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THE PETROLEUM GEOLOGY
AND
HYDROCARBON POTENTIAL
OF
NAVAL PETROLEUM RESERVE NO. 4
NORTH SLOPE, ALASKA

By R. D. Carter, C. G. Mull, K. J. Bird, and R. B. Powers

SUMMARY

The Naval Petroleum Reserves Production Act of 1976 provides for the
transfer of jurisdiction of Naval Petroleum Reserve No. 4 from the Depart-
ment of the Navy to the Department of the Interior on June 1, 1977. In
anticipation of the enactment of the law, the U.S. Geological Survey prepared
an administrative report in 1976 to provide background information, to
describe the state of knowledge of the geology of NPR-4, and to recommend
studies necessary for an evaluation of the hydrocarbon potential of the
Reserve.

This paper is based on the above administrative report which in turn
depended upon published literature, unpublished U. S. Geological Survey data,
and the background knowledge of Survey geologists with extensive experience
in the regional geology and petroleum geology of the North Slope of Alaska.

In addition, results of the ongoing Navy exploration of NPR-4 were made
available to the Geological Survey following the signing of the Act by the
President on April 5, 1976. These results were reviewed for possible conflicts
with interpretations and conclusions reached in this report and no incom-
patibilities of significance were found.

Surface geology exploration by the USGS in the NPR-4 area began in 1904
and has continued sporadically to the present. The PET-4 program 1944-1953,
designed "to appraise the oil possibilities of Naval Petroleum Reserve No. 4
and surrounding areas," produced the first subsurface information and resulted
in the discovery of several minor o0il and gas deposits. There was little
exploration activity following the termination of the PET-4 program until 1974
when the Navy initiated a vigorous program of geophysical and drilling
exploration.
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Naval Petroleum Reserve No. 4 includes parts of the three major tectonic
elements of the North Slope; the Brooks Range, the Barrow Arch which underlies
the Beaufort Sea coast, and the Colville Trough which 1lies between them.
Basement rocks slope from shallow depths along the Barrow Arch southward into
the Colville Trough, reaching a depth of about 30,000 feet near the front of
the east-west-trending Brooks Range. Rocks of the North Slope range in age
from Precambrian to Holocene and have been grouped into three sequences on the
basis of sediment provenance. The Franklini%n (pre-Mississippian) and
Ellesmerian (Mississippian to Jurassic) rock \sequences were derived from a
northern source, and Brookian (Late Jurassic, Cretaceous, Tertiary) sequence
rocks were derived from a southern source, the Brooks Range. Franklinian
rocks constitute economic basement whereas Ellesmerian rocks contain the oil
reservoirs of the Prudhoe Bay field. Brookian rocks include the richest
source beds on the North Slope and comprise most of the presently known
reservoirs of the NPR-4 oil and gas fields.

The requirements for a petroleum province--source rocks, reservoir rocks,
traps, and a favorable geologic history-- are amply met on the North Slope.
The oil and gas fields discovered in the PET-4 program and the presence of
the supergiant Prudhoe Bay field certify its qualification as a major petro-
liferous basin.

Geochemical data indicate the most impojtant source rocks known at present
are Cretaceous and Jurassic shales. Cretacequs beds are probably the source
for most of the o0il in the Prudhoe Bay field. The few geochemical analyses

in NPR-4 indicate a low source potential for Jurassic shale at Barrow, but

the small oil and gas accumulations and numerous surface and subsurface shows
in the Reserve indicate probable Middle and Upper Cretaceous source rocks.

The best reservoir rocks found to date are the pre-Middle Cretaceous
clastic and carbonate rocks related to a northern provenance. These are the
Lisburne, Sadlerochit, Shublik, Sag River, and Kuparuk River beds, and all
are present in NPR-4 with the possibie excep}ion of the Kuparuk River sand.
Two of the most important reservoirs, the Lisburne and Sadlerochit, apparently
pinch out along the south flank of the Barrow Arch. Cretaceous sandstones,
varying in porosity and permeability depending upon their source area and
burial history, provide potential reservoirs throughout most of the Reserve.

The presently known o0il and gas fields of the North Slope have proved
the existence of structural and combination structural-stratigraphic traps.
Additional structural traps should be presen& in the foothills folded belts
and possibly on the Barrow Arch. Stratigraphic traps related to updip pinch-
outs and truncations in pre-Lower Cretaceousirocks may be present along the
Barrow Arch, and in shaled-out sands of the foreset and bottomset beds in
Cretaceous clastic wedges. Sealing beds, usually shale, have been demonstrated
between and within major reservoir units.

In evaluating the potential of NPR-4, it is profitable to compare the
geology of the Prudhoe Bay area with that of the Reserve. Hydrocarbon
reservoirs have been found in Ellesmerian and early Brookian rock sequences
on the North Slope. Late Cretaceous and Tertiary beds are also potential
reservoirs, but, with the exceptions of limited areas along the north coast
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and the eastern boundary, they are very thin or absent from NPR-4. Geo-
chemical data indicate that Cretaceous, Jurassic, and Upper Triassic shales
have source-rock potential. Mississippian and Lower Triassic rocks are low

in source-rock potential probably because of Tow organic content and thermal
over-maturity in deeper parts of the basin. The supergiant Prudhoe Bay field
is the result of rich, thermally mature Cretaceous source beds superposed on
the truncated edges of a series of good reservoir beds. Unfortunately, this
juxtaposition will probably not be found in most of NPR-4. Within the Reserve
the unconformity accounting for this superposition is apparently present on-
shore only in very limited areas along the north coast. Two of the most
important Prudhoe Bay reservoirs, the Lisburne and Sadlerochit, may be present
in a favorable structural-stratigraphic position only in the extreme north-
eastern part of NPR-4. Regional dips would seem to preclude oil migration
from the Prudhoe Bay area westward into the Reserve. Known oil and gas
occurrences in NPR-4 are found in Upper Triassic, Jurassic, and Cretaceous
rocks whereas older beds have had no reported shows. Cretaceous or Jurassic
rocks containing the richer source beds, or reservoir beds of any age within
fluid migration distance of them, would appear to be the major objectives in
NPR-4.

