UNITED STATES DEPARTMENT OF THE INTERIOR

GEOLOGICAL SURVEY

Geologic interrelations relative to gas hydrates within the North Slope of Alaska

Timothy S. Collett!, Kenneth J. Bird’, Keith A. Kvenvolden' and Leslie B. Magoon!

This work was funded by the Morgantown Energy Technology
Center under U.S. Geological Survey-Department of Energy
Agreement No. DE-AI21-83MC20422.

Open-File Report 88-389

This report is preliminary and has not been reviewed for conformity with U.S. Geological Survey edi-

torial standards and stratigraphic nomenclature. Any use of trade names is for descriptive purposes only
and does not imply endorsement by the USGS.

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

1988



TABLE OF CONTENTS

Summary 3
Chapter 1. Introduction 4
1.A. Project Description 4
1.B. Previous Work .4
1B.1. Recovered Gas Hydrate . 4
1.B.2. Gas-Hydrate Stability 7
1.B.3. Inferred Gas-Hydrate Occurrences 11
Chapter II. Gas-Hydrate Stability . 14
TLA. Stability CONITOLS......ccconrsisirisissienssisirmssusssssasssssesesesinsssssasasssssisssessssnsssnssasssssssssssastsesoresessssnsssrasassssssesens 14
I1.A.1. Distribution of Ice-Bearing PEIMALTOSL ..........ccceccrmirrucrircsnsiesismsssssssssssinssssssssssssssssssnssssssssssssasssssasassass 17
I1.A.2. Geothermal Gradient “ .- .30
I1.A.3. Gas Chemistry . . 46
11.A.4. Pore-Water Salinity .48
II.A.S. Pore-Pressure . “ 48
I.A.6. Particle Grain-Size - 54
I1.B. Distribution of the Gas-Hydrate Stability Field..................... . 61
Chapter ITL Geologic Settil.............cccrecseninsiananetiscecsrassssosssssssssstasssssssssncsss sissssassssssnsssssssasassssassassssassassad 68
HI.A. Regional Geology 68
III.B. Geology of the Prudhoe Bay and Kuparuk RiVET Iea .........c.cocccesseecrcnesscsmsusssanassanssssssoasassanssessssssassass 77
H1.B.1. Stratigraphic Framework 77
II1.B.2. Potential Gas-Hydrate Reservoirs . 88
II1.B.3. Potential Gas-Hydrate Traps 92
Chapter 1V, Gas-Hydrate Occurrences 96
IV.A. Well-Log Evaluation ...... - 96
IV.B. Gas-Hydrate Distribution . 108
IV.C. Gas-Hydrate ReSEIVOIT PTOPETHES ......cceecurerreecssncsncssresssrsasnssanssassensasssonsssssssassasasesenssasssssseans 117
Chapter V. Gas-Hydrate Formation Models...............uieceirnrirnncenininsinneseecssesesessenssssnssessns 127
V.A. Theoretical Models....... 127
V.B. NOTth SIOPE MOGEL.........occecrccrirenciasnencncnsntasasasasesssassnsscsssrresssssssassssssssssssssssssensssssssssssssarensasnssssasssassnans 127
Chapter V1. Estimated Resource Volume eeeseemessestsseateneeaaserestetan e ssaeaara st aresnessanae senessare sanenansas 132
Chapter VII. Recommended Core Sites 138
VILA. Cooperative Industry--Government Core-Hole 138
VIL.B. Dedicated Core-Hole 138
REFETENCLS CHLEd........c.oveeviesiiitnncniiisnscnssrsneccssserenssssssssnsantsanastsssersorsnssstonsasasseseassesssssesasassensasssssassasssssrensrasaess 146




SUMMARY

The five primary objectives of the U.S. Geological Survey North Slope Gas Hydrate Project
were to: (1) Determine possible geologic controls on the occurrence of gas hydrate; (2) locate and
evaluate possible gas-hydrate-bearing reservoirs; (3) estimate the volume of gas within the hydrates;
(4) develop a model for gas-hydrate formation; and (5) select a coring site for gas-hydrate sampling
and analysis.

Our studies of the North Slope of Alaska suggest that the zone in which gas hydrates are stable
is controlled primarily by subsurface temperatures and gas chemistry. Other factors, such as pore-
pressure variations, pore-fluid salinity, and reservoir-rock grain size, appear to have little effect on gas
hydrate stability on the North Slope. Data necessary to determine the limits of the gas hydrate stabil-
ity field are difficult to obtain. On the basis of mud-log gas chromatography, core data, and cuttings
data, methane is the dominant species of gas in the near-surface (0-1,500 m) sediment. Subsurface
temperature information, obtained from 46 high-resolution equilibrated well-bore surveys and from
estimates based on well-log identification of the base of ice-bearing permafrost in 98 other wells, indi-
cate that the depth of the 0"'C isotherm increases in an irregular way from 220 m in the south to as
much as 660 m near the coastline at Prudhoe Bay in the north. Formation-water samples and well-log
calculations indicate low pore-fluid salinities (fresh to brackish), ranging from 0.5 to 19.0 ppt. The
maximum recorded salinity would only suppress methane hydrate stability temperatures by approxi-
mately 1.0°C. Pressure data, obtained from drill-stem testing and well log calculations, indicate a
hydrostatic pore-pressure gradient within the near-surface sedimentary rocks, thus having minimal
effect on gas hydrate stability. In the near-surface coarse sandstone and conglomerate of the Prudhoe
Bay area, grain size has little effect on gas hydrate stability; however, in the more clay-rich sedimen-
tary rocks near Harrison Bay the freezing point of water may be depressed by several degrees Celsius,
resulting in a shallower gas hydrate stability field. Our analyses indicate that the region in which
methane hydrate is stable is areally extensive beneath the coastal plain province, with thicknesses
greater than 1,000 m in the Prudhoe Bay area. Thermal conditions, however, preclude the occurrence
of gas hydrates in the north-central part of the National Petroleum Reserve in Alaska and in the
foothills east of Umiat.

Gas hydrates were identified in 34 wells utilizing well-log responses calibrated to the response
of an interval in one well where gas hydrates were actually recovered in a core by an oil company.
Most of the well-log identified gas hydrates occur in six laterally continuous Upper Cretaceous and
lower Tertiary sandstone and conglomerate units, and are geographically restricted to the eastern part
of the Kuparuk River Unit and the western part of the Prudhoe Bay Unit. All of the mapped
occurrences are stratigraphically below a regionally extensive siltstone sequence, deposited during a
regional marine transgression in Eocene time. The total mapped area of these six occurrences is about
380 km?. The thicknesses of the identified individual gas-hydrate-bearing sequences range from 2 to
28 m, and reservoir porosities average approximately 40 percent. Well-log analyses suggest that the
identified reservoirs are about 85 percent saturated with gas hydrate. If theoretical minimum and max-
imum hydrate numbers are assumed, then the volume of gas within the identified gas hydrates of the
North Slope is approximately 2.4 x 10" to 2.9 x 10"' m® (STP) [approximately 8 to 10 tcf of gas], or
about one-third of the volume of conventional gas in the Prudhoe Bay field. Because of the low dril-
ling density outside of the Prudhoe Bay—Kuparuk River area, many more gas hydrate occurrences may
exist.

A possible scenario describing the origin of the inferred gas hydrates on the North Slope
involves the migration of thermogenic solution- and free-gas from deeper reservoirs upward along
faults into the overlying sedimentary rocks. As the gas migrated into the upper horizons it was either
directly converted to gas hydrate or first concentrated in existing structural/stratigraphic traps and later
converted to gas hydrate. Major climatic changes may have influenced the depth limits of the gas
hydrate occurrences.

We have identified two (dedicated) core-hole sites, the Eileen and the South-End core-holes, at
which there is a high probability of recovering a sample of gas hydrate. At the Eileen core-hole site,
at least three stratigraphic units may contain gas hydrate. The South-End core-hole site provides an
opportunity to study one specific rock unit that appears to contain both gas hydrate and oil.



CHAPTER L. INTRODUCTION

L.A. PROJECT DESCRIPTION

The main goal of the U.S. Geological Survey North Slope Alaska Gas-Hydrate Project is to
examine all data from northern Alaska pertaining to gas hydrates in order to achieve the following
objectives:

Evaluate geologic controls on gas-hydrate occurrences.

Define and evaluate possible gas-hydrate-bearing reservoirs.
Estimate the volume of gas within the gas-hydrate occurrences.
Develop a model for onshore gas-hydrate formation.

Select core-hole sites for gas-hydrate study.

YW

The approach to the North Slope gas-hydrate evaluation problem is outlined in table I-1; our program
was systematically constructed to develop a data-base which enabled us to produce deliverable items
over the duration of the project. The project was subdivided into 4 sections (table 1I-1). Section 1 was
concemned primarily with the parameters that control in-situ gas hydrate formation. Section 2
examined the geologic framework in which gas hydrates could exist. Sections 3 and 4 included the
identification and evaluation of in-situ gas hydrates.

The structure of this report is similar to the project outline discussed above; however, the
report is further subdivided into 7 chapters. Chapter I describes the project and discusses previous
work. Chapter II deals with the evaluation of the physical parameters that control gas hydrate
stability on the North Slope. Chapter III describes the near-surface structural/stratigraphic framework.
Chapter IV describes the gas hydrate occurrences, and Chapter V presents models explaining the
origin of the occurrences. Chapter VI estimates the volume of gas in these occurrences. The report
concludes (Chapter VII) with a description of the recommended sites for recovering gas-hydrate cores.

LB. PREVIOUS WORK

Gas hydrates are crystalline substances composed of water and gas in which a solid-water
lattice accommodates gas molecules in a cage-like structure, or clathrate. Gas hydrates have been
known as laboratory curiosities since about 1810. Detailed studies of hydrates and their physical
properties were not undertaken until Hammerschmidt (1934) published data pertaining to the plugging
of natural-gas pipelines due to gas-hydrate formation. The geological occurrence of gas hydrates has
been known since the mid 1960°s, when gas-hydrate fields were discovered in the U.S.S.R. (see
Makogon, 1981 for a review).

The pressure and temperature conditions suitable for the formation of gas hydrates are found in
high latitude regions of permafrost and beneath the sea in outer continental margins and ocean basins
(Kvenvolden and McMenamin, 1980). The fact that temperatures and pressures associated with
permafrost may fall within the stability field of gas hydrates (fig. I-1) was first recognized by Katz
(1971). Gas hydrates can occur not only in permafrost but also below the base of permafrost at
temperatures above the freezing point of water.

Significant quantities of gas hydrates have been detected in several permafrost regions of the
world, including western Siberia (Makogon, 1981), the Mackenzie Delta of Canada (Bily and Dick,
1974), and the North Slope of Alaska (Galate and Goodman, 1982; Collett, 1983a). Estimates of
worldwide gas hydrate resources in permafrost regions are as high as 10'® m® of methane (Potential
Gas Agency, 1981), an estimate large enough to stimulate interest in gas hydrates as a possible energy
source. Gas hydrates also may be a potential drilling hazard because they can cause sediment
instability and high pressures in a bore-hole.

LB.1. RECOVERED GAS HYDRATE
Direct evidence for gas hydrates on the North Slope comes from core-tests, and indirect
evidence comes from drilling and open-hole geophysical well logs which suggest the presence of



Table I-1. North Slope Gas Hydrate Project outline.

Section 1. Factors affecting gas-hydrate stability
Ice-bearing permafrost
Geothermal gradient
Gas chemistry
Pore-water salinity
Pore-pressure
Particle grain-size
Section 2. Geologic framework
Stratigraphy
Depositional environments
Structure

Section 3. Gas-hydrate identification and distribution
Well-log evaluation
Map in-situ gas hydrates
Geologic controls
Section 4. Gas-hydrate evaluation

Resource estimation
Core-hole location
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Figure I-1. Phase boundary diagram showing free methane gas and methane hydrate (below the
HYDRATE-GAS PHASE BOUNDARY) for a fresh-water, pure methane system. Addition of sodium
chloride lowers the temperature of hydrate formation, shifting the stability curve to the left. Addition of
carbon dioxide, hydrogen sulfide, propane, or ethane raises the temperature of hydrate formation, shift-
ing the stability curve to the right (from Kvenvolden and McMenamin, 1980).
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numerous gas-hydrate layers in the area of the Kuparuk River oil field (Collett and Kvenvolden,
1987). The identified gas hydrates appear to be laterally continuous and extensive; this widespread
distribution of in-situ gas hydrates on the North Slope suggests that they may be an unconventional
source of natural gas.

The only confirmed natural gas hydrate on the North Slope was obtained in 1972, when ARCO
and EXXON successfully recovered a core containing this substance (Collett and Kvenvolden, 1987).
The sample was from a depth of 666 m in the Northwest Eileen State-2 well (fig. I-2), located near
Prudhoe Bay. Thepresenoeofgasmahydmedstatewasconﬁnnedbyapresmetestwhﬂemecore
was maintained in the core barrel at a temperature of about 1.0 °c. As gas was withdrawn from the
core barrel, the pressure dropped, but it subsequently rose to the gas-hydrate equilibrium pressure
when the system was closed. This pressure response has been discussed by Hunt (1979, p. 167). If the
core had contained only free-gas, the pressure in the barrel would have decreased as gas was
withdrawn and the pressure would not have increased when the system was closed.

Data from driller’s and open-hole geophysical well logs (fig. I-2) also strongly suggested the
presence of naturally occurring in-situ gas hydrates. The mud log indicates that a significant amount
of free gas was liberated from the hydrate-containing interval during drilling. Logs, such as resistivity
and acoustic transit-time, indicate the presence of gas hydrates by anomalously high resistivities and
short transit-times within the suspected gas-hydrate occurrence. The recovered gas-hydrate sample had
a gas composition of 92.79% methane, 7.19% nitrogen, and also had minor traces of carbon dioxide,
ethane, and propane (personal communication, P. Barker, ARCO Alaska Inc., Anchorage, Alaska).

LB.2. GAS HYDRATE STABILITY

As discussed earlier, gas hydrates exist under a limited range of temperatures and pressures
(fig. I-1). The depth and thickness of the zone of potential gas hydrate stability in permafrost regions
can be calculated if the geothermal gradient, pressure gradient, and gas density are known (Bily and
Dick, 1974). The geothermal gradients needed to predict the thickness of the gas hydrate stability
zone are not easily obtained, especially if permafrost is present. Lachenbruch and others, (1982)
published a series of geothermal gradients recorded on the North Slope. Their reported gradients show
great lateral variation in the Prudhoe Bay region; this variance indicates that an average regional
gradient can not be used to calculate the thickness of the gas-hydrate stability field. A method was
developed to evaluate local geothermal gradients on a well-by-well basis (Collett, 1983a). In this
procedure, individual geothermal gradients for each well were projected from the base of the ice-
bearing permafrost to the surface. Because of a change in thermal conductivity, the geothermal
gradient changes abruptly at the base of the ice-bearing permafrost, and this change in the gradient
maust be accounted for in any gas-hydrate stability calculation. In Collett (1983a), a factor, developed
by Lachenbruch and others (1982), was used to correct for this change in the geothermal gradient.

