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SUMMARY 

bd 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 wring 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 
dara, methane is the dominant species of gas in the near-surface (0-1300 m) sxhment Subsurface 
temperature information, obtained from 46 high-resolution equilibrated well-bore surveys and from 
estimates based on well-lo 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 rn in the south to as 
much as 660 m near the coastline at Pmdhoe 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'~. Pressure data, obtained from drill-stem testing and well log calculations, indicate a 
hydrostatic pore-pressure @en[ within the near-surface sedimentary rocks, thus having minimal 
effect on gas hydrate stability. Ln the near-surface coarse sandstone and conglomerate of the Pmdhoe 
Bay area, grain size has little effect on gas hydrate stability; however, in the more clay-rich sedirnen- 
tary rocks near Hamson 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 h d h o e  Bay area. Thermal conditions, however, preclude the occurrence 
of gas hydrates in the nonh-central pan 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 resmcted 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 tmnsgression in Eocene time. The total mapped area of these six occurrences is about 
380 krn2. 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 idendfled gas hydrates of the 
North Slope is approximately 2.4 x 10" to 2.9 x 10" m3 (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 therrnogenic 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 strucMaVsuatigraphic traps and later 
converted so gas hydrate, Major climatic changes may have influenced rhe depth limiu 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 

I.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: 

1. Evaluate geologic controls on gas-hydrate occurrences. 
2. Define and evaluate possible gas-hydrate-bearing reservoirs. 
3. Estimate the volume of gas within the gas-hydrate o c c m c e s .  
4. Develop a model for onshore gas-hydrate formation. 
5. Select core-hole sites for gas-hydrate study. 

The approach to the North Slope gas-hydrate evaluation problem is outlined in tahle 1-1; our program 
was systomntioally constructed to develop a data-base which embled us tu yrucluce deliverdble items 
over the duration of the project The project was subdivided into 4 sections (table 1-1). Section 1 was 
concerned primarily with the parameters that control in-situ gas hydrate formation. Section 2 
examlned the geologic framework in which gas hydrates could exbr. Sections 3 and 4 included the 
identification and evaluation of in-situ gas hydrates. 

The structure of this repon is similar to the project outline discussed above; however. the 
repon is further subdivided into 7 chapters. Chapter I describes the project and discusses previous 
work. Chapter I1 deals with the evaluation of the physical parameters that conml gas hydrate 
stability on the North Slope. Chapter I11 describes the near-surface srmctumVstratigraphic 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. 

I.B. 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 t0 the plugging 
of natural-gas pipelines due to gas-hydrate formation. Thc geological occurrence of gas hydrates has 
been known since the mid 1960's. when gas-hydrau: fields were discovered in the U.S.SR. (see 
Makogon, 1981 for a review). 

The pressure and temperature conditions suitable for h e  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 wittun the stabihty field of gas hydrates (fig. 1-1) was 6rst recognized by Katz 
(1971). Gas hydrates can occur not only in permafrost but also below the base sf permafrost at 
temperatures above the freezing point of water. 

Significant quantities of gas hydrates have been detected in several permafrost regions of the 
world, lncludmg western Siberia (Makogon, 1981). the Mackenzie Delta of Canada (Bily and Dick. 
1974). and the North Slope of Alaska (Galate and Goodman, 1982; Collea, 1983a). Estimates of 
worldwide gas hydrate resources in permafrost regions are as high as 1016 m3 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 be=ause they can cause sediment 
instability and high pressures in a bore-hole. 

I.B.1. RECOVERED GAS HYDRATE 
Direct evidence for gas hydrates on the North Slope comes from core-tesls, and indirect 

evidence comes from drilling and open-hole geophysical well logs which suggest the presence of 



Table 1-1. Norlh Slopc Gas Hydratc Projcct outlinc. 

Section 1. Factors arCccling gas-hydntc subility 
Ice-bcaring permafrost 
Gmlhcrmal gadicnt 
Gas chemistry 
Porc-water salinity 
Porc-prcssurc 
Particlc groin-sizc 

Section 2. Gcologic framework 
Suatigraphy 
Depositional environmenls 
Suucture 

Section 3. Gas-hydrate identification and disuibution 
Wcll-log cvaluation 
Map in-situ gas hydrates 
Gmlogic conuols 

Section 4. Gas-hydratc cvaluation 
Rcsourcc cstimntion 
Corc-holc location 
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Figure 1-1. Phase boundary diagram showing frcc methane gas and methane hydrate (bclow the 
HYDRATE-GAS PHASE BOUNDARY) for a frcsh-watcr, pure nlclharle syaenl. Addition of sodiun~ 
chloride lowers the temperature of hydrate formation, shifting the stability curve lo thc left. Addition of 
carbon &oxide, hydrogen sulfide, propane, or ethane raises the tempcrature of hydrate formation, shill- 
ing the stability curve 10 the righ~ (from K\:cnvoldcn and McMenamin, 1980). :i/ 
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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 
dsmbution of in-situ gas hydrates on the North Slope suggests that they may be an unconventional 

3 source of naaual gas. 
The only c o n h e d  natural gas hydrate on the North Slope was obtained in 1972, when ARCO 

and EXXON successfully recovered a core containing this substance (Colleu and Kvenvolden, 1987). 
The sample was from a depth of 666 m in the Northwest Eileen St+-2 well (fig. 1-2). located near 
Pntdhoe Bay. The presence of gas in a hydrated state was confiped by a pressure test while the core 
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 tb 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 bee-gas, the pressure h the barrel would have decreased as gas was 
withdrawn and the pnxsure wwld not have increased when the system was closed. 

Data from driller's and open-hole geophysical well logs (fig. 1-2) also swngly suggested the 
presence of murally occurreg in-situ gas hydrates. The mud log indicates that a sigruficant amount 
of £ree gas was liberated from the hydrate-containing interval during drilling. Logs, such as resistivity 
aid 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). 

I.B.2. GAS HYDRATE STABILITY 
As b u s s e d  earlier, gas hydrates exist under a limited range of temperatures and pressures 

(fig. 1-1). The depth and thickness of the zone of potential gas hydrate stability in permafrost regions 
can be calculated if the geothermal @en4 pressure gradient, and gas density are known (Bily and 
Dick, 1974). The geothermal gmhents 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 @en& show 
great lateral variation in the Prudhoe Bay region; this variance indicrues 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 gradJents 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 
grdent  changes abruptly at the base of the ice-baring peamafrost. and this change in the gradie11t 
must be accounted for in any gas-hydrate stability calculation. In Collett (1983~1). a factor, developed 
by Lachenbruch and others (1982). was used to corrcct for this changc 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 methanehydrate zone at the Northwest 
Eileen State-2 well (fig. 1-3); 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 i ce -bang  permafrost is approlrimntely 530 m. Tempemty sweys  from 
surrounding wells suggest that the mean-annual surface temperature at the Eileen Well is -1 1.0 OC and 
the base of ice-bearing permafrost is at -1.0 OC. These temperature data have been used to project a 
geothermal gradient that intersects the methane-hydrate stability curve at 180 m and 960 rn. 
delinearing a 780 m zone in which methane hydrate would be'stable (fig. 1-3). 'lhis procedure will be 
discussed in more detail in Chapter U of this report. 

After evaluating logs from 125 wells on the North Slope, Collea (1983a) determined that in 
order to have an intersection between the methane-hydrate st~bility curve and a geothermal p b e n t ,  
the projected grad~ent within the ice-bearing permafrost must be equal to or less than 4.3°~100 m 
(Collett. 1983a). If the geothermal grabent 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 @en4 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 1-4 indicates the region in which methane hydrates would 
be potentially stable, and the dashed line represents the southem limit of the 274 m ice-bearing 
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permafrost depth contour. The nonhern boundary of the methane-hydrate stability field lies offshore 
beneath the shelf, but its exact position is uncertain. 

1.B.3. INFERRED GAS-HYDRATE OCCURRENCES 
Galate and Goodman (1982) examined 17 wells from the National Pewleum 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 psence 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. 14). 

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. 1-6). The gas hydmes are restricled 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 (Collen, 1983a). 

The presence of th~ck caal 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 h s  shallow sequence, may also have been a source of methane and 
heavier gases, such as propane, because d~ssolved gases are commonly associated with oil 
accumulations. 
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Figure 1-6. East to west geologic cross-section through six wells of the Kuparuk River oil field area; 
well locations are noted by Secuon, Township, and Range (Collet~ 1983a). The suatigraphic framework 
a, depicted is defined by a series of geologic markers (shown as correlation lines). Also shown are the 
individual gas hydrate octunenws and relntive concentrauons, the base of ice-bearing permafrost 
(BIBPF), top (HI) and bottom (H2) of the methane-hydrate s~bi l i ty  zone, and the inferred deposiiond 
environments for the reservoir rocks. (Location of section shown in figure 14). 
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CHAPTER II. GAS-HYDRATE STABILITY 

1I.A. STABILITY CONTROLS 

Chapter II is divided into two sections: Section "A" deals with the evaluation of the physical 
parameters that conml 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 chemismes, pore-fluid salinities, pore-pressures, and reservoir-rock grain 
sizes (table 11-1). The two primary factors are geothermal gradients and gas chemismes. 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 dmmatically 
illustrates how different gas chemismes can influence the thickness of the gas-hydrate stability field. 
In ths d~splay, the geothermal @ent intersects the methane-hydrate stability curve at 210 and 950 
m, delineating a methane-hydrate stability field that is 740 m thick. However. the consrmcted 
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 

2 methane. Large gas molecules, such as propane, form a different gas-hydrate cage structure (Structure 
11) than do smaller methane gas molecules (Structure I). The larger cage structure is slable at higher 
temperatures and pressures (Makogon, 1981), resulting in a thicker gas-hydrate stability zone. 

Subsurface temperature data required to calculate regional geothermal grad~ents are difficult to 
obtain. These data can be theoretically derived, but this derivation requires a complete underuandmg 
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 mformation. The most accurate method of 
determining local and reponal geothermal m e n t s  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 wellbotk:'These surveys, however, are not often available; therefore, an alternate 
method of using known icc-bcaring permafrost depths to project local geothermal merits has been 
developed; this method will be &scussed later. 

Salt, such as NaCl, when added to a gas hydrate system, lowers the temperature at which gas 
hydrates form (Ewenos and olhers, 1971). The salinity of the water in contact with the gas during the 
formation of gas hydrate can reduce the freezing point about 3' to 5' C per 100 ppt dissolved salt, 
shifting the stability curves in figure 11-1 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 peamafrost 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 are. relative to grain size. such as clay, can 
reduce the freezing point of w w  by several degrees Celsius, epparently because of molecular 
bonding of the water to the particle (Anderson and others, 1973). A similar relation is thought to 
exist between grams 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. f igh pore- 
pressure conditions increase the stability of gas hydrate, but depress the freezing point of ice (Holder 
and others, 1985). In general, the tligllex the pressure grahent the thicker the stability zone of gas 
hydrate. 



Table 11-1. Variablcs influcncing the limits of the in-situ gas-hpdra~c slability field and sources or d m  
necessary for evaluating variables. 

Variablcs Data Sources 

Gco~hcrmal Cradicnt Thmrctical dcrivation; wcll log- 
ging operations; high resolution 
equilibrated tcrnperafure suwc).s; 
projcction from basc ice-bearing 
pcrmahost. 

Gas Chemistry Mud log; drill-cuttings; a r c  sam- 
plcs, drill-stcm-test; production 
samplcs. 

pore-~luid  Saliniy Wcll logs; drill-stcm-tcst; 
production samplcs; corc samples. 

Porc-Prcssurc Drill-stcrn-LSI; well logs. 

Grain-Sizc Drill-cuttings; corc; wcll logs 
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Figure 11-1. Phasc diagram illusmting the influence of gas chcrnislry (mcthane vs. propanc) on thc 
zone of gas hydrate slabili~y. Gcothcrmnl gradients arc ~hosc predicted for the Northwca Eileen Slate-:! 
well. 

CHAPTER II, GAS-HYDRATE STARILJTY 



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 disupts equilibrium temperatures in the 
subsurface, and a well must lie undisturbed until thermal equilibrium is re-established (Lachenbnxh 
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 (Lachenbmch and others. 1982; Lachenbnrch and 
others, 1987), were surveyed with high-resolution temperature devices (table II-2). However, several 
thousand other exploratory and production wells have been drilled m the Nonh Slope and, although 
they do not have temperature profiles, their geophysical logs often allow discrimhation between ice- 
beanng and non-ice-bearing mala 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 idenafy the base of the icebearing 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-beanng 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 great enough to 
diminish the reliability of using well logs alone for estimating the depth of the 0' C isotherm. 
Nevenheless, understanding the dismbution 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 staf.e 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; Osterkarnp 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 is not included in the definition of permafrost, and the depth 
to the base of permafrost is the depth to 0' 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 11-2 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 whmentary rocks from ice-rich horizons by idenafylng a 
"kink" in their temperature profiles in the Rudhoe Bay area. The geothermal gradient of sediments 
with ice-filled pores is generally different from the geothermal w e n t  in sediments with water-6I.M 
pores. This difference in geothermal w e n t s  is a conspicuous indicator of the base of ice-rich 
permafrost In the near-surface, high-porosity sandstone and conglomerate units of the Pndhoe Bay 
area, the discontinuity in the geothermal @ent regresents the d w a r e r  phase boundary at the base 
of the ice-rich permafrost (Lachenbruch and others, 1982). However, changes in the geothermal 
gnxhent in the h e r  grained sediments west of Prudhoe Bay in the NPRA are not as pronounced and 
commonly are not present (Lachenbnrch and others, 1987). 

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

PERMAFROST 
Permafrost, or perennial] y 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 11-2. North Slope wclls for which Lempcrature profiles werc madc dtcr ~ h c  well-bore had 
reached ncar Ihcrmal-equilibrium conditions. [Scc table 11-5 for comparison of depths of icc-haring 
pcrmafros~ (IBPF) from well logs wi:h dcpths to basc of permafrost (0 OC) and icc-rich layer (IRL,! 
listed herc.] 

Well Well API KO.') Dcplh to 0% 2J . I R L ~ ~  %urce4J ~ o g g c ~ l ~ ~  
index name (m) (m) 

50279 1001 3 A*.  Simpson Core Tcst-13 320 Brewer. 1958 Yes 
B Simpson Core Test-21 5002310001 250 do. Yes 
C Simpson Core Test-28 50279 10026 279 do. Yes 
D Simpson Core Test-29 502791 0027 290 do. Ycs 
E South Banout Test WeU-I 5002310009 204 MacCady. 1952 Yes 
F' South Barrow Test Wcll-3 50023 1001 1 @roj)396 do. Yes 
G Umiat-l 1 5028710011 322 Rmans. 1965 Yes 
H* L s t  Umiat-l 5028710016 235 do. Yes 
I Topagod-1  5027910033 335 do. Yes 
J Kaolak-1 50297 1000 1 299 do. Yes 
K BP 33-12-13 500292W47 660 620 Laehcnbmch slrd C I~ IC IS .  198; !i' 0 

1. BP 04-1 1-13 5002920025 640 620 do. NO 
M BP 19-10-15 5002920035 595 570 do. NO 
X BP 23-1 1-13 5002920054 (proj)629 605 do. No 
0' ARC0 ?c' Prudhoe Bay St-1 5002920049 605 560 do. Ycs 
Po BP 05-1 1-13 (P.B.L. S-1) 5002920079 620 600 do. Yes 
Q BP 31-1 1-14 5002920059 ' 650 ' 620 do. So 
R R P  11-11-13 5002920084 640 620 do. KO 
S' BP 12-11-13 (P.B.U. F-3) 5002920085 610 620 do. YCS 
T BP 27-11-14 5002920006 625 580 do. KO 
U ARC0 E Bay St-1 50029201 33 625 580 do. No 
V* Tulageak-1 50023200 1 8 305 Lachenhruch and oherr, 1967 Yes 
W West Dcase-1 5M23 200 14 280 260 do. Yes 
X' J.W. Dalton-1 5027920006 410 310 do. Yes 
Y Tunalik-1 5030120001 290 do. Yes 
7 Peard Bay-1' 50301 20001 310 270 do. Yes 
A A  Kugnra-1 501 6320002 282 250 rln Ysc 
BB Souh Mcadc-i 5016320001' 200 160 do. Yes 
CC Kuyanak-1 5016320003 310 do. Ycs 
DD L s i  Simpson-l 5027920005 370 280 do. Yes 
EE Ikpikpuk-l , SOLlY2~ulkl  340 280 do. Yes 
FF Drcw Point-1 5027920002 325 250 do. Yes 
GG East Teshckpuk-I 5010320006 265 do. No 
141 I* Nnnh Kalikpik-1 501032001 1 215 do. Yes 
II* Fish Creck-1 5010310001 260 1411 tin Yo6 
JJ* Sou& Mamson Bay-1 5010320007 (proj)375 do. Yes 
KR* Atigaru Point-l 5010320[X)8 405 330 do. Yes 
LL Au-una. 1 5015520001 295 do., Yes 
M.M Lisburne-1 5013720003 290 do. Yes 
h S  K I I ~ I I ~ I X ~ - l  XI1 IY2WI @mj)ZYU do. Yes 
00 Seabec Test Well-l 5028720007 310 do. Yes 
PP* Sinclau/B? K u g n ~ k - 1  50287 1 [K)1 R 3!W do. Yis 
QO rwrest Oil Lupine-] 502232001 1 240 do. Yes 
RR' Mobil Echmka-1 5022320008 280 260 do. Yes 
SS Exxon Canning River As1 5017920005 282 do. Yes 
TT Umiai-9 50287 10009 Cpmj)75fi do. Yes 

American Petroleum Institute W ~ U  idenlificalPn number (Alaska Oil and Gas Conrcrvstion Commission, 3001 Porcupine Drivc. 
Anchorage. Alaska, 99501). 

'J Dcphs measurcd f ran  ground level. 
3J Dcpth to base of an ice-rich layer from recordcd tanperature profiles (source identified). measured from ground level. U blanl. 

no valuc nponcd. 
4J For complc~e reference see Rcfcrences Ciicd. 
5J Identifies wells logged using conventional wircline tool; in icc-bearing permafrost. 

Six lirblc n-4 for Ihc depth to the basc of the ice-bearing pcrmafroa as determined from subsurface well-log darn. 
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Figure 11-2. Map or thc dcpth to ~ h c  basc or thc dccpcst icc-bcaring pcrmarrost on thc North Slopc or 
Al:lskn as dctcrrnincd from an;ilysis of  wcll log rcsponscs. 7';lhlc 114 lists .wells ant1 tlcpths usctl in con- 
slnrcling lliis map. 



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 hstribution of gas hydrates within or beneath the permafrost sequence. 

Study of the thermal regime of Nonh 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). Fenians (1965). Lachenbruch and ahers (1966). 
Lachenbruch and Marshall (1969). Stoneley (1970). Howitt (1971). Gold and Lachenbruch (1973), 
Lachenbruch and others (1982), Lachenbruch and others (1987). Tempemure profiles h n  46 wells 
that are near thermal equilibrium constitute the temperature data base for the Nonh Slope (table II-2). 
and they show that pemdrost 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. 

ICERICH PERMAFROST 
Lachenbruch and others (1982) noted a flexure or change in the trend of the temperature 

profiles at a depth of about 580 m and a temperature of approximately -lo C in a series of wells from 
the Prudhos 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 
icdwater interface, as inferred from the gmhent discontinuity in the temperature profiles, defines the 
base of ice-rich permafrost (bchenbruch and otherso, 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 idwater phase boundary was not observed in the recoveted cores 
of the Prudhoe Bay wells; however, analysis of the retarding effects of latent heat on the dissipation 
of the drilling lsturbance indicates that the discontinuity in recorded temperature profiles represents 
an ice/water interface (Lachenbruch and others, 1982). This observation is true only for the h d h o e  
Bay area wells; the data are inconclusive for the NPRA. The depths u, 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 smta containing a sufficient volume of ice 

to 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. 

Thc tcmpcrnturc nr thc bnx of icc-Bcoring permafrost is nlwoys at or bolow 0" C; thcrcforc, 
the depth to the base of the ice-bearing pemufrost is always at or above the depth of the 0' C 
sothcrm. Within the thick ice-baring permafrost sequence, locally found on thc North Slopc. 
multiple frozen and thawed horizons are present In this study, the base of the ice-bearing p e d o s t  
is interpreted as the deepest observed frozen-to-thawed phase boundary that may exist in any 

ti~uliil I ~ U I I .  
Desai and Moore (1968) were the 6rst to report that an ice-bearing horizon exhibits physical 

charactenstics that can be detected with subsurface geophysical devices. lbey demonstrated that 
properties such as elecmcal resistivity and acoustic m i t  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; Howia, 1971; Hoyer and others. 1975; Walker and Stuart, 1976; 
Hnatiuk and Randall, 1977; Osterkamp and Payne, 1981; O s t e h p  and others, 1985); the term ice- 
bearing permafrost was used first by Osterkamp and Payne (1981). Their predecessors used the term 
peamafrost 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 sigruficant deflections at the base of the icebearing (called peamafrost by these 
authors) in an unidentified well on the Nonh Slope of Alaska. They observed a sigruficant 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 11-3. Comparison of well-log rcsponscs within ice-baring permafrost (IBPF) with those hcl@\\. 
the base of IBPF in a porous sandstone. lithology. 

Well-log response In Belo\v 
IUPF IBPF 

Remarks 

Resistivity (Rcs)--Substantial drop >I000 Rem 5-15 R*m 
in resistivity; the long- 
normal curve separates from 
the short-normal cunlc within 
thc IBPF. 

Acoustic Transit Time ( A T ) - -  80 ms/Tt 130 ms/ft 
Significant increasc in 
uansit time. 

Calipcr (Ca1)--0ftcn shows large largcr smallcr Rclative change! depcndcnr 
variations abovc thc IBPF. on enginecring paramctcrs. 

Spcntancous Potential (SP)-- more more 20 to 30 mV shift. 
Drift lrom negative to ncgativc positive 
positive bclow thc IBPF. 

Drilling Ratc @R)--1ncrcascd slowcr lastcr Rclative ratc depending 
dnlling ratc is oftcn on geologic condi Lions. 
obscrvcd bclow thc IBPF. 

Gas Chromatograph (GC)-- no gas gas dctcction Geologically dcpcndent. 
Anomdous prcssurcs or a 
rclasc of frce-gas may k 
dctcctcd at base IBPF. 

Dcnsity (Dcn)--1ncrcasc in rccordcd 2.1 gmlc 3 2.4 gm/c 3 

dcnsitics from a h v c  In 
bclow the IBPF. 

Ncuuon Porosity (hT)--Small to ' 25% 228 
no reduction in calculated 
apparent porosities, oftcn 
masked by gcologic 
condi~ inns. 

Gamma Ray (GR)--Small dcflcction lowcr highcr 5- to 10-API unit dcflcction. 
to highcr API valucs. 
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table II-4) in the Prudhoe Bay oil field, which he also amibuted 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 icedetection devices. Also, Howia (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 r e p m t i n g  the base of icerich permafrost. 

Osterkamp and Payne (1981) examined electrical-resistivity and acoustic-transit-time well logs 
from 61 wells on the Nonh 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 
Osterkarnp and Payne (1981) are listed in the !a t  column of table II4. 

INTERPRETATION OF WELL LOGS 
WITHIN THE ICE-BEARING PERMAFROST SEQl lENCF 

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 uansit time, spontaneous potential, 
gamma ray, caliper, n e u m  porosity, density, and the drilling rate and gas chromatograph c w e s  on 
rhe mud log. In many wells, the permafrost interval is logged with only one or two of these devices 
or not logged ar all. Thc lack of well-log data limits the number of North Slope wclls 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 elecmcal-resistivity and acoustic-uansit- 
time well logs were found to be the most useful in detecting the base of the ice-beanng 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 
suata. 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 permaftost sequence. Ice exhibits relatively high 
electrical resistivity in comparison to water. 

Acoustic transit time (A7T)--A significant transit time change generally marks the base of the ice- 
beanng 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 amibuted to caving associated with thawing of ice-bearing sediment 

Spontaneous potential (SP)--The spontaneous potential log generally shows a pronounced drift from 
negativc in the icebearing p e n m i k t  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 OR)--In many wells a significant increase in the drilling rate occurs below the ice- 
bearing permaftost. Ice-bearing sediments apparently exhibit propenies similar to a wellcemented 
rock unit with a relatively slow drilling rate. 

Gas chromasopphy (GC)--Because of the relatively impermeable nature of the ice-bearing 
permafrost, tree gas can be trapped at its base. This free-gas respo~l~e was observed in 31 wells. 

Density @en)--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 11-4. Dcpth in mclcrs to bass of ice-bearing'pcrmafros~ (IBPF) as inicrrcd from n.cll-10s 
responses in North Slopc wells. Thcsc wclls (exccpt unnumbsrcd wclls) kcre  uscd to consvucl conlour 
map of the base of ice-bcaring pcrmairost (fig. 11-2). 

\\'dl Well Same Location API LI'J IDPF'J ID PF'~ I B P ~  
Indcx Sec. T. R. Interpreted Corrected Ostcrkamp 6. 