Three broad exploration trends with a number of plays can be predicted
for NPR-4. The Coastal Plain trend is prospective for oil and gas in
structural, stratigraphic, and combination traps in pre-Middle Cretaceous
rocks. The Northern Foothills trend might find oil and gas in shallow
structural traps in Middle Cretaceous and in Timited Upper Cretaceous reservoirs.
Deeper structural and stratigraphic traps in Lower Cretaceous formations are
prospective for gas. A major play in both the above trends is the Nanushuk
Group of Middle Cretaceous age, a coarse clastic wedge present over much of
the northern Brooks Range Foothills and the southern coastal plain area.
Stratigraphic relationships are analogous to the Cretaceous Mesa Verde Group
of the Rocky Mountains. Intertonguing of marine and non-marine sediments
combined with structural features may result in potential traps. Coal is
abundant and suggests a probable gas play. Many of the sediments are medium-
to coarse-grained sandstones, but a clay matrix inhibits porosity and perme-
ability, and the prediction of porosity trends will be a major concern.

In the Southern Foothills trend gas may be found in complex structural
traps in Mississippian allochthons, and in Triassic and Lower Cretaceous rocks.
Estimated depths of over 25,000 feet to autochthonous Paleozoic rocks may pre-
clude them from exploration. Experience in similar thrust belts suggests
that total reserves are likely to be smaller than in less deformed areas.

A known prospect in the Lisburne Group in the southeastern corner of the
Reserve exhibits several hundred feet of porous dolomite, some of which con-
tains pyrobitumen. The rocks dip northward into the basin and could be a
drilling objective.

Current knowledge of North Slope geology suggests several hydrocarbon
plays that might be considered in assessing the potential of the Reserve.
Analysis of the plays indicates slight likelihood of Prudhoe Bay-type
accumulations.



INTRODUCTION

The Naval Petroleum Reserves Production Act of 1976,
which was signed into law on April 5, 1976, provides for
the transfer of jurisdiction of Naval Petroleum Reserve
No. 4 on the North Slope of Alaska from the Department of
the Navy to the Department of the Interior effective June 1,
1977. Upon the date of transfer the area shall be redesig-
nated as the National Petroleum Reserve in Alaska (NPRA).

In anticipation of the enactment of the law the U. S.
Geological Survey of the United Sﬁates Department of the
Interior, which has been active f&r many years 1in mapping
and other research activities in northern Alaska, began
preparation early in 1976 for the transfer. As part of
this effort a project that was conducting a study of the
regional petroleum geology of the North Slope was asked to
prepare a report furnishing background information and the
present state of knowledge of the geology of NPR-4, and
to recommend additional studies necessary for a detailed
evaluation of the hydrocarbon potential of the Reserve.

The ‘study was initiated in January 1976, and drew
upon the published literature, unpublished U. S. Geological
Survey data, and the first-hand knowledge of Survey geol-
ogists with many years of experience in both the regional
and petroleum geology of the North Slope. Proprietary
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data gathered by the on-going Navy exploration program in-
augurated in 1974 became available to the Geological

Survey shortly after the transfer Act was signed. By no
means all of this considerable mass of information has been
assimilated, but well and seismic results have been reviewed.
No confidential or proprietary Navy data are included in
this report. However, significant facts pertinent to a
description of the geology and an assessment of the hydro-
carbon potential of NPR-4 were carefully considered for
their effect on statements and conclusions put forward in
this paper, and no inconsistencies were noted. Geological
interpretations will undoubtedly be modified in the future
as more of this geophysical, geochemical, and well infor-
mation is digested, and as additional material becomes
available.

This paper describes the history of exploration of
NPR-4 and documents the information base presently avail-
able for hydrocarbon-resource assessment. From this data
base and first-hand knowledge the framework and petroleum
geology are described, and a comparison made between NPR-4
and the Prudhoe Bay area. A discussion of the three ap-
parent exploration trends is followed by a detailed de-

scription of the types of plays possible in NPR-4.



HISTORY OF EXPLORATION

Naval Petroleum Reserve No. 4, an area of 37,000
square miles in northern Alaska, was established by Executive
Order on February 27, 1923. The Reserve is bounded on the
south and east by the Brooks Range and the Colville River; on
the north by the Arctic Ocean; and on the west by long 161°52'31"
(fig. 1). NPR-4 is slightly larger than the state of Indiana
and occupies more than half the Alaska North Slope.

Geologic exploration in the NPR-4 area was first reported
on in 1904 in U.S.G.S. Professionai Paper 20 (Schrader and
Peters, 1904), and exploration continued on a sporadic basis
until the Reserve was created in 1923. From 1923 through 1926
U.S.G.S. parties, at the request of the Navy, traversed NPR-4
along major rivers and mapped at reconnaissance scales. The
results of this work were published by Smith and Mertie (1930)
in U.S.G.S. Bulletin 815. .

The PET-4 program, with the jefined objective '"'to
appraise the oil possibilities of Naval Petroleum Reserve
No. 4 and surrounding areas" (Reed, 1958, p. 1), was begun
in 1944, and the U.S.G.S. was asked to undertake the geologic
aspects of the exploration program. From 1944 to 1953
extensive geological and geophysic%l surveys were carried
out and 45 shallow core tests and 36 test wells were drilled

in and adjacent to NPR-4 (Gryc, 1970, p. c2-c3; fig. 1).
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sequence of marine and nonmarine clastic and carbonate
rocks, which display increasing grain size, decreasing
stratigraphic thickness, and numerous unconformities north-
ward. These features suggest that the source area lay near
the present shoreline.

Mississippian clastic rocks (Endicott Group) unconformably
overlie steeply dipping and metamorphosed Franklinian-sequence
basement rocks. They grade into Mississippian and Pennsylvanian
shallow marine carbonate rocks (Lisburne Group). Late
Pennsylvanian or Early Permian reg!ession resulted in a
regional unconformity and truncation of these sediments in
the north. Subsequently important sandstone reservoir units
were deposited during the Permian and Triassic (Sadlerochit
Group), Late Triassic or Early Jurassic (Sag River Sandstone),
and Late Jurassic or Early Cretacebus (Kuparuk River Sandstone).
All of these units are of limited areal extent and they grade
southward (downdip) into siltstone|l and shale. Important
source-quality shale was deposited| during transgressions in

the Late Triassic (Shublik Formation) and Jurassic (Kingak

Formation).

In the Brooks Range the Ellesmerian sequence consists
of Mississippian shallow marine clastic rocks (Endicott Group
and Nuka Formation) and shallow to deep marine carbonate
rocks (Lisburne Group). Pennsylvanian through Jurassic age
rocks consist of siliceous shale, chert, and minor limestone.

Locally the Jurassic contains o0il shale and volcanic rocks.