The methane hydrate-stability curve and the depth to the base of the ice-bearing permafrost
was used to determine the depth and thickness of the potential methane-hydrate zone at the Northwest
Eileen State-2 well (fig. I-3); no effort was made here to correct for the effect of the nitrogen in the
methane. The following information was obtained using Collett’s (1983a) method: In this example, the
depth to the base of the ice-bearing permafrost is approximately 530 m. Temperature surveys from
surrounding wells suggest that the mean-annual surface temperature at the Eileen well is -11.0 OC and
the base of ice-bearing permafrost is at -1.0 °C. These temperature data have been used to project a
geothermal gradient that intersects the methane-hydrate stability curve at 180 m and 960 m,
delineating a 780 m zone in which methane hydrate would be stable (fig. I-3). This procedure will be
discussed in more detail in Chapter II of this report.

After evaluating logs from 125 wells on the North Slope, Collett (1983a) determined that in
order to have an intersection between the methane-hydrate stability curve and a geothcrmal gradient,
the projected gradient within the ice-bearing permafrost must be equal to or less than 4 3°C/100 m
(Collett, 1983a). If the geothermal gradient and the methane-hydrate stability curve do not intersect,
in-situ gas hydrates will not be stable and will not be present. Given this geothermal gradient, a
maximum ice-bearing permafrost depth would be 274 m. In other words, methane hydrate should not
be present in North Slope sediment when temperatures are such that ice-bearing permafrost is less
than 274 m thick. The shaded area in figure 14 indicates the region in which methane hydrates would
be potentially stable, and the dashed line represents the southern limit of the 274 m ice-bearing

CHAPTER I -- INTRODUCTION 7
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permafrost depth contour. The northern boundary of the methane-hydrate stability field lies offshore
beneath the shelf, but its exact position is uncertain.

LB.3. INFERRED GAS-HYDRATE OCCURRENCES

Galate and Goodman (1982) examined 17 wells from the National Petroleum Reserve in
Alaska (NPRA) for evidence of in-situ gas hydrates. For this study, they used all available records
such as drilling plans, well histories, daily drilling reports, mud reports, geologic data for the area,
coring information, and geophysical well logs. Of the 17 wells investigated, they reported that 3 (fig.
1-5) showed significant evidence of gas hydrates, and 5 showed some evidence of gas hydrates.

Detailed analysis of a series of open-hole geophysical well logs from 125 wells in the area of
the Prudhoe Bay and Kuparuk River oil fields suggests the presence of 102 gas-hydrate occurrences in
32 different wells (Collett, 1983a). Gas hydrates are present in relatively porous, discrete sedimentary
units and in many wells in multiple zones; the individual zones range from 2 to 28 m in thickness.
Most of the gas-hydrate occurrences appear to be geographically restricted to the Kuparuk Field, west
of Prudhoe Bay (fig. 1-4).

In the Kuparuk River oil field area, gas hydrates are present in about four to six laterally
continuous units that can be delineated in cross section (fig. I-6). The gas hydrates are restricted to a
series of sandstone and conglomerate units which are interbedded with multiple, thick siltstone units.
The gas-hydrate bearing sandstone and conglomerate represent a marine to non-marine delta front to
delta plain depositional package (Collett, 1983a).

The presence of thick coal units in this sequence is consistent with a deltaic environment of
deposition. The coal may also serve as a source of the methane necessary for the formation of gas
hydrate. Heavy oil, present within this shallow sequence, may also have been a source of methane and
heavier gases, such as propane, because dissolved gases are commonly associated with oil
accumulations.

CHAPTER I -- INTRODUCTION 11
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Figure I-6. East to west geologic cross-section through six wells of the Kuparuk River oil field area;
well locations are noted by Section, Township, and Range (Collett, 1983a). The stratigraphic framework
as depicted is defined by a series of geologic markers (shown as correlation lines). Also shown are the
individual gas hydrate occurrences and relative concentrations, the base of ice-bearing permafrost
(BIBPF), top (H1) and bottom (H2) of the methane-hydrate stability zone, and the inferred depositional
environments for the reservoir rocks. (Location of section shown in figure 1-4).
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CHAPTER II. GAS-HYDRATE STABILITY

II.A. STABILITY CONTROLS

Chapter 1I is divided into two sections: Section "A" deals with the evaluation of the physical
parameters that control gas-hydrate stability, and in Section "B" the theoretical distribution of the
methane-hydrate stability field is mapped.

There are five reservoir and fluid properties that affect the stability of in-situ gas hydrates--
geothermal gradients, gas chemistries, pore-fluid salinities, pore-pressures, and reservoir-rock grain
sizes (table II-1). The two primary factors are geothermal gradients and gas chemistries. The other
three variables are difficult to quantify and often have little effect. In figure II-1 methane-hydrate and
propane-hydrate stability curves have been shown along with geothermal gradients assumed for the
Northwest Eileen State-2 well on the North Slope. The plot of the two stability curves dramatically
illustrates how different gas chemistries can influence the thickness of the gas-hydrate stability field.
In this display, the geothermal gradient intersects the methane-hydrate stability curve at 210 and 950
m, delineating a methane-hydrate stability field that is 740 m thick. However, the constructed
geothermal gradients intersect the propane stability curve at 60 and 1,330 m, thus delineating a gas-
hydrate stability field that is 1,270 m thick. This difference in the thicknesses of the gas hydrate
stability fields is a result of the difference in stability of the cage-structure formed by propane or
methane. Large gas molecules, such as propane, form a different gas-hydrate cage structure (Structure
) than do smaller methane gas molecules (Structure I). The larger cage structure is stable at higher
temperatures and pressures (Makogon, 1981), resulting in a thicker gas-hydrate stability zone.

Subsurface temperature data required to calculate regional geothermal gradients are difficult to
obtain. These data can be theoretically derived, but this derivation requires a complete understanding
of subsurface regional heat-flow, existing thermal conductivity characteristics of the basin-filling
sediments, and mean-annual surface temperatures (Lachenbruch and others, 1982). Geothermal
gradients can also be calculated from temperature data (bottom-hole temperature measurements)
obtained during normal well-logging operations (Edwardson and others, 1962). Unfortunately, drilling
activity can significantly disrupt subsurface equilibrium temperatures, and it may not be possible to
correct the recorded temperature because of insufficient information. The most accurate method of
determining local and regional geothermal gradients is by conducting high-resolution temperature
surveys in wells that have been left undisturbed for a sufficient period of time to allow thermal
equilibration in the wellbore. These surveys, however, are not often available; therefore, an alternate
method of using known ice-bearing permafrost depths to project local geothermal gradients has been
developed; this method will be discussed later.

Salt, such as NaCl, when added to a gas hydrate system, lowers the temperature at which gas
hydrates form (Evrenos and others, 1971). The salinity of the water ln contact with the gas during the
formation of gas hydrate can reduce the freezing point about 3°ws°cC per 100 ppt dissolved salt,
shifting the stability curves in figure II-1 to the left, and thus reducing the thickness of the gas hydrate
stability field.

The effect of grain-size variations and abnormal pore-pressure conditions on gas hydrate
equilibrium is unclear. It is known from studies of permafrost, however, that variations in grain sizes
and pore pressures affect the freezing point of ice (Anderson and others, 1973; Osterkamp, 1975;
Osterkamp and Payne, 1981). Particles with large surface area relative to grain size, such as clay, can
reduce the freezing point of water by several degrees Celsius, apparently because of molecular
bonding of the water to the particle (Anderson and others, 1973). A similar relation is thought to
exist between grains of high surface area and gas-hydrate equilibrium temperatures (oral
communication, D. Sloan, Colorado School of Mines, Golden, Colorado). Abnormal formation
pressures will affect gas hydrate stability conditions in a manner unlike that of ice. High pore-
pressure conditions increase the stability of gas hydrate, but depress the freezing point of ice (Holder
and others, 1985). In general, the higher the pressure gradient the thicker the stability zone of gas
hydrate.



Table II-1. Variables influencing the limits of the in-situ gas-hydrate stability field and sources of data
necessary for evaluating variables.

Variables Data Sources

Geothermal Gradient Theoretical derivation; well log-
ging operations; high resolution
equilibrated temperature surveys;
projection from base ice-bearing
permafrost.

Gas Chemistry Mud log; drill-cuttings; core sam-
ples, drill-stem-test; production
samples.

Pore-Fluid Salinity Well logs; drill-stem-test;
production samples; core samples.

Pore-Pressure Drill-stem-test; well logs.

Grain-Size Drill-cuttings; core; well logs.

CHAPTER I1. GAS-HYDRATE STABILITY 15
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Figure II-1. Phase diagram illustrating the influence of gas chemistry (methane vs. propane) on the
zone of gas hydrate stability. Geothermal gradients are those predicted for the Northwest Eileen State-2

well.
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II.A.1. DISTRIBUTION OF ICE-BEARING PERMAFROST

Because gas hydrates form within a limited temperature range, subsurface equilibrium
temperature data are necessary to calculate the depth and thickness of the gas-hydrate stability field.
Acquiring these data is difficult because drilling activity often disrupts equilibrium temperatures in the
subsurface, and a well must lie undisturbed until thermal equilibrium is re-established (Lachenbruch
and Brewer, 1959). On the North Slope of Alaska, a series of 46 oil and gas exploratory wells, which
were considered to be near thermal equilibrium (Lachenbruch and others, 1982; Lachenbruch and
others, 1987), were surveyed with high-resolution temperature devices (table II-2). However, several
thousand other exploratory and production wells have been drilled on the North Slope and, although
they do not have temperature profiles, their geophysical logs often allow discrimination between ice-
bearing and non-ice-bearing strata. At the outset of this study, the coincidence of the base of ice-
bearing strata and the depth of the 0° C isotherm at Prudhoe Bay (Lachenbruch and others, 1982)
appeared to offer an opportunity to expand quickly and inexpensively the size of our subsurface
temperature data base merely by using well logs to identify the base of the ice-bearing strata.

Accordingly, the log suites of more than 440 publicly available, North Slope exploratory and
production wells were examined. Of these, 156 wells have log responses allowing discrimination of
ice-bearing strata, and these log responses were used to map the depth to base of the deepest ice-
bearing strata. In wells outside the Prudhoe Bay area, a considerable difference exists between the
depth of the 0° C isotherm and the base of ice-bearing strata. This discordance is greal enough to
diminish the reliability of using well logs alone for estimating the depth of the 0° C isotherm.
Nevertheless, understanding the distribution of ice in the subsurface, as determined by well logs, is
important for predicting the presence of natural gas hydrates.

In arctic environments, where subsurface temperatures below 0° C persist, a specific
terminology is used to describe temperatures and the physical state of pore-filling water in the
subsurface. This terminology, however, is often inconsistent (Desai and Moore, 1968; Hoyer and
others, 1975; Walker and Stuart, 1976; Osterkamp and Payne, 1981); therefore, permafrost, ice-
bearing permafrost, and ice-rich permafrost are defined below.

Permafrost is the thermal condition in soil or rock having temperatures below 0° C which
persists over at least two consecutive winters and the intervening summer (Brown and Kupsch, 1974).
The presence or absence of water or ice lS not included in the definition of permafrost, and the depth
tothebaseofpennafrostlsthedcpmwo C.

Ice-bearing permafrost refers to soil or rock that contains or is interpreted to contain ice that
can be detected by subsurface well logs. Contours on the map in figure II-2 illustrate the depth to the
base of the deepest ice-bearing permafrost as determined from subsurface geophysical well logs
(exclusive of temperature logs) for 156 exploratory and development wells on the North Slope of
Alaska.

Ice-rich permafrost can be identified when high-resolution subsurface temperature surveys are
available. Using equilibrated well-bore temperature surveys, Lachenbruch and others (1982) were
able to differentiate thawed, water-bearing sedimentary rocks from ice-rich horizons by identifying a
"kink" in their temperature profiles in the Prudhoe Bay area. The geothermal gradient of sediments
with ice-filled pores is generally different from the geothermal gradient in sediments with water-filled
pores. This difference in geothermal gradients is a conspicuous indicator of the base of ice-rich
permafrost. In the near-surface, high-porosity sandstone and conglomerate units of the Prudhoe Bay
area, the discontinuity in the geothermal gradient represents the ice/water phase boundary at the base
of the ice-rich permafrost (Lachenbruch and others, 1982). However, changes in the geothermal
gradient in the finer grained sediments west of Prudhoe Bay in the NPRA are not as pronounced and
commonly are not present (Lachenbruch and others, 1987).

In the section below are terms and methods used to study ice-bearing permafrost and to
interpret the well-log responses. The relations of permafrost, ice-rich permafrost, and ice-bearing
permafrost, on the North Slope of Alaska are also discussed.

PERMAFROST
Permafrost, or perennially frozen ground, is widespread in arctic regions and underlies
approximately 20 percent of the land area of the world (Ferrians and others, 1969). Information about
permafrost thickness and variability in composition is necessary to solve engineering and scientific
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Table II-2. North Slope wells for which temperature profiles were made after the well-bore had
[See table II-S for companson of depths of ice-bearing
permafrost (IBPF) from well logs with depths to base of permafrost (0 °C) and ice-rich layer (IRL)

reached near thermal-equilibrium conditions.

listed here.]

Well Well APINo Y  pepmwe®cH mi3l Source’) Logged®)
Index mame (m) (m)

A* Simpson Core Test-13 5027910013 320 Brewer, 1958 Yes
B Simpson Core Test-21 5002310001 250 do. Yes
C Simpson Core Test-28 5027910026 219 do. Yes
D Simpson Core Test-29 5027910027 290 do. Yes
E South Barrow Test Well-1 5002310009 204 MacCanhy, 1952 Yes
F* South Barrow Test Well-3 5002310011 (proj)396 do. Yes
G Umiat-11 5028710011 322 Ferrians, 1965 Yes
H* East Umiat-1 5028710016 215 do. Yes
1 Topagoruk-1 5027910033 335 do. Yes
J Kaolak-1 5029710001 299 do. Yes
K BP 33-12-13 5002920047 660 620 Lachenbruch and others, 1982 No
L BP 04-11-13 5002920025 640 620 do. No
M BP 19-10-15 5002920035 595 570 do. No
N BP 23-11-13 5002920054 (proj)629 605 do. No
O* ARCO N Prudhoe Bay St-1 5002920049 605 560 do. Yes
P* BP 08-11-13 (P.B.U. N-1) 5002920079 620 600 do. Yes
Q BP 31-11-14 5002920059 650 620 do. No
R BP 11-11-13 5002920084 640 620 do. No
S+ BP 12-11-13 (P.B.U. F-3) 5002920085 640 620 do. Yes
T BP 27-11-14 5002920006 625 580 do. No
U ARCO E Bay St-1 5002920133 625 580 do. No
A A Tulageak-1 5002320018 305 Lachenbruch and others, 1987 Yes
w West Dease-1 5002320014 280 260 do. Yes
X+ J.W. Dahlion-1 5027920006 410 310 do. Yes
Y Tunalik-1 5030120001 290 do. Yes
z Peard Bay-1 5030120002 310 270 do. Yes
AA Kugrua-1 5016320002 282 250 do. Yes
BB South Meade-1 5016320001 200 160 do. Yes
cC Kuyanak-1 5016320003 330 do. Yes
DD East Simpson-1 5027920005 370 280 do. Yes
EE  Ikpikpuk-1 5027920004 340 280 do. Yes
FF Drew Point-1 5027920002 325 250 do. Yes
GG East Teshekpuk-1 5010320006 265 do. No
HH* North Kalikpik-1 5010320011 215 do. Yes
o Fish Creek-1 5010310001 260 140 do. Yes
I South Hamrison Bay-1 5010320007 (proj)375 do. Yes
KK* Atigaru Point-] 5010320008 405 330 do. Yes
LL Awuna-] 5015520001 295 do. Yes
MM Lisbume-1 5013720003 290 do. Yes
NN Koluktak-1 5011920001 (proj)290 do. Yes
00 Seabee Test Well-1 5028720007 310 do. Yes
PP* Sinclair/BP Kuparuk-1 5028710018 300 do. Yes
QQ Forest Oil Lupine-1 5022320011 240 do. Yes
RR* Mobil Echooka-1 5022320008 280 260 do. Yes
SS Exxon Canning River A-1 5017920005 282 do. Yes
T Umiat-9 5028710009 (proj)356 do. Yes

1 American Petroleum Institute well identification number (Alaska Oil and Gas Conservation Commission, 3001 Porcupine Drive,

2 Anchorage, Alaska, 99501).
! Depths measured from ground level.

3-|Dephlobueofmiee-richhyerﬁomncordedwnpenmpvoﬁlu (source identified), measured from ground level. If blank

no value reported.

