unconformity from the underlying major part of the
Ellesmerian sequence in northernmost Alaska, they are

included in the Ellesmerian sequence because they were
derived from a northern source.

Kemik Sandstone

The Kemik Sandstone, of Hauterivian (Early
Cretaceous) age, crops out around the Sadlerochit
Mountains (figs. 5.54, 5.6D, 5.7A) and in a southwesterly
extending band along the foothills as far as the Echooka
River, 65 km (40 mi) southwest of the Sadlerochit
Mountains (Molenaar, 1983, p. 1070). It also occurs in
several wells along the foothills as far as 112 km (70 mi)
west of the Canning River. To the south, the Kemik
apparently pinches out as the underlying unconformity
dies out (Molenaar, 1983, p. 1071). The Kemik unit is
not known to crop out southeast and east of the
Sadlerochit Mountains except in the Bathtub Ridge area,
97 km (60 mi) to the southeast. The Kemik Sandstone
of the foothills belt is apparently not connected with the
Kemik Sandstone Member of the Kongakut Formation of
the Bathtub Ridge area; however, the presence in both of
the ammonite Simbirskites indicates that they are both
Hauterivian in age (Detterman and others, 1975, p. 25;
Molenaar, 1983, p. 1072).

In the foothills outcrop belt of the ANWR, the
Kemik Sandstone is generally one sandstone body
ranging in thickness from a few feet to about 30 m (100
ft) (fig. 5.6D). Locally, as on the north and south sides
of the Sadlerochit Mountains, two or more separate
sandstone beds crop out. These, however, are considered
to be repeats of a single bed by imbricate thrust faults.
Similar fault repetitions of the Kemik Sandstone are
interpreted in the Canning River Unit A-1 well near the
Canning River west of the Sadlerochit Mountains and the
Kemik-1 well 42 km (26 mi) to the southwest (Bird,
1982). The Kemik Sandstone consists of fine- to very
fine grained, well-cemented, noncalcareous sandstone in
medium to thick beds. The medium- or dark-gray color
probably is due to intermixed clay. The sand grains are
composed mostly of quartz and chert, and they were

Figure 5.7. Outcrops. A, View to west of Ignek Valley.
Resistant bed in valley bottom is the Kemik Sandstone,
which unconformably overlies the Kingak Shale
(covered). Pebble shale unit overlies Kemik and is
mostly covered. Light-toned outcrops in valley are
bentonitic shales of Hue Shale. Sadlerochit Mountains on
right and Shublik Mountains on left. B, Aerial view of
Ignek Valley section (fig. 5.11), the type section of the
Hue Shale, on west side of Hue Creek. Pebble shale unit
(overturned) is dark outcrop in center of photograph.
Hue Shale is light-toned outcrop. Tight syncline in lower
part of photograph is in Paleocene(?) turbidites. South-
dipping Katakturuk Dolomite of Shublik Mountains is
thrust against Mesozoic rocks.
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Figure 5.8. Outcrops. A, Large cobble in upper part of
pebble shale unit (W2 sec. 27, T. 3 N., R. 25 E.). B,
Pebble shale unit and Hue Shale on west side of Hue
Creek, Ignek Valley section (fig. 5.11; NE% sec. 6, T. 2
N., R. 26 E.). Arrows on fault indicate direction of
relative movement. C, Interbedded fissile black shale and
bentonite of gamma-ray zone, Ignek Valley section. D,

Prismatic shell fragments (thin light bands) of
inoceramids, Inoceramus zone at Ignek Valley section.
E, Cretaceous section exposed along Jago River showing
Inoceramus zone overlying gamma-ray zone (NE% sec.
4, T. 6 N, R. 35 E.). F, Interbedded black shale and
bentonite of Hue Shale above Inoceramus zone, Ignek
Valley section.
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probably derived from the Sadlerochit and Lisburne
Groups that were being eroded to the north. Thin beds
of pebble conglomerate are common at and near the base
of the Kemik Sandstone in outcrops around the
Sadlerochit Mountains.

Bedding features, scattered fossils, and trace
fossils indicate a shallow-marine origin for the Kemik
Sandstone. Its distribution, variable thickness, and
relation with the underlying unconformity suggest that it
was deposited on a broad shelf associated with a
transgressing sea—probably as large offshore bars during
a stillstand of the transgression. The Thomson sand, a
unit of local usage that is penetrated by wells in the
Point Thomson area, is a thick conglomeratic sandstone
unit that is stratigraphically correlative with the Kemik
Sandstone. It is a lenticular sandstone body that attains a
thickness of at least 90 m (300 ft) and is of good
reservoir quality. The conglomerate consists of pebble- to
boulder-size clasts of dolomite, which suggests that it is
of local derivation—probably from pre-Mississippian
rocks of the basement complex (see chap. 9).

Pebble Shale Unit

The pebble shale unit either overlies the Kemik
Sandstone or, where the Kemik Sandstone is absent,
unconformably overlies the Kingak Shale or older rocks.
It crops out around the Sadlerochit Mountains (figs. 5.6 —
5.8), in the Arctic Creck area, along the mountain front
near the Okerokovik River, and west of the Niguanak
River on the coastal plain. In the Sadlerochit Mountains
area, the pebble shale unit is 60 to 90 m (200 to 300 ft)
thick and consists of dark-gray to black, noncalcareous,
clayey to silty shale containing minor scattered, rounded
and frosted, quartz grains. Common to rare, matrix-
supported chert and quartzite pebbles or granules and
very rare cobbles (fig. 5.84) occur throughout the pebble
shale unit. Commonly, there is a concentration of
pebbles at the base. Ironstone concretions are also
common. The depositional origin of the rare pebbles and
quartz grains scattered throughout the pebble shale unit
is not clear. Undoubtedly, the pebble shale unit as a
whole represents slow deposition, especially in the upper
part. The scattered pebbles and quartz grains may have
been rafted in by shore ice, kelp, or tree roots.

The upper contact of the pebble shale unit is
placed at the base of a highly radioactive bentonitic
shale. This contact is readily apparent on gamma-ray
well logs. In outcrops, the upper contact is placed at the
change from the generally nonbentonitic shale below to
the interbedded shale and bentonite above. Previously,
Bird (1982) and Molenaar (1981) included the highly
radioactive shale in the pebble shale unit in the
subsurface to the west. Molenaar and others (1987) now
consider the highly radioactive shale to be a distal
condensed deposit related to the Brookian sequence, and
hence it should be separated from the underlying pebble
shale unit.

The pebble shale unit is Hauterivian to
Barremian (Early Cretaceous) in age, based on
foraminiferal and palynologic data. Megafossils are very
rare or absent thoughout the unit. Interpreted as an
offshore deposit associated with the northward-
transgressing sea, it is part of the northerly derived
Ellesmerian sequence. The uppermost undated part,
however, may represent very slow deposition associated
with the Brookian sequence, because the northern source
area had subsided and had ceased to be a source by latest
Neocomian time (Grantz and May, 1983).

Some workers consider the pebble shale unit to
be a source rock for at least some of the oil in the
Prudhoe Bay field (Morgridge and Smith, 1972; Jones
and Speers, 1976; Seifert and others, 1979). In the
ANWR area, the pebble shale unit is a gas-prone source
rock (chaps. 11, 12).

BROOKIAN SEQUENCE

The Brookian sequence consists of thick,
northeasterly prograding, basinal, basin-slope, shallow-
marine, and nonmarine shelf deposits derived from the
ancestral Brooks Range orogenic belt to the south and
southwest. The Brooks Range orogeny may have started
in Jurassic time, and certainly the mountain belt was a
dominant source during earliest Cretaceous time.
However, except for a thin section of shale and
bentonite, significant deposition from this source did not
occur in the coastal plain area of northeastern Alaska
until Late Cretaceous and Tertiary time, because the
deeper part of the Colville basin that lay to the south
was a trap for almost all the southerly and southwesterly
derived sediments (Molenaar, 1983, p. 1078). The thin
(90 to 300 m, 300 to 1,000 ft) condensed section of
Aptian(?) (Lower Cretaceous) to Upper Cretaceous
organic-carbon-rich shale and bentonite in northeastern
Alaska is considered to represent clay and ash particles
from the Brookian source that settled out of suspension,
probably in deep water. The total Brookian sequence is
as much as 4,000 m (13,000 ft) thick in wells
immediately northwest of the ANWR (fig. 5.10, pl. 1).

Formational terms used in this report for
Brookian rocks follow those recently proposed by
Molenaar and others (1987). Five separate units are
discussed: (1) the Hue Shale, a distal condensed shale
facies; (2) the Arctic Creek facies, a turbidite facies that
crops out southeast and east of the Sadlerochit Mountains
and is coeval with part of the Hue Shale; (3) the Canning
Formation, a thick prodelta slope-shale facies with
turbidites in the lower part; (4) the Jago River
Formation, a thick, predominantly nonmarine facies that
crops out in the southeastern part of the 1002 area and is
coeval with part of the Canning Formation; and (5) the
Sagavanirktok Formation, a thick, shallow-marine and
nonmarine, deltaic and coastal-plain facies (fig. 5.10).
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Figure 5.9. Outcrops. A, Paleocene(?) turbidites of
Canning Formation in syncline, Ignek Valley section (fig.
5.11). B, Paleocene turbidites along Katakturuk River
north of Sadlerochit Mountains (sec. 11, T. 4 N., R. 27
E.). C, Close-up of turbidite sandstone bed of Canning
Formation showing Bouma b, ¢, and d bedding sequence.
Pencil is about 14 cm (6 in.) long (sec. 11, T. 4 N., R.

27 E.). D, Flute casts at base of probable Maestrichtian
turbidites of Canning Formation in Ignek Valley (NEVa
sec. 1, T. 2 N, R. 26 E.). Current direction is from left

to right (east). E, Eocene mudstone of Canning
Formation showing common matrix-supported chert
pebbles (S% sec. 25, T. 8 N., R. 36 E.).
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The Hue Shale and Canning Formation are terms
proposed by Molenaar and others (1987). Most Brookian
units are diachronous, and recognition of the units and
their corresponding facies is useful in discussing
stratigraphy throughout the eastern North Slope. The
stratigraphic and temporal relations of Brookian rocks
between Prudhoe Bay and Flaxman Island and along the
west side of the 1002 area are shown in plate 1.

Hue Shale

The Hue Shale was named by Molenaar and
others (1987) for a section of brightly colored shale,
bentonite, and tuff exposed along the ridge immediately
west of Hue Creek at the base of the Shublik Mountains
on the south side of Ignek Valley (figs. 5.2, 5.7B, 5.8B).
The Hue Shale crops out on both sides of the Sadlerochit
Mountains and in the Jago and Niguanak River areas in
the 1002 area (figs. 5.2, 5.8E). It also occurs throughout
the subsurface of the coastal plain and can be traced in
coastal wells as far west as the Colville River (pl. 1;
Molenaar and others, 1986). Farther west in the NPRA,
the lithologic equivalent of the Hue Shale is the highly
radioactive shale interval, generally less than 45 m (150
ft) thick, that is included in the pebble shale unit in that
area (Molenaar, 1981; Bird, 1982).

The Hue Shale conformably overlies the pebble
shale unit and is conformably overlain by the Canning
Formation (to be discussed). It is 222 m (730 ft) thick at
the type section, although a fault of probable small
displacement cuts out some of the section. The Hue
Shale and adjacent strata at the type section are shown in
a columnar section in figure 5.11. A correlation of this
section with nearby wells is shown in figure 5.12.

The thickest well penetration is in the West
Staines State-2 well, where the Hue Shale is about 300
m (1,000 ft) thick (fig. 5.10, pl. 1). The Hue Shale is
much thinner in the island wells north of Point Thomson,
and it is missing altogether, probably as a result of
submarine scouring at the base of the overlying Canning
Formation, in the Alaska State A-1 and D-1 wells on
Flaxman Island (pl. 1, fig. 7.3).

In most outcrops, the Hue Shale consists of less
than 300 m (1,000 ft) of black, fissile, noncalcareous,
clay shale, bentonite, and tuff ranging in overall age
from Aptian(?) (Early Cretaceous) to Campanian or
Maestrichtian (Late Cretaceous). At the type section, the
formation is Aptian(?) to Campanian in age. Regionally,
its top is diachronous, being older to the west and
younger to the north and east (pl. 1). In the West
Staines State-2 well, the uppermost part is probably
Maestrichtian. Based on the diachronous pattern of the
upper part becoming younger to the north and east, it
may be as young as Paleocene in the subsurface in
northern parts of the ANWR (fig. 5.10).

The base of the Hue Shale is placed at the base
of the bentonitic shale or bentonite beds above the

nonbentonitic pebble shale unit. This coincides with the
base of a highly radioactive shale zone, about 30 to 45 m
(100 to 150 ft) thick (fig. 5.8B, C, E). This zone is
easily detected on gamma-ray logs in wells and by
gamma-ray scintillometers on outcrops (figs. 5.11, 5.12),
and in the Prudhoe Bay-Kuparuk areas, it has been
informally called the gamma-ray zone (GRZ) (Tailleur
and others, 1978) or the highly radioactive zone (HRZ)
(Carman and Hardwick, 1983). As previously
mentioned, Bird (1982) and Molenaar (1981) included
the GRZ in the pebble shale unit in the subsurface to the
west. In addition to fissile black shale and bentonite,
rare matrix-supported, frosted quartz grains also occur in
the lower part of the zone. Micropaleontologic data from -
wells indicate that the GRZ is, at least in part, Albian
(Early Cretaceous) in age. Farther west in the Prudhoe
Bay-Kuparuk field area, Carman and Hardwick (1983)
have reported an Aptian to Albian age for this zone on
the basis of dinoflagellates and radiolarians.

A 6- to 8-m-thick (20 to 25 ft) bed rich in
prismatic shell material of the bivalve Inoceramus
immediately overlies the GRZ. This bed weathers rusty
brown and consists of interlayered dark-gray shale and
Inoceramus prisms, which appear as veins of prismatic
calcite (fig. 5.8D). Although individual inoceramids
cannot be recognized, stringers of the shell material
indicate some of the bivalves were almost 1 m (3 ft)
across. Like the GRZ, this bed occurs over a wide area
and can be identified on almost all lithologic logs of
wells east of Prudhoe Bay. In the outcrop area, it is
recognized in several localities on both sides of the
Sadlerochit Mountains and in the Jago and Niguanak
River areas of the 1002 area (fig. 5.8B, E). The
association of this distinctive unit with underlying and
overlying euxinic, organic-carbon-rich shale and
bentonite, together with its widespread distribution,
suggests that it was deposited in water depths well below
wave base and possibly in bathyal depths. Perhaps the
water conditions were less toxic at the time, and the
inoceramids were able to flourish. Inoceramids are more
tolerant than other bivalves of oxygen-deficient water
(W.A. Cobban, U.S. Geological Survey, oral commun.,
1985). In any case, conditions must have provided a
special ecological niche. Although age data on this bed
are lacking in the outcrop area, based on well
correlations west of Prudhoe Bay, it is probably
Cenomanian (Late Cretaceous) in age (Molenaar and
others, 1986). ‘

Above the Inoceramus zone is about 53 m (175
ft) of interbedded black, fissile shale and bentonite in
which bentonite beds are more abundant and thicker than
other parts of the Upper Cretaceous section (fig. 5.8F).
Fossil fish remains occur in this interval. This part of
the section, which is probably coeval with the bentonite-
rich Seabee Formation and the lower part of the Schrader
Bluff Formation of the central North Slope, is well
exposed along the banks of the Jago and Niguanak
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red and is conspicuous in rubble outcrops on the north
and south sides of the Sadlerochit Mountains. The red
coloration is due to surface oxidation and is restricted to
a thin rind on rubble outcrops. As many as four red
zones crop out north of the Sadlerochit Mountains, but
these occurrences are interpreted to be due to fault
repetitions of one zone. Palynological data fromanll-m
(35 ft) core about 60 m (200 ft) above the GRZ in the
West Staines State 18-9-23 well (south of Point
Thomson) indicate a Santonian to Campanian age for
this zone. Recognition of the different parts of the Hue
Shale is helpful in unraveling complex structures in the
outcrop belt because the Hue Shale acts as glide planes
for thrust faults.

The upper 76 m (250 ft) of the Hue Shale at the
type section is less fissile, medium- to dark-gray, silty
shale and contains matrix-supported chert and quartzite
pebbles in the upper half. This part of the section is less
organic-carbon rich and is transitional with the overlying
Canning Formation. In outcrops, the contact is placed at
the first occurrence of sandstone or siltstone interbeds.
In the subsurface, the contact is placed at the point of
increased gamma-ray deflection in the Hue Shale on
gamma-ray logs (fig. 5.10, pl. 1).

The Hue Shale is a distal, condensed shale
facies deposited on the north side of the Colville basin,
on the Barrow arch, and probably on the area north of
the arch. The condensed nature of the Hue Shale is
evident when its 300 m (1,000 ft) or less thickness
representing Aptian(?) to Campanian or Maestrichtian
time is compared with the greater than 5,000 m (16,000
ft) of Albian to lower Campanian rocks south of Umiat
(Molenaar and others, 1986, 1987). Lying below large-
scale clinoform beds of the Canning Formation, at least
the upper part of the Hue Shale is a deep-water (bathyal
or deeper) deposit. The remaining major part, however,
may have been deposited in shallower water depths
because of possible subsidence after their deposition.
When considered with the underlying pebble shale unit,
which represents shoreline conditions at its base (Kemik
Sandstone), these units apparently represent deposition
during a time when the rate of subsidence was greater
than the rate of sedimentation.

The Hue Shale is organic-carbon rich in its
lower part (commonly greater than 4 percent organic
carbon) and is considered to be a very good to excellent
oil-prone source rock (fig. 5.11).

Arctic Creek Facies

The Arctic Creek facies is a thick section of
complexly deformed, largely undated, in part bentonitic
shale and turbiditic sandstone that occurs southeast and
east of the Sadlerochit Mountains (fig. 5.3F) as far as the
Okerokovik River. A thickness of about 1,100 m (3,600
ft) was calculated for a south-dipping section of these
rocks along a tributary of the Okerokovik River (secs. 4,

5, and 8, T. 2 N,, R. 36 E.), but repetition by faulting
cannot be ruled out. The middle Albian ammonite
Paragastroplites spiekeri (McLearn) was found at two
localities in the upper Arctic Creek area (fig. 5.2;
Detterman and others, 1975, p. 29). Fourteen samples of
the Arctic Creek facies from widely scattered locations
that were analyzed for foraminifers were barren.
Because of high thermal maturation levels, no samples
were analyzed for palynomorphs. Inoceramids were
observed in nonbentonitic turbidite beds on the west
bank of the Hulahula River, but a collection proved to be
inadequate for age determination.

Based on their bentonitic character, Molenaar
(1983, p. 1075) considered the undated turbidites of the
Kingak Cliffs and Kingak Hill area near Arctic Creek
(fig. 5.3F) to be Campanian or Maestrichtian in age.
Because the characteristic Hue Shale is not present
between these turbidites and the underlying pebble shale
unit, it now seems more likely that these turbidites and
those along the foothills to the east are Albian and (or)
Cenomanian in age and are here referred to as the Arctic
Creck facies. The few groove and flute casts observed
indicate deposition by northeast- to east-flowing currents.
Intense deformation, however, may have rotated these
rocks from their original position. These rocks have
probably been thrust northward from the south and are
probably not present in the subsurface of the coastal
plain to the north. They differ greatly from Albian and
Cenomanian rocks included in the Hue Shale around the
Sadlerochit Mountains and in adjacent wells to the west
(figs. 5.11, 5.12). In addition, the Arctic Creek facies is
thermally more mature. Vitrinite reflectance (R ) values
of 6 samples from scattered locations in the Arctic Creek
area are between 1.8 and 2.0, whereas R values of
coeval rocks in Ignek Valley, 48 km (30 mi) to the west,
are 1.0 to 1.1 (fig. 5.11). This indicates that the Arctic
Creek facies was more deeply buried and, therefore, may
have originated farther south in deeper parts of the basin.

Canning Formation

The Canning Formation was named by
Molenaar and others (1987) for a thick, dominantly shale
unit that conformably overlies the Hue Shale and
underlies thick, deltaic deposits of the Sagavanirktok
Formation (fig. 5.10). Because of discontinuous
exposures and structural complications in the outcrop
belt, the type section of the Canning Formation was
designated as the section penetrated between 1,777 and
3,651 m (5,830 and 11,980 ft) in the West Staines State-
2 well in sec. 25, T. 9 N, R. 22 E. (figs. 5.2, 5.10). The
total thickness, including the 268-m-thick (880 ft)
Staines Tongue of the Sagavanirktok Formation, is 1,875
m (6,150 ft). In other wells immediately west of the
ANWR, the Canning Formation is 1,200 to 1,800 m
(4,000 to 6,000 ft) thick (pl. 1). Farther east, in the
structurally complex part of the 1002 area, deformation
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during Paleocene or Eocene time probably caused
thinning and truncation within the formation. At the type
well, the Canning Formation is disconformably overlain
by the Sagavanirktok Formation, but the disconformity
occurs within the Sagavanirktok to the south and west
because the formation contacts are at a lower
stratigraphic level than the disconformity (pl. 1).
Commonly, the upper contact is transitional and is placed
at the change from shale to the dominantly sandstone
lithologies of the Sagavanirktok Formation. The basal
contact of the Canning Formation is placed either at the
lowest sandstone or siltstone interbed located above the
Hue Shale or, on subsurface logs, at the boundary of
decreased gamma-ray, increased resistivity, or decreased
transit-time deflection at the top of the Hue Shale.

In the West Staines State-2 well and other wells
west of the ANWR, and in outcrops in the western part
of the area, the Canning Formation consists of slope and
shelf deposits that are subdivided, in ascending order,
into (1) a turbidite sandstone facies consisting of lower
slope and basinal shale with sandstone interbeds, and (2)
a thick slope and shelf shale facies. These facies are
coeval with deltaic and coastal plain facies of the
Sagavanirktok Formation to the west and southwest (pl.

1).

Turbidite Sandstone Facies

The turbidite sandstone facies crops out along
the Canning River west of and on both sides of the
Sadlerochit Mountains (figs. 5.9, 5.11). These rocks
consist mostly of dark-gray to gray-brown bentonitic
shale and siltstone, with generally thin beds of fine-
grained with some very fine to medium-grained
sandstone. Thin beds of bentonite also occur in the
Cretaceous part of the Canning Formation. The
sandstone beds are generally less than a few feet thick,
although a few amalgamated beds are as thick as 9 m
(30 ft) (Molenaar, 1983, p. 1075). Graded bedding,
bottom marks, and Bouma sequences, although not
ubiquitous, indicate a turbidity-current origin for these
sandstone beds (fig. 5.9C, D). Groove and flute casts
observed in outcrops around the Sadlerochit Mountains
indicate deposition by northeast- to east-flowing currents,
similar to that of the Arctic Creek facies (fig. 5.9D).

Figure 5.11. Columnar section of Cretaceous and lower
Tertiary(?) rocks exposed in Ignek Valley (NE¥% sec. 6,
T. 2 N.,, R. 26 E.) showing paleontologic age and
hydrocarbon source-rock data, and type section of Hue
Shale. TAI, thermal alteration index; R, vitrinite
reflectance. Modified from Molenaar (1983). See figure
5.2 for location of section and figures 5.7 to 5.9 for
photographs.

The position of the turbidites at or near the base of
clinoform beds observed in wells and seismic sections
west of the ANWR indicates deposition in water depths
ranging from 600 to 1,200 m (2,000 to 4,000 ft) or more
(fig. 5.10, pl. 1). Little is known of this facies in the
structurally disturbed part of the 1002 area to the east.

Around the Sadlerochit Mountains and in wells
west of the ANWR, the turbidite sandstone facies (of
which sandstone constitutes a very small part) is 300 to
900 m (1,000 to 3,000 ft) thick and ranges in age from
Campanian or Maestrichtian to Paleocene (fig. 5.10, pL
1). In the northwestern part of the ANWR, the turbidite
facies probably ranges in age from Paleocene to Eocene
and possibly Oligocene in the subsurface.

Sandstones of the turbidite sandstone facies are
considered to have reservoir potential in the 1002 area.
Although they have only poor to fair porosity and are
generally thin bedded in the outcrop belt, thicker, more
porous beds may occur in the subsurface in the 1002
area. These sandstone beds are discontinuous, which
enhances stratigraphic trapping possibilities. Some of the
wells in the Point Thomson-Flaxman Island area,
immediately west of the northwest corner of the ANWR,
have penetrated relatively thick beds or groups of beds
that are capable of oil and gas production. In the Jago
River and Niguanak River areas of the 1002 area (fig.
5.2), however, there are several outcrops of middle
Cretaceous to Eocene shales but few sandstone outcrops.