28 %



Brookian Sequence

The Brookian (Late Jurassic, Cretaceous, Tertiary)
sequence consists of large amounts of greywacke sandstone
and shale derived from an orogeny that began in Late
Jurassic and continued into Late Cretaceous and perhaps
Early Tertiary time in the western Brooks Range and apparently
into the Neogene in the northeastern Brooks Range. This
orogeny, a result of intense compression, caused large-scale
relatively northward thrusting of Paleozoic to Cretaceous
age rocks. Aggregate shortening in the western Brooks Range
is estimated to be 100 km (62 mi) (Martin, 1970) or more
than 240 km (149 mi) (Snelson and Tailleur, 1968).

The orogeny drastically changed the paleogeography of
Arctic Alaska. Northern sources were replaced by southern
sources--the Brooks Range. Initially, however, sediments
were supplied from both northern (Ellesmerian) and southern
(Brookian) sources. The northern source subsided and was
overlapped in Early Cretaceous (Neocomian) time. Subsidence
of this source area is recorded by the overlapping sediments
and subsequent northward downwarping and faulting along a
linear zone approximately parallel to the present shoreline.
The resultant structure, the Barrow Arch, is a linear basement
ridge plunging to the southeast (fig. 4). The Prudhoe and
South Barrow fields are located on the crest of this feature.

Throughout the orogeny large volumes of clastic debris

were shed northward into a migrating foredeep. The Early
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Cretaceous (Neocomian) rocks consist of a flysch-1like

sequence of turbidites (Okpikruak Formation) and its north-
ward equivalent, the organically rich "pebble shale'". This
shale, in part of northern derivation, is believed to be a
major source for petroleum at Prudhoe Bay (Morgridge and Smith,
1972). Locally present in the Brooks Range and foothills

and equivalent in age to the Okpikruak is a thin quartzose
sandstone (recently named the Tingmerkpuk Member of the

Ipewik Formation by Crane and Wiggins, 1976) and maroon
coquinoid shale. This unit, lithologically anomalous among
the thick greywackes of the Brookién sequence, is similar to
Ellesmerian sequence rocks and may record deposition on an
intrabasin high or a southward extension of the lithologic

and age equivalent Kuparuk River Sandstone. Throughout the
remainder of Cretaceous and Tertiary time periodic influxes

of coarse terriginous debris produced clastic wedges separated
by thick shale units. The depocenter of each wedge is located
successively further to the northeast. Seismic data indicate

that some wedges consist internally of large-scale foreset

beds. Prominent wedges formed in the Early Cretaceous
(Fortress Mountain Formation), Middle Cretaceous (Nanushuk
Group), Late Cretaceous (Colville Group), and Latest Cretaceous
and Early Tertiary (Sagavanirktok Formation). The depocenters
for the Late Cretaceous and Tertiajy wedges lie to the east

of NPR-4 and partly offshore.
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PETROLEUM GEOLOGY

Introduction

A petroleum province requires the relatively close
association of petroleum source rock, porous reservoir rock,
and sealing beds adjacent to the reservoir to form traps.

An additional and most critical requirement is a favorable
geologic history, generally referred to as "timing". A
favorable history requires the following events: 1) burial
of source rocks sufficiently deep for petroleum generation,
2) the presence of permeable rock to provide a migration path
for the petroleum as it is generated and expelled from the
source rock, and 3) the formation of traps in reservoirs
updip from, or adjacent to, the source beds in order to
entrap the migrating petroleum and to prevent its escape to
the surface.

The petroleum potential of a province, therefore, depends
on the quality of source and reservoir rock, the size of the
traps, and the geologic history of the basin. The discovery
initially of several oil and gas seeps and later several small
0il and gas fields by the Navy confirmed the belief that the
North Slope was an oil province. However, the pofential of
this province was not fully appreciated until the discovery
of the Prudhoe Bay field. This field is an example of an
unusual combination of favorable features.

Briefly the Prudhoe Bay field consists of multiple stacked

reservoirs, which reach their maximum development near the crest
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of the Barrow Arch. Along the north flank of the arch the
reservoir rocks are truncated and are directly overlain and
sealed by very rich source rocks. Subsequently these source
rocks were buried to oil-generating depths and the oil thus
produced migrated updip into a trap on the crest of a structure
formed on the Barrow Arch. It is this fortuitous combination
of highly favorable circumstances that resulted in the largest
petroleum accumulation in North America. According to American
Petroleum Institute and American Gas Association figures (1974),
Prudhoe Bay prbved reserves in thejmajor reservoir are 9.6
billion barrels of oil and 26.5 trillion cubic feet of gas.
Reserve figures for the other reservoirs are not available

at present (table 2). The rare combination of these geological
features suggests that hydrocarbon accumulations of similar
magnitude may not exist anywhere else on the North Slope.
Recent Navy wells drilled in the n$rtheastern part of NPR-4,
apparently in optimum locations foi a Prudhoe Bay type accumu-
lation, have been completed as dry|holes (fig. 1, table 1).

Source rocks

Gray marine shales abound on the North Slope and all may
be considered potential source rocks (Brosge and Tailleur,
1971). Few geochemical data are a*ailable from NPR-4, however,
to actually measure the oil—generaiing potential of these
rocks. In the Prudhoe Bay area geochemical data from industry
have been summarized by Morgridge and Smith (1972) (fig. 7).

They show that the Cretaceous and Jurassic (Kingak Formation)
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Bay field depicted on east-west diagrammatic cross
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carbon (expressed in percent and by size of circle) and
amount of C,;. hydrocarbon content (expressed in
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Mississippian shale = 1.1% and 14 ppm: Mississip-
pian redbeds = 0.04% and 10 ppm; Lisburne carbo-
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Figure 7. Diagrammatic cross-sections showing reservoir- source-rock relations
and geochemical data in the Prudhoe Bay area (modified from Morgridge and

Smith, 1972).
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are good source rocks and that the Cretaceous is the probable
source for most of the o0il at Prudhoe Bay because it overlies
the truncated edge of each of the main reservoirs. Their
analyses indicate a low oil-generating potential for pre-
Jurassic rocks. Coal, a potential source of gas, is locally
abundant in the Mississippian (Endicott Group), Cretaceous
(Nanushuk and Colville Groups), and Tertiary (Sagavanirktok
Formation. Unpublished U. S. Geological Survey geochemical
analyses from elsewhere in northern Alaska generally confirm
the Prudhoe Bay data.

Within NPR-4 geochemical data are very sparse. Analyses
indicate low oil-generating potential for Jurassic shale at
Barrow. In the Brooks Range Taillepr (1964) reports the
occurrences of 0il shale in the Jur%ssic(?) yielding as much
as 127 gallons of oil per ton, in the Shublik Formation
yielding 6.7 gallons per ton. However, these rocks are
allochthonous fault slivers and areiprobably not present in
the subsurface. Several small accumulations of oil and gas
and numerous surface and subsurfacelshows, separated by
thousands of feet of shale from Jurassic and Lower Cretaceous
source rocks, suggest that Middle and Upper Cretaceous strata
in NPR-4 contain indigenous source focks.