Pnyne (1981) 

I Simpson Core Test 23 I 1 9 s  11W 5002310002 130 129 - Simpsm Core Tes~  24 6 1 9 s  IOW 5002310003 1 22 121 
Arcon Barrow 1 22 23s  18W 5002310008 280 

3 ' S w h  Barrow Test Well 3 24 21K. 18W. 500231001 1 245 24 1 
4 Sooh Barrow Test Wcll 4 14 22N 18W 500231001? 210 206 
5 Dto 1 16 21s  16W 5002320007 177 173 
6 S w h  Barrow Test U'cU I3 14 22N 18W 5002320008 223 217 
7 Sooh Barrow Test Well 14 25 225 17W 5002320009 232 226 
S S m ~ h  Barrow Tcs~ Wcll 17 30 223 16W 500232001 1 197 189 
9 Walakpa 1 9 2 0 s  19W 5002320013 250 244 
10 SOUL! Barrow Tcst Well 20 26 22s  17W 5002320015 229 22 3 
1 1  Souh Barrow Tcst Well I5 23 22s  17W 5002320016 213 206 
12 SwLh Barrow Tes~ Well 18 24 22N 17W 5002320017 213 208 
la' Tulagcak 1 7 215 14W 5002320018 174 169 
14 Walakpa 2 31 20s  19W 500?320019 195 190 
15 P ~ d h o c  Bay 1 10 11X 14E 5002920001 575 57 1 561 
16 Say River I 4 10X 15E 5002920002 588 583 583 
17 Dclta State 1 10 1 0 s  15E 5002920004 583 578 583 

Toolik Federal 1 4 8 S  15E 5002920005 624 
1 S PUL River 1 27 1lN 14E 5002920006 574 569 570 
19 Socal 31-25 25 10% 14E 5002920007 557 550 
20 Kuparuk Sbte 1 21 11s  12E 5002920008 520 516 

Sonhwcst Eilccn Sutc 1 28 1 11E 5002920013 532 
2 1 Wcst Kuparuk 3-1 1-1 1 3 1 1 s  11E 5002920014 529 524 5 29 
',- .. - Hemi 3-9-1 1 3 9 11E 5002920018 522 52 1 519 
2 5 P ~ d h o e  Bay Enit 1-1 9 1 1  13E 50029200?0 619 602 615 
2 -1 Kad River 1 4 8 18E 5002920021 488 482 
2 1 tlurl 5-10-13 5 1 13E 5002920027 613 607 613 
26 Kavearak Point 32-25 25 I 1OE 5002320028 547 54 1 
2: Lake 79 Federal 1 1 8S  17E 5002920031 461 455 461 
26 Sonh Ruparuk 26-12-12 26 1 2 s  12E 5002920032 636 63 0 462 
29 Twlik Fedcral 2 5 8S 12E 5002920011 457 454 457 

Prudhw Bay Unit 11-1 1 1 1 s  12E 5002910012 553 
30 Prudhoe Day Unit 1 - 1  8 0 15E 5002920011 512 500 
31' Nonh Prudhoe Ray Slatc 1 23 12N 14F 5002920019 560 550 560 
32 Toolik Federal 3 4 8 S  9E 5002920051 344 340 340 
33 Mikkclsm Bay 13-9-19 13 9 5  19E 5002920055 625 619 629 
3 1 Kuparuk Sute 7-1 1-12 7 1 1  12E 5002920062 591 57 1 
35 KupDelra51-1 11 125 13E 500292OM5 55 1 54 1 55 1 
36 Milne Point 18-1 11 1 3  10E 5002920069 521 512 514 , 

37 Prudhoe Bay bnit 4-1 34 1 IS 15E 5002920078 579 567 
38' BP 08-11-13 8 l l S  13E 5002920079 591 585 . 590 
39 Prudhoe Bay Unit F-1 2 1 1 s  13E 5002920080 594 589 5 94 
40 Wen Sak River Slate 1 2 11X 10E 5002920090 538 530 529 
4 1 Prudhoc Bay Unit 11-1 21 1 I S  13E 5002920099 588 583 591 
4 2 Prudhoe Ba): Unit A-l 35 l l S  13E 5002920108 530 525 608 
4 3 Prudhoc Bay Lnit 4-6 34 I 15E 5002920111 589 579 579 
41 Sorthwes~ Eilecn SUIC 2 28 123 1lE 3002920117 532 525 
45 Prudhoc Bay Cnil C-l 19 11S 14E 5002920121 582 577 575 
46 Konh Franklin Bluffs 1 20 . 8 14E 5002920122 512 504 506 
17 Wcst Sak River Sbte 2 22 1 lN 10E 5002920134 487 48 1 
48 West Sak River S b ~ e  3 26 1 IS 9E 5002920139 435 428 427 
19 West Sak River Sble 5 11 10% 10E 5002920141 429 423 424 
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Table 11-4. Depth in meters KI basc of ice-baring permafrost (IBPF) as infcrrcd from wcll-lo; 
responses in North Slopc wells. These wells (cxcepc unnurnbercd wells) were uscd to construct contour 
map of the basc of ice-bcaring ycmafrost (fig. 11-2j.-Continued 

H'cll Well Same Localion API o'l IBPF'J IBPF'~ IBPF'J 
Indcr See. 1'. R.  lnlerprelcd Corrcslcd Oslerkamp & 

Pnyne (i4Aij 

West Sak River State 6 29 I 11E 
Foggy Island Bay Sure 1 19 l l S  17E 
Gwydyr Bay South 1 8 1 2  13E 
Xiakuk I-A 26 1 2 5  15E 
Kuparuk 9-1 1-12 9 11N 12E 
Rudhoe Bay Unit E-1 6 I l N  14E 
Sag Della 33-12-16 4 I l N  16E 
Slate 1 2 1 0 9  13E 
Prudhoe Bay Unit 6-4 2 1 0 5  14E 
Kuparuk 30-1 1-13 30 1 1 s  13E 
GKU JI~land Slate 2 28 12% 15E 
Highland Slate 1 24 1 11E 
Abel Slate 1 27 12S  14E 
Prudhoe Bay Unit NGI-7 I2  1 1 s  14E 
BP 12-11-13 12 11N 13E 
Prudlloe Bay Unit 9-7 2 1 0  15E 
P;udhoe Bay Unit 3-6 11 1 0 s  15E 
Rudhoe Bay Unit G-4 2 1 0 9  14E 
Sag Della 3 35 1 2 s  I6E 
Sag Della 2 10 1 1 s  16E 
Kuparuk River Unit 1B-5 9 l l S  10E 
Point McIntyre 2 16 12X 14E 
Kupan~k River l l n i ~  ID-R 23 113' 10E 
West Sak River State B-10 23 1 0 s  9E 
West Sak Kiver Stale Y Y I!.\ YE 
West Sak River State 11 36 12X 8E 
West Mikkelsen Slale 1 32 1 0 s  19E 
DULL 1sls11J U I I ~ I  1 8 11); 17E 
h d h o e  Bay Uniut 1 - 1  b 8 IUh 15E 
Rudhoe Bay Unit 7-6 33 1 1 5  14E 
Kuparuk River Unit 1A-8 5 1 1 s  10E 
Prudhoc Bay Unit Q-3 16 1 1 s  13E 
h d h o e  Bay Unit 13-2 14 1 0 s  14E 
h d h o c  Bay Unit 14-5 9 10N 14E 
Reindeer Island STRAT TEST 1 18 13X 1SE 
West Sak Rivcr S~a te  4 7 ION 9E 
h'ibkuk 3 13 12h' ISE 
h d h o c  Bay Unit TERM-B 20 I l N  13E 
Rudhoc Bay [init TERM-C 3 11N 12E 
W e s ~  Mikkelscn unit 2 13 0 19E 
Gwydyr Bay Slaw 1 9 12N 13E 
Milno Point 1 33 1 3 ~  ! n ~  
Rudhoc Bay Unit 12-3 18 1 0 s  15E 
Kuparuk River Unit CPF l(23-Y-1 I )  Y 11N 101, 
Rudhoe Bay Unit X-1 8 ION 14E 
Kuparuk Rivcr Unit ID-1 14 1 1 s  13E 
Prudhoe Bay Unit Y-l 34 1 13E 
Guydyr Bay Slaw Unit 1 2 12N 12E 
Prudhoe Ray Unil TERS1.A 33 12X 14E 
Kuparuk Rivcr Unit ID-5 23 1 1 s  10E 
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Table 11-4. Depth in mctcrs to basc of icc-bmring pcimafrosl (IBPF) as infcrrcd from wcll-log 
. rcsponscs in North Slope wells. These wclls (cxccpt unnumbcrcd wclls) were used LO construcl contour 

map of Lhe bxic of ice-bearing permafrost (fig. 11-2).-Continued 

Well Well Name Location API s'j IBPF'J I B P F ~ ~ I B P F ~ J  
lndcs  Sec T. R. Intcrprcled Cor redcd  Ostcrkamp S. 

Payne (196 I! 

West Sak River Stat 14 
h'omina~ion 1 
Kupamk River Unit 1E-l  
Kupamk River Unit 1B-1 
Prudhoe Bay Unit 17-1 
Prudh* Bay Uti t  11-4 
Guydyr  Bay Slate 2 
h d h c e  Bay Unit 16-1 1 
Sag Della 7 
Sag Della 8 
Kuparuk River Unit 1C-l 
P ~ d h o e  Bay Unit TR 15-1 1- 
Sag Della 5 
MP Tract (43-31-1 1-13) 
West Sak River Unit 16  
West Sak Rivcr Unit 7 
hlP Tract (22-31-1 1-13) 
MP Tract (32-30.1 1 - 13( 
Prudhoe Bay Unit TR T-3C 
Kupamk River Unit 1 C-8 
West Sak River Unit 23 
West Slaines 1 
East Mikkelsen Bay 1 
Alaska Slate A - l  
West Staincs State 2 
Point Thomson Unit 1 
Point Thomson Unit 2 
Point Thomson Unit 3 
Alaska Slate C-1 
ChaUcnge Island 1 
Fish Creck 1 
Colville Delta 1 
Cape Hakett 1 
Sou01 Hamson Bay l 
Atigaru Point 1 
West Fish Creek 1 
W.T. Foran 1 
h'onh Kalikpik 1 
West Sak River Unit I 5  
Wcst Sak Rivcr Unit 20  
West Snk Rivcr Unit 18 
b s l  Kumpa Unit 1 
Kagrua 1 
Bcli Lnit 1 
Kavik Unit 3 
Canning Rivcr C n i ~  B-1 
Susie Cnit l 
Echooka Lnit 1 
Aufcis Gnit l 
lvishak Lnit 1 
Simpson Corc Test 1 
Simpson Core Test 13 
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Table 11-4. Dcplh in mclers LO basc of ice-bcaring permafrost (IBPF) as infcrrcd from wcll-lor 
responses in North Slope wclls. Thesc wclls (cxccpt unnumbcrcd wells) wcre used LO consuuct contour 
map of the basc of ice-bcaring pcrmalrost (fig. 11-?).-Continued 

Well Well S a m e  Localion API a']  IDPF'~ ID PF'] IDPPJ 
lndcs Sec. T. R. lnterpretcd C o r r s t c d  Ostakamp 6 

Piviit (1PR1) 

148 Simpson Core Test 17 24 1 9 s  11W SO27910018 9 1 90 
18 1 9 s  10W 5027YIM)21 i 10 149 Simpson Core 'l'est ZU 122 

150' J.W. Dalton 1 14 1 8 s  5W 5027920006 276 270 
Drcu Point 1 26 18F 8W 5027920002 247 

151 East Simpson 2 23 19X 11W 5027920007 192 187 
Umiat 1 35 IN 2W 5028710001 335 

152 Urniat 2 2 IS 1W 5028710002 320 317 
153' East Umiat 1 19 I S  2E 5028710016 174 1 69 
154 Shale Wall Unit 1 2 5 s  5E 5028710017 83 79 
155' Kuparuk Unit 1 1 2 s  5E 5028710018 215 21 1 215 

Kaolak 1 25 7 5  34W 5029710001 259 
156 East Harrison Bayn S ~ a t c  1 10 1 3 s  8E 5025020001 479 469 

11 American Petroleum Institue well identification number. 
21 IBPF measured well-depth interpraed from all I q s  (this study). 
3J IBFF depth corrected to ground surface by sukncting distance between kclly bushing and ground elevation from the intcr- 

preted lB PF well -log dcp~h .  
4J \\'ells wtithout Map'number uerc na used to contour. 

Tcnlpcratures measurcd after well bore reached ncar-thcrmal quilbriurn conditions (see rable 11-2). 
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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 to higher values below, apparently because of a high concentration of potassium ions in 
solution at the freezing h n t .  

Idealized log responses at the base of ice-bearing permafrost are shown in figure 11-3 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 
Mficult. The 156 wells and log-determined depths to the base of the icebearing permafrost shown on 
the map in figure n-2 are listed in table n4. 

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

Physical factors that control the response of. a well log within a stmigraphic section include 
mineralogy, porosity, temperature, pore fluids, and, of special concern 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 to detect ice and the volume of ice within the rock. 
Observations made using well logs from the Nonh 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-bearing 
permafrost in the. high-porosity sandstone and conglomerate units of the Prudhw Bay region is easil 
detected, and the log responses are similar to the idealized ones (fig. II-3). Here the depth of the 0 d' 
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 fai1.m indicate the presence of ice, even 
though the depth of the 0' C isotherm commonly extends deep into the lithologic 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), a 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, preventing the formation of 
ice (Anderson and others, 1973; Osterkamp and Payne. 1981). Therefore, 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 subsnate of pans of the NPRA may affect pore- 
filling ice conltions, 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 Nonh Slope (fig. II4); 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 stmigraphic data .The 
depth of the base of the ice-bearing permafrost, as picked from the well-log data (fig. II-4). was 
compared to the depth of the 0 'C isotherm. 

In section A-A' (fig. II4), 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-bearmg pemahs t  is inteapreted to be at 562 
m, near the base of a long transition m e  from resistive to conductive strata We have used recorded 
temperature data from 3 nearby wells to estimate the depth of the 0 OC isotherm in BP12-10-14A at 
623 m. In South Harrison Bay-1 the base of i c e - v g  p e e  is tentatively p W  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 ice-beanng permafrost at 270 m appears to coincide with a distinct lithologic contact, and the 
depth of the 0 OC isotherm is at 410 m. ?he plot of the 0' C isotherm on cmss 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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Figure 11-4. Sclcctcd Norlh Slopc wclls i l l ~ rs~c~ t ing  rcla~ionship or pcr~nafrnst tlcpth (O'C isotherm), 
hasc or i c c - b r i n g  pcrtnarrosl (Trom resistivity-log rcsponsc), m t l  gcncralizctl inrcrprctccl litl~ologics. 
Dcptlls mc;lsurctl from grountl surface. Ice-hcilring pcrtn;lrrosl dcp~lis Irom lahlc 11-4. Dcplhs or O'C 
isolhcrrn from lahl.2 11-2, cxcc01 li)r wcll A wlicrc t lcl~l l i  is ;I 1nc;ln vall~c tlc~crtninctl from 3 ncarhy 
wclls. Wcll locations shown on liglrrc 11-2. 



In BP12-10-14A, this difference is 61 m, but in J.W. Dalton-1. the difference is approximately 140 m. 
A summary b t  of all North Slope wells, where comparisons of this type can be made, is shown in 
table 11-5, 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 11-5, k a m e  the temperature data used to estimate 
the depth of the 0 OC isotherm was from nearby web. 

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 II-4); (2) wells for which both 
well-log picks for ice-bearing p e d o s t  and temperature surveys are available (tables 11-2, II4, and 
II-5); and (3) wells for which temperature profiles but no well-log picks are available (table 11-2, not 
used to determine contours). Of the 46 wells hted in table 11-2 only 14 have well-log picks for the 
base of the ice-bearing pemaf?ost (table D4), 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 
germtlftsst. 

The depths to the base of the ice-bearing peamafrost as selected by Osterkamp and Payne 
(1981) (table Jl4) compare closely with the depths we obtained in our study. However, 12 of 61 
wells used by Osterkamp and Payne (198 1) 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 50 m (fig. Jl-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. 11-2). 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 atmbuted to the presence 
of the overlying water column of the Arctic Ocean (Lachenbruch. 1957). In the Point Banow 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 (Osterkarnp 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 h e r  pained and (OF) lower 
porosity whments which exhibit relatively high geothermal gradients in the pennafkost that 
correspond to a relatively thin or absent ice-bearing permafrost sequence. In this region, perma£rost 
thickness is also infiuenced by an increase in mean annual surf= tempemure of approximately 5" C 
from Prudhoe Bay to the south into the northern foothills of the Brooks Range (Lachenbruch and 
others, 1987). 

IIA3. GEOTHERMAL GRADIENT 
Accurate information on geothermal gradients is essential f a  determining the thickness of the 

gas-hydra& stability zone. On the North Slope, subd8cetemperature 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 merit 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 conbtions on the North Slope. The geothermal gradient dscussion 
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Table 11-5. North Slope wclls in which tcmpcraturc profiles and diagnostic wcll logs allow comparison 
of dcpths to base of pcrqafrost (OC), to basc of an ice-rich laycr (IRL), and to base of icc-bearing per- 
mafrost (IBPF). 

M'ell index Well name API NO.'] Depth lo O'C 2j IRL 3j IDPF 'j 
(m) (m) (m 1 

South Barrow Tcst b'cll-3 
Tulagcak- 1 
ARC0 N Prudhoc Bay St-l 
BP 08-1 1-13 (P.B.U. N-1) 
BP 12-1 1-13 (P.B.U. F-3) 
Fish Crcck-1 
South Harrison Bay-l 
Atigaru Poinr- I 
Nonh Kalkpik-l 
Mobil Echooka- 1 
Simpson Core Tcst- I 3 
J.Hi. Dalton-1 
East Umiat- 1 
SinclairBP Kuparuk- 1 

' j  Amcrican Pctrolcum Institulc wcll idcndfication numbcr. 

From tablc 11-2. 

3J Dcplh to basc of IRL pickcd from rmperaturc profilcs by authors lislcd in table 11-2. If 
blank, thcn no valuc given. 

'1 \\lcll-log picks from ublc 11-1. 
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will conclude with a detailed evaluation of both the measured and projected geothermal @en&. 

MEASURED TEMPERATURES 
Temperature disruptions in the borehole amibuted to drilling can be both sigruficant 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 t h e d  disturbance at a depth of 181 m decreased from 20 OC to about 0.1 OC in a 6 year 
period following drilling. 

Beginning in 1958, a series of 46 wells (table XI&, figures II-5 and XI*, 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 geothexmal gradient data obtained from these high-resolution surveys are presented 
in table 11-6 where the names of the 46 wells along with API numbers are listed. Data given in tables 
11-6 and 11-7 denoted with the symbol $ indicates that the reported infoxmation 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 m e n &  reveal a departure from the generalized 
temperature profile in the upper 200 m ni the well. This departure has been atmbuted to a recent 
worldwide warming vend occurring over the last 100 years (Lachenbruch and others, 1982). It is 
possible, however, to project the undisturbed temperature profiles to the surface from surveyed depths 
where this warming trend has not affected eauilibrium temperature conditions. Temperatures projected 
to the surface from the recorded high-resoluuon surveys are listed in column 5 of table 11-6, and 
contoured in figure 11-7 (modified from Lachenbruch and others, 1987); appropriate references are 
listed in column 11 of table 114. 

Depths to the base of the ice-bearing permafrost (discussed earlier) as determined from 
geophysical well logs for 32 of the 46 temperaturesurveyed wells are given in column 6 of table 11-6. 
Ice-bearing permafrost depths for 12 of the 32 wells in table 11-6 are from the work presented in table 
11-5; 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-beanng permafrost in an additional 20 wells (table Ud). These 20 
new picks are not shown in tables 11-2, 11-4 or 11-5, and were not used to contour the depth to the 
base of ice-beanng permafrost in the map of figure 11-2. Confidence in these 20 new icebearing 
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 permahst is always 0% 
or less, which requires that the depth to the base of the i c e - W n g  permafrost must coincide with or 
be shallower than thc O'C isotherm. The base of ice-bearing permafrosf 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 temperdture conditions at the base of the ice-bearing permahost, the 
depths of the well-log picks for the base of the ice-bearing permafrost were plotted on the quilibmted 
temperaturedepth protiles for the 32 wells denoted in column 6 of table D-6. The equilibrium 
temperatures at the base of ice-bearing permafrost s inteqme-d frOm these temperature profiles have 
been listed in column 7 of table 11-6 and contoured in figure XI-8. Figure 11-9 shows the use of the 
resistivity and gamma-ray well logs and the recorded equilibrium temperature profile from the BP 08- 
1 1-1 3 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 
equilibrium at a temperature of -0.6'~. As discussed in Coktt and others (in press-b) and noted in 
figure 11-8. equikbriwn temperatures at the base of the b b u r i n g  pemmfkst on the Nonh Slope 
range from -0.3 C in the Prudhoe Bay area to -4.8'~ in the NPRA. Both the mean annual surface 
temperature map (fig. 11-7) and the map of equilibrium temperatures at the base of the ice-bearing 
permafrost (fig. 11-8) are used in this report to project geothennal gradients within the ice-bearing 
permafrost sequence. 

Geothermal w e n t 5  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 II-6. Data from high-resolution temperature surveys combined with well-logdetermined base of 
ice-beanng permafrost OBPF) showing &perattires at thaf point, geothermal -&ents above and 
below that point, and ratio of the geothermal g a d m t s .  Tunperature surveys were conducted in wells 
considered to be in or near thermal equilibrium. Well bcations shown on figures 11-5 and 11-6. 

- .  - 

(1) (1) 8 ) (4) (9 (0 0 0)  b) a@) (11) 
Map Wdl Name and 8 API Drplhlo Tempemtun Dcplbb T r m  Ceotbermd Orolbaavl Rak S a r a  
Ln du ud Numbs Number @OC at Sudace &at .L Due  Crdlcnl  Grdknt W G f r  

(-1 OC IBPF m P P  1. IBPF h IBPF 

A SimpmCor rTm 13 5027910013 320: -120 
B Simpm C o r c T a  21 500t310001 2501 -120 
C Simpm COK Ten 28 5027910026 27% -120 
D Simpm COK Ten 29 X)279100ZI -115 
E S a ~ B B . m r v T s t  Wcll I 5002310009 -08.8 
F S a ~ B B u m w T o t  Well 3 5002310011 3%t -122 
G Umirl 11 5028110011 32- -08 .O 
H h t  Umirr 1 50287l0016 2351 -08.5 
1 TqNgonJ 1 5027910033 3351 -10.2 
J KaolrL 1 502029710001 29% -10.0 
K RP 33.12.13 5002920047 660t -11.4t 
L BP 04.11-13 5002920025 640t -1I.lt  
M BP 19-10-15 5002920035 595t -09.8t 
h' BP 23-11-13 5002920054 629t .Il.Ot 
o ARCO N R U ~ ~ O C  B.Y SI I 5 0 0 2 9 2 ~ ~ ~ 9  60st -12.11: 
P BP 08-11-13 5002920079 6201 -11 .01 
Q BP 31-11-14 5002920059 650t -10.61 
R BP 11-11-13 5002920084 640t - I  l.Ot 
S BP 12-11-13 5002920085 640t -11.0t 
T BP 27-11-14 ' 5002920006 6251 -10.7t 
U ARC0 E Bay St 1 5002920133 625t -10.6t 
V Tulaguk 1 5002320018 305$ -12.5: 
W West Du%c 1 5002320014 28Ot -12.0: 
X 1.W. D d m  1 502792000a 410t -12.0: 
Y T~nrl i l r l  5030i20001 290t -10.4t 
Z Rud Bay I 5030120002 310t -10.3t 

AA Ku(lrull 5016320002 282: -10.6t 
BB Sarth Mude I 5016320001 20Ot .10.2 
CC Kuyuuk 1 5016320003 330t -10.9: 
DD EsslSimpron 1 5027920005 370: -Il.Ot 
EE lkpikpuk 1 5027920004 140t -10.6t 
FF D r e w h i m  1 5027920002 325t -11.3t 
GG Eut Tdckpuk 1 5010320006 26St -11 .St 
HH NmhKdikpik 1 5010320011 215: -11.3t 
LI Fuh Cmclr 1 5010310001 260t -1 1.6t 
JJ Smth Huriron Bay 1 5010320007 375: -11.4$ 
KK Adgm P o i 1  l 5010320008 4USt -10.8$ 
LL Awu17.l 5015520001 295t -09.0t 
MM Lirbume 1 5013720003 290t -06.2: 
hX KKuk~k  1 5011920001 290t -09.3t 
00 Sub= T m  Wcll I 5028720007 310t -08.9t 
PP Kupuukl 5028710018 3a)t -..St 
QQ win1 50221XX)Il 240t a . 6 :  
AR M d a  l scmWCmX 2 8 4  -0S.6f 
SS tnrdng Riva A-l 5017920005 282$ -08.3t 
'17 Umial9 5028110009 3%: -08.6t 

(3) Amoiun P a m l ~ n n  M n n e  unique well 
idmrihutim n u m b  (Alukm Oil and Gu Carsavalon Cammkim. 
3001 PolPrpinc Drive, Anshongs Alulu. 99501). 

(4) Dcph hrm d a m  
(5) Tmpmturor pro@ h n  h e  d s d  YCU pmfila. 
(6) Dcph f m  a n f a a  (611m ud othcn, in prt= - a). 
(11) Dau r- (Sac Rdcrrnm -1. 

la-Buring RmvfmsL 
(t) Dau rcponed by d a m 4  authm in dunan 11. 
(-) NO dill 
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B-. 1958 
do. 
do. 
do. 

M.cCmhy. 1952 
do. 

Fcrduu. 1965 
do. 
do. 
do. 

Lchrnbmch m d  Mhqs. 1982 
do. 
do. 
do. 
do. 
do. 
do. 
do. 
do. 
do. 
. do. 

k c b a b r u c h  md &or. 1987 
* -do. 
. do. 
. do. 
'do. 
-do. 
do. 
do. 
do. 

- do. 
do. 
do. 

' dn. 
do. 
do. 
do. 
do. 
do. 
do. 
do. 
do. 
do. 
do. 
do. ' 

Q. 
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Table 11-7. North Slope wells with our log-determined base of ice-bearing permafrost (IBPF) in which 
we have estimacd temperatures and geothermal gradienlq from regional North Slope trends estimated 
t y  46 wells with high-resolution temperature surveys (table 114, figures 11-7, 11-8, 11-10, 11-1 1, and II- 
12). Well locaticns shown in figurcs 11-5 and 11-6. 