Slope and Shelf Facies

The slope and shelf shale facies crops out
sparsely in the foothills north of the Sadlerochit
Mountains, along the axis of Marsh Creek anticline, and
in the northernmost outcrops along the Jago and
Niguanak Rivers. It ranges in age from Paleocene to
Eocene and possibly Oligocene in the northern part of
the 1002 area and consists of medium-gray to gray-
brown, silty, bentonitic shale with minor thin beds of
very fine or fine-grained sandstone. The sandstone beds
are turbidites in the lower part of the unit and shelf
sandstones in the upper part, where they grade into the
overlying Sagavanirktok Formation. Matrix-supported
sand grains and pebbles in the silty shale are
characteristic of the Eocene part of the sequence (fig.
5.9E). The slope and shelf shale unit is about 1,220 m
(4,000 ft) thick in wells west of the ANWR (fig. 5.10, pl.
1). The thickness is probably different in the structurally
deformed part of the 1002 area and the only slightly
folded Eocene rocks immediately north. The Eocene
rocks apparently postdate much of the deformation in
this part of the coastal plain and rest unconformably on
older rocks.

At the West Staines State-2 well, the Canning
Formation is Paleocene and Eocene in age, based on
palynomorph data (fig. 5.10). To the east, the uppermost
part of the Canning ranges into the Oligocene, as
indicated on seismic line 84-1 (pl. 4).
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Jago River Formation

The Jago River Formation, which was named by
Buckingham (1987), is an anomalously thick section of
predominantly nonmarine rocks exposed in the
southeastern part of the 1002 areca near the Jago River
(fig. 5.2). The best exposures are along Igilatvik Creek
{Demarcation Point C-5 quadrangle, scale 1:63,360), also
known as Sabbath Creek (Detterman and others, 1975;
Reiser and others, 1980). Detterman and others (1975)
reported a thickness of 3,270 m (10,725 ft) and
Buckingham (1985a, 1987) a thickness of 2,861 m (9,387
ft) for this section. It consists of thick units of
sandstone, conglomerate, siltstone, and shale with thin
beds of coal. Pyroclastic material, which is common in
coeval rocks to the west, is absent (Detterman and
Spicer, 1981; Buckingham, 1985a).

The Jago River Formation is interpreted as a
regressive sequence of shallow-marine siltstone and
distributary-channel sandstones in the lowermost part that

grades upward into delta-plain and conglomeratic
alluvial-plain facies (Molenaar, 1983, p. 1077). These
rocks are dated as (1) Paleocene based on pollen (Palmer
and others, 1979; Lyle and others, 1980), (2) Late
Cretaceous or early Tertiary based on plant fossils
(Detterman and Spicer, 1981), and (3) Late Cretaceous in
the lower two-thirds of the section and Paleocene in the
upper third based on plant fossil determinations by R.A.
Spicer (Buckingham, 1985b). On the basis of age and
genetic and lithologic similarities, the Jago River
Formation is correlated with the Moose Channel
Formation of the Mackenzie Delta area, 240 km (150 mi)
to the east (Detterman and Spicer, 1981; Buckingham,
1985a).

The geographic position of the thick section of
nonmarine rocks of the Jago River Formation is
anomalous with respect to thinner coeval turbidite
sandstone facies of the Canning Formation observed in
the Sadlerochit Mountains area 64 to 80 km (40 to 50
mi) to the west, unless the nonmarine rocks represent
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deposition from a closer source to the south or southeast.
Indeed, current-direction features observed by
Buckingham (1985b, p. 79) indicate general current
dispersal directions to the north and northwest. In the
Canadian Beaufort Sea, the Dome Petroleum Natsek E-
56 well, about 145 km (90 mi) to the east, penetrated
1,569 m (5,148 ft) (base not penetrated) of Paleocene
deltaic rocks, including thick coal beds (Dietrich and
others, 1985). These deltaic rocks, which may correlate
with the Jago River Formation, must have had a southern
or southeastern source.

Another problem of geographic position is that
similar thick nonmarine or shallow-marine-equivalent
rocks do not crop out in the complexly deformed area 29
km (18 mi) to the north, where both older and younger
rocks are exposed. Possible explanations of this may be
(1) that these rocks were cut out by the fault that
separates Cretaceous rocks on the south from Eocene
rocks to the north along the Jago River; (2) that these
strata were deposited in a contemporaneously growing
syncline or basin, and thus coeval rocks to the north are
much thinner; (3) that the Jago River Formation may be
on a far-traveled plate of a thrust fault and was originally
a greater distance from the thinner, more distal coeval
rocks that crop out to the north; or (4) that rocks
equivalent to the Jago River Formation were removed,
all or in part, by erosion under an Eocene unconformity
in the subsurface to the north. Significant northward
displacement by thrust faults is likely because the
underlying Arctic Creek facies exposed to the south is
also anomalous with respect to coeval rocks to the west.
Therefore, the latter two explanations are considered the
most plausible.

Sagavanirktok Formation

The Sagavanirktok Formation is a thick
shallow-marine and nonmarine unit overlying and
intertonguing with the Canning Formation (fig. 5.10).
Parts of the Sagavanirktok crop out along the Canning
and Kavik Rivers west of the Sadlerochit Mountains and
on the north flank of the Marsh Creek anticline (fig. 5.2).
It consists dominantly of fine- to medium-grained
sandstone and generally bentonitic shale with lesser
amounts of conglomerate and minor coal. On the north
flank of the Marsh Creek anticline, where an incomplete
thickness of 1,500 m (5,000 ft) was calculated, the sands
and conglomerates are friable (Morris, 1957). In wells
adjacent to the northwest corner of the ANWR, the
Sagavanirktok is 1,800 to 2,300 m (6,000 to 7,500 ft)
thick.

The Sagavanirktok Formation conformably
overlies the Canning Formation in most places west of
the ANWR, but in several wells northwest of the ANWR
there is an unconformity at the base of the unit. In this
area, a conglomeratic sandstone rests directly on marine

shale (fig. 5.10) with no angular discordance. This
unconformity may correlate with a late Eocene
unconformity in the Mackenzie Delta area (Dietrich and
others, 1985) and with the angular unconformity
observed in the lower part of the Tertiary section in the
Beaufort Sea off the eastern half of the ANWR (Grantz
and May, 1983). The unconformity also may be related
to compressional tectonics occurring in the 1002 area to
the east. Seismic and surface data in the 1002 area
indicate that significant tectonism occurred during or
immediately prior to Eocene deposition. According to
seismic data in the less deformed northwestern part of
the 1002 area, however, the unconformity dies out to the
east, and the deltaic sequence again rises stratigraphically
as it progrades to the east or northeast (fig. 5.10). The
unconformity northwest of the ANWR may be the result
of a relative drop in sea level, during which the
underlying shale was scoured by fluvial or deltaic
channels that extended out on the shelf.

In most of the coastal plain of northeastern
Alaska, the Sagavanirktok Formation is unconformably
overlain by less than 60 m (200 ft) of the Gubik
Formation, which in this area is Pleistocene in age
(Detterman and others, 1975, p. 40).

Micropaleontologic data from wells and from
outcrops in the uppermost part of the Sagavanirktok
Formation (Nuwok Member) on the north flank of the
Marsh Creek anticline (Detterman and others, 1975, p.
39) indicate that the main part of the Sagavanirktok is
late Eocene to Pliocene or younger in age in and
adjacent to the northwestern coastal plain of the ANWR
(fig. 5.10). The 268-m-thick (880 ft) Staines Tongue of
the Sagavanirktok Formation, which is almost 600 m
(2,000 ft) below the main part of the formation in the
West Staines State-2 well, is mostly Paleocene in age
(fig. 5.10, pl. 1).

The base of the Sagavanirktok is diachronous
and is older to the west and south. It formerly was
considered to be no older than Tertiary in age (Gryc and
others, 1951, p. 167; Detterman and others, 1975, p. 39).
As a mappable lithologic unit, however, the lowermost
part is Late Cretaceous in age at Prudhoe Bay (pl. 1) and
in areas to the west and southwest (Molenaar and others,
1986).

Correlation of well-log markers within the
Sagavanirktok Formation in wells west of the ANWR
indicates uniform deposition on a shelf and delta or
coastal plain. Deposition was alternately shallow marine
and nonmarine in character as the seaway transgressed
and regressed across the area. There probably are
several disconformities or hiatuses within the section due
to sea-level changes, but the dominant depositional
pattern was progradation to the northeast.

Sandstones and  conglomerates of the
Sagavanirktok Formation would be good reservoirs for
petroleum. However, because of the dominance of
sandstone in the section, effective seals for traps may be
limited (see chap. 7).
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Chapter 6.

Quaternary Seismic Stratigraphy of the Inner Continental Shelf
North of the Arctic National Wildlife Refuge

By Stephen C. Wolf ,! Peter W. Barnes,’ Douglas M. Rearic,! and Erk Reimnitz'

INTRODUCTION

The transgressive and regressive history of the
sea along the Arctic continental margin during glacial
periods is poorly understood owing to the limited number
of Arctic studies and the limited understanding of Arctic
marine geologic processes. Development of this history
is needed to interpret the thermal and permafrost regime,
to better understand past and future climatic trends, and
to assess the present stability of the coast and shelf
sediments and the potential for deposits of sand and
gravel.

The following report provides a stratigraphic
framework based on the interpretation of shallow-
penetration (less than 50 m, 160 ft) seismic data. These
sediments were deposited during Pleistocene and
Holocene time on the inner shelf of the Beaufort Sea
between the Canning River and the Canadian border, a
shoreline distance of approximately 180 km (110 mi).
The purpose of this study has been to obtain and
interpret all available geophysical data, to develop an
understanding of the geologic framework that operated
during Quaternary time, and to describe the recent
geologic history of the area. The report is an eastward
extension of an earlier report by Wolf and others (1985)
that describes the shallow seismic stratigraphy between
Prudhoe Bay and the Canning River (fig. 6.1).

Geophysical data for this study were acquired
along approximately 675 km (420 mi) of tracklines,
many of which extended 20 km (12 mi) seaward from
the coast (fig. 6.1). Uniboom and Geopulse seismic
systems were used for the shallow seismic surveys.
These systems penetrated as deep as 50 m (165 ft)
beneath the seafloor in some areas. Raytheon RTT 1000
and Innerspace bathymetric profiling systems provided
bathymetric data as well as high-frequency (7 kHz)
subbottom seismic data. Side-scan sonar data, although
not a significant part of this report, were acquired with
an EG&G model 259-4 100-kHz system and a Klein

1y.s. Geological Survey, Menlo Park, Calif.

531T 100- and 500-kHz system that incorporated a
subbottom profiler and microprofiler. A listing of data
from vessel logs is shown in table 6.1.

The primary reason for the apparent random line
patterns is that the field-work objectives and priorities
varied from year to year, as did the sea-ice distribution.
The latter is a factor that commonly dictates where and
how a particular line can be run. Furthermore, seismic
profiles represent only a fraction of the data gathered.
Often specific study topics were pursued, involving such
additional techniques as underwater photography and
video recording, diving operations, sediment and water
sampling, coring, ice-gouge studies, and repetitive
surveys of certain lines with side-scan and 7-kHz
equipment.  Furthermore, many tracklines simply
represent transit lines from one study site to another, on
which only bathymetric data were taken. Reports of
results of other studies may be found in Bames and
others (1980), Kempema and others (1981, 1983),
Reimnitz and others (1982), and Minkler and others
(1982).

PHYSIOGRAPHY

Coastal Plain

We  briefly describe the coastal-plain
physiography in order to provide an insight into the type
of terrain encountered by the transgressing sea during the
postglacial rise in sea level. A more detailed
physiographic description of the entire area may be
found in Walker and others (1982). The westem part of
the coastal plain in this study extends from the Canning
River to Barter Island and encompasses Camden Bay.
The hills in this area are higher than those on the coastal
plain to the east. Because the land rises steeply from the
sea, coastal bluffs up to 10 m (35 ft) in relief can be
observed. Stream drainage is well defined across the
irregular surface, which is characterized by thaw lakes
and ponds. The Canning, Katakturuk, Sadlerochit,
Hulahula, and Okpilak Rivers all flow into Camden Bay.
Except for the Katakturuk, each river has a delta at the
coastline; the largest is associated with the Canning
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River. The hilly coastal plain rises southward from
Camden Bay to the Sadlerochit Mountains over a
distance of 40 to 50 km (25 to 30 mi) (fig. 6.1).

The irregular coastline east of Barter Island
consists of many lagoons and bays but is dominated by
barrier islands. The coastline is backed by low-lying
tundra, with small bluffs reaching heights of about 8 m
(25 ft) near Barter Island. The coastal onshore area east
of Barter Island is characterized by gentle slopes
ascending from the coast toward the foothills of the
Brooks Range some 25 to 50 km (15 to 30 mi) to the
south. Numerous lakes are interspersed within the hilly
terrain. Active and abandoned stream channels have
resulted in the formation of a dissected land surface. The
largest rivers flowing to the Beaufort Sea in this area are
the Aichilik, Egaksrak, and Kongakut, all of which have
small deltas at their mouths (fig. 6.1).

The eastern part of the coastal plain is
characterized by two large fans to the south and west of
Demarcation Bay (fig. 6.1). The Brooks Range lies only
20 km (12 mi) south of the coastline here, and as a
consequence the fans have steep gradients. The largest

fan, formed by the Kongakut River, terminates at the
coast, which leads to the formation of barrier islands,
narrow lagoons, and minor deltas. The smaller fan to the
east is somewhat irregular in shape, being cut by
Demarcation Bay on the west and having a coastal-plain
lake morphology in the central sector.

Offshore Physiography

The inner shelf of the Beaufort Sea has a gentle
seaward gradient, with bathymetric contours that
generally are subparallel to the coastline. In Camden
Bay, water depths of 40 m (130 ft) are encountered
about 40 km (25 mi) north of the coastline (fig. 6.2).
From Barter Island ecastward, the seafloor gradient is
twice as steep as that west of Barter Island, and depths
reach 40 m (130 ft) within 20 km (12 mi) of the coast.
Side-scan sonar data show the seafloor to be severely ice
gouged throughout the region (Reimnitz and others,
1982). A large offshore ridge with relief of 4 to 8 m (13
to 26 ft) and length of approximately 30 km (19 mi)
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Table 6.1. R/V Loon and R/V Karluk log data for seismic tracklines for the area from the Canning River to
Demarcation Bay, Alaska (exclusive of side-scan sonar)

[High-resolution system used; 1972, Minisparker; 1980-82, Uniboom; 1983, Geopulse. n.d., no data]

High-resolution Subbottom data
seismic data (7 kxHz)
Year Date Line no. Julian date Time Roll no. Roll time Roll no.
1972 8/30 5-71 242 1532-1611 5 n.d. nd.
8/30 6-71 242 1615-1648 6 n.d. nd.
8/30 7-71 242 1654-1726 7 n.d. n.d.
8/30 8-71 242 1756-1815 8 n.d. nd.
8/30 9-71 242 1950-2018 8 n.d. nd.
8/30 10-71 242 2021-2107 10 n.d. nd.
8/30 11-71 242 2111-2155 11 n.d. nd.
1980 7/19 1-80 201 n.d. n.d. 1245-1530 1
7/20 2-80 202 1305-1455 1 1305-1455 1-2
7121 3-80 203 0830-1048 1 0830-1048 2-3
/21 4-80 203 1151-1900 1-2 1151-1900 34
7/22 5-80 204 0600-1630 2 0600-1630 4.5
7123 6-80 205 0900-1915 2-3 0900-1915 6-7
1981 7/20 8-81 201 n.d. n.d. 0930-1400 3
7/21 9-81 202 0849-1900 1-2 0849-1900 4.5
7/22 10-81 203 n.d. n.d. 0957-1725 6-7
7/23 11-81 204 0845-1356 23 0845-1356 7-8
7124 12-81 205 0952-1252 3 0952-1252 8
R4 13-81 205 1338-1825 3 1338-1825 9
7725 14-81 206 0939-1650 4 0930-1650 10-11
71217 15-81 209 0834-1125 4-5 0834-1125 11
8/9 31-81 221 1735-1900 6 1735-1900 23
8/10 32-81 222 1205-1947 6 1205-1947 23-24
8/11 33-81 223 1041-1345 7 1041-1345 25
8/11 34-81 223 1604-1902 7 1604-1902 26
8/12 35-81 224 1110-1651 8 1110-1651 26-27
8/13 36-81 225 0941-1714 8-9 0941-1714 27-28
8/14 37-81 226 1124-1425 9 1124-1425 29
8/15 38-81 227 0831-1152 10 0831-1152 29
1982 9/3 8-82 246 1706-2020 2 n.d. n.d.
9/5 9-82 248 0850-1544 2-3 nd. nd.
9/5 10-82 248 1545-1855 3 n.d. nd.
1983 8/8 26-83 220 1450-1800 4 1420-1800 3
8/8 27-83 220 1800-2145 5 1800-2145 3
8/ 28-83 221 1333-1725 5 133301725 3
89 30-83 221 1925-2000 6 1925-2000 4
8/9 30-83 221 n.d. n.d. 2032-2110 4
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trends semiparallel to the coastline from Barter Island
southeastward at a distance of 10 to 12 km (6 to 7 mi)
offshore. This ridge is commonly congested with
grounded ice masses, which impede deep-draft ice from
flowing onshore (Reimnitz and Maurer, 1978). Seismic-
reflector data indicate that the ridge is an erosional
remnant related to the underlying geology. Similar
ridges or shoals were observed in Camden Bay and are
related both to the underlying geology and to
constructional processes. These ridges are discussed in
more detail later in this report.

SEISMIC DATA AND ANALYSES

All seismic data were interpreted in order to
determine reflectors that might be correlated throughout
the area. Only two acoustic surfaces, which we have
called horizons A or A’ and B, were found to be
traceable over most of the study area. The shallower
surface (horizon B) was found to be less continuous than
horizon A or A’, particularly in Camden Bay; as such, it

could not be contoured with any confidence. However,
its relationship in depth below seafloor and vertical
separation from horizon A was fairly consistent where
observed. Nevertheless, sufficiently large areas or gaps
existed in the acoustic data for horizon B to make
correlation of the horizon from line to line difficult.
These gaps are primarily due to wide line spacing, poor
resolution, and (or) diminished acoustic impedance
resulting from the presence of identical acoustic facies
above and below the horizon.

In Camden Bay, the Quaternary stratigraphy is
complicated by the presence of complex pre-Quaternary
structures, which are discussed later. The stratigraphy
east of Barter Island is simple, showing units that are
conformable to each other. In the eastern area, however,
acoustic units above and below horizons A and B in
places show cut-and-fill channels that are only traceable
over short distances because of the wide spacing of
tracklines. The complex subsurface structures effectively
divide each horizon surface into two sections. For the
purposes of the following discussion, horizon A’ refers to
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Figure 6.2. Location of U.S. Geological Survey tracklines in Canning River-Barter Island area, Beaufort Sea (1971 to

1982; see fig. 6.1).
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the Camden Bay section and horizon A for the section
between Barter Island and Demarcation Bay. Horizon B,
for the reasons stated above, is not subdivided. Although
surfaces A and A’ may in fact be equivalent to each
other in time of formation and proximity to the coastline,
there is a lack of sufficient seismic data to confirm this
hypothesis.

Two reflectors that lie above horizons A, A’,
and B throughout the area are actively being destroyed
by intense ice gouging, particularly along the seaward
margin of the area. These young reflectors have seaward
dips along the inner shelf, flatten seaward, and are being
truncated at the seafloor over much of the region.

The uppermost acoustic sedimentary sequence,
which consists of an acoustically transparent unit, was
found in four places in the study area: in Camden Bay,
in the central outer part of the study area north of
Beaufort Lagoon, in Beaufort Lagoon, and within
Demarcation Bay. Very high resolution (7 kHz) data
were useful in resolving sediments near the seafloor that
were 1 m (3 ft) or less in thickness.

DESCRIPTION AND SIGNIFICANCE OF
ACOUSTIC REFLECTORS

Canning River to Barter Island

Tracklines interpreted in this area are
concentrated into two groups with little coverage
between them; this made correlation from one group to
the other difficult. One trackline set is in Camden Bay,
centered around line 6-80; the other is north-northwest of
Barter Island, centered around line 4-80 (fig. 6.2).

The Camden Bay and Barter Island sets of
tracklines exhibit different structures and seismic
stratigraphies. The Camden Bay sequence is similar to
that described for the region between Barter Island and
Demarcation Bay, but horizon A’ has more relief than
horizon A. Data gaps and complex structural trends near
Barter Island prevent the tracing of features from the
Canning River to parts east of Barter Island. Therefore,
the stratigraphic sequences of the Camden Bay and
Barter Island trackline sets are considered separately.

The Camden Bay set lies adjacent to the area
that was studied in detail and described by Wolf and
others (1985). That report concluded that a broad,
subsurface delta system, which overlies relatively flat-
lying marine sediments, exists immediately west of the
present study area.

Camden Bay Area

The seafloor in Camden Bay is depicted in
figure 6.3. Of significant physiographic interest are the
long linear ridges that are apparently subparallel to the

bathymetric contours. These ridges have no internal
reflectors in some cases, but generally they are residual
highs composed of eroded, relatively flat-lying
sedimentary sequences, much like those north of Barter
Island. Ridge A, the long 2-m-high (6 ft) ridge of figure
6.3, appears to be constructional because it lacks internal
reflectors and is situated shoreward of a subsurface
structural high. Likewise ridge B, a 1-m-high (3 ft)
ridge to the south, also lacks internal reflectors but has
sedimentary sequences onlapping on its north and south
flanks (fig. 6.3). This configuration suggests that this
particular ridge may be a submerged barrier island
formed at a lower stand of sea level.

The seaward-dipping seismic unit 3 and the
relatively flat-lying units 2 and 1 near the shoreline are
remarkably similar to nearshore acoustic units east of
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Barter Island. Until further seismic data are acquired,
one can assume, on the basis of similar acoustic
signatures and distribution, that these units are the same
as those described between Barter Island and
Demarcation Bay.

An area of acoustically transparent sediment was
observed south of ridge A (fig. 6.3). The accumulation
is up to 4 m (13 ft) thick and may represent an area of
Holocene deposition. Sediment samples and additional
seismic-reflection data are needed to substantiate this
hypothesis.

The eastern and southern dips of unit 3 shown
in the extreme northern part of the area suggest a
subsurface high. This high may represent a near-surface
reflection of the deeper Camden anticline (Grantz and
others, 1983; chap. 21). Unit 2 to the south rises to the
north and crops out both there and on its southern flank
(fig. 6.4). The seafloor has a slight northward gradient
and is intensely ice gouged.

Except for the area of possible Holocene
sediment accumulation and constructional ridges, the
entire area, like the region to the east of Barter Island, is
undergoing intense ice gouging; the area appears to be a
region of little deposition and probably is being eroded.

The contoured surface of horizon A’ (fig. 6.4)
shows variable relief, unlike the surface of horizon A
between Barter Island and Demarcation Bay. Seismic
data show reflectors that top lap into the surface and
indicate that this surface is an unconformity. The relief,
therefore, may reflect directions of surface drainage
during the time the erosional surface was formed. The
underlying anticlinal high, at depth, to the north of the
area may have played a dominant role in controlling
relief. Drainage from an ancestral Camden Bay may
have been disrupted by a growing Camden anticline and
thus forced to flow to the northeast and northwest around
the high. The acoustic stratigraphy above and below
horizon A’ shows a significant number of cut-and-fill
channels, which suggests that this region has had an
active depositional and erosional history. The equivalent
of horizon B was more difficult to resolve in this area
than in the region east of Barter Island, perhaps as a
result of this increase in depositional and erosional
activity and of the topographic influence of the growing
anticlinal high on accumulation and removal of
sediments. The sequences that top lap into horizon A’
and define the near-surface expression of the anticlinal
high suggest that sedimentation rates have been Iess
since the formation of horizon A’ than they were before
the events that formed this horizon; however, periods of
cutting and filling of channels continued to occur and
indicate a history that is similar to the one suggested for
the area from Barter Island to Demarcation Bay.

Barter Island Area

A subsurface map of a sedimentary structure
centered approximately 20 km (12 mi) north of Barter

Island is shown in figure 6.5. The structure consists of a
folded and faulted sequence containing two geologic
units (units 4 and 5) with differing apparent dips. On
seismic records, the angular terminations of beds at this
contact suggest that there is an unconformity between the
two stratigraphic units. The unit northwest of the contact
(unit 5) is anticlinal with evidence of faulting along its
southern flank. The unit southeast of the contact (unit 4)
appears to lap onto this large structure and is
characterized by very slight dips to the southeast.
Outcrops of both stratigraphic units may be
present on the seafloor, but seismic and 7-kHz records do
not allow their delineation. The presence of this
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subsurface structure means that horizon A to the east
and horizon A’ to the west must crop out on the seafloor
along the flanks of the structure; this in turn suggests that
these two different stratigraphic units (units 4 and 5) are
much older than horizons A and A’. Additional seismic
data will be required to delinecate and tie these
stratigraphic units together with horizons A and A’.

A sediment cover of variable thickness overlies
this structure. As much as 4 m (13 ft) of sediment cover
occurs above the structure in the southeastern part of this
area. Bedding features within this sediment cover are
being destroyed by ice gouging. This cover thins near
the anticlinal axis.