Extensive geochemical sampling and analyses in order to
determine organic richness and thermal maturity will be essential
for an accurate evaluation of the hydrocarbon potential of

NPR-4.
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Reservoir Rocks

Both clastic and carbonate reservoir rocks are present
on the North Slope. The best reservoirs are the pre-Middle
Cretaceous clastic and carbonate rocks along the Barrow
Arch. However, these reservoirs are of limited thickness
and areal extent. In contrast, the Cretaceous rocks in the
foothills region are generally poorer quality reservoirs,
but they are very thick and areally extensive. Reservoir
data have been summarized for outcrop samples and Navy wells
(Brosge and Tailleur, 1971), for the Sadlerochit Group at
Prudhoe Bay (van Poolen and Associates, Inc., 1974; Jones
and Speers, 1976), and for the Lisburne Group (Bird and
Jordan, 1976).

The most attractive reservoir rocks are those related
to a northern source area. Included are the Lisburne Group,
Sadlerochit Group, Shublik Formation, Sag River Sandstone,
and Kuparuk River Sandstone. All are productive at Prudhoe
Bay and are best developed in the north. The Ellesmerian
sequence in NPR-4 has been penetrated by the Topagoruk,
Simpson, and Barrow wells and probably by the recent Navy
wells, Cape Halkett and East Teshekpuk (table 1). Data from
the available wells indicate that nearly all sandstone units
at Prudhoe Bay are present in NPR-4. These data are in-
sufficient to determine the most favorable reservoir facies
and trends, but they do indicate that the basic stratigraphic

pattern is progressive northward onlap onto the Franklinian
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basement complex. The southernmost well (Topagoruk) penetrated
a lateral clastic equivalent of the Lisburne carbonates and
indicates that the updip 1limit of the Lisburne lies to the
south (fig. 8). The updip limit of the Sadlerochit lies to
the north of the Topagoruk well but south of Simpson and
Barrow (fig. 8). The Shublik Formation, Sag River Sandstone,
and unnamed Lower and Middle Jurassic sandstones are also
present in NPR-4. The Kuparuk River Sandstone of latest
Jurassic or Early Cretaceous age does not appear to be present
in the northern part of NPR-4. In?the foothills, potential
reservoirs in the pre-Cretaceous section include Shublik
Formation limestone and Lisburne Group dolomite. Shublik
limestone is productive in the foothills east of the Reserve
in the Kemik gas field (fig. 1); a;d porous Lisburne dolomite
with pyrobitumen occurs in the foothills in the southern part
of the Reserve (Armstrong, 1970).

Cretaceous sandstone derived from the south generally
has lower porosity and permeability than northern-source
sandstone because of a relatively high percentage of clay
minerals and soft-rock fragments. !A trend of improving
porosity and permeability up secti$n is suggested by the data
summary of Brosge and Tailleur (1971). The youngest reservoirs
in NPR-4 are in the Upper Cretaceous Colville Group. This
group is found primarily in the eastern one-third of the
Reserve and at depths of less than 5,000 feet. The Colville

Group is productive at the Gubik gas field. The most widely
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distributed reservoir unit in NPR-4 is the Middle
Cretaceous Nanushuk Group, which is analogous to the Mesa
Verde Group and related rocks of the Rocky Mountains. It
underlies the northern-foothills foldbelt and is o0il productive
at Umiat. In the southern foothills the Okpikruak and Fortress
Mountain Formations consist of many thousands of feet of low-
porosity and low-permeability greywacke sandstone. In a
favorable structural setting these rocks have the potential
for very thick columns of 0il or gas. An analog for the
Okpikruak and Fortress Mountain Formations may be the Late
Tertiary turbidites in the Ventura Basin, California. The
Neocomian thin quartzose sandstone (Tingmerkpuk Member of the
Ipewik Formation) in the foothills is a potential reservoir,
although it is generally tightly cemented in outcrop.
Additional well data, field work, laboratory measure-
ments of porosity and permeabilitly, and petrophysical log
analyses all directed toward determining the relationship of
reservoir quality to environments of deposition will be
necessary in an evaluation of the hydrocarbon potential of
NPR-4.

Trapping mechanism

Structural traps in NPR-4 are known from geologic mapping,
seismic data, and well data. The presence of stratigraphic
and combination structural and stratigraphic traps is inferred.
Sealing beds, predominantly shale; are present between and

often within each major reservoirEunit (figs. 5 and 6).
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Adequate seals are expected to be present in most structural
and stratigraphic trapping situations.

The potential for structural traps is greatest in the
foothills belt in folds associated with thrusting. These
traps may be of limited areal extent and difficult to
explore for, especially in the more geologically complex
southern foothills. Accumulations in structural traps include
the oil field at Umiat and the Gubik, Kemik, and Kavik gas
fields. Structural traps related to broad gentle folding
and associated normal faulting may also be present on the
Barrow Arch. The South Barrow gas field may be an example
of this type of trap.

Stratigraphic traps may be related to updip pinch-outs
and truncations in the pre-Lower Cretaceous rocks along the
Barrow Arch. However, the extremely favorable source-to-
reservoir relationships at Prudhoe Bay may not be present.

An additional trapping mechanism may be updip shaling-out of
sands deposited on the foreset and bottomset beds in Cretaceous
clastic wedges. Thin isolated sands within the thick Torok
Shale may be an example of this type.