4 For complete reference see References Cited.

J Identifies wells logged using conventional wireline tools in ice-bearing permafrost.

¢ See table 14 for the depth to the base of the ice-bearing permafrost as determined from subsurface well-log data.
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problems such as: (1) Correcting seismic-reflection velocity data; (2) developing safe procedures for
oil-well drilling, completion, and production in permafrost; (3) developing regional ground-water
models; and (4) assessing the distribution of gas hydrates within or beneath the permafrost sequence.

Study of the thermal regime of North Slope permafrost using serial temperature profiles in wells
dates from early days of exploratory drilling in this region. These data and permafrost thicknesses are
reported by MacCarthy (1952), Brewer (1958), Ferrians (1965), Lachenbruch and others (1966),
Lachenbruch and Marshall (1969), Stoneley (1970), Howitt (1971), Gold and Lachenbruch (1973),
Lachenbruch and others (1982), Lachenbruch and others (1987). Temperature profiles from 46 wells
that are near thermal equilibrium constitute the temperature data base for the North Slope (table II-2),
and they show that permafrost ranges from 200 m to 660 m in thickness. The wells marked with an
asterisk in Table II-2 have been used to interpret wire-line well-log responses and are described
below.

ICE-RICH PERMAFROST

Lachenbruch and others (1982) noted a flexure or change in the n'end of the temperature
profiles at a depth of about 580 m and a temperature of approximately -1° C in a series of wells from
the Prudhoe Bay area. They attributed the change in the temperature profile to a discontinuity in the
thermal conductivity caused by ice-filled pores above 580 m and water-filled pores below that. This
ice/water interface, as inferred from the gradient discontinuity in the temperature profiles, defines the
base of ice-rich permafrost (Lachenbruch and olhers, 1987). The base of ice-rich permafrost will not
coincide exactly with the base of the permafrost (0 C isotherm), but will usually be in equilibrium at
temperatures lower then 0° C. The ice/water phase boundary was not observed in the recovered cores
of the Prudhoe Bay wells; however, analysis of the retarding effects of latent heat on the dissipation
of the drilling disturbance indicates that the discontinuity in recorded temperature profiles represents
an ice/water interface (Lachenbruch and others, 1982). This observation is true only for the Prudhoe
Bay area wells; the data are inconclusive for the NPRA. The depths to the base of an ice-rich layer
were reported by Lachenbruch and others (1982), and Lachenbruch and others (1987) for 22 of the 46
wells listed in table II-2. These reported depths may in some cases represent the base of the deepest
ice-rich layer, thus representing the base of ice-rich permafrost.

ICE-BEARING PERMAFROST

As defined earlier ice-bearing permafrost refers to strata containing a sufficient volume of ice
10 be detected on geophysical well logs without the aid of temperature data. The minimum amount of
ice necessary for detection by well-logging devices is unknown. Well-log responses used to
determine the base of the ice-bearing permafrost are summarized in table II-3.

The temperature at the base of ice-bearing permafrost is always at or below 0° C; thcrefore
the depth to the base of the ice-bearing permafrost is always at or above the depth of the 0°c
isotherm. Within the thick ice-bearing permafrost sequence, locally found on the North Slope,
multiple frozen and thawed horizons are present. In this study, the base of the ice-bearing permafrost
is interpreted as the deepest observed frozen-to-thawed phase boundary that may exist in any
particular location.

Desai and Moore (1968) were the first to report that an ice-bearing horizon exhibits physical
characteristics that can be detected with subsurface geophysical devices. They demonstrated that
properties such as electrical resistivity and acoustic transit time are affected by the presence of ice
within the sediment. Others have shown that the ice-bearing permafrost thickness can be determined
from well logs (Stoneley, 1970; Howitt, 1971; Hoyer and others, 1975; Walker and Stuart, 1976;
Hnatiuk and Randall, 1977; Osterkamp and Payne, 1981; Osterkamp and others, 1985); the term ice-
bearing permafrost was used first by Osterkamp and Payne (1981). Their predecessors used the term
permafrost to describe both temperature conditions and the presence of ice within pore spaces.

Desai and Moore (1968) demonstrated that the spontaneous potential, resistivity, and acoustic
logs show significant deflections at the base of the ice-bearing permafrost (called permafrost by these
authors) in an unidentified well on the North Slope of Alaska. They observed a significant increase in
electrical resistivity, decrease in acoustic transit time, and a pronounced drift in spontaneous potential
from less negative to increased negative values after crossing the boundary from non-ice-bearing to
ice-bearing permafrost. Stoneley (1970) illustrated similar log responses in Put River-1 (well no. 18,
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Table II-3. Companson of well-log responses within ice-bearing permafrost (IBPF) with those below

the base of IBPF in a porous sandstone lithology.

Well-log response In Below Remarks
IBPF IBPF
Resistivity (Res)--Substantial drop >1000 Qem 5-15 Qem ———

in resistivity; the long-
normal curve separates from
the short-normal curve within

the IBPF.

Acoustic Transit Time (ATT)-- 80 ms/ft 130 ms/ft
Significant increase in
transit time.

Caliper (Cal)--Often shows large larger smaller
variations above the IBPF.

Spontaneous Potential (SP)-- more more
Drift from negative to negative positive
positive below the IBPF.

Drilling Rate (DR)--Increased slower faster
drilling rate is often
observed below the IBPF.

Gas Chromatograph (GC)-- no gas gas detection

Anomalous pressures or a
release of free-gas may be
detected at base IBPF.

Density (Den)--Increase in recorded 2.1 gm/c> 24 gm/c>
densities from above to

below the IBPF.

Neutron Porosity (NP)--Small to 25% 22%
no reduction in calculated
apparent porosities, often
masked by geologic
conditions.

Gamma Ray (GR)--Small deflection lower higher
to higher API values.

Relative change, dependent
on engineering parameters.

20 to 30 mV shift.
Relative rate depending

on geologic conditions.

Geologically dependent.

5- to 10-API unit deflection.
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table I14) in the Prudhoe Bay oil field, which he also attributed to the presence of ice. He based this
interpretation on cores recovered from the BP 12-10-14A well which reportedly contained sandstone
and conglomerates that were bounded by ice downward almost to the same depth as suggested by the
well logs. Stoneley’s (1970) observations of ice-bounded cores represent the only direct evidence that
verifies the accuracy of well logs as ice-detection devices. Also, Howitt (1971) noted that the
resistivity-log pick for the base of the ice-bearing permafrost in the Put River 19-10-15 well is at the
same level as the flexure in the temperature profile representing the base of ice-rich permafrost.

Osterkamp and Payne (1981) examined electrical-resistivity and acoustic-transit-time well logs
from 61 wells on the North Slope in order to develop a map of the depth to the base of the deepest
ice-bearing permafrost. Their map indicates that the depth to the base of ice-bearing permafrost varies
from more than 610 m in the Prudhoe Bay area to 120 m or less in the NPRA. The data used by
Osterkamp and Payne (1981) are listed in the last column of table II-4.

INTERPRETATION OF WELL LOGS
WITHIN THE ICE-BEARING PERMAFROST SEQUENCE
During drilling of exploratory and production wells on the North Slope, the well bore is
surveyed with a series of well-logging devices that can be used to determine the physical state of the
pore waters. Logs used in this study included resistivity, acoustic transit time, spontaneous potential,
gamma ray, caliper, neutron porosity, density, and the drilling rate and gas chromatograph curves on
the mud log. In many wells, the permafrost interval is logged with only one or two of these devices
or not logged at all. The lack of well-log data limits the number of North Slope wells from which the
base of ice-bearing permafrost can be determined. Each of the 156 wells selected for this project has
at least a resistivity survey within the shallow substrate. The electrical-resistivity and acoustic-transit-
time well logs were found to be the most useful in detecting the base of the ice-bearing permafrost.
However, we do not have independent evidence that the well-log pick for the base of the ice-bearing
permafrost is the depth of the actual phase boundary between the ice-bearing and water-saturated
strata. Short descriptions of the well-log responses within and below the ice-bearing permafrost, in
order of importance, are as follows:

Resistivity (Res)--The base of the ice-bearing permafrost commonly exhibits a substantial resistivity
decrease from within to below the ice-bearing permafrost sequence. Ice exhibits relatively high
electrical resistivity in comparison to water.

Acoustic transit time (ATT)--A significant transit time change generally marks the base of the ice-
bearing permafrost. Ice is characterized by relatively high acoustic velocities in comparison to water.

Caliper (Cal)--The caliper log commonly indicates an enlarged bore hole within the permafrost
horizon which can be attributed to caving associated with thawing of ice-bearing sediment.

Spontaneous potential (SP)--The spontaneous potential log generally shows a pronounced drift from
negative in the ice-bearing permafrost sequence to positive below the base of ice-bearing permafrost.
This drift can be attributed to the increased concentration of the remaining salt particles in the
unfrozen pore spaces of the ice.

Drilling rate (DR)--In many wells a significant increase in the drilling rate occurs below the ice-
bearing permafrost. Ice-bearing sediments apparently exhibit propertics similar to a well-cemented
rock unit with a relatively slow drilling rate.

Gas chromatography (GC)--Because of the relatively impermeable nature of the ice-bearing
permafrost, free gas can be trapped at its base. This free-gas response was observed in 31 wells.

Density (Den)--The density log shows a slight decrease in density within ice-bearing permafrost
relative to the section below. Ice has a lower density than water.

Neutron porosity (NP)--In several wells, the neutron porosity log shows a slightly lower recorded
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Table II-4. Depth in meters 1o base of ice-bearing permafrost (IBPF) as inferred from well-log
responses in North Slope wells. These wells (except unnumbered wells) were used to construct contour

map of the base of ice-bearing permafrost (fig. 1I-2).

Well Well Name Location Ap1 BPF mrrl IBPFY
Index Sec. T. R. Interpreted  Corrected  Osterkamp &
Payne (1981)
1 Simpsan Core Test 23 1 19N 11W 5002310002 130 129
2 Simpson Core Test 24 6 19N 10W 5002310003 12 121
Arcon Barrow 1 2 23N 18W 5002310008 280
3’ South Barrow Test Well 3 24 2IN. 18W. 5002310011 245 241
4 South Barrow Test Well 4 14 22N  18W 5002310012 210 206
b Iko 1 16 2IN 16W 5002320007 177 173
6 South Barrow Test Well 13 14 22N 18W 5002320008 223 217
7 South Barrow Test Well 14 25 2N 17W 5002320009 232 26
8 South Barrow Test Well 17 30 22N 16W 5002320011 197 189
9 Walakpa 1 9 20N 19W 5002320013 250 44
10 South Barrow Test Well 20 26 22N 17W 5002320015 229 223
11 South Barrow Test Well 15 23 22N 17W 5002320016 213 206
12 South Barrow Test Well 18 24 22N 17TW 5002320017 213 208
13* Tulageak 1 7 2IN 14W 5002320018 174 169
14 Walakpa 2 31 20N 19W 5002320019 195 190
15 Prudhoe Bay 1 10 1IN 14E 5002920001 575 N 561
16 Sag River 1 4 10N 1SE 5002920002 588 583 583
17 Delia State 1 10 10N 1SE 5002920004 583 578 583
Toolik Federal 1 4 8N 1SE 5002920005 624
18 Put River 1 27 1IN 14E 5002920006 §74 569 570
19 Socal 31-25 25 10N 14E 5002920007 557 550
20 Kuparuk State 1 21 1IN 12E 5002920008 520 516
Northwest Eileen State 1 28 12N 11E 5002920013 532
21 West Kuparuk 3-11-11 3 1IN 11E 5002920014 529 524 529
22 Hemi 3-9-11 3 9N 11E 5002920018 2 521 519
23 Prudhoe Bay Unit J-1 9 1IN 13E 5002920020 619 602 615
24 Kad River 1 4 8N 18E 5002920021 488 482
25 Hund 5-10-13 5 10N 13E 5002920027 613 607 613
26 Kavearak Point 32-25 25 13N 10E 5002320028 547 541
27 Lake 79 Federal 1 1 &N 17E 5002920031 461 455 461
28 North Kuparuk 26-12-12 26 12N 12E 5002920032 636 630 462
29 Toolik Federal 2 5 &N 12E 5002920041 457 454 457
Prudhoe Bay Unit M-1 1 1IN 12E 5002920042 553
30 Prudhoe Bay Unit 1-1 8 10N 15E 5002920044 512 500
31’ North Prudhoe Bay State 1 23 12N 14E 5002920049 560 550 560
32 Toolik Federal 3 4 &N 9E 5002920051 34 340 340
33 Mikkelsen Bay 13-9-19 13 ON 19E 5002920055 625 619 629
34 Kuparuk State 7-11-12 7 1IN 12E 5002920062 591 1
35 Kup Delta 51-1 11 12N 13E 5002920065 551 541 551
36 Milne Point 18-1 11 13N 10E 5002920069 521 512 514
37 Prudhoe Bay Unit 4-1 34 1IN 1SE 5002920078 519 567
38" BP 08-11-13 8 1IN 13E 5002920079 591 585 590
39 Prudhoe Bay Unit F-1 2 1IN 13E 5002920080 594 589 594
40 West Sak River Siate 1 2 1IN 10E 5002920090 538 530 529
4] Prudhoe Bay Unit H-1 21 1IN 13E 5002920099 588 583 591
4?2 Prudhoe Bay Unit A-1 35 1IN 13E 5002920108 530 525 608
43 Prudhoe Bay Unit 4-6 34 10N 1SE 5002920111 589 579 579
4 Northwest Eileen Swie 2 28 12N 11E 5002920117 532 525
45 Prudhoe Bay Unit C-1 19 1IN 14E 5002920121 582 5n 575
46 North Franklin Bluffs 1 20 8N 14E 5002920122 512 504 506
47 West Sak River Statec 2 2 1IN 10E 5002920134 487 481
48 West Sak River State 3 26 1IN 9E 5002920139 435 428 427
49 West Sak River State § 11 10N 10E 5002920141 429 423 424
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Table II-4. Depth in meters to base of ice-bearing permafrost (IBPF) as inferred from well-log
responses in North Slope wells. These wells (except unnumbered wells) were used to construct contour
map of the base of ice-bearing permafrost (fig. II-2).~Continued