0)  (J) (4) (5) (o . m  (s) 6) (rw 
Well Name md I Locrllm A PI lkplh  Inlcrpnlaled h l q m l r l e d  R r l b  ProJectrd RoJcctcd 

~n T. R I or TO to c t ~ c r r   coth hem^ C ~ ~ I ~ C ~ I U I  
IRPF r I  Surfam r l  h.sc Grrdlecrl Cradlenl 

(moten) OC lnPF In IRPT below I ~ P P  
*c (Crr) (GI h) 
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'Kuprul: S u b  7-tl-IX 
h d h a  Bay LkiU Sic  4 1  
h d h a  Bay Urn$ F-1 
Wea S& R i v s  ate.. 1 
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Notth Unnklin Blufla I 
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Table 11-7. North Slope wells wilh our log-dcterrnined baw of ice-bcaring permafrost (IBPF) in which 
we havc cslimated tcmpralurcs and gcolhcrmal gradien~~ from rcgional North Slope ~ c n d s  txtimatcd 
by 46 wclls with high-rcsolulion tcmpcralurc survcys (tablc 11-6, figurcs 11-7, 11-8, 11-10, 11-1 1,  and II- 
12). Wcll Iwaiions shown in figurcs 11-5 and 11-6.-Conrinucd 

(1) 0) (3) (4) . (9 (0 (T) 
. Map Well Name rnd t lmcrtlon 

(fl 
API 

(9) n e 
Drplh Inlrrpnlaled Inlcrpdrled Ratlo PmJcctrd PmJcdcd 

No. Sn T. R. t d To T" GIWCR Ce0Ihenn.l C d h r r m r l  
lRFF st Surface at ham Crmdlrnl Grdlrnl  

(melcra) OC IRPF In IRPF blow I ~ P F  
oc (err) ( ~ t h )  

44. Kupuuk 3&11-13 30 IIN 138 SOU29~191 618 -I  I -1 .O 1.6 1.62 2.59 
45. l l i f i l d  Sute I 24 IIN IIE 5002920199 Sad - I  I -1.0 1.7 I .n 3.01 
46. Rudhoe Ray Unit NGI-7 12 I I N  1 4 ~  m ~ 9 2 0 2 1 0  550 -12 0.5 1.7 1.91 3.23 
47. hudhoc Bay Drill Site. 9-7 2 ION 151! 5002920223 554 -I I -I  .O 1.7 1 .SO 3.06 
48. Rudhoc Ray Drill Site 3-6 I1 ION I5E 5002920226 589 -I  I -1 .0 1.7 1.70 2.89 
49. Kupruk R i m  Unit IR.5 9 IIN 1OE SO02920257 497 -I  I -1.0 1.7 201 3.42 
50. Point Mclntyre 2 16 12N 14E 5002920264 5SO -12 -1.0 1.6 200 3.20 
I .  K u p d  R i m  Unit ID8  23 I I N  IOE 500292112~ 4117 - I  I -1 .O 1.7 206 3.50 
5 2  Wen S I  3645 9 3 IIN 9E 5002920274 454 -I 1 .I .O 1 .8 2m 3.96 
53. W C ~  SJ. 25548 11 36 1 m  8~ s~mnm 462 - I  I -1 .O 1.7 217 3.69 
54. weat M L U ~ ~  sute I 32 ION I ~ E  m 9 m n e  aoo -12 -1.5 1.9 1.75 3.33 
5 5  h d h a  Bay Chill Site 1-16 8 ION 15E 50029202118 597 -I  I -1.0 1.6 1.68 2.69 
56. Rudhac Bay Drill Site 7-6 33 IIN 148 5Mn9m294 582 -I  I 0 . 5  1.6 1.80 2.88 
57. K u p d  R i m  IUnit A-8 5 IIN IOE SWl920313 470 -1 1 -1.0 1.7 213 3.62 
58. Rudha Bay Unit Q 3  16 I IN 138 WJZ920322 60% -1 1 0 .5  I .I 1.73 3.1 1 
59. hdhm Bay Drill Site 13-2 I4 ION 1 4 ~  xn2920324 5 ~ 6  -1 1 -1 .O 1.6 1.71 2.74 
60. Rudhw Bay Drill Site 14-5 9 ION 14E S0@2920327 573 -11 -1 .O 1.6 1.75 280 
6 .  W O ~  S I  75667 4 7 ION 9E SOOl920343 462 -I I -1.5 1.5 206 3.09 
6 2  Rudha Bay Unit TERM B P 1IN 138 SOOl92035S 608 -I I 4.5 I .8 1 . n  . 3.1 1 
63. Rudhw Bay Unit TERM C 3 11N 12E 5002920356 5% -I I 43 1 .8 1.76 3.17 
64. Owydy Bay Sute I 9 IZN 131 so02920375 5 U  -12 -I  .O 1.7 1.98 3.37 
65. Milne Pbint 1 23 13N I01 SOU2920376 510 -I2 -1.0 1.9 216 4.10 
66. h d h a  Ray Drill Site 12-3 18 ION IS1 W 2 0 3 7 7  565 -I I -1.0 1.7 1 . n  3.01 
67. CFT I ( P - ~ - I I - ~ o )  9 I I N  IOE m m n a  SM -I I -1 .o 1.8 1.87 3.37 
68. Rudhoe Bay Unit X-l 8 ION 1 4 ~  s0m920590 540 -I 1 -1 .O 1.4 1.85 2.59 
69. Rudha Bay Unit Y-1 34 IlN 138 SOU2920394 535 -I I -1.0 1.4 1.87 2.62 
70. G q d r  Bay Sum Unit 1 2 IZN 128 5002920396 543 -I2 -1 .O 1.7 1.84 3.13 
71. Kupuuk R i w  Unit ID-S 23 11N 101 50029ZD417 512 - I  I -1.0 I .7 1.9s 3.32 
7 2  W m  S.L 25655 14 19 IIN 9 1  5002920419 454 -I  I -1.0 1.7 220 3.74 
73. Naninrtrm I 34 1IN 12E 50@29'1M26 536 -I  I 4 .5  I .6 1.96 3.14 
74. Kupuub River Unit IE-1 16 1 IN 10E , WO29aW64 455 -1 1 -1.0 1.7 220 3.74 
75. K u p d  River Unit 18-1 9 I IN IOE MOZ92M6S 495 -I 1 -1 .O 1.8 202 3.64 
76. M a  Bay Drill Site 17.1 22 ION I5E 5002920476 574 -I I -1 .O 1.7 1.74 2.96 
77. Rudhw Bay Drill Site 11 4 34 I I N  IJE ~01x92~80  TI - I  I 4.5 1.7 1.82 3.09 
78. Owydy Bay Sum 2 1 I 1 m  138 ~ n n 9 m 9 1  564 -12 -1.0 1 4 206 3.26 
79. Fhdhw Bay Drill Sirs Id11 24 ION IS@ 5002920516 590 - I  I -1 .O 1.7 1.W 2.87 
80. K u p d  Riws Unit IC-l I2 1IN 101 SOU292052h 536 - I  I -1 .O I .8 1.87 3.37 
81. Rudhw Bay Unit TR 15-11-12 9 IIN 12E 5002920SZA 565 -I  I 4.5 1.8 1.86 3.35 
82  MPTnn (43-31-11-13) 5 ION 13E SOO2921)536 MB -I  I -1.0 1.6 1.65 2.64 
83. Wed S l t  25523 16 36 IIN RE 5002920541 497 -1 1 -1 .O 2.0 201 4.02 
84. Wen S I  21519 17 26 13N 9E 5002920542 512 - I  I -1.0 2 0  I .95 3.90 
8 MP Tma (22-31-11-13) 30 11N 13E 5002020545 621 - I  I 4.5 1.8 1 .@ 3.06 
86. MPTna  (32-30-1 1-13) 30 IIN 13E 5W29X)W 628 - I  I 4.5 1.7 1 .ti7 2.04 

- -- - - -. - - 



Table 11-7. rMh S l o p  wclls wirh our log-determined baqc of icc-bring permafrost (IBPF) in which 
we have eslimalcd kmpcralures and geolhcmal gradients from regional North Slope trends estimated 
by 46 wc.lls with high-rjsolulion empcrature surveys (table 114, figures 11-7, 11-8, 11-10. 11-1 1, and II- 
12). Well locations shown in figurcs 11-5 and 11-6.-Continued 

(I) 0) 0)  (4) (5) (q r-r, m (9) (1 a) 
Map W c l l N m t u d l  L o a t h  API Depth Interpolated Intapola td  Ratla Projected FroJeded 
No. ..Sac T. R. I of To To CtNCh Ccothernul Ce$hernul 

IBPF at Surface .I base Crndlml Gradlent 
(mttrn) "C IRPF In IRPF bclm IRPP 

OC (Gft) (Gth) 
p~ -- - -  - - 

87. R u d h m B a ~ U n i t l R T - X  17 I IN 15E M02Q205S5 576 -11 43.5 1.7 1.82 3.09 
88. KupluL RiarUri l  1C-8 I2 I IN 1 W  5002920PB5 534 -11 -8.0 1.8 1.87 3.37 
89. W a  S& 25631 23 7 12N ?E M0292OW 461 -I1 -1.0 1.9 2.17 4.12 
90. W a  Suina I 18 9N 23E 5008920001 601 -11 -1.0 1.7 1.66 282  
91. Eaa MikkaLsl Bay I 7 9N 2:E 50011920002 586 -11 4.0 1.7 1.71 291 
9 2  Wac Suins  Sum 2 L5 9N U E  SOO892013W 612 -11 -1.0 1.7 1.63 2n 
93. Paint nDmm UrA 1 52 ION 238 500892W 5% -12 -8.0 1.7 I .85 3.15 
94. Paint nDmm UrA 2 3 9N 2 Z  400892KQS 598 -11 -1.0 1.7 1.67 284 
95. Cdville Ikl. l 9 13N 6E M1032UXU 558 -12 -1.5 2 0  1.88 3.76 
96. C a p  Hdka I 5 I N  7!W S O l 0 3 2 m  r# -12 d. 5 I .7 2.80 4.76 , 

97. W a  S& 25590 I5  5 ION DE ~10320C13 438 -11 -1.5 1.5 2.17 3 . 5  
98. Wcm SJ. 25618 ZO 5 9N DE 501032OC18 409 -11 -1.5 1.4 2.32 3.23 
99. W m  SrZ 15571 111 16 I IN DP. SOI032OCI9 455 -11 -1.3 1.6 2.09 3.34 
100. SUMS WI I n m 13e ma~orol ,253 - I  -1.0 1.1 2.77 3.05 
101. Aufaa Udt. l 30 3s I I E  5 0 2 ~ ~ ~ . 1 0  174 -6 -1.3 1 .0 2.59 2 59 
l a  l r i ~ &  U ~ ~ L I  6 IS I =  5azU2OC~14 289 -I -1.0 1 .O 2.08 208 

(4) Well M mmibr: Amsriur P m l a u n  Inatiane unique w d  i W u t i m  nmnbu ( N u b  Oil a d  &a h c r c . t i m  Consnisnm. 3001 Ddvz Anchrmge. 
Nuka. 995Cl) 

(9 D q h a  murrPd f m r  -3 level b (he bare d &e iebburing pamafmsc (IBPF);(Collm ud a h .  in preg-a11 
(6) V ~ l u a  inrepoked fmn  the nup  in figrnr n-7. 
(7) welua mcapnbted fmn  thenup in fi~(urc n.8. 
(8) v d u a  i n m t e d  fmn thenup in l u g m  11-12 



1 -  - - ' r- - - -. - - -. , - -.. . - - -. .... e - - ,.-. I- - . . . - .  
160" I !,R" 156' 1'14" 

I I.%" 
1- 

I sn" I ~ R "  I (6" 

Contour Interval 1 OC 

n 100 k m  

Figure lI-7. Contour map of projected undisturbed surface rcmpcrarurcs (OC) in the central North 
Slopc (rnotlificd from Lachcnbruch and orhcrs, 1987). 
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Figure 11-8. Contour map of  temxrature &) at the log-determined base oh ice-bearing permafrost for 
the central Norlh Slopc. Wells idcntificd in figures ll-5 and 11-6; tcmpc-ature dam tabulaced in table II-  
6; methcd of  dclermining tcmpcral.ure at basc of  ice-bcaring pcmafrost illustrated in figurc 11-9. 
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Geothermal gradients calculated from the temperature sweys  within the ice-bearing permafrost 
section are listed in column 8 of table XI-6 and presented along with projected geothermal gmhents 
(to be discussed later) in figure XI-10. Geothermal @en& below the base of the ice-bearing 
permafrost are listed in column 9 of table 11-6 and contoured with 102 projected geothermal @ents 
in figure 11-1 1. Nine of the 46 surveyed wells have no geothennal gradients reported below the base 
of the ice-bearing permafrost because of insufficient survey depths. In addition, the m& 
geothermal gradients noted in column 8 of table I14 for Simpson Core Test-21 and East Simpson-1 
were not used to contour the geothermal grad~ent 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 geothmal merit changes abruptly at the' 
base of the ice-bearing permafrost due to a change in t h m a l  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 11-6. 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 II-10 and 11-11. The ratios between the geothermal gmhents from below the base of the 
ice-bearing permafrost (G,h) (column 9, table U-6) over the geothermal @ents from above the base 
of the ice-bearing pe-st (Gk) (column 8, table II-6) are given in column 10 of table II-6 nnd 
contoured in figure 11-12. This ratio (GthE represents the variation in the geothermal gradient 

m a t  from within to below the ice-bearing pe ost, and the map in figure 11-12 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 mtios listed in table 11-6 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 reponed values less than 1 generally 
range from 0.89 to 0.99 with one value of 0.57. The relative nearness of ten of these ratios to 1, and 
the locations of most of these eleven sites in the NPRA suggest that the geothermd gradient hth 
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 geothennal gmhents within the ice- 
bearing sequence and 35 grahents 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 sweys  and known 
ice-bearing permafmst 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 ueothennal gradients has been developed (Collea and others, in 

press-a). This method uses known ice-bearing permafrost depths and regional temperature constants 
deaived £rom stabilized well-bore temperature surveys (table IIb, figures II-7.11-8, and II-12). To 
r e h e  the resolution of the geothermal grad~ent 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 ll-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 11-7. 11-8, and II-12 have been used to interpolate 
regional constants at each well for the equilibrium surface temperatures (column 6, table n-7). 
temperatures at the base of ice-bearing permafrost (column 7, table 11-7), and the ratios between the 
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Figure 11-10. Ce3tour map of,calculatcd and pojacted gco~ennal gradien~r f~1100m) above the base 
of icc-bearing permafrost for Lhc ccnml North Slope. Wclls idcntifiul in figures 11-5 and 11-6; tempera- 
ture data tabulated in lablcs 10-6 and 11-7. 



Figure 11-11. Contow cnap o f  calculated and projected geolhennal gradients (3~/100m) h l o w  the baw 
of ice-bcsring pennafros for the ccrtral Noti1 Slope. Wclls idcntificd in figures 11-5 and 11-6; tempera- 
ture data tabulatad in tat-lcs 11-6 and 11-7. 



Figure n-12. Contour map of ratios of che calculated geothermal gradicnt from below ice-bearing per- 
mafrost to rhc geolhcrmal gradicni from within thc ice-bearing pcrmafrosc (G,K;,) for the central North 
Slope. Wclls idcnlificd in figures 11-5 and 116; tcmpcraturc data tabulaccd in tablc 11-6. 



geothermal gradients above and below the base of the ice-bearing permafrost (column 8, table II-7). 
For each of the wells listed in table n-7 a geothermal merit was projected from equilibrium 

surface temperatures to the interpreted depth and temperature at the base of the ice-bearing permafrost 
(column 9. table 11-7). 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 h m  information on the map in figure 11-12 are listed for all 102 wells (column 8, table 
II-7). These ratios were then used to relate the projected geothemal @ents within the ice-bearing 
permafrost (column 9, table 11-7) to the projected geothermal gradients below the base of the ice- 
bearing pemmffost (column 10, table 11-7). The projected geohemd gradients, both above and below 
the base of the ice-bearing permafrosf have been combined with the geahermal padmts calculated 
fkom the high-resolution temperature surveys to construct maps of the geothermal gradient above (fig. 
11-10) and below (fig. II-11) the base of the ice-bearing permafrost on the North Slope. In the maps 
shown in figures 11-10 and II-11, the wells with geothermal gmhents calculated from the high- 
resolution temperature surveys have been noted with a 0, and wells with projected geothermal 
gmhents are referenced with a (see figures 11-5 and II-6 for detail). 

Figmes Il-Y and 11-13 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 11-9, the recorded 
temperature profile from the BP 08-1 1-13 well indicates that the base of the ice-bearing permafrost 
(585 rn) is in equilibrium at -0.6 OC, and the ratio is 1.8 between the recorded geothermal w e n t  
below the base of the ice-bearing permafrost (3.0~~1100m) and the geothermal gralent above the 
base of the ice-beanng permafrost (1.7°~/100m). 'Ihere are m temperature data available for the 
Prudhoe Bay Drill Site 14-5 (fig. 11-13), but the depth to the base of the ice-bearing permafrost, as 
determined from well logs, is 573 m. For this site the interpolated mean annual surface temperature 
is -1 1 .0 '~  (fig. II-7), and the base of the ice-bearing permahst should be in ~uilibrium at -1.o0C 
(fig. 11-8). This information enables us to project a geothermal gml~ent of 1.75 C1100m from the 
surface to the base of the ice-bearing permafrost. The interpolated regional ratio between the 
geothermal gradents 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 ~ . S ~ C / I W ~ .  

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-beanng permafrost depths generally agree favorably over most of the 
Nonh Slope with values in the ice-bearing sequence ranging h m  1.55°~100m in the hdhoe  Bay 
area to 4 . 4 6 ° ~ / 1 ~ m  at Fish Creek-1 in east central NPRA. Geotheamal gradients calculated from a 
series of high-resolution temperature surveys conducted in 11 closely spaced Prudhw Bay Unit weus 
(table II-6; wells K thmugh LI) show thal local g e ~ t h m a l  p e n s  range fmm 1.55 to 1 . 9 0 ~ ~ 1 ~  in 
the ice-bearing permafrost sequence, and from 2.55 to 3.17 C1100m below the base of the ice-bearing 
horizons. Thus, there appears to be a local variation in the geothennal gradient as great as 
0.62~U100m in a region that is characterized by generally uniform rock types and umstant external 
temperature parameters. With our limited data base, it is impossible to evaluate this range in the 
calculated geothermal grildients; the range could be due to differences in subsurface rock types, 
pomsities. water content, or unknown parameters. An unexplained variation in the geothermal 
pabent 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. 

IIA3. 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 gaschromatographic data from 320 wells suggest that 
methane is the dominant gas in the near-surface (0-1500 m) sedrments 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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(Collet~ 1983a) reveals a more complex gas chemistry than pure-methane (table 11-8). 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 w e n t  for the Placid Statel 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 c w e s  have been generated by three, fourth-order 
polynomials calculated by U. Sloan, Colorado Y c B ~ I  bf hhiieS, Goiuen, Coiotada. The addldon of 
7% nitrogen to the pure methane gas mixture would shift the stabilig curve to the left approximately 
-l.oOc, and the addition of 14% nitrogen would shift the c w e  -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 ad&tion 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. 

II.A.4. PORE-WATER SALINITY 
Fluid and rock properties are known to affect the temperature at which watet freezes in the 

subsurface. For example, the base of the ice-bearing permafrost on the North Slope is not in 
equilibrium at O'C but at a lower temperature (Collea 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 freeting 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 11-15. Analyses of the recovered w a r n  indicate that the 
pore-fluid salinities are low, ranging from 0.5 to 18.1 ppt. To further evaluate reservoir fluid saliniues, 
and to verify the reported analyses, salinity calculations have been made from the spontaneous- 
potential well logs within the intervals listed in table 11-9. 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; Wyllle, 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 U-9 (noted with an t) 
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 11-16 from the J.W. Dalton-1, South Harrison Bay-1, 
and Prudhoe Bay Unit N-1 wells. Uncorrected logcalculated salinities from w i t h  ice-bearing 
permafrost and clay-rich horizons are not valid became of the effect of ice and clay on the 
electrochemical potential of a water-rock system. Therefore, only subpermafrost 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 recyded 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 b&se of the m-e- 
hydrate stability field in Placid State-1 (from 1,320 m to 1,290 m). In addition to reporting the 
calculated salinities in table 11-9, the thermaleffect on gas-hydrate equilibrium of each referenced 
salinity has been listed. The overall thermaleffect of the dissolved salts on gss-hydrate stability on 
the North Slope can generally be considered negligible and was not included in the gas-hydrate 
stability determinations. 

II.A.5. PORE-PRESSURE 
Most gas-hydrate stability studies assume that the subsurface porepressure gradient is 

hydrostatic (9.795 kPa/m; 0.433 psilft). Pore-pressure gmi~ents greater than hydrostatic will 
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Table 11-8. Gas analyses from cores and flow tests in Northwest Eileen State-2 (Collea, 1983a). Cored 
interval 665-667 m is inferred from pressure data to contdn.natural gas hydrates and the cored interval 
is interpreted as gas hydrate bearing from well-log responses (fig. 1-2). 

Sampk DepthInterval CarbonDLoxlde Oxygen Nltrogen Methane Ethane Propane 
T w  (m) 46 % 96 9b % st 

Core 
Core 
Core 
Core 
Core 
Core 
Core 
Core 
Flow Test 
Flow Test 

1.26 14.70 
Trace 0.14 2.26 
Trace 0.15 1.09 

0.40 2.01 
0.52 12.53 
0.02 0.84 
0.03 0.80 
0.05 1.46 

Trace 7.19 
Trace 7.23 
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Figure II-14. Gas hydrate phase diagram for the Placid State-1 well shown with three uferent  gas- 
hydrate stability curves, each representing a different gas chemistry. 
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Table 11-9. Near surface (0-1,500 m) pore-water salinity data. Sources include analysis of 52 water 
samples recovered from dril1: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). 

W ~ U  N- API DCM~J ~ . l l n ~ t ? J  ~ c m p m t u t c ) J  sdln~ty'J ~ c m p m t u d l  ~ o d r  ~-tb. 
a d  N P r b a  Number (m) bpi) . f l ea  bP() ~ C C I  -p(d 

(-3 ec) 
Kupuuk R i v u  Unit 18-1 

Nonhwm Eilscn SUW 2 

Kupvulr R i v u  Unit 1B-5 
Nonhwst Eileen Suu 1 

Wolf C d  3 
W e b l a d e  

S o d B r m n 8  
S a u h B u r u * 5  
SourhBurowr7 
E4munri.t 1 
Kupruk R i v a  Unit 1B.5 
K u p U k  KVU Unit D l 5  
P o i  'Ihanrm Unit 1 
W a l  SJ 7 
Rudha Bay Unit 2-14 
W t n S J  1 
K u p d  R i v a  Unit 1B-l 
J.W. Ddm 1 
S C d h  Huriiiil Di i' 1 
Rudoc Bay Unit H-1 

1J M a d  well dqxh of u m p l d  or e n l u a t d  imcnd.  
' 

2 j  Parr-waur ulinity urdycia d u m p l a  d a d  dvdng drill-am a podvc~ion ~ra 
Thcmvi dcpreuion e f l a  on h e  arbiliry of gu hydnlc r m i W  m h e  .lulyzrd ancmmdau liMd in the p&oui adumn. 

h w a m  ulinities u l c u l a t d  fmn h e  pmuncau -Pal v+ll log. 
'Ihamd dqaarim efia on the stability d p a  h y d n k  arvibrncd tn the ulcuLctd u l t  anrmmtim Lined in chc prrviau mlumn. 

t salinity @la h rponunaun-pamurl well-log ulcultiau. 
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Figure TI-IS. h a t i ~ n  of central N o d  Slope wells imm which pon-wner salidty data have been 
obtained. Sdinities arc from analysis of rccovercd samples and well log calculations (table 11-9). 



Well 1 Well 2 Well 3 

Figure II-16. Calculated pore-water salinity profiles using the spontaneous-potential log method 
beneath the ice-bearing permafrost in selected Nonh Slope wells (Well 1, J.W. Dalton-1; Well 2, South 
Hamson Bay-1; Well 3, Prudhoe Bay Unit N-I). See figure 11-2 for well locations. Only clean- 

, sandstone units have been utilized in calculations. No well log corrections have been used (* denotes .. 

base of ice-beanng permafrost). 
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correspond to relatively higher pore-pressure with depth and a thicker gas-hydrate stability field 
Listed in table 11-10 and denoted on the map in figure II-17 are 17 wells frM which recorded 
pressure data have been used to calculate pore-pressure gradients wittun the near-surface sediments. 
The wells in table II- 10 are divided into three groups basd on their location (fig. Il- 18). For the 
eight wells £ram the Eastern Coastal Plain Province the average pore-pressure gmhent is 9.817 W m  
(0.434 psi/ft), near hydrostatic. However, in the Western Coastal Plain Province and in the Northern 
Foothills Province, the calculated porepressure gradients are greater than hydrostatic, with values as 
high as 13.414 kPahn (0.593 psVft). These highes porepressme m e n t s  may be due to rapid 
regional uplift and local tectonic activity. The observed pare-pressure grad&ents in the near-surface 
sediments of the North Slope range from a minimum of 9.433 kPa/rn (0.417 psi/&) to a maximum 
13.414 kPa/rn (0.59ipsilft). A low porepressure gradient of 9.433 kWm (.417 psi/fr) would 
correspond to a -0.4 C temperature shift of the methane-hydrate smbiity curve. and a 13.414 kPahn 
(.593 psilfi) gradient would shift the stability curve +2.3'~. In the Placid State-1 well, a -0.4'~ 
stability curve shift would move the base of the methane-hydrate stability field up approximately 20 
rn. However, a +2.3'~ shift would increase the depth of the methane-hydrate stability field 120 m, to 
a depth of 1,440 m. 

To examine funhex 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 
ovcr-burden pressures, they are compacted, ilnd c&iWuefit ttansit-time velacities and gamma-fay 
values increase with depch 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 garnma-ray log data (Wluttaker, 1985). For example, the gamma ray, resistivity, and 
transit-time plots in figure 11-19 from West Sak River State-1 reveal that the pore-pressure within the 
nea~~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 ar near hydrostatic. The 
over-pressured horizons appear to be limited to the Foothill Province. Because most of the study area 
is within the Coastal Plam Province, the gas-hydrate stability determinations assumed a hydrostatic 
pore-pressure gradrent of 9.795 W m  (0.433 psilft). 