The series of faults and dips northwest of Barter
Island and in the lagoons to the south (fig. 6.5) align
well with the northeasterly trend of the Marsh Creek
anticline, which lies well to the southwest. Bedrock in
the lagoons is close to the lagoon floors and is covered
by thin Holocene(?) deposits.
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Figure 6.5. Subsurface structures northwest of Barter
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Barter Island to Demarcation Bay
Horizons A and B

USGS trackline coverage provided seismic data
to delineate horizons A and B throughout much of the
Barter Island to Demarcation Bay area (fig. 6.6). Our
data extend to water depths of 40 m (130 ft) and achieve
as much as 50 m (160 ft) subbottom penetration. A
representative seismic-reflection profile showing acoustic
stratigraphy on the inner shelf between Barter Island and
Demarcation Bay is shown in figure 6.7. Here we briefly
describe these two horizons.

Horizon A. —The most persistent and deepest
reflector is horizon A (fig. 6.7). Below horizon A
throughout much of the area, the acoustic signal is weak
and little bedding is observable. Seaward- (northward)
dipping reflectors can be seen top lapping into horizon A
on line 34-81 (fig. 6.8). Similar features observed along
other seismic lines suggest that horizon A represents an
unconformity. Based on interpretations at many
onshore-offshore trackline crossings, it appears that
horizon A is approximately 45 to 50 m (148 to 164 ft)
below the seafloor in water depths of 40 m (130 ft) along
the outer limits of the area surveyed. Horizon A shallows
to approximately 30 m (100 ft) below the seafloor in the
midregion at approximately 25 m (80 ft) water depth.
Seismic data are marginal near the coast, which makes it
difficult to delineate horizon A.
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Figure 6.6. Location of U.S. Geological Survey
tracklines in the Jago Lagoon-Demarcation Bay area,
Beaufort Sea, (1971 to 1983) and segments of lines
illustrated in this report (see fig. 6.1).
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Horizon B. —The next higher major acoustic
boundary, horizon B, was somewhat difficult to resolve
as a continuous linear reflector. In general, however, it is
seen as the top of an acoustic sequence composed of
closely spaced, thinly laminated, coherent reflectors (fig.
6.7). These reflectors are relatively flat lying with local
areas of seaward-dipping intemal reflectors. Between
horizons A and B is a unit characterized by widespread
but persistent reflectors in a homogeneous sequence (fig.
6.8, upper profile).

Horizon B in figure 6.9 (upper profile), as with
horizon A in figure 6.8, indicates that units below are top
lapping into the horizon surface. This evidence suggests
that horizon B may also be an unconformity. There are
numerous examples that support this interpretation. In
figure 6.9 (upper profile), horizon A has only subtle
suggestions of top-lapping units. In figure 6.9 (lower
profile), horizon A is obscured by locally strong
multiples. Horizon B, on the other hand, although
occasionally blocked by what appears to be gas, has a
very high acoustic impedance. This high reflectivity
occurs in many areas, especially near the coastline. In
general, horizon B lies approximately 15 m (50 ft) below
the seafloor in 40 m (130 ft) water depth and shallows to
5 m (16 ft) below the seafloor in 15 m (50 ft) water

depth. Seismic data near the coast are marginal, but it
appears that horizon B may crop out near the coastline.

Generally, horizons A and B lie subparallel to
the seafloor, with most cut-and-fill channels occurring
between the two. The largest channel observed lies
below horizon B, with the base defined by horizon A; the
channel is situated approximately 10 km (6 mi) north of
Demarcation Bay and was observed on lines 26 to 28 of
the 1983 cruise. The channel axis trends west-northwest
to east-southeast, is approximately 10 to 12 km (6 to 7
mi) in width, and has 5 to 10 m (15 to 35 ft) of relief.
Its relationship to present land features is unclear
because the line spacing does not allow us to extend the
axis to the east or west.

Units Above Horizon B

Above horizon B and commonly 5 to 10 m (15
to 35 ft) below the seafloor in the outer part of the study
area is a third, rather dominant horizon with an irregular
surface that occasionally is composed of short,
overlapping, horizontal ‘‘minireflectors.”” Near the
seafloor between times 1620 and 1630 (fig. 6.8, upper
profile), 4 to 10 m (13 to 33 ft) below the seafloor, lies
an acoustic grouping of tightly spaced, flat-lying
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Figure 6.7. Representative seismic section for area northwest of Demarcation Bay in 40-m (130-ft) water depth along

trackline 26-83 (see fig. 6.6).
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reflectors.  This grouping phenomenon and the irregular
surface previously mentioned have been observed along
other lines but not frequently enough to demonstrate the
continuity of either. The occasional grouping of
reflectors may reflect a change in sediment type from
nonbedded to bedded sequences, which lie just below the
seafloor in isolated areas.

The 7-kHz record in the lower part of figure 6.8
shows that these bedded units have not been deposited
recently but rather are older units that are actively
undergoing destruction by intense ice gouging

(particularly north of Barter Island, where the gouging
penetrates a meter or two down into the seafloor). Ice is
acting as a natural ‘‘rototiller,”” destroying previous
stratigraphy and homogenizing the upper few meters of
the seafloor sediments.

The effects of this scouring can also be
demonstrated in the vicinity of the offshore shoals. The
topographic high at the north end of figure 6.8 (lower
profile) is the inshore flank of a southeast-trending linear
shoal north of Barter Island in approximately 50 m (160
ft) of water. During some surveys, this area was

! Tl O Y

Figure 6.8. Scismic lines from area northeast of Barter Island, Beaufort Sea. A. Uniboom data, line 34-81. B. 7-kHz

data, line 33-81. See figure 6.6 for locations.
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congested with large grounded ice masses. Acoustic
reflectors within the shoal terminate at or near the
seafloor, and in this particular example, at least 4 m (13
ft) of bedded materials to the south have been destroyed
and removed from the area. This destruction by ice
masses is characteristic throughout the area but is best
shown along this shoal. Clearly, recent deposition is not
occurring; rather, the data demonstrate that rapid
degradation of the inner shelf and removal of sediments
from the area is taking place. Excessive removal of
sediments from the area may also have been facilitated
by stream erosion during periods of low sea-level stands.

Along the inner shelf, there are groups of
reflectors that have seaward dips and appear to crop out
at the seafloor. Two examples of 7-kHz records
illustrating these seaward-dipping reflectors are shown in
figure 6.10. Dips along the tracklines are approximately
30 minutes, although the dips vary, which suggests a
somewhat variable depositional history. Pinch-outs of

north-dipping wedges can be observed in the lower
profile of figure 6.10, especially toward the southern end.
These records are representative of others throughout the
area. In most cases, the reflectors appear to be truncated
at or near the seafloor, with little suggestion of Holocene
sediment cover.

The distribution of the reflectors above horizon
B is shown in figure 6.11. Geologic units defined by
these reflectors are generally horizontal along the
coastline. These reflectors grade into the northwest-
southeast-trending belt of seaward-dipping reflectors (unit
3), similar to those shown in figure 6.10. Locally, the
uppermost reflectors, which define the base of unit 2,
flatten out seaward and are essentially parallel to the sea
surface; they range from O to 8 m (0 to 26 ft) in
thickness. As a result of the seafloor having a seaward
gradient greater than that of this unit, the basal reflector
should crop out farther seaward in some places. In fact,
such outcrops do occur in the northwestern part of this

Figure 6.9. Representative middle inner-shelf (15 to 25 m; 50 to 80 ft) seismic-reflection profiles along trackline 35-
81. Possible gas-charged sediments are marked on profile B (see fig. 6.6 for locations).
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areca. The unit is actively being destroyed by ice
gouging, as shown in figure 6.8. The presence of the
offshore linear shoal north of Barter Island accounts for
the preservation of the top reflector between the two
areas of destruction. Another area of destruction occurs
north of Demarcation Bay.

Above these reflectors and within the horizon
disturbed by ice gouging, short, discontinuous reflectors
that are subparallel to the seafloor occur at relatively
consistent depths. Throughout the area, these short
reflectors were observed near the seafloor, but a
continuous surface as such was not noted. These short
reflectors may indicate an acoustic impedance difference
that was established within the near-surface sediments as
a result of ice keels that penetrated and slid along the
subseafloor. It is possible that if conditions of sea level

and ice availability remain static over long periods of
time, a continuous subsurface reflector may be created by
this process. Canadian researchers refer to the area above
this reflector as the scour saturation zone (SSZ; Harper
and Penland, in press).

Youngest Units (Including Holocene Units)

In the middle part of the Barter Island to
Demarcation Bay area, north of Beaufort Lagoon (figs.
6.6, 6.11), the ‘‘top-flattening seaward’’ unit (unit 2)
appears to be overlain by an even younger unit. This
youngest unit (unit 1) is shown on seismic sections in
figure 6.12. In both sections, the unit occurs in about 40
m (130 ft) of water and appears as a homogeneous,
acoustically transparent sequence. On line 36 (fig. 6.12,
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Figure 6.10. Examples of 7-kHz records showing seaward-dipping reflectors that are truncated at seafloor. A. Line

33-81. B. Line 36-81. See figure 6.6 for locations.
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lower section) the unit is very thin, but it increases to
approximately 5 m (16 ft) thickness on line 35 (fig. 6.12,
upper section). At least two possible interpretations can
be applied to this new unit. Either it is, in fact, a
younger Holocene(?) accumulation, or else it may
represent a facies within the ‘‘top-flattening-seaward’’
unit described earlier. Line spacing does not permit
extension of this unit to the northwest or southeast. The
fact that the landward edge of unit 1 appears to be
farther inshore than the boundary where ice gouging has
destroyed unit 2 below suggests that this accumulation
may in fact be a sedimentary facies rather than Holocene
sediments. On the other hand, the bathymetric contours,
which generally maintain a subparallel trend to the
coastline, suggest a slight depression or embayment in
this area that might allow the Holocene sediments to

accumulate (see fig. 6.6). In general, if inner-shelf
accumulations of Holocene materials are to be found,
this area would be the most likely.

Holocene sediments are thought by many
researchers to be present along barrier islands and in
some bays and lagoons. Some unconsolidated
Holocene(?) sediments as thick as 4 m (13 ft) have been
found in Demarcation Bay (fig. 6.13). These sediments
have been deposited on a surface of hummocky relief
rather than on a flat or in a bowllike feature. More than
3 t0 4 m (10 to 13 ft) of sediments have accumulated
inshore of the spits and islands marking the seaward
boundary of the bay, particularly along the sand-gravel
spit on the northwest side of the bay (fig. 6.13). Outside
the bay, the Holocene(?) sediments thin to zero within 1
or 2 km (0.6 to 1.2 mi) of the opening. Farther seaward,
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Figure 6.11. Seafloor, showing apparent distribution and attitudes of geologic units above horizon B along the inner
shelf between Jago Lagoon and Demarcation Bay (see fig. 6.1).
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the 7-kHz records suggest the truncation of sedimentary
units at the seafloor, as discussed earlier. The zero
contour marks the transition zone between present-day
nearshore deposition and offshore erosion or lack of
deposition.

Landsat imagery (fig. 6.14) suggests areas of
active Holocene deposition at the terminus of the large
fan along the coast west of Demarcation Bay. The
light-gray areas in the water indicate turbid water masses
trapped behind the barrier islands and partly within
Demarcation Bay. False-color imagery shows minor
sediment-laden water masses exiting through passes
between barrier islands into the Beaufort Sea. The flow
of water masses was eastward at the time this image was
taken.

Beaufort Lagoon, midway between Barter Island
and Demarcation Bay, is another area that appears to
have a similar thickness of Holocene(?) sediments (fig.
6.11). In figure 6.15, the thickest deposits include the
barrier islands within the contour lines. This suggests, as
one might expect, that the barrier islands in this region
are Holocene in age and that some Holocene sediments
have accumulated subparallel to the islands on both the
seaward and lagoonal sides. The transition to an
erosional surface again occurs a few kilometers offshore
from the barrier islands, similar to the distribution of
Holocene(?) sediments in  Demarcation  Bay.
Coincidently, both areas reflect Holocene(?) sediment
accumulations of approximately 3 to 4 m (10 to 13 ft).
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Figure 6.12, Possible Holocene(?) sediment accumulations northeast of Beaufort Lagoon. A. Line 35-81. B. Line 36-

81. See figure 6.6 for locations.
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Acoustic Anomalies Suggesting Gas

Horizon B is broken in several places by
acoustic signatures that have been interpreted as
representing gas-charged sediment accumulations. The
areal distribution of these signatures was plotted along
seismic tracks where observed, but too few occurrences
were seen (o make it possible to determine a pattern of
distribution or to allow one to identify gas-rich areas.
Most nearshore occurrences are generally located near
entrances to lagoons or are associated with small deltas,
but these occurrences are few and small in size.

The two largest gas-signature areas were
observed north of Demarcation Bay (fig. 6.11). The gas
signatures do not appear to be of near-surface origin.
Their sources may be at depth and are perhaps associated
with the broad west-northwest- to east-southeast-trending
channel that occurs between horizons A and B north of
Demarcation Bay. The seaward signature probably
defines the northeast side of the channel, which may
represent an older barrier-island complex at depth; these
accumulations may have formed from decay of organic
matter in lagoonal deposits located inshore (southwest) of
the old barrier islands, or instead they may be of thermal
origin at depth.

AREAL DISTRIBUTION AND ANALYSIS OF
HORIZON A

Sufficient data exist to permit line-to-line
correlation and contouring of horizon A from Barter
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Figure 6.13. Thickness of Holocene(?) sediments (in
meters) and tracklines in Demarcation Bay (see fig. 6.1).

Island to Demarcation Bay (fig. 6.16). Water depths and
depths to horizon A are given in milliseconds below sea
level. As shown, horizon A slopes seaward and
generally has contours that parallel the coastline except
for an area north of Demarcation Bay, where they turn
northeast, forming an embaymentlike feature. Calculated
slopes of the horizon are 11 minutes north of Barter
Island, 14 minutes north of Beaufort Lagoon, and 17 and
4 minutes north of Demarcation Bay. Stratigraphic
thicknesses can generally be calculated by using an
approximately 1,600 m/s (5,300 ft/s) sound velocity.
This velocity has worked well for the seismic
stratigraphy from Prudhoe Bay to the Canning River
(Wolf and others, 1985).

The anomalous embayment on the surface north
of Demarcation Bay suggests a depressionlike feature or
an embayment that existed at the time the surface was
formed. It appears that surface drainage at the time of
the formation of horizon A was directed toward the
northwest. The steep 17-minute nearshore slope
probably reflects close proximity to the Brooks Range.
For the most part, reflectors above this surface do not
suggest tectonic activity or warping through time, as they
are generally subparallel to the surface gradient. In
general, the acoustic stratigraphy suggests a continuous
depositional  history, interrupted only twice by
widespread erosional cycles represented by horizons A
and B and associated cut-and-fill channels within the
section.

Two northeast-southwest-trending profiles have
been constructed to illustrate the relationship between the
gradient of horizon A and the adjacent land-surface
topography (figs. 6.17, 6.18). Profile A crosses what was
earlier described as coastal-plain physiography, whereas
profile B passes through the large fan west of
Demarcation Bay and southwest to the base of the
Brooks Range. In profile A, the land gradient below 50
m (160 ft) altitude essentially parallels horizon A (fig.
6.18). The profile also suggests that the apparent
erosional surface of horizon A crops out at or near the
coastline. Horizon B, which is not shown, also crops out
near the coastline on some seismic records. These data
suggest that sediments deposited onshore during or after
those sediments forming horizons A and B offshore must
be very thin and must thicken seaward as they approach
the inner Beaufort Sea shelf. The sediments at the
seafloor of the inner shelf are being actively incised and
eroded by ice gouging, which has left what appears to be
an area of nondeposition or erosion. Therefore, much of
the sediment that was deposited on the inner shelf after
the deposition of horizons A and B has been removed
from the areca. One might conclude that minimal
amounts of sediment are being deposited on land, that
much of the sedimentary material introduced onto the
inner shelf is trapped in lagoons, and that any
sedimentary material that does reach the inner shelf
bypasses it in this area. The profiles and the minimal
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modern sediment accumulations suggest that some of the
land features on the coastal plain may, in fact, be old
erosional remnants associated with the formation of
horizons A and B.

The land gradient of profile B is more closely
parallel to that of the seafloor than to the gradient of
horizon A. This observation can readily be explained by
the suggestion that the large fan through which this
profile passes is a young feature that is actively passing
fine-grained sediments toward the Beaufort Sea shelf. If

the fanlike structure did not exist, the gradient of horizon
A and that of the bedrock underlying the fan surface
would be more closely identical, as is the case in profile
A.

The 4-minute gradient in profile B reflects the
depression or embayment on horizon A (fig. 6.16). The
17-minute gradient of horizon A in this profile compared
with the 13-minute gradient in profile A clearly reflects
the influence on horizon A of the nearby Brooks Range.

Figure 6.14. Landsat imagery of Demarcation Bay area showing coastline characteristics and adjacent alluvial fans.
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INTERPRETATION AND CONCLUSIONS

The geometry, depths to horizons A and A’, and
acoustic sediment sequences above A and A’ to the
seafloor (particularly from Barter Island to Demarcation
Bay) are similar to features and units described for the
area between the Canning River and Prudhoe Bay (Wolf
and others, 1985); therefore, the two areas described in
this report are thought to have a similar geologic history.
In these areas, the sedimentary units are typically
composed of deltaic and fluvial outwash materials, both
on land and near the coast. These sediments grade into
marine fine-grained sediments at the coast and offshore
(fig. 6.19).

In the area between the Canning River and
Demarcation Bay, terrestrial deposits locally have
prograded out onto the shelf, interfingered with marine
deposits, and been subjected to two erosional cycles
represented by (1) horizon A’ and its counterpart horizon
A, and (2) horizon B. The seafloor off these areas, like
that off the Canning River-Prudhoe Bay area, may also
be interpreted as a present-day erosional surface with
little or no Holocene deposition.

Fan deltas are described as being alluvial fans
that prograde into a standing body of water from an
adjacent highland. They are characterized by gravelly,
proximal, braided-stream deposits that grade seaward into
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Figure 6.15. Tracklines and thickness of Holocene(?)
sediments (in meters) in Beaufort Lagoon, particularly
Nuvagapak Lagoon (see fig. 6.1).

sandy, distal, braided-stream deposits, into well-
laminated sands of the beach-nearshore zone, and finally
into burrowed shoreface muds (Wescott and Ethridge,
1980). USGS sediment samples taken from the fanlike
structures alongshore and offshore west of Demarcation
Bay show gravel barrier islands and nearshore muddy
gravels. These sediments grade laterally into clean and
muddy sands with pebbles offshore and to sandy mud
and soft mud farther offshore. The steep gradient of the
fan, the close proximity of the Brooks Range, and the
presence of sedimentary textures and structures
diagnostic of fan deltas suggest that the large fanlike
structure near Demarcation Bay is in fact a fan delta, as
described in the literature.

The proximal positions of horizons A and A’
relative to the present-day coastline, their seaward
gradient, their depth below sea level, and their
relationship to the present-day adjacent land surface all
suggest that these horizons may be similar in age and
description to surface 3 of Wolf and others (1985) in the
Canning River-Prudhoe Bay area.

Horizon A north of Barter Island (fig. 6.16)
projects into the offshore sediment sequence described by
Grantz and others (1983) as middle and late Pleistocene
in age. Borehole data from the Canning River-Prudhoe
Bay area suggest that the age of surface 3 is
approximately 250 ka (Peggy Smith, U.S. Geological
Survey, oral commun., 1984). If we assume that the
similarities between horizons A, A’ and surface 3 hold
true, these data suggest that horizons A and A’ are
middle and late Pleistocene in age.

Likewise, for the same reasons horizon B
correlates with surface 4 of Wolf and others (1985) (fig.
6.19) in the Canning River-Prudhoe Bay area. From
borehole studies in the western part of that area, surface
4 has an apparent age of 125 ka (Peggy Smith, oral
commun., 1984).

A summary of findings of this report is as
follows:

(1) By projection of acoustic reflectors onshore,
it appears that the Arctic coastal plain in this region may
actually be an old surface composed largely of erosional
remnants masked by thin Holocene(?) sediments,
including those that form the fan delta near Demarcation
Bay.

(2) The inner shelf appears to be an erosional
surface where sealed outcrops have progradational and
inner-shelf marine depositional histories of pre-Holocene
age; this surface is presently being subjected to
widespread ice gouging.

(3) The inner shelf may contain records of
sediments no older than horizon A (250 ka).

(4) Horizon A and the sediments above it have
been uplifted and eroded by recent tectonic activity
northwest of Barter Island.
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(5) Horizon A (~250 ka) and horizon B (~125
ka) record lower sea-level stands and the development of
unconformities on the inner shelf.

(6) Post-horizon B sediments reach a maximum
thickness of 15 m (50 ft), but the age of the youngest
sediments is unknown.

(7) Holocene sediments are believed to be
restricted to nearshore barrier islands and lagoons, and
those sediments that are presently being introduced onto

the inner shelf are bypassing the area.

(8) Offshore ridges are mostly erosional
remnants possibly left from subaerial erosion from the
last sea-level lowstand. Some ridges in Camden Bay are
constructional and appear to be moving shoreward.

(9) Few occurrences of gas-charged sediments
were noted. The largest accumulations were in two areas
north of Demarcation Bay on the inner shelf.
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Chapter 7.

Petroleum Reservoir Rocks

By Kenneth J. Bird,' Sarah B. Griscom,” Susan Bartsch-Winkler,” and Dennis M. Giovannetti*

INTRODUCTION

Potential petroleum reservoir rocks in the Arctic
National Wildlife Refuge (ANWR) coastal plain may
consist of both sandstone and carbonate rocks. This
paper summarizes the areal distribution, thickness,
composition, porosity, and permeability of these rocks in
outcrops and nearby wells. The distribution and
characteristics of these rocks in the ANWR subsurface
are inferred from seismic interpretation and by projection
of regional trends.

Rock units of the Ellesmerian sequence are the
reservoirs for all currently productive North Slope oil
fields. Therefore, the determination of the areal
distribution of potential Ellesmerian reservoir rocks
beneath the coastal plain is a most important aspect of
this study. Most Ellesmerian rocks may only be present
(1) in the southernmost parts of the coastal plain along
the so-called Lower Cretaceous unconformity truncation
edge, (2) beneath the coastal plain in thrust slices
transported from the south, or (3) in areas downfaulted
prior to Early Cretaceous erosion. Structural complexity
commonly obscures these relations on seismic records,
and distant well control leaves much uncertainty about
the distribution of these rocks. Regional trends of the
truncated edges of the Ellesmerian formations are shown
in figure 7.1. Some of these edges can be approximately
located in the ANWR outcrops, but their trend is
probably shifted northward by an undetermined amount
of tectonic transport (chap. 20).

Because of truncation by the Lower Cretaceous
unconformity, the potential reservoir rocks most likely to
occur in the coastal plain are intrabasement carbonate
rocks and sandstones, the Kemik Sandstone, turbidite
sandstones in the Canning Formation, and deltaic
sandstones in the Sagavanirktok and Jago River
Formations. Ellesmerian reservoir rocks are expected to
occur at least in the southern parts of the coastal plain,
but their northern limits are difficult to map. By analogy
with the Point Thomson area northwest of the coastal

]U.S. Geological Survey, Menlo Park, Calif.

U.S. Geological Survey, Woods Hole, Mass.
4U.S. Geological Survey, Reston, Va.
ARCO Oil and Gas, Inc. Bakersfield, Calif.

plain, all potential reservoirs but the deltaic sandstones
may be overpressured.

Data for this evaluation of potential reservoir
rocks were obtained from published and unpublished
sources as well as from our own analyses. Stratigraphic
thicknesses, summarized in table 7.1, are from measured
outcrop sections and well penetrations. Porosity and
permeability, determined from well logs, laboratory
measurements, and visual estimates, are summarized in
table 7.2. Significant test results from nearby wells and
known oil and gas accumulations are also summarized to
provide information on reservoir quality (table 7.3).
Many of these tests are also plotted on the well
correlation sections in plate 1. Each potential reservoir
unit is described below, ordered from oldest to youngest.

BASEMENT COMPLEX

Potential reservoir rocks in the basement
complex of the ANWR coastal-plain area may be
carbonate rocks and calcareous sandstones. These rocks
are exposed in the mountains south of the coastal plain
and are penetrated by wells west of the ANWR (fig. 7.2).
In the Sadlerochit and Shublik Mountains, limestone and
vuggy dolomite of the Nanook Limestone, Katakturuk
Dolomite, and unnamed rocks have a total thickness of
more than 1,830 m (6,000 ft) (Dutro, 1970). Elsewhere
in outcrop, carbonate rocks are much thinner and are
commonly interbedded with clastic or volcanic rocks
(Dutro and others, 1972). In the subsurface, vuggy
dolomite (presumed to be the Katakturuk Dolomite) is
present in the lower 199 m (654 ft) of the Canning River
Unit A-1 well (pl. 1), whereas carbonate rocks several
hundred feet thick with minor amounts of quartzite were
penetrated in wells in the Point Thomson area (fig. 7.3).
Limestone and dolomite are most common in those wells
located on the barrier islands north of Point Thomson,
although argillite and minor amounts of limestone and
chert are encountered in wells located onshore in the
Point Thomson area.