Well Well Name Location API #1 BPFe BPF! BPFY
Index Sec. T. R. Interpreted Corrected Osterkamp &
Payne (1981)

50 West Sak River State 6 29 1IN 11E 5002920142 538 531
51 Foggy Island Bay State 1 19 1IN 17E 5002920146 530 522 519
52 Gwydyr Bay South 1 8 12N 13E 5002920149 564 557
53 Niakuk 1-A 26 12N 15E 5002920156 540 530 532
54 Kuparuk 9-11-12 9 1IN 12E 5002920158 568 562 562
55 Prudhoe Bay Unit E-1 6 1IN 14E 5002920175 587 578 579
56 Sag Delta 33-12-16 4 1IN 16E 5002920176 S11 503 503
57 State 1 2 10N 13E 5002920177 576 570
58 Prudhoe Bay Unit 6-4 2 10N 14E 5002920179 587 580
59 Kuparuk 30-11-13 30 1IN 13E 5002920191 625 618 627
60 Gull Island State 2 28 12N 15E 5002920195 540 534 533
61 Highland State 1 24 1IN 11E 5002920199 sn 564 549
62 Abel State 1 27 12N 14E 5002920200 558 551 553
63 Prudhoe Bay Unit NGI-7 12 1IN 14E 5002920210 562 550
64"  BP12-11-13 12 1IN 13E 5002920085 613 604
65 Prudhoe Bay Unit 9-7 2 10N 15E 5002920223 566 554 555
66 Prudhoe Bay Unit 3-6 11 10N 15E 5002920224 601 589

Prudhoe Bay Unit G4 2 10N 14E 5002920225 562
67 Sag Delta 3 35 12N 16E 5002920233 459 451
68 Sag Delta 2 10 1IN 16E 5002920234 575 568
69 Kuparuk River Unit 1B-5 9 1IN 10E 5002920237 505 497 494
70 Point Mcintyre 2 16 12N 14E 5002920264 556 550
7 Kuparuk River Unit 1D-8 23 1IN 10E 5002920266 497 487 493
72 West Sak River State B-10 23 ION 9E 5002920267 487 476
73 West Sak River State 9 3 1IN 9E 5002920274 461 454
74 West Sak River State 11 36 12N 8E 5002920275 468 462
75 West Mikkelsen State 1 32 10N 19E 5002920278 608 600
76 Duck Island Unit } 8 1IN 17E 5002920280 415 408
' Prudhoe Bay Uniut 1-16 8 10N 15E 5002920288 607 597 595
78 Prudhoe Bay Unit 7-6 33 1IN 14E 5002920294 589 | 582
79 Kuparuk River Unit 1A-8 5 1IN 10E 5002920313 480 470 450
80 Prudhoe Bay Unit Q-3 16 1IN 13E 5002920322 616 608
81 Prudhoe Bay Unit 13-2 14 10N 14E 5002920324 596 586
82 Prudhoe Bay Unit 14-5 9 10N 14E 5002920327 585 §73
83 Reindeer Island STRAT TEST 1 18 13N 15E 5002920342 310 302
84 West Sak River State 4 7 10N 9E 5002920343 470 462
8S Niakuk 3 13 12N 15E 5002920350 477 466
86 Prudhoe Bay Unit TERM-B 20 1IN 13E 5002920355 616 608
87 Prudhoe Bay Unit TERM-C 3 1IN 12E 5002920356 604 596
88 West Mikkelsen Unit 2 13 10N 19E 5002920357 sn 560
89 Gwydyr Bay Sute 1 9 12N 13E 5002920375 562 555
90 Milne Point 1 23 13N 10E 502920376 521 510
91 Prudhoe Bay Unit 12-3 18 10N 15E 5002920377 575 565
92 Kuparuk River Unit CPF 1(23-9-11) 9 1IN 10E 5002920378 547 534
93 Prudhoe Bay Unit X-1 8 10N 14E 5002920390 549 540
94 Kuparuk River Unit 1D-1 14 1IN 13E 5002920393 516 501
95 Prudhoe Bay Unit Y-1 34 1IN 13E 5002920394 544 535
96 Gwydyr Bay State Unit 1 2 12N 12E 5002920396 549 543
97 Prudhoe Bay Unit TERM-A 33 12N 14E 5002920406 s71 562
98 Kuparuk River Unit 1D-5§ 23 1IN 10E 5002920417 537 512
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Table II-4. Depth in meters to base of ice-bearing permafrost (IBPF) as inferred from well-log
responses in North Slope wells. These wells (except unnumbered wells) were used to construct contour
map of the base of ice-bearing permafrost (fig. II-2).-Continued

Well Well Name Location AP 81 mrrd!  BPPIBPFY

Index Sec T. R. Interpreted Corrected Osterkamp &
Payme (1981)

9% West Sak River State 14 19 1IN 9E 5002920419 463 454

100 Nomination 1 34 1IN 12E 5002920426 544 536

101 Kuparuk River Unit 1E-1 16 1IN 10E 5002920464 469 455

102 Kuparuk River Unit 1B-1 9 1IN 10E 5002920465 524 495

103 Prudhoe Bay Unit 17-1 22 10N 15E 5002920476 586 574

104 Prudhoe Bay Unit 11-4 34 1IN 1SE 5002920480 586 517

105  Gwydyr Bay Sute 2 11 12N 13E 5002920491 ST 564

106 Prudhoe Bay Unit 16-11 24 10N ISE 5002920516 601 590

107 Sag Delia 7 36 12N 16E 5002920518 444 433

108 Sag Delta 8 27 12N 16E 5002920519 45 433

109 Kuparuk River Unit 1C-1 12 1IN 10E 5002920526 549 536

110 Prudhoe Bay Unit TR 15-11-12 9 1IN 12E 5002920524 575 565

111 Sag Deliz § 36 12N 15E 5002920527 531 520

112 MP Tract (43-31-11-13) 5 10N 13E 5002920536 617 608

113 West Sak River Unit 16 36 1IN 8E 5002920541 507 497

114 West Sk River Unit 7 26 13N 9E 5002920542 521 512

115 MP Tract (22-31-11-13) 30 1IN 13E 5002920545 631 621

116 MP Tract (32-30-11-13( 30 1IN 13E 5002920546 638 628

117 Prudhoe Bay Unit TR T-3C 17 1IN 15E 5002920555 586 576

118 Kuparuk River Unit 1C-8 12 1IN 10E 5002920585 547 534

119 West Sak River Unit 23 7 I2N 9E 5002920669 472 461

120 West Suines 1 18 9N 23E 5008920001 605 601 605

121 East Mikkelsen Bay 1 7 9N 21E 5008920002 594 586

122 Alaska State A-1 27 10N 24E 5008920003 425 416

123 West Staines State 2 25 ON 22E 5008920004 619 612 613

124 Point Thomson Unit 1 32 10N 23E 5008920005 602 596

125 Point Thomson Unit 2 3 9N 22E 5008920006 604 598

126 Point Thomson Unit 3 34 10N 23E 5008920007 555 549

—

- VR - RISy
@
b4

9N 23E 5008920011 592 583
10N 22E 5008920012 491 483

1IN 1E 5010310001 186 182

127 Alaska State C-1
128 Challenge Island 1

129° Fish Creek 1

-

130  Caolville Delta 1 5010320002 564 558 473
131 Cape Halkett 1 16N  2W 5010320004 311 304 304
132°  South Harrison Bay 1 12N 2E 5010320007 280 274
133"  Atigaru Poimt 1 19 14N 2E 5010320008 299 293 293
134  West Fish Creek 1 11 1IN 1W 5010320009 123 116
135  W.T. Foran 1 13 17N 2W 5010320010 116 108
136°  Nonh Kalikpik 1 3 13N 2w 5010320011 127 120
137  West Sak River Unit 15 5 10N 8E 5010320013 444 438
138 West Sak River Unit 20 S 9N SE 5010320018 418 409
139 Wen Sak River Unit 18 16 1IN 8E 5010320019 464 455
140 East Kurupa Unit 1 9 7S 6W 5013720002 148 140
Kagrua 1 8§ 14N 26W 5016320002 207
141 Beli Unit 1 8 4N 23E 5017920002 512 S04
Kavik Unit 3 8 3N 23E 5017920004 257
142  Canning River Unit B-1 32 4N 34E 5017920006 $60 550
143 Susie Unit 1 22 2N 13 5022310001 258 253 254
144"  Echooka Unit 1 32 IN 16E 5022320008 261 254 247
145 Aufeis Unit 1 30 35 11E 5022320010 181 174
146  Ivishak Unit 1 6 1S 16E 5022320014 294 289 289
Simpeon Core Test 1 10 1SN 13W 5027910001 310
147°  Simpeon Core Test 13 24 1IN 11W 5027910013 221 219
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Table II-4. Depth in meters 1o base of ice-bearing permafrost (IBPF) as inferred from well-log
responses in North Slope wells. These wells (except unnumbered wells) were used to construct contour
map of the base of ice-bearing permafrost (fig. II-2).-Continued

Well Well Name Location API 81 IBPF 1BPF IBPFY
Index Sec. T. R. Interpreted  Corrected  Osterkamp &
Payne (1981)
148 Simpson Core Test 17 24 19N  11W 5027910018 91 90
149 Simpson Core Test 20 18 19N 10W 5027910021 122 119
150° J.W. Dalton 1 14 18N 5SW 5027920006 276 270
Drew Point 1 26 18N 8W 5027920002 247
151 East Simpson 2 23 9N 11W 5027920007 192 187
Umixt 1 35 IN 2w 5028710001 335
152 Umiat 2 2 1S 1W 5028710002 320 317
153° East Umiat 1 19 1S 2E 5028710016 174 169
154 Shale Wall Unit 1 2 5s SE 5028710017 8 79
155° Kuparuk Unit 1 1 25 SE 5028710018 215 211 215
Kaolak 1 25 TN 34W 5029710001 259
156 East Harrison Bayn State 1 10 13N 8E 5025020001 479 469

1] American Petroleum Institue well identification number.

2] IBPF measured well-depth interpreted from all logs (this study).

3] IBPF depth corrected to ground surface by subtracting distance between kelly bushing and ground elevation from the inter-
preted IBPF well-log depth.

4] Wells without Map number were not used to contour.

¢ Temperatures measured after well bore reached near-thermal equilbrium conditions (see table II-2).
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porosity in the ice-bearing permafrost, apparently because of the density difference between ice and
water which translates to a hydrogen density difference between a unit saturated with water and one
containing ice.

Gamma ray (GR)-- The gamma ray device shows a small deflection from lower values in ice-bearing
permafrost 1o higher values below, apparently because of a high concentration of potassium ions ‘in
solution at the freezing front.

Idealized log responses at the base of ice-bearing permafrost are shown in figure II-3 in which a
uniform sandstone lithology is assumed; the magnitude of log shifts are summarized in table II-3. The
presence of interbedded shales within an ice-bearing permafrost sequence, however, affects the well-
log responses, making the interpretation of the depth to the base of the ice-bearing permafrost
difficult. The 156 wells and log-determined depths to the base of the ice-bearing permafrost shown on
the map in figure II-2 are listed in table 11-4.

RELATIONS OF PERMAFROST, ICE-BEARING
PERMAFROST, AND ICE-RICH PERMAFROST

Physical factors that control the response of a well log within a stratigraphic section include
mineralogy, porosity, temperature, pore fluids, and, of special concemn for this study, the physical state
of the pore fluids. The ability of a well-log device to indicate presence of ice within a rock mass is
dependent on the sensitivity of the device 1o detect ice and the volume of ice within the rock.
Observations made using well logs from the North Slope indicate that a substantially thick wedge of
ice-laden strata is present in the Prudhoe Bay area (discussed below). The base of the ice-bean‘ng
permafrost in the high-porosity sandstone and conglomerate units of the Prudhoe Bay region is easil 3'
detected, and the log responses are similar to the idealized ones (fig. II-3). Here the depth of the 0
C isotherm is at approximately the same depth as the base of ice-bearing permafrost. However, in
many of the wells from the NPRA, in which the shallow, potentially ice-bearing sequences are
characterized by siltstone and shale lithologies, the well logs fail to indicate the presence of ice, even
though the depth of the 0° C isotherm commonly extends deep into the lnhologxc section. Also many
of the NPRA well-bore temperature surveys fail to reveal a discontinuity in the near-surface
geothermal gradient like that observed in the Prudhoe Bay area. In these wells, either ice does not
exist within the permafrost sequence (above the 0° C isotherm), or the volume of the pore-filling ice
and related physical characteristics were such that the well-logging devices did not respond as
expected. Shales that have not been deeply buried generally have high porosity and fluid content;
however, waters associated with shales are ionically bonded to the clays, prevenung the formation of
ice (Anderson and others, 1973; Osterkamp and Payne, 1981). ’Iherefore ice may not exist within a
section where clay-rich rocks are found, even though water and sub-0° C temperatures are present.
The thick shale sections present within the shallow substrate of parts of the NPRA may affect pore-
filling ice conditions, but currently there is no direct evidence to support this contention.

The lithologic variability that complicates selecting the base of ice-bearing permafrost from
well logs is shown for 3 wells located across the North Slope (fig. I-4); each well is represented by a
resistivity and gamma-ray log. The resistivity log was selected because of its ability to reveal the
presence of ice; the gamma ray curve was used to add relative lithologic and stratigraphic data. The
depth of the base of the ice-bearing permafrost, as picked from the well-log data (fig. II-4), was
compared 10 the depth of the 0 °C isotherm.