Combination structural and stratigraphic traps such as
Prudhoe Bay may be present. They may be small, however,
compared to Prudhoe Bay because of less favorable combinations

of reservoir, source, and structure.
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Geology of the Prudhoe Bay area compared with NPR-4

The regional geology of northern Alaska indicates that
rocks of pre-Late Devonian age can be considered economic
basement for hydrocarbons. Rocks of Early Mississippian to
earliest Cretaceous age onlap onto, or were derived from
erosion of, a continental platform area located generally
north of the present coastline, but extending onshore in the
Barrow area. Late Devonian deposits may be present locally
in the subsurface of the Arctic Slope, but they are probably
overmature and at best would contain only gas. During Late
Devonian time the entire Arctic Slope area seems to have
been an uplifted area acting as a source terrain, shedding
sediment generally southward. The platform area has been
called the Barrow Arch (fig. 4) iﬁ the literature, although
the term is somewhat of a misnomel. Economic basement and
the overlying Late Paleozoic to earliest Cretaceous rocks
regionally dip southward toward the Brooks Range orogenic
belt. Depths to basement range f:om about 3,000 feet in
the Barrow area to an estimated 30,000 feet or more in the
axis of the foredeep (Colville Trbugh, fig. 4) north of the
Brooks Range thrust belt. This foredeep is filled with
thick Lower Cretaceous flysch deposits (fig. 5) that record
the progressive filling of the basin and the development of
a coarse-clastic (molasse type) sedimentary wedge prograding

northward onto the Barrow "arch'".
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Regionally in northern Alaska, hydrocarbon reservoir
horizons have been found in the Ellesmerian sequence,
consisting of Mississippian to Middle Pennsylvanian shallow
water carbonates (Lisburne Group), a major Early Triassic
sandstone and conglomerate horizon (Sadlerochit Group),
thin carbonates in the Late Triassic (Shublik Formation),

a thin late Triassic sandstone (Sag River Sandstone), and
Early Cretaceous and/or Jurassic sandstone (Kuparuk River
Sandstone) (fig. 6). All these horizons are related to the
northern platform area. In addition, Early Cretaceous
sandstones (Brookian sequence) derived from the south are
reservoir horizons in some areas. Late Cretaceous and
Tertiary beds are also potential reservoirs on the Arctic
Slope, but available information indicates that rocks of this
age are very thin or absent from most of the Reserve. With
the exception of limited areas along the northern coastline,
and the eastern boundary, Late Cretaceous and Tertiary rocks
may be precluded from consideration as exploration objectives
in NPR-4.

The Prudhoe Bay hydrocarbon accumulation is contained
in reservoirs of the Lisburne Group, the Sadlerochit Group,
the Shublik Formation, the Sag River Sandstone, and Kuparuk
River Sandstone. The major reservoir is the Lower Triassic
Ivishak Formation of the Sadlerochit Group. Published
geochemical data, in combination with the structural and

stratigraphic relationships (Morgridge and Smith, 1972)
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indicate that extremely rich organic shales of Cretaceous
age unconformably overlying the reservoir horizons provide
part of the seal and are the source of most, if not all, of
the hydrocarbons at Prudhoe Bay (fig. 7, p. 33). These data
also indicate that Jurassic sha1e§ also have hydrocarbon
source-rock potential, although this potential is considerably
lower than that of the Cretaceous shales and may tend more
toward gas potential because of the advanced maturation of
the sediments. The Mississippian and Early Triassic rocks
are reported to be surprisingly 16w in source rock potential.
Regionally the data seem to suggest that the organic
material contained in the Early Triassic and older sediments
of northern Alaska may be overmature: i.e. that the organic
material has been thermally matur’d past the point of optimum
0il generation, although it may still be in the range of
dry gas generation. Part of the reason for this advanced
state of maturity may be found in fhe geothermal gradient,
which is above 2°F per 100 feet of depth for most of northern
Alaska (Am. Assoc. Petroleum Geol$gists, 1973). Based upon
fairly extensive data from the Prudhoe Bay field, a gradient
of at least 2.4 and perhaps as high as 2.8°F per 100 feet
is indicated for the Sadlerochit reservoir in the field (van
Poolen and others, 1974, p. 14-16). In northern Alaska, a
gradient of this magnitude probably results from lower
conductivity of the sedimentary section rather than from

higher than average heat flow from the crust (A. H. Lachenbruch,
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oral commun., 1976; Gold and Lachenbruch, 1973). 1In either
case, regardless of the cause of the high gradient, the
result may be higher than average temperatures affecting

the sedimentary section and the organic matter contained
within the sediments. Older rocks with longer burial
histories may thus have had greater residence times at
elevated temperatures and therefore may have been more
greatly affected by eometamorphic processes while younger
beds may only be reaching the point of optimum oil generation
and migration. At Prudhoe Bay, the Sadlerochit reservoir
temperature ranges from 192° to 216°F at a depth of 8,650
feet, and an average of 200°F is being used in reservoir
calculations (van Poolen and others, 1974, p. 15). Calcu-
lations by Bird and Jordan (1976) on burial history and
geothermal gradient indicate that Mississippian coals in the
Prudhoe Bay area are probably within the gas generating
regime below 13,000 feet.

In summary, the supergiant Prudhoe Bay o0il and gas
accumulation appears to be the result of the fortuituous
juxtaposition of organically rich, thermally mature,
Cretaceous source beds with older reservoir beds containing

good to excellent porosity and permeability. The importance

of these geological, geochemical, and thermal history relation-

ships cannot be overemphasized in an analysis of the hydro-

carbon potential of any part of northern Alaska.
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Unfortunately, analysis of the regional geology of
northern Alaska suggests that Prudhoe Bay type accumulations
are unlikely to be present in NPR-4 for the following
reasons:

1. The Cretaceous unconformity that controls the
Prudhoe Bay accumulation is probably present in
only very limited areas onshore west of Prudhoe
Bay. 1If present onshore in NPR-4, it will
probably be confined to the immediate conastal
area in Cape Halkett, Cape Simpson, and Point
Barrow areas.

2. The northern portion of NPR-4 from at least Cape
Simpson to Point Barrow is north of the northern
onlap limit of both the Lisburne and Sadlerochit
Groups (potential reservoirs) (fig. 8). These
groups may be present in|the Cape Halkett area,
but to be productive thef would have to be within
hydrocarbon communication range of the Cretaceous
truncation and in a favorable structural config-
uration to form a trap. |

3. Regional dip in the pre-tretaceous rocks of NPR-4
is southward; based on available data, it is
difficult to envision hydrocarbon migration into
these rocks in NPR-4 from the truncation zone in

the Prudhoe Bay area to the east.
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4., As a result of the above factors, the probability
of juxtaposition of Cretaceous source beds with
late Paleozoic and early Mesozoic reservoir horizons
in most of NPR-4 is slight. Long distance hydro-
carbon migration from Cretaceous source beds into
these horizons appears unlikely.

Substantiation of the Prudhoe Bay area geochemical data
seems to be found in the results of some of the Navy well data
from the PET-4 program of exploration, and from industry
drilling in northern Alaska other than in the Prudhoe Bay
area. Discoveries of gas and some oil have been made from
thin Jurassic and Upper Triassic beds in the Barrow area.

An active o0il seep and shows in wells in the Cape Simpson
area are probably derived from Upper Cretaceous beds.
Varying small amounts of oil and gas were recovered from
Lower Cretaceous rocks at various locations in NPR-4.