The basement rocks on seismic records in the
western part of the coastal plain show a fair degree of
lateral continuity and only moderate deformation (chap.
18). These observations suggest that reservoir-rock units
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within the basement may be identifiable with seismic
data. A demonstration of basement-rock continuity may
be the occurrence of carbonate rocks about 46 m (150 ft)
thick that show similar log characteristics in several
wells on the barrier islands north of Point Thomson.
Similarities in rock type, thickness, and log response
suggest that equivalent strata within the basement
complex may have been penetrated in the Alaska State
A-1, D-1, and F-1 wells (fig. 7.3).

Most primary porosity in carbonate rock and
sandstone in the basement complex was destroyed during
a long history of deep burial, heating, and deformation.
However, secondary porosity may be present in easily
leached carbonate rock or in sandstone with carbonate
cement (fig. 7.44). Outcrop samples of the Nanook
Limestone and the Katakturuk Dolomite average less
than 5 percent porosity and less than 1-millidarcy (md)
permeability (table 7.4). Log calculations from
subsurface carbonates penetrated by wells also indicate
that porosities are generally less than 5 percent, but that
some thin intervals have porosities as high as 25 percent
(for example, see figure 7.3 in which low-resistivity-
reading dolomites of test interval three are calculated to
have 20-25 percent porosity). Fractures, which are
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reported in most basement complex cores, should provide
greater permeabilities than those indicated by routine
analysis.

Gas and condensate have been recovered from
basement rocks in the Alaska Island-1 and Alaska State
F-1 wells on the barrier islands north of Point Thomson.
Daily flow rates are calculated to be as much as 2.9

million ft* of gas and 175 barrels of oil, while other
wells have flowed water at rates calculated to be as
much as 4,800 barrels per day (table 7.3). Abnormally
high pressures are encountered in the basement and
overlying rocks in the Point Thomson area.

KEKIKTUK CONGLOMERATE

Potential reservoir rocks in the Kekiktuk
Conglomerate consist of nonmarine sandstone and
conglomerate. In outcrops adjacent to the ANWR
coastal plain, the Kekiktuk is a resistant, massive
quartzite as much as 137 m (450 ft) thick; in wells it
may be as much as 585 m (1,920 ft) thick. However, it
is discontinuous in its occurrence overlying the regional
Ellesmerian (Mississippian) unconformity. If present in
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Figure 7.1. Subcrop of the Ellesmerian sequence beneath Lower Cretaceous unconformity in northeastern Alaska.
Trends are from Tailleur and others (1978), Jones and Speers (1976), and Van Poollen and Associates and Alaska
Division of Oil and Gas (1974) modified by new well information and seismic data (chap. 17).

80

Petroleum Geology of the Northern Part of the Arctic National Wildlife Refuge



the coastal-plain subsurface, the Kekiktuk may be the
northernmost of Ellesmerian rock units present beneath
the Lower Cretaceous unconformity (figs. 7.1, 7.5).

Sandstone of the Kekiktuk Conglomerate is
composed of angular to subangular, medium- to coarse-
grained quartz with some chert and rare plagioclase.
Matrix and cement consist of quartz silt, quartz
overgrowths, sericite, and pyrophyllite. Secondary quartz
overgrowths are locally abundant, and interpenetrating
grain boundaries are common (Reed and Hemley, 1966;
Reed, 1968; fig. 7.4B).

Log-calculated porosities are uniformly less than
5 percent in the Canning River Unit A-1 and Kavik-1
wells. No hydrocarbons were indicated in the Kekiktuk
Conglomerate in these wells. However, in the Endicott
field near Prudhoe Bay, estimated to contain 375 million
barrels of recoverable oil, the Kekiktuk reservoir has
diagenctically enhanced average porosities of 18 to 22
percent and permeabilities of 500 to 1,000 md (Behrman
and others, 1985). The occurrence of tightly cemented
sandstone (quartzite) in outcrops and of porous and
permeable sandstone near Prudhoe Bay suggests a
possible northward trend of improvement in the Kekiktuk
reservoir quality. This improvement may be related to a
combination of lesser burial and more favorable
conditions for producing secondary porosity in the north.

LISBURNE GROUP

Potential reservoir rocks in the Lisburne Group
consist of dolomite and limestone. In outcrops and wells
adjacent to the ANWR coastal plain, the Lisburne Group
consists of 430 to 855 m (1,400 to 2,800 ft) of Late
Mississippian to Middle Pennsylvanian platform
carbonate rocks in which dolomite is most common in
the Late Mississippian part (figs. 7.6, 7.7, table 7.1).
Bird and Jordan (1977) show that in the subsurface west
of the ANWR, Lisburne dolomites may have fair to good
porosity and that limestones have generally low porosity.

Adjacent to the ANWR coastal plain, dolomite
in the Lisburne occurs in beds ranging from less than 1.5
m (5 ft) thick to massive intervals as much as 21 m (70
ft) thick and may constitute as much as 183 m (600 ft)
of the group (fig. 7.7, Armstrong and Mamet, 1977;
Wood and Armstrong, 1975). Eight sections adjacent to
the ANWR coastal plain (fig. 7.7) show that Lisburne
dolomites vary in thickness, amount, and stratigraphic
position. These observations suggest that dolomite in the
ANWR coastal plain is probably erratic in occurrence
with poor lateral continuity.

Porosity in the Lisburne in outcrops and wells
adjacent to the coastal plain is best developed in
microcrystalline (crystal size less than 30 pm) dolomite.
The porosity is intercrystalline or occurs as small,
millimeter-size vugs produced by the leaching of fossil

fragments (fig. 7.4C). Sedimentary structures, accessory
minerals, and microfauna  suggest that the
microcrystalline dolomite is of early diagenetic origin in
an intertidal to supratidal environment. Analysis of
Lisburne porosity, based on bulk-density measurements
of outcrop samples and acoustic log calculations in wells,
shows that not all dolomite is porous; in fact, most
dolomite is of low (<S5 percent) porosity, but some
relatively thin intervals have as much as 20 percent
porosity. Outcrop sample porosities (table 7.5) show
similar values and distribution when compared with log-
calculated porosities in wells (fig. 7.7). Although no
permeability measurements have been made, fractures
are common in the Lisburne Group and should enhance
its effective permeability.

Indications of oil in the Lisburne Group adjacent
to the ANWR coastal plain are relatively rare. A few
occurrences of dark bitumen (dead oil) are recorded on
well logs and have been observed in petrographic thin
sections of vuggy dolomite 274 to 396 m (900 to 1,300
ft) below the top of the Lisburne in the eastern
Sadlerochit Mountains (figs. 7.4C, 7.7). Oil and gas in
the Lisburne is reported from a number of wells west of
the ANWR, including the Lisbume oil field (Bird and
Jordan, 1977). ARCO Alaska, Inc., reports that the
Lisburne field contains about 3 billion barrels of in-place

oil and 3 trillion ft* of in-place gas. Porosity in the
Lisburne field reportedly averages about 10 percent and
matrix permeability ranges from 0.1 to 2 md (Alaska Oil
and Gas Conservation Commission, 1984).

IVISHAK FORMATION

Potential reservoir rocks in the Ivishak
Formation are sandstones, the most abundant of which
occur in the Ledge Sandstone Member. The Ledge,
which thickens and coarsens northward, is composed of
massive, thickly bedded sandstone and conglomeratic
sandstone. In wells and outcrops adjacent to the ANWR
coastal plain, the Ledge Sandstone Member ranges in
thickness from 30 to 175 m (100 to 575 ft) (fig. 7.8).
Erosion beneath the Lower Cretaceous unconformity has
removed the upper part of the Ledge along the north
flank of the Sadlerochit Mountains.

In outcrops and wells adjacent to the ANWR
coastal plain, the Ledge Sandstone Member is generally
a well-sorted, very fine grained to medium-grained,
silica-cemented quartzose sandstone that contains as
much as 20 percent chert clasts according to Marinai
(chap. 8). He reports that other cements include siderite,
pyrite, calcite, chlorite, and kaolinite. Petrographic
analysis by Cloft (1984) of 94 samples from 5 localities
south of the ANWR coastal plain shows that Ledge
detrital sand grains are composed of quartz and chert (83
to 100 percent; avg 91 percent), feldspar (0 to 4 percent;

Chapter 7: Petroleum Reservoir Rocks 81



Table 7.1. Summary of thickness determinations for  Table 7.1. Summary of thickness determinations for

selected stratigraphic units in northeastetn Alaska selected stratigraphic units in northeastern Alaska—
Continued
Well or Location Thickness Data
measured section Sec.-T.-R. (ft) source Well or Location Thickness Data
Sagavanirktok Formation * measured section Sec.-T.-R. (ft) source
Beli Unit-1 8-4N-23E 6,280 1 Kemik Sandstone—Continued
Canning River Unit B-1 32-4N-24E 3,300 1 Canning River Unit A-1 19-3N-24E 45 1
East Mikkelsen Bay State-1 7-9N-21E 8,530 1 Beli Unit-1 8-4N-23E 40 5
Mikkelsen Bay State 13-9-19 13-9N-19E 8,400 1 Canning River Unit B-1 32-4N-24E 35 5
Challenge Island-1 8-10N-22E 5,865 1 West Kavik Unit-1 20-5N-20E 0 5
Alaska Island-1 11-10N-22E 5,830 1 Kavik-1 7-3N-23E 30 5
Alaska State F-1 17-10N-23E 6,895 1 Kavik Unit-2 11-3N-22E 35 5
Alaska State C-1 16-9N-23E 8,725 1 Kavik Unit-3 8-3N-23E 25 5
Point Thomson Unit-1 32-9N-23E 8,810 1 Kemik-1 17-1N-20E 290 5
Point Thomson Unit-2 39N-22E 8,560 1 Fin Creek-1 25-2N-18E 160 5
Point Thomson Unit-3 34-10N-23E 8,545 1 Echooka-1 32-1N-16E 180 5
Point Thomson Unit-4 32-10N-22E 8,595 1 Nora Federal-1 5-2N-14E 100 5
Alaska State A-1 27-10N-24E 7,600 1 Thomson sand
West Mikkelsen State-1 32-10N-19E 8,400 1 East Mikkelsen Bay State-1 79N-21E 85 1
Alaska State D-1 23-10N-23E 7,205 1 Mikkelsen Bay State 13-9-19  13-9N-19E 55 5
West Staines 18-9-23 18-9N-23E 8,580 1 Challenge Island-1 8-10N-22E 50 1
West Staines State-2 25-9N-22E 8,490 1 Alaska Island-1 11-10N-22E 0 1
Carter Creek TN-30E 75,000 2 Alaska State F-1 17-10N-23E 35 1
West Kavik Unit-1 20-5N-20E 8,700 1 Alaska State C-1 16-9N-23E 280 1
Nora Federal-1 52N-16E 7,800 1 Point Thomson Unit-1 329N-23E 332 1
Lake 79 1-8N-17E 8,100 5 Point Thomson Unit-2 3-9N-22E 125 1
Kadler-1 15-9N-16E 7,500 5 Point Thomson Unit-3 34-10N-23E 265 1
Tem Island ¥-0196 __26-1IN-18E 8,000 1 Point Thomson Unit-4 32-10N-22E 80 1
Jago River Formation Karen Creek Sandstone

Sabbath Creek 3N & 4N-35E 11,000 3 Karen Creek 11-1S-30E 0 9
Sabbath Creek 3N & 4N-35E 9,387 4 Aichilik River 16-2N-37E 100 10

Turbidite sandstones in the Canning Formation Hula Hula River 31-2N-32E 135 10
Beli Unit-1 8-4N-23E 88 1 Fire Creek 11-2N-28E 20 7
Canning River Unit B-1 32-4N-24E 140 1 South side Ignek Valley 6-2N-26E 60 7
East Mikkelsen Bay State-1 79N-21E 36 1 Beli Unit-1 8-4N-23E 20 1
Alaska Island-1 11-10N-22E 0 1 Canning River Unit A-1 19-3N-24E 36 1
Alaska State F-1 17-10N-23E 62 1 Canning River Unit B-1 32-4N-24E 32 1
Alaska State C-1 16-9N-23E 27 1 West Kavik Unit-1 20-5N-20E° 15 1
Alaska State A-1 27-10N-24E 266 1 Kavik-1 7-3N-23E 30 1
Alaska State D-1 23-10N-23E 0 1 Kavik Unit-2 11-3N-22E 42 1
Point Thomson Unit-1 32-9N-23E 53 1 Kavik Unit-3 8-3N-23E 40 1
Po?nt Thomson UniL-Z 3-9N-22E 97 1 Ledge Sandstone Member of the Ivishak Formation
Point Thomson Unit-3 34-10N-23E 0 1 Canning River Unit A-1 19-3N-24E 350 1
Point Thomson Unit-4 32-10N-22E 150 1 Beli Unit-1 8-4N-23E 470 1
West Staines 18-9-23 18-9N-23E 70 1 Canning River Unit B-1 32-4N-24E 422 1
West Staines State-2 25-9N-22E 74 1 West Kavik Unit-1 20-5N-20E 575 1

Kemik Sandstone Kavik Unit-2 11-3N-22E 336 1

Upper Echooka River 36-1S-18E 85 6 Kavik Unit-3 8-3N-23E 326 1
Upper Shaviovik River 24-1S-20E >30 6 Marsh Creek tributary 19-4N-30E 190 7
Fin Creek 26-IN-21E >110 6 Westend Sadlerochit 24-3N-25E >155 7
Section 15 34, 35-1N-23E >5 6 Southside Sadlerochit 36-3N-28E <375 7
West side Canning River 6-1N-24E >30 6 Fire Creek 15-2N-28E 390 7
West bank Canning River 30-2N-24E >100 6 Kikiktat Mountain 18-IN-31E 375 7
Ignek Creek 27-3N-25E 65 6 Eagle Creek 29-1N-28E 180 7
East end Sadlerochit Mts. 11-3N-31E 35 6 Pogopuk Creek 34-1S-23E 140 7
Ignek Valley 5, 6-2N-26E 90 6 Upper Sadlerochit River 28-1S-28E 190 7
Bathwb Ridge 8-4S-41E 260 3 Wahoo Lake 9-58-22E 100 7
Ignek Mesa 5-2N-28E >130 7 Marsh Fork Canning River 19-4S-26E 165 7
Ignek Valley traverse 26, 27-3N-26E >40 8 Ikiakpaurak Valley 12-1N-25E 255 7
Ignek Valley loc. 19 3-2N-27E >73 8 Canning River 11-1S-25E 205 7

82 Petroleum Geology of the Northern Part of the Arctic National Wildlife Refuge



Table 7.1. Summary of thickness determinations for
selected stratigraphic units in northeastern Alaska—

Continued
Well or Location Thickness  Data
measured section Sec.-T.-R. (ft) source

Ledge Sandstone Member of the Ivishak Formation—Continued

Kavik River 5-28-24E 300 7
Upper Aichilik River 36-38-39E 180 3
Cottonwood Creek 13-4S-41E 210 3
Joe Creek 21-5S8-45E >50 3
International Boundary M-5 23-1N-45E >390 3
Egaksrak River 26-3N-39E >280 3
Aichilik River 30-2N-37E 440 3
West Fork Aichilik River 10-1S-37E 240 3
Jago River 11-IN-35E >130 3
Lisburne Group
Clarence River 14-1N-44E 1,850 11
and 26-1N-45E
Kongakut River 21-58-41E 2,370 11
Egaksrak River $ 17-2N-39E 1,500 12
Eastern Sadlerochit Mits. 7-3N-31E 1,700 11
Sadlerochit Mountains 24-3N-27E 1,400 13
Western Sadlerochit Mts. 13, 24-3N-25E 1,450 14
Plunge Creek 36-25-24E 2,500 14
: and 19-2S-25E
Marsh Fork 27,34-3S-26E  >2,385 11
Syncline 7,23-25-3S-39E 2,800 11
Ikiakpuk River 15,22-1S27E 2,100 13
Old Man Creek 23-1N-32E 1,400 13
Peters Lake ?-1S-29E 1,825 16
Canning River Unit A-1 19-3N-24E 2,305 5
Beli Unit-1 8-4N-23E  >2,217 5
Canning River Unit B-1 32-4N-24E  >1,103 5
West Kavik Unit-1 20-5N-20E  >2,088 5
Mikkelsen Bay State 13-9-19 13-9N-19E 1,355 5
Kekiktuk Conglomerate
Mikkelsen Bay State 13-9-19 13-9N-19E 1,640 5
West Mikkelsen State-1 32-10N-19E 1,920 1
East Mikkelsen Bay State-1 T-9N-21E 420 5
Kavik-1 & 7-3N-23E >250 5
Canning River Unit A-1 19-3N-24E 240 5
Clarence River 14-1N-44E 320 11
Plunge Creek 36-2S-24E 30 14
and 19-2S-25E
Marsh Fork 27, 34-3S-26E 200 11
Okpilak River 1-1S-32E 420 15
Section 5 27-1S-29E >98 17
Whistler Creek 28-1S-29E 295 16
1. This study 10. Tourtelot and Tailleur (1971)
2. Morris (1953) 11. Ammstrong and Mamet (1975)
3. Deuterman (1984b) 12. Ammstrong (1972)
4. Buckingham (1985b) 13. Ammstrong and Mamet (1977)
5. Bird (1982) 14. Wood and Armstrong (1975)
6. Molenaar and others (1984) 15. Sable (1977)
7. Detterman (1984a) 16. Brosgé and others (1962)
8. Lyle and others (1980) 17. Reed (1968)
9. Detterman and others (1975)

“ -+ *

& May be a fault-repeated section of Ivishak Formation.

Thickness may include one or more tongues of Canning Formation.
Includes subsurface stratigraphic-equivalent Sag River Sandstone.
Modified by estimates of C.M. Molenaar (written commun., 1983).

avg 1 percent), and rock fragments (0 to 18 percent;
avg 8 percent) (fig. 7.9).

Porosity development in the Ledge Sandstone
Member in this area is poor and randomly distributed.
Porosity estimates from thin sections and core
measurements average about 4 percent, while log
calculations average about 7 percent (table 7.2).
According to Marinai (chap. 8), the porosity is mostly
secondary and primarily due to the dissolution of
authigenic siderite; some detrital chert grains are also
dissolved. Sandstone textures indicate that siderite
formed soon after deposition, and where siderite is
dissolved, the precompaction porosity is restored.
Because the style of siderite cementation is similar to
that found at Prudhoe Bay, similar types of porosity may
be found in the ANWR if the conditions for siderite
dissolution are present in the subsurface of the coastal
plain.

Indications of oil, such as bitumen, are only
rarely present in the Ledge Sandstone Member in the
area adjacent to the coastal plain. Gas occurs in the
Ledge and Sag River Sandstone in the Kavik gas field,
about 16 km (10 mi) southwest of the ANWR coastal
plain. In the Prudhoe Bay field, where it is the main
oil-producing reservoir, the Ledge displays excellent
reservoir characteristics: porosity averages 20 to 30
percent, and permeability ranges from 75 to 4,000 md
(Jamison and others, 1980). A large proportion of the
porosity in some parts of the reservoir is secondary, the
result of leaching of carbonate cements (Melvin and
Knight, 1984).

KAREN CREEK SANDSTONE

Potential reservoir rocks in the Karen Creek
Sandstone consist of massively bedded, siliceous
quartzose sandstone, which ranges in thickness from 0 to
41 m (0 to 135 ft) in wells and outcrops adjacent to the
ANWR coastal plain (fig. 7.10). The Lower Cretaceous
unconformity truncates the Karen Creek Sandstone at the
northem edge of the Sadlerochit Mountains. Thus, the
Karen Creek Sandstone will probably not occur within
most of the subsurface of the coastal plain except
possibly on thrust slices brought into the area from the
south.

The Karen Creek Sandstone consists of very
fine grained sandstone and siltstone composed of angular
to well-rounded grains of quartz (45 to 75 percent), chert
(10 to 20 percent), and rare plagioclase. Accessory
minerals, including phosphate nodules, make up about 5
percent of the rock. The sandstone is primarily
cemented with quartz, but calcite, dolomite, and siderite
are also reported (Reed, 1968; Detterman and others,
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1975). In the lower part of the formation, where it
grades into the underlying Shublik Formation, calcite
becomes more abundant and constitutes as much as 10
percent of the rock.

The Karen Creek Sandstone displays low
porosity and permeability in wells and outcrops adjacent
to the ANWR coastal plain. Log calculations indicate
some thin intervals of the Karen Creek may have as
much as 15 percent porosity. However, most
calculations and a few measurements of core samples
show that the average porosity is less than 5 percent and
the permeability is less than 1 md (table 7.2).

The subsurface-equivalent of the Karen Creck
Sandstone (Sag River Sandstone) is gas bearing in the
Kavik gas field, where maximum open-flow rates of as
much as 10.5 million ft*/day of gas have been calculated
from test data (table 7.3). It is a minor hydrocarbon

reservoir in the Prudhoe Bay field, where porosity values
as high as 25 percent and permeability measurements as
high as 270 md have been reported (Jamison and others,
1980). In this area, its reservoir quality is improved by
mineral leaching near the Lower Cretaceous
unconformity (Barnes, 1985).

KEMIK SANDSTONE

Potential reservoir rocks in this stratigraphic
interval include discontinuous bodies of sandstone of
local derivation overlying the regional Lower Cretaceous
unconformity. Two separate sandstones are known to
occur adjacent to the ANWR coastal plain: the Kemik
Sandstone and the Thomson sand of local usage. The
Kemik Sandstone extends from the east end of the

Table 7.2. Summary of thickness, porosity, and permeability of potential reservoir rocks in and adjacent to the

ANWR coastal plain

[-, no data}

Potential Thickness Number of Porosity Permeability Data
reservoir (ft) samples (s) (pct) (md) source
rock or wells (w)
Average Range Average  Range  Average Range
Sagavanirktok Formation 7,555 3,300-8,810 17 (w) 20-30 5-35 - - 1,2
18 (s) 17 12-23 453 2-3,200
Jago River Formation 10,195  9,387-11,000 14 (s) 4 1-6 <1 <1-2 1,23
Canning Formation 76 0-266 14 (w) 12-20 8-28 - - 1,2,4
17 (s) 5 <1-11 <1 <1-1
Kemik Sandstone 80 0-290 5(w) 8 3-10 - - 1,2
20 (s) 5 1-12 1 <1-20
Thomson sand 150 0-332 5 (w) 16 11-25 - 10—>1,000 1,4
Karen Creek Sandstone * 50 0-135 6 (W) 5 3-10 - - 1,6
4 (s) <5 3-5 <1 -

Ledge Sandstone 288 100-575 6 (W) 7 3-15 - - 1,5,6
Member of the 47 (s) <5 <1-6 <1 - -
Ivishak Formation

Lisburne Group 1,890 1,355-2,800 3 (w) 10 7-19 - - 1

89 (s) 6.5 2-15 - -
Kekiktuk Conglomerate 610 0-1,920 2 (w) <5 1-5 - - 1
Basement complex >10,000 ? 10 (w) <5 1-25 - - 1,6,7
56 (s) <5 1-10 <1 <1-1

1. This study

2. Lyle and others (1980)
3. McLean (chap. 10)

4. Gautier (chap. 9)

5. Marinai (chap. 8)

6. Canning River Unit A-1 well file

7. Dutro (1970)

* Includes measurements from subsurface stratigraphic-equivalent Sag River Sandstone.
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Sadlerochit Mountains westward into the subsurface for
about 160 km (100 mi) in a band 16 to 48 km (10 to 30
mi) wide. The Kemik reaches a maximum thickness of
nearly 90 m (300 ft) (fig. 7.11, table 7.1). The Thomson
sand occurs in some of the wells in the Point Thomson
area. This sandstone body, which is as much as 100 m
(330 ft) thick, is at least 19 km (12 mi) long and 8 km
(5 mi) wide. It trends east-southeasterly and may extend
into the ANWR coastal plain. Other sandstones may also

occur within the coastal-plain area. The Kemik
Sandstone and the Thomson sand display distinctly
different compositions and reservoir characteristics.