In section A-A’ (fig. II-4), the base of the ice-bearing permafrost has been identified in all 3
wells. In the BP12-10-14A the apparent base of the ice-bearing permafrost is interpreted to be at 562
m, near the base of a long transition zone from resistive to conducuve strata. We have used recorded
temperature data from 3 nearby wells to estimate the depth of the 0 °C isotherm in BP12-10-14A at
623 m. In South Harrison Bay-1 the base of lce-beanng permafrost is tentatively placed at the
resistivity deflection at 275 m. The depth of the 0 °C isotherm is at 375 m. In J.W. Dalton-1 the base
of the lce-bcanng pcrmafrost at 270 m appears to coincide wnh a distinct lithologic contact, and the
depth of the 0 OC isotherm is at 410 m. The plot of the 0° C isotherm on cross section A-A’ reveals
the discrepancy between the well-log pick for the base of the ice-bearing permafrost and the 0° C
equilibrium isotherm. The differences in thickness between these horizons are variable.
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In BP12-10-14A, this difference is 61 m, but in J.W. Dalton-1, the difference is approximately 140 m.
A summary list of all North Slope wells, where comparisons of this type can be made, is shown in
table II-5, and, for 7 of the 14 wells the depths to the base of an ice-rich layer (IRL), as interpreted
from temperature profiles (Lachenbruch and others, 1982; Lachenbruch and others, 1987), are
indicated. BP12- 10-14A is not included in table II-5, because the temperature data used to estimate
the depth of the 0 OC isotherm was from nearby wells.

ICE-BEARING PERMAFROST THICKNESS

The wells used to map the base of the ice-bearing permafrost were selected on the basis of the
quality of the log data and geologic information. Well localities are divided into (1) wells in which
depths to the base of ice-bearing permafrost have been obtained (table II4); (2) wells for which both
well-log picks for ice-bearing permafrost and temperature surveys are available (tables II-2, II4, and
11-5); and (3) wells for which temperature profiles but no well-log picks are available (table II-2, not
used to determine contours). Of the 46 wells listed in table II-2 only 14 have well-log picks for the
base of the ice-bearing permafrost (table I1-4), whereas the remaining 31 wells were not logged, or the
confidence level was low in the selection of an accurate well-log pick for the base of ice-bearing
permafrost

The depths to the base of the ice-bearing permafrost as selected by Osterkamp and Payne
(1981) (table II-4) compare closely with the depths we obtained in our study. However, 12 of 61
wells used by Osterkamp and Payne (1981) were not incorporated into our work because of lack of
well data in our study or uncertain reliability of the well logs. In addition to the 49 wells used from
Osterkamp and Payne (1981), we have added 107 wells to the data base which allowed us to reduce
the contour interval from 200 m, as used by Osterkamp and Payne (1981), to S0 m (fig. II-2).

In the central and south-central parts of the NPRA, no ice-bearing permafrost depths could be
determined because of problems in well-log interpretation. The presence of near-surface, thick shale
sequences or highly compacted sandstone probably mask the base of the ice-bearing permafrost in the
log data.

The pronounced linear trend of the contours (fig. I1-2), which follows the coastline from the
northeastern part of the NPRA eastward, shows that maximum ice-bearing permafrost thickness occurs
a few miles inland from the coast, and the ice-bearing permafrost thins to the north (offshore) and
south (onshore). Offshore thinning of the ice-bearing permafrost has been attributed to the presence
of the overlying water column of the Arctic Ocean (Lachenbruch, 1957). In the Point Barrow and
Cape Simpson areas, ice-bearing permafrost thins toward the south, similar to the situation in the
Prudhoe Bay area. However, the suspected offshore thinning is not shown on the map because of the
lack of offshore well data. The substantial thinning south and west of the Prudhoe Bay area is
attributed to a change in the near-surface geology (Osterkamp and Payne, 1981; Lachenbruch and
others, 1982). The shallow substrate of the Prudhoe Bay area is characterized by high porosity,
coarse-grained sedimentary rocks that have relatively low geothermal gradients within the permafrost
horizon. This low geothermal gradient corresponds to a thick ice-bearing permafrost sequence.
Regions to the south and west into NPRA, however, are characterized by finer grained and (or) lower
porosity sediments which exhibit relatively high geothermal gradients in the permafrost that
carrespond to a relatively thin or absent ice-bearing permafrost sequence. In this region, permafrost
thickness is also influenced by an increase in mean annual surface temperature of approximately 5° C
from Prudhoe Bay to the south into the northern foothills of the Brooks Range (Lachenbruch and
others, 1987).

ILA2. GEOTHERMAL GRADIENT

Accurate information on geothermal gradients is essential for determining the thickness of the
gas-hydrate stability zone. On the North Slope, subsurface-temperature data come from high-
resolution, equilibrated well-bore surveys in 46 wells, and from estimates based on identification of
the base of ice-bearing permafrost in 98 other wells. The geothermal gradient discussion is divided
into three sections depending on the source of the data. The first section will describe the history and
use of temperature data collected from high-resolution, stabilized well-bore surveys. This section will
be followed by a discussion of the use of well-log delineated ice-bearing permafrost depths to
evaluate subsurface temperature conditions on the North Slope. The geothermal gradient discussion
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Table II-5. North Slope wells in which temperature profiles and diagnostic well logs allow comparison
of depths to base of permafrost (°C), to base of an ice-rich layer (IRL), and to base of ice-bearing per-
mafrost (IBPF).

Well index Well name APINoM Depthto0°c? mwmLd mpr 4l
(m) (m) (m)
3F South Barrow Test Well-3 5002310011 396 241
13V Tulageak-1 5002320018 305 169
31,0  ARCO N Prudhoe Bay St-1 5002920049 605 560 550
38P BP08-11-13 (PB.U.N-1) 5002920079 620 600 585
645 BP 12-11-13 (PB.U.F-3) 5002920085 640 620 604
12911  Fish Creek-1 5010310001 260 140 182
132))  South Harrison Bay-1 5010320007 375 274
133KK  Atigaru Point-1 5010320008 405 330 293
136 HH North Kalikpik-1 5010320011 215 120
144RR  Mobil Echooka-1 5022320008 280 260 254
147A  Simpson Core Test-13 5027910013 320 219
150X J.W. Dalton-1 5027920006 410 310 270
153H  East Umiat-1 5028710016 235 169
155PP  Sinclair/BP Kuparuk-1 5028710018 300 211

1] American Petroleum Institute well identification number.
2} Erom table 11-2.

3] Depth to base of IRL picked from temperature profiles by authors listed in table II-2. If
blank, then no value given.

4] Well-log picks from table [14.
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will conclude with a detailed evaluation of both the measured and projected geothermal gradients.

MEASURED TEMPERATURES

Temperature disruptions in the borehole attributed to drilling can be both significant and long
lasting. Lachenbruch and Brewer (1959) demonstrated in their analysis of the South Barrow-3 well
that drilling operations acted as a positive heat source in the shallow permafrost horizon. This well is
located 10 kilometers from the Arctic Coast near Barrow, Alaska, and was drilled to a depth of 884
m. The thermal disturbance at a depth of 181 m decreased from 20 °C 10 about 0.1 °C in a 6 year
period following drilling.

Beginning in 1958, a series of 46 wells (table II-6; figures II-S and II-6), considered to be in or
near thermal equilibrium, have been surveyed with high-resolution temperature devices (MacCarthy,
1952; Brewer, 1958; Ferrians, 1965; Lachenbruch and others, 1982; Lachenbruch and others, 1987).
Temperature and geothermal gradient data obtained from these high-resolution surveys are presented
in table II-6 where the names of the 46 wells along with API numbers are listed. Data given in tables
I1-6 and II-7 denoted with the symbol } indicates that the reported information was calculated and
presented by other workers, and referenced either in the tables or the text of the report. Data not so
marked have been calculated as part of this project.

Most of the published temperature gradients reveal a departure from the generalized
temperature profile in the upper 200 m of the well. This departure has been attributed to a recent
worldwide warming trend occurring over the last 100 years (Lachenbruch and others, 1982). It is
possible, however, 10 project the undisturbed temperature profiles to the surface from surveyed depths
where this warming trend has not affected equilibrium temperature conditions. Temperatures projected
to the surface from the recorded high-resolution surveys are listed in column 5 of table I1-6, and
contoured in figure II-7 (modified from Lachenbruch and others, 1987); appropriate references are
listed in column 11 of table II-6.

Depths to the base of the ice-bearing permafrost (discussed earlier) as determined from
geophysical well logs for 32 of the 46 temperature-surveyed wells are given in column 6 of table I1-6.
Ice-bearing permafrost depths for 12 of the 32 wells in table II-6 are from the work presented in table
II-5; our confidence level in these 12 well-log picks is high. In addition to these 12 wells, we have
made log picks for the base of ice-bearing permafrost in an additional 20 wells (table II-6). These 20
new picks are not shown in tables II-2, II4 or II-5, and were not used to contour the depth to the
base of ice-bearing permafrost in the map of figure II-2. Confidence in these 20 new ice-bearing
permafrost well-log picks is relatively low; most picks have been estimated from regional data and
from poor quality well logs. The temperature at the base of the ice-bearing permafrost is always 0°c
or less, which requires that the depth to the base of the ice-bearing permafrost must coincide with or
be shallower than the 0°C isotherm. The base of ice-bearing permafrost, as determined from well
logs, does not represent an isotherm. Nevertheless, ice-bearing permafrost depths can be used to
project subsurface temperature profiles.

To further evaluate the temperature conditions at the base of the ice-bearing permafrost, the
depths of the well-log picks for the base of the ice-bearing permafrost were plotted on the equilibrated
- temperature-depth profiles for the 32 wells denoted in column 6 of table 1I-6. The equilibrium
temperatures at the base of ice-bearing permafrost as interpreted from these temperature profiles have
been listed in column 7 of table II-6 and contoured in figure II-8. Figure II-9 shows the use of the
resistivity and gamma-ray well logs and the recorded equilibrium temperature profile from the BP 08-
11-13 well to determine the temperature at the base of the ice-bearing permafrost. The depth to the
base of the ice-bearing permafrost of 585 m was selected from the resistivity log for this well. The
recorded temperature profile indicates that at this depth the base of the ice-bearing permafrost is in
equilibrinm at a temperature of 20.6°C. As discussed in Collett and others (in press-b) and noted in
figure II-8, equilibrium temperatures at the base of the ice-bearing permafrost on the North Slope
range from -0.3°C in the Prudhoe Bay area to 4.8°C in the NPRA. Both the mean annual surface
temperature map (fig. II-7) and the map of equilibrium temperatures at the base of the ice-bearing
permafrost (fig. II-8) are used in this report to project geothermal gradients within the ice-bearing
permafrost sequence.

Geothermal gradients needed to predict the depth and thickness of the gas-hydrate stability
field can be interpreted directly from recorded equilibrium temperature profiles (table II-6).
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Table I1-6. Data from high-resolution temperature surveys combined with well-log-determined base of
ice-bearing permafrost (IBPF) showing temperatures at that point, geothermal gradients above and
below that point, and ratio of the geothermal gradients. Temperature surveys were conducted in wells
considered to be in or near thermal equilibrium. Well locations shown on figures I1-5 and II-6.

@ @ @) «© ® (0] [y ®) ) e (1)
Map Well Name and # API Depth o  Tempersture Depth to Tempersture Geothermal Geothermal Ratlo Source
Index and Number Number °c ot Surface Base of at Base Gradlent Gradient GtW/Gir

(meters) oc IBPF IBPF Ia IBPF  below IBPF
(meters) °c (Gfr) (Gth)

A Simpson Core Test 13 5027910013 320% -12.0 219 38 3.99% 3.48 0.87 Brewer, 1958

B Simpsaon Core Test 21 5002310001 2503 -120 - - 5.148 523 1.02 do.

c Simpsan Core Test 28 5027910026 279¢ -120 198 35 4.33% 4.26 0.98 do.

D Simpson Core Test 29 5027910027 2903 -115 - - 4.00% - - do.

E South Barrow Test Well 1 5002310009 2043 -08.8 - - 4.23% - - MacCarthy, 1952

F South Barrow Test Well 3 5002310011 3963 -122 241 4.8 3.12¢ - - do.

G Umiat 11 5028710011 228 -08.0 238 221 246 - - Ferrians, 1965

H East Umiat 1 5028710016 235¢ -08.5 169 2.4 3.62 - - do.

1 Topagoruk 1 5027910033 335¢ -102 - - 324 - - do.
J Kaalak 1 5029710001 299% -10.0 198 34 3.34 - - do.

K BP 33-12-13 5002920047 660% -11.43% 620 0.7 1.60¢ 2.70% 1.70% Lachenbruch and others, 1982

L BP 04-11-13 5002920025 6401 -11.13 620 0.4 1.65¢% 3.00¢ 1.82¢ do.

M BP 19-10-15 5002920035 595% -09.8% 570 0.4 1.55¢% 275¢ 1.77% do.

N BP 23-11-13 5002920054 629% -11.0% 605 0.4 1.75% 2.75% 1573 do.

(o] ARCO N Prudhoc Bay St 1 5002920049 6053 -12.0% 550 -12 1.90¢ 2.90% 153 do.

P BP 08-11-13 5002920079 620% -11.0¢ 585 0.6 1.70¢ 3.00 1.76% do.

Q BP 31-11-14 5002920059 650% -10.63 620 05 1.50¢ 2.90% 193¢ do.

R BP 11-11-13 5002920084 640% -11.0¢ 620 0.3 1.72¢ 3.17% 1.84¢ do.

s BP 12-11-13 5002920085 6403 -11.0¢ 604 05 1.72¢ 3.11% 1.81¢ do.

T BP 27-11-14 5002920006 625% -10.7¢ 574 £0.9 1.55¢ 2.85¢ 1.84% do.

U ARCOE Bay St 1 5002920133 625% -10.63 580 08 155¢ 2.55¢% 1.65% do.

v Tulageak 1 5002320018 305% -12.5% - - 4.10¢ 425 1.04 Lachenbruch and others, 1987

w West Dease 1 5002320014 2803 -12.0¢ 3 -25 429 4.36 1.02 do.

X J.W. Dalton 1 5027920006 410% -12.0¢ 270 -39 293¢ 432 1.47 do.

Y Tunalik 1 5030120001 290% -10.4% - - 3.59¢ 3.61 1.01 do.

2z Peard Bay 1 5030120002 310% -10.3¢ 270 -1.3 3.32¢ 297 0.90 do.

AA 1 5016320002 2823 -10.6% 250 -12 3763 341 0.91 do.

BB South Meade 1 5016320001 2004 -10.2¢ 160 20 5.10% 4.21 0.83 do.

CC  Kuysnak | $016320003 3304 -10.9¢ - - 3.30% 3.81 116 do.

DD  East Simpson 1 5027920005 370 -11.0% 259 433 297 352 1.19 do.

EE  Ikpikpuk 1 5027920004 340% -10.63 280 -1.9 3.12¢ 2.74 0.89 do.

FF Drew Point 1 5027920002 325¢ -11.3% 250 2.6 3.48% 4.08 1.17 do.

GG  East Teshakpuk 1 5010320006 265% -11.5% - - 4.34% 420 0.97 do.

HH  North Kalikpik 1 5010320011 215¢ -11.3¢ - - 5.26¢ 4.60 0.89 do.

0  Fish Creck | 5010310001  260% -11.6¢ 182 3s 4463 .89 087 do.

1 South Harrison Bay 1 5010320007 375% -11.4% 274 3.1 3.04¢ . - do.

KK  Adgsnu Point 1 5010320008 4053 -10.8% 293 -3.0 26713 524 196 do.

LL  Awunal 5015520001 295% -09.04 177 -3.6 3.05¢ 3.03 0.99 do.
MM  Lisbume 1 5013720003 290% 06.2¢ - - 2143 2.14 1.00 do.