Almost every well that has penetrated Cretaceous beds on the
Arctic Slope has had some hydrocarbon shows. In contrast,
Permian and probable Lower Triassic and Mississippian beds
had no reported shows in the only publicly available well
(Topagoruk #1) that penetrated them in NfR-4. East of
Prudhoe Bay, only gas has been recovered from Triassic
reservoir beds in two areas distantly removed from communi-
cation with the rich Cretaceous source beds (Kemik and Kavik

fields, fig. 1).
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These data suggest that the major objectives in NPR-4

will be in the Cretaceous or Jura
the richer source beds. The data
of an indigenous source for hydro
or older beds, but seem to decrea
The data clearly suggest that the
be those in which reservoir beds
with, or within fluid migration d
Cretaceous organic shales.

NPR-4 Exploration trends

With presently available dat

ssic rocks, which contain
do not preclude consideration
carbons in Early Triassic
se their overall potential.
most prospective areas will
of any age are in juxtaposition

istance of, the rich

a, three broad trends or

subprovinces prospective for accumulations with similar source,

reservoir, and trap characteristi
shows the location and proposed n
summarizes for each one the well
lations and active seeps, and the

The northermost trend, refer
Plain subprovince, is prospective
stratigraphic, and combination st

in pre-Middle Cretaceous rocks.

cs can be outlined. Figure 9
ames of these trends, and
density, hydrocarbon accumu-
surface anticlines.

red to here as the Coastal

for oil and gas in structural,
ructural-stratigraphic traps

The southern edge of this
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g depths of 20,000 feet to
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stone bodies.
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entire area for oil and gas in shallow structural traps in
the Middle Cretaceous Nanushuk Group and along the east edge
of the Reserve in the Upper Cretaceous Colville Group.
Stratigraphic traps in foreset sqndstone bodies may also be
present. Deeper objectives, priﬂarily for gas, may be
present in structural and foreset stratigraphic traps in the
Lower Cretaceous Fortress Mountain and Okpikruak Formations.
The southern edge of this trend is arbitrarily drawn along
the southern limit of outcrop of the Nanushuk Group.

One of the major prospective hydrocarbon plays in the
Coastal Plain and Northern Foothills subprovinces is the
Nanushuk Group of Albian age. Tﬂis group consists of a wedge
of coarse clastic sediments prograding northward and eastward
from the Brooks Range, which was |its provenance. The unit

ranges from marine shale at its hase to nonmarine delta plain

sediments with associated coals at the top. These sediments

are present as a broad sheet over much of the northern Brooks
Range foothills and southern coagtal plain area.

The general stratigraphic rllationships of the Nanushuk
Group are analogous to the Mesa Verde Group of the Cretaceous
of the Rocky Mountains. In terms of areal extent, this
prospective unit covers by far the largest area of any of
the plays in NPR-4. The complex intertonguing stratigraphic
relationships of marine and nonmarine sediments, in
combination with structural features may result in many
potential traps. The abundance éf coal in this wedge, and
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comparison with the similar Rocky Mountain Cretaceous
section suggests that the play will be dominantly a gas
play with small oil accumulations. This is somewhat
substantiated by the numerous gas shows in many of the Navy
wells in NPR-4. One of the main controlling factors in the
play may be reservoir quality; although many of the sediments
are medium- to coarse-grained sandstones, a pervasive clay
matrix inhibits porosity and permeability. This clay probably
consists of primary depositional material plus clays from
diagenetic alteration of mafic igneous detritus derived from
an extensive source terrain in the Brooks Range. As a result,
one of the major problems in the Albian play will be pre-
diction of porosity trends. One of the major controls on
distribution of clay matrix and therefore porosity may be
the environments of deposition. Winnowing of the clays may
be much more efficient in some environments, whereas
diagenetic alterations of igneous detritus may have a greater
inhibiting effect in other environments. Only limited study
has been devoted to these relationships in northern Alaska.
The southernmost trend, the Southern Foothills sub-
province, is believed prospective for gas in complex structural
traps. Possible objectives are carbonate reservoirs in the
Mississippian (Lisburne Group) and Triassic (Shublik
Formation) and sandstone reservoirs in the Cretaceous

(Okpikruak, Fortress Mountain, and Ipewik Formations).
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Possible hydrocarbon plays in the Southern Foothills
should include those in allochthonous Mississippian
carbonates. Estimated depths of more than 25,000 feet to
the top of autochthonous Paleozoic rocks near the mountain
front will probably preclude exploration of this deep section.
Foothills plays of the type characteristic of the Canadian or
Wyoming Rocky Mountains are found only in the area of the
northeastern Brooks Range and are not likely to be found
along the Brooks Range front in the area of NPR-4. 1In the
allochthonous sections, clean quartzose sandstones of early
Cretaceous age may also be a potential reservoir in part of
the foothills, but the distribution of this facies is unknown.
A possible play in Lower Cretaceous turbidites in association
with organically rich Jurassic shales may also exist, but
this play is also very speculative.

Industry experience in similar thrust belts elsewhere
in the world suggests that total fesources in such areas are
likely to be much smaller than in less deformed areas of
comparable size. Exploration 1is Tuch more difficult; fields
generally are small and likely to\be gas rather than oil |
productive. In spite of these negative factors, a program
of exploration is justified by the possibility of locating
hydrocarbon accumulation and by the need for data to be
added to the regional geologic frémework.

One known prospect can be suégested currently, based

upon information from surface mapping (Tailleur and others,
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1966; Chapman and others, 1964), and on carbonate facies
studies (Armstrong, 1970). The Lisburne Group in the area

of Lisburne Ridge, near the Etivluk River at the southeastern
corner of NPR-4 (fig. 9), contains approximately 500 feet of
dolomite with observable intergranular and vugular porosity,
some of which contains pyrobitumen. Although allochthonous,
and tightly folded, the rocks dip northward into the basin.
The possibility of a drilling objective to this allochthonous
horizon should be studied by additional field work and seismic
studies.

Hydrocarbon play analysis

Current experience on the Arctic Slope suggests that
several types of plays should be considered in assessing the
hydrocarbon potential of NPR-4. These plays are summarized
in table 4 in approximate order of relative importance. It
should be emphasized, however, that this relative ranking is
somewhat subjective; one of the purposes of an evaluation
program should be to provide data for a more accurate
assessment of the relative potential of these plays. The
list of play types is not intended to be all-inclusive; it
includes only those play types and major controls that have
been observed or can be inferred as likely to be present.