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 (gram surface area) affects the freezing point of water. 
However, the quantification of the freezing-point depression amibuted to the presence d high- 
surface-area mamx 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 soiVrock particle effect in silt and m g r a i n e d  mediums is 
negligible. In addition. Pusch (1979) demonstrated that variations in clay micros- can affect the 
volume of unfrozen watex, thus further complicating freezing-point depression calculatiom. However. 
it is not known if high-surfacearea rock material will affect the t h u d  equilibrium of gas hydrate in 
a manner similar to thaf of ice. Therefore, it is impossible to quantify the effect of grain size on gas- 
hydrate equilibrium conditions on the Nonh Slope. It is possible, however, to speculate on r&ons 
which may be affected by grain-size variations by evaluating local rock types. Figure II-20 is a 
generalized geologic map of the major rock types within the near-surface sediments of the Nor& 
Slope. Depicted on the map are two relatively coarse-grained sediment packages: one in westcentral 
NPRA; the second extends from Harrison Bay to Canada Within amse-grained sediment, grain size 
should not affect gas-hydrate stability. However, in eastern NPRA and almg 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 feaarres, such as the shale-filled Cretaceous 
Simpson Canyon, may affect stability conditions. 
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Tabk IX-10. Pore-pressure data from Nonh Slope wells obtained from drill-stem or production tests. 
The calculated pore-pressure m e n t s  are shown in kPa/m, and are grouped by location (fig. 11- 18). 

Well Name 
and N u m k  

MI 
Number 

DeP* 
inttrvrl (m) 

West Sak I 

East Ugnu 1 

Kuparulr 26-12-12 
Placid h e  1 
Milne Point 2 
Ravik 1 
West Sak 23 

Aufeu 1 

Gubii 1 

Shale Wall 1 
S* 1 

hth Barmw 4 
hth Barrow 9 
Scul Barrow 17 
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Figure 0-17. Location; of central North S l c p  wells in which pne-pmsurc m i e n 6  have been dem- 
mind. Earn s u m s  inzlude drill-stem iwt  pre.sure meanoemcnc; and wire-line well log calculations --.- 

(tables 1'1-10 md 11-1 1). 



Figure ll-15. General map of the physiographical provinces of the North Slope, showing the region of 
possible abnormal pore-pressures within the near-surface (0-1.500 m) sedimenls (table 11-10). 



Table II-11. North Slope wells in which wire-line logs have been used to evaluate formation pore- 
pressures (see fig. 11-17 for location of wells). 

-..-....,, . .. .,L ,.. .., ,,,,, . .,., ,. , . . . .. -..... . .. .,., ".-..---.- 

Well Names and Numbers API # 

Point Thomson Unit 2 
West Sak River State 1 
Prudhoe Bay Unit 14-5 
Prudhoe Bay Unit 17-1 
Foggy Island Bay Unit 1 
South Meade 1 
Tunalik 1 
Prudhoe Bay Stat@ 1 
Nechelik 1 
South Harrison Bay 1 
J.W. Dalton 1 
Cape Halkett 1 
West Sak River State 14 
Kuparuk River Unit 1D-8 
East Ugnu 1 
ftkillik River Unit 1 
West Sak River State 23 
K u p W  River Unit I b-5 
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Figure II-19. Well log compaction (pore-pressure) profiles from West Sak River State-1 (table II-11). 
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Figure TI-2@. Generalized bedrock geologic map of the North Slope coasajl plain and northern foothills 
provinces sfowing ihe distribution of m~jor rock types. Stippled pattern iadicates bedrock composed of 
sign-.ficanl Inu1 high'y variab[e amounts of sandstone with some conglomerate. Dashed pattern indicates 
bedrock c~~nposed mostly of shale and siltstone. 



1I.B. DISTRIBUTION OF THE GAS-HYDRATE STABILITY FIELD 

Table n-12 presents a summary of the assumptions we have made in deteamining the extent of 
the zone of gas-hydrate stability. The methane-hydrate stability c w e  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 tempmure into two equations; 

~(kPa)=ex~[l4.7170+1886.79fi] (From 248 to 273 K or -25 to O'C) 

~(kPa)=ex~[38.980%8533.80/P~] (From 273 to 298 K or 0 to 25%) 

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 dcpth 
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 m e n t .  ks 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 gm$ent of 9.795 kWm (0.433 psilft) was used. 

A computer program was wriaen to facilitare calculations of the limits of the gas-hydrate 
stability zone. The gas-hydrate stability program requires as input the mean annual surface 
temperature (table 11- 13, column 6).  the depth ro the base of the ice-bearing permafrost (table n- 13. 
column 5), the temperature at the base of the ice-bearing peamafrost (table 11-13, column 7), and the 
mdo between the geothermal gradient from above ro below the base of the icebearing permafrost 
(table II-13, column 8). These data were obtained by interpolation from the maps &scussed earlier. 
The program will project the geothermal gradient above and below the base of the ice-bearing 
permafrost (table 11-13, columns 9 and 10) and calculate the depths of the upper and lower 
intersections of the methane-hydrate stability c w e  and the projected geothermal m e n 1  (table 11-13, 
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 II-13. The depth to the top of the 
n~elhane-hydrdte stability field (table 11-13, column 11) has been contoured in figure n-21, and the 
depth to the base of the stability field (table 11-13. column 12) is shown in figure XI-22. In addition, 
the calculaLed total thickness of the methane-hydrate stability field within each well is lisred in 
column 13 of table II-13 and isopached in figure n-23. Figure 11-23 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 paramctcrs 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 1 W o  methane 

2. GEOTHEMAL CRADIEAT 

Within Ice-Bearing Permafrost: 
1.5S°C/100 m to 4.46°C/100 m 
(Tables II-6 and il-7) 

Below Ice-Baaring Permafrost: 
2.08"C/100 m to 4.76OC/100 m 
(Tables XI 6 md II 7) 

3. PORE-FLLID SALIhRY 

Calculated rangc of 0.5 to 18.0 ppt 
(assumed fresh warn; no ~heamal effect) 

4. PORE-PRESSURE 

Assumed hydrostatic pore-pressure gradient of 9.795 kPalM (0.433 psilft) 

5. ROCK GRAIN-SIZE 

Assumed swd size or larger 
(no henna effect) 
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Table 11-13. Wells and data used to calculate and map the depth and thickness of the 
stability field on the Nonh Slope of Alaska (figures 11-21, Dl22 and 11-23). 

methane-hydrate 

(1 Q )  0) (4) (5) (0 m el a@) 
Wdl Well Kame API lPclUoa 
lndu Number k T. R 

h t h  B u m w  T a t  Well4 
h l h  B m w  T a t  Well 13 
South B m w  T a t  Wcll 14 
W l u p  1 
Wat  Duu 1 
Sou& B m w  T s t  Well 20 
h l h  B m w  T6t  Well 15 
h t h  B u m w  T a t  Wcll 18 
W d r k p  2 
PNdhoc Bay 1 
Sag R i m  1 
Iklu Suu 1 
BP 27-11-14 
Soul 31-25 
West K u p d  2-11-11 
Hani 39-11 
Rvdhoc Bay Unit I-1 
Kad Riva 1 
BP W-11-13 
Hurl 5-1013 
bvcuak Point 32-35 
U e  79 Fedcnl 1 
Nunh K u p a d  %12-12 
BP 19-10-15 
Tmlik Fedad 2 
BP 33-12-13 
Nerh h d h a  Bay Suu 1 
BP 23-11-13 
BP 31-11-14 
K u p d  Suu 7-11-12 
Rudhoe Bay Drill Sire 4-1 
BP 08-11-13 
Rudha Bay Unit F-1 
BP 11-11-13 
W a t  Srk Riva Unit 1 
Rvdhoc Bay Unit H- 1 
PNdhoc Bay Ddll Siu 4-6 
Haahwest Eilecn Suu 2 
Rvdh0c Bay U N ~  C-1 
Hanh Fnnldin B l d c  I 
k t  Bay Suu 1 
Wot Sak Riva Suu 2 
Wat  Srk Riva Suu 3 
W a t  Sak Riva Suu 6 
Faggy k M  Bay Sute 1 
Gwydyr Bay Smth 1 
Kupuvlr 9-11-12 
Suu I 
RudhocBay Dill SiuM 
Highland Suu 1 
Rudhoe Bay Uni~ NGl-7 
BP 12-11-13 
Rudhoe Bay Drill S k  9-7 
Rudha Bay Ddu Sire 3-6 
K q a d  Riva Unit 18.5 
Rim Mcln~yrr 2 
Kq+& Rjva U ~ t  I D 8  
Wor Sak Riva Suu 9 
W a t  Sak Riva Suu 11 
W a t  Mikkebm Sute 1 
Rudha Bay Ddll Siu 1-16 
Rudhoe Bay Drill Siu 7-6 
Kupuvlr Riva  Unit I A-8 
Rvdhoc Bay UNI Q3 
Rudhoc Bav Drill Siu 13.2 

2m 
2m 
2m 
ION 
21N 
2m 
2m 
2m 
20N 
11N 
I Oh' 
1 Oh' 
11N 
1 oh' 
11N 
9N 

I IN 
EN 

I IN 
1 ON 
13N 
EN 

12N 
1 Oh' 
EN 

1 m  
I2N 
1 IN 
1 lh' 
1 lh' 
1 lh' 
11N 
I IN 
I lh' 
I lN 
11N 
1 Oh' 
12N 
1 IN 
8N 

11N 
11N 
11N 
11N 
1 lh' 
1 2w 
1 IN 
10h' 
ION 
I lN 
11N 
1 IN 
1 ON 
ION 
1 IN 
12N 
1 IN 
11N 
1 m 
10h' 
ION 
1 IN 
1 IN 
11N 
1 ON 

231 480 %9 
zn 530 303 
za no 34s 
P I  654 433 
242 383 141 
Z6 557 331 
231 482 251 
240 489 259 
243 360 126 
210 1019 809 
209 1053 644 
208 1098 890 
210 1040 830 
210 1064 854 
212 873 661 
211 1085 874 
209 I062 853 
215 968 753 
208 1083 875 
a08 1288 1080 
206 883 677 
217 887 670 
208 1132 924 
215 1062 &57 
217 1191 974 
206 1144 938 
205 1051 846 
209 1157 94s 
210 1087 877 
210 986 776 
210 1012 802 
209 1045 836 
209 1031 822 
208 1071 863 
211 935 m 
209 1014 805 
210 1041 831 
211 955 744 
210 1036 826 
214 992 776 
211 1131 920 
213 840 627 
217 707 490 
21 1 972 761 
m l s n n o  
a05 980 775 
210 %3 753 
XI9 1316 1107 
210 1045 835 
ZB 1058 849 
a07 917 710 
208 1086 878 
209 1034 8zS 
208 I l n  919 
212 883 671 
a06 998 792 
213 855 642 
215 745 530 
215 791 576 
203 1066 863 
aD8 1197 989 
209 1092 883 
214 814 600 
m lon 869 
208 1167 959 
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Table 11-13. Wells and data used to calculate arid map the depth and thickness of the methane-hydrate 
stability field on the N o d  Slope of Alaska (figures 11-21. II-22 and 11-23).-Continued 

0) R) Q) (4) tn (6) o ((I) (9) 
Well Wdl Name API Lou(ka 
&&I Number SOL T. R 

a ~ u d h ~ e ~ ~ ~ d l l s i r c ~ ~ s  sanmm 9 ION i m  sn -1i.o -1.0 1.60 1.75 
67. Wer Sak R i m  4 U102920143 7 ION 9E 462 -11.0 -15 1.50 206 
68. Rudhoc h y  Ulril TERM B 5aWB355 a 11N 13E 608 -11.0 -05 1.80 1.73 
69, R u d b  b y  Ihrit T?XM C 5W2$W356 3 11N 12E 5% -11.0 -05 1.80 1.76 
70. Gvydyr Bay Suu 1 5a02920375 9 1ZN 13E 333 -120 -1.0 1.10 1.98 
71. MilntPdnrl 5002920376 23 13N I0E 510 -120 -1.0 1.90 216 
72 PndhocBayDdLlSite12-3 5002920377 18 10N lSE 565 -11.0 -1.0 1.70 1.77 
73. West SJ CPF l(Z3-9-11-10) 5002920378 9 11N ICE 534 -11.0 -1.0 1.80 1.87 
74. PndhocBayUnitX-1 5002920390 8 ION 14E 5 4  -11.0 -1.0 1.40 1.85 
75. Pndhoc Bay Unit Y-1 5-94 34 1IN 13E 535 -11.0 -1.0 1.40 1.87 
76. Gvydyr Bay Suu  Unit 1 M02920396 2 12N 12E 543 -120 -1.0 1.70 1.84 
77. & p a d  Riva Uni, 1D5 5002920417 a 11N 10E 512 -11.0 -1.0 1.70 1.95 
78. Wat SJ: Riw 14 5002920419 19 11N 9E 454 -11.0 -1.0 1.70 220 
79. Naninatiar 1 5W?9ZD426 34 11N 12E 536 -11.0 -0.9 1.60 1.96 
80. Kupuuk Riva Unil 1E-1 5002920464 16 IlN 10E 455 -11.0 -1.0 1.70 220 
81. ~ ~ i ~ ~ u ~ ~ i n . 1  s m m o ~ s  9 !IN IOE 495 -11.0 -1.0 1.80 202 
82 Rvdha Bay Ddl] Sirc 17-1 5002920476 P ION ISE 574 -11.0 -1.U 1.7u i .74 
83. Rvdhoe Bay Ddl] Site 114 5002920480 34 1IN 15E 577 -11.0 -05 1.70 1.82 
84. Gwydyr Bay Suu  2 500292CM91 11 12N 13E 566 -120 -1.0 1.60 204 
85. Rudhoc Bay Drill Siu 1611 5002920516 24 10N 15E 590 -11.0 -1.0 1.70 1.69 
86. Rudha Bay Unit TR 15-11-12 50029U)524 9 IlN 1ZE 565 -11.0 -0.5 1.80 1.86 
87. Kupuuk Rivu Unit 1C-1 5002920526 12 11N 1OE 536 -11.0 -1.0 1.80 1.87 
88. MP Tnn (4331-11-136) 5M292M36 5 10N 13E 608 -11.0 -1.0 1.60 1.65 
89. WUI S J Rim 16 5002920541 36 11N 8E 497 -11.0 -1.0 200 201 
90. Wot Sak Rivu 17 50029m42 26 13N 9E 512 -11.0 -1.0 200 1.95 
91. MPTna (22-31-11-13) 5002920545 30 IlN 13E 621 -11.0 4.5 1.80 1.69 
92 MP T m  (32-W11-13) 5- 30 11N 13E 628 -11.0 -05 1.70 1.67 
93. Rudhoc Bay Unit TR T-3C 5002920555 17 11N l5E 576 -11.0 -05 1.70 1.82 
94. Kupuulr Riva Unit 1C-8 5002920585 12 1IN 10E 534 -11.0 -1.0 1.80 1.m 
95. Wear SJ Riw 23 5002920669 7 1%' 9E 461 -11.0 -1.0 1.90 217 
96. West Suines 1 50089uXX)l 18 9N 23E 601 -11.0 -1.0 1.70 1.66 
97. E u r  hfikk&en Bay 1 5008920002 7 9N 21E 586 -11.0 -1.0 1.70 1.71 
98. WUI Suinm 2 5008920004 2S 9N 24E 612 -11.0 -1.0 1.70 1.63 
99. k t  Thomum Urut 1 5008920005 32 ION 73E 5M ,120 -1.0 1.70 1.85 
100. h t  Th- Unit 2 5008920006 3 9N t2E 598 -11.0 -1.0 1.70 1.67 
101. FuhCraalrl 5010310001 15 1lN 1E 182 -11.6 -35 0.87 4.46 
102. Glville Ddu 1 5010320002 9 13N & 558 -120 -15 200 1.88 
103. Cape mat 1 5010320004 5 16N 2W 301 -120 -3.5 1.70 280 
104. k r h  Hvriron Bay 1 5010320007 6 1 s  2E 274 -11.4 -3.1 1.00 3.W 
105. AQrru hint 1 5010320008 19 14N 2E 293 -10.8 -3.0 1.96 267 
106. Wet SJ: Riva IS 5010320013 5 1 8E 438 -11.0 -13 1.30 217 
107. Wesl Sak Rim 20 SO10320018 5 9N 8E 409 -11.0 -13 1.40 232 
108. Wut SIL Riva 18 5010320019 16 11N 8E 455 -11.0 -15 1.60 209 
109. A n m a  1 501552@301 30 3s 2SW 177 49.0 -3.6 0.99 3.05 
110. ~ u r d ~  MUJ* I m 1 6 3 m ~ i  31 ISN 19w IF -10.2 -20 ass 5.10 
111. K ~ p l  1 5016320002 8 14N 26W 250 -10.6 -1.2 0.91 3.56 
112. S u i c  Unit 1 5OL2310001 22 ZN IJE 253 .08.0 -1.0 1.10 2n 
113. -&a 1 rmnme a?. I N  16~ 46.6 -0.6 0.w 2 %  
114. IviahJ: Unil 1 50U320314 6 IS I& 2119 a . 6  -1.0 1.W 216 
115, simp= cem rm 13 sa279iooi3 za 1 9 ~  r l w  219 -120 -3.8 am 3.99 
116. h w  P o i  1 JUi7920002 24 18N BW S O  . -11.3 -3.6 1.17 3.M 
117. lkpikpuk 1 50279UWK)4 25 13N 10W 280 -10.6 -1.9 0.89 3.12 
118. ~1 ~lmpum 1 602792CWS 18 1aN IOW -]I.? -3.3 1.19 297 
119. 1. W. Dd~m 1 502792aXM 14 18N W 270 -120 -3.9 1.47 ZY9 
120. umiail l  s o z 8 7 i ~ i i  n IN i w  us a . o  -21 1.00 246 
121. EotUmiatl 5028710016 19 IS ZE 169 a . 5  -24 1 . a  3.62 
122. K l p ~ ~ k 1  5028710018 1 2S 5E 211 -08.8 -26 0.94 293 
123. Ic.& I 6039710001 B 7N WW 198 -10.0 -3.4 1.00 3.34 
124. R u d  Bay 1 5030120002 25 16N 28W TI0 -10.3 -1.3 0.90 3.0 

(5) Depth m h e  buc af imburing pcanafm (m), (Calla ud ahar. in m a ) .  
(6) Surf- vmpenlw YC). (Cdlcn ud aha, in pror-b). 

T anpcntw at h e  b e  d i cdxa r i q  p a f r o a  (q ( C o b  m d  ah-, ia -1. 
(8) Ratio bawsol  rhc m a m d  p d i a t  below h e  buc d tk *ring p m S  ova h e  g s a h d  -1 

buring p m n w  (CaLlm and ahm, in p c - b ) .  
(9) CeMhend p d i a t  wi& rhc i a -br ing  peandmn (TnOOm). (Calla m d  ahm. in F-b). 
(10) GCO- pd imt  below h e  hu of h e  icc-buring pmndrosr (OCnO(kn). (Corn m d  aha, in psr-b). 
(11) Calculrtd dcph to h e  lop of h e  m h e  hydnrc rukdity field (m). 
(12) Cdculatd dm u, the h e  of rhc mahlm hydnu nrbility field (m). 
(13) C a l d t d  d thickncsa af che m a h a  hydnu ability field (m). 
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Figure ll-21. Contour map of' the central North Slope showing dcpth (in meters) to the top of h e  
mclhane-hyhtc stability ficld b a . d  on data in table 11-13. 
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Figure 11-22. Contour map of the central North Slope showing d e w  (in meters) lo the base of the 
mcbanc-hydrate stability ficld hasul on data in table 11-13 
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CHAPTER III. GEOLOGIC SETTING 

III.A. REGIONAL GEOLOGY 

This chapter on geologic setting is divided into two sections: Section "A" deals with a review 
of the regional geology of the study area In Section "B" the local stmchual-stratigraphic framework 
in the Prudhoe Bay and Kuparuk River area is described. 

The North Slope of Alaska, one of several petroleum-bearing areas bordering the Arctic Ocean 
(fig. III-1). encompasses all of the land north of the Brooks Range drainage divide and is generally 
subdivided into three physiographic provinces. from south to nonh: the Brooks Range, the foothills, 
and the coastal plain (fig. 111-2). Oriented in a subparallel east-west direction. these provinces reflect 
underlying geologic trends. The three main s~uctural elements that compose the North Slope are the 
Brooks Range orogen, the Colville wugh, and the Barrow arch, all of which correspond generally to 
the respective physiographic provinces (fig. IU-3). 

The B m w  arch is a broad regional basement high that separates the Colville trough from the 
present Arctic Ocean basin. The basement, at relatively shallow depths along the Barrow arch, slopes 
gently southward and reaches a depth of about 10,000 m in the Colville trough. The southern part of 
the trough is overridden by the Brooks Range orogen, which contains basement and younger rocks. 
These structural relations are diagrarnmaucall y illustrated in a cross section trending nonh through 
Point Barrow (fig. 111-4). 

Much new information on the stratigraphic and petroleum geology of the North Slope has been 
published since the summary by Brosge and Tailleur (1971). This new information includes 
publications on the NPRA by Caner and others (1977), Bud (1978). Bud and others (1978). 
Ahlbrandt (1979), Magoon and Claypool (1979), and Bird (1986); on the Prudhoe Bay area by the 
Alaska Geological Society (1972, 1977, 1979), Jones and Speers (1976). Bird and Jordan (1977). 
USGS (1978), and Molenaar and others (1986); and on the Arctic National Wildlife Range (ANWR) 
area by Reiser and others (1978). Armsmng and Marnet (1975). Deuerrnan and others (1975), Sable 
(1977), Grantz and Mull (1978), Kososki and others (1978), Palmer and others (1979), Bud and 
Magoon (1987). and Tailleur and Weirner (1987). The tectonic setting of the North Slope in relation 
to adjacent offshore areas has been summarized in Grantz and others (1975, 1982), and Grantr and 
May (1983). 

The bedded rocks of the North Slope can be conveniently grouped into three sequences that 
reflect major episodes in the tectonic development of the region and, to a degree, its lithologic 
character. Defined on the basis of source area, these sequences, proposed by Lerand (1973) and 
applied to northern Alaska by Grantz and others (1975) are, in ascending order, the Franklinian 
(Cambrian through Devonian), the Ellesmerian @hssissippian through Jurassic), and the Brookian 
(Cretaceous to Holocene). The areal distribution of these sequences and significant structural trends on 
the North Slope are shown on the map in figure 111-5. Figures II1-6 and Dl-7 separate1 y summarize 
these sequences and their component formations for the western and eastern regions of the North 
Slope. 

FRANKWNIAN SEQUENCE 
The Franklinian (pre-Mississippian) sequence is generally wddemd nonprospective for 

petroleum in the western Nanh Slope area. This sequence is best known in the northern Brooks 
Range, where it consists of a variety of deformed and mildly metamorphosed clastic and carbonate 
geosynclinal rocks (Reiser and others. 1978; Armstrong and Mama. 1975). Most wells drilled into 
this sequence have penetrated arpllite. Ordovician and Silurian graptolites and chitinomans have bccn 
recovered from this argillite at Point Barrow and Prudhoe Bay (Carter and Laufeld. 1975). Late 
Devonian orogenic uplift in what is now northern Alaska shed h e  amounts of clastic debris 
sourhwatd. l b c k  clastic wedges, composed mainly of quartz and chert (the Kanayut Conglomerate 
and its marine equivalent, the Hunt Fork Shale). are present in the Brooks Range. Subsequent erosion 
and subsidence of the Devonian orogen provided a platform for deposition of the Ellesmerian 
sequence. 



Figure 111-1. Location of the North Slope of Alaska in relation to other circum-Arctic lands. Other 
petroleum-bearing areas include Arctic USSR, Mackenzie Delta, and Canadian Arctic Islands. 
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Figure Ill-2. Physiographic provinc.=s of -he N d  Slope. 
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Figure III-3. Major tectonic features of Norh Slope in Alaska. 
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Figme m-4. Dhgrammic mnh-south cross section i h m h  NPRA (see figwe III-3 fa ladon). 
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Figure III-5. Generalized geologic map of No* Slope showing distribution of major rock sapam%%, 
thrust faults, and anticlines. 
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Figure m-6. Generalized stratigraphic column for western N o h  Slop, exclusive of the allochth~novr 
rocks in the Brooks Range, showing s.tigraphic locations of petroleum-bctring formations (Bird. 
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EXPLANATION 

Figure III-7. Generalized stratigraphic column for northern par€ of the ANWR showing oil-bearing 
formations west of ANWR and potential source rocks. V& scale is not uniform (Bird and Magoon, 
1987). 
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E D S M E R I A N  SEQUENCE 
The Ellesmerian (Mississippian a Early (3retaceous) sequence recurds a major northward 

advance of the sea. Ihe sequence consists of shallow-marine and nonmarine clastic rocks, composed 
predominantly of quartz and chert, and of platfm carkmle rocks. Such fahim in the rocks as 
nonhward onlap, inmasing grain size, d#rresing saatilyephic thic)oltss, cmd numaous 
undami t ies  suggest that the ancimt sbortlinc lay ncnr the prcsa~t coast and that the open ocean 
was to the south. Mods of mild tecconk activity and local volcanism arc represented in the lower 
part of the sequence (Rciser and OthQS, 1979). D i B d  subskwe by frrulting 
created local basins (for example, the kpikpak and Mcade b ins )  containing as much as 5,000 m of 
Carboniferous and Permian rock. By Triassic time, most &fundon ended and consequent locnl 
variations in sedimentary thickness were eliminated. 

Mississippian elastic rocks and cooll of the Endim Group uncanfamably overlie staeply 
dipping, mildly metamorphosed basement rocks of the Frmkbm . . sequence. Ihe clastic rocks grade 
upward and laterally into shallow-marine carbonates of Carbonitesrws and Permian age (the Lisburne 
Group). Southward rema of the sea during Pamiw time termhatad carboaate depositian and 
created a regisnal unwnfonnity that tnmcatos older sadimcntary dcposfts in rhi? nnrth. Aftex the; 
nonhward readvance ot tiit! W C  ~ e ~ r i u n  p a l o l ~ u  H o y u l h u ~ ~  &tonc m w o i r  
rocks we= deposited during the Permian and Triassic (the Sadterochit Group). Late Triassic (the Sag 
River Sandstone), Middle Jurassic (unnamed sandstone), and Early (Maceous (the Kuparuk River 
Sandstone). AU sandstone units are of limited anal extent and grade southward (downdip) into 
siltstone and shale that are potential source rocks. Imponant pcodeum-sourcequality shale was 
deposited during transgressions in the Middle to Late Triaissic (the Shublik Fonnation), Jurassic and 
Early Cretaceous (the Kmgak Shale), and Early Cretaceous (pebble W e  unit). 