NN  Koluktak 1 5011920001 2903 -09.3¢ - - 3.20¢ 3.2 1.02 do.

OO0  Seabee Test Well 1 5028720007 3104 -08.9% - - 2.87% 1.64 057 do.

PP Kupenk 1 5028710018 300% -08.8¢ 211 -2.6 2.93% 274 0.94 do.

QQ Lupine ! 5022320011 2404 -04.63 - - 1.92¢ 1.92 1.00 do.

RR  Echodks 1 5022320008 2803 -06.6% 254 0.6 2.36¢ 211 0.89 do.

SS Canning River A-1 5017920005 282% -08.3% - - 2943 298 1.01 do.

T Umiat 9 5028710009 3563 -08.6¢ - - 2408 . . do.

(3) American Petroleum Institute unique well
identification number (Alagkan Oil and Gas Consexrvation Commission,
3001 Porcupine Drive, Anchorage, Alasks, 99501).
(4) Depth from surface.

(5) Tempentures proj

(3) Data reported by referenced authors in calomn 11.

d from the

(-) No dsta

ded well profiles.
(6) Depth from surface (Collett and others, in press - a).
(11) Data source (See References Cited).

(IBPF) Ice-Bearing Permafrost.
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Geothermal gradients calculated from the temperature surveys within the ice-bearing permafrost
section are listed in column 8 of table II-6 and presented along with projected geothermal gradients
(1o be discussed later) in figure II-10. Geothermal gradients below the base of the ice-bearing
permafrost are listed in column 9 of table II-6 and contoured with 102 projected geothermal gradients
in figure II-11. Nine of the 46 surveyed wells have no geothermal gradients reported below the base
of the ice-bearing permafrost because of insufficient survey depths. In addition, the measured
geothermal gradients noted in column 8 of table II-6 for Simpson Core Test-21 and East Simpson-1
were not used to contour the geothermal gradient in the ice-bearing permafrost sequence in figure II-
10 due to regional discontinuities in the reported values.

Lachenbruch and others (1982) pointed out that the geothermal gradient changes abruptly at the
base of the ice-bearing permafrost due to a change in thermal conductivity resulting from pores filled
with ice in the ice-bearing permafrost sequence to pores filled with water below the base of ice-
bearing permafrost. This change in the geothermal gradient can be seen by comparing the gradients
listed in columns 8 and 9 of table II-6. The regional variation in the change of thermal conductivity
from above to below the base of the ice-bearing permafrost can also be observed by comparing maps
in figures I1-10 and II-11. The ratios between the geothermal gradients from below the base of the
ice-bearing permafrost (Gth) (column 9, table II-6) over the geothermal gradients from above the base
of the ice-bearing permafrost (Gg,) (column 8, table II-6) are given in column 10 of table II-6 and
contoured in figure I1-12. This ratio (Gm/G represents the variation in the geothermal gradient
from within to below the ice-bearing pe st, and the map in figure II-12 shows that the ratio
varies from values as low as 1 in NPRA to approximately 2 near Harrison Bay. Thus the geothermal
gradient below and above the base of the ice-bearing permafrost is the same for much of NPRA;
however, in the Harrison Bay region the geothermal gradient below the base of the ice-bearing
permafrost may be two times greater than the geothermal gradient within the ice-bearing permafrost
sequence. For 11 of the ratios listed in table II-6 the calculated values are less than 1. In theory, the
geothermal gradient within the ice-bearing sequence should be lower than the geothermal gradient
below the base of the ice-bearing permafrost if there is no change in lithology (uniform rock thermal
conductivity). Therefore, no ratio less then 1 should exist. The reported values less than 1 generally
range from 0.89 to0 0.99 with one value of 0.57. The relative neamess of ten of these ratios to 1, and
the locations of most of these eleven sites in the NPRA suggest that the geothermal gradient both
above and below the base of the ice-bearing permafrost sequence are approximately the same in these
wells. This variation in the reported values is possibly due to inconsistencies in the data and gradient
calculations.

The high resolution temperature surveys have provided 39 geothermal gradients within the ice-
bearing sequence and 35 gradients below the base of the ice-bearing permafrost. Thus a total of 74
geothermal gradient values are considered reliable. In addition, the recorded temperature profiles have
been used to project mean annual surface temperatures, base of ice-bearing permafrost equilibrium
temperatures, and ratios between the geothermal gradients from above to below the base of the ice-
bearing permafrost sequence across the North Slope. However, specific evaluation of subsurface
temperature conditions at any one particular site on the North Slope is difficult and subject to error
because of the vastness of the study area and the limited number of equilibrated well-bore temperature
surveys. Nevertheless, the temperature data obtained from the high-resolution surveys and known
ice-bearing permafrost depths will be used in the next section of this report to project geothermal
gradients within the near-surface sediment package.

PROJECTED TEMPERATURES

A method of evaluating local geothermal gradients has been developed (Collett and others, in
press-a). This method uses known ice-bearing permafrost depths and regional temperature constants
derived from stabilized well-bore temperature surveys (table I1-6; figures II-7, II-8, and II-12). To
refine the resolution of the geothermal gradient data for the North Slope, a series of well-log picks for
the base of the ice-bearing permafrost from 102 wells have been used to extrapolate temperature data
(table II-7). In column 5 of table II-7 are the depths to the base of the ice-bearing permafrost as
determined from well logs. The maps in figures II-7, II-8, and II-12 have been used to interpolate
regional constants at each well for the equilibrium surface temperatures (column 6, table II-7),
temperatures at the base of ice-bearing permafrost (column 7, table I1-7), and the ratios between the
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geothermal gradients above and below the base of the ice-bearing permafrost (column 8, table I1-7).

For each of the wells listed in table II-7 a geothermal gradient was projected from equilibrium
surface temperatures o the interpreted depth and temperature at the base of the ice-bearing permafrost
(column 9, table I1-7). As discussed earlier, the geothermal gradient changes abruptly in many places
at the base of the ice-bearing permafrost due to a change in thermal conductivity. The interpolated
ratios between the geothermal gradient above and below the base of the ice-bearing permafrost as
determined from information on the map in figure II-12 are listed for all 102 wells (column 8, table
I1-7). These ratios were then used to relate the projected geothermal gradients within the ice-bearing
permafrost (column 9, table II-7) to the projected geothermal gradients below the base of the ice-
bearing permafrost (column 10, table 11I-7). The projected geothermal gradients, both above and below
the base of the ice-bearing permafrost, have been combined with the geothermal gradients calculated
from the high-resolution temperature surveys to construct maps of the geothermal gradient above (fig.
II-10) and below (fig. II-11) the base of the ice-bearing permafrost on the North Slope. In the maps
shown in figures II-10 and II-11, the wells with geothermal gradients calculated from the high-
resolution temperature surveys have been noted with a W, and wells with projected geothermal
gradients are referenced with a e (see figures II-5 and II-6 for detail).

Figures II-9 and II-13 demonstrate the procedures for determining the equilibrium temperature
conditions at the base of the ice-bearing permafrost (as discussed earlier), and for evaluating
geothermal gradients projected from known ice-bearing permafrost depths. In figure I1-9, the recorded
temperature profile from the BP 08 11-13 well indicates that the base of the ice-bearing permafrost
(585 m) is in equilibrium at -0.6 Oc, and the muo is 1.8 between the recorded geothermal gradient
below the base of the ice-bearing permafrost (3 .0° C/100m) and the geothermal gradient above the
base of the ice-bearing permafrost (1 7°C/100m) There are no temperature data available for the
Prudhoe Bay Drill Site 14-5 (fig. II-13), but the depth (o the base of the ice-bearing permafrost, as
dcwrmmed from well logs, is 573 m. For this site the interpolated mean annual surface lempcmture

is -11.0°C (fig. I1-7), and the base of the ice-bearing permafrost should be in equilibrium at -1 0°c
(ﬁg H-8). This information enables us to project a geothermal gradient of 1.75 C/100m from the
surface to the base of the ice-bearing permafrost. The interpolated regional ratio between the
geothermal gradients below and above the base of the ice-bearing permafrost is 1.8 (fig. II-12) for this
location. Therefore, the geothermal gradient below the base of the ice-bearing permafrost at this site
should be about 2.8°C/100m.

DISCUSSION OF NORTH SLOPE NEAR-SURFACE GEOTHERMAL GRADIENTS

A comparison of geothermal gradients calculated from the high-resolution temperature surveys
and projected from known ice-bearing permafrost depths generally agree favorably over most of the
North Slopc with values in the ice-bearing sequence ranging from 1.55°C/100m in the Prudhoe Bay
area 10 4.46°C/100m at Fish Creek-1 in east central NPRA. Geothermal gradients calculated from a
series of high-resolution temperature surveys conducted in 11 closely spaced Prudhoe Bay Umt wells
(table II-6; wells K through U) show that local geothermal ients range from 1.55 to 1 90°C/100 in
the ice-bearing permafrost sequence, and from 2.55 to 3.17C/100m below the base of the ice-bearing
honzons Thus, dmappearstobealocalvanauon in the geothermal gradient as great as
0.62°C/100m in a region that is characterized by generally uniform rock types and constant external
temperature parameters. With our limited data base, it is impossible to evaluate this range in the
calculated geothermal gradients; the range could be due to differences in subsurface rock types,
porosities, water content, or unknown parameters. An unexplained variation in the geothermal
gradient of 0.62C/100m over such a limited area indicates that great care must be employed when
using the reported gradients, and further highlights the need for additional high-resolution equilibrated
temperature surveys.

ILA3. GAS CHEMISTRY

The next step required before proceeding with the determination of the zone of gas-hydrate
stability is the selection of a gas hydrate stability curve which best represents the gas chemistry of the
in-situ gas hydrates. The analysis of mud-log gas-chromatographic data from 320 wells suggest that
methane is the dominant gas in the near-surface (0-1,500 m) sediments of the North Slope. However,
analysis of the gas believed to be evolved from the hydrates in the Northwest Eileen State-2 well
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(Collett, 1983a) reveals a more complex gas chemistry than pure-methane (table II-8). In several
analyses nitrogen was detected; this gas inhibits gas-hydrate formation. Repeat analyses of the same
samples reveal almost a 100% methane composition. The validity, therefore, of the gas analyses from
the Northwest Eileen State-2 well is uncertain.

In figure II-14, three different gas-hydrate stability curves have been displayed with the
projected geothermal gradient for the Placid State-1 well to show the potential effect of nitrogen on
the depth and thickness of the gas-hydrate stability field. The three stability curves represent gas
hydrates with three different gas chemistries: (1) 100% methane; (2) 93% methane, 7% nitrogen; (3)
86% methane, 14% nitrogen. The stability curves have been generated by three, fourth-order
polynomials calculated by D. Sloan, Colorado Schoo! of Mines, Golden, Colorado. The addition of
7% nmogen to the pure methane gas mixture would shift the stablhgl curve to the left approximately
-1.0°C, and the addition of 14% nitrogen would shift the curve -2.0°C. For example, the base of the
pure methane-hydrate stability field would be at 1,320 m in the Placid State-1 well, the addition of
7% nitrogen would shift the base of the gas hydrate stability field up 30 m, to a depth of 1,290 m.
The addition of 14% nitrogen would shift the stability boundary up approximately 120 m, to 1,200 m.
Because of the lack of data and the uncertainty in reported geochemical analyses, the gas-hydrate
stability calculations in this paper have been made assuming a pure-methane chemistry.

IILA4. PORE-WATER SALINITY

Fluid and rock properties are known to0 affect the temperature at which water freezes in the
subsurface. For example the base of the ice-bearing permafrost on the North Slope is not in
equilibrium at 0°C but at a lower temperature (Collett and others, in press-a). This freezing-point
depression may be attributed to the presence of dissolved salts in the unfrozen pore fluids, or to non-
standard pore-pressures, or to the presence of clays which exhibit high surface areas (Osterkamp and
Payne, 1981). These physical parameters that collectively suppress the freezing point of water may
have an effect on gas hydrate equilibrium as previously discussed. Listed in table II-9 are 31 wells
from which near-surface (0-1,500 m) formation-water samples have been obtained from drill-stem and
production tests, or for which salinity calculations have been made from the available well log data.
Locations of the wells are shown in figure II-15. Analyses of the recovered waters indicate that the
pore-fluid salinities are low, ranging from 0.5 to 18.1 ppt. To further evaluate reservoir fluid salinities,
and to verify the reported analyses, salinity calculations have been made from the spontaneous-
potential well logs within the intervals listed in table II-9. These calculations were made by using
conventional well-log interpretation procedures in which the electrical resistivity of the formation
waters are calculated from the spontaneous-potential device and from which the dissolved salt content
is estimated (Schlumberger and others, 1934; Wyllie, 1949; Gondouin and others, 1957). In general,
the well-log-derived salinities agree closely with the analysis of the recovered samples.

The spontaneous-potential well logs for 14 of the wells listed in table II-9 (noted with an 1)
have been used to generate a series of pore-fluid-salinity profiles within the near-surface sediments,
similar to the three profiles illustrated in figure II-16 from the J.W. Dalton-1, South Harrison Bay-1,
and Prudhoe Bay Unit N-1 wells. Uncorrected log-calculated salinities from within ice-bearing
permafrost and clay-rich horizons are not valid because of the effect of ice and clay on the
electrochemical potential of a water-rock system. Therefore, only sub-permafrost clean sandstone
units have been examined. The salinities obtained from the profiles fall within the range of values
reported from the analysis of the recovered samples, with a maximum calculated salinity of 18.0 ppt.
The maximum recorded salinity of 18.0 ppt would shift the methane hydrate stability curve
approximately -1.0°C, which would correspond to a 30 m upward shift in the base of the methane-
hydrate stability field in Placid State-1 (from 1,320 m to 1,290 m). In addition to reporting the
calculated salinities in table II-9, the thermal-effect on gas-hydrate equilibrium of each referenced
salinity has been listed. The overall thermal-effect of the dissolved salts on gas-hydrate stability on
the North Slope can generally be considered negligible and was not included in the gas-hydrate
stability determinations.

ILA.S. PORE-PRESSURE

Most gas-hydrate stability studies assume that the subsurface pore-pressure gradient is
hydrostatic (9.795 kPa/m; 0.433 psi/ft). Pore-pressure gradients greater than hydrostatic will
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Figure II-14. Gas hydrate phase diagram for the Placid State-1 well shown with three different gas-
hydrate stability curves, each representing a different gas chemistry.
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Table II-9. Near surface (0-1,500 m) pore-water salinity data. Sources include analysis of 52 water
samples recovered from drill-stem and production tests, 14 spontaneous potential well-log calculated
salinity profiles, and well log calculated salinities from 36 selected horizons in 18 wells (see fig. II-15
for location of wells).