The Kemik Sandstone consists of massively
bedded, quartz-cemented sandstone composed of very
fine grained to fine-grained, well-rounded quartz and
chert grains with accessory glauconite, phosphate,
sericite, and zircon (fig. 7.4D). Detterman and others
(1975) note that the lower 6 m (20 ft) of the Kemik

Table 7.3. Fluid recovery from some potential reservoir rocks in wells adjacent to the ANWR coastal plain

[MCEFD, thousand cubic feet of gas per day; BOPD, barrels of oil per day; BPD, barrels per day; bbl, barrels; -, no data]

Depth Fluid recovery Gasfoil  API  Length
Area Well interval Gas Oil ratio  gravity of test Remarks
() (MCFD) (BOPD) (GOR) (%) ®)
Canning Formation
Point Thomson Alaska State A-1 12,565-12,635 2,200 2,500 864 23 11.25
Alaska State F-1 12,008-12,080 116 137 1,040 22 16.12
Point Thomson Unit-1  11,392-11,421 2,250 132 17,045 44 11.75
Point Thomson Unit-2 11,580-11,678 124 248 500 21 6 Stabilized test after acidizing.
West Staines 18-9-23 11,650-11,675 - - - 27 - Flowed oil and gas; 17 bbl recovered.
Kavik Beli Unit-1 8,420-8,435 50 - - - -
9,055-9,103 210 - - - -
Thomson sand
Point Thomson Alaska State C-1 13,426-13,560 3,400 874 3,890 37 24.33 After acidizing.
Alaska State F-1 13,794-13,884 4,235 284 14,912 35 92.97
Point Thomson Unit-1  12,834-12,874 3,860 170 22,705 45 7
12,963-13,050 13,307 2,283 5,826 18 18.5
Point Thomson Unit-3  13,872-13,885 6,348 476 13,336 38 9.07
Sag River Sandstone
Kavik Kavik-1 4,252-4.292 10,500 - - - 16.75 Calculated absolute potential
from 4-point test.
Kavik Unit-3 4,935-5,070 7,400 - - - 9.5 Calculated maximum open
flow from 4-point test.
Ledge Sandstone Member of Ivishak Formation
Kavik Kavik-1 4,748-5,100 44,000 - - - 17.5 Estimated absolute open-flow
potential from 4-point test.
Kavik Unit-3 5,524-5,850 170,000 - - - 10 Calculated absolute open flow
from 4-point test.
Basement complex
Point Thomson  Alaska Island-1 14,997-15,022 2,931 175 11,270 >40 24 Condensate. GOR estimated.
Alaska State F-1 13,940-14,316 2,975 152 19,572 35 8.6
Alaska State A-1 12,997-13,182 - - - - 48 Flowed 4,220 BPD salt water
(40,500 ppm chlorides).
Kavik Canning River A-1 8,263-8,874 - - - - .67 Flowed 4,800 BPD water

(382 ppm chlorides).
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contains sericitic clay, phosphate, chlorite, 10 to 15
percent feldspar, carbonaceous material, and thin
stringers of pebble conglomerate. The entire unit is
characterized by the presence of white grains of partially
dissolved chert. Outcrop samples analyzed in this study
show a detrital grain composition of quartz and chert (81
to 100 percent; avg 90 percent), feldspar (0 to 11
percent; avg 4 percent), and rock fragments (0 to 13
percent; avg 6 percent) (table 7.6, fig. 7.9).

The porosity of the Kemik Sandstone is as much
as 12 percent. The average is 8 percent from log
calculations and 5 percent from measurements.
Permeability is as much as 20 md and averages about 1
md (table 7.2).

The Thomson sand, which is described in
greater detail in chapter 9, is a fine-grained sandstone
that becomes conglomeratic northward. Its composition
is uncommon, consisting of detrital dolomite crystals and
quartz grains. The sandstone mineralogy, northward-
coarsening grain size, and the presence of dolomite and
limestone in the underlying basement rocks indicate that
the Thomson sand is of local derivation. Visual
estimates and log calculations indicate porosities of as

70°

much as 25 percent with an average of about 16 percent
(table 7.2). Permeability is visually estimated by Gautier
(chap. 9) to be more than 1,000 md. The high porosity
and permeability may result from the combination of

abnormally high pressures and the presence of
hydrocarbons  inhibiting  both  compaction and
cementation.

The Exxon Corporation estimates that the Point
Thomson field contains recoverable reserves of 5 trillion
ft® of gas and 350 million barrels of condensate (Oil and
Gas Journal, 1984). Flow rates of as much as 13 million
ft> of gas and about 2,300 barrels of oil per day have
been measured. Oil recovered from the Thomson sand is
mostly 35° to 45° API gravity, although one test
recovered oil of 18° API gravity (table 7.3).

CANNING FORMATION

Potential reservoir rocks in the Canning
Formation are sandstone units interpreted to be turbidite
deposits. Wells west of the ANWR coastal plain contain
a 600- to 900-m-thick (2,000-3,000 ft) unit of shale and
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Figure 7.2. Outcrop distribution of pre-Mississippian carbonate rocks and wells that penetrate pre-Mississippian

rocks in northeastern Alaska.
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sandstone between an underlying distal, condensed,
basinal shale facies (Hue Shale) and an overlying thick,
slope and shelf shale facies (chap. 5). These sandstones
are generally thin bedded and discontinuous. However,
groups of beds as thick as 9 m (30 ft) occur in outcrop
(Molenaar, 1983) and as thick as 21 m (70 ft) in the

Alaska State F-1

Canning

Formation
Section eroded

by submarine
slump or, scour

Hue Shale

Pebble shale unit
Thomson sand 1
NN NGNS NSNS

Basement
complex

Alaska State D-1

Alaska State A-1 well (fig. 7.3). In 14 wells just west of
the ANWR, a count of sandstone beds thicker than 1.5 m
(5 ft) in this facies shows that 3 wells (21 percent) have
no sandstone and that the remaining 11 wells have 8 to
81 m (27 to 266 ft) of sandstone, averaging 23 m (76 ft).
In the Point Thomson area, most turbidite sandstone
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EXPLANATION

Open-hole test. Flowed 2,975,000ft%/day gas
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Test through perforations. Flowed 4,235,000 1t3/day
gas and 284 bbls/day 34.8° API gravity condensate
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(40,500 ppm CI) in 29 minutes (= 4,220 bbls/day rate)
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Figure 7.3. Pre-Mississippian (basement complex) rocks penetrated in selected wells on barrier islands north of Point

Thomson showing possible correlations.

Observed dip in cores and continuity of strata implied by proposed

correlations are consistent with seismic data, which show continuity of reflections (chap. 18).
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units occur below 3,000 m (10,000 ft) subsea where
abnormal fluid pressures have been measured with
gradients of as much as 0.84 psi/ft, nearly double the
normal hydrostatic gradient (chap. 13).

The sandstones are mostly fine grained, well
sorted, and composed of nearly equal amounts of quartz
and sedimentary lithic grains (chap. 9). Petrographic
analysis of outcrop samples of these sandstones shows a
detrital grain composition of 41 to 75 percent quartz and
chert (avg 65 percent), 3 to 22 percent feldspar (avg 7
percent), and 15 to 37 percent rock fragments (avg 28
percent) (table 7.6, figs. 74E, 7.9). Porosity in the
overpressured sandstone units of the Point Thomson area
is 10 to 28 percent and averages about 20 percent as
determined from log calculations. These values are
somewhat higher than estimates from petrographic-
section study (chap. 9). Porosity calculated from logs in
normally pressured turbidite sandstones south of the
Point Thomson area ranges from 8 to 18 percent and

Figure 7.4. Potential reservoir rocks in ANWR. A,
Sample of the Katakturuk Dolomite showing vuggy
porosity. Sample (84AMK-30G), collected by C.M.
Molenaar in Katakturuk Canyon, measures 3.7 percent
porosity and 0.1 md permeability (table 7.4). B,
Sandstone sample of the Kekiktuk Conglomerate
showing well-cemented, low-porosity nature of this rock
unit in ANWR area. Sample, 83BR526, was collected by
T.E. Moore in SW¥% sec. 35, T. 1 S., R. 26 E., Fourth
Range. XP. C, Microcrystalline dolomite sample of the
Lisburne Group from eastern Sadlerochit Mountains, 277
m (910 ft) below top of the Lisburne Group, showing
leached-fossil and intercrystalline porosity, some of
which contains "dead" oil (black areas). Sample (68A-
4B+790), collected by AK. Armstrong from Eastern
Sadlerochit Mountains section, is calculated to have 12
percent porosity (table 7.5). PL. D, Sample of the
Kemik Sandstone showing characteristic well-rounded
grains and generally low porosity. Sample (82AMK-76)
was collected near the Kekiktuk River by C.M.
Molenaar, sec. 10, T. 2 N,, R. 30 E. PL. E, Turbidite
sandstone sample from the Canning Formation showing
characteristic low porosity because of compaction by
labile rock fragments. Sample (80AMK-41D) collected
by C.M. Molenaar from outcrop in sec. 11, T. 4 N, R.
27 E., Katakturuk River. PL. F, Sandstone sample of
the Sagavanirktok Formation showing relatively coarse
grain size, loose packing, and good porosity. Sample
(80AMK-31) collected by C.M. Molenaar from outcrop
in sec. 33, T. 4 N,, R. 24 E. along Canning River. PL.

averages about 12 percent. The latter values are better
than the 5 percent average porosity measured by Lyle
and others (1980) from outcropping turbidites on the
coastal plain (table 7.2, fig. 7.12). As observed by
Gautier (chap. 9) and Gautier and others (chap. 13), the
higher porosity and permeability values in sandstone
beds beneath the coastal plain are probably dependent on
abnormally high pressures, which inhibit porosity loss by
compaction.

Oil and gas occur in several of these sandstones
in the Point Thomson area, where flow rates of as much
as 2,500 barrels of 23° API gravity oil and 2.2 million ft>
of gas per day have been measured (table 7.3). The
gravity of recovered oils ranges from 21° to 44° API,
although values of 21° to 27° API gravity are most
common. Gas-to-0il ratios range from 500 to 17,000,
with most less than 1,000.

SAGAVANIRKTOK AND JAGO RIVER
FORMATIONS

Potential reservoir rocks in the Sagavanirktok
Formation and in the Jago River Formation of
Buckingham (1987) are shallow-marine to nonmarine
sandstone beds that occur in outcrops on the ANWR
coastal plain. The Sagavanirktok Formation is penetrated
in wells to the west (fig. 7.12). Both formations are
many thousands of feet thick, of which as much as half
may consist of sandstone. The sandstones are commonly
conglomeratic and occur in beds generally less than 9 m
(30 ft) thick, although groups of beds may be more than
30 m (100 ft) thick. Although both formations are
grossly similar in age, composition, and origin, they
differ markedly in reservoir characteristics.

The Sagavanirktok Formation on the ANWR
coastal plain and in wells to the west ranges in thickness
from 1,006 to 2,685 m (3,300 to 8,810 ft) (table 7.1).
Most of the Sagavanirktok sandstones are medium to
coarse grained and friable with relatively good porosity
and permeability. The sandstone is composed of 56 to
85 percent quartz and chert (avg 71 percent), 0 to 20
percent feldspar (avg 5 percent), and 14 to 35 percent
volcanic and metamorphic lithic fragments (avg 24
percent) (table 7.6, figs. 7.4F, 7.9). Samples with better
porosity show evidence of leached grains and cements.
Laboratory measurements by Lyle and others (1980)
indicate an average porosity of 17 percent and an
average permeability of 453 md. In wells just west of
the ANWR, the log-calculated porosity of these
sandstones is generally in the 20 to 30 percent range
(table 7.2).

Qil staining is fairly common in the basal part
of the Sagavanirktok Formation in the wells adjacent to
the coastal plain. One well (Point Thomson Unit-2)
shows consistent oil staining throughout an interval about
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Table 7.4. Porosity and permeability measurements of
carbonate rocks of the pre-Mississippian basement com-
plex in and adjacent to ANWR

[See figure 7.2 for location of samples]

Table 7.4. Porosity and permeability measurements of
carbonate rocks of the pre-Mississippian basement com-
plex in and adjacent to ANWR—Continued

[See figure 7.2 for location of samples]

Sample Porosity Permeability Source Sample Porosity Permeability Source
(pet) (md) (pet) (md)
KATAKTURUK DOLOMITE Canning River Unit A-1, core no. 7
Katakturuk Canyon 8865.2 0.4 <0.1 3

84 AMK-31 44 <0.1 1 8866.7 .6 <.l 3
84 AMK-301 19 2l 1 8867.4 7 221 3
84 AMK-30E 2.3 < | 1 8868.6 1.1 = | 3
84 AMK-30G 3.7 ol 1 8869.3 8 <.l 8
84 AMK-30J 10.0 | 1 8870.4 .6 <.l 3
84 AMK-30H 8 | 1 8871.6 3 < .1 3
84 AMK-30F 8 <.l 1 8872.2 .8 <.l 3
84 AMK-23A 20 6 1 8873.2 .8 <.l 3
84 AMK-35 6.2 € .1 1 NANOOK LIMESTONE
B10Al 18 <.l 2 Shublik Mountains
B10A2 21 1 2 B13E 1.8 <0.1 2
B10B 1.6 <.l 2 B17K 1.2 1 2
B10C 1.7 <.1 2 BISE 1.9 2 2
B10D 1.7 <.l 2 1. This study
B10G 23 2 2 3. Canning River Unit A-1 well history
B10I 19 <.l 2
B10J 1.8 £ 5l 2
B10OL 19 1 2 The Jago River Formation, about 3,000 m
Bl1A 1.4 <.l 2 (10,000 ft) thick (table 7.1), is composed predominantly
B12B 2.1 5 2 of well-indurated nonmarine sandstone, conglomerate,
BI2E 1.9 . 2 and shale that crops out in an area 30 km long by 10 km
BI2F 1.6 <. 2 wide (18 mi by 6 mi) near the southern boundary of the
B12K L6 <1 2 coastal plain, 24 to 48 km (15 to 30 mi) east of the
RIS Lt 1 2 Sadlerochit Mountains (fig. 7.12). McLean (chap. 10)
B12Q1 19 2 2 .
B12Q2 18 e i 2 reports that the sands§0n6 is F:o_mposed of moderately
B14A 23 12 5 sorted and rounded grains consisting of 17 to 65 percent
B14C 4.1 9 2 quartz and chert (avg 33 percent), 0 to 3 percent
B14G 12 2 2 feldspar (avg 1 percent), and 35 to 82 percent igneous,
B14N 1.9 1 3 metamorphic, and sedimentary rock fragments (avg 67
B140 1.4 <.l 2 percent) (fig. 7.9). Visible porosity is nearly zero due to
B14R 14 <.1 2 compaction; no hydrocarbon indications are visible.
B100H 2.1 2 2 Measurements of outcrop samples by Lyle and others
B100K 17 1 2 (1980) indicate porosities less than 6 percent and
g}g?g gi 1'2 g permeabilities less than 2 md (table 7.2). Bird and
B101G 17 o 2 Molenaar (chap. S) note that these rocl$s are l}nus.ual @n
B101J 12 1 2 thickness and geographic location; their distribution in
B10IN 16 e 1 2 the subsurface is unknown. Bird and Molenaar favor an
B102A 14 <1 9 original site of deposition farther south than their present
B102B 1.4 <1 2 location and emplacement by northward thrusting.
B102D 3.1 8 2

120 m (400 ft) thick. The multibillion-barrel heavy-oil
accumulations (West Sak and Ugnu) occur in Upper
Cretaceous and lower Tertiary deltaic sandstones in the
Prudhoe Bay area (Werner, 1984, 1985).

SUMMARY

Potential petroleum reservoir rocks in the
ANWR coastal plain probably consist of both sandstone
and carbonate rocks. All hydrocarbon-bearing reservoir
rocks present in the Prudhoe Bay area (and some that are
not) may be present in the coastal plain. However, most
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oil-productive Prudhoe reservoirs are probably restricted
to the western and southern parts of the ANWR coastal
plain, because in the northern parts of the coastal plain
they were probably removed by erosion beneath the
Lower Cretaceous unconformity. The reservoir rocks
most likely to occur throughout the ANWR coastal plain
are intrabasement carbonate rocks and sandstones,
sandstones similar to those of the Kemik Sandstone or
the Thomson sand, turbidite sandstones in the Canning
Formation, and deltaic sandstones in the Sagavanirktok
and Jago River Formations. Except for the
Sagavanirktok Formation, all potential reservoir rocks in
outcrop on or adjacent to the coastal plain have low
porosity (<10 percent) and permeability (<20 md). By
analogy with reservoir rocks in the Prudhoe Bay area,

700 148° 147 146°

much better porosity and permeability might be
developed in pre-Cretaceous reservoir rocks adjacent to
the Lower Cretaceous unconformity. Sandstones similar
to the Kemik or Thomson units and turbidite sandstones
in the Canning Formation may have better porosity and
permeability than indicated by the outcrop samples.
These improved reservoir characteristics are expected to
occur in relatively unfaulted areas where abnormally
high pressures may be present; such pressures would
inhibit porosity reduction by compaction. The
Sagavanirktok Formation, the youngest and least buried
potential reservoir, has high porosity and permeability.
Because of the relatively high percentage of sandstone in
this formation, seals adequate to trap hydrocarbons may
be a problem.
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Figure 7.5. Endicott Group truncation and (or) onlap edge, well penetrations, and outcrop distribution in
northeastern Alaska. Contours (in feet) show thickness of Kekiktuk Conglomerate. Data points for the Kekiktuk

are listed in table 7.1.
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Figure 7.6. Lisburne Group truncation edge, isopachs (in feet), control points, and outcrop pattern in northeastern

Alaska. Lisburne data points are listed in table 7.1.
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Figure 7.7. Correlation chart of Lisburne Group outcrop
sections and well penetrations adjacent to ANWR coastal
plain showing distribution of dolomite, porosity
determinations, and oil indications. Porosity
determinations from outcrops are summarized in table
7.5. Porosity curve for wells was calculated from
acoustic log assuming dolomite lithology and is

analyzed for porosity
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(see table 7.5) g2ksrak
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PR Aty LOCATION MAP
considered valid only for dolomite intervals (darkened).
Location of Mississippian-Pennsylvanian boundary is
based on foraminiferal determinations by Armstrong and
Mamet (1977) for outcrops and by M.B. Mickey
(Micropaleo Consultants, Inc., oral commun., 1986).
Sources of outcrop sections are listed in table 7.1.
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Table 7.5. Porosity determinations of dolomite samples
of the Lisburne Group from three measured sections in
ANWR

[Porosity was calculated from bulk density measurements assuming

sample was entirely dolomite of density 2.86 g/cm®. Because samples

contain variable but undetermined admixtures of calcite and chert, these
are considered maximum porosity values. All samples collected by
A.K. Amnstrong. See figure 7.7 for location of sections]

Table 7.5. Porosity determinations of dolomite samples
of the Lisburne Group from three measured sections in
ANWR—Continued

[Porosity was calculated from bulk density measurements assuming

sample was entirely dolomite of density 2.86 g/cm®. Because samples

contain variable but undetermined admixtures of calcite and chert, these
are considered maximum porosity values. All samples collected by
A K. Amstrong. See figure 7.7 for location of sections]

Depth Bulk Calculated Depth Bulk Calculated
Sample from top density porosity Sample from top density porosity
(fr) (gfem?) (pet) (ft) (g/em?) (pet)
Western Sadlerochit Mountains Clarence River—Continued
69A-1 +1005 495 2.675 6 T1A-2 +1554 856 2.660 7
69A-1 +882 618 2.632 8 71A-2 +1480 930 2.588 10
69A-1 +880 620 2.662 7 71A-2 +1470 940 2.690 6
69A-1 +830 670 2.642 8 71A-2 +1465 945 2.610 9
69A-1 +670 830 2.666 7 71A-2 +1309 1101 2.445 15
69A-1 +665 835 2.679 6 T1A-2 +1220 1190 2553 11
69A-1 +660 840 2.688 6 71A-2 +800 1610 2.640 8
69A-1 +650 850 2.602 9 T1A-2 +790 1620 2.580 10
69A-1 +643 857 2.762 3 T1A-2 +715 1695 2.745 4
69A-1 +640 860 2.652 7 71A-2 +710 1700 2.662 7
69A-1 +555 945 2.656 7 71A-2 4700 1710 2.800 2
69A-1 +545 955 2.925 5 T1A-2 +680 1730 2.760 3
69A-1 +542 958 2.780 3 T1A-2 +670 1740 2.723 5
69A-1 +520 980 2.673 7 T1A-2 +654 1756 2.760 3
69A-1 +515 985 2.668 7 T1A-2 +650 1760 2.740 4
69A-1 +500 1,000 2.674 7 Average 73
69A-1 +450 1,050 2.680 6 Eastern Sadlerochit Mountains
69A-1 +430 1,070 2.661 7
69A-1 +425 1075 2719 5 BitA =YL, el &0 240 o
69A-1 +410 1,090 2.751 4 68A-4A +170 170 2.600 9
69A-1 +400 1,100 2.633 8 68A-4A +180 180 2.745 4
69A-1 +130 1,370 2.676 6 68A-4/ +300 300 e p
69A-1 +120 1380 2.781 3 oaA-an 1340 o 20 6
Y 68A-4A +350 350 2.746 4
Average 6.2 68A-4A +440 440 2,670 7
Clarence River 68A-4A +530 530 2.689 6
T1A-1 +265 245 2.680 6 68A-4A +600 600 2.735 4
71A-1 +270 250 2.658 7 68A-4A +800 800 2722 5
71A-1 +310 290 2.650 7 68A-4B +822 878 2.750 4
T1A-1 4376 356 2.620 8 68A-4B +820 880 2.740 4
T1A-1 +425 405 2.635 8 68A-4B +790 910 2.505 12
71A-1 +470 450 2.650 7 68A-4B +780 920 2.655 7
T1A-1 +478 458 2.658 7 68A-4B +770 930 2.690 6
71A-2 +1780 630 2.614 9 68A-4B +580 1120 2.710 5
T1A-2 +1765 645 2.680 6 68A-4B +525 1175 2.680 6
71A-2 +1680 730 2.708 5 68A-4B +510 1190 2.710 5
T1A-2 +1670 740 2.660 7 68A-4B +470 1230 2.770 3
71A-2 +1660 750 2.650 7 68A-4B +460 1240 2.770 3
T1A-2 +1652 758 2.705 5 68A-4B +450 1250 2.775 3
T1A-2 +1610 800 2.598 9 68A-4B +400 1300 2.780 3
T1A-2 +1590 820 2.671 7 68A-4B +380 1320 2.755 4
T1A-2 +1585 825 2.420 15 68A-4B +370 1330 2.695 6
T1A-2 +1575 835 2.525 12 Average 5.5
T1A-2 +1565 845 2.715 5
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Figure 7.8. Ledge Sandstone Member of Ivishak Formation (Sadlerochit Group) isopachs (in feet) and truncation
edge in northeastern Alaska. Outcrop pattern is that of entire Sadlerochit Group. Data points and thicknesses are
listed in table 7.1.
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QUARTZ AND CHERT Figure 7.9. Ternary plot illustrating detrital grain
Ledge Sandstone composition of selected sandstone units in and adjacent
MN";"Q:' to ANWR coastal plain. Chert has been counted with
quartz rather than with lithic grains in order to
Sugavanirkiok emphasize  potential  reservoir  properties.  All
Formation compositions have been normalized by eliminating
el matrix abundance. Data are from following sources:
Ledge Sandstone Member of Ivishak Formation, Cloft
(1984); Jago River Formation, McLean (chap. 10); all
others, this study (table 7.6). N, number of samples.
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Figure 7.10. Karen Creek Sandstone outcrop pattern, truncation edge, thickness (contours in feet), and control
points in northeastern Alaska. See table 7.1 for listing of control points for Karen Creck Sandstone.
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Data points are listed in table 7.1.
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Table 7.6. Petrographic summary of selected sandstones in northeastern Alaska

[Data, based on 300 counts per sample, are expressed as percentages or ratios. Additional petrographic data are presented in Marinai (chap. 8),
Gautier (chap. 9), and McLean (chap. 10). -, no data]

Sample Location Stability Provenance Lithics Major components Ratios GS
Sec. T. R Q F L Qm F It Lv Lm Ls CMT FWK MIX & PF C/Q Lv/Lt

Sagavanirktok  Formation
82AMK4E 25 1IN 16E 700 6.5 235 382 65 552 1.8 259 723 07 740 86 167 093 045 002 FS
82AMK4F 25 IN 16E 629 25 346 232 25 743109 61 89 17 790 13 180 1.0 631 .109 MS
82AMK7A 19 28 12E 558 142 300 300 142 558 53 368 579 53 680 137 130 .778 .462 .053 FS
82AMK21B 35 1S 16E 652 197 152 483 197 52.0 289 30.0 41.1 86 657 250 .7 .658 .258 .289 VFS
82AMK21C 35 1S 16E 705 8.1 214 260 81 659 341 281 377 73 774 150 3 363 .631 341 MS
82AMK25G 3 1S 14E 708 14 279 302 14 685 11.2 243 646 .6 800 37 157 1.0 574 112 MS
82AMK26 32 IN 14E 762 .8 230 280 .8 703 11.7 102 78.1 .0 8.0 13 137 1.0 621 .117 MS
82AMK60 35 1S 14E 632 1.7 351 378 17 605 114 272 614 16 810 67 107 1.0 402 .114 MS
82AMK62H S5 2N 19E 758 0 243 276 0 724 295 223 482 27 787 3 183 .0 635 235 MS
82AMK62] 5 2N 19E 759 4.0 201 299 4.0 661 87 400 513 33 740 7 220 567 .606 .087 MS
82AMK83A 16 2N 18E 854 .0 146 452 0 548 125 125 750 13 880 10 97 .0 471 125 FS
82AMKS83F 16 2N 18E 835 21 145 590 21 389 50 333 617 3.6 834 27 103 .588 .293 .050 FS
80AMK30B 33 4N 24E 678 5.1 27.1 418 51 531 250 330 420 44 810 83 63 .825 .383 .250 FS
80AMK31 33 4N 24E 681 23 296 296 23 681 128 21.0 662 23 867 47 63 .5 564 128 MS
Canning  Formation
82AMKI10A 17 3S 15E 413 219 367 184 219 59.7 222 208 569 106 706 188 0.0 0.884 0.556 0.222 FS
82AMK13 16 45 14E 622 33 345 441 33 526 9.6 500 404 26 820 154 .0 1.0 291 096 FS
82AMK14 21 4S 14E 605 30 365 389 3.0 581 0.0 553 447 3.0 857 113 .0 1.0 358 0 FS
82AMK20 29 3N 24E 652 52 296 209 52 739 207 234 560 103 79.0 3.0 7.7 918 .680 .206 MS
82AMK22A 5 3S 17E 636 3.1 333 439 31 530 61 526 414 27 830 140 3 10 310 .061 MS
82AMK78 8 2N 24E 735 27 238 576 27 59.7 148 409 443 17 883 87 13 1.0 489 .148 MS
80AMK28C 6 2N 26E 71.0 145 145 41.0 145 446 21.5 538 247 143 740 11.7 .0 968 .423 215 FS

0
80AMK37C 1 2N 26E 739 36 225 407 36 557 85 245 670 23 867 11.0 0 10 449 .085 FS
80AMK78 30 3N 32E 754 39 206 528 39 433 21 303 679 96 787 100 1.7 1.0 301 .021 MS
80AMK41D 11 4N 27E 746 78 176 483 7.8 439 125 441 434 47 820 93 40 10 352 125 FS
80AMK41I 11 4N 27E 552 79 369 206 79 715 182 37.7 441 100 830 6.7 3 1.0 626 .182 FS
Kemik  Sandstone
82AMKSSC 27 3N 25E 827 40 133 700 4.0 26.0 30.0 500 200 112 789 96 03 1.0 0.154 0300 VFS
82AMK76 10 2N 30E 1000 - - 100.0 - - = = = = - - - - - - CS
80AMKIB 24 1S 20E 1000 - - 100.0 - - - - - 8.3 89.7 0 20 - - -
80AMKII 24 1S 20E 81.1 112 77 704 112 184 81.1 57 132 166 69.7 50 87 1.0 131 811 FS
80AMK23A 26 IN 21E 843 51 106 61.7 51 332 468 22.1 312 134 760 106 .0 10 267 .468 FS

Sec., section Qm, monocrystalline quartz CMT, cement Q. quartz

T., township L, total rock fragments FWK, framework GS, grain size

R., range Lv, volcanic rock fragments MTX, matrix VES, very fine sand
Q. quartz and chent Lm, metamorphic rock fragments @, porosity FS, fine sand

F, feldspar Ls, sedimentary rock fragments P, plagioclase MS, medium sand
L, rock fragments C, chert CS, coarse sand
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Chapter 8.