The following differences in the Eliemwian sequensx on the Barrow arch between the NPRA 
and the Prudhoe Bay area are noteworthy. In the NPRA the EUesmaian sequence displays 
successively northward onlapping rock units. In con- at Pmdhoe Bay and eastward, very little 
onlap is evidens instl;ad the entire squence is @inmud and ova-lappad by Cretaceous marine shale. 
This truncation by LgtC Jurassic-Early C~aceous subwxial erosion, rehted to rift-margin uplift, is 
postulated to have impved the porosity of exposed Ellcsmaian memoir ro& by leaching (Melvin 
and Knight, 1984). Ovalap of the murcated ssquenee by Cretaceous seas juxtaposed powrtial 
(Cretaceous) source rocks and memoir rocks. This relation of rich C~~cacmus some rocks to 
pomsityenhanced tescmojr rocks occurs only locally and on a small scale in the NPRA. 

In the Brooks Range, the Elleamian sequ~ce  consists of a variety of Pock types that have 
been juxtaposed by faulting; - rock types include h&b$@an shallow-marine clastic rocks (the 
Endicott Group and the Nuka Fonnation), shallow- a btep-marine c d x m t e  rocks (the Jsburne 
Group), Pennsylvanian through Jurmic silicaus shale, chat, sad minor llrnwmrs of limestone, local 
oil shale of Mississippian, Triassic, and Jurassic age (Wkur,  1964). and intrusive and extrusive basic 
igneous rocks are known from the Mississipp$n, Permian, and J d c  age (Ellasieck and others, 
1979, Reiser and others, 1979). 

BROOKIAN SEQUENCE 
'Ihe Brooks Range mgeny drastically changed tbe -phy of Arctic Ahdca. Northern 

~ ~ K C C S  were n p U  by muthan sauces-the anoestral B& Range. Enitially, howeva, sediment 
was supplied from both northem (Ellcrrmerian) an8 muthan (Brookiam) mmes. As the Brooks Range 
was uplifted, regional subsidence immediately to the DO& formed the CohdUe trough. Subsidence of 
the rifted northan land area took place by northward Qwnwaqhg end by mnnal faulttng 
conccnuated along a linear m e  rrpproximately parallel to thc pmm:t h i & .  ?he resulting 
structure, the Barrow arch. is a linear basement ridge plunging to dre muthca~ N~lmerws oil and 
gas fields, including the h d h o e  Bay field, an situamd dong lhc aesr of this featme. Grana and 
others (1979) poatulatbd that the Barrow arch is but one of thra segments of amwasting sDPicnue and 
stratigraphy that make up the wntinmtal margin wwlh of Alaska 

Present-day landforms and most structures on the North Slope an related to the BIDdrs Range 
orogeny. The driving force for that widespread and long-lasting mod of defwmation is considered 
by many to be riffing and rotation of northern Alaslra away from the continental margin of northern 
Canada (Grantz and others. 1979). Deformation in much of the Brooks Range is charactaized by 



east-trending, low-angle, northward-yielding thrust faults. *gate shortening by 100 to 500 km is 
poseulated for those faults in the western part of the range (Smlson and Taillem. 1%8; Tailleur. 1%9; 
Martin, 1970; and Mayfield and othas, 1983). A compuable amount of shortening is postukd for 
the central Brooks Range (Butler and othas, 1985). In tbc wrtbeaPtan pert of the range, bwevw, 
deformation is cheractaized man by vatical uplift and folding, md by high-angle revaae faulting. In 
the gouthem foorhills immediately math of rhe Brooks Ranse, smctuml styk resanblcs tbat of the 
range itst& defomutim diminisba mthward in a saics of 1- detachment folds (fig. III-5). 

lluougbout the orogmy, large volumes of clrrsric dcbris were shed from the rising Bmoks 
Range narhward (and probably southward as well) into a forobaep. Oldv uplifted sdmentary rocks 
to the southwest and younga deeply buried sedimentary de@i to the aorlheast indicate that the 
orogen and foredeep migrated northeastward. The oldest Brookian omgenic &posit (Neocomian) is a 
flysch-like sequence of turbidites (the Okpikruak Formation) exposed in the Brooks Range and 
southan foothills. To the north, in the subsurface, is the pebble shale unit, slightly younger than the 
Okpilauak Formation. 'fhis black marine shale, p U y  of northem daivation, famrs part of a sequence 
of Creraceous shale uniu. 

Throughout the remainder of Cretaceous and Tertiary time, paiodic intluxes of coarse 
terrigenous debris accumulated in thick clastic wedges in the Colville trough. Prominent among these 
deposits are the Lower Cteraceous Fomss Mountain Formation, the Upper h a  and lowa Upper 
Cretaceous Nanushuk Group, and the Upper Cretaceous to Tertiary SagamMmk Formation (figure 
111-8). Periods of relative basin subsidence seprated these wedges with thick marine shale sections; 
the dqmcenter of each wedge is successively farther norrheast.. The &epocenter in the middle part of 
Crttaceous time was southwest of the NPRA, whereas depocenters in Leu: Crttacmus and Tertiary 
time was near Prudhoe Bay and partly offshote. Most oil and gas fields in the NPRA and several of 
the latest discoveries east of Rudhoe Bay are in Brookian rocks. 

III.B. GEOLOGY OF THE PRUDHOE BAY AND KUPARUK RIVER AREA 

Preliminary review of all geologic data including M i n g  plans, well hisunies, daily drilling 
reports, mud repom, wring information, and geophysical well logs, indicate that in-situ gas hydrates 
occur only in the Rudhoe Bay and Kuparuk River area of the North Slope (to be discussed in Chapter 
IV). Therefore, in this section of Chapter III the local geology within the Prudhoe Bay--Kuparulc 
River area is described. Tbe distribution of the major oil and gas accumulations if chprsctaized, 
followed by a description of the near-sllrface slratigraphic frsmewcsk devebped as part of this project. 
This chapter wiU conclude with descriptions of the potenrial gas-hydrstc naervoir mb, and a 
characterization of possible hydrocarbon uaps within the Prudhoe Bay--Kuperuk Riva  apta 

The Rudhoe Bay-KupanrL River area shown on the map in figm IU-9 and in the aoss 
sections of figures III-10 and III-11 encompasses six known oil acwnulations including the super- 
giant Rudhoe Bay oil field (1) with production from the Sadlaxbit Grwp. The scwnd largest 
producing oil accumulation is within the Kuparuk Riva Formation, with pmhction in the Kuparuk 
River (field no. 2, fig. III-9) and Milne Point (field no. 3, fig. III-9) oil fields. Other, deeper, resavoirs 
recently brought on-line an within the ILdsburne (4) and Endicott (5) G r w j ~  (see Bird and Magoon, 
1987, for complete refcrmccs). Reswoired within 1.400 m of the swhe in the Sagamnhkmk 
Formation of the Kuparuk Riva area is an estimated 26 to 44 billion barrels of btavyoil and tar 
(Wmer, 1987). These oils are menmired within a scrim of sandsme units which have been 
gmupcd into two packages informally refemd to by ARC0 Alaska as tbe West Salt and Ugnu sands. 
T h e s e o i l ~ g s s n d s a r e o f ~ ~ i n t a e s t ~ ~ # n n e o f t h e o i l i s ~ ~ w i d r i n t h e  
zonc of mcthene-hydrate stability, as described in Cheper I1 and sbown in figure III-11. This relation 
WillbefmherexpldinChapterIV. 

Thc une of methane-hydrate stability in the Rdha Bay-Kupatuk Riva ana is limited to the 
Brookian sequence of rocks, as shown in figuns III-I0 and III-11. n#cfare, the remainder of this 
chapter will deal with the development of a stratigrephic-structural hmewark in the Brookian rocks. 

III.B.1. Stratigraphic Framework 
To investigate possible geologic controls on the occurnnce of in-situ gas hydrate, well-log data 

from 106 wells have been used to construct ten detailed geologic cross sections (locations shown on 



R- mr R-1 r a r i p p i c  CTOSS of C-~OUS nd ~a t i y  m ~ k ~  f~ mrm ~d 
Slope 0 nrhsnas N d  Slope. Series and stage boundaries (short bshcd lines) m qpoximrtc. 
Well depth an m lhousaDds of fee# (Molenaa~ and otherr, 1986). 



NPRA 

Figure IU-9. Distribution of oil accumulations in the Prudhoe Bay--Kuparuk River area: 11 Rudhoe 
Bay (production from Sadlerochit Group). 2 )  Kuparuk River (production from Kuparuk River Fonna- 
Lion). 31 Milne Point (production from Kuparuk Rivw Formation). 41 Lisburne @roduclion from Lis- 
b m  Group), 51 Endicoa (production from Endicou Group). and 61 West Sak-Ugnu sands (production 
from Sagavanirktok Formation). Also shown are the location of the cross sections in figures 111-10 (A- 
A') and 111-1 1 (B-B'). 



Figure HI-10. Cmss section thmogh tk Prudhoe Bay area illus~atirg the relation of the gas-hyhte  
subilk field to the stratigraphic framework. For laadon. see figure 111-9. (Adapted from lamison and 
01hcrs,-l980, fig. 7). 
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the map in figure ID-12) within the upper 2,000 m of sediment in the Prudhoe Bay--Kupamk River 
area. The stratigraphic framework developed from these cross sections is based on 22 markers picked 
£ram the gamma ray and elecmcal resistivity well logs. Each log marker represents an abrupt 
lithologic change that poduces a notable characteristic response on the logs. Ihe  22 markers are 
laterally persistent and were used to define the upper and lower boundaries of stratigraphic units. To 
summarize the regional stratigraphic relations developed in these cross sections, eight of the wells 
used to construct the geologic-framework have been drsplayed in three corredation sections in figures 
m-13, IKI-14, and IKI-15. 

The remainder of this discussion on the sImigraphic-framewe in the PNdhoe Bay-Kuparuk 
River area is limited to a description of the rock units above the h w a  Chaaums Unconfonnity 
(LCU) (Marker 1 of this study; table IKI-1). Locally, the Lower ch&ceous unconformity cuts into the 
Kingak Shale. and is overlain by the pebble shale unit. However, in the Kuparuk River area the 
pebble shale unit may conformably and gradauonally overlie the Kuparulr River Formation without a 
break in sedimentation. All of the rocks above the pebble shale unit are assigned to the Brookian 
sequence, a thick, northeasterly prograding, basinal, basin-slope, shallow-marine, and nonmarine group 
of shelf deposits derived from the ancesrral Brooks Range orogeaic belt to the south and southwaqt. 
Conformably overlying the pebble shale unit is the Hue Shale (Molenaar and others, 1987). The base 
of the Hue Shale is placed at the base of the bentonite beds above the non-bentonitic pebBle M e ,  
Ttus lithologic change also coincides with greatly increased gamma radiation, the gamma-ray zone 
(GRZ). The top of the Hue Shale west of the Kuparuk River oil field area coincides with the top of 
the GRZ (Marker 5). In this area, the pebble shale unit is overlain by shales of the Torok Formation, 
which grades up into interbedded sandstones and shales of the overlying Nanushuk Group. ?'he 
Torok-Nanushuk package represents a northeast pmgradmg marine to nonmarine deltaic sequence. The 
Kuparuk River oil field area represents a transition area where the Torok-Nanushuk sediments thin 
rapidly eastward to a thin, distal shale sequence w3h.h the Hue Shale. Therefore, Markers 2. 3, and 4 
(table Dl-1) represent markers equivalent to the Sase of the Torok, top of the Torok-base of the 
~ h u s h u k ,  and top of the Nanushuk; Marker 5 identifies the top of the Hue Shale. 

The Canning Formation was named by Molenaar and others (1987) for a thick, dominantly 
shale unit that conformably overlies the Hue Shale and gradationally underlies thick, deltaic deposits 
of the Sagavanirktok Formation. It was not suprising tben that for most of the Prudhoe Bay--Kuparuk 
River area, we were unable to identify a distinct lithologic marker to represent the contact between 
the Canning and Sagavanirkiok formations. No formal terminology is used in this repon to describe 
the rocks within these two formations. 

Overlying the top of the Hue Shale (Marker 5) is a relatively thick bentonitic shale with minor 
thin sand beds. ?he top of this predominant shale sequence is marked by a distinct gamma ray log 
break (Marker 6) which appears to represent a basin-wide marine transgression. ThLF sequence is 
generally considered td be a basin or s lop  deposit. Between Marker 6 and the surface is a thick, 
shallow-marine and nonmarine, sandstone and siltstone sequence which can be idatifred on the well 
logs as a distinct coarsening-upward deposiL The sandstone sequence mfonnably overlies the shale 
on most of the Nurth Slope, but in several wells east of Prudhoe Bay there is an unumforrnity at the 
base of the sandstone. Ln the area of the unconformity, a conglomeratic sandstone rests directly on 
marine shale with no angular discordance. 

The 6rst laterally peasistent identifiable makers within the sandstone sequence (Markers 7 
through 11) delineate h e  heavy-oil- and tar-bearing West Sak and Ugnu sands. These two sands are 
interpreted as Upper Cretaceous and Tertiary shallow marine and mnmarine &ltaic deposits, 
nxpectively. Ihe West Sak interval represents a transition from inner-shelf deposition for the lower 
member to delta-front deposition for the upper member (Werner, 1987). Ihe  top of the West Sak 
(Marker 9) is s e p m d  from the base of the overlying Ugnu (Marker 10) by a regionally extensive 
shale and mudstone ranging in thickness h m  30 to 45 m in the Kuparuk River oil field area. Ihe  
Lower Ugnu sands, as described by Werner (1987). apparently span the Cmausus-Terti8ry boundary 
with the basal part of the Lower Ugnu sands being Late cbaccms (khstrichtian) and the uppa part 
of the Lower Ugnu being Paleocene in age. Stratigraphic relationships indicate that the Cretaceous- 
Tertiary boundary is conformable. 

The rock package overlying the Ugnu sands, Marker 11 to Marker 16, is characterized by 
numerous coarsening-upward and fining-upward sandstone and siltstone sequences. In general, the 



> Cross  Secl lons 

Figure Ill-It .  Map of  the Prudhoc Bay--Kuparuk River area showing the localion of  the tcn cross scc- 
tions (solid lines) used to construct Lhc ncar-surface stratigraphic framework. Also shown (dashed lines) 
are corrclation scctions A, B, and C from figures 111-13, 111-14 and 111-15; A, wells used in corrclation 
sections. 
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Figure IU-13. Four-well correlation section across the Kuparuk River--Prudhoe Bay region illustrating 
suatigraphic relations in the Brookian sequence. See figure 111-12 for location of section. 
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Figure III-14. Three-well correlation section across the Kuparuk River--Prudhoe Bay region illusual- 
ing stratigraphic relations in the Brookim sequence. See figure 111-12 for location of section. 
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Figure 111-15. Three-well correlation section across the Kuparuk River--Prudhoe Bay region illusfrat- 
ing stratigraphic relations in the Brooluan sequence. See figure 111-12 for location of section. 



Table In-1. Listing of geologic Markers 1 through 22 used to construct the stratigraphic framework in 
the Prudhoe Bay--Kuparuk River area and their stratigraphic equivalents. 

Marker Number Stratigraphic Equivalents 

17 Eocene unconformity 
16 Base Eocene marine transgression 
15 

11 Top Ugnu sands 
10 Base Ugnu sands 

9 Top Upper West Sak sands 
8 Base Upper West SaWop Lower West Sak sands 
7 Base Lower West Sak sands 
6 
5 Top of Kgh Gamma Ray + (Top Hue Shale) 
4 Top Nanushuk Group 
3 Base Nanushuk Groupflop Torok Formation 
2 Base Torok Formation 
1 Lower Cretaceous unconformity 



coarsening-upward sequences are thicker then the fining-upward units. The coarsening-upward units 
may be dismbutaq mouth bar deposits, and it is likely the fining-upward sequences are channel and 
overbank deposits. Overlying this nonrnarine deltaic package (top: Marker 16) is a marine siltstone 
and mudstone. This unit was likely deposited during a basin-wide marine transgression in the Eocene. 
In general, the unit thins from the northeast to the southwest and laterally coarsens to a sandstone in 
the eastern part of the Kuparuk River Oil Field area. In most of the Prudhoe Bay--Kuparulr River 
area, the upper-boundary of the siltstone and mudstone unit (Marker 17) is an aosional uncmfmity. 
This unconformity appears to be an erosional remnant of a northeesterly migratine deltaic channel 
sequence which has cut into the underlying marine sequurce. East of PNMoe Bay, near the 
Saga vanirktok Delta, this unconformity (Marker 17) has eroded all of dre merine siltsDwrc rurd 
mudstone sequence and has removed Marker 16 and an undetermined volume of umkdying 
sediments. However, to the west and southwest into the Kuparuk Rive ma, this Eocene 
unconformity appears to k o m e  a conformable contact. 

The rocks overlying Marker 17 are generally of uniform composition both latually and 
vertically in the section and appear to have been d-ted in a &ha-platform environment The 
relative thicknesses of the rock units &hed by Markers 17, 18, 19.20.21, and 22 signidcantly 
change laterally from southwest to northeast. In the Kupzuuk River area, the individual thicknesses of 
these units range from 30 to 80 m, whereas near Prudhoe Bay their t h i c b w  m g c  &an 60 to 300 
m. Stratigraphic thickening of the delineated rock units to the east may possibly represent the 
northeast prograding deltaic depocenter. Other unconfonnities may occur above Marker 17; however, 
with our present well log data base we are unable to identify any additional depositional hiatuses. It is 
possible that the pronounced thinning of some intervals, such as 21-22 near the east end of figure III- 
13, may be an 1nQcation of an unconformity. 

III.B.2. Potential Gas-Hydrate Reservoirs 
' In considering the possible geologic controls on the occurrence of gas hydrate, we have 

included in this section of Chapter 3 a description of the potential gas-hydrate reservoir mks within 
the Prudhoe Bay--Kuparu4 River area Both rock descriptions and pertinent reservoir data are 
included. 

MARKER 7 THROUGH 11 
As discussed earlier. Markers 7 through 11 de-e a series of shallow. oil-bearing horizons 

referred to as the West Sak and Ugnu sands (fig. III-16). These oil-bearing horizons have been 
extensively described by Werner (1987). and most of the information that follows is taken directly 
from this source. Locally, these horizons are potential gas-hydrate resernoirs. The West Sak (Marker 
7 to 9) consists of very fine- to fine-graincd sandstone and silty sandstone wilh intesbedded siltstone 
and mudstone. Sand grains consist of quartz, lithic rock fragments, and feldspar with a trace-m 
common amounts of mica and glauconite. Clay matrix ranges from 5 to 30 percent and consists of 
chlorite, illite, kaolinite and a trace of smectite. West Sak sands generally lack cementation and are 
very friable. They are classitid as litharenites and lithic wackstones. Core data show that total 
pomsitics range from 25 to 35 ptrcent, and horizontal air permeabilities range fmm 10 to 800 
millidarcies in the sands. Upper (Marker 8 to 9) and lower M u k w  7 to 8) members are recognized in 
the Kuparuk River area (fig. El-16). The lower member consists of thin-bedded sands characterized by 
ripple bedding and hummocky cross stratification with interbedded bioturbated silt~tone and mudstone. 
The upper West Sak consists of two distinct and laterally extensive sand pckages. Sedimentary 
structures include massive bedding, planar bedding and planar aoss bedding. Burrowing and 
biomrbaoon are common. 

The West Sak sands ae oil bearing primorily in the Kupnruk Riva and Milne Point arw at 
depths frwn 610 to 1370 m (figures III-17 and III-18). 'Ihe oil in the West Sak sands ranges fiom 16 
IO 22 degrees API gravity and contains methane duough pencane gases in solution. Based on viscosity 
and p v i t y  data, the West Sak oil is an intermediatcwless heavy (Class I Heavy Crude Oil) crude. 

The Ugnu sands (Marker 10 to 11) are predominantly fine- to medium-grained and well sorted. 
Composition of the sands is mostly quanz, chert. and volcanic rock hgrnents with a trace to common 
amounts of epidote and mica. Interstitial clay is rare in the sands, usually less than 5 percent. Clay 
types are similar to those in the West Sak sands and cmsist of chlorite. kaolinite. illite, and smectite. 
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Kuparuk River Unit ID-8 Rudhoe Bay Unit 0-3 

Figure III-16. Gamma ray, electrical resistivity, and lithologic log for Kuparuk River Unit ID-8 and 
Prudhoe Bay Unit 4 -3 .  Also shown are thc geologic markers (table 111-1) used to construct the suati- 
graphic framework in the Prudhoe Bay--Kuparuk River area (wcll log depth scale from the kelley bush- 
ing). 



KUPARUK RIV 

Figure 111-17. S t rucue  on top of Wrest Snk Smds. Dot3 reprmnt the woll log dntn Bnx. Stippled wen 
is where both the upper and lower West Sak sands are oil-bearing; thick dashed lines are postulated 
oil/water contacls. Cross section line refers to figure 111-18 (Werner. 1987). 



Figure 111-18. Generalized structure section of shallow sand fescrvoirs in ihc northcm Kuparuk Rivcr 
Unit with major faults indicated. Black mnrkcr bcd is h e  regionally cxlensive shalc which ovcrlics the 
West Sak. Sce figuj-c 111-17 Tor location (Wcmcr, 1987). 



Interbedded coal, in one- to two-foot thick seams, occur locally. but coalified fragments of wood and 
other plant debris are common throughout The sands are unconsolidated, and no sigruficant cement or 
evidence of diagenesis has been observed. 

The lower Ugnu oil accumulation occurs in the nonhern half of the Kuparuk River Unit 
(figures 111-18 and m-19). Oil in the topmost sands of the lower Ugnu ranges h m  8 to 12 degrees 
API gravity, and methane is the only gas in solution. Oil in the mare discontinuous basal sands of the 
lower Ugnu is intermediate in both gravity and types of gas between the West Sak sand below and the 
upper Ugnu reservoir above. 

Geochemical work. sum- bv Caman and Hardwick (19R31, indir~tes that m.~&, oil! 
from these shallow sands probably have lhe serne source as the oil in the deeper Kuparulr. Sadlerochit, 
and Lisburne reservoirs, but are biodegraded Carman and Hardwick (1983) postulated that the mid- 
to-iate Tertiary regional tilting, which reduced b e  amount of original closure on the Prudhoe Bay 
Sadlerochit structure. "spilled" hydroarbon5 to be west towards the shallower reservoirs. This 
secondary migration probably accouKts for most of the oil in the shallow sands. 

MARKER 11 THROUGH 16 
The sedunents between Markers 11 and 16 (fig. III-16) primarily consist of fine- to coarse- 

grained sandstone and conglomerate. Due to the lack of core'data, little is known about these units. 
Our analysis of drill-cuttings suggests that the sand-grains consist of subangular to rounded quare, 
chert, and rock fragments. Mica, bedded coal, and disseminated carbonaceous material are common 
throughout the section. No information is available on the clay marrix. Well-log calculated porosities 
range from 30 to 40 percent Significant occurrences of oil and methane gas have been detected on 
numerous mud logs from wells in the Kuparuk River area. The lateaal extent of these hydrocarbon 
occurrences is not known. 

MARKER 17 THROUGH 22 
This shallowest potential gas-hydrate reservoir (fig. ID-16) consists of predominately medium- 

to coarse-grained sandstone and conglomerate. Examination of the mud log and drillcuttings indicates 
that the sandstone and conglomerate are made up of poorly sorted angular to rounded, chert and 
quartz clasts. Wood, carbonaceous material, and pyrite are common; coal is relatively rare. Well-log 
calculated porosities range from 25 to 40 percent Within the h d h o e  Bay--Kuparuk River area there 
is no evidence of hydrocarbons in this sequence. 

m.B.3. Potential Gas-Hydrate Traps 
Werner (1987) felt that the oil accumulations in both the West Sak (Marker 7 through 9) and 

Ugnu sands (Marker 10 through 11) are the result of a combination of swtigraphic and Struchlral 
uaps. He described the regional structure on the Lops of all the shallow oil zones as a monocline with 
strikes to the northwest and gentle 1 to 2 degree dips to the northeast (25 m/km). This surface is cut 
by north-south-trending faults which generally are downthrown to the east in the Kuparuk River area. 
Throw on the faults ranges h m  15 to 60 m. The present northeast dip is believed to be the result of 
regional tilting. It has been proposed that tilting was the result of sedimentary loading as the deltaic 
depocenter prograded to the northeast (Cannan and Hardwick, 1983). The shallow faulting may have 
been concurrent with tilting. Dewateaing and compaction may also have induced faulting. 

According to Werner (1987). in the area of the Kuparuk River Oil Field, faulting and lateral 
facie5 changes conml the distribution of hydrocarbons in the West Salc to the north. whereas fhdting 
alone seems to be the principal trapping mechanism to the south and west Wilhin the West Sak 
sands several oiVwater contacts occur in the Buparuk River and Milne Point areas. The different 
oiVwater contacts are thought to be due to variations in seal efficiency and spill-point geometry. 
Faulting and facies changes associated with the delta plain environment are the trapping mechanisms 
for hydrocarbns in the lower Ugnu sands. As with the West Sak sands, several oivwam contacts are 
recognized in the lower Ugnu sands. Little is known about the distribution of oil within the upper 
Ugnu sands. 