Evaluation of the tabulated play parameters (table 4)
suggests that the likelihood of Prudhoe Bay type fields of
wide areal extent in NPR-4 is slight. Several stacked

reservoirs on a structure are not likely. Stratigraphic
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controls are likely to play a major role in any hydrocarbon
accumulation. Present knowledge of the potential reservoir
horizons suggest that facies variations may occur rapidly.

Fields may be of small areal extent and exploration will

require detailed seismic facies interpretations closely
integrated with micropaleontologic studies, and with geologic
studies that include the latest concepts of clastic and carbonate
deposition and their control on reservoir porosity and

permeability.

55



i
i

REFERENCES

American Association of Petroleum Geologists, 1973,
Geothermal gradient of north and south central
Alaska, portfolio map area no. 26: Geothermal
Survey of North America, sponsored by Am. Assoc.
Petroleum Geologists, Tulsa, Oklahoma, scale
1:1,000,000.

American Petroleum Institute, American Gas Association,
and Canadian Petroleum Association, 1966-1974,
Reports on proved reserves of crude oil, natural
gas liquids, and natural gas in the United States
and Canada: New York, Am. Petroleum Institute.

Armstrong, A. K., 1970, Mississippian dolomites from
Lisburne Group, Killik River, Mount Bupto region,
Brooks Range, Alaska: Am. Assoc. Petroleum
Geologists Bull., v. 54, no. 2, p. 251-264.

Bergquist, H. R., 1956, Paleontology of test wells and
core tests in the Oumalik area, Alaska, in Robinson,
F. M., Core tests and test wells, Oumalik area,
Alaska: U.S. Geol. Survey Prof. Paper 305-A, p. 65-68.

1958a, Micropaleontologic s%udy of the Umiat field,
northern Alaska, in Collins, F. R., Test wells,
Gubik area, Alaska: U.S. Geol. Survey Prof. Paper
305-C, p. 199-204.

1958b, Micropaleontologic study of the Topagoruk
test wells, northern Alaska, in Collins, F. R.,
Test well, Grandstand area, Alaska: U.S. Geol.
Survey Prof. Paper 305-E, p. 311-314.

1966, Micropaleontology of the Mesozoic rocks of
northern Alaska: U.S. Geol|. Survey Prof. Paper
302-D, p. 93-227.

Bird, K. J., and Jordan, C. F., 1976, The Lisburne Group,
a potential major objective of the eastern Arctic
Slope: U.S. Geol. Survey Open-File Rep. 76-786, 58 p.

Black, R. F., 1964, Gubik Formation of Quaternary age in
northern Alaska: U.S. Geol Survey Prof. Paper 302-C,
p. 59-91.

Blean, Kathleen M., 1976, Reports pertaining to Naval
Petroleum Reserve No. 4 and adjacent areas of northern
Alaska prepared by members of the U.S. Geological
Survey: U.S. Geol. Survey Open-File Rep. 76-654, 90 p.

56



Bowsher, A. L., and Dutro, J. T., Jr., 1957, The
Paleozoic section in the Shainin Lake area, central
Brooks Range, Alaska: U.S. Geol. Survey Prof. Paper
303-A, p. 1-39.

Brosge, W. P., and Tailleur, I. L., 1971, Northern Alaska
petroleum province, in Cram, I. H., ed., Future
Petroleum Provinces of the United States--Their
Geology and Potential: Am. Assoc. Petroleum Geologists
Mem. 15, p. 68-99.

Brosge, W. P., and Whittington, C. L., 1966, Geology of
the Umiat-Maybe Creek region, Alaska; Part 3, Areal
geology (with a section on heavy-mineral studies by
R. H. Morris): U.S. Geol. Survey Prof. Paper 303-H,
p. 501-638.

Carter, R. D., Denman, J. M., and Pierpoint, J. G., 1975,
Geological literature on the North Slope of Alaska
1969-1974: U.S. Geol. Survey Open-File Rep. 75-384,
81 p., 3 figs.

Chapman, R. M., Detterman, R. L., and Mangus, M. D., 1964,
Geology of the Killik-Etivluk River region, Alaska:
U.S. Geol. Survey Prof. Paper 303-F, p. 325-407.

Chapman, R. M., and Sable, E. G., 1960, Geology of the
Utukok-Corwin region, northwestern Alaska: U.S. Geol.
Survey Prof. Paper 303-C, p. 47-167.

Collins, F. R., 1958a, Test wells, Umiat area, Alaska:
U.S. Geol. Survey Prof. Paper 305-B, p. 71-206, pls.
7-12.

1958b, Test wells, Topagoruk area, Alaska: U.S.
Geol. Survey Prof. Paper 305-D, p. 265-316, pls. 17-18.

1958¢c, Test wells, Meade and Kaolak areas, Alaska:
U.S. Geol. Survey Prof. Paper 305-F, p. 341-376, pls.
21-24.

1959, Test wells, Square Lake and Wolf Creek areas,
Alaska: U.S. Geol. Survey Prof. Paper 305-H, p. 423-484,
pls. 29-30.

1961, Core tests and test wells, Barrow area, Alaska:

U.S. Geol. Survey Prof. Paper 305-K, p. 569-644,
pls. 39-43.

57



Collins, F. R., and Robinson, F. M., 1967, Subsurface
stratigraphic, structural and economic geology,
northern Alaska: U.S. Geol. Survey Inv. Naval
Petroleum Reserve No. 4, and adjacent areas Open-
File Rep., 252, p. 16 pls., 19 figs., 2 tables.

Crane, R. C., and Wiggins, V. D., 1976, The Ipewik
Formation, a significant Jurassic-Neocomian map
unit in the northern Brooks Range fold belt, in
Program, Pacific Sections A.A.P.G., S.E.G., S.E.P.M.,,
Fifty-First Annual Meeting, San Francisco, Calif.,
1976, p. 25-62.

Detterman, R. L., Bickel, R. S., and Gryc, George, 1963,
Geology of the Chandler River region, Alaska: U.S.
Geol. Survey Prof. Paper 303-E, p. 223-323.

Detterman, R. L., Reiser, H. N., Brosge, W. P., and
Dutro, J. T. Jr., 1975, Post-Carboniferous Strati-
graphy, northeastern Alaska: U.S. Geol. Survey Prof.
Paper 886, 46 p.

Federal Energy Administration, 1976, The exploration,
development, and production of Naval Petroleum
Reserve Number 4: Federal Energy Administration,
Strategic Petroleum Reserve Office, Office of 0il
and Gas, Report to the Commijttees on Interior and
Insular Affairs of the Senate and the House of
Representatives, Washington,| D.C.