Petrography and Diagenesis of the Ledge Sandstone Member

of the Triassic Ivishak Formation

By Robert K. Marinai'

INTRODUCTION

This report documents and describes the
diagenesis of the Ledge Sandstone Member, the middle
member of the Triassic Ivishak Formation (fig. 5.1), and
shows the relationship between diagenetic trends and
depositional  environments. The diagenesis and
depositional environments of the Ledge were compared
and contrasted in three measured outcrop sections in the
Arctic National Wildlife Refuge (ANWR) south of the
coastal plain and in five cores from four wells just west
of the ANWR (fig. 8.1). Each of the measured sections is
interpreted to be dominated by a different shallow-
marine depositional environment, and each displays
correspondingly subtle diagenetic differences. The four
wells to the west of the ANWR provide only
supplemental information to the outcrop sections because
of a limited number of cores and a limited amount of
core sample from the Ledge Sandstone Member. The
depositional environments of these samples could not be
directly determined because of the small sample size,
generally only a few centimeters. However, projection
of regional facies trends and identification of diagnostic
mineral assemblages allow an interpretation of the
depositional environments of the Ledge in these wells.

PREVIOUS WORK

The regional setting and  stratigraphic
nomenclature of the Permian and Triassic Sadlerochit
Group is summarized by Bird and Molenaar (chap. 5).
Bird and others (chap. 7) provide general thickness,
porosity, and compositional data for the Ledge Sandstone
Member. Detterman and others (1975) named and
described the Ledge Sandstone Member. Cloft (1984)
performed a detailed sedimentological study of five
measured sections of the Ledge from the ANWR and
determined that it was deposited in a variety of shallow-
marine environments. Jones and Speers (1976) described
the stratigraphy and petroleum geology of the Ivishak
Formation and adjacent formations from the subsurface

1Geonomics Inc., Campbell, Calif.

of the Prudhoe Bay oil field, where the Ledge is the
main reservoir rock unit. Melvin and Knight (1984)
studied the Ivishak in the Prudhoe Bay area and
concluded that its diagenesis is largely lithofacies
dependent. Van de Kamp (1979) included the Ivishak in
a diagenetic study of the northerly derived Ellesmerian
sequence from the National Petroleum Reserve in Alaska
(NPRA) and from Prudhoe Bay; he concluded that much
of its porosity is diagenetically produced.

METHODOLOGY AND SAMPLING
PROCEDURES

Field work—measuring and sampling three
stratigraphic sections of the Ivishak Formation—was
done in the ANWR during July 1984 as part of a USGS
field program. The limited amount of field time only
allowed for the measurement and sampling of three
sections: Aichilik River, Fire Creek, and Marsh Creek
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Figure 8.1. Location of measured sections and wells
used in this report.
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(fig. 8.1). For this study, a combined total of more than
400 samples were collected from these sections and from
four wells located west of the ANWR: Beli Unit-1,
Kavik Unit-3, Canning River Unit A-1, and Canning
River Unit B-1. The Ledge Sandstone Member at these
sections is interpreted to represent a variety of
sedimentary  environments, which provides an
opportunity to determine how the environment of
deposition affects diagenesis. Exposures permitting,
samples were collected at 10-ft intervals. The
availability of core samples from wells was limited to
five cores, represented by small chips, one from each
foot of core. Sampling of these wells was based solely
on the access to the materials of interest. These wells
are presumedly located on structures that lie to the west
of and that trend with the Sadlerochit Mountains (fig.
8.1; KJ. Bird, U.S. Geological Survey, oral commun.,
1986). More than 150 thin sections from the well and
outcrop samples were studied to determine the petrology
and diagenesis of the Ledge Sandstone Member.
Representative specimens were photomicrographed to
illustrate the main diagenetic events. Thirty thin sections
were point counted, at 300 counts per slide, for modal
analysis (table 8.1). X-ray diffraction aided in mineral
identification. A scanning electron microscope (SEM)
provided morphologic details of authigenic minerals and
pore spaces. Spot analysis with a Tracor Electron
Dispersion System (EDS) provided positive identification
of minerals while using the SEM. Electron microprobe
spot analysis of siderite and ankerite yielded quantitative
chemical data on these important carbonate cements.

OUTCROP AND CORE DESCRIPTIONS

The Ledge Sandstone Member in the ANWR
represents regressive, shallow-marine, deltaic, and
shoreface deposits that were laid down during a period of
uplift and erosion of a northern landmass (chap. 5). The
three stratigraphic sections and five cores studied are
interpreted to represent at least three different
environments within the overall regressive Ledge
Sandstone Member. The Marsh Creek section represents
sediments deposited closest to the source, and the
Aichilik River section the most distant, with the Fire
Creek section intermediate (Cloft, 1984). A very brief
description of the observed diagnostic features for the
depositional environments of each of these sections
follows. For a more complete treatment, see Cloft
(1984).

Depositional Environments of Measured Sections
Fire Creek Section

The Ledge at this section (sec. 8, 9, and 16, T. 2
N.,R. 28 E.) is 111 m (365 ft) thick and is dominated by

very fine grained sandstone with numerous siltstone
interbeds and some shale laminae (fig. 8.24). The base
of this section (0~15.2 m, 0-50 ft) is dominated by
massive, fine- to medium-grained sandstone overlain by
parallel-bedded sandstone with normal graded bedding.
These beds are interpreted to represent an offshore bar or
upper shoreface sequence. Above a 30.5-m (100 ft)
covered interval, the next exposed part of the section
(45.7-85.3 m, 150-280 ft) displays highly contorted
ball-and-pillow structures overlain by parallel-bedded,
wavy, fine-grained sandstones. Above this is fine-grained
sandstone with siltstone and claystone lenses and some
smoothly undulating bedding. This sequence is
interpreted to be delta-front, tidal flat, beach, and delta-
fringe or shoreface deposits. Above a 10.7 m (35 ft)
covered interval, the mnext part of the section
(102.1-111.3 m, 335-365 ft) is dominated by parallel-
bedded quartz arenites with small lumps of clay overlain
by a thin interval of low-angle, planar-tabulate, cross-
bedded sandstone. Massively bedded sandstone and
parallel-laminated siltstone comprise the uppermost part
of the section. This sequence is interpreted to represent
normal delta-front deposits that were modified by wave
action or an upper shoreface sequence.

Marsh Creek Section

The Ledge at this section (sec. 23, 24, T. 4 N,,
R. 30 E) is 71 m (232 ft) thick, displays a basal
gradational contact with the Kavik Member, and is
truncated by the so-called Lower Cretaceous
unconformity (fig. 8.2B). It is estimated that an
additional 61 m (200 ft) of the Ledge is missing due to
this truncation (K.J. Bird, U.S. Geological Survey,
written commun., 1986). At the base of the Marsh Creek
section, from 0 to 274 m (0 to 90 ft), the Ledge is
dominated by parallel-bedded sandstone and siltstone
with rare marine fossils. These beds are interpreted to
represent delta-front sediments. The interval 27.4 to 42.7
m (90 to 140 ft) upsection displays a variety of
lithofacies that are dominated by parallel-bedded siltstone
and ripple marked, wavy-bedded, massive sandstone.
These strata are interpreted to represent upper shoreface
and offshore bar sequences. From 42.7 to 54.9 m (140
to 180 ft) the facies are dominated by planar-tangential
crossbedded  sandstone, parallel-laminated siltstone,
massively bedded sandstone, and disturbed sandstone and
siltstone with infrequent ball-and-pillow structures. This
sequence is interpreted to represent beach deposits. The
uppermost part of the Marsh Creek section, from 54.9 to
70.7 m (180 to 232 ft), is massively bedded sandstone,
burrowed sandstone and siltstone, and parallel-laminated
siltstone beds that are inferred to represent a delta-front
or upper shoreface sequence. Rocks from this sequence
are truncated by the Lower Cretaceous unconformity and
overlain by the Lower Cretaceous pebble shale unit.
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Aichilik River Section

The Ledge at this section (sec. 22, T. 2 N, R.
37 E) is 1174 m (385 feet) thick. It is the most
difficult section to interpret because it is extensively
covered (fig. 8.2C). The base of the accessible outcrop
from 0-7.6 m (0-25 ft) displays bioturbation as well as
intemally deformed laminations suggesting that they
probably formed due to slumping on oversteepened
slopes. These beds are interpreted to have been
deposited in a distal delta-front environment. The
interval from 7.6 to 70.1 m (25 to 230 ft) is largely
covered except for about 4.6 m (15 ft) of massive
sandstone. From 70.1 to 1174 m (230 to 385 ft), the
few accessible outcrops in the upper part of the section
show interbedded thick sandstones and thinner siltstone
and shale strata in a depositional pattern similar to

inferred depositional environments of the other sections,
a more likely environment of deposition is a delta fringe.

Core Descriptions

Access to cored material was extremely limited,
and inspection of the core itself was not possible. The
following descriptions are based on work done by the
American Stratigraphic Company. The Ledge interval
from Canning River Unit A-1 (sec. 19, T. 3 N, R. 24 E\)
is at 1,436 t0 1,573 m (4,710 to 5,160 ft) depth, and the
cored interval occurs between 1,484 and 1,498 m (4,868
to 4,915 ft). The Ledge in this core is a moderately
sorted, rounded, very fine to medium-grained sandstone
and siltstone cemented with quartz and minor amounts of
siderite. There are few argillaceous partings and traces

turbidite facies. However, taken in the context of the  of enhanced porosity due to fracturing.

Table 8.1. Modal analyses from thin-section point counts of sandstone of the Ledge Sandstone Member of the Ivishak
Formation

[Sample identification: ARV, Aichilik River section; BU, Beli Unit-1; CRA, Canning River Unit A-1; CRB, Canning River Unit B-1; FCK, Fire
Creek section; KU3, Kavik Unit-3; MCK, Marsh Creek section. Sample number indicates distance (in feet) below top of section or well. Textural
characteristics: So, sorting; Gs, grain size. Sorting classes: M, moderate; MP, moderate to poor; MW, moderate to well; P, poor; VP, very poor; VW,
very well; W, well. Grain-size classes: C, coarse sand; F, fine sand; M, medium sand; VF, very fine sand. Framework grains: Qm, monocrystalline
quartz; Qp, polycrystalline quartz; C, chert; L, lithic grains, undifferentiated; F, feldspar; G, organics; M, matrix; O, other. Matrix and Cement: Q,
quartz; Si, siderite; An, ankerite; K, kaolinite; C, chlorite; A, apatite; B, barite; P, pyrite; S, sphalerite. Framework components: Q, mono- and
polycrystalline quartz; F, feldspar; L, lithic fragments including chent. Total components: Fk, framework grains; MC, matrix and cement; P, porosity.
All figures are volume percents based on 300 counts per sample. T, trace.}

Sample Texture Framework grains Matrix and Cement Summary
Normalized percent

Well Depth ————— Framework Total

(fr) So Gs Qn Qp C€C L F G M O Q S8 An K C A B P S Q F L Fk MC P
CRB 8956 W VF-F 50 7 25 T 0 0 2 T 12 T 0o 3 0 0 0 0 0 70 O 30 8 17 1
CRB 8962 MW F 50 9 10 1 0 o0 15 T 7 7 T T O 0 O O O 8 0 15 70 28 2
CRB 8967 MW F 45 7 2 T 0 0 12 0o 3 0 10 T 0 0 O O o0 70 O 30 74 2 T
BU 11652 P F-M 33 4 20 1 0 0 24 T 3 14 0 1 0 0 0 1 0 6 0 35 57 42 1
BU 11654 MW M 41 2 17 1 0 O 0 017 0 2 0 0 T 0 0 o0 8 0 20 61 39 o0
BU 11835 VW F 44 10 25 1 0 O 1 0 15 3 2 0 0 0 0 0 o0 68 O 32 70 29 1
BU 11840 VP VF-M 28 8§ 47 1 0 O 1 0o 9 5 o T 0 0 0 0 o0 43 0 57 &8 13 3
Ku3 5410 W F-M 45 1 5 0 0 O 0 0 8 0 3 0 0 0 0 0 o0 9% o0 10 51 49 T
KU3 5431 VW F 51 9 23 1 0 O 7 0 &8 T o 0 0 o0 0 1 0o 71 0 29 84 16 T
KU3 5440 W F-M 53 12 17 0 0 1 0 14 T o o0 0 0 0 O 3 0 79 O 21 82 18 T
CRA 4874 M F 43 12 12 1 T O 0 0 4 19 0o 0 8 0 0 0 O 8 T 19 68 32 T
CRA 4876 P VF-M 38 0 32 2 0 0 0 013 2 0 0 2 0 0 T 0 58 0 42 8 18 T
CRA 4881 VW F 47 12 16 2 T 0 0 012 2 o0 0 7 0 0 T 0 76 T 24 71 32 1
CRA 4892 M M 47 6 272 T 0 O 1 0 11 3 0 0 0 0 0 T 12 66 O 33 8 20 0
CRA 4898 MP F-M 50 6 22 0 0 O 4 0 2 18 0 0T 0 0 0 O 5 0 4 76 24 0
CRA 4903 MW F-M S0 1T 26 T 0 0 4 0 5 1 o 0 0 o0 0 1 0 61 0 39 8 13 0
CRA 4909 MW FM 38 18 28 1 0 O 1 0 12 T 0 0 0 T 0 T ©O0 66 O 3 8 15 0
CRA 4911 P VEM 4 1 25 1 0 o© 9 o 5 0 o0 0 1 0 0 2 0 68 0 32 8 19 o
FCK 230 VW F 46 6 22 2 0 0 4 T 8 T o T 0 0 0 T 0 72 0 28 88 12 T
FCK 250 M M 39 1 34 0 0 0 0 013 o0 0 0 0 0 O O T 59 O 41 89 9 2
FCK 260 P F-C 32 1 45 0 0 O t T 9 0 0 0 0 O 0 O O0 49 o0 51 88 10 2
FCK 35 M M 55 5 22 3 0 0 0 o 4 2 0 0 0 0 0 0 o0 74 O 26 94 6 T
FCK 360 W F 53 1 10 2 0 0 0 0 22 1 0O 0 0 0 0 0 0 8 O 16 76 23 T
FCK 430 W F 48 4 19 4 0 T 0 0 16 5 0o 0 0 3 0 0 0 6 0 31 76 23 1
ARV 705 VP M-C 17 4 60 2 0 O 0 o 1 8 0o 0 5 0 0 0 0 25 O 75 82 14 4
ARV 710 VP M-C 18 4 62 3 0 O 0 o 3 1 o 0o 7 0 0 O 0 77 0 23 72 28 0
ARV 820 W M 47 0 17 T 0 0 0 0 12 4 0 0 5 0 0 O 7 77 O 23 72 28 0
MCK 300 P M-C 21 1 4“4 1 0 o 0 0 12 16 0 0 0 5 0 O 0 133 0 67 67 33 T
MCK 32 MW M 42 8 20 4 0 O 0 0 10 2 0 6 0 0 O 0O T 68 O 32 6 33 T
MCK 350 M F-M 50 6 20 0 o0 o 4 0 2 18 0 0 T 0 0 0 o0 56 0 4 76 24 0
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The Ledge from Canning River Unit B-1 (sec.
32, T. 4 N., R. 24 E)) is present from 2,673 to 2,830 m
(8,770 to 9,285 ft), and the cored interval is from 2,729
to 2,735 m (8,955 to 8973 ft). It is a moderate- to

well-sorted, angular, very fine” to medium-grained
sandstone and siltstone. There is no fracturing or
porosity.

In Kavik Unit-3 (sec. 8, T. 3 N, R. 23 E.) the
Ledge is present from 1,618 to 1,756 m (5,310 to 5,760
ft), and the cored interval is from 1,646 to 1,659 m

(5400 to 5,442 ft). The upper part of the core contains
two 1.5- to 1.8-m-thick (5 to 6 ft) shale sequences. The
sandstone is moderate to well sorted, fine to coarse
grained, and rounded. Fractures account for minor
porosity, and they are commonly filled with dead oil.
The Ledge in Beli Unit-1 (sec. 8, T. 4 N, R. 23
E.) is present from 3,511 to 3,699 m (11,520 to 12,135
ft). The two cores from the Ledge range in depth from
3,550 to 3,556 m (11,648 to 11,666 ft) and from 3,605 to
3,609 m (11,828 to 11,842 ft). The upper core is
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Figure 8.2. Stratigraphic sections of Ledge Sandstone Member of Ivishak Formation at (A) Fire Creek, (B) Marsh

Creek, and (C) Aichilik River.
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interpreted to occur within the gradational contact with
the Fire Creek Siltstone Member of the Ivishak
Formation because it is dominated by shales. The
sandstone from this core is a poorly sorted, rounded,
medium-grained quartz arenite that has minor fracture-
derived porosity. The lower core is a fine- to coarse-
grained, angular to rounded, moderately sorted quartz
arenite that is commonly fractured.

PETROGRAPHY

The framework mineralogy of the Ledge
Sandstone Member is very consistent throughtout the
North Slope despite its having been deposited in a
variety of depositional environments (Detterman and
others, 1975; Van de Kamp, 1979; Melvin and Knight,
1984; Cloft, 1984). It is generally a mature, chert-rich
quartz arenite (fig. 8.3) that thickens and coarsens
toward the source area (north). It contains as much as
60 percent chert fragments and is angular to well
rounded, very well sorted to very poorly sorted, and very
fine grained to pebbly conglomeratic. Discrete chert
grains are commonly iron stained (fig. 8.44) and contain
pyrite inclusions (fig. 8.4B), which suggests a hematite-
and pyrite-rich source terrane. The angular appearance
of quartz grains is due to the abundance of

Quartz arenite

Sublitharenite

Subfeldsarenite -

F

50

Figure 8.3. Ternary plots of detrital grain composition of
(A) 40 samples of Ledge Sandstone Member from
ANWR area compared with (B) similar plot based on 52
samples from Ledge-equivalent sandstone from the
Prudhoe Bay area (modified from Melvin and Knight,
1984). Compositions are based on 300 counts per slide.
Dot indicates average (mean) composition.

postdepositional quartz overgrowths and pressure solution
as inferred by the contrasting roundness of detrital chert.
In the Ledge, chert percentages decrease and sorting
increases with decreasing grain size. Shale beds are
composed of mainly illite.

The maturity of the Ledge is attributed to its
being derived from a very mature source terrane. The
sediments represented in this study were deposited in
predominantly shallow-marine environments that were
subjected to intensive wave and longshore current
reworking and redistribution (Cloft, 1984). The
reworking of these sediments could have contributed to
their maturity. However, modal analysis (Melvin and
Knight, 1984) of the lithologic equivalent of the Ledge
in the Prudhoe Bay field area (the Ivishak Sandstone of
Jones and Speers, 1976) from proximal, nonmarine-facies
sediments deposited in alluvial fans and braided streams
yield almost exactly the same framework mineralogy as
the intensively reworked sediments (fig. 8.3). Therefore,
the maturity of the Ledge is interpreted to result from a
very mature recycled source rather than from a loss of
unstable mineral and rock fragments through mechanical
and chemical processes. Authigenic minerals in the
Ledge Sandstone Member (in order of abundance) are
quartz, siderite, ankerite, pyrite, carbonate fluorapatite,
chlorite, kaolinite, and sphalerite. Unlike the uniform
framework mineralogy, the authigenic mineralogy
exhibits trends suggesting that some of the mineral
distribution is facies controlled. In general, chlorite is
found in the delta-fringe facies; ankerite, siderite,
kaolinite, and sphalerite are common in the facies with
shoreline influences, such as beaches, bars, and backbars;
and minor amounts of siderite, pyrite, and carbonate
fluorapatite are found in the delta-front facies.
Precompaction authigenic mineralogy has profoundly
affected the late diagenesis and porosity development of
the Ledge. The creation of the pore-space network,
which makes the rocks lithologically equivalent to the
Ledge in the Prudhoe Bay field such excellent reservoirs,
is primarily due to the dissolution of authigenic
carbonate minerals and unstable rock fragments (Van de
Kamp, 1979; Melvin and Knight, 1984). The distribution
of these carbonate materials in the ANWR is probably
(at least in part) facies controlled.

DIAGENESIS

The diagenesis of the Ledge from the study area
sections follows a long and complex history that in
general proceeds as follows: (1) compaction and
development of pressure solution (facies independent);
(2) pyrite precipitation (delta-front facies); (3) siderite
precipitation and quartz/chert dissolution (facies
independent); (4) fracturing (facies independent); (5)
siderite dissolution (facies independent); (6) carbonate
fluorapatite precipitation (delta-front facies); (7) chlorite
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Figure 8.4. Photomicrographs of the Ledge Sandstone
Member. A, Iron-stained chert on right and chert with
pyrite inclusions (black in this view) on left, suggesting
hematite- and pyrite-bearing source terrane. 10x/1/2XN.
B, Chert with pyrite inclusions, suggesting pyrite-bearing
source terrane. 10x/1/2XN. C, Sutured and concavo-
convex grain contacts and minor pressure solution. Note
nearly 120° grain contacts and severely deformed chert
at bottom, indicating maximum compaction. 25x/XN. D,

concretion.

Example of an early-formed pyrite
Concretions of this type are most common in delta-front
facies. 2.5x/PL. E, Same as D, but with reflected light.
2.5x/RL. F, Pyrite-cored siderite crystal suggests that
precipitation of these continuous iron-bearing phases was
early. Preserved open packing within siderite concretions
suggests that precipitation of siderite occurred in shallow
subsurface. 2.5x/PL.
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formation (delta-fringe facies); (8) quartz precipitation
(facies  independent); (9) kaolinite  precipitation
(shoreface facies); (10) ankerite, pyrite, and sphalerite
precipitation (shoreface facies); and (11) organic matter
migration. The relative timing of these diagenetic stages
is summarized in figure 8.5. This is an idealized
sequence, and there may be considerable overlap
between some of the steps. For example, compaction and
siderite precipitation probably occur simultaneously.
Throughout the North Slope, the porosity and
permeability of the lithologic equivalent of the Ledge in
the Prudhoe Bay area are derived from its diagenesis
rather than from its preservation of primary porosity and
permeability (Van de Kamp, 1979; Melvin and Knight,
1984). Porosity enhancement due to carbonate dissolution

A Permian

Jurassic

is considered an important diagenetic factor in the
Prudhoe Bay field (Melvin and Knight, 1984).
Petrographic evidence in some Ledge samples suggests
that a similar dissolution event occurred in the ANWR,
resulting in enhanced porosity. These pores were
subsequently filled, primarily with late authigenic quartz
and ankerite, which effectively destroyed the reservoir
quality of the Ledge in the ANWR (as represented by the
outcrops).