Due to the lack of confidence in the available data, Werner (1987) only showed the general 
location of several major faults within the West Sak and Ugnu sands (fig. ID-18). There are only a 
few seismic sweys  from the h d h oe Bay--Kuparuk River area in the public domain; therefore. it is 
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Figure III-19. Structure on top of Lower Ugnu Sands. See figure 111-17 for explanation. Occurrence of 
oil in the Upper Ugnu generally is coincident with the eastern half of h e  Lower Ugnu oil accumulation 
(Werner, 1987). 
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impossible for us to map faults within the near-surface sediments. However, it is possible to map 
regional fault systems by using published data from deeper reservoirs (Alaska Oil and Gas 
Conservation Commission, 1984; Carman and Hardwick. 1983). Figure m-20 is a composite of two 
fault maps; the fault naces in the western half of the map are faults that transect the Kuparuk River 
Formation (Carman and Hardwick, 1983). and the traces in the east cut the deeper Sadlmhit  Group 
(Alaska Oil and Gas Conservation Commissim, 1984). In general, narmal faults aoss dre h d h o e  
Bay--Ku@ River oil fields in two distinct oends. One set, ariented mrtheast-southwest, occurs 
along the northern edge of the Pndhoe Bay field and is Qwnthmwn to tbe mmh by as much as 300 
m. A second set of faults of lesser magnitude, oriented narthwest-sou-& occurs south and west of 
the h d h o e  Bay oil field. It is possible that the north-swtb-tmdmg faults. which conml the 
dismbution of hydrocarbons in West Sak and Ugnu suds (Wenrer, 1987) may be reactivation faults 
or extensions of the deeper nonhwest-southeast-trending faults mapped in figure III-20. 

In the reservoir rocks above the Ugnu sands, little is kncnvn about potential hydrocarbon traps. 
For instance, it is not known if the faults described by Waner (1987) extend into overlying horizons. 
Most of these near-surface stratigraphic units were deposited in a delta plain envimnment in which 
stratigraphic traps are common. Therefore, it is possible that lateral facies changes may providc 
hydrocarbon naps within these horizons; however, due to the unconsolidated nature of thew m.ks the 
efficiency of a seal may be reduced. 

'I'wo addtional trapping mechanisms not previously discussed are relatively specialized. 
Permafrost (ice-bearing permafrost) is believed to be an effective impermeable barrier to migmmg 
gas and liquids (lhvaey, 1984). 'l'herefore, the base of ice-bearing permafrost could act as a 
hydrocarbon seal, but ice-bearing permafrost is not believed to be a present-day trap for the West Sak 
or Ugnu oils (Werner, 1987). Ice-bearing permafrost hydrocarbon traps may exist, however, within the 
reservoir rocks overlying the Ugnu sands. Ln addition to the pemafmst hydrocarbon traps, it is 
possible for gas hydrate to form its own hap in a reservoir. As gas migrates into the zone of gas- 
hydrate stability (Chapter Ill, it may interact with the available pore-water to gene- g a ~  hydmto. 
With the appropriate volumes of gas and water, the pore-space within the reservoir rock could be 
completely filled, rhus making the reservoir impermeable to funher hydroarbon migration. The 
plugging of gas pipelines and production tubing by gas hydrates is an example of its sealing potential. 
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Figure n1-20. Composite fault map of  the Prudhoe Bay--Kuparuk Rivcr area. The fault traces in thc 
western half of  the n a p  are faults lhat transcct thc Kuparuk Rivcr Formation (Carman and Hardwick, 
1983) and the m c e s  in the cast cut thc dccpcr Sadlcrochit Group (Alaska Oil and Gaq Conservation 
Commission. 1984). 
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CHAPTER IV. GAS-HYDRATE OCCURRENCES 

W.A. WELL-LOG EVALUATION 

Chapter IV is divided into three sections: Section "A" is a review of the well-log interpretation 
techniques used to identify and evaluate in-situ gas-hydrate ocamences; in Section "B" the in-situ 
gas-hydrate occurrences in the Prudhoe Bay--Kuparulr River area have been mapped; and in Section 
"C" several gas hydrate reservoir pro* are discussed 

Bily and Dick (1974) smdied naturally occuning gas hydrates in the subsurface of the 
Mackenzie Delta, thus providing one of the few papers dealing with the detection of gas hydrates 
using wireline well logs. They discovered that when a gas hydrate was penemmi during drilling, 
there was a marked increase in the amount of gas in the drilling mud. These gas-hydrate bearing units 
produced a relatively high resistivity on the dual induction log and a slight negative spontaneous 
potential deflection in comparison to an interval containing £fee gas. In addition, acoustic logs 
indicated an increase in acoustic velocity for gas-hydrate bearing intervals. 

The work of Galate and Gwdman (1982) in the NPRA is one of only two gas-hydrate studies 
completed on the Nonh Slope of Alaska. For this study, they used all availa5le records including 
drilling plans, well histories, b l y  drilling reports, geolog~c data for the area, core information, and 
wireline well logs. Of the 17 wells investigated, they identified eight as sh~wing evidence of gas 
hydrates. 

Work in the Prudhoe Bay and Kuparuk River oil fields (Collw, 1983b) suggests the existence 
of six su;ltigraphically controlled gas-hydrate bearing units. In this previous study, two well logging 

.devices were consistently used to identify potential gas-hydrate occurrences. They were the dual- 
induction and acoustic transit-time logs. The dual-induction and acoustic transit-time logs behave 
similarly within a unit either saturated with gas hydrate or ice. Hence, the occurrence of gas shows on 
the mud log produced from a decomposing gas hydrate often provides the only means of conclusively 
differentiating a gas hydrate from ice. 

The remainder of Section "A" is divided into three major parts, t h e . h t  consists of a general 
review of probable well-log responses within a gas hydrate. This review will be followed by a 
detailed dscussion on the neutron-porosity and acoustic transit-time responses. This section will 
conclude with an analysis of a series of crossplots used to examine and identify suspected gas-hydrate 
occurrences. 

WELL-LOG RESPONSES 
The responses of the commonly available logs within the cored gas-hydrate interval of the 

Nonhwest Eileen State-2 well (fig. N-1) are summarized below. 

1. Mud Log: On a mud log there is a pronounced gas kick associated with a gas hydrate due 
to decomposition during drilling. However, if cold d r i h g  fluids are used there may 
be minimal &composition of the gas hydrates and link &-gas L;krate.B, 

2. Dual Induction Log: There is a relatively high electrical-resistivity deflection on this log in 
a gas-hydrate mne, in comparison to that in a &-gas sa~ated horizon. The deep- 
induction resistivity curve is separated from the shal lower-dng lamlog-8 
resistivity curve. apparently due to gas-hydrate decomposition next to the well-bore. If 
a unit were gas-hydrate saauated within the ice-bearing permafrost sequence, the 
resistivity response on the dual-induction log for the gas hydrate would not be 
significantly different from rhat in the SUHOUIKIIJI~ ice-bearing permafrost. below the 
base of the ice-bearing peamafrosf however, the high-resistivity deflection associated 
with gas hydrdk is &hiel boar t t~e swuinding non-icebearing zancs. 

3. Spontaneous Potential (SP): There is a relatively lower (less negative) spontaneous- 
potential deflection in a gas-hydrate bearing zone when compared to that associated 
with a free-gas bearing zone. The solid gas hydrate limits the peneaation of mud- 
f i l m ,  thus reducing the negative spontaneous potential. The spontaneous-potential 
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Figure IV-1. Wcll log responses within h c  corcd gas-hydratc intcrval in h e  Northwest Eilccn State-2 
wcll. on Ihc North Slope of Alaska. 



curve for a gas-hydrate saturaled unit within the ice-bearing p e m s t  sequence 
would be similar to that in the surrounding ice-beanng units where the mud-filtrate 
penemtion is similarly limited. 

4 .  Caliper Log: The caliper log in a gps-hydrate interval w d y  indicates an oversized well 
bore due to spalhg associated with the dccompositim of the gas hydrate. Because the 
&per also indicates an enlarged barehde in iccb~aring p c m d b s ~  it is useful only 
in detecting gas hydrates below the base of f k  icGbearing pmmfmst 

5 .  Acoustic Transit-Tim tog: Within a gas hydrate tbae is a decreest m amustic transit-time 
in comparison a !mi! n m  with titha wakr a hp. Bara~~w ttht m t i c  
transit-time of ice is similar to that of gas bydrate (OsaLamp and hyne,  1981). the 
acoustic log cannot be used alone to detect gas hydrates within the ice-bearing 
permafrost sequence. The acoustic transit-time.response within gas hybate will be 
discussed in detail later in this section. 

6 .  Neutron Porosity: In a gas hydrate then is an maease in the neutron porosity; this response 
contrasts with the apparent reduction in neutron pcmsity in a free-gas zone. This 
relation and the neutron-porosity-device response to other pore-space constituents is 
e w n i t ~ d  IUH In ~hls secdon. 

7. Denn'ry Log: Within a gas hydrate there is a ckrtwc in density in comparison to a unit 
saturated wi~h water. Because the density of ice is similar to that of gas hydrate 
(Lewin and Associates, Inc., 1983), the density log cannot be used independently to 
identify a gas hydrate within ice-bearing permafrost 

8 .  Drilling Rare: In a gas hydrate the relative drilling rate decreases. due to the solid nature of 
the gas hydrate. There is a similar drilling rate response within icebearing perrnafron, 
and, therefore, drilling rare change is not useful as a gas hydrate detector within b e  
ice-bearing permafrost sequence. 

NEUTRON POROSITY AND ACOUSTIC TRANSIT-TIME EVALUATION 
The neutron-porosity log measures the anenuatinn in the. pmsclg~. of ne.umns as emined by the 

logging ml into the rock sequence. This response is a measure of the hydrogen content of the 
formation. Becaw: the size of the hydrogen amm and the energy level of a neutron are similar, the 
hydrogen atom will capture neutron particles when encountaed. Thus, a decrease in the number of 
captured neutrons would indicate a decrease in hydmgm content. Tk a m t  of hydrogen in a rock 
is related to the amount of water and hydrocarbons. including nahml-gas hydrates. that is pesent. 
Through the aid of stoichiomemc chemistry. we have calarletbd the mount d bydrogen present in 
one cubic centimeler of pore volume of the following ~~~: wata, pure methane, ice. structure 
I and s m t u r e  I1 gas hydrates (table N-1). 

The neutron-log response ro incmsing hydrogen content indicrtes an imaue in apprwt 
porosity. Conversely a decease in hydrogur- amteat relam to a reduction in the recorded porosity. 
From rhis  relation and the calculated hydrogen conwt of tech possible p W g  constituent listed 
in table IV-1, we make the following assumptions about tbe aeum-porosity-lm mmme wichin a 
W saturated wiih either h e  methane gas. water, ice. a gas bydrate. Assuming a k t  porosity, 
a rock smmed with a gas hydrate of structure I1 would have the highest apparent porosity, and a 
free-gas saturated unit would exhibit the lowest apparent porosity, followed by projmionately higher 
p s i t i e s  within ice- or ww-saturated units. This rr&?hn can elSO bc. sten in figure N-2 in which a 
neutron porosity log h m  the Kuparuk h v a  Unit 1B-1 production well has been ploaed By using 
well-log interpretation techniques described earlier in the paper it is possibk to identify a series of 
gas-hydrate, ice-beaing permafrost, and water-saulrated units in the Kuparult River Unit 1B-l well; 
several distinct units have been noted in figure IV-2. Even drough the apparent porosity diffaences 
between the different units are slight, they do prove to be useful the identification of the p n m - p r ~ .  
constituents. The crossplotting of data from the neutron pcrosity device and the acoustic log aids in 
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Table IV-1. Comparison of hydrogen content of potential pore-filling substances (Colleu and others, 
1981). 

CH4 (free gas) .01076 x (atoms of hydrogedcc) 

Ice (pure 30)  3.75 x (atoms of hydrogedcc) 
(density of 0.50 gndcc) 

Ice (pure 30) 4.8 x (atoms of hydrogenJcc) 
(density of 0.72 gdcc )  

Water 6.7 x (atoms of hydrogedcc) 

Hydrate I* 7.18 x (atoms of hydrogedcc) 

Hydrate 11' 7.55 x (atoms of hydrogedcc) 

* Definition af~er Makogon (1981). 
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Figure IV-2. Neutron porosity and gamma ray well-log ksponw for gas hydra=. ice, and warer in the 
Kuparuk River Unit 1B-1 production well. Nonh Slope of Alaska. 
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the identification of the gas hydrates. A detailed discussion of this procedure is included at the end of 
this sec~iwl. 

Accurate porosity data are required for resource estimates; however, obtaining accurate 
porosities in a gas-hydrate horizon is difficult By malcing several assumptions about borehole 
conditions and taking into account the hydrogen pore-volume content for different constituents (table 
IV-I), it is possible to correct the neuwn-porosity data within a gas-hydrate interval. Common well- 
log evaluation procedures assume that the pore-volume of a rock unit is occupied by hydmcarbons or 
water. Certain empirical equations used to calculate formation factors, such as pomity, are based on 
this assumption. However, due to the relatively high concentration of hydrogen atcans in a gas-hydrate 
saturated unit, the empirical equations used to evaluate the neumn-log responses within a water- or 
free-gas-bearing unit would lead to erroneous values if employed to examine a gas-hydrate interval. 
By assuming constant porosity between two units, one saturated with structure 1 gas hydrate and the 
second with water, it is possible to determine the following ratio: 

Amount of Hydrogen present in Icc of water 
-------------------------*------------------------------ 

Amount of Hydrogen present in lcc of gas hydrate (I) 

6.7 x (atoms of hydrogen/cc) 
= ------------------------------------------------- = 0.93 

7.18 x (atoms of hydmgedcc) 

This ratio can be employed as a neutron-porosity log correction factor within any gashydrate 
saturated reservoir in order to obtain accurate porosities and thus better resource estimates. As an 
example, in the Kupamk River Unit 1B-1 well (fig. IV-2) there is a probable gas hydrate occurrence 
at a depth of 433 m, and the compensated neutron response indicates an apparent porosity of 45 
percent If we assume this unit to be 100 percent saturated with a gas hydrate of s m c m  I (methane) 
and use the correction factor calculated above, the actual porosity within the gas-hydrate sanuated unit 
would be 42 percent. 

The standard neutron log has a number of limitations, one of which is its sensitivity to 
borehole conhtions. The enlargement of the borehole due to decomposing gas hydntes directly 
affects the recorded neutron-porosity data and is normally corrected for during standard well-logging 
procedures when a caliper is run along with the neutron device. The enlarged borehole, which may 
result from a decomposing gas hydrate or thawlng ice, would be ~ecorded as an apparent increase in 
the neutron porosity. For this reason only the compensated neutron log (compensated for borehole 
size) should be used during any evaluation within a gas-hydrate bearing horizon. 

The maximum sensing depth of the compensated neutron &vice ranges fnwn 5 to 15 
centimeters. With drilling procedures employed on tbe Nath Slope, a gas hydrate m y  decompose to 
a depth of 3 to 6 centimeten into the formation from tbe barebole (Galate and Goodman, 1982). The 
vacated pore-space within the decomposed tone can be occupied by a wide way  of constituents, 
including drilling fluids and free-gas h m  gas-hydrate dissociaticm. Both corrstifueaa can dkztly 
affect the neutron log response. UmmgnmA changes in lithology may also result in aroneous 
intgpreta tions. 

As noted earlier, acoustic transit-time is shorts within a gas hydrate than in either free-gas or 
water. The acoustic log measures the shonest time required far e campressid wave to travel 
through the formation ascent to the wellbat, The travel-time can be related to porosity when the 
lithology is known. In addition, the interval acoustic travel-time of the porefluids is required for 
accurate calculations of porosities. Compressional and shearwave velocities of a formation are not 
only properties of the manix and pore fluid velocities but are also affected by the temperature of the 
formation and the salinity of the pore-fluids (Pandit and King. 1979). 

In normal formation evaluation procedures, the empirical Wyllie equation (Wyllie, 1949) is 
used to relate travel time and porosity. In its original form this relation is given as: 
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1 - 1, 
Q = ------------------- 

'f - 'ma 

$ispo~osityinpercent 
t is the formation navel time 

'ma is the ma& travel time 
$ is the fluid travel time 

( m u :  mkmcconds pea foot) 

The Wyllie equation does not account for the effect on the acoustic device of free-gas in a formation. 
However, an empirical correction factor for the free-gas effect has been calculated Wchie, 1982). 
Similarly, the effect of gas hydrate on the velocity device can be determined, and an empirical 
correction factor can be calculated. 

In order to develop a gas hydrate correction factor for the acoustic measurements, it b 
neceswy tb calculate an acoustic transit-time relation between a formation saturaml wi!h water and a 
second saturated with as hy.dmte in which all nthm pmrnetcrs age cmsmt or contrnlld. Pnnrlit nn? 
King (1979) conduc m! a series of experiments to study the effect of pore water salinity changes on 
elastic-wave velocities at a wide range of temperatures fig. IV-3). They noted that an inctease. in 6 salinity decreases me mmpressional velocities below 0 C, the etiect being most pronounced close to 
0 OC below the ice point They also suggested that differences in velocities above 0 OC are probably 
due to slight differences in microstructure of the samples and differences in salinities. They 
conducted their experiments with a series of three rock types. One of these types. the Boise sandstone, 
with a measured porosity of 25 percent, is the best representative of the actual lithologic 
characteristics of North Slope gas-hydrate saturated units. However, the experimental 25 pacent 
porosity of the Boise sandstone is much lower than the recorded porosities within the upper units of 
the Nonh Slope. 

In order to determine the expected acoustic velocity of a rock saturated with gas hydrate, the 
theoretical velocity constants (fig. IV-3) of Pandit and Kurg (1979), calculated at known temperatures 
and pore-fluid salinities, have been employed in conjunction with the work of Whiffen and others 
(1982). With the aid of Brillouin spectroscopy, Whiffen and others (1982) were able to measure the 
sonic velocity of a pure-methane hydrate. They determined that the acoustic velocity of a gas hydrate 
of structure I is approximately 0.88 that of ice. By taking this experimentally derived relation hetween 
the acoustic velocity of gas hydrate and that of ice, along with the work of Pandit and King (1979), it 
is possible to calculate an acoustic velocity relation between a water-saturated unit and a gas-hydrate 
saturated unit. As noted earlier. acoustic velocities are also affected by the salinity of the pore filling 
constituents. In order to evaluate pore-fluid sah i r ies  within tkse upper ~mns of the PNdhsre Bay 
region. 160 spontaneous potential logs were examined fn#n a series of 32 wells. 'Ihe pore fluid 
sthities within these upper units were determined to range from 0.5 to 18 parts per thouand. Howia 
(1971) and Osterkamp and Payne (1981) noted salinity values associated with tbe pemafrm of the 
North Slope in the range of 5 lo 14 parts per drourand, simibr to our calculated values. In order to 
avoid the large variations in g ~ ~ ~ t i c  vdocities near 0 OC (Pandit and King. 198lJ. hC m(QCtLal 
transit time constant will be calculate4 for a saies of tanpaatures well Wow 0 C. 

Taking the above assumptions into accamt, we have calculated a series of acoustic velocities 
for the Boise Sandstone desnibed by Pandit and King (1981). in aach case the core was assumed to 
be 100 percent samted with a known. p a - f i b g  mdmr (etw hyhte ,  ice, he-pas). and b e  
efiecrs of other physical constants (temperature, pore-fluid salinities) were also considered (table N- 
2). 

As in the case of the neutron porosity correction factor deermined earlier, it is possible to 
calculate a correction factor for the acoustic transit-time measurements in a gas hydrate. If the 
constant porosity of the Boise Sandstone is assumed, then the following relation can be wriuen for the 
acoustic velocity characteristics of structure I gas hydrate and water wilhin a given pore volume: 
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Figure IV-3. Compressional wave velocities as a function of temperature for the Boise Sandstone 
(Pandit and King, 1979). 
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Table IV-2. A-soustic vckitics oi thc Bokc Sandstone whcn occu?icd by various pore-filling cond- 
tuznts (Colic11 and orhcrs, 1984). 

Pore filling 
Substance 

Temperature Acoustic Velocit:~ 

Water 
Hydrate 'I 
Hydrate [ 
Ice 
Ice 

I(+O°C, salinity 0.1 M) 
(-5OC, salinity 0. I M) 
(- 15OC, salinity 0.1 M) 
(-5"C, salinity 0.1M) 
(- 15°C,-salinity 0.1M) 

3,500 meterslsec. 
4,048 rneterslsec. 
4,224 meters/sec. 
4,600 rneterslsec.. 
4,800 meterslsec. 



Velocity of Boise Sandstone &rated with hydrate I (-5%) 
- - - - - - - - - - - - - ~ - - - - - - - - - - - - - - - - - - - - - - - - *  = 

Velocity of Boise Sandstone saturated with water 

In order to correct f a  the porosity calculations ma& from the d c  transit-time device, the ratio of 
1.16 can be utilized as an empirical correction factor. For example, a gas hydrate has been inferred to 
be present within the Kupar-uk River Unit 1B-l well with a ' m d e d  acoustic mansit-time of 100 
microseconds per foot Assuming a slow matrix transit time (55.5 microseconds per foot), the 
calculated apparent porosity would be approximately 33 percent. In order to ccarect this value for the 
gas-hydrate effect, the apparent porosity is multiplied by the previously calculated acoustic velocity 
ratio of gas hydrate to &-water in the Boise Sandstone. The corrected porosity f a  this unit would 
be 38 percent. 

CROSSPLOTS 
Crossplots can be used in well log interpretation to highlight certain formation characteristics. 

Recent work with acoustic velocities of gas hydtates by Whiffen and others (1982) and the detailed 
evaluation of the neumn-porosity device within this paper has enabled the development of an acoustic 
transit-time, neutron porosity crossplot to identify gas-hydrate occurrences. In the following example 
(fig. IV4)  from the Kuparuk River Unit 1B-1 production well, a series of neutron porosities and 
acoustic transit-times for 18 horizons were plotted Through the use of previously described well-log 
evaluation procedures, nine of the units were determined to be gas-hydrate saturated, five were 
considered to be ice-bearing, and four ww-bearing. Due to the relatively high apparent neutron 
porosity of gas hydrate in comparison to units saturated with either ice or free-water, there is a 
grouping of intervals with similar pore-space constituents. As noted in figure IV4, the inferred gas- 
hydrate saturated units group in the lower left comer of the graph, with units saturated with ice or 
free-water plotting in other distinct groups. If a free-gas zone is encountered, the plotted values should 
be in the upper right comer of the graph. 

In Collea and others (1984) it was assumed that a Pickeu crossplot, which is commonly used 
to determine oil saturations in oiVwater systems, muld be used to determine the degree of gas-hydrate 
saturation in a gas-hydrate- and watea-bearing rock unit. The accuracy of this procedure to determine 
gas-hydrate saturation is not known. No laboratory or core studies have been conducted to test the 
usefulness of the Pickea crossplots relative to g a s - h y b  research. However, there is no evidence to 
inbcate that they yield incorrect gas-hydrate saturation values. A Pickea crossplot is based on the 
following logic: If a unit is 100 percent saorrated with water, the deepresistivity device will record 
the resistivity of the 100 percent water-saturated unit Tbe water-satmued unit is unsideted a relative 
base line from which hydrocarbon sanwtions can be determined. If tbe salinity of the pore-fluids is 
known within the units being studied, the Rcorded resistivity measurements can be plotted on a 
Pickeu crossplot, and any deviation from the known 100 percm water-sParroted M v i t y  
measurement would indicate the presence of hydrocarbons. Similarfy, the rearded resistivity values 
for a gas-hydrate saturated unit would vary subdaantialiy frwn the known water-saturated unit, and this 
difference can be used to calculate gas-hydrate satamtion. Rotted on the Pickeu crossplot in figure 
IV-5 are the deep resistivities and corrected neutron paosities for the previously identified gas hydrate 
units in the Kuparulr River Unit 1B-l well (fig. IV-2). On the crossplot for this well, there is a 
&tinct grouping of the gas-hydrate intervals around the 10 pacent water saturation line. indicating a 
potential gas hydrate saturation of approximately 90 percent for the identified horizons. In figure IV-5, 
the formation water resisavity line was constructed with a Rw of 0.4 ohm-m. A 0.4 ohm-m resistivity 
in a water-saturated unit for these shallow horizons would suggest pore-fluid salinities in the range of 
10 to 15 parts per thousand which comsponds with the sallnlry values calculated earlier. 

The Rckea crossploaing technique is susceptible to erroneous assumptions and interpretations. 
The incorrect identification of a potential gas-hydrate occurrence or the wrong selection of a pore- 
water resistivity (Rw) can alter the final saavation calculations. In addition, crossplot methods 
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Figure IV-4. Crossplot of neutron porosity and transit time for 18 horizons in the Kuparuk River Unit 
1B-1 production well. 
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Figure IV-5. Pickett crossplot showing gas hydrate saturation in several horizons form the Kuparuk 
River Unit 1B-1 production well. The line noted as 100% is the 100 percent water saturation line (Rw 
is assumed to be 0.4 ohm-m). 
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employed to determine gas-hydrate saturation can only be used for a gas-hydrate interval below the 
base of the ice-bearing pemafmst Because of the relatively high resistivity of ice within the 
permafrost sequence, the comparison of a gas-hydrate samted unit to an ice-sanrrated unit will result 
in an moneous gas-hydrate saturation value. In using the crossplot-method to determine gas-hybtc 
saturation, it is assumed that the non-gas-hydrate saturated porespace within a gas hydrate is occupied 
by £me-water and not ice (i.e.; below the base of the icebearing permafrost). 

IV J. GAS HYDRATE DISTRIBUIlON 

Fowhundred and fowfive North Slope wells were e&ed for p~X~nlial gas-hydrate 
occurrences. Most of the wells are h m  the Rudhoe Bay--Kuparuk River area; however, all wells 
from NPRA and most of the exploratory wells to the south and east of Prudhoe Bay have been 
reviewed. Data reviewed included well logs, well-histories, drilling-reports, care descriptions, and 
production tests. This review of all available data sources revealed that gas hydrates occur in 39 of 
the surveyed wells, all h m  the Rudhoe Bay--Kuparuk River area (tables N-3 and IV4). As in 
Collett (1983a), the resistivity. acoustic transit-time well logs, and the gas chromatograph on the mud 
log proved to be the most useful tools for identifying in-situ gas hydrates. One-hundred and thirty-four 
(30 percent) of the wells reviewed had resistivity, acoustic msit-lime, and mud logs available within 
the zones of interest 

Because gas hydrates can nM be conclusively idcntified with well !ggs, ow evaluation 
procedures must be qualified. We have assigned four qualifiers which must be met before a particular 
horizon is identified as gas-hydrate bearing. These include (1) high resistivity relative to water 
(approximately 50 times greater); (2) short acoustic transit-times relative to water (an increase of 
approximately 40 microseconds per foot); (3) significant relcasc of free-gas during drilling (recognized 
on the gas chromatograph of the mud log) with volumes of gas in the range of 30 to 100 parts per 
thousand; (4) a unit that is suspected of being gas-hydrate bearing must be laterally continuous in two 
or more wells. This last qualifier was only used in areas with a high density of wells. , m s e  qualifiers 
were selected because the cored gas hydrate in the Nonhwest Eileen State-2 well, discussed in 
Chapter 1, exhibited similar well log responses and appears to be laterally continuous in several 
surrounding wells. 