Welt Name API Depth!)  Salinity?] Temperature®  Salinity*]  Tempersturet]  Rock Formation
and Number Number (m) ®m) offect ®pY) offect sampled
(*C) (4 )
Kuparuk River Unit 1B-1 5002920645 553 1.1 0.07 3.0 0.17 Sagavanirktok
553 09 0.06 25 0.14 - Sagavanirktok
Northwest Eiloen State 2 5002920117 610 12 0.08 - - Sagavanirkiok
663-671 09 0.06 - - Sagavanirktok
663-671 0.9 0.06 - - Sagavanirkiok
663-671 35 0.20 - - Sagavanirktok
663-671 35 0.20 - - Sagavanirkiok
663671 12 0.08 . . Sagavaniskiok
663-671 0.9 0.06 - - Sagsvanirktok
229-411¢ - - (1.0-3.0) (0.07-0.17) Sagavanirktok
Bush Federal 1 5022320004  1518-1707 27 0.15 8.0 043 Sagavanirktok
Kuparuk 1 5028710018 836-839 1.7 0.10 6.0 033 Sagavanirkiok
Prudhoe 1 5002920796 1110-1113 1.8 0.11 6.0 033 Sagavanirktok
1128-1156 0.8 0.06 8.30 0.43 Sagavanirktok
1314-1320 50 0.28 55 0.30 Sagavanirktok
762-1524¢ - - (6.0-15.0) {0.33-0.81) Sagavanirktok
Kuparuk River Unit 1B-5 5002920237 962-1148 26 0.14 35 0.20 Sagavanirktok
Northwest Eileen State 1 5002920013  1248-1259 18.1 0.98 6.0 0.33 Sagavanirktok
640-1524% - - (3.5-9.0) (0.20-0.49) Sagavanirktok
Grandstand 1 5005710001 254-263 0.9 0.06 35 020 Nanushuk
264-274 15 0.09 5.0 0.28 Nanushuk
591-595 15 0.09 25 0.14 Nanushuk
1191-1201 1.8 0.11 20 0.12 Nanushuk
91-1189¢ - - Q.0-5.0) (0.12-0.28) Nanushuk
Square Lake 1 5011910007  502-511 157 0.85 . . Nanushuk
563-573 5.6 0.31 - - Nanushuk
572-578 54 0.30 - - Nanushuk
924-935 0S5 0.04 - - Nanushuk
Walf Croek 3 5011910010 621-633 5.6 0.31 70 0.38 Nanushuk
Knifeblade 5011910012 16-277 9.0 0.49 - - Nanushuk
16-381 13 0.40 - - Nanushuk
16-381 173 0.40 - - Nanushuk
369418 116 0.63 - - Nanushuk
Umiat 2 5028710002 230-251 54 0.30 65 0.37 Nanushuk
Umiat 7 5028710007 365-376 6.0 0.33 8.0 0.43 Nanushuk
Umiast 11 5028710011 639-654 18 0.42 55 030 Nanushuk
724-735 29 0.17 5.0 0.28 Nanushuk
746-750 49 027 75 0.40 Nanushuk
858-863 6.0 0.33 8.0 043 Nanughuk
863-869 6.0 033 9.0 0.49 Naunshuk
Gubik 2 5028710014 399412 0.6 0.04 15 0.09 Calville Group
413427 0.6 0.04 1.0 0.07 Calville Group
436458 0.6 0.04 1.0 0.07 Caolville Group
458-474 0.6 0.04 05 0.04 Calville Group
510-529 0.6 0.04 15 0.09 Calville Group
588-605 45 025 20 012 Colville Group
1052-1066 | & 0.48 1.0 0.07 Nanushuk
1152-1161 14.1 0.76 1.0 0.07 Nanushuk
1180-1186 1.8 0.11 15 0.09 Nanushuk
1231-1238 0.6 0.04 15 0.09 Nanushuk
1290-1299 14 0.09 10 0.07 Nanushuk
0-1402¢ - - 0.2-2.0) (0.02-0.12) Nanushuk
South Barrow 8 5002320002  660-718 23 0.13 25 0.14 Barrow §S
South Barrow 5 5002310014  701-749 17.0 092 - - Batmrow SS
South Barrow 7 5002320001 503-683 128 0.6% 55 0.30 Barrow SS
East Umiat 1 5028710016 546914 15 0.40 10.0 0.54 Sagsvanirktak
Kuparuk River Unit 1B-5 5002920237 1072-1148 19 013 5.0 0.28 Sagavanirktok
Kuperuk River Unit 2D-15 5002921184  30-1219¢ - - (1.0-8.0) (0.07-0.43) Sagavanirktok
Point Thomson Unit 1 5008920005  366-1524¢ - - (5.0-15.0) (0.28-0.81) Sagsvanirktok
West Sak 7 5010320014  61-1372¢% - - (0.5-5.0) (0.04-0.28) Sagavanirktok
Prudhoe Bay Unit 2-14 5002920446  488-1372¢ - - 2.0-9.0) 0.12-0.49) Sagevanirktok
West Sak 1 5002920090  427-1524¢ - - 2.0-8.0) (0.12-0.43) Sagavanirktak
Kuparuk River Unit 1B-1 5002920465  152-975¢ - - 1.0-9.0) (0.07-0.49) Sagavanirktok
J.W. Dalton 1 5027920006  270-890t - - 2.0-18.0) (0.12-0.98) Nanushuk
South Harrison Bay 1 5010320007  270-600+ - - (5.0-18.0) (0.28-0.98) Nanushuk
Prudoe Bay Unit N-1 5002920079  650-1100t - - (5.0-17.0) (0.28-0.92) Sagavanirktok

1] Measured well depth of sampled or evaluated interval.

2] Pore-water salinity analysis of samples collected during drill-stem or production test.

3] Thermal depression effect on the stability of gas hydrate sttributed to the analyzed salt concentrations listed in the previous column.
4] Pore-water salinities calculated fram the spantaneous potential well log.

S] Thermal depression effect on the stability of gas hydrate attributed to the calculated salt concentrations listed in the previons column.
¢ Salinity profiles from spontaneous-potentia] well-log calculations.
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Figure II-16. Calculated pore-water salinity profiles using the spontaneous-potential log method
beneath the ice-bearing permafrost in selected North Slope wells (Well 1, J.W. Dalton-1; Well 2, South
Harrison Bay-1; Well 3, Prudhoe Bay Unit N-1). See figure II-2 for well locations. Only clean-
sandstone units have been utilized in calculations. No well log corrections have been used (* denotes
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base of ice-bearing permafrost).
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correspond to relatively higher pore-pressures with depth and a thicker gas-hydrate stability field.
Listed in table II-10 and denoted on the map in figure II-17 are 17 wells from which recorded
pressure data have been used to calculate pore-pressure gradients within the near-surface sediments.
The wells in table II-10 are divided into three groups based on their location (fig. II-18). For the
eight wells from the Eastern Coastal Plain Province the average pore-pressure gradient is 9.817 kPa/m
(0.434 psi/ft), near hydrostatic. However, in the Western Coastal Plain Province and in the Northem
Foothills Province, the calculated pore-pressure gradients are greater than hydrostatic, with values as
high as 13.414 kPa/m (0.593 psi/ft). These higher pore-pressure gradients may be due to rapid
regional uplift and local tectonic activity. The observed pore-pressure gradients in the near-surface
sediments of the North Slope range from a minimum of 9.433 kPa/m (0.417 psi/ft) to a maximum
13.414 kPa/m (0.593 psi/ft). A low pore-pressure gradient of 9.433 kPa/m (.417 psi/ft) would
correspond to a -0. 4°c temperature shift of the methanc-hydratc stability curve, and a 13.414 kPa/m
(-593 psi/ft) gradient would shift the stability curve +2. 3°C. In the Placid State-1 well, a -0.4°C
stability curve shift would move the base of the methane-hydrate stability field up approximately 20
m. However, a +2.3°C shift would increase the depth of the methane-hydrate stability field 120 m, to
a depth of 1,440 m.

To examine further the regional distribution of non-standard pore-pressures, well-log data from
18 wells were considered (table II-11). Because rocks, particularly shales, are subjected to increasing
over-burden pressures, they are compacted, and consequent transit-time velocities and gamma-ray
values increase with depth due to formation density changes. However, if a rock interval is
overpressured it will resist compaction, and this effect can be identified from the recorded sonic
transit-times and gamma-ray log data (Whittaker, 1985). For example, the gamma ray, resistivity, and
transit-time plots in figure II-19 from West Sak River State-1 reveal that the pore-pressure within the
near-surface sediment (0-1,500 m) is at or near hydrostatic. However, at approximately 1,700 m the
plotted log values deviate from the expected trend with depth, suggesting the presence of over-
pressured shales. A review of all the available pressure data suggests that the pore-pressures within
the near-surface sediments for most of the Coastal Plain Province are at or near hydrostatic. The
over-pressured horizons appear to be limited to the Foothill Province. Because most of the study area
is within the Coastal Plain Province, the gas-hydrate stability determinations assumed a hydrostatic
pore-pressure gradient of 9.795 kPa/m (0.433 psi/ft).

II.A.6. PARTICLE GRAIN-SIZE

Many workers including Anderson and others (1973), Pusch (1979), and Osterkamp and Payne
(1981) have shown that rock grain size (grain surface area) affects the freezing point of water.
However, the quantification of the freezing-point depression attributed to the presence of high-
surface-area matrix material, such as clay, is difficult. Anderson and others (1973) suggested that a
pure-clay could suppress the freezing-point of water several degrees Celsius. Conversely, Anderson
and others (1973) showed that the soil/rock particle effect in silt and coarse-grained mediums is
negligible. In addition, Pusch (1979) demonstrated that variations in clay microstructure can affect the
volume of unfrozen water, thus further complicating freezing-point depression calculations. However,
it is not known if high-surface-area rock material will affect the thermal equilibrium of gas hydrate in
a manner similar to that of ice. Therefore, it is impossible to quantify the effect of grain size on gas-
hydrate equilibrium conditions on the North Slope. It is possible, however, to speculate on regions
which may be affected by grain-size variations by evaluating local rock types. Figure I1-20 is a
generalized geologic map of the major rock types within the near-surface sediments of the North
Slope. Depicted on the map are two relatively coarse-grained sediment packages: one in west-central
NPRA,; the second extends from Harrison Bay to Canada. Within coarse-grained sediment, grain size
should not affect gas-hydrate stability. However, in eastern NPRA and along the mountain-front to the
east, a thick section of Cretaceous shale occurs near the surface, and these shales may significantly
affect gas-hydrate stability. In addition, local geologic features, such as the shale-filled Cretaceous
Simpson Canyon, may affect stability conditions.
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Table II-10. Pore-pressure data from North Slope wells obtained from drill-stem or production tests.
The calculated pore-pressure gradients are shown in kPa/m, and are grouped by location (fig. II-18).

Well Name API Depth Pore-Pressure
and Number Number Interval (m) gradient
kPa/m
Eastern Coastal Plain Province
West Sak 1 5002920090 990-997 10.089
1050-1061 9.682
East Ugnu 1 5002920052 917-931 9.953
927-931 9.930
953-994 9.885
953-994 9.840
Hurl State 5-10-13 5002920027 1272-1283 (9.998-9.908)
1299-1309 (9.863-9.795)
Kuparuk 26-12-12 5002920032 1130-1136 9.433
Placid State 1 5002920667 1238-1244 9.546
Milne Point 2 5002920490 1146-1206 9.455
Ravik 1 5002920888 1193-1198 10.270
West Sak 23 5002920669 707-713 (9.795-9.704)
Northem Foothills Province
Aufeis 1 5022320010 841-1036 11.672
1044-1204 (12.215-10.586)
Gubik 1 5028710013 410440 (11.197-10.428)
410-440 (11.175-10.405)
500-516 (13.210-12.962)
504-516 (13.391-13.097)
506-516 (13.414-13.165)
507-510 (12.871-12.781)
533-535 (11.446-11.423)
Shale Wall 1 5028720017 344-347 (10.835-10.722)
Seabee 1 5028720007 808-812 (10.813-10.767)
Western Coastal Plain Province
South Barrow 4 5002310012 328 9.840
South Barrow 9 5002320009 707-746 (9.908-9.478)
South Barrow 17 5002320011 669-715 11.401
671-709 10.044
East Topagoruk 1 5027910034 675-687 (9.591-9.433)
Tulageak 1 5002320018 1149-1166 (11.220-11.061)
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Table II-11. North Slope wells in which wire-line logs have been used to evaluate formation pore-
pressures (see fig. 1I-17 for location of wells).

Well Names and Numbers APl #

Point Thomson Unit 2 5008920006
West Sak River State 1 5002920090
Prudhoe Bay Unit 14-5 5002920327
Prudhoe Bay Unit 17-1 5002920476
Foggy Island Bay Unit 1 5002920146
South Meade 1 5016320001
Tunalik 1 5030120001
Prudhoe Bay State 1 5002920001
Nechelik 1 5010320020
South Harrison Bay 1 5010320007
J.W. Dalton 1 5027920006
Cape Halkett 1 5010320004
West Sak River State 14 5002920419
Kuparuk River Unit 1D-8 5002920266
East Ugnu 1 5002920052
Itkillik River Unit 1 5010320003
West Sak River State 23 5002920378
Kuparuk River Unit 1B-5 5002920237
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Figure I1-19. Well log compaction (pore-pressure) profiles from West Sak River State-1 (table II-11).

CHAPTER II. GAS-HYDRATE STABILITY 59



o0L

"3uosiyis pue Jeys jJo Apsow pasodwiod yo01paq
saveorpul wianed poyseq 91RIAWOISU0D JWOS YIIM duOoISPUES JO Slunowre dfqenrea A[ydiy nq JueoymBis
3o pasodwod ydospaq soediput waared pojddng “sadA1 yo01 Jofews jo uonnquisip ay) Suimoys saouracsd
sfiryo0) woyuou pue ureld [e15e0d 2dois YUON ay jo dew d130j0a8 Yo0Ipeq poziRIURD “0Z-II 2an3yy

0081 0091

8jeiawmo[duo) 3 auoj)spusyg

aeyg

Rttty oo P gy eninqey] edw)

aoziwg “3d
{ i

T OOP

0S1 091

CHAPTER II. GAS-HYDRATE STABILITY



I1.B. DISTRIBUTION OF THE GAS-HYDRATE STABILITY FIELD

Table II-12 presents a summary of the assumptions we have made in determining the extent of
the zone of gas-hydrate stability. The methane-hydrate stability curve used for this study was based
on a stability model and experimental results published by Lewin and Associates, Inc., (1983). The
stability curve has been simplified as a function of temperature into two equations;

P(kPa)=exp[14.7170+1886.79/T°K] (From 248 to 273 K or -25 to 0°C)
P(kPa)=exp[38.9803+8533.80/T°K] (From 273 to0 298 K or 0 to 25°C)

The P(kPa) represents the dissociation or formation pressure in kilopascals of a methane hydrate at a
given temperature T (K). For the purpose of calculating subsurface gas-hydrate stability conditions,
the variable T (K) represents the equilibrium temperature in Kelvin at any given depth. The depth
values of the stability curve can be calculated by means of the equation by converting the derived
pressure P(kPa) using the local pore-pressure gradient. As previously noted, the regional pore-pressure
gradient is near hydrostatic in the near-surface sediment of the North Slope, and for the purpose of
this study, a pore-pressure gradient of 9.795 kPa/m (0.433 psi/ft) was used.