Compaction and Pressure Solution

Compaction features of the Ledge Sandstone
Member in the ANWR consist of grain-to-grain contacts,
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Figure 8.5. Burial history of the Ivishak Formation from Beli Unit-1 well (4) and diagenetic history of the Ledge
Sandstone Member as inferred from this study (B). Burial-history curve adapted from Magoon and others (chap. 11).
Solid line, most abundant; dashed line, less abundant; dotted line, least abundant; ?, questionable occurrence.
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the creation of a pseudomatrix, and the development of
some pressure solution. Sutured and concavo-convex
grain contacts are common and are believed to be
indicative of early compaction. Given the complex
structural  history of the region (chaps. 18-21),
compaction is considered to be a diagenetic force that
was active throughout much of the history of the Ledge.
Fractured monocrystalline quartz grains, sutured and
concavo-convex grain contacts, and pressure solution
were commonly observed in fine-grained sandstones (fig.
8.4C). These textures result from a lack of early
cementation, which allows the rock to be compacted. In
situ fracturing of quartz results in a polycrystalline
appearance, and thus these grains are not useful as
provenance indicators. Chert grains are rarely fractured
but are commonly plastically deformed. Occasionally,
chert is severely deformed and forms a pseudomatrix
(Dickinson, 1970). Illitic clay is often associated with
this cherty pseudomatrix, and, when present, the
combination of the two results in the destruction of any
porosity and permeability that the rock may have had.

Pyrite

Traces of very early authigenic pyrite are
present as small concretions in the Ledge (fig. 8.4D, E).
Pyrite is present in the delta-front facies sediments and
rarely forms the cores of individual siderite crystals (figs.
84F, 8.64) in some of the shore-system facies
sediments. Pyrite concretions preserve the open packing
of the framework grains and also predate siderite
concretions. This textural evidence, as well as the
chemical arguments discussed below, strongly suggest
that pyrite formed very early in the history of the Ledge,
probably within the first few meters of burial.

Three major factors control the formation of
low-temperature authigenic pyrite in sediments: (1)
dissolved iron in solution or the presence of minerals that
will contribute iron; (2) dissolved sulfate or sulfide
present in reducing waters; and (3) sulfate-reducing
bacteria in anoxic environments acting on organic matter
(Berner and others, 1979). The association between
pyrite and siderite, the authigenic mineral phase that
follows it, indicates that there was sufficient dissolved
iron in early Ledge pore waters for continuous
precipitation of these iron-bearing phases. The source of
this carly iron is not clear. It is obvious that the Ledge
was derived from a very mature source that was poor in
mafic minerals, which rule these minerals out as an iron
source. In addition, ionic iron is frequently below
detection limits in normal natural waters (Duchart and
others, 1973), which suggests that they also were not the
source of iron for pyrite and siderite in the Ledge. Clay
reactions involving the transition of smectite to illite
occur at diagenetic temperatures and release iron and

magnesium into pore waters, thus providing a source of
these cations for the iron- and magnesium-bearing
authigenic carbonates, ankerite and ferroan dolomite
(Boles, 1979). The initiation of these clay reactions
requires temperatures of at least 80 to 100 °C (176 to
212 °F) (Hoffman and Hower, 1979; Sredon and Eberl,
1984). According to temperatures attained from siderite
oxygen isotopes (see the section "Siderite and
Quartz/Chert Dissolution”), as well as textural evidence
outlined above, pyrite and siderite in the Ledge
precipitated in the shallow subsurface, where these
temperatures were probably not attained. Some detrital
chert grains in the Ledge are commonly stained reddish
brown, which suggests hematite staining and cementation
at the source. The weathering of such a hematite-bearing
terrane could have provided the iron necessary to form
early pyrite and siderite. Therefore, the hypothetical
source of iron for these minerals was from the
weathering of  hematite- and pyrite-bearing
metasedimentary rocks similar to the pre-Mississippian
argillite penetrated in wells throughout the coastal-plain
province west of the ANWR.

Pyrite requires a reducing environment to
precipitate. Normal marine bottom waters are generally
slightly oxidizing (Drever, 1982), which suggests that
pyrite formed in the shallow subsurface, where an anoxic
environment is more likely to occur (Bischoff and Ku,
1971). The sulfate ion necessary for pyrite precipitation
is able to diffuse into the shallow-marine subsurface
(Kaplan and others, 1963), where it is readily available
for bacterial reduction (Berner, 1974). Ledge Sandstone
Member burial depths greater than the diffusive
capability of the sulfate ion may have contributed to
sulfate depletion, leading to limited pyrite precipitation.
Hydrogen sulfide (H,S) is the source of the reduced

sulfur necessary for the formation of pyrite in shallow-
marine sediments. It is derived from the reduction of
sulfate by sulfate-reducing bacteria acting on organic
matter in anoxic environments (Berner, 1981b). If there
is a limited supply of organic matter, than sulfate-
reducing bacteria, and consequently sulfide and pyrite
formation, will also be limited. Organic matter is rarely
preserved at any of the measured sections, which implies
an initially low organic-matter content. For this reason
the small amount of pyrite present in the Ledge is
considered to be primarily due to a scarcity of organic
matter at the time of its deposition. The presence of
early pyrite in the Ledge from the ANWR suggests that
the chemical environment present in the early pore
waters was dominated by reducing, ferrous iron-rich
waters.  Sulfate reduction, and therefore pyrite
precipitation, was probably largely constrained by the
limited organic content of the Ledge. The increasing
burial depth of the Ledge may also be partly responsible
for decreased sulfate activity due to lack of ionic
diffusion into deeper sediments.
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Siderite and Quartz/Chert Dissolution

Siderite is a ubiquitous authigenic constituent of
the Ledge, and its dissolution is important in the
porosity-enhancement process in the sandstone (Melvin
and Knight, 1984). Its average composition, based on
68-clectron microprobe spot analysis, is (Cay,, Mg, ;
Fe, ¢ Mn . )CO,, and there may be as much as about 30

percent substitution of Mg?* for Fe?* in the siderite
crystal lattice. The volumetric proportion of siderite
varies widely, from O to more than 50 percent of a thin
section. Low percentages may be partially due to
siderite dissolution. Siderite frequently and extensively
replaces chert fragments and marginally replaces
monocrystalline quartz grains (fig. 8.68). It commonly
occurs as anhedral to euhedral, poikilotropic concretions
(fig. 8.6C) that are frequently compositionally zoned (fig.
8.6D). Concretions may encompass more than 50 detrital
quartz and chert grains. Siderite was observed to border
dust rims on detrital quartz grains that were subsequently
cemented with syntaxial quartz overgrowths (fig. 8.6E),
indicating a prequartz overgrowth time of formation.
Detrital phyllosilicate crystals within Ledge argillaceous
lamellae are commonly deformed around authigenic
siderite crystals (fig. 8.6F).

These textural relationships show that siderite
cementation preceded quartz cementation and probably
occurred at shallow burial depths. If we use Friedman
and O’Neil’s (1977) carbonate fractionation curves,
stable oxygen isotope values (kO'® = 29.50) for siderites
from the Ledge yield temperatures of formation of about
25 to 30 °C (77 to 86 °F) under the assumption of
normal marine water compositions. These low
temperatures also indicate shallow burial depth at the
time of siderite precipitation.

Siderite requires a reducing environment to form
(Gautier and Claypool, 1984; Postma, 1982; Pye, 1984).
The replacement of quartz by siderite indicates that
quartz was dissolved during siderite precipitation. The
two most important factors affecting quartz-carbonate
solubility are pH and temperature, with solubility
increasing as both temperature and pH increase (Blatt
and others, 1980). The low temperature of siderite
precipitation and quartz dissolution rules out temperature
as a factor affecting quartz solubility in the Ledge.
Therefore, the replacement of quartz by siderite in the
Ledge is pH dependent. Experimental data (Krauskopf,
1956) show that at standard temperatures and pressures,
silica solubility is very low between pH limits of 2 to
8.5. At pH values higher than 8.5, silica solubility
abruptly increases, attaining values up to 5,000 ppm at a
pH of 11 (Dapples, 1979a). Therefore, siderite
replacement of quartz in the Ledge implies the presence
of waters with a pH greater than 8.5. However, waters
with this pH would dissolve quartz regardless of the
presence of siderite. This type of widespread quartz

dissolution has not occurred in the Ledge, which suggests
a microalkaline environment at the quartz-siderite
interface with an anomalously high pH. The genesis of
such a microenvironment has not yet been determined.
Comparisons  between  recent  reducing
environments and the inferred early chemistry of Ledge
pore fluids based on Ledge mineralogic assemblages
reveal similarities. Bischoff and Ku (1970, 1971)
measured the pore fluids of shallow (<5 m, <16 ft),
recent marine-oxidizing and marine-reducing sediments.
The waters they collected from anoxic nearshore marine
sediments off the coast of Gibraltar were strongly

reducing and were marked by sulfate reduction, Mg?*
and Ca®* depletion, and slight enrichment in Mn?*,
These trends resemble the probable chemical
environment of the Ledge based on early authigenic
mineralogic assemblages and Ledge siderite microprobe
analysis. The substitution of Mg?* for Fe?* in the siderite
crystal lattice may be the mechanism for the depletion of

Mg?* observed by Bischoff and Ku (1971) in nearshore
anoxic pore waters. Magnesium-ion depletion was not
observed in marine oxic environments (Bischoff and Ku,
1970). Sulfate reduction in the Ledge is evident from
the presence of pyrite. Relatively high concentrations of
Mn?*, up to 5 mole percent, in some cores of individual
siderite crystals suggest that manganese released into the
pore fluids of shallow sediments during reduction of
early-formed manganese oxides (Bischoff and Ku, 1970,
1971) was quickly incorporated into the growing siderite
concretions.

Fractures

Fractures were rarely observed in the Ledge
from the study area. Mineral associations suggest two
fracture sets: (1) fractures associated with siderite
dissolution and uncommonly filled with carbonate
fluorapatite, and (2) fractures filled with late authigenic
carbonate and quartz. These fractures may have formed
during either of two periods of uplift, with the first
occurring in the Late Jurassic and Early Cretaceous
(Grantz and May, 1983), and the second during the
middle Cenozoic (chaps. 19 and 20).

Unlike the study area sections, nearly every core
that was studied revealed fractures. Thin-section study of
fractures from the Beli Unit-1 well shows a relationship
between fractures and dissolution of siderite (fig. 8.7A).
Carbonate fluorapatite was observed to fill some of the
enhanced pores created by this dissolution, which
suggests that slightly acidic pore waters moved through
these fractures (Krumbein and Garrels, 1952). Late
fractures were only very rarely observed and were filled
with authigenic quartz and minor carbonate. They
probably have had only a minor effect on Ledge
diagenesis.
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Figure 8.6. Photomicrographs of the Ledge Sandstone
Member. A, Same as 8.4F, but with reflected light. B,
Extensive siderite replacement of chert as shown here is
common in the Ledge Sandstone Member. Notice how
monocrystalline quartz grain at bottom is only marginally
replaced. 10x/XN. C, Euhedral, poikilotropic, siderite
rhomb. Subhedral to euhedral siderite rhombs similar to
this are common throughout the Ledge Sandstone
Member. Framework grains within concretion display
open packing, especially when contrasted with tight
packing of non-siderite-cemented framework grains.
Quartz overgrowths are absent within these concretions,

indicating pre-quartz formation. These textures suggest
that formation of siderite occurred at shallow depths
before significant chemical or mechanical compaction.
2.5x/PL. D, Zoned siderite crystal. Microprobe analysis
of these zones shows varying concentrations of iron and
magnesium. Generally, darker areas are more iron rich.
10x/XN. E, Small, rounded, siderite crystals line detrital
grains and indicate a period of siderite precipitation prior
to formation of quartz overgrowths. 10x/XN. F, Siderite
within  argillaceous lamellac. Note how detrital
phyllosilicate crystals bend around siderite crystal,
suggesting early formation before compaction. 10x/XN.

110 Petroleum Geology of the Northern Part of the Arctic National Wildlife Refuge



Siderite Dissolution

Textural evidence, corroded and rhombically
embayed detrital quartz and chert grains, and remnants of
authigenic siderite indicate that dissolution of siderite
was common in the Ledge (fig. 8.7B). This dissolution
resulted in enhanced pores that were subsequently filled
mostly with authigenic quartz, kaolinite, and ankerite. In
some samples, minor amounts of enhanced porosity are
preserved. Two likely hypotheses for the origin of these
acidic fluids are (1) movement of slightly acidic meteoric
waters entering into the formation during Late Jurassic
and Early Cretaceous subaerial exposure (Van de Kamp,
1979), and (2) movement of acidic formation waters,
acidified by acids generated by organic-matter maturation
(Schmidt and McDonald, 1979a; Franks and Forester,
1984; Surdam and others, 1984), into and through the
formation, probably in Tertiary time.

Evidence for some dissolution due to meteoric
influx exists at the Marsh Creek section, the only section
studied that was truncated by the Lower Cretaceous
unconformity.  Slightly corroded siderite remnants
occasionally line detrital grains (fig. 8.7C, D). They
have been oxidized and altered to hematite and were
protected from further alteration by later syntaxial quartz
overgrowths, thereby ruling out oxidation due to
Holocene exposure. Because the Ledge at the Marsh
Creek section has been truncated by the Lower
Cretaceous  unconformity, oxidation and partial
dissolution of siderite may have occurred during Upper
Jurassic and Lower Cretaceous subaerial exposure, when
slightly acidic and oxic+ meteoric waters moved into and
through the formation (Van de Kamp, 1979). Although
some siderite dissolution has occurred at this section,
widespread dissolution is not evident, which leads to the
conclusion that the unconformity has not had a uniform
effect on porosity development in the Ledge.

It is clear that in considering carbonate
dissolution in the Ledge, factors other than proximity to
the Lower Cretaceous unconformity must be considered.
One such consideration is the generation of organic acids
during the maturation of organic matter (Schmidt and
McDonald, 1979a; Franks and Forester, 1984; Surdam
and others, 1984). There is a strong correlation between
CO, generation and secondary-porosity ~development

(Tissot and Welte, 1978; Franks and Forester, 1984).
Results of kerogen-maturation experiments showed that
both algal and humic kerogen types are capable of
generating carbonic and carboxylic acids at about 80 °C
(176 °F)(Tissot and Welte, 1978; Surdam and others,
1984). Illite-smectite reactions also begin at about this
temperature (Hoffman and Hower, 1979; Sredon and
Eberl, 1984) and are widely acknowledged to facilitate
petroleum migration from source to reservoir rocks
(Powers, 1967; Burst, 1969; Wilson and Pittman, 1977,
Bruce, 1984). The coincidence in time and temperature
of organic-acid generation with illite-smectite transition

and hydrocarbon generation suggests organic acids could
be swept through adjacent sandstones just prior to
hydrocarbon generation (Schmidt and McDonald, 1979a;
Surdam and others, 1984). For this to occur, however,
the source rock must be hydrodynamically linked to the
reservoir sandstones (Surdam and others, 1984). The
organic-carbon-rich Shublik Formation, which was
hydrodynamically linked to the Ivishak Formation, is a
possible source for these kinds of acids.

Carbonate Fluorapatite

Traces of carbonate fluorapatite
(Cay(PO,,CO,,OH),(F,OH)), identified by X-ray
diffraction and EDS techniques, are locally abundant in
inferred Ledge delta-fringe and delta-front facies. It
occurs as small anhedral to subhedral, enhanced, pore-
filling crystals (fig. 8.7E), and may account for as much
as 7 percent of the total rock volume. In general, apatites
can occur over a wide temperature range (Deer and
others, 1966; Nriagu and Moore, 1984). Phosphate
precipitation is independent of pE and dependent on pH
(Krumbein and Garrels, 1952). Phosphate solubility is
similar to that of calcium carbonate, increasing with
decreasing pH (Krumbein and Garrels, 1952). Thus, the
pH of this system during carbonate-fluorapatite
precipitation is determined to be mildly acidic. Samples
from the Beli Unit-1 well show a clear temporal
relationship between a fracturing event, dissolution of
siderite, and the precipitation of carbonate fluorapatite.
The relative timing between these events is as follows:
(1) fracturing, (2) siderite dissolution, and (3) carbonate-
fluorapatite precipitation.

Traces of detrital phosphate and phosphate-
cemented detrital siltstone are present in the Ledge.
Primary phosphatic material was also observed in the
shoreface facies of the Marsh Creek section. The
solution of these phosphatic minerals is not considered
the source for the small amount of authigenic phosphate
cement because Ledge detrital-phosphate content is very
small, and the occurrence of authigenic phosphate is not
spatially related to detrital-phosphate concentration.
Furthermore, the association of carbonate fluorapatite
with fractures suggests that phosphate-rich fluids moved
into the Ledge through the fractures. The Shublik
Formation is stratigraphically above the Ivishak
Formation, contains phosphate beds, and is
acknowledged to be one of the main source rocks for
North Slope petroleum (Magoon and Bird, 1985).
Migration of phosphate-rich fluids from the Shublik into
the Ledge through fractures could be responsible for the
carbonate fluorapatite in the Ledge. If authigenic
phosphate minerals in the Ledge can be used as
indicators of fluids derived from the Shublik, then acidic
pore fluids traveling through fractures and dissolving
carbonate materials prior to phosphate formation can also
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be traced to the Shublik. Since the Shublik is organic-
carbon rich (Magoon and Bird, 1985), these acids can be
assumed to be organically derived, as discussed in the
section on siderite dissolution.

Chlorite

Chlorite in the Ledge was identified
petrographically and through X-ray diffractions. It

occurs as detrital grain coatings (fig. 8.7F) in rocks
inferred to represent the more distal delta-front facies.
Chlorite is not considered important in either the
preservation or destruction of porosity and permeability
in the Ledge from the ANWR because of its low
volumetric occurrence. No detailed chemical data were
gathered on the chlorites. They occur over a wide
temperature range, have a widely variant chemical
composition, and are not considered diagnostic of any
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particular environment (Deer and others, 1966). Iron and
magnesium necessary for chlorite formation in the Ledge
may be derived from siderite dissolution.

Quartz

Quartz is volumetrically the most important
pore-filling cement in the Ledge, occupying as much as
22 percent of the total rock volume. It extensively fills
enhanced pores (fig. 8.84), and there are no apparent
facies controls in its distribution. Silica sources for
quartz precipitation include dissolved silica resulting
from quartz and chert dissolution (Walker, 1960) and
silica released during smectite diagenesis (Boles and
Franks, 1979). Because quartz precipitation is followed

Figure 8.7. Photomicrographs of the Ledge Sandstone
Member. A, Dissolution of siderite associated with
fracture, resulting in enhanced porosity. Rhombic
embayments and siderite remnants along pore-space
perimeter suggest pore was filled with siderite. Iron
carbonates at left (opaque in this view due to oxidation
to hematite) that are not cut by fracture are not
dissolved, suggesting that fractures play an important
role in the porosity development of the Ledge Sandstone
Member by acting as conduits for acidic fluids. 2.5x/PL.
B, Enhanced porosity due to siderite dissolution.
Extensive rhombic embayment in quartz grain in this
view resulted from siderite replacement of quartz and its
subsequent dissolution. Note remanent siderite cement in
right center strongly suggests this pore was filled with
siderite. 25x/PL. C, Quartz cementation after partial
siderite dissolution. Siderite in this view has also been
oxidized, possibly because of oxic meteoric waters
entering into the Ledge Sandstone Member during Late
Jurassic and Early Cretaceous subaerial exposure.
Quartz overgrowths preserved siderite texture, prohibiting
alteration during its current subaerial exposure. Ankerite
is adjacent to quartz overgrowth, indicating formation
after quartz overgrowth. 25x/XN. D, Same as C, but
with plane light. Notice iron-stained chert grains.
25x/XN. E, Carbonate fluorapatite almost completely
filling enhanced pores created by dissolution of siderite.
Traces of porosity (blue in this view) are preserved.
Carbonate fluorapatite was associated with fractures,
implying slightly acidic, phosphate-rich pore fluids
moving through fractures. 10x/PL. F, Authigenic
chlorite (dark greenish brown in this view) lining detrital
quartz grains that were subsequently cemented with
quartz. Note corroded and rhombically embayed chert
grains, suggesting siderite replacement of quartz; quartz
then filled enhanced pore spaces. 10x/PL.

by ankerite precipitaion, which (as explained below)
requires elevated temperatures for formation, quartz
precipitation did not occur as a result of current subaerial
exposure. Wood and Hewett (1984) have proposed a
convective fluid-flow model to help explain inorganic
diagenetic  processes, including authigenic quartz
precipitation. Briefly summarized, deeper and warmer
fluids will migrate convectively up anticlinal structures.
As the fluid moves up the geothermal gradient, its
temperature decreases. As noted previously, decreased
temperatures result in decreased silica solubilities and
increased quartz precipitation.

Kaolinite

Authigenic kaolinite is restricted to secondary
pores formed by the dissolution of siderite in the
shoreface facies (fig. 8.8B). It is generally of minor
volumetric ~ significance and forms dense crystal
aggregates generally less than 0.5 mm in diameter.
Trace amounts of organic matter are trapped within the
kaolinite booklets. Aluminum necessary for kaolinite
precipitation may be derived from metal-ion
complexation by organic acids (Surdam and others,
1984).

Ankerite, Pyrite, and Sphalerite

Ankerite and traces of pyrite and sphalerite are
the last authigenic minerals to precipitate in the Ledge.
They most commonly occur in the inferred shoreface
systems. Ankerite occupies as much as nearly 40
percent of the total rock volume in some thin sections.
Its average composition based on 48-electron microprobe
spot analyses is (Cay,, Mg, Fe, )CO, It is a
common pore-filling cement (fig. 8.8C), and, unlike
siderite and early pyrite, does not form discrete
concretions nor extensively replace either quartz or chert.
No ankerite dissolution was observed. Traces of pyrite
and sphalerite are associated with ankerite, which
indicates reducing, sulfide-rich waters moving through
the Ledge during this time. Oxygen-isotope data from
Gulf Coast ankerites indicate that ankerite requires
relatively high diagenetic temperatures to form, about
125 to 210 °C (257 to 410 °F; Boles, 1978). It can form
either by direct precipitation from the pore waters or
from replacement of calcite (Boles, 1978). A source of
iron and magnesium necessary for ankerite formation is
the release of these cations into pore fluids during the
transition of smectite to illite (Boles, 1978; Boles and
Franks, 1979). All the ankerite observed in the Ledge
occurs within a few feet of relatively thick, illite-rich
shale layers, which suggests that this process is
responsible for the ankerite in the Ledge. Sphalerite is
an uncommon diagenetic mineral. However, numerous
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authors have recorded the presence of relatively high
concentrations of dissolved zinc in formation waters of
producing oil fields (Lebedev, 1972; Carpenter and
others, 1974; Gardner, 1974; Vine and Tourtelot, 1970),
and Lebedev (1972) reports sphalerite forming at surface
temperatures and pressures.

Organic Migration

Organic matter, which apparently migrated
through the formation after ankerite precipitated, was
rarely observed as dead oil or asphalt in some Ledge
pores (fig. 8.8D).

Figure 8.8. Photomicrographs of the Ledge Sandstone
Member. A, Authigenic quartz filling enhanced pore
space. Note siderite remnant on quartz dust rim. This
texture is common in the Ledge Sandstone Member.
10x/XN. B, Kaolinite filling small pore space. Note
how adjacent ankerite, rotated to extinction in this view,

SUMMARY

The Ledge Sandstone Member is a mature
chert-rich quartz arenite. Its mineralogic assemblages
strongly suggest it was derived from a hematite- and
pyrite-cemented, recycled, foreland-uplift, orogenic
provenance (Dickinson and Suczek, 1979). Its lithologic
equivalent in the Prudhoe Bay field, the Ivishak
Sandstone of Jones and Speers (1976), has excellent,
diagenetically created reservoir qualities in that field and
good, diagenetically produced, reservoir qualities in the
NPRA.