All of' the gas hydrates occur below the well-log identified geologic Marker 16 and above 
Marker 12 (see Chapter 3). As discussed previously, Marker 16 is the base of a siltstone unit that was 
deposited during a basin-wide marine transgression in the Eocene. AU of the known and suspected 
gas hydrates occur in sandstone reservoirs: These sandstones were deposited as point- and dismhuary 
mouth-bars in a delta-plain environment. Most of the gas hydrates occur in six laterally continuous 
sandstone and conglomerate units and are geographically restricted to the east end of the Kuparuk 
River Unit and the west end of the Prudhoe Bay Unit (figures IV-6 and N-7). The gas hydrates occur 
within relatively porous, discrete rock units. Many wells have multiple gas-hydrate bearing units, with 
individual occurrences ranging from 2 to 28 metets thick. The boundaries of the six delineated gas- 
hydrate beanng units in figure IV-7 have been interpolated between well loations a1 which in-situ gas 
hydrates have been determined to be either present or absent. Thus, the mapped positiars of the gas- 
hydrate unit boundaries (fig. IV-7) are open to interpretation.. Of the 34 wells with i n f d  gas- 
hydrate occurrences (table IV-3). 14 have the depths Listed of the identified gas-hydrate occurrences. 
These 14 wells have bcen used to show the lataal and venical e m t  of the identided gas-hydrate 
occurrences. The six, laterally continuous, discrete gas-hydrate bearing rock units have each been 
assigned a reference l w ,  with Unit A being stratigraphically the deepest (table IV-3; fig. IV-6). The 
depth of the identified gas hydrat~ occurrenes in ?Ll of h. wells from table IV-3  re not given: 
however, the Units (A through f l  that are thought to be gas-hydrate bearing in each well have.been 
noted with the symbol x. Data from these 20 wells were not USXI to describe the in-siru gas-hydrate 
occurrences for one of two reasons. Most of the omiaed wells are regionally located near one of the 
14 wells (table IV-3) for which depth intervals have been listed; these omissions xeduce the chance of 
skewing the regional avmging of reservoir parameters. such as porosity; only a few wells, therefore. 
have been us& to describe the gas hydrate occurrences. The second reason for the omission is the. 
lack of confidence in the available well-log data for several of the wells. 

The well log responses within the suspected gas-hydrate occurrences of NPRA as described by 
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Table IV-3. NO* Slope wells wilh inferred gas hydrate occurrences. The depth of the gas hydrale 
occurrences and the base of the ice-bearing permafrost have been listed for 14 of the wells (measured 
from mean-sea-level). The map location of the 14 referenced wells are shown in figure IV-7. The units 
believed to be gas-hydrate-bearing in the 20 wells with no depth intervals given have been denoted with 
an (x), wells with unknown ice-bearing permafrost depths have been denoted with a (-) in the last 
column. 

Well Name API 8 ~ & r v o  Interval (figure IV-6) Depth lo 
m d  Number 50029. Unit A Unit B Unit C Unit D Unit E Unlt F the Base of 

Ice-bearing 
Permafrost 

(4 (m) (m) (m) (m) (m) (m) 

Kuparuk h e - 1  
West Kuparuk 3-1 1-1 1 
Kavearak Point 32-25 
Bachy Point-1 
SOCAL 33-29E 
Kuparuk 7-1 1-12 
Milnt Point 18-1 
Nonhwest Eilem SUE-2 
West Sak-3 
West Sakd 
Kuparuk River Unit ID-8 
Milne Point Unit A-1 
K u p a ~ k  River Unit 1D-5 
Nomination RD-1 
Milne Point Unit B-1 
PBU TR 18-11-12 
K u p ~ k  River Unit 1C-1 
Kuparuk k v e r  Unit 1C-2 
Kuparuk River Unit 1C-3 
Kuparuk k v e r  Unit 1C-4 
K u p m k  River Unit 1C-5 
Kuparuk k v e r  Unit 1C-6 
K u p a ~ k  Kiver UNI 1C-7 
Kuparuk 28243-1 
Kuparuk River Unit 1C-8 

Milne Point C-1 
Milne Point D-1 
West Salt-25 
West Salt-24 
Kupamk River Unh 1 H 4  
Pnldhoc-1 
K u p d  Rivci Unit 1Fd 
West Sak Pilot-5 
Kuparuk River Unit 2D-15 

Mean Thickness 
Thickness h g e  
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Table IV-4. :North Slope outlying wclls in which gas hydrates may cxis~q, there is no evidence of gas 
hydratcs in adjxenl wclls; thus not mccting or!c of our gas-hydralc idcntificatiol qualifiers. 

Well A PI Lucatlnn ~ c ~ l h ' l  Evldence 
# Sec. T. R. (from MSL) for Gas Hydrate 

(m) 

West S I  R 1 0  5002920267 23 ION 9E 288-309 Gar show. high Resistivity & At 
East Hrrriaon Bay ST-I  507M20001 10 13N 88 (I SO-750)'l Gas show 
Kupanrk R&er U a t  2 V b  50(n921054 8 I I N  9E 354-377 Car show. i igh Resistivity & At 
Wes~ Salt 16 5002920541 36 13N 88 750-757 Gas show. i igh Resistivity & At 

(Ugnu sands) 
Wes! S I  1 5  5010320012 5 ION 8E 499-506 Gas show. i i g h  Resistivity & At 

(Wat  Sak sand,) 

3 Acoustic Vdadity 
I] Depths d posljble gas hydate occumnc,cs. mcsrored:fmn mean sea level in meters. 



Fifiure IV-6. Thrw wcll cross-scclion showing fit latcral and vcrtical cxrcnl of gas hydrarcs in thc 
Pnldhoc Bay--Kuparuk Rivcr arca. Scc figurc IV-7 for location of cross-scclion. Numbcrs indicatc log 
markcrs (table 111-1). Lcllcrs arc informally tlcsignalcd ga5-hydratc-bcaring rcscrvoirs. 



Figmre IV-7. Gmgraphic distribution of gas hydracs in ihc Prudhoe Bay--Kuparuk Rivcr area ( ~ h l c  
IV-4). 



Galate and Goodman (1982) (Chapter 1) do not compare favorably with the well log responses within 
the cored gas-hydrate occurrene of the Northwest Eileen State-2 well. None of their suspected gas- 
hydrate occurrences meet the four gas hydrate identification qualifiers previously discussed in this 
section; therefore, we do not believe that gas hydrates occur witlun most of the wells discussed by 
Galate and Goodman (1982). 

Examination of figure IV-7 shows that Unit A is gas-hydrate bearing in two separate areas of 
the Kuparuk River Unit. The total area in which Unit A is gas-hydrate bearing is approximately 82 
km2. The thickness of the gas hydrate deposit in Unit A ranges fra 8 to 28 m, with an avaage 
thickness of 15.8 m. In the well log dsplay of figure IV-8 from the Kuparuk River Unit 1D-8 well, 
Unit A is inferred to be gas-hydrate sahuated from 642 to 659 m. Also reservoired in Unit A is a 
significant volume of oil, both in the Kuparuk River and Prudhoe Bay areas. Well log and drill- 
cuttings analyses have also revealed the presence of several thick coal seams (fig. N-8). Most of the 
gas hydrates of Unit A occur below the base of ice-bearing permafrost, However, the mud log 
indicates that the up-dip portion of Unit A in West Sak-3 (fig. IV-7) appears to be gas-hydrate bearing 
above. the base of ice-bearing permafrost 

The gas hydrates of Unit B have a total areal distribution of approximately 18 km2 and 
thicknesses ranging from 3 to 15 m. In figure IV-9. Unit B is infmed to be gas hydrate bearing from 
a depth of 869 to 884 m in the Kuparuk 7-1 1-12 exploratory well. Coal is also abundant in Unit B; 
there is no evidence of reservoired oil. All the gas hydrates in Unit B occur below the base of ice- 
bearing permafrost. 

The gas hydrates of Units C and D are the most laterally extensive and exhibit similar 
reservoir rock properties. The gas hydrates of Unit C have a total areal distribution of approximately 
122 km2, and the total lateral extent of the gas hydrates in Unit D is approximately 130 km2. Unit C 
is the cored gas-hydrate bearing unit in the Northwest Eileen State-2 well, discussed in Chapter 1. In 
the well-log display of figure IV-10 from Northwest Eileen State-2. Units C and D are shown to be 
gas-hydrate bearing from a depth of 659 to 688 m and from 611 to 618 m. respectively. Relative to 
Units A and B, coal is scarce in Units C and D. The southern- and western-most gas hydrates in 
Units C and D occur within the ice-bearing permafrost sequence (fig. IV-7). with several occurrences 
more than 150 m above the base of icebearing permafrost 

Unit E is shown to be gas-hydrate bearing in two distinct areas near the boundary of the 
Kuparuk River Unit and at Milne Point (fig. IV-7). The total areal distribution of the gas hydrates in 
Unit E is approximately 30 krn2. Reservoir rock properties of Unit E are similar to those in Units C 
and D. Unit E is inferred to be gas-hydrate bearing in the well-log -lay of figure N-10 from 
Northwest Eileen State-2. Gas hydrates of Unit E also appear to uansect the base of ice-bearing 
permafrost with the farthest south-western up-dip extension of the gas hydraw more then T60 m 
above the base of ice-beanng permafrost 

Gas hydrates of Unit F are a composite of three gas-hydrate bearing rock units drilled in 
several wells from the Kuparuk River 1C production pad (fig. N-7). These gas hydrate occurrences 
wtre hu ~ccogukd during M i n g  when a slgniacant volume of gas leaked h m  around the outside 
of the casing into the basement of the drilling rig. It appears that the free gas was from a series of gas 
hydrate- and coal-bemg units within 390 m of the surfax, all within the icebearing permafrost 
sequence. Apparently drilling activity had dissociated the gas hydrates near the wellbore, and the 
free.gas migrated along the outside of the casing into the drilling rig. In the well-log display in figure 
IV-11 from the Kuparuk River Unit 1C-8 well, there are three inferred gas-hydrate-bearing units 
which we collectively refer to as Unit F. The combined total thicknesses of these units range from 4 
to 12 m, and they are geographically restricted to the immediate area of the Kuparuk River 1C 
production pad. The total surface area of these occurrences is approximately 1 krn2. 

Well-log data h m  dve wells in the K u p k  River Unit (tahle IV.4). located west of the 
delinaed gas-hydrate occurrences (fig. IV-7). suggest that gas hydrates may be locally present. 
However, the well-log data are inconclusive, and there is no evidence of gas hydrates in surrounding 
wells. 

Little is known about the lateral nature of the gas-hydrate deposits delineated in figure IV-7. It 
is speculated that within these units, gas hydrates are laterally continuous. However, due to the 
scarcity and the poor quality of the well logs, it is difficult to completely determine the lateral extent 
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Figure IV-8. Well log display from Kuparuk River Unit ID-8, Unit A is inferred to be gas hydrate 
bearing from 642 to 659 m (see figure IV-7 for location). 
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Figure IV-9. Well lop display from Kuparuk 7-11-12. Unit B is inferred LO be gas hydrate bearing 
from 869 to 884m (see figure IV-7 for location). 
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Figure 1V-10. Well log display from Norhwest Eileen Stale-2. Units C. D. and E are inferred to be 
gas hydrate bearing hom 659 to 688 m. 611 to 618 m. and 570 to 588 m. respectively (see figure IV-7 
for location). 
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Figure IV-11. Well log display from Kuparuk River Unit 1C-8. Unit F is inferred to be gas hydrate 
bearing from 345 to 357 m, 367 to 377 m, and 385 to 389 m (see figure IV-7 for location). The acous- 
tic transit-time device within the shallowest gas hydrate occurrence (345-357) did not behave as 
expected; the observed low acoustic velocities may be due to the presence coal or free-gas within the 
rock formation. 
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of the gas hydrates. For example. well-log data indicate that there is no gas hydrate in West Sak-1, 
but logs from the surrounding wells suggest that gas hydrates should be present in Units C. D. and E. 
In this particular case, the log data from West Sak-1 is generally of good quality; therefore, it is 
speculated that there is an unrecognized, localized geologic control Limiting the occurrence of gas 
hydrates in this well. New data are required to detennine accurately the lateral extent of the in-situ 
gas hydrates on the North Slope. 

1V.C. G AS-HY DRATE RESERVOIR PROPERTIES 

Two of the most difficult gas-hydrate reservoir properties to determine accurately are reservoir 
porosity and the degree of gas-hydrate saturation. The primary reason for this difficulty is the lack of 
previous field and laboratory studies. In Section "A" of this chapter, we have described several well- 
logevaluation techniques that can be used to estimate porosity and gas-hydrate saturation within 
suspected gas-hydrate occurrence. In this section we have reviewed all available data sources to 
determine the reservoir porosity and the degree of gas-hydrate s m t i o n  within the six gas-hydrate 
bearing units (A through F') in the Prudhoe Bay--Kuparuk River area 

RESERVOIR POROSITY 
Well logs serve as a source of' porosity dara; however. the determination of porosity with weli 

logs in gas-hydrate or ice-beanng horizons is subject to significant error. Our work shows that 
calcuhtions from the ncoustic log in a gas-hydrate or ice-bcaring unit can underestimate porosities 
from 16 to 20 percent Porosity within a gas-hydrate bearing reservoir is most reliably derived with a 
borehole-compensated neutron device which will be in error by only 3% (Collett and others, 1984). 
To determine the porosities of the gas-hydrate reservoir rocks, 71 neutron-porosity calculations were 
made within the identified gas hydrates in seven of the wells. These porosity values, which range from 
22 ,to 48 percent, are plotted in figure IV-12. Because of si@cant scatter in the calculated neutron 
porosities, the suspected neutron porosity m r  of 3% k negligiile. An average trend-line, fined to the 
calculated porosities. (figure IV-12) shows a 3% decrease per 1,000 m. Also shown are core-derived 
porosity trend-lines for rocks in this area. Howitt (1971) reported measured porosities ranging from 40 
to 45 percent within the permafrost sequence (0-610 m) of the Prudhoe Bay area, and Werner (1984) 
showed that the West Sak sands have porosities ranging from 25 to 35 percent below the p e d o s t  
sequence (1,000-1.300 m) in the Kuparuk River area. ?he core- and the logcalculated porosity trends 
show remarkably close agreement (fig. IV-12). Presumably, this porosity reduction with depth is 
caused exclusively by compaction. A best-fit porosity trend-line was projected through the core- and 
log-derived porosities (fig. IV-12). This porosity curve (3% porosity dearwe per 1,909 m) was used 
to calculate the average porosity of the identified gas-hydrate reservoirs. These calculations were made 
by comparing the depth interval of each gas-hydrate occurrence with the porosity wend-line in figure 
IV-12. For example, Unit A is gas-hydrate bearing from a depth of 318 m in West Sak-3, to a 
maximum depth of 769 m in West Sak-24 (table IV-5). The midpoint depth of the gas hydrate 
occurrence of Unit A is at 544 m. In figure N-12 at a depth of 544 m. the expected porosity 
projected from the trend-line is 39%; thus. the average porosity of Unit A is estimafed at 39%. The 
average porosity of the five remaining gas-hydrate occurrencq have been similarly calculated (table 
IV-5). Subsequently, the total porosity volume (cubic meters) within each gas-hydrate reseavoir has 
been calcuhted in Chagter VX. 

GAS HYDRATE SATURATION 
A series of Pickett crossplots were used to calculate gas hydrate saturation in four of the six 

delineated gas-hydrate Occumnces (Units B. C. D, and E). As discussed previously in this chapter, the 
crossplot procedure for determining gas-hydrate saturatim is not valid when ice or other hydmcarbons 
are present Therefore, only sub-pemafkost, non-oil-bearing gas hydrates were considered. Because 
Unit A is oil-bearing and all of Unit F is within the pemrafrost sequence, these units have been 
omitted from the saturation calculations. 

In the Pickett crossplots of figures IV-13 through IV-16, the corrected neutron-porosity and 
resistivity log values have been plotted for twenty-seven gas-hydrate occurrences. Each crossplot 
represents one of the four delineated gas-hydrate units (Units B. C, D, and E). The crossplot in figure 

CHAPTER IV -- GAS-HYDRATE OCCURRENCES 118 



(f  t) 
Porosity (I) 

20 30 40 50 

I  
I  Key: 

0 I I 

Howitt, 1971 

I 
500- . 
1000- @.. I . . I . r . . 

1. 
15007 • • 

I . 1 .  
I . . . I 

I . Neutron Log Calculated Porosity 

J 

I 

I 
I 

. I .  . . 
a 

. 

' \ Core Porosity Trend Lines I 

i • 
I 

2000-4 . 

I '* I .. . . . . L o  . 
2500 . " I  @. . ') " . l o  r' t 
3000-1 . . I 

' \ 

[ \ Average Porosity Trend Line 

' 4500~ Werner, 1987 

Figure IV-12. Plot of 71 log calculated neutron porosities ( 0 )  from within the gas hydrar occurrences 
in seven wells, and trends of referenced ccredenved porosities for the Prudhoe Bay--Kupmk River 
area N1emer, 1987; Howitt, 1971). Average porosity trend-line is bawd on both the log- and core- 
derived porosities. 
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Table W-5. Avcragc reservoir porosities estimated for gas hydralc Units A, B, C, D. E. and F u,tilizing 
thc porosity h-cnd-linc in figurc. IV-12. 

(1) 
?Iydrate 
Bearing 

Unit 

(2) 
Shal!'owcsl 

Gas Hydrate 
O~NWDCC 

(;n) 

(3) 
Deepest 

Cm l l y h t e  
Occurrcncc 

(m) 

(4) (5) 
M l d - h i n t  

Depth d Cu Average 
Wdrate h u r r e n c c  + 

(m:~ 

(I) Unit h d u  letter (figure TV-7) 
(2) Depth of the ~hsliowest idcn~ified g~s-hydrate occumnce (hble IV-3). 
(3) Deplh of the dccpcst idcnt lied gas-hydra~e occumnce (tabl: IV-3). 
(4) Average miLpoint depth c l  the delislealsd gas-hydrate ocrurence. 
(5) Pomshy of f ie mid-point depth, projccred from the porosity trend-line in figute N-12. 



UNIT B: 80-92 % 
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Figure IV-13. Picket1 crossplot for gas-hydrate-bearing Unit B showing gas-hydrate saturation ranging 
from 80 to 92 percent (table IV-6). 
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UNIT C: 70-97 % 
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Figute IV-14. Piclrii cronsplo~ fur ga&-hy&arc-h~ring Unit C showing gas-hydraa satmuon ranging 
from 70 to 97 percent (table IV-6). 
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Figure IV-15. Pickett crossplot for gas-hydrate-bearing Unit D showing gas-hydrate katuration ranging 
from 75 to 95 percent (table IV-6). 
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UNIT E: 77-92 % 
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Figure IV-16. Pickctt crossplot for gas-hydratc-bcanng Unit E showing gas-hydrate saturation ranging 
. from 77 to 92 percent (table Iv-6). 
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IV-13 shows that gas-hydrate saturation Unit B ranges from 80 to 92 percenL and averages 
approximately 86%. Similarly, the crossplots for Units C, D, and E (figures IV-14, IV-15, and IV-16) 
show that gas-hydrate saturation ranges from 70 tn 95 percent and generally averages 85%. Because 
of the lack of data, we have assumed the degree of gas-hydrate saturation for Units A and F to also 
be 859. Listed in table N-6 are the ranges and average gas-hydrate satuxations determined from the 
Pickat-Crossplots for Units B, C. D, and E. 
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Table IV-6. Gas-hydrarc sarurarion dsra lor Unirs A, B,  C. D, E, ard F as inrcrprclcd from rhc Pickct~. 
c r ~ s s p l o u  in figures IV-13 through I V -  16. 

(3 
Gas Hydrate Snlurntlm 

Average 
% 

'' Estimated Valnzs. 
(1) Unit In& letla (figure W-7). 
c2) Gas hychtc s&maion nngz (figurns 1V-83 thmu& IV-16). 
:3) Avenge gas bdratc  saluratims (figurn It;-13 Ihmgt i  IV-16). 



CHAPTER V. GAS-HYDRATE FORMATION MODELS 

V.A. THEORETICAL MODELS 

This chapter deals with the development of a model that hcri'bes the possible origin of gas 
hydrate on the North Slope. In Section A of this chapter we have described two highly-generalized 
models for gas-hydrate fonnation. Section B deals with the development of a gas-hydrate formation 
model specifically for the North Slope. 

Various mechanisms far gas-hydrate formation have been postulated as discussed by h a  
(1979) and Makogon (1981). One theory suggests that gas hydrates could be part of a preexisting gas 
reservoir, later solidified in place. A second theory suggests that a gas-hydrate accumulation could 
form by a flow of free gas into the zone of gas-hydrate stability. It is also possible that migrating free 
gas may be trapped at the base of the ice-bearing permafrost and convened to gas hydrate. In 
addition, gas hydrates are sometimes found closely associated with decaying biomatter, such as coal, 
which may serve as a gas source. These various schemes of gas hydrate formation can be grouped 
into two end-member modeh. 

MODEL 1. The conversion of a pre-existing gas field into a gas hydrate with a favorable 
change in temperature or pore-pressure (fig. V-la). 

MODEL 2. Formation of gas hydrate by continuous migration of either microbial or 
thennogenic gas from below into the zone of gas-hydrate stability (fig. V-lb). 

V.B. NORTH SLOPE MODEL 

Before proceeding with the development of a model to describe the possible origin of gas 
hydrate on the North Slope of Alaska, it is useful to list several observations pertaining to the 
dstribution of the gas hydras: (1) All of the gas hydrates occur near the eastern boundary of the 
Kuparuk River Unit and extend into the west end of the Prudhoe Bay Unit, an area cut by faults 
extenbng deep into the stratigraphic section; (2) gas hydrates occupy a series of sandstone units 
which gently dip to the nonheast; (3) all of the gas hydrates occur below Marker 16, which is the 
base of a relatively impermeable marine siltstone sequence; (4) the areal distributions of the imiividual 
gas-hydrate occurrences are irregular in shape and size; (5) gas hydrates are commonly reservoired 
near coal sequences; (6) oil and tar are reservoired with one inferred gas hydrate occurrcncc: (7) 
methane is the predominant gas in the near-surface sediments (0-1.500 m). 

Carman and Hardwick (1983) postulated that the oil within West Sakand Ugnu sands migrated 
along faults from the underlying Prudhoe Bay oil field. If this theory is correct. he gas from within 
the Sadlerochit reservoir and dssolved gas associated with the oils would also have migrated into the 
nvmlying .vAirn~nts, .As shown in figures HI-17,111-19, and IV-7i most of the gns hydrnss and 
shallow-heavy -oils occur either u@p from, or near to, the Eileen fault zone. This fault zone, 
therefore, may have acted as a conduit for free.gas and oil migation from deeper hydrocarbon 
accumulations. ?he gas within the gas cap of the Sadierochit reservoir of the Prudhoe Bay oil field is 
composed primarily of methane along with small quantities of ethane and propane (table V-1). 
However, solution gas from the oil has 13 to 19 percent C d  (Rickwood. 1970) which was not 
observed, for example, in gas samples from the Northwest Eileen State2 well (table II-8). If gas 
within the near-surface sediments migrared from deeper structures, these shallow gases should have 
geochemical constituents similar to those of the deep gases. All of the chemical components known to 
be in Sadlerochit gases are present within gases of the West Sak sands (Wmer, 1987). Outside of 
the scope of this repon, we have conducted isotopic analyses of gases associated with inferred gas- 
hydrate occurrences. Preliminary results suggest thal methane within the gas-hydrate bearing 
sequences is from both thennogenic and microbial sources. At this time, it is not known which source 
supplied h e  greatest volume of gas. However, the presence of thennogenic gas supports the theory 
that gas has migmed into these units from the underlying accumulations, possibly along the Eileen or 
related faults. In addition, one gas-hydrate unit (Unit A) is associated with a significant volume of oil 
which must have migrated from the underlying hdhoe  Bay or Kuparuk oil fields. A second 



Figure V-la. Example of Model 1: The conversion of a pre-existing free-gas field ( I )  into a gas- 
hydrate accumulation with a dccrcase in temperature (2). 

B 

-r 

Free-Gas 
J 

Figure V-lb. Example of Model 2: Formation of gas hydrate by migration of microbial or thermogenic 
gas into a pre-existing pressure-temperature regime in which gas hydrates are stable. 
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Methane 
Ethane 
Propane 
1-butane 
n-butane 
1-pentane 
n-pentane 
Hexane 
Heptanes plus 
Carbon dioxide 
Nitrogen 

Table V-1. Composition of the gases from the gas cap of the Prudhoe Bay oil field (O'Donnell, 1976). 
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geochemical feature of gas hydrates that may be important is the relationship between coal and gas. 
Gas hydrates are known to occur in close proximity to several thick coal sequences in the Kuparuk 
River area It is possible that alteration of these coals may have generated a -cant volume of 
mcthane gas which has been converted to gas hydrate. 