A computer program was written (o facilitate calculations of the limits of the gas-hydrate
stability zone. The gas-hydrate stability program requires as input the mean annual surface
temperature (table II-13, column 6), the depth to the base of the ice-bearing permafrost (table II-13,
column 5), the temperature at the base of the ice-bearing permafrost (table II-13, column 7), and the
ratio between the geothermal gradient from above to below the base of the ice-bearing permafrost
(table II-13, column 8). These data were obtained by interpolation from the maps discussed earlier.
The program will project the geothermal gradient above and below the base of the ice-bearing
permafrost (table II-13, columns 9 and 10) and calculate the depths of the upper and lower
intersections of the methane-hydrate stability curve and the projected geothermal gradient (table II-13,
columns 11 and 12). In addition, the program will allow the user to input geothermal gradients from
other sources.

Depths of the calculated upper and lower boundaries of the methane-hydrate stability field for
the 124 wells considered are listed in columns 11 and 12 of table 1I-13. The depth to the top of the
methane-hydrate stability field (table II-13, column 11) has been contoured in figure I1-21, and the
depth (o0 the base of the stability field (table II-13, column 12) is shown in figure II-22. In addition,
the calculated total thickness of the methane-hydrate stability field within each well is listed in
column 13 of table II-13 and isopached in figure I1-23. Figure II-23 reveals that the methane-hydrate
stability field on the North Slope is thickest in the Prudhoe Bay area, with calculated values slightly
greater then 1,000 m.
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Table II-12. Summary of the physical parameters that control gas-hydrate stability and the assumptions
that we made to calculate the thickness of the gas hydrate stability field on the North Slope.

1. GAS CHEMISTRY

Assumed 100% methane

2. GEOTHEMAL GRADIENT
Within Ice-Bearing Permafrost:

1.55°C/100 m to 4.46°C/100 m
(Tables I1-6 and II-7)

Below Ice-Bearing Permafrost:
2.08°C/100 m to 4.76°C/100 m

(Tables II-6 and 1I-7)

3. PORE-FLUID SALINITY

Calculated range of 0.5 to 18.0 ppt
(assumed fresh water; no thermal effect)

4. PORE-PRESSURE

Assumed hydrostatic pore-pressure gradient of 9.795 kPa/M (0.433 psi/ft)

5. ROCK GRAIN-SIZE

Assumed sand size or larger
(no thermal effect)
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Table I1-13. Wells and data used to calculate and map the depth and thickness of the methane-hydrate
stability field on the North Slope of Alaska (figures I1-21, II-22 and II-23).

a) @) ()] (O) ® @©®@ 0 ® o a» an a3 @
Welt Well Name APl Location
Index Number Sec. T. R
1. South Barrow Test Well 4 5002310012 14 22N 18W 206 -120 45 110 364 400 231 480 M9
2 South Barrow Test Well 13 5002320008 14 22N 18W 217 -120 45 110 346 381 27 530 303
3. South Barrow Test Well 14 5002320009 25 22N 17W 226 -120 45 110 332 365 225 S70 345
4, Walakps 1 5002320013 9 200 19W 244 -120 45 110 307 338 221 654 433
S. Waest Dease 1 5002320014 21 2IN 14W 223 -120 25 100 429 436 242 383 4]
6. South Barrow Test Well 20 500232001 26 22N (7w 223 -120 45 110 336 370 226 557 331
1 South Barrow Test Well 1S 5002320016 23 22N 17TW 206 -120 45 110 364 400 231 482 251
8. South Barrow Test Well 18 5002320017 24 22N 17W 208 -120 45 110 359 395 230 489 259
9. Walakpa 2 5002320019 3 20N 19W 190 -120 40 110 421 463 243 360 126
10. Prudhoe Bay 1 5002920001 10 1IN 14E S71 -11.0 05 170 1.84 313 210 1019 809
11. Sag River 1 5002920002 4 10N 1SE 583 -11.0 05 170 180 306 209 1053 844
12. Delts State 1 5002920004 10 1N 1SE S78 -110 -10 170 173 294 208 1098 890
13. BP 27-11-14 5002920006 27 1IN 14E 574 -107 09 184 155 285 210 1040 830
14. Socal 31-25 5002920007 2 10N 14E 550 -11.0 -10 160 182 291 210 1064 854
18. West Kuperuk 3-11-11 5002920014 3 1IN 11IE 524 -110 05 1830 200 360 212 873 661
16 Hemi 3-9-11 5002920018 3 ON 11E 521 -110 -1.0 140 192 269 211 1085 874
17. Prudhoe Bay Unit J-1 5002920020 9 1IN 13E 602 -110 05 180 174 313 209 1062 853
18. Kad River 1 5002920021 4 SN 18E 482 -100 -15 170 176 299 21§ 968 753
19. BP 04-11-13 5002920025 4 1IN 13 620 -111 04 182 165 300 208 1083 8§75
20. Hurl 5-10-13 5002920027 5 10N 13E 607 -110 -10 150 165 248 208 1288 1080
21 Kavearak Point 32-35 5002920028 25 13N 10E S41 -120 -10 190 203 386 206 883 677
n Lake 79 Federal 1 5002920031 1 SN 17E 455 -100 - 15 170 187 318 217 887 670
2. North Kuparuk 26-12-12 5002920032 2 1IN 12E 630 -11.0 05 180 167 301 208 1132 94
24. BP 19-10-15 5002920035 19 10N ISE S70 -098 04 177 155 275 215 1062 847
25. Toolik Fedenl 2 5002920041 S SN 12E 454 -100 - 15 120 137 224 217 1191 974
26. BP 33-12-13 5002920047 33 12N 13E 620 -114 07 170 160 270 206 1144 938
1. Narth Prudhoe Bay State 1 5002920049 23 I2N 14E S50 -120 -12 153 190 290 205 1051 846
28. BP 23-11-13 5002920054 23 1IN 13E 605 -110 04 157 175 275 209 1157 948
2. BP 31-13-14 5002920059 31 1IN 14E 620 -106 05 193 150 290 210 1087 877
30. Kuparuk State 7-11-12 5002920062 7 1IN 12E S71 -11.0 05 180 184 331 210 98 776
31 Prudhoe Bay Drill Site 4-1 5002920078 34 1IN 1SE 567 -11.0 0S5 170 185 315 210 1012 802
32, BP 08-11-13 5002920079 8 1IN 13E 585 -110 06 176 170 300 209 1045 836
33. Prudhoe Bay Unit F-1 5002920080 2 1IN 13E 589 -110 0S5 180 178 320 209 1031 822
34. BP 11-11-13 5002920084 11 1IN 13E 620 -11.0 03 184 172 317 208 1071 863
3s. West Sak River Unit 1 5002920090 2 1IN 10E 53 -110 -10 180 189 2340 211 935 74
36. Prudhoe Bay Unit H-1 5002920099 21 1IN 13E S83 -110 0S5 180 180 324 209 1014 805
. Prudhoe Bay Drill Site 4-6 5002920111 34 10N 1SE S79 -11.0 05 170 181 308 210 1041 831
38, Northwest Eileen State 2 5002920117 2 12N 11IE 525 -110 -10 170 191 325 211 955 744
». Prudhoe Bay Unit C-1 5002920121 19 1IN 14E S77 -11.0 0S5 170 182 309 210 1036 826
40. Narth Franklin Bluffs 1 5002920122 20 SN 14E 504 -100 -15 180 169 304 214 992 s
41. East Bay State 1 5002920133 15 1IN 1SE 580 -106 08 165 155 255 211 1131 920
42 West Sak River Stute 2 5002920134 2 1IN 10E 481 -11.0 -10 170 208 354 213 840 627
43, West Sak River Suate 3 5002920139 26 1IN S9E 428 -11.0 -10 170 234 398 217 707 490
44, West Sak River Sute 6 5002920142 2 1IN 11E 531 -110 -1.0 170 188 320 211 972 761
4S. Foggy Island Bay Sute 1 5002920146 19 1IN 17E 522 -120 -10 160 211 338 207 b 24 T20
46. Gwydyr Bay South 1 5002920149 8 I2N 13E 557 -120 -10 170 197 335 205 980 715
47, Koparuk 9-11-12 5002920158 9 1IN 12E 562 -11.0 05 180 187 337 210 93 753
48. State 1 5002920177 2 10N 13E 570 -110 -1.0 130 176 229 209 1316 1107
49. Prudhoe Bay Drill Site 6-4 5002920179 2 10N 14E 580 -110 0S5 170 181 2308 210 1045 835
50. Highland State 1 5002920199 24 1IN HE S64 -110 -10 170 177 301 209 1058 849
s1. Prudhoe Bay Unit NGI-7 5002920210 12 1IN 14E 550 -120 05 1.70 191 325 207 917 710
52. BP 12-11-13 5002920085 12 1IN 13E 604 -11.0 05 181 172 311 208 1086 878
53. Prudhoe Bay Drill Site 9-7 5002920223 2 10N 1SE 554 -110 -10 170 180 306 209 1034 825
54. Prudhoe Bay Drill Site 3-6 5002920224 11 10N 1SE 589 -110 -10 170 170 289 208 1127 919
SS. Koparuk River Unit 1B-§ 5002920237 9 1IN 10E 497 -110 -10 170 201 342 212 883 671
56. Point McIntyre 2 5002920264 16 12N 14E 550 -120 -1.0 160 200 320 206 998 792
s7. Koparuk River Unit 1D-8 5002920266 23 1IN 10E 487 -110 -10 170 206 23S0 213 855 642
S8. West Sak River State 9 5002920274 3 1IN 9E 454 -110 -1.0 180 220 3% 215 745 530
59. ‘West Sak River State 11 5002920275 36 12N S8E 462 -110 -10 170 217 369 215 ™1 576
60. West Mikkelsen State 1 5002920278 2 10N 19E 600 -120 -1S5 19 175 333 203 1066 863
61. Prudhoe Bay Drill Site 1-16 5002920288 1IN ISE 597 -110 -10 160 168 269 208 1197 989
62 Prudhoe Bay Drill Site 7-6 5002920294 33 1IN 14E 582 -110 0S 160 180 288 209 1092 883
63 Knparuk River Unit 1A-8 5002920313 S 1IN 10E 470 -110 -10 170 213 362 214 814 600
64, Prudhoe Bay Unit Q-3 5002920322 16 1IN 13E 608 -11.0 05 180 173 311 208 1077 869
€S. Prudhoe Bay Drll Site 132 5002920324 14 ION 14E S86 -110 -10 160 171 274 208 1167 959

CHAPTER II. GAS-HYDRATE STABILITY €3



Table II-13. Wells and data used to calculate and map the depth and thickness of the methane-hydrate
stability field on the North Slope of Alaska (figures II-21, II-22 and I1-23).-Continued

{0 @) (<) (0) ® () (y) ® ® a9y a1 02 @)
Well Weil Name AP1 Location )
Index Number Sec. T. R
[° 3 Prudhoe Bay Drill Site 14-5 5002920327 9 ION 14 S73 -110 -10 160 175 280 209 1130 921
€67. West Sak River 4 5002920343 7 10N 9E 462 -110 -15 150 206 309 213 917 704
8. Prudhoe Bay Unit TERM B 5002920355 20 1N 13E 608 -110 -05 180 173 311 208 1076 868
. Prudhoe Bay Unit TERM C 5002920356 3 1IN 12 59 -11.0 -05 18 176 317 209 1047 838
7. Gwydyr Bay State 1 5002920375 9 I2N 13 S5 -120 -10 170 198 337 206 974 768
n. Milne Point 1 5002920376 23 13N 10E S10 -120 -1.0 190 216 4.10 208 811 603
73 Prudhoe Bay Drll Site 12-3 5002920377 18 1ON 1SE S65 -11.0 -10 170 177 301 209 1061 852
7. West Sak CPF 1(23-9-11-10) 5002920378 9 1N I10E 53 -110 -10 180 187 337 210 943 733
4. Prudhoe Bay Unit X-1 5002920390 8 ION 14E 540 -110 -10 140 185 259 210 1143 933
7s. Prudhoe Bay Unit Y-1 5002920394 34 1IN 13 S35 -110 -10 140 187 262 210 1129 919
76 Gwydyr Bay State Unit 1 5002920396 2 I2N 12 543 -120 -10 170 184 313 206 943 737
n Kupanuk River Unit 1D-§ 5002920417 2 1IN 10E S12 110 -10 170 195 332 212 921 709
8. West Sak River 14 5002920419 19 1N 9E 454 110 -10 170 220 374 215 ™ 556
. Nominastion 1 5002920426 34 1IN 122 536 -11.0 -09 160 196 314 212 969 57
80. Kuparuk River Unit 1E-1 5002920464 16 1IN 10E 455 -110 -10 170 220 374 215 775 560
81. Kuparuk River Unit 1B-1 5002920465 9 1IN 10E 495 -11.0 -10 18 202 364 212 847 635
82 Prudhoe Bay Drill Site 17-1 5002920476 2 10N 1ISE 574 -110 -1.0 170 174 296 209 1085 876
83. Prudhoe Bay Drill Site 11-4 5002920480 34 1IN 1I1SE S7T7 -110 05 170 182 309 210 1036 826
84. Gwydyr Bay State 2 5002920491 11 I2N 13E S64 -120 -1.0 160 204 326 205 1034 829
8s. Prudhoe Bay Drill Site 16-11 5002920516 24 ION 1ISE 590 -110 -10 170 169 287 208 1181 923
86. Prudhoe Bay Unit TR 15-11-12 5002920524 9 1IN 122 S6 -11.0 -05 18 18 335 210 970 760
87. River Unit 1C-1 5002920526 12 1IN 10E S3 -110 -10 1.8 187 337 210 948 738
88, MP Tract (43-31-11-136) 5002920536 S ION 13 608 -110 -10 160 165 264 208 1229 102!
89. ‘West Sak River 16 5002920541 3% 1IN 8E 497 -11.0 -1.0 200 201 4.02 212 801 589
90. West Sak River 17 5002920542 26 13N 9E 512 110 -1.0 200 195 390 212 83 624
91. MP Tract (22-31-11-13) 5002920545 30 1IN 13E 621 -110 05 180 169 3.04 208 1109 901
92 MP Tract (32-30-11-13) 5002920546 30 1IN 13E 628 -110 05 170 167 284 208 1168 960
93. Prudhoe Bay Unit TR T-3C 5002920555 17 1IN ISE 576 -11.0 05 170 18 309 210 1035 825
94, Kuparuk River Unit 1C-8 5002920585 12 1IN  10E S34 -110 -10 180 187 337 210 943 733
9s. West Sak River 23 5002920669 7 12N 9E 461 -110 -10 19 217 412 215 741 526
96. West Staines 1 5008920001 18 SN 23 601 -110 -10 170 166 282 208 1160 952
97. East Mikkelsen Bay 1 5008920002 7 ON 21E S8 -11.0 -10 170 17<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>