Three prerequisites are necessary for the
development of this reservoir: (1) extensive early
carbonate cementation, (2) extensive carbonate

appears to be growing over kaolinite, indicating that

kaolinite precipitated before ankerite. 10x/XN. C,
Ankerite cement. Notice euhedral-crystal termination of
adjacent quartz overgrowth, indicating that quartz formed
before ankerite. 10x/XN. D, Pore-filling dead oil.
10x/PL.
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dissolution, and (3) limited quartz recementation.
Authigenic carbonate minerals—siderite and ankerite—
are common in the Ledge from the ANWR. Siderite
precipitates early, preserves an open framework, and
partially replaces existing quartz and chert grains.
Ankerite forms late and fills enhanced pores. The
authigenic carbonate distribution appears to be facies
related; in general, the more proximal the facies, the
higher the percentage of carbonate cement. Dissolution
of siderite cement was commonly observed in the Ledge,
which indicates the movement of acidic fluids into and
through the formation. Fractures observed in outcrop
and subsurface samples acted as acidic-fluid conduits.
Two likely sources of acidic fluids are either slightly
acidic meteoric waters traveling into the formation
during the Late Jurassic and Early Cretaceous, when the
Ellesmerian sequence was subaerially exposed, or
organic and carbonic acids generated during hydrocarbon
maturation, possibly from the overlying Shublik
Formation during the Tertiary. The presence of
extensive (although sometimes partially dissolved)
siderite cement at the Marsh Creek section, a section
truncated by the Lower Cretaceous unconformity,
suggests that the Lower Cretaceous unconformity has not
had a uniform effect on porosity development in the
Ledge. Enhanced pores are commonly completely filled
with authigenic quartz and ankerite. Authigenic quartz
precipitation may be due to decreased silica solubilities
resulting from fluid movement of warmer, silica-rich
waters into cooler sinks. Silica is probably derived from

clay diagenesis or dissolution of quartz and chert within
the Ledge.

From the data presented in this report, and under
the assumption that the Ledge is present beneath the
coastal plain, postulates concerning the diagenesis and
reservoir quality of the Ledge beneath the coastal plain
can be made. The Ledge reservoir quality is dependent
upon authigenic carbonate dissolution and therefore upon
the initial presence of carbonate cements. The diagenetic
trend indicates that carbonate cements are more abundant
in the more proximal facies. The cementation pattern in
the lithologically equivalent Ivishak Sandstone of Jones
and Speers (1976) from the Prudhoe Bay field confirms
this trend. Circulation of acidic fluids is necessary for
porosity development. The truncation of the Ledge by
the Lower Cretaceous unconformity may have affected
the porosity and permeability development of the Ledge,
but it is not considered critical. Possible sources of the
acidic fluids required to dissolve the carbonate minerals
are the organic acids generated during maturation of
organic matter. Carbonate fluorapatite associated with
fractures may indicate that the acidic fluids moving
through the fractures originated in the Shublik
Formation. [Extensive quartz cementation may be a
relatively low-temperature phenomenon due to silica-rich
solutions moving up a geothermal gradient, precipitating
quartz in cooler sinks. Therefore, quartz cementation
may not be as great a diagenetic factor in the deep
subsurface of the coastal plain.
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Chapter 9.

Petrology of Cretaceous and Tertiary Reservoir Sandstones

in the Point Thomson Area

By Donald L. Gautier’

INTRODUCTION

This chapter illustrates salient aspects of the
petrology of two potential petroleum reservoirs of the
ANWR coastal plain. Based mainly on observations of
core chips and cuttings from wells in the Point Thomson
area adjacent to the ANWR (table 9.1), this study
focuses on (1) sandstones and conglomerates of the
Lower Cretaceous Thomson sand of local usage from the
uppermost part of the Ellesmerian sequence, and (2)
deep-water marine sandstones of the Canning Formation
(Brookian sequence).

These two rock units in the Point Thomson area
were selected for investigation because (1) the Thomson
sand and the turbiditic sandstones of the Canning
Formation occur as hydrocarbon reservoirs in the
subsurface of the coastal plain immediately adjacent to
the ANWR and, therefore, provide the nearest example
of rock units to be expected beneath the ANWR coastal
plain; and (2) reliable evaluation of porosity,
permeability, pore geometry, diagenetic history, and
anticipated reservoir quality can only be conducted from
subsurface materials, which are unaffected by surface
weathering. The general distribution, petrography, and
potential reservoir properties of rocks that crop out in the
ANWR are amply treated in chapter 7.

The reservoirs discussed here may be similar to
rocks that will actually be encountered beneath the
ANWR coastal plain. Petrologic studies of the Thomson
sand indicate an unusual composition of abundant detrital
carbonate (dolomite) framework grains. Subsurface
fluids have induced secondary porosity by partially
dissolving the carbonate framework grains, and they have
also preserved primary porosity and permeability by
inhibiting the formation of authigenic minerals that
would otherwise have adversely affected reservoir
quality. Consequently, the Thomson is anticipated to
have excellent reservoir potential, if present in the
ANWR coastal plain.

1U.S. Geological Survey, Denver, Colo.

The turbiditic sandstones of the Canning
Formation are rich in argillaceous rock fragments.
Under most circumstances, chemical and mechanical
diagenesis of such grains would significantly diminish
the reservoir properties. However, abnormally high fluid
pressures in these sandstones in the Point Thomson area
have apparently inhibited normal grain compaction and

Table 9.1. Names, locations, and cored intervals of
wells sampled for this study

Well Surface Depth
location intervals
Sec. T.N. R.E. (fv)

10,573-10,613
11,655-11,677
11,677-11,707
11,707-11,738

West Staines State 18-9-23 18 9 23

12,427-12,463
12,468-12,557
12,557-12,647

Alaska State A-1 27 10 24

12,158-12,178
12,830-12,890
12,890-12,950
12,950-13,009

Point Thomson Unit-1 32 10 23

11,676-11,696
11,696-11,756
11,756-11,846

Point Thomson Unit-2 3 9 22

13,665-13,695
13,695-13,725
13,725-13,756
13,811-13,871

Point Thomson Unit-3 34 10 23

8,237-8,246
13,438-13,464
13,464-13,487

Challenge Island-1 8 10 22

Point Thomson Unit-4 32 10 22 14,973-14,986
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chemical diagenesis. Thus, porosity and reservoir quality
are preserved. Similar conditions may exist beneath the
ANWR coastal plain.

THOMSON SAND (ELLESMERIAN)

The Thomson sand, an informally named
sandstone unit of local usage that lies below the pebble
shale unit, is named for its occurrence in the subsurface
near Point Thomson. It has no known outcrops, but well
data show that it occurs along a southeast trend from
Challenge Island to at least the Canning River. The
Thomson ranges in thickness from 0 to more than 110 m
(350 ft) in the Point Thomson area (fig. 7.11). The
northwest and southeast limits of the Thomson are not
known, but it and related sandstones may extend beneath
the coastal plain of the ANWR.

The Thomson sand is stratigraphically
correlative with the Kemik Sandstone and like the
Kemik, it is of Early Cretaceous (Neocomian) age. At
Point Thomson, it unconformably overlies pre-
Mississippian basement rocks and is overlain by the
Lower Cretaceous pebble shale unit.

The Thomson consists of very fine to very
coarse grained, medium-brown to gray, dololithic (>50
percent detrital dolomite) sandstone with thin interbeds
of granule to pebble conglomerate. Locally, it includes
pebble, cobble, and boulder conglomerate. At Challenge
Island, boulders larger than 1.4 m (4.5 ft) in diameter
have been penetrated during coring of the unit. The
Thomson displays well-developed, stacked, fining-upward
sequences that have been identified in cores and
electrical logs.

Sandstone Lithologies

The dominant lithology of the Thomson sand is
well-sorted, very fine grained to fine-grained sandstone,
consisting mostly of detrital monocrystalline dolomite
occurring as rounded grains and rhombohedral cleavage
fragments. Monocrystalline quartz grains and minor
amounts of argillaceous lithic fragments are common. A
typical framework modal composition is 53 percent
detrital dolomite grains, 36 percent monocrystalline
quartz grains, and 11 percent sedimentary and
metasedimentary rock fragments.

Conglomeratic Lithologies

The conglomerates of the Thomson sand consist
almost entirely of clasts derived from fine-grained
sedimentary rocks (fig. 9.1). Dominant among these are
granules, pebbles, cobbles, and boulders of dense,
coarsely crystalline dolomite showing little evidence of
original depositional textures. Dolomite clasts constitute
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most of the conglomeratic facies. Thomson
conglomerates also contain sparse limestone clasts
consisting of neomorphic sparite with patches of
unrecrystallized micrite, and rare clasts of oolitic
limestone.

Siliciclastic grains are also common in the
Thomson and include a wide range of argillaceous rock
fragments, such as shale, silty shale, and pyritic and
siliceous mudrocks with chert and quartz-filled fractures,
as well as quartzitic siltstone, shale, and fragments of
very fine grained to fine-grained sandstone. Lithic
fragments of sandstone range from quartz arenite to lithic
arenite or feldspathic arenite with several compositions
and textures. All of the siliciclastic lithic fragments are
well indurated, display no primary porosity, and have
enlarged micalike crystals in place of authigenic or
detrital clay minerals. Detrital arenitic clasts commonly
have moldic porosity resulting from feldspar dissolution.
These detrital lithic grains indicate provenance in a
sedimentary tectonic terrane that has undergone
temperatures and burial depths nearly sufficient for low-
grade metamorphism.

Conglomeratic facies of the Thomson sand may
locally display high porosity (25 percent) and extremely
high permeability (>1,000 millidarcies). However, the
coarse-grained facies commonly contains intergranular
material consisting of well-sorted, detrital-dolomite
sandstone, typical of the sandstone facies of the
Thomson and presumably derived from the same source.
Some conglomerates contain intergranular silty and
sandy clay matrix of detrital origin.

Figure 9.1. Scanning electron micrograph of clean,
well-sorted, highly porous reservoir sandstone of the
Thomson sand of local usage consisting of detrital
dolomite and quartz. Point Thomson Unit-3 well,
13,831-ft depth.
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Diagenesis

The porosity and permeability of the Thomson
sand are very high because the pore networks are
generally free of authigenic minerals (minerals formed
after deposition) and are open and well connected.
Authigenic  minerals consist mainly of quartz
overgrowths developed on detrital, monocrystalline
quartz grains (fig. 9.2) and of sparse euhedral crystals of
authigenic dolomite in intergranular spaces. Small
amounts of kaolinite occur in some intergranular pores.

Scanning electron microscopy (SEM) of cores of
the Thomson reveals that most grains of dolomite, and
thus most of the sandstone framework grains, display
dissolution textures (fig. 9.3). These dissolution textures
are generally similar to those described by Schenk and
Richardson (1985) in anhydrite. The dissolution occurs
mainly on grain margins and is crystallographically
controlled, which results in sharp, angular projections
and reentrants (fig. 9.3). Such crystallographically
controlled surfaces suggest that dissolution was limited
by the surface reaction rate and not by the pore-fluid
flow (Berner, 1978, 1981a; Schenk and Richardson,
1985). In contrast to dolomite, grains of monocrystalline
quartz display euhedral growth textures, typical of quartz
cements formed in crystallographic continuity with
existing detrital framework grains (fig. 9.2). Pore spaces
are generally free of authigenic clays, although detrital
matrix is abundant in some samples from the
conglomeratic facies.

Interpretation

The composition of clasts in the conglomeratic
facies of the Thomson sand, in conjunction with the
coarse grain sizes of the facies, argues strongly for local
derivation from pre-Mississippian lithologies such as
those in the basement complex of wells located near
Point Thomson. Basement lithologies near Point
Thomson reportedly include "dolomite," "carbonate,” and
"argillite" (fig. 7.3). Scour-and-fill structures, as well as
cobble and boulder conglomerates and upward-fining
sequences, suggest (but do not prove) a local derivation
and significant relief, presumably along the rifted
continental margin near the shoreline of the transgressing
Early Cretaceous sea. Whether deposition was subaerial
in a fluvial setting, in a submarine-channel complex, or
in other environments is not known.

The presence of abundant detrital dolomite
influences diagenesis in both the conglomeratic and
sandstone facies. The ubiquity of dissolution features
demonstrates that dolomite has been dissolving in the
presence of formation waters in the subsurface. Despite
the evident release of cations and bicarbonate from the
dolomite, other carbonate minerals have not formed
cements. The dissolving dolomite does not provide
suitable substrates for crystal growth and has probably
inhibited development of intergranular silicate cements.
In contrast, quartz grains of the Thomson sand display
authigenic, euhedral overgrowths. The scarcity of
authigenic phases that formed later than quartz, together
with the fresh appearance of the euhedral quartz
terminations (fig. 9.2), suggests that quartz may be

Figure 9.2. Scanning electron micrograph of grain of
monocrystalline quartz in the Thomson sand of local
usage displaying well-developed overgrowths resulting
from quartz precipitation on pre-existing detrital quartz.
Point Thomson Unit-3 well, 13,736-ft depth.

Figure 9.3. Scanning electron micrograph of grain
surface of detrital dolomite in the Thomson sand of local
usage displaying surficial, dissolution textures. Point
Thomson Unit-3 well, 13,831-ft depth.
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precipitating simultaneously with dolomite dissolution.
Such simultaneous precipitation and dissolution in the
presence of kaolinite and in the absence of carbonate
minerals other than dolomite suggests pH control.
Various lines of evidence, including vitrinite reflectance
analysis, Rock Eval pyrolysis, and clay-mineral studies
(chap. 13), indicate that the Thomson sand and
associated shales are thermally submature with respect to
the main episode of oil generation. The level of
maturation is that of decarboxylation of organic-acid
anions, a diagenetic process during which significant pH
effects are expected (Gautier and others, 1985).

Implications for Reservoir Quality

The sandstones of the Thomson sand have
porosities ranging from 5 to 25 percent, with most
generally clustering at the higher end of this range.
Permeabilities are measured or estimated to lie between
10 and several thousand millidarcies, depending upon
lithology. The Thomson contains no significant types or
amounts of minerals that react adversely in the presence
of drilling fluids, and so deterioration of reservoir quality
due to formation damage is not expected. In conclusion,
the Thomson sand represents a high-quality, potential
reservoir capable of large-scale oil and gas yield. The
limiting factor will be the distribution of this reservoir
rock beneath the coastal plain.

The Thomson is but one sandstone directly
associated with the transgression of the sea over the
Lower Cretaceous (Neocomian) unconformity of the
North Slope. Stratigraphically similar sands, but perhaps
of differing composition and origin, such as the Kemik
Sandstone, may also be present beneath the coastal plain
of the ANWR. Such sandstones constitute the
potentially best reservoirs of the ANWR coastal plain.
This high potential is due to (1) the proximity to
overlying organic-carbon-rich facies of the Brookian
sequence, (2) the obvious possibility of high-quality
reservoirs indicated by the Thomson, and (3) the
propensity toward secondary porosity and hydrocarbon-
entrapping permeability barriers commonly associated
with such deposits.

CANNING FORMATION (BROOKIAN)

Marine sandstones constitute a volumetrically
small but significant part of the Canning Formation.
Relatively thin bedded sandstones are enclosed in marine
shales and probably range in age from Cretaceous to
Eocene or Oligocene in the coastal plain of the ANWR.
Because of their proximity to organic-carbon-rich marine
shales and because of their lenticularity and lithologic
properties as indicated by wells in the Point Thomson

area, these sandstones are considered to be a potential
reservoir facies within the coastal plain.

Lithology

Samples studied include well-sorted sandstones
that occur in thin beds with sharp bases and that overlie
and fine upward into marine shale. Generally, the
sandstones contain a considerable amount of
intergranular matrix clays and organic matter. From
available samples (core chips), neither the average and
maximum thickness of the sandstone beds nor the
general configuration of the lithology could be
determined. However, at least some samples were
clearly from upward-fining units, whereas others were of
uniform grain size and generally similar to those
described from outcrops of the turbidite sandstone facies
of the Canning Formation (chap. 5).

Composition of Sandstones

Near Point Thomson, the marine sandstones
consist of 40 to 60 percent detrital quartz, nearly all of it
monocrystalline. The remainder is largely lithic
fragments, most of which reflect a sedimentary or

metasedimentary  (tectonic) provenance (fig. 9.4).
Q
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Figure 9.4. Triangular QFL plot showing framework
mode for marine sandstones of the Canning Formation.
Q, monocrystalline and polycrystalline quartz and quartz
chert; F, all feldspars; L, all rock fragments except
quartz. Dot indicates typical composition discussed in
text.
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Sedimentary lithic grains include chert, siltstone,
mudstone, shale, sparse dolomite fragments, and
scattered coal(?) grains.  Metasedimentary rock

fragments are dominated by quartz and white mica in
various proportions, commonly with a schistose texture.
Volcanogenic lithic fragments are present in some
sandstones. Feldspar contents vary considerably, with
some samples containing abundant potassium feldspar
and a little plagioclase, but feldspars generally constitute
no more than a few percent of the total sandstone
framework grain mineralogy. In some samples no
feldspar is present, and in a few of these, the feldspar
was probably never present. However, petrographic
observations of moldic porosity resulting from the
dissolution of sandstone framework grains leave open the
possibility that significant secondary porosity developed
through the dissolution of framework grains of feldspar.
A typical feldspathic sample (figs. 9.4, 9.5) is composed
of monocrystalline quartz (46 percent), sedimentary and
metasedimentary lithic grains (23 percent), potassium
feldspar (7 percent), polycrystalline quartz (6 percent),
volcanic rock fragments (4 percent), chert (3 percent),
and plagioclase (2 percent).

Diagenesis

Interpretations of postdepositional alterations are
critical to predictions of reservoir potential of the
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Figure 9.5, Triangular QpLvLs plot showing proportions
of polycrystalline lithic fragments for marine sandstones
of the Canning Formation (modified from Dickinson,
1970). Qp, polycrystalline quartz and quartz chert; Lv,
volcanogenic lithic grains; Ls, sedimentary and
metasedimentary lithic grains. Dot indicates typical
composition discussed in text.

turbidite sandstone facies beneath the coastal plain.
Porosity loss due to diagenetic alteration is dominated by
ductile-grain deformation and, to a lesser degree, by
quartz cementation.  Certain  sandstones display
poikilotopic carbonate cements, including calcite but
perhaps more commonly ferroan dolomite (or ankerite?).
Many pores are filled with kaolinite, which reduces the
intergranular spaces to microporosity. In some samples,
pores are lined with authigenic illite or chlorite. Moldic
porosity, skeletal-grain porosity, and relict carbonate are
commonly observed, attesting to the development of
secondary porosity.

The sandstones are associated with shales
containing mainly illite or micalike minerals, but also
containing  kaolin,  chlorite, and  mixed-layer
illite/smectite clay (chap. 13). Preliminary and
unpublished data suggest that mineral transformations
within the mixed-layer illite/smectite are associated with
abnormally high fluid pressure, which is a prevalent
phenomenon in the Point Thomson area. In the Texas
and Louisiana Gulf Coast basin, temperature-controlled
smectite-to-illite transformations are thought to be
genetically related to overpressuring. The thick sequence
of the Canning Formation, which contains mixed-layer
illite/smectite, suggests that abnormally high fluid
pressures may commonly exist at depth beneath the
ANWR coastal plain.

Interpretation

Sandstones of the Canning Formation evaluated
here are marine deposits that apparently accumulated in
600 to 1,200 m (2,000 to 4,000 ft) of water near the base
of the basin slope (chap. 5). The principal effects of
diagenesis have been (1) the formation of early
diagenetic intergranular carbonate cement, some of it
subject to dissolution and to the development of
secondary porosity; (2) the reduction of porosity by
ductile-grain deformation and quartz cementation; (3) the
precipitation of kaolinite in open pore spaces; and (4) the
formation of secondary porosity, especially moldic
porosity, from the dissolution of susceptible framework
grains and cements.

The sandstone compositions indicate a
provenance different than that observed and reported for
sandstones of the Lower Cretaceous Ellesmerian rocks.
The complex framework grain composition (figs. 94,
9.5) suggests a tectonic derivation (Dickinson, 1970)
mainly from sedimentary and metasedimentary terranes,
but with admixtures of volcanogenic materials; this
interpretation is consistent with an origin in the ancestral
Brooks Range to the south and southwest.

Reservoir Potential

The turbidite sandstone facies of the Canning
Formation is a potential reservoir beneath the coastal
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plain. The litharenite framework composition of the
sandstones is typical of sandstones that lose effective
porosity through significant framework collapse during
burial (Nagtegaal, 1978). Indeed, sandstone samples of
the Cretaceous-Tertiary Jago River Formation from
outcrops near Sabbath Creck in the ANWR, which
display a similar composition to the sandstones being
considered here, have virtually no visible porosity (see
chap. 10). Porosity loss results mainly from the tightly
compressed lithic grains, which form a "pseudomatrix."
Core-chip samples from Point Thomson have porosities
ranging from near zero to approximately 15 percent
(estimated by modal analysis). Because the principal
porosity loss results from the compaction of ductile
framework grains, the net confining pressure exerted
upon the sandstone may be critical in the loss or
preservation of reservoir porosity (chap. 13).

The Canning Formation displays abnormally
high formation pressures near Point Thomson and
elsewhere. This overpressuring coincides with mixed-
layer clay transformations in thick shale sequences, in
which expanding mixed-layer illite/smectite clays are a
significant component, and suggests that much of the
Canning Formation beneath the coastal plain may also be
subject to high formation pressures (chap. 13). Under
such conditions, the lithic sandstones of the unit’s
turbiditic facies may have significant porosity preserved
at depth. The possible preservation of porosity in
overpressured zones, coupled with the lenticularity of
these sandstones and their proximity to organic-carbon-
rich mudstones, capable of yielding petroleum, presents
the possibility of hydrocarbon reservoirs in sandstones of
the Canning Formation in the coastal plain.

v
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Chapter 10.

Petrology and Reservoir Potential of the Jago River Formation

By Hugh McLean'

INTRODUCTION

The Jago River Formation, named by
Buckingham (1987), consists of 2,850 m (9,350 ft) of
nonmarine conglomerate, sandstone, siltstone, and coal
stringers that are locally exposed along the north-flowing
Sabbath Creek (Igilatvik Creek). According to detailed
measurements by Buckingham (1985b), only about 566
m (1,860 ft) are actually exposed over a distance of
approximately 10 km (6 mi). Outcrops are located in T.
3 and 4 N, R. 35 W. (Demarcation Point C-5
quadrangle, scale 1:63,360). Strata at the south end of
the outcrop belt dip north approximately 45° and
gradually flatten to about 5° at the north end of the
sequence (C.M. Molenaar, U.S. Geological Survey,
written commun., 1986).

Pollen assemblages indicate a Paleocene age
(Palmer and others, 1979; Lyle and others, 1980), and
plant fossils a Late Cretaceous and Tertiary (Paleocene)
age (Detterman and Spicer, 1981), for the Jago River
Formation. The sequence is interpreted as a
progradational (regressive) succession of fluvio-deltaic
strata that were probably derived from the Late
Cretaceous uplift of the ancestral Brooks Range
(Molenaar, 1983; Buckingham 1985a, b).

Previous work on the Jago River Formation
includes generalized columnar sections with porosity and
permeability published by Lyle and others (1980) and a
more detailed columnar section with age assignments by
Detterman (1984b). A detailed study by Buckingham
(1985b) of the stratigraphy, sedimentology, and petrology
of this formation compares the section with coeval rocks
to the west and to the east. A summary of this work is
included in Buckingham (1985a).

Outcrop samples of sandstone from the Jago
River Formation used in this study were collected by
CM. Molenaar in the summer of 1983; thin sections
were point counted and described by the author in 1984-
85.

1U.S. Geological Survey, Menlo Park, Calif.

PETROLOGY

Composition

The compositions of 14 sandstone samples were
determined petrographically by counting 400 points per
slide. Results of the detrital modal analyses are shown
in figure 10.1, and raw data are tabulated in table 10.1.
The rocks vary little in composition and texture
throughout the section, and they classify as immature
litharenites according to the classification of Folk (1968).

The main constituents of the framework grain
population are sedimentary and metamorphic rock
fragments, especially chert and argillite (fig. 10.24, B).
Quartz percentages vary in relation to grain size, from as
low as 2 percent in coarse-grained rocks to as high as 40
percent in fine-grained rocks. Feldspar (mainly
plagioclase) is a minor constituent. The average
composition is Q,,F L87 The population of chert
grains includes radiolarian chert, recrystallized chert, and
argillaceous chert; together, they constitute the most
abundant rock fragments, followed by argillaceous
mudstone, tuffaceous mudstone, siltstone, and fine-
grained silty sandstone (fig. 10.2C). Metamorphic rocks
include phyllite, quartzite, marble, and granoblastic
textures composed of chlorite, quartz, and feldspar.
Other minor constituents include coal, mica, andesitic
volcanic rocks, and rare foraminifers (fig. 10.2D). A
ternary distribution of rock fragments is shown in figure
10.1, and the composition of the Jago River Formation is
compared with other North Slope rocks by Bird and
others in chapter 7.

Texture

Visual estimates of size sorting indicate that
most samples are moderately sorted, with fine-grained
sandstone slightly better sorted than coarse-grained
samples. A prominent texture observed in all of the
samples is the tightly appressed (packed) network of
framework grains (fig. 10.2E). Ductile rock fragments
(especially argillaceous sedimentary gra<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>