To describe the history of gas-hydrate formation. we have adapted a generalized cross-section 
from Carman and Hardwick (1983) to discuss possible gas-hydrate formation scenarios (figure V-2). 
As gas moved up along the Eileen fault and encountered relatively porous and permeable northeast- 
dipping sandstone units. some of the gas may have been rechanneled updip along these beds. The 
up-dip migrating gas may have collected in structural or stratigraphic traps where subsequent 
temperature changes deepened the permafrost sequence and converted the wpped gas into gas 
hydrate. Conversely, it may be possible that the w p  migrating gas was converted to gas hydrate 
upon entering the pressure-temperature regime of gas-hydrate stability, thus forming its own trap. 
Because so little is known about the history of temperatures on the North Slope and the presence of 
traps for 6ee gas in this area, either of these scenarios is applicable. However, it is speculated that 
gas hydrates presently occur more than 160 m above the base of ice-bearing permafrost which is 
assumed to be impermeable (see Chapter N). Therefore, when gas migrated into these upper horizons, 
the base of the ice-bearing permafrost must have been at least 160 m shallower than today. 

Sincc thc onsct of gas migrntion into these near-surface horizons (mid-Tertiary), temperatures 
have flucttmd significantly. Regional temperature changes during the last 2 to 3 million years have 
been great enough to repeatedly thicken and thin the zone of gas-hydrate stability; however, the 
magnitude of these changes is not known. In addition, we know that a surface water-body of depth 
sufficient to prevent complete freezing inhibits or prevents the formation of permafrost Therefore, it 
is necessary to consider the palm-positions of the coastline of the Arctic &an. Grtainiy more work 
is needed to establish the history of subsurface temperiuutes on the Nonh Slope. 

An additional observation which strengthens the idea that migrating gas was involved with 
gas~hydrate formation, is that all of the gas hydrates occur regionally below a marine siltstone 
sequence (base Marker 16). This relatively impermeable rock sequence may act as a barrier to venical 
gas migration, thus controlling the dismbution of gas hydrate. This potential vertical gas migration 
barrier may explain why no gas hydrates are present in the eastam part of the h d h o e  Bay Drilling 
Unit. Because of the regional northeastward dip, all potential gas hydrate-bearing units in the h d h o e  
Bay area (units below Marker 16) occur below the zone of gas-hydrate stability. Thus, no gas hydrates 
are present in the subsurface at h d h o e  Bay because of a lirni~ed supply of gas within the zone of gas 
hydrate stability. 

Figure IV-7 shows that the regional distribution of the delineated gas hydrate occurrences are 
of irregular shapes and sizes. The reasons for these irregularities are not known. A comparison of the 
gas hydrate dsmbution map in figure IV-7 with the West Sak and Ugnu sands oil distribuuon maps in 
figures III-17 and 111-19 reveals several similarities. These gas hydrate and oil distribution maps 
(Units C. D, and E) exhibit similar irregularities near the West Sak-24 well at the eastern boundary of 
the Kuparuk River Unit. Werner (1987) suggested that faults control the disDibution of oil within the 
West Sak and Ugnu sands, and it is possible that an unmapped fault near West Sak-23 has affected 
the shallow oil reservoirs. The same fault may control the distribution of the gas hydrates in the 
overlying rock units. The relative effect of' bults on gas-hydrate formation is not undeasto6d because 
of insufficient data. 

Given our present understanding, the most likely explanation for the origin of the gas hydrates 
we infer to be present in the Kuparuk-Prudhoe area is as follows: (1) Migration of thennogenic 
solution- and freegas h m  reservoirs of the Prudhoe Bay Oil Field upward along the Eileen and 
related faults into the overlying sediments, and (2) the concentration of the gas in 
structuraVstratigra~c traps as shallow free-gas pools, with later conversion of free-gas to gas hydrate 
in response t climatic cooling; or conversion of migrating gas to gas hydrate upon entering the zone 
of gas-hydrate stability. 
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CHAPTER VI. ESTIMATED RESOURCE VOLUME 

Previous estimates of the gas volume that may be attributed to gas hydrates on the North Slope 
range from 3.1 x 10" to 7.100.0 x 10" m3 [approximately 11 to 25,000 man fi3 (tcf) of gas], and 
world-wide estimates of gas hydrate resources in permafrost areas range from 140 x 10" to 340,000 x 
10" m3 [approximately 490 to 1200,000 tcf of gas] (Potential Gas Agency, 198 1). ?he broad range 
of these estimates demonsasues a general lack of knowledge pertaining to actual gas-hydrate 
occurrence and dstribution; however, estimates of this magnitude are of interest especially when 
compared to the proved recoverable world resource of conventional &ural gas of only 680 x 10" m3 
[approximately 2,400 tcf of gas] (Parent, 1984). 

Most of the published estimates of gas volumes from gas hydrates have of necessity been made 
by broad extrapolation of only general knowledge of local geologic conditions that control the 
distribution and volume of in-situ gas hydrates. Gas volumes that may be attributed to gas hydrates in 
a permahst setting are dependent on five reservoir properties: (1) areal extent of the gas-hydrate 
occurrences, (2) reservoir thickness, (3) porosity. (4) hydrate number, and (5) the degree of gas- 
hydrate saturation (table VI-I). In this chapter each parameter is reviewed for the North Slope, and a 
gas (hydrate) resource estimate is made. 

AREAL M T E h T  OF GAS HYDRATES 
As described in Chapter IV, all identified gas hydmtes on the Nonh Slope occur in the Prudhoe 

Bay-Kuparuk River area, in six delineated gas-hydrate units (Units A through F; fig. IV-7). The total 
areal dsuibution of the in-situ gas-hydrate occurrences have been determined and listed in column 2 
of table VI-2. The two most extensive gas-hydrate reservoirs are Units C and D, with an areal extent 
of approximately 120 and 130 square kilometers, respectively. The most h i t e d  occurrence is that of 
Unit F, which has a total a r d  dismbution of approximately 1 square kilometer. The total mapped 
area of all six gas-hydrate occurrences is about 380 square kilometers, with the areal extent of the 
individual units ranging from 1 to 130 square kilometers. 

GAS HYDRATE (RESERVOIR) THICKNESS 
The thichesses of the gas-hydrate occurrences (described in Chapter W) in Units A through F 

are listed in column 3 of cable VI-2. The thickest gas-hydrate occurrences are those of Units A and C, 
with an average thickness of 16 meters. The total thickness of the gas hydrates in Unit F (26 m) is 
greater than the hydrates of Units A or C, but Unit F is a composite of three separare intervals. The 
thinnest gas-hydrate sequence is that of Unit B, with an average thickness of 10 m m .  As shown in 
table IV-3, the thicknesses of the individual gas-hydrate occurrences are regionally variable. More 
drilling and new well-log data are required to evaluate the discontinuities in the thickness of the gas 
hydrate occurrences. In this resource estimate, only average values of thickness are used (table V1-2). 

RESERVOIR POROSITY 
Porosities of potential gas-hydrate reservoirs can be calculated from a numbea of sources (see 

Chapter IV). The avmge porosity of each gas-hydrate reservoir (Units A through F), calculated in 
Chapter IV, are l i d  in table VI-2. As shown in figure XV-12 the calculated porosities of the gas- 
hydrate reservoir rocks range from 28 to 48 percent, and average approximately 39%. By using the 
estimates of the areal extent, average thickness, and rock-porosity of each gas-hydrate occurrence, the 
Lolal porosity volume (cubic meters) within each gas-hydrate resavoir has been determined and listed 
in table VI-2. 

HYDRATE NUMBER (n) 
The hydrate number can be visualized as a factor describing how much of the clathratecage- 

s u u c m  is filled with gas. If the clathrarc: ,rmr.tlm of a me.thane hydrate is saturated (100% gas 
filled). the gas hydrate would have a hydrate number of 5.8 (Lewin and Associates, Inc., 1983). 
However, it is believed that a 100% gas-filled clathrate is not likely to be found in nature. On the 
other hand, gas hydrates are not stable if the clathrate cages are less then 70% occupied by gas. For 
the purpose of this study, the gas-hydrate volume calculations were conducted assuming two 



Table VI-1. Gcologic data rcquircd to conduct a gas hydrate rcsourcc eslimak and a list of potential 
data sources. 

Variables Data Sources 

Areal Extent of Reservoir Well logs, drill-cuttings, cores, seismic survey 
Reservoir Thickness Well logs, drill-cuttings, cores, seismic survey 
Porosity @ Well logs, drill-cuttings, cores, borehole gravity 
Hydrate Number (n) Theoretical calculations, laboratory measurements 
Gas Hydrate Saturation Well logs, cores, theoretical calculations 



Table W-2. Rescrv~ir data from gas-hydrate-bearing Un-t? A, 8, C. D. E. and F in the Ptudhoc: Bay-- 
Kupm~k Rivcr arca, North Slop:. Alaska. 

(a 8) :4) (9 (cr) 
Total m3 Average Gas 

A v m g d r e a  Average lNckr.ess Average PO-0s11y of P o r m l t ~  Hydrate Snturatlon 

(km3 (m) 6%) x106 (%) 

80 16 39 4942  85 
20 10 38 7 a  86 

1 20 16 38 72Wi 84 
130 12 39 CiOP-4 85 
30 11 40 13ZD R5 

1 126) 4 1 1C.7 85 
o Tall 380 Tbml e 91 Avenge P 39 To~al I 205: .9 Average z 85 

0 )  Ur i t  indcx letter (fig. IV-7). 
Q) Tea1 a w l  dist.ihution of gal hydrate. 
9) Arcmge th i chss  of gas hydrate unit*. 
@l) Avrmgc prosky af gas hyd-ace units (we lable IV-5). 
6) Tout volume d porosity in ~ h c  mapped gas hydrate o c a m c w  
6) Asmge value >I gas hydrate raturalion (.we table 1V-6). 



conditions; the clathrate is 909b filled (hydrate numbed.325) or the clathrate is 70% filled (lydrate 
number=7.475) o w i n  and Associates, Inc., 1983). This range in the hydrate number will fully 
represent the Likely minimum and maximum values that occur in nature. 

The volume of free-methane (scf) present in one cubic foot of m e h n e  hydrate may be 
calculated from the following equation (Lewin and Associates, Inc., 1983; published in non-memc 
units). 

gas(scf) 379 water density OW) 1 (ft3water) ----------- = ----. x --------'--- x ------------ 
ft3 hydrate n water mole-weight (lb) E (ft3hydrate) 

In this equation at standard temperature and pressure &tim (STP) of 60'~ and 14.7 psia (15.6'~ 
and 101.4 kPa) it is assumed that one pound-mole of methane (i.e. 16 lbs of CHJ is equivalent to 379 

cubic feet (10.7 cubic meters) of free methane gas, and the water density is 62.4 1b/ft3 (1000 kg/m3) at 
a water mole-weight of 18 lb. E represents the gas-hydrate expansion factor which is 1.28 for a 
Structure I gas hydrate (Lewin and Associates, Inc., 1983), and n is the hydrate number. A cubic foot 
(0.028 m3) of methane hydrate with a hydrate number (n) of 6.325 (908 gas filled structure) would 
yield 162.3 cubic feet (4.6 cubic meters) of methane gas (at STP). One cubic foot (0.028 m3) of 
methane hydrate with a hydrate number (n) of 7.475 (70% gas filled structure) would yield 137.3 
cubic feet (3.9 cubic meters) of methane gas. To maintain consistency the yield factors have been 
convened to memc units. One cubic meter of methane hydrate with a hydrate number (n) of 6.325 
yields 161 cubic meters of methane (at STP). One cubic meter of methane hydrate with a hydrate 
number (n) 7.475 yields 139 cubic meters of methane (at STP). These gas hydrate yield factors are 
used in the following sections to determine the total volume of gas that may be contained within the 
in-situ gas hydrates. 

GAS-HYDRATE SATURATION 
The last variable required for a resource estimate is gas-hydrate saturation. In Chapter IV it 

was shown that well-log calculations of gas-hydrate saturations are similar to calculating common 
hydrocarbon saturations. The average degree of gas-hydrate saturation within each delineated 
reservoir (Units A through F), calculated in Chapter IV, are listed in table VI-2. As shown in table 
IV-6, and figures IV-13 through IV-16 gas-hydrate saturation ranges from 70 to 97 percent, and 
averages approximately 85%. 

CALCULATIONS SUMMARY 
For each inferred gas-hydrate bearing unif we have calculated the areal extent (column 2, table 

VI-2), average snatigraphic thickness (column 3. table VI-2), average porosity (column 4, table VI-2), 
total volume of porosity within the delineated occurrences (column 5, table VI-2), and the average 
degre of gas hydrate saturation. In table VI-3, the theowical minimum (n4.325) and maximum 
(n=7.475) hydrate numbers have been used to estimate the volume of gas thar may be amibuted to the 
identilied gas hydrates. These calculations suggest that the potential volume of gas within the 
identified gas hydrates of the North Slope is approximately 2.4 x 10" to 2.9 x 10" m3 (STP) 
[approximately 8 to 10 rcf of gas]. 

Our gas-hydrate resource estimate compares favorably with the low end of the range of values 
previously reported for the onshore North Slope (3.1 x 10" to 7,100.0 x ld' m3 by the Potential Gas 
Agency (1981). me volume of gas estimated to be prewnt as gas hydrates is about one-third the 
amount of recoverable conventional naaval gas (estimated at approximately 8.0 x 10" m3 [29 tcf]) in 
the Prudhoe Bay field, which is the single largest gas deposit in North Arnaica as estiinated by the 
Alaska Oil and Gas Consemation Commission (1984). 

Our resource estimate of 2.4 x 10" to 2.9 x 10" m3 must be considered to be relatively 
conservative because most of the North Slope is sparsely drilled Outside of the Prudhoe Bay and 
Kuparuk River development units, drilling density is less than One well for every 500 km2. Our 
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3 Table VI-3. V~lurne of gas (m ) alvbulcd to h c  gas hydrates of Cnils A, B, C. D, E, and F in lhc 
Prudhoc Bay--Kupank Rivcr arm, North Slope. Alaska. 

Hpdrah Td.1 m3 of Average Con Vo"me (I Can Volume ,1 Gas 
Rearlnl! P o d t y  (xlob) H,ydrote Soduratlon U n=7.475 If n=6325 

Unlt table VI-2 (96) table VI-2 1x10' n') (xl0' m') 

A 499.2 85 ! 9.0 69.6 
B 76.0 86 ' '9.1 10.7 
C 729.6 84 E5.2 1W.5 
D 608.4 85 i 1.9 84.8 
E 132.0 85 15.6 U 8.4 
F 10.7 85 1.3 1.5 

T d  5 2055.9 Average 3 85 kd 2cZ.I Total 235.5 



resource evaluation considers the well-log delineated gas-hydrate occurrences which cover an area of 
only approximately 200 km2. Regional geologic information and seismic data suggest that large areas 
of the North Slope are underhn by relauvely good reservoir rocks within the zone of gas-hydrate 
stability. Because of the low well density of this region. our resource estimate should be considered a 
minimum value. 
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CHAPTER VU RECOMMENDED CORE-SITES 

One of the primary objectives of this project was to identify a site at which drilling and coring 
would have a high probability of recovering a gas-hydrate sample. To increase the likelihood of 
encountering gas hydrates, we estabkhed and evaluated five criteria in the site selection process. 
These criteria are: (1) Proximity to known gas hydrate occurrences along the eastern boundary of the 
Kuparuk hvea Oil Field; (2) availability and quality of geologic data indicating the presence of gas 
hydrates; (3) number and thickness of gas-hydrate occurrences that may be encountered; (4) existence 
of special geologic problems; (5) location of the site relative to roads, production facilities (pads), and 
existing wells. Coring operations could be undertaken in one of two ways: (1) In a "piggyback" 
operation in an industry oil-field production well, or (2) in a dedicated well drilled specifically to 
study gas hydrates. Each option has its advantages and disadvantages which will be discussed at the 
end of this chapter. 

W.A. COOPERATIVE INDUSTRY-GOVERNMENT CORE-HOLE 

Industry production drilling is planned for the area of the most probable gas-hydrate 
occurrences in both the Prudhoe Bay and Kuparuk River oil fields. Most wells on the North Slope are 
directionally drilled, and economic concerns make it necessary to drill a number of wells from each 
raised-gravel production pad. Shown on the map in figure VII-1 are the production pads, present and 
propped, in the Kuparuk River Oil Field and the distribution of the inferred gas hydrate occurrences. 
Production-drilling is planned for eight of the pads within the area of presumed gas hydrate 
occurrences. With industry cooperation it would be possible to conduct coring operations within the 
suspected gas-hydrate bearing units at these eight locations. Because numerous wells are drilled from 
the same pad, the cored well could be "previewed" with well-log data obtained from one of the 
earliest drilled wells on the same pad. 

A review of regional geologic data and an appreciation of the proposed locations of the 
Kuparuk production wells suggests that the most likely place to recover a gas hydrate in a cooperative 
core-site would be at the Kuparuk 1K production pad (fig. VII-I). At this si1e.a minimum of four 
gas-hydrate bearing stratigraphic units may be encountered (fig. IV-7; Units A, C, D and E). To 
examine the relation between gas hydrate and the origin of its contained gas, coring operations at the 
Kuparuk 1M production pad near the Eileen fault zone, could produce a wealth of relevant geologic 
and geochemical data. At present little is known about the possible distribution of the gas hydrates at 
the site of the Kupanrk 1M pad (Chapter IV). 

W . B .  DEDICATED CORE-HOLE 

EILEEN CORE-HOLE 
We have identified two "dedicated" corehole sites, the Eileen and the South-End core-holes, 

each with different targeted gas-hydratebearing units. h table VII-1 we list the depth information 
from nearby wells that is relevant to exploring for gas hydrates in the two proposed care-holes. 
Listed data include depth to the top and boaom of h e  methane-hydrate stability field, depth to the 
base of ice-bearing permahst, and the depth interval of the targeted gas-hydrate o c c m c e s .  Non- 
standard units (English) are used in this chap=, because most well logs and drillers r e p  are 
recorded in non-metric units. The depths of the i n f d  gas-hydrate occmnces (table W - 1 ,  core 
targers) are taken directly from the well logs and are measured from the kelly bushing on the drilling 
rip, 

The Northwest Eileen State-2 and SOCAL 33-29E wells, located about 4,000 h apart, have 
been used to describe the Eileen core-hole (table VII-1, figures W - 2  and W-3). On the map (figure 
W-2)  the location of these wells plus Nonhwest Eileen State-l have been ploned along with the 
location of the proposed Eileen Core-Hole. 'his site was selected primarily because of the wealth of 
information available from the nearby Northwest Eileen State2 well, the site of the only confirmed 
natural gas hydrate on the North Slope. Our site is selected to be as close as practical to this now 
abandoned well. Well-log data suggest that at least three stmigraphic units may contain gas hydrate 
at this site. The main production facihties in the Kuparuk Oil Field are about 13 miles from the site 



Site of future production pads 

Location of existing production pads 

Site of proposed core-holes 

Figure W-1. Map of existing and proposed production pads and inferred gas-hydrate occurrences in 
the Kuparuk River oil field (written communication, ARC0 Alaska Inc.. Anchorage, Alaska). 
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Ellcen Core-Hde 

h‘wulwest Elleen 
SOCAL 33-29E Ellen Stale-2 Core-Hole 

(1) Elev. KB. (ft) 65 63.43 -64 
(2) Depth to HT (ft) 754 755 756 
(3 D q h  BIBPF (It) 1788 1785 1781 
(4) Depth to HB (ft) 3198 3195. 3191 
(5 Depth Unit E (fi) 1740-1805 1813-1930 1869-1926 
(6) Depth Unit D (fi) 1862-1897 2005-2027 2001 -2023 

k.pth \init C (fl) 3.17;111,7 1 M ?1f,7.7757 !7!TR.;751 

South-Fnd Core-Hde 

South.End 
West Sake3 KRU 2 ~ - I S  Core-Hole 

(1) Elev. K.B. (11) 
(2) Depth to HT (ft) 
(3 1 Depth BIBPF (fi) 
(4) Depth to HB (ft) 
(5) Depth Unit A 

(1) Uevatim of keUy bushing above mean-sea-level (ft). 
(2) Depth to the top of the methane-hydrate srability field (ft). 
(3) Depth to the base of ice-bring permafrost (fi). 
(4) Depth to the base of the melhane-hydrate stability field (fi). 
(5.6.7) Dcplh of gas-hydrate-bcaring units (fig IV-7) (fi). 

Table W-1. List of deplh information from wells located near the proposed Eileen and South-End 
core-holes, 
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EILEEN CORE-HOLE 

Figure VII-2. Map showing the location o f  the proposed site of  thc Eilecn core-hole relativc to thc 
locations o f  Northwcst Eilccn Statc-I, Northwcst Eilccn Sta~c-2, and SOCAL 33-29E wells. 

Sec. 2 9  T. 1 2  N. R.  1 1 E. 
4 

Sec.  28  T. 12 N. R. 1 1  E. 

SOCAL 3 3 - 2 9 E '  

Proposed Eileen Core-Hole 
. 1-- V I I - 3  - - -&-Northwest Eileen 

WELL LOCATIONS: 

SOCAL 33-29E 19715 & 1945W of NE corner Sec. 29 
Northwest Eileen State-1 2640TS 8 2640'E of NW corner Sec. 28 
Norlhwest Eileen State-2 '2731's 8 2569'E of NW corner Sec. 28 
Proposed Eileen Core-Hole 2640's & 2500'E of NW corner Sec. 28 

J 

I State- 1 

Northwest Eileen State-2  

,I 000 ft , 



EILEEN CORE-HOLE 
SOCAL 33-29E well ~ r o ~ o s * d  well C P ~ I P ,  +,a,_,, Ncrthwest Eileen State-2 

Centre 

Gamma Ray 
Resistivity 

' 0  
-- . 

too 

Deep 
Resistiu 

Figure Vn-3. Wcll log cross section through the pmpscd Eilcen Corc-Holc, sb.ving thc dcpth and 
Ir~tcral rclation of thc inrcrrcd gas-hydratc ccccrrcnccs in Units C. D, and Z (corc-targets). 



of the.proposed well, and the nearest road access is 2 miles. 
It is known that dnlling can affect the thermal stability of gas hydrates some &stance into the 

rock forhation from the well-bore. The depth of this thermal disturbance cannot be precisely 
determined. There is no evidence that the gas hydrates recovered in the Northwest Eileen State-2 well 
were affected by the previous drilling of the Northwest Eileen S w - 1  well, located approximately 100 
ft to the northeast (fig. W-3). Therefore, we have selected the minimum well spacing for a gas 
hydrate core-hole to be 100 ft. The t h d  effect of preexisting wells should be funher modeled in 
the final core-hole site selection process. 

Ln the proposed Eileen Core-Hole (table W-1 ,  figures W - 2  and W - 3 )  a minimum of three 
gas-hydrate occurrences should be encountered (fig. lV-7; Units C, D, and E). From the elevation of 
the assumed kelly bushing (64 ft), the top of the first gas-hydrate occurrence (Unit E) will be at a 
depth of 1,869 ft and should be approximately 57 ft thick. The second gas hydrate deposit (Unit D) 
will be at a depth !?om 2,001 to 2,023 ft, and the deepest occurrence (Unit C) should be h m  2,158 
to 2.253 f t  

SOUTH-END CORE-HOLE 
West Sak-3 and Kuparuk River Unit 2D-15 wells, located about 4.000 ft apart, have been used 

to describe the South-End Core-Hole (table VII-1, figures W-4 and VII-5). On the map (figure VII-4) 
the locatron of two existing wells have been plotted along with the location of the proposed South- 
End Core-Hole. This site was selected to study the interrelation between the gas hydrate and oil in 
Unit A (Chapter IV). The proposed South-End Core-Hole is on the Kuparuk River 2D production pad, 
about 220 ft from the existing 2D-15 well (figures VII-4 and W-5);  which is approxirnruely 6 miles 
from the main production facilities in the Kuparuk River oil field; the site is accessible by road. 

In the proposed South-End Core-Hole (table VII-1, figures W - 4  and VII-5) only one 
occurrence of gas hydrate is likely to be encountered (Unit A). From the elevation of the assumed 
kelly bushing (127 ft), the top of the targeted unit (Unit A) should be at 1.162 ft and extend to a 
depth of 1,224 ft  (62 ft thick). 

In summary, the most likely place on the North Slope to successfully recover a gas hydrate is 
at the site of the proposed Eileen Core-Hole. To examine the relation between gas hydrate and oil the 
proposed South-End Core-Hole should yield a wealth of relevant information. To increase the 
likelihood of recovering a gas-hydrate sample, new regional and local geologic data could be obtained 
to examine more thoroughly the proposed core-holes. For example, borehole gravity and temperature 
surveys could be used to study the lateral continuity and the thermal stability of the natural gas 
hydrates. To further study the location of the proposed core-holes, a borehole seismic survey, run in a 
nearby well, would give additional insight into the lateral continuity of the gas hydrates. 

Both the cooperative and the dedicated core-hole options have positive and negative features. 
One major U v a n u g e  of working with industry is the possible time restriction: gas hydrate coring 
operauons and subsequent formation testing may require more time than the company is w i b g  to 
spend in delaying their own production drilling. A dedicated gas-hydrate research well, with proper 
fundng, would not have these time restrictions, and it may be possible to conduct continuous coring 
throughout the entire zone of gas-hydrate stability. However, a cooperative effon could significantly 
reduce the costs in comparison with the expense of a dedicated research well. 
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SOUTH-END CORE-HOLE 

Fizure VII-4. Map showing the bcation of the proposed site of the South-Erd core-hole rclative to thc 
locations of the Kuparui River Ucil 2D-15 and Wcst Sak-3 wclls. 

I 

'Set. 26 T. 1 1  N. R.  9 E. 

KRU 2D-15 

West Sak- 

W E U  LOCATIONS: 

West Sak-3 3290's & 3771W of NE comer Sec. 26 
Kuparuk River Unit 20-; 5 603's & 225W of NE corner Sec. 26 
Propcsed South-End Core-Hole 760's & 70W of NE corner Sec. 26 

A 



SOUTH-END 

West Sak-3 v l r l l  
C v n l r r  

Gamma Rav D e e ~  T 

A P I  

CORE-HOLE 
Prnnos*rl Wr.11 Crnler  + W",, 

KRU 20-15 .. . .. 

- - - - .- -- - . 
ohm-m 

1 

D e p t h  ( I t )  
C I P D I ~  (11) 

Figure Vn-5. Well log cross section through the proposed South-End Corc-Hole. showing the dcpth 
and lateral rcbtion of thc inrcrred gas-hydratcs in Unit A (corc-target). 
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