Gold, Lorne W., and Lachenbruch, Arthur H., 1973, Thermal
conditions in permafrost--A 'review of North American
literature, in Permafrost; The North American Contri-
bution to the Second International Conference:
National Academy of Sciences, Washington, D.C., 23 p.

Grantz, A., Holmes, M. L., and Kososki, B. A., 1975,
Geologic framework of the Alaskan continental terrace
in the Chukchi and Beaufort Seas: U.S. Geol. Survey
Open-File Rep. 75-124, 43 p.

Gryc, George, 1970, History of petroleum exploration in
northern Alaska, in Geological seminar on the North
Slope of Alaska, Palo Alto, Calif., 1970, Proc: Los
Angeles, Calif., Am. Assoc. Petroleum Geologists
Pacific Sec., p. cl1-c8; discussion, p. c9-cl0.

58



Harrison, C. R., and others, 1973, Developments in
Alaska in 1972: Am. Assoc. Petroleum Geologists

Bull., v. 57, no. 8, p. 1406-1420.

Jones, H. P., and Speers, R. G., 1976, Permo-Triassic
reservoirs of Prudhoe Bay field, North Slope, Alaska
in Braunstein, Jules, ed., 1976, North American oil
and gas fields: Am. Assoc. Petroleum Geologists

Mem. 24, p. 23-50.

Keller, A. S., Morris, R. H., and Detterman, R. L., 1961,
Geology of the Shaviovik and Sagavanirktok Rivers
region, Alaska: U.S. Geol. Survey Prof. Paper 303-D,

p. 169-222, pls. 21-26.

Keller, F., Jr., and Henderson, J. R., 1947, Aeromagnetic
Survey of Naval Petroleum Reserve No. 4 and adjacent
areas: U.S. Geol. Survey, Geological Investigations

Naval Petroleum Reserve No. 4, Alaska, Rep. No. 10,
16 p.

Lerand, Monti, 1973, Beaufort Sea, in McGrossan, R. G.,
ed., Future petroleum provinces of Canada--their
geology and potential: Canadian Soc. Petroleum
Geologists Mem. 1, Calgary, Canada, p. 315-386.

Lowell, J. D., 1976, Geology and estimated recoverable gas

reserves of the North Slope (onshore) of Alaska:
Testimony at a hearing of the Federal Power Commission,

July 13, 1976, docket nos. CP 75-96 et als and 76-433,
et al., Washington, D.C.

Maher, J. C., and Trollman, W. M., 1970, Geological
literature on the North Slope of Alaska: Am. Assoc.

Petroleum Geologists Pub., 133 p., 3 figs.

Martin, A. J., 1970, Structure and tectonic history of the
western Brooks Range, De Long Mts. and Lisburne Hills,
northern Alaska: Geol. Soc. America Bull., v. 81,

p. 3605-3622.

Morgridge, D. L., and Smith, W. B., 1972, Geology and
discovery of Prudhoe Bay field, eastern Arctic Slope,
Alaska, in King, R. E., ed.,

Patton, W. W., Jr., 1957, A new upper Paleozoic formation,
central Brooks Range, Alaska: U.S. Geol. Survey
Prof. Paper 303-B, p. 41-45,

59



Patton, W. W., Jr., and Matzko, J. J., 1959, Phosphate
deposits in northern Alaska: U.S. Geol. Survey
Prof. Paper 302-A, p. 1-17.

Patton, W. W., Jr., and Tailleur, I. L., 1964, Geology
of the Upper Killik-Itkillik Region, Alaska: U.S.
Geol. Survey Prof. Paper 303-G, p. 409-499, pl. 50-51.

Porterfield, Bob, 1974, Pet. 4: Alaska's next bonanza?:
Alaska Construction and 0il, December, 1974, p. 10-20.

Reed, J. C., 1958, History of the \exploration, Part 1 of
Exploration of Naval Petroleum Reserve No. 4 and adjacent
areas, northern Alaska, 194441953: U.S. Geol. Survey
Prof. Paper 301, 192 p.

Robinson, F. M., 1959a, Test wells, Titaluk and Knifeblade
areas, Alaska: U.S. Geol. Survey Prof. Paper 305-G,
p. 377-422, pls. 25-28. !

1959b, Test wells, Simpson area, Alaska: U.S. Geol.
Survey Prof. Paper 305-J, p. 523-568, pls. 35-38.

1964, Core tests, Simpson area, Alaska: U.S. Geol Survey
Prof. Paper 305-L, p. 645-730, pls. 44-50.

Robinson, F. M., and Collins, F. R., 1959, Core test,
Sentinel Hill area and test well, Fish Creek area,
Alaska: U.S. Geol. Survey Prof. Paper 305-I, p. 485-
521, pls. 31-34.

Schrader, F. C., and Peters, W. J., 1904, A reconnaissance
in northern Alaska across the Rocky Mountains, along
Koyukuk, John, Anaktuvuk, and Colville rivers and the
Arctic coast to Cape Lisburne, in 1901: U.S. Geol.
Survey Prof. Paper 20, 139 p.

mineral resources of northwestern Alaska: U.S. Geol.

Survey Bull. 815, 351 p. |

Smith, P. S., and Mertie, J. B., ir., 1930, Geology and

Snelson, S., and Tailleur, I. L., 1968, Large-scale thrusting
and migrating Cretaceous fore-deep in the western
Brooks Range and adjacent areas of northwestern Alaska
(abs.): Pacific Sec. Am. Assoc. Petroleum Geologists
43rd Annual Mtg. Program, p. 12.

Spetzman, L. A., 1959, Vegetation of the Arctic Slope of
Alaska: U.S. Geol. Survey Prof. Paper 302-B, p. B19-B58.

|

60



Tailleur, I. L., 1964, Rich oil shale from northern Alaska:
U.S. Geol. Survey Prof. paper 475-D, p. D131-D133.

Tailleur, I. L., Kent, B. H., and Reiser, H. N., 1966,
Outcrop geologic maps of the Nuka--Etivluk region,
northern Alaska: U.S. Geol. Survey Open-File Rep.

van Poolen, H. K., and Associates, Inc., 1974, In place
volumetric determination of reservoir fluids
Sadlerochit Formation Prudhoe Bay field: Report
prepared for State of Alaska, Dept. of Nat. Resources,
Anchorage, Alaska, 41 p.

Woolson, J. R., and others, 1962, Seismic and gravity surveys

of Naval Petroleum Reserve No. 4 and adjoining areas,
Alaska: U.S. Geol. Survey Prof. Paper 304-A, 25 p.

61



